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CORROSIVE EFFECT OF ROLLING FAULTS INDUCED BY
MICROSTRUCTURAL SEGREGATIONS IN A SILVER COIN

ISSUED BY GABRIEL BETHLEN IN 1626

loan PETEAN?*“, Emanoil PRIPON"“, Marzena GROCHOWSKA-
JASNOS®, Simona Elena AVRAMY"”, Lucian Barbu TUDORAN®f",

Gheorghe BORODI”, Nicoleta IGNAT®"

ABSTRACT. Gabriel Bethlen's monetary reform in 1625 supposed to replace
bad coins with good-quality silver issues. Some of these coins exhibit small,
parallel surface lines caused by rolling faults in silver plates. This study
investigates a 1626 silver groat minted at Baia-Mare, displaying prominent
scratches extending from obverse to reverse. XRD and metallographic
analyses reveal copper grain’s oxidation to Cu,O, localized compositional
inhomogeneities, and lamination-induced micro-cracks resulting from silver-
copper segregation. The coin’s high relief is worn due to the circulation
while the lower areas preserve the initial state. Metallographic observation
reveal that the lower relief contain silver (83.7 wt.% a phase and eutectic)
while the worn areas contains debased silver (65.5 wt.% eutectic and 3 grains)
generating large copper micro — segregations, confirmed by SEM — EDX.
These structural defects facilitated corrosion across the rolling direction,
becoming more visible after coin cleaning. Such micro faults would have
been undetectable after coin issue. The findings indicate that such pseudo-
scratches represent not mechanical damage or intentional markings, but
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metallurgical anomalies associated with subtle debasement practices. This
may suggest a controlled attempt to conceal minor reductions in silver
fineness during Bethlen’s monetary reform, intended to stabilize coin
production while preserving the coin’s visual and fiduciary integrity.

Keywords: Gabriel Bethlen, silver groat, microstructural segregation, corrosion

INTRODUCTION

There are some actual silver alloys titles: 83.5 wt.% (used for the most
of the modern coins like the emissions of Latin Monetary Union (Belgium,
France, Italy and Switzerland) during 1865 to 1926. Many countries issued
coins at this standard like Spain, Greece, Romania, Austro-Hungarian Empire
(since 1892) which were in use until the end of first world war; 92.5 wt.%
also called sterling silver is often found in British coins and Unites States of
America silver dollars. The silver title decreases at 75.0 wt.% in some coins
issued after the first world war depending on the monetary politics of each
country. Unfortunately the silver title was less standardized in the pre-modern
times and was more affected by the socio-political factors.

The start of 30 years war in 1618 implies issuing of large amount of
counterfeited coins which were produced most likely in annex workshops of
the official mints. Literature reveal that most effective silvering technique was
the immersion of the copper strips into melted silver ensuring an thin layer
attached to the core by an intermediary layer of eutectic [1, 2]. The official coins
were also debased by reducing silver title to about 50 % [3]. All belligerent
countries use this strategy and subsequently their vaults were filled up with
forged or debased coins. In fact, it was a manifestation of enormous inflation
that raised the conversion rate of small change coins to the greater commercial
coins like silver thaler or gold ducats. Literature mention that a standard thaler
worth 72 kreuzers in 1600; 124 kreuzers in 1619 and over 600 kreuzers in
1622 [4, 5]. A financial crisis called Kipper und Wipperzeit occur where the
coins were clipped for verifying their core content and weighted for ensuring
that the sides were not cut off. There are no records about the forged coins
spread, but for sure the debased coins of Gabriel Bethlen were released on
the Transylvanian circulation mainly as 1 groat and wide groat (equivalent
to 5 conventional silver denars). The Northern find record of such groat belongs
to Gdansk (e.g. from tagiewniki in 2006) consisting in a groat issued in 1626.
As professor Paszkiewicz writes, it likely reached Gdansk via the Polish market
[6]. A close look to the published photograph of the coin reveals some corrosive
scratches on its obverse which might be related to the coin’s core title.
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Another inflation coins are the 24-kreuzer issued by Gabriel Bethlen in
Opole circulating mainly in Silesia but not in the Greater Poland where
only Transylvanian groat emissions were recognized as official Bethlen’s
emissions [7]. Most of these debased 24 kreuzers coins minted in Opole
feature minor scratches oriented under the silver stripe lamination — rolling
direction [8]. Such marks look to be a technological characteristic for the
small value coins with low silver title.

Monetary reform implemented by Gabriel Bethlen prince of Transylvania
(1613-1629), in 1625 was designed to replace debased and forged coins
with good silver issues produced under strict control. This reform followed a
period of monetary instability caused by excessive minting of underweight
coins what have been started during the preceding reigns. Bethlen’s aim
was to restore public trust in Transylvanian coinage and to demonstrate the
principality’s independence from the Habsburg monetary system [9, 10].

These new issues were preferred for hoarding as observed in the
hoards discovered in Salaj County [11] as well in the hoards discovered in
other places from Transylvania [12]. Surprising, some of them also feature minor
scratches oriented in the rolling - lamination direction like those observed for
debased coins. It is clearly that these marks are not generated by the circulation
worn but were formed during the coins production. Circulation worn only could
enhance their aspect because of local friction forces of the coins high relief.
On the other hand, such scratches are rarely found on the high denominations
like thaler which are made of good silver over 80 % fineness. Some of these
valuable coins were deliberately marked with specific symbols related to the
personal ownership marks, commemorative marks or bullion fineness marks
(even alchemical symbols) described in literature as graffiti [13]. It is also
reported that smaller denomination were not subjected to such deliberate
inscriptions.

Another characteristic of the high denomination is their significantly
increased width of about 1.5 — 2 mm while small denomination is very thin
<1 mm. Such an advanced thickness reduction within silver stripe of the
small denomination implies supplementary rolling. The excessive rolling without
annealing process induces progressive cold hardening of the grains and their
subsequently failure through the development of dislocations forests within
the tensioned grains [14]. The dislocations progress into fine micro-cracks
predominantly oriented perpendicularly on the rolling direction which further
induces macroscopic fissures if the annealing treatment is not applied [15]. On
the other hand, silver has good deformability ensuring a proper rolling supporting
large strain [16], perhaps this is the reason for less observation of these
specific scratches on the high denomination. Smaller denominations are very
often debased having uneven composition and microstructure produced in
a metallurgical process without precise control of the temperature. In

9
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consequence grain segregation most likely occurs at the ends of the silver
alloy ingot due to the uneven cooling rate between ingot's surface and core [17].
Thus, the scratches formed along the rolling direction indicate a potential
microstructural failure of some atypical segregated grains. Such hypothesis
requires advanced physicochemical investigation to figure out the scratches
nature and their possibility to be specific marks of the debased coins.

RESULTS AND DISCUSSION

A random discovery of a 1626 silver groat from Baia Mare (Nagybanya)
provides valuable insight into the technical implementation of the reform of
Gabriel Bethlen (Figure 1). Although visually well-preserved, the coin displayed
a dark (black-brown) tarnish, induced by the advanced degradation of the
copper grains within the silver alloy. The presence of such patinas and corrosion
traces aligns with the high-temperature and rolling conditions typical of early-
seventeenth-century minting technology. Silver sheets were laminated multiple
times to ensure uniformity, but uneven cooling and imperfect alloying often
induced micro-segregations of copper, which later served as preferential
corrosion sites. At first sight, the coin seemed well preserved but covered with
a dark brown-black oxide layer (Figure 1). Cleaning removed this patina and
revealed parallel linear features on both obverse and reverse. These were
initially interpreted as scratches caused by circulation but further examination
proved them to be structural faults.

after cleaning before cleaning

Figure 1. Photograph of the investigated coin before and after cleaning:
silver groat issued by Gabriel Bethlen in 1626 minted at Baia Mare (N.B.).
Medals alignment 1.

10
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Reflected light microscopy, taken a low magnification, confirms that
the upper relief of the coin — especially Madonna and Child and inscription
characters — is worn by the circulation (Figure 2a). However, the lower areas
are well preserved, without circulation worn. Such parallel defects (Figure 2a—
b) are consistent with lamination defects (“rolling faults”) that appear when
cold-worked Ag—Cu alloys experience localized strain hardening and copper
segregation during the final rolling stage before striking coins.

Figure 2. Reflected light microscopy of the coin surface: a) normal areas with
worn relief and intact lower details, b) scratches on the obverse and
c) scratches on the reverse.

The coin obverse has a deep scratch with a length of about 7 mm
and a mean width of 600 um, its detail can be observed in Figure 2b. The
worn area belonging to Madonna’s knees and hand surrounds the scratch
having firm rims. The scratch borders are irregular having the shape of some
missing microstructural grains that were removed through the corrosion process.
The scratches on the reverse start appearing approximate on the point where
the obverse scratch disappears beneath the worn silver. These are distributed
in shorter parallel branches of about 1 — 1.5 mm length and width of about
200 — 250 um, Figure 2c. Their orientation keeps the rolling direction similarly to
the obverse scratches. Their shape and spatial positioning indicate that the
microstructural defect pass through the coins core.

X Ray Diffraction (XRD) analysis (Figure 3), confirmed that the initial
patina of the coin contained copper oxide Cu.O (crystallized as cuprite) while
silver grains remained well preserved revealing their metallic state. After
cleaning, the oxide layer fell below the diffractometer’s detection limit (e.g.
1 wt. %), demonstrating efficient removal of surface corrosion products.
Unfortunately, the resting environment of the coin is unknown and no connection
with the corrosion type can be followed. However, the coexistence of metallic
silver with cuprite indicates an advanced oxidation of the copper grains within
the coin surface microstructure particularly affecting the more reactive copper
component. Ag does not possess a protective native oxide film and relies
on natural immunity for corrosion protection in mild environments [18].

11
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The complete cleaning of the coin removes oxides from its surface at
a level below detection limit of the diffractometer (e.g. 1 wt.%). Removing the
oxidized crystals from the copper grains make them available to the diffracting
X-ray beam and become completely detectable. The XRD pattern reveals
specific peaks for Ag having strong intensities and narrow aspect followed
by Cu peaks having lower intensities but keeping their narrow aspect. It
indicates that both silver and copper appear on the well developed grains. It
is interesting finding since one of the phases should have been finely divided
as thin lamellas within the eutectic composition according to the binary phase
diagram [17]. Such refinement of the dispersed phase induces a significant
broadening of the XRD patterns [19], a fact which was not observed in our
case.

Ag
Uncleaned
——— Cleaned
, [&]
3 3
o [&]
- Ag
o A
2 & T o ag
3 (&) [&] 8
£
Ag
Cu Ag Ag
., 3 A A
A
T T T T T T T T T
30 40 50 60 70 80

2 Theta, deg

Figure 3. XRD patterns for the coin surface before and after cleaning process.

The overall silver and copper amount can be established on the XRD
pattern in Figure 3 by applying the Relative Intensity Ratio Method (RIR) which
correlates the relative intensities of Ag and Cu peaks with their corundum
factor [1]. Finally results an overall weight composition of 76.12 % Ag and
23.88 % Cu. This result would indicate a good silver alloy situated in the
hypoeutectic zone of the Ag-Cu phase diagram, just like the mint master

12
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would have been wanted. The nice and good-looking aspect of the completely
cleaned coin sustain this impression making this coin very desirable in 1626 to
be kept from the circulation and nowadays to be exposed in a collection. But
the obvious discordance between the shine of the worn surfaces regarding
the preserved ones tells another story that the overall silver content might
be uneven distributed into the coin surface.

Figure 4. Metallographic observations: a) intact lower relief and b) worn high relief.

For metallographic observation, local spots of a few millimeters in
size were manually selected, taking care to preserve the artifact's good
condition. The lower relief areas reveal a good silver composition typical for
hypoeutectic region of Ag — Cu phase diagram (approximately 83.7 wt.%
Ag) revealing pure silver (a phase) grain having bright nuance mixed up with
eutectic grains having a lamellar structure of silver and copper interlocked
sheets (Figure 4a). The grains are elongated under the lamination direction
indicating that the final stage of silver plate was kept without re-crystallization.

In contrast, the worn regions have a completely changed microstructure
(Figure 4b). It contains predominantly eutectic grains with tiny elongated
(a phase) surrounding their border. The abnormal microstructure is represented
by copper segregation derived from the eutectic grains having dark red color
(Figure 4b). In fact the coin’s core is closer to the eutectic composition of
Ag — Cu system (approx. 65.5 wt.% Ag) but the significant copper segregation
move the alloy slightly into the hypereutectic region.

Such segregation appears in bigger ingots at their ends (e.g. head
and the foot of the ingot when it is cast in vertical position). This inhomogeneity
while visually imperceptible—may reflect intentional economic optimization:
slightly reducing silver content in deeper, non-visible layers of the coin while
maintaining a higher fineness on the surface to preserve trust in the currency.
SEM investigation coupled with EDS spectroscopy fulfill this requirement.

13
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B spectrum 42

Spectrum 43

Wt% o Wt% o
Ag 837 02
Cu 163 0.2

0 2 - 6 8 keV

Figure 5. SEM investigation of the large area of the coin surface: a) SEl image,
b) BSE image displaying elemental map and c) EDS spectra taken on specific
positions.

Low magnification Secondary Electron Image (SEI) imaging (x30)
reveals the overall aspect of the coin obverse (Figure 5a) in a complementary
mode that reflected light microscopy does in Figure 2a. The worn areas
(Madonna’s head and halloo) reveal a grainy structure indicating that the
eutectic grains were affected by the friction between circulating coins, in good
observation with our pervious observation on worn coins [1]. The microstructural
aspect of the lower relief confirms its well-preserved state without worn marks.

The backscattered electron image (BSE) display the elements
distribution over the surface superimposed on the morphological details
consisting in an elemental map (Figure 5b) Each element was assigned to
a specific color such as blue for Ag and orange for Cu. The worn areas

14
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clearly evidence a hypereutectic structure based on a dense mixture of eutectic
grains (blue with fine orange spots) and B phase (e.g. pure Cu) phase. The
microstructural observations are confirmed by the elemental composition of
this area revealed by spectrum 43 (Figure 5¢) having 65.5 % wt.% Ag and
34.5 wt. % Cu. The preserved areas reveal a different microstructure based
on a phase (e.g. pure Ag) grains mixed with eutectic grains belonging to the
hypoeutectic region of the phase diagram. The fact generates a compact
blue appearance spotted with small orange points. Spectrum 42 reveal the
elemental composition of 73.7 wt.% Ag and 16.3 wt.% Ag. It indicates that
the coin was covered by a thin layer of standard silver while the core is
made of debased silver.

The obvious scratch on the obverse is too deep for obtaining a
reliable image and therefore we took a microstructural detail at the lower
end of the scratch revealing a significant copper segregation (Figure 6).

- Spectrum 48
Spectrum 49
Wt% o Wt% o

Ag 656 03

Cu 344 03

- |Ag

0_~;. — E
IIIlI|IIIIIIIll|II!lIIIII|!III[IIII|IIIIIII!I|II

0 2 4 6 8 keV

Figure 6. SEM investigation of the segregation overview: a) SEl image, b) BSE
image displaying elemental map and c¢) EDS spectra taken on specific positions.

15



IOAN PETEAN, EMANOIL PRIPON, MARZENA GROCHOWSKA-JASNOS, SIMONA ELENA AVRAM,
LUCIAN BARBU TUDORAN, GHEORGHE BORODI, NICOLETA IGNAT

SEl image in Figure 6a reveal the typical hypereutectic microstructure
elongated under the rolling direction interlocked with a compact area having
a more refined microstructure. BSE image (Figure 6b) featuring the elemental
map clearly reveals that the interlocked microstructural constituent is a large
copper segregation which confirms the metallographic observation. The
microstructure beside the copper segregation has a composition of 65.6 wt.%
Ag and 34.4 wt.% Cu as observed in Spectrum 48 (Figure 6¢) in good
agreement with the worn area observed on the Madonna’s head.

It is about a hypereutectic alloy situated in a close proximity of
the eutectic composition. Of course, the liquid alloy cooling generates the
precipitation of B grains enriching the melt in silver until the eutectic
composition is achieved when it solidifies as eutectic grains. Unfortunately
large ingots like ones used for coins minting causes an uneven distribution
of the temperature under cooling allowing the coalescence of B grains
which tends to extract excessively the copper from the remnant melt alloy
generating large segregations.

The fact is proved by spectrum 49 indicating an appreciation of the
copper content at 73.6 wt. % for the marked area. The shape of segregation is
elongated under the rolling direction having a width of about 200 ym and the
length exceeds the image frame on the lower right corner. So far, it looks
similar to the scratches microstructural aspect.

A closer look to the copper segregation microstructure is necessary.
A specific area without silver intercalation was chosen at higher magnification
(x5000) in Figure 7. While the general aspect of the copper segregation is
elongated under the rolling direction the microstructural details reveal small
grains of about 5 ym having a cold hardened aspect with broken sub-grains
of about 1 — 2 um split by parallel cracks oriented perpendicularly on the
rolling direction dealing with literature observations [16].

Since silver is more ductile than copper, thus Cu segregation induces
rolling defect as observed. The micro-fissures have identical length with the
segregation width and a width of about 1 ym ensuring enough space for
water and corrosive agents’ penetration beside the broken sub grains promoting
corrosion. The elemental analysis reveal a composition of 93.7 wt.% copper with
minor silver intercalation appearing as blue spots in the elemental map.
Although copper does corrode (oxidized by oxygen and by hydrogen sulphide)
at the surface, it can form a stable corrosion film or a passivation layer, which
prevents it against further corrosion in most environments [20]. The non
segregated alloy areas within Figure 6b looks well preserved most likely due to
the passivation layer formed in contact with the coin resting ground.
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Figure 7. SEM microstructural details on the copper segregation: a) SEl image,
b) BSE image displaying elemental map and ¢) EDS spectrum taken overall image.

The micro-fissures within the copper segregation along with the
advanced internal fracture of the grains structure facilitate the penetration in
depth of the oxidizing agents generating an advanced microstructural
corrosion that prevent formation of passivation layer. It is difficult to discuss
about the resting soil influence on the copper segregation corrosion while
the coin discovery conditions are not known.

However, it is about the conjugated effect of water infiltration into
the soil layers which mostly contains granular matter as quartz and calcite
mixed with fine clay mixture based on kaolinite and muscovite [21, 22].
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These minerals are able to release ions that might facilitate corrosion processes.
The basic oxidation reactions use the oxygen present in the resting ground
according to the following equations:

2Cu + O —» 2Cu0O (1)
4Cu + O2 — 2Cu20 (2)

Taking into consideration the potential presence of sulfur within the
resting ground there is a more complex of oxidation to cuprite according to
the equation (3):

2CuS + 30; — 2Cu0 + 2S0;. (3)

The soil's organic matter or the decomposing of organic remains
beside the coin (e.g. vegetal fiber or leather bag containing a coin pile, or
underground human body decay in case of graves discoveries) might release
significant amounts of hydrogen sulphide [23, 24]. The well preserved state of
the silver grains indicate low influence of sulfides that also attack silver
(giving a black tarnish) and most likely oxidative corrosion facilitated by the
mineral species within soil. The fact highlights the importance of archeological
findings to be made by specialists with care for the information regarding the
resting ground and its stratigraphy.

The current study limitation resides in the investigation of a single
coin having the pseudo-scratches pattern oriented on the rolling direction. The
random finding without knowing the characteristics of the resting environment
for over 300 years also limits the physicochemical investigations. Literature
data clearly indicate the importance of the finding place on the archeological
discussions [25, 26].

The further analysis should be focused on larger coins number
discovered in the precise archeological context which allows additional
investigations of the resting ground. The detailed mineralogical investigations
(X ray diffraction coupled with Mineralogical optical microscopy) of the resting
ground might evidence some specific aspects regarding the coins corrosion
and preservation state.

NUMISMATIC SIGNIFICANCE
Current physicochemical investigation reveal that copper segregation

would have been difficult to be detected below of the good silver layer
deposited during minting process ensuring a very nice appearance of the

18



CORROSIVE EFFECT OF ROLLING FAULTS INDUCED BY MICROSTRUCTURAL SEGREGATIONS
IN A SILVER COIN ISSUED BY GABRIEL BETHLEN IN 1626

coin. Hence, the core is made of a silver of about 65 wt.% the contemporary
weighing would have been all right maintaining good silvery aspect if clipped.
The intensive circulation causes intense friction over the coin surface erasing
the good silver from the high relief details revealing the debased alloy. The
repeated contact of debased silver with the hands induces oxidation of the
copper B grains and segregations forming a passivated dark patina layer
based on Cu20 and CuO which appear natural beside the shiny good silver
on the lower areas of the coin’s topography. The problem occur after about
400 years after the minting because of different corrosion of B grains and
copper segregations which further appear as pseudo-scratches on the coin
surface.

Unfortunately, the present study is focused on a single random find
coin which is a limitation. Further research should be conducted on similar
coins belonging to well known archeological finds to reveal if the copper
segregation and its corrosion is confirmed and could be appreciated as a
typical sign for debased small denominations. Local Transylvanian hoards
are abundant in such monetary type but it worth to see its spread on the
other countries circulation through the commerce [12, 27].

As the findings show, Gabriel Bethlen groats reached central Europe,
for example Poland. But we have only four finds of such so far: Gdansk —
tagiewniki, Jarostaw, Dabrowa Chetminska, Miescisko. From which only the
one from Gdansk-tagiewniki is available. However, these are much rarer
finds than the most common gold coins of this ruler in deposits from Poland and
Silesia. Gabriel Bethlen's wide groat occurred during archaeological research in
the Lagiewniki district of Gdansk. It can be found in a publication by Professor
Borys Paszkiewicz [6].

Parallel scratches are also visible on this specimen, which probably
became apparent after the coin was cleaned. Similar damage to that seen
on the Gabriel Bethlen groat in question can also be seen on other copies
of the same type. For example on one found on the website, where the
damages are smaller but clearly [28]. In addition, such damages are
common on 24-kreuzer coins minted by Gabriel Bethlen in the Duchy of
Opole and Racibérz [8]. Interestingly, the inflationary 24-kreuzer coins were
registered only in the territory of historical Silesia (where they were minted),
while the groat coins were kept in deposits from Greater Poland, probably
recognized as full-value Transylvanian coins, despite Bethen's mints producing
using worse money than the reform envisaged.

Visible, after conservation, damages on Bethlen coins reveal both
the limits of seventeenth-century coin production technology and the economic
urgency of minting. The incomplete homogenization of the Ag—Cu alloy caused
copper micro-segregations that served as future corrosion nuclei.
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CONCLUSIONS

The poor elaboration of debased silver alloy combined with less control
of temperatures during the specific technological steps generates large copper
segregations within its microstructure.

The rolling regime prove to be adequate for the debased alloy
respectively to the hypereutectoid composition of eutectic and 8 grains but
induces over cold hardening of the copper segregation becoming elongated
in the rolling direction having small intra-crystalline micro-cracks perpendicular
on the rolling direction.

The hypereutectic microstructure seems to be well passivated to the
corrosion while the copper segregation is affected in depth by the corrosive
agents. Thus, the cleaning procedure removes the formed oxides revealing
pseudo-scratches.

Over centuries, these zones oxidized preferentially, producing linear
reddish “scratches” observable on cleaned specimens—misleadingly interpreted
as post-mint damage. In reality, they constitute tangible metallographic evidence
of hidden inflationary stress in the early-modern Transylvanian economy.

EXPERIMENTAL SECTION

The object of current research is a wide groat issued by Gabriel Bethlen
in 1626 at Baia Mare mint (N.B. Nagy Banya) presented in Figure 1. It is
a random finding without archeological background and less information about
the resting ground. The coin was cleaned using the standard procedure [29] as
follows:

- The coins were subjected to ultrasound treatment for 10 minutes in
aqueous environment;

- Immersed in EDTA solution 5 % for 15 minutes;

- Final ultrasound cleaning in water for 4 minutes.

Reflected light microscopy was effectuated using a Ulefone uSmart
C01 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 MC8
metallographic microscope (IOR, Bucharest, Romania) equipped with a digital
image capture camera Sony 14 MPx (Sony Co., Minato, Japan). The chemical
etching was effectuated 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.
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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).

Scanning Electron Microscopy (SEM) was done with Hitachi SU8230
operated in high vacuum mode at an acceleration voltage of 30 kV. The
samples were coated with a thin layer of Pt to ensure a 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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ELECTROCHEMICAL pH-STAT AS ACIDITY MONITORING
SYSTEM IN HIGH IONIC STRENGTH SOLUTIONS.
|. DESIGN CHALLENGES AND PRELIMINARY RESULTS

Gabriele-Mario BOGDAN&' Sorin-Aurel DORNEANU®"

ABSTRACT. Quantifying acidity has evolved from early attempts in the 1300s
to the modern glass electrode pH sensor, which is difficult to implement for
monitoring acid concentration in highly saline solutions. In this study a
membrane-based filter-press electrochemical reactor functioning as a pH-stat
that correlates current with acid concentration was tested. The behavior of HBr
in KBr solutions was characterized, after which spectroscopic measurements
of Alizarin Red S provided calibration curves used to validate glass electrode
data. Reactor design principles and challenges were discussed, after which
its behavior under non-polarized and polarized conditions was studied, concluding
with two pH-stat tests, where different HBr concentrations were simulated by
changing the acid molar flow rate, with pH values corroborated by spectroscopic
measurements. A linear relationship was demonstrated between steady state
current and acid molar flow rate. Imperfect membranes resulted in systematic
errors between the amount of acid introduced and that neutralized. Preliminary
results confirmed the feasibility of the electrochemical cell as an acid monitoring
system, with future upgrades including PID control and design optimization.

Keywords: glass electrode, pH-stat, electrochemical cell, acid concentration,
high ionic strength

INTRODUCTION

Quantifying the acidity of solutions has been attempted since at least
the 1300s, when the first documented use of litmus was attributed to Arnaud
de Villeneuve [1,2]. However, progress in understanding acidity was slow
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until Arrhenius proposed the first modern acid-base theory, which was later
refined by Brgnsted and Lowry [3]. Defining acidity as a function of H*
concentration led to the rapid development of detection and quantification
methods and, eventually, to the invention of the glass electrode pH sensor,
which is still widely used today [4]. A well-known limitation of glass electrodes is
the so-called “sodium error”, where the sensor response becomes non-linear as
it transitions from H* selectivity to Na* selectivity, phenomenon which also
occurs, to a lesser extent, with K* [5,6]. In addition to the sodium error,
Debye, Hickel (and later improvements to their theory) demonstrated that,
in real solutions, ion-ion and ion-solvent interactions result in modified activity of
solution components [6-9]. As a result, complex corrections based on activity
coefficient models such as extended Debye-Hiickel [7] and the Pitzer equations
[10] must be implemented, both of which require precise information about
solution compaosition and physical properties to provide accurate predictions. All
these factors make the implementation of the classic glass electrode as H*
concentration monitoring system very difficult or even impractical, especially in
high ionic strength solutions.

Alternatively, another common method for monitoring H* concentration
is acid-base titration using either chemical or electrochemical methods [11-
14], with the main advantage of enabling precise composition monitoring
through stoichiometry. One such apparatus is the classic pH-stat, which combines
data from a pH sensor with an automated acid/base injection system to
maintain pH at a constant value [15]. Various assembly variants and control
schemes have been proposed in the almost one hundred years since its
invention [11,12,16-19], but the topic receives increased attention especially
in the biology modern literature. The aim of this paper is to design and test
an ion exchange membrane (IEM) based filter-press electrochemical reactor
(FPER) as pH-stat able to function as an acid concentration analyzer for a
HBr/KOH electrosynthesis process. Our previous studies have demonstrated
the possibility of using a four-compartment FPER for the electrosynthesis of
KOH and HBr, with applications in a base metals recycling process from
waste printed circuit boards (WPCBs) [20]. Preliminary process monitoring
results have shown H* activities up to 20 times higher than expected for HBr
in 2 M KBr solutions at most concentrations. In this work the discrepancy between
H* concentration and measured pH was addressed and a more accurate
and reliable real-time acidity monitoring system using a membrane-based
electrochemical pH-stat was developed. To achieve this, first, the pH evolution
was studied in HBr solutions of concentrations between 5:10° M and 5101 M
in KBr of 2:103, 2.102, 2.10* and 2 M. Next, spectroscopic data for Alizarin
Red S (ARS) was acquired, enabling the correlation between its absorption
spectra at 522 and 422 nm with pH, which will serve to validate the glass
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electrode data during pH-stat experiments. Finally, the FPER was tested, and
its passive and active behavior determined. Increasing HBr concentrations
were simulated by varying the molar flow rate of HBr, and its performance
as an acidity monitoring system was evaluated.

RESULTS AND DISCUSSION

pH measurements in KBr solutions

Senanayake [21] proved the complex behavior of proton activity in
HCI + CaCl; and highlighted the numerous factors (ion hydration number,
liquid junction potential between the test solution and the reference solution
inside the sensor, etc.) necessary to establish a reliable correlation between
pH and real acid concentration.
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Figure 1. Correlation between the proton activity factor (yu+) calculated by D-H
(line) and from measured pH values (symbols) and log(Chxsr) (A) and measured
pH and computed pH using the D-H theory (B) for different
concentrations of KBr indicated in inserts.

To determine the effect of these interactions in the HBr/KBr system,
solutions of varying HBr and KBr concentrations were prepared to be used
in controlled addition tests. Base solutions of 2:103, 2:102, 2-101 and 2 M KBr
with 10° M HBr were prepared, while the addition solutions had the same
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concentrations of KBr with 1 M HBr. For the effective addition tests, 25 mL
of base solution were introduced in a mixing cell using a calibrated pipette,
over which 25 mL of addition solution was introduced in pre-calculated volumes
using a calibrated peristaltic pump, resulting in constant KBr concentration and
HBr concentrations ranging from 5-10° M to 5:10 M. Real activity coefficients
were calculated by dividing the proton activity obtained from measured pH and
real H* concentration and compared in Figure 1.A with the theoretical ones
obtained with Debye-Hiickel (D-H) theory. Furthermore, theoretical activity
coefficients were used to compute theoretical pH values, which were plotted
against the measured pH values, presented in Figure 1.B.

The results presented in Figure 1.A indicate that KBr concentration
significantly impacts proton activity, especially at high concentrations. Interestingly,
the calculated activity coefficients for HBr concentrations between 5:10° and
5:102 exceed unity in the lowest ionic strength solutions, in direct contradiction
with D-H. This strange behavior at low H* concentrations can be attributed to
CO; absorbed from the atmosphere, though its effect is negligible at higher
HBr concentrations.

Additionally, it is evident that the D-H theory is insufficient to properly
account for variations in the proton’s activity factor. While D-H provides
reasonable correction at 2, 20, and 200 mM KBr, even small pH errors translate
into large concentration errors, especially in 2 M KBr. This confirms that, without
proper and more complex corrections, glass electrodes are unsuitable for H*
concentration monitoring under the required conditions.

Finally, the extremely large discrepancy between proton activity and
concentration observed in our previous study could not be replicated, suggesting
that the initial discrepancy observed may have been caused by a compromised
pH electrode.

Spectroscopic measurements of Alizarin Red S

To validate the pH measurements obtained from our pH sensor,
ARS was used as a reference pH indicator due to its three distinct colors:
yellow, red, and purple in acidic (pH < 6.3), neutral and highly basic (pH >
9.4) solutions, respectively. Preliminary spectroscopic measurements were
taken by controlled neutralization of HBr + 2 M KBr solutions with varying
acid concentrations using KOH to obtain calibration curves. Example
spectra for ARS under different pH conditions are presented in Figure 2.
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Figure 2. Examples of spectra obtained for ARS at different
pH values during the neutralization tests.

The biggest absorption peaks can be observed around 422 nm under
acidic conditions and 522 nm under basic conditions, with an inverse proportional
relationship between the two. Inagawa et al. [22] proposed a relationship
between pH and absorbance for indicators:

IO M:_ H + pK
g'AHIn,oo"o‘(k) P Pra (1)

where An~ and Aun- represents the absorption of the indicator at the
specific wavelengths in the protonated and deprotonated species, whereas
A(M) represents the absorbance at a given wavelength. In the case of ARS,
the specific wavelengths for the protonated and deprotonated forms are
approximately 422 and 522 nm, respectively, which are also the wavelengths
we study. To eliminate errors resulting from the experimental setup, the ratio
between the absorption at 522 and 422 nm, called Rszz422, Was used instead
of A(A). In turn, the terms Ain« and Axin~ become Ry, and Ruin~ and represent
the ratio between the absorption in the deprotonated and protonated forms
respectively, resulting in the following relationship:
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Riin,e Rs22/422
pH = log —2 227222 4 pK,
Rs22/422-Rin 0 ’ (2

The resulting ratios for the preliminary addition tests are presented in
Figure 3. Optimal values for Ruin= and Rin~ and pKa were obtained by non-linear
fitting using JMP 18 Student Edition software.
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Figure 3. Preliminary calibration curves obtained through controlled neutralization
and the resulting fit for ARS using equation (2).

The resulting pKa value from the fit was 5.48, which is in excellent
agreement with literature data for similar spectroscopic measurements of
ARS [23]. This confirms that, around pH 5, the response of the glass electrode
is accurate, even in high ionic strength solutions.

As can be observed from Figure 3, Ruin~ and R~ represent the left
and right vertical asymptotes of the graph, where Run~ approaches 0 due
to the complete absence of a peak at 522 nm in the protonated form, whereas
Rin is 4.2 due to the large baselines of the surrounding peaks which increase
the absorption value at 422 nm. These neutralization tests demonstrate the
possibility of correlating spectroscopic measurements with real pH values;
thus, Alizarin Red S can be used as a pH reference to validate glass sensor
measurements.
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FPER passive behavior tests

In order to evaluate the passive FPER behavior (without polarization),
four diffusion tests (see experimental section) were performed using 0.1 M
and 1 M KOH as anolyte and catholyte, with results presented in Figure 4.
The time lag between the first three diffusion tests using 1 M KOH can be
attributed to slightly different starting pH values. Due to the fast neutralization
process using 1 M KOH, the behavior of 0.1 M KOH was also evaluated, resulting
in a much slower neutralization speed.
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Figure 4. Results concerning the diffusion tests performed using 1 M and 0.1 M
KOH as anolyte and catholyte: (A) evolution in time of measured pH; (B) the
variation of measured pH in respect with the Rs22/422 ratio.

For the first three diffusion tests the pHmeasured=f(Rs221422) dependency
does not follow the law described by Equation 2; however, the test using
0.1 M KOH fits very well. These unusual results obtained for the 1 M KOH
diffusion tests can be attributed to insufficient mixing by the magnetic stirrer,
which could not operate at high enough rotations per minute (RPM) due to
risk of hitting the sensors. To solve this problem, a shielded electric motor
designed for rotating disk electrodes was used, to which a stirring rod was
attached using a brass collet. For precise control over mixing conditions, the
electric motor was connected to a tachy-processor able to impose rotation
speeds between 10 and 10000 RPM and was operated at 1000 RPM. Under
the new mixing conditions, two diffusion tests were performed using 0.1 M
KOH, and the results are presented in Figure 5. The resulting pH = f(Rs221422)
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correlation curves presented in Figure 5.B overlap perfectly, demonstrating
the efficacy of the new mixing system and the reliability of ARS as a reference
indicator.
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Figure 5. Results concerning the diffusion tests performed using 0.1 M KOH as
anolyte and catholyte using the improved mixing system: (A) evolution in time of
measured pH; (B) the variation of measured pH in respect with the Rs22/422 ratio.

Effectively, the process that took place in the reactor during the diffusion
tests is called Donnan dialysis, where, under the driving force of concentration
gradients (and cross-membrane potentials arising from these gradients), ions
migrate selectively through the IEMs [24,25]. Consequently, the neutralization
speed observed is the result of two main parallel processes: (i) the diffusion
of OH- through the anion exchange membrane (AEM) and the subsequent
neutralization of H*, and (ii) the diffusion of H* through the cation exchange
membrane (CEM) into the electrode compartment and its subsequent
neutralization. To a lesser extent, since the membranes are not perfectly
selective, a small quantity of H* diffused through the AEM into the cathodic
compartment and, on the other side, a small quantity of OH- diffused from
the anodic compartment into the middle one. Additionally, K* and Br- also
migrated into the electrode compartments, thus contaminating the KOH fluxes
with KBr. This is not an issue in our process due to specifics, however;
different implementations must consider these ion diffusion effects when
the reactor is idle.
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The resulting correlation curves were fitted using Equation 2 in JMP
18 Student Edition for all diffusion tests performed using 0.1 M KOH and
the resulting fitted coefficients are presented in Table 1.

Table 1. Fitted coefficients of equation (2) for preliminary controlled additions
and all diffusion tests using KOH 0.1 M

Param. i%';tirt‘i’c')'r‘fsd Test40.1M | Test501M | Test60.IM | ) oo o
) KOH KOH KOH
(Figure 3)
pKa 5.483 5.635 5.707 5.725 5.638
Relin,« 0.039 0.050 0.008 0.045 0.036
Rin 4.227 4.158 4.382 438 4.287

For validation of pH measurements, the averages of all fitted coefficients
will be used. The average pKa value is also within the reported pKa range
for ARS in literature [23].

Manual pH-stat experiments

After the passive behavior of the FPER was determined, the next
step was to observe its behavior under operational conditions. To do this,
50 mL of 0.5 M HBr + 2 M KBr solution dyed with 1 mL of 0.0125 M ARS
was prepared, which results in the same ARS concentration as that in the
FPER. Fresh solutions of 1 M KOH were prepared and introduced in the
buffer tanks of the electrode compartments after which the middle compartment
and its liquid circuits were washed with distilled water then filled with the same
solutions as described previously.

The first manual pH-stat experiment was conducted prior to identifying
the mixing problem and it played a key role in debugging the experimental
setup error. To start the experiment, the anodic compartment (AC) and the
cathodic compartment (CC) were filled with the 1 M KOH solution from the
buffer tanks. The electrodes were polarized, after which varying molar acid flow
rates (Nngr), meant to simulate increasing HBr concentration, were injected
in the reactor. The current was manually adjusted until pH values remained
relatively stable. The evolution of pH, current through the working electrode
(lwe) and Nwugr over the course of the experiment are presented in Figure 6.
Additionally, glass electrode pH data was compared to pH values calculated
from the measured Rsz242, ratio.
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The HBr molar flow rate was adjusted 5 times in equal increments
between 37.5 and 187.5 umol/min of HBr. The pH and spectroscopic
measurements during this pH-stat test are very noisy due to improper
mixing of the solution, which is evident at higher molar flow rates; however,
they are in good agreement with each other.
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t / min
Figure 6. The evolution of Nusr, measured and calculated pH from Rs22/422 ratio,
and current during the first manual pH-stat experiment.

After deploying the new and improved mixer, another manual pH-stat
experiment was conducted. The FPER was set up in the same way as
before, but the CC and AC were filled with 0.1 M KOH. Target pH was around
5, chosen due to the high sensitivity of the calibration curve in that area and
faster response from the glass electrode compared to near-neutral solutions.
Additionally, Nusr was adjusted for times, in equal increments, between 7.5
and 30 pumol/min of HBr. The evolutions of Nug:, pH and Iwe over the course
of the experiment are presented in Figure 7.

Using the improved mixing system, resulting pH values from the
glass electrode and spectroscopic data show excellent agreement, with a
significant reduction in measurement noise. For all acid injection flow rates,
pH consistently stabilized around 5.2, indicating that the imposed current
was sufficient for the complete neutralization of the introduced acid. To
measure the effectiveness of the electrochemical cell as an acid concentration
monitoring system, steady state current (Iss) values were extracted for all
tested Npgr values and are presented in Figure 8.A. Additionally, the real
amount of HBr neutralized, Nugrneuralized, Was calculated using Faraday’s
law and compared against the theoretical value in Figure 8.B.

32



ELECTROCHEMICAL pH-STAT AS ACIDITY MONITORING SYSTEM IN HIGH IONIC STRENGTH
SOLUTIONS. I. DESIGN CHALLENGES AND PRELIMINARY RESULTS

30}
20}

10} | "
of

N / umol/min

Measured pH —— ARS pH I

pH

—=-30L, . . .

0 15 30 45 60
t / min

Figure 7. The evolution of Nuer, measured and calculated pH from Rs22/422 ratio,
and current during the second manual pH-stat experiment.
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Figure 8. Influence of Nuer On steady-state current during both manual pH-stat
tests (A) and calculated neutralized molar fluxes using Faraday'’s law against
theoretical values (B)

Figure 8.A shows that the relationship between Nugr and Iss is very
linear (R? > 0.999) for both pH-stat tests, with a slight difference in slope.
The difference in slope can be attributed to the faster diffusion of KOH
through the IEMs at 1 M since, by extrapolating the data from the second
pH-stat test, we can see that Iss values are consistently lower than when
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using 0.1 M KOH. Figure 8.B indicates that less acid than actually was
neutralized, resulting in current efficiency over 100% for all Npg: tested.
This cannot be true, however, since for pH to remain constant, Npgr and
NHerneutralizes MUst be equal. These conflicting results can be explained by
the imperfect nature of the IEMs. In theory, under the influence of an
electric field, the migration of ions towards the electrodes should account
for the vast majority of mass transport through the membranes. However,
Ozkul et al. [26] have shown that convection can represent up to 35% of the
total ion flux through the membrane. Membrane charge density also plays a
very important role in the ion selectivity of the membrane. Consequently,
low charge density membranes induce significant membrane co-ion fluxes,
negatively impacting ion selectivity [27,28]. The cumulative effect of these
phenomena is constant, systematic and specific for a given system, meaning
that it can be accounted for with periodic calibration of the FPER.

CONCLUSIONS

This study successfully elucidated the observed extremely large
proton activity factor in the HBr + KBr system, simultaneously demonstrating
the infeasibility of implementing glass electrode pH sensors as standalone
H* concentration monitoring systems. Pertinent Alizarin Red S spectroscopic
data was acquired, which enabled the obtaining of pH=Ff(R) correlation curves
that served to validate glass electrode pH data. A filter-press electrochemical
reactor using an anion exchange membrane and a cation exchange membrane
was built and tested under passive and polarized conditions, which allowed
for the identification and correction of design flaws. Two manual pH-stat
tests were conducted by varying applied current for different acid injection
flow rates, simulating real increase of HBr concentration during electrosynthesis,
better results being obtained using the improved mixing system. FPER
based pH-stat performance as an acidity monitoring system was evaluated,
resulting in a very linear relationship between acid molar flow rate and
steady state current. The discrepancy between the introduced acid molar
flow rate and that neutralized calculated using Faraday’s law was explained
by imperfect membrane behavior. Further studies should focus on implementing
PID (Proportional, Integral and Derivative) control of the system, acquiring
more lss=f(Nugr) data and optimizing the reactor design.

34



ELECTROCHEMICAL pH-STAT AS ACIDITY MONITORING SYSTEM IN HIGH IONIC STRENGTH
SOLUTIONS. I. DESIGN CHALLENGES AND PRELIMINARY RESULTS

EXPERIMENTAL SETUP

Chemicals

All chemicals used were of analytical grade (p >99%). Solid KOH
and KBr used in the preparation of all solutions containing these substances
were purchased from Merck, Germany. HBr 48% from Merck, Germany
was used for the preparation of stock HBr 2 M solution which was used for
the preparation of all other solutions containing HBr. Standard buffer solutions
HI 5007 of pH 7.01 and HI 5002 of pH 2.00 were purchased from Hanna
Instruments, Romania and used for periodic calibration of the pH sensor.
Alizarin Red S used for the preparation of stock 0.0125 M solution was also
purchased from Merck, Germany. Double distilled water from a lab-grade
distillation system was used for the preparation of all solutions in this study.

Filter press electrochemical reactor design

To neutralize the introduced acid, a three-compartment filter press
electrochemical reactor equipped with an AEM, a CEM and two nickel
electrodes was deployed. The electrochemical reaction taking place in the
electrode compartments is water electrolysis in basic conditions. A detailed
schematic of the reactor design is presented in Figure 9.

Figure 9. Detailed schematic of the
initial FPER based pH-stat design.
1,15 — Pressing caps; 2,16 — Ni
electrodes; 3,5,6,11,12,14 — Rubber
O-rings; 4,13 — AC and CC spacers;
7 — Acid injection tube; 8,9 — AC
and CC inlets; 10 — Magnetic stirrer;
17 - CEM; 18 — AEM; 19 — Z-cell
inlet; 20-21 — AC and CC oultlets;
22 — Overflow; 23 — Z-cell outlet
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The reactor was assembled and pressed between two metal plates
using screws. To ensure all the compartments are watertight, the screws
were slowly tightened over the course of a few days to allow the O-rings to
deform and maintain a good seal. Although not shown on the schematic, a
glass electrode pH sensor and an LM35 temperature sensor connected to
data acquisition hardware were placed in the middle compartment. The
reactor was primed by filling the middle compartment with water and the
electrode compartments with 1 M KOH to allow the membranes to swell
and to exchange counter-ions.

Equipment

The following commercial equipment was used: one SP10T pH/T
combined sensor (Consort, Belgium), one LM35 semiconductor-based
temperature sensor, two Reglo Digital MS-2/8 peristaltic pumps called PP1
and PP2 (ISMATECH, Switzerland), one Reglo Analog MS-2/8 peristaltic
pump called PP3 (ISMATECH, Switzerland), one NI PCI-6259M data
acquisition board (National Instruments, USA) inside of a pre-built computer,
one analogical tachy-processor (Radiometer Analytical, France), one DXC236
potentiostat/galvanostat (P/G-stat) (Datronix Computers, Romania). For
spectrometric measurements, one USB-4000 modular UV-VIS diode array
spectrophotometer, two QP600-025-SR UV optical fibers, a FIA-Z-SMA-PEEK
flow spectrophotometric cell with 10 mm optical path, a UV-VIS-NIR DT-MINI-
2-GS light source, all from Ocean Optics (USA) were used. The AEM and
CEM used in the reactor are a FUMASEP FAB-PK-130 (FUMATECH BWT
GmbH, Germany) and a Nafion 423 (DuPont, France) respectively. Several
pieces of proprietary equipment and software developed by Author S.-A.
Dorneanu were also used.

Experimental setup

A simplified scheme of the experimental setup used during the diffusion
and manual pH-stat tests is presented in Figure 10. The main elements are
the FPER, the optical setup, the data acquisition and signal generation
equipment and the pumps vehiculating liquids inside their circuits.

The catholyte and anolyte tanks (TC and TA) contained the 1 M or
0.1 M KOH solutions pumped in the electrode compartments. The THA
tank contains the HBr + KBr + ARS solution which was injected into the
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middle compartment and all collected liquid which reached the overflow
was directed in the waste tank (TW). The pH and temperature sensors were
connected via a proprietary equipment to the data acquisition system.

The FPER electrodes were connected to the working electrode
(WE) and the counter electrode (CE) terminals of the P/G-stat, respectively.
Silver wires, serving as reference electrodes, were introduced in the inlets
of the electrode compartment and were connected to the REF1 and REF2
terminals of the P/G-stat. Initial experimental setup did not have the Mixer
element, instead a teflon magnetic rod was used for stirring using the magnetic
stirrer below. Later, the magnetic rod was removed and replaced by the Mixer
pictured below, which was connected to the tachy-processor, for which the
speed was set manually.

pH & T sensors
| EquipmentforpH& T |
| _|Mixer acquisition
TACHY-PROCESSOR
I 1 01000 RPM
TC
- HposTe @
L1 ! [PIG-STAT REF1REF2| |
FPER_L_ DXC236 | we cE @ @
== | S— X A -
TA PP1 : '
L 22N
T~ PP2
ﬁL’ PP3 — -~y
THA PC with DAQB [~
ﬁ X | -
W Q : ’ =
DLS USB-4000

Figure 10. Experimental setup used for the diffusion and manual pH-stat tests:
TC - Catholyte Tank; TA — Anolyte Tank; THA — HBr + ARS tank; TW — Waste
Tank; PP — Peristaltic pump; MS — Magnetic Stirrer; DLS — Deuterium-Tungsten
light source; UV OF — Ultra-violet optical fiber; FPER — filter press electrochemical
reactor; P/G-STAT — potentiostat/galvanostat; PC with DAQB — PC with data
acquisition board.

37



GABRIELE-MARIO BOGDAN, SORIN-AUREL DORNEANU

Though not shown on the schematic, the pumps, magnetic stirrer (and
later tachogenerator) and light source were controlled by the computer
through user input. Pump PP1 vehiculated the KOH solutions through the
electrode compartments and pump PP2 completed the liquid circuit of the
optical setup. Pump PP3 had a calibrated 1.5 mL/min tube which was used
for acid addition and another tube of higher flow rate (20 mL/min) evacuating
liquid from the overflow. For the initial standard addition tests of acid into ARS,
PP1 was disconnected and the FPER was replaced with a simple mixing cell.

At the start of all FPER experiments, 36 mL of KBr 2 M and 0.7 mL
of ARS 0.0125 M are added to the middle compartment of the reactor. TC
and TA are filled with KOH solution and PP1 is run continuously over the
course of the experiments. The HBr + KBr solutions used for addition were
prepared in a 50 mL volumetric flask by adding appropriate volumes of stock
KBr and HBr solutions and 1 mL of ARS 0.0125 M, resulting in approximately
equal ARS concentrations for both addition and FPER solutions, thus
avoiding the influence of indicator dilution. For diffusion tests, acid is added
using PP2 until the desired pH is reached, after which it's stopped, and pH
is monitored under no polarization. For pH-stat tests, pump PP2 is run
continuously, and different currents are imposed by the P/G-stat through
computer command. Current is manually adjusted until pH values stabilize.

Because of the complex behavior of proton activity and glass electrodes
in high ionic strength solutions, we need to corroborate observed pH values
using another method which functions on separate principles. Consequently,
ARS was used as a witness pH indicator to validate pH values obtained by
the glass electrode.
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STUDY OF ELECTROCHEMICAL BEHAVIOR OF VI-B
GROUP METAL OXIDES IN TUNGSTATE MELT
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Virgil CONSTANTIN®P*

ABSTRACT. Thermodynamic assessment of the probability of interaction of
metal oxides of group VI-B with tungstate melts, the results of the study of the
acid-base properties of tungstate melt by potentiometric method. Analysis of
the presented experimental data on the study of the electrochemical behavior
of chromium, molybdenum and tungsten under equilibrium and non-equilibrium
conditions allows us to conclude that it is possible to implement multi-electron
reversible equilibria and electroreduction processes involving oxide forms of
chromium, molybdenum and tungsten (VI) in tungstate melts. The mechanism
and final product of electroreduction of oxide forms of metal (VI) depend on the
acid-base properties of the medium. By setting the latter, it is possible to control
the electrode process.

Keywords: VI-B group metals, thermodynamic assessment, electrochemical
behavior, multielectron processes.

INTRODUCTION

Melts based on tungstates of alkali and alkaline-earth metals are
practically important for the production of VI-B group metals in the form of
dispersed powders [1-5] and coatings [1, 4, 6-9], of alloys and intermetallics
[9-11], of oxides and bronzes of various stoichiometric compositions [1, 12, 13],
as well as for the synthesis of compounds with nonmetals (carbides, borides,
silicides, phosphides, sulfides) [13-16]. The composition of cathode precipitates
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in these melts is largely determined by the acid-base properties of the melts
[17-20]. As compounds influencing the acidity basicity) of tungstate melts,
particularly VI-B group metal oxides can be used, which can act not only as
acceptors of oxygen ions, but also as components in the electrochemical
production of metals and in the synthesis of their compounds.

Statement of the problem. The aim of the work is to study the
electrochemical behavior of VI-B group metal oxides in tungstate melts and to
identify the possibility of the existence of equilibria involving VI-B group metal
electrodes. Achieving this goal will make it possible to control the acid-base
properties of melts and to use the results of studies of the electrochemical
behavior of VI-B metal oxides in tungstate melts for the practical
implementation of electrodeposition of VI-B metals and their compounds.

RESULTS AND DISCUSSION

1. Thermodynamic assessment of the probability of interaction of
group VI-B metal oxides with tungstate melts. The literature contains
virtually no information on the chemical interactions of tungstate melts with
group VI-B metal oxides. We performed thermodynamic calculations of possible
reactions of interaction of these oxides with sodium tungstate (Table 1). It
can be seen that chromium (VI), molybdenum (VI), and tungsten (VI) oxides
are likely to interact with these melts to form dimeric compounds. Although the
performed thermodynamic calculations suggest only the possibility of reactions
for tungstate melts, they can be quite useful in explaining the model of the ionic
composition of the melt. According to the calculations, the most energetically
beneficial reactions are those involving the formation of ditungstate compounds.

Table 1. Temperature dependence of the standard free energy AG°r of the interactions
of sodium tungstate with oxygen-containing group VI-B elements compounds.

Nr. Reactions AG°T, kJ
298 K 900 K 1000 K 1100 K 1200 K

1. 2NaWQOa4 + 2CrOz = -131.37 -409.81 -365.01 -320.62 -284.88
Na2Cr207 + Na2W207

2. 2NaxWO4 + CrOs = -79.73 -234.25 -211.19 -109.51 -165.81
Naz2CrO4 + Na2W207

3. Na:WOa4 + MoO3 = -44.35 -563.51 -47.49 -43.60 -37.74
NazMoO4 + Na2W207

4, 2Na2WO04 + 2M0o0O3 = -79.91 -94.77 -83.68 -70.12 -57.32
NazMo0207 + Na2W-207

5. NazWO4 + WO3 = -23.26 -32.30 -27.03 -23.93 -22.68
Na2W207
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2. Study of tungstate melt acid-base properties by methods of
potentiometry of cooled samples. To explain the experimental dependences
of the tungstate melts behavior under equilibrium and nonequilibrium conditions,
the following model of the ionic composition of such melts can be proposed,
considering oxygen-containing compounds as conjugated acids-bases. It is
assumed that in the Na;WO4 melt, the ions Na*, (WQO4)?%, (W.07)%, and (0)*
are predominantly present, which are in equilibrium with each other. So, this
can be considered as molten polytungstate electrolyte of the composition
2Na* + (WhO2n+1)%, where n > 1. The shift in interionic equilibria in such melt can
be explained by a “guasi-chemical” approach. When chromium, molybdenum,
and tungsten oxides are added to the tungstate melt, the following reactions
are possible (Table 1): for CrOs - (1) and (2), MoOs - (3) and (4), WOs - (5). To
study changes in the oxygen ions activity in such melts, electrochemical cells
with oxygen electrodes can be used:

(-)Pt|02|(1 - n) N8.2WO4-M03|B-A|203|0.8 Na,WO,-0.2 WOlezlPt(+), (1)

where M = Cr, Mo, or W. In this case, one of the electrodes is semi-immersed
into a stable-composition melt with known oxygen ions activity. The study was
carried out in air at a constant oxygen partial pressure above the melt (P(O,) =
21.3 kPa). The diffusion potential value between the studied melt and
the reference electrode melt was negligible and, according to calculations, did
not exceed 3:10°2 V (since alkali metal cations play a major role in the
current transfer process [21, 22]. Therefore, the oxygen electrode potential
is practically determined by the ratio of the oxygen ions activities in the studied
melt and in the reference electrode melt. At low concentrations of oxygen ion
acceptors, the tungstate melt consists mainly of Na+, (WO4)%, (W-07)%, and
(O)% ions. At a high acceptors concentration, it is also necessary to take into
account the presence of (W3010)?%, (W4013)%, and other more complex particles.

From the dependence of the equilibrium potential of the oxygen
electrode on the concentrations of group VI-B metal oxides (Fig. 1), it follows
that its value shifts to the positive region when the oxides are introduced into the
tungstate melt. Thus, these oxides are oxygen ions acceptors. Such a course of
dependencies can be explained by considering oxygen-containing compounds
as conjugated acids-bases. There is an equilibrium in the tungstate melt:

2 (WO4)* > (W207)* +(O)* )
with an equilibrium constant (K):

N

_ gwory
EW,07 fgO™

3)
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When CrOs, MoOg3, or WO;3 oxides are added to the sodium tungstate
melt, dichromate, dimolybdate, and ditungstate ions can also be formed
according to reactions (1), (4), and (5), respectively.
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Figure 1. Equilibrium potentials of the oxygen electrode when metal oxides of
group VI-B are introduced into the sodium tungstate melt: 1 - Cr20s3; 2 - M0Os;
3-WOs3; T=1173 K.

