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In our on-going interest in the preparation of new antifungal agents, our attention was focused on fluconazole
because of its broad antifungal spectrum, low toxicity and excellent pharmacokinetic properties. As a part of our
program to develop a new method for synthesis of fluconazole, the conditions of some reactions, especially Grignard
reactions, were screened and optimized. The best situation was achieved by using nano-silica sulfuric acid as a green
and mild catalyst. The high yield and comfortable isolation in each step were the advantage points in this method.
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INTRODUCTION

In recent years, life-threatening systemic fungal
infections have become increasingly common,
especially in immunocompromised hosts suffering
from tuberculosis, cancer or AIDS and in organ
transplant cases' [1]. Though there are effective
antifungal agents available in the market, they have
shortcomings such as toxicity, limited range of
activity for the fungal strains, high price and limited
penetration through the central nervous system [1].
Several clinical drugs, including azoles, polyenes,
echinocandins and allylamines have been
developed to reduce the impact of fungal diseases.
Among those, azole antifungal drugs, especially
triazole agents such as fluconazole, voriconazole
and itraconazole, posaconazole and ravuconazole
[2] are marketed or in the late stages of clinical
trials and proved to be more effective and thus are
more widely used for the treatment of invasive
fungal infections (Fig. 1). Fluconazole is an
important antifungal agent used against various
fungal strains which inhibits specific steps in fungal
sterol biosynthesis [1, 3]. It is a 1,2,4-triazole based
drug which has established an exceptional
therapeutic record for Candida infections, including
oropharyngeal and  esophageal candidiasis,
vulvovaginal  candidiasis, candidemia, and
disseminated candidiasis [4]. Usually azoles apply
their antifungal activity through inhibition of
CYP51 by a mechanism in which the heterocyclic
nitrogen (N3 of imidazole or N, of 1,2,4-tiazole)
binds to the sixth coordination of heme iron atom of
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porphyrin in the substrate binding site of the
enzyme [4a]. Based on the active site’s structure of
CYP51 and the extensive investigation of the
structure- activity relationships of the azole
antifungals, it was found that 1,2,4-triazole ring and
2,4-difluorophenyl group are essential for the high
antifungal activity [4a]. Our investigation is based
on the development of a new synthetic method for
fluconazole by using a heterogeneous catalyst. We
tried to set a new procedure in order to increase the
rate and yield of the reaction and also reducing
hazards to human and environment. Literature
reports [5] didn’t show any evidence concerning the
use of heterogeneous catalysts for synthesis of
fluconazole. Here we introduced nano-SSA as a
green catalyst in some steps of fluconazole
synthesis. In the presence of nano-SSA [6], the
yield of the reaction increased and the reaction
proceeded in a short time. We also inspected the
Grignard reaction in three different states and
compared their results with our method. For
synthesis of fluconazole, we tried four different
methods (a-d).

Method a: A Friedel-Crafts acylation was
started from diflourobenzene (1) and chloroacetyl
chloride (2) to get 2-chloro-1(2,4-difluorophenyl)1-
ethanone (3). This step was applied under the same
experimental conditions as in [5a]. Then in the
second step for Ni-alkylation of 1H-1,2 4-triazole
by (3) we first activated the carbonyl group of (3)
by nano-SSA in toluene for 0.5 h and then 1,2,4-
triazole was added.
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Fig. 1. Several clinical drugs including tri-azole rings

In the presence of nano-SSA, alkylation reaction
was easily performed in high yield to get 1-(2,4-
difluorophenyl)-2-(1H-1,2,4-triazole-1-yl)1-
ethanone (5). In the third step the oxirane
intermediate (6) was obtained by Corey—
Chaykovsky epoxidation in the presence of
trimethylsulfoxonium iodide and aqueous solution
of NaOH. This step also was done according to the
literature. Finally, in the last step again epoxide
ring opening of (6) was achieved by activating
oxirane with nano-SSA and then triazole was added
to get fluconazole (7) (Scheme 1). In this method
steps 2 and 4 were modified by nano-SSA catalyst.
Our catalyst could increase dramatically the yield
and the rate of reactions in these two steps. We
suggested two intermediates (3" and 6') after using
nano-SSA in the above steps.

This method has been used in the synthesis of
fluconazole [7] but because it requires expensive
material (for example, sulfoxide trimethyl iodide),
and the formation yield of an epoxy compound is
not very high, a direct result of the production cost
of the final product fluconazole is difficult to
reduce the impact of its promotion applications.

The present invention used the nano-SSA as a
green catalyst; the reaction is easy to control,
without complex special equipment. The original
equipment can be put into use, each step takes place
under mild reaction conditions, the simple and non-
destructive environment is suitable for industrial
promotion.

In our other approaches we tried to synthesize
fluconazole by different methods of Grignard
reactions and compared the results of each method
in order to optimize the synthetic method for
preparing of fluconazole.

Method b: In the second method (Grignard
reaction 1) [1,2,4] triazol-1-yl-methanol (9) was
synthesized by using 1,2,4-triazole (4) and 1,3,5-
trioxan (8). Then (9) was chlorinated by thionyl
chloride to achieve 1-chloromethyl-1H-[1,2,4]
triazole (10) in high yield. Compound 10 then
reacted with magnesium in dry ether under nitrogen
gas to produce the Grignard intermediate (10’).
Finally, the reaction between (10") (eg. 2) and 2,4-
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difluoroethylbenzoate (11) (eq. 1) via Grignard
reagent gave the product 7 (Scheme 2). In this
procedure we used for the first time 1,3,5-trioxane
for preparing fluconazole. This reagent easily
substituted a hydroxymethyl group at position 1 of
the triazole ring.

In method b we used trioxane for the first time
as a hydroxymethylene group donor in the synthesis
of  fluconazole; in the previous work
paraformaldehyde was used for the synthesis of
hydroxymethyltriazole [7,8]. The present invention
avoids the use of the expensive trimethyl iodide
sulfoxide or trimethyl iodide sulfoxide, each step
uses domestic raw material supply and low prices
can effectively reduce production costs.

Method c: In the third procedure (Grignard
reaction 2), we obtained 1-(2,4- difluorophenyl)-2-
(1H-1,2,4-triazole-1-yl)1-ethanone(5) by  using
nano-SSA catalyst, as mentioned in the first
method. Then reaction between 10' (eg. 1) and 5
(eqg. 1) gave 7 (Scheme 3).

Method d: In the fourth procedure (Grignard
reaction 3), as in the third one, we used both a
Grignard reagent and our nano catalyst for
synthesis of fluconazole. In this procedure we
started from 1,3-dichloroacetone (12) and activated
its carbonyl group by nano-SSA and then reacted it
with triazole to get 1,3-bis-[1,2,4] triazol-1-yl-
propan-2- one (13). In this method the Grignard
reagent (15) was prepared from 24-
difluorobromobenzene (14) with the same
procedure as for compound 10’. This reagent was
then reacted with (12) to get 7 (Scheme 4).
Intermediate 12" was our suggested structure in this
way. However, each method has certain restrictions
with regard to scope and reaction conditions; for
example, each step of the method gives a low yield,
the reaction with 1,3-dichloroacetone lacks
selectivity, by-products are more difficult to
separate, so there is no industrialization prospect
[9]. To avoid these limitations, we investigated the
use of nano-SSA for reacting 1,3-dichloro acetone
and 1,2,4-1H- triazole. It is necessary to mention
that using ionic liquids for this step, good results
have been achieved [9].
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We modified the processes used previously for
synthesis of fluconazole by using nano-SSA as a
green catalyst in some steps. Our results showed
that this catalyst is more efficient as regards yield
and time of the reactions (Method a). We also used
nano-SSA in the synthesis of one of the starting
materials for Grignard reactions 3 (Method d). The
high yield and comfortable isolation in each step
were the advantage points in this method.
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Medicinal Education, lalamic Republic of Iran. The
Grant number in Shiraz University of Medicinal
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EXPERIMENTAL

All chemicals were purchased from Merck and
used without any additional purification. The
products were characterized by FT-IR (ATR), 'H-
NMR, and a comparison of their physical properties
with those reported in the literature. FT-IR (ATR)
spectra were acquired on a Bruker, Eginox 55
spectrometer.
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Scheme 1. Synthesis of fluconazole by nano-SSA (method a).
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Scheme 2. Synthesis of fluconazole by Grignard reaction 1 (method b).

N/\MgCI

5\ .
“/ N Dry ether .
N/

10"

Scheme 3. Synthesis of fluconazole by Grignard reaction 2 (method c).
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Scheme 4. Synthesis of fluconazole by Grignard reaction 3 (method d).

A Bruker (NMR- 300MHz spectrometer) was
used to record the H NMR spectra.
Spectrophotometer  (UV/Vis  biotek  model
UVIKONXL). Melting points were determined by
using an Electrothermal 9100 digital melting point
apparatus (Electrothermal, Essex, UK). The
reaction progress and purity of the synthesized
compounds were checked on Merck aluminium
plates precoated with silica gel 60 F-254. UV
radiation and/or iodine were used as the visualizing
agents. Silica gel column chromatography was
performed with silica gel 60G.

Preparation of nano-SSA

A 500 mL suction flask containing nano-silica
gel (60.0 g) was equipped with a constant pressure
dropping funnel containing chlorosulfonic acid
(23.3 g, 0.2 mol) and gas inlet tube for conducting
HCI gas over the adsorbing solution (water).
Chlorosulfonic acid was added dropwise at room
temperature over a period of 30 min. HCI gas was
evolved from the reaction vessel immediately. After
the addition was complete, the mixture was shaken
for 30 min and a white solid of nano-SSA (76.0 g)
was collected [6a].

2-Chloro-1-(2,4-difluoro-phenyl)-ethanone (3)

1,3-Difluorobenzene (5 mmol) and anhydrous
aluminium chloride (6 mmol, 0.798 g) were stirred
in 6 ml of dichloroethane at 30°C for 30 min. The
mixture was then cooled to 0°C in ice bath and was
charged dropwise with chloroacetyl chloride
solution (5.1 mmol, 0.586 g) while stirring during
30 min. Stirring was continued for further 30 min
keeping the reaction mixture at 0-10°C. Then the
mixture was warmed to room temperature and
stirred for 24 h. After TLC showed complete
conversion, the reaction was quenched by addition
of hydrochloric acid (1M) and the mixture was
extracted with dichloroethane at 0-5°C. The
combined organic layers were washed with 2x20
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ml of saturated NaHCO3 and then with cold water
and brine, dried over anhydrous sodium sulfate
(Na2SOs), and concentrated in vacuum. The white
product was purified by recrystallization from n-
hexane to get 3, yield= 98%, mp= 44-48°C.

1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazole-1-
yl)1-ethanone (5)

A flask equipped with a reflux condenser was
charged with a mixture of 2-chloro-1-(2,4-difluoro-
phenyl)-ethanone (4 mmol) and nano-SSA (0.1 g)
in toluene solvent, the carbonyl group was activated
after 0.5 h, then a mixture of 1,2,4 triazole (4 mmol,
.0331g) and sodium bicarbonate (4.8 mmol, 0.404
g) in 4 ml of toluene was added to it and refluxed
for 24 h. Then the reaction mixture was poured in
crashed ice and extracted with ethyl acetate (2x5
ml). The combined organic layers were washed
with water and brine, dried over anhydrous sodium
sulfate and concentrated in vacuum. The yellow
product 5 was obtained by recrystallization from
diethyl ether; yield = 80%; mp=103-107°C.

1-[2-(2,4-difluorophenyl)-2,3-epoxypropyl]-1H-
1,2,4-triazole (6)

A mixture of 1-(2,4-difluorophenyl)-2-(1H-
1,2,4-triazole-1-yl)1-ethanone in 15 ml of
dichloromethane, trimethylsulfoxonium iodide
(TMSI), (1.8 mmol, 0.397 g) and 3 ml toluene was
charged by sodium hydroxide solution (20%, 1.3
ml) and tetraethylammonium bromide (TEAB) (0.3
mmol, 0.063 g). The reaction mixture was heated at
60°C for 7 h. Progress of the reaction was
monitored by TLC. After completion of the
reaction, the product was diluted with water and
extracted with ethyl acetate (2x4 ml). The organic
layer was washed and dried over anhydrous sodium
sulfate and concentrated. White crystals were
obtained by recrystallization from absolute ethanol;
yield= 68%; mp=123-125°C.
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Fluconazole (7) via method a

A mixture of 1-[2-(2,4-difluorophenyl)-2,3-
epoxypropyl]-1H-1,2,4-triazole (0.3 mmol) and
nano-SSA (0.1 g) was stirred in 2 ml of absolute
ethanol for 0.5 h. Then a mixture of triethylamine
(0.18-0.29 ml) and 1,2,4 triazole (0.4 mmol, 0.0316
g) was added and refluxed in absolute ethanol for
15-24 h. TLC monitoring was used to control
reaction progress. The mixture was filtered,
concentrated and diluted with 3 ml of water. Then
the filtrate was extracted with ethyl acetate (3x8
ml). The combined organic layers were washed
with water and then with brine, dried over
anhydrous sodium sulfate and concentrated in
vacuum. The white product was purified by thin
layer chromatography in a solvent system
containing chloroform and methanol (88:12); yield
= 55%; mp = 138-140°C [7].

Hydroxymethyltriazole (9)

In a round-bottomed flask equipped with stirring
system and cooler, dissolve triazole (1 mmol, 0.069
0), 1,3,5-trioxane (0.33 mmol, 0.03 g) and 0.5 mL
of EtsN in 5 mL of THF. Keep the reaction stirred
under inert atmosphere and refluxing for 18 h. To
purify the product, concentrate the solution in a
rotavapor and wash the white solid formed with
diethyl ether. The product was crystallized from hot
acetone; yield = 88%; mp =70- 73°C [7].

Chloromethyl-1H-[1,2,4]triazole (10)

Dissolve the product (9) (0.45 g) in 5 mL of
THF and stir vigorously at 40°C for some time.
Add slowly 0.6 mL of SOCI; using a dropping
funnel and stir the reaction mixture, keeping the
temperature at about 45°C. A white precipitate
should form. Recover the precipitate by filtration

and wash it with AcOEt; yield = 75%; mp =82-84°

Sl

Preparation of Grignard reagent from 1-
chloromethyl-1H-/1,2,4]triazole (10')

0.05 g of Mg powder was placed in a dry
reaction tube and 0.5 mL of anhydrous diethyl ether
was added. In a separate dry vial, 0.117 g of 1-
chloromethyl-1H-[1,2,4]triazole and 0.70 mL of
anhydrous diethyl ether were mixed and
immediately added to the reaction tube.

Fluconazole 7 via method b

2,4-difluoroethylbenzoate (1mmol, 0.186 g) was
dissolved in 1 mL of anhydrous diethyl ether and
added to the Grignard reagent (10") under gentle
reflux. After finishing the reaction, 0.5 mL of HCI
(3 M) was added dropwise while stirring, forming a

white precipitate. Ether was added to dissolve the
precipitate, then the aqueous layer was removed
and an equal volume of aqueous NaCl solution was
added. The aqueous layer was again removed and
the ether was evaporated. The final product was
obtained; yield= 42%; mp = 138-141°C [7].

Fluconazole 7 via method ¢

1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazole-1-

yl)1-ethanone (1 mmol, 0.22 g) was dissolved in 1
mL of anhydrous diethyl ether and added to the
Grignard reagent (10") under gentle reflux. After
finishing the reaction, 2 mL of HCI (3 M) was
added dropwise while stirring, forming a white
precipitate. Ether was added to dissolve the
precipitate, then the aqueous layer was removed
and an equal volume of aqueous NaCl solution was
added. The aqueous layer was again removed and
the ether was evaporated. The final product was
identified by TLC and spectroscopy data; yield =
38%; mp = 137-140°C [7].

1,3-Bis-[1,2,4]triazol-1-yl-propan-2-one (13)

To 1,3-dichloroacetone (1 mmol, 0.127 g) in
toluene, 0.1 g of nano-SSA was added, and stirred
for 0.5 h. After activation of the carbonyl group,
1,2,4-triazole (2 mmol) was added and refluxed for
24 h. After completion the reaction, the mixture
was cooled to room temperature and filtered. The
catalyst was separated from the reaction mixture by
boiling ethanol. The crude solid product was
purified by recrystallization in ethanol: water,
80:20; yield = 80%; mp =136-138°C [9].

Preparation of Grignard reagent from 1-bromo-
2,4-difluoro-benzene (15)

0.07 g of Mg powder was placed in a dry
reaction tube and 0.6 mL of anhydrous diethyl ether
was added. In a separate dry vial, 0.19 g of 1-
bromo-2,4-difluoro-benzene and 0.82 mL of
anhydrous diethyl ether were mixed and
immediately added to the reaction tube.

Fluconazole 7 via method d

0.36 g of 1,3-bis-[1,2,4]triazol-1-yl-propan-2-
one was dissolved in 1 mL of anhydrous diethyl
ether and added to the Grignard reagent (15) under
gentle reflux. After finishing the reaction, 2 mL of
HCl (3 M) was added dropwise while stirring,
forming a white precipitate. Ether was added to
dissolve the precipitate, then the aqueous layer was
removed and an equal volume of aqueous NaCl
solution was added. The aqueous layer was again
removed and the ether was evaporated. The final
product was identified by TLC and spectroscopy
data; yield = 35%; mp = 139-140°C [7].
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Spectroscopy data

1-Chloro-1-(2,4-difluoro-phenyl)-ethanone (3):
White solid; yield= 98%, mp= 44-48C; FT-IR: ©
(KBr) = 2900, 2800, 1703, 1614, 1486, 1433, 1392,
1316, 1269, 1193, 1142, 969, 822, 739, 606, 550
cm,

1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazole-1-
yl)1-ethanone (5): Pale yellow solid; yield = 80%;
mp =103-107 ° C; FT-IR: v (KBr) = 3100, 2900,
2800, 1692, 1612, 1545, 1488, 1416, 1354, 1298,
1267, 1243, 1144, 1101, 994, 833, 608 cm?; H
NMR (300 MHz, DMSO-d6): 8.80 (s, 1H), 8.26 (s,
1H), 8.01-8.08 (m,1H), 7.50-7.58 (m, 1H), 7.28-
7.35 (dt, J=11.6, J=2.4, 1H), 5.86 (d, J=3, 2H)
ppm; BC- NMR (300 MHz, DMSO-d6) & = 189,
167, 150, 145, 133, 113, 106, 105, 58 ppm, MS:
(m/z, %), 141 (100), 70.1 (10).

1-[2-(2,4-difluorophenyl)-2,3-epoxypropyl]-1H-
1,2,4-triazole (6): White solid; yield=55%; mp
=123-125 T FT-IR: v (KBr)= 3139, 1621, 1558,
1508, 1458, 1424, 1383, 1242, 1160, 1033, 965,
882, 820, 797, 774, 654 cm™; 'H NMR (300) MHz,
DMSO): 8.70 (s, 1H), 8.16 (s, 1H), 7.19-7.31 (m,
2H), 6.98-7.05 (m, 1H), 4.83 (d, J= 20, 1H), 4.63
(d, J=15, 1H), 3.12 (d, J= 4.8, 1H), 2.97 (d, J= 4.8,
1H) ppm; BC-NMR (300 MHz, DMSO) § = 164,
162, 159, 150, 144, 130, 120, 112, 104, 56, 54, 52
ppm; MS: (m/z, %), 237 (4), 168 (60), 139 (100).

Fluconazole (7): White solid; isolated yield =
45%; mp = 138-140 ° C;FT-IR: & (KBr) = 3119,
3012, 1773, 1620, 1504, 1451, 1414, 1272, 1210,
1137, 1075, 964, 910, 846, 767, 732, 710, 673, 613,
576 cm’; 'H NMR (300 MHz, DMSO-d6): 8.32 (s,
2H), 7.80 (s, 2H), 7.11-7.25 (m, 2H), 6.84-6.91 (dt,
J=18, J=2.4, 1H), 6.36 (s, 1H), 4.73 (d, J=14.2,
2H), 4.55 (d, J=14.2, 2H) ppm.

Hydroxymethyltriazole(9): White solid; yield =
88%; mp =70-73 C; FT-IR: » (KBr) = 3104, 3038,
2957, 2738, 2637, 2544, 2402, 1555, 1419, 1360,
1104, 988, 856, 766, 654 cm™, *H NMR (300 MHz,
DMSO): 6.45 (s, 2H), 8.30 (s, 1H), 9.17 (s, 1H)
ppm.

1-Chloromethyl-1H-[1,2,4]triazole (10): White
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solid; isolated yield = 75%; mp = 82-84 C; H
NMR (300 MHz, DMSO): 6.27 (s, 2H), 8.30 (s,
1H), 9.17(s, 1H) ppm, BC-NMR (300 MHz,
DMSO) & = 55.4, 145.9, 151.7 ppm; MS: (m/z, %),
117 (35), 82 (100).

1,3-Bis-[1,2,4]triazol-1-yl-propan-2-one  (13):
White crystal; yield = 80%; mp =136-138° C; 'H
NMR (400 MHz, DMSO): 4.48 (s, 4H), 8.05 (s,
1H), 8.14 (s, 1H) ppm.
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[TonoOpen cuHTE3 Ha (PIIYKOHA30J1 C M3I0JI3BaHe HA HAHOCHIIMKA-CApHA KUCETNHA
KaTo ,,3€JICH’” KaTaJau3aTop

JI. 3amanuy, 3. Pezaen, C. Kabuagunex *

Daxyamem no gpapmayus u papmayeemuunu nayxu, Mzciedosamencku yenmuvp, [llupasku ynusepcumem no
mesuyuncku Hayku, Llupas, Heaamcka penybauxa Upan

Ioctenmna Ha 19 cemrpemBpw, 2016 r.;Kopurnpana Ha 29 sayapu, 2018 r.
(Pe3rome)

B croTBeTCTBHE € HAIIMS MHTEPEC KbM IOJyYaBaHETO Ha HOBU NPOTHUBOI'BOWYHU areHTH, HACOYMXME BHUMAaHHUETO
cl KbM (ykoHa3zona TMOpaad MIMPOKHS MYy HPOTHBOI'BOMYEH CIEKTHP, HUCKAaTa TOKCHYHOCT M OTIMYHHUTE
(bapMaKkOKMHETHYHH CBoiicTBa. Karo wacT oT HamaTa mporpaMa 3a pa3pa0OTBaHe Ha HOB METOJ 3a CHHTE3 Ha
(IryKOHa30J1 ca W3CIElIBaHW M ONTHMU3UPAHHM YCIOBHSATA HA HSIKOW PEAKIWH, BKIIOYMTEIHO [ PUHSIPAOBH pEakivu.
Haii-noOpu pe3ynraTd ca HOJy4eHH ¢ U3MOI3BaHE HA HAHOCHIIMKA-CSPHA KUCENIHMHA KaTO MEK ,3eJeH” KaTaau3aTop.
[IpeaumcTBa HAa METO/A Ca BUCOKHAT TOOMB U JIECHATa M30JIAIMs Ha IPOAYKTHTE BbB BCEKHU €Tall.
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Degradation of partially absorbable surgical mesh: a chemical and mechanical study
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Chemical and mechanical testing of partially absorbable surgical mesh after being kept in vitro under physiological
conditions for four months was performed. Differential scanning calorimetry and X-ray diffraction were used to
investigate the degradation behavior and the changes in structure and crystallinity of this surgical mesh. The
degradation of the copolymer poliglecaprone 25, which is a constituent of the mesh, was confirmed. The mechanical
characteristics of the mesh were compared in two different directions by performing uniaxial tensile tests. A progressive
loss of the tensile strength and elongation was established. Failure tests showed that the mechanical properties of the
mesh are anisotropic. The lower tensile strength is in transversal direction.

Keywords: Polypropylene, Poliglecaprone, Structure, Mechanical properties, Surgical meshes.

INTRODUCTION

Mesh hernioplasty is a common surgical
procedure — approximately 20 million hernia
repairs occur each year worldwide [1]. Currently,
hernia meshes are made of non-absorbable
polymers:  polypropylene (PP), polyethylene
terephthalate (PET), polytetrafluorethylene (PTFE),
as well as from absorbable polymers such as
polyglactin (PGA) or poliglecaprone 25 (PGC) [2].

Non-absorbable hernia meshes keep their
mechanical stability, but induce high inflammatory
reactions. Absorbable and partially absorbable
hernia meshes are used in the clinical practice in
cases of large defects or damaged tissues.
Absorbable meshes are completely replaced by
connective tissue, but are only recommended for a
temporary closure of the abdominal wall or an
infected wound and not for implantation because of
their rapid degradation [3]. When it became clear
that the tensile strength required is much less than
originally presumed the material of meshes was
reduced by adding partially absorbable components
or by primary reduction of the material used. Today
light-weight and partially resorbable meshes are
recommended as a golden standard in surgical
practice because of their advantage for abdominal
wall function.

Most light-weight hernia meshes (16-35 g/m?)
with large pores (diameter of >1 mm) are a
combination of PP fibers and PGA or PGC fibers
[4]. One of the most popular partially absorbable
hernia meshes is ULTRAPRO, distributed by
Johnson-Johnson Inc. (Neuss, Germany) and
consisting of approximately equal parts of

* To whom all correspondence should be sent:
E-mail: dessip@imbm.bas.bg
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absorbable PGC-25 and non-absorbable PP
monofilament fiber.

The mechanical properties and shrinkage of
ULTRAPRO are investigated and compared with
other meshes [5-7]. To present we could not find
information about long-term changes of chemical
composition of ULTRAPRO. Chemical degradation
that leads to a reduction of the physical and
mechanical properties is the primary obstacle to
long-term mesh stability. One of the most popular
polymers used for hernia meshes is polypropylene
(PP). PP is a linear aliphatic hydrocarbon, which
has methyl groups attached to chain backbone. It is
nonpolar, highly hydrophobic and resistant to many
chemical solvents, bases and acids [8]. Chain
entanglement and intermolecular secondary bond
forces (van der Waals-London forces) from induced
dipole hydrogen bonds between chains define the
mechanical properties of PP. This polymer is
considered to be an inert material that provides
stable service life in vivo as a mesh material [8].
Actually, the chronic inflammatory cells secrete
highly reactive radicals as superoxide anions, as
well as strongly oxidative chemicals, for example,
hypochlorous acid and hydrogen peroxide, which
are potentially detrimental to the PP mesh [9]. The
created free radicals along the broken bonds are
possible to bind to oxygen to form carbonyl groups
[10]. Oxidization of polypropylene results in chain
cracking, flaking, strands fissuring and surface
crazing [9]. Surface oxidative degradation of PP
gives as a result bulk property changes such as loss
of mass, lowering the glass transition and melt
temperatures and diminished molecular mobility

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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[11]. Both the polyester and ePTFE (i.e. expanded
PTFE) have been shown to be much more inert to
oxidation, which affects PP mesh at a greater
severity [9].

In order to present all aspects of the degradation
process of absorbable meshes we decided to
characterize a pristine mesh ULTRAPRO before
and after exposure to conditions similar to human
physiology using Differential Scanning Calorimetry
and X-ray Diffraction. The changes in the structure
and crystallinity of this brand will be described.
The information about long-term chemical,
physical and mechanical changes of ULTRAPRO
will be useful to determine the brand of explanted
meshes.

MATERIALS AND METHODS
Materials

Partially absorbable light-weight mesh with
brand name ULTRAPRO (Ethicon, a
Johnson&Johnson Company, Germany) for surgical
applications was used in this study. This
monofilament mesh with large pores (3-4 mm) is
made of two-component PROLENE™
(polypropylene  —  PP) and  absorbable
MONOCRYL™ (poliglecaprone 25 — PGC-25).
PGC-25 is a copolymer of glycolide and e&-
caprolactone  [11], i.e.,  poly(glycolide-co-
caprolatone). ULTRAPRO mesh has a different
coloration (white and blue stripes) (Fig. 1). This
design facilitates the orientation for positioning of
the mesh. The pristine mesh was 150x150 mm?,
with thickness of 0.5 mm, fiber diameter of 90 um
and 55 g/m? average weight.

Fig. 1. Photo of ULTRAPRO mesh
Ageing of the mesh

In order to age the samples they were placed in
the chamber of the digital thermostatic bath
DIGIBATH-2 (Raypa, Spain) full of 0.9% saline
solution. The chamber conditions were strictly
controlled — 120 days at 37 + 1°C temperature in
saline solution exposure.

Various methods for chemical, physical and
mechanical characterization of the mesh properties
were used.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was
used as a test for identification of the changes in the
structure of the surgical polymer mesh. DSC tests
were performed on the Q200 DSC apparatus (TA,
USA). The samples were investigated in a
heating/cooling/second heating mode from -80 to
250°C with a heating/cooling rate of 10°C/min in
nitrogen atmosphere. The crystallization (T¢) and
melting temperature (Tn,) were determined from the
cooling and heating curves, respectively. In order to
check if there is detectable glass transition in the
two samples, separate experiments with a high
heating rate of 50°C/min from -80 to 250°C were
performed. In all cases the sample weight was
between 1.5 and 3 mg.

X-ray diffraction (XRD)

This is another measurement tool, which
assesses the physical structure of the materials. In
our case the goal was to show which of the
polymers present in the ULTARO mesh before and
after the ageing was in crystalline form. A Siemens
D500 diffractometer (Germany), with secondary
monochromator and Cu-Ka radiation was used to
obtain the diffractograms over the 20 range of 10-
40° with a step of 0.05° and count time of 5 s.

Mechanical characterization

In addition to the physical and chemical
characterization, the mechanical properties of the
mesh were determined. Uniaxial tensile test was
conducted wusing a universal testing machine
(Ful000e, Germany) at room temperature and with
the traverse velocity of 0.13 mm/s. All tests were
performed in two perpendicular directions -
longitudinal (along the loop columns) and
transverse (across the loop columns) in order to
determine the influence of anisotropy on the
mechanical properties. Uniaxial testing in both
directions may be not the perfect solution to
describe the mechanical properties but is an
established  method.  The orientation  of
ULTRAPRO mesh is easy to control, because the
blue strips of the material are along the loop
columns. For each direction, five specimens of 10 x
70 mm? were cut. The specimen's thickness was
determined with a caliper. The force and the
displacement were recorded. The relative breaking
strain in % was computed as AL/L,x%100, where L,
is the initial length before any load is applied and
AL is the elongation of the sample. The tensile
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strength was obtained wusing the expression
Force/Width, where Force (N) is the load applied
during the test and Width is the specimen width
(mm). The stress cannot be computed, because the
value of the thickness of the meshes is not
measurable due to its discontinuous cross sectional
area, where filaments and empty areas exist and are
interspersed. The results are reported as mean +
standard error of the mean.

RESULTS AND DISCUSSION
Thermal characterization

The DSC curves of the pristine samples (white
and blue stripes) and the sample soaked in solution
are presented in Fig. 2 for the first heating (a),
cooling (b) and second heating (c), respectively.
The curves of the pristine white and blue samples
are similar. Hence, these two parts of ULTRAPRO
mesh are identical and the colouring does not
influence its chemical characteristics. For this
reason we will designate both as a pristine sample
in contrary to the aged one.

There is a very weak low-temperature melting
peak at ca. 55°C, a very strong peak at ca. 169°C of
both pristine and aged sample in the thermograms
of the first heating. An additional broad peak at
around 183°C is present in the thermogram of the
first heating of the pristine sample (Fig. 2a).

The thermograms of cooling (Fig. 2b) are
characterized by a single maximum at 114.3°C for
the pristine sample and a doublet at 114.3/129.0°C
after the stay in the physiologic solution. It is
interesting to note the coincidence of the single
peak at 129.0°C for the aged sample with the high-
temperature peak of the doublet for the aged one.

There is a peak of crystallization at 55.0°C, a
very strong peak of melting at 159.7°C and a
moderate peak of melting around 183°C for the
pristine sample in the thermogram of the second
heating (Fig. 2c). A weak peak of melting at 55.0°C
and a strong one at 163.4°C are also indicated in the
thermogram of the aged sample (Fig. 2c).

A clear glass transition is indicated in the
thermogram of fast heating of the pristine sample at
8.0°C (Fig. 3). The registered melting Tm, glass
transition Ty, and crystallization T. temperatures
together with the enthalpy of melting 4H,» and DSC
degree of crystallinity w. are summarized in Table
1.

Generally, the changes in the shape of the first
melting endotherms give some qualitative
information about the content of different phases,
as well as on the perfection of the crystal structure
which depends on the prehistory of the material.
The existence of multiple peaks in the DSC
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thermograms can appear in (a) a sample that
consists of more than one plastic; (b) a sample that
consists of only one plastic but with different
molecular weights; (c) a sample that consists of
crystals of different size and/or type; (d) a degraded
sample [12].

endo >

a)

endo >

100
Temperature, 'C

endo >

Temperature, “C

c)
Fig. 2. DSC curves of pristine and aged samples of (a)
first heating, (b) cooling and (c) second heating. (The
curves are shifted vertically for the sake of clarity.)

—— pristine
=+« aged

endo >

Temperature, “C
Fig. 3. DSC curves of heating of samples with a high

heating rate of 50 °C/min. (The curves are shifted
vertically for the sake of clarity.)



D. Pashkouleva et al.: Degradation of partially absorbable surgical mesh: a chemical and mechanical study
Table 1. DSC characteristics of the pristine and aged sample.

Sample First heating, Cooling, Second heating, Heating,
10°C/min 10°C/min 10°C/min 50°C/min

Tm AHm We Te Tm, AHnm  We Te Tg
(°C) Ulg) (%) (0 (C) Ug) (%) (°C) (°C)

Pristine 55, 944 452 114.3 159.7, 825 412 550 8.0
169.8 183
and 183

Aged 168.8 895 428 114.3 163.4 859 43.0 - -

/129.0

The melting at 169-170°C is obviously due to
melting of PP crystals (Fig. 2). According to
Wunderlicht [13] the melting temperature of 100%
isotactic PP is 174 °C and that of 60% isotactic PP
is 171-172°C. This is also supported by Keith and
Padden [14] who state that 100% isotactic PP melts
at 171°C, 60% at 165°C and 40% at 162°C. Other
authors claim that perfectly isotactic PP has a
melting point of 171°C, whereas commercial
isotactic PP has a melting point that ranges from
160°C to 166°C, depending on atactic material and
crystallinity. The observed melting temperature
(Fig. 2a) of around 169-170°C in the first heating of
both pristine and aged samples, respectively,
matches that of homo-PP containing isotactic
fraction of about 60-80%. The lower Ty, of 163.4°C
in the second heating may be attributed to worse
crystallization conditions during the fast cooling,
i.e., the created crystallites are imperfect and the
crystallization has not taken fully place in both
samples. This is indirectly proved by the additional
crystallization at 55.0°C during the second heating
of the pristine sample and also witnessed by the
decrease in enthalpy of melting of the pristine
sample from the first to the second heating by about
14 % (Table 1).

The observed peak at about 183°C for the
pristine sample is probably due to melting of short
polyglycolide blocks in the copolymer since
polyglycolide melts at 225-230°C and the monomer
glycolide melts at about 83°C [15], hence the
glycolide oligomers melt in a very broad
temperature interval depending on the length of the
blocks. By the same token the observed melting
peak at about 55°C is due to melting of short -
caprolactone blocks in the copolymer since
polycaprolactone melts at 60°C and caprolactone
melts at -1,5°C. If we assume a mole ratio of the
two components of poly(glycolide-co-caprolactone)
of 1:1 (see e.g. [16]), then formation of both short
glycolide and caprolactone blocks is possible. In
fact we do not know the mole ratio of the PGC
since it is a proprietary information and lacks in the
producers‘s datasheets. Nary et al. [11] concluded
that the best response from PGC 25, as well as its

monofilament characteristic is related to its
chemical composition, 25% e-caprolactone and
75% glycolide. As can be easily calculated on the
basis of the monomer molecular weights that this
ratio corresponds to approximately 1:6 monomers
capralactone: glycolide, i.e. oligoglycolide blocks
will be formed thus explaining the melting around
183°C. Based on the above ratio, the caprolactone
will form very short blocks, hence the
corresponding very weak peak (Fig. 2a,c).

Both peaks around 55 and 190°C are not present
in the thermograms of the aged sample (Fig. 2a,c)
thus confirming the degradation of the copolymer
during the ageing of the composite ULTRAPRO
mesh.

The crystallization temperature of 129.0°C,
registered at cooling (Fig. 2b) clearly indicates that
the thermal history of the pristine sample has been
cleared during the first heating. The presence of the
low temperature crystallization peak at 114.3°C
together with a peak at 129.0°C on the thermogram
of the aged sample is probably due to
inhomogeneous crystallization where the nuclei are
the low molecular products formed after the
degradation of the copolymer during the ageing.

The observed glass transition temperature of
8.0°C on the thermogram of the pristine sample
(Fig. 3) may be attributed to the copolymer PGC
since the glass transition temperature of its
constituents is 35-40°C for polyglicolide and -60°C
for the polycaprolactone. It is worth noticing that
Lee et al. [16] reported Ty of PGC with
glycolide/caprolactone feed ratio of 5.1/4.9 as -
19.3°C, i.e. the slightly lower temperature may be
explained by a slightly different feed ratio. The lack
of Ty in the thermogram of the aged sample (Fig. 3)
again indicates that degradation of the copolymer
has taken place after the ageing. According to the
literature [17], T4 of PP is -10°C. Nevertheless, it
cannot be seen in the thermograms due to the
relatively small quantity of amorphous PP; this is
based on the fact that the composite ULTRAPRO
mesh consists of equal parts of semicrystalline PP
and PGC [15].
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X-ray characterization

In Fig. 4 the normalized diffractograms of the
two samples — the pristine and the aged one are
shown. The two diffractograms match those of
isotactic alpha-form of PP [18] and differ only
slightly due to some change in the orientation in the
aged sample, expressed by the decrease of the
111+131+041 complex maximum situated at 22.0
©20 as well as to the 200+220 complex maximum
situated at 28.5°260. An attempt to estimate the half-
width of the three main maxima was made, but
these half-widths of the corresponding maxima of
the two samples turn out to be equal within the
experimental error. Thus, no conclusions about an
eventual process of worsening of the perfection of
the PP crystallites due to the ageing can be made
based on the diffraction line half-width. Since the
well distinguished strong maximum of the p-phase
at 21.31°20 is not seen, the latter is not present [18].
The presence of isotactic a-form of PP only is in
agreement with the reported melting temperatures,
see above. Since neither peaks of the copolymer
PGC nor of its constituents (that are both crystalline
as polymers) are seen, the copolymer PGC is
random or blocky with short blocks. This is in
agreement with the DSC data.

11141314041

Normalized intensity

Two theta, deg

Fig 4. Normalized diffractograms of the two
samples: o-pristine sample and e-aged sample. The
Miller indices of the main maxima are shown.
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Mechanical characterization

The characteristics of the mechanical properties
are shown in Fig. 5. The results of the tensile test of
the mesh are presented in a “longitudinal” (Fig. 5a)
and a “transverse” (Fig. 5b) direction, as the
anisotropic behavior was in agreement with the
reported ones [6, 7].

The maximum equivalent stress for the pristine
mesh in longitudinal and transverse direction is
37.7£0.9 N/cm and 5.5+0.7 N/cm, respectively. The
equivalent stress is approximately 7 times higher in
longitudinal than in transverse direction. The
elongation at break is 151.8+2.5% in longitudinal
and 191.2423.8% in transverse direction. The
obtained anisotropy of the ULTRAPRO mesh is
also reported in [6, 7]. Unfortunately, the
researchers use many different non-comparable
settings for defining the mechanical characteristics
of hernia meshes and the degree of anisotropy
cannot be compared.

The degradation of PGC leads to a change in the
mechanical properties of the mesh (see Fig. 5). The
maximum equivalent stress in both directions
slightly decreases (from 37.7+0.9 N/cm to 35.9+1.8
N/cm in longitudinal direction and from 5.5+0.7
N/cm to 2.0£0.3 N/cm transverse direction). The
elongation at break also decreases (from
151.842.5% to 127.843.6% in longitudinal and
from 191.2+23.8% to 131.5+£17.5% in transverse
direction).

CONCLUSIONS

It was shown that the poly(glycolide-lactone)
copolymer in the ULTRAPRO mesh is a block
copolymer, consisting of very short caprolactone
blocks and much longer glycolide blocks.
Degradation of the above copolymer during the
ageing of the composite ULTRAPRO mesh was
proven by DSC. Presence of only iso-PP in
crystalline (a-) form in the mesh was proven by
XRD both before and after the ageing. Degradation
of PGC in the ULTRAPRO mesh was indicated by
a change in the mechanical properties of the mesh
after the ageing. Strong anisotropy of the
mechanical  properties in longitudinal and
transverse direction was observed.
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Fig. 5. Strength-strain diagrams for ULTRAPRO mesh samples before and after saline solution exposure in (a)
longitudinal and (b) transverse direction.
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PA3I'PAXKJAHE HA HACTUYHO PE3OPBUPYEMA XMPYPIMUHA MPEXA:
XUMNYHO U MEXAHMUYHO U3CJIEABAHE

J. Hamkynesa'”, M. Kupunosa-Jlonesa?, U. boposancka’, A. A. Anoctosos®

Y Unemumym no mexanuxa, Bvazapcka axademus na nayxume, Cogus, Boneapus
2 @axynmem no Ppapmayus, Meouyurncxu ynusepcumem-Cogus, Bvazapus
3 @axyrmem no xumus u papmayus, Couiicku ynueepcumem ,, Ce. Knumenm Oxpudcku”, Cogus, Bvizapus

[ocrermna va 17 sayapu, 2017; npueta Ha 10 mait, 2018
(Pestome)

XUMHYHO ¥ MEXaHWYHO TECTBaHE Ha YaCTHYHO pe3opOmpyeMa XHpPyprudHa Mpeka € MPOBEIEHO Cliex
YErHPUMECEUHO TpecTosiBaHe IN VItro mpu ¢usnonornauu yciaosus. JupepeHimania cKaHupama KaTopUMETPHs |
peHTreHoBa OuQpaKIus ca W3MOI3BaHU 33 U3CIEABAHE HA pa3araHeToO M IIPOMEHHUTE B CTPYKTypaTa M KPUCTATHOCTTA
Ha XUpyprudHata Mpeka. [IoTBBp/IeHO € pa3yaraHeTo Ha ChIIOJIMMEpa MOJHUIIIEKaNpoH 25, KOWTO € ChCTaBHA YacT Ha
MpekaTa. MeXaHHYHHTE XapaKTepPUCTHKHN HAa Mpe)kaTa ca CpaBHEHH B JBE PA3IMYHH HANPABICHUS Ype3 MPOBEXKAaHEe Ha
€THOOCOBH TECTOBE Ha OITbH. YCTAaHOBEHA € NMPOTpPECHWBHA 3aryda Ha SIKOCT HA ONMBH M yIBIDKaBaHE. MeEXaHUYHHTE
M3MUTBaHMA TOKa3BaT, Y€ MEXaHWYHHTE CBOMCTBA Ha Mpexara ca aHM30TpomnHU. [lo-Manka SKOCT Ha ONBH €
YCTaHOBEHA B HAIIPEYHO HAIPABIICHHUE.
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In the present study, plant cell wall material from rose hip fruits was isolated as alcohol-insoluble solids. Chemical
composition of the cell wall material and initial fruits (edible part) was investigated and compared. The amounts of
polyphenols (flavonoids), pigments, lipids, vitamin C were removed in a different extent during hot alcohol/acetone
treatment. In contrary, proteins, polysaccharides and some polyphenols (condensed tannins) were co-precipitated due to
the dehydration effect of alcohol, which was the main factor that restricted the extractability of ‘contaminants’. In
addition, carbohydrates (mainly pectins and cellulose) were found out to be the main constituents of the ‘purified’ rose

hip cell wall preparation.

Keywords: Rose hip, Plant cell walls, Alcohol-insoluble solids, Characterization, Polysaccharides.

INTRODUCTION

Rose hip (RH) is widely distributed in particular
regions of Europe (Balkan Peninsula), Asia (the
Middle East), South and North America [1]. Fruits
are mainly used for commercial production of jams,
jellies, marmalades, tea, soups, food additives and
functional ingredients. In traditional folk medicine
RH is applied for curing infections, osteoarthritis
and for the treatment of the common cold [2].

The RH fruits also attract attention as a rich
source of low-molecular weight nutraceutical
components, such as vitamins (C, B, E),
carotenoids, phenols, essential oils, fatty acids and
minerals, which have already been recognized as
bioactive [3-8]. Although the impacts of low
molecular weight biologically active substances are
extensively studied, it seems that they are not
responsible for all health beneficial effects.

Some of the studies dealing with RH fruits refer
to the occurrence of polysaccharides [3, 5, 6].
However, the obtained polysaccharides were not
fully characterized and therefore further
investigation of the polymer composition and
structure of the RH fruit cell walls is required. In
addition, thorough knowledge of the composition of
RH cell walls is crucial and essential for better
understanding and assessing the quality of the fruits
and their suitability for technological processing.

An extensive study of the RH polysaccharide
fractions is related to the preparation of plant cell
walls  ‘relatively’ pure from intracellular
components. It should be noted that the methods of

* To whom all correspondence should be sent:
E-mail: mogn@orgchm.bas.bg; mogn@abv.bg

cell wall preparation depend on the amounts of
intracellular compounds in the initial plant material
(starch, protein, polyphenols, etc.), the stages of
ripeness, and used anatomical parts of the plant.
Alcohol-insoluble solids (AIS) have usually been
used as a source of cell wall material (CWM) by
various researchers [9-12]. Generally, AIS are
prepared by immersing the tissue in hot aqueous
ethanol solution, followed by blending the mixture
to disrupt the material and further solubilize low-
molecular weight compounds. After filtration the
residue is washed with absolute ethanol and acetone
or petroleum ether. The advantage of this method
for cell wall preparation is the fast inactivation of
the most endogenous enzymes, which could alter
polymers structure. However, dehydration with
organic solvents is known to influence the
solubility of the polysaccharides and additionally
facilitate the formation of co-precipitate (artifacts)
between cell wall components [9, 12].

In the current study a method for isolation of
plant cell walls as AIS from RH fruits is described
and the results of chemical composition analysis of
the cell wall material and initial fruits are presented
and compared.

EXPERIMENTAL
Plant material

The RH fruit material (with orange-red colour of
the fruits) was obtained from a local producer
(Smolyan, the Rhodope Mountains, Bulgaria). The
material was enclosed in polyethylene bags and
stored frozen (—18 °C) before further treatment.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Preparation of cell wall material

Cell wall material was obtained using the hot
alcohol insoluble solids method. Extractions were
carried out in a glass flask (4 L) placed in an
incubator as follows: 200.0 g of chopped and
freeze-dried rose hip fruits stripped of seeds was
transferred into 2.0 L of ethanol/water 80:20 (v/v)
solution (solid:liquid ratio = 1:10 w/v) pre-heated at
70 °C. The obtained mixture was kept at 70°C under
vigorous shaking (every 10 min) for 1 h and then
heating was discontinued. The resulting material
was allowed to cool down and was left overnight at
room temperature. Then the mixture was filtered
through a nylon cloth to remove the solid particles.
The same procedure was repeated as incubation
was carried out for 1 h. After filtration, the
insoluble residue was washed with ethanol/water
80:20 (v/v) (70°C) solution (solid:liquid ratio = 1:5
w/v) for 1 h. Finally, the solid was washed with
acetone (solid:liquid ratio = 1:4, w/v) at 30 °C for 1
h. The solid material was vacuum-filtrated and
additionally squeezed from excess of solvent
through a cloth.

Initial plant material
Rose hip fruits

|
| |

| Fruit flesh (husk) | | Sceds andhutt |

[<— liophylization
js— mill

| Dried and milled plant material |

l«— 80% v/v EtOH (1:10) at 70°C
heating at periodically stirring
[<—— for 24 hours

filtration
filtrate 1 (F1) residue 1 (R1)

[€<— 80% v/vEtOH (1:10) at 70°C

heating at periodically stirring, 1 h
filtration

<—

—

filtrate 2 (F2) residue 2 (R2) |

[€<— 80% v/v EtOH (1:5) at 70°C

heating at periodically stirring, 1 h
filtration

<—

 —
filtrate 3 (F3) residue 3 (R3) |

le—— acetone (1:4) at 30°C
heating at periodically stirring, 1 h
c gat pi y g,

\]/— filtration
filtrate 4 (F4) residue 4 (04) |

IK<—— Vacuum drying at 40°C, -0.1 mbar

Alcohol-insoluble solids (AIS)
[Plant Cell Walls (PCW)]

Fig. 1. Scheme of cell wall material preparation from
rose hip fruits.

The obtained alcohol-insoluble residue was
further vacuum-dried (40°C, -0.1 mbar) to a
constant weight. The general scheme of the cell
wall material preparation from RH fruits followed
in this investigation is presented in Fig. 1.

Moisture and ash content

For the moisture content, ground samples (~1.5
g) were dried in an automated moisture analyzer
(KERN®DLB, Germany) at 105°C until a constant
weight. Results were used for dry solid calculation.
Ash content was determined as the pulverized
samples (0.5-2 g) were placed in a crucible, ignited
in a muffle furnace at 550°C to a constant weight.

Total carotenoids content

The total carotenoids were determined using
acetone as a solvent according to Lichtenthaler and
Wellburn [13]. For extraction of lycopene and S-
carotene the method with acetone/petroleum ether
solvents was used as previously described by
Georgé et al. [14]. The concentrations of lycopene
and f-carotene were calculated using the equations
of Lime et al. [15].

Vitamin C content

The amount of ascorbic acid in the RH fruits
was determined according to the 2,6-
dichloroindophenol titrimetric method of AOAC
[16].

Total carbohydrate content and monosaccharide
composition analysis

Before analysis the samples were submitted to a
prehydrolysis treatment with 72% (w/w) H>SOj4 at
30 °C for 1 h, followed by a hydrolysis step with 1
M H,SOy4 at 100 °C for 3 h. The total carbohydrates
content in the hydrolyzates was assayed by the
phenol-sulfuric acid method according to DuBois et
al. [17] using glucose (10-80 pg/ml) as a reference.
Absorbance was measured at 490 nm. The standard
curve was constructed with glucose and
galacturonic acid mixture (1.5:1.0) and was used
for result calculation (AIS material). Individual
neutral sugar composition of the obtained plant cell
walls was determined [18] by gas chromatography
using inositol as an internal standard. The
constituent sugars released were analysed as their
volatile alditol acetates [19]. The uronic acid
content was determined by an automated
colorimetric m-hydroxyl-diphenyl assay [20] using
an auto-analyser Skalar San'" system (Skalar
Analytical BV, Breda, The Netherlands).
Galacturonic acid (12.5-100.0 pug/ml) was used for
the calibration curve. The methylpentoses content
was evaluated by the thioglycolic acid-sulfuric acid
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method with L-Rha and L-Fuc (1:1) as standards
[21].
Cellulose content

The cellulose determination was performed
according to the Kiirschner-Hoffer gravimetric
method with modification [22]. Briefly, a sample
(0.5 g) was boiled (30 min) with 25 ml of acetic-
nitric reagent (acetic acid:H,O:HNO; = 8:2:1 v/v)
in a round-bottom flask. After cooling the insoluble
residue was filtrated through a sintered glass filter
(G3) under vacuum, washed successively with hot
acetic-nitric reagent, then with deionized water to
neutral pH, ethanol (96% v/v) and finally with an
excess of petroleum ether. The obtained residue
was dried in a laboratory ventilated oven at 50°C to
a constant weight.

Protein content

The crude protein content of the samples was
estimated by the micro-Kjeldahl method [23]. The
nitrogen as ammonia content in the digested
samples was determined by the acetylacetone-
formaldehyde  colorimetric =~ method  using
ammonium sulfate as a standard [24]. For
calculation of crude protein, a value of the nitrogen-
to-protein conversion factor of 6.25 was used.

Total lipids content

The powdered dried RH fruits (without seeds)
(14.0-15.0 g) were packed in a cellulose thimble.
An exhaustive extraction with petroleum ether
(with boiling point: 40—60°C) (500 ml) was carried
out for 8 h in a Soxhlet extractor. The obtained
crude extract was dried under vacuum and its
weight was used for calculation of the lipids
content on the basis of dry weight of the samples.

Lignin determination

The lignin content of the prepared AIS was
evaluated by two different analytical methods: the
Klason lignin gravimetric method (KL) [25] and the
spectroscopic acetyl bromide lignin (ABL) method
[26].

Total phenols content

Freeze-dried fruits (edible part) or AIS (0.5 g)
were mixed with 40 ml of 80% acetone in 0.2%
formic acid and extracted on a magnetic stirrer at
room temperature for 1 h. Then the samples were
centrifuged (6000 g, 20 min) and supernatants were
collected. Total phenolics were determined
according to the method of Singleton and Rossi
with Folin—Ciocalteu’s reagent [27]. Gallic acid
(10-200 pg/mL) was employed as a calibration
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standard and the results were expressed as mg
gallic acid equivalents (GAE) per g dry weight.

Flavonoids and condensed tannins content

Freeze-dried fruits (edible part) or AIS (1.0 g
powder) were mixed with 40 ml of 80% ethanol in
0.5% formic acid. Extraction was conducted on a
magnetic stirrer at room temperature for 1 h. The
samples were centrifuged (6000 g) for 20 min and
clear supernatants were used for total flavonoids
and tannins content analysis. The total flavonoid
content was determined according to the method of
Chang et al. [28] with AICl; reagent. The results
were presented as pg equivalents quercetin (QE)
per g dry weight according to the calibration curve
constructed with quercetin dihydrate (10-200
mg/L).

The methylcellulose precipitation assay was
performed according to Sarneckis et al. [29] for
determination of condensed tannin concentration. (-
) epicatechin standard (> 90% HPLC, Fluka)
aqueous solutions (10-200 mg/L) were used for
calibration curve construction.

Antioxidant activity assays

Oxygen Radical Absorbance Capacity (ORAC)
assay. ORAC was measured according to the
method of Ou et al. [30] with some modifications
described by Denev et al. [31]. ORAC analyses
were carried out on a FLUOstar OPTIMA plate
reader (BMG Labtech, Germany). A fluorescence
filter with excitation wavelength of 485 nm and
emission wavelength of 520 nm was used.

DPPH  radical-scavenging  ability.  The
extraction process was carried out with 100 %
acetone in a ultrasonic bath [32]. DPPH assay was
performed as described by Ivanov et al. [33]. The
results were expressed as micromoles of Trolox
equivalents (TE) per gram (umol of TE/g) dry
weight.

RESULTS AND DISCUSSION
Characterization of initial RH fruits

The current study started with removing of the
edible part (fruit flesh) from seeds and hull. Mean
fruit weight was 1.93 g that was based on randomly
weighed 1 kg of fruits. The fruit flesh was the main
usable part, as its proportion was 61.5%. The seeds
and hull represented 38.5% of the fresh fruits
weight. Average number of seeds in one fruit was
17 (from 100 fruits). Further, these parts were not
subject of interest and analysis. The results for
yields and chemical composition of initial RH fruits
are summarized in Table 1. The dry matter content
of the investigated fruit flesh was 47% which was
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comparable with the previous study by Bonev et al.
[34] who reported 43.4%. Rosu et al. [35] found
that dry matter varied among rose species and they
reported that Rosa canina L. Str. species had a
slightly higher value (49.9%) than in our study.

Table 1. Yield, chemical composition and
antioxidant capacities of initial RH fruits and isolated
plant cell wall material (AIS)?.

Initial RH Plant cell wall
fruits material (AIS)
Yield (% w/w) - 57
Dry matter 47 97
(% w/w)
Ash (% w/w) 5.0 2.0
Crude protein 3.5 4.6
(% w/w)
Total lipids 0.77 0.37
(% w/w)
Total 34 52
carbohydrates
(% w/w)
Uronic acids 9.6 16.2
(% w/w)
Cellulose 7.0 11.0
(% w/w)
Methylpentoses 1.8 2.3
(% w/w)
Lignin content
(% wiw)
Klason - 8.0
ABSL - 5.1
Vitamin C 610 35
content
(mg/100 g)
Total phenolics 91 54
(mg GAE/g)
Total flavonoids 262 52
(ng QE/g)
Total tannins 178 136
(ug CE/g)
Total carotenoids 119.0 3.0
(ng/g)
Lycopene 63.6 1.3
p-Carotene 54.0 1.5
ORAC 2094.3 1372.9
(umol TE/g)
DPPH 2493.6 1870.8
(umol TE/g)

 Values are the average of two replicates.

Initial RH fruit flesh was characterized with
5.0% ash content that was higher than the value
previously found by Bonev et al. [34] (2.22%), but
lower compared with the investigation of Demir
and Ozcan [5] for two RH samples from Turkey
(7.35% and 6.48%).

The crude protein content of fruit flesh was
evaluated to be 3.5% and it was in close agreement

with the data of Michev et al. [36], but lower
compared to these of Demir and Ozcan [5] — 6.7
and 8.4%. According to the literature, the protein
content of RH ranged between 2.3 and 4.58% dry
matter [37] depending on maturity stage, agro-
climate condition, and even correlated with altitude
[35].

Our result for the lipid content (0.77%) was
slightly lower than those reported by other authors
who have shown for R. canina — 1.78% total fat
content and 1.6 and 1.2% crude oil of two RH
species [5]. In comparison with data in the
literature, our result was in very good agreement
with reports for fully ripened R. canina fruits (0.70-
0.80%) [36].

It was shown that carbohydrates were the main
constituents of the RH fruits based on dry matter
(34%). Uronic acids and cellulose were accounted
for nearly 10% and 7.0% of the dry matter,
respectively. In addition, methylpentoses (Rha and
Fuc) content was 1.8% and combined with those of
uronic acid and cellulose occupied nearly 18.4%.
Therefore, the soluble sugars should be accounted
for the rest. The other authors who studied different
RH species showed that cellulose content varied
between 2.1% and 9.7% [34].

