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Abstract: This paper investigates the removal of arsenic from water using an
environmentally friendly modified biosorbent, chitosan coated with Fe-Mn
binary oxide (Chit-FeMn), simply prepared with an one-pot low-cost procedure
by simultaneous oxidation and coprecipitation. The sorbent was characterized
by SEM, EDS, XRD, FTIR, BET specific surface area, and point of zero
charge (pH,,.) measurements. The kinetic data fitted a pseudo-second order
model for both As(IIl) and As(V), suggesting chemical adsorption on the sor-
bent surface and that intra-particle diffusion is not the only rate-limiting step
during adsorption. The adsorption isotherms were best fit to the Freundlich
model, and the non-monolayer adsorption model for arsenic on Chit-FeMn is
therefore proposed. Below pH 9, the effect of pH on As(IIl) and As(V) rem-
oval by Chit-FeMn was insignificant, with As removals remaining above 85 %.
CI" and NO;™ had negligible influences on As(IIl) and As(V) removal, whereas
PO,*, Si0;*, CO;> and SO, were observed to compete with arsenic species
for adsorption sites. The adsorbent was successfully applied to remove arsenic
from real arsenic contaminated groundwater samples to below 10 ug L™ sug-
gesting that Chit-FeMn is a promising candidate for the low cost removal of
both As(V) and As(III) during drinking water treatment.
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INTRODUCTION

Arsenic is considered as one of the most hazardous elements for living org-
anisms and its presence in natural waters used as drinking water resources can
cause serious public health problems. Arsenic contamination of groundwater has
been reported in many countries around the world including Serbia.' It is well-
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-known that long term consumption of arsenic polluted drinking water may cause
cancer and other related diseases. Therefore, the World Health Organization
(WHO) recommends a maximum allowable concentration (MAC) for arsenic in
drinking water of 10 ug L', This value has been endorsed by the European
Union and other health organizations,” and is also applicable in the Republic of
Serbia. However, many poorer countries still follow the earlier limit of 50 pg L™}

Arsenic can be removed from water through oxidation, coagulation, adsorp-
tion, membrane technology and ion exchange technologies.* However, adsorption
technologies are regarded as the most suitable techniques because the process is
inexpensive, simple to operate, safe to handle and can be used at different scales
ranging from household modules to community plants.” Different adsorbents are
available for arsenic removal, however iron based adsorbents are still widely in
use, because of their low cost and high affinity for arsenic. Moreover, in recent
years iron oxides have been modified in order to get simultaneous oxidation of
As(IIT) and adsorption of As(V).°® In particular, Fe-Mn binary oxide materials
have attracted a lot of attention as they combine the oxidation potential of MnO,
to convert As(IIl) to As(V) and the adsorption capacity of iron oxy-hydroxides,
therefore providing simultaneous removal of both arsenic species.”'' However,
most of these composite materials are in the form of powders and cannot be sep-
arated easily from aqueous solution which make the process difficult to apply. In
addition, these fine powders cannot be used in columns due to their low hydraulic
properties. Thus, in order to overcome such problems some authors have immo-
bilized powdered Fe-Mn binary oxide onto different carriers. Chang et al.'?
incorporated Fe—Mn binary oxide onto diatomite (FMBO-diatomite) and the res-
ultant sorbent showed high oxidation and adsorption ability for As(III). In other
work, anion exchanger-supported Fe—Mn binary oxide was also shown to have
great potential in As(III) removal from contaminated waters.”> Rye et al.'* rep-
orted the synthesis of granular activated carbon (GAC)-FeMn and used batch
studies to investigate its potential for As(IIl) and As(V) removal.

Given the continued need to solve the problems with arsenic in drinking
water sources as efficiently and economically as possible, the search for suitable
adsorbents continues. In this work, we use the inexpensive, biodegradable and
nontoxic biopolymer Chitosan as a carrier for Fe—Mn binary oxide and apply a
simple one-pot method to prepare one such sorbent, Chit-FeMn, for arsenic rem-
oval from water. Batch experiments and FTIR analyses were applied to study the
As(IIT) and As(V) adsorption mechanisms and capacities, and the influence of pH
and the effect of competitive ions was also investigated. Finally, the local arsenic
contaminated drinking water source was treated with Chit-FeMn to demonstrate
its real life applicability.
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EXPERIMENTAL
Materials

