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STUDIA UBB CHEMIA, LXIV, 2, Tom I, 2019 (p. vii)
(RECOMMENDED CITATION)

PROFESSOR IOAN BALDEA AT HIS 80™ ANNIVERSARY

A decade ago, Volume
54(3)/2009 of Studia Universitatis
Babes-Bolyai Chemia, was dedi-
cated to Professor loan Baldea
at his 70" birthday, along with
wishes of “health in the many
years to come as well as the spice
of current valuable scientific ac-
tivity”.

And indeed, he shared his
passion as well as joy in research
and study within his Alma Mater.
He continued coordinating PhD
students in physical chemistry,
chemical technology and pharma-
cology. He recently rejoined teach-
ing with inspiring liveliness, by
initiating a series of plenaries that
discuss either novel, sensitive or
complex aspects of organic reac-
tion mechanisms and physical
chemistry (thermodynamics, ki-
netics, experimental aspects, etc.)
of electron exchange processes.

Our former teacher and colleague continues to inspire the scientific
and academic community of Cluj-Napoca. Therefore, this issue of Studia
Universitatis Babes-Bolyai Chemia represents a loving express of gratitude
of his disciples and younger colleagues from various universities as well as
research institutes.

In the eve of at his 80" anniversary, the authors of the papers along
with the Editorial Board, wish Professor loan Baldea to continue in health,
joy and liveliness the sharing of his valuable knowledge and passion for
Chemistry and Science among the younger generations.

On behalf of all his disciples,
Alexandra Ana Csavdari
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THE DEVELOPMENT OF A NEW OPTICAL METHOD TO
MEASURE THE DELAY TIME OF SPARK IGNITION

MARIA MITU#*, DOMNINA RAZUS?, DUMITRU OANCEA®’

ABSTRACT. The development of a new optical method to measure the delay
time following the spark ignition in gaseous explosive mixtures, based on the
measurement of the emitted radiation intensity detected with a photo diode
active in visible and near infrared range is presented. Several CHas-air-inert
mixtures were used to test the validity of the method. Our results are
comparable with the available literature data. The influence of the different
operational factors was investigated to establish the range of the optimum
conditions.

Keywords: spark ignition, ignition delay, emitted radiation intensity, CHs-air-
inert mixtures

INTRODUCTION

The homogeneous combustion reactions in gas phase are complex
reactions involving hundreds of molecular species and coupled elementary
reactions. They are generally exothermic reactions and many imply also the
participation of chain-branching mechanism. A simplified picture of temperature
increase in time was suggestively illustrated in literature [1]. Using a (log T)
against time diagram for thermal and chain branching explosions, a straight-line
passing through origin or a straight-line intersecting X axis after an induction
period, respectively, were found. During a chain-branching explosion, an
induction period is necessary for accumulation of a critical concentration of

a “llie Murgulescu Institute of Physical Chemistry”, Romanian Academy 202 Splaiul Independentei,
RO 060021, Bucharest, Romania

b University of Bucharest, Department of Physical Chemistry, 4-12 Regina Elisabeta Blvd. RO
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active species. When such a system is suddenly brought into a critical state, able
to react in an explosive regime, a self-ignition delay time is necessary. The
ignition of the explosive regime occurs either as self-ignition, when the whole
system reacts simultaneously, or as a forced ignition, starting from a small
region where the ignition energy is delivered and propagates through the
whole system. The self-ignition is a frequently encountered process with many
applications. Consequently, many experimental techniques were dedicated and
extensively used. Among these, rapid compression machines (RCM) [2-5],
shock tubes (ST) [6-10] or both [11-15] are the most widespread. A qualitative
description of the self-ignition delay is given in Figure 1 as a plot pressure P
or radiation intensity R/ in time:

/ 4 | Rl (au)

Time/ms

P/bar

Figure 1. 1-Preignition period; 2-Ignition delay; 3-explosion;
4-Emitted radiation intensity in arbitrary units

The forced ignition, particularly spark ignition, sometimes supplemented
with plasma or laser [15-20], was frequently studied using constant volume
combustion bombs (CVB). The method presented in this paper relies on the
analysis of the radiation intensity variation during the early stages of spark
ignition in a CVB.

Due to the numerous applications of delay time in optimization of
internal combustion operation, diminution of engine knocking, control of pollutant
emission or validation of detailed kinetic models, the literature on these subjects
is extremely rich and therefore only selected references were given.
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RESULTS AND DISCUSSION

The present paper originates in our previous work regarding the
laminar flame propagation in flammable gaseous mixtures using the pressure
history and intensity of emitted radiation in closed vessels. It relies on the
detailed analysis of the early stages of flame propagation. The use of the
third power law of pressure increase during these stages, 4P, combined with an
improved statistical analysis of experimental data, resulted in a new method to
evaluate the normal burning velocity and suggested the existence of an
ignition delay time, 7, defined as a time interval between the ignition energy
deposition and the beginning of steady flame propagation [21-27]:

AP=5+k2*(t-7)

where 9J is the base line correction and t is the time.

The method was validated either by comparing the resulted parameters
with those reported in literature [21-28], or by analysing also the time
evolution of emitted radiation within the same time interval [29].

This analysis relies on the deconvolution of the composite recorded
curve of radiant intensity in time. It is composed of the emitted radiation due
to spark emission and to flame emission. The first one is given in Figure 2.

05 :
N Capacitive spark in air
< Radiant intensity vs time
04 X
\ P,=1bar T,=298 K d=2.5 mm
0.3 N\ 0 0 H
\ C=1000 pF U=8.6 kV E=37 mJ
) \
14 %
%
) E&
0.0 S
. ; . .
-0.001 0.000 0.001 0.002 0.003 0.004

time/s

Figure 2. Radiant intensity - time due to spark emission (Rl in arbitrary units)
for spark gap length d=2.5mm and ignition energy E=37mJ
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Even if capacitive sparks with discharging time of ~ 1 uy-second, or
inductive sparks with discharging time of ~ 1 m-second were used, the
general pattern and characteristics of the discharging emission are similar.

The composite curves, with both spark and flame emission, allow the
measurement of the delay times, 7, 7», and 73, defined in Figure 3.

0.45

] 12 % CH,-air P;=1.5 bar ‘
0.40

A Capacitive spark ignition \

0.35 %
S 0304\ ]
s \ —
2 02544
s 1\
Z 020 H f’
g 0.15 | . /
3 I'4
o

[ ]

: 7 ; ; : ;
0.000 0.002 0.004 0.006 0.008 0.010
t/s

Figure 3. Experimental composite curve Rl — time

There are three representative points on this curve: the first one, 7,
at the end of spark emission and beginning of flame emission, the second
one, 7, at the first inflection point of the ascending curve and the third one,
z3.as seen in figure.

These are dependent on the operational conditions and initial mixture
composition and can be used to describe the characteristics of the ignition
process. Among the most relevant operational parameters are the spark
characteristics and the initial mixture pressure and temperature. The mixture
composition allows also to take into account the effect of different additives,
frequently used in practical applications. As will be seen, the present
experimental approach allows the measurements only at normal
temperature. However, if mixtures with different fuel/air ratios or explosive
mixtures with inert additives are investigated, some temperature dependent
properties can be investigated and compared with the data obtained from
variation of the same properties by changing the initial mixture temperature.
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Spark characteristics effects on ignition delay times

The different ignition delay times can be significantly influenced by
spark characteristics. To ensure similar conditions for spark discharge when
pressure or composition are changed, an analysis of several operational factors
is necessary. For capacitive sparks, these effects are illustrated in Figures 4 and
5.

-
Spark gap effect on ignition delay
&
5
(2] 4 ; u ‘C1
= 8.0% CH -air, P, =101 kPa, C = 1000 pF "
\‘,.4 T
] t, from Rl variation in time :
3 Ts
: [ ] ®
. 4 8l ° ‘ °
N | | ] u
- | | ] u u
] L ]
1 T T T T T T
1.0 15 20 25 3.0 35
d/ mm

Figure 4. The effect of spark gap length (d) on the ignition delay
for capacitive sparks with C=1000 pF

It can be observed that only z; exhibits the best stability within a wide
interval of spark gap. The observed differences originate, presumably, from
the different stages of the flame development. It can be concluded that 7,
when the radiant emission from the spark becomes nonsignificant and that
from the minimal flame formation starts, is the best choice to be used when
other operational parameters are varied. A similar trend was also observed
for inductive-capacitive sparks as a function of the spark gap length.
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"E’ 44 | 8.0% CH_-air, P, = 101 kPa,d =2.5 mm
| 7, from Rl variation in time

34
! .
4 [
2
L] [ | [ ] u L]
] u - ] ]
L] L] L]
1 T T T T T T T T T T
0 200 400 600 800 1000
Capacity / pF

Figure 5. Effect of condenser capacity on the ignition delay
for a spark gap length d=2.5 mm

Again, only 77 has the best stability within a large interval of capacity.

Effect of initial pressure and temperature on the delay time

The dependence of the ignition delay on the initial pressure and
temperature of the flammable mixtures was thoroughly studied in different
experimental configurations for both self-ignition and spark ignition. The most
frequently, the analytical form of this dependence is of Arrhenius type:
exponential with respect to temperature and product of powers with respect
to other parameters [13].

v=aq[IP" - P§ - exp(Eq/RT) (1)

where a,, nj, and b are empirical parameters, P; or P, is the partial or total
pressure, respectively, T is the temperature (K) and R = 8.314 J mol' K" is
the universal gas constant [30, 31]. According to Equation (1), the baric
coefficient b has the significance of an overall reaction order.

For systems with constant composition and temperature, Equation
(1) takes a simpler form:

v=ao-[IF"- P (2)
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or:
T=ay- Py 3)

where a; includes the mixture composition.

Effect of initial mixture composition on the delay time

Addition of different inert gases (like Ar, N2, CO2, H.O or exhaust
products) allows to modulate the mixture properties, including also the delay
time. [32, 33] An illustrative example is given in Figure 6.

Stoichiometric CH4-air + Ar
Exponential growth

Po=0.6 bar | - PD=1 bar | 4

m o

% Ar

Figure 6. Effect of inert addition on the ignition delay, 1

Another possibility to change the mixture properties and implicitly
both the ignition delay z; and baric coefficient b is to use different fuel/air
ratios as given in Figure 7 for different methane-air mixtures.

Sometimes, in many practical conditions, the mixture composition can be
changed using both different fuel/air ratios and inert gases addition, keeping the
initial temperature constant or changing it. In these cases, the minimal flame
temperature, characteristic for the critical ignition properties including the ignition
delay, can be obtained only by using numerical calculations. The adiabatic flame
temperatures can be calculated with ECHIMAD, the 0D COSILAB package
version 3.0.3 and the kinetic modelling with CHEMKIN or 1D COSILAB
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package developed by Rogg and Peters [34-39]. Due to an increased interest
in this field, numerous other numerical calculations can be found in the
pertinent literature [34-40].

- 7

16 t,=a(P,)’
1.2 \

| Ref value b=-0.65
0.4 T T T T T 1 J :
7 8 9 10 11 12

% CH4 in air

Figure 7. Variation of the baric coefficient b from the law (2)
with CH4 content in mixtures with air (ref. [28])

Additionally, taking into account the availability of these numerical
calculations, the evaluation of temperature dependent properties becomes
possible. In Table 1 the ignition delay 77 can be compared to experimental or
calculated maximum of pressure rise APnax and to calculated or available
from other measurements of normal burning velocity S..

Table 1. The efficiency of several diluting components on inerting the
stoichiometric CHs-air mixtures containing 10% inert

Inert Ti/ms APnax/bar Su/(cm/s)
- 1.46 5.94 37.40
Ar 1.59 5.60 31.08
N2 1.79 5.36 28.35
CO, 2.45 4.68 19.14

Dilution with an inerting component results in a decrease of the
ignition delay and of minimal flame temperature. A corresponding activation
energy can be evaluated and compared with other reference values [40].
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Stoichiometric CH4-air + Ar
10 P,=1 bar L
J pd
yd
09 | Ea=102:12 kJ/mol | g
. ///’/ :
0.8 _
//
— 4 o
) e .
£ o7 ~
5 /’//
zZ /
— 06 — .
4 ’//
0.5 e
] @ .
0.4 ,/
®
-
0.3

0.00045 0.00046 0.00047 0.00048 0.00049 0.00050

AT )K'

Figure 8. Variation of the ignition delay with flame temperature T
(calculated here at constant pressure)

To underline the significance of zy, its relationships with other
properties were examined. Some results are given in Figures 9 and 10:

2.8
- 60
26 :
CH4-air mixtures " 455
244 P,=1 bar
- 50
2.2
/ - 45
[42] [%2])
E 20 E
> —440 =
1.8 4
g 435
16 . i
e / 120
—— ]
1.4 ] ® - 25
6 8 10 12
% CH,

Figure 9. Comparison between the ignition delay 77 and the time 6
necessary to reach the maximum of the pressure rise APmax
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2.6 u 2.6

24 — — / 24
Spark ignition CH ,-air mixtures

P,=1 bar T =298 K

22 2.2

g \ / g
gg 2.0 - : 20 —
3 \ \ n / =
\ // ‘/
1.8 N - . f 1.8
\| m. /
-\ ; // /
™~ // 1
1.6 T — - 1.6
N T \=~\\7\ /J
i
1.4 T T T T T T 1.4
0.7 0.8 0.9 1.0 1.1 1.2 1.3

¢ (equivalence ratio)

Figure 10. Comparison between experimental and calculated ignition delay.

The calculated ignition delays were obtained by using numerical
calculations [34-39].

The adiabatic maximum rate of pressure rise, APmax/bar, either
calculated or experimental [41], measured explosion violence (dP/dt)mad(bar s),
calculated volumetric rate of heat release, Rmax/(J s' m™) are also properties
related to the measured ignition delay times. Some of these correlations will be
analysed in a future paper where the effects of other operational parameters
will be taken into consideration. The interest for new alternative fuels like
methanol and ethanol [42-44] suggest also another direction of research
based on the method discussed here.

CONCLUSIONS

Taking into account the increasing interest for the ignition delay
measurement when electrical sparks are used, the development of new and
simpler techniques is quite beneficial. While the pertinent literature is based
preponderantly on the measurement of flame size increase using high-speed
time-resolved schlieren recording, our simpler method relies on the
deconvolution of the composite recorded curve of radiant intensity in time,
measured with a photodiode, in a constant volume combustion bomb. It is
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composed from the emitted radiation due to spark emission superposed over of
the flame emission. A procedure based on our previous paper allowed the
development of this new optical method. The influence of the spark
characteristics, initial mixture composition, pressure and temperature was
studied and reported. Some relationships with other mixture properties were
also discussed. All reported values are highly reproducible and in agreement
with both experimental and calculated literature data.

EXPERIMENTAL SECTION

The experimental measurements were carried out in the Laboratory
of Chemical Kinetics from the Department of Physical Chemistry, University
of Bucharest, using the equipment given schematically in Figure 11.

The gaseous mixtures containing CH4, air and sometimes inert were
prepared in stainless steel cylinders at 4 bar total pressure by partial pressure
method using methane 99.99% purity from SIAD and used 24 h after mixing. The
experiments were carried out in a stainless-steel cylindrical explosion cell
with diameter equal to height: ® = h =6 cm (Vo = 1.70-10* m® and with a
radius of the equivalent spherical volume R*:ei = 0.03434 m). The upper lid has
a transparent window made from synthetic glass allowing the observation of the
radiation intensity variation with a Si PIN S 123 photodiode (Hamamatsu). The
lower lid was fitted with a pressure transducer. The ignition was initiated by high
voltage sparks between 1.5 mm diameter stainless steel electrodes with
rounded tips within a spark gap of 2.5 mm. The high voltage sparks were
either capacitive or inductive. The capacitive sparks were obtained using an
adjustable vacuum condenser fed from an adjustable high voltage source
(Advanced Energy) interrupted at the end of discharge by an UltraVolt Opto
Coupler OC250 (Voltage Multiplier INC.).

The ignition energy was higher than the minimum ignition energy
(0.29 mJ) ensuring a safe ignition without important induced turbulence. The
inductive sparks were obtained from an automotive ignition coil having the
primary winding with an inductance L = 9.5 mH, fed from a dc stabilized
power supply. The pressure variation during the explosion process was
monitored with a Kistler piezoelectric pressure transducer type 601A coupled
with a charge amplifier type 5011B and recorded using a Tektronix TDS 210
oscilloscope.
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1 B :O:fF:)

Figure 11. A simplified scheme of the experimental setup: 1. Explosion cell;
2. Spark electrodes; 3. Adjustable high voltage generator; 4. Photodiode;
5. Piezoelectric pressure transducer and charge amplifier. 6. Connections to
vacuum and mixing systems; 7. Oscilloscope connected to spark generator
(3), photodiode (4) and pressure transducer (5)
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ABSTRACT. The aim of this study is to investigate the corrosion behavior
of low carbon steel (S235) used in petrochemical industry. The corrosion
process was analyzed in simulated wastewater at different values of pH
and at different temperatures and also in real wastewater from the exploitation of
crude oil from Transylvania, Romania. Two commercial corrosion inhibitors
(Nalco 73413 (Nalco Products, USA,) and Galoryl IC20 (ArrMazz Chemicals
SAS, USA) were tested at different concentrations. The corrosion behavior was
investigated by electrochemical impedance spectroscopy and potentiodynamic
polarization measurements. Adsorption of these inhibitors was found to
obey Langmuir adsorption isotherm.

Keywords: electrochemical impedance spectroscopy, polarization curves,
steel corrosion, corrosion inhibitors, petroleum industry corrosion.

INTRODUCTION

Due to the low price, carbon steel is widely used in industry,
including the petrochemical industry [1-4]. Because of this, its corrosion has
a great impact on the economic environment. Compared to other materials,
it has good physical, chemical and mechanical properties, but low corrosion
resistance. The main factors contributing to the corrosion of carbon steel in
the petrochemical industry are temperature, pressure, but also chemical
and microorganism attacks [4-7]. Lately, there are many studies that have
focused on finding innovative solutions for the protection against corrosion
of carbon steel, with low cost and low environmental impact [3-6]. The most
practical method for protecting carbon steel is the use of inhibitors [3, 8-13]. This
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method has proven to be the most economical and efficient. Most commonly
used are organic corrosion inhibitors containing heteroatoms, such as nitrogen,
sulphur, phosphorus and / or oxygen [8]. There are also studies on the use
of green inhibitors [11-13] and commercial inhibitors for the protection of
carbon steel [14, 15].

In this context, the purpose of this paper is to investigate the corrosion
of low carbon steel (S235) in synthetic solutions simulating wastewater (SWW)
from petrochemical industry. The corrosion tests were made at different
values of temperature and pH. Also, the corrosion behavior of S235 steel
was investigated in wastewater from an exploitation of crude oil (WWCO)
from Transylvania, Romania. The tests were made in the absence and in
the presence of two commercial inhibitors, Nalco 73413 (Nalco Products,
USA) and Galoryl 1C20 (produced by ArrMazz Chemicals SAS, USA). The
corrosion behavior of S235 steel was investigated by electrochemical methods
(electrochemical impedance spectroscopy and polarization measurements).

RESULTS AND DISCUSSION

Corrosion in simulated wastewater
Effect of temperature

In order to determine the corrosion behavior of S235 steel in simulated
wastewater (pH 3) at different values of temperature (20 °C, 30 °C, 40 °C),
the experiments were started by recording the open circuit potential (OCP)
for one hour. Nyquist impedance spectra were recorded immediatly after
OCP (results not shown) and the results are presented in Fig. 1.

400
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[ ® 30-C
o 300 ® 40-C
£ 250}
')(o [
£ 200}
-
2 450
E [
N 100}
50 |

O L L L L L L L L
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Figure 1. Nyquist plots of the S235 steel dipped in simulated wastewater (pH = 3),
at different values of temperature
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The spectra ehxibit one depressed capacitive loop. Consequently,
the electrical equivalent circuit used to fit the experimental spectra contains
besides corrosion solution resistance (R¢), only one R-C couple, presented
in Fig. 2. Rt represents the charge transfer resistance and, Cq, the double
layer capacity at the steel | electrolyte interface. The data obtained for all
samples by using the proposed equivalent electrical circuit are shown in
Table 1 (the chi squared (x?) values were of order 10-#). The values of Cy
were calculated using the equation C = (R'™CPE)'", where CPE is the
constant phase element and n reflects the depressed feature of the
capacitive loop in Nyquist diagram (0 <n < 1).

Analyzing the data from Table 1, it can be observed that the polarization
resistance (Rp), which is an indicator of corrosion resistance, can be practically
assimilated to the charge transfer resistance, and is influenced by temperature.
The values of R, are slightly decreasing with increasing temperature. The
highest R, was observed for T = 20 °C.

Rs CPE

T—:{/\/—
ct

Figure 2. The equivalent electrical circuit used to fit the EIS results

Table 1. The electrochemical impedance data determined by fitting the
experimental Nyquist spectra from Figure 1

Temperature Re Re? CaP nt
[°C] [Q-cm?] [Q-cm?] [mF/cm?]
20 1.26 537.6 9.078 0.572
30 2.29 533.3 9.433 0.495
40 3.70 418.6 9.544 0.583

a The standard error for Rct values was between 3.24%-5.61%
b The standard error for CPE values was between 2.74%-4.47%
¢ The standard error for n values was between 0.87%-1.96%

To determine the polarization resistance of the electrodes, linear
polarization curves were recorded, in the potential domain of £ 20 mV vs.
OCP. The polarization resistance values, for each electrode, were calculated
as the inverse of the slope of each curve (Table 2). The largest Rp was
observed also at 20 °C. Potentiodynamic polarization curves were recorded
in the potential range of + 200 mV vs. OCP (Fig. 3) in order to determine
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the corrosion current density (icor) and the corrosion potential (Ecor). The results
obtained by Tafel interpretation of the polarization curves are presented in
Table 2. Based on these results, it can be seen that the corrosion of S235
steel increased with the rise of temperature, but not significantly and, as
expected, the highest corrosion rate is noticed at 40 °C. The results are in
agreement with EIS measurements.

AL
2L
N'_' L
E 3}
o |
< 4l
=
o 5t

i —20°C

6L - .30°C

i - 40°C

o9 08 07 106 05 04 03
E [V] vs. Ag/AgCI

Figure 3. The polarization curves (+ 200 mV vs. OCP) for the S235 steel immersed in
synthetic corrosion solution (pH = 3) at different temperatures; scan rate, 10 mV / min

Table 2. Electrochemical parameters of S235 steel at different temperatures

Temperature 20°C 30°C 40 °C

icor [MA/cm?] 42.52 49.43 58.04

Ecorr [mV VS. Ag/AgCl/KC|sat] -652 -615 -615

Rp [kQ cm?] 0.21 0.19 0.18
Effect of pH

In Fig. 4 are presented the Nyquist plots in case of S235 steel dipped
in a simulated wastewater from oil industry at different values of pH (3+8).
The parameters obtained for all samples by using the equivalent electrical
circuit from Fig 2 are shown in Table 3. Analyzing the data from Table 3, it
can be observed that the corrosion resistance increases at higher pH
values. Highest value was obtained at pH 8 (Rp =699.5 [Q-cm?]).
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Figure 4. Nyquist plots of the S235 steel dipped in simulated wastewater,
at different values of pH

Table 3. The electrochemical impedance parameters estimated by fitting the
experimental impedance data from Fig. 6 with the electrical circuit from Fig. 2

pH

Re

Ret Ca n
[Q:cm?] [Q:cm?] [uF/cm?]
3 1.26 533.3 9.078 0.572
4 2.72 535.3 7.376 0.562
5 3.28 619.9 6.524 0.564
8 5.24 699.5 5.614 0.565

2The standard error for Rp values was between 3.40 % - 5.04 %
®The standard error for Y, values was between 1.68 % - 2.65 %
¢ The standard error for n values was between 1.68 % - 2.65 %

The corrosion currents density and the corrosion potential for the
samples studied at different pH values, determined by the Tafel interpretation
of the polarization curves from Fig. 5, are shown in Table 4. The results
confirm the results obtained through EIS measurements.

Table 4. Electrochemical parameters of S235 steel corrosion at different values of pH

pH 3 pH 4 pH5 pH 8

icorr [MA/CM?] 42.52 37.75 21.73 17.66

Ecorr [MV vs. Ag/AgCI/KClsat] - 652 -614 - 535 - 583
Rp [kQ cm?] 0.21 0.33 0.48 0.62
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Figure 5. The polarization curves (£ 200 mV vs. OCP) for the S235 steel immersed
in synthetic wastewater at different pH values; scan rate, 10 mV / min

Corrosion in real wastewater
Effect of inhibitors

Fig. 6 shows the Nyquist plots obtained for S235 steel, recorded
immediately after OCP monitoring in the real wastewater (pH 8) from an
exploitation of crude oil from Transylvania, Romania, without and with
different concentrations of two commercial inhibitors (Galoryl IC20, Nalco
73413). It can be seen that all the plots contain depressed semicircles. It
was found that the results obtained in the absence and in the presence of
inhibitors can be suitably represented using only one time constant circuit.
The parameters obtained for all samples are shown in Table 5.

24

—_ 32 — ?a:)oryl IC20 Nalco 73413
(3] &T‘n A e 0.1mU/L — e 0.1 mUL/L
£ f N 18}, 2 0.2 mUL
S 24t &, v 02mLL £ g «oem
£ £ 0.4 mLL L . /:MM g-:‘n EILIL
§16 Ew T

E. ' 100 mHz g

Eos| € 6

1

0.0k ‘ 100 mHz 109 mHz ) [ 0 L2 10? mHz ‘ 10? mHZ\ )
0.0 0.8 1.6 24 3.2 0 6 12 18 24

Zreallkohm*cm?]
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Figure 6. Nyquist plots of the S235 steel dipped in real wastewater (pH 8), from an
exploitation of crude oil, at different concentrations of inhibitors; the lines show fitted data
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Table 5. The electrochemical impedance parameters estimated by fitting the
experimental impedance data from Figure 6

Inhibitor Conc. Re Ret Ca n n
[mL/L] [Q-cm?] [Q-cm?] [UF/cm?] [%]

- 0 1.66 280 6.69x10° 0.611 -
Galoryl 0.1 106 1128 88.06 0.738 75
IC20 0.2 86.35 2626 52.55 0.755 89
04 29.11 9820 4417 0.398 97
Nalco 0.1 104.60 2143 6.99 x10° 0.417 90
73413 0.2 163.70 3756 8.37 0.829 92
0.4 309.70 22490 2.25 0.800 98

@The standard error for Rp values was between 1.51 % - 3. 51 %
® The standard error for CPE values was between 1.19 % - 3.49 %
¢ The standard error for n values was between 0.45 % - 1.42 %

Analyzing the data from Table 5, it can be observed that the value
of the corrosion resistance depends on the concentrations of inhibitors,
which inhibit the corrosion process on the surface of S235 steel. The
highest polarization resistance (Rp), was observed at the concentration of
0.4 mL/L in case of both corrosion inhibitors (Table 5).

In Table 5 are presented also the values of the corrosion inhibitors

efficiency, determined with the formula: , :[RPR_ REJXIOO where R, and Rp°
P

are the polarization resistance in presence and in the absence of inhibitors,
respectively. As it can be observed, the inhibition is more pronounced in
both cases, at higher inhibitors concentration.
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Figure 7. The polarization curves (+ 200 mV vs. OCP) for the S235 steel immersed in
wastewater (pH = 8) at different concentrations of inhibitors; scan rate, 10 mV / min
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Table 6. Corrosion process parameters for the examined samples

Inhibitors Concentrations [r:\‘f\r;s icorr Rp n
[mL/L] Ag/AgCI /Kélsat] [MA/cm?] | [kQ*cm?] | [%]

- 0 -707 30.33 0.47 -

0.1 -596 5.99 2.57 81

Nalco 73413 0.2 -385 8.12 3.87 87
0.4 -533 0.95 30.48 98

Galoryl 0.1 -630 14.38 1.13 58
IC20 0.2 -591 15.95 3.04 84

0.4 -374 4.49 5.45 91

In order to determine the corrosion currents density and the corrosion
potential (Ecorr), potentiodynamic polarization curves were recorded in the
potential range of £ 200 mV vs. OCP (Fig. 7). The results are presented in
Table 6. The analysis of the data led to the conclusion that in case of both
Nalco 73413 and Galoryl IC 20 an increase of corrosion resistance takes
place at all inhibitors concentrations.

The highest corrosion resistance and the lowest corrosion current
density were noticed at 0.4 mL/L concentration of inhibitors and the best
results were noticed in the case of Nalco 73413. This is in agreement with
the results obtained from the EIS measurements.

Adsorption isotherm

The efficiencies of the corrosion inhibitors are related to their
adsorption ability on the steel surface. The inhibitors reduce the corrosion
rate by covering the steel surface with inhibitor molecules. For this purpose,
the efficiencies (Table 5 and Table 6), were used to calculate the degree of
surface coverage 0 =7 /100 .

In Fig. 8 the linear relationships of C, /8 versus C, suggest that
the adsorption of both inhibitors (Nalco 73413 and Galoryl 1C20) on S235

in?

steel are well described by the Langmuir isotherm: % =i+ C. , where K

is the adsorption equilibrium constant and Cj, is the inhibitor concentration
(Fig. 8). This kind of isotherm involves the assumption that no interaction
between the adsorbed molecules on the electrode surface exists.
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Figure 8. Langmuir adsorption isotherm of the inhibitors by using surface coverage
values calculated by a) EIS results and b) Tafel polarization results

CONCLUSIONS

Electrochemical investigations (EIS and potentiodynamic polarization
curves measurements) have shown that the corrosion resistance of S235
steel recorded lower values at higher temperature and lower pH values.

When using corrosion inhibitors, the electrochemical results showed
that the corrosion resistance improved as their concentration increased.
Both used inhibitors exert a good protective effect against steel corrosion in
wastewater from petrochemical industry. The best efficiency was noticed
when 0.4 mL/L concentration of inhibitors was used (n= 86.61 % for Nalco
73413 and respectively n = 87.07 % for Galoryl IC 20).

Results obtained from EIS and potentiodynamic polarization
measurements demonstrated that the adsorption of inhibitors (Nalco 73413,
Galoryl IC 20) on S235 steel surface immersed in synthetic and real
wastewater from petrochemical industry obeyed Langmuir isotherm and
exhibit single-layer adsorption characteristics.

EXPERIMENTAL
Materials and methods

The samples made of S235 steel used for electrochemical tests
were disk shaped with 0.8 cm diameter (about 0.5 cm? of the surface was

exposed to the corrosive solution). Prior tests, the steel samples were
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ground using emery papers from # 800 up to # 2000 grades, cleaned with
acetone, with distilled water, dried at room temperature, and mounted in
Teflon. For electrical contact, a copper road was used.

The commercial corrosion inhibitors used in the experiments were:
(i) Nalco 73413 (Nalco Products), (ii) Galoryl IC 20 EU. The inhibitors were
dissolved in the corrosive solution at concentrations: 0.1 mL /L, 0.2 mL /L,
0.4mL / L. For corrosion tests, two different solutions were used: (i) an
electrolyte that simulated wastewater of high salinity, (pH = 3+8) and (ii) a
wastewater from petroleum industry (pH = 8) containing besides inorganic
ions, oils and hydrocarbs. The composition of the synthetic wastewater is
presented in Table 7 [14]. For pH correction, NaOH was used.

Table 7. The composition of the electrolyte used in corrosion tests (pH = 3)

Conc. | Fe3* | Ni# Cu? Na* | K* | SO.> NOs- Cl
g/L 0.02 | 0.006 | 0.1-10° | 50 |54 | 6.64 0.27-10°° 77.09

For the electrochemical corrosion measurements, a PC — controlled
electrochemical analyzer PAR 2273 (Princeton Applied Research, USA)
connected to a cell containing three electrodes was used: the working electrode
(S235 steel), a counter electrode (platinum) and a reference electrode (Ag/CIAQ).
The open circuit potential (OCP) for steel immersed in the corrosive solution
was monitored during one hour. The EIS measurements were performed
with a disturbance voltage of £+ 10 mV and frequency ranging from 103 — 103
Hz and the results were fited using the ZSimpWin V3.21 software. In order
to determine the corrosion parameters, the potentiodynamic polarization
curves were recorded by scanning in a potential range of + 20 mV and of
200 mV vs. OCP, with a scan rate of 10 mV / min.
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ABSTRACT. Silver nanoparticles (AgNPs) were synthesized by chemical
reduction method, using different reducing systems. The interaction of AgNPs
and vancomycin hydrochloride (V) was investigated by UV-Vis spectroscopy,
and their tendency to form AgNP@YV associations or complexes was identified
in colloidal solutions. Moreover their affinity to self-assembly and aggregate
is also examined. This behavior is important and decisively influences the
antimicrobial effect of AQNP@V complexes.

Keywords: silver nanopatrticles, vancomycin, UV-VIS spectroscopy

INTRODUCTION

The current need for novel syntheses and functionalization methods
of silver nanoparticles (AgNPs) for gaining an enhanced antimicrobial activity
represents a great challenge in the development of new antimicrobials.

Many investigations are made nowadays regarding AgNPs, in particular
their effect in various combinations with drugs, like antibiotics, leading to new
strategies for their therapeutic use [1, 2].

Firstly, AQNPs can be used as antimicrobial agents [2-6]. Further, they
can also improve the activity of antibiotics, reducing their secondary effects [7],
and even make them active against bacterial strains resistant to those
antibiotics. Moreover, the AgNPs and antibiotics were jointly found effective
against pathogenic bacteria, which have developed resistance against certain
antibiotics, because of the abusive uses of antibiotics [8-12].

a Babes-Bolyai University, Faculty of Chemistry and Chemical Engineering, Research Center of
Physical Chemistry, 11 Arany Janos str., RO-400028, Cluj-Napoca, Romania
* Corresponding author: mocanu.aurora@gmail.com
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In this regard, the method by which AgNPs were obtained is of major
importance. If they are synthesized by chemical reduction method, the reducing
agent can also stabilize the colloidal system [13, 14], or other substances
are introduced, as capping agents [15]. They may determine the size and
shape of the particles. Clearly, the interactions between the drug and silver
can be mediated by capping agents.

These interactions can stabilize, but also can destabilize the colloidal
system, causing the aggregation of the nanoparticles and finally their precipitation.
These interactions can also influence the biological effects of the system, leading
to a synergistic, additive effect or antagonistic effect of AgNPs and drug [16].
Even the orientation of drug molecules on the AgNPs can play an important
role [11].

The methods to synthesize AgNPs are numerous and varied [2, 17],
going from physical approaches, to chemical or electrochemical reduction
processes, and to biogenic (green) syntheses [18, 19], often by plant extracts
[20-23], fungi and bacteria [16, 24, 25]. Ag*ions can be easily reduced even by
weak reducing agents, both inorganic and organic [6, 26]. In order to better
control the particles size and shape, mixtures of different reducing agents were
also used (co-reduction) [17, 27-29]. Of course, the cytotoxicity of AgQNPs and
also their impact on medium must be taken into account [30].

Vancomycin, CesHzsCloNgOo4, is a large glycopeptide, noted V, active
generally against Gram-positive bacteria. It is mostly used in the form of
hydrochloride. Vancomycin is largely used as an alternative to antibiotics for
which drug resistance was developed. Unfortunately, even strains resistant to
vancomycin already emerged [31]. Therefore, associating vancomycin with
silver nanoparticles could be a solution [32].

Consequently, the focus of this work is on syntheses and functionalization
of AgNPs with an antibiotic, like vancomycin, to obtain homogeneous colloidal
solutions, having narrow sized particles, of high stability.

RESULTS AND DISCUSSION

Silver reduction with citrate ions is frequently used to obtain AgNPs,
and also to stabilize them, but that mechanism in not yet fully understood [33].
The spectra of AgNPs obtained by reduction with trisodium citrate ( C ) and
their mixtures with vancomycin hydrochloride (V) solution in different ratios are
given in Figure 1. The peak at about 280 nm is due to vancomycin hydrochloride.
The characteristic surface plasmon resonance (SPR) band of AgNPs has a
maximum at 406 nm, denoting the presence of rather small nanoparticles.
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There is a single sharp peak indicating the presence of mostly spherical AQNPs
[12]. The full width at half maximum (FWHM) is 76.8 nm, showing a rather
narrow distribution of particles size (namely, of low polydispersivity).

By adding increasing volumes of V solution, the maximum decreases,
due to the dilution of the AgNPs solution and is shifted toward higher
wavelengths (red shift). This significant shift is the result of the interactions
between Ag and the drug. The width of the peak (FWHM) also increases
with increasing amounts of V, up to 78.5 nm, due to the formation of the
AgNP@V complex [11]. After 2 days the spectrum is only slightly modified,
so the AgNP@V associations are stable, without a tendency to aggregate.
The interaction between vancomycin and citrate capped AgNPs can be
assigned to hydrogen bond between the oxygen atoms of citrate anion and
the H atom in the amino groups of vancomycin, in total agreement with
other similar data [12].

The reduction of Ag* with B-cyclodextrin (B-CD) is a green synthesis
[34] The UV-Vis spectrum (Fig. 2) is quite similar to that of AgNP-citrate
(Fig. 1). From TEM images, an average size of the particles of 13.1 £ 2.1 nm
was found [34]. The particle distribution is narrower (FWHM = 69.6 nm) than
for the reduction with citrate. The addition of V causes also a red shift of the
absorption maximum. But after several days a deformation of the SPR peak
occurs, with the apparition of a shoulder at higher wavelengths and a
corresponding increase of the FHWM, to over 100 nm. This indicates the
beginning of self-assembly of the AQNPs mediated by vancomycin.

34 34
406 nm
406 nm
—— AgNP-citrate 0.25 mM| \ ——Ag-CD 0.2 mM
S ol —— AgNP/V: 2/0.1 viv S ol —— AgNPV: 2/0.1 viv
‘j., —— AgNP/V: 2/0.2 viv 9’/ 4M2nm| —— AgNP/V: 2/0.2 viv
Py —— AgNPV: 2/0.3 viv pt —— AgNP/V: 2/0.3 viv
g —— AgNP/V: 2/0.5 viv -2 —— AgNP/NV: 2/0.5 viv
g —— AgNP/V: 2/1 viv a —— AgNPN: 2/1 viv
5 —— AgNP/V: 2/1 viv 2d 8 —— AgNP/NV: 2/1 viv 5d
§ 1_ < 1- —— AgNP/V: 2/1 viv 24d
0+ ; ; ; : : 0+— ; ; ; 7 )
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
Figure 1. UV-VIS spectra of AgNPs- Figure 2. UV-VIS spectra of AgNPs-
citrate and V solutions in different B-cyclodextrin (3-CD) and V solutions
ratios and in time in different ratios and in time
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Another green synthesis of AgNPs uses glucose as reducing agent
and starch as capping agent [35, 36]. The maximum of the SPR band of the
AgNPs is at 406 nm (Fig. 3), and the FWHM is 56.2 nm. The peak is not
shifted by adding V, but after 2 days a shoulder appears at about 470 nm,
and a new peak appears after 3 days, at 508 nm, while the main peak is much
diminished. The new peak corresponds to aggregates of AgNPs resulted by
their self-assembly. In presence of starch, the vancomycin mediated self-
assembly is more accentuated than for other capping agents.

The synthesis of AgNPs, using also glucose as reducing agent and
tetraethyl orthosilicate (TEOS) [37] as capping agent (Fig. 4), produced larger
AgNPs. The maximum absorption in the SPR band occurs at about 410 nm,
and the band is asymmetrical, outstretched toward higher wavelengths, and
FWHM is about 80 nm. This finding means that there is a wider distribution
of particles sizes, and larger particles being also present. This asymmetry
increases when V is added, and in time. After 4 days the maximum of the
SPR band is significantly reduced, and the V band is at 280 nm. The cause
is the precipitation of larger aggregated AgNPs.

v 406 nm

—— AgNP-glucose-TEOS 0.5 mM
—— AgNP/V: 2/0.1 viv
—— AgNP/V: 2/0.2 viv
—— AgNP/V: 2/0.3 viv
—— AgNP/V: 2/0.5 viv
—— AgNP/V: 2/1 viv
—— AgNP/V: 2/1 viv 1d

\ —— AgNP/V: 2/1 viv 4d
\ | —— AgNP/V: 2/1 v/v 18d

—— AgNP-gluc-starch 0.25 mM
—— AgNP/V: 2/0.1 viv
—— AgNP/V: 2/0.2 viv
—— AgNP/V: 2/0.3 viv
—— AgNP/V: 2/0.5 viv
—— AgNP/V: 2/1 viv
—— AgNP/V: 2/1 viv 2d
—— AgNP/V: 2/1 v/v 3d

Absorbance (a.u.)
Absorbance (a.u.)
N

T T T T T 1 L T T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
Figure 3. UV-VIS spectra of AgNPs- Figure 4. UV-VIS spectra of AgNPs-
glucose-starch (gluc-starch) and V glucose -TEOS and V solutions in
solutions in different ratios and in time different ratios and in time

Using a mixture of trisodium citrate (C) and tannic acid (T) [17] (Fig. 5)
in the molar ratio of 1:7:2 for Ag:C:T, relatively large AgNPs are obtained. In
the presence of V, the absorption maximum of the SPR band shifts toward
red. The AgNPs are stable, no tendency to aggregation is observed in time.
The absorption band of V at 280 nm is not visible, since it is hidden by the
strong absorption band of tannic acid.
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——Ag/V: 2:0.5 viv
——Ag/V: 2.1 viv
——Ag/V: 21 viv2d

T
300

T
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T T T 1
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Figure 5. UV-VIS spectra of AgNPs-

citrate (C) and tannic acid (T) in the

molar ratio 1:7:2 and V solutions in
different ratios and in time

Absorbance (a.u.)

3] 410nm —— Ag/V 2:0.1 viv

—— AgNP-C-T 1:20:0.1 0.25 mM

——Ag/V 2:0.2viv
—— Ag/V 2:0.3 viv
——Ag/V 2:0.5 viv
—Ag/V 2:1 viv
——Ag/V 2:1 vivad

T T T T T i
300 400 500 600 700 800
Wavelength (nm)

Figure 6. UV-VIS spectra of AgNPs-
citrate (C) and tannic acid (T) in the
molar ratio 1:20:0.1 and V solutions

in different ratios and in time

With a much lower tannic acid concentration (Ag:C:T molar ratio of
1:20:0.1) the AgNPs are much smaller (absorption maximum at 402 nm)
and the SPR band is quite narrow (low polydispersivity). The band is red
shifted for increasing V addition, which is a sign of vancomycin association
to AgNPs (Fig. 6). No significant modifications are observed in time.

The vancomycin-AgNPs complexes are stable, no aggregation and
precipitation occur. The V band of 280 nm is here superposed on a stronger
tannic acid band at the same position, so its variation with the V content of
the solution is no longer visible,
The UV-Vis spectra of V mixtures with silver nitrate solution are compared
with the spectra of V and AgNOs in Fig. 7. AgQNOs presents no absorption in
the visible and UV wavelength range investigated, and no SPR band appears.

3-
280 nm

Absorbance (a.u.)

——AgNO, 0.5 mM
——AgNO,_/V: 2:0.1 viv
—AgNO,/V: 2:0.2 viv
——AgNO/V: 2:0.3 viv
——AgNO/V: 2:0.5 viv
—AgNO_/V: 2:1 viv
1 ——AgNO,/V: 2:1 viv 2d

T T
300 400

——AgNO/V: 2:1 v/v 21d
——V 500 mg/L

T T 1
600 700 800

Wavelength (nm)

Figure 7. UV-VIS spectra of 0.5 mM AgNOs and 500 mg/L vancomycin
hydrochloride (V) solutions and their mixtures, and in time
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Vancomycin can also reduce Ag* to AgNPs, but only in basic medium
and at higher temperature [unpublished research]. The V band at 280 nm
increases with V concentration in that mixture, but in several days a diminution
of its intensity is observed. Only after 21 d, traces of a gray deposit are seen
(indicating that silver ions are reduced by V).

CONCLUSIONS

UV-Vis measurements enabled us to highlight the various behavior
of AgNPs colloidal solutions, obtained using various reduction systems, due
to the formation of differently capped AgNPs. Further, the interaction of the
capped AgNPs with the antibiotic drug, like vancomycin, is identified.

For some preparations (e.g. AgNPs-citrate or AgNPs-citrate-tannic
acid) stable AgNPs-vancomycin associations (complexes) were obtained. For
other colloidal solutions (e.g. ANPs-BCD) less or more advanced vancomycin
mediated self-assemblies of AQNPs appeared, and still maintained in colloidal
solution. Finally, in other systems (e.g. AgNPs-glucose-starch or AgNPs-glucose-
TEQOS), the AgNPs slightly precipitated under the influence of vancomycin.

Clearly, the knowledge on the characteristic behavior of AgNPs-
vancomycin systems can help in the selection of appropriate systems in order to
maximize their antimicrobial effect.

EXPERIMENTAL SECTION
Synthesis of silver nanoparticles

For all syntheses AgNOs; solution was used (high purity silver nitrate
from Merck). For the reduction with trisodium citrate [17, 38], 25 mL 1 mM
AgNOs; were boiled with 5 mL 1% solution of trisodium citrate, C,
(NazCesHs507¢2H,20, high purity, from Sigma Aldrich) and 70 mL water for
30 min, under continuous stirring, The mole ratio C:Ag was about 7:1. The pale
yellow solution obtained (0.25 mM Ag) was cooled on an ice-water mixture
at room temperature.

B-Cyclodextrin (Sigma-Aldrich) was used as a 102 M aqueous
solution to reduce a 102 M AgNOs solution in the 9:1 volume ratio, at pH 9
(adjusted with K.COs3). The colloidal AgNPs solution obtained was diluted to
0.2 mM Ag [34].

AgNPs-glucose-starch solution [35] was prepared from 20 mL 103
M AgNO3 solution by reduction with 1.36 mL 4% glucose solution (obtained
from glucose B. Braun 100 mg/mL, Melsungen AG, Germany) and 50 mL
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0.34% starch solution (soluble starch, p.a. from Chempur, Poland) with ultrapure
water to a total volume of 80 mL. The solution was heated under continuous
stirring until boiling, when the pH was set at 7 with 10% NaOH solution and
boiled for other 15 min. The obtained 0.25 mM Ag solution was cooled to
room temperature. The glucose:Ag mole ratio was 1.2:1.

The AgNPs-glucose-TEQOS solution [37] was obtained from 100 mL
103 M AgNOs; solution and 100 mL solution prepared from 5.2 mL 4%
glucose solution, 1 mL 0.4% TEOS solution in ethanol (from Merck) and
ultrapure water. The two solutions were separately heated to 50 °C under
stirring, and then, they were mixed and 10% NaOH solution was added to
reach pH 10. The AgNPs solution with 0.5 mM Ag had a glucose:Ag mole
ratio of 2.3:1.

The AgNPs-citrat-tannic acid colloidal solutions with the mole ratios
1:7:2 and 1:20:0.1 for Ag:C:T mole ratios, and a final Ag concentration of
0.25 mM [17, 39] were prepared by heating up the 102 M AgNOs solution
until boiling, and then adding the solution containing the calculated amount
of trisodium citrate and tannic acid (purchased from Merck). The solutions
were kept boiling, under continuous stirring, for 15 min.

Interaction of AgNPs with vancomycin

Vancomycin hydrochloride (V, CesH75Cl2NgO24°HCI) was purchased
from Xellia Pharmaceuticals ApS Denmark, and a 500 mg/L aqueous
solution (0.336 mM) was prepared and used in the subsequent experiments. In
each experiment, 2 mL of AgNPs colloidal solution was used and different
volumes of vancomycin solution (up to 1 mL) were successively added.

The UV-VIS absorption spectra were measured with a Jasco UV/Vis
V650 spectrophotometer, from 800 to 250 nm wavelength for the AgNPs
colloidal solution and for the mixtures containing 2 mL AgNP solution and
0.1; 0.2; 0.3; 0.5 and 1 mL V solution. The measurements for the last mixture
were repeated after several days. For comparison, the interaction between
a 0.5 mM AgNO;s; solution with vancomycin solution was investigated in the
same conditions.
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KINETIC STUDY OF SULFUR DIOXIDE ABSORPTION INTO
DOLOMITE-BRUCITE SUSPENSIONS

SIMION DRAGAN?, ADINA GHIRISAN (MICLAUS)*

ABSTRACT. The influence of the dolomite-brucite concentration and
temperature on the global process of sulfur dioxide, SOz, absorption into
dolomite-brucite suspensions was established. According to the proposed
macro-kinetic model, the chemical reaction between H2SO3 and MeCOs3
takes place into the adsorbed layer, at the outer surface of the granules. The
low values of the activation energies obtained, Ea << 25.1 kJ/mol, confirmed
for working conditions, that the global chemisorption process was limited to
diffusion stage. At suspension concentrations lower than 5% and high
temperatures, the chemisorption was carried out according to the shrinking
core model without crust, when the diffusion of H2SOs through the liquid
phase is the limitative stage. At concentrations higher than 10% the
chemisorption was carried out according to the unreacted core model with
crust formation, when the diffusion of H2SO3 through the crust of products
remains the limitative phenomenon.

