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ABSTRACT

A renewable waste tea activated carbon (WTAC) was coalesced with chitosan to form composite adsor-
bent used for waste water treatment. Adsorptive capacities of crosslinked chitosan beads (CCB) and its
composite (WTAC-CCB) for Methylene blue dye (MB) and Acid blue 29 (AB29) were evaluated through
batch and fixed-bed studies. Langmuir, Freundlich and Temkin adsorption isotherms were tested for the
adsorption process and the experimental data were best fitted by Langmuir model and least by Freundlich
model; the suitability of fitness was adjudged by the Chi-square (x?) and Marquadt’s percent standard
deviation error functions. Judging by the values of x2, pseudo-second-order reaction model best described
the adsorption process than pseudo-first-order kinetic model for MB/AB29 on both adsorbents. After five
cycles of adsorbents desorption test, more than 50% WTAC-CCB adsorption efficiency was retained while
CCB had <20% adsorption efficiency. The results of this study revealed that WTAC-CCB composite is a
promising adsorbent for treatment of anionic and cationic dyes in effluent wastewaters.
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1. Introduction

Veneration of our pristine environment is geometrically dimin-
ishing due to human non-adherence to environmental laws in
their quest for technological advancement. Pollutants such as
dyes, heavy metals, pesticides and pharmaceutical wastes are alien
to groundwater and rivers thereby impacting negatively on the
ecosystem. Membrane separation techniques, precipitation, ion-
exchange, electrochemical, adsorption and oxidation processes
are among the science and engineering approaches toward waste
water management but they have their limitations toward effi-
ciency. Adsorption techniques for removal of dye pollutants from
industrial effluents are highly effective and economical [1]. For
some decades now, it is the prime technique under investigation
or exploration for remediation, restoration and sustainability of our
environment from dyes pollutants [2,3].

Chitosan, a deacetylated product of biopolymer chitin has found
applications in various fields such as cosmetics, paper, textile and
food processing industries, medicine, agriculture, photography,
chromatographic separations, waste water treatment and solid
state batteries [4,5]. Its versatility in various fields is due to some
of its enviable properties such as biodegradability, biocompatibil-
ity, functional groups, low toxicity, renewability, large molecular
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weight, particle size, density, viscosity and so on [6]. Specifically,
its attractive characteristics in adsorption include: presence of
hydroxyl (—OH), amino (—NH;) groups, flexibility of its chains,
among others. However, chitosan has some chemical and mechan-
ical weaknesses which include formation of colloid like solution
when in contact with water, dissolution in acids, formation of gel
in aqueous solution, susceptibility to biochemical and microbio-
logical degradation and low surface area [7,8]. Functionalization
(grafting) and crosslinking helps to improve its chemical stability
while its mechanical strength is improved through physical modifi-
cations which include granulation and impregnation of its powder
on a support [9-12].

Various forms of chitosan composite adsorbents have been
prepared with a view to improving its applicability in adsorp-
tion processes. The adsorbents include magnetic chitosan [12-14],
chitosan activated carbon [15], chitosan clay [16], quartenarized
chitosan [9], polyvinyl alcohol chitosan [17] and others. Much work
has been reported on dyes adsorption using chitosan and activated
carbon separately, but this research is based on enhancement of
adsorption of dyes using chitosan activated carbon composite.

This research is aimed at investigating the synergetic effect
between waste tea activated carbon and chitosan on removal of
cationic and anionic dyes through batch and column adsorption
processes. To achieve the aforementioned goals, effect of pH,
cross-linking, initial concentration, temperature, bed height,
flow rate, thermodynamic, kinetics and isothermal studies were
analyzed.
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2. Materials and methods
2.1. Materials

Chitosan flakes (molecular weight, MW =400,000, degree of
deacetylation, DD =90%) were supplied by Hunza Pharmaceutical
Sdn Bhd., Nibong Tebal, Malaysia. Methylene Blue (MB) and Acid
Blue 29 (AB29) were supplied by Sigma-Aldrich chemicals while
all other chemicals of analytical grade were purchased from Merck
Chemicals Company, all in Malaysia. Waste from tea was obtained
from cafeteria of Engineering Campus, Universiti Sains Malaysia.

2.2. Preparation of adsorbents

Waste tea activated carbon (WTAC) was prepared as previously
reported [18]. Chitosan flakes (2 g) were dissolved in 100 mL of
0.7 M CH3COOH and stirred (125 rpm) for 5 h at 30 °C. The dissolved
molten chitosan solution was added dropwise into 0.067 M NaOH
solution to form beads. The chitosan beads were crosslinked with
125 mL of 0.1 M epichlorohydrin (ECH) solution and then placed
in water-bath shaker (130rpm) at 50°C for 6 h. The crosslinked
chitosan beads (CCB) were finally freeze dried and packaged for
usage.

