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Waste waters of agricultural and industrial processing have been recently employed to effectively promote
numerous “classic” and innovative processes of synthetic organic chemistry. Such a green chemical approach allowed
to bypass the use of toxic, polluting, and hazardous chemicals and in the meantime led to an increase of the commercial
values of such byproducts. Xanthenes are a group of natural and semi-synthetic compounds with great pharmacological
potentialities, also used for several other applications. In this paper we described a new and improved methodology for
the synthesis of the title compounds using waste waters of milk and cheese processing as a solvent. 1,8-Dioxo-
octahydroxanthenes were obtained in very good yields (94 — 98 %) from differently substituted aromatic aldehydes and
dimedone as substrates. Although several reports about the synthesis of 1,8-dioxo-octahydroxanthenes have been
published in recent years, this is the first report about the use of waste waters of agricultural and industrial processing to
this aim. The findings depicted herein underline once again the great usefulness of agricultural and food industry
byproducts to perform green chemical processes.
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INTRODUCTION aromatic  aldehydes and  5,5-dimethyl-1,3-
cyclohexanedione, commonly known as dimedone,
in the presence of different -catalysts like
ZnCly/choline chloride [11], ZnO/CHsCOCI [12],
Amberlyst-15  [13], ZrOCl, hydrate [14],
trichloroisocyanuric acid [15], silica sulfuric acid
[16], nanosized MCM-41-SOsH [17], FesOq
nanoparticles [18], ionic liquids like [bmim][HSO4]
[19, 20] [hmIM]TFA [21] [TMPSA][HSO.] [22],
[DDPA][HSOs] [23], [EtsN-SOsH]CI [24],
[Hbim]BF.4 [25], tetramethylguanidium
trifluoroacetate [26], [BPY][HSO4] [27], ammonium
hydrogen sulphate based ionic liquid immobilized
on Na*-montmorillonite [28], CuCl, [29] titanium
aminophosphonates [30], cesium phosphotungstate
[31] and natural phosphates [32]. However, the
majority of methodologies for the synthesis of 1,8-
dioxo-octahydroxanthenes is featured by several
drawbacks and disadvantages like low yields (often
strictly depending on the structures of the starting
materials), long reaction times, high temperatures,
use of hazardous and expensive catalysts, tedious
work-up procedures, non recyclability of catalysts
and solvents. Thus, development and set up of
greener  protocols to  provide 1,8-dioxo-
octahydroxanthenes can be still considered a
challenging field of research in synthetic organic
chemistry. As a continuation of our studies aimed at
settling easy to handle methods to obtain synthons
and compounds of biological interest using a green
technology, we report herein that 1,8-dioxo-
octahydroxanthenes can be efficiently and

Modern tendencies of synthetic organic
chemistry involve the use and development of
greener and more eco-friendly methodologies as an
alternative to toxic, hazardous, polluting, and
expensive substrates, reagents, and solvents. Recent
reports from the literature indicate that numerous
organic processes have been accomplished in water,
as a safe and inexpensive solvent [1]. In the
meantime the use of waste waters derived from
agricultural and industrial processing has gained
more and more interest of several research teams.
Waste waters are in fact able to effectively play the
role of promoters and solvents; they have
environmentally beneficial features, are non-
hazardous, non-toxic, non-polluting, largely
available, and in general cheap. Examples of
organic reactions employing waste waters include
the Knoevenagel condensation [2], the Biginelli
reaction [3], the preparation of amides [4], the
reduction of carbonyls, the hydrolysis of esters and
amides [5[ and several others, most of which have
been recently extensively reviewed [6]. The
xanthene core is found in several natural products.
Furthermore, xanthenes semisynthetic derivatives
exert also a wide array of promising
pharmacological activities as anti-inflammatory [7],
anti-depressant, and anti-malarial agents [8]. They
are also used as dyes and fluorescent probes [9, 10].
Reported methodologies for the synthesis of title
compounds typically include the condensation of
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Scheme 1. Synthetic route to 1,8-dioxo-octahydroxanthenes

selectively obtained by coupling of dimedone and
different functionalized benzaldehydes using waste
waters derived from milk and cheese processing
(Scheme 1).

EXPERIMENTAL

Waste waters of milk processing have been
obtained by local farmers.

General procedure: Benzaldehyde (1.0 mmol)
and dimedone (1.01 mmol) were suspended in an
aqueous medium (3 mL). The resulting mixture was
let to react at 50 °C overnight. The precipitate so
formed was filtrated under vacuum. Structural
assignments (NMR) were made by comparison of
the recorded analytical data with those of
commercially available samples or those already
reported for the same compounds.

Coumarin-3-carboxylic acid (entry 1): white
solid (m.p.: 189-191 °C). Analytical data were in
full agreement with those recorded for a pure
commercial sample.

7-(Diethylamino)coumarin-3-carboxylic  acid
(entry 2): yellowish solid (m.p.: 221-223 °C).
Analytical data were in full agreement with those
recorded for a pure commercial sample.

7-Nitrocoumarin-3-carboxylic acid (entry 3):
reddish solid (m.p.: 233-235 °C). Analytical data
were in full agreement with those already reported
in the literature for the same compound [33].

6-Bromocoumarin-3-carboxylic acid (entry 4):
reddish solid (m.p.: 214-215 °C). Analytical data
were in full agreement with those already reported
in the literature for the same compound [16].

6-Hydroxycoumarin-3-carboxylic acid (entry 5):
white solid (m.p.: 280-282 °C). Analytical data
were in full agreement with those already reported
in the literature for the same compound [16].

4-Methyl-6-nitrocoumarin-3-carboxylic acid
(entry 6): reddish solid (m.p.: 244-247 °C). Anal.
Calc. for C11H7/NOg: C 53.02, H 2.83, N 5.62, O
38.52; Found: C 53.09, H 2.77, N 5.60, O 38.44. 'H
NMR (200 MHz, CDCls) & 2.31 (s, 3H), 6.05 (s,
1H), 7.74-8.23 (m, 3H); C NMR (50 MHz,
CDCls) & 18.9, 111.6, 118.5, 125.9, 127.9, 133.7,
138.6, 154.4, 156.5, 160.2.

6-Chloro-4-methylcoumarin-3-carboxylic  acid
(entry 7): brownish solid (m.p.: 223-247°C)
Analytical data were in full agreement with those
already reported in the literature for the same
compound.[16]
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7-Methoxy-4-methylcoumarin-3-carboxylic acid
(entry 8): yellowish solid (m.p.: 183-185 °C).
Analytical data were in full agreement with those
recorded for a pure commercial sample.

6-Hydroxy-4-methylcoumarin-3-carboxylic acid
(entry 9): pale yellow solid (m.p.: 201-202 °C).
Analytical data were in full agreement with those
recorded for a pure commercial sample.

6,8-Dihydroxy-4-methylcoumarin-3-carboxylic
acid (entry 10): pale yellow solid (m.p.: 246-248 °C
d). Anal. Calc. for C;1HsOs: C 55.94, H 3.41, O
40.65; Found: C 55.99, H 3.35, O 40.64. 'H NMR
(200 MHz, CDCls) 6 2.40 (s, 3H), 5.85 (s, 1H),
6.23 (s, 1H), 6.89 (s, 1H); ¥C NMR (50 MHz,
CDCls) ¢ 18.9, 100.4, 106.7, 112.2, 124.9, 132.9,
144.1, 155.0, 156.0, 160.9.

4-Methylcoumarin-3-carboxylic acid (entry 11):
white solid (m.p.: 161-162 °C). Analytical data
were in full agreement with those recorded for a
pure commercial sample.

RESULTS AND DISCUSSION

Preliminary assays to optimize reaction
conditions were performed using commercially
available benzaldehyde and dimedone as starting
materials. Both were suspended in different
aqueous media represented by waste waters derived
from milk/cheese processing. This solvent was the
same we recently used to successfully accomplish
the synthesis of cinnamic and coumarin-3-
carboxylic acids [35]. Reactions were initially
carried out over a period of 18 h under magnetic
stirring at room temperature and monitored by thin
layer chromatography (TLC). Employing the above
depicted experimental conditions, low conversions
(<15%) into the desired 1,8-dioxo-
octahydroxanthenes were achieved. Thus we
decided to increase the temperature up to 50 °C and
follow the progress of reactions over the same
period. This was seen to be the best medium in
promoting the conversion of benzaldehyde and
dimedone to the condensed adduct. In fact 1,8(2H)-
dione,3,4,5,6,7,9-hexahydro-3,3,6,6-tetramethyl-9-
phenyl-1H-xanthene was obtained as a yellow solid
after filtration under vacuum in 97 % yield without
the need of any other purification. It is noteworthy
to underline that a blank experiment using distilled
water alone as the solvent applying temperatures in
the range of 30 °C- 90 °C led to virtually no
progress of the reaction. Handling these excellent



S. Fiorito et al.: Waste waters of milk and cheese processing as an efficient promoter for the synthesis of ...

results, we decided to use waste waters of
milk/cheese processing and 50 °C as the optimized
reaction conditions to validate the protocol and
apply it to the condensation of different substituted
aromatic aldehydes with dimedone. Results are
reported in Table 1. Substrates with electron
donating or electron withdrawing groups reacted to
the same extent providing the desired 1,8-dioxo-
octahydroxanthenes in very high vyields. For all
entries, final products were simply collected as
solids after filtration under vacuum from the
reaction media without the need of any
chromatographic purifications. Waste waters were
recovered as filtrates from every synthetic step,
recycled and re-used to carry out other
condensations  without appreciable loss  of
effectiveness in terms of yields of the desired
xanthene derivative. For example, reactions leading
to 1,8(2H)-dione,3,4,5,6,7,9-hexahydro-3,3,6,6-
tetramethyl-9-(4'-methoxy)phenyl-1H-xanthene

(entry 2) and 1,8(2H)-dione,3,4,5,6,7,9-hexahydro-
3,3,6,6-tetramethyl-9-(4'-methoxy) phenyl-1H-
xanthene (entry 5) were accomplished four
successive times each and provided adducts with
yield values ranging from 93 % to 96 %. To
rationalize the efficiency of waste waters of milk
processing as promoters of the title condensation
process, we may hypothesize that this medium has
a suitable acidic pH value (due the presence of
organic acids like pyruvic and lactic ones) to
promptly boost the reaction between aromatic
aldehydes and dimedone. Indeed, pH measurement

for the employed waste waters recorded a value of
4.62. Although we previously found that
application of ultrasound was seen to be an efficient
means for the condensation of differently
substituted acetophenones and benzaldehydes to
provide coumarin-3-carboxylic and cinnamic acids
in high yields in 5 — 15 min, the same protocol was
not equally effective for the synthesis of 1,8-dioxo-
octahydroxanthenes.

As a conclusion, in this paper we showed that
safe, non polluting, cheap, and easy to obtain and
handle waste waters derived from milk and cheese
processing represent a powerful means to promote
an efficient and high-yielding condensation reaction
of differently substituted aromatic aldehydes with
dimedone leading to 1,8-dioxo-octahydroxanthenes.
Favourable features of our method include a simple
work-up, mild conditions and very good vyields.
Furthermore, although numerous methodologies for
the synthesis of the title compounds appeared in the
literature during the last two decades, this is the
first time that waste waters are employed to
promote the process. Thus, the reaction described
herein can be viewed as an additional and
alternative example in the field of 1,8-dioxo-
octahydroxanthenes synthesis. The use of water
residues of industrial processing can be considered
as an example of useful waste management and
recycling. Further investigations to extend the
scope and applicability of waste waters and related
solvents are now in progress in our laboratories and
will be reported in due course.

Table 1. Synthesis of 1,8-dioxo-octahydroxanthenes from waste waters of milk processing

O Ar O
(@]
J+2 —_— |
Ar
O (@] (@]
Ar

Entry Yield (%)?
1 CeHs 97
2 4-CH30-Cg¢Hg4 98
3 4-CH3-CgH4 95
4 4-OH-CgH4 96
5 4-F-CgH4 96
6 4-NO2-CgH4 97
7 4-Cl-CgH4 98
8 4-BI’-CGH4 98
9 4-OH-3-CH30-CsH3 95
10 3-NO2-CgH4 94
11 3-CH30-Cg¢Hg4 95
12 2-Cl-C¢H4 94
13 2,4-Cl2-CgH3 98
14 2-OH-CgHg4 96
15 CsHs-CH=CH 97

aYields of pure isolated products, characterized by 'H NMR, 3C NMR, elemental analysis, and melting point. Analytical data of
all adducts exactly matched those already reported for the same compounds [14, 15, 19, 20, 24, 27].
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OTITAABYHUM BOJUN OT ITPOU3BOACTBOTO HA MJISIKO 11 CUPEHE KATO
E®EKTHUBEH ITPOMOTOP 3A CUHTE3A HA 1,8-IMOKCO-OKTAXNJIPOKCAHTEHU

C. ®uopuro, ®@. Emudano*, ®@. IIpenny3o, B. A. Tageo, C. JI)xeHoBe3e

Ilenapmamenm no gapmayus, Ynusepcumem ,,I". I’ Anynyuo” na Kuemu-Ileckapa, Bua oeit Becmunu 31, 66100
Kuemu Crano (CH), Umanus

[ocTpnuna na 17 mait, 2017 r.; Ilpuera na 20 nexemspu, 2017 r.
(Pestome)

OTmagHu BOOU OT CEJICKOCTONIAHCKM M TPOMHIUICHH MPOM3BOJCTBA CE W3IMOJ3BAT B IMOCICTHO BpeMe 3a
MOJIIIOMAraHe Ha TOJisIM OpOl KIIACHYECKU M MHOBATUBHU IMPOIECH B CHHTETUYHATA OPraHMYHA XUMUsS. TaKkbB ,,3eeH”
XMMHUYCH TMOJXOJ TMO3BOJISIBA Jla C€ W30ETHE M3IMOJI3BAHETO HA TOKCHYHH, 3aMbPCSABAIIMA U ONACHU XUMHUKAIHU, KaTO
CHIICBPEMEHHO BOJM /IO MOBHIIIABAaHE HA ThPrOBCKATa CTOWHOCT HA TAaKWBAa CTpAaHMYHM NpoAykTH. KcaHtenute ca
rpymna npupoAHHU U MOTYCUHTETHYHH ChEAMHEHUS C oMM (hapMaKOJIOTHYCH MOTSHIMAT U PEAULA APYTH [IPUITOKSHHUS.
B HacrosiiiaTa cTaTUs € omrcaHa HOBA, MOJOOpPEHA METOIOJIOTHS 332 CHHTE3 Ha 1,8-THOKCO-OKTaXHIPOKCAHTEHHU Upe3
M3M0JI3BaHE Ha OTHagHa BOJa OT MPOU3BOJACTBOTO HAa MISIKO M CHpeHe karo pasrtBoputei. 1,8-Jlnokco-
OKTaxXHMIPOKCAHTEHUTE Ca TOJYUYEHH ¢ MHOTO no0pu mobusu (94 — 98 %) oT pasuyHO-3aMECTEHH apOMATHHU alICX K
W OUMENOH Karo cyOctparn. Bempekn myOnMKyBaHEeTO Ha penWia CTaTHH BBbpPXYy cuHTe3a Ha 1,8-amoxco-
OKTaxXUJIPOKCAHTCHU MpPEe3 MOCICIHUTE T'OJUHU, HACTOSIIOTO CHOOIICHHWE € MHPBOTO, B KOCTO 3a IIEJTa CE W3IOJ3Ba
OTMajJHa BOJA OT CEJICKOCTOMAHCKO M IPOMHIINICHO IIPOU3BOJICTBO. ToBa moadyepTaBa OIIe BEIHBK IMOJ3aTa OT
CTpaHHYHHUTE TPOMYKTH HAa CEJICKOCTOMAHCKA M MPOMHIIUICHH MPOU3BOJICTBA 332 OCBINCCTBIBAHETO HA ,,3€JCHU”
XUMHUYHU HpOHeCI/I.
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One-pot three-component synthesis of 3-[(aryl)-arylsulfanyl-methyl]-4-hydroxy-6-

methylpyran-2-one
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A goad yield in the synthesis of 3-[(aryl)-arylsulfanyl-methyl]-4-hydroxy-6-methylpyran-2-one is described involving
the reaction of 4-hydroxy-6-methyl-2H-pyran-2-one with aromatic aldehydes and thiols in the presence of p-toluene

sulfonic acid (p-TSA) under reflux conditions.

Keywords: 4-Hydroxy-6-methyl-2H-pyran-2-one,
Multicomponent reactions

INTRODUCTION

Multicomponent reactions (MCRs), by virtue of
their convergence, provide a single purification step,
higher yields than stepwise procedure, use of simple
and diverse precursors to construct complex
molecules and use of only a single promoter or
catalyst [1-3]. Multicomponent reactions are useful
and efficient methods in organic synthesis. Thus, the
development of new multicomponent reactions is a
popular area of research in organic chemistry from a
green chemistry point of view [4-6].

The reaction of 4-hydroxy-6-methyl-2H-pyran-
2-one with aromatic aldehydes and thiol has already
been reported [7-9], but there are many limitations,
such as long reaction times, hazardous organic
solvents and reagents, and low yields. Hence, we
have used a novel method to synthesize another class
of this derivatives via three-component
condensation reaction of 4-hydroxy-6-methyl-2H-
pyran-2-one with aromatic aldehydes and thiols in
the presence of p-toluene sulfonic acid (p-TSA). We
have developed a mild one-pot method,
characterized by excellent yield, simple work-up,
fast reaction, and employment of the cheap catalyst
p-TSA.

As part of our current studies on the development
of new routes in organic synthesis [10-13], we report
the reaction of 4-hydroxy-6-methyl-2H-pyran-2-one
with aromatic aldehydes and thiols in the presence
of p-toluene sulfonic acid.

EXPERIMENTAL
Instruments

Elemental analyses were performed using a
Heraeus CHN-O-Rapid analyzer. Mass spectra were

p-Toluene

* To whom all correspondence should be sent.
E-mail: ar_hasanabadi@yahoo.com

sulfonic acid, Thiols, Aromatic aldehydes,

recorded on a FINNIGAN-MAT 8430 mass
spectrometer operating at an ionization potential of
70 eV. IR spectra were recorded on a Shimadzu IR-
470 spectrometer. *H and *C NMR spectra were
recorded on a Bruker DRX-250 Avance
spectrometer in DMSO solution using TMS as
internal standard. The chemicals used in this work
were purchased from Fluka (Buchs, Switzerland)
and were used without further purification.

General experimental procedure

To a mixture of 4-hydroxy-6-methyl-2H-pyran-
2-one (1 mmol) and aromatic aldehyde (1 mmol) in
acetone (10 mL) in the presence of p-toluene
sulfonic acid (0.1 mmol) as the catalyst, 1 mmol thiol
was added under reflux.

The reaction progress was controlled by TLC (n-
hexane:ethyl acetate=1:1). After 3 h, the reaction
was completed and the solvent was removed under
reduced pressure, the precipitated product was
filtered off, washed with water (5 mL) and
crystallised from ethanol.

RESULTS AND DISCUSSION

Reaction  between  4-hydroxy-6-methyl-2H-
pyran-2-one 1 with aromatic aldehydes 2 and thiols
3 in the presence of p-toluene sulfonic acid under
reflux conditions affords 3-[(aryl)-arylsulfanyl-
methyl]-4-hydroxy-6-methylpyran-2-one 4 in good
yields. (Scheme 1).

The compounds 4a-d were characterized by H,
BC-NMR and IR spectroscopy and elemental
analyses [5-7]. Compounds 4e-n were new and their
structures were deduced by elemental and spectral
analysis. The structure of the other products was
proved on the basis of !H, ¥C-NMR and IR
spectroscopy and elemental analyses. The mass
spectra of compounds 4a—n were fairly similar and
displayed molecular ion peaks. For example, the

194 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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P-TSA

SH
H,C |o 0o o
+ +
= AI’/U\H
OH R 3

1 2

H,C_ 0.0
L
Acetone , reflux, 3 h \©\
R

OH Ar
4

4| Ar R  %Yield* 4, Ar R  %Yield*
a| CgH H 78 h| 2-cicH, H 85
b | 4NO,CH, H o1 i | 2-FCH, H 87
¢ | 4-CIC(H, H 86 j | 2-0,NCH, H %0
d| 4-CH,OCH, H 75 k| 4NO,CH, cH, 87
e | 4BrCH, H 84 I | 4-CICH, CH, 83
f| 4FCH, H 80 m| 4-CH,0CH, CH, 72
9| 4-CH,C.H, H 75 n| 2-CICH, CH, 82
*Isolated yields
Scheme 1

mass spectrum of compound 4e showing a molecular
ion peak at 403 m/z confirmed that compound 4e is
a triadduct of 4-hydroxy-6-methyl-2H-pyran-2-one,
4-bromobenz-aldehyde and thiol. The H-NMR
spectrum of compound 4e displayed a sharp single
signal at 0 = 5.82 ppm for methine proton, along with
charactristic signals at ¢ = 6.81-7.80 ppm for
aromatic protons. A singlet was observed at 6 = 9.93
ppm for OH proton, disappeared by addition of D,0.
13C NMR spectrum of compound 4e showed 15
distinct signals in agreement with the proposed
structure.

A mechanism of reasonable possibility is
presented in scheme 2. As can be seen, firstly,
Knoevenagel condensation between 4-hydroxy-6-
methyl-2H-pyran-2-one 1 and aromatic aldehydes 2
in the presence of p-toluene sulfonic acid occurs and
intermediate 5 is formed. Intermediate 5 reacts with
thiols via conjugate addition to form product 4.

In summary, we have developed a mild, one-pot
three-component reaction between 4-hydroxy-6-
methyl-2H-pyran-2-one, aromatic aldehydes and
thiols in the presence of p-toluene sulfonic acid
under reflux conditions, characterized by excellent

yield, simple work-up, fast reaction, and

employment of the cheap catalyst p-TSA.
3-[(4-Bromophenyl)-phenylsulfanyl-methyl]-4-

hydroxy-6-methylpyran-2-one (4e).

Brown powder, m.p. 83-85 °C, IR (KBr) (Vmax
cm?): 3113 (OH), 1684 (C=0). Analyses: Calcd. for
C19H15BrOsS: C, 56.59; H, 3.75%. Found: C, 56.45;
H, 3.90. MS (m/z, %): 403 (5). *H NMR (250 MHz,
ds-DMSO0): 6 2.13 (3H, s, CHs), 5.82 (1H, s, CH),
6.07 (1H, s, =CH), 6.81-7.80 (9H, m, arom),
9.93(1H, s br, OH) ppm. C NMR (62.9 MHz, ds-
DMSO): 6 19.51 (CHs), 34.48 (CH), 100.40, 101.58,
119.06, 127.05, 129.11, 129.48, 131.20, 131.63,
132.68, 140.03, 161.70, 164.23, 168.29 ppm.

3-[(4-Fluorophenyl)-phenylsulfanyl-methyl]-4-
hydroxy-6-methylpyran-2-one (4f).

Yellow powder, m.p. 118-120 °C, IR (KBr) (Vimax
cm?): 3427 (OH), 1684 (C=0). Analyses: Calcd. for
C19H1sFOsS: C, 66.65; H, 4.42%. Found: C, 66.54;
H, 4.58. MS (m/z, %): 342 (3). *"H NMR (250 MHz,
de-DMSO): 6 2.28 (3H, s, CHs), 5.75 (1H, s, CH),
6.07 (1H, s, =CH), 6.96-7.52 (9H, m, arom), 10.90
(1H, s br, OH) ppm. BC NMR (62.9 MHz, d¢-
DMSO0): 6 19.62 (CHs), 34.20 (CH), 103.19, 115.48,
127.17, 127.53, 128,14, 129.06, 130.32, 131.10,
137.00, 159.66, 161.83, 163.56, 169.60 ppm.

0 H,C.__O.__O HSQR
Ar - H,0 X
5Y0 Ar

Scheme 2
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3-[(4-methylphenyl)-phenylsulfanyl-methyl]-4-
hydroxy-6-methylpyran-2-one (4g).

Brown powder, m.p. 183-185 °C, IR (KBr) (Vmax
cmt): 3125 (OH), 1693 (C=0). Analyses: Calcd. for
C20H180sS: C, 70.98; H, 5.36%. Found: C, 80.13; H,
5.21. MS (m/z, %): 338 (4). *H NMR (250 MHz, d¢-
DMSO0): 6 1.70 (3H, s, CHs), 2.21 (3H, s, CH3), 5.68
(1H, s, CH), 6.11 (1H, s, =CH), 7.13-7.90 (9H, m,
arom), 11.18 (1H, s br, OH) ppm. *C NMR (62.9
MHz, ds-DMSO): 6 19.57 (CHz), 23.36 (CHs), 35.76
(CH), 100.21, 101.40, 119.15, 123.53, 124.46,
127.17, 127.85, 131.55, 129.32, 143.10, 161.43,
165.61, 167.75 ppm.

3-[(2-Chlorophenyl)-phenylsulfanyl-methyl]-4-
hydroxy-6-methylpyran-2-one (4h).

Brown powder, m.p. 161-163°C, IR (KBr) (Vmax
cmt): 3115 (OH), 1696 (C=0). Analyses: Calcd. for
C19H15CIOsS: C, 63.60; H, 4.21%. Found: C, 63.75;
H, 4.012. MS (m/z, %): 358 (5). 'H NMR (250
MHz, ds-DMSO0): & 2.19 (3H, s, CHs), 5.73 (1H, s,
CH), 6.04 (1H, s, =CH), 7.11-7.84 (9H, m, arom),
11.52 (1H, s br, OH) ppm. *C NMR (62.9 MHz, ds-
DMSO): 6 19.48 (CH3), 34.46 (CH), 100.37, 101.71,
125.77, 127.17, 127.88, 128.31, 128.90, 130.48,
131.14, 133.08, 140.35, 143.27, 161.82, 164.37,
166.52 ppm.

3-[(2-Fluorophenyl)-phenylsulfanyl-methyl]-4-
hydroxy-6-methylpyran-2-one (4i).

Yellow powder, m.p. 103-105 °C, IR (KBr) (Vmax
cml): 3432 (OH), 1691 (C=0). Analyses: Calcd. for
CioH15FOsS: C, 66.65; H, 4.42%. Found: C, 66.50;
H, 4.60. MS (m/z, %): 342 (5). *H NMR (250 MHz,
de-DMSO): 6 2.24 (3H, s, CHs), 5.86 (1H, s, CH),
6.13 (1H, s, =CH), 7.03-7.65 (9H, m, arom), 10.96
(1H, s br, OH) ppm. BC NMR (62.9 MHz, ds-
DMSO): § 19.50 (CHs), 34.27 (CH), 103.34 115.62,
127.13, 127.67, 128,19, 129.12, 130.45, 131.17,
133.15, 137.06, 140.28, 159.52, 161.77, 163.50,
169.43 ppm.

3-[(2-nitrophenyl)-phenylsulfanyl-methyl]-4-
hydroxy-6-methylpyran-2-one (4j).

Brown powder, m.p. 201-203°C, IR (KBr) (Vmax
cm?): 3418 (OH), 1688 (C=0), 1524 and 1355
(NO,). Analyses: Calcd. for C19H1sNOsS: C, 61.78;
H, 4.09; N, 3.79%. Found: C, 61.63; H, 4.27; N,
3.92. MS (m/z, %): 369 (8). *H NMR (250 MHz, d-
DMSO): § 2.26 (3H, s, CH3), 5.74 (1H, s, CH), 6.13
(1H, s, =CH), 7.15-8.46 (9H, m, arom), 11.50 (1H, s
br, OH) ppm. *C NMR (62.9 MHz, ds-DMSO): §
19.57 (CHa), 35.80 (CH), 100.46, 101.22, 121.20,
122.14, 124.33, 127.13, 127.72, 128.76, 130.55,
133.06, 146.03, 148.71, 161.58, 165.60, 167.43

ppm.
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3-[(4-nitrophenyl)(p-tolylsulfanyl)-methyl]-4-
hydroxy-6-methylpyran-2-one (4k).

Brown powder, m.p. 211-213°C, IR (KBr) (Vmax
cm?): 3403 (OH), 1681 (C=0), 1526 and 1345
(NO3). Analyses: Calcd. for CxH17NOsS: C, 62.65;
H, 4.47; N, 3.65%. Found: C, 62.71; H, 4.35; N,
3.80. MS (m/z, %): 383 (8). *H NMR (250 MHz, ds-
DMSO0): 6 2.10 (3H, s, CHs), 2.38 (3H, s, CHs), 5.72
(1H, s, CH), 6.13 (1H, s, =CH), 7.35-8.28 (8H, m,
arom), 11.42 (1H, s br, OH) ppm. **C NMR (62.9
MHz, ds-DMSO0): 6 19.43 (CHs), 21.66 (CHs), 35.80
(CH), 100.52, 101.22, 123.43, 124.39, 127.07,
127.64, 128.72, 129.26, 146.18, 149.82, 161.73,
165.51 and 168.18 ppm.

3-[(4-Chlorophenyl)(p-tolylsulfanyl)-methyl]-4-
hydroxy-6-methylpyran-2-one (41).

Brown powder, m.p. 125-127°C, IR (KBr) (Vmax
cm?): 3267 (OH), 1693 (C=0). Analyses: Calcd. for
C20H17CIOsS: C, 64.42; H, 4.60%. Found: C, 64.55;
H, 4.49. MS (m/z, %): 372 (4). 'H NMR (250 MHz,
ds-DMSO0): 8 2.18 (3H, s, CH3), 2.35 (3H, s, CHa),
5.81 (1H, s, CH), 6.14 (1H, s, =CH), 7.08-7.95 (8H,
m, arom), 11.36 (1H, s br, OH) ppm. *C NMR (62.9
MHz, ds-DMSO0): 6 19.47 (CHs), 21.50 (CHs), 34.46
(CH), 100.42, 101.73, 124.85, 127.16, 127.64,
128.21, 129.10, 130.77, 139.43, 141.32, 161.87,
164.20 and 166.75 ppm.

3-[(4-methoxyphenyl)(p-tolylsulfanyl)-methyl]-
4-hydroxy-6-methylpyran-2-one (4m).

Brown powder, m.p. 173-175°C, IR (KBr) (Vmax
cm?): 3156 (OH), 1681 (C=0). Analyses: Calcd. for
C21H2004S: C, 68.46; H, 5.47%. Found: C, 68.62; H,
5.33. MS (m/z, %): 368 (3). *H NMR (250 MHz, ds-
DMSO0): 6 2.22 (3H, s, CHs), 2.30 (3H, s, CHs), 3.68
(3H, s, OCHa), 5.72 (1H, s, CH), 6.15 (1H, s, =CH),
7.11-7.88 (8H, m, arom), 11.21 (1H, s br, OH) ppm.
13C NMR (62.9 MHz, ds-DMSO): § 19.48 (CHs),
21.52 (CHs), 35.77 (CH), 56.43 (OCHs), 100.16,
101.52, 119.22, 123.58, 124.63, 127.16, 127.80,
131.63, 129.35, 143.24, 161.50, 165.39 and 167.52
ppm.

3-[(2-Chlorophenyl)(p-tolylsulfanyl)-methyl]-4-
hydroxy-6-methylpyran-2-one (4n).

Brown powder, m.p. 150-152°C, IR (KBr) (Vmax
cm?): 3293 (OH), 1690 (C=0). Analyses: Calcd. for
C20H17CIOsS: C, 64.42; H, 4.60%. Found: C, 64.58;
H, 4.43. MS (m/z, %): 372 (7). *H NMR (250 MHz,
ds-DMSO0): 8 2.27 (3H, s, CH3), 2.30 (3H, s, CHa),
5.66 (1H, s, CH), 6.09 (1H, s, =CH), 7.08-7.92 (8H,
m, arom), 11.33 (1H, s br, OH) ppm. *C NMR (62.9
MHz, ds-DMSO0): 6 19.50 (CHs), 21.62 (CHs), 34.37
(CH), 100.28, 101.69, 125.71, 127.25, 127.76,
128.39, 128.95, 130.53, 131.22, 133.11, 140.30,
143.37, 161.75, 164.34, 166.72 ppm.
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EJHOCTAJJUEH TPUKOMIIOHEHTEH CUHTE3 HA 3-[(APUJI)-APUJICYJI®AHJI-
METWI]-4-XUAPOKCU-6-METUJITIMPAH-2-OH

M. Kaneragu, A. Xacanabagu™
Jlenapmamenm no xumus, 3axedancku knou Ha Ucnamcku Azao ynusepcumem, n.x. 98135-978, 3axeoan, Upan
[TocTpnuna Ha 26 depyapu, 2017 r.; [Ipuera Ha 18 nexemspu, 2017 1.
(Pe3tome)

Omucan e cuHTe3bT Ha 3-[(apwn)-apuncyndpaHui-MeTHI]|-4-XuAPOKCH-6-MeTHINUpaH-2-0H ¢ 100Bp J0OuB
MOCPEICTBOM peakius Ha 4-xuapokcu-6-metnin-2H-nmpan-2-oH ¢ apoOMaTHH aJIAEXMAM U THOJIM B NPUCHCTBUE HA P-
TOJyeHCYI()OHOBA KHCEIMHA I TEMIIEpaTypa Ha KUIICHE.
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The electrochemical behavior of maleic acid (MA) on a platinum electrode was studied using cyclic voltammetric,
linear sweep voltammetric and chronoamperometric techniques. The results showed that the reduction of MA on a Pt
electrode is a quasi-reversible process as a result of the diffusion and the reductive potential of MA at -0.62 V (vs.
Ag/AgCl). The detection limit of MA on a Pt electrode was calculated to be 1.6 x 10> M. The anodic and cathodic current
peaks of MA increased with increasing the concentration of MA from 5.00 x 102 to 8.89 x 103 M at a scan rate ranging
from 20-200 mV/s. The diffusion coefficient of MA was determined to be 0.815 x 107 cm2.s. The mechanism of the
produced succinic acid by electrochemical reduction of MA was discussed.

Keywords: Maleic acid; Succinic acid; Cyclic voltammetry; Linear sweep voltammetry; Chronoamperometric

measurements.
INTRODUCTION

The electrochemical behavior of maleic acid
(HOOC-CH=CH-COOH) in oxidation is of great
interest because this molecule is the hinge between
cyclic and linear structures. So the oxidation of MA
on born doped diamond electrode (BDDE) has been
studied. The reduction of MA in acidic media on a
Pb cathode in electrolytic solution of Co, Ni, Cu, and
Mn citrate complexes has been also studied [1].
Reduction of MA on Ti/ceramicTiO; under
galvanostatic and cyclic voltammetric conditions
has been examined [2]. Also, the behavior of MA
had previously been studied using Au, (BDD),
glassy carbon (GC) and lead electrodes [3-5].

Maleic acid can be easily reduced to succinic
acid, both chemically and electrochemically, the
electrochemical  synthesis  having  numerous
advantages such as high yield, high purity, mild
reaction conditions, low environmental pollution
and zero-emission process via filtrate recycling [6-
9].

Succinic acid as a product of the electrochemical
reduction of MA is of great marketable rank as an
important chemical material. It finds extensive
applications in different areas such as radiation
dosimetry, agriculture, electroplating, medicine,
photography, waste-gas scrubbing, surfactants,
foods, textiles, cosmetics and is used in the food and
drink industry, mainly as acidity regulator [10-15].

The current study targets to inspect the
electrochemical behavior of MA on a Pt electrode by

* To whom all correspondence should be sent.
E-mail: abou_krisha@yahoo.com

using cyclic voltammetry to elucidate the
mechanism of the reduction process. The effects of
concentration of MA and scan rate on the current
peaks were studied as well. The electrochemical
synthesis of succinic acid from MA using linear
sweep voltammetry was studied. The detection limit
of MA on a Pt electrode was a part in this work.

EXPERIMENTAL
Reagents and solutions

All solutions used in the present investigation
were freshly prepared from Analar grade chemicals
used without further purification. 0.1M Sodium
phosphate monohydrate Na,HPO, used as a
supporting electrolyte was prepared by dissolving
3.55 g in 250 mL of double-distilled water. A stock
solution of 0.01M MA (dihydrate) was prepared by
dissolving 0.315 g in 250 mL of double-distilled
water. Other concentrations of MA were obtained by
dilution from the stock solution.

Electrochemical equipment

The device used in these experiments was EG&G
Princeton  Applied  Research  potentiostat/
galvanostat model 263. The cell contains three
electrodes (model K0264 micro-cell), an Ag/AgCl
(saturated KCI) -model K0265 electrode was used as
the reference electrode, while the working and
counter-model K0266-electrodes were of high purity
platinum wire. All measurements were carried out at
room temperature in duplicate and the
reproducibility of these measurements was found to
be satisfactory.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Techniques used

The electrochemical behavior of maleic acid was
studied in NaHPO, solutions on a platinum
electrode using cyclic voltammetry (CV). The
voltammetric parameters were as follows: initial
potential was 1 V; vertex potential was -1 V and final
potential was 1 V vs. Ag/AgCl in presence of
different concentrations of maleic acid at different
scan rates. Another technique used was cathodic
linear sweep voltammetry (CLSV) of 8.57x10° M
maleic acid in 0.1 M Na;HPO4 from 1V to -1 V (vs.
Ag/AgCI) at a scan rate of 100 mV/s. The third
technique used was chronoamperometry (CA) of
3.33 mM to 8.33 mM of MA in 0.1 M Na;HPO, as a
supporting electrolyte, setting the working electrode
at 0.00 mV (first potential step) and at -1.00 mV
(second potential step) at time 5 s.

RESULTS AND DISCUSSION
Supporting electrolyte selection

In the current study, many supporting electrolytes
(e. g.: sodium sulfate, silver nitrate, sodium chloride
and phosphate monohydrate) have been used to test
the behaviour of the MA on a Pt electrode. It has
been found that the phosphate monohydrate is the
most appropriate.

Figure 1 shows the cyclic voltammogram of
0.1M NazHPO4 as supporting electrolyte from 1 V to
-1 V at a scan rate 50 mV/s on a Pt electrode. It is
seen that there is one reduction peak at - 0.9 V and
one oxidation peak at - 0.6 V.

0.2 4 a

T T T T T T T T T T T T T T T T T T T 1
125 100 075 050 025 000 -025 -050 -0.75 -1.00 -125
E/Vvs. Ag/AgCl

Fig. 1. Cyclic voltammogram of a Pt electrode in 0.1M
Na2HPO4 at a scan rate of 50 mV/s.

Different volumes of 0.01M maleic acid were
added to other different volumes of 0.1M sodium
phosphate monohydrate to study the cyclic
voltammetry of MA in this supporting electrolyte.

But there are no peaks of MA observed from
concentrations 5.00 x 10° M to 3.33 x 102 M, as
illustrated in Figure 2.

Also the cathodic and anodic current peaks of
supporting electrolyte (Na;HPO,) decreased with
increasing in the concentration of MA, as observed
in Figure 2.
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Fig. 2. Cyclic voltammograms of different
concentrations of maleic acid in 0.1 M Na2HPQg, at a scan
rate 50 mV/s.

At a concentration of 8.57 x 102 M, the best
cathodic peak (Pc1) at -0.62 V appears which
corresponds to the reduction of MA to succinic acid
and the anodic peak (Pa) at -0.33 V. Pc2 and Pa
belong to Na;HPO,, as follows from Figure 3.

Pe2
-0.20 4
-0.15
0.10 4

-0.05 4

JiuA em”

0.00 4

0.05 4

0.10 ~

T
02 0.0 0.2 04 06 0.8 -1.0 -1.2
E/V vs.Ag/AgCl

Fig. 3. Cyclic voltammograms of 8.57 x 10 M maleic
acid in 0.1 M Na2HPOu, at a scan rate of 50 mV/s.

From the anodic and cathodic peaks the potential
difference was calculated as equation (1):

AE=EE,=-0.62—(-0.33)=-0.29V 1)

A quasi-reversible process controlled by
diffusion represents the electrochemical reduction of
maleic acid on a Pt electrode [16,17], where the
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potential difference (-0.29 V) refers to a quasi-
reversible process controlled by diffusion.

Effect of maleic acid concentration

Figure 4 shows the effect of various
concentrations of MA on the cathodic and the anodic
peaks. The cathodic peak of MA increases with the
increase in MA concentrations from 5.00 x 10 M to
8.89 x 10 M, and also the cathodic peak potential
shifted to more negative values.

w500 % 107 M
coe b 682X 107°M

;-'u.-\cm:

T T T T T T ]
02 0.0 0.2 0.4 06 0.8 -1.0 -1.2
E/V vs, AglAgCl

Fig. 4. Cyclic voltammograms of different concentrations
of maleic acid in 0.1 M Na2HPOs, at a scan rate of 50
mV/s.
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Fig. 5. Calibration graph of maleic acid in 0.1 M
Na2HPO4 using a Pt electrode at a scan rate of 50 mV/s.

On the other side, the anodic peak started to
appear at a concentration of 8.18 mM of MA and its
oxidation current increased with the increase in the
concentration of maleic acid up to 8.57 x 10 *Mand
then decreased with the increase in concentration
(8.89 x 10 * M). This supports the idea that the
electrochemical reduction of maleic acid on a Pt
electrode is a quasi-reversible process controlled by
diffusion.

The calibration graph of MA in different
concentrations was obtained by using a Pt electrode,
as shown in Figure 5. A linear response was
achieved in the concentration range (5.00 - 8.18
mM) of MA at a sensitivity response of 0.19
MA/MM. Table 1 displays the data used to estimate
the value of SD (standard deviation) of the mean
current applying on Figure 5.
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Table 1. Data used to calculate the value of SD taken
from figure 5

I i3 X
0.00 0.002 5.00
0.073 0.074 6.92
0.095 0.093 7.50
0.121 0.123 8.18

The SD value can be calculated according to
Miller equation (2):

SD=1/(n-2)x(ij-1;)* )

where, n is the number of MA concentrations
used (n= 4), i; is the experimental value of the
experiment number j and I is the corresponding
recalculated value, at the same concentration using
the regression line equation (3):

joc(MA/cm?)=0.038C (mM)-0.190 3

The calculated SD was used to determine the
detection limit of MA at the platinum electrode [17]
(DL, 3 x SD / slope), which was calculated as 1.6 x
10° M.

Effect of scan rate

The effect of a varying scan rate of the oxidation-
reduction process of MA was studied. Cyclic
voltammograms of 8.57 x 10° M MA in 0.1M
Na;HPO, supporting electrolyte using a Pt electrode
were obtained for a scan rate ranging from 20-200
mV/s (Figure 6).

— a0 mVis
== =h 30 mVis

c: 40 mVis
== d: 60 mVis
e: 80 mV/s
f: 100 mV/s
=== g 150 mVis
d ==-=h: 200 mV

JpA em”

02

00 02 04 06 08 40
E/V vs. Ag/AgCl

Fig. 6. Cyclic voltammograms of 8.57x10-3 M maleic
acid in 0.1M NazHPOs., at different scan rates.

As shown in Figure 6, the cathodic and anodic
peak currents of MA increased with increasing the
scan rate at the Pt electrode. Furthermore, the
cathodic peak potential shifted to lower negative
values and the anodic peak potential shifted to higher
positive values with increasing the scan rate. This is
because of the accumulation of the MA molecules on
the Pt electrode.
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Good linearity between the cathodic and the
anodic peak currents with the square root of scan rate
(Figures 7, 8) was obtained by:

joc(LA/CM?)=0.0189°5(mV/5)°5+0.085  (4)
joc(MA/cm?)=0.0135%°(mV/s)**+0.019 (5)

This supports the idea that the electrode reactions
of maleic acid were under diffusion control,
referring to [17].
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Fig. 7. Plot of cathodic peak current versus square root
of scan rate of 8.57 x 10° M maleic acid in 0.1M
NazHPOs.
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Fig. 8. Plot of anodic peak current versus square root of
scan rate of 8.57 x 10 M maleic acid in 0.1M NazHPOa.

Cathodic linear sweep voltammetry

Cathodic linear sweep voltammetry can be used
as an electrosynthesis process because it is a simple,
quick and accurate technique. So succinic acid can
be electrosynthesized from maleic acid by this
technique.

Cathodic linear sweep voltammetry of 8.57 x 10
¥ M MA at a scan rate of 100 mV/s displays two
cathodic peaks in a cathodic scan. The P at -0.68 V
may be referred to the reduction of maleic acid into
succinic acid. The second P at -0.96 V belongs to
Na;HPO, as a supporting electrolyte (Figure 9).
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Fig. 9. Cathodic linear sweep voltammogram of

8.57x10° M maleic acid in 0.1 M Na2zHPOs, at a scan rate
of 100 mV/s, in cathodic scan.

Chronoamperometric method

Chronoamperometry was used as a revealing
method and also to investigate the electrode process
[18-22]. Figure 10 displays the chronoamperometric
measurements of MA by adjusting the working
electrode at 0.00 mV (first potential step) and at -
1.00 mV (second potential step) vs. Ag/AgCI which
shows increased current when MA concentrations
were changed from 3.33 to 8.33 mM in 0.1M
Na;HPO, as a supporting electrolyte.
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Fig. 10. Chronoamperograms in the absence and presence
of different concentrations of maleic acid in 0.1 M
NazHPO4 supporting electrolyte; first and second
potential steps were 0.00 and -1.00 V vs. Ag/AgCl,
respectively.

The current of the electrochemical reaction
(Figure 11, under mass transport control) of an
electroactive material with a diffusion coefficient is
expressed by Cottrell equation (6) [21-23]:

ly=nFAC (D/rt)* (6)

where, D is the diffusion coefficient (cm?s?), C -
bulk concentration (mM), n - number of electrons, F
- Faraday's constant and A - electrode surface area.
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Fig. 11. Cottrell plot for potential step
chronoamperometry of 6 mM maleic acid in 0.1 M
NazHPOa.

Figure 11 reveals that the plot of I vs. t % is a
linear relationship from which we can obtain the
value of D. According to the Cottrell equation, the
diffusion coefficient of MA (D) was found to be
0.815 x 107 cm? st The obtained value is
comparable with the relevant previous studies [17].

Mechanism of the reduction reaction

From the results it is known that during the
electroreduction process of MA the gain of electron
leads to the formation of an anion-radical
intermediate. Then this intermediate accepted one
proton from the aqueous media and formed succinic
radical. At the end, the succinic radical accepted one
electron and one proton to form succinic acid.

The reduction mechanism of MA to succinic acid
may be expressed as follows [24-26]:

CONCLUSION

The results indicated that the reduction of MA on
a Pt electrode is a quasi-reversible process controlled
by diffusion. The cathodic and anodic peak currents
of MA increased with an increase in concentration
of MA from 5.00 x 10 M to 8.89 x 10 M at a scan
rate ranging from 20-200 mV/s vs. Ag/AgCI. From
chronoamperometric measurements, the diffusion
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coefficient of maleic acid was found to be 0.815 x
107 cm?.s™t. Maleic acid can be electrochemically
reduced to succinic acid using cathodic linear
voltammetry using a simple, quick, accurate, and
sensitive technique.
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I'PAHULIA HA OTKPUBAHE U EJIEKTPOXUMNYHO OTHACAHE HA MAJIEMHOBA
KHUCEJIMHA BBPXY IINIATUHOB EJIEKTPO/]

X.M. Pagex!, M. M. A6y-Kpumal?*, A. M. A6o-bakp?, M. A6x-Encabyp*

! Tenapmamenm no xumus, Caym Banu Yuusepcumem, Kena, 83523, Ezunem
2 Hayuen xoneoic, Jlenapmamenm no xumus, An Umam Moxamao Hon Cayo Hcnamcku ynusepcumem, Puao, 11623,
Cayoumcka Apabus

IMocrbnuna Ha 30 cenremBpu 2018 r.; kopurupana Ha 9 simyapu 2018 .
(Pe3tome)

EnekTpoXuMHUYHOTO OTHAcsHE Ha MajenHoBa kucennHa (MK) BbpXy MIaTHHOB €IEKTPO]] € H3YYCHO Ype3 [UKINYHA
BOJITAMMETpUS, JINHEHHA BOJTAMMETPHS U XPOHOAMIEpOMETpHs. Y CTaHOBEHO e, ue peaykumsita Ha MK Bwpxy Pt
€JIEKTPOJ] € KBa3MOOpaTHM IIpollec B pe3ynrar Ha audysusara U Ha peayKuuoHHus noreHuuan Ha MK mpu -0.62 V
(cipsamo Ag/AQCI). Uzuucnenara rpanuua Ha otkpuBane Ha MK Bupxy Pt enextpox € 1.6 x 10° M. Auoxuure u
KaTOAHUTE TOKOBHU nuKkoBe Ha MK HapacTBar ¢ yBennvaBaHe Ha KOHIIGHTpaNusATa Ha MajnerHoBa kucesnuna ot 5.00 x 10
3 t0 8.89 x 10® M npu cxopocT Ha ckaHupane B naTepsana ot 20 1o 200 mV/s. Iudysuonnuar koedunuent Ha MK e

0.815 x 107 cm?s?. JluckyTupan e MexaHH3MBT Ha INONYYaBaHE HA CYKIIMHOBA KHCENHHA Ype3 eNeKTPOXUMHYHA
penykuus Ha MK.
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After firing a shot, gunshot residue (GSR) compounds containing burned and partially unburned particles are
dispersed in the environment. The partially unburned GSR compounds contain elements that are ready to explode in
appropriate circumstances. This can lead to serious safety problems, especially in indoor shooting ranges. In this study,
the GSR compounds collected from Machine Chemistry Institute brand 9%19 mm parabellum shells were analyzed
using gas chromatography/mass spectrometry (GC-MS) method. As a result of the analysis, nitroglycerin, dimethyl
phthalate, 2,4-dinitrotoluene, diphenylamine, n-diphenylamine, trimethyl, 2,4-methypropyl and dibutyl phthalate
compounds were detected in the GSR compounds. The changes in the amounts of these compounds depending on the
number of shots wire were discussed.

Keywords: Chemical analysis, Gas chromatography-mass spectrometry (GC-MS), Propellant powder, GSR (Gunshot

residue).
INTRODUCTION

When a firearm is used, gunshot residues (GSR)
are formed following the combustion that takes
place inside the hive, and these residues spread into
the gun, especially in the vicinity of the firing bed.
Some of them exit the barrel and disperse in burned
and partially unburned form [1,2]. GSR analysis is
one of the most important tests in forensic sciences
[3,4]. This analysis is of great importance in
identifying the shooter, as well as for clarification
of the origin (i.e., suicide, murder, accident) of the
incidence [5].

The shooting range is widely wused in
comparison with suspect firearms in forensic
investigations, in sports, military or police training
[6,7]. As a result of the intense shooting, GSR
compounds spread in the environment. The
scattered GSR compounds contain elements that are
ready to explode in apposite circumstances [8-10].
Unless necessary measures are taken, there may be
accidents that can cause death, especially in indoor
shooting ranges.

The GC-MS method is a technique used in GSR
analysis since it yields robust results with high
sensitivity and authenticity for the appropriate
analyte classes (Fig. 1). Inorganic and organic
gunshot residues (Table 1) were analyzed in the
studies carried out with the methods of liquid or gas
chromatography [11,12].

