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Abstract Four types of chitosan bead (CB) were tested
to find the removal efficiency for cation and anion from
solution. Hydrogel chitosan bead (HCB) was first pre-
pared and then modified by chemical and physical treat-
ment. Both the Cu(Il) and phosphate removal were
investigated based on the batch removal efficiency, a
pH test, kinetics, and an isotherm test. For Cu(Il) appli-
cation, the highest Cu(Il) uptake (approximately 83%)
was obtained for the HCB; the modification by
crosslinking by glutaraldehyde (GA) and air drying
decreased this to approximately 60%, while phosphate
removal was not affected by crosslinking and drying.
Below pH 4.0, the removal efficiency of Cu(ll) was
decreased by approximately 20% for all type of CB,
while phosphate uptake was determined by the type of
CB, regardless of the initial pH. The maximum Cu(II)
and phosphate uptake (Q) were 129 and 232 mg/g for
the HCB and dried chitosan bead (DCB), respectively.
The phosphate sorption rate was faster than Cu(II) at the
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beginning of the reaction for the hydrogel bead, while
the dried bead reached the equilibrium in 72 h.
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1 Introduction

Heavy metals, such as cadmium, copper, nickel, and
lead, and anions, such as sulfate, phosphate, and chlo-
ride, are naturally present as water contaminants (Hu
and Cheng 2013; Wu et al. 2015). In general, the pres-
ence of heavy metals in a solution would cause fatal
damage to humans through long-term intake. For exam-
ple, Cu(ll), a widely used metal as electronic industries
are growing rapidly, is released into water bodies at
concentrations of up to 100 mg/L, causing nausea,
vomiting, and stomach cramps for humans and aquatic
organisms (Sorvari and Sillanpda 1996; Jo et al. 2012).

Among the anions, phosphorus is a critical nutrient of
algal blooms and is considered to be one of the core
contaminants that cause eutrophication (Schindler 1974;
An et al. 2014a). The effluent concentration of phospho-
rus discharged from domestic, agricultural, and indus-
trial wastewater should be controlled (Conley et al.
2009). For example, the maximum concentration of
phosphorus was legislated in the USA (USEPA 1986)
and Korea (Kim et al. 2018).

To remove or enhance the removal of Cu(Il) or
phosphorus, the following technologies have been stud-
ied: chemical precipitation (Sampaio et al. 2009),
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membranes (Denizli et al. 2000), and ion exchange (IX)
(Ceglowski et al. 2018). Although each method has
distinct advantages as they may be cost-effective, have
a high removal efficiency, and are easily operated, re-
spectively, there are drawbacks, such as high levels of
sludge production, the requirement of high operation
and maintenance costs, and low selectivity towards the
target contaminant for chemical precipitation, mem-
brane, and ion exchange, respectively.

As the interest in the simultaneous removal of both
cations and anions has increased, many studies have
been conducted on a variety of materials. Shah and
Chudasama (2014) developed a hybrid chelating ion
exchanger using zirconium oxychloride and
diethylenetriamine (DETA), which remove both Cu(Il)
and chloride. Zeolite synthesized from fly ash (Liu et al.
2018) and impregnated with NaOH-lanthanum (He
et al. 2016) was studied for removing ammonium
(NH4) and phosphate (POS). Mesoporous silica
(MS) modified via amino group post-grafting and syn-
thesized using a melamine-based dendrimer group has
been used in the removal of Pb(IT) and nitrate ions (Chen
et al. 2015) and Cu(Il) and sulfate (Wu et al. 2015),
respectively.

Based on previous studies, creating a new functional
group is required to simultaneously remove pollutants
from a solution. However, some biopolymers, such as
alginate, glucose (Stoll and Duncan 1996), and chitosan,
which were functionalized with carboxyl, aldehyde, and
amino groups, respectively, have been used in the field
of water and wastewater treatment as adsorbents offer-
ing non-toxicity, high reactivity, and cost-effectiveness.
Among them, chitosan has received increased interest
owing to the properties provided by the amino function-
al group. Chitin and chitosan were first investigated in
the field of medicine as they are non-toxic to humans in
their various forms, including nanoparticles (Wang et al.
2011), membranes (Thakur and Voicu 2016), sponges
(Noel et al. 2010), and fibers (Pillai et al. 2009). Lately,
chitin and chitosan have been used as beads to remove
target contaminants during the adsorption process.

