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Abstract. In this study, a novel, cost-effective and envi-
ronmentally friendly activated carbon/chitosan hybrid
material (ACCHM) was synthesized by incorporating
surface properties of both the activated carbon derived
from rice husk and chitosan extracted from “Black Tiger”
shrimp shells to generate a highly functionalized porous
material with enhanced Pb(ll) adsorption capacity for
water purification.
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1. Introduction

Heavy metal toxicity has proven to be a significant
threat due to the numerous health risks associated with it.
Hence in recent years, the importance of removing heavy
metal ions from aqueous solutions for pollution control
has grown. Due to the rapid growth of industries includ-
ing metal plating and coating, mining, fertilizer, tanneries,
batteries, paper, and pesticides, heavy metal contaminated
wastewaters are being released into the environment more
frequently, either directly or indirectly.> Because of that,
heavy metals have been found in large quantities in indus-
trial waste streams. Hence, most of the novel studies have
focused on the removal of heavy metal methodologies and
techniques. Among them, heavy metal removal by the
adsorption process is considered to be effective and re-
quired low investment for design and operation. Further-
more, as adsorption is reversible, adsorbents can be regen-
erated using suitable desorption processes.® ’

Activated carbon (AC) is widely used in heavy
metal mitigation from contaminated water. Its utility
stems primarily from its high surface area as well as large
micropore and mesopore volumes. Many research studies
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are conducted on the cost-effective removal of pollutants
from aqueous solutions by AC.81* However, the depletion
of commercial coal-based activated carbon sources has
resulted in price increases in recent years and therefore
finding alternative sources for AC production from abun-
dant and low-cost natural sources is a concern. It has been
reported that carbonaceous materials can be converted
into AC for heavy metal remediation'?> and as an exam-
ple, AC derived from an eucalyptus bark could be used in
the binary component sorption of Cu(ll) and Pb(ll), with
maximum adsorption capacities of 0.45 and 0.53 mmol/g,
respectively.’* In addition to that, poultry litter-based
activated carbon has significantly higher adsorption affini-
ty and capacity than the commercial activated carbon.'>7

Meanwhile, due to the abundance, physical and
chemical versatility, a wide range of value-added chitin and
chitosan applications are being investigated and devel-
oped.'® Chitosan is a biologically derived material. From a
chemical viewpoint, chitosan is a poly D-glucosamine, a
de-acetylated form of chitin (a natural polymer found in a
variety of sources, including crustaceans and fungal cell
walls) and it has numerous applications in biochemistry,
pharmacy, medicine, agriculture, apart from the wastewater
treatment.® Preparation of hybrid material by coating bio-
logically origin material (chitosan) on the AC permits to
modify and improve the surface properties of chitosan. Due
to this modification, much less AC is required for the con-
taminant removal process. It has also been more cost-
effective and environmentally friendly.?® Also, owing to the
combining of unique surface properties of both AC and
chitosan, a wide range of metals and other impurities can be
mitigated. Along with it, most studies proved that activated
carbon/chitosan composites have excellent adsorption ca-
pabilities for water purification purposes. As an example, a
recent study revealed that, chitosan/activated carbon com-
posite had removed 100% of Cd(Il) from the simulated
water.?! In addition to that, an adsorption study on Pb(Il)
using chitosan/TiO. hybrid film (CTF) was also reported
and the theoretical Pb(Il) adsorption efficiency of the CTF
was 90.6% under optimum conditions (at pH 3-4, 333 K,
and the initial metal concentration of 50-55 mg/L).6
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In this study, our intention was to synthesize a hy-
brid material by coating chitosan on the activated carbon
derived from rice husk to improve the surface activity of
chitosan as a cost-effective and eco-friendly adsorbent for
efficient mitigation of Pb(ll) from aqueous solutions. The
activated carbon/chitosan hybrid material (ACCHM) was
developed as a novel material to embrace the surface
properties of both materials for the purification process of
contaminated water.

Experimental

2.1. Materials

Chemicals and standards of analytical grade were
used as received from Sigma-Aldrich (USA), BDH (UK)
or Fluke (Switzerland). The experiment was conducted
using deionized water. Shrimp shells were collected from
the local fish market and rice husks were collected from a
rice mill at Piliyandala, Sri Lanka.

