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ABSTRACT

Chitosan-zeolite 3A composite (CS/Z) adsorbent was prepared to investigate the removal of Cr(VI)
from aqueous solution. The chitosan (CS) was prepared from shrimp waste (shell) using chemical
processes. The percentage yield and degree of deacetylation were 13.64% and 87.07%, respectively.
The matrix formulation was obtained with a response surface methodology using a central com-
posite design. The best matrix ratio of chitosan to zeolite was 1:7. This ratio was used for adsorption
studies. Batch adsorption studies were carried out to investigate the optimum condition for the
removal of Cr(VI) using CS/Z and the adsorbent was characterized using X-ray diffraction and
scanning electron microscopy. The influences of solution pH, adsorption dosage, initial Cr(VI)
concentration, and temperature on the removal processes were investigated. Adsorbent dosage of
0.25 g using 20 mg/L as the initial solution concentration showed maximum metal uptake, at opti-
mum pH 2. The result obtained from equilibrium isotherm adsorption studies of Cr(VI) ion was
analyzed in three adsorption models namely: Langmuir, Freundlich, and Temkin. The equilibrium
studies carried out followed Langmuir isotherm with the highest correlation coefficient (R?) value
of 1. The kinetic parameters were evaluated utilizing the pseudo-first-order, pseudo-second-order,
and Elovich-second-order. It was shown that the adsorption of Cr(VI) ions can be described by the
Elovich kinetic model, with a correlation coefficient of 0.96. Thermodynamic parameters studies
revealed that the adsorption process was spontaneous and endothermic in nature. In comparison
between CS/Z, Z, and C, the percentage of removals were 97%, 68%, and 50%, respectively. Thus, it
can be deduced that CS/Z composite adsorbent is effective and efficient for the removal of Cr(VI) ion.
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1. Introduction

Proliferation of industrialization especially in develop-
ing countries has led to continuous disposal of heavy metal
into the environment. Heavy metals are a general collective

* Corresponding author.

term applying to the group of metals and metalloids with
an atomic density 25 g cm™ [1]. Widely recognized and used
heavy metals such as chromium (Cr), cadmium (Cd), copper
(Cu), mercury (Hg), nickel (Ni), lead (Pb), and zinc (Zn) are
also toxic in nature. Unlike organic wastes, heavy metals are
non-biodegradable and they can be accumulated in living
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tissues, causing various diseases, and disorders, therefore
they must be removed before discharge [2,3].

(Cr) compounds are used in many industries such as tex-
tile dyeing, tanneries, and metal electroplating. The heavy
metal can exist mainly as Cr(VI) or Cr(III) in the natural envi-
ronment. Cr(IIl) species is not toxic, less soluble, and more
stable compare to Cr(VI) species which are highly soluble
and mobile in aqueous solutions [4]. It has higher mobil-
ity than Cr(III) and therefore has a higher potential to con-
taminate the groundwater. The high risk of chromium(VI)
is associated with its high reactivity and its potential car-
cinogenic properties [5]. Acute exposure to Cr(VI) causes
nausea, diarrhea, liver and kidney damage, dermatitis,
internal hemorrhage, and respiratory problems [6].

Various chemical and physical treatments have been
developed (e.g., oxidation, reduction, precipitation, solvent
extraction, membrane separation, ion exchange, and adsorp-
tion) for the removal of heavy metal ions from water bodies.
Among these methods, the adsorption was considered to be
the least expensive and very effective separation technique
for the removal of metal ions present at low concentrations
in industrial wastewater [7-9]. Adsorption process involves
the use of suitable adsorbent for the targeted sorbate in the
fluid. Conventional adsorbents often used include silica,
activated alumina, coal, commercial activated carbon, clay,
zeolite amongst others. In the past decades, research has
brought to limelight the applicability of some agricultural
waste, chitosan, and composite adsorbents for effective
adsorption [10].

