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ABSTRACT

In this study, the removal of Cu(Il), Ni(Il), Pb(II), and Zn(II) from aqueous solution in single
and multi-metal system using chitosan-coated montmorillonite (ChiMC) beads was investi-
gated. The non-crosslinked and crosslinked ChiMC beads were characterized using
SEM-EDX, Fourier transform infrared, and Brunauer, Emmett, and Teller analysis. The
effect of ionic strength and pH on the adsorption capacity and percent (%) removal of
ChiMC was examined. Kinetic studies revealed that adsorption using ChiMC follows the
pseudo-second-order equation with high correlation coefficient values (R* > 0.95). The equi-
librium data were correlated with Langmuir and Freundlich isotherm models, where cross-
linked ChiMC provided higher maximum adsorption capacity over ChiMC. The calculated
Langmuir adsorption capacities for Cu(Il), Ni(Il), Pb(Il), and Zn(II) using ChiMC in single-
metal system are 13.04, 12.18, 29.85, and 13.50 mg/g, respectively. An increase in the calcu-
lated adsorption capacities derived from Langmuir isotherm was observed in multi-metal
system, indicating a synergistic effect. The adsorption capacity in single- and multi-metal
system followed the order: Pb(Il) > Cu(l) > Zn(II) > Ni(II). The kinetic rate and adsorption
capacity of the four metals were observed to increase in multi-metal systems. The removal
of Cu(Il), Ni(II), Pb(I), and Zn(Il) from groundwater by adsorption onto ChiMC was also
investigated.
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1. Introduction

Heavy metal contamination in surface and
groundwater has been a major concern due to its non-
biodegradability and acute toxicity effects on public
health and the environment. The presence of heavy
metals in waste effluents is generated by several
anthropogenic sources such as agricultural use of
pesticide and fungicide, paper and pulp industry,
mining activities, smelting processes, battery manufac-
turing, and oil refining [1-3]. Conventional methods
used in removing heavy metal from industrial efflu-
ents are chemical precipitation, ion exchange, elec-
trodeposition, evaporation, and membrane separation
[4]. These technologies have certain drawbacks such
as being costly and ineffective in removing heavy met-
als at dilute concentration [5,6]. In addition, chemical
methods generate sludge, which requires proper
confinement and disposal [7].

Among the physicochemical treatments, adsorption
using activated carbon in the removal of heavy metals
and dyes has been employed [8]. Materials of biologi-
cal origin have been considered as an alternative to
the conventional treatment of wastewater containing
heavy metals. Natural adsorbents, such as clay materi-
als [9], coconut shell [7], chitin, and chitosan [10,11]
are industrially attractive due to their low cost, avail-
ability, and capacity of lowering the heavy metal
concentration to parts per billion.

Chitosan, a natural amino polysaccharide that con-
tains reactive amine and hydroxyl groups, is obtained
from deacetylation of chitin [12,13]. It is widely
regarded due to its high adsorption capacity with
valuable properties such as nontoxicity, hydrophilicity,
biocompatibility, and antibacterial properties [14].
However, chitosan application is limited due to its
low surface area, solubility in most mineral and
organic acids, and has the tendency to form gel in
aqueous media [15]. Therefore, raw chitosan is either
physically or chemically modified in the attempt to
cause expansion of the polymer network onto an
immobilized support, to reduce its crystallinity, and to
enhance its mechanical resistance and chemical
stability in acidic media [16-18].

Previous studies were made on chitosan support
material, which includes sand [14], bentonite [19-21],
PVC [6], and perlite [22]. Montmorillonite, a smectite
clay mineral composed of three layers, has a 2:1 ratio
of Si*" tetrahedral to AI’* octahedral sheets. It is an
attractive support material and well-known adsorbent
due to its high surface area, mechanical and chemical
stability, high cation-exchange capacity, and low cost
[23]. In this investigation, physical modification
through the process of coating chitosan on the surface
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of montmorillonite would help overcome the mass
transfer limitations and increase the accessibility of its
binding sites. In order to improve the chemical stabil-
ity in acidic solution, chemical modification via
crosslinking of chitosan with ethylene glycol digly-
cidyl ether (EDGE) was also carried out. Most of the
studies on chitosan derivatives, especially chitosan—
clay beads, were conducted in single or binary metal
system. In the aquatic environment, a number of metal
ions are present and may compete for available
adsorption sites. In addition, the presence of more
than one metal in wastewater is expected to cause
interactive effects depending on many factors [24].

