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Abstract. The catalytic effect of ruthenium chloride on
the outer sphere electron transfer of hexacyanoferrate(ll)
by periodate ion in agueous akaline medium has been
effectively employed to determine ruthenium(l11) at micro
level. The optimum reaction condition has been
established and fixed time procedure is adopted. A linear
relationship between changes in absorbance and added
Ru(I11) concentration has been utilized for the trace level
determination of Ru(lll). The results reveal that the
addition of interfering ions (up to 71 times higher
concentration of Ru) does not have significant effect on
the catalytic activity of Ru(lll) on oxidation of
hexacyanoferrate(ll) by periodate ion. Polyaminocar-
boxylates (HEDTA, EDTA and IDA) suppress its
catalytic power to maximum, if tolerance limit is more
than 14.29 times. Due to the reproducibility, stability and
selectivity, this method can aso be quantitatively applied
in different types of water samples for determination of
ruthenium(l11) at micro level.

Keywords: kinetics, mechanism, hexacyanoferrate(ll),
periodate, ruthenium(ll).

1. Introduction

Ruthenium, a noble metal, is found in crusta
meaterials at very low concentration (few ppb) [1], whereas
meteorites and chondrite contain much higher percentage of
ruthenium [2]. However, ruthenium compounds are highly
toxic and carcinogenic, different studies have been reported
for materials contai ning ruthenium complexesin electronic,
electrochemical and dectrical industries [1, 2]. The

! Department of Chemistry, G.L.A. University, Mathura, U.P., India
2Department of Chemistry, D.D.U. Gorakhpur University, Gorakhpur,
273001, U.P., India

% Department of Chemistry, Lucknow University, Lucknow, 226007,
U.P. India

~ aabhichem@gla.ac.in

O Srivastava A., Sharma V., Prajapati A., Srivastava N., Naik R. M.,
2019

complexes of ruthenium have found applications in
pharmaceutical  industries in  the deection and
determination of pratein, antibiotic, chloramphenicol, and
cefprozil [3-5]. Ruthenium aong with its complexes
exhibits excdlent catalytic property in both akaline and
acidic medium for the reactions having environmental and
commercial applications [6-18]. To fight against the deadly
disesese of cancer a number of ruthenium bearing
complexes have been prepared and their antitumor
properties are tested [19-21]. The life span of hosts bearing
tumor increeses by the intake of certain ruthenium
compounds in spite of low cytotoxicity of ruthenium
agents. Dueto high catalytic activity of ruthenium, aloys of
ruthenium are used as catalyst in fuel cells. Pt-Ru bimetallic
alloy show the highest activity for the methanol oxidation
reaction in methanol fuel cells [22]. Nanoparticles of Ru-Pt
have aso been used as an effective catalyst for carbon
monoxide — tolerant fud cell [23]. Thus, the potential
application of ruthenium and its complexesin various aress,
especidly in pharmacology [24] and metallurgy [25] has
made a challenge to deveop a rapid, sdective, smple and
inexpensive method for the determination of ruthenium in
different type of samples at trace level. The catalytic and
inhibition properties have been extensively used for the
growth and development of analytical methods for the trace
level determination of different eements and compounds.
The processes for the ruthenium determination viz.
spectrophotometry, cydlic voltametry, atomic absorption
spectrophotometry, mass spectrometry, HPLC, atomic
absorption spectrometry, and X-ray fluorescence, have been
used by investigators. Despite of good sengtivity and
sdlectivity most of these methods are complicated, time
consuming and require expensive chemicals. Therefore, the
catalytic  kinetic methods (CKMs)  employing
spectrophotometric  monitoring  (SPM)  under  pseudo
condition still remain a popular method for achieving
ruthenium(l1l) estimation a trace level [26-38]. A
comparison of known CKMs aong with reaction condition,
types of sample and dynamic range of detection (DRD) are
summarized in Table 1 [28, 29, 32-39].



276

Abhishek Srivastava et al.

Tablel
A comparative study of deter mination of ruthenium(l11) involving different reactions

Major reactants D r%[r)nl Qlcd) M ethodscouﬁtia;n:sreacti on Samples used E%f
Thymol bLL:?) r?]natilepota&i um 1t025 CKM, ?mpggngSM nm, Synthetic samples 30
Tren and hexacyanoferrate(lll) | 10.11to 252.67 ﬁ';?}”p%?gKk{lnr% ‘1%%‘;“' Water samples 28
Benzylamine and [Fe(CN)g* 1010121 (6.90) Cfaﬁpsg%éfﬁxne‘g?nm“ Synthetic samples 34
Phenosafranine and NalO, Nanogram range CKM, SPM, Aimax 520 nm Synthetic water samples 36
L-Phenylalanine and KMnQO, 0'10(10?882)'526 Cmpsg\g lz‘rgar:](esg?n?rrp Tap Writiirt’u?gtheﬂ ¢ 29
Ce(IV) and AS(lI1) 0.45 t0.9.00 (0.08) CKM'PSm',\f,;“au’égzs nm, Synthetic samples 37
Hematoxylin and H,O, 5t0120 CKM, ?mpggngMo nm, Synthetic mixtures 35
Acridine orange and chlorite 1to10 Cgpsg\g lz‘rgar:](ellsom?rrp Synthetic water samples 35
S| OO0 | S | ombeiounts e | 33

In order to extend our efforts for development of
CKMsfor the determination of ruthenium(l11) [28-29], the
present study proposed a new, rapid, selective, senditive,
and less expensive method to determine Ru(lll) by
applying its catalytic property on oxidation of
hexacyanoferrate(ll) by periodate ion in highly basic
condition. The proposed method permits to determine the
[Ru(111)] down to 10 ng-mi~* with very good accuracy and
reproducibility. The minute amount of ruthenium is also
added in certain areas of rivers, lakes and oceans as
industrial wastes. In the present study we have developed
a selective CKM for Ru(lll) determination in water
samples.

2. Experimental

2.1. Reagents

Analytical grade chemicals and double distilled
water were used throughout the investigation. Potassium
hexacyanoferrate(ll) (Sigma) was used as such for the
preparation of stock solution and kept in dark colored
container to prevent photo-degradation. The 1.0M
solution of sodium metaperiodate (Merck) was prepared,
to prevent decomposition it was always wrapped with
aluminium foil. Calculated amount of ruthenium(ll)
chloride (Alfa) was used for the preparation of its stock
solution (100 pg'ml ™) in 0.5M HCI. The potassium iodide
(S. D. Fine) solution was used to check the possible
oxidation of ruthenium(l11) in hydrochloric acid. Sodium
chloride (Merck) solution was used to fix ionic strength
(0.1M) of reaction mixture. pH of the reactants were fixed

separately at 9.50+ 0.02 using sodium hydroxide and
perchloric acid. Standardization of pH meter was done by
standard BDH buffers.

2.2. Apparatus

The progress of catalytic reaction was examined
using Sisco single beam visible spectrophotometer, model
GIGI-110 equipped with self designed thermostated cell
chamber. The pH was maintained by Elico LI-120 digital
pH meter. The glassware was cleaned thoroughly with
detergent, rinsed with dilute EDTA, dipped in 10% HNO;
for minimum 10 min and finally washed thoroughly with
double distilled water. The spectrophotometer cuvettes
were cleaned by soaking in 15% HNO; to discharge
ruthenium traces adsorbed on cell walls.

2.3. Procedure

Except the Ru(l11) concentration, the concentration
of the reactants, pH and ionic strength were judiciously
chosen from the kinetic examination of the catalytic
electron transfer reaction [39]. The reaction conditions
under which the catalytic activity of Ru(l11) was optimum
were selected for quantitative analysis. All the standard
solutions were thermally equilibrated at 303.0+ 0.1 K.
The pseudo-first-order conditions were applied to study
the reaction by taking minimum 10 times excess of
periodate over hexacyanoferrate(ll). The progress of the
electron transfer of hexacyanoferrate(ll) by periodate was
monitored using “fixed time procedure” in highly alkaline
medium by computing the increase in absorbance at
420 nm. The change in absorbance at a definite time
interval were computed to plot the calibration curve
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between Ru(l11) concentration and change in absorbance.
To prevent the complications arising due to possible
interference by the reagents and products present in the
reaction system, the inceptive rate was followed to
determine Ru(l11).

3. Results and Discussion

The optimum reaction condition has been
established and fixed time procedure was adopted to
obtain regression equations. The graphs plotted between
AAt (change in absorbance at t, min) versus [Ru(lll)]
(Fig.1) exhibited the linear dependency on [Ru(I11)] in the
concentration range of (1-20)-10 ' M (10202 ng'ml ™),
which isin good agreement with theoretical concept. The
calibration equations relating AAt (t =2, 5 and 7 min) and
[Ru(l11)], detection limit and correlation coefficients (r?),
aresummarized in Table 2.
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Fig. 1. Plot between AAt
(changein absorbance at t, min) vs. [Ru(l11)]

Table2

Deter mination of ruthenium(l11)
at [Fe(CN)g]* = 2.25:10*, [NalO4] = 7.510°3, pH =95+ 0.02, T=303+ 0.1K, | =0.1M (NaCl)

Cadlibration equations Linear range, M Detection limit, ugml™ Correlation coefficient r*
AA, = 2.2510°[Ru*] + 0.018 (1-20)-10" 0.0081 0.9972
AAs = 3.28-10°[Ru™] + 0.053 (1-20)-10" 0.0053 0.9921
AA; = 4.31:10°[Ru*] + 0.078 (1-20)10" 0.0038 0.9892
Table 3
Computation of recovered ruthenium(l11) in spiked water with % error
at [Fe(CN)6]4' =22510*, [Nal Q4] = 751073, pH=95+002 T=303+0.1K, 1 =0.1M (NaCl)
Ru(l11) tak It e i Al
u en, ng-m Ru(l11) found, Ru(I11) found, Ru(I11) found,
ng ml'l(i %.D. ng'ml™ Error, % ng ml'l(i %.D. ng'ml™ Error, % ng ml'l(i %.D. ng'ml™ Error, %
10.11 10.08 £ 0.09 -0.30 9.96+ 0.08 -151 9.91+0.10 -2.02
33.35 33.66+0.13 0.93 33.98+0.21 1.85 33.82+0.18 1.39
50.54 51.02+0.28 0.95 51.09+0.33 1.08 51.11 + 0.62 112
67.72 66.98 + 0.46 -1.09 67.02+ 051 -1.04 66.82 + 0.88 -1.35
101.07 102.13+ 0.39 1.05 102.45 + 0.56 1.35 102.82 + 0.76 1.70
121.28 119.96 + 0.53 -1.09 117.08 + 0.25 -3.59 118.06 + 0.44 -2.73
151.601 153.24 + 0.76 1.08 152.41 + 0.26 0.53 154.21 + 0.32 1.69
181.93 181.06 + 0.65 -0.48 180.26 + 0.61 -0.93 180.06 + 0.68 -1.04
202.14 200.86 + 0.23 -0.63 198.25 + 0.38 -1.96 199.61+0.21 -1.27

The precision, accuracy and reproducibility of the
present method for Ru(l11) determination was tested by
adding calculated amount of Ru(lll) in double distilled
water and conducting experiments for recovery. The
percentage errors and standard deviation for the
recovered ruthenium(lll) concentration are given in
Table 3. The error corresponding to regression equation
AA; is less than that of AAs and AA; (Table 3) because

AA; is a close study of the initial rate than AAs or AA;.
Therefore, a fixed time interval of 2 min was preferred
for further measurement, which shows a good agreement
between short time of analysis and reproducibility. The
results in Table 3 show excellent reproducibility of the
proposed method. The regression eguation AA; is
therefore advocated for trace level determination of
Ru(lll).
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Table4

Impact of various cationsand anions on deter mination of 1.4-10" M [Ru®] using AA; calibr ation curve
[Fe(CN)g]* = 2.2510%, [Nal O,] = 7.510° pH = 9.5+ 0.02, T=303+ 0.1K, | =0.1M (NaCl)

Foreignions Concentration taken, M-10° Tolerancelevel ([interfering ion]/ [Ru*7)
Ca™ 145 103.57
Co” 1.75 125.00
Ba’ 1.25 89.29
SCN 1.25 89.29

S05° 1.6 114.29
CH;COO 1 71.43
CI 1.75 125.00
Br 13 92.86
NOs 14 100.00
EDTA 0.20 14.29
HEDTA 0.20 14.29
IDA 0.20 14.29

Application of developed method in tap water samplesusing AA; calibration curve
[Fe(CN)g]* = 2.2510%, [Nal O,] = 7.510% pH = 9.5+ 0.02, T=303+ 0.1K, | =0.1M (NaCl)

Tableb

Samples of tap water [Ru*] added, ng-ml™ [Ru*] found, ngml™ Recovery, %
Sample 1 10.33 10.51 101.74
Sample 2 12.84 13.28 103.43
Sample 3 16.54 17.02 102.90

3.1. Study of Interferences (Sensitivity)

The sengitivity of the proposed method was studied
under optimum reaction condition by addition of various
cations, anions and poly-aminocarboxylates to fixed
ruthenium(111) concentration (1.5:10 ' M). The tolerance
limit of the added ions was considered not more than
+5 % relative error. The results (Table 4) reveds that the
catalytic activity of Ru(lll) was not significantly affected
by most common ions up to 71 times higher
concentration. Polyaminocarboxylates (HEDTA, EDTA
and IDA) containing free amino and carboxylic groups
form strong co-ordinate complexes with Ru(l1l), which
suppress its catalytic power to maximum, if tolerance
limit is more than14.29 times.

3.2. Analytical Application
of Developed Method

To test the applicability and reiability, the
proposed method was applied to determine the [Ru(l11)] in
three different samples of tap water having Ru(lll)
concentration in increasing order.

Because of very low content of Ru(lll) in tap water
it was added to the water samples so that the concentration
of Ru(lll) will be in detection range of proposed method
(Table 3). The recovery results in Table 5 indicates the

guantitative and higher recovery of Ru(lll) in every case,
which may be due to the synergistic effect of other cations
present in tap water. Thus, the developed method can be
effectively used for the quantitative determination of
ruthenium(l11) in mixtures of several metal ions in
comparatively higher concentration (Table 3).

4. Conclusions

The experimental data confirms the reproducibility,
stability and selectivity of the developed method to
determine Ru(l11) quantitatively in different types of water
samples using readily available and inexpensive reagents.
The proposed catalytic spectrophotometric method has
good sensitivity with low detection limit as compared to
other developed CKM-SPM. In most of other methods,
substrates used are expensive and rarely available while
other few used quencher and activator for analysis. Over
all, the developed method can be effectively applied for
the trace level ruthenium(l11) analysis in tap water.
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CIIEKTPO®OTOMETPUYHE BUSHAUEHH S
PYTEHIIO 3 BAKOPUCTAHHSIM MOI'O
KATAJITUYHOI AKTUBHOCTI HA OKUCHEHHS
TEKCAIIMAHO®EPPATA(I|) MEPIOJATHUM
MOHOM B 3PA3KAX BOJIH

Anomauin. /[t eusnauenns pymenio(Ill) na mixpopieni
3ACMOCO8AHO KAMANimuyHuil epekm Xnopudy pymeHilo HA 308-
HiWHE nepenecentst enekmponis 2excayianopeppanmy(l1) nepiooam-
HUM TOHOM 'y 60OHOMY JYHCHOMY cepedosuwyi. Bcmarnosneno
onmumanvHi  ymosu peakyii ma HeoOXiOnunl uac. Jliniina
3ANENHCHICMb MIJIC NOSTUHATILHOIO 30AMHICIII0 MA KOHYEHMPAyicio
Ru(ll) suxopucmana ons eusnauenns cniois Ru(ll). Iokazano, wo
0odasannst inmepgepenmuux tionie (8 koHyenmpayisx, 0o 11 pasie
suwux 3a konyenmpayilo RU) icmomno ne enmusae na kama-
aimuuny  akmusnicms  RU(I)  nmpu  okucnenni  2excayiano-
@eppamy(Il)  nepiodamnum  tionom.  Iloriaminoxkapboxcunamu
NPUSHIYYIOMb 1020 KAMAnimuuHy 30amuicmb 00 MAKCUMAILHOO
3HaueHHs, sKWO oonycmuma Mmedca € oo 3a  14,29.
Bpaxosyrouu siomeopiosanicmo, cmabiibicms ma cenekmugHOCb
Yb0o20 MEMOOy, 3anponoHOBAHO SUKOPUCIOBYBATNU 1020 OISl PISHUX
munie 3paskie 8oou ons eusnauennst pymeniio(I11) na mixpopieni.

Knrouoei cnoea. xinemuxa,
@eppam(Il), nepiooam, pymenii(11l).

MEXauizm,  2eKcayiano-
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THERMODYNAMIC PROPERTIES
OF 2-METHYL-5-ARYLFURAN-3-CARBOXYLIC
ACIDS CHLORINE DERIVATIVES IN ORGANIC SOLVENTS
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Abstract. The temperature dependences of the solubility
of 2-methyl-5-(2-chloro-5-trifluoromethylphenyl)-furan-
3-carboxylic acid and 2-methyl-5-(2,5-dichlorophenyl)-
furan-3-carboxylic acid in acetonitrile, dimethyl ketone,
isopropanol and ethyl acetate have been experimentally
determined. The enthalpies of fusion of the investigated
substances, as well as their enthalpies and entropies of
mixing at 298 K have been calculated. The dependence of
the saturated solution concentration on the values of
enthalpy and entropy of solubility at 298 K has been
determined. The compensating effect of mixing the
investigated acids with all solvents containing the
carbonyl group has been established.

Keywords: enthalpy, entropy of solubility, mixing,
melting, 2-methyl-5-(2-chloro-5-trifluoromethyl phenyl)-
furan-3-carboxylic acid, 2-methyl-5-(2,5-dichlorophenyl)-
furan-3-carboxylic acid.

1. Introduction

Functionalized aryl derivatives of five-membered
heterocycles belong to a class of substances that attract
researchers attention from the standpoint of studying their
valuable properties and various modifications of their
structure. In particular, the compounds with an arylfuran
fragment have become widely used as the modifying
agents in the synthesis of polymeric materials [1, 2] and
biologically active compounds, since they exhibit a wide
spectrum of biological activity [3] and are less toxic than
those containing only a functionalized fragment of furan
[4]. The compounds with this fragment have begun to be
used in therapeutic practice for the treatment of
neurodegenerative diseases [5], the treatment of genetic

! | viv Polytechnic National University,

12, Bandery St., 79013 Lviv, Ukraine

2 lvan Franko National University of Lviv,

6, Kyrylai Mefodiya St. 79005 Lviv, Ukraine

~ phys.chemIp@gmail .com

O Sobechko I., Horak Y., Dibrivnyi V., Obushak M., Goshko L., 2019

diseases [6], the creation of drugs for the treatment of
tobacco dependence in order to reduce the need for
nicotine and remove abstinence symptoms [7] and in the
treatment of HIV-1 infection as a component of
antiretroviral therapy [8]. It should ne noted that
polymeric materiads with arylfuran fragments are also
biologically active [9]. The chitosan polymers modified
with chlorine- and nitro-containing arylfurans showed
significantly higher antimicrobial activity than unmodified
chitosans [10, 11]. Thus, the search for promising
reactions involving arylfuran fragments and the need for a
deeper understanding of their biochemical functions
requires the study of their thermodynamic properties.
Naturaly, the scientific researches appeared in which
thermodynamic  properties of individual organic
compounds with an arylfuran fragment were examined.
The determined values may contribute to solve practical
problems concerning the optimization processes of their
synthesis and purification. Since most reactions occur in
solutions, the optimization of synthesis and purification of
compounds with an arylfuran fragment is impossible
without the determination of thermodynamic parameters
of solubility. Some works regarding the thermodynamic
properties of compounds with arylfuran fragment have
appeared in recent years [12-17]. The presented work is
the continuation of the previous research. Its purposeisto
study the thermodynamic properties of 2-methyl-5-(2-
chloro-5-trifluoromethyl phenyl)-furan-3-carboxylic  acid
and 2-methyl-5-(2,5-dichlorophenyl)-furan-3-carboxylic
acid solubility in organic solvents of different polarity.

2. Experimental

2.1. Materials

2-Methyl-5-(2-chloro-5-trifluoromethyl phenyl)-
furan-3-carboxylic acid (1) and 2-methyl-5-(2,5
dichlorophenyl)-furan-3-carboxylic  acid  (II) were
synthesized according to Scheme 1 by two stages:
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0
0 OMe
N,Cl OMe  cycl, J\
. _©/ . Y bl Pcn,  KOH.CHOH
o CH, R
1 2 3

OH

CH,

Scheme 1. Synthesis of investigated acids

0]
KOH, C,H / \
1 2 SOH 0]
R
4
where R = 2-CI-5-CF; (a) and 2,5-Cl, (b)
Arylfuran-containing  acids under  normal

conditions are white crystalline compounds with a
molecular weight of 304.7 g/mol (compound ) and
517.6 g/mol (compound I1).

At the first stage, methyl esters of 5-aryl-2-methyl-
3-furan carboxylic acids (3a and 3b) were synthesized.
For this purpose 289 (0.2mol) of methyl ester of
2-methyl-3-furan carboxylic acid, 2g of copper(ll)
chloride and 80 ml of acetone were added to the three-
necked reactor equipped with a stirrer, dropping funnel
and bubble counter. A solution of arendiazonium chloride
1, obtained by diazotization of 0.21mol of the
corresponding amine, was added under vigorous stirring.
After nitrogen was released, the product was filtered
(compound 3b) or distilled under vacuum (compound 3a)
and recrystallized from ethanol. At the second stage
5-aryl-2-methyl-3-furancarboxylic acids (4a and 4b) were
obtained by saponification of the synthesized esters 3a
and 3b in the following way. A hot ethanolic solution of
potassium hydroxide (4.2g, 0.075mol) was gradually
added to the hot solution of the corresponding ester
(0.05mal) in ethanol. The mixture was left overnight.
After acidification with hydrochloric acid, the precipitate
was filtered off, washed with water and repeatedly
recrystallized from ethanol. The samples after 4-fold
recrystallization were used for research.

Identification of acids was performed using NMR
spectroscopy. 'H NMR spectra were recorded by the
Bruker DRX 500 (500 MHz, DM SO-d6). Chemical shifts
(6, ppm) are given in relation to the DMSO signal
(2.50 ppm).

2-Methyl-5-(2-chloro-5-trifluoromethyl phenyl)-
furan-3-carboxylic acid: *H NMR (500 MHz, DMSO) §
2.67 (3H, s, CHy); 7.36 (1H, s, 4-H-furan); 7.60 (1H, dd,

J; =84, J, =186, 4-H6CH3); 7.74 (1H, d, J = 84, 3-H
CeH3); 8.05 (1H, s, 6-H CgH3); 12.60 (1H, s, COOH).

2-Methyl-5-(2,5-dichlorophenyl)-furan-3-
carboxylic acid: *H NMR (500 MHz, DMSO) § 2.62 (3H,
s, CHy); 7.31 (1H, s, 4-H furan); 7.44 (1H, dd, 4-H, CgH3);
7.59 (1H, d, 3-H, CgH3); 7.83 (1H, s, 6-H, CgH3); 12.83
(1H, s, COOH).

The compounds purity was determined using a
high-performance liquid chromatograph Agilent 1100
HPLC equipped with a diode matrix with a selective
detector on a Zorbax SB-C18 column, 4.6x15 mm, el uent
A acetonitrilewater with 0.1% TFA (95 5). No
admixtures were found in the samples.

For solubility studies, commonly used organic
solvents with a high volatility and sufficiently low boiling
point were used: acetonitrile, dimethyl ketone, ethyl
acetate and isopropanol (Merck, Germany). A content of
the main component was not less than 99.0 wt %. Before
use, the solvents were purified by a fractional distillation
followed by identification relative to the refractive index
(no™) and boiling point (Twsi). The content of the main
component was determined using a gasliquid
chromatograph LXM-8D with a thermal conductivity
detector (TCD). Chromatograph columns with a diameter
of 0.4cm and a length of 2 m were filled with a solid
phase Chromator N-AW (0.20-0.25 mm) containing 10 %
polyethylene glycolidipinate + 1% orthophosphoric acid.
Gas carrier was helium. The column temperature was
423K, the evaporator temperature was 493K, TCD
current was 120 mA.

The determined values differed from those given in
the literature by no more than the value of experimental
error, and the content of the main component was not less
than 99.8 wt% (Table 1).
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Table 1

Physicochemical properties of solvents

20

No Thoit, K Content of themain
Solvents M.gmol e it determ. it component, wt %
Acetonitrile 41.05 1.3443 1.3442 [10] 354.6 354.8[10] 99.9
Dimethyl ketone 58.08 1.3590 1.3591 [10] 329.2 329.3[10] 00.8
Ethyl acetate 88.11 13722 1.3724[10] 349.9 350.2 [10] 99.9
| sopropanal 60.10 1.3776 1.3776 [10] 355.1 355.3[10] 00.8
2.2. Solubility

The temperature dependence of the solubility of the
investigated acids was determined by gravimetric method,
the same asin previous studies [12-17].

The dissolution of the acids was carried out in a
sealed glass vessel with a Teflon dtirrer, a thermometer
and an aperture for sampling. The stirrer speed was
400150 rpm. The accuracy of thermostatting was +0.1 K.
Saturation of solutions was carried out for not less than
48h under constant dtirring at the experimental
temperature. Experiments were carried out at different
temperatures. The absence of a hysteresis loop on the
solubility curve confirmed the achievement of a state
close to equilibrium.

Samples were selected in series of two or three
samples and transferred to a pre-weighed sealed weighing
bottle, followed by removal of the solvent and re-
weighing at the temperature of 333-343 K. The accuracy
of the weighing was +0.0002 g.

2.3. Differential Thermal Analysis

Derivatographic studies of acids were carried out
using Q-1500 D derivatograph (Paulik-Paulik-Erday)
under a dynamic mode in an atmosphere of air. Heating
rate was 5 K/min; platinum crucible was used.

3. Results and Discussion

The experimental results are given in Tables 2 and
3, where my and m,, are the weights of the solvent and the
solute, respectively, and T is the temperature at which
solubility was determined. The experimental data were
processed using the least squares method and presented in
alinear form (2).
.DuH DS 0

RT R

where AgH and A4S are partial molar enthalpy and
entropy of solubility. Here and below the errors of all
values are given for the significance level of 0.95.

Inx, =

The thermodynamic parameters of solubility AgH
and AxS can be represented by the sum of the
corresponding phase transition parameters of crystalline
2-methyl-5-(2-chloro-5-trifluoromethyl phenyl)-furan-3-
carboxylic acid and 2-methyl-5-(2,5-dichlorophenyl)-
furan-3-carboxylic acids in the liquid phase with the
parameters of their mixing with the solvent (Egs. (2) and
(3)).

AgiH = AnsH + AmixH 2
AxiS= AnsS+ AminS 3

To determine the change in enthalpy (AnixH) and
entropy (AmixS of mixing, it is necessary to consider the
enthalpy (AweH) and entropy (AwsS) of fusion of the
investigated compounds at the average experimental
temperature. It is impossible to determine the enthalpy
and entropy of acid fusion using the differential thermal
analysis due to their increased ability to thermooxidative
degradation. Derivatograms show a significant weight loss
of acid samples immediately after the melting point has
reached (Fig. 1). Therefore, the thermodynamic para
meters of solubility were determined by the approximate
method of calculation [19, 20]. These works show the
constancy of the change in the specific entropy of fusion
AnsS (JgK) a the melting point for more than 100
organic compounds of different classes. Then AqH (J/Q)
is calculated according to the known Eq. (4).

AnH = Trus ArusS 4

To evaluate the specific entropy of fusion of the
investigated acids, we used the experimental results [13-
20] obtained by a derivatographic method for arylfurans
(Table4).

The average value of the specific entropy of fusion
for derivatives of arylfurans presented in Table 4, is
0.319 £ 0.027 JgK). Then, the values of molar entropy
and enthalpy of fusion for 2-methyl-5-(2-chloro-5
trifluoromethylphenyl)-furan-3-carboxylic acid can be
evaluated as AqusS = 97.2+8.2Jmal-K,
AHsi7e = 503x4.2kJmol;  for  2-methyl-5-
(2,5-dichlorophenyl)-furan-3-carboxylic acid
AnsS=86.5% 7.3 Imol-K, AgdHsss7 = 48.1 + 4.1 kImoal.
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Table2

Temperatur e dependence of 2-methyl-5-(2-chlor o-5-trifluor omethylphenyl)-fur an-3-car boxylic acid

in organic solvents

K | mg [ mg [ x100 | K | mg [ mg | x10° [ 7K | myg | myg [ x10°
Acetonitrile
287.8 1.5972 0.0020 0.17 304.0 16718 0.0038 0.31 317.6 1.0579 0.0045 0.56
287.8 2.2961 0.0027 0.16 306.5 1.0005 0.0026 0.35 317.6 1.6170 0.0067 057
297.9 0.6311 0.0011 0.25 306.5 1.0093 0.0026 0.35 321.4 0.2190 0.0010 0.62
297.9 1.3606 0.0025 0.25 306.5 1.3974 0.0036 0.35 3214 0.3726 0.0017 0.63
297.9 1.4730 0.0028 0.26 307.5 1.5766 0.0045 0.38 321.4 0.4511 0.0021 0.63
298.5 1.4068 0.0027 0.26 307.5 1.6851 0.0047 0.38 3215 1.0791 0.0050 0.62
298.5 1.4563 0.0027 0.25 312.1 0.7054 0.0022 0.43 3215 1.3964 0.0067 0.65
298.5 1.6833 0.0032 0.26 312.1 1.6105 0.0055 0.46 3215 2.1091 0.0098 0.63
302.5 0.5314 0.0011 0.29 312.1 1.6162 0.0053 0.44 322.5 0.6668 0.0032 0.65
302.5 1.5940 0.0032 0.27 316.4 0.8819 0.0032 0.49 322.5 1.7365 0.0087 0.68
302.5 2.2415 0.0048 0.29 316.4 1.5886 0.0060 0.51 322.5 2.3690 0.0117 0.67
304.0 1.4387 0.0034 0.32 316.4 2.0771 0.0076 0.50 326.0 1.7018 0.0106 0.80
304.0 1.4455 0.0034 0.32 317.6 0.8318 0.0033 054 326.0 1.9125 0.0111 0.79
Inx, = (4.46 + 0.32) — (3804 + 96)-1/T
Dimethyl ketone
294.4 0.5663 0.0085 2.85 304.3 0.479%4 0.0100 3.98 312.9 0.3626 0.0098 5.12
294.4 0.6290 0.0088 2.68 305.5 0.4379 0.0089 3.86 312.9 0.4436 0.0118 5.05
297.0 0.7068 0.0111 2.99 305.5 0.5542 0.0111 3.82 312.9 0.49825 0.0140 5.33
297.0 0.8928 0.0141 3.01 305.5 0.5879 0.0126 4.07 315.8 0.2935 0.0085 5.49
297.0 0.5204 0.0084 3.07 308.4 0.4479 0.0106 451 315.8 0.4579 0.0134 5.55
2975 0.5837 0.0096 3.13 308.4 0.5572 0.0133 453 315.8 0.8215 0.0244 5.63
2975 0.4294 0.0069 3.08 308.7 0.3662 0.0092 4.77 320.0 0.3700 0.0128 6.55
2975 0.4671 0.0075 3.07 308.7 0.4870 0.0122 4.75 320.0 0.4315 0.0146 6.41
299.4 0.5117 0.0095 3.55 308.7 0.5076 0.0119 4.47 320.0 0.6311 0.0217 6.53
299.4 0.5849 0.0109 3.56 311.1 0.4388 0.0110 4.76 322.9 0.2179 0.0078 6.82
304.3 0.3658 0.0079 4.10 311.1 0.5027 0.0124 4.70 322.9 0.4877 0.018 6.99
304.3 0.3972 0.0082 3.94 311.1 0.6387 0.0168 4.99 322.9 0.5324 0.0195 6.93
Inx, = (4.40 + 0.39) — (3025 + 119)-1/T
Ethyl acetate
300.8 | 0.4210 0.0048 3.29 308.5 0.5978 0.0087 4.19 3158 | 0.7298 0.0135 5.32
300.8 | 0.7449 0.0086 3.33 311.2 0.4783 0.0074 4.48 315.8 | 0.8266 0.0151 5.26
300.9 | 0.4801 0.0054 3.24 311.2 0.5197 0.0080 4.43 3159 | 0.8431 0.0158 541
3009 | 0.6917 0.0080 3.33 311.2 0.5767 0.0090 4.49 315.9 1.1951 0.0221 5.33
300.9 | 0.8809 0.0101 3.32 311.6 1.0630 0.0164 4.44 3185 | 0.4338 0.0090 6.00
3044 | 0.6576 0.0082 3.59 311.6 1.0684 0.0164 4.42 3185 | 04751 0.0100 6.08
3044 | 0.7460 0.0092 3.55 313.0 0.4077 0.0069 4.87 3185 | 05155 0.0108 6.02
3044 | 0.7920 0.0095 3.48 313.0 0.4807 0.0080 4.79 3235 | 0.4687 0.0118 7.23
307.0 | 0.7857 0.0107 3.92 313.0 0.5851 0.0098 4.82 3235 | 0.4846 0.0122 7.26
307.0 | 0.8963 0.0122 3.94 313.6 05731 0.0102 5.12 3235 | 05622 0.0136 6.95
307.0 | 0.9086 0.0123 3.92 313.6 0.6294 0.0114 5.23 3275 | 04230 0.0118 8.04
3085 | 0.4489 0.0062 3.98 313.6 0.7089 0.0129 5.24 3275 | 05032 0.0139 7.95
3085 | 0.5767 0.0080 4.00 315.8 0.7111 0.0130 5.26 3275 | 05647 0.0157 8.00
Inx,= (5.47 + 0.41) — (3376 + 129)-1/T
| sopropanol
302.7 0.4111 0.0041 1.96 312.4 0.3827 0.0062 3.19 318.0 0.4092 0.0082 3.96
302.7 0.8314 0.0083 197 312.4 0.4612 0.0075 3.20 318.0 0.4713 0.0095 3.98
302.7 0.6382 0.0064 1.97 3124 0.5483 0.0089 3.19 318.0 0.6676 0.0137 4.03
305.0 0.3983 0.0045 2.22 313.5 0.4097 0.0070 3.36 318.4 0.3741 0.0079 4.15
305.0 0.7478 0.0083 2.19 313.5 0.5072 0.0085 3.30 318.4 0.4456 0.0095 4.18
305.0 0.7564 0.0082 2.13 313.5 0.7026 0.0121 3.38 318.4 0.4479 0.0090 3.95
308.6 0.3938 0.0054 2.70 316.2 0.4073 0.0075 3.62 320.9 0.3668 0.0085 4.55
308.6 0.4269 0.0058 2.67 316.2 0.4185 0.0078 3.66 320.9 0.4458 0.0105 4.60
308.6 0.4996 0.0068 2.68 316.2 0.4662 0.0087 3.67 320.9 0.4735 0.0111 4.63
309.8 0.5238 0.0074 2.78 317.1 0.4233 0.0086 4.01 325.5 0.4017 0.0117 5.74
309.8 0.5293 0.0076 2.82 317.1 0.4843 0.0095 3.88 325.5 0.6713 0.0201 5.87
309.8 0.5313 0.0078 2.89 317.1 0.4992 0.0096 3.80 325.5 0.7425 0.0217 5.73
Inx, = (8.78 + 0.35) — (4543 + 110)-U/T
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Table3

Temperatur e dependence of 2-methyl-5-(2,5-dichlor ophenyl)-fur an-3-car boxylic acid in or ganic solvents

LK | mg | mg xz10° T,K mg | mg [ %10 [ 7K | mg [ mg [ xi0°
Acetonitrile
304.1 1.7584 0.0005 0.43 314.0 4.0253 0.0018 0.68 326.5 2.9971 0.0023 1.16
304.1 1.8033 0.0005 0.42 318.1 1.7062 0.0009 0.80 326.5 3.3645 0.0027 122
304.1 3.0456 0.0009 0.45 318.1 1.8319 0.0010 0.83 3304 2.9830 0.0029 147
307.9 1.4604 0.0005 0.52 318.1 2.2592 0.0012 0.80 3304 3.1800 0.0031 148
307.9 1.8749 0.0007 053 320.5 2.1442 0.0014 0.99 3304 3.6235 0.0036 150
307.9 1.9603 0.0007 054 320.5 2.2392 0.0014 0.95 3315 2.8957 0.0028 1.46
311.3 2.3067 0.0009 0.59 320.5 27723 0.0017 0.93 3315 3.1059 0.0031 151
311.3 2.6456 0.0011 0.63 3225 1.7379 0.0011 0.96 3315 3.4128 0.0034 151
311.3 2.8480 0.0012 0.64 3225 1.9867 0.0013 0.99 335.5 2.3662 0.0027 173
314.0 2.6318 0.0012 0.69 3225 2.2074 0.0015 1.03 335.5 2.6048 0.0029 1.69
314.0 2.7298 0.0012 0.67 326.5 2.6295 0.0021 121 335.5 3.1141 0.0036 175
Inx, = (4.90 + 0.38) — (4546 + 123)-1/T
Dimethyl ketone
2984 0.7363 0.0014 422 309.1 0.7198 0.0021 6.40 317.9 0.9182 0.0041 9.67
2984 0.8695 0.0017 431 309.1 0.9384 0.0027 6.16 317.9 1.1962 0.0050 8.95
300.7 0.4267 0.0009 452 312.9 0.3561 0.0013 8.12 318.5 0.6722 0.0030 9.71
300.7 0.5979 0.0012 4.30 312.9 0.4697 0.0017 7.45 318.5 0.7778 0.0034 9.49
300.7 0.7235 0.0015 4.44 312.9 0.5483 0.0020 7.81 318.5 1.0268 0.0045 9.48
305.1 0.3205 0.0008 5.34 313.3 0.9008 0.0031 7.49 3224 0.4674 0.0023 105
305.1 0.3450 0.0009 5.59 313.3 0.9656 0.0034 7.65 3224 0.7638 0.0039 109
305.1 0.5816 0.0015 5.52 313.3 0.9734 0.0034 7.59 3224 11164 0.0054 105
308.7 0.4072 0.0012 6.31 313.6 0.8663 0.0033 8.28 3234 0.4976 0.0026 112
308.7 0.4840 0.0014 6.41 313.6 1.0496 0.0038 7.85 3234 0.7291 0.0040 109
309.1 0.6145 0.0018 6.27 317.9 0.7403 0.0030 8.67 3234 0.8057 0.0043 105
Inx,= (5.33 + 0.49) — (3918 + 153)-1/T
Ethyl acetate
301.9 1.6540 0.0023 452 316.8 1.5951 0.0039 8.04 324.1 1.2017 0.0039 105
301.9 16751 0.0023 4.46 316.8 1.6465 0.0041 8.09 324.1 1.3336 0.0043 105
301.9 2.7724 0.0038 4.45 316.8 2.0522 0.0052 8.23 324.1 1.7066 0.0057 10.8
304.8 1.4656 0.0022 4.99 318.1 1.2866 0.0033 8.33 327.6 16734 0.0060 116
304.8 1.7084 0.0026 4.94 318.1 18164 0.0048 8.58 327.6 1.8576 0.0067 117
304.8 2.0557 0.0031 4.90 318.1 2.1476 0.0057 8.62 327.6 2.3365 0.0085 118
312.1 1.1236 0.0023 6.65 321.1 1.5380 0.0045 8.50 331.0 1.6803 0.0069 133
312.1 1.9614 0.0040 6.62 3211 2.0603 0.0060 9.46 331.0 1.8667 0.0076 132
312.1 2.5448 0.0053 6.76 3211 2.7656 0.0082 9.63 331.0 2.0869 0.0085 132
316.4 2.9336 0.0071 7.86 321.9 1.3308 0.0039 9.52 332.3 1.0041 0.0044 142
316.4 29757 0.0071 7.75 321.9 1.8228 0.0055 9.80 332.3 2.0169 0.0088 142
316.4 3.2686 0.0081 8.05 321.9 24157 0.0072 9.68 332.3 2.2388 0.0098 142
Inx,=(4.84 + 0.34) — (3791 + 110)-1/T
| sopropanol
296.9 2.4509 0.0026 2.35 308.5 2.6075 0.0055 4.67 325.5 2.3500 0.0105 9.94
296.9 24984 0.0028 248 311.3 0.8232 0.0019 511 325.5 2.9287 0.0128 9.72
296.9 2.9357 0.0032 242 311.3 1.6908 0.0040 5.24 329.8 1.7107 0.0085 111
300.5 0.8686 0.0012 3.06 311.3 2.3636 0.0056 5.25 329.8 1.8791 0.0099 117
300.5 1.1662 0.0015 2.85 315.2 1.8976 0.0055 6.42 329.8 1.9543 0.0104 118
300.5 1.9272 0.0026 2.99 315.2 3.0420 0.0085 6.19 332.2 1.7855 0.0107 133
305.6 2.0011 0.0036 3.78 315.2 3.3571 0.0095 6.27 332.2 18194 0.0112 136
305.6 2.0313 0.0036 3.99 320.5 2.6229 0.0093 7.85 332.2 2.0900 0.0123 130
305.6 2.0539 0.0035 3.93 320.5 2.63%4 0.0099 8.05 335.5 1.5851 0.0110 154
308.5 1.3292 0.0027 4.50 320.5 2.6542 0.0096 8.31 335.5 1.8269 0.0126 153
308.5 2.0353 0.0042 457 325.5 1.7651 0.0076 9.545 335.5 2.3993 0.0171 158
Inx, = (7.52 + 0.39) — (4697 + 123)-1/T




Iryna Sobechko et al.

8 r 20 2
6 0 1,5
4

20 1

£ c

5 £

& £
Eo + -40 2 0,5

- x E

O 0 I = o

2

a

g F -60
<
2
52 [—or¢
—— DTG, mg/min L 80 05
-4 !
—16,%
% + -100 1
8 120 15

T,C

a)

—DT,C

" —T16,%

— DTG,mg/min

b)

285

r 20

r 20

-1

TG, %

- -80

- -100

- -120

Fig. 1. Derivatograms of 2-methyl-5-(2,5-di chlorophenyl)-furan-3-carboxylic acid (a)
and 2-methyl-5-(2-chloro-5-trifluoromethyl phenyl)-furan-3-carboxylic acid (b)

Table4
Ther modynamic parameter s of arylfurans
MW: Tfus: 4 fusH ’ 4 fusS

Compound gmol | K kimol | JmolK [ JgK
2-Methyl-5-phenylfuran-3-carboxylic acid 202.2 | 458.1+05 | 324+1.8 | 70.7£19 | 0.350
2-M ethyl-5-(4-methyl phenyl)-furan-3-carboxylic acid 216.2 | 507.2t1.2 | 32.7+1.0 | 645+15 | 0.299
5-(2-Nitrophenyl)-furan-2-carboxylic acid 2352 | 491.6+1.0 | 33.59+0.22 | 68.3t1.0 | 0.291
3-[5-(2-Nitrophenyl)-furan-2-]-acrylic acid 259.2 | 447.6£1.0 | 25.00£0.66 | 55.9+1.2 | 0.216
5-(2-Nitrophenyl)-furan-2-oxime 2322 | 411.1+10| 20.1+1.3 | 489t16 | 0.211
5-(3-Nitrophenyl)-furan-2-oxime 2322 | 4449+10 | 26.75+t048 | 60.1+1.1 | 0.259
5-(4-Nitrophenyl)-furan-2-oxime* 232.2 | 451.1+1.2 | 22.30+0.17 | 49.4+15 | 0.213
5-(2- Nitrophenyl)-furan-2-carbaldehyde 217.2 | 368.3+1.0 | 33.39+0.70 | 90.7+1.2 | 0.417
5-(3- Nitrophenyl)-furan-2-carbal dehyde 217.2 | 428.6+1.0 | 36.31+0.44 | 84.7+1.1 | 0.390
5-(4- Nitrophenyl) furan-2-carbaldehyde 217.2 | 479.8+1.0 | 39.86+0.69 | 83.1+1.2 | 0.383
5-(2-Nitro-4-methyl phenyl)-furan-2-carbal dehyde 231.2 | 379.2t1.2 | 28.10+0.10 | 74.1+1.2 | 0.321
5-(2-Nitro-4-oxymethyl phenyl)-furan-2-carbal dehyde 247.2 | 372.0£1.0 | 35.89+0.07 | 96.5£1.0 | 0.390
5-(2-M ethyl-4-nitrophenyl)-furan-2-carbal dehyde 231.2 | 4404413 | 34711 78.8+1.7 | 0.341
5-(2-Oxymethyl-4-nitophenyl)-furan-2-carba dehyde 247.2 | 490.9£15 | 36.93+t0.13 | 75.2+15 | 0.304
Ethyl-4-(5-formylfuran-2-yl)-benzoate 2443 | 386.1+15 | 335+15 | 86.7+2.1 | 0.355
2-Cyano-[3-(4-phenyl)-2-furan]-acrylic acid ethyl ester 2673 | 391.5+10 | 34.6+1.8 | 884+2.1 | 0331
2-Cyano3-[4-(4-methyl phenyl)-2-furan]-acrylic acid ethyl ester 281.3 | 387.7t1.0 | 26.8+3.0 | 69.1+3.2 | 0.246
2-Cyano-3-[5-(2-nitrophenyl)-2-furan]-acrylic acid ethyl ester 3123 | 437.0£1.0 | 34.93+1.0 | 79.9t1.3 | 0.256
2-Cyano-3-[5-(3-nitrophenyl)-2-furan]-acrylic acid ethyl ester 3123 | 487.3t15 | 587+23 | 120.4+2.7 | 0.385
2-Cyano-3-[5-(4-nitrophenyl)-2-furan]-acrylic acid ethyl ester 3123 | 523.8+15 | 76.6+34 | 146.2+3.7 | 0.468
2-Cyano-3-[4-(4-methyl-3-nitrophenyl)-2-furan]-acrylic acid ethyl ester | 326.3 | 427.2+1.0 | 40.9£1.2 95.7+£1.6 | 0.293
2-Cyano-3-[5-(phenyl)-2-furyl]-2-propenamide 2383 | 480.8+t15 | 37.6+1.7 78.2+2.3 | 0.328
2-Cyano-3-[5-(4-methyl phenyl)-2-furyl]-2-propenamide 2523 | 461.0£1.1 | 40.3t1.6 87.4+2.1 | 0.346
2-Cyano-3-[5-(2-nitrophenyl)-2-furyl]-2-propenamide 283.2 | 513.9+1.1 | 37.43t0.76 | 72.8+t1.3 | 0.257
2-Cyano-3-[5-(2-nitro-4-methyl phenyl)-2- dypmui]-2-propenamide 297.2 | 481.6£1.0| 453+1.0 | 94.1+14 | 0.316

Note: * theratio of anti:sinisomersis 9:41 (~1:4.55).
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Table5
Ther modynamic parameter s of solubility, melting and mixing
of investigated compoundsin organic solventsat 298 K
AfusH | AsoIH | Am'><H AfusS | AsolS | Am'><s
Solvent Kdmol JmolK
2-methyl-5-(2-chl oro-5-trifluoromethyl phenyl)-furan-3-carboxylic acid
Acetonitrile 31.63+0.80 -2.9+4.7 37.1+2.7 -20.3+9.3
Dimethyl ketone 25.15+0.95 -9.4+4.7 36.6+3.2 -20.8+19.5
Ethyl acetate 34.5+4.6 28.1+1.1 -6.4+4.7 57.4+8.9 455+3.4 -11.9+95
| sopropanol 37.77+0.92 3.3+4.7 73.0£2.9 15.6+x9.4
2-methyl-5-(2,5-dichlorophenyl)-furan-3-carboxylic acid
Acetonitrile 37.8+1.0 6.2+4.5 40.7£3.2 -5.8+8.5
Dimethyl ketone 32.6+1.3 1.0+4.6 44.3+4.1 -2.2+8.9
Ethyl acetate 31644 31.52+0.91 -0.1+4.5 46.5£7.9 40.2+2.8 -6.3t84
| sopropanol 39.1+1.0 7.5+4.5 62.5+3.2 16.0+8.5

Calculated values of enthal py and entropy of fusion
(Table 5) were recalculated relative to a generally
accepted temperature of 298 K according to Egs. (5) and
(6) [19].

DisHr = DfusHTfUS + Dfust(T - Tfus) =

e 15 Tfus_u

ag Tfus % (5)

=D fusH TfuS

T
Dfussl' = Dfussl'fus + DfustInT =

fus

=D += In 6
fusSI'fus @' a fusg ( )
S0 & DyH°
where g2ts> 2 fus +  =135+0.11.
§ fust Tfus >eDfust
Q—f Q—fus

According to Table 5, the mixing of saturated
solutions of both investigated acids in ethyl acetate occurs
with negative deviations from the ideal solution
(AnixH < 0), and the mixing in isopropanol — with positive
ones (AnixH > 0). Mixing in acetonitrile and methyl ketone
occurs with different signs of deviation. The saturated
solutions of  2-methyl-5-(2-chloro-5-trifluoromethyl-
phenyl)-furan-3-carboxylic acid are mixed with negative,
and saturated solutions of 2-methyl-5-(2,5-dichloro-
phenyl)-furan-3-carboxylic acid — with positive deviations
from the ideal solution.

We also managed to establish the compensatory
effect of the mixing process for the acids (Eg. (8)) using
organic solvents except acetonitrile (Fig. 2). A similar
dependence was observed in our previous studies [13] for
2-methyl-5-phenylfuran-3-carboxylic acid (Eqg. (9)) and
2-methyl-5-(4-methyl phenyl)-furan-3-carboxylic acid
(Eq. (10)).

The location of 14 points outside the straight lines
can be explained by the formation of hydrogen bond of
various types between acids and solvents. An
intermolecular hydrogen bond with oxygen is formed
between acids and dimethyl ketone, ethyl acetate and
isopropanol due to the carbonyl and hydroxyl groups; in
the acetonitrile molecules the hydrogen bond is formed
between the hydrogen atoms of the hydroxyl group and
nitrogen of the nitrile group.

AmixH298 = 0.350AixSos — 2.17 (M
AmixH298 = 0.346AixSes + 1.94 )
AmisH29g = 0.414-4,1ixSog + 6.40 (9) [13]

AmisHogg = 0.409:41ixSpos + 1.59 (10) [13]

20.00 —

DrixH , kdmol

10.00 —|

0.00 —

+10.00 \ , \ , \ , {
-20.00 0.00 ZO'OODmxS, Imol K 40.00
Fig. 2. Dependence between the enthal py and the entropy
of mixing for acids in organic solvents. 2-methyl-5-(2-chloro-
5-trifluoromethyl phenyl)-furan-3-carboxylic acid (o); 2-methyl-
5-(2,5-dichlorophenyl)-furan-3-carboxylic acid (¢); 5-methyl-5-
(4-methyl phenyl)-furan-3-carboxylic acid [13] (o) and 5-phenyl-
2-methyl-3-furancarboxylic acid [13] (A); points 1-4 refer to
solutions of investigated compounds in acetonitrile
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4. Conclusions

The thermodynamic properties of 2-methyl-5-(2-
chloro-5-trifluoromethyl phenyl)-furan-3-carboxylic  acid
and 2-methyl-5- (2,5-dichlorophenyl)-furan-3-carboxylic
acids solubility in organic solvents were determined. The
established compensatory effect of mixing acids with
solvents shows the same type of their intermolecular
interaction with the formation of a hydrogen bond with
oxygen between the carbonyl and hydroxyl groups. The
mixing of acids with acetonitrile occurs via another
mechanism (without compensatory effect) to form a
hydrogen bond between hydrogen atoms the hydroxyl
group and nitrogen of the nitrile group. The obtained
results may be used for optimization of synthesis and
purification of investigated acids.
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TEPMOJIUHAMIYHI BJIACTUBOCTI PO3YMHIB
XJIOPHOXITHUX 2-METUJI-5-APUJI®YPAH-3-
KAPBOKCHWJIBHUX KHUCJIOT B OPTAHIYHUX

PO3YNHHUKAX

Anomauia. ExcnepumenmanvHo 6usHaA4eHO memnepamypHi
3anexcnocmi posuurHocmi 2-memun-5-(2-xnop-5-mpugpmopmemun-
@enin)-pypan-3-kapoonosoi  ma  2-memun-5-(2,5-ouxnopgenin)-
@ypan-3-kapbonosoi kuciom 6 ayemonimpuii, OUMemUIKemoHi,
i30-nponanoni ma emunayemami. Pospaxoeani emmanvnii nias-
JIeHHsl  OOCTIOJNCEHUX peyosuH ma ix enmanvnii ma eHmponii
smiwyeannsi 3a 298 K. Bcmarnoeneno pigHsinms 36 513Ky KOHYeHm-
payii Hacu4eHo2o po3uuHy 3 GEIUYUHAMU EHMANbNIL | eHmponii
posuunnocmi  3a 298 K. Busienenuti komnencayiinuil  eghexm
BMIULYBAHHST OOCTIONCEHUX KUCIOM 3i 6CIMA POZYUHHUKAMU, WO
Micmams KapOOHITLHY epyny.