Chitosan is a linear-polymer and a biomaterial that is
produced commercially by deacetylation of chitin, a struc-
tural element in the exoskeleton of crustaceans and cell
walls of fungi. Chitosan is a linear-polymer of acetylamino-
d-glucose. It is biodegradable, harmless to living things,
and has many amino and hydroxyl groups that can chelate
heavy metal ions [11]. Chitosan solubility in dilute acid solu-
tions is obtained from chitin by removing the acetyl group
(CH,-CO). These materials can be used as adsorbents with
little processing and available locally in large quantities
[12]. Chitosan has excellent and distinctive biological and
physiochemical properties making its reaction signifi-
cantly more versatile than cellulose. It is non-toxic, renew-
able, biocompatible, biodegradable, non-immunogenic, and
can form salts with inorganic and organic acids [11]. The
presence of some amino (-NH,) groups, hydroxyl (-OH)
groups, and its chains flexibility makes it attractive for
application in adsorption processes. However, it has both
mechanical and chemical weaknesses which include disso-
lution in acids, gel formation in aqueous solution, the for-
mation of the colloid solution with water, low surface area,
low specific gravity, high cost, and susceptible to microbi-
ological and biochemical degradation. These physical and
chemical weaknesses can be alleviated to improve on its
properties and applicability. Crosslinking, encapsulation,
grafting can modify it chemically whereas its immobiliza-
tion on another material reduces the quantity (cost) needed
and enhances easy accessibility of its binding sites [13-15].

Zeolites are a microporous aluminosilicate mineral that
occurs naturally or by synthesis and belongs to the class
minerals known as “tectosilicate.” They have unique prop-
erties and applications in ion exchange, catalyst, adsorption,

and separation [16]. Zeolites are generally described as
crystalline aluminosilicate based on their corner-sharing
TO, (where T = Si and Al) tetrahedral which always form a
three-dimensional framework with unique and uniform pore
size [17].

Recently, several technologies using microorganisms,
chitosan, and zeolite have been tested as ways of removing
heavy metals from the environment. During the adsorption
process of chitosan, the nitrogen from the amino group acts
as an electron donor which is mainly responsible for the
adsorption of metal ion [18].

[19] examined the removal of Cr(VI) by means of a
bio-sorption onto coffee husk from aqueous solution.
The effects of adsorbent dosage, pH, initial concentration,
contact time, on the uptake of Cr(VI) were studied. The
outcomes of the investigation established that after 60 min
the adsorption of chromium by wheat bran attained. At
a pH of 2, the maximum chromium uptake (87.8 %) was
attained. The results obtained from the study, shows that
Cr(VI) uptake onto wheat bran best fits the Langmuir iso-
therm model (R? = 0.997), and followed pseudo-second-
order kinetic. The result obtained was an indication that
the adsorbent used (wheat bran) can effectively replace
other commercial adsorbents in the uptake Cr(VI).

The removal of hexavalent chromium from aqueous
solutions onto synthetic nano-sized zero-valent iron (nZVI)
was examined by [20]. It was observed from its findings
that the removal efficiency increases with adsorbent dos-
age and contact time but resulted in a decrease with initial
metal concentration and pH of the solution. The result con-
firmed the Langmuir model as the best fits as compared
with other models studied. In Summary, to the best of our
knowledge, no one has recorded excellent Cr(VI) uptake
from the literature studied. Therefore, there is an essen-
tial need to achieve a better percentage of removal with
minimal cost.

The advantages of Zeolite 3A is high-temperature sup-
port and good acid yield stability [21]. Numerous studies
have shown that zeolites are good adsorbents for heavy
metals uptake and their application in chitosan modifica-
tions has yielded positive results in wastewater treatment
[17-18]. This study is aimed at determining the best chi-
tosan-zeolite 3A composite matrix for of Cr(VI) uptake from
wastewater. This involved preparation of chitosan from
shrimps waste (shell), use of central composite design (CCD)
for the formulation of the chitosan/zeolite 3A design matrix,
application of the emerging composite for the adsorption
of Cr(VI), and characterization of the composite adsorbent.