2.2. Extraction and characterization
of chitosan

In order to extract chitin, first, powder of “Black
Tiger” shrimp shell was immersed in HCI (7%, v/v) solu-
tion with the concentration of 100 g/L at room tempera-
ture for 24 h for demineralization purposes. The mixture
was then filtered through a filter paper, and the residue
was washed with distilled water. The residue was depro-
teinized by immersing it in NaOH (10% (w/v)) at room
temperature for 24 hours and filtered to remove the pro-
teins, and the residue was washed with distilled water
until the washings became pH 7. The crude chitin was
dehydrated sequentially with 95% and 100% ethanol be-
fore being dried at 323 K for 15h. To make crude chi-
tosan, the extracted chitin was placed in NaOH (50%
(w/v)) at 383 K for 4 hours. The mixture was then filtered,
and the residue was washed with hot distilled water at
333 K. This procedure was repeated three times. The raw
chitosan was collected and dried 15h at 323 K. Using
Eqg. (1), the degree of deacetylation or deacetylation per-
centage (DA%) of extracted chitosan was calculated.

Degree of deacetylation =97.67 - (26.486 (/ﬂ)> (1)

Azas0
where Asess = absorbance of the amide | band at 1655 cmr
L and Assso = absorbance of the hydroxyl band.??

Scanning Electron Microscopy & Energy Disper-
sive Spectroscopy (SEM/EDAX) and Fourier Transform
Infrared Spectroscopy (FTIR) were used to characterize
the chitosan.

FT-IR: FTIR spectrum of chitosan was obtained
from an FTIR Spectrophotometer (ALPHA-T, Bruker,
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Germany). The chitosan sample was prepared as a potas-
sium bromide (KBr) disk. 10-20 mg of chitosan powder
and 1 g of KBr were mixed for 10 minutes with an agate
mortar and pestle and a KBr pellet was prepared. The
pellet was scanned in the range of 600-1400 cm™ and the
spectrum was obtained via Opus 6.5 version software
package with 4 cm™ resolutions, 16 scans as a sample
scan time and 16 scans as background scan time.
SEM/EDAX: Scanning Electron Microscopy and
Energy Dispersive Spectroscopy were used to investigate
the surface morphology and elemental composition of the
extracted chitosan. (ZEISS-EVO-18 REASERACH™),

2.3. Preparation of activated carbon (AC)
derived from rice husk

Cleaned and dried rice husks samples (12.00 g)
were carbonized at 673 K for 60-150 minutes (60 min
(AC01), 90min (AC02), 120 min (ACO03), 150 min
(ACO04)) and chemically activated by HCI (5% v/v). The
activated carbon vyield in each sample was calculated us-

ing Eq. (2).

X (%) = m/mg x 100 2
where X — yield of the activated carbon (%), m is the dry
mass of the activated carbon (g) and m is the raw sample
mass (g).

2.4. Evaluation of the effect of
carbonization time on Pb(II) removal %
of activated carbon and characterization
of activated carbon with the highest
Pb(II) removal percentage

To determine the percentages of Pb(ll) removed
from AC prepared from rice husk at various carbonized
temperatures, a Pb(ll) standard solution (5.00 mg/L) was
separately added to activated carbon samples (1.00 g,
ACO01, AC02, AC03, AC04) and stirred for 1 hour at pH 7
at room temperature. The solutions were then filtered, and
the residual Pb(ll) was determined using AAS (Atomic
Absorption Spectroscopy) (Thermo scientific ICE 3300,
GBC 932 plus). The activated carbon with the highest
Pb(I) removal percentage was characterized by
SEM/EDAX, FT-IR, and proximate analysis (moisture,
ash, volatile matter, and fixed carbon content).

2.5. Moisture content

An activated carbon sample (1.00 g) was weighed
to the nearest 0.5 mg in a pre-dried crucible with a lid.
The container's lid was removed, and the container and lid
were placed in a preheated oven (423 K). After 3 h, the
crucible was closed immediately and cooled in a desicca-
tor to an ambient temperature.
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2.6. Volatile matter content

First, a crucible (preheated at 1223+ 25K for
30 min) was weighed to the nearest 0.1 mg. Activated
carbon (5.00 g) was placed in the crucible and heated in a
furnace at 1223 + 25 K. After 10 minutes, the crucible
was placed in the desiccator to cool to room temperature.
Following that, the sample (crucible) was weighed and
recorded.

2.7. Ash content

A crucible (preheated at 923 + 25 K for 1 h) was
weighed to the nearest 0.1 mg. Activated carbon (5.00 g)
was placed in the crucible and heated at 923+ 25K in a
furnace. After 16 h, the crucible was placed in a desiccator
and allowed to cool to the ambient temperature. Then the
sample (crucible) was weighed and recorded.

