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ABSTRACT

Cationized sawdust (CSD) was prepared by the reaction of sawdust (SD) with cationizing
agent. Three levels of CSD having different nitrogen content were prepared. The CSD sam-
ples were characterized by estimation of nitrogen content. The feasibility of CSD to remove
C.I. Direct Green (DG 26) dye from aqueous solutions was examined. The impacts of several
operating parameters such as adsorbent dose, adsorption time, and adsorbate concentration
on the adsorption capacity were investigated. The CSD was effectively used in adsorption
of DG 26 dye from aqueous solutions. In order to determine the best fit isotherm, the
experimental equilibrium data were analyzed using eight adsorption isotherm models
including Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (two parameter mod-
els), Redlich–Peterson, Toth, Sips and Khan (three parameter models) using non-linear
regression technique. Tempkin and Sips isotherms were found to best represent the data for
DG 26 dye than other isotherms. The kinetics of adsorption of DG 26 dye have been dis-
cussed using six kinetic models, i.e., the pseudo-first-order model, the pseudo-second-order
model, Batacharia–Venkobachar, the Elovich equation, the intraparticle diffusion model, and
Bangham equation. The removal of DG 26 dye onto CSD particles could be well described
by the pseudo–second-order model. CSD dye was found to be inexpensive and effective
adsorbent for removal of DG 26 dye from aqueous solutions.

Keywords: Sawdust; Direct green 26; Adsorption isotherm; Cationized sawdust; Wastewater
treatment

1. Introduction

The effluents from the dyestuff manufacturing and
textile industries, in particular, are highly colored with
a large amount of suspended organic solids and

considered as important sources of water pollution.
Dyes have become one of the main sources of severe
water pollution as a result of the rapid development
of the textile industries. The release of the colorant
effluent has triggered a major concern on the human
health as well as marine lives [1].

Many of the dyes are stable to light and oxidation,
as well as resistant to aerobic degradation. Therefore,*Corresponding author.
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conventional methods such as chemical precipitation,
chemical coagulation, chemical oxidation, and biologi-
cal treatment methods are ineffective for their removal
[2,3]. In a country where economy plays a very big
role, it is better to find low-cost adsorbents to be used
in this field. Therefore, there is a need to search for an
effective adsorbent for economical wastewater treat-
ment. The adsorption process is one of the efficient
methods to remove the dyes from effluent [4]. The
process of adsorption has an edge over the other
methods due to its clean process and complete
removal of dyes even from dilute solutions.

Direct dyes possess good affinity to cellulosic fibers
and they are widely used due to their low cost, excel-
lent color range, and good light fastness [5]. Many of
them are highly toxic and carcinogenic [6].

Sawdust (SD) is an abundant by-product of the
wood industry and easily available at the countryside
at zero or negligible price. It contains various organic
compounds (lignin, cellulose, and hemicellulose) with
polyphenolic groups useful for binding direct dyes [7].
Most of the studies showed that native or modified
SD is highly efficient for the removal of direct dyes
[8–11].

The attention of our previous work aimed to uti-
lize modified cellulose [12], and cellulosic fabric
wastes [13] as well as SD treated glycidyltrimethyl
ammonium acetate for the removal of anionic dyes
from aqueous solutions. The latter was found to exhi-
bit a much better adsorption capacity toward anionic
dyes than native SD [14]. The adsorption capacity of
direct dyes onto native or modified SD in the litera-
ture is still small and the present work aims to
increase the adsorption capacity of SD toward direct
dyes. In comparison between the cationized sawdust
(CSD) adsorbent in the present study and other adsor-
bents in similar studies [15–17] toward adsorption of
direct dyes, the CSD is good adsorbent for direct
green 26 (DG 26).

The present article reports the feasibility CSD as a
low-cost adsorbent for the removal of DG 26 dye from
aqueous solutions. In this study, the experimental
parameters for the adsorption of DG 26 from aqueous
solutions under different equilibrium conditions were
investigated in a batch study. The kinetics of adsorp-
tion of DG 26 on the adsorbent has been studied using
different models. Five error functions were used to
treat the equilibrium data using non-linear optimiza-
tion techniques for evaluating the fit of the isotherm
equations in order to optimize the design of adsorp-
tion system for the removal of DG 26 dye utilizing
CSD.

2. Experimental

2.1. Materials

Swedish wood SD was kindly supplied from one
of wood manufacturing companies, Cairo, Egypt. The
proximate analyses of SD are shown in Table 1.

