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Abstract

Arsenic (As) contamination in drinking water is a global concern. Development of facile and low cost As remediation
system is of significant social and economic interest. Here, we report a cost-effective and water-stable transition metal
oxide doped cross-linked chitosan cryogel for highly sensitive removal of As ion from potable water. Sample aliquots were
tested for total arsenic by inductively coupled plasma mass spectroscopy. It was found that the sorption kinetics follows
Freundlich isotherm model. We observe remarkably high arsenic removal efficiency (76%) with only 2 h of contact time
with cryogel. The scaffold materials can be easily regenerated with acetone. The high removal efficiency of As metal and
recyclability of this novel synthesized metal oxide doped cross linked chitosan cryogel render them a potential candidate

for low cost arsenic removal based filter development.

Keywords Arsenic removal - Environmental science - Adsorption - Chitosan cryogel - ICPMS

1 Introduction

Arsenic (As) pollution in water is a global concern due
to their adverse impact on the environment and human
health [1, 2]. According to World Health Organisation
(WHO), the maximum allowed contaminant level for total
arsenic in potable water is determined to be 10 ppb [3].

Various treatment methods such as chemical precipita-
tion, membrane filtration [4], oxidation-precipitation [5],
coagulation-flocculation associated to filtration [6], sorp-
tion [7, 8], nanofiltration [9, 10], ion exchange [11], reverse
osmosis [12], etc. have been utilized for the removal of As
from contaminated potable water. Among all these meth-
ods, adsorption is considered as one of the most suitable
water remediation methods because it is more effective
and cost effective and can be applied for the removal of
different types of pollutants [13-15].

During the last few years, chitosan as a natural biopoly-
mer has extensively used in water remediation and phar-
maceutical industry as a scaffold material and it satisfies
certain functional properties of an effective adsorbent
[16, 17]. It is obtained by alkaline deacetylation of chitin
and used as an adsorbent material because of its biodeg-
radability, bioactivity, biocompatibility, hydrophilicity,
nontoxicity, low cost and abundance in nature and most
importantly due to the presence of a large number of
functional groups (-OH, -NH,) which act as metal bind-
ing sites. But pristine chitosan has many disadvantages
like instability in acidic medium, low thermal stability,
low mechanical strength, inadequate porosity and sur-
face area which restricts its potential use as an adsorbent
in water filtration industry. This can be circumvented by
various physical and chemical modifications in the pristine
chitosan which can increase its efficiency in heavy metal
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ion removal [18]. For instance, graphene-based chitosan
xerogel acts as a preferred material for heavy metals like
Pb(ll), Cd(l1), Hg(ll) removal [19]. A highly plausible method
of treatment of As in waste water having acidic condition
is also investigated using a UV light driven sulfuration
agent [20]. In another study, the removal of arsenate from
aqueous system using iron-chitosan coated sand shows
a high efficacy at near neutral pH. Apart from the avail-
able functionalities of chitosan, the immobilized coating
of iron supplements the arsenate adsorption by formation
of hydrate iron oxide on sand surface [21]. The adsorption
capacity depends on various physiochemical properties
such as availability of accessible amine groups, polymer
weight, and crystallinity. The amine group present in chi-
tosan reacts strongly with metal cations through chela-
tion mechanism at neutral pH. In acidic condition, amine
groups uptake metal anions by electrostatic attraction
[22]. To increase stability under experimental conditions,
chitosan is subjected to chemical cross-link with different
polymers. Among various cross linkers, succinic acid acts
as a biocompatible crosslinker/stabilizer to the chitosan
matrix which increases its mechanical stability many folds.
It interacts with chitosan non-covalently i.e. both ionically
and through intermolecular hydrogen bonds [23]. By
modifying chitosan physically [24] and chemically [22], its
sorption capacity, mechanical and chemical stability can
be enhanced. Although crosslinking increases its mechan-
ical stability, it is also important to enhance its porosity
for successful removal of heavy metal ions. Previously,
it is reported that metal oxide doping can significantly
increase polymer matrix porosity. For example, Cu(OH),
and CuO offers sorption sites which has a strong affinity
for arsenate. Under controlled pH environment, CuO and
encapsulating chitosan matrix adsorb As through anion
exchange/electrostatic attraction [1]. When combined
with polymers, CuO forms composites with unique chemi-
cal and physical properties. Similarly, CuO-ZnO nanofibers
have a very high affinity for arsenate anions than only ZnO
nanofibres. Other anions in natural water do not interfere
much in adsorption process which proves the significance
of CuO-ZnO in As removal [25]. Apart from this, ZnO has
its uses as a good antibacterial agent. It is resilient to harsh
processing conditions, durable, heat resistant and selec-
tive. These properties pave the way for its potential use as
a water disinfectant [26].