Vitamin C was recognized as one of the most
important components of RH fruits based on our
results. Its concentration was estimated to be 610
mg/100 g dry weight. This value was comparable
with those found by Ercisli [6] who reported 727-
943 mg/100 g ascorbic acid. Interestingly, higher
levels of vitamin C content (1358 mg/100 g) were
determined by Dimitrov and Bonev [4] for different
RH species (31 sp.). In another study, Demir and
Ozcan [5] found considerably higher levels of
vitamin C (2365 and 2712 mg/100 g).

It is well known that RH has been proposed as a
source of health-promoting natural pigments, such
as carotenoids [2, 3, 38]. In our study we found 119
ug/g total carotenoids content which value was
comparable with the lower amounts of carotenoids
(101.24 and 190.29 pg/g) detected in an earlier
harvesting period [38]. Further, the concentrations
of f-carotene (54.0 pg/g) and lycopene (63.6 ng/g)
were found to constitute nearly 98% of the
carotenoid content, which was similar to previous
investigations [38]. With regard to previous studies
[3], the total carotenoid content determined in Rosa
species showed a wide range from 78 to 568 ng/g,
which is in line with our results.

Initial RH had a high proportion of total
phenolic content. The investigated species
contained 91 mg GAE/g which was in close
agreement with the reports for the same species [6]
(96 mg GAE/g), but higher than reported by Denev
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et al. [39] (56 mg/g). Our result was also higher
than those determined by Demir et al. [40] who
found variation in different Rosa species — between
31.08-52.94 mg/g. Among widely distributed
polyphenols are the flavonoids, which consist of
flavones, flavanols, anthocyanins and
proanthocyanidins. Because of this it was of
interest to evaluate total flavonoids and condensed
tannins content. The investigated species contained
262 pg QE/g total flavonoids. This amount was
lower than that obtained in recent studies [41], but
it was of the same order (0.63 mg QE/g). The
authors have also demonstrated a quantitative
variation of phenolics between two RH species due
to the different extraction solvent used. According
to them, it seems that flavonoids of RH fruits can
be totally extracted using water as an extraction
solvent rather than a highly concentrated organic
solvent (methanol, ethanol, acetone, etc.) as used in
traditional extraction methods. Further, the
measured concentration of total tannins in our Rosa
species was 178 pg CE/g. Not enough studies
discussed the quantitative amount of phenols and
most of them have ©been focused on
proanthocyanidin  aglycones and  glycosides
characterization [42]. The tannins content was
comparable to that in the report of Cunja et al. [43]
who found values for proanthocyanidin trimer 1-3
ranging between 119.6-181.4 ug/g. In contrary,
Taneva et al. [8] measured higher levels (3.86%,
3.76%, and 1.46%) for total tannin content in water,
50% (v/v) and 70% (v/v) ethanol extracts,
respectively, suggesting that water was a better
solvent for higher recovery of tannins. In addition,
tannin content may vary widely during the growing
season in particular anatomical plant parts, as
Hashidoko [44] has noted that condensed tannins
were more abundant in the underground parts of the
plant and the polar phenol fraction contained higher
amounts of catechin oligomers and polymers.

The antioxidant activity of R. canina hips was
evaluated by ORAC and DPPH methods (Table 1).
Initial RH sample showed high antioxidant activity
(ORAC - 2094.3 umol TE/g; DPPH — 2493.6 pumol
TE/g). ORAC value was higher than earlier
determined [7] — 1873.5 umol TE/g.

Characterization of isolated plant cell wall
material

The second main objective of our research was
the isolation of plant CWM as AIS and its chemical
characterization. We were particularly interested in
how the chemical composition changed after plant
material treatment with organic solvents. For easier
comparison the results are presented in Table
1. During extraction of initial RH material with
hot
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aqueous ethanol (70°C) and acetone, 43% of the dry
matter was solubilized. The AIS fraction
represented 57% (w/w) of the lyophilized plant
material. Although there were earlier studies
concerning the carbohydrate constituents of the cell
walls of suspension cultures from hip fruits [45,
46], yields of the AIS have not been reported
before, and cannot be therefore compared. The
result of the AIS content in the present study was
lower comparing with data from our -earlier
experiments with RH fruits (76.1%) [47]. It should
be pointed out that we followed a different
procedure for AIS preparation and the starting RH
material was differently prepared.

Ash content (2 %) was reduced to 60% due to
aqueous organic solvent treatment.

Interestingly, the AIS had a high content of
crude protein (4.6%) by reason of the co-
precipitation of  soluble protein with
polysaccharides during alcohol treatment. In
addition to the dehydration effects of aqueous
alcohol and acetone, AIS was isolated from freeze-
dried hips fruits material. Nevertheless, it is well-
known, and also expected in our case, that AIS
methods have advantage in cell wall enzymes
inactivation. Also, initial RH fruit material seems
not to be a rich source of protein such as in case of
protein-rich soybean. Because of this we did not
consider the necessity of additional extraction steps
for removing co-precipitated proteins with chemical
(detergents, PAW), enzyme (or both) treatment.
This is consistent with the study of Renard [12]
who found that the nitrogen content was
significantly higher in the AIS procedures than in
other methods and among these it was significantly
higher in AIS prepared from freeze-dried material.

Total lipids content was reduced by nearly 52%
compared to the initial content, logically due to
organic solvent treatment.

Independently of the fact that lignin is typical
for the second cell walls, hip fruits are composed of
lignified elements. It was important to adapt an
analytical method for lignin quantification in
isolated plant cell walls. Reviews critically
emphasized the relative advantages of the different
methods published [25, 48, 49]. The most
frequently used methods for lignin estimation are
the classical gravimetric Klason and the
spectroscopic ABL one. Klason lignin levels are
determined as the amount of acid-insoluble material
remaining after sulfuric acid (Seaman) hydrolysis.
Despite the method simplicity, it should be noted
that there are some weak points related to
overestimation of lignin content due to protein and
polysaccharide components, Maillard products,
humin precipitates and lignin-like phenolic matter
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formed during prolonged treatment with acid. Also,
condensed tannins and tannin-protein complexes
could affect the results [48].

ABL procedure requires isolation of plant cell
wall with hot solvent, then its lignin constituent is
solubilized into acetyl bromide/acetic acid solution
followed by absorbance reading at 280 nm. This
method seems to be a good alternative to the
traditional gravimetric one, since it has been found
that high protein content and carbohydrates did not
interfere with lignin quantification [49]. However,
higher —amounts of non-lignin  substances
(precipitated and/or wall-bound) like phenolic
compounds (tannins, acids, etc.) could have partial
contribution to the total lignin content, since they
have coincidental absorption spectra [48]. In this
work, the lignin value using Klason method was
higher (8.0%) than the ABL value (5.1%). The
higher value could be attributed to the above
mentioned plant ‘contaminants’. In the literature,
various data on the content of lignin in AIS of
different fruits and vegetables can be found.
Voragen et al. [50] reported that raspberry,
pineapple, pear, carrot, cucumber, and especially
cherry were rich in crude lignin (49-169 g/kg).
They have also stated that the lignin content could
be overrated by the method used. Another future
research will be focused on the isolation of lignin
with acidic 1,4-dioxane and determination of some
basic chemical characteristics.

Vitamin C content was reduced by more than
94% in the AIS material and a value of 35 mg/100
g was measured. The result could find its
explanation taking into account that various factors,
including light, oxidation, metal ions, alkaline pH
and high temperature, affected the stability and
content of vitamin C [51]. During plant cell wall
preparation, vitamin C was simultaneously
extracted and degraded due to temperature, light
and oxygen exposure. The similar tendency was
observed with the total carotenoid pigments that
seemed to be totally extracted. Their amount
decreased by more than 97% compared to the initial
plant material, probably due to better solubility in
the organic solvent (acetone) used during cell wall
isolation and instability in front of light, thermal
treatment and oxygen. Lycopene and p-carotene
contents were minimized (1.3 pg/g and 1.5 pg/g).

There was a tendency for reduction in the levels
of polyphenol components in AIS as well. The total
phenolic content was reduced by 41% or nearly
60% was recovered (54 mg GAE/g). Higher
recovery could be due to the highly concentrated
organic solvent (hot aqueous ethanol (70°C, 80%)
and acetone) used in plant cell wall isolation. Pure
solvent led to co-precipitation of complex

carbohydrate polymers in the cell walls that limited
the polyphenol accessibility and efficiency of its
extraction. Therefore, optimization of the extraction
solvent is needed through reduction of ethanol
concentrations (< 80%). This could alter the plant
structure by swelling the matrix, enabling the
solvent to more completely penetrate the plant
material and solubilize extractable (non-wall-
bound) phenolic compounds. On the other hand, the
aqueous solvent would remove some additional
water-soluble wall constituents (pectin). The
possibility for interactions between intracellular
polyphenols and plant cell walls components
(protein, polysaccharides) should not be forgotten
which could also affect extractability regardless of
the extractants.

It was demonstrated that flavonoids were more
fully removed from the initial RH material.
Sequential treatment with different solvents was a
good approach for removing low-molecular weight
flavonoids from the wall, since the total content
was reduced by 80% and the measured value was
52 pg QE/g. Also, there was a slight decrease
(24%) in the level of condensed tannins in AIS (136
ug CE/g) suggesting that only a fraction of the
tannins was extracted during AIS preparation.
Probably, some of the non-extracted tannins were
highly polymerized, wall-bound or co-precipitated
in the highly concentrated organic solvents used.
These findings were consistent with those of
previous studies. For instance, Renard [12] noted
that there was a clear trend for higher procyanidin
content in the cell walls, when it was isolated as
AIS. Earlier work [52] showed that 50% aqueous
methanol is a poor solvent for proanthocyanidin
polymers, whereas highly polymerized
proanthocyanidin forms (DP > 10) dominated in the
extracts of RH fruits. According to these authors
unextractable proanthocyanidins were with an
average DP higher than 14 [53]. The degree of
polymerization may have a great influence on the
extractability of condensed tannins. Regarding the
antioxidant activity, there was a slight decrease in
ORAC (34%) and DPPH (25%) activity, probably
as a result of low-molecular weight components
removal. Higher activities might be correlated with
residual unextractable and co-precipitated phenolic
compounds.

It was found that carbohydrates were the main
constituents of the RH AIS (Table 1). The total
carbohydrates represented nearly 52% of the AIS
dry material. Further indication for cell wall
polysaccharide types present in AIS could be
obtained after neutral sugar composition analysis
(Table 2). The major sugar moiety in RH AIS was
glucose (19.1%) followed by galacturonic acid —
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16.2% (Table 1). Cellulose was accounted for 11%
of the dry matter (Table 1), suggesting that residual
glucose (8.1%) constitutes the hemicellulose
fraction (xyloglucan, etc.).

Table 2. Neutral sugar composition of RH cell wall
material (% w/w)".

Monosaccharides Plant cell wall material (AIS)
Rha 0.4
Ara 4.1
Gal 4.0
Glc 19.1
Xyl 2.7
Fuc 0.8
Man 2.0
Total 33.1

"Values are the average of two replicates.

In addition, AIS was composed of generally
recognized pectin monosaccharides. Amongst
them, lower amounts of arabinose (4.1%), galactose
(4.0%), mannose (2.0%) and xylose (2.7%) were
found. Rhamnose content represented only 1.2% of
the total neutral sugars, but it was indicative of
pectin ramified region presence. In conclusion, the
sugar composition of the AIS revealed the presence
of different types of polysaccharides, such as
pectin, cellulose and hemicelluloses. Due to the
higher purity of the AIS used, the result of the
neutral sugar composition content in the present
study was higher compared with data from our
earlier experiments with RH fruits [47]. It must be
noted that we followed a different procedure for
AIS preparation and the starting RH material was
differently prepared. Additional comparison of our
results with data in the literature cannot be done
since the sugar composition of the RH AIS has not
been previously reported. Such preparation
“virtually’ free of contaminants could be effectively
used to study major cell wall carbohydrate
polymers in a further investigation.

CONCLUSIONS

Several conclusions may be drawn from the
application of AIS as a method for plant cell wall
preparation. The choice of the initial plant material
treatment is strictly individual and it should depend
on the major chemical constituents. Also, amounts
of different chemical constituents are removed in
different extents. There is no perfect method for the

simultaneous and complete removal of all
interfering substances without affecting the
interaction between cell wall components.

Therefore, we consider that the preparation of
CWM is a matter of compromise with the aims of
investigation. To the best of our knowledge, there
are no published reports on the method for isolation
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of CWM from rose hip as AIS. Moreover, the
current study is among the few ones presenting
more detailed information about the chemical
composition of fruit AIS.
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HN30JIMPAHE U XAPAKTEPUCTUKA HA PACTUTEJIHU KJIETBYHU CTEHU OT
I[IINITIKOBMU TIJNIOJJOBE

M. Xp. Ornusiros!”, M. M. Xomxosa', H. Tp. ITetkosa? I1. H. [lenes', M. H. Teoprues', M. I'. Kpauarosa'

Ulabopamopus no buonoeuuno axmuenu eewecmea, Mucmumym no opaanuuna xumus ¢ Lenmop no pumoxumus,
Bwreapcka akademus na nayxume, 6ya. Pycku 139, Ilnogoue 4000, Bvacapus
’Kameopa no opaanuuna u Heop2anuyna Xumus, Ynusepcumem no xpanumennu mexnonoauu, 6yi. Mapuya 26,
Inosous 4002, Bvacapus

Ioctenmna Ha 6 10HH, 2017; Kopurupana Ha 21 despyapu, 2018
(Pesrome)

B Hacrosioro u3cienBaHe 0sxa M30JIMPaHH PACTHTENHH KJICTHYHM CTEHM OT LIMIIKOBH IUIOZOBE oJ (opmara Ha
aIKOXOJHO-HEPa3TBOpUMa 4acT. XHMHUYHHAT ChCTaB HA KIETHYHO-CTEHHMS MaTe€pHall M Ha HW3XOJHHUTE I[UIOJIOBE
(snmuBa yact) Oerne m3cienBaH u cpaBHeH. KonwmdecTBoTO Ha monmdeHonHn BemecTBa ((praBOHOWIN), MUTMEHTH,
munuan 1 ButamMuH C Oelle OTCTpaHEHO B pa3lIMdHa CTEMEH 10 BpeMe Ha 00paboTkara ¢ TOpel aJKOXOJ/aIleToH.
[TpoTuBHO HAa TOBA, MPOTEHUHUTE, MOJIM3AXAPUANTE U HAKOH moardeHoNn (KOHISH3UPaHU TaHUHHU) 0sIXa yTaeHU TIOpaan
Jaexuaparupamus epeKkT Ha aiKkoxoja, KOWTO € M OCHOBHHUSAT (hakTop, OrpaHM4YaBalll EKCTPaXxUpaHETO Ha
,JKOHTaMuUHaHTUTE . B mombiiHeHUE, BhriexuapaTute (MIaBHO TEKTHH U IENTylio3a) 0sXa OCHOBHUTE KOMIIOHCHTH Ha
,,[IPEUUCTCHHS " KJICThYHO-CTCHEH MaTepHaj OT IIMIKOBH ILIOIOBE.
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Morchella esculenta (L.) Pers. (morel) is one of the most widely appreciated wild edible mushrooms. The
mushroom Morchella esculenta has long been known for its medicinal properties, especially its health-promoting
effects, including antioxidant activity, hepatoprotective activity, antimicrobial properties and antitumor effect.
Morchella esculenta is rich in carbohydrates (79.06 g 100 g* dw), followed by proteins (11.19 g 100 g* dw), ash (7.32
g 100 g* dw) and fat (2.43 g 100 g* dw). Also moisture (89.41%), and total energy (1624.14 kJ 100 g dw) were
calculated. The concentrations of heavy metals: Pb (0.28 mg kg™), Cd (0.10 mg kg!), Cu (0.18 mg kg™?), Co (0.28 mg
kg™), Zn (0.82 mg kg1), Ni (0.46 mg kg™), Cr (0.28 mg kg), Fe (17.01 mg kgt), and Mn (0.96 mg kg'), were assayed
in Morchella esculenta. Hazard index values were calculated for children: 1-3 years old (0.665), 3-10 years old (0.347),
10-14 years old (0.186), 14-18 years old (0.131) and for adults > 18 years (0.230). According to this study, the edible
wild mushroom Morchella esculenta could be used in human nutrition due to its good parameters. Heavy metal content
of samples indicated that the Batak mountain is an ecologically pure region in Bulgaria, and therefore the mushrooms

collected from this location could be consumed without any risk for human health.

Keywords: Morchella esculenta, Chemical profile, Hazard index

INTRODUCTION

Mushrooms have a long and strong relationship
with human beings and can have vital economic
impact. For a long time mushrooms have been
consumed and used by men for their taste and
pleasant aroma [1]. Mushrooms have a high
nutritional value with high amount of vitamins,
proteins, minerals, fibers, trace elements but have
low calories and cholesterol [2-7]. Many of them
are used in preparing medicines for many years and
have potential in maintaining sound health and
active immune system of the human body.
Mushrooms are consumed as medicines in the form
of capsules but not as food [8, 9]. Mushrooms are
also rich sources of various bioactive substances
like antibacterial, antifungal, antiviral, anti-
parasitic, antioxidant, anti-inflammatory,
antiproliferative, anticancer, antitumor, cytotoxic,
anti-hiv, hypocholesterolemic, antidiabetic,
anticoagulant, hepatoprotective compounds, etc.
[10-14]. From 14 000 species which are known, 2
000 species are safe for human use and among them
650 possess medicinal properties [15, 16].

Morchella esculenta (L.) Pers. (morel) is a well
known and extraordinary mushroom species. The
head is distinctly conical in shape. The head surface
comprises a honeycomb of sharp ridges and deep

* To whom all correspondence should be sent:
E-mail: Ikd@abv.bg
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pits and is rich-brown in colour. The texture is
sponge-like. The head and stem are generally
hollow. It grows generally on chalky soil in grassy
woodlands, field margins ad roadside verges.
Morchella esculenta is picked up every year if the
weather condition is suitable for growth in
Bulgaria. It is collected especially in April and
May, and marketed abroad either fresh or dried.

In the literature no data are available regarding
Morchella esculenta in Bulgaria: Therefore, the aim
of this study was to investigate the chemical profile
and hazard index of Morchella esculenta from the
Batak Mountain.

EXPERIMENTAL
Samples

Fifteen mushroom samples were collected in
2016 and 2017 from the Batak Mountain by the
authors themselves.

The Batak Mountain is located in the western
Rhodopes. Its western border is defined by the
Chepinska river, the southern border — by
Dospatska river and Dospat dam, the eastern border
— by Vacha river and the northern border — by the
Thracian Plane (GPS41°46'02.6"N 24°08'48.4"E).
The region is industry-free and is characterised with
forests, land and low buildings.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Reagents are qualified as "AR" (p.a. Merck &
Fluka). The stock standard solutions for ICP
determination of Fe, Ni, Cr, Cu, Co, Zn, Mn, Pb,
and Cd at concentrations of 1000 mg L* were
supplied by Merck, Darmstadt, Germany. Water
was deionized in a Milli Q system (Millipore,
Bedford, MA, USA) to a resistivity of 18.2 MQ cm.
All plastic and glassware was cleaned by soaking in
dilute HNO; (1/9, v/v) and was rinsed with distilled
water prior to use.

Sample preparation for nutritional analysis

The whole macrofungal samples were used in
this study. Fresh samples, after the removal of
extraneous material such as mud, bush, soil, plant,
etc. by washing with demineralized water, were air-
dried  between  Whatman  filter  papers.
Approximately 5 g of each sample was taken
immediately for the determination of moisture.
Remaining samples were stored in a deep-freezer
until use [17]. While examining the nutritional
composition of mushroom samples, the maturation
stage of them was not considered.

Proximate composition analysis

For determination of proximate value, the

following parameters were studied by using the
mushroom material.
Determination of crude protein: Protein content
was determined using folin phenol reagent. 0.5 g of
the powdered mushroom sample was extracted with
50 mL of 2% NaCl in a water bath at 60°C for 1 h.
The extract was filtered out and 50 mL of 3%
copper acetate monohydrate was added to the
filtrate to precipitate the protein. The precipitated
protein was then centrifuged out and dissolves in 50
mL [18].

Determination  of  carbohydrates:  Total
carbohydrate was determined by adding 2 g of each
sample in 50 mL distilled water, 0.2 mL of which
was ten fold diluted. To 1 mL of the resulting
solution and serial dilutions of glucose stock (10
mg 100 mL™) solution, 4 mL of anthrone reagent
was added and the absorbance of the solutions was
measured by a spectrophotometer at 620 nm against
a reagent blank [19].

Determination of crude fat: Crude fat was
determined by extracting 2 g moisture-free samples
with petroleum ether in a soxhlet extractor, heating
the flask on a sand bath for about 6 h till a drop
taken from the drippings left no greasy stain on the
filter paper. After boiling with petroleum ether, the
residual petroleum ether was filtered using
Whatman No 40 filter paper and the filtrate was
evaporated in a preweighed beaker. Increase in
weight of beaker gave the crude fat [20].

Determination of ash content: The powdered
mushroom sample (3 g) was ashed in a previously
ignited and cooled crucible of known weight in a
Gallenkamp furnace at 55°C for 6 h. The fairly
cooled crucibles were put in desiccators and
weighed [21].

Energy: Total energy was calculated according
to the following equations: Total energy (kJ/100g)
= 17 (g protein + g carbohydrate) + 37 (g lipid).
The weight of individual nutrients is g/100 g dw
sample [22].

Moisture content: The fresh weight of each
mushroom sample was taken using a chemical
balance. These samples were then oven-dried
separately at 105°C for 24 h. The loss in weight
obtained after drying was regarded as the moisture
content [23].

Digestion procedures

Multiwave 3000 closed vessel microwave
system (maximum power was 1400 W, and
maximum pressure in the Teflon vessels - 40 bar)
was used in this study. The mushroom samples
(0.25 g) were digested with 6 mL of HNO; (65%)
and 1 mL of H20. (30%) in the microwave
digestion system for 23 min and diluted to 25 mL
with deionized water. A blank digest was carried
out in the same way. All sample solutions were
clear. Digestion conditions for the microwave
system are given in Table 1.

Analytical procedure

Quantitative determination of the concentration
of the studied trace elements (Fe, Ni, Cr, Cu, Co,
Zn, Mn, Pb, Cd) was carried out in the mineralized
samples by ICP Optima model 7000 DV
spectrometer.

Accuracy and precision

In order to validate the method for accuracy and
precision the certified reference material (CRM) -
Virginia Tobacco Leaves (CTA-VTL-2) was
analysed for the corresponding elements. The
results are shown in Table 3. For evaluation of the
correctness of the results, three generally accepted
criteria were used as follows:

(1) D = X — Xcrm, Where X is the measured
value and Xcrwm is the certified value. When D is
within the limits of &+ 26 , where ¢ is the standard
deviation of the certified value, the result is
considered to be good; when it is —30 < D < 3¢ -
satisfactory, and beyond these limits the result is
unsatisfactory.

(2) D% = D [/ Xcrm x100 - percentage
difference. When the values of D% are in the limits
+ 2000 / Xcrm, the result is considered to be good,;
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when the value is in the limits + 2000 / Xcrm and +
3000 / Xcrm - satisfactory; and when it is out of the
limits + 3000 / Xcrm, the result is unsatisfactory.

(3) Z=X—Xcrm /! 6. When Z < 2, the result is
considered to be good; when 2 < Z < 3 -
satisfactory; when Z > 3 - unsatisfactory.

For evaluation of the accuracy of the digestion
and measuring procedures, we have used the R
criterion showing the extent of extraction of the
element in percentage from the certified value.
When the measured value X is within the limits of
Xcrm £ Ucrwm, Where Ucrwm is the indefiniteness of
the certified value, we accept the extent of
extraction to be 100%. In all remaining cases, the
extent of extraction is equal to X / Xcrm-100. As
can be seen from the tables, the results obtained for
all certified materials yield a recovery of 100% for
all elements.

Method of risk assessment

The risk assessment of the heavy metals to
human health due to the consumption of the
mushrooms can be performed by calculating the
hazard quotient (HQ) for each metal of interest and
the hazard index (HI), which is the sum of the
hazard quotients. The HQ is the ratio between the
exposure and the reference dose (Eg. 1). One can
assume the existence of a risk for mushroom
consumption when the HQ > 1.

DI.C

H — metal 1
Qe R,D.BW @

where DI is the daily intake of mushrooms (kg
day 1), Cmetal is the concentration of the metal in the
mushroom given for dry weight (mg kg?), R{D is
the oral reference dose for the metal given for unit
body weight (mg kg? day?), BW is the average
human body weight (kg). The value of R:D for Pb
(0.004 mg kg™ day?), for Cd (0.001 mg kg™ day"
1, for Co (0.043 mg kg day?), for Cu (0.04 mg
kgt day'), for Mn (0.14 mg kg* day?), for Cr
(0.003 mg kg™ day™), for Ni (0.02 mg kg day?)
and for Zn (0.001 mg kg day™?), were taken from
the Integrated Risk Information System. The
average BW was taken as 70 kg for adults and 61,
43, 23, 12 kg for children: (14-18), (10-14), (3-10),
(1-3) years old, respectively.

The HI provides information about the joint
health risk caused by the heavy metals when a
specific mushroom is consumed. We calculated the
hazard index as given by Eq. 2:

HI = ZHQ = HQCd + HQpb + HQNi + HQCr +
HQCu + HQCo + HQZn + HQMn (2)

Statistical data processing

SPSS (Statistical Package for Social Science)
program for Windows was used for statistical data
processing.

RESULTS AND DISCUSSION
Chemical composition of Morchella esculenta

The main components of the chemical
composition of Morchella esculenta are presented
in Table 2. Morchella esculenta showed to be rich
in carbohydrates (79.06 g 100 g* dw), which were
the most abundant macronutrients. Proteins were
present at 11.19 g 100 g* dw. Total energy value
was established to be 1624.14 kJ 100 g* dw. A
sample of Morchella esculenta growing in Portugal
was also reported to have carbohydrates as the most
abundant macronutrient [24]. The carbohydrates in
mushrooms comprise various compounds: sugars
(monosaccharides, their derivatives and
oligosaccharides) and both reserve and structural
polysaccharides [25].

Each value is expressed as mean + SD (n = 15).
Means with different letters within a row are
significantly different (p < 0.05)

The results for the efficiency of microwave
mineralization for Fe, Ni, Cr, Cu, Co, Zn, Mn, Pb
and Cd determination in the certified reference
material - Virginia tobacco CTA- VTA-2 are
displayed in Table 3. The results from the
descriptive analysis of the concentration of Fe, Ni,
Cr, Cu, Co, Zn, Mn, Pb and Cd in Morchella
esculenta samples are presented in Table 4.

Concentrations of nine metals (Fe, Ni, Cr, Cu,
Co, Zn, Mn, Pb and Cd) were determined in this
study. The trace element contents of the species
depend on the ability of the species to extract
elements from the substrate, and on the selective
uptake and deposition of elements in tissues [26 -
32].

Table 1. Microwave acid digestion programme.

Step Ramp time Hold time Cooling Pressure Temperature
(min) (min) period (min) (MPa) (°C)
1 10 10 5 0.758 110
2 10 10 5 1.023 150
3 20 10 5 0.758 190
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Table 2. Moisture (g 100 g of fresh weight), macronutrients (g 100 g of dry weight) and total energy (kJ 100 g* of
dry weight) in the wild edible mushrooms.

Components X SD -95% Confid. ~ +95% Confid.
Moisture 89.41 +1.73 88.45 90.37
Ash 7.32 +0.76 6.90 7.74
Crude protein 11.19 +0.76 10.77 11.61
Crude fat 2.43 +0.29 2.27 2.59
Total carbohydrates 79.06 +1.78 78.07 80.04
Total energy 1624.14 +7.36 1620.07 1628.21

Table 3. Effectiveness of microwave mineralization in the determination of Fe, Ni, Cr, Cu, Co, Zn, Mn, Pb and Cd
in Virginia Tobacco-CTA-VTA-2 certified reference material (n = 15).

Certified value, Found value,
Element mg kg* mg kg Recovery (%)
Microwave digestion

Fe 1083 + 33 1160 + 45 103
Ni 1.98+0.21 1.92+0.17 98.1
Cr 1.87+0.16 1.83+0.14 93.6
Cu 18.2+0.8 18.1+0.7 99.4
Co 0429+ 14 0.420 + 0.02 98.0
Zn 43.3+2.1 441+1.6 101.8
Mn 79.7+2.6 775+2.1 97.2
Pb 22.1+£1.2 23.0+0.8 104
Cd 1.52+£0.17 1.50 £ 0.05 98.7

Table 4. Concentration of heavy metals in mushroom samples (Morchella esculenta) collected from Batak
Mountain, Bulgaria (n = 15)

Element X, mg kgt SD, mg kg - 95% Confid. + 95% Confid.
Fe 17.01 + 3.65 14.99 19.03
Ni 0.46 +0.11 0.40 0.52
Cr 0.28 +0.18 0.18 0.38
Cu 0.18 +0.02 0.17 0.19
Co 0.28 +0.10 0.22 0.34
Zn 0.82 +0.22 0.70 0.95
Mn 0.96 +0.39 0.74 1.17
Pb 0.28 +0.11 0.22 0.34
Cd 0.10 +0.02 0.09 0.11

Fe was found to be the dominant ion as
compared with other heavy metals in mushrooms,
followed by manganese and zinc ions. Iron is vital
for almost all living organisms, participating in a
wide variety of metabolic processes, including
oxygen transport, DNA synthesis, and electron
transport. It is known that adequate iron in a diet is
very important for decreasing the incidence of
anemia. lron deficiency occurs when the demand
for iron is high, e.g., in growth, high menstrual loss,
and pregnancy, and the intake is quantitatively
inadequate or contains elements that render the iron
unavailable for absorption. High concentrations of
iron may lead to tissue damage, as a result of the
formation of free radicals. The amount of Fe in the
mushroom species varied from 14.99 to 19.03 mg
kg. Our data on the values of iron are lower than
the values given in the cited reports. The reported

iron values for mushroom samples were 1.190-628
mg kg [7, 26-30].

Cr is a trace metal necessary for the normal
metabolism of cholesterol, fat, and glucose.
Chromium deficiencies in the diet produce elevated
circulating insulin concentrations, hyperglycemia,
elevated body fat, decreased sperm counts, reduced
fertility, and shortened life span. The concentration
of chromium in the mushroom species varied
between 0.18 and 0.38 mg kg™. In other studies,
chromium concentrations between 0.1 and 4 mg kg~
! were recorded [30, 33, 34].

Ni has no specific function in humans; however,
it is a co-factor for some microbial intestine
enzymes. Ni content in the adult human body
should remain below 0.1 mg per day, and excess
may cause damages to DNA and cell structures.
The daily intake of Ni was estimated as 0.046 mg,
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which represents approximately 3.3 % of R
established in 0.02 mg kg™ per day, equivalent to
1.4 mg per day for a 70 kg adult [35]. Maximum
and minimum values of Ni in the mushrooms were
0.40 and 0.52 mg kg™. Ni values found by the
authors are in accordance with those of previous
studies [30, 33, 34, 36].

Cu is an essential metal, which is a constituent
of some metalloenzymes, and is required in
hemoglobin synthesis and catalysis of metabolic
growth. The average copper content of the analyzed
mushroom samples was 0.18 mg kg, which is
below the safe limit of 40 mg kg set by the WHO
[35] in foods. According to the review reported by
Kalac [36], copper concentrations accumulated in
mushroom species usually varied from 20.0 to
100.0 mg kg®. Other workers have presented
copper contents of mushroom samples to be in the
ranges: 16.1-144.9 mg kg [37], 2.6-72.4 mg kg
[5], 1.8-22.3 mg kg [38], 5.0-83.0 mg kg™ [30]
and 13.7-182.4 mg kg [39]. The results obtained
in the current study indicated that copper content of
the investigated mushroom samples was
comparable to those reported in the literature.

The average concentration of Co in the analysed
mushroom samples was 0.28 mg kg, which is
below the safe limit of 1 mg kg* set by the WHO
[35] in foods. Based on the results from papers
published until 2013, the reported Co content was
found to vary between 0.1 and 7.0 mg kg™ [36].
Cobalt is a constituent of vitamin B12.

Zn is one of the most important minerals needed
by our body systems due to the fact that it is highly
associated with protein- and carbohydrate-rich
foods. Zinc is also used in medicines that treat
rashes, acne, dandruff and athlete’s foot [38]. It has
biological significances for living organisms and
mushrooms are known as good zinc accumulators.
The average Zn content recorded in the studied
samples was 0.82 mg kg™, respectively, which is
below the safety limit of 60 mg kg, determined by
the WHO [35]. Zn levels reported in the literature
were 29.3-158.0 mg kg [7, 30, 34, 36, 38].

Mn is an essential metal needed for biological
systems such as metalloproteins [34]. The average
Mn content recorded in the studied samples was
0.96 mg kg, which is below the toxicity limit of

400.0-1000.0 mg kg™. The reported levels of Mn in
the literature are 12.9-93.3 mg kg [7, 35-38].

Cd is accumulated mainly in kidneys, spleen and
liver and its blood serum level increases
considerably following mushroom consumption
[25, 36-40]. Thus, cadmium seems to be the most
deleterious among heavy metals in the mushrooms.
It accumulates in bones and can take the role of
calcium. The average concentration of Cd present
in the studied wild mushrooms was 0.1 mg kg,
which is far below the 0.2 mg kg™ limit set by the
WHO [35].

The average concentration of Pb present in the
studied wild mushrooms was 0.28 mg kg, which
is far below the 10.0 mg kg™ limit set by the WHO
[35]. Pb levels reported in the literature are 0.4-7.77
mg kg [35-40]. Pb creates health disorders such as
sleeplessness, tiredness, hearing and weight loss
[26].

Hazard index

In order to assess the contribution of some
heavy metals to the health risk of mushroom
consumption, we calculated the hazard quotients.
We evaluated the health risk of mushroom
consumption concerning different age-groups
relying on the hazard index (Table 5). Assuming
that the mushroom season lasts 6 months (from
May until October), in the calculus we reckoned
with a weekly mushroom consumption of 1 kg (DI
= 0.0143 kg day? fresh weight) for adults and
adolescents beyond 14, and of 0.5 kg (DI = 0.0071
kg day* fresh weight) for children and teenagers.

CONCLUSIONS

Results of the studied area showed that the
selected metals concentrations were below the safe
limits of WHO/FAO set for edible mushrooms and
for foodstuffs. The lower concentrations of
essential and toxic metals in morels resulted in low
HI values. This could be attributed to the lack of
anthropogenic input like mining and industry and
low-scale agricultural activities. From the obtained
concentrations of heavy metals one can conclude
that the locality Batak mountain is an ecologically
clean area very suitable for collecting wild edible
mushrooms that we can use in our daily menu.

Table 5. The hazard index values for mushrooms grown in the Batak mountain.

Hazard index (HI)

Age groups 1-3
Average body weight (kg)# 12
Morchella esculenta 0.665

3-10 10-14 14-18 adult
23 43 61 70
0.347 0.186 0.131 0.230

#Source: European Food Safety Authority Journal
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PACTEX HA ObUKHOBEHATA CMPBYKVYJIA B bBJII'APUA: XUMUYECKHU [TPODUIT 1
3IPABEH PUCK

JI. locnatnues!’, M. Banosa?, M. Jlauesa®, L. Pagykosa*

Kamedpa “DPapmaxonozus, usuonoaus na sxcusomuume u gusuonouuna xumus”’, Bemepunapno-meduyuncku
daxyamem, Tpakuticku ynugepcumem, 6000 Cmapa 3acopa, Pvacapus
2Kamedpa “HUngopmamuxa u mamemamuxa”’, Cmonancku gpaxynmem, Tpaxuiicku ynusepcumem, 6000 Cmapa 3azopa,
bvacapus
SKameopa “Bomanuxa “, Aeponomuyecku paxyamem, Azpapen ynueepcumem — Inosous, 4000 ITnoedus, Bvreapus
4Kameopa “Bomanuxa u memoouxa na obyyenuemo no 6uonozus’, Buonozuuecku gpaxyrmem, Ilnosouscku
yuusepcumem ,, Haucuii Xunenoapcku *, 4000 I1nosous, bvreapus

IMoctenuna Ha 21 ronu, 2017; kopurupana Ha 31 romnu, 2018
(Pestome)

OOuKHOBEHaTa CMpPBUKYJIa € elHa OT Hali-BHCOKO OLIEHEHHTE IUBH sIJIMBH I'bOU. ['bOara e u3BecTHa ChC CBOUTE
JieueOHM CBOMCTBA, AHTHOKCHAAHTHA AaKTHBHOCT, XCMATONPOTCKTHBHA aKTHBHOCT, aHTHMUKPOOHH CBOWCTBA U
anTutryMopeH edpexr. OOUMKHOBEHAaTa CMpPBUKYa € 6orara Ha Beriuexuapatu (79.06 g 100 g cyxo Terno), nocieasanu
ot nporennu (11.19 g 100 g cyxo Terno) u nenen (7.32 g 100 g cyxo Terno). ChabpsikanueTo Ha MasHuHHM € 2.43 ¢
100 g cyxo Termo. Chimo Taka Gemre onpenenena piarata (89.41%) u u3uucnena obmara eneprus (1624.14 kJ 10071 g
! cyxo Terno). benre onpenenena KOHIEHTPAIUATA Ha TEXKHTE METAIM B 0OOMKHOBEHaTa cMpbukysa: Pb (0.28 mg kg?),
Cd (0.10 mg kg1), Cu (0.18 mg kg), Co (0.28 mg kg) , Ni (0.46 mg kg™), Cr (0.28 mg kg), Fe (17.01 mg kg™*) » Mn
(0.96 mg kg™?). CroitHocTuTe Ha 3mpaBHHS PUCK ca M3YMCIEHH 3a J€la Ha Bb3pacT oT 1 mo 3 romunu (0.665), 3-10
roguau (0.347), 10-14 roguan (0.186), 14-18 romuam (0.131) u Be3pactHE Han 18 rommam (0.230). Cmopen ToBa
u3cliieiBaHe, OOMKHOBEHATa CMPBUKYJIa € TOJ{HA 32 KOHCYMallUsl U MOJKe Jla Ce M3I0JI3Ba B XPaHEHETO Ha Xopara Inopaiu
nob6pure cu napamerpu. ChABPKAHUETO HA TEKKH METaIM B MPOOUTE MOKa3Ba, ye baTaikara riaHHHA € eKOJOTHYHO
YHUCT paiioH B bwirapus u mopaau ToBa rpdure, chOpaHH OT TOBa MSCTO, MOTaT Jia ce KOHCymHpar 0e3 puck 3a
YOBEIIKOTO 37paBe.
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Effect of polyphenol extract from Polygonum multiflorum Thunb. root on the storage
of minced red tilapia (Oreochromis sp.)
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This study was carried out to evaluate the effects of the polyphenol extract from Polygonum multiflorum Thunb. root
on lipid oxidation and sensory characteristics of minced red tilapia (Oreochromis sp.) during frozen storage. Fresh
fillets were minced in aqueous solutions of the root extract with some polyphenol concentrations of 830, 415, 277 and
208 mg GAE/L, extract solution/sample ratio of 1/20 (v/w), then stored at -20+2°C, for up to 100 days. The best
oxidation inhibition results on minced fish were achieved at the highest polyphenol concentrations of 830 and 415 mg
GAE/L. Significant differences (p<0.05) in all quality parameters (pH, PoV, MDA, color parameter and sensory
evaluation) of treated and control samples (blank control and water-treated or water control) were registered during
storage time. The advantages of polyphenol extract were discussed. It can extend the shelf-life of products during frozen
storage and was more effective to improve qualities of minced fish, especially at a polyphenol concentration of 415 mg
GAE/L. Therefore, it can be concluded that the polyphenol extract from Polygonum multiflorum Thunb. root can

potentially be used as an alternative source of natural antioxidant.

Keywords: Antioxidant, Frozen storage, Lipid oxidation, Minced fish.

INTRODUCTION

Red tilapia (Oreochromis sp.) is widely cultured
in South Vietnam, especially Tien Giang, Vinh
Long, Dong Thap province and its production is
expanding every year. Red tilapia flesh is tasty and
can produce various products as frozen fillet,
minced fish, salted fish, etc. [1]. The current
demand for aquatic products, especially frozen fish
products, has increased quite quickly worldwide.
These products are a valuable natural resource with
high protein content and are rich in polyunsaturated
fatty acids [2]. Its qualities were studied in various
fish species by many storage methods. There are
two main problems associated with frozen storage
of fish products: protein denaturation, hydrolysis
and oxidation of lipids [3]. Among them, oxidation
of lipids occurs in raw material during storage,
processing, heat treatment, and in the final products
during subsequent storage [4]. It causes degradation
of the product qualities, leading to undesirable
changes in flavor, color, texture and nutrition,
especially in the organoleptic characteristics.

Using antioxidant compounds of synthetic or
natural origin in the process or storage is one of the
methods to reduce or retard oxidation and prevent
the loss of quality and sensory attributes [5]. In

* To whom all correspondence should be sent:
E-mail: lephamtanquoc@iuh.edu.vn

recent years, consumers and food industry are
concerned about food safety and health. Hence, the
use of synthetic compounds in food industry was
reduced, natural antioxidants as polyphenols
substituting synthetics, especially polyphenols from
plants, were requested. However, the activity of
these compounds is quite difficult to predict, each
polyphenol has different mechanisms involved in
its antioxidant effect.

Polygonum multiflorum Thunb. is considered to
be one of the most important natural antioxidant
herbal extracts. It is valuable medicine plant and
contains high levels of polyphenol compounds in its
root such as tannins, anthraquinones, flavonoids,
etc. In addition, these compounds were reported for
hair-blacking, liver and kidney-tonifying, anti-
aging effects and curing of other diseases [6]. The
positive effects of polyphenols from various
materials on fish products have been observed and
prevented rancidity of many lipid systems, for
instance, polyphenol in green tea and onion extract
[7], date seed extract [8], red grape pomace (peels
and seeds) [9], etc., but until now, no research has
studies the combination between storage methods
and polyphenols from Polygonum multiflorum
Thunb. root to preserve minced fish.

The main objective of this study was to evaluate

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the effects of polyphenol extract from Polygonum
multiflorum Thunb. root on the physicochemical
and sensory parameters of minced red tilapia. A
better understanding of the reactions that occur
during the storage process enables better quality
products to be obtained.

EXPERIMENTAL
Materials

Extract preparation: Polygonum multiflorum
Thunb. roots were harvested from Cao Bang
province (Vietnam). The roots were then cleaned
by tap water, sliced and dried at 60°C until the
moisture level was less than 12%. The slices were
then ground into fine powder (diameter less than
0.5 mm) and vacuum-packed. Polyphenols from the
dried powder of Polygonum multiflorum Thunb.
roots were extracted in a microwave system with
acetone concentration of 57.35%, solid/solvent ratio
of 1/39.98 (wl/v), extraction time of 289 sec and
microwave power of 127 W. The crude extract was
filtered through Whatman paper [10]. The filtered
extract was evaporated at 45°C until the solvent was
completely removed and the extract was used for
preparation of 830, 415, 277 and 208 mg GAE/L
solution in distilled water.

Preparation of minced red tilapia: Red tilapia
(Oreochromis sp.) fish samples (of average weight
= 600-800 g) were purchased from Vinmart
supermarket in Ho Chi Minh city (samples
originated from Tien Giang province, Vietnam).
Each sample was deheaded, cleaned, filleted and
minced with various extract concentrations, using
an extract solution/sample ratio of 1/20 (v/w). In
addition, there were two control samples including
untreated control (UC) and water control (the
water/sample ratio of 1/20, v/iw) (WC). Minced
samples were placed in polyethylene bags and
stored in the freezer at -50°C and after that, all
samples were moved to a -20°C freezer and
maintained at this temperature during the storage
time. Samples were analyzed every 20 days until
100 days of storage at -20°C.

Chemicals and reagents: Folin-Ciocalteu and
DPPH (2,2-diphenyl-1-picrylhydrazyl) reagents
were purchased from Merck (Germany). TBA (2-
thiobarbituric acid) and TMP (tetramethoxy
propane) were supplied by Sigma-Aldrich (USA).
All other chemicals and organic solvents were of
analytical reagent grade.

Determination of total phenolic content (TPC) and
antioxidant capacity (AC) of extract

The TPC in the extract was determined by a
slightly modified Folin-Ciocalteu colorimetric
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method [11]. The results were based on a standard
curve obtained with gallic acid. TPC was expressed
as mg of gallic acid equivalent per gram of dry
weight (mg GAE/g DW).

The AC of the extract was determined by DPPH
assay which was adapted and modified from studies
of Soto et al. (2014) [12] and Chmelova et al.
(2015) [13], with slight modification. Trolox was
used as the standard. AC was expressed in TEAC
(Trolox  equivalent  antioxidant  capacity)
determined as pmol of Trolox per gram of dry
weight (umol TE/g DW).

Chemical analysis

pH: According to Shim et al. (2012) [14], the
pH value of 5 g samples blended with 20 mL
distilled water for 60 s in a homogenizer (Panasonic
1L MX-AC400WRA, Japan) was determined with
a pH meter (Trans Instruments BP3001,
Singapore).

PoV: The PoV values were determined
according to Seo et al. (2016) [15] with slight
modifications. The lipids from the minced fish
samples (5 g) were homogenized with 50 mL of
acetic acid-isooctane for 5 min. Then, the samples
were filtered through Whatman paper, 1 mL of
saturated potassium iodide solution was added to
the filtered extracts, shaken gently for 1 min and
then 100 mL of distilled water and 0.5 mL of 0.1%
starch solution were added. The obtained solution
was titrated with 0.01 N sodium thiosulfate
(Na;S;03)  solution until the violet color
disappeared. The results were expressed as meq
oxygen/kg sample.

Thiobarbituric  acid  reactive  substances
(TBARS): TBARS values were determined by the
method of Vyncke (1970) [16] with some slight
modifications.  Firstly, samples (5 g) were
homogenized in 20 mL of 10% trichloroacetic acid
(TCA) solution and 0.5 mL of BHT. Then, the
samples were filtered through Whatman paper and
made up to 100 mL with 10% TCA solution. The
filtrate (5 mL) was mixed with 5 mL of 0.02 M 2-
thiobarbituric acid (TBA) solution, heated in a
boiling water bath at 100°C for 35 min to develop
the rose-pink color from the reaction between
malondialdehyde and TBA; then cooled by tap
water for 10 min. Absorbance was measured at 532
nm against a blank prepared with 5 mL of 0.02 M
TBA solution and 5 mL of 10% TCA solution,
using a spectrophotometer. TBARS values were pg
of malondialdehyde (MDA)/kg of sample.

Color parameters: Color parameters consist of
of L" (lightness), a” (from redness to greenness), b*
(from yellowness to blueness) values were recorded
and determined on a Chroma Meter CR-400
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(Minolta, Japan). The instrument was calibrated
with a standard light plate and three different
positions on the surface of each sample were
measured for each storage time.

Sensory evaluations: Samples were prepared
according to Masniyom et al. (2005) [17] with
some slight modifications. The minced frozen
samples were cut into 30x20x20 mm cubes,
thawed, wrapped with aluminum foil and steamed
for 15 min at 70°C. 60 non-trained panelists
evaluated the steamed minced fish by color, odor,
taste, texture and overall acceptability; using 9-
point hedonic scales from 1 (dislike extremely) to 9
(like extremely) [18].

Data analysis

The experimental data were analyzed by the
one-way analysis of variance (ANOVA) method
and significant differences between the means from
triplicate analyses at (p<0.05) were determined by
Fisher’s least significant difference (LSD)
procedure using Statgraphics software (Centurion
XV). The values obtained were expressed as
meantstandard deviation (SD).

RESULTS AND DISCUSSION
Total polyphenol content and antioxidant capacity

The TPC and AC values of the extract were
47.53+0.79 mg GAE/g DW and 334.07+3.04 pmol
TE/g DW, respectively. TPC and TEAC of samples
from the MAE method were higher than those of
samples from China which were extracted by the
decoction method with deionized water as solvent
(33.91+0.62 mg GAE/g DW; 257.943.7 umol TE/g
DW) and maceration methods with 50% ethanol as
solvent (40.42+0.63 mg GAE/g DW; 256.7+0.7
umol TE/g DW) [19].

The results showed that factors such as
extraction methods, land, gender, etc., caused the
differences in TPC and AC values. The crude
extract was filtered and evaporated at 45°C until the
solvent was completely removed. The extract was
used for preparation of 830, 415, 277 and 208 mg
GAE/L solution in distilled water to mince with
fish fillet.

Changes in the pH value

Table 1 showed that the pH values were
significantly different (p<0.05) from the storage
time in the frozen storage. Indeed, they fluctuated
and increased slightly after 100 days of frozen
storage but all samples did not have any signs of
damage such as rancid odor. However, the pH
values of the initial samples were not affected by
polyphenol in the extract.

The results showed that the shelf-life of the
product would depend on the storage method and
support of antioxidant as synthetic or natural
additive, especially polyphenol from Polygonum
multiflorum Thunb. roots. Phenolic compounds
could affect the pH values and change some
qualities of the product. Frozen storage can
stabilize temperature of -20°C, inhibits micro-
organisms, minimizes the biochemical processes of
the product and extends the storage time with
support of antioxidant.

In general, the change of pH value depends on
many factors including material, diet, harvest
season, stress levels, storage methods and support
agents. The pH value of fish was approximately 7
initially, but then would decrease because glycogen
would be hydrolyzed into lactic acid after death.
The pH value would tend to increase again during
storage.

Table 1. pH values of minced fish during the storage

St(_)rage Polyphenol concentration of extract (mg GAE/L)

(S;n;) uc wC 830 415 277 208
0 6.90+0.09%%¢  6.83+0.077%  6.85+0.11°%  6.74+0.10"2 6.79+0.12A% 6.85+0.147%
20 6.84+0.16%2 6.82+0.018%  6.61£0.08"%%  6.67+0.04752  6.70+£0.054BC2  6.78+0.118C2
40 6.88+0.038¢%  6.90+0.01°®  6.80+0.05%°  6.83+0.04°%  6.86+0.06"B¢  6.90+0.03Cabc
60 7.03+0.01B¢ 7.01£0.108¢  6.90+0.024%¢  6.95+0.02°8¢  6.98+0.03A8¢ 7.00+0.018¢
80 6.99+0.018C%¢  7.01+0.02°°  6.94+0.02”°  6.94+0.017° 6.98+0.028¢4  6.96+0.02A80¢
100 6.85+0.0242 6.94+0.01¢°  6.91+0.025¢  6.92+0.018%  6.93+£0.018°¢  6.85+0.01A%

Different superscript lower-case letters in the same column denote significant differences (p<0.05).
Different superscript capital letters in the same row denote significant differences (p<0.05).
These results are similar to those of Khalafalla

thyme (Thymus wvulgaris) extract and rosemary

et al. (2015) [20] who preserved Nile tilapia fillet
(Oreochromis niloticus) using natural herbs such as

(Rosmarinus officinalis) extract, or Patagonian hake
(Merluccius hubbsi) minces and fillets which were
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preserved by the frozen method [21]. The increase
of pH value might be due to endogenous enzymes
in the material or microbial enzymes, which
produced volatile bases such as ammonia or
trimethylamine, which would increase the pH value
[22]. Conversely, in some cases the pH did not
change significantly, as shown in the study of
Aubourg et al. (2004) [23] that preserved horse
mackerel (Trachurus trachurus) by the freezing
method with citric and ascorbic acid; or slightly
decreased when Rostamzad et al. (2011) [24]
preserved Persian sturgeon (Acipenser persicus)
fillets by the freezing method with ascorbic acid.
Although the change of pH values is negligible it is
quite important in preservation, because it is related
to structural changes and deterioration in the quality
of materials during storage time.

Changes in the PoV value

The PoV values of all samples of this storage
method was significantly different during storage
time (p<0.05). The PoV values increased steadily
after 100 days of storage, especially in control
samples including UC and WC (6.53 and 6.84
meq/Kkg, respectively). The others kept a lower PoV
value during storage time. The concentration of
polyphenol extract increases with the decrease of
PoV value (Table 2). Results show that polyphenol
extract from Polygonum multiflorum Thunb. roots
strongly affects the PoV value.

During storage time, the PoV value of the fish
product steadily increases in spite of the storage
methods used. The level of increase of PoV value
could depend on many factors such as compaosition
of raw material, storage method and antioxidants.
There are some different mechanisms which affect
lipid oxidation such as lipoxygenase enzyme,
photo-oxidation, especially a free radical
mechanism. Among them, autoxidation is a
spontaneous reaction of molecular oxygen with

lipids, leading to oxidative deterioration and
proceeds by a free radical chain mechanism. The
lipid oxidation is stopped by antioxidants that
interrupt the free radical chain reaction. In addition,
photo-oxidation also leads to the formation of
hydroperoxides because of the presence of
sensitizer and light which excite the reaction
between oxygen and unsaturated fatty acids [25].

The presence of polyphenol extract may retard
lipid oxidation by preventing the formation of free
radicals or by interrupting the propagation of them
through several mechanisms including scavenging
species that initiate peroxidation, quenching “O; -
preventing formation of peroxides, breaking the
autoxidative chain reaction, reducing localized O,
concentrations and chelating metal ions so that they
would be unable to generate reactive species or
decompose lipid peroxides [26]. This result is in
agreement with Ozen et al. (2011) [27] who stored
minced chub mackerel (Scomber japonicus) muscle
by the freezing method by adding red grape seed
extracts and pomegranate seed extracts; or the study
of Ozogul et al. (2010) [28] who refrigerated
sardine (Sardinella pilchardus) fillets by immersing
them in a solution of rosemary extract.

Changes in the TBARS value

Based on table 3, TBARS values of all samples
are significantly different (p<0.05) and would tend
to increase during storage time. Polyphenol
concentrations increase with the decrease of the
TBARS values. The combination of frozen storage
and polyphenol extract produced positive effect on
the inhibition of lipid oxidation. Extracts with
concentrations of 830 and 415 mg GAE/L had the
lowest TBARS values of 440.57 and 517.78 pg/kg
while those of control samples were 781.35 and
1016.18 pg/kg after 100 days of storage. Those
showed that TBARS values were dependent on
storage method, raw material and antioxidant.

Table 2. PoV values (meg/kg) of minced fish during the storage

St(_)rage Polyphenol concentration of extract (mg GAE/L)
(Sg,i) uc wWC 830 415 277 208
0 1.12£0.30%  1.27+0.11% 1.27+0.12%  1.26+0.21%%  1.06+0.12”%  1.18+0.214
20 1.85+£0.228°  1.99+0.35B° 1.53+0.23°% 1.79+0.2178° 1.86+0.3148° 1,79+0.194BP
40 3.05£0.11°°  3.29+0.28°° 2.20+0.217° 2.52+0.1278¢  2,58+0.22B¢  2.62+0.17%¢
60 4.31£0.10°P¢  4.62+0.27°¢  2.66+£0.09°°¢  3.29+0.29%¢  3.62+0.27%¢  4.09+0.15%
80 5.12£0.08%°  5.24+0.13P° 3.38+0.19%¢  4.11x0.15%¢ 4.31+0.298¢¢  4.50+0.33%°
100 6.53£0.13°"  6.84+0.33°"7 4.91+0.23"°  545+0.14%7  5.57+0.205"  6.09+0.21¢f

Different superscript lower-case letters in the same column denote significant differences (p<0.05).
Different superscript capital letters in the same row denote significant differences (p<0.05).
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Table 3. TBARS values (ng MDA/Kg) of minced fish during the storage

St(_)rage Polyphenol concentration of extract (mg GAE/L)
(Sg;es) ucC WC 415 277 208
0 238.39+16.1142 246.1749.19%2 243.27+9.287%  233.49+24.65%2 233.02+24.6"2 241.3449.21%2
20 355.09+9.26PP 388.65+9.17Ep 244.72+9.14%2  272.16+18.348b¢ 277.64+9.368°  319.82+24,26C0
40 408.57+9.26¢¢ 485.88+9.21b¢ 276.37+9.14485  271,63+18.31AY  276.53+9.32ABb  298,64+18.678P
60 480.56+18.42™ 547.61+9.26Fd 330.99+9.348¢ 302.74+9.144¢ 361.88+9.30¢¢ 373.36+9.32¢¢
80 786.69+18.49P¢ 872.08+18.49F¢ 544.36+24.36"°  606.94+18.388¢  706.63+24.46C¢ 780.67+9.30P¢
100 781.35+16.01P¢ 1016.1849.24Ef 440.57+18.75”d 517.78+9.21B9  653,26+27.73%  750.82+16.04Pd

Different superscript lower-case letters in the same column denote significant differences (p<0.05).
Different superscript capital letters in the same row denote significant differences (p<0.05).

TBARS value of the fish product always appears
during storage time and was determined by the
MDA content. During the secondary oxidation
process, aldehydes, especially MDA, are formed
[29], which are used to test for rancid food
products. Changes of TBARS values also depend
on lipoxygenase, peroxidase enzyme, autoxidation
and photo-oxidation [25]. In addition, several
proteins are bound to iron such as myoglobin,
hemoglobin, ferritin and transferrin. During storage
time, iron is released and then activates oxygen,
which results in lipid oxidation [30]. The increase
in TBARS value agreed with Magsood et al. (2015)
[8] who preserved minced mackerel (Rastrelliger
kanagurta) by combination of iced storage date
seed extract or with Aubourg et al. (2004) [23] who
preserved horse mackerel (Trachurus trachurus) by
the freezing method with citric and ascorbic acid.

