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Permeability of gas mixtures in glassy polymers with and
without plasticization
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Abstract: In this research, the solubility, permeability and diffusivity of gas
mixtures through glassy polymers were comprehensively studied. The diffus-
ivity of the components in the mixture was assumed to be a function of the
concentration of all components in the mixture. Then, the permeability of pure
species was expanded to the gas mixtures and to check the validity, the model
was fitted to the experimental data for permeation of CO,/CH, through differ-
ent glassy membranes and the parameters of the model were calculated. After-
wards, the obtained parameters were used for predicting the permeability of
CO, and CHy in the mixture. The results showed that the solubility, diffusivity,
and the permeability of CO, in the glassy polymers are suppressed in the pre-
sence of CH4 as well as plasticization. Moreover, the diffusivity (D) for pure
CO, is significantly pressure dependent in the presence of plasticization
whereas with the increase in the CHy fraction, this dependency decreases due
to the reduction in the plasticization.

Keywords: gas separation; membrane; plasticization; solubility; diffusivity.

INTRODUCTION

Polymeric membranes are widely used in the natural gas separation process.
For removal of carbon dioxide (CO;), glassy polymeric membranes are often
preferred over rubbery polymeric membranes because of their higher CO,/CHy
or CO»/Nj selectivity.l-6 Although some types of glassy membranes have a good
performance in CO; separation, the performance of these membranes can be
hindered by the plasticization phenomenon.”-12 Therefore, CO, permeability inc-
reases with the feed pressure.”-13 On the other hand, permeability of pure inert
gases, such as CHy or N», has a decreasing trend with the pressure.!4-16 Thus,
the ideal selectivity of CO2/N, or CO,/CHy increases with feed pressure.13-16
However, the behavior of mixed gas feeds is significantly different from pure

* E-mail: msd.saberi@gmail.com
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3 42 SABERI

species. In the presence of plasticization, the permeabilities of both CO, and N
or CHy increase. But Ny or CHy4 generally have larger increases than COa,
resulting in decreasing selectivity.!:10:14.17.18 Thys, the actual selectivity is lower
than ideal selectivity at a special pressure.l-1419 Raymond et al.1? reported that
for mixed gas feed of CO; and CHy with equal composition, the actual selectivity
at 5 atm* is well predicted by pure gases, whereas at 20 atm, the actual select-
ivity was much lower than ideal selectivity. It was due to plasticization of mem-
branes at 20 atm pressure. In addition, ideal selectivity of CO, and CHy for
polyimide (6FDA-mPD) was reported to be about 60 at a feed pressure of 17.5
atm, whereas the actual selectivity for feed with equal composition of these gases
was observed about 4,20

Therefore, for a proper prediction of transport behavior for gas mixtures,
especially in the presence of plasticization, it is essential to represent accurately
the experimental results. Then, an accurate and simple model is required to be
used for all the different behaviors of gases in glassy polymers.

Different approaches were developed to describe the solubility and transport
of gases and vapors in glassy polymers. Among these models, the dual mode
sorption (DMS) and non-equilibrium lattice fluid (NELF) models are well-known
models. It should be mentioned that, although NELF model has been extended
for all permeability behavior of gaseous in glassy polymers, it is used less than
the DMS model because of its complexity and long calculation times. DMS, a
model with empirical parameters, is widely used mainly due to its remarkable
simplicity. Although, different models with different assumptions have been
developed based on this theory to investigate the permeability of pure and mixed
gases in glassy polymers, less attention has been paid for predicting permeation
of mixed gases through glassy polymers in the presence of plasticization. In our
previous works, we extended a model for permeation of gas mixtures in glassy
polymers based on DMS model with no predictive capability.2!-22 In the present
study, a comprehensive model based on the DMS model was developed to pre-
dict the permeation behavior of mixed gases through glassy polymers with and
without plasticization using pure data for solubility and permeability. To achieve
this aim, the diffusivity of all species in the mixture is assumed to be a function
of the concentration of all components in the mixture. Then, for determining the
parameters and evaluation of the accuracy of the model, the predictions of the
model were compared against experimental data for the permeation of different
groups of gas mixture in different glassy polymers.

*1 atm = 101325 Pa
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GAS PERMEABILITY IN GLASSY POLYMERS 343

THEORY AND BACKGROUND
Solubility
Based up on the DMS model, two mechanisms of sorption occur in glassy polymers: i)

ordinary dissolution based on the Henry’s law and ii) “hole-filling” according to the Langmuir
theory. The equilibrium isotherm for a pure gas A based on the DMS model is expressed as:21-23

Cy = Cpp +Cup =kpapa + Ciyabapa / (1+bspa) (D

where C is the gas concentrations in the polymer (cm® STP/cm?3 polymer), Cp, is the Henry’s
solubility, represents ordinary dissolution, Cyy is Langmuir solubility, represents sorption in
microvoids or holes, kp is Henry’s law solubility coefficient (cm? STP/cm? polymer.atm), C'y
is the hole saturation constant (cm® STP/cm? polymer), b is the hole affinity constant (atm'!)

and p is pressure (atm). The solubility coefficient of gas A in polymeric membranes is defined
21,22
as: ="

Sa = Calpa (2)
Koros et al. extended the DMS model for gas mixture systems and the sorption of

components A and B of a binary gas mixture is expressed as:23
Ca=kpapa + Criabapa / (1+bspa +bgpp) 3)
Cg=kpgpg + CI'—IBbBPB I (1+bapa +bppB) (4)

Permeability

Based on the partial immobilization model (PIM), a fraction F of the sorbed gases in the
Langmuir sites are mobile and the remainder (/—F) are immobile whereas the whole gas
dissolved in the Henry’s region is mobile. The total concentration of the mobile part of the
adsorbed gas is Cy, with a diffusion coefficient D. F is the immobilization factor and depends
on the nature of penetrant—polymer system as well as the system temperature.2425

The flux (V) of component i is expressed as follows:2!

N =-p o
X
where:2!
Cui = Cpi + FCyyi =k py + FCibipi | (1+ b, py) (6)

For the diffusivity of species i, a simple exponential relationship with the penetrant

mobile concentration was found effective and is given by:26-27

D; = Dipexp(BiCuni) (7
where Dj is the diffusion coefficient of pure gas at zero penetrant concentration, and f; is the
plasticization factor.

It should be noted that Eq. (7) could be used for all gases, including plasticizer or not. In
the absence of plasticization (i.e., f; = 0), diffusivity will be constant and would not change
with pressure.

Then, Egs. (5)~(7) yield the following expression for the flux of the penetrant gas in
glassy polymers:

Dj() Cmi2

N[ :_T Cunil exp(ﬂicmi)dcmi (8)
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3 44 SABERI

where subscripts 2 and 1 represent the upstream and downstream conditions and when the
downstream pressure is considered zero, Cpyaq = 0.

Toni et al. considered the two mobility coefficients related to the concentration of both
penetrants,?® whereas the diffusivities for components A and B in the binary gas mixture were
assumed to be related to the concentration of both penetrants and obtained by:

Dy = Dpoexp (BACmat BeCinp) ©
Dg = Dgoexp(BaCmat BeCimp) (10)
where D g, Dgg, S and fg were obtained from pure state, and:
Coun = Cpp + FACyp =kpapa + FACiyabapa / (1+bspa +bgpp) (11)
Cu = Cpp + FyCrp = kpg py + FsCiapbp pp / (1+ba pa +bp pp) (12)

Again, combining Eq. (5) and Egs. (9)—(12) and integrating, yields the following exp-
ression for the flux of components A and B in glassy polymers:

D Cm
Ny = =222 ™ exp(rCma + BpCrn ) dCma (13)
[ “Cmal
Dgg Cup2
Np=——"~ J-C o exp(SaCima + BpC ) dCinp (14

It is worth mentioning that for integrating Eq. (13), Cya and Cpp should be written in
term p, and for Eq. (14) should be written in term pg.

Furthermore, under steady state conditions, the permeability and selectivity are given
by:22

B=—" (15)
Pi2 — Pi

where [ is the membrane thickness.
RESULTS AND DISCUSSION

The mathematical procedure to predict the permeation of mixed gas through
glassy polymeric membranes is as follows:

1. Calculation of parameters of the DMS model (Eq. (1)) for pure species by
fitting this equation to the experimental data of the isotherms.

2. Using the obtained parameters from step 1, fitting Eq. (8) to the experi-
mental data for permeability of pure species and the calculation of parameters S,
F and Dy for the pure species.

3. Using the obtained parameters of steps 1 and 2 in conjunction with Egs.
(13) and (14), for the prediction of the permeability of the species in the gas
mixture.

It is worth noting that the parameters of the DMS model and the non-linear
proposed models are obtained by the least squares regression technique using
MATLAB software.

To validate the model, comparing with the experimental data for the perme-
ation of CO,/CHy4 mixtures through different glassy membranes including poly-
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GAS PERMEABILITY IN GLASSY POLYMERS 345

sulfone (PSf), polyetherimide (PEI), polyhydroxyether (PH), polyarylate (PAr)
and cellulose acetate (CA) are investigated.!5:29-31

Solubility

In order to study the permeability behavior of CO,/CHy4 gaseous mixture, the
parameters of the sorption isotherm of pure CO, and CHy in the glassy polymers
is required. The DMS parameters for CO, and CHy in the different glassy poly-
mers, which were obtained by fitting the DMS model to the experimental data,
are reported in Table I. Then, by consideration the parameters of Table I, and
using Egs. (3) and (4), the solubility of the species in the gas mixture were pre-
dicted.

TABLE I. DMS parameters for pure CO, and CHy in the different glassy polymers at 35 °C
Polymer Gas kp/(cm? STP/(cm? atm)) C'y/(cm? STP/cm®) B/atm!  Reference

PSf CO, 0.664 17.91 0.326 29
CH, 0.161 9.86 0.070

PH CO, 0.289 10.01 0.184 29
CH, 0.051 2.70 0.067

PEI CO, 0.758 25.02 0.366 29
CH, 0.207 731 0.136

PAr CO, 0.631 22.69 0215 29
CH, 0.181 6.45 0.100

CA CO, 1.362 22.58 0.248 15
CH, 0.190 2.504 0.132

As mentioned in a previous work,21:22 the solubility—pressure isotherm for
CO; and CHy and their mixtures in glassy polymers, at lower pressures severely
increases and with increasing pressure, a decrease in the sorption slope occurred.
For higher pressures, this slope is almost constant and the sorption isotherm
changes linearly, like the sorption of gases in rubbery polymers. This trend of
sorption is because at low pressures, gas molecules adsorbed in the Henry and
Langmuir sites and for higher pressures Langmuir sites will be occupied. For gas
mixtures, the presence of the second component (i.e., CHy) inhibited the sorption
of first component (CO3) by occupation of some sites of the Langmuir portion.
Then, the sorption of CO, is suppressed by the presence of CHy in the mixture
(Fig. 1).

The solubility selectivity of CO,/CHy4 vs. pressure is shown in Fig. 2. Solu-
bility selectivity is found to be significantly higher in mixtures compared to the
pure condition. This could be attributed to competitive sorption whereby the
solubility of CO; decreases in the presence of CHy as well as CHy. It should be
mentioned that the decrease in CHy4 solubility is more than that of CO, solubility
due to higher hole affinity constant of CO; (bco,>bcH,) resulting in an increase
in the solubility selectivity. As could be observed, the ideal solubility selectivity
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3 46 SABERI

increases with increasing CHy fraction at constant pressure as reported by Vop-
icka et al.20

Pure CO,

PureCH,

12 4 s 90.3% CH,
----- 74.0% CH,
— — 53.9% CH,

— — 46.1%C0,

100

-
=]

80

60

40

20

003 soncentration, em® STP ! em? polymer
CHy congentration, em® STP ) em? polymer
=]

0 10 20 30 40 50 o 10 20 30 40 50
Total pressure, atm Total pressure, atm

Fig. 1. Solubility of: A) CO, and B) CH,4 in CA glassy polymer.

—— Pure CO, / Pure CH,

— — 46.1%C0, /53.9% CH,

% ---= 24.0%CO, /76.0% CH,
,,,,,,,, 9.3% CO, /90.7% CH,

- = = -
[=1 = (=] wa
P

Solubility selectivity

[r-)

=]

o 10 20 20 0 <o Fig. 2. Solubility selectivity of CO,/CH, in CA
Total pressure, atm glassy polymer.

Permeation without plasticization

The permeability of pure CO, and CH4 in different glassy polymers was
fitted using experimental data from the literature3? and the parameters of the
model, including g, F and Dgy for CO, and CHy, are reported in Table II (also
determined in the literature3?). The permeability—pressure plots have a decreas-
ing and/or constant trend in all cases. In these cases, there is no plasticization
(B = 0), then, the diffusivity is constant. In this case when there was no plastic-
ization, the decreasing and/or constant trends for permeability is related to the
solubility coefficient and is controlled by the immobilization factor (£), which
shows the mobile parts of the sorbed gas in the Langmuir region.

The predictions of the model for CO; and CHy gases of 50/50 volume ratio
mixture in different glassy membranes using Eqs. (13) and (14) compared to the
experimental data from the literature3! are shown in Fig. 4a and b. At a glance,
almost a small suppression in permeability in gas mixture is observed compared
to the pure species. As mentioned above, solubility of species in the presence of
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GAS PERMEABILITY IN GLASSY POLYMERS 347

second component is reduced compared to pure species due to occupation of
Langmuir sites, which resulted in a reduction in the diffusivity as well as perme-
ability. An acceptable prediction for all cases could be observed.

TABLE II. Parameters of Eq. (8) for permeation without plasticization (8 = 0)30

Polymer Gas F Dyx108 / cm? 571
PSf CO, 0.118 4.53
CH, 0.174 0.690
PH CO, 0.094 0.877
CH,4 0.072 0.246
PEI CO, 0.063 1.14
CH, 0.073 0.113
PAr CO, 0.126 6.90
CH, 0.160 1.30

o
i

O PAr A PSF o5 O PAr A Psf
10 .
A - & PH B O Pel o PH
— DS model ——DMS5 model
6 M

o

bility, Barrer

o
w

f

CHy permeability, Barrer

ra

{
=]
[

0 5 10 15 20 0 5 10 15 20

€Oy pressure, atm CH: pressure, atm

Fig. 3. Permeability of pure: A) CO, and B) CH,4 in different glassy polymers without
plasticization (experimental data from the literature3%).

——DMS model ——

——DM S model
1% A o PAr O PEl B o PAr o Pel
<o
%0 o o o A psf ) < PH A pst
8 O 0 o o
6 Mﬁ—ﬁ— .’

=] o
w RS

0, permeability, Barrer

o
"

S
CHy perrmeability, Barrer
=1
[}

o 5 10 15 20 0 5 10 15 20
Pressure, atm Pressure, atm

Fig. 4. Permeability of: A) CO, and B) CH, gases of 50/50 volume ratio mixture in different

glassy polymers without plasticization (experimental data from the literature3!).

Permeation with plasticization

Permeability. The permeability behavior of pure CO, and CHy through the

CA membrane is shown in Fig. 5. These figures present experimental data from
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3 48 SABERI

the literature!> with predictions of the model, calculated by Eq. (8), using the
parameters S, F and Dy for CO, and CHy4 listed in Table III. For pure CO,, the
permeability increases with increasing pressure due to the higher degree of plas-
ticization of the CA membrane. Due to the high sorption of CO,, which is a con-
densable gas, the polymer matrix swells and the interaction between adjacent
segments of the polymer chain reduces. Therefore, due to the increase in seg-
mental mobility and the free volume of polymer matrix, the diffusivity increases
with increasing pressure. On the other hand, the solubility coefficient decreases
with increasing pressure. Since, the increase in the diffusivity overcomes the
decrease in solubility coefficient, CO, permeability increases with increasing
pressure. For CH4, which has low solubility in the membrane, the permeability
decreases with increasing pressure. In this case, plasticization does not occur, and
diffusivity is constant. On the other hand, the solubility coefficient decreases with
pressure. Then, the permeability decreases with increasing pressure.
o Pure CO, (exp.) @]

O Pure CH, (exp.)
— Model

o

013

m

011

E‘E\g_\_a—m 0.09

Fig. 5. Permeability of pure CO, and CH,

0 0.07 . .

o 15 0 s 0 penetrants in the CA membrane (experi-
Pressure, atm mental data from the literature!?).

S

(07 permeability, Barrer
O
H4 permeability, Barrer

ra
C

TABLE III. Infinite dilution diffusivity and plasticization factor for the various penetrants in
the CA membrane

Polymer Gas B F Dyx107 / cm? 571
CA CO, 0.031 0.06 1.45
CH, 0 0.38 0.29

In addition, comparing the experimental data for the permeability of CO, in
the gas mixture feed with different compositions from the literature!5 and the
predictions of the model using parameters from Table II is shown in Fig. 6.

For a feed with 46.1 % CO; and the rest CHy, the permeability decreases
with increasing pressure up to about 30 atm and then increases and 30 atm is
called the “plasticization pressure”. The aforementioned solubility coefficient
decreases with increasing pressure and in the presence of CO, as a plasticizer
component, the diffusivity increases with increasing pressure. For a feed with
46.1 % COy, at pressures lower than 30 atm, the decrease in the solubility coef-
ficient overcomes the increase in the diffusivity whereas at higher pressures, the
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GAS PERMEABILITY IN GLASSY POLYMERS 349

increase in the diffusivity dominates. Indeed, by adding CH4 as the second com-
ponent to the feed, some sites for sorption of CO, are occupied by CHy mole-
cules so that the solubility of CO; in the mixture declines compared to pure CO».
By suppression in the CO;, solubility, diffusivity of CO, lowers at a specific
pressure, consequently CO»-induced plasticization decreases. It means that CHy
in the feed acts as anti-plasticizer. For higher fractions of CHy in the feed, the
effect of anti-plasticization increases and the permeability with the increase in the
pressure decreases. Therefore, by introducing CHy to the feed, CO»-induced plas-
ticization is suppressed. As can be seen, the prediction of the model for perme-
ability behavior is almost acceptable.

T

W

= &

C05 permeability, Barrer
w

— Model O 46.1% CO,

ra

Fig. 6. Permeability of CO, in mixtures with

different compositions vs. pressure, compar-

2 10 20 20 a0 <0 ison between the experimental data from the
Total pressure, atm literature!> and the model prediction.

< 240 CO, A 9.7%CO,

Moreover, the experimental data and the predictions of the model for CH4 in
gas mixture feeds with different compositions using parameters in Table II are
compared in Fig. 7. As observed, for a feed with 53.9 % CH4, the permeability of
CHy4 passes through a minimum similar to the permeability of CO; in Fig. 3. This
behavior is due to the presence of CO,, which causes the membrane to plasticize.
In addition, for feeds with higher fractions of CHy, plasticization decreases due
to the reduction of CO, sorption and diffusion, and hence, for feeds with the frac-
tions higher than 53.9 % of CHy4, the CH4 permeability decreases and/or is cons-
tant with increasing in pressure. Furthermore, with increasing CH4 fraction in the
feed, the CH4 permeability at specific pressures is reduced following suppression

o O

= og o o
Z 012
2 2?\4-‘@
E A A
o007 | — Model O 53.9% CH,
© 76.0%CH, & 93.3%CH, Fig. 7. Permeability of CH4 in mixtures of
002 different compositions vs. pressure, compar-
o 10 20 20 a0 0 ison between the experimental data from the
Total pressure, atm literature!S and the model calculation.
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of plasticization.
Diffusivity

The estimated diffusivity vs. pressure for CO; and CHy4 in the pure state and
in the gas mixture derived from Egs. (9) and (10) using parameters from Tables I
and II is illustrated in Fig. 8a and b. For pure CO», stronger dependency of D on
pressure was observed, so that D increases significantly with increasing pressure
due to higher degree of plasticization. For feeds with different fractions of CHygy,
because of the reduction in the plasticization, the effect of pressure on D for CO;
became very weak and the dependency of D on pressure decreases with increas-
ing CHy fraction.

For pure CHy, D is constant and did not change with increasing pressure. By
adding 9.7 % CO; to the feed, a very weak dependency of D on pressure was
observed and this dependency increased with increasing CO, fraction due to the
increase in the plasticization, so that for feeds with 46.1 % CO,, D for CHy inc-
reased significantly. Additionally, at a specific pressure, D for CH4 decreases
with increasing CHy fraction. It should be mentioned that although with increas-
ing CHy4 fraction in the feed, the CH4 sorption increases, the swelling and the
plasticization affect decreases due to reduction in CO; sorption. The latter reason

overcomes the results in the reduction in the diffusivity of CH4 with increasing
CHy fraction at a specific pressure.

Pure CO, Pure CH,

s

10 {  — — 46.1%CO, A om 90.3% CH, B _
- — .. 24.0%CO, g — .. 76.0%CH, 7
o8 T — — 53.9% CH, -
g S o8 P
= =] -
(=1 = - —
= E - - —
£ £ 04 RO
5 4 E T e
E 2 PR
LS a
[a] 2 0.2

0 o

[ 10 20 30 40 0 10 20 30 40 50

Total pressure, atm

Total pressure, atm

Fig. 8. Diffusivity of: A) CO, and B) CHy in the pure state and as mixtures in the CA
membrane.

CONCLUSIONS

The permeation behavior of mixed gases through glassy membranes was sig-
nificantly different from pure species, especially in the presence of the plasticize-
ation phenomenon. The presence of the second component, such as CHy or N,
along with CO; in the feed led to a decrease in the CO, solubility resulting in a
decrease in diffusivity, permeability and the plasticization effect. This research
was focused on gas mixtures and a model was developed for the prediction the
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GAS PERMEABILITY IN GLASSY POLYMERS 3 5 1

permeability of the species in mixed gases through glassy polymers with and
without plasticization. Then, by comparing the proposed model for the experi-
mental data of permeation of pure CO; and CH4 through the different glassy
polymer membranes, the parameters of the model were calculated. Then, these
parameters were used for predicting the permeability of gases in the mixtures.
The results showed that the presence of CHy4 in the feed reduces the permeability
of CO, as well as the plasticization. Moreover, the results show that D for pure
CO; significantly changes with pressure and with the addition of CHy4 to the feed,
this dependency decreased. For a feed with 53.9 % CH4 (46.1 % CO») the D
value for CHy increased with increasing pressure but for higher fractions of CHy4
in the feed, this dependency almost disappeared.
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H3BOJ
IMPOITYCT/BUBOCT CMEIIE 'TACOBA KPO3 I[IOJIMMEPE Y CTAKJIACTOM CTAKY CA
IUIACTU®PUKAIIMIOM U BE3 IbE

MASOUD SABERI
Department of Chemical Engineering, Bushehr Branch, Islamic Azad University, Bushehr, Iran

Y oBOM HCTpakMBamwy NpOy4YaBaHA je PACTBOP/BUBOCT, ITPOMYCT/BUBOCT U JUDY3UBHOCT
cMella racoBa Kpo3 MOJHMMEpEe y CTakIacTOM cTawy. [IpeTnocrasiba ce Aa je AUdy3HUBHOCT
KOMIIOHEHATa y MeIlaBUHM (yHKIHja KOHIIEHTpaldje CBUX KOMIIOHEHTH Y CMELIH. 3aTUM ce
IPOMYCT/bUBOCT YUCTUX KOMIIOHEHATA ITPOIIUPYje Ha CMelle racoBa U 3a MPOBEPY Ba/baHOCTH
Ce mpoBepaBa Mozen (PUTOBalkEM EKCIIEPUMEHTATHUX NofaTaka 3a nepmeadbunHoct CO,/CHy
KpO3 pa3nuuuTe MeMOpaHe y CTaklaCTOM CTalky W HU3pauyHaBajy Ce mapameTpHd Mofena.
HaxoH Tora, Tako nodujeHy napameTpu ce KOpHUCTe 3a npenBubate npomnyctsuBoctd CO, U
CH, y cmemu. Pesynraté nokasyjy fa Cy pacTBOP/BMBOCT, NJUGY3HMBHOCT, a Takohe M mpo-
nycsrBocT CO, Kpo3 NOJNKMMEpe y CTaKkIacTOM CTamy CMaweHH y npucyctsy CH, u nimactu-
¢uxaTopa. IlITaBuie, sudysuBHOCT 3a yucTH CO, 3HAUAjHO 3aBUCH OFf MPUTHCKA Y IPUCYCTBY
wiactudukaropa nok ce ¢ nosehamem ymema CH, Ta 3aBUCHOCT cMamyje 300r cMmamema
I1acTUQUKaLuje.

(ITpummeno 15. jyna, pesugupano 31. jyna, mpuxsaheno 5. asrycra 2020)
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Abstract: The aim of this study was the prediction model of retention indices of
compounds from the aboveground parts of Achillea clypeolata Sibth. & Sm.
essential oil, obtained by hydrodistillation and analysed by GC-MS. The quan-
titative structure-retention relationship analysis was applied in order to antici-
pate the retention time of the obtained compounds. The selection of the seven
molecular descriptors was done by a genetic algorithm. The chosen descriptors
were uncorrelated and were used to construct an artificial neural network. A
total of 40 experimentally obtained retention indices was used to build this pre-
diction model. The coefficient of determination for the training, testing and
validation cycles were: 0.950, 0.825 and 1.000, respectively, indicating that
this model could be used for prediction of retention indices for A. clypeolata,
essential oil compounds.

Keywords: hydrodistillation; GC-MS; artificial neural networks.

INTRODUCTION

Achillea clypeolata Sibth. & Sm., yellow or moonshine yarrow, is a Balkan
endemic species, spread across North and Central Greece, South Albania, North
Macedonia, East Serbia, Bulgaria, Southeast Romania, West and European Tur-
key according to a study by Nedelcheva.! It is dominantly diploid (2n = 18), a
perennial species, shortly tomentose, silver—grey. Erect stem, simple and up to 60
cm long. The rhizome is well developed and woody. Leaves are pinnatisec,
plane, and weakly glandular—punctate. Basal leaves are 820 cm long and 2-4.5
cm wide, petiolate, the lobes ovate, serrate to pinnatifid, with acute teeth. Cauline
leaves all more or less distant, about twice as long as the internodes, while the

* Corresponding author. E-mail: acimovicbabicmilica@gmail.com
https://doi.org/10.2298/JSC200524008 A

355

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



356 ACIMOVIC et al.

upper leaves are 1-2 cm, sessile. Corymbs with many capitulars, peduncles, 2
mm tomentose. Involucres 3—4 mm in diameter, bracts elliptical or lanceolate,
1.5 mm. Ligules 1 mm yellow. Peripheral flowers with rounded ligules 5-fold
shorter than involucres. It blooms from June to July. Pollination is entomo-
phylous and anemophylous, with dispersal of fruits and seeds in its habitats.
However, in nature it hybridizes with A. neilreichii, A. setacea and A. panonica.
This plant is heliophytic, termophyte that occupies dry, neutral soils in arid
meadows. Nowadays, it spontaneously grows only on limestone in Serbia, and it
is listed as a critically endangered species. According to Contreras—Medina and
Luna—Vega,? the plant is economically important, as a decorative plant, and has
been identified as important to the plant genetic fund.