Hydrogel chitosan bead (HCB) was first used to
directly remove heavy metals (Zhao et al. 2007) and
anions such as arsenic (Malwal and Gopinath 2017).
However, due to its drawbacks, such as their weak
physical hardness and unstable chemical composition
at low pH, HCB was modified by drying and
crosslinking to increase its physical and chemical
strength, respectively, resulting in increased application
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in water and wastewater treatment (Liu and Zhang
2015). However, only the removal of a single target
contaminant has been reported, and the bifunctional
removal of cations and anions with the effect of physical
and chemical modification has not.

The overall goal of this study was to investigate the
effect of drying and employing a crosslinking agent on
the simultaneous sorption capacity for Cu(Il) and phos-
phate. The specific objectives were to (1) prepare hy-
drogel chitosan bead and treat by drying and
crosslinking; (2) determine the change in physical and
chemical properties; (3) investigate the sorption capacity
for Cu(Il) and phosphate by batch tests, sorption iso-
therms, and sorption kinetics; and (4) evaluate the pos-
sible sorption mechanism from the effect of drying and
crosslinking for simultaneous removal.

2 Materials and Methods
2.1 Chemicals

Chitosan powder with a medium molecular weight of ~
250,000 g/mol and a 75-85% degree of deacetylation
from chitin was purchased from Sigma-Aldrich (USA).
The GA solution (25 wt.%) was obtained from SHOW
(Tokyo, Japan). The chemicals of KH,POy,
CuCl,-2H,0, HCI, and NaOH were also obtained from
Sigma-Aldrich (USA) and used without further
purification.

2.2 Preparation of CB

The preparation of CB has been documented by various
studies (Guibal et al. 1998; An et al. 2014a). A previous
study (An et al. 2014a) suggested the optimized initial
conditions, such as concentration of chitosan and acid
solution, for maintaining the physical form during prep-
aration. In brief, a 2.5% (w/w)-chitosan solution was
first prepared by adding 10 g of chitosan flakes into
400 g of a 1% HCIl solution and stirring for at least 12 h
at room temperature (approximately 21 °C). To note, a
higher temperature should not be used to increase the
dissolution rate. The chitosan solution was then dropped
into 400 mL of 1 M NaOH with mild stirring. After this,
the mixed solution was left for over 24 h, and then
washed with DI until the pH was 7.5-8, and this was
denoted as the hydrogel chitosan bead (HCB).
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To increase the chemical stability, the HCB was
mixed with 0.5 M of glutaraldehyde (GA) solution
(400 mL) for at least 24 h, and the mixture was washed
with DI (HCB-G). After preparing the HCB and HCB-
G, both beads were dried in air until the mass no longer
changed. These beads are referred to as DCB and DCB-
G, respectively.

2.3 Physical and Chemical Characterization

Physical properties, such as the mean diameter (mm),
water content (%), and degree of swelling (%), were
measured for four CBs using 400 samples. The water
content was measured after drying at 60 °C, and the
degree of swelling of DCB and DCB-G was calculated
based on the change in the total volume.

Fourier transform infrared spectroscopy (FTIR) spec-
tra (LUMOS, Bruker, Germany) were employed to de-
termine the crosslinking interactions and Cu(Il) and
phosphate sorption mechanisms in a wavenumber range
of 540 to 4000 cm ! for five representative samples.

