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Abstract

Cancer is the most common cause of the deaths and envi-
ronmental pollutant is one of the main reasons for it. Within
the scope of water intended for human consumption, trace
arsenic concentration in drinking waters must be supplied
below 10 pg/L, in order to prevent the carcinogenic effect of
it. The aim of this article is the utilization of synthetic resins
for decreasing high concentration of arsenic in water bodies.
Monoplus M600, Lewatit FO36, Lewatit Sybron lonac SR7 and
Selion ASRFG3300 anion exchange resins were used for the
removal of arsenic. The effects of the physicochemical param-
eters; reaction time, initial arsenic concentration, pH and ion
exchange resin amount on arsenic sorption were investigated.
The optimum resin amounts were found to be 60 mg for Le-
watit Monoplus M600 and Lewatit Sybron lonac SR7 whereas
it was 40 mg for Lewatit FO36 and Selion ASRFG3300. Lewatit
FO36, Lewatit Monoplus M600 and Lewatit Sybron lonac SR7
resins matched pseudo-first order model while Selion AS-
RFG3300 matched pseudo-second order model. Adsorption
of all resins fit monolayer Langmuir adsorption isotherm. Max-
imum adsorption capacities Q, values) of the two resins with
iron oxide structure were found to be higher than the other
two resins. The removal rates between 100 pg/L arsenic solu-
tion and surface water varied due to the matrix effect of the
surface water. Treatment with ion exchange resins decreases
the cytotoxic properties of arsenic on human colorectal epi-
thelium cell.

Keywords: Arsenic; lon Exchange; Isotherm; Kinetics; Colon
Cancer

Introduction

Water is the most important source for the sustainability of
life. By the increase in the quality of drinking water, life span
of the human has increased. Increase in the quality of drink-
ing water is supplied by the removal of toxic contents that
are going into the drinking water by either natural ways or
by anthropogenic sources. Within the most common toxic
materials in water are the trace metals and one of the most

important metals in water is arsenic. Organic arsenic species
are mostly encountered in the shellfish whereas more toxic in-
organic arsenic species get involved in the drinking water by
the dissolution of geological formations or as a result of the
anthropogenic sources [1, 2]. Trace concentrations of arsenic
is vital for hamsters, goats and chickens however, according to
the determinations of IARC (International Agency for Research
on Cancer), with the increase of the concentration it becomes
toxic and carcinogenic [3-6]. Due to these hazardous effects,
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maximum allowable concentration of arsenic in drinking wa-
ters is limited to 10 pug/L by WHO (World Health Organization)
and USEPA (United States Environmental Protection Agency).

In the cases of having not enough arsenic-free water in hand,
arsenic-rich water must be treated for the use of the public.
The treatment methods commonly used for the removal of
arsenic are chemical precipitation, adsorption, ion exchange
and membrane systems. lon exchange method is superior to
the other treatment methods because of its low operating
costs, low energy requirements and also regenerability of the
ion exchange resins. However, because of the existence and
high concentrations of other anions, arsenic removal may re-
sult with lower rates than expected.

After cardiovascular diseases, the main cause of death is can-
cer [7]. According to the 2012 data, colorectal cancer (CRC) re-
mains a major health problem leading to over 700000 deaths
worldwide [8]. Increased level of CRC is associated with bad
nutrition habits, smoking, intestinal inflammatory disease,
and environmental pollutants. Increased arsenic consump-
tion causes decreased mitochondrial pathways and energy
production due to its interaction with a-ketoglutarate [9].

In this study, selected ion exchange resins were characterized
and utilized for arsenic removal in order to investigate the
adsorption capacity with varying reaction time, initial arsenic
concentration, pH and ion exchange resin amount. Fitness of
the adsorptions to Langmuir and Freundlich adsorption iso-
therms and fitness of the kinetic to pseudo-first order and
pseudo-second order kinetic equations were studied.

Materials and Methods

Chemicals and solutions

Anion exchange resins Lewatit FO36, Selion ASRFG3300, Le-
watit Monoplus M600 and Lewatit Sybron lonac SR7 were
used. Lewatit Monoplus M600 is a strongly basic anion ex-
change resin while the others are weakly basic resins. Lewatit
FO36 and Selion ASRFG3300 carry ferric oxide groups in their
structure. Functional groups of the resins before and after ar-
senic sorption were analyzed by FT-IR (Fourier Transform In-
frared Spectrophotometer-Perkin EImer 100 FT-IR spectropho-
tometer, ATR).

