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PARAMETRIC STUDY AND OPTIMIZATION OF D-GLUCOSE
ISOMERIZATION USING SWEETZYME IT:
A FACTORIAL DESIGN APPROACH
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ABSTRACT. High-fructose corn syrup (HFCS) is produced industrially by
the immobilized glucose isomerase Sweetzyme IT (from Streptomyces
murinus), one of the most widely used biocatalysts in the food industry.
Although its individual operating parameters are well established, simultaneous
interactions between operational variables over time have rarely been
systematically quantified. In this study, a two-level full factorial design modeled
the combined effects of initial glucose concentration, temperature and Mg2*
cofactor concentration on the process. Reaction progress was followed
polarimetrically through a dedicated glucose-fructose calibration; concurrent
refractometric monitoring proved insensitive due to total dissolved solids
conservation. The regression models (R? > 0.99) identified temperature as the
dominant operational factor. Incorporating reaction time as a factor revealed
a significant temperature x time interaction and a shift of rate control from
initial substrate concentration to temperature near equilibrium. A maximum
conversion of 45.98 % (close to the thermodynamic equilibrium of the
reaction) was obtained at 0.2 M glucose, 60 °C and 1.5 mM Mg?* after 24 h.
A comparative screening of divalent cations confirmed MgSOa4-7H20 as the
superior chemical activator, over Ni?*, Mn?*, Cu?* and Ca?* with Ca?* among
the poorest, consistent with its known inhibitory role. This study establishes
a reliable mathematical approach that can be extended to predict and
optimize other complex bioprocesses.
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SOUAD-DIANA TORK, MALINA IOANA POP, ALINA FILIP, JUDITH-HAINAL BARTHA-VARI

INTRODUCTION

High-fructose corn syrup (HFCS) has become an essential component
in the food and beverage industry, representing an economical alternative to
traditional sucrose. [1, 2] The major industrial interest in this product is based
on the superior properties of fructose, which is the sweetest naturally
available carbohydrate (being approximately 1.7 times sweeter than glucose)
making it particularly valuable for dietary products and processed foods. [3]
The large-scale production of HFCS is achieved through the interconversion
of D-glucose to D-fructose, a process that can be approached both chemically
and biocatalytically. [4-6]

Although the isomerization reaction can be chemically catalysed in
alkaline or acidic media, chemo-catalytic processes present major technological
disadvantages: they require high temperatures and pH values, have low
selectivity (typically yielding 20-30%), and generate non-metabolizable by-
products (e.g., psicose) or degradation compounds that alter the colour and
flavour of the final product. [3, 7] For these reasons, enzymatic processes
mediated by glucose isomerase (Gl) (D-xylose ketol-isomerase, EC 5.3.1.5)
have become the undisputed industrial standard, offering exceptional
reaction specificity, operation under mild ambient conditions, and generating
no unwanted by-products. [6, 8]

Glucose isomerase is a metalloenzyme whose catalytic activity and
structural stability depend strictly on the presence of divalent metal cations,
such as Mg?*, Co?*, or Mn?*. Advanced structural studies, including X-ray and
neutron diffraction, have demonstrated that the enzyme possesses two
distinct metal sites (M1 and M2) that orchestrate the catalytic mechanism
(Figure 1A). [9-10] The generally accepted reaction mechanism proceeds in
three fundamental steps: the opening of the sugar ring, an isomerization step
mediated by metal ions via a hydride transfer (from C2 to C1), and finally,
ring closure to release the fructose (Figure 1B). [9, 11]

Despite its high efficiency, Gl is predominantly an intracellular enzyme,
and its use in a free, soluble form involves major losses and prohibitive costs
for continuous industrial processes. [3] To overcome these limitations, the
established approach has consisted of immobilizing the enzyme on solid
supports, an approach that facilitates the recovery and repeated reuse of the
biocatalyst while simultaneously solving issues of thermal and operational
stability. [12] In particular, commercial preparations such as Sweetzyme IT
(Novozymes) are widely used due to their robustness in continuous-flow
packed-bed reactors. Derived from a selected strain of Streptomyces murinus,
this specific biocatalyst is obtained through the glutaraldehyde cross-linking
of whole-cell homogenates combined with an inorganic carrier. Engineered
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into dense, cylindrical particles (0.2—0.4 mm in diameter) with a high specific
activity (e.g. 450 IGIU/g), Sweetzyme IT exhibits exceptional mechanical and
catalytic stability, making it highly effective for the large-scale industrial

conversion of glucose to fructose. [13-15]
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Figure 1. A) M2 catalytic site of Streptomyces murinus glucose isomerase
(PDB ID: 1DXI). The catalytic magnesium ion (Mg?*) is tightly coordinated by
conserved residues His220, Glu217, Asp257, and Asp255 (bidentate binding).
Purple dashed lines represent direct metal-ligand coordination, while blue dashed
lines indicate hydrogen-bonding networks; B) Reaction mechanism of D-glucose
to D-fructose interconversion. The process proceeds through three fundamental
steps: 1) ring opening of a-D-glucose, 2) metal-mediated isomerization via
hydride transfer, and 3) ring closure to yield a-D-fructose.

The aim of this study is to evaluate and optimize the kinetics and
efficiency of the enzymatic isomerization of D-glucose to D-fructose using the
commercial immobilized biocatalyst Sweetzyme IT. To understand the impact
of the reaction parameters, a factorial design was employed to investigate
key operational conditions (initial glucose concentration, temperature and
magnesium cofactor concentration) and the activating or inhibiting effects of
alternative metal cations on the enzyme’s specific activity were evaluated.

Glucose isomerase is among the most thoroughly studied industrial
enzymes, and the behaviour of commercial preparations such as Sweetzyme
IT is well documented at the level of individual operating parameters. The
contribution of the present study therefore lies not in the enzyme or the
reaction themselves, but in how their operational space is modelled and
monitored. First, in contrast to the prevailing one-factor-at-a-time practice, a
two-level full factorial design quantifies the interactions among substrate
concentration, temperature and cofactor concentration for this specific

9



SOUAD-DIANA TORK, MALINA IOANA POP, ALINA FILIP, JUDITH-HAINAL BARTHA-VARI

commercial biocatalyst, yielding a predictive regression model (R? > 0.99)
rather than a set of isolated optimal values [16-18]. Second, by treating
reaction time as an explicit factor, the analysis reveals that the rate-
controlling variable changes during the reaction (substrate-controlled at short
times and temperature-controlled near equilibrium, with a statistically
significant temperature x time interaction) a kinetic feature that conventional
single-time-point optimisation cannot capture. Third, the work provides a
validated, low-cost polarimetric assay that converts a single optical-rotation
reading into conversion, and shows that refractometry, although standard for
sugar syrups, is intrinsically blind to this mass-conserving isomerisation.
Together, these establish a compact, reproducible design-and-monitor
methodology that is readily transferable to other immobilised glucose
isomerases and to process-scale decisions [19, 20].

RESULTS AND DISCUSSION

The conversion of D-glucose into D-fructose catalysed by Sweetzyme
IT was first quantified by a dedicated polarimetric calibration (Section 1) and
then optimised through a two-level full factorial design (Section 2). The three
operational variables - glucose concentration, temperature and Mg®*
concentration - were modelled as a 22 design (Section 2.1), while the role of
reaction time was resolved by treating it as a fourth factor in a 2% analysis
(Section 2.2). Finally, the activating/inhibiting effect of alternative divalent
cations was screened (Section 3).

1. Polarimetric calibration and determination of conversion

D-glucose and D-fructose are both optically active but rotate plane-
polarised light in opposite directions and the optical rotation of a reaction
mixture is a direct, non-destructive proxy for its composition. Eleven standard
glucose-fructose mixtures (total 1 M, 0.01 M MgS0O4-7H,0O, 100 mm cell, 589
nm, 25 °C) were measured to construct the calibration curve (Figure 2). Pure
glucose is strongly dextrorotatory (ac = +51.22°) and pure fructose strongly
levorotatory (ar = —80.69°); the response is linear over the whole composition
range:

o = 50.44 - 131.15xX¢ (R? = 0.9999) (Eq. 1)

Since optical rotation is additive, the residual glucose concentration in any
sample of total monosaccharide concentration (Cital) iS Obtained from
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Co = (a = Crotaxar) / (a6 = 0F); Cr = Ciota = Co (EQ. 2)
and the molar conversion of glucose into fructose is
Conversion (%) = Cg / Ciora X 100 (Eq. 3)

Polarimetric calibration: glucose-fructose mixtures (1 M, 100 mm, 589 nm)

ure glucose ® measured

40 - + 2 = a =50.44 — 131.15-X¢ (R?=0.9999)

201

—201

Optical rotation a (°)

—40

—60 1

pure fructose

—80 1 —80.69°

0 20 40 60 80 100
Fructose content Xr (mol %)

Figure 2. Polarimetric calibration of glucose-fructose mixtures.
The linear fit (Eqg. 1) is used with Egs. 2—3 to convert every measured
optical rotation into a conversion value.

2. Factorial-design optimization of the isomerization

The optimization of reaction conditions is a critical step in any
bioprocess, aiming to maximise conversion while minimising time, energy
and material costs. Traditional one-factor-at-a-time (OFAT) optimization is
laborious and fails to capture the interactions between variables. Design of
Experiments (DoE) offers a more powerful, systematic alternative: a two-
level full factorial design allows the simultaneous investigation of several
variables, quantifying both their main effects and their interaction effects, and
fits the data to a mathematical model that defines the input-response
relationship over the experimental region [16, 18].

11
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2.1 Operational factors: a 22 full factorial design (response: conversion %)

Three operational variables were selected as the factors most likely to
govern the isomerization: initial glucose concentration (z;), temperature (z2) and
Mg?* concentration (z3). Each was studied at two coded levels, -1 (low) and
+1 (high), about a central point (zi0 = 0.4 M, z20 = 50 °C, z30 = 1.0 mM), giving
a 23 = 8-run design (Table 1). The reaction was monitored polarimetrically
and the optical rotation converted to conversion via Eq. 1-3; the full 16-point
data set (eight conditions sampled at 4 h and 24 h) is given in Table 2.

Table 1. Experimental factors and their coded levels utilized in the
factorial design matrix.

Factor Units Low (1) Centre (0) High (+1)
[glucose] Z1 (A) M 0.2 0.4 0.6
Temperature Z2 (B) °C 40 50 60
[Mg?* Z3 (C) mM 0.5 1.0 1.5

Table 2. Experimental matrix, measured optical rotation and derived conversion.

Run [GI(M) | T(C) [Mg*](mM) Time (h) a (%) C (%)
1 0.6 60 1.5 4 3.120 34.88
2 0.2 60 15 4 1.833 31.88
3 0.6 40 15 4 4.176 3355
4 0.2 40 15 4 4.194 22.93
5 0.6 60 0.5 4 2.657 35.47
6 0.2 60 0.5 4 2.167 30.61
7 0.6 40 0.5 4 4.380 33.29
8 0.2 40 0.5 4 4.333 22.40
9 0.6 60 15 24 -1.528 40.76
10 0.2 60 15 24 -1.889 45.99
11 0.6 40 15 24 2.148 36.11
12 0.2 40 15 24 0.944 35.25
13 0.6 60 0.5 24 -1.454 40.66
14 0.2 60 0.5 24 -1.556 44.72
15 0.6 40 0.5 24 2.231 36.01
16 0.2 40 0.5 24 2.028 31.14

Considering the 24 h end-point, temperature is by far the dominant
operational factor: it accounts for 78 % of the variance in conversion, raising
it on average by +8.4 percentage points between 40 °C and 60 °C. The glucose
concentration x temperature interaction (AB) is the next largest contribution,
while the main effects of Mg?* (+1.4 pp) and glucose concentration (-0.9 pp)
are minor. The first-order model in coded factors is:

12
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C (%) = 17.33 - 2.22x [G] + 0.420xT + 1.39x [Mg?'] (Eq. 4)

The positive temperature coefficient confirms that, within the 40-60 °C
interval, raising the temperature accelerates the approach to the fructose-rich
equilibrium. The minor positive Mg2+ term indicates that even the low level (0.5
mM) nearly saturates the enzyme’s metal sites, so additional cofactor yields
little extra conversion. Interestingly, at the early (4 h) sampling point the ranking
is reversed: glucose concentration dominates (+7.3 pp) ahead of temperature
(+5.2 pp), reflecting a substrate-driven initial rate before the system approaches
equilibrium. This time-dependent shift in factor importance motivates the time-
resolved analysis. The highest experimental conversion, 45.98 %, was obtained
at 0.2 M glucose, 60 °C, 1.5 mM Mg?* after 24 h (Run 10, Table 2), close to
the ~45 % thermodynamic ceiling of the reversible isomerization.

2.2 Resolving reaction time: a 2* analysis (response: conversion %)

To quantify the role of reaction time and its coupling with the operational
factors, the two sampling times (4 h and 24 h) were incorporated as a fourth
two-level factor (D), expanding the design to a 2* = 16-run experiment. A first-
order model with two-way interactions was fitted; the third- and fourth-order
interactions (5 degrees of freedom) provided the error estimate. The ANOVA
(Table 3) shows a highly significant model, and the model summary (Table 4)
confirms an excellent and well-balanced fit.

Table 3. ANOVA for the 24 design (response = conversion %). Terms with P < 0.05
are significant; the dominant terms are highlighted.

Source DF AdjSS | AdjMs F P
Model 10 632.68 63.27 126.93 0.000
D (Time) 1 269.12 269.12 539.92 0.000
B (Temp.) 1 184.24 184.24 369.62 0.000
AD 1 67.78 67.78 135.98 0.000
AB 1 51.38 51.38 103.07 0.000
A ([G]) 1 41.65 41.65 83.56 0.000
BD 1 10.49 10.49 21.04 0.006
AC 1 3.32 3.32 6.67 0.049
C (IMg?") 1 3.09 3.09 6.21 0.055
CD 1 1.05 1.05 2.11 0.206
BC 1 0.55 0.55 1.10 0.342
Error 5 2.49 0.498

Total 15 635.17

13
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Table 4. Model summary statistics for the 24 model.

S R? R? (adj) R? (pred)
0.706 99.61 % 98.82 % 95.98 %

Reaction time (D) emerges as the single most influential variable
(F =540, P < 0.001), narrowly ahead of temperature (B; F = 370, P < 0.001).
The two factors that couple with time and substrate concentration (the glucose
concentration x time (AD) and glucose concentration x temperature (AB)
interactions) are also highly significant, as is the temperature x time interaction
(BD; F =21.0, P =0.006). The reduced model in coded factors is:

C (%) = 34.73 +1.61xA +3.39xB +0.44xC +4.10xD -1.79xAB -0.46xAC -
2.06xAD +0.81xBD (Eq. 5)

The Pareto chart (Figure 3) confirms this ranking: the bars for D, B,
AD, AB, A, BD and (marginally) AC extend beyond the t = 2.571 significance
reference line, whereas the Mg?* main effect (C) sits just below it (P = 0.055).
The temperature x time interaction is best appreciated in the response surface
(Figure 4) and the interaction plot (Figure 5): the two temperature lines are
not parallel, the benefit of operating at 60 °C is modest at 4 h (+5.2 pp over
40 °C), but widens markedly by 24 h (+8.4 pp). Mechanistically, the isomerization
is kinetically controlled within this window: temperature sets the rate, while time
determines how far the system has travelled toward the fructose-rich equilibrium,
so the two effects reinforce each other. An equivalent analysis on the directly
measured optical rotation yields the same dominant factors (time, temperature
and their interaction; R? = 99.15 %), confirming that the conclusions are robust
to the choice of response variable.

Pareto chart of standardised effects (24, response = conversion %)
s

D Time
B Temp.
AD

AB

A [G]
BD

AC

C [Mg?]
cD

BC

0 5 10 15 20 25
Standardised effect |t|

Figure 3. Pareto chart of the standardised effects (24, conversion %).
Dark bars are significant (Jt| = 2.571); light bars are not.
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Response surface: conversion = f(Temperature, Time)
{glucose and Mg?* at centre level)

Conversion (%)

Figure 4. Response surface of conversion as a function of temperature and time
(glucose concentration and Mg?* concentration held at their centre levels). The
twist of the surface is the visual signature of the temperature x time interaction.

Temperature x Time interaction (response = conversion %)
non-parallel lines = significant interaction (BD)
43.0%
Temperature
424 @~ 40°C
-~ 60 °C

Conversion (%

344 33.2% 34.6%

2810

Time (h)

Figure 5. Temperature x time interaction plot (conversion %). Non-parallel lines
confirm the significant BD interaction: temperature matters more at long reaction times.
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3. Effect of divalent metal cations

Glucose isomerase is a metalloenzyme whose two metal sites (M1,
structural; M2, catalytic) require divalent cations. To map the catalyst's
activation/inhibition profile, the standard Mg?* activator was compared with
Ni2*, Mn?*, Cu?* and Ca?* (0.5 mM salt, 0.6 M glucose, 60 °C, 24 h; Table 5).
MgSO,4:7H,O gave the lowest optical rotation and therefore the highest
conversion (38.2 %), clearly outperforming all alternatives. Ca?* and Ni®*
were the poorest (34.9 % and 34.2 %); the weak performance of Ca?* is
consistent with its well-documented role as a competitive inhibitor that
displaces Mg?* from the active centre. Ca?* has a significantly larger ionic
radius (100 pm) compared to Mg?* (72 pm). When calcium enters the active
center, its bulky ionic volume coordinates poorly with the conserved carboxylic
residues (such as Asp and Glu) in the M1/M2 pockets. [10, 21] This creates
severe steric strain, distorting the precise geometry required for the hydride
transfer step and effectively locking the enzyme in an inactive conformation.
While Ni?* has a matching ionic radius (69 pm), it forms overly rigid coordination
complexes. This locks the carbohydrate intermediate too tightly in the active
center, slowing down the product release rate and lowering overall turnover. [22]

These results confirm MgSO.-7H-0 as the superior chemical activator
for Sweetzyme IT under the studied conditions.

Table 5. Divalent-cation screening (0.6 M glucose, 60 °C, 24 h). Mg?* (highlighted)
is the most effective activator.

Salt \ Cation a(°) Conversion (%)
MgSO4-7H20 Mg?* 0.528 38.2
CuSO4 Cu?* 1.685 36.7
MnClz-4H20 Mn?2* 2.380 35.8
CaClz Ca?* 3.102 34.9
NiClz2-6H20 Ni2* 3.667 34.2

4. Complementary refractometric analysis

In parallel with the polarimetric measurements, every kinetic aliquot
was analysed with a digital handheld refractometer, recording three quantities on
three scales: °Brix, refractive index (RI) and the instrument’s built-in “Fructose %
w/w” scale. Measurements were performed for all three temperatures series
(40, 50 and 60 °C) on the same 1:10-diluted samples used for polarimetry.
The ranges obtained are summarised in Table 6.
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Table 6. Range of refractometric readings across all kinetic samples.

Sample series Total sugar °Brix Refractive index Fructose %
(after 1:10 dilution) (w/w)
0.2 M glucose =0.02 M 0.1-0.5 | 1.3324-1.3336 0.1-0.5
0.6 M glucose ~0.06 M 0.5-0.6 1.3328 - 1.339 0.5-0.6
Water baseline 0 0 =~ 1.3330 0

The isomerization process cannot be monitored by refractometric
analysis for these particular mixtures. Over each reaction, where polarimetry
showed the conversion rising from ~0 % to a maximum of 45.98 % (0.2 M
glucose, 60 °C, 24 h), the °Brix, refractive-index and “Fructose % w/w”
readings remained essentially flat, changing negligibly between the 0-minute
and 24-hour samples. The few elevated points (e.g. Rl = 1.339 at 40 °C/0.25 h,
°Brix = 0.9 at 60 °C/4 h) are isolated outliers rather than genuine trends. The
1:10 dilution lowered the samples to 0.02—0.06 M (~0.4-1 % w/w sugar),
placing the readings at the resolution limit of a handheld refractometer, where
they are dominated by noise. What refractometry did capture correctly is the
total sugar loading: the 0.6 M series read consistently higher (Brix = 0.5-0.6,
Rl up to = 1.339) than the 0.2 M series (Brix = 0.2-0.3), reflecting the 3-fold
concentration difference.

All quantitative conversion data were obtained by polarimetry [23],
which is effective precisely because the two isomers possess large, opposite
specific rotations (ac = +51.22°, ar = -80.69°), the single property that
distinguishes them. Reporting refractometry as a tested but insensitive
method strengthens the justification for the polarimetric protocol used
throughout this work.

CONCLUSIONS

This work shows that a two-level factorial design provides an efficient,
interaction-aware alternative to one-factor-at-a-time optimization of the
Sweetzyme |T—catalyzed isomerization of D-glucose to D-fructose. The
validated regression models (R? > 0.99) identify temperature as the dominant
operational factor within the 40—60 °C range studied: higher temperature
accelerated the approach to equilibrium, the maximum conversion of 45.98 %
being reached at 60 °C after 24 h, a value close to the thermodynamic ceiling
of the reaction (~45 % fructose) rather than a limit of catalyst efficiency.
Operation above ~60 °C is not advisable owing to the well-documented
thermal inactivation of the enzyme. Incorporating reaction time as an explicit
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factor uncovered a feature inaccessible to single-time-point studies: the rate-
controlling variable shifts from substrate concentration at short reaction times
to temperature near equilibrium, accompanied by a statistically significant
temperature x time interaction. Within the tested range the Mg?* concentration
had only a minor effect, indicating that even 0.5 mM nearly saturates the
enzyme's metal sites; nevertheless, the comparative cation screening confirmed
MgS0.-7H,O as the most effective activator, clearly outperforming Mn?*,
Cu?*, Ni?* and the inhibitory Ca?*. Finally, the dedicated polarimetric calibration
offered a rapid, non-destructive route to conversion, whereas refractometry
proved intrinsically insensitive to this mass-conserving isomerization.

EXPERIMENTAL SECTION

Materials

D-glucose and D-fructose (Fluka AG), magnesium sulfate heptahydrate
(Reactivul Bucuresti), and the commercial immobilized glucose isomerase
Sweetzyme IT (Novozymes) were used for the isomerization experiments.
Stock solutions of various metal salts, specifically NiCl,-6H.0, MnCl,-4H,0,
CuSO0y, and CacCl,, were prepared in-house to test cofactor effects.

Equipment

Optical rotation was measured using an ADP220 automatic digital
polarimeter (Bellingham & Stanley Ltd) equipped with a 589 nm LED light
source. Refractive index and Brix values were determined using a digital
handheld refractometer.

Methods

Polarimetric calibration: Standard mixtures with varying molar ratios
of glucose to fructose were prepared by diluting 1 M stock solutions in 0.01
M MgSOa4-7H.0. The optical rotation of 11 distinct calibration samples was
measured at 25 °C using a 100 mm cell length and a wavelength of 589 nm
to establish the calibration curves. A 0.01 M MgS0O4-7H,0 solution was used
as the blank.

Enzymatic isomerization and Factorial design: To optimize the
enzymatic conversion of glucose to fructose, a factorial experiment was
designed varying three key parameters: temperature (40 and 60 °C), initial
glucose concentration (0.2 M and 0.6 M), and Mg?* concentration (0.5 mM

18



PARAMETRIC STUDY AND OPTIMIZATION OF D-GLUCOSE ISOMERIZATION
USING SWEETZYME IT: A FACTORIAL DESIGN APPROACH

and 1.5 mM). Reactions were performed in 50 mL volumes containing 0.125 g
of immobilized Sweetzyme IT. The reaction mixtures were incubated under
continuous magnetic stirring at 250 rpm, and the temperature was strictly
maintained using a thermostatic water bath. Samples were collected at
predetermined intervals: 0, 5, 15, and 30 minutes, followed by 1, 2, 4, and 24
hours. Each collected aliquot was diluted 1:10 with distilled water prior to
polarimetric and refractometric measurements to determine the reaction
conversion rate.

Effect of metal cations: To investigate the activating or inhibiting
effects of different metal ions on the enzyme's specific activity, 50 pL of 0.5 M
metal salt solutions (Ni?*, Mn?* Cu?*, Ca?* and Mg?* as standard) were added
to 50 mL of 0.6 M glucose solution. The mixtures, each containing 0.125 g of
immobilized enzyme, were incubated at 60 °C. After 24 h the samples were
diluted 1:10 and their optical rotation measured against the corresponding
0.01 M salt-solution blanks.

Data analysis: Optical rotations were converted to conversion via the
calibration (Eq. 1-3). Factorial effects, ANOVA, regression coefficients and
model-quality statistics (R?, R?adj, R?pred) were computed for the two-level
designs using Minitab Statistical Software.
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ABSTRACT. The honey samples analysed in this study were obtained from
a private producer located in Olt County who requested a qualitative
characterization of his products depending on honey sources. The first stage
of the investigation involved key physicochemical parameters: moisture content,
free and total acidity, initial and total invert sugars, sucrose levels, and the
presence of hydroxymethylfurfural (HMF) and metallic elements. Differential
Scanning Calorimetry (DSC) was additionally used to characterize the thermal
properties of the samples. The final part of the study examines the rheological
behavior of four honey varieties under different temperature conditions,
providing insights into their flow characteristics and structural stability. All the
obtained values fall within the ranges established by European regulations,
except for Pb; the exceedances reflect the influence of anthropogenic factors in the
mentioned region.

Keywords: acidity, differential scanning calorimetry, heavy metals, honey,
invert sugar, hydroxymethylfurfural, moisture, sucrose, viscosity

INTRODUCTION

The use and production of honey have a long and complex historical
trajectory. After more than six thousand years of written history, honey is still
widely recognized for its nutritional and medicinal properties. Honey was the
first sweetener used by humans and has a high nutritional value, providing
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simple sugars, organic acids, amino acids, macro- and microelements, as
well as biologically active compounds beneficial to human health [1,2]. It is
consumed directly, used as an ingredient in various food products, or applied
in preventive medicine [2].

The physical, chemical, and sensory characteristics of honey are strongly
influenced by its botanical and geographical origin. Carbohydrates, particularly
the reducing sugars-collectively known as “invert sugar’-represent the most
important constituents of honey. Small amounts of sucrose are also present.
The determination of invert sugar and sucrose content is a key criterion for
the authenticity of bee products and relies on the reducing properties of
sugars [3,4].

Despite its high nutritional and therapeutic value, honey is also among
the food products most susceptible to adulteration. Evaluating the quality and
authenticity of honey is a significant research area with implications for
industry, consumer protection, and regulatory compliance. Honey authenticity
is defined by the Codex Alimentarius Committee, the EU Honey Directive, and
national legislation. The concept of “authenticity” concerns two main aspects:
production authenticity (prevention of adulteration) and authenticity related
to geographic or botanical origin (prevention of mislabelling) [5].

The measurement of 5-hydroxymethylfurfural (HMF) is widely used to
assess honey quality, as its concentration increases during processing and
improper storage. Heating honey to reduce viscosity or prevent crystallization can
also increase HMF levels, depending on the type of honey [6]. HMF is
produced through the acid-catalyzed dehydration of hexoses [7] and its
accumulation is influenced by the chemical properties of the honey [8].
Codex Alimentarius [9,10] sets a maximum HMF content of 40 mg/kg after
processing and/or blending. The European Union [11] has also set the
maximum limit of 40 mg/kg, with exceptions of 80 mg/kg for honeys from
tropical regions and 15 mg/kg for honeys with low enzymatic activity [12].

Some of metals (K, Ca, Na, Fe, Cu, Zn) are commonly present in
honey attending the route: soil-plants-bees-honey and may increase its
nutritional value. Metals as Pb, Cd, Ni, Cr, Al are contaminants from industrial
and logistics activities, agrochemicals (cadmium-based fertilizers, organic
mercury compounds, and arsenic-containing pesticides), polluted soil and
water [13,14]. From these points of view, honey is an effective biomarker
reflecting environmental quality over large areas, due the foraging activity of
honeybees [15-17].

Floral honeys typically contain 0.1-0.2% minerals, while honeydew
honeys can reach 1% or more [18]. Recent research has quantified metal
concentrations in honey from several European countries [19].
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This study also examines the rheological behaviour of honey as a
function of temperature and presents results from DSC analyses. Viscosity, an
important physical parameter of honey, is correlated with its other physicochemical
properties [20,21]. Understanding honey rheology is necessary for its production,
processing, and storage. Most honey varieties exhibit Newtonian behaviour
[22,23]; however, some studies report non-Newtonian behaviour associated
with the presence of high molecular weight compounds, such as proteins or
polysaccharides [24].

The viscosity of honey depends primarily on water content, temperature
and chemical composition. Honey typically contains between 13 g and 29 g
of water per 100 g. Higher water content results in lower viscosity [25].
Temperature is another determining factor: as temperature increases, viscosity
decreases due to reduced molecular friction and hydrodynamic forces [26,27].
The temperature-viscosity relationship can be described using the Arrhenius
model [22,26].

The thermal behaviour of authentic honeys has been investigated
using Differential Scanning Calorimetry (DSC), with glass transition temperatures
(Tg) reported between -46°C and -32°C, depending on honey variety [28].
Understanding the properties of honey at low temperatures is essential for
proper storage. The present study aims to characterize the rheological properties
of Romanian honey varieties and to describe the influence of temperature on
their viscosity.

RESULTS AND DISCUSSION

Moisture

Moisture content, along with storage temperature and any heat treatments,
are parameters that influence the quality of honey.

Table 1. The moisture content of the honey samples

Refractive index | Moisture

Honey ni n2 ns (mean = SD, n = 3) %
Robinia pseudoacacia 1.4925 | 1.4924 | 1.4923 1.4924+0.0001 17.6
Linden 1.5008 | 1.5006 | 1.5004 | 1.5006+0.0002 14.4
Polyfloral 1.4990 | 1.4994 | 1.4992 | 1.4992+0.0002 15.0
Fir honeydew 1.4915 | 1.4911 | 1.4913 | 1.4913+0.0002 18.1
Rapeseed + Robinia 1.4972 | 1.4972 | 1.4972 | 1.4972+0.0000 15.8
pseudoacacia
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The moisture content of honey is directly associated with its botanical
origin, harvesting and processing conditions and, implicitly, varies from year
to year. Low moisture content prevents fermentation, the development of
microorganisms and inhibits the formation of HMF, increasing shelf life and
maintaining the quality of honey unaltered.

The results are expressed as mean + standard deviation (n = 3). Each
sample was analysed in triplicate and results are expressed as mean + standard
deviation (n = 3)

As shown in Table 1, the moisture content of the analysed honey
samples ranges from 14.4% to 18.1%, with all values remaining below the
20% limit established by Codex Alimentarius [9], confirming their good quality
and stability against fermentation.

Determination of pH, free and total acidities and lactone content

The lactone content of honey reflects the contribution of esterified
organic acids to its overall acidity profile, serving as an indicator of both
botanical origin and the degree of freshness or chemical stability of the
product.

Table 2. pH values, acidity and lactone content

Free acids, Lactone, Total acidity,
Hone (meaFr)lH+ SD meq/kg meqg/kg meq/kg
y h = é) ! (mean £ SD, (mean + SD, (mean + SD,
= n= 3) n= 3) n= 3)
Robinia
pseudoacacia 4.72+0.01 20.20+0.01 14.41+0.02 34.61+0.02
Linden 4.28+0.02 22.62+0.01 14.60+0.02 37.22+0.02
Polyfloral 5.08+0.01 28.51+0.02 12.52+0.01 41.03+£0.02
Fir honeydew 3.92+0.01 27.50+0.01 19.49+0.03 46.99+0.03
Rapeseed + Robinia|; o5, 9o 23.410.01 20.51+0.01 43.92+0.01
pseudoacacia

Data from the literature shows that good quality honey has an acceptable
pH range between 3.5 and 4.5 [29,30]. The lower value of pH in honey
inhibits the growth of microorganisms. An increase in pH above the typical
range could indicate adulteration or the beginning of a fermentation process.
From Table 2, it can be observed that Robinia pseudoacacia honey, polyfloral
honey and the rapeseed-Robinia pseudoacacia mixture have slightly higher,
but insignificant, pH values. The pH values, ranging from 3.92 to 5.08, remain
within acceptable quality limits, confirming the stability of the samples and
the absence of fermentation-related alterations.
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The data in Table 2 show that all honey samples fall within the expected
acidity range for authentic honeys, according with UE regulation [31], with
total acidity varying between 34.6 and 47.0 meg/kg. Also, the experimental
values are in accordance with other studies [32]. Polyfloral, fir honeydew and
the rapeseed-Robinia pseudoacacia mixture exhibit the highest acidity
values, consistent with their botanical origin. The lactone content follows a
similar pattern, indicating a balanced contribution of free and lactonic acids
to the overall acidity profile.

Determination of proline

Based on the calibration curve it was established the equation that
characterized the variation of the absorbance (A) with the concentration of
proline solution (c, gx104/g sample): A=0.013 + 89.851-c, R?=0.9924.

The results in Table 3 show that, among the analysed honey samples,
the proline content varies significantly, reflecting their botanical origin. Fir
honeydew has the highest percentage of proline (0.06%), consistent with its
generally richer nitrogen profile.

Table 3. The proline (Pro) content in honey samples

Hone Absorbance (520 nm) |g Pro x 104/ g sample Pro, %
y (mean £ SD, n = 3) (mean £SD,n=3) |(mean =SD,n=3)

Robinia 0.1270+0.0002 4.388+0.002 0.01%0.0002
pseudoacacia
Linden 0.0765+0.0003 4.658+0.003 0.02+0.0003
Polyfloral 0.0765+0.0003 4.658+0.003 0.02+0.0003
Fir honeydew 0.1065+0.0004 9.524+0.004 0.06+0.0004
Rapeseed + Robinia |5 17,4, 0003 7.7630.003 0.030.0003
pseudoacacia

Linden honey and polyfloral honey have intermediate levels of proline
(0.02%), while Robinia pseudoacacia honey has the lowest value (0.01%),
in agreement with literature data indicating naturally lower amino acid
concentrations in acacia varieties [33]. The rapeseed-Robinia pseudoacacia
mixture shows a moderate proline content (0.03%), suggesting contributions
from both floral sources. Overall, all samples fall within the expected ranges
for authentic honey, which supports their natural origin.
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Determination of HMF content

The HMF content of honey samples is presented in Table 4.

Table 4. HMF content in honey samples

Honey Absorbance (550 nm) HMF, mg/kg
(mean £ SD,n =3) (mean £ SD, n = 3)

Robinia pseudoacacia 0.070+0.0012 13.5+0.2

Linden 0.06740.0013 12.840.2

Polyfloral 0.089+0.0017 17.2+0.3

Fir honeydew 0.157+0.003 30.2+0.6

Rapeseed + Robinia pseudoacacia |0.080+0.0015 15.4+0.3

The HMF values presented in Table 4 are low for all analysed honey
samples, remaining well below the maximum limits established by Codex
Alimentarius and EU legislation. Fir honeydew exhibits the highest HMF
content (3.02 mg/100g), which is still characteristic of minimally processed
and properly stored honey. The slightly elevated values from the polyfloral and
rapeseed-Robinia pseudoacacia samples probably reflect natural variability
associated with floral origin. Overall, the low HMF concentrations confirm that
all honeys were fresh, unheated, and stored under appropriate conditions [34].

Invert sugar and sucrose determination

The content of invert sugar and sucrose is an essential indicator of
the authenticity and maturity of honey, as high levels of invert sugar reflect
the enzymatic activity of bees, while low values of sucrose confirm the
absence of adulteration and minimal processing [34,35].

The values of reducing sugar direct before inverting (RSDBI), reducing
sugar direct after inverting (RSDAI) and sucrose content are presented in Table 5.

Table 5. Invert sugar and sucrose content of honey samples

RSDBI RSDAI Sucrose
Honey Invert sugar |Initial invert |Invert sugar |Total invert o)
(mg)*? sugar, %® (mg)*® | sugar, %

Robinia pseudoacacia|45.9+0.8 75.25+0.8 48.5+0.9 79.5+0.9 4.25+1.2
Linden 43.7£0.7 72.69+0.7  |46.1+0.8 76.77+0.8 |4.08+1.06
Polyfloral 45.5+0.8 75.70+0.8 43.4+0.7 80.51+0.7 [4.81+1.13
Fir honeydew 41.4+0.8 68.95+0.8  |45.5+0.8 75.73+0.8 |6.78+1.13
Rapeseed + Robinia |5 9, g 75.25:0.8 |48.5:t0.9  [79.520.9 |4.25+1.2
pseudoacacia

“in accordance with [4,36]
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a) the results are expressed as mean + standard deviation (n = 3).
Each sample was analysed in triplicate and the results are expressed as
mean = standard deviation (n = 3).

The data in Table 5 show that all honey samples contain levels of invert
sugar characteristic of authentic, unadulterated honey. Total invert sugar
values exceed 75% in all samples, well above the minimum of 60% required for
floral honey, confirming their natural origin. Fir honeydew has the lowest
percentage of invert sugar, as expected for honeydew varieties, that typically
contain higher amounts of oligosaccharides. Sucrose levels remain low in most
samples, except the fir honeydew sample, whose higher sucrose content (6.78%)
remains within acceptable limits and reflects botanical specificity rather than
adulteration. Overall, the carbohydrate profiles support the authenticity and good
quality of the analysed honeys.

Ash content

Ash content is a direct measure of the inorganic mineral content in
honey. The ash content of honey is generally low and influenced by the
chemical composition of the nectar, which varies depending on the different
botanical sources involved in the formation of the honey. It can vary between
0.02% and 1.0%, and the maximum limit allowed by legislation for honey
from floral sources is 0.6%. Normally, however, ash contents between 0.1%
and 0.3% are found for these honeys. The very high mineral content (around
1.0%) is only found in honeydew, and the ash content is often used to identify
this type of honey [37].

Table 6 presents the ash content of honey samples.

Table 6. Ash content of honey samples

Honey Ash content, % (mean £ SD, n = 3)
Robinia pseudoacacia 0.20£0.004

Linden 0.14+0.003

Polyfloral 0.51+0.01

Fir honeydew 0.30+0.006

Rapeseed + Robinia pseudoacacia  |0.24+0.005

In all samples, the ash content is low, indicating that the organic
fraction (primarily sugars) is predominant, while the levels of microminerals,
macrominerals and heavy metals are minimal.
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Determination of metal content

The content of macrominerals and microminerals in the five honey
samples is presented in Tables 7a and 7b.

Table 7a. Macrominerals content in honey samples

Ca2+ | Mgz+ | Na* | K+ | Al3* | MnZ2*
Honey
mg/kg

Robinia pseudoacacia 0.46 1.86 0.17 0.25 0.02 <0.01
Linden 1.40 2.49 0.45 2.28 0.01 <0.01
Polyfloral 0.36 1.54 0.25 3.85 1.17 10.00
Fir honeydew 1.18 3.31 0.27 1.71 0.21 0.84
Rapeseed + Robinia 0.25 046 |0.24 13.72 |1525  |155.59
pseudoacacia

“the detection limit of the method (LOD) was 0.01

Variations in the content of microminerals and macrominerals (not
considered contaminants) do not negatively influence the quality of honey,
giving it a therapeutic effect specific to its content and implicitly, to the honey

variety.
Table 7b. Microminerals content in honey samples
Ag+ | Co2?* | Crn+ | Li+ | Ni2* | Sr2+ | Ti2+ | Se2+ | \/3+
Honey
mg/kg
Robinia <0.01 (0.11 [0.19 [0.10 [0.36 [29.14 [0.99 [1.69  |<0.01
pseudoacacia
Linden 0.08 [0.04 |0.17 |1.38 |0.32 [42.75 |0.25 0.68 0.14
Polyfloral 0.04 [<0.01 |0.34 |0.89 [1.12 [14.96 [0.24 <0.01 |0.05
Fir honeydew 0.11 [0.01 |0.14 |5.20 |0.32 [55.22 |0.74 <0.01 [<0.01
Rapeseed + Robinia
pseudoacacia 0.04 |<0.01 |0.10 |0.88 |[0.23 |16.66 |<0.01 |<0.01 |<0.01
“the detection limit of the method (LOD) was 0.01
Table 8 contains the heavy metal content in honey samples.
Table 8. Heavy metal content in honey samples
Ccd?* | Cu?+ | Fen+ I Pph2+ | Zn2+
Honey
mg/kg

Robinia pseudoacacia 0.046 1.03 0.07 0.183 <0.01
Linden 0.16 2.68 0.09 0.17 0.01
Polyfloral 0.28 5.30 0.09 0.198 0.01
Fir honeydew 0.027 3.24 0.11 0.213 0.00
Rapeseed + Robinia pseudoacacia 0.084 0.64 0.04 0.29 0.01
MPC* according to [31] 0.2 - 1.00 0.20 1.0-3.0

*MPC-Maximum Permitted Concentration; the detection limit of the method (LOD) was 0.01
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The values for Cu?*, Fe™, and Zn?* are within the permitted limits or
close to the detection limit [9,11].

The analysis of heavy metal content shows variations depending on
the botanical origin of the honey. Pb?* concentrations slightly exceed the
maximum allowed values in some samples, especially in the mixture (rapeseed +
Robinia pseudoacacia) and in fir honeydew, suggesting the influence of
anthropogenic factors (industrial pollution, road traffic, soil contamination)
[31,38,39]. Due to its high mobility in the environment and plant affinity, lead
is sequestered from the soil by melliferous flora and translocated into nectar
[40,41]. Through the maturation process, the honeybee acts as a secondary
concentrator, ensuring that the final matrix provides an accurate spatial
reflection of geogenic and anthropogenic contamination in the foraging area.
These elevated levels have also been reported in other scientific studies [42].

Shear stress, Pa
2
Shear stress, Pa

0 10 0 30 40 50
0 10 20 30 40 50 80

Shear rate, 1/s
——33C ——40C ——d45C

Shear rate, 1/s
——33C —u—40C ——45C

a) Polyfloral honey b) Linden honey

BO 100
60

40
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——J3C a— 40C —=—45C —e—33C &—40C —»—45C
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Figure 1. Shear stress vs. shear rate
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The results confirm that honey can be used as a bioindicator of
environmental pollution, and periodic monitoring of heavy metals is necessary
to ensure food safety [43].

Rheological behavior

The dependence between shear stress ( t=) and shear rate (y), at
three temperature values, is presented in Figures 1 (a-d). It is observed that,
regardless of temperature values, these dependences are linear, which
suggests a Newtonian behavior. Also, the values of dynamic viscosity decrease
with increasing temperature.

The experimental data were fitted using the software package Table
Curve 2D. Thus, the model used to describe the rheological properties of
honey samples is defined by Newton’s equation (1):

T=n-Yy (1)
where n is the dynamic viscosity of the fluid [22, 44-46].
The values of dynamic viscosity are presented in Table 9.

Table 9. The values of dynamic viscosity of the honey samples

Honey Dynamic viscosity, Pa.s
33°C 40°C 45°C
Polyfloral 4.94 2.23 1.38
Linden 7.79 3.26 1.84
Robinia pseudoacacia 1.57 0.75 0.46
Fir honeydew 6.46 2.89 1.78

The Arrhenius model (eq. (2)) has been that most often used to
adequately describe the dependence of viscosity on temperature [22,44].

Eq
n= A - erT (2)

where E, is the activation energy reflecting the sensitivity of viscosity to
temperature variation and the pre-exponential factor (A) represents viscosity at
a temperature close to infinity.

The particular form of equation (2) for the honey samples is presented
in Table 10, together with the percentage of decrease in dynamic viscosity
with increasing temperature from 33°C to 45°C.
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Table 10. Particular forms of Arrhenius type equation

Ea, Viscosity decrease,
Honey Eq. (2) kJ/mol %
Polyfloral n=72- 10715 . exp(10454/T) 86.9 72.1
Linden n=23- 10-16 . exp(11647/T) 96.8 76.4
Robinia n=14- 10-14. exp(9888'3/ ) 82.2 70.7
Pseudoacacia T
Fir honeydew n=65- 10715 . exp(10567/T) 87.8 725

The values of the activation energy of the viscous flow are relatively
close. However, from these values and the percentage of viscosity decrease, it
is confirmed that the linden honey with the highest activation energy value
exhibits the greatest change (decrease) in viscosity with temperature.

It is also confirmed that for linden, polyflora and Robinia pseudoacacia
honeys, increasing the moisture content leads to a decrease in viscosity,
regardless of the temperature value, according to [25].

DSC analysis

For honey, DSC analysis can be used to study the melting point or
crystallization phenomena and to determine the glass transition temperature
(Ty) [46-49]. Because honey is normally used below its melting point, it is a
supercooled liquid and, although it appears liquid, it is in a metastable state
in which sugar crystals can spontaneously form. Generally, honey has glass
transition temperature values between -30°C and -50°C. Below these values,
it is in a vitreous state, becoming an amorphous, non-crystalline solid [50].

DSC thermograms are presented in Figures 2 (a-e) and the values of
glass transition temperature (Tg) in Table 11.

It is observed that all the glass transition temperatures have negative
values from -32°C to -46°C, what is typical for natural honeys with normal
moisture content (15+20%). The values show that Robinia pseudoacacia honey
has the lowest T4 value and the highest water content (Table 1), which
denotes a high fructose content, and therefore, the honey has a low tendency
to crystallize.
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Figure 2. DSC thermograms of honey samples
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Table 11. The values of glass transition temperatures

Honey Ty, °C
Robinia pseudoacacia -45.9
Linden -36.0
Polyfloral -374
Fir honeydew -345
Rapeseed + Robinia pseudoacacia -32.4

In contrast, the honey mixture (rapeseed + Robinia pseudoacacia)
has the highest T, value (-32.4°C), suggesting a more rigid amorphous structure.
Rapeseed honey is typically glucose-rich and prone to rapid crystallization,
which is consistent with a higher T4 value and reduced molecular mobility of
the supercooled sugar phase. The increased Ty value observed in the
blended sample indicates that the presence of rapeseed honey significantly
influences the thermal behavior of the blend, despite the contribution of Robinia
pseudoacacia honey. Linden, polyfloral and fir honeys exhibited intermediate Tq
values (-36°C to -34°C), reflecting more balanced fructose-glucose ratios
and heterogeneous botanical composition.

In addition, in all cases, an endothermic peak appears in the range
(130+145)°C, corresponding to thermal decomposition (in fact, rather the
decomposition of sugars which are the major constituents, honey being a
supersaturated sugar solution).

CONCLUSIONS

Five honey samples from the Oltenia region were studied in terms of
physico-chemical parameters.
The obtained results indicated the following:

The Newtonian behavior observed across all samples indicates a
predictable and consistent flow, enhancing consumer experience through
uniform texture, ease of pouring, and stable sensory attributes. This
rheological linearity also serves as a physical marker of product homogeneity
and purity, confirming the absence of advanced crystallization or structural
additives

The carbohydrate composition, characterized by high invert sugar
levels and low sucrose contents, demonstrates the authenticity, proper
maturation, and overall quality of the analysed honey samples.
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In all samples, the ash content is low, demonstrating the preponderance
of the organic phase.

The content of micro- and macrominerals does not negatively
influence the quality of honey. However, a slightly higher lead content indicates
a high degree of pollution, due to the natural background of the soil, industrial
areas or other factors.

The DSC data classify the studied honeys in the value ranges
mentioned in the literature.

EXPERIMENTAL SECTION

Materials

The five honey samples produced from different floral origins were
purchased from beekeepers in the Oltenia region, Romania, in 2023. The
honeys were stored at 16+18°C throughout the entire period of the
experimental determinations.

Determination of moisture content

The moisture content of honey samples was obtained by measuring
the refractive index (Method 969.383) according to [51] with a Carl Zeiss
16531 refractometer at 20°C, using refractive index of distilled water as a
reference. The refractive index was converted to moisture content (%) based
on a Chataway Table [3,52].

Determination of pH, free and total acidities and lactone content

pH measurements were performed potentiometrically at 20°C, using
a MultiMeter MM 41 in a solution prepared by dissolving 10 g of honey in 75
mL of CO.-free distilled water. All measurements were performed in triplicate
after a preliminary calibration at pH 3.0, 7.0 and 9.0 [3]. The content of free
acids and lactone was determined by a titrimetric method. The previously
prepared solution was titrated with 0.05 M NaOH solution to pH 8.3 (free
acidity). Immediately, 10 mL of 0.05 M NaOH solution was added and the
mixture was titrated again with 0.05 M HCI solution to pH 8.3 (lactone acidity)
[53]. Total acidity was obtained by adding the two values.
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Determination of proline

Proline content was determined using ninhydrin spectrophotometric
method (Method 979.20) according to [51]. This method is based on the reaction
of proline (a proteinogenic amino acid) with ninhydrin, with the formation of a
colored complex with a characteristic maximum at 520 nm [3].

a) Calibration curve for proline: 0.0, 0.1, 0.2, ... 0.9 mL of proline
standard solution (0.05 mg/mL) are introduced into 10 test tubes to which
distilled water is added up to 5.5 mL. To each test tube is added 1 mL of 3%
ninhydrin solution in ethylene glycol and 0.25 mL of formic acid. The samples
were kept in a boiling water bath for 15 minutes, then cooled for 5 minutes in
a water bath at 22°C. 5 mL of solvent (2-propanol and water, ratio 1:1) was
added to each sample under stirring. After 35 minutes, the absorbance is
determined at 520 nm with a blank containing 0.5 mL of distilled water.

b) Proline determination: 2.5 g honey are transferred to a 50 mL
volumetric flask with distilled water to obtain working solutions. 0.5 mL of
sample, 5 mL of distilled water, 0.25 mL of formic acid and 1 mL of 3%
ninhydrine solution in ethylene glycol are placed in a test tube (triplicate for
each honey sample). Each sample is treated according to the instructions
above, and the results are calculated as an average value.

Determination of hydroxymethylfurfural - HMF (Winkler method)

HMF forms with barbituric acid, in the presence of p-toluidine, a red
compound that exhibits a characteristic absorption maximum at 550 nm.

5 g of honey were weighted and transferred to a 25 mL volumetric
flask. The appropriate volume of distilled water was added and homogenized.
2 mL of the honey solution prepared above were transferred to 2 test tubes.
5 mL of p-toluidine solution (10% in 2-propanol) was added to each test tube.
1 mL of distilled water was added to the control tube, and 1 mL of 0.5%
aqueous solution of barbituric acid was added to the other tube and
homogenized. After 4 minutes, the absorbance was determinated at 550 nm
[3, 54].

Determination of invert sugar and sucrose (Elser method)
The method is based on the fact that the reducing sugars (glucose
and others) in honey can reduce Cu (I) at Cu (I) in the presence of heat. The

amount of red precipitate of copper (l) oxide (Cu20) is proportional to the
invert sugar content in the sample [36].
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a) Reducing sugar direct before inverting (RSDBI): 20 mL Fehling |
solution, 20 mL Fehling Il solution and 20 mL water are added in a 250 mL
Erlenmeyer. The mixture is brought to boiling. The honey stock solution was
prepared by diluting about 3 g honey with distilled water in a 200 mL
volumetric flask. 20 mL of honey work solution (prepared by diluting 20 mL
of stock solution in a 100 mL volumetric flask with distilled water) is added to
the previously boiling mixture and boiled for another 5 minutes. To dissolve the
red precipitate (Cu20), 35 mL of saturated acidified NaCl solution and 2-3 g
of NaHCO3; were used to alkalinize the mixture (finally, the mixture becomes
clear blue with NaHCOs; crystals). The solution is finally titrated with 0.05 N
iodine solution. Since the chemical reaction occurs slowly and the
equivalence point is difficult to observe, a small excess of iodine is used and
back-titrated with 0.05 N NaS»0s3 solution in the presence of a 1% starch
solution until the colour turns light blue (the change is green — dark blue —
light blue). The effective volume of iodine solution is the difference between
the initial and final volumes used in the titration.

m-10-5
m,-1000

RSDBI(%) = - 100 3
where: m — the amount of sugar corresponding to the volume of iodine, mg
[4,55]; 10 — volumetric ratio between stock solution and working solution
(200/20); 5 — volumetric ratio between working solution and sample solution
(100/20); m; — the amount of honey sample, g.

b) Sucrose determination: in a 100 mL volumetric flask, 20 mL of
working solution, 30 mL of distilled water and 1.0 mL of HCI solution were
added and maintained for 30 minutes in a boiling water bath for sucrose
hydrolysis. To the cooled mixture was added 1.0 mL of 1 N NaOH solution
and the volume was adjusted with distilled water. The reducing sugar direct
after inverting (RSDAI) was determined as before, using the final mixture as
a working solution.

Sucrose(%) = [RSDAI(%) — RSDBI(%)] - 0.95 4)

0.95 represents the ratio between the molar mass of sucrose and the molar
mass of glucose and fructose.

Determination of ash content

The ash content was determined according to the method of incineration
of honey samples (Method 920.181) according to [51].
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To remove moisture and prevent foaming, about 5 g of honey was
preheated with an infrared lamp, after which the sample was incinerated in a
muffle furnace at 600°C, until constant weight. The sample was weighed
again after cooling to room temperature [29].

Determination of metal content

For sample preparation, 5 g of honey was weighed and incinerated
at a temperature of 450°C for 13 hours. The resulting ash was dissolved in
10 mL of 0.5 M HNOs, quantitatively filtered through filter paper and brought
to a final volume of 100 mL. The content of macrominerals, microminerals,
and heavy metals in honey was determined by inductively coupled plasma
mass spectrometry (ICP-MS), using a BRUKER Aurora M90 inductively
coupled plasma spectrometer equipped with a mass detector.

Rheological behavior

Viscosity measurements were performed on honey samples at different
temperature values (33°C, 40°C and 45°C), with a Rheotest-2 rotational
viscometer equipped with a thermostatic control bath and a coaxial cylinder
system (S/S1). Experimental determinations were performed at the shear
rate ramp-up (from 3 s* to 81 st) and ramp-down (from 81 s* to 3 s?). Each
measurement was taken in duplicate.

DSC analysis

DSC analysis were performed using a DSC 204F1 Phoenix differential
scanning calorimeter produced by Netzsch. Honey samples were placed in
aluminum crucibles and heated from -50°C to 300°C with a heating rate of
10 K/min. Thermograms were interpreted using Netzsch Proteus Thermal
Analysis software version 6.1.0.
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ABSTRACT. In edible films with added plant extracts, the effects of the
polymer matrix used and the production method on film performance have
not yet been sufficiently clarified. Therefore, in this study, the quality parameters
of starch-gelatin and chitosan-based edible films with added rhubarb
(Rheum ribes L.), produced by two different methods, were comparatively
examined. The films were characterized in terms of thickness, water solubility,
mechanical properties, water vapor permeability, optical properties, color
parameters, antioxidant capacity, biodegradability, and structural properties.
The results showed that the film properties changed significantly depending
on both the polymer matrix used and the rhubarb extract concentration.
Starch-gelatin-based films exhibited higher water solubility and flexibility,
while chitosan-based films showed higher mechanical strength and better
water vapor barrier properties. Rhubarb addition significantly increased the
antioxidant potential of the film-forming mixtures in both methods. Color
analyses revealed that the films darkened with increasing rhubarb concentration.
SEM and FT-IR analyses showed that rhubarb addition caused physical changes
in the film structure but did not alter the chemical structure. Chitosan-based
films with rhubarb addition may be considered as a potential alternative for
active and sustainable food packaging applications.
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INTRODUCTION

Increased packaging use stands out as one of the most significant
problems causing environmental pollution today. One of the main reasons
for this is that consumers cannot properly classify and dispose of packaging
waste for recycling. It was reported that approximately 40% of the packaging
put on the market in Tirkiye cannot be recycled [1]. The use of traditional
food packaging materials such as plastic, paper, glass, metal and composite
in edible packaging applications is limited. Petroleum-based plastics such as
polyethylene and polypropylene pose serious ecological threats due to their
non-environmentally friendly structure [2, 3]. Most of them are single-use
plastics and are released directly into nature, especially oceans or soil, after
use. In addition, burning these materials causes greenhouse gas emissions,
triggering global warming [3-5].

To mitigate these environmental threats, the use of recyclable or
biodegradable packaging materials is encouraged, and public awareness
campaigns are being conducted. In this context, edible films and coatings,
offering environmentally sustainable and functional properties, have attracted
significant attention, particularly in recent years [3, 6-9]. Edible packaging
extends the shelf life of food products, prevents microbial spoilage, and reduces
waste. Thanks to developing technologies, these types of biopolymers can be
transformed into edible films and coatings, and they can be applied directly
to food as packaging or bags in film form, or as coatings. One of the most
important advantages of edible packaging is that it is consumed as an integral
part of the product, eliminating the need to open the packaging [3, 10].
Furthermore, the biodegradability of edible packaging provides environmental
benefits in terms of reducing plastic waste and decreasing dependence on
fossil fuels [3, 11-14]. Edible films and coatings can be produced based on
lipids, polysaccharides, and proteins, or their combinations [15, 16]. Today,
the most preferred edible film polymers are polysaccharides. Edible films and
coatings of polysaccharide structure are hydrophilic, and have low moisture
barriers and high gas barriers. They are produced from polysaccharide-structured
substances such as starch, chitin, chitosan, cellulose, gums and pectin [17].

Chitosan is the polymer material most commonly preferred in the
production of edible packaging. It has non-toxic, biocompatible, biodegradable,
and biologically functional properties. Thanks to these properties, it is widely
used in the production of edible films [6]. Among various biopolymers,
chitosan is a good candidate for food packaging material due to its film-
forming ability and biodegradability. However, pure chitosan film does not
have the ideal antioxidant capacity for antioxidant-active food packaging
materials. This situation creates a disadvantage in terms of long-term storage
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of foods with high fat content [18]. To overcome these shortcomings, it is
necessary to improve the antioxidant capacity of pure chitosan film to expand
its application in food packaging [19]. In addition, improvements are made in
the formulation of these films by adding functionality-enhancing additives
such as plasticizers, antimicrobials, colorants, flavorings, probiotics, and live
microorganisms for biocontrol purposes [3, 12-14, 20-24]. In these improvements,
the use of purees, pulps and extracts of fruit and vegetable origin is carried
out in order to improve the sensory and nutritional properties and suitable
mechanical performance of these films [11].

Starch, another preferred material in the production of edible packaging,
is a natural storage carbohydrate produced in plants. Starch is composed of
two types of structures called amylose and amylopectin, which are classes
of a-D-glucose [25]. Not all starch is digested by amylase enzymes and is
absorbed in the small intestine. Due to this structure, it controls blood sugar
levels, has positive effects on cholesterol, diabetes, colon cancer prevention,
and gastrointestinal health [26]. Also, starch, which contains a high amount
of dietary fiber, can be used as a fiber source in healthy eating [27].

Starch granules are insoluble in water, and they swell by absorbing water.
The ability of starch to absorb water stems from the numerous hydroxyl groups it
contains. When starch is added to water, hydrogen bonds weaken above 56 °C,
and the granule size increases several times its original size in a phenomenon
called gelatinization. As the granules absorb moisture, the solution becomes
clear and the viscosity increases [28]. Starch is widely used in many sectors such
as textiles, paper, pharmaceuticals, paints, cosmetics, and the food industry. Its
widespread use is due to its tasteless and odorless nature, natural origin,
minimally altering of the product's structure, and viscosity, flow properties, gel
resistance, and yield properties [27, 28]. In this study, we aimed to compare
the characterization parameters of chitosan and starch-based films by adding
rhubarb to them.

Rhubarb (Rheum ribes L.), a perennial herbaceous plant of the
Polygonaceae family, grows in Iran, Irag, Lebanon, Palestine, and Turkey
[29]. Rhubarb is also known in the region by names such as wild rhubarb and
mountain banana [30]. Reaching up to 150 cm in height, rhubarb is a green,
leafless plant. It has a sour taste due to its low pH of 3.56 [31]. It was reported
that 100 g of rhubarb contains 20.4 mg ascorbic acid, 2.25 g protein, 0.24 g fat,
1.15 g ash, 25.1 mg phosphorus, 114.4 mg potassium, 60.3 mg calcium, and 24.6
mg sodium [32, 33]. However, research has shown that rhubarb contains
chrysophanol, physcion, and emodol anthraquinones, as well as quercetin,
5-deoxyquercetin, quercetin 3-O-rhamnoside, quercetin 3-O-galactoside, and
quercetin 3-O-rutinoside flavonoids [34]. The results of the studies indicated
that rhubarb has a high amount of phenolic compounds [31, 35]. It was also
reported to have an antibacterial effect [36, 37].
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The present study aimed to determine the extent to which the addition
of rhubarb (Rheum ribes L.) improves the antioxidant capacity, and functional
physicochemical properties (mechanical strength, barrier properties, color,
and thickness) of chitosan and starch-based edible film matrices, and to
identify the relationship between this improvement and the film matrix.

The present study primarily focuses on evaluating the effect of different
polymer matrices on the physicochemical, mechanical, and functional properties
of rhubarb-enriched edible films. Although two different preparation methods
were employed, these methods were selected based on the specific processing
requirements of each polymer system rather than as independent variables
for comparison. Starch—gelatin and chitosan matrices differ significantly in
terms of solubility, film-forming mechanisms, and structural behavior, which
necessitates the use of matrix-specific preparation conditions.

In addition, different forms of rhubarb (puree and lyophilized powder)
were used to ensure compatibility with each polymer system. The use of
rhubarb puree in starch—gelatin films is suitable due to its aqueous and
gelatinization-based structure, whereas lyophilized rhubarb powder provides
better dispersion and stability in chitosan-based systems. Therefore, the
primary comparison in this study is based on the polymer matrix type, while
preparation methods and rhubarb forms were adapted to achieve optimal film
formation within each system.

RESULTS AND DISCUSSION

A total of 12 edible films were produced using two different methods
(Figure 1). Characterization studies were performed on all film samples.

Figure 1. Film samples produced by both methods
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The statistically analyzed film thickness (FT) values of the film samples
revealed significant differences among the samples (p<0.05) (Table 1). F1,
F2, F3, F4, and F5 samples were classified within the same statistical group
(*a), and no significant difference was determined among the thickness
values of these samples. In contrast, when the F6 and F7 films were
examined, the effect of increasing gelatin concentration on film thickness in
the presence of lecithin was found to be statistically significant (p<0.05).
When the film thickness values of the F8—F12 samples were statistically
evaluated, the addition of rhubarb extract was found to have a significant
effect on film thickness (p<0.05) (Table 1).The fact that the control group F8,
which does not contain rhubarb, showed the lowest thickness value revealed
that the addition of the extract volumetrically strengthened the polymer
matrix. The continuously increasing thickness in formulations F9, F10, F11,
and F12 where the rhubarb ratio was gradually increased, showed that the
extract interacts with the chitosan structure, expanding the net structure of
the film and increasing its water-holding capacity. These results revealed that
rhubarb extract concentration is one of the determining factors of film
thickness in chitosan-based films. While the thickness increased regularly
with increasing rhubarb extract in chitosan-based films, the thickness in
starch-gelatin based films varied more widely, especially depending on the
amount of gelatin and lecithin.

When the water solubility (WS) values of the F1-F7 samples were
statistically evaluated, the formulations were found to have a significant effect
on solubility (p<0.05) (Table 1). While the F1 sample was classified in group
“b”, all other samples containing rhubarb were included in the same statistical
group (“a”) and did not show significant differences among themselves. This
result indicated that the addition of rhubarb reduced the solubility of the films.
The fibrous structure of rhubarb and the phenolic compounds present in its
composition may have contributed to the formation of a denser and more
compact film matrix, thereby limiting the penetration of water molecules into
the film structure. In contrast, the addition of lecithin and gelatin did not
produce a statistically significant effect on water solubility. When the water
solubility (WS) values of the chitosan-based films belonging to the F8—F12
samples were statistically evaluated, significant differences were determined
among the formulations (p<0.05) (Table 1). In general, a decrease in water
solubility values was observed with increasing rhubarb extract incorporation.
This result may be attributed to the fibrous structure, phenolic compounds,
and solid matter content of Rheum ribes, which likely contributed to the
formation of a more compact film matrix. In addition, the incorporation of
Rheum ribes may have enhanced the interactions between chitosan chains,
thereby limiting the penetration of water molecules into the film structure and
consequently increasing the water resistance of the films.
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When the water vapor permeability (WVP) values of the F1-F7
samples were statistically evaluated, the formulations were found to have
significant effects on WVP (p<0.05) (Table 1). F2, F3, and F7 samples were
classified within the same statistical group (“abc”), while the F5 sample was
included in group “a” and the F4 sample in group “c”, showing statistically
significant differences compared to some other samples. The results indicated
that the presence of lecithin at low concentrations contributed to a reduction
in water vapor permeability, whereas increasing amounts of gelatin and lecithin
resulted in higher WVP values. In addition, the incorporation of Rheum ribes
was considered to contribute to the reduction of water vapor permeability,
particularly in the presence of low gelatin and lecithin concentrations, by
promoting the formation of a more compact film matrix. When the water vapor
permeability (WVP) values of the F8—F12 samples were statistically evaluated,
all samples were found to be included in the same statistical group (“a”), and
no significant differences were determined among the samples (p>0.05).
This result indicated that the formulation modifications and the incorporation
of rhubarb extract did not produce a statistically significant effect on the water
vapor permeability of the chitosan-based films. The findings suggested that the
barrier properties of the chitosan matrix were largely preserved and that the
applied additive concentrations did not substantially alter water vapor transfer.

Table 1. Results of film thickness (FT), water solubility (WS), elongation at break (EB),
tensile strength (TS), and water vapor permeability (WVP) analyses of the film samples

WVP
Film FT (mm) WS (%) |(@ mm hlcm™ EB (%) TS (MPa)
samples Pa1x10) 24h
F1 0.164+0.00482 | 95.47+0.50° | 0.35+0.05' | 66.78+2.77% | 0.53+0.002°
F2 0.163+0.0050° | 93.50+0.50% | 0.32+0.01%¢ | 59.94+1.90% | 0.34+0.009%
F3 0.1650.0056° | 93.08+0.50% | 0.30+0.012 | 59.14+2.35% | 0.60+0.024¢
F4 0.258+0.011% | 93.38+0.50° | 0.37+0.02° | 65.17+2.312 | 0.64+0.0099
F5 0.172+0.007% | 92.49+0.50° | 0.26+0.05% | 66.39+14.3% | 0.41+0.025"
F6 0.185+0.006" | 93.54+0.50° | 0.28+0.01% | 66.58+1.46° | 0.51+0.014°
F7 0.277+0.016° | 91.78+0.502 | 0.30+0.06°° | 67.94+0.292 | 0.51+0.041¢
F8 0.162+0.00192 | 88.96+0.50¢ 0.240.012 | 88.33+11.8" | 2.17+0.189"
F9 0.210+0.0044° | 84.92+0.50¢ 0.4+0.092 | 63.85+2.712 | 1.20+0.013?
F10 0.213+0.0088P | 83.75+0.50" | 0.2+0.03% | 57.60+3.09% | 1.17+0.0962
F11 0.218+0.0011P° | 81.60+0.50%° | 0.3+0.022 | 54.93+1.272 [1.21+0.0052
F12 0.225+0.0044° | 81.08+0.502 0.3+0.12 52.07+0.842 |1.160.011?2

*Different letters (a—e) in the table indicate a statistically significant difference between
samples within each polymer group/method (p<0.05). Data are presented as mean + standard
deviation, and statistical analysis was performed using one-way analysis of variance (ANOVA)
and the Duncan multiple comparison test. Both methods were subjected to independent statistical
evaluation within their respective groups.
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When the elongation at break (%EB) and tensile strength (TS) values
of F1-F7 samples were statistically evaluated, it was determined that the
formulations did not have a significant effect on %EB values (p>0.05), whereas
significant differences were observed in TS values (p<0.05) (Table 1). The
fact that all samples were grouped within the same statistical category (“a”)
in terms of %EB indicated that gelatine, lecithin, and Rheum ribes
incorporation did not significantly affect the elasticity of the films (p>0.05). In
contrast, the presence of different statistical groups in TS values demonstrated
that formulation changes had a considerable effect on film strength. In
particular, lecithin addition was thought to reduce tensile strength in some
samples, whereas increasing gelatine concentration strengthened the film
matrix and contributed to higher TS values. When the elongation at break
(%EB) and tensile strength (TS) values of F8—F12 samples were statistically
evaluated, significant differences were determined among the samples
(p=<0.05) (Table 1). The F8 sample was found to be statistically different from
all other samples in terms of both TS and %EB values and was classified in
group “b”. In contrast, the F9—F12 samples were included in the same statistical
group (“a”) and did not exhibit significant differences among themselves. The
results indicated that increasing rhubarb extract incorporation led to a
reduction in the mechanical strength and flexibility of the film structure. In
particular, the decrease in TS values may be associated with the weakening
effect of the plant-based additive on the integrity of the chitosan matrix and
the partial disruption of the regular interactions between polymer chains.
Similarly, the reduction in %EB values may be attributed to the development
of a more brittle and less elastic film structure. Nevertheless, the inclusion of
the F9-F12 samples within the same statistical group suggested that,
beyond a certain incorporation level, further increases in rhubarb extract
concentration did not produce an additional significant effect on the mechanical
properties of the films. TS values in the chitosan group ranged from 1.16 to
2.17 MPa, approximately 2-4 times higher than those of starch-based films.
These results indicated that the polymer structure of chitosan-based films
exhibited a stronger network compared to the starch—gelatin-based films,
and that increasing the proportion of rhubarb concentration reduced elasticity
in chitosan films while maintaining strength within a certain range. In general,
chitosan-based films offered higher mechanical strength, while starch—
gelatin-based films exhibited a more flexible but lower-strength structure.

When the FRAP and DPPH antioxidant activity values of F1-F7
samples were statistically evaluated, significant differences were determined
among the samples (p<0.05) (Table 2). According to the FRAP results, the F1
sample exhibited the lowest antioxidant capacity and was classified in group “a”.
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A marked increase in FRAP values was observed in all film samples containing
Rheum ribes, with the F4 sample showing the highest value and being classified
in group “d”. While F3, F5, and F6 samples were included in the same statistical
group (“c”), F2 and F7 samples were classified in group “b”. A similar trend was
observed in the DPPH results, where the F4 sample exhibited the highest
radical scavenging capacity and was classified in group “c”. F2 and F3
samples were included in group “b”, whereas F5, F6, and F7 samples were
grouped together with F1 in group “ab”, with no statistically significant differences
determined among them. Overall, the results indicated that the incorporation of
Rheum ribes enhanced the antioxidant capacity of the film-forming mixtures.
However, higher gelatin and lecithin concentrations may have influenced the
distribution or interactions of antioxidant compounds within the film matrix,
thereby leading to a reduction in antioxidant activity in some samples.