Results proved that the presence of polyphenol
extract from Polygonum multiflorum Thunb. roots
inhibited the increase of TBARS value. The
antioxidants had different abilities in preventing
primary and secondary oxidation products
formation [25]. However, the composition and
content of fatty acid in the raw material also
affected TBARS values during storage time; for
instance, Tang et al. (2001) [31] refrigerated raw
minced red meat, poultry and fish muscle during 10
days, and observed that the increase in TBARS
values of all samples was completely different.
Hence, to evaluate the quality of product, many
quality factors are required to be assessed besides
TBARS values.

Changes in the color parameters

The results of color analysis are presented in
table 4. Color parameters (L", a”, b") of the initial
samples were slightly affected by the color of
extract and they were significantly different
(p<0.05) during storage time. The trend of color
change was quite complex, L*, a” and b" fluctuated

slightly after 100 days of storage, but in general,
they changed negligibly (except L" values). The
results obtained were similar with those of Paola
and Isabel (2015) [32] with freezed mackerel fillet
(Scomber japonicus); the L° wvalue slightly
decreased, whereas a” and b" values changed
insignificantly after 12 months.

Changes of fish product color were caused by
the amount of soluble proteins which could strongly
affect color parameters, especially L* value. Protein
structural changes resulted in the reflection of
incident light and the light becomes scattered,
causing interference, thus affecting the appearance
of the flesh [33]. In addition, the color parameters
were influenced by the retention of connective
tissue and lipid content in the initial materials [34].
Besides, lipid oxidation could lead to an increase in
the oxidation of oxymyoglobin to myoglobin,
which would also causes color change [35].
Therefore, the color changes of the product could
depend on several different factors including
storage methods, antioxidants, raw material and
process methods. Therefore, antioxidant usage
would only restrict parts of the color changes in the
products.

Changes in sensory attributes

Frozen storage proved most effective in
extending shelf-life of products and in retaining
quality index. In addition, the presence of
polyphenol, especially in high polyphenol
concentrations of 830 and 415 mg GAE/L, could
inhibit the rise in PoV and TBARS values and
would lessen the change of product color. However,
the dark color of the botanical extracts could alter
the visual perception of some food products.
Sample of 415 mg GAE/L was chosen for sensory
attributes evaluation and compared with control
samples after 100 days of storage because this
lower concentration did not affect natural odor and
color of product.
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Table 4. Color parameters of minced fish during the storage

Polyphenol concentration of extract (mg GAE/L)

Storage
time ucC WC 830 415 277 208
(Days)
L

0 71.34+0.05°¢ 70.78+0.53A¢ 73.51+1.43BCke 74.50-+£0.63C¢ 74.07+0.1685¢f 73.06+0.535f
20 71.37+0.06F¢ 69.49+0.09A° 69.92+0.0782 70.25+0.04C¢ 73.08+0.01F¢ 70.62+0.04P¢
40 74.55+0.02Fd 70.83+0.07¢¢ 72.66+0.04P0 73.42+0.04Ed 68.74+0.068¢ 68.18+0.02A0
60 76.47+0.04F¢ 75.48+0.03Ed 74.22+0.06C¢ 74.68+0.06°¢ 72.56+0.03Bd 72.25+0.044¢
80 69.31+0.03P 62.66::0.0372 73.38+0.01Fc 67.11+0.07¢b 65.43+0.068P 71.14+0.028d

100 66.93+0.01P2 75.46+0.06F 70.41+0.01F2 65.26+0.0382 64.69+0.01A2 66.42+0.04C2
2

0 2.23+0.024a 2.42+0.048b 4.79+0.05Fd 3.80+0.07°f 4.64+0.03Ef 3.60+0.09¢d
20 2.44+0.028° 1.0240.0242 4.46+0.07E¢ 3.62+0.03P¢ 3.13+0.02¢0 4.5140.01Ff
40 2.75+0.01F¢ 5.83+0.05F 2.67+0.020a 2.12+0.01¢ 1.39+0.06"2 1.67+0.02Bb
60 2.47+0.028b 5.29+0.07E¢ 3.76+0.03P0 3.53+0.03¢d 3.74+0.03Pe 1.2940.03A2
80 2.49+0.0540 3.04+0.048¢ 4.79+0.070d 3.36+0.03¢¢ 3.42+0.08¢d 2.45+0.09A¢

100 2.42+0.07A0 3.25+0.04¢d 3.69+0.06PP 2.62+0.068° 3.26+0.05¢¢ 3.74+0.06P¢
b*

0 9.79+0.324a 10.27+0.02B¢ 12.3+0.24Pd 11.35+0.30¢¢ 11.73+0.29¢d 10.39+0.06¢
20 10.32+0.01B 9.51+0.0742 12.00+0.06E¢ 10.41+0.058° 10.61+0.08¢> 10.97+0.04Pe
40 10.52+0.02Eb 11.36+0.05F 9.44-0.04¢2 9.56+0.02Pa 7.25+0.0342 7.84+0.03852
60 12.03+0.068¢ 12.42+0.07¢f 12.67+0.01P¢ 12.94+0.065¢ 14.87+0.06"¢ 9.09+0.054°
80 10.37+0.088P 9.83+0.054° 14.63+0.06EF 11.87+0.102d 10.92+0.04¢¢ 9.73+0.09A¢
100 9.80+0.08%a 11.54+0.05E¢ 10.60-+0.08B> 11.18+0.07P¢ 10.87+0.06¢¢ 11.61+0.03Ef

Different superscript lower-case letters in the same column denote significant differences (p<0.05).
Different superscript capital letters in the same row denote significant differences (p<0.05).

Table 5. Sensory evaluation of steamed minced fish

Samples Texture Color Taste Odor Overall acceptability
ucC 5.90+0.992 6.2240.85° 5.33+1.112 5.03+0.922 5.774+0.85°
WC 5.83+0.692 5.87+0.772 5.58+0.722 5.18+0.72 5.28+0.742
415 mg GAE/L 6.27+0.86° 6.77+0.93¢ 6.75+0.97° 7.00+0.76° 7.03+0.76°

Different superscript lower-case letters in the same column denote significant differences (p<0.05).

The minced fish was evaluated in terms of
consumer acceptability including odor, color, taste,
texture and overall acceptability. Table 5 showed
the results of the sensory evaluation of minced fish.
There were no significant differences in texture,
taste and odor (p>0.05) between control samples.
However, all sensory scores of the sample of 415
mg GAE/L were higher than those of control
samples and there were significant differences in all
sensory attributes (p<0.05). Addition of polyphenol
extract in minced fish did not adversely affect the
odor, color, taste, texture and overall acceptability
of steamed minced fish. It tended to increase the
scores of sensory attributes. The overall
acceptability scores of samples ranged from 5.28 to
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7.03, with maximum acceptability obtained with
polyphenol concentration of 415 mg GAE/L.

CONCLUSION

According to the present results, the use of
polyphenol extract from Polygonum multiflorum
Thunb. roots rendered minced fish less prone to
oxidation than untreated samples. Polyphenol
which acts as an antioxidant during minced fish
storage offers many advantages such as extending
the shelf-life of products and improving important
qualities indexes. The antioxidant activities of
polyphenol extract were recorded without any
adverse effect on the sensory acceptability of the
treated minced fish.
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BJIMSIHUE HA TTOJIM®EHOJIOB EKCTPAKT OT KOPEHU HA Polygonum multiflorum
THUNB. BBPXY CbXPAHEHUETO HA HAPSI3AHA UEPBEHA THJIAIIVS (Oreochromis
SP.)

I1. T. K. JIe'", B. M. Hryen?

L Unemumym no 6uomexnonoaus u mexnonozus na xpanume, Mnoycmpuanen ynusepcumem na 2pad Xo Lllu Mun, Xo
Lu Mun, Buemnam
2Jlenapmamenm no mexnonozaus na xpanume, Konesc no cencko cmonancmeo u npunozicna ouonoaus, Ynueepcumen na
Kan To, Kan To, Buemnam

Ioctenuna Ha 12 aBryct, 2017; npuera Ha 9 siHyapu, 2018
(Pesrome)

Ilenra Ha TOBa M3CIEBAaHE € Ja Ce OLCHH BIMSHUETO Ha MOMH(DEHOIOB €KCTPAaKT OT KopeHute Ha Polygonum
multiflorum Thunb. BBEpxy OKHCIIEHHETO Ha JUMUIUTE U CEH30PHHUTE XapaKTEPHUCTHKU HA Haps3aHAa YePBEHA THIIAMHSI
(Oreochromis sp.) mo BpeMe Ha ChbXpaHEHHETO ¥ B 3aMpa3eHO ChCTOstHWE. [IpecHu pubOHU ¢uiera, moToneHd B 5%
(v/w) BoiHU pa3TBOpH Ha €KCTpaKTa ¢ KOHUeHTpanus Ha noiudenona 830, 415, 277 u 208 mg GAE/L, ca cbxpaHsBaHu
mpu-20+2°C 3a cpok mo 100 mum. Haii-moOpu pesyiraTH 3a MHXHOMIMATA HA OKMCIICHHETO Ha Haps3aHaTa puda ca
MOJyYeHH TIPH Hal-BUCOKHUTE KOHIeHTpamuu Ha nonudenon - 830 u 415 mg GAE/L. Tlo Bpeme Ha ChXpaHEHHETO ca
ycraHoBeHu 3HaunTeaHd paznuku (P<0.05) npu Bcwuku xadectBenu mapamerpu (pH, POV, MDA, uBsaT u cenzopHa
OllcHKa) Ha 00paboTeHUTe M KOHTpoNHHTe Tpobu (mpasHa mpoba u mpoba, obpaboreHa ¢ Boaa). OOChAeHH ca
NPeANMCTBATa Ha NONU(PEHOIHNS EKCTPAKT — MOXKE JIa YABJDKH THPTOBCKUS )KUBOT Ha MPOJYKTHTE TPH ChXPaHEHUETO
UM B 3aMpPa3eHO ChCTOSIHHUE, KAaTO ¢ Hal-e()eKTUBEH MpU KOHIEHTpanus Ha nonudenon 415 mg GAE/L. Crnenosarento,
MOYXe€ Ja Ce 3aKJII0YM, ue MOJU(DEHONHUAT eKCTPakT oT Kopenute Ha Polygonum multiflorum Thunb. 6u mMorsn ga ce
W3M0JI3Ba KAaTO AITEPHATUBEH U3TOUYHUK HA MPUPOJHN AHTUOKCUIAHTH.

552



Bulgarian Chemical Communications, Volume 50, Issue 4 (pp. 553 — 559) 2018

Polyphenol content and antioxidant activity of agueous/methanol extracts from
different tobacco species (Nicotiana)

M. H. Docheval", V. T. Popova?, T. A. Ivanova?, V. V. Nikolova!, T. H. Hristeva', N. N. Nikolov*

! Tobacco and Tobacco Products Institute, 4108 Markovo, Bulgaria
2 University of Food Technologies, 26, Maritsa Blvd., 4002 Plovdiv, Bulgaria

Received, July 17, 2018; Revised, September 2, 2018

The aim of the study was to characterize the polyphenol content in the leaves of different tobacco species (N. alata
Link & Otto, N. rustica L., N. tabacum L.), as well as to obtain extracts enriched in phenolic acids and flavonoids, and
to evaluate their radical-scavenging activity. The content of chlorogenic acid in the leaves varied from 2.44 + 0.21 mg/g
(N. rustica) to 7.10 = 0.50 mg/g (N. alata), and that of rutin — from 0.55 + 0.05 mg/g (N. alata) to 10.85 + 0.80 mg/g (N.
rustica). The content of flavonoids was in the range from 0.66 + 0.12 mg/g (N. alata) to 11.51 + 0.8 mg/g (N. rustica).
Two types of extracts were obtained using a macroporous resin — enriched in phenolic acids (PA) and enriched in
flavonoids (F). The concentration of phenolic acids in Extracts PA was from 6.33 + 0.50 mg/g (N. tabacum) to 3.88 +
0.20 mg/g (N. rustica), and the recovery of phenolic acids — from 71 % to 86 %. Extracts F from N. rustica and N.
tabacum were with flavonoid content of 9.7 + 0.7 mg/g and 6.15 + 0.4 mg/g, respectively, and those from the two
genotypes of N. alata — with only 0.43 + 0.09 mg/g. The recovery of flavonoids was 72 + 9 %. Extracts PA were
maximally purified from flavonoids, and Extracts F — from phenolic acids. All extracts revealed high antioxidant
activity, having ICso values from 5.82 + 0.97 pg/ml (N. rustica) to 14.56 + 2.61 pg/ml (N. tabacum). The results from
the study give grounds for regarding the investigated Nicotiana species as a promising plant material for obtaining
purified natural extracts with potential use in biopharmacy.

Keywords: Polyphenols, Tobacco, Aqueous/methanol extracts, Antioxidant activity
INTRODUCTION

The taxonomy of the genus Nicotiana, family
Solanaceae, includes more than 70 species [1], of

(quercetin-3-rutinoside) and kaempferol-3-
rutinoside [4-6]. Chlorogenic acid and rutin
(vitamin P) possess a wide spectrum of biological
activities, e.g., antioxidant, antibacterial, anti-

which only Nicotiana tabacum L. - (common inflammator anti-mutagenic and  antitumor
tobacco), and to a much lesser extent — N. rustica L. roperties [7y,8] g
(also known as Aztec tobacco, or wild tobacco), are prop ey . .

The available information about the

commercially cultivated and widely used for the
manufacture of various tobacco products for
smoking, snuffing, or oral use. Tobacco is an
important cash crop in many countries throughout
the world, and it is considered one of the most
thoroughly investigated plant materials, along with
tea and coffee. More than 4500 individual chemical
constituents are identified in the different types,
varieties, and selection lines of tobacco, or at
different stages of its vegetation and processing. A
significant part of these substances are biologically
active, e.g., polyphenols, alkaloids, terpenes,

phytochemical characteristics of other Nicotiana
species (e.g., N. affinis, N. rustica, N. alata
grandiflora, N. longiflora, N. sylvestris, N.
wigandioides, etc.) is relatively limited, and the
research has been focused mainly on their alkaloid
content [1, 9, 10].

Undoubtedly, over the last years, the interest in
the obtaining and application of extracts from
traditional or exotic medicinal plants has been
constantly growing, and tobacco is a part of this
tendency as well. It has been established that the
extracts enriched in phenolic acids and flavonoids

saponins, carotenoids, etc. [2, 3]. Currently, more
than 15 polyphenol metabolites have been
identified in N. tabacum L., representing the groups
of phenolic acids and flavonoids. The major
polyphenols in tobacco are chlorogenic acid (3-O-
caffeoylquinic acid) and its isomers neochlorogenic
acid  (5-O-caffeoylquinic acid) and 4-O-
caffeoylquinic acid, and the flavonoids rutin

* To whom all correspondence should be sent:
E-mail: margarita_1980@abv.bg

obtained from different types or varieties of
cultivated tobacco have high radical-scavenging
activity [5].

Due to the favorable impact of social,
geographical and historical factors, Bulgaria has
gained recognition over the centuries, as a producer
and exporter of high-quality aromatic oriental
tobacco. In the country there are traditions and

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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distinctive  achievements in the selection,
development and improvement of oriental tobacco
varieties. Parallel to this, consistent research aimed
at the obtaining of diverse tobacco-derived bio-
products has been carried out. As a part of its
research program, the Tobacco and Tobacco
Products Institute (Markovo, Bulgaria) started in
2015 the experimental growing of some Nicotiana
species that had not been cultivated in the country,
such as N. alata Link & Otto and N. rustica L.

The aim of this work was to determine the
content of polyphenols in the leaves of different
species of wild and cultivated tobacco (N. alata
Link. & Otto, N. rustica L., and N. tabacum L.), as
well as to obtain extracts enriched in phenolic acids
and flavonoids and to evaluate their radical-
scavenging activity.

MATERIALS AND METHODS
Plant material

The cured leaves of three tobacco species — N.
alata Link & Otto, N. rustica var. rustica and N.
tabacum L were used as the material in the study.
One of them — N. alata Link & Otto, was
represented by two genotypes (with white and pink
petals, flowers at full blossom). Common tobacco —
N. tabacum L., was represented by Plovdiv 7 (Pd7)
variety, a Bulgarian variety of oriental tobacco,
belonging to the Basma variety group, Ustina
ecotype.

The plant material was provided by the Tobacco
and Tobacco Products Institute, part of the
Bulgarian Agricultural Academy. All plants were
grown in 2016 on the experimental fields of the
Institute, situated in the region of Plovdiv, South
Bulgaria, under identical agro-ecological and
meteorological conditions. The agrochemical
characteristics of the soil were as follows: hummus-
carbonate (rendzina) type; organic matter content
(by Turin) — 2.31 %; total nitrogen content (by
Kjeldahl) — 0.21 %; mobile forms of phosphorus
P,0s (by Egner-Reem) — 14.85 mg/100 g; available
potassium KO (by Milcheva) — 67.5 mg/100 g; soil
reaction (pH in H,O) — 8.2 [11]. The vegetation
period (June — September) was characterized by an
average monthly temperature of 22 °C and an
average amount of rainfall — 44.5 mm.

Tobacco leaves were hand-picked at maturity,
stringed and sun-cured (48 h) following the
traditional technology for oriental tobacco - oven-
dried (40 °C; 6 h). Cured leaves were stored in
cardboard boxes in an air-conditioned environment
to avoid undesirable changes before processing and
were finely milled at room temperature before
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analysis. The tobacco powder was stored in plastic
bags in the dark.

Methods

Preparation of extracts enriched in phenolic
acids and flavonoids: In order to obtain extracts
enriched in phenolic acids or flavonoids we used
the polymeric adsorbent (macroporous resin)
Amberlite XAD 7, and adapted the method
described by Docheva and Dagnon [12]. Samples
of 0.5 g of dry tobacco powder were subjected to
ultrasound-assisted extraction of polyphenols with
10 ml of 60% CH3sOH for 15 min. The extract was
filtered and 3 g of the polymeric adsorbent
Amberlite XAD 7 were added. The adsorption of
polyphenols on the macroporous resin was carried
out for 2 h under static conditions. The extracts
enriched in phenolic acids (Extracts PA) and in
flavonoids (Extracts F) were obtained by
consecutive  desorption of the  absorbed
polyphenols. First we desorbed the phenolic acids
by using 70 ml of 30% CH3OH (thus obtaining
Extracts PA), and then — the flavonoids by using 65
ml of 100% CH3;OH (Extracts F). Both desorption
steps were carried out under dynamic conditions on
a mechanical shaker for 15 min. The content of
polyphenols was determined in an aliquot of the
obtained extracts by HPLC.

Determination of polyphenols in the plant
material: A sample of 0.1 g of powdered tobacco
was extracted with 5 ml of 60% CH3OH for 15 min
in an ultrasonic bath. The extract was filtered
through a mechanical filter under vacuum. The
polyphenols were purified by solid-phase extraction
through a C-18 cartridge, and then the solution was
filtered through a 0.45 pum membrane filter. The
content of polyphenols was determined in an
aliquot of the solution by HPLC according to the
validated method by Dagnon and Edreva [13].

The separation of polyphenols was carried out
on a chromatograph (Perkin Elmer Ltd., England)
equipped with a UV/VIS detector at a single
wavelength of 340 nm and an analytical column
Kromasil C18, 150 mm, 5 um, 4.6 mm i.d.
(Supelco Park, PA, USA). The mobile phases were:
phase A — CH30H:1% CH3;COOH = 5:95, and
phase B — CH30OH:1% CHsCOOH = 85:15. The
gradient elution setup was: 100 % A 0 min; 15 min
to 80% A; 35 min to 45 % A; 40 min to 45 % A.
The flow rate of the eluent was 1.0 ml/min, and the
volume of the injected sample — 10 pl.

Determination of polyphenols in the extracts:
The content of polyphenols in an aliquot of the
extracts was determined by Dagnon and Edreva
[13]. The content of polyphenols was calculated
from the peak area on a calibration curve in the
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concentration range of 0.005 mg/ml to 0.1 mg/ml
rutin and chlorogenic acid. The calculation took
into account the sample quantity and the final
volume of the sample.

Determination of the radical scavenging activity
of extracts enriched in flavonoids (DPPH" method):
In order to evaluate the free radical scavenging
activity (RSA) by the DPPH" method, we
evaporated the extracts enriched in flavonoids on a
rotary vacuum evaporator, weighed the solid
residue and dissolved it in CH3OH.

A fresh solution of DPPH" with a concentration
of 0.12 mM (0.0024 g of DPPH" dissolved in 50 ml
of CHsOH) was prepared. Then we mixed 2 ml of
the DPPH" solution with 2 ml of the extract
solutions in different concentrations (0.95 pg/ml;
1.9 pg/ml; 3.8 pg/ml; 7.6 pg/ml; 15 pg/ml; 30
pg/ml, and 60 pg/ml). The resultant solutions were
incubated for 30 min in the dark at room
temperature. The absorbance of the samples was
read at 515 nm on a spectrophotometer. The radical
scavenging activity of the samples was calculated
by the equation:

RSA (%) = [(Ao — Ab)/Aq] X100,

where Ag is the absorbance of the control blank
(2 ml of DPPH" solution mixed with 2 ml of
CH30H), and Ay, is the absorbance of the respective
sample.

For the interpretation of data the half-maximum
inhibitory concentration 1Csp (ug/ml) was used,
defined as the concentration of the extract that
achieves 50 % scavenging of DPPH'. The
respective ICsp value was calculated by
interpolation of a graph based on a linear regression
model. The concentrations of the samples were
plotted on the abscissa, and the mean values of
RSA (%) calculated by the equation from three

RESULTS AND DISCUSSION

Polyphenols in the leaves of the studied tobacco
species

The individual composition of the polyphenol
complex of the two uncommon to the country and
not cultivated Nicotiana species (N. alata and N.
rustica) was similar to that of the commercial
oriental tobacco (N. tabacum). The major
components were represented by chlorogenic acid,
neochlorogenic acid and 4-O-caffeoylquinic acid,
and the flavonoids rutin (quercetin-3-rutinoside)
and  kaempferol-3-rutinoside.  The  observed
differences between the samples were mainly
quantitative.

The qualitative and quantitative composition of
the studied tobacco species is presented in Table 1.
Data revealed significant variations in the contents
of all components of the polyphenol complex. The
differences in the content of the two components
having major contribution to the total polyphenol
content — chlorogenic acid and rutin — were well
defined. The content of chlorogenic acid varied
from 2.44 + 0.21 mg/g (N. rustica) to 7.10 + 0.50
mg/g (N. alata), and that of rutin — from 0.55 + 0.05
mg/g (N. alata) to 10.85 + 0.80 mg/g (N. rustica).
As data suggested, the N. alata species was
characterized by a particularly low content of
flavonoids (0.66 + 0.12 mg/g, average for the two
samples) in comparison with the other tobaccos
studied, and a comparatively high amount of
phenolic acids (7.2 = 0.5 mg/g). The highest total
content of polyphenols was found in the oriental
tobacco (Pd7) — 16.8 mg/g, and the contents of
phenolic acids (8.6 + 0.6 mg/g) and flavonoids (8.2
+ 0.6 mg/g) were statistically identical.

The content of polyphenols in the sample was

i - within the range characteristic for Bulgarian
repetitions — on the ordinate. oriental tobacco [14]
Table 1. Polyphenols (mg/g) in the leaves of different tobacco species (n=3)
Components of the polyphenol complex (mg/g) Ref.
Tobacco Phenolic acids Flavonoids
Neochlorogenic Chlorogenic 4-O-caffeoyl- . Kaempferol-
. ! o Rutin L
acid acid quinic acid 3-rutinoside
N. alata (1)? 0.04 +0.003 7.10 £ 0.50 0.47 £ 0.05 0.55+0.05 0.20+0.01
N. alata (2)P 0.14+0.01 6.10 + 0.40 0.55+0.06 0.48 £ 0.05 0.09 £0.01
N. rustica 0.86 + 0.07 2.44+0.21 1.23+0.14 | 10.85+0.80 0.66 + 0.07
N. tabacum (Pd7) 1.46 +£0.15 4.80+0.30 2.32+0.21 6.40 £ 0.50 1.80+0.15
Djebel Basma 1 1.4440.11 8.03+0.6 3.18+0.2 8.52+0.60 1.39+0.11 [14]
Basma 79 1.28+0.10 5.10+0.4 312402 | 6.71+0.50 1.47+0.11 | [14]
Krumovgrad 90 1.41+0.09 4.80+0.3 2.53+0.17 6.80+0.50 1.9240.13 [14]

aN. alata genotype with white flowers; ® N. alata genotype with pink flowers
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Polyphenols in the extracts

In compliance with the aim of the study, two
types of extracts were obtained from the respective
tobacco species — one enriched in phenolic acids
(Extracts PA) and one enriched in flavonoids
(Extracts F). The task was completed by carrying
out a sequential separation of the polyphenol
components, which was based on their different
solubility in the eluent during desorption from the
macroporous resin.This specific approach of two-
stage desorption allows the targeted maximum
amount of phenolic acids and minimum of
flavonoids to be achieved in Extracts PA, and vice
versa — in Extracts F. Therefore, the two types of
extracts with different concentrations of the
biologically active polyphenols could be regarded
as individual products for targeted use in
phytopharmaceutical formulations.

a) Extracts enriched in phenolic acids

Fig. 1 presents data about the total content of
phenolic acids in the Extracts PA and in the leaves
of the respective tobaccos. The analytical results
reveal that the highest concentration of phenolic
acids was achieved in the extract obtained from the
Pd7 variety of oriental tobacco — 6.33 + 0.50 mg/g,
while the lowest — in the extract obtained from N.
rustica — 3.88 = 0.20 mg/g. There could be
observed a proportionate correlation between the
content of phenolic acids in the extracts and in the
respective tobacco material. The recovery of
phenolic acids was in the range from 71% to 86 %,
for the different samples. These data were in
compliance with previous research, which found
that the average recovery of phenolic acids in

extracts obtained by a similar extraction procedure
from different Bulgarian cultivars of oriental
tobacco was 76% [12]. Extracts PA were maximally
purified from flavonoids. The extracts from N.
alata (samples 1 and 2) were found to contain no
flavonoids, while in those from N. rustica and N.
tabacum only a minimal recovery of flavonoids was
detected (8 %) despite the considerable flavonoid
amount in the initial raw material — an average of
9.8 + 2.3 mg/g (Table 1).

b) Extracts enriched in flavonoids

The content of flavonoids in the extracts
obtained by the second stage of desorption varied
considerably  between the samples, being
proportionate to their initial content in the
respective tobacco material (Fig. 2). The highest
content of flavonoids was found in the extract
obtained from N. rustica tobacco — 9.7 + 0.7 mg/g,
followed by that in the extract from N. tabacum
(Pd7) — 6.15 + 0.4 mg/g. These are, respectively,
the tobaccos characterized by the highest level of
flavonoids (Table 1). The content of flavonoids in
the extracts obtained from the two genotypes of N.
alata (samples 1 and 2) was only 0.43 + 0.09 mg/g
on the average, which corresponds well to their
lesser amount in the initial plant material (at an
average of 0.66 = 0.12 mg/g).

The recovery of flavonoids from tobacco was
approximately equal for all samples — mean 72 + 9
%, despite the distinctive differences in the content
of flavonoids in the plant materials. In all extracts
enriched in flavonoids, the detected content of
phenolic acids was on the minimum — mean 0.33 +
0.06 mg/g (e.g., recovery 5 %).

10.00

8.00 760
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6.00 5f3
5.00

4.00
3.00
2.00
1.00

679

Content of phenolic acids, mg/g

9.00 H Tobacco
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6f3

4,53

0.00
N. alata (1)

N. alata (2)
Tobacco (Pd7)

N. rustica N. tobaccum

Fig. 1. Content of phenolic acids (mg/g) in the leaves of the studied tobaccos and in the obtained extracts enriched in
phenolic acids
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Fig. 2. Content of flavonoids (mg/g) in the leaves of the studied tobaccos and in the obtained extracts enriched in
flavonoids

Those data were not significantly different from
the findings by a previous research on Bulgarian
oriental and Virginia tobacco (N. tabacum)
cultivars, in which the mean recovery of phenolic
acids was 92 %, and that of flavonoids — 6 % [12,
14].

Radical-scavenging activity of the extracts
enriched in flavonoids (Extracts F)

Previous research [15] has found that the use of
acetone and water as solvents, when applying the
DPPH" method, results in incorrect (lower) values
of 1Cso. Taking into consideration that finding, we
investigated the radical-scavenging activity only of
the extracts enriched in flavonoids, which were
obtained by desorption with 100 % methanol.

Table 2 presents data about the content of
flavonoids in the respective tobacco sample and the
established radical-scavenging activity (ICso) of the
extracts. The high antioxidant activity of the extract
obtained from N. rustica (ICso = 5.82 + 0.97 ug/ml)
corresponds to the high content of flavonoids in the
extract (9.7 = 0.6 mg/g), and comes close to the
radical-scavenging activity of the pure reference
compound rutin (ICsp = 3.56 + 0.5 pg/ml).
Although the extract obtained from the Pd7 oriental
tobacco was also characterized by a high content of
flavonoids (6.15 + 0.4 mg/g), it revealed the
weakest radical-scavenging activity (ICso = 14.56 +
2.61 pg/ml). On the other hand, the extracts
obtained from N. alata (samples 1 and 2) contained
approximately equal amounts of flavonoids — mean
0.43 mg/g, but demonstrated significantly different
radical-scavenging activities — 1Cs = 6.71 + 1.01
pg/ml and ICsp = 12.10 + 2.07 pg/ml, respectively
(Table 2). These findings about the radical-
scavenging activity could be explained by the
presence of biochemicals in the extracts other than
flavonoids, which have hydroxyl groups and might

be able to react with the free radical. The
established radical-scavenging activity of the
extracts obtained from N. alata, N. rustica and N.
tabacum (variety Pd7) in our study was
significantly higher than that of the extracts
obtained by two different methods of purification —
by adsorption resin and by column chromatography
— from the Bulgarian oriental tobacco varieties
Djebel Basma 1 and Krumovgrad 90, latter being
respectively 1Cso = 31 pg/ml, and 1Cso = 40 pg/ml
[12, 16].

The results from the study clearly reveal that the
enriched-in-flavonoids extracts obtained from wild
and cultivated tobacco species possess greater
radical-scavenging activity compared to that of the
five most active medicinal plants in Bulgaria —
curly dock (Rumex crispus L.; 1C5=40.09 pg/ml),
black raspberry (Rubus occidentalis L.; 1C5=45.23
ug/ml), monk's-rhubarb  (Rumex alpinus L.;
ICs50=46.69 nug/ml), sun spurge (Euphorbia
helioscopia L.; 1C5=49.52 pg/ml), and red
raspberry (Rubus idaeus L.; 1C5=50.52 pg/ml)
[17].

CONCLUSIONS

A comparative study of the polyphenol content
in three tobacco species (N. alata Link & Otto, N.
rustica L. and N. tabacum L.) was completed. The
results from the HPLC analysis of polyphenols
revealed that the leaves of the wild tobacco species
(N. alata and N. rustica) share similar gqualitative
composition with the cultivated tobacco (N.
tabacum), represented in the study by the Bulgarian
oriental variety Plodviv 7. There are, however,
substantial  quantitative  differences in  the
polyphenol profile between the tobacco species.
The two types of extracts obtained after
fractionation on the microporous resin Amberlite
XAD7 showed high levels of phenolic acids and
flavonoids, respectively.
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Table 2. Content of flavonoids (mg/g) and radical-scavenging activity (pg/ml) of tobacco extracts, enriched in

flavonoids (n=3)

Tobacco/plants Flavonoids in the extract (mg/g) ICso (pg/ml) Ref.
N. alata (1)? 0.50 +0.06 6.71+1.01
N. alata (2)° 0.36+0.01 12.10 + 2.07
N. rustica 9.70 £ 0.60 5.82 £ 0.97
N. tabacum (Pd7) 6.15+0.40 14.56 + 2.61
- Rutin 3.56 £ 0.50
Djebel Basma 1 8.4840.72 31.9545.75 12,16
Krumovgrad 90 6.12+0.53 39.05+7.03 12,16
Rumex crispus L. 40.09 17
Rubus occidentalis L. 45.23 17
Rumex alpinus L. 46.69 17
Euphorbia helioscopia L. 49.52 17
Rubus idaeus L. 50.52 17

aN. alata genotype with white flowers; °N. alata genotype with pink flowers

The enriched-in-flavonoids extracts obtained
from the untraditional tobacco species — N. alata
and N. rustica — possessed radical-scavenging
activity that was two to three times higher than that
of the cultivated tobacco (N. tabacum). The
observed differences in the 1Cso values support the
assumption that the radical-scavenging activity
depends not only on the content of flavonoids in the
extracts but also on the presence of the
accompanying biochemicals with antioxidant
properties.

The results from the study give grounds for
regarding the investigated Nicotiana species as a
promising plant material for obtaining purified
natural extracts with potential use in biopharmacy.
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[NOJINM®EHOJIM 1 AHTUOKCUIAHTHA AKTUBHOCT HA BOJJHO-METAHOJIHA
EKCTPAKTU OT PA3JIMYHU BUJOBE TIOTIOHU

M. X. louesa **, B. T. ITonosa?, T. A. MBanosa?, B. B. Hukonosa?, LI. X. Xpuctesa', H. H. Hukonos!

Y Unemumym no miomiona u momionesume uzoenus, 4108 Mapxoeo, Bvieapus
2 Vuusepcumem no xpanumennu mexuonozuu, oyr. Mapuya 26, 4002 Inosous, Bvrzapus

Hoctenmna Ha 17 rommu, 2018 r.; kopurupana Ha 2 cenrremBpy, 2018 .
(Pesrome)

Ilenta Ha M3CICABAHETO € JIa CE XapaKTepH3Upa ChABPKAHUCTO Ha MOJTU(EHOIH B JIHCTATa HA PA3INYHU BHAOBE
tiotiod (Nicotiana alata Link & Otto, N. rustica L., N. tabacum L.), kakTo u 1a ce Toay4aT eKCTPaKTH, 000TaTeHN Ha
(beHomHN KHCcennHH U ()IABOHOMIOHM W Jia Ce ONPEACNH TAXHATA paJuKai-yjiaBsimia akTHBHOCT. ChIbpXKaHHETO Ha
XJIOPOTEHOBA KHCeIMHA B jucrara Bapupa oT 2.44 £ 0.21 mg/g (N. rustica) mo 7.10 £ 0.50 mg/g (N. alata), a ToBa na
pytuna — ot 0.55 £ 0.05 mg/g (N. alata) no 10.85 = 0.80 mg/g (N. rustica). CeabpkanueTo Ha (JIABOHOUAU € B
rpanuiure ot 0.66 + 0.12 mg/g (N. alata) mo 11.51 = 0.8 mg/g (N. rustica). JIBa BuIa €KCTPaKTH Ca MOJYYEHH C
MOMOIITa Ha MOJUMepeH aacopbent (cmoma) — oborarenn Ha (enomnu kucenuuu (PA) u Ha dmaBonouau (F).
Konrenrpanusra Ha (peHOTHUTE KMCeTUHN B ekcTpaktuTe PA e ot 6.33 + 0.50 mg/g (N. tabacum) mo 3.88 = 0.20 mg/g
(N. rustica), a 106uBsT Ha (eHonHu Kucenuuu — ot 71 % mo 86 %. Excrpakture F ot N. rustica u N. tabacum ca ¢
(hITaBOHOUAHO ChIbpPIKaHHE CHOTBETHO 9.7 £ 0.7 mg/g u 6.15 + 0.4 mg/g, a Te3u ot aBara renoruna Ha N. alata — cse
camo 0.43 + 0.09 mg/g. JobussT Ha ¢naBoHomau e 72 £ 9 %. Excrpakture PA ca MakCHManHO NPEYUCTCHH OT
¢bnaBononnn, a excrpakture F — or (eHomHn kucenuHu. BCHYKH €KCTPAaKTH MOKa3BaT BHCOKA aHTHOKCHIAHTHA
aKTHBHOCT, ¢b¢ croiHocTH Ha ICs0 o 5.82 + 0.97 pg/ml (N. rustica) go 14.56 + 2.61 pg/ml (N. tabacum). PesynraTtute
OT MPOYYBAaHETO AaBaT OCHOBaHWE Ja ce cuura, 4e u3ciensanure Bumose Nicotiana ca obemiaBamn pacTHTeNeH
Marepual 3a IoJy4aBaHe Ha IIPEYUCTEHN HATYPAIHN EKCTPAKTH C IIOTCHIMATIHO MPHIOKeHHe B Onodapmanusira.
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Dull coatings with high cobalt content can be deposited from the investigated electrolyte. Depending on tin
concentration, the deposition of coatings with cobalt content in the range from 0 up to 80 wt. % is possible.
Electrochemical instabilities and spontaneous potential oscillations during galvanostatic deposition of Sn-Co alloys are

observed and discussed.

Keywords: Electrodeposition, Tin-cobalt alloys, Oscillations

INTRODUCTION

Electrodeposited tin-cobalt alloy coatings are of
commercial interest as a convenient and economic
way to achieve an attractive finish [1, 2]. Bright tin-
cobalt alloy coatings have mechanical and
electrochemical properties similar to those of
chromium coatings and can be considered as their
effective substitution, especially where the high
corrosion resistance of chromium is not needed [3].
Tin-cobalt alloys [4] and compositionally
modulated Sn-Co multilayer alloy coatings [5] are
alternative to lead-based alloys used as overlays for
plain bearing.

Tin-based compounds have received particular
attention in the field of lithium batteries for the
synthesis of new negative electrode materials as
alternatives to graphite materials. Tin-cobalt alloy
found extensive application in this field [6-10],
because it has been shown that the addition of Co
gives the highest specific capacity [11], avoiding
mechanical stress due to the Li-intercalation
process [12].

According to the phase diagram Sn-Co alloy
may be composed of various intermetallic
compounds depending on its metal content [13].
The preparation of heterogeneous coatings offers
possibilities for investigation of the self-
organization phenomena as seen during the
deposition of other cobalt alloys — i.e. those with
indium and antimony [14].

The deposition of this alloy is performed from
sulphate/gluconate  [15-17], citrate [18] and
pyrophosphate [19] electrolytes. All of them are
environmentally friendly, non-toxic, and non-
corrosive and electrodeposition process takes place
at high energy efficiency.

*To whom all correspondence should be sent:
E-mail: krastev@ipc.bas.bg
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Electrochemical oscillations observed during
deposition of tin can be associated with both
electro-oxidation and electro-reduction process.
Cathodic potential oscillation of a Sn electrode
immersed in alkaline (KOH) solution of SnO has
been described by Piron et al. [20]. Oscillations
took place only at current densities higher than the
limiting current density and in a limited SnO
concentration range. The potential increase is due
to the depletion of tin ions near the electrode, and
the potential decrease results from hydrogen
evolution. Potential oscillations during deposition
of tin from acidic stannous sulphate solution
containing gelatine were investigated by cyclic
voltammetry and chronopotentiometry. In the
absence of gelatine damped potential oscillations
are evident (dendritic growth). In its presence
(gelatine acts as inhibitor and gives a smooth
deposit) substantial potential oscillations occur
[21].

Electrochemical oscillations during deposition
of tin alloys were first reported by Survila et al.
[22]. They found oscillations during the deposition
of Cu-Sn alloy from an acidic solution containing
Laprol 2402C. Later Nakanishi [23, 24] showed
formation of layered nanostructures during
electrodeposition of Cu and Sn in an acidic solution
in the presence of cationic surfactant. The
electrodeposition of the alloy is characterized by a
negative differential resistance (NDR) and resulting
current oscillations. Alloy films deposited during
the oscillations have multi-layered structure
composed of two alloy layers of different
compositions. The multilayers have the period of
thickness of 40-90 nm and were uniform over an
area of ca. 1x1 mm. NDR arises from adsorption of
a cationic surfactant on the alloy surface and the

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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oscillations occur from coupling of the NDR with
the ohmic drop in the electrolyte [24].

In another work the same authors investigated
the mechanism of oscillations and formation of
nano-scale layered structures during induced co-
deposition of some iron-group alloys (Ni-P, Ni-W
and Co-W) by an in situ electrochemical quartz
crystal microbalance technique [25]. They found
that the electrodeposition of these alloys is
connected with a negative differential resistance
(NDR), from which the oscillations and the layer-
structure formation arise.

Recently, Ihara et al. [26] showed that a large
interfacial energy gradient is produced at the front
of an electrochemical wave in Cu-Sn oscillatory
electrodeposition. They observed the directional
later motion of an oil droplet put on an electrode
surface. During the deposition, when oscillations
occur, surface composition changed periodically
between Cu-rich and Sn-rich alloy layers.

Many other electrochemical systems are known
to exhibit complex non-linear behaviour such as
spontaneous oscillations of current or potential.
Kaneko et al. [27] investigated potential
oscillations during the deposition of cadmium and
established that they result from the decrease in the
surface concentration of cadmium ions (almost to
zero) and as a result the potential shifts rapidly and
reaches deposition of hydrogen. The evolved
hydrogen improves the mass transport process by
kind of agitating the electrolyte. As a result, the
surface concentration of cadmium ions increases
and the potential decreases again.

The oscillatory electrodeposition of Sn and
some Sn containing alloys allows the assumption of
the possible appearance of some oscillating
electrochemical reactions also during deposition of
tin-cobalt alloys.

The aim of the present work is to investigate the
electrodeposition of a Sn-Co alloy from
gluconate/sulphate electrolytes and to find out the
conditions for the possible oscillating behaviour of
the system.

EXPERIMENTAL

The composition of the electrolyte for
deposition of Sn-Co alloy coatings is given in Table
1.

Table 1. Electrolyte composition

Composition Concentration, g dm3
Snas SnMS 0-15
Co as CoS04.7H20 0-15
NazSOa. 0-50
CsH1107Na 0-150
NaOH 0-5

Distilled water and pro analysi grade reagents
were used. The experiments were performed in a
glass cell of 100 cm™ at room temperature without
stirring of the electrolyte. The working electrode (1
cm?) and the two counter electrodes were made of
platinum. A reference electrode Ag/AgCl with
Eagiagct = +0.197 V against the hydrogen electrode
was used. All potentials in the present study are
given against this reference electrode.

The cyclic voltammetric investigations were
performed by means of a computerized
potentiostat/galvanostat PAR 273A (Princeton
Applied Research) using the PowerCorr software
for electrochemical corrosion studies.

The sweep rate of the potential was 0.020 V s.
The alloy coatings, ca. 5 um thick, were deposited
on 0.3 mm thick copper substrates, 2x1 cm, in an
electrolysis cell of 100 cm®. The cobalt content in
the coatings and their thickness was determined
using a Fischerscope XDAL apparatus for X-ray
fluorescence.

RESULTS AND DISCUSSION

Figure 1 shows the cyclic voltammetric curves
in electrolytes containing ions of both metals
separately and together. In this case, tin is the
nobler component (the deposition peaks of tin are
less cathodic (less negative) compared to the peak
of pure cobalt). During the deposition of tin two
cathodic reactions are observed again. The cobalt
deposition from the same electrolyte in the absence
of tin is characterized by one cathodic reaction.
When cobalt is added to the solution of tin two
cathodic maxima are observed again. The first one
is in the form of a hump and the second one is well
expressed. The  first  cathodic ~ maximum
corresponds to the deposition of pure tin and the
second cathodic maximum to the co-deposition of
cobalt.

0,02

i Alcm®

-0,02 L+

L L L L
-1,0 -0,5 0,0 0,5

Fig. 1. CVA curves of tin, cobalt and SnCo alloy
deposition from sulphate/gluconate electrolytes at pH=5.
C Na,SO, = 40 ¢ dm‘3; C CgHyaNa0, = 50 ¢ dm'3; v=20mV
st —— Csn=5gdm3---- Cco=5gdm?3; -~ Csn=5g
dm3, Cco =5 g dm3.
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Two anodic reactions are detected in the case of
dissolution of tin and one during dissolution of
cobalt and the alloy. The main oxidation peak of
the alloy is in the potential range where dissolution
of tin and cobalt takes place.

Cobalt electrodeposition

-1,0 4 b)

N

E(vs Ag/AgCl) / V

T T T T T T T
0 200 400 600 800 1000 1200

Time/ s

Fig. 2. Chronopotentiometric curves obtained at
different current densities. Cco =5 g dm™; Csp=0 g dm™
(a) 0.2 Adm?, (b) 0.4 A dm?, (c) 1.4 A dm?

Figure 2 shows the chronopotentiometric curves
obtained at different current densities at cobalt
concentration of 5 g dm™ and pH=4. The increase
in the current densities leads to a small shift of the
cathodic potential without appearance of any
instabilities or oscillation reactions.

Tin electrodeposition

0,4 1

a)
-0,8 4 \_//;— b)

<)

1,2 4

-1,6

E(vs Ag/AgCIl) / V

-2,0

2,4

0 200 400 600 800 1000 1200
Time/ s

Fig. 3. Chronopotentiometric curves obtained at
different current densities at pH=3.5. Cs, = 10 g dm'3;
Cco=0gdm3 (a) 0.4 A dm? (b) 0.6 Adm?(c) 1.6 A
dm-2

Figure 3 shows the chronopotentiometric curves
obtained at different current densities at pH=3.5
and tin concentration of 10 g dm3. Up to the
relatively high current density of 1.0 A dm™ there
are no instabilities appearing (curves a, b). The

increase of the applied current density up to 1.6 A
562

dm leads to the appearance of irregular, not so
well formed potential oscillations (curve c¢). They
have maximal amplitude of about 300 mV and their
period differs between 12 and 25 s. The oscillations
appear at this pH value at the high current densities
possibly due to the reduced passivation of the
electrode in the acidic media.

16 a)

E(vs Ag/AgCl) / V

0 200 400 600 800 1000 1200

Time/ s

E(vs Ag/AgCl) / V

b)

0 200 400 600 800 1000 1200
Time/ s

E(vs Ag/AgCl) / V

-2,0+ T C)

T T T T T T
0 200 400 600 800 1000 1200

Time/ s

Fig. 4a. Chronopotentiometric curves obtained at
different current densities at pH=5. Csp=5 g dm; Cco =
0gdm?. (a) 0.4 A dm?(b) 0.6 A dm?(c) 0.8 A dm?

Figure 4a shows the chronopotentiometric
curves obtained at different current densities at
increased pH value (pH=5) and a tin concentration
of 5 g dm3. The increase of the pH of the
electrolyte leads to appearance of potential
oscillations at current densities between 0.4 A dm™
and 1 A dm?. The oscillations have amplitude of
about 600 mV. At current densities of 0.4 A dm™
the period of the oscillations is about 15 s. At
higher current densities the oscillations start at the
beginning of the process with amplitude of about
500 mV, and after disappearing in a broad interval
of about 700 s they appear again irregular with
some higher amplitude of about 700 mV. At current
densities 0.6 A dm™ the period of the oscillations is
about 25 s.

The influence of the concentration of tin in the
electrolyte is shown in Fig 4b. This figure presents
the chronopotentiometric curves obtained at a
higher tin concentration of 10 g dm™ at different
current densities and pH=5. At current densities up
t0 0.2 A dm™ no oscillations are registered.
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Fig. 4b. Chronopotentiometric curves obtained at
different current densities at pH=5. Csp = 10 g dm™3; Cco
=0gdm? (a) 0.2 A dm? (b) 0.4 Adm? (c) 0.6 Adm?,
(d) 1.0 Adm?, (e) 1.4 A dm™?

The increase in the applied current density up to
0.4 A dm? leads to the appearance of regular
potential oscillations with a high amplitude of about
700 mV, more regular than the oscillations obtained
at 5 g dm™ Sn (compare with Fig 4a). The period of
the oscillations is about 12 s. At current densities of
1.0 A dm? the period of the oscillations differs
between 5 s at the beginning and 20 s at the end of
deposition. Similar results are observed at 15 g dm
Sn in the electrolyte. From the curves in Fig. 4b it
is visible, that the period of oscillations increases
with the time of deposition.

The effect of the concentration of the complex
forming agent for tin (C¢H1107Na in this case) on
the electrode processes is shown in Fig.5a.
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Fig. 5a. Chronopotentiometric curves obtained at
current densities of 0.2 A dm™?at pH=5. Csn =5 g dm’3;
Cco=0g dm, (a) CC6H1107Na =50¢ dm3, (b) CC6H1107Na
=100 g dm, (c) Ccgh,,0,na = 150 g dm™®
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Fig. 5b. Chronopotentiometric curves obtained at
different current densities at pH=5. Csy = 10 g dm'3; Cc,
=0 g dm?; Ccgpy0na =150 g dm?®. (a) 0.2 A dm?, (b)
0.4 A dm? (c) 0.6 A dm

In a previous paper the function of the complex
forming agent on the electrodeposition of Sn and

SnCo alloy is described [28]. At low current
densities of about 0.2 A dm? and 50 g dm? of
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CeH1107Na some small oscillations appear in a
short period of the deposition (curve a). The
increase of the concentration of gluconate up to 100
g dm?® leads to the appearance of potential
oscillations with a high amplitude of about 800 mV
and a period of about 44 s (curve b). Similar results
are obtained with 150 g dm® Cg¢H1;07/Na in the
electrolyte, but with a smaller period of the
oscillations about 28 s (curve c).

At a higher concentration of C¢H1:07Na (100-
150 g dm) oscillations appear only at low current
densities of about 0.2 A dm™. The increase of the
current density results in the disappearing of the
oscillations (Fig.5b).

Tin-cobalt electrodeposition
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Fig. 6. Chronopotentiometric curves obtained at
different current densities at pH=3.5. Csp=5 g dm3; Cco
=5g dm?3. a) 0.8 A dm?, (b) 1.0 A dm?, (c) 1.6 A dm?,
(d) 2.0 A dm?2

Figure 6 shows chronopotentiometric curves
obtained at different current densities at pH=3.5
and tin concentration of 5 g dm?® and cobalt
concentration of 5 g dm=. At low current densities
up to 1.0 A dm™ there are no oscillations registered
(curves a, b). The increase of the applied current
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density up to 1.6 A dm™ leads to the appearance of
potential oscillations with an amplitude of about
200 mV. The period of the oscillations is about 20 s
and they disappear after a deposition time of about
400 s. The further increase in the current density up
to 2.0 A dm™ leads to the appearance of potential
oscillations with similar amplitude, but with a
shorter period of about 9 s.
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Fig. 7. Chronopotentiometric curves obtained at
different current densities at pH=5. Csp=5 g dm™; Cco =
5gdm=.2a) 0.6 A dm?, (b) 0.8 Adm?, (c) 1.0 A dm?, (d)
1.4 Adm?, (e) 2.0 A dm?

Figure 7 shows the chronopotentiometric curves
obtained at different current densities at an
increased pH value (pH=5), and the same
concentrations of both metals in the electrolyte. In
this case at current densities up to 0.6 A dm? no
oscillations are observed (curve a). The appearance
of potential oscillations starts at lower current
densities compared to the more acidic electrolyte.
At current densities 0.8 A dm™ stable potential
oscillations with amplitude of about 300 mV are
registered. The period of the oscillations decreases
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from about 26 s at 0.8 A dm™ to about 10 s at 2.0 A
dm=,

In order to find out the differences during
deposition at a positive potential of the oscillations
and at a negative one, two samples were deposited
potentiostatically in the investigated alloy
electrolyte at the potentials of -1.2 V and -1.5 V
(the most positive and the most negative potentials
in the oscillation curve (Fig.7 (curve b), current
density 0.8 A dm™) for 300 s.

Loakm - Beu8a6a
Y RSO oSS

-

Le%ni b)

Fig. 8. Surface of tin-cobalt alloy coatings. Cshn=5 ¢
dm3; Ceo =59 dm3; pH=5. a) -1.2 V; 60 wt. % Co, b) -
1.5V; 50 wt. % Co

The appearance of the obtained coatings was
different - the coating deposited at -1.2 V was
silvery white while that, deposited at -1.5 V was
dark-grey. The morphology of these coatings is
shown in Fig. 8. The deposit obtained at -1.2 V
contains about 60 wt. % of Co and the deposit
obtained at -1.5 V about 50 wt. % of Co. The
coatings obtained at the higher potentials are
course-grained and rough and possibly that is the
reason for the lower cobalt content.

Figure 9 shows the chronopotentiometric curves
obtained at different current densities at pH=5 and
higher tin concentration of 10 g dm with a cobalt
concentration of 5 g dm3. At current densities up to
0.8 A dm™ no oscillations are registered (curve a)
and the obtained coatings are bright. The increase

in the applied current up to 1.0 A dm leads to the
appearance of potential oscillations with an
amplitude of about 200 mV. The period of the
oscillations is about 20 s. The increase in the
current densities up to 1.4 A dm? leads to the
formation of oscillations with a larger amplitude of
about 300 mV and a shorter period of 12 s.
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Fig. 9. Chronopotentiometric curves obtained at
different current densities at pH=5. Csp = 10 g dm'3; Cc,
=5g dm3. (a) 0.6 A dm?, (b) 1.0 A dm?, (c) 1.2 A dm??,
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Fig. 10. Effect of the current density on the cobalt
content in the alloy at different metal concentrations in
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Figure 10 shows the effect of both tin
concentration and cobalt concentration in an
electrolyte at pH=5 on the composition of the alloy.
At 5 g dm® of Sn and 5 g dm?® of Co in the
electrolyte the increase of the current density leads
to an increase of the cobalt content in the coating
up to 50 wt.%. At higher tin concentration of 10 g
dm? in the electrolyte, pure tin coatings are
deposited at low current densities and the cobalt
content in the coatings increases up to about 40
wt.%. In both cases the deposition of coatings with
almost constant composition is possible in a broad
range of current densities. In this case oscillations
of the cathodic potential are observed.

As expected, higher cobalt concentrations in the
same electrolyte result in the rise of cobalt content
in the alloy. At a cobalt concentration of 10 g dm
in the electrolyte, the cobalt content in the coatings
is higher and reaches 80 wt.%.

CONCLUSIONS

1. Potential  oscillations  with  different
amplitude and period are registered during
electrochemical deposition of Sn and Sn-Co alloys.

2. At lower pH values of the electrolyte the
oscillations start at higher current densities during
deposition of Sn and Sn-Co alloys due to the
reduced passivation of the coatings in the more
acidic electrolyte.

3. The period of the oscillations increases with
the deposition time possibly due to the increase of
the roughness of the coatings and decreases with
the increase in the applied current densities.

4. The increase in Sn concentration in the

electrolyte results in more regular potential
oscillations.
5. The increase in the concentration of

complexing agent (gluconate) leads to disappearing
of the potential oscillations at high current
densities.

6. The instabilities and the resulting potential
oscillations during deposition of Sn-Co alloys are
due to the Sn-component of the electrochemical
system.

7. The observed potential oscillations during
galvanostatic electrodeposition of Sn-Co alloys
from gluconate/sulphate electrolytes are connected
with some passivation phenomena of the cathode
surface and the resulting hydrogen evolution.
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HECTABMJIHOCTU ITPU EJIEKTPOXUMHNYHOTO OTJIATAHE HA Sn-Co CIUUVIABU 13
I'TIOKOHATHO-CVYJI®ATEH EJIEKTPOJIUT

T.T. Beixosa®, U. H. Kpscres
HUnemumym no gusurxoxumus, bvreapcka akademus na naykume, 1113 Cogus, Bvreapus
[Moctpnuna Ha 15 cenremspu, 2017, npuera Ha 30 romu 2018
(Pestome)

MaroBU MOKPUTHS C BUCOKO CHIBp)KaHME Ha KOOAlT Morar Ja ce OTJIOKAT M3 H3CIEABaHHs eNeKTPOIHT. B
3aBUCUMOCT OT KOHIICHTpAIUsATa Ha Kajlail € Bb3MOXKHO OTJIaraHe Ha MOKPUTHsSI ChC ChIbpkaHue Ha kobant ot 0 g0 80
wt. %. Ilpu ranBanocrarnuHoTO OTiaraHe Ha SN-CO crutaBu ca HaONIOJaBaHU W JUCKYTUPAHH €JEKTPOXUMHYHH
HECTaOMIIHOCTH.
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Substituted imino- and imidazopyridine derivatives were synthesized via a new one-pot, three-component reaction
between benzylidenemalononitriles, malononitrile and amines under catalyst-free conditions at room temperature.
When ethylenediamine was used as the amine component of the reaction, dihydro- and tetrahydroimidazopyridines
were selectively obtained in good to high yields. On the other hand, the use of benzylamine led to the formation of 2-
imino-1,2-dihydropyridine products. The reactions were found to tolerate the presence of electron-donating and
withdrawing substituents on the benzylidenemalononitrile reactants. Products of these reactions are crystalline and can

be isolated by a simple procedure at room temperature in good yields and with high purity.

Keywords: Benzylidenemalononitrile, Imidazopyridine, Iminodihydropyridine, X-ray analysis
GRAPHICAL ABSTRACT
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INTRODUCTION

Heterocyclic chemistry continues to be at the
forefront of organic chemistry due to its importance
across a variety of disciplines such as medicinal
chemistry, agricultural chemistry and materials sci-
ence [1,2]. Pyridine ring, a privileged structural
core in heterocyclic chemistry, is present in many
natural products such as nicotinic acid, nicotinami-
de and vitamin Bs which play key roles in metabo-
lism. In addition, functionalized pyridines have
been shown to exhibit a broad range of biological
activities  including antimicrobial, antiulcer,
anticancer, antipyretic and anti-inflammatory
activities [3-7].