Arsenic solutions were prepared by appropriate dilutions of
Merck 1000 mg/L arsenate solution. Nitric acid (HNO3) and so-
dium hydroxide (NaOH) were of analytical grade and obtained
from Merck Co. All aqueous solutions and dilutions were made
with ultra-pure water purified with Millipore Direct-Q.

Determination of arsenic

Arsenic analyses were made by Agilent 7500a model ICP-MS
instrument. Calibration range for arsenic was 0.01 pg/L to 50
pg/L with a correlation coefficient of 0.99977. Limit of detec-
tion of the instrument according to method EPA 200.8 was
found to be 0.2 pg/L.

Adsorption experiments

Adsorption experiments were carried according to batch sorp-
tion technique. Initial arsenic concentration was 100 pg/L that
is 10-fold of the maximum acceptable arsenic concentration
and a probable concentration that can be met at any of the
surface water in Nigde, Nevsehir or Aksaray cities of Turkey.
Varying amounts of ion exchange resins were mixed with 50
mL arsenic solutions in shaker. The effect of ion exchange resin
amount on arsenic sorption was studied and optimum amount
of each ion exchange resin at specified conditions was deter-
mined. Surface water that is collected from Selime-Aksaray
(Turkey) was used for the evaluation of arsenic sorption by
the optimum resin amounts. Because of the matrix effect and
possible arsenic forms contained in the surface water, lower
arsenic sorption results were obtained.

Then the effect of initial arsenic concentration on the arsenic
sorption was investigated. The arsenic removal data obtained
from the results of ICP-MS after the sorption were used in or-
der to investigate the fitness of the sorption to Langmuir and
Freundlich isotherms. The arsenic removal % and equilibrium
adsorption capacity (q,) were calculated from Equations 1 and
2.

Sorption% = COC;C %100 (1)

0

_(G=C)*V (2)

q. W

Where C and C_ are the initial and equilibrium concentrations
of arsenic in pug/L, V is volume the solution (L) and W is the
amount of ion exchange resin (mg). Equilibrium adsorption
capacity, g, is the amount of arsenic adsorbed by one-milli-
gram resin.

Adsorption isotherms are numeric expressions that describe
the relationship between the amount of adsorbent and ad-
sorbed contaminant concentration at a definite temperature.
Two commonly applied adsorption isotherms are Langmuir
and Freundlich isotherms [10, 11].
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Langmuir adsorption isotherm is the adsorption model that
defends the monolayer coverage onto homogenous surface,
however Freundlich adsorption that is the derived from Lang-
muir adsorption model defends the multilayer coverage onto
heterogeneous surfaces [11, 12]. Langmuir adsorption iso-
therm is expressed by Equation 3 or by its linearized form as
in Equation 4, respectively. Freundlich adsorption isotherm is
expressed by Equation 5 and the linearized form of Freundlich
adsorption isotherm is given in Equation 6.

bC
9. =< 1+bC, 3
¢_1.S& (4)
q9. Ob O,
q — kC 1/n (5)
1
logq, =logk+—1logC, (6)
n

Where Q, is the monolayer adsorption capacity (ug-arsenic/
mg-resin), b is the selectivity constant (L-solution/ug-arsenic),
k is multilayer adsorption capacity (ug-arsenic/mg-resin) and
n is heterogeneity factor (mg-resin/L-solution) [12].
According to Equation 4, by using the slope and intercept of
the plot of C/q, versus C, Q,and b can be calculated and ac-
cording to Equation 6, the slope and intercept of the plot of
log g, versus log C_give way to the calculation of the constants
kand n.

The convenience of the studied adsorption to the Langmuir
adsorption isotherm is evaluated by the calculation of dimen-
sionless R as given in Equation 7. If R value is between 0 and
1, the adsorption is said to be convenient to Langmuir adsorp-
tion isotherm [13, 14]. If n value of the Freundlich isotherm
model is greater than 1, the adsorption is said to be conve-
nient to Freundlich adsorption isotherm [15]. Regression anal-
ysis is used in order to decide which adsorption best fits the
studied adsorption [12].