2.8. Bulk density

An activated carbon sample was placed in a grad-
uated cylinder (200 mL). The cylinder was tapped con-
tinuously until flattened the top layer. The volume was
read and recorded, and the procedure was repeated until
the difference between the two observations was less
than 2 mL. The content of the cylinder was weighed to
the nearest 0.1 g. Bulk density was calculated using the
Eq. (3).

Bulk density = weight of dry material (g) /
volume of packed dry matter (mL) (3)

2.9. Preparation and characterization
of activated carbon/chitosan hybrid
material (ACCHM)

Activated carbon derived from rice husk (20.00 g)
was placed in a beaker containing HCI (5% v/v) for 24 h
to prepare acid-treated activated carbon. The activated
carbon was then washed with deionized water and dried in
a 343 K oven for 12 hours. Chitosan (3.00 g) was slowly
added to 250 mL of acetic acid (1% v/v) solution under
continuous stirring at 318-323 K to make chitosan gel.
Acid-treated activated carbon (20.00 g) was added slowly
to the chitosan gel and stirred for 16 h at 318-323 K. The
activated carbon/chitosan hybrid material (ACCHM) was
filtered from the solution and washed several times with
deionized water until the washings reached a neutral pH.
Then ACCHM was dried in an oven (323 K). Further, the
ACCHM was characterized by SEM/EDAX (ZEISS EVO
18, Japan), and FT-IR (iS50 Thermo Scientific, USA).

2.10. Batch adsorption studies

2.10.1. Effect of initial metal ion concentration
on the Pb(II) adsorption on ACCHM

The prepared ACCHM (approximate diameter
5.023 um, 0.05 g) per container were taken separately to 7
clean dry polypropylene containers. Pb(ll) solution
(I mg/L, 2mg/L, 3mg/L, 4mg/L, 5mg/L, 6 mg/L,
7 mg/L) was introduced separately into each polypropyl-
ene container having ACCHM (pH =7). These samples
were shaken at room temperature (303 + 2 K) for 60 min.
The samples (filtrates) were subjected to the AAS (Ther-
mo scientific ICE 3300, GBC 932 plus) analysis to deter-
mine the residual Pb(Il) concentrations. Data were used to
calculate the Pb(Il) adsorption capacities of ACCHM at
each metal ion concentration used. Pb(Il) adsorption ca-
pacity values were calculated using the Eq. (4).

Pb(II) adsorption capacity (q) =
adsorbed weight of Pb(Il) on ACCHM(mg)

= (4)

weight of ACCHM used (g)

2.10.2. Effect of initial ACCHM dosage
on the Pb(II) adsorption on ACCHM

The prepared ACCHM samples (0.01g, 0.02 g,
0.04 g, 0.05 g, 0.06 g, 0.07 g, 0.08 g) were taken separate-
ly to clean dry polypropylene containers. A volume of
Pb(11) solution (50.00 mL, pH=7, 2 mg/L) was introduced
into each polypropylene container having ACCHM. These
samples were shaken at room temperature (303 + 2 K) for
60 min. Control samples were prepared using above men-
tioned doses and deionized water (50.00 mL) and a simi-
lar experiment was carried out simultaneously. The resid-
ual Pb(1l) of the filtrates was determined using AAS. The
data was used to calculate the percent removal of Pb(ll)
by ACCHM at various ACCHM dosages.

%Pb (IIremoval =

__ weight of Pb (IDremoved (mg)
- weight of initial Pb (I1I)(mg) x 100 (5)

2.10.3. Effect of shaking time
on the adsorption of Pb(II) on ACCHM

The prepared ACCHM samples (0.05 g) per con-
tainer were taken separately to 7 clean dry polypropylene
containers. A volume of Pb(ll) solution (50.00 mL, pH=7,
2 mg/L) was introduced into each polypropylene contain-
er having ACCHM. At room temperature (303 £ 2 K)
these samples were shaken separately (20 min, 30 min, 60
min, 90 min, 120 min, 150 min, 180 min). Control sam-
ples were prepared using above mentioned doses and
deionized water (50.00 mL) and a similar experiment was
carried out simultaneously. Then the samples were sub-
jected to AAS analysis. The data were used to measure
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the percent removal of Pb(Il) by ACCHM at various shak-
ing times.