3. Electroreduction of chromium (VI), molybdenum (VI) and
tungsten (VI) oxides on the background of tungstate melt. In the stationary
and non-stationary voltammetric dependences (Figs. 2a and 2b) of the
tungstate melt containing group VI-B metal oxides with an oxidation degree of
metal equal to +6, a reduction wave was observed at potentials from -0.7 V to -
1.0 V for CrOs, from -0.9 V to -1.2 V for MoOs, and from -1.1 V to -1.3 V for
WOQOs. At concentrations of MoOz and WO3; of around (3+6)x10“ mol/cm?, the
main wave is preceded by an alloying wave. The possibility of the existence of
intermetallics is confirmed by data [23]. At higher oxides concentrations, the
alloying wave disappears, because the potential of the main process becomes
more positive. In the case of addition of CrO; to the tungstate melt, the alloying
wave is not observed, since in this case the electroreduction product is
chromium (Ill) oxide rather than chromium metal. An increase in the
concentration of all three oxides leads to an increase in the wave height and its
shift to the positive potentials region. In this case, the transformation of the
extended wave into a sickle-like one is observed. The reduction process
occurs in one stage. Increasing the scan rate up to 10 V/s does not allow
one to detect the process stages sequence.
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Figure 2. Stationary voltammetric dependences of the melt containing

a) MOs (M: Cr, Mo, W); 1 - Na2WO4 background; 2, 5 - CrOz addition [CrOs]:
4-10* mol/cm?®, 9-10* mol/cm?; 3, 6 - MoOs addition [MoOs3]: 4-10* mol/cm?,
9-10* molicm?; (4, 7) - WOs addition, [WOg3]: 4-10* mol/cm?, 9-10* mol/cm?;
T = 1173 K, working electrode - platinum, scan rate - 0.02 V/s;

b) Na2WOs melt; 1 - Na2WOs background; 2, 5 - CrOs addition; [CrOs]:
6-10* mol/cm3, 1-10 mol/cm?3; 3, 6 - MoOs addition [MoOz]: 6-10* mol/cm?,
1-10® mol/cm?; 4, 7 - WOz addition, [WOs]: 6-10* mol/cm?, 1-10 mol/cm?;
T = 1173 K, cathode - platinum, scan rate - 1.0 V/s.

Potentiostatic electrolysis at the observed wave potentials reveals the
following products: in the case of CrOs - Cr.O3 oxide powder within the entire
studied concentration range. This is confirmed by further calculations of the
number of electrons for electrochemical processes that occur at platinum and
chromium electrodes. In the case of WO; - metallic tungsten up to WOs
concentrations 20 mol %, and in the case of MoO3 - metallic molybdenum
up to MoOs; concentrations 4 mol %. If the concentration limits are exceeded,
the electrolysis products are tungsten and molybdenum dioxides, respectively.

The peak current dependences on the oxide concentration at different
scan rates are characterized by a directly proportional current increase with the
oxide concentration change (Fig. 3). The ratio ip/v*? values from dependences
of i/v¥2 on v¥2 remain practically constant within a wide range of scan rates
from 0.04 up to 2.00 V/s (Fig. 4). The mass transfer constants i,/nFc for
stationary waves (calculated within the range of MOs; (M = Mo, W)
concentrations (5+15)x10“ mol/cm3) are (0.73+2.23)x10* cm/s and are
commensurate with those for diffusion delivery. The direct proportional
dependence of the limiting current on the metal (VI) oxide concentration, the
constancy of the i/V? ratio values within a wide scan rates range, as well as
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the ip/nFc ratio value, indicate that the electrode process is limited by the
diffusion of electroactive particles to the electrode surface. So, under these
polarization regimes, the electroactive particles formation rate does not impose
restrictions on the electrode process.
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Figure 3. Peak current density dependence on the concentration of MOz (M = Mo, W)
at different scan rates. 1 - MoO3, 0.02 V/s; 2 - WOs3, 0.02 V/s; 3 - Cr203, 0.02 V/s;
4 - MoOg3, 0.50 V/s; 5 - WOs3, 0.50 V/s; 6 - Cr203, 0.50 V/s; 7 - MoO3, 1.00 V/s;
8-WO0O3, 1.00 V/s; 9 - Cr203, 1.00 V/s; 10 - Mo0Os, 5.00 V/s;
11 -WOs3, 5.00 V/s; 12 - Cr203, 5.00 V/s; T = 1173 K.
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Figure 4. Dependence of ip/v¥? on v¥2for the electroreduction process of chromium,
molybdenum, and tungsten containing ions at [MOs]x10%, mol/cm?: (1-3) - 7.0;
(4-6) - 8.0; (7-9) - 10.0; (10-12) - 12.0; (1, 4, 7, 10) - MoOs; (2, 5, 8, 11) - WO3;
(3,6,9,12) - CrOs. T = 1173 K, cathode - platinum, scan rate - 1.0 V/s
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The mechanism of electroactive particles formation becomes clear if
we proceed from the concept of the existence of acid-base equilibria in
tungstate melts. The decrease in the activity of oxygen ions when MOs3 is
added to the tungstate melt is evident in the dependences of the equilibrium
potentials of the oxygen electrode (Fig. 1). The addition of MO3 shifts this
electrode potential toward positive values, i.e., reduces the oxygen ions
activity in the melt. The sodium tungstate melt is quite stable and can be used
as a background solvent for the electroreduction of chromium (molybdenum,
tungsten) (VI) oxide forms. The first additions of MO lead to the formation
of predominantly monomeric (MO.)? ions; the concentration of dimeric
(M207)% ions is negligible. Monomeric forms exhibit electrochemical activity
at potentials comparable to the background electrolyte decomposition potential.
The further MO? addition leads to an increase in the concentration of dimeric
(M207)% ions which exhibit electrochemical activity at much more positive
potentials.

These ideas are also confirmed by our thermodynamic calculations of
possible reactions of MO3 oxides with sodium tungstate (sodium molybdate).
In the case of metal deposition, the electrode process can be summarized as
follows:

(M207)% + 66 <=M + (MO4)% + 3(0)%;
or, taking into account the subsequent rapid chemical ionic reaction,
(0)* + (Mz07)* > (2MO4)*;
the gross equation of the electrode process will be as follows:
4(M207)* + 6e” > M + 7(MO4)?. (4)

In the case of metal (IV) oxide deposition, these equations can be
written as follows:

(M207)% + 2e" <> MO2 + (MOg)% + (0O)?,
(0)* + (M207)* <> 2(MO4)?,
2(M207)% + 2€" <> MO; + 3(MOJ)?. (5)

In the case of metal (lll) oxide deposition, these equations take the
following form:

(M207)2' + 6e «— M,O3 + 4(0)2',
(0)* + (M207)* > 2(MO4),
5(M207)% + 6" > M203 + 8(MO,)%. (6)
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To clarify the nature of the charge transfer stage (4)-(6), and to
determine the number of electrons transferred in the electrode process, the
stationary voltammetric dependences obtained at platinum electrodes were
analyzed in the semilogarithmic coordinate system E-Ig(i¢-i). The sickle-like
shape of the stationary waves necessitates the use of the Kolthoff-Lingane
eguation. The composition of electrolysis products was studied by measuring
the concentration in mol%. The slope of the E-Ig(is-i) dependences for
different CrOs concentrations is 39-42 mV, and the value of n = 5.8-6.1
(Fig. 5a). The theoretical value of the slope for the six-electron reversible
reaction is 39 mV.

The slopes of E-Ig(is-i) dependences for MoOz concentrations up to
4 mol % are 37-44 mV, and the values of n = 5.3-6.2. At the concentration
of MoO3; above 4 mol %, the slope of this dependence is 105-128 mV, and
the value of n = 1.8-2.1 (Fig. 5b).

A polarization rate of 2 mV-s corresponds to steady-state conditions.
At such values, it is advisable to use the Kolthoff-Lingane equation (Table 2).

Table 2. The number of electrons transported in the electrode process
of MoOs electroreduction in the Na2WO4 melt.

C(M00Q3)-10*, mol-cm- AE/Ig(ig-i) n
1.0 0.038 6.1
2.0 0.039 5.9
4.0 0.042 5.5
6.0 0.105 2.2
8.0 0.117 2.0
9.0 0.112 2.1
11.0 0.120 1.9
13.0 0.125 1.9
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Figure 5. Analysis of steady-state voltammetric dependences in the semilogarithmic
coordinate system. Scan rate - 2 mV/s; T = 1173 K; cathode - platinum;
a) [CrOs] = 2.5 moal %; b) [MoOs] = 3 mol %; c) [WO3] = 2.5 mol %.
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The theoretical slope value for the two-electron reversible reaction is
112 mV. The slope of the E-Ig(i¢-i) dependences for different concentrations
of WOs; is 38-45 mV, and the value of n = 5.5-6.2 (Fig. 5¢). The coincidence
of the slopes determined from the experimental data with the theoretical
ones indicates the reversible nature of the charge transfer stages (4)-(6).

The reversible nature of the charge transfer stages also follows from
the experimental results obtained.

The deposition potential and the half-wave potential do not depend
on the scan rate up to 0.2-0.5 V/s (Fig. 6a). Deposition potential is the
electrode potential at which the deposition of the electrolysis product on the
electrode surface begins.

The number of electrons involved in the electrode process was also
determined from the half-width of the non-stationary voltammetric dependences.
For different CrOs concentrations, and for scan rates within 0.05-0.2 V/s
range, n = 5.7-6.2. For MoOg3 concentrations up to 4 mol %, n = 5.7-6.0,
and for concentrations above 4 mol % - 1.7-2.0. In the case of WQOs;, for
different concentrations, n = 5.7-6.1.
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Figure 6. a) Dependence of the half-wave potential on the scan rate at [MOs]x 104,
mol/cm?: (1,4,7) -14.0; (2,5,8) - 12.0; (3,6,9) - 10.0; (1-3) - CrOs additive;
(4-6) - M0oOs; (7-9) - WOs3;

b) Dependence of the peak current on the scan rate at [MO3]x10%, mol/cm?3:
(1-3) - 6.0; (4-6) - 8.0; (7-9) - 12.0; (1, 4, 7) - MoOz addition; (2, 5, 8) - WO3
addition; (3, 6, 9) - CrOz addition.

4. Electrochemical behavior of group VI-B metals in tungstate
melts. The group VI-B metals were chosen as electrode materials for the study
of multi-electron equilibria and processes. During the study of electroreduction
of oxide forms of chromium (molybdenum, tungsten) (VI) on the background of
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a tungstate melt, the possibility of the following electrode reactions occurrence
was revealed: (4) metal deposition; (5) metal (IV) oxide deposition; (6) metal
(1l1) oxide deposition. To confirm the occurrence of reactions (4) - (6), the
electrochemical behavior of chromium (molybdenum, tungsten) electrodes
under equilibrium and stationary conditions at a low (2-10 mV/s) scan rate
at the same material electrode was studied.

The main method of investigation under equilibrium conditions was
potentiometry. For this purpose, we chose the following electrochemical
circuits:

Cr | (1 - X) Na,WO, - xCrO3 ” Na,WO4 -0.2WO03 | O | Pt, (7)
Mo | (1 - x) Na;WO, - XMoOs || Na;WO, -0.2WO3 | Oz | Pt,  (8)
w | (l - X) N612WO4 - XW03 ” N{:12WO4 -0.2W03 | Oz | Pt. (9)

The EMFs of circuits (7)-(9) were measured in the range of MOs
concentrations 0.5+15 mol % (Fig. 7). The indicator electrodes were chromium
(molybdenum, tungsten) polycrystalline rods of the “reagent” grade suspended
on a platinum wire. The measurement procedure was similar to that for
platinum-oxygen electrodes

Corrosion studies of chromium (molybdenum, tungsten) have revealed
corrosion of metals in melts containing small additives of MOs. This may be
why it is not possible to obtain reproducible EMF measuring results at x < 0.5
mol % MOzs. The expressions for the potentials of metal and oxide electrodes
in accordance with (4)-(6) can be written as follows:

L 23T [M,057]*

E=E° 10
& CMIMO: T 4o
in the case of melt-metal equilibrium;
2-12
E=p04 2.3RTIg [M,0; ]2_ : (11)
2F " [MO,][MO; ]
in the case of melt equilibrium with MO; oxide;
2-15
E=p4+ 2.3RTI [M,077] (12)

6F " [M,0,][MO;

in the case of equilibrium of the melt with oxide M2Os. The calculation of the
number of electrons per one electrochemically active particle, calculated
from the pre-logarithmic dependence coefficient dE/dIg[MO3] (Fig. 7), showed
compliance with the six-electron equilibrium for the MoOs; concentration
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range 1+4 mol %, and for CrO3; and WO3; — 1+15 mol %. The values of E for
the corresponding current density values are taken from the experimental
dependences in Fig. 8. The two-electron equilibrium corresponds to the
MoOs concentration range 4+15 mol %. Electrode reactions (4), (5), and
(6) correspond to these values of “n”. Melts Na;,WO, - (1+15) mol % CrOs
are in equilibrium with chromium (lll) oxide. Melts Na;WQ, - (1+4 mol %)
MoOs are in equilibrium with metallic molybdenum, and Na;WO,4 — (4+15
mol %) MoOz — with MoO; oxide. Metallic tungsten is in equilibrium with
melts Na;WOs - (1+15) mol % WOs.
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Figure 7. Dependences of the equilibrium potentials of chromium (1, 4),
molybdenum (2, 5), and tungsten (3, 6) electrodes on the concentration of
the respective oxides in ordinary (1-3) and logarithmic (4-6) coordinates.

The concentration dependences of the equilibrium potentials (4)-(6)
are well described by the Nernst equations.

To clarify the nature of the charge transfer stages (4)-(6) for these
conditions and to determine the number of electrons transferred in the
electrode process, the stationary voltammetric dependences were analyzed
in the semilogarithmic coordinate system E-lg(i¢-i). The pre-logarithmic
coefficients of the E-Ig(i¢-i) dependence for the CrOs concentrations 1+15
mol %, MoOs; — 1+4 mol %, and WO3; — 1+15 mol. % correspond to reactions
involving six electrons (Fig. 8). For the MoOs; concentrations 4+15 mol %, the
pre-logarithmic coefficient corresponds to the reaction involving two electrons.
The good agreement of the coefficients determined from the experimental
data with the theoretical ones indicates the reversible nature of the charge
transfer stages (4)-(6).
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Figure 8. Steady-state voltammetric dependences (1-3) and their analysis in

the semilogarithmic coordinate system (4-6). Scan rate =2 mV/s, T = 1173 K;

1,4 — Cr cathode, [CrOs] = 3.5 mol %; 2,5 — Mo cathode, [MoO3] = 2.5 mol %;
3,6 — W cathode, [WOs] = 2.0 mol %.

Galvano- and potentiostatic electrolysis at CrO3z concentrations 1+15
mol % reveals Cr,0s3, at concentrations of 1+4 mol % MoO3z; — molybdenum,
and at higher concentrations of MoO3; — molybdenum dioxide. Tungsten is
the only product of the electrolysis of systems Na;WO, - (1+15) mol % WOs.

CONCLUSIONS

1.The analysis of the present experimental data allows to conclude
that multi-electron reversible equilibria involving oxide forms of chromium,
molybdenum, and tungsten (VI) can be realized in a sodium tungstate melt.

2.The mechanism and the final product of the electroreduction of
metal (VI) oxide forms depend on the acid-base properties of the medium.
By setting the latter, the electrode process can be controlled.

3.0f particular note is the uniqueness of the electrode equilibrium
involving six electrons at a certain melt basicity.

EXPERIMENTAL SECTION

The study of electrochemical behavior of VI-B group metal oxides in
the tungstate melt includes thermodynamic substantiation of the interaction
of VI-B group metal oxides with this melt and study of acid-base properties
of the tungstate melt by potentiometric method.
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The probability of possible interactions between VI-B group metal
oxides and sodium tungstate was estimated over a wide temperature range
based on the calculations of the change in the standard Gibbs energy (AGr).
To calculate AGr, the literature values of the thermodynamic values of the
compounds under consideration were used [24, 25].

For potentiometric studies, the melt Na;WO4-0.2 mol % WO3; was
chosen as the electrolyte for platinum-oxygen (Pt/O,) reference electrode in
the tungstate melts. The excess of oxygen ion acceptor in it contributes to
the oxygen electrode potential stability, which is necessary for the reference
electrode functioning. The design of Pt/O, reference electrodes of similar
composition with a B-Al.O; membrane, the rationale for their use, as well as
the method for measuring the equilibrium potentials of Pt/O, electrodes,
were described in [26, 27].

Na,WO. was selected as the background melt for studying the
electrochemical behavior of oxide forms of Group VI B metals. To prepare
it, sodium tungstate of the “Reagent” brand was dried at a temperature of
423-473 K for 10-12 hours. It was then calcined at a temperature of 773-
873 K for 3-4 hours. The quality of the background melt was determined by
measuring the residual voltammetric currents. Their low value at a potential
significantly more negative than that of the platinum-oxygen electrode (6
mA/cm? at -1.6 V) indicated sufficient purity and suitability for electrochemical
measurements. The purity of the background melt was also checked using
emission IR spectra. The absence of characteristic bands in the spectrum
of the solidified melt meant the absence of impurities.

Metal oxides (VI) of group VI B of the “Reagent” brands were pre-
dried at a temperature of 423-473 K for 5-6 hours, and then calcined at 673-
773 Kfor 2-3 hours.

Equilibrium electrode potentials were measured using a SHCH-
68003 digital voltmeter. The established value was taken as the one that
did not change by +0.05 unit within 1 hour. Steady-state and transient volt-
ampere dependencies were obtained using a PI-50.1 pulse potentiostat.
Stationary dependencies were recorded with a two-coordinate recorder
PDP-4, and non-stationary ones with an oscilloscope OWON SDS-1022.

A high-temperature cell made of quartz was used to perform
electrochemical measurements. A platinum-oxygen electrode was used as
a reference electrode, which was a platinum wire with a diameter of 1 mm,
half-immersed in a melt of Na;WO,4 — 20 mol. WOs. The electrolyte of the
reference electrode was separated from the electrolyte under study by an
alundum tube with a diameter of 6-8 mm, which acted as a diaphragm. The
wall thickness of the tube was 0.5-1 mm. The open end of the tube was
connected to the atmosphere. Measurements were carried out in an air
atmosphere (p(0-) 21.3 kPa.
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The electrodes used in electrochemical measurements were platinum,
chromium, molybdenum, and tungsten wires with a diameter of 0.5-1 mm
immersed in the melt. Platinum crucibles served as containers for the melt.

Automatic temperature control with a KVP-1 electronic potentiometer
made it possible to maintain the melt temperature with an accuracy of + 2.5 K.

The electrochemical behavior of group VI-B metal oxides in tungstate
melt was studied in the range of scan rates 0.02-5.00 V/s using platinum
electrodes at a temperature 1173 K, and using electrodes made of group
VI-B metals at a scan rate 2 mV/s and a temperature 1173 K.

Diagnostics and estimation of the kinetic parameters of the electrode
process were performed based on the theory of stationary and nonstationary
electrode processes.
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EFFICIENCY ANALYSIS OF SOME ZEOLITE MEDIA IN
THE TREATMENT OF TECHNOLOGICAL WASTEWATER
IN AGRO-ZOOTECHNICAL UNITS

Sebastian lonut OGNEAN?"“, Emilia Valentina PANTEADP" @
Valer MICLE®", Daria-Maria-Ecaterina FENESAN®

ABSTRACT. The present study aimed to evaluate the efficacy of two
filtration media—Rupea natural zeolite (ZNR) and Turbidex—in reducing
the pollutant load of wastewater from agro-zootechnical units. Both media
were tested under identical operational conditions to explore their potential
for sustainable wastewater valorization with minimal environmental impact.
Results showed that ZNR exhibited higher adsorption rates for nitrites, nitrates,
and ammonium, whereas Turbidex achieved greater retention for COD, total
suspended solids (TSS), and turbidity. Filtration through both zeolitic media
effectively reduced microbial loads, as indicated by the elimination of coliform
bacteria and enterococci, along with a significant decrease in heterotrophic
plate counts at 22°C and 37°C. These findings demonstrate the potential of
small-scale zeolite filtration systems as eco-friendly solutions for agro -
zootechnical wastewater treatment.

Keywords: adsorption, clinoptilolite, ZNR (natural zeolite from Rupea),
Turbidex, wastewater
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INTRODUCTION

Economic and urban development have increasingly intensified
pressures on freshwater resources, resulting in a progressive decline in water
availability and posing significant risks to human, economic, and environmental
security [1-3]. The protection and sustainable management of natural
freshwater reserves remain critical challenges, particularly in rural areas lacking
access to potable water, where agricultural activities depend on reliable
water supplies [2—-4]. The Water Framework Directive (WFD) underscores
the importance of maintaining water quality at both national and European
scales, not only for environmental protection but also to support water-intensive
sectors such as agriculture. Data from the WFD further demonstrate the
substantial impact of agricultural practices on the deterioration of water quality,
with uncontrolled wastewater discharge from small-scale agricultural units
emerging as a major threat to surface water resources [4]. The increasing
scarcity of freshwater resources underscores the need to explore alternative
water sources, including the reuse of wastewater for irrigation [5]. Recent
studies highlight that the integration of sustainable technologies and smart
monitoring tools in agricultural practices constitutes a forward-looking approach
to wastewater management and water resource protection. [6,7].

International research emphasizes the adoption of environmentally
friendly materials capable of supporting innovative wastewater treatment
technologies. In this context, ecological filter media have emerged as a viable
alternative for managing wastewater from small agro-zootechnical units [8].
Zeolites have attracted significant attention due to their ability to remove both
organic and inorganic pollutants from wastewater.

Their effectiveness is attributed to their crystalline and microporous
structure, large surface area, uniform pore distribution, high stability, rapid
adsorption - desorption kinetics and low energy consumption for regeneration
[9-16].

Zeolites such as clinoptilolite, mordenite, chabazite, and erionite have
demonstrated high efficiency in wastewater treatment [18]. Clinoptilolite is the
most widely used zeolite for the removal of contaminants such as heavy metals,
ammonia, dyes, phenols, and phenolic derivatives from aqueous solutions [18-
21]. Recent research has also highlighted their role in reducing the ecological
impact generated by the presence of nitrites and nitrates in wastewater [13,20].
In Romania, zeolites from Marsid and Péaglisa have been successfully applied
to decrease NH,*, COD, and BODjs levels in wastewater [22].

Multiple studies have demonstrated the effective use of zeolites in
targeted pollutant removal processes. For example, copper ions can be
adsorbed using a clinoptilolite—chitosan composite, while NH," ions are
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efficiently removed at concentrations of 10.4-12.3 mg/g from synthetic solutions
at 20°C and pH 6.09 using natural zeolite from the Rupea region [23,24]. In
addition, zeolites can also function as biofilters for the removal of pathogenic
microorganisms.

The use of natural zeolites in water treatment is further supported by
their low cost, environmental compatibility, high ion exchange capacity, cation
selectivity, chemical and physical stability, as well as their renewability and
reusability [24]. These properties make zeolites highly suitable for integration
into sustainable wastewater management strategies, particularly in small-
scale agro-zootechnical systems [25-28].

RESULTS AND DISCUSSION

Analysis of the physicochemical indicator parameters

The evolution of pH can be characterized by wide oscillations (6.31-
8.10) in the set of raw and filtered wastewater samples. The distribution of
recorded values reveals a clear tendency of alkalinization of the water upon
filtration through the zeolitic material bed (Figure 1), a phenomenon attributable
to the inherently elevated pH of the zeolite itself. The pH values recorded
post-filtration of the wastewater are within the range outlined for agricultural
irrigation water, which must not oscillate outside the permissible limits (6.5-
8.5) allowed by current legislation [30].

pH

ONPROOO

B Minim Mean M Maxim

Figure 1. The evolution of the pH levels of wastewater [RW] and treated/ filtered
water [FTW] on ZNR and Turbidex filtering media
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The evolution of electrical conductivity (EC) was characterized by
important oscillations, at the same operating temperature (25°C), for the
wastewater that was filtered through Rupea zeolite (808-1320 uS/cm) and
Turbidex (824-1117 pS/cm), respectively. A decreasing trend was observed
after filtration, with mean values decreasing from 1277 uS/cm to 1110 puS/cm
for Rupea zeolite and from 1025 uS/cm to 933 uS/cm, for Turbidex.

This decreasing trend in conductivity can be correlated with the
increase in alkalinity of the filtered water [21].
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Figure. 2. The evolution of the electrical conductivity of wastewater [RW] and
treated/filtered water [FTW] on ZNR and Turbidex filtering media

The use of the filter media (ZNR and Turbidex) allowed a significant
reduction in the turbidity of agro-zootechnical wastewater. Thus, a decrease in
the average turbidity values is observed from 18.44 to 5.45 NTU for ZNR
and from 20.11 to 5.12 NTU for Turbidex, respectively. The quantification of
these data indicated a good filtration efficiency of the two zeolite substrates,
with a lower filtration rate for the Rupea zeolite (70.44%) compared to Turbidex
(74.54%), but with very close average values (5.45 NTU and 5.12 NTU,
respectively) (Figure 3).
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Figure. 3. The evolution of turbidity of wastewater [RW] and filtered/treated water
[FTW] on ZNR and Turbidex filtering media

Turbidex demonstrated a higher average COD retention (35.35%)
than Rupea zeolite (32.36%) (Figure 4). Retention efficiency declined with
increasing influent concentrations, dropping to 25.8% for Rupea zeolite and
17.53% for Turbidex at concentrations above 150 mg/L, highlighting the need
to optimize operational conditions according to both filter media properties
and wastewater characteristics.
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Figure 4. The evolution of COD of wastewater [RW] and filtered/treated water
[FTW] on ZNR and Turbidex filtering media
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As shown in the attached graph (Figure 5), the highest average
percentage reduction in total suspended solids was achieved using Turbidex
(74.54%) compared to Rupea zeolite (70.44%). The selected operational
conditions, in relation to the type of filter media (Turbidex and Rupea zeolite),
resulted in an effluent with TSS concentrations that comply with the standards
established by NTPA 001/2002 [42].
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Figure 5. The evolution of total suspended solids of wastewater [RW] and
filtered/treated water [FTW] on ZNR and Turbidex filtering media

The filtration of wastewater using Rupea zeolite and Turbidex resulted
in high retention rates, with Rupea zeolite performing slightly better (88.54%
vs. 86.85%). Despite this, under the operational conditions applied in this
study, the average ammoniacal nitrogen concentration remained 3.74 mg/L for
Rupea zeolite and 4.78 mg/L for Turbidex. This indicates that the adsorption
of ammoniacal nitrogen was not sufficient to reduce its concentration to levels
compliant with the effluent standards set by NTPA 001/2002, highlighting a
limitation of the filtration process under the tested conditions [42].

When utilizing wastewater from agro-zootechnical units, particular
attention is paid to the content of nitrites and nitrates. The discharge of
insufficiently treated wastewater into outfalls generates the phenomenon of
eutrophication, and in the case of distribution on land, it can lead to
groundwater contamination.
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Figure. 6. The evolution of ammonium of raw water [RW] and filtered/treated water
[FTW] on ZNR and Turbidex filtering media

The nitrites present in the raw wastewater exhibited levels slightly
exceeding the permissible limits in the case of several samples. Following
filtration through ZNR, the mean values decreased from 1.99 + 0.33 mg/L
to 1.33 + 0.35 mg/L, and after filtration through Turbidex, they decreased
from 2.31 £ 0.60 mg/L to 1.61+ 0.42 mg/L (Figure 7). Monitoring of NO,~
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Figure. 7. The evolution of nitrites of wastewater [RW] and filtered/treated water
[FTW] on ZNR and Turbidex filtering media
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concentrations revealed a constant decrease in values post-filtration through
both zeolite media, with these values falling within the permissible range for
wastewater discharged into natural outfalls [46], except one sample whose
values remained slightly elevated. The adsorption rate derived from these
values outlined nitrite retention proportions from the wastewater of 30.36%
for ZNR and 30.30% for Turbidex, respectively. Efficient treatment for nitrite
removal can be based on denitrification, reverse osmosis filters or ion-exchange
media, such as zeolitic materials [12, 18].

The nitrates detected in the raw wastewater exhibited concentrations
slightly exceeding the permissible limits in most samples, with mean values
reaching 59.42 + 14.37 mg/L and 67.70 £ 17.93 mg/L, respectively. After
filtration, the values decreased to 52.83 + 10.16 mg/L and 62.05 + 15.72 mg/L,
respectively: the NO3™ adsorption rate being 11.09% for ZNR and 8.34% for
Turbidex, respectively (Figure 8). Overall, the evolution of this parameter
showed slight decreases in values post-filtration for each analysed sample,
with only 50% of them falling within the allowed range.

The obtained data is closely related to other research conducted in
this field, especially the ones that investigated the use of clinoptilolite in the
treatment of certain categories of wastewater [16-18].
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Figure. 8. The evolution of nitrates of wastewater [RW] and filtered/treated water
[FTW] on ZNR and Turbidex filtering media
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Analysis of microbiological parameters

This analysis included monitoring of indicative microbiological
contaminants: E. coli, coliform bacteria, enterococci, the total colony count
(CFU) at 22°C and the total colony count (CFU) at 37°C. Microbiological
parameter testing revealed notable fluctuations in the obtained values, which
are presented in (Table 1). The microbial load recorded in the case of influent
for the ZNR substrate of the experimental station was characterised by 7
positive tests for coliform bacteria and enterococci, a level of 701.1 CFU/100
mL for the total colony count at 22°C parameter and 1132.7 CFU/100 mL
for colonies at 37°C.

Table 1. Results from microbiological parameters testing of wastewater

Parameter | Escherichia | B. Coliform |Enterococci | The total colony The total
coli (No/100mL) [(No/100mL) count at 22°C |colony count at
(No/100mL) (CFU/mL) 37°C (CFU/mL)
MAC* 0 0 0 No abnormal No abnormal
changes changes
Unit RW [FTW | RW [FTW| RW [FTW| RW [ FTW RW | FTW
(A) Wastewater — ZNR substrate
I 0 0 + 0 0 0 ]1025.0| 323.0 |1848.7| 15.5
1l 0 0 + 0 + + 362.0 210.2 |1264.6| 12.0
11 0 0 + + + 0 865.3 163.0 |1298.6 | 252.0
v 0 0 + 0 + 0 820.0 23.4 711,7 | 20.0
\Y 0 0 - - 0 0 736.2 25.0 1077.4 | 565.5
\i 0 0 0 0 - - 398.0 12.0 5954 | 171.6
Mean 0 0 + 0 + 0 701.1 126.1 | 1132.7 | 127.8
Maximum 0 0 + + + + [1025.0| 323.0 |1848.7 | 565.5
Minimum 0 0 0 0 0 0 362.0 12.0 595.4 12
Standard - - - - - - 266.1 127.3 453.1 | 216.5
deviation
RR [%] 82.01 88.71
(B) Wastewater — Turbidex substrate
Vil 0 0 + 0 + 0 351.0 0 759.9 | 115.5
VIl 0 0 + + + + 320.5 210.2 720.2 | 145.0
IX 0 0 + 0 + 0 315.2 163.0 7315 | 123.0
X 0 0 + + + + 220.0 23.4 578.4 | 115.3
Xl 0 0 + 0 + 0 400.5 25.0 646.4 | 135.0
Xl 0 0 0 0 0 0 180.7 12.0 358.9 | 110.3
Mean 0 0 + 0 + 0 297.9 72.3 632.6 | 124.7
Maximum 0 0 + + + + 400.5 210.2 759.9 | 145.0
Minimum 0 0 0 0 0 0 180.7 0 358.9 | 110.3
Standard - - - - - - 82.4 90.3 1495 | 51.8
deviation
RR [%)] 75.73 80.39

RR- reduction rate, MAC*-Maximum admitted concentration [36]
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The comparative analysis of the microbiological parameters of the
effluent filtered by ZNR revealed that in 5 out of 7 tests, no coliform bacteria
and enterococci were identified, and the total colony count at 22°C was
reduced to 126.1 CFU/100 ml, respectively, to 127.8 CFU/100 ml at 37 °C.

Comparatively, raw wastewater from the Turbidex model system
yielded positive results for both coliform bacteria and enterococci, which
were recorded in 10 tests. The total colony count, following incubation at
22°C, was determined to be 297.9 the total colony count per 100 mL
(CFU/100 mL) and respectively of 632.6 CFU/ 100 ml at 37°C.

Following filtration, neither coliform bacteria nor enterococci were
detectable within 6 of the treated water samples. Moreover, total colony
counts performed at 22°C and at 37°C, respectively, were significantly
reduced (72.3 and 40.7 CFU/100 mL).

CONCLUSIONS

This study demonstrates that natural Rupea zeolite (ZNR) and the
zeolitic substrate Turbidex are effective filter media for the treatment of
wastewater from small agro-zootechnical holdings. Comparative results showed
minor differences between the two materials, with ZNR exhibiting slightly
higher adsorption for conductivity, ammonium, nitrites and nitrate, while
Turbidex achieved superior retention of COD, turbidity, and total suspended
solids. Both media significantly reduced microbial load, including complete
removal of coliform bacteria and enterococci, and a marked decrease in
colony counts at 22°C and 37°C.

These findings highlight the overall efficiency of zeolite-based filtration
under pilot-scale conditions and emphasize the importance of optimizing
operational parameters.

The integration of Rupea zeolite- and Turbidex-based filtration systems
offers a sustainable approach for agro-technical wastewater management,
supporting internal recycling and safe reuse of treated effluents for irrigation.
Such systems contribute to environmental protection, nutrient recovery, and
compliance with European and Romanian water quality standards, while
aligning with international efforts to promote resource efficiency and sustainable
water management.
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EXPERIMENTAL SECTION

Wastewater samples

The study investigated the efficiency of eco-friendly filter materials,
natural Rupea zeolite and Turbidex, for the sustainable management of
wastewater originating from small agro-zootechnical units located in rural
areas of the Somesul Mare river basin (Cluj and Bistrita-Nasaud counties).
Research was conducted on three commercial micro-farms and nine traditional
agricultural households, all discharging wastewater either into surface waters
or onto adjacent land. Table 2 summarizes the coding and technological
characteristics of the source units.

Table 2. The identification of wastewater [Ww] samples based on origin

Code water Unit Technological traits
sample (Type)

I/ Ww Young cattle fattening facility with septic tank
[/ Ww Micro  |Swine fattening facility without septic tank
I/ Ww farms  |Dairy sheep farm, without septic tank
VI/ Ww Mixed- swine and poultry with manure platform
VI Ww Farmstead [Mixed-lactating cows and swine with manure platform
VI/ Ww Mixed-lactating cows and swine with manure platform
VII/ Ww Mixed- swine and poultry without manure platform
VI Ww Mixed-lactating cows, with dairy facility and manure platform
IX/ Ww Farmstead | Mixed- swine without manure platform
X/ Ww Mixed- lactating cows with dairy facility and manure platform
Xl Ww Mixed- lactating cows, with dairy facility and manure platform
X/ Ww Mixed- swine and poultry without manure platform

The performance of the filter media was evaluated through key
physicochemical parameters, including pH, electrical conductivity, turbidity,
total suspended solids (TSS), chemical oxygen demand (COD), ammonium,
nitrites, and nitrates. Additionally, the reduction of microbiological contaminants
was closely monitored to assess the overall treatment effectiveness.

These indicators were specifically selected due to their critical role in
determining the feasibility of reusing treated effluents in agricultural applications.

The filter media (ZNR and Turbidex)

The selection of zeolitic filter media for the treatment of agro-
zootechnical wastewater was based on their inherent adsorption capacity, ease
of regeneration, and potential for subsequent reuse as soil amendments.
These considerations, supported by extensive literature, provided the basis
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for investigating Rupea natural zeolite (ZNR) and the Turbidex substrate as
adsorbent media in a pilot-scale wastewater treatment facility.

Rupea natural zeolite (ZNR) originates from a significant geological
deposit in Romania and has well-established applications in water treatment,
wastewater purification, environmental protection, and agriculture. ZNR primarily
contains clinoptilolite, which exhibits a high ion-exchange capacity, making
it suitable for the removal of a wide range of pollutants.

The adsorption mechanism involves the exchange of mobile cations
(Na*, K*, Ca?*, Mg?") within the zeolitic framework with cations (M"*) present in
the external solution, according to the following general relationship [29]:

Ze- n(Na, K)* + M"" « Ze-M"* + n(Na, K)* Q)
Ze- n(Ca, Mg)?* + 2M"* « Ze-2M"* + n(Ca, Mg)?* (2)

The following two tables summarize the main compositional,
mineralogical and physicochemical characteristics which are the basis of
the ZNR characterisation [25, 31].

Table 3. Physicochemical characteristics of ZNR

Physical characteristics Chemical composition [%]
Softening point [°C] 1250 SiO, 68.75-71.3
Melting point [°C] 1320 Fe,0; 1.90-2.1
Melting temperature [°C]  |1400 Al,O4 11.35-13.1
Color Grey-green MgO 1.18-1.20
Smell Odorless CaO 2.86-5.2
Porosity (%) 32-44 Na,O 0.82-1.30
Porous diameter (nm) 0.4-0.6 K,O 3.17-3.40
Water hardness [Mohs scale] |3.5-4 Loss on ignition 8.75-8.86
pH [-] 8.75
Density [Tons/m?] 2.377

Table 4. Mineralogical composition of ZNR

Evaluation type Parameter / The principle UM Values
of the test

Mineralogical Clinoptilolite % 87-90
composition Plagioclase % 2-5
Anhydrite % 2-3
Cristobalite % 4-5

Pb Absorption rate at %, la 2h 98,28

Absorbent capacity |Cd different time intervals 99,51

Cr 99,91

Cu 99,46
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Evaluation type Parameter / The principle UM Values
of the test
Cation exchange  |Ca?* Determination of meq/100g 2375
capacity Mgz* cationic adsorption or 160.4
K* substitution and 38.4
Na electrical charge 39
differences

Initially, the manufacturing company provided the study with three
commercial series of ZNR, distinguished by size of granulation (0.5-1.5mm,
1.5-3 mm, and 3-5 mm). Following the preliminary literature reviews, the
variant exhibiting the finest granulation (0.5-3 mm) was selected for
inclusion in this study [9, 25, 32]. For the initial stage of the preparation of
zeolite samples intended for laboratory investigations, a facile procedure,
as delineated by Zeolites Group and corroborated by other pertinent
research within this domain, was implemented [9,32]. This protocol involved
the laving of the granulated zeolite with distilled water until the water
remained clear, followed by desiccation at a temperature of 105°C,
subsequent cooling, and finally, storage within a desiccator [17].

Turbidex is a naturally occurring zeolite extensively utilized in the
United States of America due to its exceptionally high clinoptilolite content.
It is identified by a characteristic chemical formula:

K,,Caz,Na,)0-Al,05-10Si0,-8H,0 (Table 5).

The expression of the adsorbent potential of this clinoptilolite medium,
which is dictated by its distinct physical characteristics (ion exchange), is
also influenced by the appropriate sizing and adaptation of the filter bed to
the dimensions of the tank in which it is employed [46].

Table 5. The identification and composition of Turbidex zeolite substrate

Characteristics
Chemical name Clinoptilolite Zeolite/Potasium, Calcium,
Sodium Aluminosilicate, Hydrated
Chemical formula K,,Ca,,Na,)0-Al,05-10Si0,-8H,0.
CAS Registry 12173-10-3
Natural zeolites granules 100%
Density 2.2.-2.4 Tons/m®
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Experimental plant and filtration of wastewater samples

The purification potential of zeolitic filter media was evaluated using
an experimental water treatment station (Figure 6). The pilot plant featured
a height of 750 mm and a zeolite filter volume of 40 L, operating at a
filtration pressure of 3 bar and an influent flow rate of 1 m3-h™%. Filtration
through both zeolite materials was performed under identical operational
conditions, with at least two composite samples collected for analysis before
and after each cycle. Each filtration cycle lasted approximately 2 hours and
was followed by regeneration of the zeolitic medium.

AB

Figure. 9. The general blueprint for the experimental wastewater treatment plant:
1-raw wastewater recipient tank (AB); 2-faucet; 3-flexible connection; 4-pump;
5-electro pressure switch; 6-filter; 7-three-way valve Dn; 8-electro valve; 9-faucet;
10-water meter; 11-zeolite tank (TZ); 12-brine tank (S); 13-filtered water tank
(WTF); R-water network; C-sewer discharge.

Methodology used for wastewater sample testing

The samples were organized into two experimental models, based on
wastewater type and filter medium: Wastewater — ZNR (A) and Wastewater —
Turbidex (B). Collected wastewater samples were transported to the laboratory
and stored under refrigeration at 4°C until analysis.

Qualitative assessment was carried out by comparing the obtained
data with the limit values established by the relevant national legislation in
the field. The reliability of the chemical analyses was ensured through the
use of high-purity reagents (Merck, Romania) and, certified experimental
methods, alongside laboratory equipment validated for high-precision chemical
measurements.
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Both influent and effluent were characterized to evaluate the treatment
performance of Rupea Zeolite and Turbidex as filtration media.
The following table summarizes the analytical methods utilized for
the monitored indicators.

Table 6. Tested parameters and the used methods

count at 37°C
[CFU/m]

No. Par[%rp/le]zter Method and equipment OEI/;QOZ
1. |pH [U. pH] SR ISO 10523:2012; Water quality. Determination | 6.5-8.5
of pH, Romanian
2. |EC [mS/cm] SR EN 27888:1997; Water quality. Determination of -
electrical conductivity
3. |Turbidity [NTU] |SR EN ISO 7027-1:2016. Water quality. -
Determination of turbidity. Partea 1:
4. |COD [mg/L] SR ISO 6060-96 Water quality Determination of the 125.0
chemical oxygen demand
5. [TSS [mg/L] STAS 6953-81: Water Quality. Determination of 35.0 (60.0)
total suspended solids
6. |[NH*[mg/L] SR ISO 7150-1: 2001: Water Quality. Determination| 2.0 (3.0)
of ammonium content
7. INO? [mg/L] SR EN 26777:2002/C91:2006; Water Quality. 1.0 (2.0)
Determination of nitrite content. The Method by
Molecular Absorption Spectrometry.
8. |[NO*[mg/L] SR ISO 7890-3/2000; Water Quality: Determination | 25 (37)
of nitrate content: PART 3. Sulfosalicylic acid
spectrometric method).
9. |Escherichia coli |ISO 0
[CFU /100mL]  |9308-1; Water quality. Enumeration of Escherichia
coli and Coliform bacteria. Part 1: Membrane
filtration method
10.|Total coliforms |SR EN ISO 9308:1:2015/A:2017 <10
[CFU/100mL] Water quality. Enumeration of Escherichia coli and
Coliform bacteria. Part 1: Membrane filtration
method
11.|Enterococci SR EN ISO 7899-2/2002.Water quality. Detection -
[CFU/100mL] and enumeration of intestinal enterococci. Part 2:
Membrane filtration method. (The determination
was made after incubating the membrane, 48 h at
36°C, on Slanetz Bartley medium)
12.|The total colony |SR EN ISO 6222:2004 Water quality. Enumeration -
count at 22°C of culture microorganisms. (Colony counting by
[CFU/m] seeding in agar-agar culture medium at a
temperature of 22°C, incubated for 72 hours
13.|The total colony |SR EN ISO 6222:2004: Water quality. Enumeration -

of culture microorganisms. (Colony counting by
seeding in agar-agar culture medium at a
temperature at 37°C incubated for 24 hours).
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The adsorption capacity of the zeolitic substrates was evaluated by
determining the retention rate of the analysed indicators, according to the
following equation

Ci—Cf

1

R[%)] = x 100

where:
Ci represents the initial concentration (mg/L) of the analysed pollutant.
Ci represents the final concentration (mg/L) of the analysed pollutant.
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STUDIES ON THE ADSORPTION OF CONGO RED ANIONIC

DYE FROM SYNTHETIC AQUEOUS SOLUTIONS
USING WASTE EGGSHELL BIOMASS
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ABSTRACT. In this study, waste eggshells (WES) were investigated as an
efficient biosorbent for the removal of Congo Red (CR) dye from aqueous
solutions. The adsorption performance was quantified using UV-Vis
spectroscopy at 498 nm. Fourier Transform Infrared (FTIR) spectroscopy
confirmed the presence of hydroxyl, carbonyl, and methylene functional
groups in WES, as well as structural modifications following CR adsorption.

Batch adsorption experiments were conducted to evaluate the effects
of contact time, initial dye concentration, temperature, and pH on the
adsorption capacity and efficiency. The highest CR removal efficiency (98.80
%) was achieved at pH 5.94, using a solid-to-liquid ratio of 5 g/100 mL and
an initial CR concentration of 97.75 mg/L. The maximum adsorption capacity
of WES was determined to be 9.12 mg CR/g WES. Optimized adsorption
conditions were established using 4 g WES/100 mL at 295 K, pH 5.94, and
an initial concentration of 97.97 mg CR/L under static conditions.

Thermodynamic analysis revealed the spontaneous and exothermic
nature of the adsorption process, as indicated by a negative enthalpy
change (AH = -40.708 kJ mol™). These findings demonstrate the feasibility
of employing waste eggshells as an effective and sustainable biosorbent for
the removal of azo dyes from contaminated water.
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INTRODUCTION

Safe drinking water and sanitation are human rights. Without access
to these services, a life of stability and good health is virtually impossible [1].

According to the United Nations estimate, over 95 trillion gallons of
wastewater are produced yearly. Only 20% of wastewater is currently treated,
according to the reports released by the Global Commission on the Economics
of Water (GCEW). It was predicted that by 2030, the fresh water demand will
rise above availability by 40% [2].

The textile industry extensively uses dyes to colour its products,
consuming substantial volumes of water in the process. Consequently, it
generates large quantities of coloured wastewater. It is estimated that over
100,000 commercially available dyes are generated annually, with a total
output exceeding 700,000 tonnes of dyestuff [3]. Approximately 5—10% of these
dyes are lost in industrial effluents [4]. The direct discharge of such effluents
into natural water bodies leads to significant environmental concerns, primarily
due to their high organic load, toxicity, and persistent coloration. This
contamination reduces light penetration and impairs photosynthesis, thereby
negatively impacting aquatic ecosystems. Moreover, many dyes are known
to be toxic, mutagenic, or even carcinogenic.

Particularly, an anionic diazo dye known as Congo red (CR) has been
employed extensively for dyeing cotton, hemp, and silk fabrics and paper [5].
Congo red dye (Cs2H22NsNa206S2), having azo groups with aromatic ring and
sulphonate groups, is a very harmful dye that is used in many industries. Due
to its structural stability, CR is difficult to biodegrade. This dye is known to
metabolize to benzidine, a known human carcinogen [6].

The eggshell is mainly the outer shield of the hard-shelled egg, and
the weight of this shell is 11% of the overall weight of a single egg. The
constituent materials of eggshells are CaCOs, MgCO3, Caz(PO4),, and various
organic matters, while the percent distributions are 94%, 1%, 1%, and 4%,
respectively [7, 8].

Various methods such as adsorption, coagulation, advanced oxidation,
and membrane separation are used in the removal of dyes from wastewater
[9]. Adsorption is one of the most effective processes of advanced wastewater
treatment which industries employ to reduce hazardous inorganic/organic
pollutants present in the effluent [10].
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RESULTS AND DISCUSSION
1. Optical Microscopy

Optical microscopy images of the WES (waste eggshells) surfaces
before and after Congo Red (CR) adsorption were obtained using a Motic
BA310Pol microscope. As shown in Fig. 1, a noticeable difference in surface
roughness is observed between the unmodified WES sample (Fig. 1a) and
the CR-loaded WES (Fig. 1b). The WES sample presents an irregular, rough
and porous surface, with high granularity, and several tubular holes distributed
in the mass of the adsorbent. The initial WES surface exhibited a porous
morphology (Fig. 1a)., while the WES-CR sample displayed a distinct change
in both colour and surface morphology, indicating the successful fixation of
CR dye within the WES pores (Fig. 1b).

(b)

Figure 1. Optical microscope images of the WES samples before (a) and after
(b) CR adsorption.

2. The FTIR Analysis
The FT-IR absorption spectra were recorded in reflection configuration

with a Jasco 6000 spectrometer, at room temperature, in the range 400—4000
cm™'; spectral resolution of 4 cm™; using the well-known KBr pellet technique.
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From the spectral analysis, peaks at 407 cm™ and 405 cm™ are
observed before and after the adsorption process, respectively. These fall
within the fingerprint region. The band at 700 cm™ cans be assigned to vibrational
modes associated to organic compounds with C-H, N-H, or C-O bonds [11].
After adsorption, these bands shift to 714 cm™, and remain ony one peak,
indicating a structural change in the N-H, C-H or C-O groups due to interaction
with the adsorbate. A band at 751 cm™ is present before adsorption and can be
attributed to the out-of-plane deformation of the (=C-H) group. After
adsorption, this band shifts slightly to 714 cm™, indicating a structural change
in the (=C—H) group due to interaction with the adsorbate. Also, a rather
important change is observed after CR adsorption on WES, in the sense that,
the peaks at 595 and 640 cm™' disappear, and also, the peak at 751 cm™ is
no longer founding the FTIR spectrum after CR uptake (Figure 1a, b). These
important changes in the 500-800 cm™ area support the adsorption process
of the CR dye onto biomass surface. Moreover, by consulting the data from
the literature [12,13] it results that these transformations are specific of calcite
zone. The bands at 714 cm™ and 877 cm™ (after adsorption) are also
associated with in-plane and out-of-plane deformations of calcium carbonate [12].
Additionally, band at 1014 cm™ suggests stretching vibrations of the (C-O)
functional group. A band at 1233 cm™ is detected before adsorption, which
shifts to 1206 cm™ after the process, indicating deformation of the (C=S) group.
The band at 1178 cm™ disappears after the adsorption of CR, suggesting
changes in the C-O stretching vibrations of compounds such as alcohols,
ethers, esters, etc. A distinct band at 1347 cm™ is attributed to the bending
vibration of the C—H bond in alkane or aliphatic compounds from biocomposite
(consisting of eggshell and its organic membrane), exhibits aromatic and
aliphatic C—H stretching vibrations disappear also after CR uptake onto WES
[7]. The band at 1653 cm™ in the absorption spectrum from Figure 1 (up),
specific for the stretching vibrations of C=C in aromatic compounds, is shifted
and modified in amplitude from 1658 cm™' (Figure 1 down). Additionally, the
absorption band at 3498 cm™ corresponds to the O-H stretching vibration
associated with hydroxyl groups from alcohols, phenols, etc., from the organic
part of eggshells was shifted at 3504 cm™ after adsorption. In addition, the
bands at 2371, 2541, and 2930 cm™ that appear after the adsorption of CR
are due to the characteristic functional groups of the CR dye structure [14].
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Figure 2. The FTIR spectra of the WES surfaces before (down) and
after (up) CR adsorption.

3. Factors affecting efficiency of CR dye adsorption onto WES
biomass

3.1. Effect of biomass quantity

The effect of biomass quantity on the adsorption of CR was studied
using different masses of WES, ranging from 1 to 5 g/100mL CR solution.

Adsorption capacity determines the efficiency (E, %) and effectiveness
of adsorption techniques for wastewater treatment.

Adsorption capacity refers to the quantity of adsorbate that a given
mass of adsorbent can capture in specific conditions (Q, mg/g) [7].

Adsorption efficiency, expressed as percentage, was calculated with
equation (1) [15.16]:
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CO_Ce

E= x100 (1)

0
where Co and C. are the initial and equilibrium concentrations of CR,
respectively (mg/L).
The amount of polutant (CR) adsorbed per gram of biomass (mg/qg)
was calculated using equation (2) [15,16]:

(Co=C.)-V @)
Qo =—"" "
m

where V is solution volume (L) and m is WES quantity (g).

All presented values are the arithmetic mean of three series of data
recorded from repetitions of the same experiment.

The effect of contact time on CR adsorption is presented in Fig. 3a.
This evaluation is crucial, as it provides essential information regarding the
time required to reach equilibrium. In all five cases (corresponding to 1-5 g
of WES per 100 mL CR solution), equilibrium was achieved after 10 days
under immobile phase conditions.

As shown in Fig. 3b, the maximum removal efficiency ranged from
98.61% (1 g WES) to 98.80% (5 g WES).
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Figure 3. (a) Influence of the WES biomass dosage over the time evolution of RC
concentration, in batch conditions; (b) The effect of biomass quantity (1-5 g WES)
on the adsorption of CR dye efficiency (E, %) and maximum adsorption capacity
(Qmax, mg/g); 100 mL CR solution; Ci = 97.75 mg CR/L; particle size, d < 0.2 mm,
immobile phases regime, 10 days.

80



STUDIES ON THE ADSORPTION OF CONGO RED ANIONIC DYE FROM SYNTHETIC
AQUEOUS SOLUTIONS USING WASTE EGGSHELL BIOMASS

The highest efficiencies were obtained with 4 g (98.78%) and 5 g
(98.80%) of WES. The use of 5 g/100 mL solution CR produced a dense
suspension that was difficult to handle; therefore, a dose of 4 g WES was
employed in subsequent experiments.

3.2. Effect of initial CR concentration

In batch adsorption processes, the initial ion concentration of dyes in
the solution plays an important role. Therefore, the amount of dye adsorbed
is expected to be higher with a higher initial concentration of dye ions [14].

Also, the effect of initial CR concentration is closely related to the
sites present on the adsorbent surface. In general, the percentage of dye
removal decreases with increasing initial dye concentration, which leads to a
saturation of adsorption sites on the adsorbent surface [15].

During the experiment, the adsorption of the anionic dye CR onto
WES biomass was investigated at different initial dye concentrations ranging
from 40.38 to 203.62 mg CR/L. The effect of contact time onto initial CR
concentration is presented in Figure 4a. The results demonstrate that, regardless
of the initial concentration of the dye solution, the residual concentration of
CR in the solution approaches zero once equilibrium is reached (after 10
days). This observation supports the authors' claim that the biomass studied
could constitute a very effective and valuable adsorbent material in future
applications for water pollution remediation.

Figure 4b illustrates both the removal efficiency and the equilibrium
adsorption capacity of CR as a function of the initial CR concentration.

In each test, 4 g of WES (particle size < 0.2 mm) was added to 100
mL of CR solution and left under immobile phases conditions at room
temperature (295 + 2K), without pH adjustment (initial pH of CR solution =
5.94). As shown in Figure 4b, the adsorption capacity of WES increased with
increasing initial CR concentration, between 96.5 mg CR/g to 98.6 mg CG/g
WES, while the efficiency increases in all 5 experiments from 67.70% for
initial concentration of 40.38 mg CR/L to 99.91 % for 203.62 mg CR/L
utilized.

3.3. Effect of particle size

To evaluate the effect of particle size on the adsorption process, the
WES material was ground and sieved into five different size fractions (< 0.2,
0.2-0.4, 0.4-1.0, 1.0-1.6 and >1.6 mm, Fig. 5a).
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To establish the optimum adsorbent grain size, experiments were
realized in the following conditions: 100 mL CR aqueous solution of Ci=97.75
mg/L was contacted with 1 g of WES, with grain sizes of d >1.6 mm; 1.6-1.0
mm; 1.0-0.4 mm; 0.4-0.2 mm or <0.2 mm. CR adsorption experiments were
conducted in batch conditions, with immobile phases regime, at pH=5.94 and
room temperature (T = 295K).

.
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Figure 4. (a) Effect of contact time on the initial concentration of CR dye using WES
biomass; Ci =40.38-203.62 mg CR/L, 4 g WES, d < 0.2 mm, 295 K, pH =5.94, 10
days, immobile phases regime; (b) Influence of the initial CR dye concentration over
the adsorption capacity and removal efficiency on WES biomass; Ci = 40.38-203.62
mg CRI/L, 4 g WES, d < 0.2 mm, 295K, pH = 5.94, 10 days, immobile phases regime.

As can be seen (Figure 5a, b), the small particle sizes result in a
larger specific surface area of WES, and consequently, increase the
adsorption yield from 75.62 %, for d >1.6 mm to 96.62 % for d<0.2 mm WES
grain sizes. When larger particles were ground into particles with smaller
diameters, some tiny channels could be opened which might then become
available for biosorption. This behaviour is in good agreement with other data
from the literature [16].
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Figure 5. (a) CR concentrations time evolution for different particle sizes of WES
adsorbent (d >1.6 mm; 1.6-1.0 mm; 1.0-0.4 mm; 0.4-0.2 mm and <0.2 mm);
(b) Representation of particle size effect of WES on CR adsorption efficiency
(Ci=97.75 mg CRI/L, 1 g WES, 295 K, pH=5.94, 10 days, immobile phases regime).