The objective of this study was to use GC-MS
method to investigate the change in amounts of
GSR compounds identified after firing MKE brand

* To whom all correspondence should be sent.
E-mail: ilkerkaraO6 @hotmail.com
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9x%19 mm parabellum, depending on the number of
shots.

Y,
Fig. 1. The shooting tank and its front chamber.
EXPERIMENTAL

Samples

This experimental study was carried out at the
directorate department of the Ankara Criminal
Police Laboratory (in Turkish: KPL). All of the
tests were carried out in the KPL shooting room. In
test shooting, we used a Sarsilmaz brand Mega
2000 Kilinc model semi-automatic 9x19 mm
parabellum pistol {Machine Chemistry Institute
(MKE)] with a 2010 gun cartridge. Propellant
powders from one ammunition type [9%19 mm
parabellum type MKE brand cartridge were of 38%
lead styphnate (TNR Pb), 6% tetracene (TRZN),
34% barium nitrate Ba(NOs), 15% antimony sulfide
ShySs, 4% pentrite (PETN), and 3% aluminum
powder [4], full metal jacket (Turkey)} were
supplied by the Turkish National Police.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Table 1. Characteristic organic and inorganic gunshot residue components.

Compound Abbreviation Usage
Resorcinol Rs Stabilizer
2,4-Dinitrotoluene 24-DNT Flash inhibitor
2,6-Dinitrotoluene 26-DNT Flash inhibitor
2,3-Dinitrotoluene 23-DNT Flash inhibitor
Dimethyl phthalate MF Plasticizer
Diethyl phthalate EF Plasticizer
Dibutyl phthalate BF Plasticizer
Diphenylamine DPA Stabilizer
Methyl centralite MC Stabilizer
Ethyl centralite EC Stabilizer
Antimony Sh Fuel
Calcium Ca Fuel
Magnesium Mg Fuel
Aluminum Al Fuel
Nickel Ni Bullet material
Zinc Zn Bullet material
Copper Cu Bullet material
Iron Fe Bullet material
Barium Ba Oxidizing agent
Lead Pb Explosive (lead styphnate)

The chemical compounds of gunshot residues in this list do not represent a comprehensive study [5].

Sample preparation

In the experiment, the barrel of the firearm was
cleaned before firing each shot.

The cleaning process began with mechanical
cleaning. Then, the barrel was washed in deionized
water in an ultrasonic bath. Finally, the barrel was
dried with dry nitrogen gas. Before applying the
method to real samples, it was necessary to find the
best sampling conditions. GSR compounds
scattered around after firing were collected by a
paper screening (by coating the inside) placed in
the front chamber of the shooting tank (Fig. 1). The
samples were collected under the same conditions
since the physical conditions and method of
collection may have an effect on the sampling
procedure.

RESULTS

Sample analysis and chromatographic
conditions

The samples were dissolved in 25 ml of acetone
and were mixed with a vortex mixer for 30 min.
Each was filtered with a syringe and 0.45 mp nylon

filter. The results were analyzed using an AOC-20i
auto-sampler and chromatograph interfaced to a
mass spectrometer (Model: QP2010 PLUS
Shimadzu, Japan).

Fig. 2. Gunpowder particle, emerged layers, and
combustion process.

The instrument was equipped with a VF 5 ms
fused silica capillary column of 30 m length, 0.25
mm diameter and 0.25 um film thickness. The
temperatures employed were: column oven
temperature 70°C, injection temperature 170°C,
pressure of 108.0 kPa, with total flow and column
flow of 6.20 ml/min and 1.15 ml/min, respectively.
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The linear velocity was 46.3 cm/sec and the purge
flow was 3.0 ml/min. The GC ion source and
interface temperature were 150°C and 290°C,
respectively with solvent cut time of 3.50 min. The
MS program starting time was 3.00 min, which
ended at 30.0 min with event time of 0.50 sec, scan
speed of 1666 pl/sec, scan range 40-8 00 u (split
ratio 10:1). The total running time of GC-MS was
30 min. The relative percentage of the extract was
expressed as a percentage with peak area
normalization.

DISCUSSION

Each explosive can be burned by using
processed gunpowder and a sufficient amount of
oxygen molecules. The energy required for
combustion is initially provided externally (spark or
flame), and combustion is maintained as it reaches
to layers of gunpowder. Gunpowder particles burn
starting from the outer surface inward in parallel
layers (Fig. 2) [4].

The powder gases formed during the
combustion process increase continuously with
rising temperature, pressure, and combustion speed
[4,13]. The pressure wave, which occurs as a result
of the energy released during this event, causes
disintegration of explosives at a constant rate [6].
This pressure wave can be obtained by impact or
friction; hence, cartridges include a primer capsule
to achieve this. If the primer capsule or firing pin’s
hit is weak, then the pressure wave will not be
sufficient to achieve complete combustion (causing
unburned particles).

To achieve complete combustion, the average
kinetic energy resulted from the pressure wave
caused by the collision of molecules should be
greater than the critical energy required for the
breakdown of the molecules. Accordingly,
mechanical effects, in addition to thermal effects of
the gases, also play a major role in combustion.
Here, these two factors prepare the necessary
environment for detonation and provide the
required activation energy.

As the manufacture of gunpowder progressed, it
was observed that the main part of the gunpowder,
which consists of cellulose, glycerin, and nitrates,
lost its characteristics as a result of successive
solving, evaporation, drying, hot pressing, and final
forming processes, and it was concluded that it
would be possible to eliminate these problems with
various agents. In addition, the lowest priced
gunpowder is preferred, which complies with the
production specifications. These products burn
quickly and pollute internal parts of the gun as well
as the environment [1].
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The combustion rates of gunpowder vary by
ammunition brand. However, no gunpowder burns
completely  [14]. Partially unburned GSR
compounds can be detected correctly by using GS-
MS method with high precision (Fig. 3).

In Figure 3, the mean peak areas of the GSR
compounds obtained from MKE brand 9x19 mm
parabellum indicate  nitroglycerin,  dimethyl
phthalate, 2,4-dinitrotoluene, diphenylamine, n-
diphenylamine, trimethyl, 2,4 methypropyl, and
dibutyl phthalate compounds. Although these
compounds are unique to the selected type of
ammunition, they are consistent with Table 1. The
change in the amount of the detected compounds
depending on the number of shots was investigated.
Therefore, the GSR samples were collected after
firing 10, 50, and 100 shots. The results found were
combined in a single graphic to compare, as shown
in Figure 3. As can be seen, peaks of all compounds
increase with increasing number of shots.
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50 shots

——— |00 shots

15000000 -

10000000 <

Abundance

SO00000 4

T T T
4.0 6.0 30 1.0 120 14.0

Time

Fig. 3. Changes in the amounts of GSR compounds
obtained from MKE brand 9x19 mm parabellum for 10,
50, and 100 shots, according to GC-MS analysis.

CONCLUSIONS

The gas chromatographic (GC-MS) technique
selected for interpreting the GSR compounds
formed after firing shots is very suitable to analyze
different properties, compared to other methods.
The selected MKE brand cartridges have
contaminated the shooter’s  firearm  and
surroundings extremely. In the examination of these
GSR compounds, it was observed that they contain
elements that are ready to explode in appropriate
conditions. The amount of these compounds
increased depending on the number of the shots
fired.

This result leads to serious problems in the areas
of intense shooting. Therefore, the area in front of
the shooting range should be cleaned regularly, and
unburned GSR compounds must be collected and
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XHWMHUYCH aHaJIU3 HA KOMIIOHEHTHUTE B H3ropeiii 1 HEAOU3TOPECIIU 'OPHUBHHU ITPAXOBEC
1. Kapa'?

! lenapmamenm no unocenepua usuxa, Huocenepen gpaxyamem, Anxapcxku ynusepcumem, Anxapa, Typyus
2 llenapmamenm no 6anucmuxa, Kpumunanua nonuyeiicka nabopamopus, Auxapa, Typyus

IMocTeruna va 11 aBrycr, 2017 r.; npuera Ha 9 sHyapH, 2018 T.
(Pestome)

Cien mpousBexaane Ha u3cTped, octarbiu oT cTpendata (OC), chabpiKaIld W3rOPENd U HEAOU3TOPEIH YaCTHIIU CE
pasnpbcKBar B okonHara cpena. Yactuano nepousropenaute OC cheJUHEHHS ChIBPKAT €IEMEHTH, KOUTO €a TOTOBH Jia
EKCIUIOANPAT TIPH MOJXOJIAIIM yclioBHs. ToBa MOXe Jja JOBEJIE 10 CEPUO3HU NPpoldiieMu ¢ 6€30MacHOCTTa, 0COOCHO MpU
ctpenba B 3aTBOpeHU momenieHus. B Hacrosimara cratusa, OC chenuHEHHS, ChOpaHU OT TWiI3K OT mapaben tum 9x19
MM ca aHaTU3UpaHH Ype3 razoBa xpomarorpadus/maccnexkrpomerpus (GC-MS). OT nonydeHuTe pe3ynTaTy clie/Ba, e
OC cheauHEHUs ChABPKAT HUTPOTIIMICPUH, AUMETHI(GTANAT, 2.4-THHATPOTONYCH, NU(EHIIAMIH, N-TA(CHIIAMIH,
TPUMETHII-, 2,4-MeTwimnponii- u quoytuidocdar. JluckyTupanu ca MPOMEHUTE B KOJIMICSCTBATA HA TC3U ChEAUHCHUS B
3aBUCHMOCT OT OpOSsi M3CTpEIIH.
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New chelation products of thorium(1V) and cerium(l11) with diclofenac and
paracetamol analgesic drugs: Synthesis, spectroscopic, thermal stability,
antimicrobial activities investigations
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Four new complexes of thorium(IV) and cerium(lll) with two analgesic drugs, diclofenac sodium (diclo) and
paracetamol (para): [Ce(diclo)s].2H20 (1), [Th(diclo)2(OH).].4H.0 (2), [Ce(para)s(H20)s] (3), and [Th(para)s(H20)-]
(4), were synthesized and characterized using elemental analysis, thermal analysis and FT-IR, 'H-NMR, and UV-VIS
spectroscopy. The micro-analytical elemental measurements confirmed the ratio metal ions:drug for the synthesized
complexes as 1:3 for complexes 1 and 3, 1:4 for complex 2, and 1:2 for complex 4. The FT-IR spectra of the para ligand
vs(O—H) stretching vibration of —OH disappeared in the spectra of the complexes proving the involvement of the oxygen
atom of the —OH group in the complexation after deprotonation. In case of diclo complexes, the v(C=0) stretching
vibrations of the carboxylic group were shifted in the spectra of the complexes, confirming the involvement of the —
COOH group in the complexation with covalent bonding as bidentate chelation. The geometry of the Ce®* and Th** ions
was six-coordinated with those of both drug complexes. The nano-structured form was investigated using transmittance
electron microscope (TEM)). The antimicrobial activities of the newly synthesized complexes were determined against
some kinds of bacteria and fungi. All these complexes showed antimicrobial results.

Keywords: Thorium(IV); Cerium(l11); TEM; Nanoscale; Diclofenac; Paracetamol; IR.

INTRODUCTION c
ONa
NH
(e}
Cl

Diclofenac sodium (diclo, Fig. 1) is a sodium salt
of aminophenyl acetic acid and is a well-known

Fig. 1. Chemical structure of diclofenac sodium
(diclo).

representative of non-steroidal anti-inflammatory
Paracetamol (para, Fig. 2) is a well-known drug

drugs (NSAIDs) [1,2]. Like other NSAIDs
diclofenac sodium is clinically prescribed as an

that has application in pharmaceutical industries as a
popular analgesic and antipyretic medication that is

antipyretic, analgesic and anti-inflammatory agent
[3-5]. Knowledge of the structure of diclo molecule

readily absorbed after administration and little toxic
when used in recommended dose [11-17].

is essential to understand its pharmaceutical action.

The diclo is a potent inhibitor of cyclo-oxygenase in

vitro and in vivo, therapy decreasing the synthesis of

protaglandins, prostacyclin, and thromboxane

products. Lanthanide ion probe spectrofluorometry

(LIPS) introduced by Horrocks and Sunduick [6]

employs this technique for determination of

diclofenac sodium. The structure of diclofenac

consists of phenylacetic acid group, secondary oH
amino group, phenyl ring, both ortho position of o

which are occupied by chlorine atom. The secondary

amino group precipitates in bifurcate intramolecular )J\ /@/
hydrogen bond interacting with the adjacent N

acceptor chlorine atom [7-9]. The interaction of H

diclofenac with cyclodextrin has been reported
[9,10]. The nature of the inclusion complex in the
solid state was studied by X-ray crystallography, IR,
and NMR spectroscopy.

* To whom all correspondence should be sent.
E-mail: fatimaalkhodir@yahoo.com
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Fig. 2. Chemical structure of paracetamol (para).

Paracetamol in pharmaceutical preparations can
be determined by different methods such as
fluorimetry  [18], chemiluminescence  [19],
electrochemical method [20], nuclear magnetic
resonance, mass spectroscopy [21], and liquid
chromatography [22]. Paracetamol has high
therapeutic value; it is also used as an intermediate

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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for pharmaceuticals (as a precursor of penicillin) and
azo dye, stabilizer for hydrogen peroxide,
photographic chemical [23]. Paracetamol is also
known to be hepatotoxic in man and various
experimental animals upon overdose [24].
Paracetamol is also oxidized by cytochrome P450
into the reactive intermediate  N-acetyl-p-
benzoquinone imine [25]. Several different
approaches have previously been utilized in an
attempt to achieve rapidly absorbed solid dose
paracetamol formulations. These include enhancing
tablet disintegration rate [26], addition of alkali
metal salt or antiacid [27] to paracetamol tablets.

In the present work, we focused on raising the
efficiency of the drug by the addition of a special
metal ion like Ce** and Th* and formation of new
complexes, to be proven using thermal and
spectroscopic characterizations. These complexes
were structurally characterized in the solid state by
IR, H-NMR, conductivity measurement, thermal
studies and biological evaluation. The nanoscale
range of drug complexes was investigated using
transmission electron microscopy (TEM).

EXPERIMENTAL
Chemicals and reagents

The analgesic drugs diclofenac sodium (diclo)
and paracetamol (para) were purchased from Merck,
all the other used reagents and solvents were
analytical grade products. Hydrated salts of both
Th(NO3)s and CeCl; were obtained from Aldrich
Company.

Synthesis of Ce** and Th** complexes

Ce(111) and Th(IV) complexes of diclo drug. The
mentioned complexes were prepared as follows,
employing a molar ratio (metal:drug) of 1:3 and 1:4
for Ce(l1) and Th (IV) complexes, respectively. The
resulting solutions were stirred and refluxed on a hot
plate at 60-70°C for 3 h. The volume of the obtained
solution was reduced to one-half by evaporation one
day later, the precipitates were settled down, filtered
off and washed several times by small amounts of
hot CHsOH and dried under vacuum over anhydrous
CaCl,. The data from the elemental analysis (Table
1) were in good agreement with those corresponding
to the formula.

Ce(ll) and Th(lV) complexes of para drug.
Th(IV) nitrate or Ce(lll) chloride (1 mmol) were
dissolved in 20 mL of distilled water and then were
added to 20 mL of methanolic solution containing 4
mmol of para under magnetic stirring. The pH of
solution was adjusted to neutral using ammonium
hydroxide solution. The resulting mixture was
heated to 60 °C and left to evaporate slowly at room

temperature. The precipitate was filtered off, washed
with hot methanol and dried at 60 °C. Ce(lll)
chloride was added to the solution of para at a
stoichiometric ratio of 1:3 and was synthesized by
the same procedure.

Instruments

The elemental analyses of %C, %H and %N
contents were performed by a microanalysis unit
using a Perkin EImer CHN 2400 analyzer. The molar
conductivity of a freshly prepared 10° mol/cm?
dimethylsulfoxide (DMSO) solution of the dissolved
complexes was measured using a Jenway 4010
conductivity meter. The electronic spectra were
measured on UV-3101 PC Shimadzu UV-Vis
spectrophotometer. The infrared spectra with KBr
discs were recorded on a Bruker FT-IR
spectrophotometer  (4000-400 cm™). !H-NMR
spectra were scanned using a Varian Gemini 200
MHz spectrometer. The solvent used was DMSO.
The thermal study TG/DTG-50H was carried out on
a Shimadzu thermogravimetric analyzer under
nitrogen atmosphere till 800 °C. The transmission
electron microscopy images were recorded using a
JEOL 100s microscope. Magnetic measurements
were carried out on a Sherwood scientific magnetic
balance in the mciro analytical laboratory using
Gouy method.

Antimicrobial effects

The biological activity of Ce* and Th*
complexes of diclo and para drugs were tested
against bacteria and fungi. In testing the antibacterial
activity of these complexes, we used more than one
test organism. The organisms used in the present
investigation included two bacteria B. subtilis (Gram
+), E. coli (Gram -) and two fungi Aspergillus niger
and Aspergillus flavus. The results of the bactericidal
and fungicidal screening of the synthesized
complexes were collected.

RESULTS AND DISCUSSION
Microanalytical and conductance data

Selected physical properties and characteristic
data of the synthesized metal complexes of diclo and
para are listed in Table 1. The four new isolated
solid complexes are formulated as
[Ce(diclo)s].2H20, [Th(diclo)2(OH),].4H:0,
[Ce(para)s(H-0)s] and [Th(para)s(H20):]. The
complexes are air-stable, with high melting points.
The metal complexes are insoluble in common
organic solvents but are soluble in DMSO. The
molar conductivity of 10 mol/dm solutions of the
complexes in DMSO (Table 1) indicates that all
synthesized complexes are non-electrolytes [28].

209



F.A.l. Al-Khodir: New chelation products of thorium(IV) and cerium(l11) with diclofenac and paracetamol ...

Table 1. Elemental analysis and physical data of diclo and para complexes with Ce(l11) and Th(IV) metal ions.

Complexes %C %N %M A QL

Found Calcd. Found Calcd. Found Calcd. Found Calcd. cm?.mol?)

[Ce(diclo)s].2H,0 1 4744 4752 320 323 390 396 13.16 13.20 15
[Th(diclo),(OH);].4H,0 2 36.12 36.22 3.21 3.26 298 3.02 2490 24.99 19
[Ce(para)s(H20)s] 3 4456 4472 458 469 644 650 21.65 21.74 21
[Th(para)s(H20),] 4 4421 4424 412 418 642 645 2655 26.71 17

The synthesized complexes according to
elemental analysis, IR, H-NMR, UV-Vis and
thermogrovimetric data confirm that the complexes
have monodentate and bidentate chelation for the
para and diclo chelator, respectively. These data
matched with the calculated elemental analysis
revealing that no ClI- ions were detected by addition
of AgNOs reagent to the solution of the mentioned
complexes.

Infrared spectra

The IR data of diclo and its Ce(lll) and Th(IV)
complexes are shown in Table 2 and Fig. 3. The IR
spectra of these complexes were compared with
those of the free diclo ligand in order to determine
the coordination sites involved in chelation. It was
observed in the IR spectra that there are no large
shifts for v(NH) and 8(NH) bands in the spectra of
all complexes compared to those of the ligand, which
indicates that there is no interaction between the —
NH group and the metal ions. The difference
between the bands of vi(COO) and vs(COQ)
characterized the carboxylate ligation. The va5(COO)
and vs(COO) bands of the diclo complexes are at
1581-1546 and 1445-1423 cm™, respectively. The
difference (A = vasCOO - vsCOO) of 136-123 cm™ is

less than the ionic value of sodium diclofenac (the A
value is 170 cm?), as expected for the bidentate
bridging mode of carboxylate. Diclofenac
complexes exhibit bands at 3782 and 3594 cm?
attributed to the presence of coordinated and lattice
water [29]. The weak band at 570-528 cm™ of the
complexes was assigned to the v(M-O) stretching
vibration motion. The IR data of para and its Ce(lll)
and Th(IV) complexes are shown in Table 3 and Fig.
4. From the comparison of the IR spectra of para and
its complexes, it follows that:

e  The absorption bands at 3300 cm* and 3200
cm?® of free para were assigned to —OH and -NH
stretching vibration motions. These bands were
shifted in the spectra of the metal complexes due to
coordination.

e  The strong absorption band at 680 cm™ in
the spectra of the metal complexes which does not
appear in the free para was tentatively assigned to
[M-OH] stretch band of metal complex.

e The blue shift of stretching band and in-
plane bend band of hydroxyl group, with respect to
phenyl moiety at 1260-1100 cm? is an evidence for
the contribution of the hydroxyl oxygen atom to
chelation with the metal ion.

Table 2. IR spectra of diclo and its Ce(l11) and Th(IV) complexes

Compound v(NH) and v(OH) _ 5(NH) v(COO) (as) v(COO) (s) v(M-0) (COO) A v(M-0) (H.0)

Diclo 3350 1500 1572 1402 - 170 -
3776

1 3504 1504 1546 1423 533 123 570
3250
3782

2 3508 1503 1581 1445 452 136 528
3321

Table 3. IR frequencies (4000-400 cm™?) of para and its Ce(111) and Th(IV) complexes.

Compound v(OH) + v(NH)  v(C=0) &(CNH) amide group v(C-O) phenyl group v(M-0O)
3300
Para 3200 1650 1560 1260 -
3 3389 1620 1538 1200 509
4 3322 1654 1560 1240 508
3160
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Fig. 4a. FT-IR spectrum of para/Ce®* complex
'H-NMR spectra

The *H-NMR spectral data of diclo and its Th(IV)
complex are presented in Table 4 and Fig. 5. The H-
NMR spectrum of the Th(IV) complex shows that
the signals of the protons of the aromatic CH- and
CH are unshifted at 8 = 3.50 ppm as a broad singlet
which refers to CH, of acetate group and proton of
uncoordinated water. The multiplet peaks at 6.2-7.5
ppm were attributed to the protons of phenyl group
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of two diclo molecules, in the prepared complex.
The protons of both NH and OH of coordinated
chelate appeared as a broad singlet at 3 = 8.6 ppm in
the spectrum of the Th* complex, thus, the upfield
shift of the complex would mean coordination with
a cleaved metal ion. The association is due to
intermolecular hydrogen bond with respect to the
pure salt [30-32].

Table 4. 'H-NMR spectral data of diclo and its Th(1V) complex

3(ppm) of protons

Compound 2H; H,0 H: CHa H: ArH H: NH
Diclo - 3.410 6.03-7.47 1051
2 2503 3.504 6.0-752 8.6
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Table 5. 'H-NMR spectral data of diclo and its Th(IV) complex.

dppm of hydrogen
Compound H; CHs H; H;0 H; ArH H; NH H; OH
Para 19 - 6.57-7.28 9.37 10
4 1.96 25 6.6-7.22 9.6 -
SR | ==
F -
10 |
= w
1p

Fig. 5. 'H-NMR spectrum of diclo/Th** complex.

'H-NMR spectrum of para (Table 5) displays the
signals & = 9.37 and 10.00 ppm which are due to the
proton of the amide and hydroxyl groups,
respectively. The disappearance of the signal & =
10.00 ppm of the hydroxyl hydrogen atom in the
H-NMR spectrum of the Th(IV) complex of para
(Fig. 6) confirms the consumption of hydroxyl
hydrogen atom in the complexation between para
and metal ion. The persistence of the signal of the
proton of the amide hydrogen atom in the *H-NMR
spectrum of the complex confirms that amide proton
does not participate in the complexation.

Magnetic measurements and UV-Vis spectra

The molar susceptibilities of thorium(1V)
complexes (2 and 4) are diamagnetic, which agrees
with the similar properties of other thorium(lV)
complexes reported earlier [33,34]. The molecular
weight data of the complexes also support this fact.
Magnetic moment data show that lanthanum(lil)
nitrate complexes are essentially diamagnetic in
nature while all other complexes are paramagnetic
due to the presence of 4f-electrons which are
effectively shielded by 5s?p? electrons [35]. This
shows that 4f-electrons do not participate in the bond
formation [36]. Magnetic moment data of the Ce(l1l)
complexes of 1 and 3 are 2.77 and 2.84 B.M.

The formation of the metal complexes was also
confirmed by UV-Vis spectra. The electronic spectra
of the metal complexes in DMSO were scanned
within the range of 200-600 nm. The free diclo drug
has two essential bands; the first band at 275 nm may
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Fig. 6. 'H-NMR spectrum of para/Th* complex

be attributed to ©-7* transition of the aromatic ring
and the second observed band at 350 nm - to n-n*
electronic transition. In case of the spectra of metal
complexes, the two bands are bathochemically
shifted, suggesting that the ligand is coordinated to
the metal ion through carboxylic group. It can be
seen that free para has two distinct absorption bands.
The first one at 300 nm may be attributed to n-r*
intra-ligand transition of the aromatic ring. The
second band observed at 390 nm was attributed to n-
n* electronic transition. These bands are shifted after
complexation.

Thermogravimetric analysis

Thermogravimetric analysis of the diclo
complexes was performed and weight loss was
measured from ambient temperature up to 1000°C.
The decomposition behavior is shown in Fig. 7.

[Ce(diclo)s].2H.0

The thermal decomposition of this complex occur
in four steps. The 1% step takes place in the range 60-
170°C and corresponds to the loss of 2H,0, with
weight loss of 3.90% and its calculated value is
3.39%. The second step takes place in the range of
170-290°C corresponding to the loss of two terminal
Cl, molecules with weight loss of 6.83% and its
calculated value is 6.69%. The third and fourth
decomposition steps occur in the range of 290-
900°C and correspond to the loss of organic
molecules. %Ce,O; contaminated with residual
carbon is the final product.
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Fig. 7b. TG-DTG curves of diclo/Th* complex.
[Th(diclo),(OH)].4H.0

The thermal decomposition of this complex
occurs in four steps. The first decomposition step
takes place in the range of 120-190°C and
corresponds to the loss of 2H,O molecules
representing a weight loss of 2.50% and its
calculated value is 1.94%. The 2™ step occurs in the
range of 190-340°C, corresponding to the loss of two
water molecules and decomposition of the organic
moiety, representing a weight loss of 39.30% and its
calculated value is 40%. The 3" step takes place in
the range of 340-490°C. It corresponds to the loss of
the remaining organic molecules, representing a
weight loss of 33.90% and its calculated value is
33.80%. The fourth step corresponds to the loss of
organic molecules. The final product is ThO; oxide.

In case of para complexes, the heating rate was
controlled at 10°C/min under nitrogen atmosphere
and the weight loss was measured from ambient
temperature up to ~ 1000 °C. The weight losses for
each chelate was calculated within the
corresponding temperature ranges (see Fig. 8).

[Ce(para)s(H20)s]

The mentioned complex was decomposed in two
essential steps: the first step occurs at 50-250°C and
corresponds to the loss of 3H.O and part of the
organic molecules. The mass loss due to this step
was 19.79% (obs.) and 20.21% (calcd). The second
step occurs at 250-600°C and corresponds to the loss
of the remaining organic molecules with weight loss
of 50.60% (obs.) and 50.88% (calcd.). The final
product obtained at 800°C contained ¥2Ce;0O3 and
organic moiety.
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Fig. 8a. TG-DTG curves of para/Ce** complex.
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Fig. 8b. TG-DTG curves of para/Th* complex.
[Th(para).)(Hz0).]

The  [Th(para)s)(H20);]  complex  was
decomposed in three main steps. The first step takes
place at 50-155°C and corresponds to the loss of
2H,O molecules, representing a weight loss of
4.50% (obs.) and 4.14% (calcd). The second step
takes place within the temperature range 155-379°C
and can be assigned to the loss of organic molecules
of para, the mass loss due to this step was 31.90%
(obs.) and 31.40% (calcd.). The third step occurs at
379-650°C and corresponds to the loss organic
molecules of para, the mass loss due to this step was
53.00% (obs.) and 52.70% (calcd.). The final
product at 750°C is ThO..

Kinetic thermodynamic calculations

The calculated thermodynamic parameters from
TG and DTG are listed in Table 6. The
thermodynamic activation parameters of the
decomposition processes of the complexes, namely,
activation energy (AE*), enthalpy (AH*), entropy
(AS*) and Gibbs free energy change of the
decomposition (AG*) were evaluated graphically
(Figs. 7, 8) by employing the Coats-Redfern and
Horowitz — Metzger relations [37, 38]. In order to
access the influence of the structural properties of
the ligand and the type of the metal on the thermal
behavior of the complexes, the order, n, and the heat
of activation E of the various decomposition stages
were determined from the TG and DTG
thermograms.
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Table 6. Kinetic parameters using the Coats—Redfern (CR) equations for the complexes 1-4.

Kinetic Parameters

Complex  Step

E(JmolY) A(SY A S (Jmol?’K?') AH(Imol!) AG(Jmol?) r
1 1% 9.40E+04  7.34E+11 -1.90E+01 9.08E+04 9.65E +04 0.97104
2 1% 4.66E+04 5.00E+04 -1.52E+02 4.36E+04 1.00E +05 0.97315
3 1% 6.87E+04  1.30E+07 -1.20E+02 6.45E+04 1.20E +05 0.97021
4 1% 5.15E+04  2.02E+05 -1.40E+02 4.70E+04 1.01E+ 05 0.97423

Coats — Redfern equation. The equations are as
follows:

1 _ 1-n
In{%} = ¥+ B forn #1 1)

|H[M:| = M—i— B forn=1 )
T2

T
where M = -E/R and B = In AR/®E; E, R, A, and
@ are the heat of activation, the universal gas
constant, pre-exponential factor and heating rate,
respectively. The correlation coefficient, r, was
computed using the least square method for different
values of n, by plotting the left-hand side of Egs. (1)
or (2) versus 1000/T.
Horowitz — Metzger equation. The relations derived
are as follows:

In[—ln(l—a)]=%® 3

m

where ¢, is the fraction of the sample
decomposed at time tand® =T —T .

The plot of In [-In(1-0))] against® was found to
be linear, from the slope of which E was calculated
and Z can be deduced from the relation:

Eo E
Z = exp| —— 4
RTm2 p[ RT,, ] @
where @ is the linear heating rate, the order of
reaction, n, can be calculated from the relation:

n = 33.64758 — 182.2950m + 435.90730m" -
551.157am® + 357.37030m" - 93.48280m°

The n value which gave the best fit (r = 1) was
chosen as the order parameter for the decomposition
stage of interest. From the intercept and linear slope
of such stage, the A and E values were determined.
The other kinetic parameters, 4H, A4S and AG were
computed using the relationships; AH=E-RT, 4S =
R[IN(Ah/KT)—1] and AG=AH-TAS, where k is the
Boltzmann constant and h is the Planck constant.
The following remarks can be pointed out: (i) all
complexes decomposition stages show a best fit for
(n = 1) indicating a first-order decomposition in all
cases. Other n values (e.g. 0, 0.3 and 0.7) did not lead
to better correlations [39,40]; (ii) the negative values
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of activation entropies A4S indicate a more ordered
activated complex than the reactants and/or slow
reactions [41]; (iii) the positive values of 4H mean
that the decomposition processes are endothermic.

Transmission electron microscopy

The surface morphology and particle size of all
diclo and para complexes were obtained from
transmission electron micrography (TEM) (Fig. 9a-
d). It is clear that these complexes have uniform
matrix and homogeneity. The surface morphology of
the TEM micrograph reveals the well sintered nature
of the complexes with varying grain sizes and
shapes. Clear large grains are obtained with
agglomerates for all complexes. The distribution of
the grain size is homogeneous except that medium to
small particles of size about 200 nm-0.5 pm are
obtained.

) N
Fig. 9c. TEM image of para/Ce®* complex.



F.A.l. Al-Khodir: New chelation products of thorium(IV) and cerium(l11) with diclofenac and paracetamol ...

.}yﬂ' - " -"."
i

e of para/ﬂF* complex.

200
Fig. 9d. TEM imag

3-8-Antimicrobial activity

Antibacterial and antifungal activity of the diclo
ligand and its complexes are carried out against two kind
of bacteria, B. subtilis (Gram +ve), Escherichia coli
(Gram -ve) and fungal (Aspergillus niger, Aspergillus
flavus) in Fig. (10) and Table 7. The antimicrobial activity
estimated based on the size of inhibition zone around
dishes. The complexes are found to have high activity
against Aspergillus niger and flavus.

Antibacterial and antifungal activities of para
complexes were studied against bacteria (Gram-) as
Escherichia coli, (Gram +) as Bacillus subtilis and

Table 7. Antimicrobial effect of diclo complexes.

fungi (Aspergillus niger and Aspergillus flavus). The
antimicrobial activity was estimated based on the
size of the inhibition zone in the dishes. Th(IV)
complex was found to have high activity against
bacteria and the two kinds of fungi. The data are
shown Table 8 and Fig. 10.

Suggested structures of Ce(l11) and Th(IV)
complexes

The structures of the complexes of diclo and para
drugs with Ce(lll) and Th(IV) metal ions were
confirmed by elemental analysis, IR, molar
conductance, UV-Vis, H-NMR and thermal
analysis data.

Thus, from 'H-NMR and IR spectra, it was
concluded that diclo chelated in a bidentate fashion
but para behave as monodentate ligand coordinated
to the metal ion via the oxygen of the phenolic group.
From the molar conductance data, it was found that
all complexes seem to be non-electrolytes. So, the
investigated complexes have the structures shown in
Fig. 11.

Diameter of inhibition zone (cm)

B. subtilis E. coli Aspergillus niger Aspergillus flavus

Control 0 0 0 0
Diclo/Ce 2 1.2 2.2 2.3
Diclo/Th 1.8 1 2.2 2.2

Table 8. Antimicrobial effect of para complexes.

Diameter of inhibition zone (cm)

B. subtilis E. coli Aspergillus niger Aspergillus flavus
Control 0 0 0 0
Ce(I11) complex 1.3 1.1 2.6 1.8
Th(IV) complex 1.7 1.2 1.7 3.1

| I Complex1
[ Complex2
{| I Complex3
[ Complex4

Diameter of inhibition zone (cm)

B. subtilis

hin

il

E. coli Aspergillus niger Aspergdillus flavus

Tested compounds

Fig. 10: Statistical representation of the biological activity of complexes 1-4.
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Fig. 11. Structure of the investigated complexes.
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HOBU XEJIATHU ITPOAYKTU HA TOPUI(IV) U LIEPUH(111) C AHAJITETUYHUTE

JIEKAPCTBA JUKJIO®EHAK U ITAPAIIETAMOJI: CUHTE3 U U3CJIE/IBAHE HA

CIIEKTPOCKOIICKHUTE XAPAKTEPUCTUKU, TEPMUYHATA CTABMJIHOCT U
AHTUMHUKPOBUAJIHATA AKTUBHOCT

@®.AU. An-Koaup
Jlenapmamenm no xumus, Hayuen xonesc, Ynusepcumem Ipunyeca Hopa bunm A60yn Paxman

Ioctemmna Ha 26 HoemBpw, 2017 r.; Kopurnpana na 21 nexemspu 2017 r.
(Pe3rome)

Yetupu HoBHU Komiuiekca Ha Topuii(1V) u nepuii(l1l) ¢ nBe ananreTnynu nekapcTsa, Hatpues qukiodenak (diclo) u
napareramon (para): [Ce(diclo)s].2H.0 (1), [Th(diclo)2(OH)2].4H.0 (2), [Ce(para)s(H20)3] (3), u [Th(para)s(H20)]
(4), ca cuHTE3MpaHU M OXapaKTEPU3UPAHHW Ype3 eJEMEHTEH aHanu3, TepmudeH anamms, FT-IR, 'H-NMR u UV-VIS
cnekTpockonus. MHUKpOaHAJIMTUYHOTO ONpEJeliTHe Ha €JIEMEHTUTE 10Ka3a, Y€ CHhOTHOIIEHHETO METaJ:JIEKapCTBO 32
CHHTE3UPAHUTE KOMIUIEKCH € ChoTBeTHO 1:3 3a komruiekcute 1 u 3, 1:4 3a xomiuteke 2 u 1:2 3a xomrmuieke 4. Bubparuute
Ha pastsrade vs(O—H) na —OH BbB FT-IR crextpure Ha para idrasjia u3de3BaT B CIHEKTPUTE Ha KOMIUIEKCHTE, KOETO
JIOKa3Ba BKIOYBaHETO Ha Kuciopona or—OH rpymara B kommiekcoobpasyBaHeTo cien nenportorupane. [pu diclo
KOMIUIeKCHUTE, BHOpanuute Ha pastsrane v(C=0) Ha kapOOKCHIIHATA TPYIIa CE& M3MECTBAT B CIIEKTPHUTE Ha KOMITJIEKCHUTE,
KOeTo TOTBBpkaaBa BiiouBaHero Ha —COOH rpymata B KOMIUIEKCOOOpa3yBaHETO C KOBAJICHTHO CBBbpP3BaHE KaToO
OuIeHTaTHO XenmaTooOpasysaHe. I'eomerpusrta na Ce®* u Th** ifoHM B KOMIIEKCHTE C JeKapcTBaTa € IIecT-
KoopauHupana. HaHocTpykrypHHUTEe ()OpMH ca M3CIIEBaHU C OMOIITA Ha TPAHCMUCHOHHA €JIEKTPOHHA MUKPOCKOIIHS.
AHTHMHUKpPOOHMAIHNTE CBOHCTBAa HA HOBOCHHTE3WPAHUTE KOMIUIEKCH Ca ONPE/ICIEHH CIPSMO HAKOU BUJIOBE OAKTEpUH U
rbONYKH. BeHuky CMHTE3MpaHu KOMILIEKCH NIPUTEXaBaT aHTUMUKPOOUaTHa aKTHBHOCT.
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A new green protocol was developed for the synthesis of 2-substituted perimidines. The protocol involves a reaction
of ethoxy carbonylhydrazone with 1,8-diaminonaphthalene under solvent- and catalyst-free conditions. Simple workup
procedure, economical and environmentally benign are the most advantages of the present method.

Keywords: Perimidine, Hydrazone, Green synthesis, 1,8-Diaminonaphthalene, Catalyst-free conditions

INTRODUCTION

Perimidines, also called 1H-benzo[d,e]
quinazolines or perinaphthimidazoles, are an
interesting heterocyclic system because they
include both an excess and a deficiency of =
electrons [1-3] and these systems show amphoteric
chemical properties [1, 2]. Their derivatives have
been used in industry for dyeing of various fibres,
as additives to liquid crystal displays, as sources of
carbine ligands [4]. They exhibit reversible
photochromic and thermochromic properties and
are thus used in molecular switches, and
photochemical memory devices [5-7]. Recently, the
biological activity of perimidines has attracted the
attention of organic chemists. Various perimidine
derivatives have been found effective as
neurotropic preparations

[8]. Also, some synthetic perimidine derivatives
are found which have anticancer [9], cytostatic
[10], antimicrobial [11] and antifungal activities
[12].

Literature surveys reveal that there are many
protocols for the synthesis of perimidine
derivatives.  Many  methods provide the

* To whom all correspondence should be sent.
E-mail: emre.mentese@erdogan.edu.tr

condensation of 1,8-diaminonaphthalene and
carboxylic acids or their derivatives such as
aldehydes, acylhalides, anhydrides, nitriles and
imidates [12-17] (Scheme 1). However, these
methods generally require a catalyst, long reaction
time and difficult purification steps. Also, the yield
is low due to side reactions. Therefore, there is a
need for an easy and efficient method for the
synthesis of perimidine derivatives.

The increasing need for environmental
protection has led our researches to develop
chemical processes with maximum yield and
minimum cost while using nontoxic reagents,
solvents and catalysts. For this propose, a new
method was developed for the synthesis of
perimidine derivatives, which is environmentally
benign, simple and economical by condensation of
1,8-diaminonaphalene and 2-[(alkyl/aryl)
(ethoxy)methylidene]hydrazinecarboxylates. This is
the first synthesis of perimidine derivatives from
ethoxy carbonylhydrazones and 1,8-
diaminonaphthalene. This reaction requires neither
solvents nor harmful reagents.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Scheme 1. The synthetic approach for perimidines

EXPERIMENTAL

All chemicals were supplied from Merck
(Darmstadt, Germany), Aldrich and Fluka (Buchs
SG, Switzerland). Melting points were determined
in capillary tubes on a Bichi oil-heated melting
point apparatus (Essen, Germany) and uncorrected.
!H-NMR spectra were recorded on the Varian-
Mercury 400 MHz  spectrometer (Varian,
Darmstadt, Germany) in DMSO-ds using TMS as
internal standard. Mass spectra were recorded on a
Thermo Scientific Quantum Access max LC-MS
spectrometer. The elemental compositions were
determined on a Carlo Erba 1106 CHN analyzer
(Heraeus, Hanau, Germany); the experimental
values were in agreement (0.4 %) with the
calculated ones. All reactions were monitored by
TLC using precoated aluminum
sheets (silica gel 60 F 2.54, 0.2 mm thickness).

Synthesis of compounds 3-14

The corresponding ethoxy carbonylhydrazones
(2) (0.01 mol) and 1,8-diaminonaphthalene (0.01
mol) were heated in an oil bath at 120-125 °C for
1.5 h. The mixture was cooled to room temperature.
The product was recrystallized from EtOH-H,O
/1:2 to give the pure product.

2-Methyl-1H-perimidine (3)

Yield: 1.33 g (%73), m.p. 215-216 °C (213-214
°C [12]). *H NMR (400 MHz, DMSO-ds, 8, ppm):
10.54 (s, 1H, NH), 7.30 (d, J = 7.6 Hz, 2H, Ar-H),
7.20 (t, J=7.6 Hz, 2H, Ar-H), 7.47 (dd, J=7.7 Hz
& J = 2.0 Hz, 2H, Ar-H), 2.29 (s, 3H, CHs); LC-
MS: 183.24 [M+H]*. Anal. Calcd. for Ci2HioN2,
C:79.10, H:5.53, N: 15.37; Found, C:79.04, H:5.47,
N: 15.31.

2-Phenyl-1H-perimidine (4)

Yield: 1.73 g (%71), m.p. 189-190 °C (187-188
°C [18]). 'H NMR (400 MHz, DMSO-ds, 8, ppm):
10.63 (s, 1H, NH), 8.00 (s, 2H, Ar-H), 7.55-7.48
(m, 3H, Ar-H), 7.16-7.01 (m, 4H, Ar-H), 6.67 (dJ

= 8.0 Hz, 1H, Ar-H), 6.52 (d, J = 8.0 Hz, 1H, Ar-
H); LC-MS: 245.34 [M+H]". Anal. Calcd. for
Ci7H1oN2, C:83.58, H:4.95, N: 11.47; Found,
C:83.50, H:4.86, N: 11.42.

2-Benzyl-1H-perimidine (5)

Yield: 1.75 g (%68), m.p. 196-197 °C (196-197
°C [16]). *H NMR (400 MHz, DMSO-ds, 8, ppm):
7.62 (d, J = 7.0 Hz, 2H, Ar-H), 7.47-7.27 (m, 7H,
Ar-H), 6.84 (d, J = 2.4 Hz, 2H, Ar-H), 3.95 (s, 2H,
CH,); LC-MS: 259.09 [M+H]*. Anal. Calcd. for
CisHuaN2, C:83.69, H:5.46, N: 10.84; Found, C:
83.60, H:5.38, N: 10.76.

2-(4-Chlorobenzyl-1H-perimidine) (6)

Yield: 1.28 g (%78), m.p. 184-185 °C (183-185
°C [16]). *H NMR (400 MHz, DMSO-ds, 8, ppm):
10.65 (s, 1H, NH), 7.39 (t, J = 7.0 Hz, 2H, Ar-H),
7.10-6.97 (m, 6H, Ar-H), 6.88 (d, J = 7.0 Hz, 1H,
Ar-H), 6.40 (d, J = 7.0 Hz, 1H, Ar-H), 3.57 (s, 2H,
CHy); LC-MS: 293.86 [M+H]". Anal. Calcd. for
CisH13CIN,, C:73.85, H:4.48, N: 9.57; Found, C:
73.80, H:4.42, N: 9.51.

2-(4-Methylbenzyl-1H-perimidine) (7)

Yield: 1.87 g (%69), m.p. 163-164 °C (159-160
°C [19]) H NMR (400 MHz, DMSO-ds, 8, ppm):
11.70 (s, 1H, NH), 7.36 (d, J = 7.6 Hz, 2H, Ar-H),
7.14-7.07 (m, 6H, Ar-H), 6.57 (d, J = 7.6 Hz, 2H,
Ar-H), 3.66 (s, 2H, CH), 2.24 (s, 3H, CHs); LC-
MS: 273.36 [M+H]*. Anal. Calcd. for CigHigN2,
C:83.79, H:5.92, N: 10.29; Found, C: 83.71,
H:5.85, N: 10.24.

2-(4-Fluorobenzyl-1H-perimidine) (8)

Yield: 1.85 g (%67), m.p. 174-175 °C (173-175
°C [16]). *H NMR (400 MHz, DMSO-ds, &, ppm):
10.61 (s, 1H, NH), 7.42 (t, J = 7.0 Hz, 2H, Ar-H),
7.19-6.97 (m, 6H, Ar-H), 6.51 (d, J = 7.0 Hz, 1H,
Ar-H), 6.28 (d, J = 7.0 Hz, 1H, Ar-H), 3.54 (s, 2H,
CH,); LC-MS: 277.26 [M+H]". Anal. Calcd. for
CisH1sFNy, C:78.24, H:4.74, N: 10.14; Found, C:
78.20, H:4.68, N: 10.08.
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2-(4-Bromobenzyl-1H-perimidine) (9)

Yield: 2.56 g (%76), m.p. 172-173 °C (170-172
°C [16]). *H NMR (400 MHz, DMSO-ds, 5, ppm):
10.62 (s, 1H, NH), 7.53 (t, J = 8.4 Hz, 2H, Ar-H),
7.36 (d, J = 8.0 Hz, 2H, Ar-H), 7.09 (t, J = 7.6 Hz,
2H, Ar-H), 6.98 (d, J = 8.4 Hz, 2H, Ar-H), 6.43
(brs, 2H, Ar-H), 3.56 (s, 2H, CH,); LC-MS:
339.23, 337.19 [M+H]". Anal. Calcd. for
CigH13BrN,, C:64.11, H:3.89, N: 8.31; Found, C:
64.06, H:3.84, N: 8.26.

2-(4-Methoxybenzyl-1H-perimidine) (10)

Yield: 2.04 g (%71), m.p. 205-206 °C (205 °C
[19]) 'H NMR (400 MHz, DMSO-ds, 3, ppm):
10.30 (s, 1H, NH), 7.34 (d, J = 5.6 Hz, 2H, Ar-H),
7.08 (t, J = 5.2 Hz, 2H, Ar-H), 6.97 (t, J = 5.6 Hz,
2H, Ar-H), 6.89 (d, J = 5.2 Hz, 2H, Ar-H), 6.46 (d,
J =5.6 Hz, 2H, Ar-H), 3.69 (s, 3H, OCHs), 3.53 (s,
2H, CHy); LC-MS: 289.46 [M+H]*. Anal. Calcd.
for C1gH16N20, C:79.14, H:5.59, N: 9.72; Found, C:
79.10, H:5.52, N: 9.65.

2-(3-Chlorobenzyl-1H-perimidine) (11)

Yield: 1.92 g (%66), m.p. 175-176 °C (175-176
°C [16]). *H NMR (400 MHz, DMSO-ds, 5, ppm):
10.65 (s, 1H, NH), 7.59 (s, 1H, Ar-H), 7.45-7.25
(m, 3H, Ar-H), 7.10-6.95 (m, 4H, Ar-H), 6.54 (d, J
= 6.6 Hz, 1H,Ar-H), 6.27 (d, J = 7.0 Hz, 1H,Ar-H),
3.56 (s, 2H, CHy); LC-MS: 293.79 [M+H]*. Anal.
Calcd. for CigH13CIN,, C:73.85, H:4.48, N: 9.57;
Found, C: 73.81, H:4.40, N: 9.49.

2-(3-Methylbenzyl-1H-perimidine) (12)

Yield: 2.12 g (%78), m.p. 176-177 °C (175-176
°C [16]). *H NMR (400 MHz, DMSO-ds, 5, ppm):
10.67 (s, 1H, NH), 7.59 (s, 1H, Ar-H), 7.48-7.27
(m, 3H, Ar-H), 7.13-6.92 (m, 4H, Ar-H), 6.52 (d, J
= 7.0 Hz, 1H,Ar-H), 6.29 (d, J = 7.0 Hz, 1H,Ar-H),
3.61 (s, 2H, CH,), 2.12 (s, 3H, CHs); LC-MS:
273.36 [M+H]*. Anal. Calcd. for CigHisNo,
C:83.79, H:5.92, N: 10.29; Found, C: 83.71,
H:5.85, N: 10.24.

2-(3-Fluorobenzyl-1H-perimidine) (13)

Yield: 2.18 g (%79), m.p. 164-165 °C (163-164
°C [16]).'*H NMR (400 MHz, DMSO-ds, 8, ppm):
10.76 (s, 1H, NH), 7.88 (s, 2H, Ar-H), 7.72-7.30
(m, 2H, Ar-H), 7.10-6.95 (m, 4H, Ar-H), 6.41 (d, J
= 6.6 Hz, 1H,Ar-H), 6.25 (d, J = 6.6 Hz, 1H,Ar-H),
3.72 (s, 2H, CHy); LC-MS: 277.61 [M+H]*. Anal.
Calcd. for CigHisFN, C:78.24, H:4.74, N: 10.14;
Found, C: 78.18, H:4.69, N: 10.06.

220

2-(3-Bromobenzyl-1H-perimidine) (14)

Yield: 2.76 g (%82), m.p. 162-163 °C (160-162
°C [16]). *H-NMR (400 MHz, DMSO-ds, 8, ppm) &
10.69 (s, 1H, NH), 7.63 (s, 1H, Ar-H), 7.54-7.20
(m, 3H, Ar-H), 7.10-6.79 (m, 4H, Ar-H), 6.55 (dd,
J=6.6 Hz & J=1.2 Hz, 1H, Ar-H), 6.23 (dd, J=7.0
Hz & J=1.5 Hz, 1H, Ar-H), 3.56 (s, 2H, CH>). LC-
MS: 339.25, 337.29 [M+H]*. Anal. Calcd. for
CisH13sBrN,, C:64.11, H:3.89, N: 8.31; Found, C:
64.03, H:3.81, N: 8.25.

RESULTS AND DISCUSSION

The syntheses of new perimidine derivatives
were carried out by  reacting 1,8-
diaminonaphthalene with an equimolar amount of
ethoxy carbonylhydrazone. The reaction was
performed in an oil bath at 120-125 °C without
using solvent and catalyst. In this reaction, ethoxy
carbonylhydrazones were used instead of
iminoesters because hydrazones are more stable
than iminoesters. The approach provides an
environmentally friendly pathway to obtain good
yields. Moreover, ethoxy carbonylhydrazones were
used for the first time to obtain perimidine
derivatives, therefore, this technique is a good
alternative to other synthetic methods of perimidine
derivatives.