2.4 Batch Sorption Test

To investigate the Cu(Il) and phosphate removal effi-
ciencies, a series of batch tests were conducted using the
CBs. The initial concentrations of Cu(II) and phosphate
in the 50-mL mixture were 20 and 30 mg/L, respective-
ly, which is the equimolar ratio. Each sample was then
rotated at 10 rpm for 96 h. The following batch tests
were initiated with the same initial concentrations of
Cu(Il) and phosphate. The solution pH is a critical
parameter to determine the removal capacity of an ad-
sorption process. Therefore, a batch test was conducted
at different initial solution pH values of 3.86, 4.34, and
5.08 with phosphate, and they were rotated for 96 h.

To determine the sorption rates of Cu(Il) and phos-
phate, batch kinetic tests were conducted for the four
CB. The initial concentrations of Cu(Il) and phosphate
were set to 20 and 30 mg/L, respectively, and the tests
were initiated by adding a desired weight of beads into a
300-mL glass bottle. The samples were agitated on a
shaker and an aliquot was collected at predetermined
intervals. The initial pH was not adjusted during the
tests and was monitored.

Sorption isotherm tests were performed for four CB
to determine their sorption capacity for both Cu(Il) and
phosphate. A desired amount of CB was mixed with
50 mL of the solution in a Falcon tube. The mixtures

were rotated at 10 rpm for 96 h. The initial pH was set to
5.0 and the final pH was monitored. The uptake value
based on the mass balance for Cu(Il) and phosphate was
obtained from the following equation:

g = N0 ()

where g, is the equilibrium mass uptake of Cu(Il) or
phosphate with a sorbent (mg/g), V is the solution
volSume (L), C, and C, are the initial and final concen-
trations of Cu(Il) and phosphate in the solution, respec-
tively (mg/L), and M is the mass of the added sorbent

(8.
2.5 Chemical Analyses

The solution pH was measured using an ORION Star
A211 (Thermo Scientific, USA). The concentrations of
Cu(Il) and phosphate (as phosphorus) were analyzed
using inductively coupled plasma (ICP) spectroscopy
(Model: NexION 300D, Agilent Technologies, USA)
or a Laboratory VIS Spectrophotometer (Model: DR
3900, HACH, USA) for Cu(Il) and Potable analyzer
(Model: HS-1000plus, HUMAS, Korea) for
phosphorus.

3 Results and Discussion
3.1 Characteristics of Chitosan Bead

Table 1 is created using a photograph and the salient
properties of four types of CB, i.e., HCB, HCB-G, DCB,
and DCB-G, which were differentiated with the addition
of GA as a crosslinking agent and air drying. According
to the photograph in Table 1, both hydrogel beads (HCB
and HCB-G) appear to be more spherical than the dried
bead (DCB and DCB-G). After the HCB was
crosslinked, the color changed from white to yellow,
and after air drying, HCB and HCB-G became translu-
cent and dark brick-red in color, respectively (Monteiro
Jr. and Airoldi 1999). The highest bead size (mm) of
4.69 mm was obtained for HCB, followed by 4.38, 1.47,
and 1.21 mm for HCB-G, DCB, and DCB-G, respec-
tively. The weight of CB was 27.4, 26.3, 1.18, and
1.38 g/400 ea for HCB, HCB-G, DCB, and DCB-G,
respectively. The water contents of HCB and HCB-G
were 95.7 and 94.7%, respectively.
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Table 1 Salient properties of the chitosan beads (average + standard deviation)

HCB HCB-G DCB DCB-G
Photo- 3T - X ‘
. ] ]
graphic s
Diameter’,  4.69+0.0369 4.38+0.0370 1.47£0.206 1.2140.124
mm
Weight', 27.440.981 26.340.464 1.18+0.00707 1.3840.0113
g
Water 95.7+0.180 94.7+0.0497 ] ]
content,
%
Degree of - - 252+3.09 86.2+4.01

swelling, %

* Measured for 400 samples
# Measured for 400 samples

Based on the results in Table 1, the variation
rate (%) of the diameter and weight was calculated
and is presented in Table 2 to determine the ef-
fects of crosslinking and air drying. Crosslinking
by GA did not cause a significant physical change
(less than 10% reduction in diameter and weight),
although the tendency of diameter and weight is
reduced by adding GA to the hydrogel beads.
However, when comparing DCB with DCB-G,
the weight was increased by approximately 17%
due to the interaction of GA with the chitosan
polymer, and the diameter was decreased by ap-
proximately 17%. The smaller size and water con-
tents of HCB-G and DCB-G could be attributed to
the exclusion of water molecules from the chitosan

Table 2 Comparison of the variations (%) in diameter and weight

polymer chain during crosslinking, leading to in-
teractions among the amino groups (An et al.
2014a). In addition, the chromatography of hydro-
phobic interactions was studied on chitosan
(Agarwal and Gupta 1995).