Keywords: dolomite-brucite suspension, sulfur dioxide, chemisorption,
activation energy, macro-kinetic mechanism.

INTRODUCTION

Industrial development has caused emissions of gas pollutants (SO,
SOs, NOy, HCI, HF, etc.) which were released into the atmosphere, thus
affecting seriously the quality of the environment. An important case with a
major environmental impact is the emission of sulfur dioxide [1-10].

Annual sulfur dioxide emissions have been estimated to be
approximately 160 million tons, half being produced by industrial activities
[11]. The industrial sectors that contribute to the SO, emissions are the
metallurgical ore refining and power industry that uses fossil fuels as raw
material. Therefore the desulphurization of gaseous emissions from burning
fossil fuels is very important.

a Babeg-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos
str., RO-400028, Cluj-Napoca, Romania
* Corresponding author: ghirisan@chem.ubbcluj.ro



SIMION DRAGAN, ADINA GHIRISAN (MICLAUS)

In the last 30-40 years, a significant number of gas scavenging
technologies have developed, amid the consumption of fossil fuels and the
continued increase in energy demand [12]. Desulphurization technologies
are classified in three main categories: dry, semi-dry and wet [13,14]. The wet
desulfurization process achieves one of the highest purification efficiency
and reliability, being the most commonly used technology for controlling the
emission of SO; in the world [3,15-18].

Retention of SO, in suspension of calcium carbonate (rock or
precipitated) is the most used wet process, due to the low cost [1,4,8,9,19,20].
Desulphurization by this method leads to large amounts of gypsum, which is
a storage problem. Nowadays, the research in the desulphurization of flue gas
is oriented to develop technologies that lead to compounds which can be
completely reused. The wet flue gas desulfurization using dolomite-brucite
suspension is of great perspective, reducing at half the amount of the gypsum,
and recovering a part of sulfur dioxide as MgSQs4, with many practical uses.

The present study investigates the macro-kinetic mechanism of the
SO, absorption into dolomite-brucite (CaMg(COs3)2Mg(OH).) suspensions. It
was determined experimentally the influence of the temperature and the
dolomite-brucite concentration on the global process.

RESULTS AND DISCUSSION

The influence of dolomite-brucite concentration on the SO, absorption
rate at a temperature range from 293 to 333 K and stirring speed of 200 rpm, was
observed. An example, for a temperature of 293 K, is shown in Figure 1.
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Figure 1. Influence of the suspension concentration on SOz absorption
rate, T =293 K
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The results indicate that the absorption of SO is strongly influenced
by the suspension concentration on the entire studied temperature range,
the absorption rate being greater at lower concentrations. This behavior of
the absorbent system is determined by two categories of factors:

a) relating to the physical properties of the system, e.g. viscosity and pH.
The lower viscosity of diluted suspensions causes higher diffusion rates and
therefore the increase of the absorption rate. At higher concentrations of
suspension, the viscosity is higher, so that the rate of the diffusion process
is lower. At the same time, at lower concentrations of suspension, the value of pH
equal 5.0 - 5.5 is quickly reached, and so the absorption process takes place;

b) relating to the mass transformation processes as chemical reaction,
dissolution, formation and growth of germs. Reactions between MeCO; and
H2SOs are carried out mainly in the outer surface of the granules, atpH=6.7 - 7,
when the MeSOs is stable, with very low solubility in water. According to the

proposed mechanism, MeSOsreacts with HSO7 resulting Me(HSO3)2, which

is 50 to 100 times more soluble.

In diluted suspensions, the driving force of reaction products dissolution,
AC = Cs-Cv, is higher, the volume concentration C' being lower. In these
conditions, crust is not formed at the surface of the granule, and the process can
be described by the mechanism of granule with contractible core without crust.

The analysis of kinetic curves shows that the induction period depends
on operation conditions, concentration and temperature. The induction period
increases for the higher suspension concentrations and decreases with the
increase of temperature. In the final stage of absorption it was observed a
change in slope, suggesting a lower rate of the absorption, determined by
the change of macro-kinetic mechanism, when the process is controlled by
diffusion through the crust of the reaction products. The obtained results
show that the most pronounced influence of suspension concentration on the
absorption rate occurs at 293 K. The influence of suspension concentration
decreases with the increase of temperature. At 333 K the rate of absorption
is the same for the suspension concentrations of 10% and 15%, due to the
increase of suspension viscosity and concentration of sulfites in the suspension,
the driving force of the dissolution process decreases.

The temperature has a significant and complex influence on the rate
of SOz absorption into dolomite-brucite suspensions. The increase of the
temperature leads to the decrease of suspension viscosity, thus increasing the
rate of the diffusion processes. A more pronounced influence of temperature is
manifested on mass transformation processes, as reaction, dissolution and
germ growth, whose rate increases with temperature. The temperature influence
on the absorption rate of SO, into the dolomite-brucite suspensions is shown
in Figure 2, for the 15% suspension.
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The analysis of the experimental data shows that for 5% concentration
and temperature of 293 K, the time required to obtain a conversion of 90% is
80 min and 110 min for the suspension concentration of 15%. At the same time,
for suspension concentrations of 5% and 10%, the effect of temperature on the
absorption process is small. At the suspension concentration of 15% the
temperature has a significant influence, determined by the occurrence of the
reaction products, when the determinant mechanism is the diffusion of the
reactant through the crust.
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Figure 2. Temperature influence on SOz absorption into dolomite-brucite
suspension 15%

Processing the data in coordinates -In(1-n) versus time, specific
diagrams as presented in Figures 3-5 are obtained. The analysis of diagrams
shows the change of the slopes for investigated temperatures and suspension
concentrations. This behavior suggests that the macro-kinetic mechanism of
chemisorption process is modified.
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Figure 3. -In (1-n) vs. time for SOz absorption into the dolomite-brucite
suspension 5%
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Figure 4. -In (1-n) vs. time for SOz absorption into the dolomite-brucite
suspension 10%

35
e
3 A il
I y 7
25 7’ g =
£ I
-, ” b % mT=293°K
= P b = AT=313°K
B = ®T=333°K
e A p
P o
1 P A 7
b
0.5 /
)
0 50 100 < (min) 150 200 250

Figure 5. -In (1-n) vs. time for SOz absorption into the dolomite-brucite
suspension 15%

To determine the rate limiting step of the global process, the activation
energies were calculated. The data are presented as Figure 6 shows for a
concentration of 5%.

The obtained results show, for each concentration and temperature,
two values of the activation energy, Eas and Ea, (Table1). The low values of
activation energies, Ea << 25.1 kJ/mol, indicate for the working conditions that
the absorption process takes place by diffusion. The transport processes as
the mass transport of SO, through the liquid phase at the beginning of the
process, and the mass transport of SO, through the crust of the reaction
products at the end of the process, are limitative.
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Figure 6. Diagram In k vs. 1/T for SOz absorption into dolomite-brucite
suspension 5%

Table 1. The values of the activation energies

Nr. crt. Susc%enncsmn Temp. Activation energies
C(wt.%) T (K) Ea1 (kJ/mol) Eaz (kJ/mol)
1 5 293-333 2.001 4.17
2 10 293-333 4.55 8.37
3 15 293-333 0.544 5.11

Comparing the values of the activation energies at the beginning
period of the process, Ea4, with the corresponding values at the final period,
Ea,, it was found for all concentrations that Ea; < Ea.. Thus, at low
concentrations, the rate of the reaction products dissolution as MgSOs,
Mg(HSOs3)2, Ca(HSO:s),, is higher, the absorption takes place according to
the model of grain without crust formation. In these conditions, the

concentration of HSO; ions at the reaction surface (the outer surface of the
granule) is sufficiently high so that the rate of chemical reactions (4, 7) is not
the limitative stage in the process (see proposed mechanism).

The global rate is determined by the diffusion of HSO; ions through

the liquid phase at the outer surface of the granule (external diffusion). Ea
is twice higher than Ea; for suspension concentrations of 5% and 10%, and
Eazis one time higher than Ea; for the concentration of 15%, probably due
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to the thickness of the reaction products crust. In the second period,
corresponding to the final stage of absorption, the concentration of Mg(HSO3)2 and
Ca(HSOs), in the liquid phase increases, the dissolution rate decreases, and the
contribution of mass transformation processes increases. In these conditions,
the activation energy Ea: is higher than Eai. At a dolomite-brucite concentration
over 10%, the concentration of solids in liquid phase increases too much, so
that the reaction products as Mg(HSOs3), and Ca(HSOs)2, are no longer
dissolved. The reaction products remain as crust on the outer surface of the
granule and the process takes place by the unreacted core model. Through

the reaction products crust the access of HSO; ions to the reaction surface

decreases, so that the rate of the chemical reaction decreases. Although the
contribution of mass transformation processes increases, as emphasized by
the higher Ea; activation energy, the diffusion phenomenon through the crust
(internal diffusion) remains limitative.

Macro-kinetic mechanism of the process

The wet process of SO, absorption into calcium and magnesium
carbonate suspension (slurry) is a complex process, with two basic stages:
a) the mass transport (diffusion) through one of the phases (gas, liquid,
solid); and b) the mass transformation as dissolution of reagents, chemical
reaction, formation and growth of new phase germs.

Several mechanisms of SO, absorption into the slurry of calcium
carbonate are presented in the literature [16,21-26]. Figure 7 shows the
structure of the global process proposed in the present study. According to
this mechanism, the process is carried out in the liquid phase, after the
calcium carbonate and sulfur dioxide dissolution. The analysis of the phase
equilibrium shows that the solubility of the solid compounds participating in
the reaction is very small (Table 2).

Table 2. Solubility data of the compounds [27,28]

Component
Solubility CaCOs MgCOs Mg(OH)2 CaSO0; MgSO:
(9/100g sol.) 0.0069 0.2200 0.0084 0.0054 0.5250

The low solubility of the carbonates (Table 2) correlated with the low
dissolution rates, excludes the possibility of full reaction between SO, and
carbonates in the liquid phase.
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Figure 7. The sequence of elementary stages in the global process

Based on the macro-structural element of the mass reaction, the
characteristic equation can be written as:

[ CaCO, + MgCO,+ Mg(OH), + A" | +[H,SO, + SO, + H,0], >
[ CaCO, + MgCO, + Mg(OH), + CaSO; + MgSO, + 4" | +
[Ca(HSO,), + Mg(HSO,), + H,S0, + H,0], +[CO, |

g

The mass transformation processes, in accordance with the
characteristic equation, are:

SOy, &= 50,, )
50,,, +H,0==H,50,, 2)
H,50,,, —=H" +HSO;,, (3)
MeCOy, +HSO;,,—>MeCO, + HSO; (4)
MeCO, * HSO;,,, ——>MeSOy, +HCO;, (5)
SO,,, + H,0+ HCO; — HSO; +CO, + H,0 (6)
MeSOy,, + HSO; + H,0—— Me( HSO, )zm +H* (7)
Me( HSO, >an —— Me( HSO, )M (8)
H* + HCO; —— H,0+CO, 9)
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In the absorption zone, in addition to reactions (1)-(9), secondary
reactions (10)-(11) and the oxidation of the sulfites can take place (12)-(13):

Ca(HSO,), + 0,—>CaS0,,, + H,S0, (10)
CaSO,,, +2H,0—> CaSO,-2H,0,, (11)
Mg (HSO;), + 0,— MgSO,,, + H,S0, (12)
MgSO0,,, +2H,0+Ca(HSO,), — CaSO, - 2H,0,, + Mg ( HSO,), (13)

The structure of the process can be now illustrated by the diagram
shown in Figure 8.
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d ¥ ! DimL[CafHSGj.’a_5421’1‘:"303};‘-9

Figure 8. Process structure of the gas desulphurization
with dolomite-brucite suspension

According to the process structure above, the reaction between
dolomite-brucite particles and sulfurous acid has shown three possible
macro-kinetic mechanisms: a) the transport of the reactants into fluid phase;
b) the mass transformation processes as chemical reactions in the liquid
phase or at the surface of dolomite-brucite particles; and c¢) the combined
model as mass transport into the fluid phase-transformation.

CONCLUSIONS

Based on the study of the sulfur dioxide chemisorption into wet
dolomite-brucite suspension, a new macro-kinetic mechanism was proposed
according to which the chemical reaction between H,SO3 and MeCOs takes
place into the adsorbed layer, at the outer surface of the granules. The
influence of the concentration of the dolomite-brucite suspension and of the
temperature on the global process was determined.

The process analysis by the activation energies suggests that SO,
chemisorption in dolomite-brucite suspensions takes place after the macro-
kinetic model in which the diffusion is the limitative step. At suspension
concentrations lower than 5% and high temperatures, the chemisorption
process takes place according to the shrinking core model, without crust,
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when the diffusion of H.SO; through the liquid phase is the limitative stage.
At concentrations higher than 10% the chemisorption process is carried out
according to the unreacted core model with crust formation of reaction
products, when the diffusion through the crust of products remains the
limitative phenomenon.

EXPERIMENTAL SECTION

The sulfur dioxide absorption was carried out in a laboratory
cylindrical batch reactor, as was described in [29]. The evolution of the
process was determined by weighing the samples collected with a pipette
from the absorption reactor, at each 5 minutes. After weighing, the samples
were diluted with about 100-150 mL distilled water. The SO, dosing was
carried out using iodometric means, with 0.05N iodine solution in the
presence of starch.

The dolomite-brucite suspensions used in the research had three
concentrations: 5%, 10% and 15%. Working temperatures were 293 K, 313
K and 333 K. The absorbent suspension was prepared using dolomite-
brucite solid obtained by grading on Retzsch sieves, with the size less than
125 uym. The analysis with Coulter-Counter device indicates a mean particle
size dsgy, Of 2.75 pm.

Due to the fact that the rate of desulphurization process depends on
the reactivity of the suspension, the main textural properties and chemical
composition of dolomite-brucite have been determined. Textural properties
were investigated with surface area analyzer Qsurf Series M1. The specific
surface area of the samples was determined by measuring nitrogen
adsorption/desorption isotherms at 77 K, using the Brunauer, Emmett and
Teller (BET) relation. The specific surface (Sspec.) area as the average of
three measurements was found to be 1.5 m?/g.

Table 3. The composition, specific surface area and porosity
of the dolomite-brucite rock

Component CaCOs Mg(OH)2 MgCO:s SiO2 H20
(wt.%) 62.98 21.35 2.34 3.23 10.03
Sspec. (mzlg) 1.5

Porosity (cm?/g) 0.0052

TG analysis indicates that dolomite-brucite contains three principal
compounds, CaCO3, MgCOs and Mg(OH)., with a very compact form at the
room temperature, which is confirmed by the very low values of the specific
surface area and porosity.
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MAXIMIZING ENERGY SAVINGS ATTAINABLE BY DYNAMIC
INTENSIFICATION OF BINARY DISTILLATION
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ABSTRACT. Dynamic intensification of distillation columns has shown
significant promise in achieving energy savings with minimal investment in new
equipment. Conceptually, it entails making a desired product as a blend of two
auxiliary products (one with higher purity, the other with lower purity, but both
having lower energy consumption). Practically, dynamic intensification means
periodically switching between two operating states corresponding to the
aforementioned products. Past work has relied on ad-hoc choices of auxiliary
products. In this paper, we introduce a new optimization framework for selecting
auxiliary products for dynamic intensification. An extensive case study concerning
the separation of a methanol/propanol mixture is then presented. We show that
optimizing the choice of auxiliary products can lead to significant energy savings
(more than 3.6% compared to a column operated at steady state) derived from
dynamic intensification.

Keywords: process intensification; dynamic intensification; distillation; energy
efficiency, optimization

INTRODUCTION

The chemical industry turns raw materials into value-added products
via physical and/or chemical transformations. In most circumstances, the
feedstock of chemical plants contains (traces of) impurities. Moreover, most
chemical reactors are not designed for complete conversion, and many chemical
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reactions produce a (set of) desired product(s) and (several) undesired by
product(s). As a consequence, chemical plants comprise reaction and separation
units, interconnected via material and energy recycle streams [1]. Separation
units account for a significant portion of the capital and operating cost of a
chemical plant, with distillation being the dominant approach for separating
liquid mixtures. In the United States alone, it was estimated that there are
about 40,000 distillation columns in operation, which handle 90-95% of total
separation needs [2]. Distillation columns are quite flexible and robust in
dealing with fluctuations in feed quality and product constraints [3]. However,
distillation is a thermal process that exploits the difference in volatility between
the components of the mixture. This requires that the mixture to be separated
be brought to a boiling state, which, in turn, entails a significant energy input.
The theoretical energy use of distillation columns is driven by the nature of
the mixture, and increases as the throughput of the system increases. The
energy demand (typically described in terms of the amount of steam supplied to
the reboiler) of columns used in industry is further increased by inefficiencies
related to heat loss, heat transfer, etc. Overall thermal efficiencies as low as
10% may be encountered in practice [4].

Significant research and engineering efforts have been directed at
lowering the energy consumption of distillation columns. In the design realm,
we recall, e.g., thermal integration concepts (whereby a heat source — typically a
condenser — within a column or a distillation train is used to meet heat demand
in a sink — typically a reboiler), intensification (such as the case of dividing wall
columns, whereby the function of two or more distillation columns is combined in
a single shell, compartmented by a septum/wall) [5,6,7].

In the operations area, work has focused on imposing cyclic operating
patterns that segregate liquid and vapor traffic in the column, with the purpose of
minimizing energy inefficiencies associated with (re)mixing. The advent of these
ideas can be traced back to the 1960s [8], and research continues to date. The
implementation of cyclic distillation concepts can lead to significant energy
savings (compared to a conventional column of the same capacity) [9] but
entails major equipment changes. Separating the movement of the vapor and
liquid phases requires special trays and control strategies that can manage
frequent (occurring every minute or faster) flow redirection. The capital
expenditure is significant for new projects, and can be prohibitive for retrofits.

In several recent publications [10,11], we introduced dynamic
process intensification (DPI) as a novel operational approach for lowering
energy use in distillation columns. DPI exploits the nonlinearities inherently
present in the static behavior of distillation columns to create periodic, dynamic
operating patterns that produce the same output (in terms of time-averaged
flow rates and purities of the products) as an equivalent conventional column,
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but with lower energy consumption. Importantly, DPI relies on existing distillation
hardware and can therefore be deployed on a significant number of columns
already in operation.

Our early work in DPI focused on demonstrating the concept empirically;
in this paper, we propose a rigorous optimization framework for defining the
maximum energy savings attainable by DPI. The paper is organized as follows:
in the next section, we introduce the DPI framework and the underlying physics.
Next, we define the optimization framework for computing the maximum achievable
energy savings. A case study, focused on the separation of an equimolar
methanol/propanol mixture is presented, demonstrating considerable energy
savings compared to the empirical case. Finally, we draw conclusions and
propose potential directions for future work.

DYNAMIC INTENSIFICATION OF BINARY DISTILLATION: CONCEPT

We begin by defining dynamic process intensification (DPI) in the general
case, as any “changes to the dynamics, operation strategy, and/or control of
a process that lead to a substantially more efficient processing path.” [11]
This general statement was translated to the intensification of binary distillation
columns by exploiting their intrinsically nonlinear behavior. Specifically, early
work by Jacobsen and Skogestad [12] (later confirmed experimentally by
Koggesbol et al. [13]) revealed an economically interesting output multiplicity.
This consists of a nonlinear steady-state characteristic whereby the same reboiler
duty Qg (manipulated input and significant contributor to column operating cost)
could lead to two different values of the distillate purity yq (controlled variable/
output), as shown in Figure 1.

123F o IT
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~a 12.2f 1'[1
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0.88 0.9 0.92 0.94

Yq
Figure 1. Nonlinear non-monotonic representation of target and two auxiliary
products in terms of distillate purity and reboiler duty
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This observation served as the basis for formulating the DPI paradigm
for binary distillation columns in terms of producing an energy-intensive (i.e.,
having high reboiler duty Qg*) product IT*, with target purity y4*, as a mixture
of two auxiliary products I11and IT 2, having purities yq.1 (higher than the target
purity) and, respectively, purity yq2 (lower than the target purity). The reboiler
duties corresponding to the auxiliary products are, respectively, Qg1 and Qg 2.
Importantly, both Qg1 and Qg2 are lower than Qg* and, as a consequence,
the mixture of the two auxiliary products, chosen in the appropriate proportion,
can have the same average purity as target purity yq*, but lower average
energy consumption than Qg*.

Of critical importance here is the split coefficient a, defined such that:

a Product Flow Rate IT4 + (1 - a) Product Flow Rate I, =
Product Flow Rate IT*
a Product Purity T4 + (1 - a) Product Purity T, =
Product Purity IT*

(1)

That is, a is weighting the product qualities of the auxiliary products,
such that the weighted average of the respective values is equal to the
desired/target value for the desired product IT*. From a practical perspective,
the implementation of this concept entails operating a single distillation
column in a transient, periodic fashion, switching between making products
I11 and Iz with a frequency dictated by a. The desired product IT* is obtained
as a time-averaged mixture of the auxiliary products. Naturally, in practice,
this requires the installation of holding tanks for the distillate and bottoms
products of the distillation column, where the high purity and low purity
auxiliary products are mixed and the “time averaging” occurs.

The DPI concept described above is not applicable immediately to
binary distillation columns due to an additional complication. Conditions (1)
cannot be simultaneously met by altering only the boilup rate. First,
considering, e.g., the case of the distillate product, it is intuitive that, as the
distillate purity increases, its flow rate will drop. In turn — based on the column
overall and component material balances — the bottoms flow rate will increase,
and the purity of the bottoms product (in terms of the heavy component) will
drop to accommodate the decrease in the amount of light component that
leaves the column as distillate.

In our previous work, we have resolved this problem by defining the
auxiliary product in terms of broader operating states, characterized as
a function of the values of multiple manipulated variables. In addition to boilup
rate, these include, e.g., reflux rate, column pressure. In this manner, we
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demonstrated that, with the appropriate choice of the split coefficient and auxiliary
operating states, a periodically operated distillation column can meet, on average
over time, all the product specifications (purity, flow rate) of a conventional,
steady-state column, but with lower energy consumption (defined in terms of
reboiler duty or the sum of reboiler and condenser duties).

OPTIMIZING AUXILIARY PRODUCTS FOR DYNAMIC INTENSIFICATION

Our previous work relied on ad-hoc choices of the auxiliary products
and related operating states. These were largely based on empirical
exploration, via steady-state simulation, of the static nonlinear response of
a column to changes in the manipulated variables frequently used in practice.
In this section, we aim to set this exploration on a rigorous basis. Below,
we describe an optimization problem formulation that captures the search
for the optimal auxiliary operating states and split coefficient for dynamic
intensification.

The inputs of the problem are as follows: we assume that the parameters
of the binary feed mixture and target properties of the distillate and bottoms
products (flow rate, composition) are known, and that the desired separation
is feasible with a finite number of theoretical stages. Further, we assume that
a steady-state model of the column is available, reflecting the material and energy
balances, as well as relevant constitutive relations (e.g., phase equilibria) of
the column operating at the respective state. Finally, we state that the choice
of n manipulated variables (MV;, i=1,...,n) to be used in imposing periodic
operation is fixed a priori (that is, the optimization procedure will not select
which column inputs to manipulate; rather, it will set their values within known
upper and lower bounds). Implicitly, we assume that a control scheme can
be designed to impose the periodic transitions between the two auxiliary
operating states.

Under these circumstances, the goal of solving the optimization
problem is to identify the values of the split coefficient and the values
MV;;and MV, of the manipulated variables at each of the two operating
states, such that the weighted average energy consumption of the column
aQg1 + (1 - @)Qs2 is lower than that of the aforementioned steady-state
design. The constraints of the problem include, i) ensuring that flow rate and
quality constraints (1) are met for distillate and bottoms, ii) that the manipulated
variables are within their bounds, and iii) that the material and energy
balance equations are satisfied at both auxiliary operating states.

Thus, the problem statement is as follows:
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min aQg1+ (1-a)Qs2
a, MV1, MVi2
s.t.
quality and flow constraints (1) (2)

MV/’,min < MVIS MVi,max
Umin < A& < A max
F(MVi7)=0
F(MVi2) =0

where F(MV; 1) = 0 and F(MV.) = 0 reflect the constraint that the material and
energy balance equations of the column must be satisfied at both auxiliary
operating states.

We note that problem (2) is nonlinear and non-convex, and multiple
local minima are to be expected. One of these minima is in fact the original
set of operating conditions of the column, where MV, s = MV;2>= MV} In order
to steer the optimization solver away from this trivial solution, additional
constraints should be included; these can be of the form

Mvi,min,1 < MV/1 < Mvi,max,1
MVi,min,Z < MVIZ < MV/’,max,Z (3)
MV/’,max,1 < MV/’,min,Z

CASE STUDY: OPTIMAL DYNAMIC INTENSIFICATION OF A METHANOL-
PROPANOL BINARY DISTILLATION COLUMN

In this section, we build on the extensive case study of the dynamic
intensification of a methanol-propanol binary distillation column, that we
presented earlier [11], and identify the optimal (rather than ad-hoc) auxiliary
operating states. Figure 2 shows the design and control configurations of the
column and lists operating conditions under the reference steady state for
the target distillate and bottoms products. The column has a total of 8 stages,
including a total condenser and a reboiler, and was modeled in AspenPlus [14].
An equimolar mixture of methanol-propanol enters the column at stage 4 as
a saturated liquid at 1.03 bar. The reference steady state operating pressure of
the columnis 1.00 bar, with 300 kmol/h reflux rate and 11.51 boilup ratio. The
target distillate purity is yq* = 87.37%, with a distillate flow rate of 34.26 kmol/h.
Two blending tanks are used to reflect the needs of dynamic intensification.
These tanks were not explicitly modeled and are assumed to be sufficiently
large to filter fluctuations in product flow rates and compositions. Six control
loops are implemented:
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boilup ratio/rate is adjusted using steam flow rate to the reboiler

the reflux rate is adjusted using the reflux valve

column pressure is controlled using coolant flow rate

the feed flow rate is controlled using the feed valve

condensate drum and sump levels are stabilized using distillate and
bottoms flow rates, respectively.

Condenser

Pep Reflux,

&

Cooling Water

Column Pressure |

100bar | /'_\

Reflux Drum

2 stages |‘ 4’@ Distillate

above feed

_ Reflux
5 kmol/min
% E 0.57 kmnolmin
Feed | Feed stage methanol 87.4 %

1 kmol/min propanol 12.6%
methanol 50.0% 1.0 bar
propanal 50.0% 66.69 C

1.03 bar 3 stages

7668 C below feed

Column
- Blending Tank
Bottoms
Wapor
@ -
043 kmol/min

methanol 0.3 %

propanol 99.7%
1.07 bar

Steam 98.49C

Figure 2. Schematic configuration of methanol-propanol binary column and
operation conditions for reference steady state

Four manipulated variables were used to define the auxiliary operating
states for dynamic intensification: reflux rate, boilup rate, column pressure
and feed stream pressure. Figure 3 a) shows the effect of varying reflux rate
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on reboiler duty under fixed pressure. As expected, lower reflux rates require
less energy to reach same purity as in the base case, at the cost of a drop in
distillate flow rate. Figure 3 b) presents the influence of column pressure on
reboiler duty under fixed reflux rate. Somewhat counter-intuitively, higher
pressures can save energy while maintaining same purity. The reason is that
increasing pressure diminishes the amount of material vaporized.

Figure 4 shows that the pressure of saturated liquid feed has a similar
effect on reducing reboiler duty as the column pressure. At the same purity,
higher feed pressure is favorable to reducing reboiler energy consumption.
This is due to the characteristics of the vapor-liquid equilibrium. As pressure
increases, the temperature of the feed increses and therefore less steam is
required to reach same bottoms temperature, with minimal impact on separation
performance.

; - . . v
e 204 kmolin 12.4 8, 4 0.95 bar|-
——300 kmol/h , ——1.00 bar
12.5 306 kmol/h| ‘A.‘ 1.01 bar
‘A
oy = 12.35 ay,
S S =
o e a,
[ o =Y
o o 123 s
A‘.‘
‘A‘
'Y
12.25 44
0.85 0.9 0.95 1 0.86 0.87 0.88
yd yd

Figure 3. a) Effect of reflux rate on reboiler duty at operating pressure of
1 bar and feed pressure 1.03 bar; b) Effect of operating pressure
on reboiler duty under fixed reflux rate 300 kmol/h

12.4

—&—1.03 bar
——1.08 bar
1.13 bar

12.35
=
]
O 123}
(1]
o
12.25}
12.2 : : :
0.86 0.87 0.88
Yq

Figure 4. Effect of saturated liquid feed pressure on reboiler duty under
operating pressure 1 bar and reflux rate 300 kmol/h
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In our previous work [11], we empirically selected two auxiliary operating
states, reaching 1.4% energy savings for periodic operation/dynamic intensification
compared to the steady-state column. Below, we implement the optimization-
based strategy outlined above to maximize these savings.

The optimization problem includes nine decision variables: one defining
the overall operation (a) and four for each auxiliary product/operating point,
specifically column pressure (P), feed pressure (Pr), boilup ratio (Bratio) and
reflux rate (Reflux).

Min aQg,1 + (1 - @)Qs2
Subject to:
aDistillate 1 + (1 - a)Distillate » = Distillate*
ayd1+ (1-a)ydz2=Yyd*
|:’min,1 < P1 < Pmax,1
Prmin,1 < Pr1 < Prmax.1
Bratiomin,1 < Bratio1 < Bratiomax1 4)
Refluxmin 1 < Refluxs < Refluxmax 1
I:>min,2 < P2 < Pmax,2
Pemin2 < Pr2 < Prmax2
Bratiomin2 < Bratio, < Bratiomax2
Refluxmin2 < Refluxz < Refluxmax2
Omin < & < A max

Inequality constraints reflect upper and lower bounds for the eight
decision variables which are subject to change according to the different
auxiliary operating points. The upper and lower bounds for the split coefficient,
a, are, respectively, 0.01 and 0.99 to guarantee at least 1% of contribution
from one of the auxiliary operating points. The problem was solved for two
product purities, yq* = 83.37% (Table 1 lists bounds used for this case), and
ya* = 92.97% (Table 3). We note that quality and flow rate constraints were
only set on the distillate product; since this is a binary column, the desired
flow rate and composition of the bottoms stream are achieved implicitly by
virtue of closing the material balance.

The problem was implemented and solved in AspenPlus V8.8 [14].
The flowsheet (Figure 5) uses two column units (represented as RadFrac
blocks) to represent the two auxiliary operating states (which correspond to
a low purity and, respectively, high purity product). The splitter blocks are
used to reflect the effect of the split coefficient, while a mixer block mimics
the mixing tank where the final blended product is collected. The optimization
problem was solved using the DMO solver. The objective convergence tolerance
was set to 1e-6 and residual convergence tolerance to 1e-5. To facilitate the
numerical solution, the equality constraints on distillate flow rate and purity in
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(4) were reformulated as inequalities, with tolerance 5e-4%. Given a feasible
initial solution, the problem could be solved in a matter of seconds on an Intel
Core i7 computer with 32GB RAM running Windows 10.

1-a

Low purity
column
mixing
[cow] X N Ave

High purity
column

Figure 5. Aspen Plus flowsheet

Table 2 summarizes the results of the optimization calculations for
ya* = 83.37%. The results show a potential 3.63% energy savings with no
impact on product quality. The values of the manipulated variables follow the
trends expected based on the discussion above (Figures 3 and 4). Both
operating and feed pressure approached their upper limits and the reflux rate
reached its lower limit.

The second run of the optimization problem focused on dynamic
intensification at a higher purity point, ys* = 92.97%. Table 4 lists the
corresponding optimized auxiliary operating points, based on the bounds
on the manipulated variables defined in Table 3. The optimization results
show similar energy savings for the higher purity target, with closely matched
average stream qualities.

A couple of remarks are in order. First, the energy savings are quite
significant, and achieving them only requires changes in operating strategy
with minimal hardware modifications. Second, we note that the implementation
of results similar to the ones presented above in the form of a transient,
periodic operation strategy was successfully demonstrated via dynamic
simulation in our previous papers [10,11].
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Table 1. Upper and lower bounds for decision variables, yq¢* = 83.37%

Low purity state II, High purity state II,
Decision Lower bound  Upper bound Lower bound  Upper bound
variables
Bratio 10 12 10 12
Reflux (kmol/h) 287.9 293.9 300.1 306.1
P (bar) 0.96 1.06 1.001 1.101
P (bar) 0.99 1.09 1.031 1.131

Table 2. Optimal operating conditions, y4¢* = 83.37% with a. = 0.01

> I, I, Weighted %
Ave difference

Y, 0.8737 0.8765 0.8737 0.8737 -0.0005
F ethano (KMOI/N) 29.9339 29.9322 299336 29.9336  -0.0010
Distillate (kmol/h) 34.2614 34.1489 34.2624 34.2612  -0.0005
X, 0.9974 0.9974 0.9974 0.9974 -0.0012
Fpropanol (kmol/h) 25.6725 25.7833 25.6713 25.6724  -0.0005
Bottoms (kmol/h) 25.7386 25.8511 25.7377 25.7388  +0.0007
P (bar) 1 1.0024 0.9841
Pr (bar) 1.03 1.131 1.09
Bratio 11.5102 11.4308 11.0774
Reflux (kmol/h) 300.0 300.1 287.9
Qg (GJ/h) 12.2976 12.2644 11.8464 11.8506 -3.6347

Table 3. Upper and lower bounds for decision variables, yqd* = 92.97%

Low purity state II, High purity state II,
Decision variables Lower bound Upper bound Lower bound Upper bound
Bratio 9 12 9 12
Reflux (kmol/h) 286 286.4 299.9 300.3
P (bar) 0.9 0.92 1.001 1.021
P (bar) 0.93 0.95 1.031 1.051
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Table 4. Optimal operating conditions, yq¢* = 92.97% with o. = 0.01

New IT* I, I, Weighted %
Ave difference
Yq 0.9297 0.9901 0.9291 0.9297 +0.0004

Frenano (KMOVD) 098769 29.0328  29.8854 29.8768  -0.0002
Distillate (kmol/h) ~ 32.1362  29.3218  32.1644 32.1360  -0.0006
X, 0.9956 0.9672  0.9959  0.9956  -0.0002
F oropanal (kmol/h) 27.7407  29.7110  27.7209 27.7408  +0.0005
Bottoms (kmol/h) ~ 27.8638  30.6782 27.8356 27.8640  +0.0007
P (bar) 1.00 1.021 0.92

P (bar) 1.03 1.051 0.95

Bratio 10.3947  9.21501  9.97547

Reflux (kmol/h) 299.5 299.9 286.0

Q, (GJ/h) 12.0251 11.7238  11.5867 11.5881  -3.6342

CONCLUSIONS

In this paper, we presented recent developments in maximizing the
economic and energy saving benefits derived from dynamic intensification of
distillation column operations. Conceptually, this entails making a desired
product as a blend of two auxiliary products (one with higher purity, the other
with lower purity, but both having lower energy consumption). Practically, dynamic
intensification means periodically switching between two operating states
corresponding to the aforementioned products. Past work has relied on ad-hoc
choices of auxiliary products. Here, we formulated the problem of identifying said
products as an optimization problem. An extensive case study concerning the
separation of an equimolar methanol/propanol mixture demonstrated that
optimizing the choice of auxiliary products can lead to significant energy savings
(more than 3.6% compared to a column operated at steady state) with minimal
hardware additions. We expect that these concepts can be extended to ternary
separations and beyond, and the dynamic intensification of ternary columns
constitutes the subject of ongoing work in our group.
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ABSTRACT. The energy conversion systems based on partial oxidation
processes (hydrocarbons catalytic reforming, solid fuel gasification) are
very promising for integrating carbon capture technologies due to high CO2
partial pressure in syngas to be treated. In these systems, the water-gas-shift
(WGS) reaction has a very important place in concentrating the syngas energy
as hydrogen and to convert carbon species as COz. This paper is evaluating
various WGS process configurations to be applied in catalytic reforming and
gasification designs ranging from the conventional designs (multiple catalytic
shift reactors) to more innovative reactive gas-solid systems (chemical &
calcium looping) for simultaneous syngas conversion and CO2 capture. As
the evaluations show, the reactive gas-solid systems are more promising in
reducing energy penalty for CO2 capture as well as to increase the overall
energy efficiency and carbon capture rate. As illustrative examples, the coal
gasification for hydrogen and power co-generation with carbon capture were
assessed.

Keywords: Partial oxidation, Water-gas-shift, Carbon capture, Reactive gas-
liquid and gas-solid systems.

INTRODUCTION

The fossil fuel intensive industrial applications are facing increasing
pressure from the point of reducing greenhouse gas (GHG) emissions as well as
to secure primarily energy supplies [1]. In the last decade, significant research
and development efforts were directed to reduce GHG emissions (in combating
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global warming and climate change) and also to find promising energy
conversion systems with higher energy efficiency. Along this line, a large variety
of conceptual methods can be used e.g. replacing fossil fuels (natural gas, coal,
lignite) with renewable energy sources (solar, wind, biomass) as energy carriers,
increasing the energy efficiency of large scale industrial systems, improving the
end-user energy utilization, fuel switching, nuclear energy, large scale deployment
of Carbon Capture, Utilization and Storage (CCUS) technologies [2].

Among the most important two energy conversion concepts (based
on fuel total and partial oxidation methods), the partial oxidation (PO) systems
have significant advantages [3-5] e.g. lower effort to introduce the carbon
capture (due to higher CO; partial pressure in syngas compared with flue gas),
better overall energy efficiencies, poly-generation capabilities (ability of the plant to
produce simultaneously various energy carriers e.g. power, hydrogen, methanol,
synthetic methane etc.). Two main partial oxidation systems are used: (i) catalytic
reforming of hydrocarbons (gas or liquid) and (ii) solid fuel gasification. In PO
designs, the conversion of carbon monoxide and steam to carbon dioxide and
hydrogen is of paramount importance for a two-fold reason [6]: concentration of
syngas energy as hydrogen and converting most of carbon species as CO-
to be later captured. The reaction of water gas shift (WGS) is the following:

CcO + H,O > CO, + H>

The WGS conversion of syngas can be done in various process
configurations as evaluated in the present paper [7-9]. The assessments are
geared towards the evaluation of process configurations on key plant performance
indicators (e.g. overall energy efficiency, ancillary energy consumptions, carbon
capture rate, specific CO2 emissions etc.) of various WGS conceptual designs.
The assessed WGS process options are:

(i) Conventional catalytic conversion using 2-3 reactors in series either in
clean shift conditions (with applications in natural gas reforming technologies) or
sour shift conditions (with applications in coal gasification);

(i) Iron looping (FeL) cycle using three interconnected circulated fluidized
bed (CFB) reactors where the following reactions take place [10]:

- Syngas (fuel) reactor:

3CO + FeO3 — 3CO, + 2Fe
3H, + Fex0O3 — 3H,O + 2Fe
- Steam reactor:

3Fe + 4HO — Fe3O0s + 4H:
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- Air reactor:
2Fe30, + 1120, — 3Fes03

(iii) Calcium looping (Cal) cycle using two interconnected circulated
fluidized bed (CFB) reactors where calcium-based sorbent is used to move
the WGS equilibrium to the right according to the following reactions [10]:

- Carbonation (sorption enhanced water gas shift) reactor:

CO + HO + Ca0O — C(CaCOz + H
- Calcination reactor:
CaCO3; — CaO0 + CO;

As can be observed, both above mentioned high temperature
looping cycles have as global WGS reaction as for catalytic case.

As illustrative case studies, this paper is assessing coal gasification
as partial oxidation energy conversion system in conjunction with the above
mentioned WGS configurations for hydrogen and power generation with
carbon capture using reactive gas-liquid and gas-solid systems. The main
novelty of this paper is relating to the evaluation of WGS systems based on
chemical and calcium looping technologies for improved energy efficiency.

PLANT CONFIGURATIONS AND MAIN DESIGN ASSUMPTIONS

The Integrated Gasification Combined Cycle (IGCC) is a power
generation technology in which the solid fuel is gasified with oxygen and
steam to produce syngas [11]. After desulphurization, the syngas is used in
a Combined Cycle Gas Turbine (CCGT) for power generation. When
carbon capture step is integrated into an IGCC plant, WGS reaction has the
purpose to concentrate the syngas energy as hydrogen as well as carbon
species as CO2[12-14]. The conceptual design of IGCC plant for hydrogen
and power co-generation with carbon capture using conventional catalytic
WGS conversion and gas-liquid absorption is presented in Figure 1.

In this design, the mixture of hydrogen and carbon dioxide resulted
after WGS conversion is fed to the Acid Gas Removal (AGR) unit where
using a reactive gas-liquid absorption (e.g. Methyl-DiEthanol-Amine - MDEA)
COs is captured. The resulted hydrogen-rich gas can be either used in a
combined cycle block for power generation or / and purified by Pressure
Swing Adsorption for producing 99.95% (vol.) hydrogen stream (either for
external customers of for energy storage purposes).
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Figure 1. Design of IGCC plant with conventional catalytic WGS conversion

The other two investigated WGS concepts (based on FelL and CalL
cycles) are using a more innovative technique - high temperature solid looping -
to convert the fuel (syngas) simultaneous with CO- capture. For illustration,
Figure 2 presents the conceptual design of Sorption Enhanced Water Gas
Shift (SEWGS) unit using calcium-based material [15-16].
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Figure 2. Design of carbon capture unit using CalL - SEWGS cycle
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In term of fuel, all cases used an international trade high grade coal
sort (Douglas Premium). As gasification reactor considered in all designs,
the dry fed syngas boiler configuration was chosen considering the high
energy efficiency and low syngas clean-up issues [11]. Also, in term of gas
turbine selection, a Mitsubishi Hitachi Power Systems - M701G2 was chosen
for all evaluated cases considering its good industrial experience in processing
hydrogen-rich gases as well as high energy efficiency and operational
flexibility. The following IGCC with carbon capture (based on reactive gas-liquid
and gas-solid systems) cases were assessed:

Case 1: IGCC plant with conventional catalytic WGS reactors and
MDEA-based gas-liquid absorption for CO; capture;

Case 2: IGCC plant with syngas-based iron looping cycle;

Case 3: IGCC plant with syngas-based calcium looping cycle.

The main design assumptions used in the modelling and simulation
of the above mentioned concepts are presented in Table 1 [3,13,17-18].

Table 1. Main design assumptions of assessed IGCC case studies (Cases 1 - 3)

Unit Parameters

Air Separation Unit (ASU)  |Oxygen purity (vol.): 95% Oz, 3% Ar, 2% N2
ASU power consumption: 195 kWh/ton oxygen
Gasification reactor Oxygen / coal ratio (kg/kg): 0.85
Steam / coal ratio (kg/kg): 0.11
Nitrogen / coal ratio (kg/kg): 0.10
Gasifier pressure: 40 bar
Gasifier temperature: ~1450°C
Fuel conversion: >99 %
Catalytic WGS conversion  |Sulphur tolerant catalyst (sour shift)
Two adiabatic catalytic beds
Pressure drop: 1 bar / bed
Acid Gas Removal - AGR  |Solvent: agueous MDEA solution (50% mass)

(all cases - desulphurisation) |Thermal solvent regeneration

Iron looping (FeL) cycle Fuel reactor: 31.5 bar / 750 - 900°C
Steam reactor: 30 bar / 700 - 800°C
Air reactor: 29 bar / 800 - 1000°C
Gibbs free energy minimization model
Pressure drops: 1 bar / reactor
Calcium looping (CalL) cycle |Carbonation reactor: 32 bar / 550 - 600°C
Calcination reactor: 31 bar / 900 - 980°C
Gibbs free energy minimization model
Pressure drops: 1 bar / reactor
CO2 compression and drying |CO: delivery pressure at plant gate: 120 bar
Compressor efficiency: 85%
Solvent used for drying: Tri-ethylene-glycol
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Unit

Parameters

Gas turbine

1 x Mitsubishi Hitachi Power Systems - M701G2
Gas turbine net power output: 334 MW

Heat rate: 9110 kJ/kWh (net efficiency: 39.5%)
Compressor pressure ratio: 21

Turbine outlet temperature (TOT): 587°C

Heat Recovery Steam
Generator (HRSG) and steam
cycle (Rankine)

Three pressure levels: 120/ 35/ 3 bar

MP steam reheat

Steam turbine isoentropic efficiency: 85%
Steam wetness ex. steam turbine: max. 10%

Heat exchangers

ATmin. = 10°C
Pressure drop: 2-5 % of inlet pressure

RESULTS AND DISCUSSIONS

The evaluated IGCC plant concepts were modeled and simulated
using ChemCAD software, the generated mass and energy balances being
used for quantification of main key performance indicators. For overall plant
energy efficiency optimization (targeting especially WGS unit), all evaluated
designs were thermally integrated using pinch methodology [19-20]. For
illustration, Figure 3 presents the hot and cold composite curves for all
three investigated WGS configurations along with syngas treatment line.
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Figure 3.a. Composite curves for catalytic WGS reactors (Case 1)
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Figure 3.c. Composite curves for chemical looping cycle (Case 3)

An important aspect to be mentioned is that for the chemical looping
cases, the operating temperatures of looping reactors are significantly higher
than for gas-liquid absorption (operated around atmospheric temperature).
As can be observed from Figure 3, for iron looping case (Case 2), more heat is
recovered as MP steam compared to Cases 1 and 3. Also, when compare
the looping cases, one can noticed that the thermal integration in Case 2 (Fel)
is better (hot and cold composite curves are closer) than for Case 3 (Cal).
These aspects will have an important influence on overall energy efficiency of
the plant as presented below.
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Table 2 presents the main performance indicators of evaluated IGCC
with carbon capture designs operated in power generation only.

Table 2. Overall plant performance indicators - power generation only

Main Plant Data Units Case 1 Case 2 Case 3
Coal flowrate (as received) t/h 165.00 162.00 225.00
Coal LHV (as received) MJ/kg 25.353
Coal thermal energy (A) MWin 1162.00 | 1140.88 | 1584.56
Gas turbine output (M701G2) MWe 334.00 334.00 334.00
Steam turbine output MWe 201.25 200.00 411.25
Expander power output MWe 1.01 1.25 1.40
Gross electric power output (B) MWe 536.26 535.25 746.65
Ancillary consumption (C) MWe 110.67 95.75 152.82
Net power output (D =B - C) MWe 425.59 439.50 593.83
Gross efficiency (B/A * 100) % 46.15 46.91 47.12
Net efficiency (D/A * 100) % 36.62 38.52 37.47
Carbon capture rate % 90.00 99.00 96.00
CO: specific emissions kg/MWhe 83.24 4.10 33.50

The high temperature looping cases (FeL and CalL) have superior
overall net efficiency (by about 0.9 - 1.9 points) and carbon capture rate
(90% vs. 96 - 99%) than conventional WGS catalytic conversion coupled
with reactive gas-liquid absorption for CO, capture. These results show the
good potential of chemical looping technology (which simultaneously
convert the syngas energy in a decarbonised energy carrier - hydrogen and
capture carbon from syngas) to replace in the future the conventional
technologies (catalytic WGS conversion and gas-liquid absorption).

Ancillary energy consumption of carbon capture unit is a factor with
paramount importance in any CCUS design. In this respect, the reactive
gas-liquid systems (as exemplified here by MDEA-based system) have a
clear disadvantage by the significant heat duty required to regenerate the
solvent (about 3 MJ/kg CO,). To evaluate in a holistic manner the ancillary
energy consumption for CO, capture, one can use primary energy
consumption for CO, avoided (SPECCA) calculated as follow [21]:

MJLH 4
MWh,
kg CO,
MWh,

MJLH 4
MWh,
kg CO,
MWh,

Power plant heat rate,,,,. [ 1= Power plant heat rate , ...

SPECCA =

]

Specific CO, emissions y, ..ur [ 1= Specific CO, emissions ¢,
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For an IGCC power plant benchmark case without capture, key
literature references (e.g. IEAGHG, NETL reports) were used [14,22]. The
SPECCA values calculated for the investigated concepts (Cases 1 to 3)
are: 2.75, 1.88 and respectively 2.36 MJ/kg. As also showed by SPECCA
indicator, the reactive gas-solid systems (FeL and CaL cycles) have lower
energy consumptions for CO; capture than the reactive gas-liquid system.

An important feature of gasification plants coupled with pre-combustion
CO. capture (exhibits here by all investigated concepts) is the ability of hydrogen
and power co-generation [23-25]. These plants can generate (according to the
instant power demand from the grid) either only electricity (peak times),
hydrogen and power (transient times) or only hydrogen for energy storage
(when power generation is low). This operational flexibility can be obtained by a
simple operational procedure - the gas turbine is gradually turned down to
displace a hydrogen stream for purification and then energy storage. To illustrate
the ability of hydrogen and power co-generation, Table 3 presents the variation
of performance indicators with hydrogen produced (in the range 0 - 200 MW,)
for Case 2.

