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ABSTRACT

Copper ions (Cu(Il)) produced from various industries can lead to pollution at toxic levels, eventu-
ally finding its way into food chains and resulting in serious health impairment. Among different
treatment technologies practiced, adsorption is unique in terms of its versatility and economic fea-
sibility. Here, the removal of Cu(Il) was examined using chitosan-nano zero valent iron-activated
carbon (CS-NZVI-AC) composite beads. Results indicate that the rate of Cu(Il) adsorption onto the
CS-NZVI-AC accelerated significantly in comparison with lonechitosan (CS), activated carbon (AC)
and zero valent iron (NZVI). Moreover, the hybridization of CS-AC with NZVI endows an increase
in the uptake of Cu(Il) up to 30% compared to that of CS-AC alone. The adsorption mechanism is
understood as chemisorptions along with the active Van der Waals forces, as supported by the best
fit of sorption data with pseudo-second order kinetics and Freundlich isotherm model. The adsorp-
tion capacity of CS-NZVI-AC for Cu(Il) increased with increasing pH of up to 5 and with 25°C water
temperature. Thus, it is indicated that this hybrid CS-NZVI-AC composites have great potential for
environmental remediation efforts for Cu(Il) and other similar heavy metal ions.

Keywords: Chitosan; Activated carbon; Zero valent iron; Adsorption; Kinetic; Equilibrium;
Remediation

1. Introduction

Water pollution due to toxic heavy metals is a signifi-
cant environmental concern [1]. Being one of the most toxic
heavy metals, copper (Cu(Il)) is persistent, carcinogenic at

*Corresponding author.

higher doses, and leads serious threats to the environment
and health [2,3]. Its bioaccumulation tendency, along with
the non-biodegradable nature, contributes serious public
health concern and causes various diseases and disorders
e.g. depression, gastrointestinal and nervous system disor-
der. The leaching of Cu(Il) from waste disposal sites, along
with industrial discharge and erosion of natural deposits,
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all eventually pollute the surface and ground water. Along-
side, exposed mine tailing wastes can release considerable
amounts of hazardous Cu(Il) into soil and water under
transient chemical and physical conditions [4-6]. Therefore,
it’s very important to remove Cu(Il) from aqueous solution
[7,8].

In the past years, efforts were given to remove Cu(II)
from solution in a variety of ways e.g. chemical precipita-
tion, coagulation, ion exchange and adsorption [8-13]. A
huge number of reports recognized adsorption as a superb
method of Cu(Il) remediation from polluted water. An
ongoing endeavor is to make hybrid or composites adsor-
bents using high efficient adsorbents such as activated
carbon (AC), chitosan (CS), alginate, cyclodextrin, etc.
[3,9,12-19]. Recently, several research groups have been
trying to optimize different types of synthesized compos-
ites from both inexpensive natural and synthetic materials.
In our previous studies, we have successfully synthesized
different types of composites and reported their high metal
removal efficiency. For example, B-cyclodextrin polymer
entrapped in functionalized CS yielded a composite for
cadmium removal from waste water [9]; crab shell-derived
CS [20], and its composites mixed with caboxymethyl-B-cy-
clodextrin-entrapped nanozerovalent iron, were efficient in
removing chromium and arsenic, respectively [21]; micro
particle prussian blue-synthesized alginate gel beads were
superb in removing cesium ions in water [22]; cross-linked
B-cyclodextrin polymer and its composites were used to
remove copper ions from solution [7,23]; and modified o, f3,
and y-cyclodextrin polymers were also tested for removing
two toxic heavy metals: cadmium and chromium [24,25].
The application of CS and alginate as stabilizing agents
for zerovalent iron and functionalized cyclodextrin often
resulted synergistic metal removal capability. Inspired from
results of previous studies, AC (in a composite of CS and
NZVI) is used in this research to imply its well-known sorp-
tion capacity of Cu(II) [26,27].