The main objective of the study is to investigate
the removal of Cu(ll), Ni(II), Pb(Il), and Zn(II) using
non-crosslinked and crosslinked  chitosan-coated
montmorillonite in single and multi-metal system. The
effect of ionic strength and pH on the adsorption
capacity was examined. The equilibrium data of single
and multi-metal system were analyzed using Lang-
muir and Freundlich isotherm. The experimental data
for the kinetic study were evaluated using the pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion equations. The performance of ChiMC in
removing Cu(ll), Ni(I), Pb(l), and Zn(l) from
groundwater was evaluated as well. This information
would help to determine if chitosan-coated montmo-
rillonite could be a possible material that can be used
in a permeable reactive barrier (PRB) system for the
treatment of acidic plumes and contaminated
groundwater.

2. Materials and methods
2.1. Chemicals and reagents

Chitosan, low molecular weight with 75-85% degree
of deacetylation, was procured from Sigma-Aldrich
(USA). Montmorillonite, Cu(NO3),-2.5H,0, Pb(NO3),,
Ni(NO3),:6H,O, and Zn(NO;),-6H,O were obtained
from Ridel-de Haén, while NaOH pellets (99% purity),
HCI (37% fuming), and ICP multi-element standard
solution IV were purchased from Merck (Germany).

2.2. Instrumentation and equipment

A Channel Precision Oven model DV452 220V
was utilized for drying the ChiMC adsorbent. A
reciprocal shaker bath YIH BT350 was used for the
batch experiments. Quantitative analysis of Cu(Il), Ni
(I), Pb(D), and Zn(II) was done using inductively cou-
pled plasma optical emission spectrometry (ICP-OES)
Perkin Elmer Optima DV2000 Series.
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2.3. Characterization of ChiMC and CChiMC
2.3.1. BET surface area analysis

Surface area analysis of ChiMC was performed
using Brunauer, Emmett, and Teller (BET) multipoint
technique at 77K using N, adsorption using a
GEMINI 2360 Micrometrics. Prior to analysis, the sam-
ple was degassed for 24 h at 343 K under vacuum.

2.3.2. Surface morphology

The scanning electron microscopy and energy
dispersive X-ray spectroscopy were done using
SEM-EDX Hitashi 5-4800 at 20.0 kV using a tungsten
filament. Prior to analysis, samples were coated with
gold using a gold electric sputter coater.

2.3.3. Fourier transform infrared (FT-IR) analysis

Infrared spectra of fresh and spent ChiMC in the
range of 4,000-400 cm™' were acquired using Jusco
FTIR-410 under 4 cm™ ' resolution and 20 cumulative
scans. Samples were mixed with KBr in a 1:10 ratio
and pressed into KBr disk under vacuum.

2.4. Preparation of chitosan-coated on montmorillonite

The ChiMC beads were prepared similar to the
previous method used by Wan et al. [15]. About 50 g
of chitosan was dissolved in 5% (v/v) HCl under con-
tinuous stirring for 2 h. Montmorillonite of 100 g was
added to the solution and was stirred for 3 h. NaOH
solution was added slowly to the solution in a drop-
wise method under continuous stirring until neutral
pH to precipitate chitosan onto montmorillonite. The
chitosan-coated montmorillonite (ChiMC) beads were
filtered and washed several times with DI water. The
ChiMC beads were dried in the oven for 24 h at 65°C
and sieved.

2.5. Preparation of crosslinked chitosan-coated
montmorillonite (CChiMC) beads

The method utilized in preparing crosslinked
ChiMC beads was similar to the procedure described
by Wan et al. [15] and Dalida et al. [19]. To obtain a
1:1 M ratio of EDGE to chitosan, 9.193 mL of EDGE
solution was added to the chitosan-montmorillonite
solution and stirred for 3 h. Neutralization was
achieved by the dropwise addition of NaOH. The
CChiMC beads were washed with DI water, filtered,
and dried in the oven for 24 h and sieved.
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2.6. Batch adsorption studies
2.6.1. Effect of pH

In a 125-mL Erlenmeyer flask that contains 0.100 g
of ChiMC and 30 mL of metal solution with initial
concentrations of 10 and 200 mg/L was agitated for
2 h under 25°C at varying pH (2-6). The samples were
filtered and the metal concentration was measured
using ICP-OES with corresponding wavelengths of
213.597, 283.306, 334.558, and 231.604 nm for Cu(lD),
Pb(II), Zn(II), and Ni(I), respectively.

The adsorption capacity of a metal ion, g. (mg/g)
was computed using Eq. (1):

_ Z)(CO - Cc)
N m

e ¢))

where Cj is the initial concentration of the metal ion
(mg/L), C. is the final or equilibrium concentration of
metal ion (mg/L), v is the volume of metal solution
(mL), and m is the mass of adsorbent (g).