Table 3. Overall plant performance indicators - hydrogen and power co-generation

Main Plant Data Units Power | Hydrogen and power

Coal flowrate as received) t/h 162.00

Coal LHV (as received) MJ/kg 25.353

Coal thermal energy (A) MWin 1140.88

Gas turbine output (M701G2) MWe 334.00 294.28 253.10
Steam turbine output MWe 200.00 181.01 162.24
Expander power output MWe 1.25 1.20 1.15
Gross electric power output (B) MWe 535.25 476.49 416.49
Hydrogen output (C) MWin 0.00 100.00 200.00
Ancillary consumption (D) MWe 95.75 94.33 92.84
Net power output (E =B - D) MWe 439.50 382.16 323.65
Net efficiency (E/A * 100) % 38.52 33.49 28.36
Hydrogen efficiency (C/A * 100) % 0.00 8.76 17.53
Cumulative energy efficiency % 38.52 42.25 45.89
Carbon capture rate % 99.00 99.00 99.00
CO:2 specific emissions kg/MWh 4.10 3.73 3.44

As can be noticed, the hydrogen and power co-generation have a
positive influence on overall (cumulative) plant energy efficiency, this indicator
increasing with the hydrogen output by about 3.7 net cumulative efficiency
point for each 100 MW, hydrogen produced. Other positive changes can be
observed: slight decrease of ancillary energy consumption (by about 1.5 MW,
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per each 100 MW, hydrogen) and specific CO, emissions (considering the total
plant energy produced). In addition to the technical performance indicators, the
economic indicators (e.g. specific capital investments, operational & maintenance
cost, CO, avoidance costs etc.) are also improving with hydrogen co-
production [25]. The development of flexible hydrogen production systems
with low carbon emissions (as evaluated in this work) are of great importance for
a sustainable development of key fossil fuel-dependent industrial sectors
e.g. heat and power, transport, petro-chemistry, metallurgy etc. [26-27].

CONCLUSIONS

This paper evaluates three water-gas-shift (WGS) process configurations
used in connection with a coal-based IGCC power plant with carbon capture as
follow: (i) conventional multi-catalytic reactors coupled with reactive gas-liquid
absorption; (ii) iron looping cycle and (iii) sorbent enhanced chemical looping
cycle. As the results show, the looping cycles have significant advantages
compared to conventional design e.g. higher overall plant energy efficiency
(by about 0.9 - 1.9 net efficiency points), higher carbon capture rate (96 -
99% vs. 90%) and lower SPECCA values (by about 0.4 - 0.9 MJ/kg). The
hydrogen and power co-generation based on IGCC design with carbon capture
has also significant operational advantages: better plant flexibility (cycling),
higher overall (cumulative) efficiency (3.7 net energy efficiency points per
each 100 MW, hydrogen), better techno-economic indicators.
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ABSTRACT. This study presents the sintering of new forsterite ceramics (FCs)
using nano forsterite powder, obtained by a sol-gel method. The forsterite
ceramics were sintered between 1200 and 1450 °C. The resulted forsterite
ceramics, namely FC at sintering temperature, T, written as FC(T), were
characterized by various methods, XRD, AFM, apparent density, porosity
and shrinkage. Mechanical properties were determined for FC(1400), with a
Young elastic modulus at about 43.84 GPa and nano-indentation hardness
at around 3.07 GPa. Furthermore, the in vitro biocompatibility of FC(1200)
was evaluated using cell staining with fluorescein diacetate, FDA, assay. The
cell viability results confirmed that forsterite ceramic, FC(1200), promotes cell
adhesion and proliferation in cell culture, with no significant cytotoxic effects.
These findings strongly recommend the new forsterite ceramics, as potential
biomaterials for biomedical applications.

Keywords: forsterite ceramics, porosity, density, biocompatibility

INTRODUCTION

In recent years, both forsterite ceramics [1-7] and forsterite composites
[8-10] were found of vital interest due to their potential applications in
biomedicine. Therefore, various techniques were developed to synthesize
nano-crystalline forsterite powder of high purity [11-20] for various applications,
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as bone substitutes and implants [16, 17] as well as for drug delivery [19, 20],
particularly due to its high bioactivity, good mechanical properties and
biocompatibility [3, 5-10,15].

In this work, the sintering of new forsterite ceramics (FCs) is reported
via nano forsterite powder, synthesized by using a sol-gel method. The forsterite
ceramics were fired between 1200 and 1450 °C and were characterized by
various methods including, porosity and mechanical properties. Also, the
forsterite ceramic sintered at 1200 °C, FC(1200), was investigated in cell
culture and demonstrated an excellent biocompatibility.

RESULTS AND DISCUSSION
New forsterite ceramics

The forsterite ceramics (FCs) underwent some changes depending
on their structural characteristics, like apparent porosity, apparent density,
and linear shrinkage as function of the sintering temperatures, 1200, 1300,
1400 and 1450 °C used in the fabrication process for the obtained FCs,
noted FC(1200), FC(1300), FC(1400), and FC(1450).
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Figure 1. Apparent density, apparent porosity and linear shrinkage determined for
forsterite ceramics in function of sintering temperature.
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As shown in Figure 1, the linear shrinkage of the sintered forsterite
ceramics displayed a steady increase from 12.46+0.16% to 17.03£0.15%, with
an increase in sintering temperature from 1200 to 1450 °C. Apparent density
increased from 1.91 #0.02 to 2.33£0.01 (g/cm?®), while the corresponding
porosity decreased from 39.15+0.16 to 25.05+0.14 %.

Statistical analysis evaluated with GraphPad Prism program showed
that increasing the sintering temperature induced an increase in linear
shrinkage. Statistically significant differences (p< 0.05) evaluated by one-way
ANOVA and Bonferroni's multiple comparison test were observed between
forsterite ceramics sintered at 1200 °C versus all the others forsterite ceramics
sintered at chosen temperatures. Strong differences were also identified between
forsterite ceramics sintered at 1300 °C versus both ceramics sintered at
1400 °C and 1450 °C. No significant differences were found between ceramics
sintered at 1400 °C and 1450 °C. The order among forsterite ceramics (FC) is:
FC(1200) <FC(1300)< FC(1400)= FC(1450). This data, shown in Figure 1,
revealed that FC(1400) is apparently the best regarding high compactness
of particles in the forsterite ceramic with potential application for bone repair
defects.

Statistically strong differences were also identified between apparent
density for forsterite ceramic sintered at 1200 °C versus all the other forsterite
ceramics, p<0.05; no significant differences were found among forsterite
ceramics sintered at 1300 °C, 1400 °C and 1450 °C (p>0.05). Therefore, the
corresponding value at the highest sintering temperature is not shown in
Figure 1. Statistically significant differences (p< 0.05) were observed between
apparent porosity for forsterite ceramic sintered at 1200 °C versus the other
forsterite ceramics, but without a statistically significant difference between
forsterite ceramic fired at 1400 °C compared to FC-1450, p>0.05; the last
value corresponding to 1450 °C is not shown in Figure 1.

Results obtained for the new forsterite ceramics, fired at temperatures
ranging from 1200 to 1450 °C, are comparable with those previously
reported [3] for similar forsterite ceramics, fired at higher temperature from
1350 to 1550 °C. Our new forsterite ceramics present the advantage that they
were obtained at lower sintering temperatures and demonstrated a unique
phase of forsterite structure without a secondary phase of MgO, as revealed
by XRD spectra. Also, it is important to emphasize that the forsterite ceramic,
FC(1200), obtained at the lowest sintering temperature, presents the highest
porosity and is selected for in vitro biocompatibility evaluation of its scaffolds by
using FDA assay in HFL culture.
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Mechanical properties of forsterite ceramic, FC(1400)

A novelty in the methodological investigation is represented by
nanoindentation, used directly for the first time on forsterite ceramic, FC(1400).
The AFM images on FC(1400) fired at 1400 °C are presented in Figure 2.
The surface topographies revealed a sintered ceramic having square shaped
crystal aggregates stacked together into a compact microstructure, Figures 2a
and 2b. The square sides of the aggregates vary from 2 to 4 ym and their
thickness is around 500 nm.

Distance, ym

c
Figure 2. AFM images of forsterite ceramic fired at 1400 °C, scanning area
10 um x 10 um; a) 2D-topography image; b) 3D-topography image;

c) cross section on the arrow in panel (a).

Several superficial pores occur due to the close packing of the crystals,
visualized in Figure 2b. They have polyhedral shape with a length situated
between 2 - 3 ym and a width of about 1 ym. The depth of pores depends
on their position related to the top of the surface and could achieve about
1.03 pym. The profile, in Figure 2c, shows the size of crystals with a thickness
situated at around 500 nm.

The hardness, 3.07 £ 0.11 GPa and Young elastic modulus, 43.84 +
3.29 GPa, for forsterite ceramics fired at 1400 °C temperature were measured
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by means of nanoindentation on the scanned area indicated in Figure 2.
The Young elastic modulus is higher than the corresponding values found
by others for cortical bone [30]. Therefore, it is reasonable to consider
FC(1400) as a good candidate for orthopedic and dental implants.

Cell staining with FDA

Cell viability in presence of forsterite ceramics fired at 1200 °C was
estimated by FDA assay at 1, 3 and 7 days in cell culture. The results are a
measure of cell proliferation rate.

a b C
Figure 3. Optical microscopy images of FDA stained (in green) HFL
after different incubation time, a) 1 day (1d), b) 3d, and c) 7d,
on the surface of forsterite ceramic scaffolds, fired at 1200 °C.

Following staining with FDA, living cells appear in fluorescent green
(Figure 3). By increasing the time of maintaining the forsterite ceramic,
FC(1200), scaffolds in the culture medium, from 1 to 3 and 7 days, the
number of living cells also increased.

The cell proliferation on forsterite ceramic scaffolds confirms that
forsterite ceramic promotes the proliferation of human fibroblast cells without a
significant cytotoxic effect. So, the forsterite ceramic, FC(1200), scaffolds are
thought beneficial for adhesion, growth and proliferation of cells with great
impact on biomedical applications

AFM on forsterite ceramic scaffolds

The AFM images obtained on the forsterite ceramic fired at 1200 °C
are presented in Figure 4. The surface topography is irregular (Figure 4a)
due to the presence of pores. The surface of forsterite ceramic, FC(1200),
is rather compact, particles being well sintered to one another. This fact is
also observed in the phase image where the particles appear in the same
shade of brown (Figure 4b). The pores between particles are better evidenced
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in the 3D representation in Figure 4c. The local surface roughness, expressed
as RMS [24, 25], of the FC surface is situated at 63 + 10 nm, depending on
pore size, on a scanned area of 1um x 1um.

120 240 360 480 600
Lateral distance, nm
d
Figure 4. The AFM image of forsterite ceramic, FC(1200), a) 2D-topography; b) phase
image; c) 3D-topography; d) cross section along the arrow given in panel a)

The size of surface pore is investigated by the surface profile illustrated
in Figure 4d. The average depth of the identified pore is around 164 nm.
The pore shape is rounded. Therefore, the equivalent diameter of this pore
is about 400 nm.

Definitely, the porous surface of scaffolds can promote cell attachment
and movement and thus, can support the excellent biocompatibility of
forsterite ceramics, FC(1200), as evidenced by FDA staining of fibroblasts
(Figure 3).

CONCLUSIONS

New porous forsterite ceramics were obtained by sintering at 1200,
1300, 1400 and 1450 °C from nano forsterite powder synthesized by an original
sol-gel method, using magnesium nitrate and TEOS as raw materials. The
apparent porosity of the four forsterite ceramics, decreased gradually with
the increase in sintering temperature from about 39 % at 1200 °C to 25 %
at 1450 °C. The FC(1400) revealed a rather high hardness of about 3 GPa,
which recommend this material for biomedical applications as porous implants.
388



SINTERING AND CHARACTERIZATION OF NEW FORSTERITE CERAMICS

However, mechanical properties need to be better investigated to determine the
specificity of these ceramics for clinical applications. Additionally, fosterite
ceramics FC(1200), revealed excellent biocompatibility in HFL culture, as
judged by cells staining FDA assay.

Taking into account that nano forsterite structure possesses
antimicrobial activity, the new porous forsterite ceramics developed in this
work are suitable for antimicrobial applications, serving as carrier for
antibiotics. These findings recommend the new porous forsterite ceramics
as a good choice for bone repair simultaneously protecting the bone against
microbial infections, which are produced especially by staphylococcus aureus.

EXPERIMENTAL SECTION
Preparation of forsterite ceramics

Nano forsterite powder was synthesized using 99.5% pure magnesium
nitrate hexahydrate (Mg(NOs)2-6H.O, Merck) and tetraethyl orthosilicate
(CeH2004Si - TEOS, Merck) as precursors, following a Mg:Si molar ratio of
2:1. Magnesium nitrate was dissolved in 200 mL ultrapure water. TEOS was
then added. A quantity of sucrose 4 times the previously added amount of
TEOS was dissolved in 400 mL ultrapure water. The dissolved sucrose was
added drop by drop into the precursor mixture. The final solution was then
homogenized on a magnetic stirrer for 2 hours. Polyvinyl alcohol (PVA) at a
ratio of 0.8:1 to the previously used sucrose was added to the homogenized
solution. The pH of the solution was brought to 1 using nitric acid (65%, Merck)
followed by a second homogenization period of 2 hours at room temperature
and a third one for another 2 hours at 80°C. The final mixture was aged for
24 hours at room temperature to allow for gel formation. The formed gel was
dried at 100°C in an air atmosphere until complete dehydration, resulting in
a black, thick gel that was finally thermally treated at 900°C for 2 h with a
heating rate of 5°C/min.

To obtain forsterite ceramics, the nano forsterite powder was mixed
with a aqueous solution of 6% poly vinyl alcohol (PVA, from Sigma-Aldrich),
leading to a granulated mixture, which was pressed into compact pellets, with a
diameter of about 6 mm and a thickness of around 2 mm at a specific
pressure of 500 kgf/cm? (49 MPa).

Then, the forsterite samples were fired in air at temperatures of 1200,
1300, 1400 and 1450 °C in a laboratory kiln at a heating rate of 2°C/min, for
3 h plateau, at each sintering temperature. Every experiment was repeated for
four times and the data are given as average values + SD (standard deviations).
For biocompatibility study in cell culture, the same FC pellets were used as
FC scaffolds.
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Characterization of forsterite ceramics

Phase composition. X-Ray Diffraction (XRD). The phase composition
of forsterite ceramics was determined using a Bruker D8 Advance diffractometer,
with Co, Ka1 = 1.79026 A, operated at 35 kV and 40 mA. The pattern was
collected for 29 range from 5° and 65°, with a step size of 0.02 °/ sec
(unpublished results). Phase composition of forsterite ceramics fired from
1200 to 1450 °C was determined and a unique forsterite phase was detected at
all sintering temperatures,

Morphology of FC thin layer. Atomic force microscopy (AFM)
imaging was performed in tapping mode, on a Jeol JSPM 4210 scanning
probe microscope using a specific cantilever NSC 15 hard produced by
Micromasch Co., having a spring constant of 40 N/m and a resonant frequency
of 325 kHz. Different macroscopic areas were investigated at different
scanning areas ranging from 5 pm x 5 ym to 1 ym x 1 ym. The AFM images
were obtained on layers of ceramics prepared similarly as already reported
for biomaterials [21-23] and surface roughness was determined by root mean
square, RMS, [24, 25].

Compactness characteristics. The compactness characteristics,
like apparent density, apparent porosity and shrinkage, were determined by
a hydrostatic method, weighing the FC samples in both air and water according
to Archimedes’ principle [4].

Mechanical properties of forsterite ceramics. Mechanical properties,
as Young elastic modulus and hardness, of forsterite ceramic, FC-1400 fired at
1400°C, were performed by means of a Triboindenter Hysitron TI900 nano-
indenter coupled with an atomic force microscope.

Biocompatibility of FC-1200 scaffolds. Biocompatibility of forsterite
ceramic scaffolds was determined by cells viability assay [26-29]. Forsterite
ceramic, FC(1200), scaffolds (pellets) were subjected to in vitro biocompatibility
investigation using fluorescein diacetate, FDA, assay [28] to detect cell
adhesion and proliferation in human fibroblast from lung, HFL culture. HFL
cells were cultured in standard DMEM medium supplemented with nutrient
mixture F-12 HAM medium with 10% fetal calf serum (FCS) and proper amount
of penicillin and streptomycin.

The FDA is an indicator of cell viability, and is the substrate for the
intracellular nonspecific esterase. The FDA diffuses freely into cells and is
rapidly hydrolysed to fluorescein once it enters within a viable cell. The intensity
of fluorescence is dependent on membrane integrity and enzymatic activity
of the cells, so the fluorescent signals are proportional with the number of
viable cells.
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Briefly, the 2x105 HFL cells were seeded in each well of the 24-well
plates, namely in complete DMEM medium/well on the surface of each
FC(1200) scaffold. After 1d, 3d and 7d, the cell viability (adhesion and
proliferation of cells) was analysed using FDA assay. Cells were incubated
5 min in dark at 37°C with 1mL / well of FDA solution (at a final concentration of
2.4 mM in phosphate buffer saline, PBS) supplemented with Ca?* and Mg?*.
After incubation the wells were washed twice with PBS, and viable fluorescent
cells adhered on scaffolds were visualized with the Zeiss Axio Observer D1
inverted fluorescence microscope with 200x magnification lens, using a 488 nm
excitation filter. Images were captured with a CCD camera (Axiocam MRM)
and analyzed using Axiovision Release 4.6.3 software.

Cell adhesion and proliferation were evaluated after cell seeding at
1d, 3d and 7 days, by FDA assay. The results from fluorescein diacetate
staining were also validated by MTT assay. At 14 days in cell culture, the cells
viability was high but not significant higher than the cells activity at 7 days in
cells culture, indicating that an optimal viability is reached already at 7 days.

Statistical analysis. GraphPad Prism 5 was used for statistical analysis.
All data are given as the mean value * standard deviation (SD) of at least four
independent experiments. Significant differences were identified using the one-
way ANOVA and Bonferroni's multiple comparison test. Differences among
samples were considered statistically significant if p<0.05, or otherwise stated.
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ABSTRACT. In clinical practice, the simultaneous use of zolpidem and phenytoin
cannot always be avoided, although it can be associated with additive depressants
effects on the central nervous system. Considering the common metabolic
pathways involving CYP3A and CYP2C, a pharmacokinetic interaction between
phenytoin and zolpidem is possible, although not previously quantified. The study
was designed as a non-randomized, two-period preclinical trial. Twenty male
subjects were included in a study consisting of two periods. Between these,
subjects were treated for 6 days with a single daily dose of 150 mg phenytoin.
For each treatment period, pharmacokinetic parameters of zolpidem were
determined. The multiple-dose administration of phenytoin influenced
zolpidem’s pharmacokinetics in healthy volunteers, decreasing its exposure
through enzymatic induction.

Keywords: zolpidem,; phenytoin; drug interaction; enzymatic induction

INTRODUCTION

Insomnia is a prevalent and undertreated sleep disorder, having
diverse and interrelated consequences, with Z-drugs among the preferred
therapeutic options [1]. Zolpidem (Fig. 1) is indicated for the short-term treatment
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of insomnia, characterized by difficulties with sleep initiation or by difficulty
returning to sleep after middle-of-the-night awakening [2]. Available clinical
experience confirmed its positive effect on subjective and objective measures of
sleep, in both acute and chronic insomnia as well as the absence of rebound
insomnia in situations of intermittent administration [3,4]. It is also under
investigation for several other indications as the management of restless legs
syndrome, various disorders of consciousness or persistent pain [5,6,7].

j@s
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M
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Figure 1. Chemical structure of zolpidem

Zolpidem activates the a1-containing GABAA (BZ1) receptor, with a
reduced influence on the a2, a3 or a5 subunits [8]. Its selectivity explains the
reduced myorelaxant or anticonvulsant effects and the preservation of deep
sleep (stages 3 and 4) at hypnotic doses [9]. Zolpidem has an approximately
70% bioavailability. The elimination half-life is about 2.5 - 2.6 hours [2].
CYP3A4 is mainly involved in its metabolism (61% of the net intrinsic clearance),
with a more reduced contribution of CYP1A2, 2C9, 2D6, and 2C19, respectively
[10].

Given their multiple and complex mechanisms of action, antiepileptic
drugs are used for the treatment and prevention of seizures, and for the
management of various nonepileptic neurologic or psychiatric disorders [11].
Phenytoin is labeled for the treatment and prophylaxis of seizures during
and following neurosurgery or secondary to traumatic brain injuries, as a
treatment of generalized tonic-clonic and complex partial seizures and for
the management of trigeminal neuralgia [12]. It can also be recommended
for the management of the peripheral nervous system disorders secondary
to brain tumors or HIV / AIDS infection [13,14,15].

Phenytoin slows the rate of reactivation of voltage-dependent sodium
channels after depolarization. The anticonvulsant activity does not cause
general depression of the central nervous system and the therapeutic drug
levels in the cerebrospinal fluid correlate with the free plasmatic concentration
(the anticonvulsant activity is usually obtained at levels of 10-20 ug/mL) [16]. It
presents an oral bioavailability of 20% - 90% and it is highly protein-bound
(88 - 93%). It is metabolized by a saturable and genetically polymorphic, hepatic
process via the CYP2C9 and CYP2C19 isoenzymes [17]. One population
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pharmacokinetic analysis conducted in various patients groups, suggested
a linear two-compartment model for phenytoin [18]. The average half-life of
phenytoin is about 24 hours for most patients in the low to mid therapeutic
range, showing large age-dependent interindividual variations (12-60 hours)
[19]. Pharmacokinetic drug interactions could be related to impaired absorption,
to plasmatic protein displacement or to altered metabolism, as phenytoin is a
CYP2C9 and CYP2C19 substrate and a strong inducer for CYP3A4, CYP2C9,
CYP2C19 and CYP2B6 [20,21], respectively. Therefore, the therapeutic drug
monitoring of phenytoin remains a challenging aspect of its therapeutic use,
considering its non-linear pharmacokinetics, zero-order elimination and
multilevel drug-drug interactions [22].

In clinical practice, the simultaneous use of multiple drugs acting on
the central nervous system is frequent, although it is associated with potential
additive depressant effects [9]. Moreover, considering the common metabolic
pathways involving CYP3A and CYP2C, a pharmacokinetic interaction between
phenytoin and zolpidem is possible, although not previously quantified.
Therefore, the aim of this study was to evaluate the magnitude of such a
pharmacokinetic interaction in healthy volunteers.

RESULTS AND DISCUSSION

The mean plasma concentrations for zolpidem when administered
alone, or in combination with phenytoin after 6 days of treatment with
phenytoin are shown in Figure 2.

s,
re -

H

i N VALY A S N

Concentratie (ng/ml)

Timp (hr)

Figure 2. Mean £ SD plasma concentration—time curves of zolpidem
(single dose 5 mg p.o.) administered alone (A ) or in combination with phenytoin
(150 mg, p.o.), after pre-treatment with phenytoin during 6 days (e), n=20.

In the insert a logarithmic scale is employed.
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The mean values of pharmacokinetic parameters [16] of zolpidem
administered alone, or in combination with phenytoin, as well as statistical
ANOVA test results are given in Table 1.

Table1. Pharmacokinetic parameters of zolpidem administered alone or after treatment
with phenytoin and the result of statistical ANOVA test (in form of p values)
used for comparison

Parameter Zolpidem Zolpidem + Phenytoin p* value
(xSD) (Reference) (Test)

Cmax (ng/mL) 56.6+£25.4 36.0+14.6 0.0005, S

tmax (hr) 0.81+0.3 0.8+0.4 0.816, NS

AUCo -« (ng.hr/mL) 211.5£119.6 103.5+54.0 0.0009, S

ket (1/hr) 0.3+0.1 0.4+0.1 0.0411, S

ty (hr) 2.5+0.9 1.7+£0.5 0.0411, S

Cl (mL/hr) 34290.4+27007.8 61587.0+32764.4 0.0009, S

* Statistically significant (symbolized S) when p<0.05; NS stands for non-significant

The present study showed that phenytoin had an important influence on
the pharmacokinetics of zolpidem. A systemic metabolic drug-drug interaction
was observed since the half-life of zolpidem was significantly decreased. This
may due to the phenytoin’s enzymatic induction of hepatic CYP3A4, CYP2C9
and CYP2C19. However, zolpidem’s exposure (Cmax and AUCy..) was also
significantly reduced by the pre-treatment/co-administration of phenytoin; this
indicated a pre-systemic metabolic drug-drug interaction. The metabolism
of zolpidem occurs predominantly through CYP3A4, CYP2C9 and CYP1A2
isoenzymes [10]; the CYP3A4 isoenzymes are the predominant ones at
both the intestinal and hepatic levels, whereas the others are mainly present in
the liver [23]. Phenytoin induces CYP3A4 at both the intestinal and hepatic
level and consequently, the first-pass metabolism of zolpidem was increased
[24]. As an effect of a pre-systemic pharmacokinetic drug-drug interaction,
the exposure of zolpidem was significantly lowered.

This study offers a first perspective on the magnitude of the
pharmacokinetic interaction between zolpidem and phenytoin administered
to human subjects. Results may contribute to the establishment of effective
dosing intervals or treatment regimens [25]. For example, insomnia is common
in epilepsy and it was associated with short term poor seizure control and
worse quality of life [26]. Sleep disorders are frequently associated with various
neurologic conditions, including persistent neuropathic pain, for which phenytoin
has an on-label indication. Therefore, such clinical settings might require the co-
prescription of phenytoin and zolpidem, in spite of their additive central nervous
system depressant effect [27]. If such association is implemented, then the
pharmacokinetic interaction should be taken into consideration in situations
when a long-term phenytoin treatment is to be stopped. This scenario favors an
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increased risk for zolpidem overdose and side-effects, including daytime
residual effects on cognitive and psychomotor performance [28]. On the
other hand, the initiation of phenytoin in a patient exposed to a chronic therapy
with zolpidem could trigger signs and symptoms of zolpidem withdrawal
that can complicate the patient’s clinical state [29].

We identified a single previous investigation analyzing the simultaneous
use of zolpidem and phenytoin, which focused on a pharmacodynamic aspect of
their interaction, suggesting an increased antiepileptic effect. It was demonstrated
on Wistar rats; it was supposed to be mediated through hyper-polarization,
secondary to membrane stabilizing activity through sodium channel blockade
by phenytoin and to reinforced GABA mimetic action of zolpidem [30].

Therefore, these results bring new information referring to the
pharmacokinetic interactions previously confirmed for both zolpidem and
phenytoin [31-34].

CONCLUSIONS

Administration of multiple-dose phenytoin influenced zolpidem
pharmacokinetics in healthy volunteers, decreasing its exposure due to enzymatic
induction.

EXPERIMENTAL SECTION
Subjects

Twenty healthy adult male subjects aged 22 to 30 years were eligible for
the study. The health status of each volunteer was assessed using the individual
medical history, the results of physical examinations, vital signs, electrocardiogram
evaluation, and laboratory test results. Exclusion criteria included: use of any
non-prescription drug products within 14 days before initiation of the study;
use of prescription drugs during the 30-day period before the start of the study;
use of other investigational drugs within 60 days before initiation of the study;
donations or transfusions of blood or blood products during the 60-day period
before the start of the study; smoking of more than 10 cigarettes per day; history
of drug abuse; sitting systolic blood pressure = 140 mm Hg or < 90 mm Hg; or
sitting diastolic blood pressure = 90 mm Hg or < 50 mm Hg.

The study was conducted according to the principles of Declaration
of Helsinki (1964) and its amendments (Tokyo 1975, Venice 1983, Hong Kong
1989) and Good Clinical Practice (GCP) rules. The clinical protocol was reviewed
and approved by the Ethics Committee of the University of Medicine and
Pharmacy “luliu Hatieganu”, Cluj-Napoca, Romania.
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Study design and blood sampling

The study design was one sequence cross-over and consisted in 2
periods: Period 1 (Reference), when each volunteer received a single dose of 5
mg zolpidem and Period 2 (Test), when each volunteer received a single dose
of 5 mg zolpidem and 150 mg phenytoin. Between the two periods, the subjects
were treated for 6 days with a single daily dose of 150 mg phenytoin. All drugs
were administered in the morning, in fasted state. The pharmaceutical products
used were Sanval® (5 mg coated tablets, LEK Pharmaceuticals D.D. - Slovenia)
and Fenitoin® (phenytoin 100 mg scored tablets, Gedeon Richter Romania,
Targu-Mures, Romania). Serial blood samples (5 mL each) were collected from
an indwelling IV catheter immediately before drug administration and at 0.5, 1,
15,2,25,3,4,5,6,7, 8, 10 and 12 hours, respectively, after drug administration
and for each treatment period. Blood samples were collected in heparinized tubes.
Samples were centrifuged at 1800 g for 5 min and harvested plasma samples
were stored at -20 °C until analysis.

Analysis of plasma samples

Zolpidem plasma concentrations were determined by a validated high
throughput liquid chromatography-mass spectrometry method, by using citalopram
as an internal standard. The HPLC system was an Agilent 1100 series (Agilent
Technologies, USA) and was coupled with a Brucker lon Trap SL (Brucker
Daltonics GmbH, Germany). A Zorbax SB-C18 chromatographic column
(100 mm x 3.0 mm i.d., 3.5 ym) (Agilent Technologies) was used. The mobile
phase consisted of 62:38 (V/V) 1 mM ammonium acetate in water:methanol.
The flow rate was 1 mL/min and the thermostat temperature set at 45 °C. The
mass spectrometry detection was in multiple reaction monitoring mode (MRM),
positive ions, using an electrospray ionization source. The ion transitions
monitored were m/z 308—(m/z 235+ m/z 263) for zolpidem and m/z 325—m/z
262 for the internal standard.

0.6 mL of methanol (containing internal standard, 10 ng/mL) were
added to 0.2 mL of plasma in an Eppendorf tube. The tube was vortex-mixed for
20 seconds, and then centrifuged for 3 min at 12000 rpm. The supernatant
was transferred to an autosampler vial and 1 yL was injected into the LC/MS
system. The calibration curve of zolpidem was linear at a concentration range of
2 - 208 ng/mL plasma, with a correlation coefficient of 0.996. At quantification
limit (2 ng/mL), accuracy and precision were: 3.9% and 7.4% (intra-day) and
9.2% and 10.5% (inter-day), respectively.

Pharmacokinetic analysis

Non-compartmental pharmacokinetic analysis was employed to
estimate the pharmacokinetic parameters of zolpidem when administered
alone or in combination with phenytoin. The maximum plasma concentration
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(Cmax, Ng/mL) and the time to reach the peak concentration (tmax, hr) were
obtained directly by visual inspection of each subject's plasma concentration-
time profile. The area under the concentration-time curve (AUC,:) was estimated
by integration. The area was extrapolated to infinity (AUCo-,) by addition of Ci/ke
to AUCo (t in the index indicates the time resolved value). The elimination
rate constant ke was estimated by the least-square regression of plasma
concentration-time data points lying in the terminal region, by using a semi-
logarithmic dependence that corresponds to first-order kinetics. The half-life
(t) was calculated as the ratio 0.693/k.. The pharmacokinetic analysis was
performed using Kinetica 4.2 (Thermo Labsystems, U.S.A.).

Statistical analysis

Analysis of variance (ANOVA testing) was used to compare the
calculated pharmacokinetic parameters of zolpidem for the two periods,
using general linear model procedures, in which sources of variation were
subject and period. In order to identify possibly clinically significant differences
in pharmacokinetic parameters, 90% confidence intervals of the test/reference
period ratios for Cmax, AUCot and AUC,.. (log transformed) were determined
by the Schuirmann’s two one-sided t-test. The equivalence between zolpidem
administered alone or in combination with phenytoin was inferred if the 90%
confidence intervals for these pharmacokinetic parameters were within the range
0.8-1.25. For tnax, the equivalence range was expressed as untransformed
data, and significance tested using the nonparametric Friedman test. All
statistical analysis were performed using the Kinetica 4.2 software.

ACKNOWLEDGMENTS

This work was supported by a PNII-IDEI project, code 462, contract
229/2007 financed by CNCS Romania, for which the authors gratefully acknowledge.

REFERENCES

. J. MacFarlane, C. M. Morin, J. Montplaisir, Clin Ther., 2014, 36(11), 1676.

. Truven Health Analytics. Micromedex® 2.0. Zolpidem. DRUGDEX® Evaluations.
Available at: http://www.micromedexsolutions.com/home/dispatch. Accessed
February 2017.

. E.L. Sutton, Med. Clin. N. Am., 2014, 98, 565.

. A. Qaseem, D. Kansagara, M.A. Forciea, et al., Ann. Intern. Med., 2016, 165(2).

. J.A. Generali, D.J. Cada, Hosp. Pharm., 2011, 46(2), 101.

. R. Ciurleo, P. Bramanti, R.S. Calabro, Drugs, 2013, 73(17), 1849.

. M. Puthiyathu, H. Greenspan, W. Levitt, et al., Psychiatric Annals, 2013, 43(3), 96.

. A.C. Fitzgerald, B.T. Wright, S.A. Heldt, Psychopharmacology, 2014, 231, 1865.

N —

O~NO O~ W

399



DANA MARIA MUNTEAN, MARIA ADRIANA NEAG, DANIELA PETRUTA PRIMEJDIE,
ADINA POPA, MARCELA ACHIM, LAURIAN VLASE

9. Ambien®- zolpidem tartrate tablet, film coated. Sanofi-Aventis U.S. LLC. Drug

10.

11.
12.

13.

14.
15.
16.

17.

18.
19.
20.

21.
22

23.
24.
25.
26.
27.
28.
20.
30.
31.
32.
33.
34.

label information. US National Library of Medicine. DailyMed - official provider of

FDA label information. Available at:

http://dailymed.nIm.nih.gov/dailymed/druglnfo.cfm?setid=c36cadf4-65a4-4466-

b409-c82020b42452. Accessed November 2015.

L.L. von Moltke, D.J. Greenblatt, B.W. Granda, et al., Br. J. Clin. Pharmacol.,

1999, 48(1), 89.

M. Bialer, Epilepsia, 2012, 53(7), 26.

Agence nationale de sécurité du médicament et des produits de santé. Résumé des

caractéristiques du produit Di-Hydan® 100 mg, comprimé sécable. Available

at: http://base-donnees-publique.medicaments.gouv.fr/affichageDoc.php?specid=

66303560&typedoc=R. Accessed February 2017.

H. Torbic, A.A. Forni, K.E. Anger, et al., Am. J. Health. Syst. Pharm., 2013, 70(9),

759.

R. Bauer, M. Ortler, M. Seiz-Rosenhagen, et al., Neurosurg. Rev., 2014, 37(3), 381.

G.L. Birbeck, J.A. French, E Perucca, et al., Epilepsia, 2012, 53(1), 207.

J.0. McNamara, Pharmacotherapy of the Epilepsies. In L. Brunton, J. Lazo, K.

Parker, Eds. Goodman & Gilman's The pharmacological basis of therapeutics.

11th ed. New York: The McGraw-Hill Companies, Inc; 2005. Chapter 19.
Truven Health Analytics. Micromedex® 2.0. Phenytoin. DRUGDEX®

Evaluations. Available at: http://www.micromedexsolutions.com/home/dispatch.

Accessed February 2017.

J. Tanaka, H. Kasai, K. Shimizu, et al., Eur. J. Clin. Pharmacol., 2013, 69(3), 489.

P.N. Patsalos, D.J. Berry, B.F. Bourgeois, et al., Epilepsia, 2008, 49(7), 1239.

R.J. Porter, B.S. Meldrum, Antiseizure Drugs. In B.G. Katzung, S.B. Masters,

A.J.Trevor Basic & Clinical Pharmacology, 12" ed. New York: The McGraw-Hill

Companies, Inc; 2012. Chapter 24.

C. Hiemke, P. Baumann, N. Bergemann, et al., Pharmacopsychiatry, 2011, 44(6), 195.

M.D. Krasowski, L.E. Penrod, BMC Medical Informatics and Decision Making, 2012,

12, 7.

A. Galetin, M. Gertz, J.B.Houston, Drug. Metab. Pharmacokinet., 2010, 25(1), 28.

I. Cascorbi, Disch. Arztebl. Int., 2012, 109(33—-34), 546.

T. Roehrs, T. Roth, Neurotherapeutics, 2012, 9, 728.

M. Quigg, S. Gharai, J. Ruland, et al., Epilepsy Res., 2016, 122, 91.

M.D. Cheatle, S. Foster, A. Pinkett, et al., Anesthesiology Clin. 2016, 34, 379.

N. Gunja, J. Med. Toxicol., 2013, 9, 155.

M.J. Brodie, S. Mintzer, A.M. Pack, et al., Epilepsia, 2013, 54(1), 11.

C. Gurudeva, P.A. Patil, S.V. Hiremath, et al., Pharmacologyonline, 2008, 3, 978.

K. Villikka, K.T. Kivistd, H. Luurila, et al., Clin Pharmacol. Ther., 1997, 62(6), 629.

Y. Hojo, M. Echizenya, T. Ohkubo, et al., J Clin Pharm Ther., 2011, 36(6), 711.

J.F. Okulicz, G.A. Grandits, J.A. French, et al., Epilepsy Res., 2013, 103(2-3), 245.

W.K. Kennedy, M.\W. Jann, E.C. Kutscher, CNS Drugs, 2013, 27(12), 1021.

400



STUDIA UBB CHEMIA, LXIV, 2, Tom I, 2019 (p. 401-410)
(RECOMMENDED CITATION)
DOI:10.24193/subbchem.2019.2.34

Dedicated to Professor loan Béaldea on the
Occasion of His 80" Anniversary

DEGRADATION KINETICS OF ANTHOCYANINS
DURING HEAT TREATMENT OF WILD BLACKTHORN
(Prunus spinosa L.) FRUITS EXTRACT

BIANCA MOLDOVAN?, ANAMARIA ARDELEAN?, LUMINITA DAVID*

ABSTRACT. The blackthorn (Prunus spinosa L.) fruits are known as a
valuable source of anthocyanins and for their high antioxidant capacity. The
aim of the present study was to investigate the thermal stability of
anthocyanins from blackthorn fruits, at different temperatures (2°C, 20°C
and 75°C) and to determine the kinetic and thermodynamic parameters of their
degradation reactions. Data analysis indicated a first-order reaction kinetics for
the degradation of blackthorn anthocyanins at various temperatures. Kinetic
parameters, such as reaction rate constant k, half-life t12, and activation energy
Ea values were determined. The obtained results indicated that blackthorn
anthocyanins stored at 2°C exhibited the highest stability, the degradation
constant rate being 5.0:10* h''. The activation energy of the thermal
degradation was also determined and was found to be 53.96 kd/mol. The
activation enthalpy AH*, Gibbs free energy AG” and activation entropy AS*
for the degradation process were also determined.

Keywords: Prunus spinosa L., anthocyanins, degradation kinetics

INTRODUCTION

At the present, there is a growing trend and interest in the nutrition
quality of the consumed food, especially in the developed societies. Consumers
do more and more regard food in relation to its health benefits, increasing
their attention on food nutraceutical components. Fruits and vegetables are
consumed as sources of bioactive compounds with a particularly positive
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health impact. Berries, such as blackberry, blueberry, cranberry, strawberry,
raspberry, are largely consumed for their delicious taste but also as rich sources
of various disease-fighting compounds such as phenolics, flavonoids,
anthocyanins, carotenoids, vitamins and minerals [1-3]. Extracts of most berries
possess high antioxidant activity, acting effectively as free radical scavengers [4,
5]. Among phytocompounds which contribute to protection against degenerative
diseases and against ageing processes, effects attributed to their antioxidant
activity, anthocyanins play a significant role. These compounds are water
soluble pigments, belonging to the flavonoids group, produced by plants as
secondary metabolites, playing an important role in plant defence against
different stress factors, such as UV radiation, pathogens, or plague [6].

Blackthorn (Prunus spinosa L.) is a perennial plant belonging to rose
family (Rosaceae) which grows as a shrub and is native to Europe, western
Asia and north-west Africa. Its fruits are bitter and astringent, with a poor
commercial value, being less consumed raw but usually processed into jams,
marmalades, juice, tea or macerated with sugar and alcohol to obtain a type
of liquor [7]. Blackthorn (Prunus spinosa L.) has been used in ethno-botanic
medicine for treatment of hypertension, of cough, as antispastic, diuretic,
antiseptic, laxative or anti-inflammatory agent [8, 9].

OH

OH

HO

OH

Figure 1. Chemical structures of blackthorn anthocyanins: a) cyanidin-3-glucoside;
b) cyanidin-3-rutinoside; c) peonidin-3-glucoside; d) peonidin-3-rutinoside.
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Apart from phytotherapy, blackthorn could also be an important source of
colour compounds useful in the food industry. The anthocyanins from Prunus
spinosa L. fruits could be a healthy alternative to the toxic red dyes usually
employed to colour food products. Deineka et al. [10] identified four anthocyanic
compounds in blackthorn fruits, namely cyanidin-3-glucoside, cyanidin-3-
rutinoside, peonidin-3-glucoside and peonidin-3-rutinoside (Figure 1).

However, anthocyanins are not very stable compounds as they easily
degrade during thermal processing, light exposure and storage, causing
colour fainting or colour change of anthocyanin coloured foods. Thus,
investigating the stability of these compounds in order to use them as health
beneficial natural colorants is a matter of great concern. As a consequence,
kinetic studies of anthocyanins degradation in various conditions, such as
thermal exposure and storage, are very important for the food industry.

The aim of the present study was to investigate the thermal stability
of anthocyanins isolated from blackthorn and to determine the kinetic and
thermodynamic parameters of the degradation process of these compounds
at various temperatures.

RESULTS AND DISCUSSION

The fruit extract obtained from Prunus spinosa L. fruits was
investigated in order to determine its TAC (total anthocyanin content). The
assessment of this parameter was realised by using a well known and widely
applied method: the pH differential method of Giusti and Wrolstad [11]. It is
based on the spectrophotometric determination of anthocyanin concentrations in
a fruit extract at two different pH values (1 and 4.5, respectively), by taking into
account the structural dependence of anthocyanins molecules from the solution
pH value. The red coloured flavylium cation is the predominant structural
form of anthocyanins at pH=1, while at pH=4.5, the colourless carbinol
predominates.

The TAC of the blackthorn fruit extract was calculated using equation (1)
and the results were expressed as mg of cyanidine-3-glucoside (Cy-3-Glu)
equivalents/ litre of extract:

A- MW - DF -1000

TAC =
g1 (1)

where: A = absorbance, calculated as: (equation 2)
MW = 449.2 g/mol (molecular weight of Cy-3-Glu)
DF = dilution factor
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| = path length (1 cm)
€ = 26900 L/mol/cm (molar extinction coefficient of Cy-3-Glu)
1000 = conversion factor from gram to milligram

A=(4 -4 ) -4 -4 ) (2)
pH1.0 pHA4.5 517nm pH1.0 pHA.5 700nm

The initial TAC of the blackthorn fruit extract was found to be 44.75 mg
Cy-3-Glu equivalents/ litre of extract.

The degradation of blackthorn anthocyanins over time was investigated
at several temperatures (2°C, 20°C and 75°C) by isothermal exposure of the
fruit extract in darkness at these temperatures.

The anthocyanins’ concentration decreased with exposure time at all
investigated temperatures, indicating the degradation of these compounds. The
loss of anthocyanins was more drastic at higher temperatures. After 24 h at 75°C,
only 22.68% of the original content of anthocyanins was present in the extract,
while at 20°C after 12 days of storage 62.66 % of the anthocyanins were still
present in solution.

The kinetic parameters of the thermal degradation process of Blackthorn
anthocyanins were determined using the linear regression of the natural logarithm
(In) of the concentration at different process times (see Figures 2-4).

Time (h
O T T T ( ) 1
0 200 400 600 800
-0.05 -+
-0.1 -
_-0.15 -
)
O
o -0.2 4
£
-0.25 -+
-0.3 -
y =-0.0005x
035 - R? = 0.9496

Figure 2. The degradation process of anthocyanins from
Blackthorn fruits extract at 2°C.
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Figure 3. The degradation process of anthocyanins from
Blackthorn fruits extract at 20°C.
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Figure 4. The degradation process of anthocyanins from
Blackthorn fruits extract at 75°C.

The obtained plots indicated a first order degradation kinetics at all
temperatures, results in agreement with previous studies of anthocyanins
thermal degradation in various extracts [12-16].

The first-order rate constants k and the half-life t1, values obtained
for the degradation reactions of anthocyanins at each temperature are given
in Table 1.
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Table 1. Kinetic parameters of the degradation process
of blackthorn anthocyanins

Temp. (°C) k-10% (h") £SD™ | t12 (h) + SD’
2 5+0.23 1386463.75
20 16+0.76 433.1+20.57
75 659+26.09 10.5+0.42

"SD = Standard deviation

The high values of R? (>0.94) obtained for all cases indicated a good
fit to the proposed first order reaction kinetics.

The kinetic rate constant values increased with temperature (being
132 fold higher at 75°C than at 2°C, while increasing the temperature from
2°C to 20°C resulted in a 3 fold faster degradation). This confirms the strong
influence of temperature on the degradation process of the anthocyanins. The
calculated ti» values obtained for Blackthorn anthocyanins at elevated
temperature were higher than those reported for the degradation of anthocyanins
from other sources. Kara et Erelebi [17] reported a half-life value of mulberry
anthocyanins of 4.4 h at 70°C while Wang and Xu [18] obtained 8.8 h for
blackberry anthocyanins degradation at the same temperature. Compared to
these results, the degradation process of blackthorn anthocyanins was
slower than that of mulberry or blackberry anthocyanins, blackthorn pigments
presenting a greater heat stability.

In order to determine the effect of the temperature on the degradation
process of blackthorn anthocyanins, the kinetic rate constants obtained at
2°C, 22°C and 75°C where fitted to the Arrhenius equation (3):

k = Kog-EaRT 3)

where: k = rate constant (h™")
Ko = frequency factor (h-")
E. = activation energy (kJ/mol)
R = universal gas constant (8.314 J/mol'K)
T = absolute temperature (K)

The calculated value of the activation energy of anthocyanins’ degradation
process was 53.96 kd/mol.

The high Ea value determined for the blackthorn anthocyanins
indicates that the investigated compounds are less susceptible to thermal
degradation. Previous studies reported comparable Ea values for various
fruits anthocyanins degradation: 58.55 kJ/mol for Cornelian cherries [14],
66.37 kd/mol for blueberries [15] and 65.32 kJ/mol for grape pomace [19].
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The thermodynamic parameters of the anthocyanin degradation
reaction are also determined, by means of equations (4), (5) and (6):

AH” = Ea-R-T (4)
* k-h
AG =-R-T-Infl —
k -T

. (5)

= AH” — AG”
T (6)

where: AH* = activation enthalpy (kJ/mol)

Ea = activation energy (kJ/mol)
R = universal gas constant (8.314 J/mol’K)
T = absolute temperature (K)

AG” = Gibbs free energy of activation (kJ/mol)
k = rate constant at temperature T

h = 6.6262-10-** Js (Planck’s constant)

ks = 1.3806:10-2% J/K (Boltzmann’s constant)
AS” = activation entropy (J/molK)

AS

Table 2 presents the values of the activation enthalpy AH*, activation
entropy AS” and Gibbs free energy AG* at the investigated temperatures.

Table 2. Thermodynamic parameters of blackthorn
anthocyanins’ thermal degradation

Temp. (°C) AH* AS* AG*
(kJ/mol) (J/mol.K) (kJ/mol)

2 51.67 -51.45 65.82

20 51.51 - 55.66 67.93

75 51.07 - 53.98 69.85

Relatively small values of activation AH” indicate that the formation
of the activated complex is favorised as the energy barrier to achieve the
transition state is low. As shown in Table 2, the activation enthalpy values
were similar for all experimental conditions, varying between 51.07 and 51.67
kd/mol. The positive sign of AH* means that activation of the degradation is
endothermic.
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The activation AS” values determined for the reaction investigated in
this study ranged from - 51.45 to - 63.98 J/molK, being all negative. The
negative sign of the entropy indicates that the structural freedom of the
transition state is lower than that of the reactants [20].

The positive activation AG” values suggest that the thermal anthocyanin
degradation in the Blackthorn extract is a non-spontaneous reaction [21].

CONCLUSIONS

The present study investigated the thermal degradation of blackthorn
anthocyanins, stored at various temperatures. The results clearly indicated
that the degradation process followed first-order reaction kinetics. The first order
rate constants ranged from 5-10# to 6.59-102 h-', the degradation process
being faster at elevated temperatures. The activation energy for the degradation
process was determined to be of 53.96 kJ/mol. The thermodynamic parameters
of the degradation process suggest that its activation is endothermic and non-
spontaneous. Overall, blackthorn anthocyanins proved to be rather stable
compared to pigments isolated from other sources, and hence may be
successfully used as colorants in the food industry.

EXPERIMENTAL SECTION
Chemicals and reagents

All chemicals and reagents were purchased from Merck (Darmstadt,
Germany), were of analytical grade and were used without further purification. A
TYPDP1500 Water distiller (Techosklo LTD, Drzkov, Czech Republic) was used
to obtain the distilled water.

Plant material

Blackthorn fruits were harvested in October 2017 from Alba county,
Romania.