2.2. Reagents

EDTA, acetic acid, NaOH, and ethanol were of lab-
oratory grade and used without further purification.
DG 26 dye was kindly supplied from Ismadye Com-
pany, Egypt, and was not purified prior to use. The
structure of DG 26 and its molecular weight are
shown in Table 2. Commercial CA (Fix 3500) was sup-
plied from Dyestuffs, Pigments Manufacturer, Taiwan.
The scientific name of this reagent is polyamine and
its chemical structure is unknown.

2.3. Methods

2.3.1. Preparation of adsorbent (CSD)

Three levels of CSD with various nitrogen contents
were prepared by keeping other reaction conditions
constant and varying the amount of CA as shown in
Table 3. The reaction was carried out as follows: SD
(4 g) with mesh size 200–300 μm was mixed well by
spatula with 15 ml of 2 N NaOH solution in a 100 ml
Erlenmeyer flask. The required amount of CA was
added to the flask. The resulting reaction mixture was
maintained in a thermostatic water bath at 60˚C for
2 h. After completion of the reaction, the resulting
mixture was neutralized by treatment with acidified
ethanol, the reaction product was washed several
times with distilled water and finally dried at 105˚C
for 2 h.

2.3.2. Adsorption studies

Aqueous solutions of DG 26 were prepared by
dissolving the dye in distilled water to the required

Table 1
The chemical characteristics of sawdust

Analysis Content %

Ash 3
Hemicellulose 15
Lignin 31
Cellulose 51
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concentrations without pH adjustment. In an equilib-
rium experiment, a certain amount of aminated SD
particles and 100 ml of an aqueous dye solution were
placed in a 125 ml glass stoppered flask and stirred
for specific time using a shaking water bath operated
at 200 rpm at 30˚C. The samples were withdrawn from
the shaker, and the dye solution was separated from
the adsorbent by centrifugation. Dye concentration in
the supernatant solution was measured with a Shi-
madzu UV/Visible Spectrophotometer. The amount of
DG 26 adsorbed, qe (mg/g), and per cent removal of
DG 26 on CSD were calculated according to the fol-
lowing equations:

qe ¼ Co � Ceð Þ � VðlÞ
W

(1)

Percent removal ¼ Co � Ce

Co
� 100% (2)

where Co and Ce are the initial and final concentra-
tions of DG 26, mg, V is the volume of dye solution
(l), W is the weight of CSD (g). All experiments were
carried out in duplicate and the mean values of qe
were reported.

2.4. Analyses

2.4.1. Determination of nitrogen content

The nitrogen content of SD and CSD samples was
determined using the micro-Kjeldahl method [18].
Accurately, 0.2 g of the sample was introduced in
Kjeldahl digestion tube. 5 g K2SO4 + 0.5 g CuSO4 in
1 ml conc. H2SO4were added to the sample. The
sample was digested for 1 h. 20 ml of deionized water
was added to the sample after allowing it to cool.
After adding 25 ml of 40% NaOH, the sample was
then distilled in Kjeldahl apparatus and the ammonia
liberated was collected in 1 N boric acid and titrated
with 0.03 N HCl. The nitrogen content of SD or CSD
was calculated as follows:

N% ¼ VHCl �NHCl � 0:014
WðgÞ � 100 (3)

where, V is the volume of HCl consumed; N is the
normality of standard HCl; W is the weight of the
sample (g).

2.5. Error analysis

In the single-component isotherm studies, the opti-
mization procedure requires an error function to be

Table 2
The chemical structure and molecular weight of DG 26

Color index Chemical structure Molecular weight

DG 26 1333.07

Table 3
The characteristics of CDS samples

Code sample CA* (ml) NaOH (mmole) N % Adsorption capacity (mg/g)

Unmodified SD 0 30 0.1 9.3
A 1 30 0.55 16.7
B 2 30 0.95 22.1
C 4 30 2.1 35.4

*The chemical structure of CA is unknown.
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defined to evaluate the fit of the isotherm to the experi-
mental equilibrium data. The common error functions
for determining the optimum isotherm parameters
were average relative error (ARE), sum of the squares
of the errors (ERRSQ), hybrid fractional error function
(HYBRID), Marquardt’s per cent standard deviation
(MPSD), and sum of absolute errors (EABS) [19]. In the
present study, all error functions were used to deter-
mine the best fit in isotherm model as:

2.5.1. Average relative error

ARE ¼
Xn
i¼1

ðqeÞexp: � ðqeÞcalc:
ðqeÞexp:

�����
�����
i

(4)

2.5.2. Average percentage error (APE)

APE% ¼
PN

i¼1 ½ððqeÞexp: � ðqeÞcalc:Þ=qexp:�
��� ���

N
� 100 (5)

2.5.3. The sum of the squares of the error

ERRSQ ¼
Xn
i¼1

ðqeÞcalc: � ðqeÞexp:
h i2

(6)

2.5.4. Hybrid fraction error function

Hybrid ¼ 100

n� p

Xn
i¼1

ððqeÞexp: � ðqeÞcalc:Þ2
ðqeÞexp:

" #
i

(7)

2.5.5. Marquardt’s per cent standard deviation

MPSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� p

Xn
i¼1

ððqeÞexp: � ðqeÞcalc:Þ
ðqeÞexp:

" #2
vuut (8)

2.5.6. The sum of absolute error

EABS ¼
Xn
i¼1

ðqeÞexp: � ðqeÞcalc:
��� ���

i
(9)

3. Results and discussion

3.1. Factors affecting adsorption of DG 26 onto CSD

3.1.1. Effect of adsorbent concentration (adsorbent dose)

The effect of adsorbent concentration on both
adsorption capacity and per cent removal of DG26 on
CSD are shown in Fig. 1. It is clear from this figure
that the per cent removal of DG 26 increases from
31.42 to 99.4% by increasing the concentration of
adsorbent from 0.3 to 4 g/l. The increase in per cent
removal of DG 26 with increasing adsorbent concen-
tration could be attributed to the greater availability of
the exchangeable sites of the adsorbent. On the other
hand, the adsorption capacity (qe), or the amount of
DG 26 adsorbed per unit mass of adsorbent (mg/g),
decreases by increasing the concentration of adsorbent
(Fig. 1). The decrease in adsorption capacity with
increasing the adsorbent concentration is mainly due
to overlapping of the adsorption sites as a result of
overcrowding of the adsorbent particles and is also
due to the competition among DG 26 for the surface
sites [20].

3.1.2. Effect of contact time

Fig. 2 shows the effect of contact time on the
adsorption capacity, qe (mg/g) of DG 26 onto CSD at
30˚C using adsorbate concentration of 100 mg/l at
fixed adsorbent concentration. Equilibrium adsorption
was established after 120 min within the concentration
range studied. It is further observed that the adsorp-
tion curve is smooth and continuous, which indicate
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Fig. 1. Effect of adsorbent concentration on adsorption
capacity of DG 26 at 30˚C. Reaction Conditions: DG 26
Concentration, 100 mg/l; Agitation Time, 3 h; Adsorption
Temperature, 30˚C.
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the possibility of the formation of monolayer coverage
of DG 26 onto CSD. This datum is important because
equilibrium time is one of the parameters for economi-
cal wastewater treatment.

3.1.2.1. Kinetics of adsorption. Six kinetic models, viz.
pseudo-first-order, Bhattacharya–Venkobachar, Pseudo-
second-order, Bangham, intraparticle diffusion, and
Elovich models were used to investigate the adsorption
process of DG 26 on CSD.

3.1.2.2. Pseudo-first-order model. The pseudo-first-order
equation [21] is:

dqt
dt

¼ k1ðqe � qtÞ (10)

where qt is the amount of adsorbate adsorbed at time
t (mg/g), qe is the adsorption capacity at equilibrium
(mg/g), k is the pseudo-first-order rate constant
(min−1), and t is the contact time (min). The integra-
tion of Eq. (4) with the initial condition, qt = 0 at t = 0,
the following equation is obtained:

logðqe � qtÞ ¼ log qe � k � t
2:303

(11)

In order to obtain the rate constants, the straight line
plot of log (qe− qt) against t for DG 26 onto CSD have
been tested. The intercept of this plot should give log
qe. However, if the intercept does not equal to qe, the
reaction is not likely to be first order even if this plot
has high correlation coefficient (R2) with the experi-
mental data [22]. For the data obtained in the present
study, the plots of log (qe− qt) vs. t as required by
Eq. (5) for the adsorption of DG 26 at initial

concentrations of 100 mg/l by CSD (Fig. 3) gave
correlation coefficients, R2, which had low values. This
indicates that the adsorption of DG 26 onto CSD is not
acceptable for this model.

