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ABSTRACT: Batch experiments were performed to inves-
tigate the adsorption of Cu(Il) from aqueous solution using
noncrosslinked and crosslinked chitosan immobilized on
bentonite (CIB). Crosslinking agents such as epichlorohy-
drin (ECH), glutaraldehyde (GLA), and ethylene glycol
diglycidyl ether (EDGE) were utilized to improve the chemi-
cal and mechanical properties of the adsorbent. The effect of
contact time, pH, and initial concentration on the adsorption
capacity was determined. The adsorption capacities of the
adsorbents are arranged in the following order: CIB-EDGE
> CIB-ECH > CIB >> CIB-GLA. Langmuir and Freundlich
equations were used to analyze the isotherm data. Equilib-

rium studies showed that CIB, CIB-EDGE, and CIB-ECH
correlated well with the Langmuir model while CIB-GLA
fits well with the Freundlich model. Kinetics of Cu(Il)
adsorption was best described by the pseudosecond-order
equation, which indicates that chemisorption is the rate-lim-
iting step. In the desorption study, more than 92 and 75% of
Cu(II) could be recovered from CIB-EDGE and CIB-ECH
beads using HCl solution (pH 1) agitated for 120 min. © 2012
Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Heavy metals like copper have been widely used in
industrial areas such as mining activities, metal
cleaning facilities, petroleum refining, and fertilizer
manufacturing.” Without proper management and
disposal of waste effluents, heavy metals can con-
taminate the environment, especially the ground-
water. Copper, Cu(ll), is considered an essential nu-
trient in trace amount but when ingested at high
levels, it can cause adverse health effects such as he-
molytic anemia, corneal opacity, and Wilson's
disease.”?

Conventional treatment methods utilized in heavy
metal removal are membrane separation, electrode-
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position, chemical precipitation, ion exchange, and
reverse osmosis. These technologies are effective but
have high operational and maintenance costs and
are inefficient in removing heavy metals in dilute
solutions.* Adsorption is an alternative treatment
method, where several studies have focused in find-
ing efficient, low-cost adsorbents such as banana
pith,5 agricultural wastes,® chitin, and chitosan.**
Chitosan is a product of the partial deacetylation of
chitin, which has several valuable properties such as
being nontoxic, polycationic, biocompatible and bio-
degradable. It is well known to be an excellent ad-
sorbent because it contains hydroxyl (—OH) and
amino (—NH;) groups that serve as metal binding
sites.! However, chitosan has a low surface area,
with weak chemical and mechanical properties.
Therefore, physical and chemical modifications are
necessary to overcome these limitations.

Physical modification allows the expansion of the
chitosan polymer chain, which decreases its crystal-
linity and causes the accessibility of its binding sites.
Providing a proper and inexpensive material to be
used as an immobilization support for chitosan



would assist in lowering the q7uantity of chitosan
needed in the treatment process.”® There are several
studies that have investigated on potential support
materials for chitosan such as sand,”’ bentonite,!*!!
alumina,'> PVC beads,"® calcium alginate beads,*
and ion-exchange resin.'” Among the adsorbents,
chitosan immobilized in bentonite is one of the
cheapest materials and has a high efficiency in
removing heavy metals.*'%'® On the other hand,
chemical modification such as sulfonation, grafting,
blending, carboxymethylation, and crosslinking are
utilized to improve mechanical strength, chemical
stability, and hydrophilicity, to prevent dissolution
in dilute acidic medium, and to enhance its selectiv-
ity for metal adsorption. Among the chemical meth-
ods, crosslinking has received much attention due to
its simple procedure and ability to form macromo-
lecular structure for a variety of applications.'”” Com-
monly used crosslinking agents are epichlorohydrin
(ECH), glutaraldehyde (GLA), and ethylene glycol
diglycidyl ether (EDGE)."'® Previous batch studies
on chitosan and its derivatives utilized either physi-
cal or chemical modification but never in combina-
tion. The present study will apply both physical
modification through chitosan immobilized on ben-
tonite (CIB) and chemical modification using cross-
linking agents such as ECH, GLA, and EDGE.

This study examines the removal of Cu(ll) ions
from aqueous solution using noncrosslinked and
crosslinked CIB beads. The noncrosslinked and
crosslinked CIB beads were characterized using BET
surface area analysis, TGA and XRD. The effect of
parameters, such as initial concentration, contact
time, and pH, on the adsorption capacity was deter-
mined. The equilibrium adsorption data was ana-
lyzed using Langmuir and Freundlich models. Ki-
netic experimental data were evaluated using
pseudofirst-order and pseudosecond-order equa-
tions. This study will determine the probability of
crosslinked CIB beads as a possible material for per-
meable reactive barriers (PRBs) for the treatment of
contaminated groundwater.