The swelling rate (%) in water can indirectly
reveal the chemical interactions between water and
the chitosan polymer. Values of 252.9 and 86.2%
by volume were obtained for DCB and DCB-G,
respectively, indicating that both dried bead was
not recovered fully and their hydrophilicities were
changed by drying. Moreover, the lower degree of
swelling for DCB-G also indicates that GA influ-
ences chemical interactions between the chitosan
polymer chain and GA.

Crosslinking Drying

Diameter Weight Diameter Weight
HCB vs HCB-G —6.54 -3.98 HCB vs DCB -64.3° -95.6
DCB vs DCB-G -17.7 +17.0* HCB-G vs DCB-G -724 —94.7

# Positive indicates that the value decreased
® Negative indicates that the value increased
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3.2 FTIR

Chemical bonding for the chitosan flakes, DCB, DCB-
G, DCB-Cu(Il) + phosphate, and DCB-G-Cu(Il) +
phosphate was identified by FTIR spectra ranging from
540 to 4000 ¢cm ', as shown in Fig. 1. The broad band
ranging from 3000 to 3500 cm™' for all samples was
assigned to the stretching vibration of O—-H at
3354 cm ' and N-H at 3286 cm ™' from the water and
chitosan polymer, respectively (Modrezejewska 2013).
In comparison with the chitosan flake, after synthesizing
the bead (DCB and DCB-G), the peak intensity at
3298 cm ' decreased. Finally, the peak was overlapped
and shifted to approximately 3256 cm ' after the sorp-
tion of Cu(Il) and phosphate. The shift was monitored
by Modrezejewska (2013) and An et al. (2014a), who
stated that the chelating complexes between the amino
group and Cu(Il) or phosphate were formed after sorp-
tion. The bands at 2928 and 2848 cm™' corresponded to
the symmetric and asymmetric stretching of C—H, re-
spectively (Queiroz et al. 2015). The carbonyl group
(C=0) in the chitosan polymer presented a peak at
1648 cm ! (Li et al. 2013). Previous studies indicated
that the peaks at approximately 1571 and 1543 cm™' can
be attributed to NH, and NH;", respectively, and, more-
over, the disappeared or weakened peak at approximate-
ly 1543 cm ' was due to the transformation of NH;*
into NH, caused by interactions (Osman and Arof 2003;
Xie et al. 2009). Therefore, in this study, the peaks at

1560 and 1541 cm ' were assigned to the amino group,
and a weakened peak at 1541 cm ' was observed after
sorption. The peak at 1416 cm ' disappeared for DCB-
G and DCB-G-Cu(Il)-P, which can be explained by the
effect of GA on the N-H bonds from primary amines
(Jabli et al. 2011). The peaks at 1068 and 1023 cm !
indicated C—O stretching, and C—O—C bridge stretching
was observed at 1152 cm™' (Osman and Arof 2003).