Table 2. FRAP and DPPH results of film-forming mixtures
and color parameters of dried film samples

Film FRAP DPPH
samples | (ug BHA eq /mL) |(ug ascorbic acid L* a* b*
eqg/mL)
F1 25.10+£1.782 229.48451.06 | 86.31+3.33° | -4.21+1.692 | 11.70+5.002
F2 72.79+9.16P 431.37+108.94° |80.68+2.06°¢| -4.63+0.272 | 13.17+1.342
F3 101.66+1.73°¢ 489.96+83.64° |79.07+3.77%°¢| -4.31+1.442 | 12.66+4.142
F4 135.84+13.094 637.50+99.51° | 74.91+4.79% | -5,16+0.922 | 15.83+3.492
F5 105.02+1.58¢ 359.97+76.89%° | 81.63+2.34% | -6.29+1.072 | 18.44+4.252
F6 98.86+9.80° 368.42+71.772° |79.07+3.772¢| -4.31+1.442 | 13.00+4.712
F7 72.56+7.78P 360.86+41.292° |69.66+10.842| -6.21+1.322 | 20.20+6.352
F8 19.52+0.982 221.64+46.922 | 93.40+5.53¢ | -3.70+0.292% | 10.56+1.552
F9 85.20+3.70° 466.27+53.70° | 57.73+7.00¢ | -6.23+0.882 | 33.93+2.05¢
F10 91.40+31.25° 787.85+ 70.93¢ | 57.53+5.90¢ | -4.44+0.922?| 36.57+0.04¢
F11 154.88+15.55% | 853.667+113.04° | 19.94+5.592 | -0.79+0.98° | 24.03+5.28¢
F12 187.26+16° 893.63+23.92¢ | 31.00+8.01P | -2.86+0.06"¢ | 16.76+8.54°

*Different letters (a—e) in the table indicate a statistically significant difference between samples
within each polymer group/method (p<0.05). Data are presented as mean + standard deviation,
and statistical analysis was performed using one-way analysis of variance (ANOVA) and the
Duncan multiple comparison test. Both methods were subjected to independent statistical
evaluation within their respective groups.

When the FRAP and DPPH antioxidant activity values of F8—F12
samples were statistically evaluated, significant differences were determined
among the samples (p<0.05) (Table 2). According to the FRAP results, the
F8 sample exhibited the lowest antioxidant capacity and was classified in
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group “a@’. A significant increase in FRAP values was observed with the
incorporation of rhubarb extract, while the F11 and F12 samples exhibited
the highest antioxidant capacities and were classified in groups “d” and “e”,
respectively. In contrast, the F9 and F10 samples were included in the same
statistical group (“b”) and did not show significant differences between each
other. Evaluation of the DPPH results revealed that the F8 sample had the
lowest radical scavenging capacity and was classified in group “a”. While the
F9 sample was classified in group “b”, the F10, F11, and F12 samples were
included in the same statistical group (“c”) and no significant differences were
determined among them. Overall, the obtained results indicated that the
incorporation of rhubarb extract significantly enhanced the antioxidant capacity
of the film-forming mixtures. This increase may be attributed to the phenolic
compounds, and other bioactive components present in the structure of Rheum
ribes. Furthermore, increasing rhubarb extract concentration was considered
to enrich the film matrix with greater amounts of antioxidant compounds,
thereby enhancing both reducing power and free radical scavenging
capacity. It should also be noted that the antioxidant activity analyses were
performed on the film-forming mixtures before the drying process. Therefore,
the FRAP and DPPH values obtained in this study should be interpreted as
indicators of the antioxidant potential of the precursor film-forming systems
rather than as direct measurements of the antioxidant performance of the
final dried films. Drying conditions, polymer—phenolic interactions, and
possible changes in phenolic stability and availability within the dried film
matrix may influence the actual functional performance of the films.

A reduction in antioxidant activity was observed following the addition
of soy lecithin. Although rhubarb addition significantly enhanced antioxidant
activity, the incorporation of soy lecithin slightly decreased the antioxidant
performance in starch—gelatin-based films. This reduction may be attributed
to the entrapment of antioxidant compounds within the emulsion matrix
formed by soy lecithin, thereby limiting their accessibility. Furthermore, the
aggregation of phenolic compounds at high concentrations or their non-
homogeneous distribution within the film matrix may also explain the decrease
in antioxidant activity. In a study conducted on polyvinyl alcohol/starch-based
films enriched with rosemary extract, antioxidant activity analyses similarly
reported that rosemary extract enhanced antioxidant activity, whereas the
subsequent addition of kaolin reduced this activity. The decrease was
attributed to synergistic interactions arising from the simultaneous presence
of additives, negatively affecting antioxidant performance [38]. Moreover,
Laguerre et al. (2007), in their study investigating the relationship between
antioxidants and lipids, reported that various synergistic effects may occur
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between antioxidants and lipids, including interactions of antioxidants
distributed in multiphase environments with different polarities, phases, or
solvents. Despite this decrease, the antioxidant activity of rhubarb- and soy
lecithin-containing samples remained higher than that of the control sample
[39]. Similarly, studies conducted on films produced using gelatin, soy
polysaccharides, and tea polyphenols, as well as another study on chitosan—
starch-based films enriched with thyme extract, reported that the incorporation
of phenolic compounds significantly enhanced antioxidant activity [40, 41].
Overall, the FRAP and DPPH values obtained in the present study indicate
a higher antioxidant capacity compared with many edible film systems
reported in the literature. This may be explained by the high phenolic compound
content of rhubarb extract, its strong interactions with the chitosan matrix,
and the enhanced stability of antioxidant compounds resulting from these
interactions. The results represent the antioxidant capacity imparted by rhubarb
extracts obtained through two different methods within the respective film
matrices. In another study, DPPH analyses performed on chitosan—gelatin-
based films enriched with ferulic acid, caffeic acid, and tyrosol revealed that
although radical scavenging capacity reached up to 90%, the release rate
decreased [42]. These findings suggest that rhubarb extract possesses a
richer phenolic composition and a stronger redox potential.

When the color parameters (L*, a*, and b*) of F1-F7 samples were
statistically evaluated, significant differences were determined among the
samples, particularly in terms of L* values (p<0.05) (Table 2). According to
the L* results, the F1 sample exhibited the highest brightness value and was
classified in group “c”, whereas the F7 sample showed the lowest L* value
and was classified in group “a”. The F2 and F5 samples were included in
group “bc”, the F3 and F6 samples in group “abc”, and the F4 sample in
group “ab”. The results indicated that the incorporation of Rheum ribes led to
a decrease in film brightness, resulting in a darker film appearance. In
particular, the combined effect of higher gelatin and lecithin concentrations
together with Rheum ribes incorporation may have increased color intensity
within the film matrix, thereby reducing light transmission. In contrast,
evaluation of the a* and b* values revealed that all samples were included in
the same statistical group (“a”), and no significant differences were determined
among the samples (p>0.05). Nevertheless, numerical evaluation indicated
that increasing Rheum ribes incorporation caused the a* values to shift
toward more negative values, while the b* values increased. This effect may
be attributed to the natural pigments and phenolic compounds present in
Rheum ribes, which likely imparted more greenish-yellow tones to the films.
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When the color parameters (L*, a*, and b*) of the F8-F12 film
samples were statistically evaluated, the formulations were found to exert
significant effects on all color parameters (p<0.05) (Table 2). Evaluation of
the L* values revealed that the F8 sample exhibited the highest brightness
value and was classified in group “d”. In contrast, the F11 sample showed
the lowest L* value and was classified in group “a”. The F12 sample was
included in group “b”, whereas the F9 and F10 samples were classified within
the same statistical group (“c”). These results indicated that increasing
Rheum ribes incorporation decreased the brightness of the films, resulting in
a darker appearance. This effect may be attributed to the high phenolic
compound and natural pigment contents of Rheum ribes, which likely
increased color intensity within the film matrix. In terms of a* values, the F11
sample exhibited the highest value and was classified in group “c”, whereas
the F9 sample showed the lowest value and was classified in group “a”. The
F8 and F10 samples were included in the same statistical group (“ab”), while
the F12 sample was classified in group “bc”. The results suggested that
Rheum ribes incorporation altered the green color tones of the films. In
particular, more negative a* values indicated the development of more
pronounced greenish tones in the film structure. Evaluation of the b* values
demonstrated significant differences among all samples (p<0.05). The F9
and F10 samples exhibited the highest b* values and were classified within
the same statistical group (“d”). The F11 sample was included in group “c”,
the F12 sample in group “b”, and the F8 sample in group “a”. These findings
indicated that the incorporation of rhubarb extract increased the yellowness
values of the films and particularly contributed to the development of more
intense yellow tones at moderate incorporation levels.

The SEM images (Figure 2) revealed that the F1 control film (a) in the
starch-gelatin based films exhibited a smoother and more homogeneous
surface structure, with a limited number of small particles observed in the
matrix. This indicated that the base formulation without rhubarb extract forms
a more compact structure. With the addition of rhubarb extract, the F2 film
(b) featured significant irregularities, aggregates, and larger particles on the
surface, indicating that the extract components are not fully dispersed within
the polymer matrix. Although sample F3 (c) showed a more uniform structure
compared to F2, irregular particles attached to the extract were still present
on the surface. It could be said that the matrix integrity was partially improved
with increasing gelatin content. Formulation F4 (d) exhibited the most
pronounced surface roughness and heterogeneous distribution. It was
observed that increasing amounts of gelatin and rhubarb led to denser
aggregations and a more irregular morphology. In general, the addition of
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rhubarb extract disrupted the surface morphology and increased surface
unevenness, while the amount of gelatin partially moderated this effect but
increased heterogeneous formations at high rates.

SEI  20kv  WD11mm  SS41 X1,000  10pm t— SEI 20kv WD1imm  SS41 X1,000  A0pm  S—
Sample Sample d

SEl  20kV WD10mm  SS41 X1,000  10pm  e— SEl 20KV WD11mm _ S841 x1,000  10pm _ —
Sample Sample

Figure 2. SEM images of (a) F1, (b) F2, (c) F3, and (d) F4 samples

SEM images in Figure 3 revealed that starch-containing gelatin-
added rhubarb mixtures exhibited similar behavior. As the gelatin addition
ratio increased with the addition of lecithin, a homogeneous distribution of
particles on the surface was observed. The SEM images of chitosan-based
films (Figure 4) showed that in the control sample (Figure 4a), particles of
different sizes and shapes were formed on a homogeneous film, whereas in
the rhubarb-added films (Figure 4 b-e), the chitosan-derived particles
covered the surface more homogeneously. Furthermore, as the level of
rhubarb addition increased, the size of the chitosan particles increased. This
can be explained by the presence of a physical interaction in chitosan-
rhubarb gel mixtures.
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SEl  20kV WD11mm  SS41 %1000  10pm == SEl  20kV WDSmm  S541 x1,000 T0pm. —
Sample Sample

SEl 20kV WD11mm  SS541 %1,000 10pm == SEl 20KV WD10mm, ;- S541 11;000 10pm =
Sample Sample )

1

SEl 20k WDiomm $S41 x1,000  10pm  =— SEl 20kV  WDSmm  SS41 X1,000  A0pm =— SEI 20k/  WDSmm  SS41 X500y Sy —
Sample Sample Sample )

)

SEl 20/  WD1imm SS41 X4,000  10ym  — SEl 20k WDSmm. - SS42 X1,000  10pm —
Sample Sample

Figure 4. SEM images of a) F8, b) F9 c) F10 d) F11 and e) F12 samples
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A comparison of the SEM films made with both methods showed that
rhubarb addition increased surface roughness, but lecithin addition provided
a more homogeneous image in starch-gelatin based films. It was determined
that the amount of particles on the surface increased as the amount of gelatin
increased. Overall, surface roughness increased slightly from the control
samples to the other samples.
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Figure 5. FT-IR spectra of the film samples
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FT-IR spectra of samples produced by both methods are shown in Figure 5.
In starch-gelatin based films, the band observed at the peak value of 3083 cm? in
the spectra corresponds to the -O-H- bond strain in the -OH- structure. The bands
observed at wavenumber values of 1152 and 1079 cm™ belong to natural
starch and correspond to the -C-O-- bond strain in the -C-O-H structure of starch.
Furthermore, the peaks at 1160 and 1100 cm™ belong to the -C-O-C- bond
strain. The peaks at 1000-800 cm* originate from -C-H- bond strains [38]. In
addition, the absorption band observed at approximately 2721 cm™ can be
attributed to the symmetric stretching vibration of CH, groups, while the band at
2668 cm™ is associated with the vibration of CH3;NH;* groups. In films
prepared with starch-gelatin mixtures, it was observed that starch and gelatin
had their own peaks in their spectra. Since there was no change in peaking
or peak intensity, the structure did not deviate from the natural starch-gelatin
structure and no chemical deformation occurred.

In the FT-IR spectra of chitosan-based films, characteristic bands of
chitosan were present, and there was no change in band positions. These
findings may indicate that no major chemical interaction or structural
deformation occurred during film preparation. It was observed that there was
no interaction between the functional groups of chitosan and the active
groups of the added substance, and the bond structure of the films remained
unchanged [43].

A comparison of the film samples produced by both methods showed
that the spectra of film mixtures prepared with starch showed characteristic
peaks of starch and gelatin. This indicated that the structure did not deviate
from the natural mixture and that no chemical deformation occurred. A similar
situation was observed in film mixtures prepared with chitosan.

The absorbance and transmittance values of the 12 films produced
are given in Figure 6. Since the values were not within the 0-1 range when
the samples were used undiluted, the samples were diluted 10-fold with distilled
water before analysis. In the samples created with starch-gelatin based films,
a decrease in absorbance values was observed among the samples with
added rhubarb, except for sample F7. The transmittance values of the samples
indicated that an increase was observed among the samples with added
rhubarb, except for sample F7. In chitosan-based films, the absorbance
values of the samples showed a regular increase towards the control sample
F8 and the rhubarb-added samples (F9-F12). Transmittance values showed
a regular decrease towards the control sample F8 and the rhubarb-added
samples (F9-F12).
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Figure 6. Absorbance—%Transmittance (%T) results of the film samples
*single-line absorbance, triple-line transmittance.

Figure 6 indicates that the absorbance and transmittance behavior of
the 12 film samples produced showed significant differences depending on
both wavelength and film matrix type. Performing measurements on samples
diluted 10 times allowed for the analytical evaluation of absorbance values
within a reliable range. In starch-gelatin based films, with the addition of rhubarb,
absorbance curves generally remained lower across all wavelengths except for
sample F7, while transmittance values increased. This can be attributed to
the more homogeneous distribution of rhubarb within the starch-gelatin
matrix and the resulting effect of reduced light scattering in the film structure.
The exception of sample F7 to this general trend suggested the presence of
a denser structure or components that absorbed light more in the film matrix.
In chitosan-based films, on the other hand, absorbance values increased
regularly across all wavelengths from the control sample F8 to the rhubarb-
added samples (F9-F12), while transmittance values decreased significantly.
This trend indicated that rhubarb-induced phenolic and colored components
in the chitosan matrix increased the optical density of the film, thus limiting
light transmittance. The consistent change in absorbance and transmittance
curves, particularly across increasing wavelengths, revealed that rhubarb
addition was structurally integrated into the film matrix and enhanced its
optical barrier properties. Overall, the results demonstrated that rhubarb
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addition had a matrix-specific effect on film optical properties and can provide
advantages for packaging applications, especially in chitosan-based films,
by reducing light transmittance.

The biodegradation behavior of the films was evaluated separately
for each polymer system. Starch—gelatin-based films (F1-F7) exhibited
biodegradability values ranging from 32.09% to 66.99% after 24 h of
incubation. (24-hour; F1: 66.99+6.21, F2: 64.45+0.07%, F3: 56.96+4.42%,
F4: 59.43+4.86%, F5: 61.37+12.01%, F6: 37.35+1.44% and, F7: 32.09+4.45%)
At 72 hours of incubation, the biodegradability values of starch—gelatin-
based films were determined as follows: F1: 90.44+1.58%, F2: 86.69+2.74%,
F3:87.20+2.48%, F4: 89.85+2.15%, F5: 89.74+3.25%, F6: 82.37+0.71% and
F7: 84.26:£0.94% indicating a high level of degradation within a relatively
short time period. At 120 hours, F1-F7 exhibited complete biodegradation
(100%), demonstrating that the degradation process was rapid and nearly
completed within five days. These results highlight the fast degradation
behavior of starch—gelatin matrices, which can be attributed to their hydrophilic
nature and relatively loose polymer network. This can be explained by the
hydrophilic structure of these biopolymers and the presence of glycosidic and
peptidic bonds that are easily broken down by microorganisms. The film
sample showing 90.44% biodegradability, in particular, revealed that the
polymer matrix has a looser network structure and is susceptible to rapid
degradation under environmental conditions. Chitosan-based films (F8—F12)
showed a gradual increase in biodegradation over the incubation period. At
day 5, the biodegradability values were determined as F8: 35.77%, F9:
29.00%, F10: 35.53%, F11: 40.88%, and F12: 37.43%. As the incubation
period progressed, these values increased, and at day 15, biodegradability
values were recorded as F8: 57.96%, F9: 62.17%, F10: 53.61%, F11:
59.89%, and F12: 53.36%. F8-F12 films, on the other hand, featured
biodegradability values ranging from 78.33% to 97.79% after a 30-day
incubation period (F8: 91.08+1.92%, F9: 97.79+3.13%, F10: 88.20+0.45%,
F11: 83.40+0.04% and F12: 78.33+£0.96%). The highest biodegradability rate
of 97.79% can be attributed to the gradual hydrolysis of chitosan chains
during long-term incubation and the decrease in the initially present
antimicrobial effect over time. On the other hand, the film sample showing
78.33% biodegradability exhibited a denser and partially crystalline polymer
network structure, displaying a relatively more resistant structure against
microorganisms. It should be noted that the biodegradation behavior of
starch—gelatin-based and chitosan-based films was evaluated over different
incubation periods. Therefore, the results were interpreted separately within
each polymer system rather than through direct quantitative comparison
between the two film groups. This methodological difference should be
considered when evaluating the biodegradation performance of the films.
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Although the present study provides useful comparative information
on rhubarb-enriched edible films prepared using starch—gelatin and chitosan
matrices, it should be noted that the two experimental systems differed not
only in polymer matrix type but also in rhubarb form, preparation procedure, and
processing conditions. Therefore, the differences observed in physicochemical,
mechanical, and functional properties cannot be attributed exclusively to the
polymer matrix. Instead, these results should be interpreted as the combined
effect of the matrix characteristics and the matrix-specific formulation and
processing conditions required for successful film formation.

CONCLUSIONS

In the present study, the physicochemical, mechanical, optical,
antioxidant, biodegradability, and structural properties of starch-gelatin and
chitosan-based edible films with rhubarb (Rheum ribes L.) addition, produced
by two different methods, were comparatively evaluated. The results revealed
that film performance varied significantly depending on the production method
and the polymer matrix used. Starch-gelatin-based films exhibited higher water
solubility and flexibility, while chitosan-based films showed higher tensile
strength and better water vapor barrier properties.

Rhubarb addition significantly increased the antioxidant potential of
the film-forming mixtures in both systems. This increase was more pronounced
in the chitosan-based film-forming mixtures. Color and optical analyses
showed that increasing rhubarb concentration led to darkening of the film
matrix and a decrease in light transmittance. SEM and FT-IR analyses
revealed that rhubarb addition caused physical changes in the film structure
but did not result in any degradation in the chemical structure of the polymers.
Biodegradability results revealed distinct degradation patterns within each
polymer system. Starch—gelatin-based films and chitosan-based films were
evaluated over different incubation periods; therefore, the biodegradation
findings were considered separately within each polymer matrix, and no
direct quantitative comparison was made between the two systems. Overall,
chitosan-based films with rhubarb addition appeared to exhibit improved
functional and mechanical properties and may represent a promising
alternative for active and sustainable food packaging applications. Under the
experimental conditions of this study, chitosan-based films appeared to show
relatively favorable mechanical and functional properties; however, these
findings should be interpreted with caution because the two systems differed
in rhubarb form, preparation conditions, and polymer matrix composition.
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EXPERIMENTAL SECTION

Production of Edible Films

Method 1: The method described by Tulamandi et al. was revised and
used [44]. The method and steps used are summarized in Table 3. In this
context, first, the peel of the rhubarb stored at -18°C was removed, cut into small
pieces, and pureed in distilled water (1/0.5-w/v) using a homogenizer (OVS-
VELP Scientifical). A starch (BCCB9290, Sigma Aldrich) film solution was
prepared at the concentrations given in Table 4. The solution was incubated at
75°C for 30 min on a magnetic stirrer (Heildolph MR Hei Standard-505-20000-
00-2). Then, glycerol (SZBEO30EV, Sigma Aldrich) was added. The mixture was
cooled to 55-60°C while stirring continued for 30 min. Finally, gelatin (PE 19-
00723-1, Sigma Aldrich) and soy lecithin (SIL29018-1, Sigma Aldrich) were
added in the specified proportions. It was observed that soy lecithin did not
achieve sufficient dissolution when added directly to the film solution. The best
dissolution was achieved by heating 1 mL of glycerol and 1 mL of distilled water
to 55°C and slowly adding soy lecithin. The produced film samples were spread
in glass petri dishes. The samples spread in the petri dishes were left to dry in
an oven at 40°C (POL-EKO-APARATURE-SLN-53-std) for 18 hours.

Table 3. Film formulation used in the first method

Film Samples| Rhubarb Starch Gelatin Glycerol Lecithin
F1 - 2% 2% 3% 0.5%
F2 8% 2% 1% 3% -
F3 8% 2% 2% 3% -
F4 8% 2% 3% 3% -
F5 8% 2% 1% 3% 0.5%
F6 8% 2% 2% 3% 0.5%
F7 8% 2% 3% 3% 0.5%

Method 2: The method described by Ponce et al. was used with some
modifications [45]. The method and its steps are summarized in Table 4. Firstly;
the rhubarb (Rheum ribes L.) plant, which was kept at -18°C, was taken, after
removing the peel it was powdered by evaporating the water by keeping it in
a lyophilizer (LABCONCO-7670530) at -44°C for 48 hours. Solutions within
the concentration range shown in Table 4 were stirred on a magnetic stirrer
(Heildolph MR Hei Standard-505-20000-00-2) for 6-12 hours before the
addition of rhubarb. The rhubarb concentrations specified in Table 4 were
added to the mixtures after incubation and homogenized for 15 minutes using
a homogenizer (OVS-VELP Scientifical). The resulting mixtures were spread
into glass petri dishes and dried at 30°C for 18 hours to evaporate the water.
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Table 4. Film formulation used in the second method

Film Samples Rhubarb Chitosan Glycerol
F8 0% 2% 1%
F9 0.5% 2% 1%
F10 1% 2% 1%
F11 1.5% 2% 1%
F12 2% 2% 1%

Characterization Studies of Films
Film Thickness

Film thickness was determined using a digital micrometer. At least six
measurements were taken from different points of the film, in at least three
parallels, and the average thickness was determined [46].

Water Solubility

The method described by Tung et al. was revised and used [47]. The
sample, dried at 103°C for 24 hours, was weighed and the initial weight was
determined. Ten times the weight of the weighed sample was added to distilled
water. It was stirred with a magnetic stirrer at 100 RPM at room temperature for
six hours. Then, the part that did not dissolve in water was passed through
filter paper. The part remaining on the filter paper was dried at 103°C for 24
hours until it reached a constant weight and weighed at the end of the period.

Color Measurements of Films

Each film sample was measured on a white standard surface using a
color analyzer (PenColorArt USB Model, 1L) for L* (lightness), a* (red-green),
and b* (yellow-blue) color parameters. The analysis was performed in three
parallels for each film [44].

Determination of Tensile Strength and Elongation at Break
(TS, %EB) of Films

The tensile strength (TS, tensile strength) and elongation at break (EB,
elongation at break) values of the films were determined using the standard
method of ASTM standard method 882 [48]. Results were obtained using a
texture analyzer (TA. HD Plus Stable Micro Systems Texture Analyser, UK).
Films (6 cm x 1 cm) were cut and attached to the ends of the tensile probe. The
initial distance between the probe ends was determined as 25 mm, and the films
were stretched at a speed of 10 mm/s. Tensile measurements were performed
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using a 5 kg load cell. Measurements were performed at room temperature as
two replicates [49]. Tensile strength (TS, MPa) and elongation at break (E, %)
were calculated using Equations (1) and (2), respectively:

TS (MPa) = (RE x g) / (W x T x 107°) 1)
E (%) = (L / Lo) x 100 ()

where T is the average thickness of the film samples (m), W is the width (m), RE
is the resistance to elongation (kg), g is the gravitational acceleration (9.81 m/s?),
L is the final length of the film (m), and L, is the initial length of the film (m).

Absorbance and Transmittance Values

The absorbance and transmittance values of the film solutions were
read using a UV spectrophotometer (Shimadzu, UV-1280, Kyoto, Japan) at
wavelengths of 520 nm, 600 nm, 680 nm, 700 nm, 720 nm, and 760 nm [50].

Fourier Transform Infrared Spectroscopy (FT-IR)

The films were analyzed with an FT-IR instrument (Thermo/Nicolet iseon
912A0607) at a resolution of 4 cmt, each with ratios between 4000-400 cm? [44].

Scanning Electron Microscopy (SEM)

SEM experiments were carried out with a JEOL JSM 6510 SEM. Prior
to analysis, the samples were coated with a thin layer of gold (Au) to enhance
conductivity. The SEM observations were performed at an accelerating voltage
of 20 kV, and a magnification of 1000x was used for cross-sectional imaging [51].

Antioxidant Activity Analyses

Reducing power of ferric ions (Fe*') to ferrous ions (Fe?") (FRAP
method) was measured according to the method of Benzie and Strain [52].
DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity was performed
according to the method of Blois [53]. Antioxidant activity analyses of the
samples used in the study were performed by taking samples directly from
the mixtures before drying the gels. All analyses were performed in triplicate.

Biodegradability
The method applied by Jaramillo et al. was revised and applied [54].

Soil samples taken from the same conditions were filled into pots as 1 kg
each. The samples, dried in Petri dishes, were divided into six different parts.
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The samples were weighed (G1). Six different wells were opened in the pots

containing the soil, and the samples were buried and covered with soil. The

pots were watered with 50 mL of water daily. Every five days, the samples were

removed, cleaned, and weighed (G2). The analysis was conducted at room

temperature for 30 days. All studies were performed as two parallel processes.
Biodegradability (%) = ((G1-G2)/G1)x100.

Water Vapor Permeability

The water vapor permeability of the films was determined using the
ASTM (2003) method [55]. Silica gel (1 g) was placed in tubes. To prevent
moisture from remaining in the tubes and silica gel, they were kept at 103°C
for 24 hours. Film samples were cut into 2.5 cm x 2.5 cm pieces and placed
at the mouth of the tubes. The tubes were coated with paraffin to prevent
moisture absorption. The bottom of the desiccator was filled with distilled
water. The tubes were placed in the desiccator and kept at 25°C for 24 hours.
Samples were weighed at 0, 3, 6, 9, 24, 27, 30 and 33 hours.

x = Film thickness (mm), w/t (Slope) = Calibration slope (g/hour),

A = Surface area of the film in contact with water vapor (cm?),

AP = Applied pressure difference (Pa)

Water vapor permeability = (w/t) x [x / (AP x A)].

Statistical Analysis

All data obtained are expressed as mean * standard deviation.
Statistical differences between samples were evaluated using one-way
analysis of variance (ANOVA), and the Duncan multiple comparison test was
applied to determine the differences between groups. A p-value of < 0.05 was
considered statistically significant. Statistical analyses were performed using
the IBM SPSS Statistics 20 software package.
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ABSTRACT. In this study, iron oxide nanoparticles were produced and
characterized using a green synthesis method with Robinia pseudoacacia
fruits. The structural and functional properties of the nanoparticles were
investigated using XRD, TEM/EDX, and FTIR analyses. The results indicated
that the produced iron oxide nanoparticles had nanoscale particle sizes and
exhibited a poorly crystalline (predominantly amorphous) structure according to
XRD analysis. The comparative adsorption performance of the synthesized
FeONPs and fruit powder in the removal of malachite green (MG), phenol
red (PR) and methylene blue (MB) from aqueous solutions was evaluated.
According to the results, the adsorption capacity followed the order MB> MG >
PR. FeONPs exhibited consistently higher Qe values across all dye systems
compared to the fruit powder. High removal efficiencies were obtained at low
and moderate initial concentrations, while increasing the adsorbent dose
enhanced the overall removal but resulted in a reduction in the adsorption
capacity per unit mass. The obtained findings indicate that biosynthesized iron
oxide nanopatrticles can be used as an efficient and environmentally friendly
adsorbent for eliminating environmental pollutants.

Keywords: green synthesis, fruit extract, iron oxide nanoparticles, Robinia
pseudoacacia, dye removal

a Gumishane University, Graduate Education Institute, Department of Biotechnology,
29000, Gimishane, Tlirkiye

b Giimiishane University, Faculty of Engineering and Natural Sciences, Department of Food
Engineering, 29000, Giimiishane, Tlirkiye

* Corresponding author: akarbInt@gmail.com

©2026 STUDIA UBB CHEMIA. Published by Babes-Bolyai University.

This work is licensed under a Creative Commons Attribution-
~axrmrm NonCommercial-NoDerivatives 4.0 International License.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0009-0002-8481-1144
https://orcid.org/0000-0002-1421-374X
https://orcid.org/0000-0002-4336-4002

SEMRA DEMIR, BULENT AKAR, CEMALETTIN BALTACI

INTRODUCTION

When it comes to the management of environmentally polluted areas,
since the pollutant removal of from contaminated environments is generally
a process that involves high costs due to technical requirements, preventive
strategies aimed at avoiding the environmental contamination and natural
resources from the outset are much more sustainable and effective.
However, pollutants originating largely from intensive human activities enter
the air, water, and soil and accumulate, creating stress on ecosystems, reducing
biodiversity, decreasing soil fertility, and leading to crop losses. In addition,
the transfer of these pollutants across the food chain poses various threats
to other organisms and humans [1]. The increase in environmental pollution
has required the development of appropriate methods for remediation of
pollution sources from affected environments. The elimination of contaminants
from the environment through organisms is referred to as bioremediation.
The primary aim of this technology is to reduce or remove pollution [2].
Phytoremediation, defined as the elimination of pollutants from contaminated
soil, air, and water using plants, is a type of bioremediation. This approach
involves the use of plants together with rhizosphere microorganisms to eliminate,
transform, or accumulate chemical compounds present in groundwater, surface
water, soil, sediment, and the atmosphere [3-4]. Recently, studies using innovative
approaches have increasingly targeted the reduction of pollution levels.
Nanotechnology, with applications in a wide range of scientific and industrial
fields, is also attracting growing attention in environmental remediation [5].
Notably, the production of nanosized particles using chemical and physical
methods has long been recognized as a conventional approach [6-7].
However, due to these disadvantages, biological synthesis (green synthesis)
has emerged in recent years as a simpler, lower-cost, and environmentally
friendly alternative [8]. Indeed, research on biologically synthesized nanoparticles
using yeasts, bacteria, algae and plants, have seen a significant increase in
the last decade compared to chemical and physical methods [9-10]. Biosynthesis
studies often include metal and metal oxide nanoparticles. Owing to their
unique biological, physicochemical, magnetic, and optical characteristics,
these nanoparticles have attracted considerable scientific interest [11]. In this
context, the ability of plants to reduce metal ions is one of the key features
of biological (green) synthesis processes. Plant extracts are among the most
widely used natural reducing agents due to their lower cost, easier availability
and high biocompatibility. In particular, the polyphenols, terpenoids, glutathione,
carotenoids, and glucosinolates found in these extracts are environmentally
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friendly biomolecules that contribute to the reduction of metal ions and
the stabilization of nanoparticles [12]. One significant application area for
environmentally friendly approaches is the remediation of water pollution. As
water pollution is a serious global environmental problem, research into
effective treatment strategies is intensifying. Bioremediation processes are
therefore receiving increasing attention as a means of removing organic
pollutants and heavy metals from aqueous solutions [13]. Bioremediation of
dyes in wastewater is an effective method of treating textile waste, offering
advantages over traditional techniques. Dyes are classified as hazardous
pollutants by various international environmental agencies, including the US
Environmental Protection Agency (EPA). Due to their carcinogenic properties,
even low concentrations of dyes in water can have serious negative
environmental and ecological impacts [14].

In bioremediation studies, plant-derived materials are commonly used
as effective, sustainable and economical absorbents for removing synthetic
dyes from water [15]. In this study, the fruits of Robinia pseudoacacia L.,
belonging to the Fabaceae family, and iron oxide nanoparticles obtained from
these extracts, were characterized and their capacity to remove polluting
dyes from water was determined. The R. pseudoacacia tree is adaptable to
environmental stress and has high ecological and economic value. It is
therefore widely used as an ornamental plant and for landscaping purposes
in Turkiye and many others around the world [16]. The chemical composition
and biological activities of R. pseudoacacia have been studied [17-19]. These
studies have revealed that the species exhibits significant biological activity.
Although other plant species and metal oxides may possess the potential for
high dye-removal efficiency, many of these alternatives are not practical for
dye remediation applications because of their high cost and limited availability.
Therefore, the use of R. pseudoacacia fruit as an economical and readily
accessible biomass, together with iron as a low-cost and environmentally
benign metal, forms the main basis for their selection in this study. This study
aims to synthesize iron oxide nanopatrticles through a green approach using
fruit extracts of R. pseudoacacia and to examine their structural and chemical
characteristics. In addition, the study aims to evaluate the effectiveness of
both the fruit-derived material and the synthesized iron oxide nanoparticles
from fruit extract in removing synthetic dyes from agqueous solutions. Accordingly,
this work aims to facilitate the development of a sustainable, environmentally
friendly, and economically efficient remediation strategy.
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RESULTS AND DISCUSSION

1. Characterization of Iron Oxide Nanoparticles

The formation of FEONPs was evaluated to determine whether the
process had occurred as intended. During this assessment, the appearance
of a dark, nearly black coloration was noted, and this change is generally
regarded as a qualitative indication of FeONP formation [20]. Following the
observation of the characteristic dark color formation, the reaction mixture
was further examined by UV-Vis spectroscopy to verify nanopatrticle synthesis.
The most significant finding in the spectral analysis presented in Figure 1 is
the substantial decrease in absorbance observed upon completion of the
reaction, in comparison with the high absorption values recorded at the
beginning of the experiment. This change is indicative of the fundamental
chemical transformations that occur during the synthesis process. The
absorbance decreased as free organic compounds bound to iron ions during
FeONP formation. In particular, the absorbance variation observed in the
400-500 nm region reflects the characteristic features of FeEONPs.

—— Initial spectrum

(8]

Absorbance

Final spectrum

270 370 470 570 670 770

Wavelength (nm)
Figure 1. UV-Vis spectral variations observed during FeONP biosynthesis
The functional groups in the plant extract and the produced iron
nanoparticles were determined using FTIR analysis (Figure 2). In the of

3200-3500 cm™ range, a broad band was observed particularly in the extract,
which is mainly attributed to O—H stretching vibrations arising from phenolic-
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derived compounds; however, this band may also overlap with N—H stretching
and other O—H bands in complex plant matrices [21]. In the iron nanoparticles,
a slight shift and weakening the band were detected, indicating that the O—H
groups interacted with iron ions and became bound to the nanoparticle
surface. In the 1580-1650 cm™ interval, the extract exhibited a characteristic
band (=1588 cm™) that may arise from overlapping C=C stretching, C=0
stretching, or aromatic ring deformation vibrations [22]. In the present study,
this band was noticeably weakened and shifted to approximately 1610 cm™
following the formation of iron nanoparticles, indicating that these functional
groups, particularly carbonyl and aromatic-based moieties, participated in the
reduction of Fe3* and the subsequent coordination of both Fe2* and Fe3* ions
with oxygen-containing groups such as OH and conjugated C=0 moieties on
the nanoparticle surface [22]. In the 1000-1400 cm™ interval, the extract
exhibited bands mainly associated with C—N and C-O stretching vibrations,
together with overlapping contributions from phenolic O-H -related modes,
C-H deformation, and amine- or amide-associated NH, vibrations. This
interpretation is consistent with previous FTIR assessments for plant-derived
green synthesis [21]. In both the extract and the FeONP sample, characteristic
bands were observed within the 500-800 cm™ range. In the extract, two
notable bands appeared at approximately 530 and 620 cm™, which fall within
the typical Fe—O vibration region. In the FeONPSs, this region showed additional
minor features and a broader, more complex spectral profile. Similar observations
reported in earlier studies suggest that the 800—400 cm™ range is characteristic
of Fe—0O bonding, with magnetite generally exhibiting a strong Fe—O band
near 573 cm™ and additional shoulders attributed to surface oxidation [22].
Accordingly, the plant extract acted not only as a reducing agent, facilitating
the conversion of Fe3* to Fe2* during nanoparticle formation, but also as a
stabilizing agent through the coordination of its functional groups with the
nanoparticle surface.

110 100
a b
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50 94
5000 4000 3000 2000 1000 0 5000 4000 3000 2000 1000 0

Figure 2. FT-IR spectra of the fruit extract (a) and the synthesized FeONPs (b)
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The TEM images of FeNOPs synthesized from fruit extracts are
presented in Figure 3. The images indicate the formation of nanoscale iron
oxide particulate structures. However, due to the very small particle size and
slight agglomeration, individual particle boundaries are not sharply defined.
Particle size is one of the key factors influencing surface properties. Smaller
particles exhibit a higher surface-to-volume ratio, enhances mass transport [23]
and provides a clear advantage in the adsorption of pollutant adsorption [24].
In the present study, the high dye removal efficiencies are consistent with the
formation of these very small iron oxide nanoparticles, whose large surface
area supports efficient adsorption.

Figure 3. TEM images of FeONPs taken at different magnifications

EDX analysis confirmed the elemental composition of the produced
FeONPs and their successful formation [25-26]. The EDX results for the
FeONPs are presented in Figure 4 and Table 1. According to the EDX analysis,
oxygen (O), carbon (C), and iron (Fe) were identified as the major elemental
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constituents of the FeONPs, accounting for the highest percentage contributions.
Based on the atomic percentage data, oxygen was measured at 39.32%,
carbon at 25.38%, and iron at 26.34%. In the weight percentage profile, iron
appeared as the dominant element with 48.81%, followed by oxygen (23.50%),
copper (14.68%), and carbon (11.18%). Magnesium, silicon, and sulfur were
detected only in trace quantities, with atomic percentages of 0.64%, 0.26%,
and 0.94%, and corresponding weight percentages of 0.54%, 0.25%, and
1.04%, respectively. The high amounts of iron and oxygen detected in the
nanoparticle samples support the presence of iron oxide in their structure [27].
Similar findings have also been reported in the literature. For example, iniron
oxide nanoparticles synthesized from plant materials, the atomic percentages of
iron and oxygen have been reported as follows: 33.29% Fe and 66.71% O in
neem plant (Azadirachta indica A. Juss) leaf extract [28]; 14.21% Fe and
47.33% O in firethorn (Pyracantha coccinea Roem.) fruit extract [29]; 8.65%
Fe and 50.55% O in algal biofilm—derived nanopatrticles [30]; and 77.08% Fe
and 22.97% O in nanoparticles synthesized using Eichhornia crassipes
(Mart.) Solms leaf extract [31].

Table 1. EDX elemental composition of the FeONPs

Atom No Element Atomic % Weight %
6 Carbon 25.38 11.18
8 Oxygen 39.32 23.50
12 Magnesium 0.64 0.54
14 Silicon 0.26 0.25
16 Sulfur 0.94 1.04
26 Iron 26.34 48.81
29 Copper 7.13 14.68

The identification of carbon as the third most abundant element after
oxygen and iron, in both atomic and mass percentages, indicates the presence
of residual organic compounds associated with the nanoparticle surface rather
than being a structural component of the FeONPs. Green synthesis studies
indicate that the carbon content of iron nanoparticles may vary depending on
the plant species, the plant part used, and the synthesis conditions. For
example, in FeEONPs synthesized from mango peel extracts, carbon was
reported as 14.95%, following iron (48.5%) and oxygen (34.06%) [32]; 40.79%
in those produced from algal biofilms [30]; 38.46% in iron nanoparticles
synthesized from Pyracantha coccinea Roem. fruit extract [29]; and 16.22%
in nanoparticles obtained from waste tea extracts [33]. The copper signal
detected in the EDX spectrum originates from the TEM copper grid used
during sample preparation and does not indicate the incorporation of copper

71



SEMRA DEMIR, BULENT AKAR, CEMALETTIN BALTACI

into the nanoparticle structure [34]. The small amount of sulfur detected in
the EDX analysis originates from the FeSO, precursor used in the synthesis.
Similarly, Da’'na [35] reported that the sulfur peak corresponds to the sulfate
group derived from FeSO,. The trace levels of silicon and magnesium are
considered to arise from the plant extract, laboratory glassware, or minor
environmental contamination during synthesis or sample preparation. These
findings indicate that the FeNOPs were successfully synthesized and possess
an oxidized structure.

Fa-K

Intensity (kCount)

05+ FE-L
1

Cuika

u-L | l

Mg-K 5-K | Cu-K

|l5‘."§l e NV W p ;
2

4 6

00

n
10 12 14 16 18
Energy (keV)

Figure 4. EDX spectra of the FeONPs

In this study, the crystal structure of iron oxide (FeOx) nanoparticles
produced using R. pseudoacacia fruit extracts was analyzed by X-ray diffraction
(XRD). The theoretical XRD peak positions reported for JCPDS Card No. 19-
0629 were used as a reference for comparison, with characteristic peaks at
20 values of 30.1° (220), 35.5° (311), 43.1° (400), 53.4° (422), 57.0° (511), and
62.6° (440). In the XRD analysis conducted in the present study, the diffraction
pattern obtained is presented in Figure 5. In the 28 regions corresponding to
the theoretical peaks of JCPDS 19-0629, broad and suppressed signals were
observed instead of distinct and sharp diffraction peaks. This XRD pattern
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indicates a predominantly amorphous structure, with only a few weak signals
that may correspond to trace crystallinity associated with iron oxide phases.
In addition, the presence of broad features in the diffraction pattern, particularly
at 20 = 22° and 36°, may also indicate the possible presence of iron oxyhydroxide
phases, such as goethite (FeOOH). However, due to the absence of distinct
peaks, it does not appear possible to distinguish Fe;O, from other iron oxide
phases such as Fe,O3; based on the amorphous diffraction pattern in Figure 5.
For this reason, the synthesized material is described more appropriately and
conservatively as iron oxide nanoparticles (FeOx) rather than being attributed
to a specific crystalline phase such as Fe;O,. It has been reported that X-ray
diffraction patterns of FeNOPs synthesized using fruit extracts tend to exhibit
amorphous characteristics. For instance, in the XRD pattern of iron nanopatrticles
obtained from Pyracantha coccinea fruits, broad bands belonging to the
amorphous structure were observed instead of the characteristic peaks specific
to iron oxide nanoparticles [29].

Counts

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 5. XRD diffraction pattern of the FeEONPs

Similarly, the XRD patterns of iron nanoparticles synthesized using
mango leaves, neem leaves, clove buds and rose leaves showed well-defined
characteristic peaks of Fe;0, together with a-Fe. However, in the nanoparticles
produced using ajwain (carom) seeds, which served as the only fruit-derived
source in that study, only a single weak peak was observed. This indicated a
very low degree of crystallinity and the formation of a typical biosynthesized
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amorphous structure due to the capping effect of biopolymers [36]. In the
literature, there is evidence that iron nanoparticles synthesized not only from
plant extracts derived from leaves, seeds or flowers [37-38], but also from
fruit extracts, may exhibit an amorphous structure. For example, the XRD
pattern of iron nanoparticles synthesized using an extract obtained from the
fruit of Dipteryx alata Vogel displayed an amorphous character [39]. The
findings suggest that crystal nucleation may be restricted due to the presence
of rich biopolymer structures in the fruit extracts, which could have a negative
impact on crystallization.

The amorphous structure detected in this study may be related to the
presence of various biologically active components in fruit extracts, including
flavonoids, phenolic acids, carbohydrates, proteins and organic acids. These
compounds may participate in the reduction of iron ions and simultaneously
function as surface-stabilizing agents, potentially limiting nucleus growth and
hindering the complete development of a crystalline structure.

2. Dye Adsorption Studies

The residual dye concentrations in solutions at different initial
methylene blue (MB) concentrations were quantified, and the percentage
adsorption values were calculated for both the nanoparticle and the fruit-
powder adsorbents (Figure 6A, B).

In the methylene blue (MB) adsorption experiments, the percentage
adsorption values of FeONPs (1.25, 2.5, and 5.0 g/L) and fruit powder (FrP)
(5.0, 10.0, and 20.0 g/L) exhibited a similar trend at low dye concentrations
(2.5-40 mg/L), despite differences in adsorbent dosage. In both adsorbent
substances, high adsorption efficiencies were obtained within this concentration
range; adsorption reached over 97% for the FeONP, while the FrP showed
values ranging from 96.4% to 99.82%. The FrP achieved almost complete
removal at high adsorbent concentrations, such as 10 and 20 g/L, whereas
similarly high efficiencies were obtained with the FeONPs at much lower
concentrations (particularly 2.5 and 5.0 g/L). This observation is related to
the higher active surface area per unit mass of the nanoparticles. At low initial
concentrations, the equilibrium concentrations measured for both the FeONPs
and the FrP were close to zero. The results shows that the available active
surface area in the system was sufficient to completely retain the dye molecules.
It also shows that increasing the amount of adsorbent provided only a limited
improvement within this range. Similarly, Padmavathy et al. [40] reported that
the adsorption efficiency showed only very limited variation at low initial
concentrations, and that this was due to the active surface sites being
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already used effectively. This result is also similar to the limited variation
observed at different adsorbent concentrations in the present study; since
the system did not reach surface saturation within the low concentration
range, increasing the adsorbent concentration did not produce a noticeable
difference in the adsorption efficiency. At moderate initial methylene blue
concentrations of 100 and 250 mg/L, the lowest adsorption efficiency in the
FeONP system was observed at the 1.25 g/L adsorbent concentration. At
this concentration, the %Ads value was 96.61% at the 100 mg/L initial level,
decreasing to 90.67% at 250 mg/L. In contrast, increasing the adsorbent
concentration to 5 g/L enhanced the removal performance, yielding 94.73%
adsorption at 250 mg/L. In the FrP system, at the same initial dye concentrations,
the lowest value at 100 mg/L was 98.65% at 5 g/L adsorbent concentration,
while the highest removal rate at 250 mg/L reached 99.63%.

The obtained results showed that by increasing the adsorbent
concentration in both the FeONP and FrP systems, it is possible to maintain
the adsorption capacity at moderate initial concentrations. This may be due
to the increased availability of active surface sites. The result conforms with
observations reported in the literature [41]. The correlation between the
number of active sites and the progression of adsorption is supported by
kinetic models [42]. At high initial dye concentrations (500—-1000 mg/L), the
amount of adsorbent used becomes the main factor affecting the adsorption
performance of both the FeONP and FrP systems. In the nanopatrticles, the
adsorption efficiency remained at 60.68% at 500 mg/L and 55.91% at 1000 mg/L
when an adsorbent amount of 1.25 g/L was used; however, increasing the
amount to 5.0 g/L enhanced the efficiency to 90.26% and 93.00%, respectively.
Similarly, in the FrP, the efficiency was measured as 87.47% at 500 mg/L
and 67.00% at 1000 mg/L with an adsorbent amount of 5 g/L, and increasing
the amount to 20 g/L improved these values to 91.08% and 75.43%, respectively.
These findings indicate that, at high initial concentrations, where the amount
of dye in the solution is high relative to the active surface regions, the adsorbent
surface approaches saturation, and that this effect can be partially balanced
by the wide surface area provided by the increased adsorbent amount. This
mechanism is also consistent with the Langmuir [43] isotherm approach,
which describes the tendency toward saturation in the presence of a limited
number of active sites. The situation is also supported by the Qe values. At the
lowest adsorbent amounts, the Qe values for the FeONPs reached quite high
capacities, with 77.29 mg/g at an initial concentration of 100 mg/L, 181.34 mg/g
at 250 mg/L, 242.74 mg/g at 500 mg/L, and 447.27 mg/g at 1000 mg/L. In
contrast, in the fruit powder, the Q. values at the lowest adsorbent amounts
were lower at the same initial concentrations, occurring at 19.73 mg/g, 49.40
mg/g, 87.47 mg/g, and 134.00 mg/g, respectively. This difference arises from
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the fact that the nanopatrticles, due to their high specific surface area and fine
morphology containing more active sites, can bind far more dye molecules per
unit adsorbent [44]. When the Q. values are taken as the basis, they provide
a clear superiority compared to the fruit powder, offering 3—4 times higher
adsorption capacity particularly at moderate and high initial concentrations such
as 250-1000 mg/L. Comparable proportional differences were also obtained at
the other adsorbent amounts.
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Figure 6. MB adsorption at different concentrations: (A) FeONPs, (B) FrP.

Malachite green (MG) agueous dye solutions with various initial
concentrations (2.5, 5.0, 10.0, 50.0, 100.0, and 250.0 mg/L) were exposed
to three different amounts of FeONPs (1.25, 2.5, and 5 g/L) and FrP of R.
pseudoacacia (5.0, 10.0, and 20.0 g/L) used as adsorbents for a period of 12
hours. After completion of the process, the residual dye concentration (Ce) and
adsorption efficiency (% Ads.) in the solution were calculated (Figure 7A, B).
In the adsorption of malachite green (MG), both FeONPs and FrP exhibited
high removal efficiencies at low initial dye concentrations (2.5—-10 mg/L), ranging
from 94.70% to 99.99%. In this concentration range, a distinct concentration-
dependent difference in performance was observed for the FrP, and the
adsorption efficiency remained consistently above 99% at an adsorbent
concentration of 20 g/L. These results indicate that, at low dye concentrations,
both systems possess sufficient active surface sites, allowing adsorption to
proceed without reaching surface saturation. As the initial concentration
increased, differences in removal efficiency among the adsorbent concentrations
became more noticeable. For example, at 250 mg/L MG, FeONPs achieved
90.30% removal at an adsorbent concentration of 1.25 g/L, whereas increasing
the adsorbent concentration to 5 g/L enhanced the removal efficiency to
98.93%. Similarly, for the FrP, 5 g/L adsorbent provided 95.06% removal at
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250 mg/L MG, while 20 g/L resulted in a markedly higher efficiency of 99.66%.
These point to the fact that increasing the adsorbent concentration significantly
improves the adsorption performance under high pollutant loads by increasing
the overall surface area and the availability of active binding sites [42,45].
Malachite green (MG) exhibited adsorption performance similar to methylene
blue (MB). The Q. values calculated for the iron nanoparticles were higher
than those of the fruit powder at all adsorbent concentrations. Furthermore,
as observed for MB, the Qe values decreased with increasing adsorbent
concentration. For instance, at an initial MG concentration of 250 mg/L, the
Qe values for the iron nanoparticles were determined to be 180.60, 96.65,
and 49.47 at adsorbent concentrations of 1.25, 2.50, and 5.00 g/L,
respectively. In contrast, under the same conditions, the corresponding Q. values
for the fruit powder were calculated as 47.53, 24.34, and 12.46, respectively.
At low adsorbent concentrations, the dye molecules present in the solution are
required to bind to a limited density of active surface sites. Therefore, a larger
amount of dye is adsorbed per unit mass of the adsorbent. As the adsorbent
concentration increases, the dye molecules have access to a larger surface
area; however, since the total amount of dye in the solution remains constant,
some of the available active sites remain unused. Consequently, less dye is
adsorbed per unit mass of the adsorbent, resulting in lower Qe values.
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Figure 7. MG adsorption at different concentrations: (A) FeONPs, (B) FrP.

In the removal of another dye, phenol red (PR), adsorption tests were
carried out with solutions at initial concentrations ranging from Co = 2.50 to
250.00 mg/L and FeONP adsorbent concentrations of 1.50, 2.00, and 5.00 g/L.
The adsorption performance was evaluated in terms of equilibrium concentrations
(Ce) and % adsorption (Figure 8A, B).
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At an initial dye concentration of 2.5 mg/L, methylene blue (MB) and
malachite green (MG) exhibited high removal efficiencies in the range of 95—
99% using fruit-derived FeONPs at an adsorbent dose of 1.25 g/L, whereas
phenol red (PR) showed a comparatively limited adsorption performance of
89.38% even at a higher FeEONP dose of 1.50 g/L at the same initial
concentration. However, while holding the initial dye concentration (2.5 mg/L)
constant, increasing the adsorbent amount to 2.00 and 5.00 g/L resulted in
a substantial enhancement of PR removal, with efficiencies reaching 98.81%
and 98.87%, respectively. These findings suggest that PR adsorption is more
sensitive to the amount of adsorbent at low levels than the other dyes, and
that high removal efficiencies are attainable only when an adequate surface
area is available. When the dye concentration ranged between 5 and 250 mg/L,
a gradual decrease in PR removal efficiency was observed at an adsorbent
amount of 1.50 g/L. At an adsorbent amount of 1.50 g/L, the adsorption efficiency
was 86.93% at 5 mg/L and progressively declined with increasing concentration,
reaching 68.81% at 250 mg/L. Similarly, at an adsorbent amount of 2.00 g/L, PR
removal efficiency generally decreased with increasing initial dye concentration,
declining from 89.24% at 5 mg/L to 82.46% at 250 mg/L. In contrast, at an
adsorbent amount of 5.00 g/L, the system exhibited enhanced stability
against increasing dye concentration, maintaining efficiencies above 91.50%
up to 100 mg/L before decreasing to 83.67% at 250 mg/L. These results
indicate that, particularly at lower adsorbent amounts, increasing the initial
dye concentration facilitates surface saturation, whereas at higher adsorbent
amounts this effect is partially offset by the increased availability of active
surface area. By contrast, at a low initial PR dye concentration (Co = 2.5 mg/L),
removal efficiencies above 95% were achieved nearly at all adsorbent amounts,
except for the lowest FeONP dose (1.50 g/L), indicating that surface saturation
was not reached under low adsorbate-to-adsorbent ratio conditions. It was
observed that increasing the initial concentration generally led to a decrease
in removal efficiency. In particular, for the FrP, at an adsorbent amount of 10 g/L,
the lower removal values observed at initial concentrations of 5 and 10 mg/L
(35.64% and 18.94%, respectively) deviated from the general concentration—
efficiency relationship. However, the systematic decreasing trend was preserved
in the other dose and concentration combinations. For example, at an initial
concentration of 100 mg/L, the removal efficiencies at 5, 10, and 20 g/L were
determined as 57.87%, 76.94%, and 58.94%, respectively; when the initial
concentration was increased to 250 mg/L, these values decreased to 20.25%,
35.02%, and 51.53%. These results indicate that increasing dye concentration
limits removal performance at all doses, and that although increasing the
adsorbent dose at higher concentrations provides a partial improvement, the
efficiency levels observed at lower concentrations could not be achieved.
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The Q. values calculated for phenol red were higher for the FeONP
adsorbent than for the FrP, similar to the results obtained for the other two dyes
examined in this study. Furthermore, a systematic decrease in Q. values was
observed with increasing adsorbent dosage. The Qe values calculated for an initial
dye concentration of 250 mg/L and FeONP adsorbent concentrations of 1.5, 2.0
and 5.0 g/L were found to be 114.69, 103.07 and 41.83 mg/g respectively. At the
same initial dye concentration, the Qe values for the FrP at adsorbent dosages of
5.0, 10.0, and 20.0 g/L were 10.13, 8.75, and 6.44 mg/g. The decrease in Qe
values observed with increasing adsorbent concentration, as noted for the other
dyes, can be explained by reduction in adsorption capacity per unit mass resulting
from the increase in adsorbent amount at a fixed initial concentration.

When the adsorption capacities (Qe) are considered, the overall
performance of the dyes followed the order MB> MG > PR. These results
can be partly explained by the chemical structures of the dye molecules and
the possible influence of solution pH on the adsorption process. The natural
pH values of the dye solutions used in the study were measured and
determined as 4.88 for MB, 3.02 for MG, and 3.76 for PR. The relatively less
acidic pH of the MB solution could be one of the factors influencing its higher
observed adsorption efficiency. However, no pH-controlled experiments were
performed. Under such pH conditions, the adsorbent surface may become
more negatively charged, which may enhance electrostatic attraction toward
cationic dyes. Similarly, higher pH values increase the negative charge on the
adsorbent surface and favor the adsorption of positively charged molecules [46].
In addition, the pH-dependent protonation of nitrogen and sulfur groups may
modulate dye—surface interactions; under acidic conditions, their protonated
forms can also contribute to adsorption through electrostatic attraction and
hydrogen bonding [47]. The relatively lower adsorption performance of MG
and PR may be associated with differences in their molecular structures and
their behavior under the studied solution conditions.
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Figure 8. PR adsorption at different concentrations: (A) FeONPs, (B) FrP.
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CONCLUSION

Iron oxide nanoparticles (FEONPs) were produced through green
synthesis using R. pseudoacacia fruit extract and investigated by UV—-Vis, XRD,
FTIR, TEM, and EDX techniques. The obtained data indicated the successful
synthesis of amorphous FeONPs with patrticle sizes in the nanoscale range. The
adsorption performance of synthesized FeONPs and FrP was comparatively
investigated for malachite green (MG), phenol red (PR), and methylene blue
(MB). The results of the study showed that the adsorption capacity ranking was
MB > MG > PR. FeONPs exhibited higher Q. values in all dye systems in
comparison to fruit powder. Efficient removal of the dye was observed at low
and medium initial concentrations, with an increase in the amount of adsorbent
resulting in an enhancement of the total removal process. However, this was
associated with a reduction in the adsorption capacity per unit mass.
Biosynthesized FEONP may serve as a sustainable, economical, and efficient
adsorbent for dye removal, thereby representing a significant alternative in
advanced environmental treatment technologies.

EXPERIMENTAL SECTION

1. Sampling

The fruits of R. pseudoacacia trees cultivated for landscaping purposes
in the Eskibaglar Neighborhood of Gimushane Province, TUrkiye, were collected
in September 2023.

2. Preparation of Fruit Extracts

The fruits of the plant were dried at room temperature in an environment
protected from sunlight and subsequently pulverized into a fine powder with
a blender. The entire fruit (legume pod), including both the pericarp and the
enclosed seeds, was used without any prior separation. A total of 1.1 kg of
this powder was transferred into a 20-L container along with 10 L of distilled
water. The mixture was boiled in a closed vessel for 2.5 hours and then
allowed to cool to room temperature. After the formation of the extract, the
mixture was separated using sieves with pore sizes of 1.00, 0.50, and 0.25 mm.
The dry matter content of the resulting extract was then determined to be
4.00% + 0.25 using a digital refractometer (Hanna HI96801). The extract was
concentrated in a vacuum evaporator at 60 °C and 150 mbar to obtain a dry
matter content of 10% [29].
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3. Synthesis of Iron Oxide Nanoparticles (FeEONPs)

For the green synthesis of FeONPs from R. pseudoacacia fruit samples,
solutions containing iron(lll) and iron(ll) ions were prepared. For this purpose,
125 mL of a 0.2 M Fe?®" solution was prepared using FeCl;-6H,0 salt.
Additionally, 3.8 g of FeSO, was weighed to obtain 125 mL of a 0.1 M Fe?*
solution, and both substances were dissolved separately in beakers and then
combined in a volumetric flask and made up to 250 mL. Then, 250 mL of
R. pseudoacacia fruit extract (FE) with a 10% dry matter content was added
to a 600-mL beaker. Using a pH meter (OHAUS Starter 3000), The pH value
was then adjusted to 10 by gradually dropping 1.0 M NaOH into the solution.
Following this, the solution was stirred on a magnetic stirrer (750 rpm), and
the Fe2*/Fe3* solution was added dropwise at a rate of one drop per second
using a separatory funnel. This dropwise addition was completed in 60 minutes
for the total volume of 250 mL. Then, the beaker was covered with a glass
lid and stirred at 750 rpm for 2.5 hours [48-49]. The synthesis of FeEONP was
accompanied by a visible change in color of the reaction mixture, giving it
a completely black appearance. The resulting FeEONP solution was pipetted
into eight 50 mL falcon centrifuge tubes and centrifuged at 4000 rpm using
a NUVE NF 800R centrifuge and this process was repeated three times. The
precipitates were placed in pre-weighed glass Petri dishes and air-dried in
a vacuum dryer at 60 °C for three hours, thereby completing the synthesis
process [48-49].

4. Characterization of Iron Oxide Nanoparticles

UV-Vis spectroscopy was used to confirm the formation of FeONPs
using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan) within the
wavelength range of 200—800 nm. To evaluate the chemical structure of the
nanoparticles obtained from the R. pseudoacacia fruit extract (FE), Fourier
Transform Infrared Spectroscopy (FTIR) analysis was performed on both the
nanoparticles and the plant extract used in the synthesis. The analyses were
performed using a PerkinElmer FT-IR spectrophotometer (model: UATR
Two) at the Gimuighane University Central Research Laboratory Application
and Research Center, within the wavenumber range of 4000—-450 cm™.,

Structural characterization of the FeONPs was performed using X-ray
diffraction (XRD). The measurements were performed using a Bruker D8
DISCOVER instrument at the Bayburt University Central Research Laboratory.
A copper (Cu) anode served as the X-ray source, operated at 40 kV and 40 mA.
Diffraction patterns were recorded over the 28 range of 10°-80°.

The morphological and elemental characteristics of the synthesized
FeONPs were examined using a transmission electron microscope (TEM) at
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the Bayburt University Central Research Laboratory. The analyses were
carried out with a Thermo Fisher Scientific Talos F200S TEM operated at 200
kV. Elemental composition was determined using an energy-dispersive X-ray
spectroscopy (EDX) system attached to the TEM. The scale bars in the TEM
images were generated by the instrument software.

5. Adsorption of Dyes

Green-synthesized FeONPs and R. pseudoacacia fruit powder (FrP)
were used, and stock solutions of each dye (malachite green, MG; methylene
blue, MB and phenol red, PR) were prepared at a concentration of 2500.0 mg/L.
From these stock solutions, defined volumes were taken and diluted with
deionized water to obtain seven different dye solutions at concentrations of 2.5,
5.0, 10.0, 20.0, 40.0, 100.0 and 250.0 mg/L for MG and PR, and nine solutions
for MB by additionally preparing 500.0 and 1000.0 mg/L concentrations. The
original pH values of each prepared dye solution (MB at pH 4.88, MG at pH
3.02, and PR at pH 3.76) were measured. To perform the adsorption tests,
0.0125, 0.025 and 0.050 g of FeONPs were placed into polypropylene (PP)
tubes, to which 10 mL of the dye solutions were added. Accordingly, the
concentrations of the adsorbent suspensions were set to 1.25, 2.50 and 5.00 g/L.
Then, blank sampling was carried out by adding 10 mL of deionized water to
0.050 g and 0.100 g of FeONPs. For phenol red (PR), preliminary trials
showed that the lowest FeONP suspension concentration (1.25 g/L) resulted
in insufficient dye removal; therefore, slightly higher doses (1.50 and 2.00 g/L),
in addition to 5.00 g/L, were adopted to ensure measurable adsorption. For FrP,
higher adsorbent doses (5, 10 and 20 g/L) were employed because the powdered
R. pseudoacacia fruits exhibited noticeably lower adsorption capacity compared
with the FeONPs. The samples were shaken on an orbital shaker at 50 rpm
for 12 h and then centrifuged at 5000 rpm for 15 min to separate the solid and
liquid phases. The residual dye concentrations in the supernatants obtained
after centrifugation were analyzed using a UV-Vis spectrophotometer [30,50].
The spectral profile of methylene blue was evaluated by scanning a 5.0 mg/L
solution between 200 and 1000 nm using the spectrophotometer, which clearly
showed a distinct absorption maximum at 664 nm. For quantitative calibration,
standard solutions prepared at 1.0, 2.5, 5.0, 10.0 and 25.0 mg/L were analyzed,
and the resulting measurements were used to generate a linear calibration curve
described by y = 0.1477x + 0.0422, with an R? value of 0.999. In addition to the
measurements reported for methylene blue, the same wavelength-scanning
and calibration procedure was applied to malachite green and phenol red.
Malachite green displayed its absorption maximum at 617 nm, and the calibration
curve obtained from its standard solutions was described by y = 0.353x — 0.0114
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(R% = 0.998). Phenol red exhibited a maximum absorbance at 430 nm, with
a corresponding calibration relationship expressed as y = 0.0248x — 0.0038.
In this study, the residual dye concentration in the solution (C.) was determined
from the UV-Vis absorbance data for the calculation of dye adsorption onto
FeONPs. Adsorption efficiency (%) and adsorption capacity per unit mass of
adsorbent (Qe, mg/g) were calculated. All tests were repeated at least three
times, and the results are reported as mean * standard deviation. All necessary
calculations were carried out using the formulas presented below (Equations
1-3) [30,50].

Remaining dye (%) =(A-B)/E Q)

Equation 1 defines A as the recorded signal intensity, with B serving
as the intercept and E representing the slope of the calibration graph. The %
adsorption was determined using Equation 2.

Adsorption Percentage = ((Cy — C.)/Cy) x 100 (2)

According to Equation 2, Co (mg/L) refers to the initial dye level, while
Ce (mg/L) indicates the residual concentration in the equilibrium phase. Using the
dye concentration remaining in the solution phase (Ce), the amount of dye taken
up by 1 g of FeONP (mg/g) was determined according to Equation 3.

Qe = ((Co—C)xV)/m 3

In Equation 3, V represents the volume of the adsorbate solution (L),
m indicates the mass of the adsorbent (g), Q. denotes the amount of adsorbate
adsorbed per gram of FeONPs (mg/g), Co refers to the initial dye concentration
(mg/L), and C. represents the equilibrium dye concentration (mg/L).
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ABSTRACT. Tomato pomace, a major by-product of industrial tomato
processing composed mainly of peels and seeds, represents a valuable
source of bioactive compounds with potential nutraceutical applications.
This study comparatively evaluated the apparent bioaccessibility of phenolic
compounds and lycopene from tomato pomace using two distinct in vitro
gastrointestinal digestion approaches: sequential phase sampling (R1) and
cumulative digestion sampling (R2). A static digestion model including oral,
gastric, and intestinal phases was applied to assess the release of bioactive
compounds into digestive fluids. Total phenolic content was determined using
the Folin—Ciocalteu method and expressed as gallic acid equivalents (GAE),
while lycopene was quantified by UHPLC-DAD. Phenolic compounds showed
the highest concentration in the oral phase (332.65+29.67 mg GAE L™),
followed by the intestinal phase ((234.73+21.45 mg GAE L™), with the lowest
value observed in the gastric phase (171.78+14.73 mg GAE L™"). Lycopene
bioaccessibility increased progressively during digestion, reaching 8.61% in
the oral phase, 16.47% in the gastric phase, and 29.07% in the intestinal
phase. The cumulative digestion fraction was lower (22.1%), suggesting
partial degradation of lycopene and retention of carotenoids within the
insoluble fiber fraction of the tomato pomace matrix. These results indicate
that digestion conditions and matrix interactions significantly influence the
release and apparent bioaccessibility of tomato-derived bioactive compounds.

Keywords: Tomato pomace; phenolic compounds; lycopene; in vitro
gastrointestinal digestion; bioaccessibility; food by-products.
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INTRODUCTION

The tomato processing industry generates millions of tons of waste
each year. Tomato pomace, the peels and seeds left after processing, makes
up about 3—7% of the raw tomato weight. Typically discarded or used as low-
value animal feed, this waste is now attracting growing interest as a promising
source of valuable bioactive compounds. [1,2].

Tomato pomace contains two main types of health-promoting
substances: phenolic compounds and lycopene. Phenolics, such as quercetin
and rutin, have antioxidant and anti-inflammatory effects [3]. Lycopene, the
pigment that gives tomatoes their distinctive red colour, has been associated
with reduced risks of prostate cancer and cardiovascular disease [4]. Tomato
peels are especially rich in lycopene, up to five times more than the pulp [5].
However, a critical limitation exists: simply having these bioactive compounds in
food matrices does not ensure their physiological efficacy. Phenolic compounds
and lycopene present fundamentally distinct physicochemical properties,
phenolics are hydrophilic and readily soluble in aqueous environments, while
lycopene is highly lipophilic and remains locked in the cellular structures of
plants [6]. The determinant factor for health benefits is bioaccessibility, defined
as the fraction of compounds released from the food matrix during digestion
and made available for intestinal absorption [7,8]. The structural complexity of
the food matrix has a profound influence: dietary fiber and proteins can form
insoluble complexes with phenolics, while lycopene absorption requires the
presence of lipids and emulsification by bile salts to facilitate micelle formation
and subsequent uptake [9].

To study these processes without conducting clinical trials on humans,
researchers use static in vitro digestion models. These systems replicate the
physiological conditions of the human gastrointestinal tract, including appropriate
pH gradients, enzymatic activities, and temporal dynamics, within a controlled
and reproducible experimental setting [10,11]. The standardized INFOGEST
protocol, originally developed by Minekus et al. [12] and later refined by
Brodkorb et al. [13], has established itself as the internationally recognized
gold standard methodology for such studies. Static in vitro digestion models,
such as the INFOGEST protocol used in the present study, simulate
gastrointestinal conditions using fixed experimental parameters including pH,
enzyme activity, digestion time, and fluid composition. In contrast, dynamic
digestion models continuously adjust these parameters during digestion and
more closely reproduce physiological processes such as gradual gastric
emptying, variable secretion rates, and peristaltic mixing. In the present work,
only a static digestion model was applied, while dynamic digestion studies
are discussed solely for comparative interpretation of the obtained results.
Previous studies have shown distinct kinetic patterns for these bioactive
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compounds. Phenolic compounds typically show high concentrations in the
oral phase, decrease significantly under conditions of gastric acidity, and
increase again during intestinal digestion [14,15]. In contrast, lycopene
follows an inverse trajectory: initial concentrations remain low, followed by a
progressive accumulation that reaches peak levels in the intestinal phase,
where bile-mediated solubilization facilitates micelle formation and the release
of the compound [16,17]. Although several studies have investigated either
phenolic compounds or carotenoids individually during in vitro digestion,
relatively few studies have simultaneously monitored hydrophilic and lipophilic
bioactive compounds within the same tomato pomace matrix under standardized
gastrointestinal conditions. Moreover, the methodological impact of sequential
versus cumulative sampling strategies on apparent bioaccessibility estimates
remains insufficiently explored. Since digestion sampling design may significantly
influence the recovery and interpretation of matrix-bound compounds, a
systematic comparison of these approaches is necessary for improving the
reliability and comparability of in vitro digestion studies.

