BULGARIAN CHEMICAL
COMMUNICATIONS

2018 Volume 50 / Number 1

Journal of the Chemical Institutes
of the Bulgarian Academy of Sciences
and of the Union of Chemists in Bulgaria






Bulgarian Chemical Communications, Volume 50, Issue 1, (pp. 5-5) 2018

Editorial

On the occasion of the 50" volume of our journal

BULGARIAN CHEMICAL
COMMUNICATIONS

M3BECTUS

PR vweere o0 ovarber |

It was in 1968, when our journal has been
founded. Its first name was “Communications of
the Department of Chemistry” at the Bulgarian
Academy of Sciences. The editorial board has
included Bulgarian scientists only, but all of them
with significant contributions to chemistry in the
world science as a whole. There were the prominent
names of D. Ivanov and B. Kurtev in organic
chemistry, R. Kaischev and S. Hristov in physical
chemistry, G. Bliznakov in inorganic chemistry and
catalysis, D. Elenkov in chemical engineering, N.
Yordanov and A. Trifonov in analytical chemistry,
D. Shopov in organic catalysis, |. Panayotov in
polymer science, etc. There were no foreign
members of the editorial board, which was
understandable for that period of time, but the
names of the Bulgarian scholars in the list were
good pledge for the journal quality. There were four
regular issues annually for each volume.

This journal was a continuation of five separate
journals on different areas of chemistry appearing
in different periods from 1951 to 1967, but with
modest success due to the potentials of the three
existing chemical institutes in that period of time.
The integration of the efforts of the Bulgarian
scientists in chemistry had positive impact on the
journal quality and encouraged the efforts of other
Bulgarian scientists to publish their results in it.
The Bulgarian Academy of Sciences was able to
support financially the publication activity of its
institutes. Since that time the journal is one of the
Bulgarian academic issues included in the
international exchange of periodicals due to its
broad profile.

Until 1989 the journal was written in Bulgarian
mainly with sporadic articles in other languages

(Russian, English, German and French) which did
not contribute to its international authority and
acquaintance. After that (in 1992) it was decided to
edit the journal in English only, with abstracts in
Bulgarian at the end of each paper. The formal
name was changed to Bulgarian Chemical
Communications with translation into Bulgarian.
There was an international editorial board
composed in this period of time. Since 1992 the
editorial board decided to publish issues dedicated
to anniversaries of famous scholars in chemistry or
comprising the contributions to different scientific
events.

The new political and economic conditions, as
well as the freedom of choice of the Bulgarian
scholars to publish their scientific results abroad
wherever they wanted led to a certain loss of
interest to our journal. It was a hard period of time,
when for the editors was difficult to find funds for
the publishing process, as well as to convince the
chemists in Bulgaria and abroad to publish their
results in our journal. It was a critical period for the
existence of the journal at all. The support of the
National Scientific Fund and of some other
foundations was very important for the journal
survival and its further development and progress.

There was an impact-factor assigned to the
journal by Thomson-Reuters in 2010. This fact had
a crucial importance for the journal authority and
the interest to it. Since that time the progress is
enormous: there are more than 20 papers in each
regular issue. Many special issues dedicated to
anniversaries or conference proceedings are
published. Now the contributors to the journal are
from more than 25 countries throughout the globe.
There were thirteen such special issues for the year
2017 and twelve more are planned for 2018! After
the hard times in the 1990s the future of BCC
seems brighter and more successful.

Here is suitable to mention the contribution of
all members of the editorial board as well as the
efforts and expertise of the journal scientific
secretaries, i.e. Prof. A. Trifonov, Assoc. Prof. G.
Kadinov, Assoc. Prof. Ch. Bonev, Prof. D. Yankov
and Prof. E. Ivanova. Let us hope that BCC will
progress in future strengthening its international
authority and significance.

Prof. Venko Beschkov
Editor-in-Chief
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In the present study, biosorption of Cr (VI) from aqueous solutions was conducted using chemically treated Zea
mays (corn) cob. The effect of various parameters like biosorbent size and dose, pH, contact time and initial metal
concentration necessary for establishment of equilibrium biosorption of Cr (V1) ion using chemically treated Zea mays
(corn) cob was studied. Biosorbent was treated with different chemicals such as NaOH, acetone and HCI for surface
modification. The biosorbent dose providing maximum percentage removal (23.7 %) was 0.3 g, while with 0.5 g
maximum metal uptake (14.2 mg/g) was observed. The Zea mays (corn) cob biosorbent shows maximum adsorption
capacity for different pretreated and untreated samples. For estimation of the removal of metal, Cr (V1) concentration
was analysed before and after the biosorption process by atomic absorption spectrophotometry (AAS). SEM and EDX
analysis provided information on the biosorption of Cr (V1) on the biosorbent surface. The data obtained were analyzed
using Langmuir isotherm and Freundlich isotherm models, pseudo first- and pseudo second-order kinetic models. From
the result it followed that Langmuir isotherm and pseudo second-order kinetic model best fitted the experimental data
having higher R? value. Finally, the results were analyzed statistically.

Keywords: Biosorption, Cr (VI), corn cob, Langmuir isotherm, Freundlich isotherm

INTRODUCTION

The world is facing a major environmental
problem of water pollution with heavy metals. For
the control of environmental pollution from
industrial waste water, the removal of toxic heavy
metals is essential. Heavy metals such as Cr, Cu,
Cd, Zn, etc., are released by many industries in
wastewater. Human beings are suffering from
heavy metals which cause many diseases such as
brain damage. Their removal from waste water is
necessary as they cannot be easily degraded.
Various physical and chemical methods are
available to remove toxic metals present in
industrial wastewater. However, they are energy
consuming and expensive. Low-cost treatment
systems suitable for our environment are needed.
Assessing the hazard of chemical contaminants in
water, one of the pathways is the uptake of
pollutants from water by plants [1].

Biosorption process has major advantages; the
use of low-cost biosorbent materials is helpful in
minimizing the concentrations of heavy metals. [2].
Research on biosorption indicated that the metallic
species are deposited through different sorption
processes on solid biosorbents, and these sorption
processes are complex phenomena such as
chelation, complexation, ion exchange, etc. Toxic
metal ions removal from polluted water by

* To whom all correspondence should be sent.
E-mail: amtur_rehman@yahoo.com and riaz_453@yahoo.com

biosorbents is of importance because the latter have
a high area-to-volume ratio and provide a large
contact area for metal binding [3]. The Zea mays
(corn) cob was used as a biosorbent, due to its
abundance and cost effectiveness. Its availability in
most developing countries makes it a strong
candidate for biosorption. Corn cob was considered
to be a waste material and was used as a biosorbent
for pollutants removal from aqueous solutions [4].
However, corn cob would be practical, economical
and useful as a metal biosorbent by direct
utilization [5].

As per earlier reports Zea mays (corn) cob
contains protein, lignin, hemicelluloses and
cellulose groups. They contain carboxyl and
hydroxyl groups present on cell surface of Zea
mays (corn) cob biosorbent and are specified for
metal binding, differing in affinity due to their
negative charge which binds with the positive
charge of the metal [6].

Cr (VI) is a toxic metal ion which is being
extensively used in processing and manufacturing
plants and it is present in high concentrations in the
industrial wastewater of metal finishing plants,
electroplating,  petroleum  refineries, textiles,
welding, varnishes, dyes, pulp manufacture
facilities and chemical industries. Chromium metal
is toxic to humans and is generated by textile
industry tanning and electroplating [7]. The
conventional processes generally used for the
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removal of chromium include precipitation as Cr
(OH),, membrane filtration, reverse osmosis, ion
exchange and adsorption on activated carbon.
These treatments are not completely effective and
are very expensive [8,9]. The main aim and
objective of this study was the removal of Cr (VI)
from aqueous solution and the characterization of
the Zea mays (corn) cob.

EXPERIMENTAL
Sample preparation

Zea mays (corn) cob biosorbent used in this
work was collected from local areas of Okara
Pakistan. The cobs were washed comprehensively
with tap and distilled water to make the surface
clean from dust. After this the whole biosorbent
was sun-dried and ground for further application.
The ground biosorbent was sieved using various
mesh size sieves (0.50, 1.00, 1.40, 1.70 mm) for
optimization of the particle size in order to achieve
maximum removal of metal ions by the biosorbent.
Finally, the biosorbent was obtained in the form of
powder.

Preparation of chromium stock solution

Potassium dichromate (K.Cr.O7) was used for
preparing the chromium stock solution. For
obtaining 1000 ppm Cr (VI) stock solution,
potassium dichromate K,Cr,O; (2.835 g) was
dissolved in distilled water in a 1.0 L volumetric
flask. Analytical grade reagents were used for stock
solution preparation.

Chemical treatments

The biosorbent was treated with chemicals:
0.1M NaOH, acetone and HCI, for surface
modification. After treatment with chemicals the
biosorbent was used for further experiments [10].

Batch mode adsorption studies

The effects of various parameters: biosorbent
size and dose, initial metal concentration, pH, and
kinetics were studied. For biosorption studies all
experiments were conducted in batch mode.
Biosorbent was not chemically treated for
optimization of biosorbent size and dose. The
effects of other parameters like initial metal
concentration, pH, and kinetics on the biosorption
of metal ions using chemically treated Zea mays
(corn) cob biosorbent were investigated.

In order to achieve maximum removal of metal
ions, optimization of the biosorbent particle size
(0.5, 1.00, 1.40, 1.70 mm) and dose of biosorbent
(0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35 g) was
performed. For optimization of pH, the values were
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adjusted to 1.0, 2.0, 0, 3.0, 4.0, 5.0 and 7.0. The pH
experiments were conducted by using a buffer
solution of 0.1 M HCI & NaOH [11]. Initial metal
concentrations in the range of 25, 50, 100, 200,
400, 600, 800, 1000 ppm were used [12]. The
contact time was varied in the range of 15, 30, 60,
120, 180, 240 min and 24 h. The quantitative
uptake of metal ions showed the potential of the
biosorbent for removal of heavy metals. Biosorbent
samples were dipped in a 100 ppm stock solution
separately for 24 h with stirring at 200 rpm.
Solutions were filtered with Whatman filter paper
(0.011mm) and after 10-fold dilution the filtrate
was analyzed for the metal ions by AAS.

Removal efficiency of metal ion

The chromium removal percentage (R %) was
determined by using the equation:

Removal efficiency (R %) = (Ci-C¢)/Ci x 100 (1)

where Ce and C; are equilibrium and initial
concentration of Cr (V1) metal (ppm).

Adsorption capacity of metal ion

By using equation (1) the metal ion uptake was
calculated. This equation is as follows:

q =V (Ci-Ce)/mx1000 @)

where q is metal uptake or adsorption capacity
of metal ion (mg/g), V is the sample volume (mL),
m is the dose or mass of dry biosorbent (g), Ci, Ce
are initial and equilibrium metal concentrations

(ppm).

Atomic absorption spectrophotometric (AAS)
analysis

Atomic absorption spectrophotometry (AAS)
was used for determination of metal ion
concentration.

Scanning electron microscopy (SEM) analysis

By scanning electron microscopy images of Zea
mays (corn) cob biosorbent were recorded by using
electron through electron gun. Scanning electron
microscopy was also used to analyze the complex
surface morphology of the biosorbent. SEM
provides high resolution and magnification of field
[13].

Energy dispersive X-ray (EDX) analysis

Energy dispersive X-ray (EDX) analysis is an
advanced technique wused for elemental and
chemical characterization of the biosorbent. The
energy-dispersive X-ray spectrometer measured X-
rays energy emitted from a biosorbent sample in the
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form of graph peaks and measured the biosorbent
elemental composition [14].

RESULTS AND DISCUSSION
Effect of biosorbent size

The metal uptake (mg/g) against size (mm) of
Zea mays (corn) cob biosorbent is shown in Fig. 1.
Different biosorbent sizes (0.50-1.70 mm) were
used in the experiment. The maximum uptake of Cr
(V1) was observed at 0.5 mm. It was evident that by
decreasing size down to 0.5 mm biosorption
increased due to increased surface area and number
of active sites [15]. The increase in size from 1.0 to
1.70 mm resulted in reduction of biosorbent active
sites and adsorption capacity of metal uptake
decreased [16,17].

Effect of biosorbent dose
Biosorbent dose had a very important effect on
the removal of Cr (VI) in the batch mode
adsorption studies. Adsorption experiments were

Metal uptake (mg/g )
[oe]

0 05 1 15 2

Effect of size (mm)

Fig. 1. Effect of size on Cr (V1) biosorption by Zea mays
(corn) cob biosorbent

Effect of biosorbent pH

The effect of biosorbent pH on Cr (VI)
adsorption by Zea mays (corn) cob was studied at
different pH values from 1.0 to 7.0 (Fig. 3). Cr (VI)
adsorption capacity increased by increasing pH
from 1.0 to 2.0, then it decreased from pH 3.0 to
7.0. Cr (VI) adsorption capacity was maximum at
pH 2. At pH 1 the adsorption capacity of the metal
ion was lower as compared to pH 2 due to the
acidic nature of chromium solution, because more
protonation caused less adsorption. The effect of
pH can be interpreted on the basis of the chromium
specification and Cr (VI) adsorption by the
biosorbent. At lower pH, the solution of chromium
ions contains a smaller number of hydrogen
chromate ions and a larger number of dichromate
(Cr,0+%) ions. According to the overall
equilibrium, the dichromate (Cr.0-%) ions were
shifted by equilibrium in the range of pH 3 to 7.
Furthermore, the biosorbent surface at pH 2 may be
positively charged. At pH 2, HCrO ion from
chromium solution binds to the acidic functional
groups on the biosorbent surface through
electrostatic attraction and adsorption of Cr (VI)

carried out by varying biosorbent dose (0.05-0.35
9/100 ml). The Cr (VI) removal from Zea mays
(corn) cob as a function of biosorbent dose is
presented in Fig. 2. The optimum dose and mesh
size of the Zea mays (corn) cob biosorbent for Cr
(V1) removal were 0.3 g and 0.50 mm, respectively.
From the results it followed that, by increasing
biosorbent dose from 0.05 to 0.30 g the Cr (VI)
percentage removal increased due to complexation
of Cr (VI) ions with the biosorbent. More binding
sites became available and increased the rate of
percentage removal of the metal ion. However, with
0.35 g biosorbent dose slow increase in removal
and slow attainment of equilibrium between
biosorbent and adsorbate was noted [18]. With
further increase in dose after 0.30 g, the removal of
metal decreased due to the interference by the
dense outer layer of cells or screening effect of the
biosorbent [19].

26
21
16
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Percentage removal
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Fig. 2. Effect of dose on Cr (VI) biosorption by Zea
mays (corn) cob biosorbent

onto biosorbent. On further pH from 3.0 to 7.0,
biosorption decreased because carboxylate groups
exist in alkali conditions in deprotonated form and
surface charge on the biosorbent became negative.
As per earlier reports on other biosorbent same
trend was observed [20,21].

35
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Fig. 3. pH effect on Cr (VI) by Zea mays (corn) cob
biosorbent
Effect of chemical treatment

The chemical treatments of Zea mays (corn) cob
may reduce or enhance the adsorption capacity of
the biosorbent. It may change the biosorbent
surface either by exposure of greater metal binding
sites and masking or removing the functional

9
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groups in the biosorbent. All three chemically
treated and untreated samples exhibited different
biosorption capabilities in the following order:
NaOH > acetone > HCl > untreated sample.
Maximum increase in Cr (VI) biosorption was
shown by NaOH treated Zea mays (corn) cob
biosorbent as shown in Fig. 4. Treatment with
NaOH of biosorbent lignocellulose materials
caused a decrease in polymerization degree,
crystallinity, leading, swelling and increase in
internal surface area, separation or disruption of
biosorbent structural linkages between
carbohydrates and lignin [22]. Treatment of the
biosorbent with acetone caused a slight increase in
the Cr (V1) adsorption capacity of Zea mays (corn)
cob biosorbent. Treatment with acetone removed
the lipid and protein fractions from the biosorbent
surface. Hence, this treatment improved the
adsorption capacity and exposure of more metal
binding sites of biosorbent [23]. HCI was used to
treat the lignocellulose materials of the biosorbent.
After HCI treatment, binding of H* ions to the
biosorbent caused a lower adsorption of Cr (VI).
This result indicated that HCI may covalently bind
to the biosorbent adsorbing surface and destroy the
H* ions of their adsorbing groups. Thus, biosorbent
electronegativity may change due to H* ions of HCI
resulting in a decrease in adsorption capacity of the
biosorbent [24].

is
30
15

-,

%, 1: \
HCl MaOH Acetone Thntreated

Chenmeal freatments
Fig. 4. Effect of treatment of Zea mays (corn) cob
biosorbent

Effect of biosorbent initial metal concentration

By increasing initial metal ion concentration
from 25 to 800 ppm the adsorption capacity/metal
uptake of the biosorbent increased. Saturation of
the biosorbent at 800 to 1000 ppm was done by
further increase in initial metal ion concentration.
Different metal ion concentrations from 25-1000
ppm were used as shown in Fig. 5. Initial metal
concentration from 25 to 200 ppm showed greater

adsorption as compared to 200-800 ppm.
Concentration ranges from 25 to 200 ppm,
increased the metal uptake by NaOH treated sample
(5.33 to 38.75 mg/qg), acetone treated sample (4.33
to 33.33 mg/g), HCI treated sample (3.67 to 30.33
mg/g) and untreated sample (3.00 to 25.00 mg/g)
and minor increase in adsorption was observed
from 200 to 800 ppm while concentration ranges
from 800 to 1000 ppm seem to be saturated.
Adsorption capacity of the metal ion increased at
higher concentrations because, through intraparticle
diffusion the metal diffused to the biosorbent
surface. However, the metal occupies the
biosorbent adsorption sites more rapidly at low

concentrations [25].
80
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Fig. 5. Effect of initial Cr (V1) concentrations by Zea
mays (corn) cob biosorbent

Isotherms for biosorption of chromium

The Freundlich and Langmuir isotherm
adsorption models were applied to the equilibrium
data of Zea mays (corn) cob biosorption of Cr (VI)
[26].

Langmuir isotherm for biosorption of chromium

The Langmuir isotherm equation for biosorption
of Cr (VI) was chosen for the estimation on the
biosorbent surface of complete mono layer
coverage and maximum adsorption capacity of
metal ion on the biosorbent surface as shown in
Fig. 6. The Langmuir related parameters are shown
in Table 1. Equilibrium data were used to correlate
the data with the help of Langmuir equation by
using the equation [27]:

Celge = 1/0max Ki+ (1/qmax) Ce 3)

where K¢ is Langmuir isotherm constant (ppm),
Ce is equilibrium adsorption of metal concentration

(ppm),

Table 1. Langmuir and Freundlich isotherms for Cr (V1) biosorption on Zea mays (corn) cob biosorbent

Treatment of biosorbent Experimental

Langmuir isotherm constants

Freundlich isotherm constants

0 mex(MQ/g) Xm(mg/g) Ki(L/mg) R?  ge(mg/g) Ke(mg/g)  1/n R?
Untreated 63.66 79.36 00022 009049 41244 22977 0.7337 09672
HCI 55.00 68.96  0.0050 0.9763 24451  1.0480 0.6424  0.9085
Acetone 51.66 8264 00050 09606 2379.8 1.1102 0.6393  0.9012
NaOH 70.33 79.36 00071 009833 14116 1.8902 05771  0.9091
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Omax. IS maximum biosorbent monolayer adsorption
capacity (mg/g).

The graph, (Ce/ge) vs. Ce was drawn. By
applying Langmuir equation, intercept K. and slope
(1/gmax) were calculated. The Langmuir isotherm
model as compared to Freundlich isotherm model
fitted better to the experimental data as shown from
the value of its constants. R? and qmax Values of each
pretreated or untreated sample were found: NaOH
(0.9809, 70.33 mg/g), acetone (0.9595, 51.66
mg/g), HCI (0.9738, 55.00 mg/g) and untreated

sample (0.9678, 63.66 mg/g).
18 4

16 1
14 1
12 4
104
8 A

+HCl
mNaOH

A Acetone

* Unireated

[mg'g )b

qe

1] 200 100 600 800 1|}.(uj|
Ce (ppm)
Fig. 6. Langmuir isotherm for Cr (V1) biosorption by
Zea mays (corn) cob biosorbent

Freundlich isotherm for biosorption of
chromium

At a given temperature it presents the
equilibrium relationship between the concentrations
of metal in the adsorbent and in the fluid phase.
Freundlich isotherm can be applied in case of
intermediate and low concentration ranges or it can
be presented as isotherm equation of empirical
adsorption [28]:

Inge= InK¢+ n In Ce (@)

where n and K are the Freundlich constants, Ce
is concentration of metal at equilibrium (ppm), ge is
adsorption capacity of biosorbent at equilibrium
(mg/g). The Freundlich isotherm graph, log ge vs.
log Ce is presented in Fig. 7.

T 5
235 +Hl
= NaloH

A Acelone

(mg'g)

< Untreated

logq

0 1 2 3 4 5
log Ce (ppm)
Fig. 7. Freundlich isotherm for Cr (VI) biosorption
by Zea mays (corn) cob biosorbent

Separation factor (R.)

In a batch adsorption process, the separation
factor can be used to calculate unfavorable or
favorable adsorption system. The graph of initial

metal concentration vs. separation factor (R.) of
adsorption of Cr (VI) on Zea mays (corn) cob is
presented in Fig. 8. R_ values between 1 and 0
show the favorable isotherm. From the Langmuir
isotherm based equation R, was calculated [29]:

RL=1/(1+K.C) (%)

where C; is initial Cr (VI) concentration (ppm),
Ky is Langmuir constant, R, parameter presents the
shape of the isotherm and nature of the sorption
process: R. = 1 = linear isotherm, R, > 1 =
unfavorable isotherm, R. = 0 = irreversible

isotherm, 0 < R. <1 = favorable isotherm.
14,

——Hcl
—+1a0H
—h— Acetone

y  =—Untreated

Seperationfactor (K1)

0 200 400 00 800 1000
Tmitialmetal cone. {ppm)
Fig. 8. Separation factor against initial metal

concentration for biosorption of Cr (VI) by Zea mays
(Corn) cob biosorbent

Surface coverage (6)

By using Langmuir type equation the part of
biosorbent surface covered by Cr (VI) was studied
(Eq. (6) and Fig. 9).

0 =K_Ci (1-0) (6)

Where Ci is initial Cr (V1) concentration (ppm),
Ky is Langmuir adsorption coefficient. The surface
coverage increased and the surface was almost
completely covered with monolayer by increase in
initial Cr (V1) concentration from 25 to 800 ppm.
The rate of adsorption became independent if Cr
(V1) concentration was higher than 800 ppm. This
is because at higher levels of concentration of Cr
(VI) the surface coverage decreased extensively
[30].

1

—4+—H{I

=
o0

3 0.6 : ——Naon

—&— Acetone

=

=
[

——TUnireated

Swiface coverage (B)

0 200 100 600 200 1000

Tnitial metal cone. {(ppm)

Fig. 9. Surface coverage (0) vs. initial Cr (VI)
concentration (ppm) for Zea mays (corn) cob biosorbent
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Effect of kinetics

The kinetics of Cr (V1) adsorption is shown in
Fig. 10. After the first 15 min the adsorption
capacity of Cr (VI) was found to be fast and
indicating an equilibration point after 180 min. Cr
(VI) adsorption capacity was found to increase
slowly until saturation level was attained. Most
favorable time observed was 180 min at which
metal adsorption capacity was 82.9 (0.30 g, 0.50
mm) for Zea mays (corn) cob biosorbent. The
adsorption process of Cr (VI) took place in two
stages. The first stage was more rapid than the
second stage, because in the first 120 min 70%
adsorption was completed. In the second stage 30%
progressive adsorption was observed. The rapid
initial  biosorption may be attributed to
accumulation of metal on biosorbent surface and
the large surface area of the biosorbent. In the
second stage a slower occupation of biosorbent
sites was noted. The reason for the slower process
after the saturated level is that initially deposited
metal ions enter to the inside through intra-particle
dispersion of the biosorbent. Other similar studies
are in accordance with these observations [31]. In
case of Zea mays (corn) cob the contact time
increased with the increase in Cr (VI) adsorption
capacity of biosorbent. Fast adsorption occurred
from 15 to 120 min, accelerated biosorption was
observed later on, because of the availability of
vacant surface sites in a large number of initially
biosorbent for adsorption and after some time due
to repulsive forces the remaining vacant surface
sites may be exhausted between the bulk and solid
phase of molecules of biosorbent [32].

Adsorption Kinetic studies

The adsorption Kinetic studies of Zea mays
(corn) cob biosorbent describe the rate of Cr (VI)
ion uptake which controls the equilibrium time.
These adsorption kinetic models integrated first-
and second-order equations.

0 4
6 1

i — & 1 —+—Hel
N - Ni0H
.: " r; I —i3 ¥ E —h—Acdlone
‘i ;i ] ——TUntreated
19 ;"/‘
[
] Wh 400 600 &M 1000 100 1400 1600

Time i)

Fig. 10. Effect of kinetics on Cr (VI) biosorption by
Zea mays (corn) cob biosorbent
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Pseudo first-order model

The pseudo first-order rate equation is described
as:

log (Qe-0r) = log (ge) —(k1/2.303)t (7

where ge is Cr (VI) metal ion concentration
adsorbed by the biosorbent mass at equilibrium
(mg/g), qt is Cr adsorbed by the biosorbent
measured in (mg/g), ki is rate constant (mint) [33].
A graph plot of time vs. log (ge-Q:) presents a
straight line of intercept of log (ge).and slope
(k1/2.303) as shown in Fig. 11.

k)

215

11 | - WNaOH
2.05

A Acetone

*HCI

g -
o 195 t'_"\_‘ X Unireated
-[5 1.9
1.85 4
0 150 300 450
log(qe-q)

Fig. 11. Kinetic modeling of the biosorption of Cr
(VI) by Zea mays (corn) cob pseudo first-order model

*HCL
WRa0H
A Acetone

HUntreated

0 150 300 450
Time (min}

Fig. 12. Kinetic modeling by Cr (VI) Zea mays
(corn) cob pseudo second order model.

Pseudo second-order model

Adsorption data of this model are given by an
equation:

t/ge = 1/Ka(qe)? +(L/ge)t (8)

where g: and ge are the adsorption capacities at
time t and at equilibrium, K; is the equilibrium rate
constant (g/mg min). The graph of time vs. t/q has a
slope (1/ge) and intercept of 1/k. (ge)? as shown in
Fig. 12. From the result it is obtained that R?and g
values of each treated or untreated sample (see
Table 2) are: NaOH (0.9999, 56.81 mg/g), acetone
(0.9999, 53.19 mg/g), HCI (0.9997, 36.63 mg/qg)
and untreated sample (0.9938, 18.24 mg/g). Hence,
pseudo second-order is the most favorable isotherm
for Zea mays (corn) cob biosorbent [34].

Scanning electron microscopy

The scanning electron micrographs of Zea mays
(corn) cob biosorbent before and after Cr (VI)
adsorption are shown in Figs. 13 and 14
respectively.
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Table 2. Pseudo first- and pseudo second-order kinetic models for Cr (V1) biosorition on Zea mays (corn) cob

biosorbent

Experimental

Pseudo first-order constants

Pseudo second-order constants

Treatment of biosorbent

Qma(mg/g)  ge(mg/g)  ky(min) R>  qe(mg/g)  ke(g/mg min) R’
Untreated 15.933 149.86  2.30x10% _ 0.8005 18.24 2.06x10°  0.9938
HCI 36.466667  87.72  2.30x10%  0.8234 36.63 3.78x10° _ 0.9997
Acetone 51.733 12843 4.60x10%  0.7199 53.19 1.95x102  0.9999
NaOH 15.933 12843 2.30x10% _ 0.7623 56.81 3.13x10°  0.9999

Fig. 13. SEM image of Zea mays (corn)
cob biosorbent before Cr (V1) adsorption

CRL UOF

Fig.14.SEM image of Zea mays (corn) cob
biosorbent after Cr (V1) adsorption

Spectrum 3

Full Scale 1766 cts Cursar 10127 ke (4 cfs) ke

Fig. 15. EDX spectra of Zea mays (corn) cob
before Cr (V1) adsorption

The surface morphology of different parts of
both biosorbent materials would facilitate the
adsorption of metal ions and the surface was found
to be porous and irregular. The SEM micrographs
of the biosorbent showed that pores with different
shapes and different sizes existed on the external
surface of Zea mays (corn) cob. The SEM
micrograph of Zea mays (corn) cob before Cr (V1)
adsorption showed larger surface area, pore space,
pore volume and number of pores available (Fig.
13) while after Cr (VI) adsorption there was
reduction of surface area, pore space and number of

o

Full Scale 2021 otz Cursar 10164 ke (2 cts)

Spectrum 3

Cr

| :
1 2 3 4 3 B 7 g g 10

Fig. 16. EDX spectra of Zea mays (corn) cob
after Cr (V1) adsorption

pores available (Fig. 14) due to binding of positive
sites of Cr (VI) with negative sites of biosorbent.
Hence, metal adsorption was found to be maximum
[12].

Energy dispersive X-ray analysis

The energy dispersive X-ray (EDX) spectra of
Zea mays (corn) cob biosorbent before and after Cr
(VI) adsorption are shown in Figs. 15 and 16,
respectively. The EDX peaks for Cr (VI) were
observed and this technique was used qualitatively.
The EDX spectra show absence of Cr (VI) peak
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before biosorption and appearance of Cr (VI)
adsorption peak after biosorption. Appearance of Cr
(V1) peaks means that the biosorbent adsorbed the
Cr (VI) metal ion because biosorbent surface has
active groups such as oxygen, carbon and nitrogen
groups which bind the metal ion [35].

CONCLUSIONS

The present work shows that the dried
biosorbent of Zea mays (corn) cob has ability to
remove heavy metals like Cr (VI) from aqueous

solutions. In batch mode adsorption studies
different parameters were optimized, like
biosorbent size and dose, initial metal

concentration, pH, and contact time.

Effect of biosorbent size and dose: Effect of
biosorbent size and dose was optimized without
pretreatment of biosorbent with chemicals.
Optimum size was found to be 0.5 mm. Higher
adsorption was observed for biosorbents chemically
pretreated with sodium hydroxide, acetone and
hydrochloric acid. Biosorbent treated with
chemicals showed adsorption capacity in the
following order: NaOH > acetone > HCI >
untreated sample. The optimum biosorbent dose
was 0.3 g, and the optimum size was 0.5 mm.

Effect of pH, initial concentration and contact
time: The Zea mays (corn) cob biosorbent showed
maximum adsorption capacity for different
pretreated (NaOH, acetone, HCI) and untreated
samples. The effect of pH, initial metal
concentration and contact time for treated and
untreated samples was studied and maximum
adsorption was observed at pH 2, 800 ppm and 180
min, respectively.

Kinetic  isotherm  model and surface
characterization: Kinetic isotherm models such as
pseudo second-order and Langmuir isotherm
adsorption model were also studied for removal of
Cr (VI). Biosorbent samples were analyzed before
and after biosorption by SEM for surface
morphology of biosorbent and EDX. The presence
of metal ion peak confirmed that the biosorbent
adsorbs Cr (VI) metal ions. It can be concluded
from the present study that chemically treated Zea
mays (corn) cob powder could be employed as an
eco-friendly and cost-effective biosorbent for
removal of heavy metal from aqueous solution.

Acknowledgements: We are highly thankful to
acknowledge the Department of Chemistry,
University of Sargodha Faisalabad Pakistan in
providing the facilities for this research work.
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KMHETUYHO U PABHOBECHO MOJIEJIMPAHE HA COPBLIMATA HA CR (VI) BBPXY
XUMNYHO MOANDPUITNPAHU KOYAHU OT HAPEBUILIA (ZEA MAYS) BbB BOJAEH
PA3TBOP

A. P. Abac*, Mucbax’?, M. Puas'*, A. Xanud?!, M. Cyneman®, U. I'yn*

Ylenapmamenm no xumus, Ynusepcumem na Capzooa, XKencku xamnyc, @aiizanabao, Ilaxucman
2 lenapmamenm no xumus, Cenckocmonancku ynusepcumem, Patizanrabao 38040, Ilaxucman
3 flenapmamenm no xumus, XKencku ynueepcumem na Azao Jocamy u Kawmup, Baz, Iakucman
4 lenapmamenm no xumus, Ynusepcumem na Capeoda, kamnyc Bxaxap, Bxaxap 30000, Haxucman

[ocrpnuna na 27 cenremspy, 2016 r.; Kopurupana ua 12 nHoemspu, 2017 r.
(Pe3rome)

B macrosimara cratus e usciensana ouocopouusaTa Ha Cr (V1) BbpXy XUMHUYHO 06pa0OTEHH KOYaHH OT LapeBHIA
(Zea mays). UscnenBaHo € BIWSHHETO Ha pPa3iMYHH MApaMeTpH KaTto pa3Mep Ha YaCTHUIUTE U KOJMYECTBO Ha
Oouocopbenra, pH, BpemMe 3a KOHTakT W I'bpBOHAuYaJIHA KOHLEHTPAlMs HAa METAJIHHS HOH BBPXY JOCTHIAaHETO Ha
copOIMoHHO paBHOBecue. brocopOeHTHT € 00paboTeH NpeaBapUTENHO C pa3nuyHu peareHTH katro NaOH, aneron n
HCl 3a moauduimpane Ha HOBBPXHOCTTAZ My. KOMHYeCTBOTO GHOCOPOCHT, OCHUTYPSIBAINO MAKCHMAJHO H3BJIHYAHE
(23.7 %) ¢ 0.3 g, nokaro ¢ 0.5 g uzBnuuaneTo e 14.2 mg/g. 3a oueHkKa Ha CTEMCHTA Ha copOIMs, KOHIeHTparusaTa Ha Cr
(V1) e ompenensina mpeau u cien GuocopOimsata upe3 AAS anmamus. Upes SEM u EDX ananus e momydeHa
uHpopMmarms 3a 6nocopbimsata Ha Cr (V1) Bepxy moBbpxHOCTTA Ha copbenTa. [loydeHuTe TaHHH Ca AaHAIN3HUPAHH C
nomoIra Ha u3orepmute Ha Langmuir u Freundlich u ¢ KuHETHYHN MOJIEH OT MICEBAOIBPBH U MICEBIOBTOPH TIOPSIBK.
Or pesynratute ciieBa, 4e n3oTepMara Ha Langmuir ¥ KMHETHYHHAT MOJEN OT IICEBAOBTOPH IOPSABK CHOTBETCTBAT
Haii-1oOpe Ha eKCIepUMEHTAIHUTE JaHHM (Hail-BUCOKM cToiiHOocTH Ha R?). Pesynrarure ca o6paboTenu
CTaTHCTUYECKH.
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In this study, a novel carbon paste electrode was prepared using the salt form of polyaniline (pani)-activated carbon
composite sensitive to phenol. Polyphenol oxidase enzyme was immobilized to the modified carbon paste electrode by
cross-linking with glutaraldehyde. The amperometric determination is based on the electrochemical reduction of o-
quinone generated in the enzymatic reaction of phenol at -0.15 V vs. Ag/AgCI. The effects of pH and temperature were
investigated and optimum values were found to be 8.0 and 45 °C, respectively. The linear working range of the
electrode was 1.0x10¢- 5.0x10° M, R?=0.9819. The storage stability and operation stability of the enzyme electrode

were also studied.

Keywords: Phenol, polyphenol oxidase, biosensor, polyaniline (pani), polyaniline activated carbon composite, carbon

paste
INTRODUCTION

Carbon paste electrodes are widely used in
electroanalysis owing to their low background
current, wide potential window, chemical inertness,
simple and fast preparation from inexpensive
materials. Carbon paste electrodes (CPE) can also
be easily modified with electrocatalysts or enzymes
by means of simply mixing the modifier into the
carbon paste matrix. In addition, the carbon paste
electrode offers a renewable electrode surface [1].

A large variety of phenolic compounds exists.
Some of them may have harmful effects for the
health [2]. Their accurate determination is of great
importance due to their toxicity and persistency in
the environment, and the detrimental effect of
phenols on human health requires a strict directive
for the identification and quantification of such
compounds [3-5].

For phenolic compounds determinations,
polyphenol oxidase (also known as tyrosinase, EC
1.14.18.1), which is a copper containing enzyme, is
used [6]. This enzyme catalyses phenol oxidation
and o-quinone is the product of the enzymatic
reaction. This is accomplished in two reaction
steps. In the first step, tyrosinase oxidizes phenol
into the corresponding catechol. In the second step,
the catechol is oxidized into o-quinone.
Amperometric reduction of the generated o-quinone
is then used as the quantification method [7, 8].

A variety of methods for the immobilization of
tyrosinase with an electrochemical transducer have

* To whom all correspondence should be sent.
E-mail: halit@gazi.edu.tr; dr.halitarslan@amail rom

been reported such as cross-linking on the surface
of electrodes [9-11], incorporation within a carbon
paste matrix [12, 13], entrapment in polymer films
[6, 14, 15].

In this study, a novel carbon paste electrode
using the salt form of polyaniline (pani)- activated
carbon composite sensitive to phenol, was
prepared. Polyphenol oxidase enzyme was
immobilized on the carbon paste electrode
containing polyaniline-activated carbon by cross-
linking with glutaraldehyde. The optimum working
conditions of the modified carbon paste (MCPE)
with respect to the substrate concentration, the pH
and temperature were investigated. The storage
stability and operation stability of the biosensor
were investigated.

Materials and methods

Apparatus: The electrochemical studies were
carried out using a CHI 660B electrochemical
workstation with a three-electrode cell. The
working electrode was a carbon paste (diameter of
1.0 cm, length of 5 mm) Teflon electrode. The
auxiliary and reference electrodes were Pt wire and
Ag/AgQCI electrode (3 M KCI), respectively. The
pH values of the buffer solutions were measured
with an Orion Model 5 Star pH/ion meter.
Temperature control was achieved with a Grant
W14 thermostat.

Chemicals: Polyphenol oxidase (EC 1.14.18.1,
with an activity of 10 unit/mL) and phenol were
purchased from Sigma. Graphite powder and nujol
were supplied by Merck and Sigma, respectively.
All other chemicals were obtained from Sigma. All

16 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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solutions were prepared using double distilled
water.

Preparation of modified carbon paste electrode
(MCPE)

The carbon paste was prepared with 2 mg
polyaniline-activated  carbon  composite by
thoroughly mixing 100 pL of nujol with 0.15 g of
graphite powder in a mortar [16]. Polyaniline-
activated carbon composite was synthesized
according to Zengin and Kalayct [17]. For the
preparation of the carbon paste electrode a glass
tube (diameter of 1.0 cm, length of 0.5 cm) was
filled with the paste. Height of the paste in the tube
was 0.5 cm. The electrode surface was smoothed on
a paper to produce a reproducible working surface.
Electric contacts were made by platinum wire. 75
pL of polyphenol oxidase enzyme (10 unit/mL), 1
mg of bovine serum albumin, 50 pL of 0.1M
phosphate buffer of pH 8.0 and 30 pL of 2.5%
glutaraldehyde were dropped upon the carbon paste
electrode containing polyaniline - activated carbon
composite. The electrode was dried at room
temperature and washed with buffer solution (0.1
M phosphate buffer, pH 8.0,) several times in order
to remove the non-immobilized excess enzyme and
glutaraldehyde. The electrode was kept in a
refrigerator at 4° C in phosphate buffer when it was
not in use.

Electrochemical measurements

The quantification of phenol was achieved via
electrochemical detection of the enzymatically
released o-quinone. The modified carbon paste
electrode (MCPE) was immersed into the
phosphate buffer (0.1 M) of pH 8.0. The solution
contained 0.1 M sodium perchlorate as supporting
electrolyte. The electrode was brought to
equilibrium by keeping at -0.15 V (vs. Ag/AgCI
electrode (3 M KCI)). Steady current (ig) was
recorded. Phenol solution was added to the cell and
the system was stirred. The currents (ip) obtained at

-0.15 V were recorded. The current values (Ai =ip—
ig) were plotted against the phenol concentrations.

RESULTS AND DISCUSSION

In this study, we reported a new amperometric
biosensor for the determination of phenol.
Polyphenol oxidase (tyrosinase) enzyme was
immobilized onto a carbon paste electrode
containing polyaniline-activated carbon by cross-
linking with glutaraldehyde. The amperometric
determination is based on the electrochemical
reduction of o-quinone generated in the enzymatic
reaction of phenol at -0.15 V vs. Ag/AgCI. Reaction
scheme 1 shows the phenol determination.

According to this scheme, a biochemical reaction
occurs between phenol in solution and tyrosinase
enzyme which are immobilized onto the carbon
paste electrode containing polyaniline-activated
carbon. Firstly, phenol is oxidized to catechol.
Then, the catechol is oxidized into o-quinone. By
taking the electron, oxygen is reduced to HO.
Phenol determination was made by measuring the
reduction current to o-quinone on the electrode
surface.

The parameters affecting the performance of the
biosensor and the optimum working conditions
were investigated.

@ w.y

Phenol Catechol

Q Carbon
Q Polymer Tyrosinase

OH o]
OH )
V™
0, H,O

o-Quinone
Scheme 1. Reaction scheme of phenol determination

Working potential

After preparing the modified carbon paste
electrode (MCPE), the electrochemical reduction of
0-quinone generated in the enzymatic reaction of
phenol was carried out at different potentials (-0.07,
-0.11, -0.15, -0.19 V) (Fig. 1). In all cases, as
shown in Figure 1, the highest current differences
and correlation coefficient were obtained at -0.15
V. Therefore, -0.15 V was used as working
potential in the following studies.

0.7

*-0.15V, R2=0.9933
0.6 - A-011V, R2=0.9589 .
*-0.07 ¥V, R2 =0.5976

0.19V, R2 =0.9876

0.5 4

0.4 4

3
.'?'-‘
03 4
0.2 4
0.1 4 =
+=
v ”
0.0 SR _— . — .
0.000 0.002 0.004 0.006 0.008 0.010

Phenol concentration, mmel L
Fig. 1. The effect of potential on the response of the
modified carbon paste electrode to o quinone (at 25 °C,
0.1 M pH =8.0 phosphate buffer, -0.15 V operating
potential).
Determination of optimum pH

Since enzyme activity is dependent on the
ionization state of the amino acids in the active site,
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pH plays an important role in maintaining the
proper conformation of an enzyme. The effect of
pH on the response to phenol of MCPE was
determined in 0.1 M phosphate buffer, in the pH
range 6.0-10.0. The measurements were performed
at a constant phenol concentration of 1.0x10° M.
Figure 2 shows that the maximum response was
obtained at pH 8.0. For MCPE, pH values different
from 8.0 were employed in the literature (pH 7.5;
6.5) [14, 18]. In another study by Arslan et al. the
optimum pH was found to be 8.0 [15].

4.00
./”‘“\
w__—"
0.00

5.0 6.0 7.0 8.0 9.0 10.0 11.0
pH

Fig. 2. Effect of pH on the response of MCPE (at 25 °C,
1.0x107° M phenol, -0.15 V operating potential).
Determination of optimum temperature

3.00

Al pA
2

1.00

Enzymes are known to be sensitive to changes
in temperature. The relationship between reaction
rate of an enzyme and temperature is exponential.
The temperature influence on the response of
phenol MCPE was tested between 20°C and 60°C at
pH 8.0 using constant phenol concentration of
1.0x10° M. As seen from the Figure 3, the current
difference increases with temperature up to 45°C
and decreases afterwards. The highest electrode
response was obtained at 45°C. For MCPE,
temperature values different from 45°C were
employed in literature (30, 40, 21 °C) [9, 15, 18].
The study was carried out at 25°C due to the
difficulties involved in working at 45 °C.

10.0

75 N

0.0
20 30 40 50 60 70

Temperature, °C

Fig. 3. The effect of temperature on the response of
MCPE (at pH 8.0, 1.0x10° M phenol at -0.15 V
operating potential).
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Effect of substrate concentration on response of
MCPE and calibration curve

The effect of substrate concentration on the
reaction rate, catalyzed by immobilized PPO, was
studied using varying concentrations (1.0x10° —
1.0x10° M) of phenol (Figure 4). The linear
working range of the electrode was 1.0x10° -
5.0x10° M, R?=0.9819 (Figure 5).

It is seen that the linearity of graphs is highly
satisfactory and they could be used for the
guantitative determination of phenol. The detection
limit of the biosensor was 5.0x107 M and the
response time of the biosensor was 200 s.

Kinetic parameters Imaxapp) and Kmeapp for the
enzyme biosensor were calculated as 3.47 pA, 0.69
mM respectively. Km values for immobilized
polyphenol oxidase presented in the literature are
100, 0.67 mM [14, 19]. This was attributed to the
fact that the polymer used and the type of
immobilization were different.

2.50

1.50
0.00 0.20 .40 0.60 0.80 1.00

Phenol concentration, mmol L

Fig. 4. The effect of phenol concentration upon the
amperometric response of MCPE (in pH 8.0 phosphate
buffer and at a -0.15 V operating potential, 25 °C).

3.200

0.200
0.000 0.010 0.020 0.030 0.040 0.050 0.060

Phenol concentration, mmol L-1

Fig. 5. The calibration curve of the MCPE (in pH 8.0
phosphate buffer and at a -0.15 V operating potential, 25
OC)
The operational stability of the MCPE
The operational stability of MCPE was studied

by performing the activity assay (under optimum
conditions) 15 times in the same day (Figure 6).
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The relative standard deviation obtained after 15
measurements at a constant phenol concentration of
1.0x10° M was found to be 2.75%.

Storage stability of MCPE

The activity assay was applied within 35 days to
determine the storage stability of the immobilized
enzyme. As shown in Figure 7, during the 35 days, the
response of MCPE decreased. An activity loss of 53 %
was observed on the 35" day.

1.15

L 4
“'40 »> & * . * .,
L 4 & *

0.9

Al

0.65

0.4
o 2 4 6 8 10 12 14 16
Number of measurements

Fig. 6. Operational stability of MCPE in pH 8.0
phosphate buffer, at a -0.15 V operating potential, 25 °C.
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Fig. 7. Storage stability of MCPE (in pH 8.0 phosphate
buffer, at -0.15 V operating potential, 25 °C and 1.0 x
10° M phenol concentration).

Interference effects

Several cations found in wastewater, such as Cd?,
Pb2+, Sn2+, A53+, ASS+, Cl"3+, Cl’6+, Sb3+, Mn2+, C02+,
Cu?*, Ni?*, were studied for any interfering effect
on the analysis of phenol. 1.0x102 M - 1.0x10° M
concentrations of cations were added. It was
observed that Cd?*, Pb?*, Sn?*, As®*, As®, Cr®,
Cr¥, Sb%, Mn?*, Co?", and Ni?* had no interfering
effects on the analysis of phenol. However,
interfering effect of copper (1.0x102 - 1.0x10° M)
on the analysis of phenol was observed.

CONCLUSION

In this study, polyphenol oxidase was
successfully immobilized on a polyaniline (pani)-
activated carbon composite. The experimental
results showed clearly that the biosensor exhibited
good performance in the determination of phenol. It

was found that operational stability and long-term
storage stability of the phenol biosensor were good.

Phenol biosensor prepared in this study is
useable in a wide concentration range 1.0x10° -
5.0x10°M (R?=0.9819). It has a very low detection
limit (5.0x107 M) and an acceptable response time
for a biosensor (200 s). It gives perfect reproducible
results (the relative standard deviation is 2.75 %
after 15 measurements). Also it has good storage
stability (gives 47 % of the initial amperometric

response at the end of the 35" day). The Km(app) and

Imax(app) values of polyphenol oxidase enzyme

immobilized in polyaniline (pani)- activated carbon
composite are 0.69 mM and 3.47 pA, respectively.
MCPE proposed in this study is easy to prepare and
highly cost-effective

Declaration of interest: The authors report no
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paper.
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[IpuroTBeH ¢ HOB BBIJICPOJICH MACTOOOPA3CH CIEKTPO| C M3IMOJ3BAHE HA MOJMAHWIMHOB AKTUBUPAH BBHIIICPOJICH
KOMIIO3HUT, YyBCTBUTENICH KbM (eHOII. [lonudenon okcuaaszeH eH3uM € UMOOMITU3UpPaH KbM MOJU(PHUIUPAH BBIICPOJICH
MacToo0pa3eH eJNEKTPOJ Ype3 OMpEeXBaHE C TIAyTapalIeXui. AMICPOMETPUYHOTO OIpPEICNSTHE CE OCHOBaBa Ha
eNEKTPOXUMHUYIHATA PEIYKIUS Ha 0-XHHOH, TEHEPUPAH OT eH3MMHaTa peakuust Ha ¢penon npu -0.15 V cripsmo Ag/AGCI.
UzcnenBano e BimsHWeTo Ha PH ¥ TemmepaTypaTa, Karo ONTHMAalHUTE cToWHOCTH ca chorBeTHO 8.0 m 45 °C.
JlunHeiinuaT paboTen uuTeppan Ha enexrpoa e 1.0x10°- 5.0x10° M, R?= 0.9819. Uscenpanu ca cTaOMIHOCTTA MPH
ChXpaHeHHe u paboTHATa CTAOMITHOCT.
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Ortho-Toluidine (OT) is a dangerous and persistent organic pollutant in the industrial wastewater and needs
treatment before disposal. In this project, the performance of reverse osmosis membrane system (RO 90) for the
removal of OT from aqueous solutions is investigated. The influence of different operational variables such as pressure,
concentration, pH and the volumetric flow rate of feed was considered in the removal performance of the OT. The
influence of feed flow rate on the rejection percentage and the permeate flux was not the same. The results showed that
at the optimum conditions obtained for rejection, (feed concentration at 80 mg/l, the pressure of feed at 50 x 105N /m?,
pH at 7, and feed flow rate at 8 x 10~>m3/s), the rejection percentage and the permeate flux were 97.8%, and 38.5 x

10* m3/m?2. s, respectively.

Keywords: rejection percentage; ortho-toluidine; reverse osmosis; permeate flux; industrial wastewater.

INTRODUCTION

Ortho-Toluidine (OT) is an aromatic amine
employed as an intermediate in the dyeing and
petrochemical industries with numerous uses in
rubber handling, chemical production, pesticides,
pharmaceuticals, etc. [1]. O-Toluidine can also be
absorbed in living organisms and convert to a
number of compounds which are active endotoxins.
According to its many environmental concerns and
opposing effects on human health, it has received
growing attention in recent decades [2].

Membrane technologies are valuable approaches
for wastewater treatment because of the many
benefits such as low power consumption, high
quality of water and low area requisite [3]. The
reverse osmosis (RO) is one of membrane
technologies that can remove organic pollutants [4].
RO processes can significantly decrease the volume
of waste streams and the pollutants are concentrated
into a small volume compared to the total waste
size. Both organic and inorganic contaminants can
be removed instantaneously by RO membrane
processes. Additional gains of RO process are:
energy saving, simple design and easy work, in
comparison with customary processes. But fouling,
scaling, and concentration polarization can decrease
the efficiency of the RO process [5, 6]. The RO
system cannot degrade toxic pollutants, but it can
transfer the pollutants from one phase to another
and this subject is one of the main limitations of
RO techniques. In the separation and reuse of
pollutants it can be considered as a useful method
for wastewater treatment.

Several processes have been used to remove OT
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from wastewater, including Fenton [7] and photo
Fenton [8] processes, catalytic ozonation [9],
electrochemical [10], UV/H.O. [11] and other
AOPs [12]. In this paper the removal of OT from
aqueous solution by reverse osmosis using a RO90
polyamide membrane, and the effect of different
experimental conditions such as pressure,
volumetric flow rate, pH and concentration of feed
was studied.

EXPERIMENTAL

Materials. O-Toluidine (99.5%) was of reagent
grade, obtained from Merck. The features of o-
toluidine are shown in Table 1. The pK. is the acid
dissociation constant at which the organic molecule
loses a hydrogen atom and becomes negatively
charged; log Kow displays the hydrophobicity of the
organic molecule. A thin film composite polymeric
membrane (RO 90) produced by Alfa Laval
(Manufacturer Dow chemical) was employed.
Other analytical grade reagents used in this work
were sodium hydroxide and sulfuric acid, supplied
from Merck. Distilled water was used throughout.

Experimental setup. The schematic of the
experimental setup is presented in Fig. 1. The feed
tank was a 2 L glass vessel. The set up was
equipped with an RO membrane, diaphragm pump
(HEADON model HF-8367) with maximum flow
rate of 107*m3/s, membrane module, pressure
gauge, and a diaphragm valve. The maximum
pressure of the membrane was 55 x 10° N/m2, The
regulation of the feed flow rate was performed by a
flow meter combined with needle valve on the feed
stream. A second globe valve was used for pressure
tuning. A pressure gauge was installed for
monitoring the inlet feed pressure.
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Tablel. Some physico-chemical properties of o-toluidine.

Molecular Structural Molecular ~ Water Log pKa Density at
formula formula weight solubility Komw 20/4°C
(g/mol) (g/L) (25°C) (water = 1)
C7HoN NH2 107.15 15 132 444  1.004
CHs

Fig. 1. The schematic diagram of the RO setup; (1)
Feed tank, (2) Instrumentation device, (3) Diaphragm
pump, (4) Pressure indicator, (5) Membrane module, (6)
Reject line, (7) Permeate line, (8) Sampling valve.

Procedure. A stock solution was prepared by
dissolving the required amount of OT in distilled
water. The solubility of OT in water in alkaline
medium is more than under acidic and neutral
conditions. Concentrations of 40, 80, 120 and 160
mg/l of OT were prepared by diluting the stock
solution for exploring the effect of feed
concentration. For considering the effect of pH,
different pH at 5, 7, 9 and 11 were adjusted by
adding sodium hydroxide and sulfuric acid. The
effect of feed flow rate at 2, 4, 6, and 8 X
10~°m3/s and the influence of feed pressure at 20
to 50 kPa was investigated. All experiments were
performed at 25°C. The feed solution was pumped
into the membrane module with the chosen pressure
and flow rate. The rejected and permeated streams
were spilled back to the feed reservoir. Samples
from permeate and rejected lines were withdrawn
until finding the steady state condition. The steady
state condition was achieved after 70 min of
recirculation. The rejection of Solute was estimated
as:

R:(1—C—P)x1oo (1)
Cr

Where Cr and Cp are the feed and permeate
concentration, respectively [13]. The permeate flux
(Jp) can be defined as the volume flowing via the
membrane per unit area and time (m*m3s). In this
22

study, the feed solution was diluted and the velocity
of the feed was high, therefore the concentration
polarization and fouling were insignificant and
minor deviations from ideal mass transfer were
observed. As it can be seen from the following
equation, the solvent flow (J,,) depends on the
hydraulic pressure used across the membrane (AP),
minus the difference in the osmotic pressures of the
solutions on the permeate and feed side of the
membrane (An):

Jw = Aw(AP — Am) )

Where Ay is the water permeability constant,
which can be influenced by the properties of the
membrane and Amn signifies the osmotic pressure
difference across the active layer of the membrane
[14]. The solute flux (Js) depends on the differences
in solute concentration across the membrane:

Js = Bs (Cs - Cp) (3)

Bs is the solute permeability constant, which
depends on the solute composition and the
membrane structure, with the following value:

R (@)

Where Ks is the solute distribution coefficient,
Ds is the solute diffusion coefficient, and | is the
membrane width. The permeate concentration can
be introduced as Cp = Js/Jw [15].

The OT concentrations in feed and permeate
solutions were determined by spectrophotometry at
281 nm, using a UV-Vis spectrophotometer
(Agilent, 5453, U.S.A)).

RESULTS AND DISCUSSION

Effect of feed pressure. The effect of feed
pressure on OT rejection and permeation at pH 7,
feed concentration of 40 mg/l and volumetric flow
rate of 2 x 107°m3/s in the range of 20-50 kPa
was tested and showed in Figs. 2 A and B. As can
be seen, the rejection of OT increased from 73.2 to
80% with the increase in pressure from 20 to 50
kPa. Based on the Spiegler—Kedem—Katchalsky

B, =
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model, the driving force for solvent and solute permeate concentrations, which leads to higher

transport is  pressure and  concentration, rejections. Similar results were achieved by other
respectively. In addition, the solute flux is less researchers for the removal of organic pollutants by
pressure-dependent than water flux [14]. Therefore, nano filtration and reverse osmosis membranes
the water flux (Jw) is enhanced directly with [17].

pressure and the solute flux is due to the The effect of pressure on the permeate flux is
concentration  difference and  water  flux. presented in Fig. 2B. The permeate flux was
Concentration polarization increases the osmotic increased from 33.5 to 39.0 x 10* m3/m?.s with

pressure [16], but in this project, it was not an increase in operating pressure from 20 to 50 kPa.
considerable because of high feed velocity. The Based on Egs. 2 and 3, Jv was increased with
increase in rejection with practical pressure is operating pressure, but Js is not influenced and is
expected from equation 2, where AP is the only only determined by the concentration difference
variable, supposing that the constants Ay and Bs are across the membrane. So, an increase in permeation
not relying on pressure. Higher fluxes derived from rate is only owing to the enhancement in water flux.
higher trans-membrane pressures result in lower

81 - 40 -~
80 - + A
79 4 w38 o
s + E A
s < 36 -
E 77 + E A
g 76 + 5 1
@ =] ]
E 75 % A
2
74 4
32 4
73 4 - (A) (B)
72 30 . T T T )
10 20 30 40 50 60 10 20 30 40 50 60
Pressure X105, N/m? Pressure X 10°%, N/m?

Fig.2. Effect of feed pressure on rejection percentages (A) and permeate flux (B); (feed concentration 40 mg/l, pH 7,
and feed flow rate at 2 x 10~5m3/s).

Effect of feed concentration. The effect of initial As it can be observed, there were no noteworthy
feed concentration on rejection and permeate flux variations in permeate flux with increases in feed
of the OT is shown in Figs. 3 A and B. The osmotic concentration, which can be clarified by the sum of
pressure was increased with increase in feed two contrary effects: the reduction in the water flux
concentration and according to Eq. (2) the water as a consequence of the increase in AIT and the
flux was reduced. By rising in the feed enhancement in solute flux according to the
concentration, the accumulation of OT and increase in feed concentration.
concentration polarization are increased, therefore Effect of feed pH. As it can be seen from Figs. 4
the rejection of the OT was decreased. The results A and B, the effect of feed pH on rejection and
showed that at 80 and 40 mg/l, maximum and permeation flux was investigated in the range of 5—
minimum rejections of the OT were observed at 11. The maximum rejection was obtained at pH 7
89.2 and 80%, respectively. At low concentration and the minimum rejection at pH 10. In alkaline
(40 mg/l), the osmotic pressure difference was low, solutions, ionization of the polyamide membrane
so based on Eg. (2), water flux was considerable occurred and the membrane surface was negatively
and the concentration of OT on the membrane charged because of the free carboxylic acid groups
surface was low, so the flux of OT was low. But at in the structure [19]. Rejection changes with pH are
a concentration of 40 mg/l, the water flux is so high seemingly related to the existence of ionizable
that can transport the dissolved OT in the groups in the membrane structure and to the net
membrane surface to the permeate side. When feed charge of the OT molecule as a result of its
concentration increases, the slight variation in the dissociation equilibrium [20]. The pKa. of OT is
rejection was occurred as it has been described by 4.44 and thus, at pH values higher than 4.44, the
other researchers with other organic compounds toluidinium amount will decrease because of the
[18]. formation of neutral toluidine.
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Fig.3. Influence of feed concentration in rejection percentages (A) and permeate flux (B); (feed pressure 50 x
105N /m?, pH 7, and feed flow rate at 2 x 10~3m3/s).

The increase in rejection between pH 5 and 7 charge of the organic pollutant. Minimum permeate
can originate from the retention of the remaining flux is obtained at pH of 5.

toluidinium cations by the negative carboxylate At pH 5, both membrane surface and the OT
groups in the membrane. At pH values higher than molecules are positively charged, which leads to an
7, rejection decreases because the amounts of increase of pore size, originated from the

toluidinium cations considerably decrease and electrostatic repulsion between functional groups
neutral OT is not taken in by the negative charge of with the same charge, causing lower OT transport,
the membrane. Similar results, that pK, value had a so that there is a minor solute flux, which is
very significant role in the rejection of 4NP, were accompanied with the increase of water flux.
obtained by Ozaki and Li [21]. According to all this, at pH 7-11, the OT has no net
The pH has a strong effect on the permeation charge, but the membrane will have a negative
behavior of polyamide membranes owing to the charge, which will lead to improve the water flux,
superficial charge of the membrane and the net originated from the increase of pore size, and
consequently, a decrease in permeate concentration.

95 - 50 -
50 1 + 45 A A A
85 - . w B i A
o35 o
¥ 80 - + E
E“?S_ ME 30 -+
= + . 25 -
T 70 | o
2 S 20 -
e 651 X 15
60 10 -
55 (&) 5 (B)
50 T T T \ 0 T T T .
3 5 7 9 1 3 5 7 9 1
pH pH

Fig.4. Influence of feed pH in rejection percentages (A) and permeate flux (B); (feed pressure 50 x 105N /m?, 80
mg/I OT, and feed flow rate at 2 x 10~5m3/s).

Effect of feed flow rate. The influence of feed flux decreased from 46 x 10* m3/m?2.s to 38.5 X
flow rate on OT rejection and permeation is 10* m3/m?.s. This effect can be described as
presented in Figs. 5 A and B. As it is obvious, the concentration polarization. The width of the
rejection is enhanced by increasing the flow rate concentration polarization layer was reduced at
and the permeation flux is in contrast. The high feed flow rates and therefore the osmotic
influence of feed flow rate on the rejection pressure decreased. Based on Eqg. (2), by reducing
percentage and the permeate flux was not the same. the osmotic pressure difference the water flux
By increasing the feed flow rate from 2 x 107> to increases and the rejection of OT is improved. The
8x1075m3/s , the rejection percentage was maximum rejection was obtained at 8 x 10™°>m3/s
increased from 89.2 to 98.7% and the permeation of feed flow rate and feed concentration at 80 mg/I.
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Fig.5. Influence of feed flow rate in rejection percentages (A) and permeate flux (B); (feed pressure 50 x 10°N /m?,

80 mg/l OT, and pH at 7).
CONCLUSIONS

The performance of reverse osmosis for the
removal of OT from aqueous solutions was
explored and the effect of operational variables
such as pressure, feed volumetric flow rate, feed
concentration and pH on the rejection and permeate
flow rate was investigated. The highest rejection
(97.8%) was achieved at 80 mg/l of OT, feed
pressure of 50 x 10°N/m?, pH 7, and feed flow
rate at 8 x 10~°m3/s. The rejection percentage
was increased with an increase in pressure and feed
volumetric flow rate. The permeate flux was
improved with increase in pressure and decrease in
volumetric flow rate of the feed. The observed
changes in OT rejection with pH were related to the
charge of ionizable groups in the membrane
structure and the net charge of OT molecule. The
maximum permeation flux (46 x 10* m3/m2.s)
was achieved at optimum conditions obtained for
rejection except the volumetric flow rate of feed
which was 2 x 107>m3/s. The influence of feed
flow rate on rejection percentage and the permeate
flux was not the same.
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N3ITOJI3BBAHE HA ObPATHA OCMO3A 3A OTCTPAHABAHE HA OPTO-TOJIYUJIUH OT

26

OTIIAJJHA BOJIA
A. Hloxpu
Enumen xny6 na maaoume uscneoosamenu, Knon Apax, Hcnamcku A3ao ynueepcumem, Apax, HUpan

Tlomyuena Ha 6 cenrremBpw, 2017 r.; npuera Ha 23 mexemspy, 2017 T.
(Pe3tome)

opmo-Tonyuaus (OT) e omaceH U yCTOWYHB OPraHUYCH 3aMbPCHUTEN B TIPOMHUIIUICHA OTMAAHA BOJA 1 TpsiOBa 1a
ce OTCTpaHU Npeau U3XBHPIIHETO . B HacTosmara cratus € n3ciieIBaHO JEHCTBHETO HA MeMOpaHHA CHCTEMa 3a
obparna ocmo3a (RO 90) 3a orcrpanssane Ha OT oT BomHH pa3TBopH. V3ciieqBaHo € BIMSAHHETO HA OMEPATHBHH
MPOMEHJIMBH KaTo HaJsraHe, KOHIEHTpauus, PH 1 o6eMHa CKOpOCT Ha 3aXpaHBall¥si HOTOK BbPXY OTCTPaHABAHETO
Ha OT. BamsHuero Ha oOeMHATa CKOPOCT Ha 3aXpaHBaLIXs MOTOK BEPXY NPOLCHTA HAa OYMCTBAHE U MPEMHUHABAIHS
MOTOK € PasJINYHO. YCTAaHOBEHO €, Ye NpU ONTHMAIHHUTE yclIoBUs (KOHUeHTpanus Ha 3axpanBane 80 mg/l,
HajsAraHe Ha 3axpanBane 50 X 10°N/m?2, pH 7 u ckopocT Ha 3axpanBamus notok 8 X 10™°m3/s), npouentsT Ha
OYHCTBAHE M MMPEMUHABAIIUAT ITOTOK ca choTBeTHO 97.8% 1 38.5 X 10* m3/m?2.s.
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In this research, the photocatalytic degradation of Acid red 283 (AR283) was investigated by the UV/ZnO process in
a batch photoreactor. The experiments revealed that the ZnO nanocatalyst and UV light had a slight influence when they
were used separately. The impact of various factors such as initial pH, initial dosage of dye and catalyst on the degradation
efficiency was investigated. The degradation and mineralization of AR 283 were estimated by HPLC and COD tests,
respectively. At optimum conditions (0.3 g/L of catalyst, pH 8 and initial concentration of AR283 25 mg/l), the removal
of AR283 and COD were 99.5 and 58.5% at 60 and 120 min of reaction, respectively. The pseudo-first-order kinetics of
the removal of AR283 can be explained in terms of the Langmuir-Hinshelwood model. The apparent rate constant (k

=27.2x 10™3min™1) was obtained.

Keywords: UV/ZnO process, Mineralization, Langmuir-Hinshelwood, Batch photoreactor, Acid red 283.

INTRODUCTION

The chemical industries produce wastewater
containing non-biodegradable and toxic compounds
that remain in the environment even after
conventional treatment processes [1]. Large
quantities of dyes are annually created and applied
in different industries such as textile, paper,
cosmetic, leather, nutrition and pharmaceutical
industries [2]. The presence of even trace
concentrations of dyes in the waste is highly visible
and unpleasant. It can cause some severe problems
to aquatic life and human health [3]. The discharge
of the wastes from the textile industries contains
noxious chemicals such as azo and reactive dyes
which affect the natural resources such as soil
fertility, aquatic organisms and the ecosystem.

There are three techniques for treatment of
industrial wastewater, covering physical, chemical
and biological methods. However, they are non-
destructive, as they only transfer pollutants from
water to another phase, thus producing secondary
pollution. Therefore, costly operations such as
regeneration of the adsorbent materials and post-
treatment of solid wastes are needed [4]. Owing to
the large quantity of aromatic matter present in dye
molecules and the strength of the current dyes,
conservative biological treatment methods are
unsuccessful for degradation [5-7]. Accordingly, an
inexpensive and easy-operated method without the
creation of sludge is required [8].

Lately, advanced oxidation processes (AOPS)
have offered a talented treatment choice for
industrial wastewaters associated with other
treatment skills. These techniques were recognized

*) To whom all correspondence should be sent:
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in the production of very reactive species such as
hydroxyl radicals that rapidly and non-selectively
oxidize a wide range of pollutants [9]. Among
AOPs, semiconductor photocatalysts are a branch of
AOPs that have brought up an important technology
leading to the total mineralization of the pollutants
[10]. This process uses a cheap, available and
nontoxic semiconductor (ZnO) and leads to total
mineralization of organic pollutants to CO,, water
and mineral acids. The ZnO nanocatalyst seems to
be a suitable alternative to TiO; meanwhile its
photodegradation mechanism has been confirmed to
be similar to that of TiO; [11].