Due to all these attractive features of pyridine-
containing compounds, numerous  synthetic
methods that enable the construction of substituted
pyridines have been developed [8-10]. Recently,
transition metal-catalyzed coupling reactions of
enamides with alkynes, and TfOH-promoted
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* Catalyst-free

reactions of enaminones with aldehydes were
shown to be highly effective for the synthesis of
substituted pyridines [11-13]. Zn(NO3).:6H,0O was
found to be a potent catalyst for the synthesis of
unsymmetrical multisubstituted pyridines via the
reaction of (-ketoesters with ketene N,S-acetals or
ketene N,N-acetals [14]. Dong and co-workers re-
ported in 2013 a copper-catalyzed, three-compo-
nent reaction between sulfonyl azides, alkynes and
2-[(amino) methylene]malononitriles that gave rise
to the formation of 4-amino- and 6-amino-2-
iminopyridine derivatives [15]. An efficient one-pot
methodology was reported by Ranu and co-workers
in 2007 for the synthesis of substituted pyridines
via the condensation of aldehydes, malononitrile
and thiophenols promoted by the basic ionic liquid
[omIm]OH [16]. A multicomponent reaction of
malononitrile and aldehydes with ammonium
acetate catalyzed by EtsN was developed for the
synthesis of aminopyridine derivatives [17]. In

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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addition to these methods, efficient protocols for
the synthesis of highly substituted pyridines and
imidazopyridines starting from 2-aminopyridines,
2-bromopyridines, 2-(1H-benzo[d]imidazol-2-
ylacetonitrile [31], 2-amino-1-(2-
propenyl)pyridinium bromide salt, o,3-unsaturated
ketones, 1,3-dienes, and O-acetylketoximes have
been successfully developed [18-32].

In this work, we report the development of a
one-pot, three-component reaction  between
benzylidenemalononitriles,  malononitrile  and
amines that lead to the synthesis of substituted
imino- and imidazopyridines under catalyst-free
conditions. Our interest in these compound classes
stems from the attractive biological activity profiles
observed  for  various  pyridobenzimidazole
derivatives (Figure 1) [33,34]. In a study reported
by Denny and co-workers in 2011, 1-amino-2,4-
dicyanopyrido[1,2-a] analogues (1) were found to
effectively inhibit the cellular function of the pore-
forming protein perforin [33]. More recently,
Huttunen and co-workers reported in 2016 the
reversible inhibition of the L-type amino acid
transporter 1 (LATL1) by the pyridobenzimidazole
analogue 2 (Fig. 1) [34]. Among the few synthetic
methods available for the preparation of such
pyridobenzimidazole derivatives [35-38], the
reaction between 1H-benzimidazole-2-carbonitrile
and arylidenemalononitriles reported by
Bogdanowicz-Szwed and Czarny has been the most
commonly utilized method [35]. The one-pot,
three-component reactions that we have developed
in this study operate under mild conditions, and
result in rapid generation of complexity that leads
to formation of multisubstituted imino- and
imidazopyridines in an effective manner.

EXPERIMENTAL

All commercially available chemicals were
obtained from Merck and Fluka companies and
used without further purification. Melting points
were measured on a Stuart SMP30 apparatus with-
out correction. *H/2C NMR spectra were recorded
on a Bruker Avance 300-MHz spectrometer at 300
and 75 MHz, respectively (Figs. S1-13). X-Ray
analyses were performed on a Bruker APEX
equipment. Thin-layer chromatography (TLC) on
commercial aluminum-backed plates of silica gel
(60 F254) was used to monitor the purity of
compounds and progress of reactions. lodine vapor
was used as a visualizing agent, eluent - 5:2
hexane/ethyl acetate.

General procedure for the synthesis of
compounds 6a—f, 9g-i

Mixture of benzylidenemalononitriles (3a-f, 3g-
i) (5.1 mmol) and malononitrile (5.2 mmol) was
dissolved in 25 mL of methyl alcohol and stirred
for 5-7 min. Ethylenediamine (5.2 mmol) was
added to the mixture under vigorous stirring. The
progress of the reaction was monitored by TLC
(EtOAc/n-hexane, 2:1). The reaction mixture was
stirred for 48-72 h. When the solvent was
evaporated, crystals precipitated. Crystals were
filtered through filter paper and recrystallized from
a mixture of ethanol-water.

General procedure for the synthesis of
compounds 13j-m

Mixture of benzylidenemalononitriles (10j-m)
(5.1 mmol) and malononitrile (5.2 mmol) was
dissolved in 35 ml of methyl alcohol and stirred for
5-7 min. Benzylamine (5.2 mmol) was added to the
mixture under vigorous stirring. The progress of the
reaction was monitored by TLC (EtOAc/n-hexane,
2:1). The reaction mixture was stirred for 48-72 h.
When the solvent was evaporated, crystals
precipitated. Crystals were filtered through filter
paper and recrystallized from a mixture of ethanol-
water.

RESULTS AND DISCUSSION

We initiated our studies by the investigation of
the three-component reaction between benzylidene-
malononitrile (3a-f), malononitrile (4) and ethyle-
nediamine (5) (Table 1). Gratifyingly, the reaction
was observed to proceed smoothly at room tempe-
rature in a methanol solution in the absence of a
catalyst, and the dihydroimidazopyridine product
6a was obtained in 52% isolated yield (Table 1,
entry 1). Afterwards, the effect of the electronic
properties of the substituents on the benzylidene-
malononitrile component was investigated. When
benzylidenemalononitrile reactants (3b-d) with -
CHs;, -OCHs and -N(CHs), groups as electron-
donating substituents were tested, the targeted
dihydroimidazopyridine products 6b, 6¢c and 6d
were obtained in 66, 66 and 72% yields, respecti-
vely (entries 2-4). In addition, electron-withdrawing
-F and -Br substituents were also found to be
tolerated in this three-component reaction affording
the dihydroimidazopyridine products 6e and 6f in
good vyields (entries 5 and 6). Finally, it is worth
mentioning that, by the use of microwave (MW)
irradiation, the reaction time could be decreased
down to 175 min, compared to 48-72 h at room
temperature (yields were similar at room tempe-
rature).
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Fig. 1. Examples of biologically active pyridobenzimidazole analogues.

Table 1. Synthesis of dihydroimidazopyridine derivatives (6a-f) via three-component reaction between
benzylidenemalononitriles, malononitrile and ethylenediamine.

CN

R

CHaOoH NG~ _CN

NH
CN + NC OGN + H.N "2 —— » |

rt, 48-72 h N7 N7 “NH,
/

3a-f 4 5 6a-f
Entry R Product Yield (%)

1 H 6a 52

2 CHs 6b 66

3 OCH3 6C 66

4 N(CHs3)2 6d 72

5 F 6e 68

6 Br 6f 62

The structures of the synthesized dihydroimda-
zopyridines were determined by NMR spectroscopy
(Figs. S1-6). In addition, good quality crystals of
three dihydroimidazopyridine products (6b, 6c, 6e)
were obtained, and their structures were confirmed
by single-crystal X-ray analysis (Fig. 2). Compo-
und 6b exhibits an intermolecular hydrogen bond in
its crystal packing between one of the NH, hydro-
gens and the imine nitrogen of the dihydroimi-
dazole moiety (Fig. 2a). On the other hand, compo-
unds 6¢c and 6e were found to possess dimeric,
hydrogen-bonded structures in which two intermo-
lecular N-H--N=C hydrogen bonds are present
(Figs. 2b and 2c). This hydrogen bonding network
is reminiscent of those previously observed for 2-
cyanophenol derivatives [39,40]. Moreover, the
crystal structure of 6e revealed a F-F interaction
with a distance of 2.77 A between the two fluorine
atoms [41]. The proposed reaction mechanism is
shown in Scheme 1. Initially, ethylenediamine (5)
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is expected to act as a base and abstract one of the
protons of malononitrile (4) to form the correspon-
ding carbanion 7. This carbanion could then under-
go a Michael addition to benzylidenemalononitrile
(3a) to give intermediate 8. The incorporation of
ethylenediamine (5) with separation of ammonia
(NHs) followed by a final oxidation would lead to
the formation of the final dihydroimidazopyridine
product 6a. Surprisingly, when the three-compo-
nent condensation of malononitrile and ethylenedi-
amine with the dichloro-substituted benzylidenma-
lononitrile 3g was tested, tetrahydroimidazopyridi-
ne product 9g was obtained as the major product in
64% vyield instead of the expected dihydroimidazo-
pyridine compound (Table 2, entry 1). The genera-
lity of this outcome was examined with other
dichloro-substituted benzylidenemalononitriles with
—CI substituents located at different positions (3h
and 3i). In accordance with our initial observation,
these reactants afforded the tetrahydroimidazo-
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pyridine products 9h and 9i in 73 and 79% vyields,
respectively (entries 2 and 3). In addition to the
NMR spectroscopic analyses of the newly
synthesized tetrahydroimidazopyridines (Figs. S7-
9), the structure of product 9h was further

confirmed by single-crystal X-ray analysis (Fig. 3).
In this crystal structure, molecules of 9h form a
hydrogen-bonded network by intermolecular
hydrogen bonds with water molecules in addition to
H:--Cl interactions.

Fig. 2. X-ray structures of dihydroimidazopyridine products (a) 6b; (b) 6c; and (c) 6e.
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Scheme 1. Proposed reaction mechanism

Table 2. Synthesis of tetrahydroimidazopyridine derivatives (9g-i) via three-component reaction between dichloro-
substituted benzylidenemalononitriles, malononitrile and ethylenediamine.

R1
R4
CN
R2  — CH4OH RS R?
CN A~ /\/NH2 — » NC CN
g T NCT "CN * HoN , 48-72 h |
HN™ N° "NH;
R' R4 f
3g-i 4 5 9g-i
Entry Ry Rz Rs3 R4 Product Yield (%)
1 cl cl H H 9g 64
2 H Cl Cl H 9h 73
3 H H cl cl 9 79

Table 3. Synthesis of 2-imino-1,2-dihydropyridine derivatives (13j-m) via three-component reaction between para-
substituted benzylidenemalononitriles, malononitrile and benzylamine

CN

_ CH;0OH NC
T + T —_—
CN.* NG oN HN- Ph i, 48-72 h HN
R 10f-m 11 12 13j-m
Entry R Product Yield%

1 H 13j 63
2 OCHjs 13k 75
3 Br 13l 61
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Fig. 3. X-ray structure of the tetrahydroimidazopy-
ridine product 9h.

Finally, the newly developed three-component
reaction was tested using benzylamine (12) as the
amine reactant in place of ethylenediamine (5).
Fortunately, the reaction of benzylidenemalononit-
rile (3a) with malononitrile (4) and benzylamine
(12) in methanol afforded the corresponding 2-
imino-1,2-dihydropyridine product 13j in 63%
isolated yield (Table 3, entry 1, Figs. S10-13). The
reaction was found to tolerate the presence of
electron-donating (-OCHs) and electron-withdra-
wing (-Br and -CF3) groups on the phenyl ring,
and the corresponding iminodihydropyridine pro-
ducts were obtained in good vyields (75, 61 and
69% yields, respectively, entries 2-4).

CONCLUSION

We have developed an effective one-pot, three-
component reaction for the synthesis of multisubs-
tituted imino- and imidazopyridine starting from
benzylidenemalononitriles, malononitrile and ami-
nes. The reactions are operationally simple, work
at room temperature and under catalyst-free con-
ditions. While dihydro- and tetrahydroimidazo-
pyridines were obtained in a selective manner as
the major products when ethylenediamine was
used as the amine reactant, the use of benzylamine
gave rise to the formation of 2-imino-1,2-dihydro-
pyridine products. Investigation of the substrate
scopes of the developed methodology indicated
that the reactions tolerate a variety of benzylide-
ne-malononitriles having electron-donating and
withdrawing substituents, and the targeted pro-
ducts were obtained in good to high yields (52-
79%).
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EJHOCTAJUEH CUHTE3 HA 3AMECTEHU UMHNHO- 1 UMNJIA3OITMPU/INHU B
OTCBHCTBUE HA KATAJIU3ATOP

®. H. Harues, A. M. Mareppamog, 1. M. Axmenos, X. A. Acanos, A. H. Xamuos, A. B. I'yp6anos, I'.
3. Mamenosa, A. P. Acraposa, E.3. 'yceiinos, U. I'. Mamenos”

@axkynmem no xumus, [Jepoicasen ynusepcumem 6 baky, baxy, AZ1148, Azepbaiioscan

Ioctermna Ha 30 aBryct, 2017; kopurupana Ha 2 ¢hespyapu, 2018
(Pesrome)

3aMecTeHH NPOM3BOJHM HAa HWMHMHO- W HWMHIA30NHUPUIMHM Ca CHHTE3UpAaHH uYpe3 HOBa €THOCTaIuilHa
TPUKOMIIOHEHTHA PEAKINA MeXy OeH3MINICHMATOHOHUTPIIN, MAIOHOHUTPUII M aMMHHU B OTCHCTBHE Ha KaTalIHU3aTop
IIpU cTaiiHa TeMIiepatypa. [Ipu u3non3BaHe Ha €THICHAMAMHUH KaTO aMHHHHUS KOMIIOHEHT Ha PeakIUATa ce IOIydaBaT
CEJIEKTUBHO JUXHUAPO- M TETPAXUIPONMHIA30TIUPUINHU C JOOBP 0 BUCOK 100UB. M3non3BaHeTo Ha OEH3UIAMHUH BOJIU
10 oOpa3dyBaHe Ha 2-MMHHO-1,2-TUXUJPONUPUANHOBH IIPOAYKTH. YCTAaHOBEHO €, Y€ peaKklHUUTe TOoJepHupar
MIPUCHCTBHETO HA €JIEKTPOH-OTAABAIIY M €JIEKTPOH-MU3TETIIIIN 3aMECTHTENIN BbPXY OCH3MINAECHMAIOHOHUTPUIOBUTE
pearenTH. [IpoayKTuTe Ha T€3M peakMu ca KPUCTAJIHN M MOTaT Ja Ce N30JHpar ¢ 100bp JOOMB M BUCOKA YHCTOTA YPE3
JIECHA IIpOLIeypa MpHU CTaliHa TeMIepaTypa.

574


http://www.sciencedirect.com/science/journal/00404039
http://www.sciencedirect.com/science/journal/00404039/56/21
http://www.sciencedirect.com/science/journal/00404039
http://www.sciencedirect.com/science/journal/00404039
http://www.sciencedirect.com/science/journal/00404039/56/5
http://www.sciencedirect.com/science/journal/00404039
http://www.sciencedirect.com/science/journal/00404039/58/2

Bulgarian Chemical Communications, Volume 50, Issue 4 (pp. 575 —583) 2018

Synthesis and characterization of polymeric blend membranes enhanced by
monoethanolamine for CO,/CH, separation
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Gas separation membranes for natural gas are widely used. For efficient separation of CO,/CHa, high-performance
gas separating polymeric blend membranes are desired. The main objective of this study is to synthesize blend membranes
for removal of CO, from CHa using glassy and rubbery polymers with the addition of amine. The methodology comprises
various contents of polyvinyl acetate (PVAc) ranging from 5 to 20 wt% blended with polysulfone (PSU) and 10 wt%
MEA in DMACc solvent used for the formation of flat sheet membranes via solution casting method. The synthesized
blend membranes possessed homogenous surfaces and showed a uniform packed bed of spherical structure, as seen from
FESEM images. The existence of a single glass transition temperature for different blend membranes indicated miscibility
among the polymeric blends, shown by DSC analysis. Thermogravimetric analysis showed an improvement in the
maximum degradation temperature with the increase in PVAc content in the membrane blends. FTIR analysis confirmed
the polymer blend’s miscibility with very few spectral peak shifts. The gas permeation results concerning MEA showed
that CO; permeance increased, in PSU and PSU 80%/PVAc 20%, from 39.63% to 63.97% at 2 bar pressure. EPBM is an
appropriate tool for the production of novel materials with joined characteristics that improved application properties with
low-cost advantage.

Keywords: Polymeric blend membranes; Monoethanolamine; Morphology; Thermal degradation temperature; Spectral
analysis.

INTRODUCTION with CO; and considerable energy requirements for
regeneration of solvent used [21].

Numerous researchers have considered the
chemistry of COz-amine solutions over many years
due to its significant industrial application for CO,
removal from gas streams. The Danckwerts’
zwitterions mechanism has become the most
frequently accepted mechanism for COj-amine
reaction [22]. The reactions between CO, and
primary amines are shown below, R representing the
functional group for MEA:

The performance of gas separating membranes
is quite important for effective separation of CO;
from natural gas. For membrane synthesis,
permeance and selectivity are essential parameters
that need to be addressed for efficient CO; separation
[1, 2]. In gas separation, many glassy polymers have
been used for membrane fabrication based upon
industrial or scientific research work. Polysulfone
was considered because of its good thermal,
mechanical and chemical stability along with
satisfactory gas performance [3, 4]. The same Ri=-H, Ro= -CH,CH,0OH
ch_arac_teristics of polyvinyl acetate (PyAc) along R,R,NH + CO, < R,R,NH*COO~ (Zwitter ion) (1)
with its comparatively low price, piezoelectric,
pyroelectric and ferroelectric properties [5, 6] define ~ RiRpNH'COO™ + R;R,NH
its main advantages as flexibility, low density and ~ RiR2NCOO™(Carbamate) @
formability [7]. Table 1 shows the different studies Overall reaction is:

on polymer blended membranes [8-20] . _ +
: e 2R,R,NH R;R R;R,NH
Different modifications were employed to 1RoNH + €0, © RyR;NCOO™ + Ry RN @)

improve membrane performance. It is mean o
Monoethanolamine (MEA), which belongs to I

primary amines, is widely used for removing CO, CHCHRO0H CHRCH0 —C

from natural gas; it is a relatively strong base having | | |

high reactivity with CO,, low cost of solvent, NH O OR 1\|H o O
thermal stability, but it was replaced by more |H -

efficient systems because of its corrosive properties, @)

degradation of solvent issues, high heat of reaction

* To whom all correspondence should be sent:
E-mail: engrasimmushtag@yahoo.com
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The amine solution has shown efficient capability
for natural gas purification in an absorption process
[22]. Hence, it is expected that by blending with
glassy polymer using different alkanolamine
solutions, the separation ability of a blended
polymeric membrane for the CO2/CH4 mixture will
be enhanced. Different alkanolamines have different
reaction rates with various acid gases. Furthermore,
these alkanolamines differ in their equilibrium

absorption characteristics for the many acid gases
and have different sensitivities to corrosion factors
and solvent stability. In MEA (primary amine), the
CO: is captured by a chemical absorption process, in
which the carbon dioxide reacts with the primary
amine in the form of a carbamate. The main
objective of this study is to synthesize an enhanced
polymeric membrane with the addition of amine.

Table 1. Different studies on blend membranes

Year Polymers Gas type Remarks Permeance Selectivity
CO4/N; selectivity of PU- _ Cco
2006 PU based PEI/PAI CO.N; | based blend membranes was | " c02=29-06 | ;272 _ 9556
(Glassy/Glassy) blend . Barrer N.
increased 2
Highest permeability,
PU/PDMS 9 o4 _ co
2006 (Rubbery/Rubbery) CO2/CH4 diffusivity, and solubility Peoz=10 a—=2 =041
- values are found for the Barrer CH
cross-linked 4
PDMS membranes.
PES/PI (Glassy/Glassy) Ideal separation factors of Po2=4.2 & _
2008 blend MMM O2/N 02/N is increased Barrer aNZ =38
Ultra-thin membrane with Peos=0.58 co
2009 PVAM/PVA with porous COL/N, good strength, S.ta_lblhty and my(STP) @222 7y
PES support permeability/ /(m? h bar) N,
selectivity
= co
2010 PEG/PDMS CO,/CH, | Remarkably, the CO/H, | Pco=530 | =%2 _ 4
selectivity is enhanced Barrer CH,
Gas permeance of N _ 0
. L - . P02—210.8 2
2010 | PES/PI (Glassy/Glassy) 02/N2 increased with increase in GPU a—=>54
feed pressure N
o Cross-linked for anti- Pco2=9.43 €O,
2011 SPEEK/ Matrimid CO,/CH4 plasticization Barrer aC_fL, =27.98
CO,/CH4, | Significant improvementin | Pco,=1.66 €O, _
2011 PEI/PVP CO,/N; selectivity GPU @ CH, 55.33
P CO,/CHa4, .. Pco2=50 co, _
2012 PIM-1/ Matrimid CO,/N, Increased selectivity Barrer ocC—H4 =31
= co
2013 PSF/PVP CO/CHs | Studied effect of solvents PCC(’;ZP675 aC_I-IZ =5.75
4
- Pco2:49.5 C02 _
2013 PU/PVA CO2/CH4 | Increased CO, permeability Barrer ocC—H4 =10.1
) Significant improvement in | Pco2=20.0 Co, _
2013 PEG-PDMS CO./N; selectivity GPU a N, - 18
Permeability of CO, was _ co
2014 CA/TiO; blend CO/CH, | found to be increased for Plcoosz—BS;r‘:2;< a—2 =233
CA-TiO; blended CH,
CO; permeance increase due Pey=d 15 co
2015 PES/PVAC CO,/CHa | to the addition of PVAC in “GrU a——2 = 1.40
PES CH,
o Pc02=3.3 COZ
2016 PSF/PI CO,/CHa4 Improved selectivity a(=) =13.06
Barrer CH,
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Table 2. Blend composition of different polymer blend membranes

Polymer
i 0,
Membrane PSU. wt. % PVAC, Wt. % Amine, 10 wt.%
M1 100% 0% ]
M2 0% 100%
M3 95% 5%
M4 90% 10%
M5 85% 15% MEA
M6 80% 20%
METHODOLOGY dimethylacetamide. Figure 1 represents the flow
diagram of a methodology for fabrication of amine
Materials

Polysulfone (PSU Udel® P-1800 powdered grade
with a glass transition temperature (Ty) of 185°C)
was purchased from Solvay Advanced Polymers,
L.L.C, US.A. Polyvinyl acetate (PVAc beads,
average Mw ~100,000 by GPC with a glass
transition temperature (T) of 28°C) was supplied by
Sigma-Aldrich, Germany. Dimethylacetamide
(DMACc 99.99% pure) was acquired from Merck,
Germany. MEA amine 99.99% pure was purchased
from Merck, Germany. Amines were used for the
fabrication of polymeric amine blend membranes.

Method

Two different types of membranes were prepared
in this work: polymeric blend membranes and
polymeric amine blend membranes. To prepare the
membranes, the following procedure is given:

i. PSU was heated at 110°C to remove
moisture content. Then, the PSU and PVAc were
allowed to dissolve completely in DMACc solvent.

ii. Then the amine was added in the blend with
continuous stirring for 24 h to obtain a homogeneous
dope solution.

iii. To remove air bubbles, the solution was
ultrasonicated in Transonic Digital S, ElIma® for 3 h
at a frequency of 100 Hz.

iv. This blend was poured and cast on a glass
plate using a casting knife with an opening of 200
um. After 1 h of evaporation, the casted film was
dried in an oven at 70°C for 2 h. These membranes
were also dried at ambient temperature for five days
to allow the evaporation of the solvent.

The synthesized membranes were then peeled off
for  further characterization. The different
compositions of polymers and amines of blend
membranes are shown in Table 2.

The enhanced polymeric blend membrane was
developed by blending polysulfone glassy polymer
and rubbery polymer polyvinyl acetate with mono
ethanol amine was carried out in the solvent

polymer blend membrane. These synthesized
membranes were characterized by the following
methods:

The thermal degradation temperature of the
synthesized polymeric blended membranes was
determined by TGA (thermal gravimetric analysis).
Approximately 10 mg of the sample was heated at a
rate of 2°C/min with the Perkin Elmer TGA. The
CO2SMU apparatus was used for the gas permeation
experiment, where CO,/CH, flow rate (0.1 m?/sec)
was controlled by a flow meter/controller. These
trials were accomplished at room temperature
(302+£2K) under ambient pressure (101+2 kPa).

The FTIR spectrum was taken on a Perkin Elmer
Spectrum One FTIR spectrometer, to investigate the
interaction between both polymers and amine. The
scans were 20 in the wavelength range of 4000 cm*
— 450 cm™ and the spectra were obtained from a 200-
pm diameter sampling area. Membrane samples
were cut from casted membrane films at random
positions dried for more than 48 h at room
temperature and then fixed to the plate. All spectra
were corrected for the FTIR characteristic
progressive increase in the absorbance at lower wave
numbers, using the equipment software.

RESULTS AND DISCUSSION

Morphology of enhanced polymeric blend
membranes (EPBM)

MEA amine was blended with different
compositions of PVAc in a PSU matrix, the
morphology of blended membranes is shown in
Figures 2 to 5. It is evident from the top surfaces of
Figures 2 (a) to 5 (a) that their surfaces were likewise
uniform without any pin holes and no indications of
phase separation. Respectively, on distinct cross-
sections of Figures 2 (b) to 5 (b) the enhanced
polymeric blend membranes wre highly packed with
uniform microspheres known as a packed bed of
spheres. Nevertheless, the measure of the structure is
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somewhat dissimilar because of 5-20 wt. %
compositions of PVAc in PSU with 10 wt. % of
MEA.

| Polymer Resin |

For Polymeric Amine

Blend Membrane
| Polymer drying @ 24 hours | Development
Dope preparation
(Preparation based on Table 4.4)
Solvent - : - Addition
addition P| Casting solution H Homogenous solution |h of amine
Continuous stirring
Sonication process @ 3 hours

Casting process on casting machine @ 200um casting knife thickness

I

Evaporation process

1

Drying at room temperature @ 5 days

1}

Membrane synthesize ready for characterization and performance test

Fig. 1. Methodology for fabrication of amine polymer blend membrane

(@)
Fig. 2. Blend membrane of PSU/PVAc (95/5) wt. % / MEA (a) Top view (500 x) (b) Cross section view (200 x)

For EPBM with MEA these figures show that
membranes top surfaces were uniform and without
any phase separation which suggests that miscibility
exists between PSU/PVAc and MEA. Similarly, on
comparing the cross-sections in Figures 2 (b) to 5
(b), the EPBM contained a uniform packed bed of
spheres. The sizes of the packed bed of spheres
structure increase the percentage of PVAc from 5-20
wt. % with MEA, the sphere size was found from
22.40-9.73um and extent toward 41.06-10.64um.

To decrease the interfacial area with dispersed
morphology in blends, shape relaxation of the
deformed particles may occur latter, tending to
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acquire a spherical shape [23]. When the different
compositions of PVAc are blended in PSU with
different amines the wall area decreases because
PVAc and amines are incorporated into the spheres.
From the microporous structures of the blended
membranes it is apparent that the surfaces are
reasonably homogeneous indicating miscibility
between the PSU/PVAc polymers and amines [24].
In addition, the number of spheres differs depending
on PVAc composition and addition of MEA amine.
This is probably because thermodynamic instability
overcomes the kinetic process [24].
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(@)

(b)

Fig. 4. Blend membrane of PSU/PVAc (85/15) wt. % / MEA (a) Top view (500 x) (b) Cross section view (200 x)

(a

Fig. 5. Blend membrane of PSU/PVAc (80/20) wt. % / MEA (a) Top view (500 x) (b) Cross section view (200 x)

Increasing number of mobile linkages in the
polymer backbone increasing the free volume of the
polymer when PVAc (rubbery) polymer was used.
For PSU (glassy) polymer, to increase polymer free
volume through chain backbone packing, the
efficiency and cohesive energy density decreased [3,
25]. Morphology of homogenous polymer blend
relies upon the composition blend, consistency of the
individual segments and the preparation history [23,
26]. The two-stage morphology can altogether
impact the pervasion properties of the films.
Structures of the developed membranes revealed a
packed bed of spheres rather than finger-like
microvoids in the sub-porous layer; this indicates the
absence of defects and pinholes at the membrane

surfaces [3, 27]. Due to the well-known interaction
between CO, and —NH> groups, the amine molecules
that occupy the micropores will increase the CO;
adsorption of these materials [23, 24]. In addition, as
MEA amine was added, a significant improvement
in the membrane's perm-selectivity was also
observed. As a consequence of the solubility of CO;
in MEA amine, the presence of amine enhanced the
CO: solubility across the membrane. This research
into the morphology of different polymer blends
with amines was not found in the literature.
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Thermal gravimetric analysis of enhanced
polymeric blend membranes

Figure 6 shows the degradation behavior when
MEA amine was added in different compositions of
PSU/PVAc. The stability of synthesized blend
membrane was changed. From this figure for M3 to
M6, the primary bend demonstrates the weight
reduction of 10 wt. % for MEA at 166.42°C (M3).
The second bend shows a mass loss of 5-20 wt. % of
PVACc at 326.62°C and the third bend of PSU at
528.32°C demonstrates the 50-60 wt. % mass loss in
the blend membranes.

On the contrary, this trend is also shown with M6,
degradation onsets at 523.57°C, and maximum
degradation temperature is 559.74°C. It is also
observed that the amount of residue for all
membranes at 800°C has decreased by the addition
of MEA and PVAc in PSU. At the end of the
degradation, almost 20-25 wt. % of residue

remained. For an effective separation, the polymer
should have good interaction with one of the
components of the mixture. Molecular structure,
arrangement and specific nature of chemical groups
attached to the main chain are some factors that
affect the properties of the membrane and their
performance. In comparison, alkanol amines
decompose at a lower temperature than PSU/PVAc
because of the substitution of NH group [28, 29].
Table 3 summarized the thermal degradation results.

The degradation products of MEA are mainly
formate, hydroxyethyl formamide, hydroxyethyl
imidazole and oxalate. Glycolate and acetate are also
present, however, in low concentrations. Adding
MEA to the blend changed the thermal stability of
PSU/PVACc blend. This is probably due to the
properties of the amine, specifically its basicity and
the number of —OH groups present. These results are
in good agreement with previous studies [28-30].
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Fig. 6. Effect of TGA on enhanced polymeric blend membranes with various composition of PVAc in PSU with

MEA amine
Table 3. Thermal degradation temperature of polymeric MEA amine blend membranes

Polymer Blend Degradatio Maximum Degradatio | Maximum | Degradatio | Maximum

MEA . .
Membran | PSU | PVAc n MEA amine n onset degradation n onset degradation

Amine | amine onset - PVAC PVACc PSU PSU

e Sample wt. . wit. o degradation

% % 10wt.% | temperature temperatur temperature | temperatur | temperature | temperatur

() e C) () () () e ()

M1 100 - - - - - 535.13 570.48

M2 - 100 - - 318.54 355.38 - -

M9 100 - 165.65 200.88 - - 522.12 543.04
M18 95 5 ME 166.42 178.90 326.62 356.64 528.32 569.44
M19 90 10 A 164.11 177.56 323.37 355.57 527.76 566.26
M20 85 15 163.94 174.06 322.78 352.24 525.50 561.16
M21 80 20 159.74 173.51 320.80 350.63 523.57 559.74

Spectral analysis of enhanced polymeric blend
membrane

FTIR spectral analysis of enhanced polymeric
blend membranes is shown in Figure 7. A broad

580

frequency of FTIR spectra for PVAc, PSU, and
MEA was examined. A complete spectral analysis

was also done to confirm the hydrogen-bonding

behavior of the amine blended membranes [38].
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Figure 7 shows the FTIR spectra of the
synthesized PSU/PVAC/MEA polymeric blend
membranes at 10 wt. % MEA with various
composition of PVAc in the PSU matrix. The
functional groups (S=0, CSO.C, C-O, C¢Hes, C=0
and C-H) of PSU/PVACc blend slightly change their
positions, but remain stable in the range. Spectral
shifts are observed for the benzene ring by the
addition of MEA. The amine group (C-N) appears at
1058.23-1094.71 cm? for PSU/PVAC/MEA (M3-
M6) blend membranes. The N-H group's peaks for
M3 to M6 are observed at 3442.77 cm™ - 3494.04
cm?®. The hydrogen bonding is a strong
intermolecular interface that affects miscibility.

Similarly, by the addition of MEA in the
PSU/PVAC blend, the O-H peak appears at 3219.45-
3307.86 cm* for M3 to M6. Hydrogen bonding is
important for hydroxy compounds, but the effect
tends to be weaker than for the hydroxy group, and
the overall effect on the spectrum is slightly less
pronounced. This condition changes the amino salts
and related ammonium, where strong hydrogen
bonding is experienced, and a consistent broadening
of the NH* absorption is observed [31]. This figure
shows the incorporation of MEA into PSU/PVAc
matrix by confirming the presence of the particular
frequency bands of the characteristic peaks which is
evidence that the amine had an interaction with the
polymer.

The structural differences between different
alkanolamine are important, and they strongly
influence the chemistry and reactivity of nitrogen
and the N-H group. Hydrogen bonding disturbs NH*

and OH- groups by altering the electronic field,
which then provides the enthalpy that favours
mixing [32]. These results indicated that hydrogen-
bonding interactions existed between the ester
carbonyl and carboxyl end groups of PSU and the
OH groups of PVAc/amine [23]. Hence, these results
of the structural analysis support the compatible
nature of PSU/PVAc/amines blend membranes
indicated by the microscopic and macroscopic
observations.

Polymer blends compatibility, the peak shifts of
certain significant bands to other frequencies point
to the existence of particular interactions taking
place amongst the characteristic groups of the pure
PSU/PVACc polymers and amines. The summarized
form of different shifts in the FTIR spectra is
presented in Table 4 and supports the development
of the interactions among the polymers which
indicates their miscibility in the form of blended
membranes [6, 32-34]. The limited degree of peak
shifting revealed by FTIR studies confirmed the
miscibility of the tested polymer blends.

Moreover, there was no cross-linking and
formation of intermediates, and the frequency shifts
observed were peaks that characterized diaryl
sulfone, C=0, C-O and N-H groups of
PSU/PVAc/amine. These spectral changes point to
molecular interactions between the polymer
components in the blends, highlighting their
compatibility [26]. These observations are in good
agreement with previous studies [16, 34, 35].
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Fig. 7. Comparative FTIR spectra of the polymeric blend membranes with MEA amine.
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Table 4. Summary of the FTIR spectral data of enhanced polymeric blend membranes

PSU/PVAC/MDEA

blend membranes
Observed wave
number, cm™

PSU/PVAC/MEA
blend membranes

Observed wave
number, cm

1105.35-1130.74

1118.13-1140.28

1307.28-1324.63

1310.93-1334.52

1039.92-1052.54

1034.41-1049.26

1542.67-1569.39

1570.43-1581.62

2871.72-2889.44

2847.29-2867.08

1734.66-1744.27

1730.57-1755.36

819.83-867.81

821.52-835.18

1207.21-1241.65

1058.23-1094.71

3374.21-3378.29

3442.77-3494.04

3240.93-3270.11

3219.45-3307.86

PSU/PVAC/DEA
. Wave number, blend membranes
Spectral assignment N
cm Observed wave
number, cm?
S=0 symmetric 1150-1100 1087.73-1123.15
stretch
CSO,C asymmetric 1322, )
stretch 1370-1250 1305.39-1320.16
C-O asymmetric 1244,
stretch 1260-1000 1057.78-1068.83
CeHe ring stretch 1587-1489 1566.80-1585.27
OH aliphatic and 2886, 2938
aromatic stretch and 2971 2806.42-2819.88
1736,

C=0 stretch 1760-1600 1715.21-1722.56
C-H phenyl ring 850, )
substitution band 870-675 802.73-844.06

C-N stretch 1340-1020 1181.29-1203.19

N-H stretch 3500-3300 3488.67-3499.93

O-H stretch 3640-3160 3608.18-3625.08

CONCLUSION

An enhanced polymeric blend membrane was
successfully developed. The morphology of the
enhanced polymeric blend membrane showed
uniform microspherical structure known as a packed
bed of spheres. After addition of amine in the
PSU/PVACc polymer blend, the thermal behaviour
showed a deviation from the expected trend and the
degradation temperature decreased. Furthermore, as
MEA amine was added, a remarkable improvement
in the membrane's properties was observed. These
enhanced polymeric amine blend membranes have a
high capability of capturing carbon dioxide from
natural gas. In conclusion, the synthesis of EPBM
was found to have a promising application for
natural gas purification.
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CHUHTE3 1 OXAPAKTEPU3NPAHE HA ITOJACUJIEHN C MOHOETAHOJIAMUNH
CMECEHU ITOJIUMEPHU MEMBPAHU 3A PA3JIEJISTHE HA CO2/CH4

A. Mymrrak”, X. MyxTap, A. M. [lapud

Jlenapmamenm no unocenepua xumusi, Texnonozuuen ynusepcumem PETRONAS, 32610 Cepu Hckanoap, Ilepak
Lapyn Puoacyan, Manaiizus

IMoctenmia Ha 8 mexemBpu 2017; kopurupana Ha 1 aBryct, 2018
(Pesrome)

MemOpanu 3a pa3feiisiHe Ha Ta30Be ce M3IO0JI3BaT MUPOKo. 3a epektuBHO pazaensHe Ha CO,/CH4, ca HeoOXoquMu
BHUCOKOE(DEKTHBHU CMECEHH MoJIMMepHH MeMOpanu. OCHOBHATA 33/1a4a Ha TOBA M3CIIe/[BaHE € Jla CE CHHTE3UPaT CMECEHU
MeMOpanu 3a oTcTpansiBaHe Ha CO2 o CH4 ¢ momoniTa Ha CTHKIIOBUIHH M KaY4YKOBUIHH MOJUMEPH ¢ J0OABKa Ha aMHH.
MeTo10I0THsITa U3M0JI3Ba PA3INYHK ChAbpxKaHus Ha noiauBuHmwiIanetat (PVAC) ot 5 10 20 wt% cmecen ¢ nonucynhox
(PSU) u 10 wt% MEA B pasrBoputen DMA 3a nosnyuaBane Ha ruiocku (GUIMOBH MeOpaHM MO METOJA HA JIECHE OT
pastBop. [lonydeHnTe cMeceHrn MeMOpaHH UMAT XOMOTeHHA MOBBPXHOCT M €IHOPOJICH CIIOH ChC cepHyHa CTPYKTYpa,
kakto ce Bmkaa oT FESEM caumxure. DSC aHanmm3pT TOKa3Ba CHIIECTBYBAHETO HA €HAKBAa TeMIIeparypa Ha
CTHKJIOBHJIEH IIPEXOJl 32 BCHYKHM MOJMMEPHH CMECH. TepMOrpaBHUMETPHYHHMST aHajlM3 COYHM, Y€ MaKcuMalHaTa
TeMIIepaTypa Ha Jerpajanus ce MOBHUIIAaBa C yBelIWYaBaHe Ha ChIbpkaHueTo Ha PVAC B momumepHute cmecH. Upes
MHOTO MaJIKust Opoit n3mecTeHu nmukose npu FTIR ananmnsa e moTBBpAEHA CMECBaeMOCTTa Ha TIONUMEPHUTE KOMIIOHEHTH.
PesynraTure 3a razoBara mpoHUIAEMOCT B npuchcTBUe HAa MEA mnokassart, ue nponunaemoctta kbM CO» HapacTBa B
PSU u PSU 80%/PVAc 20%, crotBetHo oT 39.63% Ha 63.97% npu Hansrane 2 bar. Cmecenara moauMepHa MeMOpana
€ MOAXOAIIA 32 T0Jy4yaBaHe Ha HOBH MAaTepHasH C MOJO0OPEHH CBOWCTBA, KOMTO ChYETaBAT HIMPOKH BH3MOXKHOCTH 32
TIPUIIOKEHUE C HACKA Ce0ECTOMHOCT.
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Effect of MEA on the performance of polysulfone/polyvinyl acetate blend
membranes

A. Mushtaq”, H. Mukhtar, A. M. Shariff

Chemical Engineering Department, Universiti Teknologi PETRONAS, 32610 Seri Iskandar, Perak Darul Ridzuan,
Malaysia

Received, January 9, 2018; Revised, August 2, 2018

Separation of CO, from natural gas within the field of membrane technology has been carried out for a long time. For
efficient separation of CO,/CHs, high-performance gas separating membranes are desired. The blending technique
enhances the chemical and thermal stability, also taking heed in the improvement of separation properties with the
economic sustainability. This research studies the perm-selective performance of polymeric blend membranes, glassy
polymer (polysulfone) and rubbery polymer (polyvinyl acetate) with monoethanolamine (MEA). The polymeric amine
blend membranes with enhanced properties were synthesized with different blending ratios in dimethylacetamide
(DMACc) solvent. In this study, various compositions of polyvinyl acetate (PVVAc) ranging from 5 to 20 wt. % were blended
with polysulfone (PSU) and MEA, and were used for the formation of flat sheet membranes via evaporation method. The
gas permeation results showed that the CO, permeance increased with increasing feed pressure.

Keywords: Methane, Carbon dioxide separation, Polymeric blend, Enhanced polymeric blend membrane, Permeance,

Selectivity.
INTRODUCTION

The separation of carbon dioxide from natural gas
in the area of membrane technology has been a
much-known practice. It provides multitudes of
benefits in comparison with other techniques, which
points to its feasibility for gas separation. The
performance of gas separating membranes is quite
important for effective separation of CO. from
natural gas. Thus, in the development of the
membrane, permeance and selectivity factors are
essential that need to be addressed for efficient CO»
separation [1, 2].

Numerous glassy polymeric materials were
utilized for membrane fabrication in gas separation
established over scientific or industrial research
practices. Polysulfone (PSU) was selected due to its
good mechanical, thermal and chemical stability
with adequate gas performance [3, 4]. Combining
these features with low price, polyvinyl acetate
(PVAC) is a useful polymer displaying piezoelectric,
ferroelectric and pyroelectric properties [5]. The
typical benefits of polyvinyl acetate are formability,
flexibility, and low density [6].

Monoethanolamine (MEA), which belongs to
primary amines, is widely used for removing CO;
from natural gas. It is a relatively strong base having
high reactivity with CO,, low cost of solvent and
thermal stability. However, it was replaced by more
efficient systems because of its corrosive properties,
degradation of solvent issues, high heat of reaction
with CO; and substantial energy consumption for

* To whom all correspondence should be sent:
E-mail: engrasimmushtag@yahoo.com
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regeneration of the used solvent. The carbon dioxide
loading capacity for primary and secondary amines
is in the range from 0.5-1 mole of CO; per mole of
amine, such as a fraction of the carbamate species is
hydrolyzed to form hydrogen carbonates [7].

Numerous researchers have examined the
behavior of CO,-amine solutions because of their
significant industrial application for removal of CO;
from gas streams. The Dankwerts’ zwitterions
mechanism is widely accepted for amine reaction
with CO; [8]. The reactions between CO. and
primary amines, where R represents the functional
group, for MEA are:

R1=-H, R2= -CH2CH.0OH

R;R,NH + CO, & R;R,NH*COO~ (Zwitter ion) 1)

R;R,NH*COO~ + R;R,NH & R;R,NCOO~ (Carbamate) (2)
Overall reaction is:

2R;R,NH + CO, & R;R,NCOO~ + R;R,NH* 3)

It 15 mean O
|

CH2CH20H CH>CH:0 —C

| | |

NH +C0O;+0OH —NH o + HO
| |
H H
4)

Monoethanolamine has the tendency to sanitize
the acid gas from natural gas [9]. Hence, by blending

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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a PSU/PVAc with monoethanolamine solutions, the
separation capability is enhanced for the CO./CH,
mixture. Diverse amines have unlike reaction rates
with respect to various acid gases. Accumulatively,
the separate amines differ in their equilibrium
absorption characteristics for the various acid gases
and hence display various sensitivities regarding
solvent stability and corrosion factors.

On account of essential amines like MEA, the
CO: is caught by a chemical absorption process in
which the CO, reacts with the amine as a carbamate.
The main objective of this study is to develop an
enhanced polymeric membrane with the addition of

the amine. The different studies regarding blend
membrane are summarized in Table 1 [5, 10-23].

METHODOLOGY
Materials and Membrane Synthesis

Polysulfone (PSU) Udel® P-1800, with a glass
transition temperature (Ty) of 185°C, was attained
from Solvay Advanced Polymers; L.L.C, U.S. in
powdered form. Polyvinyl acetate (PVAc) was
purchased from Sigma-Aldrich in the form of beads
having a glass transition temperature (Ty) 30°C and
average My ~100,000 by GPC.

Table 1. Different studies on polymeric blend membranes

Year Polymers Gas type Remarks Permeance Selectivity
PU based PAI-PEI CO2/N; selectivity of PU- _
. Pc02=20.06 €O,
2006 (glassy-glassy) CO2/N, based blend membranes is a——=22.56
. Barrer N.
blend increased 2
Highest permeability,
PU-PDMS P o
diffusivity, and solubility Pco2=10 o,
2006 ng?ggjﬁﬁggry) CO/CH, values are found for the Barrer *CcH, ~ 041
PDMS membranes
PI-PES Ideal separation factors of Po2=4.2 0,
2008 (glassy-glassy) 02/N; o e a— =38
blend MMM 02/N; is increased Barrer N,
PVAmM-PVA with Ultra-thin membrane with Pco2=0.58 co
2009 porous PES CO2/N; good permeability and m3(STP) a—2 =74
support selectivity /(m? h bar) N,
) Remarkably, the CO2/H, Pco2=530 CO;
2010 PEG-PDMS CO/CH,8 selectivity is enhanced Barrer “en, = 10
Gas permeance of N _ 0
2010 ( IasPsE?_IIDe:ss ) 0,/N, increased with increase in Poggbo.S a—2 =54
glassy-glassy feed pressure N,
) - Cross-linked for anti- Pc02=9.43 Lo _
2011 SPEEK-Matrimid | CO,/CH4 plasticization Barrer a cH, " 27.98
i CO2/CH,4, | Significant improvementin | Pco,=1.66 Co, _
2011 PEI-PVP CO2/N2 selectivity GPU “CcH, ~ 5533
P COZ/CH4, .. PCOZZSO C02 _
2012 PIM-1/Matrimid CO/N, Increased selectivity Barrer ocC—H4 =31
. Pco2=275 co,
2013 PSF-PVP CO,/CH4 Studied effect of solvents GPU aC_I-L, =5.75
- Pco2=49.5 2
2013 PU-PVA CO2/CHs | Increased CO; permeability Barrer aC—H4 =10.1
Significant improvement in | Pc0,=20.0 o,
2013 PEG-PDMS CO2/N2 selectivity GPU a N, - 18
_ Permeablllty of CO; was Peoy=3.43% co,
2014 CA-TiO- blend CO,/CH4 found to be increased for 10° Barrer a——=233
CA-_TiO; blended CH,
CO; permeance increase Poop=4.15 co,
2015 PES-PVAC CO2/CH4 | due to the addition of PVAC a— =140
. GPU CH
in PES 4
.. Pc02:3.3 COZ _
2016 PSF/PI CO/CH. Improved selectivity Barrer a(C—H4) = 13.06
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Fig. 1. Chemical structure of solvent, amine and polymers (a) DMAc (b) MEA (c) PSU (d) PVAc

Table 2. Composition of enhanced polymeric blend membranes

Membrane Polymer, wt. % Amine

0,

PSU PVAC 10wt %

1 100% 0% )

2 0% 100%
3 95% 5%

4 90% 10% MEA
5 85% 15%
6 80% 20%

Monoethanolamine  (MEA) (boiling point shows the composition of the polymer blended

170.0°C) and dimethyl acetamide solvent (boiling
point 160°C) with 99.99% purity were purchased
from Merck. The chemical structures of the solvent,
amine and polymers are shown in Figure 1. This
study includes the blending of glassy (PSU) and
rubbery  (PVAc) polymers, and  methyl
diethanolamine was taken in DMAc solvent.
Blending of 20% wt/wt was performed. The
different compositions of enhanced polymeric blend
membranes are presented in Table 2. Polysulfone
was preheated for one night to eliminate moisture.
Firstly, the polyvinyl acetate was allowed to dissolve
completely in dimethylacetamide. Then PSU and
MEA were added under continuous stirring for 24 h
at room temperature to attain a homogeneous blend.
To clear the solution from air bubbles, bath
sonication in a Transonic Digital S, Elma® for one
hour was performed. Polysulfone and amine were
completely dissolved without any evidence of
deposition, which qualified it as a miscible polymer
blend. The blend was then cast on a glass plate via
casting knife with an opening of 200 um. These
casted membranes were sited in a drying room at
ambient temperature for five days to allow for the
evaporation of the solvent. The membranes were
then peeled from the glass plate to check the
performance of CO; and CH4 separation. Table 2
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membranes. The equipment used for the gas
permeation performance was a CO2SMU unit,
where CO,/CH, flow rate (0.1cm®/sec) was
measured by a flow controller meter. These trials
were performed under ambient pressure (101 +
2kPa) at room temperature (302 + 2K). Figure 2
shows the methodology for fabrication of polymeric
amine blend membrane.

The permeance of the CO2 and CH4 gases was
calculated by the following equations [24]:

Pcoz _ ]C02 (5)
l APCOZ

PCH4 _ ]CH4 6)
l APCH4

where J is the flux of CHsand CO- gases, 4P is the
differential partial pressure across the membrane for
the gases and | denotes the thickness of the
membrane. Thus, the gas selectivity (aco, /cn,) Was
calculated by taking the ratios of the CO, and CHa
permeance [24]:

_ Peo, /L
Xco,/cH, = —PCH /1
4

()
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Selection of glassy, rubbery polymer material,
amine & solvent for Polymeric amine Blend
Membrane

i 8

PVAc Rubbery Polymer +
PSU Glassy Polymer + DMAc
solvent

i

Polymer Blend + MEA
Amine

8 B

Enhanced polymeric
blend

L &

Casting of Enhanced
polymeric amine blend

! |

L Gas Permeability at different feed pressure of J

Membrane

Fig. 2. Methodology for fabrication of polymeric
amine blend membranes

RESULTS & DISCUSSION
Gas Permeance Evaluation

In this study, when the gases CO, and CH4 will
pass through the EPBM, the amine absorbs the
maximum CO,. The CO, permeation rate will be
higher as compared to CH,; the membrane will not
absorb the maximum amount of CHs so its
permeation rate in the membrane will be less.

Figure 3 shows that base polysulfone
membrane’s permeance of CO, was reduced with
increasing pressure due to the fact that the glassy
polymer is a mixture of crystalline and amorphous
phases. The crystallites act as effectual cross-links to
decrease the area accessible for permeation, thus
permeance of PSU decreases [25]. On the other
hand, for the base PVAc membrane, the permeance
of CO; (14.48+0.01 to 40.24+0.08 GPU) and CH4
(3.34£0.1 to 15.09+0.08 GPU) increases with the

increase of pressure (2-10 bar) as shown in Figures
3 and 4. Due to PVAc membrane that exists above
Ty there is a large intersegmental polymer chain
motion [26, 27]. Figure 3 represents the increasing
trend of CO;, permeance when MEA amine is
blended in PSU and PVAc. The CO, permeance
increased in various compositions of PSU/PVACc
with MEA amine membranes. The maximum CO;
permeance for PSU80%/PVAC20%/MEA was
12.14+0.02 GPU to 53.20+0.29 GPU with an
increase in the pressure from 2 to 10 bar as shown in
Figure 3. The PVAC percentage increased in PSU
with MEA 10 wt. %, the permeance of CO; also rose
with pressure increase due to the fact that MEA
amine has captured the CO.. The high CO:
permeance of membranes with increased PVAc
content in PSU was likely due to the blended
membrane’s rising affinity for CO», especially since
CO; has a non-polar linear structure and smaller
kinetic diameter (3.3A) [28-33]. In Figure 4 the CH,
permeance  slightly increased in  various
compositions of PSU/PVAc with MEA amine
membranes, for PSU80%/PVAc20%/MEA from
1.33+0.01 GPU to 1.78+0.02 GPU with an increase
in the pressure from 2 to 10 bar. As compared to
CO,, the slow moving CH4 molecule has a kinetic
diameter of 3.8A and a tetrahedral structure [28]. By
addition of MEA amine in the PSU/PVAc blend
membranes, the CO; permeance increased. Figure 5
shows that pure PSU selectivity CO,/CHy s rising
with pressure from 2 to 10 bar whereas selectivity
(CO2/CHy,) of pure PVAc membrane decreased with
pressure increase. The enhanced polymeric
membrane's selectivity also rose with increased feed
pressure as shown in Figure 5. In the blend MEA
amine molecules conjoint into the pores of the
microporous materials. So for the blended
membranes, the maximum selectivity of the
PSU95%/PVAc5%/MEA is 9.43+0.1-30.17+0.7
from 2 to 10 bar. The membrane microporous
structure incorporates MEA molecules. These amine
molecules increase CO. adsorption due to
interactions between CO; and —NH; groups [34, 35].

60 -
50 -

CO, Permeance
GPU
N W
o o

[N
o
I

H Pure PSU
m Pure PVAcC.

Membrane PSU 95%,

PVAC. 5% & MEA
Membrane PSU 90%,

PVAc. 10% & MEA
Membrane PSU 85%,

Pressure 'bar’

il J .

PVACc. 15% & MEA
Membrane PSU 80%,

PVAc. 20% & MEA

Fig. 3. Comparison of CO, permeance at various feed pressures for MEA amine polymeric blend membrane.
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16 - m Pure PSU
5 14 -
% 12 m Pure PVAc.
8 10 -
S g - Membrane PSU 95%,
g 6 - PVAc. 5% & MEA
a 4 Membrane PSU 90%,
g ) J PVAC. 10% & MEA
0 - : : : : = Membrane PSU 85%,
2 4 6 8 10 PVAc. 15% & MEA
Pressure 'bar' Membrane PSU 80%,
PVAc. 20% & MEA

Fig. 4. Comparison of CH. permeance at various feed pressures for MEA amine polymeric blend membrane

35

w
o

N
(6]
1

[EY
[S)]
I

Selectivity CO,/CH,
= N
o o

(6]
1

m Pure PSU

Hm Pure PVAC.

Membrane PSU 95%,
PVAC. 5% & MEA

Membrane PSU 90%,
PVAc. 10% & MEA

Membrane PSU 85%,
PVAcCc. 15% & MEA

o

Pressure 'bar’

il LA L

Membrane PSU 80%,
PVAc. 20% & MEA

Fig. 5. Comparison of selectivity (CO2/CHy) at various feed pressures for MEA amine polymeric blend membrane

Hence, it was concluded that base polysulfone
and polyvinyl acetate membrane and enhanced
polymeric blend membranes were completely
miscible and also characteristically increased CO;
permeance and selectivity with rising feed pressure.
The pressure difference across the membrane
increased the volume of CO; gas across the
membrane surface, increasing the formation rate of
COz—amine complexes. Therefore, most amine
molecules became involved in COz;-amine
interactions as the amine carrier concentration gently
reached a state of saturation. Transporter saturation
with a gradual reduction in gas flux under increased
pressure describes the behavior of facilitated
transport membranes. The observed results are in
good agreement with former ones [29-33, 36].
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Regression Graph between Pressure &
Experimental Data for CO, Permeance, CH,4
Permeance & Selectivity CO,/CH, of Different
Polymeric Blend Membranes

Figures 6 and 7 show the correlation coefficients
between the pressure and experimental values as
given by a polynomial quadratic fit obtained with an
R? value of 0.999. Hence, a proof is provided of the
accuracy of the values obtained through the
experimental setup based on the permeance
performance of the different blend membranes.

Correlationship Graph between Polynomial
Predicted & Experimental Data for CO, and CH4
Permeance & Selectivity CO./CH4 of Polymeric
Blend Membrane

Data analysis aims at understanding information
gathered in an experiment and assessing the
expected extent of one variable to rely on another
which is autonomously known.
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It will just manage the (regular) one-dimensional
case in which the indigent variable is an element of
one autonomous variable. The objective is to
identify and evaluate the relationship between the
two variables. The relationship between the
polynomial-predicted, and experimental permeance
values given in Figures 8 and 9 are in accordance
with the linear fit obtained with an R? value of 0.999.
Hence, a proof is provided of the accuracy of the
values obtained through the experimental setup
based on the permeance performance of the different
blend membranes comprising pure PSU membrane
and PSU 80%/PVAc 20%/MEA membrane. On the
whole, a model fits the data if the difference between
the experimental and the predicted values is small
and unbiased.