Therefore, this study aimed not only to evaluate the release kinetics
of phenolic compounds and lycopene from tomato pomace during simulated
gastrointestinal digestion, but also to systematically compare sequential (R1)
and cumulative (R2) digestion protocols as methodological approaches for
estimating apparent bioaccessibility.Using both sequential and cumulative
sampling protocols, we monitored the apparent bioaccessibility profiles of
these bioactive compounds, with distinct structures, throughout each digestive
phase. The results contribute to a mechanistic understanding of the effects
of the food matrix on nutrient availability and provide a scientific basis for the
strategic utilization of byproducts resulting from tomato processing in
functional food applications.

RESULTS AND DISCUSSION

Distribution of phenolic compounds during simulated
gastrointestinal digestion

The initial total phenolic content of the undigested tomato pomace
was 950 mg GAE/100g DW, while the initial lycopene content was 6.58 ug/g
DW. These values were used as reference concentrations for calculating
apparent bioaccessibility.

The release of phenolic compounds from tomato pomace during
simulated gastrointestinal digestion was evaluated using two experimental
protocols. In protocol R1, the supernatant was collected after each digestive
phase, allowing the evaluation of phenolic compound distribution in the oral,
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gastric, and intestinal fluids. In protocol R2, the digestion process was performed
continuously without intermediate separation, and phenolic compounds were
determined only in the final supernatant after complete digestion. This two-
protocol approach remedies an important methodological gap identified in
recent studies [18], as the choice between serial and cumulative sampling
significantly influences estimates of apparent bioaccessibility and their
biological relevance [19]. For protocol R1, the concentration of total phenolic
compounds measured in the digestive fluids showed significant variation
between phases. The highest concentration was observed in the oral phase
(332.65+29.67 mg GAE/L), followed by the intestinal phase (234.73+21.45 mg
GAE/L), while the gastric phase showed the lowest value (171.78+14.73 mg
GAE/L) (Figure 1).
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Figure 1. Concentration of total phenolic compounds released into the digestive
supernatant during sequential in vitro digestion protocol R1. SSF, simulated
salivary fluid; SGF, simulated gastric fluid; SIF, simulated intestinal fluid.
Results are expressed as mg GAE/L. Error bars represent standard
deviation of triplicate analyses.

One-way ANOVA indicated significant differences between digestion
phases for total phenolic compounds (p < 0.05). The oral phase showed
significantly higher phenolic release than the gastric phase, while the intestinal
phase showed an intermediate recovery.
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The peak observed during the oral phase is consistent with recent
findings that surface phenolic compounds are rapidly released upon contact
with saliva, before enzymes or acids break down the matrix [20, 21]. Similar
patterns have been reported for anthocyanins in black carrots by Kamiloglu
et al. [22] and for polyphenols in grapes by Tagliazucchi et al. [7], who also
noted an initial rapid release followed by reassociation with the matrix.
However, this early availability is short-lived, as phenolic compounds may be
re-bound to fibers or degrade during longer incubation, a point that cumulative
protocols often overlook [23], as demonstrated by Wang et al. [24] in studies
on tomato waste.

The difference between our R1 and R2 results highlights the current
debate regarding standards for digestion protocols. Recent studies conducted
in multiple laboratories by Egger et al. [25] show that the timing of sample
collection alone can alter apparent bioaccessibility estimates by 30—60% for
matrix-bound polyphenols, confirming the concerns expressed by Carbonell-
Capella et al. [26] regarding the choice of analytical methods. Our data suggest
that the phenolic compounds in tomato pomace may behave as three functional
fractions during digestion: a rapidly released fraction observed in the oral phase,
a potentially reversibly bound fraction influenced by gastrointestinal conditions,
and a fraction retained within the insoluble matrix residues. However, this
interpretation should be considered a mechanistic hypothesis inferred from
the digestion profiles and supported by literature describing polyphenol—fiber
and polyphenol—protein interactions in plant-based matrices.

The distribution of phenolic compounds between the digestive phases
was 45.0% in the oral phase, 23.2% in the gastric phase, and 31.8% in the
intestinal phase. These results indicate that a considerable fraction of the
phenolic compounds present in tomato pomace is rapidly released during the
oral stage of digestion. This pattern mirrors findings by Kamiloglu et al. [27] for
black carrot anthocyanins who similarly reported early-phase dominance due
to rapid solubilization of surface-localized compounds. The high concentration
observed in the oral phase suggests that a significant proportion of these
compounds are present in a soluble form or are weakly bound to the plant
cell structures consistent with the “labile fraction” concept described by Pérez-
Jiménez and Saura-Calixto [28] for non-extractable polyphenols in fruits and
vegetables.

Under neutral pH conditions and short incubation time, these
compounds are readily transferred into the aqueous phase [29]. In contrast,
the decrease in phenolic concentration observed during the gastric phase
can be attributed to the acidic environment and potential interactions between
phenolic compounds and structural components of the tomato pomace matrix.
Similar gastric-phase drops were reported by Bouayed et al. [30] for apple
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varieties. Tomato pomace contains considerable amounts of dietary fiber and
residual proteins, which can bind phenolic compounds through hydrogen
bonding or hydrophobic interactions. These interactions may limit the transfer
of phenolic compounds into the liquid phase under gastric conditions, as
demonstrated by Le Bourvellec and Renard [31] in their comprehensive
review of polyphenol-macromolecule binding.

During the intestinal phase, the concentration of phenolic compounds
increased again compared to the gastric phase. This increase may be
explained by the higher pH and the presence of bile salts and pancreatic
enzymes, which can destabilize interactions between phenolic compounds
and the plant matrix. Consequently, phenolic compounds previously retained
within the solid structure may be partially released into the digestive fluid,
consistent with the “re-release” mechanism described by Jakobek [32] for
polyphenol interactions with food matrices.

Phenolic Compounds after Complete Digestion

In protocol R2, phenolic compounds were determined only in the final
supernatant after completion of the entire digestion process. The measured
concentration was 63.92 mg GAE/L, considerably lower than the values
obtained in individual digestive phases in protocol R1. This significant difference
is similar to the findings of Pellegrini et al. [33], who reported similar differences
between dynamic and static digestion of tomato waste, as well as to those of
Fernandez-Jalao et al. [34] in their meta-analysis of protocol variations. This
difference can be explained primarily by the larger total volume of digestive
fluids used in the cumulative digestion protocol, leading to dilution of phenolic
compounds. Additionally, prolonged interaction between the liquid phase and
the solid tomato pomace matrix may promote adsorption and retention of
phenolic compounds within the fibrous structure as demonstrated by Elleuch
et al. [35] for dietary fiber matrices. Tomato pomace is characterized by high
contents of insoluble fiber and porous plant structures that can retain both
digestive fluids and dissolved compounds. This retention effect, described by
Saura-Calixto [36] as a key factor limiting polyphenol bioaccessibility from
fiber-rich foods, can reduce the amount of phenolic compounds recovered in
the supernatant after centrifugation, resulting in lower measured concentrations.

These results highlight the importance of the digestion protocol when
evaluating the apparent bioaccessibility of phenolic compounds. However,
R1 and R2 should not be interpreted as directly equivalent digestion outputs.
The sequential protocol R1 describes the amount of phenolic compounds
released into the supernatant after each individual digestive phase, while the
cumulative protocol R2 represents the final soluble fraction recovered after
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the complete digestion sequence without intermediate separation. Therefore, the
comparison between R1 and R2 is used here to illustrate the methodological
impact of sampling strategy on phenolic recovery, rather than to compare
identical analytical endpoints. The lower value obtained for R2 may reflect
dilution, prolonged contact with the insoluble matrix, re-adsorption of released
phenolics, degradation, or incomplete recovery from the final supernatant.
(Figure 2)

350 1

300

250 ~

200 ~

150 -

100 A

63.92

Phenolic compounds (mg GAE/L)

W
o
|

o
1

R1 peak R2 cumulative
(SSF)
Digestion protocol

Figure 2. Comparison between sequential digestion protocol R1 and cumulative
digestion protocol R2 for the release of total phenolic compounds from tomato
pomace. Results are expressed as mg GAE/L in the recovered digestive
supernatants. Error bars represent standard deviation of triplicate analyses.

The initial total phenolic content of the tomato pomace was 950 mg
GAE/100 g DW. Based on this value, the apparent bioaccessibility of phenolic
compounds released during simulated gastrointestinal digestion was calculated
relative to the initial amount present in the undigested sample. (Tabel 1)
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Table 1. Apparent bioaccessibility of phenolic compounds from tomato pomace
during simulated gastrointestinal digestion

Digestion phase Concentration Digestion Released Apparent
in supernatant volume (mL) phenolics bioaccessibility
(mg GAEIL) (mg GAE) (%)
Oral phase (SSF R1) 332.65 2.5 0.832 17.5
Gastric phase (SGF R1) 171.78 25 0.429 9.0
Intestinal phase (SIF R1) 234.73 2.5 0.587 124
Cumulative digestion (R2) 63.92 17.5 1.119 23.6

The oral phase exhibited the highest apparent bioaccessibility
(17.5%), followed by the intestinal phase (12.4%), while the gastric phase
showed the lowest value (9.0%). In contrast, the cumulative digestion
protocol (R2) resulted in a total apparent bioaccessibility of 23.6%, reflecting
the overall soluble phenolic fraction remaining after prolonged interaction
with the digestive matrix. These results indicate that the digestion protocol
and sampling strategy significantly influence the estimation of phenolic
compound release and apparent bioaccessibility from tomato pomace.

In vitro bioaccessibility of lycopene

The in vitro gastrointestinal digestion experiment revealed a gradual
increase in lycopene release across the simulated digestion phases. The initial
oral phase resulted in relatively low bioaccessibility of 8.61%, corresponding
to approximately 0.57 ug g™ released lycopene based on the average
concentration determined in the samples (6.58 ug g~' DW). This limited release
aligns with findings by Reboul and Borel [37] who demonstrated that carotenoids
remain largely sequestered within chromoplast structures and are poorly
solubilized under neutral aqueous conditions of the oral environment. During
the gastric phase, lycopene bioaccessibility increased to 16.47% (approximately
1.08 ug g7"). The acidic conditions and mechanical agitation promote partial
disruption of cellular structures and protein—carotenoid complexes, facilitating
the release of lipophilic compounds from the tomato matrix (Figure 3), consistent
with mechanisms described by Fernandez-Garcia et al. [38] for carotenoid
apparent bioaccessibility from plant foods. Notably, this gastric-phase
increment remains modest compared to intestinal values, reflecting the inherent
limitation of aqueous acidic environments for solubilizing highly lipophilic
compounds without lipid co-components or bile-mediated emulsification [39].
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Figure 3. Apparent bioaccessibility of lycopene from tomato pomace during simulated
in vitro gastrointestinal digestion. Values are expressed as percentage of the initial
lycopene content in the undigested tomato pomace. Error bars represent standard

deviation of triplicate analyses.

The highest bioaccessibility was observed during the intestinal phase,
reaching 29.07%, equivalent to approximately 1.91 ug g™ lycopene released
from the tomato pomace matrix. In addition to micellar solubilization, digestive
conditions may also induce structural changes in lycopene. Lycopene occurs
predominantly as the all-trans isomer in raw tomato matrices, but thermal
processing, acidic pH, bile salts, digestive enzymes, and prolonged incubation
may promote partial trans-to-cis isomerization. This aspect is relevant because
cis-isomers generally present higher solubility in lipid phases and may be
more efficiently incorporated into mixed micelles than the all-trans form [6,
8]. Therefore, the increase observed during the intestinal phase may reflect
not only the release of lycopene from the tomato pomace matrix, but also
changes in isomeric profile that favor micellar incorporation. At the same
time, lycopene is highly susceptible to oxidative degradation due to its
conjugated double-bond structure. Exposure to oxygen, light, acidic conditions,
and digestive incubation may contribute to partial degradation or loss of
recoverable lycopene [38]. These processes may partly explain why the
cumulative bioaccessibility value was lower than the maximum intestinal-phase
value. One-way ANOVA also indicated significant differences in lycopene
apparent bioaccessibility between digestion phases (p < 0.05), with the
intestinal phase showing the highest bioaccessibility.
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This increase is consistent with the presence of bile salts and
digestive enzymes in the intestinal environment, which promote the formation
of mixed micelles necessary for the solubilization and potential absorption of
carotenoids. Interestingly, the overall cumulative bioaccessibility calculated
across the digestion process was lower (22.1%) than the maximum value
observed during the intestinal phase. This apparent decrease may be attributed
to several factors, including oxidative degradation of lycopene during digestion,
possible trans-to-cis isomerization followed by differential recovery of isomers,
adsorption of carotenoids onto insoluble dietary fiber fractions, or losses
during sample processing and phase separation [39,]. Similar discrepancies
between phase-specific and cumulative recovery were reported by Corte-
Real et al. [40]. Tomato pomace contains significant levels of dietary fiber
and insoluble polysaccharides, which can retain lipophilic compounds within
the solid fraction and limit their transfer to the micellar phase, as demonstrated
by Saura-Calixto [36]. These findings are consistent with previously reported
values for tomato matrices, where lycopene bioaccessibility typically ranges
between 10 and 35%, depending on processing conditions, matrix structure, and
lipid content. The presence of endogenous lipids from tomato seeds, particularly
unsaturated fatty acids such as linoleic and oleic acids, may contribute to
micelle formation and thus enhance carotenoid solubilization during the intestinal
phase, consistent with the lipid effect described by Brown et al. [41] and
Roodenburg et al. [42] for carotenoid absorption.

CONCLUSIONS

This study evaluated the apparent bioaccessibility of phenolic
compounds and lycopene from tomato pomace during simulated in vitro
gastrointestinal digestion. The results demonstrated that these bioactive
substances follow significantly different release patterns during the digestive
phases. Phenolic compounds exhibited the highest concentration in the oral
phase, decreased in the gastric phase, and then partially recovered in the
intestinal phase. This fluctuating profile may indicate the presence of phenolic
compounds with different interaction strengths within the tomato pomace matrix,
including readily soluble compounds and fractions more strongly associated
with insoluble structural components. In contrast, lycopene showed a
progressive release, confirming that bile-mediated emulsification is essential
for the solubilization of carotenoids.

The cumulative digestion protocol (R2) yielded considerably lower
values than sequential sampling (R1) for both classes of compounds. One of
the most significant findings of this study is that the choice of digestion
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protocol substantially affects apparent bioaccessibility estimations for both
hydrophilic and lipophilic compounds. Sequential phase analysis (R1) provided
a dynamic representation of compound release throughout digestion, whereas
cumulative digestion (R2) reflected the final soluble fraction remaining after
prolonged matrix interaction. The large discrepancies observed between the two
approaches demonstrate that sampling strategy is not merely a procedural
detail, but a critical methodological factor influencing the interpretation and
comparability of in vitro digestion studies.

These findings demonstrate that the properties of the food matrix and
digestive conditions influence the release of phytochemicals in a combined
manner, but in ways specific to each compound. Phenolic compounds respond
primarily to pH changes and the action of surfactants, while lycopene depends on
lipid availability and micelle formation. Tomato pomace represents a promising
dual source of hydrophilic and lipophilic bioactive compounds for nutraceutical
applications. However, realizing this potential may require tailored processing
strategies, like breaking down cell walls to boost the release of phenolic
compounds or mixing in lipids to make lycopene more bioavailable. Therefore,
the comparative evaluation of R1 and R2 protocols represents an important
methodological contribution for future bioaccessibility studies involving complex
plant-based matrices and food by-products.

EXPERIMENTAL SECTION
Chemicals and Reagents

All solvents used were of analytical or HPLC grade. Methanol, acetone,
hexane, sodium carbonate, sodium chloride (NaCl), potassium chloride (KClI),
potassium dihydrogen phosphate (KH,PO,), sodium hydrogen carbonate
(NaHCO3), calcium chloride dihydrate (CaCl,-2H,0O), magnesium chloride
hexahydrate (MgCl,-6H,0), and hydrochloric acid (HCI) were purchased
from Merck (Darmstadt, Germany). Folin—Ciocalteu reagent and gallic acid
standard were obtained from Sigma-Aldrich (Saint Louis, MO, USA).
Digestive enzymes including a-amylase from porcine pancreas (=5 U/mg),
pepsin from porcine gastric mucosa (22500 U/mg protein), pancreatin from
porcine pancreas (4x USP), and bile extract were also purchased from
Sigma-Aldrich (Steinheim, Germany). Ultra-pure water was obtained using
an ULTRACLEAR UV UF EVOQUA purification system (Pittsburgh, PA, USA).
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Sample Preparation

Tomato pomace consisting of peels and seeds obtained as by-products
from industrial tomato processing was used as raw material. The tomato pomace
samples were dried in a laboratory oven (MEMMERT UN55, Schwabach,
Germany) at 50 °C until constant weight, in order to reduce moisture while
limiting thermal degradation of phenolic compounds and lycopene. The dried
material was subsequently ground to obtain a homogeneous powder and
stored in airtight containers at 4 °C until further analysis.

For digestion experiments, approximately 0.5 g of dried tomato pomace
was used. For phenolic compound extraction, approximately 2.5 g of sample
was extracted with 10 mL of methanol for 20 min in an ultrasonic bath
(Sonorex RK 512H, BANDELIN electronic GmbH & Co. KG, Berlin, Germany)
at room temperature. The extracts were subsequently centrifuged at 11,000
rpm for 2 min using a MicroCL 17 centrifuge (Thermo Fisher Scientific, Waltham,
MA, USA), and the supernatant was filtered through a 0.45 uym cellulose
membrane filter (Whatman, Sigma-Aldrich, St. Louis, MO, USA) prior to analysis.

Determination of Total Phenolic Compounds

Total phenolic compounds were determined using the Folin—Ciocalteu
method. Briefly, 0.5 mL of sample extract was mixed with 5 mL of distilled
water and 0.5 mL of commercial Folin—Ciocalteu reagent. After 3 min, 1.5 mL
of sodium carbonate solution (10%, w/v) was added and the mixture was
incubated for 45 min at room temperature in the dark. The absorbance was
measured at 765 nm using a UV-Vis spectrophotometer (Lambda 25, Perkin
Elmer, Waltham, MA, USA). Gallic acid was used for calibration, and the
results were expressed as gallic acid equivalents (GAE).

Determination of lycopene by UHPLC-DAD

Lycopene was extracted from dried tomato pomace samples according
to a modified solvent extraction procedure [43]. Approximately 0.5 g of
homogenized dried sample was mixed with 10 mL of hexane: acetone:
ethanol (2:1:1, v/v/v). The mixture was vortexed and allowed to stand for 10
min at room temperature to facilitate carotenoid solubilization. The samples
were then centrifuged at 11,000 rpm for 2 min and the supernatant was
filtered through a 0.45 pym cellulose membrane filter. Ultrasound-assisted
extraction was not applied for lycopene in order to limit possible oxidative
degradation and isomerization of this highly unsaturated carotenoid. All
extraction steps were carried out under reduced light conditions to minimize
carotenoid degradation.
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Lycopene determination was performed using a UHPLC system
(Vanquish, Thermo Fisher Scientific, Germany) equipped with a diode array
detector. Chromatographic separation was achieved on an Acclaim™ C30
column (3 um, 3.0 x 150 mm) maintained at 40 °C. The mobile phase
consisted of methanol containing 3.2 g L™ ammonium acetate (70%) and
acetonitrile (30%) delivered at a flow rate of 1.7 mL min~". The injection volume
was 8 L. Detection was performed at 460 nm and quantification was achieved
using external calibration curves prepared with certified lycopene standards
in the concentration range 1-20 pyg mL™" with a coefficient of determination
(R?) of 0.9994. Results were expressed as ug g' dry weight. All analyses
were carried out in triplicate. (Figure 4)
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£ 10.0 of lycopene standard;
E (b) External calibration curve
5 50 used for lycopene quantifica-
< tion, showing excellent line-
e 00 arity within the investigated

0.0 5.0 10.0 15.0 20.0 25.0 concentration range,
Concentration (ug/mL) y = 0.6363x - 0.1266,
b, R?=0.9994.

Apparent bioaccessibility (%) was calculated as follows: Bioaccessibility
(%) = (amount of compound recovered in the digestive supernatant / initial
amount of compound in the undigested tomato pomace) x 100.
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In Vitro Gastrointestinal Digestion

A static in vitro gastrointestinal digestion model was applied to simulate
the digestive conditions of the human gastrointestinal tract. The digestion
protocol was adapted from the standardized method described by Minekus
et al. and Brodkorb et al., which has been widely used for evaluating nutrient
bioaccessibility in food matrices [12, 13]. The digestion process consisted of
three sequential phases: oral, gastric, and intestinal.

The simulated digestive fluids were prepared using the electrolyte
compositions recommended by the INFOGEST protocol, including sodium
chloride (NaCl), potassium chloride (KCI), potassium dihydrogen phosphate
(KH2PO4), sodium hydrogen carbonate (NaHCOs), magnesium chloride
hexahydrate (MgCl,-6H20), calcium chloride dihydrate (CaCl»-2H,0),
ammonium carbonate ((NH4)2COs3), sodium hydroxide (NaOH), and
hydrochloric acid (HCI).

For the digestion experiments, 0.5 g of dried tomato pomace sample
was used. During the oral phase, the sample was mixed with 2.5 mL
simulated salivary fluid (SSF) containing a-amylase (75 U/mL). The mixture
was adjusted to pH 7.0 and incubated for 2 min at 37 °C under continuous
agitation (100 rpm). For the gastric phase, the remaining solid fraction or oral
bolus was mixed with 2.5 mL simulated gastric fluid (SGF) containing pepsin
(2000 U/mL) and gastric lipase (60 U/mL). The pH was adjusted to 3.0 using
1 M HCI, under continuous monitoring with a calibrated pH meter, and the
samples were incubated for 2 h at 37 °C under continuous agitation. or the
intestinal phase, the gastric chyme was mixed with 2.5 mL simulated intestinal
fluid (SIF) prepared using the electrolyte components recommended by the
INFOGEST protocol, including NaCl, KCI, KH,PO4, NaHCO3, MgCl,-6H.0,
and CaCl-2H.0. The SIF contained pancreatin corresponding to trypsin
activity of 100 U/mL and bile salts at a final concentration of 10 mM. The pH
was adjusted to 7.0 using NaOH solution under continuous monitoring with
a calibrated pH meter, and the digestion continued for 2 h at 37 °C under
continuous agitation at 100 rpm. Two digestion approaches were applied. In
protocol R1, the supernatant was separated after each digestion phase by
centrifugation and analyzed individually. In protocol R2, the digestion
process was performed continuously without intermediate separation, with
cumulative addition of digestive fluids throughout the digestion sequence.

At the end of digestion, enzyme activity was stopped by placing the
samples in an ice bath for 10 min. The digested samples were centrifuged at
4500 rpm for 30 min using a Universal 320 centrifuge (Hettich, Tuttlingen,
Germany). The supernatants were collected, filtered through 0.45 ym membrane
filters, and stored at 4 °C until analysis.
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Blank digestion samples containing the same digestive fluids and
enzymes without tomato pomace were processed under identical conditions
to correct possible interferences originating from enzymes and digestion
buffers. All analyses were performed in triplicate.

Statistical Analysis

All analyses were performed in triplicate, and the results are expressed
as mean * standard deviation (SD). Statistical analysis was performed using
one-way ANOVA to evaluate significant differences between digestion phases.
Differences were considered statistically significant at p < 0.05.
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ABSTRACT. Comparative chemometric approaches based on raw artificial
neural networks (RAW-ANN) and principal component analysis-artificial neural
networks (PCA-ANN) were developed and applied to the simultaneous
spectrophotometric determination of caffeine (CFN), propyphenazone (PRPN),
and paracetamol (PRC) in a commercial ternary pharmaceutical formulation.
The spectral overlap of the three components within the 220-300 nm region
renders conventional spectrophotometric methods inadequate without prior
separation. The proposed ANN-based models enabled direct analysis of raw
UV spectral data without requiring any separation procedure over
concentration ranges of 2.5-12.0 ug/mL (CFN), 3.0-12.0 ug/mL (PRPN), and
3.0-16.0 pg/mL (PRC).

Both training approaches demonstrated satisfactory analytical performance,
with mean recoveries ranging between 97% and 105%. In particular, PCA-
ANN vyielded relative standard deviations below 2.5%, indicating enhanced
precision and predictive stability compared to RAW-ANN. Statistical evaluation
confirmed the robustness and reliability of the developed models. The methods
were successfully applied to the quantitative analysis of pharmaceutical
tablets, demonstrating their suitability for routine quality control of complex
multicomponent formulations.
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INTRODUCTION

In modern medical practice, multi-component pharmaceutical formulations
are increasingly preferred over single-agent therapies due to their enhanced
therapeutic efficacy and improved clinical outcomes. In particular, triple-component
analgesic combinations are widely used in over-the-counter preparations to
achieve synergistic effects and improved patient compliance. Among these,
the combination of paracetamol, propyphenazone, and caffeine is frequently
incorporated into commercial pharmaceutical products.

Paracetamol (acetaminophen; IUPAC: N-(4-hydroxyphenyl) acetamide)
is a widely used analgesic and antipyretic agent administered alone or in
combination with other drugs in various dosage forms [1]. Propyphenazone
(IUPAC: 1,5-dimethyl-2-phenyl-4-propan-2-yl-pyrazol-3-one) is a pyrazolone-
derived nonsteroidal anti-inflammatory drug (NSAID) possessing analgesic
and antipyretic properties and is commonly included in combination analgesics
[2-3]. Caffeine (IUPAC: 1,3,7-trimethyl-3,7-dihydro-1H-purine-2,6-dione), a
methylxanthine derivative, enhances analgesic efficacy through central nervous
system stimulation and adenosine receptor antagonism [4-5]. Owing to its
pharmacological effects, caffeine is frequently incorporated into multicomponent
formulations [6-7].

The accurate and reliable quantification of these active ingredients in
ternary pharmaceutical formulations is essential for quality control, regulatory
compliance, and routine industrial analysis. However, the simultaneous
determination of paracetamol, propyphenazone, and caffeine represents a
considerable analytical challenge due to their strongly overlapping absorption
spectra and the complexity of multicomponent systems.

Numerous chromatographic methods, including RP-HPLC [8-9],
gradient HPLC [10], TLC and HPTLC [10-14], gas chromatography [15],
pressurized planar electrochromatography [13], micellar electrokinetic
capillary chromatography [16], and voltammetric techniques [17], have been
reported for the analysis of these compounds in pharmaceutical preparations
and biological matrices. Although these approaches offer high selectivity and
sensitivity, they often require sophisticated instrumentation, extensive sample
preparation, long analysis times, and increased operational costs.

UV spectrophotometry offers a rapid and cost-effective alternative for
routine pharmaceutical analysis. Nevertheless, the pronounced spectral overlap
of paracetamol, propyphenazone, and caffeine within the 220-300 nm region
severely limits the applicability of classical univariate spectrophotometric
approaches. To address this limitation, several mathematical and multivariate
techniques have been proposed, including derivative spectrophotometric
methods [18,22], absorption ratio approaches [19], principal component
regression [20], net analyte signal-based strategies [21], and flow-through UV
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systems [23]. Although these methods improve selectivity, they may suffer from
sensitivity to noise amplification, complex data preprocessing steps, or limited
predictive robustness when applied to highly collinear spectral datasets.

Artificial neural networks (ANNs) have emerged as powerful
chemometric tools capable of modeling complex and nonlinear relationships
in multivariate analytical data. Raw artificial neural networks (RAW-ANNS)
directly utilize original spectral data, enabling the resolution of severely
overlapping signals without prior mathematical manipulation. Furthermore,
the integration of principal component analysis with ANN (PCA-ANN) reduces
data dimensionality, alleviates collinearity, and enhances model stability and
convergence performance [24-27]. In comparison with conventional
chromatographic and classical spectrophotometric approaches, ANN-based
training methods provide several practical and computational advantages for
multicomponent pharmaceutical analysis. These methods enable direct
guantitative analysis of highly overlapping spectral data without requiring
prior separation procedures, thereby reducing analysis time, instrumental
complexity, and sample preparation steps. Furthermore, ANN architectures
are capable of modeling complex and nonlinear relationships within highly
collinear datasets, while PCA-assisted dimensional reduction improves numerical
stability, accelerates convergence, and enhances predictive robustness. Despite
their proven effectiveness in various multicomponent pharmaceutical systems, a
systematic comparative evaluation of RAW-ANN and PCA-ANN for the direct
spectrophotometric determination of the paracetamol-propyphenazone-
caffeine ternary system has not yet been reported.

In the present study, RAW-ANN and PCA-ANN models were
comparatively developed and applied for the first time to the simultaneous
spectrophotometric determination of caffeine (CFN), propyphenazone (PRPN),
and paracetamol (PRC) in a commercial ternary pharmaceutical formulation
without any prior separation step. The predictive performance, precision, and
convergence characteristics of both chemometric strategies were systematically
evaluated, and their applicability to routine pharmaceutical quality control
was demonstrated.

THEORETICAL BACKGROUND

Artificial Neural Networks (ANN)

Artificial neural networks (ANNs) are data-driven modeling tools
inspired by biological neural systems and are widely used for nonlinear
multivariate training in analytical chemistry. In feedforward neural networks,
the relationship between input variables and output responses is established
through interconnected processing units (neurons) organized in layers.
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For a typical two-layer feedforward ANN, the output Y;can be expressed

2 1 1 2
Ve=fo (Efaof) fu(Siof) x+ 57)+57) (@)

1) (2)
i and Wiy,

coefficients, b].(l) and b,(cz) are bias terms, fnand f, denote hidden and output
layer activation functions, respectively.

In chemometric training, ANN models are particularly advantageous
for handling collinear spectral data and nonlinear relationships between
absorbance and concentration values. RAW-ANN utilizes the original
spectral absorbance matrix directly as the input dataset.

where X; represents the input spectral variables, w are weight

Principal Component Analysis (PCA)

Principal component analysis (PCA) is a multivariate projection
method used to reduce the dimensionality of highly correlated datasets while
preserving the maximum variance. The original spectral matrix 4 can be
decomposed as:

X=TP"+E (2)

where T is the score matrix, P is the loading matrix, and E is the residual
matrix. Principal components are orthogonal linear combinations of the
original variables and therefore eliminate multicollinearity inherent in spectral
data. The removal of multicollinearity improves numerical stability by
reducing the condition number of the data matrix, minimizes variance inflation
of model parameters, and enhances predictive robustness. Furthermore, by
compressing redundant spectral information and filtering low-variance noise
components, PCA preprocessing reduces the risk of overfitting and improves
convergence behavior when applied before ANN modeling.

In the PCA-ANN approach, the reduced score matrix obtained from
PCA is used as the input dataset for ANN modeling instead of the original
absorbance matrix. This preprocessing step reduces dimensionality,
improves computational efficiency, enhances convergence speed, and
minimizes the risk of overfitting.

Therefore, while RAW-ANN directly models the original spectral data,
PCA-ANN operates on decorrelated and compressed input variables, potentially
leading to improved prediction performance and model robustness.
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RESULTS AND DISCUSSION

RAW-ANN and PCA-ANN Modeling Strategy and Advanced
Comparative Evaluation

To achieve reliable simultaneous quantification of PRC (Figure 1a),
CFN (Figure 1b), and PRPN (Figure 1c), in the presence of severe spectral
overlap in the 220-300 nm region, two nonlinear multivariate training strategies,
RAW-ANN and PCA-ANN, were systematically developed and compared.

T T

25 a) ——— 15 pg/mL

200 220 240 260 280 300 320

Wavelength (nm)
T T
0.4+ b) 3 pg/mL
2
< 0.2
o L 1 1 1 L L
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0.2

200 220 240 260 280 300 320
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Figure 1. UV absorption spectra of a) 15.0 uyg/mL PRC,
b) 3.0 pg/mL CFN, and c) 9.0 yg/mL PRPN

The training dataset consisted of 35 synthetic ternary mixtures

prepared using a structured concentration design to ensure adequate and
balanced coverage of the working ranges of CFN, PRPN, and PRC (Table 1).
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For each mixture, UV absorption spectra were recorded over 220-300 nm,
generating 700 absorbance variables per sample. This resulted in an initial
spectral matrix of 700 x 35 (wavelength x sample), which was subsequently
rearranged to 35 x 700 before ANN modeling.

Table 1. A concentration set that includes mixtures of analyzed drugs

Sample Actual Actual Actual Sample Actual Actual Actual
No. CFN PRPN PRC No. CFN  PRPN PRC
(pg/mL) (ug/mL) (pg/mlL) (pg/mL) (pg/mL) (pg/mL)
1 2.5 3 3 19 2.5 6 12
2 2.5 3 8 20 2.5 6 16
3 2.5 3 12 21 4 3 3
4 2.5 3 16 22 4 3 8
5 4 6 3 23 4 3 12
6 4 6 8 24 4 3 16
7 4 6 12 25 8 12 3
8 4 6 16 26 8 12 8
9 8 9 3 27 8 12 12
10 8 9 8 28 8 12 16
11 8 9 12 29 12 9 3
12 8 9 16 30 12 9 8
13 12 12 3 31 12 9 12
14 12 12 8 32 12 9 16
15 12 12 12 33 0 0 15
16 12 12 16 34 0 9 0
17 2.5 6 3 35 3 0 0
18 25 6 8

The same spectral acquisition and preprocessing procedures were
applied to independent datasets, including 13 external validation mixtures,
18 intra-day and inter-day precision samples, 12 standard addition samples,
and 10 commercial tablet solution samples prepared from the marketed
formulation. The latter dataset was used to evaluate the practical applicability
of the proposed models to real pharmaceutical samples. The three-
dimensional UV absorption spectra of 35 training sets, 43 validation sets (13
external validation mixtures, 18 intra-day and inter-day sensitivity samples,
12 standard additive samples), and 10 commercial triple tablet formulation
samples are shown in Figures 2a-c.
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Training of both RAW-ANN and PCA-ANN models was performed
using the Levenberg—Marquardt backpropagation algorithm (trainlm). The
weights and biases between layers were iteratively optimized by minimizing the
mean squared prediction error. A maximum of 1000 epochs and a performance
goal of 1 x 107 were employed, together with validation monitoring to improve
generalization and reduce overfitting.

10

240 260 280 A 4 noer
280 300 2 nur
Wavelength po— 320 sample
Figure 2. 3D-UV Absorption spectra of a) 35 training sets, b) 43 validation sets (13
external validation mixtures, 18 intra-day and inter-day precision samples, 12 standard
addition samples), and c) 10 commercial ternary tablet formulation samples

RAW-ANN Modeling

To reduce spectral redundancy and computational burden,
consecutive wavelength variables were averaged, compressing the original
700 absorbance variables into 100 representative inputs. This preprocessing
step transformed the original 35 x 700 training matrix into a reduced 35 x 100
dataset used as the ANN input. These 100 correlated inputs were introduced
into a multilayer feedforward ANN with architecture:
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Input layer: 100 neurons

First hidden layer: 50 neurons (logsig transfer function)

Second hidden layer: 25 neurons (purelin transfer function)

Output layer: 3 neurons corresponding to CFN, PRPN, and PRC
Training was performed using the Levenberg—Marquardt backpropagation
algorithm (trainlm), with a maximum of 1000 epochs and a performance
goal of 1 x 1078,

The optimized network topology was presented in Table 2.

Table 2. ANN topologies for the applied training methods

RAW-ANN PCA-ANN
Input sizes 100 10
Hidden transfer functions logsig, purelin logsig, purelin
Output transfer functions purelin purelin
epochs 61 9
train time (min.) 5.06 1.06

This 100-50-25-3 configuration resulted in more than 6,600

adjustable parameters (weights and biases), reflecting substantial model
complexity relative to the training sample size (n = 35). Although such
parameterization enhances nonlinear approximation capability, it increases
sensitivity to multicollinearity inherent in highly correlated spectral datasets.

The trained RAW-ANN model was subsequently applied to independent

datasets processed using identical preprocessing steps:

External validation mixtures (13 x 100)

Intra-day and inter-day precision samples (18 x 100)
Standard addition samples (12 x 100)

Commercial tablet solutions (10 x 100)

The corresponding quantitative results are summarized in Tables 4,

5, 6, and 7. Training required 303.90 s (=5.06 min), with a total processing
time of 307.09 s. The training performance curve is presented in Figure 3a,
demonstrating slower convergence relative to PCA-ANN (Figure 3b),
primarily due to the higher-dimensional and correlated input structure.
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Figure 3. a) Mean Squared Error performance for training of ANN with RAW Data Inputs,
b) Mean Squared Error performance for training of ANN with PCA Applied Inputs

Statistical parameters summarized in Table 3 indicate satisfactory
training performance; however, higher RMSEP and SEP values compared to
PCA-ANN suggest limited predictive stability under high-dimensional correlated
input conditions.

PCA-ANN Modeling

To overcome multicollinearity and reduce spectral dimensionality,
principal component analysis (PCA) was applied to the original 35 x 700
training matrix prior to ANN modeling. The PCA decomposition generated
loading vectors, score matrices, and eigenvalues of the covariance matrix.

Although the first five principal components explained 99.6% of the
total spectral variance, ten principal components were retained to ensure
preservation of minor spectral contributions and to enhance numerical stability.
Consequently, the training dataset was reduced to a 35 x 10 score matrix.

Prior to ANN modeling, the input datasets were normalized to improve
numerical stability and network convergence. In the PCA-ANN approach,
PCA scores derived from the spectral matrix were used as orthogonalized
inputs for ANN training.

The optimized network structure of the PCA-ANN architecture
consisted of:
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- Input layer: 10 neurons (principal component scores)

- First hidden layer: 10 neurons (logsig transfer function)

- Second hidden layer: 5 neurons (purelin transfer function)

- Output layer: 3 neurons corresponding to CFN, PRPN, and PRC
concentrations.

- Training was performed using the Levenberg—Marquardt backpropagation
algorithm (trainim), with a maximum of 1000 epochs and a performance
goal of 1 x 1078,

Compared to the RAW-ANN (100 input neurons), the PCA-ANN
structure significantly reduced the number of adjustable parameters, thereby
improving the training sample-to-parameter ratio and enhancing model
generalization capability.

Validation datasets (13 x 10), intra/inter-day samples (18 x 10),
standard addition samples (12 x 10), and commercial tablet solutions (10 x 10)
were projected onto the PCA loading space prior to ANN prediction to ensure
methodological consistency.

The evolution of training performance is shown in Figure 3b. PCA-ANN
exhibited faster convergence and earlier stabilization compared to RAW-ANN
(Figure 3a), requiring approximately 1.06 minutes for training.

Statistical parameters summarized in Table 3 further confirm the
superiority of PCA-ANN. RMSEP values decreased notably for CFN (0.2523
— 0.1319) and PRC (0.4353 — 0.2491), while SEP values were consistently
lower for all analytes, demonstrating improved predictive robustness.

Comparative Computational and Predictive Performance

The tenfold reduction in input dimensionality (100 RAW variables vs.
10 orthogonal principal components) substantially influenced the bias-
variance balance of the ANN models. By eliminating multicollinearity and
redundant spectral information, PCA preprocessing improved numerical
conditioning, reduced parameter variance, and minimized overfitting risk.

As summarized in Table 2, the PCA-ANN architecture employed a
significantly reduced effective input space while maintaining identical training
parameters. This dimensional compression translated directly into computational
efficiency: training time decreased from 5.06 min (RAW-ANN) to approximately
1.06 min for PCA-ANN, corresponding to nearly a fivefold acceleration.

The training performance curves (Figures 3a and 3b) clearly
demonstrate faster convergence and earlier stabilization for PCA-ANN. In
contrast, RAW-ANN required longer iterative refinement due to the higher-
dimensional and correlated input structure.
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Overall, PCA-ANN exhibited improved predictive stability and lower
validation errors compared to RAW-ANN, confirming the beneficial effect of
dimensional reduction on ANN-based spectrophotometric calibration.

The improved performance of PCA-ANN was primarily associated
with the reduced and orthogonalized input space rather than network
complexity alone. While RAW-ANN utilized 100 correlated spectral variables,
PCA-ANN used 10 principal component scores, resulting in improved
numerical stability, faster convergence, and enhanced predictive robustness.

Table 3. Statistical parameters in the training and prediction steps

RAW-ANN PCA-ANN
Analyte SEC RMSEP SEP SEC RMSEP SEP
CFN 0.0017 0.2523 0.2247 0.1071 0.1319 0.1280
PRPN 0.0008 0.3341 0.2990 0.1057 0.3236 0.1797
PRC 0.0012 0.4353 0.3955 0.1054 0.2491 0.2312

The standard error of training (SEC)
The standard error of prediction (SEP)
The root mean squared error of prediction (RMSEP)

Validation of RAW-ANN and PCA-ANN Methods

The predictive reliability of the developed models was evaluated
using independent ternary validation mixtures containing CFN, PRPN, and
PRC. The mean recovery values and relative standard deviations (RSD%)
are summarized in Table 4.

For all analytes, recovery values were close to 100%, and RSD
values were generally below 3%, demonstrating satisfactory trueness and
precision. PCA-ANN exhibited slightly lower variability, particularly for CFN
and PRC, indicating improved stability in prediction.

Further assessment using standard error of calibration (SEC), standard
error of prediction (SEP), and root mean square error of prediction (RMSEP)
(Table 3) confirmed the enhanced predictive performance of PCA-ANN. The
consistently lower SEP values obtained with PCA-ANN indicate improved
external prediction capability. Linear regression analysis between actual and
predicted concentrations yielded slopes close to unity and high correlation
coefficients, confirming the absence of systematic bias.
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Table 4. Recovery results obtained by the application of RAW-ANN and PCA-ANN
to the validation set consisting of CFN, PRPN, and PRC

Validation set RAW-ANN PCA-ANN RAW-ANN PCA-ANN
Added (pg/mL) Found (pg/mL) Found (png/mL) Recovery (%) Recovery (%)
CFN PRPN PRC CFN PRPN PRC CFN PRPN PRC CFN PRPN PRC CFN PRPN PRC

3 9 3 298 901 283 3.05 9.03 283 994 1001 97.3 101.6 100.3 94.5
3 9 8 290 944 806 293 925 806 96.8 1049 102.2 97.8 102.8 100.8
3 9 12 292 9.7 11.87 298 9.24 11.87 97.3 1019 96.9 99.2 102.7 98.9
3 9 16 296 9.12 1586 299 9.43 1586 98.6 101.4 97.0 99.6 104.7 99.1
2.5 9 15 248 8.82 1499 245 9.44 1499 991 98.0 99.3 97.9 104.9 100.0
4 9 15 419 894 1495 4.08 9.3 14.95 1047 99.3 99.4 102.1 103.4 99.7
8 9 15 764 9.24 1549 755 9.34 1549 955 102.7 102.3 94.4 103.8 103.2
12 9 15 1253 8.59 15,58 12.02 9.20 1558 104.4 954 105.6 100.1 102.2 103.8
3 3 15 3.06 292 1531 3.04 298 1531 1019 97.2 103.3 101.3 99.5 102.1
3 6 15 296 576 152 3.00 591 1520 986 959 99 99.9 984 1013
3 9 15 3.03 9.17 15.13 3.08 9.40 15.13 100.9 101.9 103.6 100.9 104.5 100.9
3 12 15 2.89 1250 14.89 2.93 1224 1489 96.4 1042 96.6 97.8 1020 99.3
3 9 15 3.17 8.72 1502 3.04 9.21 15.02 105.7 96.8 103.2 101.5 102.3 100.1

Mean 100 100 100.4 99.5 102.4 100.3
SD 335 314 3.07 214 200 232
RSD 335 314 306 215 195 231

SD: Standard Deviation, RSD: Relative Standard Deviation

As aresult, the obtained SEC, SEP, RMSEP, recovery, and precision
results confirmed the analytical reliability of both ANN-based training strategies,
with PCA-ANN exhibiting superior predictive robustness and lower validation
error.

Precision and Reproducibility
Intra-day and inter-day precision studies were conducted at three

concentration levels for each analyte. The corresponding recovery, RSD, and
relative standard error (RSE) values are presented in Table 5.
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Table 5. The recovery results obtained in the intra-day and inter-day samples by the
proposed RAW-ANN and PCA-ANN methods (n=3 for every concentration level)

Found (ug/mL)

Added (ug/mL) RAW-ANN PCA-ANN

CFN PRPN PRC CFN PRPN PRC CFN PRPN  PRC

= 3 4 5 302 396 498 293 408 498

j 6 12 10 583 1208 965 598 1231  9.76

E 9 16 15 877 1635 1493 902 1604  14.84

> 3 4 5 300 397 497 295 404 496

o 6 12 10 588 1254 971 598 1233  9.72

E 9 16 15 893 1631 1428 904 1612  14.82

Recovery (%)

CFN PRPN PRC CFN PRPN  PRC

= 1007 989 995 978 1019 995

i 072 1007 965 997 1026  97.6

£ 975 1022 99.6 1003 100.3  98.9

= 1000 992 995 982 101.0 993

o 97.9 1045 971 996 1027 972

E 99.3 1019 952 1005 100.7  98.8

RSD (%)

CFN PRPN PRC CFN PRPN  PRC

= 415 354 235 052 144 118

i 045 282 104 059 049 165

E 16 143 144 114 02 134

= 418 366 081 078 343 123

o 071 247 342 119 033 098

£ 219 234 242 061 019 058

RE (%)

CFN PRPN PRC CFN PRPN  PRC

= 067 108 047 =222 192 222

j 283 069 347 028 258  -0.28

= 252 219 044 026 027 026

= 0 083 053 -178 1 178

o 206 453 293 039 272  -0.39
[

-0.74 1.94 -4.78 0.48 0.73 0.48
RSD: Relative Standard Deviation, RE: Relative Error
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RSD values remained consistently low for both models, demonstrating
good repeatability and intermediate precision. Notably, PCA-ANN exhibited
reduced inter-day variability, suggesting greater robustness against minor
instrumental fluctuations and environmental variations.

Selectivity and Standard Addition Studies

Selectivity and potential matrix effects were evaluated using the
standard addition method applied to commercial tablet solutions. Known
amounts of CFN, PRPN, and PRC (0-6 pg/mL) were added and analyzed in
triplicate. The recovery values summarized in Table 6 confirm that common
excipients present in the pharmaceutical formulation did not interfere with the
guantitative determination of the analytes. Low RSD values further demonstrate
predictive stability in complex matrices. PCA-ANN again showed slightly
improved consistency, reinforcing the beneficial impact of dimensional reduction
on model conditioning.

Table 6. The recovery results obtained in the standard addition samples
by the proposed RAW-ANN and PCA-ANN methods

Added Found (ug/mL)
(ng/mL) RAW-ANN PCA-ANN
CFN PRPN PRC CFN PRPN PRC CFN PRPN PRC
Formulation 2 2 2 199 203 200 193 204 2.00
Formulation 4 4 4 394 402 391 396 4.02 3.89
Formulation 6 6 6 588 596 589 6.10 5.98 5.94
Recovery (%)
RAW-ANN PCA-ANN

CFN PRPN PRC CFN PRPN PRC
99.3 1013 100.2 96.3 102.0 100.2
985 1006 97.8 98.9 1005  97.3
980 994 982 101.7 99.7  99.1
RSD (%)
RAW-ANN PCA-ANN
CFN PRPN PRC CFN PRPN PRC
1.04 3.79 104 252 180 202
229 232 204 142 139 050
285 303 261 035 241 195

RSD: Relative Standard Deviation
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Analysis of Commercial Ternary Tablet Formulation

The developed models were applied to the simultaneous determination
of CFN, PRPN, and PRC in commercial tablet formulations. The predicted
content values (Table 7) were in close agreement with labeled amounts.
Statistical parameters, including standard deviation and percent RSD,
confirmed the analytical reliability of both methods. Despite strong spectral
overlap and the presence of pharmaceutical excipients, accurate and precise
guantification was achieved without any separation step.

Table 7. Analysis results obtained by applying RAW-ANN and PCA-ANN to tablets

mg/tablet
RAW-ANN PCA-ANN

Exp No. CFN PRPN PRC CFN PRPN PRC

1 50.0 148.7 249.3 49.5 149.4 248.3

2 50.8 147.9 256.2 53.3 144.9 251.2

3 50.3 144.2 240.4 50.8 143.2 243.8

4 48.7 140.8 262.6 48.7 142.3 256.2

5 47.7 144.5 259.7 49.7 148.8 255.7

6 50.0 149.3 249.3 49.5 149.5 248.3

7 50.7 144.3 249.8 50.0 151.7 251.0

8 47.0 147.5 255.3 51.0 150.8 256.0

9 51.2 149.0 255.2 50.2 153.2 252.8

10 48.2 154.7 261.6 50.2 154.2 255.3
Mean 495 147.1 253.9 50.3 148.5 251.9
SD 1.46 3.84 6.81 1.27 3.06 4.13
RSD 2.95 2.61 2.68 2.52 2.06 1.64

SD: Standard Deviation, RSD: Relative Standard Deviation,
Label claim: 50 mg CFN/150 mg PRPN/250 mg PRC per tablet)

CONCLUSIONS

This study demonstrates that nonlinear ANN-based training strategies
can successfully resolve highly collinear and severely overlapping UV spectral
data without requiring prior chromatographic separation. By comparatively
evaluating RAW-ANN and PCA-ANN architectures, the present work
systematically illustrates how input dimensional organization directly influences
predictive stability, computational efficiency, and model generalization in
multicomponent spectrophotometric analysis.
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Although both ANN strategies provided accurate and precise
guantification of CFN, PRPN, and PRC in ternary pharmaceutical formulations,
the incorporation of principal component compression prior to ANN modeling
fundamentally improved the balance between model complexity and predictive
robustness. Transforming correlated spectral variables into orthogonal principal
components enhanced numerical conditioning, reduced overparameterization
risk, accelerated convergence, and improved validation performance, while
maintaining analytical accuracy.

Beyond the specific formulation investigated, the findings underscore
a broader chemometric principle: in high-dimensional analytical systems,
structured dimensional reduction can be as critical as the nonlinear modeling
algorithm itself. The PCA-ANN framework presented herein offers a
computationally efficient, scalable, and transferable strategy for addressing
multicollinearity in spectroscopic datasets and provides a practical alternative for
routine quality control analysis of complex multicomponent pharmaceutical
preparations.

EXPERIMENTAL SECTION
Instruments and software

A Shimadzu UV-2550 UV-VIS spectrophotometer (Kyoto, Japan),
equipped with Shimadzu UVPC software, was used to record absorption
spectra in the wavelength range of 200-300 nm (AA = 0.1 nm). Although the
spectra were recorded over the 200-300 nm range, only the 220-300 nm
region was used for RAW-ANN and PCA-ANN modeling in order to minimize
potential interference from the solvent and pharmaceutical matrix components
at lower wavelengths. Data acquisition and statistical analyses were performed
using MATLAB 7.0 (MathWorks, USA) and Microsoft Excel. Custom-written m-
files were developed within the MATLAB environment for the implementation
of the RAW-ANN and PCA-ANN training models.

Chemicals and reagents

Reference standards of caffeine (CFN, 99.7% purity), propyphenazone
(PRPN, 299% purity), and paracetamol (PRC, 99.6% purity) were obtained
from Sigma-Aldrich (Steinheim, Germany). Analytical-grade methanol suitable
for gradient applications was also purchased from Sigma-Aldrich (USA) and
used as the solvent throughout the study. All working solutions were freshly
prepared on a daily basis and protected from light during analysis to maintain
chemical stability.
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The commercial tablet formulation Minoset® Plus 30 (Bayer Turk
Chemical Industry Ltd., Umraniye, Istanbul, Turkey) was selected for
pharmaceutical analysis. Each tablet is labeled to contain 50 mg CFN, 150
mg PRPN, and 250 mg PRC, along with common pharmaceutical excipients
such as microcrystalline cellulose, hydroxypropyl methylcellulose, formaldehyde
casein (Esma spreng), corn starch, talc, magnesium stearate, and colloidal
anhydrous silica.

Preparation of stock standard, calibration, and validation solutions

Individual stock standard solutions of caffeine (CFN), propyphenazone
(PRPN), and paracetamol (PRC) were prepared by accurately weighing 10.0 mg
of each compound and dissolving them separately in methanol using 100 mL
volumetric flasks. These primary stock solutions were subsequently diluted
with methanol to obtain working solutions required for calibration, validation,
and precision studies.

For the construction of the RAW-ANN and PCA-ANN training models,
a total of 35 calibration mixtures were prepared within the concentration
ranges of 2.5-12.0 pg/mL for CFN, 3.0-12.0 pg/mL for PRPN, and 3.0-16.0 pg/mL
for PRC (Table 1).

Additionally, thirteen synthetic ternary mixtures covering different
concentration combinations within the working range were prepared to
evaluate model performance (Table 2). Precision studies were carried out by
preparing intra-day and inter-day samples at three concentration levels for
each analyte. The selected concentration levels were 3.0, 6.0, and 9.0 pg/mL
for CFN; 4.0, 12.0, and 16.0 pg/mL for PRPN; and 5.0, 10.0, and 15.0 pg/mL
for PRC (Table 4).

For accuracy assessment via the standard addition method, known
amounts of CFN, PRPN, and PRC standard solutions (0, 2.0, 4.0, and 6.0
png/mL) were spiked into aliquots of the commercial tablet solution. Each level
was prepared in triplicate.

Preparation of Tablet Samples

Ten tablets of Minoset® Plus (Bayer Tirk Chemical Industry Ltd.)
were accurately weighed, thoroughly crushed in a mortar until a homogeneous
mixture, and the quantity corresponding to one-twentieth of a tablet was
transferred to a 100 mL volumetric flask after thorough pulverization of the
tablets in a mortar. The flask was filled with methanol, and the powdered
sample was mixed with a mechanical stirrer for one hour. Filtration was
conducted through a 0.45 pym pore size nylon filter (ISOLAB, Wertheim,
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Germany). The resulting solution was diluted with methanol to reach a
concentration of 3.0 ug/ mL CFN, 9.0 ug/ mL PRPN, and 15 ug/ mL PRC.
The diluted tablet solution was subjected to UV-VIS analysis for the
application of the RAW-ANN and PCA-ANN methods.
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ABSTRACT. Vitamin Bs (pyridoxine, PN) released from anthropogenic and
biogenic activities can influence the chemical self-purification of surface
waters through its photochemical transformations. The present study aimed
to investigate the kinetics and mechanisms of pyridoxine photodegradation
under conditions that partially simulate the natural environment (pH ~7,
aerated medium) using simulated solar irradiation. Three model systems
were investigated: (1) PN-hv; (2) PN-HO2—hv; (3) PN-H,O>—Cu(ll)-hv, using
direct spectrophotometry (A = 328 nm). The kinetic parameters determined
included partial reaction orders (using the van't Hoff method), effective rate
constants, and half-lives (r,/;). Direct photolysis of PN follows a partial
reaction order of 0.2 with respect to [PN], with k = (5.38+0.26)-10 s1and
1:/; = 21+0.5 min. However, the low quantum yields (7.31-10.70)-10-3 indicate
that direct photolysis of vitamin Be is negligible under natural aquatic conditions.
In the presence of H20z, the partial reaction orders are 0.3 (PN) and 0.7 (H20z),
with W = k-[PN]%3.[H202]°7, k = (3.69+0.11)-10* s'* and 7,/, = 31.1+0.30 min.
For PN-H20,—Cu(ll), the partial reaction orders are 0.2 (PN), 0.4 (H203), and
0.3 (Cu?") with k = (3.91£0.17)-10* s, and 1/, = 29.2+0.53 min. In
conclusion, PN undergoes measurable photodegradation under simulated
natural conditions.

Keywaords: Vitamin Bs, pyridoxine, photolysis, H.O2, Cu(ll), water self-purification,
reaction kinetics.
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INTRODUCTION

The increasing anthropogenic impact on aquatic ecosystems leads to
the deterioration of their physicochemical characteristics. The problem is
compounded by the fact that the self-purification capacity of these water
systems is significantly lower (and continues to make it smaller) with respect
to the quantity and quality of pollutants entering them.

Water self-purification can occur through multiple physical, biological
and chemical processes. Among these, chemical self-purification in the upper
layers of water under sunlight is particularly important, as it can be achieved
through photochemical degradation of pollutants.

Water pollution with organic matter is a pressing problem that requires
continuous evaluation and investigation. Therefore, it is important to study
the role of various pollutants with reducing properties in the photochemical
processes of water self-purification. Vitamins, including vitamin Be, are among
these substances. Vitamin Bg in natural waters is present as a result of metabolic
processes of aquatic organisms, discharges from the pharmaceutical industry
producing food additives, and municipal wastewater. Vitamin Bs concentrations
in natural waters are generally very low and depend on several natural and
anthropogenic factors [1, 2]. In the neutral or weakly alkaline environment
characteristic of natural waters, pyridoxine (PN) is the most stable form of
vitamin Be [3-8].

In the surface layers of water, photolysis is a predominant pathway of
chemical self-purification. Photolytic transformations in nature occur under the
influence of ultraviolet radiation. For most organic pollutants, maximum spectral
activity occurs within the wavelength range of 310-350 nm [9-10]. Photochemical
transformations of pollutants may proceed via direct, induced, or sensitized
photolysis.

Direct photolysis occurs when a pollutant (P) undergoes chemical
transformation under the influence of sunlight, according to the equation [9-10]:

P+ hv — P* + Products ()

Induced photolysis is characterized by the oxidation of P by free
radicals formed during the decomposition of photoinitiator molecules under
the influence of sunlight. In agueous media, the most common photoinitiator
is hydrogen peroxide (H202), so the reaction process can be represented as
follows [9-10]:

H202 + hv — 2°0H (2)

2*0H + P - Products 3)

126



PHOTOCHEMICAL SELF-PURIFICATION OF AQUATIC SYSTEMS
IN THE PRESENCE OF VITAMIN Bg

Another pathway of photochemical transformation of pollutants in aquatic
environments is sensitized photolysis, which involves the participation of
sensitizing species (S):

S+ hv->S§* 4)
S*+ P - Products (5)

The behavior of vitamin Bs in aguatic systems has been poorly studied.
Therefore, understanding its role in the photochemical self-purification processes
of natural waters is of considerable importance.

RESULTS AND DISCUSSION

Direct photolysis

For the direct photolysis of vitamin Bs (pyridoxine, PN) under the
established conditions, the kinetic parameters of the process were determined,
including the partial reaction order with respect to the substrate concentration
(Figure 1).
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Figure 1. Determination of the partial reaction order (log-log plot of rate vs. [Be])
for the photochemical oxidation of vitamin Bs (20°C, pH = const. = 7).
Radiation source: Oriel Solar Simulator, AM1.5D filter [own data]
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The data used to determine the reaction order with respect to the
concentration of vitamin Be during direct photolysis are presented in Table
S.1. The partial reaction order for the direct photolysis of vitamin Bs was
found to be 0.2. Therefore, the mathematical expression describing the
reaction rate can be written as follows:

W =« - [Be]*? (6)

The effective rate constant (at different concentrations of components
in the systems) depends on several factors, including temperature, dissolved
oxygen concentration, and pH.

Under the experimental conditions employed in this study, the effective
rate constant for the direct photolysis of vitamin Bs was calculated to be
k = (5.38+£0.26)-10* s. Based on this value, the half-life of the process was
determined to be 112 = 21.0+0.5 min.

Previous studies have investigated the photochemical transformations
of vitamin Bs under similar conditions and identified the products formed
during direct photolysis [11-13] (Table 1).

Table 1. Vitamin Be (pyridoxine) photoproducts under various conditions

Q
S
= Radiation |The main products of Comments/ o
2 sources photolysis mechanisms .S’ ]
o 5 ¢
O 2
[
pH 7.0, uv 4-Pyridoxic acid The quantum yield is low; | [11]
O, present |(254-300 nm) |(4-PA), traces of guinone-methide
pyridoxal formation as
intermediates
pH 7.0, uv 4-PA, lactone The main pathway is [12]
O, present |(313-365 nm) |derivatives, hydrolysis of the quinone-
dehydropyridoxine methide intermediates
pH 5-9 uv Traces of pyridoxal-5- |The quantum yield is very |[13, 14]
(290—-350 nm) |phosphate (due to low; the protonation
hydrolysis), 4-PA configuration is important
pH 7.0, uvC Chain termination with |Direct photolysis with [11]
O, present (254 nm) |the formation of low |radical products (C—N
molecular weight and C—C cleavages)
organic acids

Therefore, the existing literature indicates several possible products of
vitamin photodegradation that may be confirmed or ruled out in future research.
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The determination of the light intensity emitted by the solar simulator
is essential for the quantitative evaluation of photochemical transformations
of vitamin Bs in aqueous solution. The efficiency of light energy utilization in
photochemical reactions is characterized by the quantum yield, which is
defined as the ratio between the amount of product formed and the amount
of absorbed light during irradiation. Therefore, accurate determination of the
photon flux emitted by the irradiation source is necessary for the calculation
of the quantum yield of direct photolysis.

For this purpose, the photon flux of the Solar Simulator was determined
using the potassium ferrioxalate(lll) chemical actinometer, Ks[Fe(C204)3]-3H-0O
(Table 2). The use of this actinometer was appropriate because potassium
ferrioxalate(lll) is sensitive in the spectral range of 250-480 nm, while vitamin
Bs exhibits a maximum absorption at 328 nm, which falls within this interval.
The synthesized chemical actinometer was irradiated under the same
experimental conditions as the studied system, and the photon flux was
subsequently calculated. Simultaneously, a control sample of identical
composition that was not exposed to irradiation was monitored. No formation
of Fe(ll) ions was observed in the control sample, confirming that the
photochemical transformation occurred only under irradiation.

Table 2. Luminous flux and energy flux of Solar Simulator Oriel 9119X,

AM1.5D filter

[K3[Fe(C204)3]] | & | An (Fe?) |lavg. (photon | lag. (photon | Luminous | Energy

/At-108, flux)-108, | flux)-1068, flux-108, flux-10?,

mol-s? |Einstein-s| Einstein- | Einstein- Joules-

L?t.s? cm?min?t [cm?min?

0.006 M 1.26 32.90 26.10 26.10 124.00 58.00
0.012 M 1.26 32.80 26.00 26.00 124.00 58.00
0.015 M 1.26 32.80 26.00 26.00 124.00 58.00

The obtained results indicate that the photon flux emitted by the Solar
Simulator equipped with the AM 1.5D filter was (26.10+0.06)-10® Einstein-L -s™2.
Based on the irradiated surface area, it was also possible to calculate the
average light intensity, luminous flux, and energy flux of the irradiation source
(Table 2). The obtained data confirmed that the emitted radiation intensity
does not depend on the initial concentration of the chemical actinometer or
on traces of impurities, since very close results were obtained for three
different concentrations of potassium ferrioxalate(lll).
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To evaluate the probability and efficiency of direct photolysis of vitamin
Bs in aqueous systems, the quantum yields of the process were determined
for all investigated concentrations (Table 3).

Table 3. Kinetic parameters of the vitamin Bs direct photolysis

[Bslo-10%, M | W3p0-107, M-s™* ¢.10° k-104 s? Ti2, Min
1.34 1.90 7.31
2.56 2.20 8.46
5.73 2.33 8.96 5.38+0.26 21.0+£0.5
7.34 2.47 9.50
8.64 2.78 10.70

The obtained results showed that the quantum yield of vitamin Be direct
photolysis is significantly lower than unity and decreases with decreasing
substrate concentration in solution. This behavior may be explained by the
fact that the process occurs in dilute aqueous solutions (104 M), where
photoexcited molecules are efficiently deactivated through collisions with
solvent molecules, resulting in non-radiative energy dissipation.

The determined quantum yield values, ranging from 7.31-:10° to 10.70-107,
indicate a relatively low probability of direct photochemical transformation of
vitamin Bs under the studied conditions. Although the calculated half-life
values demonstrate that the substrate undergoes measurable degradation
under irradiation, the low quantum yield suggests that only a small fraction of
absorbed photons effectively initiates photochemical conversion. Extrapolating
the results obtained under laboratory conditions to real environmental conditions,
it can be concluded that the direct photolysis of vitamin Bs in natural waters
is relatively limited, especially considering that the concentration of vitamin
Bs in aquatic environments is usually very low, typically ranging from pM to nM
levels. Moreover, the efficiency of this process is influenced by environmental
factors such as cloudiness, time of day, season, solar radiation intensity etc.
Therefore, under natural aquatic conditions, the contribution of direct photolysis
to the degradation of vitamin Bs may be considered negligible.

Photolysis of vitamin Be in the presence of hydrogen peroxide

It is known that the chemical composition of natural waters also
includes hydrogen peroxide, which ensures their dynamic redox balance and
the content of which varies in the range of 10°-107 M. When exposed to UV
radiation in the range of 300-310 nm, photolytic decomposition of hydrogen
peroxide occurs with the formation of OH" radicals:
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H,0, + hv - 2HO® (7)
H,0, + HO®* - HO3 + H,0 (8)

Therefore, it is of interest to investigate the influence of hydrogen
peroxide on the photodegradation of vitamin Bs under conditions inspired by
the composition of natural waters. This was achieved by modeling the system
consisting of a solution of vitamin Be and hydrogen peroxide at pH 7.0, which
was subjected to irradiation with a Solar Simulator with a filter which simulates
the amount of solar energy and the wavelength of UV rays reaching the soil
surface. The concentration of vitamin Bs was varied in the range of 10 M,
and of hydrogen peroxide in the range of 10° M.

To determine the partial reaction order of the induced photolysis with
respect to the concentration of vitamin Be, the required data were calculated,
as presented in Table S.2. The partial reaction order was determined
graphically from the dependence of (-logWso0) on (-logCgs). The slope of the
resulting linear plot with respect to the x-axis corresponds to the partial
reaction order and was found to be 0.3 (Figure 2).
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6.80
y = 0.3245x + 5.634
S R2=0.9781
= 6.75
[=2)
S
' 6.70
6.65
6.60
3 3.1 3.2 3.3 34 35 3.6 3.7
-Log[Belo

Figure 2. Determination of the partial reaction order (log-log plot of rate vs. [Be])
for the photodegradation of vitamin Bs in the presence of hydrogen peroxide
([H202] = const. = 3-105 M, 20°C, pH = const. = 7).

Radiation source: Oriel Solar Simulator, AM1.5D filter [own data]

Similarly, the data required to determine the partial reaction order of
induced photolysis with respect to the concentration of hydrogen peroxide
were obtained and are presented in Table S.3. The partial reaction order with
respect to hydrogen peroxide was determined to be 0.7 (Figure 3).
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Figure 3. Determination of the partial reaction order (log-log plot of rate vs. [H202])
for the photodegradation of vitamin Be in the presence of hydrogen peroxide
([Be] = const. = 3-104 M, 20°C, pH = const. = 7). Radiation source:

Oriel Solar Simulator, AM1.5D filter [own data]

Consequently, the following kinetic equation describing the dependence
of the reaction rate on the concentrations of the system components was
derived:

W=k- [86]0.3 . [H202]0'7 (9)

where: k — the rate constant (s™), which is influenced by temperature, dissolved
oxygen concentration in water, and pH value.

For the photooxidation of vitamin Bs in the presence of hydrogen
peroxide, the effective rate constant was calculated to be (3.69+0.11)-10* s
Lat various concentrations of the system components. Based on this value,
the half-life was determined to be 31.1+0.3 min.

Upon irradiation of a mixture of pyridoxine and hydrogen peroxide,
the initial stage involves the photolysis of hydrogen peroxide with the
formation of hydroxyl radicals [15]. These radicals subsequently interact with
the substrate and promote its degradation. Data reported by several authors
who investigated the photolysis of vitamin Bg in the presence of hydrogen
peroxide [13, 16-20] indicate the formation of several products, including
pyridoxal, 4-pyridoxic acid, and other low-molecular-weight compounds
(Table 4).
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Table 4. Possible products of photolysis of pyridoxine (vitamin Be)
in the presence of H202

Product Formation mechanism Bibliograp
hic
source
Pyridoxal (PL) *OH attack on the —CH2OH group — [20-28]
formation of an aldehyde
4-Pyridoxic acid (4-PA) Oxidation of the aldehyde group — [13, 17]
carboxylic acid
6-Hydroxy-pyridoxine Hydroxylation of the aromatic ring *OH [18]
(6-OH-PN)
Pyridoxyquinone-type products Oxidation of the aromatic ring — [19]
quinone-like products
Peroxide adducts Adduct formation with 1O, or «OH; [19]
(hydroperoxide, endoperoxide) unstable intermediates
Small acids (formic, oxalic), CO2 Mineralization in excess of «OH [20]
Fragmentation C-N and C-C bond cleavage [28]
(isopyridoxal etc.)

Analysis of the effective rate constants and half-lives for the direct
photolysis of pyridoxine and its photolysis in the presence of hydrogen peroxide
shows that the second process proceeds less efficiently (Table 5).

Table 5. Effective constant and half-life of pyridoxine (vitamin Be) photolysis
under various conditions [own data]

System Effective constant (k), s Half-life (1), min
Pyridoxine-hv (5.38+0.25)-10 21.0+0.5
Pyridoxine-H,02-hv (3.69+0.11)-10+ 31.1+0.3

The obtained results can be theoretically explained on the basis of
previous studies conducted in this field [4, 13, 14, 19-21]. In aqueous solution,
pyridoxine (PN, vitamin Bs) undergoes direct photolysis mainly through
photoexcitation of the pyridine chromophore, leading to oxidation to pyridoxal
(PL) and subsequently to products such as pyridoxic acid (4-PA). However,
when hydrogen peroxide (H:0;) is present, the observed rate of PN
photodegradation decreases.

Several photophysical and photochemical factors may account for
this inhibitory effect. One possible explanation is the UV-screening effect of
H.0O,. Hydrogen peroxide absorbs UV radiation below 300 nm, partially
overlapping with the absorption spectrum of PN. As a result, the intensity of
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UV radiation available to excite PN molecules is reduced, thereby decreasing
the rate of direct photolysis. However, since PN is present in the reaction
mixtures at concentrations approximately one order of magnitude higher than
those of hydrogen peroxide and exhibits significantly higher molar extinction
coefficients owing to its aromatic structure, the shielding effect is expected
to contribute only marginally to the observed inhibition.

The reduced efficiency of vitamin photooxidation may also be associated
with limited radical generation and radical recombination processes. Although
H.O. can generate hydroxyl radicals (*OH) upon photolysis, this process
proceeds relatively slowly in neutral aqueous media in the absence of a
catalyst. Furthermore, radical recombination (*OH + «OH — H»O,) decreases
the concentration of reactive species available for PN oxidation [22—-24].