Chitosan (CS) is an important biocompatible, biode-
gradable and non-toxic natural polymer, obtained through
the deacetylation of chitin. It is positively charged and well
soluble in acidic-to-neutral solution, having a pKa value
from 6.2 to 7.0. Through exertion of its bio-adhesive prop-
erties, stable nanoparticles and chelation complexes can be
formed by CS with different metals in solution [28,29]. The
chelation of CS depends on -NH, groups in C-2 position
and the reaction easily performed here by the quaterniza-
tion of the -NH, groups [30]. Chelation also depends on
the physical state of CS (powder, gel, fiber, film) and better
chelation is obtained for greater degrees of deacetylation
of Chitin [31]. In addition, introduction of carboxyl groups
into chitosan is an efficient way of sorption due to the for-
mation of stable chelate rings with metal ions. At acidic pH,
CS presents remarkable chelating ability for several metal
ions [32]. Zerovalent iron powders (NZVI) have been exten-
sively used for remediation of heavy metal-polluted water
due to its insoluble form, large surface area, tremendous
reducing capacity, magnetite forming ability, and rapid sep-
aration from solution [33,34]. Activated carbon (AC), the
top most adsorbent for the treatment of both organic and
inorganic contaminants in wastewater, is unique due to its
porosity, surface area and surface functional groups [35,36].
If the AC and NZVI are incorporated into a surface stabi-

lizer CS to yield CS-impregnated zerovalent iron-activated
carbon composites (CS-NZVI-AC), then the overall reme-
diation process can be accelerated. This hypothesis was
tested in this study using copper ions as a model pollutant.
Each raw compounds will take part in adsorption of Cu(II).
CS will impede the disintegration and dissociation of both
NZVI and AC, so that, they can effectively sorb Cu(II) ions
from water. NZVI will give strength to CS-NZVI-AC beads
and facilitates magnetic separation. In addition, the adsorp-
tion mechanism, characteristics, kinetics, and isotherms of
the synthesized CS-NZVI-AC beads were also evaluated
and discussed.

2. Materials and methods
2.1. Materials

Deacytylated chitosan (=75%) was purchased from
Sigma-Aldrich (St. Louis, MA, USA). Iron, Electrolytic,
powder was obtained from Kanto Chemical (Tokyo, Japan).
Activated Charcoal powder (treated with HCI) was pur-
chased from Nacalai Tesque (Kyoto, Japan). Copper(II)
sulfate pentahydrate with 97% purity was used for Cu(II)
adsorption, and it was purchased from Wako Pure Chemical
Industries (Osaka, Japan). Acetic acid, Sodium hydroxide,
Ethanol (99.5%), Hydrochloric acid and other reagents were
purchased from Wako Pure Chemical Industries (Osaka,
Japan). All chemicals and materials were used in this study
without any prior treatment. For preparation and measure-
ment of reagents, distilled water was used in all cases.

2.2. Preparation of CS-NZVI-AC composite beads

Firstly, 100 mL of water was equilibrated with 5% (v/v)
acetic acid. Subsequently, 0.25 g of AC (finely grained pow-
der, surface area - 770 m?/g, size - 60 pm) and 4.0 g of CS
flakes were added in small portions to the acetic acid solu-
tion at 50°C, which would be stirred for 2 h to get CS-AC
gel. Then, 0.45 g of NZVI (zero-valent, powder, size-20-100
nm) was added to the CS-AC gel followed by vigorous
stirring to yield CS-NZVI-AC gel. The solution was cooled
down in room temperature with continuous stirring. An
alkaline bead forming solution was prepared using 3.75
M NaOH, 100 mL of 99.50% ethanol and 100 mL of water,
and was cooled to room temperature. The mixture gel of
CS-NZVI-AC was dropped into the alkaline solution using
a syringe with constant stirring to form beads. After 8 h,
the beads were washed with distilled water for lowering
the pH under 7. Two kinds of other mixtures were also pre-
pared without NZVI or AC for producing CS and CS-AC
beads as controls.

2.3. Characterization of CS-NZVI-AC

The morphology of the synthesized CS-NZVI-AC beads
was assessed using scanning electron microscope (SEM),
JEOL (Tokyo, Japan), FE-SEM JSM-6500F, operated at 20
kV, attached an Energy dispersive X-ray spectrometer,
EDS. To enhance the electron conductivity, the sample was
dried on aluminum stubs adhered to graphite support units
using carbon tape. To measure the surface area, Brunauer—
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Emmett-Teller (BET) analysis was conducted on an auto-
mated gas adsorption analyzer Belsorp-max, (5/N = 240)
Ver. 1.2.7t (BEL Japan, Inc.).