R ——1 (7)
1+bC,

Kinetic experiments

In this batch study, kinetic experiments were carried out by
mixing the optimum amounts of ion exchange resins with 50
mL of 100 pg/L arsenic solution for varying reaction times and

optimum reaction time was determined. By using the experi-
mental data, arsenic sorption of the ion exchange resins were
investigated according to pseudo-first order and pseudo-sec-
ond order kinetic models. Kinetic experiments are necessary
studies that must be done during the adsorption processes
since it gives information about the efficiency and rate of the
reaction. Pseudo-first order and pseudo-second order kinetic
models are the most commonly used adsorption kinetic mod-
els in the batch studies [16, 17].

Pseudo-first order model of Lagergren is expressed by Equa-
tion 8 or its linearized form as in Equation 9 [18].

dq
k(g - (8)
o q.—q)

it
2,303

log(q, —q,)=1loggq, - 9)

Where g, is the adsorption capacity at time t (ug-arsenic/
mg-resin) and k, is the pseudo-first order rate constant (1/
min). According to Equation 9, by using the plot of log(g -q,)
versus t, k, is calculated from the slope and g, is calculated
from the intercept. The proximity of calculated g, to the exper-
imental g, is a measure of the fitness of the studied adsorption
kinetic to pseudo-first order kinetic model [19].
Pseudo-second order model that is most appropriate for
chemisorption process is expressed by Equation 10 or its lin-
earized form as in Equation 11.

dk

LN 10
t 1 t

i +— 11
9, ka’ q. o

Where k, is the pseudo-second order rate constant (g.mg-1.
min-1). The plot of t/g, versus t as in Equation 11 is used to cal-
culate k, from the intercept and g, from the slope. The close-
ness of calculated g, to the experimental g, is a measure of the
acceptability of the studied adsorption kinetic as pseudo-first
order kinetic model [19].

Cell culture studies

Since the absorption of the drinking water in the body occurs
at intestine, cell culture studies were made on human colon
epithelial cell, CCD-18Co. CCD-18Co was obtained from ATCC
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(American Type Culture Collection). Cells were grown in EMEM
growth medium with 10% FBS and 2 mM L-glutamine at 37°C.
Stock arsenic solutions were diluted with medium at appropri-
ate ratios and varying dosages of arsenic were applied to col-
orectal cells and incubated for 48 hours. Cytotoxicity studies
and cell viability tests were made with Alamar blue reactant by
Elisa reader at 620 nm and 680 nm. Inhibition of cell viability
was analyzed with GraphPad Prism 5.0 software and IC50 val-
ue was calculated from sigmoidal plot [20].

Results and Discussion

Effect of resin amount on arsenic sorption

Each resin with varying amounts ranging from 10 mg to 100

mg was mixed with 50 mL of 100 pg/L arsenic solution. After

mixing for a definite period, the samples were filtrated to ana-

lyze the arsenic concentration by ICP-MS instrument. Arsenic

sorption percentages were calculated by Equation 12.

Sorption percentage % = COC;C *100
0

(12)

Where C and C_ are the initial and equilibrium arsenic concen-
trations respectively.

Figure 1 shows the effect of ion exchange resin amount on
arsenic sorption. By the increase of resin amount, the sorption
also increases. The resin amount of the plateau value is taken
as the optimum resin amount since after the plateau, the in-
crease of the resin amount does not further affect the sorption

percentage.
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Figure 1: The effect of resin amount on arsenic sorption.

For the determined conditions, the optimum resin amounts
for Lewatit Monoplus M600 and Lewatit Sybron lonac SR7

were determined to be 60 mg whereas they were found to be
40 mg for Lewatit FO36 and Selion ASRFG3300.

The optimum amount of each resin was applied to 50 mL sur-
face water containing 57.61 ug/L arsenic and in Figure 2 the
sorption percentages were given as a comparison with 100
pg/L arsenic solution. The cause of arsenic sorption decrease
of surface water when compared with 100 pg/L arsenic solu-
tion is the matrix effect of the surface water beside the effect
of existence of different arsenic forms in the surface water. The
surface water contains competitive anions like 41.49 mg/L
sulfate and 16.51 mg/L nitrate besides trivalent arsenic that is
harder to remove by ion exchange resins.

Bl Arsenic solution (100 pg/L)

100- B Surface water

Sorption (%)
8

Figure 2: Arsenic sorption of 100 pg/L arsenic solution and surface
water by ion exchange resins.