Knwuosi cnoea. ewmanvnis, eHmponis pOUUHHOCMI,
SMIWYBaHHsSL | naagienns, 2-memun-5-(2-xnop-5-mpugpmopmemun-
@enin)-pypan-3-kapbonosa  xkucroma,  2-memun-5-(2,5-ouxnop-
@enin)-pypan-3-kapbonosa kucroma.
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Abgract. The synthesis and anticancer activity of a
series of new 3-amido derivatives of 3-chloro-10H-
pyrido[3,2-b][ 1,4]benzoxazine and 3-chloro-10H-pyrido
[3,2-b][1,4]benzothiazine is presented. The synthesized
dructures were characterized by UV-visible, FT-IR,
'H NMR spectroscopy and éemental analytical data. Thein
dlico physicochemical properties disclosed that neither
3-chloro-10H-pyrido[ 3,2-b][ 1,4]benzoxazine and 3-chloro-
10H-pyrido[3,2-b][1,4]benzothiazine  intermediates  nor
their carboxyamido derivatives violate Lipinski's rule of
five. In addition, molecular docking studies showed that
they exhibited good interaction with cancer receptors.
1,3-di-10H-Pyridq[ 3,2-b] [ 1,4] benzathiazin-3-ylurea which
showed a significant interaction with al the employed
receptors possessed the highest anticancer activity.

Keywords: synthesis, phenoxazine,
carboxyamide, anticancer, docking.

phencthiazine,

1. Introduction

Anticancer  activity of new phenothiazine
derivatives was extensively studied over the last two
decades[1]. A variety of benzo and dibenzophenothiazine
was known to display a promising anticancer activity [2,
3]. Pluta et al. [4] have recently described a significant
anticancer activity of azaphenothiazines tested on 55-60
in vitro cell lines such as leukemia, non-small cell lung,
colon, CNS, melanoma, ovarian, renal, prostate and breast
cancers. The anticancer activity of the azaphenothiazines
was attributed in part to the thiazine nitrogen in the
molecules [4]. Also in recent times various derivatives of
phenoxazine have been reported to possess multidrug
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resistance (MDR) modulator in cancer cells [5, 6]. The
presence of phenoxazine nucleus in the structure of
naturally occurring Actinomycin D antibiotic and
anticancer produced by Streptomyces suggests synthesized
derivatives of phenoxazine to be potentia
chemotherapeutic agents [7]. Kato [8] reported that
2-amino-4,4a-dihydro-4a, 7-methyl-3H-phenoxazin-3-one
and 2-aminophenoxazin-3-one were effective in the
treatment of pancreatic cancer. In another devel opment,
Kapadia [9] demonstrated that the modification of
phenothiazine and phenoxazine ring afforded derivatives
which possess significant inhibition of in vitro Epgtein-
Barvirus early antigen (EBV-EA). Our earlier work also
disclosed phenoxazines as antibiotic leading agents
because of their potent inhibition of penicillin binding
proteins (PBP) [10]. The inability of anticancer
chemotherapeutic agents to sdlectively discriminate
normal cell from cancerous cells as well as serious side
effects of administering anticancer drugs constitutes the
greatest challenge in cancer treatments [11]. Another
major issue in a cancer therapy is the multidrug resistance
effect of cancerous cells to numerous chemotherapeutic
drugs which often result in treatment failure [12].
Therefore, dedicated effort towards evaluation of potential
anticancer agents by medicinal chemists in view to find
solutions of the aforementioned problems continued
unabatedly.

Recently, metal-catalyzed amidation reactions of
aryl halides have become an attractive protocol for
synthesizing N-arylamides [13-16] and this had been
utilized in accessing various azaphenoxazine carboxa
mides[17]. In this study, similar protocols were applied in
the synthesis of new azaphenothiazine carboxy-amides as
potential anticancer agents. The in-silico physicochemical
properties and molecular docking studies of azaphe-
noxazine and azaphenothiazine carboxamides for
anticancer drugs likeness were a so described.
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2. Experimental

2.1. General Information

All chemicals were purchased from Sigma-Aldrich
Chemical Company and were used without further
purification. Mdting points were determined with a
Fischer-Johns apparatus and were uncorrected. 'H and
BCNMR data were recorded with Brucker DPX 400
MHz spectrometers relative to TMS as an internal
standard. All chemical shifts were reported in ppm (6) and
coupling constants (J) reported in Hz. Multiplicity are
indicated using the following abbreviations: br, for broad;
s, for singlet; d, for doublet; t, for triplet; dd, for doublet of
doublets and; m, for multiplet. Elemental anaysis was
carried out at the Central Science Laboratory, University
of Cairo, Egypt on a CE440 Elemental Analyzer. UV-
Visible Spectra were recorded on Cecil 7500 Aquarius
7000 Series Spectrometer a  Chemistry Advance
Laboratory (CAL), Sheda Science & Technology
Complex (Shestco) Abuja, Nigeria, using matched 1 cm
quartz cells and methanol as a solvent. Infrared spectral
data were obtained on FT-IR-8400s using KBr disc and
reported in wave number (cm™). The physicochemical
properties were studied using Molinspiration Chemoinfor-
matics softwares (http://www.moalinspiration.com). The
drug-likeness was evaluated using Lipinski’s rule of five.
In order to gain more insight about the binding modes of
compounds 1-12, docking studies were performed. Five
cancer target proteins were chosen for this study and the
3D structures of these proteins were downloaded from the
Protein Data Bank. They are Signaling protein [18] (PDB
code: 3kkp) at the resolution of 1.35 A; Mitotic regulator
for chromosomal alignment and segregation (PDB code:
2x9¢) at the resolution of 3.10 A [19]; Oncogene protein
[20] (PDB code: 5P21) at the resolution of 1.35A;
Androgen receptor [21] (PDB code 1gs4) at the
resolution of 1.95A and RAS-RAF-mitogen activated
protein kinase/extracelular signal-regulated kinase [18]
(PDB code: 3PP1) at the resolution of 1.35 A.

Human androgen receptor activity has been clearly
linked to a prostate cancer. Prostate cancer cdls, smilar to
normal prostate cells, require androgens to grow and
survive [21]. However, inhibition of androgen receptor
activity will ultimately prevent the production of
androgens, and subsequently inhibits prostate cancer
growth. Human Mitogen-activated protein kinase is one of
the activators that mediates pathways for proliferative and
anti-apoptotic  signaling from growth factors and
oncogenic factors leading to a tumor growth, progression,
and metastasis [22] This, therefore, provides a molecular
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target for discovery of new anti-cancer drugs. Human
monopolar spindle 1 (MPSL) kinase (2x9¢) is a key
regulator of the spindle assembly checkpoint (SAC). SAC
is required for proper chromosomal alignment and
segregation. This kinase has been found in a wide range of
human tumors and is necessary for tumora cell
proliferation [23]. The inhibition of SAC will reduce
cancer cell proliferation or cancer cell death, making 2x93
a new approach to selectively target cancer cells. Ras
family small GTPases/proteins are one of the focal points
in a cancer research because of their role as “on/off
switch” signaling pathways. They include 3kkp and 5p21.
They control cellular signaling pathways responsible for
growth, migration, adhesion, cytoskeletal integrity, survi-
val and differentiation. As a result, multiple approaches
are undertaken to develop tumor therapies efficiently
targeting RAS and RAS effector pathways[24].

The initial preparation of the pdb files to select the
needed chains, delete multiple ligands and non-protein
parts were done using Discover Studio visudize [25]
version 16. 1.0. 15350. The 2D and 3D structures of the
ligands were drawn using ACD/ChemSketch 2015 version
[26]. OpenBabd [27] GUI version 2.3.2 and AutoDock
[28] were used to convert the pdb file to pdbqt format.
AutoDock Tools 1.5.6 and AutoDock Vina version 1.1.2
(downloaded from http://autodock.scripps.edu) were used
for molecular docking process [29]. Discover Studio
visualize [26] verson 16.1.0.15350 was used for
analyzing docking results[30].

2.2. Synthesis of 3-Chloro-10h-
pyrido[3,2-b][1,4]benzothiazine 7

In a 250 ml flask containing sodium hydroxide
(L.79g, 3mmal) in 50ml of water was added
2-aminothiophenol (2g, 2mmol) and entire mixture
warmed until reagents dissolved. Thereafter, freshly
prepared 2,3,5-trichloropyridine (2.92g, 1.6 mmol) in
50 ml of DMF was added in drops within 15 min and the
mixture boiled for 4 h. The reaction mixture at the end
was filtered and the residue was washed with cold water.
The obtained solid product was dried and recrystallized
from ethanol to yield a yellow colored compound. Yield
790g (65%), mp. 375376 K. UV-Visible inx
(ethanol): 280 (4.55), 310 (4.40), 350 (3.93). FT-IR (cm™)
(KBr): 3438 (N-H), 3049 (Ar-H), 1615 (C=C), 1356-1315
(C-N). 64 ( 400 MHz CDCl3): 7.82 (1H, s, br, N-H), 7.6—
6.8 (6H, m, Ar-H). J. (100 MHz CDCl3): 144.19, 140.39,
138.98, 120.39, 118.20, 115.57, 110.33, 106.02. (And.
cacd. for C;1H-CIN,S: C, 43.34; H, 2.42. Found: C,
43.10; H, 2.60).



290

2.3. General Procedure for Synthesis
of Benzoxazine/Benzothiazine
Carboxamides

A 250 ml two-necked flask containing NiCl, (0.3 g,
2.3mmoal) and PPh; (0.9 9, 3.4 mmol) was fitted with a
teflon septum. The vessd was evacuated and backfilled
with nitrogen (three times) before degassed water (1 ml)
and tert-butanal (2 ml) were injected into the vessd and
entire mixture heated for 1 min thereafter K,CO; (1.38 g,
10 mmol), 3-chloro-1-azaphenoxazine (2.18 g, 9.90 mmoal),
and amides (10.0 mmol) were added to the solution and
entire mixture heated at 383K for 4h under inert
amosphere until a limiting reactant was completely
consumed. The reaction was cooled to room temperature,
diluted with ethyl acetate and the crude product extracted
from water 3 times. The combined organic extracts were
dried with MgSO,, and concentrated in vacuum. The crude
product was purified by a slicagd column chromato-
graphy to afford the desired product as a light yellow solid
after recrystallization from the agueous ethyl acetate.

2.4. N-(10H-Pyrido[3,2-b]
[1,4]benzothiazin-3-yl)acetamide 8

Compound 8 was obtained as a dark-grey solid after
recryddlization from the agueous ethyl acetate. Yield
43%, mp. 381-383K (dec). UV-Vishle 1 (ethanol):
288 (4.55), 290 (4.40), 360 (3.93). FT-IR (cm™) (KBr):
3310-3250 (N-H), 3030 (Ar-H), 1708 (C=0), 1615 (C=C),
1464-1414 (C=N), 1356-1305 (C-N), 832, 754 (mono
substituted benzene ring). dy (400 MHz CDCl3): 8.78 (s, br,
1H, HNCO), 7.81 (1H, s, br, N-H), 7.6-6.8 (6H, m, Ar-H),
24 (3H, s, CHz). 6. (100 MHz CDCly): 184.19 (C=0),
140.39, 138.98, 120.39, 118.20, 115.57, 110.33, 106.02,
32.00. (Anal. caled. for Ci3H1IN,OS: C, 60.68; H, 4.31.
Found: C, 60.49; H, 4.50).

2.5. N-(10H-Pyrido[3,2-b]
[1,4]benzothiazin-3-yl)benzamide 9

Compound 9 was obtained as a dark ash solid after
recrystallization from the aqueous ethyl acetate. Yidd
32 %, m.p. 361-363 K (dec). UV-Vigble inx (ethanal):
216 (4.78), 254 (4.80), 309 (4.46), 475 (4.06). FT-IR (cm™)
(KBr): 3350-3307 (N-H), 3161-3070 (Ar-H), 1660
(C=0), 1615 (C=C), 1484-1425 (C=N), 1356-1225
(C-N), 893 (monosubstituted aromatic ring). oy (400 MHz
CDCl3): 8.50 (1H, s, HNCO), 7.81 (1H, s, br, N-H), 7.60—
6.85 (11H, Ar-H), 4.24 (s, 1H, -NH-). J. (100 MHz

Efeturi A. Onoabedje et al.

CDCl3): 177 (C=0), 154.19, 148.39, 141.98, 130.59,
128.20, 122.34, 115.57, 110.33, 106.02. (Anal. calcd. for
CisHuN,OS: C, 60.68; H, 4.31. Found: C, 60.49; H,
4.50).

2.6. 4-Nitro-N-(10H-pyrido[3,2-b]
[1,4]benzothiazin-3-yl)benzamide 10

Compound 10 was obtained as a light ydlow solid
after recrystallization from the aqueous ethyl acetate. Yield
40 %, m.p. 375-377K (dec). UV-Vishle Ana( ethanol):
212 (3.40), 251 (4.93), 306 (4.40), 404 (2.88). FT-IR (cm™)
(KBr): 3400-3310 (N-H), 3040 (Ar-H), 1690 (C=0), 1610
(C=C), 1405 (C=N), 1356-1305 9 (C-N). oy (400 MHz
CDCly): 10.2 (1H, s, HNCO), 8.22 (1H, s, br, N-H), 7.53—
6.61 (10H, m, Ar-H). 6100 MHz CDCl3): 175.20 (C=0),
149.11, 143.30, 138.18, 132.39, 128.20, 120.34, 115.57,
110.33, 106.02. (And. calcd. for CigH1oN4OsS: C, 59.33;
H, 3.32. Found: C, 59.49; H, 3.30)

2.7. 2-(10H-Pyrido[3,2-b]benzothiazin-3-
yl)-2,3-dihydroisoquinoline-1,4-dione 11

Compound 11 was obtained as a light yellow solid
after recrystallization from the aqueous ethyl acetate.
Yield 42%, mp. 379-381K (dec). UV-Vishle
Amax(€thanol): 201 (4.55), 251 (4.03), 320 (4.40), 424
(2.98). FT-IR (cm™) (KBr): 3450-3320 (N-H), 3040
(Ar-H), 1720, 1698 (C=0), 1610 (C=C), 1405 (C=N),
1356-1335 (C-N). dy (400 MHz CDCl3): 8.72 (1H, s, br,
N-H), 8.11-7.25 (8H, m, Ar-H), 2.18-2.32 (2H, s, -CH").
dc (100MHz CDCl3): 181.23, (C=0), 147.11, 145.30,
140.28, 135.30, 130.20, 125.14, 120.52, 115.03, 106.02,
40.34. (Anal. caled. for CxH13N30:S: C, 66.84; H, 3.65.
Found: C, 66.79; H, 3.50).

2.8. 1,3-di-10H-Pyrido[3,2-b]
[1,4]benzothiazin-3-ylurea 12

Compound 12 was obtained as a light ydlow solid
after recrystallizatiom from the aqueous ethyl acetate. Yield
40 %, m.p. 369-371K (dec). UV-Vishle A (ethanol):
247 (2.10), 351 (2.43), 451 (3.40), 520 (3.05). FT-IR (KBr,
cm™): 3411-3355 (N-H), 3051 (Ar-H), 1684 (C=0), 1613
(C=C), 1474-1405 (C=N), 1356-1305 (C-N). oy (400 MHz
CDCly): 104 (2H, s, br, HNCO), 8.22 (2H, s, NH), 7.5-6.8
(12H, m, Ar-H). 6100 MHz CDClj): 171.20 (C=0),
150.21, 145.30, 138.10, 135.33, 130.20, 135.30, 125.97,
120.33, 116.12. (And. calcd. for Cx;HigNeOS;: C, 60.51;
H, 3.53. Found: C, 60.40; H, 3.62).
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Tablel
Amidation of 3-chloro-10H-pyrido[3,2-b]benzoxazine and 3-chlor 0-10H-pyrido[ 3,2-b]benzothiazine
Entry Oxazine/thiazine Amide Product
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Reaction conditions: NiCl, ( 0.3g, 23 mmol) and PPh; (0.9 g, 3.4 mmol), water (1 ml) and tert-butanol (2 ml), K;COs
(1.38 g, 10 mmal), 3-chloro-lazaphenoxazine (9.90 mmol), and amides (10.0 mmoal).
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Fig. 1. Synthesis of 3-chlorophenoxazine and 3-chlorophenothiazine amido derivatives

3. Results and Discussion

3.1. Synthesis of Amido Derivatives
of Phenoxazine and Phenothiazine

The intermediate compounds, 3-chloro-10H-
pyrido[ 3,2-b]benzoxazine 1 and 3-chloro-10H-pyrido[ 3,2-
b]benzothiazine 7 were prepared by the anhydrous base
catalyzed reaction in DMF or dioxane of 2-aminophenol
and 2-aminothiophenol with 2,3,5-trichloropyridine at
373 K respectively to afford yellowish powdered products
in good yields after recrystallization from the aqueous
ethanal (Fig. 1) [31, 32].

The cross-coupling of compounds 1 and 7 with a
variety of amidesvia Ni-PPh; mediation afforded the 3-amido
derivatives (2-6 and 8-12) (Fg. 1, Table 1). The synthesisand
cheracterization of compounds 1 and 2-6 were eerlier reported
[17] while nemy synthesized compounds 7-12 were obtained
asydlowish solidsin moderate isolated yid ds. The UV-vishle
data of compounds 9-12 showed bethochromic shifts as a
result of extended conjugation in their molecular sructures.
The chaadteridic IR frequencies of N-H and C—O
functionalities were found at 3400-3100 and 1700-1640 crri™,
respectively for compounds 7-12. The proton nuclear magneilc
Spectragave broad singlet signdsfor N-H and HNCO protons
correspondingly in such a way N-H protons were located at
higher fidd than HNCO for dl the derivatives. The assigned
dructures of the synthesized compounds were in agreement

3.2. In=Silico Physicochemical
Evaluation

Table 2 contains Lipinski properties such as mo-
lecular weight (MW), partition coefficient value (Log P),
number of hydrogen bond donor (HBD), hydrogen bond
acceptor (HBA) rotatable bonds (NoRB), total polar
surface area (TPSA) and other parameters for 3-chloro-
10H-pyrido[ 3,2-b] benzoxazine 1, 3-chloro-10H-pyrido
[3,2-b] benzothiazine 7 and their amido derivatives.

In accordance with Lipinski’s rule of five, a drug
must have a molecular weight value of <500, hydrogen
bond donor <5, hydrogen bond acceptor <10 and partition
coefficient (Log P) <5 [20]. Table 2 shows that the
synthesized compounds passed the Lipinski’s rule of five.
The polar surface area (PSA) which is an indicator of the
ligand hydrophilicity plays an important role in the
protein-ligand interaction. Veber et al. [33] showed that
10 or fewer rotatable bonds and polar surface area, PSA
<140 A% would have a high probability of good oral
bioavailability inrats. In addition, compoundsl 3,578,
9 and 11 were found to have PSA <90 A? and so can cross
the BBB and penetrate the CNS [25]. Pluta [1] noted that
the biological activity of phenothiazine derivatives is a
result of interaction of pharmacophoric substituents and
multicyclic ring (pi-pi interaction, intercalation in DNA)
as wel as the penetration of biological membrane is a

with other spectrd and andyticd data result of the lipophilic character of the molecule.
Table 2
I n-silico physicochemical properties of the studied compounds
Compound MW Log P HBD HBA nViolation TPSA NoRB Volume
1 218.64 3.29 1 3 0 41.82 0 175.38
2 303.32 3.51 2 5 0 70.92 2 264.64
3 2271.22 1.86 2 5 0 70.92 1 193.23
4 242.24 1.75 4 6 0 96.94 1 204.51
5 344.58 3.64 2 5 0 70.92 2 250.34
6 348.32 3.46 2 8 0 116.75 3 287.97
7 234.71 3.94 1 2 0 28.68 0 184.52
8 257.32 248 2 4 0 57.78 1 218.93
9 319.39 4.15 2 4 0 57.78 2 273.78
10 364.39 4.11 2 7 0 103.61 3 297.11
11 359.41 3.73 1 5 0 66.06 1 299.10
12 456.56 5.78 4 7 1 98.49 2 373.12

Notes: MW — molecular weight; NoRB — number of rotatable bonds; P — partition coefficient; HBA — number of hydrogen
bond acceptors; HBD — number of hydrogen bond donors, nViolation —number of violation; TPSA —total polar surface area.
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3.3. Molecular Docking Calculations

The docking study was performed using the
AutoDock Tools and AutoDock vina. 3-chloro-10H-
pyrido [3,2-b]benzoxazine 1, 3-chloro-10H-pyrido[3,2-
blbenzothiazine 7 and their amido derivatives were
docked into the active dtes of the selected cancer target
proteins.

All the compounds docked showed significant
binding affinities with each of the five proteins. The
interactions of compounds 11 and 12 with the receptors
3kkp, 5p21, 2x9% and 1gs4 dicited higher binding
affinities than the standard drug. In addition, compounds 6
and 12 showed better interaction and higher binding
affinities with the receptor 3ppl than the standard drug
(Table 3).
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Compound 12, 1,3-di-10H-pyrido[ 3,2-
b][1,4] benzothiazin-3-ylurea showed the best interaction
and the the highest anticancer activity with all the
receptors than other derivatives. Particularly, compound
12 showed highest activity with 5p21 and 1g4 (-11.5 and
11.2 kcal/moal, respectively). These binding energies were
significantly high compared to the standard drug
(methotrexate). Therefore, compound 12 with the highest
binding affinity was selected to illustrate further their
binding modes with 5p21 and 1gs4 (Figs. 2 and 3). A
careful look at receptor-compound interaction of 12 shows
the following interactions of amino acid residues of the
receptors (1gs4 and 5p21) and the pharmacophoric atoms
of the ligand 12: hydrogen bond, aromatic pi-alkyl,
aromatic pi-sulphur, Van der Waals, pi-lone pair and pi-
donor hydrogen bond interactions (Figs. 4 and 5). The
distances of their interactionsin A are also given.

Table3
Binding affinity of different compounds with cancer target proteins
Compound 3kkp Binding energy (AG), kcal/mal

2x9%e 5p21 1gs4 3ppl

1 -6.9 -6.8 -7.3 -8.1 -7.2

2 -8.2 -1.7 -95 -85 -10.0

3 -7.1 -6.9 -8.2 -75 -76

4 -74 -6.9 -84 -8.2 -8.2

5 -1.7 -6.9 -85 -7.6 -83
6 -85 -8.0 -9.2 -85 -10.3

7 -6.5 -6.6 -6.9 -7.6 -7.1

8 -7.0 -6.7 -7.6 -7.6 -79

9 -7.9 -1.7 -8.3 -8.1 -8.7
10 -8.2 -8.0 -8.7 -8.0 -95
11 -8.8 -8.8 -9.8 -8.9 9.7
12 -8.8 -10.0 -115 -11.2 -10.9
MTX -8.2 -1.7 -94 -7.8 -8.7

Note MTX —methotrexate

Fig. 2. Binding mode of 12 with amino acid residues
of the 5p21

Fig. 3. Binding mode of 12 with amino acid residues
of the 1gs4
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Fig. 4. Interactions of 12
with amino acid residues of the 1g4s

It is worthy to note that each of the synthesized
compounds was able to interact with each of the cancer
target proteins, inhibiting their biochemical processes.
This shows that the compounds can act as anticancer
agents at different targets, interrupting essential
biochemical pathways for the survival of the cancer cells,
and ultimately lead to their deaths. In al the receptors
used, it was observed that replacement of the chlorine
atom in compound 1 and 7 with amido moieties gave rise
to compounds with better binding affinities. Particularly,
derivatives with benzamido group such as 2, 6, 9, 10, 11
and 12 possess higher binding affinities than other
compounds without the aromatic ring in the amido group.
This may be attributed to the ability of the aromatic ring to
form pi interactions with sigma, alkyl and sulphur of the
amino acid residues of the target proteins.

4. Conclusions

3-amido derivatives of 3-chloro-10H-pyrido[3,2-
b][1,4]benzoxazine and 3-chloro-10H-pyrido[ 3,2-
b][1,4]benzothiazine exhibited a good interaction with
cancer  receptors.  1,3-di-10H-Pyrido[3,2-b][1,4]benzo-
thiazin-3-ylurea (compound 12) possesses the highest
anticancer activity, showing the significant interaction with
all the receptors employed in the docking. The results from
physicochemical and molecular docking <udies of
derivatives need to be validated by experimental data.
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CHUHTE3 I TEOPETUYHI MTPOTUITY XJIMHHI
JOCJIKEHHS NESIKNX HOBUX
MOHOA3A-10H-®EHOTHA3NHOBHX TA 10H-
®EHOKCA3UHOBUX I'ETEPOIIAKJIIB

Anomauisn. Cunme306ano psi0 HOBUX 3-aminonoxionux
3-xnop-10H-nipuoo[ 3,2-b] [1,4] 6enzoxcasuny  ma  3-xnop-10H-
nipuoo[ 3,2-b] [ 1,4] benzomiazurny ma suznaueno ix npomunyxiunmy
akmusHicmo.  Cunmezogami  cnonyku  npoauanizoéami  Y@-,
1H AMP-cnexmpockonicio, cnexmpockonielo @yp'e ma eremenm-
Hum ananizom. Ha ocnogi  @hizuxo-ximiunux enacmugocmeil 3a
memodom in Slico susieneno, wo npomisicni npodyxmu 3-xnop-10H-
nipuoo[3,2-b] [ L4] 6enzokcazuny i 3-xnop-10H-nipudo[ 3,2-b)
[1,4) 6enzomiaszuny, ma ix kapboxcuamioni noxioni e nopyuLyiomos
npaguna Jlinincoko2o. 3a 00NOMO20I0 MONEKYIAPHO2O OOKIHZY
NOKA3GHO, WO CUHME308AHI CNOTYKU HENO2AHO 63AEMOOIIOMb 3 pe-
yenmopamu  paxy. Busnaueno, wo mnatieuwy npomunyxaunmy
axmusnicme  mae  1,3-0i-10H-nipuoo[3,2-b] [ 1,4] 6enzomiasun-3-
LIcevo8una.

Knrouoei cnosa:. cunmes, penoxcasun,
KapboKkcuamio, npOMunyXautti 3acoou, OOKiHe.

Genomiazum,
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OF SOME DERIVATIVES OF p-COUMARIC ACID
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Abstract. The synthesis of new derivatives of p-
coumaric acid was carried out through serial reactions, i.e.
alkylating, base hydrolysis, catalytic hydrogenation, and
Fisher edterification. All reactions except catalytic
hydrogenation were conducted by utilizing microwave
irradiation from a household microwave oven. The
antiplatelet tests using clotting time showed that p-
coumaric acid and its derivatives have antiplatel et activity
which is related to the lipophilic nature of the compounds
and its affinity with the selected target molecule, i.e.
COX-1 enzyme (PDB ID 1CQE).

Keywords: p-coumaric acid, antiplatelet, COX-
1, clotting time, catalytic hydrogenation.

1. Introduction

One of the leading causes of death from
cardiovascular disease is thromboembolism. The
accumulation of platdet formation plays an important
role in the pathogenesis of thromboembolic disorders[1].
Many endogenous compounds, e.g. thromboxane A2,
thrombin, von Willebrand factor, and ADP increase
platel et aggregation on different routes. Platelets maintain
a balance between anti-aggregator and pro-aggregator
behavior under normal physiological conditions [2]. The
main treatment for this disease is antithrombotic,
including antiplatelet. Aspirinisawidely used antiplate et
with the inhibiting mechanism of cyclooxygenase-1
(COX-1) enzyme [3]. However, about 15-25% of
patients are known to be resistant to aspirin. In addition,
there are side effects in the form of bleeding and
neutropenia[4, 5].

One of the derivatives of the cinnamate compound,
namely p-coumaric acid, [(E)-3-(4-hydroxyphenyl)acrylic
acid] (1) has been reported to have antiplatelet activity [6,
7]. Zhao et al. [8] reported that compound 1 acts as an
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anti-inflammatory agent by reducing the expression of
inducible nitric oxide synthase (iNOS), COX-2, IL-18,
and TNF-o at mRNA and/or protein levels in RAW264.7
cells stimulated by lipopolisacharide (LPS). Molecule 1
also decreases cytokine levels to reduce MAPK pathway
activation, NF-«xB, and decreases immune response [8].

One of the factors affecting antiplatelet activity is
the drugs ability to penetrate cdl membranes or
lipophilicity of the compounds [7]. To improve the
lipophilicity of 1, methylation reaction was carried out
with dimethyl sulphate in alkaline condition and Fisher
esterification to modify carboxylic and OH-phenadlic
moieties of 1 thereby increasing the value of logP of its
derivatives. The hydrogenation of vinyl double bond of 1
will aso be performed to determine the effect of double
bond againgt antiplatelet activity.

The antiplatelet test was implemented by the blood
clotting time dlide method. The prediction of antiplatelet
mechanisms was studied in the in silico study with COX-1
enzyme [9]. The in silico study results were compared in
terms of Rerank Score (RS) with aspirin.

2. Experimental

2.1. Materials

p-Coumaric acid (1) was bought from Aldrich;
dimethyl sulphate, KOH, acetone, chloroform, potassium
carbonate, HCI, H,S0O,, NaOH, ether, ethanol, methanol,
and Raney-Ni were purchased from Merck. Derivatives of
compound 1 (i.e. 2-5) were synthesized via severa
reactions (Fig. 1).

2.2. Methods

The synthesis reaction was monitored with TLC
using UV lamp on | = 254 nm to spot detection. Some
synthesis reactions were conducted by household
microwave oven SHARP modd R-230R(S). Mdting
points were measured by Fischer-John melting point
apparatus without correction. UV spectra were obtained
by Shimadzu HP 8452 UV-vis spectrophotometer. IR
spectra were performed using a Jasco FT-IR 5300
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spectrophotometer. The *H and *C NMR spectra were
obtained from the JEOL JINM-ECS 400 instrument
(‘HNMR: 400MHz, “CNMR: 100MHz) using
appropriate solvent (DMSO-ds for 2, 3, 5; Pyr-ds for 4).
Physicochemical properties (logP, MR, Ewm) were
obtained by Chem Bio Ultra program.

HO (CH3)2804,

Ko H,CO

0,
)

OH

=z

acetone

OCH;
mw 280w

N

MO00Z Ml
ogtH
HOHO
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O}_\—@OCH3
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Fig. 1. Structure modification of p-coumaric acid (1)

2.2.1. (E)-Methyl 3-
(4-methoxyphenyl)acrylate (2)

p-Coumaric acid (500mg, 3.05mmol) was
dissolved in 10ml of acetone. Potassium carbonate
(L.25g, 96mmol) and dimethyl sulphate (2 ml,
21.9mmol) were added to the mixture. The resulting
mixture was irradiated in a microwave oven at 70 %
power (280W) for 10 min. (The mixture was tested by
TLC, every 30 ). The crude product was poured into an
Erlenmeyer flask containing distilled water and stirred at
room temperature, after which it was washed several
times and then recrystallized from ethanal.

Obtained product is white crystal; 75 % yield; m.p.
361 K. UV: | e (EtOH) 228 and 310 nm. IR (KBr; u cmi):
2948, 1717, 1637, 1603, 1513, 1288, 1175, 823. '"H NMR
(DMSO-ds, d ppm): 7.63 (2H, d, =84 Hz, -CH=CH- ), 7.57
(I1H, d, J = 158 Hz, Ar—-CH=CH-C=0), 6.93 (2H, d,
J = 84 Hz, -CH=CH-) 644 (1H, d, J = 158 Hz
Ar—CH=CH-C=0 ), 376 (3H, s -OCHj), 366 (3H, s
-OCHy). ®*CNMR (DMSO-ds, d ppm): 167.5, 161.7, 144.9,
130.7, 130.7, 127.1, 1156, 114.9, 1149, 55.9, 51.8. All the
Soectrd data are in agreement with the dructure of the
compound 2.

2.2.2. (E) -3- (4-Methoxyphenyl)acrylic
acid (3)

Compound 2 (500 mg; 2.60 mmol) was dissolved
in 20 ml of 5 % KOH/ethanol solution. The mixture was
irradiated into a microwave oven at 70 % power (280 W)
until the reaction was complete (6 min). Thereafter, the
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resulting mixture was acidified with HCI to yield sediment
of compound 3. This crude product was purified by
recrystallization using methanol.

Obtained product is white crystal; 85 % yield; m.p.
443K. UV: | e (EtOH) 228 and 308 nm. IR (KBr; u cm™):
2936, 2844, 2561, 1685, 1623, 1598, 1255, 1173, 827 cm.
'HNMR (DMSO-dg) 378 (3H, s, -OCHs), 6.60 (1H, d,
J = 16Hz, Ar—-CH=CH-C=0), 6.96 (2H, d, J = 5.0 Hz,
-CH=CH-), 7.53 (1H, d, J = 16 Hz, Ar—CH=CH-C=0), 7.62
(2H, d, J = 50 Hz, -CH=CH-). ®CNMR (DMSO-d,
d ppm): 55.5, 114.5, 116.7, 127.0, 130.1, 143.9, 161.1, 168.0.
All the spectral dataarein agreement with the structure of the
compound 3.

2.2.3. 3-(4-Methoxyphenyl)propanoic
acid (4)

Compound 3 (500 mg; 2.77 mmol) was dissolved
in25ml of 5 % NaOH solution. The mixture was heated
until the MCA was dissolved and then cooled to room
temperature again. A catalytic compound of Raney-Ni
(565 mg; 5 mmol) was added to the mixture and stirred at
room temperature for 1 h. When the rate of gas release
decressed, the mixture was heated until the entire
hydrogen gas was exhausted (if the volume of the mixture
was reduced during heating, sufficient water was added to
the initid volume) then the mixture was filtered. The
black precipitate of Ni residue on the filter paper was
washed with 2" 5 ml of 5 % hot NaOH solution, followed
by 2°5ml of hot water. The filtrate was collected and
cooled at room temperature. Then, 5ml of HCI
concentrate was dripped slowly and the temperature was
maintained within 353-358 K. The precipitate was
extracted using 3" 10 ml of ether. The ether phase was
evaporated and the forming crystals were dissolved in
acetone to separate from the remaining Al mixed with the
crystals. The acetone phase was evaporated, then white
precipitate 4 was obtained. This crude product was
purified by recrystallization using ethanol [10].

Obtained product is white crystal; 85 % yield; m.p.
369 K. UV: | e (EtOH) 202 and 223 nm. IR (KBr; u cmi):
2930, 2835, 2596, 1703, 1612, 1512, 1302, 1246, 1215, 821.
'HNMR (Pyr-ds; TMS; d ppm): 6.88 (2H, d, J = 6.0 Hz,
-CH=CH-), 7.15(2H, d, J=6.0 Hz, -CH=CH-), 3.82 (3H, 5,
-OCHg), 2.88 (2H, t, J= 6.0 Hz, Ar-CH,-CH,-C=0), 254
(2H, t, J=9.0 Hz, Ar-CHCHz). ®*CNMR (Pyr-ds, TMS,
d ppm): 175.4, 158.7, 133.9, 130.3, 129.9, 114.9, 114.5, 55.3,
36.9, 30.9. All the spectral data are in agreement with the
structure of the compound 4.

2.2.4. (E)-Methyl-3-
(4-hydroxyphenyl)acrylate (5)

Compound 1 (500 mg; 3.05 mmol) was dissolved
in 5ml of methanol, then 2 drops of concentrated H,SO,
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were sowly added to the mixture. The mixture was
introduced into a microwave oven and irradiated at 50 %
power (200W) until the reaction was completed. The
excess of methanol was evaporated, and then the residue
was neutralized with 5 % potassum carbonate solution.
The crude product 5 was washed with cold water and then
purified by recrystallization using an appropriate solvent.

Obtained product is white crystal; 75 % yield; m.p.
419K. UV: | e (EtOH) 230 and 314 nm. IR (KBr; u cm™):
3378, 1687, 1268, 1177, 1617, 823. 'H NMR (DMSO-ds;
TMS; d ppm) : 9.96 (1H,s -OH), 6.75 (2H, d, J=8.2 Hz,
-CH=CH-), 7.50 (2H,d, J=8.2 Hz, -CH=CH-), 3.65(3H, s,
-OCHg), 752 (1H, d, J=15.8 Hz, Ar—-CH=CH-C=0), 6.35
(1H, d, J=15.8 Hz, Ar-CH=CH-C=0). ®*CNMR (DMSO-
ds, TMS, d ppm): 167.6, 160.4, 145.3, 130.8, 130.8, 125.6,
116.3, 116.3, 1144, 51.7. All the spectra data are in
agreement with the structure of the compound 5.

2.2.5. Clotting Time Assay

White male adult mice in good health of age 8-12
weeks and weight of 20-22 g were adapted and fed for one
week and then randomly divided into 5 groups, each
consisting of 6 mice. Each mouse was fed with their usual
food every day and was given drink of water ad libitum.
All mice were tested for blood clotting time (day 0) and
were put into the mounting. The blood clotting time was
calculated by putting mice on an observation desk. The
mice's tail was cleaned by 70 % alcohol and then pierced
with a surgical knife as far as 2 cm from the tail edge for
2mm puncture depth. The dripping blood were then
dripped into the object glass and observed for every 15s
to determine the onset of fibrin formation. Afterwards, the
scarred mice were treated using betadine solution
according to their groups. Low dose of ASP (80 mg) was
used as a positive control and 0.5 % CMC-Na solution
was used as negative control, both administered orally.
The test solutions were given orally with the same dose of
aspirin for 7 days. On the 8" day, blood clotting time on
the test animals were analyzed according to the procedure
outlined above [1]. Antiplatel et assay was approved by the
Ethical Commission of Airlangga University.

2.2.6. In silico study

The in silico study was performed on the crystal
structure of the enzyme COX-1 (PDB ID 1CQE) with
2.90 A resolution, which was downloaded from the RCSB
Protein Data Bank (www.rcsh.org), in the form of binding
ligand crystal COX-1 with FLP_1650 [A]. The complex
1CQE-FLP_1650 [A] crydtal structure was downl oaded to
the active site and determined for its binding sites. The 3D
molecular structure of test compounds was imported into
the active site and placed in a cavity in accordance with
FLP_1650 [A]. The in silico assay was conducted into an
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appropriate cavity of the SE algorithm using MolDock
with the maximum of 1500 iterations. The affinity of the
ligand was determined and the score expressed as Rerank
Score (RS). The complex enzyme ligand with pose with
the highest score showed the best interaction. The best
docking result must fulfill the requirements, namely the
lowest energy and the position of the molecule that isin
the same bond with FLP_1650 [A], observed visually.
Observation of enzyme-ligand interactions included
hydrogen bonding, steric interactions (Van der Waals), as
well as electrogtatic performed to pose with the highest
score of RS[10].

3. Results and Discussion

The structure modification of the p-coumaric acid
(1) used the Fisher edterification reaction, alkylation, and
catalytic dehydrogenation mentioned above, yielded the
desired compounds, namely 2, 3, 4, 5 (Fig. 1).

In this research, syntheses of 2, 3, and 5 were
successfully conducted by microwave irradiation. The
basic mechanism of microwave irradiation is caused by
the agitation of polar or ionic molecules that move
because of magnetic field movement. The occurrence of
these magnetic movements causes the particles to try to
orientate or paraleize with the fied, limiting the
movement of particles due to the interaction between
particles and dielectric resistance. Thiswill cause heat that
centers on the magnetic plate. Microwave irradiation is
different from the conventional heating method since in
the conventional heating, oil bath or heating mantle is
heated first followed by its solvent. This kind of heat
distribution will cause hesat differences between the mantle
and the solvent [11, 12].

The alkylation reaction between the phenolic group
of 1 with dimethyl sulfate was conducted, according to the
principle of Williamson ether synthesis [13], to produce
compound 2. It was indicated by the loss of sharp peak the
phenolic group of compound 1 at wavenumber of
3383 cm™* and the appearance of a new peak of methox
ether moiety of compound 2 at wavenumber of 1288 cm™.
These changes were supported by three protons addition
of the methoxy group (s, 3H) at 3.76 ppm of 'H NMR
spectrum. This methoxy group could also be observed in
the *C NMR spectrum of compound 2 at a chemical shift
of 51.8 ppm. The loss of phenolic groups had been
confirmed by FeCl; reagent addition, which gave a
positive purple color for the comE)ound 1 as the result of
complex formation between Fe** and the ligand, i.e.
phenolic group. On the other hand, the compound 2
showed no purple color indicating that it had no phenalic
groups. During process reaction, there should be no
presence water that may affect hydrolysis of the dimethyl
sulfate Therefore, acetone was used as a solvent. The
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methylation reaction using dimethyl sulfate on cynamate
derivate, namely Azragel, that has activities as antiplatel et
which inhibited thromboxane formation, was also reported
by Baytaset al. [14].

Besides being able to alkylating the phenolic
moiety of 1, dimethyl sulfate can also be used for the
alkylation of carboxylate moiety. Potassium carbonate
was used to form the carboxylic ion of 1 so that its
nucleophilic property increased to react with methyl group
of dimethyl sulfate [15]. The alteration of carboxylic acid
group of 1 into an ester group of 2 was shown by the loss
peak at the wavenumber of 2836 cm, which appearsasa
broadened peak because of the presence of the hydrogen
bonds between —OH of carboxylic acid moiety of 1. In
addition, the C=0 carbonyl group of 1 at wavenumber of
1672 cm™ was replaced by the peak of C=O ester of 2 at
wavenumber of 1717 cmi’. The presence of methyl ester
and methyl ether could be observed in the chemical shift
of 3.76 and 3.66 ppm (s, 3H) of "H NMR spectra as well
as at 559 and 51.8ppm of *CNMR spectra of 2.
Interpretation of spectral data from  structural
characterization of 2 concludes that its chemical structure
is identical to the structure of same compound that was
reported by Sun et al. [16].

The hydrolysis of 2 into 3 was performed in the

base condition using KOH as reagent with ethanol as a
solvent according to our previous research [17]. This
method was selected because it is an irreversible reaction
with the formation of potassium p-methoxycoumarate salt,
and that salt was reacted easily with HCl to obtain
compound 3. The alteration of ester moiety of 2 into
carboxcylic acid group of 3 was displayed by the loss of
—C=0 carbonyl ester peak at wavenumber of 1717 cm*
and the presence of —C=0 carbonyl acid at 1685 cm™. The
hydrogen bonding of —OH carcoxylic acid of 3 aso
showed at wave number 2844 cm™. This change was also
clarified by the loss of three protons of the methyl ester
group of 2 at the chemical shift 3.66 ppm (3H,s) of
H-NMR spectra and the loss of one carbon atom at
51.8 ppm of C-NMR spectra Hydrolysis of ethyl
p-methoxycinnamate in akaline condition, which
employs conventional heating, may also produce
compound 3 [17], but it will take a longer time than the
microwave irradiation method that was used in this study.

The structure modification from 3 to 4 was
conducted through the catalytic hydrogenation reaction
with Raney-Ni as the metal catalyst. Raney-Ni metal
works to reduce the double bond of 3 by these
mechanisms: (i) adsorption of vinylic double bond of
compound 3 on the surface of the hydrogenated metal
catalyst, (i) attachment of hydrogen by the S-carbon of
compound 3 to form a o-bond between the metal and o-C,
and finally (iii) reductive elimination of the free alkane,
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compound 4 [10, 18]. The transformation of structure 3 to
4, was characterized by the loss of proton vinylic double
bond, which was visible on the chemical shift 6.60 ppm
(1H,d, J = 16 HZ) and 7.53 ppm (1H,d, J = 16 Hz). This
double bond was transformed into a single bond which
was characterized by two triplet peaks at chemical shift
2.88 and 2.54 ppm of *H NMR spectra.

The alteration of compound 1 into 5 was
characterized by the appearance of peaks at 3378 and
1687 cm™ of ester moiety, replaced pesks at 2836 and
1672 cm™ of carboxylic acid moiety. The methyl ester
group also was observed at chemical shift 3.65 ppm (s,
3H) in 'HNMR spectra and 517 ppm in “*CNMR
spectra. Vo et al. [19] reported anti-inflammatory activity
of 5 by stimulation Akt signaling pathway on macrophage
cells. This anti-inflammatory mechanism compound 5 is
same as compound 1 [8].

Structural modification of 1 into 2-5 will cause
changes in physicochemical properties of the molecules,
including logP, MR and E;y. The change in molecular
properties result in the difference in nature of their
interactions with target molecules (receptors), that can be
expressed in rerank score (RS). The physicochemical
properties of the compound are shown in Table 2. LogP
describes the ratio of molecular affinity of nonpolar
solvents versus polar solvents representing lipophilic
character of QSAR study [20]. MR is a molecular size
influenced by its polarizability that classified as steric
property, Eqr iS molecular free energy in the most stable
conformation that is one of the electronic properties of a
molecule, whereas RS is a free energy of ligand-protein
binding that exhibits the affinity of the compound against
a selected target molecule [21], i.e. COX-1 enzyme (PDB
ID 1CQE).

3.5. Antiplatelet Activities Test
Conducted with the Clotting Time Slide
Method

Low dose of aspirin can be used as an antiplatelet
and inhibitor of COX-1 [3, 21]. Based on this fact, the anti-
platelet test was performed using mice with corresponding
aspirin doses (20 mg/kg BW). The results of antiplatelet of
each compound group with dide clotting time method are:
CMC-Na (129.7+6.39); 1 (253.5+11.61); 2 (355.6£8.79); 3
(301.8£11.66); 4 (211.8+11.66), 5 (263.7+12.89); ASP
(339.2+9.9) seconds as shownin Fig. 2.

Based on the ANOVA dtatistical test (Fig. 2) it can
be seen that the blood clotting time of compound 1 and its
derivates (2-5) have significant differences with the
negative control group, namely the CMC-Na test group
(P<0.05). This suggests that compound 1 and its
derivatives have antiplatelet effects. The clotting times of
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compounds 2, 3, and 5 show significant improvements
compared to the compound 1. While compound 4 has
significantly different clotting time compared to all test
groups (P <0.05), it has a lower antiplatelet effect than
other derivatives. All synthesized compounds give greater
effect than negative control. Compounds 2 and 3 have
clotting times that are not significantly different from the
positive control of aspirin (ASP), which shows its
potential as the same antiplatel et.

400 -
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. . . | .
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CMC-Na 1 2 3 4 5 ASP
SAMPLE

Fig. 2. Histogram of antiplatel et activity (mean + SE)
by slide clotting time method of compounds 1-5, CMC-Na
(control negative), and ASP (control positive)

This can be explained with the in silico study of
COX-1, where the docking score in the form of rerank
scores (RS) according to the MVD 5.5 program is shown
in the Table. The RS of ASP is -287.4kJmal. The RS
value of p-coumaric acid is higher than those of its
derivatives. It means that its derivatives are capable
to construct more stable interactions with the receptor than
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p-coumaric acid. Meanwhile, the RS of 4 show similarly
low interactions with COX-1 and thromboxane. The best
docking poses of ASP and p-coumaric acid derivatives
(2-5) are shown in Fig. 3. The interactions of the
functional groups of each test compound with the COX-1
amino acid residue are shown in Fig. 4.

The COX-1 enzyme was constitutively expressed
in most tissues, in which it controlled the synthesis of
prostaglandins. COX-1 isthe only form of enzyme present
in mature thrombocyte and is also present in the blood
vessels of endothelium, gastrointestinal epithelium, brain,
spinal cord, and kidney [22].

In Fig. 4 it can be seen that all molecules of the
test compound are in the same bonding place as
FLP_1650 [A], namely cavity-5. RS FLP is
-372.1964 kJ/mol. The RS data in the Table, which is
free energy of enzyme-ligand interaction (DG, kJ/moal),
shows the amount of energy of Van der Wadls,
electrostatic and hydrogen bonding interactions, and it
can be used to predict how strong the ligand-enzyme
bonds. The presence of methoxy groups in compounds 2
and 3 increases the strength of interaction with amino
acid residues in compound 1 and all derivates having
carboxylate groups form the hydrogen bond on the
—COOH moiety with the amino acid residues of Arg 120
of COX-1 enzyme as in the ligand reference, namely
flubiprofen (FLP_1650 [A]), as reported by Fauchier et
al. [7]. The double bond change of vinylic in 3 into
single bond in 4 converts the hybridization of the rigid
sp2 bond into freely rotating sp3, resulting in weaker
interactions with the residue.

Table
Physicochemical properties of p-coumaric acid (1) and itsderivatives (2-5)
. RS, k¥mol 3
Compound Chemical structure PDB 1COE logP MR, cm*/mol Eiota, KYmol
@)
1 WOH -289.8067 154 44.67 44.096
HO
O
2 WO/ -318.2710 207 55.54 58.279
N
@)
(6]
3 WOH -301.9787 181 50.10 73.370
~
O
o
4 Q/\)J\OH -275.7909 156 48.25 26.888
o
0
5 /©/\)J\O/ -308.7899 181 50.10 28.350
HO
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Fig. 3. Docking poseof FLP_1650 [A] (0),1,2,3,4,5
on cavity 5 (Vol 54.272) of COX-1 (PDB 1CQE)

Fig. 4. 2D pictures showed interaction of ASP (4A), 1 (B), 2 (C), 5 (D),
3 (E), and 4 (F) with amino acid residues in cavity 5 of enzyme COX-1 (PDB 1CQE).
Hydrogen bonding interaction marked as h; steric interaction marked ass

As in silico study results, it appears that the blood platelets will prevent COX-1 pathway to produce
molecule 1 and its derivatives inhibit COX-1 enzyme. thromboxane-A2 (TXA2) and afterward restrain platelet
COX-1 binding of compound 1 and its derivatives in  aggregation for the period of platelets lifecycle [20, 21].
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3.6. The Relationship between Physico-
Chemical Properties and Biological
Activity

The datistical analysis was carried out by regression
method between each dependent variable againgt
antiplatdet activity, with one independent variable of
physicochemical property. The result showed a linear
relationship between physicochemical properties and
antiplatdet activity among 5 tested compounds. The result
is supported by the physicochemica properties, especialy
lipophilic (logP) and RS properties. It may occur because
in the determination of antiplatdet activity, the tested
compound is administered through ora route to experi-
mental animals. By this route, the compound capability in
penetrating membrane barrier directly to the ste of action
depends on their lipophilic character. In this case the
lipophilic nature (logP) appears to indicate a significant
role. There is a significant linear relationship (P < 0.05)
between logP (partition coefficient) and antiplatel et activity
(blood dlotting time). The sgnificant linear relationship
(P<0.05) dso occurs between docking score (RS) and
blood datting time (CT) asindicated by the equations:

(1) CT=227.7490gP —123.102

(n=5, adjust R*= 0.785, F= 15.163, P = 0.030)
(2) CT =-13.228RS-666.662

(n=5, adjust R*= 0.713, F= 10.927, P = 0.046)

Based on these eguations it is known that
antiplatelet activity is related to the lipophilic nature of the
compound (logP) and its affinity (RS) with the selected
target molecule, i.e. COX-1 enzyme (PDB ID 1CQE).
With the higher logP value, the antiplatelet activity will
increase according to the coefficient of variable having a
positive value. In terms of RS, with more negative free
energy of the interaction between the compound and
COX-1the antiplatel et activity increases.

4. Conclusions

Four derivatives of p-coumaric acid (2-5) have
been obtained through some reactions, i.e. akylation,
hydrolysis, catalytic  hydrogenation, and Fisher
esterification. All of the derivatives have anti-platelet
activities. The presence of methyl group increases the
activity, whereas the change of double bond of vinylicinto
single bond in 4 decreases the interaction with COX-1,
hence decreasing its antiplatelet potentials compared to
those of other derivatives.
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CHUHTE3 I AHTUTPOMBOLIUTAPHA JI51 JEAKUX
HNOXIAHUX p-KYMAPOBOI KUCJIOTH

Anomauin. Cunmeso8ano HOBI NOXIOHI p-KyMapoeoi Kuc-
Jomu 3a y4acmio peaxyiil aiKiTy8aHHs, OCHOBHO20 2i0poni3y, Ka-
manimuunoeo ciopysanns ma ecmepucpixayii Qiwepa. Bci peaxyii, 3a
BUHAMKOM KAMAIMUYHO20 2iOPY8aHHs, NPOBOOUNUCH 3 OONOMO20I0
MIKPOXBUTILOBO2O ONPOMIHEHHS. NOOYMOBOT MIKpOX8unb0680i neui. 3a
pe3yibmammuy  aHanizie  Ha - MpoMOOyumu, 6pAxogyiouu  yac
320pMAHHs KPOBI, NOKA3AHO, W0 P-KyMApoea KUCIoma ma ii noXioHi
Maromy aHMUMpOMOOYUMAPHY AKMUBHICIb, KA NOG'A3AHA 3 JINO-
@inbHoo npupodolo cnonyk ma ix cnopionexicmiio 3 6UOPaHoio
Yinb06oio Monekynoio, moomo gepmenmom COX-1 (PDB ID 1CQE).

Knwuosi cnoea. p-xymaposa xucioma, aHmumpomoo-
yumapnuti, COX-1, wuwac 3eopmanns Kpogi, Kamauimuine
2iopy8amHs.
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Absract. The interaction mechanism of FesO, nano-
particles with linoleic acid and 1-linoleyl-2-oleoyl-3-lino-
lenoyl-glycerol represented by two-layer coordination
model has been determined. By means of Fourier spectro-
scopy, scanning electron microscopy, energy dispersive
X-ray spectroscopy, X-ray photoelectron spectroscopy,
X-ray phase and thermal gravitational analysis, the
interaction mechanism of lipids (linoleic acid and
sunflower ail) with Fe;0O,4 nanoparticles has been studied.

Keywords: Fes0, nanoparticles, linoleic acid, 1-linoleyl-2-
oleoyl-3-linolenoyl-glyceral, sunflower ail, chemisorption.