Here, we report the synthesis and As removal applica-
tion of CuO-ZnO doped cross-linked chitosan. Chitosan
itself is a good sorbent for cationic metal removal but its
adsorption capacity for As is significantly less that puts a
constraint on its use by itself [27]. However, CuO-ZnO dop-
ing as reported here enhances the adsorption capacity to
many folds. We choose CuO because pH adjustments of
solution are not required in the case of arsenic removal.
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It also helps in oxidation of arsenite(lll) to arsenate(V). At
neutral pH As(lll) contains uncharged species (H;AsO;)
which is unable to react with functionalities present in
adsorbents whereas As(V) contains monovalent (H,AsO,")
and divalent (HAsO,%") form [28]. Moreover, CuO shows
antibacterial properties in some particular cases and it has
an extremely high surface area as well [29]. In addition
to this ZnO is considered to be a very stable, non-toxic
and user-friendly semiconductor oxide with antibacterial
property.

The synthesized cryogel have been characterized
by Fourier transformation infrared spectroscopy (FTIR),
Thermo gravimetric analysis (TGA), Field emission scan-
ning electron microscopy (FESEM), Energy dispersive
X-ray analysis (EDX), Powder X-ray diffraction (PXRD) etc.
and employed as a stable adsorption matrix for the As
removal. The concentration of As present in the water
before and after adsorption process has been measured
by Inductively coupled plasma mass spectrophotometer
(ICP-MS) studies. The residual effluents concentrations as
a function of contact time are measured. As removal effi-
ciency as high as 76% with only 2 h of contact time with
cryogel was observed. The mechanism of arsenic removal
was established by SEM, XRD and FTIR studies. More inter-
estingly, our designed cryogel can be regenerated using
acetone treatment.

2 Materials and methods
2.1 Chemicals

Chitosan powder (75-85% deacetylated) and succinic acid
were procured from Sigma Aldrich (USA). Laboratory grade
Zinc oxide (pure) and Cupric(ll) oxide powder were sup-
plied by S D Fine-Chem limited. Analytical grade Sodium
arsenate was obtained from Thomas Baker. It was used for
preparing arsenic solutions. Deionized water was used
throughout the experiments and all the chemicals were
used without further purification.

2.2 Synthesis

The chitosan-succinic acid hydrogel was prepared by a
previously reported freeze-drying process with some
modifications [23]. Chitosan powder (1%) was added to
20 ml of deionized water and stirred in a magnetic stir-
rer. Then succinic acid (0.5% w/v) was slowly added to
the previous solution and stirred vigorously for 3-4 h at
room temperature. After completion of the reaction, the
solution was subjected to centrifugation at 7000 rpm for
20 min. The solution was frozen at 0 °C for 2 h first and
then at—80 °C for 12 h. Following freezing, the sample was
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subjected to lyophilization for 7 h at—80 °C using a lyo-
philizer. Then the cryogel was washed with 0.05 N NaOH
and ethanol mixture and then sonicated for 5 min. This
step was followed for three times and the material was
further washed with water and ethanol (7:3 ratio) mixture
and subjected to lyophilize at— 80 °C.

For the preparation of CuO-ZnO doped cryogel, 1:1
ratio of CuO and ZnO was added to the chitosan solution,
stirred for 2 h for stable dispersion followed by addition of
succinic acid. Then the as-reported procedure for the chi-
tosan gel was followed to prepare the scaffold. The mate-
rial could be regenerated using acetone and it could be
used up to 2 cycles. We abbreviate the chitosan-succinic
acid scaffold material as CH-SA, CuO-ZnO doped chitosan-
succinic acid scaffold material as CH-SA-CZ in this manu-
script. The arsenic adsorbed CH-SA-CZ is abbreviated as
CH-SA-CZ-As. The schematic representation of the synthe-
sis procedure is shown in Scheme 1.