A. clypeolata tastes bitter like mugwort. This species is rich in sesquiter-
penes, diterpenes and phenolic compounds, as well as flavonoids.3—¢ Further-
more, the content of essential oil is low (0.05-0.1 %), and according to the essen-
tial oil composition, there are two chemotypes.” According to a study by Simi¢ et
al.,8 one chemotype contains E-y-bisabolene, 1,8-cineole, borneol and caryophyl-
lene oxide. The other one contains 1,8-cineole and camphor as the dominant
compounds as documented in thestudy by Chalcat et al.9

However, this plant is not investigated thoroughly, only its antioxidant and
antimicrobial properties have been confirmed to the present day. Antioxidant act-
ivity of A. clypeolata leaf, flower, and root methanolic extract is determined by
total reducing power assay and DPPH. It was reported that total reducing power
ranged between 10.66 mg AAE/ml for root extract, to 11.90 mg AAE/ml for
flower extract. In vitro DPPH tests showed similar antioxidant activities, and
according to these results 4. clypeolata can be used as a potential natural anti-
oxidant source.® Investigations by Simié¢ et al.8 showed that A. clypeolata essen-
tial oil express antimicrobial activity against Escherichia coli, Klebsiella pneu-
moniae, Pseudomonas aeruginosa and Staphylococcus aureus. However, its wide
application is recorded in traditional medicine of Bulgaria and Serbia. In her
study, Nedelcheva,! stated that, in Bulgaria, it is used to treat: hemorrhoids, wounds,
bleeding, gastro-intestinal atony, bed wetting, kidney inflammation, amenor-
rhoea, inflamed gums and liver diseases. However, Zlatkovi¢ ef al.10 concluded
that in Serbian traditional medicine it is mainly used as an antidiabetic drug.

In the study by Wolfender et al.,!! quantitative structure retention relation-
ship (QSRR) provides insight in relation between the chemical structure and the
physicochemical or biological properties. A systematic study was presented in
the paper by Héberger,!2 where the QSRR analysis in gas chromatography (GC)
was presented for planar chromatography, column liquid and micellar liquid
chromatography and affinity chromatography. Lately, numerous publications
have been related to the QSRR analysis.!3:14 The chemical compound structure is
explored by their mathematical models, presented by so—called molecular des-
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criptors, which transfer the compound data through the symbolic representation
of a molecule into a numerical value as reported by Khezeli et al.!5> Marrero-
-Ponce et al.1¢ determined that the molecular descriptors should be chosen to
avoid overfitting, in order to obtain statistically significant results, and to estab-
lish clear relationships between molecular structure and its descriptors. In a study
by Mici¢ et al.,!7 it was shown that GC-MS is a unique technique that yields a
large number of the quantitatively comparable, reproducible data and exact ret-
ention time for large sets of compounds.

In a study by Tropsha and Golbraikh,!8 the numerical model that represents
the relation between the molecular descriptors and the retention time can be est-
ablished by numerous machine learning algorithms, or by using the artificial
neural network (ANN), which is used in this study, and has already been proven
to be an excellent tool according to the literature.!1-19

The aim of this paper was to establish a new QSRR model for predicting the
retention times of chemical compounds in 4. clypeolata essential oil obtained by
hydrodistillation and analyzed by GC-MS using the genetic algorithm (GA) vari-
able selection method and the artificial neural network (ANN) model.

MATERIAL AND METHODS
Plant material

A. clypeolata was collected on 7™ July 2018, on Mt. Rtanj. The plant species were in full
flowering stage by this date. The plant aboveground parts were cut manually at the upper 15
cm of the plant, and the biomass was placed in an air-dryer until constant weight at 35 °C to
avoid essential oil losses. Voucher specimens were confirmed and deposited at the Herbarium
BUNS, the University of Novi Sad, Faculty of Sciences, Department of Biology and Ecology,
under the acquisition number 2-1448.

Essential oil extraction

Air-dried aerial parts of A. clypeolata were submitted to hydrodistillation (Clevenger
apparatus, 3 h). Then, the essential oil was dried over anhydrous sodium sulfate and stored in
a dark glass vial at 4 °C for further analysis. Dried aerial parts of A. clypeolata were found to
contain 0.04 % of pale—yellow oil.

Essential oil analysis

The essential oil was analyzed using an HP 5890 gas chromatograph coupled to an HP
5973 MSD and fitted with a capillary column HP-5MS (30 mx0.25 mmx0.25 pm film thick-
ness). Analytical conditions were as follows: helium was used as carrier gas; inlet pressure
was 25 kPa; linear velocity: 1 ml/min at 210 °C; injector temperature: 250 °C; injection mode:
splitless. MS scan conditions were: source temperature, 200 °C; interface temperature, 250
°C; electron energy, 70 eV; mass scan range, 40-350 amu. Temperature program: 60 to 285
°C at a rate of 4.3 °C/min. The components were identified based on their linear retention
index relative to C8—C32 n-alkanes, comparison with data reported in the literature (Wiley
and NIST databases). Percentage (relative) of the identified compounds was computed from
GC peak area.
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OSRR analysis

The molecular structure dataset was presented in the form of .smi files (simplified mole-
cular input line entry specification) which were used in the molecular descriptors calculation.
The .smi files were collected from Pub Chem. The similar approach was noticed in a paper by
Matyushin et al.,® where .smi notation of the molecule structure was used as an input for the
model. In that study, a neural network was used for the estimation of gas chromatographic ret-
ention indices on non-polar stationary phases. In the study by Dong et al.,2! the calculation of
the specified molecular descriptors for each chemical compound was performed using mole-
cular descriptor software PaDel as in the study by Yap.22 After the calculation was completed,
the data were randomly separated and independently chosen into training, testing and valid-
ation sets (60, 20 and 20 % of data, respectively), in order to determine the predictive artificial
neural network model (ANN). A series of 100,000 randomly generated ANN topologies were
tested, changing the number of hidden neurons (from 1 to 20) and initial values of weights and
biases the training process. The optimization process was performed based on validation error
minimization. ANN was developed to form a reliable model to predict the retention times
from PaDel-calculated descriptors. The evaluation of the performances of the developed
model was done by comparing the predicted and experimentally obtained retention times of
the observed chemical compounds used for the model construction. The model overfitting was
also checked. All calculations were performed by an eight-core personal computer and the
PaDel database was used to calculate the molecular descriptors (which included 1D, 2D and
3D descriptors, Mici¢ et al.17). The genetic algorithm (GA) must be applied in order to reduce
the number of parameters (calculated by PaDel). This task was performed, using Heuristic
Lab, to select the most relevant molecular descriptors for RT prediction. GA is a stochastic
optimization method inspired by evolution theory.2-2# The correlation between the descriptors
was examined and collinear descriptors were detected using factor analysis. Statistical inves-
tigation of the data has been performed mainly by the Statistica 10 software.?

Artificial neural network (ANN)

A multi-layer perceptron model (MLP) covered input, hidden and output layer was used,
considering that it is proven to be quite capable of approximating nonlinear functions.?® Broy-
den—Fletcher—Goldfarb—Shanno (BFGS) algorithm was used for ANN modelling. ANN
results, including the weight values, depend on the initial assumptions of parameters necessary
for ANN construction and fitting.2728 A series of various topologies were used, in which the
number of hidden neurons varied from 10 to 20 and the training process of each network was
run 100,000 times with random initial values of weights and biases. The optimization process
was performed on the basis of validation error minimization. ANN calculations were per-
formed with Statistica 10. Yoon’s interpretation method was used to determine the relative
influence of molecular descriptors on retention time.2° This method was applied based on the
weight coefficients of the developed ANN.

RESULTS AND DISCUSSION
Chemical profile of A. clypeolata essential oil

In the A. clypeolata essential oil 40 compounds were detected, that repre-
sented 99.3 % of total oil composition (Table I). Among them 3 not identified
compounds (NI) compromised 1.0 %. As it can be seen, the most abundant com-
pounds in A. clypeolata essential oil were 1,8-cineole (45.1 %) and camphor
(18.2 %). Sixteen compounds had average relative abundance over 1.0 %. Mono-
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terpene hydrocarbons (55.7 %) and their oxygenated derivatives (29.5 %) were
dominant in the chemical composition.

TABLE L. Quantitative profile of A. clypeolata essential oil

No. Compound Formula R/, min R/, min Content, %
1 Tricyclene CioHig 927 921 0.1
2 a-Thujene CioHys 929 928 0.1
3 a-Pinene CioHys 936 932 1.1
4 Camphene C10H16 950 946 2.3
5 Thuja-2,4(10)-diene CioHy4 955 953 0.1
6 Sabinene CioHig 975 969 0.3
7 ﬂ-Pinene C10H16 979 974 1.4
8 dehydro-1,8-Cineole CioHigO 993 988 0.1
9 a-Terpinene CioHis 1016 1014 0.6
10 p-Cymene CioHi4 1022 1020 3.1
11 1,8-Cineole CioHisO 1028 1026 45.1
12 y-Terpinene CioHig 1053 1054 1.2
13 p-Mentha-2,4(8)-diene CioHjs 1081 1083 0.2
14 Linalool CioHigO 1092 1095 0.4
15 Z-p-Menth-2-en-1-ol CioHigO0 1114 1118 0.2
16 a-Campholenal CioHigO 1119 1122 0.2
17 Camphor CioHigO 1136 1141 18.2
18 Z-Chrysanthenol CioHigO 1156 1160 0.3
19 Borneol CIOHISO 1159 1165 2.7
20 J-Terpineol CioH;s0 1161 1162 0.6
21 Terpinen-4-ol CioHisO 1172 1176 2.8
22 a-Terpineol CioHisO 1186 1190 2.4
23 Myrtenal CioHi4O 1192 1195 0.3
24 Thymol CioHi40O 1290 1289 0.9
25 Carvacrol CioH140 1300 1298 0.5
26 E-Caryophyllene CysHyy 1417 1408 0.5
27 allo-Aromadendrene CysHyy 1458 1458 1.3
28 Germacrene D Cs5Hpy 1479 1484 1.2
29 NI¢-1 1484 - 0.2
30 y-Cadinene CisHyy 1512 1513 1.2
31 J-Cadinene CysHyy 1521 1522 0.2
32 NI¢-2 1571 - 0.4
33 Spathulenol CyisHpyO 1573 1577 0.4
34 Caryophyllene oxide CisHpyO 1578 1582 3.2
35 [-Oplopenone CyisHpyO 1603 1607 0.2
36 Muurola-4,10(14)-dien-1-$-ol CisHyO 1622 1630 0.3
37 Caryophylla-4(12),8(13)-dien-5-0-ol C;sHy,O 1630 1627 0.7
38 epi-a-Cadinol CisHpysO 1635 1638 2.4
39 a-Cadinol CisHysO 1648 1652 1.5
40 NI°-3 1680 - 0.4
Monoterpene hydrocarbons 55.7
Oxygenated monoterpenes 29.5
Sesquiterpene hydrocarbons 4.4
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TABLE I. Continued

Compound Formula RP min RI°, min Content, %
Oxygenated sesquiterpenes 8.7
NI® 1.0
Total identified 99.3

“Retention index experimental; Pretention index from the NIST web book database; “not identified compound
with mass spectrum —m/z (intensity): NI-1: 41.05 (17.0), 43.00 (9.0), 57.00 (100.0), 80.95 (10.0), 85.00 (50.0),
91.00 (9.0), 118.95 (35.0), 121.10 (8.0), 133.85 (11.0), 236.15 (12.0); NI-2: 41.05 (33.0), 57.00 (69.0), 66.95
(29.0), 69.05 (38.0), 79.05 (41.0), 91.00 (42.0), 105.00 (28.0), 134.00 (46.0), 135.00 (100.0), 150.00 (44.0);
NI-3: 41.05 (34.0), 66.95 (40.0), 79.00 (72.0), 81.00 (45.0), 90.95 (80.0), 93.00 (42.0), 104.95 (49.0), 107.00
(48.0), 109.00 (100.0), 159.05 (61.0)

The prevailing compounds in the oils of A. clypeolata from Mt. Rtanj
(43°46'34" N, 21°53'36" E), collected during July 1996, were 1,8-cineole (38.6
%) and camphor (19.9 %) in the study by Chalcat et al.®

It can be concluded that this slight variation in the chemical composition
could be caused by the climate conditions during the year, collection time and
exposition. Furthermore, aerial parts of A. clypeolata from the Mt. Rudina
(43°41'35" N, 21°55'18" E) had significantly different composition: E-y-bis-
abolene (17.9 %), 1,8-cineole (16.0 %), borneol (11.9 %) and caryophyllene
oxide (11.5 %) as reported by Simi¢ et al.® However, this diversity could be a
phenomenon of endemism within genus according to Radulovié et al.30

OSRR model validation

Prior to the GA calculation, the factor analysis was performed in order to
eliminate the descriptors with equal or almost equal values for the examined
molecules. Only one of the inter—correlated descriptors remained in the GA cal-
culation. As a result of this preliminary consideration, about 400 descriptors rem-
ained for GA calculation. GA was used to select the most appropriate molecular
descriptors for R/ prediction, and the selection of the most relevant descriptors
was done using the evolution simulation.31:32 The number of elements on each
chromosome (i.e., observed compounds) was equal to the number of the mole-
cular descriptors obtained in the PaDel base. The number of the elements was
kept relatively low to maintain a small subset of descriptors according to a study
by Todeschini and Consonni.33 As a result, the probability of generating zero for
an element was set at least 60 % greater than the probability of generating the
value of one. The operators used were crossover and mutation. The probability of
application of these operators was varied linearly with generation renewal (0.5 %
for mutation and 90 % for crossover). A population size of 100 individuals was
chosen for GA, and evolution was allowed for over 50 generations. The predicted
retention indices and molecular descriptors were presented in Fig. 1 and also in
Ttable S-1 of the Supplementary material to this paper, confirming the adequate
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prediction capabilities of the constructed ANN, by showing the relationship
between the predicted and experimental retention values.
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Fig. 1. Comparison of experimentally obtained R/s with ANN predicted values.

The principal component analyses (Fig. S-1 of the Supplementary material)
showed the groups of chemical compounds in the first factor plane. These groups
were mostly different according to molecular descriptors: VP-0, ICO and ETA
Epsilon 3.

The evolution of the generations was stopped when 90 % of the generations
took the same fitness.

The ANN results, including the weight coefficients, depend on the initial
presumptions of parameters which are vital for ANN development and fitting.
Likewise, the number of neurons in the hidden layer can alter the result of the
ANN model.

As a result, the seven most significant molecular descriptors selected by GA
were: 2D autocorrelation descriptors (AATSOv — average Broto—Moreau autocor-
relation — lag 0 / weighted by van der Waals volumes, and AATSC4c — average
centered Broto-Moreau autocorrelation — lag 4 / weighted by charges)33, 2D
Barysz matrix descriptor (VR2 Dzi — normalized Randic—like eigenvector-based
index from Barysz matrix / weighted by first ionization potential);32 Chi path
descriptors (VP-0 — valence path, order 0;34 extended topochemical atom des-
criptor (ETA Epsilon 3, which shows a measure of electronegative atom
count);34 information content descriptors (ICO — information content index
(neighborhood symmetry of 0-order and BIC2 — bond information content index
(neighborhood symmetry of 2-order).33

These descriptors encode different aspects of the molecular structure and
were applied to develop a QSRR model. Table II represents the correlation mat-
rix among these descriptors (none of the correlations were statistically signific-
ant).
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TABLE II. The correlation coefficient matrix for the selected descriptors by GA
AATSC4c  VR2Dzi  VP-0 ETAEpsilon3 1CO BIC2

AATSOv 0.059 -0.015  -0.149 0.124 —0.034 0.143
AATSC4c 0.209 0.151 0.059 0.046  0.175
VR2Dzi 0.166 0.200 -0.131  0.177
VP-0 0.151 -0.012  0.151
ETAEpsilon3 -0.232  -0.297
1CO 0.022

The calibration and predictive capability of a QSRR model should be tested
through model validation. The most widely used squared correlation coefficient
(r2) can provide a reliable indication of the fitness of the model, thus, it was
employed to validate the calibration capability of a QSRR model.

Artificial neural network (ANN)

In order to explore the nonlinear relationship between R/s and the selected
descriptors, ANN technique was used to build models. The ability to generalize
the model was evaluated by an external test set. The statistical results of the MLP
7-8-1 network is shown in Table III.

TABLE III. ANN model summary (performance and errors), for training, testing and valid-
ation cycles; performance term represent the coefficients of determination, while error terms
indicate a lack of data for the ANN model

Performance Error Train. Error Hidden Output
Train. Test. Valid. Train. Test. Valid. algor. funct. activat. activat.
MLP 7-8-1 0.950 0.825 1.000 1656.639 1236.916 531.5842 BFGS 8 SOS Exponential Tanh

Net. name

The predicted R/s presented in Table S-I confirm the good quality of the
constructed ANN, by showing the relationship between the predicted and experi-
mental retention values. The obtained results reveal the reliability of the ANN
models for predicting the R/s of compounds in 4. clypeolata essential oil deter-
mined by GC-MS. There are two groups of compounds according to the carbon
chain length, first monoterpenes (Cig) and the second group sesquiterpenes
(Cy5). The two compounds (cis and trans isomers) are allocated from other
monoterpenes. The retention indices of monoterpene compounds were in the
range of 927 and 1300, while in the case of sesquiterpenes indices ranged
between 1417 and 1648. Furthermore, thymol and carvacrol are the structures
containing both a phenyl and a hydroxy group, suggesting both benzene and
1-butanol as model compounds according to a study by Roon et al.36

Molecular descriptors

Separation of compounds in GC and their retention indices are linked to affi-
nity towards mobile and stationary phases. Affinity and solubility of the separ-
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ated molecules directly depend on their chemical structure and physicochemical
properties, which could be expressed by molecular descriptors. We have utilized
seven molecular descriptors for predictions of RI in the obtained ANN model.

2D average Moreau-Broto are spatial autocorrelation descriptors,37 and
could be weighted with charges (AATSC4c) or by van der Waals volumes
(AATSOvV). According to Hollas,38 these descriptors explain the molecular struc-
ture and physicochemical features of atoms. 2D autocorrelation descriptors are
obtained by interatomic distances obtained within the geometry matrix which is
determined by the set of atomic characteristics.33 Garcia-Domenech et al.3°
determined that Chi path descriptors belong to the group of connectivity indices
which show the numerical possibilities of two identical molecules encountering
each other and are obtained from the bond accessibilities. The Chi path index
descriptor, used in this work, was the average simple path order 1 (VP-0). 2D
Barysz distance matrix is a weighted distance matrix accounting simultaneously
for the presence of heteroatoms and multiple bonds in the molecule, and VR2 Dzi
was used in the study by Todeschini and Consonni.33 Information content des-
criptors were calculated as information content of molecules, based on the calcul-
ation of equivalence classes from the molecular graph. The indices of neighbour-
hood symmetry also take into account neighbour degree and edge multiplicity.
The used Information content descriptors were ICO and BIC2. Extended topo-
chemical atom descriptor ETA Epsilon 3 was used in research by Roy and
Ghosh,35 as a measure of electronegative atom count. The influence of seven
most important input variables, identified using genetic algorithm on R/ was
studied in this section. VPO was the most influential parameter with approx-
imately relative importance of 72.1 %, while the influence of ICO and AATSOv
were 6.6 and 5.1%, respectively. ETA Epsilon 3 and VR2 Dzi were influential at
levels 4.9 and 3.9 %, respectively. The influence of BIC2 and AATSC4c were
3.8 and 3.7 %.

CONCLUSION

A. clypeolata essential oil obtained by hydrodistillation was analyzed by
GC-MS. Analysis showed that the most abundant compounds were p-cymene
(24.4 %), limonene (13.5 %) and linalool (8.3 %). The QSRR model for estimat-
ing retention times of essential oil compounds was developed for a series of 40
compounds employing the ANN modelling approach. The results demonstrated
that the ANN model was adequate in predicting retention times of the 4. clypeo-
lata essential oil compounds. A suitable model with high statistical quality and
low prediction errors was derived. The following seven molecular descriptors
were suggested by genetic algorithm: two 2D average Moreau—Broto descriptors
(AATSC4c and AATSOv), Chi path descriptor VP-0, 2D Barysz distance matrix
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descriptor VR2 Dzi, two Information content descriptors (ICO and BIC2), and
Extended topochemical atom descriptor ETA Epsilon 3.

Selected molecular descriptors were not auto correlated which was suggested
by correlation coefficient matrix; thus, descriptors were suitable for QSRR ana-
lysis.

The results demonstrated that the ANN model was adequate in predicting the
RIs of the compounds in A. clypeolata essential oil obtained by hydrodistillation
and analyzed by GC-MS. The coefficient of determination for training cycle was
0.950, which is a good indication that this model could be used as a fast mathe-
matical tool for prediction of retention time values for compounds in A. clypeo-
lata essential oil obtained by GC-MS analysis due to low prediction error and
moderately high 72.The suitable model with high statistical quality and low pre-
diction errors was derived, and it could be further used for estimation RI of
newly detected compounds.
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SUPPLEMENTARY MATERIAL

Predicted retention indices and molecular descriptors of essential oil compounds in 4.
clypeolata obtained by hydrodistillation and PCA ordination of molecular descriptors are
available electronically from the Journal web site, http://www.shd.org.rs/JSCS/, or from the
corresponding author on request.

H3BOI
XEMHUJCKHU CACTAB ETAPCKOT YJbA Achillea clypeolata Sibth. & Sm. U QSRR MOJIEJT 3A
MPEOBUBHAILE PETEHLIIHOHOI BPEMEHA

MWJIMLIA ABMUMOBHR', JIATO ME30%, MUPJAHA LIBETKOBHER®, JOBAHA CTAHKOBHR® 1 UBAHA UABAPKATIA"

1I/Iucu7umym 3a pawmapcuieo u uospindpciieo Hosu Cag, Maxcuma I'opxoi 30, 21000 Hosu Cag,
ZYHuseme.em y Beoipagy, Hncuuinyim 3a ouwiny u pusuuxy xemujy, Cygenttcku wpi 10—12, 1000
Eeoipag, 3Yuusep3uu76w y Beoipagy, Hnciuitiy i 3a xemujy, TexHonotujy u memanypiujy, lbeiowesa 12,
11000 Beoipag u 4YHueep3umeu7 y Hosom Cagy, Unctuutiyin 3a xpany Texnonoiuja, bynesap yapa Jlasapa 1,
21000 Hosu Cag

Llum oBe cTtypuje Ouo je uspaja Mofena 3a Npegsuhama PETEHLMOHOT BpEMEHA XEMHU]-
CKUX jeIVernha U3 eceHLHjalHor yiba Hal3eMHHUX aenoBa dweke Achillea clypeolata Sibth. &
Sm., nodujeHor xugpopucTwiaudjom U aHamusupaHor GC-MS rtexHukom. KBaHTHUTaTHBHA
aHa/lM3a XeMHjCKe CTPYKType Y npensuhama peTeHIIMOHOT BpeMeHa (quantitative structure—
—retention relationship — QSRR) je nmpumMemeHa na OW ce mpeoBUIENO BpeMe 3aapxKaBama
XEMHjCKUX jefumbena fodujeHux kopumheweM GC—-MS ananuse. M300p cemam MONEKYICKUAX
IeCKpUITOpa U3BpLIeH je kopuitheweM (akTopcke aHalM3e U TeHeTCKOor anropurma. Ilpume-
heHo je ma u3adpaHu AeCKPUNTOPH HUCY Ounu y mehycodHoj kopenauujy, na cy KOpuirheHu
Kao yJIa3HH MOoZJauy IPH U3rpajilby BellTauke HEYPOHCKe Mpeske. Y H3rpajibd Mofena npen-
Buhamwa PETEHIIMOHUX BpeMeHa KopuiiheHo je ykynHo 40 exciepMMeHTalHO AOOMjeHUX pe-
TEHIJMOHUX BpeMeHa. KoedulijeHT feTepMUHalIMje TOKOM LIUKIIyca IPUITPEME, TeCTUpama 1
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Banuganuje ngocrurao je speguoctu 0,950; 0,825 u 1,000, penom, mTo ykasyje Ha TO [ja Ce 0Baj
MOJesl MOKe KOPHCTUTH 3a IpenBrlame peTeHIHOHUX BpeMeHa XEMUjCKUX jefuberna JoOu-
jeHHX U3 eceHUHjanHor yiba A. clypeolata.
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(ITpumsbeno 24. maja 2020, pesugupatno 17. janyapa, npuxsaheHo 5. dedpyapa 2021)
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Achillea clypeolata Sibth. & Sm. essential oil composition and QSRR
model for predicting retention indices
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JOVANA STANKOVIC3 and IVANA CABARKAPA#

!Institute of Field and Vegetable Crops Novi Sad, Maksima Gorkog 30, 21000 Novi Sad,
Serbia, 2University of Belgrade, Institute of General and Physical Chemistry, Studentski trg
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and Metallurgy, Njegoseva 12, 11000 Belgrade, Serbia and ?University of Novi Sad, Institute
of Food Technology, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

J. Serb. Chem. Soc. 86 (4) (2021) 355-366

Table S-I. Predicted retention indices and molecular descriptors of essential oil compounds in
A. clypeolata obtained by hydrodistillation

No Riyey AATSOv AATSC4cx10* VR2Dzi VP-0 ETA Epsilon3 ICO BIC2

1 902.5058 182.020 -5.8 8.005 7.146 0.454 0.961 0.577
2 9743304 182.020 -1.3 10.363  7.146 0.443 0.961 0.768
3 985.0507 182.020 -1.6 14.594  7.146 0.443 0.961 0.768
4 1001.993 182.020 -6.4 5539  6.983 0.443 0.961 0.698
5 1006.013 194.598 -3.7 8.125 6.724 0.443 0.980 0.776
6 1015.869 182.020 -2.5 9.047  6.983 0.443 0.961 0.742
7 1017.944 182.020 -2.0 15.842  6.983 0.443 0.961 0.742
8 1047.053 183.293 -2.5 5.604 7.555 0.442 1.154 0.670
9 1062.964 182.020 2.2 13.626  7.146 0.433 0.961 0.688
10 1068.251 194.598 -4.0 6.353  6.887 0.433 0.980 0.629
11 1071.717 172.795 -1.7 6.508  7.814 0.442 1.124 0.545
12 1077.483 182.020 -2.2 5.817  7.146 0.433 0.961 0.688
13 1097.757 182.020 -3.0 7.158  7.146 0.433 0.961 0.768
14 1123.312 172.795 -2.5 4.167  7.723 0.426 1.124 0.777
15 1132.768 172.795 -4.5 9.049 7.671 0.433 1.124 0.705
16 1135.335 183.293 -8.1 6.108  7.555 0.433 1.154 0.748
17 1155.812 183.293 -1.4 6.472  7.607 0.442 1.154 0.670
18 1160.327 183.293 8.8 13.688  7.464 0.442 1.154 0.794
19 1161.855 172.795 -5.0 9.560  7.723 0.442 1.124 0.647
20 1164.145 172.795 -0.6 5917  7.560 0.433 1.124 0.712
21 1175352 172.795 -9.4 6.941  7.723 0.433 1.124 0.763
22 1205.055 172.795 25 5.780  7.723 0.433 1.124 0.749
23 1214.242 195.469 -0.9 7911 7.132 0.442 1.183 0.787

* Corresponding author. E-mail: acimovicbabicmilica@gmail.com
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Table S-I. Continued

No Riyg AATSOv AATSC4c x10% VR2Dzi VP-0 ETA Epsilon3 IC0O BIC2

24 1220.251 195.469 8.5 7.064  7.257 0.433 1.183 0.725
25 1233.067 195.469 -10.0 7.675  1.257 0.433 1.183 0.725
26 1423.17 182.020 0.4 10.610 10.475 0.440 0.961 0.753
27 1469.839 182.020 -0.4 7.947 10.422 0.446 0.961 0.695
28 1491.72  182.020 -0,9 6.628 10.422 0.433 0.961 0.772
30 1493.986 182.020 -0.03 6.969 10.422 0.440 0.961 0.751
31 1502.399 182.020 0.5 7.513  10.638 0.440 0.961 0.711
33 1543.659 182.879 -0.3 6.024 10.792 0.445 1.106 0.719
34 1555.02 182.879 -1.2 7221 10.883 0.445 1.106 0.711
35 1556.701 182.879 -1.7 22.398 10.831 0.439 1.106 0.735
36 1572.945 182.879 -6.2 7221 10.792 0.439 1.106 0.777
37 1597.633 182.879 -4.6 7.351 10.629 0.439 1.106 0.736
38 1601.932 175.651 0.9 16.877 11.162 0.439 1.087 0.737
39 1646.202 173.568 0.9 15.457 10.619 0.418 1.067 0.737

Rlpeq, — predicted retention time, AATSOv - Average Broto-Moreau autocorrelation - lag 0 /
weighted by van der Waals volumes; AATSC4c - Average centered Broto-Moreau
autocorrelation - lag 4 / weighted by charges; VR2 Dzi - Normalized Randic-like eigenvector-
based index from Barysz matrix / weighted by first ionization potential; VP-0 - Valence path,
order 0; ETA Epsilon 3 - Extended topochemical atom descriptor; ICO - Information content
index, neighborhood symmetry of 0-orderand; BIC2 - Bond information content index
(neighborhood symmetry of 2-order.