Waste tea activated carbon-chitosan composite beads (WTAC-
CCB) were prepared by adding 1g of WTAC to an equivalent
chitosan solution and stirred for 5 h. The mixture was added drop-
wise into 0.067 M NaOH solution to form beads and kept overnight.
The beads were then crosslinked similarly as CCB. The composite
beads (WTAC-CCB) were freeze-dried and packaged for usage.

2.3. Characterization of CCB and WTAC-CCB adsorbents

The pH point of zero charge (pHzpc) of CCB and WTAC-CCB was
carried out using solid addition method as described in our pre-
vious study [18]. The functional groups present in chitosan (CH),
CCB and WTAC-CCB were determined using Fourier transformed
infrared spectroscopy (FTIR) and the surface morphology of WTAC-
CCB before and after adsorption were examined using scanning
electron microscopy (SEM).

The FTIR analysis of the substances (CH, CCB and WTAC-CCB)
was carried out using a Perkin Elmer Spectrum GX Infrared Spec-
trometer with resolution of 4cm=1, in the range of 4000-400 cm~1.
The analytical KBr and the substances were dried overnight in dif-
ferent ovens set at 110 and 50°C prior to the analysis. The dried
substances were ground into fine particles and mixed with the KBr
in a ratio of 20:1 (KBr/substance) for disc technique method of FTIR
analysis.

Surface morphology of WTAC-CCB before and after adsorption of
MB and AB29 were examined using scanning electron microscope
(Model EMJEOL-JSM6301-F) with an Oxford INCA/ENERGY-350
microanalysis system.

2.4. Adsorption studies

2.4.1. Effect of solution pH on MB/AB29 adsorption by both CCB
and WTAC-CCB

The effect of pH on adsorption experiment was carried out as
preliminary study to determine the suitable pH for adsorption
of MB/AB29 on both CCB and WTAC-CCB. The study was con-
ducted in a set of 250 mL Erlenmeyer flasks containing 200 mg/L
of MB/AB29 initial concentration and 0.10 g of the adsorbent beads
(1-2mm). The flasks were placed in an isothermal water-bath
shaker (130 rpm) at 30°C for 1200 min (CCB) and 300 min (WTAC-
CCB). A pH 3-12 of the adsorbate solution was used which were
adjusted using either NaOH or H,SO4 solution. The pH value was
measured using pH meter (Model Delta 320, Mettler Toledo, China).

The amount of the adsorbate adsorbed at equilibrium ge (mg/g) was
evaluated using Eq. (1):

Co—Ce)V
e = (Go - e) (1)
where C, and Ce (mg/L) are the liquid-phase concentration of the
MB/AB29 at initial and at equilibrium, respectively; V (L) is the
volume of the solution; and W (g) is the mass of the dried adsorbent.

2.5. Kinetics and batch equilibrium studies

Kinetics and equilibrium adsorption experiments were con-
ducted in a set of 250 mL Erlenmeyer flasks containing 100 mL
of MB/AB29 solutions at various initial concentrations of
50-350 mg/L. Added to each flask was 0.1 g (1-2 mm) of the adsor-
bent (CCB/WTAC-CCB) and the pH of the mixture was adjusted
using either NaOH or H,SO4, pH 10 was used for MB adsorption
on CCB, pH 7 for MB on WTAC-CCB and pH 3 for AB29 adsorp-
tion on both CCB and WTAC-CCB. The flasks were then placed in
an isothermal water-bath shaker (130 rpm) at 30°C and a set time
(1000 min for CCB adsorbing MB, 200 min for WTAC-CCB adsorbing
MB, 200 min for CCB adsorbing AB29 and 100 min for WTAC-CCB
adsorbing AB29) to reach equilibrium. Prior to dynamic equilibrium
attainment, the residual adsorbate concentration was determined
using UV-vis spectrophotometer (Shimadzu UV/vis 1601 spec-
trophotometer, Japan) at maximum wavelength of 668 for MB and
602 for AB29. The entire process was repeated by varying water-
bath shaker temperature to 40 and 50 °C.

The amount of the adsorbate adsorbed on the adsorbent at time
t, q: (mg/g) was calculated using a mass balance equation (2):

qe = w (2)

where C, and C; (mg/L) are the liquid-phase concentration of the
MB/AB29 at initial and at any time ¢, respectively; V (L) is the vol-
ume of the solution; and W (g) is the mass of the dried adsorbents.
The reliability of the adsorption process was checked by repeating
the entire experiment three times, this lead to determination of
standard error (SD) of the set of different data generated.

