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Abstract—Iron-doped chitosan microsphere was prepared successfully and employed for effective adsorption of
As(IIT). The results showed that the adsorption capacity benefited from the increase of iron content, and the maxi-
mum adsorption capacity was achieved at pH=8. According to the study of adsorption kinetics, adsorption rate was
controlled by liquid film diffusion at a lower rotational speed, while it was controlled by chemical reaction rate at a
higher rotational speed. The Freundlich and Temkin models exhibited a better fit to adsorption isotherm data, which
indicated the adsorption of As(III) on iron-doped chitosan microsphere was chemisorption and the active sites of
adsorbents were non-uniform distributed. Adsorption process was a spontaneous exothermic reaction because its AG
and AH were negative. In presence of cations (Cd*, Pb** or Zn™") in solution, the iron-doped chitosan microsphere
also showed the significant removal of As(III). However, the existence of anions (NO3, SO;™ or PO;") inhibited the
As(IIT) removal at different level. PO;~ showed the most significant side effects on the removal of As(IIT) by iron-doped
chitosan microsphere. The used iron-doped chitosan adsorbent can be effectively regenerated using 1.0 mol-1L™' NaOH
solution, and the adsorption efficiency decreased only 15.69% after being reused three times. The results of XPS, FT-IR
showed that the adsorption was mainly achieved by the coordination interaction between As (III) and doped Fe in

adsorbent.
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INTRODUCTION

Heavy metal pollution is usually attributed to both natural fac-
tors (rock weathering) and artificial sources, but a considerable
proportion of contamination comes from human activities. Along
with the over-exploitation of minerals and industrial production,
excessive heavy metals are released to environment, and heavy metal
pollution is becoming more and more serious [1,2]. Among these
heavy metals, arsenic is one of the pervasive contaminants. In recent
years, a large amount of As-containing solid residue and waste water
has been yielded and discharged into environment, resulting in
many serious pollution accidents, which has aroused high public
concern. In the natural environment, arsenic is mostly present in
inorganic forms as oxides of As(IlT) (H;AsO;, H,AsO;, HAsO;
and AsO?") and As(V) (H,;AsO,, H,AsO;, HAsO; and AsO.")
[1,3-5]. The fact is that As(III) is more toxic than As(V) to humans,
long-term drinking of arsenic-contaminated water could pose a
great threat to the public health [6-10], such as “blackfoot” disease,
cancer; developmental delay in children, gene mutation and so on.
Due to its toxicity in human beings, in most countries, the maxi-
mum contaminant level (MCL) in potable water is set to be 50
ug-L™ [11]. The World Health Organization (WHO) recommends
the MCL of As in drinking water is 10 ug-L™" [12,13].

In recent years, a great number of effective remediation tech-
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niques, including ion-exchange [14-16], electro-coagulation [17],
membrane separation [18-20], and biological accumulation, have
been studied to abate As from aqueous solution. However, each of
these techniques has its own inherent limitations. Electro-coagula-
tion treatment is ineffective at low concentrations and energy inef-
ficient. Membrane separation requires a high cost at the early stages.
Biological accumulation depends highly on environmental condi-
tions and it is ineffective in treating high-concentration waste water.
In recent years, adsorption has been considered to be an available
and promising technology to conquer the above disadvantages [21],
but green, nontoxic, renewable, biodegradable and highly effective
adsorbents still need to be developed constantly [22]. Especially in
food, drinking water and other fields, the non-toxicity of adsor-
bent is particularly important. Therefore, the applications of natu-
ral product-derived materials in the preparation of adsorbent have
become more and more extensive. Chitosan is a non-toxic and bio-
degradable polysaccharide which is extracted from crabs, shrimp
shell, fish scales and crab shells [21,23]. It has an overwhelming num-
ber of hydroxyl and amino groups, which are beneficial to heavy
metals adsorption [21]. So chitosan has been highly regarded and
listed as one of underlying low-cost adsorbents with high adsorp-
tion capacity [24]. However, its application is limited by its solubility
in acidic condition. Tripoly phosphate (TPP) and glutaraldehyde
(CsH;0,) are used as crosslinker to prevent solubility of chitosan
to address the limitation of application [21].

In this work, chitosan was selected as raw material to prepare
adsorbent, because of its optimized properties such as easy avail-
ability, biodegradability, biocompatibility, non-toxicity [22]. Cross-
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Fig. 1. Scheme of preparation process of iron-doped chitosan microsphere.

linking was used to enhance its physical properties and avoid dis-
solving in acidic condition. The prepared adsorbent was used to
remove arsenic from water solution, and to improve its adsorption
performance, iron was doped in it. Because, iron has been identi-
fied with a high affinity for arsenic and it is widely used to remove
arsenic in aqueous solution. For example, nanoscale zero-valent
iron, ferric oxide nanoparticles and iron oxide minerals have already
been used for the arsenic removal from aqueous solution [2-4]. The
powder form of iron oxides/hydroxides provides a larger specific
surface area which is conducive to adsorption, but it is easy to
reunite in water and dissolve in acid conditions. Meanwhile, the
small particle size also drives the need for energy-intensive post-
treatment filtration to recover the powder for regeneration and
reuse. To overcome these limitations, embedding iron in polymer
material is an effective method [25].