1) Tricyclene; 2) a-Thujene; 3) a-Pinene; 4) Camphene; 5) Thuja-2,4(10)-diene; 6) Sabinene;
7) B-Pinene; 8) dehydro-1,8-Cineole; 9) a-Terpinene; 10) p-Cymene; 11) 1,8-Cineole; 12) vy-
Terpinene; 13) p-Mentha-2,4(8)-diene; 14) Linalool; 15) Z-p-Menth-2-en-1-0l; 16) o-
Campholenal; 17) Camphor; 18) Z-Chrysanthenol; 19) Borneol; 20) od-Terpineol; 21)
Terpinen-4-ol; 22) a-Terpineol; 23) Myrtenal, 24) Thymol; 25) Carvacrol; 26) E-
Caryophyllene; 27) allo-Aromadendrene; 28) Germacrene D; 30) y-Cadinene; 31) d-Cadinene;
33) Spathulenol; 34) Caryophyllene oxide; 35) B-Oplopenone; 36) Muurola-4,10(14)-dien-1-
B-ol; 37) Caryophylla-4(12),8(13)-dien-5-a-ol; 38) epi-a-Cadinol; 39) a-Cadinol
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Fig. S-1. PCA ordination of molecular descriptors based on component correlations
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Encapsulation of peach waste extract in Saccharomyces cerevisiae cells
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SEREGELIJ!, OLJA LJ. SOVLJANSKI!, JELENA J. VULIC!, BRANISLAV D. JOVIC?2
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! University of Novi Sad, Faculty of Technology, Bulevar cara Lazara 1, 21000 Novi Sad,
Serbia, 2University of Novi Sad, Faculty of Sciences, Department of Chemistry, Biochemistry
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Abstract: As a secondary industrial product, peach waste (PW) presents an eco-
logical problem, but is potentially a rich source of natural antioxidants. A pot-
ential and novel way to improve the phytochemical stability of waste rich in
phytochemicals is encapsulation in yeast cells that possess good structural
characteristics. In the present study, PW extract was encapsulated in non-plas-
molyzed, plasmolyzed and living Saccharomyces cerevisiae cells using the
freeze-drying method. HPLC analysis revealed that B-carotene is the most
abundant carotenoid, while epicatechin and catechin are the most abundant
phenolics in PW. The highest encapsulation efficiency of carotenoids (86.59
%), as well as phenolics (66.98 %), was obtained with freeze-dried non-plas-
molyzed yeast cells used as carriers. Although plasmolysis can cause some
changes in the structure and properties of yeast cells, it did not enhance the
encapsulation efficiency of present phytochemicals. Successful encapsulation
of PW extract in yeast cells was confirmed by FTIR spectroscopy and SEM
imaging. The obtained results present the encapsulation of sensitive com-
pounds in yeast cells by freeze-drying as an excellent method for preserving
valuable compounds and their potential use in the food and pharmaceutical
industries.

Keywords: phenolics; carotenoids; yeast; phytochemical stability; epicatechin;
catechin.

INTRODUCTION

In fields of food, agriculture, and drug ingredients, many substances are
useful for human health (antioxidants, essential oils, vitamins, etc.) and have
technological or organoleptic functionalities (enzymes, aroma, natural colorant,
etc.). Some of them are very sensitive to adverse environmental conditions, such

* Corresponding author. E-mail: sanja@tf.uns.ac.rs
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as moisture, temperature, oxygen, or undesirable effects of light, or display nega-
tive properties of their targets, such as biocides or drugs.!-2 One of the essential
ways for preserving these substances is encapsulation in which small active com-
pounds are surrounded by another material, thereby producing particles with dia-
meters of a few nm to a few mm. The encapsulated substance may be called the
core material, the active agent, fill or internal phase, while the surrounding mat-
erial is called the coat, carrier, external phase or wall material.3-> Encapsulation
prolongs the shelf life of some products under constantly changing storage con-
ditions, stabilizes the active materials since the wall material acts as a physical
barrier for oxygen or other molecules, preventing deleterious reactions, and
enable the material to be released in a controlled way in product applications.
Among the different techniques of encapsulation, freeze-drying is widely used in
the food industry as one of the especially effective methods for bioactive com-
pounds susceptible to degradation at high temperatures.1:+>

The stability and release properties of encapsulates are dependent on the
composition of the wall material and hence, various carriers have been used:
sugars, cyclodextrins, maltodextrins, modified starches, gums, proteins, and lipo-
somes.> The structure of the yeast cell wall made it an excellent and novel encap-
sulating material for the food industry,l46-8 which has many advantages over
other encapsulation carriers: natural, food-grade, low cost, health benefits, ther-
mostability and slow-release.3*9 Saccharomyces cerevisiae cell wall is approx-
imately 70—100 nm thick and is composed of f-glucans, a mannoprotein layer,
and a small amount of chitin. Due to their phospholipid membranes, yeast cells
can behave as liposomes and have been used for the encapsulation of both hydro-
phobic and hydrophilic molecules, such as essential oils,!0 resveratrol,!! curcu-
min,! flavor compounds,8 berberine,* chlorogenic acid® and enzymes.”

Peaches are a popular summer fruit, the increased consumption of which
lowers the risk of chronic diseases, such as cardiovascular diseases, cancer, dia-
betes, etc. In the last decades, peach production is about 21 million tones around
the world with an annual growth rate of more than 3 %. Peach cultivars rich in
carotenoids and phenolics have higher antioxidant activities and represent excel-
lent sources of natural antioxidants.!?2 Phenolics in peach include hydroxycin-
namic acids, such as caffeic, p-coumaric, ferulic, and chlorogenic acids, flavo-
nols, such as quercetin glycosides (quercetin-3-galactoside, quercetin-3-gluco-
side, quercetin-3-rutinoside), flavanols, such as catechin, epicatechin, procyan-
idin B1, and anthocyanins, such as cyanidin-3-glucoside and cyanidin-3-rutino-
side.!3:14 The carotenoid profile of peach includes f-carotene, f-cryptoxanthin,
lutein, and zeaxanthin.!>

By-products of plant food processing represent a major disposal problem for
the industry concerned, even though they present promising sources of com-
pounds that may be used for their high nutritional and excellent technological
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properties.16:17 Recovery of antioxidants from by-products of food processing
plants has gained importance since the replacement of synthetic antioxidants with
natural ones has benefits due to health implications and solubilities in food sys-
tems.!8 Peaches are composed of approximately 7-9 % of peel tissue and that the
exocarp is a concentrated source of nutrients. It can be assumed that over 20 % of
the total phytochemical concentration of a peach is lost if the peel is discarded
and not consumed.!2 Peach juice by-product contains 37 % of dietary fiber and
0.5-8 % of total polyphenols, mainly kaempferol and quercetin 3-O-rutinoside.!?

This study aimed at evaluating the feasibility of Saccharomyces cerevisiae
cells as an encapsulation carrier for phytochemicals present in peach waste ext-
ract. Simple solvent extraction of peach waste and freeze-drying of the formul-
ated encapsulation solutions was performed, and their potential to entrap and pro-
tect the present carotenoids and phenolics were evaluated. The distribution of
peach waste extract in yeast cells was studied by Fourier transform infrared ana-
lysis and scanning electron microscopy.

EXPERIMENTAL
Preparation of Saccharomyces cerevisiae cells

The reference culture of Saccharomyces cerevisiae ATCC 9763 was grown on Sabour-
aud Maltose Agar slants (SMA, Himedia, Mumbai, India) for 48 h at 30 °C. After incubation,
the cells were suspended in 5 mL phosphate buffer (pH 6.8), which was used as the inoculum
for the second subculturing. The second subculturing was realized in Fernbach flasks with 250
mL Sabouraud Maltose broth (Himedia, Mumbai, India). The flasks were agitated at 180 rpm
(Jeio Tech Lab, Korea) for 48 h at 30 °C.

From the yeast suspension, non-plasmolyzed (C1) and plasmolyzed (C2) yeast cells were
prepared according to Paramera ef al.! with some modifications. Briefly, before freeze-drying
(Martin Christ, Apha 2-4 LSC, Germany), the samples were frozen in a deep freezer (Snijders
Labs, Tilburg, The Netherlands). For yeast cell plasmolysis, a 10 % NaCl solution was used.
For centrifugation, a Rotina 380R centrifuge (Hettich, Germany) was used. Alive yeast cells
(C3) were prepared as the other two samples but without plasmolyzing and freezing.

Extraction of peach waste

Freeze-dried peach waste (PW), obtained using a Alpha 2-4 LSC Martin Christ freeze-
-drying apparatus (Osterode, Germany), was extracted three times using an acetone:ethanol
mixture (36:64 volume ratio) at a solid to solvent ratio 1:20 w/v, with the same volume of
solvents. The extraction was performed using a Unimax 1010 laboratory shaker (Heidolph
Instruments GmbH, Kelheim, Germany) at 300 rpm, under light protection, at room tempera-
ture, for 10 min. The three obtained extracts were filtered (Whatman paper No. 1), combined,
and stored in dark bottles at —20 °C until further analysis.

Encapsulation of peach waste extract in S. cerevisiae cells

Encapsulation by the freeze-drying technique was conducted following the method des-
cribed by Seregelj et al.20 with modifications. Each yeast sample (7 g) was dissolved in 10 mL
of water at 60 °C and kept under stirring until the temperature reached 30 °C. Separately, 50
mL of PW extract was combined with sunflower oil (1.5 mL), concentrated under reduced
pressure on a rotary evaporator set at 40 °C to remove the organic solvent, and immediately
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mixed with the previously prepared carrier solution. The mixtures were homogenized at 11000
rpm for 3 min at room temperature and frozen in a deep freezer. All samples were freeze-dried
at —40 °C for 48 h. The obtained encapsulates were stored at —20 °C until further use.

Determination of yeast cell number

The total count of living yeast cells was determined by the plate counting method using
SMA as the medium. In Cl1, the cell number was determined after subcultivation but before
freeze-drying. In C2, the cell number was determined after subcultivation and plasmolysis but
before freeze-drying. In C3, the cell number was determined after subcultivation. The encap-
sulation number was determined as E1 (encapsulated peach waste extract in non-plasmolyzed
yeast cells), E2 (plasmolyzed freeze-dried yeast cells) as well as E3 (in alive yeast cells). The
cells numbers are expressed as log CFU mL-! of suspension and log CF mg! of encapsulate.

Determination of carotenoids content

Total carotenoid content (7Car), expressed as mg f-carotene per 100 g of dry PW or mg
[-carotene per 100 g of encapsulate, was analyzed spectrophotometrically by the method of
Nagata & Yamashita.2! For the HPLC analysis of carotenoids, a solvent gradient was per-
formed by varying the proportion of solvent A (water:methanol 1:4 v/v) to solvent B (ace-
tone:methanol 1:1 volume ratio) at a flow rate of 1 mL min'! with the following gradient pro-
file: 25 % B 0-3 min; 75 % B 3-6 min; 90 % B 6-10 min; 100 % B 10-18 min; 50 % B
18-25 min; 25 % B 25-32 min. The column temperature was 25 °C and chromatograms were
plotted at 450 and 475 nm. The carotenoids were dissolved in hexane and identified by match-
ing the retention time and its spectral characteristics against those of standards.

Determination of phenolics contents

Total phenolic content (7Ph), expressed as mg gallic acid equivalents GAE per 100 g of
dry PW or mg GAE per 100g of encapsulate, was determined spectrophotometrically by the
Folin—Ciocalteau method adapted to microscale. For HPLC analysis of phenolic compounds,
chromatograms were recorded using different wavelengths for individual phenolic com-
pounds: 280 nm for hydroxybenzoic acids, 320 nm for hydroxycinnamic acids, and 360 nm
for flavonoids following the method of Tumbas Saponjac et al.?2

Antioxidant activity of peach waste extract and encapsulates

The antioxidant activity of the PW extract and the obtained encapsulates was expressed
as umol Trolox equivalent, TE per 100 g of dry PW and pumol 7F per 100 g of encapsulate,
respectively. Three different methods were utilized: the 2,2-diphenyl-1-picrylhydrazyl method
(SA) described by Girones-Vilaplana et al.,2? reducing power (RP) by Oyaizu,2! and S-caro-
tene bleaching assay (BCB) by Al-Saikhan et al.* The SA and RP were performed on 70 %
methanol extracts, while BCB was realized on hexane extracts.

Encapsulation efficiency

Determination of carotenoids encapsulation efficiency (EECar, %) was based on the cal-
culation of the concentration of carotenoids detected in the encapsulates (CC) over the initial
concentration of carotenoids added to make the encapsulates (IC). The TCar concentrations
were determined spectrophotometrically by the method described above. Thus, the EECar was
determined using Eq. (1):2

EECar = 100(w(CC)/w(IC)) €))

Determination of phenolics encapsulation efficiency (EEPh, %) was performed by the

Tumbas Saponjac et al. method.2> The concentration of the surface phenolics (SP) and total
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phenolics (7P) in the PW encapsulates were determined by the Folin—Ciocalteu method des-
cribed above. The EEPh was determined using Eq. (2):

EEPh = 100(w(TP)-w(SP))/w(TP) 2
Characterisation of the encapsulates

In order to confirm the encapsulation of peach waste extract in yeast cells, FT-IR ana-
lysis was performed among carriers and as well as the obtained encapsulates and PW. The
FTIR spectra of the samples were recorded on a Thermo Nicolet Nexus 670 FTIR spectro-
photometer using the transmission technique in KBr pellets. For all spectra, 32 scans were rec-
orded and averaged with a resolution of 4 cm’! for each spectrum. A DTGS detector was
employed in the IR measurements.

Morphological analysis of the surface of the samples was performed using a JEOL JSM-
-6390LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). Prior to the analysis,
(acceleration voltage 15 kV, beam current 20 nA, spot size 1 mm), the samples were sputter-
-coated with gold during 100 s under 30 mA ion current on BALTEC SCD 005 sputter coater
(Capovani Brothers Inc., Scotia, NY).

Statistical analysis

All experiments were run in triplicate. The results presented are means + standard devi-

ation (£SD, n = 3). Statistical analyses were realized using Origin 8.0 SRO software package

and Microsoft Office Excel 2010 software. Significant differences were calculated by
ANOVA (p <0.05).

RESULTS AND DISCUSSION

A potential and novel way to improve the phytochemical stability of waste
rich in phytochemicals is encapsulation in yeast cells that possess good structure
characteristics. In this study, the number of yeast cells was determined during the
above-mentioned treatments to show how these treatments affect changes in the
number of yeast cells. The results of the number of yeast cells in C 1-3 and
appropriate encapsulates are given in Table I. According to the obtained results
for the cells number, C1 and C3 after subcultivation are similar. In C2, after plas-
molysis, the cell number was reduced by about 6 log units, which means that the
NaCl concentration for plasmolysis was insufficient for total reduction. Accord-
ing to the gained number in encapsulates after freeze-drying (Table I), showed
that these processes significantly inhibit the growth of cells.

TABLE I. Number of Saccharomyces cerevisiae cells; data present the mean value of three
replicates +SD; values sharing the same letter (a, b and ¢) in the same row are not significantly
different at the 0.05 level according to Tukey’s HSD test

Number of yeast cells
Carriers (C) (log (CFU ml'"))  Encapsulates (E) (log (CFU mg!))

Sample number

1 9.62+0.04¢ 2.69+0.012
2 3.69+0.112 <4
3 9.30+0.08° 3.84+0.01b
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Namely, the freeze-drying process was lethal for almost all cells in E2. In
El, the number was reduced for 7 log units, and in E3 for 6 log units. Plas-
molysis can potentially increase the available encapsulation intercellular space
and increase encapsulation efficiency. However, the loss in viability does not
have a significant effect on yeast loading because encapsulation is mostly driven
by passive diffusion of the substance throughout the cell envelope. On the other
hand, proteins, polysaccharides, and other cellular components can make
retention and interaction of the active ingredient more difficult.2.

The phytochemical profile (carotenoids and phenolics) determined by spec-
trophotometric and HPLC analyses are presented in Table II. The data from the
HPLC analysis revealed the presence of p-carotene as predominant carotenoid
and f-cryptoxanthin.

The obtained results of the phytochemical content of peach waste extract and
encapsulates (Table II) are in accordance with spectrophotometrical data, where
E1 exhibited a significantly higher 7Car (p < 0.05) compared with E2 and E3.
Giuffrida et al.26 found three free carotenoids (zeaxanthin, S-carotene, and j-
-cryptoxanthin) in the peach extract, juice, and jam, whereby fS-carotene was the
most abundant in all samples. The carotenoid profile reported by Dalla Valle et
al.15 included B-carotene, S-cryptoxanthin, lutein, zeaxanthin, and lesser amounts
of additional related compounds.

The phenolics profile determined by HPLC analysis includes the presence of
four phenolic acids (p-coumaric, p-hydroxybenzoic, caffeic, and chlorogenic
acid), and four flavonoids (catechin, epicatechin, rutin, and quercetin). Epica-
techin and catechin are the most abundant compounds, the quantities of which
significantly differ among the samples. These findings could be explained by the
difference in the applied encapsulation carriers based on yeast pretreatment, as
well as their different capacity for bonding various compounds. Similar phenolics
and flavonoids profiles were also reported by Stojanovic et al.27 who studied
peach pulp and peel extracts. They reported that the peach pulp contains mainly
chlorogenic, neochlorogenic, and p-coumaric acids, whereas the peel contains
chlorogenic, neochlorogenic and p-coumaric acids together with several flavanol
glycosides in huge amounts. Furthermore, Andreotti, Ravaglia et al.23 detected
chlorogenic acid, catechin, epicatechin, rutin, and cyanidin-3-glucoside as the
main phenolic compounds of ripened peach fruits. Generally, the present HPLC
results showed the presence of the same groups of phenolic compound as in the
available literature.

The antioxidant activity of carotenoids is based on the scavenging peroxyl
radicals and quenching of single oxygen (10,), while phenolics act as reducing
agents, free radical scavengers, and quenchers of 10, formation.29 There is no
single chemical assay that can accurately evaluate the contribution of the hyd-
rophobic and hydrophilic compounds to the total antioxidant activity of the plants.
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Therefore, several assays were performed, i.e., SA and RP with hydrophilic
fractions, and BCB with hydrophobic fractions (Fig. 1). The SA and RP tests
(Fig. 1) showed significantly higher values for E1 and E3, which could be correl-
ated with the phenolic content of the mentioned encapsulates.

TABLE II. Total and individual contents of carotenoids and phenolics; *: non-plasmolyzed;
**: plasmolyzed freeze-dried; ***: alive. Data present the mean value of three replicates+SD;
values sharing the same letter (a, b, and c) in the same row are not significantly different at the
0.05 level according to the Tukey’s HSD test

Sample
Compound Unit Yeast cells
PW extract El* Fox E3##*
Spectrophotometrical analysis
mg f-carotene 1.9+0.3d 1.4+0.1°¢ 0.7+0.0b 0.2+0.12

TCar

(100 g™
TPh mg GAE (100 g'')  641.6£13.99  571.4+£39.8° 146.8+17.12 386.5+4.6
HPLC analysis

Epicatechin mg (100 g') 12.9+2.6>  303.2+2.1° 24.0£0.12  351.6+1.3d
Catechin 493.3+6.19  8.5+0.32  35.7£0.3b  230.9+2.7°
Caftfeic acid 3.0£0.1¢ 0.1+0.02 0.1£0.02 0.4+0.0P
p-Coumaric acid 3.0£0.24 0.3+0.0° 0.1£0.02 1.2+0.0¢
Chlorogenic acid 13.4+0.5¢  1.120.0 0.4+0.12 4.6+0.0¢
p-Hydroxyben- 30.4+1.8¢  2.0+0.0P 1.0£0.02 6.8+0.1¢
zoic acid
Rutin 0.3+0.1¢ 0.2+0.1° 0.14+0.02 0.140.02
Quercetin 0.240.0° 0.10.02 0.240.0° 0.120.02
Total phenolics 556.6+14.3° 3155424 61.6+4.52 595.7+12.3d
B-Cryptoxanthin 0.2+0.0° 0.1£0.0>  0.1+0.0b 0.0:£0.02
p-Carotene 1.3+0.2¢ 1.5+0.3¢ 0.1+0.02 0.1+0.02
Total carotenoids 1.5+0.2°¢ 1.6+0.9°¢ 0.2+0.02 0.1+0.02

On the other hand, the BCB assay showed a strong relationship between
carotenoids content and their potential to neutralize the linoleate free radicals and
other free radicals formed in the f-carotene—linoleic acid system.

Phytochemicals derived from plants have numerous health benefits, and the
therapeutic potential to cope with oxidative stress caused diseases when con-
sumed at a proper level. These natural antioxidants, especially carotenoids and
phenolics, exhibit a wide range of biological effects due to their action as free
radical scavengers and inhibitors of lipid peroxidation. Generally, the antioxidant
capacities of the samples were strongly dependent on the employed solvent, due
to the different antioxidant potential of the compounds with different polarities.26

As presented in Table III, Saccharomyces cerevisiae yeast cells have been
investigated for the encapsulation of hydrophobic (carotenoids) and hydrophilic
compounds (phenolics).
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Fig. 1. Antioxidant activity of peach waste extract and encapsulates.
TABLE III. The encapsulation efficiency (%) of carotenoids and phenolics; the data present

the mean value of three replicates+SD; Values sharing the same letter (a, b, and c) in the same
row are not significantly different at the 0.05 level according to the Tukey’s HSD test

Yeast sample - Component

Carotenoids (EECar) Phenols (EEPh)
Non-plasmolyzed (E1) 86.59+4.61°¢ 66.98+0.39°¢
Plasmolyzed freeze-dried (E2) 63.17+6.72b 24.59+4.012
Alive (E3) 26.97+5.10? 46.82+4.83b

As presented in Table III, the FECar value ranged from 26.97 to 86.59 %.
The highest EECar value (86.59 %) was obtained with freeze-dried non-plas-
molyzed yeast suspension (E1). The same trend was observed for EEPh, where
the application of non-plasmolyzed yeast suspension as the carrier exhibited the
highest efficiency (66.98 %). As previously mentioned, the increasing intracel-
lular space by the loss of cytoplasmic materials could be effective concerning the
encapsulation efficiency. For this purpose, plasmolysis with a NaCl solution is
commonly used as a pretreatment for the reduction of the intracellular contents of
cells. Some studies reported a greater increase in the encapsulation efficiency
after yeast cell pretreatment. Thus, Shi et al.® showed a two-fold higher encap-
sulation efficiency of chlorogenic acid in plasmolyzed yeast cells. Dadkhodazade
et al.30 reported the highest EE value (76.10 %) obtained with spray-dried plas-
molysed yeast cell encapsulates. Kavosi3! et al. revealed increasing purslane oil
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encapsulation efficiency from 52.96 to 60.27 % on increasing the intracellular
space. However, Paramera et al.! observed that cell plasmolysis had no signific-
ant increase on the encapsulation efficiency of curcumin. According to their exp-
lanation, curcumin was entrapped in the yeast cell by its adhesion to the cytoplas-
mic cell membranes or by interaction with the constituents of the cell walls via
hydrogen bonds. Therefore, the removal of water-soluble components of the
cytoplasm had no significant effect on curcumin uptake. Bishop et al.10 also
showed effective encapsulation of essential oils in Saccharomyces cerevisiae
without prior plasmolysis. Differences among the results could be explained by
the permeation of both hydrophobic and hydrophilic molecules, as well as the
physicochemical properties of the cell wall.2 The encapsulation efficiency also
depends strongly on the purity of the target molecules.® Variations in the results
could also be caused by the molecular size of the permeating compounds,
diversity of treatments, and encapsulation protocols.

The FT-IR spectra of non-plasmolyzed, plasmolyzed freeze-dried yeast cells,
alive yeast cells (C1-C3) and appropriate encapsulates (E1-E3) with PW extract,
as well as the initial PW extract, are shown in Fig. 2.
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Fig. 2. FT-IR spectra of samples: a) non-plasmolyzed, b) plasmolyzed freeze-dried yeast cells,
¢) alive yeast cells (C1-C3) and appropriate encapsulates (E1-E3) with PW extract;
d) initial PW extract.

Plasmolysis is the phenomenon in which intracellular water is drawn out of
the cell and because of the internal water loss, the cell membrane contracts from
the cell wall. This phenomenon occurs by modifying the structure of the cell wall
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and particularly of the membrane that affects the lipids, proteins, nucleic acids,
and carbohydrates of the whole yeast cell, cell wall, and membrane.! Due to
these changes, some differences between the spectra of non-plasmolyzed, alive,
and plasmolyzed yeast cells appeared (Fig. 2a—c). Changes in the region 3000—
—2800 cm! indicate modifications of the length of the lipid chains and the struc-
ture of the yeast membrane. Changes in the peak shapes in the region 1800-1500
cm! indicate partial protein degradation mainly involving the yeast cell wall.
Peaks within this region are associated with amide I and II signals of the protein,
carbonyl stretching modes of the pectic polysaccharides, and the O—H bending
mode of water.32 Changes in peak shapes in the band region 1500-1390 cm™!
indicate degradation of one part of the yeast proteins mainly involving the cell
membrane and the cell wall, while changes in peak shapes in the region 1100—
—~700 cm! indicate degradation of the cell wall of the polysaccharides (glucans
and mannans). The results showed that plasmolysis disorganized the yeast
plasma membrane and increased its fluidity. Furthermore, the yeast cell wall
became thinner since the mannoproteins were partially degraded along with
S-1,4- and S-1,6-glucans.

From the FT-IR spectra of the PW extract (Fig. 2d) some peaks that belong
to carbohydrates (region 1100-700 cm~!) are visible (for example, peaks 1047,
995, 926, 877 cm1). These peaks did not exist in the spectra of yeast cells, while
in the encapsulates,, these peaks disappeared or their shape is changed (Figs. 2a—
—c). This indicates to the fact that the main bands of the PW extract weakened
when they interacted with yeast cell components and that extract molecules are
rather located inside the yeast cells. This was confirmed by the fact that the FT-
-IR spectra of the encapsulates are similar to the spectra of the carriers (Figs. 2a—
—c). In all three encapsulates, it could be noted that the position of the carbonyl
peak was at a high wavenumber value (1745 cm™!). Since the position of the
carbonyl group in the proteins (more bonded, less free) is around 1650 cm1, it
could be assumed that this carbonyl group is freer in vibration, i.e., protein deg-
radation has occurred maybe because of interaction with the extract. The results
are in accordance with those of Shi et al.% and Paramera et al.!, who encapsulated
chlorogenic acid and resveratrol, as well as curcumin in yeast cells, respectively.

From the results, it could be confirmed that peach PW was successfully
incorporated into the yeast cells by intermolecular interactions and their integrity
was preserved after the freeze-drying process. This means the different yeasts
used as carriers are compatible materials for PW extract encapsulation according
to the FT-IR analysis.