CONCLUSION

An enhanced polymeric blend membrane was
successfully developed. Moreover, the addition of
MEA made an incredible improvement in the
membrane's perm-selectivity. The soluble nature of
CO; in MEA enhanced CO; solubility across the
membrane. The enhanced polymeric amine blend
membranes have a high proficiency of capturing
CO; from natural gas. The relationship between the
polynomial-predicted and experimental permeance
values by a linear fit was obtained with an R? value
of 0.999. For future work, propensity to add
inorganic fillers such as zeolites or carbon molecular
sieves in the blend would promote the enhanced
polymeric blend membrane.
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NOMENCLATURE
DMAc Dimethyl acetamide
GPU Gas Permeation Unit
MEA Monoethanolamine
PSU Polysulfone
PAI Polyamide-imide
PDMS Polydimethylsiloxane
PEA Aromatic polyether amide
PEG Polyethylene glycol
PEI Polyether imide
PEO Polyethylene oxide
PES Polyethersulfone
Pl Polyimide
PIM-1 Polymer of intrinsic microporosity
PPO Polypropylene oxide
PU Polyurethane
PVA Polyvinyl alcohol
PVAC Polyvinyl acetate
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PVAmM Polyvinyl amine

PVDF Polyvinylidene fluoride

PVP Polyvinyl propylene

SPEEK Sulfonated aromatic poly(ether-
ether-ketone)
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BJIMAHUE HA MOHOETAHOJIAMUH BbPXY EOEKTUBHOCTTA HA CMECEHU
[MTOJINCYJIOOH/TIOJIMBUHNJIOBU MEMBPAHU

A. Mymrrak”, X. MyxTap, A. M. lapud

Jlenapmamenm no unocenepua xumusi, Texnonozuuen ynusepcumem PETRONAS, 32610 Cepu Hckanoap, Ilepak
Hapyn Puoscyan, Manatizus

IMocrernmna Ha 9 stHyapu, 2018; xopurnpana Ha 2 asryct, 2018

(Pesrome)

Paznensneto Ha CO, OT IpUpOAHUS T'a3 ¢ MEMOpaHHa TEXHOJIOTUS € M3M0JI3BaHO OTJaBHA. 3a YCIENIHO pa3JelisiHe Ha
CO2/CH4 ca neoOxomaumu epexTuBHH MeMmOpanu. TeXHHKaTa Ha CMECBAHE MMOBMIIABA XHMHYHATA M TEPMHUYHATA
CTaOMJIHOCT, MOJOOpsiBA pa3/eNIUTENHATa CIIOCOOHOCT M MKOHOMHMYECKaTa yCTOWYMBOCT. B Hacrosmara pabora e
u3cieaBaHa e(pEeKTHBHOCTTa Ha CEJCKTHBHATA MPOHHLIACMOCT Ha CMECEHHTE MONUMEPHH MEeMOpaHH, CTHKIOBUIHUS
nommMep (oyucyadoH) ¥ KaydyKOBHAHUA mojuMep (MOJMBUHMIIALICTAT) MpU Ho0aBsHe Ha MoHOoeTaHonaMuH (MEA).
AMUH-CBIbpKAIIM CMECEHH TMOJUMEPHH MEMOpaHH C IOJOOpPEHH CBOICTBa Ca CHHTE3UPAHU IPHU Pa3IUYHU
CHOTHOILICHUS B PA3TBOPHUTEN JUMeTHIaneTaMu1. [loMBHHIIIaeTaT ¢ pa3jinyHa KOHIEHTpaLMs B uHTepBaa ot 5 1o 20
wt.% e cmecen ¢ nomucyndor 1 MEA u e u3mon3BaH 3a moiydaBaHe Ha IDIOCKA MeMOpaHHU (HIMH IO METOIa Ha
u3napsiBane. Pesynrature nokaspar, ye mpoHunaeMoctra rno orHomenue CO2 HapacTBa ¢ yBellyaBaHe Ha 3aXpaHBalIOTO

HaJIATraHe.
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The objective of the study was to prepare low-cost activated carbon from cornelian cherry stones (Cornus mas L.)
and compare its adsorption behavior for a food dye with that of commercial multiwalled carbon nanotubes. The
cornelian cherry stones activated carbon (AC) and commercial multi-walled carbon nanotubes (MWCNT) were
characterized by N, adsorption isotherms and SEM (scanning electron microscopy). Adsorption of a food dye, sunset
yellow FCF, by AC and MWCNT was examined in detail. Batch adsorption test showed that the extent of sunset yellow
adsorption was dependent on dye concentration, contact time, solution temperature and adsorbent dosage. The
experimental adsorption equilibrium data were compared to the Langmuir, Freundlich, Temkin and DR isotherm
models and the isotherm model parameters were determined. The maximum adsorption capacity was found to be 125.3
and 43.8 mg/g for AC and MWCNT, respectively. Pseudo-first-order, pseudo-second-order and Elovich equations were
fitted to the kinetic data, and the rate constants were evaluated. Thermodynamic parameters enthalpy, entropy and
Gibbs free energy changes were established. Results showed that activated carbon produced from cornelian cherry
stones is suitable for the adsorption of sunset yellow food dye and could be used as a low-cost effective adsorbent in the
treatment of industrial wastewater.

Keywords: Cornelian cherry stones, Adsorption isotherms, LiOH activations, Sunset yellow, Multiwalled carbon
nanotubes.

INTRODUCTION respectively. Fu et al. [9] produced activated carbon
from tomato stems at different carbonization
temperatures (500, 600, 650, 700, 750 and 800 °C)
and impregnation ratios (1, 1.5, 2, 2.5 and 3). In
this study, BET surface area, micropore area, total
volume, and micropore volume of activated carbon
obtained at 700 °C with impregnation ratio of 2.5
were 971 m? g, 838 m? g!, 0.576 cm® g! and
0.425 cm® g!, respectively. Tian et al. [23]
produced activated carbon from cotton stalk with
KOH and investigated the effects of micropore
development on the physicochemical properties of
the activated carbons. Al-Rahbi and Williams [24]
produced activated carbon from waste tyres with
alkali chemical reagents (KOH, K,COs3, NaOH, and
Na,CO3). The maximum surface areas obtained by
chemical activation with KOH, K,COs, NaOH, and
Na,CO; were 621, 133, 128 and 92 m? g,
respectively. To the best of our knowledge, no
study has been reported on the preparation of
activated carbon from cornelian cherry stones by
chemical activation with LiOH.

Carbon nanotubes are newly emerged
carbonaceous  materials, their characteristic
structures and electronic properties make them
interact strongly with dyes, via non-covalent forces
such as hydrogen bonding, van der Waals forces

Activated carbon is one of the widely used
adsorbents in removal of dyes because of its large
surface area, favorable pore size distribution and
high adsorption capacities. Activated carbon is
produced from a variety of carbonaceous raw
materials such as cherry stones, apricot seed
kernels, almond shells, peach stones, orange peels,
pistachio shells, coal, petroleum coke, lignite,
wood, resin, coconut husks, tomato stems, olive
stones, waste tires, waste paper, fish waste [1-16].
The  surface  properties and  adsorption
characteristics of activated carbons depend on the
physical and chemical properties of the raw
materials and the activation methods. Activated
carbons can be produced by physical or chemical
activation. Chemical activation, is a single-step
method of preparation of the raw material in the
presence of chemical agents such as ZnCl,, AICls,
LiOH, KOH, NaOH, K2C03, Na2C03, H3PO4 and
H>SO4 [17-22]. Many studies have been reported
for activated carbon production using various raw
materials and activation agents. Philip [16]
produced activated carbon from apricot stones by
activation with H3PO,. The highest specific surface
area, micropore volume and mean pore radius were
found as 1603 m> g', 0.752 cm® g and 9.4 A,

and hydrophobic interactions [25]. Carbon
*To whom all correspondence should be sent:
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nanotubes with different diameters would have
different surface area, which would affect their
adsorptive properties [26].

Dyes (synthetic organic substances) are widely
used in food, textile, leather, paper, cosmetic,
pharmaceutic and automotive industries. Sunset
yellow (SY) is a pyrazolone dye used in food
products such as beverages, candies, dairy,
pharmaceuticals and bakery products [27, 28].
Many methods have been employed to remove dyes
from aqueous solution, and adsorption is considered
superior to the other techniques.

The main objects of this study are: (i) to study
the feasibility of using the activated carbon
produced from cornelian cherry stones as a low-
cost adsorbent for the removal of sunset yellow
(SY) dye; (ii) to compare its adsorption behavior
for the food dye to that of commercial multiwalled
carbon nanotubes (MWCNT); (iii) to determine the
various parameters affecting sorption, such as
contact time, amount of adsorbents and temperature
of the solution; (iv) to determine the applicability of
various isotherm models ((i.e., Langmuir,
Freundlich, Temkin and DR) to find out the best-fit
isotherm equation; and (v) to determine
thermodynamic and kinetic parameters and explain
the nature of the adsorption.

MATERIALS AND METHODS
Materials

In this study, comnelian cherry stones were
obtained from Havza in Samsun province in
Turkey. The precursor, cornelian cherry stones
were first air dried, then crushed and sieved in
order to get standardized particle dimensions Then,
cornelian cherry stones were contacted with a dilute
10 vol.% sulfuric acid solution for 8 h (sulfuric acid
contributes to the removal of inorganic components
from lignocellulosic materials) and washed with hot
distilled water. Multiwalled carbon nanotubes were
provided by CNT CO., LTD (Korea) [44].

Preparation of the activated carbons

10 g of dried cornelian cherry stones (<2 mm)
were mixed in a beaker with 200 mL of LiOH
solution which corresponded to an impregnation
ratio of 4:1 (weight of impregnation reagent/weight
of cornelian cherry stones) for 8 h at 65 °C. The
impregnated sample was then dried overnight in a
moisture oven at 120 °C. Then, the impregnated
sample was carbonized in a tube furnace (Protherm
STF) under N, flow at a heating rate of 10 °C/min
up to 700 °C for 1 h. After the activation the sample
was allowed to cool down to room temperature
under N, flow before its removal from the furnace.

The activated sample was washed several times
with HCI and hot distilled water to remove residual
chemicals until gave no chloride reaction with
AgNO:;. The activated sample was dried for about 6
h at a temperature of 120 °C. Activated sample was
stored in a sealed flask and labelled. The pores of
activated carbon were characterized by analysis of
N> adsorption—desorption isotherms at 77 K using
Micromeritics TriStar 11 3020.

Adsorbate

The commercial food dye sunset yellow FCF
(Ci6H10N2Na,O7S,, molecular weight 452.37 g/mol,
C.I. 15985, Amax=482 nm, chemical structure
shown in Figure 1) was supplied by Sigma-Aldrich.
Distilled water was used to prepare all solutions.

0]
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Figure 1. Chemical structure of sunset yellow FCF.
Adsorption equilibrium studies

Adsorption of SY on cornelian cherry stones-
based activated carbon (AC) and MWCNT was
studied by batch experiments. Equilibrium
adsorption studies were conducted in a set of 60 mL
capped volumetric flasks containing different
amounts of adsorbent in the range of 0.05-0.09 g/L
for AC and 0.01-0.03 g/ for MWCNT, 50 mL
initial concentrations of SY solutions (10-50 mg/L
for AC, 10-100 mg/L for MWCNT). Flasks were
shaken in a mechanical shaker (GFL 1086) at 100
rpm and different temperatures (30, 40 and 50°C).
After adsorption, samples were filtered and then the
concentrations of SY in the supernatant solution
were analyzed. All concentrations were measured
on a UV spectrophotometer (LaboMed Inc.) at 482
nm. The adsorption efficiency (E) was calculated
using equation (1):

_ (Co _Ce)

E 100 (1)

0

where Co and C. (mg/L) are the initial and
equilibrium liquid-phase concentrations of dye,
respectively. The SY uptake at equilibrium (qe
(mg/g)), was calculated using equation (2):

:(Co_ce)V )
e - )

where V (L) is the volume of the solution, and W
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(g) is the mass of the adsorbent used in the
experiments. The equilibrium data were simulated
using the Freundlich, Langmuir, Temkin and DR
isotherm models [27].

Adsorption kinetics

Kinetic adsorption experiments were carried out
by adding 0.05 g/L of AC or 0.01 g/L of MWCNT
to 50 mL of 10 mg/L SY dye aqueous solutions at
temperatures of 30, 40 and 50°C. The uptake of SY
at time t, q; (mg/g) was calculated by the following
equation:

_(G-C
%

where C; (mg/L) is the liquid-phase concentration
of dye at time t, (min).

In order to predict the adsorption behavior of
sunset yellow FCF on the adsorbents, pseudo-first-
order and pseudo-second-order kinetic equations,
which are described with equations (4) and (5),

3)

t

respectively, were applied for modeling
experimental data:
kit
lo —g)=1lo M 4)
g(4.~4,)=logq. ~ >
LAV S &)

(’It k2 qez qe

where k; (1/min) and k» (g/mg min) are the
adsorption rate constants of the pseudo-first-order
and pseudo-second-order, respectively [27, 29].
Elovich equation has been generalized and
frequently used in the adsorption studies of many
pollutants in aqueous solution:

g, = [%jln(aB)J{%)mt ©6)

where a is the chemisorption rate (mg/g min) and 3
is a coefficient related with the extension of
covered surface and activation energy of
chemisorption (g/mg). The equation constants can
be determined by plotting the straight line of q:
versus Int [30].

Adsorption thermodynamics

The rate constant (pseudo-first or pseudo-second
order) of dye adsorption is expressed as a function
of the temperature by the Arrhenius relationship
[31,32]:

1nk=1nA—(Eajl (7
R)T

where E. is the Arrhenius activation energy
(kJ/mol), A is the Arrhenius factor, R is the molar
gas constant (8.314 J/mol K) and T is the absolute
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temperature (K).

To describe the thermodynamic behavior of the
adsorption of SY dye onto AC or MWCNT, the
thermodynamic parameters including the changes
in free energy (AG°®), enthalpy (AH®) and entropy
(AS®) were calculated by the following equations:

AG’ =—-RTInK, (®)
0 0
K, =-A0 A5 9)
RT R

where R is the universal gas constant (8.314 J/mol
K), T is the temperature (K) and Kc= Cags/Ce is the
equilibrium constant of the SY adsorption
equilibrium (which is a ratio of Cas, the SY
concentration in the adsorbent, and C., the SY
concentration in the adsorbate [29].

RESULTS AND DISCUSSION
Characterization of the carbonaceous materials

The surface physical properties of the
adsorbents were characterized with an automated
gas sorption apparatus using N» as adsorbate at 77.4
K. Nitrogen adsorption is a standard technique
widely used for the determination of porosity of
adsorbents. Figures 2 and 3 show the isotherms of
the LiOH treated sample (AC) and MWCNT,
respectively. Appearance of hysteresis loop
indicates the presence of mesopores. The pore
structure of the adsorbents was calculated by using
the t-method analysis from the adsorption branch of
the nitrogen isotherms [9, 27].
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Figure 2. Adsorption-desorption isotherms of AC.
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Table 1. Textural parameters of the adsorbents.

Properties AC MWCNT
BET surface area (m?/g) 249.5 193.7
Langmuir surface area (m?/g) 3373 265.2
Total pore volume (mL/g) 0.445 0.250
Micropore volume (mL/g) 0.039 0.062
Average pore width (nm) 7.14 15.51

Table 1 shows the BET and Langmuir surface
areas, total pore volume and avarage pore size for
the  adsorbents. N,  adsorption-desorption
experiments showed that AC has high surface area
of 249.5 m?/g. The average pore width (L=7.14 nm)
suggests that AC is a mesoporous adsorbent.
MWCNT has lower surface area (193.7 m?/g) and
pore volume (0.250 mL/g) [44] than AC, which is
similar to the values reported by Li ef al. [25]. The
value of the average pore width (15.51 nm) shows
that multiwalled carbon nanotubes have a
mesoporous structure which may have come from
the inner cavities and the agglomerations of
MWCNTs. A similar phenomenon was reported by
Li et al. [25]. Carbon nanotubes form aggregated
pores due to the entanglement of tens and hundreds
of individual tubes that have adhered to each other
as a result of van der Waals forces of attraction.
The aggregated pores have the dimensions of a
mesopore or higher [25].

SEM was used to observe the surface physical
morphology of the adsorbents. SEM micrographs of
AC and MWCNT are shown in Figures 4 and 5.

Figure 4 shows that surface of AC containing
cavities and pores of various sizes and shapes.
These cavities were caused by the evaporation of
the impregnated LiOH derived compound, leaving
the space previously occupied by the reagent.

C

Figure 4. Scanning electron micrograph of activated
carbon produced from cornelian cherry stones.

Effects of adsorbent dosage and contact time

Figure 6 presents the adsorption isotherms of the
SY dye as the relationship between the amount of
dye adsorbed per unit mass of a given carbonaceous

adsorbent and time.

Figure 5.
MWCNT.
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Figure 6. Effects of adsorbent dosage and contact
time on the adsorptive uptake of food dye onto AC (a)
and MWCNT (b) (conditions: Co=10 mg/L;
temperature=40 °C).

Fig. 6 (a) shows that the adsorption capacities at
equilibrium (qc) decreased with an increase in
adsorbent dose from 0.05 to 0.09 g/L. Similar result
have been observed for the adsorption of phenol
onto activated carbon and fungal biomass [42]. In a
batch of adsorption studies, the adsorption
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efficiency (E) increased from 60.43% to 90.47%
when the adsorption dosage of AC increased from
0.05 to 0.09 g/L at 40 °C. This corroborates the
reports of our previous study [29]. Similar behavior
was reported in the literature [35, 43]. Figure 6 (b)
showed that the adsorption capacities at equilibrium
(qe) decreased with an increase in adsorbent dose
from 0.005 to 0.03 g/L. The adsorption capacity of
MWCNT at equilibrium decreased from 171.41 to
45.02 mg/g with an increase in adsorbent dosage
from 0.005 to 0.03 g/L. This is explained as a
consequence of partial aggregation, which occurs at
high adsorbent amount resulting in decreased active
sites. Similar results have been reported for the
sorption of various adsorbate onto various
adsorbents in the literature [29, 34-36].

Effect of the solution temperature

The temperature dependence of sunset yellow
sorption onto AC was studied at optimum adsorbent
dosage of 0.05 g/L. Figure 7 shows that the food
dye adsorption increased with the temperature,
which may be attributed to the enhanced reaction
rate at a higher temperature. The possible
explanation is that a high temperature expands the
pore volume and the surface area and thus provides
more chances for sunset yellow dye to pass the
external boundary layer and penetrate more easily.
This corroborates the reports of our previous
studies [27, 29]. Similar behavior has been reported
in the literature [37]. The temperature dependence
of SY sorption onto MWCNT was studied at
optimum adsorbent dosage of 0.005 g/L. Figure 8
presents the adsorption capacity of SY dye onto
MWCNT at temperatures from 30 to 50 °C. The
result shows that the equilibrium adsorption
capacity of SY dye decreased while increasing the
solution temperature from 30 to 50 °C. The
adsorption capacity of MWCNT at equilibrium
decreased from 171.41 to 141.09 mg/g with an
increase in the temperature from 30 to 50 °C. This
decrease may be due to weakening of the bonds
between the dye molecules and the active sites of
MWCNT. Similar phenomena have been observed
in the adsorption of remazol brilliant blue [38] and
methylene blue [39] dyes onto orange peel
adsorbent.

Adsorption isotherms

The equilibrium adsorption isotherms are
essential to the practical design and optimization of
the adsorption process. The adsorption isotherm
describes how adsorbates interact with adsorbents
29]. The equilibrium data of food dye adsorption
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onto adsorbents was explored using the isotherm
models of Langmuir, Freundlich, Temkin and DR.
The calculated parameters of the four isotherm
models are and presented in Table 2.
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Figure 7. Effect of solution temperature on the
adsorption of the food dye onto AC (conditions: W=0.05
g/L; Co=10 mg/L).
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Figure 8. Effect of solution temperature on the
adsorption of the food dye onto MWCNT (conditions:
W=0.005 g/L; Co=10 mg/L).

The correlation coefficients decreased in the
order: DR> Langmuir> Temkin> Freundlich for
AC. Langmuir adsorption isotherms constants
related to adsorption capacity, Qo, were found as
125.31 and 43.78 mg/g for AC and MWCNT,
respectively. The relatively large adsorption
capacity of AC could be attributed to its relatively
large surface area (249.5 m*g) and total pore
volume (0.445 mL/g). The results revealed that the
adsorption of food dye on AC was best described
by the Langmuir isotherm, indicating the adsorption
was homogeneous and a monolayer was present.
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Table 2. Freundlich, Langmuir, Temkin and DR isotherm constants for the adsorption of SY dye onto AC and

MWCNT at 40 °C
Isotherms Parameters
. Kr 2
Freundlich (mg/g)(L/mg)'» n R
AC 0.4312 1.6397 0.523
MWCNT 460.29 ‘ 2.291 0.453
Langmuir Qo (mg/g) Ky (L/mg) R?
AC 125.31 0.0087 0.905
MWCNT 43.78 0.206 0.198
Temkin A (L/g) b (J/mol) R?
AC 0.228 176.79 0.642
MWCNT 7.63E-4 -75.64 0.454
DR qm (Mg/g) E (J/mol) R?
AC 40.55 119.56 0.911
MWCNT 2199.51 325.44 0.920
Table 3. Kinetic models parameters for the adsorption of SY onto AC at different dye concentrations and
temperatures.
AC Pseudo-first order Pseudo-second order Elovich
mys  de(Mg/E) ki Qe Rz ke(gmg Ge R B " R
@) exp  (min)'  (mg/g) min)  (mgg)
10 12.475 0.0055 11.649 0.824 1.34-3 11.541 0.765 0.435 11.534 0.696
20 25.693 0.0051 27.265 0.714 2.57E-4 26.144  0.439 0.190 57.993 0.614
30 31.374 0.0061 35.238  0.753 1.01E-4 42.265 0.331 0.136  0.5435 0.699
40 46.337 0.0062  54.141  0.720 2.05E-5 96.246  0.104 0.089 176.40 0.687
50 36.052 0.0046  39.771  0.740 3.59E-5 60.827 0.104 0.127 0.4979 0.611
T(O
30 12.475 0.0055 11.649  0.824 1.34E-3 11.541 0.765 0.435 11.534 0.696
40 17.302 0.0070 15.052  0.741 1.16E-3 17.559 0.820 0.435 0.459 0.696
50 19.790 0.0104 20944 0.932 6.33E-4 22.769  0.864 0.203 0.6895 0.901

Langmuir adsorption isotherm constant related
to adsorption capacity, Qo was found as 125. 31
mg/g. To confirm the favorability of the adsorption,
the separation factor Ry was calculated by the
following equation:
Rl _
1+K,C,
where the adsorption process is either unfavorable
(Re > 1), linear (RL = 1), favorable (0 < Rp < 1) or
irreversible (Ry = 0). Here, the value of Rp was
found to be 0.696 and 0.327 for AC and MWCNT,
respectively, which further confirmed that the
Langmuir isotherm was favorable for the
adsorption of the food dye on the two adsorbents.
Similar observation was reported for the adsorption
of remazol brilliant blue dye on an orange peel
adsorbent [38]. The value of n (from the Freundlich
equation) was found to be 1.64 and 2.29 for AC and
MWCNT, respectively, which is an evidence of the
good adsorption of SY dye on the two adsorbents
[38].

(10)

Adsorption kinetics

Adsorption kinetics provides an understanding
of the mechanism of adsorption, which in turn
governs the mass transfer and the equilibrium time.
Sunset yellow was adsorbed on adsorbents as a
function of time. Pseudo-first order and pseudo-
second order and also Elovich models were
obtained at temperatures of 30, 40 and 50 °C for
various dye concentrations (10-50 mg/L for AC and
10-80 mg/L for MWCNT). The regression
coefficients (R?) were evaluated for all models. The
results are shown in Table 3. As shown in Table 3,
the highest R* values were obtained for the pseudo-
first order kinetic model and the experimental qe
values matched well with the calculated data. It can
be seen that k; values are increasing as the
temperature increases. The higher regression
coefficients indicated that the pseudo-first order
model was a better fit than the pseudo-second order
model.
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Table 4. Kinetic models parameters for the adsorption of SY onto MWCNT at different dye concentrations and

temperatures.
MWCNT Pseudo-first order Pseudo-second order Elovich
mes MR iy G Re Re@mg a0 R o R2
(¢/L) exp (mg/g) min)
10 171.41 0.0101 153.50 0963 1.37E-4 182.82 0.966 0.026 9.034 0.959
20 238.24 0.0142 79.590 0.803 9.93E-4 239.23 0.999 0.075 22542 0977
50 406.56 0.0147 444.15 0912 4.44E-5 460.83 0.902 0.039 22.436 0.855
80 130.88 0.0067 126.51 0.696 9.15E-5 136.24 0.647 0.011 5434 0.626
T (°C)
30 171.41 0.0101 153.50 0963 1.37E-4 182.82 0.966 0.026 9.034 0.959
40 149.75 0.0180 15431 0965 2.01E-4 165.02 0.982 0.029 10.169 0.966
50 141.09 0.0174 116.95 0953 3.69E-4 149.70 0.992 0.038 23.234 0.969
Table 5. Thermodynamic parameters for the adsorption of SY onto adsorbents.
Adsorbent Ea (kJ/mol) AH° (kJ/mol) AS° (J/mol) AG® (kJ/mol)
30 °C 40°C 50°C
AC 25.84 110.7 368.3 -1.07 -4.28 -8.44
MWCNT 40.20 -14.58 -48.37 0.018 0.678  0.977

Therefore, it can be said that the pseudo-second
order model is not suitable to explain the adsorption
process accurately. Similar results have been found
in our previous study [29]. Table 3 presents the
results deduced from linear plots of q: versus Int,
where B is a constant related to the extension of
covered surface, and o is in relationship with
chemisorption rates [30]. The Elovich constants
were determined from the intercepts and slope of
plots. It was noted that all B values of AC were
similar. The chemisorption rates, indicated by the
coefficient a, vary with dye concentration; the best
value was obtained in the case of 40 mg/L dye
concentration.

Kinetic parameters for the removal of sunset
yellow by MWCNT are represented in Table 4. The
results for the MWCNT showed good agreement
with the three kinetic models, especially with the
pseudo-second order kinetic model, suggesting the
presence of chemisorption for MWCNT.The values
for k, are 0.000137, 0.000201 and 0.000369 g/mg
min at 30, 40 and 50 C, respectively. Similar results
have been reported for the sorption kinetics of
various adsorbate onto various adsorbents in
literature [27, 30, 31, 40, 41 ]. The Elovich model
was applied to the adsorption of sunset yellow on
MWCNT. It was noted that all B values of
MWCNT were similar, and increased with
increasing temperature. Conversely, they decreased
with increasing concentration. Similar results have
been reported for the sorption kinetics of basic and
reactive dyes onto granular activated carbon [30].
The chemisorption rates (o), vary with dye
concentration, the best value was obtained in case
of 10 mg/L dye concentration. The correlation
coefficients of the Elovich model for MWCNT
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were also high, which indicates good linearity.
From the R? values it may be deduced that the
Elovich model can be accepted as one of the
characteristics of the adsorption reaction onto
MWCNT. Elovich model, initially used to express
the beginning of the sorption process, long before
equilibrium, can be correctly used in case of
chemisorption  with  highly  heterogeneous
adsorbents [30].

Adsorption thermodynamics

The activation energy (E.) of adsorption can be
evaluated using the pseudo-first order rate and
pseudo-second order constants for AC and
MWCNT, respectively. The linear plot between In
ki or In k; versus 1/T was used to calculate E, using
equation 7 and the results are given in Table 5. The
E. gives an idea about the type of adsorption
process (physical or chemical). Low energies (E.:
5-40 kJ/mol) are characteristic for physical
adsorption, while higher activation energies (E,: 40-
800 kJ/mol) suggest chemical adsorption [31]. The
value of E, given in Table 5 confirms the nature of
the physisorption process of SY onto AC. The E,
value was thus determined to be 40.2 kJ/mol for the
second adsorption process, which indicates the
chemisorption nature of SY adsorption onto the
MWCNT.

The values of AH® and AS°, determined from
the slope and intercept or the plot of InK¢ vs 1/T are
reported in Table 5. The negative values of AG®
obtained at different temperatures as seen in Table
5, show that the SY adsorption on AC was
spontaneous and physical in nature, but SY
adsorption on MWCNT was non-spontaneous
which was revealed by the positive values of AG®
at all temperatures under study. The increase in the
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magnitude of AG® with increase in temperature
showed an increase in the feasibility of adsorption
at higher temperatures [9, 23,24]. The positive
value of both AH® and entropy AS° obtained for SY
adsorption on AC showed that the adsorption
process was endothermic and had random
characteristics. This further confirmed the results of
the studies on the effect of solution temperature on
the adsorption for AC. Similar results were reported
for the adsorption of disperse yellow 211 dye using
low-cost adsorbents [29]. AH® was determined to
be -14.58 kJ/mol, indicating the exothermic nature
of the adsorption process for SY on MWCNT. This
result is in aggrement with the decrease in the
equilibrium adsorption capacity with increasing
temperature. The negative values of AS°® suggest
decreased randomness at the solid/solution interface
and no significant changes occurring in the internal
structure of the adsorbent through the adsorption of
SY onto MWCNT. Similar results were reported
for adsorption of basic violet 10 using MCM-41
[33].
CONCLUSIONS

The present investigation showed that biowaste
cornelian cherry stones can be effectively used as a
raw material for the preparation of activated carbon
via chemical activation using LiOH. The BET
surface area and total pore volume of the produced
activated carbon were 249.5 m*/g and 0.445 mL/g,
respectively. This activated carbon (AC) and
commercial ~multiwalled carbon  nanotubes
(MWCNT) were used to remove sunset yellow FCF
food dye (SY) from aqueous solutions at various
temperatures. In batch adsorption studies, the
efficiency of SY adsorption by AC or MWCNT
increased with adsorbent dosage, but the
equilibrium  adsorption  capacity  decreased
significantly. Adsorption capacities of SY onto AC
and MWCNT were 1253 and 43.8 mg/g,
respectively. The results showed that the adsorption
capacity of AC is about 2.8 times higher than that
of MWCNT. The Freundlich, Langmuir, Temkin
and DR isotherm models were used for the
mathematical description of the adsorption of SY
dye onto AC or MWCNT at various temperatures
and the results suggested that the adsorption
equilibrium data fitted well to the Langmuir and
DR models for AC and DR model for MWCNT.
The pseudo-first order, pseudo-second order and
Elovich kinetic models were used to analyze the
data obtained for SY adsorption onto the prepared
activated carbon and MWOCNT. The kinetic
calculations showed that the adsorption followed
the pseudo-first order model with a multi-step
diffusion process for AC. These results finally

confirmed that the adsorption of SY onto AC is
controlled by both physisorption and chemisorption
processes. The pseudo-second order kinetic model
agrees very well with the dynamic behavior for the
adsorption of SY onto MWCNT at different
temperatures.

Thermodynamic constants were also evaluated
using equilibrium constants changing with
temperature. The negative value of AG® indicated
the spontaneity and confirmed the favorable
adsorption of SY onto AC. As the temperature
increased from 30 to 50 °C, the positive values of
AH® confirmed that the process was endothermic.
The positive value of AS® suggested the increased
randomness of SY adsorption onto AC. The
enthalpy change (AH®) for the SY adsorption onto
MWCNT was -14.58 kJ/mol, which was also found
to be exothermic and the adsorption capacity
decreased with the increase in temperature. The
AG® values were positive, therefore the SY
adsorption onto MWCNT was non-spontaneous and
the negative value of AS° showed the stability of
the sorption process. The activation energy of the
adsorption process was calculated by performing
kinetic analysis at different temperatures (30-50
°C). Activation energies were 25.84 and 40.2
kJ/mol for AC and MWCNT, respectively. This
study revealed that cornelian cherry stones-based
activated carbon can be used as a highly efficient
and economically viable adsorbent for SY dye
removal from aqueous solutions.
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CPABHUTEJIHO U3CJIEJABAHE HA AJICOPBIIUATA HA CHHCET JK'bJITO BAI'PHJIO
BBHPXY AKTHUBEH BBIJIEH OT KOCTUJIKM HA IPEHKW U BbPXY BBIJIEPOAHAU
HAHOTPBBUYKU

®. O. Epnoran”

Jlenapmamenm no xumusi u mexHono2uu 3a xumuyna o6pabomra, Ilpogecuonanno yuunuwe na Kooscaenu,
Yuueepcumem na Kooowcaenu, Kooscaenu, Typyus

[ocrpnuna va 13 nexemBpu, 2017; npuera Ha 20 romnu, 2018
(Pesrome)

LlenTa Ha TOBa M3cieqBaHE € Ja Ce MPOM3BEC EBTHH aKTHBEH BBIJIEH OT KOCTWIKK Ha npeHku (Cornus mas L.) n na
ce CpaBHHU aJICOPOIIMOHHOTO MY OTHACSHE KbM XpaHUTENHOTO Oarpmwio chHeeT xkbiaTo FCF (SY) ¢ ToBa Ha THProBCKU
MHOTOCTEHHU BBIVIEPOJHH HAHOTPBOMYKH. AKTHBHHUST BBIJIEH OT KOCTWIKM Ha JjpeHKkH (AC) M TBProBCKHUTE
MHOTOCTEHHH BbIJIepoaHn HaHOTpBOMYKH (MWCNT) ca oxapakrepusupanu upe3 N, agcopOuronuu uzorepmu 1 SEM.
Ancopbuusita Ha xpanutenHoTo 6arpuio SY Bepxy AC u MWCNT e neraitnHo uscnenBana. AJICOPOLIMOHHUST TECT B
CTaTHYHH YCIIOBUS IT0Ka3a, Y€ CTENCHTa Ha aacopOIus Ha 0arpuiIoTo 3aaBUCH OT HEroBaTa KOHIIEHTpAIHs, BPEMETO Ha
KOHTaKT, TEMIIepaTypaTa Ha pa3TBopa M KOIMYECTBOTO ancopOeHT. ExcrepuMeHTalHUTe NaHHM 3a aJCOPOLNOHHOTO
paBHOBECHE ca cpaBHEHHU ¢ Mozenute Ha Jlanrmroup, @poitnanux, TemkuH u DR u ca ompenenenu nmapameTpure Ha
HU30TePMHHSA Mozel. MakcumanHusT agcopounoneH kamanureT 32 AC 1 MWCNT e onpenenen cpoTBeTHO Kato 125.3
n 43.8 mg/g. KuneTnynnTe NaHHM CHOTBETCTBAT HA YPAaBHEHUS OT IICEBAO-IBPBH MOPSAIBK, IICEBIO-BTOPU MOPSIIBK U
EnoBnu. M3uncneHn ca CKOPOCTHHUTE KOHCTaHTH. YCTAaHOBEHH ca IIPOMEHHUTE B TEPMOJWHAMHUYHUTE MapaMeTpu
EHTAJIIMSL, EHTPONUsI U cBoOOHa eHeprust Ha ['mOc. [lokasaHo e, ye aKTHBHUST BBIJICH, IPOU3BE/ICH OT KOCTHIIKU Ha
JIPEHKH, € TOAXOMAIL 3a afcopOLusl Ha XpaHUTETHOTO Oarpwiio SY W MOXKe J]a ce M3IO0JI3Ba KaTro €BTHH U e(peKTHBEH
a7icopOeHT 3a 00paboTKa Ha IPOMHUIILICHH OTIAIHU BOJIH.
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Adsorption methods for the removal of Zn?* as a toxic heavy metal ion using multi-walled carbon nanotubes
(MWCNTS) as an adsorbent are presented here. SEM and FTIR techniques were used for the characterization of the
MWCNTSs. The relationship between the optimization factors (adsorbent dosage, contact time and initial heavy metal
ion concentration) and the adsorption properties of the MWCNTSs was studied. The quantity of metals adsorbed during
various time intervals is the base of kinetics of adsorption. A thorough investigation was done on the modeling of
kinetic curves. The results of the adsorption kinetics study showed that the adsorption of Zn?* fitted most closely to the
pseudo-second-order model (R?>0.999), and the adsorption equilibrium time was 55 min. The Langmuir isotherm

model was used to fit the adsorption equilibrium data.

Keywords: Multi-walled carbon nanotubes; Adsorption; Kinetics; Isotherm; Zn?*, Water treatment.

INTRODUCTION

Heavy metals are nowadays among the most
important pollutants in surface and groundwater [1,
2]. Thus, the removal of such toxic materials from
wastewater is becoming a crucial issue. To control
this issue, many physical, chemical and biological
technologies have been developed [3, 4]. Due to its
high efficiency and economic consideration,
adsorption process was reported to be the most
suitable method to this purpose [5, 6]. In addition,
adsorption does not result in secondary pollution by
producing harmful substances during the process
[7-10]. Some adsorbents such as zeolites,
biomaterials, polymers, etc., have been extensively
used for adsorption of toxic heavy metal ions [11-
16]. Since the adsorption efficiency is mostly
dependent on the adsorbent properties, therefore
developing an effective adsorbent is of vital
importance for the widely applications of
adsorption in water treatment [17-19]. Therefore,
development of more efficient adsorbents has
attracted the attention of quite a large number of
researchers.  New  adsorbents  based on
nanomaterials are used to remove heavy metal ions
from wastewater and remove the traditional
sorbents defects [20, 21]. Carbon nanotubes
(CNTSs) have attracted significant interdisciplinary
interest on account of their exclusive physical and
chemical properties; nonetheless, the
hydrophobicity of CNTs may restrict some of their
applications [22, 23]. Therefore, CNTs surface

* To whom all correspondence should be sent:
E-mail: hamid-sadegh@zut.edu.pl

602

treatments with functional groups or nanoparticles
leads to overcoming of their drawbacks toward
some applications [24-27]. The aim of the present
paper was to study the possibility of the removal of
Zn?* heavy metal ions by MWCNTs. A kinetic
study according to three different models was
applied. The reaction order and the rate constants
were studied and calculated using batch studies.

EXPERIMENTAL
Materials

MWCNTs were obtained from NanoAmor
Nanostructured & Amorphous Materials, Inc, USA.
Chemical vapor deposition (CVD) method was
used to prepare MWCNTs with purity of 95%,
outer diameters of 50 nm, length in the range from
500 to 2000 nm and specific surface area of 40 m?
gl In addition, ZnCl, aqueous solutions with
different concentrations were prepared and used as
sources of Zn?*. AIll other chemicals were
purchased from Merck Inc, USA.

Samples Characterization

FTIR  (Fourier  transformation  infrared
spectroscopy) was used to examine the functional
groups of the prepared materials using a Tensor 27,
Bruker, Germany. Around 5 mg of the powder was
homogenized with about 100 mg of KBr with an
agate mortar and was pelletized before the
measurement. The surface morphology
characteristics of the montmorillonite particles were

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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observed by FESEM.
Adsorption Experiments

A stock Zn?" solution (1000 mg L?) was
prepared by dissolving ZnCl; into deionized water
and diluting to prepare all synthetic fresh solutions
used in the investigation. To find the optimum Zn?*
adsorption conditions and to study the adsorption in
batch conditions, a 100 mL stoppered conical flask
and a temperature-controlled shaker were used for
the experiment. Dosage effects were studied in the
range of 2-10 mg (initial concentration (C,) of 20
mg L, natural pH, 25 °C, contact time of 1 h). The
effect of contact time was studied in the time range
of 1-60 min (20 mg L, 10 mg, natural pH, 25 °C).
Adsorption equilibrium studies in a single system
were carried out with initial concentrations ranging
from 10 to 70 mg L. Zn?*concentrations were
determined by GBC-932 atomic adsorption
spectrophotometer (AAS, GBC, Australia). The
adsorption capacity g. (mg gt) which is the
adsorbed amount of adsorbate per unit mass of the
adsorbent at time t was calculated according to Eq.

(2):
g = el ey

m

where, C, and C. (mg L?) are the initial and
equilibrium Zn?* concentrations, respectively. V (L)
is the volume of adsorption solution and m (g) is
the mass of adsorbent.

RESULTS AND DISCUSSION
Characterization of Adsorbent

The FTIR spectrum of the sample is shown in
Fig. 1a. The band observed near 1580 cm™ in both
samples indicates presence of a cylinder-like
carbon structure (rolled graphene sheet). The
morphological characteristics of the MWCNTSs
were investigated by SEM and are shown in Fig.
1b.

Adsorption Studies

Effect of Dosage: Presence of satisfactory
adsorbent amount is an important parameter to
consider as it determines the number of free
adsorption sites for a given initial concentration.

The experiments were carried out at 25 °C (the
MWCNTs dosage in the range of 2-10 mg, Zn?*
solution volume and concentration were 25 mL 20
mg L, respectively). Adsorption of ions increased
rapidly with the increasing dosage of adsorbent,
which due to the increase in the number of active
sites with increased amount of MWCNTS, as shown
in Fig. 2.

W\

TI%

3500 3000 2500 2000 1500 1000
-1
Wavenumber/cm

SEM HV: 20.0 kV WD: 9.67 mm

View field: 6.91 pm Det: SE
SEM MAG: 30.0 kx

Fig. 1. FTIR spectrum (a) and SEM micrograph (b).

At 8 mg, the adsorption of Zn?* reached
equilibrium state. Considering the adsorption and
practicality, 8 mg was selected as the optimum
adsorbent dosage in the following experiments.

160

150

140 1

qe(mg/g)

120

110

100

1 3 s 7 s u
Dosage (mg)
Fig. 2. Effect of adsorbent dosage (20 mg L™, natural
pH, 25 °C, 2 h).

Effect of Contact Time: One of the meaningful
parameters in the design of economical wastewater
treatment systems is the equilibrium time [28, 29].
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The effect of contact time on the adsorption
process was studied and evaluated. The
investigation was executed with 8 mg of MWCNTSs
at natural pH and 25 °C.
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=
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0 10 20 30 40 50 60
Time (min)

Fig. 3. Effect of contact time (20 mg L, 10 mg,
natural pH, 25 °C).

From the results shown in Fig. 3 it is clear that
the MWCNTSs adsorbent exhibits a gradual increase
in Zn?* adsorption capacity with the increase in the
reaction contact time. The metal adsorption
capacity value was found to reach saturation after
55 min with maximum adsorption of Zn?*. These
findings refer to the binding processes of Zn?*to the
surface of MWCNTSs adsorbent via two different
steps [30]. The first is related to a linear and
constant increase in the metal capacity while
increasing the contact time from 1 to 55 min due to
the possible occupation of the surface functional
groups of the adsorbent by the target metal ion. The
second step is directly related to the equilibrium
and saturation conditions which require more than
55 min. Finally, this period was taken as the
optimal contact time for the rest testing.

Adsorption Kinetics and Modeling: To study the
kinetic mechanism that refers to the adsorption
process, the data described in the “effect of contact
time and effect of temperature” sections were used
for further analysis. Different kinetic models were
applied such as pseudo—first order, pseudo—second
order and intraparticle diffusion to interpret the
experimental data [31-35].
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Fig. 4. Effect of initial concentration (10 mg, pH 2,
25 °C, 60 min).

Table 1. Kinetic parameters of Zn2* adsorption by
MWCNTs

Model Parameters R?
Pseudofirst Ge=118.71mgg* 2 — 0889
order K, =0190mint '

peud 0e-92.9 mg gt
seudo—
second order | K2=0.035gmg?  RZ =0.999
mint
| " kp =78.25mg g*
ntraparticle  minv2 .
diffusion Rs =0.788
C =5.0856

A linear form of the pseudo—first order model
could be given as:

In(qe - qt) = In(qe) - kl‘t (2)

where, g. and g are the amounts of ion adsorbed
(mg g?) at equilibrium and time t, respectively. k;
is the equilibrium rate constant (min™). The linear
fit between the In(ge—q:) and contact time (t) can
show an approximation of pseudo—first order
Kinetics.

The linear form of the pseudo-second order
model [33] can be expressed as follows:

t 1

1
+ ()t 3)
o kzqe2 Q.

where, k> is pseudo—second order equilibrium rate
constant (g mg! mint). The linear fit between the
t/g: and contact time (t) can show an approximation
of pseudo—second order kinetics.

The intraparticle diffusion model was used to
explore the possibility of intraparticle diffusion
resistance affecting adsorption [36]:
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q =k,t"*+c 4)

where, K, is the intraparticle diffusion rate constant
and c is the intercept which is related to the
thickness of the boundary layer. According to this
model, when intraparticle diffusion is involved in
the adsorption process the plot should be linear and
intraparticle diffusion is the rate controlling step if
the line passes through the origin [37]. All kinetic
parameters obtained from the experimental data
fitting using the above mentioned equations are
shown in Table 1. To best describe the adsorption
process, it is noticeable from Table 1 that the very
high value of correlation coefficients (> 0.999), and
the good fit proves that the pseudo-second order
model with good correlation is the best description.
This suggests that the rate-limiting step of Zn?" ion
onto MWCNTSs is chemisorption, where valency
forces are involved via electrons sharing or
exchange between the MWCNTS and the Zn?" ions
[38].
Adsorption Isotherms

In order to describe the interactive behavior of
adsorbate and adsorbent, adsorption isotherms were
used. To estimate the adsorption capacity (Qo), the
equilibrium data were fitted using Langmuir and
Freundlich models [35, 36]. Below, we can see the
mathematical description of these models, Egs. ((5)
and (6), respectively):

1 1 1 1

oot @r)z ®

InQ, =InK, +1InCe (6)
n

where, Q. is the solid phase adsorbate equilibrium
amount (mg g*%); Qo is the maximum adsorption
capacity  (following  Langmuir  monolayer
adsorption technique) (mg g?'); K. is Langmuir
constant (L mg™); n and Kr (mg g1)(L mg?) are
Freundlich constants which are related to the
adsorption intensity and adsorption capacity,
respectively. The values of 1/n and Kg are found
from the slope and intercept, respectively, of the
linear plot of experimental data of InQe versus In
Ce. 1/n values show the different kinds of isotherm:
not reversible (1/n = 0), favorable (0 <1/n < 1) and
unfavorable (1/n > 1) [38]. Langmuir isotherm
numbers of K ad Qo can be obtained from the
intercept and slope of the linear plot of 1/Qe vs.
1/C.. Table 2 shows the adsorption isotherm for
Zn?* ion on MWCNTSs surface.

From Table 2 one can see that Langmuir
isotherm demonstrates a better fit of experimental
data than Freundlich isotherm. Also, this proves
that the surfaces of adsorbents are primarily built of

heterogeneous adsorption patches [36] and lesser
homogeneous patches [39]. which is The
Freundlich constant n is a measure of adsorption
intensity. From Table 2 it can be seen that the
values of 1/n (adsorbent) were lower than 1, which
shows high adsorption intensity [40]. Results show
that MWCNTSs surface is better in adsorption of
Zn? ion. Ry, a dimensionless parameter is used to
show the favorability of adsorption process of Zn2*
ion onto adsorbent surfaces. The mathematical
definition of R; is as follows:

1
T 1+K.Co

()

In terms of R, the adsorption process can be
seen as irreversible (R. = 0), favorable (0 < R < 1),
linear (R. = 1) or unfavorable (R. >1) [41-43].
From the results it was noticeable that in case of
MWCNTSs surface, the value of R for adsorption of
Zn?" ion was between 0 and 1. So, the adsorption of
Zn?* onto the adsorbent is favorable. MWCNTS has
an adsorption capacity of about 93 mg g.

Ry

Table 2. Fitting experimental data of Zn?* adsorption
to the equations of Langmuir and Freundlich.

Model Parameters R?
Langmuir Q0-93 0.999
KL =4.98
Freundlich 1/n=0.611 0.998
Kr=54.8

CONCLUSIONS

Multi-walled carbon nanotubes (MWCNTS) are
an effective adsorbent for the removal of Zn?* from
aqueous solutions. Adsorption capacity depends on
adsorbent dosage, contact time and initial metal ion
concentration. Langmuir and Freundlich isotherms
were used to determine the adsorption parameters
and the data of equilibrium are best described by
Langmuir model which gives the value of 93 mg g*
as the maximum adsorption capacity. The
adsorption process was studied Kkinetically and the
obtained data were analyzed using the pseudo—first
order, pseudo—second order, intraparticle diffusion
models. Pseudo—second order was found to be the
best correlation model based on the values of the
correlation coefficient (R?). Therefore, it can be
concluded that the MWCNTSs have potentiality and
are a promising adsorbent for environmental
management and water treatment due to their better
efficiency and feasibility.
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KUHETUYHO U3CJIEJABAHE U MOJIEJIUPAHE HA OTCTPAHIABAHETO HA Zn?* OT
OTIIAJHA BOJA YPE3 A/ICOPBLIMA BEPXY MHOI'OCTEHHU BBI'JIEPOIHU
HAHOTPBBUYKU

X. Cager!”, P. llaku6aii Jlanexosno 2, C. M. Ceiix Apa6u?, M. Jlxamunu®, I1. Yayxan®

1 3anaono-Tomepancku mexnonozuven ynusepcumem, Ilveuun, Daxyimem no XUMUYHG MEXHOL02US U UHICEHEPCIEO,
Hlueyun, Ionwa
2 lenapmamenm no xumusi, Knon Kapaoxc, Hensmcku Azad ynusepcumem, Kapaoac, , Hpan
3 Henapmamenm no xumus, Llaxp-e-Kooc xnon, Hcnamcku Azao ynueepcumem, Texepan, Upan
Ioctenuna Ha 8 stnyapu, 2018; xopurupana Ha 20 romnu, 2018

(Pestome)

IlpencraBeHu ca aicoOpOLMOHHM METOAM 3a OTCTPaHSABAaHE HAa TOKCHYHMA MeTaleH HoH Zn?* ¢ ancopOeHT
MHOTOCTeHHH BbIIIepoanu HaHOTPBOHUKH (MWCNTS). SEM u FTIR MeTomu ca u3mon3BaHu 3a oxapaKkTepu3UpaHe Ha
MWCNTS. Usydena e Bpb3Kara MexAy ONTUMH3ANUOHHUTE (akTopu (KOJIMYECTBO aJCOPOCHT, BpEME Ha KOHTAKT U
HavyallHa KOHIICHTPALUs Ba TOKCHYHHS METAleH WOH) M ajcopbuuoHHuTe cBoiictBa Ha MWOCNTS. KomumuectBoTo
MeTal, aIcopONpaHo 3a pa3IMYHU MHTEPBAIN OT BpeMe, ¢ B OCHOBATa Ha ajcopOIMOHHATa KHHeTHKa. MoenupaHu ca
KUHETHYHUTE KPMBU. YCTaHOBEHO €, ue ajcopOuuaTa Ha Zn?* chbOTBETCTBA HAa MOJEN OT MCEBAOILPBM HOPAIbK
(R?>0.999) un BpPEMETO 3a JOCTUTaHE Ha aJCcOpOIMOHHO paBHOBecue ¢ 55 min. PaBHoBecHUTE aJCOPOIMOHHU JaHHH
CHOTBETCTBAT HA M30TEPMHHUS MOJen Ha Langmuir.
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Iron (111)-based metal-organic framework (Fe-MOF) was synthesized via solvothermal method utilizing tritopic
bridging 1,3,5-Tris(4-carboxyphenyl) benzene as a linker between metal centers. Thermogravimetric analysis revealed
that weight loss in the entire temperature range corresponds to loss of desorption of adsorbed gases from pores and
cavities, removal of N, N-dimethyl formamide, and framework disintegration. Specific surface area was found to be 300
m?/g and a very little rise in the isotherm at partial pressure > 0.2, indicates microporous character of the sample.
Maximum CO, adsorption capacity of Fe-MOF sample measured at room temperature and partial pressure of 0.9 atm
was found to be 3.0 wt.%. Temperature increase from 298 to 343 K decreases adsorption capacity is related to Le-
Chatelier's Principle. Linearity of CO; adsorption in a Fe-MOF sample related to weak adsorption sites.

Keywords: Solvothermal, Metal-organic frameworks, Ligand, Surface area, Thermogravimetric analysis, Adsorption

INTRODUCTION

Anthropogenic carbon dioxide discharging from
natural and manufactured sources need to mitigate
for the sake of pollution free environment. For
researchers, scientists and academicians worldwide,
an intimidating task lies ahead to reduce
greenhouse gases (GHGs) emission from various
sources such as combustion of fossil fuels,
electricity and heat sector, transportation, industrial
processes,  deforestation, = commercial  and
residential places [1, 2]. Multiple programs,
conferences, and seminars are held worldwide to
make people aware about harmful effects of GHGs
emission especially CO,, a primary source of global
warming. Combustion of fossil fuels and industrial
processes are responsible for 65% of CO, emission
worldwide. Moreover, combustion of fossil fuels
such as coal, natural gas, and oil in USA alone
produces 83% of GHGs emissions. Recently
different type of methods are utilized to separate
CO, from fossil fuel gas emissions and one of the
main method to reduce CO, emission is adsorption
[3, 4]. Physical and chemical adsorption methods

are widely used to separate CO, from mixture [5, 6].

High selectivity, high porosity, tunable property,
low cost, good mechanical strength, stable
adsorption capacity post many cycles, and
sufficient adsorption/desorption kinetic properties
are mandatory parameters to adsorb CO;
efficiently.  Functionalized carbon materials,
carbon-based nanomaterials, pyrogenic carbons,
and carbon composites used as adsorbents for CO,
capture at low temperature and moderate pressure

* To whom all correspondence should be sent:
E-mail: rathersami@kau.edu.sa;
rathersami@gmail.com

[4, 7-10]. Zeolites also used for CO, adsorption
owing to its unique high porous characteristics,
open cavities in the form of channels and cages,
and well-defined structures [11, 12]. Porous metal-
organic frameworks (MOFs) also known as
coordination polymer considered as promising
adsorbent for CO, adsorption [13]. MOFs are blend
of organic and inorganic mixture of metal ions or
clusters coordinated to one or more than one type of
ligands to form network type structures [14, 15].
MOFs display wide diversity and structural
disparity in combination with lower topological
restrictions on the formation of three-dimensional
frameworks [16]. High surface area, permanent
porosity, stability, and functionalization are unique
characteristics of MOFs [17].

Excessive surface area and variable pore
structure MOFs synthesized by solvothermal and
non-solvothermal, microwave, electrochemical,
mechanochemical, and sonochemical methods [14,
18-20]. For the preparation of 3D network type
MOF structures, different kinds of metal or metal
oxide (polyhedral) clusters with unique neutral,
cationic, and anionic organic ligands with rigid
backbones such as pyrazine, bipyridine,
carboxylates, and imidazole are wused [19].
Generally, for the preparation of various kinds of
MOFs, heating a mixture of metal salt and organic
ligands in a solvent such as water, ethanol,
diethylformamide, and dimethylformamide routes
are used [14, 20, 21]. Preparation of MOF-177 via
solvothermal method by employing zinc
acetate/zinc nitrate as a metal center and tritopic

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


mailto:rathersami@kau.edu.sa
mailto:rathersami@gmail.com

S. U. Rather et al.: Synthesis, characterization and CO; adsorption of Fe(lll)-based metal-organic framework

organic ligand benzene tribenzoic acid (BTB) as a
linker in the presence of solvent DEF/DMF are
used [22, 23]. Furthermore, synthesis of MOF-39
by connecting zinc oxide metal centers by trigonal
organic linker BTB are also prepared by
solvothermal method [24].

In this report, convenient solvothermal
method are utilized for the preparation of Fe(lll)-
based metal-organic framework (Fe-MOF) using a
reaction involving iron nitrate nonahydrate metal
salt as precursor and tritopic 1,3,5-Tris(4-
carboxyphenyl) benzene as a linker. Thermal
stability and surface area of Fe-MOF measured by
thermogravimetric and nitrogen
adsorption/desorption  isotherms.  The  CO.
adsorption capacity of Fe-MOF calculated at 25,
30, 40, 50, 60, 70°C and low pressure 0.0 to 0.9 bar
using thermogravimetric analysis method.

EXPERIMENTAL

Synthesis of Iron-based Metal-Organic Framework
(Fe-MOF)

Iron nitrate nonahydrate (99%), 1, 3, 5-tris (4-
carboxyphenyl) benzene (>98%), ethanol (99.8%),
N, N-dimethylformamide (99.8%), and chloroform
(>99.5%) were purchased from Sigma-Aldrich and
were used without further purification. The
synthesis of Fe-MOF performed via solvothermal
method. In a typical procedure, 0.270 g iron nitrate
nonahydrate was dissolved in 25 ml ethanol,
whereas 0.2 g 1,3,5-tris(4-carboxyphenyl) benzene
was dissolved in 10 ml N, N-dimethylformamide
(DMF). Mixture of above solutions transferred to
teflon-lined autoclave and heated at 80°C for 3
days. The reaction mixture cooled slowly to RT and
hereafter called as Fe-MOF. The resulting
precipitate filtered, washed with DMF to separate
some traces of unreacted reagent. Finally, DMF
reacted sample washed many times with
chloroform to reduce presence of DMF inside
crystals. The sample was dried and stored within
glove box under Ar atmosphere. Further
experimental details of synthesis method presented
elsewhere [25]. Fe-MOF was characterized using
Fourier-transform infra-red (FT-IR) and scanning
electron microscopy (SEM). Nitrogen adsorption
performed at 77 K using Micromeritics ASAP 2000
instrument.

CO; adsorption capacity measurements of Fe-
MOF sample performed by thermogravimetric
analysis (TGA) (NETZSCH-Gerétebau GmbH, TG
209 F3) instrument. ~30 mg of Fe-MOF sample
used in each CO, adsorption experiment. Prior to
each adsorption, a sample was stationed in an
alumina crucible fixed in TGA furnace and heated

to 100°C (10°C/min.) in a flowing nitrogen (100
ml/min.) and retain at that temperature until a
constant weight of sample was obtained. This
process for continuing flowing nitrogen at 100°C
for 1 h is to ensure the surface of Fe-MOF sample
is clean prior commencing adsorption experiments.
At constant RT, a gas mixture of 90% CO,-10% He
(100 ml/min.) was released into sample holder
holding sample. The increase in weight perceived
due to adsorption of CO. and preserved until
equilibrium  was  established. Under these
conditions, adsorption uptake of CO, was
determined as the amount of CO. adsorbed in
milligrams per gram of Fe-MOF (mg CO2/g Fe-
MOF). Adsorption data for other experiments
obtained in a similar manner using helium as an
inert carrier.

RESULTS AND DISCUSSION

Schematic illustration synthesis of Fe-MOF used
to understand the structure of Fe-MOF presented in
Fig.1. Iron nitrate an inorganic compound
comprising of iron, nitrate and varying number of
water molecules attached is used as a metal center
(Fig. 1(a)) and 1,3,5-Tris(4-carboxyphenyl)
benzene (HsBTB), a tritopic bridging ligand acts as
a linker between metal center (Fig. 1 (b)). One of
the Fe®" is coordinated to nine oxygen atoms, where
seven of the coordinated oxygen atoms belongs to
different BTB* ligands and two oxygen atoms
belongs to terminal water molecules (Fig. 1(d)).
Cross-sectional view of Fe-MOF generated from
Fig.1 (c) and (d) displaying 1D porous channels
between metal central layers (Fig. 1(e).