The prepared iron-doped chitosan microsphere can make full
use of the active groups of chitosan and the affinity of iron to arse-
nic to get better adsorption performance. The defects of chitosan
and powder iron also may be overcome through cross-linking and
embedding iron in chitosan. In this study, iron-doped chitosan
microsphere was used to adsorb As(IIT) from water in different con-
ditions, and adsorption behavior was methodically studied with
the adsorption kinetics, adsorption isotherm and adsorption ther-
modynamics. In addition, regeneration of iron-doped chitosan
microsphere and the effect of cation and anion interference on ad-
sorption performance were also discussed.

EXPERIMENTS

1. Materials

Chitosan (80%-95% deacetylation), acetic acid (>99.5%), ferric
chloride hexahydrate (>99%), hydrochloric acid (36%-38%), sodium
hydroxide (=96%), sodium nitrate (299%), sodium sulfate anhy-
drous (299%), trisodium phosphate anhydrous (=99%), lead(II)
nitrate (299%), zinc nitrate hexahydrate (299%), cadmium nitrate
(99%), glutaraldehyde (25%-28%) and sodium arsenite (>95%) were
purchased from Sinopharm Chemical Reagent Co.

2. Preparation of Chitosan Microspheres

The iron-doped chitosan microsphere was prepared as follows:
(1) 6.0 g of chitosan was dissolved into 100 mL of acetic acid solution
(5%) and left overnight. Certain volume of 2 mol-L™ ferric chloride
hexahydrate acetic acid solution (5%) was added into the chitosan
solution, then stirred until well dissolved; (2) The mixture solu-
tion of chitosan and ferric chloride hexahydrate was added drop-
wise into 0.5 mol-L™" sodium hydroxide solution by injector; (3)
The resultant iron-doped chitosan microspheres were crosslinked
in the glutaraldehyde solution (2.5%) about 30 min, and micro-
spheres were washed by distilled water. The schematic of prepara-
tion process is shown in Fig. 1.
3. Batch Adsorption Experiments
3-1. Effect of Iron Content

To carry out the adsorption experiments, 0.05 g adsorbents with
different iron content were weighed into triangular flasks, 50 mL
solution containing 100 mg-L™" As(III) concentration was added in,
respectively. The mixture was shaken at 303.15k for 36 h to reach
equilibrium. Then, the sample was taken and filtered through 0.45
pm membrane for liquid-solid separation. The supernatant portion
was used for the analysis of the residual concentration of As(III)
using atomic absorption spectrometer (iCE 3500, Thermo Fisher,
USA).
3-2. Effect of pH

The pH effect experiments were conducted by contacting 0.05 g
adsorbent with 50 mL As(III) solution with a concentration of 100
mg-L™" for 36 h at 303.15 K. The pH of the solution was intention-
ally altered by adding either HCl or NaOH aqueous solution.
3-3. Adsorption Kinetics

To study the adsorption equilibrium time and kinetic character-
istics of the adsorption process, kinetic experiments were carried
out by agitating 500 mL of solution containing 100 mg-L™" As(IIT)
concentration and 0.5 g adsorbent at 303.15K, pH=8 at different
rotational speed (50, 150, 250 r-min"'). After adsorbing for prede-
termined time intervals, the samples were taken and measured for
As(III) concentrations. The experimental data were evaluated by
four kinds of kinetic models, including pseudo-first-order, pseudo-
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second-order, intra-particle diffusion model and liquid film diffu-
sion model.
3-4. Adsorption Isotherm

The capacity of As(III) adsorbed onto iron-doped chitosan mi-
crosphere was determined by varying the initial concentration of
As(IT) solution within the range 10 to 500 mg-L ™", which resulted in
different final As(III) concentrations after adsorption equilibrium
had been achieved. The experiments were conducted at 303.15K
for 24h and pH maintained at 8. Experimental data were evalu-
ated using Langmuir, Freundlich, BET and TemKin isotherm mod-
els to study adsorption mechanism [26,27].
3-5. Adsorption Thermodynamic

The thermodynamic analysis of As(III) adsorption by iron-doped
chitosan microsphere was assessed by the energy transformation of
the adsorption. 0.05 g iron-doped chitosan microsphere was added
into 50 mL As(IIT) solution with initial concentration of 100 mg-L™
at pH=38, for 36 h, at 298.15K, 308.15K, 318.15K, 328.15K and
338.15K respectively. The experimental data were fitted by the ther-
modynamic models.
3-6. Coexisting Ions Influence Experiment

Coexisting ion influence experiments were performed to verify
the interference of cations as well as anions commonly found in
water with As(III) adsorption. The usual interference cations in-
cluded Cd*, Pb*" and Zn*". Mixed solution of As(III) and cations
(Cd™, Pb™ or Zn™) were prepared with the same concentration
(50mg-L") of each cation. The experiments were conducted at
303.15K and pH ranged 2 to 5. The usual interference anions
included PO;", SO;™ and NOj. Solutions containing 100 mg-L™"
(1.3347 mmol-L™") of As(IIT) were prepared containing PO}, SO}~
or NOj;. Each ion was investigated at three levels of concentration,
which were 1, 1.5 and 2mmol-L™" respectively. The experiments
were conducted at 303.15 K and pH=8.
3-7. Regeneration of Iron-doped Chitosan Microsphere

To regenerate iron-doped chitosan microsphere, the spent ad-
sorbent was soaked in NaOH solution with concentration of 0.1
mol-L™, 0.5mol-L™" or 1.0mol-L™" and stirred at 298.15K for 16h.
Then the adsorbent was washed with deionized water and used to
adsorb As(IIT) again. The above procedure was carried out for three
cycles of repeated adsorption/desorption to determine reusability
efficacy of the iron-doped chitosan microsphere.
3-8. Characterization

FTIR (Spectrum GX, PERKIN-Elmer, USA) instrument was used
for measurement the functional groups existing in iron-doped chi-
tosan microsphere within the range of 400-4,000 cm™'; the sam-
ples were prepared as KBr disks. Atomic valence states of O, N, Fe
and As were measured by X-ray photoelectron spectroscopy (XPS)
(Thermo Electron Corporation, MULTILAB2000, USA) instru-
ment with monochromatic Al Ka as the X-ray source (1486.71 eV
of photons).