3 Characterization

The PXRD pattern of CH-SA, CH-SA-CZ, and arsenic
adsorbed CH-SA-CZ was recorded using a Rigaku powder
X-ray diffractometer. The PXRD data were scanned with a
26 range of 5°-90°. The morphology of the samples was
studied using scanning electron micrograph LEO 435
VP tungsten filament-based SEM instrument under high
voltage of 15 kV with different magnifications. FTIR spec-
troscopy was carried out to analyze the functional groups
present in the samples. All spectra were recorded in the
wave number range of 450-4000 cm™'. TGA was carried
out with SII 6300 EXSTAR instrument and EDX was taken
with FE-SEM QUANTA 200 FEG instrument. Quantification
of As(V) concentration prior and later to the adsorption
experiment was done using Perkin Elmer ELAN DRC-e
ICP-MS instrument. The instrument was calibrated using
3 standard solutions of 0.1 ppm, 0.5 ppm, and 1 ppm.

Synthesis Scheme
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- é
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¢ l . l ) Adding Succinic Acid
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Scheme 1 Schematic representation of synthesis of CH-SA and CH-SA-CZ
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4 Arsenic removal study

Arsenic stock solution was prepared by dissolving 10 mg of
sodium arsenate in 10 ml of deionized water. Now arsenic
solutions of various concentrations were prepared by dilut-
ing the stock solution with deionized water. Adsorption
experiments were performed using 5 ml of 1 mg/l (1 ppm)
arsenic solution as pollutant solution. 10 mg of sorbent
materials were added to the pollutant solution through the
following procedure.

5 ml of 1 ppm Arsenic solution were taken in 8 vials.
10 mg each of CH-SA were put in 4 vials and 10 mg each
of CH-SA-CZ were put in another 4 vials. The sorbents were
taken out of the solutions at a regular time interval of 15 min,
30 min, 1 hand 2 h and the residual concentration of pollut-
ants were monitored using ICP-MS.

For regeneration, the sorbent that was taken out after
30 min was dipped in 10 ml acetone and then washed
with deionized water. The washed material was put in
oven at 100 °C for 15 min. Then the regenerated material
was employed for As removal by dipping into 5 ml of fresh
1 ppm arsenic solution for 30 min. The same procedure was
repeated for another cycle.

4.1 Adsorption study

To investigate the arsenic removal capacity of CH-SA-CZ,
adsorption studies were performed through a batch experi-
ment. 20 mg of adsorbent CH-SA-CZ was dipped in 40 ml
of arsenic solution with initial concentration 1.7 ppm. 5 ml

(a)

Fig. 1 SEM micrograph images of a CH-SA, b CH-SA-CZ
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aliquots were taken out at predetermined time intervals (t)
for kinetic study and were analyzed using ICPMS (Inductively
coupled plasma mass spectroscopy). The adsorbed arsenic
concentration after a particular time (g, in mg/g) was calcu-
lated from the following equation:

a; = (G, — C;) xV/m.

where C_ is initial concentration of arsenicin mg/l and C, is
concentration of arsenic after time t.V represents the vol-
ume and m (mg) denotes the mass of the adsorbent used.

To study the adsorption isotherm, arsenic solutions of
different concentrations were prepared by diluting the
1000 ppm stock arsenic solution with deionized water.
5 mg of CH-SA-CZ adsorbent were added to 10 ml of each
of the solutions and stirred for 24 h. The solutions were
analyzed by ICPMS to detect the final arsenic concen-
tration. The following equation was used to find out the
adsorption capacity (q, in mg/g) of CH-SA-CZ adsorbent:

de = (Co — Co) x V/m.