Thermal behavior of Fe-MOF calculated using
thermogravimetric and differential thermal analysis
(DTA). Fixed mass of sample independently heated
in an inert atmosphere using a heating ramp of
10°C/min in the temperature range of 25 to 800°C.
Fig. 2 (a) and (b) represents thermogravimetric and
differential analysis profile of Fe-MOF. Visible
continuous decrease in weight loss in the entire
temperature range observed [26-29]. ~45.0 wt.%
weight loss was observed in the temperature range
of 50-250°C and can be attributed to desorption of
adsorbed gases from their pores and cavities and
loosely bound water molecules [30, 31]. Sample
weight loss ~22.0 wt.% observed in the temperature
range of 250-500°C corresponds to removal of
guest molecules such as N, N dimethyl formamide
and adsorbed water molecules from atmosphere.
Moreover, above weight loss also indicates
initiation of decomposition of Fe-MOF sample
[25]. Pore and cavity texture further improved
possibly by degassing at elevated temperature for a
longer period. Weight loss ~15 wt.% above 500°C
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indicates complete disintegration of framework
including ligand BTB. The Tma, i.e. the
temperature at which rate of losing water or
adsorbed water molecules or guest molecules such
as DMF or disintegration of MOF is maximum and
is calculated from differential thermal analysis. The

DMF, Ethanol

Tmax for losing water, adsorbed water/guest
molecules, and disintegration of MOF was 117, 470
and 704°C presented in Fig. 2 (b). Total weight

loss observed in the entire temperature range is ~82
wt.% and remaining residue corresponds to oxides
of metal center.

80°C, 3 days

Fig. 1. Schematic illustration preparation method of Fe-MOF, where (a) iron nitrate nonahydrate metal salt as a
precursor, (b) tritopic 4,4',4"-benzene-1,3,5-triyl-tribenzoic acid (HsBTB) ligand as a linker, and (c) , (d) and (e) are
three different structural forms of Fe-MOF.
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Fig. 2. Thermogravimetric and differential profiles of Fe-MOF, performed in an oxygen atmosphere using ramp rate
10°C/min.
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Fig. 3. Nitrogen adsorption/desorption isotherm of Fe-MOF recorded at 77K.

Brunauer-Emmett-Teller (BET) surface
area and pore size distribution of sample measured
from nitrogen adsorption/desorption profile using
Micromeritics ASAP 2000 instrument. The
nitrogen adsorption isotherm of Fe-MOF sample
carried out by keeping the sample isothermal at 77
K. Fig. 3 presented nitrogen adsorption isotherm of
sample. According to the IUPAC classification, the
evolution of adsorption isotherm with increasing
P/Po described as a type Il isotherm indicating
microporous structure of sample. There is a very
little rise in the isotherm at partial pressure > 0.2,
indicating very high microporous density. For
relative pressure between 0.1 and 1.0, a gradual rise
in the volume of the nitrogen adsorption observed.
The specific surface area estimated from linear fit
to the BET adsorption isotherm, for the relative
pressure range P/Po 0.0 to 1.0 found to be 300
m/g.

FT-IR spectra of Fe-MOF synthesized by
solvothermal method presented in Fig. 4. Several
intense bands throughout the spectrum in
agreement with the literature observed. Strong band
that appears at 1400 cm™ is assigned to symmetric
(vs) stretching of C=0 bond related to carboxylate
group of ligand BTB and asymmetric (vas)
stretching of same also existed at ~1600 cm
region. The C=C bond attributed to stretching
vibrations of BTB linker appears at ~1500 cm™?
region. Small peaks visible at 1300-100 cm™ region
corresponds to in-plane bending vibrations of

aromatic C-H bonds while as weak peaks appeared
at 1000-800 cm™ attributed to out of plane bending
vibrations of C-H bonds. First overtone of in- and
out of plane vibrations of C-H bonds of ligand BTB
appears at ~1600-2000 cm*, whereas in- and out of
plane vibrations of C-H bonds appears at ~2600-
2100 cm![32-34]. SEM images presented in Fig. 5
(a) and (b) indicates morphological characterization
of Fe-MOF sample. Crystal structure images
presented resembles trigonal lattices with average
diameter of 6.76 pum.

Intensity (a.u.)

25I00 ' 20'00 ' 15I00 ' 10'00 ' 560
Wavenumber (Cm'l)
Fig. 4. Fourier-transform infrared (FTIR) spectra of

Fe-MOF sample.

——
3500 3000
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(a)
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Fig. 5. Representative scanning electron microscope (SEM) images of Fe-MOF. The scale bar for (a) and (b) is 20 and
10 um, respectively.
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Fig. 6. (a) CO; adsorption capacity of Fe-MOF sample performed at 25°C and partial pressure range of 0.0 and 0.9 atm.
(b) CO- adsorption of Fe-MOF sample performed at 25, 30, 40, 50, 60, and 70°C and pressure 0.9 atm.

Considering highly porous nature of Fe-
MOF  sample, CO, adsorption capacity
measurements presented in Fig. 6 (a) and (b)
performed at different temperatures and partial
pressure range of 0.0 and 0.9 atm. Sample follows
monotonous type CO, adsorption isotherm (type 1)
and adsorption is limited to few molecular layers
only. At low pressure, gradual rise of CO;
adsorption observed and at high pressure, linear
adsorption indicating adsorption sites on Fe-MOF
are weak and relatively homogeneous. Maximum
CO, adsorption capacity of sample found to be ~3.0
wt.% at 298 K and partial pressure of 0.9 atm. The
CO, adsorption capacity of our sample very low
compared to adsorption literature data of various
types of MOFs and reason may be poor BET
surface area. Moreover, as far as high gas
adsorption capacity is concerned, high surface area
is mandatory. Temperature elevation from 25 to
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70°C decreases CO, adsorption capacity of Fe-
MOF (Fig. 6(b)). Furthermore, reduction of
adsorption capacity with decreasing temperature is
due to Le Chatelier's principle. The CO- adsorption
capacity data obtained fitted to Langmuir
adsorption isotherm to estimate maximum
adsorption (gm) and adsorption equilibrium constant
(K) according to the Langmuir adsorption equation:
Kp,

™1+ Kp,

where pe is the equilibrium partial pressure of
CO,. Polymath, a nonlinear regression software
used to determine Langmuir equation parameters
gm, K, and correlation coefficient (R? as a
statistical indicator of goodness of model
prediction.
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CONCLUSION

Fe-MOF synthesized by solvothermal
method using tritopic ligand H;BTB as a linker to
study structural, thermal, morphological, and CO,
adsorption properties. Thermal profile of Fe-MOF
shows continuous weight loss in the entire
temperature range of RT to 800°C. Furthermore,
weight reduction of sample corresponds to loss of
loosely bound water molecules attached to metal
center and ligands, within cavities and channels,
adsorbed water molecules, guest molecules such as
DMF and MOF disintegration. Specific surface area
of Fe-MOF found to be 300 m?/g and little rise in
the isotherm at partial pressure > 0.2, indicating
very high microporous density. The CO- adsorption
capacity of Fe-MOF was found to be 3.0 wt.% at
298 K and partial pressure of 0.9 atm. Furthermore,
CO, adsorption decreases as the temperature
increases follows Le-Chatelier's Principle. The CO;
adsorption capacity increases linearly with pressure
indicating adsorption sites on sample are weak and
relatively homogeneous.
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CHUHTE3, OXAPAKTEPU3UPAHE U CO; AJICOPBLIMS BbPXY METAJI-OPTAHUYHA
MPEJXA HA OCHOBATA HA Fe(lIl)

C. VY. Parep’, A. Myxamazn, A. A. An-3axpanu, T. E. FOced, JI. A. Ilerpos

Jlenapmamenm no unceHepHa Xumus u Xumus Ha mamepuanume, Yuusepcumem ,, Kpan A60ynasusz”, n.x. 80204,
Ilrceda 21589, Cayoumcka Apadbus

[Mocrenmna Ha 17 anpwui, 2018; kopurupana Ha 7 aBrycr, 2018
(Pesrome)

Meran-opraangaaa mpexa (MOF) Ha ocroBata Ha Fe (I11) e monydena 1mo coaBoTepMHYEH METOI C MOMOIITA Ha
TpUTONIHYCH MOCTOB JmraHz 1,3,5-tpuc (4-kapOokcueHm) OeH3eH KaTO CBBP3BAIIO 3BEHO M XpOM KaTO METal,
o0pa3syBalll BTOpUYHA TpaJrBHA 4acT. HenpekbcHaraTa 3aryba Ha TEeryo B IsUIaTa TEMIepaTypHa o0JacT € CBbp3aHa C
3ary0a upe3 necopOuust Ha afcopOMpaHu Ta30Be OT NOPUTE U KyXHHUTE, OTCTpaHsIBaHe Ha Mojekynu-roctd karo N, N-
numetuipopmamun (DMF) u nesunterpanus Ha mpexara. Crenuduunara miom ot 420 m?/g u psA3KOTO HapacTBaHe
Ha HM30TEpMaTa MpH mNapuyanHo Hamsrane >0.2 atm cBUAETENCTBAT 32 MHUKPOIOPECTHS XapakTep Ha mpodarta.
Ancop6rronausar kamaiurer Ha Fe-MOF, usmepen npu 298 K u maprmanno namsrane 0.9 atm, ¢ 3.5 wt.%.
INoeumasanero Ha Temmneparypara ot 298 1o 343 K noHmkaBa ajcopOIMOHHNS KaMaI[MTET ChIIIACHO MPHUHIUIIA Ha Le
Chatelier. Ancopbrmsara nva CO, HapacTBa JHMHEHWHO ¢ TOBHIIaBaHe Ha Hajsrameto or 0 go 0.9 atm mopaau
CPaBHHTEITHO CabuTe aICOPOIMOHHH [IEHTPOBE M TSXHATA XOMOT'€HHOCT.
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In order to improve the catalytic performance, Co(salen) catalysis was performed on Indulin lignin. The structural
changes of the lignin during the biomimetic treatment were characterized by *C-NMR, HSQC and 3!P-NMR
spectroscopy. As a result of the biomimetic treatment, a decrease of B-O-4, B-f and B-5 linkage was observed,
especially a cleavage of B-O-4 linkage. The fact that the condensed substructures were significantly decomposed
explained the lignin degradation in-deep. In addition to these changes, the proposed route was applied to the lignin

oxidation by Co(salen) catalysis based on the subtraction of phenolic hydrogen atoms.

Keywords: Biomimetic catalysis; Indulin lignin; Co(salen); HSQC; *3C and *'P-NMR spectroscopy

INTRODUCTION

Lignin contains a variety of different C-C and
C-O linkages, which is related to the
physicochemical and degradable properties of
lignin. In addition, many chemical reactions such as
alkylation, oxidation or reduction and condensation
occur in lignin conversion via carbonyl, aliphatic
hydroxyl and other active functional groups [1].
Moreover, the C-C and C-O linkages are refractory
to the degradation of lignin [2], and the S/G ratio in
the lignin structure is characteristically an
important factor affecting the degradability of
lignin [3, 4]. In summary, the reactivity is related to
its lignin structure.

In recent years, scientists have made great
efforts in catalytic oxidation of lignin, for example,
biomimetic catalysts were used to oxidize lignin.
M(salen) complex is a biomimetic catalyst, which
has both enzymatic and chemical catalytic activity.
Some studies have demonstrated the potential of
M(salen) as a catalyst in lignin oxidation [5-7]. The
activity was affected by the oxygen species in the
catalytic system of M(salen). Compared with the
binuclear  peroxo-complex, the mononuclear
superoxo-complex showed a strong catalytic
activity in capturing phenolic hydrogen atoms from
the substrates [8, 9]. Carmen et al. [10] found that

* To whom all correspondence should be sent:
E-mail: 1lgdx602@sina.com

the phenoxy cobalt radicals correlated with the
formation of the oxidation products and the
conversion rates of the substrates.

The reaction properties of lignin have yet to be
further explored due to the complex mechanism
involved. In addition, biomimetic catalysis has not
been practically utilized in lignin conversion
because the mechanism is still not clear. Therefore,
it is necessary to find out the reaction mechanism of
the biomimetic oxidation of lignin. In this paper,
Co(salen) was applied to catalyze the oxidation of
lignin. The structure of lignin was analyzed by *C-
NMR, 2D HSQC NMR and *'P-NMR. This may be
a useful study for providing a mechanistic insight
into the application of a biomimetic catalyst in
lignin transformation.

Materials and methods

Indulin lignin: Indulin lignin was purchased
from Sigma-Aldrich. It was an alkaline lignin
derived from pine.

Catalytic oxidation of lignin by Co(salen): The
treatment was carried out at 90 °C in a 1 L pressure
reactor for 3 h. Typical processing conditions were
as follows: 1g of Indulin lignin, 0.1 % dosage of
Co(salen) (based on lignin), 1:1 molar ratio of
pyridine to Co(salen), 0.5 MPa oxygen pressure,

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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100 ml deionized water. After filtration, the residue
was dissolved in tetrahydrofuran and filtered. The
filtrate was evaporated in vacuum to obtain the
residual lignin.

NMR analysis: The NMR analyses of the lignin
samples were performed using DMSO-d6 as a
solvent on the Bruker DRX500 MHz spectrometer.
The frequency of 101.39 MHz was used for the
quantitative *C-NMR with an inverse-gated
decoupling sequence, 90° pulse angle. *P-NMR
spectra were obtained after derivatization of the
lignin  with  2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) using cyclohexanol as
internal standard. 2D HSQC NMR spectra were
recorded using a standard Bruker pulse sequence

with a 90° pulse, 0.12 s acquisition time, 1.3 s pulse
delay, and a YJcn of 143 Hz. The quantitative
analysis of the lignin functional groups by *C- and
$P-NMR had a standard deviation of ~3.0 % and
~1.2 %, respectively.

RESULTS AND DISCUSSION
Quantitative *C-NMR analysis

The structure of the lignin samples was
elucidated by *C-NMR before and after treatment
with Co(salen). The quantitative determination was
performed for different lignin moieties using the
integral region of 6 162.3-102.7 ppm as a reference
of six aromatic carbons [11].

=il
= it

)

I
200 180 160 140 120 100 80 60 40 20
Chemical shift (ppm)

Figure 1. Quantitative **C-NMR spectra of the lignin samples.
Table 1. Content of functional groups by **C-NMR analysis.

Chemical shift Assignment Amount (Ar)

(ppm) Lignin Control Co(salen)
182.7-180.6 C=0 in spirodienone structure 0.03 0.05 0.08
173.2-168.1 C=0 in phenyl-COOR 0.24 0.28 0.35
167.7-165.8 C=0 in conjugated phenyl-COOR 0.12 0.17 0.23
162.3-157.6 C. in p-hydroxyphenyl structure 0.02 0.04 0.07
155.2-141.7 C3/C4 in guaiacyl structure, Cs/Cs in syringyl structure 1.57 1.72 213

C: in guaiacyl, syringyl, and p-hydroxyphenyl structure
140.4-122.8 C. in syringyl structure, C,/Cs in p-hydroxyphenyl 2.26 2.05 1.68
structure
122.6-118.3 Cs in guaiacyl structure 0.38 0.47 0.71
116.5-112.6 Cs in guaiacyl structure, C3/Cs in p-hydroxyphenyl 0.92 076 0.42
structure
112.6-110.3 C. in guaiacyl structure 0.35 0.48 0.73
108.5-102.7 C./Cq in syringyl structure 0.83 0.74 0.54
90.4-77.8 Cp in B-O-4, C,in B-5 and B-f 0.81 0.62 0.33
65.2-61.7 C,in B-5 and B-O-4 with C,=0 in guaiacyl and syringyl 0.42 031 0.16
structure
61.3-56.6 C, in B-O-4 structure without C,=0O 0.46 0.32 0.17
58.4-56.9 methoxyl group 0.84 0.64 0.37
52.7-51.3 Cgin B-p and Cgin B-5 structure 0.17 0.12 0.06
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The spectra are presented in Figure 1, and the
data are summarized in Table 1 [12, 13]. It is
observed that the biomimetic treatment resulted
inconsiderable changes in recovered lignin
structure. The peak at 6 160 ppm confirmed the
presence of p-hydroxy phenyl (H) units. The units
of guaiacyl (G) and syringyl (S) in the lignin were
evidenced by the chemical shifts between 6 125.6-
110.3 and ¢ 108.5-102.7 ppm, respectively.
Rencoret et al. [14] have reported that wood lignins
are mainly composed of syringyl and guaiacyl
units. The S/G ratio was found to decrease from
0.76 to 0.46 after the treatment with Co(salen). It
was noticed that after the treatment the content of
B-B and B-5 linkages decreased according to the
amount per Cg by the integration of Cg at J 51.3-
52.7 ppm. The B-O-4 linkages in lignin without
C.=0 were quantified based on the C, at 0 56.6-
61.3 ppm. There was about 34 % decrease after the
biomimetic treatment compared to the control.

HSQC NMR analysis

HSQC NMR was applied to analyze the lignin
structure before and after the biomimetic treatment
by Co(salen). The results are shown in Table 2 [15,
16]. In HSQC NMR analysis, the spectrum is
usually divided into high-field (0-50 ppm/0-3 ppm),
aliphatic (50-100 ppm/3-6 ppm) and aromatic

region (100-150 ppm/6-9 ppm). On the whole, the
strength of the peaks decreased after the lignin was
treated with Co(salen), which was the result of
lignin degradation, as shown in Table 2. After the
lignin was catalytically treated with Co(salen), the
peak intensity of the guaiacyl, syringyl and p-
hydroxyphenyl structures in the HSQC spectra
decreased, indicating the degradation of these
structural units in the biomimetic oxidation of
lignin. Moreover, HSQC also confirmed the results
obtained by C-NMR analysis, in which the
linkages of B-O-4, B-B, B-5 and methoxyl group
were cleaved. The decrease in the content of
methoxyl groups may be due to the degradation of
syringyl structure and the demethylation of
methoxyl groups. In addition, the a-5 structure in
lignin (39.6-39.5 ppm/2.26-2.85 ppm) was found to
decompose by the biomimetic oxidation. The
functional groups at the side chains were oxidized
according to the peak intensity, such as -CHs; in
aliphatic structure (13.6-19.2 ppm/0.76 ppm-0.84
ppm), -CH=CH- in gquaiacyl structure (127.4
ppm/7.33 ppm), resulting in an increase in carbonyl
content in the lignin (24.3-24.6 ppm/1.23-1.62 ppm,
37.3 ppm/1.98 ppm, 38.5 ppm/2.04 ppm, 73.5
ppm/3.26, 119.7 ppm/7.38 ppm).

Table 2. Analysis of functional groups by HSQC.

. . . Signal
Chemical shift (ppm) Functional group Lignin_Control _Co(salen)

13.6-19.2 0.76~0.84 -CHgs in aliphatic structure S w VW
24.3-24.6 1.23-1.62 -CO-CHs vw w S

37.3 1.98 -CH>-CH»-COOH vw w S

38.5 2.04 -CO-CH,-CHjs, -CO-CH»-COOH vw w S

39.6-39.5 2.26-2.85 C,-H in a-5 structure S w VW
55.7 3.16 C,-H in B- structure S w VW
735 3.26 Ph-OCH,-COOH VW w S

59.6-61.3 3.35-3.57 C,-H in -O-4 structure S w vw
55.4 3.73 -OCHs S w VW
92.4-93.2 3.94-4.35 Cg-H in B-O-4 structure S w vw
101.8 4.25 Ci-H in carbohydrate structure S w VW
93.2-934 4.42-4.46  Cg-H in B-f structure S w vw
71.6 4.65 Co-H in threo B-O-4 structure S w vw
71.6 4.88 Co-H in erythro B-O-4 structure S w vw
92.6 5.06 Cp-H in B-5 structure S w vw
114.6-115.3 6.43-6.52  C,-H in quinoid structure VW w S

104.3 6.76 Cas-H in syringyl structure S w vw
128.3 6.84 C-H in coniferol structure S w VW
1.7 6.94 Cz-H in guaiacyl structure S w VW
118.5-119.4 6.74~6.85 Cs-H in guaiacyl structure S w VW
119.7 7.38 Ce-H in guaiacyl structure containing C=0  vw w S

114.5-115.6 6.89~7.14 Cs-H in guaiacyl structure S w VW
142.7 7.44 Ce-H in quinoid structure VW w S

128.3 7.05 Cas-H in p-hydroxyl phenyl structure S w vw
127.4 7.33 -CH=CH- in guaiacyl structure S w VW

s, strong; w, weak; vw, very weak.
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S
Ny

145
Chemical shift {ppm)

Figure 2. Quantitative 'P-NMR spectra of the lignin samples.
Table 3. Content of functional groups by 3:P-NMR analysis.

Chemical shift Functional group Content ( mmol/g)
(ppm) Lignin Control Co(salen) catalysis

154.3-153.6 Internal standard - - -

149.5-145.4 Aliphatic hydroxyl groups 1.57 1.23 1.06

144.2-140.4 Condensed phenolic hydroxyl groups 0.62 0.36 0.17

143.3-142 Phenolic hydroxyl groups in syringyl 0.95 0.38 0.52
structure

140.4-138.7 Phenolic hydroxyl groups in guaiacyl 016 0.29 036
structure

138.6-137.3 p-Phenolic hydroxyl groups 0.13 0.25 0.42

136.2-133.4 Hydroxyl groups in carboxyl groups 0.14 0.48 0.73

HE— 4] 4@ HL— 4] s
—0OH —OH /
% L-Co-OQ-O0=

Lignin
=0 \ H He
)) L-Go-0-0-
OCH,
OCH, 4 OCH,
Lignin
=0
(XIHS
OH

Figure 3. Representative pathways of lignin depolymerization by Co(salen).
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Quantitative *P-NMR analysis

The quantitative 3P-NMR analysis was used to
determine the hydroxyl groups in order to elucidate
the lignin oxidation. The spectra are presented in
Figure 2, and the hydroxyl content is shown in
Table 3 [17]. The data clearly illustrated that the
most prominent ones in the lignin were aliphatic
hydroxyl groups, which was in line with the report
by Pu et al. [18] that the major hydroxyl groups in
the wood lignin were in the aliphatic regions.

After biomimetic treatment, the content of the
aliphatic hydroxyl groups decreased from 1.23
mmol/g to 1.06 mmol/g due to the oxidation at the
side chains in the lignin, which was confirmed by
the increase in the content of the carboxyl groups
(136.2-133.4 ppm). The content of the condensed
phenolic hydroxyl groups decreased from 0.36
mmol/g to 0.17 mmol/g, indicating that the
condensed type substructures in the lignin were
obviously degraded. In addition, the data shown in
Table 3 suggest that the phenolic hydroxyl content
of the syringyl, guaiacyl and p-hydroxyphenyl
substructures in the Co(salen)-treated lignin
increased when compared with the control. This
was due to the cleavage of B-O-4 linkage leading to
an increase in phenolic hydroxyl groups. As shown
in Figure 1, the superoxocobalt complex initiated
the reaction by subtraction of phenolic hydrogen
atoms, leading to the cleavage of B-O-4 linkage.
Further oxidation at the side-chain gave carbonyl
groups [19, 20].

CONCLUSIONS

In accordance with the lignin transformation, in
this study the structure of Indulin lignin in the
biomimetic treatment with Co(salen) was examined
by 2C, S%P-NMR and HSQC. During the
biomimetic catalysis, the structural behavior of the
lignin significantly changed. It was observed that
the cleavage of PB-O-4 linkage resulted in an
increase in phenolic hydroxyl groups by the
treatment. The side chains in the lignin were
oxidized. Furthermore, the content of the units
wasobserved to decrease in the guaiacyl, syringyl
and p-hydroxyphenyl substructure as a result of the
biomimetic treatment.
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CTPYKTYPHU ITPOMEHU B JIMT'HUH ITPU KATAJIUTUYHO OKUCJIEHUE C Co(CAJIEH)
Kc.-®. }K()yl,z,sA,s,e*

Y I'naena nabopamopus no memen uaii u Jin-hua na nposunyus Xynan, Ynusepcumem na Xynan, Hane, n.x. 413000,
Kumaii
2 Inasna nabopamopus na I'yandsicoy no exonosuuer Kamanus u KOHMpPOI Ha 3aMbpCAEAHemo, Yuunuue no
eKOJI02UYHA HAYKA U UHdICeHepcmeo, I yandoncku mexnonocuuen yrusepcumem, I yanoaxcoy, n.x. 510006, Kumati
3 Iasna nabopamopus na I'vankcu no xumus u 20pcko undicenepcmeo, Yuusepcumem na I'yankcu 3a
nayuonannocmume, Hanune, n.x. 530006, Kumaii
4 Iasna nabopamopus no xumus Ha Mamepuaiu 3a enepaus na Munucmepcmsomo na obpasoeanueno na Kumai,
Yuueepcumem na Hankaii, Tanoacun, n.x. 300071, Kumaii
> @akyrmem no unoicenepna xumus, Kynmuncku nayven u mexnono2uuen ynusepcumem, Kynmun, n.x. 650500, Kumaii
> Imaena nabopamopus no ynpasnenue na mevbpou omnadvyu u exoro2uyia 6esonacuocm na Munucmepcmeomo na
obpaszosanuemo na Kumau, [lexun, n.x. 100084, Kumaii
b I'nasna nabopamopus no xapmuena obpabomxa na Munucmepcmeomo na obpasoeanuemo na nposunyus Illanoon,
Texnonoeuuen ynueepcumem na Kuny, ocunan, n.x. 250353, Kumaii

Tocrenuna Ha 27 anpun, 2018; npuera Ha 18 romu, 2018
(Pestome)

3a nomoOpsiBaHe Ha eEKTHBHOCTTA Ha KaTalW3a MPU OKHCICHHETO Ha WHTYIHMH JIUTHUH ¢ u3moi3BaH Co(caneH).
CTpyKTypHHTE TIPOMEHM Ha JIMTHMHA IIPH OMOMUMETHYHATa 06paboTka ca npocnenenu upes C-NMR, HSQC u 3P-
NMR cnextpockomnusi. B pesynrar Ha GoMuMeTHYHATa 00pabOTKa € YCTAHOBEHO CKbCsiBaHe Ha Bpb3kute $-O-4, B-f u
B-5, m mo-crenmanHo, pasnenBane Ha (-O-4 Bpb3kara. DakThT, Ye KOHICH3UPAHUTE CyOCTPYKTYpU 3HAUUTEIHO CE
pasnarat, oOsiCHsABAa IBIOOYMHHATA Jerpajalds HA JIMTHHHA. B JOMBIHEHHE HAa TE3W NPOMEHH, NPEIIOKCHUST
MEXaHH3bM € NPWIOKEH KbM OKHCIICHHETO Ha JIMTHUWH, KatammsupaHo ¢ Co(caneH) ype3 oTcTpaHsBaHEe Ha (EHOIHH
BOJIOPOJIHU ATOMH.
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The aim of the present paper is to explore the effects of heat absorption on a transient free convective boundary-
layer flow of an electrically conducting, viscous and incompressible magneto-nanofluid over an impulsively moving
vertical ramped temperature plate. Water-based nanofluids with added nanoparticles of titanium oxide, aluminium oxide
and copper are taken into account. The mathematical model of the problem is obtained using the model of nanoparticle
volume fraction. The governing model is solved analytically by making use of Laplace transform technique. The
expressions for nanofluid velocity, nanofluid temperature, skin friction and Nusselt number were obtained for both the
cases of ramped and isothermal conditions. The effects of various physical parameters on the nanofluid velocity and
nanofluid temperature are shown by various graphs whereas the numerical values of skin friction and Nusselt number
are presented in tables. The numerical results of the problem were compared for both ramped and isothermal conditions
and it is observed that the numerical values in case of isothermal conditions are lower in magnitude as compared to

ramped conditions.

Keywords: Nanofluid, Free convection, Heat absorption, Ramped temperature

INTRODUCTION

The study of nanofluids has attracted several
researchers due to their huge applications in real
life problems and industries. Initially, the term
nanofluid, pioneered by Choi [1], refers to a
suspension of nanoparticles having diameter less
than 100 nm in a base fluid such as water, ethylene
glycol, etc. Normally, conventional base fluids do
not have an adequate thermal conductivity for many
practical applications. Therefore, to augment the
thermal conductivity of the base fluid, metal
nanoparticles having higher thermal conductivity
than the conventional base fluid are added to the
fluid. Nanofluids being a mixture of nanoparticles
and a base fluid are an innovative type of energy
transport fluid and their novel property makes them
tremendously useful in different processes of heat
transfer including microelectronics, automobiles,
hybrid-powered engines, fuel cells, domestic
refrigerator, nuclear reactor coolants,
pharmaceutical processes, etc. Choi [1] was the first
who pointed out that the thermal conductivity of a
base fluid can be radically improved by uniform
dispersion of nano-sized particles into a fluid. This
concept prompted many researchers towards
nanofluids, and abundant studies, analyzing the
thermal properties of nanofluids, have been worked
out. Keblinski et al. [2] explored the possible
mechanism for the augmentation of thermal

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

conductivity of the fluid by a uniform suspension of
nano-sized particles in the fluid. Buongiorno [3]
proposed a non-homogeneous equilibrium model
which states that the thermal conductivity of a fluid
can be significantly enhanced due to the presence
of Brownian diffusion and thermophoretic diffusion
effects of nanoparticles. Remarkable research
studies reporting the improvement in the thermal
conductivity of fluids due to a suspension of
nanoparticles and its frequent applications have
been presented by Jang and Choi [4],
Daungthongsuk and Wongwises [5], Seyyedi et al.
[6], Rashidi et al. [7], Garoosi et al. [8,9] and
Malvandi and Ganji [10,11].

The hydromagnetic nanofluids possess both
liquid and magnetic characteristics and are known
to have enthralling relevance to magneto-optical
wavelength filters, ink float separation, optical
switches, optical gratings, nonlinear optical
materials, etc. The magneto-nanofluids have wide
applications in drug delivery for cancer treatment as
they play a significant role in guiding the drug
particles up the blood stream to a tumor because the
magnetic nanoparticles are known to be more
adhesive to tumor cells than to non-malignant cells.
The magneto-nanofluids are also known to have
applications in the treatment of hyperthermia,
contrast enhancement in magnetic resonance
imaging and magnetic cell separation. Following
this, Sheikholeslami et al. [12-14] reported their

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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investigations on the problems of MHD convective
flow of nanofluids considering different geometries
and configurations. Sheikholeslami and Ganji [15]
theoretically ~ analyzed the  problem  of
hydromagnetic flow in a permeable channel infused
with nanofluid. They concluded that due to the
increasing values of Reynolds number and
nanoparticle volume fraction the nanofluid velocity
boundary-layer thickness shrinks whereas it
amplifies with the augment of Hartmann number.
Recently, Hayat et al. [16] examined the unsteady
hydromagnetic two-dimensional squeezing flow of
nanofluids confined between two parallel walls
under the influence of Brownian motion and
thermophoresis effects. More recently, Dhanai et al.
[17] investigated the influence of thermal slip on
hydromagnetic mixed convective flow of nanofluid
with heat transfer along an inclined cylinder taking
into account the effects of thermophoresis,
Brownian motion and viscous dissipation. They
concluded that an increase in mass transfer
parameter leads to a raise in the rate of heat transfer
whereas it reduces due to thermal slip parameter.
The heat generation/absorption has an important
impact on the heat transfer characteristics in the
various physical phenomena involved in the
industry such as dissociating fluids in packed-bed
reactors, post accident heat removal, fire and
combustion, underground disposal of radioactive
waste material, storage of food stuffs, etc. This
encouraged many researchers to undertake the
investigation of hydromagnetic convective flow
over bodies with different geometries under the
influence of heat generation/absorption. Some
relevant studies dealing with the influence of heat
generation or absorption have been reported by
Acharya and Goldstein [18], Vajravelu and Nayfeh
[19], Chamkha [20], Leea et al. [21], Sheikh and
Abbas [22], Mehmood and Saleem [23], Mondal et
al. [24] and Nandkyeolyar et al. [25]. Hamad and
Pop [26] investigated the unsteady free convective
nanofluid flow over an oscillatory moving vertical
permeable flat plate under the influence of constant
heat source and magnetic field in a rotating frame
of reference. Chamkha and Aly [27] studied the
two-dimensional  steady hydromagnetic  free
convective boundary-layer nanofluid flow of an
incompressible pure base fluid suspended with
nanoparticles over semi-infinite vertical permeable
plate in the presence of magnetic field, heat
generation or absorption, thermophoresis and
Brownian diffusion effects. The analysis of MHD
free convective flow of Al,Oz; -water based
nanofluid in an open cavity considering uniform
thermal boundary condition in the presence of
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uniform heat absorption/generation was performed
by Mahmoudi et al. [28].

In all the aforesaid studies, the solutions were
analyzed Dby considering simplified conditions,
where velocity and temperature at the plate are
continuous and defined. But, numerous problems of
practical interest require the wvelocity and
temperature to satisfy non-uniform, discontinuous
or arbitrary conditions at the plate. Following this,
several researchers, namely, Chandran et al. [29],
Seth et al. [30-32], Nandkyeolyar et al. [33,34] and
Hussain et al. [35] studied the problems of
convective flow past a moving plate considering the
ramped temperature. Khalid et al. [36] obtained the
exact solution for a natural convective flow of a
nanofluid past an oscillating moving vertical plate
with ramped temperature, using the Laplace
transform technique. Hussain et al. [37] explored
the combined effects of Hall current and rotation
on a natural convective flow with heat transfer
over an accelerated moving ramped temperature
in the presence of heat absorption and
homogenous chemical reaction employing the
Laplace transform technique. Recently, Hussain et
al. [38,39] discussed the impact of thermal
radiation on the magneto free convective
nanofluid over a moving uniformly accelerated
ramped temperature plate with and without
considering Hall effects. Subsequently, Sharma et
al. [40] extended this problem in a rotating
medium by making use of Laplace transform
technique.

Obijective of the present research work is to
analyze the consequence of heat absorption on the
natural convective flow of an incompressible,
viscous and electrically conducting magneto-
nanofluid over an impulsively moving ramped
temperature plate. It is expected that the present
findings will be useful in biological and physical
sciences, transportation, electronics  cooling,
environment and national security.

MATHEMATICAL ANALYSIS
Formulation of problem and its solution

In the present study, we considered unsteady
hydromagnetic natural convective flow of an
electrically conducting, viscous and incompressible
nanofluid over an impulsive moving vertical
infinite plate. The coordinate system is chosen as
follows: X' -axis is considered along the length of
the plate in upward direction and y’-axis is normal
to the plane of plate. A uniform transverse magnetic
field By is applied in a direction which is parallel
to y' -axis.
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Table 1. Thermophysical properties of base fluid and nanoparticles [38]

p Cp k Bx10° ¢ °
(kg/m?) (JkgK) (W/mK) (k) (S/m)
Water (Base fluid) 997.1 4179 0.613 21 0.00 55x107°
Cu (Copper) 8933 385 401 1.67 0.05 59.6x10°
Al203 (Alumina) 3970 765 40 0.85 0.15 35x10°
TiO; (Titanium oxide) 4250 686.2 8.9538 0.90 0.20 2.6x10°

The fluid and plate are at rest and are maintained
at a uniform temperature o/ at timet'<0. At

timet' >0, the plate starts moving in x'-direction
with uniform velocity y, in its own plane. The

temperature of the plate is raised or lowered to
a, +(a),—a)t'/t,when  0<t'<t, and it s
maintained at uniform temperature o/ when t' >t
(t,being characteristic time). The schematic

diagram of the model is presented in Fig. 1. The
water-based nanofluid is considered which contain
three types of nanoparticles: Cu, Al,O; and TiO..
The nanoparticles are assumed to have uniform
shape and size. Moreover, it is also assumed that
both the base fluid and the nanoparticles are in
thermal equilibrium state and no slip takes place
between them. The thermophysical properties of
base fluid and nanoparticles are given in Table 1.
The plate is considered to be of infinite extent
inx"and z’ directions and is electrically non-
conducting so all physical quantities except
pressure are functions of y’and t'only. Since the
magnetic Reynolds number of the flow is taken to
be very small, the induced magnetic field is
neglected so that the magnetic field B=(0, B,,0). No

electric field is applied, so the electric field due to
polarization of charges is negligible; that

is, EE(O,O,O). This corresponds to the case where

no energy is added or extracted from the fluid by
electrical means.

Under the assumptions made above and
Boussinesq approximation, the governing equations
for natural convective flow of an electrically
conducting, viscous and incompressible magneto-
nanofluid taking into account the effects of heat
absorption are given by:

ou oV .

Pni g:tunf W_UnfBOZU +g(pﬂ)nf ((X _aw)v (1)

oa' k., &% Q,
P 2

at (pcp)nf ay ('Dcp)nf

where

U! a,l pnf’ ,Llnf! an! gl ﬂnf 1 (pcp)nf 1 Qoand knf

are: component of nanofluid wvelocity in X' -

(a'-a), 2)

direction, temperature of the nanofluid, density of
the nanofluid, dynamic viscosity of the nanofluid,
electrical ~ conductivity of the  nanofluid,
acceleration due to gravity, thermal expansion
coefficient of the nanofluid, heat capacitance of the
nanofluid, heat absorption coefficient and thermal
conductivity of the nanofluid, respectively.

Initial and boundary conditions for the nanofluid
flow problem are:
U=0,a =a, for y>0andt' <0,
U=U,aty =0fort'>0, ?)
a =al, +(a,—a,)t' It at y'=0for0O<t'<t,,
a'=a, at y'=0 for t' >t
U->0, o —>a, as y > fort’ >0.

For the nanofluids, the expressions for
pnf’ /Llnf’ O-nf'(pﬂ)nf and (pcp)nf are glven as:
Put =(1-0) s + 04, thyg = 11y (1-9) 7,
(08),; =(1-8)(pB), +(0B),.

(2,),, =(@-)(ec, ), +6(s,).. “

3(c-1)¢ } Lo
(0'+2)—(0'—1)¢ ,

Ont =0 {1+

where
¢! pf’ ps' :uf’ ﬁf ' ﬁs’ (pcp)f ’ (pcp)s! Gf and O-s

are: solid volume fraction of nanoparticle, density
of the base fluid, density of the nanoparticle,
viscosity of the base fluid, thermal expansion
coefficient of the base fluid, thermal expansion
coefficient of the nanoparticle, heat capacitance of
the base fluid, heat capacitance of the nanoparticle,
electrical conductivity of the base fluid and
electrical conductivity of the nanoparticle,
respectively. The expressions presented in equation
(4) are limited to spherical nanoparticles, and are
not valid for other shapes of nanoparticles. The
model for effective thermal conductivity of the

nanofluid, i.e., Kk, for the spherical nanoparticles,

given by Hamilton and Crosser model followed by
Oztop and Abu-Nada [38], is expressed as:

k. +2k, —2¢(k, —ks)] )

nf = M

k + 2k, +(k, —k,)
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Fig. 1. Schematic diagram of the model

where ks is the thermal conductivity of the base
fluid and ks is the thermal conductivity of the
nanoparticles.

In order to convert the equations (1)-(3) in
dimensionless form, now we introduce the

following  non-dimensional  variables  and
parameters:
’ U t! I_ !
y= u=—t=— g=%"% (6)
Uty U, ty a,—a,

Equations (1) and (2), in dimensionless form,
reduce to:

ou o

—=K,—-KMUu+KG,a: @)
é’t 1 ayz 2 3~
oa 1 da
E:?W—Keal (8)
5
where,
e P _ 3(c-1)¢ o T
11_{(1 ¢)+¢[p' Hv A ‘:1+(0'+2)*(0'*1)¢:I oy (9)
= — (Pﬁ)s — _ (pCp)s _ UfQO
sl o
1= 12.5 z_év K3:é K4:k"7f, K5:i,K6:g
1-¢)" 4 A P K, Ko ° 4
M O'fBosz _ 9p,0; (aw_am) P_(pUCP t
- vag - US ¢

g(y,t) = l:eymerfci\/ﬁ+;\/iq +eymerfc(—\/ﬁ+

MY [Ks | Y K| |t
al(y.t)—2|:£t+2\/;6]e erfc{\/KT;Hz t}+( 5
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u=0, ¢=0 for y>0 and t <0,
u=lat y=0 for t>0,

a=t at y=0 for 0<t<],
a=1at y=0 for t>1,
u—>0,a—>0as y—oofort>0.

(10)

The characteristic time t, may be defined
according to the non-dimensional process
mentioned above as ty=v;/Uj, where U,is

characteristic velocity.
The initial and boundary conditions (3) in
dimensionless form reduce to:

u(y,t)=%g(y,t)+ﬂg[f1(y,t)—H(t—l)fl(y.t—l)]. (11)

&y, = (y,)~HE-D a5 (y,t-D), 12)

where,

A 13
z\ﬁﬂ (13)
\/E Jeymerfct— JKa+Y \/EH (14)

K, 2\t
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gt _ _ _ _

fl(yvt) =;2[ey\/“(’vz““)el’fc[\/(ﬁz +14)t +Z\/?]+e)’\//q()vg+m)erf (_ ’(/12 +/14)t +% ?J
4
_ K ) g f (\/mﬁzl\/?—ey“/““w“erf (_\/m%’\/?}

bl 1)

s IS
el

1 y [K —yJKeKs y |K
T =2 [ e Veerf | - K+ 2 [ =2
{/14 ( 2 6K2JH ( A

Here H(t-1) and erfc(x) are Heaviside step and
complementary error functions, respectively.

Solution for the case of isothermal plate

The expressions (11) to (15) represent the
solution for nanofluid velocity and temperature for
the time-dependent natural convective flow of
electrically conducting, viscous and incompressible
magneto-nanofluids over an impulsively moving
vertical ramped temperature plate under the
influence of heat absorption. In order to analyze the
effect of ramped temperature on the flow-field, it is
worthwhile to compare such a flow with the one

(15)

near an impulsively moving vertical uniform
temperature plate. Owing to the assumptions made
in the initial and boundary condition (10), the
equations (7) and (8) are solved analytically with
the help of Laplace transform technique and the
exact solutions for nanofluid velocity u(y,t) and

nanofluid temperature (y,t) are obtained as

aforesaid, the solutions for nanofluid velocity and
temperature for natural convective magneto-
nanofluids flow over an impulsively moving
vertical plate with isothermal condition are
obtained and are expressed in the following forms:

u(y,t) :;]:eymerfc[\/ﬁ+32/\/?]+e'ymerfc[—\/ﬂ+z\/?j]
+j{ezt{eymerf0[m+gﬁj+eymerfc[—er;’\/?]
—eymerfC[MJr;\/?]—eymerfc[—\/WJr;\/?]}]

4

A1) y\/z iz gt _ y\/z
2 {2{e erfc[\/ﬁ+2 t]+e erfc[ \/ﬁ+2 t]

i eymem[ i \/? j%-ymerfc[_m +Z\/9H (t6)

a(y,t)= ;{eymerfc(,/&t +% , /?]%ymerfc[—,mﬁt +% ':&"H (17)

Skin friction and Nusselt number

The expressions for Nusselt number Nu, which
measures the rate of heat transfer at the plate and
skin friction z , which measures the shear stress at

the plate are presented in the following forms for
both ramped and isothermal conditions:
For a ramped temperature plate:

625



M. R. Mishra et al.: Effect of heat absorption on Cu-water based magneto-nanofluid over an impulsively moving ...

Nu;H\/EJth ]{erfe(J_) 1} J7 Ks'} SH(t- 1)1:{\/7+2(t 1)/KK, J{erfc(JKe(t—l))—l}—z (tfi)ﬂem”)},(ls)

r=Jaa, {erfc(\/_ )— 1} \/7 e+ [f,(t)-H(t-D1,t-D)], (19)

f,(t) = a

4

—t

where,

gt [m{erfc(m)—l} m{erfc(wl (K +a4)t)—1}

ﬁ e ﬂg+/14)t+ K5 e (K6+34)t:|
T U

_2_;{ %{erfc( azt)—1}+(i+tj aa, 2 erfc

(Lot B
a, tr

fre(
; J%{erfc(m)_l}{_Hjmz{em oo 2ot e

G

1 -a,-K
a,=— a,=MK,, a,=—r 1%
K&~ 2 K, —a,

1

For an isothermal temperature plate,

Nu = e — KK, {erfc(\/_) 1}

Ks'Ke+a1'az

and a, = "
58

(20)

:{\/@{erfc(\/ﬁ)—l}_ ﬁe—azt:|+%4|: pal {W{erfc( (a2+a4)t)—1}

tr

o € ettt _ K (K, +a, {erfc(«/(K +a )t) } \/; “Ke*a“‘H

—%{@{erfe(\/@)—l}—

RESULTS AND DISCUSSION

In order to emphasize the effects of various
physical parameters on the flow-fluid, the
numerical computations were performed and
numerical results for the nanofluid velocity and
temperature were described with the help of various
graphs. For the engineering aspects, the numerical
values of skin friction and Nusselt number are
presented in different tables. Three distinct types of
water-based nanofluids with nanoparticles of
copper (Cu), aluminum oxide (Al,O3) and titanium
oxide (TiO;) were taken into account. The
numerical values of copper-water based nanofluid
velocity u(y,t), computed from the analytical
solutions reported in this paper are shown by
different graphs against the boundary layer
coordinate y in Figs. 2-6 for different values of
magnetic parameter M, heat absorption parameter
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%e_azt_\/m{erfc(\/K_g[)_l%\/%e‘Ket}_ (21)

Q. Grashof number G,,
fraction ¢ and time t taking Prandtl number
P.=6.2. The values of ¢ are considered in the

range 0<¢<0.25. In addition, the spherical

nanoparticles with thermal conductivity and their
dynamic viscosity are given in Table 1. The values
of other physical parameters are shown in the
respective figures. It can be observed from Figs. 2
and 3 that the nanofluid velocity gets reduced due
to reduced magnetic and heat absorption parameters
M and Q, respectively. This may be endorsed to

the fact that the existence of magnetic field in the
presence of an electrically conducting nanofluid
generates a resistive type of body force, termed as
Lorentz force which has a tendency to impede the
motion of a fluid in the boundary layer region. Fig.
4 shows that augmentation in G, results in
significant rise in the nanofluid velocity which is

nanoparticle volume
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persistent to the fact that the Grashof number G,
behaves as a gratifying pressure gradient which
accelerates the nanofluid velocity in the entire
boundary layer region. It can be seen from Fig. 5
that the volume fraction of nanoparticle ¢ slows
down the nanofluid velocity near the proximity of
the plate while it has an annulment consequence
away from the moving plate.

Ramped Temperature

_________ Isothermal

Fig. 2. Effect of M on vel-ocity profiles

Ramped Temperature

Isothermal

- ) - e ==3 4
nﬂ I 1 1 1 I
LX) 0.5 Lo 15 0 15

Fig. 3. Effect of Q on vélocity profiles.

This happens due to the reason that the
increasing value of volume fraction of nanoparticle
reduces the thermal conductivity of the fluid, which
in turn causes the thickness of the boundary layer to
reduce and the viscosity to increase, thereby
reducing the nanofluid velocity in the proximity of
the moving plate. Fig. 6 reveals that as time passes,
the fluid wvelocity gets accelerated. The
consequences of heat absorption parameterQ,
nanoparticle volume fraction ¢ and time t on
copper-water based temperature profiles are shown
in Figs. 7-9, taking Prandtl number P. =6.2. In

Fig. 7 it is observed that as heat absorption
parameter gradually increases, a significant
reduction results in the nanofluid temperature for
both ramped and isothermal conditions. From Figs.
8 and 9 it is evident that the nanofluid temperature
rises with the increase of nanoparticle volume
fraction ¢and time t for both ramped and

isothermal conditions. Physically, it is described as
the nanoparticles volume fraction has a tendency to
raise the nanofluid temperature throughout the
boundary layer region; also nanofluid temperature
gets increased with the progress of time for both
ramped and isothermal cases.

Fampsd Temperaturs 4

T T T T T
Lo
" Ramped Temperature

asl wa  TTTTTmoo Isothermal
’ “. v $=0.05, 0.15, 0.25
S 02 f
o rpomf————— | ]
£ e N g pami
3 \'b\:\ i » 0268 ¢
" N, 0.266

04f N ]
\\\ ;/'ﬂ.m.mm-.mm.mﬂ.mn

Ly

0.0}, )

Fig. 5. Effect of ¢ on velocity profiles.

The comparison of nanofluid temperature
profiles in the case of isothermal and ramped
conditions  for  different  nanofluids  with
nanoparticles of Cu, Al,O3 and TiO; is depicted in
Fig. 10. It is seen from Fig. 10 that for both
isothermal and ramped conditions, the temperature
of TiO,-water based nanofluid is higher in
magnitude followed by the temperature of Al,Os-
water and Cu-water based nanofluids.

The numerical values of skin friction z for both
cases of ramped and isothermal temperature plates
considering the copper-water based nanofluid,
evaluated from equations (19) and (21) are given in
Table 2 for different values of M, G, ¢, Q and t

keeping Prandtl number P =6.2.
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10
\‘i‘ Ramped Temperature
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Fig. 6. Effect of t on velociiy profiles.
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Ramped Temperature
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Fig. 7. Effect of Q on temperature profiles.
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e TNt
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Fig. 8. Effect of ¢ on velocity profiles.

T T T T T T T T
1O i
." —————— Ramped Temperature

_________ Isothermal

t=0.2, 0,6, 0.9

Tanpaure

|

0.6 0E 10 112 14

Fig. 9. Effect of t on tempe-rature profiles.
It follows from Table 2 that the shear stress

increases due to the increase of
M, G,, ¢, Q and t. This infers that magnetic field,

thermal buoyancy force, volume fraction of
nanoparticle, heat absorption parameter have
tendency to increase the shear stress at the plate,
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also it gets augmented as time passes for both
ramped and isothermal conditions.

10 _|‘ T T T T T T]
i %
* Ramped Temperature
\

08 W s Isothermal ]
g ol
g
E

=
.

0.2

LX)

Fig. 10. Comparison of'temperature profiles for
different nanofluids.

It is reckoned from Table 3 that the Nusselt
number Nu for both ramped and isothermal
conditions, increases for increasing value of @ and

decreases with the increase of ¢, whereas for the

ramped case it increases and decreases for
isothermal case with the increase in t. This suggests
that for both cases of ramped and isothermal
conditions, the rate of heat transfer at the plate gets
raised with the augmentation of heat absorption
parameter whereas the volume fraction of
nanoparticles has an adverse effect on it. As time
passes the rate of heat transfer gets improved for
the ramped case whereas it gets reduced for the
isothermal case.

Validation of the obtained results

The obtained results were validated by
comparing the nanofluid velocity profiles with the
results obtained by Khalid et al. [36] considering
similar assumptions but in the absence of magnetic
field and heat absorption. This comparison
demonstrates an excellent conformity of our results
as it is revealed from Fig. 11.

1.0 _tl'- T T T T ]
‘q Y Presant result
L]
asl "'-,‘ N Tt Result of Khalid =t al. [36]
.
\‘ .
". L]
g NN ]
: \ O
- \ * Isothermal
[N -..\ “. 4
~ \\‘ Ramped Temperature
-
02 \\ E
\‘"‘ 'l\-I
. ""'-n.
ool ey ...17-""‘:".”“- F—
0.0 [ 1o 15 0 15

Fig. 11. Comparison of nanofluid velocity profiles in
the present work considering M=Q=0 with those
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Table 2. Skin friction 7 for Cu-water based nanofluid when P. =6.2

M (_?,r @ Q t 7 for ramped temperature 7 for isothermal plate
3 4 0.05 2 0.6 6.15463 5.80615
5 4 0.05 2 0.6 6.29641 6.14205
7 4 0.05 2 0.6 6.58365 6.58457
5 3 0.05 2 0.6 4.99342 4.82386
5 4 0.05 2 0.6 6.29641 6.14205
5 5 0.05 2 0.6 7.59940 7.46024
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.15 2 0.6 9.81332 9.37154
5 4 0.25 2 0.6 19.1638 18.7232
5 4 0.05 15 0.6 4.32815 4.35649
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.05 | 25 0.6 8.98351 8.71207
5 4 0.05 2 0.3 3.52347 2.84424
5 4 0.05 2 0.6 6.29641 6.14205
5 4 0.05 2 0.9 17.8309 17.7829
Table 3. Nusselt number Nm for Cu-water based nanofluid
1/ Q T Nu for ramped temperature Nu for isothermal plate
0.05 2 0.6 2.94341 3.38195
0.15 2 0.6 2.54640 2.94062
0.25 2 0.6 2.21385 2.56973
0.05 1.5 0.6 2.84580 3.00798
0.05 2 0.6 2.94341 3.38195
0.05 2.5 0.6 3.05186 3.72975
0.05 2 0.3 2.60289 3.68166
0.05 2 0.6 2.94341 3.38195
0.05 2 0.9 3.76742 3.31097

CONCLUSIONS

The exact solution of the governing equations
was obtained by using Laplace transform technique
to explore the consequences of various relevant
parameters on the natural convective flow of an
incompressible, viscous and electrically conducting
magneto-nanofluid over an impulsively moving
ramped temperature plate. The important findings
are summarized below for both the cases of ramped
temperature and isothermal plates:

(i) The existence of magnetic field in the
presence of an electrically conducting nanofluid
generates a resistive type of body force, which has
a tendency to impede the motion of fluid in the
boundary layer region.

(i) The thermal buoyancy force behaves as a
gratifying pressure gradient which accelerates
nanofluid velocity in the regime of boundary layer.

(iii) The increasing value of the volume fraction
of nanoparticles reduces the thermal conductivity of
fluid, which in turn reduces the thickness of the
boundary layer and increases the viscosity of fluid
and as result the nanofluid velocity gets reduced in

the proximity of the moving plate. The nanofluid

velocity gets accelerated with progress of time.

(iv) Heat absorption has a tendency to decrease

the nanofluid temperature whereas the nanoparticle
volume fraction has a tendency to enhance the
nanofluid temperature. As time progresses the
nanofluid temperature is enhanced.

(v) Magnetic field, thermal buoyancy force,
volume fraction of nanoparticles and heat
absorption parameter have a tendency to increase
the shear stress at the plate.

(vi) The rate of heat transfer at the plate gets
raised with the augmentation of heat absorption
parameter whereas the volume fraction of
nanoparticles has an adverse effect on it. As time
passes, the rate of heat transfer gets improved for
the ramped case whereas it gets reduced for the
isothermal case.
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BJIMAHUE HA ABCOPELIUATA HA TOIUVIMHA BBPXY MEI-CBABPXXAILl MATHUTO-
HAHO®JIYU/ HAJL UMITYJICHO ABMXEILA CE INTACTUHA C I[TIPOMEHAIIA CE
TEMIIEPATYPA

M. P. Mumpa?, C. M. Xycaun®", P. Illapma?, T'. C. Cet®
1ﬂenapmaMeHm no mamemamuxa, Ynueepcumem O. I1. [picundan, Paiieap, Hnous
2 lenapmamenm no mamemamuxa, GITAM, Baneanypy, Unous
3 lenapmamenm no npunoicna mamemamuxa, Muouticku uncmumym no mexnonozus (ISM), Axanbao, Unous

[Mocrpruna Ha 18 ronu, 2017; kopurupana Ha 6 aBrycr, 2018
(Pesrome)

W3cnenBaHo € BIMSHHUETO Ha abcopOLusTa HA TOIIMHA BHPXY TPAH3UEHTHHS CBOOOJICH KOHBEKTHBEH ITOTOK Ha
TPaHUYHUS CIOM Ha €JEKTPONpPOBOJANMA, BUCKO3HA U HECBUBA€Ma MarHUTO-HAHOTEYHOCT HAJ MMIYJICHO JIBHXKELIA Ce
BEpTHKaJHA IUIACTHHA C IPOMEHJIMBA TeMIeparypa. M3mon3BaHa € HAHOTEYHOCT Ha OCHOBaTa Ha BoJa C JI00aBEeHH
HAaHOYACTULIM OT TUTAHOB OKCHJ, alyMMHHMEB OKCHJ M Mel. MareMaTH4eCKUAT MOJEN € IOJy4YeH C M3MOJI3BAaHE Ha
Mozena Ha obeMHaTa (Qpakius HAa HAHOYACTHUIWTE. YTPABIABALIMAT MOJAEN € PElIeH aHAJUTUYHO C ITOMOINTa Ha
TpaHchopMmanoHHaTa TexHuka Ha Laplace. M3pasute 3a CKOpOCTTa U TeMIieparypara Ha TeYHOCTTa, MTOBBPXHOCTHOTO
Tpuene u gucnoro Ha Nusselt ca monydenu 3a ciyuanTe Ha POMEHSIIA Ce M Ha MMOCTOSIHHA TeMIepaTtypa. BiusHueTo
Ha pa3nuYHATe (PU3WYHH MapaMeTpH BBPXY CKOPOCTTa Ha HAHOTEYHOCTTA € FIIIOCTPUPAHO TpadudHO, a YHCICHUTE
CTOMHOCTH Ha MOBBPXHOCTHOTO TpUeHe U uucinoto Ha Nusselt ca npencraBenn B Tabnuuu. [logydeHuTe pe3ynTaTa IpH
IIPOMEHSIIA CE€ U MPU MOCTOSHHA TEMIIEpaTypa ca CPABHEHU U € YCTAHOBEHO, Y€ CTOMHOCTUTE MPHU U30TEPMHH YCIOBHS
Ca MO-HUCKH OT TE€3M MPHU IPOMEHJIMBA TEMIIEPATYpa.
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In spite of several studies carried out on jet impingement on a plane surface, this work describes a new approach of
comparing the heat transfer characteristics when three different materials are used as a target. The heated target plates are
made up of stainless steel, mild steel and aluminium and are kept at different heights (2 to 8 mm) from a nozzle with
diameter ranging from 0.5 to 3 mm. Measurements were done at the stagnation point using air jets with velocity of 6.4
and 9.2 m/s. The major characteristics of a jet impinging on a plane could be shown by straightforward experiments like
spreading over method. Nusselt number was calculated for various values of jet Reynolds number and it was observed
that adequate cooling of the plate is attained and enhanced with an increase in Reynolds number. It was also noted that
the placement of the target is critical for optimum performance in practical applications. The increment in air velocity
and Reynolds number improved heat transfer while increment in nozzle height decreased the performance at the
stagnation point. Furthermore, three new reliable empirical correlations were established using the experiments
performed.