RESULTS AND DISCUSSION

1. Effect of Iron Content in Adsorbent

The results of the effect of iron content in adsorbent on the As(III)
adsorption are shown in Fig. 2. The chitosan microsphere without
iron doping showed a poor adsorption performance for As(III),
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Fig. 2. Effects of Fe content on the As(III) adsorption.

and the adsorption capacity increased from 3 to 70 mg-g ' with
the increase of iron content from 0 to 6.79%. The results showed
that iron doping in adsorbent played important roles in the ad-
sorption process. Because As(III) exists in the form of H,AsO",
HAsO? and AsO;? in solution. H,AsO ", HAsO?™ and AsO?™ can
combinate with Fe through sharing lone pair of electrons and vacant
orbital. So iron-doped chitosan microsphere could adsorb As(III)
by forming Fe-O-As coordination bonds [28-30]. Accordingly, the
adsorption capacity of As(IIl) increases with the increase of iron
content. However, it was failed to prepare iron-dope chitosan micro-
sphere which iron content was higher than 6.79%, because chitosan
and ferric chloride hexahydrate cannot form a fully dissolved mixed
solution when Fe doping is higher than 6.79%. Thus, chitosan micro-
sphere with iron content of 6.79% was selected to use in the fol-
lowing adsorption study.
2. Effect of pH on As(IIT) Adsorption

pH plays a significant role in adsorption-based water treatment
processes, because of the speciation of As(III), the surface charge
and the stability of adsorbent are strongly influenced by the water
pH value. The adsorption capacity of As(III) on iron-doped chi-
tosan microsphere, the Fe concentration in solution after adsorp-
tion equilibrium had been achieved and the forms of As(III) at
different pH are shown in Fig. 3(a)-(c). As shown in Fig. 3(a), as
the pH was increased, the adsorption capacity of As(III) increased
and the maximum adsorption capacity was obtained at pH=8. How-
ever, when pH>8 the uptake declined with the increasing of pH.

Fe doped in adsorbent may be dissolved out, especially under
acidic conditions. As shown in Fig. 3(b), when pH>5, the concen-
tration of Fe in the solution is negligible. The result shows that iron-
doped chitosan microsphere is stable under the condition of pH>5.
But the adsorbent stability is poor in solution with pH less than 5.
Moreover, the more acidic the solution, the worse the stability of
adsorbent. The instability of adsorbent may be one of the reasons
for the lower adsorption capacity under acidic conditions. Mean-
while, the amino group of chitosan was protonated to being -NH;
under acidic conditions, which impeded the adsorption of posi-
tive ions such as As(OH)™, and it was not helpful to the adsorp-



Iron-doped chitosan microsphere for As(III) adsorption in aqueous solution: Kinetic, isotherm and thermodynamic studies

L - —— a 16k @
70 !/,_.§ Mg (a) i (b)
/ \ I|I
- \ \
65 - \ 12} \
- \
— \ - 1
E \ 5
& u \ né, \
E eof 1Y < o8} \
= [ |
\ |
55 \ 04} \
\
\
L —n
i
50 1 1 1 1 0.0 2 . . a—1
2 4 6 8 10 12 2 4 6 8 10 12
pH pH
(c)
Na
2 < H3AsOs
As406(cC) & |
. |
2 7 >
H:AsO: ~ . ///
(=) -' -
=0 )
4 /,/ 2
AsO;’
-6
-8

Fig. 3. (a) Effects of pH on the As(III) on Fe-doped chitosan microsphere, (b) Concentrations the dissolved iron at different pH, (c) Forms of
As(IT0) at different pH (C,q=100 mg-L™', T=298.15K).

tion of neutral components such as H;AsO; and As,O. As the pH of
the solution increased, the stability of the adsorbent was enhanced
and the degree of amino-protonation decreased, the concentration
of positive AS(OH)*" decreased while the concentrations of negative
H,AsO; and HAsO? increase; these all are beneficial to As(III)
reaching to the surface of iron-doped chitosan microsphere through
electrostatic interaction [31]. So the adsorption capacity of As(III)
adsorption on iron-doped chitosan microsphere increased with
the increase of pH. However, with pH>8, the result was contrary
to the former, which was attributed to the presence of excess OH,
and OH  would compete with negative H,AsO;, HAsO;™ and
AsO;~ for the adsorption sites on the surface of the adsorbent [32-
34]. Meanwhile, the stripping amount of iron increased with the
increasing of pH value at pH>8. This also has an adverse impact
for As(IIl) adsorption on iron-doped chitosan microsphere. The

maximum adsorption capacity was achieved at pH=8. Thus, pH=8
was selected to use in the entire study.