5 Results and discussion

The morphologies of the CH-SA, and CH-SA-CZ from SEM
images are shown in Fig. 1. Here, morphological features
of the CH-SA (Fig. 1a), and CH-SA-CZ (Fig. 1b) like pore
sizes and their average distribution are compared. EDX
measurements support the incorporation of CuO and ZnO
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particles in the studied cryogel structures (Figure S1). It is
observed that the average pore size and number of pores
of the prepared CH-SA-CZ material is much higher than
CH-SA. More than 40% of the matrix area of CH-SA-CZ is
covered with pores which are higher than that for stand-
ard CH-SA material. The same trend follows in the case of
CuO and ZnO doped cross-linked chitosan namely CH-
SA-Cu and CH-SA-Zn respectively. In both these cases, we
observe increase in pore size and the higher distribution
of pores than standard chitosan (supplementary informa-
tion, Table S1). This highly porous, well-distributed and
inter-connected scaffold material structure can serve as
a spongy matrix for adsorption of metal ions. In order to
have better understanding of morphology of the adsor-
bent, we have incorporated TEM images of CH-SA-CZ cryo-
gel along with CuO and ZnO powders (Figure S2).

Figure 2a shows XRD patterns of CH-SA and CH-SA-
CZ. Chitosan powder exhibits main diffraction peaks at
26=11.6° and 20.25°. The cross-linked CH-SA-CZ depicts
diffraction peaks at 26=11.9° and 22.3°. Incorporation of

~_~
o
~

m— CH-SA-CZ

Intensity (a.u.)

10 20 30 40 50 60 70
20 (Degree)

metal oxides decreases the crystallinity of the as fabricated
cryogel and the peak is shifted to higher 20 (22.3°) value.
Also diffraction peaks corresponding to metal oxides are
introduced in the cryogel (Figure S3). We have obtained
peak corresponding to CuO at 26=39.3° that is ascribed
to [111] plane. The diffraction peak at 26 =36.08° in CH-
SA-CZ corresponds to [101] plane of ZnO. These results
also suggest that CH-SA-CZ has good compatibility, which
leads to the formation of a porous type network which
may participate in metal ion removal [30].

Furthermore, CuO and ZnO doping does not change
the functional group availability of succinic acid cross-
linked chitosan cryogel necessary for efficient metal
ion adsorption as shown in FTIR spectrum (Fig. 2b). We
do not observe any significant peak shift in CH-SA and
CH-SA-CZ vibrational spectrum. The predominant peak
at 3134 cm™' indicates —-OH and —NH stretching vibra-
tions whether the peak at 1630 cm™' and 1400 cm™'
depicts the -C=0 in amide group and -C-O-H in-plane
bending respetively. -NH bending in vibration mode

(b)
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Fig.2 a XRD images of CH-SA and CH-SA-CZ, b FTIR spectra of CH-SA and CH-SA-CZ

Fig.3 TGA/DTG graph of a
CH-SA and b CH-SA-CZ
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is represented by the 1560 cm™' peak. The peak at
1192 cm™"and 1110 cm™" appear due to -C-O-C bond
and -C-0 stretch [23].

The TGA experiments of CH-SA and CH-SA-CZ cryo-
gel are also carried out in order to confirm their thermal
stability (Fig. 3). Both the studied compounds have been
found to be degraded by approximately 10% around
100 °C. This can be mainly attributed to the removal of
moisture trapped inside chitosan matrix. Up to ~ 200 °C,
both the composite materials have been found to be
relatively stable. Beyond the temperature, composite
materials have been degraded quite drastically. This
could be due to the degradation of functionalities along
with the basic backbone structure. The results indicate
that incorporation of CuO and ZnO did not change the
primary structure of the composition and have less con-
tribution to the thermal stability of the studied mate-
rials (Table S2). This highly mechanically and thermally
stable chitosan cryogel renders themselves as a suitable
candidate for efficient water remediation process even
at relatively higher temperature. The exothermic peak
after 400 °C corresponds to the thermal decomposition
of pyranose ring and degradation of residual carbon in
chitosan. Shifting of the peak towards lower tempera-
ture in CH-SA-CZ may be attributed to the chelation of
chitosan with metal ions [31].