2.6.2. Effect of ionic strength

The effect of ionic strength (0.01-1.0 mol/L
NaNO;) on the adsorption capacity of ChiMC in the
removal of Cu(Il), Ni(II), Pb(II), and Zn(II) was investi-
gated. About 0.100 g of ChiMC was placed in a
125 mL Erlenmeyer flask at an initial concentration of
50 mg/L and initial pH of 4.0. The flasks were agi-
tated at 50 rpm using a shaker bath for 5 h at 25°C.

2.6.3. Adsorption kinetic study

In single metal system, the kinetic study was per-
formed by placing 0.100 g of adsorbent in 30 mL solution
of initial concentration (10-200 mg/L) at an optimum
pH 4 under varying time interval (30-300 min).

Subsequent experiments for multi-metal system were
carried out under the same working conditions as that of
the single metal system. Heavy metal solutions were pre-
pared by adding 10 mg/L of each metal Cu(Il), Ni(I), Pb
(I, and Zn(I) to a total volume of 30 mL. About 0.100 g
of adsorbent was added into the multi-metal solution
and agitated at predetermined time intervals
(30-300 min) at pH 4.0. The same operating conditions
were applied to the kinetic study of multi-metal solution
under initial concentration of 50-200 mg/L.

2.6.4. Adsorption isotherm study

Equilibrium studies for single-metal system were
carried out by combining 0.10 g adsorbent and a fixed
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Table 1

Background values and chemical properties of groundwater
Parameter Values
pH 8.45
Conductivity (uS/cm) 2,978
Eh (mV) 71
Dissolved oxygen (mg/L) 1.29
Alkalinity (mg/L as CaCO3) 680
Total organic carbon, TOC (mg/L) 19.95

ITon species
Chloride (mg/L) 298

Sulfate (mg/L) 29.5
Nitrate (mg/L) 0.45
Phosphate (mg/L) 2.19
Potassium (mg/L) 32.54
Calcium (mg/L) 26.90
Sodium (mg/L) 639.2
Heavy metals

Iron (mg/L) 0.87
Manganese (mg/L) 0.23

volume of 30 mL metal solution that contains varying
initial concentrations (5-200 mg/L) at constant tem-
perature of 25°C. The flasks were shaken for 5 h using
50 rpm at pH 4.

In multi-metal system, a total volume of 30 mL
metal solution was prepared by adding 5mg/L of
each metal Cu(Ill), Ni(I), Pb(I), and Zn(I) into an
Erlenmeyer flask. Then, 0.100 g adsorbent was added
and agitated for 5 h at pH 4.0. Same conditions were
applied to isotherm studies under different initial
concentration of 50200 mg/L.

2.7. Adsorption study of Cu(Il), Ni(1l), Pb(Il), and Zn(Il)
from groundwater

Batch experiments were performed to test the
capacity of ChiMC in removing Cu(l), Ni(II), Pb(D),
and Zn(I) from groundwater. Groundwater was
obtained from a monitoring well located in Chia Nan
University Pharmacy and Science (Taiwan). The
chemical composition of groundwater is given in
Table 1. Groundwater was spiked with 3 mg/L Cu(lD),
NidI), Pb(II) and Zn(II).

3. Results and discussion
3.1. Surface properties of ChiMC and CChiMC

The BET surface area, average pore diameter, and
zeta potential of montmorillonite, chitosan, ChiMC,
and CChiMC beads have been analyzed. The surface
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area of montmorillonite and chitosan was 94.28 and
3.40 m?/g, respectively. Upon coating of chitosan onto
montmorillonite, the surface area of ChiMC was
observed to decrease to 74.12 m?/g. The addition of
EDGE further decreased the surface area of the
CChiMC beads to 20.07 m?/g. Based on the TUPAC
recommendation, total porosity of a material can be
classified into three categories based on the pore
diameter, d: macropores (d>50nm), mesopores
(2nm <d <50 nm), and micropores (d <2nm) [16].
The average pore diameter values of montmorillonite,
chitosan, ChiMC, and CChiMC are 5.84, 6.41, 5.02,
and 7.33 nm, respectively. Based on the pore diameter
values, the materials are mesoporous.

The zeta potential values show that montmoril-
lonite has the most negative surface charge of (-)
15.90, which is characteristic of this clay mineral. On
the other hand, chitosan provided the lowest value of
(+)0.228. The zeta potential of ChiMC beads of (-)
0.390 was almost similar to the value of chitosan,
which indicates successful coating of chitosan onto
montmorillonite. In the case of CChiMC, the net nega-
tive surface charge increased significantly. Upon
crosslinking, the EDGE molecules interact with ChiMC
mostly through the -NH>* groups of chitosan, which
in turn increases the overall negative surface charge
from (—)0.390 to (—)9.14.