2.10.4. Effect of pH on the Pb(II) adsorption
on ACCHM

The prepared ACCHM samples (0.05 g) per con-
tainer were taken separately to 6 clean dry polypropylene
containers. pH was adjusted (2 pH, 3 pH, 5 pH, 7 pH, 9
pH, 11 pH) and Pb(ll) solution (2 mg/L, 50.00 mL) was
introduced separately into each polypropylene container
having ACCHM. These samples were shaken at room
temperature (303 = 2 K) for 120 min and filtered. Control
samples were prepared using above mentioned pH and
deionized water (50.00 mL) and similar experiments were
conducted simultaneously. Then the samples were sub-
jected to AAS analysis. The data were used to calculate
the percent removal of Pb(ll) by ACCHM at various pH
levels.

2.10.5. Modeling of adsorption isotherm

The prepared ACCHM samples (0.05 g) per con-
tainer were taken separately to 10 clean dry polypropylene
containers. Pb(ll) solution (1 mg/L, 2mg/L, 3 mg/L,
4mg/L, 5mg/L, 6mg/L, 7mg/L, 8mg/L, 9mg/L,
10 mg/L, pH 7) was introduced separately into each poly-
propylene container having ACCHM. These samples were
shaken at room temperature (303+2K) for 120 min.
Control samples were prepared using above mentioned
doses and deionized water (50.00 mL) and a similar ex-
periment was carried out simultaneously. After shaking,
all the samples were filtered. Then the samples and con-
trols were analyzed by an Inductive Coupled Plasma-Mass
Spectrophotometer (ICP-MS, Agilent 7800).

2.11. Kinetic studies

A Pb(Il) solution (2 mg/L) was added to a clean
dry polypropylene container containing ACCHM (0.05 g).
The value of solution pH was adjusted to 5. The solution
was continuously agitated in a shaker at 60 rpm at room
temperature (303 £ 2 K). 10 mL aliquots were drawn at
predefined time intervals for 180 minutes, filtered through
a 0.45 um nylon filter membrane, and the filtrates were
analyzed for residual Pb(ll) ion using ICP-MS. The Pb(ll)
adsorption capacity of ACCHM in each sample was cal-
culated using Eq. (4).

2.12. Statistical analysis

All experiments were carried out in a duplicate, and
results were reported as mean + standard deviation.
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3. Results and Discussion

3.1. Preparation of Chitosan

The deacetylation percentage (DA%) of prepared
chitosan was found to be 82%. The DA% is an important
parameter affecting solubility, chemical reactivity, metal
adsorption capacity and biodegradability of chitosan. The
DA% is calculated to determine how far the acetyl groups
have been removed. Deacetylation improves the adsorp-
tion properties of chitosan by providing more sites for
metal ion adsorption.

3.2. Preparation of activated carbon
derived from rice husk

Here, HCI was used as an activating agent instead
of the commonly used HsPO4. First, optimization of car-
bonaceous time was carried out by conducting the exper-
iment at different carbonization times (60 min, 90 min,
120 min, 150 min) at 673 K and Pb(Il) removal potentials
of AC prepared at different carbonization times were
evaluated under the selected experimental conditions. The
results revealed that the yield % of AC was dependent on
the carbonization time and the highest yield % of AC was
reported at the 120 minutes of carbonaceous time (Fig. 1).
Pb(Il) removal % from activated carbon was varied be-
tween 55.07 % and 93.30 % at different carbonization
times. The highest Pb(ll) removal % was observed when
the material was carbonized at 120 min, as depicted in
Fig. 2. However, when the carbonization time was in-
creased above 120 min, Pb(ll) adsorption potential of AC
was reduced (Fig. 2). This may be due to the fact that the
pores were sintered due to a prolonged exposure to higher
temperatures.?® Therefore, it can be concluded that the
metal adsorption capacity of AC is affected by the carbon-
ization time.

