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ABSTRACT

In this study, Cu(Il) removal using non-crosslinked and cross-linked chitosan-coated sand
(CCS) from aqueous solution was investigated. To improve the mechanical and chemical sta-
bility, chitosan was coated onto sand (CCS) and cross-linked using epichlorohydrin (ECH)
and ethylene glycol diglycidyl ether (EGDE). The effect of pH (2.0-5.0) on the adsorption
capacity was examined. The maximum adsorption capacity of CCS, CCS-ECH, and CCS-
EGDE occurred at an initial pH of 5.0, 4.0, and 5.0, respectively. The kinetic experimental
data agreed well with pseudo-second order equation (R*>0.988), which implies that chemi-
sorption is the rate controlling step. Langmuir, Freundlich and Dubinin-Radushkevich were
used to analyze the equilibrium data, where the Langmuir model provided the best fit for
the isotherm data obtained using CCS, CCS-ECH, and CCS-EDGE (R?>0.990). Adsorption-
desorption was carried out using HCI solution (pH 1.0 and 3.0) and tap water (pH 7.0),
where HCI solution (pH 1.0) provided the greatest recovery of Cu(ll) at 98.3, 87.5 and 83.5%
for CCS, CCS-ECH and CCS-EDGE, respectively. The removal of Cu(Il) from real ground-
water samples were studied, where removal of 57.4, 62.4 and 77.5% were achieved using

CCS, CCS-ECH and CCS-EDGE.

Keywords: Crosslinking; Chitosan; Desorption; Groundwater; Isotherm

1. Introduction

Occurrence of heavy metals such as copper in
groundwater and surface waters is due to natural
weathering processes, atmospheric depositions, and

*Corresponding author.

industrial emissions. Several anthropogenic sources
that produce copper in waste effluents include electro-
plating, brass fabrication, fungicide manufacturing,
mining, and smelting [1]. Copper, Cu(Il), is considered
to be one of the essential trace elements needed by the
human body. However, ingestion at high dosages
could be detrimental to health, causing gastrointestinal
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disturbance, lesions in the central nervous system,
Wilson's disease, liver, and kidney failure [2].

Current removal technologies, which are of physi-
cochemical in nature, include chemical precipitation,
ion exchange, flocculation, electrodeposition, and
membrane filtration. These methods prove to be
expensive due to high maintenance and operation
costs, as well as ineffective in removing heavy metals
in trace quantities [3]. Adsorption is an attractive
method due to its ability in heavy metal removal
from waste effluents with high solute loadings or
trace quantities (<100mgL "), ease of handling and
operation, and cost-effectiveness [4,5]. Commercial-
ized adsorbents such as activated carbon are widely
used due to its high capacity in removing contami-
nants [6]. However, it remains an expensive material
with complicated preparative and regeneration
method, which led to the search for alternative low-
cost adsorbents such as montmorillonite [1], chitin,
and chitosan [7], banana pith [8], spent activated clay
[9], wastewater sludge [10], peat [11], and pineapple
leaf powder [12].

Chitosan, a low acetyl substituted form of chitin, is
composed of glucosamine, 2-amino-2-deoxy-B-glucose
units. It contains two types of functional groups: the
amine group located at C-2 and hydroxyl groups
found at C-3 and C-6 position [8]. The amine and
hydroxyl groups of chitosan make physical and chem-
ical modification possible. Physical modification
includes spreading of chitosan onto an immobilized
support, causing a decrease in crystallinity and expan-
sion of porous network that leads to easy accessibility
of the binding sites. On the other hand, chemical
modification is applied to enhance chemical stability
of chitosan in acidic media and decrease its solubility
in most mineral and organic acids [7,13].

Silica sand is formed through natural weathering
of quartzite and sandstone, where it is used in separa-
tion and purification processes due to its abundance,
low cost, and porosity. Silica sand is composed of sil-
ica tetrahedral layer with hydroxyl groups found at
the silicate structure edges [14]. Previous studies have
affirmed the use of chitosan-coated sand (CCS) on
copper and lead removal from aqueous solution [15].
However, there is very little research on cross-linked
CCS on the adsorption of copper, where physical and
chemical modifications would be applied in combina-
tion. This study would determine the feasibility of
cross-linked CCS to be used as a possible material in
building large-scale filters of a permeable reactive bar-
rier system in treating contaminated groundwater and
acidic plumes.