The purpose of the present work is to investigate
the removal of an azo dye, Acid red 283 from
synthetic wastewater in the presence of ZnO
nanocatalyst by UV-C light (UV/ZnO process). The
impact of UV light irradiation, pH and the amount of
Zn0O and AR283 was explored. A kinetic description
of the process was given according to the Langmuir—
Hinshelwood model whereby previous to UV
irradiation, the dye molecule was pre-adsorbed on
the photo catalyst surface.

EXPERIMENTAL
Materials

The azo dye, Acid red 283, was purchased from
Sigma-Aldrich and used without further purification.
The ZnO nanocatalyst was obtained from Merck and
the average particle size was about 33 nm, the
surface area was 5m? g L. Sulfuric acid and sodium
hydroxide werepurchased from Merck. The
chemical properties of AR283 are presented in Table
1. Distilled water was used throughout.
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Table 1. Chemical properties of AR 283.

Pollutant Molecular structure Amax(NM) Molecular Mass
OCH:
_.I'

.-(' 'h.. ."_\'_x

Mad, 5—': p— (T — )

Acid red 283 N 4 N
SN 521 496.42

(C18H14N2Na,S>0s) W / y

Photo reactor

In this work, the tests were performed in a batch
reactor with a total volume of 1 L. The schematic
diagram of the experimental setup is presented in
Fig. 1. The light source was a mercury lamp, Philips
15W (UV-C), which was positioned horizontally
above the reactor. The reactor is made of glass and
enclosed by a wooden sheet to avoid loss of UV light
and equipped with a sampling system. The
temperature was maintained at 25°C in all
experiments by a water-flow exchanger using an
external circulating flow of a thermostatic bath
(BW20G model from a Korean Company). A
magnetic stirrer was used for mixing the solution in
the reactor and avoiding dead zones. The air entered
from the bottom of the reactor to saturate the solution
with oxygen (not shown in Fig.1).

o
B
O

Fig. 1. Schematic diagram of the laboratory-scale
experimental setup used. 1- Magnetic stirrer, 2- Batch
photo reactor, 3-Jacket water, 4- UV lamp, 5- Cooling
water supply from thermostat, 6- Cooling water return, 7-
Magnetic bar, 8- Sampling system, 9-Dark wooden box.

Analytical Procedure

The lamp was switched on to start the reaction in
the UV/ZnO process. The pH was adjusted applying
a Basic pH Meter, PT-10P Sartorius Instrument,
Germany by adding NaOH or H,SO, (0.1 M). pH
was studied in the range from 3 to 11. The tests were
performed by regulating one factor, while others
were held fixed.
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Samples were withdrawn, centrifuged and
filtered, then the concentrations of AR283 were
determined by measuring the absorbance at the
maximum wavelength of 521 nm by a single beam
UV/Vis spectrophotometer (Agilent, 5453, U.S.A))
[12]. The mineralization of AR283 was estimated
from the COD test. The COD value was obtained by
dichromate closed reflux with a colorimetric
method. A spectrophotometer (DR5000, Hach,
USA) was applied for measuring the absorbance of
COD samples at 600 nm [13]. The percentage
removal of color was obtained by the difference in
the absorbance values of the initial and the final
samples. For further proof, samples were tested by
HPLC (Knauer, Germany) equipped with
spectrophotometer (Plate blue, Germany). A
reverse-phase column, packed with 3 pm Separon
Cis, was 150 mm in length and 4.6 mm in diameter.
The isocratic method was used with a solvent
mixture of 70% acetonitrile and 30 % deionized
water with a flow rate of 1 ml/min.

The percentages of decolorization and
degradation were calculated from equations 1 and 2:

_ ([AR283],—[AR283]
Removal of AR283(%) = (—[Asts]n )x100 (1)
_ [coD],—[cOD]
Removal of COD(%) = (—[con]o ) x 100 (2)

where [AR283]o, and [COD], are the
concentrations of AR283 and COD at the start of the
reaction, respectively. [AR283] and [COD] are the
concentrations of AR283 and COD at time ft,
respectively.

RESULTS AND DISCUSSION
Mechanism of photocatalytic degradation

As it can be seen from the following equations,
when ZnO was irradiated by UV light, degradation
and mineralization of AR283 occurred. The
photocatalytic degradation of organic pollutant in
the solution is originated by photo excitation of the
semiconductor, followed by the creation of an
electron—hole pair on the surface of the catalyst (Eq.
3). The high oxidative potential of the hole (hys+) in
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the catalyst certificates the direct oxidation of the
organic pollutant (AR283) to reactive intermediates
(Eq. 4). The hydroxyl radicals can be produced by
breakdown of water (Eq. 5) or by the reaction of the
positive holes with hydroxide ions (Eqg. 7).

ZnO+hv<387 nm — ecp+h}, ()
h},+AR283—intermediates— CO.+H,0 (@)
HZO+ hvb - OHads+H (5)

OH" + AR283 — intermediates + OH,4; — CO2 +
H20 (6)
hiy+OHgs = OHjg )
eceg-+0,—0,"" (8)
O, +dye—dye—0OQ0e 9
O, +HO+H*—H,0,+0> (10)

The hydroxyl radical is a very strong and non-
selective oxidant that results from the degradation of
organic pollutants [14]. The electron in the
conduction band can reduce the molecular oxygen in
the solution to form superoxide anion radicals (Eq.
8). These radicals, in the presence of organic
scavengers, can form organic peroxides (Eq. 9) or
hydrogen peroxide (Eg. 10). The molecular oxygen
is an electron acceptor that can prevent from
recombination of electron and holes.

Influence of catalyst concentration

The experiments were performed by changing the
concentration of ZnO from 0.15 to 0.4 g/l, while
the other variables remained fixed (Fig. 2).
Experiments showed that the degradation was
improved from 70.5 to 98%, with increase in
ZnO concentration from 0.15 to 0.3 g/l until it
reached a plateau, then it slightly decreased.
Above 0.3 g/l of catalyst, the rate of AR283
disintegration was not further affected by
advanced increase in ZnO concentration
because of the aggregation of catalyst particles
at high dosages, causing a decrease in the
number of active sites on the surface of
catalysts. Besides, further increase in catalyst
loading may cause opacity, increase light
scattering and reduction of light penetration. So
the overall number of photons that can reach the
surface of catalyst decreased. Consequently, the
efficiency of the produced OH radicals dropped
[15,16]. So, 0.3 g/l of catalyst was selected as
the optimal content of photocatalyst. By an
increase in the amount of catalyst to 0.4 g/l
decomposition decreased to 97%.

100

90 4

80 A

70 4

Removal of AR283,%

&0

T T T T T J
0.1 0.15 0.2 0.25 0.3 0.35 0.4
Amount of ZnO[g/l]

Fig.2. Effect of ZnO amounts on the removal
efficiency of AR283 ([AR283]o =25 mg I%, pH= 7, 60
min of reaction)

Effect of initial pH of the solution

The effect of initial pH on the efficiency of the
UV/ZnO process was investigated using solutions
with different pH values from 3 to 11. The process
has the highest efficiency at pH 8.0, as is illustrated
in Fig. 3. The best pH for the degradation was near
to the zero point of charge (ZPC) of the catalyst and
this was explained with the effect of pH on the
degradation rate depending on its influence on the
catalyst particles.

The zero point of charge pH (pHz.), at which the
surface charge of the ZnO is zero, was about 9.0.
Thus, in acidic media, the surface of the catalyst is
positively charged and this could be the most
probable cause for the low efficiency of the process.
These properties produced changes in the structure
of dyes at various pH and adsorption on the catalyst
surface [17]. In addition, low effectiveness of this
process at low pH (pH=3) (54.5%) could be caused
by the surface charge of the catalyst at these pH
values and the corrosive properties of the solution.
The degradation was improved by an increase in pH
and maximum degradation (99.5%) was achieved at
pH 8.

However, further increase in pH caused decrease
in degradation. In alkaline conditions Coulombic
repulsion between OH™ and the negatively charged
surface of the catalyst particles could stop the
formation of hydroxyl radicals and lessen the
degradation. The removal efficiency decreased to
83% at pH 11, because the molecules of AR283 were
in ionic form in the alkaline medum and could not
adsorb on the ZnO surface that is negatively charged
at pH higher than 9.
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Fig. 3. Effect of pH on the degradation of AR283
([Zn0] =0.3 g/I, irradiation time= 60 min).

Effect of initial concentration of AR283

The effect of initial concentration of AR283 on
photocatalytic degradation efficiency is presented in
Fig. 4. It can be seen that the color removal
efficiency was reduced as the initial dosage of
AR283 increased. The supposed reason is that more
dye molecules are adsorbed on the surface of the
ZnO catalyst when the initial concentration of
AR283 was increased. The amount of adsorbed dye
on the surface at different concentrations can be
approximately estimated by a spectrophotometric
method. The large amount of adsorbed dye has an
inhibiting influence on the reaction of the dye
molecules with photogenerated holes or hydroxyl
radicals. When the concentration of dye is increased,
it causes the dye molecules to absorb light and the
photons never touch the photo catalyst surface,
therefore the photo catalytic degradation efficiency
decreased [18].

100 4
%0 |
70 4
50 4
30 4
0

Removal of AR 283,%

——AR283=15ppm —e—AR283=25ppm
—$—AR283=50ppm  —%—AR283=75 ppm

o 2.0 4.0 EIO 8.0 1(.30 1;0
Time, min
Fig. 4. Effect of initial concentration of AR283 on
photo catalytic degradation efficiency ([ZnO] =0.3 g I,
pH =8).

Effect of UV irradiation and ZnO nanoparticles

When the pollutant was irradiated with UV light
for 120 min, negligible degradation (8.5%)
happened. The same experiments were performed in
the presence of ZnO without UV light and only 5.5%
of AR283 disappeared because of adsorption of
pollutant on the surface of the catalyst. Almost
99.5% of AR283 was degraded in the presence of
ZnO along with UV light at 60 min of reaction. The
hydroxyl radical was an extremely strong, non-
30

selective oxidant that provided the degradation of the
organic pollutant [19] and this happened only on
simultaneous use of catalyst and UV irradiation. As
it can be seen from Fig. 5, decolorization of the
AR283 solution was achieved effectively, and more
than 61.5% of the dye was removed within 40 min
of the reaction, although only 47% of COD were
removed during 60 min of reaction. The chief
mechanism for decolorization of azo dyes is the
breaking of the N=N bond [20]. During the photo-
assisted reactions, activated hydrogen atoms were
produced which may attack the azo bond and convert
it to a hydrogenated azo bond structure, which may
absorb UV light at 254 nm [21].

The removal of AR283 was insignificant in the
absence of ZnO nanocatalyst, which suggested that
both UV light and photocatalyst were required for
the effective degradation of AR283.
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<
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g 40 - —fr—Only UV

£ 30 - —%—UV/Zno

o

& 20 4
10 4 c :w
oM y T T T T V

o 20 40 60 80 100 120

Time, min
Fig. 5. Effect of various processes upon degradation
of AR283 in optimum conditions ([ZnO] =0.3 g/ |, pH =
8).

Removal of COD

As it can be seen from Fig. 6, COD decreased
during the treatment process, but with a slower rate.

70 -
60 1 e
= /-’:r-'-"‘"x
- 50
) X
8 /
40 4
k-] T
S 30 -
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20 - X
&
10 -
[RG v v v v v \
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Time, min

Fig. 6. Removal of COD in optimum conditions
([ZnO] = 0.3 g/ I, [AR283] =25 mg/l, pH = 8).

These values were lower (47.5% in 60 min) than
the ones corresponding to the AR283 degradation
(99.5% in 60 min), because intermediates were
produced in the treatment process. In addition, in the
first 60 min of reaction the rate of COD removal was
higher, then it decreased with the progress in the
treatment process because intermediates were
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produced continuously and they were persistent to
the photocatalytic degradation. After 120 min of
reaction 58.5% of COD was removed in optimum
condition for degradation of AR283.

Kinetics of Acid red 283 degradation

The relationship between the initial degradation
and initial concentration of organic dyes in a
heterogeneous photocatalytic degradation process
was described by the Langmuir-Hinshelwood
model. Usually this model was used to describe the
kinetics of photocatalytic degradation in aqueous
suspensions [22]. It relates the degradation rate
(Rar2g3) and the concentration of organic
compound (Cagrzg3), as follows:

_ krKaaCarazss

Rarz = 1+Kq4CAR283 (11)

where k. and Ki are the rate constant and
adsorption equilibrium constant, respectively. In this
study, the adsorption was relatively weak and the
concentration of AR283 was low (25mg/l), so Eq. 11
can be simplified to pseudo first-order kinetics with
an apparent rate constant, Kapp [7]:

Rarz = kv KaqCarzss = kappCAR283 (12)

From the experimental results, the Kkinetic
constant of the reaction was obtained by fitting the
experimental data into pseudo first-order kinetic
equation. However, when the experimental data
were plotted, they looked like a first-order reaction
with respect to AR283 decomposition. Therefore, an
approach to this kinetic study was performed by
assuming that the degradation reaction followed
first-order Kkinetics. This methodology was in
agreement with studies of several authors [23,24].
Behnajady et al. stated the Langmuir-Hinshelwood
equation factors for decolorization of a solution
containing C.I. Acid yellow 23 (40 mg I%) in the
presence of ZnO to be 750 mg I [14]. After
integration, from Eq.12 the following equation was
obtained:

AR283
n ([[AR283]]0): Kapp x 1 (13)

A plot of In(JAR283]0/[AR283]) versus time for
the degradation of AR283 is shown in Fig. 7. By
employing least square regression analysis the
values of kobs Were obtained.

To evaluate these rate constants, In (—[AR283]0)

[AR283]
versus reaction time was plotted, and after linear
regression analysis, the first-order rate constant
(k=27.2 x 1073min~1 ) and the half-life of the
reaction (t,,, = 25.5 min ) were determined.

1.6 1

= ] y =0.0272x-0.0379
2 12 R?=0.9725
&
<L 1 1
= e
:ﬂj 0.8 1 ey
@ o
g 06 - -
S
T_:' 0.4 1
0.2 -
/.
0 . - . . . ,
0 10 20 30 40 50 60
Time, min

Fig. 7. Kinetic fit for the degradation of AR283 by
UV/ZnO process in optimum conditions ([ZnO] = 0.3 g/
I, [AR283] =25 mg/I, pH = 8).

CONCLUSIONS

The results of this study showed that:

UV/ZnO process could be successfully used to
degrade AR283 in a batch photoreactor with system
light and oxygen, but UV light and ZnO had a slight
effect when they were used separately. Experiments
were performed to find out the optimum conditions
to achieve high degradation rates needed for the
photocatalytic process.

The degradation of AR283 was obviously
affected by the irradiation time, initial concentration
of pollutant, pH and dosage of ZnO. The optimal
conditions for the degradation were: 0.3 g/l of
photocatalyst, 25 mg/l of AR283 and pH 8. The
removal of COD (58.5% in 120 min) was slower
than the removal of AR283 (99.5% in 60 min)
because of the persistent intermediates formed
through degradation.

Photocatalytic degradation of AR283 in aqueous
ZnO suspensions follows pseudo-first-order kinetics
and the apparent rate constant (kg,, =27.2X
10~3min~1) depends on the initial concentration of
AR283.

Acknowledgement: The authors wish to thank
the HSE department of the national petrochemical
company of Iran for scientific guidance.
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Nznomssane Ha UV/ZNnO nporiec 3a pasrpaxaane Ha Kuceno gepseno 283 B
CUHTETHYHA OTIa/IHA BOJIA

A. Illokpu'™*, K. Maxanmnoop?

Y Enumen xny6 na mnaoume uscnedosamenu, Knon Apax, Hcnamcku Azao ynusepcumem, Apax, Hpan
2 lenapmamenm no xumus, Hayuen gpaxynmem, Knon Apax, Hcnamcku Azad ynusepcumem, Apax, Upan

Iocrenuna na 28 gespyapu 2017 r.; npuera Ha 23 nexemBpu 2017 .
(Pesrome)

B Hacrosiara crarus € u3cieasana GoToKaTaauTHYHATa Aerpananus Ha Kuceno yepseno 283 (KU283) upes YB/ZnO
mporec B craTtuueH (oTopeakTop. YCTAaHOBCHO €, Y€ M3IOJ3BAHM IOOTIACIHO, HaHOKaTtaam3aropsT ZnNO u YB
CBETIIMHATA BIUSIAT c1ab0 BBPXY mpoueca. M3ciaeaBano € BIMAHUETO Ha Pa3sIMIHN (PaKTOPH KaTo M3XoAHo pH, m3xoaan
KOHILICHTPAallMM Ha O0arpmyioTo ¥ KaTaim3aTopa BbPXY C(QEKTHBHOCTTA Ha Jerpajanusra. Jlerpaganusita u
MuHepanu3anuaTta Ha KY283 ca olleHeHH ¢ moMoITa Ha BUCOKOS(DEKTHBHA TeUHA XpoMaTorpadus U TECT 32 XUMHIHO
Heobxoaum kuciopoa (XHK). Ilpu ontumannu ycenosus (0.3 g/L katanusarop, pH 8 u u3XoaHa KOHLEHTpauus Ha
6arpuioro 25 mg/l), orcrpansiBarneto Ha KY283 n XHK ca crorBetHO 99.5 11 58.5% npu 60 u 120 MuHyTHA peakuus.
KuneTnkara OT CEeBAOMBPBH MOPSAABK Ha oTcTpaHsBaHeTo Ha KU283 ce obscHsaBa ¢ moaerna Ha Langmuir—Hinshelwood.
Onpejienena e MPUBHMIHATA CKOPOCTHA KOHCTaHTa Ha miporteca (K gy, =27.2X 1073min™1).
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Crystal structure of 4-amino-N-pyrimidin-2-ylbenzenesulfonamide
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4-Amino-N-pyrimidin-2-ylbenzenesulfonamide (sulfadiazine) was recrystallised from a mixture of ethanol and
N,N-dimethylformamide. The structure of sulfadiazine was confirmed by single crystal X-ray diffraction study to be
monoclinic, space group P21/c, a=13.6210(9)A, b=5.9250(3)A, c=14.9910(9)A, a=y =90°, p=114.574(2)°, T=293(2)K,
Z=4, F(000)= 520, Dx=1.511 mg/m3, absorption coefficient = 0.290mm-2.

Keywords: 4-Amino-N-pyrimidin-2-ylbenzenesulfonamide, Single crystal XRD, Monoclinic structure

INTRODUCTION

Sulfadiazine is a sulfonamide antibiotic [1,2].
The sulfa drugs, derivatives of sulfonamides, are
synthetic bacteriostatic antibiotics with a wide
spectrum against most gram-positive and many
gram-negative  organisms. Sulfa drugs are
antimetabolites for the bacteria which need p-amino
benzoic acid for the synthesis of folic acid. Sulfa
drugs act as competitive inhibitors of the interaction
of enzyme with normal substrate p-aminobenzoic
acid.In order to grow and multiply in numbers,
bacterial cells need to produce genetic material. To
produce DNA they require folic acid(folate).
However, bacterial cells cannot take up folic acid
supplied in the diet like human cells can. Instead,
they synthesize it themselves.Sulfadiazine works by
preventing the bacteria from producing folate.
Without folate, the bacteria cannot produce DNA
and so are unable to increase in numbers.
Sulfadiazine therefore stops the spread of infection.
The remaining bacteria are killed by the immune
system or eventually die [3,4]. Sulfadiazine is
sometimes given to people who have experienced a
complication of a streptococcal throat infection
called rheumatic fever. Sulfadiazine is used to
totally eradicate streptococcal bacteria from the
body and thus prevent another episode of rheumatic
fever. Repeated episodes of rheumatic fever carry
an increased risk of causing permanent damage to
the heart [5]. Sulfadiazine is used to treat many
different types of infection, such as urinary tract
infections, ear infections, burns, meningitis,
malaria, toxoplasmosis [6]. Sulfadiazine is not
often used these days because it can cause some
serious side effects such as diarrhea, upset stomach,
loss of appetite, dizziness, allergic reactions like
skin rash, swelling of the face, lips or tongue, joint

*) To whom all correspondence should be sent:
E-mail: vemathi@gmail.com

or muscle pain [7,8].1t should not be used by people
who have severe liver problems, kidney problems
or porphyria [9].

MATERIALS AND MEASUREMENTS

Sulfadiazine and the solvents were obtained
from a commercial supplier (Sigma-Aldrich). A
crystal of dimensions 0.30 x 0.20 x 0.20 mm was
mounted on a glass fibre. Measurements were
performed at 293 [10] on a Bruker AXS kappa
apex2 CCD diffractometer using monochromated
Mo-Ka radiation [11](99.6% complete). The data
were corrected for absorption using the multi-scan
method of 9472 intensities, 1929 were collected.
[R(int)=0.0213]. The structure was refined
anisotropically using SHELX-97 [12,13]. The final
wR2 was 0.0719 with a conventional R1 of 0.0281
for parameters; S=1.048.

Crystallographic study of 4-amino-N-pyrimidin-
2-ylbenzenesulfonamide

Single crystals suitable for X-ray diffraction
studies were obtained by evaporation from an
ethanol/DMF mixture, vyield 97%. Crystal data:
Ci10H10N4O2S, monoclinic [14,15], space group
P2i/c, a=13.6210(9)A, b=5.9250(3)A,
c=14.9910(9)A, a=y=90°, B=114.574(2)°,
T=293(2)K, Z=4, F(000)= 520, Dx=1.511 mg/m?,
absorption coefficient = 0.290mm™. A white
crystal of dimensions 0.30 x 0.20 x 0.20 mm was
mounted on a glass fibre. The selected bond lengths
and bond angles are presented in Tables 2 and 3.
The atoms around the sulfonamide S atom are
arranged in a slightly distorted tetrahedral
configuration [16]. The angle of O(2)-S(1)-O(1)=
119.37(8)°,N(2)-S(1)-C(4)=106.20(8).
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Fig. 1. ORTEP diagram of 4-amino-N-
pyrimidin-2-ylbenzenesulfonamide
Hydrogenbonding
The asymmetric unit contains a sulfonamide. In
this crystal structure stabilized by N---H...O and
N---H...N intermolecular hydrogen bonding
interactions are observed. The sulfonamide
moieties are centro-symmetrically paired through

Fig.2.Packing view of 4-amino-N-pyrimidin-2-

ylbenzenesulfonamide

N---H...N hydrogen bonds involving N2---
H2A...N3 base pairing leading to form a R:%(8)
ring motif. Further the base pairing units are
connected through N---H...O hydrogen bonding
interactions. These interactions are leading to the
formation of a two-dimensional structure.

Table 1. Crystallographic data of 4-amino-N-pyrimidin-2-ylbenzenesulfonamide

Crystal data

4-amino-N-pyrimidin-2-ylbenzenesulfonamide

Crystal system, space group
Unit cell dimensions
a,b,c

a, By

Volume

Calculated density
Absorption coefficient
Radition

Wavelength

Temperature

Crystal size

Theta range for data collection
Completeness to theta

Data / restraints / parameters
Limiting indices

Tminy Tmax

Number measured reflections / unique
Apmax/ Apmin

R1/wR2

R1/wR2

Molecular formula

CCDC No.

Monoclinic, P21/c

a=13.621009) A
b =5.9250(3) A

¢ =14.9910(9)
alpha = 90°

beta= 114.574(2)°
gamma = 90°
1100.26(11) A3
1.511 Mg/m®
0.290 mm*

Mo Ka

0.71073 A
293(2) K

0.30 x0.20 x 0.20 mm
2.75 to 25.00°.
25° 99.9 %
1929/0/ 167
-16<=h<=16
-5<=k<=7
-17<=1<=17
0.895, 0.961
947211929

0.282 and -0.290 e. A3
0.0281, 0.0719
0.0330, 0.0765
C10H10N402S
917049
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Table 2. Selected bond distances of 4-amino-N-pyrimidin-2-ylbenzenesulfonamide

Bond distance (A) Bond distance (A)
C(1)-C(2) 1.391(3) C(1)-C(6) 1.396(2)
C(2)-C(3) 1.373(3) C(3)-C(4) 1.380(2)
C(4)-C(5) 1.385(2) C(4)-S(1) 1.7394(16)
C(5)-C(6) 1.375(2) C(7)-N(4) 1.325(2)
C(7)-N(3) 1.338(2) C(7)-N(2) 1.378(2)
C(8)-N(3) 1.334(2) C(8)-C(9) 1.373(3)
C(9)-C(10) 1.368(3) C(10)-N(4) 1.337(2)
N(2)-S(1) 1.6471(14) 0(1)-S(1) 1.4317(13)
0(2)-S(1) 1.4232(14) C(1)-N(1) 1.377(2)
Table 3. Selected bond angles of 4-amino-N-pyrimidin-2-ylbenzenesulfonamide
Bond angle © Bond angle ©
N(1)-C(1)-C(6) 120.72(18) N(1)-C(1)-C(2) 121.12(17)
C(3)-C(2)-C(1) 121.28(16) C(2)-C(1)-C(6) 118.11(16)
C(3)-C(4)-C(5) 120.40(16) C(2)-C(3)-C(4) 119.62(17)
C(5)-C(4)-S(1) 119.97(12) C(3)-C(4)-S(1) 119.62(13)
C(5)-C(6)-C(1) 121.02(17) C(6)-C(5)-C(4) 119.55(16)
N(4)-C(7)-N(2) 118.56(15) N(4)-C(7)-N(3) 127.05(15)
N(3)-C(8)-C(9) 122.39(16) N(3)-C(7)-N(2) 114.39(14)
N(4)-C(10)-C(9) 123.43(17) C(10)-C(9)-C(8) 116.48(17)
C(8)-N(3)-C(7) 115.69(14) C(7)-N(2)-S(2) 126.59(12)
0(2)-S(1)-0(1) 119.37(8) C(7)-N(4)-C(10) 114.93(15)
0(1)-S(1)-N(2) 101.93(8) 0(2)-S(1)-N(2) 109.70(8)
0(1)-S(1)-C(4) 109.82(8) 0(2)-S(1)-C(4) 108.92(8)
N(2)-S(1)-C(4) 106.20(8)

Table 4.Hydrogen bond geometry (A, ©) of 4-amino-N-pyrimidin-2-ylbenzenesulfonamide

D-H.. A d(D-H) d(H...A) d(D..A) <(DHA)
N(1)-H(1A)...0(2)' 0.81(2) 2.19(2) 2.991(2) 170(2)
N(1)-H(1B)...0(2) 0.88(3) 2.52(3) 3.003(2) 115(2)
N(2)-H(2A)...N(3)'i 0.801(19) 2.14(2) 2.938(2) 177.5(18)
Equivalent points: (i) = x,-y-1/2,z+1/2; (ii) = x,-y+1/2,z+1/2; (iii) = -x+1,-y,-z+1
CONCLUSION REFERENCES

The molecular formula assigned to 4-amino-N-
pyrimidin-2-ylbenzenesulfonamideby single crystal
X-ray diffraction study is  CioHi10N4O-S,
monoclinic, space group P21/c, a=13.6210(9)A,
b=5.92503)A, ¢=14.9910(9)A, o=y=90° and
B=114.574(2)°. The atoms around the sulfonamide
S atom are arranged in a slightly distorted
tetrahedral configuration. The angle O(2)-S(1)-
0(1)=119.37(8)°, N(2)-S(1)-C(4)=106.20(8)°.

SUPPLEMENTARY DATA

Crystallographic data for the structure reported
in this article are deposited at the Cambridge
Crystallographic Data Centre CCDC, reference
number CCDC 917049. Copies of the data can be
obtained free of charge on application to CCDC 12
Union Road, Cambridge.
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KPUCTAJIHA CTPYKTYPA HA 4-AMUWHO-N-ITUPUMUIH-2-
WJIIBEH3EHCYJI®OOHAMU/I

B. I'omatu*, P. CenBameena

PG u Hzcneoosamencku oenapmamenm no xumusi, Ceemanaxuimu Pamacseamu xonedc, Tupyxupananru 620 002,
TamurnHaoy, Hnous

Tlocrpmmna Ha 28 anpun, 2017 r.; kopurupasa Ha 3 Hoemspy, 2017 1.
(Pesrome)

4- AmuHO-N-nmupumuana-2-unounsuacyiahonamus (Cyndaauasun) € mpekpucTaium3upad u3 cmec Ha eradon u N,N-
quMmetungopmamu. Upes peHTreHOB OU(PaKIMOHEH aHalM3 Ha MOHOKPHCTANIH € IOTBBPACHO, Y€ CTPYKTypara Ha
cynhammasuHa € MOHOKIMHHA, TIPOCTpaHCTBeHa rpyma P2i/c, a=13.6210(9)A, b=5.9250(3)A, c=14.9910(9)A, o= y
=90°, p=114.574(2)°, T=293(2)K, Z=4, F(000)= 520, Dx=1.511 mg/m?, aGcop6imonen koepuuuent = 0.290 mm=.
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One-pot, three-component Mannich reaction was carried out by condensation of 3,4-dimethoxybenzaldehyde,
pyrrolidine and cyclopentanone in the presence of calcium chloride using ethanol as a solvent to afford a novel Mannich
base (L). The resulting Mannich base (L) was isolated and complexed with Cu(ll), Co(Il), Ni(Il) and Fe(ll) ions. The
structures of the synthesized scaffolds were confirmed by IR, 'H NMR, 3C NMR, mass spectroscopy, TGA and
elemental analyses. The metal contents were determined by ICP-OES. All compounds showed poor antibacterial
activities. The anti-enzymatic activities of the Mannich base (L) and its metal complexes were checked against jack
bean urease. The Mannich base ligand (L), its nickel and iron complexes showed potent antiurease activity with 1Csg
values of 9.25+0.002, 1.42+0.003, 5.41+0.005 UM, respectively, and were superior inhibitors than the standard, thiourea
(ICsp 21.2540.15 uM). The probable binding mode of the most active Ni(ll) complex was determined using molecular

docking simulations.

Keywords: Mannich base, Metal complex, Antiurease activities, Docking studies

INTRODUCTION

The Mannich reactions are the most charming
tools in the field of organic synthesis which give a
guantitative approach for the production of carbon-
carbon bonds in organic molecules [1-4]. These
tools provide different possibilities to produce new
analogues by employing various substituted
derivatives of any component present in the
reaction mixture. The multidisciplinary chemistry
of Mannich bases offers a main role for the
construction of novel species used for various
commercial purposes. Mannich  bases are
extensively used as intermediates in the preparation
of different natural and pharmaceutical products
[5,6]. The growth of novel analytical routes
designed for the production of B-amino carbonyl
compounds has crucial significance in organic
chemistry. Several chemists reported the synthesis
of Mannich bases using various catalysts [7].
Chemists are trying to build up environment
friendly protocols via nontoxic catalyst such as
calcium chloride [8]. The production of metal
complexes  possessing  certain  ligands  of
pharmacological importance have their own place
in society due to the significance of certain metal
ions in several biological processes [9,10].
Transition metals play a vital biological role in

*) To whom all correspondence should be sent:
E-mail: tarigm06@yahoo.co.uk

association with certain metal-protein complexes
[11]. The multidisciplinary applications and novel
structures of Mannich bases and their complexes
are responsible for their extensive investigations in
the present age [12]. In view of the above potential
importance of Mannich bases and in continuation of
our similar recent studies [13,14] another Mannich
base 2-[(3,4-dimethoxyphenyl)(pyrrolidin-1-
yl)methyl) cyclopentanone (L) and its four
complexes with Cu(ll), Co(ll), Ni(ll) and Fe(ll)
ions were synthesized. Synthetic, structural,
docking, antibacterial and antiurease activities of
these compounds are part of this manuscript.

EXPERIMENTAL SECTION

3,4-Dimethoxybenzaldehyde, pyrrolidine,
cyclopentanone, metal salts and solvents used were
all of analytical grade and were used without
further  purification.  Melting  points  were
determined on a Gallen Kamp apparatus. FT-IR
spectra were measured on a Perkin Elmer IR
spectrometer. *H NMR and **C NMR spectra were
recorded by Brucker Avance 400. Mass spectra
were measured on JEOL JMS—600. Elemental
analyses were performed using a EuroEA elemental
analyzer. UV-visible spectra were taken using the
T90+UV/VIS spectrometer PG instrument within
the range of 200 — 400 nm. SDT-Q 600 V20.9
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Scheme 1: Synthetic route for the synthesis of Mannich base ligand (L)

Build 20 instrument was used for TGA.
Magnetic  susceptibility measurements of the
complexes were made by using a Gouy magnetic
balance at room temperature.

Synthesis of Mannich base ligand (L):

According to a reported procedure [8], an ethanolic
solution of 3, 4-dimethoxy-benzaldehyde,
pyrrolidine and cyclopentanone were mixed in
1:1:1 mole ratio followed by addition of one
equivalent of calcium chloride. The contents were
mixed under ice cold conditions for ten min.
Resulting mixture was then heated at 70—900C for
15 h. The mixture was then stirred at room
temperature for 24 h. The progress of reaction was
monitored by TLC. NaHCO; solution (5%) was
added to the mixture, which resulted in a yellow
precipitate, which was filtered, washed with
distilled water, ethanol and finally dried.

General procedure for the synthesis of metal
complexes

Hot ethanolic solution of the Mannich base and
respective metal chlorides were mixed in 1:1 mole
ratio. The contents were gently heated at 500C for
10 min. The resulting mixtures were then stirred at
room temperature for about 2.5 h. The resulting
solids formed were filtered, washed with distilled
water, ethanol and finally dried under vacuum.

Characterization of ligand and its metal
complexes

Mannich base (L): Molecular formula:
CisH2sNO3 g/mole, yellow solid, Yield: 59%, m.p.:
188-1900C Molecular weight: 303.35. IR (cm™):
1598 (C-N-C stretching), 1508 (C=C stretching);
1678 (C=0 stretching).

Labeling of Mannich base for *H and **C NMR
spectra

IH NMR (400 MHz, CDCls0); 1.196-1.279
(6H, m, Hp Hy H),2.060-2.130(4H,m,Ha,Ho),
2.390-2.417 (1H, t, He), 2.967-2.995(4H, dt, Ha,
Hx), 3.937(6H, 5,0CHs), 6.934-6.948 (1H, d, Hy J
= 5.6 Hz), 7.134-7.137(1H, d ,H, , J =1.2 Hz) ,
7.225- 7.239(1H, d, Hr, J = 5.6 Hz), 7.543 (1H, s,
Hy). C NMR (400 MHz, CDCls, 8): 20.15(Cy),
38

26.46(Ce), 29.02(Cs, Cv), 30.33(Cs), 37.74(Cs, Ca),
55.89(Cy), 55.97(0OCHa), 111(Cy), 113(C r), 124(C
i), 135(Cx), 148(C;), 150.26(C;), not observed (Cy).
EI-MS (m/z) (%) = 380.2 observed for [M+ 2K-H]*
(100), 365.2 [C17H22NO3z+2K-H]* (39),
349.2[C16H19NOs+2K-H]* (28).

"N\CH,

Characterization of the metal complexes

Labeling of metal complexes of L for *H and *C
NMR spectra

Cl

“ch

M = Cu*?, Co*?, Ni*?, Fe*?

Cu (11)-complex: Molecular ~ formula:
CigH2sCIl,CuNQs, light green solid, yield: 51%,
m.p.: decomposed above 2800C, molecular weight:
437.85 g/mole, %age metal for MLCly:
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Theoretical/experimental (14.51/13.31). IR (cm™):
1591 (C-N-C stretching), 1512 (C=C stretching);
1660 (C=0 stretching), 441 (Cu—N stretching),
528(Cu-O stretching). *H NMR (CDCls, 400MHz):
01.566 (CHy, br-m, Ha, Ha Hb, Hy, Ha, He and Hy),
3.125(1H, br, s Hc), 3.940 (6H, s,0CHs) 6.947(1H,
br-s, Hi ),7.141-7.250(2H, br-d, Hy , Hy), 7.550
(1H, S, Hp); BC NMR (400 MHz, CDCls, 6):
20.03-26.46  (CHz), 55.90-55.98 (OCHa),
39.16(Cq), 111.18-113.48 (Cy), 114.56(Cy),
123.03(Ck), 133.68-135.40 (Cy), 148.94 (Cy),
151.18 (Cy)

Ni (11)-complex: Molecular formula:
C18H25CIoNiINOs3, greenish yellow solid, yield: 55%,
m.p.: decomposed above 2800C. Molecular weight:
433.00 g/mole, %age metal for MLCI: Theoretical
lexperimental  (13.56/13.03); IR (cm™): 1589
(C—N—C stretching), 1514 (C=C stretching); 1659
(C=0 stretching), 438 (Ni—N stretching), 544(Ni—O
stretching); 'H NMR (CDCl;, 400 MHz):
81.260—2.172 (14H, br-m, Ha Ha Hp, Hy, Ha He, Hy)
3.122(1H, br-t, Hc), 3.876 — 3.941(6H, br-s,0CHs),
6.951 (1H, br, d, Hy), 7.143 (1H, br, d, H)), 7.245—
7.261 (1H, br-d, Hi), 7.551(1H, s, Hn); *C NMR
(400 MHz, CDCls, (9): 20.26 (CH.), 55.36—55.97
(OCHa), 111.18(Cy), 113.47 (Cn), 124.56(Cx),
129.03—129.41 (Cy), 149.04—-150.03 (C;, Cy)

Co (11)-complex: Molecular ~ formula:
C1sH25Cl,CoNQ3, off-white solid, yield: 51%, m.p.:
decomposed above 2800C, molecular weight:
433.24 g/mole, %age metal for MLCly:
Theoretical/experimental (13.60/12.98); IR (cm™):
1593 (C—N—C stretching), 1515 (C=C stretching);
1661 (C=0 stretching), 441(Co—N stretching), 531
(Co—O stretching); *H NMR (CDCl;, 400MHz):
01.262—1.454 (4H, br-m, Hp, Hy), 1.583-2.659 (2H,
br-t, Hy), 2.043-2.244 (4H, br—m, He, Ha),
2.992-3.195(1H, br-t, Hc), 3.812-3.857(6H, br-
s,0CH3), 3.939-4.015(4H,br-t, Ha, Ha),
6.825-6.869(1H, br—d, Hy), 7.013—7.140(1H, br-d,
Hi), 7.232-7.245(1H, br-d, Hi), 7.549-7.624(1H,
br-s, Hp); C NMR (400 MHz, CDCls;, 9):
20.43-26.66  (CHz), 55.85-55.98 (OCHpy),
111.17-111.86 (Cy), 124.57(Cyn), 133.87—133.92
(Ck Ci), 149.97-150.34 (C;, Cy)

Fe (11)-complex: Molecular formula:
CisH2sClFeNOs, light brown solid, yield: 56%,
m.p.: decomposed above 2800C, molecular weight:
430.15 g/mole, %age metal for MLCly:
Theoretical/experimental: (12.98/11.92);
IR (cm?): 1595 (C-N—C stretching), 1512 (C=C
stretching); 1664 (C=0O stretching), 427(Fe—N
stretching), 519 (Fe—O stretching);!H NMR
(CDCls, 400MHz): & 1.255-2.567(14H, br- m, Ha,
Ha Ho ,Hy Ha, He, Hp, 3.122 (1H, br-s,

H.),3.941(6H, S,0CHs), 6.948 (1H, br-d, Hy)7.143
(1H, br—d, C)) , 7.248(1H, br-d, Hr), 7.552(1H, s,
Hh); *C NMR (400 MHz, CDCls, 6): 20.45-26.46
(CHy), 55.05-55.95 (OCHs), 111.11 (Cy), 112.41
(Cv), 58.37(Cy), 123.31 (Cy), 133.47-133.58 (Ci),
149.75-150 (C;, Cy)

Biological evaluation

Antiurease activity: Measurement of antiurease
activity was carried out by Berthelot assay with
minor modifications [15-16]. Ten pL of 50 mM
phosphate buffer (pH 7.0), 10 uL of respective test
compound and 25 pL of jack beans urease (0.015
units, from Sigma) were mixed and pre-incubated
at 37°C for 10 min. Then, 40 pL of 20 mM urea
was added to each well as a substrate and
incubation continued at 37°C for further 10 min
followed by pre-read at 625 nm using the 96-well
plate reader Synergy HT (BioTek Inc. USA). Then
freshly prepared phenol hypochlorite (115 pL)
reagent was added in each well (by mixing 45 pL of
phenol reagent with 70 pL of alkali reagent).
Incubation was further continued for another 10
min followed by the measurement of absorbance.
The percentage enzyme inhibition was calculated
by the formula: Inhibition (%) = 100 — [(Abs. of
test sample / Abs. of control) x 100]. ICso values of
active compounds were determined by measuring
activities at further dilutions and the data were
computed by using EZ-Fit Enzyme software
(Perrella Inc., USA).

Molecular docking studies

Structures preparation and docking protocol:
For molecular docking simulations of the most
active  compound,  Surflex-Dock  program
implemented in Sybyl-X 212 by CARTRA
Company was used under Centos-6.6 Linux
operating system [17]. The structure of the most
active compound was drawn by the sketching tool
available in SYBYL, proper atom type for each
atom in the most active compound was assigned.
Compound was minimized using the Powell
method until the gradient reached to 0.05 kcal/mol
and the maximum iteration reached was 10000 with
the Tripos force field. Similarly, the crystal
structure of urease (4ubp.pdb) [18] from Protein
Data Bank was retrieved. This structure was solved
at the 1.5A resolution and had all residues available
in the active site. For docking simulations, the
structure was refined and prepared using the protein
preparation wizard. All heteroatoms were removed
except the nickel ions that acted as the catalytic
center for hydrolysis of urea in the active site of the
enzyme. Similarly, missing hydrogen atoms were
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added and protonation states were fixed at the
termini of the protein. The protomol was generated
near the active site residues containing Ni(ll) ions
and other amino acids. Surflex-Dock was employed
to generate 20 docked conformers of the
compound. Finally, C-Score was calculated for
each conformer and the best binding pose was
selected based on the best score.

In vitro antibacterial screening: The synthesized
Mannich base ligand (L) and its complexes were
evaluated for their antibacterial activity against
Bacillus thuringiensis and Escherichia coli by the
disc diffusion method [19]. Each compound was
used at a concentration of 20 mg/mL in DMSO.
The zone of inhibition was measured after 48 h of
incubation at 37°C.

RESULTS AND DISCUSSION

The physico-analytical information of Mannich
base ligand (L) and its metal complexes is given in
the experimental section. All  synthesized
compounds are stable and coloured solids at room
temperature. The ligand and its metal complexes
are insoluble in common organic solvents and
soluble in chloroform, DMSO and DMF. The
complexes exhibited non-electrolytic nature [20].

IR spectra: In order to get meaningful
information about the connecting modes of L to the
metal ion in the complexes, the IR spectrum of
Mannich base ligand (L) was compared with the
spectral data of its metal complexes. Important
peaks at 1598, 1508, 1678 cm™ were attributed to
C-N-C, C=C, C=0 correspondingly [21-22] in
agreement with our ligand. The indication of
coordination through oxygen of carbonyl and
nitrogen of pyrrolidine was provided by IR spectra
of all complexes in which the peaks due to C=0
and C-N-C were shifted to lower frequencies
(1678-1659 cm?) and (1598-1589 cm),
respectively [23]. Coordination from these sites was
further supported by the appearance of some new
bands at 431-441 cm?® and 528-544 cm?
assignable to M—N and M—O bonds, respectively
[24].

NMR spectra: The 'H-NMR spectrum of the
ligand 2-[(3,4-dimethoxyphenyl)(pyrrolidin-1-
yl)methyl]cyclopentanone exhibits a multiplet
1.196-1.279 attributed to Hy,, Hy Hs protons. The
He and Hq protons appear as multiplet in the range ¢
2.06 — 2.130 ppm. The triplet at 6 2.390 — 2.417 can
be assigned to proton Hc. The protons H, and Hy
appear as doublet of triplet at 6 2.967 — 2.995 ppm.
The methoxy protons exhibit a sharp singlet at ¢
3.937 ppm. The aromatic proton Hy exhibits a
doublet at 6 6.934 — 6.948 ppm. The doublet at 6
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7.134 — 7.137 ppm is attributed to proton Hyand is
in agreement with literature [25-26]. The doublet at
0 7.225 — 7.239 is attributed to the aromatic proton
H . The singlet at 0 7.543 is attributed to the
aromatic proton Hn. These chemical shifts support
well the proposed structure of L. In the metal
complexes, the minor changes in chemical shift
values of protons, particularly those close to C=0
and C-N-C moieties support the involvement of
these two groups in coordination with the metal
ions [27-28].

The important chemical shifts of different
carbon atoms of the ligand L and its metal
complexes are also given in the experimental
section. Unfortunately, chemical shift of quaternary
carbon C=0 could not be observed in both ligand
and metal complexes, hence it is difficult to
comment regarding bidentate coordination mode of
ligand towards metal ion on the basis of 3C NMR
data. Therefore, the bidentate mode of the ligand
was proposed on the basis of the IR spectra while
geometry of complexes was established on the basis
of %age of metal by ICP-OES, UV-Vis and
magnetic moment data.

Mass spectrum (El): The EI mass spectrum of
ligand (L) was recorded. In the said spectrum the
base peak was observed at 380.2 which can be
attributed to [M+ 2K-H]" (100), [29]. Some other
fragments at 365.2 and 349.2 were also observed
and can be attributed to [Ci7H22NO3s+2K-H]* (39)
and [C16H19NO3+2K-H]* (28), respectively.

Thermal study (TGA): Thermal analysis was
carried out in order to get knowledge about the
thermal behavior of the ligand (L) and its
complexes. Thermal studies were carried out by
means of SDT-Q 600 V20.9 Build 20 by heating up
to 1000°C. The TGA curve of the metal complexes
showed an endothermic peak at 300°C which was
corresponding to the elimination of chlorine
coordinated to the metal ion. The organic part
decomposed around 400°C. Above 600°C, there
was no change in weight, the plateau observed
corresponded to the oxide of the respective metal.

UV/Vis and magnetic moment data: The
absorption band at 13146 cm® in the Cu (I)-L
complex can be assigned to ?T, ----> 2E transition
revealing tetrahedral geometry. The magnetic
moment value of 2.12 B.M. of this complex further
supported its tetrahedral geometry [30]. The Ni(ll)-
L complex showed two absorption bands at 11675
cm?®, 15421 cm? assigned to STy(F) ----- >
SAL(F),°Ty(F) ----- > 3Ty(P) transitions supporting
tetrahedral environment around the nickel ion. The
magnetic moment value (3.21 B.M.) also favored
similar environment around the nickel ion [31]. The
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electronic spectrum of the Co(ll)-L complex
exhibited two bands at 11733 cm?, 17357 cm'
assigned to *Ax(F) ------- > 4Ty(F) and *Ay(F) ----- >
*T1(P) transitions, respectively. The appearances of
these bands were in good agreement with the
tetrahedral stereochemistry for Co (I) ion which
was further supported by its magnetic moment
value at 4.29 B.M. [31]. The electronic spectrum of
the Fe(Il)-L complex showed a single absorption
band at 8560 cm™ which was attributed to °E ----->
5T, transition of tetrahedral geometry. The room
temperature magnetic moment (4.61 B.M.) of this
complex corresponded to tetrahedral symmetry
[32].

Biological activity

Antiurease assay: The synthesized scaffolds
were screened for their antiurease activities and
their percent inhibitions and ICsy values were
determined. The enzyme inhibition potential was
observed in the following order: L-Ni(ll) >
L-Fe(l) > L > L-Cu(ll) > with 1Cso values
1.42+0.003 > 5.41+0.005 > 9.25+0.002 >
137.52+0.58 uM, respectively, as compared with
standard thiourea with 1Cso value 21.25+0.15 pM
(Table 1). The lower the ICso value, the higher is
the inhibitory potential of the compound. Complex
L—Co(Il) was found inactive and inhibited only
27.87% enzyme activity. This shows that the
complexation of L with Ni(ll) and Fe(ll) improved
enzyme inhibitory potential (as shown by the
decreased 1Cso values in comparison with (L) while
with  Cu(ll) antiurease activity decreased
considerably (as shown by the increased 1Cso value)
and with Co(ll), it completely abolished inhibition.
Two nickel atoms are the part of the catalytic centre
of the enzyme. The highest inhibition potential of
the complex L-Ni (4) may be attributed to the
catalytic centre by Ni-bound ligand molecule
though this statement needs to be justified and
possible mechanism of metals in the inhibition of
urease enzyme remains to be determined.

Table 1. Antiurease activity of L and its metal complexes

Antibacterial activity

The synthesized compounds were also evaluated
for their antibacterial activity against B.
thuringiensis and E. coli by the disc diffusion
method. The =zone of inhibition (mm) was
determined as an index of antibacterial activity.
These compounds exhibited poor antibacterial
potential (Table 2).

Molecular docking

In order to identify the probable binding pose of
the most active Ni(Il) complex, it was docked in the
urease crystal structure of Bacillus pasteurii as
shown in Figure 1.

N N N
Figure 1. Predicted binding mode of the most active
compound (green) in the active site (cyan) of urease
enzyme. Silver spheres are Ni (1) ions.

The compound docked well in the binding site
of the urease enzyme containing two Ni(ll) ions, in
which one is making trigonal geometries with two
histidine residues (HIS137 and HIS139) and one
aspartate (ASP363) while other having three
coordinate covalent bonds with three histidine
residues, (HIS222, His249, and HIS275). It was
observed that methoxy groups on the phenyl rings
were towards the solvent exposed side of the
enzyme. Whereas, oxonium ion was towards one of
the histidine residue (HIS222), which might give
the binding stability of these compounds along with
the van der Waals interactions to show biological
response against the enzyme.

iy

S. No.| Sample code | Inhibition (%) at 0.5 mM| [Csq (UM)
1 L 64.87+0.07 9.25+0.002
2 L-Cu 64.53+0.92 137.52+0.58
3 L-Co 27.87+0.11 -

4 L-Ni 68.85+0.07 1.42+0.003

5 L-Fe 68.54+0.09 5.41+0.005

Thiourea 98.45+0.87 21.25+0.15

Table 2. Antibacterial activity of ligand (L) and metal complexes
Bacteria L (mm) | L-Cu (mm) L-Co (mm) | L-Ni (mm) | L-Fe (mm) Gentamycine (mm)

B. thuringiensis 3 10 11 6 5 18
E. coli 4 6 14 4 3 16
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CONCLUSIONS

The present study offers a simple method for the
manufacture of p-aminoketones. Spectroscopic
techniques supported the designed structures. The
synthesized scaffolds were screened for their
antiurease and antibacterial activities.

Most of the compounds showed poor inhibitory
activity against B. thuringiensis and E. coli and
strong inhibitory potential for jack bean urease. It is
noteworthy that L—Ni(ll) and L—Fe(ll) exhibited
potent antiurease activities. The docking studies
supported the binding mode of the most active
compound with the enzyme which is in agreement
with the previous reported studies. Additionally, the
mild experimental conditions, convenient operation
and simple synthetic route made it credible for the
production of corresponding scaffolds which may
serve as an alternative route of metal containing
inhibitors against urease enzyme.
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CuHTe3, OXapaKTepu3upaHe U OMOJIOTHYHA aKTUBHOCT Ha HOBa MaHnxoBa 6a3a 2-
[(3, 4-numeTokcudennn) (MUpoauarH-1-1a)METHII | IMKJIONICHTAHOH M KOMILICKCHUTE

my ¢ Cu(ll), Co(Il), Ni(Il) u Fe(ll) fionn
M. JInakar?, T. Maxmyn!”, M. Umpan?, M. Ampad?, A. Y. Xak®, M. Mynacap®, T. Axman®

YUncemumym no xumus, ITynoxcabeku ynueepcumem, Jlaxop, Haxucman
2 lenapmamenm no xumus, Mcramus ynusepcumem na Baxaeannyp, Baxasannyp, Ilaxucman
3 Koneac no papmayus, F'awoncku ynueepcumem no meouyuncku nayku, Huueon, FOxcna Kopes
4 Tenapmamenm no 6uonayxu, COMSATS Hucmumym no ungopmayuonna mexnonoaus, Ilapx poyo, Hcramabao,
Taxucman
S lenapmamenm no xumus, Ynusepcumem na Capzooxa, Muaneanu, Iaxucman

Ioctrenuna Ha 16 mapt, 2017 r.; xopurupasa Ha 6 nexemspu, 2017 .
(Pesrome)

EnnocraguiiHa TPUKOMIIOHGHTHa MAaHHXOBAa peakuuss € TMpOBeleHAa 4Ype3 KoHAeH3alus Ha  3,4-
JUMETOKCHOCH3AACX U, TUPOIUINH U LUKIONCHTAHOH B MPUCHCTBHE HA KANIMEB XJIOPUA M PA3TBOPHUTEN €TAHOI,
KaTo ¢ ToNyueHa HoBa MaHuxoBa 6a3a (L). ManuxoBarta 6a3a e u3onupaHa u ca obpasyBanu komiuiekcure it ¢ Cu(ll),
Co(ll), Ni(Il) u Fe(ll) ¥onu. CTpyKTypuTe Ha CHHTE3UPAHUTE CheIUHEHHs ca notebpaeHu upes IR, 'H NMR, 3C
NMR, MaccrieKTpoMeTpusi, TEPMOTPaBUMETPUUCH U €JIeMEHTEH aHaiu3. MeTalHOTO ChIAbPIKAHUE € ONPE/EICHO Ypes3
ICP-OES. Bcnuky chenmuHeHUs TposBABAT cinaba aHTHOAaKTepHalHA AaKTUBHOCT. AHTHEH3WMHATa AaKTHBHOCT €
W3CIIeBaHa 10 OTHOIIECHHEe Ha 6000Ba ypeaza. Mannxosata 6asa (L), HUKETOBHAT ¥ JKEJIE3HUIT KOMIUICKC TPOSIBABAT
cunHo aHtmypeasHo aeiictBue ¢ 1Cso croitHoct cworBetHo 9.25+0.002, 1.42+0.003 u 5.41+0.005 puM, karo ca mo-
cHIHU HHXUOUTOPHU OT cTanaapta tHoypea (1Cso 21.25+0.15 UM). Bb3MOKHHUST HAYMH HA CBbP3BAHE HA Hai-aKTUBHUS
HHKEJIOB KOMIUIEKC € OIpe/iesieH Ype3 MOJICKYITHU JOKUHI CUMYJIall1H.
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QSAR study on the physico-chemical parameters of barbiturates by using
topological indices and MLR method
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In this study the relationship of the Randic' (*X), Balaban (J), Szeged (Sz), Harary (H), Wiener (W), Hyper-Wiener
(WW) and Wiener polarity (Wp) with the polarizability (POL), molar refractivity (MR) and octanol/water partition
coefficient (logP) of barbiturates is studied. The chemical structures of the molecules were optimized using ab initio 6-
31G basis sets method and Polak-Ribiere algorithm with conjugated gradient within Hyper Chem 8.0 environment. The
multiple linear regressions (MLR) and backward methods (with significance at the 0.05 level) were employed to give
the QSAR models. After MLR analysis, we studied the validation of linearity between the molecular descriptors in the
best models for the used properties. The predictive powers of the models were discussed by using the method of cross-
validation. The results have shown that the combination of two descriptors (Wp, W) is excellent for predicting the
polarizability, and the descriptor (WW) is useful for modeling and for predicting the molar refractivity and

octanol/water partition of the corresponding barbiturates.

Keywords: Barbiturates; QSAR; Polarizability; Molar refractivity; Octanol/water partition coefficient; Multiple

linear regressions (MLR); Validation
INTRODUCTION

Barbiturates are a category of compounds that
are focal nervous system depressants. Barbiturates
overdose leads to weakness of the central nervous
system, respiratory and cardiovascular depression
and eventual death [1-4]. Barbituric acid derivatives
act as central nervous system depressors and are
used in medicine as sedative, hypnotic and
anticonvulsant drugs with hypnotic or sedative
properties depending on the dose administered [5].
Drug therapy is mainly used to reduce the
symptoms of acute insomnia while their role in the
management of chronic insomnia remains unclear
[6,7]. Attention to sleep hygiene is the most
important line of treatment and should be tried
before any pharmacological approach is considered
[8]. The relative activity in a series of barbituric
acid substitution derivatives and their lipophilicity
has been studied [9]. Quantitative structure —
activity relationship (QSAR) has been known as a
guantum chemical technique in connection with the
biological activity of compounds by their molecular
structure and has been used as a predictive tool in
drug design [10]. A QSAR analysis of 21 molecules
of 1, 2, 3-oxadiazole-2-thiones has been performed
using multiple linear regression model [11].
Calculation of the volume distribution of certain
pharmaceutical compounds from their structural
descriptors has been considered [12]. QSAR studies
on the benzylidenebarbiturate derivatives inhibiting

*) To whom all correspondence should be sent:
E-mail: f-shafiei@iau-arak.ac

the activity of the mushroom tyrosinase have been
investigated [13]. QSAR models have been
developed to determine the penetration coefficients
of barbiturates in biological membranes [14]. 3D
QSAR technique has been used to predict
biological properties such as toxicity of chemicals
[15-18]. The structure-activity relationship in
barbiturates and its similarity to other drugs has
been traditionally developed to the estimation and
prediction of biological activity [19-21]. The aim of
this study is to provide reliable QSAR models for
predicting the polarizability (POL), molar
refractivity (MR) and octanol/water partition
coefficient (logP) of barbiturates.

MATERIALS, MATHEMATICAL METHOD
AND GRAPHS

The barbiturates discussed in this study consist
of 17 derivatives with substitution at 3, and 5, 5
positions. Figure 1 shows the template structure of
barbiturates used in the present study.

O

Figure 1.The structural template of barbiturates
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Table 1. Barbiturates and their polarizability, molar refractivity and octanol/water partition coefficient

Compound No Name of compound POL MR LogP
1 Barbituric acid 111 2323 -16
2 1,3-Dimethylpyrimidine-2,4,6-trione 1422 3452 -14
3 5,5-Dimethylpyrimidine-2,4,6-trione 1477 3231 -0.37
4 5-Ethyl-5-methylpyrimidine-2,4,6-trione 16.6 3691 -0.03
5 5-Ethyl-1-methylpyrimidine-2,4,6-trione 16.6 38.18 -0.37
6 5-Ethyl-5-isopentylpyrimidine-2,4,6-trione 23.14 58 1.86
7 5-sec-Butyl-5-ethyl-1-methylpyrimidine-2,4,6-trione 23.94 56.43 142
8 5-Ethyl-5-(pentan-2-yl)pyrimidine-2,4,6-trione 23.94 5526 155
9 5-sec-Butyl-5-ethylpyrimidine-2,4,6-trione 2211 524 1.19
10 5-(Hexan-2-yl)pyrimidine-2,4,6-trione 22,11 50.76  0.88
11 5-Ethyl-5-(Hexan-2-yl)-1,3-dimethylpyrimidine-2,4,6-trione  29.45 69.65 2.44
12 5-Allyl-5-(pentan-2-yl)pyrimidine-2,4,6-trione 25,58 59.9 1.73
13 5-sec-Butyl-5-allylpyrimidine-2,4,6-trione 21.91 50.7 0.94
14 5-Cyclohexenyl-1,5-dimethylpyrimidine-2,4,6-trione 24.01 6195 1.17
15 5-Ethyl-5-phenylpyrimidine-2,4,6-trione 2443 57 1.25
16 5-Ethyl-1-methyl-5-phenylpyrimidine-2,4,6-trione 26.26 62.77 151
17 5-Ethyl-1,3-dimethyl-5-phenylpyrimidine-2,4,6-trione 2755 66.8 1.74

The polarizability, molar refractivity and
octanol/water partition coefficient of barbiturates is
taken from the quantum mechanics methodology
with ab initio 6-31G basis sets method and Polak-
Ribiere algorithm with APHS.

TOPOLOGICAL INDICES

A topological index is a numeric quantity that is
mathematically derived in a direct and
unambiguous manner from the structural graph of a
molecule. The topological indices (TIs) used for the
QSAR analysis were Wiener (W) [22], Szeged (Sz)
[23], first order molecular connectivity (}X) [24],
Balaban (J) [25], Hyper-Wiener (WW) [26],
Wiener polarity (Wp) [27] and Harary (H) [28]
indices. AIll used topological indices were
calculated using hydrogen suppressed graph by
deleting all carbon-hydrogen, as well as
heteroatomic hydrogen bonds from the structure of
the barbiturates. The calculations of topological

indices used in this paper are well documented. The
descriptors were calculated with the chemicalize
program [29]. Seven topological indices tested in
the present study are listed in Table 2.

REGRESSION ANALYSES

In the present work, linear regression analyses
were performed using SPSS-16 (SPSS Inc.,
Chicago, IL, USA)). The polarizability (POL),
molar refractivity (MR) and octanol/water partition
coefficient (logP) were used as dependent variables
and X, J, H, W, Wp, WW and Sz indices as
independent variables. Criteria for selection of the
best multiple linear regression model were the
statistics: squared multiple correlation coefficient

(R?), adjusted correlation coefficient (Rid}.), Fisher

ratio (F), root mean square error (RMSE), Durbin-
Watson value (DW) and significance (Sig).

Table 2. Barbiturates and their topological indices used in the present study

No. X J H W WW Wp Sz
1 418 2.08 19.5 84 159 9 144
2 504 239 27.32 140 281 17 230
3 494 243 27.57 138 274 17 226
4 5.5 2.73 31.43 177 372 20 279
5 557 2.65 31.05 181 388 19 287
6 742 274 4751 418 1115 26 576
7 741  3.05 49.44 379 903 32 549
8 7.48 2.9 48.43 398 1005 29 556
9 6.98 274 4439 324 761 28 468
10 706 234 41.92 374 1040 21 518
11 8.84 2.9 63.25 632 1761 38 866
12 798 277 52.83 472 1233 30 644
13 7.48  2.96 48.65 391 961 29 549
14 7.98 2.2 54.63 458 1179 32 770
15 8.11 2.2 54.4 458 1172 31 756
16 8.54 215 59.76 526 1363 35 863
17 896 211 65.37 598 1564 39 976
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RESULTS

Several linear QSAR models involving three-seven
descriptors were established and the strongest
multivariable correlations were identified by the
backward stepwise regression routine implemented
in SPSS used to develop the linear model for the
prediction of polarizability, molar refractivity and
octanol/water partition coefficient.

QSAR models for molar refractivity (MR)

The best linear model for molar refractivity
contains four topological descriptors, namely,
Hyper Wiener (WW), Szeged (Sz), Harary (H) and
Wiener (W) indices. The model is presented below:

Model 1
MR =-14.096-0.037(Sz)+ 0.118(WW)-
0.464(W)+3.224(H) (1)
N=17, R=0.991, R*=0.983, Riﬂj =0.977,

RMSE= 26.346, F=172.333, Sig=0.000, DW=2.102
QSAR models for the polarizability (POL)

The best linear model for polarizability contains
four topological descriptors, namely, Wiener
polarity (Wp), Hyper Wiener (WW), Randic (1X)
and Szeged (Sz) indices.

The regression parameters of the best four
descriptors correlation model are gathered in
equation (2):

Model 2
POL= -0.676+2.653(*X)+0.179(Wp)-
0.011(Sz)+0.005(WW) 2)
N=17, R=0.996, R*=0.992, Riﬂj =0.989,

RMSE=10.248, F=351.311, Sig=0.000, DW=1.959

QSAR models for
coefficient (logP)

octanol/water partition

The best linear model for the octanol/water
partition coefficient contains three topological
descriptors, namely, Hyper Wiener (WW), Szeged
(Sz) and Harary (H) indices. The model is
presented below:

Model 3
logP =-3.706-0.008(Sz)+0.002(WW)+0.154(H) (3)
N =17, R=0.968, R*=0.937, Ridj:0.922,

RMSE=2.594, F=64.046, Sig=0.000, DW=1.978.
These models produced a squared correlation

coefficient close to 1, and the results of other

statistical parameters are also very satisfactory.

DISCUSSION

We studied the relationship between the
topological indices and the polarizability, molar
refractivity and octanol/water partition coefficient
of 17 barbiturates. In this study, to find the best
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model to predict the parameters mentioned, we will
use the following sections.

Multicollinearity: Multicollinearity test is a
basis of the variance inflation factor (VIF) value of
multicollinearity test results using SPSS. If the VIF
value lies between 1 and 10, then there is no
multicollinearity; if the VIF<1 or >10, then there is
multicollinearity. In all our final models there is
multicollinearity, because the values of the
correlations between independent variables are
close to 1 and the VIF value does not lie between 1
and 10.

Validation: The success of any QSAR model
depends on the accuracy of the input data, selection
of appropriate descriptors, statistical tools and
validation of the developed model. In this section,
for verification and validity of the regression
models, we will focus on Durbin-Watson statistics
and unstandardized predicted and residual values.
The Durbin-Watson statistics ranges in value from
0 to 4. A value near 2 indicates non-autocorrelation.
In all our models, the value of Durbin-Watson
statistics are close to 2 (see egs.1, 2 and 3) and
hence the errors are uncorrelated.

Results and discussion of validation: Multiple
linear regression method was used for all QSAR
analyses. A good QSAR model should have both
suitable relativity and good predictability. We
studied the validation of linearity between the
molecular descriptors in the models 1, 2 and 3. We
obtained by SPSS the Pears@) coefficient
correlation and collinearity statistics as follows (see
Tables 3, 4 and 5). For model 1 the Pearson
correlations (WW, W), (WW, H) and (W, H) are
near 1, and VIF (WW, H, W, Sz) >10, therefore
there is linearity between these descriptors. After
removing W and H from this model, we corrected
model 1 as follows:

MR=26.298+0.027(WW) (4)

N=17, R=0.968, R?=0.936, RZ, =0.932,

RMSE=51.4242, F=219.944, Sig=0.000, DW=1.560,
Q%=0. 88.

Similarly to model 1 we obtained the corrected
models 2 and 3 as follows:

POL=8.822+0.265(\Wp)+0.006(WW) (5)

N=17, R=0.986, R?=0.973, R1;= 0.969, RMSE= 14.353,
F=248.454, Sig=0.000, DW=0.950, Q?=0.86.
logP=-1.22+0.002(WW) (6)
N=17, R=0.915, R=0.837, R, = 0.826, RMSE= 4.246,

F=76.787, Sig=0.000, DW=0.836, Q>=0.88.
Further we computed Q? (Eq. 7) by 50% of the
data, randomly, that are positive and less than 1:
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LU DA %
Ly —Fy
where the notation indicates that the response is
predicted by a model estimated when the i sample
was left out from the data set.
Regular residuals: The residual is the difference
between the observed and predicted values.
Comparison between predicted and observed values

Q*=1-

of  polarizability, —molar refractivity and
octanol/water  partition  coefficient of the
barbiturates is shown in Table 6. Figures 2-4 show
the linear correlation between the observed and the
predicted polarizability, molar refractivity and
octanol/water partition coefficient of barbiturates
values obtained using equations (4-6), respectively

Table 3. Correlation between the molecular descriptors (model 1) for molar refractivity (MR)

Pearson correlations (model 1)

Collinearity statistical

Corrected model

H WWwW Sz W Tolerance VIF VIF VIF
H 1 0.960 -0.521  -0.974 0.001 698.821 35.953 -
Ww 1 -0.405 -0.996 0.000 2.15x10° 19.135 1
Sz 1 0.381 0.027 37.541 32.103 -
W 1 0.000 4.784x10° - -
Table 4. Correlation between the molecular descriptors (model 2) for the polarizability (POL)
Pearson correlations (model 2) Collinearity statistical Corrected model
Wp wWw X Sz Tolerance VIF VIF VIF
Wp 1 0.425 -0.682  -0.258 0.058 17.097 9.152 6.283
Ww 1 -0.663  -0.427 0.036 27.833 15.60 6.283
X 1 -0.209 0.019 52.583 - -
Sz 1 0.042 23.718 22.681 -

Table 5. Correlation between the molecular descriptors (model 3) for octanol/water partition coefficient (logP)

Pearson correlations (model 3)

Collinearity statistical

Corrected model

Wp WW Sz Tolerance VIF VIF
Wp 1 -0.432 0.718 0.028 35.953 -

Ww 1 0.298 0.052 9.135 1
Sz 1 0.031 2.103 -

Table 6. Comparison between predicted and observed values of models calculated validation of POL, MR and logP of
the corresponding barbiturates.