2. Materials and methods
2.1. Materials

All chemicals used for the experiments (acetic acid, HCI,
potassium dichromate, and sodium hydroxide) were of
analytical grade with purity between 80% and 99%. Shrimp
shells were collected from Lagos lagoon, Nigeria. Chromium
stock solution was prepared by measuring 2.835 g of 99%
potassium dichromate (K,Cr,0,) into 1.0 L volumetric flask,
filling it up to the mark and then stirred until the solution
was homogenous to give 1,000 mg/L Cr(VI) solution.
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2.2. Synthesis of chitosan adsorbent

The shrimps shells collected were washed with water,
scraped free of loose tissue, and were dried at room tem-
perature for 10 d until it was well dried and crispy. The prod-
uct was crushed with mortal to create shrimp shell powder.
The particle sizes were determined by passing through mesh
size (300 um). Chitosan was synthesis from shrimp shells
through three operation steps namely: demineralization,
deproteinization, and deacetylation.

The 300 pm shrimp shells powder was soaked in a beaker
containing 1 M HCI (1:10 w/v) at ambient temperature for
6 h after which it was washed in the acid until no bubbles
were seen and no color change was observed. The sample
was then washed thoroughly with distilled water until
a neutral pH was obtained and then the demineralized
shell was dried at 85°C for 18 h. The process of demineral-
ization was followed by deproteinization.

The demineralized shrimp shell powder was transferred
into a beaker containing 1 M NaOH solution (1:10 w/v) at
ambient temperature and left for 16 h. The shells were then
washed thoroughly with distilled water until a neutral pH
of 6.8-7 was obtained. The deproteinized sample known
as chitin was dried to constant weight, ground, and sieved
into 300 pm for onward deacetylation.

The chitin sample was treated with 50% NaOH (1:10 w/v)
for 3 h at 105°C using a heating mantle for deacetylation reac-
tion. The deacetylated was then washed thoroughly with
distilled water several times to remove residual NaOH until
neutrality was attained. The resulting chitosan was then
dried in the oven at 85°C for 15 has reported by Rahmani
etal. [21].

The degree of deacetylation (DDA) of the various
chitosan samples obtained was determined using Eq. (1):

Percentage DDA =118.883 —| 40.1647 A1655 1)
A3450

where A1655 and A3450 are absorbance bands at 1,655 and
3,450 from the Fourier transform infrared (FTIR) spectra and
are given by [22]:

T3450
A3450 = -1 _— 2
og( g j @)

T1655
A1655 =-log| ——— 3
(e’ ®

2.3. Chitosan/zeolite composite matrix formation and its
adsorption potential

CCD of response surface methodology (RSM) was used
to formulate the chitosan/zeolite composite matrix. Range
of the amount of the two factors chitosan (0.3-0.9 g) and
zeolite (5-12 g) were obtained from preliminary investiga-
tions. The application of CCD with two factors and two levels
gave a total of 13 experiments determined by the expression
2" + 2n + 5, where n is the number of factors. Percentage
removal of chromium (VI) from aqueous solution was set as

the response or independent variable while the dependent
variables were the two factors chitosan and zeolite. To min-
imize the effect of unexpected variability on the observed
responses, experimental runs were randomized. The CCD
chitosan/zeolite composite matrix formation experimental
design is presented in Table 1.

The composite matrix formulation was carried out by
dissolving chitosan in 30 mL of 5% (v/v) HCI and stirred
for 2 h at 200 rpm. Thereafter, the powdered zeolite was
added to the dissolved chitosan solution stirred at 200 rpm
until homogeneity was observed. The amount of chitosan
and zeolite used was based on the CCD experiment design.
The mixture was in drop-wise put into 1 M NaOH solution
to form the composite beads which were later recovered
and washed with distilled water to remove the adhering
NaOH concentration. The beads were dried in an oven set
at 85°C for 18 h and then packaged for use.

2.4. Batch adsorption studies

The effect of initial concentration and contact time on
adsorption of Cr(VI) with CS/Z was studied by preparing
50 mL of the solute solution of 10, 20, 30, and 50 mg/L into
five different 250 mL Erlenmeyer flasks. The Cr(VI) solution
was adjusted to pH 2 and 0.2 g of CS/Z beads measured
into each flask and placed into an isothermal water bath
shaker set at 30°C and 150 rpm. The residual Cr(VI) con-
centration in the solution was determined at intervals by
taking aliquot to a UV-Vis spectrophotometer of the wave-
length of 540 nm. This was continued until the dynamic
adsorption equilibrium was attained before terminating the
experiment. The Cr(VI) uptake at equilibrium g, (mg/g) was
calculated as follows:

(Co _Ce)v

W @

9. =

where C, (mg/L) is Cr(VI) initial concentration, C, (mg/L)
is the concentration at equilibrium, V (L) is the volume

Table 1
CCD for two independent variables used

Run/order Chitosan (g) Zeolite (g) Ratio
1 0.55 8.00 1:15
2 0.55 8.00 1:15
3 0.20 8.00 1:40
4 0.80 11.0 1:14
5 0.30 5.00 1:17
6 0.55 8.00 1:15
7 0.55 8.00 1:15
8 0.55 8.00 1:15
9 0.55 12.24 1:22
10 0.55 3.76 1.7
11 0.90 8.00 1:9
12 0.80 5.00 1:6
13 0.30 11.0 1:37
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of Cr(VI) solution, and W (g) is the weight of CS/Z beads.
The procedure stated above was repeated by varying the iso-
thermal experimental temperature to 40°C and 50°C in order
to study the effect of temperature on the adsorption process.

The effect of solution pH on adsorption was studied
by varying the pH values ranging from 2 to 12 in differ-
ent Erlenmeyer flasks was 0.1 M HCl and NaOH. In each
flasks, 50 mL of 20 mg/L Cr(VI) was measured into it and
0.25 g of CS/Z was added. The flasks were placed in water
bath shaker set at 30°C and 150 rpm until the equilibrium
time was attained. The residual solution concentration was
determined using UV-Vis spectrophotometer.

Similarly, the effect of adsorbent dosage on Cr(VI)
removal was studied by measuring 0.1, 0.25, 0.5, 0.75, 1.0,
1.25, and 1.5 g of the CS/Z beads separately into seven dif-
ferent flasks containing 50 mL of 20 mg/L with adjusted
pH 2. The flasks were afterwards placed in a water bath
shaker set at 30°C and 150 rpm until the equilibrium
adsorption time of CS/Z was attained. The residual con-
centration of the various flasks was determined using the
UV-spectrophotometer at 540 nm.

2.5. Characterization of chitosan, zeolite, and CS/Z

The morphology, functional groups, and the crystallinity
of the synthesized chitosan, zeolite 3A, and their composite
(CS/Z) were determined using scanning electron micros-
copy (SEM), FTIR, and X-ray diffraction (XRD) analyses,
respectively.

2.5.1. SEM analysis

SEM (Philip XL40, Netherlands) was used to determine
the morphology of the samples under vacuum conditions at
a pressure of 5 bar. The samples were mounted over sample
holder (stubs) aided by double-sided tape. Bio-Rad coat-
ing systems were used to further coat the sample with gold
and this was carried out at 10-1 m bar with 30 mA of cur-
rent flow or 75°. The samples were then placed into SEM
instrument for scanning. Tungsten filament was utilized as
an electron source and SEM micrograph was recorded with
10 Kv revolution to obtain 1,000, and 7,000x magnification.

2.5.2. XRD analysis

The average bulk compositions and crystallinity of the
chitosan and zeolites were determined using X-ray powder
diffractometer with a Ni — filtered Cu Ka X-ray radiation
source. One gram of each sample were air dried, homoge-
nized, and placed on the sample holder of the machine for
scanning. The samples were analyzed using the reflection-
transmission spinner stage with the theta-theta settings.
Two-theta (20) starting position was 0.00483° and ends at
75.96483° with a two-theta (20) step of 0.026° at 3.57 s per
step. Tube current was 40 mA and the tension was 45 VA.
Fixed divergent slit size of 10 was used and the goniometer
radius was 240 mm.

2.5.3. FTIR analysis

The FTIR analyses of the samples were carried out
from 4,000 to 400 cm™ wavelength. The beads were mixed

with potassium bromide (KBr) at a ratio of 1:19 crushed
in a mortar and transformed into a disc with the aid of a
pressure compressor. The disc produced was used for
the FTIR analysis. The spectra generated were normal-
ized and major vibrations bands were identified that were
associated with the main groups.