2.4. Adsorption study

Artificial wastewater was prepared by spiking ultrapure
water with copper (II) sulfate pentahydrate at environmen-
tally relevant concentrations. Adsorption experiments were
carried out in aqueous solutions at pH 2-7 and 25-45°C.
Except some special cases, the adsorbent dosage was defined
as 1 g at wet condition per 10 mL of the test solution, the pH
was employed as 5 and the sample volume was 10 mL. Atomic
absorption spectrophotometer (AAS); Hitachi (Tokyo, Japan)
was used to measure the concentration of Cu(II).

3. Results and discussion
3.1. Characterization of the CS-NZVI-AC beads

Energy-dispersive X-ray spectrophotometric analysis
(EDS) imaging of CS-NZVI-AC beads was used to know the
presence of characteristic element as a function of energy
and to check the presence of C and O fused in beads prepa-
ration (Fig. 1). Strong peak of C and O indicated the pres-
ence of CS and AC, while some peaks for Fe indicated the
presence of NZVI as well. Interestingly, some peaks for Cu
were also reflected in EDS (Fig. 1B) which suggested the
presence of Cu in CS-NZVI-AC beads. Thus, the presence
of Cu peaks in the EDS analysis confirmed the adsorption
capacity of CS-NZVI-AC beads, as the said peaks were not
present in the beads prior to adsorption; thereby indicat-
ing that there was binding of the metal ions with the beads.
However, some weaker peaks also indicated the presence of
platinum (Pt), might be reflected from the Pt plate that was
used to hold beads during EDS analysis.

To study the morphological analysis, SEM was per-
formed (Fig. 2). At 10 kV, SEM showed oval shaped
micro-structured CS-NZVI-AC beads with a rough and
porous body surface. The beads were black in color with a
diameter ranged from 2.20 to 2.50 mm. Cross-section of the
beads showed mesh-like pore structures around the whole
surfaces, which accounts for the beads’ high adsorption
capability (Fig. 2A). There was a strong structural differ-
ence visualized between the outer and inner surface of the
beads. From the results of EDS and SEM analysis, it might
be confirmed that after adsorption, Cu was contained into
the adsorbent wherein the porous structure of the beads
played a vital contribution in the adsorption mechanism.

The BET surface area of the CS-NZVI-AC beads was
obtained as 8.58 m?/g, and it was calculated by using the
following equations:
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Fig. 1. EDS analysis of CS-NZVI-AC beads (A) before; (B) after
adsorption of Cu(Il) and, (C) elemental analysis of chitosan, ac-
tivated carbon, iron as shown in black line and, chitosan, acti-
vated carbon, iron and Cu (II) as shown in blue line.
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section, in which for this case it was 0.162 nm? [7]. From
the adsorption-desorption (BET) isotherms (Fig. 3A), the
volume of adsorbed N, was found slightly increased with
increasing P/P,, indicating a small pore size distribution in
the adsorbent beads. The average weight of a wet bead was
0.043 g (standard deviation was 0.0045, 1 = 20) and the aver-
age weight of a dry bead was 0.003 g.
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Fig. 2. SEM images of CS-NZVI-AC beads at different magnifications. (A) internal network of the pore spaces for CS-NZVI-AC

beads, and (B) the size and shape of the beads.
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Fig. 3. (A) BET adsorption desorption isotherm; (B) Effects of pH to the adsorption of Cu(Il) onto CS-NZVI-AC beads.