Finally, in the absence of metal catalysts, the distribution of reactive
oxygen species (ROS) may differ, further reducing the efficiency of substrate
photooxidation. Without Cu?* or Fe®* ions, H.O, remains relatively stable
under irradiation. Thus, although it acts as an oxidant in catalytic (Fenton-like)
systems, in a simple PN-H O photolysis system hydrogen peroxide may
instead suppress the direct photochemical degradation of PN [19].

Taken together, these considerations explain why the direct photolysis of
pyridoxine proceeds more efficiently than photolysis in the presence of hydrogen
peroxide. Nevertheless, these hypotheses require further verification and should
be confirmed by additional experimental evidence obtained using modern
analytical techniques.

Photolysis of vitamin Be in the presence of H,O, and Cu?* ions

An important component of the chemical composition of natural waters
is Cu? ions, which act as effective catalysts in pollutant transformation
reactions occurring during chemical self-purification processes. The Cu?*/Cu*
redox couple exhibits a catalytic effect in numerous oxidation—reduction systems.
It is also known that Cu(ll) complexes, upon irradiation, can form excited
species capable of promoting substrate oxidation, according to the following
reaction [25]:

Cu(l)-L + hv — Cu(ll)-L* — Cu(l) + L* + e (10)

At the same time, Cu(l) ions promote the generation of additional
hydroxyl radicals (*OH), according to the following equation [25]:

Cu(l) + H202 — Cu(ll) + HO" + OH" (11)
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Therefore, to more realistically simulate natural water conditions, a
model system was designed in which the kinetic behavior of pyridoxine
photodegradation was investigated in the presence of hydrogen peroxide
and Cu?" ions. Under neutral conditions (pH = 7.0), the concentration of
pyridoxine was 10* M, while the concentrations of hydrogen peroxide and
Cu?*ions varied within the range of 1.0-10° - 5.0-10° M.

Similarly to the previous systems, the initial rates of the modeled
photochemical processes were determined (Tables S.4-S.6). The differential
Van't Hoff method was used to calculate the partial reaction orders. Based
on the experimental data, plots of IgWaqo the logarithm of concentration were
constructed for each varying system component. The partial reaction order
was determined from the slope of the resulting linear plot with respect to the
x-axis (Figures 4-6).
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Figure 4. Dependence of the negative
logarithm of the reaction rate of vitamin
Bs photooxidation on the negative loga-
rithm of its concentration in the system
under the influence of UV radiation.
[H202] = const. = 3-10° M; [Cu?'] =
const. = 3-10® M. Radiation source:
Oriel Solar Simulator, AM1.5D filter [own
data]

Figure 5. Dependence of the negative
logarithm of the photooxidation reac-
tion rate of vitamin Bs on the negative
logarithm of the hydrogen peroxide con-
centration in the system under the influ-
ence of UV radiation. [Be] = const. =
3:10 M; [Cu?*] = const. = 3-10% M.
Radiation source: Oriel Solar Simula-
tor, AM1.5D filter [own data]
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Figure 6. Dependence of the negative logarithm of the reaction rate of vitamin
Bs photooxidation on the negative logarithm of the concentration of copper ions
in the system under the influence of UV radiation. [Be] = const. = 3-10* M; [H202] =
const. = 3-:10°° M. Radiation source: Oriel Solar Simulator, AM1.5D filter [own data]

As a result of the calculations, the partial reaction orders with respect
to the concentrations of the system components were determined to be 0.2
for vitamin Bs, 0.4 for hydrogen peroxide, and 0.3 for Cu?* ions. Accordingly,
the rate equation describing the photolysis of vitamin Bg in the studied system
can be expressed as follows:

W =k - [Bg]°? - [H202]%4 - [Cu(IN)]°3 (12)

The effective rate constant of the process was determined to be k =
(3.91+0.17)-10* st and is influenced by the temperature and pH of the medium.
Based on this value, the half-life of the process was calculated to be 29.2+0.5
min.

Comparison of the kinetic parameters obtained for vitamin Be photolysis
in the Be-H20,-Cu?* system with those determined for the Be-H.O, system,
for which the half-life was 31 min, reveals only a slight decrease in the substrate
half-life of approximately 2 min (Table 6). This finding indicates that the process
is largely governed by the photochemical behavior of pyridoxine, which is
present at a concentration of 10-4 M, approximately two orders of magnitude
higher than that of copper ions. Under these conditions, Cu?* does not appear
to exhibit significant catalytic activity.
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Table 6. Effective constant and half-life of pyridoxine (vitamin Be)
photolysis under various conditions [own data]

System Effective constant (k), s* Half-life (1.2 ), min
Pyridoxine-hv (5.38+0.25)-10* 21.0+0.5
Pyridoxine-H202-hv (3.69+0.11)-10* 31.1+0.3
Pyridoxine-H202-Cu(ll)-hv (3.91+0.17)-10* 29.2+0.5

Analysis of the literature data indicates that several products may be
formed during the photodegradation of vitamin Bg in the presence of hydrogen
peroxide and Cu?*ions under neutral conditions (Table 7).

Table 7. Possible products of photolysis of pyridoxine
in the presence of H,0, and ions of Cu?*

Product Main mechanism Role of H202/ Cu?*/ light Bibliographic
source
Pyridoxal Oxidation of the primary  [*OH produced by Cu(ll)/H202 [4, 11, 26]
(4'-aldehyde) hydroxymethyl group (-  |(Fenton-like system) or
CH20H) to an aldehyde |photogenerated ROS oxidize
via *OH attack or one- the side chain; irradiation can
electron oxidation of photoreduce Cu(ll) to Cu(l),
radical intermediates enhancing ROS generation
Isopyridoxal / Radical-induced The radical pool (*OH, Oz*") [11, 26]
isomeric isomerization and generated from H202/Cu
aldehydes intramolecular hydrogen |promotes molecular
transfer following rearrangements;
excitation or radical attack |photochemical excitation
increases excited-state species
Pyridoxi-quinone |Sequential electron/ Strong oxidants (*OH and [11, 28, 29]
(oxidized pyridine [proton abstractions from |photogenerated ROS) promote
ring, 3,6-quinone [ring followed by O2 aromatic ring oxidation;
derivatives) addition and Cu/H202 systems accelerate
dehydrogenation to give |deeper oxidative transformation
quinone-like structures
Hydroxylated *OH addition to the *OH generated in Fenton-like [30-37]
derivatives (6- aromatic ring producing  |Cu/H202 systems are the main
OH-pyridoxine mono- and oxidizing agents; these
etc.) polyhydroxylated product |processes increase the «OH
flux under near-neutral pH
when Cu redox cycling occurs
Demethylated / |Homolytic cleavage of C— |Radical-induced bond scission [27, 31]
dealkylated C or C-0 bonds in excited|is enhanced by high ROS
fragments states or via radical concentrations; Cu-catalyzed

attack, leading to loss of

peroxygenation may produce
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Product Main mechanism Role of H202/ Cu?*/ light Bibliographic
source
methyl or hydroxymethyl |selective C—H hydroxylation
fragments followed by bond cleavage
Pyridoxic acid Oxidation of aldehyde High oxidative load (sustained [11, 26]
and other intermediates to *OH flux) promotes deeper
carboxylic carboxylic acids; further |oxidation and partial
fragments oxidation and ring mineralization; photo-assisted
cleavage produce small |Cu redox cycling increases the
organic acids extent of transformation
Low-molecular- |Progressive oxidative Enhanced by sustained ROS [30]
weight carbonyls, |fragmentation and ring generation in Cu/Hz202 systems
short-chain acids,|opening produce small and photo-Fenton-like
CO2 carbonyl compounds and |processes; the extent depends
acids, eventually leading |on irradiation time and reagent
to mineralization to COz _|concentrations

To confirm the formation and identity of these products, future
investigations should be carried out using modern methods and analytical
techniques.

CONCLUSIONS

Although vitamin Bs undergoes measurable direct photolysis under
simulated solar irradiation, its highly subunitary quantum yield indicates that
direct photolysis is likely negligible under natural aquatic conditions. The
presence of hydrogen peroxide and Cu(ll) ions decreases the photodegradation
rate of pyridoxine, possibly due to competition for UV photons and quenching
of the excited states of PN, without efficient generation of reactive radicals in
neutral solution. This phenomenon requires further investigation to identify the
degradation products formed and to elucidate the underlying mechanisms of
the process.

These results demonstrate the involvement of vitamin Bs in the
photochemical self-purification processes occurring in the surface layers of
aguatic systems. Such participation may contribute to the restoration of the
original properties of aquatic environments when vitamin Be enters these
systems as a pollutant. Nevertheless, further comprehensive studies are required
to fully clarify its environmental fate and role in aquatic photochemical processes.
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EXPERIMENTAL SECTION

To investigate the behavior of vitamin Bg (pyridoxine) in water under
irradiation, model systems were constructed according to the ‘simple-to-
complex’ principle. The simplest system consisted of a vitamin Bs aqueous
solution representative of that encountered in natural surface waters. The
substrate concentration studied was of the order of 10* M, and the pH was
maintained at 7.0. To ensure constant pH values, a buffer solution of pH 7.0
(25°C in HxO) consisting of disodium hydrogen phosphate/potassium
dihydrogen phosphate, produced by Sigma-Aldrich, was used.

These conditions were simulated in the laboratory using a Solar
Simulator Oriel Model 9119X equipped with an Air Mass 1.5 Direct (AM1.5D)
filter, which reproduces the solar energy flux and the spectral distribution of
UV radiation reaching the Earth's surface when the Sun is positioned at
approximately 48.2° from the zenith.

To study the kinetics of vitamin Bs phototransformations in aqueous
solution, a direct spectrophotometric method was employed using a phosphate
buffer at pH 7. The absorbance of the solution was measured at 328 nm in
order to determine the substrate concentration. Under laboratory conditions, the
following photochemical systems were modeled: vitamin Bs-H2Ogist-O2-hv (1);
vitamin Be-HzOdist_-Oz-Hzoz-hV (2), vitamin Be-HzOdist.-Oz-Hzoz-CUﬂ|)-hV (3)
All systems were investigated under aerobic conditions.

Hydrogen peroxide (H20-), a naturally occurring oxidant in surface
waters, was added in system (2). The inclusion of copper(ll) compounds in
system (3) was justified by their environmental relevance and by the catalytic
role of Cu(ll) ions in redox transformations of pollutants.

Kinetic relationships were studied for each modeled system by
varying the concentration of a single component while keeping the others
constant. All experiments were performed in triplicate, and the results are
presented as the arithmetic means. In the kinetic studies, the initial reaction rates
were determined within the first 300 s (Ws00). This time interval was selected
due to the relatively rapid degradation of the substrate and to highlight the
characteristics of the initial stage of the process, which corresponds to the
maximum reaction rate. Based on these data, partial reaction orders were
determined, rate equations were derived, and effective rate constants
together with substrate half-lives were calculated. The effective rate constant is
presented in the form (k+Ak), where Ak represents the absolute measurement
error, calculated according to the following relationship:

% — E+ AA . + AA .
k t A0-2.3-log7° A-2.3-log7°

(13)
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where: Ak — the absolute measurement error (s?); k — the effective rate
constant (s1); At — the absolute error in time measurement (s); t — time (s);
AA — the absolute error in absorbance measurement; Ao — the absorbance
at time 0; and A — the absorbance at time t.

The concentrations of the components in the model systems were chosen
to approximate natural conditions, except for vitamin Bs: hydrogen peroxide at
approximately 10° M, Cu(ll) ions at approximately 10® M, and vitamin Bg at
10“ M, ensuring appropriate optical density values for spectrophotometric
measurements. The numerical data obtained from these experiments are
presented in Supporting Information Tables S.1-S.6.

Determination of the quantum yield

To determine the light intensity of the radiation sources used in this study,
the potassium ferrioxalate(lll) chemical actinometer method (Ks[Fe(C20.,)s]) was
employed [38, 39].

Synthesis of the potassium ferrioxalate(lll) chemical actinometer

The preparation of the potassium ferrioxalate(lll) chemical actinometer
involves the synthesis of the complex Ks[Fe(C204)3]-3H-0. Potassium ferrioxalate
crystals were obtained by mixing three volumes of 1.5 M K,C,04 solution with
one volume of 1 M FeCls; solution. The resulting crystals were recrystallized
three times at 45°C using warm double-distilled water and subsequently
stored in the dark (Eqg. 14) [38, 39]:

3K,C,0, + FeCls — K3[Fe(C,0,):] + 3KCl (14)

Green crystals were obtained as a result of the synthesis. For the
actinometric measurements, potassium ferrioxalate(lll) solutions of 0.006 M,
0.012 M, and 0.015 M were prepared.

Determination of photon flux

The photon flux of the Solar Simulator Oriel 9119X equipped with
AMO and AM1.5D filters was determined using the potassium ferrioxalate(lll)
chemical actinometer. The actinometer solution consisted of Ks[Fe(C204)3]-3H.0
dissolved in 0.01 N sulfuric acid. Upon irradiation, the following photochemical
reactions occur (Egs. 15 and 16) [38, 39]:
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h9
Fe(C,0,)3™ — Fe?* + C,05 + 2C,0%~ (15)
Fe(C,0,)3™ + C,0; » Fe?* + 2C0, + 3C,02~ (16)

A volume V; of the actinometer solution was irradiated for a time
interval t. Subsequently, a volume V- of the irradiated solution (usually 1 mL)
was transferred into a 25 mL volumetric flask (Vs). Then, (10 — V,) mL of
0.1 N sulfuric acid, 2 mL of 0.1% aqueous 1,10-phenanthroline solution, and
5 mL of acetate buffer solution were added.

The volume was adjusted to the mark with double-distilled water,
mixed thoroughly, and kept in the dark for 30 min to establish equilibrium.
The absorbance of the Fe(ll)-1,10-phenanthroline complex was measured at
510 nm. The amount of formed Fe?* ions (v) was calculated according to Eq.

17 38, 39]: o
3 V1'V3®

Vpe2zt = 10~ Voe 1

17)
where: V; — the volume of irradiated actinometer solution (mL); Vs — the final
dilution volume (mL); A —the absorbance at 510 nm; & — the molar extinction
coefficient at 510 nm (1.11-10* M -cm™); | — the optical path length of the
cuvette (cm).

The photon flux was calculated according to Eq. 18 [38, 39]:

_ -3 Vi'V3'A
=107 (18)
where: | — the light intensity (photon flux) emitted by the irradiation source,
Einstein-s; @ — the quantum yield of potassium ferrioxalate(lIl).
The irradiation interval (t) was selected to ensure absorbance
changes within the range of 0.1 — 0.6 units. For improved accuracy, a blank
experiment using a non-irradiated sample was also performed.

Calculation of Quantum Yield and Light Parameters

The light intensity allows the calculation of the quantum yield for
photochemical reactions. The quantum vyield of product formation (®) was
determined as the ratio between the amount of product formed (Av) and the
amount of absorbed light (Aly), during the irradiation time (t) [38, 39]:

_ Qv
T Algt

(19)
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The average light intensity (photon flux) emitted by the irradiation source
(lavg.) was calculated according to Egs. 20 and 21 [38, 39]:

_ Av(Fe?*)
lavg. =~ (20)

where: lag. — the average light intensity emitted by the irradiation source,
(Einstein-s™); Av (Fe?*) — the amount of Fe?* formed after irradiation (mol); At
— the irradiation time (s); and @ is the quantum vyield.

__ Av(Fe?%)-1000

lavg. = At-®-Vs (21)

where: Vs — the irradiated sample volume (mL), and 1000 — the conversion
factor from mL to L.

The luminous flux (Einstein-cm -min't) was calculated according to
Eq. 22 [38, 39]:

Luminous flux = @ (22)
where: S — the irradiated surface area (cm?); and 60 — the conversion factor
from seconds to minutes.

The energy flux (J-cm2-min?) was determined according to Eq. 23
[38, 39]:

Luminous flux -j-h-c-10°-100
A

Energy flux = (23)
where: j — the number of photons per Einstein (6,02-10%%); h — Planck’s
constant (6,626-103* J-s); ¢ — the speed of light (3:-108 m-s); and A — the
wavelength of light (nm).
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ABSTRACT. The increased discharge of synthetic dyes into aquatic
ecosystems has caused significant environmental concerns, prompting the
search for sustainable adsorbents. Sewage sludge, an abundant by-product of
wastewater treatment facilities, offers the opportunity for dye removal within a
circular economy paradigm. This study investigates the potential of raw dried
secondary treated sewage sludge as an effective adsorbent for the removal of
methylene blue, a cationic dye, from aqueous solutions. The adsorbent was
characterized by Fourier transform infrared spectroscopy, field emission
scanning electron microscopy, and Brunauer—Emmett—Teller surface analysis to
evaluate its morphology, functional groups and textural properties. Batch
adsorption experiments examined the effects of pH, initial dye concentration,
adsorbent dosage, particle size, and contact time on the removal efficiency.
Optimal conditions were observed at pH 9, with 0.5 g of sewage sludge
(particle size 0.5 mm) in 50 mL of 10 mg/L dye solution and a contact time
of 30 minutes. The adsorption equilibrium data conformed best to the Langmuir
isotherm model, with a maximum monolayer adsorption capacity of 14.08 mg/g.
Kinetic studies indicated that the adsorption process followed the pseudo-
second-order model (R2=0.999), suggesting chemisorption as the predominant
mechanism. The adsorbent also exhibited a pH-stabilizing behaviour, wherein the
solution pH after adsorption shifted toward neutrality regardless of the initial pH,
highlighting its suitability for practical wastewater treatment applications. The
study demonstrates the potential of raw secondary treated sewage sludge
as an eco-friendly adsorbent, aligning with sustainable wastewater treatment

strategies.
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1. INTRODUCTION

The textile industry makes a huge contribution to the global economy, but
it is also a major source of environmental pollution due to the discharge of
dye-laden wastewater. Textile processing makes considerable use of
synthetic dyes to produce bright and diversified colours in fabrics. These
dyes are usually highly stable and resistant to degradation, allowing them to
persist in aquatic environments. Furthermore, textile businesses rely on
considerable amounts of water, resulting in significant amounts of wastewater.
For dyeing about a kg of fabric, 70-150 litres of freshwater are required [1].

During manufacturing operations, synthetic dyes like methylene blue
(MB), a common cationic dye, are frequently released into water bodies
because they are not completely bonded to textile fibres [2]. Studies show
that around 50% of dyes used end up being released into the water bodies [3].
These colours disturb food chains, increase biochemical oxygen demand
(BOD), and reduce dissolved oxygen (DO) in aquatic environments by restricting
sunlight penetration, which hinders photosynthesis. Furthermore, their toxicity,
carcinogenicity, and mutagenicity characteristics provide serious health risks [2].

Methylene blue (MB), in particular, is an aromatic heterocyclic compound
known for its environmental persistence and potential toxicity. At high
concentrations, it can cause adverse health effects in humans such as chest
pain, headaches, abdominal discomfort, and methemoglobinemia [3]. Therefore,
the removal of methylene blue from wastewater has garnered considerable
attention. Various physicochemical techniques have been developed for dye
removal, including coagulation, filtration, oxidation, and membrane
separation. However, adsorption has emerged as one of the most effective
and economical techniques due to its increased efficiency, simplicity, and
broad applicability [4]. Activated carbon is a conventional adsorbent known
for its excellent performance, but its high production and regeneration costs
have driven the search for low-cost alternatives [5]. Global production of
Sewage Sludge (SS), a by-product of municipal wastewater treatment, is
enormous. 3.96 million tons of dry sludge are produced annually in India
alone from the roughly 62,000 million litres of sewage per day (MLD) that are
created, of which only around 20,120 MLD are treated [6]. The most popular
methods for managing and disposing of sewage sludge are landfilling, land
application, and incineration. All of these methods have serious disadvantages,
including land degradation, soil contamination, and air pollution [7].

Despite the abundance of sewage sludge, its capacity as a low-cost
adsorbent for colour removal has garnered limited attention. While prior
research has investigated the conversion of sludge into biochar for dye
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adsorption, such procedures typically require considerable energy inputs and
operating expenditures, which may reduce the overall sustainability and
economic viability of the process, especially for large-scale applications [8]. The
potential of using raw sludge directly as a low-cost, readily available material
has not been adequately assessed. Therefore, the current work is focused
on the use of raw, dried sewage sludge with no chemical or thermal
modification as an effective and affordable adsorbent for methylene blue
removal from aqueous solutions. The main objectives of this research were to
characterise and assess the adsorption capacity of raw sewage sludge for MB
removal under various experimental factors. Adsorption isotherms and kinetic
models were applied to assess the adsorption mechanism.

Unlike most studies that rely on thermally or chemically modified
sludge, this work eliminates the need for energy-intensive or chemical pre-
treatment, thereby significantly reducing operational costs and environmental
impact. By directly repurposing sludge, the study aligns with circular economy
principles, promoting a waste-to-resource approach that addresses both waste
management and water pollution challenges.

2. MATERIALS AND METHODS

2.1. Dye Solution Preparation

Analytical grade methylene blue (MB) dye (CisH1sCINsS) was obtained
from Molychem India LLP, Mumbai (India). A stock solution of 500 mg/L was
prepared using deionised water and diluted to obtain six initial working
concentrations, i.e., 10, 20, 40, 50, 75 and 100 mg/L. The pH of the system
was adjusted using 0.1 M NaOH (Merck Life Science Private Limited,
Mumbai) and HCI (Thermo Fisher Scientific India Pvt. Ltd., Mumbai). All the
reagents used were of analytical grade.

2.2. Collection and Preparation of Adsorbent

Dewatered secondary treated sewage sludge (SS) was collected from a
nearby municipal wastewater treatment plant based on the Sequential Batch
Reactor process located at Devri, Mansarovar, Jaipur, Rajasthan, India. The
sludge was dried for 2-3 days, followed by oven drying at 105°C for 24 hours to
ensure complete removal of moisture. The dried sludge was then crushed
using a mortar and pestle and sieved to obtain a uniform particle size. The
prepared sludge powder was stored in an airtight container for further use in
batch adsorption studies.
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2.3. Characterisation of Adsorbent

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed using the Bruker FTIR Alpha 2
spectrometer to identify the functional groups present on the surface of the
adsorbent before and after adsorption. The samples were analysed in the
range of 4000—400 cm™ with 4 cm resolution using the KBr pellet method.
Changes in peak intensities and positions were used to determine the
interaction of functional groups with methylene blue dye molecules.

2.3.2. Scanning Electron Microscopy

The surface morphology and elemental composition of the dried
sewage sludge were analysed using field emission scanning electron
microscopy (FESEM). FESEM provided insights into the surface texture, porosity,
and structural features of the sludge that might be helpful in adsorption.

2.3.3. Brunauer—Emmett-Teller (BET) Surface Area Analysis

Using nitrogen adsorption-desorption isotherms via BET analysis, the
adsorbent's (before and after adsorption) specific surface area, pore volume,
and pore size distribution were determined. To perform the measurements, a
Quantachrome NOVA TouchWin v1.24 analyser was used. The SS sample for
both before and after adsorption was degassed for approximately two hours
at 150°C. The specific surface area was estimated using the produced
isotherms, and the total pore volume was computed using the BET technique.

2.3.4. Determination of Point of Zero Charge (pHpzc)

The point of zero charge (pHp.) of the sewage sludge was
determined by the pH drift method [9]. A series of 50 mL of 0.01 M NaCl
solutions was adjusted to initial pH values ranging from 2 to 12 using 0.1 M
HCIl or NaOH. To each solution, 0.2 g of the dried adsorbent was added. The
suspensions were then shaken at room temperature for 24 hours. The final
pH values were recorded, and the difference between final and initial pH
(ApH) was plotted against the initial pH. The point at which ApH = 0 was
identified as the pH,.c of the adsorbent.

2.4. UV—-Vis Spectrophotometric Analysis of Methylene Blue

The concentration of methylene blue in agueous solution was determined
using a UV-Vis spectrophotometer (Shimadzu UV 1900i) by measuring the
absorbance at the maximum wavelength (Amax) of 664 nm. A calibration curve
was constructed using standard methylene blue solutions with concentrations
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ranging from 0.5-10 mg/L. The absorbance values measured at 664 nm were
plotted against the corresponding concentrations to obtain the calibration curve,
which was subsequently used to determine the residual dye concentration in all
adsorption experiments. The UV-Vis spectra of the standard solutions used for
calibration are presented in Figure 1.
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— 2 ppm

— 5 ppm

7.5 ppm
0.8 10 ppm

0.8 +

Absorbance

0.4
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Figure 1. UV-Vis spectra of methylene blue standard solutions

3. BATCH ADSORPTION STUDY

Batch experiments were performed by adding 0.5 g of sewage sludge
(SS) to 50 mL of methylene blue (MB) solution in 250 mL Erlenmeyer flasks.
The flasks were agitated at 180 rpm in a rotary flask shaker (Icon Instruments
Company, New Delhi) for 30 minutes and subsequently centrifuged at 3000 rpm
for 10 minutes. For each adsorption experiment, the supernatant solution was
analyzed using UV-Vis spectroscopy in the range of 400-800 nm, and the
absorbance at 664 nm was used to determine the residual dye concentration.
The effects of pH, initial dye concentration, particle size, adsorbent dosage,
and contact time were analysed in the range of 3-11, 10-100 mg/L, 0.25-1 mm,
0.25-1 g, and 5-120 mins, respectively. The adsorption efficiency of sewage
sludge and the amount of MB dye adsorbed were computed using equations
(1) and (2) as mentioned below:

% dye removal = (C"C;ocf) * 100 ()
qe = (L) +v 2

m

where C, and C:are the initial and final dye concentration (mg/L), ge is the
MB dye equilibrium concentration (mg/g), V is the volume of the dye solution,
and m is the mass of adsorbent (g).
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3.1. Adsorption Isotherm Models

The adsorption isotherms help in evaluating the correlation between
de, i-€., the amount of adsorbed dye on the adsorbent (mg/g) and C, i.e., the
concentration of dye adsorbed in the equilibrium phase (mg/L) in the liquid
phase [10].

In-the present study, adsorption mechanisms and the parameters
involved in dye adsorption were investigated using two-parameter isotherms,
including the Freundlich, Langmuir, Harkin-Jura, and Temkin isotherm models,
to determine a specific relationship between dye in the liquid and solid
phases—these models' experimental results over a broad range of concentrations
and temperatures. The equations and their respective description to obtain
the graphs are shown in Table 1.

Table 1. Adsorption isotherm models applied to the experimental data

Isotherm

Equation Description Parameters
Model q P

Langmuir -1 Gmax-Co + 1 ge- amount of dye adsorbed at| Ki=intercept/slope
[10, 11] RS dmax | equilibrium gmax=1/intercept
gmax- maximum adsorption Ri= 1/(1+K.Co)
capacity
KL-adsorption energy
Ce- concentration at
equilibrium

RL- separation factor

Freundlich
[11]

ge- adsorbent capacity at 1/n= slope
equilibrium

Ce- concentration at
equilibrium

Kr- Freundlich constant
1/n- relative adsorption
capacity of the adsorbent

1
logq. = logKp + glogCe

Temkin qe = BrlnA; + BpInC, | T- absolute temperature Bt = RT/br
[12, 13] R- universal gas constant
(8.314 J/mol-K)

Art- equilibrium binding
constant

br- heat of adsorption
constant

B and A- Harkin-Jura
A constants

Harkin-Jura 1
[11] e
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The Langmuir adsorption isotherm assumes that adsorption occurs
on a homogeneous surface of the adsorbent and that the sites possess equal
energy for adsorption. Further, it was assumed that adsorption proceeds until a
monolayer is completed [5,10]. In contrast to the Langmuir isotherm, the
Freundlich isotherm explains adsorption on heterogeneous surfaces and has
different affinities. The Temkin isotherm determines whether the adsorption
process is chemisorption or physisorption [13]. The model assumes the heat of
adsorption decreases evenly as more pollutants are added to the surface [12].
The Harkin-Jura model is suitable for rough adsorbent surfaces where adsorption
forms heterogeneous multi-layers and has different pore distributions [11].

3.2. Adsorption Kinetics

Experiments regarding adsorption kinetics were performed to determine
the rate of adsorption. To investigate the kinetics of MB dye adsorption onto
sewage sludge, Pseudo First-Order (PFO), Pseudo Second-Order (PSO),
Elovich, and Intraparticle Diffusion (IPD) models were utilised, as shown in
Table 2.

The Lagergren model (1898), also known as the Pseudo-first order
(PFO) model, assumes that the mechanism involved in adsorption is
physisorption, which is controlled by diffusion and mass transfer, while the
Pseudo-second order (PSO) model assumes that the mechanism involved
for adsorption is chemisorption (chemical sorption), which is a rate-limiting
step [14]. The Elovich model is applied where the adsorbent’s surface is
heterogeneous, implying that adsorption occurs through chemisorption. The
Weber-Morris model (1963) or Intra-particle diffusion (IPD) was applied to
investigate the diffusion mechanism. This model helps in finding whether
diffusion is the rate-limiting step for adsorption. The mathematical expressions
for all the above-described models are provided in Table 2.

Table 2. Adsorption kinetic models applied to the experimental data [15]

Kinetic Equation Description
Model
PFO In (e - i) = In ge - kat ge- amount of dye adsorbed at equilibrium
PSO t/ge = (1/k2ge?) + t/ge gr- amount of dye adsorbed at time ‘t’
Elovich Q= lln (aB) 4L Int kl,.k2 and kig- rate constants
B B t- time
IPD Q= kia .tY2 + Ci a- initial adsorption coefficient
- desorption coefficient
Ci- Intercept (boundary layer effect)
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3.3. Thermodynamics study

To determine the thermodynamic parameters controlling the adsorption
process, studies were carried out at 298, 308, and 318 K. As equilibrium was
achieved, the dye solutions were centrifuged, and absorbance was taken at
664 nm using a UV-visible spectrophotometer. The thermodynamic
parameters included are the change in Gibbs free energy (AG), change in
enthalpy (AH), and change in entropy (AS), which were calculated by the
Clausius-Clapeyron equation (3) and the Gibbs free energy equation (4)

_AS AH
In K; = P (3)
AG = AH - TAS (4)

where Ky represents the constant associated with the Langmuir isotherm, R
denotes the universal gas constant valued at 8.314 J-molt K™, and T indicates
temperature (K). The expression used to determine the distribution coefficient (Kq)
is given by equation (5).

Kg = Qe/ Ce (5)

4. RESULTS AND DISCUSSIONS
4.1. Adsorbent Characterization

4.1.1. FTIR

The FTIR spectra of sewage sludge (SS) before and after adsorption of
methylene blue (MB) are shown in Figure 2(a) and (b), while the corresponding
peak assignments are summarized in Table 3. The spectra indicate the presence
of several functional groups on the sludge surface, including C-O, C=0, C-H, and
O-H groups, which may participate in the adsorption process. After MB
adsorption, noticeable changes in peak intensity and slight shifts in peak positions
were observed, particularly for the C-O, C-H, and O-H stretching bands,
indicating possible interactions between dye molecules and functional groups on
the adsorbent surface. The shift of the O—H stretching band and changes in the
C=0 region suggest that hydrogen bonding and other surface interactions may
contribute to the adsorption mechanism. These results indicate that oxygen-
containing functional groups on the sewage sludge surface play an important role
in MB dye adsorption.
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Figure 2. FTIR analysis (a) before and (b) after adsorption of methylene blue dye
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Table 3. FTIR spectral analysis before and after the adsorption of the MB dye

Wavenumber (cm) | Wavenumber (cm) | Functional Band
) ) L Reference
before adsorption after adsorption group description
784.8 783.02 CHz2 scissoring |Aliphatic [16]
deformation moieties

1024.33 1026.23 C-O stretching |Alcohol [5,17]
1447.25 1412.88 CH: rocking Methylene group|[16]
1536.17 1523.69 C=0 stretching |Amide group [17,18]
1657.20 1656.34 vibrations
2859.97 2817.62 C-H stretching |Aliphatic chain  |[17]
2925.44 2885.17

2985.85
3448.87 3368.05 -OH stretching |Alcohol [19]
3544.84 3460.31 vibration

3593.50

4.1.2. Field Emission Scanning Electron Microscopy (FESEM)

The surface morphology of the sewage sludge (SS) adsorbent before and
after MB adsorption was examined using FESEM at a magnification of 500
nm, as shown in Figure 2. Before adsorption (Figure 3a), the SS surface exhibited
a porous and irregular structure with pores of varying shapes and sizes, providing
numerous active sites for dye adsorption.

e A
(a) (b)
Figure 3. FESEM results for SS (a) before adsorption, (b) after adsorption

After adsorption of MB molecules (Figure 3b), the surface appeared
comparatively smoother, and several pores were partially covered or filled,
indicating the deposition of dye molecules on the adsorbent surface. These
morphological changes suggest that MB adsorption occurred through surface
interaction and pore filling within the sludge matrix.
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4.1.3. Brunauer—Emmett-Teller (BET)

The textural properties of the sewage sludge adsorbent were
characterized using nitrogen adsorption—desorption analysis at 77 K. The
adsorption isotherm exhibited a Type Il profile, indicating multilayer adsorption
behaviour typically associated with materials possessing macroporous
structures or limited porosity (Figure 4a and 4b). The BET surface area of
the sewage sludge was 1.669 m2/g, with a total pore volume of 0.00437 cm3/g
and an average pore diameter of 10.47 nm (Table 4). The relatively low
surface area is characteristic of untreated sludge materials and may be
attributed to the presence of organic matter and mineral components that
partially block internal pores.

After adsorption, the BET surface area decreased to 1.131 m#/g, while
the total pore volume decreased to 0.00353 cm?/g, as shown in Table 4. In
contrast, the average pore diameter increased slightly to 12.47 nm. The reduction
in surface area and pore volume suggests that adsorbate molecules occupied
and partially blocked the available pores of the sewage sludge adsorbent
during the adsorption process, indicating effective interaction between the
adsorbate molecules and the adsorbent surface.

Volume adsorbed @STP, cc/g

w
5]

N
@

N
o

=
o

[y
o

4
2

o
5

[
o

—=— Adsorption
—e— Desorption

oo
e
P l.—l—"'"

[
o

Volume adsorbed @STP, cc/g

0.0

0.2 0.4

Relative Pressure, P/Po

0.6

0.8

1.0

I
o

n
o

"
o

g
o

o
n

o
o

—=— Adsorption
—e— Desorption

e
l"t"':‘:“;r. ‘
M

0.0 0.2 0.4 0.6

Relative Pressure, P/Po

0.8 1.0

(@)

(b)

Figure 4. Nitrogen adsorption/desorption isotherm plot of
Sewage Sludge before (a) and after adsorption (b)

Table 4. Textural properties of the Sewage Sludge adsorbent
before and after adsorption

sample (Sewage Sludge) BET Surface Total pore A_verage Pore
Area (m2/g) |volume (cm3/g)| diameter (nm)

Before adsorption 1.669 0.00437 10.47

After adsorption 1.131 0.00353 12.47
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4.2. Batch adsorption studies

Batch adsorption experiments were carried out to investigate the
influence of key operational parameters on the removal of methylene blue using
sewage sludge as an adsorbent. The effects of solution pH, adsorbent
particle size and dosage, initial dye concentration, and contact time were
examined to determine the optimal conditions for adsorption.

4.2.1. Effect of pH

The adsorption capacity and dye solubility are significantly influenced by
the pH of the dye solution. This study assessed the MB dye adsorption capacity
on sewage sludge across a pH range of 3-11. As depicted in Figure 5(a), the
amount of dye removed decreased with rising pH from 3to 5. From pH 3 to pH 5,
the amount of dye eliminated is reduced. The dye removal decreases further
when the pH rises from 5 to 7. However, an impressive increase in the sorption
capacity with increasing pH was noted, between pH 9 and pH 11. While the
highest adsorption was observed at pH 11, the increase in adsorption capacity
compared to pH 9 was marginal. Considering the minimal performance disparity
and the operational and environmental benefits of functioning at a reduced pH,
pH 9 was considered appropriate. Maintaining a pH of 9 aligns with standard
wastewater treatment pH ranges, hence reducing the necessity for post-treatment
neutralization. To verify the adsorption process spectroscopically, UV-Vis spectra
of methylene blue solution at different contact times (for an initial concentration of
10 mg/L) were recorded. As shown in Figure 5(b), the absorbance at 664 nm
decreases progressively with increasing contact time, confirming dye uptake by
the adsorbent.

The pH-dependent behaviour of MB adsorption can be explained in terms
of the point of zero charge (pHpzc). The point of zero charge (pHp.c) of the sewage
sludge (adsorbent) was determined using the pH drift method, as shown in Figure
5(c) and found to be 7.6. At pH values higher than 7.6, the sludge surface
becomes negatively charged, which enhances attraction toward the positively
charged MB dye molecules. Conversely, at pH values lower than pH,zc, the
surface becomes positively charged, resulting in reduced adsorption due to
electrostatic repulsion. This explains the observed increase in dye removal
efficiency under alkaline conditions, which is similar to several other studies
reported for the adsorption of methylene blue [5].

In the present study, a significant shift in solution pH was also observed
after the adsorption of methylene blue onto sewage sludge. Regardless of the
initial pH, whether acidic (pH 3-5) or alkaline (pH 9-11), the final pH consistently
stabilized in the near-neutral range of 6.6 to 7.1. For instance, an initial pH of 3.0
increased to 6.6, while a starting pH of 9.0 decreased to 7.1 after the adsorption
process. This convergence toward neutrality reflects a pH-stabilising or
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neutralizing effect. Such behaviour is likely due to the acid—base interactions and
ion-exchange properties of surface functional groups present in sewage sludge,
particularly hydroxyl, carboxylic, and amine moieties, which can either release or
absorb protons depending on the solution environment. A similar phenomenon
was reported by another study, where sludge-derived biochar exhibited a
stabilising effect on pH following the adsorption of both phosphate and methylene
blue [18]. This is attributed to residual mineral components and functional groups
retained or modified during sludge treatment, which facilitate proton exchange and
mitigate extreme pH variations. This pH-regulating property of sewage sludge
enhances its practical applicability in real-world wastewater treatment scenarios,
ensuring that treated effluents maintain acceptable pH levels for safe discharge
or further processing.
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Figure 5(a) Effect of dye solution’s pH
(0.5gof SS, [MB]i=10 mg /L, V =50
mL, particle size = 0.5 mm, T = 25°C
and shaking speed = 180 rpm)

Figure 5(b) UV-Vis spectra of meth-
ylene blue solutions after adsorption at
different pH using sewage sludge
adsorbent.
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Figure 5(c) Determination of point of zero charge (pH,zc)
of sewage sludge by pH drift method.
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4.2.2. Effect of Initial Dye Concentration and Contact Time

The dye solutions were prepared at varying concentrations ranging
from 10 to 100 mg/L. The impact of initial dye concentration along with the
contact time on dye removal is depicted in Figure 6(a). The results
concerning the effect of contact time indicate that the absorbance of MB dye
increased significantly as the contact time was extended from 5 minutes to
30 minutes. After 45 minutes, the system reached equilibrium for every
concentration. Also, an increase in adsorption capacity was seen with
increasing dye concentration, which may be due to increased mass transfer.
To verify the adsorption process spectroscopically, UV—Vis spectra of
methylene blue solution at different contact times (for an initial concentration
of 10 mg/L) were recorded. As shown in Figure 6(b), the absorbance at 664
nm decreases progressively with increasing contact time, confirming dye
uptake by the adsorbent.
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Figure 6(a). Effect of dye concentration Figure 6(b). Time-dependent UV-Vis

and contact time (0.5 g of SS, particle spectra of methylene blue solution
size=0.5mm,V=50mL, pH=9, T = (10 mg/L) during adsorption onto
25°C and shaking speed = 180 rpm) sewage sludae.

4.2.3. Effect of Particle Size

The sorption capacity of MB was studied at three patrticle sizes, i.e.,
0.25, 0.5, and 1 mm, for which the amount of adsorbed dye was observed.
As shown in Figure 7(a), the dye removal capacity increased with lower
particle size (0.25 mm) due to increased surface area. However, the difference
was not significant, but the MB dye removal capacity increased with increasing
contact time and decreasing patrticle size of the adsorbent. The UV-Vis spectra
of the residual dye solutions obtained for different adsorbent particle sizes are
shown in Figure 7(b), where the decrease in absorbance at 664 nm indicates
enhanced adsorption with decreasing particle size.
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of SS, [MB]i = 10 mg /L, V = 50 mL, using different particle sizes of sewage
pH =9, T = 25°C and shaking speed sludge (contact time 30 min)

=180 rpm)

4.2.4. Effect of Adsorbent Amount

The effect of the adsorbent amount for MB dye was studied by
varying the adsorbent amount, ranging from 0.25 g to 1 g of SS in 50 mL of
dye solution (10 mg/L).
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Figure 8. Effect of adsorbent dosage on the adsorption of methylene
blue onto sewage sludge. ([MB]i = 10 mg/L, particle size = 0.5 mm,
V =50 mL, pH =9, T = 25°C and shaking speed = 180 rpm)
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As the overall concentration of dye in the solution remains constant, the
addition of adsorbent mass reduces the ratio of dye to adsorbent, which suggests
a lower dye adsorption per gram of adsorbent, as shown in Figure 8. As a result,
while the overall dye removal percentage increases due to the increased number
of available active sites, specific adsorption capacity reduces.

4.3. Adsorption Isotherm Models

Adsorption isotherms were studied in batch experiments by varying
the dye concentrations at 10 and 20. 30, 50, 75, 100, 150, and 200 mg/L.
Contact time, adsorbent dose, pH, and temperature were fixed at 45 min, 0.5
0, 9, and 25 15 °C, respectively, in the experimental study.

The equilibrium adsorption data were analyzed using Langmuir,
Freundlich, Temkin, and Harkin-Jura isotherm models. The corresponding
linear plots are presented in Figure 9 (a-d). The fitting parameters of the
isotherm models were determined from these linear plots, and the results are
summarized in Table 5.

The Langmuir adsorption parameters were determined using
equations mentioned in Table 1. MB dye showed a maximum adsorption
efficiency of 14.08 mg/g. The favorability of adsorption was further evaluated
using the dimensionless separation factor (R.). The R. values calculated
using the Langmuir constant (K. = 0.26 L mg™) were found to be 0.039 for
the studied concentration range (10 to 200 mg/L), indicating favourable
adsorption of methylene blue onto sewage sludge. The value of the
separation factor (R.) ranges from 0.03 to 0.3. The decrease in R. with
increasing initial concentration indicates favourable adsorption at higher
concentrations. The higher K. value compared with other studies indicates a
stronger adsorption affinity [11]. Additionally, a lower R, value of 0.039 for
this study compared to the value reported by Kaya (2025) confirms the
adsorption to be more favourable [11]. The R? value of 0.991 indicates the
Langmuir isotherm to be the best fit for explaining the adsorption process.

The parameters for the Freundlich isotherm were also evaluated
using the equations mentioned in Table 1. The value of the Freundlich
constant (Kg) was 2.53 L/mg, the heterogeneity factor (n) was found to be in
the range 1-10 (1.314), and a lower value of 1/n (0.76) indicates that the
adsorption is favourable and moderate and the surface is heterogeneous
compared to the value reported by Hayfron et al. (2025), n = 0.89 for zeolite
prepared from mixing kaolinite clay and rice husk ash [4]. The current results
indicate higher adsorption intensity (n>1). The R? value of MB dye for the
Freundlich isotherm was 0.965, which is lower than that of the Langmuir
isotherm (0.991), suggesting that this model does not fit the equilibrium data
well.
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For the Temkin isotherm model, the values of the parameters mentioned
in Table 1 were calculated. The equilibrium binding constant (Ar) value was
2.31 L/mg, and the heat of adsorption constant (br) was 0.843 KJ/mol. A
higher Ar value implies that there was a strong interaction between the dye
and the adsorbent. According to Nandiyanto et al. (2023), if the value of bris
below 8 kJ, the adsorption process would be governed by physisorption,
while if the value is above 8 kJ, then by chemisorption [12]. Therefore,
according to this study, the adsorption of MB onto SS was controlled by
physisorption due to the lower br value of 3.04. Having higher bt and At
values suggests that the adsorption process might have occurred through a
combination of physical and chemical sorption. The correlation coefficient
value of MB dye for the Temkin isotherm is 0.981.
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Figure 9. Experimental adsorption isotherm showing the relationship between
equilibrium adsorption capacity (ge) and equilibrium dye concentration (Ce) for
methylene blue adsorption onto sewage sludge using (a) Langmuir,

(b) Freundlich, (c) Temkin, and (d) Harkin-Jura
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The Harkin-Jura isotherm parameters were calculated using equations
given in Table 1. The values of Harkin-Jura constants A (6.901 mg/g) suggested
a moderate adsorption capacity of the adsorbent, and constant B (0.767)
suggested the presence of multilayer adsorption and that the adsorbent does
not possess uniform energy distribution. The value of the correlation
coefficient (0.983) for the model indicated an effective multilayer adsorption
due to a heterogeneous surface.

Table 5. Isotherm parameters for MB dye adsorption on sewage sludge

Isotherm Langmuir Freundlich Temkin Harkin-Jura
Models
gmax-14.08 mg/g |n- 1.314 Ar-2.31 L/mg A- 6.901 mg/g
gﬁgatrﬂ:itrers Ki-026 L/mg _ |1/n-0.761 Br-3.04 B-0.767
values RL- 0.039 Ke- 2.53 L/mg br- 0.843 kJ/mol R2?- 0.983
R?-0.991 R? - 0.965 R?-0.981

The maximum adsorption capacity (gmax) of different non-conventional
low-cost adsorbents utilised for dye adsorption was compared, and the
comparative data with sewage sludge are summarised in Table 6. The
adsorption capacity achieved by the adsorbent was determined by the Langmuir
isotherm, yielding a value of 14.08 mg/g. This performance stands out, giving
strong competition to other listed adsorbents (Table 6). A comparison of the
adsorption capacity of SS used in the present study for MB removal from
agueous solution with other low-cost adsorbents reported by various researchers
is shown in Table 6. It can be concluded that even in its natural state, without
any modification, SS was found to be a better alternative for the efficient
removal of MB dye from aqueous solutions as compared to other adsorbents
reported for the removal of MB.

Table 6. Comparison between the adsorption capacities
of different adsorbents for dye removal

Adsorbent Dye Maximum adsorption Reference
capacity (mg/g)
Methylene Blue 5.72
Coconut dreg [20]
Brilliant Red Remazol [3.76
Lemon peel Eosin 8.24 [21]
Coconut husk Crystal Violet 0.73 [22]
Nanobentonite Malachite Green 13.8 [23]
Graphite and nano- Basic Blue 5 2.33 [24]
bentonite clay
Sewage sludge Methylene Blue 14.08 This work
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4.4, Adsorption Kinetics

Adsorption kinetics experiments were performed by adding 0.5 g of
sewage sludge (SS) to 50 mL of methylene blue (MB) agueous solution with
an initial concentration of 25 mg/L at temperatures ranging from 25—-45 + 5°C.
Samples were withdrawn at predetermined contact times (5, 10, 15, 20, 30,
45, 60, 90, and 120 min), and the absorbance was measured to determine
the residual dye concentration.

The predicted theoretical kinetics and the data for the experimental
equilibrium of MB on SS are shown in Figure 10. An attempt was made to
plot In (ge-q:) against time (t) as seen in Figure 10(a), resulting in undefined
negative values, rendering the first-order kinetic model unfeasible and
suggesting that the first-order linearised equation is unsuitable to describe
the sorption process (Table 7).

According to the experimental data shown in Table 7 and Figure
10(b), the pseudo-second-order model was found to be the best fit to the
adsorption equilibrium data with a correlation coefficient value of 0.999,
which is greater than that of the pseudo-first-order (0.982), Intra-particle
diffusion (0.8087) and Elovich models (0.931), which signifies possibility of
chemisorption involved in sorption process. The pseudo-second-order model
provided the best description of the adsorption kinetics with a higher
correlation coefficient (R2 = 0.999). In addition, the calculated adsorption
capacity (3.08 mg/g) obtained from the pseudo-second-order model was in
good agreement with the experimentally determined ge value (3.14 mg/qg),
further confirming that this model adequately describes the adsorption
process. The pseudo-second order model predicted an adsorption capacity
of 3.08 mg/g, which was closest to the experimental value of 3.14 mg/g.

A greater value of the intra-particle diffusion rate constant (ki)
suggested that the adsorbent quickly diffuses into the pores, and as the
intercept denoting the boundary layer effect (Cj) is not equal to 0, it can be
concluded that intra-particle diffusion is not the sole rate-limiting mechanism
(Table 7, Figure 10(c)).

Table 7. Kinetic parameters for MB dye adsorption under optimised conditions

Kinetic Models PFO PSO Elovich IPD
ge (Mg/g) = _ a (mg/g.min) = | Kid (mg/g.min%?) =
-0.456 de (Mgfg) = 3.14 141800 25711

Parameters and

. ki (min't) = k2 (g/mg.min) =
their values = =
-0.051 0.2011 B (g/mg) = 5.83 Ci = 0.0569
R2=0.982 R2=0.999 R2=0.931 R2=0.8087
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The results of the Elovich model indicated a higher a value (141,800
mg/g.min), as shown in Table 7 and Figure 10(d), which suggests that the
adsorption was rapid, indicative of adsorption following chemisorption.
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Figure 10. Kinetic study for MB dye adsorption using
(a) PFO, (b) PSO, (c) IPD, and (d) Elovich models

4.5. Thermodynamics study

To evaluate the thermodynamic feasibility and nature of methylene
blue adsorption onto sewage sludge, adsorption experiments were conducted
at different temperatures (298-318 K). The thermodynamic parameters were
calculated from the equilibrium distribution coefficient (Kq) using the Van't
Hoff relationship, and the results are presented in Table 8. The values of Kq4
decreased with increasing temperature, indicating a reduction in adsorption
capacity at higher temperatures and suggesting that the adsorption process is
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exothermic in nature. This trend is also reflected in the decrease in adsorption
capacity (ge) from 3.080 to 2.227 mg/g as the temperature increased from 298 to
318 K.

The negative values of Gibbs free energy change (AG°®) obtained at
all studied temperatures indicate that the adsorption of methylene blue onto
sewage sludge is a spontaneous process. Furthermore, the negative value
of the enthalpy change (AH®) confirms the exothermic nature of the adsorption
process, indicating that lower temperatures favour dye uptake. The magnitude
of the enthalpy change (AH°= -46.48 kJ/mol) suggests relatively strong
interactions between methylene blue molecules and the functional groups
present on the sewage sludge surface, indicating that the adsorption process
may involve strong physical interactions and possible surface complexation.
The entropy change (AS°) was found to be negative, suggesting a decrease
in randomness at the solid—solution interface during adsorption. This decrease
in randomness may be attributed to the orderly arrangement of dye molecules
on the surface of the adsorbent during the adsorption process. Similar
thermodynamic behaviour for methylene blue adsorption has been reported
in previous studies using various low-cost adsorbents [25, 26]. Overall, the
thermodynamic parameters indicate that the adsorption of methylene blue
onto sewage sludge is spontaneous and exothermic, with adsorption being
more favourable at lower temperatures.

Table 8. Thermodynamic parameters for methylene blue adsorption
onto sewage sludge at different temperatures

Temp(ir)at“re Ce (MmglL) (m‘g’/g) Ka | AG® (kd/mol) |AH° (kd/mol) (J/r?]?)l.K)
298 0707 |3.080 |4.36 |-3.49 26.48 14423
308 1164 2277 |197 |205 - -

318 1657 [2227 |134 |-0.60 - -

The thermodynamic parameters were further analyzed using the
Van't Hoff plot by plotting In Kq against 1/T, as shown in Figure 11. The slope
and intercept of the linear plot were used to determine the enthalpy change
(AH®) and entropy change (AS°), respectively. The linear relationship obtained
confirms the applicability of the thermodynamic model for describing the
adsorption behaviour of methylene blue onto sewage sludge.
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Figure 11. Van't Hoff plot (In Ka versus 1/T) for methylene
blue adsorption onto sewage sludge.

5. CONCLUSIONS

The present study investigated the potential use of secondary treated
sewage sludge as a low-cost adsorbent for the removal of methylene blue from
agueous solutions. Characterization of the material using FTIR, SEM, and
BET analyses revealed the presence of surface functional groups, porous
morphology, and adequate surface area that provide suitable adsorption
sites for dye molecules. The adsorbent exhibited a point of zero charge
(pHpzc) Of 7.6, which explains the enhanced adsorption of the cationic dye under
alkaline conditions due to the development of negatively charged surface
sites.

Batch adsorption experiments demonstrated that operational parameters
such as pH, adsorbent dosage, contact time, particle size, and initial dye
concentration significantly influence the adsorption process. Optimal conditions
were observed at pH 9, with 0.5 g of sewage sludge in 50 mL of 10 mg/L dye
solution and a contact time of 30 minutes. Although the highest dye removal
efficiency was observed at pH 11, pH 9 was considered the optimum pH due to
the minimal difference in removal performance and its practical advantage of
producing a near-neutral final pH, thereby reducing post-treatment adjustment
requirements. The adsorption equilibrium data showed good agreement with the
Langmuir isotherm model, with a maximum adsorption capacity of 14.08 mg/g,
while the adsorption kinetics followed the pseudo-second-order model,
indicating that the adsorption process is governed by interactions between
dye molecules and active sites on the sludge surface.
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Thermodynamic analysis based on temperature-dependent equilibrium
data and the Van't Hoff plot indicated that the adsorption process is
spontaneous and exothermic. The negative values of AG° confirmed the
feasibility of the process, while the negative values of AH° and AS° suggested
an exothermic adsorption process accompanied by decreased randomness
at the solid—solution interface.

An additional observation was the pH-stabilizing behaviour of the
adsorbent, where the final solution pH tended to converge toward near-
neutral values regardless of the initial pH. This buffering-like effect is likely
associated with the presence of surface functional groups and mineral
constituents in the sludge and further enhances its practical applicability for
wastewater treatment.

Overall, the results demonstrate that untreated sewage sludge can
serve as an effective and environmentally sustainable adsorbent for methylene
blue removal from contaminated water. The utilization of sewage sludge not
only contributes to wastewater treatment but also promotes waste valorization
and resource recovery. Future studies may focus on environmentally benign
modification strategies to further enhance the adsorption performance of the
material.
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EFFECT OF TRACE SILICON ON THE PROPERTIES OF
IRON-BASED HETEROGENEOUS FENTON CATALYSTS

Jianjun ZHAO*"®, Yan SHU?, Leifeng JIA®, Xianfeng ZHANG?,
Muxin LIU3 Xu LI3, Anping XU?3 Xiaoxuan ZHANG?, Jing YE?,
Ran RONG?, Jiatong HAN?, Shenghao LIAO?

ABSTRACT. It is an important task for modifying heterogeneous Fenton
catalysts to effectively degrade organic pollutants in water. Most studies have
modified heterogeneous Fenton catalysts through addition of other metal active
species. Here, a series of Si-Fe/y-Al203 (X, X = Si/Fe mass ratio per gram of
support) catalysts were prepared via wet impregnation method, and the
characterization results show that the addition of trace Si (x < 0.10) facilitated
the dispersion of Fe species, thereby leading to an increase in the specific
surface area, average pore size and pore volume of the catalysts. At the
same time, trace Si addition can effectively improve the acid-base properties
of the catalyst surface. All these changes may be beneficial to the catalytic
degradation of the phenol simulated wastewater.

Keywords: heterogeneous Fenton catalyst, trace Si modification, highly
dispersed active components, acid-base properties of catalyst.

INTRODUCTION

In recent decades, the intensification of human activities has led to
the increase in the accumulation of organic pollutants in water bodies.
Organic pollutants in water are not only harmful to the health of humans and
aquatic organisms, but also pose significant environmental risks. These
organic pollutants must be treated before they are discharged into natural
water bodies [1-4].
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For treating organic wastewater, advanced oxidation processes
(AOPs) are considered a promising method because they can convert a
variety of organic pollutants into harmless or biodegradable substances [5-8].
In the AOPs, the Fenton reagent, which is composed of iron (or other transition
metals) ions and hydrogen peroxide (H207), has attracted a great deal of
researchers’ interest [6, 9-11]. The Fenton oxidation process involves the
activation of H,O by Fe?* to generate various reactive oxygen species, such
as hydroxyl radicals (*OH), hydrogen peroxide radicals (HO¢) (equations 1
and 2) [12-15].

S-Fe* + H;0, — S-Fe?" + HOpe + H* @)
S-Fe?" + H;0; + H* — S-Fe + H,0 + «OH )

where S represents the catalyst surface.

With a high redox potential of 2.8 V, the «OH can effectively degrade
most organic pollutants into small molecules (such as CO; and H,O) or
biodegradable compounds in a non-selective manner. The HO.¢ with a slightly
weaker oxidation ability (redox potential of 1.50 V) can also participate in the
degradation of pollutants (equations 3 and 4) [14].

*OH + organics — ...... — CO; + HO (3)
HO2* + organics — by products (4)

The degradation of organic wastewater using the Fenton reagent
includes the homogeneous Fenton process and the heterogeneous Fenton
process. Compared with the homogeneous Fenton process, the heterogeneous
Fenton process has attracted much attention because of its easy separation
of catalyst and avoiding secondary pollution to water bodies [11, 16-18].

Improving the activity of heterogeneous Fenton catalysts is a critical
technology in the field of organic wastewater degradation. In order to improve
the efficiency of heterogeneous Fenton catalysts, external energies such
as ultraviolet lights, ultrasonic waves and microwaves are often used in the
catalytic system. Although these methods effectively improve catalyst activity,
the high cost of external energy hinders the practical application of these
methods [19]. Therefore, fabricating a catalyst with higher activity that requires
no external energy supply is one of the goals of researchers devoted to
heterogeneous Fenton catalysts.

The modification of heterogeneous Fenton catalysts remains a key
focus in contemporary catalysis research. Dopants such as graphene, activated
carbon (AC), boron (B), nitrogen (N), sulfur (S), and phosphorus (P) can
effectively modulate electron transfer during the catalytic process, thereby
enhancing catalytic activity [20-22]. However, an undeniable fact is that the
highly dispersed active components can not only improve the microstructure
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of the catalyst, but also optimize its surface properties, thereby further enhancing
the catalyst activity. Thus, the development of catalysts with highly dispersed
active components is an important aspect of research on heterogeneous Fenton
catalytic system [19, 23, 24].

Currently, silicon (Si) has been employed in iron-based Fenton catalysts
primarily as a high-content support material (e.g., silica or mesoporous silica)
[25, 26] or a physical coating shell to suppress metal leaching [27-29], rather
than as a trace dopant for interface regulation. Recent studies involving Si-Fe
systems, such as Fe on silica support or core-shell structured SiO. coating,
focus on bulk structural effects rather than atomic-scale control of the
Fe—support interface [25-27, 29]. To date, no literature has documented the
influence of trace Si on the performance of Fe-based heterogeneous Fenton
catalysts (with Si/Fe mass ratio < 0.1) and the corresponding mechanism.

In this work, a series of Si-Fe/y-ALOs (X, x = Si/Fe mass ratio per gram
of support) catalysts were prepared and used for the degradation of phenol
simulated wastewater. The innovation of this study is reflected in the following
aspects: In the Si-Fe/y-Al,O3 (x < 0.10), the introduction of Si elements can
effectively enhance the dispersion of the active component Fe, increase the
specific surface area of the catalyst, optimize its pore structure, and regulate
the acid-base properties of the catalyst surface. Consequently, the catalytic
activity of the catalyst is significantly improved. The main objectives include:
(1) Structure, morphology and chemical properties of Si-Fe/y-Al,Os (X) catalysts
were analyzed by various characterization methods; (2) Catalytic activity of
Si-Fely-Al,O3 (X) catalysts for the degradation of phenol simulated wastewater
was investigated; (3) Hypothetical catalytic mechanism of Si-Fe/y-Al,O3 (X)
catalysts for the degradation of organic wastewater was deduced.

RESULTS AND DISCUSSION
Catalyst Characterization

The XRD patterns of the as prepared Si-Fe/y-Al,Os (x) catalysts are
presented in Figure 1a. For all the samples, there are no strong diffraction peaks
which indicate that the prepared catalysts show high dispersion states or
amorphous structure. However, there are clear diffraction peaks at 37.4°, 45.8°
and 67.3° which are assigned to the (311), (400) and (440) crystallographic
faces of y-Al,Os respectively [PDF no. 10-0425]. Meanwhile, for all the Si-Fe/y-
AlLO3 (X) samples, there are weak diffraction peaks (a and b peaks) at 33.2°,
35.6° which are assigned to the (104) and (110) crystallographic faces of a-
Fe,Os3 (PDF no. 33-0664).
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Figure 1. (a) XRD patterns of Si-Fe/y-Al203 (X) catalysts and
(b) Fe 2p XPS spectra of a Si-Fe/y-Al203 (x = 0.10) sample.

In order to further verify the valence state of Fe element in the
catalysts, XPS measurement is employed to determine the valence state of
Fe on the surface of the Si-Fe/y-Al,Os (x = 0.10) sample, and the results are
shown in Figure 1b. Two distinct peaks at binding energies of 711.1 eV for
Fe 2p3/2 and 724.4 eV for Fe 2p1/2 with a weak satellite peak at 718.8 eV
are observed, which further indicates that Fe in the Si-Fe/y-Al,Os (x = 0.10)
sample is mainly in the +3 valence [30, 31].

The crystallite size of a-Fe;Os in the Si-Fe/y-AlO3 (X) catalysts is
calculated using the Scherrer equation 5:

D = kN/Bcos6 )]

where D represents the crystallite size, k denotes the shape factor (taken as
0.89), A is the X ray wavelength (Cu Ka radiation, A = 0.1542 nm), B is the
full width at half maximum (FWHM) of the diffraction peak, and 8 corresponds
to the angular position of the peak maximum. The calculation is applied to
the (110) diffraction peak of a-Fe»Os, and the results are shown in Table 1.

Table 1. Crystallite size of a-Fe203 in the Si-Fe/y-Al203 (x) catalysts.

Catalyst FWHM crystallite size (nm)
Fely-Al203 (x = 0) 0.168 0.8581
Si-Fely-Alz03 (x = 0.05) 0.187 0.7709
Si-Fe/y-Al203 (x = 0.10) 0.273 0.5280
Si-Fely-Alz03 (x = 0.20) 0.148 0.9740

Table 1 shows that adding a small amount of Si doping to the Fe/y-
Al,O3 catalyst (x < 0.10) leads to a gradual reduction in the crystallite size of
a-Fe»03, which decreases from 0.8581 nm to 0.5280 nm. However, at x =
0.2, the a-Fe,Os crystallite size increases, reaching 0.9740 nm.
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N2 adsorption-desorption measurements are carried out to evaluate
the specific surface area (BET surface area) and pore size distribution of the
prepared catalysts. The BET surface areas of the Fe/y-Al,O3 (x = 0), Si-Fely-
AlLOs; (x = 0.05), Si-Fely-Al,03 (x = 0.10) and Si-Fe/y-Al,O3 (x = 0.20)
samples are determined to be 255.96, 249.72, 275.82, and 257.84 m2g?,
respectively (Table 2). It can be inferred that the addition of a small amount
of Si (x < 0.10) is conducive to the increase of specific surface area of the
Fel/y-Al,O3 catalyst, and the increase of the catalyst’s specific surface area
in a certain range is helpful to improve the catalyst's activity. It can also be
seen from Table 2 that the pore volume and average pore diameter of the Si-
Fel/y-Al,Os (x = 0.10) catalyst are larger than those of the other catalysts. The
larger pore volume and average pore diameter help to reduce the steric
hindrance in the reaction, thereby improving the catalyst’s activity.

Table 2. BET surface area, average pore diameters and pore volume
for the Si-Fe/y-Al203 (x) catalysts.

BET surface area verage pore diameter Pore volume

Catalyst (m2.g) (nm) (mL-g)
Si-Fe/y-Al203 (x = 0) 255.96 4.56 0.389
Si-Fely-Al203 (x=0.05) 249.72 4.60 0.375
Si-Fely-Al,0s (x=0.10) 275.82 4.68 0.391
Si-Fely-Al203 (x=0.20) 257.84 4.63 0.376

Figure 2 shows the N, adsorption-desorption isotherms of the Si-
Fel/y-Al,Os (x) catalysts as well as the corresponding pore size distribution.
All samples exhibit type IV adsorption-desorption isotherms, which indicates
the existence of mesopores in the catalysts (Figure 2a) [31]. Interestingly,
Figure 2b shows that the Si-Fe/y-Al20s; (x = 0.10) sample has a more
concentrated pore size distribution than the other samples, although this
catalyst has the largest specific surface area. It is reasonable to infer that the
Si-Fely-Al,Os (x = 0.10) catalyst with larger specific surface area, pore
volume and pore size has better catalytic activity than the other catalysts.

The surface morphology and the corresponding Fe dispersion of the
Si-Fely-Al,Os (X) catalyst samples were observed via SEM and EDS. As
shown in Figure 3, the surface morphology of the Fe/y-Al,O3 (x = 0) catalyst
was relatively smooth, and a few crystal particles were present on its surface.
With the increase of Si in the catalyst, more dispersed particles appeared on
the catalyst surface (x = 0.05 and 0.1). Meanwhile, the Si-Fe/y-Al,O3 (x = 0.1)
catalyst exhibited relatively uniform particle dispersion on its surface. While
the mass ratio of Sito Fe was 0.2 in the catalyst, the particles on the catalyst
surface began to grow larger. This phenomenon shows that the addition of a
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small amount of Si (x < 0.1) in the catalyst contributes to the dispersion of
particles on the catalyst surface. Notably, agglomeration of surface particles
occurs when the Si content exceeds 0.1. This observation correlates well
with the increase in crystallite size estimated by the Scherrer equation.
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Figure 2. (a) N2 adsorption-desorption curves and (b) pore diameter distribution
of the Si-Fe/y-Al203 (x) catalysts.

Figure 3. SEM images of Si-Fe/y-Al203 (x) catalysts and corresponding
Fe, Al, Si elemental mapping (left-right).

As can be seen in Figure 3 the Fe was increasingly evenly dispersed
on the catalyst surface with the increase of Si content (x < 0.1) in the catalyst.
The possible reasons for this phenomenon are as follows. When a certain
amount of TEOS is added to ferric nitrate solution, Si-OH compounds were
produced by hydrolysis to different degrees, the corresponding hydrolysis
reaction is presented in equation 6.
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Si(OC2H5)4 +4H,0 — SI(OH)4 + 4C>,HsOH (6)

The Si-OH in the resulting compound acts as a bridge, connecting the
Fe®" in the solution to the support. When the Si content is low (x = 0.05, 0.1), a
small amount of silicic acid preferentially reacts with the hydroxyl groups on
the surface of AIO(OH) to form a Si-O-Al interface bonding structure; at the
same time, silicic acid undergoes coordination interaction with Fe®*
stabilizing and anchoring the Fe ions on the surface of the support, which led
to a more uniform distribution of the active component Fe on the surface of
the support, as shown in reaction equations 7 and 8.

Si(OH)4 + Al-OH(surface) — Al-O-Si(OH)z + H,O 7)
Fe3* + Al-O-Si(OH)s = Al-O-Si(OH),-O-Fe?* + H* @)

When the Si content is high (x = 0.2), silicic acid formed by excessive
hydrolysis of TEOS undergoes intermolecular condensation on the Boehmite
support surface, producing a continuous amorphous SiO, coating. This
coating shields the hydroxyl groups on the support surface and weakens the
strong metal-support interaction between Fe and the support, further leading
to agglomeration of the active components on the catalyst surface, as shown
in reaction equation 9.

NSi(OH)s — (SiO2)n + 2nH20 (9)

As a result, Fe was more evenly distributed on the surface of Si-Fely-
Al,O3 (x = 0.10) catalyst. Xiao et al [32] found that the volume percentages
of blocky-shaped phases increased with increasing addition of Si (0.10 - 0.20
wt.% Si). This phenomenon is consistent with the results of this study.

Figure 4 shows a typical SEM image and EDS spectra of the Si-Fe/y-
AlOs3 (x = 0.10) catalyst sample in the specified region. The presence of C in
the EDS spectra is due to the addition of TEOS in the catalyst preparation,
and the peaks at 2.120 and 9.712 keV (Figure 4b) belong to Au, which is
mentioned in the “EXPERIMENTAL SECTION”. The corresponding
elemental compositions of the Si-Fe/y-Al,Os (x = 0.10) catalyst sample are
depicted in Table 3. It can be seen that the mass ratio of Si to Fe in the
specific portion of the catalyst is 1.25 : 12.40, which is approximately equal
to the theoretical value of 0.1. This phenomenon indicates that Si and Fe are
well distributed on the surface of the Si-Fe/y-Al.Os (x = 0.10) catalyst in the
specific portion; i.e., the active component Fe is fully exposed on the catalyst
surface, which is favorable to the catalytic reaction.
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Figure 4. SEM image (a) and EDS spectra (b) of Si-Fe/y-Al203 (x = 0.10) catalyst.

Table 3. Elemental composition of Si-Fe/y-Al203 (x = 0.10)
catalyst in the specified region.

Elements wt.%
C 14.88

(6] 37.92

Al 33.54

Si 1.25

Fe 12.40
Total 100.00

The acid-base properties of heterogeneous catalysts are an important
factor affecting the activity of catalysts [33]. Temperature programmed desorption
(TPD) is an important method to characterize the acid-base properties of
catalysts. CO.-TPD analyses of the Si-Fe/y-Al,Os (X) catalysts were determined,
and the results are shown in Figure 5. Accordingly, two peaks at 340 °C and
601 °C were observed in all samples, indicating the presence of two distinct
types of alkaline sites in the catalysts. It can be seen that the Si-Fe/y-Al;,O3
(x = 0) catalyst exhibits a relatively high content of both types of alkaline sites.
However, the introduction of a small amount of Si into the Fe/y-Al.O3 catalyst
(x = 0) resulted in a slight decrease in the content of these two alkaline sites
in the resulting catalyst.

Fe/y-ALOs
—— Si-Fe/p-ALO: (x = 0,05)
—— Si-Fefy-ALOs (x = 0.10)
—— Si-Fefy-ALOs (x = 0,20)

Intensity (a.u.)

T T T T T
200 300 400 500 600 F00
Temperature (OC)

Figure 5. CO2-TPD profiles of the Si-Fe/y-Al203 (X) catalysts.