3. Results and discussion
3.1. Chitosan yield

The percentage yield of chitosan from chitin after dea-
cetylation was determined to be 13.64%. The DDA was
approximately 87% which is considered agreeable com-
pared to previously reported work where DDA of 87%-97%
was achieved at different deacetylation conditions [22]. The
properties of the synthesized chitosan are presented in Table
2. Recent developments in polysaccharide-based materials
show that molecular weight and DDA are important char-
acteristics of chitosan that influences its adsorption proper-
ties. The molecular weight and DD obtained in this study
were 2.044 x 10° g/mol and 87.07%, respectively, which are
comparable to the result (82.81% DD) obtained by No and
Meyers [23]. The relatively high value of DD of chitosan
obtained in this research shows that it can serve as a good
adsorbent for adsorption [24]. The chitosan prepared was
found to be soluble in 1% of acetic acid and hydrochloric
acid concentration and insoluble in water. The buoyancy
test also revealed that it floated on water successfully. The
prepared chitosan was found to be soluble in 1% of ace-
tic acid and hydrochloric acid, respectively, and insoluble
in water. It is justified that the main physical differences
between chitin and chitosan are the ability of chitosan to
be soluble in organic acid such as acetic acid. The molec-
ular weight and DD for the synthesized chitosan were
2.044 x 10° g/mol and 87.07%, respectively, which are similar
to reported values of 2.044 x 10° g/mol and 82.81% [23].

3.2. Determination of best matrix formulation on adsorption
capacity using design expert software

The experimental design CCD matrixes and the per-
centage removal of Cr(VI) are presented in Table 3.
A total of 13 adsorption experimental runs were gener-
ated employing detailed conditions designed by RSM.

Table 2
Properties of the synthesized chitosan

Properties Values

Color Creamy white
Buoyancy in water Buoyant
Solubility in water Insoluble
Solubility in acetic acid Soluble
Viscosity (cPs) 7

Molecular weight (g/mol) 2.044 = 10°
DD (%) 87.07

pH 7.3

Surface Smooth
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Table 3

381

Experimental design CCD matrixes and the percentage removal of Cr(VI)

Run/order Chitosan (g) Zeolite (g) Ratio Actual removal (%) Predicted removal (%)
1 0.55 8.00 1:15 71 71.00
2 0.55 8.00 1:15 71 71.00
3 0.20 8.00 1:40 59 58.99
4 0.80 11.0 1:14 69 68.80
5 0.30 5.00 1:17 65 66.45
6 0.55 8.00 1:15 71 71.00
7 0.55 8.00 1:15 71 71.00
8 0.55 8.00 1:15 71 71.00
9 0.55 12.24 1:22 62 63.15
10 0.55 3.76 1.7 79 76.60
11 0.90 8.00 1:9 77 75.76
12 0.80 5.00 1:6 78 80.31
13 0.30 11.0 1:37 60 58.94

The design was meant to enhance the best matrix formu-
lation composite for the adsorption of Cr(VI) which was
determined from the optimum synergy of the two materials
via percentage removal values recorded. The effect of the
synergy of the chitosan and zeolite on Cr(VI) was further
depicted by the 3D response surface and contour plots are
presented in Fig. 1. The slice shown includes five center
points as indicated by the dot in the middle of the contour
plot. By replicating center points, a very good power of
prediction in the middle of the experimental region could
be obtained. The best formulation that yielded the highest
percentage of removal was at chitosan to zeolite ratio of 1:7.
This shows that the zeolite served as the support for the
chitosan bio-polymer that had high adsorption potentials.

3.3. Adsorbent characterization

3.3.1. X-ray diffractometry analysis of chitosan, zeolite, and
CS/z

The XRD analysis of Fig. 2 indicated that chitosan has
crystalline and amorphous region, which confirmed the

Design-Expert® Software

FoRemoval
s,

59
X1 = A: Chitosan

X2 = B: Zeolite
7525

69.5

&8p.75

%Removal

58

11.00
e.50

8_‘(‘)5“‘“«

B: Zeolite

Fig. 1. Three-dimensional response surface plots.