The SEM images of non-plasmolyzed, plasmolyzed freeze-dried yeast cells
(C1-C2) and corresponding encapsulates (E1-E2), as well as encapsulates in
alive yeast cells (E3), are shown in Fig. 3.
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Fig. 3. SEM images of samples: a) non-plasmolyzed and c) plasmolyzed freeze-dried yeast
cells (C1-C2), and b, d) appropriate encapsulates (E1-E2), as well as e) encapsulates in alive
yeast cells (E3).

It could be seen from Fig 3a—c that the PW extract was successfully encap-
sulated in yeast cells, both non-plasmolyzed, plasmolyzed, and alive. Addition-
ally, there were no differences in the morphological properties of the cell wall of
the yeast cells and PW extract loaded yeast cells, i.e., the surface morphology
was intact and with no burst on the surface. This explains the absence of differ-
ence in non-plasmolyzed and plasmolyzed yeast cells (Figs. 3a and c) because
the plasma membranes are often considered to be the primary site of osmotic
injury.28 The results are in accordance with those of Salari et al.* who concluded
that the encapsulation process did not affect the organization of the cell wall.

CONCLUSIONS

This study shows that peach waste could be encapsulated in non-plasmo-
lyzed, plasmolyzed and living Saccharomyces cerevisiae yeast cells. The best
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encapsulation efficiency was achieved with freeze-dried, non-plasmolyzed yeast
cells, However, Fourier transform infrared spectroscopy and scanning electronic
microscopy confirmed encapsulation was also obtained for plasmolyzed, and
living cells. Overall, it could be concluded that peach waste, a rich source of
valuable bioactive compounds (phenolics and fS-carotenes), encapsulated in yeast
cells as carriers could find possible use in the food and pharmaceutical industries.
Struggling with the disposal of organic fruit waste around the world and pro-
viding recovery of health-improving substances that have great potential for util-
ization and high functional properties for the food industry, this study explains
carotenoids and phenolics encapsulation in yeast cells which could be a pro-
mising technique for the stability of peach waste extract for all production levels.
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Technological Development of the Republic of Serbia (Contract No. 451-03—68/2020—
14/200134) is gratefully acknowledged.

HU3BOJ
WHKATICYJIALIIUJA CITOPEOHOT ITPOU3BOJA IMPEPAJIE BPECKBE YV REJIUJE KBACLIA
Saccharomyces cerevisiae

IIPATOJbYB [I. IBETKOBUR', ATIEKCAHIIPA C. PAHUTOBHUR', BAA H. IIEPETEJB', OJbA Jb. LIOB/BAHCKHU',
JEJIEHA J. BYJIUR', BPAHHCJIAB [I. JOBUR” u BIAIIMMUP b. [IABJIOBUR’

’Yuusepsumem y Hosom Cagy, Texnonowku Qaxynimeii Hosu Cag, Bynesap yapa Jlazapa 1, 21000 Hosu
Cag, *Ynusep3uiieii y Hosom Cagy, IIpupogno—maitiemamuuxu paxynineid, Tpi Jocuiieja Odpagosuha 3,
21000 Hosu Cag u 3YHusep3uu7€m y Beoipagy, ITomotipuspegru paxyniteit, Hemawuna 6, 11080 3emyn

CexyHpapHHU npou3Boj npepaze dpeckse (PW) mpezcTaB/ba eKOIOWKY Npodiem, anu 1
NOTeHLWjaJIHd W3BOpP NPUPOIHUX aHTHOKCHIaHaTa. JegaH O MHOBAaTMBHMX HauyWHA Jia ce
noseha crabunHocT duTOXEMUKaNUja W3 CIOpPEJHUX INPOU3BOJA jecTe HHKalcyaaldja y
henuje xBacua, koju nocenyje fodpe CTPyKTypHe kapakTepucTuke. Y oBom pany, PW excTpakr
jé MHKancyJaupaH METOOM JIMOHWIK3alUje Y HelaasMOAU3UPaHUM, IUIa3MOJIM3UPaHUM U
xuBUM henujama Saccharomyces cerevisiae. HPLC aHanu3om je yTBpheHO #a je [-kapoTeH
HajIOMUHAHTHUjU KapOTEHOUJ, IOK Cy enUKaTeXWH M KaTeXWH HajIOMUHAHTHHjH (eHONH y
PW excrpaxry. Hajseha edukacHoCT nHKancynanyje kaporeHouna (86,59 %), xao u deHona
(66,98 %) je nocTMrHyTa NPWIMKOM HHKamcynanuje PW ekctpakra y nuodunusupase,
HemasMoinusrpase henvja kBacua. Maxo nimasmonnsa Moxe U3a3BaTd IPOMEHE Yy CTPYKTYPH
U ocobuHama henmje KkBacua, OBaj MOCTyHaKk HHje yTHUIA0 Ha mnosehamwe edHUKAaCHOCTH
WHKalCyandje TpPUCYTHUX (UTOXeMHUKaldja. YclelurHa WHKarcymnanuja PW ekcrtpakra y
henuje xBacua norsphena je u FT-IR cnexrpockonujom 1 SEM muxpockonujom. Ha ocHOBY
pesy/iTaTa OBOT pajia MOXKE Ce 3aK/byYUTH Ja je MpUMemeHa MeToja MHKarcylaluje oceT-
JBUBMX jedvmberna y henvje kBacla agexBaTHa OCHOBA 3a CTaOMIN3alHjy BPEJHUX KOMIIOHEHTH
Y BUXOBY NOTEHLHjaIHy yrnoTpedy y mpexpamdeHoj U hapmareyTckoj HHIYCTPHjH.

(ITpumsmeno 1. neuemdpa 2020, peBunupaHo 2. janyapa, npuxsaheHo 4. janyapa 2021)
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Abstract: Due to the importance of amino acids (AAs) as the basic bricks of
proteins and their application in the drug and food industries, there is great
interest in their separation and identification using simple and inexpensive
approaches. Application of predictive models for the determination of the
behavior of AAs can reduce trial-and-error experiments. Herein, the retardation
factor (RF) of 21 protein AAs were studied using the quantitative structure-
retardation factor (QSRR) model. The RF values of the AAs in ethanol-sodium
azide solution as the mobile phase of reversed phase thin layer chromatography
(RP-TLC) were correlated with the structural properties of the AAs. The sug-
gested QSRR indicated excellent fitting and prediction ability (R2train = 0.95
and R2test = 0.94). Furthermore, other statistical tests, such as y-scrambling,
cross validation and the Williams plot confirmed the stability, absence of
chance and the suitable applicability domain, respectively. It was shown that
the sum of geometrical distances between oxygen and nitrogen atoms in an AA
molecule is an important factor for the RF' values of the AAs in the ethanol—
—sodium azide.

Keywords: natural amino acids; descriptors; structural property; thin layer
chromatography; QSRR.

INTRODUCTION

Finding correlation and relationship between chromatographic retention time
or retardation indices and structural parameters of the desired analysts is an inter-
esting subject because it is a way to obtain basic information on the impact of the
structural features on the retention/retardation indices and to give an insight into
possible mechanisms for separation forces and elution process.1:2
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The ideal objective of models of quantitative structure-retention relation-
ships (QSRR), as a subfield in quantitative structure-retention relationships
(QSPR), is its application to predict the retention behavior of newly identified
molecules and similar synthesized derivatives or to estimate the involved mech-
anisms during various interactions, such as solute—solute, solute—stationary phase
and solute—mobile phase.3-# The prediction of retention/retardation of compounds
in chromatographic systems using QSRR can reduce trial-and-error experiments,
which is important in some series of species such as polychlorinated biphenyls
(PCBs), polybrominated, diphenyl ethers (PBDEs), polychlorinated dibenzo-
furans (PCDFs), etc. This could be significant in such compounds due to their
toxicity or scarce information about some of their derivatives.5:0

Different QSRR studies have been conducted on various chromatography
methods, such as reverse phase- and normal phase-high performance chromato-
graphy (RP-HPLC and NP-HPLC), micellar HPLC, gas chromatography, high
performance affinity chromatography, immobilized artificial membranes, and
planar chromatography, which are reviewed in different articles.57-8

RP-TLC is one of the most popular techniques and its retention mechanism
is based on partitioning of the compounds between hydrophilic mobile phase and
hydrophobic stationary phase. Due to the nature and mechanism of RP-TLC, the
lipophilicity of the analytes has an effect on their retention with a strict correl-
ation.”

Analysis and identification of amino acids (AAs) is of high importance
because AAs are the basic units of biomolecules, enzymes, peptides, and protein
and have impacts in the food and drug industries. Separation and identification of
AAs (protein or non-protein) have been intensively performed with column chro-
matography and their separation using simple methods, such as thin layer chro-
matography (TLC), have been considered in many studies.!%11 In a previous
study, a QSRR model was reported for separation of AAs in Normal Phase TLC
(NP-TLC) by considering both the properties of the mobile phase and the struc-
tures of AAs.12 To show the ability of QSRR in modeling the behavior of AAs in
RP-TLC, a QSRR modeling was recently designed in two different mobile
phases and the potential of structure-chromatography was confirmed in this
case.!3 However, because the recent work was performed by considering only the
structure of the AAs, more studies are required to show the capability of the
QSRR approach in the separation of AAs in RP-TLC in various mobile phases.
Thus, in the current study, a QSRR model was developed for the retardation
factor (Rf) of 21 protein AAs in RP-TLC using an ethanol-sodium azide solution
as a well-known mobile phase to identify the significant features in this elution
process.
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MATERIALS AND METHODS
The retardation factor (Rp) for the studied AAs using RP-TLC in ethanol-sodium azide
were adopted from literature!? and are given in Table L.

TABLE I. Experimental and predicted Rg of 21 AAs in ethanol-sodium azide and related resi-
dual values

Code Name Rg (Exp) Rg (Pred) Residual
AA 1 Glycine 0.82 0.84 0.02
AA?2 Alanine 0.82 0.78 —0.04
AA3 Aspartic acid 0.25 0.35 0.10
AA4 Arginine 0.13 0.14 0.01
AAS Proline 0.78 0.65 -0.13
AA 6 Hydroxyproline 0.84 0.88 0.04
AA T Lysine 0.02 0.02 0.00
AA 8 Glutamic acid 0.86 0.74 —0.12
AA 9 Serine 0.8 0.74 —0.06
AA 10 Tryptophan 0.83 0.87 0.04
AA 11 Valine 0.83 0.89 0.06
AA 12 Phenyl alanine 0.83 0.90 0.07
AA 13 Isoleucine 0.88 0.84 —0.04
AA 142 Leucine 0.88 0.97 0.09
AA 15 Asparagine 0.62 0.60 —0.02
AA 16 Methionine 0.83 0.84 0.01
AA 17 Cysteine 0.84 0.88 0.04
AA 182 Histidine 0.33 0.35 0.02
AA 19 Threonine 0.83 0.80 —-0.03
AA 207 Tyrosine 0.83 0.83 0.00
AA 212 Glutamine 0.77 0.72 —0.05

4AA samples used as the test set

The structural properties were produced from 22 categories of descriptors, i.e., topo-
logical, constitutional, topological charge indices, geometrical, connectivity, RDF, 3D
MoRSE, WHIM, GETAWAY, functional group counts, and some other groups were ext-
racted.!* The extracted descriptors were from a variety of kinds of features to cover the struc-
tural details of natural AAs. The structural descriptors were arranged in a matrix (D) of size of
21xc¢ where ¢ denotes the number of totally utilized descriptors. Then, constant and near cons-
tant columns from this matrix was deleted to remove redundant information. Collinear col-
umns in D were also removed after calculating the correlation of the descriptors with the Rg
vector and with other descriptors. Finally, among a detected pair of collinear columns, the one
with the lowest correlation with the R vector was eliminated from the D matrix. After these
refining process, 404 descriptors were retained in D (size = 21x404) for further process and
variable selection. In the current study, the structures of natural AAs were drawn using
Hyperchem software (version 7, Hypercube Inc., http://www.hyper.com, USA) and the AM1
semi-empirical method were applied during optimization. Different categories of the structural
features were extracted using DRAGON (http://michem.disat.unimib.it/chm/; Milano Chemo-
metrics and QSAR research group) for all AAs.

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



3 84 TORABI, HONARASA and YOUSEFINEJAD

In the next step, the constructed data matrix (D) was divided into test and training sub-
sets and the training set was targeted by variable selection and further model development.
Stepwise multiple linear regression (SMLR) was applied as the variable selection method and
the squared correlation coefficient of training set (R?,;,) and cross validation (Q%qy) were the
criteria for choosing the final model.!>!7 In addition to cross validation, different statistical
approaches, such as y-scrambling and prediction of a small portion of AAs, as the external test
set, were utilized to evaluate the prediction ability and stability of the suggested QSRR model
in RP-TLC.!8:19

All statistical and calculations tasks were carried out via MATLAB software (version
7.7, R2008b, Math work, Inc., http://mathworks.com, USA). A personal computer under the
Windows 7 operating system was used to run all software.

RESULTS AND DISCUSSION

After splitting the data into training and test sets of samples using random
selection from PCA space (Fig. 1a) and variable selection using stepwise MLR,
different models were constructed based on 1 to 8 descriptors of the AAs and the
results of fitting and cross validation is represented in Fig. 1b. As can be obs-
erved in Fig. 1b, a QSRR containing 5 descriptors was utilized as the optimum
one, after auto scaling the X-matrix (descriptors) and y-vector (RTLC retardation
factor):

RF(ethanol-sodium azide) = —2-34 (£0.584) — 0.19 (+0.003) G(N..0) —
~1.594 (+0.211) Mor24u+ 6.661 (+1.080) PW2 + (1)
1.018 (£0.200) Mor28u — 0.619 (+0.158) SEige

(a) 0:9 1

0.8 1

(b)

0.7 4

PC2
n
.

0.6

*
o
Correlation Coefficient

- -2 -1 1 2
30 0 0 0 0 30 05 4

. —@—R2_training
. - 0.4 4 !
-10 4 # Training ' —A—Q2_cv
o® OTest 03 —
-15 - 0 1 2 3 4 5 6 7 8 9 10
PC1 Number of Factors

Fig. 1. Two dimensional-PCA plot of the space of the total descriptors in AA chromatographic
samples (a) and correlation coefficient of the training set (R% i) and cross-validation (Q?) vs.
the number of descriptors to select the optimum number of factors (b) for the suggested
RP-TLC model in ethanol-sodium azide solution.

In the above suggested QSRR in ethanol-sodium azide solution G(N..0)
denotes the sum of geometrical distances between the nitrogen and oxygen atoms
in the AA structure. Mor24u is the unweighted three dimensional molecular rep-
resentation of structures based on electronic diffraction (3D-MoRSE) descriptors
of signal 24, PW2 denotes the path/walk 2-Ranic shape index, Mor28u corres-
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ponds to the unweighted 3D-MoRSE information of signal 28 and SEige is the
sum of the Eigenvalue from the electronegativity weighted distance matrix.14
The definitions and categories of the utilized descriptors are also summarized in
Table I1.

TABLE II. Class and definition of descriptors used in model 1 and 2

No. Name Class Definition

1 GN-0) 3D Atom pairs Sum of geometrical distances between N--O

2 Mor24u 3D-MoRSE descriptors 3D-MoRSE descriptors signal 24 / unweighted
3 PW2 Topological indices Path/walk 2 - Randic shape index

4 Mor28u 3D-MoRSE descriptors 3D-MoRSE descriptors signal 28 / unweighted
5 SEige Eigenvalue-based indices Sum of the eigenvalue from the electronegativity

weighted distance matrix

To obtain a better prediction of the Rp values, all five included descriptors
and experimental vector of Rp were targeted by mean-centering and scaling
(autoscaled).12:20 After these pre-treatments, the linear model was re-computed
based on these prepared data and Egs. (2) containing standardized MLR-coef-
ficients were obtained:

RF(ethanol-sodium azide) = —0. 72 (£0.098) G(N._o) —0.540 (£0.072) Mor24u +
+0.461 (£0.075) PW2 + 0.457 (£0.090) Mor28u —
—0.410 (£0.105) SEige )
R24p3in = 0.95, F = 39.85, RMSE(rain = 0.22, Ferig(95 %) = 3.33

As shown in the above results, the significantly higher value of F-statistic in
comparison to Fit confirms the significance of the above QSRR developed in
ethanol-sodium azide solution. In addition to R, of model 2, which was equal
to 0.95, 0?1 oo of cross validation was equal to 0.85 that shows suitable fitness
and sufficient stability of model 2.2! In Egs. (1) and (2), the standard 3of the five
descriptors are included because they have a very low value compared to the
calculated coefficients. Magnitude of the coefficient of each descriptor of AAs
can be used to conclude about the effect of that descriptor on R of natural AAs
in the studied mobile phase (ethanol-sodium azide solution).

Details and explanation of all structural descriptors in the suggested models
will be presented in the next sections. The numerical values of G(N--0), Mor24u,
PW2, Mor28u and SEige are given in the Supplementary material to this paper
(Table S-I).

In this model, the RMSE s and RZcq values were 0.26 and 0.94, respect-
ively. Thus, the results showed good agreement between predicted and experi-
mental Ry values for the 21 AAs in the training and test samples. Y-scrambling
was applied and the Q2\p value of this test was 0.25, which confirms that a
chance QSRR model in ethanol-sodium azide was not constructed. The predicted
values of retardation factor of the 21 free amino acids using the model are pre-
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sented in Table I and the statistical parameters of this QSRR model are given in
Table III. As was shown in the Fig. 2a, a suitable correlation between experimen-
tal and predicted Ry values of the amino acids was obtained. In addition to the
denoted statistics, some other criteria suggested by Golbraikh and Tropsha were
calculated for the developed QSRR model.2!-22 Some of the important and well-
-known metrics were calculated for the suggested model are denoted in the follow-
ing and their threshold values for a valid model are also mentioned in Egs. (3)—(5):
IRy?>— R'g?| = 0.00597 (Threshold value < 0.3, Passed!) 3)
k=1.00073 and (|[Ry2— R'?|/R?) = 0.00094
(Threshold value: [0.85<k<1.15 and [Ro2— R'o?|/ R? <0.1], Passed!)  (4)
k' =0.99132 and (|R'y> — R¢*[/R?) =0.00766
(Threshold value: [0.85< k' <1.15 and |R'o2 — Ro2|/R? < 0.1], Passed!)  (5)

0.8

0.6 -

.
0 g ® — ¢ Training

04 1 059 %25 05 075 11 125 | OTest

Ry (Predicted)

Standardized Residual

0.2 1

0 02 04 06 08 1 4

R, (Experimental) Leverage

Fig. 2. Plot of predicted R vs. experimental values for the 21 investigated AA samples using

the five parametric RP-TLC model in ethanol —sodium azide (a). The applicability domain of

the set of AAs shown by the Williams plot (b). The cut off values of the standardized residual
(£2.5 times the standards deviation) and the leverage (4") are illustrated by horizontal and
vertical dashed lines, respectively. All samples are located within the applicability domain.

Details of the calculation of these parameters can be found in the original
references?! but, as can be seen, the constructed QSRR passed these validation
criteria. Other criteria were also suggested by Roy ef al. to show the prediction
ability known as the average r2, or r2m and delta 72, or Ar2,.22 rzm should be
higher than 0.5 and Ar2,, must be lower than 0.2 in a valid method.23 For the
suggested QSRR shown in Eq. (2), 2, and Ar?y, of test set were 0.845 and
0.0402, respectively, which indicate the validity of the agreement between the
predicted and actual solubility in the test set. However, it is noteworthy that the
small number of AAs in test set is a limitation but this was because of the limited
amount of experimental data.
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TABLE III. Statistical performance of the proposed QSRR of the RP-TLC samples of amino
acids (in ethanol-sodium azide) using three different random-divided test and training sets

. RMSE,; ,
Training-test set Nigin®  Neest®  RZtrain® ¢ i 02 00¢ RMSE.S R%eq® RMSER" Q%\p!

1 16 5 0.95 0.22 0.85 0.35 094 026 025
2k 16 5 0.94 0.23 0.84 0.40 0.91 035 031
3! 16 5 0.95 0.23 0.84 0.41 0.91 033 0.16

*Number of RP-TLC runs in the training set; humber of RP-TLC runs in test set; “orrelation coefficient of the
training RP-TLC runs; 4root mean square error of the training RP-TLC runs (Calibration); “correlation coef-
ficient of leave-one-out cross-validation; froot-mean-square errors of leave-one-out cross-validation; Scorrel-
ation coefficient of the test RP-TLC runs; hroot—mean—square errors of the test RP-TLC runs; 'maximum cross-
-validation correlation coefficient for 30 Y-randomization tests; 'number of solvents in the test set as indicated
in Table I: AA9, AA14, AA18, AA20, AA21; Xnumber of solvents in the test set: AA2, AA10, AA12, AA1S,
AA20; Inumber of solvents in the test set: AAL, AA2, AA12, AAl6, AA1S8

Another important point should be considered in the evaluation of the QSRR
is its independency from the AAs that were used as the training set or reserved as
the test set. To ensure about this independency, two other subsets of TLC runs
were randomly chosen from the RP-TLC samples as the training sets and two rest
subsets (containing 5 AAs) as the test sets, which is shown in the results as train-
-test 2 and train-test 3. As presented in Table III, changing the AAs in the train-
ing or test set had no effect on the goodness-of-fit or prediction of the QSRR
model for the RP-TLC using ethanol-sodium azide.

Applicability domain and pair/multi correlation

As a well-known recommendation, the suggested QSRR model must exclude
any linear dependency between the AAs descriptors. This necessity is because
this seriously limits the accuracy in models with collinearity and cannot be useful
to justify the chromatographic behavior of analytes in RP-TLC during elution
with ethanol-sodium azide. Moreover, the presentation of collinear descriptors
led to wrong signs being obtained for the coefficients of the QSRR.16:24 The
correlation between each pair of descriptors in the five utilized AAs descriptors
was done and the matrix of pair correlation for the present QSRR model is given
in Table IV, which indicates no high correlation in this model.

TABLE IV. Pair correlation matrix for descriptors in the developed QSRR model for ethanol—
—sodium azide and the related VIF values as an index of multi-collinearity

Gin-0) Mor24u PW2 Mor28u SEige VIF
GN-0) 1.00 2.03
Mor24u 0.00 1.00 1.07
PW2 0.00 0.05 1.00 1.17
Mor28u 0.35 0.00 0.00 1.00 1.68
SEige 0.45 0.00 0.03 0.42 1.00 2.30

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



3 88 TORABI, HONARASA and YOUSEFINEJAD

Not only the existence of pair-correlation, but also multi-collinearity (i.e.,
collinearity of one with all others) in QSRRs is also a risk for model accuracy
and the variance inflation factor (VIF) is a good metrics to evaluate such colline-
arity.25 The high multi-collinearity can hide some of structural information
because of overlapping in independent variables.25 As could be observed in
Table 1V, the calculated VIF of all utilized descriptors (G(N..0), Mor24u, PW2,
Mor28u and SEige) are lower than critical value of 5.0,25 which shows that the
present QSRR does not suffer from risk of multi-collinearity. Thus, the sign of
coefficient and their magnitude in suggested QSRR could be trusted to justify the
effect of the selected structural properties of the AAs on their Rz value.

After the different statistical evaluations of the QSRR, the leverage and stan-
dardized residual for the AAs samples were calculated to represent the applic-
ability domain (AD).26 Considering AD can clarify the limitations and potential
of the developed QSRR for these AAs, it might be useful for RP-TLC of similar
structures derived from AAs.!9 AA samples with a leverage below the cut-off
value and with standardized a residual within the logical range can be considered
to be in the normal AD. A standardized residual higher than -3¢ or lower than
+3¢ is a suitable value.27-28 In addition, the cut-off value of the leverage is h* =
= 3(d+1)/nyain,2” where d denotes number of descriptors in the QSRR model
(here equal to 5) and nyj, shows the number of AAs in the training subset (here
equal to 16). Accordingly, the #* of the present QSRR was calculated equal to be
1.125.

According to Fig. 2b that is the Williams plot for the representation of both
standardized residual and leverage, all the studied chromatographic samples were
within the AD of model suggested for RP-TLC using ethanol-sodium azide.

Interpretation of model

In this model, G(N..0) was the first descriptor with a negative effect on the
Rp of AAs in ethanol-sodium azide, which confirmed the importance of “sum of
geometrical distances between N and O” (G(N..0)). It should be emphasized that
the effect of G(n..0) was also illustrated in previous research,!2 which was sig-
nificant in the separation of amino acids in normal phase TLC (NP-TLC) with a
negative effect on the Ry of amino acids.

Two unweighted 3D-MoRSE descriptors, named Mor24u and Mor28u (sig-
nals 26 and 24),14 are imported in the model with negative and positive sign of
the coefficients. The presence of 3D-MoRSE indices in this model and previous
work on this subject show the potential of this category of descriptors in pre-
diction of the retardation factors of amino acids in RP-TLC.!3 On the other hand,
different signs of these two 3D-MoRSE descriptors indicate their complex contri-
bution in the retardation of samples using ethanol-sodium azide. The other des-
criptor in model is PW2, which is categorized in topological indices and shows
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path/walk 2 — Randic shape index of the amino acids.!4 The positive contribution
of PW2 in the model illustrates the direct relationship of PW2 and Rp of amino
acids during separation with RP-TLC using ethanol-sodium azide. SEige is the
last parameter in model, which is an eigenvalue-based index with a negative sign.
SEige denotes the eigenvalue sum from electronegativity weighted distance mat-
rix!4 and thus, increasing this index in amino acids could enhance their retard-
ation factor in the ethanol-sodium azide system.

CONCLUSIONS

QSRR as a basic field in chromatography is a tool for showing the effect of
the molecular structure of analytes on their chromatographic behavior. On the
other hand, because of the effect of other parameters such as stationary and
mobile phase in separation, this work was focused on modeling the Ry of protein
AAs in RP-TLC during elution with ethanol-sodium azide.

One of findings in this study was the impact of the sum of the geometrical
distances between N and O on Rp value of AAs in RP-TLC using ethanol-
—sodium azide. It was found that decreasing the sum of this distance could inc-
rease the remaining AAs on the TLC plate and their Rf value in ethanol-sodium
azide. This fact was in accordance with previous report on the normal phase TLC
of AAs. Eigenvalue sum from electronegativity weighted distance matrix and
two 3D-MoRSE properties from AAs also had an important effect on the Rp
value in the investigated system.

Moreover, different statistical evaluation on training, cross validation, pre-
diction, y-randomization and applicability domain confirmed the stability and
accuracy of the suggested QSRR. However, the small number of compounds in
training and test sets could be considered a limitation of this work but it is note-
worthy that the goal of the current modeling was not only external prediction but
also was the chemical/structural description of the chromatographic behavior of
AAs. This work could give more information for explaining the separation of
AAs, in continuation of previous studies on other mobile phases and could be
completed with more studies in future.