The results obtained revealed that intraparticle diffusion within the
pores of the WES adsorbent plays a significant role in governing the overall
adsorption process. A substantial increase in adsorption capacity was observed
with decreasing WES particle diameter, a behaviour consistent with trends
previously reported in the literature [15, 17].

3.4. Effect of initial CR dye solution pH

The pH is one of the most important controlling parameters in the
biosorption process of dyes from wastewater [18].

The pH of aqueous solution can highly affect the WES surface
charge. In acidic media, the surface of the adsorbent is protonated, while in
a basic medium its surface deprotonates.

From the literature data result that adsorption was favourable in acidic
media [19, 20].This may happen because of an electrostatic attraction
between functional groups present in WES adsorbent and sulfonate (SOs™)
group of CR [7].

The adsorption process was investigated by varying the pH of the
aqueous solution within the range of 5.94—-10.93. As presented in Figure 6,
the highest adsorption efficiency for CR dye was obtained at pH 5.94
(99.7%), while in all cases the efficiency (E, %) remained above 98%. Upon
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reaching adsorption equilibrium, the equilibrium concentration (C.) corresponded
to a final pH value of approximately 7 for all tested solutions (initial pH = 5.94,
6.68, 8.66, 9.46, and 10.93).

This result indicates that WES possesses an intrinsic buffering or
neutralizing capacity, effectively stabilizing the pH of the dye solutions near
neutrality regardless of the initial conditions.

In the future, this experimental finding could be extensively exploited,
as WES appears to be a highly efficient adsorbent and a potential pH
corrector.

100.0
99.8
996/ @
99.4
99.2-
99.0
98.8-
98.6 1
98.4 1
98.2
98.0 F'S

97.84

E (%)

pH

Figure 6. The effect of initial pH on percentage removal values
for CR adsorption onto WES (Ci = 97.75 mg CR/L, 4 g WES/100 mL,
d < 0.2 mm, 295 K, 10 days, immobile phases regime).

3.6. Thermodynamic aspects of CR adsorption onto WES biomass

3.5.1. Effect of temperature onto adsorption process

To describe the thermodynamic behaviour of the biosorption of CR
onto WES biomass, standard thermodynamic parameters, including the
changes in standard free energy (AG®°), enthalpy (AH®) and entropy (AS®)
were calculated using the following equations:
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AG® = -RTInK, (3)
AG® = AH° — TAS® 4)

where, R is the universal gas constant (8.314x10-3 kJ/K-mol), T is absolute
temperature (K), and Kd is the distribution coefficient (L/g) calculated as
ge/Ce, Where ge is biosorption capacity (mg/g) and C. is CR concentration in
solution at equilibrium.

The enthalpy (AH°®) and entropy (AS°) parameters were estimated
from the equation Van't Hoff [15,19]:

AH®  AS°
+
RT R

The effect of temperature on adsorption of 97.75 mg CRI/L initial
concentration of CR dye on 4 g/100 mL WES adsorbent dose was investigated.
The experiments were completed at 295 K, 305 K, and 325 K (Fig. 7a). AH°
and AS° values were obtained from the slope and the intercept of this plot,
respectively. The standard free energy change (AG°), standard enthalpy
change (AH°®) and standard entropy change (AS°) were obtained using
Equations (3) and (4) and their values associated with the adsorption of CR
onto WES biomass are listed in Table 2.

From Fig. 7a, it can be noted that the effect of temperature has no
very negative impact on adsorption capacity. Its values decrease, but not
very much (between 2.430 mg/g, at 295 to 2.397 mg/g at 315K) as temperature
increases from 295 to 325 K.

Further, the data obtained by plotting In (Qe¢/Cs) vs. 1/T were subject
for thermodynamic study in order to establish the nature of adsorption
process, Table 1 and Fig. 7b, shows the thermodynamic parameters of CR
dye adsorption on WES.

InK, =-

()

Table 1. Thermodynamic parameters for CR adsorption onto WES at various
temperatures (Ci = 97.75 mg CR/L, 40 g WES /L, d < 0.2 mm, pH=5.94).

AS° AH? AG®
kJ/K-mol kJ/mol kJ/mol
295 K 305 K 315K
-0.128 -40.708 -2.948 -1.667 -0.388
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Figure 7. (a) The effect of temperature on removal efficiency for CR adsorption
onto WES (b) Van’t Hoff plot for the determination of thermodynamic parameters
for the adsorption of CR onto WES as adsorbent (Ci = 97.75 mg CR/L, 4 g
WES/100 mL, d < 0.2 mm, pH=5.94).

The values of AH, AS and AG are shown in Table 2. The negative values
of AG that increased from -2.948 kJ/mol to -0.388 kJ/mol with an increase in
temperature from 295 K to 315 K suggesting that adsorption can be dominated
by weak physical interactions and that the physical adsorption predominate.

Also, the thermodynamic parameters indicate the feasibility of the
process and the spontaneous nature of the adsorption.

The negative enthalpy change (AH = —40.708 kJ/mol) confirms the
exothermic nature of the biosorption process, indicating that heat is released
during the adsorption of the solute onto the WES adsorbent surface [21].

3.5.2. Mechanism of CR Dye Adsorption onto WES surface

Primarily, in aqueous solution, the Congo Red (CR) dye (CR-SO3Na)
undergoes dissolution and subsequent dissociation, yielding dye anions
(CR-S037), as illustrated in Equation (7).

CR-SO3Na -CR-SO3 + Na* (7)
The surface of WES is enriched with polar functional groups, primarily

—NH, and —OH moieties (Figure 2). At low pH conditions (pH = 5.94), these
groups undergo protonation, resulting in the formation of -NH;* and —OH,*

86



STUDIES ON THE ADSORPTION OF CONGO RED ANIONIC DYE FROM SYNTHETIC
AQUEOUS SOLUTIONS USING WASTE EGGSHELL BIOMASS

species, respectively. Consequently, electrostatic interactions are likely
established between these positively charged surface functionalities and the
negatively charged dye anions, as illustrated in Equations (8) and (9).

—OH + H*— —OH,* + CR-SO5 — CR-SO5OH,"- (8)
—NH; + H* — —NH;* + CR-SO5” — CR-SOyNH;*— (9)

Therefore, the plausible adsorption mechanism can be attributed to
a synergistic interplay of electrostatic attractions between the positively charged
protonated functional groups of the adsorbent and the anionic species of the
Congo Red (CR) dye, complemented by hydrogen bonding interactions and
additional non-covalent forces such as —11 stacking and van der Waals
interactions. [22, 23]

3.5.3. Effect of diffusion onto adsorption process

The intraparticle diffusion model proposed by Weber and Morris [24]
was applied to elucidate the diffusion mechanisms governing the adsorption
process.

The influence of intraparticle diffusion resistance on adsorption can
be evaluated using the following relationship (Eq. 10), in which the
intraparticle diffusion rate constant (k;,, mg g™ min™-°) proposed by Weber
and Morris was fitted to the experimental data:

Qe =kip tV/2 4+ C (10)

Weber—Morris intraparticle diffusion model, where Q.(mg g7") is the
amount of adsorbate at time ¢, kj,(mg g™ min™-°) is the intraparticle diffusion
rate constant, and C(mg g~') represents the boundary layer thickness or
intercept (Table 2).

A larger C value indicates a greater boundary layer effect, while
a higher kj,value reflects a faster diffusion rate within the adsorbent particles.

The diffusion mechanism was evaluated using the intraparticle diffusion
model, which generally comprises three linear regions corresponding to film
diffusion, pore diffusion, and adsorption equilibrium [25, 26]. The intraparticle
diffusion plots for CR adsorption onto WES biomass (Figure 8a) display a
multilinear trend, indicating that multiple diffusion processes govern the
overall adsorption mechanism.
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Table 2. Intra-particle diffusion rate coefficients and liquid film diffusion rate
coefficients for CR uptake on WES biomass; Ci=40.38-124.04 mg CRI/L, 4 g CR,
d< 0.2 mm, 295 K, pH=5.94, immobile phases regime, 10 days.

Internal diffusion

Initial concentration (mg/L) kip (mg/g-h5) Intercept R?
124.04 0.332 1.472 0.904
97.75 0.229 1.315 0.998
40.38 0.033 0.828 0.985
External diffusion
Initial concentration (mg/L) Kt (1/h) Intercept R?
124.04 0.109 0.867 0.940
97.75 0.118 0.885 0.996
40.38 0.061 1.915 0.942
35
o . 35+ ..
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Figure 8. Plots of the (a) intraparticle diffusion (Weber—Morris) and (b) liquid film
diffusion (Boyd) model for CR adsorption using WES biomass; Ci = 40.38, 97.75
and 124.04 mg CRI/L, d<0.2mm, 295 K, pH 5.94, 10 days contact time,
immobile phases regime.

Plots of Q.versus t/?were linear (with corresponding R?values
shown in Table 2), but the intercepts, C values, (0.828-1.472) did not pass
through the origin for the initial CR concentrations of 124.04 and 97.75 mg/L,
suggesting that intraparticle diffusion was not the sole rate-controlling step.
At the lowest concentration (40.38 mg/L), a smaller intercept value indicates
that intraparticle diffusion contributed more significantly to the adsorption
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process. This behaviour implies that at low dye concentrations, reduced
boundary layer resistance facilitates dye diffusion into the internal pores of
the WES biomass, whereas at higher concentrations, both film and
intraparticle diffusion jointly influence the adsorption rate.

If it is considered that external diffusion (through the liquid film on the
surface of the adsorbent granule) can be the rate-determining step, the pore
diffusion constant can be calculated using the equation derived by Boyd [27],
the liquid film diffusion model (Table 2):

IN(1-F)=—-kg -t (11)

where, F = q/qe and ks is the rate constant of diffusion through the liquid film,
in L/min.

At higher initial concentrations (124.04 and 97.75 mg/L), the subunit
intercept values (0.867 and 0.885, respectively; Table 2) further confirm that
the adsorption process was primarily governed by external (film) diffusion.
The higher concentration gradient likely enhanced mass transfer from the
bulk solution to the biomass surface, favouring film diffusion over pore diffusion.
These results are consistent with previous studies [7, 28, 29], indicating that
external diffusion predominates at elevated solute concentrations.

Although the use of WES biomass represents a promising approach
for the removal of Congo Red (CR) dye from wastewater, several inherent
limitations remain, posing significant scientific and technological challenges
for future research. These challenges include:

- low adsorption capacity — the primary constituent of WES, calcium
carbonate (CaCO3), possesses a relatively low specific surface area
and a limited number of active functional sites, resulting in inferior
adsorption performance compared to activated carbon, biochar, or
surface-modified adsorbents.

- limited structural stability and regeneration efficiency — the desorption
and subsequent reuse of WES-based adsorbents are often inefficient,
which hinders their long-term applicability in cyclic adsorption—
desorption operations.

- management of spent adsorbent — following dye adsorption, the
disposal of dye-laden eggshell material must be carefully addressed,
as improper handling, such as direct landfilling or incineration, may
induce secondary environmental contamination.
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In view of these limitations, future research should focus on
enhancing the adsorption capacity of WES biomass, developing efficient
strategies for the management and regeneration of spent adsorbent, and
extending investigations to complex wastewater matrices containing multiple
pollutants beyond Congo red dye.

CONCLUSIONS

The whole eggshell matrix (WES), consisting of the eggshell and the
eggshell membrane, represents a promising low-cost and eco-friendly
adsorbent for dye removal from aqueous solutions. This study investigates
the potential of WES as an adsorbent for Congo Red (CR) dye.

Results show that 1.0 g of eggshell material was sufficient to remove
more than 90% of the pollutants analyzed. The WES effectively adsorbed
CR at low concentrations, although the percentage removal decreased with
increasing dye concentration. Adsorption equilibrium was reached after 10
days, under static conditions (in immobile phases regime). The maximum
biosorption efficiency (99.93%) was obtained at pH 5.94 and 295 K, using a
97.75 mg L™* CR solution and 4 g of WES with a 10-day contact time.

The adsorption process was found to be pH-dependent, with optimum
performance at pH 5.94. The effect of pH on sorption capacity was mainly
attributed to ionic interactions between the surface of the WES and the CR
molecules. Due to the porous structure of the eggshel—composed predominantly
of calcium carbonate and offering a high surface area for dye interaction—
WES exhibited remarkable adsorption behavior across a range of initial pH
values. Interestingly, regardless of the initial pH of the synthetic wastewater,
the final pH after adsorption consistently reached neutrality (pH=7).

Temperature (295, 305, and 315 K) had a noticeable but limited
influence on dye adsorption. The observed temperature dependence was
attributed to the increased mobility of CR ions, which may desorb from the
solid phase back into the solution at higher temperatures.

Overall, the findings demonstrate that WES is an efficient, sustainable,
and low-cost biosorbent for the decolorization of synthetic wastewater
containing Congo Red dye.
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EXPERIMENTAL SECTION
Biosorbent

The biomass used as adsorbent material for the removal of CR dye
from wastewater was chicken eggshells, a residue that can be easily
procured and found in large quantities. The adsorbent material (WES) was
employed without any preliminary chemical treatment. It was thoroughly
washed with distilled water, oven-dried at 105 C.

Sieving and Particle Size Fractionation

The dried sample was subjected to mechanical sieving to separate it
into defined particle size fractions. A stainless steel sieve set (Retsch AS 200)
was used, comprising sieves with mesh openings ranging from > 1.6 mm to
<0.2 mm (corresponding to sieve sizes: >1.6 mm, 1.0-1.6 mm, 0.4-1.0 mm, 0.2-
0.4 mm, 125 ym, and <0.2 mm).

Approximately 100 g of the dried material was placed on the
uppermost sieve, and the stack was secured and mounted on the mechanical
shaker. Sieving was performed for 10 minutes at an amplitude of 1.5 mm
(vibration intensity setting 70%) to ensure efficient separation without particle
degradation. After sieving, each fraction retained on the sieves was carefully
collected, weighed, and stored in airtight containers for further analysis.

(b)

Figure 9. (a) The general macroscopic aspect of eggshells, before their physical
processing; (b) Adsorption experiments of CR removal by WES, in a regime
with immobile phases.
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The sieved biosorbent was then stored in an airtight box before its
utilization. No further chemical treatments were considered at this stage.
Optical microscope images of biosorbent were obtained with an apparatus
on samples.

Chemicals

Congo Red (CR, Direct Red 28, C.I. 22120, azo dye, Cs2H22NsNa20sSo,
molecular weight 696.7, selected as anionic dye) was purchased from Penta
(Czech Republic) and used without further purification. The stock solution,
1000 mg/L of Congo Red was prepared by dissolving the solid in distilled
water. The required concentrations were obtained by diluting the stock solution
to the desired concentrations, in 40-200 mg/L range. CR concentration was
determined using a double beam UV-visible spectrophotometer (GBC Cintra
202) at A =498 nm. HCI (0.1 M) and NaOH (0.1 M) volumetric solutions were
used to adjust the solution pH. All chemicals used were of analytical grade.

Biosorption Experiments

The biosorption experiments were carried out under batch conditions
in a static regime, by contacting a defined mass of adsorbent (1-5 g) with
100 mL of Congo Red (CR) dye aqueous solution at concentrations ranging
from 40 to 204 mg L™". Adsorption was allowed to proceed until equilibrium
was reached, as determined from preliminary experiments. The residual dye
concentration in the solution was determined at predefined time intervals
following preliminary centrifugation (5 min at 6000 rpm) and appropriate dilution.

The solid fraction of WES was separated by centrifugation using a
Hettich EBA 200 centrifuge equipped with an angled rotor, operated at a
relative centrifugal force (RCF) of approximately 3461xg. Solid—liquid separation
of the eggshell-derived adsorbent from the supernatant was routinely
conducted using this procedure. The absorbance of the supernatant was
measured at the maximum wavelength (Anax) of CR, and dye concentrations
were calculated from the corresponding calibration curve.

To evaluate the effect of temperature on the adsorption process,
experiments were conducted at 295, 305, and 315 K using 100 mL of CR
solution (97.75 mg L™") and 4 g of WES.

Fourier transform infrared (FTIR) spectra of the adsorbent before and
after adsorption were recorded in ftriplicate using a Varian FT-IR 670
spectrometer over the range 4000—400 cm™. Each sample was finely ground,
mixed with KBr at a mass ratio of 1:50 (sample:KBr), and pressed into pellets
for analysis.
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Stability of CR dye solutions

To determine the wavelength corresponding to the maximum
absorbance (Amax) and its variation with pH, a 5mgL™" solution of CR was
prepared. The pH of the solution was adjusted over the range of 5.94 to 10.93
using 0.1 M HCl or 0.1 M NaOH. Visible absorption spectra were then recorded
at room temperature using a double-beam UV-Vis spectrophotometer (GBC
Cintra 202). The maximum absorbance was observed at a wavelength of
498 nm.

Decolorization was quantified by correlating the absorbance at this
wavelength. The CR dye adsorbed by the WES biomass was calculated from
the difference between initial concentration and the final concentration in the
supernatant and was calculated using the equations (1) and (2).
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A NEW REAGENT FOR SYNTHESIS OF NITRILES FROM
ALDOXIMES USING ALUMINIUM (lll) TRIFLATE

Nesimi ULUDAG®* ", Alper SANLI?

ABSTRACT. We report a new, highly efficient, and straightforward method
for the dehydration of aldoximes to nitriles using aluminium (lll) triflate
[AI(OTf)3] as a catalyst in acetonitrile. This one-step transformation proceeds
with moderate to excellent yields (44—94%) and tolerates a wide range of
substrates, including those with aromatic, functionalized aryl, heteroaryl,
alkyl, and cycloalkyl moieties. This approach serves as a practical method
for the synthesis of nitriles from aldoximes, yielding valuable synthetic
intermediates for the pharmaceutical and agrochemical industries. In addition,
the method's operational simplicity and the convenient isolation of the final
product are its key advantages.

Keywords: Aluminum triflate; Nitriles; Reaction mechanism; Catalysis;
Dehydration

INTRODUCTION

Compounds containing the nitrile derivatives are widely used
industrially important in the fields of organic chemistry for production of
agrochemicals, pharmaceuticals as well as material sciences [1-6]. Deoximation
for the regeneration of nitriles from the corresponding oximes is still a
worthwhile topic of study in organic chemistry [7-16]. Therefore, the versatily of
the recent literature revealed that numerous reagents have been used for this
purpose with different degrees of success. A number of efficient examples from
literature include methyl N-(triethylammonium-sulfonyl)carbamate (Burges
reagent) [17], Cu(OAc)./ultrasound [18], Pd/Mn [19], diethyl phosphorocyanidate
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[20], Rosenmund-von Braun reaction [21], [RuClx(p-cymene)]./molecular sieves
[22], Ga(OTf)3[23], Ceric ammononium nitrate (CAN) [24], PhsPO/ /(COCl)2
[25], NCS/PPh3 [26], Ac20/K2CO3/DMSO [27], and PEG-SOs3H [28] has also
been used to carry out deoximation. Additionally, Recognizing the limitations of
current aldoxime-to-nitrile conversion methods, including harsh conditions,
low yields, lack of generality, and the use of costly or less accessible reagents,
as well as high microwave power. To advance synthetic transformations and
introduce a new perspective in organic chemistry, and the key compound,
aldoximes, was prepared by following the literature for the deoximation reaction
[29-32]. Firstly, according to our research, different aldehydes were used to
make aldoximes with different structures and electron-withdrawing or electron-
donating properties. For this purpose, aluminium (lll) triflate was selected for
preliminary studies, and the optimal conditions were determined to afford
the corresponding nitrile.

Herein, Our aim was to develop a new method for the synthesis of
nitriles from aldoximes using an aluminium (lll) triflate-catalyzed dehydration
reaction. and also work on understanding the mechanism of aluminium (lIl)
triflate-mediated deoximation (Scheme 1).

Considering several advantages from this reaction, the development
of a new method, good to excellent yields, and a wide scope of applicability,
we report an investigation into the effect of substituents on the rate of
deoximation using various derivatives bearing electron-withdrawing and
electron-donating groups. In contrast to previous methods, which require in
situ preparation or involve commercially less accessible reagents, the use of
aluminum triflate afforded the desired products in moderate to good isolated
yields for the first time in our study. Another advantage is that aluminum (lll)
triflate has been found to be a highly effective Lewis acid catalyst for the
deoximation reaction.

RESULTS AND DISCUSSION

We discovered from our literature study that aluminum ftriflate has
not been used in very much work for deoximation reaction. Previously, we
reported that trifluoromethanesulfonic anhydride [15] and methoxymethyl
bromide [16] are efficient and mild reagents for dehydration of aldoximes to
nitriles under mild conditions. In continuation of our interests in developing a
new method for conversion of aldoximes to nitriles, we herein wish to report
the first application of aluminum triflate to the efficient synthesis of nitriles
from aldoximes under efficient method as such a reagent. This study,
therefore, examined the effectiveness of aluminium (1) triflate as a Lewis

98



ANEW REAGENT FOR SYNTHESIS OF NITRILES FROM ALDOXIMES USING ALUMINIUM (lll) TRIFLATE

acid for the dehydration of aldoximes. At this point, our initial work commenced
with screening of solvent so as to obtain optimal reaction condition. In order
to obtain the scope and efficiency of the optimum reaction conditions,
benzaldehyde oxime 1 was reacted with various solvents. The results are
shown in Table 1. From the results in Table 1 it is evident that use of acetonitrile
with aluminium (1) triflate led to the efficient conversion of aldoxime an in
good vyield 79% upon refluxing for 3 hours as model substrates for this
reaction (Entry 9). Several other solvents were evaluated, including DMSO,
CH.CI,, THF, EtOH, DMF, MeOH, dioxane, and toluene, but were all found
to be much less efficient than MeCN, and the results are summarized in
Table 1. Thus, we observed that in the presence of aluminium (lll) triflate,
dehydration of aldoximes gave nitriles upon refluxing after 2-4 h. A wide
range of organic aldoxime compounds, mainly aromatic, functionalized aryl,
heteroaryl, alkyl, and cycloalkyl moieties, was used as starting materials
and the starting oximes were synthesised according to the literature [30].
All reactions were checked by TLC, FT-IR, and MS analysis, and final
products were determined by '"H NMR and 3C NMR. The spectral analyses
of nitriles verified the cyano group with the appearance of specific peaks at
around 2200 cm-1 (-C=N). The procedure for obtaining benzonitrile 2a was
then successfully extended to aldoximes 1b-n (Scheme 1). To further expand
the scope of the process, we examined the reaction mechanism between
benzaldoxime 1a and aluminium (ll1) triflate. As expected, in the first stage,
the OH group attacks aluminium, which is a Lewis acid, due to its high
Lewis acidity. This efficiency arises from the triflate anion (-OTf), which is a
very weak base and does not strongly interact with the Lewis acid Al*3 ion.
The triflate anion (-OTf) formed as an anion removes the hydrogen bonded
to the C=N bond, resulting in the formation of -CN. We also investigated
how the temperature affected this reaction's result. The results revealed
that increasing the temperature to refluxing led to an increase in the yield
2a to 79% (Table 1, entry 9). Acetonitrile was identified as the optimal solvent
for the conversion of aldoximes to the corresponding nitriles (Table 1). We
conducted a series of test experiments in which 1a was reacted with
aluminium (I1) triflate under different reaction conditions. On the other hand,
the desired benzonitrile product 2a was obtained in a 61% yield when the
reaction was carried out with 1 equiv of 1a and 1 equiv of aluminium (III)
triflate at reflux in acetonitrile. In another experiment, using 1 equivalent of
1a and 2 equivalents of aluminum (lll) triflate resulted in the formation of
compound 2a with a yield of 79%. When using 1 equiv of 1a and 3 equiv of
aluminium (ll1) triflate under the same conditions, the reaction yield remained
unchanged. Thus, the optimization studies showed that the best reaction
conditions for the formation of 2a were reflux in acetonitrile with 2 equiv of
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aluminium () triflate. All other aldoxime substrates were efficiently converted
into the corresponding substituted nitriles in high yields using aluminium (III)
triflate (Table 2). This transformation is tolerated for various substituents on
the phenyl ring of the aldoxime substrates, including both electron-donating
and electron-withdrawing groups (1b-1h). However, substitution with a 4-
trifluoromethyl group resulted in a slightly lower yield because of its strong
electron-withdrawing effect (Table 2, entry 5). In addition, aldoximes containing
electron-donating groups such as 4-Me (2f) and 4-MeO (29g) provided their
corresponding nitrile derivatives (2f, 92% and 2g, 91%) in excellent yields.
Furthermore, heteroatom-containing substrates (S, N, and O) afforded yields
in the range of 53-64%. 1-Naphthonitrile was also synthesized in high yield
(90%). Subsequently, alkyl and cycloalkyl aldoximes were smoothly converted
into nitriles in good yields (Table 2, entries 9, 10).

LO/

+  A(OTRs
/l (O —> b g, AI(0S02CF3),
R H

1a-n SOZCF3 2a-n

—> R—==N * CF3S0,0H *+ (CF;S0,0),A-OH

Scheme 1. Synthesis and mechanistic proposal
for the conversion of aldoximes to nitriles

Table 1 Optimization of reaction conditions

Entry Oxime Solvent T(°C) Yield 2a
1 1a DMSO Reflux 63
2 1a CH2Cl2 Reflux 41
3 1a THF Reflux 30
4 1a EtOH Reflux 65
5 1a DMF Reflux 61
6 1a MeOH Reflux 67
7 1a MeCN rt 10
8 1a MeCN 50 55
9 1a MeCN Reflux 79
10 1a Dioxane Reflux 66
11 1a Toluene Reflux 54

Aluminum (lll) triflate (2 mmol) and benzaldehyde oxime (1a, 1 mmol) were used in the reaction,
which was conducted in a variety of solvents.
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Table 2. Efficient conversion of aldoximes to nitriles using Al(OTf)s

Al(OTf)3
—_— ——N
R H Reflux
1a-n 2a-n

R = aryl, heteroaryl, alkyl, cycloalkyl

Entry R Time(h) Isolated yield (%) m.p. (°C)
1 Ces Hs- 3 79 Oil
2 4-FCe Ha- 3 66 Oil
3 4-CICs Ha- 4 72 92-94 [19]
4 4-BrCe Ha- 5 84 112-114 [19]
5 4-CF3Ce Ha- 4 41 Qil
6 4-CHsCs Ha- 2 92 Oil
7 4-CH30Cs H4 2 91 56-57 [19]
8 4-NO2Cs Ha- 3 76 147-149 [38]
9 Cyclohexyl- 2 72 Oil
10 n-CeH1s. 4 79 Oil
11 2-Pyridyl- 3 74 Oil
12 2-Furan- 2 52 Oil
13 2-Thiophene- 2 63 Oil
14 1-Naphtyl- 2 90 Oil

CONCLUSIONS

In conclusion, we have developed a highly efficient and straightforward
method for the preparation of nitriles from various aldoximes. This
aluminium (lll) triflate-assisted dehydration protocol, performed in acetonitrile,
effectively converts a broad range of substrates, including aromatic,
functionalized aryl, heteroaryl, alkyl, and cycloalkyl aldoximes. The method's
key advantages its operational simplicity, mild conditions, high yields, and
short reaction time—make it a practical alternative for deoximation reactions,
which are an important transformation in organic synthesis and synthetic
industry. Thus, our new dehydration protocol could afford a practical method
for synthesizing nitriles from various aldoximes.
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EXPERIMENTAL SECTION

"H and "*C NMR spectra were recorded on a Bruker DPX-400 MHz
High-Performance Digital FT-NMR spectrometer, with operating frequencies
of 400 MHz for '"H and 101 MHz for "*C. The compounds were dissolved in
CDCl; using tetramethylsilane (TMS) as the internal standard. Infrared (IR)
spectra were obtained on a 1000 FT-IR spectrometer using the KBr pellet
technique. Mass spectra were recorded on a GEC-21 100B Finnigan Mat
1210 mass spectrometer. Thin-layer chromatography (TLC) was performed on
silica gel 60 F254 plates. For purification, silica gel 60 (230-400 mesh, Merck)
was used. All solvents were purified according to international standards.

Typical general procedure for the synthesis of 2a-n. To a solution of
benzaldoxime 1a (121.1 mg, 1.0 mmol) was dissolved in 30 mL of MeCN
under an atmosphere of nitrogen, and then AI(OTf)3 (948.4 mg, 2.0 mmol)
was added in one portion. The resulting mixture was heated reflux for 2-4
hour. Reaction progress was monitored by thin-layer chromatography (TLC,
ethyl acetate) to monitor the progress of the reaction. Then it was cooled,
the solvent was removed and treated with a 10% aqueous solution of
NaHSO4 (20 mL) and extracted with methylene chloride (2 x 30 mL). The
combined organic extracts were washed with a saturated aqueous solution
of NaCl, dried over anhydrous Na>SO, and filtered. After the solvent was
removed under reduced pressure, the crude oil product was purified by
column chromatography on silica gel using ethyl acetate. The solvent was
then evaporated to yield the corresponding nitrile 2a-n.

Benzonitrile (2a) [19]. Oil, 81.3 mg, 79%. IR spectrum v, cm~': 3071, 2265,
1488, 1451, 751; '"H NMR (CDCls), &: 7.42-7.48 (m, 2H, ArH), 7.56-7.61
(m,1H, ArH), 7.66-7.68 (m,2H, ArH). 3C NMR spectrum, d, ppm (J, Hz): 111.5,
117.9, 128.1, 131.2, 131.8; MS (EI, 70 eV): m/z (%) 103 [M*] (100), 76 (30).

4-Fluorobenzonitrile (2b) [19]. Oil, 79.7 mg, 66%; IR spectrum v, cm™:
3071, 2988, 2234, 1610, 1503, 1241, 848, 681, 542. '"H NMR spectrum, J,
ppm (J, Hz): 7.09 (t, J = 8.3 Hz, 2H, ArH), 7.57-7.62 (m, 2H, ArH). *C NMR
spectrum, &, ppm (J, Hz): 106.5 (d, Jcr = 3.4 Hz), 114.8 (d, Jcr = 21.5 H2),
116.0, 134.7 (d, Jcr = 9.3 Hz), 165.0 (d, Jcr = 251.9 Hz). MS (El, 70 eV):
m/z (%) 122 (11), 121 [M*] (70), 105 (14).

4-Chlorobenzonitrile (2c) [33]. Crystallized from diethyl ether, mp 92-94°C

(lit. 93-94 °C), 99.7 mg, 72%. IR spectrum v, cm~": 3448, 3081, 2221, 1587,
1476, 1079, 831,540. '"H NMR spectrum, &, ppm (J, Hz): 7.43 (d, J = 8.1
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Hz, 2H, ArH), 7.63(d, J = 8.4 Hz, 2H, ArH). *C NMR spectrum, &, ppm (J,
Hz): 111.8, 117.0, 128.7, 134.4, 138.6; MS (EIl, 70 eV): m/z (%) 139 (28),
137 [M*] (100), 101 (44).

4-Bromobenzonitrile (2d) [34]. Crystallized from diethyl ether, mp112-114
°C (lit. 113-114 °C), 153.0 mg, 84%. IR spectrum v, cm™": 3272, 2222,
1474, 1065, 1010, 826, 542. 'H NMR spectrum, 8, ppm (J, Hz): 7.51 (d, J =
8.5 Hz, 2H, ArH), 7.66 (d, J = 8.4 Hz, 2H, ArH). 3C NMR spectrum, &, ppm
(J, Hz): 112.3, 117.1, 127.0, 131.7, 134.4; MS (El, 70 eV): m/z (%) 183
(61), 181 [M*] (55), 102 (100).

4-(Trifluoromethyl)benzonitrile (2e) [19]. Oil, 69.3 mg, 41%; %. IR
spectrum v, cm~': 3062, 2234, 1731, 1687, 1264, 1091, 1022, 814, 678. 'H
NMR spectrum, &, ppm (J, Hz): 7.58 (d, J = 8.3 Hz, 2H, ArH), 7.71 (d, J =
8.3 Hz, 2H, ArH). 3C NMR spectrum, &, ppm (J, Hz): 114.0, 118.5, 122.1
(d, Jcr=274.4 Hz), 127.2 (q, Jc-F = 3.5 Hz), 133.7, 135.5 (d, Jcr = 32.3Hz);
MS (El, 70 eV): m/z (%) 172 [M*+1] (11), 147 (18).

4-Methylbenzonitrile (2f) [34]. Oil, 108.3 mg, 92%. IR spectrum v, cm™":
3052, 2981, 2221, 1611, 1173, 814, 535. '"H NMR spectrum, &, ppm (J, Hz):
2.68 (s, 3H, CHs-), 7.29 (d, J = 8.3 Hz, 2H, ArH), 7.55 (d, J = 8.3 Hz, 2H,
ArH). 3C NMR spectrum, d, ppm (J, Hz): 22.8, 108.3, 118.2, 127.9, 131.0,
144.7; MS (El, 70 eV): m/z (%) 118 (11), 117 [M*] (100), 116 (54).

4-Methoxybenzonitrile (2g) [33]. Crystallized from petroleum ether, mp 56-
57 °C (lit. 55-57 °C), 121.2 mg, 91%. IR spectrum v, cm~": 3014, 2988, 2211,
1611, 1505, 1261, 1168, 1017, 841, 678, 543. '"H NMR spectrum, d, ppm (J,
Hz): 7.63 (d, J = 8.1 Hz, 2H, ArH), 6.93 (d, J = 9.1 Hz, 2H, ArH), 3.81 (s, 3H,
CH30-). 3C NMR spectrum, &, ppm (J, Hz): 54.6, 103.0, 113.8, 118.3, 133.0,
163.9; MS (El, 70 eV): m/z (%) 134 (23), 133 [M*] (100), 103 (36).

4-Nitrobenzonitrile (2h) [35]. Crystallized from ether, mp 147-149 °C
(Lit.149 °C), 112.2 mg, 76%; IR spectrum v, cm~": 3052, 2967, 2922, 2851,
2227, 1731, 1681,1578, 1508, 1377, 1348, 1238, 1151, 1066, 1011, 963,
804, 771, 694, 583, 451. 'H NMR spectrum, &, ppm (J, Hz): 7.96 (d, J = 8.7
Hz, 2H, ArH), 8.32 (d, J = 8.6 Hz, 2H, ArH). '3C NMR spectrum, &, ppm (J,
Hz): 115.8, 117.3, 123.2, 134.4, 151.0; MS (El) m/z (%): 148 [M*].
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Cyclohexanecarbonitrile (2i) [36]. As a clear oil, 78.8 mg, 72%. IR
spectrum v, cm~': 2938, 2221, 1645, 1283, 1043. '"H NMR spectrum, 3,
ppm (J, Hz): 1.31-1.43 (m, 4H), 1.60-1.71 (m, 4H), 1.74-1.83 (m, 2H), 2.54-
2.65 (m, 1H). 3C NMR spectrum, 3, ppm (J, Hz): 23.0, 24.3, 27.9, 28.5,
123.6; MS (El, 70 eV): m/z (%) 110 (32), 109 [M*] (100), 68 (36).

Heptanenitrile (2j) [19]. Oil, 88.2 mg, 79%. IR spectrum v, cm™": 2952,
2931, 2858, 2243, 1640, 1461, 1422, 1378, 1271. '"H NMR spectrum, 3,
ppm (J, Hz): 2.32 (t, J=7.1 Hz, 2H), 1.62 (t, J=7.4 Hz, 2H), 1.47 (t, J=7.3
Hz, 2H), 1.31-1.36 (m, 4H), 0.93 (t, J = 6.7 Hz, 3H). "3C NMR spectrum, 9§,
ppm (J, Hz): 14.9, 18.1, 23.3, 26.3, 29.3, 31.9, 118.8.

2-Pyridinecarbonitrile (2k) [37]. Oil, 77.2 mg, 74%. IR spectrum v, cm™™:
3051, 2923, 2234, 1681, 1644, 1579, 1461, 1431, 1358, 1288, 991, 780,
733, 554; '"H NMR (CDCls), &: 7.63 (s, 1H, ArH), 7.78 (s, 1H, ArH), 7.94 (s,
1H, ArH), 8.73(s, 1H, ArH). *C NMR spectrum, , ppm (J, Hz): 116.2, 126.1,
127.6, 134.9, 136.2, 152.1; MS (El, 70 eV): m/z (%) 104 (100) [M* ], 78 (5).

Furan-2-carbonitrile (21) [19]. Oil, 48.5 mg, 52%. IR spectrum v, cm™":
3191, 2244, 1258, 1093, 1021, 807, 753, 691. 'H NMR spectrum, d, ppm
(J, Hz): 6.43-7.46 (m, 1H, ArH), 7.02 (d, J = 3.5 Hz, 1H, ArH), 7.54 (s, 1H,
ArH). 3C NMR spectrum, &, ppm (J, Hz): 111.4, 122.9, 124.4, 145.3. MS
(El, 70 eV): m/z (%), 93 [M*] (5), 76 (7).

Thiophene-2-carbonitrile (2m) [19]. Oil, 68.6 mg, 63%. IR spectrum v,
cm-': 3028, 2221, 1441, 1380, 1265, 1070, 807, 778, 450. 'H NMR
spectrum, 8, ppm (J, Hz): 7.10-7.16 (m, 1H, ArH), 7.63-7.67 (m, 2H, ArH).
3C NMR spectrum, 8, ppm (J, Hz): 107.6, 113.2, 128.7, 134.7, 136.4. MS
(El, 70 eV): m/z (%) 109 [M*] (100).

1-Naphthonitrile (2n) [24]. Oil,138.1 mg, 90%. IR spectrum v, cm-': 3066,
2229, 1511, 1374, 1217, 810, 770. 'H NMR spectrum, &, ppm (J, Hz): 7.22-
7.61 (m, 3H, ArH), 7.86-8.09 (m, 3H, ArH), 8.18 (t, J = 8.3 Hz, 1H, ArH). 13C
NMR spectrum, &, ppm (J, Hz): 111.1, 116.8, 123.9, 126.0, 128.0, 129.6,
129.7, 133.3, 133.6, 133.9, 134.3. MS (El, 70 eV): m/z (%), 154 (15), 153
[M*] (100).
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ABSTRACT. The use of waste wine byproducts in packaging manufacture
can offer an alternative to plastic pollution. Thus, grape pomace possesses
properties that could improve the performance of plastic materials. In this
work, the conditioning of grape pomace was studied for the purpose of
adding PLA films. Resveratrol was extracted from grape pomace, which was
then incorporated into PLA films to enhance their performance. The obtained
biopolymers were characterized by determining the mechanical, thermal, and
structural properties. The tensile strength of the composites has similar values
for the composite with pomace and those with resveratrol, and a similar
flexibility of the analyzed samples. The thermal stability of the pomace waste
and the composites to which pomace and resveratrol were added was
high. DSC tests of PLA-based composites revealed two endothermic peaks at
temperatures above 120 °C, probably caused by the melting of amorphous
structures. Surface examination indicated a relatively uniform distribution of
pomace or resveratrol particles in the polymer matrix, and surface roughness
parameters calculated by atomic force microscopy indicated a low to moderate
level of roughness, with higher values for pomace-containing films than for
resveratrol-based ones, highlighting the more hydrophilic nature of pomace-
containing films compared to resveratrol-based ones.
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INTRODUCTION

Grape pomace, one of the main by-products of winemaking, describes
approximately 20% of the total mass of processed grapes; it is a complex
product composed of polysaccharides, pectins, phenolic compounds, lignin,
structural proteins and phenols [1]. Thus, it has been highlighted that grape
pomace contains bioactive compounds that can be obtained along with other
value-added products, to bring socio-economic and environmental benefits
[2-3].

The field of nanotechnology reveals innovative solutions for waste
valorisation through the synthesis of nanomaterials with special chemical and
physical properties, making them suitable for numerous applications, including
safety protocols and environmental monitoring [4-8].

Directing bio-wastes on new pathways to usable products or raw
materials has gained a lot of popularity [9-12]. In recent years, there has been
great development underway to improve bio-waste transformation processes
to generate different raw materials, especially for bioplastic production [13].
Thriving use of renewable resources will not only help changeover to the circular
economy but will also lead to significant ecological advantages such as
decreasing greenhouse gas emissions, reducing the volume of harmful
pollutants, and protecting ecosystems and biodiversity [14-17].

According to previous studies, the winemaking by-products contain
a significant number of fatty acids and phenolic compounds with viable
applications in the food industry [18]. Pomace has been patrtially valorised by
now, mainly for oil extraction from the grape seeds in view of utilising it in the
pharmaceutical industry for its antioxidant and antibacterial properties [19].

In addition, sustainable food packaging materials have been developed
from polyphenols and associated fibre extracted from pomace. The use of these
active extracts in the development of biodegradable active packaging materials
serves as a striking substitute for food preservation, adding value to bioplastics
by enhancing their functionality [20-22]. The food packaging materials have to
protect food against UV light and should also be supplemented with probiotics,
a class of microorganisms with great importance for the digestive system,
which can improve digestion when they reach the stomach along with the
packed food [23-24].

The increased consumer demand for fresh and natural foods comes
along with innovative concepts of smart food packaging with an extended shelf
life, competitive price and greater accessibility during storage and transportation
[25]. Antimicrobial agents impregnated on packaging materials can slowly
diffuse onto the food surface to combat food-borne microorganisms [26]. The
grape skin cell wall contains cellulose, hemicellulose, pectin, and lignin, which
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form a complex structure, while the main components of grape seeds are
cellulose and pectin. Cellulose Nano Crystals (CNCs) are the best options for
the development of nano-composite materials, due to their high crystallinity
and large surface area, which are important properties for high-performing
composites [27]. These active compounds can be extracted by various
methods, such as ultrasound, high interest in using environmentally friendly
solvents, like subcritical water, instead of conventional organic solvents. The
efficiency and selectivity of the process depend on the state parameters,
water-increasing temperature being the most important factor, which reduces
the dielectric constant and the polarity of water molecules, thus enhancing
the dissolution of less polar compounds in water [28].

Polysaccharide films investigated for food packaging have a good
oxygen barrier, but their humidity resistance is weaker. A solution to this
problem is bilayer films made by crosslinking and PLA addition. Cellulosic
multilayer films proved to offer a good barrier for oil and gas, although they
require chemical modification through esterification or etherification processes.
The results demonstrate that multi-layer structures of PLA, fully biodegradable
by natural microorganisms such as bacteria and fungi, can be designed
with the aim of enhancing performance in food packaging [29].

Among the available biobased polymers, there is polybutylene
succinate (PBS), which has convenient mechanical properties in comparison to
petrochemical polymers such as polyethylene or polypropylene. The main
inconvenience to PBS is its tendency to degrade by thermo-oxidative
mechanisms. To prevent unwanted degradation processes, there comes the
need to stabilize the polymers by adding functional stabilizers. Resveratrol,
another important component of the grape seeds, has also proven to be able to
slow the oxidative chain reaction of polymers through a peroxyl radical
scavenging mechanism, while it has little effect on the direct photolytic
cleavage of the ester bonds [30-31].

The food packaging industry is expected to grow, as the use of waste
such as wine by-products minimizes food waste and offers an alternative to
plastic pollution, with a negative impact on the environment. Grape pomace
possesses favorable properties for the addition of plastics and, through physical
processes such as extraction or chemical processes such as maceration,
active principles can be obtained that can contribute to improving the
performance of biopolymers to obtain valuable packaging materials with
favorable mechanical properties, flexibility, as well as improved antibacterial
activity. This work addresses the valorization of grape pomace in order to
obtain active food packaging based on polylactic acid (PLA). The pomace
waste was conditioned in powder form or was recovered by extracting a
concentrated fraction of resveratrol. The two additives, namely pomace and
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resveratrol, were characterized and used in the preparation of PLA-based
composites, which were characterized by determining the mechanical, thermal,
and microstructural characteristics.

RESULTS AND DISCUSSION

Characterization of grape pomace
Scanning Electron Microscopy (SEM)

From the SEM images, bundles with a fibrous structure, under 100 um,
with numerous holes formed as a result of the entanglement of the fibers
are observed (figure 1).

Figure 1. SEM images of grape pomace powder

Thermogravimetric Analysis (TGA)

The thermal decomposition of PLA Cu samples is depicted in Figure 2.
Three important areas are observed. (1) The first one is an area with a
mass loss of up to 6.45% by weight, the area located at temperatures of up
to approximately 225°C. (2) The second one is an area with a mass loss of
up to 16.90% by weight, the area located at temperatures of 225-325°C.
(3) The last one is an area with a mass loss of up to 63.60% by weight, the area
located at temperatures of 325-5000C. Mass losses for the first two zones are
due to the evaporation of water and compounds with different volatilities, such
as polyphenols, carboxylic acids, etc., and for the third zone, they are due to
the thermal decomposition processes of hardly volatile compounds such as
carbohydrates, lignin, resveratrol etc.
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Figure 2. Thermogravimetric analysis (TGA) for grape pomace

Characterization of resveratrol
SEM analysis

Resveratrol powder particles have geometric or irregular shapes,
with flat, shiny surfaces and sharp edges, on which deposits of much smaller
powder particles can be noticed (Figure 3). Most cylindrical particles have
lengths below 100 pm.

Figure 3. SEM images of resveratrol
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HPLC analysis

The HPLC chromatogram of the resveratrol extract after concentration
and the resveratrol standard are shown in Figures 4 and 5. The HPLC
chromatograms show the presence of a relatively small number of components
in the concentrated resveratrol extract. Based on this analysis, the efficiency
of the purification process of the concentrated resveratrol extract can be
highlighted, considering the large number of components present in such
products.
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Figure 4. HPLC chromatogram of the resveratrol standard.
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Figure 5. HPLC chromatogram of concentrated resveratrol extract

FTIR analysis of grape pomace

In Figure 6, the asymmetric and symmetric stretching vibrations of
the CH. groups are observed at 2919 and 2852 cm?, respectively. These are
mainly associated with the hydrocarbon chains of lipids or lignins as noted
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by Lucarini et al. [33]. The spectral band at 1741 cm is attributed to the
absorption of the C=0 bonds of ester groups and is related to the presence
of fatty acids and their glycerides, as well as pectins and lignins as noted by
Gao et al. [34]. The fingerprint region from 1500 to 800 cm is very rich in
peaks originating from different stretching, bending, rocking, shearing and
torsion modes. This region is, on the one hand, very rich in information, but,
on the other hand, difficult to analyze due to its complexity. This region
provides important information about the organic compounds, such as sugars,
alcohols and organic acids, present in the sample. The aliphatic C-O stretch at
1261 cm is related to alcohols. The aromatic C-H stretch at 1143 cm can
be attributed to phenolic compounds. The O-C-C stretch at 1457 cm* indicate
the presence of the phenolic compounds as noted by Heredia-Guerrero et al.
[35]. The out-of-plane CH3; bending at 1064 cm is related to polysaccharide
structures as noted by Gao et al. [34]. The band at 788 cm™ is due to the
CH: swing of phenolic compounds as noted by Lucarini et al. [32].
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0.9 ] Resveratrol
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Figure 6. FT-IR spectra of grape pomace and resveratrol

Characterization of synthesized recipes

The prepared PLA films were homogeneous, opaque, faintly colored,
and did not contain embedded air bubbles.

Tensile test results

As can be seen in Table 1, the tensile strength of the composites
has similar values for the composites with pomace and those with resveratrol.
Young’s modulus has higher values for the composites with pomace and
the breaking elongation has higher values for the composites with resveratrol.
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Table 1. Tensile test results

Sample Tensile Maximum Breaking Breakir_wg Young’s | Breaking
Code strength load Strength | Elongation | modulus | Stress
(MPa) (N) (N) (mm) (MPa) (MPa)
PT1 16.31+2.84 | 157.974#51.77 | 159.69 34.290 556.11 15.01
PT 2 15.45+5.97 | 159.69+38.26 | 159.69 23.600 532.22 13.38
PT3 18.726+4.68 | 189.29+50.21 | 181.60 54.356 593.68 15.98
PR1 19.40+6.84 | 194.88+49.15 | 194.88 103.78 126.71 19.40
PR2 25.99+6.87 | 237.89+47.56 | 237.89 127.14 15.23 25.96
PR3 19.38+4.33 | 201.54+45.85 | 201.54 118.28 11.42 19.28
p-Va|Ue * *% *% *k%k *k%k *%

* first relevant statistic group (p < 0.05) ** second relevant statistical group (p < 0.05)
*** the third statistical relevant group (p < 0.05)

Flexural Strength Testing

The results obtained for the three-point bending tests are depicted
in Table 2. From the investigation of the bending tests it is observed that
the flexibility of the samples presents close values for all the analyzed
samples. The Young’'s modulus of the samples is directly proportional to the
maximum force supported and is inversely proportional to the elongation and
decreases with increasing additive concentration.

Table 2. The obtained results for three points Flexural Tests

Sample | Meximum | Young Modulus | Sitiel? | Siress at Mamum [1on9aton
(Nm?) Load (MPa)

PT1 | 44.24+4.14 | 214.7690+40.16 | 0.0044 22.45+2.85 9.22+1.01
PT2 | 40.48+0.57 | 196.24+16.72 0.0047 19.07+1.33 9.12+0.6
PT3 12.49+4.08 | 105.02+58.44 0.0030 5.50+1.95 8.860.5
PR1 5.02+2.70 383.31+1.79 0.0016 2.12+0.58 5.56+1.57
PR2 | 12.33+1.44 | 155.96+50.86 0.0029 6.72+0.53 8.74+0.34
PR3 | 42.48+1.23 59.17+40.92 0.0066 22.16+1.32 9.79+0.46
p-value *k Fokk * ok *

* first relevant statistic group (p < 0.05) ** second relevant statistical group (p < 0.05)
*** the third statistical relevant group (p < 0.05)

The elongation value did not change significantly with the content of
pomace or resveratrol, probably due to the mobility induced by the nature
of the plasticizer used in the experiments.
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Thermogravimetric analysis

The behavior of PLA films added with grape pomace is illustrated in
Figure 7 through TG curves and in Figure 8 through DTG curves. For the three
composites it is observed that the mass losses are insignificant at temperature
values lower than 300 °C and are due to the vaporization of the more volatile
components present in the pomace or plasticizer. These mass losses become
significant at temperatures above 300 °C and are due to the homolytic
dissociations of the C-O and C-C bonds in the plasticizer and polyester
molecules. The mass losses decrease at temperatures of almost 380 °C.
The cracking residue at temperatures above 400 °C has relatively low values
(tends to zero).
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Figure 7. TGA curve for grape pomace-based composites

25

—PTL
——PT2

204 ——PT3

1.5
1.0 1
L
0.0—.

T

—
0 100 200 300 400 500 600 700 800
Temperature (°C)

Deriv. (%/°C)

Figure 8. DTG curve for grape pomace-based composites
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The thermal stability of PLA composite containing 0.5 to 1.5 wt.%
resveratrol is illustrated in Figures 9 and 10. Both the TG and DTG curves
show that the three resveratrol-based composites exhibit similar thermal
stability to the pomace-based composites.
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Figure 9. TGA curve for resveratrol-based composites
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Figure 10. DTG curve for resveratrol-based composites
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DSC analysis

The influence of grape pomace and resveratrol on the thermal
transitions of PLA composites is shown in DSC thermograms Figure 11 and
in Table 3. As can be seen, the addition of pomace to PLA induced the
appearance of two endothermic transformations located at temperature
values higher than 120 °C. Also, over the temperature range studied, the
transition from the glassy state to the thermoplastic state was not identified,
Tg therefore having values lower than 25 °C. This behavior is attributed to
the improvement of PLA mobility due to the characteristics of the plasticizer
that enhance the decrease of the glass transition temperature, regardless
of the pomace concentration value. In the case of samples to which resveratrol
was added, a similar behavior was observed, with two endothermic peaks being
evident at temperatures above 120 °C, probably caused by the melting of
amorphous structures, the size of the peaks being proportional to their
concentration.

Table 3. Characteristic temperatures for PLA films added with pomace and resveratrol

. DSC
tit
Sample le::]n )I y Temperature Temperature The process type
g interval (°C) |transformation (°C) P yp
Onset 119 .
PT1 13.9020 25-135 132 endothermic process
135-200 145 endothermic process
Onset 121 .
PT2 13.9380 25-135 133 endothermic process
135-200 146 endothermic process
Onset 122 .
PT3 10.3000 25-135 131 endothermic process
135-200 146 endothermic process
Onset 124 .
PR1 16.0600 25-135 132 endothermic process
135-200 146 endothermic process
Onset 118 .
PR2 11.4540 25-135 131 endothermic process
135-200 146 endothermic process
Onset 121 .
25-1 h
PR3 13.8850 5-135 131 endothermic process
135-200 146 endothermic process
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Figure 11. DSC curve for: (a) PT1 composite, (b) PT2 composite,
(c) PT3 composite.
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Scanning electron microscopy (SEM) analysis

Scanning electron microscopy analysis of PLA films doped with
pomace or resveratrol (PT1-3 and PR1-3), performed at 2000 magnifications
(40 um) (Figures 13), reveals a relatively uniform distribution of pomace or
resveratrol particles in the polymer matrix, probably facilitated by the close
polarity of the plasticizer with the two additives. The presence of additive
microclusters is observed in all samples, especially at higher resolutions.
Increasing the additive concentration determined the increase in the size of
the microclusters, a more obvious increase in the case of the PLA film
doped with pomace. In conclusion, the SEM micrographs demonstrate that
the incorporation of the two additives into the PLA matrix was successful,
with minimal surface defects, which makes the material potentially suitable
for packaging applications.

Figure 13. SEM micrographs of: (a) PT1; (b) PT2; (c) PT3 sample at 2000
magnifications.

Figure 14. SEM micrographs of: (a) PR1; (b) PR2;
(c) PR3 sample at 2000 magnifications.
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Atomic force microscopy (AFM) analysis

Analysis of the surface of PLA-based films, previously stored in
saline solution, by atomic force microscopy (AFM) provided a more detailed
picture of the microstructural units and their topographical characteristics.

The analysis of the PLA film surface by atomic force microscopy
provided more detailed images of the microstructural units, as well as the
topographical features. Both the advanced dispersion of the pomace (Figure
15) and resveratrol nanopatrticles (Figure 16), but also variations in the film
thickness are highlighted. The topographical image reveals clusters of pomace
or resveratrol, with a more or less uniform distribution, suggesting a relatively
good compatibility between the PLA matrix and the two additives. The three-
dimensional profile of the film surface highlights a texture whose homogeneity
decreases with increasing pomace or resveratrol content. The calculated
surface roughness parameters, an average roughness (Ra) and a root mean
square roughness (Rq) at a low to moderate roughness level, with higher
values for the films containing pomace than for those based on resveratrol
and increasing with the additive content. This behavior is due to a higher
water absorption in the pomace-based PLA film, probably due to its more
hydrophilic character compared to resveratrol.

Literature data reveal that the proper dispersing of the filler particles
ensures an optimal cohesion within the composite material [36, 37]. The mineral
filler (e.g., such a small micro fraction) dispersion is very susceptible to the
fluidity of the dispersion environment [38]. Mugnaini et al. reveal that the
grape pomace addition into the composite material causes a relative increase of
the surface roughness from about 40 nm up to 60 nm due to the enhancing of
the hydrophilic behavior that interacts with the cantilever’s tip [39]. Similar
behavior is observed by de Souza Cohelo et al. [40]. Thus, the initial fluidity of
the composite material plays an important role in the even particle distribution,
which is kept after polymerization.

Furthermore, a smooth and uniform surface has a small roughness
as observed by Atomic Force Microscopy [41] and the composite materials’
roughness strongly depends on the filler particles reaching the outermost
layers [42,43]. The initial well-done lamination of the filler particles keeps the
surface roughness as low as possible. Literature reveal that the lateral
pressure [44] associated with any liquid penetration might cause delamination of
the outermost filler particles increasing the surface roughness. Resveratrol has
spreading into the composite nanostructure increases the surface
roughness in a pronounced manner via local hydrophilicity associated with
highly negative charged surface as observed by Tan et al. [45]. The roughness
increase is caused by the increasing of contact angle from 88.2 + 4.58° to
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about 115.54 + 1.12° induced by resveratrol (Brahamian et al.) making the
composite ideal for proactive food packaging. [46] The proactive role of the
relative increased roughness under bioactive behavior of resveratrol filled
composites is also confirmed by Wu et al. [47]. The local heights of the gelatin—
resveratrol increase from about 20 nm to about 40 nm as consequence of
its uniform distribution within the matrix (Fu et al.) [48].