1. Introduction

One of the important operationa and technological
properties of the food raw materials and food ingredients
that determines the technological processes course and the
finished product quality is the fat holding capacity (FHC).
FHC is the capacity to bind and hold fats which are
triglycerides. Apart from triglycerides, the edible fats
contain the higher fatty acids (oleinic, linoleic and
linolneic acids in oils; pamitic and stearic acids in animal
fats). Therefore, when studying the FHC mechanism, it is
necessary to consider the physicochemical interactions of
the food system ingredients with the main components of
fats and ails — triglycerides and the higher fatty acids.
Knowledge of the binding mechanisms will alow to
rationally use the new types of food raw materials and
additives, as well as to predict the behavior of ingredients
in the food systems (dough and confectionery masses,
minced meat, etc.) during processing and storage of the
finished products.

! Ukrainian Engineering Pedagogic Academy,

16, Universitetskaya St., 61003 Kharkiv, Ukraine

2K harkiv State University of Food Technology and Trade,
333, Klochkovskaya St., 61051, Kharkiv, Ukraine

~ cikhanovskaja@gmail .com

© Tsykhanovskal., Evlash V., Alexandrov A., Gontar T.,
Shmatkov D., 2019

The food fibers have the high fat binding capacity
(FBC), the mechanism of which is not well studied. There
isan opinion that FHC and FBC are determined by lignin
presence and independent from its particles size [1, 2].
Some authors [3-6] showed the dependence of fat holding
and binding capacities on the number and size of the raw
material particles. This suggested that the mechanism of
fat absorption by the food fibers can be determined not
only by the lignin sorption activity, the efficiency of
which increases when grinding, but also by the surface
adsorption [3-6].

The numerous studies show that the structure
peculiarities and the presence of hydrophobic groups
contribute to the fat binding by the raw material
components [3-8]. By the experimental studies the good
FHC was found for citrus fibers Herbacel AQ Flus, type N
and Citrifi; carrageenans; carob bean, guar and xanthan
gums [7-9]; the egg powder, the milk powder and the
dairy foods; wheat, soya, oatmeal and pea flour [7, 9, 10];
various functional ingredients derived from the industrial
by-products (skin, hoof, feathers, by-products, etc.) [9,
11]; and the oil based functional gels[12, 13]. First grade
flour binds and holds the fats better compared with top
quality flour due to the higher content of proteins and food
fibers in it. Carrageenans contain hydrophilic and
hydrophobic groups providing their ability to bind and
hold fats. FHC of milk powder and dairy foods is
provided by the presence of casein, which has both the
hydrophobic and hydrophilic sites [7]. Recently, various
nanopowder food additives, in particular, slver, iron
oxides, titanium dioxide, and silicon dioxide, have been
used to improve FHC of the food systems [14-21]. This
ability is associated with the high dispersion, which
allows not only to bind free fats, but also to hold them on
the nanoparticles surface while cooking, as well as with a
good accessihility of numerous hydrophobic sites[14-17].

In the scientific works [18-20] a model of
monolayer adsorption (chemisorption) of fatty acids on
the nanoparticles surface of the metal oxides is proposed.
A model of two-layer adsorption is also considered: the
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first monolayer occurs on the nanoparticle surface due to
the chemisorption of fatty acids and makes the particles
superhydrophaobic; the second layer occurs due to the
interaction of hydrophobic sites of the first monolayer
with the alkyl substituents of fatty acids [21]. However,
these assumptions are controversial and require the
additional experimental confirmation.

The analysis of literary sources [1-21] showed that
there are insufficient data on the FHC mechanism by the
nanopowder food additives, in particular, FesO, nanopar-
ticles. Fe304 nanopowder is a mgjor component of Magne-
tofood food additive devel oped by the authors of this waork.

The nanopowder based on Fe;O, (Magnetofood)
has the great potential and new operational and
technological properties (emulsifying, water-binding,
water-holding, fat-binding, fat-holding) and promising
technological applications [16, 17, 22-25]. The interaction
of Magnetofood nanoparticles with the biopolymers of the
food systems (proteins, proteids, carbohydrates, lipids) is
a system of complex chemical reactions. The
supramolecular organization of Fe;O, nanoparticles and
the organic matrix structure play the important role. The
result is the formation of spatial nanostructures which
significantly affect the functional and technological
properties of the raw materials and semi-finished products
(confectionery and dough masses, minced meat, etc.) [16,
17,23, 25).

Therefore, the works on the creation of the new
operational and technological properties of the food
systems with the help of the nanopowder food additives of
the complex action are topical. At the same time, it is
important to understand the mechanisms of main
properties formation, including FHC. To explain the FHC
mechanism by Fe;O, nanoparticles of Magnetofood, it is
necessary to understand the nature of Fe;O, nanoparticles
interaction with triglycerides and the higher fatty acids.

So, the purpose of this work is the study of the
interaction mechanism of linoleic acid and triglyceride —
1-linoleyl-2-oleoyl-3-linolenoyl-glycerol ~ with  Fe;O,4
nanoparticles.

2. Experimental

2.1. Materials

Five samples were used for the investigations.

Sample 1. High-dispersive black colored powder of
FesO, with the particles size of ~78 nm. The sample was
obtained according to the technology developed by us
[15] via the reaction of chemical co-precipitation of the
iron saltsin an alkaline medium.

Sample 2. Linoleic acid purchased from Reakhim,
Ukraine.
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Sample 3. Crude sunflower oil purchased from
Vinnytska industrial company ViOil, Ukraine or
1-linoleyl-2-oleoyl-3-linolenoyl-glycerol obtained via the
esterification reaction of glycerol with non-saturated fatty
acids (linoleic, oleic and linolenic) laboratory of the
Department of Chemical and Food Technologies of
Ukrainian Engineering Pedagogics Academy.

Sample 4. Fe;0, nanoparticles coated with linoleic
acid. They were obtained by the dispersion of 1 g of Fe;04
nanoparticles (sample 1) and 0.2g of linoleic acid in
10 ml of dimethylformamide for 12 hat (323 £ 1) K under
nitrogen stream blowing over the reaction mixture surface.
After cooling the suspension to 293-298K, Fe04
nanoparticles coated with linoleic acid were separated by
magnetic filtration and washed with the water-ethanol
mixture (1: 1) 5-7 times. The final product was dried in a
vacuum at 333+ 1K for 24 h.

Sample 5. Fe;04 nanoparticles coated with crude
sunflower oil or 1-linoleyl-2-oleoyl-3-linolenoyl-glycerol.
They were obtained by the procedure analogous to the
previous one with the only difference that crude sunflower
oil or 1-linoleyl-2-oleoyl-3-linolenoyl-glyceral was taken
instead of linoleic acid.

2.2. Research Methods

2.2.1. IR-Fourier spectroscopy (FTIR)

A Tensor 37 Fourier spectrometer (Bruker,
Germany), controlled by the OPUS software package with
the standard graduated capabilities in the frequency range
of 4000-400 cmi* in the absorption format was used.
Spectra of samples 1, 4, 5 were recorded in the KBr
tablets, samples 2, 3—inthe“liquid film”).

2.2.2. X-ray diffraction analysis (XRD)

XRD of the experimental samples 1, 4, 5 was
performed using a powder diffractometer Siemens D500
(Germany) in the copper radiation with a graphite
monochromator. The researches were carried out
according to the well-known Bragg-Brenton technique
[26]. The sample was dried at room temperature (293 K),
thoroughly ground and mixed in a mortar. Then the
sample was transferred to 2° 1~ 0.1 mm? glass cuvette to
record the diffractogram. The angle range was
10°<2g9<150° with the step of 0.02° and an
accumulation time of 12s at each point. The primary
phase search was performed by using the PDF-4 card file
[27], and then the roentgenogram was cal culated using the
Ritveld method.

2.2.3. Transmission electron microscopy (TEM)

For samples 1, 4 and 5 the particles size and
morphology were determined by using a JSM-820
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scanning electron microscope (JEOL, Japan) with the
magnification of 150000. The obtained images in a planar
geometry with the electron beam falling along the
hexagonal axis and perpendicular to it were processed
with the help of AutoCAD 2014 and MathCad 2014
programs. Based on the obtained results, the particle
distribution was calculated relative to the diameter. To
determine the average values the particles number in the
sample was at least 500.

2.2.4. Energy dispersive X-ray spectroscopy
(EDX)

To determine the elemental composition of the
experimental samples 1, 4 and 5, a scanning electron
microscope JSM-820 (JEOL, Japan) with an EDX
connector was used. X-ray spectra were obtained by
bombarding experimental samples with electrons using an
acceleration voltage of 20 kV (corresponding to the lines
of the characteristic spectra of Fe, Cand O).

2.2.5. X-ray photoelectron spectroscopy (XPS)

The chemical composition of the surface layers and
the chemical state of the eements on the surface of
samples 4 and 5 were determined using a Kratos Axis
Ultra DLD electron spectrometer (Kratos Analytical Ltd,
UK). The exciting X-ray was the Al K, line with photon
energy hv = 1486.6 eV, tube voltage was 15kV, the
emission current was 10 mA. General XPS-spectra were
recorded under constant energy mode of 160eV and
spectra of the internal eectronic levels of the main
elements Fe2p, O 1s, C1s — of 40eV. The scale of the
binding energy (Ey) was pre-calibrated according to the
position of the main levels peaks Au 4fs, (E, = 83.96 eV),
Ag 3ds; (Ep = 368.21 eV) and Cu 2pg; (Ep = 932.62 ¢V);
calibration accuracy was +0.03 eV. Samples charge was
evaluated according to carbon C 1s spectra (284.5 €V).

The samples were prepared by embedding thin
layer of the sample (~50.0mg) into metallic indium,
which is located directly in the holder of the measuring
unit of the device.

For a detailed analysis of the atoms chemical states
we used spectra decomposition by the individua
components according to the program that takes into
account the mixed Lorentz-Gaussian shape of the peaks
and the area under the peaks with simultaneous
optimization of the background parameters. At the same
time the minimizing principle of the bands number needed
to describe the experimental spectra was used.

The error in the peak position determining was
+0.01 eV. To anadyze the atoms chemical state (Fe, O, C)
on the samples surface the spectra of the electronic levels
Fe2p (705-740eV), O1ls (525-554€eV) and Cls
(275295 eV) were studied in detail and thus the phase
composition of the samples surface was quantified.

2.2.6. Thermogravimetric analysis (TGA)

The thermogravimetric investigations of samples 4
and 5 (~5.0mg) were carried out using a Q-1500D
derivatograph (IOM, Hungary) within the temperature
range of 293-1173K) at a heating rate of 5 K/min. An
aluminum oxide (T = 1473 K) was used as a standard.

3. Results and Discussion

3.1. Substantiation of the Interaction
Mechanism of Linoleic Acid

and 1-Linoleyl-2-Oleoyl-3-Linolenoyl-
Glycerol with Fe3O4 Nanoparticles

Adsorption (chemisorption) of the higher fatty
acids and triglycerides on the Fe;0,4 nanoparticles surface
ismainly determined by e ectrostatic — dipole-dipole (Van
der Waals forces), ion-dipole and ionic interactions. The
donor-acceptor  (coordination) interactions are also
involved in the adsorption of fats and oils. The
interactions appear between the Fe;0O, nanoparticles
surface and triglyceride and the adsorbed free fatty acids.
It means that under the influence of Fe;O4 nanoparticles
the fats and oils undergo the structural changes affecting
the fat holding and binding processes.

The RHC mechanism of Fe;O, nanoparticles can
be presented by the two-layer coordination model. The
first adsorption layer is formed on the nanoparticle surface
due to the electrodatic interactions of polarized lipid
groups with ionized Fe;0, particles and the coordination
bonds of Fe atoms of Fe;O, nanoparticles with the
carbonyl and hydroxyl O atoms of the carboxyl groups of
the free fatty acids, as well as with O atoms of ester
groups of triglycerides. The second adsorption layer
occurs due to the electrostatic hydrophobic interactions of
the hydrophobic centers of the first monolayer and the
aliphatic side chains of the acyl residues of triglycerides
and the alkyl components of the free fatty acids.

The F&* and Fe* cations of Fes04 magnetic
nanoparticles are the structure-forming ions. The high
intensity of the electric field generated by iron ions of
Fes0, enhances the polarization of the triglyceride
molecules and free fatty acids, which contributes to the
additional ordering of bond dipoles C**= 0% and 0“— H*
outside the surface of Fe;0, particdles and lipid adsorption.

Fig. 1 shows the types of the ionized Fe;04
nanoparticles (NP). There are opposite polarized aress (Fe
“+” and O “—", Fig. 1a) on the surface of Fes04NP. In the
presence of H' protons, originating in the acidic media
during the hydrolysis of edible fats and oils, the formation
of the protonated Fe;O, NP is possible (Fig. 1b). These
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particles appear as a coordination bond (oxygen of Fe;04
is a donor, H" proton of the medium is an acceptor). The
energy of the coordination bond is 50-200 kJ/mol. The
protonated Fe;0,4 particles can form the bonds of ion-ion
(energy ~100-400 kJ/mol) and ion-dipole (energy ~50—
200 kJ/moal) types with ions and the polarized molecules
of freelipids (fatty acidsand triglycerides) [16, 17, 20].

The ionized Fes0, particles are capable of
chemical and electrostatic interactions (Figs. 2, 3). In Fig.
2 the ionic interactions between the ionized Fe;0,4
nanoparticles and the charged carboxyl group (COO") of
the higher fatty acids are represented. They are
characterized by the high binding energy (~500—
1000 kJ/mal) [16, 17, 20].

Probable ion-dipole interactions of Fe0,
nanoparticles with the ionic groups of triglycerides and
free fatty acids are shown in Fig. 3. These interactions
occur between the protonated NP (Fe;04H") and oxygen
of hydroxyl and carbonyl groups of free fatty acids
carboxylate; alcohol and carbonyl oxygen of triglyceride
ester group.

Fig. 4 shows the dipole-dipole interactions of
Fes0,4 nanoparticles with the ionic groups of triglycerides
and free fatty acids. The energy of the dipole-dipole (Van
der Waals) interaction is small — about 5-50 kJ/mol [16,
17, 20]. The dipole-dipole interactions are possible
between the polarized Fe;0, nanoparticle (* Fe;04 ~ ) and
dipole of hydroxyl (%0 — H*) and carbonyl (%0 = C*)
group of free fatty acids carboxylate; alcoholic (0 — C*)
and carbonyl (O = C*) dipoles of triglycerides ester
group.

The interaction of Fe;0, nanoparticles with the
polarized carboxyl groups of free faity acids and ester
groups of triglyceride is also possible due to the
coordination bonds.

Under the influence of Fe;0O4 nanoparticles the fats
and oils undergo the structural changes and form together
stable complexes. Fig. 5 shows the process of nano-
particles self-organization in electrostatic complexes with
linoleic acid and with 1-linoleyl-2-oleoyl-3-linolenoyl-
glycerol, which are stabilized by the coordination (donor-
acceptor) bonds of Feand O atoms.

:

H_J
polarized NP protonated NP
a) )

Fig. 1. Polarized (a)
and protonated (b) Fe:0,nanoparticles

Fig. 2. Theionic interactions between the polarized (a)
and protonated (b) Fes0, hanoparticlesand COO™ group
of the higher fatty acids

Fig. 3. Theion-dipoleinteraction between protonated
Fe;0, nanoparticle ( Fe;0,H") and oxygen of carboxylate
hydroxyl group of free fatty acids (a); oxygen of carboxylate
carbonyl group of free fatty acids (b); alcoholic oxygen
of triglyceride ester group (c) and carbonyl oxygen of
triglyceride ester group (d)



The Study of the Interaction Mechanism of Linoleic Acid and 1-Linoleyl-2-Oleoyl-3-Linolenoyl-Glycerol... 307

Fig. 4. The dipole-dipole interaction between the polarized
Fe;0,nanopartides (© Fe;0, ~ ) and dipole of the hydroxyl
group (0 —H™) of free fatty acids carboxylate (a); dipole of
the carbonyl group (0 = C*) of free fatty acids carboxylate
(b); alcohol dipole (“O —C*) of triglyceride ester group (c)
and carbonyl dipole (0 = C*) of triglyceride ester group (d)

a)

From data of Fig. 5 it should be noted that Fe;O4
nanoparticles form the electrostatic complexes due to the
coordination bonds with the oxygen atoms of carboxylate
(the interaction with linoleic acid) and ester (the
interaction with triglyceride — 1-linoleyl-2-oleoyl-3-
linolenoyl-glyceral) groups.

The ability of Fe;0,4 nanoparticles to enter into the
electrogatic (Figs. 2-4) and coordination (Fig. 5)
interaction with the hydrophilic centers of free fatty acids
and triglycerides causes the chemisorption of the ionized
FesO4 NP on the reactive surface. As a result, the first
adsorption layer is formed on the particles surface. Taking
into account al mentioned above and previous studies
regarding the chemical reactions of the metal oxides
nanoparticles and carboxylates of the higher fatty acids,
the model of interaction between the hydrophilic centers
of triglycerides and fatty acids with Fe;0, NP can be
represented by four types: ionic (Fig. 2), monodentate
(Fig. 6), bidentate (chelate) (Fig. 7), and bidentate (bridge)
(Fig. 8) [16, 17, 20].

It is obvious from Fig. 6 that due to the complex
interaction (electrostatic and coordination) one Fe cation
of Fe;0,4 binds to one carboxylic oxygen atom of fatty
(linoleic) acid (Fig. 6a) or to one esteric oxygen atom of
triglyceride  (1-linoleyl-2-oleoyl-3-linolenoylg-lycerol)
(Fig. 6b). As a result, the monodirectional eectrostatic
complex isformed.

The bidentate e ectrostatic complex (Fig. 7) inwhich
one Fe cation of Fe;0,4 is bound with two oxygen atoms of
the lindleic acid carboxyl group or the ester group of
1-linoleyl-2-oleoyl-3-lindlenoyl-glyceral is formed due to
the compl ex interaction (electrostatic and coordination).

b)

Fig. 5. The formation of e ectrostatic complex Fe;O, nanoparticles
with linoleic acid (a) and 1-linoleyl-2-oleoyl-3-linolenoyl-glycerol (b)
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a) b)
Fig. 6. The formation of monodentate complex Fes0,4 nanopartices with fatty (linoleic) acid ()
and triglyceride (1-linoleyl-2-oleoyl-3-linolenoyl glycerol) (b)

a) b)
Fig. 7. The formation of bidentate (chelate) complex Fe;O,4 nanoparticles with fatty (linolec) acid (a)
and triglyceride (1-linoleyl-2-oleoyl -3-linolenoyl glycerol) (b)

a) b)

Fig. 8. The formation of bidentate (bridge) complex Fes04 nanoparticles with fatty (linolec) acid (a)
and triglyceride (1-linoleyl-2-oleoyl-3-linolenoyl glycerol) (b)
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a)

b)

Fig. 9. The formation of Fe;0, nanoparticles lipid associatewith linoleic acid (a)
and 1-linoleyl-2-oleoyl-3-linolenoyl glycerol (b)

The formation mechanism of the bidentate (bridge)
complex Fes0O, nanoparticles with linoleic acid and
1-linoleyl-2-oleoyl-3-linolenoylglycerol  is shown in
Fig. 8. In this model two Fe cations of Fe;O4 are bound
with two oxygen atoms (carboxyl group of linoleic acid or
ester group of 1-linoleyl-2-oleoyl-3-linolenoylglycerol)
due to the complex interaction.

The first adsorption layer, which is formed as a
result of eectrogtatic and coordination interactions (Figs.
2-8), is hydrophobic due to akyl hydrophobic residues
(“tails”) of the fatty acids (in particular, linoleic acid) and
triglycerides  (in  particular,  1-linoleyl-2-oleoyl-3-
linolenoyl-glyceral).

Then, the second adsorption layer is formed owing
to the electrostatic hydrophobic interaction. The
hydrophobic matrix of the first adsorption layer entersinto
the electrogtatic hydrophobic interaction with hydrophobic
aliphatic“tails’ of fatty acids and triglycerides.

The Fe;0, NP-lipid associate is formed due to the
hydrophobic interactions. The formation mechanism is
represented in Fig. 9. Long molecules of the higher fatty
acids and triglycerides give the possibility for
multicentered dispersion interaction. As a result, the lipid
alkyl matrix is structured according to Van der Waals
complexes. The matrix forms the second adsorption layer
and the associate of Fe;04 NP with lipids.

3.2. Experimental Studies of the Lipid
interaction with FezO4 Nanoparticles

3.2.1. IR- Fourier Spectroscopy (FTIR)

To establish the adsorption interaction mechanism
of the lipid molecules (in particular, linoleic acid and
sunflower oil) with Fes0, nanoparticles, the IR-
spectroscopic studies of samples 1-5 were conducted in
the range of 4004000 cmi. To analyze the experimental
data (Fig. 10) we compared the characteristic bands of
samples 4 and 5 with the bands of the initial substances
(samples 1-3).

The molecules of linoleic acid and sunflower oil on
the solid surface of Fe;0, nanoparticles are under its
influence. As aresult, new absorption bands appear in the
spectra (Fig. 10) and some characteristic absorption bands
shift to the region of lower frequencies. This means the
chemisorption of lipids, namely, linoleic acid and
sunflower oil triglycerides on Fe;O, NP surface.The
absorption band of Fe-O bond with the maximum at
~532cm™ is observed in the spectrum of pure Fe;0,
(sample 1, Fig. 10a), which is in a good agreement with
literature data (lit. ~530 cmi™) [16, 17, 20, 28, 29]. The
shift of this band maximum to ~584 cm ™ (samples 4 and
5, Figs. 10d and 10e) can be explained by the introduction
of linoleic acid and sunflower oil surface moleculesin the
near-surface layer of FejO, nanoparticles and their
chemical interaction with iron cations (Figs. 2-8).
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Fig. 10. FTIR spectra of the experimenta samples: high-dispersive powder of Fe;0,4 (a); linoleic acid (b);
sunflower ail (c); Fe;04 nanoparticles coated with linoleic acid (d)6 and Fes0, nanopartides coated with sunflower ail (€)

For lipidFe;O4 NP compositions the stretching
vibration of C=0O group have the greatest significance.
The absorption band at 1710 cmi' corresponds to an
unexcited state of mentioned vibrations (Fig. 10b). For
sunflower oil (Fig. 10c) we observe an intense peak of
C=0 vibrations in the area of 1744 cm™ but this band
disappears in the spectra of Fe;0, nanoparticles coated
with lipides (Fig. 10d, €). Moreover, the new bands appear
at 1543 cm™ (Fig. 10d), 1540 cm* (Fig. 10e), 1638 cm*
(Fig. 10d), and 1636 cm™ (Fig. 10e), which are typical of
the dretching asymmetric (va9 and symmetric (vo
vibrations of the carboxylate group (COO"). In other words,
the lipids (carboxylic acids or triglycerides) are
chemisorbed on the surface of FesO, nanoparticles in
carboxylate form (Figs. 7, 8, 10d, 10e) with the help of two
oxygen atoms, which are symmetrically coordinated with
the surface due to the e ectrostatic coordination interactions
with Fe atoms. The result is the formation of chemically
adsorbed lipid monomolecular layer (the first adsorption
layer) on the NP surface (Figs. 2-8) [16, 17, 30, 31].

In the spectra of linoleic acid and sunflower ail, the
intense bands with the maxima at 2926 and 2856 cm™*
(Fig. 10b); 2924cm™ and 2854 cm’ (Fig. 10c) are
observed. These peaks can be attributed to the asymmetric
and symmetric vibrations of the C—H bond in CH; group.

Also, there is a band of deformation vibrations (J) of
—CHj; group at ~1360 cm™; for linoleic acid this band is
very weak [28-32].

The shift of absorption bands toward a lower field
is observed in Figs. 10d and 10e (vas = 2904 cmi’;
vs = 2831cm® and 6 = 1350 cm™, respectively). The
reasons are; (i) the hydrocarbon chains of linoleic acid and
sunflower oil triglycerides in the monolayer (the first
adsorption layer) surrounding the nanoparticles are under
the influence of the near-surface layer of Fe;O, NP and
chemical interaction with Fe cations; (ii) the hydrophobic
interaction of hydrophobic centers of the first adsorption
layer with the hydrocarbon chains of lindleic acid and
sunflower ail triglycerides occurred due to the dispersion
forces contributes to the formation of the second adsorption
layer on the surface of Fe;0O, nanoparticles[31, 32].

The unsaturated hydrocarbon chains in the structure
of linoleic acid and sunflower oail triglycerides are
represented b}/ the stretching vibrations of-CH=CH- group
at ~3008 cm™ and deformation vibrations of C-H bond at
~765cm™ (Fig. 10b, c). For the structured FeO,
nanoparticles (Fig. 10d, €), there is a shift of these
absorption bands toward v = 3000 cm* and 6 = 752 cm™,
respectively [28]. The reasons are: (i) the effect of Fe;O,
NP on the hydrocarbon chains of linoleic acid and
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sunflower ail triglycerides in the formation of the first
adsorption layer; (ii) the eectrogtatic interactions of the
hydrophobic centers of the first adsorption layer with the
akyl matrix of triglycerides and the akaline “tail” of the
linoleic acid modeed on Van der Wads complexes. This
contributes to the structuring of the * hydrophobic matrix” of
the lipid-Fe;0O, NP complex and the formation of the second
adsorption layer on the surface of Fe;O4 nanoparticles on
which lipids (linodleic acid or sunflower ail) have aready
been adsorbed in the first adsorption layer [31, 32].

Three absorption bands corresponding to COO
group are observed in each of linoleic acid and sunflower
oil spectra: the intense band at 1164 and 1162 cm™* (Figs.
10b and 10c, respectively) and two less intensive bands at
1236 and 1233 cm” (Figs. 10b and 10c, respectively);
1104 and 1100 cm™ (Figs. 10b and 10c, respectively). A
doublet with the first peak at 1285 cm™ and the second
one at 1248 cmi*is visible in the spectrum of linoleic acid
(Fig. 10b). The first peak appears due to the combination
of plane deformation (dpq) Vibrations of O-H and C-O
bonds. The second peak refers to the symmetric stretching
vibrations of C-O bond. The asymmetric stretching
vibrations typical of C-O bond of the linoleic acid
carboxyl group appear on the doublet as the peak at
1436 cm™* [30-32).

The mentioned bands are absent in the spectra of
FesO, NP coated with lipids (Fig. 10d, €). At the same
time, there are two new ones: at 1052 and 1305 cm™* (Fig.
10d); 1055 and 1307 cm* (Fig. 10€), which are typical of
plane deformation and stretching vibrations of C—O which
interacts with polarized Fe;O, nanoparticles (Figs. 4-6)
[16, 17, 30-32].

The presence of the broad absorption band of
average intengity in the spectrum of linoleic acid (Fig. 10b)
in the range of 3200-3600 cm™ is associated with the
characteristic vibrations of the surface OH™ groups. Out-of-
plane deformation vibrations of O—H bond of the linoleic
acid carboxyl group are observed at 938 cm™ but this band
disappeared in the spectra of samples 3-5 (Fig. 10c, d, €). It
is the confirmation of free hydroxyl groups absence on the
surface of the lipidFe;O, NP complex, as well as
chemisorption of oleic acid and sunflower ail triglycerides
on the surface of Fe;0,4 nanoparticles (Figs. 2-8).

The results of IR spectroscopy and previous studies
[16, 17, 30-32] confirm the formation mechanism of the
firsd lipid adsorption layer on Fe;O, nanparticles
represented by four types. monodentate, bidentate
(bridge), bidentate (chelate), and ionic interaction
(Figs. 2-8) [16, 17, 20].

The difference in the wavenumber values (Avy)
between the asymmetric and symmetric stretching
vibrations of the carboxylate group (Fig. 10d, €) can be
used to identify the type of interaction between COO™
group of lipid and Fe atom of Fe;O, nanoparticles. The

largest value Av, = (200-320) cm* corresponds to the
monodentate  interaction, and the smallest one
Av, < 110 cm™ — to bidentate (chelate). The value of 140—
190 cm' is characteristic of the bidentate (bridge)
interaction. In this work, the Av, value of ~100 cm™
(1638 — 1543 = 95 cmi* for the sample d and 1636 — 1540 =
= 96cm’ for the sample (@) indicates the bidentate
structure, where two oxygen atoms of the lipid carboxyl
group is coordinately bound with Fe atoms of Fe;O,
nanoparticles (Figs. 7, 8).

Thus, the formation scheme of the first adsorption
layer on the nanoparticles surface is the chemisorption of
lipid molecules on the FesO, NP surface due to the
electrodtatic interactions of lipid polarized groups with the
ionized particles and the coordination bonds of Fe atoms
with oxygen of COO  group. Moreover, the first
adsorption layer is a combination of the symmetrically
bound lipid molecules at an angle to the particles surface.
Free hydrocarbon chains of sunflower oil and linoleic acid
triglycerides bound with NP are perpendicular to the
particles surface. These chains are superhydrophobic and
they are a matrix for electrostatic hydrophobic interaction
with hydrophobic “tails’ of lipids.

The formation scheme of the second adsorption
layer on the surface of Fe;O, nanoparticles is the
electrodtatic interaction (due to dispersion forces) of the
hydrophobic centers of the first adsorption layer with
hydrophobic hydrocarbon “tails’ of lipids (linoleic acid or
sunflower oil triglycerides).

Thus, the mechanism of fat holding and fat binding
capacity of Fes0O, NP is the chemisorption of fats on the
particles surface and can be represented by the two-layer
coordination model.

3.2.2. X-ray diffraction analysis (XRD)

The crystal phases of Fe;0, nanoparticles (sample 1)
and nanoparticles coated with linoleic acid and sunflower
oil (samples 4 and 5) were examined by X-ray diffraction
analysis(Fig. 11).

Fig. 11. X-ray diagrams of high-dispersive powder
of Fe;04 (a); Fes0,4 nanoparticles coated with linoleic acid (d)
and Fe;0, nanopartides coated with sunflower ail (€)
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Fig. 12. TEM images (a, b, ¢) and nanoparticles size distribution (d, €, f)
of Fe;0,4high-dispersive powder (a, d); Fes0, nanoparticles coated with linoleic acid (b, €)
and Fe;0, nanopartides coated with sunflower ail (c, f)

The main bands of sample 1 (Fig. 11a) at 26 = 9.6°;
30.42°;, 3559° 43.42° 54.58° 57.60°, and 63.60°
correspond to the diffraction of 220°; 311°; 400°; 422°;
511°, and 440°. They are typical of magnetite with a
spinel  structure and crystal lattice parameters  of

0.83716(4) nm, while for an ordered and stoichiometric
magnetite the suitable parameter is0.83952(2) nm [26, 27,
33, 34]. The sharp peaks also suggest a good crystalline
structure of Fe;O4 nanoparticles. Generally, sample 1 can
be attributed to a highly dispersed spinel system.
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There is also a widening of the bands in Fig. 11a,
indicating a small size (nanosize) of particles and a dlight
tension of the crystdline structure. This affects the
physico-chemical properties of FesO, NP, in particular, by
increasing their surface activity and reactivity, e.g., the
ability to interact with lipids of the food systems, namely,
the higher fatty acids and triglycerides of fats. The
established effect is associated with a small deficit of Fe**
and F&" cations both in tetrahedral and octahedral
positions, which can be approximately evaluated as 5 %.
But in general, this effect can be quite important and
valuable for the modification of biopolymer matrices and
stabilization of lipid-Fes0, systems.

Similar diffraction peaks are observed in the
spectra of sample 4 (Fig. 11d) and sample 5 (Fig. 11e), i.e.
the structure of cubic spinel remains unchanged for Fe;04
coated with lipids. However, there is a widening of the
diffraction peaks and a decrease in the signals intensity.
These facts provide chemisorption of lipids on the NP
surface and the effect of the surface molecules of linoleic
acid and sunflower oil triglycerides due to their
introduction in the near-surface layer of FeO,
nanoparticles and chemical interaction with Fe cations.

3.2.3. Morphological analysis of the
experimental samples. Transmission electron
microscopy (TEM)

The size of the particles and the morphology of the
experimental samples 1, 4 and 5 (Fig. 12) were studied
using atransmission electron microscopy (TEM).

a)

Fig. 13. EDX spectra and the percentage of Fe, O, C of Fe;0,
high-dispersive powder (a); Fe;04 nanoparticles coated with
linoleic acid (b) and Fe;0, hanoparticles coated
with sunflower ail (c)

It is evident that all particles in experimenta
samples are nanosized, spherica in shape and have a
uniform size distribution. Based on the obtained results,
the particle digtribution was calculated relative to the
diameter. To determine the average values the particles
number in the sample was at least 500. The established
distribution function is rather narrow and symmetric,
which validates the investigated systems as homogeneous
ones with a low degree of polydispersity. The determined
average sizes are: for sample 1 <d> ~78 + 2.36 nm; for
sample 4 <d> ~80x257m$m; for sample 5 <d>
~81 £ 2.93 nm.The increase in the size of Fe;0O, particles
of samples 4 and 5 compared with pure Fe;O, (sample 1)
is caused by adsorption of linoleic acid and sunflower il
on FesO, NP surface and additionaly confirms the
proposed two-layer coordination model, the essence of
which is the formation of two monomolecular layers on
FesO4 NP surface. The totd thickness (2d) is equal to two
diameters of lipid molecules, i.e. for sample 4
2d=2.2-25nm; for sample5 2d =2.8-3.2 nm.

3.2.4. Elemental analysis of the experimental
samples. Energy dispersive X-ray
spectroscopy (EDX)

To confirm the chemisorption of lipids (linoleic
acid and sunflower oil triglycerides) on particles surface
the energy dispersive X-ray spectroscopy (EDX) was
used. Using the EDX-spectra the elemental composition
of the complex lipid-Fe;O4 NP was determined (Fig. 13).

b)



314

Iryna Tsykhanovska et al.

100 -
4 90
Z s
[
= 70 -
=3
Z 60 -
g 5
E 07
= 40
i
Z 30 -
E 20 -
10
265 270 275 280 285 290 295 300
Binding energy, eV
a) b)
80 - 80
70 - 10
g £ 7109 ¢V
- 60 - = 60 -
z g 725,26V
£ 50 £ 50
w 0
bt ST
é 40 - g 40
8 30 | £ 30
E g
:E 20 = 20 -
& g
10 10 |
0 0 ‘ . ‘ ‘ : : : ‘
670 680 690 700 710 720 T30 40 750 670 680 6%  T0 70 ™ T T TS0
Binding energy, eV
Binding energy, eV

<)

d)

Fig. 14. XPSimages of C 1sand Fe 2p internal eectronic levels: C 1sleve of Fe;O, nanoparticles coated with linoleic acid
(a); C 1sleve of Fe;0, nanoparticles coated with sunflower ail (b); Fe2p leve of Fe;O, nanoparticles coated with linoleic acid (c)
and Fe 2p level of Fe;O4 nanoparticles coated with sunflower ail (d)

In the spectra (Fig. 14a, b), there is no absorption
band C1s at 290eV corresponding to carbon of
carboxylic group (-COOH) [20]. This indicates the
absence of free carboxylic acid or ester group of
triglyceride on Fe;0O,4 nanoparticles coated with lipids. The
peak at 284.7 eV (Fig. 14a, b) is attributed to the carbon
atoms in the aliphatic chain (C-C); and the peaks at
288.4 eV (Fig. 14a) and 289.2 eV (Fig. 14b) are related to
carboxylate (—COO-), which is in agreement with the
received data from the literature [20, 35, 36].

The characteristic peak of oxides and iron
hydroxides at 710.9 eV is not observed in the spectra (Fig.
14c, d). The peak characterizes the binding energy at basic
level Fe2ps, [20]. However, for samples 4 and 5 we
observe the appearance of absorption band in the area of
higher binding energies. 724.7 eV (Fig. 14c) and 725.2 eV
(Fig. 14d). This absorption band is related to Fe
carboxylate [20, 35, 36].

The obtained data give one more confirmation of
the chemical structure of the experimental samples and

indicate the formation of the chemical bonds between Fe
atoms of Fe;0, NP and oxygen atoms of lipids.

3.2.6. Thermogravimetric analysis (TGA)

The character of possible high-temperature
transformations in samples 4 and 5 was investigated by
using the thermogravimetric analysis[18, 20, 37, 38]. The
results are represented in Fig. 15 in the form of
thermogravimetric (TG) and the differential-thermo-
gravimetric (DTG) curves.

Within the temperature range of 273-1173 K there
are five temperature transformations:

— the first peak at 503K (sample 4) and 500 K
(sample 5) is accompanied by weight loss of 19.9 and
19.7 wt %, respectively. This peak is observed at the
temperatures equal to the boiling points of linoleic acid
(T, = 503 K) and sunflower oil (T, = 500 K). The weight
loss is associated with the removal of free lipids (linoleic
acid and sunflower oil) from the surface of Fe;O,
nanoparticles,
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Fig. 15. Derivatograms of Fe;0O, nanoparticles coated with linoleic acid (a)
and Fe;0, nanoparticles coated with sunflower ail (b)

— the second peak at 537 K (sample 4) and 535 K
(sample 5) with weight loss of 12.2 and 12.0 wt %,
respectively, may be associated with the desorption of the
second adsorption layer formed due to the electrostatic
interactions of the hydrophobic centers of the first
adsorption layer and the hydrocarbon “tails’ of the higher
fatty acids (in particular, linoleic) and triglycerides of free
fat (in particular, sunflower ail). This fact coincides with
the models of two-layer modification of nanoparticles by
the various chemical reagents[19, 20, 40-42];

— the third peak at 628 K (sample 4) and 623 K
(sample 5) is accompanied by weight loss of 22.3 and
21.6 wt %, respectively. The mass loss is connected with
the desorption of the first adsorption layer, which is
formed due to the stronger (compared with the
hydrophobic interaction in the second layer) electrostatic
interactions of lipid polarized groups with ionized Fe;O,4
NP and the coordination bonds of Fe atoms of Fe;0,
nanoparticles with oxygen of COO™ group of * hydrophilic
heads” of fat (in particular, sunflower oil triglycerides)
and the higher fatty acids (in particular, linoleic acid).
This is in agreement with literature data [19, 20, 40-42]
and additionally confirms the proposed two-layer
coordination model;

— the fourth peak at 959K (samples 4, 5) is
accompanied by the insignificant weight loss of 2.6 wt %
related to the phase conversion of double Fe(ll) and
Fe(lll) oxide (FeO4) into metastable Fe(lll) oxide y-
FesO, with the cubic structure. Further heating provides
the transformation of y—modification into diamagnetic
rhombohedral structure (hematite). This is in good
agreement with literature data [41, 42];

— the fifth peak a 1015K (samples 4, 5) is
associated with weight loss of 14wt %, due to the
possible deoxidation of FeO of Fe;O4 NP.

Thus, the TGA method, along with other
investigation methods regarding the mechanism of lipids
chemisorption on the surface of Fe;O, nanoparticles,
confirms the proposed two-layer coordination model.

4. Conclusions

The interaction mechanism of Fe;O, nanoparticles
with linoleic acid and 1-linoleyl-2-oleoyl-3-linolenoyl-
glyceral has been grounded. The mechanism is presented
by the two-layer coordination model. The first adsorption
layer is formed on the nanoparticle surface due to the
electrodtatic interactions of polarized lipid groups with
ionized Fe;0, particles and the coordination bonds of Fe
atoms of Fe;O, nanoparticles with the carbonyl and
hydroxyl oxygen atoms of the carboxyl groups of free
fatty acids, as well as with oxygen atoms of ester groups
of triglycerides. The second adsorption layer occurs due to
the eectrostatic hydrophobic interactions of the
hydrophobic centers of the first monolayer and the
aliphatic side chains of the acyl residues of triglycerides
and the alkyl components of the free fatty acids.

Different methods of analysis (FTIR, XRD, TEM,
EDX, XPS, TGA) regarding the mechanism of lipids
chemisorption on the surface of Fe;O, nanoparticles,
confirmed the proposed two-layer coordination model.

The obtained results will alow to smulate the
processes of fat holding and fat binding capacity in various
technological and food systems, as well as to improve the
functional and technological characteristics of fat-containing
compositions and the qudlity of finished products.

Further investigations concerning chemisorption of
the higher fatty acids, fats, and oils of various origin and
chemical composition on the surface of FeO,
nanoparticlesare of great intered.
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JOCJKEHHSI MEXAHI3MY B3AEMO/II
JIIHOJIEBOI KUCJIOTH
TA 1-JIHOJIEIJI-2-OJIEOII-
3-JITHOJIEHOITJIIIEPUHY
3 HAHOYACTUHKAMMH Fe,0,

Anomayin. Obepynmosano mexanizm 63ae€mMO0ii  HAHO-
yacmunox Fe30,3 ninonesol kuciomoro ma 3 l-ninonein-2-oneoin-3-
JHHONEHONIYEPUHOM, SIKUIL NPEOCMAGLeHUll MOOELII0 <080Ula-
Posoi koopounayii». Memodamwu 19-Dyp’ e cnekmpockonii, mparc-
MICIUHOT eleKMPOHHOI MIKPOCKONIL, eHepeooucnepciinoi penmee-
HIBCLKOI  Cnekmpockonii, — peHmeeHiecbkoi  homoenekmponnol
CNEKMPOCKONIL, peHmzeHohaz06020 i MepMOSPABIMEMPUYHOLO
aHanizy GUGUEHUNl MexawizM 83acmo0ii JNHONeBOI Kuciomu i
consunuxosol onii 3 nanouacmunkamu Fe;0,.

Knrouoei cnosa. nanouacmunxu Fe30,, ninonesa xucioma,
1-ninonein-2-oneoin-3-ninonenoineniyepun, — COHAWHUKOBA OIS,
Xemocopoyis.
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Abgract. The effect of low-pressure glow discharge on
the formation of peroxide and the degree of oxidation of
Mn, Cr and Fe was studied in the aqueous solutions of
different compounds. The plasma treatment causes the
reduction of Mn(VII) through Mn(IV) to Mn(lIl), Cr(VI)
to Cr(111) and oxidation of Fe(ll) to Fe(ll1). Among other
reactive species, peroxide formed under the action of
plasma treatment takes an active part in redox reactions.
The concentration of peroxide usually increases with
treatment time, but its presence is detected only after
completion of active redox processes.

K eywor ds: low-pressure glow discharge plasma treatment,
redox reactions, peroxide formation, reduction, oxidation.

1. Introduction

The application of plasma discharge to treat liquid
solutions is characterised by high diversity. In particular,
in mining and metallurgy, plasma technologies are used
for material processing [1], intensification of leaching of
noble metals from ore concentrates [2], obtaining
fullerenes and nanopowders [3], etc. In analytica
chemistry, plasma discharges are utilised in the course of
sample preparation, as microsized sources of emission for
analysis of water solutions, as ionisation sources for mass
spectrometry, as well as for enhancement of an analytical
signal [4-6]. In the chemical industry, there are known
examples of modification of polymer surfaces, cellulose
bleaching and chemical synthesis. Plasma-aided blood
coagulation, tissue ablation, wound healing and
sterilisation are among typical medical applications of the
plasma discharge[7].

Environmental remediation and wastewater treat-
ment are reckoned among the most critical applications of
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plasma technologies [8]. The wastewater releasing from
industrial plants or households often contains harmful
elements and compounds, in many cases of organic origin.
S0, it isvital to remove them from the Earth biosphere.

Various methods of water treatment, such as
physical, biological and chemical, have been developed
during centuries. Physical and biological processes are
usually low cost but, in some cases, they do not efficiently
remove some kinds of pollutants, especially organic
compounds. Also, the biological treatment is typically
much slower than other processes. Chemical methods are
based on direct oxidation via reactants with high oxidation
potential such as chlorine, ozone, potassium
permanganate, etc. However, the use of such reagents is
limited due to the formation of potentially hazardous by-
products (for example halogenated in case of chlorine
treatment). The ozonation is very efficient but the most
expensive method of water treatment.

Plasma treatment realised in various forms of
plasma discharge is a very effective attractive alternative
to the methods of solution treatment mentioned above.
Plasma discharge was successfully used to treat
wastewaters contaminated with herbicides/pesticides,
decompose pharmaceuticas, surfactants, sulfonol, phenol
and textile dyes [9-12]. Many of the researches have
focused on the decomposition of organic compounds
which are key contaminants in source water. Another
critical application is to remove ions of heavy metals
contained in wastewaters[13].

The discharge releases high energy into a liquid
phase and generates highly reactive species. Plasma in
liquids can be produced in devices with different electrode
configurations (a corona discharge over the surface
solution, a contact glow discharge, a pulsed streamer
discharge in or above solution, dielectric barrier discharge,
gliding arc) and voltage regimes (DC pulsed, DC non-
pulsed, AC, HF, etc.) [14]. A diversity of configurations
promotes a variety of applications.

The plasma discharge causes various physical and
chemical effects in the treated medium. Among physical
phenomena, diffusion and advection, local heating,
surface tension, secondary emission and charge
deposition, sputtering and evaporation can be listed as
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typical for plasma discharges in solutions. Processes of
surface eectrolysis, hydrolysis, charge transfer, electron-
ion and ion-ion recombinations, reduction-oxidation
(redox) reactions, and collision relaxation take
simultaneously place in gas-plasma and liquid regions, as
well as the gasliquid interface, that determines the
complexity of chemical effects.

As was classfied in [15], three different species of
particles take part in the processes of plasma treatment.
The gaseous parent species are determined by the ambient
gas. For a plasma reactor operated in air, for example,
these species are molecules of O,, N,, and H;O. The
primary species are being directly formed in the burning
discharge. They include various highly reactive particles,
such as radicals, high energetic eectrons, excited ions,
molecules, and photons. Further, the secondary species
result from reactions which are not directly formed in the
discharge but involve either primary species or primary
and parent species. The primary species quickly appear
but are not stable. The secondary species result from
chemical reactions and, at least, some of them are more
stable and thus are of interest for practical applications.

The chemical effects induced by the discharge and
concerning the solutes depend on the formed species.
Essential reactive species are hydroxyl radicals which are
characterised by a high oxidation potential. Other strong
oxidation reagents produced by plasma are oxygen
radicals, ozone and hydrogen peroxide. A synergic effect
of more oxidation reagents is possible as was discussed in
[16] where simultaneous reduction of Cr(VI) and
oxidation of As(I1l) were observed in wastewaters under
plasma treatment.

The formation of peroxide in water and aqueous
solution has been observed in many works [17-19]. There
is a consensus that peroxide results from various reactions
between chemically reactive particles produced by a
plasma discharge and thus is a secondary species of
plasma treatment. However, observations of its behaviour
are less definite. In some cases, the peroxide concentration
isa linear function of plasma treatment time. Sometimes,
a clear time-delay is observed in the peroxide emergence.
In other cases, the peroxide concentration remains
depressive over the observation time.

It is well known that peroxide can participate in
redox reactions and affect the oxidation state of metallic
elements in various compounds. Therefore, it is of
practical interest to study the rates of peroxide formation
and consumption in the course of redox reactions in
different agueous solutions. The paper goal is to research
the concentrations of peroxide and ions that contain
metals (Fe, Cr and Mn) as a function of plasma treatment
time in correlations with different pH and to reveal any
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relationships between peroxide and oxidation level of
metallic elements.

2. Experimental

A barrel-type glass reactor with inside diameter of
30mm and 180 mm in height was used for plasma
treatment. Stainless steel e ectrodes were made of the wire
rod of 4 mm in diameter. The plasma discharge used is
reckoned in a low-pressure glow discharge type. One of
the electrodes (cathode), being immersed in the studied
solution, was placed in the lower part of the reactor.
Another electrode (anode) was set at an adjustable
distance of 5-7mm above the solution surface. Air
pressure in the reactor was held constant by a vacuum
pump at a level of 12-15kPa. The discharge was
generated by applying a DC high voltage (~500-700 V)
between the metal anode and water solution. The
discharge current varied between 10 and 100 mA. Optimal
values of the discharge current and air pressure were
determined and applied to each treated solution.

The volume of the solution in the reactor was
50 ml. The time of plasma treatment varied from 0.1 to
30min. Continuous circulation of cold water was
maintained in an outer jacket to cool down the reaction
mixture. The initial temperature of the solution was
293 K; it elevated to 303-308 K in the course of plasma
treatment. Evaporation of the solution was observed
during the discharge process. However, the lowering in
solution level was negligible at the time of the experiment.
The compositions of as-treated solutions, as well as
crucial treatment regimes, are shown in Table 1.

The method of flame atomic absorption
spectroscopy (FAAS) was used to measure the total
content of metals (Cr, Fe or Mn) in filtered solutions. The
guantification of FAAS was performed with the use of
certified reference materials produced by O. V. Bogatsky
Physics and Chemistry Ingtitute (Odessa, Ukraing). The
concentration of Mn? ions in solutions was measured by
the VVolhard method.

The solute concentrations of Fe(lll), Cr(VI) and
Mn(VIl) were determined by spectrophotometry.
Chemical methods controlled the Mn(l1V) level. The
completeness of Mn(VI1I)-to-Mn(I1), Cr(V1)-to-Cr(l11) and
Fe(ll)-to-Fe(ll1) transformations was estimated by a
combination of FAAS and spectrophotometry.

The total content of oxidisers, including peroxide,
was measured in the plasma-treated solutions by an
iodometric titration method. Also, the content of hydrogen
peroxide was separately determined by either permanga-
natometry or spectrophotometry using the reaction of
H,0, with ions that contain Ti(1V) by the analysis of the
maximum absorbance of the yelow [TiO-H,0,*
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complex at the wavelength of 410 nm. The difference
between the total oxidiser content and peroxide content
studied by different methods was used to consider the
influence of particles of different types on the reaction
course.

3. Results and Discussion

3.1. Solutions with Mn

The results of plasma treatment of solutions that
contain Mn in different oxidation states are shown in
Fig.1. A pronounced decrease of the total Mn
concentration is observed in two more concentrated
solutions after 2—4 min of treatment (Fig. 1a). This effect
is accompanied by intense precipitation. With increasing
treatment time, the precipitates interact with active
reducers accumulated in the solution and start to dissolve
increasing the Mn concentration.

Thetotal Mn concentration in two diluted solutions
is less changeable (Fig.1a). A smal amount of
precipitates is observed in these two solutions after more
prolonged plasma treatment.
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All changes of pH with treatment time also depend
on the Mn concentration (Fig. 1c). A dear local maximum
on the pH curves with simultaneous decolouration of the
solutions is observed in diluted solutions with 37 and
58 umol/l Mn after 1-3 min of treatment. With a further
increase of treatment time, the pH values start to decrease
from 8.7 to 3.1 with concurrent precipitation.

For more concentrated solutions, such as 173 and
335 pumol/l, initial pH growth and its follow-up reduction
are more temperate and peaks on the pH curves are less
pronounced.

Peroxide H,0, appears in the solution in the course
of plasma treatment (Fig. 1b). For diluted solutions, this
process starts very quickly, just after some seconds of
plasma trestment. For concentrated solutions, there is a
noticeable time delay in H,O, formation. The value of
such a delay usually increases with Mn concentration.

The comparison of Mn (Fig. 1a) and H,O; (Fig. 1b)
curves alows one to conclude that peroxide starts to
accumulate actively in the solution only after completion
of the process of Mn(VII) reduction. Evidently, this time
depends on the initidl Mn concentration. It is tiny in
diluted samples and varies between 6 and 10 min in
concentrated solutions.

Table 1
Plasmatreatment regimes of aqueous solutionsthat contain Mn, Cr and Fein different oxidation states
Soluted compound Meta Initial Metal concentration, Discharge Air pressure, Treatment
valence umol/l current, mA kPa time, min
KMnQO, Mn VIl 37-336 15-25 15 0-15
K,Cr,0; Cr VI 250 25 12 0-20
K,CrO, Cr VI 250-700 25 12 0-20
KCr(S0,)»6H,0 Cr I 280 25 12 0-20
FeSO, Fe I 2850 25 13 0-12
Fey(S0,). Fe I 2500 25 13 0-12
360 36
'\Y —=— 37 mmollL a) =37 nmollL b)
300 —@— 58 nmol/L 304 —e— 58 nmol/L
3 173 mmol/L O 173 mmol/L
= —w— 336 nmol/L % —w— 336 nmol/L
E 2401 E 24-
c v| S
£ 180 v | 218
8 120 » / £ 12-
3 J/ Cu —=— 37 nmollL
S eopeet Yo o . |0 6 21 | —e—s8mmoll
- I 173 nmol/L
—¥— 336 nmol/L
04, i i i 0+ 0

0 4 8 12 16 0 4

8 2 16 0 4 8 12 16

Time of plasma treatment, min

Fig. 1. Concentrations of Mn (a), H,O, (b), and pH (c) in aqueous solutions of KMnO,
with different Mn concentrations as a function of plasma treatment time
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3.2. Solutions with Cr

Redox effects under plasma treatment become
apparent in changes of the oxidation level of Cr in
compounds. Aqueous solutions of potassium dichromate
and bichromate were treated with a low-pressure plasma
discharge and the results obtained are shown in Fig. 2.
Approximately half of the Cr(VI)-containing ions in
chromate solutionis reduced to Cr(I11) for 2 min while the
reduction process is completed for approx. 18 min of the
plasma treatment (Fig. 28). The formation of peroxide in
chromate and dichromate solutions accelerates after
completing the Cr(VI) reduction process (Fig. 2b). In
particular, the delay in H)O, formation for the most
concentrated 700 umol/l K CrO, is observed for more
than 16 min.

When a solution of chromic potassium alum was
treated, no visible changes in the solution and the
oxidation level of Cr(l11) were observed. The formation of
H,O, proceeds with a high rate without any delay
(Fig. 2b). Therefore, ions with Cr(VI) seem to react
actively with peroxide while Cr(l11) ions remain inactive
in plasma-treated solutions.