Effect of reaction time on arsenic sorption

50 ml of 100 pg/L arsenic solutions were mixed with optimum
ion exchange resin amounts for reaction times ranging from 5
to 90 minutes and at the end of the reaction the filtered sam-
ples were analyzed and the sorption capacities as a function
of time were given in Figure 3. In the Figure, g, gives the sorp-
tion capacity (ug-As/mg-resin) at a given time t. The sorption
capacity is calculated by Equation 13 where C, and C, are the
initial and equilibrium arsenic concentrations respectively, V
(L) is the volume of the solution and W (mg) is the mass of ion
exchange resin.

_(G =GV
¢ w

(13)
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Figure 3: Effect of reaction time on arsenic sorption.

According to Figure 3, by the increase of the reaction time
sorption capacity arrives at a value that does not change any
more with the increase of time. Optimum reaction time at the
plateau values were taken as 50 minutes for all resins.

Arsenic sorption of ion exchange resins was evaluated by the
pseudo-first order and pseudo-second order kinetic models
according to Equations 9 and 11. The pseudo-first order and
pseudo-second order kinetic parameters are given on Table 1.

Table 1: Pseudo-first order and pseudo-second order kinetic parameters for arsenic sorption of resins.

Pseudo-first order Pseudo-second order
s . qe experimental
Anion exchange resin exp q q
(“g/g) e, calculated K‘| (1 /dk) Rz e, calculated kz (g/mg.dk) Rz

(ng/g) (ng/g)
Lewatit FO 36 108.174 142.56 0.100 0.9702 150.07 0.415 0.9980
Selion ASR3300FG 94916 73.38 0.058 0.9888 109.36 0914 0.9955
Lewatit Monoplus M600 71.068 59.58 0.060 0.9904 87.34 0.894 0.9951
Lewatit Sybron lonac SR7 | 74.128 85.86 0.075 0.9824 108.14 0.434 0.9913

In order to decide the kinetic mechanism of the adsorption,

the closeness of g values with g values of pseu-

e,experimental e,calculated

do-first order and pseudo-second order kinetic models were
evaluated and the convenience to the kinetic model must also
be supported by the correlation coefficients. Lewatit FO36, Le-
watit Monoplus M600 and Lewatit Sybron lonac SR7 resins are
convenient with pseudo-first order model which addresses
to physisorption while Selion ASR3300FG is convenient with
pseudo-second order model that addresses chemisorption.

Effect of pH on arsenic sorption

The determined optimum amounts of each resin were mixed
with 50 mL 100 pg/L arsenic solution for 50 minutes at varying
pH ranges, and in order to find the optimum pH of the sorp-
tion reaction varying ranges of pH from 2 to 7 were supplied
by the addition of 0.1 M HNO3 or 0.1 M NaOH solutions. At
the end of the reaction time, the samples were filtered and
analyzed by ICP-MS and the effect of pH on the sorption was
given in Figure 4. The sorption percentages of strongly basic
ion exchange resin Lewatit Monoplus M600 was not affected
by the pH changes however weakly basic ion exchange resins
(Lewatit FO36, Selion ASR3300FG and Lewatit Sybron lonac
SR7) were significantly affected by the pH changes. Optimum
pH values of arsenic sorption at the determined conditions for
Lewatit FO36, Selion ASR3300FG, Lewatit Monoplus M600 and

Lewatit Sybron lonac SR7 are 4.41, 4.69, 4.00 and 5.71 respec-
tively.

100+
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Figure 4: Arsenic sorption at different pH values.

Effect of initial arsenic concentration on arsenic sorption

Varying concentrations of arsenic were prepared by the dilu-
tion of the stock solution. 50 mL of arsenic solutions ranging
from 100 pg/L to 2 mg/L were mixed with optimum amounts
of each resin at optimum pH values for 50 minutes. At the end,
the solutions were filtered and analyzed by ICP-MS and in Fig-
ure 5, arsenic sorptions for one milligram of resin against equi-
librium arsenic concentrations were given. Using the sorption
data and Equations 4, 6 and 7, convenience of the sorption to
Freundlich and Langmuir sorption isotherms were evaluated
and Table 2 was prepared.
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Figure 5: Arsenic sorptions for one milligram of resin against equilibrium arsenic concentrations.
Table 2: Freundlich and Langmuir isotherm constants.
Freundlich isotherm Langmuir isotherm
lon exchange resin
b
n(mg/L) | k(pg/mg) R2 Q0 (ng/mg) | RL R2
(L/ng)
Lewatit FO 36 1.26 0.02 0.9899 0.0025 3.297 0.80 0.9858
Selion ASR3300FG 1.07 0.01 0.9982 0.0005 8.177 0.95 0.9737
Lewatit Monoplus M600 1.21 0.01 0.9991 0.0016 2.759 0.86 0.9426
Lewatit Sybron lonac SR7 1.48 0.01 0.9955 0.0031 1.610 0.76 0.8905