3. Adsorption Kinetics

Fig. 4. Effect of contact time on adsorption of As(III).
Adsorption kinetics curves are shown in Fig. 4. The As(III) ad-

sorption on iron-doped chitosan microsphere was rapid at initial
phase. There might have been an overwhelming number of active
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until adsorption equilibrium. And the increase of rotational speed
was beneficial to the rate of adsorption process. The possible rea-
son might be that the presence of liquid film in the solid-liquid
contact interface inhibits the diffusion of As(III) to adsorbent sur-
face, and increasing of the rotational speed would reduce the thick-
ness of the liquid film, thus increasing the adsorption rate.
According to the present state of knowledge, adsorption of a
species on a solid surface follows four steps: (i) transport of the ad-
sorbate (ions in case of solutions) from the bulk to the external sur-
face of the adsorbent; (ii) diffusion of solute across the liquid film
surrounding sorbent particles (liquid film diftusion); (iii) diffusion
of solute in the liquid contained in the pores of sorbate particle
and along the pore walls (intraparticle diffusion); and (iv) interac-
tions with the surface atoms of the solid leading to chemisorption
(strong adsorbate-adsorbent interactions equivalent to covalent bond
formation) or weak adsorption (weak adsorbate-adsorbent interac-
tions, very similar to van der Waals forces) and desorption of solute
molecules on/from the sorbent surface [35]. The overall sorption
rate may mainly be controlled by any of these steps; a combined

X. Lin et al.

effect of a few steps is also possible [36-38]. To study the kinetic char-
acteristics of the adsorption process, the pseudo-first-order, pseudo-
second-order, intra-particle diffusion model and liquid film diffu-
sion model were applied for the adsorption of As(III) ions on iron-
doped chitosan microsphere.

Pseudo-first-order is based on membrane diffusion theory, which
holds that the adsorption rate is proportional to the first power of
the difference between equilibrium adsorption capacity and adsorp-
tion capacity. The adsorption process is governed by the diffusion
step (membrane diffusion or intra-particle diffusion) [39]. The
pseudo-first order equation is shown in Eq. (1),

lg(qe—qf):lgqe—z.;%t ©
where q, is the adsorption capacity at equilibrium (mg-g™"), q, is
the adsorption amounts at time t (mg-g '), k, is the pseudo-first-
order rate constant.

Pseudo-second-order kinetics is based on the assumption that
the adsorption rate is controlled by the chemical adsorption rate,
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Fig. 5. Adsorption kinetics of As(III) adsorption by Fe-doped chitosan microsphere, (a) pseudo-first-order, (b) pseudo-second-order, (c)

intra-particle diffusion model and (d) liquid film diffusion model.
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which adsorption involves the sharing or transfer of electron pairs
between the adsorbent and the adsorbate [39,40]. The pseudo-sec-
ond-order equation is shown in Eq. (2),

R T @

U kq® 9
where q, is the adsorption capacity at equilibrium (mg-g "), q, is
the adsorption amounts at time t (mg-g '), k, is the pseudo-second-
order rate constant.

Intra-particle diffusion model equation can be expressed as Eq.
(3). If the line of g, vs. t? has zero intercept (C;=0) the adsorption
process was controlled by intra-particle diffusion [37,41-43].

q=kxt"*+C; (3)

where q, is the adsorption capacity at equilibrium (mg-g ), k; is
the intra-particle diffusion rate constant and, C; is the thickness of
the boundary layer.

Liquid film diffusion model is expressed as follows Eq. (4), the
line of —In(1-F) vs. t passed through the origin (C=0), indicating that
the adsorption process was controlled by liquid film diffusion [44].

~In(1-F)=kt+C, )

where k; is Liquid film diffusion model rate constant, F can be cal-
culated by dividing g, by q..

The results of pseudo-first-order and pseudo-second-order are
represented in Fig. 5(a) and Fig. 5(b), respectively. The values of
parameters are summarized in Table 1. In contrast to the value of
R’, it was concluded that the adsorption process was more fit to
the pseudo-first-order under rotational speed 50 and 150 r-min ",
which indicated the adsorption process was controlled by the dif-
fusion step (membrane diffusion or intra-particle diffusion) [39].
Conversely, the experimental data were more suitable to pseudo-
second-order at 250 r-min ', which implies that the adsorption pro-
cess involves the formation of valency forces through the exchange
or sharing of electrons between AS(III) ions and the binding sites
of iron-doped chitosan microsphere. The result suggested that the
adsorption process was governed by the chemical adsorption rate
under rotational speed 250 r-min ' [39,40,45]. Tt can also be seen
that the rotational speed has a great influence on the rate constants
(k, and k). K| and k; increased as rotational speed increased. It can
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be explained that As(III) ions move more active at the higher rota-
tional speed. The higher collision frequency of As(III) ions and ad-
sorbent surface and the thinner liquid film lead a greater adsorp-
tion rate [40]. The calculation results are in conformity with the
experimental results.