Figure 15. Topographic characteristics of: (a) PT1 - scanned area 10 um x 10 um,
Ra area 31.6 nm; Rq area 40.5 nm; (b) PT2 - scanned area 20 pm x 20 um,
Ra area 63.6 nm; Rq area 78.5 nm; (c) PT3 - scanned area 20 pm x 20 pum,

Ra area 61.5 nm; Rq area 85.0 nm.

122



WASTE GRAPE POMACE FOR FOOD PACKAGING

Figure 16. Topographic characteristics of: (a) PR1 - scanned area 5 pm x 5 pm,
Ra area 21.4 nm; Rq area 27.1 nm; (b) PR2 sample - scanned area 20 um x 20 pum,
Ra area 47.5 nm; Rq area 61.3 nm; (c) PR3 - scanned area 20 pm x 20 um,
Ra area 56.6 nm; Rq area 68.1 nm.

The limitations of the current study are generated by the low
concentrations of the powdered additive (below 1.5%), either due to the color
change of the PLA film favored by the pomace, or due to the high price of
resveratrol.
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Future research directions consider optimizing the composition of
the plasticizer mixture in order to improve the film elongation and
performing bacteriological studies of the optimized formulations.

CONCLUSIONS

Grape pomace waste was conditioned in powder form or was
recovered by extracting a concentrated fraction of resveratrol. The two
additives, respectively pomace and resveratrol, were characterized and
used in the preparation of PLA-based composites that were characterized
by determining the mechanical, thermal and microstructural characteristics.
The tensile strength of the composites has similar values for the composites
with pomace and those with resveratrol, with Young's modulus having
higher values for the composites with pomace. Bending tests revealed a
similar flexibility of the analyzed samples and values of Young's modulus
directly proportional to the maximum force supported. The thermal stability
of the grape pomace waste and the composites added with pomace and
resveratrol obtained was evaluated by thermogravimetric analysis, highlighting
their good thermal stability. DSC tests of PLA-based composites revealed
two endothermic peaks at temperatures above 120 °C. The melting of the
amorphous structures, the size of the peaks being proportional to their
concentration probably cause these. The mobility of PLA macromolecules
induced by the plasticizer tributyl 2-acetylcitrate favored the decrease of Tg
and the obtaining of an elongation of applicative interest for the two types of
composites studied. Surface examination indicated a relatively uniform
distribution of pomace or resveratrol particles in the polymer matrix with
small micro-clusters of additive aggregates, especially in composites where
the additive concentration is higher. Surface roughness parameters calculated
by atomic force microscopy indicated a mean roughness (Ra) and root mean
square roughness (Rq) at a low to moderate roughness level, with higher
values for pomace-containing films than for resveratrol-based ones, highlighting
the more hydrophilic nature of pomace-containing films compared to resveratrol-
based ones.

EXPERIMENTAL SECTION

Materials and Methods

Polylactic acid (PLA, Ingeo® brand, NatureWorks LLC, Tokyo, Japan),
Proviplast® 2624 by Proviron (tributyl 2-acetylcitrate), chloroform, methanol and
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ethyl acetate from Aldrich-Sigma (Schnelldorf, Germany). In this study, grape
pomace was from the grape variety “Vitis” interspecific crossing “Noah”, family
Vitaceae.

Preparation of the Biomass

The pomace was washed in three stages with distilled water at
a mass ratio of water/pomace 10/1, then dried in an oven at 60 °C for 24 hours
and cut into smaller pieces. The resulting dried pomace was finely ground
with a GRINDOMIX GM 200 knife mill, manufactured by Retsch GmbH, and
sieved to a powder with a particle size < 200 ym.

Resveratrol was obtained from grape pomace according to the
procedure described by Trifoi A. et al. [32]. Thus, we macerated 100 g of dried
and ground grape pomace in 1000 ml of methanol at room temperature for 24 h,
after which the mixture was subjected to a reflux extraction process for 60 min.,
under continuous stirring, at a rotation of 400 rpm. After reflux extraction, the
mixture was filtered and the extract solution was concentrated under vacuum,
then dispersed in water adjusted to pH 1 with hydrochloric acid, at an extract:
water ratio of 1:10 and subjected to the hydrolysis process for 20 h, at 60°C. To
recover resveratrol from the hydrolyzed aqueous solution. The aqueous solution
of resveratrol was subjected to a three-stage liquid-liquid extraction process in a
separatory funnel in the presence of ethyl acetate at a volumetric ratio of 1/1.
Then the extract was decolorized with TONSIL bleaching earth, and the
resveratrol was recovered by precipitation in water and filtered.

Preparation of PLA-based films

The solubilization of polylactic acid (PLA) was carried out at a controlled
temperature of 50°C, using a stirring speed of 500 rpm. After complete
dissolution of PLA, the plasticizer and then the additive (pomace or resveratrol
powder) were successively added to the solution. The resulting homogeneous
mixture was then poured into sterile Petri dishes for solvent evaporation to form
the film. Three active formulations based on powdered pomace and three active
formulations based on resveratrol were prepared, as shown in Table 4.

Table 4. Composition of PLA-based films

Sample | Polylactic Acid | Proviplast 2624 | Grape pomace |Resveratrol (%

no. (% wiw) (% wiw) (% wiw) w/w)

PT1 79,5 20,0 0,5 -

PT2 79,0 20,0 1,0

PT3 78,5 20,0 1,5 -

PR1 79,5 20,0 - 0,5

PR2 79,0 20,0 - 1,0

PR1 78,5 20,0 - 15
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Biomass and PLA composite characterization

The obtained pomace powder was analyzed by SEM microscopy,
FTIR analysis and TGA. Resveratrol was analyzed by SEM microscopy and
by HPLC chromatography. To evaluate the physicochemical characteristics
of the developed PLA-based composite films, mechanical thermal, and
surface analyses were performed using state-of-the-art techniques. These
characterizations aimed to evaluate the impact of pomace and resveratrol
additives on the performance of the films.

HPLC analyses were performed on a Jasco HPLC chromatograph
(Japan) equipped with an HPLC pump (Model PU-980), a ternary gradient
unit (Model LG-980-02), a column thermostat, a UV-Vis detector (Model
UV-975), and an injection valve equipped with a 20 yL sample loop (Rheodyne).
Samples were manually injected with a Hamilton Rheodyne syringe (50 ml).
The HPLC system was controlled and the experimental data were analyzed
with ChromPass software.

The microstructural characteristics of the samples were determined
using scanning electron microscopy (SEM) and atomic force microscopy
(AFM). SEM images were acquired using an Inspect S- SEM microscope
(FEI, Hillsboro, OR, USA) operated under high vacuum at an accelerating
voltage of 30 kV. This method enabled detailed visualization of the dispersion of
fillers, phase separation, and surface homogeneity. The surface topography
of the samples was investigated by scanning Atomic Force Microscopy (AFM)
performed with a JEOL JSPM 4210 device, produced by JEOL, Japan, Tokyo.
Fourier Transform Infrared Spectroscopy (FTIR): was employed to investigate
the molecular structure and the specific functional groups present in the pomace.

Fourier transform infrared (FT-IR) spectra were recorded on a
Spectrum BX (Perkin Elmer, Waltham, MA, USA) FTIR spectrometer, equipped
with an ATR accessory (PIKE MIRacleTM), with a diamond crystal plate in
attenuated total reflection (ATR) mode.

Thermogravimetric analysis assessed the thermal stability of biomass
and biochar using the thermogravimetric/derivative apparatus TGA/DTG (TGA 2
Star System Mettler Toledo, Zurich, Switzerland). Differential Scanning
Calorimetry (DSC) was carried out with the help of a 630e, 700C Mettler-
Toledo calorimeter (Switzerland). Measurement conditions: aluminum crucible-
40 pL; heating speed: 10 oC/min; temperature range 25-200 oC; final landing
0.5 min; atmosphere: nitrogen; flow rate: 80 mL/min.

The rectangular specimens specific to this test were subjected to
tensile tests using the Lloyd LR5k Plus universal mechanical testing machine
(Lloyd Instrumente, Ametekins, West Sussex, England), with a maximum
allowed capacity of 5KN, at a loading force of 0.5 N and a speed of 1 mm/minute
at ambient temperature (25 °C), according to the ASTM D638-14, using

126



WASTE GRAPE POMACE FOR FOOD PACKAGING

Nexygen software (version 4.0). The flexural strength was achieved by the
3-point technique, according to ASTM D 790; the data were processed
using the Nexygen software (version 4.0). All the data are the average of at
least seven measurements. The statistical differences between the groups
of investigated samples were statistically analyzed using the one-way ANOVA
test.
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QUALITY ASSESSMENT OF HANDMADE SOAPS,
PLANT-BASED OILS, AND SKINCARE CREAMS:

PHYSICOCHEMICAL AND MICROBIOLOGICAL ANALYSIS
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ABSTRACT. The aim of this study was to evaluate the quality and safety
of handmade cosmetic and hygiene products through physicochemical and
microbiological determinations, prior to their placement on the market. Three
types of samples were analyzed, namely: solid soaps, creams, and cosmetic
oils, using standardized methodologies compliant with current European and
international regulations. The results demonstrated variations in pH, moisture
levels, total alkali and Total Fatty Matter (TFM) content and viscosity, as well
as quality indices in the case of oils, alongside the absence of pathogenic
microorganisms, with detection occurring in only one sample. Additionally,
Gas chromatograph coupled with mass spectrometer (GC-MS) and Fourier
transform infrared spectroscopy (FTIR) analyses were performed on
representative samples. These findings emphasize the necessity of continuous
monitoring and quality assessment of cosmetic products to ensure consumer
safety.

Keywords: handmade cosmetic products, microbiological analysis, total
alkali, peroxide index, acidity index

INTRODUCTION

Cosmetics and personal care products have long been used to

cleanse, protect, and hydrate the skin. Soaps, creams, ointments, and
vegetable oils remain key categories in topical care. Recently, interest in
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handmade and natural products has increased, driven by a preference for
bioactive ingredients and avoidance of synthetic compounds [1,2].

Microbial contamination is a persistent concern, arising from raw material
impurities, production conditions, or poor hygiene [3,4]. Microbiological control is
essential to ensure safety throughout a product’s shelf life [5,6]. Contamination
can reduce both efficacy and safety [7], especially for products applied to
sensitive skin.

Topical product quality depends on physicochemical properties and
microbiological safety. For soaps, important indicators include pH, alkali content,
moisture, and Total Fatty Matter (TFM) [8,9]. A pH close to skin’s natural value
helps maintain the stratum corneum and prevents irritation or atopic conditions
[10—-12]. Despite this, pH is rarely indicated on packaging.

Creams and ointments are semisolid forms with cosmetic and
therapeutic uses. Their pH should match that of healthy skin (5.4-5.9) to
preserve the microbiota and barrier function [13—-15]. Viscosity also plays a
key role in formulation stability and user experience.

Cosmetic oils are evaluated by parameters such as density, acid and
peroxide values, which affect their stability and therapeutic potential [16]. Since
cosmetics often support microbial growth and are not sterile, contamination
with bacteria like Pseudomonas aeruginosa, Staphylococcus aureus, or
filamentous fungi remains a concern [7,18-20].

This study aimed to evaluate the physicochemical and microbiological
quality of various cosmetic products, including soaps, creams, ointments,
and oils, using standardized methods aligned with current regulations. The
antimicrobial activity of selected samples was tested in vitro on Gram-positive
bacteria.

The novelty of this research lies in its multidisciplinary evaluation of
cosmetic products, combining physicochemical parameters, chromatographic
techniques, and microbiological assessments to establish a comprehensive
quality profile prior to their market release.

RESULTS AND DISCUSSION

1. Physicochemical analyses
Analysis of Handmade Solid Soaps

The physicochemical analysis of ten handmade solid soap samples
is presented in Figures 1—4. The evaluated soap properties: pH, moisture
and volatile matter, density, free alkalis, total alkalis, and TFM are presented
in the normalized heat map in Figure 1.
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Heat Map of Physicochemical Parameters of Soap Samples (S-prefixed)
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Figure 1. Normalised Heat Map for Soap Properties

S-SK, S-GC, S-CD, S-CR, and S-HM show high normalized TFM
scores, indicating that they are the richest in fatty matter.

S-CC and S-HM present high normalized alkali values, which may
suggest increased skin harshness if not properly buffered.

S-LN displays low normalized pH and alkali levels, reflecting a
comparatively milder and more skin-friendly formulation.

S-LV, S-CE, and S-LN cluster with lower normalized TFM and alkali
scores, suggesting lighter soaps that may be less emollient.

The pH values of the analyzed soaps ranged between 9.10 and 10.51,
which is slightly alkaline compared to the natural skin pH (~5.4-5.9). This
alkalinity may potentially disrupt the skin’s acid mantle if used frequently,
increasing the risk of irritation [10,12]. We considered a classification of soaps as
follows: pH < 6 acidic, pH= 7 neutal and pH> 8 alkaline. In our study, we have
found that all of the samples had a pH value between 9.1 and 10.51, they are
alkaline soaps, not very skin-friendly. In Romania [2] have reported pH values for
commercial soaps between 9 and 11, consistent with alkaline formulations.

Moisture content varied from 4.5% to 13.78%, reflecting differences
in formulation and drying processes. Some values are lower than, while
others are similar to, those reported in previous studies in Romania [2].
High moisture content can lead to hydrolysis of unsaponified fats, forming
free fatty acids and glycerol, which affects soap hardness and quality.

Considering that moisture and volatile components contribute to the
integrity, storage stability, and sensory profile of solid soaps, Figure 2 explores
their variation relative to pH across the studied samples.
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Moisture and Volatile Compounds in Relation to
pH
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Figure 2. Relationship Between Moisture, Volatile Compounds, and pH

Based on the experimental data, the pH values showed a relatively
narrow variation range (9.1-10.51), indicating good alkaline stability across
all formulations. In contrast, moisture and volatile matter content exhibited
substantial variability (4.5-13.78%), suggesting marked differences in
composition and water retention capacity between samples.

A general inverse tendency was observed: formulations with higher
pH values tended to present lower moisture and volatile content (e.g., S-SK,
S-GT), whereas samples with slightly lower pH showed markedly higher
moisture levels (e.g., S-LN, S-CD, S-CC). This suggests a potential negative
correlation between pH and moisture/volatile content, indicating that higher
alkalinity may be associated with reduced water affinity or volatile retention
within the formulations.

Density values ranged from 1.019 to 1.17 g/cm?®, consistent with
typical handmade soap characteristics.

The free and total alkali content remained low in most samples,
indicating an adequate saponification process. According to ISO standards,
total alkali levels in high-quality soaps should be below 2%, while the
Bureau of Indian Standards (BIS) recommends less than 5% for premium
soaps [ 21]. High total alkali may indicate excess NaOH, ensuring complete
saponification, whereas low total alkali can suggest incomplete reaction or
insufficient fatty acids.
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Total Fatty Matter (TFM), a key indicator of soap quality, ranged from
59.4% to 76.4%. Total fatty matter (TFM) reflects the richness and quality of
soap. Soaps with higher TFM provide better hardness, lather, and moisturizing
properties. Low TFM is associated with poor quality, lower hardness, and
reduced consumer satisfaction [22]. In the case of the manufacturers sometimes
prefer a small excess of NaOH to ensure complete saponification, obtaining a
soap with a high TFM.

Notably, soaps with added natural oils or butters (e.g., green tea and
charcoal, calendula, and citronella & rosemary) presented higher TFM values,
which aligns with their intended moisturizing and therapeutic effects.

There is an inverse relationship between TFM (Total Fatty Matter) and
total alkalinity in a soap. As the fatty matter content increases, total alkalinity
decreases, indicating a product richer in fully saponified fats and containing
fewer free alkaline salts. Theoretically, this correlation reflects soap quality:
high TFM combined with low alkalinity corresponds to a milder, less irritating
soap, whereas low TFM with high alkalinity indicates a harsher and more
aggressive product, Figure 3.

The relationship between Total fatty matter and Total
alkali content in the soaps
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Figure 3. The relationship between Total fatty matter and
Total alkali content in the soaps
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Low alkalinity + low TFM, may indicate incomplete saponification due to
lack of base or insufficient raw material in fatty acids.

High total alkalinity + high TFM, may be due to a complete reaction,
a lot of bases used, but also a slight excess of free soda.

This general pattern, illustrated in Figure 3 through the combined
visualization of TFM and total alkalinity, is further clarified in Figure 4. The
scatter plot with linear regression provides a quantitative view of the relationship
between these parameters, highlighting the degree of correlation across the
soap samples.

The results indicate a moderate positive correlation (R? = 0.446),
which was expected given the diversity of manufacturers and the significant
variation in technological processes and product formulations analyzed.
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Figure 4. Linear Relationship Between Total Alkalis and TFM in the Soap Samples

Very low total alkalinity values (e.g., S-LV — 0.08%, S-CE — 0.16%) are
associated with reduced TFM, which may indicate an incomplete saponification
process or excess moisture. In contrast, soaps with high total alkalinity (e.g.,
S-SK, S-GC, and S-CC at 0.8-0.95%) show elevated TFM levels (~76%),
suggesting a well-balanced formulation and an efficient conversion of fatty
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acids into soap. This trend is consistent with the principles of saponification,
where an adequate amount of base promotes the conversion of fatty acids.
Intermediate samples (S-CD, S-CR, S-CT, S-LN, S-HM) reflect the typical
variability of commercial products, where TFM levels depend on both the
lipid composition and the amount of base used in the manufacturing process.
Our results are in agreement with recent studies on commercial soaps, which
show that physicochemical parameters such as total alkali and TFM are
essential for evaluating product quality [23].

Overall, the physicochemical profiles of the analyzed handmade soaps
suggest that while most meet quality criteria, the slightly high pH values may
require careful consideration for frequent use on skin, especially for sensitive
skin types.

Analysis of creams and ointments samples

The physicochemical analysis of ten cosmetic creams and ointments
samples is presented in Figure 5-6. Properties such as pH, viscosity, and
moisture content determine texture, absorption, and product stability [24].

The analyzed samples of creams and ointments showed pH values
ranging between 4.95 and 9.1, indicating a wide variation depending on
formulation and intended use. Most samples exhibited pH values within or
near the physiological skin range (5.4-5.9), considered optimal for maintaining
the balance of the skin microbiome and the integrity of the stratum corneum
[16]. Most cosmetic creams had slightly acidic to neutral pH values (4.95-7.7),
suitable for maintaining the physiological balance of the skin’s acid mantle.
By contrast, the diaper ointment showed a higher pH (9.1), consistent with
its protective and barrier-forming purpose.

In terms of density, the formulations ranged from 0.78 to 1.16 g/cm3,
reflecting differences in formulation type (oil-in-water vs. water-in-oil emulsions).
Viscosity values were highly variable (from approximately 1000 to over 5900
mPa-s), confirming differences in texture and rheological behavior among the
tested samples. Higher viscosity values were recorded for ointments containing
herbal extracts such as Calendula officinalis with Hypericum perforatum, and
Arnica montana, likely due to the presence of lipophilic bioactive compounds
that increase the consistency of the base.

These plant-derived compounds include triterpenoids (faradiol,
arnidiol, taraxasterol) from Calendula officinalis [25,26], floroglucinols and
phloroglucinol derivatives such as hyperforin and adhyperforin from
Hypericum perforatum [27,28] and sesquiterpene lactones like helenalin and
dihydrohelenalin from Arnica montana [29,30]. These lipophilic bioactives
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not only enhance viscosity and formulation stability but also contribute to the
anti-inflammatory, wound-healing, and antimicrobial properties of the
preparations.

The moisture and volatile substance content varied significantly,
from 0.01% in ointments to over 80% in certain moisturizing or exfoliating
creams, corresponding to the ratio between aqueous and lipidic phases.

The viscosity of a cream is inversely proportional to its water content
(humidity). As humidity increases, the aqueous phase dilutes the network of
viscous molecules (fats, polymers, or gelling agents), reducing intermolecular
interactions and, consequently, the resistance to flow (Figure 5).

The relationship between viscosity and moisture and volatile matter in 7000
creams and ointments
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Figure 5. Relationship between Moisture Content and Viscosity
in the Analyzed Samples

Compared to Figure 5, which illustrates the distribution based solely
on moisture and viscosity, Figure 6 provides an extended representation
that also includes density as a parameter (represented by bubble size) with
clearly highlighting the three product categories: creams, ointments, and
facial exfoliants.
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Figure 6. Dispersion of the Tested Formulations Based on Moisture,
Viscosity, and Density

The C-AM, C-CO, and C-DR samples (moisture 0—1%, viscosity 4900—
6000 mPa-s) appear clustered in the upper left area of the chart. These are
typical for ointments, where the minimal water content leads to a dense structure
and very high viscosity values. Their density is moderate and uniform. In contrast,
the creams (C-MC, C-MF, C-HC, C-OH, C-ME) exhibit higher moisture levels
(40-80%) and moderate viscosities (1000—-2500 mPa-s), characteristic of fluid
emulsions. The facial exfoliant (C-FE) and the mask (C-FM) show both high
moisture content and increased viscosity and density, suggesting a formulation-
specific structuring. Overall, the figure highlights the general trend of decreasing
viscosity with increasing moisture and the clear separation between the
rheological profiles of ointments and creams.

A classification of the quality of creams and ointments according to
the main physicochemical is presented below:

Moisturizing creams

Results: 1260—-1670 mPa-s. Interpretation: low—medium viscosity —
Light texture, suitable for normal/oily skin, easily absorbed, ideal for pump-
type dispensers; therefore, perfect for a slightly fluid daytime moisturizer.
Typical reference range: 1000-5000 mPa-s.
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Hand cream

Result: 2453 mPa-s; Interpretation: medium consistency — pleasant,
easy to apply, not very greasy, absorbs quickly. Typical range: 2000—-6000
mPa-s.

Ointments

Results: 4912-5171 mPa-s; Interpretation: high viscosity, dense,
greasy texture forming a protective film (specific to ointments). These values
indicate a W/O type emulsion or a base with a high content of fats/waxes,
as expected for ointments. Typical range: 4000-10000 mPa-s.

A viscosity of approximately 1021 mPa-s for moisturizing and emollient
face cream is at the lower end of the typical range for moisturizing creams
(1000-5000 mPa-s). A cream with a viscosity of ~1020 mPa's is mainly
recommended for normal, combination, and oily skin. For dry skin it may be
too light.

Analysis of oil samples

Oils, especially those used in therapeutic or cosmetic applications,
are assessed for acidity, peroxide index, viscosity, moisture and density and
results are described below and in Figures 7-9.
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Figure 7. Physicochemical analyzes for handmade oils
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The cosmetic oil samples showed a wide variation in viscosity,
ranging from 10 mPa-s in essential lavender oil to over 2,300 mPa-s in lip oil
formulations, reflecting differences in oil type, purity, and formulation viscosity
modifiers. Lower viscosity values were characteristic of essential and volatile
oils, while higher viscosities were observed in complex formulations such as lip
oils or massage blends, which include heavier triglycerides or waxy emollients.

The moisture and volatile content ranged between 0.16% and
3.89% for most oils, except for the lavender essential oil (97%), where the
value reflects its highly volatile nature. Density values varied between 0.728
and 0.953 g/lcm?, consistent with typical cosmetic oil formulations composed of
esters and natural triglycerides.

Regarding oxidative stability, the peroxide values ranged from
0.38 to 42.0 mEq O./kg, indicating different degrees of lipid oxidation. The
highest peroxide value was found in the body oil containing a blend of grape
seed, almond, and jojoba oils, which could be attributed to the unsaturated
fatty acid profile of these ingredients, making them more prone to peroxidation.
Lower peroxide values (below 2 mEq O./kg) were characteristic of pure
essential or refined oils, demonstrating good oxidative stability. Fresh oils
typically have low acidity and peroxide values, while higher values indicate
oxidation, hydrolysis, or degradation, often due to improper storage [24].
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Figure 8. Heat Map of PhysicoChemical Profiles — 10 Types of Handmade Oils

141



ANA BALEA, IRINA CIOTLAUS, RAHELA CARPA, MIHAELA-CECILIA VLASSA, SONIA ANDRESI

The acid value ranged from 0.55 to 2.72 mg KOH/g, corresponding to
acidities between 0.27% and 1.36%, within the limits recommended by
cosmetic quality standards (generally <2 mg KOH/g for cold-pressed cosmetic
oils). Higher acid values, as observed in some lavender-based oils, may
indicate partial hydrolysis of triglycerides or prolonged storage before testing.

A heat map representation was selected because it allows a
simultaneous visualization of all measured parameters, highlighting patterns,
correlations, and sample groupings that are not easily identifiable through
individual plots.

The two indices, Peroxide Value (PV) and Acid Value (AV), measure
different degradation processes: oxidation in the case of PV and hydrolysis
in the case of AV. Together, they provide complementary information: one
index may indicate oil deterioration over time, while the other can demonstrate
product compliance [31].

Cosmetic oils showed acceptable density, PV, and AV /acidity,
indicating good oxidative stability and overall quality. The combination of PV
and AV allowed the assessment of both oxidative and hydrolytic degradation,
while acidity values confirmed that all oils fell within the excellent to good
range. Microbiological analyses confirmed high safety, with no pathogenic
microorganisms detected in any of the samples.

Overall, the results highlight the importance of continuous monitoring
of handmade cosmetic products to ensure physicochemical quality,
microbiological safety, and product stability. The study demonstrates that
careful formulation, use of high-quality raw materials, and proper handling
can produce handmade cosmetics that meet both safety and performance
standards, making them suitable for consumer use.

The comparative analysis of the cosmetic oils shows that most
products display high chemical stability and excellent microbiological safety,
confirming an overall strong quality profile. Products such as Nutritive Oil,
Anticellulite Massage Oil, Beard Oil, and Lip Oil stand out through a well-
balanced combination of moisturizing properties and stability, making them
suitable for regular use. Formulas with a heavier texture (e.g., Beard Oil,
Lip Oil) prioritize emollience over lightness, which is appropriate for their
intended function.

Lavender-based oils and body oil blends demonstrate good moisturizing
performance but may benefit from improved oxidative stability, as certain
botanical components are more sensitive to degradation. Overall, the
product selection offers a diverse range of options tailored to different skin
needs — from very light, fast-absorbing textures to richer, more protective
formulations.
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The relationship between Peroxide value and Acid value in cosmetic
oils
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Figure 9. Relationship between Peroxide Value and Acid value in cosmetic oils

GC-MS analysis Lavender Essential Oil
To extend the physicochemical analyses with an accurate molecular
compositional profile, the Lavender oil sample was selected for GC-MS
investigation due to single-origin essential oil, unlike the other commercial,
non-essential oil products, included in the study, which may contain additives or

blends.

The Figure 10 shows the total ion chromatogram (TIC) of the sample,
with major constituents identified based on mass spectral matching (NIST
library) and retention indices. The main compounds detected were: beta-
myrcene (RT = 13.95 min; 6.19%), trans-beta-ocimene (RT = 15.30 min;
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Figure 10. Chemical Profile of Lavender Essential Oil by GC-MS
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8.11%), linalool (RT = 17.38 min; 21.91%), allo - ocimene (RT = 18.15 min;
5.00%), alpha-terpineol (RT = 20.35 min; 6.12%), linalyl acetate (RT = 21.513
min; 14.54%), lavandulyl acetate (RT = 22.52 min; 3.64%), and caryophyllene
(RT = 26.24 min; 7.31%). Minor constituents (each <5%) included a series
of monoterpenes and sesquiterpenes such as a-pinene, cis-beta-ocimene,
terpinen-4-ol, geranyl acetate, beta-farnasene, and tau-cadinol. The presence
of characteristic lavender markers such as linalool, linalyl acetate, terpinen-
4-ol, ocimene isomers, lavandulyl acetate, and B-caryophyllene confirms
the authenticity of the essential oil and is consistent with published profiles
of Lavandula angustifolia [32,33].

FTIR-Based Physicochemical Structural Characterization

FTIR spectroscopy was selected for the analysis of creams and oill
products due to its ability to rapidly characterize formulation matrices at a
molecular level, based on the intrinsic physicochemical behavior of chemical
bonds and infrared absorption of functional groups. This technique enables
reliable identification of major compositional features such as esters, alcohols,
carbonyls, and hydrocarbon chains, which are defining structural elements
in semisolid and lipidic formulations. FTIR also provides valuable insight
into molecular interactions within complex mixtures, without requiring prior
separation or chemical modification of the sample. The obtained spectra
showed well-defined characteristic bands consistent with the expected
functional group profiles reported in the literature, supporting both sample
integrity and the suitability of FTIR for comparative physicochemical screening
and structural validation in this study. Figure 11 illustrates the FTIR spectra
of the oat-based cream and the arnica ointment formulation and spectral
profiles of lavender essential oil and the antifungal oil.
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Figure 11. The FTIR-ATR spectra of colloidal Oat meal and Orange hand cream,
ointment with Arnica, antifungal oil and Lavender oil
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Lavender oil was chosen for its single-origin traceability and consistent
spectral fingerprint, whereas the antifungal oil blend was selected to identify
characteristic absorption bands of its bioactive compounds, ensuring IR-based
evaluation of functional composition over botanical origin.

Because the antifungal oil (O-AO) is a mixture of six essential oils
(eucalyptus oil, clove oil, frankincense oil, almond oil, lavender oil) and
vitamin E, its FTIR spectrum is marked by the absorption bands of the
major component. As can be seen in that spectrum, the strong absorption
peak of C—H stretching appears at 2852 cm™ and 2922 cm™', methyl
asymmetric and symmetric bending peaks appear at 1464 cm=' and 1377 cm™
respectively; C-O stretching of the phenol appears at 1236 cm cm™; ether
group appears at 1161 cm™ belonging to vitamin-E [34]. The band at 3450-
3087 cm™ represents the stretching vibration of the -OH groups of the linalool
substances, and another band at 2925 cm™ is correlated with the antisymmetric
stretching vibration of the -CH, groups in lavender oil (O-EO) [35,36]. Also,
the strong band at 1739 cm™ corresponds to the C=0 stretching vibration
of the ester compositions in lavender oil [35]. The linalyl acetate ester in this oil
shows the C=CHy> in-plane deformation vibration that occurs near the value
of 1443 cm™ [ 37]. Frankincense essential oil contains majority diterpene
alcohols, which show two strong bands, in the 1377—-1464 cm™' region, while
the second band, assigned to the C-O stretching vibration, are shown at
1161 cm', respectively. [37] The FTIR spectrum of clove oil shows several
distinct peaks at 1095 cm™, attributed to the C-O stretching vibration of the
eugenol compound. Other peaks should be present at 841.1 cm™, due to
the C-H bending vibration, a peak at 2920.4 cm™ due to the C-H stretching
vibration of the methylene group, and a peak at 1279 cm™, due to the C-H
rotational vibration of the isoeugenol compound present in clove oil. These
peaks are either too small due to dilution or overlap with the peaks of the
majority compounds.

Regarding hand creams, the colloidal oatmeal(C-OH) presents a large
a peak at 3338 cm™, which can be attributed to N—H stretching vibration
due to the presence of protein content. The peaks at 2918 and 2860 cm™ are
attributed to C—H stretching vibrations. The peak at 1633 cm™ is attributed to
the N-H bending, and peak at 1406 cm™ belong to the C—N bending [38].

For hand cream with arnica(C-AQO): the FTIR band at 2918 cm™ in
oils corresponds to the asymmetric C-H stretching vibration of aliphatic
methylene -CH groups. This peak is typically seen alongside a symmetric
-CH stretching vibration at a lower wavenumber, at 2850 cm™. The arnica
oil presents a strong band at 1743 cm™, which is characteristic of carbonyl
C=0 groups, and band at 1163 cm™, corresponds to C-O stretching vibrations
such as sesquiterpene lactones from this plant [37].
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2. Microbiological Analysis
Microbiological analyses for creams and ointments

In the case of creams and ointments, microbiological safety is
essential; the presence of pathogenic bacteria or fungi can cause infections
or adverse reactions (Table 1).

Regarding microbiological safety, all products except the facial mask
sample were free of pathogenic bacteria, fungi, and aerobic microorganisms.
The facial mask showed contamination with potentially pathogenic
microorganisms, with microbial colonies visible on most culture media in
counts of several hundred (Figure 12).

The microbiological contamination or biological load of a cosmetic
product is a very important component in product safety. Microbial growth
can change physicochemical and organoleptic properties that affect marketing
and consumer satisfaction. In addition to skin problems, microbial growth
can change the color of a cosmetic product, or affect the viscosity, which
gives the product a lumpy appearance or makes it more liquid, and also
alter the shape of the packaging [39,40].

Cosmetic companies are not required to create sterile products. But
they are responsible for guaranteeing the product's safety to the prospective
buyer [41]. The determination of the microorganisms present in cosmetic
products consisted of isolating and identifying possible microorganisms that
could contaminate cosmetic products either during their formulation or
during storage.

Table 1. Microbiological analyses for creams and ointments

No. [Sample |[Microbiological Analysis

1 C-MC  |Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

2 C-CO Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

3 C-AM Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

4 C-OH Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

5 C-MF Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

6 C-DR Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

7 C-HC Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

8 C-ME Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT

9 C-FE Pathogenic bacteria, pathogenic fungi, and aerobic bacteria — ABSENT
10 PRESENCE of potentially pathogenic microorganisms observed on all

C-FM tested media; microbial colonies in the range of hundreds were detected on
most culture plates.
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Figure 12. Microbial colonies developed on selective and non-selective test media
developed for sample10; (NA = Nutrient Agar; Cet = Cetrimide Agar; EMB = Eosin
Methylene Blue Agar; CLED = Cystine-Lactose-Electrolyte-Deficient medium;
MSA = Mannitol Salt Agar; Sab = Sabouraud Chloramphenicol Agar)

This result indicates either inadequate preservation or contamination
during the manufacturing process, emphasizing the need for strict hygienic
practices and continuous microbiological monitoring of handmade cosmetic
products.

Overall, the analyzed creams and ointments met the major
physicochemical quality parameters, with the exception of one contaminated
sample. These findings underline the importance of monitoring both formulation
parameters (pH, viscosity, moisture) and microbiological safety to ensure
consumer protection and product efficacy.

Microbiological Analyses of Handmade Oils
The results are detailed in Table 2.
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Table 2. Microbiological Analyses of Handmade Oils

No. | Sample Microbiological Analysis
1 0O-NO Negative for E. coli, P. aeruginosa, Enterobacter sp., S. aureus, C. albicans;
total aerobic bacteria absent
2 O-BO Negative for pathogenic microorganisms; total aerobic bacteria absent
3 O-BL Negative for pathogenic microorganisms; total aerobic bacteria absent
4 O-AO Negative for pathogenic microorganisms; total aerobic bacteria absent
5 O-EO Negative for pathogenic microorganisms; total aerobic bacteria absent
6 O-LB Negative for pathogenic microorganisms; total aerobic bacteria absent
7 | O-MO Negative for pathogenic microorganisms; total aerobic bacteria absent
8 O-BR Negative for pathogenic microorganisms; total aerobic bacteria absent
9 O-SD Negative for pathogenic microorganisms; total aerobic bacteria absent
10 | O-LO Negative for pathogenic microorganisms; total aerobic bacteria absent

From a microbiological perspective, all analyzed oil samples were
negative for pathogenic microorganisms, including Escherichia coli,
Pseudomonas aeruginosa, Enterobacter spp., Staphylococcus aureus, and
Candida albicans. Total aerobic bacterial counts were also negative,
confirming that the oils met the microbiological purity requirements for
cosmetic products.

Overall, the results indicate that the analyzed handmade cosmetic
oils were microbiologically safe, exhibited physicochemical parameters
within acceptable cosmetic standards, demonstrated how PV and AV can
be used together to monitor product stability and quality.

Continuous monitoring of peroxide and acid values is recommended
to ensure product stability and maintain quality throughout storage and
distribution.

CONCLUSIONS

This study evaluated the physicochemical and microbiological
quality of 30 handmade cosmetic products including creams, ointments, oils,
and soaps, using standardized methods prior to market release. The novelty
of the research lies in the pre-market assessment of these formulations,
enabling early identification of potential risks related to skin compatibility
and microbiological safety, while also supporting regulatory compliance and
consumer protection.

The analyses demonstrated that:
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The analyzed solid soaps exhibited a wide range of physicochemical
properties, including pH, total and free alkalis, and total fatty matter,
reflecting variability in formulation and composition. While most samples
met quality standards, the slightly elevated pH values may require attention
for frequent use on sensitive skin. Functional profiles varied from mild,
moisturizing formulations suitable for daily cleansing to more abrasive or
aromatic variants designed for intensive use.

The evaluated creams and ointments exhibited pH values within
the physiological range, appropriate viscosity and density for topical application,
and satisfactory microbiological safety. Viscosity measurements confirmed
consistency with their intended uses — from light, fast-absorbing moisturizing
creams suitable for normal to oily skin, to denser ointments with occlusive
properties ideal for protective and reparative purposes. Plant extracts such as
Hypericum perforatum, Calendula officinalis, and Arnica montana contributed
to emulsion stability and potential therapeutic benefits through their lipophilic
bioactive compounds.

The analyzed cosmetic oils demonstrated good chemical stability
and excellent microbiological safety, with peroxide and acid values confirming
minimal oxidative and hydrolytic degradation. Products such as Nutritive
Qil, Anticellulite Massage Oil, and Beard Oil presented a balanced profile of
moisturization and stability, supporting regular use. Higher-viscosity formulations
(e.g., Beard Qill, Lip Oil) emphasized emollience and protection, while lavender-
based blends showed good hydration but may benefit from enhanced
oxidative stability.

EXPERIMENTAL SECTION
Materials and Methods

1. Materials

A total of 30 handmade cosmetic and hygiene products were analyzed,
consisting of 10 samples from each category divided into three main
categories:

Creams and Ointments (10 samples): 2 Hand creams,1 Moisturizing
face cream, 2 Ointments with medicinal plant extracts, 5 additional samples
of various creams and ointments: Moisturizing cream (C-MC), Calendula officinalis
and Hypericum perforatum Ointment (C-CO), Arnica montana Ointment (C-AM),
Oat Hand Cream (C-OH), Moisturizing Face Cream (C-MF), Diaper Rash Ointment
(C-DR), Hand Cream with Calendula officinalis and Glycerin (C-HC), Moisturizing
and Emollient Face Cream (C-ME), Facial Exfoliant (C-FE), Facial Mask (C-FM).
(Semisolid formulations intended for topical application).
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Cosmetic Oils (10 samples): 3 Body oils,1 Antimicrobial oil,1
Essential oil, 5 additional oils for body or massage, including plant extract-
enriched formulations: Nutritive Oil (O-NO), Body Oil (Grape Seed + Almond +
Jojoba) (O-BO), Body Oil with Lavender (O-BL), Antifungal Oil (O-AO), Lavender
Essential Oil (O-EO), Lavender Body Oil (O-LB), Anticellulite Massage Oil with
Plants (O-MO), Beard Qil (O-BR), Body Oil “Silky Drops”( 0-SD), Lip Qil (O-LO).
(Liquid formulations intended for skin application.)

Solid Soaps (10 samples):10 Handmade toilet soaps, including
scented, exfoliating, and plant-enriched formulations: Citrus Scented Solid
Soap (S-CT), Lavender and Violet Solid Soap (S-LV), Handmade “SKIN” Solid
Soap (S-SK), Green Tea and Charcoal Solid Soap (S-GC), Coffee, Honey, and
Cinnamon Soap (S-CC), Calendula Soap (S-CD), Coffee Exfoliating Soap (S-CE),
Citronella and Rosemary Soap (S-CR) , Honey and Oat Milk Soap (S-HM), Luxury
Natural Soap (S-LN). (Solid cleansing products produced by classical alkaline
saponification or semi-synthetic methods).

2. Physicochemical Analyses
2.1 pH Determination:

For solid soaps, pH was measured in a 10% w/w aqueous solution
using a Hanna Instruments pH meter, according to STAS SR EN 1262/
2004 [42].

For aqueous solutions of creams, pH was determined according to
STAS 8619/3-90 [43] and measured with a HALO 2 Wireless pH Meter.

2.2 Dynamic Viscosity:
Measured with a B-One Viscometer (LAMY RHEOLOGY) at 250
rpm for 60 s.For creams: RV4 spindle; for oils: RV1 spindle.

2.3 Moisture & Volatile Matter:
Determined according to SR:ISO 672:1996 [44] using a BIOBASE
oven and RADWAG analytical balance.

2.4 Appearance and Stability:

Organoleptic evaluation and accelerated stability tests were performed,
involving alternating exposure to low and high temperatures (4 °C < 40 °C,
24 h per cycle, for 4-6 cycles).

2.5 Quality Factors for Oils:

2.5.1 Peroxide Value (PV): Determined by iodometric titration according
to 1ISO 3960/2017 [45], representing the amount of iodine released from
potassium iodide by peroxides in the sample. The peroxide value for all
determinations is calculated by the equation:
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. 1000(V0 — V1) xc
- m

where: V; is the volume in mL of thiosulphate solution used for titration, Vo
is the volume in mL of thiosulphate solution used for titration of a control, ¢
is the mol L' thiosulphate concentration and m the amount of sample.

2.5.2 Acid Value (AV): Determined according to SR EN ISO 660:2020
[46] representing the amount of KOH (mg) required to neutralize the free
fatty acids in 1 g of oil. It indicates the degree to which the triglycerides in the oil
have decomposed to release free fatty acids.

The acid value was calculated by the equation:

_ M=xC xV
N m

AV

where: AV - the acid value expressed as a mass fraction, M is the molar
mass, in grams per mole, for KOH, C is the L' mole concentration of the
standard volumetric solution of potassium hydroxide KOH used, V is the
volume, in milliliters, of KOH and m is the mass, in grams, of the oil sample.

2.6 Determination of Alkalis and Fats in Soaps:

2.6.1 Free alkalis were determined according to SR:ISO 684:1996 [47]
The principle of the method consists of dissolving the soap in an ethanolic
solution and neutralizing the free alkalis with a sulfuric acid solution whose
known excess is back titrated with an ethanolic solution of potassium
hydroxide. The total content of free alkali, expressed as sodium hydroxide
(NaOH) in mass percent, is given by the formula:
Bh T . 100,

m

%NaOH = 0.040 x

where: m is the mass, in grams, of the test portion; V; is the volume, in
milliliters, of the standard volumetric acid solution used; V/is the volume, in
milliliters, of the standard volumetric potassium hydroxide solution used; Ty
is the exact normality of the standard volumetric acid solution;T; is the
exact normality of the standard volumetric potassium hydroxide solution.
2.6.2 Total alkalis, and total fatty matter (TFM) were determined
according to SR:ISO 685:2020 [48]. The principle of the method consists in
decomposition of the soap by a known volume of standard volumetric
mineral acid solution, extraction and separation of the liberated fatty matter
with light petroleum and determination of the total alkali content by titration
of the excess of acid contained in the aqueous phase with a volumetric
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standard sodium hydroxide solution. After evaporation of the light petroleum
from the extract, dissolution of the residue in ethanol and neutralization of
the fatty acids with a standard volumetric potassium hydroxide solution.
Evaporation of the ethanol and weighing of the soap formed to determine
the total fatty matter content. Calculate the total alkali content, expressed
as a percentage mass fraction of sodium hydroxide (NaOH) for sodium
soaps, w NaOH, using formula:

w NaOH = 0.040 x (VoTo — W, Ty ) x—,

where: m is the mass, in grams, of the test portion;V, is the volume, in
milliliters, of the standard volumetric acid solution used; V; is the volume, in
milliliters, of the standard volumetric sodium hydroxide solution used; Ty is
the exact normality of the standard volumetric acid solution T, is the exact
normality of the standard volumetric sodium hydroxide solution.

Calculate the total fatty matter content, expressed as a percentage
mass fraction, w, using formula:

w=[m1— (VxTx0,038)]—,

where: m is the mass, in grams, of the test portion; m1 is the mass, in
grams, of the dried potassium soap; V is the volume, in milliliters, of the
standard volumetric ethanolic potassium hydroxide solution used for the
neutralization; T is the exact normality of the standard volumetric ethanolic
potassium hydroxide solution.

2.7 GC-MS Analysis:

The lavender essential oil was analyzed using on gas chromatograph
coupled with mass spectrometer instrument Model Agilent 7890 & 5975
Series MSD, equipped with a HP-5MS (5% phenyl)-methyl polysiloxane
fused silica column Agilent (30 m x 0.25 mm x 0.25 pM). The oil sample
(0,1g) diluted in hexan (1 mL) and a volume of 1ul was injected into the GC
device. GC-MS data was obtained under the following conditions: carrier
gas helium (He 6.0), flow rate 1ml/min, injector temperature was 260°C,
splitless mode. The temperature program was the following: Oven temperature
was programmed as 40°C for 1 min and an increase by 5 °C /min to 200 °C.
From 200 °C to 240 °C, increase with 20 °C /min. It is maintained at 240 °C
for 5 minutes. Mass spectra: electron impact (El+) mode, 70 eV and ion
source temperature, 230°C. Mass spectra were recorded over 50-500
a.m.u. range, scan mode. All analyses were carried out in duplicate. Data
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acquisition and processing were performed using MSD ChemStation
software. NIST library was used for identification/confirmation of the structure
components. In addition, a C8-C20 standards alkanes (Alkane Standard
Solution C8-C20, Sigma Aldrich) was used for calculation of the linear
retention index (LRI), and matching the experimental values with those
reported in the literature for similar chromatographic columns, in the same
condition. The qualitative analysis was based on the percent area of each
peak of the sample compounds [49].

2.8 FTIR analysis:

An analysis was performed using a Fourier-transform infrared
spectrophotometer (FTIR) (Jasco FTIR-610) (Jasco® International Co., Ltd.,
Tokyo, Japan) equipped with an attenuated total reflectance (ATR) accessory
with a horizontal ZnSe crystal (Jasco PRO400S). The samples were placed
in direct contact with the ZnSe crystal and then the spectra were recorded
at a resolution of 4 cm—1. The scans were repeated 100 times.

3. Microbiological Analyses

Detection of microbial contamination:

» Manitol Salt Agar (MSA) medium for detection of Staphylococcus
aureus Cetrimide Agar for detection of Pseudomonas aeruginosa;

» Sabouraud Chloramphenicol Agar for detection of Candida albicans;

» Cystine-Lactose-Electrolyte-Deficient (CLED) medium, for detection
of Enterobacter sp.;

» Eosin Methylene Blue (EMB) agar for detection of Escherichia coli,

» Nutrient Agar for detection of total aerobic bacteria [50,51].

Sample preparation involved 1:10 dilution: 1 g of sample added to 9
mL of Eugon LT 100 Broth.

Dilutions were inoculated on selective media for detection of potential
pathogenic microorganisms. Plates were incubated at 37 °C for 24 h (for
bacterial strains) and 48 h (for fungal strains), after which microbial growth
was evaluated. All microbiological analyses were performed according to
ISO 17516:2014 [52].
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ABSTRACT. El-Maatya spring water, sourced from Algeria, is locally esteemed
for its therapeutic attributes and has undergone scientific scrutiny to evaluate
its litholytic potential on urinary calculi. Thorough physicochemical and
microbiological assessments were performed to analyze its composition and
ensure its safety. The microbiological evaluation yielded excellent results,
demonstrating an absence of coliforms, E. coli, and streptococci, thereby
affirming the water's sanitary integrity. Spectroscopic techniques, including
UV and FTIR, were employed to ascertain the composition of the urinary
stones, primarily consisting of calcium oxalate and uric acid. Ex vivo
dissolution experiments indicated a markedly elevated rate of mass loss in
uric acid stones when compared to calcium oxalate stones, which exhibited
negligible solubility—underscoring the selective efficacy of the water.
Microscopic examinations revealed significant morphological changes in the
structure of the calculi following exposure. Finally, a survey involving 241
participants corroborated the favorable perception of El-Maatya water regarding
urinary health, thereby reinforcing its traditional utilization.
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INTRODUCTION

Nephrolithiasis is a common condition in men that leads to kidney
stones mostly made of calcium oxalate. It is linked to metabolic problems and
an imbalance in the pH of the urine [1, 2]. Urinary lithiasis creates crystalline
concretions, blocking urine flow [3]. Urolithiasis, a kidney or bladder stone-
producing condition, is gaining prevalence and requiring medication to alleviate
pain and naturally expel stones [4, 5]. Pathogenic theories include precipitation
and crystallization, nucleation, and suppression of inhibitory mechanisms [6].
Common drugs like allopurinol, citrate, cystone, and thiazide diuretics are
used to prevent and treat the condition, but they don't always work because
it can happen again and have bad side effects [5]. Among these, citrate
lowers the formation of calcium stones by connecting to calcium and stopping
the crystallization of calcium oxalate and calcium phosphate [7]. As a
consequence, urolithiasis can lead to pyonephrosis and hydronephrosis,
especially in individuals with type 2 diabetes and obesity [8, 9].

The consumption of spring water offers numerous health advantages
[10]. Several water springs with specific mineral compositions can help
prevent urolithiasis. For example, Fiuggi Water reduces urinary parameters
such as calcium, phosphate, and uric acid [11], while Cerelia Water increases
urinary pH and citrate excretion [12], and Serebryanyy Klyuch Water reduces
calcium oxalate deposits [13].

Excess minerals in drinking water, including magnesium [14], calcium,
sulfates, and fluorides, are essential in preventing urinary calculi, which are
primarily calcium oxalate-based [15]. Prevention relies on hydration [16],
calcium consumption [17], and a balanced diet [18]. Mineral waters are effective
in treating illnesses like renal lithiasis, with minimal stone development risks
if medical advice is followed [6]. Environmental factors, such as climate,
socio-economic status, and dietary habits, influence the use of thermomineral
waters in cryotherapy for various ailments [19, 16]. Long-term use of hydrogen-
rich water lowers high uric acid levels and uric acid stones [20], while alkaline
water raises the body's ability to get rid of uric acid and use purines [21, 22].
Alkalinization of urine to a pH between 6.5 and 7.0 effectively dissolves uric
acid stones and helps prevent the formation of calcium oxalate stones [15, 23].

The study by Karagiille et al. found that using bicarbonate-rich mineral
water can prevent recurrent calcium oxalate urolithiasis by enhancing urinary
pH, citrate and magnesium excretion, and decreasing calcium oxalate
supersaturation [24]. Uric acid stones, the second most prevalent type of
renal stones [25], can be managed with oral pharmacological treatment through
urine alkalinization [23]. Diluting urine stops crystal-forming substances like
oxalate and calcium from forming in the urinary tract. This lowers the
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saturation of kidney stone-forming substances and raises the calcium oxalate
nucleation threshold [26]. In addition, different minerals commonly present in
natural waters, such as calcite, magnesian calcite, aragonite, halite, and
sylvite, exhibit variable solubility in agueous environments, which can influence
alkalinization processes and, consequently, the solubility of urinary calculi
[27, 28].

In Algeria, many studies on urolithiasis have been done, looking at
how the chemical makeup of urinary calculi changes depending on where
the patients live, their age, and their gender [29, 30]. Further research has
investigated the impact of plant extracts from Algeria on stone dissolution
[31-33], as well as the impacts of thermal spring water from various locations
in the western region of the country [34, 15].

This study aims to assess the physicochemical and microbiological
effects of spring water from El-Maatya in the Sétif province. We focus on
evaluating the dissolution of urinary calculi retrieved from patients following
surgical intervention using this water.

We are conducting a statistical analysis to assess public awareness
and attitudes of this water, considering variables such as age and gender.

RESULTS AND DISCUSSION

Analysis Of El-Maatya water
Physicochemical tests

The findings derived from volumetric dosing and spectroscopic analysis
are encapsulated in Table 1. It is observed that the conductivity measurement
is approximately 1764 uS/cm, which remains within the acceptable limit
(2800 us/cm) for potable water according to Algerian standards, but is higher
than the conductivity values of spring waters reported by Ennaghra [10]. This
elevation may be attributable to an augmented concentration of dissolved
ions, such as minerals and salts, present in this water. The mineral
concentrations align with the established standards detailed in the table, with
the exception of sodium, nitrates, bicarbonates, and the total alkaline titer,
which are significantly heightened relative to the normative values. This
elevation can be elucidated for each parameter as follows:

The water analyzed in our study has a sodium concentration greater
than 200 mg/L, as well as a bicarbonate content exceeding 600 mg/L, thus
classifying it among ‘waters with sodium' and ‘waters with bicarbonates'
according to the classification of the European Directive 2009/54/EC [35].
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Bicarbonate-rich mineral waters, such as those analyzed in our study,
possess alkaline properties that provide several health benefits, including
improved digestion, enhanced diuresis, and reduced bone resorption. Additionally,
these waters could play a role in regulating cardiometabolic risks and in
urinary alkalinization, which favors the dissolution of kidney stones [35].
Specifically, bicarbonate-rich waters like Cerelia water have been shown to
increase urinary pH and citrate excretion, making the urinary environment
less conducive to the formation of both uric acid and calcium stones [12, 36].
Moreover, experimental studies indicate that alkaline mineral water can
reduce oxidative stress and inflammation, offering further protection against
kidney stone formation [36].

In our research, the nitrate concentration slightly exceeded the
prescribed threshold, indicating a potential environmental impact, especially
from anthropogenic activities such as agriculture or urban development, as
highlighted in previous studies [16, 37]. The nitrate contamination in the
water of Dar Bentata, as reported by Amara-Rekkab (2023) [16], aligns with
our observations and points to the risks posed by agricultural runoff. Nitrates
in drinking water primarily result from sources like nitrogen-based fertilizers,
improper waste disposal, and untreated wastewater discharge, which
contribute to contamination of groundwater, a key drinking water source in
many regions [38-40]. Research in various regions, such as the Poyang Lake
Plain and the North East Alluvial Plains of Bihar, shows that agricultural
practices, particularly the excessive use of fertilizers, are significant contributors
to elevated nitrate levels [38, 39].

In relation to the pollution parameters, we distinctly noted the minimal
concentrations of ammonium, nitrite, and phosphate compounds, recorded
at 0.03 mg/L, 0.03 mg/L, and 0.02 mg/L, respectively, which substantiates
the lack of contamination or pollution in this water, thereby favorably impacting
our study. Iron is an essential micronutrient, closely involved in haemoglobin
synthesis and oxygen transport. According to the World Health Organization
[41], the recommended daily intake of iron for adults ranges from 10 to 50
mg. The total iron concentration measured in EI-Maatya water (0.02 g/L, i.e.,
20 mg/L) remains below the average daily requirement, indicating that this
water may slightly but positively contribute to daily iron intake without posing
any toxicological risk.
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Table 1. Results of physicochemical parameters

Parameters | | Algerian standard
Physicochemical parameters
pH 7.62 6.5-9
Temperature (°C) 23.6 25
Electrical conductivity ([(§/cm) 1764 2800
Turbidity (NTU) 1.17 5
TDS (mg/L) 902 1500
Global mineralization
Calcium (mg/L) 44 200
Magnesium (mg/L) 17.01 150
Chloride (mg/L) 76.68 500
Nitrates (mg/L) 67 50
Total hardness (°F) 18 50
Sodium (mg/L) 390 200
Potassium (mg/L) 15 12
Bicarbonate (mg/L) 671 610
Sulfate (mg/L) 230 400
Complete alkaline title (°F) 55 50
Pollution parameters
Ammonium (mg/L) 0.03 0.5
Nitrites (mg/L) 0.03 0.2
Phosphates (mg/L) 0.02 0.5
Heavy metals
Total iron (mg/L) | 002 | 0.3

Bacteriological analyses

These bacteriological findings entirely correspond to those published
by Ennaghra et al. 2024 [10], which indicate 0 CFU/100 mL for total coliforms,
Escherichia coli, and fecal streptococci. Every tested parameter was negative,
hence ensuring the great microbiological quality of EI-Maatya water.

Analysis of urinary calculi

Dissolution test

After about three hours, we observed that stone 2 found in EI-Maatya
(M) water began to dissolve, and the others after one day, while those in the
negative and positive control groups remained unchanged. After one day,
the stones in the EI-Maatya group were completely dissociated (Figure 1a).
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Figure 1. Photographs showing the dissolution of stones 2 (a) and 5 (b) in the
three media (A, |, and M), and the precipitate of stone 2M (c) after one
month of observation.