3.1.2.3. Bhattacharya–Venkobachar model. The Bhattacharya–
Venkobachar [23] equation is:

log½1�Ut� ¼ � k

2:303

� �
t where Ut

¼ ðCo � CtÞ= Co � Ceð Þ½ � (12)

where Co, Ct, and Ce are the concentration of DG 26
(mg/l) at time zero, time, t, and at equilibrium time
and k is the first-order rate constant (min−1) for
adsorption of DG 26 onto CSD. The value of R2 for
the concentration of 100 mg/l (Fig. 4) is very low. This
indicates that the adsorption of DG 26 onto CSD is not
acceptable for this model.

3.1.2.4. Pseudo-second-order model. The pseudo-second-
order model [22] is represented as:

dqt
dt

¼ k2ðqe � qtÞ2 (13)

where k2 is the pseudo-second-order rate constant
(g/mg min). Integrating Eq. (13) with the initial condi-
tion, qt = 0 at t = 0, the following equation is obtained:

t

qt
¼ 1

ðk2 � q2eÞ
þ t

qet
(14)

where k2 is the pseudo-second-order adsorption rate
constant. This equation predicts that if the system fol-
lows pseudo-second-order kinetics, the plot of t/qe vs.
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Fig. 2. Effect of contact time on adsorption capacity of DG
26 onto CSD at 30˚C. Reaction Conditions: Adsorbent
Conc. 0.3 g/l; DG 26, 100 mg/l; Adsorption Temperature,
30˚C.
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Fig. 3. Pseudo-first-order reaction of DG 26 onto CSD at
30˚C.
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t should be linear. Plotting the experimental data
obtained for the adsorption of DG 26 at initial concen-
tration of 100 mg/l onto CSD according to the rela-
tionship given in Eq. (14) gave linear plots with
correlation coefficient, R2, of 0.9918 for DG 26as shown
in Fig. 5 and listed in Table 4, thereby indicating the
applicability of the pseudo-second-order kinetic equa-
tion to the experimental data. The first-order and
pseudo-second-order models cannot identify the diffu-
sion mechanism, and the kinetic results were then
subjected to analyze by the intra-particle diffusion
model.

3.1.2.5. Bangham model. Bangham’s model [24] was
employed for applicability of adsorption of DG 26
onto CSD, whether the adsorption process is diffusion
controlled.

log
Co

Co � q �m
� �

¼ log
kom

2:303V

� �
þ a log t (15)

where Co is initial concentration of adsorbate (mg/l),
V is volume of dye solution (ml), m is weight of
adsorbent used per liter of solution (g/l), q is the
amount of adsorbate retained at time t (mg/g), α (<1),
and k0 are constants.

The double logarithmic plot, according to Eq. (15),
yield satisfactory linear curves for the adsorption of
DG 26 by CSD. The correlation coefficient value, R2

(Fig. 6 and Table 4) was 0.9434 for the concentration
of 100 mg/g. This indicates that the adsorption of DG
26 onto CSD is acceptable for this model and shows
that the diffusion of adsorbate into the pores of the
adsorbent was the rate-controlling step [25].

3.1.2.6. Intra-particle diffusion. The intra-particle diffu-
sion model [26] can be expressed by the following
equation:

qt ¼ kP � t12 þ C (16)

where kp is the intra-particle diffusion rate constant
(mg/g1 min−1/2) and qt is the amount of solute
adsorbed per unit mass of adsorbent. The data of solid
phase metal concentration against time t at the initial
concentration of 100 mg/l of DG 26 were further pro-
cessed for testing the rate of diffusion in the adsorption
process. Adsorption process incorporates the transport
of adsorbate from the bulk solution to the interior sur-
face of the pores in CSD. The rate parameter for intra-
particle diffusion, kp for the DG 26on CSD is measured
according to Eq. (16). The plots of qt vs. t

1/2 for the DG
26 concentration of 100 mg/l is shown in Fig. 7.
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Fig. 4. Bhattacharya–Venkobachar model of DG 26 onto
CSD at 30˚C.
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Fig. 5. Pseudo-second-order reaction of DG 26 onto CSD at
30˚C.