Effect of inorganic salts (NaCl, NaHCO3; and Na;SO4) on removal
of dyes was investigated. Concentrations of salts used in the study
were 0.1, 0.5 and 1.0 M and dye concentration was maintained at
200 mg/L. Adsorption experiments were carried out in accordance
with equilibrium studies.

2.6. Desorption studies

The recovered adsorbents (0.1 g) from 250 mL Erlenmeyer flasks
containing 100 mL (200 mg/L initial concentration) used for batch
adsorption studies were rinsed slightly with deionized water and
then air dried. The dried adsorbents were placed in 250 mL flasks
containing 100 mL deionized water and the pH was adjusted to
10 and 3 for AB29 and MB, respectively. The flasks were placed in
isothermal water-bath shaker with similar conditions as obtained
in the adsorption study, for desorption experiment. After desorp-
tion, the adsorbents were slightly rinsed with water, air dried and
ready for the next adsorption experiment. The cycle was repeated
five times. Desorption efficiency of the CCB/WTAC-CCB adsorbent
was determined as:

. . o My Vy4
Desorption efficiency (%)= W x ge x 100
where My (mg/L) is the concentration of MB/AB29 desorbed from
pre-adsorbed CCB/WTAC-CCB adsorbent, V4 (L) is the volume of the
solution used for desorption, W (g) is the mass of the pre-adsorbed
adsorbent, ge (mg/g) is the amount of the pre-adsorbed adsorbate
on the adsorbent and 100 is the initial volume (mL) of the adsorbate

x 100 (3)
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where the adsorbent was recovered. Two sets of freshly recov-
ered adsorbents were used to verify the desorption studies data
obtained.

2.7. Fixed-bed column experiment

A jacketed Pyrex glass tube with internal diameter 1.2 cm and
19.5cm length was employed as the fixed-bed column. It has a
stainless steel sieve positioned at the bottom to support a layer
of glass beads. A predetermined mass of WTAC-CCB (1-2 mm) was
measured into the column for bed heights of 2.5, 3.6 and 4.5cm
which were corresponding to 0.7, 1.0 and 1.25 g, respectively. Uni-
form flow of the system was improved by placing ample quantity
of glass beads which also retarded fluidization of the system. Vari-
ance of flow rates 5, 8 and 10 mL/min was used to impregnate the
column with the dye solution through upward flow aided by a peri-
staltic pump (Master-flex, Cole-Parmer Instrument Co.) for various
initial influent concentrations of 50, 100 and 200 mg/L. A pipe loop
system of an isothermal water-bath set at 30 °C was used to regu-
late the temperature of the system. The residual dye in the outlet
flow was determined at intervals of time with the aid of UV-vis
spectrophotometer (Shimadzu UV/vis 1601, Japan) at maximum
wavelength, Amax =668 for MB and Amax = 602 for AB29. The entire
fixed-bed study was repeated three times to check probable flaws
of the experiment.

2.7.1. Fixed-bed column data analysis

Breakthrough curves, a valuable aspect of fixed-bed studies
shows the mass transfer zone which gives information on the
characteristics of adsorbate on adsorbent [19]. The breakthrough
sorption profiles were obtained by plots of C; (mg/L) or C¢/C, versus
Vi (mL)or t(min), taking C; as the effluent concentration, C, influent
concentration, V; treated effluent volume and t as the service time.
Volume of the treated effluent, V; was calculated using Eq. (4):

Vi = Qte (4)

where Q is the influent flow rate (mL/min) and t is the time at
exhaustion (min).

At every influent concentration with respect to the set flow
rate, amount of MB/AB29 adsorbed was measured by computing
the area under the plot through integration of adsorbed concentra-
tion expressed as C,q (Cy3q = Co — Cr) (mg/L) for a given time t (min).
The amount adsorbed in the fixed-bed column [y, (Mg)] was
evaluated using Eq. (5) [20]:

_oA _ Q
frotal = 7000 ~ 7000 | _

t=tiotal

Cyqdt (5)

where t;o5, Q and A are the total flow time (min), volumetric flow
rate (mL/min) and the area under the breakthrough curve, respec-
tively. Equilibrium uptake (qeq(exp)) (Mg/g) is determined as:

Geq(exp) = % (6)
where m (g) is the amount of adsorbent in the fixed-bed column.
The amount of dye passed into the column - Wy, (mg) is deter-

mined as:

Go Qttotal
1000

Percentage of dye removed is the quotient of the maximum
capacity of the column (g, ) divided by the total amount of dye
sent to the column (W, ) expressed as:

Wtotal = (7)

R= Jwotal 109 (8)
total
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Fig. 1. FTIR spectra of (A) WTAC-CCB, (B) CCB and (C) CH.