Observed Predicted i Observed Predicted . Observed Predicted .
No. VIR VR Residual | No. POL poL  Residual | No logP logP Residual
1 23.23 30.59 -7.36 1 11.10 12.21 -1.11 1 -1.60 -0.86 -0.74
2 34.52 33.89 0.63 2 14.22 15.10 -0.88 2 -1.40 -0.59 -0.81
3 32.31 33.70 -1.39 3 14.77 15.06 -0.29 3 -0.37 -0.61 0.24
4 36.91 36.35 0.56 4 16.60 16.47 0.13 4 -0.03 -0.39 0.37
5 38.18 36.78 1.40 5 16.60 16.31 0.29 5 -0.37 -0.35 -0.02
6 58.00 56.43 1.57 6 23.14 22.74 0.40 6 1.86 1.27 0.59
7 56.43 50.70 5.73 7 23.94 23.00 0.94 7 1.42 0.79 0.63
8 55.26 53.46 1.80 8 23.94 22.87 1.07 8 1.55 1.02 0.53
9 52.40 46.86 5.54 9 22.11 21.04 1.07 9 1.19 0.48 0.71
10 50.76 54.40 -3.64 10 22.11 20.94 1.17 10 0.88 1.10 -0.22
11 69.65 73.89 -4.24 11 29.45 30.00 -0.55 11 2.44 2.71 -0.27
12 59.90 59.62 0.28 12 25.58 24.55 1.03 12 1.73 1.53 0.20
13 50.70 52.27 -1.57 13 21.91 22.57 -0.66 13 0.94 0.92 0.02
14 61.95 58.16 3.79 14 24.01 24.74 -0.73 14 1.17 1.41 -0.24
15 57.00 57.98 -0.98 15 24.43 24.43 0.00 15 1.25 1.39 -0.14
16 62.77 63.13 -0.36 16 26.26 26.69 -0.43 16 1.51 1.82 -0.31
17 66.80 68.56 -1.76 17 27.55 29.02 -1.47| 17 1.74 227 -0.53
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Fig. 4. Comparison between predicted and observed
values of logP calculated by the MLR method.

CONCLUSIONS

QSAR models for prediction of the
polarizability (POL), molar refractivity (MR) and
octanol/water partition coefficient (log P) for a
training set of barbiturates using MLR based on
topological descriptors calculated from molecular
structure alone were developed. MLR model proved
to be a useful tool in the prediction of POL, MR
and log P. Cross-validation as the evaluation
technique was designed to evaluate the quality and
predictive ability of the MLR model. The obtained
results showed that two topological indices (WW
and Wp) could be used successfully for predicting
POL, and Hyper-Wiener index (WW) is a good
topological index for modeling logP and MR.
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QSAR M3CJIEABAHE HA ®U3NKOXUMWYHUTE ITAPAMETPU HA BAPBUTYPATU C
U3ITOJI3BBAHE HA TOIOJIOI'MYHU MHAEKCH 1 METOJIA HA MHOI'OKPATHATA
JIMHEWHA PET'PECHA

E. Ecmaciinu, ®@. Hladueit*
Henapmamenm no xumus, Hayuen paxynmem, Knon Apax, Hcnsamcku Azao ynusepcumem, Apax, Upan
IMocrenuna Ha 21 1ouu, 2017 r.; npuera Ha 8 HoemBpH, 2017 .
(Pesrome)

B HacTosmara cTaTus € M3cielBaHa 3aBUCHMOCTTa Ha Tomonormdauute uHaekcu Randic (1X), Balaban (J), Szeged
(Sz), Harary (H), Wiener (W), Hyper-Wiener (WW) u Wiener momsipuoct (Wp) ot monspusyemocrra (POL),
MonapHus koepunueHT Ha npeuynsade (MR) u pasnpenenuTerHuss KoeQUIMEHT Mex 1y oktaHon u Boma (logP) Ha
GapbuTyparn. XMMUYHHUTE CTPYKTYPH Ca ONITHMHU3HUPAHHU ¢ TioMotrra Ha ab initio 6-31G GasuceH MeTOa U aIrOpUTHMA
Ha Polak-Ribiere c¢be cnpernar rpamuent 8 Hyper Chem 8.0 o6kpwxenne. 3a monywdaBane Ha QSAR mozenure ca
M3I0JI3BaHN METOJIMTE Ha MHOTOKpAaTHA JIMHEWHA perpecus u odpatHute Metoan (che 3HaunmMoctT Ha 0.05 auBo). Crex
aHaJN3 Ype3 MHOTOKpATHa JIMHEHHA perpecus ¢ W3CleIBaHa JTMHEWHOCTTa TPH MOJICKYIHHUTE JICCKPHITOPH B Haii-
no6pute Mozenu. I[porHo3nara cuiia Ha MOJEIHUTE € 00ChIeHA TI0 METOA Ha KPHCTOCAHOTO BaMAUpane. Pe3ynraTure
MOKa3BaT, 4e ChueTaHueTo oT aBa aeckpunrtopa (Wp, W) e moaxonsmio 3a mpeackasBaHe Ha MOJISAPU3YEMOCTTA, a
neckpuntopst (WW) e moaxosin 3a MojenupaHe W MpelcKa3BaHe Ha MONApHHS KOCSHHIMEHT HA MPEYyNBaHe U
pasnpesenuTeTHNs KOeYUIIMEHT MEXK/Ly OKTaHOJI ¥ BOjia Ha GapOuTypaTHTe.
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Stability of gold complex based on mercaptotriazole in acid and neutral media
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Stability of the gold complex based on mercaptotriazole in two acid electrolytes with different pH values and in a
neutral medium was investigated in this work. Investigation was performed by visual monitoring and electrochemical
characterization of the electrolytes in a period of one year or until first visible signs of complex decomposition.
Electrochemical characterization of the gold complex based on mercaptotriazole was performed by open circuit
potential measurement, cycling voltammetry method and by recording the polarization curves. The pH values of the
electrolytes were measured before and after each electrochemical experiment. These tests were performed at different
starting pH values: 2, 4 and 7 at optimal concentration of gold in the electrolyte of 2.5 g/dm?3. For electrolytes with pH
values of four and seven, the first visible signs of the complex decomposition appeared tree months after synthesis.
Electrolyte with pH value of two was visually stable for a period of one year.

Keywords: stability, gold complex, mercaptotriazole, non-cyanide gold electrolyte, electrochemical characterization

INTRODUCTION

Cyanide-based electrolytes for gold and gold
alloys are the most used and reliable ones,
especially in industrial applications. Cyanide
electrolytes are exceptionally stable; the stability
constant of [Au(CN).]- is about 10%. However,
with regard to the safety and disposal of
wastewater, there is increasing concern on the
application of cyanide-based processes [1, 2].
Furthermore, cyanide is classified as a hazardous
chemical and gold plating from cyanide-based
baths, is known as a high-risk technology from the
general ecological point of view. The main
disadvantages of using cyanide complexes are [3 -
71

e The presence of cyanide in solutions,
wastewater and atmosphere raises the issues on
ecology, occupational health and safety at work.

e Compliance with strict regulations may
increase the production costs.

e A negative redox potential may lead to
hydrogen evolution during plating and hinders the
formulation of chemical baths.

o Incorporation of cyanide in the coatings.

e Low limiting cathode currents of cyanide
complexes limit the rate of deposition.

o Incompatibility with the photoresist materials
used in  the lithographically  patterned
electrodeposition of gold.

The baths with high pH are often used to prevent
undesirable evolution of hydrogen cyanide.
Therefore, these alkaline baths contain an excess of

*) To whom all correspondence should be sent:
silvana.dimitrijevic@irmbor.co.rs

cyanide in order to maintain their concentration
constant. This excess cyanide moves the redox
potential to more negative direction, which requires
a reducing agent with a very negative redox
potential. These drawbacks of electrolytes with
gold cyanide have motivated the research on
alternative gold complexes. Non-cyanide electrolyte
for the production of decorative coatings are based
mainly on the complex of gold with an organic
compound. However, their use has not found
satisfactory industrial application due to the low
stability constants, manifested by decomposition of
the complex and precipitation of elemental gold
from the electrolyte [5, 8-12].

A general and significant problem for most non-
cyanide baths is their low stability. This
characteristic limits their usability. Instability of
these compounds is most often manifested by their
decomposition and precipitation of elemental gold,
usually as colloid gold. The formation of colloidal
gold is attributed to the disproportionation reaction
of Au (1) ions in solution [5, 13-20]:

3AUT < 2AU° + Au**

Formation of colloidal gold is an undesirable
occurrence in the plating process due to the
tendency to increase the roughness of surface,
stimulating the formation of nodules, and other
defects [21]. The surface of golden particles can
cause additional autocatalytic deposition of gold,
which accelerates the decomposition of the bath
[1]. In extreme cases, deposition of gold on the
surfaces of galvanizing cell was also observed.

Other models of gold decomposition have also
been identified. For example, oxidation of ligands

50 © 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(e.g. sulfite into sulfates) leads to an increase in the
concentration of other less stable Au (1) complexes
and reduction in the overall stability of the bath.
Similarly, the hydrolysis or exchange of ligands
and protonation reactions may lead to the formation
of unstable gold species which may adversely affect
the stability of the bath [21, 22].

EXPERIMENTAL PART

The aim of this work was to investigate the
stability of the gold complex based on
mercaptotriazole in acid and neutral medium for
electrolytes with pH value 2, 4 and 7.

All electrolytes investigated in this research
were synthesized according to the procedure
described elsewhere [8].

This investigation was performed by open
circuit potential measurement, cycling voltammetry
method and recording the polarization curves, with
pH values of the electrolyte measured before and
after each electrochemical experiment for a period
of one year or until the first visible signs of
decomposition of the complex have been noticed by
visual monitoring.

Electrochemical studies were carried out in a
system consisting of an electrochemical cell and
hardware interface for computerized control and
data acquisition. In a standard three-electrode
electrochemical cell, the working electrode was a
gold-plated platinum electrode (active surface of
4.52 mm?), whose potential was controlled against
a saturated calomel reference electrode (SCE).
Platinum foil (1x2 cm) served as a counter
electrode. All potentials are given versus SCE.

The computerized control (National Instruments
card, NI-6251) and data acquisition software
(LabVIEW 8.2 platform and applications
specifically developed for the electrochemical
measurements), fully developed by the Technical
Faculty in Bor [8, 23], were used to run the
electrochemical experiments. The hardware
consisted of a PC, AD/DA converter (PCI-E 20 428
produced by Burr-Brown), and an analog interface
developed at the University of Belgrade, Technical
Faculty in Bor.

The electrolyte volume used in the experiments
was 100 ml. All experiments were carried out at a
temperature of 25 + 0.5 °C.

The pH values of the electrolytes were measured
before and after each electrochemical measurement.
The pH values were measured with a WTW pH
3110 instrument.

The open circuit potential was monitored for a
period of 60 s. A relatively short time interval was
chosen because no significant differences were

observed for a period of 600 s in the initial series of
measurements.

Cyclic voltammograms were recorded with a
scan rate of 100 mV/s, in the following potential
ranges:

a) for pH 2: (from +1.6 to -0.6) V
b) for pH 4: (from +1.6 to -1.5) V
c) forpH 7: (from+1.5t0 -1.3) V

Polarization curves were recorded with a scan
rate of 5 mV/s in the potential ranges: for pH 2:
(from +0.2 to -0.6) V; for pH 4: (from +0.2 to -1.1)
V and for pH 7: (from +0.2 to -1.2) V. The
potential ranges were ordered by the start of
gaseous hydrogen (bottom limit) and gaseous
oxygen (upper limit) evolution.

RESULTS AND DISCUSSION
Visual monitoring of electrolyte

Fresh synthesized electrolyte [8] with gold
concentration of 2.5 g/dm?® and pH = 2 is colorless.
No visual changes were observed by monitoring the
electrolyte with this pH value for a period of one
year.

The gold complex with mercaptotriazole with
pH = 4 is almost colorless. After one month, the
appearance of precipitate in a form of yellow flakes
was observed in this electrolyte at room
temperature (25 °C). After two months, a small
amount of reduced elemental gold was observed in
the precipitate. After three months, the electrolyte
was decomposed. The solution was almost colorless
with a significant amount of yellow needle-shaped
crystals which were mixed with a greater amount of
elemental gold.

The gold complex with mercaptotriazole with
pH = 7 is pale yellow (the color is more intense
than the color of the cyanide electrolyte). After a
month at room temperature (25 °C) it was noted
that the complex of gold at this pH value was
almost colorless with the appearance of a white
precipitate. Two months after the synthesis, the
electrolyte solution was transparent with a pale
violet precipitate. The electrolyte after three months
was almost colorless with a significant amount of
violet precipitate mixed with reduced elemental
gold.

Open circuit potential

Table 1 shows the measured values of the open
circuit potential (monitored over 60 s) of the
electrolyte with starting pH = 2 and pH values of
the same electrolyte before and after
electrochemical measurements after 1 h, 24 h, 1
month, and then every month until 12 months from
the moment of synthesis.

o1
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Table 1. Open circuit potential and pH value of electrolyte before and after electrochemical measurements for

different standing time from the moment of synthesis of the electrolyte with pH=2

Time pH =2
E vs. SCE (V) pH (before) pH (after)
1h +0.206 1.85 1.95
24 h +0.163 1.90 1.96
7 days +0.158 1.95 1.99
1 month +0.160 2.03 2.06
2 months +0.155 2.05 2.10
3 months +0.166 2.09 2.11
4 months +0.197 2.09 2.11
5 months +0.201 2.10 2.12
6 months +0.206 2.10 2.12
7 months +0.173 2.12 2.14
8 months +0.178 2.13 2.16
9 months +0.169 2.14 2.17
10 months +0.198 2.15 2.19
11 months +0.197 2.18 2.20
12 months +0.202 2.17 2.21

Table 2. Open circuit potential and pH value of electrolyte before and after electrochemical measurements for
different standing times from the moment of synthesis of the electrolytes with pH =4 and pH =7

Time pH =4 pH = 7
E vs. SCE (V) pH (before) pH (after) E vs. SCE (V) pH (before) pH (after)

1h -0.028 4.20 4.40 -0.029 7.10 7.05
24 h -0.179 4.30 4.35 -0.030 7.08 7.06
7 days -0.169 4.33 4.35 -0.029 7.07 1.10
1 month -0.173 4.35 4.37 -0.022 7.14 7.12
2 months -0.180 4.35 4.40 -0.023 7.20 7.15
3 months -0.179 4.38 4.45 -0.026 7.25 7.18

Table 2 shows the measured values of the open
circuit potential (monitored over 60 s) and pH
values of electrolytes with pH value = 4 and 7
before and after electrochemical measurements
after 1 h, 24 h, 1 month and then every month until
three months or until first visible signs of
decomposition of the complex.

Open circuit potential (OCP) of the electrolyte
with pH = 2, measured in a period of 1 h to 12
months from the moment of synthesis was in the
ranges from +0.206 V to +0.155 V. The most
positive value of the OCP (+0.206 V) was
measured after 1 h from the moment of electrolyte
synthesis. The same value was measured after 6
months. The value of +0.202 V after 12 months
may be considered as the same value as at the start
of the experiment. Even the most negative value of
+0.155 V (after two months) was not significantly
lower than the former ones. The most positive value
of the open circuit potential indicates the most
unstable structure. However, the change of the open
circuit potential value over a period of one year was
not large, which indicates very high stability of the
electrolyte with pH = 2.

The electrolyte with a pH value of four had the
most positive value of the open circuit potential (-
0.028 V) after 1 h from the moment of synthesis.
After 24 h, a significantly more negative value of

52

the open circuit potential of -0.179 V was measured
which indicated that in the first 24 h changes occurs
and establish a stable structure within the complex.
Further changes of OCP are insignificant (values
after 24 h and after three months are nearly the
same).

The electrolyte with pH = 7 had the most
negative values of the open circuit potential: -0.029
V and -0.030 V after 1 h and 24 h from the moment
of synthesis, respectively. A slightly more positive
open circuit potential of -0.022 V was measured
after 48 h from the moment of electrolyte synthesis.
Changes in the values of OCP, in the period from 1
h to 3 months were very small. These values of
OCP indicated that a stable structure is established
within the first hour after synthesis.

The pH value of the electrolyte increases after
each electrochemical measurement for electrolytes
with pH values of 2 and 4, and decreased for the
electrolyte with pH = 7, as shown in Table 2. These
changes are small and the pH values may be
considered as stable, especially for the unbuffered
electrolytes in this research.

Cyclic voltammetry

The cathode parts of cyclic voltammograms are
shown in Figure 1. They are recorded at pH value
of 2 for different elapsed time after the electrolyte



S. Dimitrijevi¢ et al.: Stability of gold complex based on mercaptotriazole in acid and neutral media

-0.2 0.0 0.2 0.4 0.6 038 10 12

j (mA/en)

— T T T T T T
-06 -04 02 00 02 04 06 08 10 12

-06 04 -02 00 02 04 06 08 10 12

i (mAem?)

-06 04 -02 00 0.2 04 0.6 0.8 1.0 12
Evs. SCE (V)
b)

Fig. 1. Cyclic voltammograms (cathodic part) recorded for the gold complex based on mercaptotriazole at pH = 2
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Fig.3. Cyclic voltammograms (cathode part) recorded for the gold complex based on mercaptotriazole at pH =7
for different elapsed time after the electrolyte synthesis: a) 1 h, 24 h, 7 days and 1 month b) 1 h, 1 month, 2 months and

3 months
synthesis: 1 h, 24 h, 7 days, 1 month, 3 months, 6
months, 9 months and 12 months.

Cyclic voltammograms for different elapsed
time after the electrolyte synthesis: 1 h, 24 h, 7
days, 1 month, 2 months and 3 months are
presented in Figure 2 (pH = 4), and Figure 3 (pH =
7). From the cyclic voltammograms for the

electrolyte with pH = 2, (Fig. 1 a and b), it can be
noted that the voltammograms recorded after 1 h
and 24 h are similar in shape with two current
peaks. At the potential of +0.80 V, a sharp current
peak appears on the voltammogram recorded after
24 h from the synthesis as well as after one hour,
but with less current intensity. On both
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voltammograms, sharp current peaks were
observed at the potential of -0.12 V on the
voltammogram recorded after 1 h, and at the
potential of -0.18 V for the wvoltammogram
recorded after 24 h.

The voltammogram recorded after seven days,
shown in Figure 1 a, is slightly different from the
former two, because it has only one sharp current
peak at the potential of -0.24 V. At the potential
value of +0.80 V, at which the former two
voltammograms have small peaks, on the cathodic
part of the voltammograms recorded after seven
days, no clear current peak appears, only a fold in
the location corresponding to the reaction of gold
reduction. Cathodic current density begins to rise
sharply at the same potential value as the former
two voltammograms (-0.35 V).

Voltammogram recorded after a month is similar
to voltammograms recorded after 1 h and 24 h. On
this voltammogram, in addition to two current
peaks, the first at a value of potential of +0.78 V,
and the other at -0.16 V, a fold can be observed at
the potential value of +0.45. The sharp increase in
the cathode current density starts from -0.50 V.

Two current peaks appear in the voltammogram
recorded after three months. The first peak appears
at nearly the same potential value (+0.79 V). The
second peak occurs at the same potential value in
relation to the voltammograms recorded after 1 h
(-0.12 V). The sharp increase in the cathode current
density starts from the same value of the potential as
for voltammograms recorded after 1 h and 24 h, and
the fold is at the same potential value. All these
features indicate similar behavior in the first three
months.

The voltammograms recorded after 6 and 9
months to the potential value of 0 V are similar in
shape with folds at the same potential value
(+0.43 V). Current peak on voltammogram recorded
after 6 months appears at the potential value of -0.14
V and on the voltammogram recorded after 9
months at the more negative potential value
of -0.25 V. On these two voltammograms, a sharp
rise of cathode current density starts at nearly the
same value potential (-0.50 V and -055 V
respectively). On voltammograms recorded after 12
months, there are two current peaks. The first is at
the potential value of +0.73 V, and the second at -
0.31 V with the appearance of two folds at potential
of +0.40 V and -0.02 V. The sharp increase in the
cathode current density starts at the potential of -
0.40 V. These two cyclic voltammograms are very
similar and have the same basic features as the
others, but with more prominent first cathode peak
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at +0.8 and +0.7 V, respectively for the electrolytes
after six and twelve months.

Voltammogram recorded after 1 h in the
electrolyte with pH 4 is different from the others
recorded at this pH value. Two peaks appear on this
voltammogram, the first, wide, at a potential value
of -0.50 V, and the other at -1.43 V. At -1.55 V
cathode current density starts to rise rapidly,
indicating the start of hydrogen evolution leading to
the reduction of current efficiency. On all other
voltammograms (Figure 2a), folds at the potential
of -1.08 V can be observed, and the sharp
increasing of the cathode current density starts at
the potential of -1.25 V.

Voltammograms recorded after one, two and
three months are very similar, the current peaks
appear at the same value potential (-1.05 V), as well
as a sharp increase in the cathode current density
(-1.2 V). 1t can be concluded from the
voltammograms recorded for the electrolyte with
pH = 4 that the major changes in a structure of
electrolyte occur in the first 24 hours. After that, all
changes are almost negligible.

On the voltammogram recorded after 1 h for the
electrolyte with pH = 7 (Figure 3) at the potential of
-0.78 V, a fold appears and on the potential of
-0.95 V - a sharp current peak. The sharp increase
of the cathode current density starts at -1.15 V. On
the voltammograms recorded after 24 h, 7 days and
one month, the folds occur at the same potential
value of +0.40 V, while a sharp increase of cathode
current density starts from the potential of -0.60 V.
On the voltammograms recorded after one, two and
three months, the folds appear at the same potential
value (+0.40 V) as the voltammograms recorded
after seven days. The sharp increase in the cathode
current starts from a less negative value of potential
(-0.68 V). As for the electrolyte with pH = 4, the
major changes in the structure of electrolyte occur
in the first 24 hours, and the electrolyte is stable
during a three-month interval.

Polarization curves

Polarization curves for the electrolyte with gold
concentration of 2.5 g/dm?, recorded at different pH
values with a potential scan rate of 5 mV/s, are
presented in Figure 4 for the electrolyte with pH =
2, in Figure 5 for the electrolyte with pH =4, and in
Figure 6 for the electrolyte with pH = 7 for
different elapsed time after electrolyte synthesis.

On the polarization curves, recorded for the
electrolyte with pH = 2 (Figure 4) after 1 h and 24
h, two wide plateaus appear and the current peaks
are at the same current density, and have the same
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potential value. The first plateau occurs at a current
density of 0.02 mA/cm? and the other at 0.80
mA/cm?,

On the polarization curve recorded after seven
days, one wide and one short plateau appear at the
same current density, and at the same potential
value as on the former two curves. On the
polarization curves recorded after one month and
three months, two plateaus appear with the same

current densities, the first with a current density of
0.04 mA/cm?, and the other with 0.64 mA/cm?. On
the polarization curves recorded after 6, 9 and 12
months, the first plateau appears with the same
current density of 0.08 mA/cm?, while the second
plateau of the recorded polarization curve after 6
months occurs with a current density of 0.82
mA/cm?. The second plateau on the polarization
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curves recorded after 9 and 12 months appears with
a current density of 1.06 mA/cm?,

Similarity between all voltammograms, except
that after one hour is obvious and indicates high
stability of the complex within the full period of 12
months. It confirms the results for the other two
methods.

For the electrolyte at pH = 4 presented in Figure
5 it can be seen that on the polarization curve
recorded after 1 h the first plateau occurs at a
current density of 0.12 mA/cm? while no plateaus
for polarization curves, recorded after 24 h and 7
days, can be identified. The first plateaus for
polarization curve, recorded after 1 month, 2
months and 3 months, appear with the same current
densities, while the other plateaus on these curves
have got different current densities (after 1 month
1.03 mA/cm 2, after 2 months 0.75 mA/cm? and
after 3 months 1.27 mA/cm?). Similarity between
the polarization curves from 24 h to 3 months was
higher than for the electrolyte with pH = 2.

The polarization curves, recorded for the
electrolyte of pH = 7 (Fig. 6) after 1 h, 24 hand 7
days, are of similar shape. Wide plateaus appear on
all curves at potential values close to the open
circuit potential values until the potential value of -
0.6 V. The sharp power peaks appear on all
polarization curves at similar values of the
potential. On the polarization curve recorded after 1
h, the current peak occurs at -0.97 V. After 24 h
from moment of synthesis, a current peak occurs at
a more positive potential (-0.95 V). Current peak at
polarization curve recorded after 7 days appears at
the potential of -0.85 V. On the polarization curves
recorded after one month, two months and three
months, a wide plateau appears with the current
density of 0.33 mA/cm? and in the potential region
from the open circuit potential until -0.5 V. All
polarization curves have sharp current peaks at the
potential of about -0.95 V.

The similarity of the polarization curves
including the one after one hour after synthesis was
the highest of all investigated electrolytes.

CONCLUSION

Investigation of the influence of pH value on the
stability of electrolytes with the optimal
concentration of gold of 2.5 g/dm? in acidic and
neutral media over a period of one year, or until the
first visible signs of the complex decomposition,
showed that in the electrolytes with pH = 4 and 7,
the first visible signs of the complex decomposition
appeared after three months.

No visual changes were noticed for the
electrolyte with pH = 2 for a period of one year
with a slight change of electrochemical properties
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after six months. For this electrolyte, the OCPs and
polarization curves were similar in the full period
of one year, and cyclic voltammograms for six and
twelve months have shown slightly different
characteristics.

The open circuit potential for the electrolyte
with pH = 4 had a little bit larger changes than for
the other two electrolytes. However, all other
electrochemical measurements have shown similar
results for the three-month period. Electrolyte with
pH = 7 had the most similar results for all
measurements, which indicates a high stability
within three months.

The results of all methods in all investigated
electrolytes differ significantly only for the periods
of time shorter than 24 hours. This indicates that
the major changes in the structure of the complex
occur during this period of time.
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CTABMJIHOCT HA 3JIATEH KOMIUIEKC C MEPKAIITOTPHUA3OJI B KMCEJIA U
HEVYTPAJIHA CPEJIA

C. lumutpuesnu*!, M. Paitunu Byscunosuu?, Ct. lumutpuesuq’, b. Tpymud!, A. Mpanosuu!

YUnemumym no munno deno u memanypaus ¢ Bop, 3enenu 6ya. 35, 19210 Eop, Copbus
2 Texnuuecku paxyimem 6 bop, Benzpadcku ynueepcumem VJ 12, 19210 bop, Copbus
8 Unoeayuonen yenmuvp, Daxyrimem no mexnonoaus u memanypaus, Benepadcku ynusepcumem, beazpad, Copbus

ITocrpnuna Ha 19 ronu, 2017 r.; npuera Ha 5 nexemBpu, 2017 1.
(Pe3tome)

B Hacrosmara cratusi € n3cieABaHa CTaOMJIHOCTTAa Ha 3JIaT€H KOMIIEKC C MEPKanTOTPHas30l B JBA KHCEIH
enekTponuTa ¢ pasnuuHo pH um B HeyTpanHa cpena. V3cieaBaHETO € MPOBEACHO UYPE3 BHU3Yal HO IPOCIEASBAaHE U
€JIEKTPOXVMHUYHO OXapaKTEpU3UpaHe Ha ENCKTPOIMUTHTE 3a MEPHOA OT €HA TOJMHA WM JOKATO ce 3a0enexar ImbpBU
BUINMH O€JIe3H 3a pasiiaraHe Ha KOMIUIeKca. EJeKTpOXMMHUYHOTO OXapaKTepu3npaHe Ha KOMIUIEKCA € U3BBPIICHO Ype3
nN3MEpBaHE Ha NMOTEHNIMAlA B OTBOPEHA BEPHUTa, IIUKIMYHA BOJITAMMETPHS U PETHCTPHPAHE HA MOISPU3ANNOHHY KPHBH.
pH croifHOCTHTE Ha EIEKTPOIINTHTE Ca U3MEPBAHM MPEIH H CIIE]l BCCKH CICKTPOXUMHUYCH EKCIIEpUMEHT. TecToBeTe ca
NIPOBEJICHU IIPU pa3iuyHK M3XoaHu pH croitHocTH: 2, 4 M 7 npu ONTHMaHa KOHLEHTPALMs Ha 3J1aTO B €JIEKTPOJIUT C
o6em ot 2.5 g/dmd. 3a enexrponurure ¢ pH 4 u 7, mbpBuTE BUAMME OEJIE3M HA pa3iiaraHe Ha KOMILIEKCA CE MOSBSABAT
Tpu Mecena ciell cuHresa. Enextponutst ¢ pH 2 € BupnMo crabuiieH B IpObKEHNE Ha €JHA TOIMHA.
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A two-step method has been applied to the synthesis of zinc orthostannate, Zn,SnOs. As a first step X-ray amorphous
hydroxide precursor had been obtained by coprecipitation of Zn(NO3), and SnCl; solutions using Na,COs. In the second
step the precursor was subjected to hydrothermal treatment (HT) in the presence of sodium hydroxide or ammonium
hydroxide. The samples have been characterized by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and UV-Vis spectroscopy. The precursor powder showed absorption edge at about
423 nm, while the absorption band of the HT samples, obtained in NH4OH and NaOH, is shifted to 441 nm and 471 nm,
respectively. The treatment of the amorphous precipitate in the presence of sodium hydroxide leads to a higher degree
of crystallization, smaller sizes of the crystallites and higher photocatalytic activity for discoloration of the textile dye

Methylene Blue (MB).

Keywords: zinc stannate, nanometer size, hydrothermal, photocatalyst, visible absorption

INTRODUCTION

The zinc orthostannate Zn,SnO., is a stable
phase in the system ZnO-SnO; having inverse
spinel structure. Recently, Zn,SnO; has been
intensively investigated with the view to its
thermodynamic stability, high electrical
conductivity, high electron mobility and low visible
light absorption [1]. These properties of zinc ortho-
stannate make it a suitable material with potential
applications as anode in Li ion batteries [2], gas
sensors [3, 4], in photoluminescence [5] and as
photocatalysts [6].

However it is difficult to obtain Zn,SnO4 by
conventional solid state reaction. Hashemi et al. [7]
have revealed that a single phase of zinc stannate is
being formed during calcination at 1280°C for 12 h.
Zinc ortho-stannate have been obtained by
mechanical activation of the starting ZnO and SnO,
powders, followed by sintering at 1300°C, by
Nikolic et al. [8]. The high temperature sintering at
1300 °C is undesirable and it be avoided by
calcination of the co-precipated with NaOH
amorphous precursor of mixed zinc and tin
hydroxides [9]. Another way to prepare zinc
stannate at low temperature is the hydrothermal
method. This method allows the obtaining of a
homogeneous and well crystallized compound at
much lower temperatures than the classical
treatment. Therefore the deterioration of the
properties as a result of undesirable sintering and

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

agglomeration processes is avoidable. Fang and et
al. [10] have synthesized spinel Zn,SnOs via
hydrothermal method at 220-C using agueous
solutions of Zn(CH3COO)2-2H20 and SnCls-5H:0
and NaOH solution serving as mineralizer. Also,
nanosized Zn,SnO, has been synthesized by the
hydrothermal process in water/ethylene glycol
mixed solutions [11].

Recently we have carried out coprecipitation of
Zn and Sn hydroxides with Na,COs; from an
aqueous solution mixture of Zn(NOs), and SnCl,
and subsequent mechanical activation in order to
prepare nanosized zinc stannate [12]. The
advantage of natrium carbonate as precipitating
agent is that the decomposition of the precursor is
complete at lower temperatures (about 350°C).

Recently it has been demonstrated that Zn,SnO4
exhibits high activities and durabilities for
photodegradation of water soluble textile dyes [11,
13]. The methylene blue (MB), a typical textile dye,
has been used as the model water pollutant to
evaluate the photocatalytic activity of the
hydrothermally prepared zinc stannate spinel
powders.

To our best knowledge there are no available
data on the preparation of Zn,SnO, powders by
hydrothermal treatment of co-precipitate in basic
media.

In this paper we are prepared crystalline
Zn,Sn04 powders by a two - step procedure: co-
precipitation with Na,COs of hydroxide precursor
and consecutive hydrothermal treatment of the
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precipitate in different basic media (NaOH and
NH4OH). Also the effect of the nature of basic
media on the particles structure, morphology and
activity in discoloration of textile dye as model
waste water contaminant over the zinc stannate
samples.

EXPERIMENTAL

Agueous solutions of 0.5 mol/l Zn(NO3)..6H.0
and 0.3 mol/l SnCl,.2H,O (acidified to avoid
hydrolysis) were prepared. The two solutions were
mixed at component ratio corresponding to the
stoichiometric molar ratio between the oxides
participating in the Zn,SnO. (ZnO : SnO; = 2:1).
Sodium carbonate solution was used as a
precipitating agent. In order to obtain a
homogeneous precipitate, the sodium carbonate
solution (0.5 mol/l) was added drop-wise, under
intensive stirring. The final pH of the solution was
7.5. The obtained precipitate was being aged for 4
h, and then it was washed several times to until
negative reaction for chloride (CI") anions was
achieved. After that the precipitate was dried 12 h
at 60°C. Two samples of precursor material,
prepared by co-precipitation, were treated
hydrothermally (HT) in basic media. Two samples
of 1.5 g from the precursor material were treated
hydrothermally 24 h at 200 °C in 15 mL of 0.4
mol/l solution of NaOH or in 25 % wt. NH4OH.
The samples were filtered, then washed with
distilled water and dried at 100 °C.

The phase composition of the samples obtained
was studied by X-ray diffraction (XRD) on Dron
3M diffractometer with CoK, radiation, applying
accelerating voltage and current intensity of 40 kV
and 40 mA respectively. The scan step was 0.02
degrees and acquisition time on each step was 1
second. The crystalline sizes of the samples were
calculated based on X-ray peak profile broadening
by using analysis program that applies
Debye-Scherrer's equation. The particle
morphology of the samples was observed by
scanning electron microscope (SEM) JEOL-5510 at
10 kV accelerating voltage. The DR UV-Vis
spectra were recorded on a Thermo Evolution 300
UV-Vis, equipped with a Praying Mantis device.
BaSO, is applied as a reference sample. The X-ray
photoelectron spectroscopy (XPS) studies were
performed in a VG Escalab Il electron spectrometer
using AIK, radiation with energy of 1486.6 eV
under base pressure 10~ Pa and a total instrumental
resolution 1eV. The binding energies (BE) were
determined utilizing the C1s line (from an
adventitious carbon) as a reference with energy of
285.0 eV. The accuracy of measuring the BE values
was 0.2 eV.

The photocatalytic activities of the samples were
measured using an UV lamp with light intensity of
5.10"° W/cm?, located in the centre of the reactor.
The latter contained aqueous solution (5 ppm) of
Methylene Blue (MB) dye. This solution was
homogenized with a magnetic stirrer at 400 rpm.
The photocatalytic activity was evaluated by
measuring the residual dye concentration at regular
time intervals using Jenway 6400
spectrophotometer. The actual dye concentration
was calculated by comparing the absorbance of the
collected sample, measured at the wavelength of
spectral maximum of the MB, based on calibration
curve.

RESULTS AND DISCUSSION

The X-ray diffraction patterns revealed that the
starting precursor material, having Zn;SnOs
composition, is X-ray amorphous, while both
hydrothermally treated (HT) samples are crystalline
(Fig.1). The crystalline sizes of the samples are
calculated by the Debye-Scherrer’s equation. The
HT sample, prepared in the presence of NaOH,
showed higher degree of crystallization and smaller
crystallites size ( 25 nm) than that of the sample,
prepared in the presence of NH4OH (39 nm). The
advantage of the two-step synthesis procedure
(consisting of precipitation with Na,CO; and
consecutive  hydrothermal treatment) is the
formation of nano-sized crystallites (24-70 nm) of
zinc stannate. The conventional sintering process
leads to bigger size of the crystallites of zinc
stannate with dimensions higher than 100 nm [8].

Figure 2 represents the UV-Vis spectra of
Zn,SnO, precursor powder and HT prepared
samples.

The UV-Vis spectra show red-shifting of the
absorption band edge for the samples prepared in
the presence of NH4sOH and NaOH respectively
(Fig. 2), comparing with the precursor material.
The vertical line at about 450 nm in Fig. 2
schematically represents the value of the end of
ultraviolet part and the beginning of the blue part of
the visible spectra. The precursor powder showed
absorption band edge at about 423 nm, which is
shifted to 441 nm and 471 nm for the
hydrothermally prepared zinc stannate in the
presence of NHsOH and NaOH, respectively. The
shift in the absorption band edge to the visible part
of spectra proved that the hydrothermal treatment in
basic media of precipitated amorphous Zn,SnQO; is
a promising method for the preparation of
photocatalysts, potentially active under solar light
irradiation.
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Fig.3. Zn2p (a), Sn3d (b) and O1s (c) core level XPS spectra of HT- Zn,Sn04 in NH4OH.

The XPS spectra of the samples are shown in
Fig. 3. The characteristic peak of Zn2ps, is located
at 1021.4 eV, which is typical of ZnO (Fg 3). The
binding energies of Sn 3ds. and Sn 3ds» core
electrons are located at 486.0 and 494.5 eV,
respectively. The position of the O1s peak at 530.4
eV corresponds to the state of the oxygen atom O%*
in the zinc stannate. The XPS spectra of the sample,
prepared in the presence of NH,OH, did not display
N1s peak at binding energy of about 399.8 eV,
showing that nitrogen is not incorporated in the
sample during the hydrothermal treatment.
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The SEM micrographs of the hydrothermally
treated powders are shown in Fig. 4. The general
morphology of HT synthesized products consists of
aggregates, which are not distinguishable from one
another. The size of the particles depends on the
type of the basic media. It has to be noted that the
samples treated in NH4OH possess large aggregates
with non-uniform sub-micron and micron-sized
particles (Fig. 4a), while in NaOH the aggregates
are smaller. Thus the treatment in NaOH leads to
the formation of smaller particles with size within
the range 100 - 300 nm (Fig. 4b).
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Fig.4. SEM micrographs of Zi,SnO4 powders HT treated in NH4OH (a) and NaOH (b)
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Fig.5. Photocatalytic discoloration of MB by Zn,SnO4-HT prepared in the presence of NH,OH (1) and NaOH (2).

The photocatalytic activity of Zn,SnO, powder
was followed based on the change in the relative
concentration C/Co, (where Co is initial
concentration of MB dye) with the time under UV
illumination (Fig. 5). When the Zn,SnO, is being
irradiated, electrons in the valence band (VB) are
being excited to the conduction band (CB).
Simultaneously holes are being generated in the
VB, which are reacting immediately with the dye or
interacting with the surface-bound H,O or OH to
produce the OH" radical species — a strong oxidant
for the mineralization of MB. Generally, the overall
photocatalytic activity of semiconductors is
primarily depending on its adsorption capacity, on

the specific surface area, the structure and
morphology. Therefore the high photocatalytic
activity of the nanocrystalline Zn,SnO. could be
attributed to the smaller crystallites size and
respectively to the higher specific surface area,
which is more favorable for the mass transfer
reactions in the liquid phase. Another factor
influencing the activity is the particles aggregates
[14]. The size and distribution of particle
aggregates in the samples obviously influence the
light absorption and light scattering, which are
determining the degree of photon interaction with
the catalyst surface. The intensity of the light
scattered from the surface of ammonia treated
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powders is probably stronger due to the presence of
larger aggregates. Another reason for the lower
photocatalytic activity of ammonia treated samples
is the larger crystallite sizes, resp. lower specific
surface area. The HT samples, prepared in the
presence of NaOH, showed very fast discoloration
of MB dye- about 90% conversion for a period of
half an hour.
CONCLUSIONS

Nano-sized Zn,SnO, powders have been
obtained by two-step synthesis procedure,
consisting of co-precipitation of mixed zinc
stannate - amorphous hydroxi-carbonates and their
consecutive hydrothermal treatment in basic media
(NaOH or NH4OH). The samples, prepared in
NaOH, showed higher degree of crystallinity and
smaller size crystallites, than those of the powders,
prepared in the presence of NHiOH. The
photocatalytic ~ activity in  methylene  blue
discoloration of Zn,SnQ,, hydrothermally prepared
in the presence of NaOH, reaches almost 90%
degradation degree of the dye within 30 min under
UV irradiation. Both HT samples showed red shift
in the UV-Vis spectra. The samples prepared by
this two-step synthesis method showed absorption
at visible wavelengths, which proves that they are
promising materials for the preparation of
photocatalysts active under visible light.
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HAHO-PA3MEPHMU ITPAXOBE OT Zn2Sn0O4, CUHTE3UPAHU YPE3 Cb-YTASIBAHE U
I[MTOCJIEHJOBATEJIHO XUJIPOTEPMNYHO TPETHUPAHE B JIBE PA3JIMYHU AJIKAJIHU

CPEJU

B. Babsckos'™*, U. Cram6Gonosa?, JI. lumurpos?, M. Illunouka?, JI. CrosHosal, An. Emusc®

D Uucmumym no obwa u neopzanuuna xumus, Bvreapcka axademus na naykume, 1113 Cogus, Bvieapus
D Uucmumym no munepanoaus u kpucmanozpagus, Bvreapcka akademus na naykume, 1113 Cogus, Bvreapus
3 Hucmumym no xamanus, Bvneapcka axademus na naykume, 1113 Copus, Bvreapus

IToctpnuna Ha 19 mait, 2015 r.; kopurupana Ha 23 mapt, 2017 1.

(Pesrome)

IuakoBuar oprocraHat ZnpSnO4 Oemre MONMyYeH MOCPEACTBOM JBYCTaaWeH MeToh. IIbpBOoHAYamHO Oere
CHHTE3MpaH peHTreHoaMop(heH XUAPOKCH upe3 chyTasiBane oT pa3tBopu Ha ZN(NOs), u SnCl, u yranten Na,COs. Ha
BTOPHS CTaAMi MONYYEHHUST npeKypcop Oeme oO6paboTen xuaporepmaino (XT) B cpelia Ha HATPUEB XMIAPOKCHJI HITA
amoHMeB xuapokcua. Taka monydeHute oOpasuu Osixa OXapakTepHU3MpaHH upe3 peHreHodaszop anamuz (PDA),
penrenoBa (oroesekrponHa crnexkrpockonus (PDC), ckanupama enexktponHa wmukpockormus (CEM) u UV-Vis
cnekTpockonus. 3a mpaxooOpa3Hus n3xojeH obpasel Oeme perucrpupan abcopouuoneH pro npu 423 NM, gokaro npu
oOpasmure, momydern xuaporepmanto X1 B cpena o NH4OH u NaOH toii ce m3mectBa crorBeTHO KbM 441 nm u
471 nm. OGpaboTkara Ha aMmop¢HaTa yTalka B cpeJja Ha HaTPUEB XUJIPOKCH BOJH /0 MO-100pa KPHCTAIH3ALUs, 110-
MAaJIKM pa3Mepu Ha KPUCTAJIUTHUTE M I0-BUCOKA (DOTOKATATUTHYHA AKTHBHOCT IPU OKHCIHMTEIHO 00E3IBETABIAHETO Ha

TEKCTHJIHOTO Oarpuiio MeTmwieHoBo cuubo (MB).
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The evolution of the osmotic pressure in aqueous solutions was studied experimentally as a function of time in two
different regimes: of constant and variable solution volume. Quantitative dependence of the solvent osmotic rate on the
relative solution volume variation was established as well. Glucose, a biologically active substance, was chosen as a
reference solute for the complex tests. A custom made osmotic cell was used. A novel operative experimental approach,
employing controlled limited variation of the solution volume was developed and applied for the purpose. First of all,
the obtained kinetic dependencies reveal strong divergence in the rates of the process at the two experimental regimes.
The rise of pressure is much faster at constant solution volume, while the solvent influx is many times greater in the
regime of variable volume. Moreover, the rate of the osmotic process is being modified by varying the solution volume.
We consider the effects established here by means of an artificial semipermeable membrane to be of relevance for the

processes taking place in the real living cells and tissues.

Keywords: membrane permeability, semipermeable membrane, osmotic kinetics

INTRODUCTION

Osmosis, i.e. the passage of fluid (usually water)
through a semipermeable membrane, has been
known for almost two centuries. Although always
being on the agenda, for rather long time it seems
not to have drawn largely the attention of the
researchers. Yet, it needs not be surprising that in
the latest years, with the discovery of the role of
aquaporins as selective pores in water transport, the
interest to this phenomenon has undergone genuine
revival. As K. Alleva et al. have formulated the
issue in their excellent review paper (Aquaporins:
Another piece in the osmotic puzzle) [1]: “The
elucidation of osmotic phenomena will help to
understand central issues such as the identification
of the causes of previously identified syndromes
..... and could also aid in finding adequate therapies
for various pathologies, the comprehension of water
management by plants, and the development of
efficient methods for water purification. Therefore,
unveiling the osmotic process is important both at
the biological and technological level”.

The driving force of the osmotic process is the
concentration difference between two solutions
separated by a semipermeable membrane. It creates
pressure difference across the membrane (osmotic
pressure). Solvent transport takes place from the
more diluted solution to that of higher
concentration, until equilibrium is reached. J. H.

* To whom all correspondence should be sent.
E-mail: minkov.ivan@gmail.com

van’t Hoff was the first [2] to propose a theory and
a formula, named the van’t Hoff law, for the
(equilibrium) osmotic pressure, IT, resulting from
the transfer of solvent through the membrane:
IT=cRT, Q)

where ¢ (mol/m3) is the molar concentration of
the dissolved substance, R (8.314 J/mol K) is the
universal gas constant, T (K) is the absolute
temperature. This equation is still in use, along with
a number of more complex formulae for TT that
have been produced since as well [3-8]. Although
we are aware of the supposedly more precise
formulae, we have found the original van’t Hoff
law to be entirely sufficient for the tasks considered
here, as discussed further.

Equilibrium  studies of osmosis, whether
theoretical or experimental, predominate in the
literature, but the interest to the kinetic aspects of
the process has persisted through the years [9-12].
Osmotic equilibrium is considered to be well
understood from thermodynamic viewpoint and
does not pose serious ambiguities. In contrast, the
dynamic aspects of the process frequently exhibit
new and even surprising effects, which are difficult
to explain within the frames of the traditional
kinetic models.

The aim of our present investigation was to
examine in detail the specific features of the
osmotic process in an agueous solution under
dynamic conditions as a function of time, while
applying two different experimental regimes: of

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria g3
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constant and variable solution volume. In the case
of confined volume, Krustev, Kolikov et al. [13]
have introduced the term ‘confined osmosis’,
defined as “...osmosis at which practically constant
solution volume is maintained by external
mechanical influence, resulting in an increase of the
hydrostatic pressure in this volume”.

The specific tasks of the present investigation
required a novel approach and modification of the
classical experimental setup. In the classical
membrane osmometry IT is directly determined by
the hydrostatic pressure value established in an
“open mode” — through the rise of the liquid level
in the solution compartment. Of course, such an
approach is only suitable at moderate elevation — of
the order of decimeters — which, accordingly,
means small concentration differences: up to a few
tens of millimoles per liter (see Eg. 1). An
alternative mode, without such limitations, is
conducting the process in a closed constant volume
[4, 5, 8] and determining IT by means of an
appropriate pressure sensor. Here we put forward
an operative hybrid method, which combines the
advantages of the two above: it comprises
controlled variation of the solution volume, which
permits measuring much higher pressure levels,
when subjected to the “open mode”.

For the complex tests we have chosen glucose: a
low molecular mass compound that is a popular
biological agent, already used elsewhere as a
reference in osmotic studies [8].

MATERIALS AND METHODS

Glucose Braun G-5 (5% glucose of high purity;
B. Braun Melsungen AG, Germany) was employed
in all experiments. Polyamide composite
semipermeable Koch RO (reverse 0Smosis)
membranes were used within the prescribed ranges
(pH = 4-11; temperature < 50°C). All solutions
were prepared with Elga Labwater (model
PURELAB Option-Q7) deionized water. The
membrane osmometer employed in our experiments
was specially designed and built for the purpose
[14]. It consists of two cylindrical plastic shells: for
solvent  and solution, respectively. A
semipermeable membrane of 5.0 cm diameter was
sealed between the shells and was supported against
deformations by two additional perforated Plexiglas
disks on either side. The operative area of the
membrane (the integral surface area of orifices) was
ca. 5 cm? Fig. 1. Such a kind of a membrane
osmometer, with solution compartment of
constant volume, has been employed already in
our preceding study of equilibrium osmotic
pressure [15].
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Fig. 1. Schematic of the membrane osmometer
(osmotic cell).

However, the specific tests of the present
investigation, primarily, the comparison between
osmotic rates at variable and constant solution
volume, required further refinement. We applied
here our novel “hybrid” modification of the cell
with limited variation of the solution volume. Thin
graduated 1.3 m long transparent plastic tubing of 2
mm radius was attached to the solution chamber to
provide control over the liquid and air amount, and
measure the solution level rise at variable volume.
Thus, with initial capacity of the solution
compartment of 60 cmd, the attached tube provided
variable additional volume of ca. 16 cm?, that is, a
possibility of volume change by up to some 25 %.
We consider this sufficient for our present purpose.
Of course, we could have supplied even larger span
of volume variation, but such a step would have
brought further complication, due to the substantial
dilution of the studied solution upon time.

A unique and promising feature of this novel
modification is its potential to control the rate of
pressure rise. As pointed out by a reviewer of our
work: ,This is relevant not only for an
understanding of biological systems but may have
interesting technical applications, as potentially
damaging abrupt pressure changes can be avoided”.

Of course, as required by the gas laws, in the
case of (limited) volume variation the ‘solvent
influx vs. pressure’ dependence is not linear: the
liquid flux per unit pressure steadily decreases upon
building osmotic pressure, as illustrated by Fig. 2.
Yet, for the purpose of our comparison here such
non-linearity does not create any problems. The
ultimate solution concentrations were derived by
means of the amount of solvent passed through the
membrane. The corresponding osmotic pressure
was registered by a 16-bar electronic pressure
sensor (reading +0.01 bar). All experiments were
conducted at a temperature of 22°C.
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Fig. 2. Solvent influx Vi, relative to the vacant initial
(gas) volume Vg, as a function of the osmotic pressure
IT in the regime of limited variation of the solution
volume.

RESULTS AND DISCUSSION

The solute concentration as chosen for the
comparison of the osmotic rates for processes at
constant and variable solution volume was 5% =
0.278 mol/L glucose. We shall remind here that, at
such a level of solute concentration, we have found
that the use of the original van’t Hoff law as a
reference for the equilibrium osmotic pressure
values proved entirely sufficient for the tasks
considered here. The results of the extensive study
of Grattoni et al. [8] have clearly shown, that the
divergencies between the equations describing the
equilibrium osmotic pressure in the references cited
above [2-8] become significant at solute
concentrations above ca. 0.5 mol/L, corresponding
(at room temperature) to maximal (equilibrium)
osmotic pressure values of the order of 12 bar. At
our chosen concentration of solute ¢ = 0.278 mol/L,
we have operated in the range of moderate levels of
osmotic pressure values below 7 bar. In this range,
the deviations between all the above cited equations
are well within the limits of the experimental
scatter, as established in ref. [8] for a number of
nonionic, low-molecular solutes, including glucose.

The obtained experimental results are presented
in Figs. 3-6 and Table 1.

The juxtaposition of the obtained Kkinetic
dependences, as presented in Fig. 3, demonstrates
the drastic differences in the rates of osmotic
pressure rise for the two regimes.

With variable cell volume, the osmotic pressure
rise occurs at much slower rate. However surprising
at first sight, this finding can be regarded as a quite
natural result. The amount of solvent, which has to
pass into the solution compartment of the cell, in
order to lift the osmotic pressure, differs
dramatically in the two regimes.

o Oy =

IT, bar

[SC R PS)

Fig. 3. Osmotic pressure IT vs. time t dependence for
the two experimental regimes: (1) Constant volume); (2)
Variable volume (+ 4 cmd); (3) Variable volume (+ 8
cmd); (4) Variable volume (+ 16 cm?®).

For example, employing the value for the
coefficient of compressibility of pure water of
4.6x10°° bar™, one estimates that for a closed cell
of solution volume of 60 cm?® the amount of solvent
needed to raise the pressure by one atmosphere is
2.76x10° c¢cm® (= 1.53x10* moles of H,0).
Concurrently, in our case of limited solution
volume variation, even by the addition of as little as
4 cm?® to the initial 60 cm?, the amount of solvent
necessary to lift the pressure up to a level of IT =
1.0 bar will be ca. 2.08 cm® (= 0.115 moles of
water; conf. Fig. 2). The latter amount is some 750
times larger than that at constant volume and, of
course, will definitely require longer time for
transport. For the sake of comparison we can also
employ the classical case of unlimited solution
volume variation. For an osmotic cell connected to
an open tube of radius as small as 2 mm (= 0.2 cm),
the amount of solvent necessary to lift the solution
level by 10.2 m (in order to impose hydrostatic
pressure of 1 atmosphere) would be 4n x1072 (cm?)
x 1.02x10°% (cm) = 128 cm?® (= 7.1 moles of H,0)!

The “ dr1/dtvs.t’ dependences, as derived

from the data of Fig. 3 and presented in Fig. 4 (a,b),
exhibit marked differences in the kinetic behaviour
of the studied systems at the two regimes:

Firstly, the rate of pressure increase reaches
many times greater values at the regime of
constant volume and the temporal dependence
passes through a sharp maximum.

Secondly, one can observe distinct differences
in the dIT/dt pattern at different volume
expansion. At the lowest level of 4 cmd, a well-
defined maximum in the temporal dependence is
still present. However, as the additional volume
increases, the maximum becomes shallower, and at
the largest level of volume variation (of 16 cm?) it
turns into a wave-shaped dependence, exhibiting
first a shallow minimum, followed by a shallow
maximum.
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Thirdly, the maximal values of the rate of
osmotic pressure rise, dIT1/dt, steeply decrease
with the volume expansion: from ca. 25 bar/h at
constant volume (Fig. 4a) down to 0.32 bar/h at
AV =16 cm® (Fig. 4b).

2
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dI'LAde, bar/h
=

0
00 04 08 12 1. 0 5 10 15 20
h #,h
Fig. 4. Rates of osmotic pressure increase,
drt/dt vs. t for the two experimental regimes: (a)
Constant volume regime (1); (b) Variable additional
volume regime: (2) 4 cm?; (3) 8 cm3; (4) 16 cm®.

The integral temporal dependences for the
amount of solvent transfer, * An_vs. t’, presented in

Fig. 5 (a,b) depict yet another remarkable finding.
While the osmotic pressure rise is always faster at
constant volume, the flow through the membrane is
much faster in the regime of variable volume. As it

must be noted, the scales for An_ in the two

sections of Fig. 5 differ by three orders of
magnitude! Thus, the solvent influx rates at
variable regime turn to be practically by two orders
of magnitude larger practically in all studied cases.

The above conclusion is reinforced by the
differential temporal dependences, ‘dn_/dtvs.t

presented in Fig. 6. At constant volume the osmotic
process appears to start at a slower rate and sharply
accelerate with time to pass through an expressed
maximum, beyond which the rate of solvent
transfer rapidly declines. The picture is rather
different in the regime of varied solution volume.
Almost from the very start of the process the
solvent transfer rates uniformly diminish with time
at all such cases of different level of volume
expansion.

All these results are outlined in Table 1, which
presents the osmotic characteristics, as estimated in
Sl-units for the two different regimes: maximal
total solvent influx values (An, ) at the final t = 20

h, maximal rates of osmotic pressure rise at
constant volume (ari/dt) , at variable volume

con

(dr1/dt)  and their ratios for the different volume

expansions; the corresponding values of the solvent
transfer rates (dnL/dt) _at constant volume, at

co
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variable volume (dn, _/dt) and their ratios for the

different volume expansions (4N /dt),, - the times
(dnL/dt)Con
corresponding to the maximal pressure increase
rates (z,) and maximal solvent influx rates (z), and
the ratios of instant to equilibrium pressure values
at the solvent influx maxima (Hm/ﬂeq ). The

solvents influx rates were computed using an
estimated value for the active membrane area of

4.65 cm?.
10 T T T T
038 N R A
306 I -
E | | | | 5
0.4 1 ; | ; :
3 ‘ | | !
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Fig. 5. Total solvent influx An_ as a function of

elapsed time t dependences for the studied variations of
solute volume: (a) Constant volume regime (1): An, is

shown in millimoles; (b) Variable additional volume
regime: (2) 4 cm?; (3) 8 cm®; (4) 16 cm® (an, is shown in

moles).
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Fig. 6. Solvent rates of transfer differential
dependences dn,_ /dt as a function of lapsed time t for
the two regimes. (a) constant volume regime (1); (b)

Variable additional volume regime: (2) 4 cm?; (3) 8 cm?;
(4) 16 cmd.

Among the obtained results some are quite
surprising and far from easy to interpret at once.
For instance, we would have rather expected fairly
steady pressure and liquid transfer rates, especially
in the initial stages, away from equilibrium.
Nevertheless, the initial increase may be attributed
to a delayed response of the semipermeable
membrane to the early impact of solvent, to which
it needs time to adjust.
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Table 1. Comparison of the kinetic characteristics of the osmotic process in aqueous glucose solutions at the two
different regimes (subscripts ‘var’ and ‘con’ indicate variable and constant solution volume. Active area of the
semipermeable membrane Sy = 4.65 cm®

Constant Varied volume
volume
Vos=0cm? | Vos =4 cm? | Vos=8cm? | Vo =316
cm
An, [mol
n, [mol] 1.53%104 0.19 0.38 0.75
(t=20h)
dp/dt (maximal) 6.80 0.239 0.153 0.089
[mbar/s]
@, | T 28.5 445 76.5
dn/dr (maximal) 197 65.7 95.6 1135
[mmol/m?2s]
(dn/dr),, 333 485 576
[dn dl)con ----- I I I
7, [8] 0.54x%103 6.48x103 | 21.24x103 | 38.88x103
7, [8] 0.54x103 2.52x103 2.16x103 0.72x103
P/ p.g[%] 26.7 6.37 2.79 1.09

In any case, the onset of the decline beyond the
maxima appears to occur too early to be interpreted
in terms of the decreasing difference between
equilibrium and instant osmotic pressure values
(the driving force of the osmotic process toward
equilibrium). The pressure value at the maximum is
still sufficiently far from the respective upper limit
of TT.

Besides those already observed in Figs. 3-6,
there are more tendencies to note in Table 1 for the
determined characteristics upon changing the
experimental conditions. Such are e.g. the reverse
trends in the time-span of reaching the maximal
pressure ascent rate, 7, and the maximal solvent

influx rate, z, . Concurrently, the pressure level at

which the maximal influx rates, Il(z,), are reached

noticeably declines when the additional solution
volume is enlarged and are definitely lower than
those reached at the respective maximal pressure
ascent rates, Tl(c,).

We can summarize in brief the present findings
as follows:

e The novel approach of limited variation of
solution volume applied here has proved
efficient and productive for the osmotic
experiments.

e The obtained ‘pressure vs. time’ dependences
attest that the rise of pressure is much faster at
constant solution volume.

o Inversely, the solvent influx through the
semipermeable membrane toward the solution is

many times greater in the regime of variable
volume.

e The values of flow rate at constant solution
volume pass through expressed and well defined
maxima, while at variable volume they exhibit a
steady decline with time, starting practically
from the onset of the process. The latter effect
may be principally attributed to the applied
technique of limited variation of solution
volume. Concurrently, the dilution of the
operative solution in the progress of the process
can only account for a small fraction of the
decline.

CONCLUSIONS

The set off here study of aqueous solutions
under different osmotic regimes employs a new
experimental approach of limited solution volume
variation. The results obtained demonstrate the
applicability and the advantages of the new method
when comparing the osmotic behaviour at different
regimes. Most remarkably, the kinetic rate values
for the two regimes are very different. Qualitatively
speaking, the fact that the pressure increase at
constant solution volume occurs at much faster rate
is a natural result, considering the amount of
solvent transferred into the solution compartment.
In fact, the picture in terms of solvent flow rates is
exactly the reverse: transfer of liquid is much faster
in the case of variable volume.

Summing up, we consider the effects established
here for the osmotic process by means of an
artificial semipermeable membrane to be of
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Flavonoids as bioactive compounds in vegetable foods have been the subject of numerous research projects.
Quercetin, with its powerful antioxidant activity, has also been and is currently in the focus of studies on plant species
identification, and on its role in healthy nutrition. The current literature sources provide diverse information on its
content in particular plant species but there are almost no data on its ratios to other flavonoids representatives. The aim
of this survey was to provide information about quercetin analysis and content as a major flavonols representative and
quercetin ratios to total flavonols, expressed as a sum of myricetin, quercetin and kaempferol and to total flavonoids in
Bulgarian fruits and vegetables. The survey covered 17 fruit and 13 vegetable samples, complying with the current
sampling requirements, with a view to food composition assessment. Quercetin and other flavonols analysis by High
Performance Liquid Chromatography (HPLC) method; Total flavonoid content was determined by the aluminum
chloride colorimetric assay. Evidence is presented on quercetin content in fruits and vegetables and on its ratio to total
flavonols and total flavonoids content. The results demonstrate that quercetin is most frequently the major flavonol
representative in the majority of the analyzed samples. There is, though, an interesting exception, presented by the
representatives of the Cruciferae family - broccoli and Brussels sprouts - where the quercetin ratio to total flavonoids is
very high, reaching up to almost 50%. In fruits, quercetin in strawberries is only 44.0% of the total flavonols, thus
demonstrating once again the need for a complex approach in the analysis of the data for flavonoids content. The
supplementation of the flavonoids composition and content data with evidence about their ratios will enable more
correct identification of the biodiversity and will allow to compensate, though to only a certain extent, the effect of the
biological variation on the accuracy of the analysis, and will enrich the information needed to build up a data base for
flavonoids in foods.

Key words: flavonoids, quercetin, flavonols, fruits, vegetables

INTRODUCTION most comprehensively studied flavonoid of the

flavonols group and all data bases for this class of

The Food Composition Tables are an
indispensable part of the food information system
that, together with the criteria for the biological role
of the food and its nutrients, is involved in the
building up and establishment of the food policy.
Food, as a basic environmental compartment sets
the need of knowledge on its composition to enable
its nutritional value and safety. Currently there are
huge data arrays containing information about
macro- and micronutrients and on the bioactive
compounds content in foods as well. An example in
this aspect is supplied by the US Department of
Agriculture that has developed data bases for
phytonutrients, carotenoids, flavonoids,
isoflavonoids, anthocyanines in addition to the
major food composition data base [1]. The present
survey was focused on the content of the flavonoid
quercetin in foods, because of its confirmed
bioactivity in the prevention of oxidative stress in
the organism [2, 3], as well as against the
development of a number of degenerative diseases
[4-6]. Quercetin attracted our attention as it is the
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polyphenolic compounds contain any information
on it.

Criteria for judging the quality of food
composition data and databases have long been
established. In 2002 those criteria have been
formalized by Holden et al. [7] assessing food data
quality. Whether generating new analytical data or
assessing existing data, quality criteria are
fundamentally related to the following stages: the
number of food samples collected, the number of
samples prepared for analysis, the number of
discrete samples analyzed, the number of analytical
replicates, the number that represents the best value
and the variability and the quality of analytical
procedure used [8].

In this relation, in spite of the variety of data on
flavonoids content in foods, they either do not
comply with the requirements for a database or the
biovariety of the selected plant species is very
large, or no relationships have been searched for
between the particular representatives in the
flavonoids groups. Striving for stability of the
results for flavonoids content in plant species used
for food purposes, we support that it is appropriate
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to analyze not only the real numerical value of the
guantity of the individual representatives of
flavonoids classes per unit of plant tissue but also to
establish the ratio between the compounds
themselves, building up the content of each
individual plant species. The aim of this survey was
to provide information for analysis and content of
quercetin as a major flavonols representative and
guercetin ratios to total flavonols expressed as a
sum of myricetin, quercetin and kaempferol and to
total flavonoids in Bulgarian fruits and vegetables.

MATERIALS AND METHODS
Sampling plan

This survey covered the analysis of 17 fruit and
13 vegetable samples. Each analyzed individual
sample of fresh fruits and vegetables was an
aggregate sample of three single samples purchased
at three different premises in one and the same day.
The amount of the purchased single samples was as
follows: not less than 0.5 kg for berries
(raspberries, blueberries, blackberries), not less
than 1 kg for the other fruits and vegetables and
three pieces for vegetables that are sold either in
pieces (cabbage) or bunches (leeks) (BNS ISO 874:
1996) [9]. A sampling protocol was elaborated for
each single sample, describing its origin. The single
samples were aggregated in a common sample
(aggregate sample). After a careful check fruits and
vegetables with infringed integrity and freshness
were pulled out of the aggregate sample. A
subsample was made of the aggregate sample,
through random selection of fruits and vegetables,
that was lyophilized. It was weighed before and
after the sublimation drying with the task to
determine its dry fraction that was necessary for the
precise calculation of the results. When preparing
the subsample all non-edible parts of the fruits and
vegetables were removed. The lyophilized
subsample was stored in hermetically vacuum
sealed packs at temperature of 4°C until the time of
the analysis. Before the analysis the lyophilized
subsample was ground, sieved through a sieve with
pore size 0.5 mm and homogenized. Part of the
lyophilized subsample was taken, representing the
analytical sample [10].

Methods for determination of flavonols in fruits
and vegetables
Extraction and hydrolysis

The lyophilized subsamples were ground to fine
powder. The analytical sample was weighed in a
200 ml Erlenmeyer flask with ground glass joints
and water, solution of tertiary butylhydroquinone

(TBHQ) (2 mg/ml MeOH), and hydrochloric acid
(10 M) were added to it as follows (Table 1):

Table 1 Sample preparation for flavones and
flavonols analysis

Weight ~ TBHQ H:0  HCI
Sample

P (9) (m  (ml)  (m)
Lyophilizate 0.500—1.500 25 19 6

Each analytical sample was completed with 500
ul internal standard morin in a way that the final
morin concentration in the sample would reach 2.5
ug/ml.

The extraction and hydrolysis of the sample in
this survey was performed at 1.2 M HCI in 50%
MeOH in a water bath at 90°C for 2 h under a
reverse condenser. After the hydrolysis period had
expired, the sample was allowed to cool down for
about 5 min, and after that 1 ml solution of ascorbic
acid was added to it (1 mg/ml). The sample was
transferred to a 100 ml graduated flask and the
marked volume was made up by adding methanol.
The sample was subjected to an ultrasound bath for
3 min and, after that, if necessary, the volume was
again adjusted to the mark. The extract was
homogenized and an aliquot part of it was
ultracentrifuged for 5 min at 14000 rpm. The
supernatant was filtered through a membrane filter
(HV-Millipore) with pore diameter 0.45 um.

High performance liquid chromatographic analysis

The separation was performed by an Alltima
column (100 x 4.6 mm i.d., 3 um) C18, Alltima
Associates, Inc., connected to a pre column packed
with the same filling. The elution was isocratic with
¢ 28 % acetonitrile in 2% acetic acid (Eluent I). The
flow rate was 0.9 ml/min, with working pressure
11.5-12 MPa.

The amount of flavonols and flavones in the
samples was determined by the method of the
internal standard. For this purpose a linear
correlation equation of the relationship between the
ratio of the signals of the standard solutions to the
internal standard and the concentration of the
determinable compounds in the calibration standard
solutions was constructed. The results were listed in
mg/100 g fresh weight.