3.2. SEM and elemental analysis

The results of the EDS analysis of ChiMC and
CChiMC beads show that ChiMC beads have the fol-
lowing major elements: Si (25.12%), Al (10.26%), Fe
(5.36%), Mg (1.58%), C (2.66%), and O (51.50%). Sev-
eral elements such as Si, Al, Fe, Mg, and O are attribu-
ted to montmorillonite while the major elements of
chitosan are C and O. Upon the addition of EGDE
[molecular formula (C;H40),CeH100s5], an increase in
the C (7.09%) and O (563.18%) components of the cross-
linked beads was observed. However, Si and Al con-
tent decreased to 23.62 and 7.60%, which could be due
to the blocking effect caused by the attachment of
EGDE to the hydroxyl groups of montmorillonite,
which are found mostly at the edges of silanol and
aluminol groups.

Fig. 1(a) and (b) shows the surface morphology of
ChiMC and CChiMC beads. The aggregated structure
of ChiMC and CChiMC could be due to the hydroxy-
lated edge—-edge interaction between the silicate layers
of clay and the chitosan polymer [25]. Crosslinking
with EGDE molecules probably enhanced flocculation
of the ChiMC beads, where the surface displays a den-
ser texture covered by uneven ridges and cavities.
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Fig. 1. SEM micrograph of (a) ChiMC and (b) CChiMC beads.

3.3. Effect of pH

The effect of varying pH (2.0-4.0) on the %
removal and adsorption capacity was illustrated in
Fig. 2. For ChiMC and CChiMC, uptake and %
removal of the four heavy metals were observed to
decrease as the pH was decreased from pH 4.0 to 2.0.
The lowest adsorption capacity of Cu(ll), Ni(II), Pb(ID),
and Zn(Il) was observed at pH 2.0 for both adsor-
bents. An acidic solution causes the amine groups of
chitosan to become protonated into amino groups
(-NHj3) that are positively charged. In turn, the amino
groups would exert a repulsive force on the approach-
ing positively charged heavy metal ions that would
inhibit adsorption onto the adsorbent surface. In addi-
tion, there are more H* ions present in acidic medium,
which would provide a tighter competition for the
heavy metals in binding onto the functional groups of
the two adsorbents. Based on the results, the maxi-
mum adsorption capacity and % removal for ChiMC
and CChiMC are attained at pH 4.0.

3.4. Effect of ionic strength

Fig. 3 shows the effect of NaNO; (0.01-1.0 mol/L)
on % removal and adsorption capacity of Cu(ll), Ni
(ID), Pb(D), and Zn(Il) using ChiMC. The % removal
and adsorption capacity were observed to be the high-
est in the absence of NaNOj3, and decreases gradually
as the NaNOj; concentration was increased from 0.01
to 1.0 mol/L. At 1.0 mol/L NaNO;, a high number of
Na® is distributed on the outer layer surrounding
ChiMC beads, which further repels the approaching
bivalent metal ions and causes a decrease in adsorp-
tion capacity of ChiMC.

The effect of ionic strength on the uptake capacity
of ChiMC would distinguish between formation of

inner and outer sphere complexes. A cation can be
adsorbed as an inner sphere or an outer sphere com-
plex. Outer sphere complexes involve weak electro-
static interaction and are strongly affected by ionic
strength of the solution. On the other hand, inner
sphere complexes form strong chemical bonds such as
covalent or ionic binding and are weakly affected by
the ionic strength [26]. Increasing the concentration of
NaNO; by a hundredfold from 0.01 to 1.0 mol/L
caused a slight decrease of less than 10% in the
removal of the four metals. This implies that adsorp-
tion of Cu(ll), Ni(Il), Pb(II), and Zn(II) occurs mainly
through inner sphere complexes.

3.5. Adsorption kinetics

In order to determine the rate-limiting step, kinetic
models such as pseudo-first-order, pseudo-second-
order, and intraparticle diffusion equations were
employed to evaluate the experimental data.

The pseudo-first-order (Lagergren) equation could
be expressed as Eq. (2):

k
log (4 — ) = log e — 552t @)

where k; (min™?) is the rate constant, ge and g, are the
adsorption capacity (mg/g) at equilibrium and at
time, ¢ (min), respectively [27].

The linear form of the pseudo-second-order
equation is given by:

t 1 1
a:@—Fq—e (3)

where k; (g/mg min) is the pseudo-second-order rate
constant [4].
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Fig. 2. Effect of pH on the adsorption capacity and percent
(%) removal of Cu(ll), NidI), Pb(I) and Zn(I) using (a)
ChiMC and (b) CChiMC.

The intraparticle diffusion equation is provided by
Eq. (4):
gt = kipt®® + G 4)

where ki, (mg/g min’’) is the intraparticle diffusion
rate constant and C; is the thickness of boundary layer
[28].
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Fig. 3. Effect of NaNO; on the (a) adsorption capacity and
(b) % removal of Cu(Il), Ni(Il), Pb(I) and Zn(II).