3.3. Proximate analysis of activated
carbon derived from rice husk

The proximate analysis gives the composition of a
material in terms of gross components such as moisture,
volatile matter, ash, and fixed carbon contents. The prox-
imate composition of activated carbon was found to be
34.94 wt.% moisture, 32.47 wt.% ash, 24.20 wt.% volatile
matter, and 8.39 wt.% fixed carbon, which makes it a
suitable adsorbent. Meanwhile, the bulk density of the
synthesized AC is 322.25 kg-m?3. If the bulk density is
lower, AC’s porosity will increase, thus expanding the
surface area for adsorption.?3
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3.4. Preparation of activated car- husk (Fi_g. 3a) carb_oniz_ed at 120 min at 673 K tempera-
. . . ture. Chitosan loading in AC support was about 25% by
bon/chitosan hybrid material (ACCHM) weight. Here, chitosan was physically modified in order to
In this study, ACCHM (Fig. 3, b) was prepared by  improve the mechanical strength, chemical stability and
coating chitosan on activated carbon derived from rice  metal adsorption capacity of the adsorbent.
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Fig. 3. (a) Activated carbon (AC) derived from rice husk and (b) ACCHM
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3.5. Spectral characterization of synthe-
sized materials

IR spectra of chitosan, AC derived from rice husk,
ACCHM and Pb adsorbed ACCHM are shown in Fig 4.
The prominent bands of the IR spectrum of chitosan
(Fig. 4a) include a strong broad band at the wavenumber
region of 3400-3750 cm™!, corresponding to O—H stretch-
ing vibrations and multiple stretching vibrations of —
NH..24?> The bands appear at 2870 cm™ and 2930 cm!
correspond to C—H stretching of —CH3z and —CHy, respec-
tively. Further, a band appeared at 1580 cm™ for primary
amine's N-H bending vibration?® confirming the successful
extraction of chitosan from shrimp shells by deacetylation
of chitin. The major bands of the IR spectrum of AC
(Fig. 4b) include bands at 3220-3364 cm* (stretching vibra-
tion of —~O-H), 1598 cm'* (strong) (stretching vibration of —
C=0), and 1062 cm’! (stretching vibration of Si-O).

When consider the IR spectrum of the novel hybrid
material, ACCHM (Fig. 4c), an absorption band at
1598 cm™* can be attributed to the C=0O stretching of N-
acetyl groups, and a band at 1366 cm™ can be attributed to
the —NH deformation vibration in —NH. of chitosan of the
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hybrid material. The peaks at the wave number region of
1548-1602 cm in the FTIR spectrum of ACCHM corre-
spond to N-H bending vibrations, including N-H scissor-
ing of the amines. Peaks at 2970 cm?, 2855cm?,
1228 cm?, and 1216 cm™? correspond to C-H aliphatic
stretching, stretching vibration of —O-CHgs, stretching
vibrations of C-O in carbonyl, lactonic, and carboxyl
groups, and stretching of C-O or O-H deformation in
carboxylic acids in the hybrid material, respectively.?42
In addition to that, a broad peak appeared at 3000 cm™-
3400 cm, corresponding to O-H stretching vibrations
and multiple stretching vibrations of -NH> as in the spec-
trum of chitosan (Fig. 4a). Hence, these findings con-
firmed that chitosan was successfully coated on AC pro-
ducing an activated carbon/chitosan hybrid material.

When comparing the FTIR spectra of the ACCHM
and Pb absorbed ACCHM, major peaks have shifted after
adsorption of Pb owing to the contribution of the surface
functional groups of the ACCHM for metal ion adsorption.
(Fig. 4d). It has already been known that upon binding of
adsorbate with adsorbent, the IR bands in the close vicinity
of the binding site of adsorbent are shifted when compared
with the major peaks of adsorbate-free adsorbent.*
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Fig. 4. FTIR spectra of (a) chitosan, (b) activated carbon (AC) (c) chitosan coated
activated carbon (ACCHM), and (d) Pb adsorbed ACCHM
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3.6. Characterization of synthesized
materials by Scanning Electron
Microscopy and Energy Dispersive
X-ray Analysis

The surface morphology of the extracted chitosan
shown in Fig. 5a depicts that chitosan has a smooth sur-
face without a porous structure. Meanwhile, as depicted in
Fig. 5b, ¢, the AC synthesized from rice husks has an
irregular surface and a well-developed porous structure.
The average pore diameter of AC calculated using ImageJ
software was found to be 6 um and upon coating of chi-
tosan to prepare ACCHM the pore diameter has changed
to about 7 um.

In this study, a novel ACCHM was developed by
coating chitosan on AC to blend the surface properties of
chitosan and AC in order to improve the Pb(ll) adsorption
capacity.

Fig. 6 shows the surface morphology of
ACCHM. Here, chitosan formed a rigid highly porous
matrix layer on the surface of AC, which could enhance
the adsorption of metal ions as activated carbon pro-
vides solid support to make all the binding sites acces-
sible in addition to enhancing the surface area. The

highly porous surface structure of the ACCHM
(Fig. 6b) having functional groups of chitosan may act
as a multi-functional absorbent as both physisorption
and chemisorption of sorbate can take place.