Since by the present HPLC analysis only 3
individual flavonols may be determined, we have
decided to refer the quercetin content, as their main
representative, to total flavonoids load in fruits and
vegetables.

Total flavonoids assay

Total flavonoid content was determined by the
aluminum chloride assay [11]. All samples were
analyzed in duplicates. In brief an aliquot of 1 ml of
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extracts or standard solution of catechin (20-100
mg/l) was added to 10 ml volumetric flask
containing 4 ml H.0, and after that 0.3 ml 5%
NaNO, was added. After 5 min, 0.3 ml 10% AICl3
was added and at 6" min, 2 ml 1M NaOH was
added and the total volume was made up to 10 ml
with Hy0. The absorbance of the solution was
measured against the reagent blank at 510 nm.
Total flavonoids content was expressed as mg
catechin equivalents CE/100 g fresh mass [12].

RESULTS AND DISCUSSION

The results for quercetin and total flavonols
content (expressed as a sum of myricetin, quercetin
and kaempferol) in Bulgarian fruits, determined by
HPLC method were presented in Table 2 in mg/100
g fresh weight. All results complied with the
requirements for food data representativeness as
they were a mean value of duplicate analyses of a
pool of 3 market samples. In addition, each value
was an average result of at least three aggregated
(pool) samples, which meant at least 9 individual
samples. In this relation, the presented data were
among the most precise data, available in the
literature sources, concerning the sampling plan
[13, 14].

The table also contains the quercetin ratios to
total flavonols (sum of myricetin, quercetin and
kaempferol) determined by HPLC method, and to
total flavonoids determined by a colorimetric
method, expressed in percents (%).The results
shown in Table 2 revealed that the data obtained by
HPLC analytical methods were normally lower
than those provided by non-specific colorimetric
spectrophotometry and, in some cases, for example
with sour cherries, only 1% of the total flavonoids
were on the account of the flavonol quercetin. This
could be explained by the fact that the total
flavonoids assay reported also other classes of
phenolic compounds which, in fruits, were most
frequently anthocyanins, catechins and their forms
associated with gallic acid.

In all cases it should be taken into account that it
was possible that the colorimetric method for
analysis of total flavonoids and other phenolic
compounds, and even some tannins would provide
positive results. That was the cause for the
inclusion in data bases for flavonoid content in
foods only of results from chromatographic
quantitative analysis.

The results showed that most often quercetin
was the major flavonol representative and in many
fruit samples it was the only representative of this
flavonoids class. Generally the content of the other
two flavonols representatives - myricetin and

Table 2. Quercetin content in fruits and ratios to total
flavonols and total flavonoids

Quercetin/ Quercetin/

Eruit Quercetin - Total Total
mg/100g Flavonols Flavonoids?
% %

Apple, red (peeled) 0.0 0.0 0.0
Apple, red (unpeeled) 1.59 100.0 3.0
Apple, green (peeled) 0.0 0.0 0.0
Apple, green (unpeeled)  1.39 100.0 1.0
Blackberry 2.70 84.4 5.0
Blueberry 9.92 72.9 5.0
Cherry 2.52 100.0 13.0
Fig 0.87 100.0 4.0
Grape, black 2.32 91.3 3.0
Grape, white 1.56 85.7 4.0
Peach 341 100.0 23.0
Pear (peeled) 0.0 0.0 0.0
Pear (unpeeled) 0.59 100.0 1.0
Plum 2.34 100.0 2.0
Raspberry 1.60 100.0 6.0
Sour cherry 1.08 100.0 1.0
Strawberry 1.02 44.0 1.0

Total flavonols as sum of myricetin, quercetin and
kaempferol, determined by HPLC analysis;

2 Total Flavonoids, determined by AICIs colorimetric assay
and expressed as mg catechin equivalents CE/100g fresh
weight; determined by HPLC methods and expressed as
mg/100 g fresh weight

kaempferol - was very small and was detected only
in samples of grapes, blackberries and blueberries.

There was, though, a notable exception of the
general rule — in strawberries quercetin was only
44.0% of the total flavonols that once again
emphasized the need of a complex approach to
analysis of data for flavonoids content.

The data also showed that the highest ratio
quercetin/total flavonoids belonged to peaches —
23%, followed by cherries — 13.0% and raspberries
- 6.0%.

The results for quercetin content in samples of
Bulgarian vegetables, presented in mg/100 g fresh
weight as well as the ratio quercetin/total flavonols
and quercetin/total flavonoids (%) were listed in
Table 3.

It is obvious that quercetin is the main flavonol
in Bulgarian vegetables. Our previous studies have
shown that myricetin was not detected in vegetable
samples and kaempferol did not exceed amounts of
0.8 mg/100 g. In this sense quercetin ratio to total
flavonoids in vegetables was not a surprise and the
results were equal or close to 100 % in many of the
tested samples. An interesting exception, though,
were the results of the representatives of the
Cruciferae family — broccoli and Brussels sprouts.
Only those two vegetable species had a very high
quercetin to total flavonoids ratio, reaching up to
almost 50% in Brussels sprouts.
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Table 3. Content of quercetin in Bulgarian
vegetables and its ratio to total flavonols and total
flavonoids

Quercetin/  Quercetin/
Quercetin  Total Total
Vegetable mg/100g Flavonols! Flavonoids?,
% %
Okra 20.03 100.0 41.0
Tomato 1.42 88.2 11.0
Red pepper 1.49 100.0 11.0
Green pepper 10.27 100.0 37.0
Lettuce 15.39 100.0 16.0
Brussels sprouts  2.63 49.8 8.0
Broccoli 2.94 36.6 16.0
Red onion 45.25 100.0 (241.9)
White onion 20.41 100.0 -
Spring onion 10.32 87.60 65.0
Leek 0.0 0.0 0.0
Beans green 2.13 100.0 52.0
Beans yellow 2.29 100.0 28.0

Total flavonols as a sum of myricetin, quercetin and
kaempferol, determined by HPLC analysis;

2Total Flavonoids, determined by AICIz colorimetric assay and
expressed as mg catechin equivalents CE/100g fresh weight;
determined by HPLC methods and expressed as mg/100 g fresh
weight

The results for quercetin content and its ratio to
total flavonols in samples of representatives of the
family Liliaceae — leeks, spring, red and white
onions showed that quercetin was not detected in
leeks which complied with literature evidence [15].
The data for spring and mature onions were
interesting, demonstrating the importance of
botanical maturity for the quercetin/flavonols ratio
in vegetables. For example, in fresh spring onions
guercetin was 87.6 %, while in the mature white
and red onions it was 100% of the studied amount
of total flavonols. In this group of samples the
results for the ratio quercetin/total flavonoids was
also interesting. It was established that in spring
onions quercetin accounted for 65% of all
flavonoids — the highest determined value.
Unfortunately we could not provide data for
guercetin/total flavonoids ratio in white onions as
total flavonoids were not determined for those
samples. The results for red onions were startling —
formally they were 241.9%, which was an unreal
value. That was the only sample we tested where
guercetin, determined by HPLC methods exceeded
the total amount of flavonoids, determined by
spectrophotometry. This result could be explained
by the excessively high biological variation of
flavonoids in food samples or by an analytical
mistake in the determination of high amounts of
total flavonoids by spectrophotometric methods.
This once again supports the importance of a good
sampling plan and assessment of the data quality

and emphasizes on critical interpretation of results
obtained from analysis of single food samples.

The importance of the presented quercetin/total
flavonoids ratios to the greatest extent was outlined
by the results for green and yellow beans. The data
showed that, while quercetin content in the two
types of foods was very close, its percentage rate in
green beans was about two times higher than that in
yellow beans.

CONCLUSION

The rich plant biodiversity requires a broad
spectrum of indicators for its identification. The
analysis implemented in this survey showed that the
inclusion  of  ratios  between individual
representatives of the flavonols group provided a
more comprehensive and reliable assessment of the
flavonols representation in the target plant species
and could predict a value for their bioactivity that
was closer to the real one. The completion of the
data for composition and content of flavonoids with
their ratios values will enable more correct
identification of the biodiversity and compensation,
though to a certain extent, for the effect of
biological variation on the accuracy of the analysis
and will enrich the information necessary for
building up data bases for flavonoids in foods.
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draBoHOMIHUTE, KaTO OMOAKTHBHHM CHEIUHEHUS B PACTUTEIHHUTE XpaHH, ca OOCKT Ha rojsaMm Opol micmensanus. C
MOIIIHATA CH aHTHOKCH/IAHTHA aKTHBHOCT KBEPIETHHBT € BbB (DOKyca Ha M3CIIEABAHUATA BBPXY HICHTU(DHUIHPAHETO HA
PAcCTUTEHUTE BUIOBE U POJIATa My B 3IPaBOCIOBHOTO XpaHeHe. B nmreparypara mma pasHooOpasHa MHGpOpMAaIus
OTHOCHO CHIBPKAHHETO MY B PA3IMYHHATE BUIOBE PACTEHHS, HO IOYTH HAMA JAHHHU 3a CHOTHOIUCHHUATA MY C APYTH
npencTaBuTeNH Ha (GuaBoHouaute. Llenta Ha HacToAIMA Hperiieq € xa ce chbepe HHGOpPMaUUs OTHOCHO aHAIM3a Ha
KBEPLETHH, ChIBPKAHHETO My KAaTO OCHOBEH IPEICTaBUTEN Ha (DIaBOHONUTE M CHOTHOIICHHETO MY KBbM OOLIHTE
(1aBOHONH, M3pa3eHU KATO CyMa OT MHUPHWIETHH, KBEPLUETHH M KeMIihepos, KakTo M KbM o0mure (raBoHOWIN B
OBIrapcKH TUIOJI0BE U 3eNIeHUyLH. B mperiena ca BkiIroueH: mpobu ot 17 miomose u 13 3eneHuyd, B3€TH B ChIIIacHe
ChC ChBPEMECHHHTE U3HCKBAHUS 3a MPOOOIIOArOTOBKA C OIJIE] OL[CHKA Ha ChCTaBa UM. AHAIU3BT HA KBEPLETHH U IPYTH
(y1aBOHONIM € M3BBPIIEH C BUCOKOS(EKTHBHA TeYHa XpoMaTorpadusi; TOTAIHOTO ChABPXKAaHUE Ha (HIAaBOHOMIM €
OIIPEJEICHO Ype3 KOJIOPUMETPHYEH METOA C alyMHUHHEB xyopuj. OmpeaencHo € ChAbPKAHHETO Ha KBEPLETHH B
IUIOJIOBE M 3€JICHYYIM M CHOTHOLIEHHETO MY KbM oOmuTe (uaBoHONM M obmmre (iaaBonouau. [lokasaHo e, ue
KBEPILIETHHBT € OCHOBHUSAT MPEACTABUTEI HA (DIABOHONUTE B MOBEYETO OT U3CICABAHUTE MPpoOH. iMa eTHO HHHTEPECHO
W3KIIIOUCHUE TIpH npencraBuTenuTe Ha ceM. Cruciferae — Opokonn U OpIOKCENCKO 3eje, KbIETO CHOTHOLICHHETO Ha
KBEPLETHH KbM 00LIUTE (DIIABOHOMAM € MHOTO BUCOKO — oyt 50%. B mionoBere, HanpuMep B ATOHUTE, KBEPLUETUHBT
e camo 44% ot obwmure ¢raBoHOMM. OT MONXYYCHUTE PE3YNITATH CIIENBA, Y€ € Hy)KEH KOMIUIEKCEH ITOX0 IPU aHAIH3a
Ha JaHHUTE 33 ChABPKAHUETO Ha (1aBoHOMIH. [lOIBIBAHETO HA JaHHUTE 33 ChCTaBa U ChIBPIKAHMETO Ha (DIaBOHOUIH
¢ JIaHHU 32 TEXHUTE CHOTHOLICHUS ILE JaJie BB3AMOXKHOCT 3a I0-KOPEKTHA WACHTH(UKALUS Ha OHOpa3HOOOpa3ueTo, 3a
KOMIICHCAIlMs, MaKap W 4acTHYHA, Ha BIUSHHETO HA OMOJIOrMYHATA BapHalys BHPXY TOYHOCTTA HAa aHaiW3a U LIe
oOoratu nHpopMalusaTa, He0OXO0IMMa 32 Ch3/laBaHe Ha 0a3a JaHHU 32 (HIIABOHOUIN B XPaHH.
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This work aims to study the removal of Cu (Il) and Pb (I) from aqueous solutions with commercial coffee wastes
(coffee grounds). Materials with no further treatment such as coffee residues from café may act as adsorbents for the
removal of Cu (I) and Pb (II). Coffee ground fraction <200 um was used in the experimental research. The effect of pH
(2.0, 3.0, 4.0 and 5.0), contact time (15, 30, 60, 90, 120, 150, 180, 300, 480 and 720 min) and initial concentration of
Cu(ll) and Pb(11) (10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/L) on the adsorption was studied. The optimum values
of the process variables were: contact time, 120-720 minutes; pH, 5.0; initial Cu(ll) and Pb(ll) concentration 20 mg/L.
Equilibrium data fitted well to Langmuir and Freundlich models for Pb (1) and Cu (II) with high R? values. Studies
have shown that coffee grounds are a suitable adsorbent for heavy metals removal from water.

Keywords: coffee grounds, adsorption, copper, lead, heavy metals, Freundlich isotherm, Langmuir isotherm

INTRODUCTION

Water pollution due to the disposal of heavy
metals continues to be a great worldwide problem.
Heavy metals pollution occurs in industrial
wastewater that is emitted by metal plating
facilities, mining operations, battery-manufacturing
processes, production of paints and pigments, and
ceramic and glass industries [1]. This wastewater
commonly includes ions of copper, lead, etc. [2].
Heavy metals are “eternal pollutants” — they tend to
accumulate and migrate from one place to another
and are never destroyed Not only impact of
individual heavy metals. is dangerous, but also their
combined synergistic effect.

Copper (Cu) ions can be found in many
wastewater sources including printed circuit board
manufacturing, electronics plating, plating, wire
drawing, copper polishing, paint manufacturing,
use of wood preservatives and printing operations.
Typical concentrations vary from several thousand
mg/l from plating bath waste to less than 1 mg/L
from copper cleaning operations [3]. It has been
proved that high concentration of copper ion could
be a reason for the relatively common diarrhoea,
abdominal cramps and nausea [3,4]. High excess of
Cu can cause autoimmune reactions that damage
the central nervous system, liver, Kidneys, cause
gastritis, peptic ulcer disease, lung disease or liver
cirrhosis [5].

Lead (Pb) has environmental importance due to
its well known toxicity and intensive use in
industries such as storage-battery manufacture,

* To whom all correspondence should be sent.
E-mail: rasa.vaiskunaite@vgtu.lt

printing, pigment manufacturing, petrochemicals,
fuel combustion and photographic materials [6].
Assimilation in the human body of relatively small
amounts of Pb (I) over a long period of time can
lead to malfunctioning of certain organs and
chronic toxicity. Children exposed to lead are at
risk for impaired development, lower 1Q, shortened
attention  span, hyperactivity, and mental
deterioration, children under the age of six being at
a more substantial risk. Adults usually experience
decreased reaction time, loss of memory, nausea,
insomnia, anorexia, and weakness of the joints
when exposed to lead. Lead can cause serious
injury to the brain, nervous system, red blood cells,
and kidneys [4-6]. Copper and lead have a negative
impact on ecosystems and living organisms,
therefore, the removal of these heavy metal ions
from wastewater is important from the perspectives
of human health. Several techniques for heavy
metals removal have been developed, including
filtration, precipitation (electrochemical),
electrocoagulation, membrane filtration [1].
Although the above-mentioned methods are widely
used, they require high exploitation costs or
application of complex technical solutions, so a
cheaper and adaptable technology for removal of
heavy metals from water is needed. Because of its
low cost, simplicity of design, and ease of
operation, the adsorption technique has been the
most extensively used one of these techniques.
Adsorption is a recognized method for the removal
of heavy metals from wastewater having low
concentration of heavy metal. The adsorption
process offers flexibility in design and operation
and in many cases produces high-quality treated
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effluent. Moreover, this adsorption is reversible and
adsorbents can be regenerated by suitable
desorption techniques [7].

Activated carbon is widely used in the world for
heavy metal adsorption. Due to the lengthy and
costly preparation of adsorbents, its price is high,
which limits its use for water treatment. Recently,
the use of organic waste (tea sludge, sawdust, rice
husks, etc.) is gaining popularity for heavy metals
biosorption. The most important advantage of these
sorbents is the low cost. However, there is a lack of
literature dealing with the possible application of
coffee residues as adsorbents (i.e. for metals). In
general, “coffee residues” are generally called the
solid wastes discarded from the extraction process
of instant coffee manufacturing, and the final
residues originated from cafeterias. In the last
years, the instant coffee industry has experienced a
constant growth, as instant coffee has become one
of the most popular kinds of coffee drinks by
millions of people around the world. As a
consequence, large amounts of coffee grounds,
which are the solid residues obtained during the
processing of coffee powder with hot water or
steam to prepare instant coffee, have been
generated worldwide (in the order of 6
min tones/year) [8]. The annual amount of coffee
consumed by a Lithuanian inhabitant is about 5.5
kg according to data of Lithuanian Consumer
Institute (2012), therefore a big amount of coffee
grounds are generated in Lithuania as waste every
year. Coffee waste as adsorbent was tested for
adsorption of various metals — lead, cadmium,
nickel, indium, strontium, etc. [9-17]. Coffee
grounds are also used for adsorption of dyes [18-
20]. Also coffee pulp was tested as adsorbent for
adsorption of organic compounds [21].

In this study, we investigated the application of
the coffee grounds and measured the amount of
copper (1) and lead ions (II) adsorbed onto the
coffee grounds from synthetic wastewater.
Moreover. impact of pH and contact time with
adsorbent on he adsorption efficiency was

evaluated.

METHODOLOGY
Preparation of adsorbents. The low-cost
commercial ~medium-roasted ground coffee

(Arabica variety) was used as an adsorbent. Coffee
grounds were untreated coffee residues collected
from coffee machines of local cafeterias. Sieve
analysis was used to divide the coffee residues into
two size fractions (<200 um and >200 pm) with a
vibratory sieve shaker Retsch AS 200 [22].
According to our research results, the fraction of

coffee grounds < 200 pum was selected for further
experimental research. These residues were
untreated, only washed with deionized water
(Demiwa 3 roi system) until a pH close to 6.0 was
achieved. Finally the grounds were oven-dried
(SNOL 3.5) at 100-105 °C for 24 h, cooled to room
temperature and were suspended in a plastic
container in order to protect against adverse
environmental impact [23].

Elemental analysis of adsorbent. The thermal
field emission scanning electron microscope JEOL
JSM-7600F with energy dispersive  X-ray
spectroscopy detector was used for elemental
analysis of <200 um coffee ground.

Determination of dry  bulk  density.
Determination of dry bulk density of coffee ground
sized smaller than 200 um was carried out applying
standard 1SO 567:1995.

Adsorbate. Lead and copper atomic
spectroscopy standard solutions of 1000 mg/L + 2
mg/L (2% HNO3) (ROTI®STAR) were used as the
source of Cu (II) and Pb (Il) in the synthetic
wastewater. The aqueous solutions containing Cu*
and Pb?" cations of concentration 10 mg/L, 20
mg/L, 30 mg/L, 40 mg/L, 50 mg/L were prepared
by diluting the standard metal solutions (Cu(ll) and
Pb(l1)) in a measuring flask to the 100 mL mark
with deionized water. All chemical reagents were
of analytical grade and were used in the
experiments as received  without  further
purification. Deionized water used in experiments
meets the requirements of standard LST EN ISO
3696:1996 (Water for analytical laboratory use —
specification and test methods). All volumetric
flasks used in the experiments were of an accuracy
class.

Effect of sorption time on the removal of heavy
metals. The sorption time is assessed by analyzing
the static heavy metals sorption from the aqueous
solution. The aim of these experiments was to
determine the time when the equilibrium of
adsorption is achieved. Durations of 15, 30, 60, 90,
120, 150, 180, 300, 480 and 720 min were selected
for adsorption research. The experiments of static
heavy metals adsorption from aqueous solution
were performed by mixing an adsorbent sample
with the heavy metal solution in a 1:100 ratio of
adsorbent and solution mass (i.e., 1 g of adsorbent
and 100 ml of aqueous solution) using capped
bottles (200 ml). The suspensions were shaken at
21+1 °C at 20 rpm for the mentioned contact
time applying Rotoshake RS12. The samples were
filtered (using glass filter with 0.45 um pores) and
the heavy metal concentrations in the filtrate were
measured applying AAS method [1].
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Batch mode adsorption studies (Effect of pH on
the removal of heavy metals). The maximum
allowable concentration (MAC) of lead and copper
in wastewater to be discharged to wastewater
collection system is 0.5 and 2.0 mg/L, respectively
(Regulation on wastewater management, Official
Gazette, No. 110-4522, 2007). The influence of
different pH values was studied in the range of 2.0,
3.0, 4.0 and 5.0) (10 mg/L Cu (II) and Pb (lI)
solution). The effect of pH was followed by mixing
1 g of adsorbent with 100 mL of metal single-
component solution.  The pH value, ranging
between 2.0 and 5.0, was Kkept constant
throughout the adsorption process by micro-
additions of HNOs; (0.1 M) or NaOH (0.1 M).
pH was measured with Mettler Toledo seven Multi
pH meter. The suspension was shaken at 20 rpm at
constant temperature (21+1 °C) for selected contact
time (from 15 to 720 min) with Rotoshake RS12.
Calibration curves were prepared before each
sample measurement.

Effect of concentration. The concentration of
Cu(Il) and Pb(Il) was assessed by analyzing the
static heavy metals sorption from the aqueous
solution. The aim of these experiments was to
determine the concentration of metal when the
equilibrium  of  adsorption is  achieved.
Concentrations of 10, 20, 30, 40 and 50 mg-L!
were selected for Freundlich and Langmuir
adsorption isotherm creation.

Freundlich isotherm is widely applied in
heterogeneous systems [24]. The slope ranging
between 0 and 1 is a measure of the adsorption
intensity or surface heterogeneity, becoming more
heterogeneous as its value gets closer to zero.

Freundlich isotherm is expressed as:

Ge=KeCe, (1)
or in linear form;
logge = log K + —, (2)

where ge - amount of adsorbate in the adsorbent
at equilibrium (mg/g); Ke - Freundlich isotherm
constant (mg/g); Ce - equilibrium concentration
(mg/L); n - adsorption intensity.

logc,

Langmuir isotherm

Langmuir  adsorption isotherm, originally
developed to describe gas—solid phase adsorption
onto activated carbon, has traditionally been used to
guantify and compare the performance of different
bio-sorbents. In its formulation, this empirical
model assumes monolayer adsorption (the adsorbed
layer is one molecule in thickness); adsorption can
only occur at a finite (fixed) number of definite
localized sites, which are identical and equivalent,
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with no lateral interaction and steric hindrance
between the adsorbed molecules, even on adjacent
sites.

Langmuir isotherm is expressed as:

_ (@,bCe
qe 1+bC,' (3)
or in linear form:
1 1 1
== . (4)
] @o BpCe

where ge - amount of adsorbate in the adsorbent
at equilibrium (mg/g); Qo - maximum monolayer
coverage capacity (mg/g); b - Langmuir isotherm
constant (L/mg); C. - equilibrium concentration
(mg/L).

Percent adsorption decreased while metal uptake
per unit weight of adsorbent increased as the initial
Cu(lIl)y and Pb(Il) concentration increased from 10
to 50 mg-L™! and after that percentage adsorption
became constant.

Analytical method. Lead and copper
concentrations were determined using atomic
absorption spectrophotometer (AAS model Buck
Scientific 210 VGP) operated with an air-acetylene
flame, a slit of 0.7 mm at 283.2 and 324.7 nm
wavelength, accordingly.

Evaluation of adsorption capacity. The
adsorption capacity (Q) of the adsorbent was
calculated by the following equation [2, 18]:

(Ci—CF)V
Q =——1—, mg/g ®)

where C; — the concentration of metal ion before
adsorption, mg/L; C: — the concentration of metal
ion after adsorption at the equilibrium state, mg/L;
V — the volume of solution |; m — the sorbent mass,
g.
Statistical analysis. Each analysis was prepared
and analysed in triplicate. The average of the results
and the standard deviation values were calculated.

RESULTS AND DISCUSSION

Determination of chemical composition of coffee
ground. Elemental analysis provided the complete
elemental composition of adsorbent as shown in
Table 1.

Table 1. Composition of coffee grounds
Chemical element Composition (weight %)

Carbon 68.80
Nitrogen 5.46
Oxygen 25.42
Silicon 0.09
Other elements 0.23
Total 100.00
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It can be assumed that the carbon content in
coffee grounds is affected by the coffee roasting.
Average-roasted coffee grounds were used in the
experimental studies. The effective parameter on
molecules adsorption is the particle size of the
adsorbent. Pollution uptake in adsorption process is
a function of specific surface or external surface of
adsorbent. According to our experimental results, it
could be concluded that coffee grounds size has no
significant impact on the adsorption of copper and
lead, therefore only the smaller fraction (<200 pm)
was selected for research. Similar results were
observed in case of cadmium adsorption on coffee
grounds. A series of experiments were performed in
the range of particle size [225-800 um] as a
function of contact time [9]. It was observed that
the rate of cadmium adsorption was not remarkably
affected by the change in the particle size (change
in surface area) of the coffee grounds. This
statement can indicate that the adsorption takes
place at the surface of the adsorbent and the
functional groups are probably responsible for the
adsorption of metal ions on the coffee grounds. It
was found that bulk density of coffee grounds was
0.53 g/lcm?.

Effect of contact time. In order to define the
kinetics of copper and lead adsorption, the
parameters of the adsorption process were studied
for contact time ranging between 15 and 720 min at
room temperature (21+£1°C) by monitoring the
percent removal of copper and lead by the
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Fig. 1. Effect of contact time on the adsorption of Cu
(I1) onto coffee grounds (pH = 5.0, 10 mg/L ion
concentration, adsorbent: solution ratio 1:100 w:v, T =
21+1 °C, 15-720 min contact)

The plots could be split in three distinct regions:
(i) 0-30 min, indicating the instantaneous
adsorption of ions, suggesting rapid external
diffusion and surface adsorption; (ii) 30-120 min,
showing a gradual equilibrium; (iii) 120-720 min,
indicating the equilibrium state.

According to Kyzas data [27] Cu (II) adsorption
equilibrium onto coffee waste was achieved after

adsorbent. Figure 1 depicts the effect of contact
time on the adsorption of Cu (Il) onto coffee
grounds.

Results presented in Fig. 1 show that the
removal rate of Cu (Il) ions was rapid in the first
few minutes. The sorption equilibrium was
achieved in 120 min. Figure 2 depicts the effect of
contact time on the adsorption of Pb (I1) onto coffee
grounds.

Equilibrium experiments were conducted to
study the effects of contact time and initial pH on
the adsorption of copper and lead. Using the >200
pum fraction of coffee grounds for copper removal
the treatment efficiency was 85.9% when the metal
concentration was 0.5 mg/L, while the removal
efficiency of lead was 87.2% [25]. According to
Agwaramgbo et al. [28] 88.0% Pb removal
efficiency was achieved by applying coffee grounds
(initial lead concentration was 1300 mg/L). The
maximum Pb removal efficiency according to our
experimental data was about 84.5%. According to
Gupta et al. [30] maximum adsorption capacity for
Pb (II) onto coffee modified with ZnCl, solution
was 63 mg/g. According to Rafiq et al. [33] coffee
husk adsorption capacity for Cu (1) was 7.5 mg/g.
Kyzas found maximum adsorption capacity of 70
mg/g for Cu (lI) [31]. The maximum adsorption
capacities were 0.845 mg/g for lead (11) and 0.657
mg/g for copper (I1), which was considered high for
untreated material.
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Fig 2. Effect of contact time on adsorption of Pb (1)
onto coffee grounds (pH = 5.0, 10 mg/L ion
concentration, adsorbent solution ratio 1:100 w:v, T =
21+1 °C, 15-720 min contact)

120 min, but according to Dutta et al. (2015)
equilibrium conditions of cadmium adsorption onto
coffee grounds were achieved in less than 30 min
[18,25]. The adsorption equilibrium time depends
on metal concentration and absorbent dose. It can
be seen that the adsorbed amount of Pb (1) and Cu
(1) ions increases with contact time up to 120 min,
after that maximum removal is attained. Due to the
not so quick adsorption rate (120 min), it can be
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inferred that physi-sorption is predominant in this
adsorption process. 120 min was selected as the
optimum contact time for all further experiments.
The effect of solution pH. Aqueous phase pH
governs the speciation of metals and also the
dissociation of active functional sites on the
sorbent. It has been identified as the most important
variable affecting metal adsorption onto adsorbent,
this partly because hydrogen ions themselves are
strongly competing with adsorbate. To characterize
the effect of pH on Cu (II) and Pb (Il) adsorption
using coffee grounds, a set of equilibrium
adsorption experiments were conducted by
modifying the pH from 2.0 to 5.0. The pH of the
aqueous medium not only affects the solubility of
the metal ions but also the ionic form in which they
will be present in the solution and the type and
ionic state of the functional groups at the biosorbent
surface. The choice of pH range (2.0-5.0) in the

present study was based on the fact that
0.8 |
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Fig. 3. Effect of pH on adsorption of Cu (Il) onto
coffee ground from single metal solution (10 mg/L ion
concentration, adsorbent solution ratio 1:100 w:v, T =

21+1 °C, 720 min contact)

The pH of solution was identified as the most
important variable governing metal adsorption on
the adsorbent. The amount of Pb (Il) ions adsorbed
by coffee grounds increased with the increase in pH
from 2.0 to 5.0. The heavy metal-removal capacity
increased very sharply with an increase in pH from
3.0 to 5.0. The low metal adsorption at pH 3.0 was
attributed to the competition that metal ions face
from hydrogen ions for the available adsorption
sites. The results showed that pH is an important
parameter affecting the adsorption of heavy metals.
No adsorption of metal ions was observed for pH
less than 2.0 according to our research data.

The hydrolysis reactions of divalent metal
cations can be represented by the general reaction:

M** + nH,0 & M(OH)Z™™ 4+ nH™ ()

However, based on the equilibrium constants,
only the first hydrolysis reaction (n=1) is
considered significant for lead ions [23]:
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approximately at pH 5.5 precipitation of Cu and Pb
starts in aqueous solution [18, 26]. According to our
research data at lower pH levels (<2.0) desorption
of adsorbed metals from coffee grounds starts. Fig.
3 shows the effect of pH on the removal of Cu (I1)
ions onto coffee grounds from aqueous solutions.

The amount of copper ions sorbed by coffee
grounds increases with the increase in pH from 2.0
to 5.0. Copper is mainly present in the form of Cu
(1), with smaller amounts of CuOH between pH
2.0 and 5.0 [33]. At pH = 2.0 the removal of Cu (II)
percentage was 3.5%. After pH 3.0 the uptake of
Cu (Il) increases sharply up to pH = 5 — metal
uptake increases from 0.223 to 0.657 mg/g. No pH
values over 5.0 were studied since precipitation of
Cu (I1) ions starts. Fig. 4 shows the effect of pH on
the removal of Pb (Il) ions onto coffee grounds
from aqueous solutions.
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Fig. 4. Effect of pH on adsorption of Pb (Il) onto

coffee ground from single metal solution (10 mg/L ion
concentration, adsorbent solution ratio 1:100 w:v, T =
21+1 °C, 720 min contact)

Pb2* + H,0¢> PhOH* + H* @)

At pH = 2.0 the percentage removal of Pb (II)
was 4.4%. After pH 3.0 the uptake of Pb (II)
increased sharply up to pH = 5.0 — Pb uptake
increased from 0.255 to 0.845 mg/g. No pH values
over 5.0 were studied since precipitation of Pb (lI)
ions starts. In all cases, the adsorption of Pb (II)
ions onto coffee grounds presented higher metal
removal percentages than Cu (I1). The optimum pH
selected was pH = 5.0 both for Cu (I1) and Pb (l1).
According to Davila Guzman et. al. [11] optimum
pH for Cu®* adsorption is 4.5-5.0. Maximum
adsorption capacity of adsorbent depends on the
initial concentration of metal; due to the low initial
concentration, the achieved maximum adsorption
capacity was lower than that determined by other
researches [11].

Coffee is composed of cellulose and alkaloids
such as trigonelline, quinolinic acid, tannic acid,



J. Seniunaité et al.: Coffee grounds as low-cost adsorbent for the removal of copper (I1) and lead (1) from aqueous ...

nicotinic acid, and caffeine [18]. Adsorption
mechanism of coffee grounds could be easily
explained. In the case of cations (as copper or
lead), the possible hypotheses are clear enough. The
coffee materials primarily contain weak acidic and
basic functional groups. It follows from the theory
of acid-base equilibria that at 2.0<pH<7.0 the
binding of heavy metal cations is determined
primarily by the state of dissociation of the weak
acidic groups. Carboxyl groups (-COOH) are the
important (but not the only) groups for metal
uptake by these materials. At pH = 7, there are
lower numbers of competing hydrogen ions and
higher numbers of ligands are exposed with
negative charges, resulting in higher copper or lead
adsorption. The minimal adsorption at low pH may
be due to the higher concentration and high
mobility of H*, which are preferentially adsorbed
rather than metal ions. Increasing the pH of the
solution, the lower number of H* (with higher
negative surface charge) results in higher copper or
lead adsorption [27-30]. Nevertheless, at higher pH
values determination of metal sorbed is overvalued
because of metal precipitation [36].

This pH value depends on metal concentration
in solution. It can be seen that the adsorption
percentages are very low in strong acidic medium
for the untreated coffee ground. Metal ions are not
adsorbed at low pH, opening up the possibility for
these adsorbents to be wused repeatedly for
adsorption of metal ions with stripping in acid
solution.

The pH selected as optimum for adsorption
experiments was pH = 5, where the adsorbents
presented the maximum removal just before the
pH-zone of 5.5 where precipitation and hydrolysis
phenomena dominate. Desorption of heavy metals
could be carried out at low pH values. According to
Kyzas [18] the optimum pH found for desorption
was pH = 2.0 for Cu (I1) [31-35].
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Fig. 5. Freundlich plots for Cu (Il) adsorption at pH
5.0 on coffee grounds, adsorbent solution ratio 1:100
w:v, T =211 °C, 720 min contact, Freundlich isotherm
parameters: n=1.435, Kr=0.339

Figures 5-8 show the Freundlich and Langmuir
adsorption isotherms of Cu(ll) and Pb(Il), for an
initial pH 5, by coffee grounds. The physical
parameters for the adsorption of Cu(ll) and Pb(lI)
are determined from the linear Freundlich (Figures
5, 6) and Langmuir isotherms and are tabulated in
figures 5, 6, 7 and 8.

Results presented in Figs. 5 and 6 show that the
removal rate of Cu(ll) and Pb(Il) ions can be
described with Freundlich isotherm.

0.700
0.600 y=0.5578x - 0 c;s.z-"'
0.500 R®@0.8103" b4
0.400 °

T 0.300

Ez 0.200 i
0.100

0.000
0.1000-000 @700 0400 0.600 0.800 1.000 1.200 1.400

-0.200

og(Ce)

Fig. 6. Freundlich plots for Pb (II) adsorption at pH
5.0 on coffee grounds, adsorbent solution ratio 1:100
w:v, T = 21+1 °C, 720 min contact, Freundlich isotherm
parameters: n=1.793, K¢=0.957
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Fig. 7. Langmuir plots for Cu(ll) adsorption at pH
5.0 on coffee grounds, adsorbent: solution ratio 1:100
w:v, T = 21+1°C, 720 min contact, Langmuir isotherm
parameters: Q,=9.662, b=0.023.

The wvalues of the Freundlich isotherm
parameters as well as the correlation coefficient
(R?) of the Freundlich equations are given in Figs. 5
and 6.

The Freundlich constant, Kr unlike the
Langmuir constant, Q, does not predict the
saturation of the solid surface by the monolayer
coverage of the adsorbate but it gives a relative
measure of the adsorption capacity and estimates
bond strength. The value of “n” discloses the
adsorption pattern. The favorable adsorption is
understood from the values of 1<n < 10 while
irreversible adsorption is noticed from n>10 and
unfavorable adsorption from n<l. Favorable
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adsorption was registered, because n was in the
range 1 < n < 10 in both cases (Cu(ll) and Pb(ll)).
Results presented in Figs. 7 and 8 show that the
removal rate of Cu(ll) and Pb(ll) ions can be
described with Langmuir isotherm. The values of
the Langmuir isotherm parameters, as well as the
correlation coefficient (R?) of the Langmuir
equations are given in Figs. 7 and 8.

y=1.3766x +0,1008 @
1.000 RI=0.939 .=

1/Qe

0.000 0.200 0.400 0.600 0.800
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Fig. 8. Langmuir plots for Pb (II) adsorption at pH
5.0 on coffee grounds, adsorbent solution ratio 1:100
w:v, T = 2141 °C, 720 min contact, Langmuir isotherm
parameters: Q0=9.921, b=0.073

The separation factor (R.) can be used to
determine whether or not the adsorption process
will be favorable [37]. The parameter predicts that
the type of isotherm could to be irreversible
(RL=0), favorable (0<R.<1) or unfavorable (R. >
1). For the present study, the values of R, obtained
at different initial heavy metal (Cu(ll) and Pb(Il))
concentrations are presented in Table 2. These
values are between zero and one indicating that the
adsorption was favorable.

The Langmuir model is an indication of surface
homogeneity of the adsorbent.

Table 2. R, values and type of isotherm

Initial Cu (1) R value
concentration, mg/L
10 0.813
20 0.685
30 0.592
40 0.521
50 0.465
Initial Pb (1) R. value
concentration, mg/L
10 0.578
20 0.407
30 0.313
40 0.255
50 0.215

Even though the comparison of the results
obtained shows that the Langmuir equation yielded
a higher R? value than the Freundlich equation, the
closeness of both R? values to unity suggests that
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both equations could readily be used to represent
the equilibrium conditions of the system. Therefore,
it is assumed that adsorption involves direct contact
of metal ions onto the surface of coffee ground and
thus proceeds up to monolayer coverage.

Studies have shown (Figs. 1-8) that the
efficiency of the adsorption process of copper and
lead ions onto coffee grounds depends not only on
contact time and concentration, but also on pH of
the solution. The remarkable results obtained in this
study prompt us to use the coffee waste as an
adsorbent for the treatment of wastewater polluted
with heavy metals.

CONCLUSIONS

1. Metal uptake increases with an increase in
contact time. On increasing contact time from 15 to
720 min, adsorption efficiency of Cu (Il) and Pb
(1) increases from 15.30 to 65.7% and from 18.40
to 84.5%, accordingly. The adsorption equilibrium
of the investigated metals was achieved in 120 min,
when single metal ion concentration in solution was
10 mg/L.

2. Experimental studies showed that pH of the
solution has an impact on adsorption process
efficiency. Copper (I1) and lead (11) adsorption from
aqueous solutions is most effective when the
solution is weakly acidic, i.e., pH = 5.0. Maximum
adsorption capacity for Cu (Il) onto coffee ground
was 0.657 mg/g and maximum adsorption capacity
for Pb (Il) onto coffee ground was 0.845 mg/g,
when single metal ion concentration in solution was
10 mg/L.

3. The sorption of Pb (II) ions onto coffee
grounds was by 14-30% better than the adsorption
of Cu (Il) ions. There are many factors having
impact on the efficiency of the adsorption process
such as different ion species, polarity and ionic
radius.

4.  This study showed that both Freundlich and
Langmuir equations can be used to describe the
adsorption phenomena for Pb(ll) and Cu(ll) onto
coffee grounds.
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VTAUKA OT KA®E KATO EBTHH AJICOPBEHT 3A OTCTPAHSBAHE HA MEJ] (nu
OJIOBO (1) OT BOJJH1 PA3TBOPU
. Cenronaiite, P. Baitmkynaiite®, /1. [Tammymnuc

(9}

ﬂenapmmeum no onaseane Ha oKoJHama cpe()a u xu()po-umfcenepcmeo,

Bunnioc I'edumunac mexnuuecxku ynueepcumem, Caynemexuo an. 11, Buantoc, Jlumea, LT-10223

IMocTeruna va 4 mapt, 2017 r.; Kopurupana ua 10 sHoesmpu, 2017 t.

(Pestome)

B Hacrosimata cratus e uscnensaHo orcrpanssaneto Ha Cu (1) u Pb (I1) oT BomHu pastBopu ¢ yraiika ot Kade ot
TBProBCKH OOCKTH. YTalikara € H3MOJ3BaHAa KaTo aicopOeHT Oe3 mombiaHuTenHa oOpaboTka. B ekcnepumeHTHTE ©
u3non3BaHa ¢pakuuaTa ¢ pasmep Ha yactuuute <200 pum. Mscieasano e Bausuueto Ha PH (2.0, 3.0, 4.0 u 5.0),
konrakTHOTO Bpeme (15, 30, 60, 90, 120, 150, 180, 300, 480 u 720 min) u nayannata kouuexrparus va Cu(ll) u Pb(Il)
(10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L, 50 mg/L). OnrumanauTe CTOMHOCTH Ha TTApaMETPHUTE Ha MpoIeca ca: BpeMe Ha

koutakt 120-720 min; pH 5.0; mawamxa xoumentpammst Ha Cu(ll) w Pb(ll) 20 mg/L.

PaBHOBecHUTE IaHHK

cpoTBeTCTBAT Ha Mozenute Ha Langmuir u Freundlich 3a Pb (I11) u Cu (11) ¢ Bucoku R? croiinocTH. YcTaHOBEHO €, ye
yraiikara oT Kade € MoaAXosI aacopOeHT 32 OTCTPAHABAHE HA TEKKU METAJIU OT BOJIH.
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The aim of the research is the development of selective catalysts for the processes improving service performance of
gasolines: catalytic hydrogenation of gasoline fractions and production of octane-increasing component of fuel additives
— diisopropyl ether (DIPE). The data on the content of organic compounds in the gasoline fractions after the reaction of
catalytic hydrogenation show that benzene was absent, the content of aromatic compounds was reduced from 55.12%
(wt.) to 32.5% (wt.). The olefins content was reduced from 0.23% (wt) to 0.11% (wt), and the paraffins content - from
12.41% (wt.) to 11.99% (wt), whereas the iso-paraffins content increased from 30.08% (wt) to 34.09% (wt). The
content of naphthenes increased from 2.12% (wt.) to 10.14% (wt.). The developed catalytic method of DIPE synthesis
from iso-propanol and propane under mild conditions allowed production at a yield of 30.5-68.5%. The most active and
stable catalysts for synthesis of DIPE from iso-propanol are molybdenum- and nickel-containing catalysts. The
maximum DIPE yield in the optimal temperature range (250-300 °C) was 62.0-68.5%.

Keywords: catalysts, gasoline, hydrogenation, additives, diisopropyl ether, metal blocks

INTRODUCTION

Today the production of gasolines is one of the
major processes in the oil refining industry and
largely determines not only the development of the
industry, but also the strategic potential of a country
[1,2].

Catalytic hydrogenation of straight-run gasoline
distillates in the presence of efficient catalysts
allows hydrogenation of benzene and polycyclic
aromatic hydrocarbons - one of the most
perspective and relevant methods of improvement
of the operational properties of fuels [3-6]. The
increased content of aromatic hydrocarbons,
especially bicyclic ones, leads to reduction of speed
and completeness of combustion of fuel, promotes
carbonizing in the combustion system of the engine
and worsens the ecological situation in the world.
Thus, the development of highly effective catalysts
for catalytic hydrogenation (hydrodearomatization)
providing hydrogenation of benzene and polycyclic
aromatic hydrocarbons in gasoline fractions
improves the composition and ecological
characteristics of gasoline - a prospective urgent
task. The development of gasoline production is
connected with the desire to improve the basic
operational properties of the fuel - knock
resistance, estimated octane number, as well as
reduction of the toxic effects of gasoline, i.e.
improvement of the sustainability of the used fuels.
Such issues can be solved either by changing the
chemical composition (conversion of gasoline

*) To whom all correspondence should be sent:
E-mail: larissa.rav@mail.ru

compounds) or by application of fuel additives. The
use of various fuel additives worldwide allows
production of fuels which release minimal amount
of nitrogen oxides, carbon oxides, and various
organic substances into the atmosphere during
combustion and exploitation. Diisopropyl ether
(DIPE) is a promising substitute for MTBE due to
non-toxicity, lower volatility and lower production
costs [7-9]. The aim of this research was to develop
catalysts for the two processes that improve the
operational properties of gasoline: (1) catalytic
hydrogenation of gasoline fractions
(hydrodearomatization) and (2) synthesis of
octane-enhancing component of additives — DIPE.

EXPERIMENTAL

In the research two types of catalysts were used:
in order to study the hydrogenation of the aromatic
ring in gasoline fractions supported catalysts based
on platinum group metals with additives were
synthesized; whereas for DIPE synthesis research
catalysts on metal blocks were prepared. Synthesis
methodology for both types of catalysts was
developed earlier by the authors of this article [10-
17]. For the preparation of the supported
hydrogenation catalysts the following carriers were
used: aluminum oxide y-Al.Os, SiO; and activated
carbon. The catalysts were prepared by deposition
of the respective active metal compounds on the
carrier by impregnation. Two-component catalysts
(based on Pd-Pt, Rh-Pt, Pd-Rh) were prepared by
joint impregnation of the support with the solutions
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of the corresponding compounds. For the Pd-Pt
samples 2% solution of Na,CO3 was also used. The
dripping of Na,COs solution was performed after
termination of support impregnation with the
solutions of the compounds containing the active
component. Before each experiment, the catalysts
were reduced in a solvent medium in hydrogen for
30 min in the conditions required for the
experiment.

The preparation of the catalysts on the metal
blocks for the synthesis of DIPE was conducted
according to the methodology comprising several
successive steps: (i) preparation of metal blocks,
(ii) impregnation of blocks with secondary support
(based on aluminum), and (iii) application of active
metal compounds on the metal blocks impregnated
with a secondary carrier [10-14]. For the
preparation of metal blocks a heat-resistant foil of
50 pm thickness and required length and width was
used, which was corrugated by folding of the
superimposed smooth foil and corrugated tape into
a cylindrical block (Figure 1). For the preparation
of the catalysts on the metal blocks the
corresponding salts of the active metals (acetates,
nitrates, etc.) were applied. Catalysts with
molybdenum, tungsten, manganese, vanadium,
nickel and niobium as the active phase were
synthesized using the compounds of the base
metals. The metal compounds were applied on the
secondary carrier by impregnation of alumina and
zeolites NaY, ZSM-5 with different silicate
modules (30 and 80). The metal concentrations
ranged from 3% to 7 %.

As a method for the synthesis of nano-sized
complex-oxide catalysts the pyrolysis of polymer-
salt compositions was used. This method is
versatile, flexible, simple to implement, and allows
production of catalysts with sufficient surface area
and adhesion [11, 14, 18-20]. For introduction of
the complex-oxide compounds of such metals as
vanadium and tungsten,  oxygen-containing
ammonium salts were used, e.g. tungstic acid,
ammonium metavanadate. As polymer components
the nonionic water-soluble polymers polyvinyl

alcohol, polyethylene glycol, which form stable
aqueous solutions with the salt forms, were applied.
The metal block carrier was impregnated with the
polymer-salt solutions followed by heat treatment.
As a result, nanosized particles of wvanadium,
tungsten and nickel oxides (15-20 nm size) were
obtained.

For the qualitative and quantitative analyses of
the starting compounds and reaction products the
following methods were used: gas-liquid
chromatography (GLC), iodometric titration and
aniline point method. Chromatographic analysis of
the starting compounds and products was carried
out by GLC on different devices: “Crystal 2000M”
with capillary column Zebron ZB-1 30 ml x 0.53
mm ID x 5.00 pum with 100% dimethylsiloxane
liquid phase (gas-carrier — helium, detector — flame-
ionization); “Crystal 4000M Lux” with capillary
column Zebron ZB-1 30 ml x 0.53 mm ID x 5.00
um with 100% dimethylsiloxane liquid phase (gas-
carrier — helium, detector — flame-ionization),
“Chrom-5" with a packed column with a stationary
phase of 15% Carbowax-1500, and gas-liquid
chromatograph 3700 with a packed column
(stationary phase of 15% Carbowax-1500). GLC
analysis of the gasoline fractions was conducted
according to the standard GOST R 52714-2007 [21,
22]. The total time of GLC analysis was 15-20 min
for the DIPE synthesis and 90-120 min for the
hydrogenation of gasoline fractions. The
determination of octane number was performed by
motor and research methods.

RESULTS AND DISCUSSIONS
Hydrogenation of gasoline fractions

The liquid phase hydrogenation of the aromatic
ring in gasoline fractions was carried out at
elevated pressure of hydrogen on a high-pressure
kinetic installation (HPKI) and on a pulp digester —
the apparatus for the processes at elevated pressure
with heating was from Amar Equipment Ltd [16,
17].

b
Fig.1. The metal blocks for the laboratory samples of catalysts: a - perspective view; b - cross-sectional view
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The process was carried out in compliance with
the isobaric-isothermal mode. The results of
experiments on the reduction of hydrocarbons and
gasoline fractions were documented in the form of
curves in a Cartesian coordinate system, where the
horizontal axis represented the duration of the
experiment in min (t), and the vertical axis - the
amount of absorbed hydrogen in cmd,

In this paper the hydrogenation of two gasoline
fractions was studied: the stable catalysate LG
(benzene content — 0.37%) and straight-run
gasoline AVT (benzene content — 3.18%), both
obtained from Atyrau Oil Refinery LLP. The
reactions were carried out with electrolytic
hydrogen from a cylinder (99.8%), whereas, for the
GLC helium (99.992%) from a cylinder was used.
As the solvents iso-propanol and “reagent grade”
hexane were applied.

It was found that during the first minutes of the
reactions the hydrogen absorption was much higher
on the Rh-Pd and Rh-Pt catalysts than on the
catalysts of other composition. The results of the
final samples showed that the content of benzene
and other aromatics decreased (in total). The
hydrogenation of gasoline fractions at various
hydrogen pressures on the most active and stable
catalyst Rh-Pt (9:1)/Al,0; was studied. With an

increase in hydrogen pressure in the range of 0.5-
5.0 MPa the reaction time was reduced by a factor
of 2. Benzene content of 0.06% was observed only
at a pressure of 3.0 MPa, whereas at other hydrogen
pressure levels benzene was absent in the final
samples. After the hydrogenation of gasoline
fractions the aromatics content in the final samples
was within  32.5-34.6%. According to the
bilogarithmic dependence of velocity on pressure
the reaction order as per hydrogen after absorption
of 1.0 mole of hydrogen was close to 1.0.

Tables 1, 2 present data on the hydrogenation of
gasoline fractions on different catalysts. Data on
guantitative and qualitative composition of the
initial gasoline fractions and after hydrogenation
are shown. Fig. 2 shows the chromatogram of the
initial sample of gasoline stable catalyst LG.

The data on the group composition of organic
compounds in gasolines showed (fig.3) that after
the catalytic hydrogenation benzene was absent, the
aromatics content decreased from 32.5 to 55.12%
(wt.), the olefins content - from 0.23 to 0.1 % (wt.),
and the paraffins content - from 12.41 to 11.99%
(wt.), whereas the content of isoparaffins increased
from 30.08 to 34.09% (wt.) and of naphthenes —
from 2.12 to 10.14% (wt.).

Table 1. Hydrogenation of gasoline fractions of Atyrau Oil Refinery LLP on various catalysts at Pn, = 4.0 MPa,

T:25°C |n hexane Vgasoline fraction :300 ml, Vsolventzlo.o ml

Component content, % wi.

Catalvst Gasoline Benzene Aromatics (in total)
4 fraction initial after initial after
sample hydrogenation sample hydrogenation
stable
2% Rh-Pt/ HY catalysate LG 3.18 0.2 55.12 37.2
(80) straight-run
gasoline AVT 0.37 0.1 9.93 5.25
stable
5% Rh-Pt/Al,03 catalysate LG 3.18 0.0 55.12 32.8
straight-run
gasoline AVT 0.37 0.0 9.93 4.8
2% Pt HZSM-5 stable 3.18 12 55.12 42.0
(30) cattal_ysrz;\tte LG
straight-run
gasoline AVT 0.37 0.0 9.93 5.4
2 % PYHZSM-5 ftab'e 3.18 1.0 55.12 40.9
(80) catta _ysrz;ltte LG
straight-run
gasoline AVT 0.37 0.05 9.93 5.1
stable
0.5% Rh-Pd/ Al,O;  catalysate LG 3.18 15 55.12 40.0
straight-run
gasoline VT 0.37 0.2 9.93 6.1
stable
2% Pd-Cu/C catalysate LG 3.18 2.0 55.12 42.0
straight-run 0.37 03 9.93 6.4

gasoline AVT
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Table 2. Group composition of hydrocarbons in the gasoline fraction stable catalysate LG before and after the

hydrogenation on 0.5% Rh-Pt / Al,Os

Hydrocarbons content, % wt. / % vol.

Gasoline fraction Paraffins Iso-paraffins  Olefins ~ Naphthenes A(\irr(])rtr;e;gss Benzene
Before hydrogenation 12.41/14.78 30.08/34.09 0.23/0.25 2.12/2.30  55.12/56.76 3.18/2.78
After hydrogenation 11.99/10.55 34.09/37.45 0.11/0.12 10.14/8.21  32.51/33.47 0/0
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The octane numbers of the gasoline fractions
before and after hydrogenation were determined by
the Independent Centre of Expertise of oil products
ORGANIC LLP (Almaty, Kazakhstan). The rated
octane number of the stable catalysate did not
change both before and after the hydrogenation and
was equal to 94 units; whereas the motor octane
number before the hydrogenation was 82.6 and

after — 82.7. The octane number of the straight-run
gasoline fraction AVT before and after the
experiment was 60, whereas the motor octane
number was 50. The octane number data confirmed
that the process of hydrodearomatization of
gasoline fractions did not reduce their octane
number.
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DEVELOPMENT OF THE CATALYTIC
METHOD FOR DIPE PRODUCTION

The DIPE synthesis reaction from iso-propanol
or propane was carried out in a flow-through
installation on a metal block catalyst which was
placed in a quartz reactor. The reactor with an
internal diameter of 10 mm was heated by an
electric furnace (Fig. 4). The reactor temperature
varied from 150 to 600°C and was measured by a
chromel-alumel thermocouple.

==

Fig. 4. Scheme of the catalytic reactor P2601 for
DIPE synthesis. 1 - initial reagent (iso-propanol); 2 -
reaction product (DIPE).

The isopropyl alcohol (or propane from a
cylinder) was fed to the reactor via the plunger
pump, where the catalyst was placed beforehand.
The amount of the metal block catalyst was 3 ml.

The activity of the catalysts in the synthesis of
DIPE was determined by iso-propanol (propane)
conversion and DIPE vyield.The catalytic
conversion of isopropyl alcohol into DIPE was
examined on various catalysts of various acidity
within the temperature range of 150-300°C (Table
3). It was found that the process should be carried
out at temperatures not exceeding 300°C, as the
catalyst selectivity and DIPE vyield decreased
because of the formation of a by-product -
propylene (Fig.5).

By partial oxidation of propane on the catalyst
based on vanadium and molybdenum, WOs-
V,0s/Al,03, iso-propanol was formed with a yield
of 80-82.1%, and DIPE - 2.5-2.95%. On the

70
&0

50

Al203 / NiO - 3% Al203-NaY / NiO - 3%

m Conversion, %

WOs/ZrO, catalysts at 300-500°C propanol was
formed with a yield of 59.9%-72%. When 0.1% of
Pd was added to the WO3/ZrO, catalyst the
conversion of propane to DIPE increased to 76.4-
80.1% at 500°C.

Physical and chemical properties of the
synthesized catalysts were determined by various
physical and chemical methods of analysis: BET,
TPD, electron microscopy (EM), XRD. The
analysis of the carriers and catalysts by XRD
showed that in case of a catalyst on a metal carrier
based on V,0s-WOj3 there were peaks at 4.38, 3.4,
2.8A and orthorhombic lattice. In the active phase
no NiO-crystal lattice was formed.

The electron microscopy of the samples was
performed on EM-125K by the one-stage replicas
method with extraction using microdiffraction
(magnification of 160K), as well as on a focused
beam microscope Jeol JSM-6610 (Japan). On the
nickel-tungsten-vanadium  and  nickel-copper
catalysts on the metal carriers accumulation of solid
particles that did not coalesce into aggregates and
were dispersed on the carrier surface was observed.
The particle size was mainly 20-15 nm. As an
example, the results of the scanning electron
microscopy analysis of a carrier Al,O3 of the
catalysts (Fig. 6) and some catalysts applied onto it
for the hydrogenation of gasoline fractions are
shown (Fig.7). The EM data obtained in this work
indicated that the Al,Os carrier structure consisted
of needle-like crystalline formations of a size of
200-300A with specific surface area S = 117.9 m¥/g
and pore size of 400A.

Table 3. Synthesis of DIPE on 3%-catalysts of
different compositions at 200°C

Conversion, Selectivity,
Catalyst % % mol. DIPE
Al20s/ NiO 6.2 24.0
Al;O3-NaY / NiO 26.3 28.2
Al;05-Si02/ NiO 29.8 29.7
Al;05-Si02/ Mos 40.1 60.0
Al;03-Si0,/ Mos- NiO 56.2 60.8

Al203-5i02 / NiO - 3%

40
30
20
10
.1 |

Al203-5i02 f Mo3 - 3% Al203-5i02 / Mo3-NiO - 3%

Selectivity, % mol. DIPE

Fig.5. Dependence of the activity and selectivity of the catalysts on their composition in the reaction of DIPE

synthesis from iso-propanol.
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The results of the analyses of the physical and

chemical characteristics of the catalysts showed

that the synthesized catalysts had a considerable
surface area and pore volume.
g ?

Fig.7. EM images of different supported catalysts used
for the hydrogenation of gasoline fractions: a - 5% Pd-
Pt/y-Al2O3, b - 2%-Pd-Culy-Al;0s3

The strength and concentration of acid sites of
the Ni-Mo catalysts supported on the metal blocks
after reaction and regeneration cycles were
determined by the method of thermal desorption of
ammonia. It was found that with the increase in the
duration of the reaction a gradual decrease of
catalyst acidity took place, presumably due to the
blocking of the active sites by hydrocarbon deposits
that resulted in a decrease of their catalytic activity.

The selective catalytic reactions for improvement of characteristics of gasolines

CONCLUSION

Catalyst systems for the processes for improving
the quality of gasolines were synthesized: for the
catalytic hydrogenation of gasoline fractions and
the synthesis of octane-enhancing component of
additives — diisopropyl ether (DIPE). The data on
the group composition of organic compounds in
gasolines showed that after the catalytic
hydrogenation benzene was absent, the aromatics
content decreased from 32.5 to 55.12% (wt.), the
olefins content - from 0.23 to 0.1 % (wt.), the
paraffins content - from 12.41 to 11.99% (wt.),
whereas the content of isoparaffins increased from
30.08 to 34.09% (wt.) and that of naphthenes —
from 2.12 to 10.14% (wt.). The octane number of
the gasoline fractions after hydrogenation remained
almost unchanged, while the benzene content
decreased from 3.18 % (starting samples) to total
absence in the final samples. It was found that the
optimum catalyst composition for the synthesis of
DIPE from iso-propanol under the experimental
conditions was based on molybdenum and nickel
compounds. On the catalysts of the following
compositions 3% AlLOs/NiO and 3%Al,0s-
NaY/NiO soot formation was observed, and the
activity of the catalysts decreased. DIPE yield
within the optimal temperature range (250-300°C)
was 62.0-68.5%.
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CEJIEKTUBHU KATAJIMTUYHU PEAKIINU 3A [TIOJOBPABAHE HA
XAPAKTEPUCTUKHNUTE HA I"'A30JIMHU

JI. P. Cacuxosal”, X. T. Bamesa?, M. K. KaJII/IK6€pI[I/IeB2, M. HyanMeTOBa2'3, A T.

Macenosal?, K. C. PaxmeroBa

2

L an-®apabu Kazaxcku nayuonanen ynusepcumem, Aimamu, Kazaxcman
2Uncmumym no 2opusa, kamanus u enexkmpoxumus ,,JI.B. Coxoncku”, Anmamu, Kazaxcman
8 Kasaxcro-6pumancku mexnuvecku ynusepcumem, Anmamu, Kazaxcmarn

IMoctrenuna Ha 27 roHu, 2016 1. ; npuera Ha 26 ronu, 2017 1.

(Pe3tome)

Llenra Ha U3CIEIBAHETO € J1a Ce Pa3padOTAT CEJICKTHBHH KaTaINU3aTOPH 3a IPOLIECHTE, TOJ00PSIBAILH ACHCTBUETO Ha
ra30JIMHATE: KATAIUTHYHO XUAPOT€HHPAHE HA Ta30JMHOBUTE (PPAKIUU U TOJydyaBaHE HA KOMIIOHEHT, MMOBHIIIABAIIL
OKTaHa B TOpUBHHTE J0OaBKU — auusonponuios erep (JIUIIE). /lanHuTe 3a ChABPKAHUETO HA OPTAHUYHH KOMIIOHEHTH
B Ta30JMHOBUTE (PAKUUK Cle]] KATAIUTHYHO XHAPOreHHpaHE IMOKa3BaT OTChCTBUE HAa OCH3eH, HaMmalsiBaHE Ha
ChIbPKAHUETO Ha apOMaTHH CcheauHenus oT 55.12% (tern.) Ha 32.5% (rern.), Ha onedpunu ot 0.23% (tern.) Ha 0.11%
(rern.) n Ha mapaduun — ot 12.41% (tern.) Ha 11.99% (Teri.), JOKaTo ChIBPKAHUETO Ha M30MapadUHU Ce MOBUINABA
ot 30.08% (rern.) na 34.09% (tern.) u toBa Ha HapTend — or 2.12% (rern.) ma 10.14% (rern.). PaspaGoreHust
KatanuThueH Meton 3a cunTe3 Ha JJUIIE ot n3onponanos wiv npomnaH Opyu MEKH YCJIOBUS [T03BOJISIBA M10JIy4aBaHETO Ha
noo6uBm ot 30.5-68.5%. Haii-akTuBHY 1 cTaOWIHN KaTanu3atopu 3a cuHTe3a Ha JIWIIE ot u3ompomanon ca MouoIeH-
U HHUKEN-ChIBPKALINTE KaTanu3aTopy. MakcUManHUAT T0OUB B onTHMaiHus Temneparypen uatepsan (250-300 °C) e

62.0-68.5%.
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In this article a system for generation of fogs is presented, which can be used in testing equipment and experiments
that require control of the amount and size distribution of aerosol particles. The main goal of the system development is
to eliminate the human error and to improve the results on producing artificial fog with predictable parameters.

Key words: artificial fog, spraying techniques, droplet size distribution, aerosols

INTRODUCTION

Fog is an aggregation of microscopic water
droplets, spread in the air. The average size of
natural fog droplets is of about 10-15 um, but can
vary between 1 and 100 pm. According to the
droplet size distribution, fogs could be divided in
two main groups: composed of relatively small
droplets — few microns in diameter (typical for
radiation fogs) and composed of bigger droplets —
above 45 um in many cases (typical for advection
fog). Fog is widely used as a cleaning agent for
contaminated areas in a number of applications:

industrial ~ processing,  defense,  aerospace,
automotive; (e.g. corrosion test chambers and salt
fog cabinets), power generation,

telecommunications, for medical purposes (e.g.
nebulizers), etc. These applications require precise
control on the amount and properties of the used
fog. Further research for gaining the required
insight into fog formation and dynamics is needed
in order to develop different devices such as fog
sensing elements (sensors), etc.

For the development, testing and calibration of
fog sensors based on the SPCE (surface photo-
charge effect) [1] a specialized installation for
producing artificial fog under laboratory conditions
is needed. The process of natural fog formation
involves a number of physical processes (thermo-
dynamic and microphysical ones) which cannot be
completely reproduced in a laboratory environment.
The main problem in the case of artificial fog
generation is to produce droplets of desired amount
and size distribution to simulate fogs with

* To whom all correspondence should be sent.
E-mail: ogil24@yahoo.com

parameters close to those of the natural ones. Such
setups have been developed in the industry, in cases
when different features of spray nozzles had to be
investigated [2]. For example, numerous scientific
papers exist, in which the variation in the size
distribution of droplets was experimentally
determined [3-5]. In these studies, the fluid pressure
of nozzles and the proportion of fluids were varied
[4, 5]. Various methods for fog generation have
been reported - vibro-acoustic and acoustic
generators for aerosols [6], vortex sprayers [7],
pneumatic nozzles [8], electro-sprayers [9], and
others. In a number of studies the relationship
between the geometrical features of nozzles and the
amount and size of the droplets they produce, is
analyzed [9-11]. Since the size distribution and the
droplets number density are the most important
parameters of fog, they play a crucial role in the
investigation and the development of fog sensors.
Therefore, for the purpose of fog sensors
development, a flexible system is needed, which
allows to precisely control the number density and
the size distribution of the droplets, as well as to be
capable of generating droplets with predefined
parameters. During our literature and market
survey, we could not find any existing system
satisfying all our experimental requirements. The
main requirements to fog simulator for our sensor
tests include: (i) producing fogs with controllable
number density and size distribution of droplets and
(if) producing fogs with variable and controllable
chemical composition. The second one will be a
subject of a separate paper.
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EXPERIMENTAL SETUP OF THE
AUTOMATED SYSTEM FOR FOG
GENERATION

Since controlling the number density and the
diameter distribution of the droplets is the main
requirement to a system for producing artificial fog,
the first part of the setup designed by us and
described here is intended to provide control on
these parameters. The main parts of our setup are
the fog generation unit (Fig. 1A) and the control
unit (Fig.1B).

Fig. 1. Main parts of the system for fog generation:
A. System unit for fog generation working with tap
water: (1) hose fluid inlet; (2) bleeding valve; (3) inlet
shut-off valve; (4) electromagnetic valve; (5) outlet shut-
off valve; (6) nozzle; B. Control unit: (1) power button;
(2) pulse initiation button; (3) knob for setting the timer
(seconds); (4) switch for selection of time multiplier; (5)
LED indicator for operation

Fig. 1A shows the water dispensing system of
the fog generation unit. The system is fed with tap
water through hose (1) and is bled via valve (2)
when filling. After fixation of the device, taps (3)
and (5) are successively opened. The fog generation
is accomplished by the valve (6) and by passing a
pulse with a specific duration, which comes from
the control unit to the electromagnetic valve (4).

The fog generating unit is put in action by the
control unit through an electromagnetic valve. The
control unit generates uniform pulses with duration
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varying from 0.2 to 0.5 seconds, selected by the
switch (4) and multiplied by the multiplier (3).
When the desired values for the pulse duration are
set, button (2) is used to initiate fog generation.

Fig. 2 depicts the block diagram of the
experimental setup for measuring the diameters of
droplets produced by the system. It is set to the
desired position, so that the generated fog falls in
the working area of the measuring equipment - a
laser particle size analyzer (1). The system uses the
pressure from the water dispensing system (5) and -
via the nozzle (3) - fog with desired characteristics
is produced. The control unit (2) sends regular
pulses to the electromagnetic valve (4), so that the
same amount of water is fed each time.
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Fig. 2. Block diagram of the experimental setup for
measuring the size of droplets generated by the system
working with tap water: (1) laser particle size analyzer;
(2) control unit; (3) nozzle; (4) electromagnetic valve;
(5) source of water at a pressure of 6 bar.