3.5.1. Single-metal system

The calculated kinetic parameters for the adsorp-
tion of Cu(Il), Ni(I), Pb(I), and Zn(I) onto ChiMC
beads are listed in Table 2 for single-metal system. It
is observed that the pseudo-second-order has high
correlation coefficient values (R > 0.933). In addition,
the computed theoretical g. derived using the pseudo-
second-order and experimental g. have very similar
values. Fig. 4 illustrates that the experimental data of
Cu(D), NidD), Pb(I), and Zn(II) has a good fit with the
nonlinear plots generated by the pseudo-second-order
model. Therefore, it can be inferred that the rate-deter-
mining step in the adsorption of Cu(Il), Ni(II), Pb(ID),
and Zn(Il) onto ChiMC in single-metal system is
chemisorption. It implies that the adsorption process
involves the formation of valency forces through the
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Table 2
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Kinetic parameters of pseudo-first-order, intraparticle diffusion, and pseudo-second-order equation, in single-metal

system using ChiMC beads

Pseudo-first-order

Intraparticle diffusion Pseudo-second-order

Metal Co (mg/L) Je, €Xpt Ky e, theo R? ki ge, theo R? ky e, theo R?
Cu(II) 10 2.95 0.0021 0.57 0.501 0.0019 2.28 0.840 0.0752 2.84 0.977
50 11.83 0.0092 3.34 0.404 0.0030 11.39 0.815 0.0283  11.90 0.998
100 18.10 0.0115 6.22 0.562 0.0027 24.92 0.716 0.0153 18.18 0.998
200 21.97 0.0207 13.12 0.702 0.4234 37.39 0.764 0.0105 20.83 0.972
Ni(I) 10 2.78 0.0008 0.76 0.609 0.0074 234 0.617 0.0736 277 0.980
50 8.74 0.0115 6.47 0.920 0.0034 11.10 0.591 0.0060 9.09 0.960
100 12.04 0.0115 8.64 0.921 0.1090 22.63 0.734 0.0052 12.50 0.972
200 15.34 0.0092  10.81 0.862 0.7628  29.88 0.816 0.0034 15.15 0.995
Pb(I) 10 2.95 0.0023 0.75 0.428 0.0027 2.89 0.718 0.1811 2.97 0.998
50 14.81 0.0161 2.36 0.591 0.0156 10.62 0.727 0.1548 14.92 0.999
100 26.95 0.0253  18.66 0930 0.0283 25.04 0.803  0.0069  27.77 0.989
200 47.02 0.0276 33.96 0.797 0.2634 41.29 0.825 0.0032 47.61 0.953
Zn(D) 10 291 0.0115 1.95 0.750 0.0005 2.67 0.700 0.1204 291 0.973
50 9.45 0.0092 6.82 0.878  0.0027 14.32 0.738  0.0058 9.71 0.955
100 12.86 0.0184 11.40 0.782 0.1089 22.61 0.583 0.0055 13.33 0.933
200 15.43 0.0138 5.90 0.498 0.5471 33.88 0.618 0.0161 15.62 0.997

exchange or sharing of electrons between the metal
ions and the binding sites of the adsorbent [11].

The value of k, is observed to decrease with an
increase in initial concentration from 10 to 200 mg/L.
Occurrence of steric crowding at high initial concen-
tration contributes to the delay in attaining equilib-
rium, caused by repulsive forces due to the shorter
distances between the metal ions [20].

3.5.2. Multi-metal system

As shown in Table 3, the adsorption of Cu(Il), Ni
I, PbdI), and Zn(I) onto ChiMC fits well with
pseudo-second-order equation, as indicated by high
correlation coefficient values (R?> 0.953). Moreover,
the predicted g. values of the pseudo-second-order
equation were in good agreement with the experimen-
tal g. values. This implies that the adsorption of Cu
(I, Ni(I), PbI), and Zn(II) in a multi-solute system
follows the pseudo-second-order model. The value of
k, was observed to decrease with increasing initial
concentration for all four metals, which is the same
trend in single-metal system.

3.6. Adsorption isotherm

Isotherm study describes the distribution of adsor-
bate molecules between liquid and the solid phase as
the system reaches equilibrium [5]. The equilibrium
data were analyzed using the Langmuir and
Freundlich model.

Langmuir isotherm is based on the following
assumptions: the model is valid only for monolayer
adsorption, where all the binding sites have the same
energy levels and can occupy one adsorbate molecule
per site [29]. The linear equation is given as Eq. (5):

1 1 1

=—+ B C 5)

Je  GmL

where g is the maximum adsorption capacity at
monolayer coverage (mg/g) and b (mL/mg) is the
Langmuir equilibrium constant [30].