In continuation with the previous work [15], this
study investigated the removal of Cu(Il) from aqueous
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solution using non-cross linked and cross-linked CCS.
The effect of pH on percent (%) removal and adsorp-
tion capacity was examined. The kinetic experimental
data were fitted using pseudo-first-order and pseudo-
second-order equations. Isotherm models such as
Langmuir, Freundlich, and Dubinin—-Radushkevich
equations were applied in examining the equilibrium
data. Desorption study was performed in order to
determine reusability of the adsorbents using tap
water and HCI solution as eluents. The adsorption
capacity of CCS in removing Cu(Il) from real ground-
water system was also examined.

2. Materials and method
2.1. Materials and equipment

Low-molecular-weight chitosan (75.0-85.0% deacet-
ylation degree), epichlorohydrin (ECH) of 99.0% pur-
ity, and ethylene glycol diglycidyl ether (EGDE) of
50.0% purity were obtained from Sigma-Aldrich.
NaOH (99.0% purity) and HCl (37.0% fuming) were
purchased from Merck, while CuSO, was procured
from Ridel-de Ha n. A reciprocal shaker bath (YIH
Der BT350) was utilized in the batch experiments. The
quantitative analysis of Cu(ll) was performed using
an inductively coupled plasma optical emission spec-
troscopy (ICP-OES Perkin Elmer DV 2000 series). A
channel precision oven (DV452 220V) was used for
drying the adsorbent. The pH was measured using a
pH meter HACH Sension 3. A hot plate (CORNING
Stirrer/Hot Plate PC-420D) was utilized in the synthe-
sis of the CCS.

2.2. Preparation of CCS

CCS was prepared in a similar method utilized by
Wan et al. [15] CCS with particle size in the range of
0.35-0.71 mm was utilized throughout the study.

2.3. Preparation of cross-linked CCS

Chitosan (5g) was dissolved in 5% (v/v) HCI and
was stirred for 2h under 300rpm. Sand (100g) with
4.578 mL of EGDE or 1.162mL of ECH was added into
chitosan solution. The mixture was stirred for 3h at
55°C upon addition of EGDE and stirred for 2h at
45°C upon addition of ECH. The mixture was neutral-
ized using 1N NaOH and filtered. The adsorbent
beads were washed using deionized water, oven-dried
at 65°C for 24h and sieved. The CCS beads cross-
linked using ECH and EGDE were designated as
CCS-ECH and CCS-EDGE, respectively.
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2.4. Characterization of adsorbent

The surface morphology of CCS, CCS-ECH and
CCS-EDGE was analyzed using scanning electron
microscope (S-3000 N Hitachi) analyzer using tung-
sten filament running under vacuum of 1.33 x 107°
mBar at 20.0kV. The samples were coated with a thin
layer of gold (10nm) using a sputter coater. The aver-
age pore diameter and surface area were measured
using GEMINI 2360, Micrometrics gas adsorption sur-
face analyzer using Brunauer, Emmett and Teller mul-
tipoint technique. The adsorption-desorption isotherm
was collected at 77 K using liquid N.

2.5. Effect of solution pH

The effect of initial solution pH (2.0-5.0) on the
adsorption capacity of CCS, CCS-ECH, and CCS-
EDGE in the removal of Cu(ll) was investigated. The
upper pH range was chosen on the basis of the solu-
bility of Cu(ll), where a pH greater than 5.0 would
result in the precipitation of Cu(Il) hydroxides. The
solution pH was adjusted using 0.1 N NaOH or 0.1N
HCI. Flasks containing 30 mL Cu(Il) solution and 2.5¢g
adsorbent were agitated using 50rpm at 25°C in 12h
under varying initial concentration (100-1,000mg
L™"). Samples were filtered and residual Cu(l) ions
were analyzed at a wavelength of 213.597 nm using
ICP-OES. The adsorption capacity, g. (mgg™ ") at equi-
librium is calculated using the following equation:

ge = (CO — Ce)U (1)

m

where v is the volume of Cu(Il) solution (mL), m is
the weight of the adsorbent (g), Cy is the initial con-
centration of the metal ion (mgL ™), C, is the final or
equilibrium concentration of metal ion (mgL™").