s}\

semi-crystallinity of chitosan. The XRD pattern exhibited
strong diffraction peaks in the scattering range (20) at 18.3°
and 24°, also a weak peak at 10°. This is comparable with
the pattern of commercial chitosan with peaks at 20.07°
and 81.71° (20) indicating it's amorphous and crystallinity
nature, respectively [15]. Fig. 3 showed the diffractogram
of chitosan-zeolite 3A composite. Compared with the dif-
fractogram of only chitosan, the chitosan—zeolite composite
indicate higher crystallinity. The introduction of zeolite 3A
particles into matrices increased the crystallinity of the chi-
tosan at 100, 120, 210, and 270 and also the thermal stability,
although it decreases the flexibility. The X-ray diffractogram
of CS/Z sample showed some characteristic peaks of both
components (zeolite and chitosan) and the differences may
be justified by the incorporation of zeolite crystals in the chi-
tosan matrices [25,26].

3.3.2. SEM analysis

Figs. 4a—c present the morphology of the surface of the
synthesized chitosan, CS/Z composite adsorbent before

—"0.55
042 A Chitosan

500 0.30
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Fig. 2. XRD diffractogram of prepared chitosan.

Fig. 3. XRD diffractogram of prepare chitosan—zeolite composite (best matrix).

adsorption, and CS/Z composite adsorbent after adsorption,
respectively. Micrograph of synthesized chitosan has rough
close-fitting surface morphology with minimum residues
and sometimes as observed in this study a non-homoge-
nous and non-smooth surface with straps and shrinkage
[12]. Fig. 4b presents a great amount of well-formed cubic
crystals with a very dull surface of the composite adsorbent
which after adsorption shown in Fig. 4c reflected a shining
(glittering) surface on the adsorbent and appeared closely
packed, which indicates that Cr(VI) has been anchored
(adsorbed) on the surface [27].

3.3.3. FTIR analysis

Fig. 5 presents the FTIR of synthesized chitosan. The
expected functional groups in chitosan, a derivative of chi-
tin after deacetylation were the free amino, the primary
and secondary hydroxyl, and the ketones groups which
have the bandwidth peak values. The wide band of -NH,
at 3,423.76 cm™ corresponds to N-H stretching vibra-
tions of free amino groups. Similarly, the band observed

at 2,921.29 cm™ corresponds to CH stretching vibrations.
The band at 1,072.46 cm™ is as a result of stretching pri-
mary hydroxyl groups of tertiary O-H stretching. The band
at 1,632.80 cm™ corresponded C=O stretch of the carbonyl
group, a structural feature of chitosan and the occurrence
of deacetylation which are similar to the result obtained by
[15]. This characteristic feature of carbonyl group overlap is
not alone sufficient to determine the extent of deacetylation
because there are ranges in frequency of carbonyl
compound due to differences in classes which may be pri-
mary, secondary, or tertiary group [28]. The broad amino
and hydroxyl band groups present enhanced the adsorp-
tion potential of the composite for the targeted Cr(VI)
heavy metal [29].

3.4. Adsorption studies
3.4.1. Effect of pH on adsorption of chromium (V1) ion adsorption

The variation of adsorption of Cr(VI) on CS/Z observed
with various pH indicated that potency of hydrogen had
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Fig. 4. SEM images of (a) synthesized chitosan, (b) chitosan zeolite composite before adsorption, and (c) after adsorption

effect on the process. Stability of chromium is strongly
dependent on the pH of the system as it can exist in dif-
ferent oxidation state with pH variation [12]. The proton-
ation activities of CS/Z composite at low pH increased H*
on its surface significantly and this promoted electrostatic
attraction between the chromate ions and the positively
charged adsorbent surface. Fig. 6 reveals maximum adsorp-
tion of Cr(VI) at pH 2 which may have been H,CrO, [27,30],
reported that in terms of preference of adsorption, H,CrO,
predominates Cr,O;, Cr,0,, Cr,O;, and HCrO; which are
adsorbed at lesser acidic medium (pH 1-5) even though
they coexist as presented:

H,CrO, & H" +H,CrO, (5)

H,CrO?> © H' +CrO> (6)

2HCrO, <> CrOX +H,0 7)