MATERIALS AND METHODS
Chemicals and equipment

Low molecular weight chitosan (C;2H24N»Oq) pro-
duced from crab shells with deacetylation degree of
75-85% and bentonite (Al,O3045i0,0H,0) were pur-
chased from Sigma-Aldrich (KGaA, Germany). The
following  crosslinking agents: epichlorohydrin
(ECH) with 99% purity, ethylene glycol diglycidyl
ether (EDGE) with 50% purity, and glutaraldehyde
with 50% purity were procured from Sigma-Aldrich
(Germany). Copper sulfate (CuSO,), hydrochloric
acid (37% fuming), and sodium hydroxide (NaOH)
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were obtained from Merck Germany. All reagents
used were of analytical grade. Deionized (DI) water
was used to prepare all reagent solutions.

A Channel Precision Oven model DV452 220V
was used in drying the adsorbent. A BT-350 YIH
shaker bath was used for the batch studies. The
amount of Cu(Il) in the filtrate was measured using
inductively coupled plasma optical emission spec-
trometry (ICP-OES) Perkin-Elmer DV2000 Series.
The specific surface area of chitosan, bentonite, CIB-
ECH, CIB-EDGE, and CIB-GLA was measured using
BET-N, adsorption GEMINI 2360 Micrometrics.
X-ray diffraction (XRD) analysis was performed
using a Bruker D8 Series with a slow scan at 0.3° s~
in 20 range of 2°-15°. Thermogravimetric analysis of
chitosan, bentonite, and CIB was performed using a
Perkin—Elmer Pyris diamond thermomechanical
analyzer.

Preparation of chitosan immobilized on bentonite

Chitosan, 5.0 g, were dissolved in 300 mL of 5%
(v/v) HCl under vigorous stirring for 2 h. After chi-
tosan dissolution, 100 g of clay (bentonite) was
added into the solution and stirred for 3 h at 25°C.
The chitosan-clay solution was neutralized with 1N
NaOH (pH 13) that was added in a dropwise
method until the chitosan has precipitated.” The chi-
tosan-bentonite beads was filtered and washed with
DI water to remove excess NaOH. The CIB adsorb-
ent was dried in the oven at 65°C for 24 h or until
the weight becomes constant. After grinding the par-
ticles, called CIB, they were passed through ASTM
sieve size #35 and #45. CIB with bead size range of
0.35-0.50 mm was utilized.

Preparation of crosslinked chitosan immobilized
on bentonite bead

An equimolar 1 : 1 of chitosan to EDGE, ECH, and
GLA were prepared. About 4.578 mL of EDGE,
1.162 mL of ECH, and 2.650 mL of GLA were added
into the chitosan-bentonite solution. The CIB solu-
tion was stirred continuously at 55°C for 3 h on
addition of EDGE, at 45°C for 2 h on addition of
ECH, and at 50°C for 6 h on addition of GLA.!%?°
The crosslinked CIB was neutralized, filtered,
washed, dried, and sieved similar to the method
used for CIB. The crosslinked CIB was designated as
CIB-ECH, CIB-EDGE, and CIB-GLA, using ECH,
EDGE, and GLA, as crosslinkers, respectively.

Batch adsorption studies

Effect of pH and initial concentration

Batch experiments were carried out using 2.5 g of
the adsorbent beads, added in 125 mL Erlenmeyer
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flasks containing 30 mL of Cu(Il) solution. The solu-
tion was agitated using a reciprocal shaker bath at
50 rpm for 4 h at 25°C. The effect of pH (1.0-4.0)
and initial concentration (100-2000 mg L") on the
removal efficiency and adsorption capacity were
determined. The adjustment of pH was done using
0.IN of NaOH and 0.1N HCI. The solution was fil-
tered using Whatman #40 filter paper. The filtrate
was analyzed using ICP-OES using the wavelength
of 32475 nm for Cu(ll). The percent removal of
Cu(Il) ion from the solution at any time t is calcu-
lated using eq. (1):

(Co — C)100

c M)

Percentage adsorption =

where Cy and C are the initial and final Cu(Il) con-
centration (mg L"), respectively.
The adsorption capacity, g, is given by eq. (2):

(G —-CO)V

» @

Adsorption capacity, g, =
where V is the volume of the metal solution (mL),
and the W is the weight of the adsorbent used (g).

Kinetic studies

The kinetic studies were carried out using 2.5 g ad-
sorbent beads in 30 mL of Cu(II) solution at pH 4 with
initial concentration of 500-2000 mg L~". The flasks
were stirred using 50 rpm at predetermined time
intervals (1 min to 2 h). The solution was filtered, and
the Cu(Il) concentration in the filtrate was measured.