3. Results and discussion
3.1. Characterization of CCB and WTAC-CCB

The pHzpc of WTAC [18], CCB and WTAC-CCB were 7.4, 5.6 and
6.8, respectively. At these points, surfaces of the adsorbents had
zero net charge; this is the point at which they exhibited ampho-
teric characteristics. pHzpc provides information on the ability of
surfaces (adsorbents) to adsorb ions from solution [21].

The SEM morphological identification micrographs of the adsor-
bent before and after adsorption were taken (figure not shown).
The micrographs for both MB and AB29 of WTAC-CCB after adsorp-
tion had their surfaces covered with irregular adhered substances
which were suspected to be the adsorbate molecules; unlike the
structure of the adsorbent before adsorption which had a clear plain
surface.

The FTIR spectra of CH, CCB and WTAC-CCB were taken to
identify the functional groups responsible for the binding mecha-
nism between the adsorbent and adsorbate (MB/AB29). Adsorption
band width around 3475-3220cm~! which disclosed presence
of O—H and N—H functional groups were of high intensity on
WTAC-CCB than on CH and CCB spectra; the peaks are charac-
teristic features of WTAC [18]. Common adsorption band of CH
around wave numbers 1650 and 1060cm~! were altered after
crosslinking when compared with CCB spectrum. Adsorption peak
at 1665cm~! on CCB spectrum signified presence of imine moi-
ety formed during chitosan crosslinking reaction, appearance of
an absorption peak at this wavenumber confirmed crosslinking
reaction of chitosan [22]. The stretching of O—H and N—H func-
tional groups and the presence of unattached amino groups from
the cross-linked chitosan due to N—H group’s scissor from the pri-
mary amine were shown on the peaks at wavenumbers 1650 and
1585 cm~!; these are common chitosan and cross-linked chitosan
features [13].It has been reported that a distinct band at 1585 cm™~!
was as a result of bending vibration of aliphatic secondary amine
emanating from reaction of —NH, and ECH [23]. A large cluster
of functional groups such as (=0, C—0 and C=C were found at
wavenumber intervals of 1375-615cm!. The presence of these
numerous functional groups in the WTAC-CCB composite also con-
tributed to the adsorption of MB/AB29. Increase in the intensity
of peaks around wave numbers of 615, 1615, 3655-3220cm™!
where N—H were located, was attributed to the synergetic effect
of the constituents of the composite, as compared with the less
pronounced peaks on similar wave numbers of spectrum for WTAC
[18]. The spectra for CH, CCB and WTAC-CCB composite are shown
in Fig. 1.
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3.2. Effect of solution pH on MB/AB29 adsorption

One of the key parameters of describing surface chemistry of an
adsorbent is its pH [24]. A pH 2-10 was used to study its effect on
adsorption of MB/AB29 on CCB and WTAC-CCB. Higher adsorption
of AB29 was observed at lower pH 2-4, while at pH 8-10 the poo-
rest adsorption was noted (figure not shown). In the acidic medium,
populated protons attracted negatively charged molecules of AB29
through electrostatic attraction as opposed to repulsive activities
experienced at higher pH due to the presence of some OH~ radi-
cals, this is comparable to reports on methyl orange adsorption on
cross-linked magnetic chitosan composite [13] and adsorption of
acid dyes by chitosan beads adsorbents [25]. The high adsorption
observed at low pH of the composite adsorbent, affirmed improve-
ment on its adsorptive properties as compared with chitosan beads
adsorbent; as a result, pH 3 was selected for adsorption of AB29
on WTAC-CCB composite. Similarly, in strong acidic solution, com-
petition between protons and cationic molecules of MB hindered
its adsorption activities on the surface of WTAC-CCB. However, at
elevated pH values, good adsorption of MB onto the adsorbent sur-
face was observed. Thus, pH 7 was adopted for further adsorption
studies of MB.

3.3. Effect of initial concentration on MB/AB29 adsorption on CCB
and WTAC-CCB

Initial concentrations of MB/AB29 from 50 to 350 mg/L were var-
ied to study the effect of concentration on the adsorption process.
Adsorption uptake increased with increase in initial concentration
and faster equilibrium was achieved at lower concentrations (figure
not shown). This was attributed to availability of sufficient vacant
active sites at lower concentrations which had limited adsorbates
molecules to occupy on both CCB and WTAC-CCB. The superfluous
unsaturated vacant sites present in the adsorption process at low
concentrations transformed into lower adsorption uptake of pol-
lutant from solution. Similar scenario observed has been reported
[26,27].