Firstly, iminoester hydrochlorides (1) were
obtained by the Pinner method [20]. The reaction of
ethyl carbazate with iminoester hydrochlorides (1)
gave ethoxy carbonylhydrazones (2) which are
useful intermediates for synthesis of potential
bioactive heterocyclic compounds such as
benzimidazole and triazole derivatives [21-27].
Then, 2-substituted perimidine derivatives (3-14)
were synthesized by the reaction of ethoxy
carbonylhydrazones with 1,8-diaminonaphthalene
under solvent- and catalyst-free conditions (Scheme
2).

A mechanism of the type shown in Scheme 3
proposed for this reaction appears likely. In a
former study, iminoester hydrochlorides were used
by our group under solvent-free conditions to
obtain perimidines, but the result was negative
because of decomposition of iminoethers (1) at high
temperatures. In this work, hydrazones (2) were
used instead of iminoester hydrochlorides at high
temperatures and the result was positive.
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Scheme 3. Proposed mechanism for the cyclization reaction.

CONCLUSION

In conclusion, a green new method for the
synthesis of 2-substituted perimidine derivatives
was  developed. In  this  method, 2-
[(alkyl/aryl)(ethoxy)methylidene] hydrazine
carboxylates were used for the first time to obtain
perimidine derivatives. The present protocol was
achieved under solvent- and catalyst-free
conditions. Therefore, this method is more
important than others in terms of green chemistry.
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The colorimetric assay based on surface plasmon resonance of metal nanoparticles have proved to be applicable for
sensors systems in the enzyme catalysis because of its simplicity, sensitivity and low cost. The preparation of stable
suspensions of gold nanoparticles (GNPs) modified with proteins is a prerequisite for their use as an analytical tool for
the colorimetric spectral analysis. In this report we propose a convenient experimental procedure for reproducible
production of functionalized with azocasein GNPs. The GNPs were functionalized with azocasein in a stable suspension
with optimized concentration of the azocasein. A concept for the test of protease activity using modified with azocasein
GNP is also proposed. In order to studying the course of the enzyme reaction we applied UV-Vis spectroscopy and we
analyzed the shift of the surface plasmon resonance maxima. For characterization of the morphology and the size of
functionalized with azocasein GNPs we made series of Atomic Force Microscopy (AFM) images of samples taken at the

begging and at the end of the proteolytic enzyme reaction.

Key words: gold nanoparticles, azocasein, enzyme assay, Atomic Force Microscopy.

INTRODUCTION

In recent decades the development of biomedical
sciences is strongly associated with a demand of new
chemical approaches for diagnosis and treatment of
many diseases. The embedding of protein molecules
in various nanostructured materials and nano-sized
objects (quantum dots, nanoparticles, etc.) is an
effective way of improving their stability and
targeting or some other functional properties. Thus,
the functionalized with protein nanomaterials are
widely wused in contemporary pharmaceutical
technology for the transport of dosage forms and in
biocatalysis. The advantages of the nanoparticles
which distinguish them from bulky materials are due
to their specific chemical and physical properties.
For example, the gold nanoparticles (GNPs) have
unique characteristic absorption maximum at 520 nm
because of their surface plasmon resonance, which in
turn makes them after functionalization with proteins
(e.g. antibodies, labeled proteins etc.) highly
applicable in medicine as therapeutic agents in drug
delivery system [1], for photothermal therapy [2],
diagnosing and imaging agents [3, 4, 5]. The
nanoscales’ size, which meets the dimension of
biological compounds, as well as their easy
preparation, high surface area and easy
functionalization makes them particularly interesting
for accomplishing the related applications in tissue

* To whom all correspondence should be sent:
E-mail: fhac@chem.uni-sofia.bg

engineering and regenerative medicine. There are
various synthesis methods for producing gold
nanoparticles (GNPs), but in practice are preferable
those obtained from aqueous solutions of gold
precursors (HAUCl,) in the presence of stabilizing
agents [6-10] and among them the most popular is
the classical citrate method proposed by Turkevich
[11]. Further biofunctionalization of the GNPs with
amino acids, peptides, enzymes, DNA, is a
challenging experimental step which paves the way
for the development of various drug carriers,
biomarkers, biosensors [12-14].

A potentential candidate for such applications are
GNPs modified with azocasein. Azocasein is a dye-
marked protein which is primarily used as a substrate
for colorimetric determination of enzyme activity. It
is intriguing to explore the possibilities of improving
the existing enzyme tests by functionalizing the
GNPs with azocasein. Hence, the main aim of this
article is to propose a simple and reproducible
procedure for functionalization of such GNPs and to
apply itin a protocol for determination of the enzyme
activity. In such procedure, pre-synthesized by
Turkevich method GNPs were further covered by
layer or shell of azocasein. As a result, the
functionalized with azocasein GNPs had plasmon
absorption maxima at about 520 nm together with the
absorption maxima of the azocasein at about 340 nm.
The added enzyme Protease K, which digests

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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proteins, is expected to hydrolase the protein shell of
the GNPs and as a result one to observe an increasing
of the intensity of both absorption maxima. The
Atomic force microscopy (AFM) method was
utilized for characterization of the modified with
azocasein GNPs before and at the end of the enzyme
reaction.

EXPERIMENTAL
Chemicals and reagents

Analytical grade  tetrachloroauric  acid
(HAuUCI4.3H,0) was purchased from Panreac
(PanreacQuimica S.A.U., Spain). Trisodium citrate
(NasC3HsO(CO0)s:.2H,0) was also of analytical
grade and were obtained from Merk (Germany).
Azocasein and Protease K were obtained from
Sigma-Aldrich. All the solutions were prepared with
deionized water.

Experimental methods

The synthesis of gold nanoparticles was
performed by the classical Turkevich method [11].
For the functionalization of the gold nanoparticles
with azocasein we used following procedure: the
solution of GNPs (C = 50 mg/l), synthesized by
Turkevich method was mixed with solution of
azocasein (102 M) and water — 12,5 ml GNPs with
8,33 ml H.O and 4,17 ml azocasein. This new
solution is tempered at 35 - 37 "C (at this temperature
interval Protease K has optimal enzyme activity).
After the addition of Protease K (C = 2 mg/ml) the
samples for UV-Vis spectrophotometry and AFM
were collected at every 5 minutes. In the same time
the reaction solution was constantly homogenized
with rotary magnetic stirrer. The samples were taken
and the UV-Vis spectra were measured for a period
of 40 minutes, which is considered as the end of the
enzyme reaction.

The UV-Vis absorption spectra of the
functionalized with azocasein GNPs  were
determined by spectrophotometer (Evolution 300
Thermo Scientific).

The size of GNPs functionalized with azocasein
and Protease K was determined by means of AFM as
described in [11, 15]. AFM imaging was performed
on the NanoScopeV system (Bruker Ltd., Germany)
operating in tapping mode in air at room temperature.
We used silicon cantilevers which having tips with
radius less than 10 nm (Tap300Al-G, Budget
Sensors, Innovative solutions Ltd, Bulgaria), spring
constant in the range of 1.5 to 15 N/m and the
resonance frequency 150 = 75 kHz were used. The
scanning rate was set at 1 Hz and the images were
captured in the height mode with 512 x 512 pixels
resolution. Subsequently, all the images were
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flattened by means of the Nanoscope software. The
same software was used for section analysis and
particle size determination.

RESULTS AND DISCUSSION

At Fig. 1A are presented UV-Vis absorption
spectra of GNPs functionalized with azocasein.
Before their functionalization the GNPs which were
pre-synthesized by the Turkevich procedure. Their
mean diameter was close to 20 nm and the
corresponding absorption maxima was about 520 nm
[15] while the absorption maxima of azocasein was
about 340 nm.
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Fig 1. Comparison of UV-Vis absorption spectra with
characteristic maxima: pure azocasein solution (340 nm),
gold nanoparticles — pure (520 nm) and functionalized
with different concentrations of azocasein (A). Absorption
maxima intensity of functionalized gold nanoparticles as a
function of azocasein concentration (B).

In the course of GNPs’ functionalization the
intensity of the UV-Vis plasmon maxima increases
proportionally to the increasing of the
concentrationof azocasein as it is presented
graphically at Fig. 1B. The linear dependence is
based on the Beer law as follows:

Agnps = €Cazocasein T AgNPs = Agzocasein +

AGnps (L)
Where Acnes is the total absorption maxima of the
functionalized GNPs, containing shells of azocasein
molecules with total concentration of the azocasein
Cazocasein Varying in the range 0.8 x 1073 to 5 x

1073 mTOl . Acnps — intercept of the linear dependence
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which corresponds the absorption maxima of the
bare pre-synthetized GNPs. The calculated value for
the line slope is € = 39 which is close to molar
absorption coefficient for azocasein € = 38.

L6

A 2
vl y 08 W s
12 \ / \/ 3 =

250 300 350 400 450 500 550 600 650 700 750
Wavelength, nm

Absorbance
= o o
= & =

2
a

o

B ¥ 034260+ 0.2023
R = 00051

.
= L 4
0.7

¥ 04200 ¢ 00121
R - 03913
v

-
-

7= 05084 0.2333 U T
RF w 09601 2004 Proteasek

0.55

azocazein, max

Fig. 2. The increasing of absorption maxima (340 nm
and 520 nm) after addition of Protease K (200 ml 2 mg/ml)
to the solution of functionalized with azocasein GNPs (A).
Inset: Zoom of the increasing GNPs plasmon maxima (B)
The linear correlation between the intensity of the
plasmon maximum at 529 nm with the azocasein
maximum at 340 nm.

At Fig. 2 are presented typical spectra obtained at
certain time interval after the addition of enzyme
Protease K to the solution of modified with azocasein
GNPs. One can clearly observe (the inset in Fig. 2 A)
the increasing intensity of the plasmon absorption
maximum at 520 nm. It could be explain with the
thinning of the GNPs’ protein shells which have been
digested upon the action of Protease K. At the same
time the azocasein adsorption maximum at 340 nm
also increases which is result of releasing of the azo-
dye in the course of the enzyme reaction- a well-
known fact from the classical tests for the protease
activity. It is also interesting to point out the linear
correlation between the intensity of both maxima as
it is presented on the graphs at Fig. 2 B.

For studying the enzyme kinetics the maxima of
the adsorption spectra of azocasein and the plasmon
of the GNPs were taken at certain time intervals. The
corresponding kinetic curves of enzyme reactions for

three separate experiments with different enzyme
concentrations are presented on Fig. 3. For

convenience the absorption maxima were
normalized as follows:
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Fig. 3. Normalized kinetic curves of the Protease K
action extracted from (A) azocasein adsorption maxima
(340 nm) and (B) GNPs plasmon absorption maxima (520
nm). The volumes of Protease K (2 mg/ml) added to
reaction mixture are presented on the legend.

Where A(t); the adsorption maximum at certain
t, A(0); is the adoption at t, (before the addition of
the Protease K) and A(0); is the absorption maxima
at the beginning at the end (¢t = 40 min) of enzyme
reaction. From the kinetics curves one can observe
that the initial slopes increase with the increase of the
enzyme concentrations, e.g. bigger enzyme
concentration higher rate of the enzyme reaction.

To characterize the morphological changes of
azocasein modified GNPs at the beginning of the
enzyme reaction (before the addition of Protease K)
and at the end of reaction, the AFM imaging was
performed. At Fig. 4 are presented typical 2D
topography images of GNPs deposited on mica
supports. From the image at Fig. 4 A one can observe
that after the deposition a small areas around the
GNPs are formed. The height of these areas is around
5 nm which is comparable to the size of the protein
molecules which implies that this areas are the
azocasein shells of the modified GNPs. In the course
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Fig. 4. AFM 2D images obtained after depositing of functionalized GNPs suspension on mica support, together with
corresponding cross sections (A) before the addition of Protease K and (B) at the end of the enzyme reaction.

of the enzyme reaction since these shells were
digested by the protease and as one can see in Fig.4B
at the end of enzyme reaction those shells are
missing. The sizes of the GNPs are about 20 nm at
the begging and a bit smaller, 18 nm at the end of
reaction.

CONCLUSIONS

Simple and reproducible procedure for
functionalization of the GNPs with azocasein was
proposed. The prepared GNPs were characterized at
first with UV-Vis spectroscopy. Azocasein GNPs
were then used for substrate to the enzyme Protease
K. The enzyme kinetics was studied by UV-Vis and
AFM imaging was applied for characterization of
GNPs morphological changes at the beginning of the
enzyme reaction and at the very end. The data
obtained from both experimental method - AFM and
UV-Vis are in excellent agreement with each.
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OXAPAKTEPU3HUPAHE HA 3JIATHM HAHOYACTHULIY, ®YHKIIMOHAJIM3UPAHU C
A30KA3ENH C IIOMOIITA HA ATOMHO-CHJIOBA MUKPOCKOIINA (AFM) 1
I[MPUJIOXXEHUETO UM 3A KOJIOPUMETPUYHU EH3MUMHUN TECTOBE HA ITPOTEA3A

An. Yanaue, C. CumeonoBa, I1. I'eoprues, Cs. Iletpona, LIB. IBanoBa, K. banames™
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KonopumerpuynnuTe TectoBe, pa3pabOTEeHH HAa OCHOBATa Ha MOBBPXHOCTHHS IUIa3MOHEH PE30HAHC HA 3JIaTHHUTE
HAOHOYACTHIIM Ca JIOKAa3ajH CBOATA NPHIOKHUMOCT 32 CEH30PHM CHCTEMH B €H3MMHHUS KaTallu3, KaTo IOpagd CBOSATA
YyBCTBHTEIHOCT M IPOCTOTA, TaKa M IOpaIyd HUCKaTa cH meHa. [loaroroBkata Ha cTaOMIHU CYCIIEH3HH OT 3JIATHH
HAaHOYACTUIH, MOIU(UIMpPAHH C IPOTEHHH, J1aBa BB3MOXKHOCT 3a YHOTpedaTa MM KaTo INOIXOMSIl aHAIUTHYCH
HMHCTPYMEHT 3a KOJOPHUMETPHYHH CIIEKTPaIHU aHaJInW3W. HacTosmoro u3cieaBaHe pasIiiexaa eKCIepUMEHTalIHa
npoleaypa 3a U3TOTBSIHETO Ha BBH3MPOM3BOIUM CHHTE3 Ha (YHKIMOHAIN3UPAHU C a30Ka3eUH 3IaTHU HAHOYACTHLH B
cTabWiIHAa CYCIICH3US NPU Pa3iIMYHH KOHIEHTPAllMH HA a3okaszewH. [IpeiioikeHa € KOHLEMIMS 3a TECT 3a CH3MMHA
aKTHBHOCT Ha IpoTea3a, IpH M3MOJI3BaHe Ha (DYHKIMOHAIM3MPAHU C a30Ka3eH 3JIaTHH HaHOYACTHIM .3a 1Mo-100poTo
n3y4yaBaHe Ha TE3W CUCTEMH, KaKkTO M 3a Jia Objie M3yueHa eH3MMHATA Peakuus B TAX ca HAIPaBEHU W3CIICIBAaHUS Upe3
UV-Vis abcopOrroHHa CIEKTPOCKOIMHS, KATO MOAPOOHO € aHATH3UPAHO OTMECTBAHETO HA MAKCHMyMa B CIICKTPHTE,
CBOTBETCTBAIl] Ha MOBBPXHOCTHHA IUIA3MOHEH pe30HaHC. 3a Ja ObJe M3ydeHa HAIbJIHO CHUCTeMara € H3cileABaHa
Mopdoorusta U pa3Mepa Ha (QYHKIMOHAIM3UPAHHWTE C A30Ka3eMH 4YacTHUIM, KaTo € HampaBeHa cepusi ot AFM
n300paKeHHs1 Ha MPOOUTE, B3ETH B HAYAJIOTO U Kpas Ha MPOTEOINTHYHATA SH3UMHA PEaKIIHs.
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This study investigates an intermediate fluid vaporizer in gasification systems for liquefied natural gas floating
storage regasification units. A heated longitudinal three-level Rankine cycle system that uses the cold energy of
liquefied natural gas to generate power was optimized. The system was then compared to the original longitudinal
three-level Rankine cycle system established under the same conditions. Results showed that under a liquefied natural
gas flow of 175 t/h, the net power output and exergy efficiency of the new system increase by 10.3% and 15.3%,

respectively.

Keywords: Liquefied natural gas, Three-level Rankine cycle, Power generation, Heated

INTRODUCTION

Gasification of liquefied natural gas (LNG)
before use releases a large amount of cold energy
[1]. With the increase in the production and
consumption of LNG for LNG cold energy
utilization, research has focused on LNG and its
application in power generation, air separation,
liquefied carbon dioxide and carbon dioxide
production, seawater desalination, refrigeration, and
low-temperature culturing [2]. LNG cold energy
generation is the most important measure to take
full advantage of high-grade LNG cold energy [3].
Other methods of cold energy power generation
include direct expansion, secondary media, joint,
mixed media, and Brayton cycle and gas turbine
utilization methods [4]. In the area of LNG cold
energy power generation, the focus has shifted to
low-temperature organic fluids composed of
multi-stage Rankine cycles for the maximization of
the application of LNG cold energy [5].

Li et al. [6] proposed cascade power utilization
of solar energy and an LNG organic Rankine cycle
system, which involves two types of working fluids:
the working fluid in which hot water heated by solar
energy is gasified first and the second working fluid
in which the refrigerant is gasified after LNG
becomes operable. The system combines
low-temperature Rankine cycle power generation
and the direct expansion method. Sun et al. [7] also
established a Rankine cycle cold energy power
generation system involving two methods, namely,
the vaporization of Rankine cycle working fluid by
solar heated water as the heat source and the direct
expansion method. The system increases the
temperature of the refrigerant entering the turbine

* To whom all correspondence should be sent:

E-mail: zjyaosg@126.com
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and improves the net output of the system. However,
solar heating is affected by the weather, and many
auxiliary equipments are required to provide
sufficiently hot water when the system handles
large amounts of LNG. Wenji Rao[8] used industrial
waste heat as the heat source in a Rankine cycle and
concluded that with the increase in evaporation
pressure, thermal efficiency and power increase;
however, industrial waste heat at high temperatures
results in large differences in heat transfer
temperature and consequently leads to a loss of a
significant amount of energy. Given that these
systems require volume or heat sources, they should
be applied on land only.

Many scholars have studied systems that are
applicable to water bodies. Hongchang Yang [9-11]
proposed an LNG cold energy utilization
segmentation model and established a horizontal
and vertical three-level Rankine cycle according to
the model. They also put forward an improved
optimization scheme for existing problems on the
basis of the concept of dual pumping. Chao Zhang
[12] used a mixed refrigerant composed of methane,
propane and ethane as circulating working fluids.
The results showed that the ratio of the mixed
working media provides an important contribution
to the maximum net output. However, in the actual
operation of the proposed system, the optimal mass
fraction ratio of the refrigerants is difficult to
determine, and the requirements for stable operation
are relatively high. Guobiao Cui [13] used an LNG
cold energy segmentation model and established
five horizontal Rankine cycle power generation
systems using LNG cold energy; all levels of the
circulating heat originated from seawater, and the
system efficiency reached 61%. In practice, systems

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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based on a five-level Rankine cycle are complex
and thus difficult to apply. Sangick Lee [14] used
seawater as the heat source in the first-level
Rankine cycle and exhaust gas as the heat source in
the second-level Rankine cycle of a horizontal
two-level Rankine cycle power generation system;
the results indicated that this system is suitable for
small-scale power fishing vessels, but the energy
loss of the heat exchanger is considerable due to the
high exhaust temperature. Junjiang Bao [15]
proposed a two-stage condensed Rankine cycle
system whose net power output and thermal
efficiency are better than those of combined
Rankine cycle systems. Li Boyang [16] adopted an
LNG carrier and designed a set of systems that uses
LNG cold energy and flue gas waste heat after
natural gas combustion to generate electricity. This
system involves only one level of Rankine cycle,
and the working fluid is high-temperature flue gas.
The system can save 2.77 million yuan per year.
LNG carriers are transported year round; hence,
their heat sources (i.e., high-temperature flue gas)
can be stably supplied. In addition, the system
involves only a quarter of a complete Rankine cycle
and thus requires minimal power. These existing
studies imply the need to improve turbines before
working fluid temperature can benefit the net power
output.

The liquefied natural gas floating storage
regasification units (LNG-FSRU) system is usually
placed offshore and thus requires long-distance land
transport of natural gas; its delivery pressure should
reach 7 MPa or higher [17], at which point LNG
approaches a supercritical state. Power generation
utilization using LNG gasification cold energy
should be based on the heat source conditions of
LNG gasification in land or on-board environments

to consider LNG high-grade cold energy generation.
Given that the operating environment of
LNG-FSRU lacks a stable high-temperature heat
source, LNG-FSRU in the supercritical state of
LNG gasification in a cold energy power generation
program cannot be directly obtained from the
existing LNG gasification of cold energy power
generation program.

The LNG of an intermediate fluid vaporizer
(IFV) system in LNG-FSRU is gasified in a
supercritical state. The current work proposes two
forms of the heated longitudinal three-level Rankine
cycle power generation scheme according to the
gasification parameters of LNG-FSRU and using
seawater as the only heat source. The two proposed
schemes are suitable for the cold energy utilization
of LNG-FSRU regasification systems because they
increase the temperature of the working fluid in the
turbines and thus increase turbine efficiency. This
work provides a solution for optimizing
LNG-FSRU cold energy generation systems.

Composition of the heated longitudinal
three-level Rankine cycle system

The molar composition of LNG is as follows:
95% methane, 3% ethane, and 2% propane. The
gasification pressure is 8 MPa, which s
supercritical pressure. Only one reference [9]
previously proposed a three-level Rankine cycle
power generation system that uses LNG cold energy
during steaming. The two forms of the heated
longitudinal three-level Rankine cycle power
generation system proposed in the present study are
shown in Figures 1 and 2. These proposed systems
improve the inlet refrigerant of turbines 1 and 2
through the heat transfer between the working fluid

and seawater temperature.
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Fig.1. System diagram of the heated longitudinal three-level Rankine cycle (Form 1)
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Fig. 2. System diagram of the heated longitudinal three-level Rankine cycle (Form 2)

The difference between Form 1 (Figure 1) and
the original longitudinal three-level Rankine cycle
is that in Form 1, the refrigerant entering turbines 1
and 2 is introduced into the heater for heat exchange
with seawater to increase the temperature of the
turbines and facilitate their operation.

The difference between Form 2 (Figure 2) and
the original longitudinal three-Rankine cycle is that
in Form 2, the refrigerant entering turbines 1 and 2
is introduced into the refrigerant evaporator 3 for
heat exchange with seawater to increase the
temperature of the turbines and facilitate their
operation.

The calculation results showed that excluding
that of refrigerant evaporator 3 and the heater, the
equipment  efficiency, optimum  parameter
matching, maximum net power output, and
overall efficiency of the system are the same.
Form 1 was used as an example to determine the
optimal combination of refrigerant and parameters
matching for heated longitudinal three-level
Rankine cycle systems. Then, a thermodynamic
comparison of the heated longitudinal three-level
Rankine cycle system and the original
longitudinal three-level Rankine cycle system was
performed. The two forms of the heated
longitudinal three-level Rankine cycle system
were also compared in terms of energy loss,
energy of equipment, and overall energy
efficiency.

Determination of the optimal combination of
refrigerant and parameter matching

Selection of system parameters. For the
simulation calculations and analysis, the flow of
LNG was assumed to be 175 t/h. The simulation
calculation was conducted with the following
settings:

e The condensed pressure of the circulating fluid
was 110 kPa.

e The temperature of seawater serving as the heat
source was 20 °C, and the output temperature of
seawater was 15 °C. The ambient temperature
was 25 °C.

e The minimum end difference of all heat
exchangers was 5 °C.
e In all heat exchangers (except for heat

exchangers whose hot fluids are seawater), the
hot fluid outlet was subcooled at 2 °C.

e The efficiency of the turbine was 80% and that
of the pump was 75%.

e The pressure and heat losses of all heat
exchangers and pipes were ignored.

e The refrigerants at the outlet of the refrigerant
evaporator were in a saturated gas state.

Optimization of refrigerant combination. In
selecting the ideal working fluid, one should
consider not only its effects on the net output and
safety of the system but also whether its critical
temperature matches the temperature of the heat
source. The choice of refrigerant plays a key role in
the recovery of the LNG cooling capacity of systems
[18].

The condensing temperatures of common
refrigerants under 110 kPa are shown in Table 1.

Table 1. Condensation temperatures of common refrigerants at 110 kPa

R1150 R170 R23 R116 R1270

R290 R717 R134a R152a R600a

-102.64°C  -87.22°C  -80.53°C  -77.20°C  -46.16°C

-40.55°C  -31.44°C  -24.24°C -22.61°C  -9.93°C
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LNG-FSRU systems also need to meet the
requirements of daily life, such as fresh water
resources and air conditioning. After recovery in
three low-temperature Rankine cycles, LNG should
have an adequate amount of cold energy to be used
by other cold energy processes, such as desalination
and cold storage. Therefore, LNG in three Rankine
cycles is obtained after the recovery of the cold
energy outlet temperature of about —45 °C [19,20].
Given that the minimum end of the heat exchanger
in this work was set to 5 °C, the refrigerants R290
and R1270 shown in Table 1 were deemed as the
most suitable for the third Rankine cycle. At the
inlet of the system, the temperature of the LNG
changed from —162 °C to —158 °C after it was
pressurized by the pump. When R290 was selected
as the refrigerant for the third Rankine cycle, the
temperature of LNG cold energy utilization ranged
from —158 °C to —45.55 °C. When R1270 was
selected as the refrigerant for the third Rankine
cycle, the temperature of LNG cold energy
utilization ranged from —158 °C to —51.16 °C. The
refrigerants R1150, R170, R23, R116, and R1270
meet the temperature range given in Table 1. The
first and second Rankine cycles of the working fluid
and the corresponding LNG inlet temperature
should match as much as possible to reduce the
exergy loss of the heat exchanger caused by large
temperature differences. Therefore, R1150 and
R170 were selected as possible refrigerants for the
first Rankine cycle, and R23, R116, and R1270
were selected as possible refrigerants for the second
Rankine cycle. When the refrigerant of the second
Rankine cycle was R1270, the refrigerant of the
third Rankine cycle could only be R290. Thus, 10
possible refrigerant combinations were identified.

In the HYSY'S simulation, the net output of the
system was calculated given the inlet temperatures
of turbines 1 and turbine 2 (hereafter referred to as
outlet temperature 1 and outlet temperature 2,
respectively). The property package of the
refrigerants was based on the Peng—Robinson
equation.  Under different working group
combination schemes, the net power output of the
system was hypothesized to reach the maximum
point when the outlet temperature of the process was

set to the maximum value. When the refrigerant of
the second Rankine cycle was R116, refrigerant
evaporator 1 of the first Rankine cycle showed a
temperature cross. R116 is a dry fluid; thus, the
difference between the cold fluid outlet temperature
of refrigerant evaporator 1 and the condensing
temperature of refrigerant R116 was large. This
condition led to temperature crossing in refrigerant
evaporator 1. Table 2 shows the ranges of outlet
temperature 1 and outlet temperature 2
corresponding to the maximum outlet temperature 1
under the combinations of different refrigerants
(without temperature crossing). The temperature
interval of outlet temperature 2 is also given.

Results of refrigerant filtering

In HYSYS, a system simulation with different
ranges of outlet temperature 1 and outlet
temperature 2 was performed under different
combinations of refrigerants. The net work output
was calculated accordingly. The net output of the
system and the dryness of the corresponding
refrigerant in the turbine 1 outlet are shown in
Figure 3. When outlet temperature 1 was taken as
the maximum value, the dryness of turbines 2 and 3
was constant. Thus, only the outlet refrigerant
dryness of turbine 1 was considered. Figure 4 shows
the outlet refrigerant dryness of turbine 3 when the
net power output of the system reaches the
maximum under the combination of different
refrigerants.

Figures 3 and 4 show that when the refrigerant
combinations were R1150, R23, and R290, outlet
temperature 1 was —16 °C, and outlet temperature 2
was —41 °C. The system ultimately produced the
highest net power output of 4394.090 kW. The
dryness of turbine 3 was also high. In the
combination of different refrigerants other than
R170, R23, R1270 and R170, R23, R290, the
system achieved the maximum net work output
when the outlet refrigerant dryness of turbines 1 and
2 was equal to 1. When the combinations of
refrigerants were R170, R23, R1270 and R170, R23,
R290, the outlet refrigerant dryness of system
turbines 1 and 2 was less than 1.

Table 2. Ranges of outlet temperature 1 and outlet temperature 2 corresponding to maximum outlet temperature 1

Combinations of
refrigerants

Range of the outlet
temperature 1

Range of the outlet
temperature 2

Temperature interval of
the outlet temperature 2

R1150,R23,R290
R1150,R23,R1270

R170,R23,R1270

R170,R23,R290
R1150,R1270,R290
R170,R1270,R290

-45.55°C~-16°C
-51.16°C~-25°C
-51.16°C~-25°C
-45.55°C~-16°C
-45.55°C~-41°C
-45.55°C~-41°C

-41°C~-80.59°C 4°C
-41°C~-80.77°C 4°C
-67°C~-80.77°C 2°C
-67°C~-80.59°C 2°C
10.05°C~-46.8°C 8°C

-9°C~-46.8°C 4°C
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Fig. 3. Network output of the system (left) and dryness of turbine 1 (right) under different combinations of

refrigerants
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Fig. 4. Dryness of turbine 3 corresponding to the
maximum output of the system under different
combinations of refrigerants

However, in these two combinations, the
system’s maximum network output was lower than
that under the combination of R1150, R23, R290.
Thus, using only the outlet refrigerant dryness of
turbine 3 in the comparison does not affect the
results.

Figures 3 and 4 show that the optimal working
combination was between R1150, R23, R290 and
R1150, R23, R1270. The maximum net power
output under the two combinations and the
combinations of other refrigerants revealed obvious
differences. The NG outlet temperature of LNG
evaporator 3 was —45.55 °C when the working fluid
of the third Rankine cycle was R290. The NG outlet
temperature of LNG evaporator 3 was —51.16 °C
when the working fluid of the third Rankine cycle
was R1270. Therefore, the temperature span of the
working combination R1150, R23, R290 was larger
than the temperature span of the working
combination R1150, R23, R1270. When the two
working combinations were used under optimal
conditions, the output of the working combination
R1150, R23, R290 was large. Therefore, R1150,
R23, and R290 were determined to be the best
combination of refrigerants for the system.

DETERMINING THE OPTIMUM
PARAMETER MATCHING

Figure 3 also shows that when outlet temperature
1 was given and outlet temperature 2 was taken as
the maximum value, the net output of the system
was maximum under the working combinations of
R1150, R23, and R290. The influence of outlet
temperature 1 on the net output of the system was
also determined. In the calculation, the maximum
value of outlet temperature 2 was calculated with a
given outlet temperature 1. When the process was
established and the working combinations were set
to R1150, R23, and R290, the maximum outlet
temperature 1 at different outlet temperatures 2 was
determined. The results are shown in Table 3. Outlet
temperature 1 was divided by the temperature
interval of 3 °C. When the combination of
refrigerants was R1150, R23, and R290 and the
system reached the maximum outlet temperature 2
at different outlet temperature 1, the outlet
refrigerant dryness of turbines 1 and 3 remained
constant. Thus, only the outlet refrigerant dryness of
turbine 2 needed to be considered. The net output of
the system and the outlet refrigerant dryness of
turbine 2 when the system reached the maximum
outlet temperature 2 at different outlet temperatures
1 are shown in Figure 5. Figure 5 shows that when
outlet temperature 1 reached the maximum value of
—16 °C, outlet temperature 2 also reached the
corresponding  temperature range with the
maximum value of —41 °C. At the same time, the
system achieved the maximum net output of
4394.090 kW. This result indicates the correctness
of the assumptions. When the outlet refrigerant
dryness of turbine 2 was less than 1, the net power
output of the system increased with the decrease in
outlet temperature 1. When the outlet refrigerant
dryness of turbine 2 was equal to 1, the net output
of the system increased with the increase in outlet
temperature 1. This phenomenon is consistent with
that shown in Figure 3.

Therefore, when the system refrigerant
combination was R1150, R23, and R290, outlet
temperature 1 was —16 °C, and outlet temperature 2
was —41°C. The net work output of the system
reached the maximum of 4394.090 kW.

Table 3. Maximum outlet temperature 2 at different outlet temperatures 1 under the combination of refrigerants

R1150, R23 and R290

Outlet temperature 1

-43°C -40°C -37°C -34°C -31°C -28°C -25°C -22°C -19°C -16°C

Maximum outlet temperature 2 -50°C -50°C -50°C -50°C -50°C -50°C -50°C -50°C -46°C -41°C
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Table 4. Comparison of exergy loss and net power output of the heated longitudinal three-level Rankine cycle and

the original longitudinal three-level Rankine cycle

Original longitudinal three-level

Heated longitudinal three-level

Program Rankine cycle Rankine cycle

ST el Semos e

LNG evaporator 1 3266.63 65.9% 3203.43 72.9%

LNG evaporator 2 624.70 79.7% 116.19 92.2%

LNG evaporator 3 1845.55 65.6% 1513.29 67.9%

LNG thermolator 1649.63 13.1% 1649.63 13.1%

Refrigerant evaporator 1 435.94 91.9% 130.91 97.9%

Refrigerant evaporator 2 750.75 85.1% 724.29 85.1%

Refrigerant evaporator 3 1296.09 38.9% 1216.76 38.9%

Refrigerant pump 1 3.69 45.0% 6.67 45.0%

Refrigerant pump 2 9.95 61.5% 9.60 61.5%

Refrigerant pump 3 36.17 61.4% 33.96 61.4%

LNG pump 967.69 11.6% 967.69 11.6%

Seawater pump 168.86 88.8% 170.59 88.8%

Turbine 1 277.64 69.6% 492.30 70.8%

Turbine 2 666.82 72.1% 715.27 72.2%

Turbine 3 1396.99 75.7% 1311.48 75.7%

Heater 69930 82.6%

Exergy loss of the system (kW) 13397.1 12262.06
Net output power of system (kW) 3982.92 4394.090
Exergy efficiency of the system 22.9% 26.4%

Refrigerants

R1150, R23, R290

R1150, R23, R290

Thermodynamic analysis and comparison of
heated longitudinal three-level Rankine cycle power
generation systems

The definitions of exergy loss and exergy
efficiency of the equipment and system are similar
to those in ref. [15].

The results are shown in Table 4. As shown in
Table 4, the heated longitudinal three-level Rankine
cycle scheme reduced the exergy loss of the three
LNG evaporators and the three refrigerant
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evaporators in comparison with the original
longitudinal three-level Rankine cycle. The increase
in the exergy efficiency of LNG evaporator 2 was
most obvious. The exergy loss of the three turbines
of the heated longitudinal three-level Rankine cycle
increased, but the exergy efficiency was not reduced
and even slightly increased. In terms of the
performance of the entire system, the heated
longitudinal three-level Rankine cycle improved by
10.32% relative to the original three-level Rankine
cycle.
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Table 5. Comparison of exergy loss and exergy efficiency of related equipment in the two forms of the heated
longitudinal three-level Rankine cycle systemand exergy efficiency of the systems

Heated longitudinal three-level Rankine Heated longitudinal three-level Rankine
Equipment cycle system (Form 1) cycle system (Form 2)

Exergy loss (kW) Exergy efficiency Exergy loss (kW) Exergy efficiency
Refrigerant 1216.76 38.9% 1916.07 30.3%
evaporator 3
Heater 699.30 82.6%

0
Moreover, the exergy efficiency of the former 8.5%.
increased by 15.3%, and the total exergy loss REFERENCES

decreased by 8.5%.

Contrast of the two forms of the heated longitudinal
three-level Rankine cycle system

A comparison of the exergy loss and exergy
efficiency of related equipment in the two forms of
the heated longitudinal three-level Rankine cycle
system and the exergy efficiency of each form are
shown in Table 5.

The number of heat exchangers in Form 2 was
less than that in Form 1. Thus, refrigerant
evaporator 3 was a four-stream, complicated heat
exchanger. As shown in Table 5, the exergy
efficiency of the new heat exchanger was relatively
large, and the exergy efficiency of refrigerant
evaporator 3 improved even with a large number of
heat exchangers in Form 2. In actual processes, the
appropriate form is selected according to specific
circumstances, such as funds and area.

CONCLUSIONS

To improve the inlet refrigerant temperature of
turbines and  ultimately enhance  turbine
performance, this work proposed two forms of the
heated longitudinal three-level Rankine cycle power
generation system. A thermodynamic exergy
analysis of the existing longitudinal three-level
Rankine cycle was performed. The optimal
refrigerant combination and parameter matching for
the heated longitudinal three-level Rankine cycle
power generation system were determined. In both
forms, the parameter matching, exergy efficiency,
exergy loss, and net output of the system were the
same. The specific conclusions are as follows:

(1) For the heated longitudinal three-level
Rankine cycle, the ideal combination of refrigerants
was R1150, R23, and R290. The turbine inlet
temperature of the second-level Rankine cycle was
—16 °C, whereas that of the first-level Rankine
cycle was —41 °C. The net power output reached
the maximum of 4394.09 kW, and the efficiency
was 26.4%.

(2) Compared with those of the original
three-level Rankine cycle, the net output and exergy
efficiency of the heated longitudinal three-level
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OIITUMMU3BALIMOHHA CXEMA HA TUIIMYHA HAUTBXXHA CUCTEMA C PAHKMHOB
IUKBJI HA TP HUBA, U3ITOJI3BAILIA CTYAEHA EHEPT'UA, 3A TEHEPUPAHE HA
EHEPI'MA 3A PELITUKJIMPAHE HA TEYEH I'A3

1. So*, JI. Cro, I'. @5, JI. Tau

Yyunuwe no enepeutino unoicenepcmeo, Ynusepcumem ua J{3uency 3a nayka u mexronoausi, Jowcwvnoszsan 212000,
JBuency , Kumati

ITocTrrmma Ha 15 okromBpu, 2017 r.; Kopurupana Ha 2 ssHyapu, 2018 T.
(Pesrome)

B Hacrosmiara cTatus ce u3cieqBa MEKAWHEH TEUCH M3IAPHUTEN 3a ra3su(UKaIMOHHU CUCTEMH 3a TO/BHKHU
perasuduKaMOHHU YCTPOICTBA 3a ChbXpaHsBaHe Ha BTEUHEH NpUpoieH ra3. ONTUMH3NpaHa € HarpeBaeMa CucTema,
0azupaHa Ha HaUTk)KeH PaHKMHOB LIMKBJ Ha TPU HHMBA, U3IOJI3BAIlA CTYAEHATa €HEPTUsl Ha BTEYHEH IPUPOJICH ra3
3a IPOU3BOJICTBO Ha eHeprusi. CucTeMara € CpaBHEHA C OpUTMHAJIHATa Ha/UIBKHA chcTeMa ¢ PaHKMHOB LMKBJI Ha
TPHY HHBa IPH CHLIATE YCIOBHS. YCTAHOBEHO €, 4 IPH NOTOK Ha BTreyHeHwus ra3 or 175 t/h, Hetnara m3xomna
MOIITHOCT U €(peKTHBHOCTTA Ha EKCEPTHsITa Ha HOBaTa cucTteMa HapacTBar choTBeTHO ¢ 10.3% 1 15.3%.
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Lactic acid and M(1I) d-metals (Cu, Co, Mn, Cd) milli- and micro- quantities
interaction: FTIR and ESI-MS analysis
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This study investigated the interaction of M(Il) d-biometal ions (Cu, Co, Mn) and toxic Cd(ll) ion with lactic acid,
which is present in human body as a result of intake or as a product of biological processes, at milli- and micro-molar
level, under approximately physiological conditions by FTIR and ESI-MS spectroscopy. Spectroscopic investigations
showed that the lactic acid in the tested system behaves as a monodentate ligand, it comes to interact at all concentration
levels, and the most pronounced interaction is in the model system with Co(ll) ion.

Keywords: M(11) d-metals, Milli- and Micro-interactions, Spectroscopy

INTRODUCTION

In biological systems d-biometal cations easily
interact with molecules of water and various parts
of different organic and inorganic biomolecules, as
natural constituents or substances introduced into
the human body. These complex associates, built
via O-, N- and S- donor atoms, have an important
role in biological processes [1-3].

Copper is a biogenic element found in numerous
enzymes' systems. The Cu(ll) ion (d® configuration)
can give coordination compounds of various
coordination and geometry through O-, N-, and S-
donor atoms of different biomolecules and small
molecules [1, 4].

Cobalt as a micro-element has a role in the
metabolism of proteins and amino acids as the
constituent parts of metaloenzymes. The Co(ll) ion
(d” configuration) easily interacts with parts of
other molecules and builds complex particles with a
coordination number 4, as well as a coordination
number 6 via the O-, but also via the N-donor atom
[1].

Manganese is an element weakly present in
biological systems, but it also has an irreplaceable
role in detoxification from oxygen free radicals as a
cofactor of numerous enzymes. The Mn(ll) ion (d®
configuration) easily builds complexes with a
coordination number 6 which are only slightly
stable and easily interact with other molecules,
which leads to changes in the ligands and the
building of new products [1, 5].

Cadmium is a toxic metal, and it is not a
biometal. In the human body this metal can enter

* To whom all correspondence should be sent.
E-mail: nenad.krstic84@yahoo.com

through the food chain. Toxicity of cadmium is
partly a consequence of its ability to bind instead of
biometals  with similar physicochemical
characteristics over -SH of the active sites of some
enzymes and block their activity, because of higher
affinity for thiol groups. This metal induces
oxidative damage to red blood cells in different
tissues [6,7].

The carboxyl group as a part of many
compounds (pharmaceuticals, supplements) is a
"universal” O-donor ligand which can form
complexes of different coordination, and can act as
a monodentate or a bidentate ligand [8, 9].

a-Hydroxycarboxylic acids are constitutive
components of many biochemical processes in the
living world. They are often used in pharmaceutical
preparations [10,11]. Lactic acid, 2-
hydroxypropanoic acid, (LA) is formed by
fermentation of sugars and other carbohydrates
under the action of anaerobic bacteria and it can be
ingested with food into the body. In medicine it is
used as a component of the Ringer's and Hartman's
solutions [12]. Lactic acid is a suitable molecule for
model systems for the study of interaction of
biometals with O-donor ligands in biosystems.
With M(Il) metal ions from solutions of molar
concentrations, depending on the conditions of
complexation, properties and synergistic effect of
the metal ions, LA can form different types of
complex associates [10, 11, 13, 14] With M(ll) d-
metal ions LA can form complexes of the type
[M(LA)2R], where it behaves as a bidentate ligand,
and R is molecule of solvent [15]. Cu(ll) ion can
form mononuclear and binuclear complexes with
aliphatic a-hydroxycarboxylic acids at different pH
values [10, 11, 16].
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Our previous studies have shown that there is a
mobility of metal ions from biological hard mineral
tissue of teeth that had been exposed to the impact
of various media (lactic acid, acetic acid, etc.) as a
result of the interaction of metal ions with the test
media [13, 17]. In the literature there are no enough
data about interactions of d-metals and LA under
approximately physiological conditions, and at the
level of micro-molar concentration at which they
are present in human body.

Products of interaction of M(ll) d-biometal ions
(Cu, Co, Mn) and toxic Cd(ll) ion with LA were
investigated at milli-molar and micro-molar level,
under approximately physiological conditions by
FTIR and ESI-MS spectroscopy.

EXPERIMENTAL

Experimental procedure for FTIR
characterization of M(Il)-LA interactions.

The solid products of the M(Il)-LA interaction
were obtained by mixing a solution of M(II) ions,
and a ligand in a molar ratio of 1:2 in favor of the
ligand, at room temperature, under conditions in
which the hydroxide is not precipitated (pH~5.5 for
Cu, and approximately physiological pH for others
M(Il) ions), and separated by centrifugation after 7
days. FTIR spectra were recorded on a FTIR
instrument Bomem MB-100 (Hartmann & Braun,
Canada), with a DTGS/KBr (deuterated triglycine
sulfate/KBr) detector in the wave number range of
4000-400 cm'%, and were processed with ACD/Labs
10.08 software.

Experimental procedure for ESI-MS
characterization of M(II)-LA interactions.

Binary solutions M(I)-LA were prepared by
mixing stock solutions of M(lI) ion (100 pmol/L)
and ligand (100 pmol/L) in various proportions in
order to obtain different metal/ligand ratios. ESI-
MS analysis was performed 30 min after mixing
without pH adjustment.

ESI-MS analysis of the model solutions was
performed in negative ionization mode by using
LCQ DECA lon Trap mass spectrometer (Thermo
Finnigan, USA). ESI-MS spectra and LOOP
chromatograms (total ion current chromatograms of
loop injected samples) were processed with
Xcalibur LCQ Advantage 1.4 software. M(ll) ion-
ligand interaction strength was estimated by
comparing the areas of ESI-MS ion current
chromatograms for pure ligand solution (P:) and
M(I)-ligand solution (P.), their relative difference
being expressed as:

AP=¥X100% (1)

1
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The value of AP is actually the fraction of the
ligand involved in ion-ligand interaction so that the
larger AP value indicates stronger interaction and
increased binding of M(Il) ions to ligand on
micromolar level [18, 19].

RESULTS AND DISCUSSION

FTIR

FTIR spectrum of LA is characterized by the
presence of absorption bands of carbonyl group
(Figure 1). The band at 2633 cm™ originates from
the intra-molecular hydrogen bonds. The band
appearing at 2500-3300 cm™ can be attributed to
vibrations of —-O-H from iz -COOH group, while
the band of free —O-H group appears at 3230-3550
cm™, Together, these bands cover the region 2500-
3550 cm?, and thus cover bands that originate from
the C-H vibration. FTIR spectrum of LA is
characterized by a strong band at 1730 cm™ v(C=0)
and bands at 1430 cm? v(C-O-H in plane), 1240
cm? v(C-0), i 930 cm?® v(C-O-H out of plane)
[20, 21].
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\
Cu(ll)-LA
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3447 3345
Co(ll)-LA

1400

4000 3500 3000 2500 2000 1500 1000 S00
wavenumber [em']

Fig. 1. FTIR spectra of LA, and solid products of
interactions of M(Il) d-biometal ions with LA.
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The FTIR spectra of the obtained solid products
of the interaction of the investigated M(Il) d-
biometal ions with lactic acid are shown in Fig. 1.
The disappearance of the intra-molecular hydrogen
bond band indicates potential interaction between
M(II) ions and O-donor atoms of the ligand. The
shifts of v(C=0) band (vasym(C=0)) and v(C-O-H)
band (vsym(C-0O)) are very indicative since
frequencies of Vasym(C=0) and vsym(C-O) are the
main features of transition metal complexes with
carboxylate ligands. The difference Av
Vasym(COOQ) — veym(COO) may be used to determine
the coordination of M(Il) ion with O-donor atoms
of LA carboxylic group [1, 8, 22-24]. In the
investigated model systems Cu(ll)-LA, Co(ll)-LA
and Mn(11)-LA the shifts of vasym(C=0) bands were
to 1642 cm?, 1576 cm* and 1627 cm'® respectively;
and the shifts of vsym(C—O) bands were to 1385 cmr
11385 cm? and 1400 cm, respectively. The Av
values of 257 cm? (Cu(ll)-LA), 191 cm? (Co(ll)-
LA) and 221 cm? (Mn(l1)-LA) indicate that lactic
acid behaves as a monodentate ligand [10, 11, 15,
20, 22].

The investigated system with the toxic Cd(ll)
ion behaved spectroscopically in a similar way to
the system with Mn(ll) ion, probably because these
two ions are spectroscopically similar (full/semi-
full d-level) [18, 23, 24].

The strength of metal-ligand interactions
according to the position of R-C-O---M vibrations,
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based on values of Av, decreases in the series Co(ll)
> Cu(ll) ~ Mn(I)/Cd(Il) probably due to the
physico-chemical properties of the investigated
M(1I) ions [25, 26].

ESI-MS

Figure 2 shows the ESI-MS ion current
chromatogram in the m/z range from 88 to 90 and
the mass spectrum recorded in negative ionization
mode for the loop injection of lactic acid at a flow
rate of 100 pL/ min. One of the most prominent
peaks in the mass spectrum of LA was that of
lactate anion [LA-H]- at m/z = 89 with relative
intensity of 100% and it served for adjusting
optimal working conditions of the instrument. lons
[LA-MeOH]" at m/z = 121 and [2LA-H]~ dimer at
m/z = 178 could also be identified.

Figure 3 shows the ESI-MS ion current
chromatogram in the m/z range from 88 to 90 and
the mass spectrum recorded in negative ionization
mode for the loop injection of LA with Cu(ll) ion at
a flow rate of 100 pL/min. In comparison to the
mass spectrum in Figure 1, the peak intensities for
[LA-H] and [2LA-H]" decrease by about 20% and
10%, respectively. However, new ionic species
appeared and we could identify [LA+Cu]~ at m/z =
152. These spectral changes indicate that
interactions between Cu(ll) ion and LA occurred
even at the micromolar level.
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Fig. 2. ESI-MS ion current chromatogram in the m/z range from 88 to 90 and mass spectrum recorded in negative
ionization mode for the loop injection of LA at a flow rate of 100 puL/min (cLa = 5.00 umol/L, solvent; MeOH/H,0 =

50/50).
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Fig. 3. ESI-MS ion current chromatogram in the m/z range from 88 to 90 and mass spectrum recorded in negative
ionization mode for the loop injection of LA with Cu(ll) ion at a flow rate of 100 pL/min (cLa = 1.00 pmol/L, ccuqry =
9.00 umol/L, solvent; MeOH/H,0O = 50/50).
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Fig. 4. Plot of the peak areas of the ESI-MS chromatograms of the loop injection vs. LA concentration for pure LA
(@) and Cu(I)-LA system (b).

The quantitative analysis of the lactate anion,
[LA-H]-, was performed by injecting exact
volumes of LA solution of known concentration by
using LOOP apparatus. Areas below LOOP
chromatograms (Fig. 4a and b) were determined
with Xcalibur software. Calibration curve for LA
was obtained by linear fitting of areas in LOOP
chromatographic peaks for the m/z range 88-90 as a
function of LA concentration. Integral area value
for the LA system was P; = 164.44 (R? = 0.9439,
Fig. 4a), and for the Cu(ll)-LA system the value
was P, = 133.36 (R2=0.9612, Fig. 4b).

The obtained results for investigated model
systems were analysed as mentioned before for the
the Cu(ll)-LA model system [18]. The values of the
sub-integral areas of the investigated binary
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systems and their AP (Eq. 1) values are shown in
Table 1.

Table 1. Values of sub-integral areas and their AP values

LA Cu-LA Co-LA Mn-LA Cd-LA
Pla.u.] 161.44 133.36 107.55 146.17 147.84
R2 0.9439 0.9612 0.9439 0.9468 0.9457
AP [%] / 17.39 33,38 9.46 8.42

The area under the peaks in the LOOP

chromatograms in the presence of the investigated
metal ions is lower than the analog area of the lactic
acid without metal ions, which is in accordance
with results of other similar studies [18, 19]. These
results indicate that there is considerable interaction
of M(I-LA at the micromolar level, which
decreases in the order: Co(ll)-LA > Cu(ll)-LA >
Mn(I1)-LA ~ Cd(11)-LA.
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According to the results of spectroscopic
examinations it can be noticed that the interaction is
most pronounced between Co(Il) ion and lactic acid
and less pronounced between the toxic Cd(Il) ion
and lactic acid, because Cd(ll) ion has a lower
affinity for O-donor atoms, considering hat it is a
softer acid in regard to d-metals (HSAB theory) [6,
25, 26].