178



EFFECT OF TRACE SILICON ON THE PROPERTIES OF IRON-BASED
HETEROGENEOUS FENTON CATALYSTS

The reasons for this phenomenon are as follows: For the Fe/y-Al,Os
catalyst, its basicity mainly originates from the interaction between
coordinatively unsaturated AP** on the catalyst surface and O?%, which gives
rise to alkaline sites (Al-O’). When a small amount of Si is introduced into the
catalyst, Si-O-Al bonds are formed on the surface, which directly consume
the Al-O" basic sites and generate Si-O-Al bridges, thus further reducing the
number of alkaline sites. The corresponding reaction is depicted in equation
10.

=Al-O + =Si-OH — =AI-O-Si= + OH" (10)

Catalytic Performance

Phenol, being a type of organic pollutant that is the hard to degrade, how
to completely decompose it into environmentally harmless small molecules has
become a focus of research [24, 31, 34-36]. At the same time, as an important
parameter to describe the content of organic pollutants in wastewater, Chemical
Oxygen Demand (COD) is used as a key index to evaluate water pollution in
many countries and regions. COD removal rate refers to the degree of oxidation
of organic pollutants in wastewater, or more specifically, the process by which
larger molecules are broken down into smaller fragments to the maximum extent
(i.e., mineralization into CO, and H;0) [24, 31, 35]. In this study, the COD
removal rate was used as an evaluation index for catalyst activity.

The catalytic activities of the Si-Fe/y-Al.Os (X) catalysts were evaluated
by the degradation of the 100 mgeL™* phenol simulated wastewater under the
optimal reaction conditions reported in our previous study [24]. Specifically,
the reaction temperature was 30 °C, the initial pH of the wastewater was 3.5,
the dosage of H,O, was 1.5 mL, and the reaction time was 60 minutes.

Figure 6 shows the effects of different Si-Fe/y-Al,O3 (X) catalysts on
the COD removal rate of phenol simulated wastewater. It is observed that
the COD removal rate of the phenol simulated wastewater was
approximately 66% when the Fe/y-Al,O3 (x = 0) catalyst was used. With the
increase in Si content in the Si-Fe/y-Al,O3 (x < 0.1) catalyst, the COD removal
rate of the phenol simulated wastewater increased. For the Si-Fe/y-Al,Os (X
= 0.10) catalyst, the highest COD removal rate (83%) was achieved under
the given reaction conditions. Subsequently, with the further increase in Si
content in the catalysts, the catalytic degradation for phenol simulated
wastewater decreased. The possible reasons for this phenomenon are
discussed in the “Catalytic Mechanism” section of this study.

Figure 6 demonstrates that the Si-Fe/y-Al:Os; (x = 0.1) catalyst
exhibits outstanding catalytic activity, and characterization of its physical and
chemical properties further confirms its excellent intrinsic structural stability.
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Figure 6. Influence of different catalysts on COD removal rate of phenol simulation
wastewater. (1) Fely-Alz203 (x = 0); (2) Si-Fely-Alz03 (x = 0.05);
(3) Si-Fely-Alz03 (x = 0.10); (4) Si-Fely-Al203 (x = 0.20).

XRD results reveal a well-defined y-Al.O3 crystal phase, indicating that trace
Si doping does not damage the support lattice structure. SEM-EDS
elemental mapping further verifies the uniform distribution of Fe elements
within the catalyst. Additionally, BET results show that trace Si modification
optimizes the catalyst's pore structure (including specific surface area, pore
volume, and average pore size) while preserving good structural integrity.
This intrinsic structural stability, attributed to trace Si doping, is a key
advantage that facilitates maintaining the catalyst's structural and catalytic
performance during the reaction process.

Catalytic Mechanism

To explore the correlation between the catalytic activity of catalysts
in degrading the phenol simulated wastewater and their characterization
results, this paper proposes a hypothetical catalytic reaction mechanism. In
this study, the addition of the trace Si element during the catalyst preparation
process may affect not only the physical properties of the prepared catalysts
but also their chemical properties.

The following is a hypothetical catalytic reaction mechanism proposed
based on the changes in physicochemical properties and reaction behaviors
observed over Si-Fe/y-Al,O; (x) catalysts with the introduction of trace Si.
The proposed mechanism is based on existing literature and has not yet
been verified by direct experimental evidence such as radical scavenging
experiments in this study.
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On the one hand, the physical properties of catalysts may affect their
catalytic activity. According to the XRD and XPS characterization results of
the Si-Fely-Al,O3 (X) catalysts, the Fe element in the catalysts exists in the
form of a-Fe»O3. Meanwhile, the XRD, SEM, and EDS results showed that
the addition of a small amount of Si in Si-Fe/y-Al,O3; (X) promoted the
distribution of Fe species, which further led to changes in the specific surface
area, average pore size and pore volume of the catalysts (as shown by the
N, adsorption-desorption results). These changes may be conducive to the
catalytic degradation of phenol simulated wastewater. Firstly, the highly
dispersed active component Fe in the catalyst is more favorable to react with
H20- in the reaction system to produce highly oxidizing «OH (equations 1 and
2), thereby further promoting the degradation of phenol (equation 3).
Secondly, the increase in the specific surface area of the catalyst expands
the reaction region, thereby improving the phenol degradation efficiency.
Thirdly, the increase in pore volume reduces reaction hindrance, which
further enhances the degradation efficiency of phenol simulated wastewater.
The effect of adding a trace amount of Si (x < 0.10) on the physical properties
of the catalyst, as well as the subsequently inferred influence on its catalytic
activity, are illustrated in Scheme 1.
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Scheme 1. The influence of trace Si doping on the physical properties and phenol
wastewater degradation performance of the Si-Fe/y-Al203 (x < 0.10) catalyst.

On the other hand, the chemical properties of catalysts may also

influence their catalytic activity. In heterogeneous catalytic reactions, the
adsorption of reactants on the catalyst surface is generally considered to be
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the first step of heterogeneous catalysis [37, 38]. A non-linear relationship
may exist between the number of alkaline sites on the catalyst surface and
the catalytic activity, and surface alkaline sites may play a key role in
balancing these factors. For instance, an excessive number of alkaline sites
inhibit the Fe3*/Fe?" redox cycle in the Fenton reaction (which generates
highly oxidative *OH, as shown in equations 1 and 2). Conversely, an insufficient
number of alkaline sites will decrease the adsorption capacity toward phenolic
pollutants, since phenolic compounds in wastewater are acidic. The competitive
balance between these two effects may jointly determine the degradation
efficiency.

Overall, the number of alkaline sites in the Si-Fe/y-Al,Oz (x) catalysts
may affect the COD removal rate of phenolic wastewater by regulating two
key aspects: pollutant adsorption capacity and active species (*OH) generation
efficiency. Only when the number of alkaline sites is within a suitable range
can the synergistic effect between adsorption and the generation of *OH to
achieve the optimal COD removal performance; otherwise, a decline in COD
removal rate will occur.

It is speculated that the Si-Fe/y-Al:Os; (x = 0.1) catalyst has an
appropriate number of surface alkaline sites, which not only allows efficient
adsorption of phenolic pollutants but also promotes the generation of strong
oxidizing species such as *OH (equations 1 and 2), thus achieving the
highest COD removal rate. In this study, Scheme 2 illustrates the effect of
the number of alkaline sites on the degradation performance of Si-Fe/y-Al,O;
(x) catalysts for phenol simulated wastewater.
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Scheme 2. Effect of surface alkaline sites of the Si-Fe/y-Al203 (x) catalysts on
degradation performance of phenol simulated wastewater.
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The limitations of this study are as follows: it only focused on the influence
of trace Si elements on the activity of iron-based catalysts. Specifically, the
addition of trace Si elements in the catalyst was found to significantly enhance its
catalytic activity. However, the changes in the service life of the catalyst before
and after modification and the influencing factors still remain to be further
explored. Meanwhile, the impact of Si on other active components (such as
copper, manganese, etc.) also needs in-depth investigation, which will be one of
the key focuses of subsequent research.

Looking ahead, this research not only offers a feasible strategy for
the preparation of catalysts with highly dispersed active components, but
also establishes a theoretical basis for the efficient application of such
catalysts in the degradation of organic wastewater.

CONCLUSIONS

In the Si-Fely-Al,Os (X) catalysts prepared by the impregnation
method, the mass ratio of Si to Fe enables us to gain a deep understanding
of the influence of trace Si on the physical and chemical properties of the
catalysts, and subsequently on the catalyst's activity in degrading phenolic
wastewater. When a small amount of Si is added to a Fe/y-Al,O; catalyst,
the dispersion of the active component Fe on the catalyst surface is enhanced,
and the specific surface area, average pore size, and pore volume of the Si-
Fel/y-Al,Os catalysts (x < 0.1) increase. Meanwhile, the introduction of a small
amount of Si can also improve the alkaline sites on the catalyst surface,
which is beneficial for enhancing the catalytic activity. As a result, the Si-
Fely-Al,O3 (x = 0.1) catalyst demonstrated outstanding catalytic activity in the
degradation of phenolic wastewater. Under the given conditions, the COD
removal rate of the phenolic wastewater by this catalyst reached 83%, which
was superior to the activity of other catalysts. This study proposes a novel
and effective strategy for preparing heterogeneous catalysts with highly
dispersed active components, and also enables the improvement of the
surface acid-base properties of such catalysts.

EXPERIMENTAL SECTION
Materials And Reagents
Analytical grade ferric nitrate (Fe(NOs):*9H,0), analytical grade phenal,

sulfuric acid (H2SO.), potassium dichromate (K>Cr.Oy), silver sulfate (Ag2SO.),
hydrogen peroxide (H-O2, 30%), and tetraethyl orthosilicate (Si(OCzHs)a, TEOS,
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>99%) were purchased from Sinopharm Chemical Reagent Co., Ltd. Analytical
grade Boehmite was provided by Zibo Henggi Powdered Advanced Material Co.,
Ltd, China. Above reagents were used as received without further purification.

Catalyst Preparation

A series of Si-Fely-Al.O3 (X) catalysts were prepared by an impregnation
method, where x represents the mass ratio of Sito Fe per gram of support.

First, an impregnation solution was prepared. 14.4284 g of
Fe(NO3)3#9H.0 was dissolved in 16 mL of deionized water under stirring until
completely dissolved, and the resulting solution was equally divided into four
portions. Then, 0, 0.2019, 0.4038, and 0.8076 mL of TEOS solution were
added to these four solutions, respectively.

Next, 5.0 g of Boehmite with a particle size of 0.250-0.425 mm
(40 - 60 mesh) was added into each solution, and the mixtures were stirred
continuously at room temperature for 12 h.

Subsequently, the mixtures were dried in a constant temperature
drying oven at 120 °C. The dried samples were transferred to a crucible and
calcined in a Muffle oven at 500 °C for 4 h.

After cooling naturally to room temperature, in this paper, the final
catalyst is labeled as Si-Fe/y-Al.Os; (x), where x = 0, 0.05, 0.1, and 0.2,
corresponding to the theoretical mass ratio of Si to Fe. The theoretical Fe
content of all catalysts is 0.1 grams of Fe per gram of support.

Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku
D/max-RA X-ray diffractometer with Cu Ka radiation, operating at a respective
voltage of 40 kV and current of 40 mA. Diffractograms were recorded in the
26 range of 20—80°.

X-ray photoelectron spectroscopy (XPS) data were collected on a
Thermo Scientific K-Alpha instrument using monochromic Al Ka radiation.
The binding energies were referenced to the C 1s line at 284.8 eV from
adventitious carbon.

The surface area and the porous structure were characterized by N»-
physisorption at 77 K using a Micromeritics Tristar 1l 3020 surface analyzer.
Prior to measurement, samples were degassed at 350 °C for 4 h. Specific
surface areas were calculated using the Brunauer-Emmett-Teller (BET)
equation at P/Po < 0.3. Pore size distributions were determined from the
desorption branch of the N, adsorption isotherm using the Barrett-Joyner-
Halenda (BJH) method.
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The morphology and microstructure of the as-prepared catalysts
were observed using a Zeiss Supra 40 scanning electron microscope (SEM,
Germany). Prior to imaging, the samples were sprayed with gold to enhance
conductivity, and then were examined under high vacuum at an accelerating
voltage of 20 kV. Chemical composition and semi-quantitative elemental
analysis were performed simultaneously using an Oxford Instruments X-Max
energy dispersive spectrometer (EDS).

Carbon dioxide temperature programmed desorption (CO.-TPD) was
carried out on a laboratory-made apparatus to investigate the surface acid-
base properties of Si-Fe/y-Al,O3 (x) catalysts. 50 mg of sample were loaded
in a quartz tubular reactor (i.d.: 6 mm) prior to the measurement, and then
they were heated to 500 °C at the rate of 10 °C/min under a He flow, followed
by being maintained at 500 °C for 1 h. After natural cooling to room
temperature, pulse CO; gas into the catalyst until adsorption saturation. The
physically adsorbed CO, was removed under a He flow at 100 °C for 1 h.
Then, the sample was heated to 800 °C at a rate of 10 °C/min. The desorbed
CO; was analyzed by an online gas chromatograph with a TCD detector.

Catalytic Activity Measurements

The catalytic activities of Si-Fe/y-Al,Os (xX) samples were evaluated
by the degradation of phenol simulated wastewater. The optimum experimental
conditions were employed according to our previous work [24]. The catalytic
degradation of phenol simulated wastewater was tested in a 150 mL three
necked glass flasks at 30 °C. Firstly, the initial pH of phenol simulated
wastewater with a concentration of 100 mgeL* was adjusted to 3.5 with a
dilute H,SO, solution, and its corresponding COD was about 238 mgeL™.
Then, 50 mL phenol simulated wastewater, 150 mg catalyst, and 1.5 mL 30%
(wt.%) aqueous H20; solution were added to a three necked glass flask, and
the mixture was stirred constantly to ensure good dispersion of the catalyst
in the reaction system at 30 °C. After a 60 min reaction, a 20 mL sample was
extracted from the reaction system to determine its COD value, which was
measured by the standard Cr.07%/Cr3* method.

For each COD value, parallel experiments were conducted under
identical experimental conditions, with a minimum of three repetitions. After
the experiments are completed, the average value of the results from each
experimental group shall be used as the final data.

The COD removal rate of the wastewater was calculated using
equation 11:

COD removal rate (%) = (CODg-CODA)/CODg x100 (11)
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In the above equation, CODg denotes the initial COD value of the
wastewater, while CODa represents its COD value after degradation.
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BEYOND THE SALINITY GRADIENT ENERGY HARVESTING
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ABSTRACT. Recently, salinity gradient energy — known as blue energy —
has sparked the interest of researchers in identifying a new source of renewable
energy, available at the contact between river water and seawater. In this
paper, which is a mini-review of the salinity gradient energy harvesting, the
appreciable potential of this energy source is emphasized by calculating the
thermodynamic effect of mixing a water of high salinity, which simulates
seawater, with water of low salinity, characteristic of rivers. Unfortunately,
this potential of salinity gradient energy is difficult to exploit due to technical
limitations. In such circumstances, the seawater-river water system was
approached as an electrochemical thermodynamic system, at the interface
of which an electric potential difference occurs. In the simplest case, this is
a diffusion potential, evaluated based on Henderson equation. The value of
the diffusion potential is low (about 20 mV) because the interface between
these two media is crossed by both cations and anions. If, however, the two
media of different salinity are separated by an ion exchange membrane,
there is a much larger potential difference between them (about 100 mV),
called membrane potential, which can be capitalized using a concentration
cell. Moreover, the main methods applied so far for the recovery of the
salinity gradient energy are highlighted: pressure retarded osmosis, reverse
electrodialysis and capacitive mixing methods.

Keywords: diffusion potential, Henderson relationship, membrane potential,
reverse electrodialysis, pressure retarded osmosis, blue energy, capacitive
mixing method.
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INTRODUCTION

Over the past decades, especially after the Paris Agreement in 2015,
signed by 195 states, research on renewable energy resources has been
enhanced to reduce greenhouse gas emissions and maintain the increase in
the global average temperature up to +2°C compared to the pre-industrial period
[1-3]. Moreover, the United Nations Climate Conference COP29 (Baku 2024)
recommended increasing efforts to protect the environment and mitigate
climate change by imposing a +1.5 C° limit on the average temperature
increase [4]. The constant interest in hydro, solar, wind, biomass renewable
sources, as well as thermal water energy, has been followed by recent
research for the use of low energy density sources, difficult to capitalize at
commercial level, such as salinity gradient energy (SGE) [5-9].

In principle, SGE is the energy obtained by mixing two saline aqueous
solutions, which differ in the concentration of the components. The Gibbs
free energy change of mixing AG,,;, can be calculated using the relation (1)
[10-12].

AGpix = VRT Y, x;lnx; Q)

where n is the number of chemical species (ionic species, in the case of
electrolyte solutions), R — the universal gas constant, T — the thermodynamic
temperature, x; — the molar fraction of the chemical species i.

The idea of capitalizing the SGE has been launched as early as the
middle of the last century by R. E. Pattle, who stated: "when a river mixes
with the sea, free energy equal to that obtainable from a water fall 680 ft. high
is lost" [13]. This remark of R. E. Pattle sparked the imagination of researchers
who were probably already seeing the waters of the Amazon, with a flow of
200,000 m?® s, passing through generators of electricity from a height
equivalent to 207 m (680 ft.), before pouring into the Atlantic Ocean, thus
ensuring the energy needs of all South America. Unfortunately, the
possibilities offered by thermodynamics cannot always be fully exploited due
to technical limitations.

In order to rigorously evaluate the energy available for the mixing of
seawater and river water, equation (1) has been customized for the case of
concentrated and diluted sodium chloride solutions (2) [14].

AGpix = 2RT[(n, + ng)nx,,, — nednx, — nglnx,] (2

where ncand ng are the number of moles of NaCl in the concentrated solution,
respectively diluted, Xc, Xa and xmix — the molar fractions of NaCl in the
concentrated, diluted solution, respectively in the mixture of the two
solutions. Factor 2 is due to the fact that NaCl is dissociated into the two ionic
species Na* and CI-.
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By replacing the molar fractions with the respective molar
concentrations, the relationship (3) is obtained [14].

AGpix = —2RT |Vec | €)
where V¢ and Vq are the volume of concentrated solutlon, respectively diluted,
L; c, cq and cmix — the molar concentrations of NaCl in the concentrated, diluted
and mixed solution, mol L.

When mixing 1 L of 3.5% NaCl solution (0.6 mol L%), which simulates
seawater, with 1 L of dilute NaCl solution (0.01 mol L), which simulates river
water, 2 L of 0.305 mol L't NaCl solution is obtained.

Under these conditions: V. = Vg =1L; ¢ = 0.6 mol L; ¢g = 0.01 mol L;
Cmix = 0.305 mol L. The Gibbs free energy value will be:

Cmix

AGmix = —2 x 8.314 % 298 |1 x 06ln -+ 1 x 001In-_|= —1842
0.305

Therefore, for 1 L of seawater-river water mixture, an energy of 921
J is obtained, which means that the available energy is equivalent to the
potential energy of a 1 L of mixture of the two solutions at a height of about
92 m. The value obtained is much lower than the one reported by R. E. Pattle
(207 m), because in the evaluation of Gibbs free energy change the salinity
of river water is taken into account and the obtained value is referred to 1 L
of seawater — river water mixture.

The above evaluations of the SGE consider that the seawater-river
water mixture is a thermodynamic system for which the available energy is
given by AG,,;,, Without taking into account the fact that the interface between
the two media is crossed by ionic species that have different mobilities.
Under these circumstances, there is an electric potential difference between
the two solutions, called diffusion potential, which can be harnessed from an
energetic point of view.

DIFFUSION POTENTIAL

Let us consider two solutions 1 and 2 in contact, which contain the
ionic species X;*, X;% ... X, at molar concentrations Cu1, Cz1, ..., Cn1, I
solution 1, respectlvely Ci2, C22, ..., Cn2, iN SOlution 2, z; being the charge of X;
ion (Figure 1). When the solutions are in contact, both phases are electrically
neutral, which means that }}; z;c;; =0 si Y z;c;» = 0.

Since, the ionic species in the two solutions have different diffusion
coefficients and implicit mobilities, under the influence of the concentration
gradients between the two solutions, the ionic species will diffuse at different
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rates, which will lead to the development of a potential difference, known as
the diffusion potential D@q. It can be calculated using Henderson general
equation (4) [15-17].

aniui'Ciz (4)

A0 == b = e 7 Siwen

where ¢ is the potential of the solution 1, ¢, — the potential of the solution 2,
ui — mobility of the ionic species i.

Diffusion potential A¢,; is not a constant value, it decreases
continuously as the concentrations in the solutions in contact are equalized,
and when the equilibrium is reached A¢,; = 0.

For two solutions of the same electrolyte at different concentrations,
in contact, the diffusion potential is given by the relationship (5).

u;
Eiz_il(ciz _Cil) RT

e, — Y200, —
Zl(C12 C11)+22(C22 C21) RT | Uy:Cip+lUp Ca

Apg =1 — ¢, = (5)

For a z—z valent electrolyte, completely dissociated into ions XZ* and
X%~, for which the concentrations of the two ionic species in the same
solution are equal to each other (c11 = c12 = €1 and c21 = C22 = €, the equation
(5) is simplified in the form given to the relationship (6).

uy(c1z—c11)+uz(c2—cz1) F Up-C11tUz Coy

__ Uc—ug RT Cy

Apa = by — b =0 o In (6)
w\_f\//
X121 (c11) Xlzl (c12)
X121 (c21) Xfl (€22)
Xfl (cn1) Xfl (cn2)
o3 ¢
Solution 1 Solution 2
L—~—

Figure 1. Diffusion potential at the interface between solutions 1 and 2.

Let us take as an example two sodium chloride solutions, one with a
concentration of ¢c; = 0.6 mol L (phase 1), similar to the concentration of
seawater, and one with a reduced salinity of c; = 0.01 mol Lt sodium chloride
(phase 2), which simulates river water.
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The ionic mobility for Na* is uy,+ = 5.19-10% m? V1 s, and the one
for Cl is ug;- = 7.92:10®% m? V1 s [18]. Whereas uy,+ < ug-, the diffusion
of CI ions from the concentrated solution to the diluted solution will be faster
than that of Na* ions. Consequently, the diluted solution becomes enriched
in negative charges, whereas the more concentrated solution exhibits an
excess of positive charges. Using the relation (3), for the diffusion potential,
the value A¢p,; = 22 mV is obtained.

More accurate values of diffusion potential can be obtained if the
average activities of the ionic species a = f. x ¢ are involved instead of
concentrations. For 0.6 mol L* NaCl solution, the average activity coefficient
is f:1 = 0.675, and for 0.01 mol L NaCl solution, f:> = 0.902 [19]. Accordingly,
for the diffusion potential, the value A¢,; = 20 mV has been obtained.

Since the difference between the two values is insignificant, we will
still use concentrations instead of activities and ionic mobilities at infinite
dilution instead of real mobilities.

Certainly, both seawater and river water have a much more
complicated composition. An approximate composition of seawater and the
water of an arbitrary river is given in Table 1.

Table 1. lonic mobilities [18,20] and the average
composition of seawater [21] and river water

lonic Molar Concentration in Concentration in river
lonic mobility mass seawater water
. u°.108 3 Lt mol L? L1 mol LT
species | | W20, . lg mory O] 1 1 [t I ]
Cl 7.92 35.45 | 19.162 | c11=0.5405 | 0.070 | c12=0.001975
Na* 5.19 22.99 | 10.679 | c21=0.4645 | 0.070 | c22=0.003045
Mg?* 4.18 24.31 1.278 | €31=0.0526 | 0.020 | c32=0.000823
SO;~ 8.29 96.06 2.680 | €41=0.0278 | 0.100 | c42=0.001041
Ca?* 6.16 40.08 | 0.4096 | c51=0.0010 | 0.080 | c5.=0.001996
K* 7.62 39.10 | 0.3953 | ¢61=0.0101 | 0.005 | c62=0.000128
HCO3 4.59 61.02 | 0.0276 | c71=.00045 | 0.150 | c72=0.002458
Br- 8.10 79.90 | 0.0663 | €g1=.00083 0 Cs2=0
NO3 7.40 62.00 0 Co1=0 0.020 | €92=0.000323

It is easy to see that the diffusion potential is a non-equilibrium
potential, since the ionic species in the more concentrated solution will
continuously pass into the dilute solution until the concentrations are
equalized, when the diffusion potential becomes zero. On the other hand, the
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equalization of concentrations can be achieved not only as a result of a
concentration gradient, but also by convection, because of a density, pressure
or temperature gradient, a phenomenon that accelerates the uniformity of
the ionic concentrations in the solutions in contact. To avoid convection
phenomena, the two solutions can be separated by non-selective diaphragms,
which allow the passage of all ionic species present in the electrolyte solutions.

An efficient exploitation of the energy potential at the saline/
freshwater interface can be achieved by using a selective separator of ionic
species between in solutions in contact, e.g., a cation- or anion exchange
membrane.

Consider the case where the two solutions of NaCl 0.6 mol L*
(solution 1) and 0.01 mol L (solution 2) are separated by a cation exchange
membrane (CEM), e.g., Nafion (Figure 2) [22, 23].

Under the action of the concentration gradient between the two
electrolyte solutions, only Na* ions can cross the membrane. The equilibrium
state will be reached when the electrochemical potentials of the Na* ions in
both solutions become equal (7).

Hna*(1) = Bna*(2) (7)

where fyq+1) $i fina+(2) are the electrochemical potentials of Na* ions in

solutions 1 and 2.
By explicitly expressing Na* ions electrochemical potentials, the
relation (8) is obtained.

g+ + RTIgeng+ (1) + Fdr = g+ + RTIgCy g+ (o) + F by (8)

Therefore, the potential that arises between the two solutions
separated by the cationic membrane, called the membrane potential Ag,,,
will be given by the relation (9).

— . _ b —RT, ‘Nat@)
Apy = ¢ — P4 7 In CNat ) 9)

Numerical value for concentrations cy,+;y= 0.6 mol L™ and cyg+(zy =
0.01 mol L%, is Ag,, = 0.105 V, significantly higher than the diffusion potential
Adg.

If ionic mean activities are used instead of concentrations, the value
of Agy, =98 mV is obtained, close to that obtained using the concentrations
of ionic species.
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Solution 1 CEM Solution 2
® -Na @ -cI

Figure 2. The emergence of the membrane potential across
the two interfaces of the Nafion (CEM).

If an anion exchange membrane is used, only the Cl-ions will diffuse
through the membrane until electrochemical equilibrium is reached, when the
electrochemical potential of the chloride ions in solution 1 will become equal
to that in solution 2. Under these conditions, the expression of the membrane
potential in this case is given by the relation (10) [22].

Apy = 1 — ¢y = - In =2 (10)
cl=(2)

Measurement of the diffusion or membrane potential is possible by
inserting two inert electrodes into the two electrolyte solutions. The
electrochemical cell thus realized is known as the concentration cell.

CONCENTRATION CELLS

By introducing two inert metals into the two electrolyte solutions in
contact, an electrochemical concentration cell is achieved. If the same
electrochemical equilibrium is established at the two electrodes, then the
electromotive force of the concentration cell will be equal to the diffusion
potential or the membrane potential. Figure 3 shows a concentration cell with
the electrochemical chain Pt (H2)/Hz(g), H*(aq), NaCl(ci1)//NaCl(c.), H*(aq),
H2(g)/Pt(H2), in which the solutions are separated by a cation exchange
membrane [23], and Figure 4 shows the profile of the Galvani potential (¢)
along the electrochemical chain of the cell.
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a/ o

Solution 1 Solution 2

Figure 3. Concentration cell Pt (Hz2)/Hz(g), H*(aq), NaCl(c1)//NaCl(cz2), H*(aq),
H2(g)/Pt(Hz2).

From the electrochemical chain of the concentration cell, it can be
seen that the two electrodes are hydrogen electrodes whose absolute
potential is given by the relation (11).

RT
Mg = A5, e+ i

i a

where Aqb;’,z s+ 1S the absolute potential of the standard hydrogen electrode,
pu,- hydrogen partial pressure, ay+- hydronium ion activity.
Since the hydrogen electrodes are identical, at the two Pt - electrolyte

solution interfaces, the Galvani potential drops are identical (12) as shown in
Figure 4.

bpt1 — Ps1 = bpe2 — Ps2 (12)

According to Figure 4, the electromotive force, measured with an
electronic voltmeter having high input impedance, in order do not allow a
current during the measurement, is given the algebraic sum of the potential
drops in the electrochemical chain (13).

E = ¢pt1 — Ps1 — APy + P52 — Pp2 (13)
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Figure 4. Potential Galvani profile along the electrochemical system.

Therefore, the membrane potential is numerically equal to the value
of the cell electromotive force with opposite sign (14).

Apy = —E (14)

As a rule, such concentration cells are not used as electrochemical
power sources, owing to their low energy density and significant internal
resistance. Their practical relevance lies primarily in potentiometric
measurement for evaluating the electrolyte activity in solutions. The most
well-known application is the glass electrode, a selective-ion electrode used
to determine the activity of hydronium ions in electrolyte solutions. lon-
selective electrodes have also been developed for the quantitative
determination of anionic or cationic species in aqueous solutions [24-28].

Modified concentration cells can be used to convert salinity gradient
energy into electrical energy. In such systems, when current flows through
the external circuit, reduction takes place at the cathode and oxidation at the
anode. Equations (9) and (10), used to evaluate the membrane potential
A¢,, provide the maximum electromotive force E, corresponding to the
thermodynamic equilibrium state. The value of E decreases over time as the
concentration gradient between the two solutions diminishes. Under dynamic
operating conditions, the actual cell voltage is lower than the E because of
polarization effects.

BLUE ENERGY HARVESTING

The most important technical variants for the valorisation of SGE are
pressure retarded osmosis (PRO), reverse electrodialysis (RED) and capacitive
mixing (CapMix) [29-32].
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Pressure retarded osmosis is a widely studied technology for capturing
SGE, originating from pioneering research of S. Loeb et al. in 1976. They
have used a semi-permeable membrane between seawater and river water
[33]. This allows the passage of water molecules from river water (diluted) to
seawater (concentrated), creating a pressure difference due to the osmosis
phenomenon, which is converted into electricity by means of a turbine
(Figure 5) [7,34,35]. At equilibrium, the pressure difference becomes equal
to the osmotic pressure.

One of the most important components of the PRO system is the
semi-permeable membrane, which must permit the passage of water
molecules while effectively restricting the transfer of ionic species.
Consequently, membranes employed in PRO technology are typically
composite structures integrated into a rigid support in order to withstand the
pressure difference between the seawater and river water compartments
[36,37]. Successful semi-permeable membranes have proven to be those
that have a polyamide or polyamide-polyethylene composites as a selective
layer. Polydopamine is also a promising polymer, as it contains both
nucleophilic and electrophilic groups in its structure [38].

For PRO technology, various values of power densities have been
reported: 2.56 W m2 [39], 0.7 — 1.2 W m [40], but also exceedingly high
values, difficult to achieve under normal conditions: 38 W m [41].

Reverse electrodialysis is based on bringing seawater and river water
into contact by means of two ion-selective membranes: an anion exchange
membrane and a cation exchange one (Figure 6). Seawater flows between
the two membranes, while river water circulates in the outer compartments.
The anion exchange membrane will allow the passage of anions from
seawater to river water in the left compartment, which will acquire an excess
of negative charges. At the same time, the cation exchange membrane will
allow cations to pass from seawater to river water, which will thus have an
excess of positive electrical charges. Therefore, if inert electrodes are placed
into the two extreme compartments, an electromotive force is generated
between them, thus creating an electrochemical power source that converts
SGE into electricity [42].

Basically, a cell stack is used to transform the SGE into electricity in
which the anion exchange membranes alternate with the cation exchange
ones, so that the potential difference at the ends of the cell is increased
(Figure 7) [43,44]. J. Veermana et al. realized a stack of 50 elementary cells,
supplied with solutions simulating seawater and river water, except for the
electrode compartments fed with potassium hexacyanoferrate(ll) and potassium
hexacyanoferrate(lll) solution. In these circumstances, electricity generation
occurs via the oxidation of hexacyanoferrate(ll) to hexacyanoferrate(lll) at
the anode, and the reverse reduction reaction at the cathode. Titanium
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meshes coated with ruthenium and iridium oxides layers have been used as
electrodes [45]. Other authors have reported the use of platinum or iridium
films deposited on titanium mesh [12].

In general, the ion-exchange membranes employed in the RED technique
are similar to commercially available membranes used in electrolyzers and fuel
cells. P. Dtugotecki et al. investigated Tokuyama Corporation Neosepta
membranes and Asahi Glass Co. Selemion membranes in RED cells. The
Neosepta CMX and Selemion CMV membranes are cation-exchange
membranes based on a styrene—divinylbenzene copolymer reinforced with
polyvinyl chloride, containing sulfonate groups —SO3 as fixed ionic groups.
In contrast, the Neosepta AMX and Selemion APS membranes are anion-
exchange membranes containing quaternary ammonium groups —NR% as
fixed ionic groups. In addition, membranes produced by FUMATECH
(Fumasep) and MEGA (Ralex) have also been reported in the literature [42].
J. W. Post et al. established several requirements that membranes used in
RED must satisfy in order to achieve acceptable energy efficiency:
permselectivity > 95%; electrical resistance < 3 Q cmz?; chemical stability with
a lifetime > 5 years; sufficient mechanical strength for stack construction; and
a cost below 2 €/m? [11]. A rigorous comparison of the different types of
cation- and anion exchange membranes used in RED was conducted by
Jaewon Jang et al. [46].

Turbine
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membrane CEM ® AEM
@ cr
Figure 5. PRO principle. Figure 6. RED principle.

The maximum power density that can theoretically be achieved in
RED technology is 6 W m, but considering the limitations introduced by the
selectivity of the membranes, as well as their specific conductivity, practical
values of the power density of up to 2.4 W m=2 [47].
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Figure 7. RED cell stack.

A simplified variant of RED is nanopore power generation (NPG),
which employs a single separator between concentrated saline and diluted
solution, thus reducing energy converter costs (Figure 8) [48]. As interphase
separators, nanotubes with atoms or groups of atoms carrying electric
charges are used, which reject selectively the diffusion of ions with electric
charges of the same sign.

As an interphase separator, the use of boron nitride nanotubes has
been proposed. Due to the partial hydration of boron nitride, according to the
reaction (15), immobilized negative charges are generated into the nanotubes.

BN + 2H.0 2 HNBO" + HsO* (15)

Consequently, an interphase separator based on boron nitride
nanotubes allows the passage of cations but prevents the access of anions
[49]. Recently, membranes have been made based on alumina nanotubes
[50], molybdenum disulfide [51,52] or silicon nitride [53,54].

Capacitive mixing method (CapMix) is a reversible electrical energy
storage system based on the electric double-layer capacitance at the interfaces
between electronic and ionic conductors. In practice, a supercapacitor is used,
consisting of an electrolytic cell equipped with inert electrodes possessing a
very high specific surface area. Typically, the electrodes are made of activated
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carbon, which provides high electrical capacitance through the specific
adsorption of ionic species from the solution in contact with the electrode
surface (Figure 9) [35,55,56].

In the first stage of capacitor charging, the electrochemical cell is filled
with seawater. At the activated carbon—-seawater interface A, connected to
the positive terminal of the external power source, CI” ions are adsorbed, leading
to an increase of the electric double-layer (EDL) capacitance at interface A. The
extent of charge separation increases with the concentration of CI” ions in the
solution. The negative plate of the EDL at interface A is located on the electrode
surface, whereas the positive plate is situated in the electrolyte solution.

Similarly, at the activated carbon—seawater interface B, connected to
the negative terminal of the power source, Na* ions are adsorbed, resulting
in an increase in the EDL capacitance at interface B. In this case, the positive
plate of the EDL is formed on the activated carbon surface, while the negative
plate is located in the solution. Consequently, the electrochemical cell can
be regarded as a system of two capacitors connected in series, where the
terminal voltage is equal to the sum of the absolute values of the potential
drops across the two EDLs.

In the second stage, during the discharge of the capacitor, the
seawater in the cell is replaced with river water. In this manner, by replacing
the concentrated solution with a dilute one, the EDL thickness at both
interfaces (A and B) increases, leading to a rise in the voltage at the cell's
terminals. In fact, the use of the dilute solution allows for an advanced
discharge of the two EDLSs, given that the electrical permittivity of the two
solutions does not change significantly [54, 57].

An advanced configuration of CapMix separates the two activated
carbon electrodes with a cation exchange membrane and an anion exchange
membrane, respectively (Figure 10) [58—61].

o Na*

Start charging Start discharging

Cl

Figure 8. NPG principle. Figure 9. CapMix principle.
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In this way, during the charging cycle, Na* ions spontaneously cross
the cation exchange membrane and are adsorbed into the surface of the
activated carbon, while CI” ions cross the anion exchange membrane and are
adsorbed onto the surface of the opposite electrode. Since the two charging
processes of the EDL at interfaces A and B are spontaneous, it is not necessary
to polarize the electrodes using an external source. Equilibrium at the
electronic conductor — ionic conductor interface A is established when the
electrochemical potential of the adsorbed Na* ions becomes equal to their
electrochemical potential in the seawater. Similarly, equilibrium at interface
B is reached when the electrochemical potential of the adsorbed CI" ions
equals that of the CI ions in the seawater. As a result, a charge difference is
generated between the two electrodes, which can subsequently be
converted into electrical energy during the second discharge stage, when a
dilute solution is passed between the electrodes.

Since the two charging processes of the EDL at interfaces A and B
are spontaneous, it is not necessary to polarize the electrodes using an
external source. Equilibrium at the electronic conductor — ionic conductor
interface A is established when the electrochemical potential of the adsorbed
Na* ions becomes equal to their electrochemical potential in the seawater.
Similarly, equilibrium at interface B is reached when the electrochemical
potential of the adsorbed CI- ions equals that of the CI ions in the seawater.
As a result, a charge difference is generated between the two electrodes, which
can subsequently be converted into electrical energy during the second
discharge stage, when a dilute solution is passed between the electrodes.

CEM ® Na* AEM

cl
Figure 10. Advanced CapMix.
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At the current level of research, the power density obtained by the
CapMix technique is much lower than in the case of the PRO and RED
methods. The most optimistic ratings for CapMix do not exceed 0.9 W m=
[62,63]. On the other hand, the practical application of this technique has
difficulties due to the membrane fouling and technical challenges of replacing
seawater with river water in a short timeframe and without cross-dilution [35].

S. Sarp et al. have shown that PRO technology has some advantages
over other SGE conversion methods, such as higher power density, as well
as the possibility to use membranes from water desalination plants [64]. In
2009, the SINTEF research institute put into operation, in Tofte (Norway), an
experimental facility to allow obtaining the necessary data for the application
of PRO technology on a commercial scale [65]. Recently, in Japan, at Fukuoka,
a PRO facility was put into operation, which is set to generate about 880,000
kWh per year [66]. Since the efficiency of the PRO method is dependent on
the salinity difference between the two solutions, the Fukuoka facility was
coupled with the desalination plant, using the resulting brine as a concentrated
solution. As disadvantages of PRO, the following can be mentioned: the
necessity of a large salinity gradient, the sensitivity of the membranes to
impurities presents in the used solutions, as well as the use of moving
equipment - the turbine that converts SGE into electrical energy. The RED
technique, although it is not yet applied at a commercial level, has the
advantage of the possibility to capitalize on small salinity differences between
the two solutions, without the necessity of using a turbine. Unfortunately, this
process also has a series of disadvantages: the sensitivity and high costs of
the membranes, to which are added the construction difficulties due to the
high internal electrical resistance of the solutions in the cell compartments.
The CapMix method has the advantage of using a simple cell design, as well
as inexpensive carbon-based electrodes, but their reduced mechanical
resistance is a challenge for researchers. Constructive versions without ion-
exchange membranes, although economically advantageous, are not efficient
from an energetic point of view.

CONCLUSIONS

SGE, known within the scientific community as blue energy, remains
a major challenge for researchers in the field of renewable energies. In
principle, SGE represents the energy obtained by mixing two saline solutions
that differ in their component concentrations, with the available energy being
determined by the variation in the Gibbs free energy of mixing AG,,;,. R. E.
Pattle was the first to suggest the concept of harvesting the salinity gradient
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between seawater and river water. The Gibbs free energy of mixing for 1 L
of 0.6 mol L™ NaCl solution (simulating seawater) with 1 L of 0.01 mol L™
NacCl solution (simulating river water) is 1842 J. This implies that upon mixing
the two solutions, the temperature increases by approximately 0.2 K, a
variation that is difficult to exploit using a thermal engine.

Harvesting this Gibbs free energy variation AG,,;,, can be achieved by
separating the two solutions with a selective membrane, which allows the
passage of water molecules while rejecting the solutes. Driven by osmotic
pressure, water molecules flow from the dilute solution to the concentrated
one, thereby creating a hydraulic head that drives a turbine connected to an
electrical generator. This constitutes the operating principle of PRO (Pressure-
Retarded Osmosis) for converting SGE into electricity.

Furthermore, the electrochemical route represents another technique
for harvesting the Gibbs free energy variation AG,,;,. Due to the differences
in mobility between Na* and CI™ ionic species, a diffusion potential arises
between the two solutions, which can be calculated using the Henderson
equation. For the two solutions under consideration, the diffusion potential is
approximately 20 mV. Naturally, as the two solutions mix, the diffusion
potential decreases, reaching zero when the concentrations equalize. To
prevent the mixing of the solutions, they can be separated by an ion-
exchange membrane. By inserting two inert electrodes into the two solutions,
a concentration cell is realized, whose electromotive force is numerically
equal to the membrane potential Agy,.

In the case of the 0.6 mol L™ and 0.01 mol L™ NaCl solutions
separated by a cation-exchange membrane, the initial electromotive force
was approximately 100 mV. In practice, however, a cell stack is realized, in
which the compartments are alternately separated by cation- and anion-
exchange membranes, thereby yielding a significantly higher electromotive
force. Since the electrodes within the electrode compartments are identical,
noble metals in a hexacyanoferrate(ll) / hexacyanoferrate(lll) solution, the
electromotive force is determined by the sum of all absolute membrane
potentials. Nanotubes functionalized with charged atoms or functional
groups, which repel the diffusion of co-ions (ions bearing charges of the
same sign), can also be utilized as separators between the two solutions.

Another electrochemical process for SGE conversion is the capacitive
mixing method, which is based on the electric double-layer capacitance at
the electronic conductor—ionic conductor interface. In practice, this is
implemented as a carbon-based electrode supercapacitor. Charging of the
supercapacitor is accomplished by passing seawater through the capacitor
plates, whereas its discharging is carried out using river water. If the
capacitor plates are isolated with a cation-exchange membrane and an
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anion-exchange membrane, respectively, the charging of the electric double-
layer occurs spontaneously, requiring no external energy input.

The analysis conducted by Shihong Lin et al. [35] demonstrated that,
currently, SGE is not yet competitive due to the following reasons: the energy
density of the seawater—river water system is low; the conversion efficiency
of SGE into other energy forms is reduced due to technical difficulties that
limit the advanced conversion of SGE into useful work; the membranes
utilized in SGE conversion are expensive and sensitive to impurities present
in the water; and the activity of the electrodes degrades over time. Among
SGE conversion technologies, PRO is the most advanced, having reached a
commercial level through the commissioning of a facility in Fukuoka, Japan;
this plant utilizes the brine resulting from a desalination facility, which is
significantly more concentrated than standard seawater.

Moreover, the European Commission has notified in 2014 that the
exploitation of "Blue energy" currently involves excessive costs, and
overcoming this bottleneck requires additional public support to render SGE
conversion techniques economically viable [60]. Achieving this objective
necessitates further experimental research into SGE conversion, targeting
the following goals: the development of active electrodes to minimize their
polarization during electricity generation in the external circuit; the
identification of membranes with high selectivity and low electrical resistivity;
the design of cells with ultra-narrow compartments to reduce the voltage drop
within the solution; and the assurance of an optimal hydrodynamic flow
regime to maintain high salinity gradients between the solutions in contact.
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COMPUTATIONAL AND WATER ELECTROLYSIS STUDY
OF 5,10,15,20-TETRAKIS(3-HYDROXYPHENYL)-
PORPHYRIN

Marina Alexandra TUDORAN?, Bogdan-Ovidiu TARANU&*

ABSTRACT. The free-base, symmetrically substituted 5,10,15,20-tetrakis(3-
hydroxyphenyl)-porphyrin was the subject of a study combining computational
and experimental analysis, with an emphasis on the molecule’s water-splitting
electrocatalytic characteristics. Ab initio and DFT methods were used to
investigate the porphyrin’s structural and electronic properties. The water-
splitting experiments, performed in solutions with different pH values, were
carried out with porphyrin-based electrodes that were modified using different
strategies. The electrode manufactured by drop-casting a catalyst ink
containing the porphyrin and carbon black on a graphite substrate displayed
an overpotential value for the oxygen evolution reaction of 0.595 V vs. RHE
and a Tafel slope of 0.337 V/dec in a neutral environment. Data acquired
during the electrochemical experiments were used to perform statistical
analysis. The correlation analysis indicated a significant association between
pH and overpotential. The combined study improves the current scientific
understanding of the porphyrin’s properties and shows the effect of the
electrode modification strategies on its water-splitting electrocatalytic activity.

Keywords: quantum chemical calculations, electrocatalyst, aggregate, water-
splitting, oxygen evolution reaction, correlation analysis.

INTRODUCTION

High energy prices and environmental issues, such as air pollution,
are pressing concerns that have led the scientific community to consider
hydrogen as a clean energy alternative [1]. Out of several methods for
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obtaining hydrogen, the most common ones are steam-methane reforming and
electrochemical water-splitting (or water electrolysis) [2]. The latter, consisting
of the spilitting of the water molecule using electricity, is the method upon which
green hydrogen production is primarily based [3].

During electrochemical water-splitting, O is produced at the anode
via the oxygen evolution half-cell reaction (OER), while H; is generated at
the cathode through the hydrogen evolution half-cell reaction (HER). One of
the main problems facing water electrolysis is the sluggish reaction kinetics
of the specified reactions due to high overpotentials [4]. Many materials
with electrocatalytic properties have been synthesized and tested in water
electrolysis experiments in search of a solution to this issue [5]. The use of
inexpensive and earth-abundant catalysts is important for transitioning from
a small-scale H, production system to a large-scale one [6]. Platinum and
IrO- are currently the benchmark electrocatalysts for evaluating the performance
of other catalytic materials, but their scarcity and high cost prevent large-
scale application. The organic tetrapyrrolic structures known as porphyrins are
among the more accessible classes of compounds that have been found to
possess water-splitting electrocatalytic properties. They exist naturally but
can also be synthesized. They share a macrocyclic configuration and constitute
extended aromatic systems with amphoteric properties that can be substituted
with a wide variety of functional moieties [7]. The various ways in which the
porphyrin macromolecule can be modified lead to structures with versatile
properties and high applicative potential [8]. The current relevance of
porphyrins as water-splitting electrocatalysts is outlined by studies reported
in the past few years [9-11]. Porphyrins are also known for their stability in a
wide pH range and ability to self-assemble through non-covalent interactions,
resulting in aggregates with properties quite distinct from the ones possessed
by the molecules comprising them [8].

The current paper presents an integrated investigation of the A4
free-base 5,10,15,20-tetrakis(3-hydroxyphenyl)-porphyrin. The first part is
relevant to the computational chemistry domain, while the second part focuses
on the porphyrin’s applicative potential in water electrolysis. The molecule
was the focus of several studies reported in the literature [12-16], but these
are not concerned with its electrochemical water-splitting activity. The results of
the electrochemical experiments reveal the porphyrin’s properties for water
electrolysis in environments with different pH values, complement its current
scientific understanding, and outline the effect of different electrode modification
strategies on its OER and HER electrocatalytic activity.

210



COMPUTATIONAL AND WATER ELECTROLYSIS STUDY
OF 5,10,15,20-TETRAKIS(3-HYDROXYPHENYL)-PORPHYRIN

RESULTS AND DISCUSSION

Part 1. Theoretical analysis

The optimized molecular structure of 5,10,15,20-tetrakis(3-
hydroxyphenyl)-porphyrin is presented in Figure S1 (Supplementary
Material file). Data regarding the structural parameters (bond lengths, bond
angles, and dihedral angles) are presented in Table S1. These findings confirm
the mild conjugative interaction observed between the porphyrin ring and
the phenyl ring, which influence the electrochemical behavior of 5,10,15,20-
tetrakis(3-hydroxyphenyl)-porphyrin [17,18]. Natural bond orbital analysis is
based on the virtual and filled orbital spaces. It can be used to investigate
bonding characteristics, charge transfer, and conjugative interaction phenomena
in molecular systems [19-21]. The results obtained for the studied molecule
are presented in Table S2.

Figure S2 depicts the molecular orbital diagrams for HOMO-1, HOMO,
LUMO, and LUMO+1 calculated using the B3LYP functional method. Their
corresponding energies are presented in Table S3. In case of 5,10,15,20-
tetrakis(3-hydroxyphenyl)-porphyrin, the HOMO-1, HOMO, LUMO, and
LUMO+1 electron density is primarily localized on the porphyrin macrocycle,
indicating that the frontier molecular orbitals are largely 1r-conjugated over
the core structure. Such delocalization is consistent with the redox behavior of
porphyrins, in which a higher degree of conjugation facilitates electron transfer
with limited structural reorganization upon oxidation or reduction [18].
Additional data regarding global reactivity descriptors are provided in Table S3.

The analysis of charge localization patterns was conducted using
the electrostatic potential map for the molecule in the gas phase (Figure
S3). The uneven charge distribution observed for the 5,10,15,20-tetrakis(3-
hydroxyphenyl)-porphyrin is important in determining nonlinear optical
(NLO) properties, as it shows the extent to which electrons are able to
diffuse within the molecule [19]. The NLO properties were investigated, and
the results are provided in Tables S4 and S5. Literature reports that a high
value of the first hyperpolarizability, as observed for 5,10,15,20-tetrakis(3-
hydroxyphenyl)-porphyrin, may indicate electron cloud delocalization within
a conjugated framework, involving charge transfer from electron-donor to
electron-acceptor groups [22].
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Part 2. Water-splitting experiments

Study of the electrodes manufactured using the first modification
strategy. The anodic and cathodic polarization curves recorded on the electrodes
obtained with the first modification strategy described in the Experimental
Section and tested in the acidic medium are shown in Figures S4 and S5 of the
Supplementary Material file. Regarding the OER (Figure S4), the linear sweep
voltammograms (LSVs) recorded on the modified electrodes and on an
unmodified GC sample (GCy) reveal that GCy was more electrocatalytically
active. The only exception was the GCpi.prcn-1 €lectrode, in the sense that its
activity was more similar to that of GCo (Figure S4a). Concerning the HER
(Figure S5), all the porphyrin-based electrodes exhibited a lower electrocatalytic
activity compared to GCy. Furthermore, the increase in the number of drop-
casted porphyrin layers did not improve the water-splitting properties of the
modified samples. Figure S10 displays the heat maps of the calculated OER
and HER overpotentials at current densities of 1 and -1 mA/cmz?, respectively,
for the electrodes studied in the acidic medium.

Better results were obtained in the neutral medium, where the OER
activity of some modified electrodes was higher than that of GCo. Figure 1
shows the anodic polarization curves recorded on the electrodes manufactured
using the first strategy detailed in the Experimental Section. The highest
OER activity was exhibited by GCpi.pnen-1 (Figure 1a).
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Figure 1. Anodic polarization curves recorded on GCo and on (a) GCp1-eton-1, GCpa1-
phcn-1, GCr1-omr-1 and GCpiomso-1; (b) GCri-etor-2, GCr1-phen-2, GCp1-DMF-2 and GCpa-
pmso-2 and (¢) GCru-eton-3, GCpi-phen-3, GCp1-bmr-3 and GCpi-omso-3.
Electrolyte solution: 0.1 M KCI. v =5 mV/s.
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Regarding the HER catalytic activity of the electrodes immersed in
the same medium (Figure S6), it was lower than that of GCo, with the
exception of GCpi-pnen-1. AS shown in Figure S6a, the specified electrode
exhibited similar activity to GC,.

Figure S11 displays the heat maps of the calculated OER and HER
overpotentials at current densities of 1 and -1 mA/cmz, respectively, for the
electrodes studied in the neutral electrolyte solution.

Statistical analysis. The relationship between the overpotential
and the experimental factors was further investigated using correlation
analysis. In the case of OER (Table S6), a moderate positive correlation
was observed between overpotential (noer) and the pH of the electrolyte
solution (r = 0.628, p < 0.05, r> = 0.394). No significant correlation was
observed between noer and solvent polarity. The findings indicate that
increases in pH are associated with higher overpotential, while solvent
polarity exerts no measurable influence on the same parameter, given the
selected experimental conditions. In the case of HER (Table S7), correlation
analysis revealed a moderate negative association between overpotential
(nrer) and pH (r = -0.620, p < 0.05, r? = 0.384). A moderate correlation was
also identified between nwer and solvent polarity, but in the positive direction (r =
0.602, p < 0.05, r? = 0.484). These findings imply that pH and solvent polarity
exert opposing, yet significant influences: higher pH is associated with lower
overpotential, while increased solvent polarity is associated with higher
overpotential. The results are consistent with those reported in the literature
on multi-step proton-electron transfer reactions, which demonstrate a clear
dependence of the overall reaction rate on the pH value. Furthermore, research
has shown that changes in pH affect the electrode|electrolyte interface, as well
as the kinetics of electrochemical reactions. From a thermodynamic perspective,
in specific electrochemical reactions, modifying the pH level can induce a shift in
the electrode's thermodynamic equilibrium potential [23,24].

Study of the electrodes manufactured using the second
modification strategy. The results obtained during the experiments performed
on the porphyrin-based electrodes modified with the second strategy presented
in the Experimental Section are shown in Figure S7 and Figure 2a.

The heat maps of the noer values calculated at the current densities
of 5 and 10 mA/cm?, as well as the nuer values determined at the current
densities of -5 and -10 mA/cm?, for the electrodes studied in the acidic and
neutral electrolyte solutions are presented in Figure S12 and Figure S13,
respectively.
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Data acquired in the acidic medium (Figures S7a and S7b) indicate
that the OER and HER electrocatalytic activity of the porphyrin-containing
electrodes was lower than that of the GCcg electrode, manufactured using
a GC pellet and a catalyst ink containing 10 mg Carbon Black, 50 uL Nafion
solution, and 450 pL double-distilled water. The same situation is observed
in the case of the HER results obtained for the neutral medium (Figure
S7c). However, the OER data acquired for the same electrolyte solution
(Figure 2a) show that O, evolved on the GCpi1.ce Sample at lower potential
values than on the other studied electrodes. To improve the OER activity,
the substrate was replaced with spectroscopic graphite [25,26]. Graphite pellets
were modified with the second strategy presented in the Experimental Section,
and Figure 3b shows the LSVs recorded on the obtained electrodes and on
an unmodified graphite pellet (Grog). At i = 10 mA/cm?, the current density
value at which noer is usually determined in water electrolysis studies [27],
a noer Vvalue of 0.595 V was found for the Grpi.ce electrode. Because of its
higher electrocatalytic activity, GrP1-CB was selected for further electrochemical
evaluation.

(@) 20
15 —GC,

- _GC(H

g 12+—GC,,
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St ol
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Figure 2. Anodic polarization curves recorded on (a) GCo, GCcs, GCp1 and GCri-cs
and (b) Gro, Gres, Gre1 and Grei-ce. Electrolyte solution: 0.1 M KCI. v =5 mV/s.

Figure 3 shows the results obtained on Grei.cs by performing additional
experiments aimed at revealing more of the electrode’s electrochemical
properties.
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Figure 3. (a) The Tafel plot for Grpice in 0.1 M KClI solution. The current density (iecsa)
values from the plot are ECSA-normalized. (b) Amperogram obtained on Grpics in 0.1 M
KClI solution and inset with the LSVs obtained on the same electrode before (Grpi-cs) and

after (Grricg’) the electrochemical stability test (0.1 M KCI solution, v =5 mV/s).

The OER kinetics at the electrode:electrolyte solution interface were
studied using the Tafel plot shown in Figure 3a. The current density values
were obtained by considering the electrode’s electrochemically active surface
area (ECSA). The value of this parameter, of 27.67 cm?, was estimated
using the method described in the Supplementary Material file, Figure S8,
and Equations (S8) and (S9). The Tafel slope of 0.337 V/dec (R? = 0.9998)
was determined using the Tafel equation, specified as Equation (S10).

Lastly, the Grpi-cg €electrode was tested in terms of its electrochemical
stability over time. The chronoamperogram in Figure 3b was recorded at
a constant potential value of 0.595 V vs. RHE. The current density reached
a value of ~ 8.1 mA/cm? after 30 min and remained almost constant
throughout the rest of the experiment. The polarization curves obtained before
and after the test can be seen in the inset of Figure 3b. The noer value at
i = 10 mA cm? increased by 35 mV, but no change in the OER overpotential
was found in the higher current density region. Raman analysis was performed
to verify if the experiment led to structural modifications, and the recorded
Raman spectra are shown in Figure S9. The signals visible on the spectrum
obtained before the electrochemical stability test are also visible on the one
recorded after the test. This indicates the absence of any significant
modifications in the chemical structure of the materials at the surface of the
modified electrode.

Observations about the water-splitting properties of Grpics. Out
of the carbon-based electrodes modified with the free-base porphyrin, Grpi-
ce exhibits the highest OER activity. It catalyzes this electrochemical water-
splitting half-cell reaction in a neutral electrolyte solution, and its electrocatalytic
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properties are probably the result of its surface structural characteristics,
charge transport effects, and enhanced T1-resonance [28]. Several observations
regarding this electrode and the electrocatalyst used to obtain it are appropriate.

According to reported studies, the catalytic center of free-base
porphyrins is the N4 site located in the center of their macrocycle [29,30].
Since the investigated molecule is also a free-base porphyrin, it is probable
that its N4 site serves as the catalytic center. It has also been reported that
the value of the ECSA parameter is directly proportional to the number of
active sites involved in electrochemical processes [31]. The ECSA value
estimated for Grei.cs (27.67 cm?) is significantly higher than its geometric
surface (0.28 cm?), indicating a relatively high number of catalytically active
sites. Charge transfer is also an important factor in electrocatalysis, and
it unfolds between neighboring porphyrin molecules through non-covalent
-7 interactions. However, when the electrode is immersed in an aqueous
electrolyte solution, hydrogen bonds may also become involved. Intermolecular
H-bonds can form between the functional moieties of adjacent porphyrin
molecules through H.O molecules [29]. The porphyrin’s hydroxyl groups
have the potential to form such bonds. Furthermore, charge transfer also
occurs between the porphyrins and the carbon substrate. The nitrogen atoms of
the N4 site are more electronegative than the carbon atoms of the electrode’s
substrate, and this leads to the electropositive doping of that substrate [29].
The electronic effects of the substituents that porphyrins are functionalized with
influence their water-splitting electrocatalytic activity as well [30]. The OH~
groups located at the porphyrin’'s meta-positions are electron-withdrawing,
which means they decrease the macrocycle’s electron density [30]. Lastly,
catalytic activity is affected by the pH of the electrolyte solution. Out of the
three types of environments used in water-splitting studies — acidic, alkaline,
and neutral — investigations performed in neutral electrolyte solutions are more
challenging, primarily because of the need to improve the sluggish kinetics of
water dissociation in neutral pH [32]. In the case of Grpics, despite the
features that improve its catalytic activity - such as a large number of active
sites - the neutral pH of the electrolyte solution, and the electron-withdrawing
effect of the OH™ functional moieties are probably responsible for the relatively
low OER activity.

The OER electrocatalytic activity of Grei.ce was compared with that of
various electrodes reported in the scientific literature, especially with porphyrin-
modified electrodes. The electrolyte solutions used to investigate them cover a
wide pH range: acidic, neutral, near-neutral, and alkaline. The comparison
was performed using the values shown in Table 1. Regarding the OER
overpotential, of the 46 values reported in the literature, 12 are higher than
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the value found for the Grei.ce electrode, and 8 are smaller but comparable
(values > 500 V vs. RHE). Regarding the Tafel slope, of the 31 values
reported in other studies, 7 are > 337 V/dec, and one is smaller but comparable
(0.313 V/dec). These results show that Grpi.cg has a place among the
electrodes documented in the scientific literature.

Table 1. The OER activity of Grei-cs, and of other electrodes reported in the
scientific literature. The noer values are read at i = 10 mA/cm?.

NoER OER Tafel

Electrode or electrocatalyst Environment (Vvs. RHE) slope (V/dec) Ref.
Fe-porphyrin polymer@carbon paper 1M KOH 0.506 0.196
Co-porphyrin polymer@carbon paper 1 M KOH 0.435 0.069 [9]
Ni-porphyrin polymer@carbon paper 1M KOH 0.424 0.096
Gp1-DMF-3 1M KOH 0.780 0.343
Gp2-BN-1 1M KOH 0.780 0.350 [28]
Gp3-DCM-1 1M KOH 0.850 0.340
ZnTAPP-NA@GC 1M KOH - 0.313 [33]
CoTAPP-NA@GC 1M KOH 0.416 0.068
CoTcPP/ZrP@GCRDE 0.1 M KOH 0.467 0.076 [34]
(Co—P)os(Fe—P)os/CNT
@GCRDE 0.1 M KOH 0.420 - [35]
3,4,5-OMe-CoP/CNT@GC 1M KOH 0.482 0.081 (36]
2,4,6-OMe-CoP/CNT@GC 1M KOH 0.500 0.090
CoTPP-SD@CFP 1M KOH 0.670 - [37]
CoCOP@CFP 1M KOH 0.350 0.151
PIZA-1-400@FTO 1M KOH 0.430 0.052 [38]
Ce02/PIZA-1-400@FTO 1M KOH 0.370 0.048
Co-MPPy-1@RDE 1 M NaOH 0.420 0.058 [39]
rGO/(Ni?*~THPP/Co?**~THPP)s@RDE 1M KOH 0.330 0.050 [40]
CoP-2ph-CMP-800@GC 1M KOH 0.370 0.086
CoP-3ph-CMP-800@GC 1M KOH 0.410 - [41]
CoP-4ph-CMP-800@GC 1M KOH 0.430 -
(CoP)r-MWCNTs@GC 1M KOH 0.2902 0.055 [42]
CoP-TIPS/MWCNTs@GC 1M KOH 0.4402 -

Gcop-DMs0-1 0.5 M H2S0a4 0.510 0.270
GcoP-CH3CN-1 0.1 M KCI 0.630° - [43]
Gznp-PhCN-1 0.1 M KCI 0.620° -

GznP-PhCN-1 1M KOH 0.560 -
Porphviar-based ink 01MPBS  0.670° 0485  [44]
@carbon paper

Gce-pzn 0.1 M KCI 0.780 0.390 [45]
Gp1-8N 1M KOH 0.730 - [46]
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NoER OER Tafel

Electrode or electrocatalyst Environment (Vvs. RHE) slope (V/dec) Ref.
Gp1-DMF 0.5 M H2S0a 0.340 -
Gp2-DMF 0.5 M H2S0a 0.470 -
V0.1C02.904 1M KOH 0.453 - [47]
Cs0-SWCNTs 0.5 M H2S04 0.430 - [48]
TDA-Trz-POP 0.5 M H2SOq4 0.410 - [49]
P-CC 1M KOH 0.450 - [50]
NH4@COF-SO3 1M KOH 0.543 0.267 [51]
Pristine-COF 1M KOH 0.652 0.235 [52]
Feo.sNio.s0x 0.1 M KOH 0.584 0.072 [53]
(FeCoNiCuZn)Al204 1M KOH 0.430 - [54]
Co-Sn-Mo-Sb oxides 1 M KOH 0.440 - [55]
CoSAs-MoS2/TiN NRs 1 MPBS 0.508 0.172
TiN NRs 1MPBS - 0.376 [56]
Co0SAs-MoS2 NSs 1M PBS - 0.348
MoS2/TiN NRs 1MPBS - 0.246
1I/MWCNT@GC 0.1 M PBS 0.790 - 57]
1/MWCNT/Py-Py@GC 0.1 M PBS 0.650 -
Cr-doped WSez/graphene 1M PBS 0.520 0113  [58]
heterojunction
C09Ss/NizS2/NF 1MPBS 0.495 0.226 [59]
CoO domains on CoSez nanobelts/Ti 0.5 M PBS 0510 0.198 [60]
mesh
Grpics 0.1 MKCl 0.595 0337 s

work

aat 1 mA/cm?;? at 5 mA/cm?; © at 2.5 mA cm2

CONCLUSIONS

A metal-free symmetrically substituted A4 porphyrin was investigated in
terms of its water-splitting electrocatalytic properties. Computational methods
were used to explore the molecule's structure and behavior. Overall, the
results suggest that the molecular conformation favors electron-withdrawing
behavior. Porphyrin-based electrodes were manufactured using different
modification strategies, and their OER and HER catalytic activities were
studied in neutral and acidic electrolyte solutions. The experimental data
reveal that the most active electrode is the one obtained by drop-casting
the catalyst ink containing the porphyrin and carbon black on the surface of
a graphite support. This sample exhibits an OER overpotential of 0.595 V vs.
RHE (at i = 10 mA/cm?) and a Tafel slope of 0.337 V/dec, in 0.1 M KCI
electrolyte solution. While the electrode is relatively stable in the specified

218



COMPUTATIONAL AND WATER ELECTROLYSIS STUDY
OF 5,10,15,20-TETRAKIS(3-HYDROXYPHENYL)-PORPHYRIN

environment, the high overpotential and Tafel slope values indicate that the
simple substrate modification strategy should be replaced with more
sophisticated ones. Future studies will consider the use of Pulsed Laser
Deposition and MAPLE-based protocols for electrode manufacturing.

The relationship between the OER and HER overpotential, on the one
hand, and electrolyte pH and solvent polarity, on the other, was investigated as
a first step towards improving the design of future experiments aimed at
further revealing the water-splitting electrocatalytic properties of the studied
porphyrin.

COMPUTATIONAL AND EXPERIMENTAL SECTION

Computational details. Quantum chemical calculations for 5,10,15,20-
tetrakis(3-hydroxyphenyl)-porphyrin were performed with Gaussian 03 [61] and
visualized with GaussView 6.0 [62]. Geometry optimization in the gas
phase was achieved without symmetry constraints by using the Hartree—
Fock (HF) method, and the stationary points were identified as minima by
performing a vibrational analysis at the same level of theory. The optimized
Hartree-Fock (HF) geometry was used to determine the bond lengths and
bond angles, in addition to performing natural bond orbital (NBO) analysis.
Single-point calculations were conducted on fully optimized geometries with
two different hybrid DFT functionals. B3LYP, which combines the Becke
three-parameter exchange functional (B3) with the Lee-Yang-Parr (LYP)
generalized gradient correlation functional [63,64], and B3PW91, which
combines the Becke three-parameter exchange functional (B3) with the
Perdew-Wang 91 (PW91) gradient-corrected correlation functional [65,66].
The two approaches yielded analogous results.

Materials and reagents. The 5,10,15,20-tetrakis(3-hydroxyphenyl)-
porphyrin was synthesized using a literature-based method [14]. Briefly,
propionic anhydride and m-hydroxybenzaldehyde were mixed and dissolved
in propionic acid under vigorous stirring and heating to reflux. A solution of
pyrrole (four times exceeding the molar amount of aldehyde) in propionic
acid was slowly added within 45 min. The vigorous stirring and refluxing
continued for two more hours and were followed by cooling the reaction
mixture to 23 + 2 °C. Ethanol (95 %) was added, and the precipitation stage
was completed in the presence of hexane. A dark purple powder resulted
after filtering and repeated hot water washing. The drying and purification of the
powder were the final stages of the porphyrin synthesis. The characterization of
the compound by *H-NMR, UV-Vis, TLC, HPLC, MS, FT-IR, and fluorescence
spectroscopy was previously reported by Fagadar-Cosma et al. [12,14,15].
The chemical structure of the porphyrin derivative is presented in Scheme 1.
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HO

OH
Scheme 1. Chemical structure of 5,10,15,20-tetrakis(3-hydroxyphenyl)-porphyrin.

Benzonitrile (PhCN), dimethylsulfoxide (DMSO), potassium chloride,
and sulfuric acid (98 %) were purchased from Merck (Darmstadt, Germany).
Ethanol of 99.5 % purity (EtOH) was procured from Honeywell (Charlotte,
NC, USA), N,N-dimethylformamide (DMF), and Nafion® 117 solution were
acquired from Sigma Aldrich (Saint Louis, MO, USA). The materials used in
the study are glassy carbon (GC) pellets purchased from Andreescu Labor &
Soft SRL (Bucharest, Romania), SW.114 spectroscopic graphite rods produced
at “Kablo Bratislava” (National Corporation “Electrocarbon Topolcany” Factory,
Bratislava, Slovakia) and carbon black - Vulcan XC 72 (Fuell Cell Store,
Bryan, TX, USA). All aqueous solutions were prepared with double-distilled
water from a water distiller (Fistreem, Cambridge, UK). All reagents were used
as received without further purification.

Electrode modification strategies. The first protocol for manufacturing
porphyrin-based electrodes involved modifying the GC pellets by applying
porphyrin solutions of 5 mM concentration to their surface. These solutions
were obtained by dissolving the compound in different organic solvents during a
30-minute ultrasonication treatment. The order in which the polarity of the
utilized solvents increases is the following: EtOH < PhCN < DMF < DMSO [67].
The procedure for obtaining the modified electrodes consisted in drop-casting a
10 uL volume of porphyrin solution on the surface of the electrically conductive
carbon substrate, followed by solvent evaporation at 40 °C. This strategy
can be repeated for additional porphyrin layers. Samples with up to three
layers were investigated in terms of their OER and HER electrocatalytic
activity. The labels used to identify the electrodes are shown in Table 2.
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Table 2. Porphyrin-modified electrodes manufactured with the first strategy.

Electrode label Solvent Porphyrin layers
GCpi-EtoH-1 1
GCpri-EtOH-2 EtOH
GCr1-EtoH-3

GCp1-PhcN-1
GCp1-Phcn-2 PhCN
GCp1-phcN-3
GCr1-DMF-1
GCr1-DMF-2 DMF
GCp1-DMF-3

GCr1-pMs0-1
GCr1-pMs0-2 DMSO
GCri1-0Ms0-3

WNEFRPWNRERPWNRERLOWDN

The second protocol for obtaining porphyrin-based electrodes is
based on a previously published procedure and involves the deposition of
porphyrin-containing catalyst inks on the carbon substrate [68]. Table 3
presents the labeling of the modified electrodes, as well as the compositions of
the inks used to manufacture them. These inks were ultrasonicated for 30
min before being drop-casted onto the surface of the pellets (a volume of
10 uL was utilized for each pellet). The electrodes resulted after a drying
stage at 40 °C.