3.2. Effects of initial pH

pH of the solution usually control the sorption pro-
cess [37]. The pH condition of the solution can generate
a suitable surface environment for the sorbent through
controlling electrostatic interactions between sorbent and
sorbate by charge-regulation [21]. In this study, characteri-
zation of CS-NZVI-AC composite beads were carried out at
pH value range 2-7 in order to determine the effect of pH
on Cu(II) removal (Fig. 3B). There was an observed increas-
ing trend of adsorption capacity of CS-NZVI-AC with
increasing pH up to 5. However, above pH 6 the adsorp-
tion capacity of CS-NZVI-AC was significantly decreased.
In solution, Cu can appear at different forms, such as Cu*,
Cu(OH)*, Cu(OH),, Cu(OH),, and Cu(OH),*, and among
them Cu(ll) is the most dominant form at pH < 6 [23]. Due
to the high solubility of the CS in acidic solution, CS-NZ-
VI-AC beads remain dissociated in the solution at pH 2.
Thus the results demonstrate the high adsorption capacity
of CS-NZVI-AC beads to Cu(Il) but low adsorption capac-
ity for other forms of copper.

3.3. Effects of temperature

For the investigation of the changes in the transition
of the adsorption rate caused by temperature, three dif-

ferent temperatures of 25°C, 35°C and 45°C were consid-
ered. Adsorption ability of CS-NZVI-AC beads in the three
temperature set-ups was assessed at concentration range
of 5-1000 ppm. High rate of adsorption capability was
observed in the lower temperature of 25°C (Fig. 4). Accord-
ing to Le Chatleir principle, low temperature conditions
would favor the forward direction and thus adsorption
process is exothermic in nature. But, the results of chang-
ing temperature showed that increasing temperature
enhanced the adsorption rate, which is a clear characteristic
of chemisorptions [38—40]. This result indicated the endo-
thermic nature of this process. It is just like as the tempera-
ture increases the rate of the reaction also increases. The
surface becomes activated and thus the adsorption capacity
increases. The temperature results also depicted that high
concentration of adsorbate enhance Cu(Il) adsorption rate
of the beads (Figs. 4B, 4D and 4F). In low concentrations, the
equilibrium reached earlier within 2—4 h whereas, in higher
concentrations, the equilibrium attained slowly within 8 h
(Figs. 4A, 4C and 4E).

3.4. Kinetics of Cu(II) removal over CS-NZVI-AC beads

To understand the adsorption rate and behavior, mea-
surement of adsorption kinetics is important. To analyze
adsorption kinetics, well established Lagergren’s pseu-
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Fig. 4. Adsorption rate at different concentrations and contact time of Cu(II) ion onto the CS-NZVI-AC beads at (A, B) 25°C, (C, D)

35°C and (E, F) 45°C.

do-first order and pseudo-second order kinetic models
were used. Lagergren’s first order equation measures the
rate of adsorption by assuming one ion is sorbed onto one
adsorption site and this is expressed as follows [21,41]:

In(g, - 4;) =Inq, — kyt €)
where

C,-C
de = #V @

where g, is the quantity adsorption of adsorbate (mg-g™) at
time t, and k, is Lagergren’s first-order rate constant (min™).
Values of k, and g, at 298 K calculated from the intercept
and slope of the plot of In (g, — q,) vs. t were considered
(Fig. 5A) for the analysis of chemisorption kinetics in the
solution where the pseudo-second order model was typi-
cally applied [41]:

1L,

qt - k2¢732 qe
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where k, is the rate constant (g/mg min) of second order.
The values of k,and g, were determined experimentally by
plotting t/q, vs. t (Fig 5B).

Our kinetic results clearly demonstrated that the cor-
relation coefficients of the second order equation support
the experimental observation in comparison with the pseu-
do-first order model. This result suggests that adsorption
of Cu(ll) ions onto the CS-NZVI-AC took place following
pseudo-second order kinetics via chemical interactions [42].

In addition, adsorption rate of Cu(II) onto CS-NZVI-AC
composite beads was significantly influenced by the ini-
tial concentration of the adsorbate. The quantity of Cu(II)
adsorbed at equilibrium increased from 0.86 to 101 mg/g
when the adsorbate concentration was varied from 5 to1000
mg/L at pH 5 and 25°C. Thus, the adsorption efficiency of
CS-NZVI-AC beads was dependent on the initial concentra-
tion of the metal.