3.3 Removal Efficiency

Batch experiments were conducted for four types of CB
to determine the removal efficiency of Cu(Il) and phos-
phate, as shown in Fig. 2. The removal efficiencies of
both Cu(lIl) and phosphate are presented on the left y-
axis. The highest Cu(Il) removal efficiency for HCB
was approximately 83%, which decreased to approxi-
mately 59% and 34% for HCB-G = DCB and DCB-G,
respectively. The phosphate removal efficiency de-
creased in the following order: DCB (70%) >HCB-G
(60%) > DCB-G = HCB (35%). The decrease in the re-
moval efficiencies of HCB was from 87% for Cu(Il) to
35% for phosphate, while all the other CBs exhibited
similar Cu(Il) and phosphate removal efficiencies. To
determine the removal capacity of each CB, the total
amounts of Cu(II) and phosphate in mmol were added to
the right y-axis. This released a similar total removal
capacity, ranging from 0.018 to 0.020, for HCB, HCB-
G, and DCB, in spite of the fluctuating removal

Fig. 1 FTIR spectra of the
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Chitosan
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Fig. 2 Removal efficiency of Cu(Il) and phosphate (left y-axis), the total removed amount, and final solution pH (right y-axis) for the

different CBs

efficiency of HCB. The application of DCB-G only
gained 0.010 mmol in total, which was an approximate
reduction of 58% compared to the other CB.

Some studies reported that the addition of GA to
chitosan as a crosslinking agent can reduce the sorption
capacity due to the loss of the amino functional group in
the chitosan polymer by the reaction with the carbonyl
group of GA (Kildeeva et al. 2009; Ishii et al. 1997), and
Wan Ngah (2002) observed an approximate decrease in
Cu(Il) of 25%. However, this result showed that the
decreased Cu(Il) uptake leads to an increase in the
phosphate uptake, and the total capacity did not differ
between the type of hydrogel. Poon et al. (2014) sug-
gested that a highly crosslinked homopolymer could be
produced by the self-polymerization of GA. As a result,
the absorbable site of CB was not reduced, and the effect
of GA on the sorption capacity is negligible. Mean-
while, crosslinking significantly affects the removal ca-
pacity of the dried bead.

The different phenomena for the HCB can be ex-
plained by the shift in internal pH. The calculated pK,
value of chitosan determined by the degree of
deacetylation (DD) and molecular weight (M.W) was
6.5 (Wang et al. 2006); therefore, the amino group was
deprotonated from NH, to NH;* above this pK, value,
resulting in an increased affinity for Cu(Il) associated
with NH,. Therefore, at the highest final pH, HCB has

@ Springer

higher affinity for Cu(Il) over phosphate than the other
CB.

The reduction in the capacity of DCB-G is due to its
physical properties. From Table 1, DCB-G was smaller
than DCB, but its weight was higher, indicating a higher
density. In addition, the swelling rate of DCB-G is
below that of DCB. Therefore, the accessibility of ions
was restricted in the denser polymer network by
crosslinking and drying.

3.4 pH Effect

The solution pH is a critical parameter in determining
the sorption capacity due to the speciation of both Cu(Il)
and phosphate, and surface charge of the sorbent. More-
over, the protonation/deprotonation occurring in the
amino group of the chitosan polymer is also an inde-
pendent parameter of the sorption capacity. Equation (2)
illustrates the protonation and deprotonation.

R-NH, + Hf »R-NH; + (pK, = 6.5) (2)
NH; ™ + PO,*" (electrostatic interaction) (3)
NH,Cu(II) (coordination interaction) (4)
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Figure 3 shows the Cu(Il) and phosphate removal
efficiencies at initial pH of 3.86, 4.34, and 5.08. At
pH 3.86, the Cu(Il) removal efficiency was reduced by
approximately 20% at pH 4.34 and 5.08, and no change
in the sorption capacity was found at 4.34 and 5.08 for
all CBs. This result agrees with that of Zhao et al. (2007)
for HCB-G and Verbych et al. (2005) for HCB. This
could be due to the effect of hydrogen and deprotonation
of the amino group. At a low pH, Cu(Il) competes with
high concentrations of hydrogen ions and the ratio of
NH;* in the amino group of the chitosan polymer in-
creased, based on Eq. (2). Therefore, both forces reduce

the Cu(Il) sorption capacity and available sorption sites,
respectively.

Based on Egs. (2)—(4) and the pK, value of chitosan,
coordination interactions were rarely involved in the
sorption of Cu(Il) under the current pH conditions. To
explain the mechanism of Cu(Il) sorption, previous
studies stated that the oxygen in the chitosan polymer
chain can take part in removing cations (Domard 1987).
However, sorption is due to the inner hydroxide effect,
resulting in the gap between the apparent and real pH.