Extract preparation
The extraction of the anthocyanins was obtained by mixing 20 grams
of fresh crushed fruits with 50 mL 96% ethanol and stirred for 1 hour at

ambient temperature. The mixture was filtered under reduced pressure and
the filtrate was used to determine total anthocyanins concentration.
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Determination of anthocyanin content

Anthocyanins were quantified by using the pH differential method.
The fruit extract was mixed with a KCI buffer solution (0.025 M, pH = 1) as
well as with a CH3COONa solution (0.4 M, pH = 4.5) at a pre-established
dilution factor of 8. After 15 minutes in the dark, the absorbencies of each
mixture were measured at 517 and 700 nm using an UV-VIS Perkin Elmer
Lambda 25 double beam spectrophotometer. From the obtained absorbencies
the total anthocyanins content was calculated and expressed as mg /1 liter
extract of cyanidin-3-glucoside. All experiments were carried out in triplicate.

Degradation studies

The thermal degradation experiments were conducted at 2°C, 20°C
and 75°C, respectively.

Aliquots of 15 mL of blackthorn fruit extract were transferred in 3
hermetically sealed amber vials previously equilibrated in a thermostatic
water bath at the desired temperatures. At different time intervals, samples
were removed and rapidly cooled into an ice bath and the total anthocyanin
content was determined as previously indicated. Data were fitted to the first-
order kinetic equations and the desired kinetic and thermodynamic parameters
were calculated for each temperature.
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ABSTRACT. The article reports the radiocarbon investigation results of the
superlative African baobabs from Savé Valley, Zimbabwe. Several wood
samples collected from these baobab were analysed by AMS (accelerator
mass spectrometry) radiocarbon dating. The radiocarbon dates of the oldest
samples were 1529 + 14 BP for Matendere Big baobab, 1179 £ 19 BP for
Chishakwe Big tree and 1096 + 35 BP for Mokore Giant baobab. The
corresponding calibrated ages are 1430 + 15, 1090 + 40 and 1020 % 25
calendar yr. The oldest tree from Savé Valley, which we described previously,
is the Humani Bedford Old baobab. The radiocarbon date of its oldest sample,
1655 + 14 BP, corresponds to a calibrated age of 1580 + 30 calendar yr.

Keywords: AMS radiocarbon dating, Adansonia digitata, tropical trees,
dendrochronology, age determination, Zimbabwe.

INTRODUCTION

The African baobab (Adansonia digitata L.), which belongs to the
Bombacoideae, a subfamily of Malvaceae, is the best known of the eight or
nine Adansonia species. The African baobab has a natural distribution in the
tropical arid savanna regions of mainland Africa between the latitudes 16° N
and 26° S. It can also be found on several African islands and outside Africa,
in different areas throughout the tropics, where it has been introduced [1-5].
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In 2005, we started an extended research project to elucidate several
controversial aspects related to the architecture, growth and age of the
African baobab and of other large and/or old baobab species. This research
is based on our new approach, which is not limited to fallen specimens, but
allows to investigate and date live individuals, as well. Our approach consists
of AMS (accelerator mass spectrometry) radiocarbon dating of tiny wood
samples collected especially from inner cavities, deep incisions/entrances in
the stems, fractured stems and from the outer part/exterior of large baobabs
[6-12].

The majority of baobabs start growing as single-stemmed trees.
Nevertheless, over time, single-stemmed individuals become multi-stemmed,
owing to the baobabs’ ability to produce periodically new stems, such as other
tree species produce branches. By this special capacity, baobabs develop
over time architectures of increasing complexity. Therefore, we focused on the
investigation of superlative individuals, i.e., very large and potentially old
baobabs. One should emphasize that neither the identification of such very
complex architectures nor the accurate age determination of old baobabs
are possible via traditional dendrochronological methods based on tree ring
investigation [13]. The oldest dated African baobab specimens were found
to have ages greater than 2000 yr [13-15]. By these values, the African
baobab becomes the longest living angiosperm.

The Savé Valley Conservancy is a large wildlife area (3442 km?),
located in the semi-arid South East Lowveld of Zimbabwe, at an altitude of
480-620 m. It consists of multiple properties owned by private ranchers, local
councils, government and a local community [16]. Savé Valley hosts thousands
African baobabs, out of which four are superlative specimens. All these very
large and old trees are located to the north of Turgwe river, more precisely
in the Matendere, Chishakwe, Mokore and Humani ranches.

In a previous article, we presented the AMS radiocarbon dating
results of the Humani Bedford Old baobab, which is not only the oldest tree
of Zimbabwe, but also the oldest living African baoab [17].

Here we also disclose the results of the radiocarbon investigation of
the other three superlative baobabs from the Savé Valley Conservancy.

RESULTS AND DISCUSSION

The superiative baobabs and their areas. The four superlative baobabs
are located on four ranches, which belong to the Savé Valley Conservancy,
Chiredzi district, Zimbabwe. The mean annual rainfall in these areas is between
360-460 mm.
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The northernmost superlative baobab is the Matendere Big baobab,
which was discovered in 1994 by Léon Duplessis on the Matendere Ranch.
Its GPS coordinates are 20°00.325' S, 032°03.808' E and the altitude is 702 m.
It has a height h = 22.5 m, the circumference at breast height (cbh; at 1.30 m
above ground level) is cbh = 26.30 m and the overall wood volume (trunk and
branches, including the cavity) is around 300 m3.

The Matendere Big baobab is composed of 7 large units, which
correspond to stems. It has a closed ring-shaped structure defined by 5
stems that incorporate a false cavity, with a very tall opening at a height of
over 6 m. Its canopy has the horizontal dimensions of 38.3 x 39.4 m.

A second representative baobab of Savé Valley, i.e., the Chishakwe
Big tree, can be found on the Chishakwe Ranch. The GPS coordinates are
20°06.656' S, 032°04.991' E and the altitude is 588 m. It has the following
dimensions: h = 26.1 m, cbh = 26.56 m, V = ca. 375 m® (Figure 1). The
Chishakwe Big tree consists of 7 fused stems. It has a closed ring-shaped
structure, with a ring composed of 5 or 6 stems that completely close a false
cavity inside. The cavity has only a tall opening at a height of 7-8 m, which is
inaccessible. The large canopy has the horizontal dimensions of 38.5 x 36.1 m.

The Humani Bedford Old baobab, that we previously dated [17], is
located on the Bedford Block of the Humani Ranch. It was discovered only
in 2011 by Roger and Anne Whittall. The GPS coordinates are 20°24.474"' S,
032°14.135' E and the altitude is 432 m. Its dimensions are: h =18.2 m,
cbh = 23.65 m, V = 240 m3. The big trunk has a closed ring-shaped structure
which consists now of three fused stems (one stem is missing) that partially
close a false cavity with the walls covered by bark. The Humani baobab
has huge branches, with diametres up to 2.2 m, which form a canopy with
the horizontal dimensions of 27.2 x 24.7 m.

The best-known baobab of Savé Valley, the Mokore Giant baobab, is
located on the Mokore Ranch. It has the following GPS coordinates: 20°23.950'
S, 036°06.836' E and the altitude is 462 m. Its dimensions are: h = 23.2 m,
cbh = 28.11 m and V = ca. 320 m? (Figure 2). The Mokore Giant baobab
possesses 7 stems of different sizes and ages and a large false stem, which
acts as a structural support/anchor. The false stem is mainly empty and fissured;
this might have dramatic consequences on the survival of this specimen in
the near future. The Mokore baobab has a closed ring-shaped structure, with a
ring of 4 stems that close a false cavity. The cavity has an opening only in the
upper part, at a height of over 5 m. The horizontal dimensions of the very large
canopy are 42.3 x 35.1 m.

The Matendere Big baobab and the Humani Bedford Old baobab
are basically unknown in the literature, as well as outside Savé Valley; they
are not included in the registers of the Tree Society of Zimbabwe.
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Wood samples. Several samples were collected from the walls of the
inner cavity (Humani Bedford), as well as from deep incisions in the exterior/
outer part (Matendere, Chishakwe, Mokore) of the four baobabs. The heights of
the sampling points were between 1.36 and 2.05 m. A number of tiny pieces/
segments, each 0.1 cm long, were extracted from determined positions of each
sample.

Figure 1. The Chishakwe Big tree is the tallest and largest
African baobab of Zimbabwe (26.1 m, 375 m?3).

L

Figure 2. The Mokore Giant baobab has the biggest
circumference (28.11 m) of all trees of Zimbabwe.
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AMS results and calibrated ages. Radiocarbon dates of the two oldest
samples/segments extracted from each baobab are listed in Table 1. Radiocarbon
dates and errors were rounded to the nearest year. The radiocarbon dates
are expressed in '“C yr BP (radiocarbon years before present, i.e., before
the reference year AD 1950).

Calibrated (cal) ages, expressed in calendar years, are also presented in
Table 1. The 1-0 probability distribution was selected to derive calibrated age
ranges. For four samples, the 1-o distribution is consistent with only one range of
calendar years, while for the other four samples the 1-o distribution corresponds
to two or three ranges of calendar years. For these segments, the confidence
interval of one range is considerably greater than that of the other(s); therefore, it
was selected as the cal AD range of the segment for the purpose of this
discussion. For obtaining single calendar age values of sample segments, we
derived a mean calendar age of each segment from the selected range (marked
in bold). Calendar ages of samples represent the difference between AD 2019
and the mean value of the selected range, with the corresponding error.
Calendar ages and errors were rounded to the nearest 5 yr.

Table 1. AMS Radiocarbon dating results and calibrated calendar ages of samples
collected from superlative baobabs from Savé Valley Conservancy

Tree Sample/ | Radiocarbon date Cal AD range Sample age
segment | of oldest sample(s) 1-0 [error]
code [error] [confidence interval] (cal yr)
("*C yr BP)
Matendere | MAT-1 1529 [ 14] 552-556 [3.3%)] 1430 [+ 15]
Big baobab 572-604 [56.3%)]
618-627 [8.6%)]
MAT-2 1305 [+ 19] 684-738 [59.3%)] 1310 [+ 25]
762-771 [8.9%]
Chishakwe | CH-1 1179 [ 34] 888-970 [68.2%)] 1090 [+ 40]
Big tree
CH-2 1065 [+ 24] 994-1026 [68.2%] | 1010 [+ 15]
Humani HB-1 1655 [+ 14] 410-469 [68.2%)] 1580 [+ 30]
Bedford
Old baobab | HB-2 1375 [+ 20] 658-682 [50.2%)] 1350 [+ 10]
746-757 [18.0%]
Mokore MOK-1 1096 [+ 35] 972-1026 [68.2%] | 1020 [+ 25]
Giant baobab
MOK-2 990 [+ 18] 1042-1050 [7.7%] 910 [+ 30]

1080-1145 [60.5%]
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Dating results of oldest samples (segments). The two oldest samples
originating from the Matendere Big baobab, labelled MAT-1 and MAT-2, were
found to have radiocarbon dates of 1529 + 14 and 1305 = 19 BP (before
present, i.e., before the reference year AD 1950). These values correspond
to old calibrated ages, namely 1430 £ 15 and 1310 + 25 calendar yr.

The two oldest samples extracted from the Chishakwe Big tree, i.e.,
CH-1 and CH-2, had radiocarbon dates of 1179 + 19 and 1065 + 24 BP. These
dates correspond to calibrated ages of 1090 + 40 and 1010 + 15 calendar yr.

For the Mokore Giant baobab, the oldest samples MOK-1 and MOK-
2 have radiocarbon dates of 1096 + 35 and 990 + 18 BP. These values
correspond to calibrated ages of 1020 + 25 and 910 £ 30 calendar yr.

We previously disclosed the radiocarbon dating results of samples
collected from the Humani Bedford Old baobab. The two oldest samples
HB-1 and HB-2 were found to have radiocarbon dates of 1655 + 14 and
1375 + 20 BP. These dates correspond to calibrated ages of 1580 + 30 and
1350 % 10 calendar yr [17].

Architecture of the superlative baobabs. All four superlative baobabs
of the Savé Valley Conservancy possess a closed ring-shaped structure
with a false cavity inside. This special type of architecture enables baobabs
to reach large sizes and old ages. We remind that false cavities, which
have the walls covered by bark, are in fact natural empty spaces between
several fused stems disposed in a closed ring-shaped structure. Over time,
false cavities close progressively. Several false cavities have closed completely
over time, retaining only one or several small openings. The thickness of the
cavity walls, i.e., of the fused stems that define the false cavity, is of only 1-2 m.
For wood samples collected from the false cavity walls toward the exterior, as
well as in the case of samples collected from the exterior toward the false
cavity, the age sequence shows a continuous increase from the sampling
point up to a certain distance into the wood, after which it decreases in the
opposite direction. The oldest part of the fused stems is located between
the false cavity walls and the exterior of each stem, always closer to the cavity,
in an area that would be accessible to the increment borer and allows to
collect very old samples [12,13,15,18].

Three superlative baobabs (Matendere, Chishakwe, Mokore) have
their false cavity completely closed, with the exception of a high opening
positioned at 5-8 m above the ground. Their false cavity can be observed
only by climbing the trunk of the baobab or with the help of a drone. The
fourth superlative baobab (Humani Bedford) also had its false cavity quasi-
completely closed several centuries ago. The cavity has now a large opening
after the collapse of a fourth stem of the ring.
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Ages of the superiative baobabs. The oldest dated samples/segments
originate from the false cavity only for the Humani Bedford Old baobab. In
this direction, the distance from the false cavity to the exterior/outer part,
i.e., the width of the cavity walls, was found to be 1.20 m. We also evinced
the presence of the growth stop phenomenon. Radiocarbon dating results
demonstrated that the oldest dated stem stopped growing toward the false
cavity 600 yr ago, while it has continued its growth toward the exterior for
almost 250 yr.

By considering the sample/segment positions and ages, the growth
stop and the width of the cavity walls, we estimated that the investigated
stem of the Humani-Bedford baobab has an age of 1800 + 100 yr. By this
value, it becomes the oldest living African baobab [17].

For the other three superlative baobabs, the oldest samples/segments
were collected from the exterior toward the false cavity. In these cases, we
cannot determine the width of the cavity walls and we have no concrete
evidence about the growth stop. We can only state that the age of the oldest
part of each tree is certainly older than the oldest dated sample/segment. In
a conservative estimate, we assume that their ages would be: 1500 + 100 yr for
the Matendere Big baobab, 1200 £ 100 yr for the Chishakwe Big tree and
also for the Mokore Giant baobab.

CONCLUSIONS

Our research discloses the AMS radiocarbon dating results of the four
superlative African baobabs from the Savé Valley Conservancy, Zimbabwe.
These baobabs are: the Matendere Big baobab, the Chishakwe Big tree,
the Humani Bedford Old baobab and the Mokore Giant baobab. The main
aim of the research was to establish the architectures and the ages of these
trees.

All four baobabs exhibit a closed ring-shaped structure with a false
cavity inside. This architecture consists of several fused stems around a natural
empty space, which we named false cavity.

Several wood samples collected from the baobabs were radiocarbon
dated. The radiocarbon dates of the oldest samples were found to be 1529 + 14
BP for the Matendere Big baobab, 1179 £ 19 BP for the Chishakwe Big tree
and 1096 = 35 BP for the Mokore Giant baobab. These values correspond
to calibrated ages of 1430 + 15, 1090 + 40 and 1020 £ 25 calendar yr.

However, the oldest tree from Savé Valley, which we have previously
described, is the Humani Bedford Old baobab. The radiocarbon date of its
oldest sample, i.e., 1655 + 14 BP, corresponds to a calibrated age of 1580 + 30
calendar yr.
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EXPERIMENTAL SECTION

Sample collection. The wood samples were collected with a Haglof
CH 800 increment borer (80 cm long, 0.54 cm inner diametre). A number of tiny
pieces/segments of the length of 0.1 cm were extracted from predetermined
positions along the wood samples. The segments were processed and
investigated by AMS radiocarbon dating.

Sample preparation. The standard acid-base-acid pretreatment method
was used for removing soluble and mobile organic components [19]. The
pretreated samples were combusted to CO, by using the closed tube
combustion method [20]. Then, CO» was reduced to graphite on iron catalyst,
under hydrogen atmosphere [21]. Finally, the resulting graphite samples
were analysed by AMS.

AMS measurements. AMS radiocarbon measurements were performed
at the NOSAMS Facility of the Woods Hole Oceanographic Institution (Woods
Hole, MA, U.S.A.) by using the Pelletron ® Tandem 500 kV AMS system.
The obtained fraction modern values, corrected for isotope fractionation
with the normalized &'3C value of -25 %, were ultimately converted to a
radiocarbon date.

Calibration. Radiocarbon dates were calibrated and converted into
calendar ages with the OxCal v4.3 for Windows [22], by using the SHCal13
atmospheric data set [23].
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HEMOGLOBIN-ALBUMIN CO-POLYMERS FOR BLOOD
SUBSTITUTES: INCREASING THE REPRODUCIBILITY OF
THE POLYMERIZATION REACTION
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ABSTRACT. Reticulation/polymerization of proteins using bifunctional
reagents, with glutaraldehyde as a typical example, has a wide range of
applications — of which HBOC (hemoglobin/hemerythrin based oxygen carriers)
are illustrative. Here, the kinetics of the derivatization reaction of hemoglobin
and albumin with glutaraldehyde are revisited, in order to establish the optimal
conditions such as concentration of protein and derivatization agent for which
the final product can be a reasonable candidate for blood substitutes. A
purpose-built mixing device is described, which allows automated mixing of
up to four reagents in less than 100 milliseconds, allowing for polymers
with a more reproducible molecular weight.

Keywords: hemoglobin, glutaraldehyde, bovine serum albumin, blood
substitutes, mixer, polymerization

INTRODUCTION

Able to transport oxygen outside of the red blood cell, native tetrameric
hemoglobin (Hb) would be the first option for a blood substitute [1,2]. However,
cell-free Hb appears to be toxic [3,4] because its tetrameric structure is
prone to dissociation into dimers, which then undergo rapid extravasation [2,5].
To prevent rapid tetramer elimination in blood substitute candidates, Hb is
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typically treated with agent(s) capable of increasing the apparent molecular
weight of the protein and/or establishing covalent bonds between the subunits
[1, 6-12]. In this respect, one of the most commonly used methods involves
reticulation/polymerization with dialdehydes such as glutaraldehyde [7,8,13-
15]. This reaction allows intermolecular bonding between the amino groups
(-NH2) of lysines (and N-terminal valines) of Hb and the carbonyl groups (-C=0)
of glutaraldehyde, with the formation of covalent-bonded dimers, trimers,
tetramers and polymers [7,9,16]. Compared to Hb polymers, the Hb-albumin
copolymerization strategy has been reported to present key advantages in
avoiding oxidative stress side-reactions, with minimal effects in biological
tests [9,11,17]. Here, we describe a device for mixing the reactants in order to
attain higher molecular weights with better reproducibility in the hemoglobin
reticulation/polymerization reactions with glutaraldehyde, as well as for co-
polymerization reactions of hemoglobin with bovine serum albumin (BSA).
The use of the described mixer allows for more informed and controlled choices
in establishing protocols for producing protein-based oxygen carriers in
larger quantities.

RESULTS AND DISCUSSION
Mathematical modeling of the mixer

The device employed for the mixing procedures was built in order to
obtain a promptly homogeneous reaction mixture, from two to four species,
in various concentrations, with the aid of an electromechanically delivery
system and a mixing chamber.

The electromechanical system contains a stepper motor, an electronic
circuit, the mechanical components, two to four syringes, and elastic connecting
tubes. It can be adapted to different types of syringes, offering the possibility to
easily modify the volumes of the chemicals that are involved in the reactions.
The flow rate variation of the delivered species is also controllable via the
velocity of the stepper motor, controlled via the electronic circuit. Figure 1
illustrates the flow rate through the connecting tubes as being a linear vs the
stepper motor’'s angular velocity (regardless of its value), for a single-syringe
case.
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flow rate variation

flow/rate (I/h)

total flow rate srg 60 mL
total flow rate srg 20 mL
total flow rate srg 10 mL
total flow rate srg 2.5 mL

Figure 1. Flow rate variation for different syringe types (2.5 to 60 mL).

The mixing device (cf. Figure 2) that was used for this case consists
of a silicone tube and three syringe needles used for the two inlets and the
outlet of the mixer. The whole assembly has a coating of elastic silicone in
order to protect the mixing tube from external influences, and to avoid
variation of internal pressure.

Figure 2. The mixing device and the interior geometry. Schematic representation.

The implementation of the mixing chamber was based on several tests
and evaluations through mathematical modeling of the proposed geometry.
The CFD modeling was performed for the physical model, with an initial
velocity condition presumed at the inlet tubes of 0.5 m/s for each species.
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The modeling result presented in Figure 3 shows that at the outlet of
the mixing tube, the velocity of the mixture is around 2 m/s, and there are
no significant turbulences. This value is sufficient to obtain a residence
time, inside the mixer, of around 100 ms.

Slice: velocity magnitude (m/s) B 3 oA A 4.2938

Figure 3. Velocity profile of the species in the mixing tube.

The results in Figure 4 illustrate the evolution of concentration only
for the first species; for the second one the results are symmetrical. Thus,
the outlet concentration of the substance is at half of its initial/inlet value —
suggesting that the species are indeed homogenously mixed and the
chosen geometry can be successfully implemented.

A 6.4111x10*

Slice: concentration (mol/m?3) X104

¥ -2211.5

Figure 4. Concentration of the first species through the mixing tube.

424



HEMOGLOBIN-ALBUMIN CO-POLYMERS FOR BLOOD SUBSTITUTES: INCREASING
THE REPRODUCIBILITY OF THE POLYMERIZATION REACTION

FPLC-derived kinetics of the Hb-GL and Hb-BSA-GL reactions

The gel-filtration chromatograms in Figure 5 illustrate the changes in
apparent molecular mass of Hb, induced by polymerization with 8 mM
glutaraldehyde. The area under the peak corresponding to the derivatized
sample (region to the left of the dashed vertical line in Figure 5) increases
continuously with derivatization time, up to 120 min. This value was proposed
[7] as a reasonable time-point for obtaining suitable for blood substitute
molecular weights.

derivatized area

A 3 — 0 min

,\ : — — 5min
'\ 3 -~-»?Omin
.\ § - == 15min

4.00 6.00 8.00 10.00 12.00 14.00

time (min)
Figure 5. Size-exclusion chromatograms of 1 mM Hb derivatized with
8 mM GL, at different intervals after automated reactant mixing.
Conditions: 20 mM Tris pH 7.4, 150 mM NaCl, room temperature.

Figure 6 shows the time evolution of the Hb-BSA-GL ternary reaction
mixture. The process appears to follow faster kinetics as compared to the simple
Hb-GL mixture, but with distinctly smaller contributions from fractions present
near the front of the eluent (i.e., those with molecular weights of 1000 kDa
and higher).

nHb
====nBSA

——— 0 min

5 min
10 min
20 min
30 min
180 min
300 min

3007 5.00 7.00 9.00 11.00 13.00'“: B 15:00
time (min)
Figure 6. Size-exclusion chromatograms for 1 mM Hb derivatized with 1 mM BSA
in the presence of 8 mM GL, at different intervals after reactant mixing.
Conditions: 20 mM Tris pH 7.4, 150 mM NaCl, room temperature.
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SDS-PAGE-derived kinetics

Figure 7 shows an SDS-PAGE analysis of the influence of glutaraldehyde
(Figure 7A) and BSA (Figure 7B) on hemoglobin (co-)polymers, at different
intervals after mixing. A clear trend is seen in the band corresponding to the
Hb monomer at ~16 kDa, as its intensity decreases constantly with the reaction
time. The results are in agreement with those obtained by size exclusion
chromatography: for the hemoglobin-only polymer the reaction is not completed
after 120 min, while in case of copolymer the reaction is completed after aprox.
30 min, in line with data in Figures 6 and 8B (see below).

245 A
123 1-nHb
55 2 -5 min
33 ' 3-10 min
* 4 - 15 min
23
. 5-20 min
— 6 - 30 min
EKDa M 1 2 3 4 5 6 7 8 9 10 7 _ 40 min
245 B 8 - 60 min
123 9 - 90 min
10 - 120 min

kKDa M 1 2 34 5 A% -7 B0 10

Figure 7. SDS-PAGE illustrating the effect of 8 mM glutaraldehyde (A) and 1 mM
BSA (B) on polymerization degree, at different intervals after reactant mixing:
1- native Hb, 2- 5 min, 3- 10 min, 4- 15 min, 5- 20 min, 6- 30 min, 7- 40 min,

8- 60 min, 9- 90 min, and 10- 120 min.

Images of the gels were analyzed digitally (by using the specialized
software called Thin Layer Chromatography Analyzer). Figure 8A (corresponding
to polymerized Hb) shows that the intensity of the monomer band (16 kDa)
decreases constantly with the increase of reaction time, while the intensity
of the polymer band (245 kDa) increases, demonstrating the evolution of
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the polymerization reaction. By contrast, the line corresponding to the Hb
copolymerized with BSA, maintains the same intensity as the line corresponding
to the copolymerized sample with 120 min reaction time (Figure 8B), demonstrating
that the copolymerization is completed after aprox. 30 min.

245 kDa 5& kDa 16 kLCa
A

Rl

e (1 11U
e 31 VAN
e 20 1N

] i3 0.4 0.8 04 1
Rt

Figure 8. SDS-PAGE image analysis by a specialized software
(A:1mMHb+8mMGL, B: 1 mMHb +1mMBSA + 8 mM GL)

UV-vis characterization of the (co)polymers

Figure 9 shows UV-vis spectra of derivatized Hb immediately after
the derivatization procedure with or without BSA, when using glutaraldehyde as
a cross-linking agent. The increase in absorbance at 630 nm (specific to ferric
hemoglobin), coupled with decreases at 540 and 580 nm (specific to ferrous-
oxy hemoglobin), indicates that glutaraldehyde induces a slightly enhanced
autooxidation tendency (higher concentration of derivatization agent causes
higher autooxidation rate) — which, as also seen in Figure 9 (solid dark grey trace),
BSA can alleviate. Similarly, higher reaction times increase the autooxidation
tendency (Figure 10). Moreover, after approximately 4 hours the protein
precipitates.
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Figure 9. UV-VIS spectra of native and (BSA co)polymerized hemoglobin,
measured after derivatization with glutaraldehyde at various concentrations (mM).
Conditions: PBS, room temperature.
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Figure 10. UV-VIS spectra of polymerized hemoglobin, measured after
derivatization with glutaraldehyde at different time of reaction.
Conditions: 1 mM Hb, 8 mM GL, PBS, room temperature.

Influence of reactant concentration
Figure 11 illustrates that the degree of polymerization increases with
the concentration of derivatizing agent. Thus, the largest derivatized area

was obtained in the sample with the highest concentration of glutaraldehyde
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(see Table 1). Again, one may note that the reaction is still incomplete at
120 min after mixing in the Hb-GL cases, while it is essentially completed
after 30 min for the Hb-BSA mixtures. Although the derivatized area is higher
after 180 minutes, the reaction is optimally quenched at 120 min because
at longer times there are also higher autoxidation rates in the product (see
Figure 10). Time resolved data in Figure 10 were fitted with the exponential
growth function y = As*exp(x/t1) + A2*exp(x/t2) + Yo, in order to obtain the
kinetic data in Table 1.

1Hb 8GL fit
e 1Hb 8GL exp
= === 1Hb 7GL fit
e 1Hb 7GL exp
= = +1Hb 9GL fit
® 1Hb 9GL exp
....... 0.8Hb 8GL fit

® 0.8Hb8GL exp

area of derivatized samples

1Hb 1BSA 8GL fit

® 1Hb 1BSA 8GL exp
= === 1BSA 8GL fit

© 1BSA8GL exp

0 20 40 60 80 100 120
time (min)

Figure 11. Time course evolution of derivatized Hb at various reactant
concentrations.

Table 1. Derivatized area of the analyzed samples and fitted parameter values.

Derivatized area
Sample after 120 min of | A1 t1 A; t R?
reaction (a.u.) | (min) | (a.u.)| (min)
(a.u - time.)

1TmMHb +7 mM GL 114 0.53 |117.28| 0.13 | 8.43 | 0.99
1 mM Hb + 8 mM GL 125 * 0.27 | 8.08 | 0.53 |188.22| 0.99
1T mMHb + 9 mM GL 140 0.17 | 6.79 | 0.41 | 31.34 | 0.99
0.8 mM Hb + 8 mM GL 132 0.17 | 6.28 | 0.45 | 66.22 | 0.99
1TmMHb +1mMBSA + 129 0.09 | 10.7 | 0.09 | 10.7 | 0.97

8 mM GL
1 mM BSA + 8 mM GL 40 1154.36] 2.17 | 0.06 | 10.11 | 0.91

*for this mixture, areas at 180 and 240 min were also recorded; of 198 and 155 a.u. - time,
respectively
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Figure 12 compares chromatograms of samples obtained by mixing
the reactants manually and when using the mixer, at different time intervals.
It is important as well as useful that the derivatized area is larger in the
case of automatically mixed reactants. The better homogeneity of the
reaction mixture also provides a better uniformity of the resulted aggregates
(in terms of molecular weight), and also leads to better reproducibility.

1 mM Hb + 8 mM GL

15 min
4.00 9.00 14.00 4.00 9.00 14.00
time (min) time (min)
60 min 120 min
4.00 9.00 14.00 4.00 9.00 14.00

time (min) time (min)
Figure 12. Size-exclusion chromatograms of Hb derivatized with 8 mM GL at
different time intervals after mixing the reactants either manually, or with the mixer.

CONCLUSIONS

The kinetics of the derivatization reaction of hemoglobin and albumin
with glutaraldehyde have been revisited, in order to establish the optimal
conditions (time of reaction, concentration of protein and derivatization agent) for
which the final product would be a reasonable candidate for blood substitutes.
The use of an automated mixing device (with a tens-of-milliseconds mixing
time) allows for polymers with a distinctly more reproducible molecular weight,
compared with manual mixing under magnetic stirring. The importance of
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dedicated mixing devices for protein derivatization, discussed here for the
glutaraldehyde-based reticulation of hemoglobin and albumin, is likely an
observation valid more generally for performing relatively fast (bio)chemical
reactions.

EXPERIMENTAL SECTION

Mixer. The mixer is built from a nonporous redox-inert material,
which may be metal or plastic. Its constraints are: (1) it should be
impermeable and (2) should not be oxidized by water and oxygen. In order
for the mathematical model to embed the key issues relevant for building a
mixer relevant for blood substitute solutions, two aqueous solutions were
considered - GL (0.1% glutaraldehyde) and Hb (3.2% hemoglobin), and the
initial conditions shown in Table 2 were imposed.

Table 2. Experimental conditions for the mixer building.

Parameters Value

Glutaraldehyde final concentration 0.1 [g/

Hemoglobin final concentration 16 [g/]

Diffusion coefficient (DgL-+b) 4.5*10° m"2/s

Density (pat, prb) peL = pHb = 1 kg/m”3

Dynamic viscosity (UsL, lHb) MeL = PHb = 1 mPa*s
Temperature 4°C

Flow rate (total) Q = 1l/h (may vary as needed)
Pressure drop 1 atm

Residence time of the mixed substance 100 ms

Hemoglobin purification. Bovine hemoglobin was purified by following
the general protocol of Antonini and Brunori [18]. Concentrations in the text
are given per heme rather than tetramer. Native, non-derivatized hemoglobin or
bovine serum albumin is hereafter referred to as “nHb” and “nBSA”, respectively.

Protein derivatization. PolyHb and copolyHb-BSA were obtained
by mixing a nHb solution with or without a BSA (fraction V, Sigma, Germany)
solution, with glutaraldehyde (Sigma, Germany) at 4°C, at concentrations
indicated in text. The reaction was stopped by addition of NaBH4 in equimolar
amount to the glutaraldehyde. The borohydride reduces imine bonds to stable
amines and also quenches excess carbonyl groups. After quenching, the
reaction mixtures were dialyzed against 20 mM Tris buffer, 150 mM NaCl at
pH 7.4, to remove excess NaBH, and side-products, respectively [7,9].
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Mixing procedures. The samples were mixed either manually, using
the tip of the automated pipette upon addition of the GL to the protein solution in
a 1.5-mL reaction vessel, or by using a purpose-designed mixer. In the latter
case, the protein and GL solutions are introduced into two different syringes,
the fluids being then directed towards the mixing chamber, through separate
tubes driven by a mobile plate with a constant speed. Here, the reactants
are mixed in a ratio decided by the diameters of the tubing and syringes (in
all experiments this was 1:1), allowing attainment of a homogeneous reaction
mixture (see Figure 13).

1)

Hb GL

Hb

Figure 13. Schematic representation for the mixing device
employed for hemoglobin polymerization.

SDS-PAGE. The polymerization yield was assessed using 15% SDS-
PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis). The gels
generally consist of acrylamide, bisacrylamide, SDS, Tris-Cl buffer with adjusted
pH, ammonium persulfate and TEMED (N,N,N’,N’-Tetramethyl ethylenediamine).

Fast protein liquid chromatography (FPLC, GE Healthcare, Sweden)
was employed for determining the percentage of total cross-linked Hb. A
Superdex 200 5/150 GL size exclusion column with 0.25 mL/min flow rate
was used, with a mobile phase of 20 mM Tris buffer, 150 mM NaCl at pH
7.4. The absorbance was monitored at 280 nm. Samples retrieved from the
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reaction mixture at various times in the interval of 0 — 120 minutes, were
each analyzed on the analytical gel-filtration column. The areas under the
peaks corresponding to derivatized hemoglobin were used as measure of
the polymerization degree and apparent molecular weight.

UV-VIS spectra were recorded on a Cary 50 (Varian, Inc) instrument in
PBS 7.4.
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A DFT INVESTIGATION OF A POLYCYCLIC STANNYLENE
MODEL; STRUCTURAL CHARACTERIZATION AND
STABILITY ASSESSMENT
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ABSTRACT. The first part of this study aims at evaluating by DFT methods
the structural features and the stability of a stannylene derivative, Sn(ll) being
included into an extended polycyclic framework. Natural Bond Orbital (NBO)
analyses are performed in order to understand bonding patterns and also the
role of secondary electronic effects on the stability of this unsaturated derivative.
In the second part, the coordination of NHC and THF ligands to the Sn(ll)
atom of the polycyclic stannylene species are investigated. The strength of
these interactions and the nature of the chemical bonds formed are also
discussed.

Keywords: stannylene, stilbene, DFT calculations, NBO analyses.

INTRODUCTION

Metallylenes, the heavier analogues of carbenes, have gained an
increased attention in the last period, due to their possible applications in
catalysis or as precursors in the synthesis of new polymers with controlled
properties.

Starting with the first transient metallylene, these compounds also
attracted interest from the fundamental point of view, since they display several
contrasting features compared to those of carbenes. Previous studies performed
on this class of compounds featured their characteristic electronic configuration
involving an inert lone pair (LP) situated in the ns orbital and a vacant p
orbital on the E (Si, Ge, Sn) atom [1-5]. Therefore, they can in principle act as
both Lewis acids and Lewis bases. As a result of their amphoteric properties,
metalylenes are highly reactive, short-lived and difficult to characterize, unless
stabilization by steric bulk or electron donating groups is achieved. [6-8]
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The singlet-triplet energy differences for HoE species (E = C, Si, Ge,
Sn, Pb) were previously evaluated by ab-initio calculations. For all heavier
analogues, the singlet state is more stable, with calculated gaps of 16.7 kcal/mol
for silylene, 21.8 kcal/mol for germylene, 24.8 kcal/mol for stanylene and
34.8 kcal/mol for plumbylene, while in the case of HoC: carbene, the singlet-
triplet energy difference was estimated as -14.0 kcal/mol. [9] The same study
additionally emphasizes that the relative stabilities of the singlet species
R2E: (E = C, Si, Ge, Sn, Pb; R = alkyl or aryl), related to their corresponding
dimers, R:E=ER;y, increases in the series: C < Si < Ge < Sn < Pb.

Stabilization of metallylenes can be achieved either thermodynamically
and/or kinetically. More precisely, kinetic stabilization can be accomplished by
introduction of bulky substituents onto the molecule which can block the highly
reactive vacant p orbital, while thermodynamic stabilization can be achieved by
coordination to different organic, organometallic or inorganic fragments [10, 11].

If the steric hindrance is insufficient, the metallylene will be subjected to
self-oligomerization, leading to the corresponding dimer or even polymers. [3]

Starting with the first completely characterized tin(ll) derivative stabilized
by the tridentate 2,6-bis[(dimethylamino)methyl]phenyl group reported by van
Koten in 1989 [12], a new topic, that of pincer ligand stabilized metallylenes,
was implemented. The majority of the pincer ligands reported in literature as
being used for stabilizing metalylenes consist in N,C,N-pincer type ligands [13-
17] while only few examples of O,C,O-pincer ones were successfully reported
until now. [18-21]

Since the synthesis of the first N-heterocyclic carbene, 1,3-di-1-
adamantyl-imidazol-2-ylidene, noted as NHC throughout the text [22], these
species were intensively used in stabilization of metalylenes due to their
electronic proprieties, namely the strong N—C(carbene) 1-donation. [23]
Other carbenes used as stabilizing co-ligand of metallylenes are benzimidazole
[24] or acyclic derivatives [25], but the Arduengo type imidazole-based carbenes
are much widely used due to their enhanced stability. While NHC—germylenes
have numerous examples reported to date [26-29], their reactivity is less
investigated, in opposing trends to those of NHC—silylene analogues, for which
fewer examples are known. [30-32]. In the case of NHC-stabilized stannylenes,
only few examples were reported in the literature [33, 34], their reactivity being
less investigated because of their low stability in solution.

In order to increase the thermodynamic and kinetic stabilization of
metallylenes, the phosphaalkenyl Mes*P=C< unit was connected to the NHC-
germylene and NHC-stanylene derivatives [35, 36]. It is known that in the
case of low coordinate species containing a heavy element of groups 14
and 15, with the Mes*P=C-E skeleton, the phosphaalkenyl moiety induces a
stabilizing effect [37-40]. The newly stable phosphaalkenyl metalylenes were
completely characterized and their reactivity was investigated [41-43].
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In order to increase the stability of the heavier analogues of carbene, we
have focused our recent research towards systems in which the germanium(ll)
or the tin(ll) atom is included into a cycle, with prospects of aromaticity or
pseudo-aromaticity. Based on our previous studies [44-46], we consider
that the fluorenyl-metallylenes or metallapine derivatives (containing a stilbene
group) will be thermodynamically stabilized due to electronic effects induced by
extending the conjugation on the heterorganic cycle.

In this work we report a computational chemistry study concerning
structural characterization and stability assessment of a polycyclic stannylene
(the structure is shown in Figure 1, being further noted as ). In addition,
possible formation of adducts between | and the NHC and THF ligands was
also assessed.

RESULTS AND DISCUSSION

The structural features of a stannylene-pine derivative | are investigated
by DFT calculations. The B3LYP hybrid functional and its long range dispersion
corrected form, B3LYP-D3, are employed within this study in order to assess
whether dispersion corrections influence the computed data.

The optimized molecular structures of I, performed with both B3LYP
and B3LYP-D3 functionals, are shown in Figure 1. The flanking fused phenyl
rings and the seven membered tin-containing heterocycle are quasi-planar
in the molecular geometry obtained with the B3LYP functional, a calculated
value of about 177.5° being obtained for the C3-C1-C2-C4 dihedral (see
Figure 1a and Table 1). On the other hand, the calculation performed with
B3LYP-D3 functional reveal a bent molecular structure minimum, the lateral
phenyl groups being displaced cis with respect to the central stannepin ring.
Nevertheless, both structures depicted in Figure 1 display similar distances for
the Sn-C chemical bonds (in-between 2.18 and 2.19 A), while for the C-Sn-C
bonding angle, calculated values are close to 100° in both cases (see Table 1).

Figure 1. Molecular structures of stannylene | optimized at (a) B3LYP/Def2-TZVP
and (b) B3LYP-D3/Def2-TZVP levels of theory.
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Energy differences between the planar and the angular geometries
of | are calculated with both B3LYP and B3LYP-D3 functionals. As in both
cases the results are roughly identical in terms of calculated bond lengths
and bonding angles, we appreciate that the planar structure achieved at the
B3LYP level of theory represents a good approximation for a merely single-
point energy calculation with B3LYP-D3 functional (without any geometry
optimization), in order to determine the magnitude of the planar-angular
gap (bending potential) of | at B3LYP-D3 level. A similar procedure is also
accomplished for the B3LYP functional. Calculated energy gaps between
planar and bent structures exhibit low values in both cases (0.1 kcal/mol at
both B3LYP and B3LYP-D3 levels), underlining the ability of the Sn atom
towards flipping between the two sides of the stilbene moiety.

Table 1. Selected geometrical parameters for stannylene |
Parameter B3LYP | B3LYP-D3
Sn-C1 (A) 2.181 2.185
Sn-C2 (A) 2.181 2.185

C1-Sn-C2 (°) 102.8 100.1

C3-C1-C2-C4 (°) | 177.4 156.0

*The atom labeling for tabulated parameters is in agreement with the one illustrated in Figure 1.

Natural Bond Orbital (NBO) calculations reveal weak stabilization effects
occurring from the stilbene moiety towards the vacant p orbital on the Sn atom.
Figure 2 depicts the NB orbitals involved in these charge transfer interactions.
The overall stabilization energy, consisting in two electronic departures of the
type (C-C)—p(Sn) for each of the investigated species illustrated in Figure 2,
has calculated values of 12.5 kcal/mol in the case of planar geometry (B3LYP)
and of 15.9 kcal/mol for the angular one (B3LYP-D3).

Data presented throughout this study relies on calculations performed
on the singlet state of stannylene I. In agreement with previous studies, the
NBO analyses performed on | displays a mainly s character (82% s, 18% p)
for the LP on the Sn atom. Nevertheless, the singlet-triplet gap (AEsrt) is also
evaluated. For both functionals the singlet state of | is considerably more stable
than the triplet one. Calculated AEst amounts are of 37.2 kcal/mol (B3LYP)
and respectively 37.3 kcal/mol (B3LYP-D3), zero-point energy corrections
(ZPE) being included in the energetic comparisons. However, these values
are with about 12.5 kcal/mol higher than previous ab-initio data reported for
H>Sn [9]. The enhanced stabilization of the singlet state for the cyclic
stannylene |, compared to H,Sn, can be understood in terms of m(C-C)—p(Sn)
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secondary electronic effects (Figure 2). The increase in AEst for the cyclic
species is in line with the calculated amount of the stabilization energy
corresponding to the donor-acceptor interactions (12.5-15.9 kcal/mol, see

the NBO section above).
‘D"
g 4’(:

al. a2,

bl.

Figure 2. NB orbitals involved in charge transfer interactions in | for calculations
performed at B3LYP/Def2-TZVP (a1 and a2) and B3LYP-D3/Def2-TZVP (b1 and
b2) DFT levels of theory. a1) T(C-C) donor NBOs on the planar structure; a2) p(Sn)
acceptor NBO for planar geometry; b1) m(C-C) donor NBOs on the angular
structure; b2) p(Sn) acceptor NBO for bent geometry.

Another key aspect to be taken into account when questioning
stability of targeted derivatives consists in the assessment of the HOMO-
LUMO gap. [47] Large gaps indicate enhanced stabilization, highlighting
thus considerable energy separation between the ground and the first
excited state. In the case of I, calculated HOMO-LUMO separation has
values of 3.33 eV (76.8 kcal) at B3LYP level and of 3.27 eV (75.3 kcal) at
B3LYP-D3. In order to gain relevant comparisons, the HOMO-LUMO gap
for the NHC carbene is additionally calculated at the same levels of theory,
NHC serving as a well know example of stable unsaturated species.

The calculated HOMO-LUMO separation for NHC is of 6.18 eV
(142.7 kcal) at both B3LYP and B3LYP-D3 levels, value that is noticeably
higher than those computed for I.
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Figure 3 illustrates the frontier MOs computed for | with both functionals.
In both cases, HOMO is predominantly located on the stilbene moiety, with small
contributions from the Sn atom. Within the angular structure, the contribution of
the Sn atom to HOMO is noticeably higher than in the case of the planar
geometry. Regarding LUMO, it is located to a large extent on the Sn atom
for both planar and angular structures, and consists in a vacant p orbital.

e

¥

Figure 3. Frontier MOs calculated for I: @) HOMO for planar structure (B3LYP/
Def2-TZVP); b) LUMO for planar molecule (B3LYP/Def2-TZVP); ¢) HOMO for
bent geometry (B3LYP-D3/Def2-TZVP); d) LUMO for angular structure (B3LYP-
D3/Def2-TZVP).

Stabilization of stannylene | with NHC and THF ligands

Blocking the unoccupied p orbital of metallylenes with strong Lewis
bases represents one of the know reactions used to stabilize these species.
Owing to the notoriety of the NHC carbene towards stabilizing unsaturated
derivatives by enhanced electron donation, intermediates of the type I-NHC
(Figure 4) were considered within this DFT study.
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a. b.
Figure 4. Molecular geometries of I-INHC species for: a) isomer la—NHC, the NHC
species and the flanking phenyl rings are oriented in trans; b) isomer lb—-NHC,
the NHC group and the lateral phenyl rings are disposed in cis; hydrogen
atoms were omitted for clarity reasons.

In addition, the molecular geometries of I-THF adducts (Figure 5) were
computed. The reason behind choosing THF as another possible stabilizing
ligand was of interest for the actual work because (i) THF represents a widely
used solvent in organometallic chemistry and thus it is worth knowing its
stabilizing effects on metallylenes, and also (ii) for gaining a broader overview
on the bonding pattern in cyclic stannyllenes.

7

a b.

Figure 5. Molecular structures of I-THF species for: a) isomer la—THF, the THF
ligand and the phenyl rings are oriented in trans with respect to the central
heterocyle; b) isomer Ib—THF, the THF ligand and the phenyl groups are oriented
in cis with respect to the central heterocyle; hydrogen atoms were omitted for
enhanced clarity.

For both I-NHC and I-THF species, two different isomers are considered
for each case: one isomer in which the flanking phenyl groups of the polycyclic
stannyllene and the NHC/THF ligands are disposed in trans, and another
one in which they are oriented in cis (see Figures 4 and 5). The molecular
structures delivered by both B3LYP and B3LYP-D3 functionals are very similar
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for each of the I-NHC and I-THF adducts. Therefore, only one set of structures
(one cis and one frans isomer) are illustrated in each of the cases, and not
two different ones as was in the case of I, for which the two employed
functionals lead to two different geometries.

The calculated energy differences between the investigated isomers
are small (ZPE included), with the trans isomer being the most stable one in all
cases. For instance, for I-NHC species, calculated gaps are of 1.6 kcal/mol
at B3LYP level and of 1.7 kcal/mol for the dispersion corrected functional,
B3LYP-D3. In the case of I-THF, calculated cis-trans energy differences are
of 0.7 kcal/mol for B3LYP and of 1.3 kcal/mol for B3LYP-D3.

Table 2 presents some key structural parameters calculated for I-NHC
and I-THF adducts. As it can be noticed, the values computed with B3LYP are
slightly higher than those computed with B3LYP-D3. Nevertheless, differences
are negligible for the chemical bonds, their lengths being found to be the
same within 1/1000 A for the Sn-C bonds, and within 1/100 A in the case of
Sn<C and Sn—O coordinate bonds. Angles differ between B3LYP and
B3LYP-D3 by at most 0.6° in the case of I-NHC, and by at most 1.2° for I-THF.
In comparison with stannylene I, Sn-C bonds formed with the flanking phenyl
groups are slightly elongated upon coordination of NHC (up to 0.054 A at
B3LYP level and to 0.052 A at B3LYP-D3) and of THF (up to 0.037 A at
B3LYP level and to 0.035 A at B3LYP-D3). A decrease of the C-Sn-C angle
is also noticed in all cases (see Tables 1 and 2 for comparisons).

Table 2. Selected geometrical parameters for
the calculated systems I-NHC and I-THF

B3LYP B3LYP-D3 B3LYP B3LYP-D3

I-NHC I-THF
trans | cis |trans| cis trans | cis |trans| cis
Sn—C(NHC)(A) [2.398 |2.418 |2.387 |2.403 |Sn—O(THF)(A) |2.438 |2.434 |2.424 |2.420
Sn-C (A) 2.235 |2.228 |2.237 |2.231 |Sn-C (A) 2.210 (2.218 (2.212 |2.220
C-Sn-C (°) 92.9 974 |92.3 |97.6 |C-Sn-C(°) 97.0 (944 (959 (92.2

An energetic index for the Sn—C (NHC) and Sn<O (THF) bonds,
based on the second order perturbation analysis of the NBO technique, is
presented in Table 3. Note that the second order perturbation energy for
the Sn—C (NHC) bonding is not available in the case of the frans isomer of
I-NHC (see Table 3), being regarded by the NBO analyses as rather covalent,
and not as a “classical” donor-acceptor interaction usually displayed in the
output of the NBO calculations. However, the contribution of Sn to the
Sn—C bond is small: ~18% in the case of both B3LYP and B3LYP-D3.
According to the computed data, the strength of Sn—C bonding is far higher
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than that of Sn—O bonds. However, these trends are in line with previous DFT
studies concerning the stabilization of posphaalkenyl germylenes with various
Lewis bases (NHC, THF, Et,0) [42].