Since n values of the resins are greater than 1, adsorptions are
said to be convenient to Freundlich isotherm and since R val-
ues are between 0 and 1, adsorptions are said to be convenient
to Langmuir isotherm. When the correlation coefficients are
compared, it is found that adsorption with Lewatit FO36, Se-
lion ASR3300FG, Lewatit Monoplus M600 and Lewatit Sybron
lonac SR7 fit monolayer Langmuir adsorption isotherm.

The monolayer adsorption capacity Q, was found to be rang-
ing from 1.508 ug/mg to 8.177 pg/mg. Since realistic studies
were made by the choice of initial arsenic concentrations, ad-
sorption capacities were found to be lower when compared

with other literatures.

Characterization of the resins before and after arsenic
sorption

Characterization of the ion exchange resins before and after
arsenic sorption are given in Figure 6. Virgin resins are defined
by the O-H stretching vibration band of the adsorbed water
around 3262 cm™ to 3356 cm™, C-H stretching vibration band
around 2925 cm™ to 2930 cm™ that may be attributed to the
polystyrene structure of the resins and C-H symmetric bend-
ing vibration band around 1464 cm™ to 1482 cm™ that may
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be attributed to quaternary amine groups of the resins [21-
23]. O-H asymmetric stretching vibration and Fe-O stretching
vibration at 1083 cm™ to 1095 cm™ and 532 cm™ to 561 cm”’
bands respectively reveal at the FTIR analysis of Lewatit FO36
and Selion ASR3300FG resins [24]. After the sorption of arse-
nic on the ion exchange resins, the bands of O-H stretching vi-
bration and C=C stretching vibration shifted and gave smaller
peaks while the As-O peaks came in sight around 848 cm™ to
888 cm™ [25-271].

== j.'%. T e, —a
is
: IR
gt \ / F2 \

Figure 6: FTIR analysis before and after arsenic sorption.

Relative cell viability graphs are given in Figure 7 shows that
100 pg/L arsenic solution causes cytotoxic effects, and inhibits
the proliferation and viability of human colon epithelial cell,
CCD-18Co. IC_, value of arsenic solution was calculated as 65
ppb before treatment with resins, which was increased up to
3984 ppb after resin treatment. Post-treatment of arsenic solu-
tion with ion exchange resin prevents arsenic toxicity on hu-
man colon epithelial cell, CCD-18Co. Besides, Arsenic solution
also gradually suppressed the growth of the human CRC cells;
SW480, SW/As, DLD-1, and COLO201 in a concentration-de-
pendent manner [28].

- D ASRFGIN0 [ ASFFGI00AL
- 2 FOs AL

Cell Viability (%)

g
£z
=
=
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3
Qo

RV AV A

Concentration (ppb)

Figure 7: Effects of resins against arsenic toxicity on human colon
cell.

Conclusion

Since the occurrence of arsenic in water is in the anionic form,
four anion exchange resins were utilized for the removal of ar-
senic from 100 pg/L solution and from a real surface water. At

the end of the isotherm studies, Lewatit FO 36, Lewatit Mono-
plus M600 and Lewatit Sybron lonac SR7 resins were found to
follow the pseudo-first order kinetic model whereas Selion
ASR3300FG followed the pseudo-second order kinetic model
that addresses a chelation reaction of the functional groups
with arsenate ions. Arsenic adsorption percentages of strong-
ly basic anion exchange resin Lewatit Monoplus M600 was not
affected by the pH changes whereas weakly basic anion ex-
change resins showed oscillations at the pH-sorption graph.
All ion exchange resins obeyed the monolayer Langmuir ad-
sorption isotherm. Maximum adsorption capacities (Q0 val-
ues) of the resins Selion ASR3300FG and Lewatit FO36 were
found to be higher than the others, due to the included iron
oxide structure. Iron oxide structure of these two resins also
supplied smaller differences between the adsorption rates
of 100 pg/L arsenic solution and surface water. lon-exchange
resins decrease cytotoxic potential of arsenic on human col-
orectal epithelium cells. This property of resins makes them

valuable molecules against arsenic toxicity.
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