The Langmuir constant b is used to compute for a
dimensionless separation factor Ry, that is presented as
Eq. (6):

1

R ——
L 1+ bCy

(6)

The Freundlich model is an empirical equation that
describes a multi-site adsorption on energetically
heterogeneous surfaces [8]. The linearized form can be
expressed as:

1
log ge = log Kg + Elog Ce (7)

where Ky and 7 are Freundlich constants, correspond-
ing to relative adsorption capacity (mg/g) and adsorp-
tion intensity, respectively [31].
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Fig. 4. Nonlinear pseudo-first-order, pseudo-second-order, and intraparticle diffusion equations for the adsorption of (a)

Cu(I), (b) Ni(II), (c) Pb(Il), and (d) Zn(I) ions onto ChiMC beads in single-metal system.
and T is the absolute operating temperature (K). The

The  Dubinin-Radushkevich ~ (D-R)  isotherm
determines if the adsorption process is chemical or mean energy of adsorption can be calculated by the
physical in nature through the apparent energy of following equation:
adsorption [32]. It is represented in Eq. (8) [33]:
E = (—2Kpg) /2 (10)

®
where E is the mean energy of adsorption (k] /mol). The

value of E would determine the governing mechanism
in the adsorption system, whether it is physical adsorp-
tion (E <8kJ/mol), ion-exchange mechanism (8 kJ/

In go=In g, — Kpré
mol < E < 16 k] /mol) or chemisorption (E > 16 kJ/mol).

where g, is the maximum adsorption capacity (mg/g),
Kpg is the D-R constant (kJ?>/mol?), and ¢ is the Polanyi
potential. The Polanyi potential can be computed using

Eq. 9):

¢=RT In [1 + CJ &) 3.6.1. Single-metal system
The calculated Langmuir, Freundlich, and D-R
where C, is the equilibrium concentration of the solute  parameters related to the adsorption of Cu(ll), Ni(Il),
(mg/L), R is the universal gas constant (kJ/mol K), Pb(l), and Zn(Il) in single-metal system are presented
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Table 3

Kinetic parameters of pseudo-first-order and pseudo-second-order equations in multi-metal system using ChiMC beads

Pseudo-first order

Pseudo-second order

Metal Co (mg/L) Je, eXpt kq ge, theo R? k> e, theo R?
Cu(ID 10 3.005 0.0184 0.683 0.643 0.2480 2.747 0.982
50 14.682 0.0161 3.715 0.304 0.1548 14.925 0.999
100 28.355 0.0253 18.663 0.569 0.0069 27.777 0.989
200 54.006 0.0276 33.962 0.530 0.0032 47.619 0.953
Ni(II) 10 2974 0.0184 0.683 0.043 0.5815 2.985 0.999
50 13.774 0.0161 3.715 0.304 0.1206 13.888 0.999
100 26.742 0.0230 9.225 0.569 0.0761 27.027 0.999
200 51.110 0.0253 13.458 0.530 0.1203 52.631 0.998
Pb(1I) 10 2.981 0.0002 0.117 0.639 0.6200 2.985 0.999
50 14.788 0.0138 2.666 0.519 0.1178 13.888 0.999
100 28.867 0.0207 7.906 0.488 0.0761 27.027 0.999
200 55.499 0.0253 11.091 0.442 0.1805 52.631 0.961
Zn(10) 10 2.976 0.0023 0.387 0.507 0.6310 2.985 0.999
50 13.807 0.0138 2.426 0.184 0.1510 13.888 0.999
100 26.682 0.0207 4.965 0.329 0.0945 27.027 0.999
200 51.099 0.0230 4518 0.223 0.2518 52.631 0.975

in Table 4. Based on the R* values, Langmuir isotherm
provided the best fit for adsorption of Pb(Il) onto
ChiMC and CChiMC as well as the removal of Ni(I)
using CChiMC. Meanwhile, the adsorption of Cu(Il)
and Zn(Il) onto ChiMC and CChiMC and the removal
of Ni(Il) onto ChiMC correlated well with the
Freundlich isotherm (R* > 0.993).