Isotherm studies

The isotherm studies were conducted using 2.5 g ad-
sorbent beads placed in 30 mL of Cu(ll) solution
with an initial concentration ranging from 100 to
2000 mg L~" at pH 4. The flasks were agitated for 24
h at 50 rpm at 25°C.

Regeneration studies

In regeneration studies, 2.5 g of adsorbent (CIB-ECH
and CIB-EDGE) was added to 30 mL of Cu(Il) solu-
tion with an initial concentration in the range of
100-2000 mg L' at pH 4. The solution was agitated
for 12 h using a shaker bath. Then the solution was
filtered and the concentration of Cu(ll) was
analyzed.

After the first adsorption cycle, the Cu(Il)-loaded
adsorbent was agitated in a shaker bath for 2 h
using tap water (pH 7) and HCl solution (pH 1 and
pH 3). The solution was filtered, and the amount of
desorbed Cu(ll) ions were analyzed. The regenerated

TABLE I
Characteristic of Adsorbent Beads Analyzed by BET
N, Adsorption-Desorption Analysis

Adsorbent Surface area Pore volume Average pore
beads (m? g’l) (m® g’l) diameter (nm)
Bentonite 94.28 0.0113 5.84
Chitosan 3.40 <0.0001 6.41
CIB 39.17 0.0041 5.02
CIB-ECH 38.96 0.0039 6.21
CIB-EGDE 20.18 0.0002 7.33
CIB-GLA 13.45 <0.0001 8.33

adsorbent was again subjected to a second adsorp-
tion cycle. This is for confirmation of reusability and
stability of the adsorbent.

RESULTS AND DISCUSSION
Specific surface area analysis

The characterization of the surface area of chitosan,
bentonite, CIB, CIB-EDGE, CIB-ECH, and CIB-GLA
was listed in Table I. According to the International
Union of Pure and Applied Chemistry (IUPAC) clas-
sifications, the pore diameters can be divided into
three categories: macropores (d > 50 nm), mesopores
(2 nm < d < 50 nm), and micropores (d < 2 nm).
Based on the results, chitosan, bentonite, and cross-
linked CIB beads are mesoporous. Table I illustrates
that chitosan exhibited the least surface area (3.40
m? g '), whereas bentonite has the largest surface
area (94.28 m? g '). Combining bentonite and chito-
san to form CIB beads resulted to surface area val-
ues in between bentonite and chitosan (48.81 m?
g ). On addition of ECH, EGDE, and GLA further
reduced the surface area of adsorbent beads in the
order of 38.96, 20.18, and 13.45 m* g, respectively.
The surface area values are arranged in the follow-
ing order: bentonite > CIB ~ CIB-ECH > CIB-EDGE
> CIB-GLA > chitosan. It is observed that the sur-
face area decreases with a decrease of pore volume.
The inferior properties of CIB and its crosslinked
forms in comparison to bentonite were due to the
hydroxylated edge—edge interaction of the silicate
layers forming hydrogen bonds with another silicate
hydroxylated group.” In addition, the hydroxyl
groups from crosslinking agents form hydrogen
bonds with the silicate hydroxylated edge groups of
bentonite and the hydroxyl groups of chitosan.
Figure 1 shows the nitrogen adsorption—desorp-
tion isotherm of chitosan, CIB, and bentonite. In Fig-
ure 2, the adsorption-desorption isotherm of (a)
CIB-ECH, (b) CIB-EDGE, and (c) CIB-GLA are dis-
played, respectively. Based on the figures, the plot
of bentonite, CIB, CIB-ECH, CIB-EDGE, and CIB-
GLA can be well fitted with type IV adsorption iso-
therm, which indicates a porous adsorbent material

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Isotherm plot of N, adsorption and desorption
on bentonite, CIB, and chitosan.

with strong adsorbate—adsorbent interactions. On the
other hand, chitosan displays a type II isotherm,
which refers to a nonporous material.

TG analysis

The thermogravimetric curves of chitosan, bentonite,
and CIB are shown in Figures 3-5, respectively. In
Figure 3, the TG curve of chitosan is composed of
two degradation stages. The first stage is due to loss
of adsorbed water observed around 40-120°C with a
weight loss of 12%. The second major weight loss of
84% was observed around 220-550°C. Chitosan was
burnt out completely at 560°C.

In Figure 4, the thermogravimetric profile of ben-
tonite is illustrated, which is composed of two stages.
The first weight loss of 12% was observed at 40-130°C
that is attributed to evaporation of adsorbed water.
The second weight loss of 9% occurred around 450-
700°C, which is due to the loss of structural hydroxyl
group of bentonite.”” In Figure 5, the decomposition
profile of CIB is similar to that of bentonite. The CIB
profile is composed of two weight loss stages, which
were observed in the range of 40-130°C and 250-
700°C. The first major weight loss of 12% is due to
adsorbed water. On the other hand, the second weight
loss of 11.1% is composed of the decomposition of
both chitosan and bentonite. Around 560°C, the chito-
san would be burnt out completely from CIB. Based
on the degradation profiles, about 3.1% of chitosan
has been immobilized on bentonite.