Table 3. NBO data for Sn«C (NHC) and Sn<O (THF)
chemical bonds of I-NHC and I-THF adducts

B3LYP B3LYP-D3
Coordinative Bond - -
trans cis trans cis
Sn«C (NHC) (kcal mol") - 117.2 - 120.0
Sn«O0 (THF) (kcal mol) 30.3 304 30.5 31.0

For the I-THF type adducts, NBO calculations also suggest the
occurrence of weak intermolecular hyperconjugative interactions of the type
p(0O)—0*(Sn-C). The calculated energies of these effects range in-between
3.7 and 4.4 kcal/mol. Nonetheless, these kinds of hyperconjugative effects
were shown to play important roles in molecular stannoxanes [48].

CONCLUSIONS

The structural features and the stability of a stannylene-pine type |
species were investigated using DFT calculations. NBO analyses revealed
that the extended cyclic framework of investigated stannylene assures an
increased stabilization compared to acyclic counterparts, due to charge
transfer interactions of the type m(C-C)—p(Sn). The enhanced stability is
reflected in the singlet-triplet gap which in terms is considerably higher than the
one previously reported for H.Sn species. Concerning the calculated HOMO-
LUMO gap, DFT data revealed a separation of about 3.3 eV, which is
significantly lower than the one calculated for the reference NHC species, which
had a gap of 6.2 eV. Further stabilization can be achieved via coordination, the
role of NHC and THF ligands being assessed in this respect. The strength
of Sn—C (NHC) interaction is significantly higher than that of Sn—O (THF)
bond, in line with previous DFT studies on germylenes. Nevertheless, the
stabilization with THF is undoubtable, being at the same time of great practical
importance, since THF serves as a widely used solvent in metallylene chemistry.

Finally, the present study compared the geometries delivered by B3LYP
with its dispersion corrected form, B3LYP-D3. According to the DFT data, a
good agreement of both bond length and angles was achieved among the two
employed functionals, highlighting thus that the effect of the D3 long-range
dispersion corrections on the computed data is negligible in the present case.
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EXPERIMENTAL SECTION
Computational Details

Density Functional Theory (DFT) calculations were performed with
the Gaussian 09 software package [49]. Geometries were fully optimized in
the gas phase without any symmetry constraints, employing the B3LYP [50]
hydrid functional and also its dispersion corrected form, B3LYP-D3 (with D3
standing for Grimme’s dispersion corrections [51]), and the valance ftriple-
zeta Def2-TZVP basis set [52]. Stuttgart effective core potentials (ECPs)
were used for computing the relativistic core electrons of the Sn atom. The
ECPs are included in the implementation of the basis set in Gaussian 09. The
optimization criteria were set to tight in all cases. Vibrational frequencies were
computed in order to characterize the nature of the stationary points, and also
used for calculating zero-point energy corrections (ZPE). According to the
vibrational analyses, all optimized geometries correspond to minima. For all
calculations, the integration grid used was of 99 radial shells and 950 angular
points for each shell (99,950), precisely the “ultrafine” grid within Gaussian 09.
Natural Bond Orbital (NBO) [53] single-point calculations were carried out
on the optimized molecular structures, in order to shed light on the structural
features and on the nature of the chemical bonding in the analyzed species.
The Gaussian 09 implemented version of the NBO program was used.
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ABSTRACT. Conventional solid-state synthesis was used to produce mixed
valence manganite Lao7CaosMnOs (LCMO) from the mechanochemically
activated mixture of the corresponding metal oxides. Prepared samples were
characterized by XRD and SEM measurements. The results showed that it
is possible to produce single phase LCMO perovskite after at least 2h of
ball milling of the reaction mixture, followed by 1400 °C sintering of the dry-
pressed sample pellets. The prolonged milling time as well as the higher
sintering temperature leads to further stabilization of crystal structure.

Keywords: perovskite manganites, LCMO, mechanochemical synthesis,
XRD, SEM, microstructural characterization

INTRODUCTION

Due the practical significance of their outstanding magneto-electric
properties (high temperature superconductivity, huge magneto-resistance,
magneto-caloric and magneto-optical effect, spin-glass state), there is an ever
growing interest towards the mixed oxidic ceramic systems containing transition
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metals and/or REE (perovskites, spinels, pyrochlores) [1]. The peculiar
properties of these materials result from local micro-structural electric and
magnetic phase transitions. The colossal magnetic resistant (CMR) behavior of
perovskites, e.g., can be associated to the paramagnetic-ferromagnetic phase
transition taking place when the temperature decreases below a critical
value (the Curie point, T¢) [2].

Nowadays, study is mainly focused on CMR manganite perovskites
of the general formula A1-xA'x\MnQO3 (A - Me®**, e.g. La and A' = Me?*, e.g. Ca,
Sr, Ba), where Lai.xAxMnQO3 (0<x<1) mixed manganites (parent compound:
LaMnQO:s) are the representative ("prototype") CMR ceramic family. Replacement
of La with divalent cations oxidizes Mn3* to Mn#*, introduces holes in the Mn
3d band and induces the metallic and/or ferromagnetic behavior ("oxidative
nonstoichiometry"). Considering the ease of the oxidation process Mn3* —
Mn** + 1 e, such a defective material is formed also by annealing LaMnO3
in air or Oz atmosphere. As insertion of excess oxygen is not possible in the
perovskite structure, the global composition resulted due to the non-stoichiometric
incorporation, via cation vacancies, will be LaMnOs.5 [2]. In fact, the mixed
manganites’ general but correct crystallographic formula is La1.xMn1.4xO3, x =
o/(3 + 0).

The presence of mixed Mn3* - Mn#* valences gives rise to a double-
exchange mechanism which, together with the charge ordering and the
strong electron-phonon coupling (of a type of dynamic extended system
version of the Jahn-Teller effect), are at the origins of: the sharp increasing
of the electrical conductivity, the ferromagnetic-like behavior with reentrant
spin-glass character, the large magnetoresistance, as well as the unusual
magneto-caloric and magneto-elastic effects observed near the phase transition
temperature. Divalent cation substitution for La is particularly effective in
the doping range of x = 0.2-0.4 (20 - 40% holes/Mn ion), with the phase
transition temperature exceeding room temperature in some cases (in the
Lai-xCaxMnOs system T¢ varies between 182 and 278 K) [3].

The special phase transition related magneto-electric properties of the
manganites can be controlled through their synthesis method (and conditions),
chemical composition, temperature, pressure, external magnetic field strength,
hence offering them a great variety of applications.

This paper presents a preliminary XRD and SEM study of
Lao7Can3sMnOs:+5 samples, prepared by the standard ceramic technology,
with the aim of establishing the influence of the mechanical activation (the
ball milling time) and the firing conditions (time and temperature) on the
phase composition and the microstructural characteristics of the obtained
ceramic material.
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RESULTS AND DISCUSSION
Lao.7Cao.3sMnOs.5 synthesis and characterization

Mixed-valence manganites destined for practical applications are
prepared most frequently as thin fiims (mostly by sol-gel dip coating, spray
pyrolysis or electrochemical deposition; sputtering, PLD from ceramic targets,
MOCVD or MBE) and nanoparticles (by sol-gel route, combustion — auto-
combustion, precipitation from aqueous or non-aqueous solution, from reversal
microemulsions). Single crystals, obtained usually by the flux melt technique,
floating zone melting, hydrothermal synthesis, sol-gel method, etc. are used
generally for research purposes [1, 4].

Bulk polycrystalline ceramics are most easily prepared by the standard
ceramic method: repeated grinding, compaction and firing of the stoichiometric
mixture of the oxide components, until a single-phase material is achieved.
To obtain Lai xCayMnOs, a mixture of La,O3, CaO and MnO, has to be
grinded together, pelleted and fired in air for several hours. The process has to
be repeated as many times as necessary, until the uniform single phase material
is obtained. Since the method depends on the solid-state interdiffusion between
the oxides, a finely powdered, well-compacted starting mixture has to be used.
A variant of the method uses previously dried precursors (typically carbonates
or oxalates) which decompose into highly reactive, ultrafine-grained oxides
during a preliminary calcination. The starting oxide mixture can be obtained
also in form of a precursor gel by wet chemical methods (co-precipitation),
or from a citrate gel, by dissolving La>O3, CaCO3; and MnCO3 in HNO3, then
adding citric acid and ethylene glycol [4].

The present study investigates the ball milling time and firing conditions
influence on reaction completion for the standard solid state synthesis of
polycrystalline Lao7Cao.3MnOsz+5 ceramics (LCMO).

For this purpose, four series of LCMO ceramics were prepared
starting from the stoichiometric mixture of high purity of dried La>O3, MnO>
and CaCOs (Table 1). Starting mixtures of identical composition were
homogenized, pulverized and mechanically activated by 1, 2 and 3 hours of
ball milling, then pelletized, and fired during 2 h at 1200°C (samples 12.1,
12.2 and 12.3); 2 h at 1200°C then 2 h at 1300°C (samples 13.1, 13.2 and
13.3); and 2 h at 1200°C, 2 h at 1300°C, then 2 h at 1400°C (samples 14.1,
14.2, 14.3, and respectively 14.1.L, 14.2.L, 14.3.L). In the end, excepting
samples 14.1.L, 14.2.L and 14.3.L which were left in the oven to self-cool
up to room temperature, all others were rapidly cooled by quenching.
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Table 1. The list of prepared LCMO ceramics

MiIIing Firing time
Sample . (h)
coding time
(h) | 1200°C | 1300°C | 1400°C | 1400°C
12.1 1 2
12.2 2 2
12.3 3 2
13.1 1 2 2
13.2 2 2 2
13.3 3 2 2
14.1 1 2 2 2
14.2 2 2 2 2
14.3 3 2 2 2
14.1.L* 1 2 2 2
14.2.L* 2 2 2 2
14.3.L* 3 2 2 2
*self-cooled

The LCMO phase formation for syntheses carried out according to
the conditions presented in Table 1 was determined by XRD analysis. Phase
purity of the ceramic samples (regarded as reaction efficiency) was estimated on
the basis of the recorded diffractograms. The one corresponding to the 14.3.L
sample is presented in Figure 1.
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Figure 1. Experimental X-ray pattern of LCMO sample 14.3.L.
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The microstructural data (lattice constants, unit cell volumes, density)
were calculated by assuming an orthorombic crystal structure (space group
Pnma, RGNR 62); Rietveld analysis was performed by using the PowderCell
2.4 program and the data set presented in Table 2 [5-8].

Table 2. Data set used for the Rietveld refinement*
(reference unit cell constants of LCMO and the atomic positions)

CELL 4650 77231 54798 90.000 30.000 20.000

La av 1.0000 0.2500 1.0000 0.7000 (4c)
Ca 20 1.0000 0.2500 1.0000 0.3000 [ 4dc)
Mn 25 0.0000 0.0000 0.5000 [ 4b)
o1 B 0.3000 0.2500 1.0000 [ dc)
02 B 0.7324 0.0000 0.3000 [ 8d)

(*orthorombic system, RGNR 62 Pnma).

XRD patterns recorded for the ceramic samples did in neither case
reveal impurity phases. Thus, it may be concluded that the synthesis was
fairly completed even for the mildest employed reaction conditions (2 hours
of firing at 1200°C after only 1 hour of milling). However, it must be taken
into account that XRD evidences only mineral phases over 2-3 wt%.

In order to compute the microstructural parameters, experimental
XRD data were considered only in the 20 intervals 28 to 35 and 55 to 62,
respectively, in the domain of most intensive peaks (Table 3). Possible
changes of the lattice parameters were also taken into account.

Table 3. Parameters of the main XRD peaks for sample 14.3.L.

H K L 280 d[A] le  F(hkD)| Mu  FWHM
0 0 2 32657 273990 26451 21137 2 02236
1 2 1 32737 273336 96748 20242 8  0.2236
2 0 0 32748 273250 24126 20221 2  0.2236
2 1 0 34798 257602 000 000 4 0.2236
1 2 3 58332 158062 30987 16628 8  0.2236
0 4 2 58427 157827 16631 17246 4  0.2236
3 2 1 58447 157777 30834 166.00 8  0.2236
2 4 0 58485 157685 15478 16649 4  0.2236
2 3 2 59741 154667 000 000 B8 0.2236
2 0 3 60963 151856 000 053 4 02236
30 2 61033 151698 161 1747 4 0.2236
1 4 2 61063 151630 322 1748 & 02236
2 4 1 61105 151536 001 085 8 0.2236
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Microstructural parameters calculated for the samples 14.3 and 14.3.L
are presented in Table 4. Agreement among the unit cell edge values was
obtained, and the reference values confirm the orthorombic lattice structure.

Table 4. Microstructural parameters of samples 14.3 and 14.3.L.

a b C W
: - - s P
Sample A A A Az glem?
14.3L AR | 5481 | T.T2(T) | 231283 | 032
14.3. 5.45(6) | 5.47(4) | 7.71(4) | 230,387 | 6.179
Reference value®™ | 54650 | 54798 | 7.7231

* RGNR 62 Pnma [9]

The microstructural data of Table 4 are also in agreement with the
similar values published in the literature, the differences being generally
within the permitted experimental errors interval (Table 5).

Table 5. Lattice parameters of LCMO ceramics obtained by different methods

Sample tvpe i :]; ; Ohservations Ref.
Self-combustion 5445 [ 5475 | 7.720 | sHS [10]
Sol-gel 33761 53739 75715 | LapaCag-MnOs [11]

3433 | 5446 7842 | Camier: LAO
Epitaxial thin film 3461 | 5495 7.798 | Camier:: YAQ [12]
3488 | 5353 7.690 | Camier:: 5TO
Conventionallv sintered | 5458 | 53438 | 15.44 Ps-:ur:lafublc double [13]
perovskite structure

Even if the Lao7CaopsMnOs phase is present starting with ceramic
samples fired at 1200 °C, the materials sintered below 1400 °C are quite
pulverulent, and the fit of the calculated diffractograms is totally satisfying
for samples 14.2., 14.3. and 14.3.L only (Figure 2). In conclusion, in order
to obtain a qualitatively adequate end-product, at least 2 hours milling time
and at least 1400 °C firing temperature is required.
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Figure 2. Calculated X-ray pattern of LCMO sample 14.3.L.

Due to their pulverulency, an adequate SEM investigation of the
synthesized ceramics was possible only in case of the samples fired at
1400 °C.

As shown by the microphotos registered at 1k magnification, the
general morphology is very similar, although the structure of the quenched
samples shows a more crystalline character (Figure 3).

The differently colored, lighter and darker zones probably correspond to
the differently ordered magnetic phases.

At larger (50k) magnification the microphotos evidence that whereas
the structure of the quenched sample (14.2) is constituted of regular perovskite
crystals, the corresponding slowly cooled 14.2.L crystalline structure is
already partly melted (Figure 4).
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Figure 3. Milling time influence on the structure of the LCMO ceramics
sintered at 1400 °C (magnification: 1k).
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Figure 4. Perovskite crystals in the quenched (here noted as 14.2.R)
and the slowly cooled (14.2.L) LCMO manganite.

CONCLUSIONS

X-ray diffractograms prove that the Lag7Cap3MnO3 phase is present
starting with ceramic samples fired at 1200 °C. However, the materials sintered
below 1400 °C are pulverulent, and the fit of the calculated diffractograms is
totally satisfying for the samples 14.2., 14.3. and 14.3.L only. A qualitatively
adequate end-product necessitates at least 2 hours milling time and at least
1400 °C firing temperature.
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The calculated microstructural parameters agree well with previously
published values, as well as with the generally accepted reference values,
confirming together with the 50k magnification SEM images, the occurence
of the orthorombic lattice structure.

EXPERIMENTAL

XRD analysis was performed using a BRUKER D8 Advance
diffractometer (working parameters: 45 kV, 45mA, Ni filtered Cu K, radiation
collimated with Soller slits, step-scanning mode with A26 of 0.01° steps,
spectral pure Al,O3 as internal standard). The sample support was uniformly
coated with the finely pulverized ceramic sample (agate ball mill, mean
particle diameter < 63 um, PVC-based adhesive). The crystalline phase
composition was determined be means of the MATCH! phase identification
software and the IUCr/COD/AMCSD reference database.

SEM investigations were carried out by using a LEO 1540 XB
(Gemini) microscope, on samples covered with a vacuum evaporated gold
film of =10 nm thickness.
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ABSTRACT. The present study was focused on evaluating the manner in
which heavy metals, originated from natural and anthropic sources (former
mining activity in Baiut metallogenic area), in the upper basin of the Lapus
River, transferred into sediments and accumulated in the riparian vegetation.
Total concentrations ofPb, Ni, and Cd, classified as priority hazardous
substances in the WFD, were measured in samples of water, sediments and
some emergent flora species (Equisetum fluviatile, Myosotonaquaticum,
Carexaquatilis, Salix fragilis, Mentha aquatica, Juncus spp.), in 4 selected
sections of the Lapus River, including a reference section (a pollution free
area). The heavy metal concentration in collected samples were determined by
atomic adsorption spectrometry. In all the monitored sections the heavy metals
concentrations were higher in plants than in sediments or water samples. The
highest concentrations were recorded for Pb, then for Ni and lastly for Cd in the
genus Carex and Salix in the most contaminated river section. The results of
the study show that the ability to accumulate heavy metals differs between
species, and affinity for a particular metal depends on its bioavailability.
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INTRODUCTION

The presence of heavy metals in the aquatic environment, in a
variety of complex chemical forms, continues to cause concern on account
of the changes it generates to the biodiversity of aquatic communities and
implicitly due the risk that some organisms may develop resistance to the
new environmental conditions.

The reaction of aquatic organisms to growing concentrations of
heavy metal corresponds to the responsiveness of each species, to the
intensity and length of the exposure and to the toxicity level and form of the
metal in question [1].

Resistance to heavy metals can be obtained through either of two
ways: avoidance, through which a plant is externally protected from stress
and tolerance, through which a plant survives internal stress effects [2].

From the physiological point of view the survival of a plant in its
specific environment is based on its requirements of chemical elements
needed for a normal metabolism (macronutrients, micronutrients and the
benefit elements) [3] and/or on the tolerance to theexcess of essential and
metaboliccally nonessential elements [4]. Therefore, plantsneed to adopt
their physiological process to the environment in which they germinate, and
their beneficial metabolic charactersneed to be transferred to next
generation by changing the genetic structure of the local population [5].

In most cases metallogenetic environments are contaminated with
more than one type of metal, in potentially toxic concentrations, consequently
plants develop multiple tolerances. In some cases, plants develop low-level
co-tolerance, for metals with low concentration in their environment [6].

The dividing line between tolerance and non-tolerance for aquatic
organisms is their ability to root, survive and reproduce in soil substrates
contaminated with heavy metals [1].

Consequently, ecosystems tend to adapt to the new conditions, either
with species tolerant to heavy metal contamination, or with the appearance
of dominant species to the detriment of diversity. The occurrence of such
species can constitute an indicator for the contamination level and for bad
ecological conditions.

Heavy metal pollution can determine severe phytotoxic actions on
plant species, with implications on their genotype, guiding their development
selectively towards greater heavy metal tolerance [1].

Aquatic plants are fundamental for the structure and functioning of
aquatic habitats [7]. Additionally, high degrees of visibility for aquatic plants
indicate a less polluted environment [8].

“Chemical pollution” has a chronic and acute effect on aquatic
organisms. The accumulation of polluting substances in ecosystems and the
disappearance of biodiversity and habitats are the result of pollution with
some heavy metals (Cd, Hg, Ni and Pb). These heavy metals are considered
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priority contaminants, with proven significant risks to the water environment.
According to Water Framework Directive [9] and to the Environmental Quality
StandardsDirective [10], these substances relate to different environmental
objectives set for them and to their particular definition in differentiated
legislative contexts.

Taking into account that some species have developed such a high
degree of tolerance that they can survive and thrive in environments with
metallogenic substrates, the determination of the bioavailability of metals
and of the bioaccumulation and concentration of heavy metals in plants is
very relevant today. The first sign of bioavailability is bioaccumulation, when an
organism absorbs a part of the polluting substance [11].

The study focuses on the water body Lapus - “lzvoare - Suciu and the
tributaries” RORW2.1.66_B1, analyzing the section between the Izvorul Alb-
Negru (the reference) section and the Lapusul Romanesc section, which
conforms to the RO 01 typology (according to the WFD) and which captures
the significant impact of mining activity in Baiut metallogenic area. Its chemical
state risks not reaching the target of the Water Framework Directive [9] and
constitutes an exception to the general good status of the river.

In 2006, prior to the cessation of waste depositing and implicity of
mining activity (obligation included in the EU Ascension Treaty of Romania), the
water quality of the Lapus River showed an evident impact of heavy metal
presence. In all sections (Izvorul Alb Negru, Lapusel, Razoare and Bucsag)
monitored by the basin water authority, the measured values for Pb and Cd
determined the fifth grade, the most unfavorable, for the Lapus River
(referred to the Order no.161 / 2006[12]). If the measured values for 2006
are related to the EQS limits provided by the current EU legislation[10],
they exceed the allowed limits for cadmium in all sections and for lead in
the Lapusel and Bucsag sections.

Based on the evaluation data on the water quality status and, more
precisely, the chemical status of the Lapus River (owned by the water basin
authority), taking into account all the conformations, it is found that this body of
water has a chemical state classified as “bad”.

The aim of this study is to evaluate the bioaccumulation level
(Bioaccumulation factor, BAF) in riparian vegetation, of those heavy metals
which are defined by the EQS Directive as priority substances (Cd, Ni, Pb).

RESULTS AND DISCUSSION
A first assessment of the concentration levels of heavy metals (Cd,
Ni, Pb) of sediment and plant samples was undertaken in September 2016,

through the sampling of the sedimentary layer surface (4 sections) and
helophyte plants sampling (same 4 sections).

459



GIANA POPA, TANIA MIHAIESCU, ANTONIA ODAGIU, RADU MIHAIESCU,
CLAUDIA BALINT, ION OLTEAN

Sediments

In each section an instanter sediment sample was collected from
the minor riverbed of the Lapus River, along with a pH measurement conducted
at the same location.

The results obtained from the determination of heavy metals
concentrations are presented in Table 1.

The dates submitted in Table 1 include water results from the
surveillance monitoring sets by the water basin authority for Pb, Ni and Cd,
in two sections on the Lapus River (Izvorul Alb Negru, Lapusul Romanesc)
for chemical status evaluation on “lzvoare - Suciu and the tributaries” water
body. The values refer to the annual mediate of monthly determinations for
Pb, Ni and Cd. The difference of concentrations between the two sections,
upstream and downstream along the Lapus River, indicates the existence
of significant pressures with heavy metals.

Table 1. Levels of heavy metal concentration
in the studied sections of the Lapus River

. . Sample| Sample . pHon
Sampling point code type Cd Ni Pb water
Lapus River upstream from Sediment
Baiutsettlement (background S1 16 | 19.2 1425 7.3
' - [mg/kg]
reference section)
Lapus River dpwnstream from the S2 Sediment 77 1 606 |6707] 3.1
mineshaft [mg/kg]
Lapus Rlver doyvnstream from 33 Sediment 20 | 508 6518 32
Bloaja pond impact area [mg/kg]
Lapus Rlvgr downgtream 2 km s4 Sediment 26 | 47.9 |6182| 34
from Bloaja pond impact area [mg/kg]
Lapus River — Izvorul Alb Negru | SA \[’r\;a;ﬁ]r 01| 08|04 ]| 72
Lapus River - LapusulRomanesc | SB \[/r\;a;ﬁ]r 26 [ 139 05 7.2

The following aspects are noticeable. The sediment load of Cd, Ni
and Pb at the recorded concentrations in the reference area indicate the
metallogenic area of the natural background, especially Cd concentrations
where the determined value is greater than the 0.8 mg/kg limit [Order 161/2006].
All Cd, Ni and Pb concentrations are higher than the allowed limits (0.8 mg/kg,
35 mg/kg, 85 mg/kg) in the next 3 sections, with the maximum amount
being present in the second section (downstream from the mineshaft). The
inflow of uncontaminated water from the Strambu Baiut tributary, located
right after section 2, diminishes the heavy metal concentration level of the
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sediment in section 3, to 2.46 times the allowed limit. In section S4 the Cd
amounts are 3.22 times the allowed limit, due to the cumulative effect of the
acid mining waters and the tailing pond.

Based on the basins authority data for the year 2016, the highest
level of water contamination in the studied sector of the Lapus River was
recorded in September, when concentrations of Cd, Ni and Pb were 33, 16
and 2.3 times greater than the EQS parameters for a pH of 6.17. The
analysis and processing of data recorded throughout 2016 determined the
classification of the entire “Lapus-lzvoare cf. Suciu and tributaries” body of
water as having a poor chemical state based on the criteria in the “Water
Framework Directive” (WFD)[9].

Compared with the Cd, Ni and Pb concentrations measured in
water, those found in sediments are much higher, especially for Ni and Pb.
Based on pH, one of the factors known as being a determinant for the
solubility and availability of plants for metals, and taking into account that
the rivers pH value at the inflow of mine water and tailings (measured
during sediment sampling) is around 3.2, the solubility of metals is growing.
The absorption process is more important than the precipitation of solids in
the decrease of the concentration of metal ions in acidic conditions, while the
reverse is true for alkaline conditions [13]. As such, absorption for Pb becomes
significant at pH 3-5, and for Cd at pH 5-6.5 [14], this phenomenon is
confirmed by the results of the studied sections.

The water basin authority highlighted this specific behavior of metal
absorbtion through the monitoring regime established across 2016, for the
water evacuated out of the mineshaft (Breiner) in the Lapus River.The average
flow of the evacuated waters was approx. 3 I/s and a pH between 2.9 and 5.6,
the pollutants were found at the following levels: sulphates: 680 - 1160 mg/l /
600 mg/l allowed [HG 352/2005]; Cd: 3,73 - 67,34 ug/l / 0,2 mg/l allowed;
Fe: 5,46 - 121,3 mg/l / 5 mg/l allowed; Ni: 6,5 - 269,6 ug/l / 0,5 mg/l allowed; Zn:
0,973 - 32,95 mg/l / 0,5 mg/l allowed; Hg: 0,006 - 0,042 pg/l / 0,05 mg/I
allowed; Pb: 3,992 - 262 ug/l / 0,2 mg/l allowed.

If for the mine waters the concentrations are known, for the pond,
being a diffuse pollution source, we can only observe the visual effect it has
on the Lapus River and estimate the ponds contamination level. The eroded and
active layer of the ponds surface, disperses acid and high salt-content particles
towards the river area, generating substantial qualitative changes on it.

From the same sections were collected plant species anchored in the
soil, depending on representativity and abundance so as to be relevant for the
study. The species diversity was lower, even in section S1 (only metallogenetic
background) at the final vegetative period. The plants were washed by the
periphyton (all the bodies that live submerged on aquatic plants organisms)
and the sediment, being preserved in plastic bags.
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In Table 2 the identified species from the monitoring sections and the
results of phytotoxicologic determinations for Ni, Pb, Cd and Zn are presented.

The diversity of plants and their abundance is limited and decreases
from one section to another, and along the crossing of highly contaminated
sections the plants change not only their coloration but also their terrestrial
structure, much less developed, while the structure of the roots is more
branched and filamentous. With the exception of the Carex species which
is present in all sections, the diversity of the rest of the identified plants
changes, with the most contaminated section 3 having only Carex and Salix
species present.

As for the concentrations of metals measured in plants the highest
was found in section S3, followed by section S4 and section S1. Section S2
was poorly represented by the relevant plants.

Table 2. Heavy metal concentrations in identified plant species

. . . . Ni | Pb | cd | 2zn
Sampling point Examinated species ma/kg dry Wi]

Equisetum fluviatile L. 43.0 1 295.9 | 26.9 | 6.8

S1 - Lapus River _ Carexacuta L. . 39.4 | 507.8 | 36.1 | 2.7

upstream from A//_sma/anceolatum W!th. 74.4 |1008.1| 52.3 [28.2

Baiut settlement Alismalanceolatum With. 113.6[1582.5| 41.7 |33.3

CarexaquatilisWahlenb 66.9 2515 | 99 | 26

Myosotonaquaticum(L.) Moench | 72.0 |1365.6|124.4|14.1

CarexhumilisLeyss. 242.411864.6| 27.4 |331

S3 - Lapus River Salix exigua Nutt. 183.5[1671.0| 434 |17.4

downstream from Carexacuta L. 129.312063.9| 6.5 |10.2

Bloaja pond CarexaquatilisWahlenb 240.112557.1]| 41.6 |30.3

Salix fragilis 251.5|594.0 | 54.2 |27.5

S4 - Lapus River Salix exigua Nutt. 121.3] 321.4 | 98.1 [10.0

downstream 2 km Menthaaquatica L. 205.9| 463.8 [113.9]|24.9

from Bloaja pond Carexelata All. 117.5] 306.3 | 16.6 | 5.4

Juncuseffusus L. 135.0/1068.8| 35.5 | 6.6

The data provided by the toxicological analysis of the riparian vegetation
shows that in the reference unpolluted section, plants from the Alismataceae
family accumulate heavy metals, determined concentration in plants showing
the pattern Pb>Ni>Cd. Additionally, with regards to metal concentration in
different species, Pb is bioaccumulated in the following order Alismataceae>
Myosotonaquaticum>Carexacuta> Equisetum fluviatile >Carexaquatilis.

The most contaminated, section 3, also records the highest
concentrations of Pb and Ni. In the identified Carex species the lead
concentration was the highest, namely 1864.6 to 2557.1 mg/kg dry wt., but
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also in the two Salix species 594.0 to 1671.0mg/kg dry wt., the nickel
followed in the same species in the same order, i.e. Carex> Salix. Also,
some species of the Carex family have a higher affinity for Pb and Ni than
others. For Pb, the critical toxicity level is reached at 0.6-28 mg/kg dry wt.
and for nickel at 10-50 mg/kg dry wt., while the hyperaccumulation level is
reached for both metals at concentrations higher than 1000 mg/kg dry wt.
[15]. As a result, all plants identified in section 3 may be hyperaccumulators
for metals.

For cadmium, the identified concentrations are kept within the
same limits for all monitored sections with a higher bioaccumulation for
Myosotonaquaticum of 124.4mg/kg dry wt. in Section 1 and Mentha aquatica of
113.9 mg/kg dry wt. in Section 4, sections upstream and downstream from
sources of heavy metal contamination.

Relative to the level of the metal concentrations in the structure of the
plant, there are highlighted plants that are at the same time accumulators
and “hyperaccumulators”, the latter being characterized by the possibility of
taking concentrations for Cd> 100 mg [16]. It is difficult to determine the critical
level of toxicity for the chemical elements since usually small quantities are
transported into the stem and the relevant toxic effect is sensed in the roots [15].
Under these circumstances it is possible that the two above-mentioned
species have the characteristic of cadmium hyperaccumulators.

The bioconcentration rate heavy metals in riparian plants (the
concentration of heavy metal in plant reported to the concentration of the
same metal in sediments), in the studied sections is presented in Table 3.

Table 3. Bioconcentration rate for Ni, Pb, Cd in identified species

Sampling point Examinated species Ni Pb Cd
Equisetum fluviatile L. 2.2 7.0 16.8

) Carexacuta L. 2.1 11.9 22.6

Su 1p; t';:g;SBF;'i‘:ﬁr Alismalanceolatum With. 39 | 237 | 327
settlement Alismalanceolatum With. 59 37.2 26.1
CarexaquatilisWahlenb 3.4 5.9 6.2

Myosotonaquaticum(L.) Moench 3.7 321 77.7

CarexhumilisLeyss. 4.8 2.7 13.9

S3 - Lapus River Salix exigua Nutt. 3.6 2.5 22.0
downstream Carexacuta L. 2.5 3.1 3.3
Bloaja pond CarexaquatilisWahlenb 4.7 3.8 21.1
Salix fragilis 5.0 0.9 24.5

S4 - Lapus River Salix exigua Nutt. 2.5 0.5 38.0
-2km Menthaaquatica L. 4.3 0.8 47.8
downstream Carexelata All. 25 0.5 6.4
Bloaja pond Juncuseffusus L. 2.8 1.7 13.8
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For Cd, the rate of bioconcentration was highest in section 1 for the
Myosotonaquaticum species and decreasing as follows Asteraceae<Carex<
Equisetumfluviatile<Carexaquatilis. In sections 3 and 4 where the Cd
concentration was similar with that in section 1, the rate of bioconcentration
was lower for the Carex species.In section S1, the Cd concentration measured
in sedimentswas at a low level and constituted the metallogenetic background,
so plants needed to adapt and developed different kinds of tolerance.

ForPb the rate of bioconcentration reported for the sediment load
values was in reduced quantities, especially in sections 3 and 4, even if
identified plants have high registered concentrations. A much larger
bioconcentration rate value was found in section 1 for all identified species,
except Carex and Equisetumfluviatile.

For Ni the rate of bioconcentration remained in the 2.4-4.7 interval,
with the exception of Asteraceae whose value was 5.9, even though the
heavy metal load values of the sediment and implicitly of the plants differed
between the 3 sections. With regards to the genus Carex, which is found in
all 3 sections, the highest bioconcentration rate was found in section 3, the
most contaminated section.

These results indicate that the metal accumulation ability of plants
differs between species, and affinity for one particular metal or another
depends on its bioavailability.

The bioavailability of metals can vary seasonally, their toxicity for
the benthic community can be maximal in autumn [17], when due to the
decomposition of organic matter, anoxia with direct and indirect inhibitive
effects can appear (due to the absence of Fe and Mn oxide co-precipitation
in heavy metals).

CONCLUSIONS

Even after the cessation of mining activity water pollution is still
present due to uncontrolled leaching processes. Is expected that the
existent sediment loading will be supplemented with new quantities of
heavy metals which are still being released from the polluted area, which is
insufficiently protected.

The contamination level of the studied area was reflected in the
vegetation that has the ability to take metals in proportion to their
concentration in the environment. The plants have accumulated concentrations
of Cd, Ni and Pb far above their physiological needs, lacking the ability to
distinguish the difference between necessity and excess.

All identified species are co-tolerant because they accumulate high
concentrations of one metal (Pb) and to a lesser extent of other metals
(Cd), some of them are hyperaccumulators exceeding the “normal” level of
concentration.
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The survival of plants in this heavily with metals contaminated body
of water is owed to their adaptation, some through the bioaccumulation of
metals others through the exclusion of concentrations which are greater
than their carrying capacity. It can also be sustained through intake of nutrients
and organic matter, but as plant diversity and abundance is reduced, for the
observed conditions these two parameters are insignificant.

The study once again confirms that sediments can be the “memory”
of quality events that occur on rivers and constitute at the same time as a
reservoir of metals that they “supply” to aquatic organisms, implicitly to
riparian plants.

The lack of measures to minimize the impacts of mining activity will
keep the Lapus River, on the studied section, at risk of not satisfying good
status as established by the WFD [9].

EXPERIMENTAL SECTION
Study area

The studied area is located in the Herja-Baiut metallogenic area, with
an ore deposit with polymetallic mineralization (especially pyrite, galena and
chalcopyrite) as well as gold and silver deposits mined until 2007. The Lapus
River, which flows through the area, is affected by pollution originated from
former mining activities, its chemical state risks not reaching the target of the
Water Framework Directive and constitutes an exception to the general good
status of the river.

The most important water pollution source is represented by acidic
mine water, with a flow rate of about 3 I/s, that is punctually discharged without
treatment, through a gallery, the remainder being diffused in Lapus River. Other
important pollution sources are represented by Bloaja-Baiut tailings ponds
(12.7 ha) and the Bloaja Avarii pond (3.4 ha), which storage sterile(4% pyrite)
quantities of 1.027 million tons and 0.15 million tons, respectively. Non-certified
Bloaja Avarii pond continues to induce a significant impact on the aquatic
environment through the large quantitiesof tailings that are mobilized by rains
and driven towards the Lapus River. In dry weather the windalso transports
large quantities of fine dust contributing to general pollution of the area.

Sampling and analyzing

Compared to the operational monitoring sections established on the
Lapus water body - “lzvorul Alb-Negru - Suciu and the tributaries” by the
water basin authority, following “in situ” investigations, to determine the
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level of contamination and the transport of contaminants downstream, 4
other sections (located inside this body of water) were established where
samples of sediment and riparian vegetation were taken in order to capture
the significant impacts of shale mining activity (Fig. 1).

Sediment and riparian vegetation sampling was performed in early
autumn, September 2016, from the same sections. The riparian vegetation
samples were taken from the soil, which develops in shore areas with depths of
less than 1.5 m, depending on their representativeness and abundance, so
as to be as relevant as possible for the proposed study.

Samples of the first 5-10 cm of the river deposits were collected in
acid rinsed polyethylene bottles. All samples were kept in cooling boxes, at
4°C during transportation, and the analyses were performed immediately
after receiving the samples in the laboratory. The collected sediment
samples were air-dried, large particles were hand-picked and the rest was
ground to powder. The fraction < 50 ym was used for analyzing metals. Dry
sediment was digested using aqua-regia in microwave digestion system
(Berghof microwave oven). The mineralized mixture was cooled to room
temperature, filtered and ultrapure water was added to the filtrate in a
volumetric flask up to 100 mL mark.
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Figure 1. Placement of additional monitoring sections
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The sampled plants were washed of periphyton and sediment and
stored in plastic bags. The plants were washed with distilled water and dried at
room temperature, then in the dryer for 24 hours at 105°C. The dried plants
were ground to powder and were digested using a HNO3 and H>O2 mixture
in a microwave digestion system (Berghof microwave oven). The mineralized
mixture was cooled to room temperature, filtered and ultrapure water was
added to the filtrate in a volumetric flask up to 50 mL mark.

The obtained solutions were then analyzed for heavy metal content
using atomic absorption spectrophotometry (SHIMADZU AA-6800 spectrometer)
in the Somes Tisa water basin laboratory.

The results for sediment and plants analysis were carried outwith
anuncertainty interval of +5%, the determinations being realized in conformity
with ISO standards.

The operation conditions were those recommended for each metal
in the instrument’s method (Table 4).

Table 4. Instrumental parameters for metal determination by AAS

Standard conditions Cd Ni Pb
Wavelength, A [nm] 228.8 232 283.3

Slit width [nm] 1.0 0.2 1.0

HCL* current (mA) 8 12 10
Background Deuterium Deuterium Deuterium
Flame C2Hz/air C2H2/air C2H2/air
fuel flow (N I/h) 1.8 1.6 2.0

*HCL - Hollow-Cathode Lamps

For each type of sample, sediment or plant, the analysis method
included the determination of detection and quantification limits, necessary
for obtaining validated results. Furthermore, the results validation was
certified by the verification methodology on the accreditation standard SR
EN ISO/IEC 17025:2018 [18].

The sensitivity of the AAS method was estimated as the limit of
detection (LOD) and the limit of quantification (LOQ), which are presented
in Table 5.

LOD and LOQ were calculated based on the standard deviation of
the response and the slope, using the following equations [19 - 21].
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’

where, “0” is the standard deviation of 10 replicate measurements of the
blank signal and “S” is the slope of calibration curve.

Regarding pH of water, the measurement in situ was done with a
portable pH-metre ( Hach analyzer), in each sampling section.

LOD =

Table 5. LOD and LOQ of the AAS method

Parameter Element

Cd Ni Pb
Linear working range [mg/kg] 0-50 0-150 0-200
LOD [mg/kg] 1 6 13
LOQ [mg/kg] 5 20 50

At the time of the sampling, submerged macrophytes were not identified
in any of the sections, and the diversity of species was reduced, even in the
reference section (the first proposed section, upstream of Baiut settelments).
The identification of plant species or families was carried out by the biology
laboratory of the basin water authority based on the determinator of plants.
The identification of the species was difficult, and in some cases only the
family of which the plant belongs could be identified, due to the similarities of the
physiological characteristics due to the lack of the elements that differentiate
them in the conditions of the end of the vegetation.
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ABSTRACT: PMMA denture base materials are used for several decades
without significant improvements in their composition. The addition of
different fillers has been proved to improve some of the acrylic resin’s
characteristics. Recent studies focused on enhancing PMMA properties
using nanoparticles. In our study we assessed the effect of adding graphene
and silver nanoparticles on the solubility, ductility and resilience of a
commercial denture base acrylic resin.

Keywords: solubility PMMA, ductility, resilience acrylic resin, graphene,
silver nanopatrticles

INTRODUCTION

Acrylic resins have a wide applicability in medicine and among them
PMMA are the most used materials in denture fabrication because of their
convenient characteristics, such as dimensional stability, ease of handling and
processing [1]. However, they are brittle materials with low fracture strength and
insufficient surface hardness [2]. Since PMMA resins are relatively brittle
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materials and they are subjected to high mastication forces or sometimes to
accidental drops, several attempts have been made to improve its mechanical
properties by adding fillers of different type and sizes [3]. Inorganic nanofillers
have a large surface area which determines a high surface energy at the
interface of polymer matrix, improving flexural strength; they improve hardness
due to their rigidity and higher stiffness than the matrix [4] and the fracture
toughness as well, because of the more uniform distribution compared to micro
fillers [5]. Addition of silver nanoparticles to PMMA has several favorable effects:
antimicrobial activity, increased monomer conversion, increased flexural strength
and elastic modulus, improved thermal stability [6]. Tripathy showed that
graphene oxide incorporation into PMMA determines improved mechanical-
tensile strength, Young’s modulus, strain at break, thermal and electrical
properties of the material [7]. The improvement of the characteristics of
denture base materials is focused mainly on the mechanical properties and
among them on fracture strength. Fractures in composites depend on the
heterogeneity, interfacial adhesion between the materials’ components, type
of fracture and on the brittle or ductile nature of the components [8]. Zhang
found that the higher the tensile strain and added fiber concentration the
lower the ductility, while a higher break strain is linked to a higher ductility in
the studied composites.

Rubberlike materials added to acrylic resins can improve the fracture
strength [9]. Muraikami [10] and Alhareb [11] showed that by adding rubber
to PMMA enhanced mechanical properties were obtained, while the impact
strength was improved as the ceramic fillers acted as impact modifiers,
absorbing the energy that resulted consecutive load application and
transforming the material behavior from brittle to ductile [11]. Ceramic fillers
have also been proved to improve hardness and fracture toughness of dental
resins [12]. It also seems there is a synergistic effect between the tendency
of fillers to fibrillate and the mechanical behavior of the matrix resin in
governing the resulting ductility of the composite [13].

Other authors claim that addition of stiffening reinforcement to dental
resins leads to lower ductility values, thus a more brittle material, because
the rigid filler hinder the freedom of the polymer to reconfigure its structure
after being stressed [13]. As studies showed controversial results regarding
ductility, consecutive filler addition to PMMA, their influence on this
characteristic of denture base materials is important to be further studied.

Among the researchers that attempted to find correlations between
mechanical properties and clinical wear, Peutzfeldt suggested that resilience
modulus can be used as a predictor for clinical wear, while resilience was
shown to reflect in vivo wear performance [14], so Auer’s supposition that
resilience could influence polymer resistance to abrasion has been
demonstrated [15]. Albers considered that cracks could be responsible of
abrasion initiation [16] and his opinion was lately sustained by Peutzfeldt [14].
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In dentistry acrylic resins are used inside the oral cavity, so their
behavior and properties in the oral environment are of great importance.
Although an ideal material should have high chemical and thermal stability,
dental resins can absorb substances from the oral medium and release
components in the surrounding environment [17, 18]. Solubility of denture
base materials results from the leaching out of residual monomer and also
water soluble additives into the oral fluids, being a possible cause for tissue
irritation, while water sorption affects the mechanical properties (acting as a
plasticizer) and as well the dimensional stability and colour [17]. Acrylic
resins homogeneity can influence water sorption and solubility [19], the more
homogenous resins absorbing less water than the porous ones [20], as
porosities permit fluid circulation through the network [21].

In our study we added both silver nanoparticles and graphene to a
PMMA denture base resin, in order to improve its mechanical, physical and
antibacterial properties.

RESULTS AND DISCUSSION

We computed mean, standard deviation, minimum and maximum
values for each set of 10 values for each sample for solubility, ductility and
resilience. One way ANOVA was used to analyze the variation in means for the
different types of samples. Paired t-test was used to do pairwise comparisons of
samples. A “p” value less than 0.05 will indicate statistically significant differences.

For the reinforced material the fracture occurred at slightly lower stress
and strain values, indicating that graphene silver nanoparticles addition
reduces slightly the ductility of the reinforced resin, compared to the control,
but the differences are not statistically significant. The mean values are presented
in figure 1. The lowest mean value was found in the sample P1 (0.64) while
the highest mean value was found in the control sample M (0.68), while the
P2 sample showed intermediate mean values. The measured values ranged
between 0.42 and 0.96 mm.

Ductility
mm
0.68
0.66 0.65
0.64
0.62
M P1 P2

Figure 1. Mean Values of Ductility (mm) for PMMA with graphene samples
(P1, P2) and control
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Fillers distribution inside the PMMA matrix can be observed in the
SEM images, figure 2. No visible pores and bubbles were observed in the
polymer when viewed without magnification. The aspect of the fractured
surface shows minimal differences between the examined samples. SEM
images reveal a smooth surface with rapid cracks (evidenced by the arrows),
indicating a brittle fracture.

P UBE

Figure 2. SEM images of the PMMA with graphene (G-Ag) - P1 (a, b, c)
and P2 (d, e, f, g, h) samples on the fractured surfaces at
different magnification 500x, 5000x and 10000x
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The SEM images revealed that the particles with graphene were well
distributed and dispersed in the PMMA matrix when 1% and 2% were used
in the composition of P1 and P2. Some of the graphene nanoparticles were pulled
out from the fractured surfaces of the PMMA - based composite materials during
the impact test. There were also some micro-cracks on their fractured surfaces.

Figure 3 shows the mean values for modulus of resilience measured
for each group of ten samples (M, P1, P2). The registered values ranged
between 1.7 and 6.24 J/m3. On average, the highest modulus of resilience is
achieved for the sample with 1% G-Ag. The variance of mean values within
the group is statistically significant (p= 0.00045). In pairwise comparisons,
the difference between P1 (PMMA + 1% G-Ag) and P2 (PMMA + 2% G-Ag)
has the lowest p value (0.0013), whereas for the other pairs it hovers about
0.05 (0.054 and 0.057 respectively).

Resilience
105J)/m?3
8.00
5.03
6.00
4.00
2.00
0.00
M P1 P2

Figure 3. Mean values of modulus of resilience (10° J/m?®) for the control and
reinforced samples P1 and P2

% Solubility in water 2% Solubility in saliva
2

8 1.5
. ,-N‘ ) N
L4 ¥E N
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1 7 14 21 28 1 7 14 21 28
=M ==P1 p days ——M =@—P1 p2 days

Figure 4. Mean values of solubility in water and saliva (%) for the control (M) and
reinforced samples P1 and P2 after 1, 7, 14, 21, 28 days of immersion
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The results show that for all three tested materials there are differences
in 28 days between the mean values for the two test media, both in terms of
absorption and solubility.

Samples reinforced with 1%wt. graphene silver nanoparticles showed
higher mean values for the solubility in water and lower values for the solubility in
saliva.

Samples reinforced with 2%wt. additives showed increased solubility
both in water and saliva compared to control sample.

The lowest value was obtained for the sample P1 in saliva, while the
highest value was obtain for the same sample in water.

The mean values for the solubility in water ranged between 0.0078
and 0.0112%, the maximum mean value was found in the sample P1, and
the minimum in the control sample. The mean values for the solubility in
saliva ranged between 0.0059 and 0.0089%, with a maximum value for the
sample P2 and a minimum value for P1.

The P1 sample had the maximum mean value of water solubility, while
the minimum values were found in the P2 sample after immersion in saliva.

Many researchers tried to improve denture base acrylic resins’
mechanical properties by adding fillers of different type, sizes, shapes, in
different proportions, in order to obtain stronger [22-27] and also less brittle
materials [28]. Low ductility of dental resins is a key limitation, while increment of
both the strength and ductility of matrix composites is still a challenge.
Clustering is one of the major problems in nanoparticles reinforced composites
[29]. On the other hand, high filler concentrations could decrease mechanical
properties, as the lower concentrations permit a better distribution in the
PMMA [30, 31]. Fillers addition beyond 1%wt leads to a deterioration of
mechanical strength that can be attributed to filler agglomeration [7].

Ductility is a delicate problem in brittle materials, as it is difficult to
predict: in low ductility materials it depends on the ultimate tensile strength
and fracture energy, while in materials with added ductile second phase it
varies with composition. Ductility is decreased by porosities and also by a week
interface between phases that lead to low strength and premature failure.
High toughness is found when fracture passes through both phases [32].

Addition of elastic and rigid fillers, such as nitrile rubber and ceramic
fillers, for example, showed improved values of impact strength and fracture
toughness, causing an increment in PMMA ductility [11]. Therefore, addition of
materials with high ductility could improve the final ductility of the acrylic resins.

In this study we investigated the effect of adding silver nanoparticles
and graphene to a commercial denture base acrylic resin. Silver nanoparticles,
rigid structural fillers, were added to the material in order to obtain enhanced
mechanical and also antibacterial properties. As the homogenous dispersion
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of silver nanoparticles into the PMMA matrix is difficult to be obtained because of
the easy agglomeration of the nanoparticles and the high viscosity of the
polymer [33], we associated them with graphene, in order to stabilize them.