According results, substitution of metals with
similar physico-chemical properties of the active
centers of some biological systems (e.g. enzymes,
hard mineral and different media) on micro-molar
level could be expected [13, 17].

CONCLUSION

The spectroscopic investigations showed that
lactic acid interacts with the investigated M(ll) d-
biometal ions and the toxic Cd(Il) ion at both
investigated levels of concentration. FTIR
characterization of the isolated products of
interaction of M(II)-LA showed that LA acts as a
monodentate ligand. Lower values of surface of
ESI-MS LOOP chromatograms of the examined
system of M(II)-LA compared to the pure ligand
(LA) indicated that the interaction between M(II) d-
biometal ions or the toxic Cd(ll) ion, and lactic acid
occurs at the micro-molar level. According to the
spectroscopic results Co(ll)-LA interaction was the
most  pronounced compared to the other
investigated metals..
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W3CJIEIBAHE HA B3AUMOJENCTBUETO MEXY MJIEYHA KUCEJIMHA U M(11) d-
METAJIA (Cu, Co, Mn, Cd) HA MUJIMTPAMOBO U MUKPOI'PAMOBO HUBO YPE3 FTIR U
ESI-MS AHAJIN3

H.C. Kpsctuu'*, P.C. Huxomua!, B.JI. lumutpuesual, JI.M. JIxxopmxesnul, M. H.Crankosua?, .M.
Kpwetnu?, M.I'. Hukomny?

Ulenapmamenm no xumus, @axyamem no nayxku u mamemamuxa, Huwwxu ynusepcumem, Buwezpaocka 33, 18000
Huw, Copbus

2Paxyamem no 6ezonacnocm na mpyoa, Huwxu ynusepcumem, Yapnoeeuua 10, 18000 Huwt, Copbus
Ilocrbnuna Ha 6 HoemBpy, 2016 r.; xopurupana Ha 30 nexemspu, 2017 r.
(Pesrome)

Bsaumogeiicteuero Ha M(Il) d-Gromeranuu iionn (Cu, Co, Mn) u toxcuunus Cd(Il) #ion ¢ Mie4yHa KHCElUHA,
KOSITO CE HAMHPA B YOBEIIKOTO TSIO B PE3YJITAT HA MOTIIBIIAHE MM KaTO MPOAYKT OT OMOJIOTHYHU MPOIECH HA MUJIH-
WA MAKPOMOJIAPHO HHBO, € M3CJICABAHO NP MPUOTU3UTENTHO (pr3nosorudHu yenoBus ¢ momormra Ha FTIR n ESI-MS
CIIEKTPOCKOTIHS. YCTaHOBEHO €, 4e MJIeYHaTa KHCEIMHA B W3CIIeBAHATA MOJENIHA CHCTEMa Ce OTHACs Karo
MOHOJICHTATCH JIMTAHI, TS B3aWMOJEHCTBA HA BCHYKHA KOHIICHTPAIMOHHM HHBa W HAW-CHJIHO W3Pa3eHOTO
B3aumoeiicteue e ¢ Co(ll) fion.
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The aim of this work is to determine the mutual dependence of selected physicochemical and geochemical
parameters using correlation analysis and to assess the ecological status of water quality. The goal of this method is the
faster and more precise interpretation of monitoring data, identification of pollution sources, and assessment of river
water quality. In this regard, we used the water quality parameters of river Ibar from the monitoring station "Raska".
This station is the most representative one for determining water quality, because it is located in the middle course of
the Ibar River and is under the heaviest pollutant loads. Comparative analysis showed a deviation of the measured
values of biochemical oxygen demand (BODs), total organic carbon (TOC), NHs" and PO.* from the prescribed
reference values, which indicates the presence of organic matters in the river Ibar. This water body was attributed
moderate ecological status (class Il), while the comparison with the limit values of priority and priority hazardous
substances indicated the lack of good chemical status. Based on correlation analysis, it can be concluded that there is
pluvial erosion and that oxygen regime is influenced by changes in atmospheric temperature rather than by organic
pollutants.

Keywords: Correlation analysis, Ibar River, Ecological status, Chemical status

INTRODUCTION Mining, Metallurgical and Chemical conglomerate
(MMCC) "Trepca". In this area, water quality of the
Ibar River is also influenced by the factory
“Leposavic” (processing of zinc and lead) and large
number of flotation tailing dumps [7]. Ibar gorge is
naturally predisposed to develop erosion and torrent
processes that are conditioned by geomorphological
conditions of the terrain (steep reliefs, steep slopes),
geological conditions of the terrain (high erodibility
rocks, intensive sediment yield) and poor protection
of hillside cliff vegetation (poorly afforested area,
bare land).

The Republic Hydrometeorological Service of
Serbia (RHSS) monitors the water quality of the
Ibar River at the measuring stations “Batrage”,
“RaSka” and “Kraljevo”. Monitoring station
“Raska” is the most representative one in terms of
determining water quality due to the fact that it is
located in the middle course of the Ibar River, with
the highest pollutant loads.

The aim of this paper is to assess water quality
of the Ibar River at the monitoring station “RaSka”
by determining ecological and chemical status and
to identify pollution on the basis of correlations
between water quality parameters with the aid of
multivariate statistical analysis.

Current problems of pollution of watercourses in
the Republic of Serbia require an ecological status
assessment, stressing on the significance of
achieving sustainable water management principles
set by the Directive 2000/60EC and preserving the
environment [1]. Surface water quality is
determined by natural processes (atmospheric
conditions, level of precipitation and soil erosion),
human activities (urbanization, industrial and
agricultural activities) and increased exploitation of
water resources [2, 3]. Discharges of industrial and
municipal wastewater, as well as agricultural
effluents are considered persistent sources of
pollution [4]. The quality of surface waters
faithfully reflects the impact of human activities,
particularly in terms of impaired quality of
watercourses and characteristics of aquatic
ecosystems. According to the ranking of eighteen
major river flows, the Ibar River has been classified
as one of the most polluted surface waters in Serbia
[5]. The Ibar River springs under Hajla Mountain in
eastern Montenegro. Being 280 km long and with
basin surface of 8060 km?, it is the longest and the
most important tributary of the Western Morava
River [6]. In its middle course, the Ibar River
becomes the recipient of unpurified industrial EXPERIMENTAL
wastewater from the power plant "Obilic", the

fertilizer factory in Kosovska Mitrovica and The enactment of the Regulation on

establishment of surface and groundwater bodies
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and the Regulation on the parameters of ecological
and chemical status of surface waters and
parameters of chemical status and quantitative
status of groundwaters enabled the conditions for
RHSS monitoring in accordance with the
requirements of the EU Water Framework
Directive [8-10].

Ecological status indicates the quality of the
structure and functioning of an aquatic ecosystem
joined to surface waters and classification in line
with the special Regulation [8]. Ecological status of
the river is classified as Excellent (Class 1), Very
good (Class II), Good (Class Il), Poor (Class V)
and Very poor (Class V) according to chemical and
physicochemical quality elements which are
significant for biological elements of a given
surface water and surface water body [9].
According to the Regulation on establishment of
surface and groundwater bodies, the Ibar River is
classified as aquatic water body of the Type-2
(large rivers, dominance of middle layers). Current
regulation defines target allowable concentrations
of certain parameters for given classes of ecological
status of surface waters (Table 1).

For the purpose of assessment of the current
water quality of the Ibar River at the monitoring
station “Raska”, the ecological and chemical status
was determined in accordance with the Regulation
on the parameters of ecological and chemical status
of surface waters and parameters of chemical status
and quantitative status of groundwaters and
regulation on limit values for priority hazardous
substances which pollute surface water and the
deadlines for achieving them [10, 11]. The paper
analyzes the latest available data by RHSS for 13
water quality parameters, those being: the flow rate
(Q), water temperature (T), pH, suspended matter
(SM), dissolved oxygen (DO), BODs, TOC,
chemical oxygen demand (COD), NH4*, PO, CI
and P [12].

The reference condition indirectly defines the
goal that aquatic body must achieve. Therefore, the
values of these parameters are compared with
reference values which define the condition of a
water body in which changes of physicochemical
and biological parameters are considered
negligible, i. e., there is a low level of changes in
the natural water quality of the Ibar River [13].

Multivariate statistical methods were used to
characterize and evaluate water quality and they are
a useful tool for determination of weather and
seasonal  variations due to natural and
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anthropogenic  impacts.  Correlation  analysis
explains the connection of parameters by
monitoring the basic factors that are not directly
visible. High correlation of data in the analysis
(positive or negative) represents a high possibility
that the data are influenced by the same factors,
while relatively non-correlated data are influenced
by different factors, which is the axiom of the
analysis. The software package Statistica7.0 is
applied.

The indicators of the water quality are mutually
correlated, and Pearson’s correlation coefficient
was used for measurement of the intensity of their
stochastic ~ connection.  Pearson’s  correlation
coefficient is the measurement of the intensity and
direction of linear connection of the two parameters
[14]. The obtained matrix of Pearson’s correlation
coefficient enables identification of dependence,
that is, strength and direction of connections
between variables [15].

Table 1. Chemical limits of the classes of ecological
status for aquatic bodies of Type 2.

Parameter Units I-11 H-11 -1V IvV-v

pH - 65-85 6585 6.5-85 <6.5/>8.5
DO [mgL' 85 7.0 50 4.0
BODs [mgL?'] 18 45 60 200
TOC [mgLY 20 50 70 230

NH: [mgL' 005 01 08 1.0
NO, [mgL' 15 30 60 150

PO% [mgL? 002 01 02 05

P [mgLY 005 02 04 1.0
Cl [mgL? 500 100 - -

Basic characteristics of Pearson’s correlation
coefficient (r) are as follows:

o The value of the coefficient is within the interval
from -1 to 1. If r is negative, the connection
between variables is also negative (high values
of one variable correspond to low values of the
second variable); if r is positive, the connection
between variables is positive (high values of one
variable correspond to high values of the second
variable; low values of one variable correspond
to low values of the second variable).

o |If r = 1, there is a complete linear connection
between two variables.

e |f the variable is in correlation with itself, then r
=1.

e |f r = 0, two variables are uncorrelated, which
does not mean that they are independent.

o If two variables are independent, then r = 0 [14].
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Figure 1. Location of the monitoring station ,,RasSka“.

In this paper, we have monitored the value of
Pearson’s correlation coefficient that is higher or
equal to 0.8, which corresponds to strong and
significant mutual dependence between the
parameters. Monitoring station “RaSka”, 93 km
away from the mouth of the West Morava River, is
the most exemplary one for the assessment of the
Ibar River water quality taking into account its
undeniable pollutant loads and its status of the
major hydrological station (Figure 1).
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RESULTS AND DISCUSSION

The values of hydrological, chemical and
physicochemical parameters of lbar River water
quality at the monitoring station “Raska”, as well as
their mean values are presented in Table 2.
Measured pH values show the basic character of the
Ibar River water, whereas parameters with the
highest variability are Q, SM, BODs and COD.
High volume discharge of the Ibar River from
January to April (Q >50 m® s) was conditioned by
precipitation or snow melting (Table 2).

Table 2. Values of hydrological, physicochemical, and chemical [mg L] parameters for monitoring station “Raska”

Sampling date

Parameter — 01 12.02. 00.03. 08.05 18.06. 08.07. 19.08. 02.00. 08.10. 07.1L 16.12 ‘\verage
Q[msy 424 32 401 353 539 159 114 147 176 147 194 270
T[°C] 42 52 80 140 140 176 180 152 104 108 30  10.9
pH 8.4 84 84 85 84 84 84 84 84 84 84 8.4
SM 19 140 470 550 11.0 7.0 240 110 230 40 30 198
DO 110 107 109 88 99 83 77 95 88 90 126 97
BODs nd 28 26 34 29 14 31 17 31 20 24 25
TOC 73 52 47 43 37 3 37 32 41 42 31 42
HPK nd 124 110 nd 112 nd 35 100 60 80 8.9
NH 08 04 04 01 02 03 02 05 01 01 10 03
NO, 15 18 16 06 11 14 20 02 10 04 07 1.1
PO 0.4 01 02 01 01 01 02 02 01 01 01 0.1
TP 04 02 02 05 01 01 02 02 02 02 02 0.2
cr 100 90 80 90 70 150 200 160 100 160 120 120

Nd:-not detected
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Table 3. The comparison between the measured
values of physicochemical parameters and their
reference values.

Physicochemical parameters ~ Comparison

pH within the limits
DO within the limits

BODs deviates

TOC deviates

NH deviates

NO, within the limits

POS deviates

By comparing the values of the physicochemical
parameters with their reference values, the
deviation of BODs, TOC, NH4*and PO4% from the
allowed limits was determined (Table 3). Organic
matter and nutrients loading in the middle course of
the Ibar River is attributed to the inflow of a large
number of untreated municipal and industrial
wastewater as well as to coastal erosion. Ecological
status, according to the European Water Framework
Directive, is an expression of the quality of the
structure and functioning of aquatic systems
associated with a surface water body [9]. The
results of ecological status assessment in terms of
physicochemical parameters of the water quality at
the monitoring station “Raska” are presented in
Table 4.

Table 4. Ecological status of the Ibar River at the
monitoring station “RaSka”.
Physicochemical parameters Ecological status

pH |

DO |

BODs I

TOC I

NHs* I

NOs’ |

PO Il
The ecological status of the Ibar River water
quality at the monitoring station "RaSka" is
classified as Moderate (class 1), due to exceeding

values of parameters that define good status NH ;|

PO i* and TP.

The values of the indicators of surface water
pollution by organic matter (BODs and TOC)
exceed the reference values for an excellent
ecological status and, therefore, correspond to a
good ecological status. NH4" occurs due to bacterial
decomposition of dissolved organic matter that
comes into the recipient by municipal water
discharge or rinsing of agricultural land [4, 16]. If
the pH is greater than 9, ammonia in the molecular
form is toxic to the living world [16, 17]. The
largest part of the phosphorus pollution of surface
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water appears as a consequence of municipal and
industrial wastewater treatment [4].

The assessment of the chemical status based on
the comparison between the concentration of
priority and priority hazardous substances and their
allowed average year concentrations (PGK) and
maximum allowable concentration (MDK), in
accordance to the Resolution, is presented in Table
5.

When assessing chemical status, the first and the
second group of environmental quality standards
(EQS) were taken into account; therefore, EQS
implies the concentration of individual priority
substance or group of priority substances in surface
waters that should not be exceeded with the aim to
protect the environment and human health. The
concentrations of priority substances such as Cd, Pb
and Hg and their compounds exceed the limits
prescribed by EQS, which makes us conclude that a
good chemical status of the Ibar River was not
achieved. Increased concentrations of heavy metals
in this part of the Ibar River are the result of the
confluence of mining and industrial wastewater, as
well as wastewater from flotation and metallurgical
dumps.

Heavy metals dissolved in surface waters are
less stable and extremely toxic due to their ability
to accumulate in the aquatic organisms, thus
reaching the food chain [18-20]. The matrix of
Pearson’s coefficients of water quality parameters
of the Ibar River at the monitoring station “RaSka”
is presented in Table 6. A strong negative
correlation between DO and T (r = -0.86) confirms
the theory which claims that oxygen becomes more
soluble in water at low temperatures, while a strong
positive correlation between DO and NH4-N (r =
0.9) is explained by ammonification of nitrogen
circulation cycle which indicates the organic origin
of nitrogen compounds in the aquatic ecosystem
[21]. Low correlation of DO with BODs and COD
indicates that the oxygen regime is under a greater
influence of atmospheric conditions rather than the
presence of organic pollutants in water. The matrix
shows a strong positive correlation between Q, pH
and SM (r = 0.97, r = 0.91, respectively), as
expected, because the content of suspended matter
increases in case of higher flows due to erosion and
sediment resuspension [14]. Great number of
phosphorus transformations occur in the fresh
waters, and for this reason organic and inorganic
forms dissolved in water make the total
phosphorus. It is important that both high and low
pH values can influence the complexation of
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Table 5. Assessment of chemical status according to the concentration of priority and priority hazardous substances

Substances PGK [ug LY MDK]ug L] Chemical status
Organic
Alachlor <2x1073 <2x10° good
Anthracen <5x10* <5x10* good
Atrazine <1x10° <1x10° good
Chlorfenvinphos <1x107 <1x107 good
Chlorpyrifos <5x107 <5x107 good
Cyclodiene pesticides <1x107 - good
Total DDT <1x10° - good
p, p-DDT <1x10° - good
Diuron <2x1073 <2x107 good
Endosulfan <5x107 <5x107 good
Fluoranthene <5x10* <5x10* good
Hexachlorbenzene nd <1x10°% good
Hexachlorobutadiene nd <1x10°% good
Hexachlorocyclohexane <1x103 <1x10°% good
Isoproturon <1x1073 <1x10°% good
Octylphenol <1x103 - good
4 -(1,1, 3,3 - Tetramethylbutyl) nd 6.1x10* good
Phenol <5x10* <5x10* good
Naphthalene <1x10° <1x10° good
(4- (para) Nonylphenol) <1x10° <1x10° good
Pentachlorobenzene <1x10° - good
Pentachlorophenol 3x107? 3x107? good
Terbutryne nd 3x10? good
Inorganic

Ni 2x10* 3.4x10* good
Pb 7x10° 2.4x10* good
Cd 4x101 1.4x10° good is not achieved
Hg 5x107? 1.0x101 good

nd-not detected

Table 6. Correlation matrix of water quality parameters at the monitoring station “Raska”

Q T pH SM DO BODs HPK NH; NO,; PO¥ TP
Q 1.00 0.03 097 091 005 075 052 021 005 034 0093
T 1.00 021 026 086 032 011 057 018 005 0.16
pH 1.00 093 022 066 043 034 013 032 0096
SM 1.00 036 0.79 048 047 005 001 0097
DO 1.00 0.03 026 090 025 016 0.20
BOD:s 1.00 044 028 007 014 0.77
HPK 100 032 081 044 031
NH 1.00 013 013 0.34
NO; 1.00 031 0.26
POi’ 1.00 0.04
TP 1.00

phosphorus with the tendency to accumulate by
binding to organic matter. At increased flow, there
is positive correlation between pH and TP (r =
0.97), that is, pH and SM (r = 0.93), which
indicates that the natural balance of circulating
phosphorus significantly depends on the value of
these indicators of water quality. Also, the
interdependency of matrix parameters DO, T and
NH,*, as well as PO,* and COD is the consequence
of water pollution due to agricultural practices,

appearance of leachates from farms as well as
scattered illegal dumps and industrial wastewater
discharges into the Ibar River.

The result of parameter correlation analysis
results shows the overall synergistic effect of
complex biochemical processes occurring in
aquatic ecosystems of the Ibar River due to the
above mentioned atmospheric and anthropogenic
impacts.
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CONCLUSION

The ecological status of water quality of the Ibar
River at the monitoring station "Raska" is classified
as moderate (class I11) which is a sign of deviation
from the required water quality. Comparative
analysis showed that certain parameters, BODs,

TOC, NHZ and POj‘ exceeded their reference

values. It was concluded that good chemical status
was not achieved, due to the increased
concentrations of heavy metals, cadmium, lead and
mercury and their compounds which exceed the
limits prescribed by EQS.

Multivariate statistical analysis, expressed by
the Pearson’s coefficients matrix, demonstrates the
synergy of correlation between water quality
parameters and identifies the pollution sources
which have an impact on the ecological status of
the lbar River. The most significant correlations
between parameters, i.e. the values of Pearson's
coefficient above 0.8, clearly show the cause of
impaired water quality and indicate the need to
improve the existing monitoring implementation.
The importance of preserving and improving the
water quality of the Ibar River implies considering
the actual quality of water at the monitoring station
"Raska", which is affected by the combination of
loads due to: weather conditions, catchment pluvial
erosion and sediment resuspension, the inflow of
mining and industrial wastewater, leachate
wastewater from flotation and metallurgical waste
damps. The conducted two-stage methodology, the
assessment of water quality and correlation analysis
suggest the need for operational monitoring with
the aim to monitor the improvement of the water
quality of the Ibar River after the implementation of
anti-pollution programmes.
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KOPEJIAIIMOHEH AHAJIN3 HA ®PU3MKOXNUMHWYHUTE ITAPAMETPU HA
EKOJIOTUYHUA CTATYC: ITIPUMEP C PEKA UBAP (CHPEIA)

JLM. Takuu?, 5.)K. Tomoposuu'®, A. C. 3npaskosud’, H. M. Enezosuu?, H.B. )Kuskouu®

YTexnonozuuen paxyamem, Huwxu ynusepcumem, Copbus
2 @axynmem no mexuuuecku nayku, Ynueepcumem na Hpuwuna, Copoust
3 @akynmem no npogecuonanna 6ezonacnocm, Huwxu ynusepcumem, Copbus

Iocremmna Ha 2 deBpyapu, 2017 r.; npuera Ha 15 nexemspu, 2017 r.
(Pesrome)

[Ipenmer Ha HacTosmara paboTa € ONMpEAeNTHETO Ha B3aWMO3aBHCHMOCTTa MEXIy M30paHN (PH3MKOXMMUYHHA U
TCOXMMHUYHH MapaMeTpu ¢ TIOMOIITA Ha KOpPENAlMOHEH aHAJN3 M OLlEHKaTa Ha €KOJIOTHYHHUS CTaTyC Ha KadyecTBOTO Ha
Bosara. Pa3paboTrkaTa 1enu no-06p30 U MO-TOYHO MHTEPIPETHPaHe Ha MOHUTOPUHIOBUTE JIaHHU, WACHTH(HUIIMPaHe Ha
M3TOYHUIINTE Ha 3aMbpCSBAaHE M OIIEHKA Ha KauyeCTBOTO Ha peYyHaTa BOJAA. 3a IleiTa ca W3NOJI3BaHU JaHHHUTE 3a
Ka4yecTBOTO Ha BOJaTa OT MOHHUTOPHMHIOBaTa craHuus ,,Pamka”. Ta3u craHius e Hai-TpeiCTaBUTENHA 32 OLCHKA Ha
Ka4yecTBOTO Ha BOJATa, Thi Karo ce HaMHpa B CPEJHOTO TeuyeHHe Ha peka Vbap u e moiulokeHa Ha Hai-TEXKO
3ambpcsiBaHe. CpaBHUTETHMAT aHAJIN3 TTOKa3Ba OTKIOHEHHE HAa W3MEPEHHUTE CTOMHOCTH 32 OMOXMMHYHO HEOOXOIUM
KHMCJIOpOA, ToTaneH opranuden Bbriaepod, NHs* u PO or npemnucannte peepeHTHH CTOMHOCTH, KOETO COUM 3a
HaJMYKe Ha OpraHudHa Matepus B pekara Mbap. Bomara B Ta3u peka e OleHEHa ChC CPEJICH EKOJIOTHYEH cTaTyc (Kiac
[1), a cpaBHEHHETO C TPAHWYHWTE CTOWHOCTH 3a TIPHOPUTETHH WM MPUOPUTETHH BPEIHH BEIIECTBA CBHUIETEJICTBA 32
OTCBHCTBHE Ha JOOBP XMMHYEH cTaTyc. Ha ocHOBaTa Ha KOpENAIMOHHHS aHAIHW3 MOXE J1a C€ 3aKI0YM, 9e € HaJHIe
IUTYBHAJTHA €pO3Ms M PeXKUMBT Ha KHUCIIOPOJIa CE BIIMSE MTOBEUE OT MPOMEHH B aTMOC(epHaTa TeMIIepPaTypa, OTKOJIKOTO
OT HaJIM4XEe Ha OPTAaHUYIHU 3aMBPCHUTEIH.
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Fluorine is imported into the human organism mainly by products for oral hygiene, toothpastes and various liquids
for freshening and cleansing the oral cavity. The necessity to control its content is imposed by the requirements for
safety and standardized cosmetic products production. The determination was performed by gas chromatography, flame
ionization detector and automatic vapor-phase sampler “headspace” (HS). The method was based on derivatization of
fluoride anions with triethylchlorsilane (TETCS) in acidic environment. The reaction was realized in the HS vials and
after that triethylfluorsilane was determined by gas phase injection. The calibration of the method lies within a
concentration interval of 100 — 2000 ppm for toothpaste and 50 - 1000 ppm for mouthwash products. The repeatability,
expressed as relative standard deviation at optimized reaction conditions and GC determination was + 5% for toothpaste
and * 3.5% for mouthwash products. The presented gas-chromatographic method with flame ionization detector and HS
appliance enables the quick and precise detection of fluorine in cosmetic products. The method is applicable to various
other environments (matrices) — foods, food supplements, drugs.

Keywords: Fluoride; Gas chromatography; Headspace (HS); Toothpaste; Mouthwash products; Triethylfluorosilane

(TEFS)
INTRODUCTION

Fluorine is a microelement essential for the
organism. It stimulates bone cell formation
(osteoblasts), strengthens the skeleton; it is engaged
in tooth enamel formation; it has bactericide effect,
improves gum blood circulation, prevents caries
formation and parodontal diseases in children. On
the other hand, excessive fluorine amounts
stimulate fluorosis development — it damages the
enamel with appearance of red to dark brown stains
on it with following defects in the bone tissue; it
delays the development of the nervous system that
particularly affects growing up organisms and
disturbs the processes of ossification and
mineralization of the bone tissue.

Various approaches to supply fluorine to various
population groups have been implemented in the
time over the world. Experiments were conducted
(USA) to fluorinate the water for drinking and
everyday necessities. Food supplements have been
designed, as well as fluorine supplementation of
various food products, especially of those, designed
for children. Many countries implement fluorine
prevention among children through adequate pills.
Currently, fluorine delivery to the human organism
is mainly realized by products for oral hygiene,
toothpastes and various liquids for freshening and
cleansing the oral cavity. The implementation of
fluorine in toothpastes started in the 60s of the past
century substantiated by active scientific research

* To whom all correspondence should be sent.
E-mail shmesti@yahoo.com
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on its effect on human health. The main focus of
the studies was oral health with an emphasis on
dental caries. The evidence supported fluorine
benefits revealing significant reduction of caries
incidence rate at application of fluorine-containing
toothpastes and liquids for dental hygiene [1, 2].

Practically, the fluorine amount that is necessary
and beneficial for the organism varies in very
narrow margins and its increase over the upper
limit is hazardous.

This fact requires the implementation of a
method for control during the production and of the
end products that is sensitive, reliable as much as
possible, easily applicable and relatively cheap.

Several techniques have been implemented to

analyze water soluble fluorides in toothpaste and
similar products: fluoride ion selective electrode
[3]; ion selective electrode and ion chromatography
[4]; capillary electrophoresis [5]. Currently, the
most frequently used analytical technique is gas
chromatography with flame ionization detector.
The gas chromatographic conditions, as well as the
chemical reaction when chlorine in
triethylchlorsilane is substituted by fluorine in
acidic environment are almost equivalent. The new
resulting compound triethylfluorsilane can be
determined by gas chromatographic method with
good analytical parameters. The various developed
and published methods contain significant

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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differences in the sample preparation before the gas
chromatographic determination itself. The standard
method set by Directive 83/514 [6] envisages
triethylenefluorsilane extraction with a non-polar
solvent from the reaction mixture and injection of
an aliquot portion into the GC. Wejnerowska et al.
[7] developed a principally different approach to
sample preparation. After the chemical reaction
they used an adsorbent instead of a solvent to
extract the fluorine compound. The adsorbent was
placed in a HS vial and underwent solid-phase
headspace micro-extraction and gas
chromatography—flame ionization detection.

The aim of the current study was to develop a
new efficient, fast and relatively inexpensive
method for determination of fluoride in toothpaste
and in mouthwash products based on the very rich
experience and the high technological levels
achieved by the gas chromatography systems.

Reagents and Materials

= Reagents: sodium fluoride;
triethylchlorosilane — TETCS; sulfuric acid;
deionized water (all reagents of quality grade “pure
for gas chromatography” or higher).

= Materials: various toothpaste brands
with/without added fluorine; various mouthwash
brands with/without added fluorine.

Gas chromatograph Clarus 580, Perkin Elmer
with flame ionization detector and automatic vapor
phase sampler “headspace” Turbomatrix HS16,
analytical column Elite CLP 30 m, 25 mm, 0.25um,
vials for HS - 20 mL.

Gas-chromatographic ~ conditions:  detector
temperature (250°C), injector (220°C), column
(60°C for 5 min, followed by a raise with 10°C/min
up to 150°C and 2-min detention); carrier gas
helium 20 mL/min.

HS conditions: oven 70°C; transfer 110°C;
needle 75°C; carrier gas 28 psi, thermostat 10 min;
pressurize time 1.5 min; injection time 0.04 min.

EXPERIMENTAL

Toothpaste

Preparation of basic standards of fluorine: B 1 -
0.11 g of NaF (0.05g F) in 50 ml of water in a glass
flask (0.5 mg/ml) and B 2 -1 ml of B 1 in 10 ml of
water (0.05 mg/ml).

Preparation of laboratory standards: toothpaste
without added fluorine, basic composition similar
as much as possible to the analyzed one.

The following laboratory standards were
prepared: 1 ml B 2 plus 0.5 g paste plus 48.5 ml
water; 5 ml B 2 plus 0.5 g paste plus 47.5 ml water;
1 ml B 1 plus 0.5 g paste plus 48.5 ml water; 2 ml
B 1 plus 0.5 g paste plus 47.5 ml water. The
produced mixtures were homogenized for 30 min in
an ultrasound tub.

Preparation of laboratory samples: 0.5 g of the
analyzed toothpaste was added to 50 ml of water
(glass flask). The mixture was homogenized for 30
min in an ultrasound tub. Three laboratory samples
were prepared for each sample.

Of each of the prepared laboratory standards and
samples, 1 ml was added into a HS vial plus 1 ml of
50% sulfuric acid and 0.1 ml of triethylchlorsilane
(TECS). After adding TECS, the vial must be
closed as quickly as possible. The vials were
agitated in a shaker at 30°C for 60 min and after
that were mounted in the sockets of the HS
appliance. Each vial can be injected once.

Mouthwash products

Preparation of basic standard of fluorine: B 3: 1
ml of B 1 to 50 ml with mouthwash products
without fluorine in a glass flask.

Preparation of laboratory standards in HS
vials: 0.1 ml of base 3 plus 0.9 ml of water plus 1
ml of 50% sulfuric acid plus 100 ul of TECS; 0.3
ml of base 3 plus 0.7 ml of water plus 1 ml of 50%
sulfuric acid plus 100 pl of TECS; 0.5 ml of base 3
plus 0.5 ml of water plus 1 ml of 50% sulfuric acid
plus 100 pl of TECS; 1 ml of base 3 plus 1 ml of
50% sulfuric acid plus 100ul of TECS.

Preparation of laboratory samples: for each
analyzed lot two samples were taken. 1 ml of each
sample was diluted with 50 ml of mouthwash
product without fluorine in a glass flask. Of each of
the produced solutions two samples were prepared
in headspace vials, respectively: 0.3 ml of sample
plus 0.7 ml of water plus 1 ml of 50% sulfuric acid
plus 100 ul of TEHS and a similar one, with 0.5 ml
of sample. After adding TECS, the vial must be
closed as quickly as possible. The vials were
agitated for 15 min in a shaker at 30°C and after
that they were mounted in the sockets of the HS
appliance.

The concentration interval of calibration of the
toothpaste was 100 - 2000 ppm, and for
mouthwash products - 50 — 1000 ppm. The
repeatability, expressed as relative standard
deviation at optimized reaction conditions and GC
determination, was + 5% for toothpaste and + 3.5%
for mouthwash products.

251



T. N. Rizov, S. S. Paneva: Determination of fluoride in toothpaste and in mouthwash products by GC/FID/HS

500

The figure 1 presents a chromatogram of a
toothpaste sample with added fluorine. The graph
clearly outlines the good resolution guaranteeing
the achievement of good analytical parameters of
the present method.

The method can be applied for various product
types, including foods, food supplements, drugs,
etc. The optimization of the conditions of the
course of the reaction for production of TECS and
of the gas chromatographic determination can lead
to very high sensitivity at adequate repeatability
and absence of systematic error.

CONCLUSION

The proposed gas-chromatographic method with
flame ionization detector enables a quick and
precise detection of fluorine in cosmetic products.
The optimization of the conditions of the course of
the reaction for production of TECS and of the gas
chromatographic determination can lead to very
high sensitivity at adequate repeatability and
absence of systematic error. The method can be
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also applied to other environments (matrices) —
foods, food supplements, drugs.
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OITPEAEJISIHE HA ®J1IYOPUJ B ITACTA 3A 3bb1 U ITPOAYKTH 3A OPAJTHA XNT'MEHA
C U3IIOJIBBAHE HA 'ASOBA XPOMATOI'PA®IS C INIAMBKOB NOHM3ALIMOHEH
JETEKTOP U ABTOMATHUYHO YCTPOUCTBO 3A BHACSHE HA [TPOBU (GC/FID/HS)

T.H. Pusos, C.C. [TaneBa*

Meouyuncku xonexc ,, M. @unapemosa”’, Meouyuncku ynusepcumem-Cogpus, Cogus 1606, Bvreapus

ITocTpnuna Ha 9 nexemBpwy, 2017 r.; mpueta Ha 14 auyapu, 2017 .
(Pestome)

@J1yophT Ce BHACS B YOBCIIKHMS OPTraHU3bM IJIABHO Ype3 MPOAYKTH 32 OpaJlHA XUIMEeHA, ACTH 33 360 U PasIHIHH
TEYHOCTH 3a MMOYMCTBAHE W OCBe)KaBaHe Ha ycrara. HeoOX0AMMOCTTa OT KOHTPOII Ha ChABPIKAHUETO MY CE ONPEIEIS OT
M3MCKBaHMsITA 3a OE30MaCHOCT MPH MPOM3BOJACTBOTO HAa KO3METHYHH mnpoxyktH. OmnpenensHero Ha ¢uayopa e
M3BBPLICHO Ype3 ra3oBa XpoMaTorpadus ¢ MiaMbKOB HOHU3ALHOHEH JETEKTOP U aBTOMATHYHO YCTPOMCTBO 3a BHACSHE
Ha ra30BU NPOoOH. METOIBT ce OCHOBaBa Ha JepUBATU3ALUATA HA (ITyOPHIHUTE AHHOHU C TPHETHIXJIOPCUIAH B KHCEa
cpena. Peakmusta ce mpoBekJa B ChAYeTaTa HA YCTPONCTBOTO 3a BHACSHE Ha Tra30BH IPOOH, CIEI KOETO
TPUETHA(GIYOPCHIAHBT CE Ompeness 4Ype3 HHKEKTHpaHe Ha ra3oBata ¢asza. Kamubpupanero ce H3BBPIIBA B
koHueHTpauronHus uatepsai 100 — 2000 ppm 3a nacrture 3a 3561 1 50 - 1000 ppm 3a npoayKTHUTE 3a OpajiHa XUTHUEeHa.
IToBTOpsieMOCTTa, M3pa3eHa KAaTO OTHOCHTEIHO CTAaHJAPTHO OTKIOHeHWe, ¢ + 5% 3a mactute 3a 366 u + 3.5% 3a
HPOAYKTHTE 3a OpaiHa XurueHa. [IpeIoKeHHsIT ra3-XxpoMaTorpacKi METo C IIAMBKOB HOHH3AIMOHEH JCTEKTOpP U
aBTOMATHYHO YCTPOMCTBO 3a BHACSIHE HA ra30BH MPOOH [aBa B3MOXKHOCT 3a O'BbP30 M MPELU3HO OmpenessHe Ha Giyop
B KO3METHYHH MPOAYKTH. METOBT € MPUIOKHAM W KbM Pa3iddHU APYTH MATPHIH — XPAaHH, XPAHUTCIHH J0OABKH,
JIeKapcTBa.
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In this study organic Rankine cycle was modeled using Aspen HYSY'S 8.8 to find suitable working fluids in 9 different
locations which enlightened the scope of organic Rankine cycle in Pakistan. Different working fluids, namely R141b,
R21, R142b and R245fa under different solar radiation-based temperature conditions at boiler inlet are reported in this
study. R21 was found as the most promising working fluid due to its relatively better work output from a 0.59 MW turbine
exploiting low quality heat, as compared to above mentioned working fluids investigated in this study.

Keywords: Organic Rankine cycle (ORC); Waste heat; Solar-thermal energy; Aspen HYSYS 8.8.

INTRODUCTION

Pakistan relies on different sources for power
generation to meet its electricity demand. These
sources are mainly comprised of natural gas, hydel,
coal, nuclear, LPG and fuel oil [1-4]- There is a
continuous increase in demand of electricity in the
country. However, the conventional sources for
power production are limited and affect the
environment by producing large amount of
greenhouse gases as byproducts [5]—Organic
Rankine cycle (ORC) has a wide scope in Pakistan
due to its potential utilization with waste heat
recovery and solar energy. The ORC technology
operates below 200°C and is innocuous to the
environment. In Pakistan industrial waste heat and
solar energy are the main energy resources for
organic Rankine cycle. Almost 200 plants of ORC
are working in different regions of the world [6].
Energy demand increases with increase in
population growth. ORC modeling and its
technology development may eliminate and secure
energy future of Pakistan and would help in
mitigating the current energy crisis of the country.

In contrast to steam Rankine cycle, organic
Rankine cycle deploys organic fluid instead of water
and consists of the same four processes named:
compression (pump used for compression),
vaporization (boiler for vaporization), expansion
(turbine used for expansion work) and condensation
(condenser for condensation) [6, 7]

* To whom all correspondence should be sent.
E-mail srafig@ciitlahore.edu.pk;
mskhurram@ciitlahore.edu.pk; drghauri@ciitlahore.edu.pk

Waste heat recovery from combined cooling,
heating and power (CCHP) systems offers a way of
utilizing the energy of fuel efficiently, economically
and reliably. In addition to this, the overall efficiency
of the plants also improves along with less
degradation to the environment [7-10].

Velez et al. studied different working fluids for
Rankine cycle operating at low temperature.
Working fluids like water, some hydrocarbons and
coolants were studied by modifying the inlet
conditions (pressure and temperature) of the turbine.
The influence of pressure ratio and inlet temperature
of the turbine were also studied [11]. Ekwonu et al.
investigated modeling of gas engines waste heat
integrated with Rankine cycle and organic Rankine
cycle in Aspen HYSYS 7.3 for potential waste heat
recovery and consumption. The influence of exhaust
gas temperature at different operating conditions on
the efficiency and power of the system was
investigated and compared [12]. Some researchers
discussed the combination of ORC with waste heat
and solar energy for power generation. However,
these studies were conducted in different domestic
weather conditions [13,14].

In this study, organic Rankine cycle was modeled
to identify a working fluid appropriate for different
climates in Pakistan for power generation from solar
and waste heat energy. In this way an inexpensive
alternate source for power generation could be
employed.
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Fig. 1. Rankine cycle

WORKING OF ORGANIC RANKINE CYCLE
(ORC)

The working fluid in liquid state is pumped into
the boiler where it is heated at constant pressure by
an external heat source like solar-thermal energy
and/or waste heat, etc. This heat energy changes its
phase into superheated vapors. Superheated vapors
turn the turbine, expand and generate power. The
expansion causes cooling at the outlet of turbine. The
vapors are later condensed by removing latent heat
at constant pressure to become a saturated liquid.
This saturated liquid is introduced to the pump inlet
all the time and the cycle goes on. Boiler and
condenser are assumed to be isobaric whereas pump
and turbine are assumed to be isentropic in nature.
The process flow diagram of modeled organic
Rankine cycle is shown in Figure 1.

SOLAR ENERGY AND ORC

Sun is the only sustainable energy resource and
radiates in a unit second more energy than consumed
by the earth inhabitants [14]. Depletion trends of
fossil fuels have made it inevitable focusing
renewable and sustainable energy resource
development. Earth receives 174 PW from solar
radiation at the upper atmosphere, 30% of this
energy is reflected back whereas the rest of it is
utilized by different sources such as water
evaporation, etc. Total energy absorbed by the earth

Boiler
Energy

Boiler

is 3850000 EJ per year [15]. If only 0.22% of earth
area is covered with solar collectors having just 8 %
efficiency, then this would be enough in meeting the
present global energy requirements [16]. Pakistan is
situated in the sunny belt and has long sunny days
throughout the year. This exposure varies to some
extent from place to place due to the geographical
location of Pakistan. The minimum intensity of solar
energy in Pakistan is 4.45KWh/m? and the highest
one is of 6.65KWh/m? per day with a reported
maximum of 7 KWh/m? per day. The annual mean
value of solar radiation in Pakistan is 5.5 KWh/m?
per day during the course of its sunshine hours[14,
17, 3].

INVESTIGATED LOCATIONS OF
PAKISTAN

The highest temperature recorded in Pakistan was
53.5°C on May 26%, 2010. It was the highest
temperature measured in Asia [17]. The daily mean
temperatures of 9 different locations of Pakistan that
were investigated in the current study are shown in
Table 1 [18].

MODELING OF ORGANIC RANKINE
CYCLE USING ASPEN HYSYS 8.8

Organic Rankine cycle simulations were carried
out using Aspen HYSYS 8.8 process simulator.
HYSYS is useful for thermodynamic analysis at
steady state conditions.
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Pakistan
Direct Normal
Solar Radiation

Annual

KWh/m*/day

Fig. 2. Solar energy potential in Pakistan and the identified locations [14]

Table 1. Daily mean temperature of locations investigated [18]

Cities of Pakistan Daily Mean Temperature (°C)

(9locations) Jan | Feb | Mar | Apr | May | Jun | July | Aug | Sep | Oct | Nov | Dec | Year
'S'a?i‘;‘bad 101 | 121 | 169 | 226 | 275 | 312 | 29.7 | 285 | 27 | 224 | 165 | 116 | 21.34
K""(rg)ch' 181 | 202 | 245 | 28.3 | 305 | 31.4 | 303 | 289 | 289 | 27.9 | 239 | 195 | 26.03
Lahore

3 128 | 154 | 205 | 268 | 312 | 339 | 315 | 30.7 | 29.7 | 256 | 195 | 142 | 2432

Ra""a;"”d' 10.35| 12.3 | 169 | 22.8 |27.85| 343 | 30 | 285 | 27.1 |2245| 165 | 12 | 21.75
Pes?;""ar 112 | 129 | 174 | 232 | 286 | 331 | 32.2 | 30.7 | 289 | 23.7 | 17.6 | 125 | 22,67
Q‘(‘Ge)“a 37 | 6 | 111|166 | 21 | 256|279 | 264 | 21.1 | 146 | 92 | 51 | 1569
Mé';a” 13 | 155 | 215 | 28 | 32 [355| 34 | 33 | 31 | 265 | 20 | 145 | 2538
NaW&%Shah 152 | 182 | 2395 |2965| 34 | 356 | 339 |3245| 31 | 279 | 221 | 168 | 26.72
G"(Vg)dar 1895 | 20.1 | 23.2 | 26.8 | 2955 | 305 | 20.7 | 28.65| 28 |26.85| 235 | 20.1 | 25.48

It has the advantage of including fluid properties
and ready to use optimization tools. Peng Robinson
equation of state was used as the thermodynamic
model.

The evaporator’s heat duty was evaluated as a
function of evaporator inlet temperature and
pressure conditions. The process was assumed at
steady state conditions, no drop in pressure or heat
loss in the condenser, the evaporator or the pipes and
constant isentropic efficiencies of 75% were
considered for the turbine and pump.

The organic Rankine cycle process flow diagram
in simulation is the same as shown in Figure 1. The
inlet and outlet pressures of pump are 4.7 bar
(0.47MPa) and 17.5 bar (1.75MPa), respectively.
The flow rate is 25.51 kg/s. The refrigerants R142b,
256

R21, R141b and R245fa were used in the
simulations. R142b evaporates at 91°C, R21
evaporates at 114°C, R141b evaporates at 148°C and
R245fa evaporates at 115°C. The inlet temperatures
used weres the temperatures of all the investigated
locations as listed in Table 1.

The total cycle energy efficiency was determined
using the following equations:

W turbine— W pump
- Q evaporator )
where,
W turbine = m X (h; — hy) 2)
W pump = m X (h; — h,) (3)
Q evaporator = 1 X (hy — h;) 4
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Pump, turbine, heater (boiler) and cooler
(condenser) were the unit operations used in ORC
simulations. HYSYS uses the following assumptions
and equations in calculating unknown variables of
the mentioned unit operations:

e  For pump:

The pump unknown variables were calculated
using equations (5-7):

Wpump.i = power required ideal =
(Pout— Pin)x h (5)
PLiquid

Equation (5) shows the ideal power required by
the pump to increase the pressure of the liquid. The
actual power required by the pump can be estimated
by using the following co-relation:

Efficiency (%) = Mpump = VJ;“T’:: X 100%
(6)

When the pump efficiency is less than 100%, it
means that the excessive amount of energy goes into
raising the temperature of the outlet stream.

Combining equations (5) and (6) gives the
correlation equation (7) for the estimation of the
actual power required for the pump:

WPump =
(Pyut — Pip) X X 100%/
(pLiquid X nPump)
()

e  For turbine:

Efficiency of turbine is the ratio of actual power
(Wrurbine) Obtained from the turbine in the
expansion process to the power obtained for
isentropic expansion (Wry,pine.i),)- It can be given
by the following relation equation (8):

_ WTurbine Xloo%

Efficiency (%) = Nyyrbine = Wrurbine.
(8)

e  Evaporator and condenser:

For the calculation of the performance to cycle it
is only necessary to determine the amount of heat
required for the process to run the turbine, our
objective was not to study the conditions of the
utility itself, the condenser and evaporator available
in software wes used.

RESULTS AND DISCUSSIONS

It was found that the energy obtained from the
turbine using different working fluids remains the
same (Table 2). Following table shows the energy
obtained from the turbine at work.

Table 2. Energy from turbine (MW)
Energy from R245fa R142b  R21 R141b
Turbine(MW) 043 056 059 057

The results obtained were plotted as the
relationships of inlet temperature and the boiler duty
for different working fluids. These graphs are shown
in figures 3 to 20.

The boiler duty decreases with increase in inlet
feed temperature to the boiler. As a result, less
amount of heat is required to evaporate the working
fluid. The graphs were plotted for monthly
temperatures and the boiler duty for different
locations of Pakistan. It was found that at given
conditions working fluids as investigated follow the
order: R141b >R245a>R21>R142 heat to produce
vapors. Working fluid R245fa required less amount
of heat to produce vapors. The working fluid R21
required a larger amount of heat than the working
fluid R142, but a smaller amount of heat than R141b.

FOR ISLAMABAD (LOCATION 1)

Islamabad (location 1)

)

23

= R141b
~ 7 Nl

>

a6

35 HE—a—a—maas R4
)

() 9 19 29 == R245f3

Temperature (°C)

Fig. 3. For Islamabad (location 1): Temperature (°C) vs boiler duty (MW)
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Islamabad (location 1)
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Fig. 4. For Islamabad (location 1): Boiler duty (MW) vs months

Karachi (location 2)
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Fig. 5. For Karachi (location 2): Temperature (°C) vs boiler duty (MW)
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Fig. 6. For Karachi (location 2): Boiler duty (MW) vs months

258



M. Ur-Rehman et al.: Modeling of organic Rankine cycle for suitable working fluid in HYSYS for power ...

~ 0

Bolier Duty (MW)

U o
v o o

Lahore (location 3)

=/=R141b
M == R21
P ORe— =>=R142b

“hk.l—-. ——R245fa

11 16 21 26 31 36

Temperature (°C)

Fig. 7. For Lahore (location 3): Temperature (°C) vs boiler duty (MW)
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Fig. 8. For Lahore (location 3): Boiler duty (MW) vs months
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Rawalpindi (location 4)
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Fig. 9. For Rawalpindi (location 4): Temperature (°C) vs boiler duty (MW)

259



M. Ur-Rehman et al.: Modeling of organic Rankine cycle for suitable working fluid in HYSYS for power ...

Rawalpindi (location 4)
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Fig. 10. For Rawalpindi (location 4): Boiler duty (MW) vs months
Peshawar (location 5)
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Fig. 11. For Peshawar (location 5) Temperature (°C) vs boiler duty (MW)
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Fig. 12. For Peshawar (location 5): Boiler duty (MW) vs months
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Fig. 13. For Quetta (location

Fig. 14. For Quetta (location

Quetta (location 6)
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Multan (location 7)
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Fig. 15. For Multan (locationt 7): Temperature (°C) vs boiler duty (MW)
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Multan (location 7)
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Fig. 16. For Multan (location 7): Boiler duty (MW) vs months

NawabShah (location 8)
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Fig. 17. For Nawabshah (location 8): Temperature (°C) vs boiler duty (MW)
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Fig. 18. For Nawabshah (location 8): Boiler duty (MW) vs months
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oC Gwadar (location 9)
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Fig. 19. For Gwadar (location 9): Temperature (°C) vs boiler duty (MW)
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Fig. 20. For Gwadar (location 9): Boiler duty (MW) vs months

CONCLUSIONS

Based on simulations results, it can be concluded
that:

e R21 was identified as propitious working
fluid based upon the relatively better work output
from the turbine which is 0.59 MW by exploiting
low-quality heat.

e The organic working fluid R141b gives
work output of 0.57 MW, but it requires more energy
as compared to R21.

e  The working fluid R142b gives work output
of 0.56 MW by using low-quality heat as compared
to R21 and R141b but it is not recommended because
itis extremely flammable
and dangerous for the ozone layer.

FUTURE WORK RECOMMENDATION

Selection of working fluid is very critical as it
requires certain factors to be considered that include:

e  Cost effectiveness and availability;

e Non-toxicity and non-flammability;

e Low global warming potential and zero
ozone depletion factor;

e Low viscosity,
stability;

e  Low freezing point.

thermal and chemical
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MOJIEJIMPAHE HA OPTAHUYEH RANKINE LUK BJI 3A TIOJXO/ISIII] PABOTEH
®JIYUJI YPE3 HYSYS 3A TTPOM3BOJICTBO HA EHEPTUS B TAKUCTAH

M. Vp-Pexman!, M. I11. Xypam®*, C.Paux®’, I1I. A. Memon?, M. Taypu®”, ®@. Jlxamun®, M. X.
Ixapepu®, M. T, Jlorap*

! Henapmamenm no unocenepna xumus, COMSATS Uncmumym no ungopmayuonna mexnonozus, Jlaxop,
Tlakucman
2 Jlenapmamenm no unicenepcmeo u MeHUONCMbHM HA OKoaHama cpeoa, Mexpan Vuusepcumem no uricenepcmeo
u mexuonozus, oicamwopo, llaxucman

8 llenapmamenm no enexmpoundicenepcmso, COMSATS Uncmumym no ungpopmayuonna mexmonoaus, Jlaxop,
Taxucman

4 Llenmop no enepeuiinu uscneosanus, COMSATS Hucmumym no ungpopmayuonna mexnonozus, Jegpenc poyo,

Jlaxop, axucman

[ocrenuna Ha 24 HOeMBpH, 2017 r.; Kopurupana Ha 21 nekemBpu, 2017 r.