The plasma treatment of solutions with fixed
started concentrations of Cr(VI) and Cr(I1l) for 5-10 min
lead to decreasing hydrogen index by at least four unitsto
pH = 2.8 (Fig. 2c). The shapes of pH(t) were amost
independent of theinitial Cr concentrations. Evidently, the
observed decrease of pH is mainly caused by an
interaction of plasma with water molecules as follows
from the shape of the pH(t) curve for distilled water.
Plasma discharge, interacting with a liquid phase,
generates particles with strong acid properties. As a result
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of further recombination processes, peroxide, which is
detected in all studied solutions, is formed.

3.3. Solutions with Fe

Taking in mind different behaviour of ions
containing Cr(VI) and Cr(l11) in plasma treated solutions,
both Fe(lll) and Fe(ll) sulphates were <udied in
experiments with Fe-containing solutions. The
concentration of Fe(l1l) ions quickly increases in FeSO,
within the first minute of plasma treatment but remains
unchanged in Fe3(SO,), during the whole period of
observation (Fig. 38). Simultaneously the concentration of
Fe(1l) ions drops to zero in FeSO, solutions, and this ion
is never observed in plasma-treated Fes(SO,)..

The form into which Fe(Il) is transformed under
the plasma action depends on the initial pH of a FeSO,
solution. The quantitative transition of Fe(ll)—Fe(lll)
without the formation of a solid phase is carried out at
pH = 1.6. The oxidation rate of Fe(ll) dightly increases
with increasing pH from 1.6 to 2.9. However, at pH > 2.2,
precipitation of Fe(OH)3 occurs. Due to partial deposition,
the total concentration of Fe begins to decrease after 1—
3 min treatment of solutions with pH > 2.2.

The peroxide concentration generated by the
plasma discharge (Fig.3b) behaves smilarly as in
solutions of manganese compounds (Fig. 1b) and Cr
(Fig. 2b) ions. The H,O, concentration in general
increases with treatment time. In FeSO, solutions, some
time-delay is observed in the peroxide formation which
correlates well with the time of active oxidation of Fe(ll)-
to-Fe(lll). On the contrary, no delay is detected in
Fex(S0,), solutions where no plasma-induced redox
Jprocesses occLr .

10
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Fig. 2. Concentrations of Cr (a), H,O, (b), and pH (c) in agueous solutions
of K,Cr,05 (250 pmol/l Cr), K,CrO,4 (1 — 250 umoal/l Cr, 2 —700 pmol/l Cr) and KCr(SO,)»'6H,0 (280 umol/l Cr)
as afunction of time of plasma treatment
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Fig. 3. Concentrations of Fe(l11) (a), H,O, (b) and pH () in aqueous solutions
of FeSO, (pH = 1.3) and Fex(S04); (pH = 1.6) with 2.85 mmol/l Feand 2.5 mmol/l Fe, respectively,
as afunction of time of plasmatreatment

3.4. Peroxide Formation

Peroxide plays an essentia role in plasma-induced
redox reactions. While OH radicals have higher oxidation
potential, however, they are unstable and easily decay in
reactions with one another or hydrogen atoms. There is a
consensus that peroxide is formed in plasma-treated
solutions due to secondary reactions occurring with the
participation of plasma-induced primary species. The
basic processes of formation of primary active particles
begin in the gas phase [20]. After discharge ignition,
collisions of charged particles and gas molecules lead to
the formation of several radicals and active species like
solvated electrons (&), OH, H, O, O3 in the gas phase.
These radicals may then react with themselves in a gas
phase and with other particlesin a thin subsurface layer of
a liquid. The charged-partidle bombardment of the
solution surface causes the transfer of neutral particles to
the plasma zone. Therefore, the reaction types and rates
are dependent on gas medium and characterigtics of a
liquid phase, such as pH.

Reactions with the participation of OH’ radicals are
usually considered as the main source of H,O, formation
[18]:

OH’ + 'OH — H0; @

On the other hand, OH™-radicals, as well as
solvated electrons ey can simultaneoudly react with the
hydrogen peroxide and thus decrease its concentration in
the solution:

OH + H,O— HOZ. + H-,0O (2)
OH + H,O— O, + H0 (3)
€+ H20,— OH'+ OH" @

Therefore, the reationship between the rates of
reactions (1) and (2-4) can determine the behaviour of

peroxide concentration [12]. Such a course of events
seems to describe the simplest situation, but it does not
always fit the experimental observations. For examples,
sometimes the measured rate of formation of OH" radicals
was much lower than the rate of formation of H,O,[18].
As found in [21], OH’ radicals play an important role in
the H,O, formation under nitrogen and helium atmosphere
where the reaction of OH'-radicals dimerisation
dominates.

In air with water vapour, OH-radicals have a
limited direct effect, and the most probable mechanisms
include hydrogen atoms reacting with HO, and process of
HO, dimerisation:

H + HOZ. — H,0, (5)
H02.+ HOZ.—> H,O.+ O, (6)

Also, excited oxygen molecules can contribute to
the formation of H,O, in the solution in an air discharge
by the following reactions [21, 30]:

H+O;— HO; (7)
O;+e— Oz (8
O, + H HO, 9
HO, + e — HO, (10)
HO, +H — H,0O, (11)
HO, +H — H,0O, (12)

When accumulating in the course of chemical
transformations, hydrogen peroxide tends to polymerise
forming hydrogen polyoxides [22]. In general, this
process can be described as follows:

(n—=1)H,0, > HOH+ (n—-2H,O (13

The action of plasma on eectrolyte solutions
initiates oxidation and reduction processes. Since both H*
and OH" ions participate in plasma-initiated redox
reactions, their concentration in the solution changes with
treatment time [23]. Therefore, the acidity of the as
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treated solution, as well as redox potentials, will also
change with treatment time. The plasma treatment of
distilled water reduces its pH to a level 2-3 that can be
explained by the accumulation of hydrogen polyoxides
which have acidic properties[23].

Also, the plasma forms nitric oxides (NOy) in
nitrogen/oxygen-rich environments, such as air. They
dissolve in the solution to form nitrous (HNO,) and nitric
(HNO3) acid which also lowers pH [24].

In the solution with different pH, different ways of
peroxide formation are operative [22] and, thus, the rate of
H,0, formation is sensitive to the pH index. In akaline
solutions, the H,O, yield is usually much lower than that
in neutral or acidic mediums [25]. Being a weak acid,
H>0, is intensively consumed by reacting with OH™ to
formHO, that causes arather low H,0O, yidd:

H,O,+ OH — HO, +H>0O (14)

3.5. Effect of the Discharge Current
of Peroxide Formation

Depending on discharge type, the yield of H" and
OH’ radicals fluctuates in a rather narrow range 3-8 [20]
or 7.6-10 mol/F [18]. The initial yield of peroxide was
estimated to be close to ~1.5 mal/F [20]. However, the
concentrations of peroxide vary in a rather broad range.
That indicated that the rate of peroxide degradation is
sensitive to the solution type and may differ by amost two
orders of magnitude even for similar types of the
discharge.

The analysis of experimental and literature data
[13, 18, 26, 27] suggests that the rate of formation of
peroxide depends on the type of discharge, its polarity,
and, as arule, increases with increasing discharge current.
There is also some evidence that the material of cathode
influences the chemical reactions in the solution via
catalytic effects of emitted ions [28]. Such dependencies
are easily observed by treating distilled water when the
presence of solute compounds does not affect the rate of
peroxide release.

During first minutes of plasma treatment, the
peroxide concentration (Chop) exhibits a linear
dependence of treatment timet. Therefore, the Sope angle
dCiz0o/dt in coordinates Crpop = f(t) can be used as a
measure of the rate of peroxide formation. The
dependences of dCyo0./dt on the discharge current are
shown in Fig.4 for different plasma types and
configurations. As is seen, the experimental curves are
divided into three clusters and thus clearly illustrate the
effectiveness of one or another type of discharge relative
to the formation of peroxide.

The glow discharge exhibits the highest peroxide
formation rates and the most pronounced dependence on
the current while the frontal discharge isthe least effective
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in both parameters. Similar results were discussed in [29].
Discharge with water as a cathode is usually much more
efficient for H,O, production as is seen from Fig. 4 and
reported in many researches [30, 31]. When liquid acts as
an anode, the cathode voltage fall is formed on the
metallic dectrode, and the charged particles are dectrons
entering the anodic solution [25]. Thus, no sputtering and
field-induced ion emission takes place a the liquid
surface. Evaporation is the only way to transfer water
molecules from the liquid phase into the gaseous plasma
resulting in a low H)O, yield. Higher energy of
OH'radicals excited by an intensive electron flux in the
configuration with a liquid anode may also cause their
quicker decay and thus suppress the rate of peroxide
production.
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Fig. 4. The rate of H,O, formation (dCy,0./dt) asa function of
discharge current for different plasma configurations: dots—
glow discharge by various authors, triangles up — diaphragmic
dischargein cathode, anode and AC configurations, triangles
down — frontal discharge in cathode, anode and AC
configurations, stars— AC capillary discharge

3.6. Plasma-Induced Redox Reactions

The experimental results obtained, in particular,
changing the oxidation state of metals, show that the
plasma treatment initiates both oxidation and reduction
processes with participation of ions that contain Fe, Mn
and Cr. Some redox processes observed in the given paper
and other reports are listed in Table 2. Both oxidation and
reduction reactions are possible in the considered solution
under the action of plasma discharge, as follows from
Table2. Their direction, as well as intensity, depend on
many factors, including pH, the concentration of
components, discharge type and modes. Evidently, an
essential stage of technological applications is the
optimisation of the modes and type of discharge. Optimal
conditions are dependent on application field.
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As was stated before, peroxide molecules formed
in the course of plasma treatment in the solution play an
important role in redox processes. This statement is
evidenced by the correlations observed between
concentrations of peroxide (Fig.5) and Mn-containing
ions (Fig. 1a). As is seen the peroxide appears in the
solution after a certain time-delay which increases from
approximately 4 to 10 min with increasing Mn
concentration from 150 to 336 pmol/I.

The anticipated sequence of chemical trans
formationsisas follows:

MNn(VI) ® Mn(VI) ® Mn(IV) ® Mn?. (15)

Several methods, namely: titrimetric (permanga-
natometric and iodometric) and spectrophotometric
(formation of complex compounds with titanium) have
been used to determine the content of hydrogen peroxide.
For solutions containing KMnO, the use of both
titrimetric methods yields different curves for the H,O,
concentration as a function of plasma treatment time
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(Fig. 5). The possible explanation for this fact is that both
titrimetric methods may not be selective for H,O; in the
presence of other oxidising and reducing particles in the
system. Then, the curve obtained from the results of
iodometric titration can show the presence of other
oxidising particles that are formed both under the
influence of the plasma and in the process of redox
reactions with hydrogen peroxide. The H,O, curves
obtained by spectrophotometry and permanganatometric
titration coincide. Therefore, these two methods more
adequately characterise the presence of H,O, in the
system.

Reducing particles enter into a reaction with
Mn(VII)-containing ions, and they cannot be detected
until al Mn(VIl) have reacted. The curves in Fig. 5
support this conclusion: an apparent time delay is
observed a both parmanganatometric and spectro-
photometric curves, and the duration of the delay
increases with the Mn concentration.

Table 2

Redox processesin aqueous solutionswith Mn, Cr and Fe caused by plasma treatment

Process Transformations Medium Reference
Oxidation Mn”® MnO, Neutral, acid Experiment, [32]
Reduction MnO,® MnO, Neutral, acid [32]
Reduction MnO,® MnO, Alkaline [33]
Reduction MnO,® MnO,® Mn* Neutral, acid Experiment
Oxidation Fe'® Fe* Acid Experiment, [32]
Oxidation Fe"'® Fe(OH); Neutral Experiment,

Oxidation of the central ion [FE(CN)]]*® Fe[Fe(CN)] Neutral [32]

Reduction Cr,0;® Cr,0, Neutral [32]
Oxidation Cr*® Cr0¢" Neutral, acid [32]
Reduction Cr,0;® Cr*' Neutral, acid Experiment
Reduction Cro/® Cr** Neutral, acid Experiment
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Fig. 5. Concentrations of oxidising compounds and peroxide, determined
by permanganatometry (black dots), iodometry (open dots) and spectrophotometry (triangles),
in agueous solutions of KMnO, with 150 pmol/l Mn (&) and 336 umol/l Mn (b) as afunction of plasma treatment time
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After reduction of manganese to Mn?", an excess of
reducing particles reacts with oxidising particles. Such a
reaction results in a temporal decresse of the total
concentration of oxidising compounds at a particular stage
of plasma treatment as is illustrated by the iodometric
curvesin Fig. 5.

Later, redox processes tend to their completion, and
the rate of consumption of both reducing and oxidising
particles diminishes. As a result, accumulation of these
particles is resumed in the solution. Hydrogen peroxide is
then determined both iodometrically and permangana-
tometrically/spectrophotometrically. At this stage, all the
above methods give close values of the peroxide
concentration.

4. Conclusions

Aqueous solutions of various compounds
containing Mn, Fe and Cr were treated by a low-pressure
glow discharge. The discharge conditions, such as
polarity, discharge current and air pressure, were
preliminary  optimised regarding increasing the
effectiveness of its influence on the redox processes. The
concentration of peroxide, as well as the concentration
and oxidation level of metals in the as-treated solutions,
were studied as a function of treatment time.

The effect of plasma treatment of manganese
permanganate solutions consists in the reduction of
Mn(VII) firg to Mn(lV) and then to Mn(ll). Hydrogen
peroxide is generated under the plasma action but is
initially expended in reducing the Mn-containing ions.
When the redox processes diminish, H,O, molecules
accumulate in the sol ution.

In ferrous solutions, the oxidation of Fe(ll) to
Fe(111) ions occurs under the action of plasma. If pH of the
solution is less than 2 (strong-acidic medium), the
transformation of Fe(ll) to Fe(l1l) is amost complete, and
the total content of iron ions does not change in the
solution. If pH is higher than the value mentioned above,
the oxidation process is aso completed, but the total
concentration of Fe in solution is reduced because of
partial precipitation. In solutions with Fe(Il1), the plasma
discharge does not change the oxidation level of Fe.

In solutions of chromium compounds, the
reduction of Cr(VI) to Cr(lll) is observed in an acidic
medium. The value of pH index reduces from 6-8 to 2.8
concurrently with the Cr reduction. The oxidation level of
metal does not change under the plasma action in
solutions that contain Cr(I11).

The action of a plasma discharge results in the
acidification of the treated medium. Such a phenomenon
was observed in al Cr- and Mn-containing solutions and
was |less-pronounced in solutions of Fe compounds.
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The concentration of hydrogen peroxide formed
under the plasma discharge was measured by titrimetric
(permanganatometric and iodometric) and
spectrophotometric methods. The permanganatometry and
spectrophotometry allowed to estimate the amount of
hydrogen peroxide molecules which act as reducing
agents. The results of iodometric measurements described
the total concentration of all oxidisers.

The concentration of hydrogen peroxide usually
increases with treatment time, but it is not detected during
active redox interaction with metal-containing ions. In
general, the curves characterising the change in the ion
concentrations with metals of different oxidation level
corrdlate well with the curves describing the hydrogen
peroxide formation.
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OBPOBJIEHHSI IIVIASMOBHUM PO3PSIZIOM
MNOHUKEHOI'O TUCKY BOJHHUX PO3YHHIB, 1110
MICTATb Mn, Cr TA Fe

Anomayin. Jlocniodiceno  eniug  muitowo2o  pospsioy
NOHUNCEHO20 MUCKY HA YMBOPEHHSA 2i0poceH NepoKcudy ma smiHy
CMYNeHI0 OKUCHEHHs Memanig y 600HUX posuunax cnoayk Mn, Cr
ma Fe [loxazano, wo niasmose 00poOIeHHS CNPUYUHSE GiO-
noenennst Mn(VIl) uepes Mn(1V) oo Mn(l1), Cr(V1) oo Cr(l1l) ma
oxucnennst Fe(I1) oo Fe(lll). Iiopozen nepoxcud, wo ymeoproemucs
nio di€lo NIazMo8020 06pobeHHs, AKMUBHO bepe YHaACmb 8 OKUCHO-
6i0HOBHUX peakyisx. Konyenmpayis ciopoeen nepoxcudy 3azeuuaii
30IbUYEMbCST 3 YAcOM 06pOONenHtsl, 0OHAK BUSABUMU 1020 HA5IG-
HICMb CMAE MONCTUBUM MIbKU NICIsl 3aKiHYeHHs nepedicy aK-
MUBHUX OKUCHO-8IOHOBHUX NPOYECIB.

Knrouoei  cnosa:. o06pobnenns niazmMogum — po3psoom
NOHUICEHO20 MUCKY, OKUCHO-BIOHOGHI peaKyii, ymeopeHHs 2iopoeen
nepoKcuody, 8i0HO6IEHHS, OKUCHEHHS.
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KINETICS OF Os(VI1Il) CATALYZED OXIDATION OF 2-PYRROLIDINE
CARBOXYLIC ACID IN ALKALINE MEDIUM USING SODIUM
PERIODATE AS OXIDANT: A MECHANISTIC APPROACH
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Abstract. The present paper deals with the kinetic and
mechanistic investigation of Os(V1I1) catalyzed oxidation
of 2-pyrrolidinecarboxylic acid by sodium periodate
(NalOy) in akaline medium in the temperature range of
303-318 K. The experimental result shows a first order
kinetics with respect to Og(VIIl) and periodate while
positive effect with respect to substrate i.e,
2-pyrrolidinecarboxylic acid was observed. The reaction
showed negative effect for [OH]. Negligible effect of
Hg(OAc), and ionic strength of the medium was
observed. The reaction is carried out in the presence of
mercuric acetate as a scavenger. The reaction of sodium
periodate and 2-pyrrolidinecarboxylic acid in akaline
medium shows 2:1 stoichiometry. The values of rate
constants observed at different temperatures were utilized
to calculate the activation parameters. A mechanism
involving the complex formation between a catalyst,
substrate and oxidant has been proposed. L-glutamic acid
has been identified as the main oxidation product of the
reaction using chromatography and spectroscopy. Based
on kinetic data, the reaction stoichiometry and product
analysis of the reaction a feasible mechanism has been
proposed. The rate law has been derived from obtained
kinetic data.

Keywords: kinetics, Os(VIIl), oxidation, 2-pyrrolidine-
carboxylic acid, sodium periodate, alkaline medium.

1. Introduction

Amino acids are the derivatives of protein in the
diet or degradation of intracellular proteins is the final
class of biomolecules and their oxidation makes a
significant role in production of metabolic energy. Based
upon the number of carbon atoms in the a-amino acids
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species, they get oxidized to a-keto glutamate, succinates,
fumerate, oxaloacetate, etc. 2-Pyrrolidinecarboxylic acid
(L-pro) is one among 20 a-amino acids with five-carbon
atoms in pyrrolidine skeleton. This pyrrolidine ring is
opened [1] by oxidation at the carbon atom most distant
from the carboxylic group to produce a Schiff’s base and
hydrolysis of this Schiff’ s base produces a linear glutamic
semi-aldehyde, which is further oxidized at the same
carbon atom leading to glutamic acid. However, the
earlier reports [2] reveal that L-pro undergoes oxidation
with the cleavage of pyrrolidine ring at the nearest carbon
atom from the carboxylic acid group followed by
decarboxylation to produce 4-amino butanol or 4-amino
butyric acid, whereas D-proline leads to keto acid. Since
L-pro has a cyclic dructure with an imino [3] group
attached at one end by —CH, and at the other end by
>CH-COOH, the cleavage at the closest carbon atom
from carboxylic group is unusual. This may also be due to
the less reactivity of a-carbon/hydrogen. Hence, the ring
opening takes place at a carbon atom of far end from a
carboxylic group. Moreover, when —-NH, group is not
present at a-carbon atom, there is no other driving force
remaining for decarboxylation to produce butaraldehyde,
butyric acid or keto acids. Some reports about the
oxidation of L-pro claimed that the ring cleavage took
place between N and C, by retaining the —-NH; group with
the main moiety without liberating ammonia, and the
decarboxylation was proposed as a mechanism for the
oxidation [4].

H

_N—T—COOH

L-proline is one among non-essential amino acids
and is an important component of collagen. According to
[3], L-proline is considered to be the world’'s smallest
natural enzyme and it playsan important rolein catalysing
the aldol condensation of acetone to various adehydes
with high stereo-specificity.
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Many transition and non-transition metal ions in
their complex form are good oxidants in acidic, basic or
neutral medium. However, oxidation capacity depends
upon their redox potential. It is also known that the redox
potential of the couple depends on the medium pH. In
recent years, the use of transition metal ion such as
osmium, ruthenium and iridium as a catalyst in various
redox processes has attracted considerable interest [5-6].
The mechanism of the catalysis is quite complicated
because of the formation of different intermediate
complexes, free radicals and different oxidation states of
osmium. Although, both osmium and ruthenium belong to
the same group, their compounds are stable in different
oxidation states. Osmium compounds are highly stable in
+8 oxidation state whereas ruthenium compounds are in
+3 or +4. Hence, their catalytic role varies to a large
extent; in most of the oxidations [6, 7] of organic
compounds, the reaction was independent upon substrate
concentration in Ru(l1l) catalysis and unity or fractional
order in Og(VIII) catalysis. This may be due to the large
difference in their redox potentials. The redox potentials
of Ru(IV)/Ru(lll) is +1.3 V which is unexpectedly higher
than that of Os(V111)/Og(V1) equal to +0.85 V.

Periodate is a clean and relatively sdective reagent
for the oxidative ceavage of organic compounds
containing -hydroxy, -oxo, -amino, or -carboxyl groups.
There is extensive literature on the kinetics of the periodic
acid oxidation of glycols [8-9] but the kinetics of the
periodate oxidation of amino alcohols [10], dicarbonyl
compounds [11], and amino acids [12], has received much
less attention. Oxidation with periodate has been shown to
cause denaturation of proteins and inactivation of
enzymes and these findings have been interpreted on the
basis of periodate attack on essential amino acids.
Periodate (Per) is a two electron oxidant with a redox
potential of +0.70V in akaline medium and is a more
suitable reagent for the study of oxidation reactions of
both organic and inorganic substrates [13]. Further we
have isolated the oxidized products in away to arrive a a
suitable mechanism on the basis of kinetic and spectral
results and to compute the thermodynamic quantities of
various steps. An understanding of the mechanism allows
the chemistry to be interpreted, understood and predicted.

2. Experimental

2.1. Materials

Reagent grade chemicals and double-distilled water
(from alkaline KMnQOy, in al-glass apparatus) were used.
An agueous solution of NalO,4 was prepared by dissolving
NalO, (BDH) in water and was standardized
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iodometrically [14]. L-proline, a colorless crystalline
compound (E-Merck) was used without further
purification for the preparation of aqueous stock solution.
The stock solution of Os(VI11) was obtained by dissolvi n%
osmic acid (0sO4) (Johnson-Matthey) in 0.5 mol-dm

sodium hydroxide solution and its concentration was
ascertained [15] against standard ceric ammonium sulfate
solution in acid medium. Aqueous solutions of NaOH and
NaCl were used to maintain the [OH7] and ionic strength,
respectively. In the present investigation, the effect of
concentration of [NalO, was studied from 0.8:10° to
5.010° and [L-proling] was studied between 2.0-10* to
1.310° The reaction stills were blackened from outside
to prevent photochemical effects.

2.2. Kinetic Procedure

Appropriate volumes of the solutions of substrate,
NaOH, Hg(OAc),, 00, and the requisite volume of
doubly distilled H,O were placed in the reaction vessdl,
which was located in an electrically operated thermostatic
water bath maintained at the desired temperature within
the #0.1K. When the mixture attained the bath
temperature, the reaction was initiated by adding the
required volume of NalO, solution, which was a so placed
separately in the same bath in another vessel. The kinetics
of the reaction was followed by estimating the quantity of
unconsumed NalO,. An aliquot (5ml) of the reaction
mixture was withdrawn at regular time intervals and was
monitored by iodometric determination of the remaining
NalO, up to two half lives of the reaction. The reaction
rate (dc/dt) in each kinetic run was determined by the
dope of the tangent drawn at fixed concentrations of
NalO, in the plots of unconsumed Nal O, versus time. The
order of the reaction with respect to each reactant was
determined with the help of (dc/dt) values calculated for
various concentrations of each reactant. The moderately
higher concentration of NaOH was used to maintain the
OH" concentration in the reaction. Hence, the effect of
dissolved CO, on the rate was examined by carrying out
the kinetics in the presence of CO, and N.. It was found
that there was no variation of rate constants which
indicates that dissolved CO, had any effect on the reaction
rate.

3. Results and Discussion

3.1. Determination of Stoichiometry and
Product Analysis

The stoichiometric analysis of oxidation reaction of
proline with sodium periodate indicates that two moles of
the oxidant react with one mole of a substrate. This result
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showed 1:2 stoichiometry according to the equation.
Varying [NalOg4]:[proling] ratios were equilibrated at
313K for 72h under the experimental conditions
[NalO,4] >>[proling]. Estimation of unconsumed [NalO,]
in different sets showed that two moles of NalO, were
consumed in order to oxidise one mole of proline.
Accordingly, the following stoichiometry equation can be
formul ated.

The main oxidative product of L-proline was iden-
tified as L-glutamic acid by its spot test in which the intense
blue color was obtained by adding ninhydrin [16]. It sup-
ports the results from the earlier work [17]. It is aso esti-
mated quantitatively as a ninhydrin derivative by spectro-
photometric methods [18]. It was found that L-proline is
oxidized to L-glutamic acid. Other plausible products like
glutamic semial dehyde and R-keto acid were not found.

Further, L-glutamic acid was separated from the
reaction mixture by an ether extract which was
concentrated by evaporation and mixed with concentrated
hydrochloric acid (2 ml). The residue was then evaporated
several times with water (ca. 5 ml portions) to remove the
excess of hydrochloric acid and finally with methanol
(10 ml). The white needles produced were collected,
dried, and analyzed for C, H, N, and ClI contents. The
elemental analysis was consistent with that of L-glutamate
hydrochloride (C10H17N20gCl). (Found: C, 40.5; H, 7.5;
N, 86; Cl, 16.6. Calcd: C, 41.9; H, 7.3; N, 9.8; Cl,
17.2%). Further it was subjected to IR scanning. The
stretching frequencies of -NH2, -COOH and carbonyl

(@]
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were found to be 3430, 3060, and 1684 cm™, respectively,
and C-N vibration frequencies at 1124 cm” were also
observed (Fig. 1). The product was also confirmed by UV
spectrum (Fig. 2). This clearly indicates that the oxidative
product of L-proline was found to be L-glutamic acid
which is formed by reacting with 2 moles of [NalO,4] as
shown by Eg. (1).

3.2. Reaction Orders

Reaction order and the order with respect to each
reactant were determined by varying the concentrations of
oxidant, reductant, catalyst and alkali in turn, while
keeping the other constants.

3.3. Effect of [L-Proline]

The dependence of reaction rate on L-proline
concentration was examined over concentrations in the
range of (0.13-2.00010°mol-dm® at different
temperatures in the range of 303-318 K. The results in
Table 1 showed that the rate constant increased with the
increase in [L-proling]. It was confirmed by a plot of
log[L-Pro] vs. logdc/dt (Fig. 3). Further the plot of dc/dt
versus [L-proling] was linear (Fig. 4), passing through the
origin according to Eq. (2). The zero intercept reveded
that the self decompasition of NalO, did not take place
under the experimental conditions employed in this study.

Kobs = k[ proline] (2

o o o
s D i
=l—0+
NH I 0 osevm) HO oR+ (2) AINGT o

proline 0 NH;
periodate . . iodate ion
glutamic acid )

7T 1

081 I "'f'j ‘|‘| ' i 1'8'_ Proline product
[ i l‘ \ 16
- h n | ]
§ 06 | SAVE T W | ] M e
< | . Vo [' “l” " S 12
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Fig. 1. IR-spectrum of the main product
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Fig. 2. UV spectrum of the main product
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Table 1
Effect of [Nal O4], [L-Proline], [Hg(OAC);] [NaOH] and Og(V111) on oxidation
of L-proline by Nal O4 catalyzed by O(VII1) in alkaline medium at 303 K
[NalO,]-10°% [S]-10% [Hg(OAC),]-10°, [NaOH]-10°, (-dc/d), K0P
mol-dm’® mol-dm’® mol-dm’® mol-dm’® mol-dm?3s* !
0.83 1.00 125 1.00 0.40 187
1.00 1.00 125 1.00 0.48 2.10
125 1.00 125 1.00 0.53 291
167 1.00 125 1.00 0.78 3.64
2.50 1.00 125 1.00 1.00 3.30
5.00 1.00 125 1.00 184 6.10
1.00 0.13 125 1.00 0.20 1.04
1.00 0.17 125 1.00 021 1.08
1.00 0.25 125 1.00 0.23 1.26
1.00 0.50 125 1.00 0.24 1.40
1.00 2.00 125 1.00 0.26 1.69
1.00 1.00 0.83 1.00 0.33 1.85
1.00 1.00 1.00 1.00 0.29 173
1.00 1.00 167 1.00 0.27 1.86
1.00 1.00 2.50 1.00 0.28 1.10
1.00 1.00 5.00 1.00 0.30 1.03
1.00 1.00 125 0.83 0.28 142
1.00 1.00 125 125 0.23 134
1.00 1.00 125 167 021 119
1.00 1.00 125 2.50 0.20 1.03
1.00 1.00 125 5.00 0.19 0.84
Notes: Os(V111) = 2.63-10°M, [NalO,] = 1.00-10°*M, [L-proline] = 1.00-10%M, [Hg(OAC),] = 1.25:10°M,
[NaOH] = 1.00-10°M

0.80 —_ I— 4

0.75 - "
] — o Os(VIl)

070 i./ 0.0 0.2 04 g(; Iog ([JI._B-PrO] 1.0 12 1.4 ® LPro

0.65—-
0.60—-
0.55—-
0.50 ]
0.45 ]
0.40—-

de/dt x 10° MLs™

0.35
0.30—-
0.25—-
0.20 ]

,./JW—I————————77777777777 = 3
— "
l/-/ /- 2
]
I/./
w
-
a—" = 1
-
T T T . : . I I |
0.0 0.5 1.0 15 20

[Proline] x 10* mol dm™®

Fig. 3. Plot between rate of reaction (-dc/dt)-10° vs.
[L-proline]-10* on the reaction rate at different temperatures (K):

303 (1), 308 (2), 313 (3) and 318 (4).

[Os(VII1)] = 26.2510°M, [Hg(OAC),] = 1.25:10°M, [Oxidant
(NalO,)] = 1.00-10°*M, [NaOH] = 1.00-10°M

7 +log (dc/dt)

0.70 L 0.20

0.65
- 0.15

0.60
- 0.10

(pyop) Boj + 2

0.55
- 0.05

0.50

T T T T T
0.0 0.2 0.4 0.6 0.8 10 12 1.4

6 +log[Os(VII)]

Fig. 4. Plot between rate log[Os(V111)] vs.
log(dc/dt) and log[L-Pro] vs. log(dc/dt)
for oxidation of L-Pro at 308 K
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Fig. 5. Veification of rate law (5) in form of (6)
for Os(V 1) catalyzed oxidation of L-proline by sodium
periodate at 298 K
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Fig. 6. Effect of temperature on rate constant for oxidation of L-
Proat 308 K. [NalO,] = 1.0-10°mol-dm*®;

[L-Pro] = 1.0-10mol-dm™; Os(V111) = 2.6:10° mol-dm™®; [NaOH]

=1.0-10°mol-dm™ [Hg(OAc),] = 1.25:10° mol-dm
Table 2

Activation parametersfor Og(VII1) catalyzed oxidation of L-Proline
by Nal O, in alkaline medium at 303-318 K

Parameters Temperature, K L-Proline
k;-107sT 303 1.96
k;-107sT 308 2.44
k;-104sT 313 3.90
k;-107sT 318 356

logA - 14.45

E.*, kJmol™ 308 82.93
DG*, kJmol™ 308 71.83
DH*, kJmol™ 308 80.35
DS, JK ™ mol™ 308 -6.61

Notes: Os(V111) = 2.63-10°M, [NalO,] = 1.00-10°>M, L-Proline= 1.00-10°M, [Hg(OAC),] = 1.25:10°M,

[NaOH] = 1.00-10°M.

3.4. Effect of Alkali Concentration

At a fixed ionic strength of 0.5 mol-dm™ and other
conditions remaining constant, [OH] was varied from
0.083 to 0.50 mol-dm™. It was noticed that as [OH]
decreases the rate of reaction wasincreased (Table 1). The
plot of logfOH] vs. logdc/dt was linear (Fig. 5). Its
decreasing effect on rate is due to the variation of
concentration of hydroxide species of Og(VIII) at different
[OHT]. The various forms of hydroxide complexes in
alkaline medium such as [OSO5(OH)4]", [0sO4(OH);?,
and [OsOs(OH)]* arein equilibrium with each other.

3.5. Effect of Temperature

The effect of temperature on the reaction rate was studied
within the range of 303-318 K and keeping all the other
parameters at constant values. The dc/dt values increased

with the increase in the temperature. Plots of 1/T versus
[4+logK] at different temperatures were linear (Fig. 6).
Thermodynamic activation parameters, associated with
koK;, were calculated using a least-squares fit to the
transition state theory equation as, AH = 69.0 kJ-mol™
and, AS =-21.42 3K mol™ (Table 2). Both AH™ and AS
are composite values that include formation of the
precursor intermediate complex and the intramolecular
electron transfer step. The reaction was endothermic as
indicated from the positive value of AH’, and the
intermediate was rigid as indicated from the negative
value of the entropy of activation (AS).

3.6. Catalytic Activity

The variation of concentration of Os(VIIIl) with
alkali (as shown in Fig. 2) indicates that [OSO4(OH);]% is
the reactive species; its concentration was varied linearly
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with [OH-]. The concentrations of the other two species,
[Os05(OH)]* and [0sO(OH)s]” are either decreased or
increased dragtically with various [OH] and are not varied
pardlel to the variation of dc/dt for different [OH].

Hence, they are not oonsdered as reactive species. The
formation of [OsO4(OH),]? is important in this study as
reported earlier [19]. Each fractional order in [OH-] and
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[L-proling] isanimplicit fact to support the expectation of
the pre-eguilibrium before rate determining step. First-
order in oxidant and catalyst can also be accommodated in
the mechanism as shown in Scheme 1. Hence, the scheme
is written in accordance with the above facts and the
consderatlon of active species of Os(VIII) in dkali as
[OSO4(OH),)* in the first equilibrium step.

OJ\ ‘—_s Complex + H20

*0sOmeL-Prolinel® + 1,0

COOH O

Glutamate y-semialdehyde

)‘\/\ﬁ‘\OH 10, fast
2

Glutamate y-semialdehyde

)k/\ﬁ‘\ * 105

L-Glutamic acid

Scheme 1
4+log [NaIOA] o log[OH]
00 05 10 15 20 25 30 35 40 45 50 5;5 6.0 ® Iog [Na|04]
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Fig. 7. Plot between log [OH] vs. log(dc/dt)
and log[NalO,4] vs. log(dc/dt) for oxidation of L-Pro at 308 K
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The Lineweaver-Burk plot proved the complex
formation between Og(VIII) and L-Pro, which explains
fractiona order in [L-Pro]. The rate law for Scheme 1 is
derived as,

d[10; ]
—dt“ ©)

Rate=] K10 IIOSMI JAL - prol¥l
f  1+K[OH ]+K,[L- pro]

Rate =

« = Rate 4 ksK,[Os(VI11); 1L - pro]#
[10;] 11+Ky[OH 1+ K,[L- pro]}

()

[Os(II); _ 1 L K[OH] |1 ©
k KsK,[L- pro]  KzK,[L- pro] K,

The rate law (5) can be rearranged to Eqg. (6),
which is suitable for verification.

Eqg. (6) proves that, the plots of [O(VIII)]/K vs.
V[L-pro] and [O5(VIIN]/k vs. [OH] were linear (Fig. 7).
L-proline has two donor atoms, namely N from imino
moiety and O from the carboxylic group, having a lone
pair of eectrons. It is a known [20] fact that N is a small
potent atom and can donate a pair of electrons to the
central metal ion of O(VIIIl) to form an adducts. The
presence of two —CH, groups on either side of the N atom
favours the positive charge on the N atom and makes it
easy to form the complex. Thus, formation of a complex
between Og(V1I1) and O atom of carboxylic group can be
ruled out. The adduct formed in this way with N might be
very reactive and undergoes oxidation easily by NalOs.
This is evidenced by the fact that in the absence of
Og(VII1), the reaction between L-proline and NalO, was
not observed. Therefore, the intermediate as shown in the
second step of Scheme 1 reacts with NalO, in the rate-
determining step to give an intermediate from L-proline.
This justifies the unit order each in oxidant and catalyst.
The mechanism as in Scheme 1 and rate law are verified
by plotting the graphs of log[OH-] and log[L-proling] vs.
logdc/dt which should be linear (Figs. 4, 5). From the
slopes and intercepts of such plots, the values of k, Ky, and
K, are caculated. The K; found in this study is in close
agreement with the reported value [19]. This justifies the
formation of [OSO4(OH);]%.

A negative value of AS* (-6.61JKmol™)
suggests that the two ionic species combine in rate
determining step to give a single intermediate complex
which is more ordered than the reactants [21, 22]. The
smaller rate constant of the slow step of the mechanism
indicates that the oxidation presumably occurs through an
inner-sphere mechanism. This conclusion was supported
by earlier reports [23-25].
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4. Conclusions

Thus, in the oxidation of L-proline by NalO, in
akaline media, it has been found that NalO, itsdlf is the
main oxidizing species, and the conjugate base of
L-proline is the main reducing species and the reaction
was first-order dependent on both [proling] and [NalO,].
L-glutamic acid was identified as the final oxidation
product. Oxidation of L-proline was set-up to mimic the
biological path. The reaction product was found to be
L-glutamic acid. However, earlier sudies reveal that the
products were 4-amino butyric acid [3], 4-amino
butaraldehyde [26], and keto acids [27]. The 4-amino
butaraldehyde is the most unpredictable product, as
L-proline oxidizes through a pyrrolidine ring cleavage
without decarboxylation. If aldehyde is formed at all, it
would be glutamic semialdehyde. In the absence of
Og(VIII), the reaction between L-proline and NalO, is
almost imperceptible, whereas the addition of a small
amount of Os(VIII) favours the spontaneity of the
reaction. This might be the reactive species of adduct,
which is formed by interacting L-proline with
Og(VI1I1).Though Os(VIII) is used as a catalyst it did not
undergo reduction to Os(V1), but it catalyzes through the
formation of active adduct and regenerates in the rate
determining step by reacting with NaOH.

Appendix: Derivation of Rate Law for Scheme 1
[Os(VII]4] isequal to the sum of concentrations:

% = Rate = k;[10; ][Complex] Q)
Os(VII1 ) =[] +[C,] +[Complex] )

Aol - e gron 14k c;) -

- k[GI[L - pro] +k_,[Compleq] @
On applying steady state approximation to Eq. (3)
we get:
-G [OH "]+ k4[C,]-

- K[CI[L - pro] +k_,[Complex] =0 (4)
Similarly we have the rate of formation of [C]:
A citon1- kfc) ®

On applying steady state approximation to the
above equation we get:

K[G][OH"]- k4[C,] =0 (6)
SRLCICE @
-1
From Egs. (4) and (6) we get:
_ k. ,[Complex]
== e ®)
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Putting the value of [Cy] in Eq. (7) we get:
k;k_,[OH " ][Complex]

(G2l = K 1Ko[L- pro]
_ K,JOH ][Complex] | _ kg
[Cz]— 1 KZ[L- proj ,:\QKl_ {)(9)

Thus from Egs. (2), (8) and (9) we get total
concentration of the catalyst, i.e.

Os(VI11); = [Complex] | Ky[OH"][Complex]
Tkl pro] | KglL- pro)
+Complex] = (10
—[Complex]T:L Ky[OH" ] +K,[L - proJ¥
K,[L- pro]
[Complex] = T Ko[L - proj[Os(VIII);] # 1)
1+K1[OH 1+ K,[L- pro]%
Rate = | KaKo[HIOZ[OS(VII ) J[L - pro] il )

I 1+K[OH J+K,[L- pro]

The rate law is in agreement with all observed
kinetics.
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KIHETUKA OKHCHEHHS
2-IIIPOJIIMTHKAPEOHOBOI KUCJIOTH
B IIPUCYTHOCTI KATAJII3BATOPA Os(VI11)
B JIY’)KHOMY CEPEJOBHIIII 3
BUKOPUCTAHHSIM MEPIOJATY HATPIIO:
MEXAHICTHYHUN MIIXIT

Anomauyin. Ilposedeno Kinemuuni ma Mexamiymi 0ocnio-
JICEHHST OKUCHEHHSL 2-NiponiOuHKapbOHOBoI Kuciomu, nepiooamom
nampiio (Nal O4) 6 yosrcromy cepedosuwyi 6 dianasoni memnepamyp
303-318 K ¢ npucymnocmi xamanizamopa OSMII). Busnaueno,
wo peaxyisn € nepuio2o nopsaoky sionocto OS(VII) ma nepiooamy.
Cnocmepieacmbcst  nosumusHuti  egpekm  8iOHOCHO — cyocmpamy,
moomo  2-niponiOuHKapOOHOBOI KUCTOMU, HE2AMUBHUL GNIUE HA
[OHT i nesnaunuii ennus HY(OAC)? ma tionnoi cunu cepedosuwya.
Bemanosnerno cmexiomempiio peaxyii midic nepiooamom Hampiio
ma 2-niponiouHKapOOHOBOI0 KUCIOMOIO 8 JIYIHCHOMY CEpe0osULyi
(21). 3 sukopucmanmsm KOHCMAHM WBUOKOCME 34 PISHUX
memnepamyp po3paxoeaHo eHepeilo akmusayii. 3anponoHo8aHo
MeXaHizm, wo nepeddayac ymeopeHHs KOMNIEKCy Midc Kamania-
mopom, cyocmpamom ma okcuoanmom. Xpomamoepapiunumu ma
CNEKMPOCKONIUHUMU — MEMOOAMU  BUSHAYEHO, WO  OCHOBHUM
npodykmom oxuchenns € L-enymaminosa xkucnroma. Ha niocmasi
KIHeMmu4HUX OaHux, cmexioMempii ma auaiizy npooyKmie peakyii
3aNPONOHO8AHO  MOJXCIUSULL  MexaHism  peakyii. Ha ocHogi
OMPUMAHUX KIHEMUYHUX OAHUX 8UBCOCHT KIHEMUYHI DIGHSIHHS.

Os\VINl),  oxucnenns,
nepiooam  Hampilo, JyocHe

Knrouoei  cnosa.  xinemuxa,
2-niponiounxapbonosa  Kucioma,
cepedosuye.
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Abstract. The optimal geometric structure and reactivity
of some peroxyacids, acridine and products of their
interaction were calculated by quantum-chemical
methods. It was found that the heat of formation of
peroxyacids (PA) and carboxylic acids (CA) grow with
increasing length of a hydrocarbon radica. The
dependencies of the area of PA and molecules of CA on
the number of carbon atoms in the molecules are linear.
The potentials of ionization of all studied PA are close and
lie within the range of 11.22-11.39 eV depending on the
calculation methods. The theoreticaly calculated dipole
moments of acids, acridine, peroxyacids, and N-oxide of
acridine arein good accordance with experimental values,
which indicate the correctness of our calculations.
Theoretical calculated values of the heats of formation
(AH?) of peroxyacids and acridine are in good accordance
with the values obtained by thermo-chemical methods.
Calculations indicate that the size of the hydrocarbon
radical practically does not affect the value of AHOex,,. The
results of quantum chemical calculations for the oxidation
reaction of acridine may be useful for prediction of other
mechanisms of oxidative processes.

Keywords. peroxyacids, quantum-chemical calculations,
oxidation, acridine, heat of formation.

1. Introduction

Organic peroxy-compounds are widely used as a
source of free radicals, oxidizing agents, intermediates in
organic synthesis, disinfectant agent, etc. [1-3].
Peroxyacids interact with sulfides, amines, ethylene
hydrocarbons, demonstrate mild oxidative effect, and give
valuable products.

The information about the structure and dectronic
properties of molecules is important for successful
application of peroxide compounds. Quantum-chemical
calculations are used for this. We can predict the reactivity,
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calculate the thermodynamic parameters and the optimal
dructure of peroxide compounds using them[4, 5].

The aim of our work was quantum-chemical
calculations for the reaction of acridine oxidation by
peroxyacids. Often, these reactions are used to produce
N-oxides. Oxidation reactions of nitrogen-containing
compounds by different oxidants allow receiving different
conducting polymers [6, 7], biologically active com-
pounds [8, 9] and apply these processes to neutralize
substances harmful to the environment [10].

2. Experimental

The results of the theoretical calculations using
guantum chemical methods are shown in this work. These
are standard heats of formation (AH;), ionization potential
(Ix), energy of higher occupied molecular orbital (HOMO)
and a lower unoccupied molecular orbital (LUMO),
dipole moments (D), volume (V) and aea (§ of
molecules of certain peroxyacids (PA), carboxylic acids
(CA), acridine and its N-oxides.

Chemical potentia (1) and rigidity of the molecule
(7) were calculated by the energy of higher occupied
molecular orbital (Enomo) and a lower unoccupied
molecular orbital (£ umo):

1= (Evomo+ ELumo)/2; and i = (Evomo—ELumo)

Asis known, the frontier orbitals method, proposed
by Fukui, identifies the relative reactive activity of the
compounds by the energy of the molecular orbitals of
FEromo and ELumo [11, 12] The Fromo causes the
interaction of the molecule with the electron acceptors,
and the £ ymo — dectron donors. The positive energy of
E\ umo causes the nucleophile properties of the molecules,
and the negative — the el ectrophilic ones.

All quantum-chemical caculations were carried
out using semi-empirical methods implemented in the
program MOPAC2016 [13] and using the graphical
interface Winmostar [14]. The calculations were carried
out using the methods AM1, PM3, PM6, PM7, MNDO,
and RM1. All calculations were conducted for the gas
phase. Based on the performed calculations, the heats of
the reaction were obtained, and the possible mechanism of
the reaction was predicted.
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3. Results and Discussion

Calculations for peroxyacids (PA) of the general

formula:
R-C(0)-O-OH

were carried out, were R is equa to: CHaz— (1); CHz—CH
(I1); CHzHCH2)~ (I11); CHs (CH2)s~ (IV); CHs-
(CH2)s— (V); CHzHCHp)e— (VI); CHsH{(CHz)7— (VII);
CH3~HCH2)e (VII11); CeHs— (1X).

Physico-chemical parameters were calculated for
the studied peroxyacids using semiempirical method
AML1. They are presented in Table 1.
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The heats of formation of peroxyacids coincide
with the results of thermo-chemical data. Quantum-
chemical calculations for peroxybenzoic acid (PBA) and
benzoic acid (BA) were different from the corresponding
values for aliphatic peroxyacids and their corresponding
carboxylic acids.

The heat of formation of peroxyacids (PA) and
carboxylic acids (CA) grow with increasing length of a
hydrocarbon radical. The numerical values of the heat of
formation and dipole moments of the PA and CA, with
different number of carbon atoms in molecules (N) are
givenin Tables2 and 3.

Table 1
Physico-chemical parameter s of per oxyacids. Calculation method - AM 1
Peroxyacids
Parameters | i T v Vv Vi Vil Vil IX
-AHfU, kJmol 298.69 324.48 35291 410.16 436.30 462.32 496.69 516.70 152.26
D, Debye 2.443 2.515 2.573 2.607 2.658 2.396 2.675 2.567 3.241
Eromo, €V -11.383 -11.258 -11.274 -11.247 -11.236 -11.089 -11.022 -10.999 -10.239
E uvmo, €V 0.589 0.640 0.635 0.637 0.649 0.941 0.648 0.657 -0.671
u, eV -5.986 -5.307 -5.319 -5.303 -5.294 -5.074 -5.187 -5.171 -5.455
n, eV 11.997 11.898 11.872 11.873 11.885 12.030 11.670 11.674 9.568
S A? 102.9 121.7 141.6 181.9 201.7 217.1 241.8 255.6 162.2
v, A3 85.51 106.7 128.7 173.0 195.2 215.2 238.9 259.5 155.8
Table2

The dependence of the heats of for mation of aliphatic per oxyacids (AH;", kJ/mol) and dipole moments (D)

on number of carbon atoms (N) in a molecule, calculated using various semi-empirical methods

N 2 3 4 5 6 7 8 9 10
-AH’, AM1 298,69 324.48 352.91 381.92 410.16 439.30 462.32 496.69 516.72
-AH?, PM3 325.72 34451 369.16 389.78 414.45 435.17 454.76 480.60 498.71
-AH?, PM6 283,39 300.12 322.06 342.73 362.91 384.45 403.94 426.21 —
-AH?, PM7 307.06 325.51 347.05 368.08 389.06 410.85 430.58 453.58 471.66
-AH”, RM1 321.03 342.19 363.88 384.66 403.48 426.44 441.90 468.21 479.92

-AH’, MNDO 309.67 331.44 351.29 371.05 390.90 410.55 424.66 450.07 460.83
-AH?, exp. — — — — 428.3 448.9 469.5 490.1 510.7
D,RM1 2.55 2.53 2.59 2.58 2.53 2.60 243 261 242
D, exp. — — — — — — — 2.37 2.27
Table 3
The dependence of the heats of for mation of aliphatic acids (AHfO, kJ/mol) and dipole moments (D)
on the number of carbon atoms(N) in a molecule, calculated using various semi-empirical methods
N 2 3 4 5 6 7 8 9 10
-AH?, AM1 431.24 456.69 485.55 514.09 542.79 571.35 594.53 628.86 —
-AH?’, PM3 426.51 445.32 467.94 490.48 513.27 535.96 555.43 581.35 —
-AH?, PM6 423.67 440.22 452.31 482.85 503.80 524.65 544.28 566.48 —
-AH?, PM7 427.79 445.53 468.51 489.35 510.95 532.28 550.68 575.01 596.36
-AH”, RM1 423.51 443.44 466.93 487.69 508.62 529.48 544.71 571.26 591.15
-AH’, MNDO 422.62 445.06 461.61 481.36 501.08 520.84 538.16 560.36 580.13
-AH?, exp. 433.0 455.8 475.9 491 512 536.5 554.5 575.6 624.2
D,RM1 1.766 1.766 1.755 172 175 173 1.86 173 194
D, exp. 177 175 158 174 — — — — —
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Fig. 1. The dependence of the heat of formation (AH;") for
carboxylic acids (1) and peroxyacids (2) on the number of
carbon atoms (N) in molecules. Method of Calculation PM7

The dependencies of the heat of formation on the
number of carbon atoms in molecule of peroxyacids or
carboxylic acid caculated by different semiempirical
methods are linear (Fig. 1). The numerical values of the
heat of formation of peroxyacids or carboxylic acids with
different values of N can be predicted with these
dependencies.

The FEromo and Elumo are similar. Those
characterize the oxidation-reducing properties of PA for
compounds I-VIII. For peroxybenzoic acid, those differ
dightly from the parameters for aiphatic peroxyacids.
The parameters u and » for peroxyacids I-VII1 are dmost
the same (Table 1).

The numerical values of the areas and volumes of the
compounds depend on their structure. The dependencies
of the molecule area S of PA and CA on the number of
carbon atoms in the molecules are linear. The difference
between the areas of molecules of peroxyacid and
carboxylic acid with the identical number of N caculated
by various methods is within the range of 11.03-11.97 A2,
This numerical value corresponds to the area of the
oxygen atom in PA. Dependencies of volumes of
molecules of PA and CA on the number of carbon atoms
in molecules are linear too. The values of the volume of
oxygen atom determined by the differences of PA and CA
volumes are within the limits of 11.01-11.87 A3 The
difference between the areas of PA containing N and N-1
atoms of carbon in the molecule will give the area of the
CH, group in the investigated compounds. The numerical
values of the CH, group area, depending on the
calculation method, are within the range of 18.71—
19.51 A%. The volumes of the CH, group are 21.25—
22.04 A3, The potentials of ionization of all studied PA
are close, and they are within the range of 11.220—
11.389eV depending on the calculation methods.
Numerical values of Ix for carboxylic acids are similar to

Volodymyr Dutka et al.

the values of PA and are changing within the limits of
11.054-11.492 eV.

The dipole moments of all studied PA and the
structures of molecules of peroxyacids are smilar. All PA
in gas phase or in “inert” solvents form a compound with
an intramolecular hydrogen bond (Fig. 2). Moreover, the
hydrogen atom H(1) is bounding with oxygen of the
carboxylic group O(5). The energy of hydrogen bond
found based on the conformational analysis at the rotation
of the OH groupis 12.9 kJ/mol [15].

Fig. 2. The optimal molecular structure
of peroxyacid VI

The length of O—O bond, according to the quantum-
chemical calculations, is 1.399 A. The length of this bond
determined from X-ray diffraction data of peroxynonanic
acid is equal to 1.442 A [16]. The length of bond of the
carbonyl group is 1.231A and the results of the
theoretical calculations provide the value of 1.229 A. The
C-0O-0O angle obtained as a result of X-ray diffraction is
112.0°, whereas according to the quantum-chemical
calculations it is 129.5°. Thus, experimental values and
results of theoretical studies are in agreement. Small
differences can be explained by the fact that X-ray
diffraction was conducted for crystalline specimens in a
solid state, while guantum-chemical calculations were
performed for a molecule in the gas phase.