Graphene is a lightweight and elastic material but also the strongest
and stiffest material ever known so far and has remarkable mechanical
properties. Although graphene has higher elastic modulus and tensile strength
than graphene oxide, graphene oxide hydrophilicity/hydrophilic outer surface
are beneficial for the aqueous procession of polymer nanocomposites [34].
While mechanically activated graphene is brittle, the cyclic epoxidic groups
on graphene oxide make it ductile by dissipating strain energy and avoiding
crack propagation through a covalent epoxide-to-ether functional group
transformation [35]. Graphene oxide and its derivates have been lately used
for polymer matrices mechanical properties enhancement. Severe internal
porosity of the material can favour internal stresses, reducing denture durability
[36], while the surface porosity enhances bacterial adhesion [37] and calculus
deposition, affecting esthetics [38].

Increased modulus of resilience obtained for both reinforced resins
could improve the abrasion resistance and consecutive resins’ durability, as
the cracks, that initiate abrasion need little energy to break the material and
are likely to appear in materials with low modulus of resilience [14,16]. The mean
values obtained for the resins with nanoparticle addition (5.02 and 6.24), are
higher than those found by Peutzfeld in a study on acrylic resins, 0.67-2.40
MJ/m3 [14].

Water sorption and solubility still remain a concern regarding dental
materials, as they are critical problems that can influence a resin’s durability [39].
They cause dimensional changes in the material that can determine internal
stresses, favoring cracks and fractures. In our study the tests consisted in
sample immersion in distilled water and artificial saliva at 37°C for 28 days,
and mass weighting at certain intervals. Higher solubility values were found for
the reinforced resins, excepting P1 sample in saliva, which showed a decrease.
The higher solubility of the reinforced resins can be explained by the effect
of fillers addition to PMMA, that decreases the degree of conversion and
consecutive increases the amount of unreacted monomer [4], as the solubility is
directly related to residual monomer releasing. Solvent’s diffusion in the matrix
can also lead to polymer dissolution and dispersion of the particles into the
solvent. However, the values we found ranged between the accepted limits.
The mean values we obtained were lower than the mean values (0.03-0.13%)
found in another study on water solubility of denture base acrylic resins [40].

Addition of 1% graphene silver nanoparticles showed favorable effects
on resilience modulus and solubility in saliva, while a concentration of 2% wt
increased solubility in water and saliva but also improved the modulus of
resilience. Filler incorporation into PMMA was accompanied by a reduction
in ductility, although without a statistical significance.
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CONCLUSIONS

Different concentrations of graphene-silver nanoparticles, added to
PMMA in order to induce antibacterial properties and improve fracture strength,
can have different effects on resin’s characteristics. We found that a concentration
of 1% wt graphene silver nanoparticles has a beneficial effect on the resins’
modulus of resilience and solubility in saliva, but it decreases ductility. A
concentration of 2% improves resilience and could have good perspectives
regarding durability, but increases solubility both in water and saliva and
reduces resin’s ductility.

EXPERIMENTAL SECTION
1. Materials

Castavaria (Vertex Dental, 3769 Soesterberg, The Netherlands),
commercial denture base material was used in our tests.

The graphene-silver nanoparticles (G-Ag) composite was synthesized
through the Radio-Frequency Catalytic Chemical Vapor Deposition (RF-CCVD)
method [41] [Jatania] using silver nanoparticles distributed over magnesium
oxide (Agx/MgO, where x = 3 wt %) and graphene oxide, obtained as previously
described [42]. Mixing of G-Ag with acrylic denture material was done in 95%
ethyl alcoholic solution, at room temperature, under continuous stirring, for
30 minutes. The compounds were then dried in the oven at 40°C. Synthesis
was performed using a methane flow rate of 80 mL/min and a reaction time
of 60 minutes [43].

2. Sample Preparation

The experimental materials were obtained from a commercial denture
base auto-polymerizing acrylic resin, Castavaria (Vertex Dental, 3769 AV
Soesterberg, Netherlands). The control sample contains only the commercial
material (M), while samples contain also 1% (P1) and 2% (P2) graphene-Ag
nanoparticles respectively.

The samples were obtained by mixing Castavaria resin powder with
graphene silver nanoparticles (1% and 2%), using a lab vibrator. Acrylic resin,
with and without added fillers, was mixed in the recommended ratio (1 ml/0.95 g
monomer: 1.7 g polymer) and then poured into a silicone mold. The experimental
composites were cured for 30 minutes, at 55°C and 2.5 Barr, as described in
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the commercial product specifications and sticks of 150 mm in length and 15
mm diameter were obtained. The sticks were then sectioned using a cutting
device (Isomet 1000 Precision Saw, Buehler) in 15x1 mm disks, further used as
samples for the solubility tests. For flexural strength assessment, 10 rectangular
samples (25x2x2mm) for each material were fabricated using silicone molds
in the same processing conditions.

3. Methods

In our study we assessed the water solubility through the loose of
mass [19], according to ISO recommended methods [44]. The tests were
performed at room temperature; after initial weighting (m1) using a digital
analytical balance (Adventurer AX224M, Ohaus), specimens were immersed
in distilled water at 37°C and weighted again — till a constant weight was
obtained - at 2, 7, 14 and 28 days after careful drying with an absorbent paper
and a 2 hours storing period in a desiccator (ms3).

Solubility, the property of a substance to dissolve in a solvent, is
expressed as the reduction in a sample mass following the immersion in a
solvent. We assessed solubility by determining the difference between the
initial mass of the sample and its mass measured after immersion and then
drying in a dessicator.

The water solubility were calculated as: Wsl=100x((m+-m3)/m1).

Ductility represents the amount of energy per unit volume that a
material can absorb prior to fracture. Ductility was assessed by determining
the fracture stress and strain values. For an unnotched tensile bar, energy to
break is related to the area under a stress-strain curve [8]. Modulus of
resilience was calculated after determining the flexural strength and the
modulus of elasticity using the formula R=F?/2E, where R is the modulus of
resilience, F is the flexural strength and E is the modulus of elasticity.

The flexural strength was assessed with a Lloyd universal testing
machine (Lloyd Instruments, Ametek, Farham, UK) using a 3-point bending
test. The fracture surface of the specimens was examined using Inspect S,
FEI Company Scanning Electron Microscope.
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ABSTRACT. Characterization of five representative archaeological ceramic
shards from the Tasnad-Sere C 52 site by optical microscopy (OM), XRD, and
FT-IR spectroscopy [1] was continued by the detailed analysis of the XRD
and FT-IR spectroscopic data in order to obtain a deeper insight into the
samples microstructure and mineral composition. The XRD investigations were
also extended to several clayish soil samples collected in the archaeological
site area. The fresh results permit more exact conclusions about the possible
local provenance of the raw materials used by the ancient potters.

Keywords: archaeological ceramics, provenance, XRD microstructure
analysis, FT-IR spectra deconvolution

INTRODUCTION

Earthenware is modelled (both manually or on potter's wheel) from
“green” ceramic paste consisting of moist clays or (calcareous or siliceous)
clayish soils, usually tempered with different additives. The “green” earthenware,
after desiccation, is baked (sintered) in oxidative or reductive conditions.
The highest baking (firing) temperatures possibly achieved in the pottering
kilns used in the Roman Empire time were around 1100°C. [2] During the firing,
the tempered green clay paste metamorphoses, the mineral components of the
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clayey matrix and the additives partly decompose, partly structurally rearrange
below 950-1050°C, forming the strengthened fired ceramic body.

Sintering supposes interactions at atomic and/or molecular level
between the constituents of the green clay paste (matrix and temper) implying
crystal deformation: the grain boundaries of the clay and temper crystallites
start melting and/or re-crystallize. The process takes place via phase transition,
resulting in the end a more compact material, the hardened bulk ceramic.
Detailed data about the sintering processes (phase decomposition and/or
transformation, structural changes of the inhomogeneous multiphase ceramic
matrix during the firing) together with certain physical and technological
parameters help to clarify the manufacturing method used by the ancient
potters. [2] Similarities and differences in some properly selected characteristics
of the investigated items (mineralogical and elemental composition, macro-
and micro-structural issues) can lead to provenance-related conclusions as
well. [3-5]

The XRD and FT-IR spectroscopic investigation of the sample selection
formerly presented [1] was carried out with the aim to identify, among others,
the sintering-induced vitrification and (re)crystallization processes occurred in -
and the depositional changes suffered by - the ceramic shards taken for study.
However, the capability of the archaeological ceramics' XRD diffractograms
and FT-IR spectra to provide reliable information about the findings (their
provenance, sintering conditions, the depositional processes suffered) is limited.

As on the XRD patterns appears (Fig. 1), the strong diffraction lines
of quartz and feldspar frequently mask the presence of the minor clay minerals
(pyroxenes, iron oxides); in addition, some XRD lines could be minimized
due to the transformations occurred during firing or the deposition. [6] In
fact, the “primary” XRD data allow only the semi-quantitative estimation of
the principal mineral components [1] and the qualitative estimation of the
structural ordering, and can't be even used to reliably identify all the (minor)
mineral components present.

The FT-IR spectra of the samples published before {1} is dominated
by the characteristic broad O-H bands of the ancient ceramics around 3400
and 1600 cm', and the strong symmetry band centred at 1050 cm', defined
by the Si—O, Al-O and Si—O-Al units typically present in fired pottery, both
constituted by the overlapped closely neighbouring peaks of the component
clay minerals. Intensity and shape of the O—H bands depend, besides the
firing conditions, on the deposition related rehydration and/or rehydroxylation,
the latter being defined, at the same time, by the burial environment, ceramic
composition and structure. The intensity and shape of the 1050 cm™' band
which characterizes the connectivity of the Si—-O, AI-O and Si—O-Al units,
is also defined by the ceramic composition and structure.
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Figure 1. XRD patterns of the studied ceramic samples (5-2-1 to 5-2-5)
and of two representative soil samples (A1, A2)
(detailed diffractograms of the ceramics presented in [1])

The aim of this study is a more pertinent interpretation of the XRD
and FT-IR results, with the aid of additionally derived (small yet significant)
similarities or differences of the samples which eventually could lead to a
proper classification of the items. This obviously necessitates further micro-
structural (XRD) and compositional (XRD, FT-IR) characterization of the
samples, starting from (and processing of) the XRD and FT-IR data
formerly obtained. In case of multiphase samples, the detailed quantitative
XRD crystal phase analysis may be achieved using the crystallites
microstructural parameters extracted from the primary diffraction data,
applying a Rietveld refinement routine and single X-ray diffraction line
profile analysis. [6-8] The broad band generating overlapping FT-IR peaks
assigned to the different mineral phases present can be identified by curve
fitting deconvolution which mathematically enhances the resolution (without
changing the experimental spectra), resolves the overlapped peaks, and
allows the identification of the constituting mineral phases, offering a
detailed qualitative and quantitative spectrum analysis. [9-12]
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RESULTS AND DISCUSSION
Microstructural XRD analysis

XRD is increasingly used for the microstructural characterization of
multiphase polycrystalline materials like geological samples or ceramics. [13-16]
The position and shape (line broadening) of the experimental diffraction peak
are both defined by the microstructure of the material. Peak shifts are related to
internal stresses, peak broadenings, apart from that caused by instrumental
imperfections, are sample-related: crystallites size distribution and micro-
deformations (doping, isotropic or anisotropic micro-strains, stacking faults,
etc.).

Microstructural characterization of the ceramic finds and the clayish
soil samples collected was performed using the Rietveld method and XRD
line profile analysis. [17-20] Experimental data are summarized in Table 1.

Table 1. Microstructural data of the ceramic shards and the soil samples

Microstructural data
V (nm3) Q
Sample Unit-cell edges D

Bt | Muz | Mus | Orth. | M Q (nm) eff
a P (nm)
5-2-1 0.495 | 0.921 | 0.937 | 0.723 — 0.1126 | 0.4910 | 0.5404 | 124.6
5-2-2 0.492 | 0.934 | 0.934 | 0.725 — 0.1130 | 0.4914 | 0.5402 | 151.6
5-2-3 0.496 | 0.938 | 0.929 — 0.164 | 0.1132 | 0.4922 | 0.5396 | 167.7
5-2-4 0.502 | 0.938 | 0.933 — 0.167 | 0.1122 | 0.4893 | 0.5407 43.0
5-2-5 0.494 | 0.937 | 0.935 — 0.164 | 0.1132 | 0.4915 | 0.5409 441
A1 61.0
A2 63.7

Ref.* 0.498 | 0.938 | 0.935 | 0.725 | 0.168 | 0.1130 | 0.4913 | 0.5405

Bt: biotite [3] 1M; Mu2: muscovite 2M(1); Mu3: muscovite [3] 2M(1);
Orth: orthoclase-type K-feldspar; M: mullite; Q: quartz.
*Reference values of AMCSD [21] and mindat.org [22] database.

The predominant mineral components of the ceramic matrix are quartz,
(mainly K and some Na feldspars: orthoclase, plagioclase), variable amounts of
phyllosilicates (mainly micas: muscovites, biotite) and minor quantities of heavy
minerals (pyroxenes, iron oxides). [1] Quartz and feldspars probably play
the role of the main temper materials of the clay paste.

Microstructural parameters of the SiO, crystallites contained by the
ceramic samples were determined considering the a-quartz (100) and (200)
XRD line profiles. The experimental unit-cell parameters (edge values a, ¢
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and unit-cell volumes V) agree well with the AMCSD (American Mineralogist
Crystal Structure Database) reference values. Unit-cell volumes for the main
mineral components of the ceramic samples were also determined. The
differences of the real V values and the mindat.org database reference values
are in the experimental error limits in all cases.

Effective mean diameter D¢ of the quartz crystallites was determined
for the ceramic samples and two of the soil samples collected, A1 and A2.
According to the Det values obtained, the ceramics form three groups: (5-2-1),
(5-2-2; 5-2-3), and (5-2-4; 5-2-5), suggesting three different raw material sources.
The relative closeness of D¢ values found in the soil samples A1, A2 to those of
the third ceramic group could indicate (at least in this case) a possible local
provenance of the raw materials..

In multiphase samples the phase scattering cross-section for Bragg
scattering is proportional to N/V, and N, the number of unit cells which contribute
to the scattering, is proportional to Ir. [3] Accordingly, the quantitative phase
analysis of the ceramics main mineral components was performed using the
corresponding experimental unit-cell volume values, V (Table 1), and the
relative peak intensities Ir data published before. [1] Abundance of the main
mineral phases (vol%) is summarized in Table 2.

Table 2. Mineral composition of the ceramic samples
(main mineral phases only)

Mineral phases (vol%)
Sample
Bt Mu: Mus Orth. M Q
5-2-1 10.99 | 55.72 — 23.82 — 9.47
5-2-2 8.56 | 71.45 — 11.81 - 8.18
5-2-3 991 | 56.60 | 17.38 - 0.51| 15.60
5-2-4 1.87 6.57 | 87.30 — — 6.26
5-2-5 6.41| 71.34 9.40 — 1.30 | 11.56

Bt: biotite; Mu2.Mus: muscovites; Orth: orthoclase;
M: mullite; Q: quartz.

The values of Table 2 are in general accordance with the semi-
quantitative values formerly published [1], with minor differences attributed
to the samples overall heterogeneity, determined by the matrix texture, the
presence and non-uniform distribution of the pores, of the non-plastic
components (clasts) derived from pre-firing residual clay minerals or the
applied temper, of newly formed firing minerals, and of post-burial alteration
products. Ceramics heterogeneity is influenced, besides the composition of
the green clay paste (determined by the raw materials), by the fabrication
technology: the paste preparation method (use of levigated clays, with or
without temper added), the firing temperature, kiln redox conditions.
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Figure 2. Probability distribution of quartz crystallites size in ceramic
samples of hiatal (5-2-1) and serial (5-2-4, 5-2-5) fabric
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The size distribution of the crystalline non-plastics characterize the
crystalloclasts, added deliberately to the clay mixture as temper material,,or
present a priori in the mixture's clay component(s). Typical crystalloclasts of
the studied ceramics are quartz, micas, feldspars, and various heavy minerals,
mostly iron oxides. [1] Size distribution probability of the most common (quartz)
crystallites was determined with the Warren-Averbach XRD line profile analysis
of the (100) and (200) SiO, quartz peaks, using the XRLINE computer program.
[18] The patterns resulted for the 5-2-1, 5-2-4 and 5-2-5 samples are presented
on Fig. 2.

The data obtained led to slightly different conclusions about the
serial or hiatal character of the ceramic matrix fabric than the former OM
results [1], suggesting that the correct interpretation require the knowledge
of the similar data obtained for all the main crystalloclasts present in the
ceramic system. However, the quartz crystallites size distribution probability
curves (defined mainly by the sand naturally present in the green clay or
used deliberately as temper) support the same sample grouping as the OM
and respectively the D¢ data.

The quartz crystallites size distribution probability curves corresponding
to the soil samples A1 and A2 were typical clayish soil grain size distribution
diagrams. [21-24]

Table 2 data denotes that the amount of the main crystalline phases
differ from sample to sample. Considering this and the fact that according
the OM data the ceramics contain different types of heavy minerals [1],
results that the raw clay(s) cannot have the same provenance. The type of
the firing minerals formed and their XRD peaks relative intensity implies
that the ceramics were fired in different conditions as well.

The great Ir values resulted for the quartz phase in every sample
leads to the conclusion that the tempering of the clay paste was assured
mostly by deliberately added alluvial sand.

FT-IR spectroscopy

Infrared spectroscopy is a sensitive tool to monitor the processes
occurred during the firing, everyday use and burial of ancient ceramics, as
well as to characterize the mineral composition and the (poorly or well)
crystallized, sometimes partially glassy structure.

The broad OH bands appearing on the FT-IR spectra of the clayish
materials around 3400 cm™ and 1600 cm', and the broad symmetry band
centred around 1050 cm-" are characteristic for all (more or less disordered)
clay based systems. They are formed by overlapping (convolution) of the
adjacent characteristic peaks of the constituting minerals. The OH bands
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are frequently weakened, or even absent, as their intensity depends, besides
the ceramic composition and structural compactness, on the firing conditions
and the re-hydration processes taking place during burial, the later being
determined by the environmental conditions,. The band around 1050 cm-"
characterizes the connectivity of the Si-O, AI-O and Si—O-Al units, being
closely related to the structural ordering of the ceramics. [9-11]

Deconvolution of the broad bands can help to differentiate between the
ceramic samples, because the constituting mineral phases can be identified
through the relative intensities of the —OH, Si—O, AI-O and Si—O-Al units
stretching and bending modes. However, the spectral component set is not
unequivocal, and attribution (assignment) makes sense only for parent materials
belonging to the same or contiguous families. [10] In conclusion, the component
bands positions (given by the parameter w), and intensity (given by A), determined
using the Origin 8 software (Fourier Self-Deconvolution, FSD), always imply a
certain degree of subjectivity. [25] The overall reliability of the deconvolution
process in this specific case, is satisfactory, as the basic criteria necessary to
be fulfilled in order to consider an acceptable curve-fitting were accomplished
(Table 3). The lowest x?> (RMS, root-mean-square) values required for good
results were reached. (acceptable RMS values has to be of magnitude 107°
for spectra with maximum absorbance values in the 0.05-0.09 range); the below
and above fits converge on the same model; the second derivative of the
composite sums overlies the second derivative of the original spectra.

Spectral deconvolution of the main peaks of sample 5-2-2, realized
by the Gaussian peak-shape function method, is presented on Fig. 3.

As in this case the best goodness-of-fit, measured by the x? parameter,
was obtained with a pure Gaussian function, spectral deconvolution was
realized using the Gauss profile, taking into account, based on the literature
data, the corresponding number of components for each spectral massif.
The deconvoluted peaks' absorption frequencies were assigned considering
the literature data corresponding to the most common clay minerals and to
the previous data obtained on ancient ceramic samples (Table 4). [9-12, 25-39]
Since — as exemplified by Fig. 3 for the sample 5-2-2 - the shape of the
spectral patterns modelled by the convolution of the calculated absorption
bands fit well the experimental spectra, the model can be accepted as correct.

Infrared spectroscopy closely monitors the thermal processes
(dehydroxylation, dehydration, redox transformations) taking place during
the firing of clay minerals. [40] In this case the weakness or the absence of
OH bands and the presence of broad symmetry band centered around
1050 cm™" means that the samples have been fired above 600°C and were
made of a mixture of at least two disordered clays. The presence of iron
oxides also confirms the firing temperature as above 600°C. Prominent
peaks at =500 cm™' reveals that even if the sample was fired under reduced
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atmosphere, air has been allowed at a higher temperature during the cooling,
enabling the oxidation of iron components (allowing air during cooling being a
common practice for coloration in red of the baked clays). Sandwich structure
also indicates firing under reduced atmosphere and admission of the air only at
the lower temperature of the cooling.

— (3auss filt of AS2Z7042009 B
—— (Gauss fit peak 1 for AS227042009_B

4000 300 3600 00 3200 3000 2800 2600

| ' |
10 190 120 100 1000 80 00

Figure 3. FT-IR spectrum deconvolution for the sample 5-2-2.
Spectral regions: (a) 3800-2800 cm™' (b) 1500-800 cm™', (c) 600-400 cm™".

491



ENIKO BITAY, BERNADETH KISS-PATAKI, EMIL INDREA, IREN KACSO,

FERENC TOLVAY-ROSCA, IOAN BRATU, ERZSEBET VERESS

Table 3. FT-IR deconvolution data of the ceramic samples.
Resolved bands: 3600-3000 cm-' (O-H band); 1300-850 cm™"
(main Si-O / AI-O / Si-O-Al band); 600-400 cm™' (Al-O. Si-O-Al. Si-O-Me.
Al-O-Me band). w — peak wavenumber (cm™); A — peak area

Ceramic sample

Spectral
region 5-2-1 5-2-2 5-2-3 5-2-4 5-2-5
w A w A w A w A w A
3595 | 6.9
- 3568 | 20.0 3568 | 7.2 | 3568 6.2
g 3435| 40.0 | 3438 | 30.0 3435 | 12.0 | 3435 71
= 3290| 30.0 3291 | 9.0 | 3290 7.5
= 3250 | 15.0
S 3103| 12.0 | 3100 | 1.8 3103 | 3.3 | 3103 3.6
3 3030 | 1.0
® 2940| 1.8 2940 | 0.4 | 2940 0.4
2850 1.0 2850 | 0.1 | 2850 0.1
NG 0.00002 0.00002 0.00002 0.000006
R2 0.99737 0.99281 0.99746 0.99814
1246 | 10.0
- 1164 | 44.6 1170 | 43.8 1158 | 23.0
§ 1142 | 61.6
3 1110 | 122.
g 1090| 36 | 1090 | 2.6 | 1084 | 114 | 1086 | 5.8 | 1079 | 32.5
= 1043 | 164.8 | 1032 | 95.1 | 1054 | 107.7
~ 1012 | 40.2 | 990 55.0
911 52 913 | 6.4 916 | 5.9
NG 0.00004 0.00003 0.00005 0.0001 0.00013
R2 0.9997 0.99957 0.99937 0.99847 0.99487
- 513 | 04
g 501 | 125 | 508 | 6.0 | 509 7.2 505 | 45
S 481 3.8 480 | 2.7 | 483 2.5 478 | 3.8 | 483 4.0
< 461 | 10.0 | 460 | 7.8 | 461 16.0 | 460 | 2.7 | 457 55
S 448 | 10.0
© 433 | 4.0 431 1.2 | 428 2.5 427 1.2
NG 0.00003 0.00006 0.00004 0.00006 0.00001
R2 0.99847 0.99207 0.99799 0.99397 0.99605
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Table 4. FT-IR deconvolution data of the ceramic samples.
The resolved bands attribution [[9, 10, 27-39].

Wavir:_:n ber Tentative assignment Species associated

Spectral domain 3600-3000 cm™*

3595 mica (Na-vermiculite)

3568 O-Hstr mica (Mg-vermiculite)

3438-3435 adsorbed water montmorillonite, chlorite

3290-3291 N-H str organic matter remains

3250 9

3103-3100 . .

3030 organic remains

5950 C-H str (methyl and methylene

5840 sym. and asym. stretching)

Spectral domain 1300-850 cm"’

1246 C-O str COs?* (sample weathering)
asym. phosphate str bone remains (?)

1170-1158 Si—O str quartz

1142 L

1110 quartz, aluminosilicates
Si—-O/AI-0-Si/O-Si—0 str.  |(kaolinite, illite, smectite,

1090-1079 metasmectite)

1054-1032

1012-990 Si-O str.; O—H deform. kaolinite

918-911 Al-O—H str.; O—H deform.

Spectral domain 600-400 cm™’

509-501 Si-O-Al / Fe-O bending octahedral Al, hematite

483-478 : : .

461-457 Si-O-Sibending silicates

448 :

4334207 Si—O deform

FT-IR absorption results confirm the mineralogical data obtained by
polarized light microscopy and by XRD. The deconvolution results of the
3400 cm' centered large O-H absorption band, of that of the 1100 cm-’
centered Si-O-Si band, and that of the 460 cm™ centered Si-O / Al-O / Si-O-Al
band indicate — in concordance with the XRD data - the distinct raw material
source (different provenance) of the ceramic samples, as well as their different
firing conditions (different fabrication technologies).
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CONCLUSIONS

The experimental unit-cell parameters of the SiO; crystallites determined
by the a-quartz (100) and (200) XRD line profile analysis agree well with
the AMCSD (American Mineralogist Crystal Structure Database) reference
values. The differences of the real V unit-cell volumes' values determined for the
main mineral components of the ceramic samples and the mindat.org database
reference values are in the experimental error limits in all cases.

According the effective mean diameter Dt values obtained, the ceramic
samples form three groups: (5-2-1), (5-2-2; 5-2-3), and (5-2-4; 5-2-5), suggesting
three different raw material sources. The relative closeness of the Des values of
the soil samples A1 and A2 (recolted nearby the archaeological site) to those of
the third ceramic group, could suggest a possible local provenance of the
raw materials in this case.

The quantitative phase abundance of the ceramics' main mineral
components determined using the experimental unit-cell volume values V
and the relative peak intensities Ir data published before [1] is in general
accordance with the former semi-quantitative values [1], with minor differences
which can be attributed to the samples overall heterogeneity, characteristic
for archaeological ceramics.

The size distribution data of the quartz crystallites (the most common
crystalloclasts) led to slightly different conclusions about the serial or hiatal
character of the ceramic matrix fabric than the former OM results [1], suggesting
the necessity of the knowledge of the similar data for all the main crystalloclasts
present in the ceramic system. However, the size distribution probability patterns
confirm the sample grouping resulted from OM and Des data.

Considering that the amount of the main crystalline phases and the
heavy minerals contained by the different samples [1] differ, the raw clay(s)
cannot have the same provenance. As the type and abundance of the firing
minerals formed also differ, the ceramic technology (firing conditions) differ as
well, excepting that (as results from the great Iz values of the quartz phase in
every sample) the tempering of the clay paste might be assured by deliberately
added alluvial sand.

The weakness or the absence of OH bands and the presence of broad
symmetry band centered around 1050 cm™ means that the ceramic samples,
made from the mixture of at least two disordered clays, have been fired
above 600°C. The presence of iron oxides also confirms the firing temperature
as above 600°C. Prominent peaks at =500 cm™ reveals that even if the sample
was fired under reduced atmosphere, air has been allowed at a relatively higher
temperature during the cooling, enabling the oxidation of iron components.
Sandwich structure observed in the case of sample 5-2-2 [1] also indicates
firing under reduced atmosphere and admission of the air during the cooling.
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FT-IR absorption results confirm the mineralogical data obtained by
other methods. The deconvolution results indicate, in concordance with the
microstructural XRD data, different raw material sources and different
fabrication technologies (firing conditions) of the ceramic samples.

EXPERIMENTAL SECTION

The powder XRD patterns were obtained as presented before. [1]
Unit cell parameters were calculated through Rietveld refinement using the
PowderCell software [17-19, 41]. The crystalline phase composition was
determined using the MATCH! Phase Identification from Powder Diffraction
software together with the “IUCr/COD/AMCSD” reference database [42,
43]. Microstructural informations referring to the SiO- crystallites contained
in the samples were obtained by Warren-Averbach single X-ray profile
analysis [17-19] of the (100) and (200) SiO; quartz peak profiles processed
by the XRLINE computer program [18].

FT-IR sample preparation and spectra recording were as described
in [1]. Deconvolution of the IR absorption bands corresponding to the OH
and the SiO (AlO) regions, respectively, was performed using the Origin 8
Pro data analysis software.
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A PREDICTIVE TOXICITY STUDY OF PEls,
PAMAM AND ZAC DENDRIMERS

CLAUDIU N. LUNGU®, CSABA PAIZS?, MELINDA E. FUSTOS?,
ANAMARIA ORZA?, MIRCEA V. DIUDEAP,
IRENEUSZ P. GRUDZINSKIP

ABSTRACT. Polyethyleneimines (PEls) and polyamidoamine dendrimers
(PAMAM) are widely used as non-biological transporters in modern gene
therapies. In this study, several zero-generation aromatic core “ZAC” dendrimers
were computationally studied for predictive toxicity assessment. The chemical
synthesis of the ZAC dendrimers was carried out using three different
bromomethylbenzene derivatives as aromatic core and dialkanolamines as
branching units with different carbon chain length. Quantitative structure-
activity relationships (QSAR) and virtual high throughput toxicity screening
(VHTTS) assays were applied on the synthesized zero generation dendrimers
to evaluate their toxicities.

Keywords: molecular descriptors, pharmacophore, QSAR, continuous
structures, toxicity, maximum recommended daily dose, dendrimers.

INTRODUCTION

Quantum structure activity relationship (QSAR) methods are widely
used in toxicity prediction [1]. A QSAR model is used to predict accurately
compounds properties that belong to the same chemical space as the
compounds used in training set [2]. Small molecules or molecular fragments
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are ideal tools of exploring a chemical space. In case of macromolecular
compounds (e.g., polymers, dendrimers) building regression models based
on parts of these molecules is not an accurate approach mainly because in
the materials science parts of a structure don’t preserve a proportional
properties amount (in comparison to ligand-receptor systems, where the
fragment-based concept is well known).

Testing toxicity especially in case of nanostructures is expensive
mostly because toxicity properties are not additive. Being applied on a
series of compounds (or molecular fragments) with similar chemical structure,
these methods not always return correct data. Errors are due to both non-
additive properties and degeneration of variables (i.e., descriptors) used in
building QSAR models. The back trucking may be avoided using virtual
High Throughput Toxicity Screening (vHTTS) [3]. This method provides a large
amount of unique/specific data for building a QSAR toxicity model.

Selecting small compounds with known toxicities, one covers a large
region of the chemical toxicity space, making the model more powerful in
terms of prediction.

RESULTS AND DISCUSSIONS

PAMAM and PEI properties were analyzed. Figure1 illustrates their
QSAR property space [4]. Chemical space shapes are relatively the same
for all PEl, PAMAM and ZAC dendrimers, respectively.

All PAMAM and PEls herein analyzed for genotoxic and carcinogenic
properties do not have such effects due to computation studies. The
computational studies for the Ames test (Salmonella typhimurium) also
turned the negative results for all the compounds studied here. The in silico
structure biodegrability test predicted a class 2 persistent chemical (tertiary
amine) for all compounds. Computation tests performed for biotransformation
processes due to cytochrome P450 evidenced for PAMAM both N-dealkylation
and N-oxidation, respectively. In vitro micronucleus assay based on QSAR
showed a H acceptor path 3 h acceptor class 1 for PAMAM series. A multiple
linear regression model was computed using PEl and PAMAM. The computed
pharmacophores are shown in Figure 2.
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PAMAM QSAR properties
Weight g/mol
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— (5 1
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Weight g/mol ——C14N801
——C14N8 02
——C14N8 03
Logs TPSAA2 e C14N8 04
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ZAC dendrimers QSAR properties
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——C16H28N204
———C20H36N204
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———(C24H44N204
C24H45N306
C28H52N204

Figure 2. Pharmacophore structures form left to right:
PEI/PAMAM and ZAC pharmacophore, respectively
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PEI/PAMAM & ZEC dendrimer pharmacophores
10000
8000 IA\
6000 a===7AC pharmacophore
Descriptors I \
value 4000 I \
2000 4 PEI/PAMAM
0 - / Q pharmacophore
2000 © 5 10
Descriptors

Figure 3. Topological properties of PEI/PAMAM and ZAC dendrimers. Topological
properties are represented (from left to right) as follows: 1 cluster count; 2 polar
surface area A2 (PSA); 3 shape attribute; 4 sum of valence degrees; 5 total
connectivity; 6total valence connectivity

After minimization of the two pharmacophores (for PEI/PAMAM and
ZAC) and consecutively hydrogen bond forming, continuous structures resulted,
as shown in Figure 4.

Figure 4. PEI/PAMAM and ZAC dendrimers pharmacophore molecules

Topological properties for the newly resulted molecules (derived
from PEI/PAMAM and ZAC pharmacophores) and for the corresponding
pharmacophores are shown in Figure 5.
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PEI/PAMAM & zero generation dendrimers pharmacophores after
minimization

10000

8000 +———

6000 +—— ===7AC pharmacophore

4000 +—— -

0 ,A,AQ_ .
5 10

15

PEI/PAMAM
pharmacophore

-2000

Figure 5. Topological properties of PEI/PAMAM and ZAC dendrimers, newly
resulted molecules. Topological properties are represented (from left to right)
as follows: 1 cluster count; 2 polar surface area A2 (PSA); 3 shape attribute; 4 sum
of valence degrees; 5 total connectivity; 6total valence connectivity; 7 cluster
count minimized; 8 polar surface area minimized A% (PSA); 9 shape attribute
minimized; 10 sum of valence degrees minimized; 11 total connectivity minimized;
12 total valence connectivity minimized.

Multiple linear regression model [5, 6, 7] was obtained having as
independent variable the acute toxicity and as dependent variables the
number of H,C, N atoms, molecular weight, total number of atoms, number
of heavy atoms, rotation degree, number of hydrogen accepting and donor
groups, Anderson charges, minimum distance between two hydrogen distinct
donor groups, minimum distance between an H-donor and an H-accepting
group, mean distance between two H-donor groups, mean distance between
an H-donor and an H-accepting group, Wiener index, logP. All data were
used on the training set, resulted in a Pearson correlation of R?=0.996 with
y=0.00165321+ 0.991084x; the cross validated square was 0.991084
(Figure 6).

Toxicity /Predicted toxicity
8
7 A
6
5
4
3
2
X = o
0 T T T T T T T )
0 1 2 3 4 5 6 7 8

Figure 6. Correlation between toxicity doses used to model
the data and the predicted toxicity doses
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Daily maximum recommended dose intake /Predicted daily maximum
recommended dose intake

0 T T T T T T T T 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Figure 7. Correlation between daily maximum dose intake
used to model data and predicted dose intake.

A model was computed for the prediction of daily dose intake using
the maximum daily dose intake as the independent variable [8,9,10]; Person
correlation value was R?=0.999 with y=0.00274498+0.998815x, with cross
validated square of Q?=0.998815 (Figure 7). The K test was applied for the
model in Figures 7-9 and no out layers were detected. Models were validated
using leave one out technique.

Predicted toxicity of PAMAM/PEI & predicted toxicity of ZAC dendrimers

e |ntroduce toxicity of
trainig set

e=mmPredicted toxicity of
training set

Predicted toxicity of
ZAC

Figure 8. Toxicity values obtained for the studied series using the QSAR model.
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Predicted daily maximum recommended dose intake of PAMAM/PE| &
predicted daily maximum dose intake of ZAC dendrimers

emmm|ntroduce daily
maximum recommended
dose intake of trainig set

esmmPredicted daily maximum
recommended dose
intake of training set

Predicted daily
maximum recommended
dose intake of ZAC

Figure 9. Daily maximum recommended doses for the dendrimer
series using the QSAR model.

Data show that ZAC dendrimers are less recommended than the
PAMAM/PEI compounds.

CONCLUSIONS

PEls and PAMAM dendrimers have no evidences on genotoxic effect
based on computational models established for the AMES test. All these
polymers are classified as the class 2 persistent chemical (tertiary amine). In
silico tests for cytochrome P450-based biotransformation processes evidence
for PAMAM some N-dealkylation and N-oxidation biotransformation pathways
having possible interaction with drugs metabolized by the same CYP
isoforms. In silico computational micronucleus assay has shown a H-acceptor
path 3 H-acceptor class 1 for PAMAM series expressing its potential interaction
with the genetic material. The synthesized ZAC dendrimers are found to be
1000 times more toxic than PAMAM and PEls in terms of acute toxicity and
maximum daily intake dose as predicted by the QSAR model, which showed a
decrease in doses of the ZAC dendrimers comparative to PEl and PAMAM,
respectively.

The chemical space of QSAR properties of the model and of the ZAC
compounds (see Figure 1) have the same shape and thus the prediction of
the model is presumably accurate.

505



CLAUDIU N. LUNGU, CSABA PAIZS, MELINDA E. FUSTOS, ANAMARIA ORZA,
[MIRCEA V. DIUDEA), IRENEUSZ P. GRUDZINSKI

Furthermore, by computed topological properties of both
pharmacophores, it was suggested that there is a slight overlap of the
training (PAMAM/PEI) pharmacophore and the pharmacophore of ZAC
dendrimers. By this reason, the correlation of these properties with the total
connectivity and total valence connectivity is less predictive.

Having the same QSAR space, respectively the same topological
variation of properties as the training (PAMAM/PEI) set and also high
Pearson correlation (R?=0.996 and 0.999, respectively) it is expected that
ZAC dendrimers will have reduced doses than PEI/PAMAM (i.e., the acute
dose for ZAC is 1000 smaller than for PEI/PAMAM).

EXPERIMENTAL SECTION

The studied ZAC dendrimers were chemically synthesized
according to the literature procedure described by Fustds et al. [11]. To
data, 1,4-bis(bromomethyl)benzene, 1,3,5-tris(bromomethyl) benzene and
1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene were used as the aromatic core.
Derivatization was performed with the commercially available diethanolamine
(DEA) and the “ad-hoc” prepared dipropanolamine, dibutanolamine and
dipentanolamine, respectively. General procedure of preparation for ZAC
compounds # 1-6 is shown in Figure 10. To a solution of bromomethylbenzene
in acetonitrile, the corresponding dialkanolamine was added under continuous
stirring.

In order to avoid the dialkanolamine hydrobromide salt formation
due to the resulting hydrobromic acid, potassium carbonate was added in
excess. The reaction mixture was refluxed for 24 hours, being monitored on
thin layer chromatography (eluent hexane:toluene 7:3). The resulted precipitate
was separated by vacuum filtration, while the filtrate was evaporated at
reduced pressure to give the crude product. After purification the dendrimers
were obtained as viscous lightly yellowish liquids. Their structure was confirmed
by NMR ('H, 3C) spectroscopy and mass spectrometry [12]. A polyamidoamine
(PAMAM)/polyethylenimines (PEI) database was generated in order to
perform a vVHTTS.

A pharmacophore model (see below) was developed for the 6 ZAC
compounds listed in Figure 10. A vHTTS screening was performed on this
database (6 aromatic core dendrimers + 8 PEI + 4 PAMAM structures) and
the results were sent to the QSAR procedure (5). PAMAM (of generation O;
1; 1.5 and 2) and PEI (C1Ns and CisN1o) were computed, in order to
establish their chemical space and finally their own toxicity. The toxicity
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assessment due to QSAR model was computed using a decision tree software
[13]. In order to establish the reliability of the model, pharmacophores used for
generating the model (PEI/PAMAM pharmacophore) and the pharmacophore of
ZAC dendrimers were studied topologically.

OH OH OH

o e N HOH o > Hou
N\/\OH N\/\OH
N/\/OH J/NI
HO

N N

NN
¥
OH OH OH
Cattano,

Caot3N204 CoHuN,04

Figure 10. Synthesized ZAC dendrimers-target for vHTTS.
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SYNTHESIS AND ANTIOXIDANT CAPACITY OF
(CHLOROBENZYLIDENE)HYDRAZINYL-THIAZOLES

ADRIANA GROZAV?, DANIELA HANGANU?¥, OVIDIU CRISAN?Z,
DAN PORUMB"® AND CASTELIA CRISTEA®

ABSTRACT. 2-(chlorobenzilidene)hydrazinyl-thiazole derivatives were
conveniently prepared by Hantzsch reaction protocol, starting with
thiosemicarbazone and ethyl 2-bromo-3-oxo-3-phenylpropanoate. Their
antioxidant capacity was screened by electron transfer based assays. The
results of both DPPH (1,1-Diphenyl-2-picrylhydrazyl) free radical scavenging,
as well as Ferric lon Reducing Antioxidant Power (FRAP) assay, indicated
antioxidant capacity for the tested hydrazone derivatives. At the concentration
of 9.5 pg/mL, the DPPH radical scavenging activity of ethyl 2-(2-(3-
chlorobenzylidene)hydrazinyl)-4-phenylthiazole-5-carboxylate was found
to be more than 93%.
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INTRODUCTION

The literature data designate the thiazole derivatives as an important
class of heterocyclic compounds exhibiting remarkable pharmacological
activities. The thiazole core can be often recognized in the structure of
commonly used antimicrobial, antifungal or antiretroviral agents, as well as
nonsteroidal anti-inflammatory drugs. [1.].
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Our previous results in the synthesis and characterization of biologically
active novel thiazole derivatives described several 2-hydrazinyl-thiazole
derivatives which displayed antibacterial, analgesic, or anti-inflammatory
activities [2-5]. Various heterocyclic systems containing thiazole units joint
or fused to other aromatic moieties were synthesized and several aspects
of their biological activities were described; thus, some benzothiazolo-
phenothiazine derivatives exhibited antimicrobial activity [6-9], while
bis(thiazolyl)-, phenothiazinyl- and indolyl-thiazolylhydrazine derivatives were
screened for their anticancer potential [10-19] in search for new antitumour
agents producing less hypersensitivity side reactions (which might occur due
to platinum complexes which are currently employed in the cancer therapy.
[20]). Two ((1H-indol-5yl)methylene)-hydrazinyl)-thiazole derivatives were
found to be promising antioxidant agents based on DPPH (1,1-Diphenyl-2-
picrylhydrazyl) radical scavenging assay; the chemoselectivity of radicals
formation was supported by theoretical computational data indicating the
extraction of the hydrogen atom from the NH group located in the hydrazinyl
bridge rather than in the indole heterocyclic unit. [19]

In this work, we present an extension of our investigations in the area
of thiazole derivatives by describing the synthesis and antioxidant capacity
of two additional 2-((chlorobenzylidene)hydrazinyl)-thiazole derivatives. A
comparison of the antioxidant capacity of thiazole derivatives with their
thiosemicarbazone synthetic precursors and typical control compounds (Trolox
and Ascorbic acid) was enabled by the results displayed in DPPH radical
scavenging activity and ferric reducing antioxidant power (FRAP) assays.

RESULTS AND DISCUSSION

Synthesis of 2-(chlorobenzylidene)hydrazinyl)-thiazole derivatives

The synthetic route towards the 2-(chlorobenzylidene)-
hydrazinylthiazoles 3a,b was designed by taking advantage from the broad
scope of the Hantzsch reaction [21]. Thus, thiosemicarbazone precursor
2a,b (previously prepared by the condensation of chloro-benzaldehyde
derivatives 1a,b [2]) and ethyl 2-bromo-3-oxo-3-phenylpropanoate were
subjected to the cyclocondensation reaction as shown in Scheme 1.
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X X
1a: X=X"=H, X'=Cl 2a: X=X"=H, X'=Cl
1b: X=X"=Cl, X'=H 2b: X=X"=Cl, X'=H
CeHs
H
2ab + O=? —» X E=N—N% |
Br—CH ii) S” “cooc,Hs
COOC,H; X X

Ja: X=X"=H, X'=CI
3b: X=X"=Cl, X'=H

Scheme 1. Synthesis of 2-(chlorobenzylidene)hydrazinyl-thiazole derivatives;
conditions: i) ethanol, 2h, reflux, ii) Acetone/DMF (v/v): 1/0.2, 24h, r.t.

The structures of thiosemicarbazone intermediates 2a,b and 2-
(chlorobenzylidene)-hydrazinylthiazole derivatives 3a,b were confirmed by
NMR spectroscopic data.

Antioxidant capacity

The antioxidant ability of chemical compounds might be due to free
radicals scavenging, metal ions chelating and hydrogen atoms or electrons
transferring [22]. In our study, the antioxidant capacity of the synthesized
series of hydrazone derivatives was screened by using electron transfer
based assays measuring the capacity of an antioxidant in the reduction of
an oxidant which changes colour upon reduction. The UV-Vis
spectrophotometric monitoring of the reaction offered the possibility of
correlating the degree of colour change with the antioxidant concentration.
As it may be seen from table 1, thiosemicarbazones 2a,b and 2-
(chlorobenzylidene)hydrazinyl-thiazole derivatives 3a,b displayed
antioxidant capacity determined by DPPH radical scavenging and FRAP
assays.
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Table 1. The antioxidant capacity of synthesized hydrazone derivatives

Methods
Compound DPPH FRAP
IC 50 [ug/mL] 1% [UM ET/g]
2a 13.64 + 0.52 65.50 £ 0.64 229.04 £1.2
2b 15.57 £ 0.72 56.52 £ 0.53 312.86 £ 0.9
3a 9.55 + 0.61 93.88 £ 0.72 1710.38 £ 1.5
3b 16.45 + 0.37 60.70 £ 0.67 11.62 + 0.6

In the reaction with DPPH radical, both semicarbazone derivatives
2a,b and 2-(chlorobenzylidene)hydrazinyl-thiazoles 3a,b determined the
colour change of DPPH radical solution from purple to yellow. The reaction
was monitored by the decrease of absorbance intensity at Amax = 517 nm,
measured after a reaction time of 30 minutes. The DPPH free radicals
scavenging potential of the tested compounds was expressed by:

a) the concentration of tested hydrazone derivative that causes a
decrease in the initial DPPH concentration by 50% (ICso)
b) the percent DPPH scavenging ability (1%) was calculated as:

1% = (Acontrol— A sample/AcontroI) x 100

where Acontrol i the absorbance of DPPH radical in methanol solution
Asample is the absorbance of DPPH radical in solution in the presence
of the tested hydrazone derivative.

According to the results presented in Table 1, the DPPH free
radicals scavenging potential of the tested hydrazones decreased in the
following order: 3a>2a>2b=3b. At the concentration of 9.5 ug/mL, the
DPPH radical scavenging activity of hydrazinyl-thiazole 3a was found to be
more than 93%. In terms of concentration that causes a decrease in the
initial DPPH concentration by 50%, the antioxidant capacity of 3a appears
comparable to the phenolic standard Trolox (ICso = 9.74 ug/mL), but lower
than the ascorbic acid standard (ICso = 2.46 ug/mL).

The reducing capacity of hydrazones 2a, 2b, 3a and 3b has been
assed using the FRAP assay, which is based on another electron transfer
reaction where a ferric salt, is used as an oxidant (Fe(lll)(TPTZ):Cls where
TPTZ 2,4,6-tripyridyls-triazine). The reduction of Fe3* to Fe?* and thus the
formation of the blue coloured Fe(TPTZ)?* complex depends on the electron
donating capacity of the tested compounds, which was quantified by the
UV-Vis spectrophotometric method. The reducing ability of the hydrazones
decreases in the following order: 3a > 2b > 2a >3b (see Table 1 where the
results are quantified as yM Trolox equivalents/g).
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The results of both electron transfer assay (the DPPH and FRAP),
indicate 3a as the most efficient antioxidant in the tested series. A structure-
activity correlation points towards a superior electron donor ability of 3a,
explainable by the presence of the pi-electron-excessive heterocycle thiazole.

The electron withdrawing effect induced by the second chlorine atom
introduced as a substituent of the benzylidene aromatic ring, decreased the
overall electron donor ability of 2b and 3b and thus their overall antioxidant
capacity.

CONCLUSIONS

The results of two electron transfer assays (the DPPH assay and
FRAP assay) applied in this study, indicate monochlorobenzylidenehydrazinyl-
thiazole 3a as the most efficient antioxidant in the tested series containing
the chlorobenzylidene-hydrazinyl-thiazole and the similarly mono and dicloro
substituted thiosemicarbazones.

EXPERIMENTAL SECTION

Materials and Methods

The starting materials and solvents were obtained from commercial
sources from Sigma-Aldrich. Melting points were measured with an Electrothermal
IA 9200 apparatus (Bibby Scientific Limited (Group HQ), Stone, UK).

NMR spectra were recorded at room temperature on 400 MHz
Bruker Avance instruments. Chemical shifts are expressed in & (ppm) relative
to standard tetramethylsilane (TMS).

Compounds 2a,b were prepared according to the previously
reported procedure [2].