At pH > 6, the percentage removal drastically reduced
(Fig. 6) which was attributed to repulsive activities and com-
petition between the CrO?- and OH- (anions) for adsorption
on the CS/Z surface [16]. The subjection of CS/Z compos-
ite at low pH (acidic medium) protonated amine (-NH,)
group on the surface to form —NHj facilitated electrostatic
attraction between the negatively charged Cr(VI) and the

positively charged polymer surface [24].
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Fig. 6. Effect of pH on the adsorption of Cr(VI) onto CS/Z (experimental conditions: initial Cr(VI) concentration: 20 mg/L, adsorbent
dose: 0.25 g/50 mL, agitation speed: 150 rpm, temperature: 301 K, contact time: 90 min).

-NH, «—-NHj ®8)

3.4.2. Effect of adsorbent dosage

The low Cr(VI) percentage uptake observed at 0.2 g
CS/Z dosage was attributed to occurrence of competi-
tive adsorption on the limited active site of the adsorbent.
Significantly, the % Cr(VI) removal increased to 85% from
75% (Fig. 7). The observation was attributed to increase
in availability of more active sites for adsorption and also
increase in solution pH. More adsorbent connotes increase
in the number of amine groups available for protonation
activities which subsequently resulted to the rise in pH
[24]. The Fig. 7 revealed that further increase in CS/Z poly-
mer saturation increased dosage (>2.5 g) negated Cr(VI)

adsorption on the surface. The increased dosage may have
reduced the CS/Z polymer saturation with the limited
concentration of the adsorbate.

3.4.3. Effect of initial concentration on Cr(V1) ion adsorption

The variation of initial Cr(VI) concentration from 10
to 50 mg/L when other experimental conditions were kept
constant significantly influenced the system mass transfer
(figure not shown). Higher percentage removal (80%-92%)
was observed for an initial Cr(VI) concentration range of
10-30 mg/L. This was due to preponderances of yearning
vacant sites on the CS/Z surface in a solution of limited
solute. However, the % removal was observed to be lower at
higher initial concentration (>30 mg/L) studied. Intensified
mass transfer driving force was enormous at higher
concentration for the limited active vacant sites available
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Fig. 7. Effect of adsorbent dosage on the adsorption of Cr(VI) onto CS/Z (experimental conditions: initial Cr(VI) concentration:
20 mg/L, agitation speed: 150 rpm, temperature: 301 K, contact time: 90 min).

leading to faster adsorbent concentration due to enhanced
probability of collision between the sorbate molecules
and the CS/Z surface [29].

3.4.4. Effect of temperature on Cr(VI) ion adsorption

Temperature plays a significant role in adsorption pro-
cesses which suggest the process behavior on its variation.
Profiles for Cr(VI) adsorption on CS/Z at different tem-
peratures (30°C, 40°C, and 50°C) and concentrations varied
from 10 to 50 mg/L when other operating condition were
kept constant are illustrated in Fig. 8. It was observed that
adsorption of Cr(VI) on CS/Z was enhanced as the tempera-
ture was increased. High temperature promoted excite-
ment of Cr(VI) molecules which led to faster rate of their
diffusion from the aqueous solution to the adsorbent [24].

3.5. Adsorption isotherms

The study of the equilibrium relationship of the distri-
bution of the amount of Cr(VI) adsorbed and the amount
being described was determined through application of
some popular isotherm models. Application of such model
equations to experimental data generated provides accu-
rate mathematical description of the equilibrium adsorp-
tion capacity of any adsorbent [24]. This is indispensable
for prediction of adsorption capacity parameters and for
evaluation of both qualitative and quantitative adsorption
behavior of adsorbents.