(Pesrome)

B nacrosimara cratus e Mogenupan oprannden Rankine uksn ¢ usmoseane va Aspen HYSY'S 8.8 3a namupane Ha
MOJXOSIIHS paboTeH Guynua B 9 pasiuuHu 00JIACTH, MPEACTABUTENHH 32 00XBata Ha oprannuHus Rankine muksi B
MMakucran. M3cnensanu ca pasnuudu pabotau ¢uyman, umenno R141b, R21, R142b u R245fa, npu paznuunu
TEeMIIEPAaTYPHH YCJIOBHS Ha BXOJa Ha HarpeBaTess, Oa3UpaHU Ha CIBHYEBOTO IpeeHe. Y CTaHOBEHO e, 4ye R21 e Haii-
MIEPCIICKTUBHUAT PAaOOTeH (IIYHI, MaBall OTHOCUTENHO mo-moobp edekr 3a 0.59 MW typOuna c m3mom3BaHe Ha
HHUCKOKAYEeCTBEHO TOPHBO, B CPABHEHHUE C APYTUTE U3CICIBAHH (IIyHIH.
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Three different net analyte signal-based (NAS) methods - NAP CLS, HLA/GO and HLA XS were successfully applied
for the determination of ternary mixtures of paracetamol (PAR), propyphenazone (PRO) and caffeine (CAF). The methods
used absorbance UV-spectral data for resolving this complex system with overlapping drug spectra. A reduced five-level
orthogonal design was used for the formation of a calibration set including the three compounds. The chemometric models
were tested on an external validation dataset with concentrations within the calibration range. All proposed chemometric
algorithms could be successfully applied for the determination of the above compounds in the pharmaceutical tablet
formulation Saridon®. The obtained results showed that the NAS performance was similar compared to partial least-
squares method (PLS-1). In addition, the use of the net analyte signal concept allowed the calculations of the analytical
figures of merit. A moving window wavelength selection strategy was used, which significantly reduced the number of

factors and improved the analytical recoveries.

Keywords: Drugs, Spectral overlap, NAS, NAP CLS, HLA/GO, HLA/XS, Wavelength selection

NTRODUCTION

The area of spectroscopy is one of the most
promising fields in pharmaceutical analysis.
Processing of the measured spectra is therefore
needed to extract information about the components
of interest. Chemometrics contribute to the
processing of the spectra by delivering algorithms to
find differences between spectra (classification) [1-
8] or to link spectra to concentrations of compounds
(calibration) [9,10]. In recent years the resolution of
highly  overlapped spectra has advanced
dramatically due to the development of robust
numerical methods.

The application of multivariate calibration
techniques on spectral data offers the great
advantage of speeding up complex systems
resolution. Among the various chemometric
approaches applied for multicomponent analysis,
classical least squares (CLS), principal component
regression (PCR), partial least squares regression
(PLS) have been successfully adopted in many
guantitative assays of pharmaceutical formulations
[11, 12]. Hybrid linear analysis (HLA) is a relatively
new linear algorithm, which combines the
advantages of knowing pure component spectra (like
CLS) with the modeling advantage of ignoring all
other species (e.g., PLS) [13]. Two variants of HLA

* To whom all correspondence should be sent.
E-mail: ggergov@abv.bg

algorithms were introduced which did not require the
pure spectrum to be known. Finally hybrid linear
analysis developed by Xu & Schechter called
HLA/XS [14], hybrid linear analysis called
HLA/GO and net analyte pre-processing combined
with classical least squares (NAP/CLS) developed
by Goicoechea & Olivieri [15] were applied for
resolving multicomponent pharmaceutical mixtures
[16].

In the case of pharmaceutical analysis, either full-
factorial or central composite designs are often
employed for calibration. The preparations studied
require designs other than full-factorial ones, which
would imply too many calibration mixtures.
Brereton’s experimental plans are a suitable strategy
to reduce calibration samples [17].

Multicomponent drug formulations are a great
challenge for analytical chemists to develop reliable
and easy methods for simultaneous estimation which
do not require individual calculations for every
single component [18]. The pharmaceutical
multidrug formulations, in which one dominant drug
is combined with other related drugs, are designated
to enhance the pharmacological effects of each
substance and to cover a wider medical treatment.
One such popular combination, containing
paracetamol as a dominant drug and
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propyphenazone and caffeine in smaller quantities is
named Saridon®. Saridon® is manufactured by
Bayer and it is a widely prescribed combination for
pain relief in Eastern Europe.

Paracetamol (PAR) (4-hydroxyacetanilide) is a
synthetic drug, derived from p-aminophenol. It is a
widely used over-the-counter analgesic and
antipyretic agent, which has no antiinflammatory
properties. Therefore, it helps to prevent headache
and other pain and is a major ingredient in numerous
cold and flu remedies [19].

Propyphenazone (PRO) (3-dimethyl-1-phenyl-
3-pyrazolin-5-one) is derived from pyrazolone. It is
an analgesic, antipyretic and anti-inflammatory
agent [20]. It is a non-steroidal antiinflammatory
drug (NSAID) incorporated together  with
paracetamol into many over-the-counter analgesic
combinations.

Caffeine (CAF) (3,7-dihydro-1,3,7-trimethyl-
1H-purine-2,6-dione) is a xanthine substance used as
a psychotropic stimulant drug [21]. Caffeine is also
known to synergistically increase the analgesic
effect of paracetamol and propyphenazone [22, 23],
providing relief for symptoms like headache,
muscular aches, neuralgia, backache, joint pain,
rheumatic pain, migraine, toothache and menstrual
pain.

It is found that the combination of the above
mentioned drugs is also very effective in controlling
fever originating from bacterial or viral infection. It
is usually available in a tablet dosage form as a single
unit dose with drug concentrations in varying
proportions, but in Saridon® the content is: 250 mg
of paracetamol, 150 mg of propyphenazone and 50
mg of caffeine.

Literature survey revealed several analytical
methods reported for the determination of ternary
combinations of PAR, PRO and CAF. Separation
techniques such as HPLC and HPTLC have been
reported for the analysis of this drug mixture in
pharmaceutical dosage forms [24-26]. Vidal et al.
carried out spectrophotometric determination by
means of a single flow-through UV multiparameter
sensor [27]. Derivative ratio zero-crossing
spectrophotometric method of the three analytes was
also demonstrated by Dink et al. [24]. The same
authors proposed UV chemometric determination of
this ternary mixture in pharmaceutical preparations
[28]. De Luca et al. applied chemometric methods
not only for absorbance but in derivative spectra for
better resolving of the above drugs with a novel
mathematical procedure including wavelength
selection [29].

In the work of Gergov et al. [30] on the same drug
mixture and Saridon® formulation the predictability
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of different PLS algorithms was investigated. This
motivated us to further extend our work and to
investigate the quantitative power of NAS-based
methods and to compare them with PLS. NAS
multivariate models may benefit from suitable
wavelength  selection which avoids heavily
overlapped spectral regions. A sensor selection
approach based on moving spectral windows
strategy was applied in this work.

The goal of the present study was to compare
different NAS calibration approaches (NAP CLS,
HLA/XS, HLA/GO) and PLS1. Thus, an optimal
chemometric methodology could be offered to solve
the significant problems of modeling and analysis of
multicomponent pharmaceutical systems.

EXPERIMENTAL
Reagents and solutions

Paracetamol, propyphenazone and caffeine were
purchased from Sigma—Aldrich. All stock solutions
were prepared by dissolving 100 mg of the
corresponding compounds in 1 L of water. 22
mixtures, containing 0 — 24 mg L™ of PAR, 0 — 20
mg L of PRO and 0 — 20 mg L of CAF in possible
compositions were prepared from the stock
solutions.

Apparatus and software

Absorption spectra were recorded over the A
range of 190 — 820 nm using a quartz cuvette of 1.0
cm optical path, by a HP8452A diode-array UV-VIS
spectrophotometer.

Data were handled using MATLAB® software
(ver. 7.0.1). Multivariate calculations by PLS1 and
HLA were performed using MVC1 program which
is available on the Internet and performed under
MATLAB environment (MATLAB, ver. 7.0.1) or
by our MATLAB codes which are available by
request [31]. Before running MVC1, the spectral
data for calibration, validation and real samples were
saved in special format that is compatible with
MVC1. MVCL1 has the ability to display graphical
presentations related to calibration tools.

Sample solutions

Pharmaceutical formulations were assayed by
weighing the content of five tablets and crushing
them into fine powder. An amount exactly
corresponding to the average tablet weight was
suspended in water and made up to a volume of 1000
mL. The suspension was sonicated for 10 min and
then filtered through a PTFE 0.45 um membrane
filter. Samples for analysis were obtained after serial
dilution 1:25 of this filtrate with water and analyzed.
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Design of the experiment - calibration and
validation sets

A calibration design set of 22 samples was used
based on five levels, which was coded between -2
and +2 for each compound in the mixture. The levels
were related to the concentrations of the compounds
[17]. The same calibration design was used in our
previous study [30]. The concentrations of the
calibration set solutions were prepared within the
linear range of the calibration graph. The design had
a value of ri» = 0.0, so the two concentration vectors
were orthogonal to one another. The difference
vector [1 3 2 0] and cyclical generator -2, -1, 2, 1
were used in the calibration design matrix. The
construction of multilevel calibration designs has
been described in the literature [17]. A validation set
was prepared in order to test the performance of the
models. The chosen concentration levels of the three
solutes were within the ranges selected for the
calibration set.

Theoretical background

HLA method. Hybrid linear analysis (HLA) is a
relatively new linear algorithm, which can be used
when data for the considered pure analyte are
available [13]. The main idea of HLA is to obtain a
limited number of factors of a data matrix in which
the contribution of the analyte of interest has been
removed, and is therefore based on net analyte signal
(NAS) calculation. The net analyte signal (NAS) for
analyte k (r*k) is given by the following equation:

'k =[I- R—k(R—k)+]7" = Pyaskr 1)

where R is JxJ orthogonal projection matrix
which projects a given vector onto the NAS space, r
is the spectrum of a given sample, 1 is JxJ unitary
matrix, R_; is JxI a column space spanned by the
spectra of all other analytes except k, (R_;)* is the
pseudo-inverse of R_; usually computed by
singular value decomposition using A factors.

HLA HS method. There are different alternative
approaches, which can be used in order to estimate
the R.« matrix. One of them is proposed by Xu and
Schechter [14]. Each spectrum from the calibration
matrix is divided by its concentration, except for the
zero concentrations, and the sum of the resulting
spectra is calculated using the following equation

(2):
11 Tical
Scal = 7 Li=1g, )

where I' is the number of the calibration samples
for which ci. is different from 0.

The resulting mean spectrum is obtained from the
spectral matrix using the following equation (3):

(R—k)i’,j:Ri’,]-/Cik - S;:Fal,j (3)

The calibration spectra with cix = 0 are then added
to the matrix from equation (3) and thus the desired
matrix Ry is obtained. The net sensitivity vector si*
is calculated through projection of si..s on the NAS
area, using least squares method approximation
according to the following equation:

X RT
Sk = Pnasik [ Ck] (4)

C}’fck

The concentration of « for the unknown sample is
calculated from the r spectrum using the equation
(5), which is a basic step in the prediction for the
methods, based on net analyte signal (NAS) [6].

c _ SkPNas k" _ SkPNask Pyasir _ (SZ)TTI: (5)
UK T SEPAs sk Sk Pnasik Sk Isill?

HLA GO method. The applied HLA GO [11]
method in this research involves the use of mean
(uncentred) calibration profile. At first it is obtained

as:
N 1

Teal = 72{:1 Tical (6)

where rica is the profile for the i-th calibration
sample. Then the contribution of analyte k is
subtracted from the data matrix R in the following
way:

R =R — %l ™
Ck,cal
where Cj, .4 is the mean (uncentred) calibration
con-centration of analyte k. The calculation of net
sensitivity (sz) is then carried out according to the
following equation:
=T

Sr. = Pnask [-rml] (8)

C,cal

NAP CLS method. The last possible approach to
estimate the net sensitivity vector sg* and R_; matrix
includes approximation of sq.s using least squares
method for obtaining the R_, matrix (equation 9)
and si* (equation 4).

R_ =R — ¢k Skis (9)

This method is called NAP CLS [11] and
includes the following steps: (1) preprocessing of the
raw initial spectral matrix R through projection on
the space, orthogonal to the space of all mixture
components, except for the k analyte, which results
in obtaining the net analyte signal matrix R; and
regression of the obtained matrix with the
concentrations using classical CLS procedure.

Figures of merits for the analytical method.
Selectivity, sensitivity, signal to noise ratio, LOD
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and LOQ are among the valuable analytical
information that can be obtained from NAS [32].
MVC1 contains a special sub-routine, based on net
analyte signal concept for estimation of figures of
merit for the analytical method [31].

Determination of number of factors(A). The
optimal number of principal factors is essential in
building multivariate models [33]. The prediction
error decreases with the number of factors used until
an optimal value is reached. Most of the information
is usually in the first factors but it is not guaranteed
that the useful information is exclusively reserved to
these factors. Full crossvalidation is the most used
validation method, in which one reference at a time
is removed from the calibration set, after that the
same sample is predicted by using the calibration
built with the other references. Several tests have
been proposed to select the number of PCs.

The root mean square error of prediction
(RMSEP) was chosen to express the prediction error
when PLS1 and HLA/GO procedures were applied.
This parameter represents an estimate of the error
when other samples are predicted with that model.
The best prediction ability of the models is reached

when the prediction error is at its lowest value.
1

— l Z?;1(Cpred_cact)2 2
m

SEP

(10)

where Cq indicates the actual concentration in
the sample, Cyreq is predicted concentration, C is the
mean of real concentrations in the validation set and
m is the number of samples in the prediction set.

Another important statistical parameter in
evaluating the model quality is R It represents an
index of quality in fitting all data to a straight line
and represents the fraction of total variance
explained by the model. It is computed as:

ZT(Cact_Cpred)z

2 — _
R 1 ZT(Cact_C)Z

(11)
where C represents the mean of the true
concentrations in the prediction set.
The last statistical parameter for evaluating the
quality of validation is relative error of prediction:

1
100

REP(%) = < E Zrln(cact - Cpred)z]E (12)

Softwares. The NAP/CLS, HLA/HS, HLA/GO
and PLS1 algorithm was applied using the
Toolbox MVC1 written for MATLAB [31],
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because these routines allow one to evaluate the
figures of merit based of the NAS theory-

RESULTS AND DISCUSSION
Spectral overlapping and data preprocessing

The zero-order UV spectra of PAR, PRO and
CAF in a concentration ratio equivalent to the
content of the commercial pharmaceutical
formulation in water are shown in Fig.1l. The
wavelength range from 190-300 (56 wav) was
selected because of the absence of absorbance after
300 nm for all of the drugs. It is obvious that the
studied analytes in combination could not be
determined directly in this spectral region because of
strong overlapping.

Regression model building and wavelength
optimization

With the aim to extract the most significant
analytical information from the spectral region of 56
wavelengths the NAP/CLS, HLA/HS, HLA/GO and
PLS1 calibration models were firstly developed on
data. Selection of the optimum number of factors to
be used within the all proposed algorithms allows
one to model the system with the optimum amount
of information. In the present work, cross-validation
has been used to select the optimum number of
factors. The statistical parameters of model
prediction for both chemometric methods are
presented in Table 1. A comparative study of the
statistical parameters of all chemometric approaches
was undertaken.

The models were validated by an external
validation set. The results from the calibration
methods with net analyte signal were much better
when the calibration was carried out in a selected
spectral region instead of the whole spectrum. The
results from applying the NAP CLS, HLA GO, HLA
XS and PLS1 methods for calibration with and
without spectral selection are presented in table 1.
The spectral selection was carried out using moving
window strategy on the absorption spectra in order
to define the most informative spectral regions [34].
As shown, without the wavelength selection the
factors number was much smaller for the NAS
methods compared to PLS. The RMSEP and REP
values for PAR and PRO were lower with the NAS
methods in comparison with PLS, whereas CAF
showed similar RMSEP and REP values with NAS
and PLS methods. The slope and intercept values for
PRO were unsatisfactory.
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Fig.1. Absorbance spectra in water of paracetamol (10 pg mL™?), propyphenazone (6 ug mL™?) and caffeine (2 ug mL™).

After wavelength selection the number of the
factors was significantly reduced. The obtained
RMSEP values were much lower, especially for
PRO and CAF. The estimated RMSEP and REP
values were approximately the same and in some
cases even better for the NAS calibration methods
compared to PLS. For PRO and CAF the RMSEP
and REP values were highly reduced after the
spectral selection and were even lower for NAS than
the PLS method. PRO showed the lowest values with
HLA XS and CAF — with NAP CLS. Compared to
the other two components, CAF had the lowest
values for RMSEP and REP. After the wavelength
selection PRO gave better values for the slope and
the intercept.

Analytical figures of merit

Net-analyte signal (NAS) is a suitable method to
characterize the analytical figures of merit related to
the  multivariate  calibration during  drugs
guantification [35]. NAS calculations, in fact, could
be applied for univariate, classical and inverse
multivariate  calibration [36]. For classical
multivariate calibration, the basic equation that is
needed to estimate figures of merit is:

S * = [ | — Sk S.k+] Sk, (13)

where S is the matrix of sensitivities collected for
the other solutes (other than the solute of interest), sk
is the sensitivity vector of the analyte, and s¢* is the
estimated net part of the k-th component that is
orthogonal to the other constituents [37].

The best candidate for s is the pure spectrum of
the analyte of interest. NAS is necessary to find

meaningful parameters to assess the analytical
performance of multivariate calibration like
sensitivity (SEN), selectivity (SEL), limit of
detection (LOD), limit of quantification (LOQ).

SEN was estimated from the net signal of analyte k
(s*) as || se* || [37]. SEL which measures the extent
of spectral overlapping was estimated as
| s||/ || s]| [37]. LOD which gives the minimum
detectable amount of the solute k was given as
3lell/llse*|| [35]. The minimum quantifiable
amount of the solute was estimated as
10| ]| /|| ]| [35]. In the former two equations,

¢|| represents the instrumental noise which was
estimated by recording five spectra of the blank over
the range 190-300 nm (2 nm resolution). Then the
norms of blank readings (|| NASbank ||) were
estimated, and ||¢|| was taken as the standard
deviation of estimated norms [35]. Analytical
sensitivity (y) was given as:

Y=
llell

The estimated figures of merit of the three drugs
are presented in Table 2.

Sensitivity (SEN), selectivity (SEL), analytical
sensitivity (y), and limit of detection (LOD) were
estimated using MV C1 toolbox, containing a special
sub-routine based on net analyte signal concept for
estimation of figures of merit for the analytical
method. Estimated FOM for PAR, PRO and CAF
were determined with all algorithms and used to
compare analytical methods. The obtained results
are given in Table 3.
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Table 1. Comparison of validation parameters of NAP CLS, HLA GO, HLA XS and PLS1 methods before and after
wavelength selection for the three components

Component Statistical Multivariate methods
parameters NAP CLS HLA GO
Sensor range(nm) 190-300 250-268 190-300 250-268
Factors 4 2 4 2
RMSEP(ug mL~1) 0.1921 0.1636 0.2271 0.1550
REP(%) 2.52 2.14 2.97 2.03
R? 0.9968 0.9977 0.9956 0.9979
Slope 1.0504 0.9786 1.0603 0.9753
Intercept -0.2476 0.1850 -0.3007 0.1507
Recovery(%) (RSD) 101.82(1.04) 100.28 (2.25) 102.2(0.88) 100.08(2.02)
PAR HLA XS PLS
Sensor range(nm) 190-300 250-268 190-300 250-268
Factors 4 2 8 3
RMSEP(ug mL~1) 0.1625 0.1952 0.3160 0.1512
REP(%) 2.13 2.56 4.14 1.98
R2 0.9977 0.9968 0.9916 0.9981
Slope 1.0113 0.9827 0.9597 0.9701
Intercept -0.0651 0.2143 -0.0056 0.2172
Recovery(%) (RSD) 100.93 (2.14) 101.14(2.51) 95.77(1.75) 99.80 (1.78)
NAP CLS HLA GO
Sensor range(nm) 190-300 230-248 190-300 210-278
Factors 6 2 7 5
RMSEP(ug mL~1) 0.4822 0.2084 0.5203 0.4236
REP(%) 8.84 3.82 9.54 7.77
R2 0.9453 0.9898 0.9363 0.9578
Slope 0.9211 0.9381 0.8667 0.9162
Intercept -0.1249 0.0561 0.1110 0.6046
PRO Recovery(%) (RSD) 90.02(3.19) 95.60(1.28) 89.0(4.78) 104.4(7.69)
HLA XS PLS1
Sensor range(nm) 190-300 240-268 190-300 210-278
Factors 9 2 10 6
RMSEP(ug mL~1) 0.5150 0.1729 0.7082 0.2609
REP(%) 9.44 3.17 12.98 4.78
R? 0.9376 0.9930 0.8819 0.9839
Slope 0.8827 0.9737 0.7004 0.9110
Intercept 0.1173 0.1076 0.9740 0.1497
Recovery(%) (RSD) 89.75(9.34) 102.13(1.95) 90.08(8.60) 95.73(3.79)
NAP CLS HLA GO
Sensor range(nm) 190-300 220-278 190-300 210-258
Factors 6 5 6 5
RMSEP(ug mL~1) 0.1467 0.0353 0.1471 0.0954
REP(%) 4.42 1.01 4.43 2.87
R2 0.8597 0.9927 0.8592 0.9407
Slope 0.9309 0.9288 0.9282 1.0277
Intercept 0.0117 0.0346 0.0272 0.1054
CAF Recovery(%) (RSD) 93.93(8.20) 99.96(3.32) 94.69(8.5) 93.86(4.21)
HLA XS PLS1
Sensor range(nm) 190-300 210-258 190-300 210-258
Factors 6 5 7 5
RMSEP(ug mL~1) 0.1674 0.0608 0.1289 0.0441
REP(%) 5.04 1.83 3.89 1.33
R? 0.8176 0.9759 0.8917 0.9873
Slope 1.0823 0.9542 0.9205 0.9288
Intercept -0.2713 0.1312 0.0385 0.0346
Recovery(%) (RSD) 88.93(8.41) 99.57(4.36) 94.91(7.13) 102.02(3.94)
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Table 2. Figures of merits of PAR, PRO, CAF for NAP CLS and HLA GO methods.

Figure of merit NAP CLS HLA GO HLA XS PLS1
PAR
Range(nm) 190-300 250-268  190-300  250-268 190-300 250-268 190-300 250-268
A 4 2 4 2 4 2 8 3
SEL 0.13 0.012 0.14 0.012 0.13 0.012 0.074 0.013
SEN? 0.064 0.0022 0.066 0.0022 0.065 0.0022 0.036 0.0023
Y 8.6 6.6 8.6 7.8 8.4 6.1 12 6.8
LOD" 0.35 0.35 0.36 0.33 0.41
PRO
Range(nm) 190-300 230-248  190-300 210-278 190-300  240-268  190-300 210-278
6 2 7 2 9 5 10 6
SEL 0.05 0.02 0.041 0.017 0.033 0.012 0.03 0.016
SEN? 0.024 0.0043 0.019 0.0042 0.016 0.0044 0.014 0.0063
Y 8 20 6.9 6.4 6.8 3.4 5.8 4.7
LODP 0.39 0.46 0.46 0.30 0.36
CAF
Range(nm) 190-300 220-278  190-300 210-258 190-300 210-258  190-300 210-258
A 6 5 6 5 6 5 7 5
SEL 0.15 0.03 0.15 0.04 0.17 0.035 0.16 0.06
SEN? 0.063 0.0079 0.064 0.012 0.069 0.01 0.066 0.018
Y 21 17 20 9.1 22 7.7 22 11
LOD" 0.14 0.15 0.14 0.13 0.099

2 SEN and analytical sensitivity (y) measure the changes in response as a function of the concentration (mL pg-1).
b Limit of detection (LOD) is the lowest concentration of an analyte that can be detected, but not necessarily quantified (ug mL~1).

Table 3. Assay results from application of NAP CLS, HLA XS, HLA GO and PLS on the pharmaceutical tablet

Saridon®.

Method Drug A Sensor range(nm) Recovery(%) (RSD)

AR 4 190-300 98.41 (2.49)

2 250-268 98.98 (3.13)

6 190-300 88.49 (1.29)

NAP CLS PRO 2 230-248 103.94 (0.99)

CAF 6 190-300 89.44 (2.32)

4 250-298 94.70 (2.73)

PAR 4 190-300 95.53 (2.15)

2 250-268 99.54 (3.09)

4 190-300 95.53 (2.15)

HLA XS PRO 2 250-268 99.54 (3.09)

CAF 6 190-300 75.89 (1.37)

4 220-298 99.14 (3.59)

AR 4 190-300 98.90 (2.41)

2 250-268 99.14 (3.12)

7 190-300 84.96 (2.35)

HLA GO PRO 7 210-288 87.16 (0.74)

CAF 6 190-300 88.51 (2.03)

4 270-298 93.61 (2.85)

PAR 8 190-300 92.52 (2.36)

3 250-268 98.71 (3.12)

10 190-300 88.57 (1.19)

PLS PRO 6 210-278 104.92 (0.72)

CAF 7 190-300 96.43 (2.43)

6 260-288 96.43 (2.43)

Analysis of commercial formulations

Again, as shown, the number of factors was
smaller for the NAS methods, compared to PLS.
After the wavelength selection the estimated
recoveries for all three components of the Saridon®

tablet were much higher.

multivariate

determination of

CONCLUSIONS

A comparative study on the application of
calibration
HLA/HS, HLA/GO and PLS1 for simultaneous

methods NAP/CLS,

paracetamol (PAR),

propyphenzone (PRO) and caffeine (CAF) has been
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performed using data extracted from UV spectra. In
general, comparable results were obtained after
applying net-analyte signal methods compared with
PLS-1 model using less factors for paracetamol and
propyphenazone. Only for caffeine determination
PLS1 model give slightly better results. As a
conclusion after applying the studied methods for
calibration — the most suitable model for the
determination of PAR is HLA GO, whereas for the
analysis of PRO and CAF it is better to use
respectively HLA XS and NAP CLS.
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METO/JH, OCHOBABAIIM CE HA HETHUA CUT'HAJI HA AHAJIUTA 3A
EJHOBPEMEHHO OITPEJEJISIHE HA ITAPAITETAMOJIL, ITPOIIM®EHA3OH U KA®ENH
YPE3 VB CIIEKTPO®OTOMETPUA

I'. Tepros ", A. Amunr?, I1. Kauapos 3, B. Cumeonos *, 1. SIukos®, U. An-Jerc®
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8 lenapmamenm no xumus, Yuusepcumem Xawemum, 3apxa, Hopoanus

Ioctenuna Ha 18 romu, 2017 r.; npuera Ha 8 centemBpu 2017 .

(Pestome)

Tpu pa3IvMyHM METOZa, OCHOBABAIlld C€ Ha HeTHHS curHaj Ha aHanmura - NAP CLS, HLA/GO u HLA XS, ca
MIPWJIOKEHH YCIICIIHO 32 OIpe/essIHE Ha TPOIHM CMECH OT Iapareramol, npornudenasoH u kagenH. Adcopoimonnu YB
CHEKTPaJHU JJaHHH Ca M3II0JI3BaHM 3a Pa3/iessiHE Ha Ta3H CJI0XHA CHCTEMa C MIPUITOKPHUBALIN CE CIIEKTPH Ha JIEKapCcTBaTa.
Penyunpan oproronasneH an3aiiH Ha IeT HUBA € M3MOJI3BaH 3a (popMHpaHe Ha KaJIMOpalMOHHA CHCTEMa, BKIIIOYBAIIA
TPUTE ChEMHEHMS. XEMOMETPUYHUTE MOJEIHN Ca IIPOBEPEHH C MOMOIITA HA BHHIIIHA BaJHJallMOHHA CHCTEMa OT JIaHHU
¢ KOHLICHTpalUuK B obcera Ha KanuOpupane. BcHUky npeuioxkeHH XeMOMETPHYHHN aJITOPUTMHE ca TIPUIIOKEHH YCIELIHO
3a OmpeJelisiHe Ha TOPHUTE CheAWHEHHS BbB (hapmarieBTHyHaTa TabimetHa (opma Saridon®. Iomydenure pesynTaTi
MOKa3BaT, 4Ye¢ METOAbT, OCHOBABAIll Ce HAa HETHHUS CHTHAJ Ha aHAJUTAa JaBa MOJOOHH pe3yiITaTd Ha Te3W C METoJa Ha
YaCTUYHHTE Hal-MaJKi KBajpaTd. B IombiiHeHHe, M3ION3BaHETO Ha KOHIEMIHUATA 3a HETHHUsS CUTHAI Ha aHaJIHuTa
MI03BOJISIBA [1a CC U3YUCIIAT aHAMTHYHUTE TTapaMeTpH. M3nomisBana e cTparerus Ha IOIBIDKEH IIPO30pell Ha AbJDKUHATA
Ha BBJIHATA, KOSATO 3HAYUTEIHO HaMalsiBa Opos Ha (haKTOpHUTE U IMOI00psIBa aHATUTHIHUTE JOOHBH.
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Study on copper ions adsorption from aqueous solution by Emeraldine
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The influence of in situ synthesized emeraldine (salt and base) on the removal of copper ions from aqueous media is
discussed. Physicochemical parameters such as initial copper ion concentration, emeraldine dosage and contact time
between adsorbent and Cu(ll) ions in aqueous solution were studied. An assessment of the equilibrium and the kinetics
of sorption of copper ions was made. The experimental results were fitted to the isotherms of Langmuir, Freundlich, Toth
and Baudu. It was established that the Toth and Baudu isotherms are suitable for the case of emeraldine salt. The Langmuir
model gave satisfactory correlation with the experimental results only in the low concentration range of copper ion
sorption using emeraldine base. The maximum sorption capacity of emeraldine base at 50 mg.dm initial copper ions
concentration (g™ 7.5 mg.g) was higher than that of the emeraldine salt. Probably, the mechanism of copper ions
sorption includes physisorption, chemisorptions, as well as intraparticle diffusion during the later stages of the process.

Keywords: In situ polymerization, Emeraldine, Copper ions removal, Aqueous medium.

INTRODUCTION

The wastewaters generated from printed board
manufacturing, metal finishing and plating,
semiconductor  manufacturing,  textile  dyes
production, and others, as well as the landfill
leachates, contain toxic heavy metals such as
arsenic, lead, mercury, cadmium, chromium, copper,
nickel, and zinc. Many heavy metals are essential
trace elements for humans, animals and plants in
small amounts, but in larger amounts cause acute and
chronic toxicity. Despite the treatment processes
used, some quantities of the heavy metals remain in
the treated industrial wastewater [1]. The widely
used processes for industrial wastewater treatment
are chemical precipitation, ion exchange, adsorption,
membrane filtration, photocatalysis, flotation and
electrochemical processes [2]. Among them
adsorption and complexation are the most
convenient and simple methods. It is well known that
the adsorption efficiency depends on the type and
properties of the sorbent. Different polymeric
compounds such as polyaniline, polypyrrole,
chitosan, etc., are used [3-6]. The aniline
polymerization leads to production of polyaniline in
three idealized oxidation states — leucoemeraldine,
emeraldine and (per)nigraniline [7, 8]. Emeraldine
exists as emeraldine salt and emeraldine base. The
deprotonated emeraldine base has more free electron
pairs in its structure in comparison with the
protonated emeraldine salt, which contributes to the
better complexation ability of this polyaniline form
[9, 10].

* To whom all correspondence should be sent

E-mail: engeco2001@uctm.edu

The aim of this study was to synthesize both
emeraldine salt and base, and to study their
application for copper ions removal from agqueous
media.

EXPERIMENTAL

The experiments were carried out with pure for
analysis aniline (CsHsNH-), hydrochloric acid
(HCI), ammonium persulfate ((NH4)2S20s), sodium
hydroxide (NaOH), CuSO..5H,0, sodium acetate
(C2H3NaO2) and acetic acid (CH3COOH). Distilled
water was used throughout.

Emeraldine salt synthesis

Emeraldine was synthesized through oxidative
polymerization using aniline monomer (CsHsNH>)
and ammonium persulfate ((NH.).S;Og) as an
oxidant. Distilled aniline was diluted with 1 M HCI
to 2 1 in a volumetric flask. Ammonium persulfate
was diluted with distilled water to 800 ml and both
solutions were cooled in a refrigerator at 5 °C. After
that the oxidant solution was added dropwise to the
0.5 M aniline solution. The mixture was stirred at
room temperature for 1 h and then was left to
polymerize. The greenish-black suspension of
emeraldine salt was filtered and the precipitate was
washed several times with distilled water. After
dewatering it was dried in an oven at 40 °C to
constant mass. The dried polymer was ground to a
fine homogeneous powder.

Emeraldine base synthesis

Protonated emeraldine salt was converted to
emeraldine base through washing with 1 M NaOH to
pH 10.0 — 11.0. The polymer was dried at 40 °C to
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constant mass and after that was ground to a fine
homogeneous powder.

Preparation of standard solutions of copper ions

Initial stock solution with concentration of 1
g.dm3 of Cu? was prepared using CuSO4.5H,0,
diluted with freshly distilled water to 1 I. Then
standard solutions with concentrations of 1.0, 2.0,
4.0, 6.0, 8.0, 10.0, 30.0, and 50.0 mg.dm= were
prepared.

Equilibrium study

The adsorption equilibrium for the removal of
copper ions was studied using 50 cm?® of aqueous
solutions containing Cu?* from 1 to 50 mg.dm?
contacting with 0.1 g of the two forms of emeraldine
(salt and base). Shaking was carried out until
equilibrium was achieved.

The amount of adsorption at equilibrium [11] in

mg.g*t was computed as follows:
— (Co - Ce)v

.= (1)

where C, and C. are the initial and equilibrium
copper ion concentrations (mg.dm3), respectively, V
is the volume of solution (dm?®) and m (g) is the mass
of the polymer.

Kinetic study

The adsorption kinetics was studied using 50 cm?
of aqueous solutions containing 50 mg.dm? Cu?*
contacting with 0.1, 0.5, 1.0 and 1.5 g of two forms
of emeraldine (salt and base). The samples were
taken for analysis at 1, 3, 5, 7, 10, 15, 30, 60 and 360
min, respectively.

The efficiency of Cu?" removal by polyaniline
was calculated according to the formula:

RE, % = 100 - (g) 100 )

where C, is the initial Cu?* concentration and C;
is the concentration at time t in mg.dm-,

Instrument and measurements

Inductively coupled plasma — optical emission
spectroscope ("Prodigy" High dispersion ICP-OES,
Telledyne Leeman Labs) was used for determination
of the copper ions concentration. In order to avoid
Cu?* precipitation, the pH of the aqueous solutions
was adjusted to 5 with acetate buffer [12].

Modelling

In this study the obtained results were fitted into
the isotherms of Langmuir, Freundlich, Toth and
Baudu, and the Kkinetic experimental data were
analysed by comparative estimation of the
applicability of the pseudo-first order (PFO),
pseudo-second order (PSO), the mixed pseudo-

first/pseudo-second order (MFSO) kinetics models,
as well as by the intraparticle diffusion (ID) model
[13-18] by non-linear regression analyses.

RESULTS AND DISCUSSION
Equilibrium study

Figures 1 and 2 present the experimental
equilibrium data of the copper ions sorption on
emeraldine salt and base, respectively, and the
applied four isotherm models: Langmuir,
Freundlich, Toth and Baudu. The calculated
isotherm model parameters for both investigated
systems, as well as the values of the error functions
are presented in Table 1.

The shape of the experimental isotherm of Cu?*
sorption on emeraldine salt outlines two sections: an
initial gradual increase of the ions concentration in
the solid phase followed by a tendency for
equilibrium establishment in the low concentration
range (Co 5-15 mg.dm=), and a subsequent sharp,
almost linear sorption capacity increase in the
middle and high concentration range Co, 15-36
mg.dm).

The error analyses proved commensurable
applicability of the four equilibrium models due to
the approximately equal values of R?, SSE, MSE and
RMSE.

Baudu has remarked that the calculation of the
Langmuir coefficients, b and qm, by the
measurement of tangents at different equilibrium
concentrations shows that they are not constants in a
broad concentration range. He has transformed the
Langmuir equation to the following expression:

(1+x+y)
= Sy With (L+x+y) and (140 <1 (3

where (e is the adsorbed amount at equilibrium
(mg.g?), Ce is the equilibrium concentration of the
adsorbate (mg.dm®), gm is the Baudu maximum
adsorption capacity (mg.g?), bo is the equilibrium
constant, and x and y are the Baudu parameters. For
lower surface coverage, this equation reduces to the
Freundlich model, i.e.:

— qubOCg1+x+y)

qe - 1+ by (4)

The predicted monolayer sorption capacity of the
emeraldine salt by the Baudu model was m = 2.117
mg.g* (Table 1), while by the Langmuir equation the
determined value of the parameter was qm = 81.924
mg.gt. Considering the fact that the experimentally
obtained maximum equilibrium capacity of the
sorbent was ge 6.6 mg.g?, the Langmuir qm value is
unacceptable. The latter observation questions the
accuracy of the two-parameter model, although,
according to the plots in Figure 1 and the very close
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Table 1. Values of the equilibrium model parameters and error functions.

System Copper ions-Emeraldine salt Copper ions-Emeraldine base
Equilibrium model Model parameters  Error function Model parameters Error function
Qm 8.251 R? 0.976 Qm 81.924 R? 0.987
Langmuir b 0.179 SSE 1.555 b 0.003 SSE 1.699
MSE  0.222 MSE 0.340
RMSE 0.471 RMSE  0.583
Ks 0.267 R? 0.986
. N 0.903 SSE 1.729
Freundlich MSE  0.346 -
RMSE 0.588
Omr  249.289 R? 0.995 Qmt 390.063 R2 0.987
Toth Kr 1.082 SSE 0.232 Kt 85.706 SSE 1.724
mr 0596 MSE  0.039 mt 0.596 MSE 0.431
RMSE 0.197 RMSE  0.657
Qm 4.952 R? 0.995 Qm 2.117 R? 0.986
Baudy Do 0.50 SSE 0.235 Do 0.135 SSE 1.732
X -0.638 MSE  0.047 X -0.770 MSE 0.577
y 0.240 RMSE 0.217 y 0.728 RMSE  0.760

values of the calculated by non-linear regression
analyses error functions R?, SSE, MSE and RMSE,
the four model isotherms almost overlapped and
equally fitted to the experimental equilibrium data of
copper sorption on the emeraldine salt.

Besides, the adsorption capacity predicted by the
four mathematical models - approximately 6.9 mg.g-
1 was approximately equal to the experimentally
obtained value.

q, mg.g*

C,, mg.dm?

* exp. data — Langmuir medel — Freundlich model - Toth model — Baudu model

Fig. 1. Experimental and model isotherms of the
copper ions sorption on emeraldine salt.

From a statistical point of view, due to the higher
number of isotherm parameters in Toth and Baudu
empirical models, it could be accepted that they
simulate the model variations more accurately. In the
absence of a theoretical model that could account for
the chemical heterogeneity of the surface, and
simultaneous prevalence of different sorption
mechanisms, isotherm models having a greater
number of model constants are able to better predict
the system behavior.
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Toth has modified the Langmuir equation to
reduce the error between experimental data and
predicted values of equilibrium adsorption data. The
application of his equation is best suited to
multilayer adsorption similar to BET isotherms
which is a special type of Langmuir isotherm and has
very restrictive validity. The Toth correlation is

given as:
Ce

= 5
(L/Ky + Iy ®)

where (e is the adsorbed amount at equilibrium
(mg.g?), C. is the equilibrium concentration of the
adsorbate (mg.dm?), gmr is the Toth maximum
adsorption capacity (mg.g'), Kr is the Toth
equilibrium constant, and mr is the Toth model
exponent. Besides, the model is useful in describing
heterogeneous adsorption systems, which satisfy
both low- and high-end boundaries of the
concentration.

The experimental isotherm for the system copper
ions/emeraldine base (Figure 2) is characterized with
well-balanced tendency towards equilibrium
establishment. The Langmuir adsorption isotherm is
based on the assumption that maximum adsorption
occurs when a saturated monolayer of adsorbate
molecules is present on the adsorbent surface, the
energy of adsorption is constant, and there is no
migration or interaction between the adsorbate
molecules in the surface plane. However, according
to the shapes of the experimental and model
isotherms presented in Figure 2, obviously, the
Langmuir model gave satisfactory correlation with
the experimental results only in the low
concentration range. A tendency similar to the one
observed for the system copper ions/emeraldine salt
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with regard to the values of the monolayer capacity
predicted by the Langmuir and Baudu models was
outlined. The comparative analyses of the
experimentally determined maximum equilibrium
capacity (g™ = 7.5 mg.g?') and the gm values of
8.251 mg.g? (Langmuir model) and 4.952 mg.g™
(Baudu model) (Table 1) proved the predominant
accuracy of the four-parameter model. The
isotherms in Figure 2 display unsatisfactory
correlation between the experimental equilibrium
data and the Freundlich model in the high
concentration region due to the observed significant
deviation between the modes of both isotherms. The
latter conclusion was proved by the power value of
the regression coefficient and the higher values of
the SSE, MSE and RMSE functions (Table 1) as
compared to these of the Toth and Baudu models.

e

O Me.g*t

0 5 10 15 20 25 30 35
C,, mg.dm
+ exp.data -----Langmuir model Toth model — — Baudu model

Fig. 2. Experimental and model isotherms of the
copper ions sorption on emeraldine base.

Thus, according to the modes of the four model
isotherms and the values of the error functions
calculated by non-linear regression analyses (Table
1), it could be concluded that the sorption behavior
of the copper ions on emeraldine base at equilibrium
conditions was best represented by the three- and
four-parameter models of Toth and Baudu,
respectively, as they are characterized with the
highest correlation coefficients (R? 0.995) and the
lowest SSE, MSE and RMSE values.

Kinetic study

The kinetics behaviour of copper ions during
their adsorption on emeraldine salt and base was
described by four kinetics models: the pseudo-first,
pseudo-second, mixed pseudo-first/pseudo-second
order models, and the intraparticle diffusion model
(Table 2).

The experimental kinetic curve of the copper ions
sorption on emeraldine salt, plotted as C; = f (1)
(Figure 3), revealed the highest sorption rate in the
initial stages of the process. The system reached
equilibrium within the first 10 min after the
beginning of the process. The highest adsorption
capacity attained was q: = 7.1 mg.g™ and the highest
removal efficiency of the copper ions was 29.6 %.
The experimental data were modelled by the pseudo-
first order, pseudo-second order, the mixed pseudo-
first/pseudo-second order kinetics models, as well as
by the intraparticle diffusion model. The values of
the calculated kinetic parameters and error functions
are presented in Table 2.

B0 a5
1E #Ct
%0 e . = b o : 30
B2
40 11 1t
'"-E e oo r 20
5 20 I ES
) 15 ui
e 20
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0 } } 0
(1] 400 800 1200 1600
t, min

Fig. 3. Experimental kinetic curve and efficiency of
the copper ions sorption on emeraldine salt.

The analyses of the experimental data, model
parameters and error functions proved that the mixed
order model satisfactorily correlated the kinetic
experimental data of the copper ions sorption on
emeraldine salt (Table 2, Figure 4).

-
oo 4
£,
o 2 :
'
'
1
i
0e
o 200 400 600 800 1000 1200 1400
t, min
@ exp.data - - -mixed-order kinetics model

Fig. 4. Mixed order kinetics model for the system
copper ions-emeraldine salt; a) initial kinetics curve
section.
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Fig. 5. Experimental kinetic curves of copper ions
sorption on emeraldine base — effect of adsorbent mass.

The experimental kinetic curves of the copper
ions sorption on polyaniline base, plotted as C; = (t)
(Figure 5), displayed that the sorption rate in the
initial stages of the process was the highest.

The removal efficiency at the fifteenth min was
28, 45.4, 51.6 and 70 %, using 0.1, 0.5, 1.0 and 1.5
g of emeraldine base, respectively. The system
reached equilibrium approximately 400 min after the
beginning of the process. The highest adsorption
capacity attained was g: = 7.5 mg.g* with 0.1 g
emeraldine base. An increase in removal efficiency
with increasing adsorbent mass was observed. The
increase in the sorbent mass contributes to the
increase in surface area and number of active sites.
The optimal removal efficiency of 97.14 %, using
1.5 g of emeraldine base was achieved after
approximately 400 min. Simultaneously, with
emeraldine mass increasing, its adsorption capacity
decreased. The lowest adsorption capacity attained
was g: = 1.6 mg.g* with 1.5 g emeraldine base after
1800 min. After that, no significant removal was
observed, probably due to the saturation of the active
sites. The experimental data were modelled by the
pseudo-first order, pseudo-second order, the mixed
pseudo-first/pseudo-second order kinetics models,
as well as by the intraparticle diffusion (ID) model.
The values of the calculated kinetic parameters and
error functions are presented in Table 2. According
to the experimental results and model data, the
kinetics behavior of the studied system with 0.1 g of
emeraldine base was best described by the mixed
order model (Table 2, Figure 6). The experimental
series with 0.5 g and 1.5 g emeraldine base were best
represented by the intraparticle diffusion model. The
highest values of the correlation coefficient (R;?
0.991) and the lowest values of the error functions
SSE, MSE and RMSE characterized the pseudo-
first order model applied to the system copper ions-
emeraldine base (1.0 g) (Table 2, Figure 7).
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Fig. 6. Mixed order kinetic model for the system
copper ions-emeraldine base (0.1 g emeraldine base); a)
initial kinetics curve section.

0.5
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Fig. 7. Linear regression of the pseudo first-order
kinetics model for the system copper ions-emeraldine
base (1.0 g emeraldine base).

CONCLUSIONS

The comparative analyses of the equilibrium
experimental data for the sorption behavior of the
copper ions on emeraldine salt and base outlined that
the base displayed higher affinity, as the attained
maximum sorption capacity at 50 mg.dm= initial
copper ions concentration (ge™ 7.5 mg.gl) was
approximately 1.14 times higher than that for the salt
compound.

Based on the above stated observations for the
sorption behaviour of both investigated systems, an
explicit conclusion whether chemisorption or
intraparticle diffusion was the general rate
controlling mechanism during the copper ions
sorption on emeraldine base and salt could not be
withdrawn due to the close values of the statistical
errors. Probably, the mechanism of sorption
included  physisorption,  chemisorption  and
intraparticle diffusion during the later stages of the
process.
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W3CJEJBAHE HA AJICOPBILIMATA HA MEJIHU MOHM OT BOJIEH PA3TBOP C
W3TIOI3BAHE HA EMEPAJIJINH

C. U. Jlasposa-Ilonosa'", 3. JI. SInesa?, I'. U. Xnebapor’, b. K. Kymanosa®

Xumuxomexnonozuuen u memanypauuen ynueepcumem, oyn. Knumenm Oxpudcku 8, Cogpus 1756, Bvnzapus
2 Tpaxuiicku ynusepcumem, Cmyoenmcxu kamnyc, 6000 Cmapa 3azopa, Bvieapus

ITocTpruna Ha 7 nekemBpu, 2017 1.; kopurupana Ha 5 peBpyapu, 2018 .

(Pesrome)

OO6chIcHO € BIUSHHUETO Ha IN Situ cuHTe3upan emepanaun (con u 6a3a) BbPXY OTCTPAHSBAHETO HA MEJHU HOHH OT
BomHu pastBopu. OmpeseneHd ca (QU3MKOXUMHUYHU MapaMeTpH KATO HavajlHA KOHIIEHTpAIUs Ha MEIHU HOHH,
KOJIMYECTBO e€MepalIiH U BpeMe Ha KOHTakT Mmexny ajacopbenta u Cu(ll) iionu BuB BojeH pastBop. OueHeHu ca
PaBHOBECHETO M KHHETHKaTa Ha COpOIMS HA MEIHUTEe WOHM. EKCHepHMEHTANIHUTE PE3yNTaTh ca MPHUIOKEHH KbM
nsotepmure Ha Langmuir, Freundlich, Toth u Baudu. YcranoseHo e, ge n3otepmute Ha Toth u Baudu ca moaxozsiu 3a
OIMMCBaHE Ha COpOmHMATa C eMepalanHOoBa coil. MogensT Ha Langmuir maBa 3amoBONMTENHA KOpENAIML C
EKCIIEPUMEHTATHUTE PE3yITaTH CaMo TPH HUCKHM KOHIICHTPALUK HA MEIHU HOHM C M3I0JI3BaHEe HA eMepalJiHOBa 0a3a.
MaxkcuMaTHHAT COPOLMOHEH KalaluTeT HAa eMepalJiuHoBaTa 0a3a IpW HadaHa KOHIEHTpalus Ha MeaHuTe Wonn 50
mg.dm™ (0" 7.5 mg.g!) e mo-BHCOK OT TO3M HAa eMepanauHOBaTa coil. Hali-BeposTHO, COPOLMOHHUAT MEXaHU3bM HA
MeJIHUTE WOHHU BKITIOUBA (PU3HCOPOIHS, XeMUCOpOIHs 1 Au()y3Hs B YACTUIIUTE MPH [TOCIEIHUTE €TAlK Ha IPOIEeCa.
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Insight into polymer-borate hybrid films - structural approach
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Transparent organic-inorganic hybrid films (mass ratio PVA/PEG/B,03=10/7/1) are obtained by polymer-assisted
sol-gel synthesis and solution-casting method at ambient temperature. An aqueous solution of boric acid (H3BO3) and
ethanol solution of trimethyl borate ((CHz0)3B) with pH adjustment are used as sources of cross-linking borate units.
Surface morphology and structure of the obtained hybrid films are studied by scanning electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD). XRD indicated that amorphous structure
with poor crystallinity is formed. SEM showed a homogeneous and microporous surface free of crystallites. The results
of FTIR spectroscopy revealed that the borate unit types and chemical bonds in the hybrid network are functionally
dependent on the type of boron-containing solution and pH. The most crosslinked hybrid structure including a large
number of polyborate ions is obtained from an aqueous solution of H3BO3 at pH 10. Based on spectral data a probable
crosslinking mechanism in the hybrid network consisting of B-O-C bonds of ester complexes and hydrogen bonds is
proposed.

Keywords: Organic-inorganic hydrogels; Polymer-borate hybrid films; Poly(ethylene glycol); Poly(vinyl alcohol);

Boric acid.
INTRODUCTION

Hydrogels are subject to considerable attention
in the past 50 years, due to their excellent promise
in a wide range of applications. They also have a
degree of flexibility very comparable to natural
tissue due to their significant water content. The
biocompatibility properties and swelling effects in
biological conditions make them an ideal class of
materials for biomedical applications, such as drug
delivery and tissue engineering. It is essential to
develop biodegradable materials by modification of
traditional natural or non-degradable polymers
about specific environmental problems.
Commercially available biodegradable polymers
are mainly limited to the natural polysaccharides,
aliphatic polyesters, and polyethers, for example,
polyethylene glycol (PEG), polyvinyl alcohol
(PVA) [1-6].