2.6. Kinetic study

Kinetic studies were performed using 2.5g adsor-
bent in a 30mL Cu(ll) solution with initial concentra-
tion varying from 100 to 2000mgL ™" at optimum pH.
The flasks were agitated under 25°C at pre-determined
time intervals.

2.7. Equilibrium isotherm study

Equilibrium studies were carried out using 2.5g
adsorbent beads in 30mL Cu(lIl) solution with a con-
tact time of 24 h at optimum pH under varying initial
concentration (100-2000 mgL~") under 25°C.

K.-J. Hsien et al. | Desalination and Water Treatment 51 (2013) 5574-5582

2.8. Desorption study

In the desorption study, Cu(ll)-loaded adsorbent
was desorbed using 30 mL desorbing agent (tap water
and HCI solution) and agitated at 50 rpm for 6 h. The
Cu(Il) concentration contained in HCl or tap water
was analyzed. The percentage of desorption was cal-
culated using:

DP (%) = <i—d> % 100 2)

a

where DP (%) is percentage of desorption, c¢g and c,
are the concentration of metal ions desorbed and
adsorbed (mgL™"), respectively.

2.9. Adsorption study using groundwater

Real groundwater was obtained from a monitoring
well located in Chia Nan University of Pharmacy and
Science in Tainan, Taiwan. Groundwater was spiked
with initial Cu(Il) concentration of 5mgL~'. About
30mL of Cu(Il)-spiked groundwater was placed in an
Erlenmeyer flask under varying adsorbent mass (0.02—
2.5¢g) and was agitated for 24h using 50rpm. The
background values and composition of groundwater
were measured and shown in Table 1.

The percent (%) removal of Cu(Il) from groundwa-
ter can be calculated as follows:

Table 1

Background values and chemical properties of
groundwater

Parameters Values
pH 8.1
Conductivity (uSem ™) 2,480
Eh (mV) 75
Dissolved oxygen (mgL ") 14
Total organic carbon (mg) 23.04
Humic acid (mgL ™) 18.27

Ion species
Chloride (mgL™") 246

Sulfate (mgL™") 34.1
Phosphate (mgL™") 1.59
Potassium (mgL ") 34.39
Calcium (mgL™") 24.36
Sodium (mgL™") 624.9
Heavy metals

Iron (mg LY 0.51
Manganese (mgL ") 0.15
Total arsenic (ug L™ 11.93
Zinc (mgL ™) 0.88
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Percent (%) removal = <Cog Ce) x 100 (3)
0

3. Results and discussion
3.1. Surface morphology

The SEM micrographs of CCS, CCS-ECH, and
CCS-EDGE are shown in Fig. 1. Similar surface mor-
phology was observed for CCS and CCS-ECH, where
the surface is rough and covered with uneven ridges.
However, CCS displays a more uneven surface area
with shallow ridges, while CCS-ECH illustrates deep,
uneven ridges.

However, the morphology of CCS-EDGE provides
a more irregular and rough texture, where the surface
is more porous and covered with more uneven cavi-
ties and ridges. The deeper, numerous cavities and
ridges display a denser texture in comparison with
CCS and CCS-ECH.

3.2. Surface area analysis

Physical properties such as pore size and surface
area of CCS, CCS-EC, and CCS-EDGE were observed
to change during physical and chemical modification.
Coating of chitosan (0.037m”g"') onto sand (0.367
m?g ") and crosslinking using ECH and EGDE
increased the surface area of CCS (0.398 ngfl),
CCS-ECH (0413 m?g '), and CCS-EDGE (0.424
m?g~!). The surface area of the modified adsorbents
is greater than chitosan and slightly higher than sand.
CCS-EDGE beads provided the highest surface area
over CCS and CCS-ECH. According to IUPAC recom-
mendation, total porosity of an adsorbent could be
classified based on its average pore diameter (d):
micropores (d<2nm), mesopores (2nm <d<50nm),
and macropores (d>50nm) [13]. The average pore
diameter of CCS, CCS-ECH, and CCS-EDGE are
4.939, 3.875, and 5931 nm, indicating that the adsor-
bents are mesoporous materials. The total pore
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volume of CCS, CCS-ECH, and CCS-EDGE are 0.015,
0.027, and 0.032cm’g !, respectively.