Vauable information can be obtained by
investigating the partial charges on the atoms of PA.
Partial charges on atoms calculated by semiempirical
guantum-chemical methods AM1 are presented in the
Table4.

The atom H(1) has a deficiency of electron density,
which indicates its “acid” character. The acidity of PA is
less than for the corresponding carboxylic acids. The
values of pKa for peroxyacids are within the limits of
7.01-8.7 [17]. The partial charges are almost identical at
atoms of oxygen in peroxide group. It should be noted that
the partial charges on the oxygen atoms of O(2) and O(3)
in molecules of hydroperoxide are different, unlike
molecules of PA [18].
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The attack on the reaction center in the reactions of
electrophilic oxidation is performed by an oxygen atom
O(2). This statement is true for reactions involving
hydroperoxides [2]. The attack on a multiple bond or a
nitrogen atom in the case of peroxyacids can be carried
out by O(2) and O(3) atom. The carbonyl group in
molecules of PA is strongly polarized (Table 6). A partial
charge on all other atoms for the investigated PA does not
change with the radical change near the peroxide group of
the PA. The partial charges for the molecule of
peroxybenzoic acid are different from the parameters
calculated for all aliphatic PA.

The infrared spectra of the PA calculation allowed
detecting the bands characteristic of these compounds.
The characteristic band in the IR spectrum of the PA isthe
absorption at 3280cm’, which corresponds to the
absorption frequency of the OH group, bound by the intra-
molecular hydrogen bond. In addition, the absorption
band at 2000 cm™ is observed in the spectrum. This
corresponds to the oscillation of the group C=0 of PA.
The absorption band of the O—O bond in the theoretically
calculated spectrum is observed at 1500 cm’. In the
spectrum of the PDA solution in carbon tetrachloride, the
absorption band of the peroxide bond is observed at the
wavelength of 865 cm™. The absorption band at 3280 cmi™*
corresponds to the absorption frequency of the OH-group
associated with the intramolecular hydrogen bond, which
coincides with the value theoretically calculated. The
absorption band at 1760cm® corresponds to the
absorption of the carbonyl group C=0, whereas, for the
calculated spectrum, the quantum-chemical absorption
method is observed at 2000 cmi™.

In our opinion, some discrepancy between
theoretically calculated and experimentally caculated
wavelengths in IR spectra can be explained by the fact
that those theoretical calculations of IR spectra are carried
out for an individual molecule in a vacuum, while experi-
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mental measurements were carried out in a solution of
carbon tetrachloride. It should be noted that according to
the obtained data; the intra-molecular hydrogen bond is
characterized by considerable strength. Spectroscopic
studies in the wavelength range from 4000 to 2500 cmi*
for solutions of PDA with different concentrations
practically do not change the position and nature of
absorption bands. The change in the PDA concentration
from 0.0125 to 0.2moal/l in a solution of carbon
tetrachloride gives a proportional increase in the optical
density of the 3280 cm* band. This suggests that at the
moderate concentrations of the peroxyacid molecules
exist in a monomer state with intramolecular hydrogen
bonds[19, 20].

Quantum-chemical calculations for acridine (AN)
and acridine N-oxide (OAN) were carried out by semi-
empirical methods. Optimal geometric structures of
acridine and acridine N-oxide are given in Fig. 3.

According to quantum-chemical calculations, the
acridine and acridine-10-oxide molecules are flat. All flat
angles in both molecules are 120°. The heat of formation
of acridine and acridine-10-oxide and other parameters
calculated by semiempirical methods AM1, PM3, PM7,
RM1, and MNDO aregivenin Tables5 and 6.

The calculated heats of formation of acridine are
within the range from -213.17 to -299.61 kJ/mol. The
value of AHf0 which was found via thermo-chemical
method, is equal to -273.9+2.0 kJ/mol, and corresponds
well to the vaues calculated theoreticaly. The
theoretically calculated dipole moments of acids, acridine,
peroxyacids, and N-oxide of acridine are in good
agreement with experimental values [21], which may
indicate the correctness of our calculations. The values of
partial charges on atoms can give important information
about the reactivity of the molecules. The results of such
calculations are presented in Table 7.

Table 4
Partial charges on the peroxyacids atoms (by M ulliken)
. Atom label
Peroxyacid A 0Q) 06 c@) 0() 0) co)
I 0.203 -0.156 -0.166 0.335 -0.317 -0.223 —

11 0.202 -0.156 -0.170 0.322 -0.316 -0.158 -0.214
11 0.202 -0.157 -0.165 0.321 -0.317 -0.158 -0.159
v 0.203 -0.156 -0.161 0.365 -0.325 -0.158 -0.158

\% 0.201 -0.156 -0.168 0.325 -0.318 -0.159 -0.158
VI 0.202 -0.156 -0.170 0.323 -0.318 -0.157 -0.152
VIl 0.202 -0.157 -0.165 0.321 -0.317 -0.158 -0.158

VIII 0.211 -0.137 -0.168 0.269 -0.325 -0.157 -0.156

IX 0.213 -0.166 -0.132 0.316 -0.330 -0.123 -0.067

Notes: Atom labels correspond to the numbersin Fig. 2. Calculation method AM 1.
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a) b)
Fig. 3. Optimal geometric structure of acridine (8) and its oxidation product — acridine-N-oxide (b)
Table5
Physico-chemical parametersfor acridine calculated using various semi-empirical methods
Method of calculation
Parameter AML PM3 PM7 RM1 MNDO
-AH?, kJmol 297.59 268.91 299.61 260.96 213.72
D, Debye 1.681 1.681 1.456 1871 1.595
Enowmo, eV -8.949 -8.974 -8.854 -8.719 -9.102
ELumo, eV -0.604 -0.807 -1.232 -0.175 -0.394
u, eV -ATT77 -4.891 -5.044 -4.447 -4.748
7, eV 8.345 8.167 7.622 8.532 8.708
S A? 209.32 208.90 209.38 208.67 212.04
V, A® 215.07 214.44 21551 214.10 218.76
Iy, eV 8.949 8.974 8.854 8.719 9.102
Table 6
Physico-chemical parametersfor acridine-N-oxide calculated
using various semi-empirical methods
Method of calculation
Parameter AML PM3 PM7 RM1 MNDO
-AH?, kJmol 288.64 242.73 251.31 217.48 240.36
D, Debye 3.149 3.376 2.82 3.092 2.955
Enowmo, eV -8.751 -8.882 -8.516 -8.489 -8.898
ELumo, eV -0.115 -0.365 -0.796 -0.049 -0.022
u, eV -4.433 -4.259 -4.656 -4.369 -4.460
n, eV 8.636 8.517 7.49 8.440 8.876
S A? 215.96 21543 215.40 215.12 219.15
V, A® 225.82 225.49 225.39 225.04 230.08
Iy, eV 8.75 8.593 8.516 8.489 8.898
Table 7
Partial chargeson the atoms (by M ulliken)
of the studied molecules of acridine and acridine N-oxide
Atom label Acridine Acridine-N-oxide Atom label Acridine Acridine-N-oxide
1C 0.003 -0.026 8C -0.066 -0.026
2C -0.099 -0.105 9C -0.116 -0.116
3C -0.127 -0.123 10C -0.123 -0.123
4C -0.123 -0.123 11C -0.127 -0.123
5C -0.116 -0.116 12C -0.099 -0.105
6C -0.066 -0.026 13C 0.003 -0.026
7C -0.095 -0.126 14N -0.105 0.200
150 — -0.350

Notes: The numbers of the atoms correspond to the numbersin Fig. 3. Method of caculation AM1.
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Partial charges in the molecules of acridine and
N-oxide of acridine for carbon atoms, which are in the
identical positions, are almost identical. At the atom of
nitrogen in the molecule of acridine, the partial charge
is -0.105, and in the N-oxide of acridine, the
corresponding value becomes positive and equal to
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0.200. The oxygen atom in the N-oxide of acridine has
a partial charge of -0.350, which indicates the
polarization of the N—C bond.

The thermal effects of the reaction based on the
guantum-chemical calculations were obtained. The
scheme of oxidation reaction of acridine:

N N N 0
N7 0-0 Z OH

)

Table8

The heat of for mation of molecules and ther mal effect of acridine oxidation by peroxydecanoic acid,
calculated using different semiempirical methods

The hesat of formation of molecules AH;°, k¥moal Thermal effect of
Method of calculation Acridine Peroxydecanoic acid Decanoic acid Acridine-N-oxide acridine oxidation
AH,,,, kJ/moal
AM1 2975 -516.7 -657.4 288.6 -149.6
PM3 268.9 -498.7 -604.2 242.7 -131.7
PM7 299.6 -471.6 -587.4 251.3 -164.1
RM1 260.9 -479.9 -587.4 2174 -150.7
MNDO 213.7 -460.8 -592.2 240.3 -102.8
Thermo-chemical data 273.9+2 -509.4+2.2 -680.5 - -
Table9
Thermal effect of acridine oxidation by various per oxyacids,
calculated using different semiempirical methods
Method of Thermal effect of acridine oxidation by various peroxyacids, -AH",,, k¥mol
calculation [ [l 1 v \Y \i VII VIII X
AM1 141.14 141.15 141.58 140.95 140.99 141.15 14111 — 141.44
PM3 126.06 126.99 124.97 125.01 126.97 126.86 126.93 — 125.60
PM7 169.03 169.32 168.30 170.19 169.72 168.40 169.79 164.10 169.00
RM1 145.95 144.74 146.53 148.61 146.51 146.28 146.52 — 146.28

The heat of reaction of acridine by peroxydecanoic
acid (PDA) using various methods calculated by the Hess
equation isgivenin Table 8.

The numerical values of the heat of formation of
PDA, decanoic acid and acridine well coincide with the
corresponding values of AH found thermo-chemically
[22, 23]. The thermo-chemical data for N-oxide of
acridine are absent in literature. According to quantum-
chemical calculations, the numerical values of AHf0 are
within the range of 217.4-288.6 kJ/mol. The reaction of
oxidation of acridine is exothermic.

The thermal effect was calculated by different
semiempirical methods. For thisreaction, it isfrom-102.8
to -164.1 kImol. The data on the thermal effects of the
acridine oxidation by various peroxyacids, caculated
using different semiempirical methods are presented in
Table 9. Calculations indicate that the size of the

hydrocarbon radical practically does not affect the value
of AHoexp. Using the AM1 method, the numerical values
of AH’,, are equal to 140.95-141.44 k¥mol. In the case
of use of peroxybenzoic acid as an oxidant, the thermal
effect of the processisalso-141.44 kJ/mal.

4. Conclusions

Quantum-chemical calculations allow to find the
optimal geometric structure of molecules and predict the
reactivity of peroxyacids. In our work, optimal geometric
structures, the heats of formation of the starting
compounds and the products of the reaction of acridine
oxidation by peroxyacids were calculated. The obtained
results can be considered reliable due to the good
correspondence between the theoretical and caculated
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values. The results of quantum chemical calculations for
the oxidation reaction of acridine may be useful for
prediction of other mechanisms of oxidative processes.
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MOJIEKYJISIPHE MOJIE/IIOBAHHSI
OKHCHIOBAJIBHOI PEAKIIII AKPUJIUHY
INEPOKCUKHNCJIOTAMUA

Anomauin. Keanmogo-ximiunumu memooamu po3paxoeano
ONMUMATILHY  2€0MeMpUyHy 6y008y mMa pearyiliiy 30amHicmy
OEsIKUX NEPOKCUKUCIION, AKPUOUHY MA NPOOYKMI6 IXHbOI 63A€MOOII.
Bcmanosneno, wo mennoma ymeopenns nepoxcukuciom (IIK) i
kapoornosux xuciom (KK) 36inbuyemscst i3 nioguuentsim 008xiCUHU
8y2nesoone6o20 paouxany. 3anexcrocmi niowy monexyn IIK ma
monexyn KK 6i0 kinekocmi amomié KapOoOHy 6 MONEKyiax €
siniuHumu. Tomenyianu tionizayii ecix docnioscenux TIK 6auzoki i
snaxoosamoca 6 Oianasoni 11.22-11.39 eB, zanexcno 6i0 memoois
pospaxyuky. Teopemuuno oO4ucieni OUNONLHI MOMEHMU KUCIom,
akpuounie, nepoxcuxuciom ma N-oxcudig akpuoumny Henoeano
V320004CYIOMbCA 3 eKCNEPUMEHMATTbHUMU SHAYEHHAMU, WO 6KA3VE
Ha npasunvHicms pospaxykie. TeopemuyHo oOYUCTeHi 3HAYeHH:
meniomu  ymeopenns. (AHP) nepoxcuxuciom ma  axpuduny
HENOo2aHo y3200CYIOMbCA 3i 3HAUEHHAMU, OMPUMAHUMU MEPMO-
Ximiynumu  memodamu. Pospaxynku noxazyiome, wo posmip
8Y2/16600HE6020 PAOUKATY NPAKMUYHO He 6NIUBAE HA BENUHUHY
AHOQW. Pezynomamu K8aHMOBO-XIMIUHUX PO3PAXYHKIE Oilsl pearyii
OKUCHEHHsL ~ GKpUOUHy — MOJICYMb — Oymu  KOpuchumu  Onsl
NPOSHO3YEAHHS THUUX MEXAHI3MIE OKUCHIO8ATbHUX NPOYECIE.

Knwuosi cnoea. nepoxcuxuciomu, KEAHMOBO-XIMiUHi
PO3PAXYHKU, PeaKyitiHa 30amHICMb OKUCHEHHS, AKPUOUH, Meniomu
VIMBOPEHHSL.
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Abstract. In the present study, the formation procedure
of iodine oxide particle (IOP) has been investigated in the
presence of surfactants (nonanoic and stearic acids NA-
SA) and humic acid (HA). It was established that iodine
oxide which was mixed with the organic compounds (HA,
NA and SA), and then irradiated with a xenon lamp leads
to the formation of 1OP. The evolution of formed particles
number was followed by a scanning mobility particle
sizer. Results obtained show that the number of particles
decreases strongly in the presence of HA, NA and SA,
this behavior is explained by the formation of
organoiodine compounds.

Keywords: photochemistry, surfactants, iodine, particle,
organoiodine.

1. Introduction

Photochemistry at the air/sea interface of halogens
affects the chemical composition of the troposphere.
Atmospheric chemistry of halogens is dominated by
reactions between gas and aqueous phases species on
ocean surfaces and marine aerosols [1]. It influences the
oxidation capacity of the atmosphere by removing the
great variety of organic and inorganic species, which are
emitted by natural and anthropogenic sources, this occurs
by the catalytic destruction of ozone and reactions with
the important radical species (in particular the hydroxyl
OH) which control the oxidation chemistry [2, 3]. The
reactivity of iodine in the atmosphere and at sea leve
leads to the production of nanoparticles of iodine oxide
(IOP). The production process of IOP involves the
recombination reactions of the radicals 10 and OIO to
form oxides which then spontaneously condense forming
particles [4, 5]. In the presence of moisture, these particles
develop into clouds condensation nuclel (CCN), which
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would have an impact on the radiative balance of the
atmosphere and therefore on the climate [6-11].

Some gudies [12, 13] indicate the presence of a
significant fraction of iodine soluble in marine aerosal in an
organic form. The reaction mechanism between the
dissolved organic matter (DOM) and the species aqueous
HIO (hypaidic acid), which would recycle I” in aerasols and
also increase the release of 15, in the gaseous phase and at
the air/sea interface has aready been studied [14]. This
mechanism is highly dependent on pH. Humic acid (HA) is
a diverse group of multifunctional organic compounds that
are soluble in water at pH vaues above 4. It contains
chromophores that participate in photosensitized chemical
reactions in the presence of organic surfactants such as
nonanouique acid (NA). The adsorption of the soluble
reagents, such as Oz and H,O,, of the gas phase on the
aerosol surfaces will potentially lead to the oxidation of I
directly to the aerosal of the seawater [15]. The release of
these species into the atmosphere allows the recycling of
iode to iodine I and iodine monoxide 10, which reacts
actively with ozone and leads to the formation of iodine
oxide particles (IOP) [16, 17]. Theiodine oxide species |03
is converted by a photochemical reaction with HA to the
agueous ionic form (IY); this reaction is also showing the
binding of the iodinated species to the humic acid, which
influences the formation of marine particdes. The
spectroscopic analysis of iodate reactions with a number of
compounds substituted with functiona groups identified
with structures of HA, were used to identify the chemical
pathways and mgjor species involved in the formation of
non-volatile organic species containing iodine [15]. The
reaction mechanism is likely to occur in the fixation of
iodate on the HA and was, firg of al, the absorption of
vighble light by the organic chromophores of HA, which
leads to the generation of the solvated dectrons, which are
then captured by the iodate ion 103", whichis considered as
the species of the most active iodine in the formation of
particles in the atmosphere. It is reduced to HOI which will
produce the molecular iodine I, which reduces the number
of IOP [15]. lodate is accumulated in the marine aerasol by
the adsorption of the species 1,05, 1,0, and 1,05 of the gas
phase[18]. Most of the active chemigtry of iodinein the gas
phase takes place in the first 30 meters of the boundary
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layer [19]. Natura compounds containing bromine and
iodine significantly reduce regional and globa tropospheric
ozone levels [20, 21]. These halogenated gases reduce the
effects of global warming of ozone and hydrocarbons such
as methane in the troposphere. Organic iodine compounds
have been considered as the main source of oceanic iodine
emissions. The reaction of ozone with iodide on the sea
surface could represent about 75 % of the rates of iodine
oxide observed inthetropica Atlantic Ocean[22].

According to several dudies, the reaction of
molecular iodine 1, with DOM and the hypoiodic acid
(HOI) with ClI" and Br- leads to the decrease of the particle
concentration in the atmosphere. Organic surfactants
cause a decrease in |, gas emissions and reduce gas-air
transfer rates which directly influence the number of
particles emitted [23, 24]. Dissolved organic matter such
as humic acid present on the surface of the sea [27], can
be highly concentrated in the marine microlayer [26-29].
The presence of these complex and potentially
photoactive compounds affects the mechanism of marine
aerosols formation. Some researches [29-32] have studied
organic enrichment in the marine microlayer in different
regions of the ocean (subtropical, temperate, polar). They
observed a much larger coverage than before and showed
that the part of the oceans can be assumed to be
completely covered by an organic layer of thickness
100 um [33], especially Co carboxylic acids like NA
during the autumn. The presence of these compounds
affects the production mechanism of IOP. For this we
decided to study the formation of 10P in the presence of
DOM in the form of HA which is also considered as a
photosensitizer, and in the presence of organic surfactants
(NA, SA) which are ubiquitous in the marine environ-
ment. A very recent study [34] shows that photochemical
halogenation of DOM may represent an important abiotic
source of natural organciodine compounds (OICs) in
surface waters. The OICs were mainly in the region rich
in alicyclic carboxylic molecules consisting of esterified
phenolic compounds. The OICs could potentially have
adverse hedlth effects due to their relatively high
cytotoxicity and genotoxicity [37]. Currently about 200 of
natural OICs have been identified [38], most of them are
produced in the marine environment.

The objective of this study isto highlight the effect
of photosensitized organic films photochemistry at the
air/sea interface on iodine oxide particles IOP, using fatty
acids ubiquitous in the marine environment (NA, SA) as
surfactants and HA as DOM and photosensitizer.

2. Experimental

Freshly prepared agueous solutions of Nal (Sigma-
Aldrich, purity >99.5 %) in ultrapure water (18 MQ-cm)
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were used. HA solutions were prepared using a
commercialy available untreated form (Fluka). A small
amount of solid was girred in ultrapure water for 2-3 h,
and then any undissolved materiad was filtered. The
surfactant monolayer was prepared by adding a known
concentration of either nonanoic acid or stearic acid to the
solution by a micropipette. The pH value of the solution
was raised to about 8 using sodium hydroxide solution.
Humic acid was fully soluble under the dlightly acidic
conditions used in this study (pH >4). We can assume
that HA was evenly distributed in the reactor. The
chemistry products used were: nonanoic acid (Alfa Aesar,
97 %) and humic acid (Fluka, technical grade, 97 %).
Oxygen used for the generation of ozone was purchased
from Linde (99.9991 %).

Solutions of iodate and HA were mixed and placed
in the reactors (volume of 132 cm®). The irradiation was
carried out by a 1000 W xenon arc lamp (Orid "Solar
Simulator" without ozone). The lamp beam was optically
filtered using a water filter to eliminate IR wavelengths
and prevent heating of the solution. A mass of solar air
filters the spectrum of the lamp in order to replicate the
solar spectrum in the near UV-visible and a cut-off filter
to diminate one of the small outputs of the lamp at
A <310 nm. The solution was continuously exposed to the
filtered lamp beam during all experiments at room
temperature (293 £ 1 K).

A flow of a carier gas of 100 ml/min at
atmospheric pressure was used during the experiments,
which gave a residence time equal to 100 s. The reactor
was washed twice with acetone and ethanol to remove all
traces of organic compounds, thus avoiding any possible
contamination.

Ozone was added directly to the reactor to facilitate
oxidation of | to 10 and formation of iodinated oxides.
The production of iodine oxide particles (IOP) was
initiated by the nucleation of these oxidesin the gas phase,
the size didribution of these nanoparticles was then
measured using a scanning mobility particle sizer (SMPS)
composed of a differential mobility anadyzer (DMA,
model 3081) coupled with a condensation particle counter
(CPC, model 3776). Fig. 1 shows the diagram of our
manipulation.

3. Results and Discussion

The photochemistry of surfactants (as NA) in the
presence of a photosensitizer (HA) leads to the formation
of unsaturated volatile organic compounds (VOCs) [39,
40] and the chemical transformation of NA, which leads
to the formation of double bonds (i.e, removal of water). It
also shows that the reaction is produced at the level of the
surface microlayer (SML), which is defined as the tens to
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hundreds of microns of the surface of the ocean from the
surface of the Earth [41], it is enriched by DOM
substances including HA that absorbs UV. According to
several studies [40-42] photosensitized reactions initiated
by a substance capable of absorbing the light (HA) and of
transferring the energy towards the desired reagents (for
example NA) at the ar/sea interface, condtitute a
predominant process for the formation of VOC in the
marine environment, that can react with ozone in the
atmosphere and at the air/sea interface and produce
secondary organic aerosols (SOA). However in the marine
environment the presence of marine salts such as iodine,
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(Nal, 1 uM), which is considered as the key species that
leads to the production of marine aerosols, interactions
between iodine and fatty acids (HA, NA and SA) may
affect the formation of marine aerosols. For this we
studied the formation of 10Ps in the presence of the humic
acid (HA) asa photosensilizer and the nonanoic acid (NA)
and the stearic acid (SA) as surfactants, we have noticed
that the concentration of IOP iodine particles always
decreases in the presence of these organic acids, moreover
our experiments of these acids in the absence of iodine
showed that the number of SOA particles does not exceed
200 #icc (particles'em®) (Fig. 2).

Fig. 1. Scheme of the multiphase atmospheric simulation reactor used
for the investigation of photochemical processes at the air-seainterface

10 20 30

40 50 60 7

Times(min)

Fig. 2. Variation of the particles secondary organic aerasol (SOA)
of HA, SA, NA and (HA+NA), in the presence of 20 ppb of ozone
and under the effect of irradiation

The concentrations of SOA after theirradiation period

indicating that the presence of SOA as a background leve

were found in the range of 120-320#/cc, they remain stable  will not affect our observations on the concentration of 10P.
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Photolysis of NA in the presence of HA leads to
the formation of VOCs such as saturated adehydes
(C+Cg), unsaturated aldehydes (Cs-Co), akanes (C-Co),
alkenes (Cs-Cg), and dienes (Cs-Co). The reaction of these
VOCs with ozone and OH radicals leads to the formation
of SOAs. The mechanisms leading to the gas phase
products observed in the presence of HA and NA have
been described in detail by several studies[33]. They lead
to the formation of saturated acids, unsaturated and
saturated aldehydes which are very soluble in water.
According to Henry's law, the solubility of non-
oxygenated compounds is very low compared to that of
oxygenates. A recent study was carried out in a simulation
chamber in the presence of high concentrations of ozone
(250-850 ppb), compared to those in the atmosphere
(2050 ppb) [33]. These fairly high ozone levels were
used to compensate the low light intensity of UV lamps
compared to solar radiation and the possible loss of
reactive VOC on the chamber wall. However, the use of a
high concentration of ozone can modify the reaction
mechanism and leads to the ozonolysis and decarbo-
xylation of organic acids by OHe radicals, producing a
high number of SOA which isnot our objective.

These problems make the work in the simulation
chamber difficult under atmospheric conditions, and for
this we used this reactor. The advantage of this reactor
compared to the smulation chamber is that it is widdy
used for studying the aging phenomenon at the air/sea
interface, has very short residence time (100s) and
background that does not exceed 20 #/cc.

The concentration of SOA found by photo-
chemistry of NA in the absence of HA was almost similar
to that found with the system NA-HA. The results
obtained show that the photochemical processes of the
NA-HA system are not a significant source of particles
under these experimental conditions. When comparing
these results with those obtained in the simulation
chamber which shows the production of a high number of
SOA particles (3060 #/cc) [33], we have checked whether
they are particles that come from the reaction of VOCs
produced by the system photochemistry (NA+HA) or by
reactions of these with ozone and OH radicals. For this
purpose we conducted a series of experiments with these
organic compounds (NA, SA and HA) under the same
conditions as those carried out in the simulation chamber
[33]. For al the experiments the formation of particles
started only after irradiation and addition of ozone
(Fig. 3). The results obtained using NA (1 mM) alone
with 800 ppb of ozone show that the number of IOP
increases strongly after the irradiation from 10°to
810°#/cc, however the photochemistry of NA
photosensitized by HA produces almost 10°#/cc. The
difference between these results and those obtained by the
surfactant alone is due to the reactions of VOCs produced
by the system (NA-HA) with OH radicals and ozone.
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Fig. 3. Evolution of SOA concentration
of in the presence of 800 ppb of ozone

It is well established that the OH radicals in an
aqueous phase are generated by the absorption of light
from humic substances but especialy by the ozone
photolysis [28-30]. Particle formation was only observed
after irradiation and addition of ozone (Fig. 3). Theresults
obtained using NA alone (1 mM) with 800 ppb of ozone
shows that the number of 10Ps after the irradiation
strongly increases from 10° to 810%#/cc; NA
photosensitized by HA produced nearly 10°#/cc. This
difference is due to the reactions of the VOCs produced
by the system (NA-HA) and OH radicals. NA is an
effective sensor of OH radicals, and acting as an inhibitor
of any secondary reaction of OH. These results show that
the photochemistry of these organic acids under
atmaospheric conditions does not lead to the production of
particles.

To study the effect of surfactants (NA, 1 mM) and
organic matter (HA, 10 mg/l) on the mechanism of 10P
formation we conducted a series of experiments with
iodine (Nal, 1 mM) in the absence and in the presence of
organic acids (NA, SA, HA) separated and mixed under
atmospheric conditions (20 ppb O;, 295K, 1atm), we
noticed that the concentration of 1OP decreased in the
presence of surfactants (NA, SA) and the photosensitizer
(HA). This shows that the concentration of the surface
film, as well as the concentration of DOM in the volume,
affect the formation of 10P (Fig. 4).

The concentration of 10OP (iodine alone) decreased
from 1.2:10° to 2:10°#/cc in the presence of organic
matter (HA). This decrease is explained by the formation
of organoiodines compounds (OICs) via halogenation
reactions of iodine with humic acid and involves the
important iodine gases such as CH3l, CH,l,, CHCII, and
CHl3, which damage the atmospheric ozone layer. These
gases are produced by abiotic mechanisms in natural
environments [43,44] . Organoiodines compounds can also
come from bictic pathways, in particular by nonspecific
halogenation of dissolved organic matter, considering the
covalent binding capacity of iodine to DOM [45].
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The halogenation of DOM by photochemically
generated reactive halogen species (RHS) contribute
significantly to the formation of a much wider variety of
OIC. Their molar masses vary between 178.916
(CH4104) and 713.1933 (CsoH=1l203), their structures
depend on the type of reaction involved and the type of
irradiation, as well as the water used (artificial fresh water
or seawater) [34].

The mechanisms of the main reactions involved are
as follows: firstly, the absorption of sunlight by DOM
leads to the generation of reactive oxygen species (ROS)
comprising the hydroxyl radical (OH), hydrogen peroxide
(H2O,) and DOM triplet state (SDOM*) [46]. Then,
iodide or 10; were oxidized/reduced by DOM induced
ROS to form reactive halogen species (RHS) [47, 48].
After that, RHS would react with DOM to form OCls by
addition to the unsaturated C=C bond, and recombination
with carbon radicals and/or electrophilic substitution [49,
50]. The compounds formed are grouped into three
categories according to the type of reaction:
(i) substitution reaction (SR) between the reactive halogen
species (RHS) and the organic matter (DOM);
(ii) addition reaction (AR) between RHS and DOM;
(iii) SR or AR accompanied by other reactions such as
photooxidation (SAOR).

1,2E6|
1,0E6|
8,0E5
6,0E5
4,0E5
2,0E5

I Con.#ec |

Con #cc

2,5E4)
2,0E4)
1,564
1,0E4
5,0E3)

ALl — [

Nal Nal+HA  Nal+NA Nal+NA+HA Nal+SA Nal+SA+HA

Fig. 4. Evolution of the IOP concentration in the presence and
absence of surfactants (NA+SA) and the photososibilser HA

Effect of organic surfactants (NA, SA) on the
formation of 1 OPsin the absence of DOM.

In the presence of NA as a surfactant, the number
of IOP particles decreases from 1.2-10° to 8:10°#/cc even
if the latter always remains on the surface. Such behavior
is explained by the reaction of the VOCs produced by the
photochemistry of surfactant NA with the iodinated
species at the air/water interface and gas phase, whereas
SA showed no effect. To explain these results, we have
studied photochemistry of SA by TOF-PTR-MS. The
results obtained show that there is no formation of VOCs,
therefore the presence of SA did not affect the formation
of IOP in contrast to NA which produces VOCs.
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Effect of NA and SA organic surfactants on the
formation of |OPsin the presence of DOM.

The addition of HA to the system gNA + Nal) led
to a particle increase from 8:10° to 810° #/cc, which is
explained by the reactions to the surfactant air/water
interface and the photosensitizer. The same behavior is
recorded in the presence of SA as the surfactant. These
results show that the presence of an organic surfactant in
the medium reduces the yield of organoiodine formation
OICs which increases the concentration of 10P.

4. Conclusions

In thiswork, the formation of iodine particlesin the
presence of ubiquitous surfactants at the air/sea interface
was studied for the firgt time. We found that the number
of 0P decreased in the presence of surfactants (NA, SA)
and dissolved organic matter. This behavior was
explained by the formations of OIC. A strong production
of 0P was observed during the irradiation of the reactor
in the absence of DOM and the surfactants, whereas the
release of IOPin the presence of these organic compounds
remained rather moderate. The PTR-ToF-MS data gas
phase SA shows that there is no formation of VOCs,
which explains the difference between the results obtained
using SA and NA. It should be noted that up to now, the
mechanisms of production of 1OP has been studied taking
into account only the processes directly related to the
photochemistry of marine salts as iodine. However, the
presence of organic compounds at bulk or at the interface
strongly affects the process, since iodine is captured by
the latter. On the other hand, the results obtained by the
photochemistry of surfactants (NA, SA) which lead to the
emission of VOCs in the atmosphere, shows that the
number of SOA is very low (200#/cc) under these
conditions. The increase in the concentration of ozone
(e.g. 800 ppb) leads to a strong increase of SOA, for that
we have to work with the atmospheric conditions, by
simulating the photochemical reactions that can take place
in the atmosphere.
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TOCJIKEHHS YACTUHOK OKCHJY MOJY HA
MOBEPXHI PO3/ILTY ®A3 IOBITPSI/BOJA Y
MPUCYTHOCTI IOBEPXHEBO-AKTUBHHUX

PEYOBHH TA T'YMIHOBOI KUCJIOTH

Anomauia. Y npucymmocmi noeepxnego-akmugHux pevo-
eun (nonanosoi HK ma cmeapunosoi CK kuciom) ma 2ymiHOBOT
kuciomu (I'K) docniosiceno gpopmyeanns uacmunku okcuoy uooy
(OHY). Bemanosneno, wo oxcud iiody, sKuil 3Miuysans 3 oped-
niunumu cnonykamu (HK, CK, I'K), a nomim onpominiosanu kceno-
HOBOIO 1aMIOI0, RPUBOOUMb 00 ymeopenns OMY. Budirenns ymeo-
PEHUX YACMUHOK BUBHAYATIOCH 30 OONOMOZ0I0 CKAHYIOY020 K1aCU-
gixamopa pyxomocmi wacmunok. Iloxkazano, wo KiibKicmes yacmox
cymmeeo smenuyemvca 6 npucymuocmi HK, CK, I'K; maka
NO06€JIHKA NOACHIOEMbCA YMBOPEHHAM HO000P2AHIUHUX CHOMYK.

Knrouosi cnosa. ¢pomoximis, nosepxreso-akmueHi pevo-
BUHLL, 100, YACMUHKA, U0O00P2AHIYHUII.
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Abstract. The regularities of compaction process of foam
polystyrene plagtics in the liquid mediums have been
discovered. The influence of medium nature, temperature
and technological characteristics of foam polystyrene
(imaginary density, shredding degree) on the kinetics of gas
phase release in the conditions of polystyrene segmental
mobility has been determined. The design and method of
calculation of the reactor for the process of foam poly-
styrene degazation via the continuous scheme is of fered.

Keywords. foam polystyrene, butanol,
recycling, secondary use.

degazation,

1. Introduction

Owing to the combination of high working
properties with the processability by al methods known
for polymers, the polystyrene is widely used in the
production of goods of various applications, including the
foamed ones. Foam polystyrene is being applied in
modern construction, in buildings insulation systems [1,
2], aswell as in thermal insulation of capacitive machines
and pipeines. The combination of high hygienic
indicators [3] and heat-insulating properties of foam
polystyrene makes it an ideal material for packaging and
storage of food products. Another field of foamed
polystyrene application, in which it practically does not
have competitors, is the packaging of consumer
electronics products [4, 5]. Such wide application of foam
polystyrene in various industries causes the availability of
a large amount of wastes. The above-mentioned wastes
are mainly agglomerated in the form of utilized packaging
and industrial waste.
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Secondary processing of foamed polymers by the
traditional methods [6], such as injection molding and
extrusion requires elevated attention through the presence
of gas inclusions, which during the melting of polymer
materials adversely affect the melt homogeneity and,
certainly, the quality of finished products with
comparatively low productivity of equipment. In this
regard, it is necessary to devel op methods of raw materials
preparation that would make it possible to minimize this
negative impact. Among the methods of preparing of
foamed poly-materials for recycling the most effective in
economic and technological aspects are the methods based
on the complete or partial removal of gas inclusions
without pressure, in particular, by heating of foam plastic
wastesin theair or in the liquid phase[7].

Such prepared wastes can be applied as additives to
the primary polymer raw materials with the purpose of
their utilization, as well as improvement and regulation of
some properties of primary raw materials [8]. Further-
more, such secondary raw materials can be used to create
completely new composite materials with predetermined
technological properties[9-11].

The primary aim of the work was to determine the
influence of medium nature on the regularities of foam
polystyrene degazation and develop the design and metho-
dology for calculating the reactor for degazation process.

2. Experimental

The household and industrial wastes of foam
polystyrene with imaginary density of 10-60 kg/m® have
been applied for the research. The gas phase release from
the foam polystyrene samples was carried out in a liquid
medium in a reactor equipped with mixing device in the
air within a wide range of temperatures and pressures. The
kinetics of degazation was studied by changing the
volume of foam polystyrene samples in different
mediums. The volume change (%) has been determined
applying the spherical samples obtained by the grinding of
waste products on a gear crusher with different diameter
of holes, which provided the constant size of polystyrene
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particles (degree of grinding). The initial imaginary density
of foam polystyrene was deermined according to
| SO 845:2006.

In order to calculate the geometric dimensions of
the apparatus for conducting degazation in a liquid
medium there has been used a method describing the
particle sedimentation under the action of gravity force
[12] applying the following similarity criteria
Archimedes (Ar), Lyashenko (Ly) and Reynolds (Re).

To determine the particle sedimentation velocity,
the Archimedes criteriawere calculated at first:

- dg(r - rm)r mJ

rnn2

where p and pn, are densities of the particle and medium,
respectively, kg/m®; g is the gravitational force equivalent,
m's’, um is the dynamic viscosity coefficient of the
medium, Pas.

By the determined above described value, applying
the dependences of Re and Ly criteria on the Ar criterion
for the sedimentation of single particle [12], the Ly or Re
criteriawere defined:

(D

Ar

_Re’_ wgr’ )
From where, the sedimentation velocity of the
degassed particle was calculated by the formula:
_Ren,
° r mdsf
where dg isthe diameter of a spherical particle, m.
Since the precipitated degassed foam polystyrene
particles, as usually, have an irregular shape, instead of
the dg value the d. value of equivalent diameter of the
irregular shape particle was used. It is calculated as the
diameter of the conditional sphere, which volume V is
equal to the volume of the body of irregular shape:

d, :s,/ﬂ :1.243\/E
¢] r

where mis the particle weight, kg.

3
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Fig. 1. Kinetics of FPS volume changein air depending on
temperature, K: 343 (1); 373 (2, 4); 393 (3). Pressure, kPa:
101.3(1-3) and 5.33 (4)
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3. Results and Discussion

To determine the rational parameters of compaction
of foam polystyrene (FPS) the kinetic regularities of the
volume change of the investigated samples at different
temperatures and in different mediums were researched. It
has been determined thet in the case of heating FPS in the
air (Fig. 1) the temperature and pressure significantly
influence on the velocity of gas phase release. The
temperature rise and rarefaction acceerate the velocity of
gas phase release; therefrom the degazation degree is
increasing. However, it should be noted that the process is
quite continued (1.5-2 h) and complete release of the gas
phase from the polymer cannot be achieved even a a
aufficiently high temperature and rarefaction. The process
of degazation stops when the content of the gas phase is
10-15%. This is caused by the formation of a sufficiently
dense surface crust that prevents the gas phase to be
transported from the middle of the sample.

Compaction of samples in water (Fig. 2) occurs
dower than in the air. That is probably due to the
hydrophobic nature of the gas phase containing
isopentane, which is applied for the polystyrene foaming.
The above-mentioned is confirmed by a dlightly higher
degazation degree of FPS in agueous solution of PVP,
where the presence of surface-active polymer, in some
measure, increases the affinity between gas phase and
medium. Butanol, which is related to isopentane, has the
highest velocity and degazation degree. It can be assumed
that the compaction of foam polystyrene during heating is
caused by the stress relaxation that came up in the
polymer during its foaming. This process can be realized
only in the case of the segmental mobility of
macromolecules and occurs at the temperatures exceeding
the glass transition temperature of the polymer. It should
be noted that the segmental mobility of macromolecules
may also occur at lower temperatures in the presence of
liquid phase[13, 14].

100
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P NW
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Fig. 2. Kinetics of FPS volume change at 373 K depending on

the medium nature: water (1); 5% aqueous solution of PVP (2);
air (3); butanol (4)
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Obtained regularities of FPS degazation in different
mediums can be explained by the following. In the case of
degazation in air, the formation of a dense surface crust
prevents the gas phase transportation from the middle of
the sample. Volume reduction is primarily due to the
compaction of the surface layers while the structure of the
internal layers remains virtually unchanged owing to the
pressure created by heated gases, which thereby
counteract the relaxation of stressin the polymer. During
degazation in water, the gas output even from the surface
layersisimpaossible due to the locking of hydrophobic gas
phase by water, which leads to the decrease in the
degazation degree. At the same, butanol related to the
isopentane fraction does not interfere with the release of
the gas phase from the polymer. In addition, owing to the
partial swelling of the polystyrene, the surface crust does
not form, and the relaxation is accelerated. In this regard,
the velocity of degazation is constant and high almost
until the end of the compaction process. At the same time,
the velocity and compaction degree can be regulated
directly through the temperature of medium.

The researches concerning the release of the gas
phase in butanol depending on the temperature have
shown (Fig. 3) that the effect of temperature is displayed
in increasing the velocity and degree of degazation with
the temperature increasing. It should also be noted that at
degazation in butanol the higher velocity and the degree
of the process depth are achieved considerably more.
Compared to other media, the FPS compaction process in
butanol appears to be the most rational from the
technological point of view. It can be explained by high
productivity of the above-mentioned process and due to
achievement of higher values of the density of FPS
compared with the density of heated butanol the FPS
compaction process in butanol can be carried out in a
counter-current vertical continuous reactor.

While using butanol, the high temperature of
approximately 363-383 K is required for the complete
releese of gas inclusions. One way to reduce the
temperature is to apply the solvent which is more related
to polystyrene. Such a solvent was blend of butanol-
toluene. Thus, the temperature of the process has
significantly reduced while holding high velocity and
degree of degazation (Figs 4, 5). Application of toluene,
which is a good solvent for polystyrene, may lead to
dissolving of the latter, thus the concentration of toluene
was limited up to 10 %. The dissolution of polystyrene at
such content of toluene did not occur.

Significant intensification of the FPS compaction at
increased toluene content can be explained by the greater
movability of segments of polystyrene macromoleculesin
the presence of a good solvent for polystyrene in
degassing environment. More significant segmental
movability of polystyrene macromolecules  with
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increasing temperature aso leads to the increase in
velocity of degazation.
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Fig. 3. Kinetics of FPS volume change
in butanol depending on temperature, K: 328 (1);
343 (2); 363 (3) and 383 (4)

Since such technological characterigtics of the raw
material as shredding degree and the initial imaginary
density of FPS can have a dgnificant effect on the
degassing process, as well as to determine the optimal
technological parameters of the process, the degazation
kinetics studies were conducted depending on the
equivalent radius of the sample (re;) and the apparent
density of the FPS(r;) (Figs. 6, 7).

The time of achieving FPS maximum density is
almost unchanged for samples with an equivalent radius
of (3-5)-10°m, and at a greater radius it increases
substantially and can be described by Eq. (5):

tm=11.94ry’ — 136.32re,” + 509.56re, —534.3  (5)

In this manner, the optimal equivalent radius of
samples after grinding for degazation is (3-5)-10° m. It
should also be noted that such technological characteristic
of FPS as the imaginary density within 10-50 kg/m® does
not significantly affect the time of achievement of the
maximum density, which is 90-100s and can be
described by the following dependence:

m = 0.0064p;2 — 0.1357p; + 90.6 (6)

The studies concerning the release of gas phase
from FPS were conducted and the mathematical de-
pendencies of maximum density achievement time on
equivalent radius of the samples and the initial imaginary
density of FPS were defined. The aforesaid can be used to
determine the rational technological parameters of the
compaction process depending on the raw material
characteristics, and, thus, to obtain a secondary degassed
FPS of a given degree of compaction which can be
applied for further recycling.
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Fig. 4. Kinetics of FPS volume change at 333 K depending on

the solvent nature: butanol (1); butanol 95% + toluene 5% (2)
and butanol 90% + toluene 10% (3)
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Fig. 6. Effect of equivalent radius of the sample on time of
achieving FPS maximum density (t ) in butanol at 363 K
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Fig. 5. Kinetics of FPS volume changein the solvent (butanol
90% + toluene 10%) depending on temperature, K: 313 (1);
323(2) and 333 (3)
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Fig. 7. Influence of apparent density of the sample on time
of achieving FPS maximum density in butanol at 363 K

Table
I nfluence of medium and temper ature on foam polystyrene degazation
Technological parameters Properties of FPS
Medium P,MPa T, K t, min r, kg/m® DV, %
. 0.1 373-393 10-12

Alr 0.005 353-363 57 90 87
Water 0.1 363-373 20-30 780 73
Water + butanol 10% 0.1 363-373 10-15 930 84
Butanol 0.1 363-373 2-3 1020 93
Butanol 0.1 378-388 1-2 1040 96
Butanol + toluene 5-10% 0.1 323-333 1-15 1040 96

The obtained results of the research concerning the
gas phase release from FSP alowed determining the
optimal technological parameters of the process by
applying different mediums (Table).

The conducted researches also allow to propose a
constructive design of the degazation process. To ensure
the high efficiency and productivity of the process via the
continuous scheme a cylindrical apparatus has been
proposed, the specificity of which is a system of
continuous unloading of the degassed FPS. The
mentioned system consists of a screw conveyor and
scraper providing the gathering and delivery to the screw
of the degassed FPS.

In order to obtain a compacted FPS of the required
quality the height of the apparatus should be sufficient to
provide the necessary time for FPS staying in the reactor.
The time, as was shown by the research reating to the
regularities of FPS degazation in butanol solutions, is
1-1.5 min depending on the technological characteristics
of the secondary raw material.

Obvioudly, the main parameter for calculating the
geometric dimensions of the apparatus is the sedi mentation
velocity of the particle during the degazation. Using the
proposed calculation method and substituting Eq. (4) into
(3) we obtain the equation for calculating the sedi mentation
velocity of the FPS particle of irregular shape:
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w. = Rem, (7

. g‘i.%i/a 2
e Mg

Since the density of the FPS is changed during the
degassing process, it is necessary to determine a number
of assumptions allowing to calculate the sedimentation
start time and the velocity at which the particle of the
degassed FPS precipitates in the butanol solution. A
separate FPS particle begins to precipitate when achieving
the density of the butanol solution heated to the required
temperature. The butanol density at 363K is 758 kg/m?,
foam polystyrene (initial apparent density is 20 kg/m®)
reaches this density after 40s. At the same time, the
sedimentation velocity of PS particle with an initia
volume of about 1 cm® is 0.087 nvs. Thus, the height of
the working part of the reactor can be considered as the
track passed by the particle for 50 s (the time of reaching
the maximum density (90 s) minus the start time of the
sedimentation (409)). In this case the apparatus height
will be4.35m.

When using the apparatus of the proposed design
its productivity will depend on the area of contact FPS
with a butanol solution, i.e, on the apparatus cross
section, and can be calculated by Eq. (8):

F=—t- ®)
w

S

where V is a volumetric flow rate of granulated foam
polystyrene, m’s, o's is an average calculated
sedimentation velocity, w's = 0.5w; .

For example, with the apparatus productivity at an
initial FPS of 10 m%h, the cross-sectional area of the
apparatus will be 0.056 m?, which corresponds to the
diameter of 0.134 m.

Thus, the proposed design of the apparatus can be
applied for the process of degassing. The subsequent
improvement of the apparatus design can be achieved by
reducing the geometric dimensions, in particular, by
reducing its height. This can be achieved by the increasing
of hydraulic resistance acting on the settling particle as a
result of the counter current of the solution in the direction
the particle sedimentation. It will make possible to
decrease the velocity of its sedimentation and thus reduce
the height of the device.

4. Conclusions

Based on this research it was determined that the
optimum medium for the degassing process of secondary
FPS are the butanol mediums, in which high compaction
degree (at the level of 94-97 %) can be achieved, with
high velocity. It makes the proposed technology of
secondary FPS utilization attractive from an economic
standpoint.
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®I3UKO-XIMIYHI TA TEXHOJIOT'TYHI
3AKOHOMIPHOCTI JET A3AIII
ITHOIIOJIICTHUPOJIY B PIAKOMY CEPEJIOBHUIII

Anomauia. Buseneni 3axonomipnocmi npoyecy yujinoHeHHs
NIHONONICMUPONILHUX — WIACUKIE 8  DIOUHHUX — Cepedosuyax,
6CMAHOBNIEHO  GNIUE NPUPOOU  cepedosulyd, memnepamypu i
MEXHONOIYHUX XAPAKMEPUCUK niHonoxicmupony (VeHa 2ycmund,
cmyninb noOpiOHeNHst) HA KiHemuKy 6USLIbHEHHs 2430601 (azu 6
YMOBaAX ce2MeHmanvHoi pyxXaueocmi nonicmupony. 3anponoHoeana
KOHCMPYKYIsL | MEMOOUKy pO3pAxyHKy peakmopa Oiisl NpOBeOeHHS
npoyecy Oezazayii NiHONOICMUPONY 3a Oe3nepepeHoIo CXemoio.

Knwuosi cnosa:. ninononicmupon, oOymawnon, oezasayis,
VMURI3ayist, 6MOopPUHHe GUKOPUCTIAHHSL.
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RECEIVING ELASTOVISCOUS SYSTEMS ON THE BASIS
OF AQUEOUS SOLUTION OF ACETATE AND SUCCINIMIDE
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Abgract. The rheological behavior of acetate and
succinimide of chitosan in mixed solvents was
investigated. It is shown that the replacement of a part of
the solvent by two- or three-atom alcohols is accompanied
by an increase in the relative and dynamic viscosity of the
succinimide chitosan solution, an earlier formation of the
net of links, a transition from viscoelagtic systems to
elastoviscous ones at lower polymer concentration values
and an increase in the relaxation time.

Keywords: chitosan, succinimide chitosan, rheological
behavior, mixed solvent, gel.

1. Introduction

Creation of new highly effective dosage forms is
one of the top-priority directions in the development of
modern chemistry, medicine and pharmacology [1-3]. The
soft dosage forms which differ in high viscosity and
thereof have a number of advantages compared to liquid
dosage forms are highlighted [4, 5]. Physical and chemical
processes proceeding in a viscous medium occur
significantly more slowly and the viscous bases provide a
prolonged release of drugs, which means high efficiency
and minimum complexity of application. Moreover, at
high viscosity, sedimentation processes practically do not
occur, which means that the dispersed drug will be
distributed in a viscous medium evenly.

Gels on the basis of bio- and haemocompatible
biopolymers, for example, polysaccharides or proteins,
occupy a specific place among various soft dosage forms.
However, the direct dissolution of polymer does not
aways lead to high-viscosity solution. The use of co-
solvents, which play the role of the modifying additives
capable a forming of “bridge” connection between
macromolecules, can become a solution in this situation.
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As a result of such “crosdinking”, the macromolecules
lose their kinetic independence, which in turn leads to an
increase in viscosity. Some polyhydric a cohols — ethylene
glycol, propylene glycol, and glycerin were used as co-
solvents — polymer modifiers in our  work.
Polysaccharides, namely chitosan (ChT) and its water-
soluble derivative — succinimide chitosan (SChT) were
taken as gelling polymer. The choice of polymers was
caused by a spectrum of unique properties, one of which
is biocompatibility with body tissues, bacteriostaticity,
ability to biodegradation, and much more [6-8].

The aim of the work was to study the rheological
behavior of chitosan and succinimide chitosan in a mixed
solvent to find conditions for formation of high-viscosity
gels suitable for creation of soft dosage forms.

2. Experimental

SChT with M.M. = 207 kDa and the intrinsic
viscosity [#] = 3.20dl/g produced by Bioprogress
(Shchelkovo, Russia) was used as the objects of the study.
The degree of SChT substitution for the amino groups is
75 %. The degree of deacetylation of the initial sample of
chitosan from which SChT was obtained was 82 %.

Bidistilled water and 1% acetic acid were used as
the solvents for SChT and ChT, respectively. Glycerin,
propylene glycol, and ethylene glycol was used as a
modifier (co-solvent).

The intrinsic viscosities of the polymer were
determined using a Ubellode viscometer at the tempe-
rature of 298+1 K and calculated using the Baranov me-
thod [9], which diminates the effect of the polyelectrolyte
swelling on the value of the intrinsic viscosity of the
polymer [10].

Rheological investigations of solutions of polymers
were carried out on a module dynamic rheometer Haake
Mars Il (THERMO Fisher, Germany) at 298K in two
modes: continuous shear deformation in the range of shear
rates from 0.1 to 100 s and oscillation mode. For creation
of concentration curves and calculation of activation
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energy we used the values s determined at sheer rate equal
to 0.1s". Since tests in the oscillation mode must be
performed in the region of linear viscoeasticity, optimal
values of the amplitude corresponding to the invariant
values of the modules (linear viscodasticity region) were
initially determined on the basis of the dependences of the
accumulation modules and losses on the amplitude of the
stresses obtained at a constant oscillation frequency.

The activation energies of the viscous flow of the
studied systems (AEy) in the temperature range from 288
to 318K were estimated by Arrenius-Frenkel-Airinga
equation (1) and were calculated by the method of the
least squares:

DEa

h = AeRT (1)

where Ris the universal gas constant, A isa constant.

3. Results and Discussion

It is known that the rheological behavior of
solutions of polyelectrolytes (for example ChT and SChT)
has its own characteristic features that distinguish them
from solutions of non-ionic polymers. Manifestation of
these features depends on concentration area in which the
polymer is located. For example, in the field of the diluted
solutions rheological behavior of both nonionic and ionic
polymersis close to each other — macromolecular coils do
not overlap and move independently of each other.
Differences of solutions of polyelectrolyte from solutions
of nonionic polymers begin to be shown at achievement of
the critical concentration called by concentration of the
crossover c*, at which all volume of solution isfilled with
polymeric cails. In solutions of uncharged polymers the
intermolecular association and formation of links net (at
concentration of polymer in solution ¢,) begin practically
right after excess of polymer concentration above c*, i.e.
C*= C (Fig. 1). Existence of extended area of the semi-
diluted solutions (at concentration bigger than c*), in
which coils aready adjoin with each other but grids of
gearings do not form yet, is characteristic of solutions of
ionic polymers[11, 12].

The reason of such feature of rheological behavior
of polyelectrolyte is connected with el ectrostatic repulsion
of the same loaded chains interfering to penetration of one
ball of polymer into another ball and with formation of a
net of links. Earlier existence of such area of the semi-
diluted solutions without formation of a net of links has
been revealed for chitosan solutionsin acetic acid.