XRD analysis

Figure 6 illustrates the XRD pattern of bentonite, chi-
tosan, CIB, and crosslinked CIB beads. A typical 20
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peak for bentonite was detected at 6.42° that corre-
sponds to basal spacing of 1.36 nm for (001) plane.
Another characteristic 20 peak of bentonite is found
at 9.22°, which corresponds to a basal spacing of
0.95 nm. No significant shift in the diffraction angle
of bentonite was observed on addition of chitosan
and the crosslinking agents EDGE, GLA, and ECH,
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Figure 2 Isotherm plot of N, adsorption and desorption
on (a) CIB-ECH, (b) CIB-EGDE, and (c) CIB-GLA beads.
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Figure 3 Thermogravimetric curve of chitosan.

which indicates the absence of chitosan and cross-
linking agents intercalating into the interlayer of
bentonite. The chitosan-clay ratio used in this study
is 0.025 : 1, where the amount of chitosan was very
low to cause observable intercalations. Shifts in basal
spacing for CIB, CIB-EDGE, CIB-ECH, and CIB-GLA
are within the range of 0.01 and 0.20 nm, which
could be attributed to moisture and not
intercalation.

In addition, the XRD intensity of bentonite at peak
6.42° was observed to decrease on addition chitosan
and crosslinking agents. The interaction between
bentonite and chitosan plus the crosslinking agents,
taking into account the different molecular sizes and
chemical structures, caused the distortion of the
intrinsic lattice arrangement of bentonite, leading to
a decrease in its crystallinity, which caused a
decrease in peak intensity.
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Figure 4 Thermogravimetric curve of bentonite.
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Figure 5 Thermogravimetric curve of CIB.

Effect of contact time and initial concentration

As shown in Figure 7, the adsorption of Cu(Il) ions
using CIB, CIB-ECH, CIB-EDGE, and CIB-GLA
occurred rapidly. Cu(ll) adsorption increased with
contact time and attained equilibrium at 120 min for
all four adsorbent beads. The adsorption capacity,
g. of CIB, CIB-ECH, CIB-EDGE, and CIB-GLA was
observed to increase with initial concentration. A
high initial concentration means an increase in the
driving force caused by the concentration gradient
and mass transfer effects, resulting to an increase in
g. values.” The order of the g, values using the four
modified adsorbents was as follows: CIB-EDGE ~
CIB-ECH > CIB >> CIB-GLA. The adsorption
capacity of CIB, CIB-EDGE and CIB-ECH are similar
in values at initial concentration of 100 and 500 mg
L~'. However, the g, values of CIB are lower than

Bentonite

|
|
|
i
|
m

CIB

|
/T‘-\\-\Mw
i CIB.EGDE

CIB-ECH

Figure 6 XRD patterns of bentonite, chitosan, CIB beads,
CIB-EGDE beads, CIB-ECH beads, and CIB-GLA beads.
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Figure 7 Adsorption capacity (g.) of Cu(Il) on (a) CIB, (b) CIB-EGDE, (c) CIB-ECH, and (d) CIB-GLA beads in terms of

time and initial Cu(Il) concentration at pH 4.

the two adsorbents at higher concentrations despite
the slightly higher surface area of CIB beads over
CIB-EDGE and CIB-ECH. At 1000 mg L' and
above, the binding sites of CIB are almost saturated
while CIB-EDGE and CIB-ECH can still adsorb more
Cu(II) ions. Both EDGE and ECH contain additional
hydroxyl groups found along its chain that serve as
additional binding sites for Cu(ll) ions. Among the
modified adsorbents, GLA provided the lowest
adsorption capacity for Cu(ll) removal. GLA is a
crosslinker in the dialdehyde group where it inter-
acts with the amino (—NH,) group of chitosan. The
amino group of chitosan is one of the primary bind-
ing sites for heavy metals, therefore, using GLA
reduced the number of binding sites for Cu(Il) ions.
Additionally, CIB-GLA has a low surface area avail-

Journal of Applied Polymer Science DOI 10.1002/app

able for adsorption, with properties like lower swel-
ling capacities and a more hydrophobic character,
which further contributed to its low adsorption
capacities.”