EDAX was used to analyze the elemental composi-
tion of the solid surfaces of chitosan, AC, ACCHM, and
ACCHM after adsorption of Pb (Fig. 7) and the results are
tabulated in Table 1. The main elements present in AC are
C (47.69%), O (37.07%), and Si (14.99%). The elemental
composition of ACCHM is found to be C (68.73 wt.%), O
(27.29%), Si (1.42%) and N (2.56 %). A peak for Pb was
observed in the EDAX spectrum of Pb adsorbed ACCHM
by confirming the adsorption of Pb(ll) onto ACCHM
under the selected experimental conditions.

Table 1. The elemental composition of chitosan, AC,
ACCHM, ACCHM after adsorption of Pb

Material Weight Composition (%wt)
Cc 0] Si | N |Cl|Pb
Chitosan 41.01 51.17 7.82
AC 47.69 37.07|14.99 0.25
ACCHM 68.73 27.29| 1.42 |2.56
Pb /ACCHM 53.22 30.31]12.03(4.32 0.12

Fig. 5. SEM images of (a). Extracted chitosan - 1.00KX, (b).
AC derived from rice husks — 1.00 KX, (c).
AC derived from rice husks — 2.50 KX

Date 22 Oct 2019
Time 35912

L

Fig. 6. SEM images of ACCHM under two magnifications, (a). 1.00 KX, (b). 2.50 KX

Dote 22 0ct 213 —
Time 35343
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3.7. Batch adsorption studies for the
optimization of process parameters

Batch experiments were conducted using synthetic
wastewater solutions containing Pb(ll) to determine the
effect of initial Pb(Il) ion concentration, ACCHM dosage,
shaking time, and pH on Pb(ll) adsorption capacity or
percent of Pb(Il) removal of the novel material, ACCHM.
First, Pb(Il) adsorption capacity (q) was calculated by
varying the initial Pb(ll) ion concentration (Fig. 8a). Ac-
cording to the graph, when the concentration increases,
the q value keeps increasing. But the difference between q
values decreased indicating that the adsorbent sites are
gradually saturated as the Pb(Il) concentration increased.
A range of 0.01- 0.08 g of adsorbent dosage was used to
study the effect of adsorbent dosage on percentage remov-
al of Pb, and the experiments were carried out at a fixed
Pb(1l) concentration of 2 mg/L at pH 7 for a shaking time
of 60 min (Fig. 8b). According to the results, the percent-
age removal of Pb(ll) by ACCHM increased irregularly
with the increasing adsorbent dosage to a maximum value
(72%) and then upon further increasing, the percent of
Pb(Il) removal becomes constant as most of the adsorbate
molecules adsorbed on the accessible bind-

ing sites of the adsorbent. Fig. 8c depicts the effect of
shaking time on the percentage of Pb(ll) removal. At the
beginning, the percent removal of Pb(ll) ion by ACCHM
was increased rapidly due to the high availability of bind-
ing sites on the adsorbent. Then it becomes constant after
120 min indicating that the adsorbent gets saturated, and
the system reaches the equilibrium.

Since solution pH plays a significant role for the
metal ion adsorption process, optimization studies were
conducted varying the solution’s initial pH. According to
the results, the maximum Pb removal percentage was
obtained when pH of the solution was between pH 5 and
pH 6 (Fig. 8d). When reducing pH of the solution, the
surface of the adsorbent becomes positively charged, as a
result, lower Pb(Il) uptake was observed, which may be
attributed to the corresponding electrostatic repulsions
between Pb(Il) and positively charged adsorbent sites. In
addition, Pb(Il) adsorption may further decrease due to the
presence of excess H* ions, as they are competing with
metal ions for the available sites.?* From the batch studies
it can be concluded that the maximum Pb removal per-
centage (89%) was observed at a solution with pH of 5, an
initial Pb(1l) concentration of 2 mg/L, an adsorbent dos-
age of 1 g/L, and a stirring time of 120 minutes.
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Fig. 8. Optimization studies of the batch process parameters of (a). initial Pb(Il) concentration, (b).
dosage of the adsorbent, ACCHM, (c) shaking time and (d). pH of the solution
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Fig. 9. (a). Langmuir adsorption isotherm of Pb sorption on ACCHM, (b).
Freundlich adsorption isotherm of Pb sorption on ACCHM (adsorbent dose = 1 g/L, pH = 7+0.2,
contact time = 120 minutes, initial concentration = 2 mg L, agitation speed = 60 rpm, T=303 + 2 K)

3.8. Modelling of adsorption isotherms
of Pb adsorption on ACCHM

Adsorption isotherm models are commonly used to
investigate the relationship between adsorption capacity
(9e) and aqueous adsorbate concentration (Ce) at equilibri-
um. Langmuir and Freundlich models were used in this
study.