The dependence of the greatest Newtonian
viscosity 7o on concentration of SChT in individua
(water) and the mixed solvent (water-glycerin) is
presented in Fig. 2.

M,

lgc

Fig. 1. Schematic representation of the dependence
of the greatest Newtonian viscosity on concentration
in doubl e logarithmic coordinates for solutions of ionic (1)
and nonionic (2) polymers

IgM,

Vi

Fig. 2. Dependence of the dynamic viscosity measured at a shear
rate of shift of 0.1 s™ on the concentration of SChT in the
individual (1) and mixed solvent water: glycerin with a
componentsratio (v/v) 80:20 (2) and 70:30 (3)

From the figure it is visible that the concentration
dependence according to the standard approaches can be
described by a power function of C~C" and broken into
three sites. In the field of the diluted and concentrated
solutions of polymer (site | and Il on graphics,
respectively) the viscosity actually linearly depends on
concentration ¢ (in double logarithmic coordinates) that
corresponds to the area of the diluted solutions of the
macromolecules, which are not interacting among
themselves and the area of the concentrated solutions with
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completely created net of links, characterized by the
reptational mechanism of movement of macro chains,
respectively. Intermediate site 1l is characteristic of the
semi-diluted area in which macromolecules interact with
each other and form a fluctuation network of links starting
concentration ¢, = 0.8 g/dl (value Igc = -0.1). On this site
there is a continuous increase in an exponent of n
testifying to the intermolecular association taking place.
Considering that value of characteristic viscosty [#] for
SChT was 3.20 dl/g, i.e. the crossover point (c* = 1/[#])
corresponds to concentration of 0.3 g/dl, it is visible that
achievement of a point of the crossover does not affect the
mechanism of polymer solution flow. In this regard, and
in case of solutions of SChT in water, it is possible to
speak about existence of transitional area from site | to
site I, in which macromolecules aready adjoin each
other, but net of links does not form yet.

Dissolution of SChT in the mixed solvent water-
glycerin leads to some increase in dynamic viscosity
(Fig. 2, curves 2-4). Severa moments attract attention
here. Firstly, increasing dynamic viscosity is followed by
increase of relative viscosity (Fig. 3). It is important as it
is worth remembering that the viscosity of glycerin is
significantly higher than viscosity of water owing to what
observed increase in dynamic viscosity upon trangition
from individual solvent of water to mixed — water-
glycerin could be caused just by increase in viscosity of
the mixed solvent.

2,017

Fig. 3. Dependence of the relative viscosity of solutions
of SChT of concentrations 1 (1), 2 (2), 10 (3) and 15 g/dl (4)
on the volumeratio of componentsin mixture of water: glycerin
in semi |logarithmic coordinates
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Secondly, addition of co-solvent to solution of
SChT leads to reduction of values of concentration c, that
testifies to earlier formation of a net of links.

Similar regularities are observed in case of
solutions of ChT in the mixed solvent of 1% acetic acid-
glycerin (Fig. 4).

Fig. 4. Dependence of the dynamic viscosity measured
at asharerate of 0.1 s on the concentration of ChT
intheindividua (1) and the mixed solvent of 1% acetic acid:
glycerin with a componentsratio (v/v) 90:10 (2),
80:20 (3) and 70:30 (4)

There can be at least two reasons causing earlier
formation of a net of links: physical "cross linking" of
macromolecules by glycerin and enhanced aggregation of
chains of ionic polymer in solvent with smaller dielectric
permeability (relative dielectric permeability of water is
80 and glycerin —47).

The strengthening of aggregation processes caused
by reduction of extent of ionization of macromolecules at
decrease in dielectric permeability of solvent is a more
probable cause because the earlier formation of a net of
links also takes place when ethyl alcohol is used as the
modifying additive which is incapable to “crosslink”
macromolecular chains.

The great values of an indicator of n in dependence
17o~C" in the field of the concentration corresponding to
concentration ¢, aso testify to more intensively
proceeding aggregation processes in the presence of co-
solvent (Figs. 2 and 4).

Thirdly, the viscosity of the studied systems of
ChT and SChT in the mixed solvents measured at big
rates of shift (about 100 s™), corresponding to completely
destroyed net practicaly coincides with viscosity of
solution of polymer in individual solvent of the
corresponding concentration (Figs. 5 and 6).
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It allows assuming that observed effects of increase
in viscosity in systems polymer—mixed solvent in
comparison with viscosity of solution of polymer in
individual solvent are caused by formation or destruction
of an additional network whose nodes are physical
crosslink between the macromolecules.

Small values of energy of activation of a viscous
current also testify to the physical nature of nodes of an
additional network (Figs. 7 and 8).

It is important that the aggregation of macrochains
forms system with éastic and viscous properties. The
rheological measurements taken in the oscillation mode
proveit.

Fig. 5. Dependence of the dynamic viscosity on the shear rate
for 5% solutions of SChT in theindividual (1) and the mixed
solvent (2, 3) with water:glycerin ratio (v/v) 90:10 (2) and
70:30 (3)

lgm,

Fig. 7. Calculation of the energy of activation of viscous flow
for solutions of SChT of concentration 1 g/dl in water (1) and
in mixed solvent with water: glycerin ratio (v/v) 80:20 (2)

Therefore, from Fig. 9 it isvisible that for solutions
of SChT in individual solvent the value of the module of
accumulation becomes more than loss modulus only at
achievement of concentration of SChT in solution
Co = 99/ (value of Igc = 0.95), that indicates the
formation of eastic and viscous system and loss by the
system of fluidity (see Fig. 10).

Replacement of a part of water by co-solvent
(glycerin) leads to earlier transition of system from
viscoelagtic liquid to elastoviscous body. As can be seen
from the data in Fig. 11, for the system SChT-water-
glycerin with the ratio of components 80:20 (v/v) already
in the field of concentration of SChT in solution of 6 g/dl
a non-flowing elastoviscous systemis formed.

|n Pa*s
15y

g—

10

Fig. 6. Dependence of the dynamic viscosity on shift rate for
2% solutions of ChT in theindividual (1) and the mixed
solvent (2, 3) with 1% acetic acid:glycerin ratio (v/v) 90:10 (2)
and 70:30 (3)

Fig. 8. Concentration dependence of activation energy of
viscous flow of SChT solution in water (1) and mixed solvent
with water: glycerin ratio (v/v) 80:20 (2)
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Fig. 9. Concentration dependence of the modulus
of accumulations (1) and losses (2) for solutions of SChT in
water in doubl e logarithmic coordinates. The values of the
modul e of accumulation and losses are determined in the field
of linear viscoelasticity at the frequency of 1 s™. Thearrow
indi cates the concentration at which the system acquires
€elastoviscous properties

Fig. 10. 8% solution of SChT inwater having e adticity properties

Fig. 12. Concentration dependence of the modulus of
accumulations (1) and losses (2) for solutions of ChT in 1%
acetic acid in double logarithmic coordinates. The values of the
modulus of accumulations and |osses are determined in the
field of linear viscoelasticity at the frequency of 1s™. The
arrow indicates the concentration at which the system acquires
€elastoviscous properties

Roman Lazdin et al.

Fig. 11. Concentration dependence of the modulus
of accumulations (1) and losses (2) for solutions of SChT in
mixed solvent with water:glycerin ratio (v/v) 80:20 in double
logarithmic coordinates. The values of the modulus of
accumulations and | osses are determined in thefield of linear
viscoelasticity at the frequency of 1 s™. Thearrow indicates the
concentration at which the system acquires elastoviscous
properties

Similar regularities take place also for solutions of
ChT in the mixed solvents. As can be seen from the data
inFig. 12, if for solutions of ChT inindividual solvent the
module of accumulation becomes more than loss modulus
at concentration of polymer in solution more than 3 g/dl
(Ig3 = 0.47), then in the mixed solvent (for example, 80 %
of 1% of acetic acid-20% of glycerin) this trangtion
happens in the field of much smaller concentration
(Fig. 13).

Fig. 13. Concentration dependence of the modulus of accu-
mulations (1) and losses (2) for solutions of ChT in the mixed
solvent with 1% acetic acid:glycerin ratio (v/v) 80:20 in double
logarithmic coordinates. The values of the modulus of accumu-
lations and | osses are determined in the field of linear visco-
dasticity at the frequency of 1 s™. Thearrow indicates the con-
centration at which the system acquires elastoviscous properties
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Fig. 14. Dependence of the modulus of accumulations (1, 3) and
losses (2, 4) on the angular rate (frequency) of oscillations for
solutions of SChT with the concentration of 2 g/dl in an
individual (1, 2) and a mixed solvent with water:glycerin ratio
(v/v) 80:20 (3, 4) in semi logarithmic coordinates. The arrow
indicates the value of an angular rate at which G' = G"

Fig. 15. Dependence of the dynamic viscosity measured at the
shear rate of 0.1 s on the concentration of SChT in the mixed
solvent water:glycerin (1), water:propylene glycol (2),
water:ethylene glycol (3), and water:ethanol (4) with the
components ratio (v/v) 90:10

Table
The characteristics of elastoviscous properties of SChT received from rheological data
Volumeratio of componentsin * 12
System mix water:co-solvent e g/l Ca, g/d t10%s
SChT-water 100:0 0.80 9.0 6
90:10 0.70 75 16
SChT-water-glycerin 80:20 0.60 6.0 25
70:30 0.55 58 37
90:10 0.68 74 20
SChT'W;fjc'grOpy' ene 80:20 063 55 34
70:30 0.60 52 42
90:10 0.60 55 35
SChT"’;al;%c'fhy' ene 80.20 057 51 26
70:30 0.48 4.8 68

Note: * the value of relaxation timeis given for 2% solution of SChT

Reviewing the dependence of modules of
accumulation and losses from the frequency (Fig. 14)
allows to state that in the range of concentration of SChT
in solution, corresponding to the area from ¢, = 0.8 g/dl to
c. = 3g/d, the tangent of angle of the frequency
dependence of the module of accumulation in double
logarithmic coordinates is equal to 2, and the module of
losses is 1. It testifies that the behavior of the system is
well described by simple model of Maxwell for
viscoeladticity liquid with time of relaxation z, for which
G = G". For solutions of ChT this field of intensive
formation of a net of linkages corresponds to area of
concentration frome, = 0.4 g/dl toc, = 1 g/dl.

From the data provided in the Table it is visible that
replacement of a part of solvent by the modifying additive
(glycerin) leads to increase in time of relaxation of the
macromolecules 7 that will be coordinated with the
increased values of viscosity and the accelerated formation
of a net of links. The data on values ¢, and Cq4, which
undergo natural changes, are provided inthe Table aswell.

The observed regularities qualitatively coincide in
case of use of propylene glycol and ethylene glycol as co-
solvent. At the same time, for all sudied structures
(a water:co-solvent ratio (v/v) is equa to 90:10, 80:20 and
70:30) the increase in dynamic and relative viscosity, shift
vaue ¢, and Cq to the area of smaler vaues of
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concentration and increase in time of rdaxation in
comparison with solution of SChT in individual solvent
takes place (Table). The concentration dependence of the
greatest Newtonian viscosity for solutions of SChT in the
mixed solvent water:propylene glycals and water:ethylene
gycol with the volumeratio of 90:10 isgiveninFig. 15. As
an example the dependence of viscosity on concentration
for the system SChT-water-ethandl is given by curve 4.

The fact that rheological characteristics of the
system SChT-mixed solvent correlate with value of
dielectric permeability of the mixed solvent attracts
attention.

Introduction of co-solvents in the system SChT-
water, except increase in viscosity in system polymer-
solvent and earlier formation of a net of links, allows
solving some problems. The first problem concerns
instability of solutions of chitosan, namely: as the solution
of the polymer is maintained, its viscosity gradually
decreases with time. Instability of solutions of ChT is a
fact repeatedly noted in the literature. However, while for
solutions of ChT in strong acids (e.g., hydrochloric acid)
reduction of viscosity is unambiguously connected with
the course of acid hydrolysis, concerning the reasons of
change of viscosity of polymer in solution of weak acetic
acid, there was no uniform view point among researchers.
Most of researchers see the reason of “inconstancy” of
values of characterigtic and relative viscosity in changes
of a conformational condition of macromolecules,
formation of intra chain and/or inter chain hydrogen

igM

1.0 -

0,5

-05 7

Fig. 16. Dependence of the grestest Newtonian viscosity on
time of withstanding the solution of SChT in water of
concentrations 0.5 (1), 2 (2), 5 (3), and 10 (4) g/dl
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communications, disintegration of units. In the earlier
works of our department it has been proved too that the
reason of decrease in viscosity of solutions of ChT is
connected with the change of its supramolecular structure,
owing to slow achievement in the course of dissolution of
equilibrium structure [13]. The similar dStuation is
observed in case of solutions of SChT in water. At the
same time, as well as in case of ChT, on the nature of
change of viscosity the basic value is rendered by
concentration of polymer in initial solution. As can be
seen from Fig. 16, in the case when SChT in solution has
not created a net of links yet (solution with concentration
C< Cy), Or have created already rather developed net of
links as a result of which the system has gained elagtic and
viscous properties (solution with concentration (¢ > Cy),
values of dynamic viscosity practically do not change with
hold time of solution. In the same case, when the solution
of SChT in water is a typica viscoeladticity fluid with a
formed net of links (solution with a concentration
Ce< €< Cy), the dynamic viscosity decreases significantly
when the solution is held. However, the presence of a co-
solvent (glycerin, propylene glycol, ethylene glycal) in the
system SChT-water leads to significant changes in the
behavior of the systems under study. In this case, solutions
with polymer concentration in solution over the whole
range of concentrations are stable in all cases studied by
us, apparently due to the “crosdinking” of macro-
molecules taking place through interaction with a co-
solvent (Fig. 17).

igM
1,0 = 0 0 - - 4
0.5~ Y Py . 0 3
I | | | | | | | |
2 4 6 8 time, day
-0,5 [~
L A = - ———
2
1,0 |-
R S - ——
LS|~ !

Fig. 17. Dependence of the grestest Newtonian viscosity on
timewith solution of SChT concentrations of 1 (1), 2 (2),and 5
(3, 4) g/dl in the mixed sol vent water:propylene glycal (1, 2),
water:glycerin (3) and water:ethylene glycol (4) with theratio
(v/v) 90:10
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Stability of rheological characteristics of polymer
in the system SChT-mixed solvent, certainly, has
considerable advantages from the technological point of
view at process of formation of polymeric materids in
comparison with the system SChT-water.

The second problem is connected with solubility of
ChT and its derivatives in water environments leading to
essential reduction of service life of materials on the basis
of these polymers. Several ways of ChT modification
leading to the loss of solubility of chitosan materials in
water is known. Thermal modification consisting in
warming up of the created material at the temperature
about 373-383K within 30-60 min is the most
widespread and convenient way of modification. After
carrying out of this sort modification, a film of ChT loses
solubility in water, but keeps the physico-mechanical and
physico-chemical properties a the previous level.
However, carrying out thermal modification of SChT does
not lead to loss of solubility of materials in water. Even
long (during 3-4h) warming up of films at the
temperature of 373-403 K is not followed by noticeable
reduction of solubility. Introduction of co-solvent
(glycerin) in amount of 20 vol % and more, alows to
receive soft and elastic gl materials, well occluding
water, but keeping at the same time the integrity and not
capable to dissolution in water. At the same time, the
effect of loss by material of ability to be dissolved in
water takes place only when using as co-solvent of
triatomic alcohol — glycerin. When using diatomic
alcohols (propylene and ethylene of glycol) eastic gel
materials at the long-lived contact with water pass into
initial elastoviscous or viscoelagtic gels.

Thus, the research of the rheological properties of
SChT in the mixed solvent allows to draw a conclusion
that replacement of a part of solvent by two- or triatomic
alcohals is followed by growth of relative and dynamic
viscosity of solution of SChT, earlier formation of a grid
of gearings, transition from viscoelastic systems to elastic
and viscous at smaller values of concentration of polymer
and by the growth of relaxation time. The systems which
are formed at the same time are characterized by stability
of viscous characterigtics in time and, in case of using
glycerin, lead to receiving water non-soluble gel materials
capable to become the main ones for creation of soft
dosage forms.

4. Conclusions

It is edtablished that increase of the dynamic
viscosity of polymers (ChT and SChT) and earlier
formation of the fluctuation grid of links occurs in the
presence of co-solvents — glycerin, ethylene glycol and
propylene glycol. According to the nature of the flow
curves, it is established that the fluctuation grid has a
physical character. It is shown that the addition of a co-
solvent is followed by a decrease in the value of the

polymer concentration in the solution, at which the
transition from viscous-elagtic liquids to elastoviscous
systems occurs, and the increase in relaxation. It is shown
that the introduction of a co-solvent into a solution of
SChT and ChT leads to the formation of solutions with
stable viscous characteristics and, in the case of using
glycerin as a co-solvent, allows to receive elastic materials
that are not capable of dissolving in water.
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EPOXY COMPOSITES FILLED WITH NATURAL CALCIUM
CARBONATE. 1. EPOXY COMPOSITES OBTAINED IN THE PRESENCE
OF MONOPEROXY DERIVATIVE OF EPIDIAN-6 EPOXY RESIN
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Abstract. Physico-mechanical properties of the products
based on filled epoxy-oligomeric mixtures composed of
Epidian-5 epoxy resin, oligoesteracrylate TGM-3 and
monoperoxide derivative of Epidian-6 epoxy resin (PO)
have been investigated. CaCO; was used as a filler and
polyethylene polyamine was a curing agent. The effect of
PO and CaCOj3; on the gel-fraction content and physico-
mechanical properties was examined. Using a scanning
electron microscopy (SEM) the morphology of the
sampl es has been studied.

Keywords: epoxy resn, oligoesteracrylate, peroxide
CaCQO;, gd-fraction, physico-mechanical properties, SEM.

1. Introduction

One of the main tasks of modern material scienceis
to obtain composition polymer materials with predefined
operational characteristics [1]. This is achieved by the
directed control of polymer matrix structural network
formation, as well as thermodynamic, kinetic and mecha
nical compatibility of the system components [2]. The
choice of polymer component is important too. To date the
composites based on epoxy resin are of great scientific and
practical interest [3]. Epoxy resins provide high adhesion
on the boundary polymer-filler and possess necessary tech-
nological properties during products formation. Moreover,
they are compatible with other polymer materials and
improve the properties of the resulting products[4].

Previously we showed the possibility of obtaining
polymer materials based on Epidian-5 with functional
derivatives of epoxy resins as a polymer additive [5].
These derivatives contain, apart from epoxy group,
unsaturated methacrylate fragment [5], free carboxy group
[6], primary hydroxy group [7] or fluorine atoms [8]. The
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introduction of epoxy resin functional derivative into the
polymer mixture based on Epidian-5 resn and TGM-3
oligoesteracrylate improves the operational characteristics
of the products due to the binding of all components [5-8].

On the other hand, the simultaneous i mprovement
of operational characteristics and the reduction of products
price are achieved by the introduction of mineral fillers
into the polymer mixture [9]. The used fillers are TiO,
[10, 11], silver [12], nano SisN4 [13], graphite oxide [14],
carbon black [15], natural zeolite [16], CaCO3[17-21] and
others [22, 23]. CaCO;s is the most available, and thus the
most often used filler. Apart from its using for the
production of epoxy resins based materials, it isapplied to
produce composites on the basis of polyvinyl chloride,
polypropylene and polyesters [17-24].

The aim of this work was to study Epidian-5 based
polymer mixture filled with calcium carbonate. The mix-
ture contains TGM-3 oligoesteracrylate as a plasticizer,
polyethylene polyamine as a curing agent and mono-
peroxy derivative of Epidian-6 resin (PO) of the formula:

OOt

PO has a free epoxy group allowing to a introduce
it into the polymer matrix which is formed by hardener.
The peroxy group of PO contributes to the formation of

free radicals during heating. Free radicals of the formed
polymer matrix allows to graft TGM-3 molecules.

2. Experimental

2.1. Materials

The materials used for the experiments were:
Epidian-5 epoxy resin (Sarzyna-Ciech, Poland) of
the formula, where n = 0-2:

with a molecular weight of 390 g/mol and epoxy groups
content (e.n.) of 20.0 %.
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Monoperoxy derivative of Epidian-6 epoxy resin
(PO) was synthesized according to the procedure
described in [25]. It was found for PO: molecular weight
of 430 g/mal; active oxygen content of 2.8 % and e.n. of
9.5 %.

TGM-3 dligoesteracrylate is an esterification
product of methacrylic acid and triethylene glycal in the

solvent medium with M, 286 g/mal. Its formula:
CH;

o

Polyethylenepolyamine (PEPA, Ukraine) of the
formula

n=1-5

was the curing agent and was used as received without
additional purification.

Calcium carbonate (CaCOs;, Sigma Aldrich) is a
white odorless powder or colorless crystals.

2.2. Preparation of filled epoxy-
oligomeric mixtures

Epidian-5, TGM-3, PO and CaCO3; were mixed till
the homogeneous mixture was obtained. Then it was
degassed under vacuum to eiminate air bubbles. After
PEPA addition the mixture was again mixed and degassed.

Fig. 1. Genera view of the moulds.
Sizes (mm) for dumbbell-shaped samples: length 165, width 10
and thickness 4.5; for bar: length 8, width 10 and thickness 4.5

To determine the film hardness and gel-fraction
content the samples were poured over the standard glass
plates. To determine physico-mechanical properties the
samples were poured into special moulds in the form of
dumbbell-shaped samples and bars (Fig. 1).

The dumbbell-shaped samples and bars were
formed stepwise: first at room temperature for 24 h and
then when heated to 423 K for 75 min.
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2.3. Investigation Methods

Films hardness (H, re.units) was determined
according to the standard procedure [26] using M-3
pendulum device at room temperature. Gel-fraction
content (G, %) was determined after extraction of grinded
samples with acetone in Soxhlet apparatus for 12 h [26].

Tensile properties (1SO 527-21A), Charpy impact
strength (1ISO 179-1:2010), flexural properties (1SO
178:2010) and Shore D hardness (ISO 868) were
determined with a Zwick/Roell device (Germany) in
Gdansk University of Technology (Poland). Tensile tests
were performed with a Zwick type Z020 tensile tester
equipped with a20 kN load cell. The tests were performed
on molded samples having the dimensions of
75x4x2mm. A grip-to-grip separation of 50 mm was
used. The samples were pre-stressed to 3 N, then loaded
with a constant cross-head speed of 50 mm/min. The
average values reported were derived from at least five
Specimens.

SEM analysis of the freeze fractured samples was
performed using HITACHI SUB010 apparatus equipped
with a cold cathode field-emission source. The samples
were sputter coated using Cressington Sputter Coater
108Auto with Au.

3. Results and Discussion

The described in the literature [17-21] epoxy resin
based compositions with CaCO; do not contain
monoperoxy derivative of Epidian-6 (PO). Therefore the
plasticizer TGM-3 does not enter the three-dimensional
cross-linked structure of the resulting product. This leads
to the partia “sweating” of oligoesteracrylate during
operational process and deterioration of the product
properties. So, in this work it was important to determine
the effect of PO and its amount on gel-fraction content
and physico-mechanical properties of the product. The
effect of CaCO; amount on the above mentioned
characteristics should be determined as well.

The composition of the investigated mixtures is
givenin Table 1.

Mixture | is a standard mixture without mineral
filler and PO. Mixture Il additionally contains the mineral
filler CaCOs. In mixtures I11-VIIIl the part of Epidian-5
resinis substituted for PO. CaCOs is absent in mixture lll.
For mixtures with PO the amount of filler varies from 10
to 60 mass parts.

3.1. Gel-Fraction Content and Hardness
of Polymer Films

Gel-fraction content and hardness of polymer films
were determined according to the procedures described in
subsection 2.3. The experimental results are represented in
Table2.
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Gel-fraction content and har dness of polymer films

Table 1
Composition of the mixtures
Components content, mass parts
Component | I I IV Vv Vi VI ViIL
Epidian-5 100 100 %0 %0 80 70 %0 %0
PO 0 0 10 10 20 30 10 10
TGM-3 10 10 10 10 10 10 10 10
PEPA 14 14 13.2 13.2 125 117 13.2 13.2
CaCo; 0 30 0 30 30 30 10 60
Table 2

Mixture number according to Table 1 Gel-fraction content, % Hardness, re.units

[ 93.6 0.57

[l 94.1 0.72

[l 93.2 0.74

v 96.0 0.80

V 94.7 0.74

VI 935 0.72

VI 93.7 0.67

VI 95.9 0.80

The least hardness is observed for the films without
CaCO; and PO (mixture 1). The introduction of CaCOs3;
(mixture 11) alows to considerably increase the films
hardness with a dlight increase in gel-fraction content. The
partial substitution of Epidian-5 for PO aso increases
hardness (0.57 rd.units for mixture | vs. 0.74 rel .units for
mixture I11). This phenomenon may be explained by PO
participation in the formation of film structure due to the
binding of TGM-3 molecules. In the presence of PEPA, at
room temperature, PO with epoxy group and labile peroxy
bond in its structure enters the cross-linked matrix based
on Epidian-5; -O-O- bonds are preserved. When heated,
labile -O-O— bonds decompose and form free radicals
which cause grafted polymerization of TGM-3 molecules
to aready cross-linked structure formed by Epidian-5 and
PO molecules. The additional introduction of mineral
filler to the mixture contributes to the increase in gel-
fraction content and hardness of the films (mixture V).

The decrease in CaCO3; amount to 10 mass parts
when PO amount is constant (mixture V1), decreases both
ged-fraction and hardness. If we compare mixtures VI
and IV (CaCO; amount is 60 and 30 massparts,
respectively), we do not observe essential changes in the
mentioned values.

The increase in PO amount from 10 to 20 and
30 mass parts (mixtures 1V, V and VI, respectively)
decreases gel-fraction content and hardness. The reason is
possible reactions between PO molecules (at constant
amount of TGM-3) leading to the formation not cross-
linked structures but linear ones, which are soluble in
organic solvents.

Thus, the introduction of CaCOs into the structure of
polymer mixture considerably increases hardness of

polymer films. The same results may be achieved by partial
subgtitution of Epidian-5 for PO molecules. The smul-
taneous introduction of CaCOs in the amount of 30-
60 mass parts abd PO in the amount of 10 mass parts (mix-
tures IV and VIII) increases both ge-fraction content and
hardness of thefilmsif compared with standard mixture .

3.2. Physico-Mechanical Properties

Physico-mechanical properties of the mixtures
were studied according to the procedure described in
subsection 2.3. The experimental results are given in
Table3.

The comparison of mixtures without PO (mixtures
| and I1) shows that the introduction of mineral filler in the
amount of 30 massparts decreases the values of
maximum tensile strength (TS,), elongation at break (Ey),
Charpy impact strength, maximum flexural strength (Fiax)
and break deformation (e-break) but increases Young's
modulus (Emog) and Shore D hardness. It means that
CaCOs; increases hardness of the product but makes it
brittle. Virtually the same results are obtained when
10 mass parts of PO were introduced (mixture 111). The
results are in agreement with those of Table 2 and once
again indicate the participation of PO molecules in the
formation of three-dimensional cross-linked structure
based on Epidian-5 and TGM-3. The resulting product
becomes hardener and less flexible. Smultaneous
introduction of PO and CaCOj; (mixture 1V) decreases
break deformation and impact strength by three times.

At the constant value of CaCOs; amount in the
mixture the PO increase from 10 to 20 and 30 mass parts
(mixtures 1V, V and VI, respectively) results in the
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decrease of hardness and impact strength but increases the The increase in CaCO; amount (mixtures VII, IV
product flexibility. These data are also in agreement with  and VIII) increases hardness, Young's modulus, tensile
the results from Table 2 and confirm the assumption that a  strength and flexural strength but decreases impact strength.

great amount of PO leads to the less cross-link density of Fig. 2 represents SEM images of some investigated
the mixture components. mixtures.
Table 2
M gég% in#r’r:ger Tensile tests Charpy impact Flexural properties Shore D
T able£1J TS, mPa Ey, % Evos, GPa | strength, kIm® | Fra MPa | ebresk,% | hardness
I 58.3 174 3.02 14.75 119.6 4.29 82.6
I 28.1 0.82 3.77 345 41.7 1.20 85.2
Il 21.3 0.62 1.67 9.71 39.2 1.86 84.5
v 21.2 0.61 3.79 331 39.2 113 85.0
\% 29.3 0.90 3.16 3.01 49.2 148 84.0
VI 37.9 1.03 3.84 2.18 64.1 1.88 83.3
VIl 24.6 0.88 2.99 5.15 47.1 1.36 85.7
VIl 34.8 0.77 4.70 2.80 53.5 121 86.6

0) d)

Fig. 2. SEM images of mixture| (&), mixturell (b), mixture l11 (c) and mixture IV (d)
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The introduction of PO into the mixture virtually
does not affect the morphology of the samples (Figs. 2aand
2¢). Large pores are not observed when PO and CaCO; are
introduced simultaneoudy (cf. mixture IV, Fig. 2d and mix-
ture I, Fig. 2b). It means that PO acts as a compatibilizer
and binds al components of the mixture into unified three-
dimensiona crosslinked dructure.  This  assumption
corrdates with the results represented in Tables 2 and 3.

4. Conclusions

Physico-mechanical properties of the samples for-
med on the basis of epoxy-oligoesteric mixtures have been
investigated. The mixtures composed of Epidian-5 epoxy
resn, TGM-3 oligoesteracrylate, monoperoxy derivative of
Epidian-6 resin and cal cium carbonate were cross-linked by
polyethylene polyamine. The introduction of CaCOj;
considerably increases the films hardness. Similar results
were obtained when Epidian-5 molecules were partialy
substituted for PO. Simultaneous introduction of CaCOs in
the amount of 30-60 mass parts and PO (10 mass parts)
increases both gd-fraction content and hardness if
compared with mixtures without these components.

Mixtures without PO and with 30 massparts of
CaCO; are characterized by less values of maximum tensile
drength, dongation at break, Charpy impact strength,
maximum flexural strength and maximum deflection but
higher values of Y oung's modulus and Shore D hardness.
The analogous results are obtained when 10 mass parts of
PO were introduced. The results indicate the participation
of PO molecules in the formation of three-dimensonal
crosslinked dructure. The resulting product  becomes
hardener and lessflexible.

The increase in PO amount from 10 to 30 mass parts
results in the decrease of hardness and increase in product
flexibility. These data are also in agreement with the results
from Table 2 and confirm the assumption that a greet
amount of PO leads to the less crosslink density of the
mixture components. The increase in CaCOz; amount
increases hardness, tensile strength and flexural strength but
decreases maximum deflection and impact strength.

SEM analysis confirms the improvement of product
structure due to the simultaneous introduction of PO and
CaCOs.
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ENOKCH/IHI KOMIIO3UTH 3 HATYPAJIbHUM
HAIIOBHIOBAYEM KAPBOHATOM KAJIBLIIO.
1. ONEP)KAHHSI EHOKCHJIHUX KOMITO3UTIB Y
IMPUCYTHOCTI MOHOITEPOKCH/THOI ITOXITHOI
EINOKCHJTHOI CMOJIA EPIDIAN-6

Anomauin. Bugueni ¢hizuxo-mexaniuni e1acmusocmi 3pasKie
HA OCHO8I HANOBHEHUX eNOKCU-OTI20eCMePHUX CYyMiuell, Wo CKIaoa-
H0mbCst i3 NPOMUCIOBoi enokcuonol evonu Epidian-5 ma onizoecmep-
axpunamy TGM-3 i micmsaims MoHOnEpoKcUOHy Noxiony enokcuoHor
emonu Epidian-6 (PO. Sk minepanvhuii HanosHiosau 8uKopucmano
CaCQO;, 3ameeponu kom cymiwell cny2yeag NoNemuileHnONIAMIH.
Bemanoeneno ennug PO i CaCOgs na emicm 2env-ghparyiti ma ¢hizuxo-
MEXAHIYHI 67IACMUBOCHI BUPOOY. 3 BUKOPUCTNAHHAM CKAHYIOHOT eleKm-
DOHHOI MIKPOCKONIT ROKA3aHA MOPOIL02Is OMPUMAHUX 3DA3KIG.

Knrouoei cnoea. enoxcuona cmona, onieoecmepaxpuiam, ne-
poxcud, CaCOs, cenv-ghparyisi, ghizurxo-mexaniyni aracmueocmi, CEM.
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REMOVAL OF METHYLENE BLUE BY ADSORPTION
ONTO ACTIVATED CARBONS PRODUCED FROM AGRICULTURAL
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Abgtract. The present study aims to describe new low
cost activated carbons which were prepared from bean
ped (BP), acorn peel (AP) and Pistacia lentiscus (PL)
under microwave induced KOH chemical activation for
the removal of methylene blue dye from agueous
solutions. Activated carbons were characterized using,
thermogravimetric analysis, and scanning electron
microscopy. The adsorption properties were examined
considering several parameters including the effect of pH,
contact time, adsorbent dosage and initial concentration.
Activated carbons powders prepared from BP, AP and PL
can be used as an eco-efficient and low-cost adsorbent for
removing methylene blue dye from agueous solution by
adsorption process.

Keywords: activated carbon, agricultural wastes, adsorp-
tion, methylene blue, microwave.

1. Introduction

Westewater effluents redleased from different
industries such as textile, paper, rubber, leather, plastics,
cosmetic, and printing contain severa classes of synthetic
dyestuffs[1].

Dyes are mainly used in the textile industry,
although substantial quantities are consumed for coloring
different materials, such as paper, leather, plastics,
petroleum products, and food [2].

Methylene blue is the most common dye used in
the dyeing of wood, cotton, and silk. It can cause eye

! Department of Petrochemistry and Process Engineering,

Faculty of Technology,

University 20 August 1955-Skikda, Algeria

2|_aboratory LRPCSI, University 20 August 1955-Skikda, Algeria
3 LCP-A2MC, University of Lorraine, 1, bd Arago-57078 METZ,
Cedex 3, France

“Laboratory LGCES, University 20 August 1955-Skikda, Algeria
™ ibti ssem-k21@hotmail . fr

O Kahoul 1., Bougdah N., Djazi F., Djilani C., Magri P.,
Medjram M. S, 2019

injury to humans and animals. Its inhalation may lead to
breathing difficulties while mouth ingestion induces
burning, nausea, vomiting, sweating, and abundant cold
sweats [3]. The treatment of industrial waste containing
thistype of dyeis of agreat interest.

A wide variety of physical, chemical and biological
techniques have been developed and tested for the sake of
treatment of effluents loaded with dyes. These processes
include flocculation, precipitation, ion exchange,
membrane filtration, irradiation, and ozonation. However,
these methods are expensive and result in generation of
large quantities of formed derivatives[4].

Among the processes of treatment of the liquid
rgiections, adsorption remains a technique relatively used
and easy to implement. Adsorption is usually used to trest
wastewater due to the efficient eimination of organic mic-
ropollutants and owing to economic considerations[5, 6].

The objective of this work was to test the efficiency
of new activated carbons obtained from agricultural
wastes, namely bean peel, acorn peed and Pistacia
lentiscus under microwave induced KOH chemical
activation for removing of cationic dye which is
methylene blue from agueous solutions by adsorption
process.

2. Experimental

2.1. Preparation of Adsorbate

Methylene blue (MB), a basic dye having a
molecular structure as C16H18N3SCl (with a molecular
weight of 319.85g/moal, and | x 665 nm) was used in
this work. The stock dye solution was prepared by
dissolving accurately weighed dye in the deionized water
to the concentration of 100 mg/l and subsequently, the
experimental solutions of various initial concentrations
(Co) were prepared by diluting stock solution to the
desired concentrations.
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2.2. Preparation of Activated Carbons

Bean ped (BP), acorn ped (AP) and Pistacia
lentiscus (PL) were collected in the northeastern region of
Algeria. After collecting, these adsorbents were cut into
small pieces with a clean chisel, then washed thoroughly
with distilled water to remove dirtiness, dried in sunlight,
and finally crushed and filtered at 250 pum.

Pistacia lentiscus was soaked in hexane to remove
resdua oils, then filtered and washed several times with
distilled water, dried in an oven at 353K for 12 h, and
cooled at a room temperature. After that, BP, AP and PL
were carbonized at 623, 923 and 853 K, respectively, for
1h in an oven. The chars produced were soaked in
potassium hydroxide solution with an impregnation
(char:KOH ratio was 1:1.75 % wiw) [7].

The activation step was carried out in glass tubes
placed in a microwave oven (Monowave Extra Anton
Paar MAS24 type; the frequency 2.45GHz). The
microwave power was adjusted at 800 W, the irradiation
time was sdected as 7 min for each sample, and the
stirring speed was set at 600 rpm [8].

The activated products were then washed with
hydrochloric acid of 0.1M and deionized water until the
pH of the washing solution reached 7-8, then they were
filtered and dried in an oven at 333 K for about 12 h[9].

2.3. Characterization

The thermal decomposition of BP, AP and PL was
studied using thermal balance 2050 TGA v5.4 A from TA
Instruments. In order to visualize the morphology of the
activated carbons before and after the activation process,
we have used scanning electron microscopy (TESCAN

type).

3. Results and Discussion

3.1. Characterization of the Adsorbent

3.1.1. Thermogravimetric analyses

Thermal decomposition curves are illustrated
below in Fig. 1.

TGA thermal curve that correspondsto BP (Fig. 1a),
comprises four stages of the mass loss process. The first
weight loss of 11.5% is due to the release of the adsorbed
water at 329K. Next, three other pesks follow: the
decomposition reaction with weight loss of about 28 % was
observed at 563 K, which corresponds to the hemice lulose
departure, also a weight loss of about 20 % is observed at
598 K, corresponding to the departure of the cdlulose,
while the last loss of about 14 % took place at 713K,
corresponding to the departure of thelignin [10, 11].

Ibtissem Kahoul et al.

TGA thermal curve that corresponds to AP
(Fig. 1b), contains four stages of the mass loss process.
The first stage extends from the beginning of the analysis
to 350K with weight loss of about 11 %. Three other
peaks follow at 558, 613 and 678 K, with corresponding
mass losses of 19, 13 and 8 % which indicates the thermal
decompositions of the cellulose, hemicellulose, and lignin,
respectively [12, 13].

TGA thermal curve that corresponds to PL is
shown in Fig. 1c. Three stages of mass loss were
observed. The first dtage of weight loss (2.42%) was
observed at 337 K, corresponding to the departure of the
physisorbed water. The second stage that had a mass loss
of 33% was observed at 551 K, corresponding to the
departure of the hemicellulose and cellulose. The last loss
of about 8% occurs at 663 K, corresponding to the
departure of the lignin.

Waight (%)

120

EECE

VHBIGEE (%)

Dierty. Welght (%/7C)

Waight (%)
Dierly. Weight {5470}

o ado
Temperaturs "G} Batecsai Ve 55 TA Lo s

Fig. 1. TGA/DTG andysis of BP (a), AP (b) and PL (c)
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3.1.2. Scanning electron microscopy studies

In order to estimate the textual structure of
adsorbents, scanning electron microscope analysis has
been used before and after the activation process via
microwave assisted KOH activation.

It can be seen that the surface morphology of
activated carbon from BP (Fig. 3a) has developed uniform
surface, forming an orderly pore structure.

However, the surface morphology of activated
carbons from AP and PL was a gathering of fine particles,
which has no regular and fixed shape and size. The

Fig. 2. SEM micrographs of chars:
BP (a), AP (b) and PLC (c)
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particles were of different dimensions and included a large
number of kinks on the external surface.

3.2. Adsorption Kinetics Studies

Kinetic experiments were carried out in
Erlenmeyer flasks including 100 ml aqueous solution of
methylene blue with a known number of different
adsorbents at ambient temperature. Solutions were sirred
at 250rpm during selected laps time. After that, the
solution was centrifuged in order to remove the adsorbent
dispersion and analyzed by UV spectrometry (Analytik
Jena (AG) spectrophotometer).

Fig. 3. SEM micrographs of activated carbons:
BP (a), AP (b) and PL (c)
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The amount of dye adsorbed onto adsorbents at
time t, g (mg/g) was computed by the mentioned mass
balance relationship:

Q=G Cx- &

R%:M&OO 2
0
where @ is the adsorption capacity; R% is the adsorption
percentage; Co and C. are the initial and equilibrium
concentrations, mg/l; V is the volume of the solution, I;
misthe mass of adsorbent used, g.

Fig. 4 presents the kinetics adsorption obtained at
room temperature with the adsorbate initial concentration
of 10 mg/l. The mass of activated carbons was 50 mg
within all experiments.
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Fig. 4. Kinetics adsorption MB
on BP(n),AP(e) and PL (A)

Fig. 4 shows the variation of the adsorbed MB
amount as a function of time on BR, AP, and PL. It can be
seen from Fig. 4 that the adsorption efficiency increases
with the contact time because a large number of vacant
surface sites are present for adsorption. Equilibrium is
reached for three adsorbents after 30 min. The maximum
adsorption percentage for activated carbons was 98.2 %
for BP, 86.2 % for APand 89.7 % for PL.

Ibtissem Kahoul et al.

Kinetic studies are important to estimate the
efficiency and mechanism of sorption process. Adsorption
kinetics defines the nature of adsorption interaction
dependence of the adsorbents with species[14].

Constants from two kinetic models, pseudo first-
order and pseudo second-order ones, were fit for
experimental data to examine the adsorption of MB by
activated carbons BP, APand PL.

The first one was the linear form of the pseudo
fird-order model of Lagergren [15, 16], generaly
expressed asfollows:

Ln(q. - q)=Ln(q.) - kit ©)
where ge and ¢ are the amounts of MB adsorbed at
equilibrium and after time t, respectively. We noticed the
rate constant of adsorption as k;, min™.

The pseudo-second-order model [17]:

dat _

pra k,(ge- qt) 4

where k; is the equilibrium rate constant of the pseudo-
second-order, g-mg™-min™.

We separated variables in Eq. (4) and then
integrated for the boundary conditions g = 0 to ¢; = gcand
t=0tot =tyiedsto the expression that we can rearrange
to the following linear formula:

t 1 t
— L

—= 5
4 k& q ©

The slope and the intercept allow us to establish ge
and ko, respectively.

Kinetic model parameters together with R
correlation coefficients are presented in Table 1.

The pseudo-second-order model gives a better fit.
The correlation coefficients of the pseudo-second-order
kinetics have higher values than those of the pseudo-first-
order. Moreover, the value of g. obtained with pseudo-
second-order model is in a good agreement with the
experimental value of Qe ep. Therefore, the adsorption of
MB onto activated carbons BP, AP and PL follows
second-order reaction kinetics.

The results propose that the adsorption of MB takes
the path of the pseudo-second-order kinetics, showing that
the rate-determining step of the adsorption process can be
chemical adsorption or chemisorption [18].

Table 1
Pseudo-fir & order and pseudo-second-or der kinetics
parameter sof BP, AP, and PL
Pseudo-first-order Pseudo-second-order
Adsorbent — T
ky, min™® O cale, MYY/Y Geop: MY/Y R ke, gmg™-min™ Oe e MY/Y R

BP 0.1598 17.34 19.64 0.90 0.0141 21.69 0.98
AP 0.1288 16.33 17.24 0.98 0.0078 20.70 0.98
PL 0.1051 17.15 17.94 0.96 0.0047 22.72 0.98
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3.3. Adsorption Isotherms

The adsorption isotherms of MB on activated
carbons BP, AR, and PL have assessed the exact identical
experimental setup as with kinetic experiments. In each
experiment, samples of 50 mg of BP, AP, and PL were
equilibrated for 30 min at 298 K with 100 ml of the dye
aqueous solution of initial concentrations between 5 and
30 mg/l.

The adsorption isotherms of MB on adsorbents are
plotted in Fig. 5. We noted that they have a generally similar
appearance, indicating that when the initial concentration of
the MB increases, the adsorbed amount increasesto amost a
plateau indicating the saturation of al the dites on the
adsorbents surface. The isotherms have been dassified
according to the classification of Gileset al. [19].
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Fig. 5. Isotherms of MB on BP (n), AP (e) and PL (A)

3.3.1. Langmuir isotherm model

The Langmuir model [20] presumes that an
adsorption may happen at specific homogeneous sites on
the adsorbent and is used successfully in many monolayer
adsorption processes[21].

The Langmuir equation has the following form

C 1 C

e —_— 4 e (6)
0 o0 d,
where g, is the theoretical maximum monolayer adsorption
capacity, mg-g’"; bisthe Langmuir constant, [-mg™.
Langmuir isotherm can be expressed with respect
to a dimensionless separation factor R, which is
expressed as.
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1
R = Trbe (7

where Cy isthe maximum initial MB concentration, mg/l.
The value of R_ points to the shape of Langmuir

isotherm to be either unfavorable (R_ > 1), linear (R_ = 1),

irreversible (R_=0), or favorable (0< R _<1).

3.3.2. Freundlich isotherm model

Freundlich isotherm is settled on the assumption of
a heterogeneous surface with a non-uniform heat
distribution of the sorption on the surface[22, 23].

The Freundlich model is expressed asfollows:

q, = K.C." (®)
where Ke (mggh(-mgh)*™) and n are Freundlich
constants related to the multilayer adsorption capacity and
the surface heterogeneity, respectively. If (n<1) the
adsorption is unfavorable, (n = 1) the adsorption is
homogeneous and (n > 1) the adsorption is favorable.

All of the correlation coefficients and the constants
calculated from both models arelisted in Table 2.

We can natice from Table 2 that the corrdation
factor R? is close to the unity for both models, however
with a better fit of the experimental data[21].

It can be seen that the values of Freundlich constant
n are over 2, which indicates that BP, AP, and PA are
good adsorbents for MB.

The value of R between 0-1 proves that the
adsorption of the MB on BPA, APA and PLA is
favorable.

3.4. Effect of pH

pH of MB solution has been detected to be one of
the most important factors affecting sorption process
because of its influence on surface charge of adsorbent
and solubility of MB [24, 25].

The influence of pH on the MB adsorption was
studied for the different adsorbents. For this purpose,
100 ml of 10 mg/l solution contaminated with MB and the
optimum dose of the adsorbent were introduced. Each
solution was stirred for a time corresponding to the
equilibrium time of the dye, and the value of pH was
varied. The acidic and basic pH values obtained were
justified by the addition of 1M HCI to acidify and 1M
NaOH to basify.

Table2
Langmuir and Freundlich isotherm parametersfor MB adsor ption
Adsorbent Langmuir Freundlich
Om MY-g " b, I'mg™ R R Ke, mgg™-(-mgH)™ n R
BP 45.45 1.83 0.93 0.051 16.726 3.215 0.73
AP 17.54 4.38 0.90 0.022 10.175 2.932 0.89
PL 19.60 2.68 0.92 0.035 10.633 2.702 0.86
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Fig. 6 shows the variation of MB removal on BP,
AP, and PL at variousinitial pH of the solution.
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Fig. 6. Influence of pH on the adsorption yield
on BP(n),AP(e) and PL (A)

The behavior of MB dye adsorption on three
activated carbons was studied over a wide range of pH
(2-12). It can be seen from Fig. 6 that the maximum
guantity of MB removal for three adsorbents was at pH 9;
after that we can notice a decrease in the adsorbed
capacity of the MB between pH 10 and 12. This behavior
may be due to the fact that the surface of the adsorbents at
pH <9 is negatively charged, which promotes the
adsorption of the methylene blue cationic dye. On the
other hand, for pH values above 9, the surface of the
adsorbents is positively charged and therefore capable of
repelling the dye cations.

As the pH value decreases, the number of
negatively charged sites also diminishes and the number
of positively charged sitesincreases[26].

4. Conclusions

In this work, we have demonstrated that activated
carbons prepared from agricultural wastes of bean ped,
acorn peel and Pistacia lentiscus under microwave
induced KOH chemical activation are good adsorbents for
the removal of methylene blue from agqueous solutions.
Equilibrium is reached for al activated carbons BP, AP,
PL after 30min. The eimination ratios of these
compounds were ranged from 86.2 to 98.2 % for all new
activated carbons BP, AP, and PL. The experimental
adsorption data of Langmuir and Freundlich isotherm
model have proven that the adsorption of MB on BP, AP
and PL isfavorable.

The calculated kinetic parameters of activated
carbons BP, AP and PL from the pseudo first-order and
pseudo second-order plots indicate that the pseudo-
second-order model shows a better fit.

Ibtissem Kahoul et al.

The attractive features of activated carbons via
microwave assisted KOH can reduce the time and save
energy for activated carbons preparation. Moreover, the
activated carbons BP, AP, and PL are environment
friendly, effective and of alow cost.
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BUJAJIEHHSI METUJIEHOBOT'O CHHBOT'O
AJICOPBLIEIO HA AKTUBOBAHOMY BYT'L/LII
OJIEP’KAHOT O 3 CL/IbCBKOTOCHOJIAPCHKHAX
BUIXO/IB ITIJI JI€I0 AKTUBOBAHOT'O
MIKPOXBWJISIMHA KOH

Anomauyin. /i eudaiennss 6apeHUKA MemuieH08020 Cu-
HbO2O 3 BOOHUX PO3UUHIE OOCTIONCEHO HOBE HeOopo2e AKMUBOBAHE

371

gyeinis, ooepxcane 3 nywnunns 6ooie (JIB), oconyos (JDK) ma
macmuxosoeo oepesa (JIM) nio dicto akmueo8ano2o MikpoXeunsimu
KOH. Ilposedeno ananiz odepoicanux 3paskié 3 GUKOPUCMAHHAM
MepmozpagimempuidHo20 ananizy ma CKAHylouoi eleKmpoHHOi
MIKpockonii. Aocopbuyiiini  enacmueocmi @yeneyio GuUHaueHi 3
ypaxyeannsm eniusy pH, uacy xonmaxmy, kinekocmi aocopbenma
ma ioeo noyamxosoi kouyenmpayii. Iloxazamo Mmodcnugicmo
surxopucmants JIB, JDK ma JIM sx exonociunux egpekmusnux ma
Heoopocux aocopbenmis Osi BUOANLEHHS] MEeMULEH08020 CUHbO2O
6ap6HUKA 3 BOOHO20 PO3UUHY.

Knwuosi cnosa. axmueosane 8yeinna, CilbCbKo20C-
nooapcuKi 8i0x00U, a0copoyist, MEMuiLeHOBUL CUHILL, MIKDOXGUII.
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Abstract. The increase of ecological safety level of the
hydrosphere as a result of the improvement of the
adsorption processes for waste and mine water
purification by using natural sorbents and desalting
processes via electrodialysis has been investigated. The
optimal parameters of improved sorption processes with
natural sorbents have been established. The mechanism of
diffusion was studied by the “kinetic memory” method.
Effective coefficients of pore diffusion were determined
during sorption of pollutants by natural sorbents. The
optimal parameters of electrodialysis with intermembrane
filling by ion exchangers for demineralization of waste
and mine water have been established.

Keywords: ecological safety, dectrodialysis, natural
sorbents, sorption, waste and mine water, intermembrane
filling.

1. Introduction

Ukraine bedongs to the least water-dependent
countries of Europe, since the local reserves of river
runoff is about 1000 m*/year per person. The main reason
of surface water pollution is the dumping of untreated and
insufficiently treated industrial waste water. Wastewater
of light or mining industries is especially dangerous
because it is not only highly mineralized, but aso contains
high molecular compounds in significant concentrations.
Among them there are organic dyes from textile
enterprises. The specific volume of wastewater from
painting industry is 150-489 m?/t. In some mining regions
of Ukraine thereis a shortage of drinking water, whereas a
large amount of mine water is pumped out from
underground openings and negatively affects the
environment. Using purified mine water would help to
solve two problems at once: to reduce its negative impact
on the environment and to overcome the shortage of
technical water in the regions with poor water resources.
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Effective method for purification of municipal
wastewaters and landfill filtrates are aerobic biological
methods [1, 2]. One of the promising methods of waste
and mine water demineralization is electrodialysis, due to
which desalting and concentration of water with a salt
content of up to 12,000 mg/l can be achieved; the
purification efficiency would be up to 94 %. As a resullt,
the initial solution can be concentrated by almost 20 ti-
mes. It isimportant that the service life of the membranes
is economically attractive and durable[3-7].

The high effect is achieved by using ion
exchangers. Electrodialysis is an effective desalination
method, in particular for seawater which may be used in
drinking water supply. Electrochemical, as well as reagent
methods are versatile, well exposed to automation and
provide high efficiency of purification [8-10].

Adsorption using natural sorbents of mineral and
plant origin is also economically viable method of waste
and mine water purification [11-13]. The prospect of
using natural minerals in the process of wastewater
treatment is determined not only by their high adsorption
capacity but also by the existence of effective methods for
improving the adsorption properties of minerals and the
nature of their surfaces via modification. Exhausted
natural adsorbents often do not require regeneration (the
sorbents saturated with the withdrawn component receive
new qualitative characteristics and can be used in other
technologies).

Therefore, the investigations aimed at improving
the adsorption-ion-exchange processes of waste and mine
water purification are relevant and important for
increasing the ecologica safety of the hydrosphere.

The aim of this work is to increase the ecological
safety level of the hydrosphere as a result of the
improvement of the adsorption processes for waste and
mine water purification by using natural sorbents and
desalting processesvia el ectrodialysis.

2. Experimental

The kinetics of dyes sorption by natural sorbents
was investigated in a thermostated apparatus equipped
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with a dtirrer using activated bentonite, glauconite and
palygorskit as the sorbents. The design of the setup
allowed to vary the speed of rotation of the mixing device
for various experiments. The contaminated media were
artificially prepared wastewater, contaminated with
anionic red 8C and active scarlet 4ZhT dyes. In the
experiments with interrupted stirring, the mixing device
was stopped after 5 min, the interruption time was 10 min
(Az =10 min).