3.3. Effect of pH

Fig. 2 illustrated the adsorption of Cu(ll) under
different initial solution pH (2.0-5.0). The Cu(l)
uptake was observed to decrease as the solution
becomes more acidic, where the lowest adsorption of
Cu(I) occurred at pH 2.0 for all three adsorbents.

In Fig. 2(a) and (b), a similar pattern was observed
where CCS-EDGE and CCS have better adsorption
capacity over CCS-ECH under the pH range studied.
In general, CCS, CCS-ECH and CCS-EDGE showed
an increase in adsorption capacity as the pH was
increased from 2.0 to 5.0. In Fig. 2(c), CCS-EDGE
showed to have the highest adsorption capacity over
CCS and CCS-ECH. This implies that under high ini-
tial Cu(l) concentration of 1,000mg L}, there are
more binding sites available in CCS-EDGE while the
binding sites of CCS and CCS-ECH are limited and
are easily saturated by Cu(ll) ions. In Fig. 2(a)-(c),
adsorption capacity was observed to increase with
increasing initial Cu(Il) concentration from 100 to
1,000mgL~". A high metal ion loading means a better
concentration gradient, which is an important driving
force that will help overcome the mass transfer resis-
tance of the metal ions between the liquid and solid
phases [2,15].

In acidic solution, the amine groups were proton-
ated to become amino groups (-NH3"), which induces
an electrostatic repulsive force toward approaching
Cu(D. In addition, H" would compete for and reduce
the number of amine groups available for Cu(Il) bind-
ing [16]. Results indicated that the maximum adsorp-
tion capacity of CCS and CCS-EDGE occurred at an
optimum pH of 5.0, while the maximum Cu(Il) uptake
of CCS-ECH took place at an initial solution pH
of 4.0, which implies that the optimum pH occurs
at pH 5.0 for CCS and CCS-EDGE and pH 4.0 for
CCS-ECH.

Fig. 1. SEM micrographs of (a) CCS, (b) CCS-ECH, and (c¢) CCS-EDGE.
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Fig. 2. Effect of initial pH on the adsorption capacity of CCS, CCS-ECH, and CCS-EDGE at an initial Cu(II) concentration

of (a) 100mgL ™", (b) 500mgL ", and (c) 1,000mgL ™"

3.4. Kinetic study

In order to estimate the rate of Cu(ll) adsorption,
pseudo-first-order and pseudo-second-order equation
were applied to the kinetic experimental data. The
pseudo-first-order or Lagergren equation is given as [17]:

t
log(ge — q:) =1ogqe — 52 (4)

where k; is the pseudo-first order rate constant, g, is
the adsorption capacity at equilibrium, and g; is the
adsorption capacity at time .

The pseudo-second order model is presented as:

t 1 t

= 4 5
9 kgl ge ©)

where k, is the pseudo-second-order rate constant
[18,19].

Table 2 provides the information about the kinetic
parameter constants, correlation coefficients of
pseudo-first- and pseudo-second-order equation. The
high coefficient of determination values (R*>0.988) as

well as the very good agreement between experimen-
tal and theoretical g. data generated by pseudo-sec-
ond-order equation validates that the kinetic data in
the uptake of Cu(ll) using CCS, CCS-ECH, and CCS-
EDGE is best described by the pseudo-second-order
equation. This implies that the rate-determining step
is chemisorption, where covalent bonds are formed
between Cu(ll) and binding sites of the adsorbents.
The values of pseudo-second-order rate constant, k,
could be arranged in the following order: CCS>CCS-
ECH > CCS-EDGE, which indicates that Cu(Il) uptake
was most rapid for CCS. The lower adsorption rate of
CCS-ECH and CCS-EDGE indicated there is longer
time for Cu(ll) to diffuse along the adsorbent surface
and into the pores, which led to more Cu() being
adsorbed causing larger g. values for CCS and CCS-
EDGE. In comparison with CCS, the k, values of
CCS-ECH and CCS-EDGE are larger, which could be
attributed to its large surface area and pore volume.