CIB-ECH and CIB-EDGE have very similar
adsorption capacity for Cu(Il) removal. Both cross-
linking agents belong to the epoxide group, where
both contribute additional hydroxyl (—OH) groups
that will serve as binding sites for Cu(II) ions.”* Spe-
cifically, the ECH chain contains one hydroxyl group
while the EDGE chain contains two hydroxyl groups
along its structure that could serve as binding sites
for Cu(ll) ions. EDGE interacts with chitosan via its
amino groups while ECH interacts with the
hydroxyl group of chitosan. Hence, ECH may con-
tain less hydroxyl group than EDGE but it leaves
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Figure 8 Effect of pH on the adsorption capacity (g.) of
Cu(Il) ions onto CIB-EGDE and CIB-ECH beads.

the amino groups of chitosan to interact freely with
Cu(II) ions. In addition, the ECH molecule is shorter,
resulting to a more rigid polymeric chain, which
reduces the affinity of Cu(Il) ions to interact with
the binding sites of CIB-ECH over the longer mole-
cule of CIB-EDGE.* Taking into account all of these
properties of ECH and EDGE led to the similar
adsorption capacities for Cu(ll) removal from aque-
ous solution.

Effect of pH

The effect of pH on Cu(ll) adsorption using CIB-
EDGE and CIB-ECH at an initial concentration of
2000 mg L' was investigated. Based on the results
from previous section, CIB-EDGE and CIB-ECH pro-
vided maximum adsorption capacity over CIB and
CIB-GLA. Therefore, CIB-EDGE and CIB-ECH were
the adsorbents utilized in the study for effect of pH
as well as the regeneration study. Figure 8 illustrates
the adsorption capacity of Cu(ll) ions onto CIB-
EDGE and CIB-ECH beads at different pH values.
The adsorption capacity of both adsorbent increased
when the pH was increased from pH 1 to 4. The
maximum adsorption capacity for the two adsorbent
beads occurred at pH 4. The adsorption capacities of
the adsorbent beads were very low at acidic pH
since more H" are available to protonate the amine
groups of chitosan, forming —NH;". This in turn,
reduces the binding sites available for the Cu(ll)
ions. In addition, the positive charge of —NH;"
exerts a high electrostatic repulsive force, which pre-
vents the Cu(ll) ions from approaching the adsorb-
ent surface. Hence, at very low pH condition, the
adsorption capacity was reduced.***

The surface charge of clay is also affected under
acidic conditions. At very low pH, the aluminol and

silanol groups (—MO) found on the clay surface
becomes protonated.” In addition, the oxygen atoms
on the surface interact with the water in acidic solu-
tion to form aqua complexes as shown by eq. (3):

— MO+H—OH—-M—OH,"+0OH (3)

The positive clay surface charge interacts repulsively
with the approaching Cu(Il) ions and prevents them
from reaching the adsorbent surface. As a result, the
adsorption capacity at low pH was further reduced.

At around pH3 and pH4, the inhibitory effect of
H™ decreases, which led to an increase in the Cu(Il)
adsorption capacity. Moreover, the amount of H*
was reduced in comparison to the amount of Cu(Il),
therefore, Cu(Il) can compete with H™ to react with
R-NH,, which represents the chitosan chain with its
amino group as shown in the eq. (4).”

R — NHJ + Cu*" < R - NH,Cu*" +H'  (4)

Adsorption kinetics study

To investigate the mechanism of Cu(ll) adsorption
and to identify the rate-determining step, the pseu-
dofirst-order and pseudosecond-order equations
were applied to analyze the kinetic data.

The pseudofirst-order equation is given by eq. (5):

k
log(de — q:) = log e — 552t (5)

where ¢, and g, (mg g ') are the adsorption capaci-
ties at equilibrium and at time f (min), respectively,
and k; is the rate constant of the first-order adsorp-
tion (1 min ').*® Plotting log(q. — ¢:) against t will
give the pseudofirst-order kinetic rate constant, k;
and the theoretical value of g,.

The pseudosecond-order kinetic model was illus-
trated as eq. (6):

t 1 1
w ki o ©
where k; is the rate constant of adsorption (g mg™'
min). The straight line plot of t/g4; against t will give
the value of the kinetic rate constant, k, and the the-
oretical value of g,.

Based on Table I, the adsorption of Cu(ll) using CIB,
CIB-ECH, CIB-EDGE, and CIB-GLA did not fit the pseu-
dofirst-order equation, owing to its low correlation coef-
ficient values: 0.9005 < R < 0.9541, 0.9245 < R* <0.9746,
0.8688 < R? < 0.9746, and 0.8105 < R* < 0.9537, respec-
tively. The pseudofirst order applies to a reversible reac-
tion with the equilibrium being established between the
solid and liquid phases."” The four modified adsorbent