Table 4
Kinetic parameters for adsorption of DG 26 onto CSD at
30˚C

Models Parameters Values

k1 Pseudo-first-order
R2

k1 Bhattacharya–Venkobachar
R2

k1 Pseudo-second-order 5.61 × 10−4

qe (exp.) 35.66
qe (calc.) 44.84
R2 0.9918
Ko Bangham’s equation 1.33
α 0.2358
R2 0.99
KP Intra-particle diffusion 0.1871
C 13.94
R2 0.9714
α Elovich equation 2.27
β 0.097
R2 0.9714
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Different previous studied indicated that the plots
of qt vs. t

1/2 were multi-linear two or more steps gov-
ern the adsorption process [27–29]. The plot is curved
at the initial portion followed by linear portion and
plateau. The initial curved portion is attributed to the
bulk diffusion and the linear portion to the intra-parti-
cle diffusion, while the plateau corresponding to equi-
librium. The deviation of straight lines from the origin
(Fig. 8) may be because of the difference between the
rate of mass transfer in the initial and final stages of
adsorption. Further, such deviation of straight line
from the origin indicates that the pore diffusion is not
the rate-controlling step [30]. The values of kp
(mg/g min) obtained from the slope of the straight
line (Fig. 8) are listed in Table 4. The value of R2 for
the plot is listed also in Table 4. The values of inter-
cept C (Table 4) give an idea about the boundary layer
thickness, i.e., the larger the intercept, the greater the
boundary layer effect [31]. This value indicates that
the adsorption of DG 26 onto CS is inacceptable for
intra-particle diffusion mechanism.

3.1.2.7. Elovich equation. The Elovich model equation
[32] is generally expressed as:

dqt
dt

¼ a exp:ð�b:qtÞ (17)

where α is the initial adsorption rate (mg/g min) and
β is the adsorption constant (g/mg) during the experi-
ment. To simplify the Elovich equation, Chien and
Clayton [32] assumed αβ ≫ 1 and by applying the
boundary conditions q = 0 at t = 0 and qt = qt at t = t,
Eq. (17) become:

qt ¼ 1

b
lnðabÞ þ 1

b
lnðtÞ (18)

If DG 26 adsorption onto CSD fits the Elovih model, a
plot of qe vs. ln t should yield a linear relationship
with a slope of 1/β and an intercept of1/β ln (αβ).
Fig. 9 shows a plot of linearization form of Elovich
model at the DG 26 concentration of 100 mg/l. The
slope and intercept of the plot of qt vs. ln t was used
to determine the constant β and the initial adsorption
rate α. The correlation coefficient value, R2 for the plot
is listed in Table 4. The correlation coefficient for the
Elovich kinetic model obtained at the DG 26 concen-
tration of 100 mg/l was over 0.95. This indicates that
the adsorption of DG 26 onto CSD is acceptable for
this model.

3.1.2.8. Mechanism of adsorption of DG 26 on CSD. Pre-
diction and identifying the mechanism of the adsorp-
tion process are important factors to be considered for
proper design purposes. The mechanism of dye
uptake may be attributed to: (a) intra-particle diffusion
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mechanism as mentioned before, and (b) the chemical
reaction between positive charge of cationic groups on
the surface of CSD and the negative charge in DG 26
forming a cation-exchange reaction due to high cation-
exchange capacity of the CSD as well as physical
adsorption of dye molecules on the adsorbent surface.

3.1.3. Effect of adsorbate concentration

3.1.3.1. Adsorption isotherm. Adsorption isotherms
describe how adsorbates interacting with adsorbents
are critical in optimizing the use of adsorbents. The
amount of adsorbate per unit mass of adsorbent at
equilibrium, qe (mg/g) and the adsorbate equilibrium
concentration, Ce (mg/l) allows plotting the adsorp-
tion isotherm, qe vs. Ce (Fig. 10) at 30˚C. The adsorp-
tion capacity values for DR 26 obtained was found to
be 35.7 mg/g. In comparison with other adsorbents
reported in the literature for adsorption of DR 26, the
CSD had a good affinity for removal of DR 26 as
shown in Table 5 [15–17].

Mathematical models can be used to describe and
characterize the adsorption process. The eight most
common isotherms for describing solid–liquid sorption
systems are the Langmuir, the Freundlich, Temkin,
Dubinin (two parameter isotherms), Redlich–Peterson
isotherms, Toth, Sips, Khan and Hill (three parameter
isotherms). Therefore, in order to investigate the
adsorption capacity of DG 26 onto CSD, the experi-
mental data were fitted to these equilibrium models.

3.1.3.2. Two parameter isotherms.
(1) The Langmuir model

Langmuir equation [33] was applied for adsorption
equilibrium of DG 26 by CSD. The assumption of this
model is based on the maximum adsorption
corresponding to a saturated monolayer of adsorbate

molecules on the adsorbent surface and the energy of
adsorption is constant as well as there is no transmi-
gration of adsorbate in the plane surface. The nonlin-
ear form of Langmuir isotherm is given by the
following equation:

qe ¼ kL � Ce

1þ aL � Ce
(19)

where, aL is Langmuir isotherm constant (l/mg), KL is
the Langmuir constant (l/g) and KL/aL represents the
adsorption capacity, qmax (mg/g).