Table 3. Porphyrin-modified electrodes manufactured with the second strategy.

Electrode  Porphyrin Carbon Nafion Double-distilled
label amount (mg) black (mg) solution (uL) water (pL)
GCrp1 10 - 50 450

GCrics 5 5 50 450

Electrochemical investigation. A standard electrolysis setup comprised
of a glass cell together with three electrodes connected to a potentiostat
(Voltalab PGZ 402 from Radiometer Analytical, Lyon, France) was used
throughout the electrochemical study. Each GC-based electrode served as
working electrode after insertion into a polyamide support that limited its
geometric surface (Sgeom) t0 0.28 cm?. A Pt plate (Sgeom = 0.8 cm?) and the
Ag/AgCl(sat. KCI) electrode were utilized as auxiliary and reference
electrodes. Since the porphyrin is soluble in alkaline media, the electrolyte
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solutions for the experiments were acidic (0.1 M H.SO.) and neutral (0.1 M
KCI). For the HER investigations, high purity N> was used to deaerate the
specified solutions. All OER and HER polarization curves were IR-corrected
and recorded at the scan rate (v) of 5 mV/s [44].

Apart from the mentioned exceptions, the specified current density
(i) values refer to the geometric current density. The E values are represented
vs. RHE (the Reversible Hydrogen Electrode) using Equation (1) [69]. The O-
and H; evolution overpotentials were determined with Equations (2) and (3)
[70].

Erne = Eagiagaisat key + 0.059 X pH + E°agiagcisat. ke Q)
Noer = Erne — 1.23 (2)
NHer = |Erne| — 0 (3)

Where Erue is the converted potential vs. RHE (V); Eagagcisat. oy IS the
measured potential vs. the Ag/AgCl(sat. KCI) reference electrode (V);
E°agiageisat. key = 0.197 V; noer and nuer are the O, and H evolution
overpotentials (V).

Statistical analysis. Some of the data obtained during the
electrochemical experiments were analyzed using statistical methods. A
guantitative evaluation of the overpotential’s distribution was carried out using
heat maps. Correlation analysis was conducted to assess the relationship
between the overpotential and some experimental factors. All statistical
calculations were performed using Minitab 22 [71].

Physical-chemical characterization. Raman spectra were
acquired with a MultiView-2000 system (Nanonics Imaging Ltd., Jerusalem,
Israel) equipped with a Shamrock 500i spectrograph (Andor, Essex, UK).

SUPPLEMENTARY MATERIAL

The Supplementary Material file can be downloaded at:
https://doi.org/10.5281/zenodo.20571954
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ABSTRACT. Polychlorinated biphenyls (PCBs) are persistent organic
pollutants that accumulate in soils, making their reliable determination in this
complex matrix analytically challenging. This study presents the validation
of a method based on ultrasound-assisted extraction (UAE) coupled with gas
chromatography—mass spectrometry operating in selected ion monitoring
mode (GC-MS-SIM) for the determination of 19 PCB congeners in soil
samples. Method performance was evaluated in terms of selectivity, linearity,
limits of detection and quantification, precision, and accuracy, demonstrating
robust analytical performance for trace-level PCB determination. The obtained
LODs ranged from 0.05 to 0.78 ngeg. The validated method was applied to
92 soil samples collected from the Copsa Mica area (Romania) at two depth
intervals (0-5 cm and 5-20 cm). Comparable XPCB concentrations were
observed between the two soil layers, indicating a relatively uniform vertical
distribution. Congener-specific analysis revealed the predominance of PCB
118 and PCB 187, while homologue distribution patterns were dominated by
penta- and hepta-CBs. These results confirm the suitability of the validated
method for PCB determination in soils and provide insight into congener-
and homologue-level compositional patterns in real environmental samples.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are a class of persistent organic
pollutants characterised by high chemical stability, a hydrophobic nature, and
resistance to degradation. These characteristics have contributed to their
widespread accumulation in the environment, even after most countries
banned their production and use [1,2]. Although their industrial applications
were progressively phased out since the 1970s and 1980s, PCBs continue to
be detectable in environmental matrices due to their long-lasting persistence
and their ability to redistribute through atmospheric and pedological processes
[1]. Consequently, soils serve as important environmental reservoirs and
potential secondary sources of PCB contamination [3], where these chemicals
may occur across a wide range of concentrations and degrees of chlorination.
The complexity of the soil matrices, along with the presence of PCB
congeners with varying physicochemical characteristics and the typically low
concentrations at which these compounds occur, presents considerable
analytical challenges. That's why efficient extraction procedures combined
with advanced and sensitive instrumental techniques that ensure reliable
guantification in intricate solid matrices are necessary.

The precise identification of PCBs in soils depends on efficient
extraction and purification techniques, as well as rigorously validated
experimental methods that guarantee adequate sensitivity, linearity, precision,
and selectivity over wide concentration ranges. Gas chromatography coupled
with mass spectrometry in selected ion monitoring mode (GC-MS-SIM)
represents one of the most widely applied techniques for PCB determination
in environmental samples due to its high selectivity and sensitivity [4-6].
Nevertheless, thorough method validation is crucial, especially when
addressing several congeners with varying degrees of chlorination and
inconsistent instrumental responses. In addition, ultrasound-assisted extraction
(UAE) has been increasingly employed for the extraction of organic
contaminants from solid matrices, offering advantages such as reduced solvent
consumption, shorter times, and good extraction efficiency [7,8].

Although numerous studies have investigated the occurrence and
distribution of PCBs in soils, most research has focused primarily on
concentration levels or spatial contamination patterns [9,10]. However, relatively
few studies combine a thoroughly validated UAE-GC-MS-SIM analytical
approach for the simultaneous determination of multiple PCB congeners with
a detailed evaluation of PCB compositional patterns at both the congener
and homologue levels in real soil samples. In addition, information regarding
PCB compositional profiles in soils from Copsa Mica area remains limited.
Such an integrated approach is important because the distribution of individual
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congeners and homologue groups can provide additional information
regarding contamination characteristics, environmental behaviour, and potential
transformation processes of PCBs. The Copsa Mica area (Romania) represents
a historically industrialised region affected by long-term metallurgical
activities, making it a relevant site for investigating the occurrence and
distribution of persistent organic contaminants in soils.

In this context the aim of this study was to validate and apply an
ultrasound-assisted extraction combined with gas chromatography-mass
spectrometry operating in selected ion monitoring mode (UAE-GC-MS-SIM)
method for the simultaneous determination of 19 PCB congeners in complex
soil matrices. The validated method was subsequently applied to soil samples
collected from the Copsa Mica area, specifically from two depth intervals
(0-5 cm and 5-20 cm). This application aimed to evaluate PCB concentrations
and assess their compositional patterns based on congener and homologue
distributions in accordance with the degree of chlorination. The selected
congeners include indicator PCBs and compounds representative of several
homologue groups (di-deca PCBSs). This selection facilitates the characterisation
of PCB profiles in soils while ensuring a focused analytical approach that is
suitable for routine environmental analysis.

RESULTS AND DISCUSSION
Validation of GC-MS-SIM method parameters

The analytical method for quantifying polychlorinated biphenyls (PCBs)
in soil samples was validated in accordance with international guidelines for
persistent organic pollutant analysis (US EPA Method 8082A, US EPA Method
3550C, and US EPA Method 3630C) and involved a specific PCB standard
mixture. The parameters evaluated included detection limits (LOD), quantification
limits (LOQ), linearity, precision, selectivity and recovery.

Our study utilised selected ion monitoring (SIM) mode, using one
target ion and two or three qualifier ions for confirmation alongside the
retention times relative to calibration standards, thereby ensuring the selectivity
of the method. These ions were identified using mass spectrometry analysis,
and the validation of PCBs relied on retention times, qualifier ions, and target
ions based on qualifier/target ion ratio. For increased reliability, this ratio must
be within £20% [11] in accordance with established GC-MS identification
criteria (Table 1).
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Table 1. Selected ion monitoring method parameters for PCB congeners

Analyte tr (Min) TI QI Q12 QIYTI (%) | QIHTI (%)
PCB 8 16.383 222 152 186 7.3 8.6
PCB18 18.645 186 256 221 68.5 35.5
PCB 28 20.907 256 186 150 63.9 23.6
PCB 44 22.773 292 220 255 91.8 27.5
PCB 52 24.243 220 292 257 91.9 38.8
PCB 66 26.011 292 220 150 54 15.8
PCB 101 26.816 326 254 184 69.4 26.5
PCB 77 28.844 292 220 110 46.2 17.9
PCB 118 29.617 326 254 184 38 16.3
PCB 153 30.285 360 290 145 65 28.1
PCB 126 31.155 326 254 184 41.1 18.3
PCB 138 31.829 360 290 145 70.6 325
PCB 170 32.074 326 394 254 45.3 42.6
PCB 128 33.307 360 290 145, 218 90 35.5,35.5
PCB 180 34.048 396 324 162 73.2 29.2
PCB 187 35.552 394 324 162 80.2 38.9
PCB 195 37.089 430 358 179 74.6 45.5
PCB 206 38.666 464 392 207 61.2 40.9
PCB 209 39.868 498 428 207 43.7 40
Standards
IS 36.827 486 207 163 41 37.5
PCB 155 26.243 360 290 145 51 235
PCB 198 35.165 430 358 179 75.9 38.7

tR — retention time; Tl — target ion; QI*

, Q12 — qualifier ions; IS — internal standard

The method selectivity is illustrated in Figure 1, which compares the
chromatogram of the PCB standard mixture with the chromatograms of real

soil samples.

The chromatographic separation demonstrates good

selectivity, with the target PCB congeners being efficiently separated and
with no significant interferences observed at the retention times of the target
congeners. A slight asymmetry was observed for the chromatographic signal
at RT 20.91 min, which may be attributed to minor matrix-related co-elution
effects without significantly affecting the identification and quantification of

the target PCB congener.
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Figure 1. Selectivity assessment for PCB congeners by GC-MS (SIM mode): (A)
chromatogram of PCB standard mixture; (B) soil sample extract with enlarged

chromatographic zones (1-5), including a detailed view of zone 1

Given the significant differences in instrumental response and the

extensive variation of PCB concentrations documented in Romanian soils

[12,13],
curves

the linearity of the method was assessed by constructing calibration
across two separate concentration ranges (0.125-12.5 and 12.5-

1000 ng-mL™1) (Table 2) to guarantee precise quantification at both low and
high concentration levels. Calibration curves were constructed using the
mean peak area ratio (Aanayie/Ais) Of multiple injections at each calibration

level. A

PCB stock solution mixture was utilised to create each calibration

curve at six concentration levels. The correlation coefficients (R2) exceeded

0.99 for
good lin

all investigated congeners across both calibration ranges, indicating
ear relationships throughout the operating range.
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Table 2. Calibration curves and linearity parameters (R?) for PCB congeners
between two concentration ranges

Low Range High Range
Analyte - - - - - -
Equation of calibration R? Equation of calibration R?

PCB 8 y =0.0171x + 0.0054 0.9964 y = 0.0136x + 0.0929 0.9983
PCB18 y =0.0195x + 0.0017 0.9965 y = 0.0152x + 0.0532 0.9993
PCB 28 y =0.0198x + 0.0028 0.9936 y = 0.0165x + 0.0635 0.9994
PCB 44 y =0.0197x + 0.0026 0.9973 y = 0.0158x + 0.1047 0.9993
PCB 52 y =0.0189x + 0.002 0.9986 y =0.0144x + 0.1304 0.9994

PCB 66 y =0.0171x + 0.0019 0.9988 y =0.0137x + 0.1267 0.999
PCB 101 y = 0.0144x + 0.0023 0.9951 y =0.0117x + 0.0057 0.9991
PCB 77 y = 0.0098x + 0.0009 0.9989 y = 0.0089x + 0.0631 0.9994
PCB 118 y = 0.0129x + 0.0016 0.9979 y = 0.0112x + 0.0106 0.9995
PCB 153 y = 0.0109x + 0.0017 0.9978 y = 0.0087x + 0.0866 0.998
PCB 126 y =0.0128x + 0.0027 0.9975 y =0.0111x + 0.0394 0.9985
PCB 138 y = 0.0079x + 0.0008 0.9977 y = 0.0065x + 0.0346 0.9994
PCB 170 y = 0.0158x - 0.0006 0.9989 y = 0.0137x + 0.0548 0.9997
PCB 128 y = 0.0105x + 0.0013 0.9991 y = 0.0089x + 0.0078 0.9994
PCB 180 y = 0.0106x + 0.0051 0.9985 y = 0.0083x + 0.086 0.9995
PCB 187 y = 0.0025x - 0.0028 0.9995 y = 0.0018x + 0.0113 0.9996
PCB 195 y = 0.0064x + 0.0004 0.9956 y = 0.0054x + 0.0297 0.9995

PCB 206 y = 0.0064x - 0.0003 1 y = 0.0055x + 0.0276 0.9994

PCB 209 y =0.0071x + 0.0001 0.9987 y = 0.0057x + 0.0463 0.9993
Standards Range 0.0125-0.2 yg-mL*

PCB 155 y =12.088x + 0.0436 R?=0.994

PCB 198 y =4.7607x + 0.0211 R? =0.9942

R? - regression coefficient of calibration curve

Method sensitivity was expressed by the limits of detection (LOD) and
guantification (LOQ), using the formulas LOD = 3.3 x /S and LOQ = 10 x /S
(where o is the standard error of the intercept from linear regression and S
represents the slope of the calibration curve), calculated in accordance with
IUPAC guidelines [14]. These limits correspond to signal-to-noise ratios of
approximately 3 and 10, respectively, demonstrating the high detection capacity
of the PCB congeners. Therefore, the limit of detection and quantification
were calculated only for the lower calibration range (0.125-12.5 ng'mL™), as
they reflect the method sensitivity at low concentrations. The obtained LOD
and LOQ values are summarised in Table 3 and indicate a high sensitivity of
the analytical method for PCB determination. The high-range calibration
curve was used for quantification of higher levels.

232



VALIDATED UAE-GC-MS-SIM ANALYSIS OF PCBs IN SOILS:
FROM METHOD PERFORMANCE TO HOMOLOGUE AND CONGENER PATTERNS

Precision was evaluated in terms of repeatability and expressed as
relative standard deviation (RSD, %), calculated using back-calculated
concentrations obtained through repeated measurements. For some analytes,
RSD was evaluated across the full low range (0.125-12.5 ng-mL™), whereas
for others it was evaluated over reduced ranges (0.25-12.5 ng-mL™, 0.5—
12.5 ng-mL™, and 2.5-12.5 ng-mL™%). When the lowest levels (0.125 and/or
0.25, 0.5 ng-mL™) yielded negative back-calculated concentrations (below
the quantifiable range), these values were excluded from RSD calculations

(Table 3).

Table 3. Analytical performance for the determination of PCBs in soil samples

using GC-MS-SIM

Analvte Range 0.125-12.5 ng'ml* Range 25-1000 ng-ml*
y LOD [ LOQ | RSDmean (Min-max) (%) | RSDmean (Min-max) (%)
PCB 82 0.46 | 1.40 5.64 (2.46-9.90) 4.84 (0.68-15.19)
PCB18? 0.46 | 1.39 15.14 (0.42-73.05) 4.54 (0.8-13.47)
PCB 282 0.62 | 1.87 5.31(3.72-6.5) 8.04 (1.78-23.10)
PCB 442 0.40 | 1.21 5.03 (3.32-6.83) 3.09 (0.08-5.92)
PCB 522 0.29 | 0.87 5.80 (1.46-9.83) 3.67 (0.49-9.16)
PCB 662 0.27 | 0.82 6.17 (2.43-12.74) 5.63 (0.18-13.89)
PCB 1012 0.54 | 1.62 11.61 (2.82-27.34) 5.44 (0.59-12.40)
PCB 772 0.25 | 0.76 5.46(1.56-13.28) 3.86 (1.03-7.59)
PCB 1182 0.35 | 1.06 5.65 (1.01-14.80) 4.54 (1.07-8.69)
PCB 1532 0.36 | 1.08 5.30 (2.16-10.78) 4.95 (0.28-15.06)
PCB 1262 0.38 | 1.17 8.50 (1.35-21.36) 8.69 (0.09-39.35)
PCB 1382 037 | 1.11 10.92 (2.40-19.23) 5.83 (2.03-12.27)
PCB 1702 0.25 | 0.76 6.47 (2.81-8.58) 4.08 (0.29-8.12)
PCB 1282 0.24 | 0.71 4.61 (1.44-9.05) 5.13 (0.41-12.87)
PCB 180 0.35 | 1.07 7.89 (3.87-12.35) 5.01 (0.08-11.66)
PCB 1874 0.57 | 1.73 12.53 (4.13-18.75) 3.87 (1.08-7.50)
PCB 195° 0.78 | 2.36 16.37 (0.22-51.89) 4.24 (1.64-7.50)
PCB 2062 0.05 | 0.15 16.94 (1.53-55.11) 4.56 (0.36-10.49)
PCB 209 0.34 | 1.03 7.06 (2.28-14.83) 5.14 (0.51-12.78)
Range 0.0125-0.2 pg-ml*
Standards LoD LOO
PCB 155 0.02 0.02
PCB 198 0.05 0.05

12.5 ng'mL* was used as an overlap point in both calibration ranges; for precision, it was
included only in the low range; mean - average of multiple determinations

a-d indicate the low-range concentration intervals used for RSD calculation (ng-mL™),
depending on the analyte quantifiability (a: 0.125-12.5 ng-mL™; b: 0.25-12.5 ng-mL™;
c: 0.5-12.5 ng-mL™; d: 2.5-12.5 ng-mL™)
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The method's accuracy was assessed by determining the recovery
rates for procedural recovery standards (PCB 155 and 198) and PCB congeners
in the certified reference material (CRM) and is summarised in Table 4. The
recovery control compounds were added prior to extraction to assess
procedural performance; they were not included as target analytes and were
not used for quantification. The recovery rates ranged from 78.7% to 129.1%,
and all measured PCB concentrations fell within the recommended
acceptance windows of the CRM, confirming the accuracy and reliability of
the method used.

Table 4. Accuracy of the GC-MS(SIM) method based on recoveries of PCB
congeners determined in a CRM

Analyte Certified value (ng-g?) Su%%iensjce,své?sgeg[_?)nce Recovery (%)
PCB 28 58.8+4.9 17.6 to 100.0 97.6
PCB 52 107.0+8.2 32.1t0181.9 78.7
PCB 101 58.3+44 17.51t099.1 127.4
PCB 118 40.1 £3.3 12.0 to 68.2 83.5
PCB 138 385+1.8 11.6 to 65.5 107.1
PCB 153 529+27 15.9t0 89.9 115.8
PCB 180 59.6 £3.2 17.91t0101.3 103.1
Recovery standards
PCB 155 80 na 103.9
PCB198 80 na 129.1

na - not assessed
“Suggested acceptance windows” — represent the acceptance ranges provided in the certificate
of the CRM and were used as reference criteria for method performance evaluation.

Application of the validated method to soil samples

To assess the level of PCB contamination in real soil samples
collected from Copsa Mica, we investigated the } PCB concentrations in two
soil depth layers (0-5 cm and 5-20 cm). The selected congeners include
indicator PCBs and compounds representative of several homologue groups
commonly monitored in environmental studies. This selection facilitates the
characterisation of PCB profiles in soils while ensuring a targeted analytical
approach that is suitable for routine environmental analysis. The total PCB
concentrations (3 PCB) obtained for the analysed samples are presented in
Table 5. The results indicate comparable concentration levels between the
two investigated depth intervals with a mean value slightly higher in the
5-20 cm intervals, compared to the 0-5 cm layer. Both layers exhibited
moderate variability.
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Table 5. Concentrations of total PCB (3 PCB) in soil samples
from Copsa Mica area, from two depth intervals (ng-g* dw)

>PCB (ng-g* dw)

Depth

epth (cm) min-max mean = SD median
0-5 2.98-35.64 15.36 £8.31 14.39
5-20 2.08-46.15 16.94 £ 10.01 15.49

Congener distribution

The distribution of } 17PCB concentrations across the two investigated
soil layers is presented in Figure 2 as a boxplot, providing a graphical
representation of the variability of concentrations of individual values. Slightly
higher median and mean values were observed in the 5-20 cm layer
compared to the surface horizon (0-5 cm). However, the Mann-Whitney U
test indicated no statistically significant differences between the two depth
intervals (U = 994, p = 0.62). These results suggest a relatively uniform
vertical distribution of total PCBs within the investigated soil profile.

504

404

C125%75%
T Range within 1.51QR
— Median Line
Mean

0-5cm

5-26 cm

Figure 2. Distribution of } 17PCB concentrations (ng-g) in soils from Copsa Mica
at two depth intervals (0-5 cm and 5-20 cm). Boxes represent the interquartile
range (25-75%); whiskers indicate values within 1.5 IQR; the horizontal line

denotes the median; and the symbol (x) represents the mean
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To determine the individual contributions of congeners to the PCB
concentration shown in Figure 2, Table 6 provides the mean values (x SD)
for each congener identified in two analysed depth intervals.

The distribution of the PCB congeners revealed that PCB 118 and
PCB 187 were the most prevalent in both soil depth intervals, exhibiting the
highest concentrations among the analysed congeners. In the 0-5 cm layer,
PCB 118 accounted for 30% of Y PCB (216 out of 706 ng-g* dw) and displayed
similar mean concentrations across both soil depths, while PCB 187
represented 20% of the total concentration. In contrast, in the 5-20 cm layer,
PCB 187 became the dominant congener, accounting for 28% of 3 PCB (215
out of 780 ng-g* dw), whereas PCB 118 represented 24% of total concentration.
The predominance of PCB 118 observed in the analysed samples is consistent
with previous studies on PCB distribution in soils. PCB 118, a dioxin-like
congener known for its toxicological properties, is commonly detected in
environmental matrices due to its persistence and occurrence in technical
mixtures utilised in electrical devices (capacitors, transformers) [15,16]. Higher
chlorinated congeners, such as PCB 187, exhibit strong hydrophobicity and
high affinity for soil organic matter, leading to their accumulation and
persistence in soils [16,17].

Table 6. Distribution of PCB congeners in soil samples
at two depth intervals (ng-g* dw)

Congener 0-5 cm (mean + SD) 5-20 cm (mean + SD)
PCB 8 0.9 +0.65 0.84 +£0.42
PCB18 1.68 +1.27 1.80+1.92
PCB 28 257+194 3.09 + 3.66
PCB 44 0.4+£0.47 0.37 £ 0.29
PCB 52 0.16 + 0.49 0.16 +0.17
PCB 66 0.25 +£0.23 0.31 +0.30

PCB 101 0.47 £0.88 0.56 +0.79
PCB 77 0.14+0.14 0.14 +0.09

PCB 118 6.97 +3.81 6.87 +3.27

PCB 153 0.58 +0.89 0.49 +0.51

PCB 126 nd nd

PCB 138 nd nd

PCB 170 0.03+0 0.16 +0.14

PCB 128 0.17 +0.22 0.17+0.35

PCB 180 1.24£1.04 1.07 £ 0.64

PCB 187 5.99 + 4.60 7.96 = 6.09

PCB 195 278+0 1.93+1.77

PCB 206 0.13 +0.07 0.51 +0.50

PCB 209 0.07+0 0.11 + 0.06

nd - not detected
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The congeners PCB 28 and PCB 180 also presented relatively
elevated mean concentrations compared to most other congeners, while
PCB 195 showed higher values in the surface layer. The remaining congeners
were characterised by lower mean concentrations (< 1 ng-g? dw) and a
moderate distribution across the two investigated soil depth intervals.

Neither PCB 126 nor PCB 138 was detected in the analysed soll
samples. Overall, the PCB congener profile is similar across the two soil
layers with specific differences for certain compounds, without indicating a
major change in the contamination structure based on depth.

Homologue distribution

To better understand the compositional characteristics of PCB
contamination in the investigated soils, the analysed congeners were grouped
according to their degree of chlorination into homologue groups: PCB 8
(di-CB); PCB 18 and PCB 28 (tri-CBs); PCB 44, PCB 52, PCB 66, and PCB
77 (tetra-CBs); PCB 101 and PCB 118 (penta-CBs); PCB 128 and PCB 153
(hexa-CBs); PCB 170, PCB 180 and PCB 187 (hepta-CBs); PCB 195 (octa-
CB); PCB 206 (nona-CB); and PCB 209 (deca-CB). The relative contribution
of each homologue group to the total PCB concentration is illustrated in
Figure 3. The results showed that penta-CBs were the dominant group in the
surface layer, accounting for the largest proportion of Y PCB. In contrast, in
the 5-20 cm layer, the contribution of hepta-chlorinated biphenyls increased,
while tri-CBs also represented an important fraction of the total PCB burden
in both soil depth intervals.

35

304

Relative contribution to Y PCB (%)

OT ‘ [ —

T T T T T u T
di-CB ui-CB tetra-CB - penta-CB - hexa-CB - hepta-CB octa-CB nona-CB deca-CB

Homologue

Figure 3. Homologue distribution of PCBs in soils from Copsa Mica at two depth
intervals (0-5 cm and 5-20 cm), expressed as the relative contribution (%) to > PCB.
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These results contrast with previous studies where penta-CBs were
recorded among dominant homologues in soils from Midway Atoll (North
Pacific Ocean) [18], as well as in pine needle samples and soil samples from
an industrial area in Ulsan, South Korea [19]. Similar homologue patterns,
dominated by penta- and hepta-CBs, have been reported in other regions as
well [20,21].

The remaining homologue groups occurred in a comparatively lower
proportion in both investigated soil intervals.

CONCLUSIONS

A robust analytical method based on ultrasound-assisted extraction
coupled with gas chromatography—mass spectrometry operating in selected
ion monitoring mode (UAE-GC-MS-SIM) was successfully validated for the
determination of 19 PCB congeners in soil samples. The validation results
demonstrated satisfactory selectivity, linearity over the investigated calibration
ranges, low limits of detection and quantification, as well as good precision
and accuracy, confirming the suitability of the method for trace-level PCB
determination in complex soil matrices. The validated procedure was
subsequently applied to 92 soil samples collected from the Copsa Mica area
(Romania), from two depth layers (0—5 cm and 5-20 cm), enabling the
evaluation of both concentration levels and compositional patterns of PCBs
in real soils. The obtained results showed comparable PCB concentrations
between the two solil layers, and statistical analysis using the Mann—Whitney
U test indicated no significant differences between the investigated depth
intervals, suggesting a relatively uniform vertical distribution within the
analysed soil profile. At the congener level, PCB 118 and PCB 187 were
identified as the dominant compounds in both soil layers, while the remaining
congeners generally occurred at lower concentrations. Evaluation of the
homologue distribution revealed the predominance of penta- and hepta-
chlorinated biphenyls, highlighting characteristic compositional patterns of
PCBs in the studied soils. Overall, the validated UAE-GC-MS-SIM approach
proved to be a reliable analytical tool for PCB determination in soils and for
supporting detailed compositional assessment based on congener and
homologue distributions in real environmental samples. By combining method
validation with the compositional evaluation of PCB congeners and homologues
in real soil samples, the present study provides a reliable analytical
framework for the characterisation of PCB occurrence and distribution in soil
matrices.
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EXPERIMENTAL SECTION
The study area and sample collection

Copsa Mica is located along a lowland corridor of the Tarnava Mare
River in northern Sibiu County, Transylvania, Romania. Historically, this town
was recognised as one of Europe’s most polluted cities [22], primarily due to
its persistent industrial emissions. The pollutants originated from two major
industrial facilities in the area: Carbosin, which produced carbon black from
1936 to 1993, and Sometra, which specialised in non-ferrous metallurgy.

Soil samples were obtained from two depth levels (0-5 cm and
5-20 cm) across 46 locations, yielding a total of 92 samples. Figure 4
illustrates the study area around Copsa Mica industrial platform; samples
were collected from locations at different distances from the former Sometra
and Carbosin industrial sites, which were historically the primary sources of
pollution in the region. Prior to extraction, the samples were homogenised,
air-dried, ground and sieved (= 1-2 mm) and subsequently stored in a dark
and dry environment.

24°1'48"E 24°7'12"E 24°12'36"E 24°18'0"E
| i I |

46°7'48"N

Legend
] Study area
Bl o S ] O Industrial area
[ E— — Tarnava Mare River

Figure 4. Location of the study area in the Copsa Mica region, Romania, including
the industrial platform and the sampling zone along the Tarnava Mare River

Chemicals and reagents
A standard stock solution mixture containing 19 PCBs (8, 18, 28, 44,
52,66, 77, 101, 118, 126, 128, 138, 153, 170, 180, 187, 195, 206, 209, each

at 100 pyg'mL? in isooctane), was purchased from Restek (USA). The
polychlorinated biphenyl-rich certified reference material (CRM) was purchased
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from Sigma-Aldrich, USA. PCB 155 (97% purity) and PCB 198 (97% purity)
were used as recovery standards and purchased from LGC Labor GmbH
(Germany), and as an internal standard, 3,3',4,4'-tetrabromodiphenyl ether
(BDE 77) (10 ug'mL in isooctane) was used and purchased from CPAchem Ltd.
(Bulgaria). Acetone, n-hexane, and dichloromethane (DCM) were purchased
from Honeywell (Germany) and isooctane from VWR (France), all at HPLC
grade. Anhydrous sodium sulfate (12-60 mesh) was purchased from J.T. Baker
(Mexico), and silica gel was purchased from Merck (Germany); all of them
were analytical grade and were baked at 420°C for 4 h before use. The copper
(<425 pm, 99.5%, Sigma-Aldrich, USA) was activated using a 1N HCI solution,
subsequently rinsed with water until a pH of 5 was attained, and finally washed
with acetone and DCM. All the glassware was thoroughly washed and soaked in
alkaline bath solution for 12 hours and oven-dried at 120°C for 12 hours
before use.

Extraction and purification of PCBs

The ultrasound extraction (UAE) method was used to extract PCBs
from soil samples. Subsequently, the extract solutions underwent a cleanup
protocol. UAE was performed using an ultrasonic water bath (Elma Transsonic
T660/H) equipped with a generator operating at a frequency of 35 kHz and a
nominal power output of 320 W. Ultrasonication was carried out in continuous
mode. The extraction temperature was monitored and maintained approximately
constant at room temperature by cooling the water bath during sonication.
These procedures were conducted based on previous studies reported by
Barhoumi [23], Adesina [24] and Glizel [25] with minor modifications. Prior to
extraction, approximately 9 g of soil sample was spiked with 200 pL (0.08
pg-mL™?) recovery standard mixture to ensure the integrity of the extraction
process. Then, 30 mL solvent mixture of hexane and acetone (v/v, 1:1) was
added. The sample was placed in an ultrasonic bath and sonicated for 20 minutes.
After the extraction process, the extract was centrifuged for 15 minutes at
4000 rpm and 10°C. These procedures were repeated two additional times
using fresh solvent mixtures. The resulting extract was concentrated using a
rotary evaporator to 2-3 ml and allowed to stand overnight on 0.5 g of
activated copper for sulphur elimination. An additional 10 mL n-hexane was
added to the flask and evaporated to 1 mL. This concentrated fraction was
purified using thin-layer chromatography consisting of 4 g silica gel and 1 g
sodium sulphate and eluted with a 40 mL mixture of n-hexane and
dichloromethane (v/v, 4:1). Finally, the sample was concentrated to
approximately 0.5 ml and spiked with 0.5 ml (1 yg-ml?) of internal standard
prior to GC analysis.
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Instrument analysis

The analysis of PCBs was performed using an Agilent 7890 gas
chromatograph, equipped with a mass spectrometer (MSD) model 5975. The
Zebron ZB-PAH-EU capillary column measuring 30 m x 0.25 mm x 0.2 ym
was provided by Phenomenex (USA). Helium (99.99%) is used as the carrier
gas at a flow rate of 1 mL/min, and the injector temperature is set at 280°C.
The analytical method used a column heating gradient that went from the
column temperature being held at 70°C for 2 minutes, increasing to 150°C at
a rate of 25°C/min, subsequently rising to 200°C at a rate of 3°C/min, and
finally ramping up to 280°C at a rate of 5°C/min, maintained for 10 minutes.
The mass spectrometer detector (MSD) operated in electron impact ionisation
at an ionising energy of 70 eV, with the ion source temperature set at 300°C
and a quadrupole temperature of 180°C. The study was conducted by
selected ion monitoring (SIM) utilising one target ion and two or three qualifier
ions. The identification of these ions was conducted using mass spectrometry
analysis. The confirmation of PCBs relied on retention times (which should be
+ 0.2-0.3 min), qualifier ions, and target ions according to the qualifier/target
ion ratio; for enhanced reliability, this ratio must be at least 20%. The data
acquisition was performed using ChemStation software No. 2.

Data handling

Data processing was performed using Microsoft Excel and OriginPro
2025 software. For statistical evaluation, descriptive parameters including
mean, median, minimum, maximum and standard deviation were calculated
for each depth interval. The distribution of ) PCB concentrations was illustrated
by boxplot representations. Differences between the two soil depth intervals
were assessed using the Mann-Whitney U test, and statistical significance
was considered p < 0.05.
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ABSTRACT. The development of methods for latent fingerprints visualization is
still attractive considering that there is no approach that is universal for all
types of fingerprints and substrates. A thorough understanding of the
visualization mechanism is crucial for expanding methods application and
making them practical for real case scenarios. In this research, nitrogen
dioxide (NO2) treatment, previously limited to thermal paper substrates, is
expanded towards visualization of latent fingerprints on various non-porous and
porous substrates by introduction of pre-treatment with tetra-n-butylammonium
iodide (TBAI). The visualization processes were studied using Raman, UV-
Visible, FTIR and 'H NMR spectroscopy, combined with various validation
experiments. The results show that formation of molecular iodine (l2), generated
by reactions between NO2 and TBAI, plays a key role in the visualization
mechanism. The as-generated I further reacts with excess TBAI, producing
tetra-n-butylammonium triiodide (TBAIls). TBAIsis a dark colored compound
that provides the dominating contrast of the visualized fingerprint. Besides
reactant, TBAI resembles a role of a phase-transfer catalyst that enables
NO:2 to penetrate deeper into fingerprint’'s residue and to react with the fatty
acid esters producing intrinsically colored nitro-compounds that additionally
contribute towards fingerprints visualization effect.
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INTRODUCTION

Latent fingerprint visualization has long served as an essential aspect
of forensic identification due to the uniqueness and persistence of friction
ridge patterns. Various traditional methods such as dusting, ninhydrin treatment,
cyanoacrylate fuming etc. have been widely used to visualize latent prints on
variety of surfaces in terms of composition and surface morphology. These
techniques often offer good efficacy, yet in many cases they suffer from
limitations related to substrate specificity or destructive nature of the process
during the print development. For example, ninhydrin/solvent-based reagents
can have issues related to the solvent itself. Namely, if a paper on which
fingerprints are to be developed has ink writings, the ink may bleed in contact
with the solvent used for preparation of the ninhydrin solutions [1] hence
important evidence might be lost. To address such problems, many researchers
have looked for an alternative method where either modified application
method is used [2] or intermediate and alternative solvents are used to apply
the ninhydrin [3]. Researchers reported visualization based on UV light
induced luminescence of latent fingerprints after treating the sample with
electric discharge in nitrogen gas and subsequent exposure to vapors formed
by heating ammonium hydrogen carbonate [4]. Recent research appeared in
literature where efforts have been made to develop latent fingerprints with
solvent- free chemicals. Kelly et al. [5] reported the use of sulfur nitrides and Shah
[6] used selenium dioxide, phosphorus sulfides and hexachlorophosphazene in
vapor phase to develop latent fingerprints on various surfaces. Clarke et al.
[7] reviewed the status of solvent free methods to visualize latent fingerprints
and claims that dry transfer method for porous surfaces was found to be most
promising among all existing solvent-free methods. Regarding the solvent-
free, among physical and chemical methods, iodine fuming, as one of the
oldest methods, is safe and non-destructive visualization approach, suitable
for both aged and freshly impressed latent prints on porous and semi-porous
surfaces [8]. However, the temporary nature of iodine-developed prints due
to iodine sublimation and lack of fixation has posed a significant challenge to
its long-term forensic application. Researchers have attempted to stabilize
iodine-developed prints using starch, paraffin wax, or post-treatment with
chemical fixatives, but these often introduce complications such as color
interference or surface alteration [9-10]. The fingerprint development methods
can be significantly improved if the visualization mechanism is well understood.
The spectroscopic characterization techniques such as Raman and FTIR can
play a pivotal role [11-12]. Namely, in one of our previous studies, tetra-n-
butylammonium iodide - (CsHo)sNI (abbreviated as TBAIl), a quaternary
ammonium salt with phase-transfer catalytic (PTC) properties, was used for
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sample dusting prior to iodine fuming thus achieving successful and
irreversible iodine fixation and the chemical reaction mechanism during the
course of fingerprint development was characterized using FTIR, Raman and
UV-Visible spectroscopy [11]. Another previous study was focused on
developing latent fingerprints using nitrogen dioxide (NO_) treatment [13].
However, the NO,; method is only limited to visualization of latent fingerprints
on thermal paper samples and showed poor performance when visualizing prints
impressed on other materials. Introducing TBAI powdering and subsequent NO;
gas treatment expands both the application of the NO, method [13] and
further application of the phase-transfer catalyst TBAI, that was successfully
combined with the iodine fumes treatment [11]. The overall evaluation of the
visualization performance from such combination of both methods (abbreviated
as TBAI/NO, method in the following text) and the possibility to visualize
fingerprints on various substrate types, showed valuable results, simplicity of
the method and perspective for its application in forensic scenarios. This opened
an opportunity for deeper understanding of the chemical background leading
to fingerprint visualization effects, thus studying the reaction mechanisms
represents the main focus of this research. For that purpose, we utilized several
spectroscopic characterization techniques in combination with various validation
experiments.

RESULTS AND DISCUSSION

Forensic evaluation of the TBAI/NO> method

The forensic examination of visualized fingerprints impressed on various
substrate types significantly highlights how surface characteristics apply on
the quality and clarity of papillary ridge detail, which is crucial for identification
purposes. Therefore, the fingerprints visualization capacity of the TBAI/NO;
method proposed in this research is evaluated on sebaceous latent fingerprints
impressed on various porous and non-porous surfaces such as standard
office paper, laminated wooden chipboard, glass and glazed ceramics. The
as-visualized fingerprints are presented in Figure 1, while the results from
qualitative and quantitative evaluation of the method, in Table 1 and Table 2,
respectively.
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Figure 1. Visualized sebaceous fingerprints on various porous and non-porous
surfaces: (a, b) Standard 80 gsm paper; (c, d) Laminated chipboard;
(e, f) Glass and (g) Glazed ceramic.

Table 1. Comparative qualitative analysis of latent fingerprints visualized on
various types of substrates, presented in Figure 1.

Substrate type Surface Pattern type  Ridge clarity
(a) Standard 80 gsm paper — Fingerprint 1 Porous Whorl Good

(b) Standard 80 gsm paper — Fingerprint 2 Porous Whorl Good

(c) Laminated chipboard — Fingerprint 1 Non-porous, smooth Whorl Excellent
(d) Laminated chipboard — Fingerprint 2 Non-porous, smooth Whorl Excellent
(e) Glass — Fingerprint 1 Non-porous, smooth Whorl Excellent
(f) Glass — Fingerprint 2 Non-porous, smooth Whorl Moderate
(9) Glazed ceramic Non-porous, glazed Whorl Good

Table 2. Identification of 2" level minutiae and 3rd level features and evaluation of
the forensic suitability for the latent fingerprints visualized on various types of
substrates, presented in Figure 1.

Substrate type 2?" Ie\_/el 31 Ie\{e! f_e_atures Fo_ren§_ic
minutiae visibility suitability
(a) Standard 80 gsm paper — Fingerprint 1 50 Not visible High
(b) Standard 80 gsm paper — Fingerprint 2 45 Not visible Moderate
(c) Laminated chipboard — Fingerprint 1 59 Partially visible High
(d) Laminated chipboard — Fingerprint 2 59 Partially visible High
(e) Glass — Fingerprint 1 45 Partially visible High
(f) Glass — Fingerprint 2 30 Not visible Moderate
(9) Glazed ceramic 41 Not visible Sufficient
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Porous substrates, such as standard office paper, generally enable
visualization of continuous ridge patterns with acceptable contrast. However,
the partially absorbent nature of the substrate prevents the clear manifestation of
3" level features, such as ridge edge contours and pore structures. Despite this
limitation, the quantification of 45-50 identifiable 2" level minutiae ensure the
possibility of conducting reliable comparative analyses, consistent with the
international forensic guidelines [14-15].

On the other hand, surfaces with non-porous and smooth finish, such
as laminated chipboards, provide highly suitable conditions for detection and
visualization of latent fingerprints. These materials enable formation of
outlined ridge patterns with very significant contrast versus the background
surface. Therefore, the TBAI/NO, method provides extensive number of 2"
level features (up to 59 minutiae), also observing 3 level details, including
pores and edge features. Glazed ceramic materials, due to their smoothness
enable satisfactory development of papillary ridge patterns, ensuring clear
separation between ridges and furrow spaces. In the examined cases, up to
41 — 2" level minutiae are identified, much higher than the thresholds for
comparative purposes [14-15]. Nevertheless, 3 level features cannot be
identified. Finally, glass surfaces which encompass very smooth texture offer
favorable conditions for latent fingerprint visualization. Hence, the visualized
fingerprints exhibit strong contrast and clear ridge contours, leading to
quantification of up to 45 — 2" |level minutiae, again higher than the reported
minutiae thresholds [14-15]. Partial visibility of 3 level features is further
enhancing the value of the TBAI/NO, method for forensic applications in real
case scenarios.

In summary, the TBAI/NO, method is simple, fast, reliable and practical
for utilization in forensic laboratories. The forensic evaluation shows that smooth
and non-porous surfaces offer optimal conditions for detecting 2™ level fingerprint
features and, in certain areas, elements of 3" level detail, collectively enhance
the reliability of forensic identification, while the porous substrates enable
identification processes that rely predominantly on 2" level fingerprint features.

Furthermore, it is obvious from the images on Figure 1 that the color
of the visualized fingerprints can differ even when impressed on the same
type of substrate, especially noticeable in the case of the fingerprints
impressed on paper’'s surface i.e., the fingerprint on Figure la is mostly
orange in color, while the one on Figure 1b is brown when visualized via the
TBAI/NO, method. The fingerprints impressed on laminated chipboard are
predominately brownish, but significant orange color area can be observed on
Figure 1c. This could possibly imply to differences in the visualization mechanism
related to the chemical processes between TBAI, NO; and fingerprint's sebaceous
residue, which is found to be worth studying in the scope of this research.
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Study of fingerprint visualization mechanism

Characterization with Raman spectroscopy

The characterization started with Raman spectroscopy analysis of
the fingerprints impressed on glass as non-porous and paper as porous
substrate, visualized under 5- and 20 s exposures to NO, after being dusted
with TBAI. The sample preparation procedures are given in Table S1 in Sl
and the Raman spectra results are presented in Figure 2a and Figure S1 in
Sl (full range Raman spectra).

The Raman spectra of the fingerprints impressed on glass and paper
surfaces, exposed to NO; for 5 s show features that are typical for vibrational
modes in I3~ ion [16-17]: strong band attributed to symmetric stretching
vibration at ~112 cm™ with a shoulder at ~145 cm™, that can be recognized
as asymmetric stretching vibration. This is suggesting that the visualization
mechanism follows identical pathways, as presented in our previous research
[11], that is formation of tetra-n-butylammonium triiodide - TBAI;, according to
Eq. 1. Moreover, the visualized fingerprints with 5 s NO, treatment appear very
similar in color - dark yellow on both glass and paper surfaces, as described
in Table S1 in SI, albeit pure TBAIs is a very dark-colored compound [11].

TBAI + 12 — TBAI3 Equation 1

The second set of spectra in Figure 2a are recorded on fingerprints
impressed on paper surfaces, from which one is immediately visualized, and
one was visualized 2 months prior to characterization, both with 20 seconds
NO: treatment. The immediately visualized fingerprint appeared orange in
color, while the one developed after 2 months - dark brown (Table S1 in SI).
Besides the distinctive bands characteristic for the fundamental vibrational
modes of the I3~ anion [11, 16-17] at ~112 and ~110 cm™ for the immediately
visualized- and the fingerprint visualized after 2 months, respectively, additional
distinctive bands can be observed at higher wavenumbers for both samples.
Namely, one band appears at ~167 cm™ with a small shoulder at ~148 cm™
in the case of the immediately visualized fingerprint, whilst a strong band is
observable at ~220 cm™ for the fingerprint visualized 2 months prior to the
characterization with Raman spectroscopy. According to some literature data [18-
19], the band at ~167 cm including the shoulder at ~148 cm™, observable in
the spectrum of the immediately visualized fingerprint, could be attributed to
vibrations in polyiodide ions [18] and vibrations in perturbed | molecule
together with symmetric/asymmetric vibrations in the Is~ anion [19]. The band
at ~220 cm™ in the spectrum of the fingerprint visualized 2 months prior to
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the characterization could possibly be attributed to overtone of the fundamental
bending vibration in the |5 ion [17] appearing at ~110 cm™. However, the
absence of such distinctive overtone bands in the spectra of the other visualized
fingerprints on glass and paper remains an open question. A very weak feature
is observable at ~1100 cm™ in the spectrum of immediately visualized fingerprint
on paper with 20 s NO; treatment which can be possibly attributed to aliphatic
stretching vibrations in the butyl groups [11, 20]. Additional very weak
features can be observed in the Raman spectra of the visualized fingerprints
in Figure 2 and Figure S1 in Sl (full range Raman spectra), yet their interpretation
can be neglected at this point. The identification of I3~ anion in the fingerprint
that is characterized 2 months after being visualized, shows that the as formed
TBAI; remains stable and no additional post-treatment or fixation is required.
This is very suitable for preservation of important forensic evidence.

)
—

£
Fingerprint on glass b)

Fingerprint on paper (5 s NO,)

Fingerprint on paper - visualized 2 months ago (20 & NO,) I
TBAI+NO, (55) \
Me TBAI \
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Figure 2. (a) Raman spectra of visualized fingerprints on glass and paper surfaces
under various conditions and Raman spectra of pristine TBAI and TBAI treated with
NO:2 gas: (b) UV-Vis spectra of TBAI, TBAI exposed to NO2 and of iodine, recorded
in methanol as solvent; (c) FTIR spectra of various samples including human
sebum residue (Sample 0), pristine sunflower oil (Sample 1), sunflower oil treated
under different conditions (Sample 2—Sample 4*), pristine TBAI as a reference
material (Sample 5) and TBAI exposed to NO2 (Sample 6).
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Up to now it is quite certain that the latent fingerprint coloration
mechanism is most possibly based on the formation of TBAIs via reaction
between TBAI and I, (Eg. 1), as in the case of our previous research [11],
and according to the previous discussion, even polyiodide ions [18] can be
formed. Nevertheless, the question that arises at this point is what is the
origin of the molecular iodine that reacts with TBAI? In order to tackle this
question, Raman spectra are recorded on pristine TBAI and TBAI exposed
to NO; gas for 5 seconds. The sample preparation is described in Table S1
in Sl. According to the results presented in Figure 2 and Figure S1 in S (full
range Raman spectra), the NO; treated TBAI resembles all spectral features
as in the case of pristine TBAI with an exception in the region below 200 cm™.
The bands typical from C—C and C—H stretching and C—H bending vibrational
modes can be typically assigned in the region 3000—1000 cm™ region [11,
20-21], originating from the four n-butyl groups. Moreover, the region
between 1000 and 300 cm™, is typical for various vibrations involving the —
CH2—, —CHs groups, C—C skeleton and C—N bonds in the case of TBA* cation
[21], but also for other aliphatic quaternary ammonium compounds [22], while
the bands at ~262 cm™ in both spectra are possibly related to TBA* cation
lattice vibrations and the position of this band is influenced by the anion’s
chemical identity and presence of crystalline water [11, 20, 23]. Similar anion-
cation interaction affected modes in the TBA* group are the most probable
reason for observation of the broad feature at ~75 cm™. Though, a band at
~108 cm™ is clearly visible only in the spectrum of NO, treated TBAI, which
also appears in the spectra of all visualized fingerprints on various surfaces,
and which is assigned to fundamental vibrational modes of the Is~ anion [11,
16-17], as discussed in the text above. This is suggesting that few seconds
of NO; exposure is transforming TBAI into TBAI; via oxidation of the I~ anion
into molecular I.. Subsequently, I, reacts with excess TBAI to form TBAIs, as
described with Eq. 1. Regarding the oxidation of the I~ anion with gaseous
NO., there are several possible reactions (Eq. 2-7), from which some are
reported in the literature [24]. Eq. 2 represents the simplest case describing
net oxidation of I~ anion directly with NO,. The gaseous NO, can also
dimerize and establish an equilibrium with N>O4, according to Eq. 3, whereas
N20s is reported to be more reactive than NO2, thus oxidizing the I~ anion
into molecular |, [24] according to Eq. 4.

2=+ 2NO2 — |2 + 2NO2~ Equation 2
2NO2 2 N204 Equation 3
2=+ N20s — |2 + 2NO2>- Equation 4

However, the presence of moisture (water vapor) in the reaction
vessel for treating the latent fingerprints with NO2, based on exothermic
reaction between Zn and HNOs [13], cannot be neglected. The water vapor
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can react with both NO; and N2O4 and form HNO3z; and HNO, according to
Eq. 5 and 6, respectively.

2NO2 + H20 — HNO3s + HNO:2 Equation 5
N204 + H20 — HNOs + HNO2 Equation 6

HNO; can subsequently oxidize the I~ anion into molecular I, according
to Eq. 7:
61~ + 8H* + 2NO3z~ — 3I2 + 2NO + 4H.O  Equation 7

Other side reactions between the I~ anion, NO, and their products are also
possible to occur, yet the main point of this discussion is that when nitrogen
resembles oxidation states of +4 and +5, such compounds are strong oxidizers
that can easily transform the I~ anion into I> which can further react with excess
TBAI to form the colored compound TBAI; (Eqg. 1), achieving visualization of the
latent fingerprints.

Characterization with UV-Vis spectroscopy

To further clarify that molecular |, is formed via oxidation of the I~
anion when exposed to NO, pristine TBAI, TBAI exposed to NO, for 5
seconds and pristine I, crystals are dissolved in polar organic solvents and
characterized with UV-Visible spectroscopy. The first attempt was to use tert-
butanol as a solvent for this purpose, yet however it was observed that when
pristine TBAI is dissolved in this solvent in various concentrations, the UV-
Vis spectra show identical absorption maximums, as in the case of TBAI
exposed to NO, (Figure S3 in Sl), and moreover the solution turned pale
yellow in color suggesting per se formation of molecular I, from TBAI (Figure
S4 in Sl). Nonetheless, the main discussion of this phenomenon and its
possible explanations are presented in Subsection S2.2 in Sl. Therefore,
another attempt was made, and methanol was used as a solvent instead, as
in the case of our previous research [11]. The preparations of the samples
for characterization with UV-Vis spectroscopy are presented in Table S2 in
S| and the recorded spectra in Figure 2b. The spectrum of TBAI in CH;OH
shows distinctive absorption only in the UV region with sharp peak at ~227
nm. When TBAI is exposed to NO; for 5 minutes and dissolved in CHzOH,
besides the absorption in the UV region that shifts towards lower wavelength
(~221 nm), two more broad peaks at 290 and 359 nm, appear. These results
are in agreement with the UV-Vis spectra of TBAI and TBAIs in our previous
publication [11], and they are generally attributed to absorption from Is~ anion
[25-26]. Furthermore, the broad peaks at 290 and 359 nm are also
observable in the spectrum of I, in CH3OH. This is suggesting that these
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peaks are likely not originating only from a single specie but rather from
several species in equilibrium. Namely, the TBAI; formed when TBAI is
exposed to NO; (via the molecular I, mechanism discussed above) undergo
dissociation in the solution according to Eqg. 8.

TBAI3 (solution) — TBA* (solution) + I3~ (solution) Equation 8

The I35~ forms an equilibrium with the I~ anion and molecular I, according
to Eq. 9, which is the reason for the characteristic peaks (at 290 and 359 nm)
overlapping in the UV-Vis spectra of both I, and TBAI exposed to NO- (Figure 2b).

Is~ (solution) 2 I~ (solution) + |2 (solution) Equation 9

The results from the UV-Vis- strongly support the Raman spectroscopy
findings and from both discussions can be concluded that molecular I; is
indeed formed via oxidation of the I~ anion from TBAI, subsequently reacting
with excess TBAI to form TBAIz (Eq. 1), achieving visualization of the latent
fingerprints.

Regarding the utilization of tert-butanol as solvent for characterization
with UV-Vis spectroscopy, the UV-Vis spectrum of pristine TBAI dissolved in
this solvent shows the characteristic peaks at 292 and 360 nm that can be
attributed to the Is7/I7/1; equilibrium (Figure S2 in Sl) and the solution turns
pale yellow (Figure S3 in Sl) over the course of few hours regardless whether
the solution is kept in dark or exposed to sunlight. This means that the I~ anion
from TBAI is undergoing per se oxidation into I~ when dissolved in tert-butanol but
the actual reason for such behavior is not very clear, though the possibility
of photochemical processes is excluded. Subsection S2.2 in Sl is dedicated
to discussion of such empirical observations.

The fingerprints visualization mechanism appears to be rather clear
when exclusively interactions between TBAI and NO: leading to formation
of the colored compound TBAI; are observed, and the key process in the
pathways is the formation of I, via oxidation of the I~ anion from TBAI. The
question that subsequently follows up is: What is the role of the sebaceous
residue from which latent fingerprints are composed of, in the overall visualization
process? Observing all Raman spectra presented in Figure 2a, bands associated
to vibrations typical for lipidic compounds that are present in the human
sebum from which fingerprints are naturally composed of, are not identified.
Furthermore, utilizing Raman spectroscopy to probe the surface of freshly
impressed latent fingerprint prior to visualization (labelled as human sebum -
Sample 0 in Table S1 in Sl) has somewhat expectedly led to obtaining an ill-
shaped spectrum, presented in Figure S4 in the SI. The absence of distinctive
features originating from lipids in the human sebum spectrum is possibly
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caused by the amorphous nature of the sebaceous residue, showing that
utilizing only Raman and UV-Vis spectroscopy in the available configurations
that are used in this research, are not sufficient to fully resolve the
visualization mechanism. Therefore, additional characterization methodologies
and experimental approaches are required.

Characterization with FTIR spectroscopy

The following discussion is mainly focused on the results obtained
from characterization using FTIR and *H NMR spectroscopy. Starting with
FTIR spectroscopy, the general sample preparation for characterization is
presented in the Supplementary Information — Sl, while the specific sample
preparation/abbreviations are presented in Table S4 in SI. All recorded FTIR
spectra are presented in Figure 2c. The FTIR characterization of latent fingerprint,
when freshly impressed on KBr tablet, is significantly more successful compared
to the Raman spectroscopy, that is, the spectrum of Sample 0 indeed shows
features originating from vibrations associated with various functional groups
characteristic for triglycerides and fatty acids, that are typically present in the
human sebum residue. Namely, the strong bands at ~2924 cm™ and ~2841
cm™ are attributed to the asymmetric and symmetric stretching of aliphatic
C—-H bonds in —CHx— groups [27]. The broad band above 3100 cm™ can be
attributed to O—H group stretching vibrations due to presence of moisture
[27], possibly excreted from the human sweat glands. The bands at ~1746
and ~1712 cm™ are attributed to C=0 group stretching vibrations, originating
from esters and free fatty acids, respectively [27-28]. The broad band
peaking at ~1645 cm™ can possibly arise from C=C stretching vibrations in
unsaturated fatty acids and their esters [27], while the bands at ~1460 cm™
correspond to —CH,— groups bending modes [27-28] and the weak feature
at ~1120 cm™ is generally attributed to stretching C—O vibrations in ester
groups [27]. However, the broad band at ~1645 cm™ can also be identified
for H-O—H bending vibrations in water molecules [29], which together with the
broad band above 3100 cm™ arising from O—H group stretching vibrations are
indeed identifying presence of water. Additionally, the weak band at ~712
cm arises from rocking-bending vibrations in CH. groups [27], indicating the
presence of hydrocarbon chains. The band at ~1745 cm™ in the spectrum of
Sample 0 is significantly more prominent (lower absolute transmittance)
compared to the one at ~1712 cm™, suggesting that the ester forms, that is,
glycerides, are rather more abundant in the human sebum compared to free
fatty acids [28]. The composition of human sebum can be variable, and such
variations generally originate from body part, age, diet, ethnicity, climate etc. [28,
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30-31], but also from other factors such as substrate types used for impressing
(deposition of) the fingerprint, timescale between deposition and analysis,
deposition conditions etc. [30]. Subjecting the latent fingerprints impressed
on KBr tablets to TBAI dusting and NO, gas treatment for the purpose of
characterizing the visualized fingerprints with FTIR spectroscopy and studying
the visualization mechanism is rather challenging due to the fact that bromide
anion from KBr is prone to reaction with NO. On the other hand, the FTIR-,
in the configuration utilized for this research is typically bulk sensitive compared
to the Raman spectroscopy, limiting the possibility for experimenting with
very small quantities of sebaceous material in terms of characterizing the
products obtained from possible interactions of the human sebum with TBAI
and NO; and moreover collecting large amount of sebaceous residue, and
later treating it with TBAI and NO: in a laboratory vessel, was found not to be
very feasible approach. Therefore, we decided to use refined cooking sunflower
oil as a reasonable substitute for the human sebum residue and proceed with
the experiments and characterization.

The FTIR spectrum of pristine sunflower oil (Sample 1) in Figure 2c
resembles all key features as in the case of the human sebum residue
including significantly higher abundance of ester forms (glycerides) compared to
free fatty acids, as mentioned above, since the band at ~1745 cm™, typical
for C=0 stretching vibrations in ester groups [32], is clearly observable.
Therefore, if other lipidic substances such as squalene, cholesterol and wax
esters, typical for the human sebum residue [30] are excluded, the sunflower oil
appears to be an adequate substitute expected to show very similar chemical
reactivity when performing various experiments based on interaction of this
material with TBAI and NO; intended for study of the fingerprint's visualization
mechanism.

In the first step TBAI-sunflower oil mixtures are prepared with low and
high TBAI concentrations, labeled as Sample 2 (diluted) and Sample 2*
(concentrated). The FTIR spectrum of the diluted sample is practically identical
as the one of pristine sunflower oil, however, the sample with higher concentration
of TBAI, besides the typical features originating from the oil, shows additional
features. These features resemble group of medium and weak bands in 880-
1035 cm™ that are characteristic for C—N+ stretching vibrations in the quaternary
alkylammonium cation [33-34], that are also observable in the spectrum of
pristine TBAI (Sample 5), recorded as a reference for comparison.

The next experiment encompasses treatment of pristine sunflower oil
with NO; gas (Sample 3). A medium to strong band at ~1557 cm™ appears
in the FTIR spectrum of this sample, attributed to asymmetric stretching
vibrational modes in nitro (-NO>) group [35-37]. However, the weak to medium
band attributed to symmetric stretching in the —NO_ group, expected to appear at
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1389-1259 cm™ [35], in the FTIR spectrum of Sample 3, is hardly resolvable
due to interference with the bands arising from twisting and wagging —CH»—
groups in long hydrocarbon chains in a similar wavenumber range [35]. Such
bands from twisting and wagging —CH>— groups also appear in all spectra of
Samples 0-2*, yet they are very weak in the case of human sebum residue
(Sample 0). The identification of nitro groups in the spectrum of Sample 3 is
suggesting that NO» gas is reacting with the sunflower oil (nitration). Similar
chemical behavior is expected between NO; and the fingerprint sebaceous
residue, possibly via complex mechanisms including addition of nitro group
on a double bond in unsaturated fatty acids and their esters, and processes
of hydrogen abstraction, alongside with double bond position rearrangements
[37-40]. The band at ~1649 cm™ in the spectrum of Sample 3 could be
associated to C=C double bonds vibrations [27], presuming that either the
nitration is not complete or processes of double bond position rearrangements
indeed occur. However, as discussed above, this band can also be attributed
to H—O-H bending vibrations in water molecules [29], and since a weak
band, possibly arising from O—H stretching modes is observable at ~3470
cm™, this claim is reasonably strong. At this point the deconvolution between
the bands originating from C=C double bond stretching and H-O—H bending
vibrations is hardly possible, however vegetable oils, such as the sunflower
oil, indeed contain significant amounts of unsaturated fatty acids, such as
oleic and linoleic acid, and their esters [32], thus the presence of C=C double
bonds cannot be simply excluded. Regardless of the possible water presence in
Sample 3, the nitration reactions can be considered as concurrent with the
set of reactions between NO; and the I~ anion from TBAI (Eq. 2—-7) forming
I, that further reacts with excess TBAI to form TBAI; (Eq. 1), as discussed
above in this research, thus leading to varieties in the color of the visualized
fingerprints (see Figure 1).

In the final experiment, low and high amount of TBAI was mixed with
sunflower oil, and these mixtures were exposed to NO, gas. The samples
are abbreviated as Sample 4 for lower- and Sample 4* for higher TBAI
concentration, respectively (see Table S4 in the Sl). The spectrum of Sample
4 resembles all features as the case of Sample 3 - spectrum, however the
band attributed to the asymmetric stretching vibrations in nitro group at
~1556 cm™ [35-37] is significantly weaker. Similar weaker nitro group band
compared to the spectrum of Sample 3, can be observed in the case of
Sample 4* with higher concentration of TBAI, however in the spectrum of the
latter sample, besides the typical for Sample 3, additional features associated to
the TBA* cation can be also observed, when compared to the reference spectrum
of pristine TBAI (Sample 5). The diminishing of the nitro group bands in Samples
4 and 4* compared to Sample 3 is suggesting that the nitration processes
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are less favorable than the reaction between TBAI and NO: (described with
Eq. 2-7) leading to formation of TBAI; (Eg. 1) which, again, could be related
to the yellow to brown color variations of the fingerprints during the visualization
process, as presented in Figure S5. It appears that shorter exposure of the
TBAI dusted latent fingerprint to NO; gas leads to development of light color
(yellow or dark yellow), while longer NO; treatment (20 s or more), but this is
not always the case. Namely, the NO, treatment duration in the case of the
visualized fingerprints on paper, presented in Figure 1a, b, is equal (5 seconds)
but the fingerprint on Figure 1b is dark brown, while on Figure la - orange
with some dark brown spots. From this it can be actually assumed that it is
not the NO: exposure duration that defines the color outcome during the
visualization process, but rather the TBAI powder coverage during the
dusting pre-treatment. It is important to note that, if latent fingerprint, is treated
with NO> gas from 5 s up to 10 minutes, without pre-dusting with TBAI, no
visualization occurs, as presented in Figure S6 in Sl, and this is the justification
why the NO, method, originally developed for visualization of latent fingerprints
on thermal paper [13], was modified by introducing TBAI pre-treatment. This
is suggesting that TBAI most probably plays additional role and that is phase-
transfer catalyst that facilitates the delivery of NO, from the gaseous phase
into the sebaceous residue. The nitration of sunflower oil in the absence of
TBAI (Sample 3 — see Table S4 in Sl) is possible but it requires vigorous and
repetitive mixing of the oil with NO,. Anyhow, recalling the results from the
Raman spectroscopy characterization (Figure 2a) discussed above, the I35~
anion from TBAI; is identified on the surface of all visualized fingerprints,
regardless of the color appearance and the type of surface on which the
fingerprints were impressed (Table S1 in Sl), yet this technique is not sensitive
enough in the configuration we used to identify the lipidic compounds (including
nitro- fatty acids and their esters), possibly because of their amorphous nature.
On the other hand, Raman spectroscopy appears to be significantly more
useful to identify the formation of TBAI; from reaction between TBAI and NO.,
while the FTIR spectrum of the reaction product between TBAI and NO>
(Sample 6) does not provide very significant identification information in terms of
the stretching vibrational modes of triiodide anion which are low frequency
and expected to appear at wavenumbers in the far-infrared region ~200 cm™ [29].
Though, the typical features originating from the TBA* cation, that also appear in
the spectrum of pristine TBAI, are identifiable: C—H stretching from butyl
groups at 3000-2850 cm™ [35]; weak band at ~1465 cm™ that correspond
to CH: groups scissoring modes [35]; very weak bands from twisting and
wagging —CHx— groups (1330 and 1152 cm™) and medium band associated
to symmetrical C—H bending modes in CHs groups at ~1379 cm™ [35]; bending
weak broad bands at 1035-880 cm™ that are characteristic for quaternary
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alkylammonium cation C—N+ stretching- [33-34] and rocking-bending vibrations
in —CH2— groups at ~730 cm™ [35]. The band at ~1635 cm™ is suggesting
H—O-H bending vibrations in water molecules [29], even though the expected
bands above 3000 cm™ for O—H stretching vibrational modes [29], are not
identifiable, possibly due to presence of only trace amounts of water.

Characterization with *H NMR spectroscopy

The last discussion in this research is dedicated to the results from
characterization with *H NMR spectroscopy. The *H NMR instrumental setup
and parameters are presented in the Supplementary Information - Sl (sample
preparation is described in Table S5). The characteristic features as chemical
shift positions are presented in Table S6 and the spectra for all samples, in
Figures S7-S12 in SI. Starting with assignation of the features in *H NMR
spectrum of pristine sunflower oil Sample 1 - (Table 2 in the main text and
Figure S7a—c in Sl), aliphatic peaks (0.75-1.51 ppm) confirm the presence
of long hydrocarbon chains involving protons from —CH>— and terminal —CHs
groups in fatty acids and their esters [32, 41]. The peaks at 1.89-2.73 ppm
can be assigned to —CH>— protons from allyl and double allyl groups typical
for oleic and linoleic acids and their esters in sunflower oil, and —CH>—
protons bound to ester groups [32, 41]. Protons originating from glycerol
backbone in the fatty acid esters typically appear at 3.96-5.24 ppm, while the
peaks at 5.29-5.34 ppm can be assigned to protons in —-CH=CH- groups [32, 41]
again typical for unsaturated fatty acids and their esters, even though, as
discussed in the previous subsection dedicated to FTIR characterization, it
was difficult to deconvolute the band associated with C=C stretching from
the one originating from H—O—H bending vibrational modes.

When TBAI is mixed with sunflower oil (Sample 2), besides the *H NMR
features associated to the sunflower oil itself, discussed above, the spectra
(Table S6 and Figure S8a—d in Sl) show additional features originating from
TBAI that are also identifiable in the spectra of pristine dry TBAI reference
sample (Sample 5, Figure S11la, b in SI). Namely, the —CH3; and —CH,— protons
from the n-butyl groups in TBAI appear significantly downfield compared to
the protons from the hydrocarbon chains in various fatty acids and their
esters present in the sunflower oil, likely caused by strong de-shielding effect
from the positively charged nitrogen atom and iodide anion. The chemical
shift intervals 0.92—-0.95 ppm, 1.28-1.36 ppm, 1.54-1.58 ppm and 3.15-3.18
ppm can, most probably, be assigned to protons from terminal —CHs group, from
—CHz— group bound to terminal —CHs, internal —-CH,— group and —CH>— group
bound to the positively charged nitrogen atom in TBA" cation, respectively [21].
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The strong singlet peak at 3.31 ppm, also observable in Sample 4 and
Sample 5, is possibly originating from water impurities [42].

Treating pristine sunflower oil with NO; gas, without- (Sample 3) and
in the presence of TBAI (Sample 4), leads to formation of compounds that
generally show de-shielding effect in the peak positions compared to the
pristine oil as presented in Table S6 in S| and in Figure S9a—c and Figure
S10a—d in SI, for Sample 3 and 4, respectively. Namely, it can be observed
from the spectra and the values in Table S6 in Sl that the protons from —CHs,
—CH>—, the glycerol backbone and from —CH=CH- groups indeed show
downfield chemical shift values in Sample 3 and 4 compared to Sample 1.
According to some literature data [37], features from strongly de-shielded
protons originating from —-CH=C-NO,, -CH,—CH=CH- and -CH=CH-CH=
groups, at ~7.52, ~6.32 and ~6.19 ppm, respectively, as product from nitration of
linoleic acid, are also expected to appear at in the spectrum, however they
are not observable in Figure S9a-9c¢ and S10a—d in Sl. The identification of
nitro group using FTIR characterization as band at ~1557 cm™ arising from
asymmetric stretching vibrations, discussed in the previous subsection,
undoubtedly refers that nitro-fatty acids and their esters are being synthesized.
Hence, the probable explanation for not observing the abovementioned *H
NMR features (6.2—7.5 ppm) associated to highly de-shielded protons, could
be lack of conjugations between the C=C double bonds and/or between C=C
double bonds and nitro group in the reaction products. This is possibly
suggesting that the nitration mechanism is either based on synthesis of
unsaturated- but non-conjugated compounds via hydrogen abstraction that
could also involve double-bond rearrangement mechanism, or saturated
nitro-fatty acids and their esters via nitro group addition mechanism [37-40].

Finally, when pristine TBAI is treated with NO; gas (Sample 6), slight
shielding effect of the protons in the n-butyl groups can be observed in the
IH NMR spectra compared to pristine TBAI (Table S6 and Figure S12a, b vs.
S11a, b in SI). The explanation for the upfield shift possibly is a consequence
to formation of the I3~ anion, i.e. TBAIls, when the |- anion from TBAI and I,
react (Eg. 1). The Is™ represents a linear anion with delocalized electronic
structure, showing less tendency for electron attraction compared to the I~
anion, hence causing shielding effect in the four n-butyl groups protons.
Furthermore, an interesting observation is present in the 'H NMR spectra of
Sample 6, that is a weak broad feature at 7.52 ppm. Features around that
position are characteristic for strongly de-shielded aromatic protons [35], but
in this case, such feature is possibly attributed to a proton that is directly
interacting with the electronically delocalized 15~ anion.
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The process of latent fingerprints visualization and the most important
findings from the systematic spectroscopic characterization combined with
various control and validation experiments are depicted in Scheme 1.