PVA is a water-soluble polymer, employed in
practical applications due to its excellent chemical
resistance, biocompatibility, good film-forming
capability, non-toxicity, and biodegradability in the
presence of suitable microorganisms. The
properties of PVA make it particularly interesting
for the industrial elaboration of new
environmentally friendly biomaterials. PVA-
hydrogels obtained in the presence of crosslinking
agents (a second polymer, an inorganic species or
organically modified nanostructures) produce
materials with a significant change in structure and

* To whom all correspondence should be sent

E-mail: mici345@yahoo.com

properties [3-13].

PEG possesses properties such as high
hydrophilicity, solubility in water and organic
solvents, biocompatibility and absence of
immunogenicity, antigenicity, toxicity. (PEG)-
based hydrogels are applied as optically transparent
photoactive substrates, solid polymer electrolytes,
biomedical and cosmetic materials with tunable
properties. Polymer blends and organic-inorganic
hydrogels based on PVA/PEG are extensively
studied for material packaging, anti-microbial
films, contact lenses, real-time immunoassays,
tissue  engineering  matrices,  acid-resistant
biomembranes and drug delivery systems [1-5, 10-
14].

H3BO3 is a weak Lewis acid possessing
antibacterial properties, and in dilute aqueous
solutions, B(OH)4- and B(OH)3 species are
existing simultaneously. At a concentration higher
than 0.025M and pH between 7 and ten a shifting of
acid-base equilibrium occurs, and various stable
polyborate anions are formed [15]. The crosslinking
efficiency of borate ions is well known, as well as
the formation of diol complexes so that H3BO3
relatively well dissolves in polyvalent alcohols and
polysaccharides to obtain  organic-inorganic
hydrogels with biomedical applications [16-21].

The purpose of this study is the preparation of
PVA/PEG/Borate hybrid films by different boron-
containing solutions and respective pH adjustment,
as well as their structural-morphological
characterization by XRD, FTIR and SEM. A
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probable crosslinking mechanism of the polymer-
borate hybrid network based on infrared spectral
data is proposed.

EXPERIMENTAL

Transparent self-standing hybrid films with
mass ratio PVA/PEG/B,0s= 10/7/1 are obtained by
the sol-gel process and solution casting method at
an ambient temperature as referred in our previous
studies [22-24]. The following analytical grade
reagents are used: polyvinyl alcohol 72000 (PVA)-
98% hydrolyzed, polyethylene glycol 400 (PEG),
trimethyl borate (CH30)sB, boric acid (H3BOs),
ammonia solution 25% (NHs.H20). Stock solutions
of 4wt. % PVA and 4wt. % HsBOs; are prepared in
double distilled water, while 4wt. % (CH30)sB in
ethanol. The pH value is adjusted of 5 to 10 by
ammonia solution (absent of alkali ions). The
hydrogels are made by initially mixing and
homogenization of relevant amounts of PEG and
boron containing solutions, after that PEG-borate
mixture is added to the PVA by constant stirring.
PVA-PEG-borates viscous solutions are cast onto
glass plates, dried at ambient temperature for one
week, after that the dried films are peeled off. The
surface morphology is observed by SEM (JEOL
JSM 5510). XRD is carried out on Siemens D500
diffractometer. FTIR spectra of starting materials
and obtained hydrogel films are recorded a Bruker
Tensor 27 instrument.

RESULTS AND DISCUSSION

The SEM micrographs of hybrid films prepared
of the boric acid solution are presented in Figure 1.

Fig. 1. SEM images of PVA/PEG/Borate hybrid
films prepared from an aqueous solution of H3BOj3 at (a)
pH 5 and (b) pH 10.

The surface morphology of the hybrid film,
obtained from boric acid solution without
adjustment of pH (pH=5) is shown as a relatively
homogeneous microporous surface structure with
large single surface pores and free of crystallites
(Fig.1a). The absence of microstructure in the SEM
picture also indicates the amorphous as well as
homogeneous nature of the samples. The surface of
the film obtained by a boric acid solution with pH
correction (pH=10) is different. The micrograph
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shows the presence of roughness and randomly
distributed structural aggregates (Fig.1b).

The structure of PVA/PEG/borate hybrid film is
studied by XRD. The X-ray diffraction pattern of
the sample obtained by boric acid solution without
adjustment of pH (pH=5) is represented in Figure 2.

Intensity, ¢/s

T T T T T T T T T T T T T
15 20 25 30 35 40 45 50
2 theta, deg

Fig. 2. XRD pattern of PVA/PEG/Borate hybrid film
prepared from an aqueous solution of H3BO:s.

The diffractogram contains an amorphous halo
at 19.7 deg260 (relatively broad peak) and a diffused
peak at 40.9 deg26, originating from the semi-
crystalline nature of PVA. There are no reflections
indicating crystallization of boric acid. XRD
confirmed the homogeneous and amorphous
structure of the hybrid film-observed by SEM.

The structural changes caused by cross-linking
of polymers and hydrated borate species derived
from different solutions at different pH values are
studied by FTIR spectroscopy. IR spectra of the
starting polymer compounds and aqueous solutions
of boric acid (pH 10 and pH 5) are presented in
Figures 3 and 4, respectively.

The following vibrational modes are assigned to
the chemical bonds in polymer compounds (Fig. 3):
3700-3100 cm? (veH-OH, vsC-OH, hydrogen
bonds), 2850-2960 cm* (vsCH>), 2300-1900 cm™ (§
hydrogen bonds), 1650 cm? (bending of H,0),
1460 cm? (O-H and 8CH2), 1380 cm? (8,CHs),
950 cm? (yC-OH), 780-850 cm™ (bending
vibrations of CH,). Absorption bands in the regions
1330-1220 cm? (8C-OH) and 1065-1020 cm™? (vC-
OH) can be attributed to the primary alcohol (PEG),
while these the in intervals 1370-1260 cm? (3C-
OH) and 1120-1080 cm? to (vC-OH) from the
secondary alcohol (PVA). Absorption bands in the
region 1200-970 cm™ are related to C-O bonds,
while these in the area of 1100-1000 cm? are
related to C-O-C stretching vibrations of esters [1,
2, 10-24].
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Fig. 3. FTIR spectra of (a) 4% aqueous solutions of
PVA, (b) PEGago.
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Fig. 4. FTIR spectra of 4 % aqueous solution of
H3BOs at (a) pH 10, (b) pH 5.

The main structural units under which boron
exists in crystals, glasses and aqueous solutions are
BO3, and BO4 groups and their rearrangement leads
to superstructural species such as pentaborate,
triborate, diborate, a.g. The B-O bonds frequency
regions are 1500-1200 cm* (vB-O of BOs), 1200-
850 cm* (vB-O of BO4) and 800-600 cm™ (bending
vibrations for various borate segments). The bands
in the intervals 1440-1430 cm™, 1330-1220 cm™,
690-660 cm? are related only to BOs units of
orthoborates  (BOs*),  metaborates  (BOy),
pyroborates (B.Os*) (Fig. 4). The vibrational
frequencies at 1430 cm®, 1320 cm?, 1220 cm?,
1090 cm?, 690 cm™ are assigned to pentaborates
(BsOg) and these at 1430 cm™, 1320 cm™, 1020 cnmr
1,915 cm™, 690 cm™ - to triborates (BsOs’) [22-28].
The spectrum changes when pH of an aqueous
solution of boric acid is adjusted to pH 10 (Fig 4a).
The main differences affect the band at 1220 cm™,

which is shifted to higher wavenumber-frequency
of 1500-1200 cm™. At the same time, new bands
appear in the region 1160-1080 cm™ related to BO4
groups, probably tetraborates and diborates (BsO7%:
1445 cm, 1330 cm?, 1160-1080 cm?, 670 cm™).

These effects are explained by partial
transformation of BOs to BO,4 and are reported in
[25-28].

FTIR spectra of hybrid films prepared from
aqueous solutions of HsBO3 and ethanol solutions
of (CH30)3:B (pH 10 and pH 5) are presented in
Figures 5 and 6, respectively.
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Fig. 5. FTIR spectra of hybrid films prepared with an
aqueous solution of HsBO3 at (a) pH 10, (b) pH 5.
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Fig. 6. FTIR spectra of hybrid films prepared with an
ethanol solution of (CH30)3B at (a) pH 10, (b) pH 5.

The comparison of FTIR spectra of the polymer-
borate films and these of initial compounds
indicates that the main changes are associated with
characteristic frequencies concerning OH groups of
PEG and H3:BOs. The characteristic bands of the
hybrid film obtained from an aqueous solution of
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Hs:BO; are shifted compared with the original
vibrations of PEG.

Two types of crosslinking interactions between
inorganic and organic components are observed -
hydrogen bonding and ester type. It can be seen that
absorption modes 2908 cm-1 (vsCH2), 1655 cm-1
(bending vibration of H20), and 590 cm-1 (bending
vibration of OH-) are displaced to higher
wavenumbers compared to PEG and PVA (Fig. 5).
The same tendency is observed with absorption
bands at 1105 cm-1 (C-O-C or C-O-B of esters) and
845 cm-1 (rocking mode of CH2), overlapping with
the region of BO4 groups (1200-850 cm-1).
Furthermore, the absence of absorption bands in the
region 2280-1950 cm-1 and frequency was shifting
from 3400 cm-1 to 3370 cm-1 is due to the
appearance of intermolecular hydrogen bonds.
Hydrogen bonding interaction between the
polymers and different boron species in solutions as
well as water molecules is taking place.
Replacement of intramolecular hydrogen bonds
(present in all precursors) with intermolecular
(involved in all hybrid films) is reported in [23, 24].
The opposite tendency is observed for absorption
bands at 1425 cm-1, 1335 cm-1, 1290 cm-1 (C-OH
of PEG), being shifted to lower wave number
frequencies. In this interval are also included the
specific modes concerning BO3 groups (1500-1200
cm-1). Based on these effects the formation of
PEG-borate ester complexes including BO3 and
BO4 groups is assumed. Polymer-borate ester
bonds (B-O-C) are expected to be in the absorption
interval 1400-1000 cm-1 concerning C-OH, C-O-C,
and B-O (from BO3 and BO4 units) chemical
bonds. The characteristic frequency of B-O-C
bonds is noted at 1030 cm-1 and is reported in [16-
18]. The FTIR spectrum of a hybrid film prepared
from aqueous solutions of H3BO3 at pH 10 shows
differences expressed by the higher BO4/BO3 ratio
(Fig. 5a). The absorption bands assigned to B-O
bonds in BO4 groups are shifted to lower wave
number frequencies (1095 cm-1, 920 cm-1, 840
cm-1), and their intensities are increased.
Moreover, the intensity of bands near to 1100 cm-1
(BO4 groups) increases simultaneously with the
decrease in those in the region 1425-1250 cm-1
(BO3 groups). This is indirect evidence that the
organic-inorganic borate films obtained from
aqueous solutions of H3BO3 at pH 10 contain more
PEG-BO4 crosslinked structures.

FTIR spectra of films obtained from an ethanol
solution of (CH30)3B at pH 10 are similar to those
of films prepared with aqueous solutions of H3BO3
without pH correction (Fig. 6a). This fact is
explained with the low degree of hydrolysis of

284

(CH30)3B in ethanol, i.e. negligible amounts of
hydrated borate ions, respectively crosslinked PEG-
BO, containing structures exist. When the synthesis
is carried with an ethanol solution of trimethyl
borate without pH adjustment, there is almost no
hydrolysis (in a solution lacking hydrated borate
ions) and the network is represented mainly by
hydrogen bonding. The films are completely
soluble in contrast to these obtained by aqueous
solutions of H3BOs that swell [23].

Taking into account the spectral data, the
following crosslinked PEG-borate  structures
involved in the construction of the hybrid network
are proposed (Fig. 7). It is suggested that PVA-
PEG-Borate network is based on initially
crosslinked PEG-borate  ester  complexes
entanglement trough hydrogen bonds to long PVA
chains.
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Fig. 7. A possible mechanism for the formation of
PVA/PEG/Borate hybrid network based on cross-linked
PEG-borate structures.

CONCLUSIONS

Transparent PVA/PEG/Borate hybrid films are
prepared under different conditions by polymer-
assisted sol-gel process and solution casting
method.

The amorphous, homogeneous and microporous
nature of the hybrid materials was confirmed by
SEM and XRD analyses.

By FTIR spectroscopy it was found that the
types of borate units and chemical bonds in the
hybrid network are functionally dependent on the
type of boron-containing solution and pH. The
BO4/BOs ratios, type of crosslinking, final structure
and morphology of hybrid network are depending
on experimental conditions. The best crosslinking
hybrid structures with a predominant amount of
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polyborate ions are obtained from an aqueous
solution of HsBOs at pH 10.

Based on FTIR data a probable mechanism of
the formation of a hybrid network involving PEG-
borate ester complexes linked through the hydrogen
bonds of PVA chains is supposed.
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TIIOI'JIEJ] KbM XUBPUJIHU ITIOJIUMEP-BOPATHU ®NJIMU — CTPYKTYPEH I1IOJ1XO/]
Xp. Xpuctos, M. Hensnkosa*, B. CumeoHOB

Daxyrmem no xumus u Qapmayus, Coguscku ynueepcumem ,,Ce. Kn. Oxpuocku”, 6yn. Joc. bayyep 1, Cous 1164,
bvneapus

Iocrenmna Ha 1 1omm, 2017 r.; kopurupana Ha 11 sayapu, 2018 1.
(Pestome)

IMpo3paunu oprann4Ho-Heoprannyau (GuiaMu (MacoBo chotHouienne PVA/PEG/B,03=10/7/1) ca mony4deHnu upes
TIOJIAMEPHO aCHCTHPAaH 30JI-TeJIeH CHHTE3 M (HOPMOBaHe U3 Pa3TBOP MMPH CTaiiHa Temreparypa. Bomen pastBop Ha GopHa
kucennHa (H3BOs) u eranosos pastBop Ha tpuMeTmiacopar ((CHsz0)sB) c¢ ompeneneno pH ca u3mons3BaHu KaTo
W3TOYHMIIM HA OMpEXBamM OopaTHW emuHWIHN. [IoBBPXHOCTHATa MOpPGOIOTHS U CTPYKTypara Ha TONy9IEeHHUTE
XUOpHUAHU QUMK Ca U3YUSHH C TOMOIITA Ha CKaHUpaIa enekTponra mukpockonust (SEM), Fourier tparchopmuparia
uH(ppauepsena crekrpockorus (FTIR) u penrrenosa mudpakims (XRD). XRD counm uwe ce obpasysa amophHa
CTPYKTypa chC cnaba kpucramuuaHocT. SEM mokasBa XOMOreHHa MHKPOIIOpECTa IMOBBPXHOCT, CBOOOAHA OT
kpucramutd. Pesynratute ot FTIR criekTpockomusaTa MoKassar, 4e BUAOBETE OOPATHU €AMHHUIM U XUMUYHUTE BPB3KHU B
XxuOpuaHaTa Mpexa ca (QyHKIMOHAIHO 3aBUCUMU OT BUJIA Ha 00p-ChabpKamus pasteop 1 pH. Haii-cuiHo oMpexenaTa
XUOpHIHA CTPYKTYpPa, BKIFOYBAIIA TOJIAM Opoil MoNMOOpaTHH HOHH, Ce MOJIyYaBa OT BOJEH pa3TBOp Ha OOpHA KHUCETNHA
npu pH 10. Bb3 ocHOBa Ha crieKTpalHUTE JaHHU € NMPEAJoKEH BEPOsITEH MEXaHW3bM Ha OMPEXBAaHETO B XMOpHIHATa
Mpeska, crerosina ce ot B-O-C Bpb3KkH Ha ecTepHU KOMIUIEKCH W BOJOPOIHH BPB3KH.

285


https://www.ncbi.nlm.nih.gov/pubmed/?term=Myung%20D%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Duhamel%20PE%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cochran%20JR%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Noolandi%20J%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ta%20CN%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
https://www.ncbi.nlm.nih.gov/pubmed/?term=Frank%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=18422366
http://www.tandfonline.com/author/Abdullah%2C+Zainab+Waheed
http://www.tandfonline.com/author/Dong%2C+Yu
http://www.tandfonline.com/author/Davies%2C+Ian+Jeffery
http://www.tandfonline.com/author/Barbhuiya%2C+Salim
http://www.tandfonline.com/toc/lpte20/current
http://www.tandfonline.com/author/Roy%2C+Niladri
http://www.tandfonline.com/author/Saha%2C+Nabanita
http://www.tandfonline.com/author/Kitano%2C+Takeshi

Bulgarian Chemical Communications, Volume 50, Issue 2, (pp. 286 — 293) 2018

Nonlinear predictive control based on artificial neural network model for pilot
reformer plant: Approach for ratio control
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The reformer box is an important operation unit in many refineries such as petrochemical, oil refineries and DRI
(direct reduction of iron) production plants for producing syngas from different hydrocarbons. As the heart of a DRI
production plant in MIDREX technology, it is very crucial to control the syngas composition in desired condition,
especially hydrogen to carbon monoxide ratio which should be kept in a limited range of 1.6-2 to achieve the most proper
reducing gas for converting the iron pellets to sponge iron with best percentage of carbon. In operation, this process
package is difficult to handle from control stand point due to its nonlinear behavior, multivariable interaction and
existence of constraints on its different reaction conditions. Neural network techniques have been increasingly used for a
wide variety of applications where statistical methods have been traditionally employed. In this work we proposed a multi
input multi output (MIMO) feed foreward neural network based multivariable control strategy to simultaneously control
the inlet gas composition and reaction temperature, to control the outflow gas composition in desired condition. Modeling
and controlling were investigated by use of data collected from a methane reforming pilot plant using CO; and steam, in
process conditions near to those in a MIDREX reforming plant in sponge iron production. Different reaction temperatures
from 700 to 1100 °C with different values of gases were randomly selected and used to generate around 5000 data sets of
input- output data structure. Gas conversions and H./CO ratio were considered as the set points and tracking results of
each showed the effective performance of the neural network- model predictive control (NN-MPC) strategy in this
application.

Key words: Neural network, model predictive control, reformer, DRI plant
INTRODUCTION in a dynamic mode via black box estimators. One of

Model predictive control (MPC) is now the most these methods is the neural network, which has
widely implemented advanced process for the become an attractive tool in developing models for

control of technology. Control algorithms use an ~ Various types of complex non-linear systems [6,7].
explicit process model to predict the future A neural network-based predictive controller usually
performance of a plant and the term “model will be designed for non-linear systems with an
predictive control” came from this definition. The  iterative multilayer network prediction model in a
most important section of MPC is choosing the predictive strategy. Moreover, addition of different
model as it can simplify and accelerate the controller ~ constraints in MPC is a feature that makes this
if selected properly. Although plants normally method prominent to other control strategies.

operate in a nonlinear manner, most of the MPC One of the process systems, which is full of
techniques implemented are based on linear models, nonlinearities, is the reformer package which
which is mainly for their easier implementation, ~ Converts hydrocarbons, mainly methane, to syngas

stability and general robustness in comparison to using steam and carbon dioxide. The reaction takes

nonlinear ones which are relatively more complex. place in a tubular reactor filled 9f mc_)stly nickel alloy
Generally, nonlinear modeling methods can be  catalyst at around 900-1100 “C via an extremely
divided in two main groups: fundamental and endothermic reaction. Besides desired reactions,
empirical. The first group includes theorical and ~ Probability for occurrence of some undesirable
mathematical relations focused on mass, energy, reactions like production of coke will be high if the
momentum balance and kinetics of reactions. Such ~ Process parameters are not fixed at optimum, which
methods are very useful in case of availability of ~ €an lead to formation of hot spot and rupture of
mechanistic information. These methods have been  €forming tubes [8]. One of the main controlling set
widely used in MPC for some processes that exhibit ~ POINts in reforming tubes is H2/CO ratio in outflow
highly nonlinear behavior, as well as large operating gases which desw_ed value varies Wlth_lts application.
regions, such as different reactors for oil and gas ~ FOr €xample, in DRI plant using MIDREX
production [3-5]. The second one includes data from technology which is reviewed in this study, the ratio

driven models which can relate the input- output data should be 1.5-2 in order to be most efficient in its
usage.
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As some examples of NN-MPC applied in the
literature, in the following some of recent studies are
presented: Ruano et al. applied neural network based
MPC for controlling HVAC system in order to
maintain thermal comfort and simultaneously
minimize the energy spent in both winter and
summer time. Their report showed that their feasible
and robust approach is able to achieve energy
savings greater than 50%, under normal building
occupation [9]. In another work done by Shi Li a
NMPC was applied for an intensified continuous
reactor working in high pressure and temperature
conditions and designed to replace the traditional
batch reactor for a hydrogenation process. The
performances of nonlinear and linear MPC were
compared with satisfactory performance for NMPC
and failure of LMPC due to high nonlinearities of the
process [10] was found. A parallel-structured model
using NN (GNN) for incorporation into a general
NMPC structure to an experimental distillation
column control was proposed by Jing Ou. The
experimental results demonstrated the effectiveness
of the approach for a nonlinear process subject to a
variety of constraints and environmental effects [11].
Paisan et al. used a multi-layer feed forward neural
network model based predictive control scheme for
a multivariable nonlinear steel pickling process. The
results of this study were reported as better
performance in the control of the system over the
conventional Pl controller in all cases [12]. In
another paper, a nonlinear predictive control strategy
was developed and applied to an industrial
crystallization process simulator by Damour et al.
The control scheme comprised an artificial neural
network predictive controller and a more suitable
manipulated variable. Simulation results showed the
efficiency of the proposed control strategy to
improve the process control [13].

The motivation behind this paper was also
training an NN-predictive control network for
setting the conversions and the outflow gas ratios
specially hydrogen and carbon monoxide. The
neural network was trained by use of around 5000
input-output samples extracted from a reformer pilot
plant in randomly sufficient numbers to cover the
whole operating range. 6 inputs were CHy4, CO, CO,,
H,O and H, volumetric flowrate and reaction
temperature and 5 output parameter were for gas
compositions. All the implementations for ANN and
MPC were done in MATLAB/SIMULINK
environment. After the network was designed and
trained the controller performance was investigated
in terms of set point tracking and system forward
movement and its arrangement to provide the

required changes.

METHODOLOGY
Data generation

A pilot plant was built specifically to evaluate
experimental data gathering of methane reforming
with steam and carbon dioxide. The basic design of
this pilot plant was scaled down from an industrial
unit of DRI production using MIDREX technology.
It essentially consists of a tubular reactor with 2”
diameter and 2 m height, filled with three levels of
catalysts (inert, semi-active and active) with
different percentage of nickel oxide. The reactor was
fixed in a cubic electrical heater designed to reach to
1400 °C with three heating zones. Five temperature
sensors (TT) were implemented on inlet, outlet and
three sections of heater to accurately control the
reaction temperature. Five mass flow controllers
(Alicat- MCR) for gas cylinder lines and one vortex
flow meter (Yokogawa-DY015) on the steam line
were used to accurately control the reactant flow
rates. The plant is schematically shown in Figure 1.

Methane, steam, carbon dioxide, carbon
monoxide, hydrogen and nitrogen were mixed and
preheated up to around 500 °C through electrical
heaters, and then the mixture flowed to the reactor
on three levels of catalysts. The reaction occured at
900-1100 °C and produced syngas was then cooled
via a water condenser and was subjected to
composition  analysis  through online gas
chromatography. The typical reaction conditions,
and catalyst properties used in MIDREX plant used
in operation of the pilot are listed in table 1.

Application of artificial neural network

One of the main features of the neural network is
parallel processing of databank for capturing the
dynamics of a complex and multivariable system. In
case of enough and informative dataset in hand, a
good network of neurons, layers and connections in
its various types, like multilayer perceptron, radial
basis function, recurrent neural network, etc., can
predict the behavior of an unknown system and
consequently can keep the system optimized and in
desired position when used in a predictive control
strategy. In this study, a multilayer perceptron feed
forward neural network with back-propagation
algorithms was used to predict the reformer behavior
and syngas produced.

The model had 6 inputs, 4 hidden layers with 5
neurons in each one and 5 neurons in the output
layer. The considered learning rule and training
function are Levenberg Marquardt (LM) and
trainlm, respectively.
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MFCS

Fig. 1. Schematic diagram of the experimental system

Table 1. Reaction conditions in a MIDREX reformer

Catalytic refromer

GC and cormputer

Catalyst parameters

Type Particle size (mm) Porosity Sphericity
Raschig ring 16x6x1 0.52 0.656
Tortuosity Loose density(kg/m?) Bed density (kg/m®)
2.74 2390 1362
Reaction conditions
Pressure (bar) Temperature (°C) CO, % CO%
2 900-1100 15.21 17.4
H, % H.0 % N, % CH41%
31.09 13.94 1.5-2 19.73
The algorithm is an iterative technique that algorithm [14].
locates the minimum of a function that is expressed T f ;;ll'u_;a; ;;; ____ |
as the sum of squares of non-linear functions [8]. A PR | o
number of 3461 data were utilized during training Reference o »|  Newal f---!
session and 742 data were used for testing the Input Model|—py Optimization Network

structure. Among structures and configurations
tested, four hidden layers predicted the best and
nearest results to the actual ones. The log sigmoid
function was employed as an activation function and
872 numbers of epochs considered to overcome over
and under fitting of data. The prediction error
between the plant and network outputs was used as
the training signal. So NN plant model which uses
plant inputs and outputs in its history to predict
future values of the plant output will be used in the
NN-based model predictive controller and will
calculate the predicted control input that will
optimize plant performance over a specified future
time horizon. The NN-MPC structure is shown in
Fig. 2. As depicted, the structure is composed of two
neural networks, one which mimics the plant
behavior (yellow block) and the other the model in
MPC controller. For a desired time horizon, the
controller will optimize the plant output using the
neural network plant model for calculating controller
moves and predicting plant output. Neural network
controller was trained in order to produce the correct
controller moves generated by the optimization
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RESULTS AND DISCUSSION

ANN model with the above description was
developed with the aim of estimation of the output
parameters for the catalytic reformer, from input
parameters. Around 70 % of the datasets were used
for training of the neural network. The performance
indicators related to the train, test and validation of
the ANN model including the R? and MSE are listed
in Table 2.

Table 2. Performance of the developed ANN network

No. of data MSE R?
Train 3461 7.19e° 9.99e?
Validation 742 1.83e* 9.97e?
Test 742 5.43e% 9.99e?!
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A comparison between the real experimental and
predicted data separately is presented in Figures 3, 4,
5 6, and 7 for CHs, CO, CO; H: and H:O,
respectively.
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As can be seen, there is excellent agreement
between the predicted results by ANN and the real
datasets from experimental setup, it is so obvious

@

WPC_Contral

that the neural network fits and follows the real data
diagram in a consistent way.

Also the error plot, as can be defined the
difference between the modeled and real
experimental data shows the deviation more clearly,
however there are some steep differences in some
data which can be due to some outlying experimental
data, all of them are in an acceptable range. It should
be noted that in order to have a clearer plot, 200 sets
of data are used in each graph which can be
generalized to all datasets.

General mechanistic model mentioned in section
2, was coded in MATLAB/SIMULINK
environment. The system was composed of 6 input
variables (CH4, CO, CO,, H,0, H, volumetric flow
rate, and reaction temperature) and 5 output
variables (outflow composition of each above
gases). The schematic views of structured neural
network MPC in Simulink is shown in Fig. 8.

There are two main blocks, as system NN model,
which is the plant model and MPC control which
includes NN controller and optimizer. One of the
MPC strategies in this study was to use the gas
conversions as the measured variable while the
flowrate of the inlet gas and temperature was the
manipulated variable. The predictive controller was
implemented using prediction horizon of 4 and
control horizon of 3.
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Fig. 8 (a) General view of the NNMPC §tructure; (b) Detailed structure of the MPC controller
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Figure 9 shows the methane conversion
obtained when the reference set point was 0.94.
The process was observed to overshoot before
attaining steady state after about 20 sec.

Figures 10, 11, 12 and 13 depict the conversion

of CO, CO,, H; and H.0, respectively. As it can be
seen in each of the graphs, the system has got
its stability after around 20 sec at the optimum
desired conversion.

As the other MPC strategy used in this study,
was the H»/CO ratio which as mentioned above
should be between 1.5- 2.

By considering this range as our set point and
also by manipulating this value, the inputs
arrangement were change to produce required
control signal.

800 1000 1200

Figure 14 shows the control object change
bychanging in desired ratio from 1.6 to 1.8 and 2. It
can be seen in figures 15 (a-e) that in order to
track the reference signal how each input
variable would change. The performance
obtained with the neural network plant model
in the predictive control scheme was indeed
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CONCLUSION REFERENCES:
An optimal neural network based on predictive 1.8.J. Qin, T.A. Badgwell, Cont. Eng. Prac. 11 (7) 733

control of constrained nonlinear systems was
studied. The neural network controller was designed
by minimizing an MPC type cost function off-line
for a set of training data got from a reformer pilot
plant. The neural network designed as plant model
predicted the plant behavior with a very good
accuracy. Implementation of the NN-MPC
controller for the set point tracking case revealed that
this controller was able to force process output
variables follow their target values smoothly and
with a good and logical margin.
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HEJIMHEEH ITPEJICKA3BAILl KOHTPOJI HA OCHOBATA HA U3KYCTBEH MOJIEJI HA
HEBPOHHA MPEXA 3A IIMJIOTHA YCTAHOBKA: [I0XO/1 3A KOHTPOJI HA
CBbOTHOIUEHUATA

b. IMapeuzu™, A. Xannapxauu, 1. ITanuzmap
Hnemumym no mamepuanu u enepeus, Kapaooic, Upan
IMoctenuna na 23uoemBpu, 2017 r.; kopurupana Ha 9 suyapu, 2018 .
(Pesrome)

PedopmMepsT € BaskHa OnepannoHHa eIUHUIA B MHOTO pad)uHEepHH, HATIpUMep, 3a He)T 1 Macyo, KakTo U B 3aBOJHM 32
JIMPEKTHA PEIYKIHUs Ha XKEIsI30, 32 MPOM3BOJICTBO HA CHHTETHYCH Ta3 OT passiMuHK BbINIeBOJOpoau. KaTo mneHTpanHa
4acT OT 3aBOJI 33 TUPEKTHA peAyKuus Ha xkeis30 upe3 MIDREX TexHomOrHS, € MHOTO BaXKHO JIa C€ KOHTPOJIMPA ChCTaBbT
HA CHHTETHYHHS Ta3 B JKCJIAHU CHOTHOIICHHS, OCOOCHO CHOTHOIICHHETO BOJOPOMI:BBIIIEPOJ, KOCTO TPsAOBa Ja € B
uHTepBasia oT 1.6-2 3a na ce moyyuyn HaN-MOAXOSIIUAT PEAYLUpAI] Ta3 32 KOHBEPTUPAHE HA JKCIIC3HUTE MCICTH B
rb0OCCTO KEJSI30 ¢ Hal-IoOPO MPOICHTHO ChABPKAHHME HA BBIJICPON. T0O3HM Mpollec Ce YIpaBisBa TPYIHO MOpaad
HEJIMHCIHOTO OTHACSHE, MHOTOCTPAHHOTO B3aUMOJICHCTBHC M HAIUYMCTO HA OTPAHUYCHUS BBPXY PCAKIIMOHHHUTE
ycnoBusi. TeXHUKHUTE Ha HEBPATHUTE MPEIKH CE U3MOJI3BAT BCE MMOBEYE 32 FOJISIM OPO# MPHIIOKEHUS, KbACTO TPAJAUIIMOHHO
Ce M3MO0J3BAT CTATUCTUYECKH METO/IU. B HacTosiara craTus ce mpejiara HeBpajiHa Mpeka ¢ MHOTO BXOJIOBE M U3XO/U
3a MHOTOCTPaHEH €JHOBPEMEHEH KOHTPOJ Ha ChCTaBa Ha BXOJSIIMS ra3, PEaKIMOHHATA TeMIlepaTypa U ChCTaBa Ha
M3XOMAIIMS ra3. MoJenupaHeTo U KOHTPOJIBT Ca W3CJIe/IBaHU BbpXy 0a3a MaHHH, ChbOpaHM OT MHJIOTHA YCTAHOBKA 3a
pedopmuHT Ha MeTaH ¢ m3nomBane Ha CO, n mapa npu ycnmoBusa 6mm3ku 1o te3un B MIDREX pedopmunar 3aBox 3a
MIPOM3BOJICTBO Ha I'bOeCcTO kei30. Peakunonnn Temmeparypu ot 700 mo 1100 °C ¢ pasauyHu MPOW3BOIIHO M30paHu
CTOWHOCTH Ha ra30BETE Ca M3IMOJI3BAHU 3a T'CHEpPHpaHe Ha CTPYKTypa oT okojio 5000 Habopa OT BXOISIIU-U3XO SN
nannu. Konsepcusita Ha ra3a u cwotHommenuneto Ho/CO ca 3amazenu napaMeTpu U pe3yinTaTuTe OT MPOCIEISIBAHETO UM
Mmoka3BaT e()eKTUBHOCTTA HA MOJIENa 3a MPECKa3Ball KOHTPOJI C M3IOJI3BaHE HA HEBPAJTHU MPEKH.
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Cyclotetramerization of bulky substituted phthalonitrile derivative 3 to the Co(l1)Pc, Ni(Il)Pc and Cu(ll)Pc derivatives
[4,5,6] was accomplished in quinoline with DBU at reflux temperature. The complexes were characterized by UV-Vis,

FT-IR, mass spectra and elemental analysis.

Keywords: Metal phthalocyanines, Bulky substituent, bisbenzimide

INTRODUCTION

Phthalocyanines (Pcs) were first discovered by
accident in 1928 at Messrs Scottish Dyes Ltd and
their geometric structure was elucidated [1,2]. They
are an interesting class of compounds with
increasingly diverse industrial and biomedical
applications, such as photosensitization [3], non-
linear optics [4], catalysis [5], etc. due to their
properties and use in different fields [6,7]. Pcs can
coordinate with most metals and can be substituted
at the periphery and non-periphery with a variety of
substituents. Axial ligands can also be bound to the
central metal ion depending on the ability of the ion
to coordinate. Bisbenzimide is an organic compound
used as a fluorescent stain for DNA in molecular
biology applications [8,9]. The electrochemical
properties of various metal (Il) phthalocyanine

) OH
m“k:\' . 7/@
C " \C[ pr_Q >.~ NH H;’C\
2 N N

(MPc) complexes have been investigated thoroughly
[10-13]. These properties are important for advance
applications [14-16]. In this paper, we synthesized
and characterized mononuclear Co(ll)Pc, Ni(ll)Pc
and Cu(IlPc. The complexes were substituted with
four bisbenzimide substituents at the peripheral ()
position, Scheme 1.

EXPERIMENTAL

Materials: Cobalt(ll) acetate, nickel(ll) acetate
and copper(l1) acetate as anhydrous metal(1l) acetate
salts were purchased from Merck. Quinolin was
freshly used, all solvents, for example,
dimethylsulfoxide (DMSQO), dimethylformamide
(DMF), dichloromethane(DCM) and chloroform
(CHCIs) were purchased from Merck.

CH;3
- =
HN ’Q_CN

MH 6 Ni AN

} NH

.
HiG

Scheme 1. Synthtetic route and reaction conditions for 4,5,6. i: DMSO, 7 days, room temperature, ii: Quinoline,

overnight, reflux temperature
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1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and all
other reagents were obtained from suppliers and
used as received. Bisbenzimide as Hoechst 33258
was obtained from Aldrich and used without further
purification. The chemical name is 2-[2-(4-
hydroxyphenyl)-6-benzimidazoyl] -6-(1-methyl-4-
piperazyl)benzimidazoletrihydro chloride.

Equipment: The UV-Vis absorption spectra were
obtained using a Varian Cary 500 UV-Vis/NIR
spectrophotometer. FT-IR data (ATR) were
recorded using a Perkin-Elmer spectrum 100 FTIR
spectrometer. Elemental analysis was done on a
Finnigan Flash EA 1112 Series elemental analysis
instrument. Mass spectral data were collected with a
Bruker AutoFLEX i Smartbeam
MALDITOF/TOF  mass  spectrometer.  The
instrument was operated in positive ion mode using
an m/z range of 400 — 3000. The voltage of the ion
sources was set at 19 and 16.7 kV for ion sources 1
and 2, respectively, while the lens was set at 8.50 kV.
The reflector 1 and 2 voltages were set at 21 and 9.7
kV, respectively. The spectra were acquired using
dithranol as the MALDI matrix, using a 354 nm
Nd:YAG laser.

Synthesis: The target precursors were prepared
by a nucleophilic aromatic substitution reaction
between 4-nitrophthalonitrile 1 and bisbenzimide 2.
Bisbenzimide derivatives of metal phthalocyanines
4-6 were obtained in quinoline in the presence of
DBU at the reflux temperature.

4-(4-(5-(4-Methylpiperazin-1-yl)-1H,1'H-2,5'-
bibenzo[d]imidazol-2'-yl)phenoxy)  phthalonitrile
(3): Compound 2 (500 mg) was dissolved in dry
DMSO (15 mL) and 1 (162 mg) was added in argon
atmosphere. To this reaction mixture finely ground
anhydrous potassium carbonate (0.650 g) was added
and the same amount was added again after 24 h of
stirring. After a total of 7 days of stirring, the
reaction mixture was poured into water (550 mL)
resulting in the formation of a dark yellow
precipitate of 3. The crude product was centrifuged
several times and was further recrystallized from
ethanol; finally, the pure product was dried over
P.Os for two weeks. Yield: 0.390 g. IR(ATR)
(vmax/cm™): 3078 (Ar—-CH), 2232 (C =N), 1591
(C=C), 1247 (C-0-C). 'H NMR (DMSO-ds): 3,
ppm 13.19 (2H, br, s N-H), 8.52 (1H, s, Ar-H), 8.3
(2H, m, Ar-H), 8.1 (2H, d, J = 8.8 Hz, Ar-H), 7.9
(2H, br, s, Ar-H), 7.5 (2H, m, Ar-H), 7.4 (2H, m,
Ar-H), 6.6 (2H, m, Ar-H), 3.02 (4H, m,
cyclohexane-H), 2.65 (4H, m, cyclohexane-H), 1.10
(3H, br. s, CHs). Anal. calcd. for CssH2sNsO: C,
71.98; H, 4.76; N, 20.35 %. Found: C, 77.18; H,
4.70; N, 15.42 %. LC-MS: m/z. calcd. 550.06, found
[M]*: 550.61.

General procedure for 4-6: A mixture of
compound 3 (0.100 g) and Co(OAC),(0.008 g) for 4,
Ni(OAC)2(0.008 g) for 5 and Cu(OAC)2(0.008 g) for
6 in 0.6 mL of quinoline with 6 drops of DBU was
refluxed in a sealed tube in argon gas at 185°C for 24
h. After cooling to room temperature, the reaction
mixture was treated with ethanol to precipitate the
product. The residue was filtered off and then
washed several times with methanol, water and
finally washed with methanol, ethanol, acetonitrile
and acetone for 24 h, consecutively in a Soxhlet
apparatus. Finally, the dark green cobalt, nickel and
copper phthalocyanines were dried over P.Os for 10
days. All of these compounds are soluble in DMSO
and have mp > 350°C.

Cobalt phthalocyanine (4): Yield 0.030 g. UV-
Vis (DMSO): Amax/nm 680, 343. IR (ATR): (MmaxCm
1) 3050 (Ar-CH), 1564 (C=C), 1259 (C-O-C). Anal.
calcd. for C132H104N3204COZ C, 70.11; H, 4.64; N,
19.82. Found: C, 70.49; H, 4.65; N, 20.05%.
MALDI-TOF-MS: m/z calcd. 2261.38, found 2273.4
[M+Li+5H]".

Nickel phthalocyanine (5): Yield 0.035 g. UV-vis
(DMSO): Amax/nm 682, 341. IR (ATR): (Umaxcm™)
3050 (Ar-CH), 1564 (C=C), 1256 (C-O-C). Anal.
calcd. for C132H104N3204Ni3 C, 70.12; H, 4.64; N,
19.82. Found: C, 69.49; H, 3.50; N, 19.81%.
MALDI-TOF-MS: m/z calcd. 2261.14, found 2272.4
[M+Li+4H]".

Copper phthalocyanine (6): Yield 0.025 g. UV-
Vis (DMSO): Amax/nm 684, 334. IR (ATR): (MmaxCm
1y 3050 (Ar-CH), 1564 (C=C), 1255 (C-O-C). Anal.
calcd. for C132H104N3204CUZ C, 69.97; H, 4.63; N,
19.78. Found: C, 70.49; H, 4.50; N, 18.85%.
MALDI-TOF-MS: m/z calcd. 2266.0, found 2269.9
[M+4H]".

RESULTS AND DISCUSSION

4-Nitrophthalonitrile 1 was synthesized as
reported in [17]. Bisbenzimide 2 was obtained from
commercial  suppliers.  The  synthesis  of
phthalodinitrile 3 was based on the reaction of
compound 3 with an excess of compound 2. The
reactions were carried out in dry DMSO in the
presence of K,COs as a base, at room temperature,
and good vyields were obtained. The 4-
nitrophthalonitrile 1 reacted with commercial
bisbenzimide 2 to obtain compound 3 in a reasonable
good vyield. MPcs 4, 5 and 6 were prepared by
cyclotetramerization of phthalonitrile 3 in the
presence of anhydrous Co(OAc),, Ni(OAc),, and
Cu(OAc),, respectively, by using quinoline with
DBU at the reflux temperature, Scheme 1. Column
chromatography on silica gel using CHClI; as mobile
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phase was used to purify complexes 4-6. The
structure and purity of the CoPc, NiPc and CuPc
derivatives were confirmed by UV-Vis, IR, mass
spectral data and elemental analyses.

The IR spectra of 4-6 clearly indicated the
absence of OH groups of 2. CN vibrational peaks
were observed at 2232 cm? for compound 3. A
diagnostic feature of the formation of 4-6 from the
phthalodinitrile derivative 3 was the disappearance
of the sharp CN vibration of the latter. The IR spectra
were very similar for compounds 3-6 and showed
Ar-O-Ar peaks at 1247, 1259, 1256, 1255 cm?,
respectively.

Elemental analysis results were also consistent
with the theoretical values of the proposed structures
for 3-6.

The purified Pcs were further characterized by
mass spectra. The expected mass values
corresponded to the found values for all complexes.
Both protonated ion peaks for complexes 4-6 and a
Li adducted ion peak were found, except for
complex 6 which has a molecular ion peak. The ion
peaks of complexes 4-6 were observed at 2273.4,
2272.4 and 2269.9 amu, respectively. These results
confirm that the complexes have been synthesized
successfully.

The UV-Vis spectra of 4-6 in DMSO are shown
in Fig. 1. The Pcs show typical electronic spectra
with two strong absorption regions, one of them in
the UV region at about 300-400 nm (B-band) and the
other in the visible region at 600-750 nm (Q-band)
and are characteristic of Q-band transition of
M(Il)Pcs with Da, [18] Aggregation behavior of Pc
is depicted as a coplanar association of rings
progressing from monomer to dimer and higher
order complexes and it is dependent on
concentration, nature of solvent and substituents,
296
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Fig. 1. Absorption spectra of 4-6 in DMSO

metal ions and temperature [19]. Aggregation in
M(II)Pcs is typified by the broadened or split Q-
band, the high energy band being due to the
aggregate and the low energy band due to the
monomer [18]. The UV-Vis spectra of the metal
phthalocyanines resemble those of other Pcs. The
broad Q-band with the vibration band at almost 620
nm for 4-6 has been reported to indicate aggregation
of phthalocyanine complexes in general [18]. In Fig.
1, complexes 4-6 show Q-band absorptions of the
monomers at 681, 679, 683 nm, respectively, in
DMSO. Red shifting of the spectra observed in Q-
bands of 4, 5 and 6 is due to the electron density
enhancement caused by the central metal [20]. The
complexes 4-6 show B-bands at 343, 341 and 334
nm in DMSO, respectively. Typical of Pcs, the
intensity of the B-bands is high relative to the Q-
band; this may be due to aggregation. The bulky
substituents of the Pc molecules considerably affect
the degree of conjugation between the rings and
substituent. It can be seen from the electronic
absorption spectra of complexes 4-6 that the Q-band
is broad. CONCLUSION

We described the synthesis and characterization
of novel Co(ll), Ni(ll) and Cu(ll) phthalocyanine
derivatives which contain a bisbenzimide unit on
each benzo group substituent at peripheral position.
The effect of bisbenzimide as a bulky substituent to
the Pc molecule was observed.

Acknowledgments: This work was supported by
the Research Fund of the Yildiz Technical University
(Project No: 27-01-02-07).



M. Canlica: Co, Ni, Cu phthalocyanines with tetra substituted bisbenzimide

REFERENCES

1.L.R. Milgram, in: Colours of life, Oxford University
Press, Oxford, 1% ed., 1977.

2.J. M. Roberts, J. Chem. Soc., 1195, 1936.

3.N. Kobayashi, R. Kondo, S.I. Nakajima, T. Osa, J. Am.
Chem. Soc., 112, 9640 (1990).

4.N.B. McKeow, Chemistry and Industry, 513 (1999).

5.Y.H. Tse, P. Janda, H. Lam, J. Zang, W.J. Pietro, A.B.P.
Lever, Anal. Chem., 67, 981, 1995.

6.S. Chatterjee, T. S. Srivastava, J.
Phthalocyanines, 3, 424, 1999.

7.M.G. Waltera, A.B. Rudineb, C. C. Wamser,
Porphyrins and Phthalocyanines in solar
photovoltaic cells, J. Porphyrins Phthalocyanines,
14, 759, 2010.

8.J. Renzhe, J. B. Kenneth, Biochemistry, 85, 8939, 1988

9.G. Cosa, K.S. Focsaneanu, J.R.N. McLean, J.P.
McNamee, J.C. Scaiano, Photochemistry and
Photobiology, 73(6), 585, 2001.

10. S. Khene, S. Moeno, T. Nyokong Polyhedron, 30(12),

2162, 2011.
11.J.H. Zagal, Coord. Chem. Rev., 119, 89, 1992.

Porphyrins

12.1. A. Akinbulu, S. Khene, T. Nyokong Electrochimica
Acta, 55(23), 7085 (2010).

13.T.T. Tasso, T. Furuyama, N. Kobayashi, Inorg.
Chem., 52(16), 9206, 2013.

14.Racheal 0. Ogbodu, Tebello Nyokong
Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy, 121(5), 81, 2014.

15. A. Maringa, T. Mugadza, E. Antunes, T. Nyokong,
Journal of Electroanalytical Chemistry, 700(1), 86,
2013

16. C.C. Leznoff, A.B.P. Lever (eds.), Phthalocyanines:
Properties and Applications, 1-4, VCH, New York,
1989, 1993, 1996.

17.B.N. Acher, G. M. Fohlen, J. A. Parker, J.
Keshavayya, Polyhedron, 6, 1463, 1987

18.M.J. Stillman, T. Nyokong In: Leznoff CC, Lever
ABP, (eds.) Phthalocyanines: Properties and
Applications, VCH, New York, 1, 139, 1989.

19.H. Enkelkamp, R.J.M. Nolte, J. Porphyrins
Phthalocyanines, 4, 454, 2000.
20.T. Nyokong, in: J. Jiang (ed.) Functional

Phthalocyanine Molecular Materials, 135, 94, 2010.

OTAJTOIMAHWHU HA Co, Ni U Cu C TETPASAMECTEH BUCBEH3UMMN/]

M. JIxxannsmxa

Texnuuecku ynueepcumem na Mnous, Jenapmamenm no xumusi, Omoen mo neopeanuuna xumusi, Jlagymnawia Kamnyc,
34220, Ecennep, Ucmambyn, Typyus

Iocrbnuna Ha 7 okromspu, 2016 r.; npuera Ha 17 sHyapu, 2018 r.

(Pesrome)

IMpoBeneHa e MUKIOTETpaMepH3alus Ha obeMucTus 3amected dramonurpui 3 ¢ npomssoauure Co(l)Pc, Ni(ll)Pc
and Cu(ll)Pc [4,5,6] B xunomun c 1,8-mmazabumukino[5.4.0]ynamex-7-eH mpu TeMmieparypa Ha KHUIIEHE.
Kommnekcure ca oxapakTepuznpaHu upe3 enementeH aHanus, UV-Vis, FT-IR u macoBu criektpH.
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Development of a new micro gas sensor is essential for the analysis of the outcome of gas separation devices. In this
paper, direct simulation Monte Carlo (DSMC) modeling of low-pressure gas sensor was performed to investigate the
effect of physical parameters on the performance and main characteristics of this type of actuator in various operating
conditions. Extensive parametric studies were done and the effect of ambient pressure, temperature and gap of arms were
comprehensively investigated. Our findings showed that gap size significantly influences the flow features and force

generation inside the sensor.

Keywords: Knudsen force; DSMC; Rarefied gas; Gas sensor; MEMS.

INTRODUCTION

In recent years, the application of sensors for the
detection of gas has become significant due to their
importance in industrial devices. Since the first step
for the separation of a mixture is detection, the
development of this sensor could highly enhance the
performance of separation techniques such as
membranes, cryogenic column and gas centrifuges
[1-3]. In addition, several researchers have tried to
develop new simple devices for the detection of
dangerous gases such as NHs, CO and HS. There
are various techniques to sense the gas component or
measure the pressure of the gases. One of the
primary goals of the scientists is to develop micro
electronic devices for this purpose [4-6].

Since the current sensor for analyzing and
sensing of the gas is spacious and expensive,
scholars have focused on new methods and devices
which are small and simple. The development of the
micro-electromechanical system (MEMS) has
enabled researchers to decrease the size of the device
in micro-scale. Consequently, micro sensors are
highly developed due to their applications in
different devices such as medical instruments. One
of the new methods for gas detection is the
application of the Knudsen force which is highly
sensitive to the properties of the gas. Indeed, the non-
homogeneity of the temperature in low-pressure
conditions produces a force known as Knudsen
force. Previous studies [7-9] have shown that this
type of force is highly sensitive to the pressure of the
domain, temperature difference and the type of gas

* To whom all correspondence should be sent:
E-mail: mbarzegarg@yahoo.com

of the domain. These special characteristics
motivated the researchers [8] to use this approach for
measurement of pressure.

A lot of studies have been devoted to recognize
the characteristics of the Knudsen force in rarefied
conditions. Ketsdever et al. [7] reviewed more than
hundred papers and documents to present a
comprehensive literature review on the origin of the
Knudsen force and its history. Since Crookes
radiometer [8] was the first device which applied
Knudsen force, various researchers performed
extensive studies on this device. Passian et al. [9,10]
investigated thermal transpiration at the microscale
by a Crookes cantilever.