A laser particle size analyzer (JNWINNER,
model 319A) was used to analyze the droplet
distribution and their microphysical characteristics
in order to clarify how the nozzle orifice diameter
influences the parameters of fog. The nozzle (4) is
positioned at a certain distance from the measuring
equipment (1).

A manometer and valves were mounted on the
pressurized gas tank, which allow to control
precisely the feeding pressure of nitrogen, so that
fogs with variable characteristics, such as number
density and size distribution of the generated fog
droplets, to be produced.

EXPERIMENTAL RESULTS ON THE
OPERATION OF THE AUTOMATED
SYSTEM FOR FOG GENERATION

Since fog depends on the mass flow of
pulverized water which is determined by the type of
nozzle used, we conducted experiments to examine
the effect of nozzles with different orifice diameters
on fog formation at a constant gas pressure of 6 bar
and by using tap water. The device has a set of
eight nozzles [12] and each of them creates fog
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with specific parameters (number of droplets,
diameter distribution, etc.), so that it is possible
different types of fog to be investigated. Three of
these nozzles (Fig. 3) were chosen to be studied in
this experiment: PJ6 with orifice diameter of 0.152
mm (1); PJ10 with orifice diameter of 0.254 mm
(2), and P54 with orifice diameter of 1.37 mm (3).
One hundred measurements were taken for each
nozzle. The spraying distance was kept constant for
all experiments — 65 cm. Fig. 4 represents the
amount and diameter distribution of droplets
sprayed by nozzles PJ6, PJ10 and P54.

The summarized results from the measurements
of the droplets produced by the three nozzles of the
system operating with tap water are shown in Table
1 and graphically represented in Fig. 5.

Fig. 3. Three of the tested BETE nozzles

(http://www.bete.com/pdfs/BETE_PJ.pdf): PJ6  with
orifice diameter of 0.152 mm (1); PJ10 with orifice
diameter of 0.254 mm (2), P54 with orifice diameter of
1.37 mm (3).
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Fig.4. Diameter distribution and amount of droplets
produced by a nozzle: a) PJ6; b) PJ10; c) P54

Table 1. Summarized results from measurements of droplets produced by the automated spraying system, and

nozzles with varying orifice diameters.

Nozzle PJ6 PJ10 P54
Modality of the distribution Bimodal  Multimodal = Monomodal
36 12
Peak(s) [um] 110 36 120
100
Averaged diameter by surface area [pum] 55.164 44.899 83.298
Averaged diameter by volume [pum] 77.179 64.434 139.791
Surface area-to-volume ratio [cm?/cmq] 1087.674  1336.332 720.305
Fit error x 100 [%] 0.006 0.005 0.028
Min. diameter [pm] 16 9 16
Max. diameter [um] 230 230 500

The experimental results show that the
investigated nozzles generate droplets with
different size distributions and within different size
ranges. 55% of the droplets, produced by nozzle
PJ6, have diameters between 60 and 230 pm, and
45% of them are in the range 16-230 pm. Nozzle

PJ10 generates droplets, which are predominantly
within the same size interval as those produced by
PJ6, but also a small amount of tiny droplets
between 9 and 20 um are present.

The other difference is that about 55% of the
droplets from nozzle PJ10 are between 20 and 60
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pm, and only 42% of all generated droplets have
diameters between 60 and 230 um. Nozzle P54, on
the other hand, produces significantly larger
droplets than the other two nozzles — 55% of them
are in the range 100-500 pum, and only 45% are
between 16 and 100 um.

The other difference is that about 55% of the
droplets from nozzle PJ10 are between 20 and 60
um, and only 42% of all generated droplets have

500
400
300

200

Diameter [um]

Pl6

== Averaged diameter by specific surface area [lLm]

== Averaged diameter by volume [lLm]

diameters between 60 and 230 um. Nozzle P54, on
the other hand, produces significantly larger
droplets than the other two nozzles — 55% of them
are in the range 100-500 um, and only 45% are
between 16 and 100 pum.

These results show that the system working with
tap water has the capability of generating different
kinds of fogs with specific predefined parameters.

PJ10 P54
Nozzle

Max diameter [um]

Min. diameter [um]

Fig. 5. Summarized results for the diameter distribution and the amount of droplets, generated by the system working
with tap water and nozzles PJ6, PJ10 and P54

CONCLUSIONS

A simple, innovative laboratory system for
producing artificial fog is designed and described.
It allows improved control of water spraying,
control of droplet amount and size distribution,
stable parameters of the fog. The droplet diameters
vary in the range of the real fog ones.

The system was developed for the purpose of
eliminating the human factor, when conducting
experiments, and also to increase the efficiency of
our investigations by achieving high functionality.
Our system is able to generate fog with predefined
parameters, and it also gives the freedom to
precisely control these parameters (amount and
diameter distribution of droplets), thus producing
fogs with great predictability and repeatability. The
established setup can be used in research projects to
study different aerosol generators and could also
find application in other testing equipments and
experiments which require control of the number,
density and size distribution of aerosol particles.

Acknowledgements: The European Commission is
acknowledged for supporting the work described in this
paper by EU FP7 Security program under Contract
312804.
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JIABOPATOPHA CUCTEMA 3A TEHEPPAHE HA U3KYCTBEHA MBIJIA C
KOHTPOJIMPAHU BPOU N1 JTUAMETBP HA KAIIKUTE

O. /1. Miraros'”, 5. U. Panes!, I1. B. Tomopos?, M. I1. Ilonos?, K. H. Aurenos?, X.JI. Ilepec-/inac?,
M. K. Kbuepal

Y Huemumym no pusuxa na mevpoomo mano ,, Axao. I Hadxcaxos”, Bvieapcka axademust Ha naykume, 6yn.
., Lapuepaocko woce” 72, 1784 Coghus, Bvacapusa
2YHueepcumem Ha Ankana, Anxkana oe Enapec, Maopuo, Hcnanus

[ocrenmna Ha 26 cenremBpu, 2017 r.; npuera Ha 31 oxromBpwu, 2017 T.
(Pesrome)

[IpencraBena e cucrema 3a reHepUpaHe Ha MbIJIa B JaOOPATOPHU YCIIOBHS, KOSTO MOXE Ja Ce M3IOJ3Ba IpH
€KCIIEPUMEHTH, U3HCKBAaIlld KOHTPOJ BBPXY KOJMYECTBOTO U Pa3Npe/eICHHETO 10 rOJIeMUHA Ha acpO30JIHH YaCTHIIH.
OcHOBHaTa IieJ1 Ha cUcTeMara € eJIMMHHUPAHEeTO Ha Bb3MOJYKHA YOBEIKA IPEIlKa U MoJo0psBaHe Ha pe3yjTaTHTe NpU
NoJyyaBaHe Ha M3KYCTBEHA MbIJIA C TIPEIBAPUTEIIHO 3aaJCHU MapaMeTpH.
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In this article a system for generation of fogs is presented, which can be used for testing fog sensors under
laboratory conditions. Our prototype is able to generate fogs with various chemical composition (up to 6 kinds of
fluids), amount, diameters and size distribution of droplets with spraying driven by pulses of different duration (0.2 to
5.5 seconds). Thus, sensors for use in different areas can be tested, for example: control of attacks with CBRN
(Chemical, Biological, Radiological, and Nuclear) agents, measurements of industrial pollutants, dust pollution,
detection of poisonous gases, etc. The main goal of the system development is to eliminate the human error and to
improve the results of producing artificial fog with predictable parameters. An important advantage of this system is
that it allows the amount of impurities in fog to be precisely controlled.

Keywords: Artificial fog, Spraying techniques, Droplet size distribution, Air pollution

INTRODUCTION

Fog is a natural phenomenon which is a subject
of observation and scientific research. This
phenomenon is usually harmless to living
organisms, but, when polluted, it could also be
dangerous and harmful. In 1952 a dense fog
covered London for five days and caused death of
12000 people and thousands of animals in the
region due to chemical processes leading to a
deadly mix of fog and pollution (sulfur dioxide
(SO,), dust and others) [1,2]. The same events
nowadays often occur in China and other locations.
According to a recent study [3], environmental
pollution was the reason for one of every six
premature deaths in the world in 2015 and is killing
more people every year than all wars and violence
in the world. There are different sources emitting
chemicals to the atmosphere and ambient fog could
also contain a number of potentially toxic
substances [4-6]. Often fog interacts with pollutants
physically, chemically or biologically, thus
increasing their toxic effect. Water droplets in fog
may concentrate soluble toxic air pollutants and,
when inhaled, or fall on the skin, droplets deliver
very high doses of toxicants. Effects of exposure to
chemical pollutants under foggy conditions are of
great interest since fog droplets penetrate easily into
the lower respiratory tract, especially droplets of
less than 10 wm in diameter [7].

Fog is widely used as a cleaning agent for
contaminated areas in a number of applications:
industrial processes, defense, aerospace,
automotive, (e.g. corrosion test chambers and salt

* To whom all correspondence should be sent.
E-mail: ogil24@yahoo.com
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fog cabinets), power generation,
telecommunications, for medical purposes (e.g.
nebulizers), etc. [8]. These applications require
precise control of the amount and properties of the
used fog. That is why further research in this field
is needed in order to gain the required insight into
fog formation and dynamics, as well as to develop
fog-sensing  elements  for  detection and
identification of harmful biological and chemical
aerosols in natural fogs being of special interest.
Fog studies more often are performed by using
theoretical simulations of fog formation through a
number of models [9], resulting in slightly
overestimated droplet numbers [10]. Theoretical
simulations have been also used to predict the
chemical behavior of polluted fog [11, 12].

Fog generation technology is currently widely
available [13-16] and experimental simulators (test
chambers/cabinets) of polluted fog are used in
industry for corrosion tests investigation in
atmosphere of salt or acidic impurities. However,
there is still lack of laboratory simulators of
chemically polluted fog.

For development of gas sensors based on the
SPCE (surface photo-charge effect) [17, 18] we
needed a laboratory fog simulator for their
laboratory testing and calibration. Since the size
distribution and the number density of droplets are
the most important parameters of fog, they play a
crucial role in the investigation and the
development of fog sensors. That is why we need a
flexible system, which produces fogs with
controllable/predictable  amount  and  size
distribution of droplets, being also able to produce

© 2018 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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fog with wvariable and controllable chemical
composition. The system should easily switch
between different solutions with varying chemical
composition, in order to study interactions between
fog and different kinds of impurities. During our
literature and market survey, we could not find any
existing system satisfying all of our experimental
requirements. We have already reported the first
version of an experimental laboratory system for
generation of fog with predictable droplet amount
and parameters, working with tap water elsewhere
[19]. Here, the second version of the system is
presented, which generates fogs with different
impurities and varying parameters.

EXPERIMENTAL SETUP OF THE
AUTOMATED SYSTEM FOR FOG
GENERATION

Figure 1 shows the automated system for fog
generation: the pulverizing unit having the ability
of simultaneous water and impurity spraying and
the pulse control unit, respectively.

Fig. 1. A. Fog spraying unit: (1) electromagnetic
valve; (2) fog generating nozzle (orifice diameter of 0.4
mm); (3) valves; B. Control unit: (1) power button; (2)
pulse initiation button; (3) knob for setting the timer
(seconds); (4) switch for selection of time multiplier; (5)
LED indicator for operation

The control unit developed by us was described
elsewhere [18]. It generates uniform pulses with
duration of 0.2 or 0.5 seconds, selected by the
switch (4) and multiplied by the multiplier (3).
When the desired values for the pulse duration are
set, button (2) is used to initiate fog generation.

Fig. 2 depicts the block diagram of the part of
the system intended for generation of fogs with

varying chemical composition. Working liquid is
atomized by means of a pneumatic atomizing
nozzle [19] which works on a siphon principle. The
system operates in the following way: pressurized
gas (nitrogen) is fed from the tank (5) to the
atomizing nozzle (4), which draws water from one
of the containers (7) and fogs the working area with
the operating liquid. The supply of pressurized gas
to the atomizer is regulated by an electromagnetic
valve (3). The supply of operating liquid to be
fogged (tap or distilled water and contaminating
medium) is regulated by corresponding valves (6).
Depending on the impurity, which is to be included
in the generated fog, the corresponding container is
used. The prototype has six branches with six
valves, so that switching between different
containers can be done easily and quickly. The
electromagnetic valve (3) between the source of
pressurized gas and atomizing nozzle is controlled
by a specially developed pulse generator (2) (shown
in Fig. 2) and supplies pressurized gas to the
atomizing nozzle in response to an output signal
coming from the pulse generator (controller).
Different settings can be used, in order to achieve
desired durations of fog spraymg

é? -

Fig. 2. Block diagram of the automated system for
generation of fog with impurities — (1) laser particle size
analyzer; (2) spray duration control unit; (3)
electromagnetic valve; (4) nozzle; (5) pressurized gas
tank; (6) valves; (7) fluid containers

To analyze the distribution and microphysical
characteristics of droplets and clarify how the
feeding gas pressure influences the parameters of
fog, a laser particle size analyzer (JNWINNER,
model 319A) was used. The nozzle (4) is positioned
at a certain distance from the measuring equipment
(1). The control unit (2) generates pulses with
durations varying from 0.2 to 5.5 seconds, and
passes them to the electromagnetic valve (3), so
that uniform and identical sprayings can be
achieved. As mentioned above, with the aid of the
pressurized gas from tank (5) and thanks to the
special construction of the nozzle, only the fluid
from the chosen container (7) is used. It should be
noted that for investigating specific chemical
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solutions additional valves (6) are used, which
allow convenient sprayings with different duration
for each kind of fluid.

A manometer and valves were mounted on the
pressurized gas tank, which allow precise control of
the feeding pressure of nitrogen, so fogs with
variable characteristics, such as number and size
distribution of the generated fog droplets, can be
produced.

EXPERIMENTAL RESULTS ON THE WORK
OF THE AUTOMATED SYSTEM FOR FOG

GENERATION
Investigation on fog parameters at different gas
pressures
Research on droplets generated by the

automated pulverizing system which uses a gas-
liquid (nitrogen and distilled water) mixing nozzle,
was performed at four different feeding gas
pressures of 1, 2, 3, and 4 bar, with nozzle orifice
diameter of 0.4 mm. One hundred measurements
were taken for each of the four gas pressures. The
spraying distance was kept constant for all
experiments — 65 cm. The purpose of the study was
to find out how the number density and the
diameter of the droplets vary with the gas pressure.

Fig. 4 compares the average results for the
amount and the diameter distribution of droplets for
each gas pressure. The graphs represent the
distribution of the diameter of the measured
particles — on the X-axis the different sizes are
given, so, according to the height of a certain blue
bar, the volumetric percentage for the respective
size can be detected on the right Y-axis. The red
curve, on the other hand, gives information about
the percentage of particles, with smaller than each
size marked on the X-axis, and its values can be
detected on the left Y-axis. The variation of general
fog characteristics with atomizing gas pressure can
be easily seen in the figure.

Table 1 shows the summarized results from
measurements of microphysical characteristics and
distribution of droplets generated by the automated
system:  modality of the distribution (i.e. the
number of peaks — monomodal, when there is only
one peak in the spectrum; bimodal, when there are
two peaks; and multimodal, when there are more
than two peaks); the values of the local peaks of the
distribution; average diameters, calculated by
surface area and by volume; surface area-to-volume
ratio; fit error.
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Fig. 3. Diameter distribution and amount of droplets,
generated at different gas pressures: a) 1 bar; b) 2 bar; c)
3 bar; d) 4 bar

The summarized results of testing the automated
system for fog generation are represented
graphically in Fig. 5.

The observed overall tendency is that the values
of the average diameters calculated by surface area
and by volume decrease with increasing gas
pressure. At the highest gas pressure of 4 bar, these
values are the lowest. Also, the difference between
the maximum and the minimum diameter is the
smallest in that case — 65 um, which means that the
width of this diameter distribution is the narrowest
one.

The widest size distribution spectrum, on the
other hand, is observed at gas pressure of 1 bar,
where the difference between the maximum and the
minimum diameter is about 170 um, and the values
of the average diameters are highest.
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Table 1. Summarized results from measurements of droplets, produced by the automated spraying system at varying
gas pressures

Gas pressure [bar] 1 2 3 4
Modality of the distribution ~ Multimodal Multimodal Multimodal Multimodal
7 8 8 8
Peak(s) [um] 15 20 20 20
40 40 38 40
Averaged diameter by 32.867 15.643 12.65 10.103
surface area [pum]
Averaged diameter by 44.061 28.587 24.806 16.875
volume [pm]
Surface area-to-volume ratio g, 55 3835.605 4742.945 5938.751
[cm?/cm?]

Fit error x100 [%)] 0.009 0.008 0.010 0.008
Min. diameter [pum] 3.979 3.65 3.071 3.65
Max. diameter [pum] 177.477 96.993 105.737 68.675
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Fig. 4. Summarized results for the minimum and the maximum diameters detected, averaged diameters by specific
surface area and by volume, for different gas pressures (1-4 bar), for the automated system for fog generation, at a

spraying distance of 65 cm

At gas pressure of 4 bar the automated system
produces the smallest droplets and they have
similar sizes, while at 1 bar the generated droplets
are relatively big, but a small amount of tiny ones is
also present. At gas pressures of 2 and 3 bar the
size ranges are almost identical, but while at 3 bar
the diameter distribution is relatively smooth and
the amounts of droplets of different sizes are
similar, at pressure of 2 bar only 10% of all droplets
have sizes between 10 and 20 pm.

The experimental results for the automated
system for fog generation show that the parameters
of the produced fog can be precisely controlled, as
well as the way they change when varying the gas
pressure, fed to the nozzle.

Investigation on fog parameters with added
impurities

We have performed tests which show how
impurities influence the parameters of fog. Figure 9
compares the change in the number and the
diameter distribution of droplets of pure distilled
water, when 5% of KH,PO, are added. The droplets
were produced by the automated system at gas
pressure of 2 bars for both cases and the
measurements were taken at 65 cm distance from
the nozzle.

There is a notable change in the fog parameters
when 5% of KH,PO, are added to distilled water.
The percentage of small droplets between 3 and 10
um increases significantly, while larger droplets
(above 80 um) disappear.
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Figure 6 shows the deviation of the sensor’s
spraying of seven solutions with varying
concentrations of tetracycline. One capsule of
tetracycline was dissolved in different amounts of
distilled water — 400, 200, 100, 80, 60, 40 and 20
ml.

It can be seen from the graph that the increase in
the content of tetracycline leads to higher deviations
of the signal from our sensor.

CONCLUSIONS

A simple, innovative laboratory simulator of
chemically polluted fog is designed and studied. It
allows improved control of water spraying, control
of droplet amount and size distribution, stable
parameters of the fog and introducing different kind
of pollutants in it. The fog density and droplet size
are in the range of the real fog ones. The system
makes possible the production of fogs with great
predictability and repeatability. At the same time,
impurities with variable concentrations can be
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spraying by fog of distilled water and varying amounts of
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signal from its initial indication  after
included to the generated fog easily and quickly,
thus allowing convenient study of the interactions
between fog and different kinds of impurities.

The conducted experiments show that the system
functions properly and satisfies all requirements for
successful development of fog sensors. Tests in a
controlled environment allow precise calibration of
sensors, adjustment of their working characteristics
and evaluation of their work with different
pollutants.

Although the system was developed for testing
SPCE-based gas sensors, it can be included in
research  projects for studying atmospheric
chemistry, different aerosol sources, industrial
pollutants, chemical and biological weapons and
their disposal. The system could also find
application in other testing equipments and
experiments which require control of the number
density, size distribution of aerosol particles and
pollutant concentrations.
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CUCTEMA 3A TEHEPUPAHE HA M'BI'JIA C KOHTPOJIMPAHU ITPUMECHU
O. JI. Usanos"", $1. W. Panes!, I1. Toxopos, 1. IT. TTonos?, X. JI. ITepec-/inac?, M. K. KpHepal

Y Unemumym no ¢pusuxa na mevpoomo msno ,, Axad. I. Haoocaxoe”, Bvnzapcka akademus na naykume, 6yi.
., Hapuepaocko woce” 72, 1784 Coghus, Boacapus
2Vuusepcumem na Anxana, Ankana oe Enapec, Maopuo, Hcnanus

Tlocrprnmna wa 26 centemBpu, 2017 r. [Ipuera Ha 31 okTOMBpH, 2017 T.
(Pe3tome)

B craruAra e mpeacTaBeHa cucTeMa 3a TEHEpUpPAHE HAa MbIVA, KOSATO MOXKE Jla CE HU3MONI3Ba 3a TECTBAHE B
71a00paTOpPHU YCIIOBHSI Ha AATYMIM 32 MbIJa. HammsaT mpoToTHN MOXKe Ja TeHepHpa MbBIVIM C Pa3IHYeH XUMHYCH
cbeTaB (o 6 Buaa GuIynaM), KOIMYECTBO, JHMAMETBP M paslpesiesieHHe MO pa3MepH Ha KaMUUIWUTE NPH Pa3IMyHa
MPOABIKUTETHOCT HA UMITJICUTE Ha MynBepusupaHe. C MoOMoOINTa HA Ta3d CUCTEMa MOraT Ja ce TeCTBAT CEH30pH 3a
Pa3JIMYHY LIeJIN, KaTO HAIIPHUMEp 3a NMPOBEpKa IPH aTaka ¢ XMMUYHH, OMOJIOTMYHH, PaAUOJIOTUYHH WIH AOPCHU arcHTH,
3a U3MEpPBaHE HA NMPOMUIIIECHH 3aMbPCSABaHUsA, 3aMbPCIABAHE C MpPax, ACTEKTHpaHe Ha OTPOBHHU razose U ap. OCHOBHa
I[e] Ha CHCTeMaTa € eJIMMHHHPAHETO Ha YOBEIIKaTa Ipelika M MoJo0psiBaHe Ha pe3yNTaTHUTE NpH II0MydaBaHE Ha
H3KYCTBEHa MBIJIA C MIPEJBAPUTENHO 33JaJ€HU MapaMeTpu. BaxkHO MpeauMCcTBO Ha Ta3H CUCTEMa €, Y€ Ts MMO3BOJsIBA
IIPeLU3eH KOHTPOJI BBPXY KOJIHMYECTBOTO MPUMECH, T0OaBSIHN KbM MBIJIATa.
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HNO3 immobilized on nano SiO,: A novel efficient heterogeneous catalytic system
for the synthesis of 2-substituted oxazolines, imidazolines, thiazolines, and 2-aryl-
1H-benzimidazoles under solvent-free conditions
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HNO3; immobilized on nano SiO; (HNOs@nano SiO;) was examined for the synthesis of 2-substituted oxazolines,
imidazolines, thiazolines and 2-aryl-1H-benzimidazole derivatives under solvent-free conditions. The results confirmed
its excellent efficiency in the preparation of the mentioned heterocycles. The method proved to be simple, green, and
convenient; the synthesized nanocatalyst was efficient in a vast domain of substrate transformations to the corresponding
products in good yields. The recovery and reusability of the synthesized nanocatalyst was investigated in 4 runs without
registering activity loss. The mechanism of the transformations is proposed.

Keywords: Benzimidazole; Imidazoline; Oxazoline; Thiazoline; Nanocatalyst; Reusable catalyst; Green chemistry

INTRODUCTION

In recent years developing new and efficient
methods for the synthesis of heterocyclic
biologically active natural compounds has received
considerable attention in organic chemistry. This
importance is due to their wide application in
medicine. Oxazolines, imidazolines and thiazolines
are important substructures in a large number of
biologically active natural products [1,2]. Many
derivatives of these heterocycles have shown anti-
hypertensive  [3], anti-depressive [4], anti-
hypercholesterolemic [5], anti-diabetic [6], anti-
tumor [7], and anti-inflammatory [8] properties. In
addition to these important features, they are also
known as valuable intermediates in organic
transformations [9]. Several publications have been
described for the synthesis of 2-substituted
oxazolines, imidazolines and thiazolines from
different precursors such as carboxylic acids [10],
esters [11], nitriles [12, 13], amides [14], aziridines
[15], and aldehydes [16].

Benzimidazole motif plays very important roles
in numerous pharmaceutical molecules possessing
anti-HIV [17], anti-fungal [18], anti-cancer [19],
antihelminthic [20], anticoagulant [21], and proton
pump inhibitor properties [22]. Benzimidazoles are
a component of vitamin B12 and are related to the
DNA base purine and the stimulant caffeine [23].
Methods for synthesis of benzimidazoles include the
condensation reaction of o-phenylenediamines with
aldehyde [24], carboxylic acids [25], and orthoester
derivatives [26]. Various reaction conditions and a
variety of homogeneous and heterogeneous catalysts
such as S/Co(NOs), [27], sulfuric acid {[3-(3-

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

silicapropyl)sulfanyl]propyl}ester (SASPSPE) [28],
zeolite [29], Fe(HSO4)s [30], silica supported
tungstosilicic acid [31], trichloroisocyanuric acid
(TCCA) [32], and tribromomelamine [33] have also
been applied for the preparation of these N-
containing heterocycles.

A variety of oxidants and catalysts have been
used for the synthesis of imidazoline, thiazoline,
oxazoline and benzimidazole derivatives. Although
these methods worked nicely in many cases,
however, some of them suffer from one or more
limitations such as low yields, use of volatile or toxic
organic solvents, requirement of excess amounts of
catalysts or reagents, special apparatus and harsh
reaction conditions. Consequently, development of a
convenient, high yield environmentally benign
procedure for synthesis of imidazoline, thiazoline,
oxazolines, and benzimidazoles is still a challenging
research.

In continuation of our research interest in
nanochemsitry [34-38] in this article we proposed a
new protocol for the synthesis of oxazolines,
imidazolines and thiazolines via the reaction of
nitriles with 2-aminoethanol, ethylenediamine, and
2-aminoethanethiol in the presence of catalytic
amount of HNOs@nano SiO; under solvent-free
conditions. In addition, the preparation of
benzimidazoles under solvent-free conditions by the
reaction of o-phenylenediamines with aldehydes or
carboxylic acids in the presence of HNOs;@nano
SiO, was reported.

RESULTS AND DISCUSSION

The nanocatalyst was synthesized via a simple
procedure reported by our group [36] and was
characterized by FI-IR and SEM techniques. The H*
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Table 1. Optimization the reaction conditions for the synthesis of 3a.

arw Hajﬁo s =
[J*' NH, ~F [f N
1a Ia 3a
Entry Conditions® Yield (%) Time (h)
1 HNOs@nano SiO; (0.01 g)/ solvent-free/ r.t. 20 12
2 HNOs@nano SiO- (0.01 g)/ solvent-free/ 60 °C 45 7.30'
3 HNOs@nano SiO- (0.01 g)/ solvent-free/ 80 °C 60 5
4 HNOs@nano SiO, (0.01 g)/ solvent-free/ 90 °C 85 2.30'
5 HNOs@nano SiO; (0.01 g)/ solvent-free/ 100 °C 85 2.30'
6 HNOs@nano SiO- (0.01 g)/ H,0O/ reflux 20 12
7 HNOs@nano SiO; (0.01 g)/ CH3CN/ reflux b 12
8 HNOs@nano SiO; (0.01 g)/ EtOH/ reflux b 12
9 HNOs@nano SiO- (0.01 g)/ CHCly/ reflux b 12
10 HNOs;@nano SiO; (0.01 g)/ EtOH:H,0 (1:1)/ reflux b 12
11 HNOs;@nano SiO; (0.01 g)/ CHCIy/ reflux b 12
12 HNOs;@nano SiO; (0.01 g)/ CH3OH/ reflux b 12
13 HNOs@nano SiO- (0.008 g)/ solvent-free/ 90 °C 75 3.30'
14 HNOs@nano SiO; (0.012 g)/ solvent-free/ 90 °C 85 2.30'
15 Catalyst-free/ solvent-free/ r.t. 10 24
16 Catalyst-free/ solvent-free/ 90 °C 15 24
2 The molar ratio of 1a/ 2a was 1/1; 5 mL of each solvent was used; ® The substrates remained intact.
% T S [-; Ar—CHo _HNO:@nano 10, (001 g) EFT}Z}? f\‘_}
thli:’e'a}“,_l_[2 Solvent-free, 90 C - ﬁ A
la X=CH R=H
Ib X=CH R=Me 220 3a-s
le. X=N,R=1

Scheme 1. Synthesis of 2-aryl-1H-benzimidazoles by HNOs@nano SiOs.

concentration on the surface of the catalyst, which
was determined by titration of 0.1 g of the solid with
NaOH (0.1 N), was equal to 4.3 meq/g.

To evaluate the catalytic activity of HNOs@nano
Si0,, the condensation of o-phenylenediamine and
benzaldehyde to prepare 2-phenyl-1H-benz-
imidazole was chosen as model reaction (Table 1).
Screening the temperature effect in the presence of
0.01 g of the nanocatalyst exhibited that the best
results were obtained at 90 °C (entries 1-5).
Performing the model reaction in different solvents
did not lead to satisfactory results (entries 6-12).
Investigating the nanocatalyst amount demonstrated
that the best yield was obtained with 0.01 g of the
catalyst (entries 4 and 13). Increasing the catalyst
amount up to 0.012 g didn’t affect the reaction
progress (entry 14). In order to confirm the catalyst
efficacy in preparation of 3a, the model reaction was
also examined in the absence of nanocatalyst at room
temperature and 90 °C with low vyields (entries
15,16).

In the next step the reaction of different
aldehydes  with  1,2-phenylenediamines  was
performed under the optimal conditions (Scheme 1).
The results are summarized in Table 2.

As can be seen in Table 2, the reaction of o-
phenylenediamine (1a) with benzaldehyde and its
various electron-donating and electron-withdrawing
substituents was performed successfully (entries 1-
12). The condensation of 1a with 2-naphthaldehyde,
with a sterically-hindered construction, eventuated
to the corresponding benzimidazole 3a in 71% vyield
(entry 13). The heteroaromatic massive indole-3-
carbaldehyde (2n) gave its 3n analogue in moderate
yield (entry 14). Terephthalaldehyde, as a
bifunctional aldehyde system, reacted with 2 mmol
of 1a in the presence of 0.02 g of HNOs@nano SiO>
to prepare 2-(4-(1H-benzimidazol-2-yl)phenyl)-1H-
benzimidazole. This observation confirmed the
selective operation of the nanocatalyst, that no
mono-adduct was obtained as by-product. The
prosperous condensation of  4-methyl-o-
phenylenediamine (2a) with benzaldehyde and 4-
methylbenzaldehyde affirmed the efficacy of the
nanocatalyst (entries 16,17). 2,3-Diaminopyridine
(1c) also  generated the  corresponding
benzimidazoles in the reaction with 2b and 2h,
respectively (entries 18,19)
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Table 2. Synthesis of 2-aryl-1H-benzimidazoles using HNOs@nano SiO; (0.01 g) at 90 °C under solvent-free conditions.

: T Time  Yield o~\a
intry  Diamine Ar Product () %) M.p., Ref. (°C)
N
N . 285-289,
1 la CeHs 2a ©[H>_® sa 2500 8 56988 29]
N
_ \ CH, , 268-272,
2 la 4-CHsCeHs  2b ©[H>_< >* 3230 86 e’
N
_ 3 oCH, , 223-225,
3 la  4-OCHsCeHs 2c CEH 3¢ 5100 75 224-225 [39]
<9
N , 223-227,
4 la  3-OCHsCeHs 2d N 3d 430 T2 g
CH,
H,CO
N
, 133-135,
5  la  2-OCHiCeHs 2e @[N\>_© 3e 410 65 jupiieri
H
N |\{CH3
\ , 292-294,
6  la  4-N(CHy)CeHs 2f @[H@ ch, oF 315 84 oeg00040)
N
A\
7 la 3-OHCeH,  2g ©[N> < 2 3g 315 74 273-275,
N 9y 277 [41]
N
3 cl , 283-285,
8§  1a 4CICHs  2h @H@ Sh 245 8 584986 [29]
N
. A\ Br . . 282-285,
9 1a 4BICeHs 2 @[H@ 8i 3200 7T 83084 [29]
N
_ _ N NO, _ , 318,
10 1a  4-NOCeHs  2j @[H@ 3 55 75 317[41]
g%
N , 206-207,
11 1a 3-NO,CeHs 2k Hﬂ 3k 52560 547508 [29]
02
HO
N 255.257
- -)- \ ' . '
12 1la 2-OH-5-BrCeHs 2l @[N 3 220 88 ooy
H Br
N , 217-219,
13 la 2-Naphthyl 2m @:NH 3m 3.30 71 218-219 [42]
N 195-197
14 la 3-Indolyl 2n »_9 3n  4.20° 69 )
196-198 [24
@EN \_NH 24
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N N
N % . 245-246,
15 la Terephthalyl 0 ©[N>_©_<Nj© 30 4.20 67 245-247 [43]
N
N . 239-241,
16 1b CoHs 2a HC@[,\P—@ 3 310 89 0
3
N
] N CH, . 101-103,
17 1b  4-CHCHs 2b H3C/©[H>_@ 3q 255 80 y00houre
N
18 1c  4-CHCH: 2b (:[,\?—@*CHS 3r 215 86 243-247
N"H
N
19 1c 4CICeHs  2h EN:[,\P—Q*C' 3 325 75 260-264
H

2 Reference of known compounds; ® The reaction was performed with 1a (2 mmol) and HNOs@nano SiOz (0.02 g).

HNO;@nano SiO2

W

ot Transfer

O-— 0

NS oH

e

NOH

Scheme 2. Plausible mechanism for the synthesis of 2-aryl-1H-benzoimidazoles using HNOsz@nano SiO,

In order to investigate the high efficacy of the
nanocatalyst, in the next step the benzimidazoles
were obtained via the reaction of o-
phenylenediamine and carboxylic acids in the
presence of 0.02 g of HNOs@nano SiO- at 100 °C
under solvent-free  conditions. Results are
summarized at Table 3. Different types of organic
benzoic acids condensed with o-phenylenediamine
(entries 1-8). Acetic acid as an aliphatic candidate
also successfully created the 2-methyl-1H-
benzimidazole (3v) (entry 9). No significant
substituent effect was observed. According to the
data, the electron-donating substituents at para-
position of benzoic acid, such as 4-methyl, 4-
methoxy, and 4-hydroxy substituents carried out the
condensation better than benzoic acid (entries 2-4);
while the electron-withdrawing 4-nitrobenzoic acid
performed the reaction in a longer period than
benzoic acid (entry 6). Comparison of data in Tables
2 and 3, demonstrated that aldehydes are better
candidates than carboxylic acids in the condensation
with diamines.

Although the real reaction route is not obvious, a
plausible mechanism for the synthesis of 2-aryl-1H-
benzimidazoles was proposed via the condensation
reaction of o-phenylenediamine with carboxylic
acids in the presence of HNOs;@nano SiO- (Scheme
2). The nucleophilic attack of o-phenylenediamine
(1a) to activated carboxylic acid A produced the
intermediate B, which by water release gave the
imine-alcohol intermediate C. The intramolecular
Michael addition of the amine group in C to C=N
bond led to D which dehydrated to form the products
3.

In the next step, to evaluate the best efficiency of
the nanocatalyst, we report a simple, efficient and
eco-friendly approach for the synthesis of 2-
oxazolines, 2-imidazolines, and 2-thiazoline
derivatives using HNOz@nano SiO, (Table 4). In
each case a model reaction was chosen for screening
the best reaction conditions. The results are
summarized in Table 4.
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Table 3. Synthesis of 2-aryl-1H-benzimidazoles via the reaction of carboxylic acids with o-phenylenediamine

in the presence of HNOs@nano SiO, (0.02 g) at 100 °C under solvent-free conditions.
NH, (0.02 g) N

+ R_CO.H HNO;@nano SiO2 N\_R
2 Solvent-free, 100 °C >—
NH, N
la 4a-i 3
Entry R Product Yield (%) Time (h) M.p., Ref. (°C)?

N
X 285-289,
1 CsHs 4a @[”@ 3a & 5 286-288 [29]
N
2 A-CHCeHs 4b @[@CHS 3b 82 445 262;;32_7%7[2?;9]
N
3 4-CHCeHs 4c @[,?_@O% 3c 8 4.20 22242-2-2252[53'9]
N
\ oH , 228-230,
4 4-OHCeH, 4d @[H@ 3t 81 4.35 229-230 [40]
N
N 273-275
5  3-OHCeHs de @[ 3 73 5.10 '
sHa H>—QH g 277 [41]
N
i N\ NO, . , 318,
6  4NOCeHs 4f @[H@ 3 & 8.10 317 [41]
N
\ -
7 3-NOCeHs 4g @EN: Q 3k 65 8 202%?202530[759]

H NO,
N
N , 264-265,
8  2-NOCeHs 4h @EH: Q 3u 67 8.20 264-266 [29]
02
N
9 CHs 4i <EEN\>_CHs 3v 64 9 17167-(;%37[1’4]

& Reference of known compounds.
Table 4. Screening the reaction conditions for preparation of 2-phenyl-4,5-dihydro-1H-imidazole (7a), 2-phenyl-4,5-
dihydro-1,3-oxazole (9a), and 2-phenyl-4,5-dihydro-1,3-thiazole (11a).

(e}

A HN B ¢
S
CN HyN \/r\> CN HO 3 CN HS 3
O R OO
H,N H,N HoN
5a 8 10 1la

5a 6 7a 9a 5a
Solvent (5 mL)/ HNO3 Solvent (5 mL)/ HNO3z Solvent (5 mL)/ HNO3
Entry @nano SiO2 (g)/ Time Yield @nano SiO2 (g)/ Time Yield @nano SiO2 (g)/ Time Yield
temperature (°C)/ 6 (h) (%) temperature (°C)/ 8 (h)y (%) temperature (°C)/ 10 (h)y (%)
(mmol) (mmol) (mmol)
1 -/ 0.006/ 100/ 4 430" 30 -/ 0.005/ 90/ 6 6.20' 30 -/ 0.005/ 100/ 3.5 430" 55
2 -/ 0.012/ 100/ 4 420" 60 -/ 0.01/ 90/ 6 5.20" 50 -/ 0.008/ 100/ 3.5 3.30" 70
3 -/ 0.015/ 100/ 4 330" 65 -/ 0.02/ 90/ 6 450" 60 -/ 0.01/ 100/ 3.5 3 75
4 -/ 0.02/ 100/ 4 330" 65 -/ 0.024/ 90/ 6 4 70 -/ 0.012/ 100/ 3.5 3 75
5 -/0.015/r.t./ 4 12 - -/0.02/rt./ 6 12 - -/0.01/r.t/3.5 12 -
6 -/ 0.015/ 90/ 4 345 55 -/ 0.02/ 60/ 6 510" 50 -/ 0.01/ 80/ 3.5 4 65
8 -/ 0.015/ 110/ 4 3.30" 65 -/ 0.02/ 100/ 6 4 70 -/ 0.01/ 110/ 3.5 3 75
9 H20/ 0.015/ reflux/ 4 12 - H20/ 0.02/ reflux/ 6 12 - H20/ 0.01/ reflux/ 3.5 12 -
10 EtOH/ 0.015/ reflux/ 4 12 - EtOH/ 0.02/ reflux/ 6 12 - EtOH/ 0.01/ reflux/ 3.5 12 -
11 CH3CN/ 0.015/ reflux/ 4 12 - CH3CN/ 0.02/ reflux/ 6 12 - CH3CN/ 0.01/ reflux/ 3.5 12 -
12 -/ 0.015/ 100/ 2 6.10" 52 -/ 0.02/ 90/ 3 6.20" 54 -/ 0.01/ 100/ 3 3.20" 63
13 -/ 0.015/ 100/ 5 3.30" 65 -/ 0.02/90/ 7 4 70 -/ 0.01/ 100/ 4 3 70
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Various parameters such as catalyst amount,
solvent, temperature, and substrates molar ratio was
examined. The best results for 2-phenyl-4,5-
dihydro-1H-imidazole (7a) synthesis were obtained
in the presence of 0.015 g of nanocatalyst under
solvent-free conditions at 100 °C using 4 mmol of
ethylenediamine (Table 2, column A, entry 3). 2-
Phenyl-4,5-dihydro-1,3-oxazole (9a) was prepared
using 6 mmol of ethanolamine at 90 °C under
solvent-free conditions using 0.02 g of HNOs@nano
SiO; (Table 2, column B, entry 3). The data for entry
3 of column C confirmed that 2-phenyl-4,5-dihydro-
1,3-thiazole (11a) was obtained at 100 °C in the
presence of 0.01 g of nanocatalyst under solvent-free
conditions via the reaction of 3.5 mmol of amino
ethanethiol (10).

Under these optimized conditions, a variety of
aromatic and heteroaromatic nitriles were reacted
with ethylenediamine to generate the corresponding
2-imidazolines (Table 5, entries 1-8). According to
the data in Table 5, electron-withdrawing nitriles
such as 4-chloro and 4-bromo benzonitriles carried
out the reaction in shorter duration than electron-
donating nitriles such as 4-methyl and 4-methoxy
derivatives.  2-Cyanopyridine  (5f), as a
heteroaromatic nitrile, gave the 2-(4,5-dihydro-1H-
imidazol-2-yl) pyridine very successfully (entry 6).
Another interesting  observation was  with
isophthalonitrile (5g) where using 59/ 6 with the
molar ratio 1/ 4 in the presence of 0.015 g of

nanocatalyst gave 3-(4,5-dihydro-1H-imidazol-2-
yl)benzonitrile as the only product. No bis-
cyclization was seen under these conditions.

Changing the molar ratio of 59/ 6 to 1/8 in the
presence of 0.03 g of HNO3;@ nano SiO; yielded the
1,3-bis(4,5-dihydro-1H-imidazol-2-yl) benzene as
the only product. Based on these facts, the
chemoselectivity of the procedure was confirmed.
Under the optimized reaction conditions different
oxazolines and thiazolines were also prepared.
Manufacturing of mono- and bis-oxazolines (entries
13 and 14) and bis-thiazoline (entry 23) also
validated the chemoselectivity of the procedure. The
suggested mechanism for the synthesis of 2-
imidazolines, 2-oxazolines, and 2-thiazolines is
given in Scheme 3. The nanocatalyst activated the
nitrile 5 to form the activated analogue A. The
nucleophilic attack of 6, 8, 10 to A generated B.
Intramolecular attack of NH, to C=N bond gave C
which released NHjs to produce the desired products
7,9 and 11. In order to show the efficient activity of
the nanocatalyst, the reaction of o-phenylenediamine
and benzaldehyde in a molar ratio of 1/1 was chosen
as a model. After completion of the reaction (2.50',
Table 2, entry 1), methanol (10 mL) was added to the
mixture and the catalyst was filtered. The filtrate was
washed with methanol (5 mL). The residue was
heated at 100 °C for 30 min and used for another run.
The catalyst could be recovered and reused for 4 runs
without activity loss (Fig. 3).

Table 5. Synthesis of imidazolines, oxazolines, and thiazolines in the presence of HNOs@nano SiOs.

X
XN HX o : \/|\>
R:i\j/ j 3@nano SiO2 . R:_ XX
= HZN =
5 6: X =NH, 7,9,11
g: X=0H
10: X=SH
Entry Nitrile Product Time (h)  Yield (%) M.p., Ref. (°C)?
N
eN [ /> 100-101
N ' -101,
1 ©/ 5a (j/L N 7a 330 65 100-101 [31]
N
CN //>
N 176-179,
2 H C/O > H e ? o7 177-179[31]
* H,C
CN l\/l
N 138-140,
3 HSCO/©/ = H o TC 8 65 139-140[31]
H,CO
CN l\;/>
4 CI/O/ 5d N 7a 630 74 187-188,

186-188[32]
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CN

&
@

X
6 |
N CN
CN
7 %
N
CN
8b
;N
CN

¥

CN
o SO
H,C

CN
. JO
cl
X
12 |
N7 >CN
CN
N
CN
14¢ [j
N
NH,
s X
CN
16 CH:CN
CN
17 @(
CN
18

I
%)
; E
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5e

5f

59

59

5a

5b

5d

5f

59

59

5h

5i

5a

5b

N
/©/M/ﬁ> 7e
Br

| XX
N 7f
HN\)
N
|
W
H 7g
N
NH N
N7 //r\>
N 7h
N
L
9a
N
i
9b
H;C
N
)
9c
Cl
| XX
N
L
9e
N
(6] N
(AN
of
N
L
99
NH,
N
L
H3c/L on
N
[
S 1la
N
B
ST 11b
H,C

4.10°

2.50'

3.25'

4.30'

5.45'

4.30'

4.30'

5.30'

9.10'

12

10

64

84

78

83

70

64

69

89

83

74

68

57

70

55

243-245,
242-246[32]

102-103,
101-102[31]

132-134,
133-134[32]

243-244,
242-243[31]

oil,
0il [32]

72-73,
71-73[27]

78-79,
77-79[32]

67-69,
68-69[27]

97-100,
98-100 [32]

136-140,
137-139[32]

52-56,

53-55[27]

107-109,
108-109[45]

126-129,
126-128[32]

39-41,
40-41[33]
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CN
CN
20 /©/ 5d
Cl
: CN

/
5e S
Br
X
A | "
22 | 5f NP
e >

21

zZz 2

C S N
N

3CO/©//\
N
>
ST 1d 7 70
cl
N

52-54,
53-55[32]

52-55,
53-55[32]

59-61,
60-62[32]

92-93,

1af 8 8 92-94[32]

110-113,

g 445 80 111-113[32]

a Reference of known compounds; ® Reaction conditions: ethylenediamine (8 mmol) and HNOs@nano SiO2
(0.03 g); °Reaction conditions: ethanolamine (12 mmol) and HNOz@nano SiO2(0.02 g); ¢ Reaction conditions:
aminoethanthiol (7 mmol) and HNOs@nano SiO2 (0.02 g).

N‘\

Hy
@N
HNOz;@nano SiO2: Q

X=0,S,NH

K/NHz

Scheme 3. Suggested mechanism for the preparation of 2-imidazolines, 2-oxazoI|nes, and 2-thiazolines.

Yield (3]

85
24
83
82
I 81
80
a 3 2 1

Run
Fig. 3. Recovery and reusability of HNOs@nano SiO; in
the reaction of o-phenylenediamine and benzaldehyde.

EXPERIMENTAL
Materials and methods
All chemicals were purchased from Merck,

Aldrich and Alfa Aesar and were used without
further purification. The amorphous nano silica with

average particle size of 20-30 nm and specific
surface area of 180-270 m?g™* was purchased from
Tecnan Company. IR spectra were recorded in KBr
disks using FT-IR Bruker Tensor 27 instrument.
Melting points were determined on a Shimadzu
DSC-50 thermal analyzer and are uncorrected. *H
NMR spectra were recorded with a Bruker drx (400
MHz) machine. Elemental analyses were performed
using a Thermo-Finnigan Flash EA 1112 Series.
Progress of the reaction was monitored by thin layer
chromatography  (TLC)  techniques  using
commercial available silica gel sheets. Preparative
layer chromatography (PLC) was carried out on
20x20 cm? plates coated with a 1 mm layer of Merck
silica gel PF2s4, by applying the silica as slurry and
drying in air. The products were characterized by
their melting points, FT-IR, *H NMR, and CHN
analysis.
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Preparation of HNOz@nano SiO [36]

In a round-bottom flask, concentrated HNO; (1
mL) was added to a mixture of commercial nano
SiO; (2.5 g) in 10 mL of dry CHCI; and stirred at
room temperature for 180 min. CHCIl; was
evaporated at atmospheric pressure and the obtained
solid was placed in an oven for 2 h at 100°C to get
the HNOs@nano SiO; as pale yellow solid.

General procedure for synthesis of
benzimidazoles 3a-s via the reaction of diamines
and aldehydes

A mixture of diamines la-c (1 mmol) and
aldehydes 2a-0 (1 mmol) in the presence of
HNOs@nano SiO; (0.01 g) at 90 °C was stirred for
appropriate time (Table 2, 2.15-5.55"). The progress
of the reaction was monitored by TLC. After
completion, methanol (10 mL) was added to the
mixture. The nanocatalyst was filtered and the
filtrate was washed with methanol (5 mL). The crude
products were purified by PLC (eluent: n-
hexane/ethyl acetate, 2/1) to obtain 3a-s in 60-89 %.

General procedure for synthesis of
benzimidazoles via the reaction of o-
phenylenediamine and carboxylic acids

A mixture of o-phenylenediamine (1a) (1 mmol)
and carboxylic acids 4a-i (1 mmol) in the presence
of HNOs;@nano SiO; (0.02g) at 100 °C was stirred
for appropriate time (Table 3, 4.20-9 h). The
progress of the reaction was monitored by TLC.
After completion, methanol (10 mL) was added to
the mixture. The nanocatalyst was filtered and the
filtrate was washed with methanol (5 mL). The crude
products were purified by PLC (eluent: n-
hexane/ethyl acetate, 2/1) to obtain the
corresponding benzimidazoles in 64-82 %.

General procedure for synthesis of 2-substituted
imidazolines 7a-h

A mixture of the nitriles 5a-h (I mmol),
ethylenediamine (6) (4 mmol), and HNOs;@nano
SiO- (0.015 g) was stirred at 100 °C under solvent-
free conditions for appropriate time monitored by
TLC (Table 5, 2.50-9 h). After completion,
methanol (10 mL) was added to the mixture. The
nanocatalyst was filtered and the filtrate was washed
with methanol (5 mL). The crude products were
purified by PLC (eluent: n-hexane/ethyl acetate, 2/1)
to obtain the corresponding imidazolines (Table 5,
entries 1-8) in 64-84 %.

General procedure for synthesis of 2-substituted

oxazolines 9a-h

A mixture of a nitrile (I mmol), ethanolamine (8)
(6 mmol), and HNOs@nano SiO., (0.01 g) was
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stirred at 90 °C under solvent-free conditions for
appropriate time monitored by TLC (Table 5, 4-12
h). After completion, methanol (10 mL) was added
to the mixture. The nanocatalyst was filtered and the
filtrate was washed with methanol (5 mL). The crude
products were purified by PLC (eluent: n-
hexane/ethyl acetate, 2/1) to obtain the pure products
9a-h (Table 5, entries 9-16) in 57-89 %.

General procedure for synthesis of 2-substituted
thiazolines 11a-g

A mixture of nitriles 5a-g (I mmol),
aminoethanthiol (10) (3.5 mmol), and HNOz;@ nano
SiO; (0.01 g) was stirred at 100 °C under solvent-
free conditions for appropriate time monitored by
TLC (Table 5, 3-10 h). After completion, methanol
(10 mL) was added to the mixture. The nanocatalyst
was filtered and the filtrate was washed with
methanol (5 mL). The crude products were purified
by PLC (eluent: n-hexane/ethyl acetate, 2/1) to
obtain the pure products 11a-g (Table 5, entries 17-
23) in 55-85 %.

2-(4-Methylphenyl)-3H-imidazo[4,5-b]pyridine
(3r): M.p. 243-247 °C. IR (KBr) v/ cm™ 3444, 3028,
2962, 1698, 1620, 1108, 648. 'H NMR (DMSO-dg)
0 2.48 (s, 3H, Me), 7.20 (dd, J = 7.95 Hz, J = 4.76
Hz, 1H), 7.36 (d, J = 8.08 Hz, 2H), 7.74 (d, J = 7.65
Hz, 1H), 7.96 (d, J = 7.84 Hz, 1H), 8.12 (d, J = 8.08
Hz, 2H), 8.29 (d, J = 4.6 Hz, 1H). Anal. calcd. for
CisH1iNs: C 74.62, H 5.29, N 20.08 %, found: C
74.43, H5.16, N 19.96 %.

2-(4-Chlorophenyl)-3H-imidazo[4,5-b]pyridine

(3s): M.p. 260-264 °C. IR (KBr) v/ cm™ 3469, 1613,
11452, 1082, 766, 672. *H NMR (DMSO-dg) J 6.56
(dd, J=7.57 Hz, J4.94 Hz, 1H), 7.40 (d, J = 7.5 Hz,
1H), 7.56 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 6.05 Hz,
1H), 8.03 (d, J = 8.44 Hz, 2H), 8.69 (br s, 1H). Anal.
calcd. for C12HgN3Cl: C 62.75, H 3.51, N 18.29 %,
found: C 62.55, H 3.41, N 18.07 %.

CONCLUSION

In conclusion, in this work we have synthesized
a simple nanocatalyst via embedding HNO; on nano
SiO; and characterized it by titration, FT-IR, and
SEM techniques. Its catalytic activity was examined
in the synthesis of benzimidazoles, imidazolines,
oxazolines, and thiazolines under solvent-free
conditions. The simple work-up procedure, the
absence of hazardous and non-green solvents, good
yields, mild reaction conditions, chemoselectivity,
and recyclability of the catalyst are highlighted
features of this new procedure.
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Alzahra University.
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HNOs; UMOBUJIM3UPAHA BBHPXY HAHO SIO2: HOBA EOEKTUBHA XETEPOI'EHHA
KATAJIMTUYHA CUCTEMA 3A CUHTE3 HA 2-3AMECTEHU OKCA3OJIMHU,
NUMUJIA30JIMHU, TUA3O0JIMHU U 2-APUJI-1H-BEH3UMUNIA30JIN B OTCBECTBUE HA
PA3TBOPUTEIJI

K. Huxoodap*, I11. Moaze3 Jluzrapanu
Ilenapmamenm no xumus, @axyrimem no Quszuxa u xumus, Anzaxpa ynueepcumem, Banax, Texepan 1993893973, Upan
ITocrpnuna Ha 7 1ouu, 2016 r.; npuera Ha 23 cenrempu, 2017 1.
(Pestome)

HNO3 umobunmsupana Bepxy Hano SiO; (HNO:;@uano SiO») e u3cnenBaHa 3a CHHTE3 Ha 2-3aMECTCHH POU3BOIHH
Ha OKCa30JIMHH, UMHJIA30JIMHY, THA30JMHU M 2-apui-1H-0e3nmMuaazon B OTChCTBHE Ha pa3TBOpHTEN. Pesynrarure
HOTBBP)KIABAT OTIIMYHATA eDEKTHBHOCT Ha KaTalu3aTopa 3a I0JIy4aBaHe Ha CIOMEHATHTe XeTepOLUKIH. JlokazaHo e, 4e
CHHTE3MPAHMAT HAHOKATAIM3aTOp € e(QeKTHBEH B IIHpOKa o0macT oT TpaHcopMmamum Ha cyOcTpaTa, JaBaild
CHOTBETHHTE NIPOAYKTH ¢ 100pu 100MBH. Bb3cTaHOBsABaHETO M IOBTOPHATA yroTpeba Ha KaTaau3aTopa ca U3CICABaHHU B
4 nmkbia 6e3 3ary0a Ha akTHBHOCTTA. [IpemnoskeH e MeXaHU3bM Ha TpaHC(HOpMAIIHTE.
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Cardiovascular diseases (CVD) are still the leading cause of mortality and morbidity worldwide. Liver X receptors
(LXRs) and sterol regulatory element binding proteins (SREBPS) play an important role in lipid homeostasis. LXRs
affect SREBPs and promote lipid synthesis and reverse cholesterol transport (RCT). MicroRNA-33 down regulates
AMPK, ABCA1 and CPT1 mRNA. Sirtl also affects LXR and SREBP activity through deacetylation. We assessed the
effect of LXR agonist and miR-33 inhibitor on Srebp-2, Sirtl, AMPK expression, and lipid profile. Twenty four mice
were divided into four groups (n=6) and the study duration was 7 days. Group I, the control group, did not receive any
treatment, group Il received 30 mg/kg/48 h LXR agonist (T0901317) through i.p. injection, group Il received 1
mg/kg/48 h antagomiR-33 by i.p. injection and group IV received a combination of T0901317 and antagomiR-33. miR-
33, AMPK, Sirtl, Srebf-2 and Srebflc gene expression were quantified by real time PCR, and AMPK, Sirtl and Srebp-
2 protein expression by western blotting. T0901317 administration increased miR-33 and srebf-2 expression. Co-
administration of T0901317 and antagomiR-33 reduced srebf-2 and miR-33 levels and increased HDL-c levels. AMPK
was reduced in those groups which received T0901317. Sirtl gene and protein expression remained unchanged. In spite
of progress in drug discovery for atherosclerosis and metabolic diseases, these disorders are not fully controlled. It
seems that there is a synergistic effect between T0901317 and antagomiR-33 which reduce intracellular sterol levels
and increase cholesterol transport to hepatocytes, therefore this can be considered as a therapeutic alternative in
atherosclerosis and cardiovascular diseases.

Key words: LXR agonist, miR-33, T0901317, AMP-activated protein kinase

INTRODUCTION

Lipid homeostasis imbalance results in
complications such as atherosclerosis, diabetes
mellitus and metabolic syndrome [1, 2]. There are
networks of genes which orchestrate lipid
metabolism; including Sterol Regulatory Element-
Binding Factor (SREBF) family, Liver X receptor
(LXRs), AMP-activated Protein Kinase (AMPK).
Recently, microRNA-33 (miR-33) family also was
linked to lipid metabolism regulation [3-6].

MicroRNAs are short, endogenous, non-coding
RNAs which emerged as regulators of gene
expression and are implicated in many biological
processes [7, 8]. MiRNAs bind to their specific
MRNA targets in 3' UTR (untranslating region) and
cause mRNA degradation or translational inhibition
[2]. MicroRNA-33 is located in the intronic region
of SREBF family genes. In humans, there are two
isoforms of miR-33, miR-33a and miR-33b. miR-
33a is located in intron 16 of the SREBF-2 gene
and miR-33b is located in intron 17 of the SREBF-
1 gene. However there is only one miR-33 isoform
in mice which is located within intron 15 of the

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

mouse Srebf-2 gene. MiR-33 is highly conserved
and seed sequence of miR-33 family is identical in
human and mouse [9-11]. The SREBPs are DNA
binding transcription factors and there are two
SREBPs, designated as SREBP-1 and SREBP-2.
Also, there are two different isoforms of SREBP-1,
SREBP-1a and 1c [9, 11]. SREBPs are the
regulators of sterol and lipid homeostasis [2].
SREBPs act via regulating the expression of many
genes involved in cholesterol, lipid and
phospholipid metabolism [2, 8]. LXRs consist of
two subtypes, LXR-o and LXR-B which are
encoded by two separate genes. LXRs are a
superfamily of nuclear receptors which control
metabolism of glucose, lipid and cholesterol. LXR-
o is expressed in tissues such as liver, intestine,
kidney, adipose tissue and certain immune cells,
while LXR-B is expressed in all tissues [6, 12].
Some of the target genes for LXRs target genes
consist of SREBF-1c, SREBF-2, ABCA1, ABCG1,
ABCG5 and CYP7Al1l (CYP enzyme cholesterol
7a-hydroxylase) [13-17]. LXRs ability to promote
SREBP-1c gene expression resulted in FAS
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activation and lipogenesis [6]. Also, LXRs are
known as cholesterol sensors and are involved in
cholesterol transport and metabolism. T0901317
up-regulates SREBP-1c expression, however, data
on its effects on SREBP-2 are controversial. LXR
activation also affects reverse cholesterol transport
(RCT) by elevation of ABCAL gene expression [6,
17].

Silent mating type information regulation 2
homolog 1 (sirtuinl; SIRT1) is a member of NAD*
dependent histone deacetylase family which
regulates the targets by deacetylation. SIRT1
targets include LXRs, SREBP-1c and peroxisome-
proliferated activated receptor c¢ co-activator
(PGC)-1 o [5, 18]. SIRT1 activates LXR by
deacetylation and subsequently LXR promotes
SREBF-1c gene expression and elevated lipid
synthesis. But SIRT1 also deacetylates the SREBP-
1c protein, reduces its activity and inhibits
lipogenesis [5]. AMPK enhances NAD* levels
which activates SIRT1 resulting in modulation of
downstream SIRT1 targets [4, 5]. AMPK can
suppress SREBP-1c gene expression by LXR
suppression. SIRT-1 and AMPK signaling increase
fatty acid oxidation and suppress lipogenesis.
Therefore, SIRT1 and AMPK are intriguing
therapeutic targets in treatment of metabolic disease
[4].

MiR-33 inhibits HDL synthesis and controls
lipids metabolism by targeting AMPK, ABCAL,
and ABCG1 [3, 19, 20]. Rayner et al. evaluated
miR-33  inhibition  therapeutic  effects on
atherosclerosis [21]. Data about LXRs effect on
SREBP-2 and co-expression of miR-33 are
rudimentary [10, 22-27]. It has been reported that
LXR deficient mice showed higher expression of
SREBP-2 while other study showed that T0901317,
LXR agonist, caused elevation of SREBP-2
expression [23]. In this study, the therapeutic
activation of LXR along with inhibition of miR-33
and their impact on SIRT1-AMPK and some other
genes and proteins involved in lipid and cholesterol
metabolism were assessed.

MATERIALS AND METHODS
Materials

LXR synthetic agonist T0901317 was purchased
from Cayman Chemical (71810, Ann Arbor, MI,
United States), in vivo LNA™ miR-33 inhibitor
was purchased from Exigon (Woburn, MA, United
States), mMIRCURY RNA isolation Kit-tissue
(300111-Exigon),miRCURY LNA universal cDNA
synthesis kit (203301, Exigon), LNA PCR primer
set for miR-33 (205690, Exigon), LNA PCR primer
set for U6 (203907, Exiqon), EXiLENT SYBR
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green master mix (203403, Exiqon), EZ-10 Spin
column total RNA mini-prep super kit (BS584, Bio
Basic Inc., Ontario, Canada), Prime script RT
reagent kit (RRO37A, Takara Bio Inc., Otsu,
Japan), SYBR premix EX taq Il Tli RNaseH plus
(RR820L, Takara, Otsu, Japan). All antibodies
were purchased from Santa Cruz.

Materials description and preparation: LXR
agonist T0901317 is hardly soluble in aqueous
buffers; therefore, it was dissolved in DMSO and
diluted with PBS (pH 7.2) according to the
manufacturer’s instruction. The in vivo LNA™
microRNA inhibitors are designed as short (14-
16mer) sequences which easily are taken up with
fully modified PS backbone to minimize toxicity.
The in vivo LNA™ microRNAs-33 inhibitor was
dissolved in PBS according to supplier’s
instruction. Both LXR agonist and the in vivo
LNA™ microRNA inhibitor were prepared daily
and administered by intraperitoneal injection to
mice every two days.

Animals: Twenty four male mice weighing 22+2
g were obtained from Kerman Physiology Research
Center’s Animal Care Center and were fed with
standard diet and water ad libitum. Mice were
housed at a temperature of 22°C, with 12 h light/12
h darkness cycle and allowed 7 days for
acclimatization. Mice were randomly divided in 4
groups (n=6) as follows: Group | (control, received
chow diet), Group Il (LXR agonist, received
30mg/kg T0901317), Group Il (anti miR-33,
received 1mg/kg LNA miR-33 inhibitor), Group IV
(received LXR agonist & LNA miR-33 inhibitor).
Mice received 3 intraperitoneal injections of
T0901317 or in vivo miR-33 LNA inhibitor
according to their designated groups every two days
in a six-day period (days 1, 3 and 6). At the end of
the treatment period (day seventh) and after 10
hours fasting overnight, mice were sacrificed, blood
samples were collected and serum was separated.
Liver tissue was excised and washed with cold
saline and was immediately frozen in liquid
nitrogen. Finally, serum and tissues were moved to
a -80°C freezer till further examination. All
procedures were approved by the Animal Research
Ethics Committee of Kerman University of Medical
Sciences (Ethic committee permission No
IR.KMU.REC. 1394.319).

MicroRNA-33 quantification: In order to
quantify miR-33 according to microRNA extraction
protocol, about 15 mg of liver tissue was excised
and total RNA (including small RNA <200 nt) was
extracted by miRCURY RNA isolation kit. First-
strand cDNA for microRNAs were synthesized by
mMiRCURY LNA universal cDNA synthesis Kkit.
Synthesized cDNA was diluted 1:80 and 5
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pl/reaction were used for real time-PCR as follows:
95°C for 10 min, then 40 cycles of 95°C for 10 s
and 60°C for 1 min using EXiLENT SYBR green
master mix (Exigon) by ABI step one plus
instrument. Real-time PCR reaction was performed
in triplicate. U6 was used as housekeeping gene and
values were normalized to U6 [13, 28].

Real-time PCR: about 75 mg of liver tissue was
removed from storage and total RNA was extracted
using EZ-10 spin column total RNA mini preps
super kit (Bio Basic). 250 ng of total RNA was
transcribed and cDNA synthesized by Prime Script
RT reagent kit for real-time PCR (Takara) using
oligo dT primer and random 6mer according to the
kit instructions. Real-time PCR reaction (20 ul)
contained 2X SYBR Premix Ex Taqg Il RNaseH
plus (Takara), ROX, primers of the target gene,
sterile water and cDNA template (100 ng cDNA).
Real time PCR was performed on ABI Step One
Plus instrument as follows: stage 1 denaturation,
95°C for 10 min, then 40 cycles of 95°C for 20 s
and 60°C for 30 s. A melt curve analysis was
performed which started from 60°C and increased
by 0.3°C increments up to 95°C. Real-time PCR
reactions were performed in duplicate. Amplicons
of each target gene were examined by agarose gel
electrophoresis (2% agarose gel, 90V) in order to
confirm the presence of a specific band. Specific
primers for target genes were purchased from
MACROGEN (MACROGEN Inc., Seoul, South
Korea) as listed in Table 1. The expression level
was determined by the 224t method [23, 24].

Western blotting: liver tissue (50 mg) was
homogenized on ice-cold protein extraction RIPA
buffer (containing protease inhibitor cocktail, 1 mM
phenylmethylsulfonyl fluoride [PMSF] and 1 mM
sodium orthovanadate, pH 7.4). The homogenate
was centrifuged at 15,000 rpm at 4 °C for 20 min
and the supernatant was removed for further study.
Total protein concentration was determined by the
Bradford method. An equal volume of 2x sample
buffer was added to each sample and incubated at
95°C for 5 min. 100 pg of proteins were loaded on
a 12.5 % SDS-PAGE gel and the separated proteins
(120 wvolts, 80 min) were transferred to a
polyvinylidene difluoride (PVDF) membrane.
Blocking was performed by overnight incubation of
the membrane at 4°C with 5 % skim milk in tris-
buffered saline and Tween 20. The membrane was

Table 1. Sequences of real-time PCR primers

incubated with primary antibodies (Santa Cruz) in
TBST buffer for 1 h, and then washed 4 times for 5
min in TBS-T, followed by incubation with goat-
anti-rabbit secondary antibody for 1 h at room
temperature. All antibodies were diluted with 2%
blocking buffer prepared by TBS-T. The PVDF
membrane was incubated with a substrate (Western
Lightening Plus ECL, Perkin-Elmer) for 1 min.
Antibody—antigen complex was detected using an
enhanced chemiluminescence detection film in a
dark room. After development, the band densities
were analyzed by the Image] software. B-Actin
immunoblotting was used as a control for loading
[29].

Lipid profile: In order to evaluate the lipid
profile of mice, total cholesterol, high-density
lipoprotein (HDL-c) and triglyceride (TG) levels
were measured.

Statistical analysis: Data from real time-PCR,
western blotting and serum parameters were
expressed as mean £ SEM. Data were analyzed by
SPSS v.16 (SPSS Inc., Chicago, IL). In order to
compare groups, one-way ANOVA was used and
for pair-wise comparison the post hoc Tukey’s test
was used. P-values < 0.05 were considered as

statistically significant.
RESULTS

Real time-PCR analysis showed that miR-33
expression is up-regulated following T0901317
administration (p=0.047). AntagomiR-33 reduced
miR-33 and this reduction was attenuated by
T0901317 (Fig. 1).
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Fig 1. Evaluation of miR-33 expression shown by
real-time PCR in liver tissue of 4 groups of mice, I.
untreated control group, Il. LXR agonist (T0901317),
Ill.  antagomiR-33 (miR-33 inhibitor), and IV.
combination of T0901317 and antagomiR-33. All data
are expressed as mean £ SEM (n = 6 mice/group). *
statistically significant compared to the control group, #
statistically significant compared to the T0901317 group
(p < 0.05 considered as significant).