In contrast, the removal of phosphate was less sensi-
tive to the solution pH than that of Cu(Il). Rajeswari

Fig. 3 Cu(ll) (a) and phosphate 100
(b) removal efficiencies as a a
function of pH for the different R N HCB
CBs > 80 4 [ HCB-G
Q B DCB @
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> R
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m .
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= 24 ®IIB  BIBE--——"
3 |4
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100
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et al. (2015) observed a similar result between pH 3 and
5. According to the Katchalsky equation (Xie et al. 2009),
which gives the degree of dissociation () as a function of
pH at a given pK,, as shown in Fig. 4, the value of «
increases with a decrease in pH and reached 1.0 at pH 4,
regardless of the suggested values of pK,. Most amino
groups formed as the NH;" functional group. Under the
current pH (3-5), the H,PO, species exceed 90%
(pKa; =2.1 pK,p =7.2). Therefore, the electrostatic inter-
actions between NH;" and H,PO, are a predominant
force for the removal of phosphate (Eq. (3)).

3.5 Isotherm Test

The equilibrium sorption date (symbol) for Cu(Il) and
phosphate was fitted by the classical Langmuir model
(Eq. (4)) to investigate and compare the maximum
sorption capacities. The simulated value (solid line) is
shown in Fig. 5, and the values of Langmuir parameter
calculated from the fitted model are listed in Table 3.

_ bOC,
e =717 bC,

(5)

where ¢, is the equilibrium Cu(Il) and PO, uptake (mg/
g), C, is the equilibrium concentration of Cu(Il) in the

aqueous phase (mg/L), O is the maximum capacity for
Cu(Il) and phosphate (mg/g), and b (L/mg) is the Lang-
muir affinity coefficient between the chitosan bead and
Cu(Il) and phosphate.

HCB achieved the highest and lowest Q for Cu(Il)
and phosphate, which confirmed the batch removal
efficiency for the cation and anion, respectively, while
the shape and calculated value of O of the other three
CBs for Cu(Il) and phosphate were similar. Wan Ngah
et al. (2002), who used GA, ECH, and EGDE as
crosslinking agents for only Cu(Il), showed that the
crosslinking agent reduced the maximum Cu(Il) sorp-
tion capacity by 22-43%, and Poon et al. found that the
increased amount of crosslinking agent enhanced the
sorption capacity for p-nitrophenol. The crosslinking
agent can increase the positive zeta potential (Chang
et al. 2008), resulting in an increase in anions and
decrease in cations.

3.6 Kinetic Test

The adsorption rates of Cu(Il) and phosphate for all CB
are shown in Fig. 6. The sorption equilibrium for Cu(Il)
was reached at 50 h for HCB and 72 h for HCB-G and
DCB, while sorption still continued after 72 h for DCB-

1.0

- 0.6

Degree of protonation, o

100 m=—====—x _
2 S—mm—————————
c
9
S 80
0
=
)
0
8 pKa=5.5\\ pKa=6.0\\ PK,=6.5"\
0
L 40
7
[}
wid
©
£ 20
o
n
_g H,PO,
o [T —— .
35 4.0 4.5 5.0

Fig. 4 Phosphate species distribution and degree of protonation () as a function of pH
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Fig. 5 Cu(ll) (a) and phosphate 25
(b) equilibrium uptakes (symbols: a Cu(ll)
observed data; line: Langmuir

model fits)