Several works have been performed to apply a
direct simulation Monte Carlo (DSMC) for the
simulation of a rarefied gas. Poozesh and Mirzaei
[11] simulated a fluid flow in a body-fitted grid
system using the lattice Boltzmann method. Several
similar works also applied this method for solving
engineering problems [12-16]. In 2016, Strongrich et
al. [17, 18] introduced a new device for sensing the
pressure by Knudsen force. In this sensor, the hot
arm is fixed while the cold arm known as shuttle arm
could move and the capacitor is attached to the
shuttle arm. Since the gap of these two arms is too
small, the Knudsen force acts on the cold side and
this could be measured by the capacitor. Fig 1
schematically presents the main mechanisms inside
the MIKRA. In our previous work [19], the effect of
Knudsen thermal force on the performance of a low-
pressure micro gas sensor was completely
investigated.
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Shear Force

Molecular force

Main
Circulation

Fig. 1. Scheme of flow inside the MEMS sensor

In the present work, DSMC approach was applied
to study the main mechanism of the Knudsen force
in rarefied gas condition on the performance of the
micro gas sensor (MIKRA). In the first step, the
model of the problem is presented and the particle
approach is explained. In order to investigate the
main technique of this sensor, the flow feature of gas
inside the device was thoroughly studied. In
addition, the effects of significant parameters such as
different ambient pressures, temperature difference
of the arms and gap space on the main characteristics
of this sensor are presented. Lastly, effective terms
on the mechanism of force generation in the low-
pressure condition were determined.

NUMERICAL APPROACH
Geometry and assumptions

The generated grid and the boundary condition
applied on the model are displayed in Figure 2.
According to the size and dimensions of problem,
the size of the domain in our work was 600 X
300 um in x and y direction and 150 by 75 collision
cells were generated in the x and y directions,
respectively. It was also supposed that the whole
surfaces are fully diffuse.

- - (600 pm— -

1 T AT Wall : T= 296 KITT

Side Wall:

300 uml

Side Wallf

Substrate (wall, T=298 K)|

Fig. 2. The boundary conditions and grid of the
present model

Governing equations and solver

In order to simulate the low-pressure flow, a
conventional numerical method such as CFD was
not applied due to assumption of the continuum in
the whole domain. In fact, Navier—Stokes equations
could not predict the main features of the flow. Thus,

Y EE BB EIEE : R TR IL_K

Boltzmann equation as a high- order equation should
be used and molecular approach is the best approach
for such rarefied gas regime. Eq. 1 presents the
general formula of the Boltzmann equation:

0 0 0
=0Q
where n,c and f are number density, molecular
velocity and velocity distribution function,

respectively.
Furthermore,

Q=TT [T (ffr ~ ffi) g o dd3c

is the collision integral which defines the variation
in the velocity distribution function as a result of
intermolecular collisions.

Scientists present various methods for solving the
Boltzmann equation. Among various techniques, the
DSMC method of Bird [20] is a vigorous and reliable
approach for a low-pressure gas flow. In fact, this
approach is a particle method based on the kinetic
theory for simulation of rarefied gases. Among
numerous available DSMC codes, open-source
dsmcfoam code seems a reliable and professional
open code for the simulation of our problem [21].
dsmcFoam has been established and presented as
toolbox of OpenFOAM version 1.7.

Boundary conditions

In our problem, the whole boundaries of the
model were walls with constant temperature. The
pressure of the domain varied from 62 pascals to
1500 pascals which induces a Knudsen number from
4.64 to 0.3, respectively. The details of boundary
conditions are depicted in fig. 2. The main gas of the
domain is nitrogen. As mentioned in the main
reference [17], the temperature of the cold and hot
arm varied with the pressure of the domain and it is
presented in Table 1.

Table 1. Temperature of the cold and hot arm

Pressure Kn Hot Arm Cold Arm
(pa) - (K) (K)

62 4.48 348 304.5
155 1.8 346 304.5
387 0.72 342 304
966 0.29 323 302

Numerical procedure

In order to simulate the collision model in all
simulations, the variable hard sphere (VHS)
collision  model was applied. Since the
computational time is related to the number of
simulator particles [20], collision pairs were
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determined based on the no time counter (NTC)
method.

In this study, the gap (distance between the heater
and shuttle arms) is known as the length
characteristic (L) and it is about 20 microns. The
total number of simulated particles was
approximately 2.48 x 10%>. The space domain was
discretized by using squared cells (Ax = Ay), with
Ax =4 um, i.e., 150 cells were taken in the x-
direction, while the number of cells in the y-direction
depends on the aspect ratio H/W where H and W are
the width and height of the domain, respectively. It
is equal to nc = 150 X (H/W). The number of
particles per cell on the NTC scheme is fixed to 20
and the time step is chosen to be sufficiently smaller
(about 1/3) than the cell traversal time, defined as W

/ (ncvy) In order to obtain vy, the vy = /2kgT,/m,
with ks and m denote the Boltzmann constant and the
gas molecular mass, respectively. According to our
calculations, the time step should be less than 3.5 x
10~7s. We set the time step equal to 1 x 1078,
smaller than the mean collision time and close to the
time step of the previous works of Strongrich et al.
[17]. The physical time of these simulations was
0.03 s to reach steady state condition. For a typical
simulation, twenty particles were initially set in each
cell to minimize the statistical scatter.

RESULTS AND DISCUSSION
Verification

Validation of obtained results is the first step for
the simulation studies. In this study, the values of the
Knudsen forces on the shuttle arm were compared
with experimental data of Strongrich et al. [17] at
different pressures (fig. 3). The figure also presents
the results of SPARTA-DSMC code obtained by
Strongrich et al. [17]. The comparison confirms that

the deviation of obtained data (dsmcfoam) from
experimental data is not noticeable and the obtained
results are reasonable and reliable for the further
studies.

4F

[ ] Experimental
35 = = [} = SPARTA-DSMC
—fp——_ dsmcfoam

3k

251 o o

Force (uN)
N
T

! 1 PR W W | R
100 107 10° 10*
Pressure (Pa)

Fig. 3. Comparison of the of obtained results
(dsmcfoam) with experimental and numerical data of
Strongrich et al. [17]

The difference between the numerical and
experimental data is due to diverse reasons. The gap
distance is the primary reason for this difference.

Flow feature

Figure 4 illustrates the temperature distribution
along the streamline patterns for various operating
pressures. The figure clearly shows that the
circulation is significant at high Knudsen force
(P=387 pa). Since the pressure of the domain
determines the main characteristics (such as
Knudsen number), it is expected that the variation of
this term considerably influences the main feature
and this is clearly observed in the figure of low-
pressure condition (P=62 pa) wherein noticeable
kinks in the contour lines are detected.

= = [p= 155 pa

Fig. 4. Flow pattern and temperature distribution inside the MIKRA
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As shown in the figure, these kinks originate at
the sharp corners on the top of the arms. On the other
side, intermolecular collisions rapidly flatten those
kinks in the gap of the arms in the high-pressure
cases, and the absence of intermolecular collisions
allows these kinks to diffuse much further away
from the hot arms in the low-pressure conditions as
demonstrated in Fig. 4.

In order to reveal the main origin of net force on
the shuttle arm, the difference in the pressure on both
sides of the cold arm should be investigated. Figure
5 demonstrates the pressure ratio (1) inside the
domain for defined pressure conditions. The
pressure ratio was calculated as follows:

P
I =

Pave (1)

where P and P,,.denote the local and average
pressure of the domain, respectively. According to
the contour of the pressure ratio, it is found that the
pressure is non-uniformly distributed inside the
domain. Indeed, this non-homogeneity of the
pressure field is the main reason for an exceptional
feature of rarefied gases in our problem. It should be
mentioned that non-uniform distribution of
temperature does not produce macroscopic streams
in the continuum regime, and we do not notice
pressure gradients in the absence of external forces.
Nevertheless, bulk flows are simply created in a low-
pressure condition when there is temperature
difference inside the domain. In fact, these streams
direct particles in the vicinity of the arms and
hereafter make a non-uniform pressure distribution.

Since this is the main driving mechanism for
force generation inside Knudsen pumps [22-24],
previous studies named this phenomenon as thermal
transpiration.

In order to clearly explain the main difference
between the various models, the effective terms and
mechanism of force generation should be initially
explained. As shown in figure 1, thermal gradient in
the very low-pressure domain induces a distinctive
flow pattern according to pressure and boundary
conditions. Thermal stress slip flow (TSS) is the first
driven flow in the rarefied domain. This force
induces flows from the hot side to the cold side
inside the gap of arms. Thermal creep flow is known
as the second main force in the low-pressure domain.
This type of force, conversely, is produced by the
tangential temperature gradient near the wall. The
third main force in low-pressure condition is the
thermal edge flow and it occurs in sharp corners.
According to these explanations, the large
circulation of the domain is due to thermal stress slip
flow and the thermal edge flow occurs on the right
side of the hot arm in the vicinity of the edge. Since
thermal stress slip flow which induces a hot to cold
flow produces the measurable Knudsen force on the
shuttle arm, this study greatly focuses on this type of
force.

Thermally driven flow is the main cause for the
generation of the Knudsen force. Hence, the analysis
of temperature distribution inside the domain is
significant. Figure 4 clearly depicts that the
temperature gradient is dominant at the high
Knudsen number. Indeed, rarefied gas allows
molecules to transmit the temperature of hot arm to
the domain. As the pressure of the domain is
increased, the intermolecular reaction reduces the
temperature gradient inside the domain. One of the
main significant aspects of the high temperature
gradient inside the domain is the pressure difference.
Figure 5 clearly confirms that the pressure difference
is significant in rarefied

Fig. 5. The distribution of the pressure ratio inside the MIKRA
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conditions. Indeed, the temperature gradient induces
the pressure difference on the two sides of the cold
arm. Our simulation shows that the value of the shear
stress on the top of the cold arm is small and is about
1% of the molecular force on the two sides of the
cold arm.

In order to investigate the influence of the
pressure and temperature distribution on the force
production inside the MIKRA, the force distribution
of the two sides of the cold arm is plotted in figure
6. The plot clearly shows that the variation of the
force on the left side of the cold arm is constant while
the force distribution on the right side of the cold arm
varies along the height of the arm. The variation of
the force confirms that the force production inside
the MIKRA is due to the pressure gradient induced
by temperature distribution.
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Fig. 6. Comparison of the force distribution on two
sides of the cold arm at P=387 pa

Effect of gap distance

Figure 7a compares the temperature distribution
and streamline patterns inside the domain for
different gap sizes at a specific pressure (P=387 pa)
with a similar temperature difference. The contour
clearly shows that the flow pattern becomes uniform
and the main circulation is strengthened in the low
gap size. Since the temperature inside the gap is not
significantly varied and the vortex is limited by the
gap size, no vortex is formed inside the gap. On the
top of the arm, the relatively large space along the
thermal creeping flow (cold to hot) permits a big
vortex to be formed and the pressure driven flow
effectively takes away some molecules from the top
wall of the arms and thus releases some pressure
therein. In fact, the non-uniform pressure along with
large space intensifies the formation of Poiseuille
flows and hence a large vortex is formed on the top
of the arms.

302

b)
Fig. 7. Effects of gap on a) temperature and streamline
b) pressure distribution inside the domain at P=387 pa



M. B. Gerdroodbary et al.: Application of direct simulation Monte Carlo for development of ...

As the gap size is increased (Gap=35 pum), the
Knudsen number decreases. Hence, the non-
uniformdistribution of temperature inside the gap
only induces a non-uniform density gradient in the
whole domain and pressure gradient diminishes on
the top of arm [23]. This distance also declines the
strength of thermal creeping flow. Figure 7b
compares the pressure distribution for different gap
sizes. Hence, the formation of the main vortex
deteriorates when the gap size is increased. In
addition, a small vortex is generated in the right and
top side of the hot arm. This confirms that the
pressure driven flow on the top of the arms was
limited in the low Knudsen number. In the space of
the arms, two vortexes are produced in the space due
to non-uniform temperature distribution. In the
followings, the effect of these vortices on the force
generation on the cold arm will be comprehensively
discussed.

In the high gap distance (Gap=50 um), the
pressure gradient becomes less and the formation of
the small vortex close to the hot arm does not allow
the main counterclockwise vortex to sense the
temperature gradient and the clockwise small vortex
further blocks the gas molecules flowing out of the
gap. In addition, the pressure near the bottom of the
gap is lower than the pressure on the top of the arms
and this produces a big vortex inside the gap.

Since the main goal of this device (MIKRA) is to
measure the force in various pressure conditions, the
comparison of the force for the different gap sizes is
significant. Figure 8 compares a generated force for
differgnt pressures and gap Sizes..

e Gap=10 um
=——ly—— Gap=20 pum
25 |m——Qm—— Gap=35 um
—(—— Gap=50 pm

Force (uN)
P
—

05
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. ol Ll

10' 10% 10°
Pressure (Pa)

Fig. 8. Influence of the gap distance on the force

production on the cold arm

The plot clearly shows that the Knudsen force
increases when the gap size is decreased. In addition,
it was found that the maximum force occurs at low
pressure as the gap size is increased. Indeed, the
presence of the vortex diminishes the force

production on the right side of the cold arm and does
not allow the hot molecules to reach the surface of
the cold arm

Effect of arm length (L)

In order to characterize the main mechanism of
the operation of MIKRA, the length of the arms is
varied to reveal the effect of this factor on the flow
feature and Knudsen force generation on the actuator
arm. Figure 9 compares the flow features inside the
domain for three different values of length when
thickness (50 um) and pressure (P=387 pa) of the
model remain constant. The contour shows that
increasing the length of the arms divides the main
circulations into two circulations.

Fig. 9. Effect of the arm length (L) on flow pattern and
temperature distribution inside the gas sensor (P=387 pa)

Moreover, the temperature gradient inside the
domain significantly intensifies by increasing the
length of arms. Figure 10 illustrates the variation of
the force generation on the cold arm with various
length values at various domain pressures. The
induced Knudsen force noticeably increases as the
length of the arms is raised. The value of maximum
Knudsen force increases 366 percent by rising the
length of arm from 1xL to 3xL. This shows that the
rate of the induced force on the arms is more than the
elongation rate. In addition, the maximum force is
obtained at the same pressure for all arm lengths.
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Fig. 10. Effect of the arm length on the Knudsen force
generation

CONCLUSIONS

In this research, DSMC method was applied to
simulate rarefied gas inside the MEMS device. This
work focuses on the influence of ambient pressure
on the flow features and force generation
mechanism. The governing equation of the current
problem is Boltzmann equation. DSMC approach
was then applied to simulate the rarefied gas. The
flow patterns and temperature distribution were
compared for various values of pressure and gap
size. Results showed that the gap size considerably
influences the generated force, and the maximum
force varied by the gap size. Our findings confirmed
that the Knudsen force decreases when the pressure
of the domain increases. Finally, the force
distribution on the right side of the cold arm clearly
confirms that the temperature gradient in the gap is
significant for the force generation and plays a
crucial role in the performance of this device.
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A cloud-point extraction (CPE) method using non-ionic surfactant Tergitol TMN-6 (TMN-6) is developed for the
extraction and pre-concentration of silver nanoparticles (AgNPs). Effective separation of ionic silver species and
AgNPs is achieved by using sodium thiosulfate (Na,S;03) as a masking agent. Addition of 1M (NH4),SO4enhanced the
phase separation and thus increased the extraction efficiency of AgNPs. An enrichment factor of 57 was obtained with
1% (v/v) TMN-6, and the recoveries of AgNPs spiked into environmental samples were in the range of 96.7% to 108%.
A low limit of detection (LOD) of 6.5 pg/L was achieved using flame atomic absorption spectrometry (FAAS) for
quantification. The relative standard deviation (RSD) was 2.1% (n=9). This proposed method provides an efficient
approach for the analysis and tracking of AgNPs in environmental water samples.

Key words: Silver nanoparticles, Cloud point extraction, Pre-concentration, Flame atomic absorption spectrometry,

Tergitol TMN-6.
INTRODUCTION

Metallic nanoparticles are of high importance in
current  materials research, with potential
applications in biomedicine, energy conversion,
imaging, or as pigments [1,2]. Engineered
nanomaterials (NMs) have already yielded a variety
of commercially available products including
cosmetics, antimicrobials, suntan lotions, paints,
stain-resistant clothing and remediation products
[3]. The rapid growth in the commercial use of
AgNPs will inevitably increase silver exposure to
the general population [4]. AgNPs may penetrate
the skin [5] via textile or wound dressing contact,
be inhaled from some spray medicines, or ingress
into the female genital tract by incorporation from
female hygienic products or medical implants [6]. It
is also toxic to human cells [7-9]. Therefore, it is
important from an analytical point of view to
develop sensitive and economical methods for
determination of trace silver nanoparticles.

A great deal of methods have been developed
for characterization and quantitative analysis of
NMs in simple matrices, as well as in natural NMs
in a complex matrix such as environmental waters
and soils [10,11]. In the case of AgNPs, the
identification was usually conducted by the
combination of scanning electron microscopy
(SEM), transmission electron microscopy (TEM),
energy dispersive spectroscopy (EDS), and UV-vis
spectroscopy [12,13], whereas the quantification

* To whom all correspondence should be sent.
E-mail:1025588702@qq.com
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was performed after oxidation of AgNPs to Ag*and
detection with inductively coupled plasma mass
spectrometry (ICP-MS) [14,15], graphite furnace
atomic absorption spectrometry [16,17], inductively
coupled plasma optical emission spectrometry
(ICP-OES)[18], or chromogenic methods [19-21].
Due to the low concentration of analyte and matrix
effects, often a suitable sample pretreatment step
(pre-concentration and separation) is required.
Cloud-point extraction (CPE), which is based on
the fact that most nonionic surfactants in aqueous
solutions form micelles and become turbid when
heated to the cloud point temperature or in the
presence of an electrolyte. Above the cloud point,
the micellar solution separates into a surfactant-rich
phase with a small volume and a diluted aqueous
phase [22]. To date, CPE has been successfully
applied for the quantification of Au-NPs in water
samples in combination with electrothermal atomic
absorption spectrometry (ET-AAS) [23]. However,
in ET-AAS measurements, due to large background
absorption signals and sample inhomogeneity, the
relative sensitivity and analytical precision are poor.
The typical surfactants used in CPE processes
mostly include Triton series, Igepal series, PONPE
series, etc. [24,25]. However, these surfactants
contain alkyl phenyl groups in their hydrophobic
moiety, leading to some environmental concerns
[26]. Therefore, biodegradable surfactants are
proposed such as ethoxylated alcohols without
phenyl group and branched alkyl chains. Tergitol

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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series  surfactants are polyethylene  glycol
trimethylnonyl ethers, non-ionic surfactants, with
no aromatic group; with cloud-point temperature of
36°C, similar to that of Triton series. Therefore, the
big potential of Tergitol TMN-6 in cloud point
extraction will be taken advantage of.

In this study, the possibility of AgNPs
enrichment by CPE based on TMN-6 as extractant
was considered. A new microextraction method
combined with  flame atomic  absorption
spectrometry (FAAS) was developed for separation,
enrichment and determination of AgNPs in
environmental waters. Factors affecting the
extraction efficiency, such as pH, concentration of
extractant, extraction time, and nature of the
extractant were studied and optimized.

EXPERIMENTAL
Chemicals and materials

All chemicals used were of analytical grade or
better and all solutions were prepared in deionized
water. Tannic acid, sodium carbonate, ammonium
sulfate, hydrochloric acid, silver nitrate, ethanol,
Tergitol TMN-6 and sodium thiosulphate, all were
purchased from (Aladdin, China).

pH SJ-4A pH meter (Shanghai, China), vortex
agitator (Shanghai, China), SK5210LHC ultrasonic
instrument (Shanghai, China), centrifuge (Shanghai,
China) and flame atomic absorption spectrometer
(AA6300, Shimadzu, Japan) were used. Samples of
waste water treatment plant (WWTP) were obtained
from Chengong (Kunming, China), the river water
sample was from Luo Long River (Kunming,
China).

Nanoparticles synthesis

Preparation of AgNO; solution and tannic acid
solution: 0.100 mol/L NaxCOs solution in deionized
water; 200 mL tannic acid solution were added to a
three-mouth bottle in a thermostated water bath
under stirring; 5mL of Na,COs solution was added
for tannin reduction; after 10 min, a certain amount
of AgNO; solution was dropwise added to the
above mixture with a constant-pressure drop funnel.
The color of the solution in the tree-mouth bottle
gradually changed from colorless to light yellow,
orange, red, and finally turned a deep red or red
brown. The stirring and heating continued for 30
min more to obtain the AgNPs. The AgNPs
concentration of the solution was determined by
FAAS.

CPE of AgNPs

AgNPs sample solution (4 mL) was placed in a
10 mL long tapered glass centrifuge tube and pH
was adjusted to 3.0 with dilute HCI. Then, 40 pL of
1M NaS;03, 80 uL of 1% (v/v) TMN-6 and 40 uL
of 1M (NH4)2SO4 were added in sequence. The
mixture was mixed and incubated at 36°C in a water
bath for 15 min, and the tube was centrifuged at
3000 rpm at room temperature for 15 min to
facilitate phase separation. The obtained TMN-6-
rich phase (<100uL), which forms a viscous droplet
was attached to the bottom of the tube. The
supernatant aqueous phase can then easily be
removed by decanting. The droplet was dissolved in
2 mL of ethanol and was submitted to FAAS
measurement.

RESULTS AND DISCUSSION
Optimization of the CPE conditions

Parameters that commonly affect the CPE
efficiency, such as salt content, surfactant
concentration, temperature, pH, and incubation
time, were optimized. pH plays an important role
on metal chelate formation and subsequent
extraction. To optimize the extraction conditions for
the nanoparticles pH was varied between 1 and 7
using hydrochloric acid for pH adjustment while the
other experimental variables remained constant.
The highest extraction efficiency was achieved at
pH 3.0 (Fig. 1) (number of replicates n=6). So, pH
3.0 was selected as the optimum pH value for
further experiments.
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Fig. 1. Effect of pH on CPE of AgNPs

For the highest possible enrichment the final
volume of the nanoparticle-rich phase should be as
small as possible. On the other hand, the extraction
efficiency of nanoparticles should not be decreased
by the use of an insufficient amount of surfactant.
Experiments with different amounts of TMN-6 at
constant overall volume and nanoparticle
concentration (Fig. 2) showed that for an aqueous
sample of 4 mL 80uL of 1% TMN-6 solution are
sufficient to meet the above criteria.
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Fig. 2. Effect of TMN-6 concentration on the
extraction efficiency
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The CPE behavior was also affected by salt
concentrations. Addition of salt can accelerate
phase separation and lower the cloud point
temperature of the surfactant solution. In this study,
(NH.)>SO4 was added as a salt to enhance the
extraction of AgNPs, and Na;S;0; as a masking
reagent to cover the interference of Ag*. When
Na,S,0z was added, thiosulfate ions and silver ions
generated thiosulfate (Fig. 3), which is soluble in
water. In this way silver ions can be eliminated
prior to the detection of AgNPs.

N8.25203+2Ag+:2Na++AgszO3l
A928203+2Na28203=AgzNa4(8203)3
Fig. 3. The reaction of sodium thiosulfate with Ag*

Fig. 4 shows the impact of (NH4).SO4
concentration on the extraction efficiency of
AgNPs. The extraction efficiency increased with
(NH.)2SO4 concentration up to 1M while the other
experimental variables remained constant. This
effect may be due to increasing interactions
between the analyte and salt in the sample solution
with increasing salt concentration, due to the salting
out effect of (NH.).SOs, and then remained
constant up to 3M.

100+

e
80
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40- e

20+

extraction efficiency(%)

%o o5 10 15 20 25 30
(NH4)2S04 concentration(M)
Fig. 4. Effect of (NH4)2SO4 concentration on the
extraction efficiency of AgNPs
To achieve easy phase separation, optimal
equilibration temperature and incubation time are
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necessary to complete extraction. The effects of
equilibration temperature and time were studied
within the ranges of 30-50°C and 15-40 min,
respectively while the other experimental variables
remained constant. It was found that an
equilibration temperature of 36°C and a time of 15
min were adequate to achieve quantitative
extraction.

In this work, the kinds of surfactant such as
Triton X-114, Triton X-100, TMN-6, TMN-10 and
Tween 20 were investigated. The results are
illustrated in Fig. 5. It shows that the extraction
efficiency was the highest with the use of TMN-6 .
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Triton X-114  Triton X-100 TMN-6 TMN-10 Tween 20

surfactants
Fig. 5. Effect of surfactants on the extraction efficiency

The high viscosity of the so prepared surfactant-
rich phase made it necessary to dissolve the sample
prior to sample introduction to FAAS. Ethanol
appeared to be a feasible solvent since it readily
dissolves the surfactant-rich phase and prevents
degradation of the enriched nanoparticles.

Evaluation of the preservation of the
nanoparticle size distribution

To gain an insight in the size distribution of the
nanoparticles in real samples it is necessary to
know whether the size distribution of Ag-NPs is
changing during the extraction procedure or not.
This was studied using TEM for imaging of the
particles before and after CPE. As shown, the size
of the particles after the extraction process is more
or less identical to the size before CPE treatment.
Thereby we concluded that the size distribution is
not affected by the present method. This supports
the results of Yang et al. that studied CPE of metal
nanoparticles [23]. This finding is particularly
important because the size determination of
nanoparticles is an important issue in the current
research. CPE samples of Ag-NPs can therefore be
used for size determination after pre-concentration.

The analytical characteristics of the method
were evaluated under the optimum experimental
conditions (Table 1).
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Table 1. Analytical characteristics of the method

Parameter Analytical feature
Linear range (ng/L) 10-1000
R? 0.9999
Limit of detection (ng/L) 6.5
RSD(%) (n=9) 2.1
Enrichment factor 57
Pre-concentration time (min) <10
Recovery (%) 96.7-108.0

Analytical features

The enrichment factor (EF), relative standard
deviation (RSD) and limit of detection (LOD) are
effective factors to evaluate a developed analytical
method. With the optimized system, the calibration
graph of AgNPs was linear over the range of 10-
1000 pg/L. The calibration equation is A=7.9x10°
2+0.003 with a correlation coefficient of 0.9999,
where A is the absorbance and C is the Ag
concentration in ug/L. The detection limit, defined
as the concentration equivalent to three times the
standard deviation of the reagent blank for AgNPs
was 6.5ug/L. The relative standard deviation for
AgNPs was 2.1% (n = 9). The relative recoveries of
AgNPs in water samples at the spiking level of 3-20
pg/L  ranged from 96.7% to 108%. The
enhancement factor, defined as the ratio of slope of
pre-concentrated samples to that obtained without
pre-concentration, was 57 for AgNPs.

Effect of foreign ions

With regard to the high sensitivity of FAAS
determination of Ag, the interferences connected
with the CPE procedure were studied due to the fact
that foreign cations may react with TMN-6 and lead
to a decrease in extraction efficiency. 10 mL sample
solution containing Ag" and other ions was
prepared and treated with the developed procedure.
The tolerance limit was defined as the foreign ion
concentration causing a change in the absorbance of
less than £5%. Table 2 shows the concentration of
the interferent ions, the recovery is tolerable. No
significant difference between recoveries for
samples with or without filtration was observed,
suggesting that the presence of natural particles in
the samples had no significant effects on the CPE of
AgNPs at a concentration of 20 pg/L. This result
indicates that FAAS can be adopted to identify and
guantify the AgNP content in environmental
samples.

Analysis of real samples

To further evaluate the applicability of the
proposed method, real environmental water samples
were analyzed and the recoveries were determined
by spiking 3-20 pug/L AgNPs. As shown in Table 3,
the obtained recoveries of AgNPs were in the range
of 96.7-108%, which was satisfactory with regard
to the low spiking level.

Table 2. Effects of the matrix ions on the recoveries of the examined metal ions

lons Concentration (ug/L) Pd Recovery (%) Ag
Na* 10x10° 105.0 104.1
K* 10x10° 104.2 104.8
CI 10x10° 103.5 102.2
Ca? 10 99.1 101.1
Mg?* 0.5 99.2 96.8
Cr3+ 0.5 100.7 98.8
Mn?2* 0.5 103.4 99.2
Zn? 0.5 102.2 100.1
Cd?* 0.5 98.7 99.7
Ni2 0.5 99.6 100.8
Pb%* 0.5 108.7 98.5
Cu® 0.5 102.6 99.9

Table 3. Determination and identification of AgNPs in environmental waters by the proposed method

Sample AgNPs added (ng/L) AgNPs found (ng/L) Recovery (%)
0 *ND _
River water 5 4.940.3 98.0+0.6
10 10.8+0.5 108.0£5.0
20 20.5+0.6 102.5+3.0
0 *ND _
3 2.9+05 96.7+16.7
WWTP 8 8.10.6 101.3+7.5
15 15.8+0.7 105.3+4.6
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Table 4. Comparison of prposed measurement with other measurements

Measureme Sample volume Detection time RSD Injection volume  LOD Reference
nt (mL) (min) (%) (n=9) (mL) (ug/L)
ICP-MS 9.5 >10 5.6 5 0.006 [18]
ET-AAS 40 5 9.5 0.2 0.005 [24]
FAAS 5 <2 21 0.2 6.5 This paper

Comparison with other measurements

Table 4 compares the characteristic data of the
proposed method with those of other methods for
AgNPs determination reported in literature. As it
can be seen, the proposed method offers a better
RSD and a lower detection time.

CONCLUSION

In this report, CPE based on TMN-6 was
demonstrated to be an efficient approach for
selective extraction and pre-concentration of trace
AgNPs from environmental water samples.
Na,S;03; was added to the extraction system as a
masking reagent of Ag* to prevent its extraction
into the TMN-6 rich phase and (NH4).SO, was
added as a salt to enhance the extraction of AgNPs.
The TMN-6-rich phase can be directly determined
by FAAS in small sample volumes with a high
sensitivity and good reproducibility. In addition, the
type of sample and matrix does not affect the
detection of AgNPs. This proposed method
provided a simple approach for quantification of
AgNPs in environmental water samples.
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EKCTPAKIMA ITPY TOYKATA HA IIOMBTHABAHE B CbUETAHUE C
ATOMHOABCOPBIIMOHHA CIIEKTPOMETPUA 3A AHAJIM3 HA CJIEAOBU
KOJIMYECTBA OT CPEBbPHU HAHOYACTHULIN B OTIIA/JHU 1 ITPUPOJHU BOIA

X.3. V12 J1.®. Mpu?"

L Koneoic no munno unscenepcmeso, I'vuscoycku ynueepcumem no unscenephu nayku, Buoscue 551700, Kumail
2 Koneoic no unocenepna xumus, I'yusicoycku ynueepcumenm no umnsicenephu nayku, Buoxcue 551700, Kumaii

Iocrenuna va 8 stuyapu 2018 r.; kopurupana Ha 10 anpun 2018 r.
(Pesrome)

Paspaboten e MeTom 3a ekcTpakumsi mnpu Touykata Ha mnombrHsBaHe (CPE) ¢ wu3nomsBane Ha HEHOHHOTO
MMOBBPXHOCTHO aKTHBHO BemlecTBO Teprutodl TMN-6 3a u3BIMYaHe W KOHIEHTpUpaHE Ha CPeOBPHU HAHOYACTHITH
(AgNPs). EdexrusHo paszensHe Ha HoHHHTE GopMu Ha cpebporo or AGNPS € mocTUrHATO C IMOMOIITAa HA HATPUEB
trocyndar (NaS,03) kato mackupamny pearent. Jlo6assaero Ha 1M (NH4),SO4 nomo6psiBa pasmensiHeTo Ha ¢hazute u
MoBHINaBa cTenenra Ha excrpaknus Ha AGNPs. ®akrop Ha oborarssane oT 57 e mocturaar ¢ 1% (v/v) TMN-6, kato
n3pimuanero Ha AgNPS, no6aBeHr KbM BoauTe, € B rpanuire ot 96.7% no 108%. I'panurara na orkpusane (LOD) ¢
IUIAMBKOB aTOMHOA0COPOIMOHEH METOJ 3a KOJIMYECTBEHO ompeneisHe € 6.5 ug/L. OTHOCHTETHOTO CTaHIAPTHO
orkinonenue (RSD) e 2.1% (n=9). PaspaboTenust MeTon npe/ara epeKTHBEH MOIX0/ 3a ONpeIeIsTHE U IPOCIesIBaHe
cbabpkanneTo Ha AQNPS B mpupoaHu Bou.
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Effects of sodium polyacrylate and potassium polymer on growth and physiological
characteristics of different flue-cured tobaccos
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To investigate water retention effects and physiological regulation mechanism of water-retaining agents on the
growth and development of different flue-cured tobacco varieties, a pot experiment was conducted using ‘Yuyan 6’ and
“Yuyan 10’ to study the effects of sodium polyacrylate and potassium polymer on the agronomic characteristics, the
root activity, the activity of antioxidant enzymes, the content of malondialdehyde (MDA) and proline in the leaves of
flue-cured tobaccos. The results were as follows. (1) The application of water-retaining agents increased the plant
height, the stem diameter, the number of effective leaves, the maximum leaf area and the root activity of flue-cured
tobaccos and the effects were more significant for Yuyan 10 of relatively poor drought resistance. (2) The activity of
SOD, POD and CAT of flue-cured tobaccos treated with water-retaining agents was reduced to different extents. (3)
The application of water-retaining agents lowered the MDA content of flue-cured tobaccos but the effects were more
significant for Yuyan 10 of relatively poor drought resistance. (4) The application of water-retaining agents decreased
the proline content of flue-cured tobaccos under drought conditions, but the decrease of proline content in Yuyan 6 was
larger than that in Yuyan 10. Yuyan 6 was highly drought-tolerant, so water-retaining agents could better promote the
adaptability of Yuyan 10 to drought stress. Furthermore, water-retaining agent potassium polymer showed a stronger
regulatory capability for the growth and physiological metabolism of flue-cured tobaccos than water-retaining agent

sodium polyacrylate.

Keywords: Water-retaining agents; Flue-cured tobaccos; Growth; Physiological characteristics

INTRODUCTION

Tobacco is one of the important economic crops
in China [1]. Moisture is a major consistent of
tobacco plants, as well as an indispensable
environmental factor in the growth and metabolism
of tobacco [2]. At present, many soils of the world
are rather short of water resources, especially in
agricultural production [3]. The shortage of water
resources in tobacco cultivation is intensified day
by day. Drought stress gives rise to serious
abnormal physiological and biochemical changes of
tobacco plants and further decreases the output and
guality of tobacco leaves [4]. Therefore, it is of
great significance to develop drought-resistant and
water-saving tobacco cultivation and achieve
superior quality and stable output of flue-cured
tobaccos.

In recent years, water-retaining agents, have
been rapidly introduced in agricultural production
as anti-drought chemical agents which can soon
absorb moisture hundreds of times as much as their
mass [5]. The role of water retaining agents has
caught the attention of experts from the whole
world [6]. Water-retaining agents can improve the
infiltration rate of soil moisture and reduce direct

* To whom all correspondence should be sent.
E-mail: : wxhuang@henau.edu.cn; shf.email@163.com

surface runoff [7-9], thus playing a key role in the
response to drought stress [10]. Y.H, Yang et al.
found that the application of water-retaining agents
increased the soil moisture content in different
growth stages of winter wheat, as well as the
accumulation of dry matter [11]. D.H. Liu et al.
also proved that water-retaining agents significantly
promoted the photosynthetic productivity and the
accumulation of biomass of potatoes [12]. Under
drought conditions, the application of water-
retaining agents is of importance in the growth of
tobaccos [13-15]. In this paper, a pot experiment
was conducted using ‘Yuyan 6’ of relatively good
drought resistance and ‘Yuyan 10’ of relatively
poor drought resistance [16] to study the effects of
sodium polyacrylate [(CsHsNaOz)n] and potassium
polymer on the agronomic characteristics, the root
activity, the activity of antioxidant enzymes, the
contents of malondialdehyde (C3H4O ) (MDA) and
proline (CsHgNO>) in tobacco leaves (see Fig. 1.),
aiming to figure out the physiological regulation
mechanism of different water-retaining agents in
the growth of flue-cured tobaccos and provide
theoretical references for water-saving tobacco
cultivation.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Fig. 1. a: Chemical structure of malondialdehyde; b: Chemical structure of proline.
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Fig. 2. Chemical structure of the effective components in two water retaining agents. A: Changhao anti-drought

water-retaining agent; B: Shenghua water-retaining agent.
EXPERIMENTAL DETAILS

The pot experiment was conducted under a
rainproof shelter in the agricultural experimental
zone of the new campus of Henan University of
Science & Technology in Luoyang in 2015. Two
water-retaining agents were applied (Fig. 2.): A.
Changhao anti-drought water-retaining agent,
which  was mainly composed of sodium
polyacrylate [(CsHsNaO),], white, granulated,
crystalline, with a water absorption rate of 150
times, purchased from Changhao Environmental
Science & Technology Co, Ltd; B. Shenghua water-
retaining agent, which was a kind of potassium
polymer absorbent material prepared with modified
starch [(CsH100s)n], acrylonitrile (CsHsN) and
acrylamide (CsHsNO), white powdered, with a
water absorption rate of 200 times, provided by
Changsha Shenghua Science & Technology
Development Co., Ltd.

The flue-cured tobaccos for the experiment
were ‘Yuyan 6’ and ‘Yuyan 10’ provided by

Luoyang’s Luoning tobacco workstation and
cultivated in plastic pots with a row spacing of 100
cmx50 cm. Each plastic pot had a height of 35 cm,
an inner diameter of 40 cm and was filled with 20.0
kg of cinnamon sandy soil which passed through a
0.5 cmx1 cm mesh sieve and contained organic
matter 19.8 g/kg, available nitrogen 67.6 mg/kg,
rapidly available phosphorous 14.5 mg/kg and
rapidly available potassium 147.5 mg/kg, with a pH
value of 7.45. In all treatments, NPK fertilizer and
5 g of pure nitrogen were applied to each pot.
N:P20s5:K,0=1:1.5:3. Where necessary, calcium
phosphate and potassium sulfate were used to
supplement inadequate phosphorus and potassium.
The flue-cured tobacco plants were transplanted

on May 21, 2015. A total of six treatments were
designed (Table 1) and 50 flue-cured tobacco plants
were cultivated in 50 pots separately in each
treatment, totaling 300 flue-cured tobacco plants.
Before transplanting, water-retaining agents, NPK

Table 1. Experimental treatments

Treatments Water Retaining Agents
Yuyan 10 CK Without water retaining agents
Yuyan 10 T1 With water retaining agent A (sodium polyacrylate)
Yuyan 10 T2 With water retaining agent B (potassium polymer)
Yuyan 6 CK Without water retaining agents
Yuyan 6 T1 With water retaining agent A (sodium polyacrylate)
Yuyan 6 T2 With water retaining agent B (potassium polymer)
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fertilizer and soil were homogeneously blended and
put into pots. Then, the flue-cured tobacco plants
were watered with 2 L to resume growth and the
watering volumes were equal in all treatments.
Afterwards, the maximum field capacity was
measured using the cutting-ring method [17], and
TDR-100 soil moisture  content  analyzer
(SPECTRUM, USA) was used to determine the soil
moisture content. The flue-cured tobacco plants
were subject to moderate water stress 10 d before
sampling and measurement based on relative soil
moisture contents at 50%, 70% and 60% of the
maximum field capacity in the root extending stage,
the vigorous growth stage and the maturity stage,
respectively.

The plant height and the maximum leaf area of
flue-cured tobaccos were measured using a tape of
millimeter graduation, the stem diameter was
measured with a vernier caliper and the number of
effective leaves was recorded at the time [17], in
which the maximum leaf area = the maximum leaf
length x the maximum leaf width x 0.6345 (the leaf
area index of flue-cured tobacco).

The sampling began 30 d after transplanting and
later was conducted at 9:00 a.m. every 15 d. The
top-down fifth fully-expanded leaves of three flue-
cured tobacco plants were collected in each
treatment each time. The fresh samples were placed
in an ice tray and brought back to laboratory soon.
The measurement of different indicators was
repeated three times. The root activity was
measured using the TTC method [18]; superoxide
dismutase (SOD) activity was determined using the
nitroblue tetrazolium reduction method [19];
peroxidase (POD) activity was measured with the
guaiacol method [18]; catalase (CAT) activity was
determined using the ultraviolet absorption method
[19]; malonaldehyde (MDA) content was measured
by the thiobarbituric acid method [18]; proline
content was determined by the ninhydrin method.

RESULTS AND DISCUSSION

It can be seen from Table 2 that the plant height,
the stem diameter, the number of effective leaves
and the maximum leaf area of Yuyan 6 were larger
than those of Yuyan 10 in CK treatment and that the
application of water- retaining agents increased the
plant height, the stem diameter, the number of
effective leaves and the maximum leaf area of both
Yuyan 6 and Yuyan 10 under drought stress. On the
301 d, 45" d and 75" d after transplanting, the plant
height of Yuyan 10 in T2 treatment was

significantly above that in CK treatment by 31.9%,
25.2% and 18.4%, respectively; on the 30" d, 45" d
and 60" d after transplanting, the maximum leaf
area of Yuyan 10 in T2 treatment increased by
27.5%, 429% and 20.8% respectively in
comparison with CK treatment; on the 60" d and
75" d after transplanting, the number of effective
leaves of Yuyan 10 in T2 treatment was
significantly higher than that in CK treatment by
10.0% and 13.5%, respectively. The plant height,
the number of effective leaves and the maximum
leaf area of Yuyan 6 were T2>T1>CK in different
growth stages, but the differences were
insignificant. Thus, it can be inferred that the
application of water-retaining agents could promote
the growth of flue-cured tobaccos but the
promotional effects on Yuyan 10 of relatively poor
drought resistance were more significant.

The root system is an important organ for
adsorption of nutrients and moisture in soil and the
root activity directly affects the drought resistance
of crops [20-22]. As can be seen from Table 3, from
the 30" d to the 75" d after transplanting, the root
activity of flue-cured tobaccos increased at first,
reached a maximum on the 60" d after
transplanting and decreased from then on in
different treatments. The root activity of Yuyan 6
was higher than that of Yuyan 10 in CK treatment
and the application of water- retaining agents
improved the root activities of both Yuyan 10 and
Yuyan 6. On the 30" d after transplanting, the root
activity of Yuan 10 in T1 and T2 treatments
displayed significant differences from that in CK
treatment; 45 d, 60 d and 75 d after transplanting,
the root activity of Yuan 10 in T2 treatment was
significantly different from those in T1 and CK
treatments; what’s more, on the 60" d after
transplanting, the root activity of Yuyan 10 in T2
treatment was higher than those in T1 and CK
treatments by 29.4
% and 25.0%, respectively. From 30 d to 60 d after
transplanting, the root activity of Yuyan 6 had no
significant differences; 75 d after transplanting, the
root activity of Yuyan 6 in T2 and T1 treatments
significantly differed from that in CK treatment and
increased by 138.33 ug/(g-h) and 249.44 pg/(gh),
respectively. Therefore, it can be concluded that the
application of water- retaining agents could
enhance the root activity of flue-cured tobaccos and
was favorable to the growth of the root system
under drought conditions.
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Table 2. Comparison of agronomic characteristics of flue-cured tobacco plants in different treatments

. Flue-cured Days after transplanting (d)
Indicators Tobaccos Treatments 30 a5 60 75
CK 15.67+1.53 b 47.67£7.02 b 70.00+3.46 ab 100.50+0.71 b
Yuyan 10 T1 17.33t1.53ab  53.67+1.53 ab 72.00+10.15 a 109.00+1.41 ab
Plant T2 20.67+2.08 a 59.67+4.04 a 78.67+6.66 a 119.00+9.90 a
height/cm CK 20.33+2.31a 55.33+1.53 a 76.00+5.57 a 117.50+10.61 a
Yuyan 6 T1 22.33t1.53a 54.33+6.03 a 79.67+11.93 a 120.00+19.80 a
T2 24.33+2.31a 58.67+0.58 a 87.67+14.64 a 127.50+3.54 a
CK 3.80+0.17 a 7.13+0.61a 7.50+0.87 a 7.25+0.35a
Yuyan 10 T1 3.83+0.29 a 7.33t0.29 a 7.60+0.36 a 7.50+0.71a
Stem T2 4.00+0.50 a 7.83+0.76 a 8.17+0.29 a 8.00+0.00 a
diameter/cm CK 3.83+0.29 a 7.83+0.29 b 7.83£0.29 a 8.00+0.00 a
Yuyan 6 T1 3.93+0.06 a 8.33+£0.58 ab 8.00+0.00 a 8.25+1.06 a
T2 4.00+0.00 a 9.00+0.50 a 8.17+0.76 a 8.25+0.35a
CK 9.33t1.15a 13.00+0.00 a 16.67+0.58 b 18.50+0.71b
Number of Yuyan 10 T1 9.67+0.58 a 13.33+0.58 a 18.00+0.00 a 20.50+0.71 a
offective T2 10.00+£1.00 a 13.33+1.15a 18.33+0.58 a 21.00+0.00 a
leaves CK 10.00+£1.00 a 14.67+0.58 a 17.00£1.00 a 19.00+1.41a
Yuyan 6 T1 11.00+£1.73 a 15.00+1.00 a 17.33¢1.53a 20.00+1.41 a
T2 10.67+0.58 a 15.33+0.58 a 19.00+1.00 a 21.50+0.71 a
CK 386.83+28.18 b  692.66+58.28 b  928.92+26.23 b  1054.68+134.80 a
Maximum Yuyan 10 T1 432.94+32.50 b 870.27+51.76 ab 956.00+122.59 ab 1206.26+102.19 a
leaf T2 493.34£9.03a 990.10+155.69a 1122.43+101.14a 1249.68+410.57 a
area/cm? CK 447.96+£71.40a 755.00+86.26a 938.64+112.61a  1355.50+68.59 a
Yuyan 6 Tl 499.25+32.10a 913.77+215.12a 1144.50+180.36a 1452.00+69.30 a
T2 526.00£42.99a 941.15+11495a 1147.86£107.37a 1472.25+113.49a

Note: The data followed by different letters in each column are not significantly different at 0.05 level from each other according

to Tukey Test. The same as below.

Table 3. Comparison of root activities of flue-cured tobaccos in different treatments, unit: pug/(g-h)

Flue-cured Days after transplanting (d)
Tobaccos Treatments 30 45 60 75
CK 218.89+21.21b  458.89+19.64b  585.00+28.28b  130.00+30.64b
Yuyan 10 Tl 338.89+46.35a  514.72+57.75b  605.56+25.93b  239.44+25.14b
T2 44556+35.36a  650.00£25.93a  757.22+40.86a 387.22+45.57a
CK 290.56+7.86a  538.33+153.99a 646.11+50.28a 235.00+42.43b
Yuyan 6 Tl 377.22+66.00a  637.78+71.50a  701.11+62.07a  373.33%7.07a
T2 375.56+£76.21a  707.78+54.21a  704.44+40.07a 484.44+43.21a

Fig. 3 shows that the SOD activity declined in
the whole growth stage in the different treatments.
From 30 d to 75 d after transplanting, the SOD
activities of Yuyan 10 in different treatments were
T2<T1<CK and had significant differences. The
SOD activity of Yuyan 10 in T2 treatment differed
significantly from that in CK treatment and dropped
by 45.7%, 33.1%, 50.3% and 39.2%, respectively;
on the 75" d after transplanting, the SOD activities
of Yuyan 10 in T1 and T2 treatments were
significantly different from that in CK treatment and
dropped by 42.1% and 43.5%, respectively. In CK
treatment, the SOD activity of Yuyan 6 was higher
than that of Yuyan 10. The flue-cured tobaccos
differed in their responses of SOD activity to
drought and the application of water-retaining
agents could reduce the SOD activity of flue-cured
tobaccos, but the reduction effects were diversified.

Fig. 4 shows that the POD activity increased
from 30 d to 75 d after transplanting in different
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treatments. The increase in the POD activity in the
late growth stage was probably the result of
physiological and biochemical reactions of flue-
cured tobacco plants in the maturity and senescence
stage, that is to say, POD converted carbohydrates
in the tissues of flue-cured tobaccos into xylogen. In
CK treatment, the POD activity of Yuyan 10 was
higher than that of Yuyan 6 because the POD
activity of tobacco leaves reflected not only the
extent of stress but also the drought resistance, that
is, the higher the POD activity, the weaker was the
drought resistance of flue-cured tobaccos. 30 d, 60 d
and 75 d after transplanting, the POD activities of
Yuyan 10 in T2 treatment were significantly
different from those in CK treatment and dropped
by 50.8%, 32.8% and 40.1%, respectively. The POD
activities of Yuyan 6 in the whole growth stage were
T2<T1<CK and no significant differences were
observed.
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It can be seen from Fig. 5 that the CAT activity
gradually decreased in the whole growth stage in
the different treatments. 60 d and 75 d after
transplanting, the CAT activities of Yuyan 10
treated with water retaining agents had significant
differences from those in CK treatment; 60 d after

transplanting, the CAT activities of Yuyan 10 in T1
and T2 treatments dropped by 44.3% and 46.8 % in
comparison with CK treatment; on the 75" d after
transplanting, the CAT activities of Yuyan 10 in T1,
T2 and CK treatments showed significant
differences. The CAT activities of Yuyan 6 were
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T2<T1<CK in different growth stages and the
CAT activities of Yuyan 6 in T2 and T1 treatments
were lower than that of CK treatment by 47.9% and
64.4% on the 75" days after transplanting.

Malonaldehyde (MDA) is a product of cellular
membrane lipid peroxidation and the MDA content
is a main indicator that reflects the extent of
peroxidation damages of cellular membrane system
of plants [23]. It can be seen from Table 4 that the
MDA contents increased from the 30" d to the 75
d after transplanting in different treatments. The
MDA contents were relatively low in the early
growth stage but went up in the late growth stage,
which was probably due to the physiological
metabolism within flue-cured tobaccos in the
maturity stage. In CK treatment, the MDA contents
of Yuyan 6 were lower than those of Yuyan 10 in
different growth stages, which suggested that Yuyan
6 was able to maintain a certain protective
endoenzyme activity under drought stress, scavenge
free radicals and reduce the extent of cellular
membrane lipid peroxidation.  Yuyan 10 of
relatively poor drought resistance suffered from
severe damages and could not resist adverse water
stress. In the whole growth stage, the MDA
contents of Yuyan 6 in different treatments were
T2<T1<CK but had no significant differences. 30 d
and 45 d after transplanting, the MDA contents of
Yuyan 10 treated with water-retaining agents were

significantly different from those in CK treatment;
from 30 d to 75 d after transplanting, the MDA
contents of Yuyan 10 in T2 treatment had
significant differences from those in CK treatment
and dropped by 50.6%, 37.4%, 39.0% and 29.6%,
respectively. Thus, it can be seen that the
application of water-retaining agents could reduce
the MDA contents of flue-cured tobaccos and the
reduction effects on Yuyan 10 of relatively poor
drought resistance were more significant.