The result of intra-particle diffusion model is graphically shown
in Fig. 5(c), and values of parameters are listed in Table 2. As shown
in Fig. 5(c), the adsorption process was divided into three stages at
high rotational speed (150 r-min", 250 r-min™"). The first stage was
owing to liquid film diffusion and external surface adsorption stage.
The second stage was gradual adsorption stage attributable to
intraparticle diffusion. The last stage was the final equilibrium stage
[46]. The adsorption process was divided into two stages at 50 r-
min"', the final equilibrium stage had not been achieved due to
slow adsorption rate. The results in Fig. 5(c) and Table 2 showed
that the adsorption of As(III) ions on iron-doped chitosan micro-
sphere was not merely controlled by the intra-particle diffusion. In
addition to intra-particle diffusion, there were some other factors
such as liquid film diffusion and chemisorption also involved in
controlling the adsorption process. Ko s ramin > K1 150 ramin ) >Kpiso min
which suggested that thickness of liquid film was decreased with
increasing the rotational speed. It became easier for a multitude of
As(III) ions diffusion through the liquid film and interacting with
active sites on adsorbent (high adsorption intensity), which was
favorable for the increase of adsorption rate. As shown in Fig. 5(c)
and Table 2, the intercept (C;) was increased with increasing time
and exhibited the increasing in the boundary layer diffusion effect,
due to the As(IIl) ions entering into the pores of adsorbent. Ac-
cordingly, the adsorption mechanism of As(III) ions on the surface
of iron-doped chitosan microsphere was convoluted because of both
the intra particle diffusion and surface diffusion contributes to the
adsorption process [34]. In addition to the diffusion rate constants
of same rotational speed following the order of K,,>K,,>K,; (Fig.
5(c) and Table 2), the rate constant (K,;) for adsorption of As(III)
ions on iron-doped chitosan microsphere was prominently higher
than others (K,, and K,5), which might be attributed to the exis-
tence of fresh active sites on iron-doped chitosan microsphere sur-
face [34].

The liquid film diffusion model and parameter values are shown
in Fig. 5(d) and Table 1, respectively. The intercept (C;) was approxi-

Table 1. The parameters of the As(IIT) adsorption for the pseudo-first-order, pseudo-second-order and liquid film diffusion model

Rotational speed Pseudo-first-order

Pseudo-second-order

Liquid film diffusion model

(r-min”") R’ K, (min™) R’ K, (g-mg '-min"") R? K (min™") t,, (min) c
50 0.9957 0.0042 0.9600 0.00004 0.9931 0.0011 544.27 0.0945
150 0.9914 0.0041 0.9860 0.00009 0.9764 0.0015 271.55 0.2831
250 0.9739 0.0065 0.9926 0.00011 0.9693 0.0019 227.77 0.2809
Table 2. The parameters of the As(IIT) adsorption for the intra-particle diffusion model
Rotational speed (r/min) R} K, C, R; K, G, R; K (0N
50 0.9643 1.332 -1.821 0.9652 1.074 6.737 - - -
150 0.9850 1.891 1.405 0.9974 0.977 19.61 0.9996 0.2839 44.28
250 0.9788 1.967 2.570 0.9533 1.178 16.49 0.7638 0.1357 52.48
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mately equal to zero at 50 r-min . It showed that liquid film diffu-
sion was the main controlling factor of the adsorption process. The
liquid film outside iron-doped chitosan microsphere surface was
thicker at slow rotational speed (50 r-min™). It was difficult for As(III)
ions to get through the liquid film. Therefore, the adsorption pro-
cess was controlled by liquid film diffusion. This implied that the
rate of liquid film diffusion was the slowest in whole adsorption
process at 50 r-min”". The t; s rain ™ >ta50 rmin >t 2050 min  Which
shows that the increase of rotational speed was beneficial to the
rate of the adsorption process. The t/y50r.min ) Of the adsorption of
As(III) was 277.77 min, which means that the adsorption velocity
of As(IT) on iron-doped chitosan microsphere under 250 r-min ™"
was considerably slow. The result implied that the use of iron-doped
chitosan microsphere was limited in the application of packed col-
umns for continuous adsorption except as the length of the packed
column was long enough, otherwise the velocity of wastewater was
slow enough.

4. Adsorption Isotherm

The adsorption isotherm experiments were carried out at dif-
ferent initial concentrations. The result is shown in Fig. 6. The ad-
sorption capacity of As(III) sharply increased with the increasing
As(ITT) equilibrium concentration from 0 to 90 mg-g . Tt would be
that there were abundant extra active sites that were not be occu-
pied when the equilibrium concentration of As(III) was less than
90 mg-L™". However, adsorption capacity did not enhance greatly
with the increase of As(III) concentration when equilibrium con-
centration of As(ITT) ions was higher than 90 mg-L™". Experimental
data were evaluated using different isotherm models: Langmuir,
Freundlich, BET and Temkin.

Langmuir model was identified as valid for monolayer adsorp-
tion, which assumed that the surface of adsorbent was homoge-
neous and there was no interaction among the adsorbent molecules
[45-47]. This model could be linearized by an equation as Eq. (5)
[48]. R, (separation factor or equilibrium parameter) as an import-
ant parameter that defines the main characteristics of Langmuir
model shows the state and condition of isotherm model. If R;=0,
0<R;<1, R;=1 and R;>1, then the process is defined to be irrevers-
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Fig. 6. Effect of concentration on adsorption of As(III).
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ible, desirable, linear and undesirable, respectively [41,48,49]. The
value of R; was calculated using Eq. (6)

C G 1
—=—+ ®)
94 9n qum
1
R, = 1+K; ¢, ©

The Freundlich isotherm describes the relationship between non-
ideal and reversible adsorption. This model is applied to adsorp-
tion on heterogeneous surfaces with the interaction between ad-
sorbed molecules. The application of the Freundlich equation also
suggests that sorption energy exponentially decreases upon the
completion of the sorption centers of the adsorbent. Adsorption in
Freundlich model was not limited by the monolayer adsorption
[46,50]. The data of equilibrium was studied following the Freun-
dlich model equation as Eq. (7). The value of 1/n was less than 1; it
indicates that the adsorption process was easy to implement [51].
Oppositely, it indicates that the adsorption process was more diffi-
cult to realize when 1/n was greater than 2 [34].