Reverse primer 5'to 3' Product size (bp)

Genes name  Forward primer 5'to 3'

Ampk CTCAGTTCCTGGAGAAAGATGG
Beta-actin CAACGAGCGGTTCCGATG

Sirtl GCAGGTTGCAGGAATCCAA
Srebf-1c GGAGCCATGGATTGCACATT
Srebf-2 CCAAAGAAGGAGAGAGGCGG

CTGCCGGTTGAGTATCTTCAC 174
GCCACAGGATTCCATACCCA 90
GGCAAGATGCTGTTGCAAA 80
GCTTCCAGAGAGGAGGCCAG 190
CGCCAGACTTGTGCATCTTG 130
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Gene expression experiment revealed that
T0901317 causes up regulation of Srebf-2, Srebf-1c
and sirtl, of those, sirtl elevation was not
significant. Inhibition of miR-33 significantly up
regulates AMPK. Interestingly, co-administration
of antagomiR-33 and LXR agonist down regulated
Srebf-2 expression (Fig. 2). Srebp2 protein levels
were reduced by antagomiR-33 and combination of
antagomiR-33 and T0901317. AMPK protein levels
were  upregulated by antagomiR-33 and
combination of antagomiR-33 and T0901317 (Fig.
3). T0901317 significantly increased TG levels
compared to control group. HDL-c increased in the
three other groups compared to control (p=0.01)
(Table 2).

DISCUSSION

Cardiometabolic diseases such as atherosclerosis
and associated cardiac complications are considered
as major public health problems and cardiovascular
diseases (CVD) are the leading cause of mortality
worldwide.

Even with drugs such as statins, beta blockers,

and other medications, the risk of cardiometabolic
diseases is still increasing [1, 2]. Therefore, the
major goal is finding strategies to reduce the risk of
cardiometabolic diseases.
For this reason, the focus is on HDL elevation and
improvement of RCT. MiR-33 is located in introne
of SREBFs gene family and affects mRNA of
target genes [3]. It was documented that miR-33
inhibits Abcal and AMPK, and as a result
potentially reduces serum HDL levels and also
RCT [3, 30]. Thus, it seems that miR-33 is a good
potential therapeutic target for finding new
approaches in order to reduce risk of
cardiometabolic diseases. LXR agonists activate
LXR and SREBPs as downstream targets of LXRs
[23, 31], so they have beneficial effects on lipid
metabolism and showed some advantageous effects
such as HDL elevation, promotion of RCT and
increase cholesterol excretion as bile salts.

It has been reported that miR-33 is co-expressed
with SREBF family of transcription factors [26].
There is however a controversy over co-expression
of Srebf-2 and miR-33 following LXR agonists’
administration. Previously, some studies have
confirmed co-expression of Srebf-2 and miR-33 [6,
19, 28] while some other studies have reported that
there is no relationship between Srebf-2 and miR-
33 expression under different conditions [15, 23,
24, 26, 27].
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Fig 2. Evaluation of Srebf-2 (a), AMPK (b), Sirtl (c)
and Srebflc (d) expression shown by real-time PCR in
liver tissue of 4 groups of mice, I. untreated control
group, 1. LXR agonist (T0901317), Ill. AntagomiR-33
(miR-33 inhibitor), and IV. combination of T0901317
and AntagomiR-33. All data are expressed as mean +
SEM (n = 6 mice/group). *statistically significant
compared to control group, # statistically significant
compared to T0901317 group (p < 0.05 considered as
significant).
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Fig 3. Western blotting of SREBP-2 (a), AMPK (b),
Sirtl (c) expressed in liver tissue of 4 groups of mice, I.
untreated control group, Il. LXR agonist (T0901317),
IIl.  AntagomiR-33 (miR-33 inhibitor), and IV.
Combination of T0901317 and AntagomiR-33. Data are
expressed as mean + SEM (n = 6 mice/group). *
statistically significant compared to control group, #
statistically significant compared to T0901317 group (p
< 0.05 considered as significant)

Also, there are disagreements about T0901317
effects on Srebf-2 expression. It has been reported
that treatment with T0901317 for 4 days showed no
effect on SREBP-2 levels [19]. Horie et al. proved
that T0901317 has no effect on miR-33a and srebf-
2 in HepG2 cell line [28]. Also, Schultz et al.
showed that T0901317 administration increased
SREBF-1c but had no effect on SREBF-2 [6].
Furthermore, Kostopoulou et al., found that
SREBP-2 gene and miR-33a as intronic microRNA
in osteoarthritic chondrocytes compared with
normal chondrocytes were significantly elevated
[24]. MiR-33 and Srebf-2 expression were down-
regulated by high cholesterol diet in mouse
peritoneal macrophages indicating that Srebf-2 and
miR-33 are transcribed simultaneously [26]. It
showed that T0901317 in goose hepatocytes
increased SREBP-2 and HMGCR expression [23].
Other studies also have reported that T0901317
increased SREBP-2 [15, 27]. In spite of this
inconsistency about LXR activation and its
agonist’s effect on SREBF-2 gene expression, here
we showed that T0901317 increases miR-33,
SREBP-2 and Srebf-2 levels in mice liver after
seven days. These findings are consistent with
studies which showed that T0901317 increased
Srebf-2 and miR-33 expression or studies which
reported that Srebf-2 and miR-33 are co-transcribed
[6, 19, 28].

AMPK is a sensor of energy in the cells where it
inhibits synthetic and energy consuming pathways
such as lipogenesis and cholesterol biosynthesis.
On the other hand, it activates catabolic pathways
to increase intracellular energy levels [5, 31].
AMPK is a known target of miR-33 and there are
many studies which have reported that miR-33
reduces AMPK levels and anti-miR-33 increases
AMPK [2, 3, 20, 30]. In contrast to these findings,
Horie et al. reported that in miR-33b knock-in
mice, SREBP-1 and ABCA1 proteins were reduced
in liver, but AMPK was unaffected by miR-33b
over expression [28]. We found that administration
of antagomiR-33 in mice increased hepatic AMPK
levels, which is consistent with most studies [2, 3,
20, 30] and in contrast to Horie et al. [28], who
reported no effect of miR-33 overexpression over
AMPK. Also, we showed that T0901317 affected
AMPK levels, but this reduction was not

Table 2. Serum lipid profile. All data are expressed as mean + SD (n = 6 mice/group)

Groups Triglyceride (mg/dL) Cholesterol (mg/dL) HDL-c (mg/dL)
Control 102.5 5.6 107.50+8.7 91.8+3.1
T0901317 180.8+16% 127.51+8.8 104+0.92
AntimiR-33 106.5+6.4° 124.0+£24.7 106.8+1.8°
T090+AntimiR-33 110.8+9.3° 114.33+7.1 111.2+1.1°

a Significant compared to control group; ° Significant compared to T0901317 group; (p < 0.05 considered as significant)
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significant. It has been reported that AMPK
activation reverses hepatic fat accumulation and
reduces serum TG and cholesterol [32]. Also it has
been shown that Licochalcone by activation of
AMPK/Sirtl pathway is capable of suppressing the
LXR-a dependent lipogenic gene expression in the
liver [31]. Lee et al. [33] reported that AMPK
activation affects LXR-Srebflc signaling pathway,
suppresses it and reduces TG levels. We found that
anti-miR-33 treatment reduced TG levels, and it
could be associated with increased liver AMPK
contents, because AMPK activation suppresses
Srebf-1c and its upstream activator, LXR-a [33,
34].

There is a crosstalk between AMPK and sirtl
and they affect each other’s activity [4, 5]. Sirtl
activates LXR but inhibits SREBF-1c activity.
Therefore, Sirtl is capable of elevating Abcal by
LXR activation and reducing lipogenesis by
inhibition of SREBF-1c [5, 31]. Walker et al., [18]
described that SIRT1 suppresses SREBP-1 and
SREBP-2 target genes; however, we found no
remarkable effect due to Sirtl treatment in our
study because there was no significant change in
Sirtl gene and protein levels. Escola-Gil et al. [14]
found that Resveratrol administration (a Sirtl
agonist) and overexpression of SIRT1 showed no
effect on liver LXR-target genes. This is consistent
with our finding that Sirtl did not show any
significant change, thus Sirtl has no potential
downstream role after miR-33 manipulation by
anti-miR-33 and LXR activation by T0901317.
Unlike Sirtl, AMPK showed significant changes in
our study and it seems that SREBF-1c suppression
could be related to inhibitory effect of AMPK on
srebf-1c and its activator, LXR. T0901317 lowers
AMPK levels insignificantly, but anti-miR-33
treatment significantly increased AMPK in mice
liver. Combination of T0901317 and anti-miR-33
showed that anti-miR-33 treatment attenuates the
ablative effect of T0901317 on AMPK levels.
Elevation of AMPK and reduction of srebf-2 gene
and protein expression in this group (co-
administration of T0901317 plus anti-miR-33)
explains reduced serum TG levels and increased
HDL in this group. Previous studies have shown
that T0901317 and anti-miR-33 cause elevation of
Abcal which is directly related to HDL
augmentation [3, 6, 14, 25, 35]. On the other hand,
by elevation of HDL there is a flow of cholesterol
from peripheral tissues to the liver, known as RCT
which results in high levels of sterols in the cells
[2]. High cholesterol contents cause down
regulation of srebf-2 which justifys Srebf-2
reduction at gene and protein expression level.
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Therefore, AMPK could be considered responsible
for changes observed in lipid homeostasis in this
study.

SREBP-2 activates HMGCR and increase
cellular cholesterol levels, but Wong et al, also
showed that SREBP-2 increase oxysterol
production which is a known ligand for LXR [16,
17, 25]. So SREBP-2 can up regulate LXR activity
and increase HDL levels by helping LXR
dependent Abcal expression [16]. We showed that
anti-miR-33 and T0901317 co-administration
significantly increased HDL levels and also
reduced SREBP-2. Previous studies have shown
that anti-miR-33 and T0901317 increase HDL
levels through different mechanisms [6, 20, 28, 35].
We showed that co-administration of anti-miR-33
and T0901317 increased HDL levels significantly
compared to control group. Hence it seems that
SREBP-2 has no role in HDL elevation in this
group. Co-administration of T0901317 and
AntimiR-33  therapy reduced srebf-2 levels
significantly. It seems that there is a synergic effect
of antimiR-33 and T0901317 on cholesterol
entrance to hepatocytes in mice which cause
significant reduction in srebf-2 levels that is under
control of sterol levels in cells.

Other study showed that anti-miR-33 therapy
reduced srebf-1c expression [21]. T0901317
activates LXR and result in Srebf-1c activation
which in turn activates lipogenesis and increases
serum TG [6]. We showed that co-administration of
anti-miR-33 and T0901317 reduce srebf-1c gene
expression compared to T0901317 (activator of
Srebf-1c) group (p=0.004). Then, co-
administration of anti-miR-33 and LXR agonist
proposes a potent therapeutic effect against
atherosclerosis and other cardiometabolic diseases
in which lipid imbalance exist. Horie and
colleagues showed that LXR stimulation by
T0901317 was not affected SREBF-2 and miR-33
levels which are absolutely in contrast with our
finding that T0901317 up regulated miR-33, Srebf-
2 and Srebf-1c [28]. T0901317 cause severe
elevation of serum TG levels which executed from
LXRa-Srebf-1c pathway as mentioned above. And
this high level of serum TG was reduced by anti-
miR-33 therapy in group that received both anti-
miR-33 and T0901317. It is probable that AMPK
can be a potent factor for this phenomenon which is
because of AMPK decreasing effects on Srebf-1c
gene expression [4, 5]. Rayner et al, [21] showed
that anti-miR-33 therapy reduced srebfl and FAS
which confirm our observation which anti-miR-33
therapy attenuated TG levels in group that received
T0901317 plus anti-miR-33.
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CONCLUSIONS

It has been reported that LXR activation
promotes RCT and elevate HDL-c, and Anti-miR-
33 therapy increase HDL-c, AMPK and ABCA1l
levels. Also it was documented that SREBP-2
increase HMGCR activity and intracellular
cholesterol levels. We showed that co-
administration of LXR agonist and miR-33
inhibition significantly (p<0.001) increase serum
HDL-c and reduce SREBP-2 expression in mice
liver. Also, co-administration of T0901317 and
anti-miR-33 compared to T0901317 alone,
significantly reduced serum TG levels. Thus LXR
activation and miR-33 antagonism is a valuable
therapeutic alternative for cardiovascular disorders.
But there is a necessity of more evaluation about
co-administration of LXR agonists and anti-miR-33
treatments.
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BJIMSHUE HA LXR ATOHUCT T0901317 1 miR-33UHXWBUTOP HA SIRT1-AMPK U
[IUPKVYIJIMPAIIIN HDL-C HUBA

A. Moxammanu'?, X. ®amnax?, b. lllaxysexu'*, X. Hamxadumyp!

! lenapmamenm no xnunuuna 6uoxumus, Mzcredosamencku yenmvp KoM Yuuauuemo no Mmeouyuna u
Qusuonocus na Agzanunyp, Kepmancku Yuueepcumem no meouyurcku nayku, Kepman, Upan
2 Vyunuwe no meduyuncku nayku, Cuposcan, Upan

ITocTpnuna Ha 26 tonu, 2017 r.; [Ipuera Ha 31 okToMBpH, 2017 T.

(Pestome)

ChpaeyHOCHIOBUTE 3a00JIBaHHUS Ca BCE OILE OCHOBHATA MPUYMHA 33 3200JI€BACMOCTTa M CMBPTHOCTTA B CBETOBCH
Mmamab. Yepnoapobuure X penenropu (LXR) u crepon-peryimpaiuure ejxeMeHT-cBbp3Baiiu nporenan (SREBP)
UTpasiT BakHa poiisi B jumuaHata xomeoctaza. LXR Baussar Bepxy SREBP u momnmomarar nunugHus CHHTE3 U
obparaus xosecteponoB Tpancmopt. MukpoRNA-33 perymupa wamony AMPK, ABCAL u CPT1 mRNA. Sirtl ceimo
Biusie BbpXy aktuBHOCTTa Ha LXR m SREBP mocpenctBom neamermmmpane. Hue onenmxme BimsHmeTo Ha LXR
aronucT U MIR-33 waxubuTop BBHpXY Srebp-2, Sirtl, AMPK exkcnipecus u nmunmumaust npodwi. 24 mummikn Osxa
pasnernenu Ha 4 rpymu (n=6) u m3cnenBanero Tpaeme 7 auu. ['pyma | (KoHTpoiHA rpyma) He MONyJaBallie JICUCHHE,
rpyna Il monyuasarne 30 mg/kg/48 h LXR aronuct (T0901317) upe3 unTpanepuToneanna (u.i.) umkekuus; rpyma |l
nonyuaBamie 1 mg/kg/48 h antagomiR-33 upe3 w.m. umkekuus u rpyna |V momydaBamre komGunanus ot T0901317 u
antagomiR-33. MiR-33, AMPK, Sirtl, Srebf-2 and Srebflc rennu excmpecuu ca ompejeseHd KOJIMYECTBEHO Ype3
nojMMepa3Ha BeprbKHa peakims B peanHo Bpeme, a AMPK, Sirtl u Srebp-2 nporennoBu ekcnpecun upe3 western
blotting Tect. Ipunaranero Ha T0901317 moeummraBa MiR-33 u srebf-2 excnpecun. ChBMECTHOTO MpHaraHe Ha
T0901317 u antagomiR-33 nonmxkaea HuBata Ha Srebf-2 u miR-33 u nosuaBa HuBata Ha HDL-c. AMPK nHamansiBa B
rpynute, nomydasamn 10901317, Tewst Sirtl u mpoTeMHOBaTa €KCIPECHs OCTAaBAT HeMpoMmeHeHW. HesaBucumo ot
mporpeca B OTKPUBAHETO HA HOBH JIEKapCTBa CPEILy aTepOCKIIepo3a M MeTaboIUTHU 3200 sIBaHMUs, Te3n GONIECTH HE ca
HAITBJIHO KOHTOJNMpaHd. BepostHo mma cuHepruueH epexr mexkmay 10901317 u antagomiR-33, KOWTO MOHMXaBat
BBTPEKJICTPUHNATE HUBA Ha CTEPOJ WM MOBHIIABAT TPAHCIIOPTA HA XOJECTEPON KBbM XEMATOIMTHTE, KOETO MOXKeE Ia Ce
CUHMTa KaToO TepareBTHYHA aJTEPHATHBA ITPH ATEPOCKIIEP03a M ChPIAEIHOCHIOBY 3a00ISIBAHUS.

118



Bulgarian Chemical Communications, Volume 50, Issue 1, (pp. 119 —123) 2018

Protective effect of chard extract on glycoprotein compounds and enzyme activities
in streptozotocin-induced hyperglycemic rat lungs
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In the present study, the protective effect of chard on glycoproteins, hydroxyproline, advanced oxidation protein
products and enzyme activities in the lung tissue of streptozotocin (STZ) — induced hyperglycemic rats were examined.
Male, Sprague Dawley rats were grouped as control, hyperglycemic, chard, insulin, chard+insulin given hyperglycemic
rats. Hyperglycemia was induced by as a single dose of STZ (60 mg/kg) administered intraperitoneally. Fourteen days
after the rats were made hyperglycemic, chard extract was administered to rats 2 g/kg/day by gavage and/or insulin a
dose of 6U/kg/day for 45 days. Glycoprotein components, prolidase activity and levels of hydroxyproline and advanced
oxidation protein products were significantly increased in the lung tissues of hyperglycemic rats; on the other hand,
paraoxonase and arylesterase activities were decreased. Treatment with chard and/or insulin reversed these effects.
These results suggested that chard possesses a significant beneficial effect on abnormal glycoprotein metabolism and

enzyme activities in STZ- induced hyperglycemic rats.
Keywords: chard, glycoprotein, hyperglycemic, lung, rat.
INTRODUCTION

Diabetes mellitus is a disease affecting many
organs such as liver, kidney, pancreas, lungs and
eyes. As the lung has abundant connective tissue
and diffuse microvascular circulation, it is thought
to be a target organ for diabetic disease. Oxidative
stress is considered to be the main factor in the
development of diabetic complications and tissue
injury. Many traditional herbs, through their
hypoglycemic and antioxidant properties, may also
protect the organs involved in diabetes mellitus.

Carbohydrates seem to play a central role in the
development of chronic diabetic complications.
Glycoproteins, which are carbohydrate linked
protein macromolecules found on the cell surface,
are some of the principal components of animal
cells. Hexose, hexosamine, fucose and sialic acid
are the basic sugar components found in
glycoproteins and glycosaminoglycans.
Glycoprotein metabolism plays a major role in the
pathogenesis of diabetes mellitus. Glycoproteins
have multiple and complex functions and are found
as hormones, enzymes, blood group substances and
as constituents of extracellular membranes [1].
They play an important role in functions such as
cell differentiation and recognition, membrane
transport and absorption of macromolecules [2]. In
hyperglycemic state, high blood glucose levels
accelerate the synthesis of basement membrane
components, such as glycoproteins [3].

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

Chard (Beta vulgaris L. var. cicla) is a biennial
leaf vegetable cultivated worldwide, in Northern
India, South America, the Mediterranean countries
and USA. It is an important crop due to its year
round availability, high yield and low cost. Several
studies have demonstrated that chard has
antioxidant and antiacetylcholinesterase  [4],
antidiabetic [5, 6], anticancer [7], antimicrobial [8],
hepatoprotective [9] and other biological activities.
Phytochemical screening of B. vulgaris varieties
have revealed the presence of some saponins,
flavonoid glycosides [10], flavonoids, vitamin C,
vitamin E, carotenoids and minerals [11]. In the
present study, the protective effect of chard on
glycoprotein levels and enzyme activities in
hyperglycemic lung tissue were examined.

EXPERIMENTAL
Preparation of chard extract

Chard leaves were collected from Istanbul,
Turkey. Plant material was washed with distilled
water and dried at room temperature. The chard
was identified by Prof. Dr. Neriman Ozhatay
(Faculty of Pharmacy, Istanbul University). Dried
chard leaves (100 g) were extracted with 1000 mL
of distilled water and boiled for 30 min. The extract
was filtered and the filtrate was evaporated under
reduced pressure using a rotary evaporator. The
chard extract yield was 39.48 % (w/v). Chard
extract was dissolved in distilled water in order to
obtain  43.33 g/55 ml extract solution.
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Experimental design

Male Sprague—-Dawley rats weighing 380-420 ¢
and aged 6-7 months were used in the study. All
experimental procedures were approved by
Marmara University Animal Care and Use
Committee. (No: 68.2008.mar). The rats were
divided into five groups. Group | (n= 8): control
rats given citrate buffer; Group Il (n= 8): STZ-
induced hyperglycemic rats; Group Ill (n=8): STZ-
induced hyperglycemic rats given chard extract;
Group 1V (n= 8): STZ-induced hyperglycemic rats
given insulin; Group V (n= 8): STZ-induced
hyperglycemic rats given chard extract+insulin.
Fourteen days after the rats were rendered
hyperglycemic, chard extract (2g/kg/day, by
gavage), insulin (6 U/kg/ day, by subcutaneous
injection) and chard extracts plus insulin at the
mentioned doses were administrated to rats for 45
days. On day 60, lungs of rats were removed and
used for the analysis of glycoprotein components
and enzyme analysis. Hyperglycemia was induced
by a single intraperitoneal injection of (60 mg/kg)
STZ freshly dissolved in citrate buffer (pH=4.5;
0.01 M).

Biochemical estimations

Fasting blood glucose levels after 18 h of fasting
were determined using an automated glucose
analyzer [6]. Rats with more than 200 mg/dl fasting
plasma glucose were considered as having
hyperglycemia. The lungs were homogenized in
0.9% NaCl to make up a 10% (w/v) homogenate.
Hexose and hexosamine contents were estimated by
the method of Winzler [12] and fucose was
determined by the method of Dische and Shettles
[13] in lung tissue homogenates. Sialic acid was
estimated by the method of Lorentz et al. [14].
Furlong et al. [15], Gan et al. [16] and Chinard [17]
methods were used to determine the paraoxonase
(PON), arylesterase (ARE) and prolidase activities,
respectively. Lung hydroxyproline and advanced
oxidation protein products (AOPP) contents were
assayed by the method of Reedy and Enwemeka
[18] and Witko-Sarsat et al. [19], respectively. The
protein content was estimated by the method of
Lowry [20].

Statistical analysis

Biochemical results were evaluated using an
unpaired t-test and ANOVA variance analysis using
the NCSS statistical computer package. The values
were expressed as mean + SD. Comparison
between control and experimental groups was
performed using the Mann-Whitney test. p < 0.05
was considered as significant.
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RESULTS

Lung tissue glycoprotein levels are presented in
Table 1.The levels of glycoproteins containing
hexose (p < 0.001), hexosamine, fucose and sialic
acid were significantly increased in the
hyperglycemic groups (p < 0.0001, respectively).
Administration of chard, insulin and chard+insulin
reversed these changes in the glycoprotein
components in the lungs of hyperglycemic rats
except hexose values (p < 0.005 and p < 0.0001,
respectively).

The PON, ARE, prolidase, hydroxyproline and
AOPP activities in the lung tissue are presented in
Table 2. In the hyperglycemic group, the activities
of PON, ARE were decreased while prolidase,
hydroxyproline and AOPP activities were increased
(p< 0.005, respectively). Administration of chard,
insulin and chard+insulin significantly increased
the lung paraoxonase PON and ARE activities in
the hyperglycemic groups (p < 0.005, respectively)
while lung prolidase activities, hydroxyproline and
AOPP levels were significantly decreased in the
hyperglycemic rats. The effect of chard was better
than that of insulin and insulin+chard.

DISCUSSION

Diabetes mellitus is a chronic disease which
affects various organs such as liver, brain, kidney,
skin and lung. Experimental diabetes models have
an important place in analyzing diabetes
complications and  determining  treatment
approaches. Lung is a target organ in diabetes
mellitus. Diabetes mellitus causes a decrease in
lung elasticity and neuropathy, which in turn
partially affects basic lung functions [21].
Generally, abnormalites in glycoprotein metabolism
are observed in both natural and experimental
diabetes [22]. Altered metabolism of glycoproteins
plays a major role in the pathogenesis of diabetes
mellitus. Insulin deficiency and high levels of blood
glucose in diabetic condition may result in an
increased synthesis of glycoprotein components,
which results in thickening of the basal membrane
[23]. The increase in tissue glycoprotein
components has been associated with the severity
and duration of diabetes. In diabetes mellitus, free
amino groups of proteins react slowly with the
carbonyl groups of reducing sugars such as glucose,
to yield a Schiff-base intermediate. Intermediate
products in these reactions undergo Amadori
rearrangement to form stable ketoamine derivatives
[24].
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Table 1. Lung tissue hexose, hexosamine, fucose and sialic acid levels of all groups.

Hexose (mg Hexosamine Fucose Sialic acid
Groups glucose/mg (ug glucosamine (ng fucose /mg (umole sialic acid
protein)* /mg protein)* protein)* /g protein)*
Control 15.63 +1.17 5.33+£0.39 10.23 £0.06 139.78 +9.76
Hyperglycemic 30.65 £ 5.952 16.55 + 1.994 22.41 +0.584 442.26 +12.334
Hypegmgm'c * 17.60 + 1.44P 4.68 +0.41° 7.51+1.28° 133.25+18.22°
Hypelr rg]gfienm'c * 15.61 +1.37¢ 4.51+0.94° 7.62 £ 0.65¢ 113.97 £ 7.66°
Hyperglycemic +
Chard + Insulin 24.14 +2.08 11.98 +1.18° 10.17 +1.33¢ 169.73 + 6.06°
Panova 0.0001 0.0001 0.0001 0.0001

*Mean = SD ; 2P<0.001 vs control group; °P<0.005 vs hyperglycemic group; ¢P<0.0001 vs hyperglycemic group; 4P<0.0001 vs

control group

Table 2. Lung tissue PON, ARE and prolidase activities, hydroxyproline and AOPP levels of all groups.

Grouns PON ARE Prolidase Hydroxyproline AOPP .
P (U/g protein)* (U/g protein)*  (U/g protein)* (U/g tissue)* (nmol/g protein)
Control 41.05 +2.76 7.09 +0.60 53.50 +1.27 10.00 +0.43 9.29+0.40
Hyperglycemic 22.83+2.112 487+0.38  110.10 +5.15 22.48 + 1552 11.08 +0.822
Hypercg’:]ﬁfgm'c * 49.15 + 3.38b 11.88+1.00° 3858 +4.79 2.03+0.35" 8.49 + 0.57b
Hypelrglﬁfﬁ]m'c * 29.72 +1.92 8.90+0.88"  56.26 +6.34° 20.87 £0.97° 8.50 + 1.17°
Hyperglycemic b b b b
+Chard 4 Insulin 31.63 +2.35 5404056  49.18 +2.92 5.65 +0.30 8.98+0.83
PanovA 0.0001 0.0001 0.0001 0.0001 0.0001
*Mean = SD; 2P<0.005 vs control group; °P<0.005 vs hyperglycemic group
In this study, we observed increased levels of chard decreases glycoprotein levels in lungs

hexose, hexosamine, fucose and sialic acid in the
lung tissue of STZ-induced hyperglycemic rats.
Previous studies have shown that decrease in
hyperglycemia could lead to a decrease in
glycoprotein components [25, 26].

In this study, we have observed increased levels
of hexose, hexosamine, fucose and sialic acid in the
lung tissue of STZ-induced hyperglycemic rats.
Previous studies have shown that decrease in
hyperglycemia could lead to a decrease in
glycoprotein components [25, 26]. In this study,
chard, insulin and chard+insulin treatment to
diabetic rats significantly decreased lungs
glycoprotein components to near-normal levels by
virtue of its antihyperglycemic effects. The most
effective treatment was insulin therapy on
glycoprotein levels. This could be due to the
decreased hyperglycemic state with increased levels
of insulin in diabetic rats [27]. In this study, it has
been determined that chard decrease hexose,
hexosamine, fucose and sialic acid levels in
hyperglycemic rats because it increases insulin
secretion from B cells of the pancreas [28].In
diabetic rats with the use of chard and insulin +
chard glycoprotein levels were decreased in all
other parameters except hexose (Table 1).
According to this results, it can be suggested that

because its antihyperglycemic effects [28] This
results show the efficiency of chard in modulating
the altered glycoprotein metabolism in diabetic rats.
Diabetes is characterized by high glucose
concentration which leads to an increase in the
production of reactive oxygen species (ROS) via
several mechanisms (glucose autooxidation,
stimulation of polyol pathway and formation of
advanced glycation end products). The resulting
oxidative stress can play a key role in diabetes
pathogenesis. ROS are known to be responsible for
the oxidative damage of DNA, nucleotides,
proteins, lipids, carbonhydrates and cell membrane
structures [29].

PON is known to have an antioxidant function
[30]. In humans, PON gene family has three
members (PON 1, PON 2, PON 3) [31]. PON 1 has
three  known enzymatic molecules including
paraoxonase, arylesterase and dyazoxonase. PON 1
activity is reduced in diseases associated with high
oxidative stress such as coronary heart disease,
dyslipidemia, cancers, inflammatory processes,
hyperlipidemia, diabetes mellitus and certain
neuropathies, chronic hepatitis, HDL deficiencies
and Gulf War Syndrome [32-34]. Most studies have
found that PON 1 activity is reduced in diabetic
patients such as Type | and Type Il with some
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dissension [35, 36]. Chronic inflammation is
closely associated with angiogenesis and PON1
activity decreases during inflammation [37]. SH
groups play a role in PON 1 activities. In the
present study, lung PON and ARE activities were
reduced in the diabetic rats which is consistent with
previous diabetic rat study [38]. Decreased PON
and ARE activities in diabetes mellitus might be
associated with hyperglycemia and oxidative stress.
In this study, paraoxonase and ARE activities were
increased after treatment with chard, chard+insulin
and insulin. This fact may be due to the antioxidant
effect of polyphenols, tannins and anthocyanins as
well as to their direct effect on enzyme activities
[11].

Prolidase activity has been reported as a marker
for oxidative stress for many diseases like diabetes,
diabetic neuropathy, nonulcer dyspepsia, chronic
liver diseases, erectile dysfunction, osteoporosis,
and so forth [39, 40]. Increased prolidase activity is
an indicator of fibrosis. Fibrosis may occur in some
lung diseases. This enzyme plays an important role
in the recycling of proline for synhthesis and cell
growth [41]. In our study, we found a significant
increase in lung prolidase activity in hyperglycemic
rats. We observed that chard, insulin and
chard+insulin inhibited prolidase activity. These
results indicate that chard extract ameliorates
oxidative stress and hyperglycemia by inducing
antioxidant defense in the lung of hyperglycemic
rats. Based on these results, it could be argued that
prevention of inflammation and oxidative stress
was achieved in the lung tissue of hyperglycemic
rats. Collagen is one of the proteins which contain
the amino acid hydroxyproline. Some authors
consider hydroxyproline as a marker of collagen
content. Excessive production of collagen has been
documented in disorders associated with proline
derivatives such as lung fibrosis [42].
Hydroxyproline levels were increased in the lung
tissues of hyperglycemic rats. This increase
indicates the presence of pulmonary fibrosis in lung
tissues. Surfactant protein (SP-D) is a useful and
early diagnostic marker for pulmonary fibrosis. It
may serve as a specific marker for lung injury. In
our previous study [43], SP-D levels were
determined in the lung tissue. In the present study,
our data showed that STZ-induced pulmonary
fibrosis led to an increase in hydroxyproline
content. Treatment with chard, insulin and chard +
insulin prevented these changes induced by STZ in
rat and exerted a protective effect on STZ-induced
pulmonary fibrosis. Administration of chard,
insulin  and  chard+insulin  restored  the
hydroxyproline levels to normal in the lung tissue.
The reduction of hydroxyproline in rat lung via
122

chard treatment alone and in combination with
insulin was first shown in the present study. In our
manuscript, we determined that chard which was
used on hyperglycemic rats was more effective than
insulin on enzyme activity and hydroxyproline
level (Table 2).This effect can be because of
antioxidant and hypoglycemic properties of chard
[4, 28]

AOPP, the dityrosine containing and cross
linking protein products, are amongst the markers
which indicate oxidative stress-based protein
damage [44]. Accumulation of AOPP in the tissue
plays an important role in the long-term
complications of diabetes. Gradinaru et al. has
mentioned the elevation of AOPP levels in diabetic
patients [45]. We have also found an increased
production of AOPP in the lungs of hyperglycemic
rats. Treatment with chard, chard+insulin and
insulin significantly reduced AOPP levels in
hyperglycemic rats. This result indicated that chard,
insulin and chard+insulin may be effective in
preventing oxidative protein damages by reducing
oxidative stress.

These results demonstrated that chard, insulin
and chard+insulin consumption for 45 days may
exert beneficial effects on the levels of
glycoprotein, hydroxyproline, AOPP and PON,
ARE and prolidase activities. Chard may have
beneficial role in diabetic rats which may be due to
the enhancement of insulin. Chard can be used as
an effective indicator to demonstrate its effects in
controlling the complications of diabetes.
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SAIUTEH E®EKT HA EKCTPAKT OT IIBEKJIO BBPXY I''TFOKOITPOKTEMHOBUTE
CBEIMHEHUA 1 EH3UMHATA AKTHMBHOCT B BEJIMUTE JPOBOBE HA
CTPEIITO30A0OUMH-UHAYIIUPAHU XUTIEPTJIMKEMUWYHU TTIJTbXOBE

O. Cakan?, O. Eprux!, Y. Umman?, JI. Ka6acakan?, I'. Cenep?, P. SInapgart”

Y Uemanbyncku ynusepcumem, @axynimem no unaicenepcmeo, Omoen no xumus, 34320-Aeuunap, Ucmanbyn, Typyus
2 Vuusepcumem Mapmapa, @axynmem no papmayus, JJenapmamenm no papmaxonozus, Mcmanéyn, Typyus

[TocTenuna Ha 14 HoemBpH, 2016 r.; Kopurupasa Ha 25 snyapu, 2018 r.
(Pestome)

B Hacrosiiiara cratus € M3CIeBaH 3alIUTHUAT eeKT Ha IBEKJIOTO BHPXY IIIFOKOMPOTEUHHUTE, XHUAPOKCHIIPOIUHA,
HPOJIYKTHTE OT OKUCIECHHETO HA IPOTCHHA U €H3UMHATa aKTUBHOCT B OenioipoOHara ThkaH Ha crpenrtosorut (CTLI)-
UHIYLMPAHU XUIEPTIIMKEMUYHU IIbX0BE. MBKKK IUIbXOBE OT Buaa Sprague Dawley ca rpymupadu Kakto ciensa:
KOHTPOJIHA TPyMa, XUIEPIIMKEMUYHA IPYIIA, TPETUPAHU C LBEKJIO, TPETUPAHH C UHCYJIMH U TPETUPAHH C UHCYJIMH U
[[BEKJI0. XHUIIEPTIMKEMHUS ¢ MHIyIUpaHa upe3 eIMHNYHO HHTpanepuTonnantdo Bkapeane Ha CTI (60 mg/kg). Cren 14
JHA Ha IUTbXOBETE CE JaBa ChC CTOMAIHA COHJAa eKcTpakT oT usekino 2 g/kg/men w/mmm uncynun 6U/Kg/men B
npojabikeHue Ha 45 nuu. TIHKONpOTEMHOBUTE KOMIIOHEHTH, NPOJIMAa3HaTa AKTUBHOCT, HUBATA Ha XUAPOKCUIIPOJIUH U
NPOJYKTUTE OT OKMCIEHUETO HA MPOTEUHA 3HAYUMTEHO HApACTBaT B 0EI0ApOOHATa ThKaH, JOKATO NAapaoKCOHa3HATA
apuiiecTepasHaTa aKTHBHOCT HaMmajsBaT. TpeTHpaHeTo ¢ IBEKIO W/WIM MHCYIUH o0pbIna Te3u epekTu. Pesynrature
MOKa3BaT, 4e IBEKJIOTO MPHUTEXaBa 3HAYMTENHO OJATONPUATHO AEHCTBHE BBPXY aOHOPMAIHHA TIIOKOMPOTEHHOB
MeTabonn3bM K ensuMHara akTuBHOCT B CHL[-MHIyIMpaHy XUIEpTiIMKEMUYHH TIEXOBE.
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Designing a mathematical model with the possibility of changing the experimental parameters and variables not only
helps to evaluate the performance of the treatment plant but also predicts its behavior. In this paper, to assess the efficiency
of Khuzestan steel company treatment plant, data envelopment analysis (DEA) model was used. Input and output
parameters of the treatment plant (Oil, COD, TSS, pH) were determined (2009-2014). Malmquist Productivity Index was
used to express the changes in total productivity and Window Analysis was employed for calculation of efficiency and
performance trends over time. The results showed that the treatment plant efficiency in the removal of COD, Qil, TSS
and pH from the input wastewater was 68%, 62%, 81% and 4%, respectively. Treatment plant efficiency in removing
pollutants (COD, TSS, Oil) was approximately 70%, so the performance of the system is efficient and the produced
wastewater matches environmental standards. On the other hand, the results showed the high power of DEA models in

the calculation and classification of years in terms of efficiency.
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INTRODUCTION

One of the most important issues before the
design and implementation of any wastewater
treatment plant is the selection of the best treatment
process. Although the wide variety of types of
wastewater treatment plants, especially in terms of
capacity and specific local conditions, makes it
difficult to introduce a general rule that applies to all
cases of selection of treatment process, in terms of
priority of the treatment process, certain criteria may
be applied that will be usable in most treatment
plants. It is important to choose the best process for
wastewater treatment, and in this regard, few studies
have been conducted using a variety of mathematical
techniques. If industrial treatment plants are efficient
and sewage is collected and re-used in the best way,
the possible efficiency and productivity will gain a
special place in all sectors and can play an important
role in sustainable development of Iran.

Some research has been conducted in the world
which has used mathematical models to measure the
efficiency and evaluate the performance of the
systems. One of these mathematical models is the
Data Envelopment Analysis (DEA). Few studies in
the world have used this model to assess the

*) To whom all correspondence should be sent:
E-mail: ahh1346@gmail.com

performance of wastewater treatment plants. This
technical model is adopted to measure the relative
efficiency of decision making units by calculating
the ratio of weighted total output variables to
weighted total input variables. This efficiency is a
good indicator to identify optimum units [2]. In
2009, Venkata Mohan et al. used DEA and Taguchi's
methodology of experimental design to assess and
optimize hydrogen production and wastewater
treatment processes [3]. In 2009, Herndndez and
Sala-Garrido used DEA approach to analyze the
technical efficiency and cost of wastewater
treatment processes. In 2011, in order to compare the
efficiency of wastewater treatment technologies,
Sala-Garrido et al. used the DEA model. In 2012,
they also evaluated the efficiency of wastewater
treatment plants under the conditions of uncertainty
by using DEA approach with tolerance [4].

Also in Iran, some research has been conducted
in the field of evaluating the performance of
treatment plants, some of which will be mentioned.
It should be noted that so far in Iran DEA models
have not been employed to measure the performance
of treatment plants.

In 2003, Miranzadeh and Babamir evaluated the
efficiency of Ekbatan wastewater treatment plant by
reviewing COD, BOD and TSS parameters over the
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period of one year. The results showed that, with the
removal of 92, 94 and 96% of pollutants,
respectively, the aforementioned treatment plant has
a good efficiency in wastewater treatment [5].

In another study in Bukan conducted by Hosseini
and Rahimzadeh (2006), the efficiency of the
aeration lagoon of a treatment plant with values of
82, 38 and 4.3 mg/L for COD, Qil and TSS,
respectively, in the output wastewater was
confirmed. Efficiency of removal at this treatment
plant during the four seasons was an average of 9.82,
4588 and 75.80% respectively, for the
abovementioned parameters [6].

The steel industry is one of the most important
consumers of water and Khuzestan Steel Complex,
due to climatic conditions of its location, consumes
large amounts of water for various purposes.

This research designs and presents a new
approach based on models of data envelopment
analysis (DEA) to assess the performance of
wastewater treatment plant of Khuzestan Steel
Company that can be adopted to evaluate the current
performance of the treatment plant in removal of
pollutants and also forecast the quality of the output
wastewater in the future. Therefore, to measure the
performance of the treatment plant during the
studied years (2009-2014), first the treatment
processes were examined and input and output
parameters of the treatment plant (Oil, COD, TSS,
pH) were determined. Then, a CCR multiplier model
was used for ranking efficient units and for
measuring the performance of the treatment plant
compared to the previous year; Malmquist
Productivity Index (MPI) was used for calculating
the efficiency and performance trends over time;
Window Analysis was used in the form of data
envelopment analysis models (DEA). The results of
the analysis of the efficiency of the treatment plant
over the studied years using these models
demonstrated the power of DEA models to calculate
and distinguish the years in terms of efficiency.

RESEARCH METHOD

Studied area: Khuzestan Steel Company
Treatment Plant

With an area of 8.3 square kilometers, Khuzestan
Steel Company is located on the 10" kilometer of
Ahwaz-Imam Khomeini Port road. Khuzestan Steel
Company wastewater treatment plant was
established in 2006 and began operation in 2008.
Wastewater treatment plant was constructed next to
the south wing of the factory. The current capacity

of the wastewater treatment plant is 3000 m*h and
in the future, it can be increased to 5715 m%h. The
wastewater produced by various units of Khuzestan
Steel Complex enters the main canal through two
(eastern- southern) canals.

This treatment plant uses physical/chemical
treatment methods in several stages during the
operation (such as increasing polyelectrolyte and
alum and directing the wastewater to settling basins
in order to reduce suspended materials, etc.). The
effluent is discharged directly to Maleh River by
considering environmental standards and eventually
enters Shadegan international wetland and some of
it is employed to irrigate the company’s green area.
(Khuzestan Steel Company Public Relations
Department, 2012). The treatment process of this
plant is shown in Figure 1.

Sampling and analysis methods

In this research, the data from raw sewage and
output wastewater of Khuzestan Steel Company
industrial wastewater treatment plant were studied.
Since for modeling data that have a high degree of
accuracy and richness in the studied period are
required, parameters and quality indicators were
used that create an output for an input (2009-2014).
Thus, Qil, COD, TSS and pH factors were selected.
Raw sewage and output wastewater were sampled to
measure and monitor the above-mentioned
parameters and based on the book Standard Methods
for the Examination of Water and Wastewater, input
sewage samples were kept in polyethylene and glass
containers on which the date, time and place of
sampling, as well as the water temperature at the
time of sampling had been written and these
containers were immediately transferred to the
laboratory of Khuzestan Steel Company where tests
were performed on the parameters.

Algorithm of evaluating the performance and
efficiency of the process using DEA

First step: Collecting the data related to Decision
Making Units (DMUSs) input/output. In the study of
real systems, to calculate the efficiency, the first step
is to determine the inputs and outputs of each DMU
or decision making unit so that they reflect the
efficiency. In analyzing the efficiency of treatment
plants, determining inputs and outputs is particularly
important because each DMU or time period has
numerous inputs and outputs, considering a lot of
them or ignoring them will cause some problems.
After determining
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Figure 1. Schematic of the process of Khuzestan Steel Company industrial wastewater treatment plant

the inputs and outputs of each DMU, to compare and
measure the efficiency of DMUs, the data related to
each DMU were collected.Each year, 24 samples (2
samples per month) were taken for the 4 input and
output parameters (Oil, COD, TSS, pH) and it could
be stated that each year we had 24 DMUs and over a
six-year research period, a total of 144 DMUs were
calculated.

Second step: After collecting the data, efficiency
of all DMUs was calculated using a CCR model. In
this research, the data related to all DMUs from 2009
to 2014 (each year includes 24 DMUs, where DMU-
1 represents August and DMU-24 represents July)
were used for the input (Oil, COD, TSS, pH) and output
(Qil, COD, TSS, pH) parameters. (Similar input and
output parameters).

Third step: Using Malmquist criterion, the
performance of units was compared to the previous
year.

Fourth step: Using Windows Analysis, the
performance trend of a single unit over time was
calculated.

Analysis of the data and modeling

It is noteworthy that for analyzing the data,
modeling the evaluation of the performance of the
treatment house and determining its efficiency,
GAMS software was used.

Treatment process inputs and outputs

As mentioned above, input and output parameters
have been assumed to be similar, that is, for any
number of inputs, there will be the same number of
outputs. Table 1 shows the input and output
parameters. In Table 1, | stands for the number of
input parameters and O stands for the number of
output parameters. It should be noted that the
number of DMUs for each input and output
parameter is 144 (144 inputs and 144 outputs for
each parameter).
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Table 1. Inputs and outputs of the model

Parameter Output Parameter Input
Qil 01 Oil Iy
COD (o)) COD I
TSS O3 TSS I3
pH 04 pH I4

Data Envelopment Analysis (DEA)

DEA is a method adopted to measure the relative
efficiency of decision making units (DMUs). In
DEA, the criteria are not weighted by the decision
maker and this is done by the model in a way that
each decision making unit (DMU) achieves its
highest level of efficiency.

Efficiency is defined as the ratio of output to
input. When there are multiple inputs and outputs,
efficiency is defined as the ratio of weighted total
outputs to weighted total inputs. If the values of the
inputs and outputs are known, efficiency is simply
calculated as follows:

u1y1i +..t us ysi
Vo Xy oV X

TE; =

where v is the input value and u is the output
value of the i-th unit.

DEA-CCR model: In this method, with the help
of some simple assumptions and using the data
obtained from the units, the efficiency frontier is
determined and by calculating the distance of each
unit from the determined frontier (in one direction)
the efficiency of units is calculated. CCR can be
considered as the most rudimentary model of this
family which was developed by Charnes, Cooper
and Rhodes in 1987 inspired by the work of Farrell
(1957) [10].

The linear programming model which is
employed to calculate the efficiency of CCR is as
follows:

n n
1

Max 8 = ——, Z)I-Y'SX,ZA'Y-ZGY

Effora-ccr = T ° T °
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Malmquist Productivity Index (MPI): To set a
guantitative goal related to the value of efficiency,
the past trends of the evaluated units should be
examined and MPI is a powerful tool to study the
past. MPI considers two factors: the unit’s changes
compared to its previous condition and the changes
in production frontier which is determined by the
best members of the target population.

MPI

9”1(955“,3/,5“) gt(xlg’ylg) X gt(xzt;+1’yz§+1)
o0 (xhyg) 8 (b yg) X 044 ()

The first fraction measures the efficiency change
between the periods t+1 and t and the second fraction
shows the technical change or, in other words, the
change in production frontier. The amount of
technical change, efficiency change and MPI change
for each wunit was presented. As mentioned
previously, productivity index is divided into the two
factors of efficiency change and technical change.
The slightest change in either one affects MPI and
the following cases are possible:

MPI>1 indicates an increase in efficiency and
progress is observed.

MPI<1 indicates a decrease in efficiency and
progress is not observed.

MPI=1 indicates that no efficiency change has
occurred between t and t+1. [10]

Windows Analysis model: One criticism of DEA
models is that the efficiency calculated using this
method is past efficiency. In other words, the

efficiency calculated using this method is forgotten
efficiency.

Window analysis is a time-dependent version of
data envelopment analysis models. The main idea of
this approach is that each unit in each period is
considered as a separate unit from other periods. But
each unit is not compared with all units in all the
periods. A subset of the total time data is selected
and each unit is measured separately from other
periods of that subset. Window analysis generalizes
the concept of moving means to detect the efficiency
of the units over time. According to this model, each
unit in each time window is treated as an
independent unit at other times. This approach
enables us to compare the efficiency of each unit at
different periods. By increasing the number of units,
window analysis also increases the separability of
the DEA models. Remember that selecting the width
of the window (a subset of the overall data) is the
most important part. This choice should be small
enough to minimize unfair comparisons over time
and also large enough to provide a suitable data
sample [9].

RESULTS

The present research was conducted based on the
data gathered over a period of six years from 2009 to
2014. The results of the analyses conducted on OQil,
COD, TSS and pH parameters of the raw sewage
entering the treatment plant and the output
wastewater are presented in Table 2 in the form of
decision making units (DMUs).

Table 2. Inputs and outputs of decision making units (DMUs). The measurement unit of Oil, COD and TSS parameters
in the input and output of the treatment plant is mg/L.

Year Input Input Input Input Output Output Output  Output
(Qil) (CoD) (TSS) (pH) (Qil) (CoD) (TSS) (pH)

Mean 9.733 85.817 58.092 7.938 4.242 43.929 14.000 7.700

2009  Std. Dev.  8.470 59.619 53.557 0.186 4311 23.760 7.945 0.232
Min 1.3 26 9 7.5 0.3 11 3 7.2

Max 37 254 271 8.3 20 115 35 8.1

Mean 4.317 69.333 45.775 8.075 1.883 25.458 12.896 7.850

2010  Std. Dev.  4.473 53.921 35.277 0.217 2.676 10.371 4.191 0.159
Min 0.6 25 14 7.8 0.2 3 6 7.6

Max 22 261 150 8.6 11 40 22 8.2

Mean 4.279 55.133 55.825 7.942 2.333 38.500 21.750 7.725

2011  Std. Dev.  2.960 9.644 26.411 0.289 1.001 6.711 8.774 0.285
Min 1.2 40 26 7.1 0.6 25 6 6.9

Max 15 81 129 8.5 4.5 53 48 8.2

Mean 7.435 62.058 71.446 7.982 2.863 33.083 13.917 7.663

2012  Std. Dev.  8.430 20.317 38.274 0.261 0.283 13.897 5.770 0.300
Min 2.9 22 17 7.5 2.4 6 4 7

Max 40 103 162 8.6 35 62 32 8.5

Mean 4571 65.221 74.168 8.079 3.596 20.747 15.333 7.854

2013  Std. Dev.  1.926 23.135 39.179 0.257 1.434 10.448 11.126 0.195
Min 2.9 338 20 7.6 2.6 13 9 7.5

Max 11.3 111 210 8.6 10.1 64 66 8.2

Mean 3.617 46.625 61.583 8.004 2.775 23.417 20.833 7.800

2014  Std. Dev.  0.725 14.832 33.628 0.146 0.182 6.928 17.264 0.147
Min 2.8 29 23 7.7 2.2 12 11 74

Max 51 98 143 8.3 3.1 40 99 8
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As you can see, the range of annual mean of Oil
in the raw input sewage varies from 62.3 mg/L in
2014 to 73.9 in 2009 and in the output wastewater
from 88.1 mg/L in 2010 to 24.4 in 2009. The total
mean in the raw input sewage and the output
wastewater has been estimated to be 66.5 and 95.2
mg/L, respectively. Also, regarding TSS, BOD and
pH parameters, according to Table 2, the range of
annual mean of COD in the raw input sewage varies
from 63.46 mg/L in 2014 to 82.85 in 2009 and in the
output wastewater from 75.20 mg/L in 2013 to 93.43
mg/L in 2009. The total mean in the raw input
sewage and output wastewater were estimated to be
84.63 and 86.30 mg/L, respectively. The range of
annual mean of TSS in the raw input sewage varies
from 78.45 mg/L in 2010 to 17.74 in 2013 and in the
output wastewater from 92.12 mg/L in 2010 to 75.21
in 2011. The total mean in the raw input sewage and
the output wastewater was estimated to be 15.61 and
45.16 mg/L, respectively. Finally, the annual mean
of pH in the range of the raw input sewage varies
from 93.7 in 2009 to 98.8 in 2013 and the output
wastewater varies from 66.7 mg/L in 2012 to 86.7 in
2013. The total mean in the raw input sewage and
the output wastewater was estimated to be 8 and
77.7, respectively.

Results of process performance evaluation using
DEA: As explained above, in order to measure
efficiency and compare the units, the data from 2009
till 2014 were used. Decision making units (DMUs),
which are the years studied in this research, are
presented in Table 3. Efficiency of the treatment

system during these years was calculated based on
inputs and outputs using DEA-RCC, the results of
which are shown in Table 3. According to the results,
the number of efficient units in 2014, 2013, 2012,
2011, 2010 and 2009 was 7, 7, 9, 8, 12 and 10,
respectively, and the number of inefficient units in
2014, 2013, 2012, 2011, 2010 and 2009 was 17, 17,
15, 16, 12 and 14, respectively (Table 3).

In order to compare the performance of the units
with the previous year, Malmquist Productivity
Index was used, the results of which are presented in
Table 4. Furthermore, to compare the efficiency of
each unit in different periods and, in other words,
determine the efficiency of each unit over time,
Window Analysis was used, the results of which are
presented in Table 5.

Results of Malmquist productivity index (MPI)
model based on CCR: A summary of the results
obtained from the MPI model based on DEA
distance function over the studied years (2009-2014)
is presented in Table 4. It should be noted that TC
represents Technical Change, EC represents
Efficiency Change and MPI represents Malmquist
Productivity Index.

Results of Window Analysis: In the present study,
the length of the window was 3 years. The first
window (W1) includes Oil, TSS, COD and pH
parameters in 2009, 2010 and 2011; the second
window (W2) includes Oil, TSS, COD and pH
parameters in 2010, 2011 and 2012; the third
window (W3) includes COD, TSS, Oil and pH
parameters in 2011, 2012 and 2013 and the fourth
window (W4) includes Oil, TSS, COD and pH
parameters in 2012, 2013 and 2014.

Table 3. Results obtained from the DEA-RCC model

2009 2010
DMUO01 0.7725 1
DMUO02 0.7844 0.9083
DMUO03 0.7958 0.8589
DMUO04 0.8638 0.88
DMUO5 0.785 0.8967
DMUO6 0.7956 1
DMUOQ7 0.8907 0.8626
DMUO08 0.7252 1
DMU09 0.8779 0.9269
DMU10 0.6869 0.9609
DMU11 1 1
DMU12 0.9331 0.9707
DMU13 1 0.9487
DMU14 0.8512 0.8611
DMU15 1 1
DMU16 0.8149 0.9298
DMU17 0.9565 0.9084
DMU18 0.9006 0.9076
DMU19 1 0.8569
DMU20 1 0.7996
DMU21 1 0.9231
DMU22 0.8895 1
DMU23 0.8362 1
DMU24 1 0.8827
# of efficient units 7 7
# of inefficient units 17 17

2011 2012 2013 2014
1 1 0.9133 1
1 1 1 0.9727
1 0.9398 0.8331 1
0.8658 0.9674 0.9204 0.9443
0.9551 0.9917 1 0.9429
0.8404 1 1 0.8661
0.7691 0.9257 0.8966 1
1 1 0.9217 1
0.9039 0.8701 0.7732 0.9047
1 0.9368 1 0.9326
0.9813 0.9499 0.8907 0.9573
1 1 0.9405 0.9769
0.9815 0.8352 1 1
1 0.9688 1 1
0.955 0.967 0.8197 1
0.89 0.9318 0.9185 0.9612
1 1 1 1
0.8591 0.9336 0.8992 0.9194
0.9433 0.9255 1 0.8817
0.9183 0.9683 1 1
0.7956 0.8819 0.8172 0.839
0.9532 0.8811 1 0.9161
0.8483 1 1 0.9657
1 1 1 1
9 8 12 10
15 16 12 14
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Table 4. Summary of the results obtained from Malmquist Productivity Index

Year Mean(geometric) Mean(arithmetic) MPI Std. Dev. Min Max
2009/2010

MPI 1.194 1.261 0.511 0.790 3.258

EC 1.047 1.049 0.067 0948 1.197

TC 1.141 1.191 0.425 0.776  2.836
2010/2011

MPI 0.572 0.603 0.189 0.219 1.006

EC 0.966 0.968 0.062 0.842 1.061

TC 0.593 0.624 0.193 0.252 1.060
2011/2012

MPI 0.921 1.000 0.429 0.363 2.397

EC 1.034 1.036 0.065 0.924 1.165

TC 0.891 0.961 0.404 0.363 2.397
2012/2013

MPI 0.870 0.885 0.153 0.431 1.150

EC 0.979 0.982 0.063 0.835 1.091

TC 0.888 0.900 0.136  0.464 *1.055
2013/2014

MPI 1.062 1.071 0.143 *0.848 1.379

EC 1.021 1.023 0.071 0911 1.183

TC 1.040 *1.045 0.097 0.848 1.281

In these windows, units of each period are
independent of other periods.Thus, there are 72
units. (As stated in section 3 on methodology, each
year includes 24 DMUs, DMUL1 stands for August
and DMU24 stands for July) In other words, these
72 units comprise the efficiency frontier. For each
unit, there are 3 types of data that their efficiency
should be calculated by using the frontier created by
these 72 units. Table 5 shows the efficiency of the
decision making units (DMUSs) in multiple windows.
For example, in the first row, it shows the data
related to the mean of windows 1 to 4 for DMUOL.

Table 5. Summary of the results obtained from Window
Analysis model
W2 W3
0.9254  0.9089
0.8972  0.9143
0.8647 0.8622
0.8673 0.8676
0.8983  0.9446
0.913 0.8954
0.8344  0.8206
0.9779  0.9505
0.8854 0.8123
0.9107 0.9192
0.9244 0.8774
0.9797  0.929
0.8882  0.9129
0.9813 0.9371
0.9646 0.9067 0.9534
0.9018 0.8862 0.9418
0.9853 0.9911 1

0.8807 0.8836 0.9425
0.8865 0.942 0.9441
0.9083 0.895 0.9888
0.8458 0.7985 0.8773
0.9035 0.8871 0.9365
0.9125 0.8848 0.9877
0.889 0.889 0.9498

W1
DMUO1 0.9049
DMUO02 0.8658
DMUO3 0.8548
DMUO04 0.8484
DMUO05 0.8625
DMUO06 0.8641
DMUO07 0.8529
DMUO08 0.9139
DMUO09 0.8673
DMU10 0.9053
DMU11 0.9659
DMU12 0.9496
DMU13 0.9404
DMU14 0.9376
DMU15 0.9656
DMU16 0.9101
DMU17 0.9332
DMU18 0.8829
DMU19 0.8872
DMU20 0.923
DMU21 0.8927
DMU22 0.886
DMU23 0.8742
DMU24 0.9137

W4
0.9622
0.9498
0.9257
0.9242
0.9703
0.9105
0.9293
0.9607
0.8813
0.9623
0.9463
0.9522
0.9696
0.9559

Mean
0.925
0.907
0.877
0.877
0.919
0.896
0.859
0.951
0.862
0.924
0.929
0.953
0.928
0.953
0.948
0.910
0.977
0.897
0.915
0.929
0.854
0.903
0.915
0.910

Each of these windows has a mean value of
efficiency that is associated with that unit. Finally,

by calculating the mean of efficiencies calculated
from these 4 windows, the mean efficiency of the
first unit in the period 2009 to 2014 was calculated,
which is equal to 92.0. The results of the Window
Analysis model are summarized in Table 5.Then, in
order to determine the most important factors
affecting efficiency, sensitivity analysis was
performed, in which the input and output parameters
(TSS, QOil, COD and pH) were removed to determine
which changes occur in the efficiency of the units.
The results obtained from the sensitivity analysis are
presented in Table 6.

Table 6. Mean efficiency change of the units in the
Window-Sensitivity analysis

Oil COD TSS pH

DMUOL 00313 00281  0.0248  0.3526
DMUO2  0.0535 00041  0.0418  0.3679
DMUO3  0.0186 00154  0.0357  0.4038
DMUO4  0.0254  0.0067  0.0095  0.5029
DMUO5  0.0227  0.0062  0.0441  0.3640
DMUO6  0.0094  0.0240  0.0832  0.3214
DMUO7  0.0478  0.0239  0.0138  0.4301
DMUO8  0.0141 00067  0.0313  0.2733
DMU09  0.0155 00065  0.0150  0.5228
DMUL0  0.0366 00197 00352  0.4202
DMU1l  0.0045 00261  0.0140  0.3842
DMU12 00111 00047  0.0365  0.4148
DMU13 00082 00111 00652  0.3983
DMU14  0.0377 00035  0.0269  0.4628
DMU15 0.0019 00200  0.0652  0.4370
DMU16  0.0203  0.0048  0.0450  0.4558
DMU17 00175 00133 00611  0.2950
DMU18 00272 00132 00141  0.4021
DMU19 00035 00283 00387 05134
DMU20 0.0300 00116 00188  0.4615
DMU21 00198 00173 00102  0.4589
DMU22 0.0260 00167  0.0389  0.4132
DMU23  0.0323 00100 00391  0.3095
DMU24  0.0144 00200 0.0532  0.3466

Mean 00220 00142 00359  0.4047
Std. Dev 00134  0.0081 00196  0.0674
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DISCUSSION AND CONCLUSION

In this paper, the performance of Khuzestan Steel
Company treatment plant was studied using Data
Envelopment Analysis based on the model inputs
and outputs. Based on the results related to 144
decision making units, evaluation of the
performance of the treatment plant during 2009-
2014 indicates that in removal of pollutants, the
highest removal efficiency was that of COD in the
wastewater entering the treatment plant with an
efficiency of 68% in 2013, the highest removal
efficiency of Oil was 62% in 2012, the highest
removal efficiency of TSS was 81% in 2012 and the
highest efficiency in reduction of pH was 4% in
2012. In general, it can be concluded that Khuzestan
Steel Company industrial wastewater treatment
plant with removal of 81% of TSS from wastewater
accounts for the highest efficiency in the removal of
the pollutants (Figure 1). Then, Malmquist
Productivity Index (MPI) was adopted to explain the
changes in total productivity. Based on the results
obtained from this index presented in Table 4 and
Figure 2, the performance of Khuzestan Steel
Company wastewater treatment plant from 2009 to
2010 has made progress both in terms of efficiency
and technique (values larger than one) and therefore,
it has been efficient from 2009 to 2010 (Malmquist

productivity index is larger than 1). However, during
the 2010-2011 period, there has been a great
technical drawback (value of 59.0 for TC) but in
terms of efficiency, the performance has been the
same as in the previous year and there has been no
progress (the value of EC is close to 1).

By multiplying these two factors into each other, the
productivity index for this unit during 2010-2011
will be 57.0 which indicates that during this period
the unit has not been efficient and had negative
progress. During the 2011-2012 period, it had
progress in terms of technical and efficiency change
(TC value is 89.0 and EC value is 03.1) and finally,
the value of productivity index during the 2011-2012
period will be 1, which indicates that during this
period, the unit has been efficient and has made
progress. Figure 2 confirms the fact that during these
periods (2009-2010 and 2011-2012), there has been
no considerable progress in the performance of the
treatment plant in terms of efficiency and the
differences in the productivity index have been due
to technical progress made in some units. However,
in 2013 and 2014, the efficiency of the treatment
plant had a considerable progress. Also, Window
Analysis and Sensitivity Analysis were employed to
measure efficiency and performance trend over time
in the form of Data Envelopment Analysis (DEA)
models. Based on the results obtained from Window

- 100
& 80
©
t
w‘ 60
et = oil
o 40
3
(= 20
(]

S
&= 0
Y 2009 2010 2011 year 2012 2013 2014

Fig. 1. Percentage of efficiency of removal of COD, TSS, Oil and pH from the output wastewater of Khuzestan

Steel Company treatment plant during 2009-2014

1.2
1
0.8
0.6
0.4
0.2
0 :
2009- | 2010- | 2011- | 2012- | 2013-
2010 | 2011 | 2012 | 2013 | 2014
M (TC)Technical Change | 1.14 0.59 0.89 0.88 1.04
B (EC)Efficiency Change| 1.04 0.96 1.03 0.97 1.02
(MPl)Malmquist
Productivity Index 1.19 0.57 0.92 0.87 1.06

Fig. 2. Results of mean changes of Malmquist productivity index during the studied period (2009-2014)
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Analysis presented in Table 5, there is no
considerable difference between the amounts of
efficiency obtained in Window Analysis of the units
over the studied years. Table 6 and Figure 3 confirm
that removing COD, Qil, TSS and pH indices change
the mean efficiency of each unit 01.0, 02.0, 03.0 and
40.0, respectively. In case of pH, this change is
considerable. Generally, it could be stated that,
considering the used models and conducted analyses
in each part, it is clear that based on the results
obtained from the models used in this article, except
for few of the units, no conspicuous difference
between the performances of the units was observed.
Regardless of the individual performance of the
units, it could be stated that there is a conspicuous
balance in the system.

Finally, in order to reuse the wastewater or
discharge it to surface water resources, the amount
of each of Oil, COD, TSS and pH parameters should
be within the standard limits. In this regard, the
Iranian Environmental Protection Agency has
provided guidelines based on the type of use of the
wastewater. According to these standards, in order to
discharge the wastewater into the surface water
resources, density of Oil, COD and TSS must be 10,
40 and 60 mg/L, respectively and pH must be 5.6-
5,8 [10].

The average density of the abovementioned
parameters during the studied years in the output
wastewater of Khuzestan Steel Company treatment
plant is as follows: Qil=95.2, COD=86.30 and
TSS=45.16 mg/L and pH is 5.6-5.8, which indicates
compliance with the standards of the Iranian
Environmental Protection Agency for discharging
wastewater into surface water resources.

Comparisons were made between the present
research and previous studies in this area, some of
which are mentioned in the following. In a study, the

efficiency of the aeration lagoon of Bukan treatment
plant conducted by Hoseini and Rahimzadeh (2006),
with values of 82, 38 and 4.3 mg/L for COD, Oil and
TSS, respectively, in the output wastewater was
confirmed. The efficiency of the system with values
of 82, 38 and 4.3 mg/L for COD, Qil and TSS,
respectively, in the output wastewater was
confirmed. Efficiency of removal at this treatment
plant during the studied seasons was an average of
9.82, 45.88 and 75.80%, respectively, for the
abovementioned parameters [3] which is consistent
with the present research.

In a study conducted by Kimiyai et al., Qil, TSS
and COD qualitative parameters in the input and
output sewage of the wastewater treatment plant of
Buali Industrial City, Hamedan were evaluated and
pollutants removal efficiency for the studied
parameters was calculated as 68, 88.89 and 25.79%,
respectively [11], which is consistent with the data
of the present research. In a study conducted by
Ardabilian et al., the efficiency of removal of BOD,
TSS and COD from the input sewage of Zanjan City
treatment plant was found to be 25.87, 91.77 and
29.87%, respectively [12], which is consistent with
the data of the present research. Also, given the
limitation of water resources in Iran and Ahvaz City,
as well as the current critical condition of the local
area and considering the high efficiency of
Khuzestan Steel Company industrial wastewater
treatment plant system in removing pollutants and
the level of the studied key parameters (Oil, COD,
TSS) which is lower than the permissible
environmental level in the output wastewater, it is
recommended that advanced treatment methods be
used for treatment of output wastewater and the
treated wastewater be used for industrial plants
which do not need high-quality water.
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oil - 0.4000
—@-COD X 0.3000
Tss 0.2000
0.1000
*pH A _ A ] » D ' -
T A T W 0000
4] N S A s ™ N &) Q 5 > \
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Fig. 3. Mean efficiency changes of the units in the Window-Sensitivity analysis
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OLIEHKA HA E®EKTUBHOCTTA HA ITPEUMCTBATEJIHN CTAHLIMUA 3A
NMHAYCTPUAJIHA OTITATHA BOJA C U3IIOJI3BAHE HA AHAJIM3 HA ObXBATA HA
JIAHHUTE C IIPUMEPEH CJIVUAU IIPEUNCTBATEJIHATA CTAHLIUS HA
XVY3ECTAHCKUA 3ABO/I 3A TTPOU3BOJICTBO HA CTOMAHA

K. Pax6apul, A. X. Xacanu'?, M. P. Meprar®, A. X. [Ixapuz®

Y lenapmamenm no nayxa 3a oxonnama cpeda, @axyamem no okoana cpeda u enepaus, Texepancku KIOH 3a HAYKaQ
u uscneoganusi, Ucnsmcxku Azao ynueepcumem, Texepan, Upan
2 Jlenapmamenm no uHiCeHepcmeo Ha okoanama cpeda, daxyrmem no oxonna cpeda u enepaus, Texepancku kiow
3a Hayka u uscneosanus, Ucusimcku Azao ynusepcumem, Texepan, Upan
3 Omoen no menudxcmoum, Texepancku ynusepcumem, Upan
4 lenapmamenm no nayxa 3a oxoanama cpeoa, Daxyrmem no nayka u mexnono2us Ha mopemo, Texepancku KioH
3a Hayka u uscreosanust, Ucasmcku Azao ynusepcumem, Texepan, Hpan

IToctrpnuna Ha 13 rouu, 2016;

Kopurupana na 21 Hoemspn 2016 .