SUPPLEMENTARY MATERIAL

Numerical vales of original descriptor used in model Eq. (1) are available electronically
at the pages of journal website: https://www.shd-pub.org.rs/index.php/JSCS/index, or from the
corresponding author on request.
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U3BOI
MMPETCKA3UBAKE ®AKTOPA 3AJPXKABAA IMTPOTEMHCKHUX AMUHO KUCEJIMHA ¥
PEBEPCHO-®A3HOJ TAHKOCJ/IOJHOJ XPOMATOTPA®HNIU CA ETAHOJI-HATPUJY M-
-A3UIOM KAO MOBUJIHOM ®A30M KOPUITREKLEM KBAHTUTATHBHE PEJTALIUJE
CTPYKTYPE U 3AOCTAJAIA (QSRR)
SUSAN TORABI', FATEMEH HONARASA? u SAEED YOUSEFINEJAD3
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30or 3Hayaja aMUHOKMCEJIIMHA ka0 OCHOBHUX jeJUHMIA TPOTEMHA U HBUXOBE IIPUMEHE y
WHAYCTPHjH JIEKOBA M XpaHe, MOCTOjU BEJIMKO 3aHUMAame 3a BUXOBO pa3fBajalke W HUOEHTHU-
¢ukauyjy kopuirhewem MpoCTUX U jedTUHUX MPHUCTyTIa. [IprMeHa MpeguKTUBHUX MOZeNa 3a
onpehuBame moHamamwa AK MOXe CKpPaTUTH eKCIepUMEHTe MOKyluaja-u-rpeimke. OBpe cy
daxropu 3aocrajawa (Rp) 21 mpoTenHCKe aMHUHO KHCEeIWHe MPoyYyaBaHU KopucTehu KBaHTH-
TaTUBHU CTPYKTypa-gakxTop 3aoctajara (QSRR) moznen. Rp aMMHOKHCE/INHA Y pacTBOpY eTa-
HOMa—HaTpUjyM-asuna kao MoOwiHe (pase TaHKOC/IOjHEe peBepcHO-(asHe xpomarorpaduje
(RP-TLC) cy xopenvcaHu ca CTpyKTYpHUM ocobWHama amuHokucenuHa. Cyrepucann QSRR
yKa3yje Ha H3BpCHO (pUTOBame M CNOCOOHOCT mpeaBuhama (Rjirain = 0,95 M Rypest = 0,94).
Hapame, ocTany CTaTUCTUYKM TECTOBM Kao WITO Cy ,y-scrambling”, yHakpcHa Banupauyja,
Williams rpaduk, notsphyjy cTadunHOCT, 0ACYCTBO CIy4yajHOCTH, OOHOCHO INOTOJAaH JOMEH
NpUMeHBUBOCTH. [lokasaHo je na je 30Mp reOMeTpHjCKUX yNa/beHOCTH aTOMa KHUCEOHWKA U
a3oTa y aMMHOKHCEIMHaMa 3HauajaH daxTop 3a RF BpefHOCTM aMHMHOKHCEIWHA y €TaHO/I—
—HaTpHUjyM-asuny.

(ITpummseno 11. jyHa, pesunupaso 30. asrycra, npuxsaheHo 6. oktodpa 2020)
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SUPPLEMENTARY MATERIAL TO
Prediction of retardation factor of protein amino acids in
reversed phase TLC with ethanol-sodium azide solution
as the mobile phase using QSRR
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J. Serb. Chem. Soc. 86 (4) (2021) 381-391

TABLE S-I. Numerical values of the original descriptor used in Eq. (1) (before auto scaling)

Code Name GnN.0) Mor24u PW2  Mor28u  SEige
AA 1 Glycine-III 6.5 -0.105 0.517 0.092 0.637
AA?2 Alanine-IIT 6.52 0.06 0.578 -0.115 0.637
AA3 Aspartic acid-IIT 15.5 0.095 0.572 0.03 1.134
AA 4 Arginine-IIT 48.96 -0.125 0.557 0.142 1.058
AAS Proline-III 6.43 0.034 0.563 -0.18 0.637
AA6 Hydroxyproline-IIT 10.15 -0.172 0.581 —-0.181 0.886
AAT Lysine-III 20.33 0.09 0.533 -0.183 0.778
AA 8 Glutamic acid-IIT 17.94 -0.135 0.568 0.124 1.134
AA9 Serine-III 10.26 -0.135 0.557 -0.017 0.886
AA 10 Tryptophan-III 16.85 -0.024  0.582 0.09 0.778
AA 11 Valine-III 6.47 -0.032 0.588 -0.219 0.637
AA 12 Phenyl alanine-IIT 6.53 —-0.056 0.564  -0.086 0.637
AA 13 Isoleucine-III 6.47 -0.013 0.571 -0.126 0.637
AA 14 Leucine-IIT 6.56 —-0.142 0.572 -0.228 0.637
AA 15 Asparagine-III 20.62 —-0.111 0.572 -0.023 1.026
AA 16 Methionine-III 6.48 -0.253 0.537 -0.233 0.709
AA 17 Cysteine-III 6.57 -0.092 0.557 -0.071 0.709
AA 18 Histidine-III 25.23 0.038 0.57 0.028 0.918
AA 19 Threonine-ITT 14.31 —-0.052 0.579 0.021 0.886
AA 20 Tyrosine-I1T 10.26 0.018 0.588 -0.002 0.886
AA 21 Glutamine-IIT 4.22 0.018 0.568 —0.282 0.637

* Corresponding author. E-mail: yousefisa@sums.ac.ir
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Structural study of Pt(II) and Pd(II) complexes with
quinoline-2-carboxaldehyde thiosemicarbazone
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Abstract: Two square—planar complexes, [PtLCI] (1) and [PALCI] (2), were
synthesized with quinoline-2-carboxaldehyde thiosemicarbazone ligand (HL),
and characterized by IR and NMR spectroscopy and single crystal X-ray dif-
fraction analysis. In both complexes, L™ is coordinated tridentately via the same
donor atom set, while the fourth coordination site is occupied by a chloride ion.
However, the complexes are not isostructural due to different types of non-cov-
alent intermolecular interactions. These interactions were analyzed using
Hirshfeld surfaces and two-dimensional fingerprint plots.

Keywords: single crystal X-ray diffraction; non-covalent interactions; N-hete-
roaromatic Schiff base; chelate complexes.

INTRODUCTION

During the last decades, thiosemicarbazones have been developed as organic
compounds with very diverse pharmacological applications. They show a broad
range of biological activity, such as antituberculosis, antiviral, antimalarial and
anticancer.!-2 It is assumed that the strong metal-chelating/-interacting properties
of thiosemicarbazones and their interference with the cellular iron and copper
homeostasis play an important role in their biological activity.!

Thiosemicarbazones are well known ligands that coordinate to various metal
ions in different modes. In general, a bidentate binding mode via N,S donor atom
set is the most common one.3-* However, the chelating capacity of thiosemicar-
bazones can be enhanced when additional suitable donor atoms are present in the

* Corresponding author. E-mail: tamarat@chem.bg.ac.rs
# Serbian Chemical Society member.
https://doi.org/10.2298/JSC201126079R
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molecule, as in the case of a-N-heterocyclic thiosemicarbazones.3# As thiosemi-
carbazones exist as thione—thiol tautomers, they can bind to a metal center in the
neutral or anionic forms. An overview on the observed bonding modes for this
class of ligands is given in several reviews in literature covering this field.3->

Thiosemicarbazone complexes have shown potent biological activity, such
as anticancer, antibacterial, antifungal, and antiviral, owing to their property to
diffuse through the semi permeable membrane of cell lines.2:#6 The enhanced
effect of the complexes in comparison to free ligands may be attributed to their
increased lipophilicity. Namely, upon coordination to the metal ion, the ligand
orient with the lipophilic and aromatic parts outwards, exposing the hydrophobic
part to the exterior.3 This allows the complex to enter the cell and could explain
the reason why complexes are more active than the parent ligands.

One line of previous research was focused on the synthesis, characterization
and biological activity evaluation of d-metal complexes with a-N-heterocyclic
chalcogensemicarbazones, predominantly derivatives of 2-formylpyridine and
quinoline-2-carboxaldehyde.”~14 Taking into account that many properties of
chemical systems are defined not only by the molecular structure but also by
weak intermolecular interactions,!5:16 herein the synthesis and characterization
of Pd(Il) and Pt(Il) complexes with quinoline-2-carboxaldehyde thiosemicarba-
zone, with the main focus on the solid state structures and main interactions that
govern the crystal packing, are reported. Both chosen ions have a d® electronic
configuration and almost the same ionic radii; thus, their complexes with the
same ligand systems are often isostructural. However, the higher basicity of the
5d Pt(Il) ion and its extended electronic density in comparison to the 4d Pd(Il)
ion can often result in stronger M---H-X (X = C, N, O, S) interactions for
Pt(I).17 These effects can lead to a difference in the molecular structure and
especially packing features of the complexes.!8

EXPERIMENTAL
Materials and methods

Thiosemicarbazide (97 %), and quinolone-2-carboxaldehyde (97 %) were obtained from
Acros Organics (BVBA, Geel, Belgium), while potassium tetrachloroplatinate(II) (98 %), and
potassium tetrachloropalladate(II) (98 %) were obtained from Aldrich (Sigma—Aldrich). All
solvents (reagent grade) were obtained from commercial suppliers and used without further
purification.

Elemental analyses (C, H, N, S) were performed by the standard micromethods using an
Elementar Vario ELIII C,H,N,S/O analyzer, and the results were found to be in good agree-
ment (£0.4 %) with the calculated values. The IR spectra were recorded on a Thermo Scien-
tific Nicolet 6700 FT-IR spectrophotometer by the attenuated total reflection (ATR) technique
in the region 4000—400 cm!. Abbreviations used for IR spectra: vs, very strong; s, strong; m,
medium; w, weak; vw, very weak. Molar conductivities were measured at room temperature
(298 K) on the Crison multimeter MM41. The NMR spectra were obtained on a Bruker
Avance 500 instrument equipped with a broadband direct probe. All spectra were measured at
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298 K in DMSO-dy. Chemical shifts are given on the ¢ scale (ppm) relative to tetramethyl-
silane (TMS) as the internal standard for 'H and 13C.

Synthesis of quinoline-2-carboxaldehyde thiosemicarbazone (HL)

The ligand was synthesized, as described previously!? in the condensation reaction of
quinoline-2-carboxaldehyde (0.862 g, 5.5 mmol) and thiosemisemicarbazide (0.500 g, 5.5
mmol) in ethanol (EtOH, 50 mL). The purity of the ligand was checked by elemental analysis
and NMR spectroscopy.

Synthesis of quinoline-2-carboxaldehyde thiosemicarbazonato-N,N,S-chloridoplatinum(Il),
[PtLCI] (1)

Into a suspension of HL (0.100 g, 0.44 mmol) in EtOH (10 mL), a solution of K,[PtCl4]
(0.180 g, 0.43 mmol) in 1 mL of water was added. The reaction mixture was refluxed for 1 h.
After cooling to room temperature, the obtained dark red microcrystals were separated by fil-
tration and washed with cold EtOH. Single crystals of 1 suitable for X-ray diffraction analysis
were obtained by slow diffusion of EtOH vapor into DMSO solution of microcrystals. Single
crystals of 1 were separated by filtration and washed with cold EtOH.

Synthesis of quinoline-2-carboxaldehyde thiosemicarbazonato-N,N,S-chloridopalladium(II),
[PdLCI] (2)

Into a suspension of HL (0.050 g, 0.22 mmol) in EtOH (10 mL), a solution of K,[PdCly]
(0.068 g, 0.21 mmol) in 1 mL of water was added. The reaction mixture was refluxed for 1 h.
After cooling to room temperature, the obtained orange microcrystals were separated by
filtration and washed with cold EtOH. Single crystals of 2 suitable for X-ray diffraction ana-
lysis were obtained by slow diffusion of EtOH vapor into a DMSO solution of microcrystals.
Single crystals of 2 were separated by filtration and washed with cold EtOH.

IR and NMR spectral data and spectra of HL, 1 and 2 are given in Figs. S-1-S-9 of the
Supplementary material to this paper.

X-Ray crystallography

Diffraction data were collected on a Gemini S diffractometer (Oxford Diffraction),
equipped with a MoKa radiation source (4 = 0.71073 A) and a Sapphire CCD detector. Data
collection strategy calculation and data reduction were performed with CrysAlisPro.2 Struc-
ture was solved by SHELXT,2! and refined with the SHELXL-2014.22 The SHELXLE?? was
used as a graphical user interface for the refinement procedures. All non-hydrogen atoms were
refined anisotropically. The hydrogen atoms attached to C atoms were placed at the geomet-
rically idealized positions with C—H distances fixed to 0.93 and 0.96 A for sp? and sp> C
atoms, respectively. Their isotropic displacement parameters were set equal to 1.2 and 1.5
Ueq of the parent sp? and sp® C atoms, respectively. The hydrogen atoms attached to N atoms
were located in a difference Fourier map and refined isotopically. The structures were valid-
ated with Platon?* together with extensive use of Mercury CSD 2020.2.02-26 and the Cam-
bridge Crystallographic Database (CSD).?’

A summary of the crystallographic data for the crystal structures is given in Table 1.

Hirshfeld surfaces and two-dimensional (2D) fingerprint plots

For visualization of the Hirshfeld surfaces, CIF files were used. Hirshfeld surface visual-
ization, presentation of results as d,.,, shape index, and curvedness, and calculation of 2D
fingerprint plots with d, and d; distances were generated using Crystal Explorer v.17.5.28:29
The distance from the surface to the nearest nucleus of the atom on the outside of the surface
is denoted as d,, while the distance from the surface to the closest nucleus of the atom on the
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inside of the surface is denoted as d;. The surfaces are mapped over a standard color scale, and
2D fingerprint plots are calculated using d, and d; values in the range 0.4-2.8 A.

TABLE I. Crystallographic data and refinement parameters for 1 and 2

Compound 1 2
Chemical formula Cl 1H9C1N4PtS Cl 1H9C1N4PdS
M, 459.82 371.13
Crystal system Monoclinic Triclinic
Space group P2y/n Pl

alA 11.1555(3) 8.6723(8)
b/ A 7.1925(2) 8.7320(8)
clA 16.2149(5) 9.5468(9)
VA3 1250.61 612.90

Z 4 2

D, /Mg m 2.442 2.011
Radiation type MoKa (A =0.71073 A) MoKa (4 =0.71073 A)
u/ mm! 11.585 1.886

Crystal size, mm

0.75%0.11x0.06

0.42x0.16%0.05

Data collection

Absorption correction Analytical Analytical

Tins Trmax 0.059, 0.529 0.859, 0.969

Reflections collected 11576 4636

Independent reflections 2970 2749

Observed reflections [/ > 20(/)] 2631 2463

Ryt 0.065 0.022

Range of 4, k, [ h=—14—15, k=—8—9, h=—11->11, k=—11-11,
[=—-22—18 [=—12—11

6 values, ° Onax = 29.0, O = 2.6 Omax = 28.7, Oin = 2.5

Refinement

R[F%>20(F?)], wR 0.021, 0.043 0.028, 0.055

R[all data], wR 0.027, 0.045 0.034, 0.059

Goodness-of-fit (S) 1.078 1.064

No. of reflections 2970 2749

No. of parameters 171 171

No. of restraints 0 2

AP maxs Mmin | € A7 0.63,-0.97 0.40, —0.65

CCDC No. 2044686 2044685

RESULTS AND DISCUSSION

Synthesis and spectroscopic characterization

By direct reaction of K[PtCly] or K5[PdCly] with the ligand HL in an equi-
molar ratio (1:1), the corresponding Pt(II) (1) and Pd(II) (2) complexes were
obtained (Scheme 1). The mole ratio of the reacting species did not influence the
composition of the products. The same products were also obtained by a template
reaction of metal salts with quinoline-2-carboxaldehyde and thiosemicarbazide in
an equimolar ratio (1:1:1). Both complexes are soluble at room temperature in
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DMSO and DMF, but sparingly soluble at elevated temperature in EtOH. The
synthesized complexes are non-electrolytes, as determined by molar conductivity
measurements. Elemental analysis showed that the molecules of Pt(Il) and Pd(II)
complexes contain one deprotonated ligand molecule and a chloride ion. In the
IH-NMR spectra of both complexes, the H-N3 proton signal (at 11.77 ppm in the
ligand) is missing, indicating coordination of the ligand in the deprotonated form.
The IR spectrum of the free ligand HL exhibits bands at 3393, 3265 and 3146
cm! arising from asymmetric and symmetric NH; stretching vibrations.39 Coor-
dination of azomethine nitrogen to the metal ions in both complexes is suggested
by the shift of the v(C=N) towards higher frequencies (1605 cm~! in HL, 1632
cm~lin 1, 1638 cm™! in 2). As a consequence of the coordination of sulfur atom,
the v(C-S) band in the IR spectra of the complexes is shifted to lower frequencies
(816 cm~! in 1 and 817 cm™! in 2) with respect to the metal free ligand (840 cm™1).
In both complexes, coordination via the quinoline nitrogen atom can be assumed
as ring stretching (1527, 1501 and 1451 cm™!) and the in-plane (750 cm1)
modes of the heterocyclic ring are shifted to higher frequencies.30 The solid state
structure of the complexes was elucidated by single crystal X-ray analysis (vide

infra).

X S
EtOH, H,0 . ~
NN /“\ + [MCL)*  + H,0 —— > [MCIL]+H;0" +3Cl
N H NH, 60°C, 1h
HL M = Pd(1I), Pt(Il)

Scheme 1. Synthesis of Pt(IT) and Pd(IT) complexes.

Molecular structures of 1 and 2

Complexes 1 and 2 crystallize in the monoclinic P21/n and triclinic P 1
space groups, respectively. The asymmetric unit of 1 and 2 contains the M(II) ion
and one deprotonated ligand coordinated via sulfur atom, quinoline and imine
nitrogen atoms (Fig. 1). The fourth coordination site is occupied by a chloride
ligand. The overlay of the structures shows differences in the value of angles
between the donor atoms of the ligand (Fig. 1). The coordination geometry
around the metal centers is slightly distorted square—planar with geometric index
of distortion 7= 0.10 for 1 and = 0.13 for 2.3! Due to the similar ionic radii of
the metal ions, the lengths of coordination bonds (M—N1, M-N2, M—Cl and
M-S) and corresponding bond angles are similar in both complexes (Table II).

As previously noticed for related thiosemicabazone complexes,3> in 1 and 2
the C1-S1 bond is a much longer than a double bond while the adjacent C1-N3
bond is shorter than a single bond, indicating a prevalent thiolate resonance form
of the coordinated ligand.
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Although 1 and 2 have the same geometry, their crystal packings are differ-
ent. With the exception of the nitrogen atoms, there are no classical proton
donors, thus crystal packing in both complexes are based mainly on weak non-
-conventional interactions. An obvious limitation in the analysis of non-conven-
tional contacts using the tools available in the CSD Mercury25:26 is the applic-
ation of distance criteria to determine the presence of a contact since interactions
can extend beyond sums of van der Waals radii.32-33 To gain further insights into
the way molecules of 1 and 2 pack in their crystals, Hirshfeld surface analysis
and noncovalent interaction plots (vide infra) were employed.

A B

N

©

Fig. 1. Perspective view and labeling of molecular structure of 1 (A) and 2 (B). Thermal
ellipsoids are shown at the 50 % probability level. Hydrogen atoms are shown as spheres of
arbitrary radius. The overlay of the molecular structures of 1 (green) and 2 (yellow) (C).

TABLE II. Selected bond lengths and angles for 1 and 2

Bond Bond length, A Angle Angle, °
Pt1-Cll 2.3092(10) N2-Pt1-N1 79.88(12)
Pt1-N1 2.125(3) N2-Pt1-S1 84.93(10)
Pt1-N2 1.946(3) N1-Pt1-Cl1 106.18(8)
Pt1-S1 2.2453(10) S1-Pt1-Cl1 89.16(4)
Pd1-Cl1 2.3236(8) N2-Pd1-N1 80.07(9)
Pd1-N1 2.149(2) N2-Pd1-S1 84.18(7)
Pd1-N2 1.964(2) N1-Pd1-Cl1 108.73(6)
Pd1-S1 2.2237(8) S1-Pd1-Cl1 87.04(3)

Hirshfeld surface and 2D fingerprint plot analysis

The Hirshfeld surface and 2D fingerprint plot analysis represent important
tools in exploring, understanding and describing crystal packing.28-34 The Hirsh-
feld surfaces mapped over dyorm utilize the function of normalized distances d;
and d,, where dj and d, are the distances from a given point on the surface to the
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nearest atom inside and outside the surface, respectively. The long interatomic
contacts, the contact at van der Waals separations and short interatomic contacts
can be seen on the dporm-mapped Hirshfeld surfaces as the blue, white and red
color regions, respectively. Further chemical insight into the molecular packing
can be obtained using curvedness and shape-index. Interactions can be observed
in the shape-index plot as red and blue regions, as well as in the curvature plot as
a flat zone in the same position of the surface as in the shape-index plot. On the
shape index, red-colored regions correspond to an acceptor, while blue-colored
regions belong to the donor of an intermolecular interaction.

2D Fingerprint plots, derived form a Hirshfeld surface, are a useful method
to summarize complex information about intermolecular interactions in a crys-
tal.34 The color of each point on the plot, corresponding to the relative area of a
(de, d;) pair, is recognized as the contribution from different interatomic contacts:
blue, green and red correspond to small, moderate and greatest contributions,
respectively. An uncolored region indicates no contribution to the Hirshfeld sur-
face.

The Hirshfeld surfaces of the complexes are depicted in Fig. 2, while the
pseudosymmetric 2D fingerprint plots are depicted in Fig. 3.

Fig. 2. Two views of the Hirshfeld sur-
face mapped with d,,, (top), shape-
index (middle) and curvedness (bot-
tom), for 1 (A) and 2 (B). The numbers
indicate points of contact derived from
intermolecular interactions (see Table
1I).
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de | A

e
B9 T 251 16 1.8 20 22 Z% 25 2.8 TO 1.2 T4 176 T8 20 272 24 726 238

di 1A di 1A
Fig. 3. Full 2D fingerprint plots for 1 (left) and 2 (right). For the interaction types see Table III.

TABLE III. Relative contributions and (d; + d,,) of different interaction types in the crystal
structures of 1 and 2, M =Ptin1; M=Pd in 2

. 1 2
No. Intetracglon Relative contribution  (d; +d,) |No. Relative contribution  (d; +d.)
P % A % A
1 N---H 8.6 2.0 1 9.8 2.0
2 Cl---H 16.5 2.6 2 16.8 2.7
3 S---H 11 3.1 3 8.7 2.6
4 M---H¢ 2.1 34 4 1.5 34
5 C---H 8.4 4.1 / / /
6 Cg-Cg 6.2 36 |5 5.3 3.8

In the crystal structure of 1, each molecule of the complex achieves six types
of non-covalent intermolecular interactions/contacts, resulting in a three dimen-
sional (3D) supramolecular structure. On the other hand, each molecule of 2
forms five types of intermolecular interactions. The relative percentage contribut-
ions of close contacts to the overall Hirshfeld surfaces in both crystal structures
are presented in Table III.

The brightness of the red spots on the Hirshfeld surfaces mapped over dnorm
can be qualitatively correlated with the strength of intermolecular contact, i.e., as
potential hydrogen bonds (bright spots), weak interactions (diminutive spots) or
short (faint spots) interatomic contacts.3> The bright-red spots indicated with ‘1’
on the Hirshfeld surfaces mapped over dnorm (Fig. 2) indicate to donors and
acceptors of classical hydrogen interactions involving N4 nitrogen atoms as
donors and N3 nitrogen atoms as acceptors. The bright-red spots indicated with
2’ on the same surfaces indicate the chlorine atom Cl1 as a double acceptor in
both crystal structures. However, the corresponding donors are different. In 1, the
donors are N4 and C2 atoms, while in 2, the donors are C2 and C4. The sulfur
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atom S1 in 1 is involved in probable short interatomic contact with the C11 car-
bon atom, as can be seen from the faint spot indicated with ‘3’. In contrast, the
sulfur atom S1 in 2 is an acceptor in the probable weak non-classical hydrogen
bonding with the N4 nitrogen atom as donor, since the spot indicated with ‘3’ is
bright red. To examine n—n stacking in the molecular packing, an analysis of the
Hirshfeld surface mapped over the shape-index and curvedness properties can be
used (Fig. 2). The n—= stacking between the quinoline rings is indicated by the
appearance of small blue regions surrounding bright-red spots within the rings
(Fig. S-10 of the Supplementary material). The presence of these interactions is
also evident as the flat regions around the rings on the Hirshfeld surface mapped
over curvedness for both complexes.

The relative contributions of different types of intermolecular interactions in
the crystal structures of 1 and 2 are different (Table III). This is a consequence of
different symmetries of the space groups in which the complexes crystallize. The
common feature for both complexes is that non-classical Cl---H interactions are
most represented, probably because the chlorine atom is a double hydrogen bond
acceptor. Finally, 2D fingerprint plots indicate the presence of M--H non-clas-
sical hydrogen interactions in both crystal structures (Fig. S-11 of the Supple-
mentary material).

Analysis of crystal packing

The packing of molecules in the crystal structure of 1 is depicted in Fig. 4A.
Each molecule of 1 forms a centrosymmetric dimer with a neighboring molecule
via N4-H4B-N3/ (i = —x, 1-y, 1—z) hydrogen interaction (D4 = 3.039 A,
<N-H--N = 175.8°). A centrosymmetric dimer is also formed by C5-H5--Pt1#
(ii = —14x, —1+y, z) weak non-classical hydrogen interaction (D4 = 3.542 A,
<C-H---Pt = 89.9°). These two interactions are responsible for the formation of
1-D infinite chains parallel to the [110] direction (Fig. 4B). The coordinated Cl1
atom is a double acceptor involved in two non-classical hydrogen interactions,
N4-H4A--CI17 (jii = Yax, —1/2+y, 1.5-z; D-~A = 3.385 A, <N-H--Cl = 141.6°)
and C2-H2--CI1¥V (iv = —1/2+x, 1.5y, —1/2+z; D4 = 3.527 A, <C-H--Cl =
161.6°), as depicted in Fig. 4C. Sulfur atom S1 is involved in weak intermole-
cular contact C11-H11--S1V (v = 12+x, 1.5-y, —1/2+z; DA = 4.156 A,
<C-H--S = 159.7°; Fig. 4D). Finally, in the crystal packing of 1 there are m—=
stacking interactions responsible for the formation of dimers (Fig. 4E) with a
Cg--Cg¥ distance of 3.60 A (vi = 1—x, 2—y, 1—z; Cg is the centre of gravity of the
pyridine part of the ring).

The packing of molecules in the crystal structure of 2 is depicted in Fig. 5A.
The same N4-H4B:N3! (i = —x, 1-y, —z; D-~4 = 3.009 A, N-H--N = 175.7°)
interactions are responsible for the formation of centrosymmetric dimers. Each
dimer unit is connected to a neighboring complex molecule by weak hydrogen
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interactions involving the metal center (C11-H11--Pd1% ii = 1—x, —y, 1-z;
DA =3.369 A, <C-H:-Pd = 84.0°), thus forming a chain parallel to the [1-1 1]
direction (Fig. 5B).

Fig. 4. Non-covalent interactions in the crystal packing of 1. A) The packing of molecules in

the crystal structure; B) a chain parallel to the [110] direction formed by C—H---Pt interactions;

C) C-H--Cl and N-H---Cl interactions in the crystal structure of 1; D) C—H--S contacts in the
crystal structure of 1; (E) n—n stacking interactions.

C

B c11#
¢ )

Fig. 5. Non-covalent interactions in the crystal packing of 2. A) The packing of molecules in
the crystal structure; B) a chain parallel to the [1-1 1] direction formed by C—H---Pd
interactions; C) 2D plane, parallel to (021), formed by C—H:--Cl and N-H--S interactions in
the crystal structure of 2; D) n—r stacking interactions.
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Although the Cl1 atom is also a double acceptor in weak hydrogen interact-
ions, as in 1, these interactions involve carbon atoms C2 and C4 (C2-H2---CI117%,
iii=-1+x,y,z;D+4=3.636 A, <C-H---Cl = 150.4° and C4-H4---Cl1, DA =
= 3.653 A, <C-H--Cl = 153.3°), thus a 1D infinite chain parallel to g-axis is
formed. This chain is further connected by weak interactions involving the S1
atom from an adjacent complex molecule (N4-HA--S™, iv = 1l-x, 1y, —z;
D--A =3.542 A, <N-H--S = 156.2°) thus a 2D plane parallel to (021) is formed
(Fig. 5C). There are also n—m stacking interactions responsible for the formation
of dimers (Fig. 5D) with a Cgl--Cg2" distance of 3.76 A (v = 1-x, -y, 1-z; Cgl
and Cg2 are the centre of gravity of the pyridine part and benzene part of the
quinoline ring, respectively).