Inq,=Inkz+ %lnce @)

The BET isotherm is widely used to describe multilayer sorp-
tion phenomena. BET assumes that adsorbent surfaces are per-
fectly flat and that molecules can be adsorbed on this surface or
pile on top of another molecule that is already adsorbed [52]. Van
der Waals force played a major role between adsorbent and adsor-
bate. The adsorption would be considered to be dominated by
physical adsorption if the experimental data fitted the BET model.
The BET equation linearizes the curved part of the isotherm that
occurs near the monolayer completion (Eq. (8)) [53,54].

C. B-1 ¢ 1

—_— -

qE(CO_Ce)_ qZB ) q:B

®)

The Temkin isotherm takes into account that the presence of
indirect adsorbate/adsorbate interactions affects the heat of adsorp-
tion of all adsorbed molecules in the layer would decrease linearly
with coverage [27,45]. A straight line g, vs. In(C,) could be obtained
by Temkin model as shown as Eq. (9). The adsorption process
was considered as chemical process if the experimental data fit the
Temkin model.

q=Brx(InA+Inc,) 9)

where q, is the adsorption amount at equilibrium (mg-g™'), q,, is
the maximum adsorption capacity (mg-g ). C, and C, are the con-
centration of As(II) in solution (mg-L™) at initial and equilibrium
concentration, respectively. k; (L-mg ") and k; (g-mg ') are Lang-
muir and Freundlich equilibrium adsorption constants, respectively.
1/n is the empirical parameter, B is the maximum adsorption capac-
ity of the monolayer adsorption (mg-g), A is an equilibrium bind-
ing constant, By is an isotherm constant of Temkin model.

The fitting results of Langmuir and Freundlich model are shown
in Fig. 7(a) and (b), respectively. Values of parameters are shown
in Table 3. The adsorption of As(III) onto iron-doped chitosan mi-
crosphere showed a better linearity with Freundlich model, which
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Fig. 7. Adsorption isotherm of As(III) adsorption onto iron-doped chitosan microsphere, (a) Langmuir, (b) Freundlich, (c) BET and (d)

TemKin model.

Table 3. The parameters of the As(III) adsorption for adsorption isotherm models

Model Langmuir Freundlich BET Temkin
Parameter R’ K, Qn R, R’ 1/n R’ q B R’ B; A
Value 0.947 0.127 95.97 0.02-0.30 0.996 16.85 0.355 0.918 4477 14.60 0.982 15.88 2.818

indicated adsorption was not limited by the monolayer adsorp-
tion and adsorbent interacted with adsorbate by non-uniform sur-
face [46]. Moreover, the value of 1/n (0.3546) was less than 1, which
indicated the adsorption could occur in normal condition [51].

The fitted lines of BET and TemKin isotherm model are shown
in Fig. 7(c) and (d), respectively. Parameters are listed in Table 3.
Compared to the BET model, the R* of Temkin isotherm model
was closer to 1. The result shows that heat of adsorption decreases
linearly with the increase of degree of coverage. Thus, chemisorp-
tion dominated in the adsorption of As(IIl) on iron-doped chi-
tosan microsphere.

Although it was difficult to compare the iron-doped chitosan
microsphere directly with other adsorbents because of different ap-
plied experimental conditions, the adsorption capacity for As(III)

on the granular iron-doped chitosan microsphere was reasonably
higher compared with other granular adsorbents (Table 4). These
results demonstrated that the iron-doped chitosan microsphere
showed good adsorption performance for As(III).

5. Adsorption Thermodynamic

Temperature played a significant role in the adsorption process.
The effect of temperature on the adsorption of As(IIT) on iron-doped
chitosan microsphere is given in Fig. 8. As shown, low tempera-
ture was conductive to the adsorption and the adsorption capac-
ity of As(III) decreased with the temperature increasing,

The Gibbs free energy (AG) was calculated by Eq. (10) [60].
Enthalpy change (AH) and entropy change (AS) could be deter-
mined from the equation with Eq. (11) and Fig. 9 [31,61]. Values of
thermodynamic parameters are given in Table 5. AG of less than 0
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Table 4. Comparison of adsorption capacity with different adsorbents

X. Lin et al.

Adsorbent Q (mg-g™") Reference
Novel chitosan goethite bionanocomposite beads 847 [25]
Fe-sericite composite beads 9.02 [55]
Fe-sericite composite powder 15.04 [55]
Calcined Cardita bicolor 60.98 (48]
Novel hydrous iron-nickel-manganese 81.9 [49]
Novel mixed Ce-Fe oxide decorated multiwalled 28.74 [56]
Calix[4]pyrrole 14.29 [1]
Ultrafine o-Fe,O; nanoparticles 95 [3]
Fe-based backwashing sludge 59.7 (35]
Fe-Mn binary oxide impregnated chitosan bead 54.2 [57]
Novel Fe-Mn modified biochar composite 8.25 [58]
Flowerlike Fe;O, 9.03 [59]
Iron-doped chitosan microsphere >125 This study
2| 12 | .
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Fig. 8. Effect temperature of on adsorption of As(III).