Raman: FTIR:
* Iy anion + TBA*cation
a-l;sglles * TBA' cation * Fatty acid
_— p ati)p s \ es_ters
. 2 o + Nitro-fatty
dusting treatment ,iaf0 e " ol
: ; * ' esters
Fatty acid esters Fatty acid esters i .
residue residue D'SSOL‘””EI 1HNMR -
B . + Polyunsaturated
i TH NMR: : fatty acid esters,
i UV-vis: « TBA*cation } possibly with
! - I anion « 1, anion non-conjugated
: : C=C bonds
) . TBAI - tetra-n-butylammonium iodide
S NQO, treated TBAI in solution ;

TBA* - tetra-n-butylammonium cation

............................................

Scheme 1. Visualization of sebaceous latent fingerprints,
characterization approach and results.

CONCLUSIONS

A two-step method intended for visualization of sebaceous latent
fingerprints, on various porous and non-porous surfaces, is proposed in this
research, based on tetra-n-butylammonium iodide (TBAI) dusting, followed
by treatment with NO2 gas (TBAI/NO, method).

The proposed method is simple, fast and reliable. It shows very
significant identification capacity by reaching high number of second-level
characteristics and additionally third-level features can be revealed.

The characterization with Raman spectroscopy identified s~ anion
when TBAI pre-dusted fingerprints are treated with NO. gas and moreover
identified both Is~ anion and features associated to TBA" cation when TBAI
powder is treated with NO- gas, suggesting formation of tetra-n-butylammonium
triiodide — TBAIs.

The UV-Vis spectroscopy characterization of the product, obtained
from NO, treatment of TBAI, shows features that are characteristic for both
Is~ anion and molecular I, suggesting that both species are in equilibrium
and the latter specie is formed via NO; caused oxidation of the I~ anion from
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TBAI |2 further reacts with excess TBAI leading to formation of Is~ anion i.e.
TBAIls. The molecular |; and the processes leading to its formation play the
key role in the fingerprint’s visualization mechanism, while TBAI; that resembles
dark color, is providing the dominating contrast in the fingerprint's visualization
process versus the substrates background surface.

The I3~ is also identified on a fingerprint that was visualized two months
prior to characterization, showing that the visualized fingerprints are composition-
wise stable, making the proposed TBAI/NO, method very suitable for preserving
forensic evidence.

FTIR and *H NMR spectroscopy characterization revealed that, even
though the reaction between I and excess TBAI, obtaining dark colored TBAIs,
is the main process leading to latent fingerprints visualization, the formation
of nitro fatty acid esters, possibly with non-conjugated C=C bonds, caused
by nitration of the lipidic residues, is also contributing towards the coloration
effect considering that such nitro compounds appear orange-yellowish to
brown in color.

The color outcome of the visualized fingerprints is mostly dependent
on the TBAI coverage during the process of surface dusting and finally, besides
a reactant, TBAI plays a role as a phase-transfer catalyst that allows NO- to
penetrate into the bulk of fingerprint's sebaceous residue, thus subjecting
this material to nitration reactions.

EXPERIMENTAL SECTION

The latent sebaceous fingerprints are deposited on various porous and
non-porous surfaces (Table 1 and Table 2) using right hand forefinger after
rubbing the forefinger near the nose. The visualization procedure encompasses
two steps: Brush dusting of the latent fingerprints with powdered TBAI, followed
by 5 seconds exposure to NO; gas (Figure 1 — visualized fingerprints). The
NO: gas is generated by reaction between Zn pellets and 1:1 diluted HNO3
[13]. After the visualization process, the fingerprints are subjected to forensic
evaluation. The fingerprints, as well as the validation samples are characterized
using spectroscopic methods (Raman, UV-Vis, FTIR and *H NMR spectroscopy).
All details regarding the utilized reagents, methodology, validation experiments
and characterization procedures can be found in the Supplementary Information
— Sl file.

Supplementary Information:

Sl file is uploaded on zenodo.org and available at:
https://doi.org/10.5281/zen0do.19711846
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ABSTRACT. Long ground resting of coins small denomination might affect
their microstructure due to advanced corrosion. It is well known that cleaning
of silver-copper alloy artifacts leads to a surface enrichment of the silver
amount due to the partial removal of the copper grains which are more
corroded. We found a péttorak issued in 1624 with abnormal characteristics
like lower weight and dull sound when it is thrown on the solid surfaces. It
resulted to be made of very high silver content about 97 wt. % according
SEM-EDX correlated with XRD in great discordance with the common
pottoraks from 1624 having about 70 wt.% silver. Advanced investigation of
the abnormal péttorak reveals a porous internal structure indicating complete
dissolution of B grains and copper sheets within the eutectic. All observation
pleads for a progressive corrosion involving partial leaching of product
through the wet resting ground which might ensure the dissipation of the
corrosion-product and affecting deeper layers. Such dynamic-corrosion for

a Faculty of Chemistry and Chemical Engineering, Babes-Bolyai University, 11 Arany Janos
Street, 400028 Cluj-Napoca, Romania.

b Zalau County Museum of History and Art, 9 Unirii Street, 450042, Zalau, Romania.

¢ Faculty of Materials and Environmental Engineering, Technical University of Cluj-Napoca,
103-105 Muncii Bd., RO-400641, Cluj-Napoca, Romania.

4 Faculty of Biology and Geology, Babes-Bolyai University, 44 Gheorghe Bilascu Street,
400015 Cluj-Napoca, Romania.

¢ National Institute for Research and Development of Isotopic and Molecular Technologies,
65-103 Donath Street, 400293 Cluj-Napoca, Romania.

f Museum of Archaeology and History in Glogéw, Brama Brzostowska 1, 67-200 Glogow,

Poland.

Corresponding authors: ioan.petean@ubbcluj.ro; marzena.grochowska@gmail.com

©2026 STUDIA UBB CHEMIA. Published by Babes-Bolyai University.

This work is licensed under a Creative Commons Attribution-
~arrmrm NonCommercial-NoDerivatives 4.0 International License.


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:ioan.petean@ubbcluj.ro
mailto:marzena.grochowska@gmail.com
https://orcid.org/0009-0007-3185-0963
https://orcid.org/0000-0002-2222-9397
https://orcid.org/0000-0003-0360-016X
https://orcid.org/0000-0003-4915-4169
https://orcid.org/0000-0003-3274-8817
https://orcid.org/0009-0007-3185-0963�
https://orcid.org/0000-0002-2222-9397�
https://orcid.org/0000-0003-0360-016X�
https://orcid.org/0000-0003-4915-4169�
https://orcid.org/0000-0003-3274-8817�

NICOLETA IGNAT, EMANOIL PRIPON, SIMONA ELENA AVRAM, LUCIAN BARBU TUDORAN,
GHEORGHE BORODI, IOAN PETEAN, MARZENA GROCHOWSKA-JASNOS

300 years might explain this intragranular corrosion which transforms an Ag-
Cu hypereutectic alloy into almost pure silver. This preliminary hypothesis
must be further investigated on larger poéttoraks hoards which might have
such abnormally corroded coins and on suspicious random finds.

Keywords: péftorak, microstructure, corrosion, copper loss

INTRODUCTION

Pottorak coins issued by King Sigismund Ill of Poland had a great
impact in the monetary circulation during 17" century with real impact in early
18" century supplying demand of small trustful silver coins. Their relative
steady quality makes them desirable for daily commerce and is found in
many hoards discovered in whole Central and Eastern Europe [1, 2].

Péttoraks, silver coins worth one-and-half groschen (pol. grosz) are
among the most distinctive types of small money minted in the Polish-
Lithuanian Commonwealth during the reign of Sigismund Il Vasa (1587—-
1632). The introduction of this denomination in 1614 was a response to the
shortage of small coins in the west border areas of the Polish Kingdom, which
had been ongoing since the late 16th century, and to the growing influx of
weaker German coins, including the so-called "apple” groschen from
Brandenburg. In this way, the péttoraks became not only a means of payment
within the country but also a component of Poland's monetary and economic
expansion into neighbouring European markets.

Circulating alongside Hungarian denars, Imperial groschen and Czech
groschen, they met the need for small change in everyday trade, whilst also
serving as a tool for speculation and manipulation by experienced traders, who
exploited the general monetary confusion to inflate the value of individual
currency units [3]. This is evidenced by the fact that one-and-a-half-groschen
(pottorak) coins are found alongside other small denominations minted at that
time in Central European countries. The situation in the money market of
Central and Eastern Europe was brought under control to some extent
following a series of reforms implemented in 1659 by Emperor Leopold | in
the Roman-German Empire, and in the early 1660s and 1670s in the Polish-
Lithuanian Commonwealth, as well as through the imperial ordinances of
Zinna (1667) and Leipzig (1690) [4, 5]. Péttoraks, even more than Polish half-
groschen (pol. pofgrosz) and 3-groschen (pol. trojak) coins, were the most
common Polish coins in the first half of the 17" century in Austria, Bohemia,
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Moravia and Silesia, but also to the east and south-east of Poland — in
Ukraine, Slovakia, Hungary and Romania, as well as other Balkan countries
within the sphere of Turkish influence (Ottoman Empire) [3, 5, 6, 7].

The moment of the Polish poitorak entering Transylvania has long
been disputed in Romanian numismatics. In 1964, Costin C. Kiritescu, referring
to the monetary circulation in the period 1620-1625, stated that Polish
pottoraks are present in large quantities [8]. Eugen Chirila also advanced the
idea of the poéttoraks entering immediately after 1620, with the subsequent
clarification that, since they needed four to six years to reach Transylvania,
the maximum flow of coins occurred in the years 1627-1629 [9]. Judita
Winkler rejected the idea of the massive penetration of Polish péttorak in the
second half of the third decade of the 17" century [10], and the Hungarian
numismatist Janos Buza also supported the idea of the massive penetration
of péttorak into monetary circulation in Transylvania, since the first years of
Gabriel Bethlen's reign, but demonstrates that these issues were not to
blame for triggering the monetary crisis in the first half of the third decade, as
was long believed [11].

In 2016, Corina Toma published the results of an analysis carried out
on a batch of 38 monetary hoards (with over 19,900 coins, of which péttoraks
represented 77%, present in 32 hoards), belonging to the chronological group
1625/1626-1668 [11]. According to this analysis, it places the penetration of
Polish coins with a value of one and a half groschen, only after the death of
Gabriel Bethlen, when a new wave of Polish currency, to which is added, in
overwhelmingly smaller percentages, péttoraks issued in Elbing, Riga,
Brandenburg-Prussia (Konigsberg), in the second and third decade of the
17" century, still in circulation in Poland [11]. Although the first early attestation
of péttoraks in hoards was made with the discovery of a hoard from Zalau
with eight péttoraks issued during 1622-1625, we subscribe to the opinion
that this monetary type entered Transylvania towards the end of the third
decade-beginning of the fourth decade of the 17" century [7]. In the hoards
of Transylvania, the issue of 1624 counts 2869 pieces [11].

A study conducted on a batch of medieval coins, part of a hoard of
about 1400 coins discovered in lasi, highlighted the fact that some of the
coins showed advanced intragranular corrosion, which led to their
disintegration. Also, due to the long period of lying in the soil, the surface of
the coins was affected by the selective corrosion process, resulting in an
increase in the concentration of silver on the surface, in relation to the coin
as a whole. The surface silver enrichment process is responsible for the
apparent silvering appearance, observed in cross-section, by optical microscopy
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[12]. Of course, the cross section metallographic investigation of a coin
reveals valuable information of the surface and bulk microstructure but very
often consists of complete damage of the investigated coin. However, the
enriched silver outermost layer can be gently removed from a small, targeted
area allowing a proper investigation of the coin’s bulk without sectioning it.

The péttoraks conservation state strongly depends on the long resting
in the ground and its physicochemical parameters such soil composition and
moistening degree. A minor mishandling of a péttorak issued in 1624 reveals
abnormal characteristics like increased brittleness and fragile structure
associated with reduced weight and dull sound when it is ringed on the solid
surface. This behavior is completely different than well preserved pottoraks
issued in the same year. Therefore, the aim of the present study is to effectuate
a comparative physicochemical investigation between a regular péttorak
issued in 1624 and the abnormal one. The microstructural investigations
assisted by high resolution SEM coupled with EDX elemental analysis can
provide useful clues for proposing a corrosion mechanism. Thus, an advanced
intra granular corrosion of the coins facilitated by the long resting in a specific
soil might involve with some hydro soluble product. Its repeated contact with
pluvial water infiltration might leak copper from the microstructure altering the
coins characteristics, a fact which will be further discussed.

RESULTS AND DISCUSSION

Most of the pottoraks were issued in the Bydgoszcz mint, having a
constant design pattern. Photographs of the investigated coins are presented
in Figure 1. The obverse feature Poland kingdom shield with Wasa family
arms in the middle covered with the kingdom crown. The surrounding legend
text feature SIGIS 3 D G REX PMDL divided by a small shield with numeral
3 (meaning equivalent to 3 half groschen) meaning Sigismund the Ill-rd by
God’'s mercy King of Poland and Grand Duke of Lithuania. The reverse
features an orb with a cross with inscription 24 below the cross meaning that
24 of such coins are equal to one thaler. The year is marked by numerals
divided by the cross respectively 2 and 4 (1624). The surrounding legend
feature MONE NO REG POLO meaning new coin issued by the king of
Poland, divided by the grand treasurer’'s arms, a vertical arrow flanked by
two stars with a moon crescent on the base, these symbols are surrounded
by square brackets making the appearance of a smiley face.
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Figure 1. Investigated samples: a) well preserved péttorak issued in 1624 and
b) abnormally corroded poéttorak from 1624,

Figure 1a, feature the general aspect of the good coin reference having
the striken details very well preserved with a sharp detail. The abnormal péttorak
is presented in Figure 1b revealing partly swelled details of the text and cross
arms. There were found significant metrological differences between them,
Table 1. Literature data reveal that pure silver density is about 10.49 g/cm® and
copper density is 8.96 g/cm?® [13, 14].

Table 1. Metrological characteristics of the investigated coins

sample Diameter, | Thickness, Weight, g Temp., | pwater, | Psample, | Alloy, wt. %
mm mm air water °C glcm® | glcm® | Ag Cu
a 19 0.56 0.9219 | 0.8298 | 22.1 | 0.9877 | 9.98 | 70.07 | 29.93
b 19 0.71 0.7414 | 0.6361 | 22.1 | 09978 | 7.02 - -

Thus, the well preserved péttorak is situated in the hypereutectic
domain closely after the eutectic position [15]. Copper amount increase
causes a the alloy denisity decreasing. It would have been espected that the
abnormally corroded péttorak to have too much copper but its density is far
below than pure copper, Table 1. Since the abnormally corroded coin has a
fine silvery aspect, we wonder what it might happened there to affect the
density. Microstructural observations are required.
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2 mm

Figure 2. Macrostructural details observed at low magnification (x10) in reflected
light of the well preserved péttorak issued in 1624: a) detail on year distinctive
number 4, b) coin’s edge aspect and c) aspect of the coin’s text.

Figure 2 reveal the low magnification aspect of the well preserved
pottorak surface. The date numeral 4 has a sharp edged shape well imprinted
into the alloy and has heavy worn marks on the top as consequence of
intensive circulation, Figure 2a. Since the coins were cleaned without
aggressive chemicals the silver enriched areas are found only on the lower
areas of the surface while the top of inscription are heavily worn and thus it
makes them less prone to the silver enrichment [1]. Moreover, choosing a
proper microstructural area like the numeral 4 or the character L for a micro
polishing with 8000 grains sand paper followed by gentle felt brushing with
colloidal alumina ensures a proper removal of the silver enriched layer and
optimally prepares the targeted micro area for metallographic observation.
The coin’s edge, Figure 2b, is well defined without microstructural flaws.
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2 mm

Figure 3. Macrostructural details observed at low magnification (x10) in reflected
light of the abnormally corroded pottorak from 1624: a) detail on year distinctive
number 4, b) coin’s edge aspect and c) aspect of the coin’s text.

Circular text of the coin is also well stricken into the coin blank with
well defined characters, minor oxidation marks appear as dark spots on the
O character from inscription. The abnormally coroded coin has a deeply worn
year numeral, Figure 3a, with fuzzy edges partly generated by the intensive
worn from caused by prolonged circulation, fact sustained by the faded
inscription of POL in Figure 3c. The lower areas of the surface are well preserved
showing a extremly good looking enriched silver layer (caused by the
removal of the corrosion products) but top areas of inscription being heavily
worn resemble better the bulk characteristics. The biggest surprise occurs
on the coin’s edge examination, Figure 3b. It is blunted featuring deeper
internal fissures which causes the increase of the edge thickness which
almost become double than the one of the well preserved coin. It is the first
phisical proof that something abnormal issue affects the coin integrity. X ray
diffraction (XRD) effectuated on the coin’s reverse which was gently brushed
with felt disc reveal the overall phase composition of the alloy, Figure 4.

271



NICOLETA IGNAT, EMANOIL PRIPON, SIMONA ELENA AVRAM, LUCIAN BARBU TUDORAN,
GHEORGHE BORODI, IOAN PETEAN, MARZENA GROCHOWSKA-JASNOS

Ag

A

SV

1
T Y|

30 40 50 60 70 80
2 Theta, deg.

Intensity, a.u.

Figure 4. XRD patterns of the investigated samples: a) well preserved péttorak
issued in 1624 and b) abnormally corroded péttorak from 1624. Peaks assignment
according PDF 89-3722 for Ag and PDF 89-2838 for Cu.

The well preserved péttorak reveal an XRD pattern with well developed
peaks belonging to Ag and Cu. Relative Intensity Ratio (RIR) method allow
to calculate the mass participation of each identified phase corelating the
relative intensity of the specific peaks with the corrundum factor of the identified
phases [16, 17]. It results that the well preserved poltorak has a silver content
of 69 wt. % and 31 wt. % copper which is in good accordance with the
composition determined from the coin’s density and agrees our previous
observations on the poltoraks issued in 1624 [1].

On the other hand the abnormally corroded pottorak has an
astonishing composition made of pure silver without copper. Itis in a fragrant
disagreement with the observations made uppon the density variation. Thus,
the metallographic investigation of the bulk microstructure is mandatory,
Figure 5.
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Figure 5. Metallographic microscopy images of: a) well preserved pottorak
issued in 1624 and b) abnormally corroded péttorak from 1624.

The metallographic aspect of well preserved péttorak, Figure 1a,
reveal a dense matrix of eutectic grains having white appearance with darken
lamellas within alternating with compact dark grains of B phase. Both of the
grains are elongated under the rolling dirrection and have a length of about
20 — 25 ym and a width of 8 — 12 um. It confirm a normal microstructure of a
hypereutectic Ag-Cu alloy which was subjected to rolling lamination and
subsequent stricking.

On the opposite, the abnormal péttorak reveal a predominant a grains
matrix spoted with corroded eutectic grain remains. The copper loss from the
microstructure is evident, however the grain texturing clearly indicate
elongation under the rolling dirrection but it is difficult to establish a precise
size because of removal of the advanced intergranular corrosion product
which let the grain boundaries fuzzy. The a grains can be estimated with a
length of 20 um and width of about 10 um while the eutectic grains remains
are about 25 pm length and width is difficult to be established. High resolution
SEM images are required to elucidate better these microstructural aspects.

SEM investigation sustains the optical microscopy observation
regarding the overview of the microstructural aspects of the well preserved
pottorak, Figure 6a. It is clearly observed that the mild felt brushing let the
lower areas untouched while the enriched silver outermost layer on the top
worn areas was successfully removed revealing the true bulk microstructure
as observed in the detail cached in Figure 6b.
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Figure 6. Overall aspect of the well preserved pottorak observed by SEM:
a) macrostructure view, b) overall microstructure and
¢) EDS spectrum of overall elemental composition.

EDS spectrum was taken on these worn areas, spectrum 25 in Figure
6¢. It reveals the elemental composition of the alloy resulting in 71 wt.% Ag
and 29 wt.% Cu being in great agreement with the XRD and density related
measurements. Since the density based calculation of the alloy composition
is certainly related to the bulk composition, the confirmation of the surface
based measurements like XRD and SEM-EDX prove the efficiency of mild
felt brushing in removal of the cleaning silver enriched outer most layer within
the worn areas. Moreover, the targeted metallographic preparation of such
certain areas allows an optimal view of the grain’s microstructure through
SEM - EDS investigation, Figure 7.
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Figure 7. Microstructural constituents of the well preserved péttorak observed by
SEM: a) SEl image, b) BSE image with superimposed elemental map, and
¢) EDS spectra comparison between eutectic grains (blue — spectrum 29)
and B phase grains (orange — spectrum 30).

Secondary electron image (SEI) of the micro polished and lustred
area of the well reserved péttorak reveal a smooth surface making rather
difficult observing grains, some eroded eutectic grains are obvious in the
central and lower right area of the image indicating partly breaking of the thin
lamellas as consequence of intensive circulation worn as reported in our
previous study [1]. Backscattered electron image (BSE) overlapped with the
elemental distribution, Figure 7b, reveals better the grains microstructure.
Eutectic grains have a blue appearance spotted with fine orange points while
pure copper 3 has an orange aspect. They are elongated in the rolling direction
proving the mechanical processing of silver alloy sheet prior striking. Grains
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elemental composition was investigated with targeted EDS spectra. Spectrum
29 was taken on the blue grains revealing an amount of 79.8 wt.% Ag and
20.2 wt.% Cu very close to the eutectic composition. Spectrum 30 was taken
on a orange grain revealing dominance of copper as 61.4 wt.% within the 8
phase while the silver remains of 38.6 wt.% belongs to the eutectic grains
boundaries that were partly caught in the EDS sampling spot.

Overall, the well preserved poéttorak issued in 1624 has a good
cohesion of the internal microstructure explaining the metallic sound when it
is thrown on the solid surfaces (e.qg. table, floor, and pavement). Such testing
method was very popular when these coins were in circulation to distinguish
them from the lead and thin forgeries which have dull sound when they are
throw on solid surfaces [18, 19]. Despite the dull sound, our abnormal
poéttorak is made almost pure silver having an abnormal density. It clearly
indicates severe microstructural flaws which require advanced investigations.

Its surface is well preserved as a consequence of the striking dies
punching alloy ensuring a smooth and uniform lower areas, Figure 8a. The
inscriptions are relatively swelled having a large curvature connection with
the lower areas instead of the sharp connection implying a small curvature
radius observed on the normal poéttorak, in good agreement with optical
microscopy. SEM imagining confirms that the top of inscriptions is deeply
worn. Figure 8b presents a microstructural detail of the worn areas. The
grains are quite eroded due to the intensive circulation of the coin but have
extra eroded patterns as scaly structure suggesting in depth erosion of the
microstructure via intra-crystalline corrosion.

The internal microstructure of the abnormal pottorak is properly
observed on the damaged margin observed by optical microscopy in Figure
3b. SEM investigations were conducted to catch both damaged margin and
a small part from adjacent lower areas from the coin surface, Figure 8c. The
lower right corner evidence of excoriation of the top surface layer revealing
deeply corroded microstructure beneath.

The surface has a smoother appearance compared to the damaged
margin which reveals a deeply corroded microstructure of the coin. BSE image
with elemental distribution map in Figure 8c reveals a uniform distribution of
silver both on the surface and in the bulk of the coin (uniform blue color).
Small orange points represent copper distribution which is very scarce on the
surface and slightly more present in the damaged margin. Thus, spectrum
19 taken on the coin surface reveals a composition of 98.6 wt.% silver and
1.4 wt.%, Figure 8e. Spectrum 20 reveals the slightly appreciation of the
copper content to 2.6 wt.% in the damaged margin. It suggests that the initial
state of this coin contained much more copper in the bulk most likely a similar
content as observed in the normal péttorak.
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Figure 8. SEM images of the abnormally corroded péttorak: a) macrostructure
view, b) overall microstructure and c) SEI image of microstructural detail of damaged
margin of the coin, d) BSE image superimposed with the elemental map
of the damaged margin of the coin, and e) EDS spectra taken
on the coin surface and on the damaged margin.
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Abnormal péttorak bulk microstructure, Figure 9a, is formed by grains
elongated under the rolling direction respecting the pattern observed in the
normal pottorak. Their length ranges from about 15 to 20 um and their width
ranges from about 3 — 8 um. The abnormal aspect is given by the elongated
pores resembling to the B grains within the normal alloy. The other grains are
merely eroded into thin silver sheets, a fact better observed at high
magnification in Figure 9b. Both abnormal situations are confirmed by
spectrum 22 which reveal their composition as 97.8 wt.% Ag and only 2.2
wt.% Cu, Figure 9c.

C B Spectrum 22
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Figure 9. SEM images of the abnormally corroded péttorak broken side:
a) overall microstructure, b) microstructural detail, and
c) EDS spectrum of the microstructural detail.

SEM advanced microstructural investigations confirm that lower
density of the coin is caused by large internal voids produced by an advanced
corrosion which extract progressively copper from the microstructure. The
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evidence is strongly sustained by all employed physicochemical investigation
methods. Thus, we wonder how it was possible to extract selectively copper
from the coin. It is well known that silver is more noble than copper and then
is prone affected by corrosion [18]. Thus, a corrosion mechanism can be
established based on literature.

Wet underground conditions induce the galvanic corrosion of the
microstructure activating copper microstructural components as anode
because of its higher reactivity while silver microstructural components play
cathode role [19]. Thus, the microstructural decuprification occurs through
the B grains and Cu lamellas within eutectic oxidization with formation of
tenorite and cuprite:

2Cu + O, — 2Cu0 (1)
4Cu + O, — 2Cu0 (2

where CuO crystallizes as Tenorite having black color and Cu,O crystallizes
as cuprite having brown color [20, 21]. These further react with the salts
dissolved in soil. The most aggressive enhancers of the underground
corrosions are chlorides like sodium chloride which denaturizes copper
oxides transforming them in sodium dichloro-cuprate:

Cu0 + 4NaCl + H,O — 2Na[CuCl,] + 2NaOH 3)

The sodium dichloro-cuprate has a water solubility of 22.7 g/(100 mL)
at 25 °C representing a high solubility that makes this corrosion product
susceptible to dissolving in high moisture and prone to removal through the
liquid dispersion through the ground particles. However, this reaction is very
slow, taking a longer time to generate the soluble products [22, 23]. The
laboratory reaction can be accelerated by acetic or hydrochloric acid.

Carbonate minerals from soil like calcite and aragonite CaCO3 also
interacts with copper oxides generating malachite as main corrosion product
[19, 24]:

2Cu20 + 2 CaCOj3 + 4H20 + Oz — 2Cu2(CO3)(0OH), + 2Ca(OH): 4)
where: Cuz(CO3)(OH)2 is malachite which is insoluble in water but the other
product Ca(OH), slacked lime has a water solubility of 1.73 g/L at 20 °C and

thus it might affect the natural balance of the corrosion products in high wet
ground moisture facilitating corrosion products dissipation.
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Literature reveals that sulfide that might occur in the resting ground
does not directly react with copper or with copper oxides but however might
affect the balance of the other reaction products [25].

Several corrosion products like tenorite, cuprite and malachite are
practically insoluble in water than their tight deposits formed on the coins
surface act as a shield preventing mineral loss. On the other hand, sodium
dichloro-cuprate has a high solubility and slaked lime also has a limited water
solubility facilitating the corrosion products evacuation through the moisture
flow within the resting ground. Mineral diversity within resting ground could
generate complex copper chlorides like atacamite Cu,CI(OH); having a more
complex chemical structure than sodium dichloro-cuprate and it is insoluble
in water. However, its occurrence is strongly related to the arid conditions
which imply moderate moisture. Considering the slow reaction rate of sodium
dichloro-cuprate formation within high salted moisture soil facilitates slowly
and progressive dissipation of this copper corrasion product into the adjacent
environment. Continuing this process for several hundreds of years explains
progressive decuprification of the péttorak microstructure preserving silver
grains relatively untouched.

The corrosion products chemistry reveals that almost all copper-
based compounds are practically insoluble in water excepting sodium
dichloro-cuprate that forms into the aqueous state when halite crystals
(sodium chloride crystallized in cubic system) are dissolved by pluvial water.
Thus, the proposed mechanism explaining the abnormally corrosion pattern
observed in 1624 péttorak works in sedimentary soil rich in calcium
carbonate minerals like calcite and halides like sodium chloride.

Such soils are common in the Transylvanian basin due to the
evaporitic deposits formed during Badenian age as consequence of intensive
evaporation of water from Tethys Sea (covering actual areas of Transylvanian
Basin and Pannonian Field) generating large deposits on the Praid — Sovata —
Dej line up to Salaj County [26, 27, 28]. These salty soils are common in the
pottorak discoveries areas and thus we might assume that some of the
random finds might be affected by intensive corrosion.

Malachite belonging to carbonate minerals is situated in the noble
patina components while atacamite is generate by resting grounds rich in
halides altering the noble patina [29]. However, the patina stratification
depends on the subsequent interactions and the coexistence of malachite
and atacamite is reported as bronze disease where chlorides transform the
compact noble patina in a green powdery corrosion product [30].

Pluvial water infiltration within such soils dissolves halite crystals
generating sodium chloride agueous solution which reacts directly with the
copper oxide formed on the coins surface and generate sodium dichloro-
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cuprate in aqueous solution which is dissipated away along with the water
flux reducing the copper content. Considering this progressive corrosion
pattern over few hundreds of years the decuprification affects deeply the
alloy microstructure which losses the copper content enriching in silver, a fact
in good agreement with literature data regarding intra-crystalline corrosion [12].
Moreover, it is confirmed by the oxygen presence in the elemental analysis of
the broken side of abnormal péttorak but the content was subtracted from the
analysis quantification to reveal only the alloy composition (the fact is
properly displayed as Ox wt.% in the label of spectra 19, 20 and 22 in Figures
8e and 9c.

The lack of corrosion products associated with the abnormal péttorak
and unknown resting ground consists of a main limitation of the present
study. The proposed in deep progressive corrosion mediated by chlorides
present in the resting ground consist in a good start point for advanced
research implying fresh archeological discoveries of such coins, case in
which soil samples and corrosion product samples can be collected properly
and investigated prior to the complete cleaning of the coin.

Certainly the proposed corrosion mechanism is only a hypothesis that
requires more advanced investigation on larger representative samples
number preferably with the discovery place known. The lack of knowledge
about the abnormally corroded poltorak makes difficult searching for soluble
corrosion products that might explain more precise the leakage of copper
from the microstructure. A fresh archeological discovery from scientifically
investigated sites would be of great importance compared to random finds
because the resting ground sampling will be possible as well as targeted
collection of corrosion products from the coins surface prior cleaning. All
these samples subjected to physicochemical investigations like the one
performed in the present research will give important data for refining the
advanced corrosion mechanism.

NUMISMATIC SIGNIFICANCE

Of course, large silver numismatic pieces such as thalers are more
impressive from a numismatic point of view and on the other hand are less
exposed to corrosion of the deeper layers. But, the everyday monetary
circulation of ordinary people, such as buying and selling at the market, was
mainly ensured by small coins, the basis being provided by péttoraks. This
brings them to the forefront as the basis of monetary circulation. Data from
the literature show that péttoraks issued by King Sigismund Il of Poland were
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considered reliable coins, surpassing local circulation and being recognized
and appreciated throughout Central and Eastern Europe.

Numerous 17"-century hoards and coin accumulations contain
significant quantities of péttoraks. Many of these are discovered in what is
now Poland, but the literature reports significant hoards and coin accumulations
of this type in Transylvania.

Polish mint implication under grand treasurer Nikolai Danitowicz had
ensured a good standard of péttoraks production in large quantities. King’s
Sigismund Il pottoraks emissions ceased after 1627 three years after Nikolai
Danitowicz death under new grand treasurer Hermolaus Ligeza. The 1614
Crown péttorak coins weighed 1.576 g and, with a fineness of 0.469, contained
0.739 g of silver. In 1619, their mint rate raised from 128 to 164 minted coins
from the Krakéw mark (201.802 g). From 1619 onwards, the poéttoraki had
the following specifications: weight 1.230 g, fineness 0.406, and 0.500 g
content of Ag. Finally, mint regulation of 1623 devalued poitorak more, so
that they weighed 1.201 g and, with a fineness of 0.375, contained 0.450 g
of pure silver, and from then on, 168 one-and-a-half-groschen coins were
minted from the same Krakow fine. Péttoraks minted from 1619, were almost
egual to the two Austrian kreuzers of 1625 (weight 0.567 g), and the youngest
pdltoraks, minted from 1623, were approximately equal to 1.5 kreuzer (half of
Imperial groschen) minted after the monetary reform of 1623-1624 [5]. This
relation meant that they became readily exchangeable currency on the
Central European market and effectively supplemented the supply of small
change in circulation. This is confirmed by numerous finds of one-and-a-half-
groschen coins in Central European hoards dating from the 1620s to the 1660s.

The findings show that the oldest, i.e. better, emissions are favoured
and occur more often and in greater quantity. Although, mass issues of the
péttoraks, particularly from the 1620s, which account for such a large proportion
of coin finds from the Polish state and Hungary, including Transylvania, in the
17" century, did not reach the Austria, Bohemia, Moravia or Silesia market
in the same quantities. The first one and half groschen coins in the Kingdom
of Bohemia are recorded in hoards dating back to the 1620s. In 1623, Czech
and Moravian sources show a break in the influx of coins from Poland. At
that time, a coinage reform introduced by Ferdinand Il (great kalada) was
carried out in the Bohemia (Czechia, Moravia, Silesia, Lusatia), successfully
overcoming a severe monetary crisis. At the same time, a new coinage
regulation in the Polish state introduced a coin of lower quality, which could
no longer play an active role in the finally stabilized Czech market. This
contrasts with Hungary and Transylvania, where, despite access to silver
deposits, there was still a deficit in the production of medium and small
denominations, and the demand for this type of coin was met by imports from
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Polish-Lithuanian Commonwelth and the Roman-German Empire. Their
proportion in hoards in those territories, likewise in Poland, declined markedly
after 1663, when new denominations were introduced as part of reforms in
the Holy Roman Empire and the Polish-Lithuanian Commonwealth [7, 31].

In hoards from the territory of the Kingdom of Poland, one-and-a-half-
grosch coins have been found as early as 1614. At least nine hoards
containing this denomination, dating from immediately after its introduction,
have been recorded. Such an early and relatively frequent presence of
pottoraks in hoards may indicate that users recognised their more favourable
metal composition — the silver content was approximately 11% higher than
that of the groschen coins in circulation at the time. These groschen coins
were struck from silver of a fineness of V 3/4 lute (lute is a medieval and pre-
modern way to express the silver fineness where 16 lutes correspond to pure
silver, in consequence V 3/4 lute corresponds to 75% silver and 25 %
copper), weighing approx. 1.580 g and containing approx. 0.571 g of pure
silver, which corresponds to a fineness of 359 3/8%o (i.e. 36.139%) [5].

The large scale of the issue of one-and-a-half groschen coins, their
novelty and their relative ‘overvaluation’ compared to the grosch may have
encouraged their withdrawal from circulation and hoarding, a trend reflected
in the composition of the earliest hoards. Between 1615 and 1623, there was
a decline in the number of hoards containing poftoraks, as well as a reduction
in their proportion within individual hoards. This phenomenon may be linked
to the outflow of this coin beyond the borders of the Polish-Lithuanian
Commonwealth, a fact confirmed by finds from neighbouring regions. A
renewed increase in the frequency of péttoraks in hoards occurred from 1624
and—despite some annual fluctuations—persisted until the 1660s. In the
following decades (the 1670s and 1680s), these coins continue to appear in
hoards, though their significance gradually declined. In the 1690s, there was
a marked decline in the presence of one and half groschen coins in hoards,
although isolated examples still appeared sporadically at the beginning of the
18th century [32, 33]. The evidence gathered suggests that Polish coins—
particularly the pottorak—served a supplementary role to the local monetary
system in Silesia, especially in the case of small denominations. Their presence
was constant, though usually limited in quantity. Exceptional accumulations
from the years 1656-1667, however, should be interpreted as the result of
extraordinary factors linked to population migrations and political instability
in the region [32, 33].

An analysis of the Glogdéw hoard indicates that the péttoraki coins
originated from numerous mints, which clearly illustrates the wide scope of
their circulation. Hoard primarily issues from crown mint represented by circ
2300 pieces from Bydgoszcz (1618-1627), several hundred exemplars from:
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the Duchy of Prussia in Konigsberg (1621-1633), from the municipal mint in
Riga (1620; 1623-1626; 1644-1649), including issues from Livonia (1648),
as well as municipal issues from Elblagg during the Swedish occupation
(1628-1633) and Swedish issues minted in that city between 1632 and 1637.
Such a diverse minting structure confirms that the péftorak functioned as a
supra-regional coin, easily crossing political borders. Particularly noteworthy
is the fact that this hoard — alongside regular issues — also contains imitations
of péttoraks, which constitutes significant evidence of their international
influence. Noted here are both a Transylvanian poltur from 1638 (minted at
an unknown mint, other Transylvanian sources mention the same coin issued
in Koloszvar — actually Cluj —Napoca mint having CV mark inscribed on a
small circle below the cross orb on the obverse) and six so-called dreipélker
minted in Koszalin in 1621-1622by Prince-Bishop Ulrich of Pomerania and
Cammin (pol. Kamien). These imitations form part of a wider trend of
adapting the pottorak in Central and South-Eastern Europe. Particularly in
Transylvania, the péttorak served as a model for local issues (poltura) minted
between 1636 and 1638, which were adapted to the local monetary system
whilst retaining the form and function of a small silver coin useful in regional
and international trade. Similarly, in the area of Western Pomerania and the
Kamien Bishopric, issues of the dreipdlker type constituted a deliberate
imitation of the Polish pottorak, often with reduced specifications, intended
for circulation in neighbouring markets, mainly within the Polish-Lithuanian
Commonwealth. The presence of both original issues and their imitations in
a single hoard indicates that the poéttorak functioned not only as part of the
Polish monetary system, but also as an important monetary standard in the
region. Its popularity encouraged the creation of numerous imitation issues,
which — often with a lower silver content — circulated beyond the region and
were used in cross-border transactions [34, 35].

Such a large spread of pottoraks from the issuing place to all over
Central and Eastern Europe in numerous hoards and random finds imply
their exposure to various resting grounds with different humidity degrees and
pluvial water infiltration. It normally leads to different conservation state and
slightly variation of patina compounds subscribed to the triangle formed by
oxides — carbonates and halides. Such advanced intragranular corrosion like
observed in our abnormal péttorak most likely was previously observed by
the archaeologists and numismatists investigating the previously mentioned
hoards. Thus, the advanced corrosion hypothesis discussed in the current
article should be further investigated on the larger number of affected coins
from different sources consisting in a future research work.
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CONCLUSIONS

The abnormal density and extremely high silver content of the
unusual pottorak issued in 1624 is caused by a progressive intra-crystalline
corrosion which implies the decuprification through complete dissolution of 8
phase grains and copper lamellas from the eutectic grains leaving behind a
porous microstructure of almost pure silver grains as observed by SEM-EDX
in agreement with optical microscopy and XRD observations.

Sodium dichloro-cuprate is the single corrosion product having high
water solubility while copper oxides, malachite and atacamite are practically
insoluble in water. Thus, all aspects plead for a progressive corrosion in a
high moistened soil containing evaporitic deposits of sodium chloride
crystallized as halite. Moisture water circulation can ensure a progressive
removal of sodium dichloro-cuprate during few hundreds of resting years
causing deeply decuprification of the coin generating a porous microstructure
explaining the dull sound when it is ringed on solid surfaces.

The proposed corrosion mechanism needs further investigations
regarding the resting ground soil composition and a precise investigation of
the patina layer formed on the coin surface prior to its complete cleaning.
Such investigation should be further conducted on the fresh archeological
discoveries of random finds and monetary accumulations. Also, it would be
interesting to effectuate a search for such abnormally corroded péttoraks if
they occur in large hoards.

EXPERIMENTAL SECTION

Numismatic examination of some péttoraks issued by Sigismund Il
King of Poland in early XVII century reveal one coin from 1624 having
abnormal properties line relative low weight and a dull sound when it was
ringed on the table. A manipulation accident occurs chipping its edge
revealing deep internal structural flaws which were further investigated by
physicochemical methods. The normal etalon was considered in a similar
coin issued in the same year 1624 at the same place in Bydgoszcz mint.

Coins density was measured using an AX120 Shimadzu hydro-
balance with a measuring range from a minimum of 10 mg to a maximum of
120g. Each coin’'s mass was measured in atmosphere and in water. The
density is given by following equation:
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Psolid = m * Pwater (5)
where: psoid IS the coin’s density, my is the coin’s mass measured in
atmosphere and myaer is the coin’s mass measured in water, pwater IS Water
density at the measurement temperature which was 21 °C respectively
0.9978 g/cm3. Knowing the coin density and assuming its standard composition
within Ag-Cu binary system the weight percents of silver wag and of copper
wecu = 1 - wag can be calculated with the following equation:

1 w 1-w
=4 T4 (6)
Psolid Pag Pcu

where: pag = 10.49 g/cm?® and pc, = 8.96 g/cm?.

Both coins are well cleaned under the museum’s standard procedures,
being free of corrosion products at visual inspection. According to the
literature, such cleaning procedures might enrich the silver content of the
outermost layer. Therefore, their reverse featuring the orb with cross was
subjected to a gentle brushing with felt disc to remove the enriched silver
layer from the heavily worn areas from the top of inscriptions and
representations while the lower areas on the surface remaining undisturbed.

Furthermore, there were identified certain spots on the worn areas at
the top of inscriptions that were further mild micro-polished with very high
granulation sandpaper i.e 8000 grains and micro-lustred with colloidal
alumina using felt pointers. The chemical etching was effectuated at the room
temperature (20 °C) by swabbing method using a reagent containing ferric
chloride and sodium thiosulfate applied with a small cotton cloth for 5
seconds followed by rinsing with deionized water. The procedure was gently
effectuated to avoid damaging the coin surface but enough precise to allow
metallographic analysis and SEM investigations.

Reflected light microscopy was effectuated using a Bresser WiFi
1080P 2L microscope equipped with an integrated computer aided image
acquiring system working on the Windows platform using png high resolution
output format 720 x 1080 pixels.

Metallographic microscopy was effectuated with an IOR MCS8
metallographic microscope (IOR, Bucharest, Romania) equipped with a
digital image capture camera Sony 14 MPx (Sony Co., Minato, Japan).

X ray diffraction (XRD) was performed with a Bruker D8 Advance
diffractometer with Cu ka monochromatic radiation having a wavelength of
1.540562 A. The patterns were registered at a speed of 1°/min. in the range
of 10 — 80°. Crystal phase identification was made upon the XRD peaks using
Match 1.0 software (Crystal Impact Company, Bonn, Germany).

286



EVIDENCE OF ABNORMAL HIGH SILVER CONTENT IN A POLISH POLOTRAK COIN ISSUED IN
1624 AS CONSEQUENCE OF ADVANCED COPPER CORROSION

Scanning Electron Microscopy (SEM) was done with the Hitachi
SUB8230 operated in high vacuum mode at an acceleration voltage of 30 kV.
The samples were coated with a thin layer of Pt to ensure proper electrical
conductivity. The elemental analysis was effectuated with the Energy Dispersive
Spectroscopy (EDS) detector X-Max 1160 EDX (Oxford Instruments, Oxford,
UK). The Pt component was subtracted from the EDS results.
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EFFECT OF MEDIUM-RANGE TEMPERATURES
ON THE CONVECTIVE DRYING KINETICS OF
CELERY LEAVES AND STEMS

Alexandra Ana CSAVDARI**® Andrea BOGYOR2"¥,
Graziella-Liana TURDEAN?&*

ABSTRACT. This work focuses on the comparative description of convective
thin-layer drying of celery leaves and stalks at 40, 50 and 60°C, respectively.
Close to 100% moisture loss was recorded, yet total process time shortens
at elevated temperatures. The adjusted determination coefficient, the root
mean square error and the hybrid fractional error deviation, respectively,
were simultaneously employed as selection criteria for the most suitable
kinetic model. The empirical parabolic model was chosen to describe drying
kinetics of both plant parts. Its parameters and their temperature dependence
were quantified. Calculated drying parameters reflect the results of ANOVA
testing. Effective water diffusivity coefficients are 3 orders of magnitude
higher for stem and its drying activation energy is 34% lower. Specific energy
consumption values prove that drying of stems is more energy efficient than
that of leaves.

Keywords: Apium graveolens, Convective drying, Kinetic modeling, Leaf
and stem

INTRODUCTION

Apium graveolens, commonly known as celery, is a widely grown and
consumed biennial plant of the Apiaceae family [1-4]. Because of its unique
flavor, well-documented biologic proprieties, and low caloric content [2,5-7],
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all parts of it (leaf, stem, root, seeds) are of economic importance. Thus,
market demand and supply are high, either in its fresh, dried, or other
commercial form.

Besides the fresh plant, the Romanian celery market is characterized
by two major product groups. The first targets its direct use as a spice and
consists of 0.1,1 Kg packages of dehydrated celery leaves, roots and/or
seeds, either as such or as a powder, sometimes also in salty mixtures. The
second refers to phytopharmaceutical products, for example hydroalcoholic
extracts. In either case, appropriately dried celery parts serve as raw
material. Hence, there is a clear industrial need for rapid, cost-effective, and
highly efficient drying methods, capable of reducing the plant's moisture
content below 10%, yet also ensuring the retention of its phytochemical
characteristics.

The most common procedures are: the conventional hot-air (forced
convective) drying, open-air drying at room temperature, freeze-drying
(Iyophilization), vacuum drying, sublimation drying, and microwave drying
[3,5,7], respectively.

Research in the field focuses on two directions. One targets the
retention of phytochemical composition, by investigating antioxidant activity,
total phenolic and/or flavonoid content, as well as antibacterial activity of
various dried celery parts [7,8]. Some studies also evaluate organoleptic
properties and mechanical changes, such as grindability [7]. Ultimately, the
retention of these attributes depends on the drying procedure and its specific
operational parameters (e.g., drying time, temperature, microwave power,
etc.) [9]. Another research direction targets the understanding of the moisture
removal process itself, by explaining experimental data with various theoretical,
semi-theoretical and/or empirical drying kinetic models [1,10,11]. It describes
drying rates and mechanisms as a function of the specific procedure and its
parameters [1,6,11,12].

Despite the multitude of investigated techniques, convective drying
remains the most commonly used [13]. Its wide industrial practicality relies on
commercially available and affordable equipment, designed for high quantity
throughput. The overall temperature range reported in the literature spans
from 25 °C to 120 °C, yet existing studies focus either on its lower or higher
values end [8,13]. Low temperature convective drying is less energy
consuming, but more time demanding. On the other hand, the use of elevated
temperature might save time, but compromises phytochemical characteristics,
such as antioxidant activity or chlorophyll content [3,7]. Therefore, operation at
medium-range temperature might offer a solution to affordable energy / time
costs, while retaining the plant's desired bioactive proprieties. However, no
thorough and systematic such study has been reported yet.
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Furthermore, while drying various celery parts (leaf, stem, root, or
seeds) is well described, research typically focuses strictly on either of these.
No comparative data can be found in the literature, detailing the distinct
drying behaviours of various morphological celery components under identical
experimental conditions. This is a significant gap since simultaneous drying
of various plant parts, such as leaves and stalks for instance, makes sense
from an economic point of view. On the Romanian market for example, both
the commercially available dehydrated spices and hydro-alcoholic extracts
are based on mixtures of all parts [14,15,16,17].

The present study aims a comparative kinetic study between Apium
graveolens leaves and stalks, under the same mid-range temperature, forced
convective drying conditions. As such, it tries to bridge both data gaps
described above.

RESULTS AND DISCUSSION
General characteristics of the drying process

Samples of 10 g celery leaf and stem were subjected to forced
convective drying, under identical experimental conditions, at 40, 50 and
60°C, respectively. Each sample’s residual mass was recorded against the
total drying time, leading to the kinetic curves presented in Figure 1 and
Figure 2 for leaves and stalks, respectively.

Mass (Q)

0 100 200 300
Time (min)

Figure 1. Leaf sample retained mass versus total drying time.
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0 100 200 300
Time (min)

Figure 2. Stem sample retained mass versus total drying time.

These present mean values and their respective error bars for 3
distinct measurements at 40 and 50°C, whereas the 60°C data correspond
to sets of 6 repetitions. The error bar values prove that data variability
decreases with temperature.

Data in Figures 1 and 2 were subjected to mono- and bi-factorial
statistical ANOVA testing, to determine whether the two independent variables
(temperature and type of plant material) affect the drying kinetic behavior in
a statistically significant manner, or whether they interact in determining its
shape. The results, translated into probability p-values, are presented in
Table 1. Lower than 0.05 values mean statistically significant effect and are
correlated with the H; hypothesis, whereas the opposite is true for higher
than 0.05 values, for which hypothesis Hq is accepted [18].

All mono-factorial tests prove that both parameters affect significantly
drying kinetics, but more so the temperature. The bi-factorial test proves the
same yet demonstrates that there is no interaction (or at least at the threshold
of statistically significance) between the 2 independent variables in shaping
the kinetics of this particular drying process (p of 0.083 very close to the
threshold of 0.05).
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Table 1. Results of ANOVA testing for data given in Figures 1 and 2;
probability p-values and their corresponding accepted hypotheses.

Type of ANOVA test p-value * Accepted hypothesis
Mono-factorial testing of either the effect of temperature or of plant material type
Effect of temperature — Leaf 3.69 x 10° Ha
Effect of temperature — Stem 9.59 x 104 Hi
Effect of plant material type — 40°C 1.77 x 10 Ha
Effect of plant material type — 50°C 6.32 x 104 Ha
Effect of plant material type — 60°C 2.87 x 104 Ha
Bi-factorial testing of combined effects of temperature and plant material type
Effect of temperature 2.98 x 108 Ha
Effect of plant material type 1.72 x 107 Hi
Interaction between the 2 above factors 8.29 x 107? Ho

* Statistically significant threshold fixed at probability p-value 0.05.

The shapes of curves in Figures 1 and 2 lead to the following conclusions:

1) Leaves dry faster than stems at all temperatures (more visible at
60°C). This is probably due to their 20 to 30-fold lower thickness (see
data in Table 7).

2) Drying rates decrease and total drying times increase with lowering
temperatures, for both celery parts (see also Table 2). This is most
probably caused by the higher diffusivity of water at elevated
temperatures [19,12] (see Figure 5).

3) Drying rates decrease during time, together with the loss of moisture.
Explanation relies on the fact that the fast surface water removal is
predominant at process beginning, whereas towards equilibrium it is
replaced by the more slower core moisture removal [11].

Findings 2) and 3) above agree with previous reports for celery leaves
[19,12], slices [20] and stems [7].

The efficacy of each drying process can be assessed not only by the
length of the total drying time necessary to reach constant sample masses
(equilibrium), but also by the values of final humidities (translates into
moisture loss). Both are presented comparatively in Table 2 for all employed
conditions. It can be observed that fresh celery stalks contain more water
than leaves and that their drying leads to less dry mass (see also the
corresponding experimental section). This means that more water is
eliminated during the exact same drying procedure, making the drying of
celery stems more energetically effective (see Figure 6).
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Table 2. Total drying time and humidity of fresh and dried celery leaves and stalks.

Humidity (% m/m)

Drying q (°C) Total drying time (min)
Leaf Stem
40 180 4.69+0.16 1.52+0.34
50 235 4.74 +0.54 1.93+0.18
60 285 5.62+0.31 2.49 + 0.66
105 - 4.89 +0.28 1.92 +0.28
Fresh plant - 87.15 +0.80 91.66 +0.74

Data in Table 2 prove that a slower, low temperature convective
drying results in a 100% moisture loss, since retained humidity values at 40
and 50°C are comparable with those at 105°C (where the absolute dry mass
was determined) for both leaf and stem. On the other hand, the rather forced
process at 60°C retained 14.9% more water in leaves and 29.7% more in
stalks. This is undesirable because higher retained humidity can lead to plant
putrefaction during storage. Table 2 also underlines the well-known fact that
elevated drying temperatures shorten significantly process duration: in this
case with 36.8% when going from 40 to 60°C.

Kinetic modeling of the drying process

Various kinetic models have been put forward in the literature for the
thin-layer drying of agricultural products [7,11,12,19,20]. The theoretical
ones are based on analytical solutions of various heat transfer or diffusion
describing equations for some simple geometries, but under simplifying
assumptions of an ideal drying process. Because these are rarely met, the
most suitable models have proved to be either semi-theoretical or empirical
[11,12].

Regardless of the equation they use to describe the time-resolved
process evolution, all models rely on moisture ratio MR data versus total
drying time t. Hence, raw kinetic information of Figures 1 and 2 was translated
into such curves, by means of equation (1) to (3) (see the Experimental
section). An example of MR mean values is presented in Figure 3, for data
collected at 60°C for both leaf and stem.
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Figure 3. Moisture ratio profiles for celery leaf and stem convective drying at 60°C.

Table 3. Tested kinetic models, their equations and number of parameters Nmp.

Nb. Model * Equation Nmp
Semi-theoretical models
Page MR = exp(-kt")
2 Midilli & Kucuk MR = aexp(-kt") + bt
3 Two terms MR = aexp(-kt) + bexp(-kit)
Empirical models
4 Sledz MR = bexp(-kt)/ (1+aexp(k,t)) 4
5 Parabolic MR =a+ bt +ct? 3
6 Wang & Singh MR =1+at + bt? 2

* Parameters k, ki and k2 stand for drying coefficients (expressed in min't if drying time is
expressed in min); a, b and ¢ stand for equation coefficients (with dimensions depending on
the model); n is a dimensionless exponent with values usually higher than 1, respectively.

Table 3 contains the list of 3 semi-theoretical and 3 empirical kinetic
models chosen for testing on all MR vs time curves. The first 4 models were
chosen because they have been previously found to describe drying kinetics
of celery and parsley leaves, celery stalks, slices, and roots [7,12,19,20] or
various other fruits, vegetables, and seeds [11]. The last 2 were selected
because of their simplicity and universal application in various physical
and/or chemical parameter descriptions.
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The Page model derives from the Newton’'s law of cooling and
assumes that the moisture loss in air for agricultural products is similar to the
heat loss of a body immersed in cold fluid [11]. On the other hand, both the
Midilli & Kucuk and the two-term model derive from the analytical solution of
the Fick’s second law of diffusion [11]. The Sledz model is a more recently
introduced empirical model [21,22], the parabolic one is a simple quadratic
equation, whereas the Wang & Singh simplifies the latter by considering the
free term equal to 1 [12].

Table 4. Values of statistical parameters indicating kinetic model predicting quality.

Model * 0 (°C) Nobs R2adj RMSE HYBRID
Leaf
40 40 0.9962 0.0166 0.0731
Midilli & Kucuk 50 36 0.9969 0.0144 0.1720
60 18 0.9982 0.0113 0.0797
40 40 0.9954 0.0182 0.1015
Sledz 50 36 0.9969 0.0144 6.1039
60 18 0.9985 0.0103 0.0719
40 40 0.9957 0.0177 0.0793
Parabolic 50 36 0.9941 0.0198 0.3797
60 18 0.9985 0.0102 0.0724
Stem
40 54 0.9973 0.0140 0.1505
Midilli & Kucuk 50 40 0.9955 0.0185 0.1212
60 30 0.9992 0.0076 0.0175
40 54 0.9974 0.0139 0.1831
Sledz 50 40 0.9977 0.0133 0.0867
60 30 0.9991 0.088 0.0230
40 54 0.9972 0.0144 0.1596
Parabolic 50 40 0.9968 0.0155 0.0591
60 30 0.9992 0.0077 0.0169

* Only best fits are presented.

The suitability of each tested model to describe drying kinetics was
decided upon the simultaneous satisfaction of 3 statistical model quality criteria:
adjusted determination coefficient (R%gq) closest to 1 and both root mean
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square error (RMSE), and hybrid fractional error deviation (HYBRID) closest to
zero — see equations (7) to (9). All consider the number of observations of
individual kinetic curves (nops), as well as the number of parameters of each
model (Nmp). As such, results based on different nops and nmp are normalized
and the 6 models in Table 3 have a uniform base of comparison.

Three out of 6 tested models presented both best, and comparable
results: the Midilli & Kucuk, the Sledz and the parabolic models, respectively.
Table 4 summarizes the values of statistical parameters which prove the good
prediction quality of these. The differences among model performances are
practically insignificant and each could serve as drying kinetics behaviour
predictor. These results agree with previous reports indicating the Midilli &
Kucuk equation as best for celery [19] and coriander leaves [23]. The Sledz
eguation is also mentioned for celery leaves [19]. On the other hand, drying of
celery roots [1], stem [7] and slices [20] was previously best fitted by the Page
model. Yet, in this case the Midilli & Kucuk one proves to be the best fit.

However, the authors have decided for the empirical parabolic model
as the best drying kinetics descriptor of both celery leaves and stalks. The
reasoning is based on the simplicity of the quadratic equation as well as on
the very good values of its quality indicators in Table 4. Hence, the
corresponding kinetic parameters are presented in Table 5 for all employed
experimental conditions.

Table 5. Drying kinetic parameter values of the parabolic model.

6 (°C) a (-1x103%) x b (min) 10°x ¢ (min)

Leaf

40 0.987 £ 0.009 7.57 £0.20 1.49 + 0.09

50 0.947 £0.010 9.20 £ 0.26 241 +0.14

60 0.954 + 0.008 19.89 + 0.39 10.87 £0.40
Stem

40 0.974 £ 0.006 4.07 £0.10 0.23+£0.04

50 1.018 £ 0.008 5.30+£0.17 0.31+£0.08

60 1.009 + 0.004 8.88 £0.13 1.78 + 0.08
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It can be observed from Table 5 that all free term values are very close
to 1, hence the Wang & Singh equation would also have been a very good fit.
Parameter b values are all negative and decreasing at higher temperatures,
whereas parameter ¢ values are positive and increase in direct relation with
temperature. This measurable temperature dependence is sustained by the
findings of the ANOVA tests (see Table 1). Moreover, it follows a typical
exponential relationship of Arrhenius type and permits the calculus of some
“apparent activation energies” with correlation coefficients from 0.8828 to
0.9075. These have no physical meaning; they simply express a temperature
effect. The values are presented in Table 6 and prove a stronger temperature
dependence of equation coefficient b as compared to a in the parabolic model.

Table 6. Apparent activation energies for equation coefficients a and b of the
parabolic kinetic model.

Apparent activation energy * (KJ/mole)

Type of plant material

Parameter a Parameter b
Leaf 41.58 82.67
Stem 33.68 87.51

* Has no physical meaning; it is a way to estimate the temperature dependence of parabolic
model coefficients a and b.

Drying parameters

According to equation (4), the slopes of In(MR) versus drying time
plots are used to estimate effective water diffusion coefficient Det values. An
example is presented for both leaf and stem at 60°C, in Figure 4, for data in
Figure 3. Only linear portions are presented, but they cover for all employed
temperatures 3 successive half-times for leaves and 2 for stalks,
respectively. In other words, the linear dependence described by equation
(4) is valid for at least 87.5% of process advance in the case of leaves, and
for at least 75% for stem.

Towards the equilibrium (end of drying process at high times), the
plots tend to curve down, more so in the case of stem. This curvature was
also reported in the literature [19] and explained by the variations in the
thickness of pieces subjected to drying. This reasoning agrees with the
present observations since the strong variations in the stem’s thickness are
obvious from Figure 7 and Table 7.
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Figure 4. In(MR) versus drying time plots corresponding to data in Figure 3.

Figure 5 presents the calculated Dex values for celery leaf and stem
as a function of drying temperature. Watter diffusivity proves to be 3 orders
of magnitude higher for stem (values of 10° order of magnitude as compared
to 1012 for leaf), probably due to its different microstructure. Similar orders of
magnitude have been reported in the literature in the case of convective
drying: 102 [12] to 10° [19] for celery leaves, and 107° for basil [22],
respectively.

8
Leaf: Dgg x 1012 (m?/s)
Stem: Dy x 10° (m?/s)
6
Q)
E4
D(‘D
| II
0
40C 50C 60 C

BlLeaf mStem

Figure 5. Values of effective water diffusivity (Des values are of 10-12
and 10 order of magnitude for leaf and stem, respectively).
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Water diffusivity increases with temperature and D values in Figure 5
served for the determination of drying activation energy, by means of
eguation (5). An average value of 44.01 KJ/mole of removed water was obtained
for leaves, and of 29.02 KJ/mole for stalks (with corresponding correlation
coefficients of 0.8575 and 0.9902), respectively. These values show that the
moisture loss occurs more easily and is less temperature dependent for
celery stem than for leaf. They agree with previous findings, for example
36.09 [12] and 31.72 KJ/mole [19], respectively, for celery leaves [12].
Convective drying of many other fruits and vegetables, although carried out
under different conditions, also exhibits comparable values [12].

The specific energy consumption SEC was computed, for both leaves
and stalks, by dividing the total amount of consumed energy during drying
with the mass of removed water — see equation (6). Its values are illustrated
in Figure 6 and agree with previous reports for the convective drying of celery
[12].

Results indicate that drying of celery leaves is approximately twice as
energy demanding than that of stalks, even under identical process
conditions. This finding agrees with their 3 orders of magnitude lower water
diffusivity coefficient, as well as with their 34% higher drying activation
energy (see Figure 5). The use of an elevated temperature leads to a more
energetically efficient process, due to a significantly shorter drying time (see
Table 2) and better water diffusivity (see Figure 5).

50C 60 C
ElLeaf BStem

1600

1200
800
40 I
0
40C

Figure 6. Values of specific energy consumption.
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CONCLUSIONS

Despite the wide use of forced convective drying for various fruits and
vegetables, there is a lack of systematic studies at mid-range temperature,
as well as process comparison for various useful parts of the same plant
when dried under identical conditions. Hence, this work focused on the
comparative description of thin-layer drying of celery leaves and stalks
(industrially often dried together) at 40, 50 and 60°C, respectively.

Gravimetric measurements were used to obtain time-resolved data
under all employed conditions. The procedure resulted in almost 100% moisture
loss for both celery leaf and stem, regardless of employed temperature.
However, drying of leaves is somewhat faster. A total of 6 semi-theoretical
and empirical models were tested for their best suitability with kinetic behavior,
by means of 3 statistical parameters as indicators of model prediction quality.
The Midilli & Kucuk, Sledz and parabolic equations showed best but comparable
performances. Yet, because of its simplicity, the empirical parabolic model
was chosen to describe the drying kinetics of both celery leaves and stalks.

Mono- and bi-factorial ANOVA tests were used to prove that both
independent operating parameters (temperature and type of plant material)
affect the evolution of the process in a statistically significant manner, but
that they do not interact. Hence, the calculated drying parameters were
consistent with these observations. For example, 2 out of 3 equation
coefficients of the chosen kinetic model are temperature affected and permit
guantification of the respective dependence.

Effective water diffusivity coefficients were also temperature dependent
for both employed plant parts, but 3 orders of magnitude higher for stalks.
Hence, their drying activation energy was 34% lower. These values correlate
with the calculated specific energy consumption and drying of stems proved
to be more energy efficient than that of leaves.

EXPERIMENTAL SECTION
Preparation of characterization of celery samples

Fresh and leaf rich celery stalks with no roots were purchased from a
local market. The ones lacking visible defects and with a uniform appearance
were kept for experimental use. Leaves and stems were separated, washed
under tap water, and air-dried for 30 min on paper towels at room temperature.
Further, the vegetal material was cut in approximately 1x1 cm pieces, as
shown in Figure 6.
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Leaf Stem

Figure 6. Example of celery leaf and stalk pieces prepared for drying.

Leaf and stalk thickness measurements were performed in 3 different
regions (A, B and C, respectively), as depicted in Figure 7, and according to
the morphological particularities of the plant parts. A calliper (YATO, TOYA
S.A., Wroclaw, Poland) was used for this purpose. The results are presented
in Table 7.

Stem

Figure 7. Thickness measurement points/regions for celery leaves and stalks.

The humidity (% m/m) of fresh and dried celery was determined with
an infrared moisture analyser (Model MA 50.X2.IC.A., Radwag, Poland); 1 g
samples were heated by means of IR radiation at 105°C until reaching
constant mass.

Table 7. Thickness values of celery leaves and stalks.

Thickness (mm) Point A Point B Point C Mean value*
Leaf 0.245+0.053 0.383+0.041 0.475+0.050 0.368+0.116
Stem 6.125+0.427 7.950+1.476 10.600 +0.126  8.225 +2.250

* Refers to the average of the measurements in points A, B and C, respectively.
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Drying procedure

Samples of 10 g of either leaf or stalk pieces were placed in parchment
paper trays and subjected to drying on the middle grid of an electrical oven
(HB-8053NG, Hausberg, Ergene, Turkey) with ventilation. Temperatures of
40, 50, 60, and 105°C, respectively, were employed.

The process’ evolution at 40, 50 and 60°C was monitored gravimetrically,
every 5 min, until the mass of each individual sample remained constant for
at least 3 successive determinations. Mass measurements were carried out
with a 0.01 g accuracy digital analytical balance (Model AXE, KERN & SOHN
GmbH, Balingen, Germany).

Besides the electronic setting of temperature, its actual value inside
the oven was monitored with a laboratory thermometer ranged 0 to 150°C.
The air flow hit the samples vertically, from both above and below, at a
velocity of (4.16 + 0.22) m/s. The latter was measured in 12 points, with a
digital hand anemometer (Model JV796255, NJTY, Guangdong, China).

All kinetic measurements were carried out in triplicate, except the
ones at 60°C, which had 6 repetitions, for both leaves and stem. Drying time at
105°C took 24 hours (triplicate) and finalized with one mass measurement each.

Calculus of drying parameters

The moisture ratio MR [1,7,12,19] was calculated from each mass
versus drying time individual measurement by means of equation (1),
X - X,

MR=—"*
XO_Xe

(1)

in which X, Xi and X. stand for the dry base moisture content of the sample at

a certain time t, at the start of the process and at its equilibrium, respectively.

X values are expressed in g water / g dry base and calculated as

_ Sample mass - Dry mass
Dry mass

X (9/9) 2)

for each mass measurement. The plant dry mass was determined after
drying 10 g at 105°C for 24 hours, to be equal to (1.97 + 0.06) g and (0.75
0.09) g, for leaf and stem samples, respectively. Because of constant 10 g
initial mass samples, the values of X, are constant and equal to 4.085 g/g
and 12.333 g/g, for leaf and stem, respectively. On the other hand, the values
of Xe differ for each set of kinetic measurements, in agreement with the final
stable sample mass recorded at process equilibrium.
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A combination of equations (1) and (2) leads to an MR value expressed
simply as a function of mass measurements, as follows:

_ Momentary mass - Equilibrium mass
Initial mass - Equilibrium mass

MR 3)

The effective water diffusion coefficient D (M?/s) was determined
from the slope of In(MR) versus drying time graphs [12,19,21,22], according
to:

" 2
IN(MR) = In&8 8 _ P Dert )
§pa 4l
where L stands for the half-thickness of the material subjected to drying (m).
Its value was considered equal to the half of the last column values in Table
7 (since moisture loss occurs from all sides of the plant pieces).
The activation energy Ea (KJ/mole evaporated water) was calculated

from the temperature dependence of D values, described as:

g E, 0
D, =D,expg-—2-= 5
eff 0 pg RT 7 ( )
where Do (m?%/s) stands for a pre-exponential factor, T (K) for temperature
and R for the universal gas constant, respectively.

The specific energy consumption SEC (J/Kg removed water) [12,22]
was computed by:

TT

SEC=———E
ms(XO - Xe)

(6)
where TT stands for the total drying time (s), E (equalling 2225 W) is an oven
characteristic, and ms (Kg) represents the dried solid matter at equilibrium,

respectively. Variables ms and X; have individual values for each kinetic
curve, whereas Xy is constant (see above).

Calculus of statistical parameters

The following statistical indicators were calculated for each kinetic
curve: the adjusted determination coefficient R%q, the root mean square
error RMSE, and the hybrid fractional error deviation HYBRID, respectively
[12,19,24,25]. Their respective formulas are given in equations (7) to (9).

(nobs - 1)
- 1)

R?,4 =1-(1-R?) (7)

( obs ~ ''mp
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Nobs

a(MR exp— '\/chalc)i2

RMSE = 4| (8)
r.]obs
nobsé _ 2 l\,l
HYBRID = 100 é_é(MR exp MRcaIc) i (9)
Nops — r-]mp i=1 @ MR exp ﬂi

In equation (7), R? stands for the correlation coefficient of the model.
In equations (8) and (9), MRexy and MRcac stand for the experimental and
model calculated moisture ratios, respectively. The variable nqps equals the
number of experimental observations in a kinetic curve, whereas nmp the
parameter number of a tested model. The values of R?%g and RMSE were
generated automatically during model fitting, while the HYBRID value was
calculated by hand for each tested model.

Employed software

Statistical mono- and bi-factorial ANOVA analysis was carried out
with the “Data Analysis” tool of Microsoft Excel for Microsoft 365 (Microsoft
Corporation, Redmond, WA, USA).

Kinetic curve fittings and model parameter calculus were performed
with the “Nonlinear Curve Fit” module of Origin 2018, Version 95E (OriginLab
Corporation, Northampton, MA, USA).
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ABSTRACT. A plasticized polylactic acid (PLA) composite incorporating zinc
oxide (ZnO) was synthesized via melt mixing and hot pressing. The
physicochemical and preliminary microbiological properties of the composite
were systematically evaluated. ZnO powder, produced through precipitation and
calcination, was characterized using dynamic light scattering and nitrogen
sorption analysis. The PLA composite, comprising PLA, Proviplast 2624, Span
60, and ZnO, was subjected to tensile and flexural testing, oxygen and water
vapor barrier measurements, water uptake analysis, contact angle assessment,
and Atenuated Total Reflectance — Fourier Transform Infrared spectroscopy
(ATR-FTIR). The ZnO powder exhibited a broad, aggregate-dominated particle-
size distribution and a moderate specific surface area. The composite displayed
reduced stiffness and strength relative to neat PLA, indicating effective
plasticization. Preliminary microbiological assays indicated decreased recovery
of the tested microorganisms under the specified conditions.
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INTRODUCTION

The most widely used thermoplastics globally are polyethylene (PE)
and polypropylene (PP) but they share a common challenge: because they
degrade slowly, they contribute to long-term ecological damage [1]. The
degradable alternatives are (bio)polymers such as PBS (polybutylene succinate)
and PLA obtained from renewable resources such as corn starch and
sugarcane [2-3] and poly(hydroxyalkanote)s (PHAS) produced by bacterial
fermentation. Yu et al. have investigated the potential antimicrobial ZnO's
properties through the PLA integration. Their results demonstrated improved
degradability, antibacterial activity and enhanced air filtration performance,
framing PLA/P(3HB-c0-4HB)/ZnO melt-blown nonwovens as well-suited
options for next-generation sustainable air filters, medical masks, and protective
healthcare textiles. PLA has also garnered considerable attention from food
packaging industry experts due to its high transparency, good biological
compatibility and high tensile plasticity. Considerable scientific inquiry has
concentrated on adapting PLA structure to enhance its functional performance
and increase its versatility. Li et al. obtained an electrospun PLA composite
by incorporating different concentrations of ZnO nanoparticles and evaluated
their mechanical, thermal, hydrophobic, and antibacterial properties.
Moreover, they studied the effectiveness of these materials in preserving
fresh chicken meat, establishing a foundation for degradable antibacterial
food packaging [4].