Keywords: Impinging air jet, Target plate material, Round nozzle, Stagnation Nusselt number, Empirical correlation.

INTRODUCTION

Impinging jets, which are gas or liquid released
with specific flow direction towards or over a target
surface, provide efficient means for energy and mass
transfer in many modern industrial processes. Some
heat transfer applications of impinging jets includes
stock material cooling, electronic components
cooling, material forming, defogging of heated
optical surfaces, internal cooling of turbine blades,
heat treatment and cooling of critical machine parts
[1]. They can be found in equipment involving
heating, cooling or drying units, pulverisation, food
processing, annealing of materials, building
ventilation and cleaning operations. Removal of
small particulates from surfaces and drying are some
typical examples for mass transfer applications. Heat
transfer due to impingement and abrasion caused due
to landing and take-off jet devices were also studied
[2-4].

The mechanism and structure of impinging jets
should be understood to find the suitable methods of
predicting jet performance. Optimized design of
these kinds of installations need in-depth idea on the
jet structure. Two-dimensional incompressible
laminar slot air jet impingement on isothermally
heated surface was studied for 100 < Reynolds
number (Rep) < 400 with different ratios of
separation distance (nozzle-to-target plane distance)
and jet width ranging from 1 to 8 mm to develop
correlations between boundary layer thickness and

* To whom all correspondence should be sent:
E-mail: kalai@nitt.edu

stagnation Nusselt number (Nus) with respect to Rep
and separation distance [5]. Another experimental
study of heat transfer behaviour of a confined slot
laminar jet impingement has been performed for 190
<Rep <1537 [6]. Investigation on the rate of cooling
of a surface, due to the effect of multi-jet array,
revealed an intense periodic oscillation in the
Nusselt number (Nu) streamwise profile for different
array spacing when the distance between the target
plate and jet is fixed [7]. The peak in heat transfer
coefficient increased by keeping smaller jet-to-plate
spacing and diminished at larger spacing when the
jet applied was cross flow [8]. In studies on an
impinging square jet through cross flow, formation
of vortices was noticed and their number, strength
and location depended on the jet-to-cross flow
velocity and on the jet-to-plate spacing [9].
Operation of jet at cross flow also has been reported
to reduce Nu by 60% [10]. Protrusions on the
confinement surface resistricted the jet inlet
interaction with exhaust flow while enhancing heat
transfer rates [11]. Studies on various other types of
jets including elliptical jets, liquid jets and
isothermal gas and flame jets were also reported
[12-14]. Apart from experimental works, theoretical
or empirical analysis and various types of
computational methods were applied for studying
impinging jets [15-17].

The main goal of the study is to determine and
suggest the best performing plate material for
achieving the best heat transfer characteristics out of

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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the three selected target plates labelled as SS
(stainless steel), MS (mild steel) and AL
(aluminium). No such comparison of heat transfer
characteristics of target material for impinging air jet
was found in the literature and this work is the first
attempt in that aspect. Operating configuration was
optimized using different input parameters like air
jet velocities, nozzle diameters, nozzle heights from
target surface and Reynolds number and the outcome
performance was measured in terms of Nu. Only few
studies were performed on analysis of the combined
effect of such input parameters. Therefore, this study
would be a significant contribution to the heat
transfer research on the air jet impingement.

Only stagnation point was considered for this
study because our preliminary studies at different
locations determining stagnation, local and average
heat transfer coefficients showed that at the
stagnation point, a maximum heat transfer occurred
giving high Nu (data not shown). This study
intended: (1) to examine the flow properties of the
jet; (2) to explore the effect of Reynolds number and
nozzle distance from stagnation point; (3) to develop
empirical correlation of Nus for all three materials
and (4) to validate the results from experiments with
the theoretical values.

EXPERIMENTAL
Experimentation setup

The setup used for the experimentation consisted
of three major components, viz., air supply system,
heated target plate and monitoring instrumentation.

CY NS
\.»\ l),l',

/ Material (SS/ MS/ A
2.5 mms

(D)

AN (B)

Fig. 1 elucidates the schematics of the major
components of the setup. The working fluid (air) is
compressed through the compressor (CEC model
A829, 7 kg/cm?, 760 rpm, 120 L capacity with
single-phase induction motor, Prv-15 model
pressure with air filters, regulator, bypass valve and
a pressure gauge with 0-14 kg/cm? range). Then, the
air is passed through a flowmeter (RG-05 model
glass tube rotameter with pressure rating of 40 bar
and range 0-100 Lpm) to a flexible tube at the end of
the air supply system which is connected to a duct
and a round-edged nozzle is fitted to this duct. As per
the experimental configuration, the nozzle with
corresponding dimension is used at the end of the
duct. A Kapton heater (vari-volt type 10-p capacity
10A) with a uniform heating element (3950 W/m?)
inserted in an insulator assembly was used to heat
the target plate. The power supplied was monitored
by employing a voltmeter, measuring the potential
difference and an ammeter, measuring the current
flow. A digital anemometer (Lutron model: AM-
4201) and a mercury thermometer were used to
measure the air jet wvelocity and temperature,
respectively. The target was placed perpendicularly
to the axis of the impinging jet. The spacing height
between the nozzle and the plate was adjusted by a
moving support, which facilitated vertical and
horizontal movements. The air jet from the nozzle
impinged normally onto the center of the heated
target and a precisely calibrated K-type
thermocouple was used to record the plate surface
temperature.

Air Inlet

1 ©)
S—2 5 ¢ 9 mm yi
-3
40 mm

D

Air 6utlct

Air Inlet

Fig. 1. (A) Target plate (B) Plate insulator heater box [1-Stagnation point, 2—-Target plate, 3—Fire brick chamber with
Kapton heater] (C) Nozzle element [D-0.5 to 3 mm] (D) Experimental arrangement [1-Stand, 2—Height adjusting clamp,

3-Jet nozzle, 4-Target surface, 5-Heating chamber, 6-Base]
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Experimental procedure

Experiments were carried out for different nozzle
diameters (D) and various nozzle-to-plate distances
at two air flow velocities (v) (as shown in Table. 1).
The air supply from the compressor was controlled
by the flowmeter to vary the air velocity. Heating by
the heater and cooling due to impinging jet occurred
simultaneously. A steady state condition was
achieved when the heat loss by convection from the
top surface of the plate equals the heat conducted to
the top surface of the heated plate. After the steady
state was achieved for 45 min, the surface
temperature of the plate was recorded. A total of 108
measurements were made with the thermocouple
installed for measuring the local temperatures of the
heated target surface. The measurements for all
experiments were performed in a symmetric mode
and the acquisition of all experimental data was at a
steady state. The configuration used in this study is
compared to some of the impinging jet
configurations from the existing literature in Table
2.

Estimation of heat transfer characteristics

The characteristics of heat transfer were deduced
by converting the temperature data into heat transfer

D xv xp
Rep=———— n
U

where, p is the viscosity of air; p is the denisity
of air.

At the steady state conditions, the stagnation heat
transfer coefficient (hs) was derived for the plate
with thickness of 2.5 mm at the center of the plate
(i.e., distance (x) from the target plate center = 0).
By combining the Fourier’s law with the Newton’s
law of cooling (Eqg. 2), the local convective heat
transfer at the stagnation point was derived by Eq. 3
and the stagnation Nusselt number (Nus) was
calculated from Eq. 4.

KAdT =hA (T, - T 2

K|  =m(T,-T) @)
25 % ¢q

hS_ (Tw,x - Ta) (3)

where, A is the surface area of the plate; K is the
thermal conductivity of air; Twx is the temperature of
the wall at a distance x; Ta is the temperature of the
air; Tw is the temperature of the wall; h is the heat
transfer coefficient; g is the convective heat flux on
the top of the plate.

information.  The  stagnation  heat transfer N _hg X tx =0 4
coefficients were determined to calculate the s atx )
removal of heat from the test surface and to obtain
an accurate convective heat flux [6]. Reynolds
number was calculated with the air flow parameters
using Eq. 1.
Table 1. Operational parameters
Parameter Range
Nozzle diameter 0.5,1.0,15,2.0,2.5and 3.0 mm
Height of nozzle above the plate 2,4 and 8 mm
Air velocity 6.4 and 9.2 m/s
Reynolds number 192.61 to 1661.26
Target plate thickness 2.5 mm
Table 2. Comparison of experimental configurations
References D (mm) H/D Rep Nozzle geometry  Target plate

Chou and Hung [5] 1,15 1-8 100-400 RN SS

Lin et al. [6] 5 1-20 190-1537 OoP SS

Rady and Arquis [11] 1,15 1-4 250, 500 CN SS

Arjocu and Liburdy [12] 05,15 1-6 300, 1500 SA AL

Morris et al. [13] 3.18,6.35 1-4 8500-13000 CN SS

Meola [21] 2-12 1.6-20 200-100000 RN, RectO SS

Mahgoub [22] 2.7-11 11 10%- 108 RectO AL

Present study 0.5-3 0.67-16 192.61-1661.26 R-LTN SS,MS,AL

Abbreviations: SA=square array, OP=jet orifice plate, R-LTN=round long-throat nozzle, CN= circular nozzle,
RN=round nozzle, RectO=rectangular opening, SS=stainless steel, MS=mild steel, AL=aluminium
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Uncertainty analysis

The uncertainty in Nusselt number was
predisposed mostly by the determination of heat flux
and wall temperature. The surface heat flux was
affected by the difference in the plate dimensions
that was claimed in the supplier description to be less
than 7% of the normal value. The uncertaintiy in
the values measured by a calibrated flow meter was
+0.5% and that of the thermocouple was +0.75%.
The Nusselt number uncertainty was acknowledged
to be optional and stretched from 4.5 to 10.43% [18].
Thus, the cumulative uncertainty was found to be
<9%, which is well within the acceptable limits
(£15%) [14,19] in experimental data.

RESULTS AND DISCUSSION

The foremost inflection of the present study is
heat transfer characteristics at the stagnation point of
an unconfined jet on three different target materials.
A sequence of experimental trials was conducted to
discover the flow and heat transfer characteristics
with the selected jet configurations having three
different nozzle heights (H) above the plate for each
plate material. This set of experiments was repeated
with each of the 6 nozzles (with D = 0.5 to 3 mm)
leading to 54 performance outcomes for each of the
two air velocities. The effect of nozzle height or
nozzle-to-plate distance on Nus for the various
nozzle diameters is compared in Figs. 2 and 3 for the
three target materials (SS, MS and AL), where v =
6.4 and 9.2 m/s, respectively. It is seen that the Nus
increased with increase in the velocity for every
nozzle, while the Nus decreased as the height
increased. The decrease in Nus was more rapid when
H was increased from 2 to 4 mm. This may be mainly
due to the reduction of air flow as the distance
between nozzle and plate was increased [6]. This
effect was witnessed because of higher air flow
dispersion. At lower height, the air flow was
confined at the impinging point and hence, the heat
transfer was higher at lower heights. Therefore, the
height with maximum heat transfer (2 mm) was
considered for further calculations. Among the three
materials, SS showed high Nus values while AL had
the least Nus values. When H <4 mm, the Nus of the
materials where close to each other for D < 1.5 mm.
As D increased above 1.5 mm, SS and MS had nearer
Nus, and AL had a notably lower Nus. Thus, the low
heat transfer ability of AL is clearly evident. The
Reynolds number varies according to nozzle
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diameter and the air jet velocities on which it is
dependent. Rep values calculated for this study
ranged from laminar to transient regime. The effects
of Rep on Nus when H =2 mm and v = 9.2 m/s were
compared for the target materials in Fig. 4, which
reveals that the Nus values were higher for higher
Rep. As the Rep increased, the Nus distribution
became slightly convex. The comparable trend of
increase or decrease in the Nus with change of
materials was perceptible. It is further inferred that
the bigger the nozzle diameter, the higher is Nus
because of the higher Rep associated with the larger
nozzles [6]. Moreover, the smaller nozzle could have
delivered a lower quantity of air compared to that of
the bigger nozzle. This, in turn, has affected the Nus
and subsequently, the heat transfer characteristics.
Flow resistance with the smaller nozzle was yet
another factor affecting the Nus.

The heat transfer coefficient condensed in
dimensionless form as Nu could be related to the
Reynolds number according to Eqg. 5 [20], which
conveys that the ratio of total heat transfer
corresponding to conductive heat transfer is
proportional to the momentum flux:

Nu O(ReDa (5)

where, a is the power law constant and its value
ranges from 0.5 to 0.99 in the experiments
depending on the range of Reynolds number.

Meola [21] and Mahgoub [22] investigated
various power law equations at the stagnation zone
and stated that the Nusselt numbers could be
correlated in the following form:

Nu = C;Re, (6)

where, C; and C, are empirical constants obtained
from experimental data. In particular, the heat
transfer near to the stagnation point may be
computed according to Eqg. 6 for the laminar and
transient regime (276.88 > Rep < 1661.26 at a
velocity of 9.2 m/s) by calculating the correlation
factors from Fig. 4 for all 3 materials, and the data
sets are reduced to Egs.7 (SS), 8 (MS) and 9 (AL).
Their corresponding correlation coefficient (R?)
values are 0.995, 0.993 and 0.961, respectively.

Nus = 0.425 Rep %8% (7)
Nus = 0.393 Rep 0891 (8)
Nus = 0.527 Rep %8% 9)
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Fig. 2. Effect of nozzle height (H) on the Nus at air velocity (v) of 6.4 m/s for various nozzle diameters (A) 0.5 mm;
(B) 1 mm; (C) 1.5 mm; (D) 2 mm; (E) 2.5 mm; (F) 3 mm
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Fig. 3. Effect of nozzle height (H) on the Nus at air velocity (v) of 9.2 m/s for various nozzle diameters (A) 0.5 mm;
(B) 1 mm; (C) 1.5 mm; (D) 2 mm; (E) 2.5 mm; (F) 3 mm.

635



K. Jeyajothi, P. Kalaichelvi: Heat transfer performance of stainless steel, mild steel and aluminium target plate ...

350 -

¢ SS
300 1 E MS
250 - AL

y = 0,4258x08524

R2=0,9958
=0,3939x0:916
R?*=0,9934

275 475 675

1075 1275 1475 1675

Fig. 4. Relationship between Rep and the maximum Nus obtained (when H=2 mm and v = 9.2 m/s)

350 -
3m o ‘X
o MX
g 250 + .ol
. 200 - A  SS Exp.data
g b XEq.7
éj 150 - m X EMS Exp.data
€. XEq.
100 - A Eq.8
AL Exp.data
50 1 w* Eq.9
0 r r r r r .
0 50 100 200 250 300 350
Nus (Eq.7,8,9)

Fig. 5. Validation of experimental (Exp.) Nus data against empirical Nus data obtained from Eqgs. 7, 8 and 9.

The Nus values obtained from these empirical
correlations were plotted against the experimental
values in Fig. 5. One could observe that the
experimental values are closer to the empirical
values derived from Egs. 7, 8 and 9. The average
deviation between the experimental and predicted
values for SS, MS and AL were found to be 3.17%,
4.17% and 9.16%, respectively, and these deviations
are well within the permissible error of 15% [6].
Thus, the empirical correlations developed in this
study were validated and the best performing
material among the three was SS.

CONCLUSIONS

Effects of forced convection heat transfer over
three different horizontal flat plates in the stagnation
region were investigated with an impinging air jet.
The experiments carried out for different values of
nozzle diameter, flow velocity, and nozzle height
revealed that the stagnation Nusselt number is at the
peak for the least nozzle location height for all
nozzles albeit the variations in nozzle diameter and
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air velocity. Higher air velocity with increased
Reynols number vyielded better heat transfer
performance. A new empirical correlation was
derived for each target material and the predicted
values were validated against the experimental data.
Stainless steel plate showed evidently better heat
transfer ability under the experimental conditions of
this study.
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EQ@EKTUBHOCT HA TOILIOIIPEHOCA HA IIJIACTUHU OT HEPBXJIAEMA CTOMAHA,
MEKA CTOMAHA U AJTYMUHUH 3A PA3JIMUHU KOHOUT'YPALIUU HA YIAPHA
BB3/IVIIHA JI03A

K. Txesmxory, I1. Kanaiiuensu™

Jlenapmamenm no unocenepna xumusi, Hayuonanen mexnonoeuuen uncmumym, Tupyuupananu- 620015, Tamun Haoy,
Unous

[Moctenmia Ha 17 romwm, 2018; kopurupana Ha 3 aBryct, 2018
(Pestome)

Omnucan ¢ HOB MOAXOJ 3a CPaBHSIBAHC HAa XAPAKTCPUCTHKHTE HAa TOIUIONMPEHOC MPH yAapHa CTPysS BHPXY paBHA
MOBBPXHOCT OT pa3inueH Marepuai. HarpeBaeMuTe mIacTHHM ca M3TOTBEHU OT HEPHKIacMa CTOMaHa, MeKa CTOMaHa U
ATyMUHHAN W ca Pas3MojioKEHH Ha pasiuuHu pascTosaus (or 2 mo 8 mm) ot aro3ara ¢ guamersp oT 0.5 mo 3 mm.
W3mepBaHusaTa ca MPOBEJICHH MPH TOYKATa HA CTArHAIMS C WU3IOJI3BAHE HA BB3JYIIHA CTPYs ChC cKopocT oT 6.4 u 9.2
mM/S. OCHOBHUTE XapaKTEPUCTUKU HA CTPYHHHUS yIap BbPXY MOBBPXHOCTTA MOTAaT [a Ce HJIIOCTPUPAT uYpe3 MpOCT
eKCIIEPUMEHT, HalpHuMep, 0 MeToJa Ha pasmnpoctpanenuero. Yucimoro Ha Nusselt e npecmerHaTo 3a pasnuuHu
CTOMHOCTH Ha CTPYWHOTO unciio Ha Reynolds u e ycraHoBeHO, Ye ce MoCTHra aJiekBaTHO OXJIAXKIaHEe HA IJIACTHHATA,
KOETO ce moao0psBa ¢ HapacTBaHe Ha umcyioto Ha Reynolds. YcranoBeHO e cblo, Y€ MO3MIMATA HA IUIACTHHATA €
KPUTHYHA 3@ ONTUMATHATA e(PESKTUBHOCT IPU MPAKTHYCCKO MpriiokeHue. [[oBHIIIaBaHETO HA CKOPOCTTA HA BBh3AyXa U Ha
gyucinoto Ha Reynolds Boau mo momobpsiBaHe Ha TOIUTIONMPEHOCA, JOKATO MOBHIABAHETO HA BHCOYMHATA HA JH03aTa
BJIOIIaBa C(PEKTUBHOCTTA B TOUKATA Ha cTarHaius. Ha ocHOBaTa Ha MPOBEJICHUTE EKCIIEPUMEHTH Ca HAMEPEHH TPU HOBU
KOpeJIalyy.
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Phenolic derivatives are some of the most toxic pollutants in the environment. Chlorophenols are the most toxic
pollutants of water and wastewater. Since 4-chlorophenol is a highly soluble compound in water, it is abundantly found
in water and wastewater. Because of high costs, high energy consumption and in some cases environmental inconsistency
of the chemical and biological removal methods, biochemical decomposition of 4-chlorophenol is very important. In the
present study, 13 strains of bacteria and 6 strains of yeast and mold were purified and isolated from Shahid Tondgooyan
wastewater treatment plant (Imam Khomeini Port, Mahshahr), which lasted about 15 days. Then, the ability of each
microorganism isolated in the presence of 100 ppm of 4-chlorophenol was studied and two microbial species suitable for
TY: and TY; were selected for use in a mixed microbial culture. 4-Chlorophenol decomposition was performed in the
presence of 100 ppm of 4-chlorophenol. In this research, one of the most important factors affecting 4-chlorophenol
degradation by mixed microbial culture including glucose concentration with 2 and 5 g/l was investigated. After
examination, the microbial species suitable for TY1 and TY were able to completely remove 100 ppm of 4-chlorophenol,
so that the T strain was removed completely after 45 h and the TY strain after 21 h. Using a mixture of TY1 and TY>
strains (50/50) in the presence of 2 g/l of glucose, 100 ppm of 4-chlorophenol were completely removed after 18 h. Based
on the 18SrRNA gene sequence analysis, the molecular identification of the two superior strains was carried out, both
belonging to the genus Trichosporon. Considering the high potential of Trichosporon species, including their potential
applications in increasing oil recovery and eliminating pollutants, it would be hoped that the further exploration of strains
characteristics and the search for new native strains could play a crucial role in the application of native strains in the oil
industry.

Keywords: Chlorophenol wastewater treatment, Shahid Tondgooyan, Trichosporon, Eliminating pollutants

INTRODUCTION

With the development of societies and the
creation of different technologies and industries,
despite the diminution of many human problems,
several other problems have been added. One of the
most important issues that have arisen with the
emergence of new industries is the loss of
environmental resources and pollution of the
environment, including water and soil, by various
chemical pollutants from the output of various
industries. One of the most important human goals
in recent decades was protecting the environment

such as pesticides, explosives, drugs, textiles, paints
and resins. Phenolic compounds are produced not
only from human activities, but also naturally by the
decomposition of leaves and wood. As a result,
these materials are found in soils and sediments, and
often lead to contamination of groundwater and
wastewater [2, 3].

Due to the high toxicity of these compounds and
the pathogenic properties of some of them, various
methods have been used to remove and analyze
these  toxic  compounds, among  which
biodegradation methods are some of the most

against the growing trend of pollution. Water
resources are some of the most important biological
resources and protecting and cleaning them from
pollutants are among the most important tasks.
Phenol and phenolic derivatives are considered
among the most significant pollutants in the
environment by the Environmental Protection
Agency [1]. These compounds are used in several
industrial processes for the production of chemicals

* To whom all correspondence should be sent:
E-mail: Dr_mansour_bayat@yahoo.com
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effective and easy methods for the removal and
decomposition of this type of pollutants. In these
methods, microorganisms are used as a
decomposing agent of toxic compounds.

The origin of environmental pollution with
chlorophenols

Chlorophenols are abundant in urban sewage,
industrial outlets and waterways, which creates
serious health risks for humans due to high toxicity.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Meanwhile, due to their relatively high solubility in
water, these compounds easily move in different
water environments and pollute groundwater [3, 4].
Because of the stability and resistance of
chlorophenols, these materials are not only found in
surface and underground waters, but also in soils
and sediments [4]. Also, the stability of these
compounds in wastewater treatment systems and
their mixtures with other chemicals that can be
consumed by microorganisms also disrupt the
decomposition and removal of these chemicals [5,
6].

The wastewater from these activities with
varying concentrations of chlorophenols inhibits the
microorganisms that reduce the chemical oxygen
demand (COD) and also prevent the use of nitrogen
and phosphorus [5].

Conventional methods for the removal of
chlorophenols from the environment

There are various methods for the removal and
decomposition of chlorophenols, which can be
referred to as physical, chemical and biological
methods. There are other methods, such as burning
and incineration and landfilling, which are the oldest
methods for removing pollutants. Different
absorption methods, washing with gas and liquid
phase, solvent extraction in solid and liquid phase,
chemical oxidation, electrochemical methods,
catalytic methods using photocatalytic and
sonochemical degradation and enzymatic methods
are some physical and chemical methods for
removal of chlorophenols in the solid phase like
soils and sediments, and in the liquid phase, such as
water and wastewater. These methods are subject to
serious limitations. High costs, hazardous and
harmful by-products, disposal of chemical reagents
and solvents in the environment and
recontamination of environment are among the
limitations of these methods [6].

Biodegradation of chlorophenols and effective
microorganisms
Today, the biodegradation of aromatic
compounds by microorganisms is of particular
interest. Many microbial species, including bacteria
and fungi, can remove chlorophenols as the only
carbon source. Due to the use of decomposing
microorganisms in chlorophenols biodegradation,
the microbial cultures are classified into two main
groups, which are discussed below.

Pure microbial cultures
There are many microorganisms, including
bacteria and fungi that can remove chlorophenols. In
Table 1, a list of aerobic chlorophenol biodegrading
microorganisms is presented as the only carbon

source [7, 8].
Mixed microbial cultures

Mixed microbial culture is a group of different
species of microorganisms that act as a population
together. Examples of microbial collections are
found in active sludge ponds; biofilms such as those
found in trickling filters and also in various soil
ecosystems. Mixed cultures have been used in
fermentation processes, such as food fermentation
and alcohol production, production of yogurt and
cheese, as well as in wastewater and contaminated
water treatment from very old times.

In microbial collections, organisms work
together in a complex system, all of which utilize
each other's activities in the population. For
example, microbial collections are more efficient in
complex organic waste degradation than single
species or even  mixtures mixed  with
microorganisms and with a greater variety of
metabolic capabilities [9, 10].

MATERIALS AND METHODS
General stages of the project

o Sampling

o Stages of phenol degrading microorganism
culture

o Isolation of molds and yeast phenol
decomposing fungi

o Measuring chlorophenol removal

o Determining the identity of selected fungi

o Molecular identification of superior strains

Nutrient and mineral culture media

The culture media used in this study can be used
for the isolation of fungi from bacteria which are
sabouraud dextrose agar (SDA), sabouraud dextrose
agar with chloramphenicol (SC) and potato dextrose
agar (PDA). In the next step, for the final
purification of yeast from mold, specific culture
media, such as yeast peptone agar (YPG) and malt
agar extract (YM) were used.

Mineral salt medium (MSM) and trace elements
used in enrichment and biodegradation of pollutants
are shown in Tables 2 and 3 [12]. 4-Clorophenol of
98% purity, used in experiments, was purchased
from Merck Group in Germany. Table 4 presents the
4-chlorophenol specifications. Due to the growth of
microorganisms  in  4-chlorophenol  mineral
environments, glucose was used as a substrate for
growth supplement or primary substrate in the
enrichment and recovery phases of the wastewater.
In cases where glucose supplement substrate was
added to the environment, its concentration was
considered 2 and 5 g/l [13].
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Table 1. List of chlorophenols and their degrading microorganisms [11]

Microorganisms

Chlorophenols

Desulfovibrio dechloracetivorans (ATCC700921), Alcaligenes sp., Ralstonia
sp., Azotobacter sp., P. putida, Cystobacteri sp., P.cepacia

2-Chlorophenol

Desulfomonile tiedjei

3-Chlorophenol

flocciferium

P. putida, Comamonas testosteroni JH5, P.cepacia, Rulstonie eutropha,
Alcaligenes sp., Azotobacter sp., Ralstonia sp., Candida tropicalis, Fusarium

Penicillium, Aspergillus, Graphium, Phanerochaete, Fusarium sp.

4-Chlorophenol

Clostridium sp.

Desulfitobacterium dehalogenans, Desulformonile tiediei, Ralstonia sp.,

Burkholderia cepacia, P. pickettii (DTP0606).

2,4 Dichlorophenol

Desulfomonile tiedjei, Desulfovibrio dechloracetivorans

2,5 Dichlorophenol

chlophenolicum, P.cepacia

Ralstonia sp.

Desulfitobacterium dehalogenans(JW/IU-DC1), Mycobacterium

Azotobacter sp., P.pickettii (DTP0606), Desulforibrio dechloracetivorans,

2,6 Dichlorophenol

Microbial cultures

Since the main objective of the study was the
elimination  of  4-chlorophenol by native
microorganisms, the wastewater treatment unit was
used as a source of microbial isolation. The
wastewater and sludge used in these experiments
were prepared from different parts of the Shahid
Tondgooyan Wastewater Treatment Plant (Fig. 1)

Pre-treatment of microbial source and selection
of microorganisms

Due to the increased ability to remove pollutants
by microorganisms in wastewater and sludge, a
series of 4-chlorophenol pollutant adaptation and
enrichment was performed on it as follows.

Adaptation of sludge and wastewater of Shahid
Tondgooyan Petrochemical Plant

Since the microorganisms of the wastewater at

first had a negligible growth, the adaptation
operation was done in presence of auxiliary
substrates on the sludge and wastewater to enhance
the ability to remove and then isolate the microbial
species. Aeration was done each time to work with
the wastewater and to activate its microorganisms
[14, 15].

Fig. 1. Sampling location

Table 2. Specifications of mineral salt media used in the experiments [16]

Mineral salt NH4NO3 MgS04.7H,0 CaCl,.2H,0 KHPO,4 KH2PO4
Salt
concentration (g/L) 0.5 0.2 0.02 0.5 0.5
Table 3. Specifications of trace elements used in the experiments [16]
Trace elements MnSO4.H20 | FeS04.7H,0 | CuSO45H,0 | ZnSO04.7H,O | NaMoO, | CoCl,.7H,0
S_alt 0.025 0.15 0.025 0.02 0.034 0.053
concentration (g/L)
Table 4. Specifications of 4-chlorophenol used in the experiments
Molecular Density Melting Boiling 0 .
Molecular formula mass (g/mol) (glem?) point (°C) point (°C) % Purity
CeHsOCI 128.56 306.1 45-43 220 98

To initiate the experiments, salt culture medium
and trace elements salt solution was used. To
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the growth of microorganisms along with toxic
contamination of 4-chlorophenol, 2 and 5 g/l
glucose were also used.

Adaptation was performed in 5 stages for 60
days. In each stage, 10% of the previous culture was
transferred to the fresh mineral culture medium
containing  pollutants  [16].  Finally, the
microorganism was separated from the final
habituation stage. The pollutant concentration used
at each stage of the various habituation operations
varied from low to high and finally was 100 ppm.

Isolation and purification of microorganisms

After performing the habituation and enrichment
on sludge and effluent and ensuring the removal of
4-chlorophenol by it at the applied concentration
range, purification of microbial culture was done by
culturing the microorganisms obtained from the last
enrichment step on plates containing PDA and using
streaking technique.

Isolation of phenol-decomposing mold and yeast
fungi

After enhancement of microbial strains,
sabouraud dextrose agar (SDA), sabouraud dextrose
agar with chloramphenicol (SC) and potato dextrose
agar (PDA) were used to isolate fungi from bacteria.
In the next step, the yeast strains from mold from
specific culture media, such as yeast peptone agar
(YPG), malt agar extract (YM) were used for the
final purification. Then, each of the pure colonies
was examined macroscopically and microscopically.

4-Chlorophenol biodegradation using isolated
microorganisms

To perform 4-chlorophenol biodegradation tests,
all decomposition tests were first performed on pure
microbial species and then, after obtaining the
desired results, the main experiments were carried
out on a mixed microbial culture. All experiments in
this section were carried out under operating
conditions of 30 °C, 200 rpm in 100 ml Erlenmeyer
flasks in replicate [17].

Biodegradation using single microbial species

After purification and separation of the species
obtained from the habituation and the enrichment of
wastewater and sludge, biodegradation was first
done on single species.

The 4-chlorophenol biodegradation experiments
were performed using microorganisms isolated from
the enrichment phase in the presence of 100 ppm of
4-chlorophenol. Also, the effects of glucose
concentration as growth supplement substrate were
investigated at 2 and 5 ¢/l on 4-chlorophenol

biodegradation [17, 18].

4-Chlorophenol biodegradation using mixed
microbial culture

At this stage, a mixture of isolated
microorganisms from the enrichment phases on
sludge and wastewater was used as a mixed
microbial culture, which is described below.

In this part of the experiments, a mixture of
isolated microorganisms was used as a mixed
microbial culture. The experiments were conducted
as follows: after ensuring the 4-chlorophenol
decomposition by isolated species from the
enrichment stages, subsequent experiments were
carried out using a mixed culture of isolated
microbial species. All experiments were carried out
at a concentration of 100 ppm of 4-chlorophenol and
2g/1 of glucose [18-20].

Molecular identification of superior strains

A. Extracting genomic DNA from isolated
strains: Direct extraction of DNA of isolated strains
was carried out using a phenol-chloroform method
from a solid and liquid medium.

B. Quantitative analysis of DNA: A
guantitative analysis is performed on each sample
using a biophotometer. Each sample was studied at a
dilution of 1:50 in water and in the absorption of
230/260, 280/260.

C. ldentification of fungal strains by direct
PCR method based on the sequence of ITS area.

D. Universal primers: Most fungi were
identified using the ITS area. In this study, universal
strains primers (ITS1 and 1TS4) were used to
identify the selected strains [21, 22].

Microbial source pre-treatment
experiments

After performing a series of adaptation
experiments (5 stages for 60 days) and enrichment
(5 stages for 15 days), on the sludge and effluent,
the selected microorganisms were purified and
isolated for 4-chlorophenol biodegradation.

RESULTS
Isolation of microorganisms

In this study, sabouraud dextrose agar (SDA),
sabouraud dextrose agar with chloramphenicol (SC)
and potato dextrose agar (PDA) were used to isolate
the fungi from bacteria. In the next step, for the final
purification of yeast strains from mold, specific
culture media such as yeast peptone agar (YPG) and
malt agar extract (YM) were used.

After adaptation and enrichment of the collected
samples and purification of strains, a total of 19
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bacterial species (13 strains of bacteria and 6 strains
of yeast and mold) were isolated and purified, which
were morphologically examined (Table 5). Fig. 2
shows the macroscopic forms (observation) and
Fig.3 shows the microscopic forms of the isolated
strains.

Fig. 2. Macroscopic observations of the isolated
microorganisms.

Finally, 2 microbial strains in screening showed
the best results in 4-chlorophenol biodegradation.
Using microscopic and macroscopic observations
and biochemical tests, it was shown that TY: and
TY strains isolated from the reversible wastewaters
are a yeast species.

Fig. 3. Micioscopic observations of isolated
microorganisms

4-Chlorophenol degradation using TY; isolated
microorganism

After examining the apparent form of the TY;
isolated microorganism, the microorganism growth
curve was examined and drawn up. In Fig. 4 the
cellular growth curve of the TY; isolated
microorganism is shown.

After examining the growth conditions and
selecting the end of the logarithmic phase of growth
as an appropriate age for microbial inoculation, the
4-chlorophenol 100 ppm decomposition was
performed by TY1 microbial species. In Fig. 5 the 4-
chlorophenol biodegradation process is shown in
terms of time by TY; isolated microorganism. The
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TY:1 microorganism is capable of completely
degrading 100 ppm of 4-chlorophenol in about 45 h.
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Fig. 4. TY; isolated microorganism growth curve
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Fig. 5. Changes in 4-chlorophenol concentration with
time by TY isolated microorganism.

4-Chlorophenol degradation using TY: isolated
microorganism

After examining the appearance of the TY:
species, the microorganism growth curve was
examined and drawn up. Fig. 6 shows the TY:
isolated microorganism growth curve. After
examining the growth conditions and selecting the
end of the growth logarithmic phase as an
appropriate age for microbial inoculant, the 100 ppm
4-chlorophenol degradation was performed by TY:
microbial species. Fig. 7 shows the 4-chlorophenol
biodegradation  process in  TY: isolated
microorganism as a function of time. The TY;
microorganism is capable of completely degrading
100 ppm of 4-chlorophenol in about 21 h. This
microbial species is a superior microorganism
among microorganisms isolated from wastewater,
which is able to remove 4-chlorophenol in the
shortest time compared with other isolated microbial
species.
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Table 5. Microscopic form and isolation site of isolated strains

Isolation site Microscope form Sample
Storage tank (interstitial water) Gram negative bacilli TB:
Location of oil drainage of reservoirs to return to the Gram positive bacilli TB:
refinery system
Oil storage tank Gram positive bacilli TBs
QOil storage tank Gram positive coco-bacillus TB,
Storage tank Gram positive bacilli TBs
Accumulated oil sludge Gram positive coco-bacillus TBs
Accumulated oil sludge Gram positive bacilli TBy
Total refinery effluent flow Gram negative bacilli TBs
Total refinery effluent flow Gram positive bacilli TBy
Total refinery effluent flow Gram negative bacilli TB1o
Total refinery effluent flow Gram negative bacilli TB11
Total refinery effluent flow Gram positive bacilli TB12
Total refinery effluent flow Gram positive bacilli TB13
Total refinery effluent flow Yeast TY:
Total refinery effluent flow Yeast TY,
Total refinery effluent flow Yeast TY;
Total refinery effluent flow Mold TY,
Total refinery effluent flow Mold TYs
Total refinery effluent flow Yeast TYs
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QD600
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(1] 10 20 30 40
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Fig. 6. Growth curve of TY isolated microorganism
4-Chlorophenol degradation using TY;TY2 mixed
microbial culture

After isolation of wastewater microorganisms,
purification and performing removal tests, two
microbial species TYiTY, were available for
examination  of  4-chlorophenyl  elimination
experiments.
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Fig. 7. Changes in 4-chlorophenol concentration
versus time by isolated microorganism TY

Biodegradation experiments were done using
mixed culture with two TY:TY, microorganisms

(50/50 TY1TY>) in the presence of 100 ppm of 4-
chlorophenol and 2g/l of glucose as supplementary
substrate. In these experiments, 4-chlorophenol
degradation by the mixed culture and by the single
species was compared. Fig. 8 shows the changes in
the biomass growth of pure cultures and mixed
microbial culture in the presence of 100 ppm of 4-
chlorophenol and 2 g/l of glucose as supplementary

so Substrate. The two TY1TY2 microbial species were

able to completely degrade 100 ppm of 4-
chlorophenol in approximately 18 h.

Fig. 9 shows the changes in the concentration of
4-chlorophenol during the process of degradation by
single and mixed microbial culture.

35
2.5

1.5

OD 600

0.5
0
0 7 1421283542495663 7077

Time (hr)

Fig. 8. Comparison of cell mass growth in the 4-
chlorophenol degradation process using mixed and pure
culture of two microbial species (TY2e, TYuim,
TY.TY2:A)
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Effect of carbon source concentration in
pollutant degradation

Considering that the enrichment operation was
done in presence of 2 g/l of glucose and the
microbial species were isolated at this concentration,
additional examination of the degradation was
performed with glucose concentration of 5 gll,
because the high concentration of the primary
substrate can be a deterrent to 4-chlorophenol
degradation and one of the important factors in the
removal of pollutants. The primary effect of glucose
as the primary substrate is on the growth of existing
microorganisms, so at higher concentrations, we will
necessarily have further growth of the biomass. In
Fig. 10, 4-chlorophenol degradation at two glucose
concentrations of 2 and 5 g/l at different times is
shown. It is concluded that the concentration of 2 g/l
of glucose was sooner consumed and resulted in the
elimination of 4-chlorophenol in a shorter time.

120

100 —-TY1TY2

=3
=3

——TY1

£0 T2

4-CP Conc. (ppm)

a0

20

] 2 4 10 12 14 16 18 21 36 42 a5
Time (hr)

Fig. 9. Comparison of changes in 4-chlorophenol
concentration in the 4-chlorophenol degradation process
using mixed and pure culture of the two species TY; and
TY2(TY2 A, TY1 ¢, TY TY2m)
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a0

60

4-CP Conc. (ppm)

40
20

0 5 10 15 20 25
Time (hr)

Fig. 10. 4-Chlorophenol changes over time in
different concentrations of glucose by TY:TY: (50:50)
mixed culture in presence of 100 ppm of 4-chlorophenol
(e: 2 g/l glucose concentration, m: 5 g/l of glucose
concentration)

Molecular identification of selected strains
At first, 2 genomic DNA were extracted from
selected yeasts (TY: and TY?>), which provided the
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best results in 4-chlorophenol biodegradation, and
then part of their 18srRNA gene sequence was
reproduced using universal primers and PCR
method. In the next step, the PCR product, 2
selected strains, with a size of 1000-100, were taken
on a 1% agarose gel and a specific strip of about 530
bp was observed from the 18SrRNA gene on the gel
(Fig. 11).

Results of the molecular identification of selected
strains

The next step was to determine the identity and
molecular identification of isolated strains. Based on
the sequences obtained, using the BLAST software
on the NCBI website, they were compared with the
NCBI reported sequences, and the closest microbial
species was extracted from the NCBI gene data
bank. The results show that strains TY; and TY>
also exhibited the highest similarity (99%) to genus
Trichosporon.

TY1 TY2

1500
1000

500 530

Fig. 11. Electrophoresis of PCR products of 18S
rRNA gene of selected strains

DISCUSSION

Comparison of biodegradation performance by
mixed culture and pure microbial culture

From the obtained results of the experiments, it
seems that the mixed microbial culture acts as an
isolated single species, TY, so that the elimination
time in both TY, microbial culture and TY;TY>
mixed culture is approximately the same. The
complete removal time of 100 ppm 4-chlorophenol
by TY, strain was 21 h, and the complete removal
time of 100 ppm 4-chlorophenol by mixed culture
TY1TY: in presence of 2 g/l glucose was about 18 h.

In a study by Puhakka et al. (1995), mixed
culture performance composed of three isolated
microbial species was the same as the function of
each of them alone [23]. In another study by
Sahinkaya and Dilek (2007), the data (specific rate
of removal of 2,4-dichlorophenol) showed that the
yield of pure cultures isolated from mixed
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cultivation in 30 ppm of 2,4-dichlorophenol was
much better than that of mixed habituated culture
[24].

In any case, the results of mixed microbial
culture should be examined on a more detailed
scale. In Table 6, the effect of mixed culture and
pure microorganisms in 4-chlorophenol degradation
is compared.

CONCLUSIONS

In the present study, microorganisms capable of
biodegradation of 4-chlorophenol were first isolated
and purified using adaptation and enrichment
operations on wastewater and sludge. Due to the
increased ability of wastewater and sludge
microorganisms in using 4-chlorophenol as the only
source of energy and carbon in all experiments, 5 g/l
of glucose was used as supplementary substrate. The
enrichment and habituation operations lasted for
about 60 days, and the microbial species obtained
from the last stages of adaptation and enrichment
operations were purified and isolated by doing
several linear cultures. The results showed that the
adaptation and enrichment of the microorganisms in
the petrochemical sludge and wastewater of the
Tondgooyan Unit was very effective in increasing 4-

chlorophenol biodegradation.

After examining the growth process of all
isolated species, by examining the elimination by
them in the mineral microbial culture, isolated
microbial species, suitable microorganisms for the
4-chlorophenol biodegradation were selected. In the
following, 4-chlorophenol biodegradation tests were
performed by selected microorganisms and a mixed
culture, and the behavior of single and mixed
microbial culture was compared. The results showed
that the mixed microbial culture was not
significantly different from pure microbial species,
but the mixed culture would probably show this
difference in the metabolic path of 4-chlorophenol
degradation.

In the final stage of the experiments, the effect of
the initial concentration of glucose with two
concentrations of 2 and 5 g/l was considered as a
supplementary substrate. The results indicated that
with increasing 4-chlorophenol concentration, its
degradation time would be longer, but higher
glucose concentration, despite the higher growth of
microorganisms in its presence, had an inhibitory
effect on the microbial culture in 4-chlorophenol
degradation.

Table 6. Comparison of biodegradation performance by mixed culture of the present study with other

researchers
Concentration of Substrate of Removal Removal
Scholar Microbial culture 4-chlorophenol growth .
time (h) return (%)
(ppm) supplement
Sahinkaya et Enriched mixed
al., 2005 [24] culture 300 Peptone 50 100
Yang et al., 2008 _ Isolated. 100 _Glucose or 96 100
[13] microorganism sodium acetate
Lee et al., 2007 [12] Enriched mixed 50 Glucose 40 100
culture
Wang (EtZgIII 1999 P. putida 200 Glucose 30 100
Lima et al., 2004 Algae
[26] collection 50 i 120 100
This research Microbial mixed 100 Glucose 18 100
culture (2g/)
This research Microbial mixed 100 Glucose 20 80
culture (59/1)
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N3CJIEABAHE HA BUOJIOTMTHHATA OBPABOTKA HA 4-XJIOPO®EHOJI C
MAS U TUIECEH OT UHAY CTPUAJIHU 1 HIETPOJIHW OTIIAJJHH BOIU
(IMPUCTAHUILE , UMAM XOMENHU*“ MAXIIIAXP)

A. AJ‘II/Ipe3aeI/Il, M. Bast'", M. Amumoxamamu?, C. Xamemu®
! lenapmamenm no muxpobuonozus, Hayuen u uscnedoeamencku xaon, Ucaamcku A3ad ynusepcumem, Texepan,
Upan
2 Jlenapmamenm no exon02uuHo 30pa6HO UHIICEHEPCMEo, Yuunuiye 3a nybauuno 30pase, Texepancku yHusepcumem
no meouyuna, Texepan, Upan
8 Jlenapmamenm no MeouyuHcKa napasumono2us u Muxoio2us, Yuunuwe 3a nybauuno 3opase, Texeparcku
yHusepcumem no meouyuna, Texepan, Upan

Tlocrprimna Ha 23 HoemBpw, 2017 r.; kopurupana Ha 15 despyapu, 2018 1.

(Pe3rome)

@DeHOMHAUTE TPOW3BOIHKU Ca €IHW OT HAN-TOKCHYHHTE 3aMBPCUTEIM Ha OKOJHATA Cpela, a XIopoeHOIUTE ca
HAll.TOKCHYHUTE 3aMBPCHUTEIN BHB BOJIU W OTIATHHU BOIH. 4-XIopoeHONBT € MHOTO J0Ope pa3TBOPHM BBB BOJA H
MOopaJiy TOBA € MIMPOKO Pa3NpOCTPAHCH B MPUPOJHA U OTIATHH BOAU. ThII-KaTO XUMUYHUTE U OMOJIOTHYHHUTE METOJTH 32
OYHCTBAaHE Ha BOJHTE Ca C BHCOKA CTOHHOCT M €HEPrOEMKOCT, a B HSKOWM CIly4aW ca BPEIHHU 3a OKOJHATa cpena, B
HacTosImaTa pabora € u3cieIBaHO OHOXUMIYHOTO pasiiaraHe Ha 4-xiopdenon. 13 GakTepuanHu mama u 6 mamMa OT Mast
U TUIECEH ca MPEYHUCTEHW W HM30JHMpaHU OT 3aBoja 3a 0o0paboTka Ha ormagHa Bona ,,lllaxum TowarosH* (mpucraHuie
JYIMam XomeliHn“ Maximaxp) B NMpoAbDkeHre Ha 15 auu. M3ydeHu ca cBOMCTBAaTa Ha BCEKM MHKPOOPTaHW3bM, W30JIMpPaH B
npucheTBre Ha 100 ppm 4-xmopodenon u [8a MUKpoOHanHu Buaa, TY1 u 1Yz, ca n30paHu 3a M3MO0J3BaHE KaTo CMeceHa
MHUKpoOHanHa KyaTypa. V3ydeHO € BJMSHHETO HAa €IWH OT Hal-BakHUTE (DAKTOPH BBPXY pasjaraHeto Ha 4-
XJIOpo)eHOMa ChC CMECEHa MHUKpOOMaHa KyJITypa - KOHIEHTpalusaTa Ha rimoko3a (2 u 5 g/l). VcranoseHo e, ue
MukpobuanauTe Bumose Y1 u 1Y, orcrpanssar Hambiano 100 ppm 4-xjopodenos, karo m@ambsT | Y1 OTCTpaHsIBA
nambsiHo cien 45 h, a mamst TY? cnen 21 h. C usnonssane Ha cmec ot TY1 u TY; niamose (50/50) B npuchcTBHE Ha 2
g/l rmroko3a, 100 ppm 4-xiopodeHon ce orctpansBa HambiHO 3a 18 h. Ha ocHoBata Ha ananusa Ha 18SrRNA renna
CEKBCHIIMS € IMPOBEACHA MOJICKYJHA WACHTH(UKAIMs Ha JBara Hal-moOpW Imama, KOWTO MpPUHAIUICkKAT KbM BHIA
Trichosporon. Mwmaiiku npes Buj BUCOKHUS TIOTEHIMA HA BHa TriChOSpOron, BKIIIOYHUTENHO 3a MOBHIIIABAHE HA J00MBa
HA METPOJI U OTCTPAHSBAHE HA 3aMBPCHUTEIIUTE CC OYAKBA, YE MO-HATATHIIHUATE U3CIICABAHUS HA MOIXOMASIIN IIaMOBE U
ThPCEHETO HAa HOBH IMPUPOJHM [IAMOBE MOXKE Jia Mrpae peliaBaia poiis 3a NPUIAraHeTo Ha NPUPOAHHU IAMOBE B
MeTPOJIHATA WHYCTPHSI.
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There is the electrochemical corrosion among different metals of the ship in the seawater, of which the foremost is
the electrochemical corrosion between the steel hull and the bronze propeller. In this electrochemical corrosion process,
the hull is the electrochemical corrosion anode, and the propeller is the electrochemical corrosion cathode. Besides, the
corrosion current from the hull to the propeller current would generate around the ship. The corrosion current would
form an electrostatic field in the seawater, and field signal is easily detected by the mine and detection equipment,
which can bring a great threat to the ships. In this paper, based on the research on the metal polarization curve, the
potential balance method combining the anode polarization of the hull and the cathodic polarization of the propeller is
proposed, to make the potential difference reduce to OV. At this point, the corrosion current can be also greatly reduced,
and the associated underwater electric field can also be eliminated. It is demonstrated that the proposed method can
reduce the underwater electrostatic field indeed, and the electric field protection effect is obvious.

Keywords: Cathodic polarization; Anodic polarization; Tafair formula; Polarization potential; Electrostatic field

protection

1. INTRODUCTION

The ships are in service in seawater, of which
different underwater metallic materials (such as
hull, propeller, rudder, bulb, etc.) have different
electrode potentials. For instance, the electrode
potential of a commonly used marine steel plate is -
0.64 V, and the potential of the copper propeller is -
0.32 V. The present domestic ships are mainly shaft
through ships, of which the propeller-shaft and the
hull are in the electrical connection state [1]. In
terms of the shaft through structure, the
electrochemical corrosion between the propeller
and the hull is inevitable, and a certain potential
difference is maintained in the seawater. The
potential difference forms a primary battery
generating stable corrosion current via the
conductive seawater, thus a steady state electric
field is established. This macro-corrosion battery
with complex structure is one of major origins of
the underwater electric field generated by ships, of
which the voltage is determined by the materials
and the depolarization strength [2, 3].

In terms of China's ships, the sacrificial anode and
the impressed current cathodic protection methods
are adopted to protect the hull from corrosion.
However, both of aforementioned methods would
increase the strength of the electric field around the
ship and reduce the ship stealth [4, 5].

* To whom all correspondence should be sent:
E-mail: liuyi8888a@163.com

According to some projections, the total sacrificial
anode protection current intensity of a medium-
sized ship can reach hundreds or even thousands of
amps. Due to the great intensity of the protection
current, the strong electrostatic field around the
ships can be generated even if the electrodes are
closer to each other.

There are few auxiliary auxiliaries in the
impressed current cathodic protection system, and
the protection current density is generally greater
than the sacrificial anode indicators (such as 10 ~
60mA/m of the the painting hull), and therefore the
stronger electric field would be generated around
the ship hull [6]

The shaft cutting technology applied to the
Russian ships make the propeller and the hull form
a direct electrical connection state without the
macroaxis, which greatly reduces the corrosion
current, and the underwater electric field around the
ship is reduced thereby. The China's present
macoraxis manufacturing level determines that
shaft cutting state can be achieved, and therefore
China's ships cannot use Russia's electric field
protection methods for reference. Based on this
background, it is very necessary to propose an
active protection method that is suitable for
homemade ships, which not only can protect the
hull from corrosion, but also can reduce the
strength of the underwater electric field around the
ships.

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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2. THE ANODE POLARIZATION AND
CATHODIC POLARIZATION POTENTIAL
VARIATION LAW OF HULL-PROPELLER

Each metal in the seawater has a ceatian
electrode potential: the metal surface partial ions
would be affected by the water polar molecule in
the process of contacting with the electrolyte
solution, and a "double electrode layer" would
generate at the interface, causing the potential
difference between the metal and seawater. The
metal with different electrode potentials in the
electrolyte solution can form a corrosion current
loop when there is an external electrical connection,
which results in the occurrence of electrochemical
corrosion [7]. In this process, the electrode where
an oxidation reaction (lose electrons) is performed
is referred to as an anode, and the electrode where a

reduction reaction (obtain electrons) is performed is
referred to as a cathode. As shown in Figure.1, in
the process of ship’s electrochemical corrosion, the
steel hull (electrode potential is negative) is the
anode of electrochemical corrosion, and the bronze
propeller (electrode potential is positive) is the
cathode of electrochemical corrosion [8].

The corrosion current flows from the hull to
the propeller in the seawater, and the ship's
electrostatic field is formed. As a result of the
propeller rotation, the contact resistance between
the hull and the propeller changes periodically, and
the modulated corrosion current generates a
periodically varying shaft-frequency electric field.
Therefore, the ship's corrosion current is the main
source of the ship's electrostatic field and the shaft-

Seawater Propeller

(Cathode)
Shaft

frequency electric field [9].

Corrosion
current line

)8_
Hull (Anode) «

Fig.1. Schematic diagram of electrochemical corrosion of naval vessels.

In the process of the aforementioned metal
electrochemical corrosion, the corrosion current
would cause the electrons to move, and the
electrode polarization would occur in the hull and
the propeller: the electrons on the hull (anode)
would flow into the propeller (cathode) through the
main axis, resulting in a decrease in the electric
charge density of the electric double layer on the
hull, while the charge density of the electric double
layer on the propeller would increase [10].

In this way, the potential of the anode (hull)
gradually moves in the positive direction (anode
polarization), and the potential of the cathode
(propeller) gradually moves in the negative
direction (cathode polarization). In the process of
polarization, the potential difference between the
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hull and the propeller is gradually reduced, and the
corrosion current in the circuit is gradually reduced.
The polarization causes the electrochemical
corrosion to slow down. However, the degree of the
natural  electrode  polarization to  reduce
electrochemical corrosion is relatively weak, and
electrochemical corrosion cannot be eliminated [11].

If the electrode polarization can be controlled
artificially to decrease the potential difference
between the hull and the propeller to 0V, the
potential balance would be realized; the corrosion
current would disappear, and the associated
underwater electric field would also be eliminated.
The potential polarization balance is shown in
Figure 2.
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Fig.2. Potential balance polarization diagram. (a) propeller cathodic polarization; (b) Hull anodic polarization; (c)
potential balance)

The polarization reaction of the metal
electrode can be expressed by the Tafel formula:
E

I=1,—|1]|=1,,exp(

a C

Where | is polarization current density, |,
and 1,, are exchange current density of metal

anodic dissolution reaction and cathodic reduction
reaction respectively. E,, and E, are balance

potentials of metal anodic dissolution reaction and
cathodic reduction reaction respectively; g, and .

are Tafel slopes of metal anodic dissolution
reaction and cathodic reduction reaction
respectively.

In the case of 1=0, the metal does not produce
polarization reaction, and its potential is the metal
corrosion potential E_,, . At this time, the absolute

value of the current density of the metal anode
reaction is equal to the absolute value of the current
density of the cathode reaction, which is also equal
to the metal average corrosion current density 1, :

-E E.,—E
e,a) — IOYC exp(_ corr e,c) _ I

ﬂa ﬁc — Ycorr
Based on the Eq.(1) and Eq.(2), the Eq.(3) can be
obtained as follows:
E- Ecorr

E
I 0a exp( corr

E- Ecorr

=1 corr [eXp(—) - eXp(— —)] (3)

ﬂa ﬂc
The Eq.(3) is the E-l curve (polarization curve)
equation of the corrosion metal electrode. The
E.,. IS assumed as the origin of axis E, and then
the coordinates of E axis is changed to AE :
AE=E-E_, (4)
In fact, AE is the metal polarization potential value
after polarization based on the corrosion potential.
In the case of AE=0, there is no polarization
reaction about metal; AE>0: the metal is subjected
to anodic polarization reaction; AE <0 : the metal is
subjected to cathodic polarization reaction.

‘ﬂE“)— N exp(—%) 1)

)

Based on the Eq.(3) and Eqg.(4), the following
formula can be obtained through the further
mathematical operation:

I = Icorr [eXp(%) - eXp(— %f)] (5)

In the process of metal cathodic polarization,
the polarization rate is not only determined by the
electrochemical process on the metal surface, but
also the depolarization diffusion process in the
solution. In this case, the relationship between the
absolute value of cathode current density and
electrode potential is:

| E-E
||0| = {1_||_C|j IO‘c EXp(——ﬁ e,c) (6)

L c

Where 1 is the absolute value of the diffusion

current density of the cathode reaction. In the case
of E=E_, , the Eq.(7) can be deduced from the

Eq.(4) and Eq.(6):
AE
Icorr exp(_ 7)

tl=—5 - AE Q)
1-=2 [1-exp(~— )]
IL ﬂc

Then, the metal polarization equation

considering depolarization diffusion process can be
obtained as follows:

AE

AE Icorr eXp(— 7)

I = Icorr exp(_)_ I ‘ AE (8)
Ao

L c

The polarization experiment is performed on a
certain type of high-strength steel for marine, to
compare the experimental results with the
theoretically calculated Tafir curve, which is shown
in Fig.3.