The Langmuir model assumes that the uptake of
adsorbates occurs on a homogenous surface by a mono-
layer adsorption without any interaction between adsorbed
ions.

The linearized form of the Langmuir equation is as

follows2>26
C. 1 C.

1 Kilmm: | G ©
where, g is the equilibrium adsorption capacity (mg/g),
Qnmax is the maximum adsorption capacity (mg/g), Ceis the
equilibrium aqueous concentration of adsorbate (mg/L),
KL is the constant related to the energy of adsorption
(L/mg). A plot of Ce/ge vs. Ce gives 1/Qmax as the slope
and 1/K; Qmax as the intercept.

Freundlich isotherm is based on a multilayer ad-
sorption process on a heterogeneous surface. The model's
linear form can be written as:?’

logq. = logKFy +%lag€e (7)
where Kr and n are Freundlich constants that represent
adsorption capacity and intensity, respectively; Ce is the
equilibrium concentration in solution, g is the equilibrium
adsorption capacity.

Experimentally obtained linear forms of the Lang-
muir and Freundlich isotherms are depicted in Fig. 9a and
Fig. 9b respectively.

Table 2 lists the calculated Langmuir and Freun-
dlich isotherm constants based on the experimental re-
sults. To determine the most relevant adsorption isotherm
for the Pb adsorption on ACCHM, the correlation coeffi-

cient value (R?) was considered. R? values for Langmuir
and Freundlich adsorption isotherms were 0.9916 and
0.9700, respectively.

Table 2. Isotherm parameters for adsorption
of Pb onto ACCHM

. Freundlich
Langmuir Constants Constants
Qna(mg/g) | Ko Ru RZ | Ke | n R?
(L/mg)
24.390 | 0.0423 | 0.9219 | 0.9916 | 1.04 | 1.16 | 0.9700

Since the adsorption data fit the Langmuir adsorp-
tion isotherm better than the Freundlich adsorption iso-
therm, it is concluded that the Langmuir model is an ap-
propriate model to represent the adsorption equilibrium
data of Pb(Il) adsorption on ACCHM. It means that all
active sites of the novel adsorbent, chitosan/AC hybrid
material are homogeneous, and Pb metal ion uptake oc-
curs via chemisorption as monolayer adsorption with no
interaction between adsorbate molecules.

Langmuir constant, K. can be used to calculate the
equilibrium parameter (R.), which is given by the follow-
ing equation.

1
R, = 1+K,-C; (8)
where K_ is the Langmuir constant, C; is the initial con-
centration.

The value of R. indicates the type of Langmuir iso-
therm, whether it is irreversible (R. = 0), linear (RL=1),
unfavorable (R.> 1), or favorable (0 <R_<1).%

Accordingly, the R, value in this study was 0.9219,
which indicates that Pb ion adsorption on the ACCHM
surface is favorable. The maximum amount of adsorbate
adsorbed per unit weight of adsorbent (Qmax Value) was
obtained corresponding to complete coverage of available
sites from the Langmuir isotherm for ACCHM. Interest-
ingly, our novel adsorbent, chitosan/AC hybrid material
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has a higher Qmax value for Pb(ll) adsorption (24.39 mg/q)
compared to that of chitosan (10 mg/g) reported in the
literature,? indicating that the physically modified hybrid
bio adsorbent ACCHM has a higher adsorption capacity.

3.9. Adsorption Kkinetics

To understand the adsorption mechanism of Pb(ll)
on ACCHM, pseudo-first-order and pseudo-second-order
kinetic models were used to analyze the experimentally
obtained data. Lagergren’s pseudo first-order kinetic mod-
el can be written as Eq. (9):%°

In(q. — q¢) = Inq, — (K; t) ©)

where g: and ge are the amount of Pb ions adsorbed per
mass of sorbent (mg/g) at any time and at equilibrium,

T T T T T T
20 40 60 80 100 120 140 160 180 200

Time(min)

a)

respectively. K is the first-order adsorption rate constant
(min™D).