CONCLUSION

Herein, the synthesis, spectroscopic characterization and single crystal X-ray
diffraction analysis of novel square—planar Pt(I) and Pd(I) complexes with
quinoline-2-carboxaldehyde thiosemicarbazone are presented. In both complexes,
the ligand is tridentately coordinated in the anionic form via the sulfur, quinoline
and imine nitrogen donor atoms. The fourth coordination site is occupied by a
chlorido ligand. Despite the similar ionic radii of the metal ions and respective
coordination bond lengths, crystal packing of the complexes is different. Detailed
analysis of non-covalent interactions revealed that non-classical Cl---H interact-
ions are the most represented in both crystal structures. The coordinated chlorine
atom is involved in bifurcated non-classical hydrogen interactions. In both crystal
structures, one interaction involves the imine carbon atom as a donor. However,
in the second interaction, the thioamide nitrogen atom is a donor in the case of 1,
while in the crystal packing of 2, the interaction involves the mefa carbon atom
of the pyridine part of the aromatic ring. This might contribute to the difference
in crystal packings of the synthesized complexes.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.

Additional crystallographic data for the structures reported in this paper have been
deposited at the Cambridge Crystallographic Data Centre with quotation numbers CCDC
2044685 and 2044686. They are available free of charge on request via
www.ccdc.cam.ac.uk/data_request/cif
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U3BOI
CTPYKTYPHA CTYOUJA KOMITJIEKCA Pt(I11) ¥ Pd(I1) CA XMUHOJINH-2-
KAPBOKCANEOEXU THOCEMHUKAPBEA3OHOM
MIPEJIPAT I'. PUCTUR', MAPKO B. POJIUR* HEHA]I P. ®UJIUIIOBUR’, IPATAHA M. MUTHUR', KATAPYMHA K.
AHBEJIKOBUR' 1 TAMAPA P. TOOPOBHR'
1YHueep3umew y Beoipagy — Xemujcku paxynmiei, Cuiygenticku wipi 12—16, 11000 Beoipag, ZHpupoguo—
—mattemaiiuuxy paxyniieid, Ynueep3uiieii y Hosom Cagy, Tpi Hocuineja Odpagosuha 4, 21000 Hosu Cag,
3Yuueep3umew y Beoipagy — Iomwotipuspegru paxyniieii, Hemarwuna 6, 11000 Beoipag u ‘Hnosavuonu
uenmap Xemujckol paxyniteinia, Ynusepsutieti y beoipagy, Cuygenticku wipi 12—16, 11000 Beoipag

CuHTeTHCaHa Cy IBa KBaJpaTHO—IUlaHapHa Komiutekca, [PtLCl] (1) u [PALCI] (2), ca
XWHOJUH-2-Kkapbokcangexus tMocemukapbasoHckum nurangom (HL), xoju cy oxapakTepu-
cau IR 1 NMR cnexrpockonujom U gudpakuujom X-3paka ca MOHOKpUCTana. Y oba KoM-
miexca L™ ce KoopAMHOBAO TPUAEHTATHO NTPEKO UCTOT CeTa IOHOPCKUX aToMa, 0K je YeTBPTO
KOOPJUHALIMOHO MECTO 3ay3€0 XJIOPUIHM joH. Mel)yTHM, KOMIUIEKCH HUCY U30CTYKTypHH 300T
Pa3IMUUTHUX BPCTAa HEKOBaJEHTHUX MHTEPMOJIEKyJapHUX MHTepakuuja. OBe MHTepakuuje cy
aHanusupaHe nomohy XuWpII(UIZOBUX MOBPLUIMHA U JBOAUMEH3UOHATHUX TPadUKOHA OTH-
caka npCTHjy.

(ITpumsbeHo 26. HoBemOpa, pesunupaHo 1. neuemdpa, npuxsaheno 2. genembpa 2020)
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Structural study of Pt(II) and Pd(II) complexes with
quinoline-2-carboxaldehyde thiosemicarbazone

PREDRAG G. RISTIC!, MARKO V. RODIC2, NENAD R. FILIPOVIC3, DRAGANA M.
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Quinoline-2-carboxaldehyde thiosemicarbazone (HL)

Yield: 0.647 g (51 %); IR (ATR, ecm™!): 3393s, 3265m, 3146s, 3062m,
3004m, 2979m, 1605s, 1527vs, 1501s, 1451s, 1359w, 1321s; 1281s, 1208w,
1111s, 1060m, 948vw, 925w, 901vw, 867vw, 840m, 773w, 750m; TH-NMR (500
MHz, DMSO-dg, 8/ ppm): 7.58 (1H, m), 7.72 (1H, m), 7.95 (2H, m), 8.20 (1H,
s), 8.31 (2H, m), 8.41(1H, s), 8.43 (1H, s), 11.77 (1H, 5). 13C-NMR (126 MHz,
DMSO-dg, 6 / ppm): 118.54, 127.55, 128.25, 128.33, 129.20, 130.33, 136.69,
142.96, 147.75, 154.33, 178.91.

* Corresponding author. E-mail: tamarat@chem.bg.ac.rs
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Quinoline-2-carboxaldehyde thiosemicarbazonato-N,N,S-chloridoplatinum(Il),
[PtLCl] (1)

Yield: 0.04 g (42 %); Anal. calcd. for Ci1H9CINyPtS (FW: 459.82): C,
28.73; H, 1.97; N, 12.18; S, 6.97 %. Found: C, 28.39; H, 1.59; N, 11.89; S, 7.23
%; IR (ATR, cm™1): 3395m, 3287m, 3224w, 3104m, 1632s, 1576m, 1544m,
1516w, 1471vs, 1442vs, 1399s, 1317m, 1290m, 1237w, 1206vw, 1143m, 986w,
944vw, 868w, 816w, 774vw, 745vw, 707w; TH-NMR (500 MHz, DMSO-dg, &/
ppm): 7.70 (1H, ¢), 7.84 (1H, d), 7.86 (1H, m), 8.05 (1H, d), 8.25 (2H, s), 8.61
(1H, s), 8.74 (1H, d), 9.69 (1H, d); 13C-NMR (126 MHz, DMSO-dg, 6/ ppm):
121.24, 126.36, 128.08, 128.69, 129.61, 132.54, 141.73, 147.86, 148.24, 161.82,
185.09; Ap (1 x 1073 M, DMSO, Q! cm?2 mol™1): 2.76.
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uinoline-2-carboxaldehyde thiosemicarbazonato-N,N,S-chloridopalladium(1l),
PdLCl] (2)

Yield: 0.03 g (39 %); Anal. calcd. for C;1H9CINgPdS (FW: 371.13): C,
35.60; H, 2.44; N, 15.10; S, 8.64 %. Found: C, 35.28; H, 2.52; N, 14.93; S, 8.35
%; IR (ATR, cm_l): 3422s, 3362s, 32945, 3127s, 3041m, 2959m, 1638s, 1598w,
1578w, 1475vs, 1449vs, 1398m, 1320w, 1293w, 1233w, 1158s, 991w, 852w,
817w, 776w, 747w; TH-NMR (500 MHz, DMSO-dg, &/ ppm): 7.69 (1H, 1), 7.83
(2H, m), 8.04 (1H, d), 8.06 (1H, s), 8.11 (1H, s), 8.70 (1H, d), 9.48 (1H, d); 13C-
NMR (126 MHz, DMSO-dg, 6 / ppm): 121.59, 126.9, 128.43, 128.65, 132.27,
141.28, 147.42, 147.55, 159.17, 182.77; Ay (1 x 1073 M, DMSO, Q7! cm?
mol~1): 1.98.
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Fig. S-10. Views of the Hirshfeld surface for 1 (left) and 2 (right) mapped over the shape-
index property highlighting blue regions about bright-red spots within the quinoline rings,
which are highlighted by the white circles.

Fig. S-11. Blue patches on the Hirshfeld surfaces for 1 (left) and 2 (right) with highlighted
corresponding M- -H interactions.
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Microstructure, roughness, and corrosion resistance of XSCrNil8-10
austenite stainless steel welded joint®

BOJANA M. RADOJKOVIC*# BORE V. JEGDIC*, JOVANKA N. KOVACINA#,
SANJA 1. STEVANOVIC* and DUNJA D. MARUNKIC#

University of Belgrade, Institute of Chemistry, Technology and Metallurgy, Department of
Electrochemistry, NjegoSeva 12, Belgrade, Serbia

(Received 3 December 2020, accepted 3 February 2021)

Abstract: The influence of the microstructure of X5CrNil8-10 stainless steel
welded joint on its resistance to general, pitting, and intergranular corrosion
was analyzed. The structure of weld metal, heat affected zone (HAZ) and base
metal before and after electrochemical testing was analyzed using SEM/EDS.
The influence of the roughness level of the welded joint on its resistance to the
mentioned types of corrosion was also examined. Although the degree of sen-
sitization of HAZ was significantly lower than the limit value, HAZ showed a
noticeably greater tendency to general and pitting corrosion than weld metal
and base metal. Polishing has been shown to improve significantly the corros-
ion resistance of HAZ than in other parts of a welded joint.

Keywords: test methods; electrochemistry; SEM/EDS; AFM.

INTRODUCTION

Welded joints of X5CrNil8-10 stainless steel, under certain conditions, have
a tendency towards various types of localized corrosion, such as pitting cor-
rosion, intergranular corrosion, stress corrosion cracking, etc. This poses a major
problem in the application of these steels in various industries.

Localized corrosion of stainless steel occurs especially in the presence of
chloride ions.! Intergranular corrosion occurs along chromium-depleted zones
that are formed, for example, in the heat affected zone (HAZ) during welding.?
The places where pitting corrosion occurs are MnS inclusions, chromium-dep-
leted zones in the HAZ, as well as austenite/ferrite boundaries in the weld
metal.3~7

* Corresponding author. E-mail: bojana.radojkovic@ihtm.bg.ac.rs

* The lecture held at the meeting of the Electrochemical Division of the Serbian Chemical
Society in Belgrade on October 26th, 2020.

# Serbian Chemical Society member.
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There is great disagreement regarding the influence of surface roughness
levels on corrosion resistance of stainless steels and other alloys.8~10 While some
deny this effect, others show that there is a direct effect of roughness on corros-
ion resistance.

In this abstract, the influence of the microstructure of welded joint and sur-
face roughness on resistance to general and pitting corrosion, as well as on the
stability of passive film was investigated.

EXPERIMENTAL

Welding of the X5CrNil8-10 stainless steel was performed by the TIG process using
constant welding parameters (welding rate 5 cm min'!, current level 150 A, heat input 14.6 kJ
cm!), using argon as shielding gas. The microstructure of individual parts of the welded joint
before and after electrochemical testing was analyzed using an SEM/EDS microscope. Having
in mind the small dimensions of the welded joint zones, a small electrochemical cell was
constructed that enables such tests.

In order to determine the resistance to general and pitting corrosion, polarization mea-
surements were performed in an NaCl solution. Testing of intergranular corrosion was per-
formed by the electrochemical potentiokinetic reactivation method with a double loop (DL
EPR). Electrochemical tests were also performed on welded joint specimens with different
roughness. The morphology and degree of roughness were analyzed using atomic force micro-
scopy (AFM).

RESULTS AND DISCUSSION

The characteristic parts of a welded joint are shown in Fig. 1. These parts
differ in microstructure and show different corrosion resistance.

) XU
) U

Fig. 1. Parts of the welded joint: a) weld metal, b) HAZ with coarse grain, c) HAZ and
d) base metal.

In the weld metal (Fig. 1a) during solidification, a dendritic austenite/ferrite
microstructure is formed.2 Directly to the weld metal, a narrow zone is formed in
which, due to the large heat input during welding, a significant grain growth
occurred (Fig. 1b). The grain size in this zone ranged from 46 to 69 um.

In the HAZ (Fig. 1c) during welding, chromium carbides are precipitated at
the grain boundary, resulting in the formation of the chromium-depleted zones.2
Particularly sensitive to pit formation are the places where MnS inclusions inter-
sect these zones. In the HAZ, the grain size was the same as for the base metal
(from 18 to 20 um). In the base metal, there are no microstructural changes.
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AFM 3D plots of grinded and polished specimens are shown Fig. 2. Unlike
the ground specimen, no grooves were seen on the polished specimen. The RMS
value in the ground specimen was 54.0 nm, while in the polished one it was 3.6
nm.

0.5 5 0.25 yum

Fig. 2. AFM plots in a 3D perspective: a) ground and b) polished surface of stainless steel.

The intergranular corrosion was tested using the DL EPR method. The ratio
of the reactivation current /; and the passivation current /,,, taking into account
the grain size G (G ~9), is a measure of the resistance of stainless steel to inter-
granular corrosion:

i 2
Ty )pa Ip(10_3 2G+5)

The ratio (/;/Ip)ga for HAZ was about 3.5 times below the limit value
defined by the ISO standard, while in the base metal, this ratio was even lower
(Fig. 3). The relatively low value of (/;/Ip)GBA is a consequence of the low car-
bon content in the stainless steel.

1600 4

’ -

1200 4

SN Base metal
5 by
T e A .
0.4 0.2 0.0 0.2
Evs.SCE/V Fig. 3. DL EPR diagram.
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The results presented in Fig. 4 show that the HAZ resistance to general
corrosion is reduced and the susceptibility to pitting corrosion (compared to the
base metal) is increased. This could only be a consequence of the formation of
chromium-depleted zones along the grain boundaries in the HAZ.

At potentials lower than Epj¢ (Fig. 4), current peaks are visible, which indi-
cate the formation of metastable pits. At potentials above Epj, the pits grow
steadily. The weld metal had the highest resistance to general and pitting cor-
rosion due to its higher content of chromium and nickel than in the base metal.
The results of electrochemical tests are summarized in Table 1.

TABLE L. Results of electrochemical testing of ground and polished welded joint

Sample Lo / DA Lpss / DA E it/ mV Epi/ mV
Base metal Grinded 5.5 28 336 387
Polished 1.5 2.0 387 387
Weld metal Grinded 6.0 25 326 430
Polished 1.4 2.2 427 427
HAZ Grinded 14 40 278 346
Polished 2.4 33 378 378

The polarization curves obtained for polished specimens (Fig. 5) do not con-
tain the characteristic passivation peak, which is visible in the polarization curves
in Fig. 4. Besides, metastable pits are not formed. A single pit is probably
formed, which continues to grow.

0.4 1

0.3
>
[Sa} :

0.2 ;
% Base metal
§ .
-
w014

0.0

10" 10° 10* 10" 10° 10° Fig. 4. Polarization diagrams for the base
I/A metal and HAZ.

The roughness noticeably affects a change in the corrosion resistance in
HAZ. The Epjt value for the ground surface was =350 mV while for the polished
HAZ surface it was =380 mV. This is very important because HAZ has a critical
place for a welded joint for various types of corrosion. In addition, the polished
specimen shows higher resistance to general corrosion, and a more stable passive
film (Fig. 5). The real surface of the ground specimen is larger than that of the
polished one. A passive film is less stable at the peaks of the grinded surface.
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04-
> 034
5 Base metal
7]
% 024
>
&
| T———
" 1w 10 10° 107 10" Fig. 5. Polarization diagrams for polished

I/A surfaces of the base metal and HAZ.

During pit formation (Fig. 6), first Mn and S dissolve from the inclusions
and their dimensions are reduced. At the boundary of the inclusion with the
matrix, a channel is created where metastable pits are formed first, as well as
stable pits that continue to grow.3 That the pit was formed in trenches around the
central part of the inclusion is shown in Fig. 6b.

" austenite

Fig. 6. SEM microphotographs of pit formation stages at MnS inclusions in HAZ.

In the weld metal, pits are most often formed at the austenitic/ferrite bound-
ary (Fig. 7). EDS analysis showed that the chromium content in é-ferrite is higher
than in the austenitic matrix. However, several pits were also formed at a certain
distance from J-ferrite in the austenitic matrix.

austenite

Fig. 7. SEM microphotographs of weld metal: a) before and b) after polarization
measurements.
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CONCLUSIONS

This paper analyzes the influence of microstructure and roughness levels of
the welded joint of X5CrNil8-10 stainless steel on its resistance to general,
pitting, and intergranular corrosion.

The polished specimen had greater resistance to general corrosion than the
grinded specimen, in all three parts of the welded joint (weld metal, HAZ and
base metal). This difference is especially noticeable in the HAZ. Moreover, a
passive film on the polished surface is more stably related to the ground surface.
In HAZ, the values of the pitting potential Epj; and the potential of metastable
pitting Eppi¢ for the polished surface are significantly higher than are those for
the ground surface. This is very important because HAZ is a critical place for a
welded joint for various types of corrosion.

Acknowledgment. This work was financially supported by the Ministry of Education,
Science and Technological Development of the Republic of Serbia (Grant No. 451-03-
68/2020-14/200026).

U3BO[
X MUKPOCTPYKTYPA, XPAITABOCT 1M OTIIOPHOCT HA KOPO3HWJY 3ABAPEHOT
CITOJA AYCTEHUTHOI HEPBAJYREI HEJTMKA X5CrNi18-10
BOJAHA M. PAIIOJKOBUR, BOPE B. JETTIUR, JOBAHKA H. KOBAUUHA, CAFA U. CTEBAHOBUR
u YA I. MAPYHKWR
Yuuseepsuitiewi y Beoipagy, HHCcTuty i 3a xeMujy, WexHonoiujy u metmanypiujy, Lieniiap 3a enexitipoxemujy,
Hbetowesa 12, 11000 Beoipag

AHanmW3UpaH je yTUlaj MUKPOCTPYKType 3aBapeHor croja Hephajyher uennka X5CrNi18-
-10 Ha HEroBy OTIOPHOCT IIPEMa OIIITOj, TUTHHI U UHTEPKPUCTAIHO] KOpo3uju. CTpyKTypa
MeTasa 1aBa, 30He yTuuaja Tomwiore (HAZ) n 0CHOBHOT MeTasa, IPe U MOCIE eIeKTPOXEMH]-
CKUX UCIIUTHBaWa, aHaiu3upaHa je mpumenom SEM/EDS. Taxohe ucnuraH je yTuuaj HHBOa
XpamaBOCTH 3aBapeHOr CI0ja Ha HeroBy OTIIOPHOCT NpeMa HaBeNeHWM BHUIOBHMAa KODO3Hje.
Hako je crenen censudunusanuje HAZ 6uo 3HaTHO HIWKH Of rpaHu4He BpenHoctd, 3YT je mo-
Ka3ao 3HauajHO Behy CKIOHOCT ITpeMa OMIITOj U MATHHT KOPO3HjH HEero MeTal LIaBa U OCHOB-
HU MeTan. [TokasaHo je ma monupame 3HaTHO modospiiaBa ortmopHocT 3YT mpema KOpPO3Hju
HETO LUTO je TO CIy4aj ca OCTaJIUM JleIoBUMa 3aBapeHoT CIoja.

(ITpummeno 3. neuemdpa 2020, npuxsaheno 3. ¢pedpyapa 2021)
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Abstract: BaTisOq; has been widely researched due to its unique microwave
properties. Conventionally, it is challenging to obtain this compound as a
single phase. The BaTisO;; was synthesized via a co-precipitation technique
using an aqueous solution of titanium(IV)(triethanolaminato) isopropoxide,
barium nitrate and ammonia as precursors, which are stable in aqueous media.
The phase evolution, purity, and structure were identified by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) spectroscopy analysis. The desired BaTisO;; structure was obtained by
calcination at 900 °C. Furthermore, the structure was characterized by TGA,
FT-IR and Raman studies. The study showed that the particles were between
80 and 120 nm in size and the average crystallite size was determined from the
Scherrer formula as 68.1 nm at 900 °C.

Keywords: barium titanium oxide system; organic titanate; co-precipitation;
X-ray diffraction.

INTRODUCTION

Electronic components and other ceramic substrates have been investigated
intensively due to the rapid growth of high-frequency wireless communication
technology.! Low-temperature co-firing ceramic (LTCC) technology is of great
interest today to manufacture miniaturized multilayer devices with diverse func-
tions.2 By utilizing this technology, multi-chip packages have been successfully
synthesized using a single sheet to construct and integrate the appropriate elec-
tronic components and devices in a compact multi-layered ceramic architecture.
After laminating, the sintering temperature should be chosen to be below 1000
°C to use low resistance conductors, such as gold and silver. In this way, rapid
signal transmission between modules with high conductivity and energy loss is
minimized. LTCC materials are generally preferred for applications such as dual-
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band baluns, bandpass filters, power distribution networks, point-to-point trans-
ceivers (passive elements) and voltage-controlled oscillators, dielectric resonator
oscillators, amplifiers and singly balanced mixers.3 To date, many LTCC mat-
erials have been developed and intensively applied, including BiNbO4, MTiO3
(M = Mg, Zn, Ca), BaO-TiO,, ZnNb,Og, BaO—R,03TiO; (R =Nd, Sm) and
Lij 4y yNby 3 Tiy44,03, etc.2 Among these, compounds in the binary system of
BaO-TiO; have been accurately reported to undoubtedly possess excellent mic-
rowave properties. BaTisO11 has been researched for use in microwave applic-
ations considering its superior properties.*~/ Zhou and co-workers reported that
BaTi5Oq; synthesized at 1100 °C with CuO addition showed excellent micro-
wave dielectric properties. BaTisO1; exhibited a dielectric constant (&) of 41.2, a
Of of 47430 GHz (Q is the quality factor and f'is the resonant frequency) and a
temperature coefficient (zf) of 36 ppm °C-1.8 Sintering of BaTisO1 ceramic with
4 wt. % Ba—ZnO and B;03 (BZB glass) at 900 °C was also reported, and these
ceramics demonstrated excellent dielectric properties, that is & = 35.36 and Of =
= 28095 GHz.? As wireless communication systems require an LTCC that has
been sintered at temperatures below 1000 °C, BaTisO1; could be enthusiastically
recommended as a suitable material candidate for application in microwave cer-
amic components.

BaTisO1 was first synthesized by Tillmanns, but the preparation method
was not a single-phase process.!9 Afterwards, BaTisO;; was obtained by a solid-
-state reaction in the 1970s as an intermediate.!! A single-phase BaTisO;
structure could be prepared by chemical processes, such as co-precipitation, sol—
—gel, hydrothermal, and alkoxide-derived powder sintering.6-12-15 BaTisO;; was
synthesized at calcination temperatures between 700 and 1100 °C by using alko-
xide and sol-gel methods.®-16:17 On the other hand, single-phase synthesis stu-
dies in powder form are currently under investigation using different ways. High-
-quality powder of BaTisO1; was obtained by co-precipitation using BaCl, and
TiCly as the starting materials.!® In most cases, these kinds of Ti precursors are
moisture sensitive and must be protected from rapid hydrolysis.

In the present study, BaTisO1; powder was synthesized in an aqueous sol-
ution by co-precipitation processing. The starting materials are stable in an aque-
ous environment and could be efficiently prepared on an industrial scale. It also
offers the possibility to work with low temperatures (at 900 °C) and commer-
cially available inexpensive starting materials.

EXPERIMENTAL
Materials and method

Barium nitrate (>99 % purity, Sigma Aldrich), titanium (triethanolaminato) isopropoxide
solution (80 wt. % in isopropanol, Sigma Aldrich), nitric acid (HNOj3, 65 wt. % and NHj,
25 wt. %, Isolab) were used as the starting materials. The obtained calcined powders were
characterized by X-ray diffraction (XRD) on a PANalytical Empyrean diffractometer with Cu
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Ka radiation (1 = 1.5406 A) with a scan speed of 0.05° s°!, in the 26 range from 10 to 80°.
Match! version 3 crystal impact was used for phase identification and composition.!® The
X-ray pattern of the sample calcined at 900 °C was analyzed by the Rietveld refinement pro-
gram FULLPROF using the data obtained at 1° min"! scan rate in the 20-70° 26 range.?? The
crystal structure was pictured by the VESTA program.2! FTIR spectra of the samples were
recorded on Spectrum BX Perkin Elmer FT-IR spectrometer using KBr pellets. Spectragryph
Software for optical spectroscopy Version 1.2.13 was used to create multi-spectrum plots.?2
For Raman analysis, Renishaw Invia Raman System equipped with a Leica model confocal
microscope and an Argon-ion laser light source (532 nm) and 50X objective was used. Ther-
mogravimetric analysis was performed on a SII 7300 Perkin Elmer thermal analyzer under
flowing N, at 2.5 mL min'! from 25 to 1200 °C at a heating rate of 5 °C min"!. Scanning elec-
tron microscopy (SEM) was used to analyze the morphology of the synthesized BaTisO;;
structure. SEM images were taken by a Zeiss Gemini 500 microscope. The average particle
diameters were measured from each SEM image. Energy-dispersive X-ray spectroscopy
(EDX) was used to ascertain the chemical composition of the material.

Preparation of BaTisO,;

The BaTisO;; powders were prepared by a simple co-precipitation process. A barium
nitrate solution was prepared by dissolving Ba(NOj3), (4 mmol, 0.1054 g) in 20 mL ultrapure
water. This solution was then added to an organic titanate mixture (20 mmol, 6.328 g, tita-
nium (triethanolaminato) isopropoxide solution) in 80 mL of 1M HNOj aqueous solution. The
concentrations of Ba?* and Ti*" in the solution were 0.04 and 0.2 M, respectively. The mix-
ture was stirred at room temperature for 1 h to obtain a pellucid solution (pH 1). The pH of the
solution was adjusted to 9 by adding an aqueous 1 M ammonia solution. After precipitation
was complete, the suspension was further stirred at 50 °C for 2 h. The suspension was first
cooled to room temperature then kept in a deep-freezer (about —20 °C) for 1 h. The precipitate
was filtered and washed with a small amount of cold ultrapure water and dried at 80 °C in a
vacuum oven. The resultant material was first calcined for 4 h at different temperatures ran-
ging from 700 to 1000 °C at a heating rate of 5 °C min™! in an alumina crucible. The synthesis
route of the co-precipitation method is given in Fig. 1.

Ba(NO3); solution
pellucid solution

E
6 Colling in the Filtering
Precipitating agent freezer washing

NH;3 A
O o]

S S
o - =30 % d
s
4 B TV

refined crystal structure of BaTisOyq, BaTisOj1 nanopowder

vacuum oven
at so’c

Fig. 1. Representation of the key steps of BaTisO; synthesis via the proposed co-precipitation
method.
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RESULTS AND DISCUSSION
Synthesis of BaTisOy;

Preparation of large amounts of barium titanium oxide systems requires eco-
nomic, air-stable starting precursors, high yields, aqueous media, and excellent
reproducibility. The BaTisOq; system is challenging to prepare and is often syn-
thesized as an intermediate product.!! For this purpose, to obtain BaTisO11, a
simple synthetic route has been developed in an aqueous medium. The proposed
reaction mechanism for the preparation of BaTisO;; by the co-precipitation
method is shown in Egs. (1)—(7):

CoH9NO4Ti + 4HNO3(aq) — Ti(NO3)4(aq) + C3H70H + CgH sNO3 (1)

H,0 2 —
2+ — 4+ — + -
Ba (aq) +2NO3 (aq) +5T1 (aq) +20NO3 (aq) +22NH4(aq) +220H (aq) (3)
l co-precipitation
Ba(OH) () +STi(OH) 45 +22NO3 (o) 22NHj o) (4)
{ filtration
{ heat-treatment
BaO ) +11H,0 ) +5TiOy) (6)
l

The mechanism for the co-precipitation reaction has been proposed consider-
ing similar studies using organic titanate.!4.23 Under acidic conditions, it may be
regarded as that 2-propanol and triethanolamine are formed by the addition of
1 M HNOs to the titanium (triethanolaminato) isopropoxide solution in the first
step (Eq. (1)). In the second step, precipitation was realized by addition of
ammonia to the barium nitrate and acidic titanate solution. Ammonia (1 M) was
added until pH 9 for complete precipitation as represented in Eq. (3). In the
solution, the concentration of Ba2* was 0.04 M while that of Ti4" was 0.2 M
before ammonia addition. The first species precipitated in the solution is a water-
insoluble titanium hydroxide. Barium hydroxide is strongly basic and soluble in
water. Using the cooling process for precipitation allowed the formation of
barium hydroxide. Similar observations were detected in the precipitation react-
ion with 1 M NaOH using barium acetate and dihydroxybis(ammoniumlactato)
titanium. 14

After filtering, washing, and drying processes, the precipitate was calcined to
different temperatures. The proposed mechanism is based on the XRD analysis of
samples obtained from the calcination process and represented in Eq. (5)—(7).
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XRD profile at 800 °C indicates that trace amounts of BaTiO3 and TiO, form-
ation. TiOj synthesis from titanium (triethanolaminato) isopropoxide solution in
acidic media was reported by Kong et al.23 At temperatures below 800 °C, it
could be assumed that BaO and TiO,, as well as BaTiO3, are formed. In the next
step, the BaTi5O1 structure was obtained from BaTiO3 and TiO; at 900 °C.