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Kinetic Parameters for Cu(II) Adsorption onto Non-Crosslinked and Crosslinked Chitosan Immobilized on Bentonite
Beads
Initial Cu(Il) Pseudofirst-order kinetic Pseudosecond-order kinetic
concentration
Adsorbent (mg LY R? k(L min™") qe (mg gfl) R? ky (g mgf1 min) qe (mg gfl)
CIB 500 0.9005 0.0378 3.47 0.9881 0.0152 6.15
1000 0.9182 0.0454 6.62 0.9763 0.0082 10.65
2000 0.9541 0.0435 10.42 0.9857 0.0058 15.43
CIB-EGDE 500 0.8688 0.0412 2.08 0.9995 0.0558 6.12
1000 0.9746 0.0426 6.63 0.9991 0.0169 11.72
2000 0.9647 0.0567 12.63 0.9978 0.0093 17.99
CIB-ECH 500 0.9245 0.0493 3.70 0.9961 0.0205 6.40
1000 0.9731 0.0500 7.34 0.9965 0.0118 11.42
2000 0.9269 0.0541 8.48 0.9963 0.0100 16.72
CIB-GLA 500 0.8105 0.0362 1.02 0.9989 0.0930 2.60
1000 0.9537 0.0408 2.34 0.9988 0.0407 4.24
2000 0.8270 0.0410 1.96 0.9987 0.0575 6.04
beads follow the pseudosecond-order equation, given by K C, CinaxbC,
its high correlation coefficient values (R? > 0.9763). The @)

pseudosecond-order equation implies that chemisorp-
tion is the rate-determining step of the adsorption pro-
cess. It signifies that the overall rate of Cu(Il) adsorption
process appears to be controlled by the chemical attach-
ment and not by mass transport.”” The adsorption mech-
anism may involve valency forces through sharing of
electrons between Cu(Il) and adsorbent beads.®*® A
high adsorption capacity with short equilibrium time
indicates a high degree of affinity between the Cu(ll) and
adsorbent beads.”

Adsorption isotherm study

The equilibrium isotherm is essential in describing the
interaction between the Cu(Il) ions and the adsorbent
beads at a constant temperature. In this study, the ex-
perimental data were analyzed using the two isotherm
equations, namely Langmuir and Freundlich model.
The Langmuir model assumes that the solute is
adsorbed on a finite number of binding sites with the
same energy levels found on a homogenous surface.
Langmuir isotherm is described as adsorption occur-
ring on a monolayer surface coverage where there is
no net interaction between adsorbed molecules.”® The
Langmuir equation is represented by eq. (7):

9 =1%bC, ~ 1+0C,

where ¢, is the equilibrium Cu(Il) loading on the ad-
sorbent beads, C, the equilibrium concentration of
Cu(ll), Cpnax the maximum capacity at monolayer
coverage, and b is the relative energy (intensity) of
adsorption, also known as binding constant.*® The
Freundlich model is based on an empirical equation.
It is usually applied to adsorption of solute on active
sites with heterogenous energy levels on rough
surfaces and is given by eq. (8):

ge = KeCy/" ®)
where Kr and n are Freundlich constants related to
relative adsorption capacity and adsorption intensity
of the adsorbent, respectively.”

Based on Table III, CIB, CIB-ECH, and CIB-EDGE
best fits the Langmuir isotherm with high correlation
coefficient values (R* > 0.99). This implies that
Cu(Il) ions form a monolayer coverage on the ho-
mogenous surface of the adsorbent. On the other
hand, CIB-GLA fitted very well with the Freundlich
isotherm (R* = 0.999), which implies the occurrence
of multisite adsorption of the Cu(Il) ions on the sur-
face with heterogenous energetic distributions.

TABLE III
Adsorption Isotherm Constants and Correlate Ion Coefficients of Cu(II) Adsorption
on Crosslinked Chitosan Immobilized on Bentonite at pH 4

Langmuir isotherm

Freundlich isotherm

Adsorbents R? Ko(Lg™ b@Lmg™") Cua(mgg™ R? K n

CIB 0.991 22.727 2.307 9.85 0932 3221 383
CIB-EGDE  0.996 45.228 4.299 10.52 0953 4150  3.89
CIB-ECH 0.998 44.623 3.799 11.75 0932 4311 413
CIB-GLA 0.984 0.044 0.011 417 0999 0152  1.89
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Figure 9 Experimental data points of Cu(Il) using CIB,

CIB-ECH, CIB-EDGE, and CIB-GLA fitted with the nonlin-
ear plot of Langmuir and Freundlich model.

In Figure 9, the experimental data are plotted
against the nonlinear plots generated by the Lang-
muir and Freundlich model. The simulated plot
using the Freundlich isotherm agreed well with the
experimental data points of Cu(ll) adsorbed using
CIB-GLA. On the other hand, the experimental data
points using CIB, CIB-ECH, and CIB-EDGE illustrate
a good fit to the nonlinear plots based on the Lang-
muir isotherm. This result agrees with the obtained
correlation coefficient values (R?) listed in Table III.