For ChiMC and CChiMC beads, the obtained g
values can be arranged in the following order: Pb(I)
> Zn(Il) > Cu(Il) > Ni(I). The gp values of the two
adsorbents do not vary considerably; though by

comparison, CChiMC exhibits a slightly better adsorp-
tion capacity over ChiMC. Meanwhile, the Langmuir
constant, b is related to the affinity of metal ions to the
binding sites, where Pb(I) provided the highest value
over Cu(Il), Ni(II), and Zn(II). The high b value obtained
for Pb(Il) implies its high affinity to be adsorbed onto
ChiMC and CChiMC, which corresponds to its high
gmr values. The value of the equilibrium parameter Ry,
would indicate if the adsorption system would be: unfa-
vorable (R, > 1), linear (R, = 1), favorable (0 < Ry, < 1),
or irreversible (Ry = 0) [4]. The obtained R; values are

Table 4

Isotherm parameters for adsorption of Cu(Il), Ni(II), Pb(II), and Zn(I) onto ChiMC and CChiMC in single-metal system
ChiMC CChiMC

Isotherm Cu(I) Ni(II) Pb(I) Zn(IT) Cu(I Ni(I) Pb(II) Zn(II)

Langmuir

b 0.597 0.238 3.284 0.388 0.335 0.229 0.407 0.178

GmL 13.04 12.18 29.85 13.49 14.16 13.93 30.30 14.71

R? 0.987 0.986 0.995 0.987 0.982 0.985 0.983 0.988

Ry 0.008 0.021 0.002 0.013 0.015 0.045 0.023 0.076

Freundlich

n 3.21 2.75 2.60 2.89 3.45 3.12 1.63 2.13

Kg 3.69 257 13.86 3.28 4.37 2.57 6.08 3.28

R? 0.992 0.998 0.950 0.996 0.999 0.962 0.911 0.997

D-R

qm 8.43 6.90 15.71 6.34 8.92 7.56 17.18 7.69

E 23.18 21.68 26.52 20.27 22.85 20.93 24.01 21.54

R? 0.935 0.870 0.893 0.931 0.907 0.897 0.850 0.871
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found in the range of 0.002-0.027, which confirms that
removal of Cu(ID), Ni(Il), Pb(II), and Zn(II) using ChiMC
and CChiMC to be favorable.

For the Freundlich model, the value of n would
give an indication on the favorability of adsorption. If
the adsorption intensity n <1, it would imply that
adsorption is favorable over the whole concentration
range studied. Meanwhile, a value of n>1 would
indicate the adsorption intensity is favorable only for
high concentration range [31]. Based on the n values,
adsorption of Cu(ll), Ni(Ill), Pb(Il), and Zn(I) onto
ChiMC and CChiMC implies that adsorption intensity
is favorable at high concentration range. The obtained
Kg values, which indicate the relative sorption capac-
ity can be arranged in the order: Pb(I) > Cu(l) > Zn
(II) > NidI).

Among the three isotherm models applied, D-R
equation provided the lowest correlation coefficient
values (R” < 0.82). The values obtained for the appar-
ent adsorption energy lie in the range between 20.27
and 26.52 kJ/mol, which indicates that chemical
adsorption predominates in the Pb(Il), Cu(ll), Ni(ID),
and Zn(II) uptake of ChiMC and CChiMC.

3.6.2. Multi-metal system

Based on Table 5, Langmuir isotherm fitted well
with adsorption of Cu(l), Ni(l), and Pb{I) onto
ChiMC and CChiMC. On the other hand, adsorption
of Zn(Il) onto ChiMC and CChiMC is best described
by the Freundlich model. This implies that Zn(II) could
have possibly interacted with both hydroxyl (-OH)
and amine (-NH,) groups of ChiMC and CChiMC.

In comparison to the single-system values, the
adsorption capacity of the four metals in the multi-
metal system was found to be increased. These results
indicated a synergistic effect where the presence of a

Table 5
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metal ion enhances the adsorption of the other metal
ions present in the solution.

3.7. FT-IR Analysis

In Fig. 5, the spectrum of unused CChiMC dis-
plays a broad band at 3,372 cm™}, which corresponds
to the stretching vibration of O-H and extension
vibration of N-H [16]. The band shifted to 3,359 and
3,353 cm ! after adsorption of Cu(Il) and Pb(Il), which
implies that O and N atoms played a role in the
uptake of metal ions. Moreover, the intensity at
3,629 cm ™' due to the stretching of O-H of the alcohol
group, was observed to decrease to 3,617 and
3,619 cm ! for the uptake of Cu(Il) and Pb(Il), respec-
tively. This validates that the hydroxyl group could be
involved in the heavy metal adsorption. From the
spectrum of CChiMC-Pb, a new adsorption peak
appeared at 1,397 cm™ !, which was caused by the
bond flexion of C-O-H where the oxygen atom (in
O-H) forms a coordination bond with Pb(II).