XRD analysis and rietveld refinement

The XRD powder patterns of the BaTisOq; precursors calcined at different
temperatures are presented in Fig. 2. The XRD profiles show that the BaTisOq;
structure started to form at 800 °C. In the sample calcined at 700 °C, the organic
residues were not separated, and the structure of the barium titanium oxide sys-
tem was not formed (Supplementary material to this paper, Fig. S-1). In the
sample calcined at 800 °C, a three-phase mixture of BaTisO1; (64.6 wt. %,
JCPDS No. 35-0805), TiO, (18.0 wt. %, JCPDS No. 21-1272) and BaTiO3 (17.4
wt. %, JCPDS No. 79-2263) was observed. At 900 °C, BaTisO1; as a single-
-phase was formed. Song and co-workers reported similar observations. In the
study, BaTisO1; was prepared from the precursors BaTiO3 and TiO,.25 The
powder XRD pattern of the dried sample calcined at 1000 °C indicated partial
decomposition of BaTisO1; giving a mixture of BaTisO11 (65.7 wt. %), BaTigOg
(8.1 wt. %, JCPDS No. 34-0070) and BasTij3030 (26.2 wt. %, JCPDS No.
35-0750). In studies related to BaTisOq; synthesis, it was observed that the struc-
ture began to deteriorate, and second or third phases emerged. Javadpour et al.24
reported the decomposition of BaTi5Oq; into BayTigO5¢ and TiO;. Additionally,
Tangjuank et al. and Song et al.25 reported second and third phase formation.

+BaTisO0
*BasTi130s0

. .
e ® .
e e oo .
'of

1000 °C

Intensity, counts

Ll

30.00 40.00 50.00 60.00 70.00
20 / degree

Fig. 2. Powder XRD patterns of dried samples calcined for 4 h at different temperatures.
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Song and co-workers reported that in the temperature range below 900 °C, both
BaTis0q and BaTizOg increased with calcination temperature and above 900 °C,
the BaTisOq content started to decrease, and the BaTi4Og content increased.2>

The XRD results also showed well-defined diffraction peaks, and the major
peaks were identified a monoclinic phase, indicating that BaTisO;1 powders can
be prepared by a simple co-precipitation method and heat treatment at 900 °C.

Since the single-phase BaTisO;1 was obtained by calcination at 900 °C, this
sample was chosen for Rietveld refinement (Fig. 3). The refinement parameters
and the unit cell parameters are very compatible with data obtained by Tillmans
et al.19 The model provides a good fit between the observed and calculated X-ray
diffraction profiles. A summary of the refinement and unit cell parameters for the
BaTisO;1 powder is interpreted in Table I, while atomic positions are given in
Table II. The R factors show a reliable structural model. In the Rietveld refine-
ment, the pseudo-Voigt function was used with standard Debye—Scherrer geo-
metry to describe the peak shape. Since site occupancies obtained from the Riet-
veld refinement of BaTisO;; give Baj 17Tig 785017973 as the composition, it
could wrongly be concluded that the oxygen content is increased by almost 70 %.
This is actually a consequence of the great difference between the X-ray scatter-
ing powers of Ba and O atoms and hence this increase should not be considered
as a real one.

~— experimental data
— calculated

§i
| Bragg-position

Intensity, a.u.

(1 T O 00 NP T R 1

20 30 40 50 60 70
26/ degree
Fig. 3. Rietveld refinement of BaTisOy;.

The refined crystal structure of BaTisOp is shown in Fig. 4. The unit cell
contains four twelve-fold coordinated barium ions. Their bonding to the Ti octa-
hedrons is realized through shared oxygen atoms. Twenty Ti4" are ideally placed
in the center of the octahedron formed by oxygen ions. The average crystallite
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size estimated by the Scherrer formula was 68.1 nm at 900 °C, using the (140)
diffraction peak.

TABLE L. Structure refinement parameters and crystal data for BaTisO;

Formula: BaTisOq,

Formula weight: 552.66 g/mol

T=298K

2 =1.54060 A

Monoclinic crystal system, Space group — P 1 2;/n 1 (#14)
Unit cell parameters: a = 7.6670(3) A; b = 14.0410(3) A; ¢ = 7.5325(3) A; = 98.3710(2)°
Volume = 802.25 (1) A3

Z=4

Calculated Density = 4.588 g cm™

26 range = 10.0078-79.9922°; 26 step = 0.0131°

1% =2.60 %; Rp = 5.59 %; RBrage =572 %

R, =12.7 %; Ryp = 13.9 %; Rexp, = 8.59 %

TABLE II. Atomic positions for BaTisOy; calcined at 900 °C for 4 h

Atom Wyckoff position X y z Occupancy
Ba 4e 0.220 (3) 0.086 (3) 0.204 (3) 1.171 (3)
O1 4e 0.989 (3) 0.265 (3) 0.005 (3) 1.189 (2)
02 4e 0.120 (3) 0.410 (3) 0.797 (3) 2.129 (2)
03 4e 0.375(3) 0.246 (3) 0.132 (3) 1.076 (2)
04 4e 0.241 (3) 0.232 (3) 0.713 (3) 3.098 (2)
05 4e 0.421 (3) 0.399 (3) 0.953 (3) 1.033 (2)
06 4e 0.783 (3) 0.429 (3) 0.061 (3) 2.039 (2)
o7 4e 0.157 (3) 0.402 (3) 0.194 (3) 1.487 (2)
08 4e 0.075 (3) 0.249 (3) 0.385(3) 1.119 (2)
09 4e 0.343 (3) 0.431 (3) 0.539 (3) 1.168 (2)
o10 4e 0.516 (3) 0.412 (4) 0.273 (3) 0.789 (2)
O11 4e 0.92 (3) 0.429 (3) 0.388 (3) 2.846 (1)
Til 4e 0.193 (3) 0.320 (4) 0.959 (3) 1.269 (2)
Ti2 4e 0.223 (3) 1.000 (3) 0.760 (3) 0.737 (2)
Ti3 4e 0.348 (3) 0.337 (4) 0.377 (3) 1.139 (2)
Ti4 4e 0.565 (3) 0.331 (4) 0.089 (3) 0.787 (2)
Ti5 4e 0.97 (3) 0.334 (4) 0.255(3) 0.853 (2)

Fig. 4. Refined crystal structure of
monoclinic BaTisOy;.
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TGA-DTG Analysis

The presented curves corresponding to the TGA and DTG analyses are given
in Fig. 5. The first weight loss between 50 to 200 °C was attributed to the desorp-
tion of adsorbed water and light volatiles, such as 2-propanol, with a total loss of
about 15 wt. %. The second weight loss up to 410 °C was due to dehydration and
destruction of small organic residuals, which were also observed in the FT-IR
spectrum of powder dried at 80 °C. The mass is almost stable above 410 °C. Fin-
ally, between 900 and 1000 °C, the powder weight remained at about 78 wt. % of

the sample.
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Fig. 5. TGA and DTG curves of the as-prepared BaTisO;; powders dried at 80 °C.

FT-IR and Raman analysis

The phase identification of BaTisO;; powders synthesized by the homo-
genous precipitation technique was further analyzed by FT-IR and Raman spec-
troscopy. The obtained FT-IR data was found to be consistent with the litera-
ture.® The IR spectra of the as-prepared and dried BaTi;O;; powder calcined at
different temperatures are shown in Fig. 6. The absorption peaks at 3819 (O-H
stretching), 3443 (N-H asymmetric stretching), 1959 (C-H bending), 1628 (N-H
bending), 1349 (NO3~ asymmetric stretching) and 1093 cm~! (NO3~ symmetric
stretching) for the as-prepared sample at 80 °C correspond to the vibration modes
of the functional groups of the starting precursors. After calcination of the dried
powder, these characteristic peaks disappeared. At 800 °C, the peaks appear at
663, 556, 472 and 442 cm!. These new bands below 800 cm™! support the form-
ation of the BaTisOq1 structure. The FTIR spectra of the BaTisO1; system have
characteristic absorption peaks between 800400 ¢cm!, and these are used to
identify the phase formation.6-18
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Fig. 6. FT-IR spectra of BaTisO;; calcined at different temperatures of as prepared precipitate
dried at: 1) 80, 2) 800, 3) 900 and 4) 1000 °C.

The room temperature Raman spectrum of BaTisOq; obtained at 900 °C is
showm in Fig. 7. The BaTisO;; sample prepared at 900 °C for 4 h showed
characteristic peaks at 140, 194, 219, 243, 262, 294, 310, 343, 415, 487, 541,
590, 673, 747 and 835 cm™!, which confirmed that the material was pure. The
analysis also indicated that the results agreed with those of Lu et al.16, Javadpour
et al.?* and Alvarez—Docio et al.* The Raman characterization for the thermally
treated sample at 900 °C confirmed the formation of the BaTisO1; phase.
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Fig. 7. Raman spectrum of the BaTi;O; synthesized by co-precipitation at 900 °C.

SEM and EDX analysis

The morphologies of the BaTisO1; nanoparticles were studied by scanning
electron microscopy. SEM micrographs of particles at 900 °C are shown in Fig. 8.

As seen in the SEM images, the synthesized BaTisOj1 grains were in almost
round shape and agglomerated. The particle sizes determined from the SEM
images were between 80—120 nm. EDX analysis of particles calcined at 900 °C is
given in Fig. 9 and confirmed the accuracy of the elemental composition. These
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results demonstrate that the simple co-precipitation method is relatively useful
for producing fine particles.

-

Fig. 8. SEM micrographs of BaTis;O1; particles at 900 °C (A, B). Detected grain sizes from
selected points (B: 84.92, 88.79, 93.04, 118.8 nm).

Ti

W% Atomic %

0 K 3149 64.19

Ba K 2435 574

Ti K 44.16 30.06

0.0 13 26 39 52 6.5 78 9.1 104 117 13.0
Energy, keV

Fig. 9. EDX analysis of particles calcined at 900 °C.

Comparison of results with literature data

The synthesis processes of BaTisOp; are summarized in Table III (also
corresponding literature are included for comparison).

In the present study, BaTisO;; of 80—120 nm particle size was synthesized
from Ba(NOs); and an organic titanate precursor. By comparing with other
methods, this synthesis process demonstrated many advantageous properties such
as low calcination temperature, lack of a minor second phase, and using eco-
nomically inexpensive air-sensitive precursors. It could be considered for pos-
sible applications in LTCC systems due to its co-fired properties under 1000 °C
by using electrodes such as Ag, Cu without high process temperatures, leading to
energy consumption.
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TABLE III. Experimental conditions for BaTisOq; prepared by various methods

Method Precursors Conditions Morphology Reference
Co-precipitation ~ Ba(NOs), 4 h, 900 °C 80-120 nm In the present study
organic titanate (particle size)
Co-precipitation BaCly; TiCl; 4 h, 1100 °C 600 nm (particle size) Tangjuank et al. '8
Hydrothermal =~ Ba(CH3;COO), 20 h, 280 °C 2065 nm Liu et al.'*
CgHgN,OgTi (particle size)
Alkoxide Ba and 48h,1120°C 1 pm (grain size) Fukui et al.!2
Ti-isopropoxide
Solid-state? BaCO; 10 days r.t. aging 40-200 nm Alvarez—Docio et
TiOCl, 1 min, 1000 °C (grain size) al?
Citrate Route Ba(NOs3), 4 h, 1100 °C 30-50 nm Choy et al.26
TiCly (particle size)

Formation of BaTiO;, BaTi O, intermediates

CONCLUSIONS

In the present study, BaTisO1; nano powders were successfully synthesized
by the co-precipitation method using commercially available, low-cost, and
stable organic titanate complex of triethanolamine. This is also an advantageous
feature when compared with other preferred synthesis methods. The reaction
process is an effective method to synthesize the BaTisO1; structure for applic-
ations on low-temperature co-fired ceramics.

By using this newly developed secure method, a simple aqueous synthesis
pathway was improved, and single-phase BaTisO;1 powder was produced at 900
°C. TGA-DTG, FT-IR, and XRD analyses also confirmed that the nano powders
were obtained at 900 °C. The average crystallite particle size was 68 nm, as det-
ermined by XRD. SEM analyses showed that these particles were agglomerated,
almost round in shape, and with a size of 80—120 nm.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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HU3BO[J
CHUHTE3A BaTis044 KOITPEUUITUTALTJOM ITIOMORY CTABUJIHOI' OPTAHCKOT
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BaTisO04; ce nmocra ucnutyje 3axBasbyjyhu AHENEeKTPUYHUM CBOjCTBUMA@ W NPUMEHH Yy
MUKpoTalacHUM ypehajuma. MehyTHM, KOHBEHIIMOHAJIHHUM IOCTYIIIMMa Ce TEIIKO MOXe
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nobutu jegHodasHu BaTisOq4. Y oBoM pany je BaTisOq4 cUHTETHCAaH METOAOM KONpELWIH-
Tauuje kopuirhewem BOZEeHMX pacTBopa TUTaH(IV)(TpueraHoaMUHATO)-U30MIPONOKCH/A,
dapujym-HMTpaTa 1 aMOHHjaKa Kao IPeKypcopa KOju Cy CTadWIHU Y BOJEHOj cpefuHu. ®asHe
TpaHcdopMmalvje TOKOM ’Kapewa Ha Pa3IuuuTHM Temieparypama, (asHH cacTaB JOOHjeHUX
[IPaxoBa U CTPYKTypa Cy UCITUTHBAHU PEHATEHCKOM OudPaKIMOHOM aHanu3oM (XRD), ckeHH-
pajyhom enexrpoHckoM mukpockonujom (SEM) eHepreTckom IHUCHEP3UBHOM CIIEKTPOCKO-
nujom (EDX). XKemena BaTisO44 cTpykTypa jenodujena xanuunanujom Ha 900 °C. Takobe, 3a
KapakTepu3auujy cy kopuurheHe W TepMmorpaBumeTpujcka aHamusa (TGA), uHdpaupBeHa
cnekrpockonuja ca ®ypujeosom Tpancopmanujom (FT-IR) u Pamancka crnexkrpockonyja.
Y1BpheHo je na cy uectune mpaxa nodujenor kanguHandjom Ha 900 °C usmehy 80 u 120 nm u
Ila je IpoceyvHa BelUYrHa KpUcTanuTa fodujeHa kopuurhewem [llepepose popmysne 68,1 nm.

(ITpumsmeHo 6. jyna 2020, pesugupano 10. ¢pedpyapa, npuxsaheHno 17. dedpyapa 2021)
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Abstract: Present work is focused on the preparation of mustard stalk activated
carbon (MSAC) using chemical activation with H3PO4 and exploring its pro-
perties for its use in dye removal from wastewater. Adsorption variable (dos-
age, contact time, and solution pH), pore structure, morphology, surface func-
tional groups, equilibrium kinetics and isotherm study for the removal of meth-
ylene blue (MB) using MSAC were investigated. The present study showed
that an adsorption dosage of 0.2 g L! and pH 8 can be considered as optimum
for the MB removal. SEM result showed that pore of MSAC was larger than
the pore of the mustard stalk (MS). BET surface area and total pore volume of
MSAC were found as 510 m? g'! and 0.33 cm? g’!, respectively. Equilibrium
adsorption data were examined by Langmuir and Freundlich isotherm models.
Better correspondence to the Langmuir model with a maximum adsorption
capacity of 212.76 mg g'! (MB onto MSAC) was obtained. Dimensionless
factor, R; revealed favourable nature of the sorption in the MSAC-MB system.
Adsorption rates were found to follow the pseudo-second-order kinetics with
good correlation. These results show that the MSAC could be used as a renew-
able and economical alternative to commercial activated carbon in the removal
of MB dye from wastewater.

Keywords: adsorption; isotherm; methylene blue; kinetics.

INTRODUCTION

Effluent from various process industries leads to significant pollution due to
the transportation of aqueous dye solution into the water bodies and soil. Major-
ity of dyes used in industries are of synthetic origin and are toxic in nature,
among the synthetic dyes used in various industries. Methylene blue (MB) is a
commonly used cationic dye (chemical name tetracthylthionine chloride,
C16H gCIN3S and molecular weight is 319.85 g mol~!) which finds application
in the textile industry to color leather, wool, cotton, and also in paper coating.!

* Corresponding author: mvashishtha.chem@mnit.ac.in
https://doi.org/10.2298/JSC201103010P
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Toxicity of MB manifests itself in form of teratogenicity, mutagenicity, neuro-
toxicity, nucleic acid damage, etc. Chronic exposure to MB dye leads to adverse
health problems like vomiting, change in mental state or confusion, high pulse
rate, jaundice, shock, burns injury of the eye, tissue necrosis, cyanosis, and limb
paralysis, making it imperative to invent some efficient dye removal techniques
from wastewater.2 Also, MB and other dye laden wastewater adversely impact
the aquatic ecosystem along with deteriorating the visual appeal of any water
body by making it coloured and sometimes also leads to an obnoxious smell.
Some important techniques used to treat dye-containing industrial wastewater
(values in bracket indicate removal efficiency) includes biological (86 %), oxid-
ation (90 %), ozonation (94.5 %), photochemical (99 %), adsorption (99 %), ion
exchange (86.8 %), coagulation and flocculation (93.6 %), electrochemical (88.8
%), membrane technology (97.1 %) etc.3* Some of these methods have disad-
vantages like the formation of large quantities of hazardous by-products, often
high energy-intensive, and high operating costs.> Among the above-listed
methods adsorption process using activated carbon is far more effective for dye
removal from effluent keeping the environmental perspective in view.

Activated carbon (AC) as the name suggests is a carbon-based material in
form of solid black powder resembling powdered or granular charcoal. Its pecu-
liar characteristics like its highly porous nature leading to the availability of large
internal surface area coupled with its sufficiently high mechanical strength make
it suitable for use as an effective adsorbent with widespread industrial applic-
ations such as in gas purification, wastewater treatment (domestic and industrial),
and as catalyst or catalyst supports.® Many textile industries widely use comer-
cial AC for the treatment of wastewater carrying dyes in aqueous solution owing
to its ability to treat dye laden wastewater in more concentrated forms.” The high
cost of AC presents difficulty in its use on a large scale and consequently, the
development of low-cost alternative adsorbents is needed as soon as possible and
a lot of research is going on in this direction.

Coal and agricultural residues, rich in lignocellulosic content, are two major
sources of the commercial-grade AC. Out of these sources, the agricultural
wastes proved to be an economical bet for making AC due to two reasons: firstly,
it helps in the saving of depleting fossil fuel (coal/coke) and secondly, it helps in
the sustainable waste management by enormous agro residues generated. Some
of the agricultural residues finding applications in making adsorbent include saw-
dust®, mustard husk® 10, peanut shell!l, tobacco residues,!? etc.

The physicochemical properties of AC are mainly governed by the technique
of activation, activating agent, and the nature of precursor. Two available modes
for the production of AC are physical and chemical activation. Chemical acti-
vation is preferred over the physical method because of its less time consuming,
requires low heating temperature, provides high specific surface area along with
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well-controlled porosity.!3 Despite the various available chemical activation
agents (like KOH, K,CO3, NaOH and Na,COj3), H3PO4 was found as a suitable
reagent due to its low-cost and an environment-friendly dehydrating catalyst,
which helps in the decomposition of the component present in MS at relatively
low activation temperatures along with causing less corrosion to the activation
equipment. !4

The present work is focused on the development of an alternative, efficient,
low-cost AC using mustard crop residue (MCR). The presence of glucosinolate
content in MCR which is hazardous to animal health renders it unfit for con-
sumption as fodder also thus making it imperative to convert it into other value-
added product.!> Mustard is one of the major oilseed crops grown globally in
China, India, EU, and Canada as prominent producers, and its global annual
production for 2019-20 is about 68.19 million metric tons per year.!¢ India as a
major mustard producer (annual production of 7.7 million metric tons per year)
contributes 11.29 % to global production. Processing one ton of the mustard seed
yields 1.85 tons of residue in form of mustard straw and husk.!7

Not much research is reported on the utilization of mustard stalk (MS) as a
renewable and economical source of the upgraded product as AC.%10 Thus to
enhance the existing knowledge the present work is carried out by the adsorption
of MB on MSAC from MS studied at different in adsorbent dosage, contact time,
dye concentration, and pH. The obtained AC was characterized by proximate and
ultimate analysis, BET surface area, SEM-EDX, TG and FTIR to explore its
possibility of being used as a low-cost adsorbent for the removal of MB. Also,
the isotherm and the kinetic models were applied to find out a better understand-
ing of the adsorption process of MB on MSAC.

EXPERIMENTAL
Materials

MS for the preparation of AC was obtained from a village located close to the institute
near Jaipur which is situated in Rajasthan, India (Variety, PM-21). For the experiment, ana-
lytical grade reagents used were: MB as adsorbate, H;PO, as activation agent (99.99 wt.%
purity), and HCI for washing (99.99 wt.% purity). All these solutions and reagents were
purchased from Sigma—Aldrich. Double distilled water was used in the dilution and washing
of samples.

Activated carbon preparation

The chemical activation method was followed by the preparation of AC using raw MS
and H;PO, as activating agent. The methodology for AC production used in the present work
is depicted in Fig. 1.

The above methodology starts from MS being first washed with hot distilled water to
remove the attached impurities (dust, efc.) and then dried in a hot air oven at 105 °C for 24 h
followed by crushing, grinding, and sieving to obtain particles of 60 mesh sizes. Powdered
MS is then subjected to carbonization by putting it in a furnace for 1 h, maintained at 550 °C
under an inert atmosphere to obtain MS char. 30 g of this char was impregnated at 80 °C for 6
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h with 250 cm? solutions containing the activating agent (H;PO,). The mixture was dehyd-
rated overnight in an oven at 105+1 °C for 24 h. The dried samples were further thermally
treated at a temperature of 768 °C in a muffle furnace, in the oxygen-deficient atmosphere for
60 min, in order to obtain MSAC. The optimum conditions for activation were reported in our
previous work.!®* MSAC sample obtained was thoroughly washed using hot and cold distilled
water to remove any excess H3;PO, until neutral pH was obtained. After thorough washing, the
samples were dried overnight in a hot air oven at 105 °C, and thereafter weighed and packed
for future characterization.

Chemical Activation Process

Mustard Hasiing | Crushing & Carbonization
i indi ™ (550°C for 1h
Stalk Drving Grinding ( ) -
MS-Char
Washing i Hreah i = R
ermal treatment 1pregnate
MSAC |
768 °C for Lh (H;PO42) 80 °C for 61

Fig. 1. MSAC production methodology.

Characterization of adsorbent

The surface morphology and the elemental analysis of MS and MSAC were done using
scanning electron microscopy (SEM) with energy dispersive X-ray analysis (EDX, Nova
Nano FE-SEM 450, FE). The functional groups present in the sample were characterized by
Fourier transform infrared (FTIR, FT-IR Spectrum 2, Perkin Elmer) with a working range of
4000 to 500 cm™!. Thermogravimetric (TG, SII 6300 EXSTAR, India) analysis was carried
out by heating a 10 mg MS sample in a purge of nitrogen (flow rate 200 ml min'!), and a tem-
perature range from ambient to 727 °C at 20 °C min’! heating rate. The ASTM D3174-73
standard was adopted for the ash content determination and the nitrogen adsorption/desorption
experiments were conducted by Quantachrome Autosorb analyzer (using N, at 77 K). The
total pore volume was performed by nitrogen adsorption at p/p, = 0.98.

Equilibrium and isotherm studies

The experiments for adsorption of MB on MSAC were studied at different adsorbent
dosage, contact time, dye concentration, and pH. Changes in any of these parameters will
affect the rate of adsorption. To achieve the desired rate of removal, the optimum adsorption
conditions should be determined. The study of adsorption isotherm and the adsorption kinetics
is done. The runs and conditions at which the adsorption experiments were conducted are
presented in Table I.

The fixed amount of adsorbent (0.2 g L'1) MSAC in our case was mixed with MB dye
solutions of different initial concentrations, ranging from 10-50 mg L! in 250 mL conical
flasks, for obtaining the adsorption equilibrium. The mixture was mixed at 160 rpm for 180
min. Once the agitation is completed, the dye solution was subjected to centrifugation for 15
min at a speed of 2800 rpm, due to which the char particles settled at the bottom of the tube.
UV-Vis spectrophotometer (Evolution 220, Thermo Fisher Scientific, USA) at a wavelength
of 664 nm was employed to determine the concentration of MB solution. The removal
percentage (R) of the dye (MB) by the MSAC (adsorbents), the adsorption capacity of MB at
equilibrium, g, / mg g, and the amount of adsorption at time #, min, ¢, / mg g!, was
calculated using Egs. (1)—(3) respectively:

R= 100% (1)

o
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_(G-C)
R
4= —( G- Ct)
w
here, C, (initial state), C, (any time), and C, (equilibrium state) represents the MB concen-

trations of dye solution in mg L-! respectively; ¥ /L is the dye solution volume of the dye and
W/ g is the mass of dry AC (adsorbent) used.

2

v 3)

TABLE I. Runs and conditions of adsorption experiment

Experimental MSAC content,  Concentrations  Sampling  Temperature Vibration

item gLt of dyes,mg L' time, min °C rate, rpm
Effect of 0.05 t0 0.3 (0.05, 0.1, 30 180 30 160
dosage 0.15,0.2, 0.25,0.3)
Effect of con- 0.2 10 to 50 (10, 30 to 180 (30, 30 160
centration 20, 30, 40, 50) 60, 90,
with time 120, 180)
Effect of pH 0.2 30 180 30 160
Adsorption 0.2 10 to 50 (10, 180 30 160
isotherms 20, 30, 40, 50)
Adsorption 0.2 10 to 50 (10, 30 to 180 (30, 30 160
kinetics 20, 30, 40, 50) 60, 90,

120, 180)

RESULTS AND DISCUSSION

Characterization of sample

TG analysis. TG analysis (Fig. 2) was done to study the general decom-
position behaviour of MS before the activation. The TGA profiles depict the
trend of mass loss occurring in the sample with time when heated in the tempe-
rature range of 30-200 °C, this weight loss is due to the dehydration of the MS
sample.19 The loss of unbound moisture resulted in an 11.08 % decrease in
weight in the above temperature range. This value bears a close resemblance to
the moisture percentage of the MS (Table II).