Based on the Langmuir isotherm, the C,,,x of Cu(Il)
on CIB, CIB-EGDE, CIB-ECH, and CIB-GLA beads
were 9.85, 10.52, 11.75, and 4.17 mg gfl, respectively.
CIB-EDGE and CIB-ECH have high constant b values
over CIB and CIB-GLA, an indication of high affinity
of Cu(ll) ions for the binding sites on the surface of

the modified beads. This in turn causes the maximum
monolayer adsorption values of Cu(ll) to be arranged
in the following order: CIB-ECH ~ CIB-EDGE > CIB
> CIB-GLA beads.

The Freundlich parameter constant, #, indicates the
favorability of the adsorption. If the n value is less
than 1, the adsorption intensity is favorable over the
entire range of concentration used, but an n value of
more than 1 means it is favorable only at high concen-
tration. The adsorption intensity, n, for all four ad-
sorbent beads is greater than 1, which indicates the
adsorption is favorable only at high concentration."
The superior n values of CIB-ECH and CIB-EDGE
over CIB and CIB-GLA means an enhanced intensity
of the adsorption of Cu(ll) ions, which led to higher
values of the relative adsorption capacity, Kp.

The adsorption capacity of CIB-EDGE and CIB-
ECH developed by this study was compared to chi-
tosan, its modified forms and other biosorbents. As
seen in Table IV, this study obtained a good maxi-
mum adsorption capacity for CIB-EGDE and CIB-
ECH when compared to similar chitosan immobili-
zation studies.”'"® In addition, the adsorption
capacity of CIB-ECH and CIB-EDGE obtained in this
study is comparable to that of chitosan and higher
than bentonite and other natural adsorbents such as
tobacco, coconut, bark, and sugarcane.30’3’2’34_36 This
indicates the potential of the aforementioned adsorb-
ents in large-scale practical application.

Desorption and regeneration study

The recovery of the metal adsorbed and the regener-
ation of adsorbent beads are important in determin-
ing the reusability of the adsorbent material. In this
study, CIB-ECH and CIB-EDGE beads underwent

TABLE IV
Comparative Adsorption Capacity and Kinetics of Cu(II) Ions onto Various Bioadsorbents

Adsorption Adsorption kinetics BET surface

Adsorbent capacity (mg g ) (fitting model) area (m* g~ ") References
CIB-EGDE 10.5 Pseudosecond order 20.18 This study
CIB-ECH 11.6 Pseudosecond order 38.96 This study
CIB-GLA 42 Pseudosecond order 13.45 This study
CIB 9.9 Pseudosecond order 39.17 This study
Chitosan 16.8 Pseudosecond order NA 30
Epichlorohydrin crosslinked chitosan (CCTS) 16.8 Pseudosecond order NA 31
Bentonite 7.94 NA NA 32
CHB (chitosan-immobilized on bentonite) 21.55 Pseudosecond order 33.17 11
CCB (chitosan-coated bentonite) 12.21 Pseudosecond order 48.31 33
CCB-ECH 9.43 Pseudosecond order 37.14 33
CCS (chitosan-coated sand) 8.76 Pseudosecond order 39.78 9
Sugar cane, bagasse 0.3 NA NA 34
Coconut, shell 2.6 NA NA 34
Kudzu, bark 8.2 NA NA 34
Tobacco, bark 14.3 NA NA 34

NA: not available
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TABLE V
Desorption of Cu(Il) from CIB-EGDE and CIB-ECH Beads Using Deionized Water (pH 7) and HCl Solution
at pH 1 and pH 3

CIB-EDGE beads
Cu(Il) ions

CIB-ECH beads
Cu(Il) ions

Cu(Il) ions Cu(Il) ions

Desorption Initial adsorbed desorbed adsorbed desorbed
solution Conc. (mg L’l) (mg L’l) (mg L’l) % desorption (mg L’l) (mg L’l) % desorption

HCl (pH =1) 100 100 95.05 95.05 99.96 76.96 76.99
500 498.08 461.77 92.71 498.45 411.77 82.61

1000 910.75 906.56 99.54 904.27 773.33 85.52

2000 1359.30 1347.34 99.12 1358.87 1214.69 89.39

HCI (pH = 3) 100 100 0.00 0.00 100 0.14 0.14
500 486.09 0.00 0.00 473.78 0.05 0.01

1000 915.67 6.04 0.66 879.04 1.76 0.20

2000 1352.90 61.29 4.53 1329.52 35.10 2.64

Tap water (pH = 7) 100 100 0.00 0.00 100 0.03 0.03
500 475.01 0.00 0.00 468.90 0.70 0.15

1000 891.98 1.43 0.16 897.34 2.87 0.32

2000 1267.98 1.14 0.09 1298.56 39.74 3.06

one desorption and regeneration cycle using deion-
ized water (pH 7), and HCI solution (pH 1 and pH
3). The desorption study using solution with pH 3
and pH 7 was performed to test the stability of the
CIB-EGDE and CIB-ECH beads in capturing Cu(II)
ions. The desorption study using solution at pH 1
was performed to investigate the strength of adsorb-
ent beads, the potential recovery of Cu(ll) ions, and
the reusability of the adsorbent beads.