6 Arsenic removal study
6.1 ICPMS studies
Arsenic adsorption studies are carried out by dipping

chitosan-based cryogel CH-SA and CH-SA-CZ into the
standard Arsenic solution respectively and the residual

1200-

o
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Fig.4 Degradation in Arsenic concentration with time in the efflu-

ents using CH-SA and CH-SA-CZ
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Table 1 Residual concentration of arsenic in the effluents after
fixed contact time using CH-SA and CH-SA-CZ as sorbents

Time (min)/materials ~ CH-SA (ppb) CH-SA-CZ (ppb)
0 1166 1166

15 1157 896

30 1124 663

60 1092 601

120 1043 274

concentrations of As are measured at regular interval of
time by ICPMS. The concentration of effluents as a function
of time is measured in both cases. Here, chitosan-based
cryogels are dipped into the pollutant (As) solutions for
certain periods of time and after removing the concentra-
tion of the remaining effluents are measured. The ICPMS
study shows that only CH-SA scaffold did not adsorb arse-
nic significantly as the arsenic concentration was lowered
down from 1.17 ppm to only 1.16 ppm after 15 min con-
tact time and eventually to 1.04 ppm after 2 h. On a further
note, it is also observed that the subjected CH-SA matrix
is not stable beyond 2 h. On the other hand, we observe
a significant enhancement in the adsorption capacity of
metal oxide doped cryogel CH-SA-CZ. The residual pollut-
ant concentrations decrease from 1.17 ppm to 0.89 ppm
only after 15 min of contact time and a remarkably lower
value of 0.27 ppm after 2 h of contact time (Fig. 4). Inter-
estingly, the CH-SA-CZ matrix is also stable beyond 2 h.
The relative decrease in the concentration of arsenic in the
effluent is given in the Table 1. The improved adsorption
performance of CH-SA-CZ over CH-SA can be explained
on the basis of the fact that the CuO and ZnO enhance
the active adsorption surface area which in turn facili-
tates the surface complexation process of As on the metal
oxide adsorption surface [25]. Moreover, CuO can trigger
the decrease in As concentration through precipitation
of Cu;AsO, at the metal surface and the precipitate is
adsorbed inside the cryogel’s spongy and porous scaffold
the cryogel’s spongy and porous scaffold [32]. To establish
our hypothesis, we have performed SEM, XRD and FTIR of
the As adsorbed cryogel.

6.2 Adsorption studies

To explain the sorption efficiency, time-dependent batch
adsorption of arsenic onto CH-SA-CZ adsorbent is stud-
ied (Fig. 5a). It is noted that initially the adsorption is fast
due to the adsorption of ions onto the adsorbent surface.
Then it slowly diffuses inside the pores and reach equilib-
rium. As a result there is a decrease in the rate of adsorp-
tion [25].
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Fig. 5 a Effect of time on the
adsorption of As onto CH-
SA-CZ adsorbent, b pseudo
second order kinetic model
fitting of arsenic adsorption by
CH-SA-CZ adsorbent

Fig. 6 a Adsorption isotherm
of CH-SA-CZ for arsenic uptake,
b Freundlich isotherm model
of CH-SA-CZ adsorbent
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Fig.7 SEM micrograph of CH-SA-CZ and arsenic loaded CH-SA-CZ

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences (2020) 2:768 | https://doi.org/10.1007/s42452-020-2525-6

The kinetics of arsenic adsorption onto CH-SA-CZ cryo-
gel surface follows pseudo-second order rate equation,

t 1 t

9 Kaq q.

where K, (g mg™" min™") represent the rate constant, and
d. (mg/g) and g, (mg/qg) are the equilibrium adsorption
capacity and amount of arsenic adsorbed onto the surface
at time t, respectively. The value of K, was calculated from
the slope of the graph between t/q, vs. t (Fig. 5b) and was
found out to be 0.00936 g mg™" min". Similarly, the value
of q, is 2.429 mg/g as calculated from the intercept of the
plot.

The maximum adsorption capacity of CH-SA-CZ cryogel
and the type of adsorption were determined from Lang-
muir and Freundlich isotherm models. Monolayer deposi-
tion of adsorbate is described on the basis of Langmuir
adsorption, whereas multilayer adsorption is explained
by Freundlich isotherm model and the equation is given
by [331:

Ing, = %InCe+Ian

where K¢ (mg/g) denotes the adsorption capacity and n
is the adsorption intensity. For good physical adsorption,
n>1.