3.5. Equilibrium study

Adsorption isotherms would provide information
such as adsorption capacity, the affinity between Cu
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Table 2
Kinetic parameters of Cu(Il) adsorption onto CCS, CCS-ECH, and CCS-EDGE
Adsorbent Co (mgL™") Experime{ltal Pseudo-first-order Pseudo-second-order
MBS D) lamin ) e B kg T R
(mg g’l) (mg min) ! (mg g’l)
CCS 100 1.04 0.015 0.945 0.968 0.039 1.289 0.996
500 2.86 0.015 2.051 0.947 0.019 3.075 0.997
1,000 3.67 0.019 1.438 0.750 0.039 3.924 0.999
2,000 4.52 0.0138 2.786 0.960 0.019 5.732 0.999
CCS-ECH 100 0.86 0.014 0.642 0.986 0.026 0.922 0.999
500 2.68 0.009 1.967 0.956 0.017 2.991 0.996
1,000 4.02 0.009 3.673 0.986 0.007 4.641 0.988
2,000 4.80 0.016 3.659 0.978 0.012 5.049 0.997
CCS-EDGE 100 0.81 0.001 0.675 0.944 0.023 1.077 0.994
500 2.92 0.001 2.714 0.949 0.006 4.013 0.992
1,000 4.50 0.011 3.855 0.961 0.007 4.929 0.997
2,000 6.00 0.001 5.033 0.873 0.003 8.012 0.989

(I and adsorbent, and bonding energy. The isotherm
data of Cu(Il) adsorption using CCS, CCS-ECH, and
CCS-EDGE were analyzed using Langmuir, Freund-
lich, and Dubinin—-Radushkevich (D-R) model.

The Langmuir isotherm model is based on the fol-
lowing assumptions: a binding site could only be
occupied by one solute, there is no movement of
adsorbed molecules on adsorbent surface plane, all
sites have the same energy levels, and accumulation
of adsorbed solute is up to monolayer coverage [20].
The Langmuir equation is described as follows:

C. C. 1
B 6
de  qu  qub ()

where g;, is the maximum adsorption capacity at
monolayer coverage (mg/g) and b is the Langmuir
equilibrium constant (mL m™~' g %).

The Freundlich model is a widely used empirical
equation that describes adsorption on active sites with
heterogeneous energy distributions [13,21]. It is given
by the following:

Ing. = %In Ce +InKg (7)
where Kg is the relative adsorption capacity (mgg™")
and 1/n (Lg ") refers to the adsorption intensity.

The D-R isotherm is generally used in determining
between physical and chemical adsorption. The linear-
ized D-R equation is:

Ing. = Ingp g — p&’ (8)

where gp_g is the D-R adsorption capacity (mgg ™), ¢
is the Polanyi potential and f is the constant related
to the adsorption energy (kJ>mol ?) [20]. The Polanyi
potential, ¢ could be calculated using the following
equation:

6= RTln<1 +Ci> 9)

where T is the absolute operating temperature (K) and
R is the universal gas constant (k] mol 'K ™).

The mean energy of adsorption, E (kfmol™') can
be computed using the equation below:

E= (10)

1
V=28

Calculated values of Langmuir, Freundlich and D-
R isotherm constants and coefficient of determination
were listed in Table 3. The adsorption of Cu(ll) on
CCS, CCS-ECH, and CCS-EDGE could be best
described using Langmuir model (R*>0.99). The val-
ues of the maximum adsorption capacity, g4, could be
arranged as follows: CCS-EDGE > CCS > CCS-ECH. In
terms of Langmuir constant b, CCS-EDGE provided
the highest value over CCS and CCS-ECH. The Lang-
muir constant b is related to the affinity of binding
sites of adsorbent to Cu(II), which indicates that bind-
ing sites of CCS-EDGE provide the greatest attraction
in adsorbing Cu(Il) ions.