The pseudo-second-order equation can be given as
Eq. (10),%
t 1 t

= >+ — (10)
qdc K3 adsqe de

where qg: and ge are the amount of Pb ions adsorbed per
mass of sorbent (mg/g) at any time and at equilibrium,
respectively. Kzags is the rate constant of second-order
adsorption (g (mg min) ).

The correlation coefficient of the pseudo-first order
kinetic model is 0.8933 (Fig. 10a), while the correlation
coefficient of the pseudo-second order kinetic model is
0.9955 (Fig. 10b). This indicates that a pseudo-second
order Kinetic model adequately described the adsorption
kinetics of Pb adsorption on ACCHM.

120

100 -

80

&0

40

20

100 120 140 160 160 200
Time(min)

b)

20 40 60 80

Fig. 10. (a). Pseudo-first-order (b). pseudo-second-order kinetic plots for the Pb(Il)
adsorption onto ACCHM (adsorbent dose = 0.05 g, pH = 5+0.2 initial concentration = 2 mg/L,
agitation speed = 60 rpm, T=303%2 K)

Further, the results revealed that the adsorption
process might take place by chemisorption via the for-
mation of coordinate bonds between electron rich binding
sites of the adsorbent and adsorbate molecules.®*

Kinetics parameters for pseudo-first order and
pseudo-second-order models are tabulated in Table 3.

Table 3. Kinetic parameters for adsorption of Pb(ll) onto
ACCHM

Pseudo-first-order kinetic model
Ky, (min') qe (mg/g) R
0.0814 0.3517 0.8933
Pseudo-second-order kinetic model
Ka, ass(g/ (Mg min)) ge (My/g) R?
0.0229 1.9297 0.9955

4. Conclusions

In this study, AC and chitosan were prepared suc-
cessfully using low-cost, readily available rice husks and
shrimp shells, respectively. Upon coating of synthesized
chitosan on the AC derived from rice husk, a novel
AC/chitosan hybrid material (ACCHM) acquired surface
properties of both AC and chitosan, including a highly
functionalized porous surface, leading to enhanced metal
adsorption capacity. Optimal adsorption performance
(89% Pb removal) of the novel hybrid material was ob-
served at pH =5, initial Pb(ll) concentration of 2 mg/L
with a shaking time of 120 minutes of 1 g/L of ACCHM
dosage. According to the isotherm studies, equilibrium
data were fitted well with the Langmuir isotherm model
(R?=0.9916), indicating that Pb adsorption occurs on a
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homogeneous adsorbent surface via monolayer adsorp-
tion. Further, the Kinetics study showed that adsorption
data were best fitted to pseudo-second-order kinetics
(R? = 0.9955) indicating that Pb absorbed on the ACCHM
surface by chemisorption. The findings of the study re-
vealed that the novel hybrid material, ACCHM, can be
used as an efficient, environmentally friendly, and cost-
effective adsorbent for the removal of heavy metals such
as Pb(I1) from water.
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BHUI'OTOBJIEHHA I'IBPUIHOTI'O MATEPIAJTY HA
OCHOBI AKTUBOBAHOT'O BYT'LIJISI/XITO3AHY
IJI51 AICOPBIIMHOTI'O BUWIYUYEHHS PB(11)

Anomauia. YV yvomy 00CHiOdNCEHHi CUHME308AHO HOGUI,
EKOHOMIYHO eeKmusHULl ™Mma eKON02TYHO Yucmuil  2iopuoHuil
mamepian Ha OCHOGI AKMUB0BAHO20 BY2LLIA/XIMO3aHY Yepe3
NOEOHAHHA NOBEPXHEBUX GIACMUBOCELl AKMUBOBAHO2O BYIILIA,
OMPUMAHO20 3 PUCOBO20 JVUNUHHAL, MA XiMO3AHY, GUTYYEHO20 3
nanyupie kpesemox "Yopruii muep", 3 memoro ompumaHHs uco-
KOGQYHKYIOHANI308AH020 NOPUCMO20 MAMEPIANY 3 NiOBULEHOIO
adcopbyiinoro 30amuicnmio 0o aocopoyii Po(Il) ons ouuwenns
600U

Kntouogi cnosa: axmusosane gyeinna, aocopoyivine uny-
uenHst, biomaca, Ximo3aw, nOMOYM, NOPUCIIUL Mamepia.
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