Medium molecular weight chitosan was obtained from Sigma Aldrich. All chemicals and
reagents used in this study were of analytical grade. Ferric sulphate (FeSO,-7H,0, POCH Pol-
and S.A) and KMnO, (Centrohem, Serbia) were used for the adsorbent preparation. Stock sol-
utions of As(IIT) and As(V) of 1 g L™ were prepared by dissolving As,O; and As,Os (obtained
from Alfa Aesar, Thermo Fisher Scientific) in deionized water. Deionized water was ASTM
type I, with a conductivity of less than 0.056 pS cm™, a pH value of 7.3 and a TOC < 0.5 mg L™

Adsorbent preparation

The chitosan coated with Fe—Mn binary oxide was prepared in a single one-pot process,
after modification of the method proposed by Zhang et al."> The key modification was in the
application of chitosan as a carrier for the Fe—-Mn binary oxide. 10 g of raw chitosan was
added to 200 mL KMnO, solution (0.015 M), prior to spraying 200 mL FeSO, solution
(0.045 M) into the KMnQ, solution while stirring vigorously. 5 M NaOH solution was added
simultaneously to maintain the solution pH between pH 7.0 and 8.0. The suspension was con-
tinuously stirred for 1 h and stabilised at room temperature for 24 h. The suspension was then
filtered, washed several times with fresh ultra-pure water to neutral pH and dried at 110°C for
4 h. The dried sorbent was crushed and stored in a desiccator before use.

Adsorbent characterization

Scanning electron microscopy (SEM) images were obtained by Hitachi TM3030 (Japan)
and the elemental contents were analyzed by energy dispersive X-ray spectroscopy (EDS).
X-ray diffraction (XRD) patterns were obtained by Philips PW automated X-ray powder dif-
fractometer (USA). The specific surface area was obtained by nitrogen adsorption using the
Brunauer—-Emmett—Teller (BET) method and the mesopore and micropore volumes were det-
ermined using the BJH and t-test methods, using a Quantachrome autosorb TMiQ surface area
analyzer. The point of zero charge (pH,,.) was determined according to the method described
by Zhang et al.'® Fourier transform infrared (FTIR) spectra of sorbents before and after arse-
nic adsorption were recorded by infrared spectrophotometer (FTIR Nexus 670, Thermo-
nicolet, USA). Samples for FTIR determination were ground with spectral grade KBr in an
agate mortar.

Adsorption experiments

Arsenic adsorption experiments were performed in 40 ml glass bottles containing 20 mL
aqueous arsenic solution with adsorbent doses of 0.5 g L. The solution pH was adjusted to
7.0£0.2 by adding 0.1 M HNO; and/or NaOH; ionic strength was adjusted to 0.01 M with
NaNO;. The suspensions were shaken on an orbital shaker at 180 rpm at 22+1 °C. Adsorption
kinetics were studied with fixed As(IIl) or As(V) concentrations (0.5 mg L") at specific time
intervals: 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 7, 9, 12, 18 and 24 h. Adsorption isotherms were
obtained by varying the initial arsenic concentration (0.1-1 mg L™). The effect of solution pH
on the arsenic adsorption was investigated with a fixed As(III) or As(V) concentration (0.2 mg
L") by varying the initial pH from 3 to 11, and the release of Fe and Mn to the final solutions
was also determined. To investigate the influence of coexisting anions such as phosphates,
silicates, carbonates, sulphates, chlorides and nitrates, their corresponding sodium salts were
introduced into the As(IIT)/As(V) solutions. Similarly, humic acid at concentrations of 4—12
mg C L' was used to study the influence of natural organic matter (NOM). In all batch tests,
after adsorption, the samples were filtered through a 0.45 pm cellulose membrane filter and
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the concentration of arsenic in the filtrate was determined by atomic absorption spectrophoto-
metry (AAS).
Chemical analysis

pH measurements were carried out using an InoLab pH/ION 735 instrument. Arsenic
concentrations were determined by Graphite Furnace Atomic Absorption Spectrophotometry
(Perkin Elmer AAnalyst 700) according to EPA method 7010." The practical quantitation
limit (PQL) for the arsenic measurements was 0.5 pg L. Concentrations of iron and manga-
nese were determined by flame atomic absorption spectrophotometry (Perkin Elmer A Analyst
700) according to EPA method 7000b."* The PQL for Fe and Mn were 0.068 and 0.034 mg L',
respectively. Dissolved organic carbon (DOC) contents were analysed after filtration through
a 0.45 um membrane filter on an Elementar LiquiTOCII, using Pt catalysed combustion at
850 °C to oxidize the carbon, in accordance with the standard method SPRS I1SO 8245:2007."
The PQL of the method was 0.5 mg C L™