Based on the Freundlich constant 1, the adsorption
can be considered linear (n=1), chemical (n<1) or
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Table 3
Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherm constants and coefficient of determination
Adsorbent  Langmuir Freundlich D-R

B(mLmg ") g (mgg ") R? n(Lg") Ke(mgg ") R E@®mol™") gpgr(mgg " R
CCSs 0.065 4.772 0.997 3918 0.537 0.985 0.113 3.631 0.919
CCS-ECH 0.032 4.368 0.995 3.173 0.308 0.994 0.050 3.758 0.906
CCS-EDGE  0.073 7.201 0.991 2.289 0.715 0.977 0.041 4.342 0.896

physical (n>1) [1]. The n values of CCS, CCS-ECH,
and CCS-EDGE are greater than 1, which implies that
the uptake of the three adsorbents is governed by
physical adsorption. In addition, the parameter n indi-
cates the favorability of the adsorbent. If n<1, it
implies the adsorption intensity is good or favorable
in the entire concentration range studied, while n>1
indicates the adsorption intensity is favorable at high
concentrations and less at lower concentrations [13].
From the results, the adsorption intensity is good
over high initial concentrations. The computed Kg
values are arranged in the following order: CCS-
EDGE > CCS >CCS-ECH, which has a similar trend
with the Langmuir gy, values.

Among the three isotherm models, D-R provided
the lowest coefficient of determination values (R*<
0.92). The mean free energy of adsorption, E describes
the transfer of free energy of one mole of solute from
infinity (solution) to the adsorbent surface [22]. Its
value provides information about the adsorption
behavior on the occurrence of physical adsorption
(E<8K] mol™Y), ion-exchange mechanism (8kJ mol <
E<16kJmol™") or chemisorption (E>16k] mol ") [16].
The values obtained for the mean adsorption energy
lie in the range of 0.05-0.113kJ mol ', which indicates
that physical adsorption predominates in the Cu(Il)
uptake using CCS, CCS-ECH, and CCS-EDGE.

In this study, CCS-EDGE provided higher adsorp-
tion capacity over CCS and CCS-ECH. The lowest Cu
(I) uptake was observed in CCS-ECH, where ECH
interconnects two chitosan chains via hydroxyl groups
at C-6, leaving the amine groups to interact freely
with the metal ions [22]. But ECH is composed of
shorter molecular chains, where the more rigid poly-
meric chain of ECH causes a decrease in accessibility
of binding sites and reduced affinity of Cu(Il) toward
the basic centers of CCS-ECH [23]. On the other hand,
EGDE molecules interact with chitosan via its amine
groups. However, its higher adsorption capacity is
attributed to EDGE having a longer molecular chain
that contains two hydroxyl groups along its structure
[24].

3.6. Desorption study

Desorption studies were carried out to determine
the reusability of adsorbents, where the results are
shown in Table 4. The recovery of Cu(ll) was
observed to increase as the solution becomes more
acidic.

High values of desorbed Cu(ll) were obtained
using HCl (pH 1.0), where CCS provided better
recoverability of Cu(Il) in comparison with CCS-ECH
and CCS-EDGE. Meanwhile, a decrease in desorption
values was observed using HCI solution (pH 3.0). On
the other hand, desorption using tap water (pH 7.0)
provided the lowest recovery of Cu(ll) for CCS,
CCS-ECH, and CCS-EDGE, which indicates the
stability of adsorbed Cu(ll) under neutral conditions.

3.7. Adsorption study from real groundwater

Fig. 3 illustrated the percent (%) removal of Cu(ll)
using CCS, CCS-ECH and CCS-EDGE from real
groundwater. An increase in adsorbent mass caused
an increase in % Cu(ll) removal. The highest Cu(l)
removal using CCS, CCS-ECH, and CCS-EDGE was