Some urinary stones found in the citrate group showed a slight
dissolution, while the mineral water remained a negative control (unchanged)
(Figure 1b). After one month, the previous observations remained the same.
Note: no dissolution but very fine powders obtained as a precipitate (Figure 1c).

Monitoring the dissolution of urinary calculi

In order to gain a better understanding of the inhibitory effect of El-
Maatya (M) water, this method is based on monitoring the loss of mass of
urinary calculi under the effect of different media over an incubation period
of 3 weeks. The dissolution rates, calculated as a percentage, are shown in
Figure 2. These results show that :

- The dissolution kinetics appear to be different for each incubation medium.

A slight variation in mass loss was observed during the first 7 hours,

especially in the case of calculus number 5.

Calculus number 2 dissolved easily from the start of immersion and

reached 90% dissolution on day 23.

No variation was observed when mineral water (1) was used as the medium.

After 15 days, dissolution began in the sodium citrate medium (A) with

a dissolution rate that was very low.
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Calculus number 4 is made up of several layers (in the form of a
dragée). It looks completely different from the others. After one day,
the first outer layer of the 4M stone dissociated and its color began to
lighten. However, for calculus 4A and 4l, no change was observed
(neither loss of mass nor dissolution of the outer layer).

According to the results obtained, the size and weight of the stone
had no impact on the dissolution test. Calculi 2 and 5, which are large,
were solubilized, whereas calculus 4A was not. So it's the environment
that plays a decisive role.

El-Maatya (M) water proved to be the best medium for stone dissolution.
The dissolution rates for 2M, 3M, 4M, and 5M stones are 90.28%,
76%, 73.15%, and 21.18%, respectively. Calcium oxalate is known to
be slightly more difficult to dissolve than uric acid, which is why the
dissolution rate of stone No. 5 is the lowest compared with the others.
When comparing this ex vivo dissolution test using plant extracts,
they found that dissolution continued until the eighth week [31].

The in vitro and physicochemical effects of El-Maatya water

Our in vitro analyses showed that uric acid and calcium oxalate stones
dissolved on contact with the spring water tested. These results should be
interpreted in the light of the physico-chemical properties of this water, in
particular its pH of 7.6, its high concentration of bicarbonates, its high total
alkaline titre (55°F) and its sodium content, which exceeds Algerian standards.

High concentrations of sodium and bicarbonates can have an impact
on the dissolution of kidney stones, in particular by influencing the alkalinisation
of urine and thus promoting the dissolution of certain types of stone, as
observed in our in vitro tests. This observation is in line with the study by
Alsinnawi et al, who reported complete dissolution of stones in 39% of patients
treated with sodium bicarbonate alone, with urinary pH maintained above 7
for around 9 weeks [42].

Despite epidemiological evidence indicating that elevated sodium
intake correlates with an increased likelihood of urinary stone formation [43],
our ex vivo investigations demonstrate that the sodium-rich spring water
examined exhibits a noteworthy capacity for stone dissolution. This seemingly
paradoxical finding may be elucidated through intricate physico-chemical
processes associated with the diverse array of minerals contained within the
water, particularly emphasizing the buffering effect rendered by bicarbonate
and the pronounced alkalinity. These findings imply that the litholytic properties
of water are not exclusively contingent upon its sodium concentration, but
rather also depend on its comprehensive ionic equilibrium, which warrants
further investigation.
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The dissolution rate of urinary calculi in different media over 23 days
is shown in Figure 2.
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Figure 2. Evolution of mass loss over time for the different media.

a. Variation in pH

The pH of EI-Maatya water is more basic than that of sodium citrate
and mineral water, with a value of 7.95 + 0.01. During the incubation of urinary
calculi, the pH of the media varied with time, gradually increasing to reach
values of 8.65, then stabilizing at the end, whether in M, |, or A (Figure 3).
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Figure 3. Variation in pH as a function of time.
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b. Variation in stone size

Figure 4 and 5 illustrate the evolution of urinary stone size over time,
showing a remarkable reduction for the 2M stone, which decreased from 20
mm to 9 mm. For the 3M stone, the size was reduced by approximately half.
The size of the 4M stone changed slightly, from 13 to 5 mm.
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Figure 4. Variation in the size of urinary stones as a function of time.
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Figure 5. Changes in the size of urinary calculi over time.

Study by UV-VIS spectroscopy

a. Study conducted on El-Maatya water (M)

The UV spectrum (Figure 6) shows two characteristic bands at 215
nm and 280 nm, typical of uric acid [44], observed for urinary calculi numbers
1, 2, 3 and 4. Furthermore, two additional bands at 350 nm and 400 nm are
observed in the UV spectrum corresponding to urinary stone number 2. The
first is probably related to impurities, and the second band could be correlated
to the yellow colour obtained (Figure 7) during the immersion of urinary
calculus number 2. This additional band at 400 nm suggests the presence of
other compounds in the stone, such as dyes or other chemical substances
in addition to uric acid. It is also possible that the presence of bilirubin or
bilirubin derivatives contributes to the yellow colouration, particularly in the
case of liver problems.
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Figure 6. UV spectrum of M water after 24 hours of dissolution of urinary calculi
numbers 1, 2, 3, and 4.1, 4.2, and 4.3 corresponding to uric acid and urinary stone
number 5 corresponding to calcium oxalate.

B

Figure 7. Representation of Erlenmeyer flasks (A) and UV-Vis cuvettes (B)
containing M water after 24 hours of dissolution of urinary calculi
(samples 3 and 2), showing the color change.

The UV spectrum corresponding to urinary calculus number 5 shows
a single characteristic band at 270 nm, typical of calcium oxalate [45]. This
absorption band at 270 nm is consistent with the presence of calcium oxalate,
a common compound in kidney stones. The absence of other significant bands
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in the spectrum suggests a relative purity of the sample analyzed,
highlighting mainly the presence of CaC,0.. It should be noted that a yellow
color similar to that observed for calculi number 2 is obtained, but no
absorbance in the visible range is observed.

b. Study using sodium citrate (A)

The study carried out with sodium citrate (A) reveals that the UV
spectra of urinary calculi placed in this medium, compared with those in El-
Maatya water (M), show a shift of the bands towards higher wavelengths
(bathochrome effect) with a difference in Amax between 2 nm and 20 nm
(Figure 8). For example, the band at 215 nm in the case of 2M is shifted to
236 nm, and a further schifting from 280 nm to 290 nm is observed. These
observations could be attributed to the difference in pH and ionic strength of
the salts present in ElI-Maatya water, which differ significantly from sodium
citrate. Another observation concerns the presence of two characteristic
dual-chromophore bands linked to uric acid in the spectrum of sodium citrate,
whereas in the spectrum of El-Maatya water a single chromophore is
generally observed, particularly in the cases of 3M, 4.2M, and 4.3M.
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Figure 8. UV spectrum in sodium citrate after 24 hours of dissolution of urinary
calculi number 2, 3, and 4.1, 4.2, 4.3, and 5 corresponding to uric acid.
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Contrary to the previous interpretation, we observe a decrease in Amax
of the CaC,04 characteristic band of urinary calculus N°5 (Figure 6). It is of
the order of 270 nm in M water and 228 nm in A water, corresponding to a
hypsochromic effect

c. Study using mineral water (1)

The UV spectra corresponding to mineral water (1) are not clear when
compared with those of citrate (A) and El-Maatya (M). In addition, this water
was unable to dissolve the stones, so no changes were apparent after treatment.

Infrared spectroscopy

Identification of the components of urinary calculi is essential to
provide information on the aetiological factors responsible for their formation,
making therapy and prevention possible. Morphological examination
combined with infrared spectroscopy can provide useful information about
their chemical composition.

a. Urinary calculi N° 1, 2, 3, and 4 (4-1; 4-2 and 4-3)

After visual analysis of the peaks obtained in the infrared vibration
spectra of urinary calculi 1, 2, 3, and 4, we were able to determine that they
were all of the same type, i.e., uric acid.

The salt form of uric acid most commonly found in urinary calculi is
the anhydrous form; it has a characteristic infrared spectrum that is easily
recognized by the presence of an N-H distortion vibration in the 1637 - 1624
cm? frequency region. However, Mujahid et al. have suggested that this
elongation vibration is linked to the C=0 group [46].

Numerous N-H elongation bands are observed in the 3600 to 2600
cm? range, as well as other bands attributed to hydrogen bonds (OH). A
band at 1588 cm, attributed to carbonyl deformation of the conjugated
amide, is absent. In agreement with Sekkom et al., C-C elongation appears
at 1449 cm (Figure 9a) and 1410 cm (Figure 9b) due to the hypsochromic
effect of the amide and carbonyl groups [47].

The peaks observed at [1449-1410 cm] and 1109 cm* are due to O-
H deformation and C-O elongation, respectively. The C-N elongation and
deformation vibrations appear in the frequency region 1021 - 1000 cm* and
at 858 cm'?, respectively [48].

b. Urinary stone No. 05

After analysis and close examination of the peaks in the spectrum shown
in Figure 10, we concluded that this urinary calculus is a calcium oxalate.

Pure calcium oxalate monohydrate was characterized by five bands:
The absorption band observed at 3500 - 3021 cm™ is due to the elongation
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vibration of the O-H function, which is in agreement with Sekkoum et al. [47].
Two strong absorbances at 1651 and 1322 cm™* correspond to the C=0 and
C-0O elongations, respectively [49].

According to Asyana et al. [48], two bands at 771 and 667 cm
correspond, respectively, to the deformation of C-H bonds and the out-of-
plane deformation of O-H bonds. In-plane deformation of the O-C bond
appears at 514 cm* (Figure 10).
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Figure 9. Infrared spectra of urinary stones number 4 (a) and 1, 2, and 3 (b)
corresponding to uric acid.
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Figure 10. Infrared spectrum of urinary stone number 5 corresponding to calcium oxalate.

Light microscopic examination

Microscopic examination of the peripheral layers of the stone can be
essential in identifying its morphological type and the metabolic disorder
responsible for its nucleation or growth process. In addition, comparing the
urinary calculus before and after a dissolution treatment allows morphological
changes to be highlighted (Figure 11).
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Figure 11 depicts the microscopic morphology of kidney stones before
and after treatment, revealing a significant difference. Stone 5 had a brilliance,
both microscopically and macroscopically, that has since disappeared. On a
macroscopic scale, the color of calculus 4 shifted to light gray when the outer
layer of lithiasis disappeared. On a microscopic scale, we see the same change,
confirming the transformation. The similar phenomenon is seen with urinary
stone 2.

M

4 4M
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Figure 11. Optical microscope image of stones 2, 4, and 5 before
and after treatment at 20X scale.

The disappearance of the brightness of stone 5 after treatment
probably indicates a change in its chemical composition, suggesting dissolution
or a change to a less bright and more brittle crystalline phase. In addition, the
change in color of stone 4 to light gray, associated with the disappearance of

its outer layer, suggests a significant alteration in its structure, perhaps due
to the action of the treatment.
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Figure 12. Proposed mechanism of urinary stone dissolution by spring water.
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These changes suggest possible mechanisms of action (Figure 12) of
the treatment on kidney stones but would require further study to be confirmed.

Survey on the use of EI-Maatya water

241 people responded to the survey on the use of El-Maatya water.
Of these, 76% were women and 23.7% men.

The majority of respondents were young people aged between 20
and 40, and 82.6% were university graduates. Participants came from
various wilayas, in particular 70.12% from Sétif, 6.64% from Borj Bouaririj,
4.56% from Algeria, 3.73% from Mila, 1.66% Skikda, 1.24% Tlemcen, 0.83%
Boumerdes and Oum Bouaki, and 0.41% from Batna, Djelfa, Bejaia, Jijel,
Blida, Tiaret, Khenchela, Guelma, and Mascara

Only 40.7% of respondents were familiar with ElI-Maatya water. Of
these, 26.1% said that the water is used mainly for cooking, making it easier
to cook chickpeas and white beans. A further 5.4% use it for cosmetic
purposes and 21.7% for medical treatments. Among the respondents, 38.6%
suffer personally from lithiasis or have relatives who do and use El-Maatya
water as a treatment. Of these, 9.5% consult a urologist during their water
treatment. A further 13% combine the water with other medicines under the
guidance of their general practitioner.

17.4% of participants reported negative effects of this water, such as
brittle bones, frequent urination, and the risk of abortion in pregnant women.

In addition, 43.2% knew of other waters used to treat urinary lithiasis,
including:

29 people knew of Maa Zdim, 10 in Ain Bouglez, 9 in Borj Bouaririj, 7
in Ain Ben Tata (Tlemcen), 3 in Nguaouas (Batna), 5 in Ouled Yalass, 2 in
Algeria, and 1 in Annaba.

Opinions differ on the taste of the water. 22 people say it is tasteless,
4.98% find it bitter, 36.1% describe it as concentrated water, and 36.93%
don't know what it tastes like.

The majority strongly recommend the use of this water.

Future investigations should include clinical trials on voluntary subjects
to assess the dissolution dynamics of urinary stones through periodic CT scans.
Such studies would provide direct evidence of the curative efficacy of El-
Maatya water and support its potential medical application in urolithiasis
prevention and treatment.

CONCLUSIONS
El Maatya's water has favorable physicochemical and microbiological

characteristics for healthy consumption, although certain mineral values, such
as sodium, nitrates, bicarbonates, and total alkalinity, exceed standard norms.
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The high concentrations of some minerals, such as sodium, can be
attributed to the geology of the area of this spring and to other environmental factors.

Microbiological tests show a total absence of coliforms, E. coli, and
streptococci, guaranteeing good sanitary quality.

Dissolution tests indicate that this water can be effective in dissolving
certain types of urinary stones, mainly those composed of uric acid (bands
at 215 nm and 280 nm), but is less effective for calcium oxalate stones (band
at 270 nm).

The type of urinary stone (uric acid and calcium oxalate) was identified
by UV and infrared spectroscopy based on the presence of chromophores
and associated functional groups.

Light microscopic analysis confirmed a complete change in the
morphology of the stones, both microscopically and macroscopically.

The survey of the local population, based on a sample of 241 people,
shows that the water is well accepted and used for its perceived benefits,
despite some potential drawbacks linked to the high concentrations of
certain minerals.

Future studies should focus on a detailed mineralogical analysis of
El-Maatya water using XRD and optical microscopy, as well as on correlating
its mineral composition with the nutritional and metabolic needs of the local
population.

EXPERIMENTAL SECTION
Material

The following reagents were used in the practical session:

Sodium citrate tribasic dihydrate (Biochem, purity = 99%); distilled
water; Ifri mineral water; EI-Maatya spring water; sodium hydroxide (NaOH),
pellets (Sigma-Aldrich, purity = 98%); sodium salicylate (Sigma-Aldrich, purity =
99%); sulphuric acid (H.SO4, Sigma-Aldrich, 95-98%); silver nitrate (AgNOs,
Sigma-Aldrich, purity =2 99.8%); potassium chromate (K>CrO4, Sigma-Aldrich,
purity = 99%); hydroxylamine hydrochloride (NH>OH-HCI, Sigma-Aldrich,
purity =2 98%); hydrochloric acid (HCI, Sigma-Aldrich, 37%). Other reagents
required for the titrimetric determinations were used according to the 1SO
standards cited in Table 2.

Analysis of EI-Maatya water

The water of EI-Maatya, also known as Ain Al-Shifa, is located in the
village of EI-Maatya, in the commune of Draa Kbila, to the north of the province
of Sétif, Algeria (Google Maps — Plus Code: C234+7X). This well was dug in
2001, and a spring structure was built for it in 2002.
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The water sampling was conducted in May 2024 at the designated
source, utilizing sterile containers that were subsequently stored in a cooler
maintained at a temperature of 4°C. Following this, the samples were
transported to the laboratory for comprehensive analysis. We performed both
physicochemical and microbiological assessments of EI-Maatya water at the
ADE (Algérienne des Eaux) facility located in Sétif.

Physicochemical analyses

For the physicochemical parameters, an electrochemical approach
was employed to assess the physical parameters, including pH, temperature,
electrical conductivity, and turbidity, using benchtop instruments from HACH
(USA): a pH meter (HACH, benchtop type), a conductivity meter (HACH,
benchtop type), and a turbidity meter (Model 2100N, HACH, USA).

For the chemical parameters, volumetric methods were applied to
determine chloride, calcium, total hardness, and alkalimetric titre, using standard
glassware (burette, pipette, conical flask, and beaker).

Spectrophotometric methods were employed for the determination of
nitrate, nitrite, ammonium, phosphate, sulfate, and total iron using a molecular
absorption spectrophotometer (HACH DR 6000, USA). Sodium and potassium
concentrations were measured using a flame photometer (Jenway, UK).

Table 2. Physicochemical water analysis methods

Parameters

| References to the analytical method

Analysis by spectroscopic methods

Nitrates (NO3")

T 90-012, NF-August1975

Nitrite (NO,")

ISO 6777, 1 edition, August 1984

Ammonium (NH,")

ISO 7150, 1% edition, 1984

Phosphates (PO,3-)

ISO 6878, 1% edition, 1998

Sulfates (S0,2-)

Rodier [50]

Total iron

ISO 6332, 1% edition, August 1994

Sodium (Na*) and Potassium (K*)

ISO 9964, 3 edition, 1993

electrochemical method

Conductivity

ISO 7888, May 1985

pH

ISO 1052-3-2008

turbidity measurements

ISO 7027-1-1999

Analysis by volumetric assay

Chlorides (CI)

ISO 9297 T90014, 1989

Calcium (Ca?")

ISO 6058, 1%t edition, june 1984

Total Hardness (T.H.)

ISO 6059, 1% edition, 1984

Complete Alkaline Titration (C.A.T.)

ISO 9963, 1% February 1996
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All  spectrometric and volumetric measurements were performed
according to the standard methods summarized in Table 2, with sulfate content
determined spectrophotometrically using a calibration curve (solutions 0-7) and
absorbance measured at 420 nm after addition of BaCl,, following Rodier [50].

Bacteriological analysis

Bacteriological analyses were carried out in accordance with ISO
9308-1 and ISO 7899-2, by filtering 100 mL of EI-Maatya water through a 0.45
pm membrane, followed by inoculation on Tergitol TTC agar for coliforms
and Escherichia coli, and Slanetz and Bartley agar for fecal streptococci.
Incubation was performed at 36 + 2 °C for 21 + 3 hours for coliforms and E.
coli, and at 44 + 4 hours for intestinal enterococci. Characteristic colonies
were confirmed by subculturing on Brilliant Green Bile Lactose (BGBL) and
tryptophan broths and BEA agar, in accordance with ISO 8199.

Urinary stone analysis
The monitoring of stones dissolution

In this method, we monitored the effect of the different media ex-vivo
by following the variation in mass of natural stones from immersion to three
weeks [33]. Calculi were collected from various patients suffering from urinary
lithiasis, with weights ranging from 2 to 350 mg. Three media were chosen:
El-Maatya water (M), sodium citrate (A) as a positive control and mineral
water (I) as a negative control.

The urinary stones were placed in porous bags made of woven fiber,
then in eight Erlenmeyer flasks containing 25 mL of different media.

Table 3 displays the urinary calculus contents and the corresponding
media for each Erlenmeyer flask. The effectiveness of the various media is
indicated by the percentage of dissolution [51], determined using the following
formula :

Winitial — Wrinal

Winitial

alp = 100

Where a% is the dissolution rate of the urinary stone and Winitias and
Wrna are the stone weights before and after incubation in the different
solutions.
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Table 3. Characteristics of each Erlenmeyer flask used with its corresponding
contents: flask number, number of the urinary calculus, and volume of the medium.

Erlenmeyer N° 1 2 3 4 5 6 7 8
Medium M A M M M A I M
Stone N° 01 | 01 | 02 03 04-1 04-2 04-3 | 05
Volume (mL) 25 | 25 | 50 25 25 25 25 50

At each time interval, the stones were sampled, dried, and weighed
to study mass loss. At the same time, pH values were measured by a pH
meter in the liquid media.

Note: We analyzed calculus N°01 by infrared and UV spectroscopy
only because the solubility test did not work (in our opinion, calculus N°1
was fixed by formalin (formaldehyde) for an anapathological study).

Solubility test

Given that the urinary calculi available to us are unique, we planned
to take three small pieces of each calculus to test their dissolution in a 5 ml
volume of three different media (EI-Maatya water: M, mineral water as a
negative control: I, and sodium citrate as a positive control: A).

Ultraviolet analysis

After one day of immersion, 0.2 mL was withdrawn from each medium
containing the stones. The samples were diluted and transferred into a UV
cell for chromophore analysis. The measurements were performed using a
UV-Vis spectrophotometer (Unicam 300, England).

Infrared analysis

Seven pellets were prepared using a mixture of 98% KBr and 2% of
the powdered stones (samples 1-5). The infrared spectra were recorded
using a Fourier-transform infrared spectrophotometer (Shimadzu IR Affinity-
NF, Japan) within the mid-infrared range of 4000-400 cm™.

Qualitative analysis of urinary calculi using an optical microscope

The study was carried out on small pieces of urinary calculi N° 2, 4,
and 5 before and after treatment with M water, using an optical microscope
(20X magnification). The microscope used is from the brand Optika.

Survey on the water from the el-maatya region (draa kebila
commune) for the treatment of urinary and kidney stones
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Responses were collected via Google Forms on this site:
https://docs.google.com/forms/d/12QRw4E_QDOGQt-
H88zs9LrVALaHzDKdGuUChnIIHWIM1U/edit?usp=sharing, as well as by
paper questionnaires asking people questions and ticking their answers.

The survey was carried out taking into account various criteria, such
as the gender of the participants, the taste of EI-Maatya water, the region of
origin, age, level of education, and the perceived effects of water. These
aspects made it possible to analyse the perceptions and uses of water within
the population.
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ABSTRACT. This study reports a comparative application of three different
experimental designs to develop ultra-performance liquid chromatography
(UPLC) methods for simultaneous quantification of sulfadiazine and trimethoprim
in veterinary tablets. The effects of column temperature, buffer ratio, and
flow rate on chromatographic response were systematically evaluated by
response surface methodology using full factorial design (FFD), Box—
Behnken design (BBD), and central composite design (CCD). Full quadratic
models were constructed and evaluated for each design, using statistical
parameters and studying the response surface plots. Then, optimal conditions
providing efficient peak resolution in shortest runtime were calculated, and
experimentally confirmed. FFD and BBD produced nearly identical optimal
conditions, while CCD yielded conditions with shorter run time and sufficient
resolution. The optimal conditions were determined from two experimental
design methods: the first set from FFD and BBD (collectively referred to as
FFD/BBD-UPLC), and the second set from CCD (referred to as CCD-UPLC).
Both sets of conditions underwent system suitability tests and were validated
for linearity, limits of detection and quantification, precision, accuracy, and
specificity. Recoveries for sulfadiazine and trimethoprim were within 99.3-
100.5% with relative standard deviations less than 1.8%. The developed
methods were successfully applied to commercial veterinary tablet analysis,
with statistically comparable assay results in accordance with the label
claims for both drugs.
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INTRODUCTION

Veterinary drug formulations, especially those intended for food-
producing animals, play a critical role in ensuring both animal health and food
safety. These formulations must demonstrate the intended therapeutic efficacy
and comply with regulatory requirements to minimize the risk of drug residues
in animal-derived food products and to help control the development of
antimicrobial resistance [1]. Fixed-dose combinations, such as sulfadiazine
(SDZ) and trimethoprim (TMP), are commonly used in veterinary medicine
due to their synergistic antibacterial effects. SDZ and TMP inhibit sequential
steps in bacterial folate synthesis, resulting in selective and enhanced and
selective bactericidal activity, reduced resistance development, and broad
antimicrobial coverage [2].

Literature survey reveals that the simultaneous determination of SDZ
and TMP in pharmaceutical preparations has been carried out by
chemometrics-assisted spectrophotometric methods [3-5] thin-layer
chromatography [6], capillary zone electrophoresis [7, 8] and HPLC [9, 10].
The development of fast, feasible, accurate, and reproducible analytical
methods that serve as alternatives to existing ones have always been
important for pharmaceutical industry, for both human and veterinary drugs.
Ultra-performance liquid chromatography (UPLC) offers a modern, high-
efficiency alternative to HPLC with reduced run times and improved
resolution, making it highly suitable for simultaneous analysis of combination
drugs. However, the full benefits of UPLC can only be realized when
chromatographic conditions are carefully optimized.

Optimization in analytical chemistry, particularly in chromatographic
method development, is critical to achieve selectivity, sensitivity, feasibility,
and efficiency. Traditional one-variable-at-a-time optimization is labor-intensive
and often fail to detect interactions between variables. Response surface
methodology (RSM) has emerged as a rational, statistically robust strategy
for optimization in many fields including pharmaceuticals, engineering, and
food sciences. RSM is based on fitting a polynomial equation to experimental
data using mathematical and statistical techniques. It enables simultaneous
evaluation of multiple experimental factors, the construction of predictive
models, and the determination of optimal factor levels to achieve the best
system performance [11, 12].

In response surface methodology, it is necessary to select an
experimental design that defines which experiments will be conducted.
Experimental designs for first-order models are typically used for screening
purposes or when curvature is not expected in the response surface [13].
However, in order to model the interaction of factors, curvatures, and critical
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response points such as maxima or minima, experimental designs with at
least three levels are required. Such designs are able to fit full quadratic
models which allow to predict the optimal levels of experimental factors that
yield the best response [11, 14]. The choice of experimental design directly
influences the number of required experiments, the quality of the fitted model,
and the accuracy of the predicted optimum. Among the most commonly
employed RSM designs are full factorial design (FFD), Box—Behnken design
(BBD), and central composite design (CCD). FFD is a cubic design which
includes all possible combinations of factor levels. It enables detailed
exploration of all factor interactions but becomes resource-intensive with
increasing number of factors. BBD is more economical, requiring fewer runs
and avoiding extreme factor levels, making it preferable when the corner
points in the design space may be operationally difficult. CCD includes axial
points, which may introduce challenges under extreme experimental conditions
but offers superior predictive capabilities and greater flexibility in exploring
the design space [15, 16].

While each of these designs has theoretical and statistical advantages,
comparative studies evaluating their practical outcomes in chromatographic
optimization remain limited. Such comparisons are valuable for guiding method
developers in selecting the most appropriate design based on analytical
performance, resource demands, and optimization success.

This study aimed to compare FFD, BBD, and CCD designs for optimizing
a UPLC method for the simultaneous quantification of SDZ and TMP in
veterinary tablet formulations. As it is important have an efficient resolution
in a short analysis time in pharmaceutical chromatographic analyses, a
chromatographic response function that ensures sufficient resolution between
peaks, narrow peak width and short analysis time was used as response.
Using this response as the optimization criterion, each design was assessed
for its ability to produce efficient, fast, and high-resolution chromatographic
conditions. The optimal conditions obtained from each design were validated
and compared in terms of analytical performance and practical suitability for
the quantitative determination of SDZ and TMP in veterinary tablet samples.

RESULTS AND DISCUSSION

Response surface methodology offers a powerful alternative to
conventional one-variable-at-a-time optimization in various fields including
science, technology, and industry. It involves several critical decisions that
collectively influence the quality and the performance of a predictive model
that would be used for a defined purpose. The key steps include (1) selecting
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relevant factors and their levels, ensuring they cover the experimental space
of interest; (2) identifying measurable responses that align with the optimization
objectives; (3) choosing an appropriate experimental design and carrying out
the experiments; (4) employing a suitable fitting technique (e.g., linear regression,
polynomial models, or machine learning algorithms) to model the system’s
behavior; and (5) applying an optimization strategy (such as grid-search,
derivative functions, or gradient-based methods). Each step impacts the model’s
accuracy, interpretability, generalizability, and predictive performance, which
overall affect the outcome as the optimal conditions and the optimal response
[11].

The focus of this work was the third step, selecting the optimal design
for response surface methodology. Quadratic models, which are needed to
find an optimum response of a system, can be estimated using full factorial
designs with three or more levels for each factor, but these designs require
a high number of runs. More efficient designs, such as CCD and BBD, are
generally preferred due to the reduced number of runs. The choice of design
depends on desired precision, the nature of the design space, and experimental
constraints such as the number of experiments and available resources,
often the most critical consideration. BBD is preferred if fewer runs are needed
and avoiding extreme points is desirable [17, 18]. On the other hand, CCD is
the most widely used design because it has better predictive power and can
be a good choice after a factorial screening design when converting the
screening phase into an RSM by adding central and axial points into the
design [19, 20]. In this work, we compared the most common RSM designs
to evaluate their practical performance to choose the best set of experimental
conditions for optimal response. Throughout the all RSM procedure a
chromatographic response function developed by Raki¢ et al. [21] was used
as the dependent variable. This function abbreviated as CRF is calculated
by measuring various parameters such as retention times, peak widths, height of
the peaks, height of the valleys (in case of overlapping peaks), and elution time.
It typically decreases with narrow peak widths, shorter analysis time, and
sufficient resolution between the peaks. Therefore, the optimal chromatographic
settings are characterized by the lowest CRF values. Previous works indicated
CRF was a suitable response for UPLC method development, achieving
efficient chromatographic separation in a short run time [22-25].

Development of Chromatographic Method by Experimental Design
In this work, some preliminary experiments were conducted instead

of a factorial screening step because most UPLC factors affecting the
chromatographic response were predictable from our experience with UPLC
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analyses. Categorical factors such as column type and mobile phase
composition (organic solvent and buffer type) were determined prior to the
experimental design process. A mixture of HCOOH-HCOONa buffer and
methanol was found suitable on the C18 column to observe significant shifts
in the retention times of both drugs with the variations in the ratio of methanol
and buffer. Potential factors, namely, concentration, pH and ratio of the buffer
in mobile phase, column temperature, and flow rate were tested to observe
if they have an apparent effect on the retention times. A change in the
concentration of the buffer (from 20 mM to 100 mM) did not affect the elution
times, and 20 mM was chosen to reduce the possibility of salt precipitation.
The pH of the buffer did not change the retention times of the drugs; however,
pH 4.4 had a significantly lower solvent peak. Hence, the pH of the buffer
was excluded as a factor from the design, and 20 mM pH 4.4 sodium formate
buffer was used during the remaining experiments. Column temperature, buffer
ratio, and flow rate were selected as factors x,, x,, and x5, respectively, as they
showed observable changes in chromatographic behavior.

A common design space was needed to compare FFD, BBD, and
CCD so we aimed to use standardized factor levels (-1, 0, +1) across all
three designs. The levels of factors for FFD, BBD, and CCD were
systematically determined based on preliminary screening work and critical
instrumental constraints such as UPLC backpressure and run time, ensuring the
experimental design covered the widest possible chromatographic design
space. The objective was to define a range where the chromatographic
behavior of the peaks spanned from maximum separation with the constraint
of a maximum 7-minute run time to minimal separation, which is near-complete
overlapping of the peaks. Specifically, a low column temperature (30 ° C),
high buffer ratio (78.0 %) and low flow rate (0.16 mL/min) was defined as the
maximum separation conditions. The maximum overlap conditions were defined
as high column temperature (50 ° C), low buffer ratio (52.0 %) and high flow
rate (0.28 mL/min). These values were considered as -1 and +1 factor levels,
and central point of the values were defined as 0 level, as listed in Table 1.
The value of the axial point was calculated using the formula a = 2¥/4 = 234 =
1.682 to obtain a rotatable CCD. Table 1 depicts the factor levels used in all
three designs.

Design matrices of FFD, BBD and CCD were generated according to
the factor levels in Table 1, and they are provided in supplementary material.
The number of experiments were calculated using the formulas 3* for FFD,
2k x (k — 1) + 1+ n, for BBD and 2* + (2k + 1) + n, for CCD, where k is
the number of factors and n, is the number of replicate in the center point (0,
0, 0), which was 3 and 5 for BBD and CCD, respectively. In the end, three
different design matrices containing 27, 15, and 20 experimental runs were
generated for FFD, BBD, and CCD, respectively.
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Table 1. Factors and their corresponding levels used in FFD, BBD, and CCD

X1 Xo X3
Level Column temp (°C) Buffer (%) Flow rate (mL/min)
-a 23.2 43.1 0.12
-1 30.0 52.0 0.16
0 40.0 65.0 0.22
+1 50.0 78.0 0.28
+a 56.8 86.9 0.32

All experimental runs in three different design matrices were
performed by injecting a standard solution of 20 pg/mL SDZ and 20 pg/mL
TMP, by detection at 245 nm. Figure 1 illustrates the chromatograms from
27 runs required by the FFD. Figure 2 and 3, depict the chromatograms
recorded during the application of BBD and CCD, respectively. Data from
these chromatograms were used to calculate the CRF response for each run.
Table S1, Table S2, and Table S3 in the supplementary material list the
experimentally measured responses at each run.

i
o A
I \
FFD27
A X FFD25
n [l FFD23
\ FFD21

FFD19

\ FFD17
A FFD15
— FFD13

——-/ FFDI1
~—" FFD9

FFD7
L FFD5
FFD3
FFD1

Time (min) 6

Figure 1. lllustration of 27 chromatograms obtained from FFD design matrix
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< TMP

0.06
2 0.04
0.02
0
0 1
Time (min) 6 B
Figure 2. lllustration of 15 chromatograms obtained from BBD design matrix
SDZ
. T™MP
-
CCD19
CCD17
0.09 CCD15
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Figure 3. lllustration of 20 chromatograms obtained from CCD design matrix

187



ZEHRA CEREN ERTEKIN, ERDAL DING

For each design, a full quadratic model containing three variables (x;,
X5, X3), their squared terms and the binary interactions was constructed to
the experimental data using least squares regression. A representative model
is given as

9 = Bo + Prxy + Poxy + Paxz + Prixt + Porxs + Pazxi+ Pioxix,
+ B13X1 X3+ Ba3XaX3

where x4, x,, and x; represent the variables, f, is the intercept, 54, 3., and
B5 are the linear terms, B4, B2, and B3 are the quadratic terms, Bi2, Bi3,
and B,5 are the interaction terms.

Table 2 presents the estimated coefficients (B), t-test statistics, and
p-values for three quadratic regression models corresponding to FFD, BBD,
and CCD, highlighting the statistical significance of linear, quadratic, and
interaction effects (p<0.05).

Table 2. Estimated coefficients, t-test statistics, and p-values for three quadratic
regression models obtained from FFD, BBD and CCD

FFD BBD CCD
term estimate p-value estimate p-value estimate p-value
Bo 2.394 1.94 x10-38 2.457 2.10 x1013 2.183 2.29 x10%°
B1 0.028 1.74 x1011 0.028 8.83 x10° 0.098 1.18 x107
B -0.753 1.39 x103 -0.694 1.01 x101* -1.705 4.48 x10-%0
B -0.230 7.73 x10%7 -0.244 1.88 x109° -0.402 8.41 x10%
Bi1 -0.013 7.44 x10* -0.073 5.46 x10706 0.058 1.54 x1015
B 0.914 5.8 x1033 0.829 2.87 x10'11 2.125 3.77 x103
Bas 0.161 3.73 x10% 0.148 1.59 x10°97 0.148 1.36 x101°
Bi2 -0.094 9.05 x10%° 0.010 3.78 x10°? -0.374 2.52 x1022
B3 0.006 1.12 x10? 0.022 1.35 x1003 0.003 6.55 x10°3

Bos 0.080 1.55 x107 0.144 1.47 X107 0.069 5.69 x10°15

The quadratic models detailed in Table 2 were used to plot the
response surface and contour plots. These figures illustrate the interaction
of each pair of selected factors, enabling the visualization of their combined
effects on CRF in two dimensions within the design space. As there are three
pairs in each model, three plots were generated for each design, namely
FFD, BBD, and CCD, presented in Figure S1, Figure S2, and Figure S3,
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respectively in supplementary material. The response surfaces of the same
factor pair obtained by different designs have similar features, but the greater
design space of CCD reveals more curvatures. One may utilize these plots
to choose an acceptable region of factor levels that would result in a
desirable response. However, it is also possible to predict the optimal levels
of factors that would result in the best possible response by using the models.
Indeed, in this work, the optimal levels of variables minimizing the CRF were
computed using the models given in Table 2. Table 3 summarizes the optimal
values for each factor, using the models obtained by FFD, BBD, and CCD.
As can be seen in this table, the values obtained by FFD and BBD are very
similar—or even identical. In order to compare the optimal conditions
obtained by different designs, a mixture of SDZ and TMP was injected into
the UPLC system with 10 replications using the conditions given in Table 3.
A representative chromatogram from each condition is presented in Figure
4. When these chromatograms are examined, there is almost no difference
between FFD and BBD in terms of resolution, peak width and analysis time.
However, the optimal conditions determined using CCD resulted in a shorter
analysis time with a slightly lower but still sufficient resolution.

Table 3. The optimal chromatographic conditions obtained by FFD, BBD, and CCD

Factor FFD BBD CCD
X1 Column temperature (°C) 38.5 39.3 44.9
Xy Buffer (%) 69.9 69.7 70.5
X3 Flow rate (mL/min) 0.26 0.26 0.30
SDZ t =1.25 min TMP t =1.56 min ———CCD
0,05 SP2 =124 min—__ TMP t,=1.75 min —0
SDZ t =1,09 min i b ——BBD
: \ /TMF' t =1.78 min
0.04
=
0.02
. ‘
T T T 1
0 1 2 3 4

Time (min)

Figure 4. Chromatograms obtained with optimal conditions
calculated from FFD, BBD and CCD.
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In order to perform a more rational comparison of optimal conditions
obtained by different designs, CRF values calculated from ten chromatograms
were compared statistically. Statistical comparison of CRF values obtained
from FFD design versus BBD and CCD design was performed using F-test
and Student’s t-test. As presented in supplementary material Table S4, the
average CRF values obtained by FFD, BBD and CCD were calculated as
2.4142, 2.4282 and 2.0314, respectively.

The difference between CRF values obtained by FFD and BBD was
not statistically significant at a significance level of 0.05, which is also
observed visually Figure 4. FFD and BBD cover the same design space, but
unlike BBD, FFD includes the corner points. It is evident that BBD has more
statistical efficiency compared to other designs, meaning it requires fewer
experiments and has the same exploratory power. Hence, it was concluded
that BBD might be a better choice than FFD for optimization purposes.

However, CRF values obtained by CCD were found to be statistically
different from FFD (p=0.05). The smaller response obtained by CCD indicated
that using CCD enabled reaching a smaller CRF value; hence, it outperformed
FFD and BBD, possibly due to the greater design space. Indeed, the optimal
flow rate predicted by CCD was 0.30 mL/min, which was out of the range of
factor levels of FFD and BBD.

FFD provided a comprehensive evaluation of the system, but require
a high number of experimental runs (27), making it the least efficient option
for complex optimizations. BBD was the most statistically efficient design in
the range of -1 and -1 design space. It required significantly fewer runs (15)
than FFD while yielding a statistically similar optimal CRF value (2.4282 vs.
2.4142), demonstrating equal modeling power within the factor cube. However,
BBD is limited by its inability to explore the corners of the design space. In
contrast, the CCD, despite requiring more runs (20) than BBD, offered the
superior optimal solution, by covering a greater design space using the axial
points. This expanded range allowed the model to predict an optimal flow rate
(0.30 mL/min) outside the -1 and +1 limits, which resulted in a statistically lower
CRF value (2.0314). Consequently, the CCD was the most effective method for
this specific optimization, as its broader domain allowed it to locate a more
favorable true minimum for the response surface.

The implementation of experimental design-based optimization of
chromatographic methods aligns strongly with the principles of green analytical
chemistry [26]. This approach serves as an efficient tool to reduce the
environmental impact of analytical method development by conserving energy,
reducing solvent consumption, and decreasing the number of experimental
trials. Statistical experimental designs such as FFD, BBD, and CCD help to
find the real optimal conditions by maximizing the information gained with a
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pre-defined number of experiments, as opposed to the classical one variable
at a time approach [27]. Reducing the number of experimental trials results
in a significant reduction in solvent and reagent consumption, aligning with
green chemistry’s principle of waste prevention, thereby reducing hazards to
both the environment and human health. Furthermore, the final optimal
conditions predicted by RSM, such as the shortest analysis time obtained by
CCD design in this work, would minimize solvent and energy consumption
during the routine application of the UPLC method.

We also aimed to compare the analytical performance of each
optimal condition for the simultaneous quantification of SDZ and TMP in
commercial samples. Since the chromatographic conditions obtained using
FFD and BBD designs were not significantly different, the average of the
optimal conditions derived from these two designs was employed for the
guantitative analysis of SDZ and TMP. This chromatographic method, with a
column temperature of 38.9 °C, 69.8 % buffer, and a 0.26 mL/min flow rate,
was called the FFD/BBD-UPLC method and resulted in retention times of
1.24 min and 1.77 min for SDZ and TMP, respectively. In contrast, the
chromatographic conditions obtained from the CCD design differed from
those of the other two designs. To enable comparison of analytical results, a
second UPLC method using these CCD-derived conditions with a column
temperature of 44.9 °C, 70.5 % buffer and 0.30 mL/min flow rate was referred
to as the CCD-UPLC method, with retention times of 1.07 and 1.54 for SDZ
and TMP, respectively.

Application of Optimized Methods for the Quantitative Analysis

Two different UPLC methods were developed using different designs
by RSM approach, aimed for implementation in the quantitative analysis of
SDZ and TMP in veterinary tablet samples. For this aim, the calibration set
of analytes were prepared as explained in Section “Preparation of Standard
Solutions”, and were injected into the UPLC system using two different
methods, FFD/BBD-UPLC and CCD-UPLC. Calibration and prediction steps
were performed at the detection wavelength of 267 nm and 230 nm for SDZ
and TMP, respectively. The chromatograms of the calibration set recorded
at 267 and 230 nm by the application of FFD/BBD-UPLC method are
illustrated in Figure 5()a and Figure 5 ()b, respectively. Figure 5 (Il)a and
Figure 5 (I1)b depict the chromatograms of the calibration set detected at 267
and 230 nm, respectively.

The peak areas of SDZ and TMP were calculated from the UPLC
chromatograms recorded at 267 nm for SDZ and 230 nm for TMP, for both
UPLC methods (See Figure 5). The linear regression between the peak area
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and concentration for each substance was modelled using the least squares
approach. Detection wavelengths, linear ranges and statistical data of regression
analysis were summarized in Table 4. As can be seen here, the statistical
parameters of FFD/BBD-UPLC and CCD-UPLC methods were similar. The
determination of SDZ and TMP in both validation and commercial tablet
samples was performed using the linear regression equations shown in
Table 4.

a) w ()
02 267 nm A
FFF/BBD-UPLC ||I

(D

2
Time kmi™)
b) 0.z, 230 nm TP

" FFD/BBD-UPLC 230 nm
|’\ CCD-UPLC
J

01

2

Time (min)
N L =
[} Time (i)

Figure 5. Chromatograms of the calibration set recorded at a) 267 nm for
the determination of SDZ and b) 230 nm for the determination of TMP, obtained by
the application of (I) FFD/BBD-UPLC and (II) CCD-UPLC methods

Table 4. Regression analysis results of SDZ and TMP during the application of
FFD/BBD-UPLC and CCD-UPLC methods

FFD/BBD-UPLC CCD-UPLC

SDZ TMP SDZ TMP
Detection wavelength (nm) 267 230 267 230
Linear range (ug/mL) 6-38 2-26 6-38 2-26
Slope 2.847 3.111 2.495 2.748
Intercept -1.151 0.473 -1.016 0.269
Correlation coefficient 0.9992 0.9997 0.9991 0.9998
Standard error of slope 0.024 0.016 0.022 0.012
Standard error of intercept 0.604 0.259 0.539 0.204
Standard error of correlation coefficient 1.382 0.672 1.233 0.528
Limit of detection (ug/mL) 0.70 0.28 0.71 0.24
Limit of quantitation (ug/mL) 2.12 0.83 2.16 0.74
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Validation of the optimized methods

Prior to analytical validation experiments, system suitability tests
were carried out to evaluate the suitability and effectiveness of the optimized
chromatographic methods. A standard solution containing 20 yg/mL SDZ
and 20 pyg/mL TMP was injected 10 times into UPLC and system suitability
parameters were calculated using the Waters Empower2 software. The
average values of these parameters, reported in Table 5, were found to be
suitable for continuing the validation procedures.

Table 4. Regression analysis results of SDZ and TMP during the application of
FFD/BBD-UPLC and CCD-UPLC methods

FFD/BBD-UPLC CCD-UPLC Recommended
SDz TMP SDz TMP
Retention time (min) 1.24 1.77 1.07 154
Capacity factor (k') 1.07 1.95 1.15 2.08 k>1
Resolution (R) - 6.13 - 4.67 R>2
Tailing factor (T) 1.58 1.45 1.64 1.46 T<2
(T,\rl‘)eore“ca' plate number 4140 5508 2480 4111 N > 2000
RSD of retention time 0.11 0.10 0.19 0.13 RSD <1
RSD of peak area 0.89 1.15 0.97 1.17 RSD<1

RSD: relative standard deviation

For both FFD/BBD-UPLC and CCD-UPLC methods, linearity and
high correlation coefficients were reported in the working concentration
ranges of SDZ and TMP. Limit of detection and limit of quantification values
were calculated using the standard deviation of the intercept and slope
values of calibration equations, given in Table 4. As can be seen in Table 4,
the values for both drugs obtained from the FFD/BBD-UPLC and CCD-UPLC
methods were very similar, all compatible with the working ranges and
serving the intended purpose of the methods.

The accuracy and precision of the optimized UPLC methods were
evaluated by recovery studies of binary synthetic mixtures. A test set of 11
binary mixtures was analyzed by FFD/BBD-UPLC and CCD-UPLC methods,
and their analysis results were reported in Table S5 in supplementary
material. The mean and standard deviation values of SDZ recoveries were
reported to be 100.16% with 1.31 using FFD/BBD-UPLC method and
100.54% with 1.06 using CCD-UPLC method. On the other hand, mean
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recovery with standard deviation values of TMP were reported to be 99.30%
with 1.79 and 100.36% with 1.74 using FFD/BBD-UPLC and CCD-UPLC
methods, respectively.

Another approach to assess accuracy and precision was the
application of FFD/BBD-UPLC and CCD-UPLC methods to the analysis of
inter-day and intra-day samples. Standard mixture solutions at three
concentration levels (80%, 100%, and 120% of test level) were analyzed
three times on the same day and on three consecutive days. The analysis
results, along with recovery, standard deviation, relative standard deviation
and relative standard error values are listed in Table S6 in supplementary
material. These results indicated that the optimized UPLC methods gave
accurate and precise results with good reproducibility.

Specificity/selectivity of the optimized methods was evaluated by the
standard addition technique. The standard addition samples, which were
prepared in triplicate as described in section “Preparation of Standard
Solutions”, were analyzed by FFD/BBD-UPLC and CCD-UPLC methods.
The added recover and relative standard deviation were calculated as shown
in Table 6.

Table 6. Analysis results of standard addition samples by the application of
FFD/BBD-UPLC and CCD-UPLC techniques

Added Found Recovery (%) RSD

Sbz TMP SDzZ TMP SDZ TMP SDZ TMP

Fep) Tablet+ 10 5 1009 494 1010 988 019 0.9
BBD- Tablet+ 15 12 1498 12.06 99.9 1005 0.06  0.20
UPLC  taplet+ 20 19 2025 1921 1012 1011 005  0.18
Tablet+ 10 5 1015 499 1015 997 030  0.16

LCJ:ISLDC-Z Tablet+ 15 12 1481 1193 987 99.4 012  0.03
Tablet+ 20 19 2027 19.46 1013 1024 010  0.16

RSD: Relative standard deviation

Overall, both UPLC methods, optimized using distinct experimental
designs, demonstrated comparable and acceptable analytical performance
across all validation parameters.
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Analysis of commercial tablet samples by the optimized methods

Following the validation procedures, FFD/BBD-UPLC and CCD-
UPLC methods were applied for the quantitative estimation of SDZ and TMP
in commercial tablet samples. The tablet solutions mentioned in “ 2.4.
Preparation of Commercial Sample Set” were injected into UPLC instruments
under the optimized conditions of FFD/BBD-UPLC and CCD-UPLC methods.
The stacked chromatograms of the commercial sample set obtained by the
FFD/BBD-UPLC method are shown in Figure 6(l)a (267 nm) and Figure 6(I)b
(230 nm). Figure 6(Il)a and Figure 6(Il)b depict the chromatograms of the
commercial samples set obtained by the application of CCD-UPLC method
for determination of SDZ at 267 nm and for TMP at 230 nm.

|

h ‘l 02| 267 nm
‘ CCD-UPLC
|

02 267 nm
FFF-BB0-UPLC “ ‘
iyt | W
nn-r T k -
J \L

|

A

230 nm

0.1 4 CCD-UPLC ™P

230 nm
0.1~ FFD-BBD-UPLC

AU

Figure 6. Chromatograms of the commercial sample set recorded at a) 267 nm for
the assay of SDZ and b) 230 nm for the assay of TMP, obtained by the application
of (I) FFD/BBD-UPLC and (Il) CCD-UPLC methods

The peak areas in these chromatograms and calibration equations
given in Table 4 were used to calculate the concentration of SDZ and TMP
in the commercial sample set. Corresponding amounts of SDZ and TMP per
tablet were computed as listed in Table 7. The average assay results were
997.60 mg/tablet and 1002.38 mg/tablet for SDZ, and 197.46 mg/tablet and
197.76 mg/tablet for TMP, both in accordance with the manufacturer's
declaration. Relative standard deviation and relative error values were
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smaller than 2% for both drugs using the optimized methods. The assay
results from two different methods were statistically compared using F-test
and Student’s t-test, each applied at a significance level of 0.05, and were
found to be comparable. Both UPLC methods successfully achieved
accurate and reliable determination of SDZ and TMP in tablets for veterinary
use.

Table 7. Assay results of commercial tablet samples
obtained by FFD/BBD-UPLC and CCD-UPLC.

FFD/BBD-UPLC CCD-UPLC
Code Sbz TMP SDz TMP
(mg/tablet) (mg/tablet) (mg/tablet) (mg/tablet)
T1 993.1 198.0 1000.7 201.1
T2 1013.1 196.3 986.5 193.5
T3 988.6 192.5 998.9 195.0
T4 988.1 200.4 1012.5 201.1
T5 992.9 200.2 1002.6 201.7
T6 986.5 201.5 991.4 193.3
T7 1010.4 192.4 1018.5 194.7
T8 1002.8 196.0 1015.9 201.2
T9 994.3 200.4 998.5 201.5
T10 1006.2 196.8 998.4 194.5
Mean 997.6 1975 1002.4 197.8
SD 9.74 3.27 10.34 3.80
RSD 0.98 1.65 1.03 1.92
SE 3.08 1.03 3.27 1.20
RE -0.24 -1.27 0.24 -1.12
al 991.6-1003.6 195.4-199.5 996.0-1008.8 195.4-200.1
F-test 1.13 1.35 F-tabulated: 3.18
t-test 1.11 0.25 t-tabulated: 2.26

Label claim: SDZ:1000 mg/tablet, TMP: 200 mg/tablet
SD: Standard deviation

RSD: Relative standard deviation

SE: Standard error

RE: Relative error

Cl: confidence interval (p=0.05)
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CONCLUSIONS

This study explores the selection of experimental design matrices (FFD,
BBD, and CCD) during response surface methodology to optimize UPLC
conditions for the simultaneous quantification of sulfadiazine and trimethoprim
in commercial tablets for veterinary use. The comparative performance of FFD,
BBD, and CCD for UPLC optimization was studied with standardized factor
levels. All designs provided successful models with significant effects on the
response, and optimal conditions provided satisfactory outcomes for efficient
and fast chromatographic analysis. CCD performed better factor exploration,
possibly due to broader design space with the inclusion of axial points, resulting
in chromatographic conditions with shorter analysis time while maintaining
desirable resolution between the peaks. Application of FFD and BBD gave rise
to very similar, if not the same, optimal conditions, confirming the efficiency of
BBD for UPLC optimization. These results indicate CCD may be preferred for
UPLC optimization when the resources permit, while BBD is a viable alternative
for constrained settings. As three different designs resulted in two different
optimal chromatographic conditions, each were validated and applied to
guantitative analysis of SDZ and TMP in tablets. They showed good analytical
performance during the validation studies, and achieved assay results that were
statistically comparable and consistent with the labeled content. The optimized
UPLC methods were found suitable for quality control of SDZ and TMP in
veterinary tablet formulations and may be extended to other drug combinations
with similar challenges.

EXPERIMENTAL SECTION
Chemical and reagents

Sulfadiazine (99.35 %) and trimethoprim (99.55 %) standard
materials were purchased from Alfa Aesar (USA). Gradient grade methanol
was procured from Sigma-Aldrich, (USA), and ultrapure water was obtained
from a Milli-Q water purification system (Millipore, USA). Formic acid (98%-
100%, d=1.22g/mL) and NaOH (=98%) were of ACS reagent grade and were
supplied by Sigma-Aldrich (USA) and Riedel-de Haén (Germany),
respectively. Biotrin Tablet, containing 1000 mg sulfadiazine and 200 mg
trimethoprim per tablet, was produced by Ceva Animal Health Inc. and was
procured from a veterinary clinic in Ankara, Turkiye.
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Instrumentation, Chromatographic Conditions, and Software

Chromatographic studies were performed using an ACQUITY UPLC
H-Class system (Waters, USA) equipped with a quaternary pump, a cooling
autosampler, a temperature-controlled column compartment with pre-heater,
and a photodiode array detector. All chromatographic work was carried out
on a Waters UPLC BEH Cis 100 mm (130A, 1.7 um, 2.1 mm) column.

The temperature of the autosampler was maintained at 15 °C, the
solvent of injected samples was a mixture of methanol and water (50:50, v/v).
Detection of sulfadiazine and trimethoprim was performed at 267 nm and 230 nm,
respectively, with an injection volume of 1 uL. Different ratios of methanol and
sodium formate buffer were used as mobile phase during the experimental
design and optimization steps. The remaining chromatographic parameters
were determined using different experimental designs via RSM, as explained
in the section Results and Discussion. All samples were filtered through nylon
syringe filters (0.2 um) before injection. The inorganic component of the mobile
phase was filtered through a cellulose nitrate membrane of 0.2 um.

Empower2 software (Waters, USA) was used to control the UPLC
instrument and chromatographic data collection. The generation of the
experimental design matrices, response surface modelling, optimization, as well
as calibration models and quantification were performed by concurrent use
of Microsoft Excel (Microsoft, USA) and Matlab (MathWorks, USA). Figures
were plotted in Matlab (MathWorks, USA).

Preparation of Standard Solutions

A mixture of ultrapure water and gradient grade methanol (50:50, v/v)
was prepared previously and was used as solvent for all the standard and
sample solutions. Individual stock solutions of sulfadiazine and trimethoprim
were prepared by dissolving 20 mg and 10 mg of standard material in a 100
mL solvent mixture by manual shaking, and ultrasonication for 5 minutes.
Standard solutions for calibration and validation were prepared by mixing and
diluting the appropriate amounts of stock solutions.

The calibration set was planned using a factorial design of 52 (5 levels
with equal steps and 2 analytes) within the working range of 6-38 pg/mL for
sulfadiazine and 2-26 pg/mL for trimethoprim.

Three sets of analytical validation samples were prepared in a similar
manner, by mixing and diluting required volumes. The first set, called binary
synthetic mixture was used to assess the accuracy and the precision of the
methods. The binary synthetic mixture set consisted of 11 solutions with
different concentration of drugs from the calibration set, as given in Table S5
in supplementary material.
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The second validation set consisted of intra-day and inter-day samples,
that were freshly prepared at three different concentration levels: 80% (20
pg/mL SDZ + 4 yg/mL TMP), 100% (25 pg/mL SDZ + 5 pg/mL TMP), and
120% (30 pg/mL SDZ + 6 ug/mL TMP) of the specified test concentration
and analyzed both on the same day and on three consecutive days to assess
repeatability and intermediate precision.

The last set of validation samples, named standard addition samples,
was prepared in triplicates to evaluate the effect of excipients in the solid
dosage form and to evaluate the selectivity of the method. Three concentration
levels of standards (10, 15, and 20 ug/mL for SDZ and 5, 12, and 19 ug/mL
for TMP) were spiked into a tablet solution at a fixed volume (theoretically
containing 15 pg/mL SDZ + 3 pg/mL TMP, according to the label claim). An
extra tablet solution, without adding the standards, was prepared to calculate
the added recovery values based on the hypothetically added amount.