RESULTS AND DISCUSSION
Adsorbent characterization

The SEM images of Chit and Chit-FeMn are given in Fig. S-1 of the Sup-
plementary material to this paper. The surface of Chit-FeMn is covered with a
large number of tiny Fe—Mn binary oxide aggregates, while the surface of Chit
features relatively smooth larger granules. This indicates that Fe—Mn binary
oxide was well dispersed on the chitosan surface, with the high degree of dis-
persion increasing the number of active sites on the chitosan which are available
for adsorption. The elements present on the surface of Chit and Chit-FeMn were
investigated by EDS analysis (Fig. S-2 of the Supplementary material). The chit-
osan surface consists of carbon, oxygen and nitrogen at 48.68, 29.34 and 21.98
mass %, respectively (Fig. S-2a). After modification, Fe and Mn are distributed
on the surface and the oxygen content increased up to 41.88 %, establishing the
presence of Fe—Mn binary oxide particles on the Chit surface. The analysis of the
surface of Chit-FeMn revealed that the Fe and Mn is present at an Fe/Mn mole
ratio of about 2.81, very close to the desired 3:1 ratio (Fig. S-2b).

The BET surface area of the synthesized Chit-FeMn was 1.99 m* g ', almost
4 times higher than the non-impregnated Chit (0.58 m* g '). This increase is in
agreement with the SEM imagery where the finer structures on the surface of
Chit-FeMn are readily apparent, and are similar to results obtained in other stu-
dies, whereby Gupta et al.*® found that the BET surface area of chitosan coated
with iron flakes (ICF) was 1.44 m” g, while the specific surface area of iron
doped chitosan granules was found to be 1.48 m* g'.>' Furthermore, the meso-
pore volume of the Chit-FeMn sorbent was approximately 3 times higher (0.014
cm’ g') than that of chitosan (0.005 cm® g'), with the t-test method showing
there are no micropores on Chit or Chit-FeMn. The results of the #-test method
and the pore diameters of Chit and Chit-FeMn (15.5 and 14.2 nm) mean that
according to the IUPAC classification®® they may be considered as mesoporous
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adsorbents (pore diameter in the range 2 to 50 nm). The points of zero charge of
Chit and Chit-FeMn were pH 7.3 and 5.8, respectively.

X-ray diffraction patterns of Chit and Chit-FeMn, in the 26 range of 10-80°,
are given in Fig. S-3 of the Supplementary material.

The most significant difference observed between the two XRD patterns is
the decreasing crystallinity of the compound after modification with Fe—Mn bin-
ary oxide. The XRD pattern of chitosan shows typical crystalline diffraction
peaks at 20 = 19.9°% which weaken and become wider after modification indicat-
ing a non-crystalline nature and suggesting the Fe—Mn oxide particles are in a
more stable amorphous form."*'® This is in agreement with Neto e/ al.** who rep-
orted that diffractograms of chitosan beads crosslinked with glutaraldehyde (Ch-
-CL) present a much lower crystallinity index when chitosan beads are used for
immobilization of Fe(IIl) (Ch-FeCL).

Adsorption kinetics

The adsorption kinetics of As(III)/As(V) on Chit and Chit-FeMn are shown
in Fig. 1a and b. It can be seen that the adsorption process is time dependent and
can be divided into two steps. In the first step of the process, adsorption of
As(III)/As(V) onto Chit and Chit-FeMn is fast due the large number of available
sites on the sorbent surfaces. The adsorption rate is slower in the subsequent step
because the concentration gradients reduce due TO the accumulation of As ions
on the surface. Equilibrium of As(Ill) and As(V) on Chit was reached after 12 h
(720 min, Fig. 1a). In the case of adsorption of As(Ill) and As(V) on Chit-FeMn,
equilibrium was reached after 18 h (1080 min, Fig. 1b).
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Fig. 1. Adsorption kinetics fitted with pseudo-first and pseudo-second order for As(III) and
As(V) adsorption on: a) Chit and b) Chit-FeMn. Initial As(III)/As(V) concentration:
0.5 mg L™, sorbent dose: 0.5 g L™, pH 7.0+0.2.
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In order to elucidate the adsorption mechanism, pseudo-first, pseudo-second
order and Elovich models were initially used to fit the kinetic data.” Fit quality
was determined using the coefficient of determination (R?) and the sum of the
squared errors (SSE) to calculate the error deviation between the experimental
and predicted data, for linear analysis (Table I).