Torche et al. have recently explored the alternative of using deep
eutectic solvents (DESSs) obtained by complexation between hydrogen-bond
donors and quaternary ammonium salts. The obtained PLA-based composite
plasticized with DESs and reinforced with green-synthesized ZnO particles
derived from date palm seed extracts exhibited robust antibacterial efficacy,
most notably at a 3 wt% ZnO concentration, demonstrating substantial
reductions in Staphylococcus aureus and Escherichia coli, alongside complete
inhibition of the spore-forming pathogen Bacillus cereus [5].

Significantly valued since the days of antiquity for its extensive
economic importance and medicinal properties, mesquite or algarroba,
belonging to the Prosopis family, continues to be utilized globally. Scientific
research reveals that pastes, gums, and leaf smoke derived from the plant
contain bioactive compounds that fight cancer, diabetes, inflammation, and
microbial infections. Raja Thandavamoorthy et al. aimed to select the optimal
materials for developing a composite made of epoxy resin matrix reinforced
with Prosopis juliflora fibers (PJFR) and zinc oxide particles, to be fabricated
via the conventional hand layup method. They evaluated the mechanical,
thermal, and morphological characteristics of an innovative PJ composite,
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showing that the addition of zinc oxide as a filler material significantly
enhanced the thermal performance of the PJ fiber composite, yielding an
average improvement of 26.7% [6].

A novel approach was introduced by Chen et al. by using 3-
aminopropyltriethoxysilane (APTES) to form capped ZnO quantum dots. The
study investigates the structure—property relationships of AC-ZnQDs/PLA
composites, highlighting that the end-group modulation fundamentally
transforms polymer performance by tailoring chain-end chemistry. This
targeted structural tuning drives simultaneous optimization across three
critical areas: interfacial compatibility, mechanical integrity and hydrolytic
degradation [7].

Detecting microorganisms contaminating membrane surfaces is
essential across fields such as biotechnology, environmental engineering,
the food industry, pharmaceuticals, and medical applications. Membrane
surfaces are used in separation processes, coarse particle filtration, and
biological treatment plants to purify water containing persistent pollutants [8-
13]. Microbial colonization of these surfaces can cause biofouling, structural
degradation, and reduced performance.

Membrane surfaces serve as effective substrates for microorganisms,
including bacteria, fungi, and microalgae. Once attached, these organisms
may form biofilms, complex communities embedded in a polymeric extracellular
matrix. Biofilm formation reduces membrane permeability, increases hydraulic
resistance, and impacts separation selectivity. Microbiological testing identifies
colonizing species and assesses their ability to adhere to and grow on
membrane surfaces [14].

Assessing microorganisms is crucial for ensuring the safety and
stability of membrane-based systems. In medical and pharmaceutical settings,
microbiological contamination can compromise product or equipment sterility
and pose serious health risks. In water treatment, ultrafiltration, and
microfiltration, microbial communities on membranes can decrease purification
efficiency and contaminate the final product. Studying how microorganisms
interact with membrane surfaces helps identify surface properties, such as
roughness, hydrophobicity, electrical charge, and chemical composition, that
influence microbial adhesion. These insights guide the development of
antimicrobial membranes, which can extend the operational lifespan of
filtration systems [15].

Microbiological testing guides the development of effective strategies
for preventing and controlling contamination. ldentifying dominant microbial
species and their adhesion and proliferation mechanisms enables the
selection of appropriate cleaning, disinfection, or sterilization procedures for
membranes. Microbiological monitoring is therefore essential for operational
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management in membrane-based systems. Testing for microorganisms that
can contaminate membrane surfaces helps clarify colonization mechanisms,
maintain membrane performance, and ensure process safety [16-20]. This
approach also helps prevent premature material degradation and supports
the development of new technologies to reduce microbiological contamination.

The goal of our study is to help design versatile, environmentally
friendly PLA materials with high bactericidal activity that are both sustainable
and biodegradable.

RESULTS AND DISCUSSION

Characterization of ZnO powder

Determination of particle size distribution. For this study, 0.03 g of the
sample was dispersed in 25 mL of distilled water. Further, the resulting
dispersion was ultrasonicated in a water bath for approximately 3 minutes to
separate aggregated particles. The results of Dynamic Light Scattering (DLS)

are presented in Table 1 and Figures 1 and 2.

Table 1. Evaluation of particle size by DLS

Peak position by
Sample Dm (nm) Pd intensity (nm)
P1=873
ZnO 840+ 56 0.697 P, = 216

The relatively high average hydrodynamic particle size (Dm) can be
attributed to the elevated NaOH dosing flow rate of 0.5 mL/min, which results
in less controlled nucleation and the formation of larger particles. A 30-minute
post-reaction at 60°C can facilitate the dissolution of smaller particles and
the growth of larger ones, thereby narrowing the size distribution and
increasing the average size. Calcination at 300°C for 4 hours, with a heating
rate of 10°C/min, achieves complete conversion of Zn(OH), to ZnO and
promotes moderate particle growth via incipient sintering. Ethanol washing
decreases particle agglomeration, although it does not entirely prevent it.

The Polydispersity Index (Pdl) highlights the inhomogeneity of the
particle population size. Thus, the polydispersity index value of 0.697
suggests a multimodal population distribution. Also, the relatively high PDI
value indicates that particle populations with very different sizes coexist, the
nucleation process was uncontrolled, and there are probably agglomerates
alongside primary particles.
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Figure 1 shows a bimodal particle size distribution, with populations
averaging 873 nm and 216 nm, as the average of five determinations. Larger
aggregates are also present, as indicated by the correlation curve in Figure 2.

Size Distribution by Intensity
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Figure 1. Size distribution for ZnO powder
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Figure 2. Correlation curve
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Determination of textural characteristics. The specific surface area,
total pore volume, and average pore diameter were determined by nitrogen

adsorption (Figures 3-4, Table 2).
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Figure 3. The pore size distribution of ZnO powder
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Figure 4. Multi-Point BET (Brunauer—Emmett—Teller) Plot
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Table 2. Textural characteristics of ZnO powder particles

Specific surface area| Total pore volume | Mean pore diameter
Sample ) 3
(m*g) (cm’/g) (nm)
ZnO 13.744 0.063 4.750

The BET-specific surface area is relatively low for ZnO powder,
indicating particles that are small-sized but partially agglomerated or
sintered. Thus, the specific surface area indicates the formation of ZnO
particles in the submicron range, but also significant agglomeration after
calcination at 300°C. Therefore, the value of 13.7 m#/g indicates a reduction
in surface area due to a slight sintering during calcination.

The total pore volume indicates low to moderate porosity, reflecting
interparticle spaces and pores formed upon removal of water and hydroxide.
The relatively low total pore volume suggests particle compaction or
aggregation and possible densification during heat treatment. This value
demonstrates the existence of accessible, predominantly interparticle porosity.
In systems produced by NaOH precipitation, gel or hydroxide drying, and
calcination, pores typically form through water removal, decomposition of
Zn(OH), or basic intermediates, and aggregate reorganization.

The average pore diameter falls within the mesoporous range (2-50
nm, as defined by IUPAC), indicating a relatively uniform structure with free
spaces between nanopatrticles or aggregates. Such porosity is advantageous
for antimicrobial activity and promotes effective dispersion in polymer
matrices, such as PLA.

From the multipoint BET graph (Figure 4), it can be seen that the
points are well aligned, confirming good linearity of the experimental values
in the analyzed relative pressure range, with a correlation coefficient very
close to 1. Thus, the BET specific surface area, obtained from automatic
sample processing, indicates a relatively moderate value, consistent with an
oxide with relatively agglomerated or partially sintered particles.

SEM analysis of ZnO powder. Scanning electron microscopy (SEM)
analysis of ZnO powder at a 4 um scale (Figure 5) reveals that the smallest
visually distinguishable particles measure approximately 80-150 nm.
Significant agglomeration obscures individual particle boundaries, resulting
in poorly defined edges. The SEM image predominantly displays micrometric
aggregates composed of smaller primary particles, with the smallest visible
formations estimated at 50—-150 nm.

313



RALUCA-ELENA DRAGOMIR, CRISTINA-MARIA DUSESCU-VASILE, ANDRA-IOANA STANICA,
MARIAN BAJAN, DANIEL BOMBOS, IOAN SAROSI, ANDREI MOLDOVAN, GABRIEL VASILIEVICI

WD det | spot | tilt

10.5mm ETD| 3.0 |

Figure 5. SEM image of ZnO

The SEM image supports the results obtained from DLS analysis,
indicating that ZnO particles are strongly agglomerated and do not appear
as well-separated individual particles.

In summary, the SEM image of ZnO powder demonstrates an
agglomerated morphology, with fine particles forming irregular micrometric
aggregates. This observation indicates substantial agglomeration of primary
particles into larger clusters. The non-uniform size distribution and observed
surface roughness suggest the presence of interparticle spaces, which may
contribute to porosity, as confirmed by BET analysis.

Mechanical Properties of the ZnO-reinforced PLA composite

Bending test interpretation. The mechanical performance of the ZnO-
reinforced PLA composite, plasticized with Proviplast 2624 and Span 60,
reveals a significant behavior change compared to pure PLA. Thus, as shown
in Tables 3 and 4, the material's mechanical behavior changes radically,
especially at low temperatures (4°C and -18°C). Normally, pure PLA (from
Ingeo) is a rigid and brittle polymer, especially at temperatures below its
glass transition temperature (approx. 55-60°C). Both at 4°C and especially
at -18°C, pure PLA becomes extremely brittle, with a very high Young's Modulus
(often between 2000 and 3500 MPa) and a very low elongation at break.
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Although ZnO acts as a stiffener and nucleating agent, in the
presence of a large amount of plasticizers such as Proviplast 2624 and Span
60 (17% in total), the flexibilization effect of the plasticizers dominates the
matrix, increasing the free volume and molecular mobility. This dramatically
decreases the Young's Modulus (stiffness) and increases flexibility, even at
freezing temperatures. Thus, the Young's Modulus (approx. 437 MPa) is very
low compared to pure PLA (which at 4°C is over 3000 MPa). This
demonstrates the efficiency of the Proviplast 2624 plasticizer, the composite
becoming extremely flexible and elastic at a temperature close to that of a
food refrigerator. Also, the maximum bending stress (approx. 28 MPa) is
lower than in pure PLA (which can exceed 60-80 MPa).
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Figure 6. Variation of maximum bending stress with load, at 4°C and -18°C

The material yields at much lower forces because plasticization has
reduced the polymer's internal cohesion. Although the material is flexible (low
modulus), the capacity for plastic deformation at this temperature, as
evidenced by the elongation value, remains relatively limited before a crack
initiates. Normally, as the temperature decreases from 4°C to -18°C,
polymers become stiffer and more brittle. Thus, an increase in the Young's
modulus (to 517 MPa) and the maximum bending stress at maximum load
(35 MPa) is normal. At -18°C, the movement of the PLA and plasticizer chain
segments is further reduced, making the material stiffer and capable of
supporting a higher maximum load (83 N versus 63 N). The fact that the
elongation increased by more than 3 times suggests a synergistic toughening
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mechanism at extremely low temperatures, probably due to controlled phase
separation. Thus, at -18°C, Proviplast 2624 or Span 60 could form distinct
micro-domains that deflect microcracks and allow the composite to deform
further before complete failure. Therefore, Figure 6 highlights the superior
behavior of the sample at -18°C, as evidenced by the maximum load
supported, stiffness, and maximum bending stress.

Table 3. Results obtained from the bending test at 4°C

Maximum Young’s Maximum
| modulus in Bending bending stress Elongation
oad ; . ) .
(N) bending stiffness (Nmz2) |at maximum load (mm)
(MPa) (MPa)
63.194 436.667 0.011 27.750+£ 0.95 1.265+ 0.23
+2.13 +9.14 +0.002

Table 4. Results obtained from the bending test at a temperature of -18°C

. Young's . Ma}ximum .
Maximum modulus in _ Bending bendl_ng stress Elongation
load (N) bendi stiffness (Nmz2) |at maximum load (mm)
ending (MPa) (MPa)
83.000 517.094 0.014+ 0.003 | 34.824+1.28 4.054+ 0.71
+2.61 +11.25

Table 5 presents the tensile test results, and Figure 7 shows the
tensile deformation curve.

Table 5. Results obtained from the tensile test

Tensile Maximum Breaking | Elongation at | Young's Tensile

strength

strength load load break modulus at break
(MPa) (N) (N) (mm) (MPa) | %00

13.650+ 143.609 142.628+ 5.246+ 0.82 512.298 |[13.557 +
0.72 +3.97 3.47 +10.41 0.63

Flexural Properties. The flexural properties of the ZnO-reinforced
PLA composite plasticized with Proviplast 2624 and Span 60 are presented
in Tables 3 and 4. The results indicate that storage temperature significantly
influenced the mechanical response of the material. At 4 °C, the composite
exhibited a flexural modulus of 436.67 MPa, a maximum bending stress of
27.75 MPa, and a maximum load of 63.19 N. After storage at =18 °C, these
values increased to 517.09 MPa, 34.82 MPa, and 83.00 N, respectively.
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The increase in flexural modulus and maximum bending stress at —18 °C
indicates a stiffer and stronger material under bending conditions. This
behavior is consistent with the reduced mobility of polymer chains at lower
temperatures, which generally leads to increased rigidity. Despite the presence
of ZnO, which may contribute to reinforcement of the PLA matrix, the relatively
low modulus values compared with those typically reported for neat PLA
suggest that the plasticizing effect of Proviplast 2624 and Span 60 plays a
dominant role in determining the overall mechanical behaviour of the composite.

The elongation value increased from 1.27 mm at 4 °C to 4.05 mm at
-18 °C. Although this result suggests an improved deformation capacity
before failure, additional microstructural investigations would be required to
identify the mechanisms responsible for this behaviour. Overall, the
composite maintained its structural integrity at both storage temperatures
while exhibiting higher stiffness and load-bearing capacity at —18 °C.

Tensile Properties. The tensile properties of the ZnO-reinforced PLA
composite are presented in Table 5. The material exhibited a tensile strength
of 13.65 MPa, a maximum load of 143.61 N, a breaking load of 142.63 N,
and a Young’s modulus of 512.30 MPa. The small difference between the
maximum load and breaking load indicates that failure occurred shortly after
the maximum stress was reached.
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Figure 7. Tensile strain curve of PLA-ZnO composite

The measured Young’s modulus was substantially lower than values
commonly reported for neat PLA, confirming the effectiveness of the
plasticizers in reducing matrix stiffness. The elongation at break of 5.25 mm
indicates a moderate capacity for deformation before failure. These results
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demonstrate that incorporating Proviplast 2624 and Span 60 modifies the
mechanical response of PLA, producing a material with reduced stiffness and
moderate flexibility while maintaining sufficient mechanical strength for
handling and packaging applications.

Overall, the combination of ZnO and plasticizers resulted in a composite
characterized by lower rigidity than conventional PLA and satisfactory
mechanical performance over the investigated temperature range.

SEM analysis of the ZnO-reinforced PLA composite. The SEM image
demonstrates that the PLA ZnO composite exhibits a uniform morphology.
The polymer displays a homogeneous microstructure without evidence of
phase separation (Figure 8). Furthermore, the incorporation of ZnO particles
into PLA does not alter the composite surface, resulting in a smooth, non-
porous foil that does not promote biological activity such as adhesion,
migration, or proliferation of cultured cells.

. 2 .
HV spot mag det WD |mode|
25.00 kV 4.0 3000x | LFD[108 mm| SE |

Figure 8. SEM micrograph of the ZnO-reinforced PLA composite

The SEM micrograph (Figure 8) reveals a relatively homogeneous
and continuous surface morphology of the ZnO-reinforced PLA composite.
Numerous fine bright spots are distributed throughout the polymer matrix that
can be attributed to ZnO particles dispersed within the PLA. Although small-
localized agglomerates are visible, no large clusters, cracks, or significant
voids were observed, indicating a satisfactory distribution of the inorganic
phase in the plasticized PLA matrix.
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The absence of major structural defects suggests adequate
compatibility between the matrix and the filler, which may contribute to the
overall mechanical integrity of the PLA composite. The relatively uniform
morphology is consistent with the mechanical results, where the material
exhibited sufficient strength while maintaining moderate flexibility due to the
plasticizing effect of Proviplast 2624 Span 60.

Barrier properties of the ZnO-reinforced PLA composite

Determination of oxygen permeability. Permeability was measured at
1 atm pressure, temperature 23°C, and 0% relative humidity for 5 specimens
of PLA composite containing ZnO. Table 6 presents the thickness and the
average oxygen permeability and normalized oxygen permeability values of
the PLA-ZnO composite, both normalized to a layer thickness of 1 mm.

Table 6. Oxygen Permeability Test (OTR) Results

Sample Sample OTR, OTR, mL/m2.day
thickness (mm)| (mL/m? x day) | (relative to a thickness of 1 mm)
PLA-ZnO 0.97 106.53+ 0.83 109.82+ 0.86

Table 6 indicates that the tested PLA formulation exhibits more than
five times higher oxygen permeability compared to pure PLA [21]. This
increase is attributed to relaxation of the polymer structure and enhanced
PLA chain mobility resulting from the high concentration (15% wt.) of Proviplast
2624 plasticizer. The barrier effect of ZnO is substantially diminished due to this
increased chain mobility. Furthermore, Span 60 acts as an interfacial lubricant,
thereby facilitating oxygen diffusion through the PLA membrane.

Oxygen permeability in the PLA formulation is mainly determined by
the plasticizer content and polarity, rather than by the powder content. The
addition of non-polar plasticizers increases the formulation's oxygen
permeability. When the polarity of the plasticizer matches that of the polymer,
swelling increases free volume and oxygen permeability. Materials that block
pores can partially offset this increase in oxygen diffusion. Consequently,
adjusting the concentration of inorganic powders enables control over
oxygen permeability in PLA-based composites, even when high levels of
polar plasticizers such as Proviplast 2624 are present.

Water absorption. Figure 9 presents the results obtained. The

absorption rate at both temperatures is initially higher, as indicated by the
steeper slope of the curve, and subsequently decreases, approaching
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equilibrium (saturation) around days 6 to 7. On day 7, both samples reach
an identical absorption value of 0.47%. This finding suggests that the
maximum absorption capacity of the polymer network in 10% saline solution
is determined by the chemical structure of PLA and the presence of sal,
rather than by temperature. The higher initial diffusion rate observed at
elevated temperature is attributed to increased kinetic energy of water
molecules and greater mobility of the polymer chains. At 23°C, the free
volume between PLA chains forms and changes more rapidly, enabling the
saline solution to penetrate the matrix more efficiently during the initial phase
of the experiment.
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Figure 9. Absorption in saline solution of the PLA sample at temperatures
of 4 and 23 °C, for a storage period of 120 hours

The maximum absorption value of 0.47% is relatively low. In pure
water, PLA typically absorbs slightly more water, typically between 0.5% and
1%, depending on its degree of crystallinity. The presence of 10% NacCl in
the external solution induces an osmotic effect. The high external salt
concentration retains water, reducing its chemical potential and, consequently,
the driving force for water ingress into the hydrophobic PLA sample. Therefore,
temperature (23°C versus 4°C) influences only the rate of equilibrium
attainment during the initial days, accelerating the process. The maximum
absorption capacity at saturation remains independent of temperature over
the 4-23°C range, limited to 0.47% by the polymer's structural properties and
the osmotic pressure exerted by the 10% saline solution.
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Goniometric study of a PLA-based sample. Figure 10 shows the sample
image together with the contact angle report for the distilled water drop.

Figure 10. Image of a drop of distilled Figure 11. Image of a drop of distilled
water deposited on the PLA-ZnO water deposited on the PLA sample
composite

The PLA-ZnO composite exhibits moderate hydrophilicity, as
evidenced by a contact angle of 70.51° between a distilled water droplet and
the substrate. This measurement reflects strong water affinity and partial
wetting, in contrast to the near-spherical droplets observed on highly
hydrophobic materials such as Teflon or wax. In comparison, pure PLA
displays a contact angle of 79.24°, which positions it at the threshold between
weakly hydrophilic and hydrophobic behavior due to its aliphatic chain
structure (Figure 11). The enhanced hydrophilicity of the PLA-ZnO
composite, as indicated by its lower contact angle, is attributed to the
characteristics of the primary plasticizer (Proviplast 2624) and the specific
composite preparation method. During melt processing, Proviplast
molecules are likely to orient their polar sides toward the sample surface,
particularly when the composite melt remains in extended contact with highly
polar metal pressing plates.

The 70.51° contact angle measured for the PLA-ZnO formulation is
consistent with the behavior observed in the preceding saline solution test.
Although the surface permits water adhesion and wetting, which initiates
diffusion, the overall mass absorption remains low at 0.47%.

The incorporation of 3% ZnO into the PLA matrix can alter the contact
angle; however, the resulting change in hydrophilicity is not necessarily
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linear. This effect depends on the dispersion state of the particles and
modifications to surface topography. Zinc oxide is inherently hydrophilic, with
numerous polar hydroxyl (~OH) groups present on the particle surfaces.
When well dispersed and exposed at the composite surface, these particles
increase the material's surface energy, attracting water to the polar centers and
reducing the contact angle below 70°. Nevertheless, at a 3% concentration,
which represents a critical threshold in composite rheology, ZnO submicron
particles tend to agglomerate, unlike the uniform dispersion observed at lower
concentrations (0.5 %...1 %). These findings indicate that surface properties
differ from bulk properties. While the surface readily interacts with water
(contact angle of 70.51°), the compact, predominantly polyester internal
structure of PLA restricts deeper water penetration, particularly under the
osmotic influence of salt.

Water vapor permeability. The calculation of water vapor permeability
was carried out with the relationship (1):
WVP=M, gxmm/m?xhxkPa (1)
Dt"DP~ A
where:
- AM - the difference in weight of the Petri dish before and after the
determination, (g)
- At — time unit (h),
- d - probe thickness (mm),
- A - the area of the probe exposed to moisture (m?),
- Ap - the difference in water vapor pressure between the inside and
outside of the Petri dish (3.1671 kPa at 25 °C).
The average value of water vapor permeability after three determinations

was: WVP = 0.54 g*mm/m?*xh+kPa

FTIR analysis. Figure 12 shows the ATR - FTIR spectrum of the PLA,
Proviplast 2624, and ZnO composite. Absorption bands were detected at
wavenumbers of 2992, 1747, 1454, 1361, 1267, 1180, 1079, 1043, 956, 865,
and 754 cm™. The peaks at 1747, 1180, and 1079 cm™ exhibit the highest
intensities. These last peaks correspond to C-O or C=0 stretching,
functional groups originated from PLA or plasticizer.

The ATR - FTIR spectrum reveals the predominant features of the
polymer matrix (PLA), the effects of the plasticizer, and the specific
interactions with the inorganic phase (ZnO). Most of the absorption bands
are characteristic of PLA's chemical structure, like 2992 cm?, specific for C—H
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stretching form PLA backbone, or 1454 cm™, specific for CH; asymmetric
deformation. The most intense bands confirm the presence of ester groups.
The absorption at 1747 cm™ exhibits the highest intensity and corresponds
to the stretching vibration of the carbonyl group in the ester bond of PLA, a
position typical for amorphous or semi-crystalline PLA. The bands at 1180
cm™ and 1079 cm™ correspond to the asymmetric and symmetric stretching
vibrations of the ester bond, respectively, and their high intensities are typical
of polyesters. The absorption at 2992 cm™ is attributed to the asymmetric
stretching vibrations of methyl groups, while the bands at 1454 cm™ and
1361 cm™ correspond to the deformation vibrations of the -CH; and —~CH-
groups. The band at 1267 cm™ is assigned to the stretching vibration of the
C-0 bond in ether or ester groups [19].
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Figure 12. ATR - FTIR spectrum of the PLA — ZnO composite

Also, Proviplast 2624 is an ester-type plasticizer having a chemical
structure similar to that of PLA (both contain ester groups), so that its bands
overlap those of the polymer. Thus, the presence of the plasticizer can
broaden the peak at 1747 cm™, since it also contains C=0 groups, and the
1043 cm™ and 956 cm™ bands are more pronounced due to the specific
structure of the plasticizer (vibrations of aliphatic or C-O chains specific to
low molecular weight esters).
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Zinc oxide, as an inorganic material, exhibits fundamental vibrations
typically below 500 cm™ (Zn-O bond), which are not detected in the IR
range. Its presence in the composite is inferred from the formation of
hydrogen bonds or electrostatic interactions between the ZnO particle
surfaces and the polar groups of the polymer or plasticizer, as evidenced by
the C=0 band at 1747 cm™ and the C-O bands at 1180 cm™. The high
intensities of the bands at 1747, 1180, and 1079 cm™ suggest a structure
dominated by ester bonds, confirming effective homogenization of the
plasticizer within the PLA matrix and the absence of significant chemical
degradation of the polymer during processing. For example, hydrolysis would
have produced a broad —OH peak above 3200 cm™. 1. As Kim and co.
shows that the presence of plasticizer may increase absorption in the area
1730-1750 cm™, adding ester carbonyls and slightly shifting the existing
peaks [19].

Microbiological analysis

Preparation of Petri dishes and microbial inoculation procedure. For
the testing procedure, 15 Petri dishes were used for each condition,
containing 15 mL of a culture medium specific for bacterial growth, and an
additional 15 Petri dishes containing 15 mL of a culture medium specific for
fungal growth. The chemical composition of the culture media is presented
in Table 7. The microbial strains Bacillus subtilis and Aspergillus sp. were
obtained from the microorganism collection of the TPP laboratory within
UPG. The culture media for bacterial and fungal growth were prepared in
accordance with the protocol described in the USP and EU Pharmacopoeia
[20,22,24].

The sterilized culture media, cooled to 30°C, were poured into labeled
Petri dishes. In each Petri dish containing bacterial growth medium, 400 pL
of pure Bacillus subtilis culture at a concentration of 10° cells/mL was added.
The media were homogenized by gentle swirling of the plates and allowed to
cool at room temperature until solidification. The same procedure was applied
to 15 Petri dishes containing fungal growth medium. Each plate was
inoculated with 400 pL of pure Aspergillus sp. culture at a cell concentration
of 10* cells/mL.
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Table 7. Composition of culture media used in microbiological analyses

Culture Composition Preparation method
medium
Bacterial |Peptone 10 g The mixture was heated to boiling,
growth  |Sodium chloride 5 g the pH was adjusted to 7.4, then
medium |Agar 20 g filtered and sterilized at 121 °C for
Meat extract 10 g 15 minutes
Water up to 1000 mL
Fungal Peptone 10 g All components were mixed until
growth Glucose monohydrate 20 g dissolved, the pH was adjusted to
medium  |Agar 20 g 5.5, and the medium was sterilized
Water up to 1000 mL at 121 °C for 15 minutes

Assessment of the inhibitory effect of the chemical composition of the
tested samples. In each Petri dish, two specimens from Series A (PLA-ZnO
CONTROL samples), Series B (inoculated PLA-ZnO samples), and Series
C (agar-only film samples) were placed at equal distances from one another
on the surface of the culture medium.The Petri dishes inoculated with
Bacillus subtilis were incubated at 37°C for 48 hours, while those inoculated
with Aspergillus sp. were incubated at 28 °C for 14 days. After incubation,
the bacterial culture plates were examined microscopically. The obtained
results were quantified by measuring the zone of microbial growth inhibition
according to the protocol described in the USP and EU Pharmacopoeia
[20,22,24].

Experimental results. The inhibition zones formed around the PLA-
ZnO composite samples labeled CONTROL (A1 and A2), compared with the
controlled-inoculated PLA-ZnO samples (B1 and B2) and the agar film
samples (C1 and C2), were different. As shown in Figure 13, the control
samples exhibited the largest inhibition zones. The samples previously
contaminated with bacteria showed a smaller inhibition zone. However, it can
stil be observed that the chemical composition of the PLA exhibits
bactericidal potential, considering that the samples were pre-inoculated with
microorganisms. Regarding sample C, it was observed that its chemical
composition does not exhibit antimicrobial activity, as no inhibition zone was
detected. On the contrary, Bacillus subtilis was able to grow, since the culture
medium was favorable for cellular development. Similar results were
obtained in the case of incubation with the fungal strain Aspergillus sp.
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Figure 13. Microscope image of the Petri appearance of Petri dishes inoculated
with Bacillus subtilis in culture medium after 48 h incubation at 37 °C

Figure 13 illustrates the culture media after incubation, showing the
visual appearance of the Petri dishes inoculated with Bacillus subtilis and the
corresponding samples.
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Figure 14. Graphical representation of the experimental results
obtained from microbiological tests
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Given the results obtained after 48 hours of incubation, which showed
a significantly larger inhibition zone than the other samples, the experiment
was extended to 72 hours to highlight the microbicidal effect of the ZnO
powder within the composite's chemical composition. Thus, larger PLA-ZnO
Control samples (50 mm x 50 mm) were transferred onto Petri dishes previously
inoculated with Bacillus subtilis and containing a culture medium specific for
bacterial growth. The results obtained after 72 hours of incubation clearly
demonstrated that the inhibition zone generated by the ZnO patrticle pellets
effectively suppressed bacterial growth, maintaining the microorganisms at
a distance over time. Figure 14 shows the graphical representation of the
experimental results from microbiological tests regarding the inhibition
generated by the chemical composition of the analyzed samples. The values
are presented as mean * standard deviation, n = 4, performed in quintuplicate.

_—

Figure 15. Visual appearance of Petri dishes inoculated with Bacillus subtilis
in culture medium after 72 h incubation at 37 °C

In addition, the results obtained after 72 hours of incubation showed
that bacterial colony-forming units (CFUs) appeared on the Petri dish outside
the diffusion zone of ZnO, while inhibition of cellular growth was maintained
around the CONTROL sample.

CONCLUSIONS

ZnO powder produced by the precipitation method features a
mesoporous structure, partially agglomerated particles, moderate porosity,
and a specific surface area suitable for antimicrobial applications. Conducting
the precipitation process at a controlled flow rate with 2% wt Polysorbate 80,
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followed by 30 minutes of maturation and calcination at 300°C, yields a ZnO
powder with a narrow particle size distribution and aggregate-containing ZnO
powder with a broad size distribution suitable for antimicrobial applications.
The PLA composite containing ZnO demonstrates good mechanical
performance, with adequate resistance to bending and tensile stresses. At -
18°C, the material supports higher loads than at 4°C, indicating increased
strength and stiffness at lower temperatures. However, its relatively low
elongation suggests limited flexibility, making it more suitable for applications
requiring mechanical stability and rigidity rather than high deformability. The
addition of 15% by weight Proviplast 2624 increases PLA chain mobility,
which partially reduces the barrier effect of ZnO and allows limited oxygen
diffusion through the PLA-based membrane. The measured water vapor
permeability indicates good particle dispersion, low porosity, a homogeneous
interface, and a structure suitable for packaging or antimicrobial membrane
applications. The contact angle of the water droplet with the surface of the
PLA-ZnO composite of 70.51° shows a decrease in the hydrophobic character
of the composite in the vicinity of the PLA-ZnO composite surface, probably
due to the migration of ZnO particles to the composite surface or the
orientation of the polar groups of Proviplast 2624 to its surface during the
composite preparation process. This contact angle value is consistent with
the variation of the absorption of saline water in the composite with the
contact time with the saline solution. Microbiological tests have highlighted
the important contribution of ZnO particles in inhibiting the growth of Bacillus
subtilis and Aspergillus sp. cultures.

EXPERIMENTAL SECTION
Materials and Methods

For the preparation of ZnO powder, zinc acetate, sodium hydroxide,
ethanol, and Polysorbate 80 (Sigma-Aldrich) were used. Zinc oxide was
synthesized by precipitation of a 0.1M solution of zinc acetate with a 0.1M
solution of NaOH at a flow rate of 0.5 mL/min, in the presence of Polysorbate
80 at a concentration of 2%wt. The reaction was carried out at 60°C in an
Erlenmeyer flask equipped with magnetic stirring at 600 rpm to a final pH of
10. The precipitate obtained was washed with distilled water 3 times and then
with ethanol, after which it was dried in an oven with air recirculation at 90°C
for 3 hours, then calcined at 300°C for 4 hours with a heating rate of
10°C/min. The experimental program was developed in accordance with
findings from previous research [22-28].
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Biodegradable composite was prepared using PLA (Ingeo® brand,
NatureWorks LLC, Tokyo, Japan), plasticizers Proviplast 2624 (Proviron,
Hangzhou, China) and Span 60 (sorbitan monostearate, Sabo), and ZnO
powder with submicron particles synthesized as described above. The
material was produced by hot mixing of components in a Brabender
plastograph at 180°C and 60 rpm for 30 minutes, followed by pressing the
resulting mixture between hot plates at 170°C for 5 minutes at 100 bar
pressure. The formulation consisted of 80% by weight PLA, 15% Proviplast
2624, 2% Span 60 and 3% ZnO powder with submicron particles.

Characterization methods

Characterization of ZnO powder

Characterization of ZnO powder involved determining particle size
distribution, textural properties and SEM analysis. Particle size and
distribution were measured using a Nano ZS (Red badge) device, calibrated
for particle sizes ranging from 0.6 nm to 6 um, employing the DLS method.
The Zetasizer Nano device measures fluctuations in the intensity of scattered
light to calculate particle size within the sample.

The textural properties of the samples were evaluated using a
Quantachrome NOVA 2200e gas sorption analyzer. Nitrogen adsorption/
desorption isotherms were recorded at 77.35 K over a relative pressure (p/po)
range from 0.005 to 1.0. The total pore volume was estimated from the
desorbed volume at a relative pressure close to unity using the BJH (Barrett—
Joyner—Halenda) method and the specific surface area was calculated using
the BET method.

The structure and morphology of the ZnO powder and the PLA-ZnO
composite were analyzed using scanning electron microscopy (SEM-Inspect
S, FEI Company) operated at 15 kV.

Characterization of PLA composite

The PLA composite was characterized by measuring flexural and
tensile strengths, assessing oxygen and moisture barrier properties, SEM
and conducting FTIR analysis.

Mechanical Properties. Mechanical properties were evaluated using
a Lloyd LR5k Plus universal testing machine (Lloyd Instruments, AMETEK
Inc., West Sussex, UK; 5 kN load capacity) equipped with Nexygen software
(version 4.0). All tests were performed at a crosshead speed of 1 mm/min,
and each measurement was carried out on ten specimens (n = 10). Results
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are reported as mean + standard deviation. Statistical differences between
samples stored at 4 °C and -18 °C were assessed using Student’s t-test,
with significance set at p < 0.05.

Tensile properties were determined according to 1ISO 527-3:2018
[24,28] using rectangular specimens (40 x 4 x 3 mm). Tensile strength,
elongation at break, maximum load, breaking load, and Young’s modulus
were calculated from the stress—strain curves.

Flexural properties were measured according to ASTM D790 using
the three-point bending method [25,30-31] on rectangular specimens (30 x
2 x 2 mm) with a support span of 20 mm. Maximum load, flexural modulus,
bending stiffness, maximum flexural stress, and elongation were determined
from the load—displacement curves.

Barrier properties. The barrier properties of the PLA were evaluated
by measuring oxygen permeability, water absorption, and hydrophobicity
using goniometric analysis [32-36].

Oxygen permeability. The determination of oxygen permeability was
performed using the manometric method adapted for plastics on a Gaze-
LYSSY permeability measuring device, in accordance with ASTM D1434 and
ISO 2556, at 1 atm, 23 °C, and 0% relative humidity.

Water absorption. The sample was maintained in a desiccator until a
constant weight was achieved, which was recorded as the initial mass
(M_initial). The sample was then immersed in 15 mL of 10% saline solution
and stored at 4 °C for 24 hours. Prior to weighing, the sample was rinsed
with distilled water cooled to 4 °C, blotted with absorbent paper, and weighed
three times in quick succession. The resulting value was recorded as the final
mass (M_{final) for that day. After each weighing, the sample was returned to
the bottle, maintained at room temperature (22-23 °C) for 4 hours. The
aforementioned steps were then repeated. After each measurement, the
sample was returned to the bottle and refrigerated for another 24 hours. This
procedure was conducted daily for 7 days. An identical protocol was followed
at 23 °C. Absorption was calculated using the formula (2):

M final — Minitial -
Ab=——— 27100, % (2)

initial
, represent the mass weighed daily at 4° and 23°C,

where M, .., and M

initia

respectively.

final

Wetting degree by goniometry. A goniometric analysis of the PLA-
based sample was performed using a camera connected to a computer running
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specialized software. The wetting properties were quantified by measuring the
contact angle between a water droplet and the sample surface.

Study of barrier properties. Water vapor permeability was measured
using the ASTM E96 gravimetric method. A total of 20 g of anhydrous calcium
chloride was placed in a Petri dish, sealed with PLA-based foil, and the
assembly was weighed. The assembly was subsequently placed in a desiccator
containing 300 ml of distilled water and maintained in an oven at 25°C.

FTIR spectroscopy. The Fourier-transformed infrared (FT-IR) spectra
were recorded with a Jasco FTIR spectrometer (Jasco Europe srl, Cremella,
Italy), using the total attenuated reflectance (ATR) device equipped with a
horizontal ZnSe crystal (Jasco PRO400S, Jasco Inc., Easton, USA). FTIR
spectra were registered for all samples at a resolution of 4 cm™ as the mean
of 100 scans in the wavenumber range of 4000-500 cm™.

Microbiological analysis. To evaluate whether the PLA containing
ZnO exhibits antibacterial and/or antifungal properties, tests were performed
to assess the degree of inhibition generated by the chemical composition of
the PLA-ZnO composite in comparison with a plain agar-based sample [10-
16]. The analysis procedure was carried out according to the protocol
described in the USP and EU Pharmacopoeia [20,22,24].

Preparation of test samples. Test specimens were cut into 5 x 5 mm
squares from three type materials, as follows: A) PLA-ZnO composite
samples labeled CONTROL (Series A); B) PLA-ZnO composite samples
subjected to controlled microbial inoculation (Series B); and C) samples cut
from an agar film that did not contain any active substances in its composition
(Series C).

Procedure for contamination of samples (Series B). The inoculation
procedure of the microbial flora onto the surface of the composite PLA-ZnO
sample (50 x 50 mm) was performed through controlled contamination using
a defined amount of test microorganisms prepared in tenfold serial dilutions
in physiological saline. The inoculum was applied onto the sample surface
using a micropipette (400 pL of pure culture prepared in serial dilutions:
Bacillus subtilis at concentrations of 10° cells/mL and 10* cells/mL, as well
as Aspergillus sp.). After inoculation, the samples were kept in contact for 10
minutes, during which the inoculated suspension was evenly distributed by
gently rotating and spreading it over the sample surface until complete drying
at room temperature [25, 27, 29, 37, 38].
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ABSTRACT. The present study evaluated the phytochemical composition
and antioxidant activity of some hydroalcoholic extracts of Geranium robertianum.
Total polyphenol content (TPC) and total flavonoid content (TFC) were
estimated using colorimetric methods, while antioxidant activity was evaluated
by DPPH and ABTS assays. High performance thin layer chromatography
(HPTLC) was performed to obtain the fingerprints of samples and for
preliminary investigation of the presence of isoflavonoids in their composition.
The leaf extract exhibited the highest TPC (9.47 + 0.66 mg gallic acid
equivalents/mL), TFC (736.66 + 9.38 mg rutin equivalents/mL), and showed
the strongest antioxidant activity in both DPPH (12.55 + 1.01 mg vitamin C
equivalents/mL) and ABTS (5.63 = 0.34 pmol Trolox equivalents/mL)
assays. Flowers extract demonstrated considerable levels of phenolic compounds
and antioxidant activity. The chromatographic fingerprints are characteristic
of each analyzed part of the plant. The extracts purchased from the market
have fingerprints different from those prepared in the laboratory. Also, the
obtained fingerprints highlight the possible presence of isoflavonoids in the
composition of the analyzed extracts. These findings demonstrate that
leaves and flowers of Geranium robertianum represent valuable source of
natural antioxidants and provide new information regarding the phytochemical
characteristics of commercial Romanian preparations.
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INTRODUCTION

Plants are the main tool used in traditional medicine for the
treatment of diseases [1], this being reported since antiquity, until the 19th
century when they were replaced in medical treatments by the synthetic
compounds [2]. Recently, plants regain attention due to their phytochemistry
based on compounds with biological activity and their medical effects [3]; in
2010 the World Health Organization (WHO) estimated that approximately
80% of the world's population uses traditional herbal products in primary
health care [4].

The Geraniaceae family comprises six genera of medicinal and
ornamental plants, including Geranium, Pelargonium, California, Monsonia,
Hypseocharis, and Erodium, which are cultivated or grow naturally in the
wild flora [5]. Species belonging to the Geraniaceae are recognized for their
biological activities such as antioxidant (Geranium robertianum) [2], antiviral,
antiasthmatic (Pelargonium sidoides, Geranium sanguineum) [6], antiallergic
(Pelargonium graveolens) [7], antitumor (Geranium thunbergii, Geranium
robertianum) [5].

Geranium robertianum L. (G. robertianum), commonly known as herb-
Robert or “napraznic”, is a herbaceous species native to Europe, where it
occurs spontaneously in forest ecosystems, forest edges, rocky slopes, and
other shaded or semi-shaded habitats [8, 9]. Due to its wide ecological
adaptability, the species is well distributed across temperate regions [2, 10].

From a botanical point of view, G. robertianum is a plant characterized
by a fibrous rooting system. The stems branched in many directions from
the base, being long, thin and fragile [8]. Their colour varies from all green
to a mixture between red and green [2]. The leaves are usually greener
with a triangular shape divided into three segments [2, 11]. At the time of
flowering, the plant can have two to four flowers of five rounded petals arranged
radially around the superior ovary and colored in various shades of pink
and purple [11].

Traditionally, G. robertianum has been used in folk medicine for the
treatment of inflammatory conditions, skin disorders, gastrointestinal complaints,
and wound healing [2, 12]. These ethnopharmacological uses are supported
by its rich phytochemical composition, which includes hydrolysable tannins
(notably ellagitannins such as geraniin), flavonoids (rutin, quercetin and
kaempferol derivatives) [13], and phenolic acids (ellagic acid, caffeic acid,
gallic acid, and ferulic acid) [13, 14], considered to be responsible for its
biological activities [2, 7].
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Different products based on G. robertianum therapeutic effects could
be purchased from market as food supplements [9]. The method of administration
can be internal or external, depending on the form of the preparation and
the purpose of use [10], but once administered, every kind of product can
serve in a different way depending on the part of the plant used in preparation
[2]. For example, G. robertianum leaves exert anti-inflammatory, antioxidant,
antidiabetic and antirheumatic effects [9], the aerial parts are recommended
in cancer, diabetes and for stopping nosebleeds [2]. It is worth mentioning
that, most often, extracts from the leaves and aerial parts of G. robertianum,
but not from the flowers, have been characterized in terms of their constituents
and biological activity.

Although G. robertianum is recommended to be used in hormonal
deficiencies, in male and female sterility, frigidity, impotence, uterine bleeding
of various etiologies, dysmenorrhea, etc. [15], no scientifically documented
studies to support these actions have been published yet. Similar effects
were also described for red clover (Trifolium pratense) and kudzu (Pueraria
lobada) and they were associated with their isoflavonoid constituents which
extert estrogenic activity [16].

This study aimed to provide a comparative phytochemical and
antioxidant characterization of extracts obtained from different parts of plant
of G. robertianum and also of some commercialy available extracts from
Romanian market. In addition, HPTLC fingerprinting was performed to compare
their chromatographic profiles and to preliminary investigate the presence
of izoflavonoid constituents.

RESULTS AND DISCUSSION

Hydroalcoholic extracts prepared from flowers, leaves, stems and
aerial parts of G. robertianum were comparatively evaluated in terms of total
polyphenol (TPC) and flavonoid (TFC) content and antioxidant activity (AA),
as well as chromatographic fingerprints, with extracts of aerial parts of the
plants commercially available on the Romanian market, from four different
manufacturers (A-D).

Therefore, TPC, TFC and AA of extracts were determined
spectrophotometrically, and the results obtained are presented in Table 1.
AA was evaluated in vitro using two free radicals, namely DPPH and ABTS*.
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Table 1. TPC, TFC and AA of G. robertianum extracts

Extract TPC TFC AAppPH AAaBTS
(mg GAE/mL) (Mg RE/mL) (mg vit CE/mL) | (umol TroloxE/mL)

Flowers [8.91 +0.62 517.54 £ 8.15 10.97 £0.81 5.16 £ 0.25
Leaves 9.47 £ 0.66 736.66 + 9.38 12.55+1.01 5.63+0.34
Stems 6.08 £0.34 358.02 + 6.49 5.32+0.30 2.39+0.09
Aerial 9.33+£0.71 533.16 + 8.74 11.24 +0.95 5.24 £0.33
parts

A 8.76 + 0.55 411.59 +7.21 10.57 £ 0.75 4.75+0.29
B 7.14+£0.40 333.81+6.75 8.65 + 0.66 3.98+0.15
C 6.22 £0.41 211.71 £5.34 7.94 £0.47 3.38+0.11
D 5.31+0.29 191.95+5.11 6.78 £ 0.45 2.45+0.08

The results are presented as mean + standard deviations of three replicates
GAE-gallic acid equivalents, RE- rutin equivalents, vit CE- vitamin C equivalents

Total phenolic content

The TPC values of the analyzed samples ranged from 5.31 + 0.29
to 9.47 + 0.66 mg GAE/mL extract. Among the laboratory-prepared
extracts, the leaf extract had the highest polyphenol content (9.47 + 0.66
mg GAE/mL), followed by the aerial parts extract (9.33 £ 0.71 mg GAE/mL)
The stem extract showed the lowest TPC value (6.08 + 0.34 mg GAE/mL).
Flowers also contain high amounts of phenolic compounds (8.91 + 0.62 mg
GAE/mL), contributing together with leaves to the high TPC level of extract
of aerial parts of geranium. The commercial extracts exhibited lower and
more variable values, ranging between 5.31 + 0.29 and 8.76 + 0.55 mg
GAE/mL, which may be attributed to differences in raw material quality and
extraction procedures, including solvent.

Total flavonoid content

A similar trend was observed for TFC, which varied between 191.95
+5.11 and 736.66 + 9.38 mg RE/mL extract. The highest flavonoid content
was determined in the leaf extract (736.66 + 9.38 mg RE/mL), followed by
the aerial parts extract (533.16 = 8.74 mg RE/mL) and the flower extract
(517.54 £ 8.15 mg RE/mL). The stem extract contained considerably lower
flavonoid levels (358.02 + 6.49 mg RE/mL), while commercial products
showed the lowest and most variable values of TFC.
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Antioxidant activity evaluation

The antioxidant activity measured by DPPH and ABTS assays
followed the same general pattern as that observed for TPC and TFC. The
leaf extract exhibited the highest antioxidant activity, reaching 12.55 = 1.01
mg vit CE/mL (DPPH) and 5.63 £ 0.34 umol TroloxE/mL (ABTS), respectively.
Flower and aerial parts extracts also showed strong antioxidant activity,
whereas stem extracts and several commercial products exhibited lower
values. These results suggest that phenolic compounds, particularly flavonoids,
are major contributors to the antioxidant capacity of G. robertianum extracts.

Pearson's correlation coefficients (r) were also calculated to evaluate
relationships between TPC, TFC and AA determined by both methods.
Statistical significance was set at p < 0.05. Pearson correlation analysis
revealed strong positive relationships between TPC and AApppn (r = 0.942,
p < 0.001) and AAxsts (r = 0.974, p < 0.001), while TFC was also significantly
correlated with AApppr (r = 0.814, p = 0.014) and AAnsrs (r = 0.841, p =
0.009). In addition, a strong correlation was observed between TPC and
TFC (r = 0.884, p = 0.004), confirming the contribution of flavonoids to the
total phenolic content and to the antioxidant activity of extracts.

The present findings are consistent with previous studies reporting
G. robertianum as a rich source of phenolic compounds with strong antioxidant
properties [2, 11, 17]. Literature data indicate that leaves generally contain
higher levels of phenolic compounds than stems, which agrees with the
trends observed in the present study [13, 17, 18]. The higher accumulation
of bioactive compounds in leaves can be explained by their metabolic role
and exposure to environmental stress factors such as UV radiation and
oxidative stress. Also, the lower values of TPC, TFC and antioxidant activity
of stem exiracts agree with previous observations, showing reduced accumulation
of phenolic compounds in supporting tissues [19].

In addition, extraction solvent and methodology are known to significantly
influence phenolic yield and antioxidant activity. This may explain the variability
observed among commercial products, which likely reflects differences in
extraction procedures, solvent composition, plant material quality, and storage
conditions [2].

An important contribution of this study is the evaluation of the flower
extract of G. robertianum. To our knowledge, no previous study has reported
the TPC, TFC and AA of extracts prepared exclusively from the flowers of
this species, although the literature has mentioned that the infusion of flowers
or leaves obtained from G. robertianum has been used for infertility problems
[20]. In this regard, the label of each analyzed extract mentions that the
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product is also recommended for use as an adjuvant in sterility and sexual
dynamics disorders in both sexes, in ovarian cyst cancer, polycystic ovaries,
etc. These recommendations, as well as the high content of polyphenols
(8.91 £ 0.62 mg GAE/mL) and flavonoids (517.54 + 8.15 pg RE/mL) and the
antioxidant activity determined in the analyzed extract, demonstrate that G.
robertianum flowers could be a valuable source of bioactive compounds.

Also, this study provides the first comparative characterization of
some commercially available G. robertianum hydroalcoholic extracts marketed
in Romania. The considerable variability observed among products highlights
the need for standardization and importance of quality control in herbal
preparations.

HPTLC fingerprinting

High-performance thin layer chromatography (HPTLC) was used to
obtain the phytochemical fingerprints of the investigated extracts of G.
robertianum. Plants of the genus Geranium, including G. robertianum, have
been frequently studied for the identification and determination of their
bioactive constituents, but to our knowledge, the HPTLC fingerprinting of
flowers, leaves, stems and hydroalcoholic extracts available on the Romanian
market has not been reported. However, a study in which the chromatographic
fingerprinting of polyphenols from alcoholic extracts obtained from aerial
parts of four wild-grown Geranium species (G. dissectum, G. lucidum, G.
pusillum, and G. robertianum) from Romania was reported [12]. Therefore,
hydroalcoholic extracts from flowers, leaves, stems and aerial parts of the
plant, as well as four extracts from aerial parts of the plant obtained from
four different producers in Romania, were fingerprinted by HPTLC.

The proposed method considered not only the fingerprinting of G.
robertianum extracts in terms of separation of polyphenols, but also the
attempt to identify some of the most common compounds from the isoflavone
class (genistin, daidzin, genistein and daidzein), as they are known to act
as phytoestrogens. The idea that G. robertianum might contain polyphenols
from the phytoestrogen class came from the recommendations for the use
of plant extracts, mentioned by manufacturers on the products analyzed (Table 3),
but not yet scientifically supported.

Seven mobile phase systems (Table 2) were tested to obtain a good
chromatographic separation of the compounds of interest. The best separation
was obtained with mobile phase 4, chloroform-ethyl acetate-methanol-water,
4:2:2.2:1 (v/v). This was then optimized to ensure the good separation of the
constituents from the G. robertianum extracts, so that the chromatographic
separations were further performed with the solvent mixture consisting of
chloroform-ethyl acetate-methanol-water, 1:2:1.2:0.4 (v/v).
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Table 2. The composition of the tested mobile phases

No. Mobile phase composition Ref.
1 Chloroform-methanol, 19:1 (v/v) [21]
2 Chloroform-methanol-water, 9:1:0.1 (v/v) [22]
3 Chloroform-methanol-water-acetic acid, 60:30:10:0.5 (v/v) [22]
4 Chloroform-ethyl acetate-methanol-water, 4:2:2.2:1 (v/v) [23]
5 Ethyl acetate-butanone-formic acid-water, 5:3:1:1 (v/v) [24]
6 Ethyl acetate-methanol-acetic acid-water, 60:30:3:0.5 (v/v) [25]
7 Benzene-ethyl acetate-formic acid, 10:3:1 (v/v) [26]

The image of the plate under UV light at 245 nm (Figure 1a) shows
that the extracts prepared in the laboratory from the leaves and aerial parts
of the plant have similar chromatographic fingerprints, the intensity of the
bands characteristic of the separated compounds being higher in the aerial
parts extract. Moreover, the fingerprint of the aerial parts extract highlights
two compounds contained only in the flower and stem extracts, separated
in the lower half of the plate. The chromatographic fingerprint of the flower
extract differs greatly from that of the leaf and stem extracts, but seems to
be very similar to that of the extract from producer A, highlighting in both samples
the presence of a compound in high concentration that appears separately
in the middle area of the plate and which could be contained in lower
concentration in the extracts from leaves and aerial parts, as well as in the
extract from producer C. Also, the fingerprint of extract of the aerial parts
prepared in the laboratory is very different from those of the samples from
producers A, B and D.

Seven mobile phase systems (Table 2) were tested to obtain a good
chromatographic separation of the compounds of interest. The best separation
was obtained with mobile phase 4, chloroform-ethyl acetate-methanol-water,
4:2:2.2:1 (viv). This was then optimized to ensure the good separation of the
constituents from the G. robertianum extracts, so that the chromatographic
separations were further performed with the solvent mixture consisting of
chloroform-ethyl acetate-methanol-water, 1:2:1.2:0.4 (v/v).

The fluorescence detection (366 nm) before derivatization (Figure 1b)
provided additional important information about some constituents useful for
evaluation and authentication of closely related samples. Thus, the images
obtained at 366 nm confirm that the chromatographic fingerprints of the leaf
and aerial part extracts are very similar, also highlighting in the middle of the
plate a succession of three light orange and orange-pink zones characteristic
of compounds found in both samples, but also in the stem extract in a much
lower concentration. The flower extract has a different fingerprint from all
the other samples, highlighting separate characteristic compounds in the
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lower half of the plate. It can also be clearly seen that in the middle part of
the plate there is a blue zone characteristic of a compound contained in
high concentration in both the flower extract and the extract from producer A.
This is not found in the leaf extract nor in the aerial parts extract prepared
in the laboratory. The print of the extract from the stems is different from
that of the leaves and stems, highlighting the presence of characteristic
light blue bands separated in the lower third of the plate. Extracts from
producers B, C and D have very similar fingerprints, showing few separated
constituents, the difference between them being mainly given by the intensity
of the separated bands. This justifies the lower TPC, TFC and AA values of
these samples compared to those prepared in the laboratory and that from
producer A.

—_
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Figure 1. HPTLC fingerprints of samples on silica gel 60F2s4 with chloroform-ethyl
acetate-methanol-water,1:2:1.2:0.4(v/v) as mobile phase. a-UV 254nm, b-UV
366nm, c-Derivatization with 10% H2SO4 in ethanol, white light, d-Derivatization
with 10% H2SO4 in ethanol UV 366nm. Tracks: 1-genistin, 2-daidzin, 3-flowers,
4-leaves, 5-stem, 6-aerial parts, 7-A, 8-B, 9-C, 10-D, 11-genistein, 12-daidzein

The images of the plate in white light and at 366 nm after derivatization

support the information provided in the other detection modes. It can also
be seen that there are two zones, one at the bottom of the plate (gray in

342



PHYTOCHEMICAL PROFILE, ANTIOXIDANT ACTIVITY AND HPTLC FINGERPRINTING
OF GERANIUM ROBERTIANUM L. EXTRACTS

white light and light green at 366 nm) and another in the middle (colored in
gray-yellow in white light and light brown at 366 nm) that are found in the
chromatographic fingerprints of all the analyzed samples.

Another aim of HPTLC fingerprinting was to check if the analyzed
samples contain isoflavone. Therefore, some standards of isoflavone were
analyzed together with G. roberianum extracts. The image of the plate under
UV light at 254 nm before derivatization (Figure 1a), highlights the separation
of the isoflavonoid standards at values of R gaidzin = 0.54, Rt genisin= 0.58, Rs
daidzein = 0.82 Ry genistein = 0.86. Comparing the chromatographic fingerprints of
the analyzed samples, it can be seen that the leaf extract and the aerial
part extract show a compound separated at R; = 0.54 which could be
daidzin, the intensity of its characteristic band being higher in the aerial part
extract. Also, in the fingerprint of extract A, a band at Ry = 0.58 can be
observed that could be attributed to genistin. Moreover, the compound
separated at Ri= 0.54 appears as light blue zones in leaf and aerial extracts
when the plates were documented at 366 nm, similar to the characteristic
band of the daidzin (Figure 1b). Derivatization with 10% H»SO, solution in
ethanol allows genistin to be visualized in white light (Figure 1c) as a
yellow-brown colored zone, the characteristic shade of isoflavones with a -
OH group in position 5. Daidzin appears as a gray-yellow zone, less intensely
colored than genistin, due to the absence of the -OH group in position 5
from its structure. Thus, the fingerprints of the extracts from flowers, leaves,
stems and aerial parts of the plant, as well as the extract from producer A,
obtained in white light after derivatization, show the presence of zones at Ry
=0.58, like that characteristic of genistin. Also, the images of the plates at
366 nm after derivatization (Figure 1d), confirm the presence of this compound
in all the mentioned samples, but also in the extract from producer C. The
image of the plate under white light after derivatization shows the presence
of gray-yellow zones in the extracts from leaves and aerial parts, at Ry =
0.54, similar to daidzin. On the other hand, the image of the plate under UV
light at 366 nm, after derivatization, does not clearly highlight the presence
of this compound.

Regardless of how the chromatographic plate was documented, daidzein
and genistein could not be identified in any of the analyzed samples. This may
be because most isoflavones are present as glycosides in plants and also
in hydroalcoholic extracts. Therefore, for the separation and identification of
aglycones, the literature has described the need to perform an acidic hydrolysis
step, followed by extraction in ethyl acetate [23].

The plate image at 254 nm (Figure 2a) obtained after the chromatographic
separation of hydrolyzed extracts shows that in the fingerprints of hydrolyzed
extracts of leaves and aerial parts of the plant the presence of a band at
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R: = 0.86, of weak intensity in the case of the aerial parts extract, which
could be attributed to genistein. This observation is supported by the fact
that in the fingerprints of the hydrolyzed extracts of flowers, leaves and aerial
parts, after derivatization with 10% ethanolic solution of H,SO., characteristic
zones are observed at the same Ry, both in white light and at 366 nm. Also,
in the chromatographic fingerprint of the hydrolyzed flower extract, at 366 nm
after derivatization, the presence of a light blue zone at R = 0.54 which appears
to be similar with daidzin can be observed. Furthermore, in the hydrolyzed
extract from producer D, the presence of a light blue band at R; = 0.82,
similar to the characteristic band of daidzein, can be highlighted.

(c) (d)

Figure 2. HPTLC fingerprints of samples on silica gel 60F254 with chloroform-ethyl
acetate-methanol-water,1:2:1.2:0.4(v/v) as mobile phase. a-UV 254nm, b-UV
366nm, c-Derivatization with 10% H2SO4 in ethanol, white light, d-Derivatization
with 10% H2SOa in ethanol UV 366nm. Tracks: 1-flowers, 2-hydrolyzed flowers,
3-leaves, 4- hydrolyzed leaves, 5-stem, 6-hydrolyzed stem, 7-aerial parts,

8- hydrolyzed aerial parts, 9-A, 10- hydrolyzed A, 11-B, 12- hydrolyzed B,
13-C, 14- hydrolyzed C, 15-D, 16-hydrolyzed D.

The results obtained suggest the possible presence of the investigated
isoflavones in the analyzed G. robertianum extracts. However, further analysis
using more selective techniques would be required for clear identification
and quantification of these compounds.
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CONCLUSIONS

G. robertianum extracts showed high levels of phenolic compounds
and significant antioxidant activity, particularly in leaves and flowers. Strong
positive correlations between phenolic content and antioxidant activity confirmed
the important contribution of polyphenols and flavonoids to the antioxidant
potential of the investigated extracts. Considerable differences were observed
among the commercial hydroalcoholic preparations, highlighting the influence
of extraction and processing conditions on phytochemical composition and
emphasizing the need for quality control and standardization.

HPTLC fingerprinting of extracts revealed distinct phytochemical profiles
and suggested the possible occurrence of isoflavonoid compounds. However,
further studies using more selective analytical techniques are required for
definitive identification. The results provide new information regarding flower
extracts and commercial Romanian preparations, contributing to a better
understanding of the phytochemical variability of G. robertianum and supporting
its potential use as a natural source of bioactive compounds.

EXPERIMENTAL SECTION

Chemicals

All reagents used in the study were of analytical grade. Ethanol
96%, 1,1-diphenyl-2-picrylhydrazyl radical, (DPPHs), potassium persulfate
(K2S20s), 2,2 '-azino-bis(3-ethylbenzothiazoline-6- sulfonic acid) (ABTSY),
6-hydroxy2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), ascorbic
acid (vitamin C), gallic acid (GA), rutin, aluminum chloride (AICI), Folin-Ciocalteau
reagent 2N, sodium acetate (CH3;COONa), sodium carbonate (Na,COs),
sulfuric acid 95-98%, hydrochloric acid were purchased from Merck (Darmstadt,
Germany). The solvents used for the chromatographic analysis were ethyl
acetate, acetic acid, formic acid, butanone, benzene and methanol, and were
purchased from Millipore (Bedford, USA).

Materials and sample preparation

The plant material used in this investigation was collected in June
2021, from Stramtura (47.778890N, 24.144720E), Maramures County, Romania.
The aerial parts of the plants were collected during the flowering period,
and after drying in a dark, well-ventilated space at room temperature,
samples of entire aerial parts, flowers, leaves and stems were separated
and grounded.
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Also, four G. robertianum food supplements available on the market
in Romania, produced by Faunus Plant (A), Farmanat Poieni (B), Aroma
plant Bonchis (C) and Dorel Plant (D) were purchased. These are hydroalcoholic
extracts from aerial parts of plant, and their characteristics, according to the
manufacturers' labels, are presented in Table 3.

Although the Romanian Pharmacopoeia recommends the extraction
of polyphenolic compounds in ethanol-water 7:3 (v/v), in this study an
extraction system consisting of ethanol-water, 1:2.5 (v/v), similar to those
used by the producers of extracts A-D (Table 3) was chosen. The extraction
of bioactive compounds was done by maceration, using 1 g of dried
grounded plant material and 10 mL of ethanol-water, 1:2.5 (v/v). After
maceration at room temperature, in the dark for 10 days, the extracts were
decanted and centrifuged for 15 min at 6000 rpm using a C2006 centrifuge
(Centurion Scientific Limited, Bosham, UK). The resulting supernatants were
collected and stored in dark bottles, at 4-C until further analysis.

Table 3. Characteristics of analyzed Geranium robertianum food supplements

Extract | Ingredients | Administration Recommendation
aerial parts of |internal use: 5 mL |male and female sterility, frigidity, impotence,
plant 20%, in 50ml water or |uterine bleeding of various etiologies,
ethanol min. tea, 3-4 times/day, |dysmenorrhea, benign tumors of various
A 30% v/v on an empty locations, cancer (uterine, lung, intestinal,
stomach breast or other locations), diarrhea, intestinal
inflammation, irradiation, sequelae after
irradiation

whole plant, 5mLasitis or male and female sterility, frigidity, impotence,
hydroalcoholic |diluted in water or |low immunity, menstrual cycle disorders, cysts
solution 34° tea, 3-5 times/day |and uterine bleeding of various etiologies,

B dysmenorrhea, benign tumors of various
locations, cancer (uterine, lung, intestinal,
breast or other locations), diarrhea, intestinal
inflammation, chronic fatigue

aerial part plant|5 mL, 3 times/day, |male and female sterility, frigidity impotence,

26%, water 30 min before uterine bleeding of various causes, benign

c 50%, grain main meals, on an {tumors of various locations, dysmenorrhea
alcohol (96%)- |empty stomach intestinal inflammation, diarrhea, uterine
24%. fibroids, ovarian cysts, supporting the body after

irradiation

aerial parts of |5 mL diluted in breast, lung, ovarian, intestinal, gastric cancer,
plant — 20%; |tea, 3 times/day, |ovarian cysts, polycystic ovaries, hematuria,
hydroalcoholic {30 min before irradiation, sterility and sexual dynamics

D solution (96°  |main meals disorders in both sexes, low spermatogenesis
alcohol: water and sperm motility, hemorrhagic, leukorrhea,
1:2)- 80% chronic diarrhea, gastroenteritis, hemorrhagic

enteritis, cystitis
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Spectrophotometric Measurements

Spectrophotometric measurements were performed at room
temperature, in triplicate using a T80+ UV-Vis spectrophotometer (PG
Instruments, Lutterworth, UK).

Total Phenolic Content (TPC)

TPC was determined according to the Folin—Ciocalteu assay with
slight modification [27]. Thus, 0.3 mL of each extract properly diluted were
mixed with 1.5 mL Folin—Ciocalteu’s reagent (0.2 N). After 5 min, 1.2 mL
sodium carbonate (0.7 M) were added, and then all the mixtures were
incubated for 2 h, at room temperature in dark conditions. The absorbance
was measured at 760 nm and the TPC was calculated from the calibration
curve (y = 0.009x + 0.1247, R2 = 0.9996) obtained in the same conditions,
using solutions of gallic acid with concentrations between 0 and 100 pg/mL.
The results were expressed as mg gallic acid equivalents/mL of extract (mg
GAE/mL).

Total flavonoids content (TFC)

TFC of was determined by a colorimetric method described in the
Romanian Pharmacopoeia [28], using AICls. Aliquots of 0.5 mL of each
extract optimally diluted were mixed with 0.4 mL of 25 g/L AlCIs solution,
0.5 mL of 100 g/L CH3COONa solution and 4 mL distilled water. After 15
min, the absorbance was measured at 430 nm and TFC was determined
from the calibration curve of rutin (y = 0.0063x +0.0084, R? = 0.9995) obtained
in a range of concentration of 0-120 pg/mL. TFC of extracts were expressed
as pg rutin equivalents/mL (ug RE /mL).

Antioxidant activity (AA)

Antioxidant activity of geranium extracts was determined by DPPH
assay [29] and ABTS assay [30], with some modifications.

DPPH assay

Aliquots of 0.25 mL of each extract properly diluted were added to
3.0 mL of 0.09 mg/mL solution of DPPH prepared in ethanol. After 20 min,
the absorbance was measured at 517 nm. Also, for each analyzed sample,
the absorbance of a mixture obtained from 0.25 mL of sample solvent and
3.0 mL of DPPH solution was measured in parallel, in the same conditions.
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Both measured absorbance values were considered in the calculation of
the antioxidant activity. The antioxidant activities of extracts were determined
based on the calibration curve (y = 1.4714x, R? = 0.9996) obtained in the
same conditions, using solutions of vitamin C with different concentrations
between 0.150 and 0.275 mg/mL. The antioxidant activities (AApppn) Of
samples were expressed as mg vitamin C equivalents/mL (mg vit CE/mL).

ABTS assay

First, the cationic radical ABTS™ was generated from the reaction of
7 mmol/L ABTS diammonium salt solution with 2.45 mmol/L K2S;0s. These
solutions were mixed in a ratio of 1:1 (v/v) and incubated for 24 h at room
temperature, in the dark. Then, ABTS™ solution was freshly diluted so that
their absorbance measured at 734 nm to be between 0.800 and 0.900.
Mixtures obtained from 0.5 mL of each extract properly diluted and 3.0 mL
ABTS™* solution were incubated at room temperature in dark for 15 min and
then the absorbance was measured at 734 nm. Also, for each analyzed
sample, the absorbance of a mixture obtained from 0.3 mL of sample
solvent and 3.0 mL of ABTS™ solution was measured in parallel, in the same
conditions. In the calculation of the antioxidant activity, both measured
absorbance values were considered. The antioxidant activities were using
the calibration curve (y = 3.8759x + 0.1191, R? = 0.9998) obtained with
Trolox solutions in a range of 1.10-1.35 umol/mL. The results (AAasTs) were
expressed as Trolox equivalents (umol TroloxE/mL).

Hydrolysis of extracts

Acidic hydrolysis of extracts was performed according to Chen et al. [23],
with some modifications. Thus, aliquots of 1.0 mL of 0.1 M hydrochloric acid
were added to 1.0 mL of each extract and the obtained mixtures were
incubated for 2h at 96°C, using a water bath. The hydrolyzed extracts were
then extracted twice with 1.0 mL portions ethyl acetate. The resulting ethyl
acetate fractions were pooled and made up to 2.0 mL in a volumetric flask.

HPTLC analysis

Aliquots of 16 pL of each extract and 5 pL of each standard 0.1
mg/mL solutions of genistin, daidzin, genistein and daidzein were applied
as 8 mm bands at 15 mm from the low edge of the plate with a flow rate of
40 nlL/s using a semi-automatic application device Linomat 5 (CAMAG,
Basel, Switzerland). The chromatographic analysis was performed on silica
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gel 60F2s4 HPTLC plates 20 cm x 10 cm, Merck (Darmstadt, Germany),
using a mixture of chloroform-ethyl acetate-methanol-water, 2:4:2.4:0.8
(v/v) as the mobile phase. The plates were developed to a distance of 80
mm at room temperature in normal chromatographic twin trough chamber
(CAMAG, Basel, Switzerland), pre-saturated for 30 min with the mobile
phase. After development, the dried plates were sprayed with 10% sulphuric
acid ethanolic solution, using an electro-pneumatic device TLC Sprayer
(CAMAG, Basel, Switzerland). The plates were then heated at 105°C for 10
min using the TLC Plate Heater 3 (CAMAG, Basel, Switzerland). The detection
was done in UV light at 254 and 366 nm before and after derivatization and
in white light after derivatization. The documentation of the plates was performed
using a TLC visualizer device Digistore 2 (CAMAG, Basel, Switzerland). All
CAMAG devices were controlled by winCATs 1.4.3 software.
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