General procedure for the synthesis of 2-(chlorobenzylidene)hydrazinyl-
thiazole derivative 3a,b

A mixture of arylidene-hydrazine-carbothioamide 2a/b (10 mmol) and
ethyl-2-bromo-3-oxo-3-phenylpropanoate (10 mmol) in acetone/DMF (15 mL,
v/v. 1/0.2) was stirred at room temperature for 20—24h. The reaction mixture
was neutralized at pH 7 with NaHCO3 aqueous solution (10%). The precipitate
was filtered and recrystallized from ethanol.
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Ethyl 2-(2-(3-chlorobenzylidene)hydrazinyl)-4-phenylthiazole-5-
carboxylate 3a

White crystals, yield 82%, m.p. 193-194 °C,

"H-NMR (400MHz, CDCl3) dppm: 1.33 (¢, 3H, CHs), 4.3 (q, 2H, O-
CH), 6.59 (s, 1H, CH=N), 7.18 (d, 1H) 7.3 (m, 3H), 7.41 (t, 1H), 7.48 (t,
2H), 7.85 (m, 2H), 10.5 (broad, 1H, NH)

Ethyl 2-(2-(2,4-dichlorobenzylidene)hydrazinyl)-4-phenyithiazole-5-
carboxylate 3b

Light yellow crystals, yield 91%, m.p. 208-209 °C,

"H-NMR (400MHz, CDCl3) dppm: 1.32 (¢, 3H, CHs), 4.28 (g, 2H, O-
CHy), 7.22 (s, 1H, CH=N), 7.3 (m, 5H), 7.8 (m, 3H), 9.9 (broad, 1H, NH)

Antioxidant capacity

a) DPPH Free Radical Scavenging Activity

A DPPH solution (0.1g/L) in methanol was prepared and 2.0 mL of
this solution was added to 2.0 ml of tested compound solution (or standard)
in methanol at different concentrations (3.125-25.0 pg/mL for 2a, 2b, 3a
and 9.375-37.5 pg/mL for 3b). After 30 minutes of incubation at 40°C in a
thermostatic bath, the decrease in the absorbance (n = 3) was measured at
517 nm. The percent DPPH scavenging ability (I%) was calculated as: 1% =
(Acontrol — A sample/Acontrol) X 100, where Acontrol is the absorbance of DPPH
radical + methanol (containing all reagents except the sample) and Asampie is
the absorbance of DPPH radical + sample/standard. The antiradical activity
(three replicates per treatment) was expressed as ICso (ug/mL), the
concentration of compound required to cause a 50% DPPH inhibition. The
scavenging activity of Trolox and ascorbic acid were measured and compared
with the one of the tested compounds.

b) Reducing Power by Ferric Reducing Antioxidant Power (FRAP) Test

The solutions of the tested compounds 2a,b and 3a,b have been
prepared in 50 ug/mL concentration

The FRAP reagent consists in a mixture of 2.5 ml 10 mM TPTZ
solution in 40 mM hydrochloric acid to which 2.5 ml 20 mM ferric chloride
solution and 25 ml acetate buffer at pH = 3.6 is added. At 0.4 mL of diluted
sample (50 pg/mL), 6mL the FRAP reagent was added and absorbance
was measured at 595 nm after 10 min. Blank consisted in the similar mixture
without the sample. Results are expressed as mM Trolox equivalents/g
compound, using a calibration curve (R? = 0.989) constructed with 10-40 mg/L
Trolox standard.
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VALIDATED LC-MS/MS METHOD FOR THE DETERMINATION
OF TADALAFIL — A COMPETITIVE PHOSPHODIESTERASE
5 INHIBITOR (PDES5) - FROM HUMAN PLASMA

ROBERT TOTOS*, JOZSEF BALAZSI®

ABSTRACT. The purpose of this study was the development and validation of
an LC-MS/MS method, for the determination of tadalafil from human plasma.
The sample workup involved a simple protein precipitation procedure. A
core/shell type analytical column (50x2,1 mm, 2.6 A) was used with C18
stationary phase. The mobile phase consisting of 30% acetonitril and 70% water
provided good peak shape, accuracy and precision (stable ionization). The
mass spectrometer was operated in positive electrospray ionization mode
for analyte and internal standard. The following parameters were evaluated for
validation purpose: selectivity, sensitivity, matrix effect, anticoagulant effect,
linearity, precision and accuracy, recovery, short and long term analyte/IS
stability in solvent/matrix and carryover. The validated calibration range was
22.2-1111.3 ng/ml. The correlation coefficient R?> was at least 0.9995 in all
validation batches. The validated method has been successfully used for
the evaluation of bioequivalence of generic tadalafil 20 mg formulations.

Keywords: tadalafil, phosphodiesterase 5 inhibitor, method validation,
bioequivalence trial, LC-MS/MS

INTRODUCTION

Tadalafil, (6R,12aR)-6-(1,3-benzodioxol-5-y1)-2,3,6,7,12,12a-hexa-hydro-
2-methylpyrazino[1',2":1,6]pyrido[3,4-b]indole-1,4-dione with the empirical
formula Cg2H19N3O4 (Figure 1) is a reversible cyclic guanosine
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monophosphate(cGMP)-specific phosphodiesterase Type 5 inhibitor indicated
for the treatment pulmonary arterial hypertension, benign prostatic hyperplasia
but mainly used for the treatment of erectile dysfunction (impotence) [1, 2, 13].
Tadalafil acts as a muscle relaxant of blood vessels, increasing blood flow
to particular part of the human body.

O/_\0

Figure 1. Structure of tadalafil

RESULTS AND DISCUSSION
Determination of acquisition parameters

There are various methods known in the literature for the determination
of tadalafil in human blood, plasma or urine [3, 4, 7-9], animal plasma [5] or
pharmaceutical formulations/dietary supplements [11], using LC-MS/MS
methods.

The m/z transitions used for multiple reaction monitoring (MRM) [6, 10,
12] were chosen based on the spectra from Figures 2 and 3. The monitored
transitions should not interfere in their m/z value, specific for a given analyte.
Their intensity should be convenient for the qualifiers, and the qualifier/
quantifier ratio should remain stable over the whole calibration range and in
time. Taking into account the considerations above the following transitions
were chosen for the quantitative assay method:

Tadalafil: m/z 390.2—268.1, (390.2—135.0 qualifier ion) CE 15V,

Losartan (IS): m/z 423.2—207.1 (423.2—377.2 qualifier ion) CE 15V.
(CE — Collision Energy)
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For analyte and IS (Internal Standard) the single charged molecular
ions were used as precursors.

x10 4 |+ Product lon (2.982 min) (390.30 -> **) PI_Scan_TAD_0001.d
1.8 268.10
1.6+
1.4+
1.2+
14
0.8
0.6

04 135.00
240.10

0.2

04 \ 4 Ahﬂm‘"_/ Il }T

60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Counts vs. Mass-to-Charge (m/z)

Figure 2. ESI (+) Spectrum of Tadalafil

x10 4 |+ Product lon (2.983 min) (423.20 -> **) PI_Scan_LOS_0001.d
207.10

377.20
235.10 405.10

171.10 341.30

0J AAAA ) P ; ﬂ | *
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Counts vs. Mass-to-Charge (m/z)

Figure 3. ESI (+) Spectrum Losartan (IS)

Figure 4 shows a typical MRM total ion chromatogram for an ULOQ
(upper limit of calibration) sample. The analyte and IS are practically co-
eluting at 3.0 min. Values are back calculated concentrations for each
analyte.
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+ TIC MRM(** -> **) PA_1_Cal_8_2.d
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Figure 4. MRM chromatogram of Cal8 (tadalafil 1111.3 ng/ml, Losartan 39.9 ng/ml)

The use of the co-eluting internal standard leads to a minimization
of the matrix effect, and it's a convenient alternative to the stable isotope
labeled tadalafil. Moreover, it is easily soluble in the sample solvent resulting
after plasma protein precipitation (methanol:water 4:1).

It's noticeable, that no significant spectral response has been
observed at the retention time of the analyte/IS in matrix blank samples
(Figure 5).

TIC MRM(** -> ) PA_1_DBI_2.d
1.1

14
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T T T T T T T T T T T T T T T T T T T T T T T T
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Acquisition Time (min)

Figure 5. MRM chromatogram of DBI2 (matrix blank 0 ng/ml analyte/IS)
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Bioanalytical method validation

The analytical method was validated according to the EMEA/CHMP/
EWP/192217/2009 Guideline on validation of bioanalytical methods [14].

The tested parameters were: selectivity, sensitivity, matrix effect,
anticoagulant effect, intra/interbatch precision and accuracy, recovery, short/
long term stability of stock solutions of analyte, short term stability of working
solutions of analyte, tabletop stability in biological matrix, freeze thaw stability
in biological matrix, injector/autosampler stability of the processed samples,
stability during delayed processing (worst case scenario), dilution qualification,
analyte and internal standard carryover. All tests were performed using 6
replicates at the mentioned QC (Quality Control) concentration levels.

The calibration curve range is established according to literature data
about plasma concentrations of the analyte. Cmax average from literature fOr Tadalafil
was found to be ~ 450-500 ng/ml, after administration of a 20 mg dose [2-4, 8].

A summary of main results of validation batches is presented in
Table 1.

The validated calibration range was 22.2-1111.3 ng/ml. The calibration
curves were obtained using a linear weighted (1/x) regression analysis of the
peak area ratio (analyte/internal standard) versus the nominal concentration of
the calibration standards. The lower limit of quantitation was set smaller than
5% of expected average Cmax values.

Linearity summary results for tadalafil are presented in Table 2. The
limit of quantitation was 22.2 ng/ml and the linear dynamic range of the
curve was from 22.2 to 1111.3 ng/ml.

Summary of method validation

Table 1. Bioanalytical method validation summary for tadalafil

Calibration concentrations (ng/ml) 22.23, 22.23, 44.45, 83.35, 166.70, 333.40,
611.23, 833.50, 1111.33, 1111.33 (ng/ml)

Lower limit of quantitation (ng/ml) LLOQ, 22.23ng/ml, Accuracy 97.91%, RSD
2.98

QC Concentrations (ng/ml) LLOQ-QC, LQC, MQC, HQC
22.23, 44.45, 333.40, 833.50 (ng/ml)

Between-run accuracy (%) LLOQ-QC, LQC, MQC, HQC
99.74, 99.50, 99.11, 99.30

Between-run precision (RSD) LLOQ-QC, LQC, MQC, HQC
2.18,2.82,3.76, 3.97

IS normalized Matrix factor (MF) 0.96 (1.32)

RSD
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Recovery (%)

LQC, MQC, HQC
100.38, 98.29, 97.14

Long term stability of stock solution and
working solutions (Observed change %)

Confirmed up to 20 days at + 4 °C
LQC Stab. 111.86, change +11.86%
HQC Stab. 105.35 change +5.35%

Short term stability in biological matrix at
room temperature or at sample processing
temperature. (Observed change %)

Confirmed up to 23.58(3) h
LQC Stab. 106.13, change +6.13%
HQC Stab. 106.66, change +6.66%

Long term stability in biological matrix
(Observed change %)

Confirmed up to 134 days at -50 °C
LQC Stab. 106.38, change +6.38%
HQC Stab. 103.23 change +3.23%

Autosampler storage stability
(Observed change %)

Confirmed up to 73.38(3) h
LQC Stab. 103.53, change +3.53%
HQC Stab. 100.59, change +0.59%

Freeze and thaw stability
(Observed change %)

-50 °C, 3 cycles
LQC Stab. 100.77, change +0.77%
HQC Stab. 99.01, change —0.99%

Dilution integrity

Concentration diluted (2-fold)
99.97%; RSD 1.91%
Concentration diluted (4-fold)
97.73%; RSD 4.35%

PA — Precision and Accuracy batch

LLOQ-QC/LQC/MQC/HQC — Lower Limit of Quantitation/Low/Medium/High Quality Control

sample

Table 2. Linearity summary results for tadalafil

Calibration level Nominal conc. Mean conc.1S.D. RSD Accuracy
(ng/ml) (ng/ml) n=6 % %
Cal_1_1 22.23 22.21+0.60 2.70 99.92
Cal_1_2 22.23 22.15+0.54 2.43 99.64
Cal_2 44.45 45.24+0.55 1.22 101.78
Cal_3 83.35 83.94+0.77 0.92 100.70
Cal_4 166.70 162.58+3.25 2.00 97.53
Cal_5 333.40 335.99+4.30 1.28 100.78
Cal_6 611.23 603.09+8.76 1.45 98.67
Cal_7 833.50 841.03+2.53 0.30 100.90
Cal_8_1 1,111.33 1103.996.81 0.62 99.34
Cal_8_2 1,111.33 1119.52+8.15 0.73 100.74
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CONCLUSIONS

A rapid and robust method has been developed and validated for
the determination of tadalafil in human plasma. The quantitation was
performed on an Agilent 1200 series HPLC system, coupled to an Agilent
6410 triple quadrupole mass spectrometer, using electrospray ionization
technique. The components were detected in positive ionization mode. The
method was successfully used for the evaluation of bioequivalence of a
generic formulation of tadalafil 20 mg film-coated tablets versus Cialis® 20
mg film-coated tablets, Eli Lilly, in 26 healthy Caucasian male subjects.

EXPERIMENTAL SECTION
Solvents and reference materials used

All used solvents are of HPLC grade. Acetonitril and Methanol were
purchased from VWR, formic acid from Merck KGaA, HPLC water was
obtained using a Millipore Simplicity UV water purification system. Certified
reference materials of Tadalafil and Losartan potassium (internal standard-
IS) were obtained from European Pharmacopoeia (Ph.Eur.), respectively
Fluka and are of analytical standard grade. Blank human plasma was
obtained from the regional blood transfusion center (CRTS) Clu;j.

Instrumentation and working parameters

An Agilent 1200 series HPLC system with a Phenomenex Kynetex
C18 column (50 x 2.10 mm) equipped with Phenomenex Security Guard
(4 x2.0 mm) was used for separation. The used mobile phase was an isocratic
mixture of 30:70 acetonitrile:water (containing 0.1% formic acid). The used
flow rate was 0.3 ml/min, the column temperature was set to 45 °C. An
Agilent 6410 triple Quadrupole Mass Spectrometer (Agilent Technologies,
USA), equipped with electrospray ion source was used for the LC-MS/MS
analyses. The runtime was 5 min/sample. The data acquisition and processing
were carried out using MassHunter software. The whole system (software
and hardware) was validated. The mass spectrometer was operated in positive
ionization mode for analyte and IS. Nitrogen was used as nebulizing gas
and collision cell gas. The temperature of the ESI source was set to 350 °C,
and the needle voltage to 4000V.
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The quantitation was performed using MRM (multiple reaction monitoring)
of the transitions: m/z 390.2—268.1, (390.2—135.0 qualifier ion) collision
energy 15V, for tadalafil and 423.2—207.1 (423.2—377.2 qualifier ion)
collision energy 15V for losartan (1S).

The mass spectrometer was operated at unit resolution with a dwell
time of 300 ms per transition.

Stock and working solutions preparation

Stock solutions of tadalafil (1.0 mg/ml) were prepared in methanol
dissolving accurately weighed amounts of reference material. Stock solutions of
losartan-K (1.0 mg/ml) were prepared in methanol/water 50/50 (w/w) dissolving
accurately weighed amounts of losartan-K. They were stored at 2-8 °C.
Correction factors were applied to the weighed amounts of reference materials to
calculate the content of the pure substance (Table 3). Correction factors
are derived from the purity and the chemical form (salt, etc.).

Table 3. Correction factors for reference materials

Reference material . Losartan
Tadalafil potassium
Purity (%) 99.9 99.6
Chemical form correction factor 1.0000 0.9152
Correction factor 0.9990 0.9115

Working solutions of analyte and internal standard were prepared
freshly before use by successive dilutions from stock solutions to appropriate
levels, using methanol/water 50/50 (w/w) as solvent. They were used for
spiking human plasma used for calibrators and QC samples preparation.

Calibrators and QC samples preparation

To 400 pl of blank human plasma, 50 pl of spiking solution of
analyte and 50 pl of spiking solution of internal standard were added in
polypropylene tubes, to yield final concentrations of 22.23, 44.45, 83.35,
166.70, 333.40, 611.23, 833.50, 1111.33 ng/ml for tadalafil.

Sample preparation (workup)

To precipitate plasma proteins, 2 ml of methanol was added to the
spiked samples, then vortexed for 20 minutes at 1500 rpm. Further the
samples were centrifuged at 4 °C for 20 minutes at 4000 rpm. 450 pl of
supernatant was transferred to HPLC autosampler vials diluted with 450 pl
of water and injected into the analytical system (15 pl/sample).
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Calibration curve parameters

The linearity of the method was evaluated using spiked plasma
samples in the concentration range mentioned above using the method of
least squares. Two identical validated analytical systems has been used,
three linearity curves were analyzed on each system.

Each calibration batch (curve) consisted of: blank samples in duplicate,
zero samples (blank with I1S) in duplicate and eight non-zero concentration
levels, of which the lower and upper limit of quantitation samples were in
duplicate. The calibration curves were obtained by using a linear weighted
(1/x) regression analysis of the peak area ratio (analyte/internal standard)
versus the nominal concentration of the calibration standards. Study samples
concentrations were obtained by interpolation from the calibration curve.

The linearity results are summarized in Table 2 in the ‘Results and
Discussion’ section.
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ABSTRACT. The current study aimed to determine the chemical composition
and antibacterial activity of two essential oils extracted from herbs belonging to
the family Lamiaceae (mint and oregano), and their beneficial impact on the
biochemical and microbiological changes occurring in fresh cheese during
storage time. Based on the essential oils results three types of fresh cheese
were formulated and the consumer prefer sample were sensory evaluated using
the 9-point hedonic test. In order to determine the stability during storage, the
selected sample and the essential oil free control sample were sampled initially,
after 6 and 12 days of storage than subjected to physicochemical (protein, fat,
moisture, ash, total carbohydrates, and energy) and microbiological analyses
(S. aureus, E. coli).

Keywords: Antibacterial activity, Biochemical changes, essential oils,
microbiologic, sensory evaluation, storage, volatile profile

INTRODUCTION

In the recent years, cheese manufacturing and processing has
transitioned from traditional art to science. Many of the cheese varieties
have been developed and tested for different environmental conditions in
order to meet the highly pretentious customer standards [1]. Fresh cheeses

@ Department of Food Engineering, University of Agricultural Sciences and Veterinary Medicine of
Cluj-Napoca, Cluj-Napoca, Romania, Calea Manastur 3-5, 400372 Cluj-Napoca, Romania

b Department of Food Science, University of Agricultural Sciences and Veterinary Medicine
of Cluj-Napoca, Cluj-Napoca, Romania, Calea Manastur 3-5, 400372 Cluj-Napoca, Romania

¢ Babes-Bolyai University, Faculty of Chemistry and Chemical Engineering, 11 Arany Janos
Str., Cluj-Napoca, RO-400028, Romania

* Corresponding author: szfogarasi@chem.ubbcluj.ro



MELINDA FOGARASI, SONIA A. SOCACI, SZABOLCS FOGARASI, MIRELA JIMBOREAN, CARMEN
POP, MARIA TOFANA, ANCA ROTAR, DORIN TIBULCA, DAN SALAGEAN, LIANA SALANTA

production involves the enzymatic coagulation of milk with rennet and/or other
coagulating enzymes, which in some cases are combined with specific
lactic bacteria [2]. It is well known that soft texture, low salt content, high acidity
and moisture, which are characteristics of fresh cheeses, favor the growth of
spoilage microorganisms, leading to consumer rejection and possible economic
losses for the industry. Moreover, fresh cheeses are considered potential
vehicles for Escherichia coli, a pathogen able to survive and grow even at
refrigerate temperature. As a result, the manufacturing of cheeses involves
the addition of synthetic preservatives, (e.g., potassium and sodium sorbate) in
order to ensure the safety of fresh cheeses [3]. However, many studies revealed
the negative effects of synthetic food preservatives on human health and the
increasing resistance of microorganisms to these compounds. As a result,
researchers are focused on the identification and use of natural preservatives
like essential oils (EOs), which are volatile liquids distilled from different aromatic
plant materials [4-7]. EOs from Origanum vulgare L. (oregano — OrEQO) and
Mintha piperita (mint — MiEO) are effective in inhibiting a range of cheese-
related bacteria in vitro systems, making them a key alternatives for cheese
preservation [8]. Considering the antioxidant activity and food preserving
properties of OrEO and MIEO and the fact that they are natural products [7],
which can be produced in organic condition, the selected EO could be used
in organic food products with short shelf-life. Therefore, this study aimed
to evaluate the physicochemical, microbiological and sensory aspects that
characterized a fresh cheese made with the incorporation of OrEO and MIiEO
and the effects of these EOs on the cheese during refrigerated storage.

RESULTS AND DISCUSSION
Chemical Composition of Essential Oils

The volatile compounds detected by ITEX-GC/MS analysis in the two
essential oils with their percentage composition are summarized in Table 1.

According to the results, the MiEO contained 39 constituents and
the most important ones were a-pinene (3.57%), B-pinene (4.71%), Sabinene
(2.04%), D-limonene (13.06%) and Eucalyptol (17.76%), all of them belonging to
the monoterpene hydrocarbons class. The obtained results are similar to the
aromatic profile presented by de Sousa Barros et al. [8] regarding essential
oils extracted from different Mentha species. Similarly, OrEQ included 21 major
components among which p-cymene (13.76%), gamma terpinene (11.94%),
D-limonene (34%) and thymol (19.38%) had the highest concentration which is
also confirmed by the data presented by Sahbaz A. et al. [9]. The thymol
belongs to the oxygenated monoterpenes class and the rest of them to
monoterpene hydrocarbons.
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Table 1. Volatile compounds profile of oregano and mint essential oils

Crt. Compound MIiEO,|OrEO,
No. % %
1. |Furan, 2,5-diethyltetrahydro- 0.14 -
2. |2-Hexenal, (E)- - 0.29
3. |Origanene - 2.37
4. |alpha.-Thujene 0.53 -
5. |alpha.-Pinene 3.57 | 1.51
6. |Camphene 0.15 | 0.39
7. |3-Methyl-cyclohexanone 0.20 -
8. |Sabinene 2.04 -
9. |beta.-Pinene 471 | 0.24
10. |beta.-Myrcene 0.67 | 4.78
11. |n.i. 0.04 -
12. |1-Methylene-4-(1-methylethenyl)- cyclohexane 0.07 -
13. |Octanal - 0.20
14. |alpha.-Phellandrene 0.05 | 0.69
15. |3-Carene 0.05 | 0.24
16. |alpha.-Terpinene 0.27 | 3.49
17. |p-Cymene 0.08 |13.76
18. |n.i. 2.43 -
19. |D-Limonene 13.06 | 34.08
20. |Eucalyptol 17.76 | -
21. |beta-trans-Ocimene 0.13 | 0.06
22. |beta-cis-Ocimene 0.03 | 0.10
23. |gamma.-Terpinene 0.51 (11.94
24. |n.i. 0.16 -
25. |Terpinolene 0.13 | 0.32
26. |Benzene, 2-ethenyl-1,3-dimethyl- - 0.06
27. |beta.-Linalool - 0.62
28. |Thymol - 119.38
29. |Carvacrol - 5.28
30. |Cyclohexanone, 5-methyl-2-(1-methylethyl)- 3054 -
31. |Menthofuran 2.06 -
32. |Cyclohexanone, 5-methyl-2-(1-methylethyl)-, (2R-cis)- 5.99 -
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Crt. Compound MIiEO,|OrEO,
No. % %
33. |Cyclohexanol, 5-methyl-2-(1-methylethyl)-, (1.alpha.,2.alpha.,5.alpha.) 0.86 -
34. |Cyclohexanol, 5-methyl-2-(1-methylethyl)-, (1.alpha.,2.beta.,5.alpha.)-(.+/-.)- 9.63 -
35. |Cyclohexanal, 5-methyl-2-(1-methylethyl)-, [1S-(1.alpha.,2.beta.,5.beta.)}- 0.15 -
36. |alpha.-Terpineol 0.09 -
37. |Pulegone 0.38 -
38. |Piperitone 0.13 -
39. [Cyclohexene, 4-methyl-1-(1-methylethyl)- 0.10 -
40. |Menthol, acetate 2.14 -
41. |Cyclohexane, 1-ethenyl-1-methyl-2-(1-methylethenyl)}-4-(1-methylethylidene)- | 0.07 -
42. |n.i. 0.06 -
43. |Caryophyllene 0.88 | 0.17
44. |alpha.-Caryophyllene 0.02 -
45. |Germacrene D 0.07 -
46. |n.i. 0.02 -
TOTAL 100 | 100

MIiEO- mint essential oil, OrEO — oregano essential olil

Antibacterial Activity of Essential Oils

In order to evaluate the antibacterial activity, minimum inhibitory
concentration tests of the studied essential oils were performed. According
to the results shown in Table 2, minimum inhibitory concentrations values
differ significantly between the two essential oils.

Table 2. Minimum inhibitory concentrations (MIC) of essential oils

. E. coli S. aureus S. enteritidis L. monocytogenes
Essgir;tlal ATCC 25922 ATCC 25923 ATCC 13076 ATCC 19114
Hl/ml
MIiEO 0.56 £ 0.0 245+0.0 1.59+0.0 5.14 £ 0.0
OrEO 0.22+0.0 0.13+0.0 0.27+£0.0 0.13+0.0

MIEO- mint essential oil, OrEO — oregano essential oil, E. coli - Escherichia coli, S. aureus -
Staphylococcus aureus, S. enteritidis - Salmonella enteritidis, L. monocytogenes - Listeria
monocytogenes. Values are results of three replicates. Control negativ, were 0.11 + 0.0 for
E. coli (ATCC 25922) and 0.05 + 0.0 uyg GE mL™" for S. aureus (ATCC 25923), 0,24+ 0.0 for
S. enteritidis, 0.11 + 0.0 for L. monocytogenes .
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The results show that OrEO was the most bacteriostatic against all
four of the selected bacteria, considering that it had the lowest MIC values.
However, in the case of E. coli, the antibacterial activity of the two essential
oils is comparable while for the other bacteria the differences are more
significant. In the case of bacteria S. aureus and L. monocytogenes OrEQO
had the same antibacterial activity (0.13 pl/ml). The antibacterial activity of
MIiEO was also the most bacteriostatic against E. coli, followed by S.
enteritidis, S. aureus and L. monocytogenes.

Sensorial Analysis

Considering that the sensorial quality of food products is a key factor
in consumer’s decision-making process, the Hedonic testing was used to
determine consumer’s attitude towards all three fresh cheese formulations
samples by measuring the degree of acceptance of the new products. It is very
important to note that the organoleptic properties of fresh cheese enhanced
with essential oils remained acceptable to consumers and the quality level
similar to the current commercially available products. This is also confirmed by
the results shown in the Table 3 for sensorial evaluation of fresh cheese
samples containing different type and level of essential oils compared to
the control sample (without EOs).

Table 3. Results of sensorial evaluation

Sample Appearance | Color | Texture | Odor | Taste accgg:;ilillity
C.S. 7.1 7.0 6.2 7.2 7.1 6.9
CH. 0.03% MIiEO |7.5 7.6 8.2 7.6 8 7.8
CH. 0.02% OrEO 7.0 7.0 6.4 6 7 6.6

C.S. — control sample, CH. 0.03% MIEO- cheese with 0.03% mint essential oil, CH. 0.02%
OrEO — cheese with 0.02% oregano essential oil

It was found that the acceptability of the fresh cheese with 0.02%
oregano essential oil was the lowest which can be attributed to the taste
and the intense smell of OrEO. In contrast, the sample with 0.03% MIEO
had the highest acceptability score (7.8) as well as for the other organoleptic
characteristics. The mint essential oil has given a fresh taste and smell to
the product and it reduces the fatty taste of the product. Moreover, the
sensorial evaluation revealed that fresh cheese with 0.03% MIEO achieved
higher score than the control cheese sample.
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The biochemical analysis of the fresh cheese

The results of the biochemical analysis presented in Table 4 revealed
that the physicochemical parameters for the cheese samples with and
without MiIEO were approximately the same during storage. It was observed
that the gradual reduction in of cheeses moisture content during the storage led
to an increase in total lipids, protein, and ash. According to the literature,
this can be explained by the curd shrinkage, as a consequence of the acid
production by starter culture, which helps to drain the whey from the cheese
mass [3].

Table 4. The compositional parameters percentage values
according to the ripening stages

Sample Control sample Fresh cheese with 0.03% MIEO
Storage time, day 1 6 12 1 6 12
Fat,gi100g | 27.5:0.1 |28.63+0.3(30.17 £0.1| 28+0.07 [29.04:0.04|30.39  0.09
Protein, g/100 g |17.98 £0.08(19.112 0.1 (21.07 + 0.5( 18.14 £ 0.1 | 19.28+ 0.3 | 20.97 £ 0.2
Moisture, g/100 g | 44.87 + 0.2 [43.08+0.06(41.93 + 0.1|45.48 + 0.05| 44.17+ 0.4 |42.96 + 0.03
Ash,g00g | 2.6+£0.04 |2.71£0.07|2.85+0.01(2.73+0.06 | 2.8+0.02 | 2.97 + 0.1
Total
carbohydrates, | 7.05+ 0.01 | 6.47 + 0.2 |3.98 £ 0.03| 5.65 £ 0.02 | 4.71+0.1 | 2.71 £ 0.08
g/100 g
Energy, 347.62+0.09359.99+0.1(371.73+0.2|347.16+0.07 | 357.32+0.1|368.23+0.06
kcal100 g

MIEO- mint essential oil

The biochemical analysis of the fresh cheese with and without MiEO
has revealed that the fat percentage shows a consistent upper trend during
the ripening stages, from 28.0 + 0.76 g/100 g within first day of ripening to
30.39 +0.09 in the last stage (day 12).

Microbiological evaluation of cheese during storage

Quantitative detection of Escherichia coli (E. coli) and Staphylococcus
aureus (S.aureus) was performed to establish the contribution of essential
oil to the fresh cheese microbial load and to evaluate their safety. The European
regulations on microbiological criteria for cheese preparations (European Union,
2005) contain limits for E. coli and S. aureus only. The results of fresh cheese
microbiological examination, Table 5, indicate that MiEO has an important
antimicrobial effect on the finished product in comparison to the control sample.
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Table 5. Microbiological characteristics of cheese formulations

Sample Storage time E. coli S. aureus
day log CFU/g
1 ABS 2.14
Control sample 6 ABS 2.34
12 ABS 2.57
Fresh cheese with L QSS ﬁgs
0.03% MIEO 6 S S
) 12 ABS ABS

In the case of the fresh cheese with 0.03% MIEO, it can be seen
that S. aureus is absent during storage which sustains the inhibitory effect
of the MiIEO. Moreover in the control sample S. aureus grow in the product
during storage from 2.14-2.57 [log CFU/g. These findings clearly underline
the beneficial impact of the addition of 0.03% MIEO on the biochemical and
microbiological changes occurring in fresh cheese during storage time.

CONCLUSIONS

The present work proved that the incorporation of OrEO and MIEO
can enhance the antimicrobial properties of fresh cheese during storage time,
leading to the natural preservation of the product. Based on the results it can
be concluded that OrEO was the most bacteriostatic against all four of the
selected bacteria, due to the lowest MIC values, being followed by MIEO.
On the other hand, sensory analysis revealed that the acceptability of the fresh
cheese with 0.02% OrEO was the lowest while the sample with 0.03% MIEO
had the highest acceptability score (7.8) due to the fresh taste and smell, which
is related to the distinctive volatile profile of MIEO. As an overall conclusion it can
be stated, the addition of 0.03% MIEO to the fresh cheese improves significantly
its sensorial quality and stability during storage time, but without modifying the
physicochemical parameters of the final product.

EXPERIMENTAL SECTION
Plant Materials and Essential Oils Extraction

The dried mint and oregano leaves were purchased from a company
that markets food ingredients (Solina Group, Alba lulia, Romania). Essential oils

were obtained by hydrodistillation using 50 g dried leaves for both plants. The
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extraction was performed for 3 h with 750 mL distilled water in a Clevenger-
type apparatus (S.C. Energo-Metr S.R.L., Odorheiu Secuiesc, Romania).
The essential oils were dried over anhydrous sodium sulphate and stored at
4 °C until analysis.

ITEX/GC-MS Analysis of Volatile Components

The extraction of volatile compounds was performed using the in-
tube extraction technique (ITEX) as described in our previous work [10]
using 1 pL of sample. The analysis of volatile compounds was carried out on a
GCMS QP-2010 (Shimadzu Scientific Instruments, Kyoto, Japan) model gas
chromatograph-mass spectrometer which can be used for measurement of
various components including hydrogen [11], volatile organic compounds [12].
Next, the volatile compounds were separated on a Zebron ZB-5ms capillary
column of 30 m x 0.25 mm i.d. x 0.25 uym film thickness. In all determinations,
the carrier gas was He, 1 ml/min and the split ratio 1:20. The temperature
program used for the column oven was: from 40 oC (kept at this temperature
for 2 min) to 160 °C at 4 *C/min, then raised to 240 °C at 15 °C /min (kept at
this temperature for 5 min). The injector, ion source and interface temperatures
were set at 250 “C and the MS mode was electron impact (El) at ionization
energy of 70 eV. The scanned mass range was 40—-650 m/z. Volatile compounds
were tentatively identified using the spectra of reference compounds from
NIST27 and NIST147 mass spectra libraries and verified by comparison
with retention indices drawn from www.pherobase.com or www.flavornet.org
(for columns with a similar stationary phase to the ZB-5ms column). Compounds
were considered “tentatively identified” only in the case in which their mass
spectra similarity value was above 85%. All peaks found in at least two of
the three total ion chromatograms (TIC) were considered when calculating the
total area of peaks (100%) and the relative areas of the volatile compounds.

Bacterial Strains

The following microorganisms were tested: Escherichia coli (ATCC
25922), Staphylococcus aureus (ATCC 25923), Salmonella enteritidis (ATCC
13076) and Listeria monocytogenes (ATCC 19114). All strains were grown
into a test tube containing 10 mL sterile nutrient broth (Oxoid Ltd., Basingstoke,
Hampshire, England) at 37 *C for 24 h in the case of E. coli, S. aureus and
S. enteritidis, while L. monocytogenes at 37 °C for 30 h. The purity of the
inoculums was confirmed by plating on appropriate selective media and
microscopic examination of the Gram-stained smear (Optika microscope,
B-252, M.A.D. Apparecchiature Scientifiche, Milan, Italy). A loopful of inoculums
was transferred by streaking onto a selective medium: TBX for E. coli, BP (baird
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parker) for S. aureus, XLD agar (Oxoid Ltd., Basingstoke, Hampshire, England)
for S. enteritidis and Palcam agar base (Oxoid Ltd., Basingstoke, Hampshire,
England) with added Palcam selective supplement for L. monocytogenes.
Plates were incubated at 44 °C for 24 h E. coli, at 37 °C for 24 h in the case
of S. Aureus, and S. enteritidis and at 37 -C for 30 h in the case of L.
monocytogenes. Bacterial morphology was confirmed by optical microscopy.
Several colonies were collected with a sterile inoculating loop, transferred
into sterile saline solution (8.5 g L™"), and adjusted to match the turbidity of
a McFarland 0.5 standard (1.5x108 CFUmL™") [31]. Then, three serial 10-
fold dilutions (107, 106, and 105 CFU mL~") were prepared using the sterile
saline solution as diluent.

Fresh Cheese Manufacture

All cheese samples were elaborated in the Experimental Laboratory
of Dairy Products (pilot scale) of the Faculty of Food Science and Technology,
Cluj-Napoca (University of Agricultural Sciences and Veterinary Medicine Cluj-
Napoca, Romania). The control sample (fresh cheese without EOs) was obtained
using 100 | of cow milk with 3.4 % of fat content, which was previously
pasteurized at 65°C/30 min and cooled to 35°C. Coagulation was performed at
35°C for 60 minutes using calcium chloride and 5 U selected cultures of
lactic bacteria (Lactococcus lactis ssp. lactis, Streptococcus thermophilus
and Lactobacillus casei) and microbial enzyme rennet in form of two cubes
[13]. Once the curd was formed, it was smoothly cut into 4-5 cm cubes and
shredded with harp up to 6-8 mm. The obtained curd was placed in perforated
containers (10 cm diameter) for whey removal for 1 h at 18 °C. The cheese
samples were vacuum packaged in sterile polyethylene bags and stored for
12 days in refrigerated storage at 4 °C. The two types of fresh cheese with
0.02% oregano EO and 0.03% mint EO were obtained based on the above
steps, like the control sample, with the only difference that the selected EOs were
added in the stage of coagulation. The amount of essential oils (mint and
oregano) used has been established after the microbiological analyzes results
and composition of the EOs.

Sensory evaluation of cheese

Sensory characteristics of cheese samples were evaluated by a panel of
40 untrained assessors, with a mean age of 25, consisted of students and
staff members of the department. All samples were coded numerically and
supplied in plastic dishes randomly. The 9-point hedonic scale test (1 being
“dislike extremely” and 9 being “like extremely”) was used to evaluate all
cheese samples. The main sensory attributes used in the assessment of the
samples were appearance, color, texture, odor, taste, and overall acceptability.
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Physicochemical parameters of cheese

The moisture, ash, total carbohydrates, total sugars, crude fat and
crude protein of samples were determined according to AOAC procedures [14].
The cheeses samples moisture content was determined via drying in an oven at
105 °C until constant weight while the ash content was established by incineration
at 600£15 °C. The crude protein content of the samples was estimated by
the micro-Kjeldahl method, in which the sample was digested with a known
quantity of concentrated H.SO; in the Kjeldahl digestion apparatus. The crude
fat content was determined in accordance with the Gerber method described by
SR ISO 488 [15]. The amount of total carbohydrate resulted as a difference
based on the following equation: 100 - (g moisture + g protein + g fat + g ash).
The total energy was calculated using the following equation from the literature:
energy (kcal) = 4 x (g protein + g carbohydrate) + 9 x (g lipid) [16, 17].

Microbiological evaluation of cheese

Detection of Escherichia coli was carried out using the method
described in SR EN ISO 16649-2:2007 standard (International Organization
for Standardization, 2007, 2007b). Staphylococcus aureus was determined
using the method described in SR EN ISO 6888-1:2002 standard (International
Organization for Standardization, 2002). Total combined yeasts and moulds
count (TYMC) was not determined, because the European regulations on
microbiological criteria for cheese preparations (European Union, 2005) contain
limits only for E. coli and S. aureus.
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A FAST AND SENSITIVE ZYMOGRAPHY METHOD OF
PEROXIDASE ACTIVITY DETERMINATION USING
SODIUM ACETATE BUFFER

GHEORGHITA MENGHIU®=®,
AMALIA NICOLETA IANCU?® AND VASILE OSTAFE?*"

ABSTRACT. By changing the buffer composition from phosphate to acetate
(in both cases, the pH value was 6.0), the sensitivity of the estimation of
peroxidase activity in polyacrylamide gels was improved from 4 ug/well to
0.4 ug/well. The optimized method, including electrophoretic separation and
zymogram technique realized with guaiacol as substrate, can be performed
in only 135 minutes. The improved method was applied to monitor the
expression of recombinant peroxidase in a Gram-negative bacterium: the
peroxidase activity was detected at 4 h after induction of expression.

Keywords: zymography, peroxidase, guaiacol, SDS-PAGE

INTRODUCTION

There are many circumstances when the presence, the purity or even
the quantity of a protein in a solution is evaluated by polyacrylamide gel
electrophoresis (PAGE) [1-3]. When the analyzed protein is an enzyme, its
activity can be estimated combining electrophoretic separation with zymogram
[4]. For example, the activity of peroxidase can be analyzed directly on the
gel by addition of a suitable substrate, like guaiacol [5]. After the electrophoretic
separation, the gels are basically incubated in the substrate solution which
will reveal as brownish bands on the translucent gel only those protein bands
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that have enzymatic activity. Next, the same gel is colored with Coomassie
brilliant blue that will stain all proteins bands separated on that gel [6, 7]. In
majority of the cases, the quantity of the enzyme of interest is very low and
the sensitivity of the analytical method becomes an important parameter.
This can be the case, when the enzyme of interest is heterologous expressed
in an appropriate microorganism and the evolution of expression of studied
enzyme should be monitored [8, 9]. In this paper we have succeeded to
optimize the electrophoretic separation coupled with zymogram identification
of peroxidase, performing the analytical method in only 135 min with a detection
limit of only 0.4 pg peroxidase/well. As far as we know, the lowest reported
sensitivity of a zymogram based on guaiacol for peroxidase was 4 ug
peroxidase/well [10].

RESULTS AND DISCUSSION

The 2-methoxyphenol (guaiacol) compound is used in this work as a
hydrogen donor substrate in the zymogram assay of the peroxidase. Upon
oxidation, it forms tetraguaiacol (Figure 1), a brownish product with maximum
absorbance at 470 nm and an extinction coefficient of 26.6 mM-' cm' [11].

OCH, OCH,
CH,
|
0 Peroxidase / 0 0 \
4 +4 H202 — ‘ } + 8H20
Hydrogen
peroxide \ / Water

Guaiacol

Tetraguaiacol

brownish product
absorption at 470 nm

Figure 1. Schematic reaction of peroxidase on H202 and guaiacol substrates

540



A FAST AND SENSITIVE ZYMOGRAPHY METHOD OF PEROXIDASE ACTIVITY
DETERMINATION USING SODIUM ACETATE BUFFER

In Figure 2 is showed the standard SDS-PAGE analysis of different
amounts of a commercial horseradish peroxidase (0.05, 0.1, 0.2, 0.4, 0.8,
1.2, 1.6, .2.0, 2.4, 2.8, 3.2, and 3.6 ug/well, under reducing conditions,
stained with Coomassie brilliant blue G-250. The sensitivity of the method in
the experimental condition is 0.1 ug protein/well (Figure 2, lane 2). To reveal
the activity of the peroxidase directly on the polyacrylamide gel a zymogram,
using guaiacol as substrate, was realized.

kba MM 1 2 3 4 5 6 7 8 9 10 11 12

170
130

95
72

55

- B L]

34

26 T :

Figure 2. SDS-PAGE analysis (10% gel) of commercial horseradish peroxidase,
under reducing conditions. MM = protein molecular marker (kDa). Lanes 1-12,
different amounts of commercial peroxidase: lane 1 = 0.05 ug, lane 2 = 0.1 ug,
lane 3 = 0.2 ug, lane 4 = 0.4 ug, lane 5= 0.8 ug, lane 6 = 1.2 ug, lane 7 = 1.6 ug,
lane 8 = 2.0 pg, lane 9 = 2.4 pg, lane 10 = 2.8 ug, lane 11 = 3.2 g, lane 12 = 3.6 pg.

The majority of published techniques for zymogram of peroxidase,
using guaiacol as substrate, recommended to use phosphate buffer at pH
7.0 [10]. In these conditions, the sensitivity of the reported method was as
low as 4 ug protein/well.

Using phosphate buffer (at three pH values) we have analyzed the
sensitivity of methods regarding the identification of peroxidase based on
zymogram with guaiacol and identification of protein colored with Coomassie
Blue (Figure 3). Although the identification of proteins was as sensitive as
0.1 pg total protein/well, the identification of peroxidase had a sensitivity of
only 2 g total protein/well. It is not the scope of this work to explain why the
commercial peroxidase used in these experiments have revealed 3 bands of
proteins and 2 bands with peroxidase activity. In the absence of other
experiments or information provided by the producer, we can hypothesize
that the commercial peroxidase is not a pure product, but contains some
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isoenzymes and, perhaps, another protein added as stabilizer (perhaps
ovalbumin) [12-14]. What is important to consider from Figure 3 is that the
sensitivity of zymogram technique is limited at 2 pg protein/well. Our interest
was to study the expression of peroxidase in a bacterial expression system
(data presented in another paper) and the needed sensitivity requested by the
experiment was at least 0.5 ug peroxidase/well. This is the reason we have
considered to change some of the parameters of the zymogram methods.

A B 4

WaMM 1 2 3 4 5 6 7 8 9 101112 p,MM 1 2 3 4 5 6 7 8 9 101112 yp,MM1 2 3 4 5 6 7 8 9 10 11 12

17 . 170

13 130! 122
9! 1 95 g
7: 72 72

55
5 55 -
4 43 S
3 34088 34i.
2 600 zsl
Aa Bb cc
MM1 2 3 4 5 6 7 8 9 10 11 12 MM 1 2 3 4 5 6 7 8 9 101112 MM 1 2 3 4 5 6 7 8 9 10 1112
kDa kDa kDa
170 170
130 o
95 95,
24 7
= s
- SR R T

3]: 3,
Figure 3. Zymogram analysis of commercial horseradish peroxidase under non-
reducing conditions (A, B, C) using 0.1 M sodium phosphate buffer pH 5 (A), pH
6 (B), pH 7 (C), H202 and guaiacol substrates. SDS-PAGE analysis (10% gel) of
commercial horseradish peroxidase, under non-reducing conditions (Aa, Bb, Cc).
The gels were stained with guaiacol and after that with Coomassie brilliant blue
G-250. MM = protein molecular markers. Lanes 1-12, different amounts of
commercial peroxidase: lane 1 = 0.05 ug, lane 2 = 0.1 yg, lane 3 = 0.2 pg, lane

4=0.4ug,lane 5=0.8 ug,lane 6 = 1.2 ug, lane 7 = 1.6 ug, lane 8 = 2.0 ug, lane
9 =24 ua.lane 10 = 2.8 ua. lane 11 = 3.2 ua. lane 12 = 3.6 ua.

After testing several buffers compositions, we concluded that the best
results are obtained using 0.1 M sodium acetate, pH 6.0 (Figure 4). For the
reason of comparison with Figure 3, in Figure 4 are presented the zymograms
and protein staining images, realized in acetate buffer at pH 5.0, 6.0 and 7.0
respectively. At pH 5.0 and 6.0, in this buffer, activity of 0.4 ug of peroxidase
is visible on the gel (Figure 4 A and B, lane 4). At pH 7.0 only one brownish
line of bands can be detected, i.e. only one isoenzyme is active at this pH,

and the minimum amount detected was 0.8 ug enzyme/well (Figure 4, C,
lane 5).
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Figure 4. Zymogram analysis of commercial horseradish peroxidase under non-
reducing conditions (A, B, C) using 0.1 M sodium acetate buffer pH 5 (A), pH 6
(B), pH 7 (C), H202 and guaiacol substrate. SDS-PAGE analysis (10% gel) of
commercial horseradish peroxidase, under non-reducing conditions (Aa, Bb,
Cc). The gels were stained with guaiacol and then with CBB G-250. MM = protein
molecular markers. Lanes 1-12, different amounts of commercial peroxidase:
lane 1 = 0.05 ug, lane 2 = 0.1 ug, lane 3 =0.2 ug, lane 4 = 0.4 ug, lane 5=0.8
Mg, lane 6 = 1.2 pg, lane 7 = 1.6 ug, lane 8 = 2.0 ug, lane 9 = 2.4 ug, lane 10 =
2.8 ug, lane 11 = 3.2 ug, lane 12 = 3.6 ug.

The method for identification of peroxidase using guaiacol as substrate,
in acetate buffer, can be realized in only 135 minutes: 90 minutes electrophoretic
run, 30 min incubation in reactivation buffer (acetate, containing Triton X100) and
15 min in substrate solution. This improved method of estimation of peroxidase
activity in PAGE was very useful for evaluation of peroxidase expression in
a Gram-negative bacterium (the experiments will be published in another paper).
Figure 5 is presented only as proof that the improved zymogram protocol can
be applied to solve some concrete problems from biochemistry laboratories.

MM 4

kDa g —

170 ' 170 =—————

130 S 130 - |

95 95 4 Figure 5. Zymogram analysis of recombinant

72 . 77— peroxidase expressed in a Gram-negative
55 eunld bacterium. Left panel — zymogram realized in

55 - phosphate buffer, pH 6.0; right panel -

- 43 . zymogram realized in acetate buffer, pH 6.0,

in both cases after 4 h after addition of
30 34 . expression inductor.
2 i“‘" 26
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CONCLUSIONS

An improved method for estimation of peroxidase activity in PAGE
capable to reveal quantity of peroxidase activity as low as 0.4 pg/well was
realized by performing the enzymatic reaction in acetate buffer, pH 6.0
using guaiacol as substrate. The applicability of the method was tested on
real samples.

EXPERIMENTAL SECTION

Chemicals, enzymes and instruments

All chemicals were bought from Carl Roth and Sigma-Aldrich, Germany
unless otherwise stated. The horseradish peroxidase was purchased from Sigma-
Aldrich, Germany as well. The Mini-Protean electrophoresis system was acquired
from Bio-Rad Laboratories, USA.

Buffer solutions

Sodium acetate and sodium phosphate buffers were prepared, both having
an ionic strength of 0.1 M and three different pH 5.0, 6.0 and 7.0, respectively. The
pH of sodium acetate buffer was adjusted with acetic acid or sodium hydroxide
solution. The sodium phosphate buffer was prepared by mixing different volumes of
1 M NaH2PO4 and 1 M Na2HPO4 stock solutions to obtain three different pH values:
5.0, 6.0 and 7.0, respectively. Phosphoric acid was used to adjust pH to 5.0.