indicated that the adsorption of the As(III) on iron-doped chitosan
microsphere was spontaneous. The negative value of AH (-23.71
kJ-mol ") indicated that the adsorption process of As(III) on iron-
doped chitosan microsphere was exothermic. Which could be
explained that new chemical bonds or coordination bonds (Fe-O-
As) were formed during the adsorption process. The equilibrium
of adsorption was shifted toward desorption with the temperature
rising [42]. Thus, iron-doped chitosan microsphere could be well
used to remove As(IIl)-containing wastewater at room tempera-
ture. AS and AH were less than 0, which suggested that the spon-
taneous adsorption of As(III) onto iron-doped chitosan microsphere
was driven by reducing system energy. Spontaneous reactions have
two main drivers: The energy of the reaction system decreases (AH<
0) and the chaos of the system increases (AS>0). As shown in Table
5, AS and AH were less than 0, indicating the spontaneous process
of iron-doped chitosan microsphere for As(IIl) adsorption was
driven by the energy of the reaction system decreases.

AG=-RTInK,, (10)
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Fig. 9. Adsorption thermodynamic of As(IIT) adsorption.

Table 5. The parameters of the As(III) adsorption for adsorption

thermodynamic

T(K) AG(-mol’) AH(k-mol') AS(-mol K
298.15 —2.94
308.15 -1.95
318.15 -1.14 -23.71 ~70.22
328.15 —0.55
338.15 —0.01

AS AH 1
K= =R 7 (11)

where T is the temperature of the adsorption system (K), R is the
gas constant 8.314 J-mol "K', and k,, is the adsorption coefficient.
6. Interference of Coexisting Ions

Fig. 10(a) illustrates the influences of coexisting positive Pb™,
Zn™* and Cd™" ions on the removal of As(IIT) by iron-doped chi-
tosan microsphere. It can be seen that the coexisting of Pb*, Zn™*
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Fig. 11. Recyclability tests in As(III) adsorption on iron-doped chi-
tosan microsphere.

and Cd** ions in solution had a negligible influence on the adsorp-
tion capacity of As(III). The reason might be Fe in iron-doped chi-
tosan microsphere plays a significant role in adsorption of As(III).
However, Fe was unable to bind Pb*, Zn** and Cd** ions, so
active sites for the adsorption of As(IIl) in iron-doped chitosan
microsphere could not be occupied by Pb**, Zn** and Cd** ions.
Fig. 10(b) shows the influences of the coexisting anionic on the
binding of As(III) to the iron-doped chitosan microsphere. As shown
in Fig. 11, the existence of NO;, SO; and PO; inhibited the
As(TIT) removal at different level. The experiment results show that
for As(III) adsorption, the competing anions effect were basically
in the order of PO; >SO; >NOj. PO; showed the most signifi-
cant side effect on the removal of As(III) by iron-doped chitosan
microsphere. With the concentrations of PO, increasing from 0
to 1, 1.5 and 2mmol-L"", the adsorption capacity of As(IIT) was
obviously decreased from 68.75 to 51.09, 46.17 and 40.13 mg-g .
Many reports were identified that were not occupied can efficiently

reduce the adsorption of As(III) due to the competition for adsorp-
tion sites [32,62,63]. Fe in iron-doped chitosan microsphere could be
occupied by PO;~ through forming Fe-O-P coordination bonds [62].
7. Regeneration of Iron-doped Chitosan Microsphere

The stability and regeneration quality of the sorbent are of great
significance in practical application. Fig. 11 shows the removal effi-
ciency for As(IIl) using fresh and recycled adsorbent which has
been regenerated using NaOH solution with different concentra-
tions. The results show that iron-doped chitosan microsphere retained
considerable adsorption efficiency in spite of the loss of adsorption
capacity during every recycle, and the concentration of NaOH solu-
tion has no obvious influence on the regeneration efficiency. The
removal efficiency of As(III) was still up to 76.52% with iron-doped
chitosan microsphere which regenerated twice by 1.0 mol-L™" NaOH
as adsorbent, only reduced nearly 15.69% comparison with the fresh
adsorbent. This revealed that iron-doped chitosan microsphere
can be efficiently regenerated by NaOH solution as a kind of prom-
ising adsorbent for As(IIl). When As(III)-adsorbed iron-doped
chitosan microsphere was immersed NaOH solution, As(III) ions
could desorb from iron-doped chitosan microsphere through hy-
droxyl exchange [49].
8. Characterization and Sorption Mechanism

To further probe into the mechanism of adsorption As(III) by iron-
doped chitosan microsphere, XPS was used to characterize the C1s,
O 1s,N Is, Fe 2p and As 3d (before and after sorption). The scans for
O 1s,N Is, Fe 2p and As 3d are shown in Fig. 12(a)-(d), respectively.