3.4. Effect of inorganic salts on dye removal

Effect of salts on uptake of dyes result is shown in
Fig. 2a. Removal of MB and AB29 by CCB and WTAC-CCB were
not much affected (84-97%) and the order of influence was
S042~ >HCO3~ >Cl~ for Na,S0O4, NaHCO3; and NaCl, respectively.
The sulphate anions impact was attributed to their interaction with
protonated amino groups on chitosan reducing polymer solubility
and availability of the amino groups [28]. Lower impact of NaHCO3
and NaCl on dye removal has been reported [29,30].

3.5. Adsorption equilibrium isotherm

Adsorption equilibrium isotherm was studied using Langmuir
(9) [31], Freundlich (10) [32] and Temkin (11) [33] models. The
non-linear form of the isotherms models are given as:

qmCeb

Je = m (9)
Ge = KeCJ/" (10)
ge = BIn(K7Ce) (11)

where C. (mg/L) is the equilibrium concentration of MB/AB29
adsorbed and ge (mg/g) is the experimental adsorption capacity
of MB/AB29; Langmuir constants qn (mg/g) and b (L/g) are the
monolayer adsorption capacity and affinity of adsorbent toward
adsorbate, respectively. Freundlich constants Kg ((mg/g)(L/mg)!/")

a OMB+NaCl
BAB29+NaCl

OMB +NaHCO;
BAB29+NaHCO3
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Fig. 2. (a) Effect of inorganic salts on adsorption of MB and AB29 by WTAC-CCB.
(b) Adsorption capacities of CCB and WTAC-CCB for five runs of desorption and
regeneration experiments for MB/AB29 adsorption at 30°C and 200 mg/L; values
are the mean of n=3 (mean 4 SD).

and n (dimensionless), gives information on the extent of adsorp-
tion and the degree of nonlinearity between the adsorption and the
solution concentration, respectively. The inverse of n (1/n), eval-
uates the adsorption intensity. Temkin constant kt (L/mg), relay
information on the equilibrium binding constant correlating the
maximum binding energy while B=RT/br, where R is universal
gas constant (8.314]/(molK)), T (K) is absolute temperature and
br (J/mol) is related to heat of adsorption.

Evaluation of the results of model fitting to the adsorption of
MB/AB29 showed that Langmuir isotherm model best described
the adsorption processes for both CCB and WTAC-CCB adsorbents;
this was based on the high values of correlation coefficients R2. The
R? values for Freundlich and Temkin models isotherms could not
be used to determine the best fit due to their inconsistent trend
[34].

To study the applicability of models equation fitness to the
experimental data and validate the best fit, error functions such as
chi-square ( x2)and Marquadt’s percent standard deviation (MPSD)
equations were used which are given as Eq. (12) and (13), respec-
tively:

Z(QE,exp - qe,cal)

2
_ i 12
X (e, exp (12)

2

Z (Qe,exp - Qe,cal)

(e, exp

MPSD = 100 x (13)

1 p
n —pzm

where (eexp is the experimental data and e, is the calculated
data. The error functions were used to determine error distri-
bution between the predicted and experimental values of the
isotherm models. The lower the error value the better the con-
formity between the examined values. Therefore, the results of
the error functions further justified the best fitness of Langmuir