3.5. Equilibrium isotherms

The adsorption isotherms provide insight into the
sorbate/sorbent interactions and thus lead to improved
understanding of the sorption mechanism [7,43]. Several
models have been used to understand the distribution of
the sorbate molecules on the sorbent surface. In this study,
Langmuir and Freundlich isotherm models were used to
understand the adsorption mechanism of CS-NZVI-AC at
varying temperatures (Fig. 6). From the temperature study,
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Fig. 5. (A) Pseudo-first-order kinetic model for Cu(II) adsorption; (B) Pseudo-second-order kinetic model for Cu(II) adsorption onto
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it is evident that an increase of the Cu(Il) concentration
results in an increase of sorption capacity until a saturation
plateau is achieved. The sorption data at the equilibrium
point were used to analyze every isotherm models. The
Langmuir model describes the sorption process on a homo-
geneous surface with energetically identical binding sites
that permits the adsorbate to form only monolayer cover-
age. The linear form of the Langmuir equation is described
as follows:

C. C 1

= —b4 —
e QO QOb

where Q and b are the maximum capacity or “Langmuir”
monolayer sorption capacity (mg/g) and the Langmuir
adsorption constant (L/mg), respectively.

The Freundlich isotherm is generally applied to model
both monolayer (chemisorption) and multilayer (physisorp-
tion) adsorption on heterogeneous surfaces [44]. The linear
form of the Freundlich equation is represented as follows:

(6)

Ing, =llnCe+anf (7)
n

where K. and n are the Freundlich adsorption constant
(mg/L) and the adsorption constant, respectively. Values of

K. and n were determined from the intercept and slope of
the plot of In g, versus In C,. Value of greater than unity was
classified as L-type isotherms, indicating chemisorptions
for Cu(ll) and reflecting a high affinity between adsorbate
and adsorbent [24]. The Freundlich isotherm parameter for
Cu(II) adsorption on CS-NZVI-AC beads are in good agree-
ment with observed behavior (R?= 0.95 at 25°C). Since the
Freundlich equation is suitable when there are multiple
adsorption sites to the adsorbate, it is considered that Cu(II)
bonds with multiple adsorption sites in CS-NZVI-AC beads.

3.6. Comparison of effectiveness of CS, CS-AC, and
CS-NZVI-AC beads in Cu(II) removal

Experiments were also conducted to compare the effi-
ciency of CS, CS-AC and CS-NZVI-AC beads to remove
Cu(II). At initial concentrations, equilibrium adsorption
of each adsorbent is shown in Fig. 7. Among the three
beads, CS-NZVI-AC beads showed highest efficiency
while CS-AC beads showed the lowest efficiency at each
initial concentration. Table 1 shows a comparison of
CS-NZVI-AC beads with other synthesized adsorbents
which used CS, NZVI or AC. We have chosen adsorbents
made by similar kinds of ingredients or their hybrid form
e.g. CS and/or AC and/ or NZVI. Every ingredient put
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Table 1
Cu(Il) adsorption efficiency of different adsorbents at each
initial concentration

Adsorbents Adsorption Reference
amount (mg/g)
CS-NZVI-AC 101 This study
Activated carbon (hulls) 19.50 [8]
Chitosan bound Fe,, 21.50 [11]
nanoparticles
Chitosan—cellulose 53.20 [28]
NZVI-cashew nut shell 48.10 [34]
Activated carbon(coconut)  75.80 [35]

in their contribution into the beads and eventually made
it an effective one. From the table, CS-NZVI-AC beads
showed the highest metal adsorption efficiency among the
six studied adsorbents.

3.7. A brief discussion

This study aimed to synthesize hybrid composites
wherein individual sorption attributes of every raw mate-
rial were incorporated into it. Here, all key ingredients have
well known affinity towards Cu(Il) but have limitation with
respect to pre/post treatment affinity, stability, easy sepa-
ration, mechanical strength, etc. The synthesized CS-NZ-
VI-AC composite beads was able to remove all limitations
without compromising its high affinity towards Cu(II). To
understand the sorption mechanism of the composites, it is
first important to understand each key ingredient’s mecha-
nisms of adsorption. AC mainly interacted with the metal
ions electron donor-acceptor complex, the n—n dispersion
interactions and the solvent effects [2,8,12,18]. The amino
(NH,") group of the CS is the key functional group which
can interact with metal ions [9,10,20,21,28,29,37]. The NZVI
usually have tremendous reducing capacity for heavy met-
als [9,12,15,16,21,26,27]. The basic surface of the composites
utilized their functional groups for necessary bonding with
metal ions [13,25]. The amino groups of CS confirmed by
the FTIR, (data not shown) along with the oxygen contain-
ing groups of AC (confirmed by the EDS), played a key role
in Cu(ll) uptake from solution. In addition to these was
NZVI's great reducing capacity for heavy metals which