TABLE 1. Kinetic parameters for the adsorption of As(III) and As(V) onto Chit and Chit-FeMn
adsorbents

Model Parameter Chit Chit-FeMn
As(III) As(V) As(11I) As(V)
Pseudo-first k, / min’’ 0.00169 0.00641 0.00389 0.00392
order parameters  g./pg g’ 239 124 807 457
SSE 0.307 2.29 4.61 5.51
R’ 0.9537 0.7456 0.8936 0.8766
Pseudo-second k, / min’ 0.0000205 0.0000927 0.00000671 0.0000288
order parameters ¢,/ pg g’ 308 725 840 833
SSE 0.274 0.183 0.0137 0.00161
R 0.9990 0.9642 0.9963 0.9996
Elovich o/pg g min?  0.00160 0.113 0.000487 0.0122
plugg’ 56 40.9 158 112
SSE 2351 10853 2082 10243
R 0.9710 0.9516 0.9827 0.9678

For SSE, a value closer to 0.0 indicates the model has a smaller random error
component and that the fit is thus useful for prediction. In our work, lower SSE
values and good coefficients of determination were observed for the second order
kinetic model, for both As(IIl) and As(V) adsorption, indicating that the As(III)
and As(V) sorption on Chit-FeMn may be due to chemisorptions.'* Since the
pseudo-second-order model well describes the reaction kinetics, it is limited in
accuracy by considering the adsorption as a single, one-step binding process.
However, the intraparticle diffusion model can provide a more comprehensive
view of adsorption as a series of distinct steps. This model was therefore also
employed to fit the kinetic data and the corresponding parameters of this model
are present in Tables S-I of the Supplementary material. According to the model,
if intraparticle diffusion is the rate-controlling step, the plot of ¢, (sorption
capacity at time 7) against /*° should be linear and pass through the origin. From
Fig. 2, it can be clearly observed that none of the plots in their entirety pass
through the origin, indicating that the mechanism of intraparticle diffusion is not
the only limiting step of the adsorption process and that other interaction mech-
anisms must be acting simultaneously. Moreover, at each graph ¢, vs. 1, we obs-
erve two or three linear section with different gradients, which can be attributed
to certain processes involved in the arsenic adsorption. The first segment (the ini-
tial steep part of the curves) corresponds to the rapid diffusion of arsenic through
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the water matrix to the outer surface of the adsorbent (external diffusion). The
second segment describes a gradual adsorption in which intraparticle diffusion
limits the rate of the adsorption process. The third section, with the smallest
slope, corresponds to the state of adsorption equilibrium, when the speed of the
adsorption process is significantly slowed down due to the lower residual con-
centration of the arsenic. Thus, the rapid adsorption of arsenic from an aqueous
solution corresponding to external diffusion and slower arsenic adsorption,
caused by intraparticle diffusion, limits the entire adsorption process on the syn-

thesized adsorbents. Similar observation was reported in study Neto et a
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Fig. 2. Intraparticle mass transfer plot for: a) As(III) and b) As(V) adsorption on Chit and
Chit-FeMn. Initial As concentration: 0.5 mg L™, sorbent dose: 0.5 g L', pH 7.0+0.2.

Adsorption isotherms

In order to evaluate the adsorption capacities of Chit and Chit-FeMn for
As(III) and As(V), the equilibrium data were fitted with the Freundlich (Fig. 3)
and Langmuir models.*
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Fig. 3. Freundlich sorption isotherms for: a) As(II) and b) As(V) adsorption on Chit and
Chit-FeMn. Initial As concentration: 0.1-1 mg L™, sorbent dose: 0.5 g L', pH 7.0+0.2.
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The values of the model parameters determined by linear regression analysis
are presented in Table II.

TABLE II. Freundlich and Langmuir isotherm parameters for the adsorption of arsenic on
Chit and Chit-FeMn

Model Parameter Chit Chit-FeMn
As(I11) As(V) As(11I) As(V)
Freundlich Ki/pgg (gL' 0.000366 1.034 61.6 63.8
1/n 2.499 121 0.655 0.798
SSE 0.0926 0.0455 0.00689 0.00638
R 0.9574 0.9499 0.9031 0.9912
Langmuir Goax / 1 " 880 1225 3914 3893
K /L pg’ 0.00000542  0.0000571  0.0164 0.0187
S 0.99-1.00  0.95-0.99  0.06-0.38  0.05-0.35
SSE 1.221 1.013 0.0518 0.0211
R’ 0.7234 0.8862 0.7094 0.9883