i
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Table 1
Langmuir, Freundlich and Temkin isotherm models constants, correlation coefficients, SD (n = 3 for each point), and error function parameters of MB/AB29 adsorption on CCB
and WTAC-CCB.
Isotherms Parameters CCB WTAC-CCB
MB AB29 MB AB29
30°C 40°C 50°C 30°C 40°C 50°C 30°C 40°C 50°C 30°C 40°C 50°C
Langmuir qm(mg/g) 103.64 172.67 234.5 1934 265.3 376.9 197.3 268.9 388.1 345.1 446.2 596.4
b(L/g) 0.076 0.004 0.019 0.016 0.015 0.099 0.455 0.126 0.199 0.033 0.241 0.402
R? 0.987 0.979 0.992 0.990 0.986 0.982 0.977 0.992 0.984 0.993 0.994 0.998
X2 1.278 0.016 0.173 1.809 3.206 0.455 0.104 0.575 0316 0.243 0.193 0.544
MPSD 1.078 0.066 1.208 1.227 1.092 0.164 2.062 3.465 2.004 1.03 1.884 2.140
SD(n=3) 3.12 1.46 1.24 1.11 0.88 1.21 222 345 2.03 0.63 1.18 2.48
Freundlich K ((mg/g)(L/mg)'/") 2.764 6.218 13.94 7.72 8.17 27.18 17.88 29.92 42.45 23.15 39.89 88.21
1/n 0.832 0.737 0.509 0.617 0.693 0.503 0.550 0.716 0.766 0.782 0.618 0.559
R? 0.992 0.981 0.973 0.992 0.999 0.985 0.978 0.980 0.989 0.986 0.948 0.967
X2 2.957 7.634 12.68 17.78 10.35 12.22 10.73 9.461 3.422 0.354 4.946 1.825
MPSD 10.88 24.31 8.68 25.31 19.43 11.90 34.25 23.15 15.74 13.52 7.30 2.22
SD(n=3) 4.22 3.02 1.28 4.88 5.02 1.78 2.16 3.28 2.66 1.45 2.71 0.81
Temkin kr (L/mg) 12.71 16.35 15.72 39.38 45.80 3245 41.12 38.88 39.39 65.90 54.43 22.83
br (kJ/mol) 0.032 0.085 0.008 0.753 0.587 0.502 0.626 0.342 0.333 0.606 0.321 0.115
R? 0.907 0.969 0.966 0.985 0.876 0.963 0.936 0.987 0.957 0.978 0.984 0.988
X 2.957 7.634 12.68 12.32 3.045 8.470 0.765 1.226 1.027 6.131 4.883 9.383
MPSD 2.116 3.242 4.543 6.243 1.782 7.585 2.036 4.447 2.855 8.17 5.56 3.22
SD (n=3) 0.687 1.005 0.072 4.336 0.768 3.211 2.01 2.56 1.99 0.87 1.32 2.05

isotherm to the adsorption processes. The 2 and MPSD values for
Freundlich model for MB/AB29 adsorption on CCB and WTAC-CCB
were larger than those of both Temkin and Langmuir, signifying
poor fitness of the experimental data to the model. Results for
isotherms models parameters and their validation with x? and
MPSD for CCB and WTAC-CCB are summarized in Table 1.

Crosslinked chitosan beads adsorbent had the lowest adsorption
capacity for both MB and AB29 adsorbates. This can be attributed to
limited access to adsorption sites of chitosan due to its low surface
area [35]. But attainment of equilibrium position was faster with
WTAC-CCB. At 30 °C, equilibrium of adsorption of MB and AB29 on
CCB were attained in 600 and 110 min, respectively, while 80 and
40 min were the time taken to attain equilibrium for MB and AB29
adsorption on WTAC-CCB, respectively.

The power of synergy on efficiency of WTAC-CCB adsorbent
through enhancement of chitosan stability in low acid concen-
tration as well as its surface area manifested positively. The high
surface area, porous and multifunctional groups of WTAC [18,36]
compositely bound with the functional groups (amino —NH, and
hydroxyl —OH) of chitosan [13]. The WTAC-CCB composite was
durable at low acid concentrations and had higher reusability effi-
ciency than the individual effects of the composites constituents.

3.6. Adsorption kinetics on MB/AB29 adsorption by CCB and
WTAC-CCB

Two kinetic models pseudo-first-order and pseudo-second-
order equations were used to determine the model that best
described adsorption of MB/AB29 on CCB and WTAC-CCB. The
non-linear form of pseudo-first order (14) [37] and pseudo-second-
order (15) [38] equations are:

e = ge(1 —eht) (14)

kaggt

- (1 + kaget) (15)

qe
where ge and g; (mg/g), are the amount of MB/AB29 adsorbed on
CCB/WTAC-CCB at equilibrium and at any time ¢ (h), respectively;
ki (h~1) and k, (g/(mgh)) are the rate constants for pseudo-first
and pseudo-second order of adsorption. Parameters of the two
models obtained from plots of q; against t and the experimental
conditions are summarized in Table 2. The results showed that

pseudo-second-order kinetic model best described both MB and
AB29 adsorption on CCB and WTAC-CCB more than the first-order-
kinetic model. This was based on pseudo-second-order model least
%2 values. This is similar to the report on adsorption of reactive dye
on cross-linked chitosan/oil palm ash composite beads [39].

3.7. Thermodynamics studies

The adsorption of MB/AB29 on both CCB and WTAC-CCB
increased with corresponding temperature increase, this signified
endothermic adsorption process. The enthalpy (AH), entropy (AS)
and Gibbs free energy (AG) of the adsorption processes were cal-
culated from the following equations:

AG = —RTInK, (16)

AH

AG AS
InKo= pr =% ~ %7

(17)
where R is the universal gas constant (8.314 J/Kmol), T the absolute
temperature (K) and K, the distribution coefficient expressed as
Ko = Ce (adsorbent)/Ce (solution).