A method for comparing experimental values with
the theoretical ones for intradiffusion sorption process on
the basis of effective coefficients of pore diffusion was
that adsorption occurred in the volume of the fluid, which
in aweight ratio significantly exceeded the content of the
solid phase (sorbent). It means that at the initial moment
of time the concentration of pollutionsin the fluid changes
dightly. In the beginning of the process, it is accepted asa
constant on the surface of the adsorbent grain, and the
mathematical problem was formulated as a problem of
diffusion with the first-type boundary conditions.

To investigate ion-exchange processes for highly
mineralized waste and mine water purification the model
system of ion exchange resin KU 2-NH,4Cl solution was
used. The ion exchanger was placed in a measuring cell
(U-shaped tube) and alternately led to the equilibrium
with the test solution (solutions of 0.1-0.5M were
investigated). The values of back resistance of the pure
solution and the ionite—solution system depending on the
solution concentration (/R) were plotted. The point of
intersection of the recelved dependences allowed to
determine the concentration of the iso-conductive solution
(under which the concentration conductivity is the same as
that of ion exchanger). Then the resin was transferred to a
centrifuge cell (the ion exchange cell with a porous
bottom and two platinum electrodes, folded against each
other in the cell wall). The equilibrium solution was
removed by centrifugation. The centrifugation of the cell
lasted 15 min at the increase in gravity by 373 times.
Using an AC bridge (1000 Hz), the resistance of the cell
(R) was measured, the value of which was used to
calculate the specific electrical conductivity of the ion
exchanger. The aobtained results allow to study the con-
centration dependence of the resin specific conductivity in
the NH,4Cl solution.

3. Results and Discussion

The selectivity of adsorption by clay minerals is
caused not only by the presence of micro-, meso-,
macropores, but also by participation of nanotubes in the
adsorption processes and formation of the pores between
them. It was investigated that the pore radius of the
modified bentonite of the IInitsky deposit shifts toward the
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transition pores and macropores [14], which suggests an
expansion of selective sorption range. The increase in the
number of trangition pores indicates that the main mass
transfer occurs precisely in these pores. In addition, the
capillary condensation is observed in such pores, which
takes place when the non-compensated superficial forces
act over the pores entire volume.

Forecasting of the adsorption kinetics on the
example of direct dyes sorption from wastewater can
determine the speed of achieving the process equilibrium
and its mechanism, as well as the maximum sorption
capacity of the adsorbent. In this case, the possibility of
calculating the diffusion coefficients of mass transfer
alows to construct an optimization profile of the
industrial process.

The solution of the problem for the intradiffusion
adsorption process at the initial concentration in the
solution (z = 0; Co) and in the adsorbent grain Cy, and the
firg-type boundary conditions, with the assumption that
the particles shape being spherical, is the equation that
determines the change in the component concentration in
the liquid phase with time [15]:

€ y 6a(l+a)exp(- u
Gy 1§ g&a) pE uidk 1)
C, l+tag n2  9+%+a’nm §
O, @
M 3+ axm’

where C is the initial concentration of the component in
the solution, g/dm® C; is the component concentration at
the given moment of time, g/dm®; i, are positive roots of
characteristic equation; a is the coefficient of adsorbent
pores filling by an adsorbate.

Theoretical calculations of the coefficient of pore
filling in natural sorbents by direct dyes (Fig. 1) are
caried out taking into account the hydrodynamic
conditions of the process and the effective coefficients of
pore diffusion. The granulometric composition of sorbents
and their distribution by fractions are the same.

From the presented graphic dependences it is
observed that the maximum coefficient of pores filling b}/
direct dyes for natural adsorbents is achievedat n=6s".
On the basis of constructed dependences, caculated
effective coefficients of pore diffusion and the shape of
kinetic curves, we may assert that the process transfers
from the external diffusion or mixed area to pore diffusion
area, which is characterized by Bio humber Bi ® 0.

Bi =" €)

P

where S is the mass transfer coefficient, nvs; D, is the
coefficient of pore diffusion, nm/s; Ris the radius of the
adsorbent grain, m.
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Fig. 1. Effect of the process hydrodynamic conditions on the coefficient of porefilling of the adsorbent (activated bentonite (1);
palygorskit (2); glauconite (3)) by anionic red 8C (a) and active scarlet 4ZhT (b)
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Fig. 2. Kinetic curves of anionic red 8C (a) and active scarlet 4ZhT (b) sorption
by activated bentonite for variable stirring modes (¢ — continuous; ® — periodical)

At the externa diffusion Bi > 50. Within the range
of Bi = 0.2-50 the diffusion mixed area takes place and at
Bi ® Othereisaporediffusion.

In order to confirm the diffusion mechanism, we
used an interrupt method, or the so-caled “kinetic
memory” method, the essence of which is described
above. Concentration gradients in the adsorbent grain
were aligned during the period of contact between the
sorbent and the solution, i.e., when the diffusion process
was retarded. After the contact was restored, the mass
transfer rate increased in comparison with that before
interruption. Thus, the increase in the sorption rate
confirms the proceeding of pore diffusion (Fig. 2).

To calculate the level of achievement of adsorption
equilibrium (F), we used a model of gd diffusion from a
limited volume to the elementary spheroidal particle of the
adsorbent [16]:

6 -p2>Dpx
F=1- —> R (4
p

wheret isthe adsorption time, s.

If the process approaches the equilibrium one, the
final value of the component concentration in the solution
has the form:

Ci_ a
C, 1ra ©

Parameter t is the dimensionless value which is

similar to the Fourier number (Fo = DR;{ ) and takes into

account physical and sorption characteristics of the
sorbent:

Dxt_ e _GC

0 6
R 1-e, r ©

t =
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where t is the adsorption time, s; D is the diffusion
coefficient, m’/s; R is the partide radius, m; ps is the
density of solid porous phase, kg/m®; gp Is the particle
porosity, m*/m®.

Obvioudly, the low vaues of the exponential
correspond to the high time values, therefore, since some
time we can neglect the roots of the characteristic equation
m. Eq. (4) can be submitted as a straight dependence:

Ingei-
eCo

We determine the effective diffusion coefficient
using aslope angle:

2 -
tga R yl ep yr sqo (8)
nf ep CO

The obtained results alow to determine effective
diffusion coefficients of pollutants sorption by natural
sorbents in the modified form and to estimate the intensity
of the adsorption process.

To determine the parameters of the externd
diffusion process of adsorption, we proposed a model
based on the theory of local isotropic turbulence for
apparatus with a mechanical tirring [16]. This theory is
applied to describe dissolution of the solid particles, the
sizes of which exceed the thickness of the diffusion
boundary layer. The theoretical coefficient of mass
transfer is calculated according to the dependence:

b, =0.267Xe, 0 )" > 9
where e — specific energy of dissipation; n — kinematic

a o0

1—+:InB- it @)

D=

viscosity, m’/s, Sc= % —the Schmidit number.

The diffusion coefficient of dissolved pollutants
(Dg, mPls) is determined according to Wilk-Chang
equation:

g T(X>XM

D, =7.440 2 TOOM ) oy gﬁgte') (10)
where T is the temperature, K; x isan initial concentration
of pollutant in water, g/dm3; Muater 1S the molecular weight
of water, g/mol; mis a dynamic viscosity of water, Pass;
u is a volumetric molecular weight of the pollutant,
cm®moal.

The specific energy of dissipation &, and mixing
power N were determined according to known depen-
dences:

&= (11)

N
rx/

N =K, @ n’xd® (12
where Ky is the coefficient of mixing, which depends on
the Reynolds number; p is the density of the fluid, kg/m®;
d isa diameter of the mixer, m; n is the number of mixer
revolutions, 1/s.
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According to Ref. [16], an increase in the
coefficient of mass transfer is observed compared to the
calculated Eq. (9) due to the radia separation of solid
particles. Theoretica values of f were compared with
those determined experimentally.

Fig. 3 shows the experimental and calculated
values of the coefficients of mass transfer # depending on
the number of revolutions n. The obtained graphic
dependences allow us to confirm the adequacy of the
proposed calculating method in order to predict the
intensity of the sorption process.

5

4 //
éz.a —
s Q/V
nl

0

0 50 100 150 200 250 300 350
n, rev/min

Fig. 3. Coefficient of mass transfer vs. number
of revolutions for the modd solution “ pollutant-sorbent”:

4 —theoretical results; ® — experimenta results

The character of the kinetic curves in Fig. 3
confirms the dominant mechanism of pore diffusion in the
adsorption process of direct dyes from wastewater by
natural sorbents. Thus, using the correction factor Ky,
which takes into account the radial separation of the
sorbent solid fraction in a limited volume of fluid, the
value of the experimental coefficient of mass transfer will
approach the theoretical value.

Reverse water supply systems contain ions of
sodium, phosphates, chlorides and sulfates. It is important
to choose how to remove these ions in a form easy to be
used. It is expedient to recycle sodium chloride via
electrodialysis to obtain akali and active chlorine.
Electrodialysis with filling the intermembrane space by
ion-conducting turbulators, e.g. granulated ion exchange
materials, is a promising method. The role of these ion-
exchange materials is that irreversible dissociation of
water occurs on their heteropolar boundaries with ion-
exchange membranes, during which hydrogen and
hydroxyl ions are generated, which are involved in the
continuous electrochemical regeneration of the ion-
exchange material. There is a combined transport with
ions of water mineral impurities. The use of insulating
fillers results in a significant increase of the voltage drop
and decrease of the membranes working surface.
Therefore, the use of ion exchangers in the form of
granules as intermembrane filling is of considerable
interest. But for the successful application of insulating
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fillers for the electrodiaysis, a prerequisite is the preli-
minary study of the electrical conductivity of materials
that will be used for intermembranefilling.

We obtained dependences for the pure solution (1)
and the system ionite — solution (2), allowing to determine
the concentration of insulating solution. They are shown
in Fig. 4. The point of intersection of the resulting
dependences allows to determine the concentration of the
insulating solution, which is equal to 0.51 mol/dm?®.

When using the dependence of specific electric
conductivity of NH4Cl solution y = 11.136x+0.061 we
found kig, = 5.8296 Ohm*m* or S/m.

The cdl constant is calculated according to Eq. [17]:

G=ky R, (13
where T" is the cell constant, determined by the known
electrical conductivity of the ionite at the point of
isoelectric conductivity, R, is the measured resistance of
the cell after centrifugation with resin, brought to
equilibrium with an isoelectric conductivity solution. So,
G=5.8229 Ohmi*m™ - 596 Ohm = 3474.442 mi*.
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Fig. 4. Determination of the isoel ectric conductivity point of
KU-2 resin in a U-shaped tube: NH,CI solution (1); ionite (2)
and line of isoel ectric conductivity (3)

The obtained data can be used to calculate the
electrodialysis process of solutions with NH,Cl, using
intermembrane filling by theion exchanger KU-2.

4. Conclusions

The proposed mathematicd models of the
adsorption process, which are based on the calculation of
external and pore diffusion parameters, alow us to
determine the limiting step of adsorption. This enables to
predict the degree of pollutants absorption from
wastewater. The experimental results regarding the
electrical conductivity of KU-2 resin, which will be used
for intermembrane filling during eectrodialysis, allowed
to determine the cell constant and establish the
concentration dependence of the KU-2conductivity. The
obtained results can be used for the calculation of real
processes.

Myroslav Malovanyy et al.
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_ VJIOCKOHAJIEHHS A/ICOPBLUIHO-
MOHOOBMIHHHX ITPOLIECIB OUMILEHHS
CTIYHHX TA IIAXTHUX BOJI

Anomauin. Jocniodceno nioguujents pieHs eKoN02IHHOT
6esnexu ciopocgpepu 6 pesyibmami YOOCKOHAIEHHST A0COPOYITIHUX
npoyecie OUUUeHHs. CIMIYHUX MA WAXMHUX 800 6i0 3a0pyOHeHb i3
3aCMOCYBAMHAM NPUPOOHUX COPOEHMIE MA NPOYECi8 3HECONO8AHHSL
enekmpooianizom. Bemanoegieni onmumanvhi napamempu yoocko-
HaneHHs npoyecie copoyii 3a0pyoHeHb NPUPOOHUMU COPOEHMAMU.
Mexanizm oughysii’ docriodncenuti Memooom <KIHemuyHoi nam' smi».
Busnaueni  egpexmueni - koegpiyiecnmu  enympiuinboi  ougysii 6
npoyeci copbyii 3a0pyoHens npupodnumu copbenmamu. Bcmanog-
JIeHi  OnmuMaibHi - napamempu  peanizayii - erekmpooianizy i3
MIHCMEMOPAHHOIO 3ACUNKOIO LIOHIMOM OJis OeMIHEPani3ayii CmiyHux
Ma Waxmuux 600.

Knrouosi cnosa:. exonociuna 6e3nexa, enexmpooianis, npu-
POOHI  copbenmu, copbyis, cmiuHi Ma waxmui 00U, Midic-
Membpanna 3acunka.
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Abstract. A secondary pH of phthalate buffer was
prepared by differential potentiometry method using a
Baucke cell which is separated by sintered glass disk in
the middle of cell — so called two-half cdls. The method
has been validated at 298 K with the purpose to evaluate
its suitability for meeting the application requirement. The
method validation parameters include accuracy (bias),
precision (repeatability), and estimation of measurement
uncertainty. It was found that both accuracy and precision
of the method were good, which isindicated by their very
low standard deviation (SD). The measurement uncer-
tainty value of the method was estimated. Application of
the validated analytical method for the measurement of
phthalate buffer in an international comparative test
(APMP.QM-K91) showed that the result was close to the
APMP.QM-K91' sKey Comparison Reference Vaue.

Keywords: differential potentiometric cell, pH, phthalate
buffer, method validation, international key comparison.

1. Introduction

Scientifically, pH is defined as a value of -og ay,
involving a single ion quantity and activity of hydrogen
ion [1]. Practicaly, the pH is used to specify acidity or
basicity properties of any substance that are mainly in the
form of their agueous solution. Determination of pH is
one of the most common and frequent quantitative
measurement in the field of chemical analyzes [2]. The
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common application of the pH measurement is to control
industrial processes with the purposes to preserve product
quality, reduce the corraosion rate in plant equipment, and
protect the aqueous environment by helping wastewater
discharge process to meet regulatory limits[3].

Measurement of pH is a process applying the
physico-chemical principle and it can be performed by
using various methods such as colorimetry and
potentiometry. To date, potentiometry is widely used due
to its simplicity and accuracy in comparison to other
methods [4]. Potentiometric method is measuring the
potential difference between two electrodes that are
simultaneously immersed in the solution to be examined
[5], by which those glass electrodes must be regularly
calibrated before use by using pH buffer standard
solution.

A reliable data of a pH measurement process
having a traceability property to the International System
of Units (Sl) is extremely required [2]. For pH
measurement, the traceability chain can be established by
linking the pH data resulted from a measurement to the
pH value of a primary pH buffer standard solution [6].
This buffer standard is obtained from the primary method
[2]. It is widely known that the primary pH buffer
standard solution for the calibration purpose is
characterized by its long-term stability, high purity and
good reproducibility [6]. However, the use of primary pH
buffer standard solution by common testing and
calibration laboratoriesis costly; thus secondary pH buffer
standard solution is an alternative which is widely used by
the laboratories to keep the traceability of their pH
measured data [2].

So far, the pH value of secondary pH standard
buffer solution is commonly determined by secondary
method using differential potentiometric cell or caled as
Baucke cell. This method was firstly introduced in 1994
by F. Baucke, whose name was then used for naming the
cell [2]. Schematic design of Baucke cell is presented in
Fig. 1[6].
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Fig. 1. Schematic diagram of Baucke cdll [6]

Baucke cell is U-shaped cell separated by a
sintered glass disk in the middle of the cells, called as
two-half cells. One cdl contains the primary buffer
solution (as a standard solution) and platinunvhydrogen
(Pt/H,) dectrode. Ancther cell contains secondary buffer
solution (as a sample solution) and Pt/H, electrode. These
two buffer solutions must have the same nominal
composition. Similarly, two Pt/H, el ectrodes must have as
similar characteristic as possible. Since the hydrogen in
the half cells is about the same, liquid junction potential
(LJIP, developed in the junction between the two half
cells) can be neglected [2]. The pH of secondary buffer
can be calculated by Eq. (1) [2]:
ot @

n10

where pH, is pH value from primary buffer standard
solution; DEg is potential difference between two Pt/H,
electrodes after stabilization (V); F is Faraday constant
(96,485 Cmol™), R is the universal gas constant
(8.314 JK™ mol™); T is solution temperature (K) [2].

In Indonesia, most of industrial and testing
laboratories used imported and traceable buffer standard
solutions in their pH measurement activities [7]. The use
of traceable secondary pH buffer standard solutions is
extremely important to keep the traceability of the
measurement to the Sl unit. However, an imported buffer
standard solution is economically disadvantageous due to
being costly and the import process is also time
consuming. Therefore, providing the industries and testing
laboratories with secondary buffer standard solution to
meet the local need is essential.

In pH measurement, the phthalate buffer is one of
the most commonly used in comparison to other buffer
standard solutions because it is readily commercia
available, rdatively stable and pH value is markedly non-
sensitive to a temperature change [8]. In addition, the
phthalate buffer standard solution can be easily prepared
from readily available certified material.

In this study, a phthalate buffer solution as a
secondary pH buffer standard solution was developed by

pH, =pH, -
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LIPl. The secondary pH buffer standard solution was
prepared by using gravimetric method and the pH values
were determined by the differential potentiometry method
using a Standard Reference Material® potassium hydrogen
phthalate (SRM® 185i) as the traceabl e reference standard.
It is important to notice that methods for the preparation
and pH measurement must be validated before
determining the pH value and producing the phthlate
buffer solution in a large scale. The purpose of the method
validation is not only to meet its suitability requirement
for application but also to evaluate the method s
performance [9], by which the results are presented and
discussed in this paper.

2. Experimental

2.1. Materials

All chemicals were of analytica grade, otherwise
stated, and used as received without any further
purification. Hydrogen (Hz) gas (99.9% purity) was
purchased from SlI Gas Indonesia. Chloride acid (37 %
purity), nitric acid (65 % purity), lead (I1) acetate (99.5 %
purity), Certipure® Certified Reference Material (CRM)
potassium hydrogen phthalate (1019650025) were
purchased from Merck, Germany. Palladium (I1) chloride
(anhydrous, Pd basis 60 %) was purchased from Sigma-
Aldrich, USA. The SRM® 185i was purchased from
Nationa Institute of Standards and Technology (NIST),
USA. Demineralized water (0.05us'cm) was produced
from a Thermo Scientific Barnsted Smart2 pure water
purification system and used in all experiments.

2.2. EQuipment

For the investigations we used: analytical balance
with accuracy of 1 mg (PR5003 Dual Range, Mettler
Toledo Switzerland), oven (Heraeus Instruments,
Germany) and a direct current (DC) power supply 0.01 A
(Ad-8723D, China), a digital multimeter 0.01 mV
(34461A, Agilent Technologies Sdn Bhd, Malaysia),
waterbath 0.1 K (Thomas T-N22D, Japan), chiller
(Thomas TRL-117NF, Japan), hot plate and magnetic
dtirer (Cimarec 2, Barnstead Thermolyne Corp. USA),
fume hood (LFH-2120V, Daihan Labtech Korea), digital
thermometer (MKT50, Anton Paar GmBH, Germany),
Baucke Cel, Pt electrode, and chamber (Japan),
stopwatch, and clean glasswares.

2.3. Procedure

2.3.1. Preparation of buffer solution

Standard buffer solution was made from phthalate
buffer solution (0.05molal) SRM® 185i by adopting a
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procedure from [10]. In a typica experiment, the
SRM®NIST 185i was firgly dried at 383.15K for 2h
followed by storing in a desiccator until use, aiming to
remove the water content because the SRM® 185i is stable
only in a dry environment. After that, 9.8 g of SRM 185i
was transferred into a clean and dry beaker glass (11).
Demineralized water was then added into the beaker glass
until the mass reach 959.293 g. The solution was shaken
thoroughly until the solid was totally dissolved. This
gravimetric preparation could eliminate the need to weigh
exactly predetermined mass of solid samples.

Another buffer solution (0.05 molal), as a sample,
was made from Certipure® CRM potassium hydrogen
phthalate in accordance with the procedure described in
[11]. The CRM was dried by placing in an oven at
383.15K for 2h in order to remove the water content.
After that, 10.21 g of CRM was dissolved in 800 ml of
water and made up to 1 |. The solution was shaken
thoroughly until the solid was totally dissolved.

2.3.2. Preparation of Pt electrode

The use of clean Pt electrodes in pH measurements
by differential potentiometric cell is considered very
important. In this study, the Pt electrodes were cleaned
using hot agua regia in order to achieve a sufficiently
small of potential bias [12] and to remove any impurities
from the electrode surface, by which the possible
interference during the measurement can be diminished
[13]. After that, a paladinizing process for the Pt
electrode to minimize reduction of phthalate was carried
out by coating method using palladium black solution [8].
Typicaly, paladium black solution was a solution
mixture consisting of palladium chloride, lead acetate and
chloride acid, where the Pt electrodes were coated by
electrolytic method [12]. The presence of the palladium
black on the dectrode surface may increase the
effectiveness of a hydrogen electrode [14]. Preliminary
results showed that a slightly coated electrode surface was
found to be more stable than thick coated one [8]. To
determine the best surface coating of the electrodes, the
effect of palladinizing parameters such as current and time
were studied. The variation of the current and time was
ranging within 0.3-0.5 A and 2-5 min, respectively.

2.3.3. pH Measurements

The pH of phthalate buffer 0.05 molal (both
standard and sample) were measured by using differential
potentiometric cell. The potential difference between
SRM®185i as a standard and Certipure® CRM potassium
hydrogen phthalate as a sample was assigned as DEg.
Both buffer solutions were placed in the Baucke cell,
followed by inserting the palladinized Pt dectrodes into
each cell. After that, the Baucke cell was immersed into
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the waterbath (298 K). The hydrogen gas was then fed
into each cell with the flow rate of 500 mi/h [12]. It should
be noticed that the hydrogen gas was firstly pre-
humidified before entering the Baucke cell by passing
through the hydrogen into two chambers containing
phthalate buffer solution [2]. The palladinized Pt
electrodes were then connected to digital multimeter and
the DE.q value was recorded after sabilization. A
schematic diagram of the differential potentiometric cell
system used in this study is shownin Fig. 2. In this study,
one hour was required to stabilize the potential and the
measurement was then conducted every 10 min. Finally,
the mean value of DE.y was used for calculating the pH
values by using Eq. (1).

Fig. 2. Schematic diagram of differentia
potentiometric cell system: hydrogen gas (A),
gas controller (B), chambers containing phthalate
buffer (C1 and C2), Baucke cdll and Pt
electrodes (D), digital multimeter (E),
digital thermometer (F) and water bath (G)

2.3.4. Validation method

Validation of an analytical method is a process of
defining an analytical requirement and confirming that the
method under consideration has capabilities and is
consistent with its application requirements [9]. In this
study, differential potentiometric cell was used for the
preparation of secondary reference material for pH
measurement; thus, validation of the method is extremely
required to meet its application purposes. In generad,
validations of the method are conducted to evaluate the
performance characterigtics of the method in term of its
selectivity, limit of detection (LOD) and limit quanti-
fication (LOQ), working range, analytical sendtivity,
accuracy (bias), precision (repeatability), robutsness, and
estimation of measurement uncertainty [9]. However, in
analytical pH measurement, the validation method is only
limited to such parameters as accuracy (bias), precision
(repeatability) and measurement of the uncertainty.

Accuracy is referred to how close the mean of
measurement result (produced by method) is to the
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reference value. This assessment is commonly quantita
tively expressed as bias [9]. Determination of bias (b)
relies on the different between the mean of measurement
results (X ) and the reference value stated in CRM's
certificate (Xcrvm). The value of b is determined by using

Ea. (2) [9].
b:|>z' XCRM| 2
In this study, the mean from 10 times of
measurements was used. The method is categorized as not
to be bias, when the value fals within the range of
measurement precision value (+25 ) (Eg. (3)) with
calculation of S (Eq. (4)) at 95% confidence level [15].
-25 <b<+2s 3

s = Uz, +3 @
n

where Ucgy is Standard uncertainty from certificate; S is
standard deviation, and n is a number of measurements.

Precision (also called as repeatability) isa measure
of how close the measurement results are one to another
[9]. Precisionis usually expressed by a standard deviation
obtained from several measurement replications. In the
pH measurement using differentia potentiometric cell, a
good repeatability is achieved when the value of standard
deviation is equal or less than 6.0-10° V. This criterion is
based on our experiences in the measurement using
differential potentiometric cell to decrease the measu-
rement uncertainty.

Moreover, for edtimating the uncertainty of the
measurement, identification of the uncertainty sources
which contribute to the measurement uncertainty value is
the initial step. After that, estimation of the uncertainty
from each individual source was conducted followed by
combining such individual uncertaintiesto give an overall
estimation of measurement uncertainty [16].

3. Results and Discussion

In the BSN, the eectrochemistry laboratory is a
part of metrology in chemistry group which has
responsibility for the development of reference material in
electrochemistry field such as buffer. The developed
buffer reference materials are used to keep the traceability
of pH measurement (at national level) to SI. It might be an
acceptable idea that every method must be validated
before coming into use for a routine measurement. In this
study, the measurement of the phthalate buffer was
determined by secondary method using differential
potentiometric cell and the method was validated in term
of the measurement accuracy (bias), precison (repeata
bility), and its measurement uncertainty estimation.

Ayu Hindayani et al.

3.1. Palladinizing Pt Electrodes

Optimization of paladinizing Pt eectrode is an
important step and it has to be conducted to increase the
work efficiency of the Pt electrode, because in
homogeneities such as tiny spots on the el ectrode surface
may affect the measurement results. Therefore, any
surface dirt must be removed by cleaning procedure [12].
Besides, in the differential potentiometry, the surface
condition of two Pt electrodes must be as similar as
possible[2].

Fig. 3 shows the DE. dependency on the electrical
current used in the palladinizing Pt electrode. It can be
seen from Fig. 3 that the obtained DE. vaue
significantly decreases when the electrical current
increases up to 04A and then increases. This
phenomenon can be described as follows: at alow current
(below 0.4 A) in palladinizing, only a small number of
metal was deposited on the surface of Pt electrode and that
was a non-optimum condition to minimize the reduction
process of phthalates, leading to a very large DE.y value.
In contrast, at a high current (above 0.4 A), the DEqy,
value is significantly increased. These high DEy values
might be due to the high current used in the palladinizing
resulting in inhomogeneity of deposited metal on the
electrode surface [17]. Consequently, two Pt eectrodes
were unidentical and those electrodes did not meet the
requirement of the electrodes used in potential differential
potentiometric cell. Moreover, when palladinizing at the
current of 0.4 A, the DE.q; was found to be the smallest
value, indicating that two half cells were smilar, having
homogenous deposition of metal on the electrode surface.
Based on this finding, a value of 0.4 A was used as the
optimal current in palladinizing the Pt e ectrodes.

Fig. 4 displays the effect of time variation on the
DEqq value. Asit can be seen from Fig. 4, DE.g decreases
in 24 min and then increases in 5min. For 2 min, the
DEqq Was found to have a relatively high value. It was
assumed that due to the short time of palladinizing process
avery small amount of metal is deposited on the electrode
surface (data are not shown here). Thus, the reduction of
phthalates cannot be minimized. On the contrary, longer
palladinizing time may decrease the DE.y value and the
lowest value of DE isachieved in 4 min, indicating that
the metal deposited on the electrode surface was in a
homogenous and optimum condition. Consequently, the
smallest DE. value confirms that the optimum
palladinizing time is4 min.

S0, it can be concluded that the optimum electrical
current and reaction time were 04A and 4min,
respectively. The Pt electrode obtained under this
optimum condition was then used for the measurementsin
the validation of the analytical method.
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Fig.3. The dependence of DE.y on the electrical
current in Pt dectrodes palladinizing

3.2. Validation Method

In this study, the validation of the measurement
method was conducted in terms of accuracy (bias),
precision (repeatability) and measurement uncertainty
edtimation. For the accuracy, the evaluation was taken by
estimating the bias of the mean true value from 10 measu-
rement replications. The results of the method accuracy are
presented in Table 1. It can be seen from Table 1 that the
mean of pH vaue of the CRM was found to be 4.0052,
while the certificate value of the secondary phthalate buffer
was 4.0070; thus the bias of the method was 0.0018. This
bias value is relatively small and lies in the range of the
precision value +2s (with 95% confidence levd), implying
that the analytical method is accurate [15].
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Fig. 4. Optimization of time
in Pt eectrodes palladinizing

Precison (repeatability) is a measure of how daose
the measurement results are to each other [9]. The precision
is usualy expressed by standard deviation from severa
measurement replications. In this study, repeatability was
carried out by measure of the samplein 10 replications and
the results are listed in Table 2. From the Table 2, it was
found that the standard deviation for the measurement is
30-10° which is lower than acceptance criteria value
(6.010°V) of our experience in measurement using
differential potentiometric cell. Hence, it can be concdluded
that the analytical method used in this study is precise
(repeetable). Moreover, for the measurement uncertainty
edimation, al possble sources of the uncertainty
contributor were identified and schematically displayed
using Ishikawa diagramasshownin Fig. 5[2].

Table1 Table2
Accur acy data of the analytical method Precision/repeatability data
M essurements pH at 298 K of the analytical method
1 4.0045 M easurements DE.q @ 298K, V

2 4.0051 1 0.00009

3 4.0050 2 0.00001

4 4.0056 3 0.00005

5 4.0057 4 0.00004

6 4.0057 5 0.00002

7 4.0053 6 0.00005

8 4.0056 7 0.00008

9 4.0050 8 0.00008

10 4.0049 9 0.00001

Mean (X ) 4.0052 10 0.00008

Standard deviation (S,) 0.0004 Mean (X ) 0.00005

Ucru 0.0015 Standard deviation (S,) 3.0-10°

Xerm 4.0070 Criteria equal or lessthan 6.0-10°
b=[X- Xcmu| (Eq.2) 0.0018 Status OK
5= /UERM +ﬁ2 (Eq. 4) 0.0015 Table 3 shows the measurement uncertainty
_ n estimation for secondary pH measurement. From Table 3,
Criteria - 25 S:a<t (Eq.3) | -0.0030< 0'001(;: 0.0030 it can be seen that the expanded uncertainty for the
us

secondary pH measurement using differential potentio-
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metric cell at 298K is 0.001 (95 % confidence level),
which is lower than the IUPAC recommended value
(0.004 at 95 % confidence level) [1]. Extremely small
uncertainty of the primary buffer used might be the reason
for small uncertainty obtained in this study, indicating that
uncertainty of the primary buffer is very important [2].

3.3. Application

Validation method of the secondary pH mea-
surement using differential potentiometric cell isto check

Ayu Hindayani et al.

the suitability of the differential potentiometry method
with the application required and evaluate the method's
performance. In this regard, participation in an
international key comparison (APMP.QM-K91) was
conducted. In short, the comparison results indicated that
differential potentiometric cell can be used in the pH
measurements of phthalate buffer at 298 K. The measured
value (4.006) is close to the APMP.QM-K91's key
comparison reference value (KCRV), that is 4.00765. The
results are graphically displayed in Fig. 6 [18].

AEtell
J 298K |
Repeatability 402 T -
Liquid Junction Potential (LIJP) | 1 l
Voltage Uncertainty ‘ _ § - |
(multimeter calibration) \
> pH. | =-®=T% ) |
. Temperature Uncertainty / -
Uncertainty - — \r
- Multimeter calibration
Primary measurement / 3.99 <‘
/ Repeatability / e
pH; T
Fig. 5. Ishikawadiagram [2] Fig. 6. Results of pH measurements of phthalate buffer at
298 K compared with APMP.QM-K91 [18]
Table3
Data for uncertainty estimation of secondary pH
measurement using differential potentiometric cell at 298 K
Standard . Sensitivity . .
Sources uncertainty (u) Unit coefficient (G) Unit UG
Primary buffer 0.0004 - 1 - 0.0004
DEcq
Eca. 5.50-10" \% -16.91 Vv -9.30-10°
Ee 5.77-10" \% -16.91 Vv -9.76:10°
Egan. 2.00-10° \% -16.91 Vv -3.38:10"
Repeatability 3.2310° v -16.91 vt -5.46-10°
LIP 35310° \% -16.91 Vv -5.96-10°
Temperature
Teal, 0.02 K 2.010° K* 3.010°
Tres 0.06 K 2.010° K* 11510
Stability 0.06 K 2.0-10° KT 1.20-10”7
Homogeneity 0.04 K 2.0-10° KT 8.0-10°
Combined uncertainty
(U 0.0005
Expanded uncertainty
(L),
k=2 0.001
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4. Conclusions

The result of validation shows that the differential
potentiometry method is appropriate for the pH
measurement of phthalate buffer at 298 K, with the value
of the bias and precision found to be 0.0018, and 3.0-10°,
respectively, having an estimated uncertainty value of
0.001 (k = 2). The validated method of pH has been tested
by participating in the international comparison
(APMP.QM-K91) and the result was excdlent, con-
firming that the method is valid.
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IMPUT'OTYBAHHS BTOPUHHOI'O pH-CTAHJAPTY
ISl ®TAJIATHOI'O BY®EPHOI'O PO3YHUHY
3 BAKOPUCTAHHSAM U ®EPEHIIAJTBHOI
MOTEHI[IOMETPUYHOI KOMIPKH: BAJIIJTALIS
METOAY TA 3ACTOCYBAHHS

Anomauin. Memooom oughepenyiiinoi nomenyiomempii' iz
3acmocyeannsam  enexmpoximiunoi  komipku bayke, posoinenor
nocepeouHi NOPUCMOIO CKIAHOI0 OUCKOB0I0 NepecOPOOKOI0 HA MAK
36ani 08I HANIGKOMIDKU, npucomosanull maramnuti Oyghepruil
PO3UUH AK 8MOPUHHULL cmanoapm 0 eenudunu pH. [Ipasunvricme
ybo2o memooy nepesipena 3a memnepamypu 298 K 3 memoio
oyinku  tioco npuoamuocmi. Ilapamempu eanioayii memody
BKIIOUAIONb  MOUHICMb  (BIOXWIEHHS. 6I0 ICIMUHHO20 3HAYEHHSL),
npeyusitinicms  (HOBMOPIOBAHICIb) MA  OYIHKY HEGUSHAUEHOCI
euMIpioeans. Busienerno, wo i mounicme, i npeyusitiiHicms Memooy
6YIU HA HALEHCHOMY DIiGHI, U0 NIOMBEPOACYEMBCIL OYIHCE HUSLKUMU
BENUUUHAMY CMAHOAPMHUX 8I0XULeHb. [Ipo6edeHo oyiHKy eenutuHu
HEBU3HAYEHOCMI  BUMIPIOBAHHS  Yb020 Memody. 3acmocysanms
8a1i008AHO20 AHANIMUYHO20 MEeMOOy Oid BUMIPIOBAHHA BEUYUHU
pH @manamnoco 6ypepnoco posuuny 32i0HO0  MIHCHAPOOHO2O
nopignsitbHozo  eunpoodyeanns (APMP.QM-KOL) nokaszano, wo
pesyiomam 6y  omusvkum 00 nacnopmioi  (cepmughixosarnoi)
BENUUUHU, KA BUKOPUCIMOBYEMBCA 5K pepepermua 0t NOPIGHANHA
6 pamkax eunpodysarntss APMP.QM-K91.

Knrouoei cnosa:. ougepenyianvna nomenyiomempuina
xomipka, pH, ¢pmanamnuii Oygepnuii posuun, eanioayis memooy,
NOPIGHSHHSL 3 MIHCHAPOOHOIO PehePeHMHOI0 8EUUUHOIO.
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Abstract.® Purification of glucomannan by hydrolising
starch — the main contaminant — was studied. Hydrolysis
removed 88.7% of starch. The highest glucomannan
content was found to be 73.35 %. The sample showed the
comparable infrared spectra to those of the commercial
glucomannan. The kinetics of enzymatic hydrolysis was
evaluated using the Michaelis-Menten model.

Keywords: a-amylase, Amorphophallus oncophyllus,
glucomannan, hydrolysis, purification, starch.

1. Introduction

Amorphophallus oncophyllus is a type of tuber that
grows wildly and recently being commercially cultivated
in the forest edge of Indonesian. The tuber contains
calcium oxaate, which is associated with itching and
irritations in the mouth that makes the tuber underutilized
for human consumption. Being a member of the
philodendron (arum) family, the native A. oncophyllus
flour (NAOF) was reported to contain glucomannan up to
60 % [1]. Unfortunately, most of the Indonesian farmers
sell the tubers as dried chips or low-quality tuber flour [2].
Low glucomannan content reflects a low economic value
of those products. The international standards have
ratified that the top grade glucomannan flour should
contain minimum 70 % of starch. Hence, it isimportant to
explore glucomannan purification method in order to
improve the economic value.

Glucomannan of Amorphophallus sp. is a linear
heteropolysaccharide composed of f-1,4-linked D-man-
nose and D-glucose monomers with 1 to 1.6 of
glucose/mannose ratio and certain short side branches at
the C-3 position of the mannoses through f-1,6-glucosyl
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units. The acetyl groups along the backbone are located at
the C-6 position on average every 9-19 sugar units.
Glucomannan is widely utilized as food ingredients,
including emulsifier and stabilizer as well as functional
foods and drug excipient [1, 3, 4].

Purification methods of glucomannan from NAoF
strongly affect the properties and structure of the purified
glucomannan, which finally influence the scope of
applications of glucomannan. Therefore, it is important to
develop an efficient and convenient isolation method to
produce high purity glucomannan. The isolation of
glucomannan is commonly conducted using dry
(mechanical) and wet methods. The mechanical
purification methods include blowing and sieving, which
result in flour with low glucomannan content [5]. Water,
ethanol, and 2-propyl acohol are common solvents used
for impurities removal in wet methods [6]. However, the
latter method demands a high volume of solvent. Due to
the weakness of these previous methods, another
alternative method was proposed.

Starch, cellulose, and nitrogen-containing materials
are the main impurities, which encapsulate glucomannan
granules [6]. High glucomannan content can be achieved
by maximizing the removal of impurities. Starch is the
highest impurity of NAoF, which seriously affects the
purity and quality of glucomannan, such as reducing
viscosity and increasing turbidity [7]. Hence removing of
starch is expected to be the most efficient method to
increase the quality of glucomannan. As far as literature
survey being conducted, only a-amylase has been used to
enzymatically modify starch and its derivatives by
cleaving a-1,4 glycosidic [8]. Due to the specific
properties of the enzyme, a-amylase is expected to only
cleave o-1,4 glycosidic linkage of starch and leaves a-1,4
glycosidic of glucomannan uncleaved. Application of
enzymatic method on glucomannan purification was still
not fully studied. Hence, the objective of this work wasto
study the effect of enzymatic hydrolysis of starch on
glucomannan purification from NAOF. In addition, the
kinetics of enzymatic hydrolysis was evaluated using the
Michadis-Menten model.
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2. Experimental

2.1. Materials

The main material used in this study was NAoF
obtained from the local farmer (Sidoharjo, East Java
Indonesia). The content of starch and glucomannan in the
flour were 7.92 and 66.3%, respectively. a-Amylase
(EC 3.21.1) was isolated from Bacillus subtilis and
working at pH 6.0-7.0 with 4,000 U/g activity (Suntag
International Limited). B. subtilis is one of the bacteria
which has been used to produce enzymes for human and
animal feed [9]. 2-Propyl alcohol (IPA) solution (70 %)
was used for washing the suspension after the hydrolysis.
Other chemicals used in this work were of analytical
grade and used directly without pre-treatment.

2.2. Enzymatic Hydrolysis

The enzymatic hydrolysis was conducted based on
the method of Wardhani [1]. A flour suspension (400 ml)
was prepared by diluting a predetermined amount of
NAOF in distilled water at 343K to obtain a certain
concentration of the flour (1.5, 2.0, 2.5, and 3.0 % wi/v).
Starch and water in the flour suspension were alowed to
react with the assistance of a-amylase (0.03 g/g flour).
The enzyme concentration referred to the best
concentration of Wardhani [1]. The suspension was
maintained at pH 6.8 during the hydrolysis. Each of the
suspension was conducted for different period of
hydrolysis (0, 25, 50, 75, 100 and 150 min) under
continuous stirring a  350rpm. Once the reaction
completed, 2-propyl acohol (200 ml, 70 %) was added to
the suspension and stirring was continued at 350 rpm for
30 min. After filtration of the suspension, a creamy solid
cake was obtained. The cake was then dried and powdered.
The obtained powders were subjected for further analyses.

2.3. Analytical Methods

The powder samples obtained from enzymatic
hydrolysis were subjected to starch determination using
Fehling solution to obtain the glucose concentration. The
conversion factor (0.9) was used to obtain starch
concentration [10]. Reducing sugar was determined using
Somogyi-Nelson method with D-glucose as a standard
[11]. Glucomannan determination was conducted
following the method of Chua based on 3,5-dinitro-
salicylic acid colorimetric assay with D-glucose as a
standard [4]. The sample was extracted using formiat—
NaOH before hydrolysis using sulfuric acid. Both the
extract solution and the hydrolysate solution were
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subjected to colorimetric reaction and the absorbances
were read at 550 nm. Glucomannan concentration (GM)
was calculated as.

GM (% )= 5000e(5T-To)/m )

where ¢ isthe correction factor (0.9); misa sample weight,
mg; T and T, are glucose in hydrosilate and in extract
sample, respectively.

The analyses were done in triplicates. In addition,
the powder sample with the highest glucomannan was
subjected to Fourier Transform Infrared Spectrometry
(FTIR) for functional groups characterization and
Scanning Electron Microscope (SEM) for particles
microstructure observation. FTIR spectrum of the samples
was recorded under dry air condition at room temperature
in the range of 4000-400cm™ by using IR Prestige
Shimadzu. The peaks were assigned by comparison with
the literature data. The powder granules morphology was
observed using SEM apparatus (FEI Inspect S50) at a
certain magnification. Prior to SEM analysis, adry sample
was placed on a stub and coated with gold.

2.4. The Kinetics Modeling

The Michadis-Menten model was applied to study
the kinetic mode of enzymatic starch hydrolysis on NAoF
using a-amylase at the first 25 min of the reaction. The
MichadlisMenten mechanism was developed based on
the interaction between the enzyme (E) and the substrate
(S— starch), leading to an intermediary enzyme-substrate
complex (ES), from which the reaction product (P —
reducing sugar) is generated (Eq. (2)).

k1 k2
E+SUESRE+P 2
k-1

where k; is a reaction rate constant for enzyme-substrate
linking; k., isareaction rate constant for enzyme-substrate
complex dissociation, and k; is a reaction rate constant for
product generation.

Three stages of reaction can be identified in the
Michadlis-Menten mechanism[12]:

i. Thefirst stageisarapid bi-molecular reversible
one, leading to the formation of an enzyme-substrate
complex.

ii. The second stage is the reverse of the first one,
the intermediate complex, having a reatively short
lifetime.

iii. The third stage leads to the final product by the
irreversible conversion of enzyme-complex, while the free
enzyme goes again to the first stage, linking another
substrate molecule.

The kinetic constants, i.e. Ky and Vpyey, were
determined from an initial rate of hydrolysis production at
various starch concentrations by optimization of their



386

values by fitting the model to the experimental data using
solver facilities of Ms-Excel. The modd was datistically
validated through the R? value.

3. Results and Discussion

The effort to increase glucomannan content of
NAoOF through the removal of darch as the main
impurities of the flour has been conducted by an
enzymatic hydrolysis. The purified flour was determined
for starch, reducing sugar, and glucomannan content.

3.1. Starch Content

The effect of time and flour concentration on starch
contents of hydrolyzed products is depicted in Fig. la.
The figure shows that the starch content decreased in line
with time at all NAoF concentrations. At longer reaction
time, the enzyme was able to create more active sites for
the substrate to be cleaved resulted in lower starch
concentrations in the flour. This result was in line with
that reported by Simsek and El [13]. As expected, Fig. 1a
aso shows that hydrolysis of NAoF at higher flour
concentrations results in lower starch content. This
phenomenon reveals that the enzyme concentration
(0.03 /g NAOF) used in this research provides enough
active sites to promote hydrolysis of the starch in the
range of 1.5-3 % of NAOF. Thisresult was supported by
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Wardhani who found that increasing the enzyme
concentration up to 0.03 g/g NAoF showed a positive
effect in reducing the starch [1]. However, reverse effect
was observed when the enzyme concentration was over
than that one. This could be due to increasing starch
competitor compounds which were produced during the
starch hydrolysis[1].

At dl initial NAoF concentrations studied in this
waork, about a half of the starch content could be removed
in the first 50 min, and then followed by a dower starch
removal rate. During enzymatic hydrolyss, the initia
period corresponds to the rapid hydrolysis of the most
amorphous part of the starch granules, whereas in the latter
stage, the more crygalline parts are dowly degraded [14].
In addition, the high concentration of reducing sugar asthe
hydrolysis product in the reaction medium during the
hydrolysis of starch leads to a significant decrease of the
hydrolysis rate due to its competition with the starch in
occupying the same active sites of a-amylase [15]. As a
result, the degradation rate decreased after 50 min.
Moreover, it was observed that after 100 min of hydrolysis,
the suspension system became more viscous. This increase
in viscosity limited molecules movements resulted in lower
opportunities of the starch granules to contact with an
enzyme which subsequently reduces the starch degradation.
A similar trend was reported by Hera[16], Zhang [17], and
Zheng [18] who found there is no significant difference of
darch hydrolysis rate after 90-100 min.

40 -
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25 1
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Fig. 1. The effect of reaction time
and the concentration of native A. oncophyllus flour on starch
concentration (a), reducing sugar (b) and glucomannan (c)
of the purified flour. Reactions were conducted using
a-amylase 0.30 g/g flour a 343 K
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In this study, the lowest starch concentration was
observed at hydrolysis using 25% w/w NAOF
concentration for 150 min. In this condition, about 88 %
of theinitial starch was hydrolyzed. The removal of starch
in this research was lower than the previous report
Nurjanah [19] who managed to reach 96% of starch
conversion. The difference in results is possibly due to
thermostable a-amylase which allows to be applied at a
higher temperature (368 K) and converts more starch in a
shorter time. Fig. 1a also shows some residual starch was
still detected a 150 min which was difficult to be
completely hydrolyzed. Lopez [20] reported that 90 %
starch hydrolysis conversion was achieved within 2 h.
However, the tota hydrolysis is still not achieved even
after 48 h of incubation time.

3.2. Reducing Sugar

Depending on the chain length, hydrolysis of starch
results in reducing sugar and other derivative products.
Fig. 1b shows that concentration of reducing sugars
increased with the reaction time at all initial concentration
of NAoF. A similar result was reported by Rodriguez and
Bernik [21] who found that reducing sugar still
significantly increased even after 240 min during
hydrolysis of high amylose maize starch Hylon VIl using
o-amylase from human origin Type XI. Higher initia
NAOF concentration leads to a higher production of
reducing sugar at al reaction times. This result agreed
well with Khawla [22] who hydrolyzed potato peedl flour.
However, the reducing sugar of 3 % NAOF decreased
after 100 min which could be due to the possibility of
reducing sugar degradation as a consequence of prolonged
time [23] and high concentration of reducing sugar during
the hydrolysis of starch led to a significant decrease of the
hydrolysis rate [15]. In addition, increasing the viscosity
of the system might also reduce the effectiveness of
enzymatic hydrolysis. Wu and Zhong [24] reported that
viscosity of glucomannan still maintains to increase even
after 6000s of dgirring. The highest reducing sugar
(20.34 %) was obtained from the reaction of 2.5% w/w
NAOoF concentration for 150 min.

3.3. Glucomannan Content

Fig. 1c presents the effect of reaction time and
initial concentration of NAoF on glucomannan content of
hydrolyzed A. oncophyllus flour. In general, a longer
reaction time resulted in higher glucomannan content. The
rise in glucomannan purity was a result of a-amylase
activity, which specifically attacked only the o-1,4-gly-
cosidic linkage of the starch. Since glucomannan is a
heteropolysaccharide molecule consisting of D-mannose
and D-glucose linked by p-1,4 bond, it was not
hydrolyzed. The enzyme helped in cleaving and removing
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starch  coating the glucomannan granules and
subsequently led to release the glucomannan granules. Fig.
1c shows the highest glucomannan purity (73.35 %) was
attained at enzymatic hydrolysis of 2.5% w/w flour for
150 min. The glucomannan purity increased about 10 %
from NAOF. In this condition, the purified flour sample
contained 0.9 % of starch and 20.34 % of reducing sugar.
Nurjanah [19] reported higher increase of glucomannan
content from 28.75 to 80.53 %. Meanwhile, Mulyono [25]
obtained the glucomannan content increased from 31.99
to 93.75 %. Both authors used NAoF with lower initial
glucomannan content than that used in this study. NAoF
with lower glucomannan content may suggest that NAoF
contains higher starch content. The higher starch content
in the initial NAoF showed the higher potential of the
impurities removal, which subsequently resulted in a
higher increase in glucomannan content.

3.4. Enzymatic Hydrolysis Kinetic Model

Fig. 2 shows the correation between the initial
starch concentrations of NAoF and the initial rates of a
product formation according to the MichaelisMenten
model. The constants of the model were determined by a
nonlinear regression method. The optimized value of K,
and Vinax Were 32.84 and 0.905 g/I-min, respectively.

0.07
0.06

0.05

V (g/L.min)
o [=)
8 R

o
o
o

o
o
=

o

0 0.5 1 15 2 2.5
S (g/L)

Fig. 2. Plotting between initial starch concentration in the
suspension system and initial velocity of reducing
of A. oncophyllus flour suspension data (solid-line) and model
according to Michaelis-Menten equation (dot-line)

MichadisMenten constant (K,) is the
concentration of substrate at which the enzyme active sites
are filled haf-full. Thus, K, measures a substrate
concentration required for significant catalysis reaction to
occur. High Ky, value indicates a weak bond between the
enzyme and the substrate in the formation of the complex
compounds ES or low apparent affinity of the enzyme for
the substrate. Hence, the enzyme requires a higher
substrate concentration to reach 50% saturation. In this
study, Kn, value was higher than the concentrations of
starch in the sysem observed (1.19-2.37g/l). This
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implied that a constant rate of complex dissociation is
faster than that of complex production (Eg. (2)). In this
condition, the Michagdis-Menten eguation for starch
hydrolysis in the glucomannan enzymatic purification
becomes:

_ Vo [S]
VE— 3

m

Eg. (3) suggests that the rate of the reaction is
proportional to the substrate concentration. Hence, the
enzymatic starch hydrolysis in glucomannan purification
followed the first-order kinetics.

Meanwhile, maximum velocity (Vi) IS a
theoretical maximum rate of the reaction, which is never
achieved in redlity. It shows the number of substrate
mol ecul es converted to the product by the enzyme per unit
time when the enzyme active dite fully filled with the
substrate. Viex Values are proportional to the rate constants
of the product formation k, [12]. As expected, the Viux
value obtained in this study was much higher than the rate
constants of the product formation obtained from the
experiments  (0.031-0.061 ¢/l-min). The dstatistical
parameter showed a good agreement (R?= 0.956) between
the experimental data and modeling results using the
Michadis-Menten model.

3.5. FTIR Analysis

Comparison of IR spectra of NAoF, the purified
sample (obtained from hydrolysis of 2.5% substrate
concentration for 150min) and the commercial
glucomannan (Patrick Holford, 98% glucomannan
content) in the wavelength range of 4000-400 cmi® is
presented in Fig. 3. The spectra were in good agreement
with those reported by An [3] and Chua [4]. The IR
spectra of all samples demonstrated similar peak ranges of
wavelength but difference in the intensity of the absor-
bance. In general, the absorbance values of the purified
flour sample were between NAoF and commercia gluco-
mannan.

All samples showed a peak attributed to broad
bands located at 3000-3700 cm™*, which indicated the
presence of O-H groups of glucomannan [17]. These
hydroxyl groups were laid on characteristically by methyl
groups located at ~2900 cmi* which assigned to —CH
stretch vibration and 1720 cm™ which attributed to C=0
stretching vibration. The existence of 5-1,4 linked glucose
and mannose of glucomannan was indicated by the
carbonyl (C=0) stretch vibration located at ~1650 cmi*
[26]. While pesks at ~1150 and ~1050 cm* referred to
C-O-C gtretch vibrations from ether groups in the
pyranose rings, which indicate the presence of f-1, 4 glu-
coddic and $-1,4 mannosidic linkages in glucomannan [27].

Dyah Hesti Wardhani et al.

Fig. 3. Comparison of IR spectra of the
native A. oncophyllus flour (grey solid-line),
the purified flour (grey dash-line), and the commercial
glucomannan (black solid-line)

3.6. Granules Morphology

The morphological observation was conducted to
investigate the effect of hydrolysis on the microstructure
of glucomannan granules. Fig. 4 (top) shows the granules
morphology of NAoF observed a  different
magnifications. The NAoF granules displayed polygonal
shapes with an average size of 600 um. The figure
indicates the presence of exposed biomaterials covering
some parts of NAOF surface as a result of grinding and
milling of A. oncophyllus dried chipsinto flour (Fig. 4, top
left). These biomaterials were likely to be the impurities,
which covered up the glucomannan granules. This fact is
in accordance with the results [6] reported that
glucomannan granules were encapsulated by impurities
including starch, cdlulose and nitrogen-containing
material.