The Freundlich isotherm exhibited higher coefficient of determination (R*) and
lower SSE values than the Langmuir model for both As(IIl) and As(V). The better
fitting of the adsorption data to Freundlich isotherm (Fig. 3) indicated that the ads-
orption of both arsenic species preferably followed multilayer and heterogeneous
adsorption process. The SEM images of Chit and Chit-FeMn showed the Chit and
Chit-FeMn having rough structure development, therefore adsorbent was non-
-homogeneous. The K values from the Freundlich model show the much higher
affinity of Chit-FeMn for both As(Ill) and As(V) in comparison with Chit. This
confirms the fact that the impregnation of Fe—Mn binary oxide onto chitosan sig-
nificantly increases the arsenic adsorption capacity of chitosan. The 1/n values are
less than 1, suggesting that the chemisorption of both arsenic species was the pre-
dominant adsorption process onto Chit-FeMn. In contrast, for the raw chitosan, the
values of the Freundlich exponent 1/n for As(IIl) and As(V) were 1.12 and 3.21,
indicating that the physical adsorption is favoured.”’

According to the Langmuir isotherm model, the maximum adsorption cap-
acities, ¢max for Chit were 0.88 and 1.22 mg g for As(IIl) and As(V), respect-
ively, with much higher g, values observed (3.91 and 3.89 mg g for As(III) and
As(V), respectively) for Chit-FeMn. The adsorption capacities reported in this cur-
rent work are an improvement on the work of Gupta ez al.** who found that the
adsorption capacity of iron-doped chitosan granules (ICB) was 2.32 and 2.24 mg g
for As(Ill) and As(III), respectively. Other authors have coated chitosan with a
variety of different metals, including molybdate, titanium dioxide and iron(IIT)****
These authors also reported comparable adsorption capacities, ranging from 2.0 to
6.5mg g for As(III) and from 0.43 to 2.1 mg g for As(V).

The values of R, an essential parameter of Langmuir isotherm, calculated at
different initial concentrations of As(IIl) and As(V), were all between 0 and 1
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(Table II), indicating that the adsorption onto Chit-FeMn is favourable for both
As(III) and As(V).

Effect of solution pH

The pH of the aqueous solution, the most important parameter in adsorption
studies, strongly affects the adsorption properties of iron-based sorbents. Hence,
the influence of solution pH (from 3 to 11) on the removal of As(IIl) and As(V)
by Chit-FeMn was investigated and the results are presented in Fig. 4.
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The adsorption of arsenate was effective over the pH range 3-8, with rem-
ovals not falling below 85 %. However, removal efficacy dropped upon further
pH increases. A similar trend was observed for As(III) adsorption. The results
can be explained by the point of zero charge (pH,..) of the sorbent and the degree
of protonation of arsenate in aqueous solution, which is a function of pH. The
dissociation constants of aqueous arsenate are pKa,; = 2.3, pKa, = 6.8 and pKa; =
= 11.6, resulting in arsenate species varying from H,AsO;, HAsO; and AsO;*
when the pH increases from acidic to alkaline (i.e., pH 3—11 in this work). The
pH,,. of the synthesized Chit-FeMn was determined to be pH 5.8. It is well
known that solid surfaces are positively charged at pH below their pH,,. and
negatively charged at pH above their pszc.33 Hence at pH < pH,,. As(V) ads-
orption was promoted due to electrostatic attraction between the positively
charged adsorbent surface and anionic As(V) species. However, the adsorption of
As(V) decreased at pH > pH,,. due to the electrostatic repulsion between the
negatively charged adsorbent surface and negatively charged arsenic species. The
removal of As(IIl) was very similar to As(V), remaining almost constant at better
than 85 % removal in the pH range 3-8, then decreasing with further increases
above pH 8. The pK; value of H3;AsO; is 9.2, indicating that As(IlI) exists as a
neutral species at pH < 9.2 and as anions at pH > 9.2. The lower removal above
pH 8 is therefore to be expected, given the electrostatic repulsion from the neg-
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ative charge of the Chit-FeMn surface. Below pH 8, in the absence of favourable
electrostatic interactions, the good removal of As(Ill) may be due to the oxid-
ation reaction of As(III) to As(V) and sorption by iron oxide.”** The oxidation
of As(III) to As(V) by Mn oxides has been shown to be favourable at lower pH."
Furthermore, as discussed below, the oxidation of As(Ill) in the presence of man-
ganese dioxide is accompanied by the reductive dissolution of MnO,, which
leads to the release of Mn®". These cations are then adsorbed on the sorbent sur-
face, giving it a positive charge which facilitates the adsorption of arsenate oxy-
anions in a neutral or alkaline environment.'®****