Adsorption on CCB and WTAC-CCB of MB/AB29 were sponta-
neous and the degree of dispersion of the processes increased with
temperature. This is as aresult of the negative values of AG and pos-
itive values of AS obtained from the processes (table not shown).
The results showed that the adsorption processes for MB/AB29
adsorption on both CCB and WTAC-CCB were endothermic and also
dominated by enthalpy activities rather than entropy (AH>T AS)
[40,41].

3.8. Desorption studies

The reusability test according to Section 2.6 was repeated five
times and the results are summarized in Fig. 2. The desorption
activities was due to electrostatic repulsion which occurred when
the pH of the adsorbate solution was adjusted, similar observation
has been reported [42]. The desorption efficiency of CCB adsor-
bent dropped drastically after the second cycle while WTAC-CCB
efficiency was above 50% after the fifth cycle.
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Table 2

Parameters, SD (n =3 for each point) and x? of pseudo-first and second-order reaction models for MB and AB29 adsorption on CCB and WTAC-CCB.

Adsorbent Dye  Temp. Gexp (Mg/g) Pseudo-first-order parameters Pseudo-second-order parameters
(O
ki (h™') g (mgjg) R? x SD,n=3  k e (Mgfg) R X SD,n=3
(x10* g/(mgh))
CCB MB 30 30.11 0.004 19.31 096 6.04 3.02 1.42 26.18 0.99 0.59 0.96
40 37.61 0.006 28.93 094  2.60 2.76 1.20 39.73 0.99 0.11 1.78
50 49.45 0.008 50.80 0.99 004 214 1.05 68.39 0.97 524 3.4
AB29 30 94.86 0.066 84.11 0.97 1.37 522 10.0 93.36 0.99 0.02 2.65
40 103.9 0.037 88.41 0.99 2.73 3.54 21.2 93.48 0.98 0.58 4.88
50 113.1 0.031 96.63 0.99 2.82 2.98 73.5 100.5 0.99 159 3.84
WTAC-CCB MB 30 148.4 0.115 1314 0.95 219 456 12.0 147.2 0.98 0.01 2.36
40 155.8 0.191 138.8 0.98 2.08 3.24 24.0 150.1 0.99 0.22 2.87
50 163.2 0.234 145.6 0.99 2.15 3.08 29.6 154.1 0.99 054 345
AB29 30 166.7 0.173 153.6 0.98 1.12 4.73 17.7 164.9 0.99 0.02 1.08
40 170.1 0.251 160.7 0.98 0.55 2.99 26.0 167.0 0.99 0.06 2.11
50 173.8 0.576 161.0 0.99 1.01 2.12 151 174.8 0.99 0.01 2.67

3.9. Fixed-bed adsorption studies

3.9.1. Effect of MB/AB29 initial concentration

The MB/AB29 initial influent stream at 5 mL/min to a bed height
of 3.6 cm had its concentration variations of 50, 100 and 200 mg/L.
The prolonged breakthrough curves which showed treatment of
large volume of the solution containing MB/AB29, was at 50 mg/L
while at 200 mg/L, shorter stretch of the breakthrough curves
signifying smaller dye solution treatment capability. The differ-
ences resulted due to smaller mass transfer of solutes in 50 mg/L
and 200mg/L having larger solute concentration. Exhaustion
point was attained at 2220 and 900 min for 50 and 200 mg|/L,
respectively. Adsorption capacity of WTAC-CCB increased with
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Fig. 3. Effect of concentration on (a) MB and (b) AB29 adsorption by WTAC-CCB
adsorbent at bed height of 3.6 cm, 30°C and 5 mL/min flow rate; plotted points are
values of the mean of n=3 (mean £ SD).

solute concentration of 50, 100 and 200 mg/L corresponding to
160.45, 297.77, 376.72 and 410.13, 432.86, 531.07 mg/g for MB
and AB29, respectively. This is in agreement with the expected
trend [43]. The breakthrough curves for effect of initial influent
concentration on adsorption of MB and AB29 are shown in Fig. 3.