Preparation of Commercial Sample Set

Three Biotrin tablets for veterinary use were weighed on an analytical
balance and finely powdered in a mortar. A quantity of powder equivalent to
1/10 of a tablet by mass was transferred and diluted to 100 mL. After mixing
the contents of the volumetric flask in an ultrasonic bath for 15 minutes
followed by 15 minutes of magnetic stirring, the solution was filtered through
a 0.2 uym nylon membrane syringe filter. This filtrate was further diluted to
ensure SDZ and TMP concentrations fell within their working ranges. This
process was repeated 10 times to obtain the commercial sample set.

SUPPLEMENTARY MATERIAL

The supplementary material for this article has been uploaded to
Zenodo and is available at: https://doi.org/10.5281/zenodo.17937817.
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ABSTRACT. Lemon balm (Melissa officinalis L.) is a well-established medicinal
plant prized for its rich content of bioactive compounds. This study explored
how artificial cadmium (Cd) contamination of soil affects the accumulation
of heavy metal(oid)s, antioxidant activity, and the concentration of rosmarinic
acid in lemon balm. At a soil Cd level of 20 mg/kg, plant growth was reduced,
while the concentrations of most other elements, antioxidant activity, total
phenolics, and flavonoids decreased, and the rosmarinic acid content increased
slightly. In contrast, lower Cd levels (5 and 10 mg/kg) led to a modest increase
in antioxidant activity and phenolic content. Cadmium accumulation in the
aerial parts exceeded the WHO limit for medicinal plants. Although minor
improvements in antioxidant properties were observed at lower Cd levels,
and rosmarinic acid increased at 20 mg/kg, the health risks associated with
Cd accumulation remain a concern. Therefore, monitoring Cd content in lemon
balm grown on contaminated soils is essential to ensure its safe medicinal
use.

Keywords: lemon balm, cadmium, soil pollution, rosmarinic acid, antioxidant
activity

INTRODUCTION

Medicinal plants and their preparations are increasingly used today.
In recent years, with the rapid flow of information thanks to the internet and
media, it has become increasingly common to hear about the harmful effects
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of commercially available drugs. Consequently, people are turning more and
more to the use of plants for treating various illnesses. The popularity of
medicinal plants and herbal preparations is related to the fact that they are
very accessible to humans, they have a relatively low price, as well as the
fact that people around the world believe that their use, even if it does not
result in the desired therapeutic effect, cannot lead to any unwanted side
effects [1]. One of the problems that arises in the use of medicinal plants is
the accumulation of heavy metal(oid)s in the parts of the plant used for
preparing various preparations. For example, an analysis of medicinal herbs
in Poland found an increased concentration of Cd [2], as well as an increased
concentration of Cd in samples of thyme and chamomile in Spain [3].

Soil pollution with heavy metal(oid)s is one of the most important
environmental problems today. Heavy metal(oid)s are naturally present in
the soil. However, their increased concentrations in the soil are primarily
the result of various human activities such as mining, smelting, disposal of
industrial wastes, use of wastewater for irrigation, application of fertilisers
and pesticides, efc. [4]. Unlike organic pollutants, heavy metal(oid)s are not
biodegradable, so they are accumulated in the environment [5]. Plants growing
in polluted soil can absorb heavy metal(oid)s, and if these plants are consumed
by people or animals, the heavy metal(oid)s can have a harmful effect on
them. For example, Cd and cadmium compounds are human carcinogens.
Upon entering the human body, Cd is effectively retained and accumulates
over a person's lifetime. Cadmium primarily hurts the kidneys, especially on
the proximal tubular cells, which are its leading accumulation site. Cadmium
also has an adverse effect on human bones, while increased exposure to
Cd can disrupt normal lung function and lead to lung cancer [6,7].

Lemon balm (Melissa officinalis L.) is a perennial herbaceous plant
originating from southern Europe and is now cultivated worldwide. The plant
has a lemon-like scent and has been used for various purposes throughout the
centuries. In medicinal applications, lemon balm leaves are used, which are
collected just before flowering, or the essential oil obtained by steam distillation
from fresh lemon balm shoots. Lemon balm is a good source of antioxidants
and contains significant amounts of phenolic compounds. Lemon balm leaves
contain flavonoid glycosides (quercitrin, rhamnocitrin, apigenin, and luteolin
derivatives), phenolic acids, catechin tannins, triterpene compounds, and
rosmarinic acid. The main components of the essential oil are the monoterpene
aldehydes citral (geranial and neral). Important constituents of lemon balm
essential oil also include geraniol, citronellol, linalool, geranyl acetate, -
caryophyllene, and 3-caryophyllene oxide [8,9]. Lemon balm has antimicrobial,
antispasmodic, antiviral, mildly sedative, and antithyroid effects. The leaf
and essential oil are used in the form of infusions, extracts, and tinctures for
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mild insomnia. Due to its pleasant aroma, lemon balm essential oil is also used
in the perfume and food industries. Additionally, various lemon balm extracts and
essential oils can be used for the treatment of herpes simplex viruses [9,10].

A large number of studies on the topic of heavy metal(oid)s and
medicinal plants emphasise the significance of researching the effects of
soil pollution with heavy metal(oid)s on medicinal plants. For example there
are studies about lemon balm, marigold etc. that investigate effect of soil
pollution with heavy metal(oid)s on content of heavy metal(oid)s in these
plants [11-13]. Also some studies investigate effect of soil pollution with heavy
metal(oid)s on antioxidant activity and content of phenolic compounds in
plants [14,15].

As lemon balm is one of the most commonly used medicinal plants
worldwide, this study aims to investigate the impact of soil pollution with Cd
on the heavy metal(oid)s content of lemon balm. Lemon balm is a good
source of antioxidants, so another goal of this study is to examine the effects
of soil pollution with Cd on the antioxidant activity of lemon balm extract, the
content of total phenols, total flavonoids, as well as the content of rosmarinic
acid, as one of the main bioactive components which is responsible for the
medicinal properties of lemon balm.

RESULTS AND DISCUSSION

The soil used in this pot experiment was sampled in the vicinity of
the city of Ni§, Serbia, from a location where no agro-technical practices had
been applied for many years to minimise the impact of these effects on the
growth of lemon balm. The soil, belonging to the type silty clay loam, was
sampled at a depth of about 20 cm, air-dried for three weeks, ground, and sieved.
The obtained soil was mixed with special substrate Hawita Professional in a
1:1 (%v/v) ratio to improve soil quality. To create Cd-contaminated soil, the
soil was treated with a solution of Cd(NO3), x 4H,0 in amounts to achieve
soil with added Cd concentrations of 5, 10, and 20 mg/kg, and then mixed to
ensure the Cd content in the soil was as uniform as possible. The artificial
contaminated soil was placed in plastic pots with a diameter of 22 cm and
then left to equilibrate, with daily mixing of the soil. After one month, four 3-
week-old lemon balm seedlings (purchased from the Institute ‘Dr. Josif Pancic’,
Belgrade) were planted in each pot. The pots were kept outdoors so that
the conditions under which the lemon balm grew (temperature, sun exposure,
humidity) were as close as possible to those in nature, and as much as
possible the same for all pots from June to August (about seven weeks),
after which the lemon balm was harvested, with the roots separated from
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the above-ground parts, i.e., the shoots. The height of the plants was measured,
and all plant material was air-dried (indoors, on paper, covered with paper)
until just before the analysis. To ensure sufficient quantities of material for
the necessary analyses, each unit of the model system was replicated twice
(two pots). Prior to analysis, the plant material and soil were combined into
a single, representative sample for each unit of the model system. Labels
on pots are Cd-0 for the referent pot, Cd-5, Cd-10, and Cd-20 for pots where
Cd is added in amounts of 5, 10, and 20 mg Cd/kg of soil, respectively.
Labels -S, -R, and -Sh represent soil, root and shoot samples, respectively.

To assess the potential effect of added Cd on the growth of lemon
balm, the height of the plant was measured, and the results are presented
in Figure 1 as the average length of all plants (four plants per pot) within a
treatment. With the increase in Cd concentration in the soil, plant’'s height
decreases. The results of the one-way ANOVA indicate that there is no statistically
significant difference in the height of the plant between the uncontaminated
soil and the soil treatments with 5 mg/kg and 10 mg/kg.
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Figure 1. Effect of soil pollution with Cd on lemon balm plant height. Vertical bar
represents standard deviation of mean height of eight plants per treatment.
Bars marked with the same letter are not significantly different,
according to the statistical test (a = 0.05)
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A statistically significant difference is observed in the case of Cd addition
at 20 mg/kg compared to uncontaminated soil. Namely, Cd, as a non-essential
metal, has a toxic effect on plants at higher concentrations, which occurs
through the induction of oxidative stress, changes in the permeability and integrity
of the cell membrane, reactions with sulfhydryl groups, or the replacement of
essential metals in enzymes and proteins [16].

The same effect of Cd on the height of lemon balm was observed
by Kilic and Kilic [13]. They also concluded that increased Cd concentration
in the soil leads to decreased essential oil content in the leaves. In the case of
soil pollution with a quantity of 30 mg Cd/kg, the essential oil content decreased
by as much as 97% compared to lemon balm grown on uncontaminated soil.
The same negative impact of Cd was noted in the case of sorghum [17].
However, literature data also indicate that an increase in Cd concentration in
the soil leads to an increase in coriander height at lower Cd concentrations,
followed by a decrease at higher Cd concentrations [18].

The pH of the used soil was 6.8, and the electrical conductivity was
0.48 mS/cm. In a study of the pH values of various soil samples in the Ni$§
area, the pH ranged from 7.26 to 10.24, while conductivity levels were between
0.12 and 0.88 mS/cm, which is consistent with the obtained results [19].

Concentrations of analysed elements in soil samples are presented
in Table 1. Among the analysed elements, Fe is the most abundant, while Cd
is the least abundant. The content of all analysed elements is below the Maximum
Allowed Concentration (MAC) [20]. The addition of Cd as nitrate salt to the
soil resulted in an increase in the concentration of Cd in the soil to such an
extent that the concentration of Cd was always higher than the MAC value
(3 mg/kg): for the sample Cd-5-S by 1.97 times, for Cd-10-S by 4.08 times,
and for Cd-20-S by 8.5 times.

Concentrations of analysed elements in roots and shoots are presented
in Tables 2 and 3, respectively. In the roots of the lemon balm, the highest
concentrations of Fe were found, while Pb and As, as non-essential and
potentially toxic elements, were the least present. Soil contamination with Cd
leads to an increase in Cd concentration in the roots. In the shoots of lemon
balm, the order of the most abundant elements among the analysed ones is
Fe > Zn > Mn > Cu, while Cd, As, Pb, and Cr are present in much lower
amounts. This is consistent with the fact that the first-mentioned elements
are essential metals necessary for plant growth, whereas the others are
non-essential elements, some of them potentially toxic.
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Table 1. Contents of elements + SD (mg/kg of sample, dry mass) in soil samples

Sample
Element Cd-0-S Cd-5-S Cd-10-S Cd-20-S
As 8.9+0.1 8.8+02 8.18 £ 0.06 8.8+0.3
cd 0.77 £ 0.01 5.90 + 0.06 1226002  255%0.2
cr 39.5+0.3 4212 37.7+0.3 38.3+ 0.4
Cu 23.8+0.2 23.1£0.9 23.5+0.2 23.9+0.3
Fe 14400 £ 70 14930 + 20 13300 £100 13960 + 80
Mn 372+ 4 379.2+0.9 332+ 4 3775+ 0.6
Pb 2345+0.09  240%03 21.89+0.07  23.28+0.09
Zn 27.0£0.2 28.31+0.09  2539+0.05  26.37 +0.06

Table 2. Contents of elements + SD (mg/kg of sample, dry mass) in root samples

Sample
Element Cd-0-R Cd-5-R Cd-10-R Cd-20-R
As 1.0£0.2 1.24 £ 0.06 1.18 £ 0.05 1.36 £ 0.04
cd 0.19  0.01 12.78+0.09  50.8+02 722+02
cr 5.00 £ 0.03 6.37 £ 0.06 5.18 £ 0.02 6.27 £ 0.03
Cu 10.75+0.08  9.7+0.1 15.20 £ 0.08 15.40 £ 0.03
Fe 2150 £ 10 2721+ 4 2170 £ 30 2797 £5
Mn 38.6+0.2 38.8+0.2 30.0£0.3 43.0+0.4
Pb 2.50 + 0.06 2.87 +0.04 2499+0.008  3.02+0.03
Zn 28.26+0.09  39.4%0.2 40.9 £ 0.3 42.8+0.3

Contamination of the soil with Cd resulted in a noticeable increase
in the concentration of Zn and Cu in the roots (51% and 43%, respectively),
a slightly lower increase in the case of As, Cr and Fe, and the least in the case
of Mn and Pb. Increase of Pb and Cu content in roots of lemon balm under
increasing concentration of Cd in soil was also observed previously [11].
Adamczyk-Szabela et al. [21] observed that the uptake of Zn in the root of
lemon balm is inversely proportional to the concentration of Cd in the soil.
The increase in the concentration of Cd in the soil also resulted in an increase
in the concentration of Cd in the above-ground part of the plants. A similar

206



EFFECT OF ELEVATED CONCENTRATIONS OF CADMIUM ON HEAVY METAL(OID)S CONTENT,
ANTIOXIDANT ACTIVITY AND CONTENT OF ROSMARINIC ACID ...

effect was observed by Arsenov et al. [22] in parsley and celery. The application
of solutions of Cu to the soil also resulted in an increase in Cu concentration
in the roots and above-ground parts of wheat [23].

Table 3. Contents of elements + SD (mg/kg of sample, dry mass) in shoot samples

Sample
Element Cd-0-Sh Cd-5-Sh Cd-10-Sh Cd-20-Sh
As 0.50 £ 0.05 0.44 £ 0.05 0.21£0.02 0.25 £ 0.03
cd 0.09 + 0.01 1.483+0.001  1.736+0.008  2.178 + 0.007
cr 4178+0.008  9.088+0.007  18.1%0.2 1.27 £ 0.05
Cu 10.54 + 0.01 11.71£0.03  12.9£02 10.940.2
Fe 882+ 3 920 + 10 34512 253+ 3
Mn 30.1£0.2 29.5+0.2 33.7£03 12.310.2
Pb 0.83 £ 0.03 0.67 £ 0.03 1.24 £ 0.04 0.20 + 0.04
Zn 39.0£0.3 40.1£0.3 55.2 + 0.4 37.5+03

An increase in the concentration of Cd in the soil was reflected
differently in the concentrations of other elements in shoots. It is evident
that at a Cd concentration of 20 mg/kg, the content of most other elements
significantly decreases (As, Cr, Fe, Mn, Pb). Also, it is interesting to note
that lower concentrations of added Cd (5 or 10 mg/kg) even enhance the
uptake of some elements in shoots (Cr, Cu, Fe, Mn, Zn) probably as a
defence mechanism of the plant. The increase in the concentration of Cd in
the soil (20 mg/kg) also resulted in a decrease in Zn concentration in the
above-ground part of lemon balm, as noted by Adamczyk-Szabela et al.
[21]. In case of marigold [12] increase in Cd concentration in the soil led to
a reduction of Zn content in marigold leaves and an increase in Zn content
in the petals. The content of Cd in the above-ground part of the lemon balm
in the reference sample is below some national limits for toxic metals in
herbal medicines and products, as well as the WHO recommendations (0.3
mg/kg) [24], while in samples where the soil was artificially contaminated
with Cd, this concentration was exceeded. This indicates that using lemon
balm grown in soil contaminated with significant amounts of Cd could pose
a potential health risk to users.

In order to assess the ability of a plant species to uptake,
accumulate, and translocate heavy metal(oid)s, the following factors were
calculated: BCF-Biological Concentration Factor as the ratio of element
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concentration in root and soil; MR-Mobility Ratio as the ratio of element
concentration in the above-ground part and the soil; TF-Translocation Factor
as the ratio of element concentration in the above-ground part and the root
and EF-Enrichment Factor as the ratio of element concentration in the plant
part (root or shoot) from contaminated and control soil. The results obtained
for Cd are presented in Table 4.

Table 4. Biological coefficients (factors) for assessing the potential of lemon balm
according to the accumulation and translocation of Cd

Sample BCF MR TF EFroot EFshoot
Cd-0 0.25 0.12 0.40 / /
Cd-5 2.16 0.25 0.12 66 16

Cd-10 4.15 0.14 0.03 263 18
Cd-20 2.83 0.08 0.03 373 23

From the values of BCF and EFs, it can be concluded that the lemon
balm can uptake and accumulate Cd and the lemon balm from polluted areas
can be harmful to consumers of this medicinal plant. Of the other determined
elements, only Zn shows good accumulation in the roots (BCF 1.04-1.62),
good accumulation in the above-ground part (MR 1.42-2.18) as well as good
translocation through plant parts (TF 1.02-1.38). A slightly more pronounced
accumulation in the roots is observed in the case of Cu (BCF up to 0.65),
unlike other elements with BCF values no higher than 0.2. Additionally, Cu
with MR values ranging from 0.44 to 0.55 exhibits a slightly better accumulation
of the tested elements in shoots, unlike other elements with MR values
ranging from 0.01 for Pb to 0.48 for Cr. Cr, Cu and Mn show a slightly more
pronounced translocation from the roots to the aerial part.

Hierarchical cluster analysis (Ward's method with squared Euclidean
distance) on standardized data was used to group analysed elements
according to their similarities of uptake by lemon balm shoots and roots
(Figure 2.). Arsenic, iron, and lead form a single cluster because the fact
that soil doping with Cd at a concentration of 20 mg/kg results in the highest
concentrations of these elements in the root and the lowest concentrations
in the aerial part. Manganese appears as a separate cluster, connected to
the cluster formed by As, Fe, and Pb, but its concentration in the root is the
lowest at the 10 mg/kg treatment, unlike As, Fe, and Pb. Chrome and zinc
form one cluster because their content in the aerial part is much higher
when the soil is doped at 10 mg/kg compared to other treatments.
Cadmium and copper form a separate cluster, which indicate a possible
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similarities in the mechanisms of uptake and translocation of these two
elements in the lemon balm grown under such conditions. Certainly, the
dendrogram shows the specifics of this plant species in the context of
uptake and translocation of the examined elements from the roots to the

aerial part.
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Figure 2. Hierarchical cluster analysis of analysed elements
in lemon balm roots and shoots

The results of determining the total phenolic content (TPC), total flavonoid
content (TFC), rosmarinic acid content, and antioxidant activities are shown in

Table 5.

Table 5. The total phenolic content, the total flavonoid content,

the rosmarinic acid content and antioxidant activities

TPC TFC - . DPPH
. Rosmarinic acid
Sample [mg/g gallic [mg/g [ma/g] [mumol/g
acid eq.] catechin eq.] 9’9 trolox eq.]
Cd-0-Sh 69 + 32 78 £ 22 26.9 £0.1° 380 + 202
Cd-5-Sh 70 £ 12 76 22 26.2 £ 0.2° 390 + 202
Cd-10-Sh 74 £ 32 77 £ 22 26.0 £0.1° 440 £ 302
Cd-20-Sh 65 + 32 70.1 £ 0.4° 31.4+0.3 330 + 20°

“The contents of elements marked with the same letter for two or more samples
within one column do not statistically differ significantly (a=0.05).

209



DENIS MITOV, STEFAN PETROVIC, KATARINA MILENKOVIC, JELENA MRMOSANIN,
BILJANA ARSIC, ALEKSANDRA PAVLOVIC, SNEZANA TOSIC

The one-way ANOVA results show: there is no statistically significant
difference between all samples with regard to TPC; TFC noticeably decreases
at Cd concentration of 20 mg/kg; antioxidant activity increases with the increase
in Cd concentration up to a concentration of 20 mg/kg, when it noticeably
decreases; the content of rosmarinic acid apparently does not depend on
the concentration of Cd until a concentration of 20 mg/kg when it increase
significantly. Adamczyk-Szabela et al. [21] noticed that the addition of Cd to
the soil (1 mg/kg and 6 mg/kg) led to an increase in total phenols content in
lemon balm. Similar effects were observed in beans [25], in chamomile grown
in Hoagland’s solution with the addition of Ni, where TPC first decreased at
the lowest Ni concentration and then increased [26] and in the species
Drimia elata where treatment with Cd at 2 mg/kg led to an increase in TPC,
but at 5 and 10 mg/kg treatments, a decrease was observed [27]. In coriander,
increasing the concentration of Cd in the soil in the same amounts as in this
study led to an increase in total phenols, with the highest total phenol content
observed in the 20 mg/kg soil treatment, while soil contamination with Pb at
100 mg/kg first led to a decrease in TPC, and at treatments of 200 and 400
mg/kg, an increase in total phenol content was observed [18]. Analysis of
corn leaves for total phenols content [28] shows that soil contamination with
Cd, Cu, and Pb leads to an increase in total phenols compared to the reference
unit. In case of basil (Ocimum basilicum L.). increased Cd content in the soil
resulted in higher TPC and TFC up to amount of 100 mg/kg Cd in soil and then
further increase of Cd content in soil results in TPC and TFC decrease [14].
In the species Erica andevalensis, increasing the concentration of Cd in the
soil initially did not have a significant effect on total phenolic compounds.
However, at the 5 mg/kg soil treatment, a maximum was reached. Then at
the 50 mg/kg soil treatment, total phenols decreased again, which may be
explained as that Cd in higher concentrations in soil inhibits some methabolics
paths which have impact of synthesis of phenolics compounds The total
flavonoid content increased with the increase in Cd concentration in the soil
but at a concentration of 50 mg/kg, there was a slight decrease in flavonoid
content [15].

A similar increase in flavonoid content was observed in beans [25].
In chamomile, where the effect of Ni on flavonoid content was studied, the
initial increase in Ni concentration led to a decrease in flavonoid content,
followed by an increase with further Ni concentration increases [26]. In Drimia
elata, soil treatment with 2 mg/kg of Cd)led to a slight increase in total flavonoid
content [27]. However, higher concentrations of 5 mg/kg and 10 mg/kg caused
a significant reduction in flavonoids. Similar trends were observed in Gynura
procumbens [29] and Gynura pseudochina [30].
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Since lemon balm is a good source of antioxidants responsible for its
medicinal properties, it is crucial to assess the impact of soil contamination
with Cd on its antioxidant activity. With the increase in Cd concentration in the
soil, the antioxidant activity increased up to 10 mg/kg Cd in the soil. Although
the antioxidant activity increased, which could potentially enhance the medicinal
properties of lemon balm, the problem is that at such Cd concentrations in
the soil, the lemon balm absorbs Cd in its aerial parts in amounts exceeding
the allowable limits for medicinal plants, which may pose a risk of Cd toxicity
to people using lemon balm grown in Cd-contaminated soil. When the soil
was treated with 20 mg/kg Cd, there was a decrease in the antioxidant
activity of lemon balm. A similar effect of soil contamination was observed
in basil [31].

Rosmarinic acid is one of the most important phenolic compounds in
lemon balm, known for its various medicinal effects, including the treatment
of herpes simplex virus [32]. The initial increase in Cd concentration in the
soil led to a decrease in the content of rosmarinic acid. However, when the
soil was treated with 20 mg/kg Cd, the concentration of rosmarinic acid increased.
However, since at this Cd concentration in the soil the amount of Cd in the
aerial part of lemon balm exceeds the permissible levels, the use of lemon balm
grown in contaminated soil, even though the rosmarinic acid content increased,
is not recommended due to the high Cd content.
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Figure 3. Correlation matrix (Pearson correlation)
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A similar effect of Cd on the rosmarinic acid content was observed in
Abelmoschus esculentus L. grown under hydroponic conditions, where the
addition of 50 mg/l Cd led to a decrease in rosmarinic acid content, while at
100 mg/l Cd, there was an increase in rosmarinic acid content [33].

In order to see relationship between analysed items in lemon balm
shoots correlation matrix with Pearson correlation coefficients are performed
and results are presented on Figure 3.

As shown in Figure 3. Cd content is negatively correlated with most
of the analysed parameters. Higher concentrations of Cd in shoots of lemon
balm are strongly correlated negatively with lemon balm height and most of
the other determined elements. It’s interesting that there is some small positive
correlation between Cd concentration in shoots and rosmarinic acid concentration.
Also, there is a high positive correlation between DPPH, TPC and TFC, which
is expected because phenolic compounds are the main bioactive compounds
with antioxidant activity.

CONCLUSIONS

Soil pollution with Cd negatively affects lemon balm growth by reducing
plant height. Lemon balm grown on Cd-contaminated soil may pose a risk
to human health, as the concentration of Cd in aerial parts exceeds the
WHO-recommended limits for medicinal plants. Cadmium affects both total
phenolic content (TPC) and total flavonoid content (TFC), with low concentrations
promoting an increase, while higher levels cause a decline. At a concentration
of 20 mg/kg Cd, antioxidant activity decreases despite an increase in rosmarinic
acid content. Based on BCF and enrichment factors, lemon balm shows the
ability to uptake and accumulate Cd, especially in shoots, which reinforces
concerns about its safety when grown in polluted soils. Among other elements,
only Zn showed efficient accumulation and translocation (BCF, MR, and TF > 1),
while Cu and Cr demonstrated moderate accumulation and mobility. Future
research should focus on monitoring of Cd transfer into herbal preparations
and exploring methods to reduce Cd uptake for safe medicinal use, as well
as methods to increase uptake for potential phytoremediation applications.

EXPERIMENTAL SECTION

Analysis of soil pH and electric conductivity of soil

Approximately 10 g of dry soil was weighed and transferred into a 100 ml
Erlenmeyer flask. Then, 10 ml of deionised water was added, and the mixture
was shaken for one hour on a shaker. Afterwards, the liquid was carefully decanted,
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and the pH value was measured using a pH meter (Hanna Instruments, USA)
and the electrical conductivity was measured using a conductometer (Hanna
Instruments, USA) [34].

Analysis of heavy metal(oid)s content in soil and plant samples

The content of heavy metal(oid)s was determined using optical emission
spectrometry with inductively coupled plasma (ICP-OES, iCAP 6300 Duo,
Thermo Scientific, Cambridge, UK). The preparation of samples was performed
using microwave digestion (ETHOS EASY, Milestone, Bergamo, Italy). The
EPA3051a method, provided in the instrument's application note, was used
for soil sample preparation. Approximately 0.5 g of soil was weighed and
transferred into teflon vessels. To each vessel, 9 ml of concentrated nitric
acid and 3 ml of concentrated hydrochloric acid were added. The digestion
program was as follows: within 20 minutes, a temperature of 180 °C was reached
and then maintained for 10 minutes. After 20 minutes of cooling, the contents
were quantitatively transferred to a 50 ml volumetric flask and diluted to the
mark with deionised water [35]. Approximately 0.35 g of plant material (root
and above-ground part) was weighed, placed and transferred into vessels.
Then, 3 ml of concentrated hydrogen peroxide and 5 ml of concentrated nitric
acid were added. The digestion program was as follows: within 20 minutes,
a temperature of 190 °C was reached and then maintained for 10 minutes. After
digestion, the contents of the vessels were transferred to a 25 ml volumetric
flask and diluted to the mark with deionised water [36]. Concentrations of
eight heavy metal(oid)s (As, Cd, Cr, Pb, Mn, Cu, Zn, Fe) are determined by
the ICP-OES method of external calibration curve. Working wavelengths were
selected considering the relative intensity of emission, presence of spectral
interferences, corrected peak (signal-to-background ratios) under the following
instruments parameters: 1150 W (generator RF power), 50 rpm (peristaltic
pump speed), 100 rpm (flushing pump speed), 12 L/min (cooling gas flow),
0.5 L/min (auxiliary gas flow), 0.5 L/min (nebulization gas flow), 5 s (pump
stabilization time), 30 s (sample uptake delay), axial direction plasma observation
and three trials for each measurement. Selected wavelengths, correlation
coefficient (r), limits of detection (LOD=3c/m) and limits of quantitation
(LOQ=100/m), where o is standard deviation of blank and m is slope of the
calibration line, are presented in Table 6. The satisfactory relative standard
deviation of the reproducibility of the sample preparation by microwave digestion
(a sample of the aerial part of the plant untreated with Cd prepared six times)
ranges from 2.21% for Mn to 5.90% for Cd, except for As with a value of
14.72%.
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Table 6. Wavelengths, correlation coefficients, limits of detection,
and limits of quantification for determined elements

Element Wavelength r LOD LoQ
[nm] [mg/kg] [mg/kg]

As 189.042 0.999990 0.1307 0.3960
Cd 214.438 0.999958 0.0055 0.0183
Cr 267.716 0.999924 0.0605 0.2016
Cu 324.754 0.999997 0.0592 0.1974
Fe 259.940 0.999859 0.0972 0.3241
Mn 257.610 0.999992 0.0054 0.0182
Pb 220.353 0.999983 0.2220 0.7400
Zn 202.548 0.999823 0.0087 0.0291

Analysis of total phenolics, total flavonoids, antioxidant activity
and rosmarinic acid content

Approximately 0.5 g of dried plant material was weighed and placed
in an Erlenmeyer flask. To each flask, 50 ml of 70% methanol was added, and
then the flasks were placed on a shaker for extraction, which was carried
out for 2 hours at room temperature. After that, the liquid extract was separated
from the solid residue by centrifugation in plastic tubes at 3000 rpm for ten
minutes. The extract was then filtered through 0.45-micron microfilters and stored
in a refrigerator until analysis.

The total polyphenol content (TPC) in the above-ground part of lemon
balm was analysed using the Folin-Ciocalteu method. A 0.1 ml portion of the
extract, prepared as described above, was transferred to a 10 ml volumetric
flask. Next, 0.5 ml of Folin-Ciocalteu reagent was added, and after 5 minutes,
2 ml of saturated Na>COs solution was added. The flask was filled with deionised
water to reach a total volume of 10 ml and left in the dark for 30 minutes.
The absorbance was then recorded at 760 nm using a UV-VIS PerkinElmer
Lambda 15 spectrometer, with deionised water serving as the blank. For
calibration, standards of gallic acid solutions were prepared by adding 0.5
ml of Folin-Ciocalteu reagent and 2 ml of saturated Na,COs3 solution to a properly
weighted amount of gallic acid, adjusting the volume with deionised water
to achieve final concentrations ranging from 1 to 9 ug/ml. After 30 minutes
in the dark, the absorbance of the standards was measured, and a calibration
curve was generated: A = 0.04385 + 0.10517Cgaiic acia [37,38]. The total
polyphenol content of the extracts was expressed as milligrams of gallic
acid equivalents per gram of dry lemon balm sample (mg GAE/qg).
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For the determination of total flavonoids content (TFC), a 0.1 ml
portion of the lemon balm extract was placed into a 10 ml volumetric flask,
followed by the addition of 0.3 ml of 5% NaNO.. After 5 minutes, 1.5 ml of
an AICI; solution was added, and 5 minutes later, 2 ml of 1M NaOH was
added. The flask was brought to a final volume of 10 ml with deionised water.
Absorbance was measured at 510 nm, using deionised water as a blank. A
calibration curve was established using catechin working solutions (1-10
mg/l) prepared from a 0.5 mg/ml stock solution. The curve demonstrated
linearity, following the equation A = 0.03612 + 0.00491C catechiny- Using this
equation, the total flavonoid content was determined and expressed as
milligrams of catechin equivalents per gram of dry sample (mg CE/g) [39].

To prepare the sample, 0.5 mL of the extract was diluted to 50 ml using
70% (v/v) methanol. Antioxidant activity was assessed using the DPPH method,
as outlined by Brand-Williams et al. [40], with slight modifications. A DPPH
solution at a concentration of 1x10* mol/l in methanol was prepared. From
this diluted DPPH solution, 5.0 ml was transferred to a 10 ml volumetric
flask, and 0.5 ml of the diluted extract was added. The flask was then filled
up with methanol to a final volume of 10 ml. After 30 minutes, the colour
change of the DPPH radical was measured spectrophotometrically at 520 nm.
A calibration curve was established using Trolox solutions, based on the
reduction in absorbance, which represented the DPPH radical scavenging
activity. The antioxidant activity of the samples was expressed as micromols
of trolox equivalents per gram of dry lemon balm (umolTE/g).

To determine the content of rosmarinic acid, the method by Maskovi¢
et al. [41] with some modifications was used (Agilent 1200 system, Agilent
Technologies,Santa Clara, CA, USA). The analytical column employed was a
Zorbax Eclipse XDBC18 column (5 ym, 4.6 x 150 mm, Agilent Technologies,
Santa Clara, CA, USA). The mobile phase was delivered at a constant flow
rate of 0.8 ml/min over a total run time of 40 minutes. Solvent A consisted
of 5% formic acid in deionised water, while Solvent B was composed of 5%
formic acid in 80% acetonitrile. The gradient program was as follows: 0% B
for the first 10 minutes, increasing to 25% B from 10 to 20 minutes, 25—
40% B between 20 and 30 minutes, 40-70% B from 30 to 35 minutes, and
70-80% B during the final 5 minutes of the analysis.

Statistical analysis

Statistical analysis is performed using R. The normality of obtained
values is tested with the Kolomogorov-Smirnov test. For correlation between
elements in shoots, the corrplot package was used, for hierarchical clustering
the factoextra and dentextend packages were used and for one-way ANOVA
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and Tukey posthoc test, the dplyr and multicompView packages were used.
For making graphs OriginLab and R were used.
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ABSTRACT. This study aims to determine the vitamin C (ascorbic acid,
AA) content and antioxidant capacity in five varieties of grapes (skin, pulp
and seeds). A simple, fast and sensitive High—Performance Liquid
Chromatography/Diode Array Detection (HPLC-DAD) method was used for
the determination of ascorbic acid in grapes (Vitis vinifera L.) samples from
Murfatlar vineyard. Total antioxidant capacity was determined through
photochemiluminiscence method as ACL (Antioxidant capacity of lipid
soluble substances). The LOD was 0.40 ug/mL for the HPLC-DAD method.
The advantages of the method are using of small amounts of samples and
reagents, short analysis time and minimum steps for sample preparation.
Antioxidant capacity of Vitis vinifera L. grapes alcoholic extract ranged
between 0.02 and 7.42 mmoles equivalent TROLOX/100g product. After
statistical analysis (ANOVA), a significant correlation between the ascorbic
acid concentration and the antioxidant capacity was observed in peel, pulp,
and seeds during ripening. Due to the high content of ascorbic acid and
antioxidant capacity, future analysis should focus on the determination of
other bioactive substances in grapes.
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INTRODUCTION

The grapes are cultivated all over the world and the most important
species is Vitis vinifera L. from Europe and from which are derived all major
varieties of table grapes and wine. The grapes contain a lot of nutrients,
especially polyphenols, which are important due to their role as natural
antioxidants [1]. Antioxidants are used in the prevention and treatment of
cancer [2], inflammatory [3,4], cardiovascular [5,6] and neurodegenerative
diseases [7-10]. There are also trace elements (reducing and oxidizing
agents) essential for carrying out the chemical reactions required for cell
multiplication (Se, Ni, Cr, I, Zn, Cu, Mn, F, V, Co) which give the grape
some original nutritional qualities. Its content is enriched with many organic
acids found in grape berries (malic, tartaric, citric, isocitric, ascorbic, caffeic,
oxalic, succinic, lactic, fumaric, etc.), water (80% of the fresh fruit weight) and
inorganic compounds (K*, Na*, Ca?*, Mg?*, Fe?*, SO4%, PO,*) [11].

One interesting point with grapes is that they accumulate very low levels
of ascorbic acid, in comparison with other fruits. This may be due to the fact that
grape berry tissues transform AA to tartaric acid. The level varies depending on
the maturity degree of grapes. Ascorbic acid (more abundant in the grape
berries exposed to sunlight) varies between 4 and 10 mg/100g [11-15].

Also, the grapes contain fats (0.16 g/100g), proteins (0.72 g/100g),
carbohydrates (17 g/100g), vitamins (especially B complex which is well
represented by vitamins B; — 0.069 mg/100g, B; — 0.188 mg/100g and Bs —
0.05 mg/100g) [11]. In fact, fruits are an excellent type of food characterized
by a low content of calories and a high amount of antioxidant substances,
which are able to prevent a wide range of diseases. Therefore, fruits represent
a major source of antioxidants. The content of phytochemical substances is
influenced by numerous factors such as ripening time, genotype, cultivation
techniques, and climatic conditions. Maturity stages are another important
factor that influences the compositional quality of the fruit. During fruit ripening,
several biochemical, physiological and structural modifications happen, and
these changes determine the fruit quality attributes. In fact, harvesting at
the proper maturity stage is essential for optimum quality and often for the
maintenance of this quality after harvest and storage [16].

There is a controversial debate in the literature about the influence
of ascorbic acid on the antioxidant capacity of fruits or vegetables. It is also
known that fruits generally contain more antioxidants and most of these
proved to be phenolic compounds and anthocyanins [16].

Many analytical methods [17-23] have been proposed for the
determination of AA in different fruits: peroxidase-mimetic colorimetric
biosensors [24], a food-grade Fe 3 Cyclodextrin nanozymes [25] or a smartphone-
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based colorimetric sensor using Zn/Co bimetallic organic framework-derived
nanozymes [26]. However, the preferred method by far for analyzing AA is
HPLC with ultraviolet (UV) or diode array (DAD) detection [27-32].

There are many methods (in vitro and in vivo) to determine antioxidant
capacity: TEAC determination, seric malondialdehyde determination and
low and total seric glutathione determination [33-39]. In this paper total
antioxidant capacity of grape aqua-alcoholic solution was estimated using
Chemiluminescence method in lipid samples (ACL), according to Analytic
Jena procedure, Germany, using PHOTOCHEM coupled to PC apparatus
[40-42].

The grapes varieties studied in this paper were from Murfatlar village.
Harvested grapes in vineyard Murfatlar were used to obtain local Romanian
wine, a sort of wine that has won many medals in international competitions
[43]. In relation to the importance of phytochemicals and antioxidant power
concerning the functional aspect of grape fruits, the aim of this work was to
evaluate the changes of vitamin C content and antioxidant capacity during
ripening. ANOVA, Tukey post hoc test and Pearson correlation (r) analysis
were performed to assess the relationship between ascorbic acid content
and antioxidant capacity across different ripening stages.

RESULTS AND DISCUSSION

Ascorbic acid has multiple biological functions, and it is believed
that the role of AA in disease prevention is due to its ability to scavenge
free radicals in the biological systems [17]. Despite the fact that the grapes
contain a small amount of AA, this gives the grape some original nutritional
gualities such as microelements and the other antioxidants.

For ascorbic acid determination, the procedure described by ASRO, SR
EN 14130 [44] was optimized under laboratory conditions. First, to determine the
wavelength detection, a sample of ascorbic acid solution, with a concentration of
0.4 mg/mL, was injected in the HPLC-DAD. The absorption spectrum was
recorded against the blank (mobile phase), in a 1 cm cuvette, figure 1.

Under the described chromatographic (HPLC-DAD) conditions, ascorbic
acid was eluted at 6.54+0.01 min, (Figure 2).

For the linearity and limit of detection, solutions of the standards of six
different concentrations were analyzed and the calibration curves (y = a + bx)
were constructed by plotting the peak area ratios (y) of analyte versus the
respective concentrations. Figure 3 shows the calibration curve performed
within the working range: 0.5- 15 pg /mL.
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Figure 1. The absorption spectrum of standard ascorbic acid solution
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Figure 2. The chromatogram of standard ascorbic acid solution of
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The linear dynamic range and the limit of detection (LOD) of the HPLC-
DAD method were determined. It was observed a good linearity of the method
response in the 0.5-15 pg/mL concentration range with R? = 0.9979. The
equation curve registered was: A = 214.2c — 26.6. The LOD was 0.40 pg/mL
for the HPLC with DAD detection. 6.54+0.01 min (values are given as means *
standard deviations (n = 3)) of the retention time was also registered.

For the precision of the method, every sample solution of the same
concentration on the calibration curve was injected at least three times to
determine the relative standard deviation (RSD) values for peak areas. The
RSD values for peak areas ranged from 0.77% to 1.59% for standard solutions
of ascorbic acid. The obtained RSD values (below 5%) presented in Table 1
indicated an excellent repeatability and precision of the proposed method [45].

The concentration of ascorbic acid was determined in five varieties
of grape (Vitis vinifera L.) samples from Murfatlar vineyard (Murfatlar village,
Constanta) using HPLC-DAD.

Table 1. The relative standard deviation (RSD) values for peak areas

Acid ascorbic concentration (ug/ mL) RSD% (Area)
0.5 1.37
1 1.59
2.5 1.04
5 1.18
10 0.98
15 0.77

A typical chromatogram of a pulp white grape sample is shown in
Figure 4. The concentration of ascorbic acid was determined in three different
parts of the grape: peel, pulp and seed which were collected during ripening,
at the beginning of the ripening period (unripe), in the middle (almost ripe)
and before the harvest (ripe).
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Figure 4. Representative HPLC-DAD chromatogram for a variety of
white grape pulp sample
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The results of the analyzed samples were summarized in figure 5.
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Figure 5. The acid ascorbic content of grapes on three different dates of ripening
period: (a) White grapes (Columna, Riesling Italian). (b) Red grapes
(Mamaia, Cabernet Sauvignon, Pinot Noir).

Bars show mean + standard deviation (n = 3 replicates, nd: not detected).
Pairwise differences among ripening stages within Vitis Vinifera varieties x
vegetal material were tested by two-way ANOVA with Tukey post-hoc test
(ns: p=0.05; * p <0.05; ** p <0.01; ** p <0.001).

The highest content of ascorbic acid was found in seeds from most
of the varieties (white and red grapes) while the lowest content was found
in the pulp (between 0 and 4.13 mgAA/100g) of the grapes samples. The
peel contains amounts of ascorbic acid ranging from 0 to 4.86 mgAA/100g
whereas in the seeds the concentration reaches up to 6.43 mgAA/100g
product. The results obtained in ripe grapes for vitamin C are comparable to
those obtained by High Performance Liquid Chromatography/Electrospray
lonization-Mass Spectrometry [46].

Statistical analysis (Figure 5) confirmed that these differences
were significant for most comparisons across ripening stages (p < 0.05),
particularly in seeds and peel, while in pulp the variation with maturity was
generally not significant.

The antioxidants capacities (mmoles equivalent TROLOX/100 g vegetal
product) of white and red grapes on three different dates of the ripening period
from Murfatlar vineyard were presented in figure 6 and were estimated
using the Chemiluminescence method in lipid samples (ACL).

The antioxidant capacity of grape samples varied both with the type
of vegetal material and the ripening stage. In white grape cultivars (Figure 6 (a)),
the highest antioxidant capacity was consistently recorded in the seeds,
reaching values above 6 mmol Trolox equivalents/100 g product in the ripe
stage, whereas the peel and pulp exhibited markedly lower activities, often
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below 2 mmol Trolox equivalents/100 g. A similar trend was observed in red
grape cultivars (Figure 6 (b)), where the seeds showed the most pronounced
antioxidant capacity, with significant increases during ripening (p < 0.001),
while the pulp remained the poorest source of antioxidants across all stages.
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Figure 6. The antioxidant capacity of grapes at three different dates of ripening
period: (a) White grapes (Columna, Riesling Italian). (b) Red grapes (Mamaia,
Cabernet Sauvignon, Pinot Noir).

Bars show mean + standard deviation (n = 3 replicates, nd: not detected).
Pairwise differences among ripening stages within Vitis Vinifera varieties x
vegetal material were tested by two-way ANOVA with Tukey post-hoc test
(ns: p=0.05; * p <0.05; ** p <0.01; ** p <0.001).
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It was found that the antioxidant activity of grapes not only depends
on the content of ascorbic acid, but also on other bioactive compounds. In
the analysed samples, the antioxidant capacity was generally higher in those
with increased ascorbic acid content, both in white and red grape varieties.
Therefore, a significant correlation between the ascorbic acid concentration
and the antioxidant capacity was observed in peel, pulp, and seeds during
ripening (Figures 7, 8), which is in agreement with the findings of Aldina
Kesic et al. [33].

In white grapes, the correlation between ascorbic acid content and
antioxidant capacity is consistently strong throughout berry development,
although the direction of association varied depending on the vegetal
material. In the unripe stage, highly significant and very strong positive
correlations were observed across all vegetal materials, with r values ranging
between 0.955 and 0.959. At the almost ripe stage, ascorbic acid showed a
very strong positive correlation with antioxidant capacity in the pulp (r =
0.960), a very strong negative correlation in the peel (r = -0.989), and a
weak, non-significant association in the seeds (r = -0.338). In the ripe stage,
ascorbic acid was very strongly and positively correlated with antioxidant
capacity in the peel and seeds (r = 0.924 - 0.983), whereas in the pulp it was
very strongly and negatively correlated (r = -0.977).
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Figure 7. Heatmap for correlation between between the acid ascorbic acid content
and antioxidant capacity in the peel, pulp and seed of ripe grape for white grapes.
Blue indicates strong positive correlations (r = 1), while yellow signifies strong
negative correlations (r = -1). |r| > 0.811 statistically significant at p < 0.05.
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Figure 8. Heatmap for correlation between between the acid ascorbic acid content
and antioxidant capacity in the peel, pulp and seed of ripe grape for red grapes.
Blue indicates strong positive correlations (r = 1), while yellow signifies strong
negative correlations (r = -1). |r| > 0.602 statistically significant at p < 0.05.
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In red grapes, the correlation between ascorbic acid content and
antioxidant capacity varied depending on the vegetal material and the ripening
stage. In the unripe stage, the correlation was weak and not statistically
significant in the peel and pulp (r = 0.587- 0.617), whereas in the seeds it was
very strong and highly significant, but negative (r = -0.868). At the almost ripe
stage, ascorbic acid showed weak and non-significant correlations with
antioxidant capacity in the peel (r = 0.338) and pulp (r = -0.483), while in the
seeds it was very strongly and positively correlated (r = 0.875). In the ripe
stage, ascorbic acid was very strongly and negatively correlated with
antioxidant capacity in the peel (r = -0.986), whereas in the pulp and seeds it
was very strongly and positively correlated (r = 0.904 - 0.918).

It can be observed that the ascorbic acid concentration and the
antioxidant capacity in grapes increased during the ripening process. But
Tavarini et al (2008) reported that the accumulation of AA during ripening
depends on the type of fruit and that when fruits become overripe, the
ascorbic acid content declines with the degradation of fruit tissues. They
found that the AA content increased with ripening in apricot, peach and
papaya, but decreased in apple and mango [16]. Similarly, our results
showed an increase in ascorbic acid content with grape ripening.

According to literature data, the antioxidant capacity is generally
higher in seeds compared to the peel of grapes. Lachman et al. analyzed
grapes from five vineyards in the Czech Republic and found average
antioxidant capacity values of 6.27% in peel and 27.21% in seeds, based
on 25 samples [48]. This aligns with our findings, where seeds consistently
exhibited higher antioxidant activity than peel, showing that seeds represent
the major contributors to the antioxidant potential of grapes.

CONCLUSIONS

The parameters of HPLC-DAD method for the determination of
ascorbic acid in samples of grapes were developed for linearity, precision
and for low detection limits values, as well. The method provides a rapid
and sensitive means of determining ascorbic acid in grape samples from
Murfatlar vineyard. The method described is very simple, involves little sample
preparation, small amounts of sample and reagents and is fast since the
total analysis time does not exceed 10 minutes. The results obtained using
the HPLC-DAD method are comparable to the results obtained by other
researchers.
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The ascorbic acid and the antioxidant capacity of grapes depend on
the varieties of grapes and on the harvesting time. It can observe that the
ascorbic acid concentration and antioxidant capacity in grapes increased
with ripening grapes. A significant correlation between the ascorbic acid
concentration and the antioxidant capacity was observed in peel, pulp, and
seeds during ripening.

EXPERIMENTAL SECTION

Materials

Standard of ascorbic acid was purchased from Merck (Darmstadt,
Germany). HPLC-grade methanol, acetic acid, metaphosphoric acid and
trisodium phosphate were purchased from Fluka (Buchs, Switzerland). All
chemicals were of analytical grade (purity > 98%) and were used without
further purification. 6-hydroxy-2,5,7,8-tetramethylchroman-2—carboxylic acid,
as standard substance TROLOX, was purchased from Merck.

All the solutions were made up of ultrapure water from a Milli-Q
Elix3 system. Solvents were filtered through 0.2-um membranes (Millipore,
Bedford, MA, USA) and degassed before use.

Standard solution

The stock solution of ascorbic acid was prepared at a concentration
of 1mg/mL by weighing accurately the appropriate mass using a Metler
Toledo analytical balance (+0.0001 g accuracy). The stock solution was diluted
with acidified water for the preparation of working solutions in a concentration
range from 0.5 to 15 pg/mL ascorbic acid that were stored in the dark at a
temperature of 4° C. Standard substance TROLOX, a derivative of vitamin E,
is Hoffman-LaRoche’s trade name for 6-hydroxy-2,5,7,8-tetramethylchroman-
2—carboxylic acid and was used for the antioxidant capacity. This standard
solution was diluted to prepare plot calibration curve for 6 concentrations
(0.5,1, 15, 2, 2.5 and 3 nmols TROLOX).

SAMPLES PREPARATION

Samples

The methods were applied to the analysis of real samples including
five grape varieties from Murfatlar vineyard (Murfatlar town, Constanta country)
collected during the ripening period. Three red grape varieties: Pinot Noir,
Cabernet Sauvignon and Mamaia and two white grape varieties: Columna,
Riesling Italian were chosen for analysis. The grapes were carefully separated
into peel, pulp and seeds; they peeled them with the help of a scalpel.
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Acid Ascorbic determination

For the chromatographic determinations, extraction was performed
on the day of analysis, by homogenizing (using a Bosh blender) three fruit
portions of 5 g each. Thus, three biological replicates were obtained. The
homogenized material (peel, pulp or seeds) was dissolved in 25 mL of
metaphosphoric acid 20 g/L in a volumetric flask. Samples were adjusted to
pH 2.5 to 2.8 with trisodium phosphate 200g/L. The homogenate was
sonicated by a Bransonics cleaner and then centrifuged at 4 °C and 5000
rpm for 10 min, using a Hettich Universal 320 centrifuge (Andreas Hettich
GmbH & Co. KG). The supernatant was filtered through 0.45-pm filters
(Chromafil Xtra PFTE-45/25 particle size of 0.45 mm), The samples were
kept in dark colored vials and analyzed immediately after extraction.

Antioxidant capacity determination

For the antioxidant capacity, 5 g of homogenized dried material
(peel, pulp or seeds) was left in contact with 50 mL methanol 98% in brown
recipients in the dark in order to obtain the extracts. The mixture was
strongly shaken three times every day. After seven days of contact time 5
mL alcoholic extract, previously filtered, were collected in glass recipients
and stored at 4 °C. 5 pL, 10 yL or 20 pL of samples were analyzed after
extraction. For determination each extract was diluted with ethanol.

INSTRUMENTATION

HPLC-DAD analysis

The identification and quantification of ascorbic acid was carried out
using an HPLC Agilent 1200 system with the following components: quaternary
pomp, DAD, thermostat, degassing system, autosampler. The autosampler
temperature was set to 4 °C. The separation of the analyte was carried out
on a Zorbax XDB C18, 250 mm x 4.6 mm; 5 pym column (Phenomenex, SUA).
The mobile phase consisted of (A — 95 %) 0.1% acetic acid in HPLC-grade
water and (B — 5 %) methanol, eluted in isocratic conditions. The injected
volume sample was 20 yL at a flow rate of 0.25 mL min-t. Detection using a
DAD was performed at a specific wavelength of 245 nm for ascorbic acid
[44]. The analysis time was 10 minutes. The results were obtained by
comparison with the standard. The results were the mean values from three
replicates of the same sample.
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Antioxidant capacity analysis

The total antioxidant activity of grapes aqua-alcoholic solution was
estimated using the Chemiluminescence method in lipid samples (ACL).
This was performed according to Analytic Jena procedure, Germany, using
PHOTOCHEM coupled to PC apparatus [28]. The extern source of light
was represented by a Hg lamp carried with phosphorus, with highest
energy at the wavelength A= 351 nm and the free radicals source was H>0-.
The antioxidant activity was calculated using the calibration curve and was
expressed as Trolox equivalents. This reaction takes place in the presence
of a light quant registered by the detector (photomultiplicator) [40-42]. The
results were expressed in units of TROLOX (mmols).

Statistical analysis

All experiments were carried out in triplicate, and the results are
expressed as mean * standard deviation (SD). Prior to inferential analyses,
the normality of data distribution was assessed using the Shapiro—Wilk test.
The statistical analysis was conducted with GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). Differences between samples
were evaluated by two-way analysis of variance (ANOVA), followed by Tukey
post hoc test, with statistical significance set at p < 0.05. In addition, the
Pearson correlation (r) analysis was performed to assess the relationship
between the ascorbic acid content and the antioxidant capacity across
different ripening stages.
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ABSTRACT. The use of natural antioxidants, especially phenolic compounds
derived from foods and plants, has been extensively investigated in the
context of preventive and therapeutic medicine. Quercetin, a flavonoid of
the flavonol class, exhibits multiple health-promoting properties, including
antioxidant, antimicrobial, and antifungal activities. The present study
aimed to quantify quercetin in seven plant species native to Turkiye: Zosima
absinthifolia, Anarrhinum orientale, Fumaria asepala, Ferulago stellata,
Salvia pseudeuphratica, Rhabdosciadium microcalycinum, and Diplotaenia
cachrydifolia. A novel reversed-phase HPLC-DAD method was developed
for the determination of quercetin in these plant extracts and subsequently
validated in accordance with ICH guidelines. The method demonstrated
linearity over the concentration range of 0.4-1.2 pg/mL (r2 > 0.999), with mean
recovery values ranging from 96.5% to 98.3%. All validation parameters were
evaluated and confirmed in accordance with ICH guidelines, demonstrating
the method's reliability for quantifying quercetin in plant matrices.

Keywords: Zosima absinthifolia, Anarrhinum orientale, Fumaria asepala,
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INTRODUCTION

Flavonoids are low molecular mass plant secondary metabolites
that can serve as plant growth promoters or inhibitors by mediating plant-
microbe interactions. Various external variables also influence the formation of
these metabolites. Developmental factors alter the initiation and differentiation
of plant parts responsible for secondary metabolite synthesis and quantity.
Many factors also play a role in altering the biosynthesis of these metabolites
(such as region, height, soil structure, climate, and growing conditions) [1, 2].

There are differences in the chemical structure of flavonoids depending
on the degree of hydroxylation and polymerization, as well as structural
classes, other conjugations, and substitutions. Flavonoids can be classified
into many subclasses comprising flavonols (e.g., quercetin and kaempferol);
flavonols constitute a subclass of flavonoids characterized by the presence
of a ketone functional group [3], flavones (e.g., apigenin and flavones),
isoflavonoids, flavanones (e.g., flavanone and hesperetin), catechins,
anthocyanidins, and isoflavones. There are various studies and publications on
the effectiveness of flavonoids against free radicals and their use in treatment.
Flavonoids, characterized by their structural diversity and widespread
occurrence in plants, confer numerous health benefits, including potent
antioxidant, anti-inflammatory, antibacterial, anti-ageing, and metabolic
disease—-modulating properties. Emerging evidence also highlights their
potential in preventing cardiovascular disorders. Diets rich in flavonoids
have been linked to improved endothelial function, lower blood pressure,
and a reduced risk of atherosclerosis. Specific flavonoids, such as quercetin
and catechins, have been shown to regulate nitric oxide production, thereby
promoting vasodilation and enhancing blood flow, which are crucial for maintaining
cardiovascular health. Beyond their cardiovascular effects, flavonoids may
exert neuroprotective actions by alleviating oxidative stress and inflammation,
key mechanisms involved in the development of neurodegenerative
conditions, including Alzheimer's and Parkinson's diseases [4-7].

Quercetin, a plant pigment, is classified as a plant secondary
metabolite of flavonoids and grouped under flavonols. It is widely present in
tea and onions. Additionally, its antioxidant properties were well known.
Quercetin exhibits a broad spectrum of potential health-promoting effects in
humans. Clinical investigations have been carried out in specific contexts,
such as its role in lowering blood pressure [8]. A substantial body of in vitro
and in vivo animal research has explored its antioxidant capacity [8].