Effect of competitive ions

In general, ions such as phosphates, bicarbonates, silicates, sulphates, chlo-
rides and nitrates can coexist with arsenic in groundwaters, and may interfere
with arsenic removal via competitive binding or complexation. The effect of
these anions on the adsorption of As(Ill) and As(V) by Chit-FeMn sorbents was
examined at three different concentration levels (0.1, 0.5 and 1 mM) and the
results are given in Fig. 5.
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Fig. 5. Effect of coexisting anions on: a) As(III) and b) As(V) removal by Chit-FeMn; initial
As concentration: 0.5 mg L™, sorbent dose: 0.5 g L, pH 7.0+0.2.

The presence of chlorides and nitrates had only a slight influence on As(III)
and As(V) removals. PO,” caused the greatest percentage decrease in arsenic
removal at each concentration level, followed by Si0;*, CO5* and SO4>. Inc-
reasing the PO, concentration from 0.1 to 1 mM reduced As(III) removals from
92 to 51 % (Fig. 5a). Similarly, the As(V) uptake by Chit-FeMn was reduced
from 95 to 55 % (Fig. 5b). For SiOs*, an obvious decrease in arsenic removal
was observed at 1 mM. As(Ill) and As(V) removals by Chit-FeMn decreased
from 92 to 59 % and from 95 to 60 %, respectively. The arsenic, silicate and
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phosphate oxyanions can all form inner-sphere complexes with the hydroxyl
groups on the surface of adsorbents.*® Thus the lower arsenic removals in the pre-
sence of phosphates and silicates can be attributed to the competition between
PO,* or SiOs* and arsenic for adsorption sites. The decrease in As(III) and
As(V) adsorption in the presence of CO;> may result from the formation of
arseno—carbonate complexes, including As(CO;)*, As(COs)(OH)* and AsCOs",
which would prevent arsenic from forming inner-sphere complexes on the ads-
orbent surface.’® The negative effect of the higher SO4* concentration (1 mM) on
As(IlT) and As(V) removal by Chit-FeMn may be attributed to the competition
for active sites on the sorbent surface. In contrast, chloride and nitrate can only
form outer-sphere complexes with ferric hydroxides, explaining the insignificant
effect of these anions on arsenic removal. Hence, the order of interference for
arsenite and arsenate adsorption on Chit-FeMn for the anions studied is phos-
phates > silicates > carbonates >sulphates >nitrates > chlorides.

Effect of humic acid

Natural organic matter, which is not only present everywhere in natural
aquatic and soil environments but also highly reactive toward metals and surfaces,
may interfere with the arsenic adsorption on the surfaces of minerals and therefore
increase the mobility of arsenic. The effect of the presence of humic acid (4 to 12
mg DOC L) on arsenic sorption by the Chit-FeMn binary oxides was therefore
investigated and the results are given in Fig. S-4 of the Supplementary material.
Humic acid at the concentrations of up to 12 mg L™ had no obvious influence on
As(V) removal. However, increasing the concentration of humic acid from 0 to 12
mg L' decreased the percentage removal of As(III) by Chit-FeMn from 93 to 70 %.

FTIR analysis

A FTIR spectroscopic analysis was carried out to investigate the adsorption
mechanism of As(II) and As(V) onto Chit-FeMn. The FTIR spectra of Chit-FeMn
before and after sorption with As(II1)/As(V) are shown in Fig. 6. All spectra exhi-
bited bands at 3376 and 3434 cm™', which is characteristic of the —OH and -NH
stretching vibrations. Peak at 2920 cm ' could be attributed to —CH stretching
vibration in -CH and —CH,. The peaks at 1634, 1540 and 1320 cm ' are attributed
to stretching vibration (amide-I), N-H stretching vibration (amide-II) and the C—N
stretching vibration, respectively. The peak at 1384 cm ™' is due to symmetrical
deformation of methyl (CH;) groups.’” The peak at 1070 cm™ corresponds to the
CO stretching vibration in —COH. After reaction with As(V), this peak disappears
and a new peak appeared at 825 cm ', corresponding to stretching vibration of
As—O-Fe groups. This indicates that the As(V) is bound as a surface complex and
not as a precipitated solid phase.*® Similarly, after the adsorption of As(III), a small
band at 825 cm ' appeared. This peak can be ascribed as an As—O stretching vib-
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ration, which is characteristic of As(V) adsorption. Thus, this observation suggests
that the part of the initial As(III) present was first oxidized to As(V) and then
adsorbed onto the surface of the Fe—Mn oxides.”