qe, mg/g

18
Phosphate
()
N
(=2}
S
()
(<)
o . ©
% o
25 30
Table 3 Langmuir (Q, b) values with R
Type of bead Cu(Il) Phosphate
0 b R 0 b R’
HCB 129 +93.5 0.0205 + 0.0170 0.972 4.19 +£27.0 0.396 + 1.14 0.737
HCB-G 437 £ 104 0.0441 £ 0.0148 0.984 251 +£254 0.00670 + 0.00740 0.982
DCB 101 £ 94.8 0.0147 £ 0.0160 0.965 232 + 238 0.0112 £ 0.0130 0.956
DCB-G 18.9 + 3.41 0.0508 + 0.0146 0.984 584 +19.2 0.0185 + 0.00790 0.984
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Fig. 6 Cu(Il) (a) and phosphate 1.2
(b) sorption kinetics for the
different CBs
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G. For phosphate, the equilibrium sorption rates were 6,
24,72, and 144 h for HCB, HCB-G, DCB, and DCB-G,
respectively. The higher rate for phosphate is in contrast
with the findings of Guibal (2004), who stated that the
diffusion rate of poly oxo-anions may be reduced by
steric hindrance. Kannamba et al. (2010) used chitosan
flakes for treating Cu(II), Chiou and Li (2002)
crosslinked HCB for treating dye, and Gerente
et al.(2010) used chitosan flakes for treating arsenic,
and obtained equilibrium sorption rates of 12, 4, and
10 h, respectively. Therefore, the time to complete

@ Springer

Time, h

sorption was determined under the initial experimental
conditions.

To define the effect of crosslinking and drying on the
sorption rate, regardless of the sorption capacity, Fig. 7
is re-plotted by the removal ratio of each to total the
removal (the time was shown until 72 h). HCB and
HCB-G achieved phosphate sorption values of approx-
imately 95% and 65% within 3 h, while Cu(Il) sorption
reached 75% and 55%, respectively. For both dried
beads (DCB and DCB-G), Cu(Il) sorption reached ap-
proximately 30% and 10%, while that of phosphate
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Fig. 7 Cu(Il) (a) and phosphate o 101
(b) removal efficiency ratios ‘E; a
(each time removal efficiency/ —
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Phosphate removal efficiency ratio

reached approximately 25 and 15%, respectively, at 3 h.
These values are three to five times lower than those of
the hydrogel beads. Like drying, crosslinking also re-
duced the sorption rate. For hydrogel, the Cu(Il) and
phosphate decreased by 32-66% and 31-35% within
3 h, respectively.

These observations indicate that crosslinking and
drying reduce the sorption rate by reducing the porosity
of CB. For example, the application of alginate beads for
the removal of Cu(Il) showed that the time required by
the dried alginate was doubled due to the limitation of
intraparticle diffusion by the lack of porosity

10 20 30 40 50 60 70

Time, h

(Papageorgiou et al. 2006; An et al. 2014b). Moreover,
the crystallinity index was suggested by Piron and
Domarda (1998), which restricts molecular mobility in
the inner polymer network.

4 Conclusions
Four types of chitosan beads were synthesized and
investigated to determine the effect of crosslinking and

drying on the simultaneous removal of Cu(Il) and phos-
phate. The type of CB significantly controls the removal

@ Springer



314 Page 12 of 13

Water Air Soil Pollut (2019) 230: 314

efficiency, and the cation and anion were affected by the
physical and chemical modification differently. The
highest removal efficiencies of Cu(Il) and phosphate
were 80% and 60% for HCB and DCB, respectively,
and Cu(Il) and phosphate removal decreased in the
following orders HCB > HCB-G > DCB and DCB >
HCB-G >HCB and DCB-G, respectively. Although
each uptake was different, the total uptake (mmol) for
both Cu(Il) and phosphate remained constant, regardless
of the type of CB, except for DCB-G due to the degree
of protonation of the amino group. The removal effi-
ciency of phosphate was not affected by the initial pH,
while that for Cu(Il) decreased by approximately 20%
below pH 4, corresponding to the species of phosphate
and hydrogen completion, respectively. The Langmuir
sorption model obtained a maximum Cu(Il) level of
129 mg/g by HCB and phosphate level of approximate-
ly 250 mg/g by HCB-G or DCB. The sorption rate of the
hydrogel bead was higher than that of the dried bead for
both the cation and anion, and the sorption rate for
phosphate was faster than that for Cu(II).
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