Furthermore, both experimental models and cell-based studies have
demonstrated its antiallergic and anti-asthmatic activities. In addition,
extensive in vitro and in vivo evidence supports the anticancer properties of
guercetin [9]. In addition to its antioxidant properties, it also provides numerous
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medical benefits, including anticancer, antiviral, anti-diabetic, anti-inflammatory,
and antitumor effects. Quercetin is a yellow, crystalline powder; despite its
general insolubility, it is slightly soluble in alcohal, for instance, ethanol [10-12].

In this study, Zosima absinthifolia, Anarrhinum orientale, Fumaria
asepala, Ferulago stellata, Salvia pseudeuphratica, Rhabdosciadium
microcalycinum, and Diplotaenia cachrydifolia were studied for the determination
of quercetin content. All plants were collected from different areas of
Tarkiye. Previous studies on Zosima absinthifolia and Salvia pseudeuphratica
have demonstrated remarkable antioxidant and anticholinesterase activities
[13, 14]. Anarrhinum orientale is recognized as a medicinal plant and exhibits
antimicrobial properties [15]. Previous studies have shown that Fumaria asepala
has antifungal and antibacterial properties [16]. Diplotaenia cachrydifolia and
Rhabdosciadium microcalycinum are endemic species [14] and are known as
medicinal plants [12].

In light of the significant health-promoting properties of quercetin,
the present study aimed to quantify its content in seven plant species and
to assess those with the highest levels for potential applications in dietary
supplements or as sources of bioactive compounds.

To date, no studies have quantified quercetin in these plant species,
highlighting a critical gap in the literature and underscoring the need to
evaluate their potential as sources of this bioactive compound.

A simple and selective chromatographic method was developed for
the quantification of quercetin. Validation parameters for the developed method
were also studied according to the International Council for Harmonisation
of Technical Requirements for Pharmaceuticals for Human Use (ICH)
requirements for specificity, accuracy, linearity, and precision (ICH) [17, 18].

RESULTS AND DISCUSSION

Analytical procedure

Concentrations of quercetin in the plant extract samples were
measured by using high-performance liquid chromatography with a diode
array detector (HPLC-DAD) system. A new and simple chromatographic
method was developed for the quantitative analysis of quercetin. Each
solution was injected into the HPLC system in duplicate, and the mean
peak area was calculated.

Validation studies
Specificity

There was no interfering peak at the intended separation in the
analytical technique.
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Linearity

The new chromatographic method was developed and applied for
the quantification of quercetin in plant extract. The calibration curve was drawn
using concentrations of 0.4, 0.6, 0.8, 1.0, 1.1, and 1.2 pg/mL (r2 > 0.999),
as shown in Table 1.

Table 1. Calibration curve parameters (n=6)

Slope | Intercept | Residual sum
2

Slope Intercept ' RSD RSD of squares
y= ax+b 19251.33 -2808.6 0.99914 | 0.848 0.751 4.0

RSD: Relative Standard Deviation
LOD and LOQ

The LOD and LOQ values were found to be 0.1 pg/mL and 0.4
pg/mL, respectively.

System suitability test

At least two of these criteria are required for the acceptability of
system suitability for the developed method. The values obtained meet the
accepted criteria of a tailing factor <1.5 and a theoretical number of plates
>2000, and the system was found to be suitable for analyzing the targeted
substance [19].

Accuracy and precision

The mean recovery values were found in the range of 96.5% and
98.3%. For precision studies, the intra-day and inter-day variations were
carried out for 0.6, 1.0, and 1.2 pg/mL. The results of the method
throughout the linear range, the highest RSD value for six replicate sample
analyses, were 1.12% for intra-day precision studies and 1.28% for inter-
day precision studies, which are less than 2.0% [17, 18]. The acceptability
criteria specified that accuracy should be within 85-115% of the nominal
values, and precision should demonstrate a relative standard deviation
(RSD) of not more than 15% (Table 2).

Table 2. Inter-day and intra-day accuracy and precision results (n=6)

Inter-day Intra-day
Added (ug/mL) 0.6 1.0 12 0.6 1.0 1.2
Found, x pg/mL) 0.59 0.97 1.17 0.59 0.97 1.19
Precision; RSD (%) 1.28 1.01 0.69 1.12 0.94 0.47
Recovery (%) 98.3 96.5 97.8 98.6 96.8 98.2

x: Mean value, RSD: Relative Standard Deviation.
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The peak of quercetin was well separated from the other interfering
peaks, and good resolution was achieved. Figure 1 shows the chromatogram
of a quercetin-free plant extract obtained from Salvia pseudeuphratica. Figure
2 also shows a plant extract (obtained from Fumaria asepala) chromatogram
that contains 0.808 mg/g of quercetin. There was no interference around the
guercetin peak. The retention times for the quercetin peak were found as
6.27+£0.008 min (MeanzStandard Deviation). Table 3 gives the results of
guantified quercetin concentrations from the different plant extracts.

mAU.
2,50-B70wm T

Figure 1. Chromatogram of the quercetin-free plant extract
(Salvia pseudeuphratica)

AU
45-f570nm dnm

0 =

Figdre 2. éhrométograrﬁ of pléht extrﬂéct (Fu}naria é{sepalé)
containing 0.808 mg/g of quercetin
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There are several methods for the determination of quercetin in
plants. The developed method is superior according to the used mobile
phases and short retention time. The chromatographic system used is an
isocratic elution, and complex and gradient mobile phase mixtures were not
used for the quantitation of quercetin. In the literature, studies have reported
guercetin sensitivity at the mg/g level or as molarity. The developed method
is more sensitive and selective compared to other methods, especially in
terms of LOD and LOQ values (0.1 pg/mL and 0.4 pg/mL) [20-22]. For the
plant extracts studied, quercetin content could not be determined in two of
them. Among the analyzed samples, Fumaria asepala exhibited the highest
quercetin concentration (0.807 mg/g extract), which was approximately 13
times greater than that of the most dilute sample (Ferulago stellata). The
extracts of Anarrhinum orientale and Rhabdosciadium microcalycinum
showed nearly identical quercetin concentrations (Table 3).

Table 3. Quercetin from the plant extract (n=6)

Calculated concentration
Plant
(mg/g extract) £ SD
Zosima absinthifolia 0.197 £ 0.03
Anarrhinum orientale 0.118 + 0.001
Fumaria asepala 0.808+ 0.019
Ferulago stellata 0.063 + 0.003
Salvia pseudeuphratica Not determined
Rhabdosciadium microcalycinum 0.105 + 0.002
Diplotaenia cachrydifolia Not determined

SD: Standard Deviation

CONCLUSION

In the present study, a new, simple, accurate, and precise reversed-
phase HPLC-DAD method was developed and validated for the determination
of quercetin in accordance with guidelines of the International Conference on
Harmonization (ICH). This method was applied easily for the quantification
of quercetin in plant extracts. In this study, seven different plant extracts
obtained from different areas of Turkiye were studied by using this novel
chromatographic method. Studied plants have also not been analyzed for
the quercetin content before. This study gives a new approach for the
identification of these seven plants.
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EXPERIMENTAL SECTION

Chemicals and reagents

Analytical standard of Quercetin was purchased from Merck,
(Darmstadt, Germany). Acetonitrile (HPLC grade, CARLO ERBA, Italy),
methanol (HPLC grade, CARLO ERBA, ltaly), and NaH>PO, (Sigma-Aldrich,
USA) were purchased. Quercetin stock solution was prepared with ethanol at 1
mg/mL, and the solution to be used in the analysis was prepared daily by diluting
the stock solutions with an ethanol: water (1:1, v/v) mixture to the desired
concentration values. Stock solutions were stored at -20 °C for only 1 week.

Plant Materials

Murat Kursat collected and identified every plant from various parts of
Tirkiye in 2020. In September, Diplotaenia cachrydifolia Boiss. was collected
at a height of 2250 meters on Karz Mountain in Bitlis. In September,
Rhabdosciadium microcalycinum Hand.-Mazz. and Ferulago stellata Boiss.
were collected at a height of 1750 meters on Kambos Mountain in Bitlis, in
August, Anarrhinum orientale Benth. was collected at a height of 1600
meters on Kambos Mountain in Bitlis. In May, Zosima absinthifolia (Vent.)
Link and Fumaria asepala were collected from the Baskil region of Elazig.
The plant Salvia pseudeuphratica Rech.f. was collected from Keban, Elazig,
in July. Bitlis Eren University has voucher specimens for every plant.

Plant extraction

50 g of dried plant material was obtained from each plant. Coarsely
ground part of each plant was extracted with methanol at room temperature.
The extraction procedure was carried out four times for each plant, and all
plants were extracted with 1 L of freshly added methanol for 12 hours using
a magnetic stirrer. At the end of the extraction studies, four extracts of
solvent content were pooled. The pooled methanol phase evaporated with
a rotary evaporator, and the dry crude extracts were obtained. Extracts of
Zosima absinthifolia, Anarrhinum orientale, Fumaria asepala, Ferulago stellata,
Salvia pseudeuphratica, Rhabdosciadium microcalycinum, and Diplotaenia
cachrydifolia were studied for the application of a new chromatographic
method.

Extract analysis procedure

Samples were accurately weighed using an analytical balance
(Ohaus, USA), approximately 0.05 g, into the 15 mL Falcon tube and dissolved
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with 10 mL of HPLC-grade methanol. The mixtures were sonicated in an
ultrasonic bath for 30 min. Then the mixtures were stirred for 30 min with a
magnetic stirrer. The mixtures were diluted with HPLC-grade methanol ten
times or not according to the sample content. After the dissolving procedure,
solutions were filtered by a 0.22 um PTFE syringe filter, and then 10 pL of
an aliquot was injected into the HPLC system. This procedure was repeated
twice for each sample.

Instrumentation and chromatographic conditions

The chromatographic system consisted of a Shimadzu liquid
chromatograph system (LC-2030 2D Plus Prominence-l), 10 uL injection
loop, an autosampler, a Diode Array Detector, and a system controller using
CLASS-VP 5.0 (Shimadzu, Kyoto, Japan). The separation was achieved by
XBridge, C18 (250 x 4.6 mm (I.D.), particle size 5 yum) analytical column
(The column temperature was 20 °C) (Waters, Milford, MA, USA). The mobile
phase consisted of 20 mM NaH:PO. (pH=4.16) and acetonitrile (65:35;
(v/v)) in isocratic mode, and the detector wavelength was set to 370 nm. A
10 pL aliquot of the sample solution was injected into the HPLC system at a
flow rate of 1.1 mL/min. For preparing all solutions, type 1 water (Simplicity
185 Water System, Millipore Corp., Bedford, MA, USA) was used. The
mobile phase was filtered through a membrane filter (pore diameter of 0.45
pm) and kept in an ultrasonic bath for 15 min to remove the soluble gases.

Validation studies

Specificity
Selectivity was tested after the injection of drug-free plant extract
and the mobile phase injection.

Linearity

Linearity studies were conducted using standard solutions prepared
by quantitative dilution of the stock solution. In this method, a calibration
curve was constructed by plotting the concentration values against the
peak area of quercetin. The slope, intercept, and correlation coefficient of
the calibration curve (y= ax+b) were calculated.

LOD and LOQ

The limit of detection (LOD) was calculated as the signal-to-noise
(S/N) ratio of 3:1 (n=6), and the limit of quantification (LOQ) value was
calculated as the signal-to-noise (S/N) ratio of 10:1 (n=6) for standard
solution analyses.
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System suitability test

System suitability tests were performed using 1 pg/mL quercetin,
and the results were evaluated based on retention time, injection repeatability,
capacity factor, tailing factor, and the theoretical number of plates. The values
obtained must meet the accepted criteria for good separations: capacity
factor (k') values between 1 and 10, tailing factor<1.5, and theoretical number
of plates>2000.

Accuracy and Precision

For accuracy analyses, recovery values were calculated for six
repeated analyses (for 1 pg/mL of quercetin) by using spiking of a drug-free
plant extract sample. For the reproducibility of the method, three concentration
values in the linear range were analyzed at six replicates. For accuracy and
precision values, relative standard deviation (RSD) values were calculated
and evaluated [17, 18].
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ANTIOXIDANT, ANTI-HAEMOLYTIC ACTIVITY, VITAMIN
AND ELEMENT PROFILE OF RHAMNUS CORNIFOLIUS
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ABSTRACT. The antioxidant, antiradical, and anti-hemolytic activities of the
methanol extract of Rhamnus cornifolius leaves were investigated, along
with the determination of element and vitamin levels in the dried plant
material. Element analyses were determined by ICP-OES dry ashing,
vitamins by HPLC, vitamin C, total phenolic, flavonoid, antioxidant capacity,
DPPH:, ABTS™ and anti-haemolytic activity spectrophotometrically. Total
phenolic, flavonoid and antioxidant capacities of the plant were measured
as 4.482 + 0.159 mg GA/g, 27.420 + 2.551 mg QE/g and 41.795 + 18.506
mM AA/g, while retinol, a-tocopherol, phylloquinone and ascorbic acid as
0.2167 £ 0.019, 4.313 + 0.685, 0.5622 £ 0.09 ymol/kg and 403.631 + 8.682
mg 100/g. ICso values of DPPH', ABTS™ and anti-haemolytic assays were
determined as 33.974 + 1.918 (BHT = ICs0 26.979 + 1.116), 58.197 + 1.826
(trolox = 1Cs0 27.854 + 1.352) and 68.51 + 5.33 (trolox = ICs0 44.040 £ 0.290)
pg/mL, respectively. According to the results of this study, it was determined
that the vitamin and element content of the plant was at high level, ABTS™
and DPPH" tests showed a promising antioxidant power. These findings
represent the first report in the literature, and the plant’s composition was

evaluated as a basis for future in vivo studies.

Keywords: Rhamnus cornifolius, methanol extract, antioxidant, element,

vitamin, anti-haemolytic activity

INTRODUCTION

There are many definitions of medicinal and aromatic plants in the
literature. According to the Food and Agriculture Organisation of the United
Nations (FAO), medicinal and aromatic plants are defined as plants that provide
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medicine to people to prevent diseases, maintain health and treat ailments [1]. At
least 8000 phenolic substances of different amounts and qualities have been
identified so far in the structure of plants [2]. These compounds play an important
role in destroying or inhibiting free radicals. Thus, they increase the body’s
resistance to cell damage and prevent unwanted oxidation products [3].

Vitamins are compounds that are essential for performing some special
cellular events other than proteins, lipids and carbohydrates which are
macronutrients and are needed at trace levels in the organism [4]. Vitamins
have been found to have important roles in reactions involving free radicals,
electron transport and membrane biochemical strengthening [5]. Fat-soluble
vitamins A, D, E and K do not need to be taken frequently when they are
stored in the liver and fat [6]. However, for this, it is necessary to take these
vitamin elements necessary for tissues with appropriate nutrition.

Dietary minerals, which are not included in the term vitamins but support
health, are essential nutrients for the body [7]. Functioning as catalytic
cofactors of enzymes, the roles and functions of these elements are extremely
diverse and vital. They are useful for plant growth, development and yield [8].
They interact directly with free radical formation and free radical scavengers.
Maintaining the integrity of the cell membrane depends on a protection or repair
mechanism that can neutralise oxidative reactions [9]. Even minor deficiencies
in vitamins and minerals can lead to serious health issues, though they often
go unnoticed until they become severe [7]. Preventing this unfavourable
situation is possible with an appropriate diet.

Hakkari Province, located in the Eastern Anatolia Region of Turkey,
has different ecological and climatic characteristics, high mountains and a wide
range of endemic plant diversity as a result of the plant flora spread over a very
large area. Rhamnus Cornifolius Boiss.& Hoh. belongs to the Rhamnaceae
family and is generally distributed in Northern Irag, South-Western Iran and
Hakkari Province in Turkey. R. cornifolius is one of 22 Rhamnus species
growing naturally in Turkey [10].

What makes these plant species valuable are the yellow coloured
dyes contained in their fruits. These colouring substances are flavonoids and
partly anthroquinones. Anthroquinones are organic compounds found in some
plants. They are used as dyes, pigments and also for medicinal purposes. The
plant has been traditionally used for its antioxidant and anti-inflammatory
effects in the treatment of constipation related to liver diseases [11]. Numerous
studies, both past and ongoing, have investigated the potential of plant-derived
phytochemicals in the prevention of diseases such as cardiovascular disorders,
cancer, and osteoporosis. [12,13].

The aim of this study was to investigate the antioxidant, antiradical
properties, biolements and vitamin content of the methanol extract of the leaf part
of R. cornifolius growing in Hakkari province of Turkey, which has a rich flora,
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by various methods. For this purpose, total phenolic, flavonoid and antioxidant
capacity of the plant and vitamin A, E, K and C contents were determined.
DPPH*, ABTS™ and phenylhydrazine radical scavenging capacity and element
levels were also determined.

RESULTS AND DISCUSSION

Total antioxidant capacity, total phenolic and total flavonoid content,
DPPH-, ABTS™ and anti-haemolytic activity levels were measured to determine
the antioxidant properties of the methanol extract of R. cornifolius leaves. In
addition, the levels of vitamins A, E, K and C and elements (K, Na, Ba, V, Ti,
Cr, Cu, Sr, As, Se, Cd, Pb, Mo, Fe, Mn, Al, Zn, Co) of R. cornifolius were
determined and all results are shown in Table 1 and Table 2.

Table 1. Vitamins A, E, K and C, total phenolic and flavonoid content,
total antioxidant capacity, element (Ba, V, Ti, Cr, Cu, Sr, As, Se, Cd, Pb,
Mo, Fe, Mn, Al, Zn, Co, K and Na) levels of R. cornifolius.

Parameters Rhamnus cornifolius
(X £ SEM)

Retinol (umol/kg) 0.2167 £ 0.0190
a-tocopherol (umol/kg) 4.3130 + 0.6850
Phylloquinone (umol/kg) 0.5622 + 0.0900
Vitamin C (mg 100/g) 403.6310 + 8.6820
Total phenolic content (mg GAE/g) 4.4820 + 0.1590
Total flavonoid content (mg QE/g) 27.4200 + 2.5510
Total antioxidant capacity (mM A.A/g) 41.7950 + 18.5060
Ba (umol/kg) 18.6250 + 0.6090
V (umol/kg) 5.8710 + 0.0740
Ti (umol/kg) 19.3550 + 0.4620
Cr (umol/kg) 3.5240 £ 0.6650
Cu (umol/kg) 9.1210 £ 0.4550
Sr (mmol/kg) 0.0443 £ 0.0015
As (umol/kg) 0.5240 + 0.0550
Se (umol/kg) 1.0650 + 0.0360
Cd (umol/kg) 0.0720 + 0.0058
Pb (umol/kg) 0.4490 + 0.1600
Mo (umol/kg) 0.0448 + 0.0200
Fe (mmol/kg) 0.6850 £ 0.0132
Mn (umol/kg) 142.8090 + 4.3980
Al (umol/kg) 6.6964 + 0.3500
Zn (umol/kg) 24.6830 + 1.6380
Co (umol/kg) 17.5250 + 0.0125
K (mmol/kg) 3.0010 + 0.0041
Na (mmol/kg) 1.8940 + 0.1540

Values are expressed as mean + standard error of the mean (i + SEM).
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Table 2. Values of % inhibition and I1Cso (ug/mL) in methanol extracts of leaf of
R. cornifolius compared with a positive controls.

Control % Inhibition ICs0 (ugimL)
X + SEM X + SEM
DPPH" 65.339 + 0.443 33.974 +£1.918
74.792 £ 0.764 26.979 £ 1.116
BHT
ABTS™ 89.333 + 2.571 58.197 + 1.826
95.493 + 0.849 27.854 +1.352
Trolox
PhNHNH: 71.560 £ 2.390 68.510 £ 5.330
Trolox 58.220 + 0.310 44.040 + 0.290

Values are expressed as mean * standard error of the mean (X + SEM). Samples were carried
outin triplicate. DPPH": 2,2-diphenyl-1-picrylhydrazyl; ABTS™: (2,2’-azinobis (3--ethylbenzothiazoline-
6-sulfonic acid)); PANHNH2: Phenylhydrazine.

DPPH: y=6E-05x2+0.1286x+45.514; ABTS: y=-0.0002x?>+0.5555x+16.444;

PhNHNHz: y=-15.18In(x)+114.52

Total phenolic, flavonoid, antioxidant capacity and vitamin C content
of the plant methanol extract were calculated with the help of standard
graphs and shown in Figure 1.
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Total phenolic, flavonoid, antioxidant capacity and Vitamin C content

Figure 1. Total phenolic, flavonoid, total antioxidant capacity and vitamin C content
of R. cornifolius.
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Comparison with positive controls (BHT and trolox) was performed
to determine the scavenging of radicals (DPPH", ABTS'*) and haemolysis
(PhNHNH,) of the plant methanol extract. The % inhibition, % haemolysis and
ICs0 values calculated after DPPH/BHT, ABTS*/trolox and PhNHNH./trolox
comparisons were determined and shown in Figure 2, Figure 3.
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Figure 2. % inhibition values of BHT and Trolox used in comparison with DPPH,
ABTS and anti-hemolytic activity of R. cornifolius
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Figure 3. ICso values of BHT and Trolox used in comparison with DPPH,
ABTS and anti-hemolytic activity of R. cornifolius

247



AHMET BAKIR, MEHTAP BAKIR, SUAT EKIN, MEHMET FIRAT

The element content of the dry leaves of R. cornifolius was determined
and all the determined amounts are expressed in Figure 4, Figure 5 and
Figure 6.
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Figure 4. Trace element (Sr, Cd, Mo, Pb, As) levels of dry leaf parts of
R. cornifolius.
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Figure 5. Element (V, Cr, Al, Cu, Se, Fe, K and Na) levels of R. cornifolius
ry leaf parts.
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Trace Elements (umol/kg)

Ba Ti Mn Zn Co

Figure 6. Element (Ba, Ti, Mn, Zn, Co) levels of R. cornifolius dry leaf parts.

Since vitamins are not produced in appropriate amounts by bodily
metabolic processes, they must be taken in the diet at the necessary and
sufficient level [7]. According to the World Health Organisation (WHO) data,
2 billion people face micronutrient deficiency. This deficiency partly includes
vitamins A, D and various B vitamins and essential minerals [14]. Vitamin C,
which is included in the subgroup of vitamins, shows antioxidant properties
by minimising the damage caused by free radicals to cells. On the other
hand, this vitamin, which is a common dietary supplement, is also a
prerequisite for the production of collagen, the conversion of iron into a form
that is easily absorbed in the intestines and the synthesis of the hormone
serotonin, which is secreted for the regular functioning of the immune system
[6]. The antioxidant properties of a-tocopherol, the most common form of
vitamin E, are well known. This property is mainly due to the accepted idea
that it terminates the chain reactions resulting from peroxyl radicals caused
by free radicals [15]. Recent studies on the effect of vitamin K in combination
with vitamin C on anti-cancer activity are of great interest [16]. The K; form
of this vitamin, phylloquinone, is found in green leafy vegetables.

In this study, the amounts of vitamins A, E, K and C in the dried leaves
of R. cornifolius were determined. The level of vitamin C included in the study
was 403.631 £ 8.682 mg 100/g. Vitamins A, E and K levels were determined
as 0.2167 = 0.019 pmol/kg, 4.313 + 0.685 pmol/kg and 0.5622 + 0.09

249



AHMET BAKIR, MEHTAP BAKIR, SUAT EKIN, MEHMET FIRAT

pmol/kg, respectively and all values are given in Table 1. No studies on
vitamins A, E and K of both Rhamnaceae family and R. cornifolius species
were found. This is the first report of these vitamin values for R. cornifolius
and therefore it is considered to be an important reference for future studies.

On the other hand, the values of vitamin C in the methanol extract of
the leaves of R. frangula and R. kurdica, two species close to R. cornifolius
in previous studies, were 85/63 mg 100/g, 5.937 + 5.53 mg 100/g and 14.06
1+ 1.07 ug 100/mg, respectively [17,18]. When the vitamin C content of R.
cornifolius, R. frangula and R. kurdica were compared, it was found that the
vitamin C value was higher in R. cornifolius. Considering the vitamin values
in R. comifolius as a whole, the presence of vitamins A, E and K is important
and the high vitamin C value shows that this plant is a good source of vitamins.

Flavonoids, phenolic acids and phenolic compounds, even in the
polyphenol class, are the most frequently encountered groups in plant
contents [19]. Flavonoids are of particular interest due to their multiple roles
in plants and their effects on human health [20,21]. Phenolic compounds are
powerful and natural antioxidants that play an important role in destroying or
inhibiting free radicals. Thus, they increase the body’s resistance to cell
damage and prevent lipid peroxidation [3,22].

In this study, total phenolic, total flavonoid content and total
antioxidant capacity of R. cornifolius were determined. Total phenolic content
was calculated from gallic acid standard curve graph, total flavonoid content
was calculated using quercetin curve and antioxidant capacity was
calculated according to ascorbic acid standard graph. Total phenolic,
flavonoid and antioxidant amounts were found to be 4.482 + 0.159 mg
GAE/g, 27.420 + 2.551 mg QE/g and 41.795 + 18.506 mM AA/g, respectively
and the results are shown in Table 1. When the literature was examined, the
total phenolic value in the methanol extract of R. alaternus leaves, which is
close to the plant, contains 77.8 mg GAE/g and this value is higher than the
value observed in our study [23]. In another study, TPC value in 60% EtOH
extract of R. prinoides stems was determined as 228.21 + 13 mg GAE/g [24].

There is a balance between the presence of minerals and trace
elements and metabolic reactions. The energy balance necessary for the
survival of any organism (plant or human) is largely determined by the values
of these minerals and trace elements [25,26]. Trace elements form complex
structures with proteins, enzymes and carbohydrates to participate in biochemical
reactions. Antioxidant enzymes require elements such as copper, zinc, iron
and selenium for optimum catalytic activity [27,28].

The daily amount of trace elements required for the body is between
15-80 pg. Despite the small amount of trace elements in the human body,
they are essential for the continuity of many important physiological functions
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in the organism. They function as cofactors in the structure of some enzymes,
participate in the structure of bone, teeth and many organic substances,
maintain acid-base balance in metabolic reactions, transport processes of
gases during immunity and respiration, participate in membrane structures
and regulate the functional pathways of neurons [29,30].

In this study, when the element level of R. cornifolius plant was
analysed, it was determined that it had the content and shown in Table 1,
18.625 + 0.609 umol/kg (5.7401 + 2.5416 mg/kg) Ba, 5.871 + 0.074 umol/kg
(0.2991 £ 0.0038 mg/kg) V, 19.355 + 0.462 umol/kg (0.9275 + 0.0221 mg/kg)
Ti, 3.524 + 0.665 umol/kg (0.1832 + 0.0346 mg/kg) Cr, 9.121 + 0.455 umol/kg
(0.5796 £ 0.0289 mg/kg) Cu, 0.0443 + 0.0015 mmol/kg (0.0039 + 0.0001
mg/kg) Sr, 0.524 + 0.055 umol/kg (0.0393 + 0.0041 mg/kg) As, 1.065 + 0.036
umol/kg (0.0841 £ 0.0028 mg/kg) Se, 0.072 + 0.0058 umol/kg (0.0081 %
0.0007 mg/kg) Cd, 0.449 + 0.160 umol/kg (0.0930 + 0.0332 mg/kg) Pb,
0.0448 +0.02 umol /kg (0.0043 + 0.0019 mg/kg) Mo, 0.685 + 0.0132 mmol/kg
(38.2552 + 0.7372 mg/kg) Fe, 142.809 + 4.398 umol/kg (7.8456 + 0.2416
mg/kg) Mn, 6.6964 + 0.350 umol/kg (0.1628 £ 0.0085 mg/kg) Al, 24.683 +
1.638 umol/kg (1.6135 £ 0.1071 mg/kg) Zn, 17.525 + 0.0125 umol/kg (1.0328
+ 0.0007 mg/kg) Co, 3.001 + 0.00412 mmol/kg (117.3451 £ 0.1611 mg/kg) K
ve 1.894 + 0.154 mmol/kg (43.5427 + 3.5404 mg/kg) Na.

When the elemental and mineral levels of R. cornifolius were compared,
it was determined that K>Na >Fe >Sr>Mn>2Zn>Ti>Ba> Co> Cu> Al >
V > Cr> Se > As > Pb > Cd > Mo. Considering these results, it was determined
that besides macro elements such as K and Na, the most critical and important
trace elements such as Fe, Mn, Zn, Co, Cu, V, Cr, Se and Mo were also present.
When the literature was examined, some elemental analyses of Rhamnus
prinoides, which is close to the plant we used in the study, were found as follows.
The results were 129.90 + 1.572 mg/kg K, 2.60 + 0.520 mg/kg Na, 28.311 +
1.263 mg/kg Cu, 10.267 + 0.467 mg/kg Mn, 1.487 + 0.0231 mg/kg Cr, 0.022 +
0.0076 mg/kg Cd, 8.1 + 1.153 mg/kg Fe and 10.177 £ 0.0643 mg/kg Zn [31].
When R. comifolius and R. prinoides plants were compared, it was determined
that R. comifolius had rich and different elemental content, although the
elemental values of R. prinoides were higher.

DPPH* and ABTS™* are common methods based on spectrophotometric
determination used to evaluate the antioxidant potential of foods and
phenolics in vitro [32]. In these methods, the reduction that occurs between
a radical and a substance that can give hydrogen (H*) atom results in a decrease
in absorbance. This result emphasises the relationship between antioxidant and
free radical. The total antioxidant capacity of the methanol extract prepared
to evaluate the antioxidant activity of R. cornifolius was determined by these
methods. One of the most important signs in these methods is 1Cs value.
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ICs0 (Mmg/mL) measurement was evaluated by analysing the relationship
between antioxidants and radical concentration and spectrophotometric
monitoring of their absorbance [33].

The scavenging power of R. cornifolius methanol extract against
DPPH' and ABTS"* radicals was compared with synthetic antioxidants BHT
and trolox. The highest % inhibition value for DPPH- radical was found to be
65.339 + 0.443 and 74.792 + 0.764 for BHT and shown in Table 2. ICso,
decreaseing with 50% the initial DPPH concentration. Lower ICso values
indicatee higher antioxidant potential. [34]. ICso value of 33.974 + 1.918
pg/mL for R. cornifolius and 26.979 + 1.116 pg /mL for BHT were recorded
and given in Table 2. From these results, it was found that the % inhibition
value of the plant was low compared to BHT, but the ICs value was high and
in this case it was less effective than BHT in scavenging DPPH"* radical.
Methanol extract of the plant showed significant antioxidant activity by DPPH*
method. In previous studies, the ICso values for DPPH" were 21.04 £ 1.35 and
11.82 + 1.06 pg/mL and for BHT were 19.50 + 1.06 and 19.30 + 1.06 pug/mL in
R. kurdica and R. pallasi subsp.sintenisii plants, respectively [17,11].

In our study, the scavenging capacity of the methanol extract of R.
cornifolius on ABTS™, a stable radical, was determined and compared with
trolox, a water-soluble analogue of vitamin E. The highest % inhibition value
of the plant on ABTS™* radical was found to be 89.333 + 2.571 and 95.493 +
0.849 for trolox. The lower the ICso value, the higher the radical reducing
activity. The ICs value was calculated and the values of 50% inhibition of
ABTS* radical were measured as 58.197 + 1.826 ug/mL for the plant and
27.854 + 1.352 ng/mL for trolox and all results are shown in Table 2. Trolox
is a powerful synthetic antioxidant. Although the plant showed a lower
percentage of inhibition, the 1Cso value was higher than trolox, which can be
concluded that it is less effective in scavenging ABTS™* radical.

In previous studies, the ABTS™ radical scavenging activity of R. prinoides,
a species close to the plant we studied, was compared with BHT and trolox.
ICs0 values in these results were measured as 0.596 £+ 0.005 pg/mL for the
plant, 0.059 + 0.003 npg/mL and 0.041 + 0.002 pg/mL for BHT and trolox,
respectively [24]. Although the plant extract was high in terms of ICso values
against synthetic antioxidants BHT and trolox, it can be said that polyphenols
containing active H* atom donors in the plant exhibit strong antioxidant
properties in capturing these radicals.

Phenylhydrazine (PHZ) is used as an anaemia inducing agent in
laboratory animals [35]. The toxic effect of PHZ for the body is associated
with its effect on red blood cells (RBC). The main function of RBCs is to carry
oxygen to cells. PHZ causes anaemia by decreasing the number of RBCs
and consequently the haemoglobin level and packed cell volume (PVC) [36].
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In this study, anti-haemolytic activity values were determined for both
the methanol extract of the plant leaf and trolox, which was used for
comparison. For this, the highest inhibition values were measured as 71.56
+ 2.39 for phenylhydrazine and 58.22 + 0.31 for trolox. On the other hand,
the IC50 values for phenylhydrazine and trolox were measured as 68.51 +
5.33 yg/mL and 58.22 + 0.31 pg/mL, respectively, and these values are shown
in Table 2.In terms of anti-haemolytic activity, R. cornifolius extract showed
weak values against trolox. However, the molecular diversity of antioxidant
substances may always prevent the formation of a positive or linear relationship.
Therefore, different methods should be used to make accurate judgements
about antioxidant capacities in plants. In previous studies, a slight increase was
found in the extracts of the leaves of R. alaternus, a neighbouring plant, at
a concentration of 50 mg/mL [37]. When the plants were compared, it was
concluded that R. cornifolius showed higher haemolytic power.

CONCLUSIONS

In this study, it is important that the results analysed in the methanol
extract of the leaves of R. cornifolius are the first and in this respect, it is
important to be included in the literature. On the other hand, the determination of
vitamin A, E and K values only in this study in the Rhamnaceae family, which
contains a very large number of species, has a different importance. The
variety and richness of macromineral (K and Na) and micromineral (Fe, Mn,
Zn, Co, Cu, V, Cr, Se and Mo) content, which are necessary to maintain
optimal health and growth, indicate that it will be consumed as food. In this
study, it was concluded that vitamin C (ascorbic acid), total phenolic content,
flavonoid content and total antioxidant potential of the plant were at sufficient
level and these results of the plant will be recorded and will constitute a
reference for further studies. Our analysis of the plant extract’s antiradical
properties revealed its effectiveness in countering radical attacks, with ABTSe*
and DPPH- assays confirming strong antioxidant capacity (ICso =ug/mL).
These results comprehensively demonstrated that R. cornifolius is a good
source of natural polyphenols, provides important parameters for further
studies and will be a potential candidate for future in vivo studies.

EXPERIMENTAL SECTION

Plant collection location and preparation

R. cornifolius Boiss. Hoh: Turkey. C9 Hakkari: Yiksekova, Oremar
region, Sat mountains, Herduav locality, 1320 m, 37°22°'41", 44°10'08", 7
July 2018, M. Firat & A. Bakir. Species identification of the plant was made
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by Dr. Mehmet FIRAT and specimen vouchers were deposited to the
herbarium with the code number 34042 (VHLF).

The leaf and characteristic appearance of R. cornifolius are given in
Figure 7. The leaf part of the plant was used in the study. The flowering
period was selected as the most effective time to obtain the maximum yield
of the plant leaf. The leaves of the plant were dried in a cool place without
light for three weeks. After drying, the leaves were ground to a fine powder
in a plant grinder and stored in glass bottles for analyses.

(a) (b)
Figure 7. Characteristic images of R. cornifolius. a) general view of the plant,
b) leaf view of the plant

Preparation and analysis of methanol extract of plant leaves

For the preparation of MeOH extract of the plant extract, the method
of Cai et al. [38] was modified and adapted to this study. An appropriate
amount (20 g) of dry plant leaves, previously pulverised in a plant grinder
and stored in glass bottles, was weighed and transferred to a coloured bottle
and MeOH at 80% concentration was added. The plant leaf, which was kept
away from light, was subjected to extraction at 30°C for 36 h in a water bath
with stirrer. Then centrifuged at 4500 rpm for 15 min and filtered with suitable
filter paper (Whatman No. 1). MeOH in the filtrate was extracted under
reduced pressure at 40°C using a rotary evaporator and removed. Finally,
the crude extracts were lyophilised in a -65°C refrigerator until dry and stored
in the dark at +4°C for further analysis. The yield of methanol extracts
obtained from the leaf of R. cornifolius was measured as 28.97% according
to the formula below.

Weight of the crude (g)

Weight of the dried R.cornifolius
powder used for extraction (g)

% yield =
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Determination of element content

The element content of R. cornifolius leaves was determined by dry
digestion method [39]. According to this method, 1 g of R. cornifolius leaf
samples were placed in porcelain crucibles and 2 ml of ethanol+sulfuric acid
was added. For the results to be reliable, 3 replicates were performed. Initially,
the muffle furnace was set at 250°C and gradually increased (by 50°C per hour)
to 550°C.

The purpose of doing this is to heat the samples in a controlled manner
and not to damage the elements in them. The samples made in porcelain
crucibles were placed in the muffle furnace, which reached a temperature of
250°C. When the oven temperature reached 550°C, the samples were trapped
in the muffle furnace until the next day. 5 mL HCI was added to the cooled
samples. After the samples were filtered with blue band filter paper, they were
removed from the muffle furnace, subjected to a series of procedures and
prepared for analysis using Inductively coupled plasma (ICP) and optical
emission spectrometry (OES) [Brand of the device: thermo scientific; model:
ICAP6300DOU] and inductively coupled plasma (ICP) and mass spectrometry
(MS) [Brand of the device: Thermo scientific; model: X Il series].

Determination of total phenolic content

The total phenolic content in the extract of R. cornifolius was
measured spectrophotometrically after some modifications in the FCR
method [40]. To the leaf extract samples of the plant prepared by dilution with
MeOH, 300 pl of 2% sodium carbonate, 100 pl of FCR marker were added
and incubated at room temperature for 2 hours. The absorbance of the
samples was read at 765 nm. A standard curve was prepared using different
concentrations of gallic acid solutions. Results were reported in milligrams of
gallic acid equivalent (GAE) per gram of dried extract (mg GAE/q).

Determination of total flavanoid content

Flavonoid content of R. cornifolius extract was determined using
aluminium nitrate method [41,42]. First, 500 pyL of the diluted methanol
extract stock solution was taken. Then, 100 yL of CH;COOK, 100 uL of
AI(NO3);, and 4600 uL of ethanol were added sequentially. The solutions
were then vortexed and incubated at room temperature for 45 minutes.
Finally, the absorbances were read against the control sample at 415 nm
wavelength. Flavonoid concentration was calculated by plotting quercetin
(QE) and the total flavonoid content of the samples was reported as quercetin
equivalent (mg QE/qg).
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Determination of total antioxidant capacity

The aim is based on the reduction of acidic Mo-VI to Mo-V by a series
of reactions to form the green coloured phosphate/Mo(V) compound at acidic
pH [43]. Different concentrations of the plant MeOH extract were prepared.
200 uL of these samples were taken and 0.2 L of marker solution [600 mM
H.SO4 + 28 mM Na;HPO4 + 4 mM (NH4):MoOQ4)] was added, followed by 2 h
in a water bath previously set at 100°C. The samples were removed from the
water bath and allowed to stand at room temperature. The samples were
read against the control sample at 695 nm wavelength. Total antioxidant
capacity was calculated by drawing ascorbic acid standard graph and total
antioxidant capacity of the samples was given as mM ascorbic acid/g.

Determination of DPPH’ radical scavenging activity

In the study, free radical scavenging activities of MeOH extracts of
the plant were determined using DPPH* [44,45]. In order to determine the
free radical scavenging activity of the prepared extracts by using DPPH ‘total
antioxidant potential’ measurement method, 2 mg/mL stock extract solution
was diluted with MeOH and prepared in different concentrations. DPPH"
system follows a stable radical generating procedure. In order to determine
the scavenging activity of this radical, 4000 pl of 0,04 mg/mL DPPH" solution
was added to the solutions of different concentrations prepared by dilution
with MeOH and incubated at appropriate temperature for 45 min. Absorbance
readings were made at 517 nm. Absorbance values of the prepared samples
were expressed against the control. BHT, a synthetic antioxidant, was used
as a control against the sample. Antiradical activity was determined from the
formula below [486].

ABlank = Asampl
Inhibition (%) =4 — X 100
Blank

Using the above % inhibition formula, the plant extraction concentrations
were calculated as ICsg (The micromolar concentration required to inhibit half
of the radical formed in any given situation is pg/mL.) [47,48].

Determination of ABTS™ radical scavenging activity

ABTS " radical is produced by the reaction of ABTS™* with an oxidising
species. Sodium persulfate was used in our study. Firstly, ABTS™ (0.002 M)
and K;S,0s (2.45 mM) solutions were mixed to prepare the reactive radical.
This mixture was incubated in a dark place for 13-16 hours. 1800 uL of ABTS™
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reagent was added to each of the test samples (200 yL) and measured at
734 nm after 2 h in the dark room. Plant methanol extract was carried out by
modifying the method described by [49,50]. Trolox was used as synthetic
antioxidant. The active power of ABTS™, a redox radical, was calculated from
the following formula [51].

ABlank - Asampl
Inhibition (%) =< —— . X 100
Blank

Haematological parameter analysis

The radical scavenging activity of R. cornifolius leaf extract after
haemolysis of erythrocytes with phenylhydrazine (PHZ) was determined
according to this method [52]. Briefly, 1 mL PHZ, 0.1 mL 20% PCV, 1.850
mL buffer were added to samples prepared from different concentrations of
methanol extract of R. comnifolius leaves. 37°C for 1 hour and then
centrifuged at 4000 rpm for 10 minutes. After transferring the supernatant to
other tubes, the absorbance at 540 nm was read against the control sample.
The results were compared with trolox.

Determining vitamin C content

Vitamin C content in R. cornifolius dry leaves was determined by
spectrophotometric device at 521 nm wavelength. The first step in the
determination of vitamin C content was to add 2 mL of HPO3z and 0.5% oxalic
acid to 1 g samples (3 replicates) and centrifuge at 5000 rpm for 5 min. After
centrifugation, 2000 pL of the filtrate was taken, 1-2 drops of thiourea and
500 L of 2,4-dinitrophenylhydrazine (2,4-DNFH) were added and taken in a
water bath at 100°C. After the water bath, sulfuric acid solution was added
slowly. The tubes prepared at room temperature were vortexed for 5 min.
Absorbic acid concentrations of the samples were calculated using the
calibration graph obtained [53,54].

Vitamin A, E and K analyses

Standard solution and calibration

Retinol, a-tocopherol and phylloquinone stock solutions were
prepared at 500 pg/mL. To prepare the standard solution, the stock solutions
were diluted with methanol accordingly. Linear regression analysis of the
peak area versus standard solution concentrations was used to calculate the
calibration.
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Vitamin extraction process

The amounts of retinol, a-tocopherol and phylloquinone in R. cornifolius
leaves were determined by modifying the studies of [55,56]. Weighed 4000
mg of dried and shade ground plant leaf samples were extracted with n-
hexane and EtOH. BHT (0.02%) was added to the prepared samples, mixed
at the appropriate time and then kept in the dark for 30 hours. Then centrifuged
at +4°C and 5000 rpm for 15 min.

The clear solution in the resulting phase was filtered using filter paper
and 500 pl of n-hexane was added. Finally, it was left to dry under nitrogen
gas (at 37°C). Immediately after the drying process was completed, the
remaining part was dissolved in 250 yL of MeOH+C4HsO (tetrahydrofuran)
(98%) and made ready for analysis.

Chromatographic conditions

Vitamin retinol, a-tocopherol and phylloquinone analyses were
performed on a Gl Science Cis reversed phase high performance liquid
chromatography column (250 x 4.6 mm ID), MeOH (80 ml) + tetrahydrofuran
(20 ml) mobile phase, 1500 pyL/min flow rate at 24°C. HPLC - applications
were performed for retinol (325 nm), a-tocopherol (290 nm) and phylloquinone
(248 nm) in 0.1 mL volumes in dark coloured vials in a tray autosampler
(-10°C) using a PDA array detector. Chromatographic values of vitamins are
shown in figure 8. Also chromatographic analysis measurements were
performed by isocratic elution (40°C), a separation technique of HPLC.

a-tocopherol

ZSOJ

1004

Figure 8. HPLC chromatogram of retinol, a-tocopherol, and phylloquinone
at 325, 290, and 248 nm
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Statistics data

The data of the measurement results are expressed as mean and

mean standard error (X + SEM). Group graphs are also expressed in the
same way (X + SEM). Nonlinear regression analysis was used to find the 1Cso
measurement data. The measurements are presented in three replicates.

Running head: ANTIOXIDANT, ANTI-HAEMOLYTIC ACTIVITY

OF R. CORNIFOLIUS
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ABSTRACT. This study investigated the in vitro inhibitory potential of the
methanol extract of the aerial parts of Nepeta cadmea on a-glucosidase
and a-amylase, which are known as key enzymes related to type 2 diabetes
mellitus. To determine the active constituents of the endemic Lamiaceae plant,
validated RP-HPLC and HPTLC techniques were used. The methanol extract
demonstrated moderate and dose-dependent inhibitory activity, with inhibition
rates of 43.57 + 4.32% against a-glucosidase at 2 mg/mL and 36.74 £ 7.23%
against a-amylase at 1 mg/mL. Phytochemical analysis revealed that rosmarinic
acid (0.6290 £ 0.0095 g/100g dw) was the predominant phenolic compound,
followed by chlorogenic acid (0.0429 + 0.0012 g/100g dw) and caffeic acid
(0.0027 £ 0.0002 g/100g dw). These findings suggest that this endemic
Lamiaceae plant may have potential as a natural therapeutic agent for
managing diabetes mellitus. Further studies are warranted to explore its
mechanisms of action and to evaluate its efficacy in clinical settings.

Keywords: a-amylase, a-glucosidase, RP-HPLC, HPTLC, Nepeta cadmea

INTRODUCTION

The genus Nepeta L. (Lamiaceae) is known to comprise approximately
250 species worldwide. Reports indicate the distribution of Nepeta species
across Southwest and Central Asia, North America, North Africa, Europe,
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and the Mediterranean regions. In Turkiye, this genus contains a total of 39
species and 50 taxa, 19 of which are endemic [1, 2]. As with most members
of the Lamiaceae family, many Nepeta species have been traditionally used
for colds, stomach aches, and as stimulants. Some Nepeta species are
also traditionally used as diuretics, sudorific agents, cough suppressants,
antispasmodic agents, asthma treatments, antipyretics, and sedatives; for
nervous disorders and depression; as spices; and in herbal teas [2, 3].
Numerous studies on Nepeta species have revealed that these plants contain
terpenoid compounds such as monoterpenes, sesquiterpenes, diterpenes,
triterpenes, and phenolic compounds in addition to nepetalactones and their
glycosidic forms. Due to their pleasant aroma and generally high monoterpene
content, these plants yield highly valued essential oils. Terpenoids and
flavonoids are the dominant components in the chemical composition of the
Nepeta genus [4, 5]. Nepeta cadmea Boiss., a species of the Nepeta
genus, is known in Turkish as “honaz pisikotu” and is endemic to Turkiye.
N. cadmea is a perennial herbaceous species rich in essential oils [2, 6, 7].
Phytochemicals found in N. cadmea include 4aa,7a,7aa-nepetalactone;
1,5,9-epideoxyloganic acid; (E)-rosmarinic acid; eugenyl B-D-glucopyranoside;
eugenyl-O-B-apiofuranosyl-(1—6)-O-B-glucopyranoside; lariciresinol 4'-O-(-
D-glucopyranoside; guloside (corcoyonoside C); icariside B2 and icariside
B2 [8, 9].

Diabetes mellitus (DM) is a common metabolic disease worldwide,
and type 2 diabetes (T2DM), in particular, is characterized by insulin resistance
and persistently high blood glucose levels. In patients with T2DM, postprandial
hyperglycemia is associated with impaired starch digestion, a process in
which the enzymes a-glucosidase and a-amylase play key roles. Inhibition
of these enzymes is being investigated as an effective therapeutic strategy
to regulate blood sugar levels and manage diabetes [10]. Among Nepeta
species, a 70% ethanol extract of N. cataria L. was found to have a moderate
inhibitory effect on enzymes responsible for carbohydrate hydrolysis. The
literature has reported that the methanol extract of N. hindostana (B. Heyne
ex Roth) Haines exhibits a significant antidiabetic effect in a streptozotocin-
induced diabetes model [11-13].

The aim of this study was to perform qualitative and quantitative
analyses of the methanol extract obtained from the aerial parts of N. cadmea for
phenolic compounds. For this purpose, a Reversed-Phase High-Performance
Liquid Chromatography (RP-HPLC) method was developed to determine
the amounts of the main compounds in the plant extract. Furthermore, High-
Performance Thin-Layer Chromatography (HPTLC) analysis was performed to
identify the active ingredient groups contained in the methanol extract of the
plant, thus strengthening the specificity of the study. Another important objective
of this study was to test the in vitro antidiabetic potential of N. cadmea. In

264



RP-HPLC AND HPTLC-BASED PHYTOCHEMICAL STUDIES OF ENDEMIC NEPETA CADMEA
BOISS. AND ITS EFFECTS ON CARBOHYDRATE DIGESTIVE ENZYMES

this context, the potential antidiabetic effects of the plant were evaluated by
testing its a-glucosidase and a-amylase inhibitory activities, which play an
effective role in regulating blood glucose levels and managing diabetes.

RESULTS AND DISCUSSION

Studies on Nepeta species have focused primarily on their essential
oil components. In this study, which investigated the antidiabetic potential
of an extract prepared with methanol from the aerial parts of N. cadmea
collected from the Denizli region, a-glucosidase and a-amylase enzymes
were used. Furthermore, qualitative and quantitative analyses of the phenolic
compounds in the extract were performed using RP-HPLC, and TLC screening
of phenolic compounds was conducted, and the HPTLC technique was
applied for the first time for this species.

As a result of these studies, the highest inhibition of the a-glucosidase
enzyme by N. cadmea methanol extract was 43.57 + 4.32% at a concentration
of 2 mg/ml. The inhibition value of the reference compound, acarbose, at
the same concentration was 100%. The highest inhibition of the a-amylase
enzyme by N. cadmea methanol extract was 36.74 £ 7.23% at a concentration
of 1 mg/ml (Table 1). Accordingly, N. cadmea methanol extract can be
considered a moderate a-glucosidase and a-amylase inhibitor. In their 2019
study, Sarikurkcu and colleagues (2019) investigated the a-glucosidase
and a-amylase inhibitory activity of extracts prepared using methanol via
Soxhlet extraction from the aerial parts of N. cadmea. The study concluded
that the inhibitory activity of N. cadmea on a-glucosidase and a-amylase
was found to be 2.02 and 0.24 mmol ACEs/g extract, respectively (p<0.01).
These results demonstrated that the plant extract has a weak inhibitory effect
on both enzymes [5]. Considering the differences between our research
and the 2019 study by Sarikurkcu et al., to the best of our knowledge this
study is the first HPTLC-based phenolic profile identification for N. cadmea,
and rosmarinic acid is adressed as the major compound in the methanol
extract. Also, the determination of moderate and dose-dependent inhibitory
activity of a-glucosidase is important for the originality of the study.

In another study conducted by Sarikurkcu et al. (2018) the a-
glucosidase and a-amylase inhibitory activities of the essential oil obtained
from the aerial parts of N. cadmea were investigated. The study results showed
that the inhibitory activity of N. cadmea essential oil on a-glucosidase (ICso:
5.93 + 0.18 mg/mL) was very low compared to acarbose (ICso: 0.99 £ 0.01
mg/mL), while its inhibitory value on a-amylase (ICso: 1.35 + 0.02 mg/mL)
was very similar to that of acarbose (ICsp: 1.33 £ 0.01 mg/mL). The findings
indicated that the essential oil was highly effective on a-amylase [14].
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Table 1. Inhibitory activity of N. cadmea methanol extract
on a-glucosidase and a-amylase enzymes

Samples Concentration Inhibition % * S.D.

(mg/ml) a-Glucosidase a-Amylase

N. cadmea extract 0.5 n.a. n.a.

N. cadmea extract 1 1714 £2.18™ 36.74 +7.23™

N. cadmea extract 2 43.57 +4.32™ n.a.

Acarbose 0.5 100 + 0.00™ n.a.

Acarbose 1 99.86 + 0.24™ 78.88 £ 8.53™

Acarbose 2 100 + 0.00™ 100 + 0.00™

-: No activity (n.a.), S.D.: Standard Deviation, ""p<0.001
(compared with acarbose values at the same concentration)

In this study, in addition to RP-HPLC assay, TLC, and HPTLC
techniques were also used for the phytochemical analysis of N. cadmea.
Based on the available literature, HPTLC analysis was performed for the
first time on this species (Figures 1 and 2). The phenolic profile of the N.
cadmea methanol extract was determined by RP-HPLC targeting the
following compounds: gallic acid, chlorogenic acid, caffeic acid, sinapic
acid, ellagic acid, protocatechuic acid, p-coumaric acid, ferulic acid,
rosmarinic acid, rutin, luteolin-7-glucoside, quercetin, luteolin, apigenin, and
kaempferol (Figures 3 and 4). In addition, quantitative analyses were
carried out specifically for rosmarinic acid, chlorogenic acid, and caffeic
acid. The validation parameters of the quantitatively analyzed compounds
are presented in Table 2. The study revealed that the plant contained
significant amounts of rosmarinic acid, chlorogenic acid, and caffeic acid.
According to the quantitative determination results, the rosmarinic acid,
chlorogenic acid, and caffeic acid rates in the plant were determined as
0.6290 = 0.0095 g/100g dw, 0.0429 + 0.0012 g/100g dw, and 0.0027 *
0.0002 g/100g dw, respectively (Table 3).

Kaska and colleagues (2018) carried out phytochemical analysis of
ethanol extract prepared from aerial parts of N. cadmea using RP-HPLC.
The study reported that the ethanol extract was rich in chlorogenic acid
(1050.74 ug/g) and caffeic acid (3683.34 ug/g) [7]. In another study where
the phytochemical content of N. cadmea was evaluated using the RP-
HPLC technique, it was found that the amounts of chlorogenic acid (3.30
0.12 mg/g) and caffeic acid (0.47 + 0.03 mg/g) were high, but the plant did
not contain rosmarinic acid [5]. RP-HPLC analysis indicated that methanol
extracts of flowers, leaves, and roots of N. humilis, another Nepeta species,
contained only rosmarinic acid. It has been reported that the flower extract
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has the highest rosmarinic acid content (0.397 + 0.01 g/100 g dry weight) [15].
These results indicated that the levels of chlorogenic acid and caffeic acid
detected in our study were lower, while rosmarinic acid levels were higher,
compared to previous studies. These differences may be attributed to
various environmental and methodological factors, such as the extraction
technique used, the type of solvent, the geographical region where the plant
was collected, the time of collection, and seasonal factors. Our RP-HPLC
analysis identified rosmarinic acid, previously reported by Takeda et al. (1998)
[9], to be the main compound isolated from N. cadmea. Furthermore, a
study by Ngo and Chua (2018) [16], revealed that rosmarinic acid exhibited
high inhibitory activity, particularly against the a-glucosidase enzyme,
making it a promising natural candidate for the treatment of type 2 diabetes.
In the literature, chlorogenic acid, caffeic acid, and rosmarinic acid compounds
found in N. cadmea have been reported to have inhibitory effects on
a-glucosidase and a-amylase enzymes [17-20]. In our study, the methanol
extract of the aerial parts of N. cadmea had moderate a-glucosidase and
a-amylase inhibitory activity, suggesting that these phenolic compounds
may exhibit inhibitory effects alone or through a synergistic interaction. In
particular, the potential of rosmarinic acid, both alone and in combination
with other phenolics, has led to the idea that this molecule should be
considered an important phytochemical candidate for antidiabetic activity.