Meanwhile, Fig. 4 (bottom) shows the morphology
of the hydrolyzed A. oncophyllus flour sample at 100 and
450 magnifications. After enzymatic hydrolysis, the
hydrolyzed flour granules were irregular in shapes with an
average size of 900 um. The hydrolyzed flour granules
degraded on their external part leading to the formation of
a number of hollows. This phenomenon indicates that
hydrolysis took place by exo-corrosion, and it was not
uniform for al flour granules in which some regions were
much more susceptible to enzymes attack than the others.
The hydrolysis resulted in sharper edges and the cleaner
surface of the flour granules than that of NAoF. Franco
and Ciacco [27] aso reported the enzymatic attack on the
large granules of cassava and corn starches (> 16 um) as
indicated by remarkable corrosion of granule surface,
primarily in the radial direction. The removal of
impurities by enzymatic hydrolysis resulted in the
significant increase of glucomannan content in the flour.
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Fig. 4. Granule morphology of native A. oncophyllus flour (top)
and the purified sample (bottom), at 100 (I eft) and 450 (right) magnifications

4. Conclusions

The overal results suggested that hydrolyzing
25% wiw of NAoF for 150 min successfully removed
88.7% of starch and increased 10% glucomannan
concentration. The final product contained 73.35% of
glucomannan, 0.9 % of starch, and 20.34 % of reducing
sugar. Ky, and Vi values of MichadisMenten model
were 32.84 g/l and 0.905g/l-‘min, respectively with
R® = 0.956. The enzymatic starch hydrolysis in gluco-
mannan purification followed the first-order kinetics. The
hydrolyzed flour sample with the highest glucomannan
showed a comparable IR spectrum to that of commercial
glucomannan. The morphology analysis confirmed the
removal of NAoF impurities from the flour granules as
well asthe rupture of NAOF granule after hydrolysis.
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KIHETUYHI MOJEJIbBHI JOCJIIIKEHHS
EH3UMATHUYHOI'O OYUIIEHHSA
I''IIOKOMAHHAHA

Anomauia. Busueno npoyec ouuwjeHHs 2MOKOMAHHAHA
2I0poni30M KpOXManio — 0CHOBHO20 3abpyoHIosaya. Bemanoeneno,
wo 2ioponizom ycyeaemuvcsa 88,7 % xpoxmamo. Odepowcano Haii-
euwuii emicm anioxomannany 13,35 %. IIposedeno nopigHsiibhi 00-
cnioocennss [4-cnexmpie 00cniodnceno2o i KOMEPYILIHOZ0 2T0KO-
mannana. 3a donomoeowo moodeni Mixaenica-Menmena onucano
KIHEeMUuKy eH3UMamu4Hoeo 2iopoizy.

Knrouosi cnosa. a-aminaza, Amorphophallus oncophyllus,
2NNOKOMAHHAH, eic)pcmis, OYUUEHHS, KDOXMAJlb.
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Abstract. The objective of this study wasto investigate a
comprehensive characterization of composition profiles of
the apricot pomace extract (Prunus armeniaca L)
depending on the used solvent systems. The propan-2-ol,
decamethylcyclopentasiloxane and the mixture of the
apricot pomace extracts are characterized by IR, UV-
visible spectroscopy and gas chromatography-mass
spectrometry (GC-MS) techniques.

Keywords: apricot pomace, extract, propan-2-ol, deca-
methyl cyclopentasiloxane, aldehydes, terpene acohals.

1. Introduction

In connection with the change in the environmental
Situation in the market, it becomes more and more
important to purchase environmentally friendly products,
that is, with the maximum replacement of synthetic
components by natural ones. Many chemically active
substances are found in plant raw materials [1, 2]. Many
studies have been carried out on some plants which
resulted in development of natural “green” products.
However, scientific information on the component
composition of various plants, particularly those that are
less widely used in medicine or food, industry is still
scarce. So, it isan interesting and useful task to find new
sources for highlighting naturally active compounds and
to obtain various products [3-7]. One of the types of plant
raw materials of industrial importance, is the waste of
processing fruit and berry crops. The use of agricultural
and food by-products is an economical solution for
chemical industry. However, large amounts of fruit waste
are discarded yearly at processing plants. This not only
wastes a potentially valuable resource but also aggravates
an already serious disposal problem [8].
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Apricot (Prunus armeniaca L.) is one of the most
widely grown fruit trees with a total world production of
about 3.4-10°tons. Current production of apricot in
Ukraine is about 160 000 tons per year. Large amounts of
fruit resides resulting in the pressing of apricots are
available in Ukraine. With this harvest, there are about
4000 tons of apricot pomace per year. These residues,
called pomaces, are mostly composed of fruit skins, pulp
and seeds, and are considered as wastes of no value. At
present in Ukraine there is no systematic collection and
utilization of pomace; thus, a valuable product with a
largeindustrial potential remains unexploited.

In the literature there are several references to the
polyphenolic compasition of apricot by-products obtained
by extraction with water [8, 9]. However different solvent
systems may be used to extract active components from
plant materials [10]. In the majority of studies only the
water extract profile was studied sufficiently, while the
information about compound composition of alcoholic
extract is very limited. I1t's common knowledge, that the
concentration and composition of chemically active
substances in apricot pomace extract significantly depend
on the type of solvent which has been selected for the
extraction. Under the same conditions of extraction time
and temperature, the type of solvent used is the most
important factor [11]. Water, aqueous mixtures of ethanal,
methanol, 2-propanol and acetone are commonly used to
extract active compounds from plant materials [12]. There
are numerous successful reports about uses of various
extracts of plant materials, including the pomace of
apricot, in different branches of “green” chemica
technology. The main ones are the cosmetic and food
industry, as well as the production of nanosilver particles,
the development of environmentally friendly corrosion
inhibitors [4-6], the creation of an alternative to synthetic
antioxidants and preservatives [13-15]. At the same time
there is a lack of information to compare the effects of
different solvents on the extraction of major classes
compound of the apricot pomace.

The aim of this work was to cary out a
comprehensive characterization of composition profiles of



392

the apricot pomace extract depending on the used solvent
systems to provide a comprehensive assessment of
opportunities for use in chemical industry. This research
provides much beneficial information for the food and
cosmetic industry to choose suitable conditions for
extracting desirable components from apricot pomace, and
serves asa good base for other researchers.

2. Experimental

The object of research is crushed dried of apricot
pomace. One apricot (Prunus armeniaca L.) cultivar
known under local name “ Favorite” was harvested (during
July 2017) in two geographica regions of Ukraine
(Kherson, Nikolaev). Before the extraction, this raw
material is subjected to grinding to particles of 5x10™" mm
in size in order to increase the efficiency of mass transfer
of the active components from the plant material to the
solvent. For a more complete extraction, a series of
gravimetric analysis experiments were performed to
determine the dry residue, from which it can be stated that
the hydromodule of plant raw materials to the extractant
2:1 is predominant for this type of material. Extraction
was carried out with Soxhlet apparatus. Three frequently
used solvent systems, including propan-2-ol, decamethyl-
cyclopentasiloxane (silicone (D5)), and propan-2-ol and
decamethylcyclopentasiloxane (1/1), were selected for
comparisons.

Identification and quantification of the main
compounds were performed by the method of chromato-
graphy and mass spectrometry (GC-MS). Analytical
conditions. HP- 5MS capillary column (30x0.25 mm),
helium as a carrier gas, thickness of the phase 0.25 um,
flow of the carrier gas 1.5 ml/min. The injector tem-
perature was maintained at 523K; the detector
temperature was held at 553 K. The column oven
temperature was programmed as follows. an initia
temperature of the column was 373 K; heating rate of the
column (temperature gradient) was 10 K/min up to 553 K,
the mass range was monitored from 30 to 500 nvz; the
sample was introduced with a split flow of 15 ml/min; the
volume of the sample was 2 ul. The components were
identified by comparing the peak retention times in the
chromatogram and the complete mass-spectra of
individual components with the corresponding results for
pure compounds in the NIST-5 Mass Spectral Library.

IR spectra of the extract were measured by a
Bruker Tensor 27 FTIR spectrometer with a diamond
crystal accessory using a spectral range of 4000-600 cmi*
with the resolution of 4 cmi™. IR-reflectance spectra of the
mild steel sample surface after immersion in an inhibited
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solution were recorded in the range of 4000-600 cmi*
using IR reflectance spectrophotometry (Perkin EImer).

Identification of extractable compounds was
conducted using a Shimadzu UV-1601 PC scanning
double beam UV-Vis spectrophotometer (Shimadzu
Corporation, Kyoto, Japan). The UV-Vis spectra were
recorded within 200-800 nm.

3. Results and Discussion

According to the obtained chromatographic-mass
spectral analysis data, the composition of propan-2-ol
extract of dry pomace of apricot contains 38 individual
components present in an amount of more than 0.54 %.
(Fig. 1, Table 1). Mass spectra and structures of apricot
pomace extracts main components identified by GC-MS
are presented in Fig. 2.

All of them are known compounds and are easily
identified by mass spectrum and linear retention indices.
The main components are aldehydes. hexana (1.32 %),
(E)-2-hexand (3.10 %), (Z2)-2-heptenal (3.65 %), heptanal
(2.18 %), 2-phenylacetaadehyde (1.29 %), p-cyclocitral
(5.17 %), (E,E)-2,4-decadiena (3.65%), aso ketones:
2-hexanone (1.03 %), 3-hexanone (0.54 %). The class of
alcohals is presented by (2)-3-hexenol (0.76 %), (E)-2-
hexenol (1.87 %), hexanol (5.67 %). In a minor amount,
the extract contains esters, such as (E)-2-hexenyl acetate
(2.78 %), (2)-3-hexenyl butancate (1.51%), hexyl
hexanoate (2.12 %). Also, the kernel of the fruit contains
many acids, this class is represented by octadecanoic acid
(6.02 %), (92,122)-octadeca-9,12-diencic acid (4.2 %),
hexadecanoic acid (5.4 %), (92)-octadec-9-encic acid
(6.1%), (92127,152)-9,12,15-octadecatriencic  acid
(0.63 %).

The extract of apricot pomace contains an
increased content of terpene alcohals: linalool (3.06 %),
o-terpineol (5.98 %), nerol (3.02%), geraniol (8.54 %),
isoborneol (1.03 %), nerolidol (8.54 %), farnesol (1.38 %)
and others. These compounds represented over 18 % of
thetotal volatiles in apricot pomace.

Investigation of the compasition of silicone (D5)
extract of apricot waste showed that it identifies the same
number of compounds, but with different quantitative
content. The main number of identified compounds is
duplicated with an alcohol extract. It also contains limiting
and unsaturated aldehydes, alcohols, esters, but terpene
compounds are present in smaller quantity. Nevertheless,
in the silicone extract there is an increased amount of fatty
acids, even new compounds such as 1-tetradecanoic acid
(92)-hexadec-9-encic  acid have been found in
comparative to propan-2-ol extract of apricot.
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a)

Fig. 1. GC-MS spectra

chromatogram of apricot pomace extract:
propan-2-ol (a); decamethyl cyclopentasiloxane (b);
propan-2-ol and decamethyl cyclopentasiloxane (c)

Component composition of volatile substances of extr acts squeezes of apricot

b)

<)

Table1

Quantitative ratio, %

. Molecular | B © =
Ne 5%:12]?2 Name of the compound Nflcc))rlrﬁf:r weight, S % @ 0
g/mol g § gOo

o 2 o)

Q D s

1 2 3 4 5 6 7 8

1 404 Hexanol CeH1O 102 5.67 294 3.79
2 5.34 (2)-3-Hexenal CeH1,0 100 0.76 - 057
3 5.91 (E)-2-Hexenal CeH1,0 100 1.87 0.62 1.64
4 7.23 2-Hexanone CeH1,0 100 1.03 0.94 1.00
5 8.01 3-Hexanone CegH1,0 100 0.54 0.53 0.63
6 8.61 (2)-2-Heptenal C/Hp0 112 3.65 478 439
7 9.58 Hexanal CeH1,0 100 1.32 0.79 121
8 10.06 Benzaldehyde CHO 106 1.94 3.92 2.60
9 10.39 (E)-2-Hexanal CeH1,0 98 3.10 1.97 2.64
10 11.96 Heptanal CH.,0 114 2.18 1.02 1.76
11 12.71 2-Phenylacetal dehyde CgHsO 120 1.29 3.06 2.46
12 14.01 (E)-2-Hexenyl acetate CgH140, 142 2.78 153 237
13 14.37 5-Butyl oxolan-2-one (y-octalactone) CgH140, 142 2.03 1.98 1.99
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Table 1 (continued)
1 2 3 4 5 6 7 8
14 14.43 endo-1,7,7-Tri methyl - bicyclo[2.2.1]heptan-2-0l CuoHyO 154 103 1.09 107
(isoborneol)
15| 149 2,6,6-Trimethylcyclohexene-1-carbaldehyde CioHiO 152 517 | 427 | 471
(B-cyclocitral)
16 15.42 (2E,4E)-Deca-2,4-dienal C1oH160 152 3.65 281 3.19
17 | 1586 (2)-3,7-Dimethyl-2,6-octadien-1-ol (nerol) CHi0 154 302 | 274 | 285
(92,127,157)-9,12,15-Octadecatrienoic acid
18 16.74 (a-linolenic acid) CigH300> 278 0.63 3.94 217
19 | 17.06 (2E)-3,7-Dimethyl-2,6-octadien-1-ol (geraniol) CoHi0 154 854 | 452 | 694
(92,122)-Octadeca-9,12-dienoic acid
20 17.29 (linoleic acid) CigH3,0, 280 4.20 5.34 4.78
21 18.24 Hexadecanoicacid (palmitic acid) Ci6H3.0, 256 5.40 5.98 5.63
22 18.32 3,7-Dimethylocta-1,6-dien-3-al (linaloal) CioH180 154 3.06 271 2.89
23 18.94 1-Tetradecanoic acid C14H20; 228 — 4.35 201
24 19.60 Octadecanoic acid (stearic acid) CisHz05 284 6.02 6.17 6.11
25 19.62 (92)-Octadec-9-encic acid CigH340, 182 6.10 6.88 6.59
26 19.94 5-Hexyl oxolan-2-one (y-decalactone) CioH1505 170 3.65 3.65 3.63
(7aR)-5,6,7,7a-Tetrahydro-4,4, 7a-trimethyl -2(4H)-
27 20.67 benzofuranone C11H160, 180 2.05 2.18 207
28 20.91 5-Pentyl-5-pentanolide (5-decalactone) CioH1505 170 2.87 191 252
29 21.09 (2)-3-Hexenyl butancate CioH150, 170 151 124 1.36
30 21.23 (92)-Hexadec-9-encic acid Ci6H300> 254 — 0.56 0.54
31 21.93 Hexyl hexanoate CoH240; 200 212 2.26 2.20
(1R,25,6S,7S,8S9)-8-Isopropyl-1,3-
32 2218 dimethyltricycl o[4.4.0.0]dec-3-ene (a-copaene) CrsHas 204 402 | 453 | 438
33| 2308 | 3Cycohexen-l-d, ‘:e%ﬁ]he%l )1'(1'mahy'ahy') @ | cHg0 154 498 | 450 | 461
34| 2354 2-(4-Methylcyd Ohgr';'r%%'y')pma”'z'o' @ | CgHs0 154 508 | 482 | 547
35 | 2382 | (3E-4266Trimahyicycohexlenlybut-3- | o 4\ o 192 197 | 124 | 179
en-2-one (B-ionone)
4-(2,6,6- Trimethyl cycl ohexa-1,3-dienyl) butan-2- _
36 | 2413 one (dihydro-p-ionone) CisH20 194 0.98 0.54
37 25.71 3,7-Dimethyl-2,6-octadien-1-yl acetate Cy3H,0 170 6.10 4.25 5.72
38 26.32 Dihydro-5-octyl-2(3H)-furanone CoH2,0, 198 7.65 591 6.74
39 26.79 3,7,11-Trimethyl -1,6,_10-dodecatr| en-3-ol CusHoO 229 854 23 704
(neralidal)
a0 | 2721 | (BEER)BTILTH nz?;xgg%eca-z,e,mtn enl-ol | ¢ 0 222 138 | 069 | 087

In the extract, which was obtained using a mixture
of propan-2-oland decamethylcyclopentasiloxane, 40
compounds discovered in the previousy described
extracts were found. This extract contains the predominant
amount of both fatty acids and aldehydes of different
nature, alcohols, as well as terpenoid compounds. A
complete list of identified compounds is given in Table 1.

It has been established that with the extraction by a
group of solvents, the total yield of extractive substances
was in the following order from high to low:
decamethyl cyclopentasiloxane 114.92; isopropyl alcohol
123.11; mixture solvents 125.47. These results suggest
that 50% mixture of 2-propanol and decamethyl-
cyclopentasiloxane (1:1) give the highest yields among 3
solvents for compounds from the apricot pomace extract.

The presence of the functional groups of the higher
organic compounds in the extract is confirmed by the
analysis of the liquid phase of the extract of the apricot
grinders by IR spectroscopy. The IR spectrum (Fig. 3,
Table 2) isaclassical spectrum with a good resolution of
lines and an even base, which indicates the chemical
stability of the sample. The colloidal systems in extracts
often distort the baseline. The moisture content of the
sample greatly broadens the peaks. In the spectrum, it is
possible to distinguish absorption bands in the region of
30002800 cmi*, which probably indicates the presence of
an intermolecular hydrogen bond. The presence of
aliphatic CH; and CH, groups is indicated by a strong
absorption in the 2930-2850cm™ region (valence
vibrations of CH3z and CH groups) and in the region of
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1463-1377 cm* (deformation vibrations). A number of
signals in the region of 902 cm™ indicate the vibrations of
the CH bonds. There are also absorption bands in the
range of 16111617, 1505 and 3400 cm™, characteristic
for vibrations of aromatic structures. It should be noted
that along with aromatic compounds there are compounds
with conjugated double bonds (such as conjugated
dienes), that are evidenced by the presence of the
absorption band in the spectrum at 1653 and 973 cm™*.The
IR spectrum of all extracts have intense absorption bands
in the 1700-1735 cm™ region, which is characteristic of
valence vibrations of vc=o groups.

CsH140, hexanol

Clongo, a-terpi neol

Wo

C12H2202, y'doda:al actone
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A joint examination of this region and the region of
38002600 cmi’, where the valence vibrations bands of
OH groups are located, suggests that all fractions contain
carboxylic acids. The proof is the presence of a very wide
band with a maximum at 2650cm”, related to the
vibrations of the voy carbonyl groups, and an intense band
at 1700-1735 cm'*, related to the valence vibration of ve-o
carboxylic acids. Concerning the remaining oxygen-
containing compounds, it is impossible to draw clear
conclusions, since the picture in the 3200-3800 cm*
region is complicated by the presence of bounded water in
the composition of the fractions.

é@"

Ci0H160, p-cyclocitral

OH
M/

CyoH1g0, geraniol

C15H260, nerolidol

Fig. 2. Mass spectraand structures of the apricot pomace extracts main
components identified by GC-MS
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Fig. 3. IR spectrum of apricot pomace extract: propan-2-ol
(@), decamethyl cyclopentasiloxane (b), 2-propanol and

decamethyl cycl opentasil oxane (c)

Table 2
Assignment of absor ption bands (cm™) in IR spectra
of the apricot pomace extracts
. . Apricot pomace extract
Absorption band for functional groups propan-2-o D5 propan-2-0l-D5
v(C-H (aromatic)) 3460-3205 3394 3389 3403
v(CHy) 29752810 2960 2960 2960
"(CH%iggg%d&" @ | 2000-2820; 2775-2700 2021, 2850 2919, 2850 2919, 2850
v(OHconnected by H bond) 2700-2500 ~2600 ~2650 ~2650
v(C=0) 1750-1600 1718 1714 1735
v(C=C (unsaturated)) 1620-1680 1654 1654 1653
v(C=C (aromatic)) 1705-1660 1611, 1505 1611, 1510 1617, 1505
6(CHy) 1470-1430 1456 1456 1463
8(CHy) 1380-1370 1345 1376 1375
v (CH (pendulum 982-970 - - 973
oscillation))
Pendulum oscillations 720710 719 719 19
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The analysis of the observed bands in the 1000—
1200 cmi™* region, together with the absorption at 1735 cm™
in the carbonyl region, suggest the presence of keto-ether
compounds in the extracts. This is most clearly seen for
the silicone extract.

The UV-Vis spectroscopic method is one of the
main methods of qualitative determination of chemical
compounds that are present in plant phyto-constituents.
The qualitative UV-Vis spectrum profile of the extract
was selected at a wavel ength of 200-800 nm (Fig. 4).

2.5

— —Propan-2-ol
200 oy Decamethylcyclopentasiloxane

Propan-2-ol - Decamethylcyclopentasiloxane

in

Absorbance, a.u
=

0.5 :'

0.0 I i A
0 100 200 300 400 500 600 700 800 900
Wavelength, nm

Fig. 4. UV-visible absorbance spectra
of apricot pomace extracts

For the correct reproduction of the UV
spectroscopic data, both the solvents and the extracts
themselves were investigated. After anayzing the
spectrum obtained in the selected region, it was found that
the spectrums are actively affected by the solvent, so the
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spectroscopy of the samples was performed, with the
compensation of the propan-2-ol, decamethylcyclo-
pentasiloxane and the mixture of propan-2-ol and D5
(50%/50%) established in the subtraction channel. At the
same time, the maximum significance of the spectrums
was achieved.

Different compounds have their characteristic
wavelength of maximum absorption. For propan-2-ol
extract the peak values at 313 and 370 nm indicate
terpenoid compounds and their derivatives. According to
the GC/MS, the extract contains the most abundant
terpenoid compounds, namely geraniol and nerolidol. For
the silicone extract, peaks at 244 and 271 nm were
detected, indicating the presence of fatty acids in its
composition. On the UV spectrum of the extract obtained
with a mixture of propan-2-ol and decamethyl-
cyclopentasiloxane, 2 peaks at 248 and 319 nm are shown,
indicating the prevaence of compounds in the class of
fatty acids and terpenoids. Therefore, analysis of the UV
spectrum of the obtained extract confirmed the presence
of compounds with a predominant content in the
isopropanol extract of apricot pomace.

The unique compasition of extracts determines the
possibility of their application in different branches of
chemical technology. Extracts can be used as a finished
product, and also extract individual substances from the
extracts, which have their own specific functional
application (Table 3). Thus, the extract can be used in
medicine for the treatment of many types of diseases and
as a component of food, cosmetic products that have a
curative-prophylactic effect [16-18]. The presence of
these phyto chemicals makes apricot pomace a potential
source of bioactive compounds.

Table 3
Nature and the biological activities of phyto constituents of the entire plant parts of apricot pomace extracts
Retenu on Name of the Compound nature Uses
time, min compound
4,04 Hexanol Alcohol Antifoams, hydrotropic substances, antiseptic and irritant
14.92 S-Cyclocitral Monot aje(rjpéﬁ;/%:cycl ¢ Fragrant, flavor, antiseptic and anti-inflammatory agent
17.06 Geraniol Terpenoid Fragrant substance, anti fl_Jn_gal_, shows the properties of
antibiotics
18.24 Hexadecanoic acid Saturated fatty acid Anti —inflammatory, nematicide, antioxidant
19.60 Stearic acid Aliphatic m_onoba& ¢ Emulsifying agent, stabilizer
carboxylic acid
(92)-Octadec-9- M onounsaturated fatty e
19.62 enoic acid acids Emulsifying agent
) S . In perfumery, fragrant substances and odor fixers, aswell
2218 o-Copaene Tricyclic sesqiterpenes. asinmedicing, for example, as anthelmintic agents
23.08 4-Terp|_ neol Monoterpene al cohdl Solvent, plasticizer, flotati on agent; has antimicrobial
2354 o-Terpineol properties.
25.71 Geranylacetone Terpenoid Fragrant substances, antibacterial agent
26.32 y-Dodecalactone Lactone Fragrant substances
26.79 Nerolidol Terpenoid Odor fixer, fragrant substances
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4. Conclusions

The results cearly showed that significantly
different classes of compounds and their number were
extracted by different solvent systems. Different solvents
may need to be used to study the characterigtics of various
compositions of active compounds in different chemical
technology. The most efficient solvent for total extraction
compounds from apricot pomace was the mixture of
propan-2-ol and D5. The presence of aldehydes, and
terpene alcohols in the apricot pomace extracts was
confirmed in this study.

Thus, it can be concluded that the waste of the
common apricot (Prunus armeniaca L) is promising for its
further study and for using raw materials as a source in the
development of new functional products. This preliminary
study gives an idea to isolate the mgjor active congtituents
present in the pomace apricot and also heps to develop
biologically active compounds from raw materials.
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BU3HAYEHHS XIMIYHOI'O CKIIAQY
EKCTPAKTY ABPUKOCOBOI'O ) KMUXA
(Prunusarmeniaca L.)

Anomauia. Busueno xomniexcHy xapaxmepucmuxy KOmMno-
HenmHux npoginie excmpaxkmy aépuxocogoeo dHcmuxa (Prunus
armeniacal.) zanedxcHo 6i0 GUKOPUCMOBYBAHUX CUCMIEM PO3UUH-
Hukig. 3a oonomozoro 14-cnexmpockonii, Y®-cnexmpockonii ma
2a3080i XpOMAmo-mac-cnekmpocKonii npoananizoeani eKxCmpakmu,
OMPUMAHI NPONAH-2-0710M, 0eKAMEMUTYUKIONEHMACUTIOKCAHOM MA
CYMIWUIO CUTIKOHY [ RPONAH=-2-0I1y ABPUKOCOB020 HCMUXA.

Knwuosi cnosa:. adbpuxocosuii szcmux, eKcmpaxm, nponam-
2-01, OexamemunyuKioneHmacuiokcan, —anboe2iou, mepneHosi
chupmu.
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Abgtract. In this study, the performance of two polymer
resins was evauated, one composed of methyl
methacrylate-divinylbenzene (MMA-DVB) and the other
of only divinylbenzene (DVB), for adsorption of oil in
synthetic oily wastewater. The tests were carried out using
two processes: (i) continuous flow, to assess the quantity
of oily water that can be eluted until reaching the saturation
point of resins; and (ii) batch, to obtain information about
the begt-fitting kinetic and isotherm models for the two
resins. The results for both resins showed better fits to the
Freundlich isotherm model and the pseudo-second-order
kinetic model. The low activation energy values found
suggest physical adsorption between the resins and ail.
Although DVB resin has presented dightly better oil
removal efficiency than the MMA-DVB one, the results
showed that DVB resin can be industrialy replaced by
MMA-DVB resin, dueto the latter advantages. lower codt,
lower toxicity and easy regeneration, as indicated by the
kinetic and isotherm studies.

Keywords oily water treatment, adsorption, porous
polymer resins, isotherm model, kinetic model.

1. Introduction

The process of peroleum production is
accompanied by continuous production of water. This
produced water is a byproduct, the complex composition
of which depends on the type of oail, age of the field and
extraction procedure. In genera, this water contains high
concentrations of different salts, a large quantity of
dispersed and emulsified oil, solids from the rock
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formation and chemical products added to improve the
extraction process, such as biocides, antifoam agents and
corrosion inhibitors [1-6]. Therefore, the produced water
needs to be treated before being discharged in the
environment because toxic properties or used for other
purposes [7]. The treatment method depends on this final
destination: discharge or reuse in other activities, such as
irrigation, steam generation for tertiary oil recovery or
power generation [8-10], and reinjection in producing
wells[11-12]. For discharge, in Brazil the concentration of
oil must be reduced to 0.029 kg/m®, according to the rules
issued by the National Environmental Council [13]. For
reuse and reinjection, the leves of contaminants must be
smaller than for discharge, making it necessary to use more
complex treatment methods, such as nanofiltration and
reverse osmosis membranes.

Produced water trestment by physico-chemical
processes, involving gravitational separation, hydro-
cyconing and/or ultrefiltration, is very common, but in
some cases these methods are unable to reduce the
concentrations of contaminants to acceptable levels, even
for discharge. Various aternatives have been studied to
“polish” this water, with processes involving adsorption
being the most suitable and widely studied [14-15].
Among filtering methods, the use of crushed walnut shells
and other plant materials can be mentioned. In adsorption
processes, materials like charcoal, organic clays and
polymer resins are being used [16-19]. Polymer resins
have several advantages, such as thermal, mechanical and
chemical stability and reusability. They can also betailored
to the type of contaminant to be removed [20-22]. In
adsorption processes in general, polymer resins have
presented satisfactory results, and athough they can be
obtained with varied compositions [23-26], those based on
divinylbenzene (DVB) and styrene (STY) having the
greatest application. Severa studies of the use of STY-
DVB resins to treat produced water have been published
[27-29]. Since crude oil is a complex mixture of
compounds with different characteristics, some studies
have been published investigating the efficiency of resns
made from methyl methacrylate (MMA) and DVB
[30-32]. These resins show as advantages the lower
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toxicity of MMA inrelationto STY and dightly more polar
character of MMA [33], inducing more effective adsorption
of other types of molecules that compose crude ail. In
previous studies, preliminary tests of continuous flow
treatment of oily water allowed establishing parameters to
obtain the best efficiency of this type of resin to remove ail
from synthetic wastewater samples [34-35]. However, to
the best of our knowledge, no studies have been published
involving the physico-chemical adsorption of oil by MMA-
DVB resin, to shed more light on the interaction aspects.
Therefore, this paper presents the results of tests to evaluate
the removal of oil from synthetic oily water (oil-in-water
emulsion) with an MMA-DVB polymer resn in
comparison witha DVB resin, through continuous flow and
batch processes, indicating the isothermal and kinetic
parameters that best fit the systems. The study of these
aspects is of great importance for more effective treatment
of produced water so that it can be discharged or reused.

2. Experimental

2.1. Chemicals

The crude oil sample was donated by the Petrobras
Research Center (CENPES), Rio de Janeiro, Bra2|I andis
identified as“ Petroleum B” (density 927 kg/m® and °API =
=20.35, a 293 K). Hexane, sodium chloride and calcium
chloride (P.A. purity grade) were supplied by Vetec
Quimica Fina Ltda, Duque de Caxias, Brazil, and used as
received. Two kinds of mesoporous polymer resins,
previoudy synthesized and characterized, were used as
a:isorbents (i) polydivinylbenzene (DVB) (surface area
567-10° m?/kg; pore volume 1.28:10* m¥/kg; pore diameter
795A); and (i) poly(methyl methacrylate-divinyl
benzene) (MMA-DVB) (molar ratio 77-23; surface area
72:10°mf/kg; pore volume 3.9-10*m%kg; pore diameter
2189 A). Distilled and deionized water was produced with
aGehaka OS10LX reverse osmosis system.

2.2. Preparation of the Water
Contaminated with Crude Oil

Firdly, synthetic sdine water was prepared
containing NaCl and CaCl, in the ratio of 10: 1
respectively, with the total salt concentration of 55 kg/m?.
The salts were dissolved in half the total volume of water,
by magnetic stirring, and after their total dissolution the rest
of the water was added to the system [31, 35]. This
concentration of salts was chosen because it is near the
sdinity of the water typicaly found in oil fields [36]. The
crude oil was then dowly added to half the volume of the
saltwater, under stirring at 13,000 rpm with an Ultra-Turrax
T-25. Findly, the remaining saltwater was poured into the
system and stirred for 900 sat 15,000 rpm[31, 35].

Carla Silva et al.

2.3. Determination of Total Oil and Grease
(TOG) by Fluorescence Spectroscopy

Fluorescence spectroscopy was used to analyze the
total oil and grease (TOG) concentration, using a Turner
Designs TD-3100 bench top fluorometer [31, 34, 36].
Allquots of 4510°m® of oily water were collected in
5107 m graduated cylinder tubes, followed by addition of
510°m?® of hexane. The tubes were shaken vigorously for
about 300 sto extract the maximum of the oil phase by the
hexane.

After complete separation of the phases, the organic
phase (containing oil and grease) was isolated for
subseguent analysis. The excitation waveength was set at
350 nm and the emission spectra were obtained in the
range of 360-600 nm, in line with the data obtained in a
previous study [34]. The fluorescence emission of the
mono and polyaromatic hydrocarbons contained in crude
oil typically occurs in the region of (430+ 30) nm. The
device was cdlibrated using the reading for pure hexane
and a solution of ol in hexane at the concentration of
0.025 kg/m®, as specified in the instruction manual.

2.4. Batch Adsorption Experiments

In these experiments, we evaluated the following
factors that influence the adsorption process: contact time,
adsorbent mass, and temperature. The equilibrium data
were fitted in two isotheem models. Langmuir and
Freundlich [39], in ther linearized versons. The kinetic
data were fitted in the pseudo-fird-order and pseudo-
second-order models[40, 41].

The analysis was carried out by immersing the
adsorbent in the oily water and mechanicaly shaking the
solution in a Haake SWB25 shaker, at 100 rpm. The
temperature was thermostatically controlled using a bath
coupled to the shaker (Thermo Haake C25P). All analyzes
were done in duplicates for the two systems studied.

2.4.1. Equilibrium adsorption studies

For this study, five test tubes were prepared each
containing 501L of oily water a 0.030 kg/m® and a
different mess of resin (510° 110* 310" 710*
1-10°kg). The tubes were agitated at 298, 308, 318 and
323 K. The aily concentration in solution, Ce (kg/m®) was
quantified by fluorescence.

2.4.2. Adsorption Kkinetics studies

To analyze the adsorption klnetlcs Six test tubes
were prepared each contal ning 510° m® of the oily water
at 0.15kg/m® and 310*kg of resin. The tubes were
agitated at 298, 308, 318 and 323 K, with different contact
times: 900, 1800, 3600, 5400, 7200 and 14400 s. The ail
concentration in solution, Ce (kg/m®), was quantified by
fluorescence.
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2.5. Data Analysis

For both the equilibrium and kinetics studies, the
concentration of adsorbed solute per mass unit (ge) was
calculated by Eq. (1):

- (Ci - nC,]E) N (1)
Where C; istheinitial solute concentration in the solution,
kg/m Ceisthe sol ute concentration in the sol ut| on under
equilibrium, kg/m® V is the solution volume, m and mis
the adsorbent mass, kg.

2.5.1. Isotherm models

The Langmuir and Freundlich isotherm models
were adopted to andyze the equilibrium data. The
Langmuir isotherm is valid for monolayer adsorption and
serves as the sarting point for many adsorption studies in
catalytic applications [39]. The Langmuir mode is
described by Eq. (2):

11, 1
bQuCe

)
Qe QO
where ge is the mass of adsorbate per unit mass of
adsorbent, kg/kg; Qo indicates the maximum adsorbate
mass that can be retained in the adsorbent; b is the
Langmuir constant, which isrelated to the bonding energy;
and G, is the sol ute concentration in equilibrium, kg/m®.
Eq. (3) describes the equilibrium of heterogeneous
adsorption systems proposed by the Freundlich isotherm
model [39]:

1
logge. =logKg +FlogCe 3

where ge is the mass of adsorbate per unit mass of
adsorbent, kg/kg; Kg isa constant that indicates the relative
adsorption capacity of the adsorbent, kg/kg; n is a dimen-
sonless congtant that indicates the adsorption intendty;
and G, is the sol ute concentration in equilibrium, kg/m®).

2.5.2. Kinetic models

The pseudo-first-order model follows Eq. (4):

In (de - 0) =Inge - Kyt 4)
where g is the mass solute adsorbed per unit of adsorbent
mass in equilibrium, kg/kg; g isthe concentration of solute
adsorbed per unit of adsorbent mass (kg/kq) atimet ();
and K isthe adsorption velocity constant, s ™.

The angular coefficient of In(ge — q) versus time
plot provides the first-order velocity congtant (Kj). The
values of In(ge— ¢) were calculated from the linear portion
of the graph of ¢, vs. t. The activation energy of the process
was obtained by plotting the graph of InK, as a function of
1T from the Arrhenius equation (Eg. (5)) [42, 43].

E
InK,; =- =2 +InA 5
y=- Lo ©

where K is the adsorption velocity constant, st E,isthe
activation energy, kJ/ymol; R is the universal gas constant
(8.314 Jmal-K); and A isthe pre-exponentia factor.
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The pseudo-second-order model follows Eq. (6):

l: 1 +it (6)
q Kqu Qe
where g is the concentration of solute adsorbed per unit of
adsorbent mass in equilibrium, kgkg, q is the
concentration of solute adsorbed per unit of adsorbent
mass at time t, kg/kg; and K, is the pseudo-second-order
velocity constant, kgrkgs™.

2.6. Retention Experiments Under
Continuous Flow

The resins were first placed in water to swell for
24 h at room temperature. Then with the aid of a packing
tool, stainless sted columns (11 mm inner dlameter !
30 mm height — bed volume equal to 2.85:10° m) were
packed with resins at the water flow rate of 1.67-10%m®s
for 3600 s, using a Jasco PU-1580 chromatographic Eump.
At each hour, the flow rate was increased by 8.3-10™ until
reeching 1.67-10'm’s. The system was kept a this
condition for 1 hand then1 h moreat 1 ml/min.

Oily water at concentrations of about 0.2 kg/m®
(previoudy quantified) was eluted through the col umn at
the flow rate of 1.17-10" m¥/s. After each 2.0-10™*m® of
solution, aliquots were collected to determine TOG by
fluorimetry.

3. Results and Discussion

3.1. Studies of Oil Retention by Batch
Adsorption

The batch experiments had the objective of
obtaining the parameters for fitting an isotherm model, for
efficient interpretation of the equilibrium and kinetics of
theresins. Thereative errors were of the order of 5 %.

3.1.1. Adsorption equilibrium

To assess the influence of resin mass on the
adsorption efficiency, experiments were performed in
which the mass and temperature were varied, maintaining
theinitial adsorbate concentration and adsorbate-adsorbent
contact time constant. This experiment allowed obtaining
information on the minimum quantity of adsorbent needed
to achieve maximum adsorption.

With respect to the efficiency in removing each
mass of adsorbent at a given temperature (Fig. 1), theDVB
resin was more eff|C|ent than the MMA-DVB resin. At
298K, with 510°kg of DVB (Fig. 1a), the ajsorptlon
efficiency reached 50%, while with 7:10°kg the
efficiency was 80 %. For masses above this value, no
substantial increase in efficiency was observed. In the case
of MMA-DVB (Fig. 1b), there was a greater dependence
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between the mass and adsorption effluenw The initid
effidency was 23% with 510°kg of resin, which
increased to the maximum of 58 % with resin mass of
1-10°kg. The performance profile was the same for all the
other temperatures tested, where larger resn masses produced
higher adsorption effidendies. This behavior can be attributed
tothe larger surface areas due totheincreasein mess.

The better efficiency of DVB resin versus MMA-
DVB resin can be explained by the higher specific surface
area of DVB in reation to MMA-DVB. This is an
important factor for a material to be a good adsorbent. The
DVB resin has a specific surface area about eightfold that
of MMA-DVB. However, the adsorption results for
MMA-DVB were not proportionally lower inreation to its
smaller surface area, showing that the adsorption depends
not only on specific surface area, but also on other factors,
such as pore size and volume, particle size and type of

)

—_
(=1
=

100
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adsorbent-adsorbate interaction in terms of polarity,
hydrophobicity and crosslinking degree, among other
factors[44, 45].

With respect to the effect of temperature on the ail
adsorption capacity of the resins, this capecity for both
resins declined with rising temperature (Fig. 1). This can
be attributed to the fact that adsorption is exothermal [46].

These data were used to plot the adsorption
isotherms, providing information on how effectivdy the
resins adsorb the oil present in the water, by estimating the
quantity adsorbed in function of concentration in
equilibrium (Cy). For both adsorbents, the concentration of
solute adsorbed per unit of mass (g) was initidly
calculated according to Eq. (1), and these values were used
to plot graphs of ge versus C, (Fig. 2), which depict the
adsorption isotherms of oil in the DVB and MMA-DVB
resinsat all studied temperatures.

+005x10" kg
m01x107 " kg
A 03x107 kg
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Table1

Parameter s of the Langmuir and Freundllch models of adsoré)tlon of 0|I by the DVB and MM A-DVB resins,

at initial oil concentration of 0.03 kg/m®, masses of 510

and 1-10° kg and contact time of 18000 s

Model
Adsorbent Temperature, K Langmuir Freundlich
b Qo kakg R Ke n R

298 -62.35 -0.0022 0.8390 104.71 0.45 0.9211

DVB 308 -59.81 -0.0022 0.8110 1348.96 0.36 0.8982
318 -51.66 -0.0022 0.7920 2511.89 0.34 0.8684

323 -31.02 -0.0030 0.7530 112.20 0.40 0.7902

298 -33.62 -0.00094 0.9020 6309.60 0.26 0.8870

MMA-DVB 308 -31.81 -0.0010 0.9542 1995.30 0.28 0.9204
318 -31.91 -0.0010 0.9526 501.20 0.31 0.9042

323 -25.98 -0.0012 0.8289 199.50 0.33 0.7825




Removal of Petroleum from Aqueous Systems by Poly(divinylbenzene) and...

As previoudy mentioned, the profile of the
isotherms shows that the quantity of oil adsorbed was
inversely proportional to the increase in temperature,
explained by the exotherma nature of the adsorption
processes, and the difference in the isotherm profiles of the
two resins is probably due to factors like porosity and
chemical gtructure of the adsorbents [47]. The data from the
isotherms were fitted to the Langmuir and Freundlich
models to identify the one that best represented the
adsorption process of the systems studied. We employed
the eguations of Langmuir (2) and Freundlich (3) in their
linearized forms to obtain the parameters of each isotherm
model (Table 1).

For the Langmuir model, the MMA-DVB resin
presented the highest correlation values, but they were not
very cdoseto 1. Besides this, for both resins the cal culated
values for the parameters b and Qo were negative,
suggesting that the systems studied cannot be represented
well by this model. In turn, for the Freundlich model, the
resins presented correlation coefficient values that were not
very high (<0.95), indicating that the isotherms were
unfavorable and revealing a weak interaction between the
resins and ail. Of the parameters obtained, n is related with
the interaction of the adsorbate and adsorbent and Kg is
related with the adsorption capacity. We also observed that
the temperature has a stronger influence on the adsorption
of MMA-DVB, because with increasing temperature, the
values of Kg decreased.
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3.1.2. Adsorption kinetics

Figs. 3a and 3b show the results of the mass of ail
adsorbed per mass of adsorbent (ge) in function of contact
time, for DVB and MMA-DVB resins, respectively. From
these data on adsorption efficiency in function of contact
time it is possible to predict the behavior of the adsorbents
through kinetic models.

Initial analysis of the graphs allows noting that the
largest removal occurred in the initial contact periods. The
adsorption took place quickly at first and then gradually
dowed until reaching the equilibrium, at about 60 min for
DVB and 30min for MMA-DVB. The latter resin,
although less efficient in adsorbing oil, reached equi-
librium in less time. This can be explained by the porosity
characterigtics, where athough MMA-DVB has smaller
surface area than DVB, the average pore diameter islarger,
allowing easier access of the ail particlesto the pores.

By applying the kinetic pseudo-first-order model
[48] (EQ. (4)), in its linearized form (Eq. (5)), it was
possible to obtain graphics (Fig. 4) with good corrdation
coefficients. For DVB, the values were nearer to 1, while
for MMA-DVB they varied from 0.92 to 0.98. These
results indicate that the oil adsorption process of the
adsorbents evaluated can be represented by the Lagergren
model. Based on the data from the graphs in Fig. 4, we
calculated the congtant K; (adsorption velocity constant)
and Oecaq (concentration of solute adsorbed per unit of
adsorbent mass in equilibrium), presented in Table 2.

Fig. 3. Adsorption kinetics of DVB (a) and MMA-DVB (b). Initial oil concentration of 0.15 kg/m?®,
resin mass of 3-10"kg and temperature range of 298-323 K;;
0. isthe mass of oil adsorbed per adsorbent mass
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Fig. 4. Linearization of the pseudo-first-order adsorption kinetics of DVB (a) and MMA-DVB (b).
Initial oil concentration of 0.15 kg/m®, resin mass of 310 kg and temperature range of 298-323 K
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Comparison of the values of R? and Oecale) Of the
two kinetic models studied indicates that the pseudo-
second-order better describes the kinetic behavior of the
systems evaluated than the pseudo-first-order model.
According to the literature, the pseudo-second-order model
is able to describe the adsorption kinetics in a wide time
range, but only for low solute concentrations, unlike the
other model [40, 49, 50].

The initial adsorption velocity values (h) indicate
that in general the veocity increased with risng tem-
perature and that MMA-DVB adsorbed the oil molecules
inwater faster than DVB at al temperatures studied.

Carla Silva et al.

Ln (Ky)
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-6.0 \
X
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Fig. 5. Determination of the activation energy
for adsorption of oil inthe DVB and MMA-DVB resins

Table2
Pseudo-fir st-order kinetic constantsfor adsor ption of oil by the adsorbents DVB and MMA-DVB
Adsorbent Temperature, K Ki Oxoq) KI/KY Oecale)y KO/KQ R
298 0.0015 0.02415 0.02545 0.9964
DVB 308 0.0020 0.01937 0.01791 0.9942
318 0.0021 0.01637 0.01801 0.9921
323 0.0022 0.01492 0.01668 0.9909
298 0.0016 0.01992 0.01825 0.9899
308 0.0020 0.01818 0.01348 0.9221
MMA-DVB 318 0.0023 0.01410 0.01199 0.9820
323 0.0028 0.01314 0.01026 09712
Table3
Activation ener gy values (E,) for the adsorbents DVB and MMA-DVB
Adsorbent Equation —-EJ/R E., kJmol R
DVB y =-1403.2x + 1.7475 —1403.2 11.67 0.8791
MMA-DVB y =—-2101.1x + 0.5858 —2101 17.47 0.9131

Fig. 6. Linearization of the pseudo-second-order adsorption kinetics of DVB (8) and MMA-DVB (b).

Initial oil concentration of 0.15 kg/m®, resin mass of 3-10*kg, temperature range of 298-323 K, and contact time of 14400 s

Table4
Pseudo-fir st-order kinetics congtant for adsor ption of oil by the adsorbents DVB and MMA-DVB
Adsorbent Temperature, K K, kgs* Oxtop) KIKY | Ogeaicy KI/K h, kgkg™s” R

298 0.3464 0.024 0.024 0.00021 0.9992

DVB 308 0.5650 0.019 0.020 0.00022 0.9989
318 0.5575 0.016 0.017 0.00016 0.9988

323 1.5767 0.015 0.015 0.00035 0.9997

298 0.5031 0.019 0.020 0.00020 0.9999

308 1.2686 0.018 0.18 0.00042 0.9998

MMA-DVB 318 0.9469 0.014 0.014 0.00019 0.9997
323 11.0777 0.013 0.013 0.00187 1.0000
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Fig. 7. Oil removal profile of DVB () and MMA-DVB (b) by the continuous flow process

3.2. Studies of Oil Retention Under
Continuous Flow

The objective of this investigation of adsorption
under continuous flow was to determine the saturation
point of the adsorbents. Although this point is normally
defined as the point where the quantity of ail in the water
after trestment is the same as before trestment, here we
congdered the saturation point to be that where the
concentration of oil |n the eluted water was greater than or
equal to 0.029 kg/m®.

The tests were conducted using synthetic oily water
at 02kg/m’, where the total oil and grease (TOG)
concentration was measured before and after elution,
allowing plotting C/Cy versus volume duted graphs. C/Cg
corresponds to the ratio between the TOG in the euted
water (C) and the water before elutlon (Co) Aliquots of
eluted water were collected each 2.0-10 m®,

Both resins showed high efficiency in removing ail
from the water. In the system composed of the MMA-
DVB resin (Fig. 7b), the remova efficiency was 100 %
after dution of the firs¢ 301 of water (10,316 bed
volumes). After this volume, oil started to be detected in
the eluted water, but the TOG value higher than
0029 kg/m® was only detected after eution of
approximately 4.2:102 m® of water, corresponding to
14,700 bed volumes.

In turn, for the system formed by DVB, 100 %
adsorption efficiency was achieved after elution of 471 of
oily water, corresponding to approximately 16,500 bed
volumes. As of that point, the TOG concentration of the
eduted water increased, with subsequent return to
concentrations near zero, as shown in Fg. 7a.

The differences in the elution profiles of the two
resins can be associated with their structuress MMA-DVB,
because it contains ester groups, has higher polarity than
DVB, which is basically composed of aromatic rings.
These are probably capable of establishing more favored
interactions with the compounds present in the ail,
allowing better adsorption. The tests Wlth both resins were
conducted until elution of 8.0-102 m® of cily water, the

volume at which a sharp saturation peak was observed for
MMA-DVB.

4. Conclusions

Both sysems, DVB and MMA-DVB (70:30),
adsorb ail in multilayers through physisorption, since their
behaviors better fit the isotheem model proposed by
Freundlich than that proposed by Langmuir. The
adsorption occurring by physica interactions was
confirmed by the kinetic study, whose results better fitted
to the pseudo-second-order model, and low activation
energy values for the adsorbate-resin interactions were
obtained. For both resins, the adsorption process was fad,
allowing their industrial application through the continuous
flow process. The DVB resin presented dlightly better oil
removal efficiency than the MMA-DVB resin, probably
because the larger surface area presented by the former: the
water duted through the columns contained 5% of the
origina quantlly of 0|I in eluted volumes of 4.8:10% m?® for
DVB and 3.2:10% m® for MMA-DVB. Such difference can
be counterbalance by using dlightly larger amount of the
MMA-DVB in the column. Therefore, DVB resin can be
industrially replaced by MMA-DVB resin to remove ail
from oily water, due to the follwoing advantages. lower
cost, lower toxicity and easy regeneration, as indicated by
the kinetic and isotherm studies.
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BUJAJIEHHSI HA®TH 3 BOJHUX CUCTEM
MOJIIABIHLIBEH3EHOBUMH
TA HOJIMETHJIMETAKPHUJIAT-
JUABIHLIBEH3EHOBUMH CMOJIAMU:
IBOTEPMAJIbHI TA KIHETUYHI JTOCJIIKEHHS

Anomauia. Jocniooceni  memuwimemakpunam-ougininioen-
senosa (MMA-IBBF) ma Ousininbenszenoséa (JJBB) cmonu Ons
aocopbyii  Hagpmu 6 wmyuHOMy —cepedosuwi  HagmMa-600a.
Jocnioocennst nposodunu onst 06ox npoyecis. (1) 6esnepepsnuii
npoyec Osl OYIHIOBAHHA KIbKOCHE 600U 3 HAGMOIO, AKY MOJMCHA
emorogamu 00  0ocsieHenns  mexci  nacuuwenns cvon, i (i)
nepioouynuti npoyec Osi 00ePAHCAHHsL KIHeMUYHOI ma i30MmepMiyHoT
Modeni 080ox cmoil., Bemarnoesneno, wo ons 0b6ox cmon pesynvmamu
Hatikpawe gionogioaioms i3omepmi Ppotnonixa ma KiHemuyHiti
Modeini nces0oopy2020 nopsioKy. 3HatioeHi 3HauenHsl HU3bKoi enepeii
akmusayii ceioyame npo izuuHy aocopoyilio Midic cMOnamMu ma
Hagmoro. Tlokasano, wo He368axXCaArOuU HA HENO2aHy eQeKmUBHICMb
JIBE cmonu wodo euoanennsi naghmu, iU MOJCHA 3aMiHUMU
npomuciogoio cmonoio MMA-/IBE, 3aedsiku maxkum nepesazam sk
MEHWA 6apmicmb, MOKCUYHICMb MA J1€2KICMb peeeHepauyii.

Knrouosi cnosa. obpobnenns naghmosmicnoi 600u, aocopo-
yist, NOPUCTE NOTIMEPHI CMOIIU, I30MEPMA, KIHEMUUHA MOOEb.
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IN MEMORY OF PROFESSOR JACEK NAMIESNIK
1949—-2019
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On April 14, 2019 suddenly died Professor Jacek
Namiesnik, Rector of Gdansk University of Technology
(Poland).

This sincere and intelligent person left warm
recollections and deep gratitude for his contribution to
the establishment and enhancement of cooperation in
science and education, particularly among Lviv
Polytechnic National University and Gdansk University
of Technology.

Prof. J. Namiesnik was a Polish chemist, full
professor of Gdansk University of Technology, specialist
in the fiddd of analytical chemistry, environmental
chemistry and green analytical chemistry. He published
above 900 scientific works, was the author of 10 patents.
He has won numerous awards for outstanding scientific

achievements. Jacek Namiesnik was the director of
Doctoral Studies at the Faculty of Chemistry. The super-
visor of 65 PhD thesis.

He was aso an active member of several editorial
boards of scientific and scientific-technical journals,
including Chemistry & Chemical Technology.

He was also very active outside of the home
institution, as is evidenced by the large number of func-
tions he performed in various academic and professional
associations. Polish Chemical Society, International
Union of Pure and Applied Chemistry, Romanian Society
of Analytical Chemistry, Steering Committee Interna
tional Society of Environmental Analytical Chemistry,
Member of Scientific Board Institute of Oceanology,
Institute of Nuclear Chemistry and Technology, European
Academy of Sciences and Arts.

Prof. Namiesnik was a scientiss who no only
concentrated his efforts on the introduction of native
university into a prestigious group of higher education
institutions, but also made it possible for Ukrainian
scientists to teach a the Gdansk University of
Technology, and for Ukrainian students to study there in
the framework of program Erasmust+.

With great sadness we perceived the tragic news of
the death of this unique man and great scientis who
connected his entire career with Gdansk University of
Technology and was one of the most famous Polish
scientists.
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