According to Table V, after the desorption cycle
using HCl (pH 3) and tap water (pH 7), it is
observed that there is very low recovery of Cu(ll)
ions (% desorption < 4.53% for pH 3 and % desorp-
tion < 3.06% for pH 7) for CIB-EDGE and CIB-ECH.
This indicates the stability of Cu(ll) ions adsorbed
under slightly acidic and neutral conditions. Desorp-
tion using CIB-EDGE beads at pH 1 resulted to a
high recovery of Cu(ll) ions (%desorption > 92%),
which displays the probability of recovering the
adsorbed Cu(Il) ions. However, the CIB-ECH beads

has lower % recovery values in comparison with the
CIB-EDGE beads, indicating a stronger bond formed
between Cu(Il) ions and the CIB-ECH beads.

After desorption, the two adsorbent beads, CIB-
EGDE and CIB-ECH, were reused for a second cycle
of Cu(ll) adsorption. The results in Table VI showed
that the adsorption capacity of the regenerated CIB-
EDGE beads (at pH 1) are very low, where the %
adsorption <2%. However, regenerated CIB-ECH
beads using pH 1 have slightly higher % adsorption
values, owing to its greater mechanical strength and
chemical stability over CIB-EDGE beads. This indi-
cates that CIB-ECH beads provide better efficiency
for reuse than CIB-EGDE beads Although using HCl
solution (pH 1) for desorption contributed the great-
est recovery of Cu(Il) for the beads, it also destroyed
the adsorbents” physical structure, leading to the dis-
solution of the CIB-ECH and CIB-EGDE beads. As a
result, regeneration provided very low adsorption
capacity. Using desorption agents at pH 3 and pH 7

TABLE VI
Adsorption Data of Cu(Il) Removal Using Regenerated CIB-EGDE and CIB-ECH Beads After One Desorption Cycle
Using Deionized Water (pH 7) and HCI Solution (pH 1 and pH 3) at Equilibrium Contact Time (240 min)

Initial conc.

CIB-EDGE beads

CIB-ECH beads

Desorption solution (mg L) C,(mgL™" g.(mgg ') %adsorption C,(mgL™") g,(mgg ') % adsorption
HCI (pH = 1) 100 93.95 0.07 2.02 57.11 0.51 42.89
500 498.75 0.04 0.65 363.37 1.64 27.33
1000 998.03 0.02 0.20 806.33 2.32 19.37
2000 2002.67 0.00 0.00 1749.73 3.00 12,51
HCI (pH = 3) 100 0.01 1.20 99.99 0.01 1.20 99.99
500 26.40 5.68 94.72 19.88 5.76 96.02
1000 390.85 7.31 60.92 297.95 8.42 70.21
2000 1519.00 5.77 24.05 1334.33 7.99 33.28
Tap water (pH = 7) 100 0.01 1.20 99.99 0.01 1.20 99.99
500 16.42 5.80 96.72 16.15 5.81 96.77
1000 324.57 8.10 67.54 328.60 8.06 67.14
2000 1430.67 6.83 28.47 1354.20 7.75 32.29
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exhibited low percent desorption. However, the ad-
sorbent beads still could be used for another adsorp-
tion cycle but with lower adsorption capacity.

CONCLUSIONS

In this study, the removal of Cu(ll) ions from aque-
ous solution using noncrosslinked and crosslinked
CIB beads was examined under batch conditions.
The adsorption capacities for Cu(ll) removal are
arranged in the following order: CIB-EGDE > CIB-
ECH > CIB > CIB-GLA. An increase in the adsorp-
tion capacity of the adsorbent beads was observed at
higher initial concentration and as the solution pH
was increased from pH 1 to 4. Under equilibrium
conditions, the adsorption isotherm of CIB, CIB-
EGDE, and CIB-ECH beads could be well fitted
using the Langmuir isotherm, which describes
monolayer coverage on a homogeneous adsorbent
surface. On the other hand, adsorption using CIB-
GLA beads correlated well with the Freundlich iso-
therm. Moreover, the overall kinetic data was best
described by the pseudosecond-order equation,
which suggests that chemisorption is the rate-deter-
mining step. About 92 and 75% of Cu(lI) ions could
be desorbed from CIB-EDGE and CIB-ECH using
HCI solution (pH 1) at a contact time of 240 min. In
general, the results of this study illustrate the possi-
bility of using CIB-EDGE and CIB-ECH as possible
material for PRBs in the treatment of acidic plumes
and contaminated groundwater.
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