Table 2. r2, LOD, LOQ values, mean area, SD, and % RSD data for chlorogenic
acid, caffeic acid, and rosmarinic acid

Compound Standard r? LOD | LOQ [Meanarea,| SD %RSD
curve (mg/L) |(mg/L) n=9

Chlorogenic | y= 22083x — | 0.9999 | 0.112 | 0.370 | 7.35 0.1309 | 1.78
acid 6.4807

Caffeic acid | y= 56891x + | 0.9996 | 0.021 | 0.069 | 5.13 0.0997 | 1.94

30.81

Rosmarinic | y=28820x — | 0.9999 | 0.073 | 0.240 | 130.79 0.1572 | 1.95
acid 26.234

Table 3. The content of phenolic compounds in N. cadmea aerial parts
(g9/100 g dry weight of the plant)

Compound N. cadmea
Chlorogenic acid 0.0429 £ 0.0012
Caffeic acid 0.0027 £+ 0.0002
Rosmarinic acid 0.6290 + 0.0095

267




SELIN KALENDER, ALPER GOKBULUT, BURGIN OZUPEK,
SULTAN PEKACAR, DIDEM DELIORMAN ORHAN

Figure 1. HPTLC chromatograms of the methanol extract of the aerial parts of N.
cadmea and standard compounds in the solvent system Toluene: Ethyl Acetate:
Formic Acid (5:4:1), visualized under a) daylight, b) UV 254 nm, c) UV 366 nm (N1, N2,
N3: Extract; 1: Rosmarinic Acid, 2: Caffeic Acid, 3: Chlorogenic Acid, 4: Quercetin, 5:
Apigenin, 6: Luteolin)

Figure 2. HPTLC chromatograms of the methanol extract of the aerial parts of N.
cadmea and standard compounds in the solvent system Chloroform: Ethyl Acetate:
Acetone: Formic Acid (4:3:2:1), visualized under a) daylight, b) UV 254 nm, and
c) UV 366 nm (N1, N2, N3: Extract; 1: Rosmarinic Acid, 2: Caffeic Acid, 3:
Chlorogenic Acid, 4: Quercetin, 5: Apigenin, 6: Luteolin)
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Figure 3. RP-HPLC chromatogram of some standard compounds at 330 nm
(in order: chlorogenic acid (1), caffeic acid (2), rutin (3), ellagic acid (4),
rosmarinic acid (5), quercetin (6), luteolin (7), apigenin (8)
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Figure 4. RP-HPLC chromatogram of the methanol extract of the aerial parts of
N. cadmea at 330 nm, chlorogenic acid (1), caffeic acid (2), rosmarinic acid (5) and

overlaid UV spectra of standard rosmarinic acid and the rosmarinic
acid detected in the extract
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CONCLUSIONS

In this study, the in vitro antidiabetic potential of a methanol extract
of N. cadmea aerial parts was determined to have a moderate inhibitory
effect, compared to acarbose, on the enzyme a-glucosidase, which plays a
role in carbohydrate digestion. Both RP-HPLC and HPTLC analyses provided
detailed characterization of the plant's phenolic compound content, revealing
rosmarinic acid as the main component, followed by chlorogenic and caffeic
acids. The higher inhibitory effect observed in this study, compared to previous
studies, may be due to the synergistic effect of the phenolic compounds
present in the extract, especially rosmarinic acid. This study represents the
first application of HPTLC to N. cadmea, introducing an innovative analytical
approach that enhances the accuracy and reproducibility of phytochemical
profiling. In conclusion, this study provided a more detailed characterization
of the phytochemical structure of N. cadmea and showed that the plant can be
considered a natural resource that could lead to different in vitro and in vivo
studies for the management of postprandial hyperglycemia in type 2 diabetes
mellitus.

EXPERIMENTAL SECTION

Plant material

N. cadmea was collected in its flowering stage from Denizli
Kizilcabdliik, Turkey. Voucher specimen has been deposited in the Herbarium
of Ankara University Faculty of Pharmacy under the herbarium code of AEF
28879. The plant was identified by Prof. Dr. Mehmet Cicek from Pamukkale
University and Assoc. Prof. Dr. Glilderen Yilmaz from Ankara University.

Preparation of extract and standards

Dried and milled aerial parts of the plant were extracted twice with
methanol using a magnetic stirrer for 4 h (50 °C, 600 rpm). The filtered
extracts were combined, and methanol (MeOH) was completely evaporated
by a rotary evaporator (Buchi-R200). The yield of the extract was 14.235%.
Phenolic compounds were purchased from Sigma (Germany): apigenin
(A3145), caffeic acid (C0625), chlorogenic acid (C3878), ellagic acid (E2250),
ferulic acid (128708), gallic acid (G7384), kaempferol (K0133), luteolin (L9283),
luteolin-7-glucoside (49968), p-coumaric acid (C9008), protocatechuic acid
(03930590), quercetin (Q4951), rosmarinic acid (536954), rutin (R5143), and
sinapic acid (D7927).
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Assay for a-amylase inhibitory activity

The a-amylase inhibitory activity of the methanol extract of N. cadmea
was determined by the method of Ali et al. (2006) [21]. Porcine pancreatic a-
amylase type VI (EC 3.2.1.1, Sigma) was dissolved in distilled water. As
substrate solution, potato starch (0.5%, w/v) in phosphate buffer (pH 6.9)
was used. Experiments were carried out with three replicates. The reaction
was initiated by the addition of the enzyme solution. Then the tubes were
incubated at 37 °C for 3 min. After the addition of substrate, the tubes were
incubated at 37 °C for 5 min. Then, DNS (3,5-dinitrosalicylic acid) colour
reagent solution was added to the mixture and put into an 85 °C heater.
After 15 min, distilled water was added to the tubes, and the tubes were
cooled. Absorbances of the mixtures were read at 540 nm. Acarbose was
used as the positive control. Maltose formed as a result of starch hydrolysis
was calculated using the maltose calibration equation, and then the inhibition
percentage was determined [21].

Assay for a-glucosidase inhibitory activity

a-Glucosidase type IV enzyme (Sigma Co., St. Louis, USA) was
dissolved in phosphate buffer (0.5 M, pH 6.5). The enzyme solution, extracts,
and pure compounds were preincubated in a 96-well microtiter plate for 15 min
at 37 °C. After that, the substrate solution [p- nitrophenyl-a-D-glucopyranoside
(NPG), Sigma] was added. The mixture was incubated for 35 min at 37 °C.
The increase in the absorption at 405 nm due to the hydrolysis of NPG by
a-glucosidase was measured by VersaMax ELISA microtiter plate reader
[22]. Acarbose (Bayer Group, Turkey), a potent a-glucosidase inhibitor, was
used as a positive control. The inhibition percentage (%) was calculated by
the equation: Inhibition % = [(Acontrol = Asampie) / Acontrol] X 100.

Phytochemical Analysis

TLC and HPTLC analysis

Prior to HPTLC experiments, TLC trials were performed using
various solvent systems to find the most efficient method for the optimum
separation of the phenolic compounds: Toluene-ethyl acetate-formic acid
(5:4:1, viviv), Toluene-ethyl acetate-formic acid (8.5:1.5:0.1, v/v/v), Chloroform-
ethyl acetate-acetone-formic acid (4:3:2:1, v/viviv), Ethyl acetate-water: formic
acid (15:1:1, viviv), Ethyl acetate-water-formic acid-acetic acid (100:27:11:11,
viviviv), Ethyl acetate-methanol-water (100:16.5:13.5, v/v/v/v). The extracts
were applied three times, and standards were applied as rosmarinic acid,
caffeic acid, chlorogenic acid, quercetin, apigenin, and luteolin.
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Following the determination of the suitable solvent system/s,
HPTLC analysis was done using a Camag HPTLC system. Five microliters
of the samples were sprayed in the form of 8 mm bands with an Automatic
TLC Sampler 4 (ATS 4, CAMAG, Switzerland) onto pre-coated HPTLC
glass plates (20 x 10 cm, Si 60 F254, Merck). The distance from the left side
and the lower edge was 15 mm and 8 mm, respectively. Linear ascending
development was carried out with an Automatic Developing Chamber 2
(ADC 2, CAMAG, Switzerland). Toluene-ethyl acetate-formic acid (5:4:1,
v/vlv) and Chloroform-ethyl acetate-acetone-formic acid (4:3:2:1, v/v/viv)
were used as mobile phases. Relative humidity was not controlled. The
twin through chamber was saturated for 20 minutes with 25 mL of the
mobile phase before development. Ten milliliters of the same mixture were
used for development. Plates were air-dried before and after development by
ADC2. Documentation of the plates was performed by Reprostar 3 (CAMAG,
Switzerland) at 366nm, 254 nm, and daylight. The extracts were applied three
times, and the standards were used in the following order: rosmarinic acid,
caffeic acid, chlorogenic acid, quercetin, apigenin, and luteolin [23, 24].

RP-HPLC-DAD analysis

Chromatographic assay of phenolic compounds was done using a
previously validated HPLC-DAD method [25]. An Agilent 1260 Series HPLC
system equipped with a quaternary pump, an auto-sampler, a column oven,
and a diode-array UV/VIS detector was utilized. Data analysis was performed
using Agilent Chemstation. The separation was made on ACE 5 u C18 (250 x
4.60 mm) column. The mobile phase was a mixture of trifluoroacetic acid 0.1%
in water (solution A), trifluoroacetic acid 0.1% in methanol (solution B), and
trifluoroacetic acid 0.1% in acetonitrile (solution C). The composition of the
gradient was (A:B:C), 80:12:8 at 0 min, 75:15:10 at 8 min, 70:18:12 at 16
min, 65:20:15 at 24 min, 50:35:15 at 32 min, 25:60:15 at 40 min, and
80:12:8 at 45 min. The duration between runs was 2 min. The injection
volume was 10 pL for each standard and sample solution. The detection
UV wavelength was set at 230, 330, 360, 340, and 280 nm, and the column
temperature was set to 30 °C. For the qualitative and quantitative analysis
of phenolic compounds by HPLC, some phenolic compounds that are likely
to be present in the plant were used as standards. These compounds
include gallic acid, chlorogenic acid, caffeic acid, sinapic acid, ellagic acid,
protocatechuic acid, p-coumaric acid, ferulic acid, rosmarinic acid, rutin,
luteolin-7-glucoside, quercetin, luteolin, apigenin, and kaempferol. Quantification
was performed by measuring at 330 nm for chlorogenic acid, caffeic acid, and
rosmarinic acid using a photo-diode array detector. Quantitative determinations
of chlorogenic acid, caffeic acid, and rosmarinic acid were performed, and
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the validation parameters such as the coefficient of determination (r?), limits
of detection (LOD) and quantification (LOQ), mean area values (x), standard
deviation (SD), and percentage relative standard deviation (%RSD) were
calculated.

Statistical Analysis

All experiments were performed in ftriplicate, and data are
expressed as the mean + standard deviation (S.D.). Statistical evaluations,
including linear regression, were carried out using Microsoft Excel and
GraphPad Instat software. Statistical significance was determined at p<0.05
('p<0.05, "p<0.01, "'p<0.001).
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ABSTRACT. This study presents the hydraulic modeling and optimization of
the RAMA and RAA crude oil gathering network in Algeria’s Hassi Messaoud oil
field to enhance production efficiency and ensure stable field performance. A
digital network model was developed using PIPESIM to simulate multiphase
flow behavior from the wellheads to the Early Production Facility (EPF). The
model calibration showed strong agreement between simulated and measured
pressures, with deviations below 7%, confirming its reliability. Simulation results
revealed several oversized flowlines with velocities below the recommended 1-
5 m/s range and an undersized line (MFD BEKEN) exhibiting excessive
velocities and pressure losses above 0.85 bar/km. To address these issues, the
impact of integrating 11 new wells was evaluated, showing increase in line and
manifold pressures. An optimization study was subsequently conducted by
adjusting pipeline diameters and adding new flowlines in compliance with API
design standards. The optimized configuration improved velocity distribution
and reduced erosion risks, ensuring safer and more efficient network operation
across the RAMA-RAA fields.

Keywords: crude oil, flow behavior, hydraulic modeling, PIPESIM, RAMA-
RAA fields, pipeline optimization.

INTRODUCTION

Crude oil remains the dominant source of global energy, contributing
approximately 37% of the world's total energy supply [1]. It plays a critical
role in economic growth and industrial development, serving as the base for
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producing transportation fuels and a wide range of petrochemical products
such as solvents, polymers, and intermediates [2]. Despite global efforts
toward energy diversification, crude oil will continue to be an essential raw
material in the foreseeable future. Light crude oils, such as Algeria’s Saharan
blend, are highly valued due to their low density, low sulfur and asphaltene
content, and low viscosity, which make them relatively easier to transport.

Algeria is a key oil and gas producer with vast hydrocarbon reserves
that are central to its national economy. Most of the country’s petroleum
resources are located in the southeastern Saharan region, particularly in
large fields such as Hassi Messaoud. The oil and gas sector is dominated by
the national company Sonatrach, which is responsible for both exploration
and production. In an effort to boost overall output, Sonatrach has expanded
operations to nearby satellite fields, including the RAMA-RAA field. However,
the exploitation of this field presents operational challenges due to the long
distances between wells and surface treatment facilities. Crude oil from
RAMA-RAA is transported to the recently developed RAMA-2 Early Production
Facilities (EPF) for initial processing and stabilization.

Nevertheless, several issues persist throughout the production and
transportation chain. One of the most critical concerns is the deposition of
asphaltenes and other heavy components, which can occur in various parts
of the system, including near-wellbore regions, tubing, separators, and
pipelines [3]. Recent studies on Algerian crude oils have also highlighted
complex flow behavior driven by compositional variability and aging effects,
particularly the distinctions between fresh crude and sludge deposits, which
further complicate transportation and handling [4-6].

Crude oil is a complex mixture of hydrocarbons including aromatics,
resins, and asphaltenes, resulting in non-Newtonian flow behavior under
certain conditions. These suspended particles increase the risk of fouling and
deposition along infrastructure, reducing energy efficiency and increasing
operational costs [7]. Transporting crude oil through pipelines, especially over
long distances, is particularly affected by changes in temperature, pressure, and
composition. To better understand and mitigate these challenges, numerous
researchers have studied the flow behavior of non-Newtonian fluids in different
pipeline configurations. For example, Das et al. [8] investigated non-Newtonian
flow through bends, while Trallero [9] focused on oil-water flow in horizontal
pipes. Hansen [10] developed phenomenological models for multiphase flow
in gravity separators, and Bannwart [11] explored core annular oil-water flow
regimes. Bandyopadhyay and Das [12] proposed empirical correlations for
pressure drop and flow resistance in different pipeline components. In addition,
Rudman and Blackburn [13] applied direct numerical simulation (DNS) methods
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to analyze the transport of non-Newtonian fluids, offering valuable insights
into turbulent flow dynamics and supporting the design of more efficient pipeline
systems.

The primary objective of this study is to develop and calibrate a
reliable hydraulic model of the RAMA-RAA oil gathering network in Hassi
Messaoud (Algeria) using PIPESIM, in order to identify operational inefficiencies
and propose optimized pipeline configurations. This work is crucial for improving
flow assurance, reducing pressure losses and erosion risks, and ensuring safe,
stable, and efficient production. The optimized network serves as a practical
framework for future well integration and development planning, contributing
to enhanced field performance and long-term asset integrity.

This study contributes a calibrated hydraulic model of the RAMA-RAA
gathering system and applies an integrated calibration—optimization workflow to
diagnose velocity imbalance, evaluate erosion risk, and propose diameter
and routing modifications tailored to long-distance multiphase networks.

RESULTS AND DISCUSSION

After developing the gathering network model, flow simulations were
performed in PIPESIM to evaluate the hydraulic behavior of the system from
the wellheads to the EPF. This analysis provided a clear overview of the flow
regimes and helped identify sections prone to excessive pressure losses,
corrosion, or erosion.

Model calibration was then conducted to ensure agreement between
simulated and measured data. The process aimed to minimize the deviation
between the measured pressure (Ppm) and the simulated pressure (Ppc),
following the criterion:

. . |Ppm — Ppc]|
Relative deviation = ——— < 7% (D
Ppm

The 7% acceptance threshold was selected as a conservative limit
consistent with typical field gauge uncertainty and standard practice in
preliminary network-model calibration.

Parameter tuning primarily involved adjusting the gas—oil ratio, pipe
roughness, and the choice of flow correlation. The Beggs & Brill correlation
[14] provided the best match between calculated and observed pressures.
Figure 1 illustrates the calibration results, showing that all relative deviations
between measured and simulated pressures are within the acceptable 7%
range, confirming that the developed network model is well matched and
accurately represents actual field conditions.
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Table 1. Results of the simulation of the existing network

Start Gradient P Mixture velocity
(bar/km) Vm [1-5] m/s

JCT OEN 0.6 0.52
MFD BEKN 1.14 8.86
MFD OEN-M1 0.51 0.73
MFD OEN-M4 1.64 0.07
MFD OEN-M5 0.3 0.94
BEKN-1 0.93 0.09
BMTG-1 1.253 0.31
BMTG-2 2.038 0.83
ERAA-2 0.786 0.51
HMGB-2 0.783 0.81
NRAA-1 2 0.03
NRAA-2 0.044 0.14
OEN-1 11.80 0.69
OEN-10 0.337 0.06
OEN-11 0.665 0.98
OEN-12 0.495 0.68
OEN-6 0.563 0.82
OEN-7 0.4 0.66
OEN-9 0.337 0.97
RAA-5 0.948 0.5
SBEK-1 1.475 0.75
SOEN-1 1.395 0.03
WOEN-4 1.350 0.35
WOEN-7 12.500 0.49
ZMD-1 1.075 0.04
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The calibrated model was subsequently used to analyze the hydraulic
performance of the existing network. The results, summarized in Table 1,
indicate that several flowlines are oversized as reflected by flow velocities
below the recommended range of 1-5m/s, whereas the MFD BEKN line
exhibits velocities exceeding acceptable limits, suggesting undersizing. In
addition, many wells display pressure gradients greater than 0.85 bar/km,
implying excessive head losses and potential operational inefficiencies.
Overall, the simulation demonstrates that although the network performs
satisfactorily, certain sections would benefit from resizing or optimization to
improve flow distribution and minimize the risks of erosion or deposition.
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Figure 2. Comparison between current pressures and those after commissioning
of new wells for (a) flowlines and (b) manifolds
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In order to address the problem of oversized and undersized
flowlines, additional wells were opened, including NRAA-4, OEN-5, RAA-5,
and WOENS-1. Moreover, new wells currently under drilling — BMDE-1,
BMDN-1, BMDS-1, and BMDNSE-1 — were considered in the simulation.
The production parameters of BMD-1 were assumed to represent these new
wells, with estimated values of Q = 10 m¥h, gas-oil ratio (GOR) = 250 sm3/sm?,
and temperature = 26°C. In addition, the wells WBEK-3, ZAM-1, and ZAM-2
were included with the following estimated parameters:

— WBEK-3: Q = 8 m*h, GOR =200 sm3*/sm?, T = 28°C

—ZAM-1: Q = 7 m3h, GOR =100 sm3*/sm?, T = 45°C

—ZAM-2: Q = 10 m3¥/h, GOR =120 sm3*/sm?, T = 30°C

The parameters for future wells were estimated from analog wells in
the same reservoir units and from historical production of the most representative
existing producer (BMD-1). These values were provided by the operating
company (EP SONATRACH) as planning assumptions.

Figure 2a presents the comparison between the current flowline
pressures and those obtained after the commissioning of the new wells
(BMDE-1, BMDN-1, BMDS-1, BMDNSE-1, ZAM-1, WBEK-3, ZAM-2). The
analysis indicates that the flowline pressures were readjusted following the
start-up of these wells, demonstrating an adaptation of the network to the
evolving production conditions of the field. Figure 2b shows the comparison
between current and post-commissioning manifold pressures. The simulation
results reveal noticeable variations in manifold pressures after the integration of
the new wells. Overall, it can be concluded that the commissioning of additional
wells led to an increase in pipeline pressures for several existing producers.
This rise in Pp may negatively affect the production performance of some
wells, highlighting the need for network optimization to maintain stable and
efficient operations.

To assess the impact of commissioning new wells on the RAMA and
RAA gathering network, a new simulation scenario was developed, focusing
on the analysis of mixture flow velocities. The Erosion Velocity Ratio (EVR),
defined as the ratio between the actual flow velocity and the critical erosion
velocity, was calculated to evaluate the risk of erosion. According to industry
standards, the EVR value should remain below 70% to avoid potential erosion
problems. An EVR threshold of 0.7 was adopted as a conservative screening
limit commonly used in industry erosion-risk assessments (e.g., APl RP 14E
guidelines [15]).

The simulation of the RAMA-RAA gathering system after the
commissioning of the 11 new wells showed that 33 flowlines are oversized
(highlighted in yellow in Table 2) and three pipelines are undersized (highlighted
in red in Table 2). Based on these findings, an optimization study was carried
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out to adjust the line diameters and, where necessary, to propose the
installation of additional pipelines. These modifications aim to ensure that the
network complies with API design standards.

Table 2. Analysis of mixture velocity results

System | Mixture Mixture Maximum
Name pressure | velocity at | velocity at | erosion velocity

loss (bar) | inlet (m/s) | outlet (m/s) ratio (%)
BEKN-1 0.93 0.08 0.09 0.87
BMD-1 3.80 1.65 1.98 18.27
BMDE-1 3.21 0.72 0.87 8.60
BMDN-1 7.01 0.65 0.87 8.60
BMDS-1 2.80 0.74 0.87 8.60
BMDSE-1 1.57 0.78 0.87 8.59
BMTG-1 3.82 0.23 0.28 3.44
BMTG-2 4.88 0.60 0.76 7.84
BRM-1 2.41 0.82 0.95 11.10
ERAA-1 0.42 1.06 1.11 9.67
ERAA-2 2.26 0.43 0.53 5.05
HAS-1 20.03 0.04 0.06 0.98
HMGB-2 1.85 0.66 0.77 9.53
JCT OEN_MFD OEN-M3 2.78 0.45 0.49 5.92
JCT WBEK-1_MFD BEK-M1 11.60 0.60 0.97 9.08
JCT ZAM_MFD RAMA-M1 6.70 1.67 2.44 22.71

MFD BEK-M2_MFD BEK-M1 20.94

MFD OEN-M1_MFD BEKN 5.09 0.56 0.69 7.50
MFD OEN-M2_MFD BEK-M1 11.22 2.76 4.05 40.26
MFD OEN-M3_MFD BEKN 6.74 2.22 2.80 28.57
MFD OEN-M4_JCT OEN 7.36 0.05 0.06 1.00
MFD OEN-M5_MFD OEN-M3 3.00 0.82 0.90 11.05
MFD RAA-M5_Nvx MFD RAA-M4 5.19 0.54 0.73 8.03
MFD RAA-M6_MFD RAA-M5 6.98 0.13 0.17 3.36
MFD RAMA-M1_MFD EPF RAMA2 4.04 1.09 1.49 11.92
NRAA-1 0.45 0.03 0.03 0.59
NRAA-2 0.17 0.13 0.14 3.07
NRAA4 4.43 0.05 0.06 1.17

Nvx MFD RAA-M4_MFD EPF
RAMADZ 3.34 0.76 1.00 9.12
OEN-1 0.60 0.61 0.67 7.98
OEN-10 1.28 0.06 0.06 1.25
OEN-11 1.13 0.88 0.94 11.22
OEN-12 1.88 0.58 0.65 8.10
OEN-2 5.21 0.90 1.11 12.27
OEN-3 3.62 1.08 1.33 14.51
OEN-4 2.59 0.79 0.94 10.43
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System | Mixture Mixture Maximum
Name pressure | velocity at | velocity at | erosion velocity
loss (bar) | inlet (m/s) | outlet (m/s) ratio (%)

OEN-5 2.83 0.95 1.13 10.97
OEN-6 2.43 0.69 0.79 9.99
OEN-7 0.61 0.59 0.63 8.26
OEN-8 5.68 1.64 2.13 20.27
OEN-9 0.33 0.88 0.92 10.27
25.69 3.14 _ 56.79
RAA-2 6.09 0.09 0.13 1.05
RAA-5 5.78 0.05 0.06 0.77
SBEK-1 7.82 0.50 0.70 7.32
SOEN-1 5.58 0.03 0.03 0.61
WBEK-3 1.22 0.74 0.83 8.23
WOEN-2 2.72 1.10 1.28 13.45
WOEN-3 2.45 1.25 1.43 16.86
WOEN-4 4.45 0.27 0.33 4.59
WOEN-6 1.01 1.38 1.44 15.83
WOEN-7 6.33 0.37 0.47 6.90
WOENS-1 9.95 0.11 0.14 1.91
ZAM-1 6.27 0.56 0.82 7.22
ZAM2 0.93 0.81 0.90 9.18
ZMD-1 0.86 0.07 0.04 1.69

The optimization objective was to minimize pressure imbalance and
reduce the maximum Erosion Velocity Ratio (EVR) across the network.
Constraints included feasible multiphase velocities (1-5m/s), available
commercial pipe diameters, and preservation of the existing network topology.
Each candidate design was evaluated using the calibrated PIPESIM model.

Table 3. Current and modified pipeline diameters

Current Optimized

Name diameter diameter
BEKN-1 6" 4"
BMDE-1 6" 4"
BMDN-1 6" 4"
BMDS-1 6" 4"
BMDSE-1 6" 4"
BMTG-1 6" 4"
BMTG-2 6" 4"
ERAA-2 6" 4"
HAS-1 6" 4"
HMGB-2 6" 4"
JCT OEN MFD OEN-M3 6" 4"
MFD BEK-M1 MFD EPF RAMA2 12" 14"
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Current Optimized

Name diameter diameter
MFD BEKN_MFD EPF RAMA2 12" 14"
MFD OEN-M1_MFD BEKN 8" 6"
MFD OEN-M4 JCT OEN 8" 6"
MFD RAA-M5 Nvx MFD RAA-M4 10" 6"
MFD RAA-M6_MFD RAA-M5 8" 6"
NRAA-1 8" 6"
NRAA-2 6" 4"
NRAA4 6" 4"
OEN-1 6" 4"
OEN-10 6" 4"
OEN-12 6" 4"
OEN-6 6" 4"
OEN-7 6" 4"
PTG BMD MFD EPF RAMA2 8" 10"
RAA-2 6" 4"
RAA-5 6" 4"
SBEK-1 6" 4"
SOEN-1 6" 4"
WBEK-3 6" 4"
WOEN-4 6" 4"
WOEN-7 6" 4"
WOENS-1 6" 4"
ZAM-1 6" 4"
ZMD-1 6" 4"

The newly proposed diameters, illustrated in Table 3, were incorporated
into the previously calibrated model, and the network was re-simulated to
validate the selected values. The updated results, summarized in Table 4
and illustrated in figure 3, demonstrate a clear improvement in flow velocity
distribution across the network, confirming the effectiveness of the proposed

design modifications.

Table 4. Optimization results of the RAMA & RAA network

System Mixture Maximum
Name pressure velocity at | erosion velocity
loss (bar) | outlet (m/s) ratio (%)
BEKN-1 0.85 1.91 11.02
BMD-1 3.87 3.12 13.60
BMDE-1 2.99 1.96 12.63
BMDN-1 6.99 3.09 12.62
BMDS-1 4.74 3.09 12.62
BMDSE-1 3.27 3.08 12.62
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System Mixture Maximum
Name pressure velocity at | erosion velocity
loss (bar) | outlet (m/s) ratio (%)

BMTG-1 3.46 1.25 8.75

BMTG-2 6.05 1.97 10.38

BRM-1 2.36 1.04 8.96

ERAA-1 0.45 1.10 10.66

ERAA-2 2.42 1.21 10.55

HAS-1 19.78 1.15 6.39

HMGB-2 1.85 1.08 8.07

JCT OEN_MFD OEN-M3 2.69 1.10 8.98
JCT WBEK-1_MFD BEK-M1 10.96 1.14 11.61
JCT ZAM_MFD RAMA-M1 6.70 2.44 10.74
MFD BEK-M1_MFD EPF RAMA2 10.31 4.23 15.92
MFD BEK-M2_MFD BEK-M1 5.83 2.81 12.35
MFD BEKN_MFD EPF RAMA2 10.65 4.84 15.34
MFD OEN-M1_MFD BEKN 5.78 1.45 10.17
MFD OEN-M2_MFD BEK-M1 11.81 4.77 10.92
MFD OEN-M3_MFD BEKN 6.69 3.39 10.78
MFD OEN-M4_JCT OEN 7.24 1.28 6.72
MFD OEN-M5_MFD OEN-M3 2.95 1.05 8.80
MFD RAA-M5_Nvx MFD RAA-M4 8.23 2.00 9.11
MFD RAA-M6_MFD RAA-M5 1.01 1.58 442
MFD RAMA-M1_MFD EPF RAMA2 4.04 1.49 12.54
NRAA-1 2.45 1.10 4.39

NRAA-2 1.69 1.31 4.40

NRAA4 4.51 1.12 4.77

Nvx MFD RAA-M4_MFD EPF RAMA2 3.34 1.00 11.03
OEN-1 1.38 1.73 8.94

OEN-10 1.28 1.57 5.01

OEN-11 1.1 1.09 9.03

OEN-12 4.78 1.72 8.70

OEN-2 5.05 1.29 9.75

OEN-3 3.56 1.55 9.89

OEN-4 2.52 1.10 9.76
OEN-5 2.76 1.37 11.38

OEN-6 5.92 2.05 8.46

OEN-7 1.35 1.64 8.19

OEN-8 5.93 2.58 11.56

OEN-9 0.33 1.05 9.61
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System Mixture Maximum
Name pressure velocity at | erosion velocity
loss (bar) | outlet (m/s) ratio (%)
PTG BMD_MFD EPF RAMA2 12.81 3.96 19.30
RAA-2 5.60 1.12 12.39
RAA-5 5.69 1.12 717
SBEK-1 8.62 1.88 10.43
SOEN-1 5.55 1.08 5.65
WBEK-1 0.04 0.69 9.01
WBEK-2 3.93 1.65 11.96
WBEK-3 1.93 215 10.80
WOEN-2 2.64 1.49 10.24
WOEN-3 242 1.57 8.88
WOEN-4 4.45 0.82 7.49
WOEN-6 0.97 1.58 9.55
WOEN-7 8.08 1.16 7.11
WOENS-1 9.22 1.35 7.73
ZAM-1 8.79 1.85 11.29
ZAM2 0.93 0.90 9.83
ZMD-1 0.89 1.04 4.37
6
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Figure 3. Histogram of mixture velocities after network optimization
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While the optimized configuration performs well under the modeled
conditions, it is important to recognize the practical limitations of the
simulation approach.

The model is steady-state and does not capture transient thermal
effects or short-term variations in flow behavior. These simplifications may
slightly affect absolute pressure and velocity predictions when applied to real
operating conditions. In practice, operational factors such as startup, shut-in,
temperature fluctuations, and variations in (GOR) can produce temporary
deviations from the steady-state baseline; however, these fluctuations occur
around the modeled equilibrium, and therefore the relative optimization
trends and the recommended network configuration remain valid.

CONCLUSIONS

The hydraulic modeling and optimization of the RAMA and RAA
gathering network provided a comprehensive understanding of the system’s flow
behavior and performance. The calibration of the PIPESIM model demonstrated
a strong agreement between simulated and measured pressures, with deviations
below 7%, confirming the reliability of the constructed network model.

The initial analysis revealed several oversized and undersized
flowlines, resulting in suboptimal flow velocities and high-pressure gradients
in certain sections. The commissioning of new wells and the corresponding
simulations highlighted an overall increase in pipeline and manifold pressures,
emphasizing the importance of network reconfiguration to maintain balanced
production.

Subsequent optimization efforts, including the adjustment of pipeline
diameters and the integration of new flowlines, led to a more uniform velocity
distribution across the network. The improved results, consistent with API
design standards, confirm the technical soundness of the proposed modifications.

Overall, the optimized RAMA—RAA network model ensures safer
operation, reduced erosion risk, and enhanced production efficiency, serving
as a reliable framework for future development planning and well tie-in
scenarios in the field.

EXPERIMENTAL SECTION

The modeling of the oil collection network for the RAMA and RAA
fields was carried out using the PIPESIM 2022 software. This methodology
describes the data acquisition, modeling procedure, and simulation steps
performed to analyze flow behavior and optimize network performance.
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Field Description and Data Collection

The RAMA and RAA production fields comprise 38 oil wells, of which
4 wells are shut-in. The total production of the active wells is approximately
407.9 m3/h of crude oil and 1.223.920 sm3/d of gas, transported to the EPF
(Early Production Facility) RAMA-2 through a 109.5 km gathering network of
various diameters. The main input data used for network modeling include
well production parameters, pipeline geometry, collector characteristics, and
fluid properties.

Reservoir Fluid Properties

The physical properties of the produced fluids are as follows: oil with
a density of 43° API, gas with a density of 0.83, and water with a density of
1.02. The parameters measured during well testing include oil flow rate, gas
flow rate, head and pipe pressures, temperature, and water cut (WC). The
following relations are used to define two key parameters:

Qg
GOR =2 2
be 2)
wWe=—2_—x100 3
Qw + Qh X ( )

where: Q, is the gas flow rate. @, is the oil flow rate. and Q,, is the water flow
rate.

Well Test Data

Table 5 presents the latest gauge data from the producing wells in
the RAMA-RAA fields.

Table 5. Latest well gauge data

N° Well GOR | Qh(sm*h) | Watercut (%) | T (C°)
01 | BEKN1 | 155.21 0.9 0 35
02 | BMD1 | 307.25 15 0 32
03 | BMTGT 170 4.2 0 25
04 | BMTG2 | 1941 8.1 29.67 29
05 | BRM1 | 160.34 13.3 0 29
06 | ERAA1 | 153.65 8.7 0 40
07 | ERAA2 | 90.36 5.3 0 32
08 HAS1 81.85 1.8 0 40
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N° Well GOR Qh (sm3h) | Watercut (%) | T (C°)
09 HMGB2 74.75 13.3 0 32
10 NRAA1 19.5 2.8 0 45
11 NRAA2 20 8.4 0 37
12 NRAA4 27 29 0 29
13 OEN1 143.32 9.9 0 30
14 OEN10 33.6 3.1 0 36
15 OEN11 134.53 14.1 0 40
16 OEN12 121.89 10.7 0 35
17 OEN2 161.49 13.9 0 35
18 OEN3 167.76 16.1 0 25
19 OEN4 161.82 11.8 0 25
20 OEN5 168.1 10.8 0 30
21 OENG6 128.71 13.4 0 32
22 OEN?7 121.58 11.5 0 32
23 OENS 174.9 19.5 0 36
24 OEN9 152.66 11.8 0 30
25 RAA2 75.32 0.9 0 36
26 RAA5 96.5 1.1 57 25
27 SBEK1 136.46 8 0 26
28 SOEN1 39.39 1.3 0 33
29 | SRAMA1 219 0.5 0 36
30 WBEK1 173.13 8.6 0 30
31 WBEK2 259.4 10.7 0 30
32 WOEN2 183.11 14.2 0 29
33 WOEN3 159.26 20.4 0 26
34 WOEN4 102.07 7 0 33
35 WOENG6 194.12 17.2 0 40
36 WOEN7 90.04 11.2 0 29
37 | WOENS1 | 110.28 28 0 30
38 ZMD1 11 4.7 0 29
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Pipeline and Collector Data

The gathering system consists of several flowlines and manifolds that
transport the multiphase mixture of oil, gas, and water from the producing
wells to the EPF RAMA-2 facility.

Table 6. Pipeline characteristics

Line name Start End D(in) | L(m) | T(C®)
BEKN1 MFD BEKN BEKEN"1 MFD BEKEN 6" 1000 50
BMTG1 MFDBEK2 BMTGH1 MFD BEK-M2 6" 3000 50
BRM1 MFD OEN2 BRM-1 MFD RAMA-1 6" 3499 50

ERAA2 MFD RAMA 1 ERAA-2 MFD RAMA-1 6" 2900 50
HAS1 MFDOEN4 HAS-1 MFD OEN-4 6" 14500 | 50
HMGB1 JCT ERAMA2 HMGB-1 JCT ERAMA-2 6" 7890 50
HMGB2 JCTZAM HMGB-2 JCT ZAM 6" 2336 50
NRAA4 JCTNRAA1 NRAA-4 JCT NRAA-1 6" 5500 50
NRAA2 JCT NRAA1 8 NRAA-2 JCT NRAA-1 6" 5000 50
NRAA-1JCTNRAA-1 6 NRAA-1 JCT NRAA-1 8" 200 50
ERAA-3NV MFD4 ERAA-3 NVX MFD RAA4 6" 116 50
OEN1 JCT OEN 1 OEN-1 JCT OEN-1 6" 50 50
OEN4 MFD OEN3 OEN-4 MFD OEN-3 6" 3800 50
OEN5 MFD BEKN OEN-5 MFD BEKN 6" 5400 50
OEN7 MFD OEN M5 OEN-7 MFD OEN-M5 6" 1500 50
OEN8 MFDBEKEN OEN-8 MFD BEKN 6" 130 50
OEN9 MFD OEN1 OEN-9 MFD OEN-M1 6" 980 50
OEN12 MFD OEN3 OEN-12 MFD OEN-M3 6" 3800 50
OEN 2 MDFOEN3 OEN-2 MFD OEN-M3 6" 6462 50
OEN 3 MFDOEN3 OEN-3 MFD OEN-M5 6" 4460 50
OEN 6 MFD OEN 5 OEN-6 MFD OEN-M5 6" 4300 50
RAA1 MDF RAA2 RAA-1 MFD RAA-M2 4" 8900 50
RAA2 NV MFD RAA 4 RAA-2 NV MFD RAA-4 6" 7200 50
RAA5 NV MFD M4 RAA-5 NV MFD RAA-M 6" 6100 50
WBEK1 POINT BEK 1 WBEK-1 PNT BEK-1 6" 7480 50
WBEK2 MFDBEK2 WBEK-2 MFD BEK-M2 6" 3800 50
WOEN2 MDF OEN 3 WOEN-2 MFD OEN-M3 6" 3400 50
WOEN3 MFD OENM2 WOEN-3 MFD OEN-M2 6" 3200 50
WOEN4 MFD OEN M2 WOEN-4 MFD OEN-M2 6" 3267 50
WOENS5 MFD BEKEN WOEN-5 MFD BEKN 6" 4200 50
WOEN6 MFDOENM2 WOEN-6 MFD OEN-M2 6" 3267 50

289



OURDIA AMZAL, AHMED SALAH EDDINE MEDDOUR, FARID SOUAS,

RADIA AKSOUH, ABDELHAMID SAFRI

Table 7. Collector characteristics

Collector name Start End D (in)| L(m) |T(C°)
JCT NRAA1 MFD RAA5 JCT NRAA-1 MFD RAA-M5 | 8" | 17000 | 50
JCT OEN1 MFD OEN3 JCT OEN-1 MFD OEN-3 8" | 4500 | 50
MDF RAA (M2 M3 )12 MFD RAA-M2 | MFD RAA-M3 | 12" | 6426 | 50
MDF RAA (M2 M3)6 MFD RAA-M2 | MFD RAA-M3 | 6" | 6925 | 50
MDF RAA (M3 M4) A MFD RAA-M3 | MFD RAA-M4 | 8" | 5184 | 50
MFD (OEN M1 BEKEN) MFD OEN-M1 | MFDBEKEN | 8" | 9800 | 50
MFD (OENM3 BEKEN) MFD OEN-M3 | MFDBEKEN | 8" | 8000 | 50
MFD (ZMD RAA-M5) MFD ZMD MFD RAA-M5 | 8" [13700 | 50
MFD BEK (M2 M1) MFD BEK-M2 | MFD BEK-M1 | 8" | 9000 | 50
MFD BEK 1 PNT BEK 1 MFD BEK-M1 PNT BEK-1 6" 400 50
MFD BEKEN EPF RAMA 2 MFD BEKEN EPF RAMA-2 | 12" | 12000 | 50
MFD OEN 53 MFD OEN-5 MFD OEN-3 8" | 6000 | 50
MFD OENM4 JCTOEN1 MFD OEN-M4 JCTOEN-1 8" | 6500 | 50
MFD RAMA M1 EPF RAMA 2 | MFD RAMA-M1 | EPF RAMA-2 | 10" | 17697 | 50
MFDRAA (M4 M3) MFD RAA-M4 | MFD RAA-M3 | 6" | 6925 | 50
NV MFD RAA4 EPF RAMA2 |NV MFD RAA-M4| EPF RAMA-2 | 12" | 6000 | 50
PNTBEK1EPFRAMA B PNT BEK-1 EPF RAMA-2 | 8" [19976| 50
POINT BEK1 EPFRAMA2 A PNT BEK-1 EPF RAMA-2 | 8" |16500| 50
POINT ERRA-1 MFD RAA-1 PNT ERAA-1 | MFD RAA-M1 | 8" | 7200 | 50

Modeling Procedure

The digital model was constructed in PIPESIM by defining all
components from source points (wells) to sinks (EPF RAMA-2). Simulations
were performed using the PIPESIM steady-state multiphase flow simulator
(Schlumberger, 2022), following an approach similar to that used in recent
studies for multiphase flow modeling of wells and gathering networks [16-17].
The network includes wells, flowlines, junctions, and manifolds, with boundary
conditions applied at both ends of the system. Fluid properties were defined
using four possible methods available in PIPESIM: compositional model by
specifying molar composition, PVT file based on laboratory measurements,
MFL file (Multi-flash) for multi-phase definition, and black oil model defined
by physical parameters (specific gravity API, viscosities. etc.). The model
uses empirical correlations to predict pressure drops and flow regimes. The
selected methods include the Beggs & Brill correlation [14], which tends to
underestimate pressure losses in flowlines containing low points or liquid
accumulation zones, and the Dukler-Eaton-Flannigan correlation [18], which
tends to overestimate losses in downhill sections without undulations. For
each source (well), the following data were entered: oil flow rate, gas-oil ratio
(GOR), temperature, and watercut. For each flowline and collector, the outer
diameter (OD) and schedule, elevation profile as a function of length, and
roughness factor were defined. The roughness factor was set to 0.0018 for
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new pipelines and 0.004 for older lines. All simulations were performed in
steady-state mode, which is appropriate for evaluating long-term hydraulic
behavior and network optimization.The modeling workflow was developed
using the PIPESIM multiphase flow simulator (Schlumberger, 2022). The sink
node was defined by specifying the pressure at the arrival point (EPF RAMA-2).
Heat transfer was considered using standard hydrocarbon parameters: pipe
conductivity of 45 w/(m-k), burial depth of O inches (air-laid lines) or 31.5
inches (buried lines), and ambient temperature of 50°C (summer) and 5°C
(winter). Fluid properties were assigned, including a light oil and gas mixture
with density, viscosity, and API gravity defined. The correlation used for Pb
(bubble point pressure) and Rs (solution gas ratio) is based on Glaso [19].
For Bo (oil formation volume factor), the Standing correlation is applied. The
correlation used for oil viscosity is based on the methods of Petrosky et al.
[20] Beal [21], or Pedersen [22], depending on the oil type and reservoir
condition. After assembling the network, the model was run iteratively. The
simulated values were compared with field measurements (pressure and
flow rate). When discrepancies were found, calibration was performed by
adjusting input parameters until the simulated and measured data matched
satisfactorily. The calibration process ensured accurate prediction of pressure,
temperature, and flow distribution across the network.

The final constructed model of the RAMA—-RAA field network is shown
in Figure 4, which provides a schematic representation of the overall topology
of wells, manifolds, and gathering lines leading to the EPF RAMA-2 sink. The
simulation results were based on this calibrated configuration.

@ s e

Figure 4. Network schematic of the RAMA—RAA field modeled in PIPESIM
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1-PHOSPHA-2-AZANORBORNENE AS PRECURSOR FOR
1-PHOSPHA-BICYCLO[3.2.1]0CTA-2,5-DIENE"

Peter WONNEBERGER?", Lydia KEIL?, Paul SPICKENREUTHER?,
Peter LONNECKE2"”, Evamarie HEY-HAWKINS®:¢*

ABSTRACT. 1-Phospha-2-azanorbornenes, the cycloaddition products of
2H-phospholes with a sulfonyl imine, can be converted to 1-phospha-
bicyclo[3.2.1]octa-2,5-dienes by a reductive rearrangement. This reaction is,
however, dependent on the substituent R in a-position. While a clean reaction
is observed for R = H or Ph, the 2-pyridyl derivative leads to a complex product
mixtures.

Keywords: P-heterocycles, phosphanes, reduction, ring expansion, sulfonamides

INTRODUCTION

Phospholes are versatile starting materials for the production of
phosphorus heterocycles. The intermediate 2H-phospholes, which are
accessible in situ by sigmatropic rearrangements from 1H-phospholes,
represent a highly reactive and versatile class of substances with an sp?-
hybridised phosphorus atom [1]. In particular, as diene components in Diels-
Alder reactions, they provide access to a range of bicyclic phosphorus
heterocycles through cycloaddition reaction with a wide variety of dienophiles.
In addition to Diels-Alder reactions with carbon dienophiles [2,3,4,5], selected
reactions with heteroatom dienophiles such as aldehydes [6] or additional
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2H-phospholes (dimerisation of 2H-phospholes) [1] have also been reported.
Furthermore, the stereoselective phospha-aza Diels-Alder reaction between
2H-phospholes or P-substituted 2H-phospholes and N-sulfonyl-a-iminoester
affords diastereomeric (a-substituted) 1-phospha-2-azanorbornenes (PANS) [7].
The straightforward preparation of PANs and their reactive P-N bond allows
numerous derivatisations and therefore access to P-stereogenic compounds
with multiple stereocentres [8]. Thus, the P-N bond of PANs can be cleaved
by achiral or chiral nucleophiles to give 2,3-dihydrophosphole derivatives as
a racemic mixture [7]. Furthermore, we have already shown that reduction of
the diastereomerically pure endo-5-phenyl-1-phospha-2-azanorbornene
(Rp/Sp)-endo-1a with lithium aluminium hydride yielded a seven-membered
P-heterocycle, 1-phospha-bicyclo-[3.2.1]octa-2,5-diene, under ring extension
(2a, Scheme 1) [9]. Only a few synthetic pathways to bridged seven-membered
phosphorus heterocycles have been reported until now [10,11,12,13]. We
here report our attempts to extend this concept, reductive cleavage of the P-N
bond and additional functional groups for the synthesis of 7-membered
phosphorus heterocycles, to other (a-substituted) 1-phospha-2-azanorbornenes.

RESULTS AND DISCUSSION

We have investigated the possibility of converting other PAN derivatives
into 1-phospha-bicyclo[3.2.1]octa-2,5-dienes. In an analogous reaction
employed for the conversion of endo-1a to 2a [9], the two PANs endo-1b and
endo-1c were reacted with an excess of lithium aluminium hydride in THF,
followed by aqueous workup (Scheme 1). The compound endo-1b could be
converted to 2b in a mostly selective reaction, but the isolated yield was only
29% due to losses during recrystallisation. Therefore, the air stable
corresponding phosphane sulfide was prepared, but subsequent column
chromatographic workup failed and only unspecified decomposition products
could be isolated. A potential mechanism for the formation of 2a was reported
previously [9]. Apparently, the ester group has been reduced besides the
expected cleavage of the P—N bond via nucleophilic attack of a hydride anion.

Crystals of compound 2b were obtained from isopropanol at =30 °C.
The molecular structure of 2b is shown in Figure 1 (top). The bonding geometry
of the P atom is distorted trigonal pyramidal. In the solid state, dimers are
formed via intermolecular OH- - -N hydrogen donor-acceptor bonds (Figure 1
bottom and Table S6, Supporting Information). Of the nitrogen bonded hydrogen
atoms, only H1N is interacting with the 1 system of an adjacent phenyl ring
whereas for the remaining H2N no interactions are detectable at all.
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1. 3.1 eq. LiAlH4, 60 °C
2. H,O/KOH

THF

Y

endo-1a-c 2a-c

Scheme 1. Reductive ring extension of the PANs endo-1a-c.
All chiral compounds presented here are racemic mixtures.
For clarity, always only one enantiomer of each compound is shown.

Figure 1. Molecular structure of 2b. Ellipsoids at 50 % probability,
hydrogen atoms other than NH and OH have been omitted for clarity.
Selected bond lengths [pm] and angles [°]: P1-C1 182.9(1), P1-C10 182.6(1),
P1-C11 183.6(2); C1-P1-C10 98.55(5), C1-P1-C11 88.15(6),
C10-P1-C11 95.32(5), P1-C11-C3 105.77(8).
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In the case of endo-1c, the reduction resulted in a complex mixture
of P-containing substances in similar ratios. Beside an unsymmetrical
diphosphane [**P{*H} NMR (CDClIs) 6 = 8.8 (d, Jp.p = 194.6 Hz), -40.7 (d,
Jp.p = 194.6 Hz) ppm], a primary phosphane [**P NMR (CDCls) 6 = -140.9
(t, YJpn = 194.2 Hz) ppm] and several minor secondary and tertiary phosphanes
were observed. In the shift range in which the product 2c was expected, only
a very small singlet [*'P{*H} NMR (CDCls) 6 = —46.2 (s) ppm] could be found.
No products could be isolated, even after sulfurisation of the mixture followed
by chromatography.

Phosphorus-containing cage compounds have also attracted much
attention since earlier reports by Regitz and coworkers [14]. A tricyclic
compound that is related to 2a,b featuring a seven-membered diphospha
ring has been peviously reported by Tian and Duan in a three-component
reaction between different 3,4-dimethyl-1-aryl-phospholes, various ketones
(R'R?CO) and pyrrolidine at 170 °C and 5 mol % iron(ll) chloride as catalyst
(Figure 2) [15].

(CH,);NHCHR'R?

Aryl

Figure 2. Related seven-membered diphospha ring obtained in a three-component
reaction between different 3,4-dimethyl-1-aryl-phospholes, various ketones
(R'R2CO) and pyrrolidine [15].

CONCLUSIONS

We have shown that the reductive rearrangement of endo-6-phenyl-
PAN reported by us previously [9] can be partially extended to other endo-
PAN derivatives. While 2c was not accessible, 2b could be obtained and
structurally characterised.

The 7-membered phosphorus heterocycle has gained attention for its
potential applications, e.g. in optoelectronics [16] or in chiral ligands [17].
Thus, synthetic approaches to these types of compounds are very valuable.
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EXPERIMENTAL SECTION

General: All reactions were carried out with standard Schlenk
techniques in an atmosphere of dry high purity nitrogen. THF was degassed
and distilled from potassium. Hexanes (mixture of isomers) were dried and
degassed with the solvent purification system SPS-800 series from MBRAUN.
Isopropanol was degassed and used without further drying. The NMR spectra
were recorded with a Bruker Avance DRX 400 spectrometer (*H NMR 400.13
MHz, 3C NMR 100.63 MHz, 3P NMR 161.98 MHz) or a Bruker Ascend 400
spectrometer (*H NMR 400.16 MHz, 3C NMR 100.63 MHz, 3P NMR 161.99
MHz). For 'H NMR and **C NMR spectra, SiMe, (TMS) was used as internal
standard. The 3P NMR spectra were referenced to TMS using the = scale
[18]. Assignment of the configurations and chemical shifts was done using
HSQC, HMQC, HMBC, and COSY techniques. The high-resolution mass
spectrum (HRMS; ESI) was measured with a Bruker Daltonics APEX I
FT-ICR spectrometer. The IR spectrum was recorded on a Thermo Scientific
Nicolet iS5 with a diamond ATR (400—-4000 cm™). The melting point was
determined in a glass capillary sealed under vacuum using a Gallenkamp
apparatus and is uncorrected. LiAIH,was commercially available; endo-1b and
endo-1c were prepared according to literature procedures [7].

1-Phosphabicyclo[3.2.1]octa-2,5-diene (2b): A solution of 2.169 g
(5.94 mmol, 1.0eqg.) endo-1b in 60mL THF was added to 0.697 g
(18.37 mmol, 3.1 eq.) lithium aluminum hydride at 0 °C. After 5 min, the
cooling bath was removed, and the suspension was stirred at 60 °C for 21 h.
Subsequently, excess hydride species were quenched at 0 °C by adding
1.5mL of degassed 10% (w/w) aqueous potassium hydroxide solution,
resulting in hydrogen evolution. The slurry was heated to 60 °C for 15 min to
agglomerate the precipitate. The precipitate was removed using a Schlenk frit
and washed four times with 5 mL THF each. The filtrate was concentrated under
reduced pressure. The yellowish residue was washed with 20 mL of hexanes
and dissolved in 30 mL of boiling isopropanol. The solution was stored at
-30 °C overnight and the formed crystals were separated from the mother
liquor using a filter cannula and washed with 10 mL of hexanes. Solvent traces
were removed under reduced pressure at 60 °C. 2b was obtained as white
crystals (0.447 g, 1.71 mmol, 29%). Mp: 179 °C. *H NMR (CDCls): 6 = 7.50 (s,
1H), 7.33 = 7.23 (m, 1H), 6.96 (d, 3Ju-n = 7.4 Hz, 1H), 6.15 (d, 2Jnr = 47.4 Hz,
1H), 3.84 — 3.70 (m, 2H), 2.59 — 2.52 (m, 1H), 2.32 (s, 3H), 2.20 (dd, 2Ju-n =
13.0 Hz, 2J4p = 6.6 Hz, 1H), 1.94 (dd, 2Jn-1 = 13.0 Hz, 2J4, = 9.1 Hz, 1H), 1.91
(s, 3H), 1.64 (s, 2H), 1.42 (s, 3H) ppm. *C{*H} NMR (CDCls) 6 = 159.0 (d,
2Jcp = 4.1 Hz), 145.7 (d, 2Jc-p = 3.8 Hz), 140.0 (s), 133.8 (d, 2Jcr = 42.6 Hz),
133.4 (d, 1Jc.p =12.2 HZ), 131.3 (d, 1Jc.p =139 HZ), 130.2 (S), 127.1 (d, 3Jc.p =
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13.5 Hz), 68.3 (s), 57.2 (s), 55.0 (d, 2Jc.p = 4.0 Hz), 41.8 (s), 22.8 (d, 3Jc.p = 3.5
Hz), 21.6 (s), 18.6 (d, 2Jcp = 3.4 Hz) ppm. 3'P{*H} NMR (CDCls) 6 = -46.2 (s)
ppm. 3P NMR (CDCls) 6 = -45.8 to —46.5 (virtual quartet) ppm. HRMS (ESI,
THF, pos. mode): m/z calcd. for CisHoNOP+H*: 262.136 [M+H]*; found:
262.138. FT-IR: v = 3356 (m), 3294 (m), 3178 (m), 3046 (w), 2957 (w), 2945
(w), 2924 (w), 2870 (w), 1596 (m), 1561 (w), 1469 (m), 1437 (w), 1372 (m),
1262 (m), 1225 (w), 1172 (w), 1154 (w), 1064 (s), 959 (m), 940 (s), 917 (w),
903 (w), 871 (w), 814 (s), 754 (w), 722 (w), 634 (w), 620 (w), 536 (w), 513 (w),
504 (w), 474 (w) cm.

X-ray crystallography data

The data for 2b were collected on a Gemini diffractometer (Rigaku
Oxford Diffraction) using Mo-Ka radiation (A = 71.073 pm) and w-scan
rotation. Data reduction was performed with CrysAlis Pro [19], including the
program SCALE3 ABSPACK for empirical absorption correction. The
structure was solved by dual-space methods with SHELXT-2018 [20] and
the refinement was performed with SHELXL-2018 [21]. All non-hydrogen
atoms were refined with anisotropic displacement parameters. Detailed
structure parameters are given in Tables S1 to S6, Supporting Information.
CCDC 2490394 contains the supplementary crystallographic data for this
paper. The data is accessible free of charge from the Cambridge
Crystallographic Data Centre via: https://www.ccdc.cam.ac.uk/structures/

CisH20NOP, M = 261.29 g/mol, T = 130(2) K, Triclinic crystal system,
space group P1, a =812.02(4) pm, b = 995.95(4) pm, ¢ = 1002.79(4) pm,
a=103.699(4)°, b=111.168(4)°, g = 108.539(4)°, V = 0.65787(6) nm3, Z =2, r
calcd = 1.319 g/cm3, m = 0.197 mm-?, crystal size = 0.36 x 0.26 x 0.18 mm?3,
g range for data collection = 2.351 to 32.390°, reflections collected = 13522,
independent reflections = 4381 [R(int) = 0.0305], completeness to ¢: 30.510° =
100.0 %, 243 parameters, 0 restraints, R indices (all data): R1 = 0.0525, wR2 =
0.1044, Final R indices [I>2s (1)]: R1 = 0.0413, wR2 = 0.0977. All H atoms
were located on difference Fourier maps calculated at the final stage of the
structure refinement.
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