The experimental data of this study fit well into Fre-
undlich isotherm model (Fig. 6) rather than Langmuir
model (Figure S4) with correlation coefficient value (R?)
around 0.91. By plotting C./q, against C, over a range of
arsenic concentration, a linear form of graph for Freun-
dlich adsorption is obtained. The adsorption capacity, K is

uoor —
S [ -Firstcycle
= 1200 = -Secondcycle
Q 4
-1
S 1000
£ L
= 800 |
: 4
S 600 F
g L
O 400 -

200

0
Acetone

Fig.9 Concentration of effluents upto two consecutive cycles
using CH-SA-CZ scaffold regenerated with acetone

obtained from the intercept of the graph and the value is
found to be 0.899 mg/g. The value of n, adsorption inten-
sity is found to be 1.278 as calculated from the slope of
the graph.

As shown in Fig. 7b, the arsenic loaded SEM micrograph
of CH-SA-CZ clearly depicts that almost no pores are vis-
ible on the metal oxide doped cryogel matrix after arsenic
loading. EDX spectra confirm the presence of arsenic on
the adsorbent (Figure S1).

Similar confirmation is observed in Powder XRD pat-
tern of CH-SA-CZ after arsenic adsorption. Few addi-
tional peaks of As (20 =32.03°, 34.64°) were identified
along with the diffraction peaks of CuO and ZnO. The
residual crystallinity of a polymer is responsible for con-
trolling the accessibility of metal ions to the sorption
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Fig. 8 a XRD showing CH-SA-CZ and CH-SA-CZ-As, b FTIR spectra of CH-SA-CZ and CH-SA-CZ-As
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sites. All the free -NH, groups are not available as active
binding sites due to some intra or intermolecular hydro-
gen bond. As crystallinity of the polymer increases, the
degree of accessibility of metal ions to the amine group
decreases correspondingly [29]. Figure 8a shows that the
diffraction intensity of CH-SA-CZ is stronger than that for
CH-SA at 26 =22.3° implying an increase in the degree
of crystallinity of the material after arsenic adsorption.
A higher crystallinity implies that the number of metal
binding sites has been decreased due to a lesser number
of the available functional group [20].

FTIR images of arsenic loaded CH-SA-CZ as shown in
Fig. 8b implies that the intensity of transmission are less
in the arsenic loaded CH-SA-CZ than CH-SA-CZ due to
pollutant adsorption. This phenomenon may be attrib-
uted to the presence of higher density of functional
groups in the Cu and Zn doped CH-SA material. As a
result it provides more number of binding sites to adsorb
metal ions. After arsenic adsorption there is significant
decrease in accessible amine groups [34].

In order to measure the recyclability, the studied chi-
tosan cryogel is regenerated by dipping the matrix into
acetone solvent for 30 min followed by washing with DI
water. The washed regenerated matrix is then dried at
100 °C for 6 h. The dried regenerated chitosan matrix is
then dipped into standard arsenic solution to perform
adsorption studies and the resulted effluents are inves-
tigated by means of ICPMS. The regeneration test is per-
formed twice for CH-SA-CZ matrix. The effluents from the
first and second cycles of regeneration process are stud-
ied in ICPMS. From Fig. 9, it is confirmed that the regen-
eration capacity of the material is decreasing as there is a
gradual increase in arsenic concentration in consecutive
cycles that means after regeneration with acetone the
scope of reusability of the material is reduced.

7 Conclusion

The present study explicitly demonstrates the superiority
of CH-SA-CZ sorbent for As removal in drinking water. It
interacts with the metal anions through anion exchange/
electrostatic attraction. The synthesized metal oxide doped
cross-linked chitosan was completely characterized by SEM,
XRD, EDAX and FTIR. The arsenic contamination is reduced to
76% after 2 h of contact time with only 10 mg of adsorbent.
But, in order to reach the target decontamination level or to
achieve maximum sorption capacity, sorbent dosage may
be adjusted. The mechanism of As removal was established
with different characterization techniques like SEM, XRD and
FTIR. The adsorbent can be regenerated with acetone treat-
ment. The high removal efficiency of arsenic metal ion and
recyclability of the CuO-ZnO doped cross linked chitosan

render these biopolymers derived cryogel a potential candi-
date for low cost arsenic removal filter development.
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