As shown in Fig. 12(a), the O 1s spectra was mainly divided into
six peaks corresponding to Fe-O (529.5 and 530.5eV), O-H (531.5
eV), C-O (5324 V), C=0 (533.1 eV) and C-O-C (533.7 €V) [28,
64-66]. After adsorption, the component of peak area of Fe-O at
530.5eV was greatly increased (from 15.93% to 23.18%), which
was assigned to As(ITT) (AS (OH)™, H,AsO,, H,AsO™, HAsO; ™ or
AsO3") adsorption onto Fe-doped chitosan microsphere through
forming Fe-O-As coordination bonds [28]. This allowed compo-
nent of peak area of Fe-O increase. The peaks of N1s spectrum
regarding Fe-doped chitosan microsphere are revealed in Fig. 12(b).
There are three peaks at 399.9 €V, 3994 eV and 3989 ¢V in the N
1s XPS spectrum of iron-doped chitosan microsphere, which rep-
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Fig. 12. XPS spectra of Fe-doped chitosan microsphere before and after adsorption of As(III) (a) Ols, (b) N1s, (c) Fe2p, (d) As3d.

resented C=N or -NH,, C-N and the-NH, interacted with Fe(III),
respectively [67,68]. The other peak at 402.3 eV was assigned to -
NH; [68]. After adsorption, it was clearly demonstrated that the
amount of -NH; functionalities was greatly reduced and disap-
peared after adsorption. Which was attributed to the fact that -NH;
on chitosan was deprotonated to amino group during adsorption.
As shown in Eq. (12), the equilibrium of reaction was shifted toward
deprotonation in alkaline conditions [22,69]. Fig. 12(c) illustrates the
XPS spectra of Fe2 p. The spectra of iron show peaks at 710.7 eV,
713.5€V, 723.86 eV and 726.65 eV. The binding energy of the Fe 2
p was in good agreement with Fe*2p,, and Fe’*2p,,, respectively.
The result indicates that the chemical valence of iron had no change
during the adsorption process [70]. It was reported that the bind-
ing energies of the different chemical states of As 3d core levels for
As(IIT) and As(V) were 44.1-44.5 eV and 45.2-45.6 eV, respectively
[3347]. As seen in Fig. 12(d), As 3d peak is presented. With the
before adsorption comparatively speaking, there was an obvious
peak at 44.2 eV after adsorption. The attachment of As ions onto
iron-doped chitosan microsphere was suggested by the appearance
of peak of As3d at 44.2 eV after adsorption. And the peak at 44.2
eV was assigned to As(III) [33,71]. Therefore, oxidation of As(III)

July, 2019

could also be excluded in As(III)-iron-doped chitosan microsphere
system.

Chitosan-NH; +H,0<>Chitosan-NH,+H,0" (12)

To further carry out the mechanism in the adsorption process,
FT-IR analysis was conducted and the results are shown in Fig. 13.
The peaks at 3,400, 2,867, 1,387 and 1,066 cm ™ indicate the stretch-
ing vibrations of O-H, C-H, -NH, and C-O-C bonds from chitosan,
respectively [26,65,72]. After adsorption of arsenic, it is hypothe-
sized that -NH, could act to form complexes with As(III). So the
characteristic bands of -N-H at 1,387 cm™" shifted to 1,371 cm™".
The peak at 1,653 cm ™" could be attributed to C=N stretching vibra-
tions or C=0 stretching vibrations from amide band I [73-76].
The peak at 618 cm ™' was assigned to stretching vibration of Fe-O
[4,32]. The disappeared peak at 1,564 cm™' belongs to -NHj after
adsorption. The result is consistent with Fig. 12(b). This further
provided evidence that the -NH; on chitosan was deprotonated to
amino group during adsorption (pH=8) [22]. The new peak at 819
cm™' corresponds to Fe-O-As after adsorption [28,29,3547]; the
result is in accordance with Fig. 12(a). This indicates Fe plays a signif-
icant role in adsorption of As(III) on Iron-doped chitosan micro-
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Fig. 13. FT-IR spectra of iron-doped chitosan microsphere before
and after adsorption of As(III).

sphere. The arsenic adsorption could be responsible for a com-
plexation between oxygen from As(III) (H;AsO, H,AsO™, HAsO;~
and AsO;") and the Fe through sharing their one lone pair of elec-
trons. Iron-doped chitosan microsphere could adsorb As(IIl) by
forming Fe-O-As coordination bonds.

CONCLUSIONS

An environmentally benign sorbent iron-doped chitosan micro-
sphere was successfully prepared through a facile fabrication. Results
showed that it was helpful for the adsorption of the As(III) onto
iron-doped chitosan microsphere with the increase of iron con-
tent. The best adsorption performance was achieved at pH=8. For
the adsorption kinetics, increase of the rotational speed was con-
ducive to the adsorption rate, and the adsorption control process
shifted from the liquid film diffusion to the chemical reaction pro-
cess. Isotherm adsorption experiments showed that the adsorbent
surface active sites were non-uniformly distributed and the ad-
sorption was dominated by chemical adsorption. The adsorption
process was spontaneous and exothermic. In presence of positive
Pb™, Zn™* and Cd** ions had negligible influence on the removal of
As(IIT). However, the existence of anions (NO;, SO; ™ or PO;") in-
hibited the As(IIT) removal at different level. PO;” showed the most
significant side effects on the removal of As(III) by iron-doped chi-
tosan microsphere. The regeneration of the saturated iron-doped chi-
tosan microsphere could be performed using a simple treatment
using 1.0 mol-L™" NaOH. Upon recycling the adsorbent for three
times only a meager 15.69% loss over its initial adsorption capacity
was observed. XPS and FI-IR analysis showed that no valence change
occurred before or after adsorption for iron and arsenic during the
adsorption process. Adsorption of As(III) onto iron-chitosan micro-
spheres was mainly achieved through the form of Fe-O-As.
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