Table 4
Desorption of Cu(ll) from CCS, CCS-ECH, and CCS-
EDGE using HCI (pH 1.0 and pH 3.0) and tap water

pH Cud) CCS (%) CCS-ECH (%) CCS-EDGE (%)
7.0 100 14.9 3.5 2.7
500 11.9 9.3 7.0
1,000  20.6 12.2 10.8
2,000 157 17.5 10.5
3.0 100 225 17.1 13.9
500 37.9 16.7 13.5
1,000 214 18.1 13.5
2,000 29.6 17.5 13.3
1.0 100 92.8 93.1 90.2
500 98.3 92.1 77.5
1,000 944 94.4 83.2
2,000 983 87.5 83.5
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Fig. 3. Percent (%) removal of Cu(Il) from real groundwater
under varying adsorbent mass using CCS, CCS-ECH, and
CCS-EDGE with initial Cu(II) concentration of 5 mg L.

obtained at 57.4, 62.4, and 77.5% using 2.5 g adsorbent.
The maximum adsorption capacity of CCS, CCS-ECH,
and CCS-EDGE are 1.56, 254, and 2.98mgg ',
respectively.

The removal of Cu(Il) in real groundwater is low,
which is due to the interference of ionic species pres-
ent in groundwater such as Fe?*, FeOH*, Mn?*, and
ZnOH" that could compete for the binding sites of the
adsorbents. The other species present in the ground-
water such as chloride, sulfate, phosphate, arsenite,
and organic matter (humic acid) are negatively
charged, which would also compete for the binding
sites on CCS, CCS-ECH, and CCS-EDGE. It should be
noted that the effect of the negatively charged species
is not as significant as that of the positively charged
species. At groundwater pH of 8.1, almost all amine
groups are deprotonated (-NH,), which would exert a
repulsive force on the negatively charged species pres-
ent in the groundwater. On the other hand, positively
charged species such as Ca”*, Na*, and K* have no
significant effect on the adsorption of Cu(ll) and do
not compete for binding sites since chitosan does not
adsorb any alkaline and alkaline earth metals.

4. Conclusion

In this study, Cu(ll) removal using CCS, CCS
crosslinked using ECH (CCS-ECH) and EGDE (CCS-
EDGE) from aqueous solution was investigated. The
effect of pH on the adsorption capacity was examined,
where the maximum Cu(lIl) uptake for CCS and CCS-
EDGE occurred at pH 5.0, while the maximum
adsorption capacity of CCS-ECH was observed at pH
4.0. The pseudo-second-order equation showed to be
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the best fit for the kinetic data, while the equilibrium
data correlated well with the Langmuir model. The
adsorption of Cu(ll) onto CCS, CCS-ECH, and CCS-
EDGE is a combination of physical and chemical
adsorption, as based on the kinetics and equilibrium
study. In general, physical adsorption is the governing
mechanism in the system, while chemical adsorption
is the slowest adsorption step taking place. CCS-
EDGE (7.20mgg ") provided the highest adsorption
capacity over CCS (4.77mgg ') and CCS-ECH
(436mgg "). HCl solution (pH 1.0) provided the
greatest desorption percentage for the adsorbed Cu
(I). In the real groundwater system, the highest
percent Cu(ll) removal of 77.5% was attained using
CCB-EGDE. Conclusively, cross-linked CCS illustrates
to be a promising adsorbent in the removal of Cu(lIl)

from  aqueous  solution and  contaminated

groundwater.

Nomenclature

b — Langmuir equilibrium constant, mL rng’1

B — D-R constant related to the adsorption energy,
kJ? mol 2

Ca — concentration of metal ions adsorbed, mg Lt

cq — concentration of metal ions desorbed, mg Lt

Ce — final or equilibrium concentration of Cu(Il),
mgL~"

Co — initial Cu(Il) concentration, mg L!

E — mean energy of adsorption, kJ mol !

Kg — relative adsorption capacity, mgg "'

kq — pseudo-first-order rate constant, min !

ks — pseudo-second-order rate constant,
gmg 'min!

m — weight of the adsorbent, g

1/n — adsorption intensity, L g’1

gor — D-R adsorption capacity, mgg "

Je — adsorption capacity at equilibrium, mgg "'

qL — maximum adsorption capacity at monolayer
coverage, mg g’1

G — adsorption capacity at time t, mgg ™'

R — universal gas constant, kJ mol 1K!

t — contact time, min

T — absolute operating temperature, K

v — volume of Cu(Il) solution, mL
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