—— Chitosan-FeMn
— — -Chitosan-FeMn + As(lll)

0.9- 1070 - - - - Chitosan-FeMn + As(V)
615 3376

0.81 1634
071 2920

8

S 06-

]

2 054

o

8 044

< 03 82 3434
o2f. | ok
014-~ollt BTSN
0.0 Fig. 6. FTIR spectra of Chit-FeMn

500 1000 1500 2000 2500 3000 3500 before and after As(Il) and As(V)
Wavenumber, cm™ adsorption.

In oxidative adsorption process for As(Ill) 1M of MnO,(s) can oxidize 1 M
of As(Il), and subsequently releases 1 M of Mn*" into the aqueous phase.*
Therefore, to further confirm the oxidation of As(Ill) on Chit-FeMn, the release
pattern of soluble Mn®" from Chit-FeMn was determined after reaction with
As(III) and As(V) at different solution pH. The concentration of dissolved iron
was below the maximum allowed concentration (MAC) in all cases, indicating
that the Chit-FeMn is stable under the conditions investigated (pH 3 to 11). In the
case of As(V) adsorption, the release of Mn was also low (a maximum concen-
tration of 0.098 mg L' at pH 3). However, the significant amounts of Mn were
released after As(II) adsorption, up to 1.82 mg L' at pH 3. The greater release
of manganese after As(III) adsorption can be attributed to the reductive dissolut-
ion of MnO, during As(III) oxidation.**** Above pH 7, the release of Mn and Fe
was not observed. Xu er al.*’ suggest that at this pH, the redox reaction which
oxidizes As(IIT) does not progress far enough to generate excess Mn>", with the
As(II) adsorbing directly onto the adsorbent without oxidation.

The data presented above suggests that the mechanism of arsenic adsorption
proceeds by the ligands exchange to form inner sphere complexes. The results for
the pH dependence and the impact of ionic strength (nitrates investigated as com-
petitive anions) show very little variation, which is suggestive of inner sphere
complexes, according to Goldberg and Johnston®' and Maliyekkal e al.** While
Goldberg and Johnston*' also reported that although arsenate forms inner sphere
complexes with Fe oxides, arsenite can form both inner and outer sphere com-
plexes, and the leaching of Mn from our sorbent during adsorption of As(III)
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confirms the oxidation of As(III) prior to adsorption,”* such that even during
As(III) removal, the mechansim involves the adsorption of As(V). Finally, Kong
et al.® investigated the adsorption of arsenic on a similar sorbent, nanoscale
Fe—Mn binary oxides loaded on zeolite, and also proposed a ligand exhange
mechanism forming inner-sphere comlexes for both As(IIl) and As(V).

Applicability of the adsorbent to naturally arsenic contaminated groundwater

Groundwater used for water supply from Kikinda, Serbia (Table S-II of the
Supplementary material), was treated with Chit-FeMn in order to investigate its
potential to remove arsenic from naturally contaminated water sources. The ini-
tial As concentration in this water is 35 pg L', but it contains relatively high
concentrations of natural organic matter, phosphate and sulphate, and has a high
pH of 8.29. Despite the presence of these competitive anions and the unfavour-
able pH conditions, a Chit-FeMn sorbent dose of 1.0 g L™' was sufficient to
satisfy the WHO drinking water standards, indicating the strong suitability of this
sorbent for full scale water treatment applications.

CONCLUSION

Chitosan coated with Fe—Mn binary oxide, an environmentally friendly bio-
sorbent, was prepared in a single step process by the simultaneous redox and
co-precipitation method. The kinetic study indicates that the adsorption of As(III)
and As(V) on Chit-FeMn can be well described by the pseudo-second-order kin-
etic model. Maximal adsorption capacities of Chit-FeMn for As(Ill) and As(V)
was 3.91 and 3.89 mg g ', respectively. The surface complexation is the major
mechanism for As(IIl) and As(V) removal by Chit-FeMn. The removal effici-
encies for both As(IIl) and As(V) were not significantly affected over a broad pH
range (removals ranged from 99 to 88 % between pH 3 and 8), indicating that the
sorbent is suitable for use in all typical groundwaters. Chit-FeMn also performed
well with above 80 % removals for both As(IIl) and As(V) in the presence of less
than 8 mg DOC L. The presence of chlorides, nitrates, and sulphates had only a
slight influence on As(IIl) and As(V) removal, whereas the presence of phos-
phates, silicates and carbonates significantly reduced the removal of both As(III)
and As(V), especially at high concentrations. Results show that this modified
biosorbent has the potential for application in the treatment of arsenic contamin-
ated water, with investigations under dynamic conditions necessary in the future.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: http://
//'www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
YKIIABLARE APCEHA U3 BOJE TPUMEHOM BUOCOPBEHTA MOIU®HUKOBAHOT
Fe-Mn BUHAPHUM OKCHUIOM