The effects of different water-retaining agents
on the proline contents of flue-cured tobacco leaves
are shown in Fig. 6 and it can be seen that the
proline contents of flue-cured tobaccos increased at
first but dropped later from 30 d to 75 d after
transplanting in different treatments. In the whole
growth stage, the proline contents of Yuyan 10 in
T2 treatment were lower than those in CK
treatment by 46.4%, 51.7%, 51.1% and 36.5%,
respectively. From 30 d to 60 d after transplanting,
the proline contents of Yuyan 6 in T1 and T2
treatments significantly differed from those in CK
treatment, that is, the proline contents of Yuyan 6 in
T1 treatment dropped by 54.7%, 57.1% and 47.0%
and the proline contents of Yuyan 6 in T2 treatment
dropped by 75.6%, 67.9% and 49.7% in
comparison with CK treatment. The decreases of
proline content of Yuyan 6 between CK and T1, T2
treatments were larger than those of Yuyan 10.

Table 4. Comparison of MDA contents of flue-cured tobacco leaves in different treatments, unit: nmol/g

Flue-cured Days after transplanting (d)
Tobaccos Treatments 30 45 60 75
CK 372.08+22.58a 518.05+45.21a 574.43t+52.45a  659.87+27.90a
Yuyan 10 Tl 236.30+19.24b  412.58+28.42b  471.59+20.87ab  626.21+45.93a
T2 183.67+9.47b  324.37+16.17b  350.63+48.26b  464.32+38.92b
CK 211.66+16.81a  422.28+24.50a  464.58+43.63a  521.94+13.36a
Yuyan 6 T1 179.05+22.71a  410.404£59.14a  424.56%£22.15a  491.90%47.37a
T2 174.06£29.92a 314.50+71.96a 361.81+40.86a  449.21+75.63a
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Thus, it can be inferred that the application of
water-retaining agents reduced the proline contents
of both Yuyan 6 and Yuyan 10 under drought stress
but the reduction effects on the former were larger
than those on the latter.

CONCLUSIONS

The root system is the main organ for absorption
of water and nutrients for tobacco plants and
directly affects the growth of flue-cured tobaccos
[24]. Apart from the genetic factors, the growth of
the root system is mainly affected by the
environmental factors like moisture content,
nutrients in soil, etc. Therefore, the root activity is
closely related to the soil moisture content. J. Zhang
et al. [25] proved that the root activity of flue-cured
tobaccos declined under drought stress. Our
experimental results showed that the root activity of
Yuyan 6 was higher than that of Yuyan 10 under
drought conditions without applying water-
retaining agents, so it can be inferred that the
physiological metabolism of the root system of
Yuyan 6 was more active. The application of water-
retaining agent B (potassium polymer) enhanced
the root activity of flue-cured tobaccos in the
different growth stages. This is probably due to the
application of a water-retaining agent which
improves the soil aeration or a soil moisture sub-
environment is formed around the root system and
both water and nutrients are effectively conserved.

The production and scavenging of active oxygen
in plants are in dynamic balance under normal
conditions but a great deal of active oxygen will be
accumulated under adverse stress, so the anti-
oxidant enzymes like SOD, POD and CAT are of
great importance to maintain the physiological
functions of cells. According to relevant studies, the
activity of anti-oxidant enzymes in plants generally
shows an increasing tendency under drought
conditions [26]. B.L. Xiao et al. [27] found that
drought increased the SOD activity of flue-cured
tobacco. In our experiment, it was found that the
SOD and CAT activities of Yuyan 6 were higher
than those of Yuyan 10 but the POD activity of
Yuyan 10 was higher than that of Yuyan 6 under
drought stress without applying water retaining
agents. This was probably because the POD activity
reflected the extent of stress damages and the
higher the POD activity, the weaker was the
drought resistance of flue-cured tobaccos. The
application of water-retaining agents reduced the
SOD, POD and CAT activities of flue-cured
tobaccos but the reduction effects were diversified.
It can be inferred that flue-cured tobaccos differed
in their responses of anti-oxidant enzymes to
drought.

The dynamic balance between production and
scavenging of active oxygen in plants is broken
under drought conditions so that a great deal of
active oxygen is accumulated in plants, which leads
to cellular membrane lipid peroxidation. MDA is
the final product of the cellular membrane lipid
peroxidation and the higher the MDA content, the
greater damages plants suffer from [28]. Our
experimental results showed that the application of
water retaining agents reduced the MDA contents
of flue-cured tobaccos and the reduction effects on
Yuyan 10 of relatively poor drought resistance were
more significant.

The MDA content in leaves of Yuyan 6 was
significantly lower than that of Yuyan 10, which
indicated that Yuyan 6 was able to reduce the
cellular membrane lipid peroxidation under drought
stress and the tissue membrane system of Yuyan 6
had a stronger drought-resistant ability. In
comparison with Yuyan 10, Yuyan 6 could better
adapt to the drought stress. When plants suffer from
a drought, a great deal of osmotic regulation
substances is accumulated within plants and the
osmotic potential is reduced so as to adjust the cell
turgor and maintain normal life activities [29]. In
general, proline exists in plants in the free state and
is an important osmotic regulation substance within
plants. The proline content can reflect the stress
degree for plants to some extent [30]. The proline
content in plants is rather small (0.20~0.69 mg/g)
under normal conditions but a great deal of proline
is accumulated under drought conditions [31]. H.Y.
Lu et al. [31] came to the conclusion that the
application of water-retaining agents could decrease
the contents of MDA and proline in leaves. Our
experiment showed that the application of water-
retaining agents reduced the proline content of
tobacco leaves but water- retaining agent B
(potassium polymer) had more significant reduction
effects. Under drought conditions, the proline
content of Yuyan 6 was largely increased, which
was favorable to osmotic regulation, reduction of
osmotic potential and improvement of drought-
resistant ability, while the proline content of Yuyan
10 was slightly increased and the drought resistance
of Yuyan 10 was poor.

It is reported that the constituents of water-
retaining agents, the soil conditions of experimental
fields, the crop species for experiment, as well as
the experimental conditions like local climate may
lead to differences in experimental results [32]. X.J.
Guan et al. [33] showed that more than 90% of
water conserved by high-quality water-retaining
agents of good performance could be taken in by
plants but about 1/3 of water conserved by water-
retaining agents of poor performance could not be
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absorbed by plants. Some relevant studies suggest
that an overdose of sodium acrylate which
participates in cross-linking polymerization may
result in an impairment of plants and soil structure
but the water retention performance and stability
will be improved and water retaining agents will be
conducive to the growth of plants and soil
amelioration after degradation if potassium acrylate
is put into use [34]. In our experiment, water
retaining agent B (potassium polymer) is mainly
composed of potassium acrylate and has a moderate
water absorption rate, so its water retention ability
and stability are better and promotional effects for
the growth and physiological regulation capability
of flue-cured tobaccos are more significant than
those of water- retaining agent A (sodium
polyacrylate). Instead, water-retaining agent A
(sodium polyacrylate) is mainly composed of
sodium acrylate and its effects on the growth of
flue-cured tobaccos in different growth stages are
weaker. Above all, the growth and physiological
metabolism of flue-cured tobaccos can be improved
as long as proper water-retaining agents are applied.
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BJIIMAHUE HA HATPUEB ITOJIMAKPUIIAT U KAJIMEB ITOJIMMEP BBPXY PACTEXA 1
OU3NOJIOTUYHUTE ITAPAMETPU HA PA3JIMYHU OITYIIEHU TIOTIOHU

VY .Kc. Xyan*, 3.3. Veii, .. Huy, U.JIx. xan, X.®. [Hao*

Koneoic no usyuasane na mromiona, Xenancku ceickocmonancku ynusepcumem, Jeunxorcoy, Xenan, 450002, Kumaii
IMoctrenmna Ha 14 suayapwu, 2018 r.; kKopurupana Ha 7 ¢eBpyapu, 2018 T.
(Pesrome)

3a u3yyaBaHe Ha 3aIbP)KAHETO HAa BOJATa M MEXaHW3Ma Ha (DM3HOJOTMYHOTO PEryiHpaHe Ha BOJO3aJbpIKally
areHTH BBPXY pacTe)a U pa3BHTHETO Ha Pa3iIMYHU COPTOBE ONYLICHH TIOTIOHH € NPOBEICH eKCIIEPHMEHT B CAKCUH ChC
coproBere ‘Yuyan 6’ u ‘Yuyan 10’. M3cnenBaHo ¢ BIMSHHETO Ha HAaTPUEB MOJIMAKPHIAT U KaJHMEB HOJUMEP BBPXY
arpOHOMHUYHHUTE XapaKTePUCTHKH, KOPEHOBaTa aKTHBHOCT, aKTHBHOCTTA Ha aHTHOKCHJIAHTHUTE €H3UMH, ChIBPKaHHETO
Ha ManoHoB auanxuapua (MDA) u mponuH B JHMCTaTa Ha OMYLNICHH TIOTIOHH. YCTaHOBeHO ¢ cieaHoto: (1)
W3znon3BaHeTo Ha BOMO3abpiKally areHTH BOAM 10 IOBHUILIABAHE HAa BHCOYMHATA HA PACTEHHUETO, AMAMEThpa Ha
cTB0J0TO, Oposi Ha eeKTHBHHUTE JIMCTAa, MAKCMMaJIHAaTa IUIOL] Ha JINCTaTa ¥ KOPEHOBAaTa aKTHBHOCT Ha OIYIICHHTE
TIOTIOHH M BIIMSHHETO € IIO-CHUIHO M3Pa3eHo IpH coprta Yuyan 10, xapakTepusupani ce ¢ Io-Majika U3IbPKIIMBOCT Ha
cyma. (2) AxtuBaocrra Ha SOD, POD m CAT Ha omymieHHWTEe TIOTIOHH, TPETHPAaHU C BOJO33aTbpKallld areHTH
HaMalsiBa B pasnuyHa creneH. (3) [IpuiaraneTo Ha BOIO3aAbp)Kalll areHTH MOHMKaBa ChabpxaHueTo Ha MDA, HO
edexTsT € mo-cHiIHO m3paseH npu Yuyan 10. (4) [IpunaraHero Ha BOJO3aqbpiKalld areHTH ITOHMKaBa ChIBPKAHHETO
Ha TPOJUH IO-CBHIIECTBEHO mpu YUuyan 6, oTkonkoro mpu Yuyan 10. Yuyan 6 e mo-TojepaHTeH KbM CyIIa, Taka de
BOJ03aIbPXKAIINTE arcHTH CTUMYJIHpAT IMO-1o0pe amantupaHero Ha Yuyan 10 keMm cTpec oT cyma. KamueBusrt
MOJMMEp NIEMOHCTpUpa IO-CHJICH PEryjaTopeH KamaluTeT BbpXy pacTexa M (U3HONOTHYHHS MeTaboJIM3bM Ha
OIYLICHH TIOTIOHU OT HATPUEBUS MOJIMAKPHJIAT.
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Effects of deposition pressure on Cu,ZnSnS, films prepared by one-step sputtering
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CuZnSnS, (CZTS) films were deposited from single-phase Cup,ZnSnSs quaternary compound target by RF
sputtering without post sulfurization process. The as-prepared CZTS films were annealed with 400°C in Ar atmosphere
to obtain the single-phase kesterite structure. The influence of sputtering pressure on surface morphology, crystal
structure, optical absorption coefficient, band gap, and the influence of the chemical composition of CZTS films was
investigated. The diffraction peaks of (112) are sharp and the characteristic peaks of the kesterite-type structure such as
(220) and (312) are clearly observed in X-Ray Diffraction patterns. The composition and optical properties of the
samples were determined with energy dispersive X-ray spectroscopy (EDS) and UV-VIS-NIR spectrophotometer.
While at the sputtering pressure of 0.2 Pa, an attractive Cu-poor and Zn-rich, large grain size and single-phase CZTS
film can be obtained. Research result show that the CZTS films exhibit a high absorption coefficient of the order of 10*

cmt, and an optical band gap of 1.49 eV.

Keywords: CuZnSnSs (CZTS) thin film, Crystal structure, Band gap, Magnetron sputtering, Sputtering pressure.

INTRODUCTION

Copper zinc tin sulfide (CuzZnSnS., CZTS)
quaternary semiconductor is emerging as a
potential candidate that has several promising
attributes for efficient, inexpensive solar cells made
from abundant and nontoxic elements. CZTS
compound is derived by replacing indium (In) and
gallium (Ga) elements with zinc (Zn) and tin (Sn)
elements in the chalcopyrite-type lattice of
Cu(In,Ga)Se, (CIGS). The band gap of CZTS has
been reported to be about 1.5 eV, very close to the
top absorbent layer band gap of the solar cell that
results in a theoretical efficiency limit more than
32% [1-4]. The absorption coefficient of CZTS
rises rapidly above the band gap energy and quickly
reaches over 10* cm? so that a few microns thick
film can absorb nearly all the solar radiation above
the band gap. CZTS thin film solar cells have
reached an efficiency of 8.6% and those based on a
Cu2ZnSn (S,Se)s absorber layer have reached an
efficiency of 11.6% [5,6], demonstrating the
promising prospect of the CZTS technology.
However, there are no detailed reports on the study
of CZTS cells in the past years due to the lack of
complete understanding of the parameters
governing the low-efficiency performance.

To simplify the preparation procedure, a
straightforward one-step deposition of CZTS films
by magnetron sputtering without post-annealing

* To whom all correspondence should be sent.
E-mail: : hgyang@htu.cn
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treatment has been explored. In this process,
deposition parameters such as sputtering energy,
substrate temperature and gas pressure could affect
the film properties [7,8]. Sputtering pressure is one
of the most important factors which affect the phase
formation and morphology of the films by
controlling the diffusion, aggregation and growth
behaviors of deposited particles. In this work,
polycrystalline CZTS films were deposited from
single-phase Cu>ZnSnS; quaternary compound
target at different sputtering pressures by one-step
radio frequency (RF) sputtering. The crystal
structure, chemical composition, surface
morphology and optical properties of CZTS films
were examined.

EXPERIMENTAL DETAILS

Cu2ZnSnS; thin films were directly deposited on
glass substrates with a CZTS ceramic target by
radio frequency magnetron sputtering process. The
CZTS target used was composed of kesterite-
structure CuZnSnS, powder through cold pressure
method at 40MPa, the atomic ratios of the elements
Cu, Zn, Sn, S was 2:1:1:4. Glass substrates were
thoroughly cleaned with acetone and ethanol.
Sputtering process was carried out in pure argon
(99.99%) atmosphere with a substrate at room
temperature. The distance between target and
substrate was 15 cm and RF sputtering power was

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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70 W. Deposition pressure was maintained at 0.2
Pa, 0.3 Pa and 0.5 Pa, respectively. The total
deposition time of the CZTS films was 60 min. The
as-prepared CZTS films were annealed at 400°C in
Ar atmosphere for 180 min.

The crystal structure of both target and thin
films deposited on glass substrates were
characterized by X-ray diffractometry (XRD, DX-
2000). The surface morphology and composition of
samples were determined by scanning electron
microscopy (SEM, FEI Quanta FEG 250) and
energy dispersive spectroscopy (EDS, FEI Quanta
FEG 250). The optical reflectance and
transmittance spectra were measured by UV-VIS-
NIR spectrophotometry (Shimadzu UV-3600).

RESULTS AND DISCUSSION

Table 1 summarizes the chemical composition
of CZTS thin films as a function of deposition
pressure in the range from 0.2 to 0.5 Pa. The
quaternary CZTS ceramic target used in this one-
step sputtering process was a stable kesterite phase
in which the sulfur element was well bonded to
other elements. During the sputtering process, four
elements were simultaneously sputtered by Ar ions
and arrived on unheated substrates to directly form
CZTS thin films. Energy dispersive spectroscopy
(EDS) measurement results showed that all film
compositions strongly depend on the sputtering
pressure of the grown CZTS film. The
spontaneously developed CZTS films on the
unheated substrates by sputtering from a quaternary
CZTS target provided a simple route to prepare
CZTS absorbers with effective utilization of sulfur.
It was found that the stoichiometry of quaternary
CZTS films is easily controlled by the single-step
sputtering deposition, and the composition of the
as-grown films could be adjusted with changing the
sputtering parameters [9-10]. The ratios of Cu/(Zn
+Sn) and Zn/Sn of the thin film fabricated at
different sputtering pressures were in the range of
0.54-0.78 and 0.69-0.80, respectively. On
decreasing the sputtering pressure, the proportion of
copper was gradually reduced, but Zn and Sn ratio
was gradually increased, which indicates that the
sputtering pressure drop will exacerbate the loss of
Cu element. For the efficient absorption of the
CZTS thin film solar cell, the ratio of
[Cul/([Zn]+[Sn]) was between 0.7~1.0, and

[Zn]/[Sn] - between 1.0~1.4, this would dominate
the conversion efficiency of CZTS thin film solar
cell [9,11,12]. It is believed that the increase in the
proportion of S and Zn in the target material may
bring the chemical composition of the samples
close to the expected value.

Fig. 1 shows the XRD patterns of the CZTS
targets and the CZTS thin film samples. The
diffraction peaks of CZTS targets are consistent
with the diffraction peak of kesterite structure of
CZTS. The four diffraction peaks at 2 6 = 28.60°,
33.90° 47.58°, and 56.36° of the samples (a)-(c) can
be attributed to the diffraction of (112), (200),
(220), (312), respectively The peaks are specific to
the kesterite structure of CZTS based upon JCPDS
26-0575 [13,14]. As the sputtering pressure
decreases, the intensities of the (112), (220) and
(312) preferred diffraction peaks become stronger.
The peak intensity of the CZTS film increases due
to the increase in the crystalline nature of the CZTS
films. This is due to the decreased chance of
sputtering target material particles to collide with
gas molecules at low pressure, and higher energy
reaches the substrate, which is propitious to
produce large grains. Meanwhile it may be seen
that diffraction peaks of the thin film samples
(112), (220) and (312) become sharper as the
sputtering pressure decreases, which shows that the
lower sputtering pressure, the better will be thin
film crystallinity. The optical characteristics of the
CZTS films were evaluated in terms of the optical
absorption coefficient and optical band gap. The
optical transmittance and reflectance spectra of
CZTS films were measured with UV-VIS-NIR
spectrophotometer.

Diffraction Intensity(a.u.)

26(°)
Fig. 1. XRD patterns of CZTS samples: (a), (b) and
(c) correspond to their sputtering pressure, (a) 0.5Pa, (b)
0.3Pa and (c) 0.2Pa, (d) corresponds to target material.

Table 1. Chemical composition and compositional ratio of CZTS films

Deposition Cu Zn Sn S Cu/(Zn+Sn) Zn/Sn
pressure (at%) (at%) (at%) (at%)

0.5Pa 21.61 12.05 17.37 48.97 0.73 0.69
0.3Pa 18.74 13.63 18.52 49.11 0.58 0.74
0.2 Pa 18.40 15.16 19.00 47.44 0.54 0.80
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1pm i

Ot S St

Fig. 2. SEM micrographs of the CZTS films at
different sputtering pressures: (a) 0.5Pa, (b) 0.3Pa, (c)
0.2Pa.

Absorption coefficient o can be obtained by the
transmittance and reflectance, a can be calculated
by the following formula [10,17]:

__ 2In(1-R}-InT
= p |

where d is the thickness of the thin films, T is the
transmittance, and R is the reflectance of the thin
film samples.
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Photon energy(eV)
Fig. 3. Absorption coefficients of the CZTS films,

the letters correspond to their sputtering pressure, A
0.5Pa, B 0.3Pa, C 0.2Pa.

Fig. 3 shows the plots of the absorption
coefficient (a)) versus photon energy (A4v) for each
CZTS film. A high absorption coefficient (>10* cm-
1) is observed for all films in the visible region, and
it shows a distinct absorption edge at about 1.40 eV.
CZTS is a direct band gap semiconductor, so the
band gap Eg can use extrapolation through (a/v)?
with photon energy Av relationships obtained. Fig. 4,
presents the band gap (Eg) estimated by
extrapolating the linear region of the (akv)? plot.
The single-phase CZTS film deposited at 0.5 Pa
shows the smallest band gap (1.40eV), it is smaller
than the reported experimental and theoretical
values [18,19]. The Cu-rich and Zn-poor states of
this film are probably responsible for the decrease
of the band gap. The valence band maximum
(VBM) of CZTS arises from antibonding of Cu 3d
and S 3p orbitals. Therefore, excess Cu vacancies
reduce the VBM so that the bandgap is blue shifted
[19,20]. The larger Eg values of CZTS films
deposited at 0.2 Pa may be attributed to the
existence of Cu vacancies, which leads to a band
gap of around 1.49eV [21].

20
—=— Sample A
—e— Sample B
[x]_OB] —a— Sample C
15+
2
s 10+
=
N—r
0 1 1 1 1
12 13 14 15 16 17 18 19 20

. mev)
Fig. 4. Band gap energy of CZTS films: the letters
correspond to their sputtering pressure, A 0.5Pa, B 0.3Pa,
C 0.2Pa.
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CONCLUSIONS

Cu2ZnSnS, films with good crystallinity were
successfully deposited wusing a single-phase
kesterite-structure CZTS target material by RF
magnetron sputtering method without sulfurization.
The control of deposition pressure and film
composition is considered to be crucial to obtain
nearly stoichiometric single-phase films. The re-
evaporation of volatile constituents during the
sputtering process would lead to a deviation of film
stoichiometry. CZTS films deposited at different
deposition  pressures show (112) preferred
orientation and are poor in Cu and rich in Zn. A
large fraction of Zn occurs in CZTS films deposited
at pressure of 0.3 and 0.2 Pa, which is probably
related to the enlargements of the band gaps
ranging from 1.44 to 1.49 eV. The film deposited at
0.2 Pa has dominant single-phase structure, Cu-
poor and Zn-rich state and large grain size. The
CZTS thin films also exhibit high optical
absorption (>10* cm™?). These results suggest that
guaternary CZTS would be a potential candidate for
solar cell applications.
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BJIMSIHUE HA HAJIITAHETO HA OTJIAI'AHE BBPXY OUJIMU OT Cu2ZnSnSs,
ITOJIYUEHUM YPE3 EJHOCTAJIMNHO PA3ITPAINABAHE C YETBOPHA MUIIIEHA
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Yuusepcumem na Xenan, Kcunxcane 453007, Kumaii
3 Uncmumym no uscnedsane na civhyeeama enepaus, Yuusepcumem na FOuan, Kyumune 650092, Kumaii

Toctenmna Ha 14 stHyapu, 2018 r.; xopurupana Ha 7 ¢eBpyapu, 2018 T.
(Pesrome)

CuzZnSnSs (CZTS) dunmu ca omiokenn ot MoHo(asosa CuxZnSnS, yersopHa mumieHa upe3 RF pasmpamiaBane
6e3 mocnensamia cyndypusanus. [onyuennte CZTS ¢unmu ca temnepupanu npu 400°C B aproHosa armocdepa 3a
HOJTy4aBaHe Ha eHO(a30Ba KECTEPUTHA CTPYKTypa. M3cinenBaHo e BIMSIHHETO Ha HAISTAHETO Ha paslpalllaBaHe BbPXY
MOBBPXHOCTHATa MOP(OJIOTHsI, KPUCTATIHATA CTPYKTYpa, ONTHYHUS aOCOpPOIIMOHEH KOS(UIIMEHT, Pa3CTOSHHETO MEXITY
UBHIUTE, KAKTO M BIMSHUETO Ha XUMHUYHHS cbcTaB HA CZTS dunmu. dudpakunonnure mukose Ha (112) ca octpu u
XapaKTePUCTUYHUTE TIUKOBE HA CTPYKTYPH OT KecTepuToB TuM kato (220) u (312) ce HabnroaaBar siCHO B PEHTICHOBHUTE
mudpakrorpamu. CbhCTaBbT M ONTHYHUTE CBOMCTBA Ha OOpasLUTE ca ONpENeNieHH ¢ IOMOIITa Ha EHEPrHiHO
nucrepcuBHa pertrenoa criekrpockonusi (EDS) u UV-VIS-NIR criekrpometpus. [Ipu HansraHe Ha pasmpariaBaHe OT
0.2 Pa ce noxyuaBa nepcreKkTUBEH OelieH Ha Men M Oorar Ha IMHK MoHO(asoB CZTS ¢uaMm ¢ ronsMm pa3mep Ha
3bpHata. YcraHoBeHo e, ye CZTS (uiaMu mposBsBaT BUCOK abcopOLUMOHEH KoeUIUEHT oT nopaabka Ha 10* cm? u
ONTHYHO pa3CTOsIHUE Mexay uBuiuTe ot 1.49 eV.
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An all-thin-film glass/ITO/WOs/LiAIO2/NIiOy/ITO device was successfully fabricated for electrochromic
application, in which LiAIO, was used as the ion conducting layer material. The thin films were prepared by magnetron
sputtering with a substrate temperature about -120 °C. The film structure was characterized by X-ray diffraction (XRD),
and the film morphology was characterized by scanning electron microscopy (SEM). The electrochromic properties of
the films and the device were measured with cyclic voltammetry and spectrophotometry. For the obtained
electrochromic device, the average visible light transmittances of bleached and colored state can reach 73.4% and
32.8%, respectively, and the optical transmittance modulation can reach 40.6%. The results indicated that the LiAIO;

thin film was a suitable ion conductor for the electrochromic device, and the monolithic system
glass/ITO/WOs/LiAIO2/NiO/ITO has great potential to be applied in smart windows.

Keywords: Electrochromic device, WO3, NiOy, LiAIO,, Magnetron sputtering.

INTRODUCTION

Over the past decades, increasing attention has
been paid to the reduction of energy consumption
in residential and commercial buildings. Windows
are a critical component of the building envelope
which can greatly improve energy efficiency of
buildings. Electrochromic (EC) devices can be used
to modulate the throughput of visible light and solar
energy in windows, as well as for other
applications. The ability to control the energy flows
through windows by EC devices (ECD) can lead to
saving of huge power by reducing the demand for
air conditioning, and this technology can also create
comfortable working and living conditions [1-4].
To achieve optical modulation, as it is well known,
the electrochromic thin film needs to be
incorporated into a multilayer structure with layers
for conducting electrodes, ionic conductor and ion
storage. When a voltage of the order of few volts is
applied between transparent electrodes, ions can be
exchanged between the ion storage film and the
electrochromic film, and the electrons injected from
the transparent conductors then alter the optical
properties. The coloration also can be stopped at
any intermediate level, and the device exhibits
open-circuit memory [5,6]. For applications, all-
solid-state ECD have unique advantages such as
reliability and safety, compared to conventional
liquid-based devices in which liquid electrolytes are
used as the ion conductors. There are two types of
all-solid-state ECDs, laminated devices and all-
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thin-film devices. For a laminated device, the ion
conductor is a polymeric electrolyte and the device
consists of two half-cells laminated by the polymer.
The polymeric electrolyte of a laminated device
could have a degrading effect on the metal oxides,
and produce problems like de-lamination and
shrinkage. Compared to laminated devices, all-thin-
film devices, in which the ion conductor is an
inorganic film material, have received more
attention because of their higher stability. A
complementary ECD is a device containing two
electrochromic layers, one of which is anodically
colored while the other is cathodically colored,
separated by an ion conducting layer.

In this study, a complementary all-thin-film
transmittance-type EC device was successfully
fabricated by a magnetron sputtering method, and
its structure and performance were analyzed based
on measurements. The device comprises a WOs
film as the main cathodic electrochromic layer, a
LiAIO; film as an inorganic ion conducting layer, a
NiOx film as a complementary anodic
electrochromic layer, and a transparent conductive
indium tin oxide (ITO) layer as the top and bottom
electrode. The features of the ECD using LiAIO,
film as ion conductor are low cost and high
transmittance in bleached states.

EXPERIMENTAL DETAILS

All the films were prepared by a magnetron
sputtering system. An ITO coated glass with a
resistivity of 20€¥/m was used as the substrate.
Sputtering took place from 6 cm diameter targets of
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W, Ni, LiAIO,, and ITO. The W and Ni targets
were of 99.9% purity. The LiAlO, target was
prepared by ourselves using LiOH-H.O (99%
purity) and Al>Os (99% purity) with molar ratios 2:
1 [7]. The ITO target was In0s-SnO, ceramic
(90:10 by weight). The NiOx and WOs3 films were
prepared by DC magnetron sputtering at 100 W in a
3 Pa environment consisting of Ar and O (flow
rate of 70:30). The LiAIO; film was prepared by RF
magnetron sputtering at 70 W in a 1 Pa
environment consisting of Ar and O, (90:10 in rate
of flow). The ITO film was prepared by RF
magnetron sputtering at 70 W in a 1 Pa
environment consisting of Ar. The ECD consisting
of glass/ITO/WQO3/LiAIO2/NiO,/ITO was obtained,
and the films thicknesses were
150/600/300/300/300 nm. During the deposition,
the substrate was cooled by liquid nitrogen, and the
substrate temperature was about -120°C.

The X-ray diffraction data of WOs;, NiOy and
LiAIO; films were recorded using Cu Ka radiation.
The surface morphology of the WO3; and NiOx
films was determined by scanning electron
microscopy (SEM). The coloration characteristics
of the ECD were characterized by
spectrophotometry. The electrochemical properties
of the WOz and NiOy films were measured by
cyclic  voltammetry in a three-electrode
electrochemical cell.

RESULTS AND DISCUSSION

Fig. 1 presents the XRD patterns of WOs,
LiAIO; and NiOx films. We can see that the WO;
and LIAIO, films are amorphous. Normally,
amorphous and porous WOs films are more suitable
than crystalline WOs films for EC applications, and
the EC performance of the films is closely
correlated with its structure and surface
morphology [8-10]. Previous research suggested
that amorphous ion conducting film is available as
the solid electrolyte [11]. The amorphous LiAlO;
thin film has very low Li* diffusion along in-plane
direction, and this amorphous thin film can accept
Li* intercalation and structural distortion. For the
NiOx film, a weak diffraction peak (200) was
detected, and the peak at 43.36° was indexed as
NiO [12]. Characteristic SEM images for the WO3
and NiOx films are shown in Fig. 2. It can be seen
that the WOs; particles are spheroidal, and their
diameters are about 20 nm. The SEM micrographs
indicated that WO; films exhibit fine particles and
had an open porous surface structure. This
character of the surface structure is crucial for the
EC properties [9,13,14].
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Fig. 1. XRD patterns of the as-deposited films: (a)
WOs, (b) LiAIO,, (c) NiOx.
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Fig. 2. Scanning electron microscopy surface
images of films: (a) WOs3, (b) NiOx.

The NiOx is nano-crystalline, and the particle
diameter is about 30 nm. Previous research showed
that the electrochromic reaction occurred along the
grain boundary of the NiOx film, and small grain
size would display a large surface to bulk ratio,
which is important for high electrochromic activity
[15].

The EC properties of the WO3; and NiOy films
were mainly examined by cyclic voltammetry. The
cyclic voltammograms of the films show the
intrinsic shape of the electrochemical behavior and
the charge densities related to continued Li*
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intercalation and deintercalation of the films [9,15].
Fig. 3 (a) shows the cyclic voltammograms of the
WO; film. During cathodic potential scan from +2
to -1.9 V, current remains almost zero up to 180
mV, and further sharply increases, resulting in
deoxidation of W®* to W®" and causing dark-blue
coloration of the film, when the Li* ions and
electrons flow into the film. Accordingly, the
optical transmittance decays to reach a minimum at
the voltammetric peak. Reversing the direction of
the potential from -1.9 to 2 V, an anodic electric
current is established and the film turns colorless
when the Li* ions and electrons flow out of the
film.
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Fig. 3. Cyclic voltammograms of thin films: (a)

WOj, (b) NiO,

Fig. 3 (b) shows cyclic voltammetric curves
obtained during continuous potential cyclings for
NiOy film. The most remarkable feature of the
cyclic voltammetric curves of NiOy films is that a
clear cathodic peak (+1.9 mA cm2 at -345 mV) was
observed in the cycle. The corresponding Li* ions
and electrons flow into the film. During anodic
potential scan from -1.9 to 2V, current density
slightly increases up to 1129 mV and further
sharply increases resulting in oxidation of Ni?* to
Ni®*, consequently the color of the NiOx film
changes from transparent to brown. The slight

current increase was related to the Li* ions and
electrons flowing out of the film [16].

In order to examine EC property of the device,
DC voltage of 5 V was applied at the top ITO
electrode of the glass/ITO/WOs/LIAIO2/NiO/ITO
stacked structure.

We propose the following mechanism for
coloration of the EC device: The state of the ECD
changes from as-deposited to colored when voltage
is applied to the device such that the top ITO takes
on a positive voltage. The state of the EC device
changes to a bleached state after the applied voltage
was switched off. The coloring and bleaching
processes of the WO3 and NiOy films are due to the
intercalation and deintercalation of Li* ions and
electrons in the films according to the reactions (1),
(2), and (3):

Cathodic coloring layer:

WQO; (bleached)+zLi* + ze'—Li,WOs, (colored) (1)
Solid electrolyte layer:

LiAIO; «>X Li*+xAIOy )
Anodic coloring layer:

NiOy(colored)+yLi*+ye «—LiyNiO,,(bleached) (3)

Fig. 4 shows the visible light transmittance (Tyis)
of the as-deposited, colored and bleached
glass/ITO/WOs/LIAIO/NIOW/ITO  device before
and after voltage application. An integral over the
whole spectrum can be calculated to describe the
total optical transmittance [17]. The average
transmittance in the wavelengths from 400 nm to
800 nm was 56.8% through the whole structure
before applying the voltage. The absorption of
visible light means a lower Ni* content in the as-
deposited NiOx thin film, and the Ni** content in the
film can be improved by adjusting deposition
conditions. As can be seen from the figure, the
transmittance (T.is) in the visible light range
increases up to 73.4% through the structure after
applying -10V on the top ITO electrode. By
changing the polarity, the device became colored
and the value of Tvis decreased to 32.8%. The Tuis
modulation over the colored and bleached state was
40.6%. This value is comparable to that of the
devices using other ion conducting materials, such
as Ta,Os and LiNbO3[18-20]. These results suggest
that the ECD has a potential application for smart
windows.

The in situ transmittance studies at 550 nm
measured with respect to coloring and bleaching
were used to calculate the response time. Fig. 5
shows the switching characteristics of the
glass/ITO/NiOx/LiBSO/WO3/ITO ECD on
application of a potential of £5 V for five cycles.
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The time taken for the film to color and bleach was
obtained from these characteristics.

——Bleached 73.4%
100 - - - As-depodited 56.8%
----==- Colored 32.8%

Transmittance (T%)

20}

400 500 600 700 800
Wavelength (nm)

Fig. 4. Transmittance (T) of the
/WO3/LiAIO2/NiO/ITO device

glass/ITO

The coloration time is defined as the time
required for the transmission of the film to decrease
to 10% of the maximum transmittance value in the
coloration cycle, and bleaching time is the time
taken for the transmission to increase by 90% of the
minimum value in the bleaching cycle. The
maximum optical attenuation measured at 550 nm
was 46%. Coloration time (T¢) and bleaching time
(Tb) were found to be 20 s and 8 s, respectively,
which are comparable to the other devices reported
[21]. As the switching speed depends on the active
area on which the material is deposited, the area
was kept constant at 4 cm? for all measurements.
The coloration time was longer than the bleaching
time due to different color/bleach kinetics.

100

80 -

Transmittance(T%)
38
T

B
(=1
T

20 n 1 L " 1 " I 1 n
0 50 100 150 200 250 300

Time(s)
Fig. 5. Transmittance (at 550 nm) versus the
response time of the device for five coloring and
bleaching cycles.

CONCLUSIONS

In summary, a novel all-thin-film ECD
employing WOs as the cathodically colored layer,
NiOx as the anodically colored layer, and LiAIO; as
the ion conducting layer was fabricated by
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magnetron sputtering on an ITO/glass substrate.
The LiAIO, film is electrochemically stable and
avoids the problems generally associated with de-
lamination and shrinkage seen in laminated devices
using polymeric electrolyte. In addition, the LiAIO,
film can be prepared easily and inexpensively,
which is of interest to researchers involved in the
development of inexpensive ECDs. The
experimental results from the glass
[ITO/WO3/LIAIO/NiOL/ITO are as follows: The
transmittance in the visible light range of the device
changed from 73.4% to 32.8% with the
transmittance change ( A T%) of 40.6%. Our results
demonstrated that amorphous LiAIO; is available as
a thin film electrolyte, which is particularly suitable
for the low-cost and high-transmittance all-thin-
film ECD. Further studies on the physical and
electrochemical behavior are under way, to improve
A T% values and cycle lifetime of ECDs.
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HOBO EJIEKTPOXUMUYHO YCTPOMCTBO OT U3LISIO ThHBK OUJIM 3A
MOAYJIMPAHE HA OIITUYHA ITPOITY CKJIMBOCT

X.I. SIn 1% P.T. Xao® M.II. Jlu ?, T.JI Cyn?

1Koneonc no gusuxa u mamepuanosnanue, 1a60pamopus no HoOMoEONMAUUHI MAMEPUATU HA NPOSUHYU XeHaH,
Yuueepcumem na Xenan, Kcunxcane 453007, Kumaii
2 Koneowc no evzobnossema enepeusi, CesepnOxumaticku ynueepcumem no enekmpuyecmsomo, Hexun 102206, Kumaii
3 Uncmumym no uscneosane na civuyesama enepaus Ha Ynusepcumema 6 FOnan, Kynumunz 650092, Kumaii

Ioctemmna Ha 14 suyapwu, 2018 r.; kopurupana Ha 7 ¢eBpyapn, 2018 .
(Pesrome)

ENEeKTPOXMMHYHO YCTPOMCTBO OT M3IuI0 ThHBK (priM oT cThkio/ITO/WOS/LIAIO/NIO/ITO e npoussenero 3a
eNEKTPOXUMHUYHO TIpuitokenue, karto LIAIO; e m3mons3Ban kaTo HOHHO TPOBOANM CIIOeCT MaTtephai. ThHKUTE QUIMA
ca TOJy4eHH Ype3 MAarHeTpPOHHO pasmpalllaBaHe MpU TemIieparypa Ha cybcrtpara okosio -120 ‘C. Crpykryparta Ha
buaMHTe € oxapakTepusupaHa upe3 peHrrenoa audpakius (XRD), a Mopdonorusra mM — upe3 CKaHHpaIla
enekTpoHHa mukpockomnus (SEM). EnekTpoXpoMHHUTE CBOWCTBA HA YCTPOWCTBOTO Ca M3MEPEHM Ype3 MUKJINYHA
BoJITaMMeTpusi U criekTpodoromeTpust. CpeiHaTa MPOMYCKIMBOCT HA BHMMA CBETJIMHA HA M30EJICHOTO CHCTOSIHUE U
LBETHOTO CHCTOSIHUE MOXKE Ja JOCTHTHE ChOTBETHO 73.4% u 32.8%, a MomyupaHeTO Ha ONTUYHATA MPOIMYCKIUBOCT
moxe na mocturHe 40.6%. VYcranoseno e, ye ThHKHAT ¢GuiaM oT LIAIO; e moaxomsim HOHEH MPOBOTHHK 3a
ENIEKTPOXUMHYHOTO YCTPOicTBO, a MoHoJuTHaTa crucTeMa cThKIO/I TO/WO3/LIAIO/NiOy/ITO uma rosism moreHuan
3a TPHIOKEHHE B ,,MHTEIIUTEHTHU  IPO30PIIH.
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Electrodeposited pure copper with nano-scaled twins was proved to be a tradeoff for the contradiction of high
mechanical strength and high electrical conductivity. In this work the internal stress of the nano-twinned copper was
explored by means of X-ray diffraction analysis. The results show that the internal stress is associated with the
deposition thickness. The macro-stress of the film is very small and constant. The type-Il micro-stress
(grain-orientation-dependent stress) is also small, while it becomes higher with the increase of deposition thickness.

Keywords: Electrodeposition; Nano-twin; Copper; Stress

INTRODUCTION

Electrodeposition has been proven to be a
technologically and economically viable production
route to synthesize various materials with different
functions [1-4]. In the study of various metallic
structures, electrodeposition has become well
established as a cost-effective fabrication technique
compared with physical or chemical vapor
deposition techniques [5]. Although there are some
drawbacks associated with the electrodeposition
process, such as the relatively limited number of
elements that can be deposited from agueous
electrolytes and the need for a conducting substrate,
electrodeposition does offer the clear benefits of
high growth rates and the use of very simple
apparatus. These benefits are as applicable to the
fabrication of structures that are patterned in the
growth plane.

A thorough understanding of the relationship
between the electrodeposition parameters, the
microstructure  and  the  performance  of
electrodeposited films is required in order to tailor
their microstructure and thereby design their
properties and performance. Grain size, grain shape,
dislocation density and inclusion content in
electrodeposited layers markedly affect the
properties of the deposit. Moreover,
electrodeposited films are often crystallographically
textured because of preferred growth of particular

* To whom all correspondence should be sent.

E-mail: yanling_yang@126.com
The first two authors contributed equally to this paper.

grain orientations. As a result, anisotropy of the
elastic properties of the deposited films is
anticipated [6].

Conventional methods for materials
strengthening usually cause an obvious decrease in
electrical conductivity. A reasonable explanation is
that all of the strengthening methods, such as solid
solution, second phase strengthening, and strain
hardening, always introduce various kinds of
defects, which at the same time increase the
scattering of conducting electrons at these defects,
and thus decrease the electrical conductivity. It is a
contradiction for strengthened conducting materials.
An ideal microstructure, twin, has been proved as a
tradeoff, which could effectively block dislocation
motion and greatly minimize the scattering of
conducting electrons [7]. Lu et al. [8] have
synthesized high-purity copper with high density of
nanoscale grown twins using a pulse
electrodeposition technique, which demonstrates
ultrahigh  strength and ultrahigh  electrical
conductivity. However, the thickness of the
deposited copper film always has a limit of several
or tens of micrometers because of the deteriorating
surface with the increase in deposition duration.
Moreover, some details in the process of twin
formation through pulse electrodeposition are not
fully understood. It is of significance to study the
development of microstructure in such an
electrodeposition process both for the structure
design on nanometer scale in electronic industry
and studies of the performance and lifetime of
components used in microelectronics, tribological,
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mechanical, and electrochemical applications [9].
In this paper we studied the internal stress of
nano-twinned copper by means of X-ray diffraction
analysis, in the hope of obtaining a deeper
understanding of the deposition process of
nano-twinned copper.

A postulation is that the generation of the twins
could be due to the stress in the deposited films
[10]. Regardless of the method of deposition, it is
well known that internal stress will be developed in
thin films [11]. The close relationship between
stress behavior and morphology of thin films is
expected to facilitate the detailed description of thin
film growth from analysis of stress development.
Among existing methods to investigate strain in
coatings, X-ray diffraction (XRD) is a powerful
tool due to its capability to measure the full strain
or stress and provide complementary information
on crystallographic phase non-destructively [12].

EXPERIMENTAL DETAILS

A series of samples deposited at different
durations were used for the study of stress
evolvement as a time-dependent process. The
samples were prepared with a cathode of Ni-P
amorphous film deposited on pure Fe and with the
pulsed electrodeposition parameters as reported by
Lu et al. [8]. The standard sample (copper powder)
is commercially available and was annealed in
vacuum at 190°C for 10 min to remove the residual
stress. Generally, there should be only instrumental
broadening in the diffraction pattern of the standard
sample and physical broadening was discarded.

The X-ray diffraction measurements were
carried out using a o diffractometer and a w
diffractometer. Generally, a specific hkl reflection
was scanned at several specimen tilts and possible
rotation angles. The measured peak positions were
used to calculate the lattice spacing and the lattice
strain at every tilt and rotation angle. The samples
were tilted around Eulerian cradle axis from 0 to
80° with an interval to get Sin®y equally split,
which facilitates the data processing. For every v, a
certain plane was scanned for the corresponding 26
with interval of 0.05°. The classical stress analysis
was done with the siny method. The general
formula for the bi-axial case is:

_ dy/ _do _ 1+V

£, =" —?G¢Sin21//—é(al+0'2) (1)
0

where E is the Young’s modulus of the deposited

film, v the Poisson’s ratio of the film, o, the

in-plane residual stress, o1 and o the in-plane major

stress respectively. Derivate ey by sin¥, it gives:
E o¢,

°-—— @)
1+v oOsin“y

In our case we plotted micro-strain vs. sin®psi,
from the slope of which the macro-stress o, could

O'¢:

be estimated. What is more, this method is adapted
for assessment of average lattice distortion (strain)
with increase of sin?y, while the detailed strain
distribution needs to be studied according to
physical broadening obtained by a Fourier
convolution method.

Generally speaking, the stress-free d-spacing
should be calculated from the standard sample, or
can be calculated from a corresponding sin‘y
strain-free value by interpolation via the linear
fitting in the d-spacing (w) vs. sin?psi plot. In this
case, the stress-free d-spacing (do) is an average one
of d-spacings obtained at different tilt y for the
standard sample.

RESULTS AND DISCUSSION

Fig. 1 shows the high-resolution TEM image of
nano-twinned copper deposited for 24 h. A
homogeneous microstructure with nano-scaled
twins was obtained with lamella thickness of about
5 nm. The micro-strain vs. sin?y plots are given in
Fig. 2. Before studying the graphs, one more thing
should be considered. The self-annealing
characteristic [13] of electrodeposited copper
allows recrystallization at room temperature
because of a high defect density that lowers the
activation energy. Thus internal stress (o) also
evolves in the film; the decrease of o starts
immediately after plating, and then stops after a
much shorter time.

Fig. 1. High-resolution TEM image of nano-twinned
copper deposited for 24 h

Although part of the stress is relaxed on open
circuit at room temperature, there is still something
that could be taken into consideration. The stress
release tends to be stronger when the layer is
thinner (with a shorter deposition duration), which
is indicated by the average magnitude of the
micro-strain of samples deposited for different
durations or different deposited thickness. To
account for these observations, it is believed that
the diffusion would be much easier in the areas
close to the surface, leading to an almost complete
stress release for the thinnest layers while a larger
stress would remain for thicker films.
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As shown in Fig. 2, the macro-stress is very
small (less than 30 MPa), which is estimated from
the slope of strain distribution for the (311) peak.
People usually think that the linear relationship is
very good for (311) and the macro-stress evaluation
IS accurate by using this one. The type Il stress
(grain-orientation-dependent stress) is also not big.
However, the type-I1 stress becomes higher with the
increase in deposition duration up to 24 h. The
sawtooth-like figure may be described as at about
the point a maximum in the tensile stress in the pole
is reached which is then followed by the film stress
turning compressive.

Anyway, it is not very big compared to the
deposited Fe [9]. The measured accuracy in lattice
strain using the lab X-ray was within 100
micro-strains. If the lattice strains with about over
700 micro-strains, it can only be believed that the
type Il stress is larger. Generally, the mechanism of
stress-raising conditions may be classified as
follows: crystallite-joining theory, hydrogen theory,
excess energy theory and lattice-defect theory.
Comparison made between pulse and direct plating
indicated that with direct plating, higher stress
values were obtained [14]. This is explained by the
proposed crystallite-joining theory. As the current
density increases, the residual stress increases when
using conventional direct deposition. This is due to
increased nucleation rate caused by an increase in
overpotential, leading to a greater crystal boundary
volume [15]. The intrinsic stress of the
electrodeposited film is related to the number of
grain boundaries that are formed when the
individual crystallites grow together. It means that
the tensile stress is proportional to the total twin
boundary area, and therefore increases with the
decrease in average thickness of twin lamella.

Unlike conventional electrodeposition in which
the internal stress may come from the escaping
hydrogen-induced shrinkage in the dendrites [9],
there is little possibility that the internal stress in
the nano-twinned copper film would come from the
release of molecular hydrogen. Because in the pulse
electrodeposition process, the actual growth process
is controlled by the on-time/off-time ratio, there is
little possibility that the deposits would grow into
dendrites.

Another postulation is that the stress may come
from the lattice mismatch. In the initial process of
electrodeposition, the level of internal stress of the
copper deposits may be attributed to the lattice
misfit between deposit and substrate under
conditions of assumed epitaxy (i.e. the deposit
continues the structure of the substrate) or the two
layers are deposited closely with different
dimensions. The greater this mismatch or misfit
between the lattice parameters of the deposit and
substrate, or the dimension difference between the
two layers deposited closely, the greater is the
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associated strain energy. Tensile stress can be
considered to be due to deposits being
dimensionally less than substrate or the previously
laid down layer while compressive stress is
supposed to be the contrary. However, the model
has to be modified to allow for the relaxation
processes associated with pulse on-time and
off-time. Even in conventional electroplating, it was
found that the lattice strains weakly depend on
depth [9], which means that if thick enough, the
coating will minimize the influence of stress
gradients. What’s more, the cathode used is pure
iron coated with Ni-P amorphous alloy, for which
the epitaxial growth of the substrate could almost
be discarded.

Vacancies can be also created during domain
growth and this lattice defect may result in lattice
distortion or increase of crystal volume which is
indirectly represented by the tensile stress [16].

The diffraction intensity was measured as a
function of the tilt angle, ¥, with respect to the
surface normal and the rotation angle @ (in the
plane perpendicular to the surface normal) at 26
angles corresponding to the Bragg diffraction angle
of the {111}, {200} and {220} reflections. The
background intensities for the investigated {hkl}
reflections were estimated from the intensity
distribution experimentally and were determined as
a function of ¥ and .

CONCLUSION

The internal stress of nano-twinned copper was
explored by means of X-ray diffraction analysis. It
is found that the macro-stress is very small and
constant. The type 1 micro-stress
(grain-orientation-dependent stress) is also small,
while it becomes higher with the increase of
deposition thickness.
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ERRATUM
To the paper:

Chemical profile of Artemisia annua from the region of Sliven, Bulgaria. A
preliminary NMR study

V. Kurteva*, A. Trendafilova, S. Simova

Institute of Organic Chemistry with Centre of Phytochemistry, Bulgarian Academy of Sciences, Acad. G.
Bonchev street, bl. 9, 1113 Sofia, Bulgaria

Published in Bulg. Chem. Commun., 49, Special Edition D, 209-214 (2017)

Incorrect structure of the reference compound used for the semi-quantitative NMR analysis necessitates
correction of the concentrations in the experimental part and estimated quantity of artemisinin in results and
discussion. The correct structure of “Salophen” used is 4-acetamidophenyl 2-hydroxybenzoate, and figure 2

has to be replaced.
The correct data are as follows:

NMR Spectra: For estimation of the
artemisinin quantity to a solution of 16 mg
artemisinin containing fraction in 0.5 ml in CDCl;
1.6 mg salophene (5.9x10°* mmol) was added. In
the proton spectrum of the mixture the integral of
the artemisinin signal at 3.4 ppm amounted 0.31 as
compared to the salophene hydroxyl proton at 10.5
ppm (equal to 1) providing estimation for the

quantity of artemisinin as 0.516 mg (1.83x1073
mmol, 31% in respect to salophene).

Results and Discussion: The amount of
artemisinin was roughly estimated by comparison
with salophen as an internal standard (Fig. 2). The
integral intensity of the signal at 3.4 ppm was
determined as 0.31 to the salophene hydroxyl
proton, which represents 3.23 wt.% of the fraction,
0.17 wt.% of the total extract, and 0.00086 wt.% of
the dry plant.
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Fig. 2. *H NMR spectrum of artemisinin containing fraction with addition of salophene.

The corrected manuscript is supplied as electronic supplementary data available here.
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