made the CS-NZVI-AC hybrid efficient in Cu(Il) removal
from the solution [9,23].

The kinetics uptakes or potential gradient between sor-
bent and sorbate are usually controlled by different mech-
anisms e.g. bulk diffusion, film diffusion, intraparticle
diffusion and reaction rate [45,46]. The sorbent data sug-
gested that intraparticle diffusion was acted in this study
to ensure the flow of Cu(II) into the sorbent which was also
supported by our previous study [9]. After necessary sur-
face accumulation of the Cu(Il), the metal ions entered the
CS-NZVI-AC beads by redox potential forces and was then
reduced by NZVI (Fig. 8). The isotherm data also supported
this given mechanism [9,23]. The removal uptakes of the
composites were in agreement with the values obtained in
the pH study. At pH below or higher than 5, the adsorption
rate was decreased. This result is solely due to adsorption
because no precipitation was detected at the given initial
concentration. At alkaline pH, hydroxide precipitation is
observed. On the other hand, at lower pH, the functional
groups are usually protonated and gained a positive surface
charge. Thus, H,O* occupied most of the adsorbent surface
which eventually induced electrostatic repulsion to resist
the Cu(Il) ions.

The results also suggested that the introduction of AC
and NZVI into the CS skeleton increased the affinity and
selectivity of the sorbed ions; which is useful for the treat-
ment of industrial effluents. However, the sorption capacity
does not reflect an expected increase of more than 50% from
the capacity of the key ingredients. It might be due to the
introduction of the extractant into the composite, reducing
its total volume for hosting copper ions. The results also
indicated a good fit of Freundlich isotherms to the experi-
mental data. To add, the experimental data best fit with the
pseudo-second order kinetic model. Taking up both results
together, it can be concluded that both chemisorptions and
Van der Waals electrostatic forces worked together to place
Cu(II) into a multilayer format onto the adsorbent surface.
The objects of chemical reaction is CS and its -NH, groups
in C-2 position and chelation reaction easily performed by
the quaternization of the -NH, groups. The carboxyl group
of CS along with the hydroxyl group of AC also triggered
the chemical reaction [38—40]. Finally, the oxidation of NZVI
with oxygen in the presence of water resulted to the for-
mation of magnetite depending on redox condition and pH
of the medium [9]. This process resulted in making iron a
magnetic material facilitating the separation of adsorbents
from aqueous medium.

4. Conclusion

In this study, CS-NZVI-AC beads were successfully
synthesized and were found suitable for copper removal
from waters. Though the final surface area of the beads was
reduced due to the hybrid composition, the copper removal
efficiency was eventually enhanced along with other asso-
ciated benefits e.g. magnetic separation, ease regeneration,
low diffusion and high stability. The sorption mechanism
was found to be pH dependent, wherein the best removal
efficiency was ensured at pH 5. Kinetic model of Cu(II)
removal using CS-NZVI-AC beads followed a pseudo-sec-
ond order kinetics, and indicated that Cu(Il) ions were
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Fig. 8. A flow chart showing steps involved in the adsorption process of Cu(Il) onto CS-NZVI-AC.

adsorbed onto the CS-NZVI-AC surface via chemical inter-
actions. The best fit of Freundlich isotherm parameter for
Cu(Il) adsorption on CS-NZVI-AC beads indicated multi-
layer adsorption onto the adsorbent surface by chemisorp-
tions. Finally, the study showed that the simplicity of the
manufacturing procedure and high sorption capacity
proved to be an advantage of using CS-NZVI-AC beads as
compared with existing similar sorbents.
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