JACMMHA HUKHE', MALCOLM WATSON', AJIEKCAHIIPA TYBUR', MAPUJAHA KPATYJb HCAKOBCKH',
CHEXAHA MAJIETUR', EMUJIMJAH MOXOPA” 1 JACMAHA ATBABA'

1YHusep3umeui y Hosom Cagy, [Ipupogno—mattiemaitiuuky Qaxyniteid, Jenapuiman 3a xemujy, buoxemujy u
3awimuiny wusoiine cpegune, Tpi Jocuiteja Odpagosuha 3, 21000 Hosu Cag u ZYHueepmmem Cuniugynym,
Daxyninein 3a upumeweny exonoiujy dyuypa, ITomewna 83a, 11030 Beoipag

Y pany je nmpukasaHo yKIamamwe apceHa U3 Bozie mpuMmeHom duocopdenTa (Chitosan), xoju
je momudwkosaH ca Fe-Mn dunapHumM okcupom. Mopuduxkanuja Fe—Mn OuHapHUM OKCHIOM
(Chit-FeMn) wu3BepmeHa je y jeoHOM CTemeHy, CHMYJITaHHM IIPOLIECMMA OKCHIAUHje Hu
KorpeuunuTanyje. HoBocHTeTHCAaHH COPOEHT je KapakTepHUCaH PaslInuuTHM TeXHUKaMa, yKIby-
yyjyhu SEM/EDS, XRD, FTIR u BET aHanusy u ogpehuBame Tauke HyJITOI HaeleKTpHCAba.
CopnuuoHo noHamamwe As(111) u As(V) Ha cHHTeTHCAaHOM COPOEHTY UCIIMTHBAHO je KUHETUYKUM
U PaBHOTEKHUM EKCIIepUMEHTHMa, YV IIapXKHOM CHCTeMy. YCTaHOB/BEHO je Jja MOfiesl ICeyzo-
-IpyTor pefa Hajdosbe OMMCyje KMHEeTUKY alCOpILMOHOr Ipoleca oba obnuka apceHa Ha Chit-
-FeMn, a ma camo yHyTapuecTH4Ha »udy3uja HHje OrpaHH4YaBajyhu Kopak amCOpPHIIMOHOT
npoueca. Makcumanuu ancopnuuonu kamauutetd Chit-FeMn 3a As(I11) u As(V) onpehenu
JIEeHrMHpPOBHUM MOJENOM U3HOCHIH ¢y 3,91 u 3,89 mg g’i, penom. [Tpomena pH BpepHocTH (0F 3
1o 8), Huje y Behoj Mepu yTunana Ha creneH yknawamwa As(II1) u As(V) (>85 %), ykasyjyhu na
je copbeHT mpuwIajaH 3a IPUMEHY y INOA3eMHMM Bojama, 0e3 mojaTHe Kopekuuje pH
BpeoHOCTH. Mehy MCIUTHBAaHUM KOMMETUTHpajyhum joHuma, ¢ocdaty, a 3aTUM CHIHKATH U
kapboHaTH, cy UcHo/buId Hajsehu MHXUOUTOPHHU yTHLaj Ha copnuujy As(III) u As(V) Ha Chit-
FeMn, mok yTHuaj xyiopuna, HUTpata M cyndata Huje duo on Beher 3Hauaja. McnutuBama
CTpOBEJEHA Ha peaHUM Y30pLMMa IO[3€MHE BOZAE YKasyjy Ha TO fila Cé NMPUMEHOM MOJIH-
(ukoBaHor H10COpOEHTa KOHIIEHTPaLMja aPCEHA MOKE CMabUTH UCIIOJ, MAKCUMAHO [03BOJbEHE
KxoHueHTparwmje o 10 pg L.

(ITpummeno 9. aBrycra, peBunupaHo 8. HoBemdpa, npuxsaheno 13. HoBembpa 2018)
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