(Pe3rome)

Pa3paboTBaHeTo Ha MATEMaTHYECKH MO/IEI, TI03BOJISIBALIL TPOMSIHA Ha EKCIIEPUMEHTAIHUTE apaMeTpH 1 TPOMEHIINBU
JlaBa Bb3MOXKHOCT HE CaMO 3a OLICHKA, HO W 3a [IPOTHO3MpaHe Ha paboTara Ha MPEYNCTBATEIHU CTAHIMK. B HacTosara
CTaTHsl, 32 OlICHKA Ha e()eKTUBHOCTTA HA MPEYHCTBATEIIHATA CTAHIMS HA Xy3€CTAaHCKHUS 3aBOJ] 32 CTOMaHa € M3I0JI3BaH
MOJIETBT Ha aHanu3 Ha obOxBara Ha jgaHauTe (AOJ]). BXOJHHTE W M3XOJHUTE MapameTpu (XMMHUUYECKH HEOOXOaUM
KHCJIOPO, Macjo, o000 KOJHMYeCTBO Ha TBBpAM BemiectBa u PH) ca ompenenenu mpe3 mepuoga (2009-2014 r.).
KoedurmenrsT Ha mnpoaykTuBHOCT Ha Malmquist e wusmoi3BaH 3a wu3passBaHe HAa MNPOMEHWTE B TOTAIHATA
npoaykTuBHOCT, a WIindow aHamu3bT — 3a M3UYHC/IsIBaHE Ha €(DEKTHBHOCTTa W TEHICHIMHTE 3a paboTa ¢ BPEMETO.
PesynraTure moka3sar, uye e(peKTHBHOCTTA HA MIPEYUCTBATEIHATA CTAHIINS 110 OTHOLICHHE HA XUMHYIECKH HEOOXOIUMUS
KHCJIOPOJ, MacJIOTO, O0IIOTO KOJIMIECTBO Ha TBHPIH BemiecTBa U PH e ceorBeTHO 68%, 62%, 81% 1 4%. EdexTiBHOCTTA
Ha CTaHIMATA 32 OTCTPaHABAaHE Ha 3aMbpcUTeNH ¢ okoio 70%, Taka 4e cuctemarta paboTH e(EeKTHBHO W M3XOAAIIaTa
BOJIa ChOTBETCTBA HA CTAHAAPTUTE 33 OKOJIHA Cpejia. Pe3ynraTuTe mokas3Bar ChII0 TaKa ITUPOKUTE Bh3MOXKHOCTH Ha AO/]
MOJICJIUTE 33 U3YHCISIBAHE U KiTacu(puiMpane Ha e(h)eKTUBHOCTTA MO TOHMHU.
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The study simulated the sulfur corrosion process in an oil tank to evaluate intrinsic sulfidation of iron oxides and
oxidation behavior of sulfidation products at room temperature. The methods of SEM and EDS were used to characterize
the microstructure and surface state of the sulfidation products of Fe,Os, FesO4 and Fe(OH)s, which are the dominant
components of rust. The surface chemical state of sulfidation and oxidation products was characterized by XPS
measurement to analyze the oxidation degree and oxidation mechanism of the sulfidation products. The results showed
that three kinds of iron oxides can produce the same kind of iron-sulfur compounds after sulfidation, but the
microstructure and elemental distributions of these iron-sulfur compounds are different. The main components of the
sulfur corrosion products of the three iron oxides are identical. The sulfur corrosion process of iron oxides converts iron
oxides into FeS, and FeSOs, which is accompanied by the formation and transformation of FeS and Ss. At room
temperature the sulfidation products of iron-sulfur compounds are finally oxidized to Fe,O3 and FeSOa.

Keywords: iron oxides; sulfidation; oxidation; iron-sulfur compounds; XPS.

INTRODUCTION

In the process of oil refining, storage and
transportation, the active sulfur in the oil will react
with the rust (the dominant components are iron
oxides such as Fe;0s;, FesO4 and Fe(OH)s) on the
inner wall of the device, which can generate iron-
sulfur compounds with a certain pyrophoricity. Fire
and explosion accidents caused by self-ignition of
corrosion  products of sulfur occasionally
happen [1-3]. Many scholars have extensively
investigated the mechanisms of spontaneous
combustion of iron-sulfur compounds [4-8].

Corrosion of iron in H.S containing solutions is
a general problem in crude oil and natural gas
production, and is generally referred to as sour
corrosion. Aqueous H,S solutions promote
corrosion of steels [9-15], but the exact nature and
mechanisms of corrosion strongly depend on the
reaction conditions [16-18]. While the process has
been widely investigated for pure iron and carbon
steels, there is still a lack of understanding of the
reaction path of the corrosion products. The
chemistry of the corrosion products formed during
H,S-triggered corrosion is rather complex, as there
are many different solids consisting only of iron
and sulfur. X-ray photoemission spectroscopy (XPS)
has been used to confirm the presence of the
reaction products [19-22]. On the other hand, the
corrosion product can be rapidly oxidized in the air
and release heat. Different types of materials for the

formation of sulfur compounds and changed
sulfidation environment will make the sulfidation
products have different oxidation pyrophoricity.
Although there were many investigations about
the sour corrosion and oxidation process of
sulfidation products, it is not totally clear what
happens in the course of the sulfidation process and
oxidation process. The objective of this work was
to investigate intrinsic sulfidation behaviors of iron
oxides in HzS, N2 and O; gas atmosphere and the
oxidation behaviors of sulfidation products at room
temperature. In this paper, dry Fe.Os, FesO4 and
Fe(OH)s were used by reacting with a mixture of
sulfidation gas at a certain temperature, to simulate
the sulfur corrosion process in an oil tank
containing sulfur. Following the oxidation process
of the sulfidation products, the chemical
morphology of the reaction products was identified
by XPS. It would be highly desirable to understand
the sulfidation mechanism of iron oxides and the
oxidation mechanism of sulfidation products in
order to better understand the sulfidation process
and oxidation process. The experimental results
provided a theoretical basis for the prevention of
spontaneous combustion of sulfur compounds.

EXPERIMENTAL
Experimental method

The scheme of the experimental apparatus of the
sulfidation and oxidation tests is shown in Fig. 1. In
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flasks were installed in parallel to a gas bag and
filled with Fe;Os, FesO4 and Fe(OH)s, separately.
This is to make sure that the sulfidation processes
of the three iron oxides take place under the same
conditions.

Q' buffFering air bag

Ethernoneter

supplemental gas bag
f—\ Flow neter
three-necked Flask

cone bottle containing water
Fig. 1. Apparatus for the sulfidation and oxidation
processes

Desired concentration of sulfidation gas (volume
ratio of H,S:02:N, = 5:1:4) was pre-configured and
the gas was stored in the gas bag. Quantities of
Fe20s, Fes04 and Fe(OH)s samples were placed in
the three-necked flasks separately. The mixture of
sulfidation gas in the gas bag was pumped by a gas
pump and passed through the buffering air bag,
water containing cone bottle and flow meter which
can detect and control flow, and then entered the
three-necked flasks. The sulfidation reaction of iron
oxides was carried out in the three-necked flasks.
The sulfidation products were divided in two, one
part was directly exposed to the air; the other part
was sealed with ethanol. EDS and XPS analysis
were carried out using the ethanol sealed sulfidation
products. The sulfidation products directly exposed
to the air were used for the oxidation process. Open
both sides of the stopper, let air get into the reaction
flask and react with corrosion products. The
temperature was measured by a thermocouple
thermometer inside the reactor. The final products
were analysed by XPS.

Characterization method

The sulfided and oxidized samples were
analysed by scanning electron microscopy with
energy-dispersive X-ray spectroscopy (DEM-EDS)
at the acceleration voltage of 30 KV and X-ray
photoelectron spectroscopy (XPS) technique with
an ESCALAB 250  spectrometer  using
monochromatic Al Ka X-ray (1486.6 eV).
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RESULTS AND DISCUSSION
DEM-EDS characterization of sulfidation products

The spontaneous oxidation reaction of the
sulfidation products has a strong relationship with
their microstructure, and the specific surface area is
different, which leads to different contact areas with
oxygen. The results of sulfidation products of Fe;Os,
FesO, and Fe(OH)s characterized by SEM
technique are shown in Fig. 2. As can be seen, there
are some differences in the microstructure of the
three sulfidation products. The sulfidation product
of Fe(OH)s mostly consists of sheets or blocks
which are more regular, and the particle size is
relatively large, the specific surface area is
relatively small, and is disadvantageous for the
adsorption and diffusion of O, molecules. The
particles of the sulfidation products of Fe;O4 and
Fe,Os are fine, porous, loose and the surface area is
big. The small particles of the Fe;O. sulfidation
products are polygons, and the pore structure is
more obvious, but the Fe,Os sulfidation products
are approximate pellets and slightly denser.

1 B W U

(c) sulfidation product of Fe,O3

Fig. 2. SEM photographs of sulfidation products, Left:
500x%, Right: 2000x
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Table 1. Contents of Fe, S, O in samples (%, mass fraction)
Sample Fe S 0
Sulfided Fe(OH)3 24.76% 38.54% 36.70%
Sulfided Fe304 22.24% 16.82% 60.94%
Sulfided Fe,O3 25.29% 39.08% 35.63%
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Fig. 3. EDS of sulfidation products (a) Fe(OH); (b) FesO4 and (c) Fe203

The scanning results of Fe, S, O in the sulfide
products are shown in Fig. 3. The distribution of Fe
and S on the surface of the Fe(OH)s sulfidation
products is more uniform, but that of O is less so.
For the FesO4 sulfidation products, the distribution
of various elements on the surface was more
average, except for S which was more dispersed.
However, the distribution of S on the surface of
Fe,0; sulfidation products was more concentrated,
and Fe was mainly distributed in pores. The results
showed that the element type of the three kinds of
sulfidation products was the same, but the
distribution was different. The contents of Fe, S and
O in the sample are listed in Table 1.

XPS characterization of S

The binding energies of S 2p in the sulfidation
products before and after oxidation are shown in
Fig. 4. The binding energy at 161~161.7 eV most
likely belonged to FeS. The binding energy at
161.7~163.4 eV most likely belonged to FeS;. The
peaks at 163.3~164.5 eV were considered to be Ss.
The peaks at 168.3~169.4 eV were considered to be
SO.%. The results of curve fitting are presented in

Table 2. It can be seen from Table 2 that before
oxidation the S atoms in the three kinds of
sulfidation products were mainly FeS;, which
accounted for 42.66%, 53.98% and 31.45%,
respectively. Small amounts of reduced FeS, Ss and
partially SO4> were also contained. The SO+ in the
sulfidation product after oxidation was the main
form of S in the sample, and the atomic contents
were by 29.71%, 17.28% and 37.39% higher than
those before oxidation. After the oxidation process,
the contents of FeS, and FeS decreased
significantly, or even disappeared.

From the content of S, the SOs>component in
the sulfide product after oxidation sharply increased,
while the FeS, and FeS contents in the reduced
state were obviously reduced and the S content
increased in some varieties and decreased in others.
It was illustrated that the low-valence S was
oxidized to the high-valence SO4* in the oxidation
process. However, some of the S was only oxidized
to Sg, indicating that S of different sulfide products
was oxidized to a different degree.
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Fig. 4. XPS spectra of S 2p of sulfidation products.

XPS characterization of Fe

The binding energy of Fe 2p before and after
oxidation of the three ferrosulfide compounds is
shown in Fig. 5. As can be seen, the binding energy
of Fe 2p existing in the form of FeSx (mainly FeSy)
was 706.7 ~ 708.3 eV, the binding energy of Fe 2p
existing in the form of Fe,O3; was 711.1 ~ 711.9 eV,
and the binding energy of Fe atom bonded to SO4*~
was 711.1 ~ 711.9 eV. The results of curve fitting
are shown in Table 3. It can be seen that before
oxidation, the species of Fe in the three sulfidation
products were FeS;, FeO, Fe;Os, and FeSO; in
addition to their own non- sulfured iron oxides.

After being fully oxidized in the air, the form of
Fe changed little, but the content of each
component changed greatly. Comparing the three
sulfidation products (Fe;Os, FesOs4 and Fe(OH)s)
before and after oxidation, the contents of Fe in the
form of Fe,Os increased from 49.50%, 26.81% and
26.28% to 82.68%, 46.91% and 33.69%,
respectively. The contents of Fe in the form of
FeSO, increased from 5.82%, 12.48% and 17.78%
to 11.27%, 14.31% and 26.60%, respectively. With
the progress of oxidation, more and more Fe;O3 and
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FeSO, were produced. However, the content of
FeSx and FeS, was greatly reduced during the
oxidation process. Only 6.05% of Fe was found to
be FeSx in the oxidation product of Fe,Os
sulfidation product, and the existence of FeSx was
not detected in the other two oxidation products.

Analysis of the sulfidation behavior of iron oxides

In the process of iron oxide sulfidation, the
reaction process of iron oxide (FO) and pure H,S is
very straightforward [23]: FO —*— FeS+S+H-0.
The FeS produced by the reaction further reacts
with S to form FeS,: FeS—— FeS,. The change in
the content of each component from the sample can
be used to estimate the trend of mutual conversion
between the various components.

Through the analysis above, in the actual
reaction process, the remaining FeS is very little
and even almost undetectable, but the content of
FeS; is much higher. This is presumably due to the
progress of the sulfidation process; H.S is
continuously oxidized to elemental S, the
composition of the system, the temperature and
other conditions changes will lead to the reaction of
elemental S and FeS to form FeS; as the main
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Table 2. Results of curve fitting of S 2p of sulfidation products

Sample

Before oxidation (in ethanol)

After oxidation (in air)

S atom . S atom .
BE percentage (%) Chemical state BE percentage (%) Chemical state
161.7 10.93 FeS 161 6.13 FeS
Sulfided 162.5 42.66 FeS; 162.0, 163.3 36.49 FeS,
Fe203 163.6 27.97 Ss 164.3 9.23 Ss
168.8 18.44 SO~ 168.3 48.15 SO4*
161 2.59 FeS
Sulfided 162.4 53.98 FeS, 162.4 31.37 FeS,
FesO4 163.7 17.19 Ss 163.6 25.11 Sg
168.7 26.24 SO 168.3 43.52 SO4>
. 161.7 31.45 FeS; 163.4 11.41 FeS;
E’;‘}g‘fj’)" 163.3 25.75 Se 164.5 8.40 Se
3 169.0 42.80 S04 169.4 80.19 SO
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Fig. 5. XPS spectra of Fe 2p of sulfidation products.
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Table 3 Results of curve fitting of Fe 2p of sulfidation products

In ethanol In air
Sample BE Fe atom Chemical BE Fe atom Chemical
percentage (%) state percentage (%) state
707.3 34.40 FeS; 710.0 6.05 FeSx
Fe,0 710.1 10.28 FeO
23 7115 49.50 Fe;0s 711.1 82.68 Fe;0s
713.4 5.82 FeSO4 713.0 11.27 FeSO4
707.3 22.22 FeS; 707.0 5.98 FeS;
Fe.0 710.4 38.49 Fes0. 710.4 32.80 Fes0.
¥ 7116 26.81 Fe;0s 7116 46.91 Fe;0s
712.8 12.48 FeSO4 713.8 14.31 FeSO4
706.7, 708.3 6.63 FeSx
Fe(OH) 710.3 49.31 FeO(OH) 710.4 39.71 FeO(OH)
8 711.9 26.28 Fe,O3 711.6 33.69 Fe,O3
713.7 17.78 FeSO, 713.4 26.60 FeSO,

reaction, which makes the content of FeS; in the
sulfidation product greatly increase. The main
component in the iron oxide-sulfide products is
FeS; and contains some intermediate products,
such as FeS, and elemental S. The XPS result
shows that some FeSO, is formed in the sulfide
products, and a small amount of FeO is detected in
the Fe,Os sulfidation product. It is presumed that
because of the presence of a small amount of O in
the sulfidation system, resulting FeS oxidizing
reaction occurs: FeS—*->FeSQ., FeO. Due to the
relatively small amount of oxygen in the oxidation
system, the contents of FeSO, and FeO in the
sulfide products are not high.

Analysis of the oxidation behavior of sulfidation
products

The previous studies have shown that iron
sulfide compounds such as FeS are pulverized and
ground and can be slowly oxidized at room
temperature [24]. But the tendency of spontaneous
oxidation of FeS will be weakened after the
temperature rises to 50°C. In addition, the FeS has
the tendency to be converted into FeS,, so the FeS;
has stronger spontaneous oxidation ability during
exothermic oxidation.

Buckley and Woods studied the surface of pyrite
(FeSz, FeS, etc.) exposed to oxygen by XPS [25]. It
was concluded that FeSO. was generated quickly
and stably, and Sg was formed during the oxidation
process. After the prolonged oxidation, with the
disappearance of elemental S, the iron oxides
appeared.

At room temperature, O in the environment can
oxidize the S atom of the sulfur compounds into
elemental S and release heat. The concentration of
the heat makes the oxidation reaction further
strengthened, and the S atom of the iron-sulfur
compound is oxidized to SO, while releasing heat.
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This is also the reason for the irritating odor
generated in the experiment.

FeS, —2 3 Fe,0:+S; FeS —2 5 Fe,03+S;
FeS; —%>  Fe0s+S0,7; FeS —%
Fe,03+S0-1.

Due to a substantial increase in the content of
Fe,Os after oxidation, whereas, the content of other
iron oxide is almost unchanged, it is considered that
the oxide of iron produced after oxidation is mainly
Fe203, which mainly involves the reaction:

FeS, —2 3 Fe,0:+S; FeS —2 5 Fe,03+S;

FeS;, —25  Fe,0:+S0,1; FeS —2%2»
Fe;03+S0-1.

After the oxidation reaction, the content of
FeSO, in the product was significantly increased,
indicating that the S atom was further oxidized to
the higher valence SO, except for the above
occurring  oxidation  reaction. During the
experiments, a small amount of droplets were
generated on the inner wall of the reacted
three-necked flasks, which was due to the
condensation of the water vapor carried in the
reaction gas.

0, H,0

FeS, —z

FeS—22 1L 5 FeSO,+7HO.

It was found that the presence of H,O greatly
increased the spontaneous combustion of sulfur
compounds [26]. The oxidation process is:

FeS, —22 "0 5 Fa50,+H,S04;

FeS—2%2 "0 FeS0.e7H,0.

From the results of XPS it follows that when the
sulfidation product is oxidized at room temperature,
the content of elemental sulfur in the oxidation
product is dramatically reduced, but the amounts of
Fe,Os; and FeSO. obviously increase. It is shown

FeSO4+H,S0q;
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that the generation of sulfur is only in the initiation
process of oxidation reaction. With the progress of
oxidation reaction, the reducing substances such as
FeS;, FeS and S in the sulfidation product are
gradually oxidized to Fe,O3 and FeSOa.

CONCLUSIONS

In order to simulate the sulfur corrosion process
in the oil tank, a method for vulcanizing the wet
H>S gas containing a small amount of oxygen with
three kinds of iron oxides, Fe,Os;, FesOs and
Fe(OH)s, was proposed. The results of SEM and
EDS showed that various iron oxides can produce
the same kind of iron-sulfur compounds after
sulfidation, only their microstructure and elemental
distribution are different. The analysis by XPS
indicated that the different iron oxides have the
same sulfur corrosion products, mainly FeS,, FeS,
elemental S and a small amount of FeSO.. The
oxidation process of iron oxides is the process of
converting iron oxides into FeS; and FeSO4, which
are accompanied by the formation and
transformation of FeS and Ss. The presence of a
small amount of oxygen in the sulfide gas is the
main reason for the formation of FeSOs. In
addition, the oxidation reaction involved oxygen
which promoted the conversion of FeS to FeS;
which has a stronger ability of spontaneous
oxidation.

At room temperature, the oxidation process of
the sulfidation products is a process of gradually
oxidizing the reducing substances, such as FeS,,
FeS, S, etc. Through temperature monitoring it is
found that the oxidation exothermic process
belongs to the low-temperature oxidation process,
which required a temperature below 300 C .
However, the presence of H,O promotes the
oxidation reaction, and the reducing substances in
the vulcanized product are finally oxidized to Fe,O;
and FeSO..
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N3cnenBane Ha cynpuanpaHeTo Ha JKEJIE3HH OKCHIN U TTOBEJCHUETO Ha
cynduaupaHuTe MPOAYKTH IPU OKUCTIEHUE

JI. Ianrt%, JIx. JTut, 111 XKao?, U. Tuan®, XK. Kaur?, JI. Kaur®

Y Yuunuwe no memanypaus, Cesepousmouen ynusepcumem, Llensane, 110004, Kumai;
2 Koneoic no Xumus, UHJICeHepHa XUMUSL U UHIICEHEPCMEO Ha okoanama cpeoa, Jlaonune [luxya Yuueepcumem, @yuun,
113001, Kumau;
3 Koneoc no nemponno unscenepcmeo, Jlaonune Hluxya Yuueepcumem, @yuwun,
113001, Kumaz;

Mocrenuna Ha 27 nexemBpu 2017, npuera Ha 31 stuyapu 2018
(Pesrome)

C nmen nma ce oueHu cyapUAMPAHETO Ha JKEJE3HHTE OKCHOM M OKHCIUTEIHOTO INOBEJCHHE Ha IPOAYKTUTE Ha
cyiaduaupaHeTo npu craiiHa TeMIeparypa, B HacTosIIaTa CTaThsl € CUMYJIMPaH CEPHUAT KOPO3UOHEH IPOLIEC B MacieH
KOHTeHHep. MHKPOCTPYKTypaTa U ChCTOSHUETO HA MOBBPXHOCTTA HA MPOAYKTHTE Ha cynduaupaneTo Ha Fe;O3, Fes04 u
Fe(OH)3, kouTo ca OCHOBHHTE KOMIIOHEHTH Ha PBKAATa, ca Xapakrepusupanu upe3 SEM n EDS. XumMu4HUAT chCTaB HaA
MOBBPXHOCTTA Ha CyJI(pUIUpPaHUTE U OKUCICHUTE IPOAYKTH € XapakTepusupaH upe3 XPS ¢ oriex j1a ce n3sicHU CTeneHTa
Ha OKUCJICHWE M MEXaHM3MbT Ha OKUCIICHUE HA NPOJYKTHTE Ha CyiIduaupaHeTo. YCTaHOBEHO €, Y€ TPUTE BU/Ia OKCUIN
Ha JKeJII30TO JaBaT €IWH W ChUI BHJI CHhEJMHEHHS Ha JKeNS30TO W csipara ciien cyiaduaupaHe, HO ¢ pas3iMyHa
MHKPOCTPYKTYpa W pasmnpeleieHue Ha eneMeHTUTe. OCHOBHUTE KOMIIOHCHTH Ha CEpPHHUTE KOPO3HOHHH IIPOILYKTH Ha
TPUTE JKEeJIe3HN OKCHAA ca UICHTHYHU. CepHHUAT KOPO3HOHEH IIPOLIEC Ha JKEeJIe3HUTE OKCHAU TH MPEBPBIIa CHOTBETHO B
FeS; and FeSO., xoeTo ce chipoBokaa ¢ oOpasyBane u TpaHcdopmanus Ha FeS u Sg. Ilpu craiina temmeparypa
OKHCIIMTENHUAT MHPOLEeC Ha NPOAYKTUTE Ha CyN(GUIMPAHETO 3aBbpLIBAa C NPEBPBLIaHE HA CHEAUHEHHATA MEXKIY
XKes130To U csapara B Fe;03 u FeSOa.
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estuary region of Yangtze River
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In order to study the changes of water and salt in the estuary region of Yangtze River, the composition and the
proportion of the salt in Yinyang and Daxing were determined by long-term monitoring. To understand the relationship
between the salt in the soil and in external solutions in these areas, adsorption experiments of the soil samples in Yinyang
and Daxing at different concentrations (0~10g/L) were carried out. The adsorption capacity of the soil in these areas is
negative, which means that the soils in these areas are mainly desorbed in solutions with concentrations in the range of
0~10g/L. It is found that these soils are well described by using the Freundlich linear isothermal formula. The fitting
formula provides a kind of guidance for future production practice.

Keywords: estuary region of Yangtze River, adsorption; desorption, saline soil, Freundlich model

INTRODUCTION

Adsorption is a process in which the solute is
transferred from a liquid phase to a solid surface by
ion exchange, while desorption is the opposite
process in which the ions of a substance in the solid
phase enter the liquid phase [1]. Adsorption reduces
the concentration of the substance in the solution and
desorption increases its concentration in the solution.
Adsorption and desorption are two opposite
processes of the same chemical function, so they can
share the same predictive model.

The adsorption process is extremely complex and
has important theoretical significance and
application value [2-5]. Since the 1970s, scholars at
home and abroad have done a lot of researches on
solute adsorption characteristics of saturated soil and
unsaturated soil, and established the corresponding
adsorption model. The most commonly used
adsorption models are Langmuir adsorption model
and Freundlich adsorption model [6-12]. The
adsorption and desorption of solute are mainly
related to the concentration of solute in the solid
phase and in the liquid phase. The mathematical
expression of the reaction concentration relation is
the adsorption mode. However, because of the
complexity of the adsorption process, many
problems are still unclear. So it is impossible to
accurately construct the expression of the whole

adsorption process. Researchers usually use
empirical expressions to describe the adsorption
progress.

The Freundlich adsorption model belongs to the
linear isothermal adsorption formula, which has the
advantages of a smaller number of parameters and a
better effect [13-15]. So the Freundlich adsorption
model was chosen to determine the parameters of the

*) To whom all correspondence should be sent:
E-mail: wsw84946108@163.com

saline soil in the Changjiang estuary, which can
reduce the workload of adsorption experiments and
provide some guidance for production practice.

STUDY AREA

The estuary region of Yangtze River covers up to
Anhui Datong and down to the Subaqueous Delta
front. The full length is around 700 km. There is
northern subtropical monsoon climate in this area,
which has long sunshine time and abundant rainfall.
Rainfalls are mainly concentrated from May to
September, which accounts for more than 60% of the
annual rainfall. From February to June and in
September, the rainfall is larger than the evaporation,
which decreases the salt content in the soil. In the
other months, evaporation is higher than the rainfall,
which increases the salinity of the soil. The solute
concentrations in the soil are in a dynamic change
process.

In order to study the change of water and salt in
the estuary region of Yangtze River, the Yinyang
town and Daxing town in Jiangsu province were
monitored. The distance between Yinyang and the
estuary region of Yangtze River is 4 km. The
distance between Daxing and the estuary region of
Yangtze River is 22 km. The monitoring surface
directions are nearly north-south and perpendicular
to the river dike or parallel to the adjacent river.
There are 3 monitoring points from south to north at
a distance from the river embankment of 200 m, 500
m and 1000 m, respectively (Fig. 1). The salt content
of soil was determined by a salt sensor every five
days and the water salinity of the Yangtze river was
determined by a conductivity meter every five days.
The chemical composition (eight ions) of soil salt
content was determined twice a year in May and
October, respectively.
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Fig. 1. Layout of monitoring section

EXPERIMENTAL

Based on the measured results of the water and
salt in the estuary region of Yangtze River, the
groundwater is composed of HCO*, CI-, SO4*, K*,
Na*, Ca?*, Mg?*. Therefore, according to the
proportion of these 8 ions the solution was
configured to simulate the impact of groundwater on
soil adsorption. The chemical composition of the
solution is shown in Table 1.

After drying and filtering the soil of Yinyang and
Daxing, 100 g samples of soil were added into wide-
mouth bottles. According to the soil:water ratio of
1:0.5 (close to saturated water content), then 50 mL
of solutions of concentration of 0 g/L, 0.5 ¢g/L, 1 g/
L, 2 g/L, g/L, 6 g/L, 10 g/L were added to the soils
under stirring with glass rods. The wide-mouth
bottles should be placed in a room with a small
temperature change after capping the lid. The
solution concentration was measured after the
adsorption reached the equilibrium.

According to the previous data [13], the solution
adsorption can achieve equilibrium in 20 days.
Therefore, the samples were allowed to stay for 20

Table 1. Chemical composition of solution

days, and then the soil solution was centrifuged out.
The concentration of the solutions was determined
by conductivity method (Table 2). The conductivity
and solution concentration were fitted (Fig. 2).

15
10

(g/L)

5
0

C

0 5 10 15 20
Ec (103mS/cm)

Fig. 2. Relationship between conductivity and
solution concentration..

The empirical formula of conductivity and
solution concentration is as follows:

c=0.6209Ec-0.2282 R=0.998 (1)

In this formula, c is solution concentration (g/L), Ec
is electrical conductivity (mS/cm). The adsorption
capacity of salt in soil can be calculated by formula

().
S — w(cg+cq1—C) (2)

m

In this formula, S is the amount of salt adsorbed by
the soil, that is, the quantity of salt adsorbed by the
dry soil of the unit mass (g/kg); ® is the volume of
the solution (in this study is 50 ml); m is the soil
sample mass (in this study is 100 g); c is the
concentration of the soil solution when it is balanced
(9/L); c0 is the concentration of soil solution when
adding distilled water (solution concentration is 0
o/L and c1 is the concentration of the added solution
(050/L,19/L,2¢9/L,4¢9/L,60/L,10¢g/L). When S
is positive, it indicates that the soil sample has
adsorbed salt from the solution. When S is negative,
it indicates that the salt in the soil sample desorbs
into solution.

Cheml_cgl Molgcular Proportional/m 100 mmol/L 10g/L massg  10L mass concentration 10g/L
composition weight mol mass g

CaCl, 110.99/2 10 0.555 0.9609 9.609
Na2SO4 142.04/2 10 0.7102 1.2295 12.295

MgCl 0.712 1.2335
(6H0) 2083172 15 (15248)  (2.6398) 26.398

NaCl 58.4/2 65 3.4986 6.5761 65.761

5.776 10
Total 100 (6.5886) (11.4063) 114.063

Note: The data in brackets are the quality plus 6H-0.

Table 2, Conductivity of solution at different concentrations
c (g/L) 0 0.5 1 2 3 4 5 6 7 8 9 10
Ec (10°mS /cm) 0.005 1.010 1.910 3.920 5.165 7.230 8.400 10.53011.76513.12514.34016.400
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Table 3. Results of adsorption experiments

Preparation of solution

: g/L 0 0.5 1 2 4 6 10
concentration ¢

Yinyang c(g/L) 3252 3786 4398 5524 7.710 9.849 13.835

S(g/kg) 0.000 -0.017 -0.073 -0.136 -0.229 -0.299  -0.292

Daxing c(g/L) 0311 0.845 1482 2510 4832  6.953 11.293

S(g/kg) 0.000 -0.017 -0.086 -0.099 -0260 -0.321 -0.491
The dry soils of Yinyang and Daxing were The desorption amount of Yinyang and Daxing
respectively added to seven different concentrations soil sample is linearly related to solution

of solutions. Every specimen has a parallel sample,
and the experimental results were obtained by the
arithmetic average value. The results of the
adsorption experiment are shown in Table 3.

The saline soil adsorption amounts s of Yinyang
and Daxing are negative, indicating that the saline
soils in these areas mainly desorbed in the solutions
of 0~10 g/L concentration. The amount of desorption
increases as the solution concentration increases.
The increasing rate of desorption of the saline soil in
Daxing is greater than in Yinyang.

MODEL

The concentration of soil solution was tested
compared with the concentration of soil solution
when distilled water was added. So the desorption
amount of the soil sample should be subtracted from
the value in the distilled water when the data are
collated. The adsorption amount of salt in the
solution was fitted with the solution concentration

(Fig.3).

Daxing

0

-0.1
B -0.2
w03

04
c (glL)

Yinyang

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6

(g/kg)

S

c (g/L)

Fig. 3. Relationship between desorbed quantity and
solution concentration

concentration, which conforms to Freundlich linear
isothermal adsorption formula. The linear model of
soil in Yinyang area is S=-0.0484c, R=0.99. The
linear model of soil in Daxing is S=-0.0471c,
R=0.99. Both of them fit well with Freundlich linear
isothermal adsorption formula.

CONCLUSION

(1) In this paper, the salinity changes of two
observation points (Yinyang and Daxing) in the
estuary region of Yangtze River were observed for
*a long time, and the main composition and
proportion of salt in the area were obtained.

(2) The adsorption experiment of the soil in
Yinyang and Daxing area was carried out, and the
adsorption of the soil was calculated by conductivity
method. The adsorption amount of the soil in the
0~10g/L solutions of Yinyang and Daxing area are
negative, which indicates that the soil in 0~10g/L
solution is the desorption process in this area.

(3) The adsorption models of saline soil in
Yinyang area and Daxing area fit Freundlich linear
isothermal adsorption formula well
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Nb-treated HSLA steels alloyed with 11ppm of B and 11ppm of B + 0.5mass% of Ni were studied to find an
effective method to improve the low-temperature impact properties of HSLA H-beams. The mechanical properties and
microstructure of the experimental steels were investigated by uniaxial tensile test, Charpy impact test (\V-notch),
transmission electron microscopy (TEM) and X-ray diffraction (XRD), respectively. The results indicated that the
absorbed energy at -50°C can reach up to 44.4 J from 13 J with the addition of 11ppm of B, and to 121 J with the
addition of 11 ppm of B + 0.5 mass% of Ni. The precipitate of Nb carbonitride and the grains can be significantly
refined by B addition, and precipitates with diameter up to 30 nm were detected. The Fe3(C,B)s precipitates were
suppressed by the simultaneous addition of B and Nb. No Fe-Ni intermetallic was detected by using XRD method. It
was assumed that the B in solid solution state and the homogeneously distributed Ni have beneficial effects on the
low-temperature impact properties of Nb-treated HSLA steels.

Key words: boron, nickel, niobium, low-temperature impact toughness, H-beam

INTRODUCTION

H-beams are widely used in various fields of
modern society because of their economical
features. Currently, there is increasing interest in
the study of high-grade hot-rolled H-beams,
especially, with advanced low-temperature impact
properties, due to the intensive exploration of
scientific and energy resources in high-latitude and
cold regions.

Presently, the properties of high-strength low-
alloy (HSLA) steels are mainly improved by grain
refinement [1], as the decrease in grain size is
accompanied by an improvement in mechanical
properties, as can be represented by the Hall-Petch
relation [2]. Thermo-mechanical control processing
(TMCP) consisting of controlled rolling [3]
provides a powerful method to refine the grains of
HSLA steels. Generally, intensive plastic
deformation and rapid cooling are required in
TMCP to obtain a refined microstructure. However,
TMCP is improper to produce H-beams, because
the rolling parameters of H-beams are
predetermined and not easy to change [4], thus,
intensive deformation which is required in control
rolling is hard to realize. Moreover, it is very
complicated to prevent cracks and distortion in a
rapid cooling process, because of its complex
cross-section.

*) To whom all correspondence should be sent:
E-mail: cgt1998@163.com

The behavior of small amount of B in steels has
been elucidated by many researchers. Boron
addition can slow down the coarsening of austenite
grains during reheating [5], and the segregated B on
moving new austenite boundaries can suppress the
grain growth and retard the recrystallization of
austenite after high- temperature deformation to a
significant degree [5-8]. Thus, a fine-grained
austenite structure can be obtained. The segregated
B in austenite boundaries can suppress the ferrite
transformation [9], because the segregated B can
occupy the preferential sites of ferrite and reduce
the grain boundaries energy [5,10]. However, when
B is added alone, coarse precipitates like Fexs(C,B)s
will appear and the positive effects of B addition
will be reduced [11,12]. For this reason, the
synergistic effects of B and Nb have drawn
attention. It is reported that when B is added to
Nb-treated steel, the Nb carbonitrides can be
refined and the total density of the precipitates
increased as compared with steels with only Nb
added [13]. Also the formation and coarsening of
Fex(C,B)s are suppressed by the simultaneous
addition of B and Nb [11]. Thus, the segregated B
along the y grain boundaries increases and an
enhanced pinning effect and solute drag effect on
grain boundaries can be obtained by fine
precipitates and solute atoms. Lee et al. [14] have
researched the L1,-type Cu-added zirconium
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trialuminide intermetallics and found that the
segregated B in grain boundaries can result in an
increase of the grain boundary cohesion by forming
strong interatomic bonds, which can sharply
increase the ductility and effectively suppress
intergranular fracture.

Ni can stabilize in the steel and form
substitutional solid solution with ferrite. The
comprehensive mechanical properties of the steel
can benefit a lot from the addition of Ni. The steel
containing 0.5 mass % of Ni is widely used to
produce low-temperature pressure vessel steel,
which can be used in the range from -40C to
-60°C. However, subsequent heat treatment is
generally required, which is impracticable for the
production of hot-rolled H-beams.

Based on our previous research [4,15-18], the
objective of this article was to characterize the
effects of B and Ni on the low-temperature impact
toughness of hot-rolled Nb-treated HSLA H-beams.
Particular attention was paid to link the B addition
to the refinement of precipitates and microstructure.
Also, the Ni species in the steels was investigated
by using XRD method.

MATERIALS AND EXPERIMENTAL
PROCEDURE

The investigation involved three different steels,
a carbon-manganese structural steel conforming to
GB/T 1591-2008, grade Q345E was selected as the
reference material. In order to find out the effects of
B and of the combined addition of B and Ni, the
other two steels were designed to be of the same
composition as the reference steel alloyed with 11
ppm of B and 11 ppm of B + 0.5 mass% of Ni,
respectively. The chemical composition of the
steels is listed in Table 1. All steels were prepared
by convert steelmaking process. The H-beam
blanks were firstly reheated at 1250°C for 1 h and
rolled in universal H-beam rolling mill with a final
rolling temperature of 910°C, then air-cooled to
room temperature.

Tensile tests were performed using a universal
testing machine at room temperature. The standard

Charpy V-notch impact test was carried out over
the temperature range from -10°C to -70°C.
Standard  Charpy  V-notch  specimens  of
10mmx10mm cross-section were machined with
the longitudinal direction parallel to the rolling
direction of the H-beams, and the V-notch was
machined through the thickness direction
perpendicular to the rolling plane.

All samples for metallographic observation were
mechanically polished and etched with a 4% nital
solution. The microstructure was characterized
using a Su-70 thermal field emission scanning
electron microscope (FE-SEM).

The transmission electron microscopy (TEM)
investigations were carried out on an H-800
microscope  with  X-ray energy dispersive
spectroscope (XEDS) operating at an accelerating
voltage of 150kV. High resolution TEM was also
used to observe the very fine particles in the steels.
The X-ray diffraction analyses of the mechanically
polished samples were performed on a
DMAX-2500 X-ray diffractometer using Cu Ka
radiation, operating at V=50 kV, 1=40 mA. A
scanning rate of 0.02°/s was applied to record the
patterns in the 20 range from 10° to 100°.

RESULTS AND DISCUSSION

Mechanical Properties

Table 2 shows the mechanical properties of the
experimental steels. It can be seen from Table 2
that all steels exhibit good comprehensive
mechanical properties. It can also be seen that the
yield strength of the experimental steels increases
from 385 MPa to 420 MPa with the addition of
11ppm of B, and to 440 MPa with the addition of
11ppm of B + 0.5% mass of Ni. This may due to
the grain refinement effects of the B addition and
the solid solution strengthening effects of Ni
addition. No changes of tensile strength and
elongation the experimental steels were registered.

Figure 1 shows the variations of absorbed
energy as a function of test temperature for
different experimental steels.

Table 1. Chemical composition of the experimental materials (mass %)

Steels C Si Mn P S Ni Nb B
1# 0.18 0.24 1.26 0.012 0.005 0.01 0.024 —
2# 0.18 0.23 1.31 0.013 0.004 0.01 0.023 0.0011
3# 0.18 0.21 1.32 0.012 0.005 0.51 0.020 0.0011

Table 2. Mechanical properties of experimental steels

Steels Yield strength/MPa Tensile strength/MPa Elongation/%
1# 385 530 30.0
2t 420 530 29.0
3# 440 570 29.5
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Fig. 1. Charpy V-notch absorbed energy versus
temperature

As can be seen, the absorbed energy of 1# steel
at -10 C  reaches 102.3 J, but a sharp
ductile-to-brittle transition was observed as the
temperature decreased, and absorbed energy is 15J
when the temperature drops to -40°C. In fact, the
average absorbed energy of H-beams for preventing
brittle fracture at -40 'C  specified in GB/T
1591-2008 is 34 J. Compared to 1# steel, 2# steel
shows better impact toughness with decreasing
temperature down to -50°C, and when the absorbed
energy is at 34 J the temperature decreases by 20°C.
It is suggested that the addition of trace B strongly
enhances the impact toughness of the steels,
especially the low temperature impact toughness.
3# steel displays the highest toughness among the
experimental steels, more precisely, the absorbed
energy of 3# steel at -10°C is 190.2 J, and at -50°C
it still maintains most of its impact toughness with
the absorbed energy of 121 J, even at -60°C the
absorbed energy of 3# steel remains at 52.4 J.
Compared to 1# and 2# steels, the temperature at
absorbed energy of 34J decreases by 30°C and
10°C, respectively. The fracture surfaces of the
experimental steels at -40°C were also analyzed by
scanning electron microscopy, utilizing a Hitachi
Su-70 FE-SEM. The area of the fracture surface
towards the middle of the width of the specimen
and a few millimeters below the notch was the main
area of investigation. The fracture surfaces are
shown in Figure 2. We can see that the fracture
mode of 1# steel at -40°C was entirely brittle
fracture, and the fracture surface mainly contained
trans-granular cleavage-like fracture zones. The
fracture surface of 2# steel consisted mainly of
shallow microvoids with some regions of larger
dimples. The fracture surface appearance of the 3#
steel tested at -40°C was ductile and consisted of
large dimples.

Microstructure observation and XRD results

To reveal the effects of B and Ni, the
microstructure and precipitation characteristics
were investigated. Figure 3 shows the SEM graphs

of the experimental steels. It can be seen that the
microstructures of all three alloys consist of ferrite
and perlite. While the average grain diameter of 1#
steel was the largest one (9.66 um), followed by 2#
steel (8.17 pm), it decreased to 6.05 um in 3# steel.
As all three experimental steels were produced with
the same process, it indicates that the B addition to
Nb-added HSLA steels has a beneficial effect on
grain refinement, and this effect seems to be
enhanced by the combined addition of B and Ni.
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Fig. 2. Fracture surfaces of experimental steels tested

at -40°C. The CVN impact energy is shown for reference.
(@) 1# steel; (b) 2# steel; (c) 3# steel.

The TEM graphs (Figure 4) of extraction replica
for the experimental steels reveal that the
precipitates can be significantly refined by the
simultaneous addition of B and Nb. The total
density of the precipitates of 2# and 3# steels
increased as compared with that in 1# steel (only
Nb-added).
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Average Grain Diameters (pm)

1# 2% 3
Specimens
Fig. 3. SEM graphs of the experimental steels. The
average grain diameters are shown for reference. (a) 1#
steel; (b) 2# steel; (c) 3# steel.

Thus, the grain boundaries pinning effects in
recrystallization and the phase transition process
can be enhanced by the fine precipitates, and finally
a finer grain structure can be obtained.

The precipitates were identified by EDS and
TEM methods (Figure 5). Considering the
Nb-containing precipitates, only Nb(C,N) and
Nb(C,N) were detected. No Nb(C,B) particles,
which were reported in many studies [7,12,13],
were detected. This may due to the very fine
particles of Nb(C,B) and the incapability of the
equipment used in this study. And no coarse
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Fezs(C,B)s particles which were reported in
B-containing steels [7,11,19] were detected. It
indicates that the simultaneous addition of B and
Nb can suppress the precipitation of Fez;(C,B)s,
which consumes a large amount of B and has
adverse effects on fulfilling the potential of B.
Based on the characterization results of the particles
in the steels, we can conclude that the existence
form of B in the steels is mainly solid solution
status. It can segregate in the moving new
boundaries during recrystallization and phase
transition process, and produce solution dragging
effects to decrease the motion of the boundaries.
Thus, a fine microstructure can be obtained.
Moreover, the boundary cohesion is supposed to be
enhanced by the segregated boron as reported in
other studies [14].

Fig. 4. TEM images of extraction replica of
experimental steels. (a) 1# steel; (b) 2# steel; (c) 3#
steel
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Fig. 5. Selected area diffraction pattern and the key
diagram of Nb(C,N) and Nb(C,N). a-SDP of Nb(C, N);
b-SDP of NbC\

a-Fe

Intensity, a.u.

T T T T T
] 20 40 (1] 50 100
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Fig. 6. XRD patterns of 2# and 3# steel

Fig. 7. The distribution of Ni in 3# steel

To reveal the effects of Ni in this study, the
existence form of Ni was observed using XRD and
the distribution of Ni was investigated using EDS,
the results are shown in Figure 6 and Figure 7. The

XRD results of 2# steel and 3# steel, showed that
only a-Fe diffraction peaks were detected. It
indicates that the effects of 0.5 mass% of Ni on
improving low-temperature impact toughness are
not due to the formation of Fe-Ni solid solutions
which are considered as a main reason for Ni to
enhance the toughness of steels. Figure 8 shows
that Ni is distributed homogeneously in 3# steel.
However, the interaction of B and Ni needs further
investigation in the following studies.

CONCLUSIONS

The effects of B and of the simultaneous
addition of B with Ni on the low-temperature
impact toughness of industrial Nb-added HSLA
H-beams were investigated, and the following
conclusions can be derived:

(1) Compared to the single addition of Nb, finer
grain structure can be obtained by the simultaneous
addition of B and Nb under the same production
conditions. The microstructure can be further
refined when 0.5 mass% of Ni was added to the Nb,
B-added steels. This can be attributed to the grain
boundaries pinning effects by the fine precipitates
which are obtained by the simultaneous addition of
B and Nb and the solute dragging effects of
boundary segregated B and homogeneous
distributed Ni atoms.

(2) Besides the pinning effects and the solute
dragging effects of boundary segregated boron, the
boundary cohesion is supposed to be increased by
the segregated boron.

(3) No Fe-Ni solid solution was detected in this
study. The effects of Ni are supposed to be pinning
effects of the homogeneous distributed Ni atoms.

(4) Practical manufacture shows that it is an
economical method to improve the low-
temperature impact toughness by adding 11 ppm of
B and 0.5 mass% of Ni to the investigated H-beams.
The production process does not need to be
adjusted compared to the steels with only
Nb-added.
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(Pesrome)

Nb-chabprKkal HUCKO JerupaHu ctoManu ca craseru ¢ 11 ppm B u 11 ppm B + 0.5 mac.% Ni u ca uscnensanu ¢
ores HaMHupaHe Ha €(EeKTHBEH METOJ 3a MOoA0OpsBaHE Ha HUCKOTEMIIEPAaTypHHTE SKOCTHH CBOICTBA HA HHCKO
JIETUPaHU TPEAM C BHCOKA SIKOCT. MeXaHWYHHTE CBOWCTBA M MHUKPOCTPYKTypara Ha CTOMaHHTE ca M3CIIe/IBaHH
CBHOTBETHO Ype3 €IHOOCOB TecT Ha ombH, Charpy ymapen tect ¢ V-6pasma, TEM u XRD. VYcraHoBeHO e, ue
abcopOupanara eneprust pu -50°C ot 13 J moxe ma mocturue 44.4 J ¢ no6aska ot 11 ppm B u 121 J ¢ mo6aska ot 11
ppm B + 0.5 mac. % Ni. YTaiikara oT HHOOHEB KapOOHUTPH]] CTABa 3HAYMTEIIHO O-(PrHa ¢ J00aBKa Ha GOp — U3MEPEHU
ca 3bpHa ¢ guamersp 10 30 nm. Yrassaneto Ha Fexs(C,B)s ce moaTHcka OT €JHOBPEMEHHOTO H00aBsiHE Ha OOp U
nroduii. He e ycraHoBeHO Hannune Ha TBHpAM pa3tBopH oT Fe-Ni upes XRD. HanpaBeHo e npeamnonokeHue, ue 60pbT
B TBBP/HS Pa3TBOP M XOMOTI€HHO pa3lpelesIeHUsT HHUKENl UMaT OJIAarONpHUSTHO BIMSHHE BbPXY HHCKOTEMIIEpaTypHara
SKOCT Ha yaap Ha ND —chabpikaly HUCKO JISTUPAaHA CTOMAHH.
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In this paper, the preparation of Fe-modified activated carbon supported nano-TiO; (Fe-TiO2/AC) particles and the
test results of the properties of the synthesized material, including crystallinity structure, surface morphology, functional
groups, and surface texture, obtained using X-ray diffraction, transmission electron microscopy, scanning electron
microscopy, and Fourier transform infrared spectroscopy, are presented. The removal rates of arsenic were evaluated
using batch tests under several simulated conditions, including pH, ionic strength, material dosage, and initial arsenic
concentration. The results indicated that arsenic removal was effective in weak alkaline conditions, and the maximum
adsorption for arsenic was observed at pH = 8. The arsenic removal rate was improved by increasing the ionic strength
and the adsorbent dosage. The adsorption of As(l11) and As(V) reached equilibrium within 3 h and 1.14 h, respectively.
The pseudo-second-order model satisfactorily described the adsorption processes. Isotherm data were fitted using the
Freundlich equation. The isotherm results showed that the maximum adsorption capacities of Fe-TiO2/AC were 28.66
mg- gt for As(l1l) and 35.22 mg- g for As(V). In the adsorption process, nano-TiO, and Fe,Os played key roles in
increasing the adsorption efficiency and converting As(I11) to As(V). Moreover, the presence of Fe(lll) accelerated the
oxidation of arsenic.

Keywords: Fe-TiO2/AC, Arsenic removal, Adsorption, Redox, Chemical characterization.
INTRODUCTION

Arsenic (As) is a metalloid, which exists in the
form of As(Ill) and As(V) [1,2] and can be widely
detected in both natural and anthropogenic sources
[3]. Serious health threats for humans and other
living organisms have attracted considerable
attention because of their high toxicity [4,5]. From
the perspective of natural pollution, both As(lII)
and As(V) are found in soil, organisms, and water,
and are mobilized through a combination of natural

ion-exchange, adsorption, and membrane filtration,
have been used for removing toxic elements from
water and, subsequently, for alleviating water
pollution [10-16]. Among them, adsorption is one
of the most preeminent removal methods because of
its low cost, ease of operation, and high efficiency
[17]. A higher efficiency of arsenic removal can be
achieved by indirectly adsorbing arsenic or
converting As(l11) to As(V) through a pre-oxidation
process, as As(Ill) is difficult to be removed

processes such as rock weathering, biological
activities, and volcanic emissions [6]. In the case of
anthropogenic activities, arsenic contaminations
were mainly caused by combustion of fossil fuels,
petroleum refineries, mining, and nonferrous
smelting activities [7-9]. In China, the living
surroundings are exposed to different degrees of
arsenic pollution; moreover, arsenic pollution
exceeds its threshold level (10 pg-L?) in drinking
water [10]. Therefore, effective removal of arsenic
or conversion from As(l1l) to As(V) at the highest
oxidation rate for the purpose of reducing its
toxicity and other detrimental effects is a key issue
in arsenic pollution control and treatment.

A large number of methods, including physical-
chemical treatment processes such as precipitation,

*) To whom all correspondence should be sent:
E-mail: weicf@swu.edu.cn

directly by using most of the existing techniques.
Titanium dioxide [18] and its modified
counterparts [19] exhibit excellent removal arsenic
efficiency by adsorbing it from the polluted water.
In brief, the adsorption can be attributed to their
special physical and chemical properties, such as
high theoretical adsorption capacity, large specific
surface area, oxidation behavior, photo-catalytic
efficiency, and high affinity of the surface hydroxyl
groups [20]. In addition, the particle size of the
adsorbent affects the adsorption capacity for arsenic
[18]. Bang et al. [21] found that the arsenic species
had a high affinity for the surface sites of TiO..
Although TiO,-doped materials exhibit excellent
adsorption performance, the effective load amount
may hinder an extensive use of traditionally
prepared nano-TiO.-doped materials. Long and Tu
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[22] studied arsenic removal by using activated-
carbon-supported granular nano-TiOz, but they
found that the nano-TiO; loaded amount was too
low to decrease the arsenic level. To improve the
loaded amount of nano-TiO,, tetrabutyl titanate
doped with activated carbon powder was produced
using the sol-gel method in our experiment. In
addition, arsenic was adsorbed widely by iron
compounds (granular ferric hydroxide and ferric
oxide) and several common minerals such as
goethite and ferrihydrite [23].

In this article, we have attempted to modify
TiO.-doped activated carbon powder using iron.
Here, we have focused on whether the modification
of supported TiO can enhance its adsorption ability
to arsenic by iron compounds. Thus, in this study, a
new adsorbent was prepared and used to remove
As(111) and As(V) from an aqueous solution. The
effects of pH, adsorbent dosage, and ionic strength
were elucidated to explore the optimum removal
conditions. The adsorption kinetics and isotherms
were investigated to probe the adsorption efficiency
and the maximum adsorption capacity for arsenic.
The main objectives of this research were as
follows: (a) to produce a sufficient amount of a
uniform adsorption material with preloaded TiO;
and iron content, (b) to evaluate the arsenic
adsorption by the material and determine its
maximum adsorption capacity for As(lll) and
As(V), and (c) to explain the adsorption mechanism
of the material.

EXPERIMENTAL
Materials

Nitric acid (HNOs), anhydrous ethanol
(C2HsOH), tetrabutyl titanate (CisH3sO4Ti), and
glacial acetic acid (CHsCOOH) were purchased
from Sinopharm Chemical Reagent Co., Ltd
(China). Ammonium sulfate [(NH4).SO4, analytical
reagent] was supplied by Tianjin Kermel Chemical
Reagent Co., Ltd. (China). Activated carbon
powder was obtained from Hunan Deban Activated
Carbon Co., Ltd. (China). NaAsO, was the source
for preparing 1000 mg-L™"' of As(lIl). 1000 mg-L ™
of As(V) was prepared by the oxidation of a stock
solution of As(lll) wusing excess potassium
peroxydisulfate (K>S:0s). The NaCl, NaOH (0.1
mol-L™!), and HCI (0.1 mol-L™") solutions were
prepared using deionized water (18.2 MQ-cm).
Stock solutions were stored in dark before the
experiments. Unless otherwise stated, all chemicals
were of analytical grade and above.

Fe-TiO,/AC powder preparation

The preparation of the adsorbent powder is
described in detail in [24]. In brief, the procedure
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was as follows: 16.4 g of the activated carbon
powder was pre-soaked in HNOs and then, added to
a mixture of 70 mL anhydrous C,HsOH and 20 mL
tetrabutyl titanate at a pH of 2-3 (adjusted using
glacial acetic acid) to obtain solution A. Next, 20
mL of anhydrous ethanol (CHsOH), 60 mL of
water, 2.4 g of ammonium sulfate [(NH4).SO4], and
ferric nitrate were mixed in a clean breaker; the
mixture was stirred continuously by using a
magnetic stirrer. Then, acetic acid (CH;COOH) was
used to regulate the pH in the range of 2-3,
resulting in the mixed solution B. Solution B was
dropped slowly to mix with solution A using a
speed stirring process (200 rpm), and the resulting
mixture was continuously stirred by using a
magnetic mixer at 400 rpm at room temperature
(25-28°C) for 2 h. Further, the Fe-TiO/AC
soliquid was produced as follows: The Fe-TiO2/AC
sol was rested for 24 h and then, smoothly ground
after drying at 100°C. The resulting powder was
roasted in a covered crucible in a muffle furnace at
500°C for 2 h and then, naturally cooled down to
room temperature. The result was Fe-TiO/AC
powder.

Material characterization

The new material was characterized using X-ray

diffraction (XRD), transmission  electron
microscopy/scanning electron microscopy
(TEM/SEM), and Fourier transform infrared

spectroscopy (FTIR) methods. The XRD (DY2862,
Holland) method was used to explore the crystal
structure of the material. TEM (JEM-2100F, Japan)
and SEM (JSM-6490LV, Japan) were used for
determining the shapes of the adsorbent. The
functional groups of the adsorbent were observed
using FTIR (TENSOR27, Bruker, Germany). The
titanium content and the iron content were
determined using ICP-OES (Optima 5300V, Perkin
Elmer, America), and the TiO, loaded amount was
calculated.

Batch adsorption experiments

All glassware and polyethylene bottles were
soaked in 10% HNOs for at least 24 h before each
experiment and then, washed thrice with distilled
water and dried in an oven. NaCl was used to adjust
the ionic strength of the solution, and HCI and
NaOH (both 0.1 mol-L*) were used for the required
pH adjustment. The pH values were measured using
a pH meter (3E, Shanghai Leici Inc., China). 1000
mg-L~! of As(I11) and As(V) solution was diluted to
obtain the required concentrations. The reaction
volume was selected to be 25 mL, and the
adsorbent was added in the appropriate dosage and
at the appropriate time at room temperature
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(25—-28°C) and settled for 20 min. The sample was
then centrifuged for 30 min (4000 rpm), and
equilibrium arsenic solution was moved into sample
vials and analyzed using atomic fluorescence
spectrometry (AFS 933, Beijing Titan Instruments
Co., Ltd., China) and inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima
t

Q 5300V, PerkinElmer, America). The effects of
pH, ionic strength, adsorbent dosage, and time were
evaluated. All of the adsorption samples were
shaken continuously and uniformly in the oscillator
(HY-5,Changzhou Huanyu Scientific Instrument
Factory, China). The resulting solution samples
were analyzed within 24 h.

Adsorption results calculations

The arsenic removal rate and the amount of
arsenic adsorbed on the manufactured materials
were calculated using equations (1) and (2):

G =% ¢ 1)

Arsenic removal rate(%)=
1
Adsorption capacity by a unit mass of adsorbent

c,—C
As/adsorbent(mg g™*) = % 2
where C; is the initial arsenic concentration
(mg-L™"), C, is the arsenic concentration after
adsorption (mg-L™!), V is the solution volume (L),

and M is the adsorbent dosage (g).
Adsorption Kinetic test

Two kinetic models, namely the pseudo-first-
order kinetic model and the pseudo-second-order
kinetic model, were used to fit the experimental
data in order to estimate the adsorption rate.

The form of the pseudo-first-order kinetic model
is as follows [25]:

dQ, B

dt - Kl (Qe Qt) (3)
The following is its linear equation:
In(Qe _Qt) =1In Qe —In Kl (4)

The pseudo-second-order kinetic model can be
expressed as follows [25]:

d
2_,Q-QF  ©
Its linear equation is as follows:
A S (6)
Qt P<2Q(;2 Qe

where Q. is the amount of adsorbed arsenic at
the adsorption equilibrium (mg-g?); Q: is the
amount of adsorbed arsenic at a certain point of
time t (mg-g?); Ki: and K; are the adsorption rate
constants of the pseudo-first-order kinetic model
(™) and the pseudo-second-order kinetic model,
respectively; and t is the adsorption time (h). K; is
calculated by fitting a straight line equation of In(Qe
— Qi) — t, and the reaction rate increases with an

increase in K. Ky is calculated by fitting the straight
t

line equation of & and t.

Adsorption isothermal test

The Langmuir and Freundlich isotherm
equations can be expressed as follows [26]:
Langmuir equation:
C. C t
e __"€ (7)
Qe Qm KLQm

Freundlich equation:
1
19(Q.) =lg(Ke)+—1a(C.) (8

where Q. is the amount of adsorbed arsenic at
the adsorption equilibrium (mg-g™'), C. is the
arsenic concentration at the adsorption equilibrium
(mg-L™"), Qm is the calculated constant related to
the adsorption capacity (mg-g7!), K. is the
Langmuir adsorption equilibrium constant related to
the affinity of the binding sites and the adsorption
heat, Kr is the Freundlich constant, and n is a
parameter related to the adsorption strength. Large
values of Kr and n indicated better adsorption
performance of the adsorbent.

RESULTS AND DISCUSSION
Characterization of Fe-TiO,/AC

For the characterization of the Fe-TiOx/AC
powder, we initially examined the prepared Fe-
TiO2/AC sample using TEM and SEM, as shown in
Fig. 1. Fig. 1(a) shows the presence of a dense
microstructure. The powdered activated carbon and
nano-TiO, or Fe;Os3 particles were interlaced. We
observed that the powder was an irregular ellipsoid
with many filamentous network chains around it.
Further, we inferred that the irregular ellipsoid was
nano-TiO, and the black particles in the external
network chain were Fe,Os. Fig. 1(a) also shows that
particles of different sizes were wrapped around
each other. We observed amorphous particles,
microcrystalline particles, and nanocrystalline
particles. Thus, we concluded that the adsorption
channels of the material had stacking-capillary
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pores formed by the accumulation of nanoparticles
[27]. Fig. 1(b) shows that some of the nano-TiO;
and Fe,Os particles attached to the surface of the
activated carbon and a small number of particles
entered into the channels of the activated carbon.
The supported particles exhibited a variety of
particle sizes.

e -

20kV  X2,000. 7 40pm

Fig. 1. TEM and SEM images of the TiO,/AC sample:

TEM and (b) SEM;

On the basis of these observations and the TEM
results for the material, we concluded that
supported nano-TiO; with relatively large particles
was produced by agglomeration of small nano-TiO-
particles. The average particle size of the adsorbent
was around 10 - 52 nm.

The FTIR spectrum of the material is shown in
Fig. 2. This figure shows that the broad
characteristic band at 3418.22 cm™ is assigned to
the O-H stretching vibration [19]. At around 1640
cm 1 a free water molecule H-O-H bending
vibration was discovered [28]. The bending
vibration at 1100 cm™ belonged to the hydroxyl
groups on the surface of the metal oxides [29]. The
broad wavenumber range of around 550 - 800 cm™
was attributed to the characteristic bands of the Ti-
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O-Ti bond [30]. The band of 570 cm™ belonged to
the Fe-O bond.
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Fig. 2. FTIR spectrum of TiO2/AC

The prepared material particles were exposed to
an XRD test. As shown in Fig. 3, the diffraction
peaks of the material were at 25.51°, 37.82°,
48.13°, 53.92°, and 75.13°, which showed a good
consistency with the diffraction structure of TiO..
Further, according to the JCPDS standard card
(N0.71-1167), the crystal form of TiO, was anatase
[31]. The peak at 20 = 26.6° matched with the
characteristic diffraction peak of SiO.. The Fe-
TiO,/AC particles included a considerable
proportion of hematite-Fe,Os;, because the
diffraction peaks of Fe-TiO2/AC were observed at
33.52°, 35.92°, 49.81°, and 54.01°, which were
assigned to the diffraction of Fe;Oz and the peak
structure was more obvious as the Fe(lll) doping
improved the crystallinity of the adsorbent.

Using this technique, we determined the
concentration of TiO, and Fe.Os; to be 250 and
114 mg-gt,  respectively.  Furthermore, we
demonstrated that the supported TiO, species were
particularly stable under acidic conditions, as no
leached TiO, was detected following a treatment
with aqua regia (5 vol%).
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Fig. 3. XRD pattern of the TiO2/AC
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Effect of pH on arsenic removal

pH is an important influencing factor for the
arsenic removal process [32]. The surface charges
of the adsorbent and the arsenic compound forms
are influenced by pH variation, thus affecting the
arsenic adsorption [33].

The effect of pH on As(l1l) and As(V) removal
was determined at pH values ranging from 3 to 11.
Fig. 4 shows that arsenic adsorption was strongly
influenced by pH. The arsenic removal rate and the
amount of adsorbed arsenic increased with an
increase in pH and then decreased until pH = 11.
The removal rate of As(V) gradually increased from
90.88% to 99.00% when the solution pH increased
from 3 to 8, and then, rapidly decreased from
99.00% to 82.39% with an increase in pH from 8 to
11. The amounts of adsorbed As(V) increased from
0.038 to 0.409 mg-g* and then, decreased to 0.035
mg-g! on the Fe-TiOo/AC particles. A similar
As(V) adsorption behavior by P25 [34] and ferric
hydroxides [35] was reported earlier. The amount
of As(Ill) adsorbed onto the Fe-TiO2/AC particles
increased steadily from 0.028 to 0.034 mg-g* at pH
values of 3-8 and then, declined gradually to 0.029
mg-g L.

The increasing removal rate and amount of
As(V) adsorbed resulted from a progressive
competition between the arsenate and hydroxyl
anions for titanium bonding and iron bonding when
pH increased from 3 to 8. The arsenic removal rate
and the amount of arsenic adsorbed onto Fe-
TiO2/AC reached a maximum at pH = 8, which was
attributed to the fact that arsenic combines more
easily with titanium and iron in a weakly alkaline
medium where arsenic is mainly present in anion
forms such as AsOs*, HAsOs*", H.AsO*, and
HAsO4>", and the nano-TiO; surface has a positive
charge; here, the uptake of arsenic is rapid because
of the repulsion from its surface at pH values higher
than 8 [36].
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Fig.4. Effect of pH on arsenic removal at room
temperature under the following conditions: initial
concentration of As(IIT) 70 pug-L™* and As(V) 84 pg-L™,
solution volume 25 mL, adsorbent dosage 0.05 g, and
ionic strength 0.01 mol-L™*

Note that more As(V) than As(l1l) was removed
because H.AsOs  and HAsO.* are the primary
As(V) forms observed at pH 3-11. Therefore, the
As(V) removal results were possibly caused by the
interaction between the neutralization of the anionic
and the positive charges. As(Ill) is mainly present
as H3AsOs, which remains as a neutral molecule in
a non-alkaline environment. However, in a weakly
alkaline environment, HzAsOs; is gradually
transformed into anionic H>AsOsz™ because of the
protonation effect and the surface of nano-TiO;
produced more adsorption sites with positive
charges by removing hydroxyl ions; thus, more
As(I11) was adsorbed [37].