3.9.2. Effect of influent flow rate on adsorption

The influent stream (50 mg/L) was set at different flow rates (5,
8 and 10 mL/min) into the column of bed depth 3.6 cm for MB/AB29
adsorption on WTAC-CCB. Better performance of the column was
found at 8 mL/min with adsorption capacity of 196.96 mg/g for
MB which was neither the slowest nor fastest flow-rate of the
influent solution. Lower influent flow rate may contain insufficient
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Fig. 4. Effect of solution flow rate on (a) MB and (b) AB29 adsorption by WTAC-CCB
adsorbent at bed height of 3.6 cm, 30°C and 50 mg/L concentration; plotted points
are values of the mean of n=3 (mean + SD).
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Table 3

Fixed-bed column study parameters and SD (n=3 for each point) obtained at different inlet concentration, bed height and flow rates for adsorption of MB and AB29 by

WTAC-CCB at 30°C.

Dye Concentration, C, (mg/L) Bed height, H (cm) Flow rate, Q (mL/min) Grotal (M) Geq(exp) (ME/2) SD (n=3)
50 2.5 5 89.56 127.94 5.36
50 3.6 5 160.45 160.45 0.73
50 4.5 5 204.06 163.25 1.67
MB 50 3.6 8 196.96 196.96 445
50 3.6 10 194.78 194.78 7.09
100 3.6 5 297.77 297.77 4.29
200 3.6 5 376.72 376.72 3.77
50 2.5 5 234.49 334.99 4.31
50 3.6 5 410.13 410.13 0.39
50 4.5 5 526.53 421.22 1.28
AB29 50 3.6 8 433.11 433.11 3.37
50 3.6 10 495.15 495.15 5.64
100 3.6 5 432.86 432.86 4.36
200 3.6 5 531.07 531.07 3.18

MB solute (50 mg/L) to occupy the numerous vacant active sites of
WTAC-CCB while inadequate residence time of solute in the col-
umn disallowing optimum adsorbate-adsorbent interaction may
have attributed to lower capacity of adsorption; lower column uti-
lization was observed at higher influent flow rates [26]. However,
the best column performance for AB29 adsorption on WTAC-CCB
with an adsorption capacity of 495.15 mg/g was found at the high-
est flow rate of 10 mL/min. Higher mass transfer and protonation of
more amine group at pH 3 may have contributed to better adsorp-
tion observed. Fig. 4 shows the breakthrough profiles for effect of
influent flow rate on MB/AB29 adsorbent on WTAC-CCB.

3.9.3. Effect of WTAC-CCB bed depth on adsorption
The effect of variation of service area of the column adsorption
of MB/AB29 was studied by varying bed depths of 2.5, 3.6 and
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Fig. 5. Effect of bed height on (a) MB and (b) AB29 adsorption by WTAC-CCB adsor-
bent at 50 mg/L, 30°C and 5 mL/min; plotted points are values of the mean of n=3
(mean +SD).

4.5 cm at constant influent concentration and flow rate of 50 mg/L
and 5mL/min, respectively. Proportionality was established
between the extension of breakthrough profiles and increase in
bed depth. Increase in bed depth lead to extension of breakthrough
and its exhaustion time. Higher mass of the adsorbent increased
the number of the binding sites, larger service area for adsorption
activities to take place and possibility of treating large volumes
of effluent dye solution, whereas the reverse was the case at
shorter bed depth. Axial dispersion was the characteristics of
mass transfer activities at smaller bed depths due to insufficient
adsorbate-adsorbent interaction within the limited contact period.
Profiles of lower bed depths were steeper and shorter while those
of the longer bed depth were prolonged. Similar observation on
adsorption of reactive azo dye onto granular activated carbon
has been reported [44]. Bed depth profiles for MB and AB29 are
shown in Fig. 5 and their corresponding adsorption capacities are
summarized in Table 3, respectively.

4. Conclusion

The reactivity of crosslinked WTAC-CCB created by inequality
between intra and inter-particle forces as a result of its numer-
ous functional groups on its surface indicated by the FTIR analysis,
gave rapid adsorption of both MB and AB29. The adsorption by
CCB/WTAC-CCB of MB/AB29 was spontaneous, endothermic and
the experimental data were best described by pseudo-second-
order reaction model. Adsorption activities were mostly on the
monolayer surface with high adsorbate-adsorbent interaction as
revealed by the isotherms models studies which were in accor-
dance to fitness Langmuir, Temkin and Freundlich, respectively.
The reusability test further distinguished the composite syner-
getic effect from their individual components adsorption capability.
After five cycles of adsorbents desorption test, more than 50%
WTAC-CCB adsorption efficiency was retained while CCB had <20%
adsorption efficiency. The low pH 3 for adsorption of AB29 and the
rate of adsorption of both MB and AB29 revealed that CCB and WTAC
[18] mono-sorbent limitations were remediated by their combined
effect.
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