100 - Lo
‘rﬁ
s 804 -5 £
= =
E 60 1038
,_ =
= -
= 40 -15 E
= =
E
20 - 202
313 °c =)

0 25

0 100 200 300 400 500 600 700 800
TI°C
Fig. 2. TG analysis of MS at 20 °C min™!.
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The maximum weight loss occurred between the 200467 °C range, which is
a result of thermal decompositions of hemicellulose, cellulose and partial decom-
position of lignin present in the biomass sample.20 In this range, the mass loss is
about 74 %. The main peak in the DTG curve is observed at ~313 °C due to the
thermal decomposition of the above components present in MS. As the tempera-
ture is increased beyond 500 °C weight loss that is not very significant takes
place due to no further breakdown of lignocellulosic material. Weight loss at
the final temperature of 727 °C is 90.25 %. Thus, from the above observations, it
can be inferred that the temperatures beyond 550 °C are more suitable for the
conducting of activation, since the sample shows insignificant decomposition.

SEM-EDX analysis. The element-wise composition of raw MS and MSAC
samples are given in Table II from which it is clear that the use of H3POy4, as an
activating agent has a significant influence on the production of AC with the
sufficiently high carbon content (68.64 %). The carbon percentage of the MSAC
samples shows a marked increase as compared to the raw MS (53.68 %) after the
activation process; however, oxygen, hydrogen, and nitrogen contents exhibit the
opposite trend, as expected. Due to the high temperature carbonization and the
activation process, the MS undergoes decomposition which occurs together with
the expulsion of volatile compounds (viz., oxygen, hydrogen, nitrogen), con-
tained by the formed MSAC, thus making it carbon-rich. Also, the chemical acti-
vation of MS using H3POy selectively strips H and O away from it.

The morphology of MS is shown in Fig. 3a from which it can be seen that
the basic structure of MS comprises longitudinal fibres and it seems that the
pores are preserved in the fibrous cellular structure. However, after the chemical
activation of MS to obtain MSAC, as seen in Fig. 3b, a more randomized pore/
/cavities distribution is obtained, which can be attributed to the modification of
cellular structure by the acid activation agent. Rich cavities surface of MSAC
will provide favourable adsorptive property towards MB dye molecules.

TABLE II. Ultimate, proximate and BET analysis of MS and MSAC

Content, wt.%

Content, wt.%

Proximate analysis Surface property

MS MSAC MS MSAC
Moisture 9.58 432  Bulk density, kg m™ 86 503.23
Volatile material 71.92 15.32  Average pore diameter, nm - 2.64
Ash 441 9.59  BET surface area, m? g'! 95 510
Fixed carbon 14.09  70.77  Total pore volume, cm3 g'!  0.081 0.33

Mesoporous volume, cm? g 0.06 0.17
Ultimate analysis

C 53.68  68.64
H 404 123
N 2.90 2.97
(0) 43.45 23.97
S 0.08 0.40
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3 ()

Fig. 3. Morphology of: (a) MS and (b) MSAC prepared with H;PO, activation.

FTIR and BET surface area analysis. The sample surface functional groups
are detected using FTIR spectroscopy. The FTIR spectra of the MS, MSAC
before and after the MB adsorption as shown in Fig. 4a and b, respectively, and
they show a variation of peaks with intensity and position arising out of the vib-
rational variations of the surface functional groups. The adsorption peak at 3500—
—3250 cm™! (due to stretching vibration of O-H) was of low intensity in MSAC.
The peak intensity reduces due to a corresponding reduction in H-bonding, hap-
pening as a result of a reaction between activating agent which in the present case
is H3POy (acting as a dehydrating agent) and MS.2!

(@
™\ f/?f"""‘- al ,\,ﬁ\ / (b)
& 2

Transmittance, %
3436

Transmittance, %

2 i?sz
1175
2 MSAC-MB

116!

T T T T T T 1 T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™ Wavenumber, cm’”

Fig. 4. FTIR spectra of: a) MS and MSAC and b) MSAC-MB.

The peaks corresponding to the bandwidth of 2902-2939 cm™1, arising due
to the asymmetric C—H stretching vibration of alkanes and alkyl groups, are more
prominent for the raw MS vis a vis MSAC. The underlying phenomena behind
this observation is a large scale hydrogen removal during the activation process.
The ultimate analysis also depicts this trend of reduction in hydrogen and oxygen
content of MSAC (Table II).

The band at 1600-1500 cm™! (C=C band of the aromatic rings) shows the
aromatization of adsorbent.?2 After activation with H3POy, a peak at around
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1168 cm™! appear in the FTIR spectrum of MSAC, which corresponds to P-O-C
vibrational variations of aliphatic phosphates groups. 1000-1250 cm™! (stretch-
ing vibration of C—O and/or C-O—C in acids, phenols, alcohols, ethers, and/or
esters groups).23 The band about 914 and 756697 cm™! shows C—H out-of-plane
bending in an aromatic ring. The peaks at 3434, 2927, 1599 and 1168 cm™! are
shifted to 3416, 2905, 1575 and 1132 cm™!, respectively (Fig. 4b). This shift in
the absorption peak suggested the interactions of dye molecules with the func-
tional groups of MSAC.

The BET surface area, total pore volume, and mesoporous volume of MSAC
were calculated as 510 m? g1, 0.33 and 0.171 cm3 g1 respectively (Table II).
The increases in the pore volumes and average pore radius after activation is a
result of macropores deformation resulting in their transformation into meso-
porous due to the H3POy4 effect.

Effect of an operational parameter on MB adsorption

Effect of adsorbent (MSAC) dosage. The adsorption of MB on MSAC was
studied at an initial concentration of 30 mg L1 by varying the quantity of ads-
orbent (0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 g L) at 30 °C temperature and pH 8.
The experiments were carried out at a contact time of 180 min. As shown in Fig.
Sa, the removal of MB shows an increasing trend up to 0.2 g, and beyond that it
remains unaltered. At the equilibrium time, the removal shows an increase from
31.42 to 98.52 % with an increment in MSAC dosage from 0.05 to 0.2 g. The
increased removal of MB is a result of an enhanced adsorbent surface area and
the availability of more adsorption sites.

Effect of the initial concentration of MB on contact time. The effect of initial
MB concentration in a range between 10-50 mg L1, at a fixed adsorbent dosage
of 0.2 g at 30 °C temperature and a speed of 160 rpm, was studied and its effect
on the adsorption of MB onto MSAC is shown in Fig. 5b. The plots of Fig. 5b
can be bifurcated into three different regions:

—Region 1: corresponding to rapid adsorption during the first 30 min.

—Region 2: corresponding to the gradual equilibrium till the equilibrium
state for each concentration is reached.

—Region 3: depicting the equilibrium state.

The results show that with an increase in initial MB concentration, a corres-
ponding increase in the adsorption of MB on MSAC is observed. The MB ads-
orption increased from 52.63 to 198.45 mg g! at equilibrium, when the initial
MB concentration is increased from 10 to 50 mg L-!. Furthermore about this
change in MB concentration, the equilibrium removal of MB exhibits a decrease
from 99.65 to 79.38 %. This can be attributed to the fact that when the initial
concentration increases, the mass transfer driving force increases, resulting in
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higher MB adsorption. The comparable trends were obtained in similar studies of
adsorption of MB on tea waste.24
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Fig. 5. Effect of: a) MSAC dosage on removal of MB (C, = 30 mg L-!, pH 8.0); b) contact
time and initial concentration on MB adsorption (adsorbent dose = 0.2 g L1, pH 8.0); c) effect
of pH on MB removal (C, =30 mg L-!, adsorbent dose = 0.2 g L'1); contact time = 180 min,
temperature = 30 °C.

Also, it is evident from Fig. 5b that at an initial concentration ranging bet-
ween 10 and 30 mg L1, the adsorption equilibrium is achieved in less than 60
min. However, when the initial MB concentration is increased to 40—-50 mg L1,
the corresponding time achieves the equilibrium becomes 150 min. However, the
experimentation was carried at 180 min in order to ensure the attainment of the
full equilibrium. The dye adsorption follows a sequential process in which at first
instance the dye molecules has encounter the boundary layer effect, followed by
the diffuse boundary layer film to the adsorbent surface, and finally the diffusion
into the porous structure of the adsorbent.25 Hence, higher initial concentrations
of MB solutions will take a relatively longer contact time to attain the equilib-
rium due to the presence of a higher number of dye molecules.

Effect of pH. pH plays a prominent role in governing the adsorbent capacity
in wastewater treatment processes. Fig. Sc presents the effect of pH on MB rem-
oval by MSAC. As the pH is changed from 5 to 8 the removal percentage of MB
increased from 75 to 97.4 %.
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The removal of MB increases rapidly up to pH 8 and then the equilibrium is
reached. The maximum percentage removal of about 98.40 % is obtained in a pH
range of 9—11. This variation is observed since the adsorption depends on the
adsorbent surface and structure of MB.25> Acidic medium promotes the proto-
nation of MB, however as the pH increases the dye becomes more and more de-
protonated. The low MB removal (indicated by dark blue colour) in the lower pH
range can be due to the probable development of the positive charge at the
MSAC surface, which inhibits MB removal from the dye.!9 However, beyond
pH 8, when the medium becomes basic in nature, there seems to be a significant
change in polarity, as MB removal increases (solution becomes light blue) mono-
tonically with pH. Thus, a low pH (<6) is the unfavourable use of MSAC. As the
initial pH (natural pH 6) of MB solution decreases, the number of negatively
charged adsorbent sites decrease and the positively charged sites increases, which
does not favour the adsorption of positively charged MB cations due to electro-
static repulsion.26

Adsorption isotherm

Distributions of the adsorbed molecules between the liquid and solid phases,
when the adsorption process attains an equilibrium state, are shown by the ads-
orption isotherms. For the design purposes, the suitable models are needed which
can be developed by fitting isotherm data into different isotherm models.26
Various models are proposed in the literature to explain the data about the ads-
orption isotherms, among which Langmuir and Freundlich are the most com-
monly used models. In the present work, both models were applied to understand
the relationship between the amount of dye adsorbed and its equilibrium concen-
tration.27

The linear isotherm equations are as following:

Langmuir:
C_ 1 ,C @
de OmK Om
Ry, = ﬁ (5)
Freundlich:
Inge = InK; +%ln C, ©6)

where is ge / mg g~1: the amount of adsorbed at the equilibrium time, C, / mg L1
the initial solute concentration, C, / mg L-!: the equilibrium concentration of
adsorbate in solution, O, / mg g!: the maximum adsorption capacity corres-
ponding to the complete monolayer coverage, K / L mg~!: the Langmuir constant

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



MUSTARD STALK ACTIVATED CARBON IN WASTEWATER TREATMENT 43 9

related to the energy of the adsorption, Ky, and 1/n: the empirical constants
dependent on the nature of adsorbent and adsorbate. The Ry, value implies the
favourable adsorption process at a temperature range from 30-50 °C.

Both K¢ and 1/n are important in selecting an adsorbent as a separating
medium, in which K¢/ mg g1 is the over-all adsorption capacity and 1/n is the
heterogeneity factor. The adsorption will be chemical if the n < 1, linear if the
n =1, and if the n > 1 the adsorption will be a physical process.

The adsorption isotherms fitting the two models were shown in Fig. 6. From
the values of constants for both isotherm were computed from the slope and the
intercept of the linear plot, which and listed in Table III. The R? value obtained
from the Langmuir isotherm (Fig. 6a) was higher than that obtained from the
Freundlich isotherm (Fig. 6b). This evidence suggested that better fitting is
achieved by the Langmuir isotherm. The maximum capacity obtained by Lang-
muir isotherm is 212.76 mg g-!, showing the monolayer coverage and uniform
surface adsorption on MSAC. The Ry, value implies the adsorption to be unfav-
ourable (R, > 1), linear (R, = 1), favorable (0 < Ry, < 1) or irreversible (R, =
= 0).28 In the present work value of Ry, was found to be 0.0035 and thus it con-
firms that the prepared AC, MSAC is favourable for the adsorption of MB dye
under the conditions used in this study. The values of n higher than unity shows
that the adsorption of MB on MSAC is a physical process.

(a) 5.6
0.03 4 524
—-I —‘U!
2 002 g 481
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Q R'=099 = 4.4
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4.0
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T T T T 1 T T T T
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c/mglL’ In(C/mg L")

Fig.6. Linearized: a) Langmuir isotherm, b) Freundlich isotherm for MB adsorption by MSAC
(pH 8, dosage = 0.2 g L'!, T=30 °C).

TABLE III. Langmuir, Freundlich adsorption isotherm constant for MB dye on MSAC

Langmuir isotherm Freundlich isotherm
O,/ mg g’ K/Lmg'! R? 1/n Ki/mgg!Lmglm R2
212.76 9.179 0.999 0.2142 160.77 0.90

Adsorption kinetics

The experimentally obtained kinetic adsorption data were subjected to the
pseudo-first-order kinetic and the pseudo-second-order kinetic model.27
Pseudo-first-order kinetic:
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k
1 —q,)=1 -1 4 7
Pseudo-second-order kinetic:
LA (8)
qt que2 qe

Where is k1 / 1 min-!: rate constant of first order adsorption, ¢, / mg g~!: the
amount of solute adsorbed at equilibrium, ¢g; / mg g!: the amount of solute
adsorbed on the surface of the sorbent at any time, min.

Fig. 7a and b) shows the pseudo-first-order kinetic and pseudo-second-order
kinetic model was fitted with the adsorption kinetic data of MB on MSAC. The
slope and the intercept were used to calculate the model constant kinetic para-
meter, and were given with the correlation coefficients (R2) in Table IV. The
correlation coefficient, R2 for the pseudo-second-order adsorption model has a
high value is 0.99, and also its calculated equilibrium adsorption capacity, ge cal
is consistent with the experimental data. These facts suggest that the pseudo-
second-order adsorption mechanism is predominant and that the overall rate of
the dye adsorption process is chemisorption controlled.

> {a) N
a r b
254 - ;g:ﬂt: = 10mglL’ ®)
-,; . JszL" - zl:lmgL:
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Fig. 7. a) Pseudo-first-order kinetics and b) pseudo-second-order kinetics for MB adsorption
by MSAC (pH 8, dosage = 0.2 g L'!, T=30 °C).

TABLE IV. Pseudo-first- and pseudo-second-order kinetics constant for MB dye on MSAC

C,/mgL! Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Qe,exp qe,cal k 1 R2 Ge,cal k2 RZ
mg g! mgg! L min! mgg! gmg! min!

10 52.63 36.78 0.031 098 54.11 0.00135 1

20 105.1 72.6 0.028 094 107.06 0.00063 1

30 156.82 100.83 0.024 094 160.51 0.00037 1

40 208.65 132.53 0.021 093 213.67 0.00022 1

50 228.33 134.89 0.015 096 233.64 0.00016 0.997
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Table V presents the adsorption capacities and BET surface area of the vari-
ous biomass-based AC removal of dye. The surface area of MSAC is 510 m2 g1,
is about a fivefold increase in surface area as compared to raw MS; also, the sur-
face area of MSAC is comparable to the AC produced from other biomass-based
AC, prepared using the same chemical activation route as shown in Table V. It
can be inferred that the adsorption capacity of MSAC is quite comparable or
even greater than that of some adsorbents reported in references.

TABLE V. Adsorption capacity and BET surface area of other biomass-based AC prepared
using H3POy,

Activating BET surface ~ Adsorption

Material Dye 2 1 . .1 Reference
agent arca, m- g~ capacity, mg g

MSAC Methylene blue  H3POy, 510 212.76 Present study

Yellow mombin ~ Dianix® royal ~ H3PO, 551 147.47 14

fruit stones blue CC

Tea waste Methylene blue - - 85.16 N

Shrimp shell Methylene blue  H;PO, 506 828 27

Adsorption mechanism for MB

Based on the above results, the activation process and the adsorption mech-
anism can be represented by Fig. 8. The prepared MSAC is rich in the hydroxyl
group on their surface, which is also testified by the FTIR spectra.

II- T] ad sorption

Physical adsorption

Cation release

Electrostatic

Atftraction

Functional gIOUP 1o droen
Complexation Bondine

Fig. 8. Mechanism for MB adsorption onto MSAC.

The adsorption of MB by AC can be explained in terms of three major
mechanisms: i) the electron-donor mechanism, i) the 7—nr interaction and iif) the
effect of solvent. An electron-donor mechanism is based on sharing of the elec-
trons which occurs between the MSAC (adsorbent) and MB (adsorbate), the aro-
matic ring of MB acts as an electron acceptor and the surface functional groups,
present on MSAC, act as donor.2? The m—n interaction occurs due to the charge
transfer happening between the = electrons of the benzene ring and the MSAC
surface. The third mechanism, namely solvent effect, means that the adsorbed
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water molecules have quite a high possibility of being attracted to the surface
—O- groups, which leads to the formation of H- bonds between them. However,
this interaction inhibits the adsorption capacity, as it may cover active sites on the
MSAC.30

CONCLUSIONS

The present study shows that MSAC is a good low-cost adsorbent, derived
from the agricultural waste. It is well suited for the removal of MB from aqueous
solution. The dye adsorption is affected by various factors like adsorbent dosage,
contact time, pH, and the concentration of dye. The equilibrium is practically
achieved in less than 180 min. The characterization result showed that the BET
surface area and the total pores volume of the MSAC is 510 m2 g-! and 0.32 cm3
g1, respectively. Also, it has high carbon content (68.84 %) along with a highly
porous surface with cracks, channels, and large holes. The Langmuir and the
Freundlich adsorption isotherms are used for the analysis of equilibrium data.
The Langmuir model better explains the data. The maximum adsorption capacity
obtained was 212.76 mg g-!, with the monolayer coverage of MB molecules at
the outer surface of MSAC. The value of Ry was found to be 0.0035 and con-
firmed that the prepared MSAC is favourable for the removal of MB dye from
wastewater. The pseudo-second-order kinetics model is best fitted for MB ads-
orption onto MSAC. These results show that the MSAC could be applied as a
low-cost alternative to the commercial AC in the removal of MB dye from waste-
water.
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H3BOJ
AKTHUBHHU YTAJb O] BUOMACE CTABJBUKE CITAUYULIE (Sinapsis alba) — CHHTE3A ,
KAPAKTEPU3AIIUJA U [TPUMEHA ¥V ITPEUUMIITRABARY OTITAJHUX BOIA

KALPANA PATIDAR n MANISH VASHISHTHA

Department of Chemical Engineering, Malaviya National Institute of Technology, Jaipur 302017,
Rajasthan India

OBaj pan je dokuycHpaH Ha MPUIPEMY aKTHBHOT yI/ba 0f cTadprka Ourmke Sinapsis alba
(MSAC), nodujeHor xemujckom akTuBanujom H3POy, ka0 U UCIIUTHBakbEM HETOBE IPUMEHE Y
yKiIamamwy 00ja U3 OTHafHUX BOJAA. AICOPNUMOHM NapaMeTpH (no3a amcopdeHTa, KOHTAKTHO
BpeMe u pH pacrtBopa ancopbara), cTpykTypa nopa, MOpgosoruija, MoBpIIMHCKE PYHKIINO-
HaJIHe IpyTe, paBHOTEKHA KUHETHKA U CTYZIHja U30TEPMHU 3a yK/Iakhabe MeTHIeH miasor (MB)
kopuurheweM MSAC cy takohe ucnutvBaHd. [IpuKasaHH pe3yiTaTd MOKasyjy Aa ce Io3a
ancopdenta on 0,2 g L1 u pH 8 Mory cmaTpaTH onTHMaHHM 3a yKiawamke MB. SEM pesyn-
TaTH yKasyjy na cy nmope MSAC sehe ox nopa Hemonudukosase dromace (MS). Cienuduyna
nospinvHa godujena BET TeXHMKOM Kao M YKyTIHa 3anpeMuHa nopa MSAC usHoce 510 m2 g1
1 0,33 cm3 g!, pemoM. PaBHOTEXHH aICOPILMOHHM MOJAIH KOPEIMCAHH Cy IIPHMEHOM Lang-
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muir u Freundlich mogena. Borse crarakwe ekcrnepyuMeHTATHUX MOAaTaka IOOHjeHo je mpu-
MeHoM Langmuir mofienia ca MaKCMMaJTHMM afiCOPNIIMOHUM kamanutetom od 212,76 mg ¢!
(MB nHa MSAC). besgumeHnsnonu daxtop, RL, ykasyje Ha IOBOJbHE YCJIOBE Kao W IIPUPOIY
copnuuoHor MSAC-MB cucrema. ApcoprniuoHa Op3uHa Hajbo/be je omucaHa KUHETHUKOM
TICEYN0-APYTOr pefa, WTO Ce MOXE YOUUTH U3 KOpEeNTalMoOHUX pesynTtara. JJoOHjeHu pesynTaTu
mokxasyjy ce ce afgcopdbeHT MSAC Moske KOPUCTUTH y yklawawky MB, kao 00HOB/BMBA U €KO-
HOMCKH UCIIJIaTHBa a/JITepHaTHBA NMOCTOjehuM KoMepLujanHUM afocpOeHTUMa Ha a3y aKTHUB-
HOT yIJba.

10.

11.

12.

13.

14.

15.

16.

17.

18.

(ITpumsmeno 3. HoBemOpa 2020, pesunupano 27. janyapa, npuxsaheno 30. janyapa 2021)

REFERENCES

I. Bazin, A. Ibn Hadj Hassine, Y. Haj Hamouda, W. Mnif, A. Bartegi, M. Lopez-
Ferber, M. De Waard, C. Gonzalez, Ecotoxicol. Environ. Saf. 85 (2012) 131
(http://dx.doi.org/10.1016/j.ecoenv.2012.08.003)

L. Liu, D. He, F. Pan, R. Huang, H. Lin, X. Zhang, Chemosphere 238 (2020)
(http://dx.doi.org/10.1016/j.chemosphere.2019.124671)

A. H. Jawad, M. Bardhan, A. Islam, A. Islam, S. S. A. Syed-Hassan, S. N. Surip,
Surfaces Interfaces (2020) 100688 (http://dx.doi.org/10.1016/1.surfin.2020.100688)
V. Katheresan, J. Kansedo, S. Y. Lau, J. Environ. Chem. Eng. 6 (2018) 4676
(http://dx.doi.org/10.1016/1.jece.2018.06.060)

M. Rafatullah, O. Sulaiman, R. Hashim, A. Ahmad, J. Hazard. Mater. 177 (2010) 70
(http://dx.doi.org/10.1016/j.jhazmat.2009.12.047)

B. Hu, Y. Ai, J. Jin, T. Hayat, A. Alsaedi, L. Zhuang, X. Wang, Biochar 2 (2020) 47
(http://dx.doi.org/10.1007/s42773-020-00044-4)

W. Xing, X., Jiang, W, Li, S., Zhang, X. and Wang, Waste Manage. 89 (2019) 64
http://dx.doi.org/https://doi.org/10.1016/j.wasman.2019.04.002

A. Kumar, H. Gupta, Environ. Technol. Innov. 20 (2020)
(http://dx.doi.org/10.1016/j.€ti.2020.101080)

S. Charola, H. Patel, S. Chandna, S. Maiti, J. Clean. Prod. 223 (2019) 969
(http://dx.doi.org/10.1016/j.jclepro.2019.03.169)

R. K. Gautam, A. Mudhoo, M. C. Chattopadhyaya, J. Environ. Chem. Eng. 1 (2013)
1283-1291 (http://dx.doi.org/10.1016/].jece.2013.09.021)

D. Garg, C. B. Majumder, S. Kumar, B. Sarkar, J. Environ. Chem. Eng. 7 (2019)
(http://dx.doi.org/10.1016/j.jece.2019.103365)

S. Archin, S. H. Sharifi, G. Asadpour, J. Clean. Prod. 239 (2019)
(http://dx.doi.org/10.1016/j.jclepro.2019.118136)

Y. Gao, Q. Yue, B. Gao, A. Li, Sci. Total Environ. 746 (2020) 141094
(http://dx.doi.org/10.1016/j.scitotenv.2020.141094)

M. J. P. Brito, C. M. Veloso, L. S. Santos, R. C. F. Bonomo, R. da C. I. Fontan, Powder
Technol. 339 (2018) 334 (http://dx.doi.org/10.1016/j.powtec.2018.08.017)

R. T. Zrybko, C.L., Fukuda, E.K. and Rosen, J. Chromatogr. A 767 (1997) 43-52
(http://dx.doi.org/https://doi.org/10.1016/S0021-9673(96)01068-0)

Statista, https://www.statista.com/statistics/263930/worldwide-production-of-rapeseed-
by- country (visited October 25, 2020)

T. C. Purohit, P., Tripathi, A.K. and Kandpal, Energy 31 (2006) 1321
(http://dx.doi.org/10.1016/j.energy.2005.06.004)

K. Patidar, M. Vashishtha, Water Air Soil Pollut 231 (2020) 526
(https://doi.org/10.1007/s11270-020-04893-4)

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



444

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

PATIDAR and VASHISHTHA

S. Maiti, S. Purakayastha, B. Ghosh, Fuel 86 (2007) 1513
(http://dx.doi.org/10.1016/j.fuel.2006.11.016)

D. Vamvuka, E. Kakaras, E. Kastanaki, P. Grammelis, Fuel 82 (2003) 1949
(http://dx.doi.org/10.1016/S0016-2361(03)00153-4)

A. Kumar, H. M. Jena, Results Phys. 6 (2016) 651
(http://dx.doi.org/10.1016/j.rinp.2016.09.012)

S. J. C. E. J. Prahas, D. Kartika, Y. Indraswati, N. Ismadji, Chem. Eng. J. 140 (2008) 32
(http://dx.doi.org/https://doi.org/10.1016/j.cej.2007.08.032)

Y. Sun, H. Li, G. Li, B. Gao, Q. Yue, X. Li, Bioresour. Technol. 217 (2016) 239
(http://dx.doi.org/10.1016/j.biortech.2016.03.047)

M. T. Uddin, M. A. Islam, S. Mahmud, M. Rukanuzzaman, J. Hazard. Mater. 164
(2009) 53 (http://dx.doi.org/10.1016/j.jhazmat.2008.07.13 1

S. Senthilkumaar, P. R. Varadarajan, K. Porkodi, C. V. Subbhuraam, J. Colloid
Interface Sci. 284 (2005) 78 (http://dx.doi.org/10.1016/].jcis.2004.09.027)

K. Aisan, H. Z. Mousavi, R. Alimorad, H. Shirkhanloo, J. Serbian Chem. Soc. 83
(2018) 651 (http://dx.doi.org/10.2298/JSC170827112K)

L. Liu, X. He, C. Yu, X. Bai, Y. Ye, L. Wang, B. Zhang, Powder Technol. 326 (2018)
181 (http://dx.doi.org/https://doi.org/10.1016/j.powtec.2017.12.034)

K. C. Bedin, A. C. Martins, A. L. Cazetta, O. Pezoti, V. C. Almeida, Chem. Eng. J. 286
(2016) 476 (http://dx.doi.org/10.1016/j.cej.2015.10.099)

Y. Tang, Y. Zhao, T. Lin, Y. Li, R. Zhou, Y. Peng, J. Environ. Chem. Eng. 7 (2019)
(http://dx.doi.org/10.1016/j.jece.2019.103398)

S. Fan, Y. Wang, Z. Wang, J. Tang, J. Tang, X. Li, J. Environ. Chem. Eng. 5 (2017)
601 (http://dx.doi.org/10.1016/j.jece.2016.12.019).

Available on line at www.shd.org.rs/JSCS/

(CC) 2021 SCS.



	CoverEV_2021_V86_No4
	86_No4_Contents
	01_9708_5425
	02_9536_5426
	02_9536_5426_supp
	03_10097_5427
	04_9591_5428
	04_9591_5428_supp
	05_10076_5429
	05_10076_5429_supp
	06_10109_5430
	07_9683_5431
	07_9683_5431_supp
	08_10021_5432


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