From Fig.3, it is can be learned that the
polarization curve is basically consistent with the
theoretical Tafel curve. As a result, the Tafir
formula can be used as the basis for the research on
the polarization of the hull and propeller.
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3. POTENTIAL BALANCE ELECTRIC
FIELD PROTECTION EXPERIMENTAL
COUNTER DESIGN

On the basis of theoretical research, the
electric field protection experimental prototype is
developed, which is based on the potential balance
principle [12]. By means of the auxiliary electrodes

arranged at different parts of hull, the anodic
polarization is performed to the hull, and cathodic
polarization is performed to the propeller, to ensure
that the potential difference between the hull and
propeller keeps constant at OV. Fig.4 presents the
design principle of the electric field protection
experimental prototype [13].

— = Fitting curve

Exchange current density/A.cm

Voltage polarization

T
-1.2 -1.0 -0.8
Voltage/V

-0.6 0.4 -0.2 0.0

Fig.3. Fitting of polarization curve and Tafir curve of high strength steel of ship.

Cathode polarzation

Anode polarzation

current output 4

Ekctric fd protection
experimental prototype |—

+ current output

+| Input| — //

Auxiliary
ekectrode

I1

Auxiliary electrode ‘_F/

Iz

Fig.4. Design schematic diagram of experimental prototype for electric field protection.

The potential difference between the hull
and the propeller is used as the control signal,
to control the anodic polarization current and
the cathodic polarization current outputting
from the electric field protection prototype.
When the potentials of propeller and hull are
close, the corrosion current would disappear,
and the underwater electric field would
eliminate [14, 15].

The operating principle of the electric
field protection experimental prototype is
presented as follows:

The potentiometric signal of the main axis
relative to the hull flows from the contact brush
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device to input port of the electric field
protection test prototype, and two sets of
current would output from the controlled port
of the electric field protection prototype: 1, The
anode polarization current flows from the hull
to the suxiliary electrode through the sea,
which will flow back to the electric field
protection test prototype finally; 2, The cathode
polarization current flows from the auxiliary
electrode to the propeller through the sea,
which will flow back to the electric field
protection test prototype through the main
axis .
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The electric field protection experimental
prototype composition diagram is shown in
Figure 5, which mainly contains the following

Polarization current output control device; (3)
Controllable constant current source (4)
Polarization current output electrode.

parts:(1) Potential detection device; (2)
Anodic Polarization
Current
Ship-Shaft : Polarization Controllable ————3(0) polarization
Potential > PDc;ttee T:ttlc?rl P Current Output =——J»  Constant Current Output
Difference €—— Control Unit Current Source | Electrode
Cathodic

Polarization Current

Fig.5. The composition diagram of electric field protection experiment prototype.

4. EXPERIMENTAL STUDY ON
UNDERWATER ELECTROSTATIC
FIELD PROTECTION OF SHIP MODEL
POTENTIAL BALANCE

4.1 Experimental program

The ship model potential balance and
electromagnetic field protection experiment is
based on the simultaneous anodic polarization of
the hull and cathodic polarization of the propeller,
which can make the potential difference between
the hull and the propeller equal zero, to measure the
change of the electric field around the ship model.
The experiment is based on two cases of propeller
rotating or not, to obtain electric field measurement
data before and after performing electrostatic field
protection, which is used to measure the protection
effectiveness.

4.2.Experimental preparation

The experiment is carried out in a non-
magnetic electric field pool, and the length, width
and depth of the pond are setto 8 m, 5 mand 1.5 m
respectively. The experimental sea water with depth
of 0.6m is poured into the pool, combined with the
industrial salt to make the conductivity of the sea
water equal 3.8s/m.

A set of Ag-AgCl electrodes with three-
component are placed at the bottom of the pool, to
measure the electric field values of Ex, Ey and Ez,
and calculate the electric field module values. The
immersion time of electric field sensor is set to 24
hours.

Based on the ship model drag device, the
experimental ship model is expected to be in
uniform motion state in the experimental pool, and
the three-component electric field sensor would

measure the passing characteristic curve of the
experimental ship model.

4.3.Experimental Results

The experimental process is based on the ship
model’s forward and backward uniform movement
in the experimental pool with the length of 8 meters.
Given that the confidentiality of experimental data,
the electric field values of given graphics have been
treated, which would not affect the judgment of the
electrostatic field protection effect after adopting
the potential balance electrostatic field protection
method.

According to the characteristics of the
underwater electrostatic field of the ship, the
electric field module value |E| contains the three
components of the electric field value, which can
reflect the protective effect more accurately, so that
the electric field module |E| can be used as the
evaluation criteria.

The electrostatic field protection experiment
in the case of non-rotating propeller. In the case of
propellers not rotating, the three-component electric
field values before and after adopting potential
balance protection method are wused for
experimental verification, and the variation of |E| is
presented as Fig.6 shows. The ordinate in the Fig.6
is the processed electric field value, the abscissa
represents time, the upper right corner is the curve
explaining, and the number is the time of
measurement.

The electrostatic field value and module value of
each component as well as the protective effect are
shown in Table 1.
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Fig.6. The propeller does not rotate, electrostatic field values of natural corrosion and invisible.

Table 1. The propeller does not rotate, electrostatic field value of ship model and its protective effect.

Time 18:50 19:01 19:39 19:56
Ex (Peak-to-Peak Value) 2.57 1.37 0.82 0.63
Ex(Decreasing Proportion )(%) 46.73 68.00 75.57
Ey(Peak-to-Peak Value) 0.48 0.31 0.24 0.22
Ey (Decreasing Proportion) (%) 34.85 51.04 53.53
Ez(Peak-to-Peak Value) 2.70 1.38 0.79 0.61
Ez(Decreasing Proportion) (%) 48.76 70.78 77.57
|E|(Peak-to-Peak Value) 3.03 1.55 0.85 0.60
|E| (Decreasing Proportion) (%) 48.67 71.94 80.22

There are some analysis from the with potential balance, which shows that the

aforementioned experimental results
1) Based on the electrostatic field protection
method with potential balance, three components
of the electric field values and electric field
model values at the same test point have been
significantly reduced. Once the potential balance
protection test prototype is initiated, the electric
field modulus |E| would be reduced by 48%; after
one hour of polarization, the electric field
modulus |E| would be reduced by 80%, and the
protective effect is demonstrated:;

The electric field three-component and
module characteristic curve dose not change after
adopting the electrostatic field protection method
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2)

method would not change the electrostatic field
distribution characteristic of the ship model, but
only reduces the numerical value.
3) From Fig.5, it can be concluded that the
longer the polarization is applied, the better the
electrostatic field is. The reason for the
aforementioned phenomenon is that the polarization
is a dynamic variation process, and it would take
some time to reach the dynamic equilibrium state,
which is in accordance with the theoretical analysis
results.
The electrostatic field protection experiment in
the case of propeller rotating (v=100r/min). In the
case of propellers rotating with velocity of 100
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r/min (to simulate the actual navigational status of
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Table 2. The propeller speed is 100r/min, electrostatic field value of ship model and its protective effect

Time 15:16 15:33 15:57 16:18
Ex (Peak-to-Peak Value) 5.80 2.55 1.68 1.53
Ex(Decreasing Proportion )(%) 56.00 70.99 73.70
Ey(Peak-to-Peak Value) 1.03 0.40 0.24 0.19
Ey (Decreasing Proportion) (%) 60.89 76.56 81.23
Ez(Peak-to-Peak Value) 6.09 2.56 1.95 1.86
Ez(Decreasing Proportion) (%) 57.93 67.89 69.52
|E|(Peak-to-Peak Value) 7.38 3.10 2.07 1.90
|E| (Decreasing Proportion) (%) 57.97 71.94 74.33
There are some analysis from the reduced by 74%, and the protective effect is

aforementioned experimental results

1) Based on the electrostatic field protection
method with potential balance, three components of
the electric field values and electric field model
values at the same test point have been significantly
reduced. Once the potential balance protection test
prototype is initiated, the electric field modulus |E|
would be reduced by 57%; after one hour of
polarization, the electric field modulus |E| would be

demonstrated,;

2) The electric field three-component and
module characteristic curve dose not change after
adopting the electrostatic field protection method
with potential balance; there is only some
difference between the start time of measuring and
ship model moving, which makes each curve has a
certain translation on the time axis.
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3) From Fig.7, it can be concluded that the
longer the polarization is applied, the better the
electrostatic field is.

4) The final protective effect of the
experiment in the case of propeller rotating is only
74%, which is worse than the protective effect in
the case of propeller not rotating. The reasons for
the experimental results are presented as follows:
After propeller rotating, the propeller cathodic
polarization process is more complicated due to the
periodic change of the contact resistance near the
propeller; As a result of the simultaneous opening
of the axial frequency protection equipment, the
additional axial frequency protection current would
generate between the shaft and shell, which make
has an effect on the polarization process

5. CONCLUSION

On the basis of research on the hull-propeller
metal polarization law, the naval vessel electric
field protection method based on the potential
balance is proposed in this study. Then, the
experimental prototype is designed to carry on the
electrostatic field protection experiment in the
experimental pool, and the experimental results are
analyzed further. Finally, the electric field
protection control method is analyzed.

The experimental results show that the ship
model electrostatic field can be reduced by more
than 70% based on the proposed method, and the
electrostatic field protection effect is demonstrated.
In addition, once the axial frequency electric field
protection device is initiated, the electrostatic field
protection effect would get worse, and how to strike
a balance would be the focus of further study.

It is noted that the method of controlling the
polarization current level to achieve a better
potential balance is the key to achieve the electric

considered to lay out the reference electrode to
achieve polarization current controlling, of which
signal can be used to judge the potential balance
state.
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field protection. In the further study, it is

N3CJIEABAHE HA 3AIIMTEH METO/] OT EJIEKTPOCTATUYHOTO ITOJIE HA KOPABU,
OCHOBAH HA TIOJIAPU3ALIMOHHMA KOHTPOJI HA METAJIUTE

Ban Caurmxys, Jlo U, JI1o JlexoHr
Yuunuwe no enexmpo-unsicenepcmeo, Mopcku undscenepen ynusepcumem, Kumaii
[Mocrrnuna va 21 anpuin, 2018 r.; npuera Ha 28 romu, 2018 T.

W3BecTHa € eNCKTPOXUMHYHATA KOPO3HS Cpell Pa3IMYHUTE METalli MpH KOpaOWTe B MOpPCKa BOJAA, KaTo Haii-
3HAYHTEJIHA € Ta3U MEXK]y CTOMaHEHHs KOPIYC U OPOH30BOTO BHTIIO. [IpH TO3M €NeKTpOXUMHUYEH KOPO3HOHEH IIPOIIEC
KOpPIYCHT € aHOJ, a BUTIIOTO — Karoj. [Ipu ToBa ce reHepupa KOPO3MOHEH TOK, a 3a€JHO C TOBA M €JIEKTPOCTATUYHO
1oJjie B Mopckara BOja, KOETO JIECHO Ce OTKPHBAa OT MHUHM M OTKPHBAIU ChOPBKEHHS, KOMTO Ca ToJjisiMa 3aruiaxa 3a
kopabute. B HacrosiiaTa paboTa e MpeayioKeH METO/ 3a M3PaBHSABAHE Ha IOTECHIMAINTE MEXIy KOpIyca M BUTIOTO,
OCHOBAH Ha KPpMBHUTE HA NOJIIpU3aluad HA MCTAJIUTE U KOM6HHHpaﬁKH AHOJIHATa U KaToAHaTa IoJApUu3anudaTa. ITo To3m
HAYMH KOPO3HOHHUST TOK CHIIHO CE€ HaMaJsiBa, a CBbP3aHOTO C HEro IMOJBOJHO JIEKTPUYHO IOJIe MOXKE CHILO Ja ce
enmuMuHupa. [lokasaHo e, 4e ¢ MpeIoKEeHUs] METOJI Ce HaMaJlsiBa IOJIBOTHOTO €IEKTPUYHO I0JIe, a 3AUTHHUAT eheKT
Cpelily KOpOo3usi € OYeBH/ICH.
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Kinetics of propylene polymerization with its unique complexity has the key role on final product properties, but is
heavily influenced by the hydrogen amount. Hydrogen, as chain-transfer agent, gives rise to a reduction of the average
molecular weight of the polymer and directly affects the final product properties; and on the other hand, based on some
theories up to a certain amount causes an increase followed by a decrease in the number of active sites. Therefore, this
dual hydrogen behavior must be optimized. To date, no adequate kinetic model has been developed to predict and
optimize this behavior and to simultaneously calculate the vital indices of final product properties such as melt flow
index, number/weight average molecular weight, and polydispersity index. In addition to determining of the indices, by
using the model some vital kinetic parameters such as activation energy, initial rate of reaction and deactivation
constant can be easily calculated. The proposed model in this study was coded in MATLAB/SIMULINK software by
using the polymer moment balance approach having in mind the dormant site theory as the most credible theory at the
moment. The model was validated by comparison with lab experimental data and an agreement within the acceptable
range of error was shown. Finally, the optimum reaction temperature and the optimum hydrogen amount according to
the used catalyst were obtained as 70°C and 18 mg hydrogen in this study.

Keywords: Mathematical modeling, Propylene polymerization, Kinetic study, Hydrogen response, Population balance,
Dormant site theory.

INTRODUCTION

Production of polypropylene (PP) is a multi-
billion business, yielding more than 60 million
metric tons of the polymer. Between 2005 and
2010, the average annual growth rate of
polypropylene production has been about 6.5%/yr.
Global polypropylene production capacity is
expected to grow by 4.2%/yr from 2010 onwards
[1]. With a view to the different applications of the
polymer, different molecular weight distributions
and final product properties are required,;
consequently, accurate  control of  the
polymerization process is essential for adjusting
appropriate final product properties. Hydrogen, as
chain transfer agent, is one of the most important
affecting factors on the reaction kinetics and final
product properties. Up to now, despite of disputing
on the role of hydrogen upon the polymerization,
there is no validated mathematical model able to
predict the kinetics and the end product
simultaneously.

To date, most articles published in the field of
polypropylene polymerization modeling have been
concerned with heat and mass transfer inside the
slurry polymer particles [2-4], or based on the
mechanism of reaction and how multigrain particle

* To whom all correspondence should be sent:
E-mail: a.heidarinasab@srbiau.ac.ir

grow according to [5-7]. Other studies have only
concentrated on loop reactors [8,9] and fluidized-
bed reactors (FBRs) [10,11], namely bulk and gas
phase polymerization that are not applicable to a
slurry reactor. As regards rate profiles of propylene
polymerization, the first article on liquid phase (i.e.
bulk polymerization, no slurry) was published by
Samson et al. [12] and a number of other authors
investigated the hydrogen effect on the kinetics [13-
15].

Al-haj et al. [15] have observed a hydrogen
effect on the profile of the polymerization curve of
propylene polymerization in a liquid pool. Their
research work was based on experimental results
and did not provide a mathematical model. In
relation to investigating hydrogen effect during
propylene polymerization, many experimental
studies have been carried out, but the results of
these studies have been ambiguous and even
contradictory. This means that the introduction of
hydrogen gas during  propylene  homo-
polymerization with Ziegler-Natta catalysts affects
the polymerization rate, which can decrease,
increase, or remain unaffected (Albizzati et al.)
[16].

Guastalla & Gianinni, [17] showed that the
initial rate of propylene polymerization reaches

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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asymptotically about 2.5 times the activity without
hydrogen as hydrogen partial pressure is increased,
whereas the deactivation rate decreases. Spitz et al.
[18] found that low hydrogen concentrations in the
reactor cause an enhancement of the rate profile;
higher hydrogen levels lowered activity and
increased deactivation. Rishina et al. [19] showed
that there is a similar activation effect of hydrogen
and found that the effect is reversible. Many
researchers reported a similar hydrogen activation
effect for different catalyst types and
polymerization media [11,19-23]. Contrary to these
findings, Soga & Siona [24] found that for
TiCls/MgCls/Al(C2Hs)s/ethyl benzoate, the
propylene polymerization rate decreases with
increasing hydrogen partial pressure. According to
the authors this is due to the slow addition of the
monomer to the catalyst-hydrogen bond formed in
the step of chain transfer to hydrogen. Similarly,
Kahnnan et al. [25] made the conclusion that using
a prepolymerized TiCls/EtAICI catalyst system,
hydrogen not only has no effect on the
polymerization rate  for low  hydrogen
concentrations but the rate of polymerization
decreases at a high hydrogen concentration;
because adsorbed hydrogen lowers the effective
monomer concentration near the catalytically active
sites. Van Putten [10] pointed out that when
hydrogen mole fraction exceeds the value of 0.011,
gas-phase propylene polymerization rate starts to
decrease. However, when hydrogen concentration
is between 0 and 0.011?, a considerable increase in
the polymerization rate is observed. According to
the author, the decrease in the polymerization rate
is due to the slow addition of the monomer to the
catalyst-hydrogen bond formed in the step of chain
transfer to hydrogen. The author further modeled
the polymerization rate and the quasi-single site
termination probability as a function of hydrogen-
to-propylene molar ratio based on the dormant site
theory [15]. Nevertheless, up to now, disputing
continues. Luo et al. (2013) have modeled loop
propylene polymerization reactors in bulk media
[26]. The model focused on commercial reactor
variables without paying attention to kinetics and
final product properties. Next year, another paper
has been published on modeling multi-scale PP
properties, but in an FBR reactor [27]. In 2016,
Seong el al. simulated liquid polypropylene
polymerization reactors based on Spheripol
technology [28]. Although they have paid attention
to some final product properties such as average
molecular weight and polydispersity, it was not
suitable for kinetic study and predicting final
product properties.
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By means of profile polymerization rate
operating conditions, the constancy of the reactor
system and quality control of final product can be
investigated and indicated, in particular, while
hydrogen exists in the reactor system. Given that
the effect of hydrogen on the reactor is still vague, a
validated model of profile polymerization rate that
could correctly predict the system is inevitable.
Despite the importance of the matter, a few
investigations have been devoted to this subject and
no validated model was presented.

The aim of this work is to present a validated
model for predicting profile polymerization rate,
the effect of hydrogen concentration on profile rate,
calculating the model of fraction activated sites
catalyst via hydrogen concentration and
determining important Kinetic parameters such as
(Ea, Ep, Rp0, Kd). In addition, the model is capable
of calculating the most important final product
indices, such as melt flow index (MFI), number
average molecular weight (Mn), weight average
molecular weight (Mw) and polydispersity index
(PDI). In addition, the other purpose of this paper is
to reveal the effect of hydrogen content on the
fraction of activated catalyst sites during
polymerization. The model was implemented in a
MATLAB/SIMULINK  environment and was
validated with experimental data in slurry
polymerization and the hydrogen response on the
Kinetic reaction was investigated. The global errors
between the model outputs and experimental data
are in an acceptable range.

EXPERIMENTAL
Materials

The 4" generation of spherical MgCl, supported
Ziegler-Natta catalyst containing 3.6 wt% of Ti and
diisobutyl phthalate (DIBP) as internal donor was
supplied by Stdchemie, Germany.
Triethylaluminium (TEA of 98% purity) from
Merck, Germany, diluted in n-heptane, used as co-
catalyst and the so-called external donor
(cyclohexyl methyl dimethoxy silane) were
purchased from Merck and were used without
further purification. Polymer grade propylene was
provided by Shazand Petrochemical, Iran and was
used as received. Hydrogen and nitrogen used were
of >99.999% purity. Nitrogen was further purified
by passing over beds of absorbents.

Polymer synthesis

In this study, slurry homopolymerization was
carried out in heptane medium. Polymerization
reactor was a 1L stainless steel vessel manufactured
by Buchi Co.; polymerization set-up was designed


https://en.wikipedia.org/wiki/Melt_flow_index
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in order to conduct slurry polymerization in one
vessel. A schematic diagram of the polymerization
set-up is shown in Fig 1. A high pressure N2 line
was used to transfer liquid monomer and catalytic
system into the reactor.

Catalyst system was injected to the reactor
through a stainless steel cylinder in N, atmosphere.
All gases were online purified by passing through
three purification trains (containing molecular
sieves) in a series. The individual gases were then
filtered and the flow of each reactant was measured
and controlled with a mass flow controller
manufactured by Brooks.

Experimental Rp-t curves were recorded, the
molecular weights of products were measured by
gel permeation chromatography (GPC), employing
an Agilent PL-220 model with TSK columns at
155°C using 1,2,4-trichlorobenzene as a solvent.
The GPC was calibrated with narrow molecular
weight distribution polystyrene standard as a
reference. MFI of samples were evaluated
according to ASTM 1238 at a temperature of 230°C
and load of 2.16 kg.

Catalyst

Figure 1. Simplified scheme of the reactor system.
Polymerization procedure

A typical polymerization procedure consisted of
reactor preparation, polymerization and discharge.
Details are as follows:

Firstly, the reactor was flushed with nitrogen gas
at 90°C for 1 h and the reactor temperature was
reduced to 20°C, then purged with propylene gas
for 15 min. Afterwards, 500 ml of heptane as a
solvent was introduced to the reactor; all inputs and
outputs of the reactor were closed and stirring at
200 rpm for 5 min was performed for solvent
degassing using a vacuum pump. Subsequently,
hydrogen was entered to the reactor (based on
recipe conditions), then propylene was introduced
to the reactor according to controller program, then

the reactor was heated up to equilibrium
thermodynamic conditions (T=70°C, Pr = 7.5 bar),
finally the reactor was ready for catalyst injection
to start polymerization. Injecting catalyst to the
reactor was carried out under pressure via an
injection system during polymerization time (two
hours) at constant temperature and pressure, that is
to say, the reaction was executed under isothermal
and isobaric reactor conditions. Data were collected
every five seconds.

It is worth mentioning that catalyst preparation
should be done according to recipe in a glove box
in a nitrogen atmosphere 20 min before injection to
the reactor. After each experiment, the resulting
polymer was dried under ambient conditions in a
laboratory hood for 24 h.

Modeling description

Assumptions: ~ The  following  modeling
assumptions were considered:
1.1t was supposed that propylene

polymerization was carried out in an amorphous
phase and amorphous phase concentrations during
polypropylene  polymerization were at the
thermodynamic equilibrium conditions obeying
Sanchez and Lacombe Equation (SLE) [29] for
calculating the amount of X, the hydrogen molar
ratio Eq (52).

is equilibrium constant and NC is number of
solvent in slurry phase components.

3. The reaction temperature, pressure and
monomer concentration were kept constant during
the polymerization process.

4. The resistances of both mass and heat
transfer and the diffusion effect of the reactants
were ignored.

5. It was assumed that the propagation constant
is independent of the length of the growing polymer
chain.

6. "Dormant sites theory" for activating catalyst
by hydrogen concentration was used [15].

Formulation

As olefin polymerization Kinetics with Ziegler-
Natta catalysts might be fairly complicated, to date,
several reaction steps have been proposed in the
literature [9,10,12,18]. However, the most
comprehensive steps were proposed by Zacca [9].
The ODE mass balance equations used in the model
are (1)-(4). Since the model is a semi-batch process
and constant monomer concentration during the
polymerization is assumed, the input and output
terms (Qr and Qo) are eliminated, then the terms of
n and ¢ are meaningless for our study.
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The concentration variations with time used in Therefore, in this work, our model is based on
he modeling are as follows: twelve of the most important reactions R5-16 and

Cj:CHlCAlCE’CMi’CB’CSICT’Ccat’POk’ﬂglﬂlklﬂ’lt()lﬂ'lfilé according to the dormant sites theory [15] the
reactions R17-20 for hydrogen response model, as

The basic kinetic model used in this work is a ~ shown below:
simplified kinetic mechanism based on Zacca
proposal [9] for semi-batch polymerization.

n
dCJ‘R :[QfCLf ]f ed (i _[(%)QOCLR] +R
dt VR eed (input) VR output j
o Mole of j for j=1,2,....,NC
'R~ Total Volume
Cia for j=1,2,....,NC
=
[
C P n for liquid phase components
¢ = C?,o :FO-Df where : (n1¢)=
IR " ¢ for solid phase components
Reaction Step Component Reaction Rate Equation
Site activation Hydrogen K K k ok
ydrog C,+H, >R RE, =k&,C,Com
Al-alkyl K K
alky C,+A—>R"+B Ry, =k&C,Cou
Monomer i K K k of
Cp+Mi - R +M, RaMi :kaMiCpCMiM
Chain initiation Monomer i k K K _ |k pK
R +M;, > P, Reoi =KpoiPo Cwi,a
Chain Monomer j Kp RX —kk pXC
propagation Pn'j +M i —>Pn’fr5]‘j Pji Pji' n,j~M;.a
Chain transfer Hydrogen Kh Kn _ Lk pKeOK;
Pn'j +H,—> POK + D: Rewi = kcHi Pn,iCH;
Monomer j Km K.n k K (~Odu. i
PnKi +M i —> P5|_<j + D: RcM i = chji IDn,icj,aMJ
: i
Site Hydrogen K k Kn _ Lk pK~O&
deactivation Fu+H, >C+ D, Raii = Kan PiCra
K K oKX
R +H, > C, RdKHO =Ky I:)oKCHd,;
Al-alkyl K k K
Yy P'+A—Cy+D; RS =kl PEC o
Spontaneous K k Kn _ Lk pK
P P.i > Cy+D; Rispi = dep P
K K k pK
I:)0 - Cd RdSpO = dep PO
Using dormant sites theory [15]:
Dormant site formation C,+M L)Sj+1
Dormant sites reactivation by H, S;+H, — L 5C, + D,
Reactivation of dormant sites b K
monomer d Sj +M - >Sj+1
Deactivation C j — X 5p j

The component rate equation [9] used in the model is as follows:
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1)

)
@)
(4)

Reaction No
(5) Ry

(6) R2

(7M) Rs
(8) R4
9) Rs

(10) R

(11) Ry

(12) Rg

(13) Ry
(14) Ruo
(15) Ry
(16) Ru

(17) Ruy
(18) Rus
(19) Ruo

(20) R2o
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Hydrogen Z[R:H +RY, +RE, +Z Z(RCKH? +Rai)] (21)
i=1 n=6;
Co-catalyst —Z[Rk +RE, + Z Z R - (22)
i=1 n=6;
Nm
Electron donor Z[RdEO +z RY, + _ Z(Z(Rt'éi” +RED] Ry (23)
::}( i=1 n=d ::
. Nm o "
Poison Z[Rdxo +> > Ri1-Re —Ry, (24)
i=l  n=4;
Nm
Potential sites Re, = _Z(R:H +R:A + R:Sp + Z R:M,) (25)
K=1 i-1
Vacant sites anx = R:H + R:A + R’:Sp + ZMR:Mi + Rk R:HD RdED Rk :s.:o d><0 72"; R;oi + Zl Z R:H'n + Rcksl:'
* N—r: :I: Z(R‘”E(I" +Rt|§pln ]+21(R(Iéu + R‘I:PO R‘ED _Rtkslpc) (26)
Dead sites Rey = Z[(RdHO + R:EO + R:AO + Rgxo + R:SpO Z R;Hri' + R;é? + REA? + R;XT + RgsS. ) (27)
1 n-a
Monomer Ryi = Z poi + Z Z(RE.," +R5i D] (28)
K=1 j=1 n=a

Moments equations:

The moments equations for slurry polymerization of PP are presented:

Nm Nm
Live polymer Pk =o(n- 5)[RP0| + z ZRCI(MTJ] + ZKSUCM apk 5. ZKEUCMI aPnkl — Pnkl (29)
=L m= i=1
Nm .
Dead polymer R, =Zaik P where

Nm Ns
k k ~OL, k k K ~Of K k ~O k ~Of k (~O 30).ox k
ai = I(cHiCH,F;\ + chpi +chMj‘iCMj,a + Z(ktElc P ktSp|) +de|C o+ delc T kdEIC st &dx(u)é st depl
j=1 1=1

I#K
Live moment s = ino" P (31)
! n=1
0 Nm
Bulk moment 4‘;' = Z(z P + D)) 32)
n=¢; i=1l
Zero-order live Nm
polymer Rl;Ol +chM i Mi a:u(;(,J _aik;ug,.] +Z[k:§ijCMi,a:ugJ k:;u Mj, aﬂg,i] (33)
moments =1
First-order live LR K
pOlymeI‘ z 6 _IIRPO| +chM i Mi, a/uOJ] Z Q; /u(F, +z Z kajCMI a§ )#0(34)
moments N
Zero-order bulk Nm
polymer Z[RPOI +;kckMi,jCMi,a/u(lJ(,J] (35)
moments
First-order bulk Nm Nm  Nm
polymer Z 5 _IIRPm +Zﬂk§M,,jCMi,aﬂ(§,J]+; 215( )(pu Mi a:ug,.] (36)
moments 1= ==
Second-order Ns  Nm Ns Nm Nm
k k k k
bulk  polymer R, = z z [Reoi "'chrvu. Mj,a/uO,i]+Z z z KpiCui.a (440 +2:u1,('%7)
moments K=l j=1 k=1 =l j=l
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The basic polymer properties, called end-use
properties, are four items: number average
molecular weight (Mn), weight average molecular
weight (Mw), melt flow index (MFI) and
polydispersity index (PDI).

The equations used in the model are as follows

(38)

(39)

(40)

As the melt flow index is a function of
molecular weight, the power-law-type equation
below is suggested. Parameters a and b are
calculated by fitting appropriate experimental data,
it will be discussed later.

R, =R, ®exp(—k, ot) (41)

Determination of the kinetic parameters

A typical polymerization rate profile (Figs. 6
and 7) is comprised of two areas; (I) initial
polymerization start up zone, (Il) quasi-steady-state
zone [15].

Each zone has a significant meaning in kinetic
analysis; detailed discussions of these issues have
undergone a considerable debate and are not
repeated here for the sake of brevity.

Pater et al. [13] and some other researchers [14,
15] have shown that the rate of polymerization at
isothermal conditions can be described as a first-
order process in monomer concentration and the
deactivation of the catalyst as a first-order process
in the number of active sites. The following
equations are used:

R, =K,C,C (42)
dc” .
ar - (43)

Combination and integration for isothermal
conditions leads then to the following expression
that is often used in the literature to describe the
time dependent rate of polymerization:

R, =R, eexp(-k; ot) (44)

So, for finding R, at isothermal conditions, two
parameters, namely Rpo and kg should be obtained.
Rpo and kq are determined graphically by the profile
of the polymerization rate curve, as shown in Fig.
2. These parameters depend on reaction
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temperature, hence according to Arrhenius
equation, we have:
E
R, =R, eexp(-—=) (45)

RT

-E
ky =Ky, - exp(—=2L
a = Ko -eXp( RT ) (46)

Here, Ry is the initial reaction rate, kg the
deactivation constant, E.q the activation energy for
the lumped deactivation reaction, t shows time, and
T indicates the temperature. So it could be
calculated from the profile of the rate curve of
polymerization (t=0).

Since the rate of polymerization depends on
temperature, having Ryo at different temperatures
by using Arrhenius equation, the activation energy
of any type of catalyst is easily predictable (as
shown by the typical curve in Fig. 2).

Two very important issues should be considered
about the activation energy of the Z-N catalyst: (1)
it is independent of the hydrogen concentration [15]
and (2) it is an intrinsic property of any catalyst and
thus can be expected to differ from one type to
another.

Yield of the polymerization can be calculated by
integrating the rate.

Yoo = [/ Ro -l (47)

Amount of Y is exactly equal to the area
under the profile curve. If this value is multiplied
by the weight of catalyst, the produced polymer
will be obtained in each batch. Experimentally, the
yield is measured by weighing the dry product of
batch polymerization. But in fact, much more
monomers (consumed monomer) are entered to the
reactor, that a part of them are reacted and the other
part have remained as unconverted monomer in
liquid and gas phases. The model is capable of
directly calculating yield and consumed monomer.
By plotting the natural logarithm of the reaction
rate versus polymerization time, a linear fit can be
made where the slope of the fit line is kq, and the
intercept is Rpo. Fig. 2 illustrates the method.

Hydrogen effect and dormant sites theory to
determine kp

Propagation reaction is the most important
reaction in polymerization.  Accordingly,
determining the value of constant (Kp) and
activation energy (Ep) is inevitable for modeling.
Before proceeding with discussions in this regard, it
is necessary to understand dormant sites theory and
the role of hydrogen in polymerization.


https://en.wikipedia.org/wiki/Melt_flow_index
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&cad=rja&uact=8&ved=0ahUKEwid--HKk5DRAhVbdVAKHY-5C7UQFghWMAs&url=https%3A%2F%2Fwww.wonderwhizkids.com%2Fpopups%2Fpopupsmacromoelcues_mi.html&usg=AFQjCNF4Z5knuTPj3k0arUvcM95aHyXryQ&bvm=bv.142059868,d.d24
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~
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Time (min)
Figure 2. Determination of initial reaction rate Rpo
and deactivation constant kg.

Hydrogen always acts as a chain transfer agent
during olefin polymerization; when the hydrogen
concentration increases, the molecular weight of the
polyolefin decreases. On the other hand, the effect
of hydrogen on catalyst activity during olefin
polymerization is less predictable and varies
depending on the type of catalyst, monomer, and
donor systems. For instance, hydrogen generally
reduces the polymerization rate of ethylene and
increases the polymerization rate of propylene
when high-activity TiCls/MgCl; catalysts are used
(Shaffer and Ray [4]). On the other hand, the effect
of hydrogen on catalyst activity during olefin
polymerization is less predictable and varies
depending on the type of catalyst, monomer, and
donor systems. For instance, hydrogen generally
reduces the polymerization rate of ethylene and
increases the polymerization rate of propylene
when high-activity TiCls/MgCl; catalysts are used.
So it is concluded that the hydrogen effect depends
on two factors: (i) nature of catalyst system and (i)
monomer type. So far, three theories have been
suggested to account for the increase in the value of
the polymerization rate caused by hydrogen.

Theory 1: Increase in the number of active sites
theory.

Theory 2: Change in oxidation states theory.

Theory 3: Dormant sites theory.

The former two theories have been discussed
and rejected in the open literature [24,18] and are
not repeated here for the sake of brevity.

According to the third, strongest theory so far,
the hydrogen effect is illustrated in this statement.
Since a propylene molecule is asymmetric with
respect to the double bond, it has been suggested
that monomers may insert at the catalyst site in four
distinct arrangements (head to tail, tail to tail, tail to
head and head to head).

Growing chains have two positions of dealing
with other monomers (position 1-2 and position 2-
1). If the growing chain reacts with position 2-1 of
propylene, a “dormant site will be created, as

shown in Fig. 4. Dormant sites are the drawback of
propylene polymerization. Busico et al., (1993)
[30] have measured the distributions of end groups
in polypropylene in the presence of hydrogen and
have suggested that if the propylene molecule
inserts in the 2-1 mode, the rate of propagation is
reduced due to steric hindrance by the Ti atom.
These results are supported by the end group
analysis done by Chadwick et al. [31].

According to the dormant sites theory,
increasing the hydrogen concentration decreases the
concentration of dormant sites. The modeling of
reaction kinetics and molecular weight is based on
the dormant site mechanism (Weickert, 2002 [15]).
A "quasi-single-site” model is applied to explain
the average behavior of the active sites. In addition,
it is assumed that all active sites have the same
average rate constants. The chain transfer with co-
catalysts is neglected and a quasi steady state is
assumed for dormant sites.

This means that according to the dormant sites
theory, the reactions Rga1 and Rizz are the
effective reactions on hydrogen response. Using the
long chain hypothesis in addition to the
assumptions mentioned earlier, the kinetics of Z-N
catalysts can be described as a first-order function
of both monomer concentration, Cn, and the
concentration of active sites, C using a lumped
propagation constant K.

Rp=K;.C.Cn (48)

In reality, the active sites are more or less
covered by the polymer produced. The actual
catalyst site concentration is between the maximum
concentration of active sites Cmnyx, and the
concentration of dormant sites Cs:

C=Cax - Cs (49)

The concentration of the dormant sites can be
calculated assuming the quasi-steady-state:
R,=0=K,CC,-K,C.Cy,, K., C.C, (50)
Ks, Kren and Kiem are rate constants for dormant sites
formation, dormant sites reactivation by hydrogen
and monomer reactions respectively. So by
rearranging these equations, it is concluded that:

K.C

o I‘(reh'x + Krem (51)

reh

where X is the hydrogen molar ratio defined as:

CH2
=t (52)

m

Combining Equations (49) and (51) leads to:
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_ Cra-(1+K.X)

Based on this derivation, Equation (43) can be

T 14K, +K X (53) described as a function of three parameters, ki, ko
and kp:
with
K, .C Crax-(Ki. X +1)
R — p*~m ™~ max 1 (55)
K = Kreh ; K. = Ks P 1+K1.X+K2
' KI’EIT] ’ Krem (54)
Position 1-2 Structure 1 5
. g ; n =
1 See¥ s o 2 * . D10
[ X— C'H,- C*Hp-Ti ,C'H=C’H, __g» P~ CH-CH,-CH-CH,~Ti &g
2[ Tail | Tail \ | o3
CH; CH, CH, CH, 32
Head Head y Net o7
! ! Growing Chain Monomer = o
Head to Tail 55
8 3
«Q
[]
=}

Growing Chain

- A
s N

Position 2 -1
N

/Sd—

(S C1Hﬁ- C*H,~Ti
Tail p |

CH, " CH,

Head % /7 Head

Structure 2

*

P-—- CH - CH, - CH, - CH - Ti
)

+C’H,=C'H — \

CH, CH;

Growirig Chain Monomer
Tail to Tail
Dormant site

Figure 3. Dormant site generation

Equation (55) can be rewritten as:

(56)
R, =K, CpaCo- Fis,
with the hydrogen-dependent function fu,
defined as:

14K X
f2 71K, + KX (57)

The parameter fu, represents the fraction of
active sites in system. In the absence of hydrogen X
=0, and fu2 has a minimum value. This means that
the active sites of catalyst are at minimum level in
the polymerization system. Consequently, if fu2max
= 1, 100 % of the catalyst sites are active in the
reaction.

Equation (57) has three parameters to be
determined, namely Ky, ki, and k> The fit is done in
two steps, in the first step the value of (Ky/(l +k2))
is obtained, then the values of ki and k; are
estimated. The first step: As the active sites of the
catalyst are heterogeneous, the calculated kp is an
average value. This value is determined using the
experiments without hydrogen, runs 1, 2 and 3.
When no hydrogen is used in the experiments, Eq
(55) can be rewritten as:

For X=0 ( no hydrogen)

K’

! p

Po = 1+ K2 'pm (58)
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where R', [mol/l sec] and R, [Kg/gcarh], and

with rearrangement we have:
R K,'
R, =—"2=—2L (59)
’ pm 1+ I<2
Based on these results, the dependency of (kp/I
+kz) on reaction temperature has the following
form:
E
K, =K, @1+ Kz).exp(—ﬁ) (60)
Then we have:
K, \ _E,
1+ Kz) = Ln(K,,) RT (61)

R
Ln(—%) = Ln(
Prm

Here pm is the monomer density. The Arrhenius
plot for (kp/l+k2), Fig. 9, shows an excellent fit with
linear correlation coefficient (R?) of 0.9967.

MODELING ALGORITHM

Fig. 4 presents the algorithm of the model
solution in a MATLAB/SIMULINK environment.
It is composed of two parts; main-program (named
"Runsim") and subroutine (function file).

In this study, as in the available literature [8,9],
the initially guessed kinetic constants were applied
to the model and afterward were adjusted and the
exact values were determined for the
polymerization  according to the  set-up
(experimental data) by the iterative methodology,
as shown in Fig. 5.



Gh. H. Varshouee et al.: Optimizing final product properties and Ziegler-Natta catalyst performance ...

RESULTS AND DISCUSSION

Comparison  of
experimental results

summarized in Table 1. The model was validated

the model outputs and
in different conditions is

by experimental data (as shown in Fig. 6(a) in the

absence of hydrogen at different temperatures and

in Fig. 7 at a constant reactor temperature (70°C)
with different hydrogen concentrations). As it can
be seen, the experimental results and model outputs

~

Main-Program
(as named "Runsim"

Cont.
Main-Program
(as named "Runsim")

1. Global error that

Input Data (recipe condition):

Time (sec) and Reactor Volume

Volume Of Solvent ( lit ), Temperature Of Reactor,
Catalyst (mgr), Cocatalyst (mgr), H2 (mgr)

open literature
as initial guess

(based on Sanchez and Lacombe equation(SLE

Concentration of monomer in solvent, reactor pressure (PR )

were within an acceptable margin of errors. The
margin of errors was determined by:
is the summation of
truncation, method and round off error;

equipment

2. Personal and measurement
errors;

3. Selection of Equation of state.

4.  Errors resulting from assumptions.

kinetic constants
calculated : Use iterative methodology

Figure

) as EOS)

| Monomer and Polymer properties |

Initial Conditions

ODE's solution

} subroutine ( function file )

Model Calculated :
1.Profile Rate Curve of Polymerization
2.Final product properties; <Mw>, <Mw>,MFI|,DPI

Experimental Data :
1.Profile Rate Curve of Polymerization
2.Final product properties; <Mw>, <Mw>,MFI|,DPI

\ No
compared;

are the errors acceptable?.

Do you want
more information?.

Yes

Shown outputs:
< Mn>,< Mw>,PDI ,MFI ,density of polymer,
Monomer used ,polymer produced

Shown outputs:

Monomer used ,polymer produced
and
plotted curves

< Mn>,< Mw>,PDI ,MFI ,density of polymer,

Figure 4. The general algorithm modeling in this work
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/ Initial Parameters
(i.e rate constants Of reactions)

Simulation Program
MATLAB / Simulink

from handbooks/open literature
or logical guess /

Objectives Final Product Properties ‘
such as <Mw> , <Mn> MFI,DPI and etc ‘

/

Experimental Result \
-~ & )
k From Set-up/ Pilot Plant /

Is

Error Tolerance
OK?

7 N
\ Finished )

—1 Modified

Figure 5. The iterative methodology used to adjust kinetic parameters (constants) in this work.

Table 1. Summarized polymerization recipe; Model and experimental output results

Recipe Results (Experimental / Model)
Q -
21213 |5 |2 |2 | ¢ |3 | 3 z
z | 8 3 = < = 5 = - 8
S e |3 2 3 v v 3
e =3 = =
Exp.
R 63.29 | 5.01 142 | 210259 | 863057 41 |07
1 [es |o 20
re | 6513 519 142 | 205570 | 834523 4.06 | 0.81 589.44
EXP' 7266 | 6.5 195 | 304642 | 1104374 | 3.63 | 0.42
2 |70 |o 20
R 764|746 198 | 323780 | 1214440 |3.75 | 0.33 619.37
EXp' 63.07 | 8.85 204 | 236154 | 1124367 | 4.76 | 0.4
3 |75 |o 20 o
R 6725 | 892 213 | 270243 | 1178300 | 4.36 | 0.36 614.62
Exp.
R 8133 | 1124 |227 | 29962 | 144192 481 | 37
4 |70 |83 |10 [
RO' 884 | 1143 |23 32812.7 | 148874 454 | 36.99562 | 637.11
Exp.
s 7461 | 1202 | 205 | 24016 | 116939 487 | 62
5 |70 [274 |10 o
RO' 7681 | 11.2 235 | 24981.1 | 123303 4.94 | 61.98627 | 620.01
Exp.
6 5 R
6° | 70 | 2000° |10 {5
R |ea92 | 934 281 | 995225 | 701634 | 7.06
Exp.
7 8 R
70| 25000 |10 (o
m 6126 | 874 297 | 835386 | 616515 | 7.38

X: Hydrogen molar ratio calculated by Aspen Software polymer software based on SLE (SOE). ! Experimental
result, 2 Model result, ® 18 mg H, is equivalent to 0.00466 molar ratio X, 427 mg H; is equivalent to 0.00703 molar
ratio X, 52000 mg H is equivalent to 0.0206 molar ratio X, ¢ Mathematically calculated. But in fact, this product is
off or wax grade, 7 2500 mg H is equivalent to 0.0243 molar ratio X, 8 Mathematically calculated. But in fact, this

product is off or wax grade.

After validating the model, the data of runs 6
and 7 come from model for checking the
performance of model and calculating some kinetic
parameters such as K; for Eq (57) to modeling fio.
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The results of the model are in line with what was
expected.

The results of Table 1 demonstrated that in the
absence of hydrogen, the polymerization rate
increased up to 70°C and then decreased at 75°C.
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This claim can be verified by investigating the yield
of products because the polymerization rate has a
direct impact on the yield. Meanwhile, increasing
reaction temperature leads to increased deactivation
constant (Kq) of the catalyst (Table 1). Accordingly,
this event is an important constraint of the reaction.
Deactivation of the used catalyst as a function of
temperature can be interpreted by Fig. 6 (b) and (c).
From Fig. 6 (b) it can be seen that the rate of
polymerization at the highest temperature (75°C)
sharply increases to the peak in the initial zone,
then rapidly drops to point A (about half an hour
after beginning the reaction). Hence forward the
rate gradually decreases until one hour after starting
polymerization and hereafter, it is in a steady
condition. So it is concluded that, in the first half
hour of the reaction, the catalyst loses most of its
activities and after one hour, its activity is at the
least possible. This event is not very favorable, and
it is a drawback of the process conditions. The
profile rate of polymerization at 70°C is the most
favorable one, since firstly, it provides the highest
yield, and secondly, the catalyst deactivation rate is
more acceptable than the other. Therefore it is
concluded that 70°C is the optimum reactor
temperature. The decrease in polymer yield at the
higher temperature is due to catalyst deactivation
ether by overreduction of the catalyst sites or via an
alkylation process with the Lewis base [12].

In order to investigate the effect of variable
hydrogen  concentration on  the  profile
polymerization rate, Fig. 7 was plotted at the
optimum reactor temperature (70°C). To verify the
performance of the model, Fig. 7 compares the
experiment with the model profile polymerization
rate. It is seen that each of both profile rates in
same conditions have a fairly good consistence with
each other in an acceptable margin of error. The
error margin of the final product properties such as
Mw, DPI and MFI between model output results
and experimental data is acceptable as well (cf.
Table 1). Accordingly, it is concluded that the
model is validated.

It is worth mentioning that according to
Arrhenius equation, Ea is dependent on temperature
and independent on hydrogen concentration [15].
Therefore, activation energy was calculated by Eq
(45) and Fig. 8. It is notable that the activation
energy obtained in this work is in line with the open
literature data as shown in Table 2. From Fig. 9, the

constants of equation (41) could be estimated for
predicting MFI by average MW.

Since the most reactions in the polymerization
belong to propagation reactions, as expected, the
overall activation energy Ea should be very close to
the propagation activation energy Ep. Therefore,
with calculating and comparing Ep with Ea at least
error, it could be a criterion of the accuracy and
validity of the model.

Ep was calculated by means of dormant site
generation theory using Eq (61) and plotting in
Figure 8. The figure shows an excellent fit with
linear correlation coefficient (R?) of 0.9967. Then,
from the slope of the line in Fig 10, Ep is obtained.
It is interesting to note that comparing Ea and Ep ,
the difference is only 4% error ( Table 3). This is
another reason that the model was well enough
validated. In addition, the dormant site generation
theory is accurately justified by the profile curve
rate of propylene polymerization.

In this respect, Al-haj et al. (2007), using
experimentally method in liquid pool media, have
calculated Ea and Ep with approximately 12.82%
error (cf. table 2). Therefore, this error difference
has a significant effect on the subsequent
calculations such as Rpo, K1 and K, (summarized in
Table 3).

Using the dormant theory, equation (57) is
obtained. On the other hand, K; and K, can be
estimated using the output of the model and Fig. 8.
The equation predicts the fraction of the catalyst
active sites via hydrogen molar ratio (X). For
instance, if there is no hydrogen in the
polymerization system (X=0), only 10% of the
potential of the catalyst is active, and about 90% of
it is laid down and unused (Fig. 9 a). The impact of
this issue on Y and Ry is exactly clear and the
model is able to predict that (cf. Fig. 6 b,c,d,e,f and
table 1). Then, by slightly increasing hydrogen
content such as X=0.00466, the fraction of
activated sites of the catalyst rapidly increases
(85.5%) (Figs. 7 and 11 a). But the increasing
hydrogen content caused an increase in the
deactivation constant Kq (Fig. 11 c). This is not
desirable due to the quick deactivation of the
catalyst. On the other hand, the increasing hydrogen
content has an inverse effect on Ry and Y, in other
words, it may lead to changing final product
properties and even producing off grade or wax
product (Fig. 11 b and d).
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Figure 6. Comparison of experimental and model profile rate in the absence of hydrogen at different temperatures.
(a) comparison of model and experimental altogether; (b) comparison of all experimental runs (1,2,3) altogether; (c)
comparison of all model runs (1,2,3) altogether; (d) comparison of model and experimental run 1; (e) comparison of
model and experimental run 2; (f) comparison of model and experimental run 3.
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Figure 7. Comparison of experimental and model profile rate in the presence of different hydrogen concentrations at

a constant temperature of 70°C.
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Figure 8. Obtaining Ea by Arrhenius plot of the
initial polymerization rates Rpo at different temperatures

Figure 9. Obtaining constants of eq (42), relation
of Mw with MFI
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Figure 11. Effect of various hydrogen concentrations on the kinetic parameters: (a) fu2;(b) Rpo; (C) Kg; (d) Yield

Table 2. Comparison of reported activation energies (Ea) in propylene polymerization systems.

Worker Catalyst System Phase Ea, (KJ/mol) Reference

Yuan et. al. 8-TiCls. 1/3 AlICI; /IDEAC Slurry 53.9 32

Soares et. al. TiCls/DEAC Slurry 57.7 20

Al-haj et al. MgCI/TiClas/phthalate/silane/ TEA Lig. pool 58.6 15

This work (ave) MgClo/TiCls/phthalate/silane/TEA  Slurry 55.53 This paper Exp.
This work (ave) MgCl,/TiCls/phthalate/silane/TEA  Slurry 53.05 This paper Model.

CONCLUSION

In this paper, a validated mathematical model
based on moment approach for an isothermal slurry
polymerization of propylene with Ziegler-Natta
catalysts is presented that is able to calculate the
most important indices of end used product, such as
melt flow index (MFI) , number average molecular
weight (Mn), weight average molecular weight
(Mw) and polydispersity index (PDI), and hydrogen
response of the propylene polymerization system.
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The model output was in good agreement with
experimental results and revealed that there was an
optimum temperature (70°C) and hydrogen
concentration (18 mg) to achieve maximum amount
of polymer yield. At the optimum temperature the
PDI was at minimum, indicating optimum
dispersity of the polymer chains. In absence of
hydrogen, an increase in temperature led to
reduction of molecular weight and enhancement of
MFI. The activation energy did not depend on the
presence or absence of hydrogen and hydrogen


https://en.wikipedia.org/wiki/Melt_flow_index
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&cad=rja&uact=8&ved=0ahUKEwid--HKk5DRAhVbdVAKHY-5C7UQFghWMAs&url=https%3A%2F%2Fwww.wonderwhizkids.com%2Fpopups%2Fpopupsmacromoelcues_mi.html&usg=AFQjCNF4Z5knuTPj3k0arUvcM95aHyXryQ&bvm=bv.142059868,d.d24
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=12&cad=rja&uact=8&ved=0ahUKEwid--HKk5DRAhVbdVAKHY-5C7UQFghWMAs&url=https%3A%2F%2Fwww.wonderwhizkids.com%2Fpopups%2Fpopupsmacromoelcues_mi.html&usg=AFQjCNF4Z5knuTPj3k0arUvcM95aHyXryQ&bvm=bv.142059868,d.d24

concentration. The model could be able to predict
deactivation constant of a unknown catalyst in the
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presence or absence
polymerization system.

of hydrogen in

Table 3. Comparison of Kinetic constants in this work with literature data.

the

Overall Ep Ko,
Condition Ea Err. % m3/or.. .hr Kapg
kimop  tky/moll [/ Gl ]
Liquid pool 58.6 67.22 12.82 6.41x10° 8.02
Al-haj et al. 2 6
[15] K, =-322-T°+226-T -3.86x10
Slurry-bulk Catalyst system: MgCl./TiCla/phthalate/silane/TEA
Slurry in heptane 53.0599 55.61 45 4.69x10° 8.97
Thi K K, =-1.529-T% +55524-T —4.226x10°
15 wor Catalyst system: MgCl/TiCla/phthalate/silane/ TEA
. mC
Notation: AT, f catalyst feed flow rate, kg/s
C total active site concentration, kgmol/m?3 MFI  melt flow index, gr/10 min
Cs  dead-site concentration, kgmol/m? Mj  component j molecular weight, kg/kgmol
Cj component j bulk concentration, kgmol/m3 number average molecular weight for bulk polymer,
component j concentration at amorphous polymer Mn  kg/kgmol
phase Mw  mass average molecular weight, kg/kgmol
Cj,a (effective concentration), kgmol/m? vector containing the number of each monomer
Cj,f  component j concentration at feed stream, kgmol/ m? N in a polymer chain
CJ_,I Iqu|d-pha§e cgncentratlon of component j, kgmol/ m3 NC  number of liquid-phase components
Cj,R  concentration into the reactor, kgmol/ m3 Greek letters
Ck type k active specie concentration, kgmol/m3 equilibrium constant for j component
Cp  potential site concentration, kgmol/m3 i between liquid phase and amorphous polymer phase
cp ratio between solid-phase components concentration
w cooling water specific heat, J/kgK g at reactor output flow and into reactor
Df  discharge factor ratio between liquid-phase components concentration
dead polymer chain concentration with n monomers n at reactor output flow and into reactor
Dkn originated from site k, kgmol/m? volume fraction of monomer in the amorphous
DPI  polydispersity index X polymer phase
K two-site equilibrium constant, kgmol! pl liquid-phase density, kg m®
kinetic constant for reaction r with end-group i and
Kr,ik site k
mCs,
f monomer feed flow rate, kg/s
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OIITUMU3UPAHE HA CBOMCTBATA HA KPAWMHUSA TPOJAYKT U EGEKTUBHOCT HA
HUI'JIEP-HATA KATAJIM3ATOP B ITPUCHCTBUE U OTCHCTBUE HA BOJIOPO/I ITPU
[HOJIMMEPU3SALMATA HA ITPOIIMJIEH YPE3 KUHETUYHO MOJIEJIMPAHE

I'. X. Bapmye!, A. Xelinapunaca6'” A. Basupu®, b. Po36axanu?

! enapmamenm no unoicenepna xumus, Texepancku nayuen u uscredosamencku kiom, Ucaamexu Azad
yuusepcumem, Texepan, HUpan
2 Jlenapmamenm no XuMuuna u GUOMOReKyaspna mexnuxa, Mzciedosamencku napmuvop na ynueepcumema "Paiic”,

CAL

[ocTenuna Ha 4 nexemBpw, 2017; kopurupasa Ha 2 aBrycr, 2018
(Pe3tome)

C yHUKaJHaTa CH CIIOHOCT, KHHETHKaTa Ha MOJMMEpU3alMiTa UMa ONpeNelsiio BIUSHUE BbPXY CBOWMCTBaTa Ha
KpalHUs MPOJYKT, HO CHJIHO C€ BIHMsE OT KOJMYECTBOTO Ha BOJOPOA. BomopoabT, KaTo areHT Ha MPEeXBBPIISHETO HA
BepHrara, BOOHM IO HaMalisiBaHe Ha CPEAHOTO MOJICKYJIHO TETJIO Ha MOJMMepa U JUPEKTHO BIIMsIe BBPXY CBOICTBaTa Ha
KpaliHUsL MPOIYKT; OT Apyra CTpaHa, Ha OCHOBAaTa Ha HSAKOW TEOPHH, BOOW 1O M3BECTHO HapacTBaHe Ha Opos Ha
aKTUBHUTE IIGHTPOBE, IIOCJIEIBAaHO OT HamaisiBaHe. CJelOBaTENHO, TOBa ABOWCTBEHO OTHAcsiHE TpsOBa na ce
ontumuzupa. Jlocera He e pa3pabOTeH aJeKBaTeH KMHETHYCH MOJEN 3a INPEACKa3BaHe M ONTHUMHU3MpaHEe Ha TOBA
OTHACSIHE ¥ 33 M3YHCIJIIBaHE Ha BAXHHTE MHACKCH Ha KpaiHUTE MPOIYKTH KaTO MHICKC HA IIOTOKA Ha CTOIMJIKATA,
OpoiHO/CpeJHO MOJEKYJIHO TErJIo, MHAEKC Ha IOIUAUCIEepCHOCT. OCBEH ONpENeNsIHeTO Ha Te3H HHIACKCH, 4pe3
M3M0JI3BaHE HA MOJENia MOraT Ja Ce M3YUCISAT HSKOW OCHOBHHM KHHETHYHH TapaMeTpH KaTO aKTHBUpalla €Heprus,
I’bPBOHAYAIHA CKOPOCT Ha peaklMsATa U KOHCTaHTa Ha AeakTuBalus. [Ipeaiaranust B Ta3u pabota MOJEN € KOJUPaH B
MATLAB/SIMULINK codtyep ¢ u3mosn3BaHe Ha MOAXO0[a 3a MOJHMEPEH MOMEHTCH OallaHC, OCHOBaBall Ce Ha
TEOpHTA 32 CIAIIUTE [IEHTPOBE KaTO Hall-JOCTOBEpHA TEOPHA 10 MOMEHTa. MOJenbT € BaluAUpaH 4pe3 CPaBHABAHE C
NabOpaTOPHA CEKCIICPUMEHTAJIHN HaHHH, KaTo € YCTAaHOBEHO CHBIAJCHHE B PAaMKHTC Ha NPUEMIIMBATA TpEIIKa.
Hamepenu ca onTumanHara peakimonHa temmeparypa (70°C) u ontumanHoTo KosimuecTBO Bomopon (18 mg) B
CHOTBETCTBHUE C U3ION3BAHUS KaTAIU3aTOP.
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