Zymogram analysis solutions

The reactivation solution consisted of 1% Triton X100 dissolved in each
buffer solution at each pH value [10]. For substrate solutions, 10 yL of 25% guaiacol
(v/v) stock solution were mixed with 1.5 mL of 99.8% ethanol and finally 17.49 mL of
each buffer were added. Before use, every substrate solution was supplemented
with 1 mL of 0.3% H20:2 solution.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE analysis was modified after Laemmli protocol [15]. Separation
gels with 0.75 mm thickness, with 10% acrylamide concentration were prepared.

The samples were prepared under reducing conditions (250 mM Tris-HCI
pH 6.8, 25% (v/v) glycerol, 10% (w/v) SDS, 1M 2-mercaptoethanol, 0.05% (w/v)
bromphenol blue) and non-reducing conditions (62.5 mM Tris-HCI, pH 6.8, 1% (w/v)
bromophenol blue, 25% (v/v) glycerol). A volume of 200 pL of commercial horseradish
peroxidase solution (1 mg/mL) was mixed with 200 yL of non-reducing buffer and
100 pL of 50% (v/v) extra glycerol and incubated 10 min at room temperature.
Similarly, were processed the samples from expression of peroxidase in Gram-negative
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bacteria. The reducing samples were similarly prepared, in a smaller volume, with 10 min
boiling. The following amounts of commercial horseradish peroxidase: 0.05, 0.1, 0.2,
0.4,0.8,1.2,1.6,2.0,24,2.8, 3.2, and 3.6 ug/well were loaded. The electrophoresis
was performed at 120 V in 1x SDS-running buffer (25 mM Tris, 0.19 M glycine, 0.1%
(w/v) SDS) at room temperature, for 90 minutes.

Zymogram analysis

After electrophoresis, the gels were washed with distilled water and incubated in
reactivation solutions for 30 min, under gentle shaking. The gels were again washed
few times and incubated for 15 min, under gentle shaking, in guaiacol substrate solutions
containing hydrogen peroxide made in different buffers and different pHs. The gels were
photographed and after, the protein bands were colored with Coomassie brilliant blue G-
250.

Coomassie brilliant blue (CBB) G-250 gels staining and distaining

Gels were stained, and the proteins were fixed in a solution (A) containing
25% (viv) 2-propanol, 10% (v/v) acetic acid and 0.05% (w/v) CBB G-250. The mixture
was heated until boiling (approx. 30 s) in the microwave oven then the gels were
gentle shake for 30 min. The gels were washed with distillated water and immersed
in solutions (B) containing 10% (v/v) 2-propanol and 0.05% (w/v) CBB G-250, and (C)
containing 10% (v/v) acetic acid and 0.002% (w/v) CBB G-250. In each solution the
gels were microwaved 30 s and immediately washed. The destaining step of the gels was
performed in 10% (v/v) acetic acid solution and after 1 min of microwaving, a paper
towel was added to the reaction vessel, under gentle shaking, for 20 minutes [16].
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OPTICAL PROPERTIES MODULATION OF CYANINE DYES IN
ORGANIC SOLVENTS AND IN THE CRITICAL
INTRACELLULAR pH WINDOW
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LUIZA GAINA, DAN PORUMB, CASTELIA CRISTEA AND
LUMINITA SILAGHI-DUMITRESCU

ABSTRACT. The synthesis of new 2-(2-(3-formyl-10H-phenothiazin-
7yl)vinyl)-3H-indolium iodide and comparison of the UV-visible absorption/
emission spectral changes for several indolium cyanine dyes upon variation
of organic solvents and aqueous solutions with pH in the range between
5-8 pH units were described.

Keywords: cyanine dyes, phenothiazine, indolium iodide, solvatochromism,
pH sensitivity

INTRODUCTION

In a complex biological material, a pH-sensitive dye can act as a pH-
dependent reporter molecule which can be conveniently spotted by using
non-invasive spectroscopic absorption/emission detection in the near-
infrared region of the electromagnetic spectrum (Amax > 650 nm), where the
biological medium is extensively penetrated; thus, labeling of biological
macromolecules with a near-infrared chromophore became a documented
approach in bioanalytical research [1]

Cyanine dyes is a class of functional dyes of greet interest in many
fields due to their high extinction coefficients and tunable optical properties.
Trimethine cyanine dyes containing indolium units were reported as displaying
observable changes of fluorescent emission within the critical intracellular pH
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range (6-8) [2]. A near-infrared, pH sensitive colorimetric fluorescent probe
containing the dihydro-xanthenes-indolium dimethine cyanine chromofore
offered great potential for in vivo bioanalytical applications such as palladium
detection and bioimaging [3]

The UV-Vis absorption/emission properties of several dimethinecyanine
dyes containing phenothiazine as the core donor and indolium salt as the
acceptor previously described, pointed out large bathochromic shifts of the
absorption band in halogenated solvents [4] and large Stokes shifts of
fluorescence emission, indicative of a great influence of the geometry of the
emissive excited state [5]

In this work, we report the synthesis of a new dimethine cyanine dye
containing a formyl substituted phenothiazine unit and indolium salt as the
acceptor. A comparison of the UV-Vis absorption/emission spectral properties
of di-, penta- and heptamethine cyanine dyes containing indolium acceptor
moietiy, recorded in solvents of different polarity as well as in aqueous buffer
solutions simulating the critical intracellular pH window of 5-8 pH units, is
reported.

RESULTS AND DISCUSSION

The synthesis of new 2-(2-(3-formyl-10H-phenothiazin-7yl)vinyl)-3H-
indolium iodide 1 was performed by Knoevenagel condensation of 1,2,3,3-
tetramethyl-3H-indolium iodide with 10-methyl-10H-phenothiazine-3,7-di-
carbaldehyde as presented in scheme 1.

l
N H
. Cc /
Tm]e O=(}_;1 CHO |ele ) SQ
CHO

Scheme 1. Synthesis of cyanine dye 1. i) piperidine, ethanol, 12 h, 70 °C.

The structural assignments of 1 were based on spectroscopic data.
The 'H-NMR spectrum displayed the key signals generated by the protons
belonging to the vinyl bridge as doublets with vicinal coupling constants of
16.4 Hz pointing the formation of the geometrical trans- isomer, while the
signal of the CH=0 proton was situated downfield at 9.8 ppm.

The electronic absorption and spectra of 1 recorded in different
solvents are presented in Figure 1 exhibiting a solvatochromism of the absorption
maxima positioned in the visible range (542-592 nm).
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Figure 1. Normalized UV/visible absorption spectra of 1 in various solvents.

Optical properties modulation of cyanine dyes

Several cyanine dyes: chloroheptamethine 2, cyanine containing the
dihidroxanthene heterocyclic unit 3 and bromopentamethine 4 (figure 2)
(obtained according to previously reported procedures) were employed in a
comparative study of optical properties modulation in the presence of organic
solvents of different polarity and aqueous solutions of variable pH, respectively.

Figure 2. Structure of cyanine dyes employed in the optical properties study

UV-Vis absorption spectra in organic solvents

In figure 3 are displayed the UV-absorption spectra of the cyanine
dyes 1-4, depicting a red shift of the longest wave absorption maxima directly
correlated to the length of the pi conjugated system between the donor
moiety and the acceptor indolium core.
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Figure 3. Normalized UV-absorption spectra of the cyanines1-4

In Table 1 are summarized the positions of the characteristic absorption
maxima recorded in various solvents. A batochromic shift of the absorption
maxima can be observed for each cyanine dye when halogenated solvent
dichloromethane was used as a solvent. This behavior was also reported for
other dyes with donor—pi—acceptor structure and it was rationalized based
on halogen-halide interaction responsible for raising the ground state energy
level [6]. The hipsochromic shift observed upon increasing solvent polarity
can be explained by a better stabilization of the ground state which appears
more polar than the excited state. [5]

Table 1. Solvatochromism of UV-Vis longest wave absorption maxima
for cyanine dyes 1-4

Solvent 1 2 3 4
)\max(nm) )\max(nm) )\max(nm) )\max(nm)
Methanol 542 770 657 633
Acetonitrile 542 771 649 635
Acetone 542 774 655 635
Dimethylsulfoxide | 545 784 665 644
Dichloromethane | 592 784 665 649

Fluorescence emission spectra in organic solvents.

Upon irradiation with the longest wave absorption maxima, cyanines 2-4
displayed fluorescence emission characterized by larger Stokes shifts in dimethyl
sulfoxide solvent as compared to dichloromethane solvent (table 2), pointing
towards a better stabilization of the excited stat by polar solvent interactions. For
cyanine 1 was not observed any fluorescence emission in solution.
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Table 2. Fluorescence emission maxima of cyanine 2-4 in organic solvents

Solvent 2 3 4

Aem (NnM) Aem (NnM) Aem (NM)
Dimethylsulfoxide | 812 747 656
Dichloromethane 803 685 654

UV-Vis absorption/emission properties in aqueous solutions of variable pH

The UV-Vis absorption/emission properties of pH sensitive cyanine
dyes 2-4 were studied in aqueous buffer solutions of pH 5, 6, 7, and 8 units
respectively. In the case of 4 lower pH-values directed the protonation of the
tertiary heterocyclic nitrogen atom in the indole free base donor core,
determining the hipochrome effect upon absorption and emissions. In figure 4
are presented the UV/visible absorption/emission spectra of cyanine 4 as a
function of pH. For the cyanine 3, solution of higher pH generated the fenoxide
auxochrome group which determined a bathochromic shift of the absorption
and emission maxima. Table 3 summarizes the shifts of the UV-Vis absorption/
emission maxima upon modulation of pH in aqueous solutions.

Table 3. The UV-Vis absorption/emission properties of pH sensitive cyanine dyes 2-4

pH 2 3 4
)\max(nm) Aem (nm) )\max(nm) Aem (nm) )\max(nm) Aem (nm)

5 769 792 649 672 633 650

6 769 778 649 671 633 650

7 769 778 681 704 633 650

8 769 778 681 633 650

1000

——pH=5

800 -

600 -

Intensity

400

200 +

T T T 1
750 800 850 900

(nm)

T
700

T
650

T T T T T T T ] 600
550 600 650 700 750 800 850 900
A(nm)

a b

Figure 4. UV-Vis spectra of 4 recorded in aqueous buffer solutions of variable pH
a) absorption (C = 10° M) b) emission (C = 10-% M)
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CONCLUSIONS

The optical properties of the cyanine dyes containing indole units can
be slightly modulated by using organic solvents of different polarities as well
as aqueous solutions of different pH.

EXPERIMENTAL SECTION
Materials and Methods

The starting materials and solvents were obtained from commercial
sources from Sigma-Aldrich. NMR spectra were recorded at room temperature
on 400 MHz Bruker Avance instruments. Chemical shifts are expressed in
(ppm) relative to standard tetramethylsilane (TMS).

Compounds 2-4 were prepared according to the previously reported
procedure: 2 [1], 3 [3.], 4 [7].

2-(2-(3-formyl-10H-phenothiazin-7yl)vinyl)-3H-indolium iodide 1
10-methyl-3,7-diformyl-phenothiazine (0,4 g, 1,5 mmol) and 1,2,3,3-tetramethyl-
indolium iodide were mixed in a Schlenk flask. Then 20 ml of ethanol and
catalytic amount of piperidine (100 ul) was added to the mixture under inert
atmosphere. The obtained solution was stirred for 12 hours at 70°C. The reaction
progress was monitored by thin layer chromatography (TLC, eluent DCM/EtOH =
80:1). After the completion of the reaction the solid product was isolated from
the reaction mixture by vacuum filtration. The crude product was then purified
using column chromatography (solid phase: silica gel, eluent: gradient
solution from DCM/EtOH = 80:1 to DCM/EtOH = 2:1). The pure product was
obtained in 55% yield.

MS (m/z, El, 70eV): 425 (M*)

TH-NMR (400 MHz, DMSO-de): Sppm= 1,77 (s, 6H, 2:CHa), 3,5 (s, 3H, PtzN-
CHs), 4,12 (s, 3H, N-CHs), 7,19-7,24 (m, 2H, Hs, Ho), 7,54-7,63 (m, 3H, Ha,
Hs, Har), 7,69 (d, 1H, He), 7,79 (dd, 1H, Har), 7,85-7,87 (m, 2H, Ha,), 8,09 (d,
1H, Har), 8,15 (d, 1H, Hay), 8,33 (d, 1H, , Hy,3J=16,44 Hz), 9,85 (s, 1H, CHO);

3C-NMR (100 MHz, DMSO-ds): Sppm= 25,9; 34,7; 36,8; 52,3; 111,6; 115,4;
116,2; 116,3; 122,2; 123,3; 127,8; 128,1; 129,3; 129,5; 130,4; 131,2; 132,2;
133; 142,3; 143,9; 148,4; 149; 152; 181,7; 191,3;
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Buffer solutions

Sodium acetate and sodium phosphate buffers were prepared, at
three different pH 5.0, 6.0 and 7.0, respectively. The pH of sodium acetate
buffer was adjusted with acetic acid or sodium hydroxide solution. The
sodium phosphate buffer was prepared by mixing different volumes of 1 M
NaH.PO4 and 1 M Na;HPO, stock solutions to obtain three different pH
values: 5.0, 6.0 and 7.0, respectively. Phosphoric acid was used to adjust pH
to 5.0.
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ABSTRACT. Nowadays there is increasing interest in using various
electrochemical methods as alternative to the energy consuming physico -
mechanical, hydrometallurgical and pyrometallurgical techniques for metals
recovery from waste printed circuit boards (WPCBs). Thus, cyclic voltammetry
(CV) and cyclic square-wave voltammetry (CSWV) methods were used for
studying the electrochemistry of some metals (Cu, Sn, Pb, Fe, Zn) on
glassy carbon electrode from synthetic leaching solutions containing known
concentrations of metallic ions and in real solution obtained from dissolving
10 WPCBs. A good linear correlation was obtained between the parameters
evaluated by ICP-OES and cyclic voltammetry. The influence of pH and
oxidation/reduction potential (ORP) on the corrosion rate of the mentioned
metals was studied gravimetrically. Based on the obtained results, a complex
sensors array (amperometric, pH, temperature and ORP) was proposed to
assure the accurate monitoring and control of the electrochemical process
for metals recovery from WPCBs.
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INTRODUCTION

The continuous development and the huge production of electrical
and electronic equipment leads to generate great quantities of waste printed
circuit boards (WPCBs). Those boards contain an important concentration of
heavy metals (like Cu, Sn, Pb, Fe, Zn) and low concentrations of precious
and rare metals (Au, Ag, Ga, In) [1-3]. During the leaching process, the
metals from WPCBs are transferred into solution, from where metals could
be removed and recovered. Due to the high quantities of WPCB and the
complex content of the obtained leaching solution, the recovery of even a
fraction of metals is becoming a difficult and increasingly important challenge.

Current recycling processes are pyro- [4] and hydro-metallurgical
alone [5] or coupled with complementary processes like: electrodeposition,
adsorption, ion exchange, extraction, precipitation, membrane separation,
solvent extraction and biochemical treatment [6].

It was shown that from environmental and economic points of view,
electrochemical recycling of metals from WPCBs have many advantages in
comparison to other recovering methods mentioned above [7, 8]. Thus, this
technique (i) can operate continuously and yields a metallic form of the
product with very high purity which is suitable for rapid reuse or resale and
(il) employs simple electric devices and requires minimal reagent consumption,
without additional waste streams [9, 10]. The major challenges for the
electrochemical recycling techniques are the increasing of the metals leaching
speed and the selectivity improving of the metals electrodeposition of from
WPCBs leaching solution by an accurate controlling of the electrochemical
operating parameters. Our preliminary results [11] revealed that a model
able to predict the behaviour of the chemical and electrochemical reactors and
optimize the process parameters must take into consideration some factors.
The most important from them are the potential and the concentration profiles at
the cathode/electrolyte interface level for the conditions in which the migration
and convective diffusion control to overall transport rates.

The aim of the present paper was to find simple and accurate analysis
techniques able to evaluate the main process parameters that control the metals
leaching rate from WPCBs and the metals selective electrodeposition from
the leaching solutions. Consequently, a complex sensor arrays (amperometric,
pH, temperature and ORP) was designed for an accurate monitoring and
control of the electrochemical process for metals recycling from WPCBs.

556



SENSORS ARRAY FOR MONITORING AND AUTOMATION OF THE ELECTROCHEMICAL
RECOVERY OF METALS FROM WASTE PRINTED CIRCUIT BOARDS

RESULTS AND DISCUSSION
Electrochemical behavior in synthetic solutions

The cyclic voltammetry (CV) and cyclic square-wave voltammetry (CSWV)
were used to evaluate the electrochemical behaviors of the most abundant
metals in WPCBs. The measurements were performed using a glassy carbon
(GC) working electrode, an Ag/AgCI/KClsat reference electrode (REF) and a
Pt wire as counter electrode immersed in synthetic solution samples (SSSs)
containing 2 M KBr and 0.5 M HBr and individual metallic ions (i.e., Cu?*, Sn?,
Pb?*, Fe?*, Zn?*) at different concentrations. As it can be seen in Figure 1A, the
studied metallic ions are involved either in redox (peaks A1/C1) or in dissolution/
electrodeposition (peaks A2/C2) processes.

4.0
20k | CuBr, | ——0.01 M CuBr,
1 SnBr, 20l A2 ——0.02 M CuBr,
PbBr, 0.05 M CuBr,
1.0k A2 FeBr, ——0.10 M CuBr,
< ZnBr, .
£ : T
- I /\ A1 -
00} o= _o
< c1
.0} c2
(A) (B)
1 1 1 1 _2.0 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 04 -02 00 02 04 0.6
E / Vvs. AgIAgCIKCI, E / Vvs. Ag/AgCI/KCIgaT
6.0

4.0

2.0

Figure 1. Voltammograms recorded by
CV on GC electrode in 2M KBr + 0.5
M HBr + 0.02 M MeBr2 (see inset) (A).

0.0
C2

1 / mA

-2.0 - ——0.01 M CuB
—0.02M CEB:Z Voltammograms recorded by CV (B)
a0l 0.05 M CuBr and CSWV (C) on GC electrode in 2M
——o040mcuBr. ©1 (c)| KBr+ 0.5 M HBr + CuBr. of different
" 2 . .
510 ) concentrations (see inset)

-OI.4 -0'.2 OjO 0i2 0j4 0.6
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Accordingly to literature [12], for SSSs containing 2.5 M Br, the
maijority of cuprous bromide species are CuBrs2, CuBr;~ and CusBrs2 and
of cupric bromide species are CuBrs2 and CuBrs, respectively. In these
conditions, as it can be seen from Table 1, the values of the formal peak
potential (E%cac), calculated as the arithmetical mean of the anodic (Eap)
and cathodic (Ecp) peak potential values, are in good agreement with the
theoretical values (E%weor), Only minor negative shifts of —10 and — 28 mV
being observed for the Fe?*/Fe?* and Cu?*/Cu* redox couples, respectively.

Table 1. Peak potential values recorded by CV on GC in 0.1 M Cu?* and Fe®*
in SSSs and the corresponding formal and theoretical potentials

Process Eap (A1) Ecp (C1) E%calc E” theor - AE
Cu?*/Cu* 0.480 V 0.390 V 0.435V 0.463 V -0.028 V
Fe3/Fe? 0.620 V 0.510V 0.565 V 0.575V -0.010V

"E%heor (V/REF) = E” (V/SHE [12, 13]) - Erer (= 0.197 V/SHE)

Even if in the tested solutions the Fe3'/Fe?* and Cu?'/Cu* redox
couples present a quasi-reversible behavior (the peak-to-peak separation,
AEp = Epa - Epc > 100 mV), the amplitude of the corresponding peaks can
be used to evaluate the concentration of the two species. The main
processes corresponding to the A1/C1 peaks are:

Fe? + e <> Fe* (1)
[CuBr4]™? + e «> [CuBrs] ™ + Br (2)

and, for the A2/C2 peaks, the next processes take place:
Me?* + 2e” <> Me®, where: Me® = Sn, Pb, Zn (3)
[CuBrs]? +e «> Cu®+ 3 Br 4)

For all studied metallic ions, the voltamograms recorded by CV and
CSWV measurements reveal strength dependence between the ions
concentrations and peak current intensities for oxidation/reduction and
dissolution/electrodeposition, this fact being exemplified for Cu in the
Figures 1B and 1C. As expected, the CSWV is a more sensitive technique,
showing higher peak current intensities like those obtained in CV, but
peaks limitations appear for Cu concentrations greater than 50 mM.

Also, the peak potentials could be used for the identification of the
metallic ions and the intensities of the corresponding peaks can be successfully
used for the concentrations monitoring. For example, in Figure 2, the calibration
curves, obtained by plotting the peak currents recorded by CV versus
MeBr; concentration, are presented for some metals.
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The parameters of the linear dependencies between the peak current
intensities recorded by CV and the metallic ions concentrations, presented
in Table 2, reveal a very good correlations (proved by the high values of the
correlation coefficient, R) and high sensibilities.

Table 2. Sensibilities and correlation coefficients for some calibration curves

Metallic ion Peak process Sensibility (WA / mM) R/ no points

Cu? A1 11.1+£0.2 0.9995/4

C1 9.7+04 0.9987 /4
Cu* C2 175+ 041 0.9999 /4
Sn% Cc2 48.6+£0.8 0.9997 /4
Pb? Cc2 43.0+1.4 0.9984 /4
Fe2* A1 9.9+0.3 0.9994 / 4

C1 6.2+0.3 0.9981/4
Zn2* A2 76.7 £5.1 0.9956 / 4

Cc2 40.2+14 0.9988 / 4

The highest sensibilities are recorded by CV in the case of the Sn,
Pb and Zn electrodeposition, suggesting an easier electrocrystallization of
these metals on the GC surface.

Electrochemical measurements in real sample solutions

Our previous results [14] indicate that, depending on the type of
studied WPCBs, the concentrations of the studied metals in the obtained
leaching solutions present a significant dispersion, the maximum ([Me]uax),
minimum ([Me]un) and average ([Me]wean) concentration values and the
corresponding standard deviation (SD) being presented in Table 3.
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Table 3. Concentration ranges of the more abundant metals in the obtained
leaching solutions from 10 WPCBs samples

Metal Cu Sn Zn Fe Pb Al Ni
[Me]max (mM) 598 85 150 145 47 51 18
[Me]min (mM) 343 53 34 34 0.2 9 10
[Me]mean (mM) 461 71 111 81 26 27 13
SD (mM) 70 12 37 32 15 14 3

As it can seen from Table 3, the concentration ranges for Cu, Zn, Fe
and Pb in the real sample solution (RSS) exceed the domains studied by
CV and CSWV in SSSs. Moreover, due to the complex composition and the
high metals ions concentrations in the undiluted RSSs, the peaks corresponding
to the electrodeposition/dissolution (C2/A2) and/or oxidation/reduction (A1/C1)
processes, evidenced either by CV or CSWV, are obviously limited and distorted.
As a consequence, in order to obtain adequate analytical signals, for all further
electrochemical measurements, the RSSs were diluted 10 times using 2M
KBr + 0.5 M HBr solution.

In these conditions, CV and CSWV become fast and inexpensive
methods to evaluate qualitatively and semi-quantitatively the composition of the
leaching solutions. As exemplified in Figure 3.A, the presence of Pb?* in a
RSSs is evidenced in CV by the apparition of a peak pair placed at Eppo+pp =
-0.565 V/REF and Eppppo+ = -0.480 V/REF. Contrarily, for RSSs resulting
from WPCBs released after 2006, when EU RoHS directive [15] took effect,
the corresponding Pb electrodeposition and dissolution peaks do not appear
(Figure 3A, dashed red line).

6 LPb/Pb™ Sn°ISn2:C/u°ICu" Fe’'/Fe*

I / mA
I / mA

*lpppe’ |\ culcu’ s 2

al Pb*'/Pb u’/Cu Fe¥IFe

Pb*'/Pb’ (A) 6 sn”/sn’ (B)
-0.8 -0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 0.4 0.8

E / Vvs. Ag/AgCI/KCI, E / Vvs.Ag/AgCI/KCI_, .

Figure 3. CV (A) and CSWV (B) on GC electrode in 1/10 diluted RSSs containing
Pb2* (solid black line) and without Pb?* (dashed red line)
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More interestingly, comparing Figures 1A and 3A, we observed that
the high amount of Cu present in the RSSs induce a considerable attenuation
of the Sn and Pb metals dissolution peaks and a significant distortion of the
Cu dissolution peak, suggesting the formation of the Cu-Sn [16] and Cu-Sn-
Pb [17] alloys during the electrodeposition step.

From another point of view, a higher Fe concentration in the sample
containing Pb?* determines the apparition of the second pair of peaks (of
A1/C1 type), associated with the Fe3*/Fe?* redox couple.

As indicated in Figure 3B, all the previous mentioned phenomenon
become more evident during the CSWV measurements, better peaks separation
and higher amplitudes being recorded.

Correlations of metallic ion concentrations evaluated by ICP-AES and
electrochemical methods in real sample solutions

Being an extremely complex matrix, the RSSs obtained by leaching
a number of 10 WPCBs were analysed by ICP-AES standardized method.
The correlation of the Cu?* concentrations obtained by ICP-AES with those
estimated based on CV data recorded in 10 times diluted RSSs is presented in
Figure 4.

75

O |of peak C2
s O |of peak C1
£ A of peak A2 &
~ 50} T
; y
2 P
E a Figure 4. Correlation between Cu?*
525 concentrations obtained by ICP-AES
o, and evaluated from CV data using the
electrodeposition C2 peaks intensity
(O), the reduction C1 peaks intensity
0 ; A ; . ; (O), and the area of the dissolution A2
0 25 50 75 peaks (A) (10 times diluted RSSs)
[Cu] I mM

BY ICP-AES

Three CV data sets (i.e., the intensities of the electrodeposition (C2)
and reduction (C1) peaks and the area of the dissolution (A2) peaks) were
exemplified. From Figure 4 it can be seen that the concentrations of Cu?*
obtained by the two methods are in good agreement, the statistical parameters
of the linear correlations being summarized in Table 4.
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Table 4. Statistical parameters for the linear correlations between the Cu?*
concentration obtained by ICP-AES and evaluated from CV data

Method Slope (mMM/mM) R SD n
C2 peak height 0.979 £ 0.013 0.9608 1.939 10
C1 peak height 1.003 £ 0.019 0.9088 2.642 10
A2 peak area 1.017 £ 0.015 0.9706 2.085 10

As seen from the data presented in Table 4, the slopes of the linear
correlations are very close to 1 (between 0.979 and 1.017), with correlation
coefficients (R) higher than 90% and standard deviations (SD) not greater
than 2.64.

Similar correlations could be obtained using experimental data from
CSWV (results not shown). It is important to note that, in the investigated
potential range, the Fe electrodeposition/dissolution processes cannot be
observed, but the Fe ions concentration can be evaluated based on A1/C1
peak pairs, subtracting the Cu signal. In this purpose, a dedicated algorithm
was preliminarily tested with very promising results.

An enhancement of the data accuracy obtained by electrochemical
methods (CV and CSWYV) can be achieved by restricting the potential scan
range, optimizing other experimental parameters (like the scan rate and/or
the controlled electrolyte flow), and by recording new calibrations curves in
mixed SSSs metals solutions similar to the RSSs.

Influence of pH and oxidation-reduction-potential on the metals leaching
rates

It is well known that the pH and oxidation-reduction-potential (ORP)
of the leaching solution influence significantly the rate of metals dissolution
from WPCBs. In this context, Figure 5 presents the evolutions of pH, ORP
and corrosion rate (CR) during the chemical leaching of different pure
metallic samples of Fe, Sn, Cu and Zn. As seen, for the tested metals, the
dissolution processes are accompanied by the pH increase, simultaneously
with the decrease of the OPR and CR.

Consequently, the track of the above parameters, using pH and ORP
sensors and dedicated galvanic insulated electrometers, is essential for an
adequate control and monitoring of the metals leaching process. Due to the
high salinity and acidity, the leaching solutions conductivity is indistinctly affected
by the dissolved metals concentrations, making irrelevant their monitoring.
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CONCLUSIONS

In order to efficiently monitor and control the process of electrochemical
metals recovery from waste printed circuit boards, a complex sensors system,
based on pH, OPR, temperature and voltammetric sensors, was designed
and the included components were successfully tested in synthetic and real
samples using dedicated LabView applications.

The simple and inexpensive voltammetric sensors, exploited by cyclic
voltammetry and/or cyclic square wave voltammetry, allow the evaluation of
the dissolved metals concentrations (Cu, Sn, Pb, Fe, Zn) with satisfactory
accuracy, eliminating the use of complex and expensive traditional analytical
equipments and advanced dilutions.

The electric signals delivered by the proposed sensors allow their
integration in a complex computerized and/or autonomous control system,
simplifying the metals recovery process management and increasing its
efficiency.
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EXPERIMENTAL SECTION
Chemicals

Reagents as: KBr, HBr, CuBrz, SnBrz, PbBrz, FeBr, and ZnBr; are
purchased by Fluka and Sigma-Aldrich.

Synthetic samples solutions are prepared by solving appropriate
quantities of CuBr2, Sn Brz, Pb Bry, Fe Br; and Zn Brz in 2 M KBr + 0.5 M
HBr solution.

Real samples solutions are obtained by leaching the metals from 10
PC motherboards (released between 1998 and 2008), in 2.2 L of 2 M KBr +
0.5 M HBr + 1 M Br; solutions [14].

Experimental methods

Cyclic voltammetry and cyclic square wave voltammetry were performed
using a computer-controlled multi-channel potentiostat (DXC240, Datronix
Computer, Romania) using dedicated LabView applications. The electrochemical
cell was equipped with glassy carbon (GC) disc (¢ = 3 mm) as working
electrode, a Ag/AgCI/KClsat as reference electrode and a Pt wire (¢ = 0.5
mm, L = 10 cm) as counter electrode. For all the CV measurements, a scan
rate of 50 mV/s was used. The CSWV measurements were performed at a
frequency of 20 Hz; a pulse amplitude of £50 mV and a step potential of
1 mV. Other particular experimental conditions are indicated in the figures
captions.

The composition of the real sample solutions were analyzed by the
standardized ICP-AES method, using a SPECTRO CIROS CCD spectrometer
(SPECTRO Analytical Instruments, Germany).

For the OPR measurements, a combined Pt sensor of SO50X type
and a Consort C863 multi-channel-meter, both from Consort, Belgium, were
used. The pH measurements were performed using a SenTix® 41 combined
glass electrode connected to a pH/Cond 340i pH-meter, both from WTW,
Germany.

For the corrosion rate measurements, 2 rectangular samples (20 mm *
20 mm * 2 mm) from each pure metal were immersed in 100 mL of leaching
solution containing 2M KBr + 0.5 M HBr + 0.1 M and stirred at 480 rpm.
Periodically, the samples were extracted from the leaching solution, washed
successively with 2M KBr, distilled water and acetone, dried and weighted.
The values of corrosion rate were calculated reporting the weight loss to the
sample surface, metal density and dissolution time.
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PHYSIOLOGICAL AND GROWTH RESPONSE OF TOMATO
PLANTS AFTER TRICHODERMA SPP. SEED TREATMENTS

CRISTINA PETRISOR?, ALEXANDRU PAICA®, FLOAREA BURNICHI®

ABSTRACT. Different isolates of Trichoderma are able to produce
metabolites which induce some morphological and physiological changes in
plant such as enhanced plant growth and response to plant pathogens or
reduced plant stress. The aim of the present study is to evaluate the effect
of some Trichoderma isolates on plant growth promoting and physiological
parameters of tomato plants. Also, the Trichoderma isolates were assessed
based on IAA (indole 3-acetic acid) production and ability to solubilize
phosphate, traits associated to growth. Tomato seed treatment with Trichoderma
isolates led to a significant increase in plant height as well as root length and
root fresh/ dry weight. However, metabolite production varied among isolates
and depends on the isolate. Our data indicated that three of the Trichoderma
isolates studied increase leaf pigments content and improve the photosynthetic
activity of tomato plants.

Keywords: chlorophylls, carotenoids, IAA, root length, fresh weight

INTRODUCTION

Trichoderma spp. are known to interact with plants resulting in
beneficial effects such as stimulation of plant defense, development of roots,
promotion of plant growth, activation of seed germination, increase of chlorophyll
content and photosynthetic efficiency, amelioration of abiotic stress, resistance
to membrane pore-forming agents, and enhancement of nutrient uptake
[1,2,3].
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Trichoderma spp is a genus of fungi that has been reported to be
suited for maintaining soil quality and promoting plant growth, by enhancing
the availability of nutrients and minerals for plants, producing phytohormones
and siderophores even in the absence of pathogens [4,5,6,7,8,9,10,11]. The
growth promoting potential of Trichoderma spp. has been extensively studied
on cucumber, onions, rice, soybeans, tomatoes, radish, bean, chickpea,
pepper [7,12, 13, 14, 15, 16, 17, 18, 19]. However, studies of De’'Souza et al.,
(2008) [20] showed that Trichoderma stromaicum colonized endophytically
cacao seedlings but was unable to induce plant growth.

Studies of Altomare et al., (1999) [21] revealed that Trichoderma
harzianum strains convert phosphate to a soluble form through chelation
mechanisms, thus suggesting a possible mechanism involved in plant growth
promotion. Different Trichoderma strains have been reported to produce and
release indole-3-acetic acid (IAA) and auxin related compounds in the culture
medium. These have a positive effect on root morphology and development
[6,9,14,22].

Mastouri et al. (2010) [23] found that tomato seed treatment with
Trichoderma harzianum accelerates germination of seeds and increases
seedling vigour. Priming and seed coating with Trichoderma harzianum were
the most effective treatments in stimulating vegetative growth of pea
plants,causing significant increase in early and total green pod yield [24].

This research was conducted in order to investigate the effect of
different Trichoderma spp. isolates on physiological and growth parameters
of tomato plants.

RESULTS AND DISCUSSION

Results revealed changes in plant height, root length, root fresh
weight and root dry weight in tomato treated with Trichoderma isolates.

Tomato plants obtained from seeds treated with Trichoderma isolates
were grown in pots in a growth chamber for 4 weeks. The heights of the
plants were measured at the end of the 4-week period.

Application of Trichoderma to tomato seeds enhanced the tomato
height plant within 4 weeks A pronounced increase in plant height was
observed for Trichoderma treated tomato plants, which varied between 25.22
cm (M2_14) and 28.28 cm (T85), while the mean height for chemical control
(Cropmax) and blank control (no treatment) were recorded at 24.36cm and
22.8cm respectively (table1). The height of tomato plants was noticeably
increased when seeds were treated with T85 and T50 compared to the other
isolates. These results are in accordance with those of Doni et al. (2014) [7]
who obtained an increased height in rice plants treated with Trichoderma.
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Our findings are also comparable to another study that described the growth
improvement of chickpea after treatments with Trichoderma [18].

Table 1. Effect of Trichoderma treatments on growth parameters of tomato

seedlings

Fungal Plant height| no. of leaves |Root length| Root fresh weight| Root dry
isolates (cm) (cm) (9) weight (g)
Blank Control| 22.8 +0.76 15.13 £+0.34 |10.05 £0.04 1.91 £0.21 0.91 £0.21
Chemical |24.36 +0.65 14.72 +0.36 10 £ 0.02 2.39 +0.56 1.78 £0.12

control
T85 28.28 +0.34 15.41 £0.23  |10.45 £0.04 4.45 £0.23 2.93+£0.09
T50 27 +0.01 15.5 +0.21 10.33 £0.06 3.39 £0.32 1.9£0.18
M14 2576 £ 15.84 £0.04 10.5+0.06 2.21 0.05 0.98 £ 0.31
0.12
M2_14 25.22 +0.15 15.88 £0.05 8 +0.02 2.08 +0.12 0.88 £0.24

The data are expressed as means +SDV (standard deviation) of three replicates of
each experiment

Similar results were reported in radish by Mukhopadhay and Pan (2012)
[25]. Also, Hoyos-Carvajal et al. (2009) [9] demonstrated that Trichoderma
isolates increased the shoot and root length of Vigna mungo (black gram) thirty
days after sowing.

Tucci et al. (2011) [17] demonstrated that the growth stimulation is
dependent on the tomato genotype, suggesting that the response to
Trichoderma treatment is genetically controlled. Their data show the ability of
Trichoderma harzianum T22 to increase canopy and stem growth in tomato,
and at the same time to modify the root architecture through increasing root
length or through development of lateral roots. No significant differeces were
found regarding the number of leaves of all tomato plants inoculated with
Trichoderma isolates in comparison to blank control and chemical control
(table 1). These results are in agreement with data of Azarmi et al. (2011) [12],
who reported that seed inoculation with Trichoderma had no significant effect
in leaf number and also in total area of leaf and plant height, root fresh and dry
weight. However, their results supported that tomato grown on soil amended
with Trichoderma sp. had also a marked increase in leaf number, leaf area and
chlorophyll content. However, the results of other experiments performed by
Ozbay and Newman, (2004) [26] show an increase in leaf number and area
and shoot length of tomato plants treated with Trichoderma isolates.
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Fig. 1. Effects of Trichoderma treatments on the growth and development of
tomato roots and plants

Root development of seedlings was not significantly affected by
Trichoderma treatments (fig. 1). Root length was increased for the treated
tomato plants. Root lengths ranged between 8 cm and 10.45 cm, compared
to blank control and chemical treatment control which were recorded at 10
cm. According to the data shown in table 1 the fresh weight and dry weight
of tomato roots treated with Trichoderma was larger than blank control and
treated plants with chemical fertilizer. These results show that Trichoderma
treatments had a meaningful influence on root mass of tomato plants more
so than on root length.

Ozbay& Newman (2004) [26] have shown that some isolates of
Trichoderma harzianum did not have a significant effect on fresh or dry root
mass of tomato plants. Jang et al. (1993) [27] reported that cucumber growth
was promoted when seeds were coated with conidia of Trichoderma and
Gliocladium isolates. Also, they describe the growth promoting effect of the two
fungal cultures on oat coleoptile segment elongation, which was influenced
by filtrate concentration and time of the exposure to the culture filtrate.

The observed increase of plant height and root length in this study
may be attributed to the ability of the Trichoderma isolates to produce I1AA
and enhance nutrient uptake. Our data indicate that all Trichoderma isolates
(fig. 2) used in this work synthesize IAA. However production of IAA varied
among the isolates. Isolates T85 and T50 produced the highest amount of
IAA ranging between 15.9-19.8 ug/ml (table 2).
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Fig. 2. Characteristic aspects of
Trichoderma Td 85 straincultures

Our results are quantitatively lower than those reported by Kotasthane
et al. (2015) [28] and Salas-Marina et al., (2011) [29] which found ranges of
27-30.08 ug/ml for IAA produced by Trichoderma isolates. All Trichoderma
isolates studied cultured in medium without precursor produced low levels of
IAA. When L- tryptophan was included in the medium, there was a 13-25-
fold increase in production of IAA for T85 and T50 compared to the control
without precursor (table 2).

Table 2. Production of IAA and phosphate solubilization by Trichoderma isolates

Isolates Phosphate Phosphate
IAA(ug/ml) solubilization solubilization
index (mg/l)
With tryptophan  |Without tryptophan
T85 15.9 £0.02 1.240.11 0 0.18+0.01
T50 12.8+0.03 1.0£0.10 0 0.25x0.01
M14 10.1£0.03 0.8+0.03 0 0
M2_14 5.9+0.10 0.7+0.04 0 0

The data are expressed as means +SDV (standard deviation) of three replicates of
each experiment

The capacity of Trichoderma to produce phytohormones (IAA) or
analogue substance was reported by earlier studies [5,6,9,10,14,22,30] and
this is the main mechanism involved in plant growth promotion. Contrary to
aforementioned studies, experiments of Sofo et al. (2011) [31] showed that T
harzianum T22 did not produce phytohormones in growing media, suggesting
that T22 is able to induce hormone synthesis ex novo in the plants.
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Contreras-Cornejo et al. (2009) [6] have shown that strains of
Trichoderma atroviride and Trichoderma virens stimulated lateral root
development, increased biomass production and reduced primary root length
by producing IAA and auxin like compound in their studies on Arabidopsis
thaliana. Also, Zhao and Zhang (2015) [19] found that IAA level, root length
and fresh root weight of cucumber seedling were increased after treatment
with T. asperellum. Also, results of Ortega-Garcia et al. (2015) [16] supported
that differences in growth stimulation by T. asperellum isolates is related to
their ability to secrete of IAA like compounds in presence of precursors. Similar
results were obtained by Chowdappa et al. (2013) [22] who demonstrated
that Trichoderma harzianum OTPB3 produced higher quantities of IAA in
culture broth.

The importance of phosphate solubilizing fungi consists in increasing
phosphate uptake for plant growth. In this study none of the Trichoderma
isolates tested was able to solubilize the phosphate on Pikovskaya’s medium
(table 2). Although none of the isolates produced any detectable solubilization
zone (halo) in plate PVK agar assay, T85 and T50 shown a slight solubilization
between 0.18 and 0.25 mg/l in liquid medium. Thus, plant growth promotion
of tomato plants studied in our experiment correlates with IAA production but
not with phosphate solubilization. However, some reports indicate the ability
of Trichoderma spp. to solubilize tricalcium phosphate, suggesting their
applicability in crop fields as biofertilizers promoting plant growth [5,12,21].
Production of plant phytohormones by Trichoderma might led to higher
photosynthetic rates and an enhanced growth response. The leaf chlorophyll
a, b, and total chlorophyll contents in tomato treated with Trichoderma were
increased for all variants with the exception of chemical control and M2_14.
This indicates that the treatment with T85 and T50 isolates caused increase
assimilation pigments content compared to blank control and chemical
control. The content of chlorophyll a in tomato inoculated with T85 (194.95
pg/ml) and T50 (190.46 pg/ml) was higher compared to the blank control
(182.95 ug/ml) and chemical control (154.96 ug/ml). The results also
revealed that plant treated with Trichoderma has higher carotenoids content
compared to control. All this data supported that plants treated with
Trichoderma have heightened photosynthetic rates. Similar results were also
reported by Fiorini et al. (2016) [30] who indicated that application of
Trichoderma T6776 on tomatoes seed enhanced the content of all leaf
pigments with an increase ranging from 73 to 76.5% compared to control.
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Table3. Effects of Trichoderma treatments on physiological parameters content of
tomato plants

Fungal isolates Chlorophyll a Chlorophyll b Carotenoids Chl (a+b)
pg/mi pg/mi pg/mi pg/mi
Control 182.95+0.03 74.65+0.12 43.03+0.07 257.60+0.08
Chemical control 154.96+0.01 58.431£0.10 33.4040.06 213.39+0.01
T85 194.95£0.02 75.83+£0.08 34.82+0.01 270.78+0.13
T50 190.46+0.03 67.95+0.08 45.64+0.05 258.41+0.21
M14 183.04+0.04 79.58+0.09 37.70+£0.04 262.62+0.16
M2_14 160.10£0.01 60.47+0.14 32.75+0.06 220.57+0.25

The data are expressed as means +SDV (standard deviation) of three replicates of
each experiment

Our findings are more or less similar to those reported by Alexandru
et al. (2013) [32] which show that the differences between the pigments
content of tomato plants treated to Trichoderma were insignificant but they
found an increase of photosynthetic intensity. However, Mastouri et al.
(2010) [23] reported no increase in pigment content in tomato seedlings
treated with Trichoderma harzianum T22. According to the results of Azarmi
et al. (2011) [12] chlorophyll content was not significantly increased in the
leaves of tomato plants whose seeds have been treated with Trichoderma
harzianum T969 and T447. Different contradictory results may be due to the
use of different Trichoderma isolates with characteristic abilities, as well as
the different varieties of tomatoes used.

CONCLUSIONS

Trichoderma isolates T85 and T50 are promising beneficial isolates,
whose effects consist of growth promotion and an increase in physiological
activity.

Plant height of tomatoes inoculated with T85 and T50 was increased
compared to control.

Leaf number and root length of Trichoderma inoculated plants show
no modifications compared to the control.

Three of Trichoderma isolates (T85, T50 and M14) tested have a
positive influence on photosynthetic pigment content.
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EXPERIMENTAL SECTION

Seeds of tomato “Buzau 47" variety were obtained from Research
and Development Station for Vegetables Buzau. Isolates of Trichoderma
which have been used in this experiment were obtained from the collection
at the Research and Development Institute for Plant Protection as following:
T50 and T85- Trichoderma asperellum; M14-Trichoderma atroviride; M2_14-
Trichoderma citrinoviride. Each isolate was grown separately in Potato Dextrose
Agar (PDA) plates and incubated for 7 days at 28°C. Spore suspensions of
Trichoderma spp. were prepared by scraping the spores from cultures. The
concentration of Trichoderma spore suspension was counted using
haemocytometer and was adjusted to 107 spores/mL.

Evaluation of tomato plant growth promoting response

Tomato seeds were sterilized by soaking in 1% sodium hypochlorite
solution (NaCIQO) for 5 minutes, then in 70% ethanol for 5 minutes and finally
washed for several times with sterile distilled water. The seeds were air dried
in a sterile chamber. The sterilized tomato seeds
were immersed in 10 mL Trichoderma suspension(107 spore/ml) for 1 hour.
Control seeds were treated with sterile distilled water. Seeds were sown in
plastic pots filled with 250g sterile soil and grown in a culture chamber where
the temperature was maintained at 25°C with a relative humidity at 70 % with
12 h light/dark photoperiod. The experiment was conducted using a total of
with six variants (four Trichoderma isolates, one blank control and one
chemical control). Chemical stimulant (Cropmax) was used in accordance to
rate application on vegetables. Each treatment consisted of three replicates
and the experiment was repeated twice.

Measurement of physiological parameters

Pigments of a known starting weight of leaves was extracted in
acetone 100% (v/v) over 24 hours at 4°C. The obtained extracts were filtered
through a Whatman No.1 filter paper and centrifuged at 5000 rpm for 15
minutes. The chlorophyll (chla, chlb and total chl) and carotenoids content
was quantified according to Lichtenthaler and Welburn, (1985) [33]. The
absorbance was determined spectrophotometrically at 663 nm and 645 nm
and 470 nm. Concentration of pigments was calculated using Lichtenthaler
& Welburn, (1985) [33] equations and values were expressed as (ug/mL).

Qualitative and quantitative estimation of phosphate solubilization in
specific medium

Two qualitative assays were used for phosphate solubilizing by
Trichoderma isolates. For the phosphate solubilisation test, Trichoderma isolates
were grown in the Pikovskaya’s medium with bromophenol blue (BPB) and
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without it as described by Nautiyal, (1999) [34]. The medium contained the
following ingredients (g L'): sucrose (24); Cas(POs) (22); MgCl, x 6H20 (22);
MgSO4x7 H20 (0.25); KCI (0.2); (NH4).SO4 (0.1); BPB (0.025); agar (14). pH
was adjusted to 7.00.

Tribasic calcium phosphate was used as as phosphate source with
BPB included in the Pikovskaya’s medium as a pH indicator for acidification.
After 72 h incubation at 25 °C isolates turned the media from blue to yellow
in zones of acidifications.

Another method used the same Pikovskaya’s medium but without
BPB. Appearance of cleared zones where calcium phosphate is consumed
represented a positive response. The solubilization index was calculated by
using the following formula:

Solubilization index =diameter of colony+halo zone /colony diameter

For the quantitative measurement of the phosphorus produced by the
fungi cultures, they were grown in Pikovskaya’s liquid medium amended with
0.5% insoluble Cas(POa)2 and incubated for 5 days with shaking (120 rpm)
at 28 +2°C. The supernatant of each culture was centrifuged at 6000rpm for
25 min. The soluble phosphorus was determined using the procedure
described by Fiske & Subbarow (1925) [35] and Saravanakumar et al. (2013)
[36]. The concentration of soluble phosphorus (P) was calculated by using a
standard curve of KH2PO4 and expressed in mg/I.

Quantification of indole-3acetic acid (IAA) produced by fungi

Theour isolates belonging to different fungal species were subjected
to IAA screening during this investigation. PDB liquid medium with 0.1% L-
tryptophan (w/v) was inoculated with two disks of one week old culture of
each tested fungus isolates and incubated at 28°C for 6 days as a stationary
cultivation. Estimation of IAA-like auxines in the culture filtrate was conducted
by using colorimetric technique with Salkowski reagent [37]. Mycelia were
removed by centrifugation (5000 rpm, 10 minute), and afterwards by filtration.
1 ml of the supernatant was mixed with 4 ml of Salkowsky reagent (35%
perchloric acid; 0.5 M ferric chloride, FeCls). To determine the amount of IAA
produced by the isolates, the mixture was incubated at room temperature for
25 minutes. Pink colouration developed, indicating the presence of IAA, and
it was quantified by measuring the absorbance in a spectrophotometer at 535
nm at the end of the incubation. The concentration of IAA was evaluated by
comparison with standard curve and expressed as ug/ mil.

Measurement of tomato growth traits
Tomato growth parameters were measured at 30 days after germination.
Plant height (cm) was measured from ground level to the tip of the
longest leaf, leaf number were counted for each treatment and controls.
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Root length (cm) was measured from the base of stem to the longest root
using a ruler. Root dry weight (g) was measured after drying the roots in the
oven at 105°C until obtaining a constant weight.
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