When pH > 8, the removal rate and the amount
of adsorbed arsenic decreased because of the
decrease in the proportion of the positive charges
on the adsorbent surface [36] and the competitive
adsorption of OH™ and arsenic compounds; we
expected to achieve arsenic desorption in strongly
acidic or alkaline solutions. Note that the As(ll)
removal by FeCls decreased with an increase in the
pH value from 9 to 10 and depended primarily on
the incomplete precipitation of Fe(lll) and then on
the repulsion between H;AsOs; ~and negatively
charged iron hydroxide flocs [38]. The trend of the
As(I11) removal rate and the amount of As(lI)
adsorbed onto Fe-TiO2/AC showed a sharp decrease
at pH values of 10 - 11 and was consistent with the
adsorption of anions of the weak acid on the oxide-
water interface [23]. We also proved that the
adsorbent was a combination of iron oxides and
titanium because this phenomenon was observed in
the case of iron (hydr)oxides [35] and titanium
dioxide-adsorbed As(l11) [39]. The finding that the
removal rate and the adsorbed amount of As(lII)
onto Fe-TiO./AC were more favorable than those of
As(V) at pH values of 8 - 11 [36,40] was attributed
to the following two reasons: (a) changes in the
form of the As(Ill) compound (from HsAsOs to
H2AsOs ) and (b) the initial concentration
difference. Qiao et al. [38] observed the same
difference: the As(V) removal was more favorable
than the As(lIl) removal at a lower pH, but the
opposite trend was observed at higher pH values.
From pH 4 to 11, the adsorption efficiency of
As(V) and As(Ill) was similar because of the
photocatalytic oxidation of TiO; in the presence of
dissolved oxygen and light [41]. In addition, the
surface potential of metal oxides became more
negative and considerable adsorption of As(V) and
As(l11) was observed when pH > point of zero
charge (PZC), which indicated that the arsenic
species were adsorbed on TiO, through surface
complexation and not through electrostatic
interactions [21,41]. The results of the present study
revealed that pH 8 was the optimal adsorption
condition for removing arsenic.
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Effect of initial arsenic concentration on arsenic
removal

The removal rate and the amount of arsenic
adsorbed onto Fe-TiO,/AC as functions of the
initial arsenic concentration are illustrated in Fig. 5
at the optimal pH. The arsenic removal rate
decreased with an increase in the initial
concentration. The amount of adsorbed arsenic
increased because of the incomplete combination of
the adsorption sites with arsenic and the inability of
the adsorbed arsenic to reach saturation at a low
initial arsenic concentration. In addition, a higher
amount of As(V) than As(lll) was adsorbed under
the simulated operating conditions. The As(llI)
removal rate decreased continuously from 98.62%
to 54.99% when the initial concentration increased
to 10 mg-L* and significantly declined at the initial
concentration of 0.05-2 mg-L%; thereafter, the
downward trend appeared to be gentle at the initial
concentration of 2-10 mg-L™* and the amount of
As(111) adsorbed onto Fe-TiO2/AC increased from
0.023 to 2.674 mg-g* with an obvious increase at
the initial concentration of 1-10 mg-Lt. As(V)
displayed similar variation trends. The removal rate
decreased from 99.12% to 65.9% when the initial
concentration increased to 10 mg-L™%, and the
amount of As(V) adsorbed onto the Fe-TiO2/AC
particles increased from 0.026 to 3.259 mg-g . The
As(V) removal rate decreased sharply at the initial
concentration of 0.05—5 mg-L™* and then, remained
almost constant, and the adsorption amount of
As(V) onto Fe-TiO/AC exhibited an obvious

increase at the initial concentration of 1-10 mg-L™.
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Fig.5. Effect of initial concentration on arsenic
removal at room temperature under the following
reaction conditions: pH = 8, solution volume 25 mL,
adsorbent dosage 0.05 g, and ionic strength 0.01 mol-L™

Effect of the adsorbent dosage

The effect of the adsorbent dosage on the
removal result is shown in Fig. 6. This figure shows
that the As(lll) and As(V) removal efficiencies are
strongly influenced by the absorbent dosage: 0.5

g
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dosage was sufficient to reach the adsorption
equilibrium when the initial arsenic concentration
was 1.3 mg-L?, and Fe-TiO2/AC was significantly
efficient with respect to As(V) adsorption as
compared to As(Ill) adsorption at an equivalent
adsorbent level. The removal rate of arsenic
increased with an increase in the adsorbent dosage,
but the amount of adsorbed arsenic decreased.
Further, a steep change occurred when the
adsorbent dosage increased from 0.01 to 0.5 g, and
a constant removal result was maintained with a
further increase in the adsorbent dosage in the
adsorption process. When 0.5 g of Fe-TiO2/AC was
added to 25 mL of an arsenic solution, more than
93% of As(V) and 95% of As(lll) were adsorbed,
but the amounts of As(V) and As(ll) adsorbed were
0.055 mg-g* and 0.065 mg-g?, respectively. The
amount of arsenic adsorption decreased with an
increase in the adsorbent dosage. When the dosage
was less than 0.5 g, the amount of adsorbed arsenic
sharply decreased and then reached equilibrium.
Thus, we concluded that a higher adsorbent dosage
resulted in a higher removal rate and a lower
adsorption amount before the adsorption
equilibrium was reached because the number of
adsorption sites for the removal of arsenic increased
with an increase in the adsorbent dosage and led to
a higher removal rate, but the arsenic concentration
remained unchanged in the adsorption process. The
adsorption equilibrium was reached when the
adsorbent dosage was 0.5 g. More adsorption sites
were produced when the adsorbent dosage
increased from 0.5 to 3.0 g, but these adsorption
sites could not be fully utilized, which continued to
keep arsenic adsorption capacity onto the adsorbent.
Geng-fuhrman et al. [42] observed a similar
phenomenon during arsenate removal from water
by using neutralized red mud.
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Fig.6. Effect of adsorbent dosage on arsenic removal
at room temperature under the following reaction
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Effect of ionic strength

In this section, the removal rate of arsenic onto
Fe-TiO./AC is discussed, and the results are shown
in Fig. 7. As(lll) adsorption was clearly more
dependent on ionic strength than As(V) adsorption.
In the adsorption process, the arsenic removal
efficiency increased when the ionic strength
increased to 0.5 mol-L%. The removal rate of
As(Il) increased from 89.71% to 94.70%. The
amount of As(Ill) adsorbed onto Fe-TiO/AC
increased from 0.058 to 0.061 mg-g. Further, the
removal rate of As(V) increased from 93.83% to
97.47%. The amount of As(V) adsorbed onto Fe-
TiO2/AC increased from 0.061 to 0.063 mg-g* with
an increase in the ionic strength. This was attributed
to the linking of the surface hydroxyls of the
adsorbent and arsenic by a ligand exchange reaction
and the formation of inner surface complexes [43].

Adsorption kinetics

Adsorption kinetics experiments were conducted
to determine the rate of arsenic removal. In this
process, As(l11) and As(V) removal by the material
was conducted under the same conditions. The
experimental results are presented in Fig. 8. It
shows that arsenic removal rate was enhanced with
increasing adsorption time before adsorption
equilibrium was reached. The arsenic removal rate
increased at a quick pace. The As(V) removal rate
remains relatively constant within 70 min (1.17 h)
to 1440 min (24 h) by the material under the current
experimental conditions. In other words, the
adsorption of As(V) reached equilibrium in 70 min
(1.17 h). For As(lll), adsorption equilibrium was
attained in 90 min (1.5 h).

98

0.
o L 063
% - 10062 ~
° z

S >
S oA 006l E
é o4 A g‘
@
e Hooe0 S
; 93 + & IS
£ / c
@ o
ger S {oose B
< o <Z>/ —e—As(lllremoval rate 5
i o —a— As(V)removal rate 3
oL // —o— As(lll)adsorption capacity 0088 <
. —o— As(V)adsorption capacity
7 Y Y SO BN )] .7
0.0 01 02 03 04 05

lonic strength(mol-L™)

Fig.7. Effect of ionic strength on arsenic removal at
room temperature under the following reaction
conditions: pH = 8, initial As concentration 1.3 mg-L?,
solution volume 25 mL, and adsorbent dosage 0.5 g

The Kinetic parameters of the adsorption obtained
using equation (4) are shown in Table 1. The correlation
coefficients of the As(V) and As(lll) adsorption were
0.7854 and 0.7835, respectively. The pseudo-first-order

kinetic model was used to describe the experimental data
of As(V) and As(Ill) in the current conditions, but it
failed to explain the arsenic adsorption onto Fe-TiO./AC.
Therefore, we concluded that physical adsorption could
not be ignored in the arsenic removal process, which
implied that the adsorption rate of As(V) onto the
adsorbent was faster than that of As(lll). The
experimental data were consistent with the information
reflected by the K value.

The pseudo-second-order kinetic parameters are
presented in Table 2. The data regarding the As(l11)
and As(V) adsorption onto the adsorbent were well
described by the pseudo-second-order model. The
obtained correlation coefficients were higher than
0.9999 and were in the following order: As(V) >
As(111). K followed the order As(V) > As(ll1I).

As compared to the pseudo-first-order model,
the pseudo-second-order model fitted the
experimental data very well, which implied that the
arsenic adsorption onto the adsorbent was a
complex process involving surface adsorption,
inter-components, and intra-particle diffusion [44].
An excellent effect of arsenic adsorption onto the
adsorbent was obtained using physical adsorption
and chemical adsorption, and chemical bonds were
the main factors influencing the chemical
adsorption process [45].

Adsorption isotherms

The adsorption isotherm experiments were
performed at different initial concentrations ranging
from 0.2 to 562.1 mg-LY The adsorption
equilibrium time was maintained at 3 h for the

As(111) removal and 70 min for the As(V) removal.
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Fig.8. Kinetic curve of arsenic removal by the
adsorbent at room temperature under the following
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Table 1. Pseudo-first-order parameters and equation
for As(111) and As(V) removal

I 1 1
1000 1200 1400 1600

Parameters As(111) As(V)

K1 1.6405 2.1026

R? 0.7835 0.7854
Fitting IN(Qe — Q) =—1.641t — In(Qe — Qt) =—2.103t -

equation 4.551 4.648
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Table 2. Pseudo-second-order parameters and
equation for As(111) and As(V) removal
Parameters As(l11) As(V)
K2 212.8190 581.9038
R? 0.99996 0.99999

Fitting equation t/Q¢=15.776t + 1.170 t/Q:=15.511t + 0.413

The Freundlich and Langmuir parameters are
presented in Table 3 and Table 4, respectively.
These results indicated that the arsenic adsorption
data fitted the Freundlich isotherm better than the
Langmuir isotherm, and the corresponding good
correlation coefficient values were between 0.9528
and 0.9780, which indicated that the arsenic
adsorption by the material was heterogeneous
adsorption on a non-uniform surface. The n value of
the Freundlich equation was greater than 1; this
indicated that the adsorption of arsenic was easy.
The KF value of As(V) was relatively large, which
implied that the removal of As(V) was more
favorable than that of As(lll). According to the
isotherm  results, the maximum adsorption
capacities of Fe-TiO./JAC were 28.66 mg-g* and
35.22 mg-g* for As(lll) and As(V), respectively.
As compared to many other adsorbents, the new
material exhibited excellent adsorption capacity.
For instance, Pena et al. [41] found that 8.30 mg-g*
of As(I11) and 11.20 mg-g* of As(V) were removed
by nanocrystalline TiO2. Altundogan et al. [46]
estimated the maximum adsorption capacities of red
mud for As(l11) and As(V) to be 0.33 mg-g* and
0.35 mg-g 2, respectively.

Table 3. Freundlich isotherm constants

Parameters As(111) As(V)
Kr 0.3538 1.5172
R2 0.9780 0.9528
n 1.4215 1.7184
- . IgQe = —0.45119 + IgQe = 0.18103 +
Fitting equation ™7 743481gCe 0.58195IgCe
Table 4. Langmuir isotherm constants
Parameters As(I11) As(V)
Ke 0.025 0.228
R2 0.8824 0.8967
Qm 14.63 16.71
Fitting equation Ce/Qe =207.gg84ce + Ce/Qi:OOZ.g??QSCe

Adsorption mechanism

Arsenic removal from an aqueous solution by
Fe-TiO2/AC requires simultaneous physical and
chemical adsorption. Further, a sufficient number of
adsorption sites are required for arsenic removal.
The positive charge on the TiO; surface facilitates
arsenate adsorption by electrostatic interactions at
pH = 8, where the arsenate is present mainly as
anion. The deprotonation of arsenite may remove
the hydroxyl ions from the coordinating layer of the
TiO2 support, and thus, some adsorption sites with a
positive charge are created on the adsorbent
surface
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to adsorb the As(I1l) anions in the process [37]. A
nano-TiO, loading can complete the partial
conversion of As(l11) to As(V) because the catalytic
oxidation activity of TiO, and arsenic can form
monodentate or bidentate complexes at the surface
of TiO; [23,47]. In the adsorption process, As-O-
AsO;" and As-O-H,AsO*" groups were formed
during the As(V) removal by nano-TiO; with
anatase crystals, and As-O-AsO:®”~ and As-O-
HAsO42 were found under mild conditions during
the As(lll) removal and the adsorption of As(V)
and As(lll) on TiO; by the As-O-Ti and As-O
bonds [18]. The Fe(lll) supports of the Fe-TiO/AC
particles accelerated the oxidation of As(lll) to
As(V) [48]. Then, the arsenic anions and Fe-OH of
Fe-TiO,/JAC formed bidentate or binuclear
complexes [49,50]. Further, iron-modified activated
carbon was effective in arsenic adsorption because
the oxyanionic arsenic species were adsorbed at the
iron oxyhydroxide surface by forming complexes
with the surface sites [51]. Therefore, the
adsorption mechanism of arsenic on Fe-TiO2/AC
was mainly influenced by the complex formation.

CONCLUSIONS

Fe-TiO./AC powder was synthesized using the
sol-gel method; it was mesoporous and had a
particle size ranging in nanometers. Further, it had a
high adsorption capacity for arsenic in a weakly
alkaline solution, and the maximum adsorption
capacity of the material was observed at pH = 8. An
increased amount of arsenic was adsorbed by
increasing the ionic strength, material dosage, and
initial arsenic concentration. The adsorbent was
better at removing As(V) than at removing As(111).
The adsorption kinetics and the adsorption
isotherms were described well by the pseudo-
second-order kinetic equation and the Freundlich
isotherm model, respectively. Further, the arsenic
adsorption equilibrium by the adsorbent was
reached within 3 h.
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N3BJIMYAHE HA APCEHAT U APCEHUT C ITOMOILTA HA HAHO-
TiO; HAHECEH BBbPXY MO/IU®UILIMPAH C XXEJIS30 AKTUBEH
BBIJIEH: BJIMAEIIN ®AKTOPU U AICOPBLIMOHEH EDEKT

®. Kuut?, U. Veir”, XK. Vaur?, . JIu?, Kc. JTu?, . JTu?

! Konexc no pecypcu u oxonna cpeoa, FOzozanaden ynusepcumem, Yonzxunz 400716, Kumaii
2 Jlabopamopus no umlbop/wa%uowu cucmemu 3a NIAHUHCKY 001ACMY U ONA36aHe HA OKOTHAMA cpedd Ha
nposunyus I yusicoy, Ynusepcumem na I'yudcoy, I'yane 550001, Kumaii

3 Koneoic no exoumnsicenepcmeso, Yuusepcumem na I'yuscoyMunyy, T'yane, 550025, Kumaii
Iocrenmiaa va 18 nexemBpu 2017, Kopurupana Ha 26 stHyapu 2018
(Pe3rome)

B craTusita e mpencraBeHo TosydaBaHeTo Ha HaHO- 1102, HAaHECEH BBPXY aKTUBCH BBIUICH, MOIU(MHIIUPAH C KETS30
(Fe-TiO2/AC), KakTo W pe3yaTaTHTe OT MW3IMTBAHETO Ha CBOWCTBATA HA MarepHvaia, BKIIOYUTEIHO KPHCTAIHA
CTPYKTYpa, MOBBPXHOCTHA MOP(DOJIOTHS, PYHKIMOHAIHHI TPYIU ¥ MOBBPXHOCTHA TEKCTYpa. Pe3yaTaTuTe ca moiydeHu
C MOMOINTA HAa PEHTreHOBa AWU(PAKIHUs, TPAHCMHCHOHHA €JEKTPOHHA MHUKPOCKONHMS, CKaHUpalla eJeKTPOHHA
MUKpockonus U Fourier tpancdopmupainia uHppayepBena crnekrpockonus. CTelneHTa Ha HM3BJIMYAHE Ha apceHa e
OLICHEHA Ype3 CTATHYHHM EKCIEIPUMEHTH TPH CUMYJIMPAaHH YCIOBUS Ha pH, HOHHA CHIla, KOJUYECTBO AJCOPOEHT W
M3XO0JIHA KOHIEHTPALUA HA apceHa. Y CTAHOBEHO €, ue W3BJIMYAHETO HA apceHa MpoTHYa e(EKTUBHO B ciaboaikaiHa
cpella ¥ MakCHMaJHa aacopOuus ce Habmonasa npu pH 8. M3BaudaHeTo Ha apceHa ce moo0psiBa MpHy MOBUIABaHe Ha
HOHHATa CHWJIa W KOJIMIecTBOTO ancopOent. Ancopbimsarta Ha As(lI1) u As(V) moctura paBHOBeCHE ChOTBETHO 32 3 4 U
1.14 4. MonenpT OT IICEBIOBTOPH MOPAIBK OIMMCBA 33J0BOJUTEIHO aJCOPONMOHHUTE mporecH. ExcriepuMeHTaIHuTe
JIAHHU CHOTBETCTBAT Ha ypaBHeHweTo Ha Freundlich. M3orepmuunute pe3ynTaTté Mokas3Bar, Y€ MaKCHMATHHST
ancopbuuonen kanamuter Ha Fe-TiO/AC e 28.66 mg- g'za As(Ill) u 35.22 mg- g 3a As(V). Hauo-TiO, u Fe;03
HIpasT KIIOYOBH POJIM 3a IOBUINABAHE Ha ajcopOIroHHaTa crocoOHocT W mpeBpbiranero Ha AS(I) B As(V).
Hammuwnero ua Fe(lll) yckopsiBa okuCIIeHHETO HA apceHa.
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Hebei Plain plays an important role in China, where municipal, agricultural and industrial water supplies are highly
dependent on groundwater resources. It is crucial to investigate hydrochemical characteristics in shallow aquifer for
sustainable utilization of groundwater resources. Major components of groundwater samples showed obvious zonation
patterns from the piedmont area, the central area to the coastal area, the hydrochemical types changed from HCO3-SOs-
Ca-Mg and HCO3-CI-Ca-Mg types to HCO3-SO4-Na-Ca, SO.-Cl-Na-Ca and SO4-Cl-Na types. A study using stable
deuterium and oxygen isotopes was performed to elucidate groundwater flow and occurrence. Groundwater is of meteoric
origin, and a large proportion is subject to evaporation. In the area, the aquifer system is recharged from irrigation return
flow and seawater intrusion, which significantly affects groundwater chemistry. But data show that excessive nitrate
nitrogen seriously polluted the groundwater environment in Hebei plain. This paper determined and monitored the
composition characteristics of stable nitrogen and oxygen isotopes to trace the source of nitrogen pollutionfrom 2009 to
2015. The results indicated that the average concentrations of nitrate nitrogen were 0.00 to 121.50 mg-L, the total average
over the seven-year monitoring period was 17.64+1.55 mg-L™. Each area displayed various concentrations of nitrate
nitrogen. The largest value of nitrate nitrogen, 29.49 mg-L™*, was found in the coastal area, which exceeded the Standard
for Drinking Water Quality of China(SDWQC) by a factor of 2.95; followed by the value in the piedmont area, 15.78
mg- L, exceeding the Standard by a factor of 1.58 and the lowest value was found in the central area, 3.88 mg-L*, below
the Standard. According to isotope signatures, the source of groundwater nitrate is dominated by manure and waste in the
coastal area and the central area, whereas in the piedmont area it is dominated by agricultural fertilizers.

Keywords: Hydrogeochemistry, §'*Nnos, 3¥Onos, Nitrate nitrogen, Contamination

the Nitrates Directive 91/676/EEC and the

INTRODUCTION Groundwater Directive 2006/118/EC  prohibits

Groundwater is the main source of drinking water
for many arid and semi-arid regions of the world and
is endangered by many kinds of contaminations[1-
3]. Although groundwater is considered to be
available close to the point of use and always clean
and safe, its quality is uncertain due to the natural
processes and significant land use changes that do
not take into account impacts on the underlying
aquifers [4]. This calls for determination of
groundwater quality and identification of the
contamination sources so as to understand the actual
cause of water quality deterioration and coming up
with water quality remediation and control
mechanisms [4]. The nitrate pollution in
groundwater is one of the most prevalent water
environmental problems worldwide [5-9] increasing
the risk of many cancers including colon cancer,
esophageal cancer, etc. [10]. In response to these
problems, environmental policies have been
implemented in many countries [11]. In the
European Union for instance, legislation including

*) To whom all correspondence should be sent:
E-mail: taizhonggao@hebust.edu.cn

nitrate concentrations in aquifers to exceed the
mandatory limit of 50 mg L™ NOs™ and requires that
actions be taken in order to reverse or prevent any
infringement[12]. NOs~ has several sources
including atmospheric deposition, nitrogenous
fertilizers, soil organicnitrogen (SON), animal
manure and discharge of domestic sewage [13]. In
addition, nitrogen loss in vulnerable environments
with thin soil is a serious problem for vegetation
because nitrate is an important nutrient for plant
growth [14, 15].The effective management of NO3~
to preserve water quality requires identification of
actual N sources and an understanding of the
processes affecting local NOs~ concentrations [16].
However, the determination of N concentrations
cannot be solely used in order to detect the specific
N sources and biogeochemical processes [16].
Accurate source identification is critical for
reasonable protection and prevention of water from
nitrate contamination [17]. However, the interlacing
of various sources and biogeochemical processes
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along the nitrogen cycle determining sources of
NO;s7is difficult. The presence of fecal coliform
jointly with NOs™ in groundwater may indicate
recent NOs~ contamination by human sewage or
animal droppings provided this is confirmed by
another reliable technique [1]. Stable nitrogen
isotope techniques enable the identification of
sources based on the characteristic or distinctive
nitrogen isotope compositions and are valuable tools
for the detection of the origin. Different sources of
stable isotope characteristic values are not affected
by changes in concentrations within water; therefore,
the isotope forms of NO;™ in water are relatively
stable [18].

Dual isotope analysis of nitrate (3°N-NOs~ and
5180-NOs3") has been frequently used to differentiate
NO;~ sources because of the distinct isotopic
characteristics of themain NOs;~ sources, such as
rain, chemical fertilizers, and NO3~ derived from
nitrification [19, 20]. Sacchi et al.[21] used the
isotopes to trace the nitrate-N in the groundwater of
the central Po plains in Italy and they discovered that
in the higher plains, groundwater pollution mainly
originated from four sources: (1) a high osmotic
pressure aquifer in the vadose zone of the region; (2)
a higher underground water level; (3) an intensive
cattle industry that produces a large amount of fecal
matter; and (4) a large amount of irrigation water.
Kelleyet al. [20] used nitrogen and oxygen isotope
ratios to identify nitrate sources and dominant
nitrogen cycle processes in a tile-drained dryland
agricultural field. Liu et al. [22] tracked sources of
groundwater nitrate contamination using nitrogen-
oxygen dual isotopes around Beijing, China.
Nitrogen-oxygen dual isotope analysis has been
established as a tool in providing important
information regarding the origin of nitrate
contamination in groundwater, the contribution of
different sources to a multi-source plume, and the
rate and mechanisms of the contamination, as well
as in evaluating the success of contaminated site
remediation. Zhang et al. [23] used the °N isotope
to analyze groundwater nitrate pollution and sources
in Beijing’s Fangshan district, and the results
suggested that NOs-N in groundwater mainly
originated from animal waste, wastewater, and
organic soil nitrogen. Westover et
al.[24]investigated water quality and sources and
processes influencing NOs~in the Kettle River basin
using a combination of chemical and isotopic
techniques. Based on 8'°N values and concentration
data, NOgsin  surface  waters  originates
primarily
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from natural soil nitrification processes, with
additional influences from anthropogenic activities,
such as waste water effluents at sampling locations
downstream from population centres.

This study aims to define the NOs™-N sources and
understand the contamination of groundwater in
Hebei plain (HP) and provide a scientific basis for
controlling NOs-N pollution in the groundwater of
HP and utilization of groundwater. We first
investigated data from 21 wells in the shallow
groundwater of HP, evaluated the NO3-N pollution
concentrations in the groundwater, compared the
NOs-N pollution concentrations of groundwater in
different areas, and traced the sources of NO3z-N.

STUDY SITE

Hebei Plain is south of Beijing and Tianjin, and
spans to Bohai in the east and abuts the Taihang
Mountains in the west. The study region is situated
between a latitude 36°03' to 40°02' and a longitude
114°15't0 119'50", and is one of the alluvial fan plain
zones(Figure 1). The area has a continental, semi-
arid climate with a mean annual temperature of 12-
13°C, and summer maximum and winter minimum
of 45.8 and -28.2 °C, respectively and with annual
precipitation of 400-800 mm. The precipitation is
dominated by the Asia summer monsoon during July
and August, which accounts for about 70% of the
annual precipitation. There is usually only 40-60 mm
of rainfall, or even no rainfall, for more than 100
days in spring. The variation of seasonal
precipitation is so large that it is the common case to
have dry spring and flooding summer. Mean
potential evaporation ranges from 1,100 to 1,800
mm. Based on landforms, HP can be divided into
three areas: the piedmont area, the central area, and
the coastal area [25, 26].

The HP accessible groundwater mainly occurred
in the Quarternary sediment aquifers. The regional
Quaternary aquifers consist of fluvial fans, alluvial
fans and lacustrine deposits [27]. Vertical
distribution of the aquifer has been described in
detail. A thick sedimentary sequence has been
deposited in the HP, with a depth of 500-600 m in
depressions, 350-450 m in uplift areas, and 150-300
m around the alluvial fan. From the top to the
bottom, sediments can be divided into four aquifer
groups according to the lithologic properties,
geological age, the distribution of aquifers and
aquicludes, and hydrodynamic conditions (Figure 1)
[28].
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Fig.1. Baoding-Cangzhou hydrogeologic profile in Hebei Plain

The depth of the first aquifer group (shallow
unconfined aquifer) ranged between 10 and 50 m,
with coarse-grained sand in the piedmont area to
fine-grained sand in the littoral plain. The second
aquifer group was a series of shallow semi-confined
aquifers with buried depths of 120-210 m, with
sandy gravel, medium to fine sand. The second
group was the major aquifer for groundwater
exploitation for agricultural irrigation. The third
aquifer group, underlying the second aquifer group,
had lower boundary between 170 and 3 350 m. This
formation consists of sandy gravel in the piedmont
area and medium to fine sand in the central and
littoral plain.

The fourth aquifer group lays below 350 m with
a thickness of 50-60 m, which consists of cemented
sandy gravel and thin layers of weathered sand
[29].According to groundwater exploitation and
aquifer distribution, groundwater can be divided into
shallow groundwater mainly occurring in the first
aquifer group (shallow aquifers), while deep
groundwater occurs in the latter three groups (deep
aquifers).

EXPERIMENTAL
Groudwater sampling and analytical methods

Groundwater samples, including 21 wells of the
National hydrological monitoring network, were
collected from three areas of Hebei plain in May and
September from 2009 to 2015, representing 10.09 %
of the Monitoring network in HP. The well depths of
the quaternary groundwater ranged from 4.5 to 50 m.
Eight samples (numbers 1-8) were taken from the
piedmont area of Shijiazhuang, six samples
(numbers 9-14) were taken from the central area
ofHengshui and seven samples (numbers 15-21)
were taken from the coastal area of
Cangzhou(Figure2). Water samples were collected
from active pumping wells used either for domestic
or agricultural purposes, and were initially preserved
in a cold box and later transferred to a refrigerator in
the laboratory. Samples were filtered with 0.45um

membrane filters for measurement of ion

concentrations and isotopic compositions. The
concentrations of major cations and anions were
measured by inductively coupled plasma-optical
(ICP-OES) and ion
charge

emission  spectrometry
chromatography(IC), respectively. lon
imbalances were within £5%.

Fig. 2. Location of the shallow groundwater sampling
sites in the study area.

Eight samples (numbers 1-8) were collected from
Shijiazhuang to represent the Piedmont Plain. Six
samples (numbers 9-14) were collected from
Hengshui to represent the Central Plain. Seven
samples (numbers 15-21) were collected from
Cangzhou to represent the Eastern Coastal Plain.
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Stable isotope ratios were reported in parts per
thousand (%o) using the conventional delta notation:
85ample=[(Rsample_ Rstandard)/Rstandard] 1000%0, Where R
represents the 30/1°0, or 2H/*H ratios of the samples
and standards, respectively. 8 Opzo and SDwere
determined at the Key Laboratory of Groundwater
Sciences and Engineering, Ministry of Land and
Resources, Chinese Academy of Geological
Sciences (CAGS), using online thermal conversion
elemental analysis isotope ratio mass spectrometry
(TC/EA-IRMS). The precision of measurements was
+0.1%0 and +1%o, respectively, and results were
reported relative to V-SMOW. In the field, 3-5 L
samples were collected to ensure 60—80 mg of
nitrate on the cation exchange resin. After removing
SO.% by addition of BaCl, to 300 mL of water, the
water was passed through the cation exchange resin
and became acidity, with a flow rate of 2-5 mL-min
! by adjusting the stopcock on the separatory funnel.
The KNO; and KCI solutions were produced by
adding 1 mol-L"* KOH solution eluent to neutral, and
were dried at 90°C. 8™Nnos and 8'Onos Were
determined at the same time in one sample input
using online high-temperature pyrolysis of 500 ug
KNOs. Nz and CO generated by KNOs; and C
reaction were separated through a chromatographic
column at 60°C coupled with ConFlolV and IRMS,
and the precision of 8°N and §'®0 was 0.25%. and
0.6%o, respectively, compared with that of 0.1%o. and
0.5%o0 abroad. All experiments were performed in
duplicate and thedata were populated in Excel and
plotted with Origin 9.0.

RESULTS
Chemical concentrations of groundwater

The chemical and isotopic compositions of the
groundwater are listed in Tablel and Figure3,
respectively. Chemical elements of shallow

groundwater were analyzed to derive the statistical
analysis of anion and cation concentrations in the
study areas. The average cation concentrations in
Shijiazhuang ranked as follows:
Ca**>Na*>Mg?*>K"*; anion concentrations ranked as
follows:  HCO3>S0,2>CI>NO3>COz>.  The
average cation concentrations in Hengshui ranked as
follows: Na*>Mg?*>Ca?">K*; anion concentrations
ranked as follows: SO,2>HCO5;>CI>NO;3;>CO3*.
The average cation concentrations in Cangzhou
ranked as follows: Na*>Ca?*>Mg?>K*; anion
concentrations ranked as follows: CI>HCO3>S0,*
>NO;>CO3%. Both Table 1 and Fig. 3 show that the
sum of SO,# and Cl averagely accounted for
between 40% and 60% of total anions in the
piedmont area, around 70% in the central area, and
90% in the coastal area. Besides, the sum of Ca?* and
Mg?* averagely accounted for 80% of total cations in
the piedmont area, 50% in the central area, and 40%
in the coastal area.

The order of the average of the anion
concentrations was HCO3>S0,*>CI>NO3>CO37;
greater than 25 Meq% were HCOs™ and SO.Z, and
that of the cation concentrations was
Ca**>Na*>Mg?*>K" in the piedmont area. The order
of the average of the anion concentrations was SO*
>HCO;>CI>NO3>COs%; greater than 25 Meq%
were Cl-, SO4%, and that of the cation concentrations
was Na™>Mg?*>Ca?*>K" in the central area. The
order of the average of the anion concentrations was
CI>HCO5;>S0,#>N03>CO3%; greater than 25
Meq% were CI, and that of the cation concentrations
was Na"™>Ca?>Mg?*>K* in the coastal area.
According to Shoka Lev’s classification method, the
main hydrochemical types from the piedmont area,
the central area to the coastal area changed from
HCO;-Ca-Mg, through HCO;-SOs-Na-Ca and
S04-ClI-Na-Ca, to SO4-Cl-Na.

Tablel.Results for hydrochemistry and isotopes in shallow groundwater, a-rural, town; b-farmland.

Sampling Point

Depth (m) NOs (mg-L?) Cl-(mg-L1) SO4? (mg-L %) &N (%) 620 (%) &°H (%o) 520 (%o)

1. Sanhepu? 15.0 17.95 23.60

2. Hantai® 30.0 14.49 41.23

3. Licun® 30.0 15.14 54.46

4. Ciyu? 17.0 15.21 44.97

5. Shanyincun® 12.0 17.73 56.75

6.Luquanchengguan® 16.2 16.99 54.52

7. Yongbi? 34.0 10.76 109.21
8. Luquanshiqu? 30.0 17.95 205.03
9. Balizhuang? 10.0 2.34 547.58
10. Nanjili® 13.0 1.56 167.81
11. Zhangguan® 20.0 5.47 1448.25
12. Wanglou® 38.0 6.28 377.02
13.Donganzhuang® 36.0 4.73 565.67
14. Xiaoying® 29.0 2.89 1857.80
15. Mengcun® 30.0 9.72 1088.23
16. Xiasanbao® 4.5 61.14 514.16
17.Yangerzhuang? 5.8 78.64 773.71
18. Hechengjie® 50.0 16.05 323.10
19. Jiaohe® 12.0 7.61 521.68
20. West of Cangzhou? 12.0 9.78 578.64
21. Xinji® 6.2 23.48 1728.98

105.21 2.62 -3.36 -54 -8.7
112.92 5.08 -5.47 -62 -8.4
144.76 8.43 -4.86 -57 -7.6
118.20 — — -61 -8.2
165.95 13.31 -1.31 -60 -8.4
178.95 8.78 -4.14 -62 -8.4
123.75 10.7 -3.95 -63 -8.6
145.37 8.24 -5.24 -63 -8.7
596.75 —_ —_ -61 -7.6
210.24 —_ —_ -64 -8.7
562.73 18 6.64 -56 -1.3
359.47 11.96 -1.53 -62 -8.5
902.91 13.04 -1.78 -59 -7.8
1457.49 — — -58 -7.9
531.72 14.06 4.34 -62 -8.4
390.79 18.06 -4.86 -57 -7.9
346.83 20.46 -2.13 -65 -8.9
412.01 —_ —_ -63 -8.7
507.95 17.09 0.77 -69 -9.2
494.47 30.99 9.94 -50 -6.4
487.00 — — -51 -6.4
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Fig.4. Piper figure of water chemistry of Shijiazhuang, Hengshui and Cangzhou.
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As seen from Piper diagram of water
chemistry(Figure 4), anion and cation distribution
was again more scattered from the piedmont area to
the coastal area, and the hydrochemical type
changed from bicarbonate-type to sulfate-chloride
type and chloride-type, and salinity gradually
increased.It confirmed that in the piedmont area and
the central area, the chloride-type area decreased,
while the bicarbonate-type and sulfate-chloride type
areas increased, as shallow groundwater constantly
gained riverside-leakage and recharged from water
sources and precipitation. The coastal area
experienced larger salinity due to seawater intrusion,
in addition to evaporation.

In the Piedmont Plain and the Central Plain, the
chloride-type area was small, while the bicarbonate-
type and sulfate-chloride type areas were larger, as
shallow groundwater constantly gained riverside-
leakage and recharged from water sources and
precipitation. The Eastern Coastal Plain experienced
larger salinity due to seawater intrusion, in addition
to evaporation.

Isotope compositions ofwater

Tablel and Figure 5 illustrate the 21 stable
deuterium and oxygen isotopes determining results
of the shallow groundwater samples. In the piedmont
area, 62H and 6180 values ranged from -63%o tO -
54%o, and -8.7%o t0 -7.6%o, respectively, and mean
values were -60.25%0 and -8.38%o, respectively. In
the central area, 62H and 8180 values ranged from -
64%o to -56%o, and -8.7%o to -7.3%o, respectively,
and mean values were -60%. and -7.97%,
respectively. In the coastal area, 62H and 5180
values ranged from -69%o to -50%., and -9.2%o to -
6.4%o, respectively, mean values were -59.57%o and
-7.99%o., respectively. Based on the comparison, the
02H and 8180 wvalues of groundwater in the
piedmont area are relatively small while the values
in the central area are relatively large.

Because most of the world’s precipitation is
derived from evaporation of seawater, the 52H and
0180 compositions of precipitation throughout the
world are linearly correlated. In Figure 5, all data
were close to the LMWL(62H=7.02341
8180+1.72339, R2=0.95) [23], and shifted to the
right of the global meteoric water line(GMWL) [30].
It suggests that groundwater was mainly derived
from local meteoric water. Most of samples were
enriched in 8180 isotope and were located to the
right of the LMWL, which indicates that the
meteoric water experienced different extents of
evaporation before the precipitation recharged. From
the relationship shown in Figure 5, the linear
relationship is approximately parallel to the RMWL,
showing that aquifer of the study area has been
recharged by precipitation.
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DISCUSSION
Distribution of nitrate-N

The range of NOs-N concentrations was 1.56-
78.64 mg-Ltin shallow groundwater of HP. The
lowest level was collected in Balizhuang in the
central area, and the highest level was in
Yang’erzhuang in the coastal area. The mean
concentration of NOs-N was 15.78 mg-L? in the
piedmont area, 3.88 mg-L* in the central area, and
29.49 mg-L?, the largest concentration, in the
coastal area.

Figure 6 illustrates the trends of NOs-N and
chloride in HP. Chloride ranged from 27.98 to
2086.75 mg-L!, with a mean value of 518.16 mg-L-
1 NOs-N ranged from 3.08 to 92.59 mg-L™, with a
mean value of 17.96 mg-L*; and sulfate ranged from
57.04 to 1324.21 mg-L%, with a mean value of
416.78 mg-L*. The lowest concentrations of NOz-N
were in the central area, the largest changes in NOs’
-N concentrations were in the coastal area, and the
lowest concentrations of chloride were in the
piedmont area.
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Fig.6.Contents of chloride and nitrate ions atthe
sample points of the study area.
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Table2.NOs-N content from 2009 to 2015

. Average of May Average of September 10mg-L*

Year :\:r;[ritse -N tstandard error +standard error ,:\\/r;r;gaés Exceeding

g (mg-L?) (mg-L?) g factor (%)
2009 0.00~108.45 16.09+6.22 16.33+6.10 16.21 33.33
2010 0.00~87.30 18.74+4.57 15.66+4.43 17.20 54.76
2011 0.00~102.74 17.51+5.31 17.2445.23 17.37 52.38
2012 0.00~121.50 21.97+5.92 21.29+5.78 21.63 59.52
2013 0.30~103.00 20.74+4.91 21.63+5.04 21.18 71.43
2014 0.44~58.53 18.09+3.63 13.32+3.27 15.70 46.34
2015 0.00~56.20 16.22+3.62 12.08+2.46 14.15 50.00

Average concentrations of chloride and nitrate at
the Piedmont Plain, the Central Plain, and the
Eastern Coastal Plainsampling points are along the
abscissa and the content of the sampling points along
the vertical axis.

The mean concentrations of chloride in the
piedmont area, the central area, and the coastal area
were 73.72, 827.36, and 789.79 mg-L, respectively.
SO,Z/CI- ratios were 1.86, 0.82, and 0.57,
respectively, and SO42/CI- ratios of the three areas
were quite different. This significant variation
indicates that the chloride and sulfate in the
groundwater have different sources. Unlike SO4*/CI-
, NO3/CI ratios differed slightly between the three
areas. The NO3/CI ratio of the piedmont area ranged
from 0.09 to 0.76, with a mean value of 0.32; the
central area ratio ranged from 0.00 to 0.12, with a
mean value of 0.01; and the coastal area ratio ranged
from 0.01 to 0.12, with a mean value of 0.05. The
narrow range of the NO3;/CI ratios suggests that the
input of NO3-N and chloride reached a steady state
[31].

General chardcteristics of nitrate

Table2 shows the overall state of NOs-N in
groundwater of HP from 2009 to 2015. An obvious
upward trend in NO3s-N levels appeared. The NOs-
N concentrations escalated from 16.21 mg-L* in
2009 to 21.18 mg-L?! in 2013. However, NO3-N
concentrations differed between sampling sites;
areas of low concentration were mainly located in
Nanjili and Xiaoying in the central area, and areas of
high concentration were mainly in Yang’erzhuang
and Xiasanbao in the coastal area.According to the
SDWQC (10 mg-L1), the concentrations of NOz-N
in groundwater of HP from 2009 to 2015 exceeded
the standard. Analyzing the NOs-N in samples
determined a large range of NOs-N concentrations
in groundwater of HP was found, 0.00-121.50 mg-L
! and the mean value was 17.64 mg-L* during the
seven-year monitoring period, exceeding the
SDWQC (10 mg- L™ )by a factor of 1.76.

According to Muller’s established groundwater
geochemistry background value of 2.0 mg-L?! of
NOs-N [32], the influence of human activity on
NOs-N concentrations in  groundwater had
increased.

The maximum concentration occurred between
2009 and 2010, rising from 33.33% to 54.76%, an
increase of 21.43%. There were 25 valuesexceeding
10 mg-L?, accounting for 59.52% of all samples in
2012; 30 values exceeding 10 mg-L, accounting for
71.43% of all values in 2013; and the values
exceeding the SDWQC reached 46.34% in 2014, and
50.00% in 2015. Nitrate concentration was higher in
May than in September except in 2009 and 2013 due
to heavier rainfall in July and August, it may have
resulted from relatively abundant rainfall, and
enhanced the link between a saturated zone and an
unsaturated zone [33].The soil of unsaturated zone
exhibits strong adsorption of ammonia-nitrogen.
Ammonia-nitrogen was prone to nitrification by
oxidation in alkaline groundwater, resulting in
nitrate, nitrite, and nitrate-nitrogen produced by
nitrite due to its instability, thus increasing NOs;-N
concentrations in groundwater [34].

Regional changes of nitrate-N

Figure 7 shows the trend of NOs;-N
concentrations in the three main sub-plains of HP
from 2009 to 2015. Changing concentrations of NOs’
-N are evident in three areas, while the coastal area
had the highest concentrations of NOs-N, followed
by the piedmont area, and then the central area,
which was the lowest one, although it, too, showed
an increasing trend.
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Fig.7.Variation of shallow groundwater nitrate-N
concentration in sub-plain of Hebei plain.
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Trend of NO3z™-N concentrations in the three
main sub-plains of Hebei Plain from 2009 to 2015.

There were evident changes in NO3z-N
concentrations in each sub-plain, with the highest
concentrations of NO3z-N recorded in the Eastern
Coastal Plain, followed by the Piedmont Plain and
the Central Plain, which, while lowest, still exhibited
an increasing trend.

The coastal area, with the highest NOs-N
concentrations, had an annual mean value of 29.49
mg-L?, exceeding the SDWQC (10 mg-L™?) by a
factor of 2.95. The value of NOs-N in this area
remained greater than 25 mg-L? during the study
period, with peak value reached in May 2012 about
37.42 mg-L1, exceeding the SDWQC by a factor of
3.74. The lowest value was 19.41 mg-L?! in
September 2014, exceeding the standard by a factor
of 1.95. The high NOs-N concentrations in the
coastal area from 2009 to 2015 may be related to
manure and waste emissions, as well as the structure
and composition of the unsaturated zone, which
greatly influences the infiltration of pollutants,
resulting in contamination of shallow groundwater.

The mean concentration of NOs-N in the
piedmont area was 15.78 mg-L?, exceeding
SDWQC by a factor of 1.58. The minimum level,
9.71 mg-L?, was recorded in May 2011, and the next
lowest level, 9.34 mg-L?, was recorded in
September 2011; hence, the measurements taken in
2011 were the only two during the study period in
this area that did not exceed the SDWQC. The
maximum concentration, 23.71 mg-L?%, was
recorded in May 2012, which could have resulted
from the larger solids of that vadose zone. The wider
the granules in a vadose zone, the stronger
permeability it offered, and thus easier nitrification.
Due to this characteristic, coupled with an
accumulation of NOs-N from excessive fertilization
carried through rainfall or irrigation, NO3-N leached
through the vadose zone to shallow groundwater,
resulting in a generally higher nitrate concentration
in the area.

The mean concentration of NO3-N in the central
area was 3.88 mg-L™. It was, therefore, the least
polluted of the three areas. Low concentration
mainly result because the central area had fine rock
particles in the unsaturated zone, and more clay
interlayer [35], which are conducive to
denitrification. Still, NOs-N concentrations in this
area demonstrated a rising trend overall. The
minimum value occurred in May 2009, 1.67 mg-L7?,
and the highest concentration was recorded in May
2014, 11.34 mg-L*. From 2009 to 2013, the NO3-N
concentration levels did not exceed the SDWQC.
However, the 2014 levels exceeded the standard by
a factor of 1.13, which may have resulted from the
topography of the central area. Within this area,
sources of pooling along the groundwater
flow
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coming water after entering the contaminated area,
which increases its NOs-N concentration.

Sources of NOz-N

The 3N and &8O results of the shallow
groundwater are shown in Tablel. In the three areas,
nitrogen and oxygen isotopes demonstrated
significant changes. In the piedmont area, 5*°N and
5180 values ranged from 2.62%o to 13.31%o, from -
5.47%o to -1.31%., respectively, with mean values of
8.17%0 and -4.05%., respectively. Changes of
nitrogen and oxygen isotope values of the central
area were small compared to the piedmont area. 5°N
and 880 values ranged from 11.96%o to 18.00%o,
from -1.78%0 t0 6.64%0, respectively, with mean
values of 14.33%. and 1.11%e., respectively. Oxygen
and nitrogen isotopes of the coastal area showed the
greatest changes in the three areas. 8'°N and 20
values ranged from 14.06%. to 30.99%., from -
4.86%0 t0 9.94%o., respectively, with mean values of
20.13%0 and 1.61%o, respectively.

Different values of *°N can be used to determine
different sources of NOs-N in water. Generally, we
can use 8'°N as a tracer of NOs™ sources; however,
there is an overlapping phenomenon in some sources
of 8'°N, such as sewage and manure. Therefore, in
this study, 80O was combined with 8N to
determine nitrate contamination.

Research byFenech et al. [30]indicated that §°N
compositions of most terrestrial material fall
between -10%o to +25%o, and, as a result, isotope
values of N and O can be useful in identifying the
origin of groundwater NOs. The &N from
atmospheric nitrogen deposition is about 0%. to
+13%0 and from manure about +5%o to +25%.
Fertilizers generally have 8'°N values between 0%o
+ 4%o, and organic soil N is characterized by 6°N
values between 4% and 9%.. The &80 from
atmospheric deposition isfrom +25%o to +70%. The
580 wvalues of atmospheric precipitation range
between +20%. to +70%.. Generally, synthetic
fertilizers have 520 values between 22%o + 3% [36]

Figure 8 shows the sources of NO3™-N in HP. The
main sources of NOs-N in shallow groundwater
were from manure and waste. NOs™-N contamination
in the piedmont area came from fertilizers, whereas
NH4* came from rainfall and soil nitrogen. The main
forms of agriculture crop consisted of wheat and
corn in which no manure was applied. Additionally,
atmospheric-N deposition and soil nitrogen cannot
significantly elevate the NOs-N concentrations.
Therefore, it was demonstrated that fertilizers were
a major source of NOz-N. Contamination of NO3s-N
in the central area and the coastal area was mainly
derived from manureand waste.Sources of NOs-N
of the Piedmont Plain originated mostly from
fertilizers, while NOs™-N of the Central Plain and the
Eastern Coastal Plain was mainly derived from
septic tank waste.
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Fig.8.Sources of NO3-N in shallow groundwater of
the study area.

CONCLUSIONS

(1) In the study area, the average chloride
concentration was 527.73 mg-L?; the NOz-N mean
concentrations were 16.95 mg-L?; and the sulfate
mean concentrations were 397.88 mg-L1.The SO,
[CI' ratios of the three areas differed significantly and
NO;/Cl- ratios were only slightly different,
indicating that chloride, NOs-N, and sulfate in
groundwater had different sources.

(2) From 2009 to 2015, the NOs;-N
concentrations in groundwater ranged from 0.00-
121.5 mg-L™*, and the mean values was 17.64 mg-L-
1 exceeding the SDWQC by a factor of 1.76.
Different areas had different concentrations of NOs™
-N.

The coastal area displayed the highest
concentration, 29.49 mg-L?, which exceeds the
SDWQC by a factor of 2.95. The piedmont area
maximum concentration was 15.78 mg-L?,
exceeding by a factor of 1.58. The concentration of
NOs-N in the central area was the lowest one,
averaging 3.88 mg-L™, and did not exceed SDWQC.

(3) Hydrochemical types in the study area
displayed obvious differences. The hydrochemical
type changes from bicarbonate-type to sulfate-
chloride type and then to chloride-type, as shallow
groundwater in the areas follows a migration pattern
from the piedmont area to the coastal area and
salinity gradually increased. The coastal area, with
the largest salt content, experiences seawater
intrusion. Groundwater was of meteoric origin, and
a large proportion was subject to evaporation. In the
area, the aquifer system was recharged from
irrigation return flow and seawater intrusion.

(4) The isotope analysis of 8°N and 80 in
shallow groundwater of the three areas indicated that
the NO3z-N was mainly due to manure and waste,
NH,*- to fertilizers. NO3-N of the coastal area and
the central area was mainly due to manure and waste;
and NH.*- mainly to fertilizers in the piedmont area.
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N30TOITHA MAEHTUOUKALIA U XUJIPOXUMUSA KATO MHCTPYMEHTH 3A OLIEHKA
HA N3TOYHUINUTE HA HUTPATU B IVIMTKMA BOJOHOCEH XOPU30OHT HA

PABHUHATA XEBE, KUTAU
X. Hanr?, [Ix. ®anr?, U. Jny?, X an®,®. JTuy*, T. Tao'"

YVuunue no nayka sa oxonnama cpeda u undicenepcmso u 1a60pamopus no HGUOIOSUYHA MEXHON02US 3A
npedomepamsAsane Ha asapuu 8 nposunyus Xebeti, Xebelicku ynusepcumem no Hayka u mexuonoaus, LLuosxcuascyane,

050018, Kumau

2lenapmamenm no unsicenepua 2eono2us, Ipoghecuonanen xonesxc no semnu pecypcu na Xebeii, Yxan 430090, Kumaii
$Vuunuwe no oxornama cpeoa u 1abopamopus no 6u02e0102us U 2e0102Us HA OKOIHAMA cpeda, YHueepcument no
eeonayxu, Yxan 430074, Kumaii

41/IHcmumym no xudpozeono2us u 2eonocus Ha okoanama cpeoa, CAGS, Lluoacuascyane, 050061, Kumati
[ocreruna Ha 18 daexemspupu 2017, npuera va 31 sayapu 2018
(Pesrome)

PaBuunara XeOeil urpae Baxna posist B Kutalf, KbeTO IpagcKuTe, 3eMEJECICKUTE U IPOMHUIUICHUTE BOAN CHIIHO
3aBUCAT OT IOJIOYBEHUTE BOAHU PECYpPCH. 3a YCTOMYHMBO M3IOJI3BaHE HA OATIOYBEHNUTE BOJHH PECYPCH € HEOOX0IUMO
Jla ce M3clenBaT XMIPOXMMHYHHTE XapaKTCPHCTHKH Ha IUIMTKaTa BOJOHOCHAa 30HAa. OCHOBHUTE KOMIIOHEHTH Ha
TIOJIIIOYBCHUTE BOJIM CBHIETEIICTBAT 3a SCHO 30HMPAHE OT MpEAIUIAHMHCKaTa o0JacT Mpe3 IEeHTpajHaTa o0nacT 1o
KpaiibpexHara 061act, Kato XUapOXUMu4HUsIT Ul ce npomers ot HCO3-SO4-Ca-MguHCO;-Cl-Ca-MgtypesaoHCO3-
S04-Na-Ca, SO4-Cl-Na-CauSO4-Cl-Na. IMpoBeaeHo e u3ciienBaHe ¢ MOMOIITA HA JEyTepUid U CTAOMIHU H30TOIH HA
KHCJIOPOZA 32 U3SICHSABAHE Ha IMOTOLUTE OT MOANOYBEHU BoAH. [loAmoYBeHNTE BOIM MMAT Bajle)eH MPOU3X0Jl U rojsiMa
YacT OT TSX € IOAJIOKEHa Ha u3napsiBaHe. B n3cieaBanara o6act, BOJOHOCHATAa CHCTEMA CE Bb3CTAHOBSIBA OT HATIOSIBAHE
U HaBIM3aHE Ha MOpCKa BOJia, KOETO BiMsAC BBPXY XMMHYHHS ChCTaB Ha Bojara. l3cieaBaHusTa IOKas3Bar, 4e
MOJNIOYBCHATa BOJa B paBHMHAaTa XeOed € 3HAuYMTEeTHO 3aMbpCeHAa C HUTpPAaTeH a3oT. YUpe3 u3MepBaHe Ha
XapaKTepPUCTUKUTE Ha CTAOMITHUTE M30TOIH Ha a30Ta U KHCIOPOJia ca ONpeIeNIeHd M3TOYHHIINTE HA 3aMbpPCSIBAaHE C a30T
3a nepuoaa ot 2009 1o 2015 r. CpegHute KOHIEHTpAUUUTE HA HUTpaTHUS a30T ca Mexay 0.00 u 121.50 mg- L1, cpenHara
CTOMHOCT 3a 7-romuiuHus nepuon e 17.64+1.55 mg-L . KoHienTpanuuTe Ha HUTpaTeH a30T B Pa3sdHYHUTE PaiiloHM ca
pasmmunn. Half-BHCOKa CTOWHOCT Ha HHTpaTeH a3oT, 29.49 mg-L™?, e ycTaHoBeHa B KpalibpexHHS paifoH, KOSATO
HajBuIIaBa 2.95 MbTH cTaHAAPTA 33 KAUECTBO Ha NMUTeitHaTa Boaa B KuTal, cienBana oT CTOMHOCTTA B MPEAIUIAaHUHCKHUS
paiton, 15.78 mg-L™, magsmmasama crangapra 1.58 nbTn. Hali-Hucka CTOMHOCT € M3MepeHa B IIEHTpalHus paiion, 3.88
mg-L?, kosto € mox crammapra. ChriacHo WAEHTH(UIMPAHUTE HM3OTONH, B KPaiOPEXHUS W UEHTPAIHUS pPaloH
W3TOYHUIINTE HA HUTPATH B MOJIOYBEHUTE BOJM Ca OCHOBHO OOOPCKU TOP M OTHAIBIM, a B IPEIINIAHNHCKHS paiioH —
3eMEeJICJICKH TOPOBE.
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In order to investigate the feasibility of reducing coal dust by alkaline solution, three representative samples of
bituminous D, bituminous C and bituminous B coal with different metamorphic degrees were collected and soaked
in0.2 mol/L, 0.5 mol/L, 1.0 mol/L NaOH, respectively, for 5 days. The variation characteristics of coal wettability index
were analyzed by the ways of contact angle, pulverized coal subsidence, reverse permeation and scanning electron
microscopy (SEM). The results showed that the contact angle of coal samples after soaking in the alkaline solution
decreased, the reverse permeation effect obviously increased, and the sedimentation effect of pulverized coal also
increased. At the same time, the coal wettability index tended to increase with the decrease of metamorphic degree of
the coal and the increase of NaOH concentration. After the samples were soaked in alkaline solution, the pores and
fissures, and the roughness of the coal surface significantly increased, and the change trend was consistent with
wettability, which indicated that the contact of alkaline solution with the coal structure was the main reason for the
enhancement of coal wettability. The study provided experimental support for application of alkaline solution in coal

mine dust removal, and had potential application foreground.

Keywords: Alkaline solution; Coal dust; Wettability; Contact angle; Reverse permeation; Microstructure

INTRODUCTION

Coal dust is one of the main disaster sources in
coal mines; it not only causes pneumoconiosis of
miners, reduces the service life of equipment, but
also causes serious casualties such as coal dust
explosions. The traditional methods of dedusting
mainly rely on coal seam water infusion and water
mist spraying, but the coal dust is not easy to be
quickly wetted and agglomerated by water because
of its hydrophobicity and the large surface tension
of water [1]. The coal mines have achieved a certain
effect in dust removal by adding sodium salts,
surfactants and other agents to reduce the surface
tension of water [2-6]. However, the over-standard
concentration of dust is still a serious security
problem in coal production because the coal seam
water infusion is difficult and coal water content rate
does not reach the standard.

There is a significant amount of organic matter in
low-rank coals, which can react with alkaline
solution to significantly change the physicochemical
structure [7, 8]. In addition, low-rank coals are rich
in various organic components and minerals, and
some scholars have found that sulfurous functional
groups and minerals in coal are easy to react with
alkaline solution, which is mainly used in coal

* To whom all correspondence should be sent:
E-mail: 569689819@qq.com

chemical industry for deashing, desulfurization and
catalysis [9-12].

Recently, researchers have found that alkaline
solution can significantly reduce the mechanical
strength of coal, which is beneficial to the
prevention of rock burst [13, 14] and H,S disasters
in mines [15]. Besides, alkaline solution can
improve the pore structure of the coal reservoir and
is beneficial to the seepage and extraction of gas
[16-17]. However, the research of alkaline solution
for the control of coal dust has not received enough
attention. In order to explore the feasibility of coal
dust treatment with alkaline solution, various
indices of coal wettability such as contact angle,
pulverized coal sedimentation, reverse permeation
and microstructures were analyzed in this paper to
provide a reference for the extended application of
alkaline solution in coal mine dust removal.

SAMPLE COLLECTION AND ANALYSIS

Fresh coal samples were collected from the coal
face of the Qiangiu mine in Yima, Henan, the
Yongdingzhuang mine in Datong, Shanxi, and the
Shaqu mine in Liulin, Shanxi respectively. The
industrial components and the vitrinite reflectance
were analyzed (Table 1).
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Table 1 Coal sample information

Sample source Horizon Times Vdat% Mad% Aad% Coal rank Ro,max%
Qiangiu mine 2-3 Joy 40.01 0.98 10.31 Bituminous D 0.56
Yongdingzhuang mine 14# Jod 32.15 2.33 3.33 Bituminous C 0.74
Shaqu mine 4# Pish 22.31 2.09 8.32 Bituminous B 1.51

EXPERIMENTAL RESULTS AND DISCUSSION
Contact angle experiment

The bituminous D, bituminous C and bituminous
B coal samples were dried and pulverized into 200
mesh, and each coal sample was divided into four
parts. One of the four parts was the raw coal sample
and was numbered DO, CO, BO, respectively; the
others were soaked in 0.2 mol/L, 0.5 mol/L and 1
mol/L NaOH for 5 days, numbered D1, C1, B1, D2,
C2, B2, D3, C3, B3, respectively. Then the coal
samples were cleaned, centrifuged, and dried,
respectively, together with the raw coal sample.
Then the pulverized coal was made into a round
calendaring plane test piece with a mean thickness of
1 mm. The contact angle between each test piece and
water was measured by JC2000B2 three times in
different positions (Figure 1). The averages are
shown in Table 2. The contact angles between the
raw coal samples and water were more than 90°, as
seen in Table 2, showing strong hydrophobicity and
poor wettability. However, the contact angles sharply
decreased after soaking the samples in alkaline
solution, which indicated that the hydrophilicity and
the wettability of the coal samples increased. With
the increase in alkaline solution concentration, the
contact angle decreased in a different degree.
Especially the change of contact angle of bituminous
D belonging to low-rank coal is most obvious, the
contact angle decreased from 106.5°to 41°, and the
decrease amplitude was more than 60%; the contact
angle of bituminous C decreased from 109.5°to 63°,
and the decrease amplitude was more than 40%; the
contact angle of bituminous B decreased from
97.5°t0 63.5°, and the decrease amplitude was more
than 30%. The results showed that the contact angle
gradually decreased with the increase in coal
metamorphism.

Sedimentation experiment of pulverized coal

After soaking the pulverized coal in different
concentrations of alkaline solution for 5 days , the
samples were dried, the sedimentation experiment
was carried out together with the raw coal (Figure 2).
The sedimentation effect becomes worse with the
increase in coal metamorphism: the sedimentation
effect of bituminous D is the best, followed by
bituminous C and bituminous B. The sedimentation
effect of coal samples soaked in different
concentrations of alkaline solution follows the rule
0.2 mol/L < 0.5mol/L < 1 mol/L and the raw coal has
basically no sedimentation.
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Fig.1. Changes of contact angle of coal soaked in
NaOH solutions of different concentrations ((a, e, i)
represent DO, CO, BO; (b, f, j) represent D1, C1, B1; (c, g,
k) represent D2, C2, B2; (d, h, 1) represent D3, C3, B3;
respectively).

At the sedimentation time of 15~30 min, all
bituminous B samples displayed no changes in
sedimentation, while bituminous D and bituminous
C after alkaline solution treatment have sedimented
and the raw coal (bituminous D, bituminous C) little
changed.
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DO DI D2 D3 CO CI C2 C3 BO Bl B2 B3

DO DI D2 D3 C0O C1 C2 C3 BO Bl B2 B3

Fig. 2. Sedimentation changes of coal samples soaked
in alkaline solution over time (a) 15 min; (b) 45 min.

Reverse permeation experiment of pulverized coal

The experimental device of the reverse
permeation is shown in Figure 3. The pulverized coal
of 1 g was put into a glass tube with an inner diameter

Table 2. Test results of contact angle (/°)

of 5.5 mm, height of 10 cm and tap of which the
bottom end was sealed with permeable rubberized
fabric and put it into water. When the liquid height in
the glass tube no longer raised, the glass tube was
taken out to calculate the weight of the pulverized
coal. Each sample was measured 3 times. The
averages are shown in Table 3 and Figure 4. As seen
in Figure 4, the water absorption of the raw coal is
relatively poor. However, the water absorption
significantly increased after NaOH treatment. As the
concentration of alkaline solution increased, the
water absorption gradually increased, but the change
range was relatively small when the concentration of
alkaline solution was between 0.5 mol/L and 1
mol/L.

Glass tube

Permeable

rubberized fabric Pulverized coal

Fig. 3. Experimental device of the reverse permeation.

Compared with bituminous C and bituminous B
samples, the metamorphic degree of bituminous D is
lower, and the water absorption effect is the most
obvious after NaOH treatment, while the change
range of the medium-rank coal (bituminous C,
bituminous B) is far less than of bituminous D.

Bituminous D Bituminous C Bituminous B
Sample Contact Sample Contact Sample Contact
number angle number angle number angle

DO 106.5 Co 109.5 BO 97.5
D1 62.5 C1 105 B1 93.5
D2 47 c2 81 B2 74.5
D3 41 C3 63 B3 63.5

Table 3. Water absorption of the raw coal and the coal samples soaked in alkaline solution/g.

Sample number Water absorption Sample number Water absorption Sample number Water absorption

DO 0.0128 Co
D1 0.5041 C1
D2 0.6786 Cc2
D3 0.6796 C3

0.0045 BO 0.0022
0.1421 B1 0.1855
0.2174 B2 0.2844
0.2584 B3 0.3527

Water absorption/g

Therawcoal  0.2mol/LNaOH  0.5mol/LNaOH 1.0mol/LNaOH
Bituminous C Bituminous B

Therawcoal 0.2mol/LNaOH 0.5mol/LNaOH  1.0mol/LNaOH

Fig.4. Comparison of water absorption of the raw coal and the coal samples soaked in alkaline solution (a) Bituminous

D; (b) Bituminous C; (c) Bituminous C.
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Experiment of alkaline solution on the surface
structure of coal

Small pieces of bituminous D, bituminous C and
bituminous B coal were prepared and soaked in 0.2
mol/L, 0.5 mol/L, 1.0 mol/L NaOH solution for 5
days, respectively. Then the treated coal and raw coal
samples were dried in oven and were placed into the
108 Auto Cressington Sputter Coater to pump
vacuum, plat with gold, and then were observed by
elecrron

Fig.5. Variation characteristics of the surface structure
of the coal samples before and after treatment with the
alkaline solution ((a, e, i) represent DO, CO, BO; (b, f, j)
represent D1, C1, B1; (c, g, k) represent D2, C2, B2; (d,
h, I) represent D3, C3, B3; respectively).

By comparing the micro-morphology of the coal
samples before and after treatment with the alkaline
solution (Figure 5), we found that the surface of the
raw coal was flat and smooth. However, the surface
of the coal sample appeared more microporous and
the roughness increased markedly after soaking in
the alkaline solution. The effect of alkaline solution
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on coal samples gradually weakened when the
metamorphic degree of coal increased. The surface
of bituminous D was seriously etched after soaking
in 1 mol/l NaOH, while the change degree of
bituminous B was relatively small. When the
concentration of alkaline solution decreased, the
etching on coal surface gradually decreased.

CONCLUSIONS

The results of contact angle, pulverized coal
sedimentation, and reverse permeation experiments
showed that the wettability of raw coal is poor, but
significantly increased after NaOH treatment. The
wetting effect gradually weakened when the
metamorphic degree of coal increased, but the
wettability correspondingly increased when the
concentration of alkaline solution increased, and the
change range was stable.

The microstructure observation proved that the
surface porosity and roughness significantly
increased after NaOH treatment, and the change
trend was basically identical with that of the results
of wettability experiments, which means that the
change of coal structure caused by alkaline solution
was the internal factor of wettability improvement.
Besides the effect on bump proneness of coal,
permeability and H.S disaster, the alkaline solution
can effectively improve wettability of pulverized
coal and has a significant engineering value on the
reduction of coal dust.
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EKCIIEPUMEHTAJIHO U3CJIIEJIBAHE HA BB3MOXHOCTUTE 3A HAMAJIYIBAHE HA
BBITIMIIHMA ITPAX C IIOMOILITA HA AJIKAJIEH PA3TBOP

X. T'yol 23, XK. Tao!, U. dy?, U. JIyo!, JI. Kcual 3"

! Tvporcasna u mecmua unoicenepha 1a60pamopus 3a OpeHupane Ha 2a3 u KOHMpPOR Ha Mepena Ha ObaAOOKU MUHU
(Ilornumexnuyecku yHueepcumem na Xenaw), /Joicaozyo 454000, Kumati
2 JTvpoicasna nabopamopus u u KyImueayuorna 6asa 3a 2a306a 2eono2us u 2a306 xonmpon (Ilonumexnuuecku
yHusepcumem Ha Xeuan), /[icaozyo 454000, Kumaii
3 Cvemecmen unosayuonen yenmsp No 6v2UUer MEMan U WUCMo8 2a3 3a ukonomuveckama obnacm na Llenmpannume
pasnunu, [ocaosyo 454000, Kumaii

IMocrenuna Ha 27 nexemepu, 2017 1.; mpuera Ha 26 siHyapu, 2018 .
(Pesrome)

3a m3cneaBaHe Ha Bb3MOXKHOCTHTE 32 HAMaJIsIBAHE HA BHIIMIIHUS MPaX B MHHHU C TIOMOIITA Ha ajKaJleH pa3TBop ca
B3€THU TPH MPEICTABUTEIHU MPoOH oT 6uTymMuHO3HH D, 6utymMuno3uu C, 1 GUTYMHUHO3HU B BhIVIMILA C pa3iMvHa CTETICH
Ha MeTamopdo3a u ca mppxkanu cporBeTHO B 0.2 mol/L, 0.5 mol/L u 1.0 mol/L NaOH B npoxbiokeHue Ha 5 AHH.
[IpomsiHaTa HA YMOKpPSEMOCTTa Ha BBIVIMIIATA € MPOCIIEICHA Ype3 H3MepBaHe Ha KOHTAKTHUS BI'bJI, CEAUMEHTALUATA Ha
npaxoo0pa3HUTe BbINHUIIA, OOpaTHaTa mpomycKinBocT 1 SEM. YcraHOBeHO e, Ye KOHTaKTHHAT BI'bJ HA BHIVIMIIHHUTE
npobu HamassiBa Clie[] IPEeCTOosl B alKajeH pa3TBOp, b 0OpaTHAaTa MPOMYCKIMBOCT M yTasBaHETO Ha MpPaxooOpas3HHTE
BbIIHIIA HapacTBaT. ChIIEBPEMEHHO, HHICKCHT HA YMOKPSHE Ha BbIVIMILATA KIIOHH KbM HAMAIISIBAHE MPU MOHIKaBaHEe
Ha CTereHTa Ha MetamMopdo3a u moBuiaBane Ha KoHieHTpauusta Ha NaOH. Crex npectoil B ankaneH pa3TBop MOpUTe
U LUCMHATHHHUTE, KAKTO U IParaBoOCTTa HA BHIVIMIIHATA MTOBHPXHOCT 3HAYUTEIHO C€ yBEIMYABAT M Ta3U TCHACHLUS € B
ChIVIACHE C YMOKpsieMOoCTTa. ToBa MoKa3Ba, 4e KOHTAKTHT Ha alIKaJHHUS Pa3TBOP C BbIIMIIHATA CTPYKTypa € OCHOBHATA
NpUYKHA 33 MOBHUIIABAHE HA YMOKPSAEMOCTTa. M3cieBaHeTo aBa eKCIEPUMEHTATHO MOTBBPIKICHHE 32 MPUIOKEHUETO
Ha aJiKaJieH Pa3TBOp 3a OTCTPaHsIBaHE HA BBIVIMIICH TPax.
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