Langmuir, Freundlich, and Temkin isotherms models
were fitted into the experimental data generated for Cr(VI)
adsorption on CS/Z (figures are not shown). The result-
ing isotherm model plot parameters and the correlation
coefficient (R?) between the experimental and the models
data provide valuable information on solute-adsorbent
surface interaction and gives further information on the
favorable or unfavorable nature of the adsorption process
under study. Langmuir isotherm best fitted the experi-
mental data generated for Cr(VI) adsorption on CS/Z than
Temkin and Freundlich models. This was adjudged by the

correlation coefficient (R?) values of the model which were
higher (closer to unity) than that of other models stud-
ied. The conformity of the experimental data to Langmuir
model connotes that adsorption of Cr(VI) on to the CS/Z
was monolayer, all active sites present were identical and
equivalent energetically, the CS/Z has a finite capacity for
the Cr(VI), and the CS/Z is structurally homogeneous [31].
The values of the isotherms model parameters studied
are presented in Table 4. The Langmuir R, which is a vital
dimensionless factor parameter had a value of 0.037 con-
noting favorable adsorption isotherm studies. The value of
R, indicates the type of isotherm to be either unfavorable
(R, > 1), linear (R, = 1), and favorable (0 < R, < 1) or irre-
versible (R, = 0). It is a positive number whose magnitude
determines the feasibility of an adsorption process [32].

3.6. Adsorption kinetic studies

Adsorption rate of a pollutant by an adsorbent is an
invaluable factor besides its capacity in the evaluation of
the process. Three kinetic models were used to investigate
their fitness to the experimental data generated (profiles of
their plots are not shown). The selection of pseudo-first-or-
der (Lagergren model), pseudo-second-order [33], and

Table 4

CS/Z adsorption isotherm value

Parameter Value
Langmuir b 2.8

R, 0.037

R? 1.0000
Freundlich Kf 2.3734

1/n 0.5024

R? 0.9675
Temkin K, 0.9994

b, -3,732.97

R? 0.9876
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Fig. 8. Effect of temperature on Cr(VI) adsorption at (a) 30°C, (b) 40°C, and (c) 50°C.
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Table 5

Evaluated constants obtained from the tested kinetic model for CS/Z

387

Model R? Slope Intercept k Other constants
Second-order 0.8909 0.3 0.062 0.000006 C,=161.29
Pseudo-second-order 0.8909 —-0.004 0.9429 222.265 q,=1.0606
Elovich 0.9562 -0.7295 65.674 b=-1.3708 A =5.8246E-40
Pseud-first-order 0.6528 0.0076 -0.8286 1.9083 q,=0.1484

Elovich models considered the fact that adsorption can
either be physical or chemical in nature. Evaluation of the
three models parameters through fitting the experimental
data revealed that the controlling mechanism of adsorp-
tion of Cr(VI) onto the CS/Z surface was best described
by the Elovich model. This was adjudged by the high cor-
relation coefficient (R?) values as compared to the other
models investigated. The best fitting of the experimental
data to Elovich suggests that chemisorption was probably
rate-controlling mass transfer mechanism of Cr(VI) onto
CS/Z [34,35]. The kinetic models parameters are presented
in Table 5. The experimental data best fitted into the Elovich
kinetic model with highest R* value of 0.9949.

3.7. Thermodynamics of adsorption

Energy and entropy factors are considered invaluable in
environmental engineering studies as they assist in deter-
mining processes that are spontaneous. Thermodynamic
parameters such as Gibb’s free energy AG®, the enthalpy AH®,
and the entropy AS° were evaluated as they are the actual
indicators for the practical applications of a process. LogK,
vs. 1/T was plotted to evaluate AH® and AS® from the slope
and intercepts, respectively (Figure not shown). The Gibbs
free energy (AG°) of the adsorption process was -3.8553 kJ/
mol which indicated that sorption of Cr(VI) on to CS/Z was
feasible and spontaneous [36]. The positive values of AH®
(2.0463 kJ/mol) and AS° (0.04468 kJ/mol) indicated that
the adsorption activities were endothermic and were pro-
moted with an increase in the degree of randomness of the
adsorbed Cr(VI) molecules [37].

4, Conclusion

A semi-crystallized structure of chitosan was suc-
cessfully synthesized from shrimps with over 87% DDA.
Optimum chitosan—zeolite composite matrix (1:7) formu-
lated was used for the removal of Cr(VI) ions from aqueous
solution established the adsorbent capability in adsorbing at
low sorbate concentration. Langmuir isotherm model best
fitted the adsorption experimental data generated and the
thermodynamic studies revealed that the adsorption pro-
cess was spontaneous and endothermic. This study further
affirmed that composite adsorbent should be preferred to
mono-component sorbent materials.
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