3.8. Selectivity for Cu(Il), Ni(II), Pb(Il), and Zn(1I)

In the single- and multi-metal system, Pb(I) is
preferentially adsorbed over Cu(ll), Zn(Il), and Ni(Il).
The affinity of ChiMC and CChiMC for the metals is
arranged in the following sequence: Pb(II) > Cu(ll)
> Zn(II) > Ni(Il). The relative selectivity of metal ions
to the adsorbent could be associated with properties
such as electronegativity, hydrolysis constant, and
softness (Table 6). The preference for Pb(Il) is due to it
being readily hydrolyzed (small hydrolysis constant),
high electronegativity, and softness value [32,34]. Also
Pb(Il) being the most electronegative among the four
metals, would indicate a greater attraction and affinity
to the binding sites of ChiMC and CChiMC.

Isotherm parameters for adsorption of Cu(II), Ni(II), Pb(II), and Zn(I) onto ChiMC and CChiMC in multi-metal system

Langmuir isotherm

Freundlich isotherm

Adsorbent Metal b JmL R? Ry, n Kg R?

ChiMC Cu(II) 0.00830 36.98 0.994 0.034 1.026 4.15 0.980
Ni(II) 0.00789 33.84 0.987 0.079 1.046 3.08 0.962
Pb(I) 0.00839 39.01 0.999 0.091 1.017 15.24 0.988
Zn(II) 0.00817 35.48 0.981 0.011 1.043 4.12 0.999

CChiMC Cu(D) 0.00139 38.108 0.994 0.015 3.45 4.372 0.990
NiII) 0.00312 35.100 0.995 0.045 3.12 2.572 0.981
Pb(II) 0.00415 40.291 0.989 0.023 1.63 6.081 0.953
Zn(IT) 0.00108 37.970 0.961 0.076 2.13 3.279 0.992
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Fig. 5. Nonlinear Langmuir, Freundlich, and D-R model for the adsorption of (a) Pb(II), (b) Cu(l), (c) Ni(II), and (d) Zn

(II) ions onto ChiMC beads in single-metal system.

Table 6

Metallic properties and their respective values of Pb(II), Cu(Il), Ni(Il), and Zn(II) [32]

Metal ion Softness value Hydrolysis constant Electronegativity value
Pb(I) 3.58 7.8 2.33

Cu() 2.89 8.0 1.95

NiI) 2.82 9.9 1.91

Zn(II) 2.34 9.0 1.6

3.9. Adsorption study of Cu(Il), Ni(1l), Pb(Il), and Zn(Il)
from groundwater

The adsorption efficiency of ChiMC in removing
Cu(II), NidD), PbdI), and Zn(II) from aqueous solution
and real groundwater were compared, where the
adsorbent mass was varied from 0.02 to 2.0 g (Fig. 6).

The pH of the aqueous solution was set to pH 8.12,
which is the same as that of groundwater. In both sys-
tems, an increase in % removal was observed with
increase in adsorbent mass, due to greater number of
binding sites available at 2.0 g. In the groundwater
system, the maximum removal of 94.08, 92.42, 88.28,
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Fig. 6. FT-IR spectra of unused CChiMC, CChiMC loaded
with Cu(II), and CChiMC loaded with Pb(II).
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Fig. 7. Behavior of Cu(Il), Ni(Il), Pb(Il), and Zn(II) removal
in (a) groundwater and (b) aqueous solution using ChiMC
([Cu] = [Ni] = [Pb] = [Zn] = 3 mg/L; pH 8.12).

and 42.04% for Pb(I), Cu(l), Ni(Il), and Zn(II) was
attained at adsorbent mass of 2.0 g. However, the
removal efficiency in groundwater is lower when com-
pared with removal in aqueous solution. Existing ionic
species in groundwater are Cu?*, Ni**, PbOH", and
Zn®* at pH 8.12 and ORP 75 mV. Other cations such
as Fe** and Mn?" are also present in groundwater that
could compete for adsorption sites on ChiMC, which
causes lower % removal of Cu?*, Ni**, PbOH" and
Zn** (Fig. 7).

4. Conclusion

Batch experiments showed that ChiMC and
CChiMC beads are effective in the removal of Cu(l),
Ni(I), Pb(I), and Zn(Il) from aqueous solution. An
increase in ionic strength caused a decrease in %
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removal of Cu(ll), Ni(Il), Pb(Il), and Zn(II). In single-
metal system, adsorption of Cu(ll) and Zn(Il) fitted
well with the Freundlich model, while Ni(II) and Pb
(II) follow the Langmuir model. An increase in
adsorption capacity was observed in multi-metal sys-
tem, which signifies a synergistic effect between the
metal ions. Adsorption of the four metals followed the
pseudo-second-order model. A maximum removal of
94.08, 92.42, 88.28, and 42.04% for Pb(Il), Cu(Il), Ni(ID),
and Zn(I) was achieved in groundwater system.
Finally, the results show the possibility of using
ChiMC and CChiMC as a possible material to be uti-
lized in a PRB system.
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