(2) The Freundlich model

The Freundlich model [34] is a special case applied
to non-ideal adsorption on heterogeneous surfaces
and also to multilayer adsorption, suggesting that
binding sites are not equivalent and/or independent.
This model is described by Eq. (20) as follows:

qe ¼ KF � C1=n
e (20)

where qe is the equilibrium concentration of DG 26 on
CSD adsorbent (mg/g), Ce the equilibrium concentra-
tion of DG 26 in dye solution (mg/l), and KF (mg/g)
and n are the Freundlich constants characteristic of the
system, indicators of adsorption capacity and
adsorption intensity, respectively.

(3) The Tempkin model

The Temkin isotherm [35] has been used in the
following form:

y = 10.258x -15.603
R² = 0.9587

0

5

10

15

20

25

30

35

40

qt

ln t
3 3.5 4 4.5 5 5.5

Fig. 9. Elovich model of DG 26 onto CSD at 30˚C.
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qe ¼ RT

bT
lnðAT CeÞ (21)

where R is the universal gas constant
(8.31441 J−1 mol−1 K−1), T is the absolute temperature
(K), AT is the Temkin isotherm constant (g/mg), and
bT is Temkin constant.

(4) Dubinin–Radushkevich isotherm

This isotherm is generally expressed as follows
[36]:

qe ¼ qD � exp: �BD RT ln 1þ 1

Ce

� �� �� �2

(22)

Dubinin–Radushkevich have reported that the charac-
teristic sorption curve is related to the porous struc-
ture of the sorbent. The constant, BD is related to the
mean free energy of sorption per mole of the sorbate
as it is transferred to the surface of the solid from infi-
nite distance in the solution and this energy can be
computed using the following relationship by Hasany
and Chaudhary [37] as:

E ¼ 1ffiffiffiffiffiffiffiffiffi
2BD

p (23)

3.1.3.3. Three parameter isotherms.
(1) Redlich–Peterson isotherm

Redlich–Peterson model is used as a compromise
between Langmuir and Freundlich models, which can
be written as [38]:

qe ¼ A � Ce

1þ B � Cg
e

(24)

where KRP (L/g), αRP (L/mmol), and β are Redlich–
Peterson constants. The value of β lies between 0 and
1, Cg

e is the equilibrium liquid-phase concentration of
the adsorbate (mg/l), and qe is the equilibrium adsor-
bate loading onto the adsorbent (mg/g).

(2) Toth isotherm

Toth isotherm model [39] is useful in describing
heterogeneous adsorption systems, which satisfies
both low and high-end boundary of the concentration
[40]. It can be represented by the following equation:

qe ¼ kt � Ce

ðat þ CeÞ1=t
(25)

where kt, at, and t are the Toth isotherm constants.

(3) Sips isotherm

Sips isotherm [41] is a combined form of Langmuir
and Freundlich expressions deduced for predicting the
heterogeneous adsorption systems and circumventing
the limitation of the rising adsorbate concentration
associated with Freundlich isotherm model. Sips model
can be represented by the following equation:

qe ¼ ks � CB
es

1þ as:CB
es

(26)

where ks is the Sips model isotherm constant (L/g), as
the Sips model constant (L/mg), and Bs the Sips
model exponent. At low sorbate concentrations, it
effectively reduces to the Freundlich isotherm and
thus does not obey Henry’s law.

(4) Khan isotherm

Khan isotherm [42] is a generalized model sug-
gested for the pure solutions, with bK and aK are

Table 5
Comparison of sorption capacities of various adsorbents for DG 26

Adsorbents Adsorption capacity (mg/g) References

Squid pen 4.8 [15]
Deprotenized squid pen 37.0 [15]
Andonta shell 11.3 [16]
Sepia pen 58.0 [16]
Beach wood sawdust 2.78 [17]
Cationized sawdust 35.7 This study
Natural sawdust 9.3 This study
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devoted to the model constant and model exponent.
Khan isotherm model can be represented by:

qe ¼ qK � bK � Ce

ð1þ bK � CeÞaK (27)

where bK is the Khan model constant, aK the
Khan model exponent, and qK is the maximum uptake
(mg/g).

3.2. Error analysis and non-linear regression method

In nonlinear regression method, the validity of
widely used isotherm models to the experimental data
was examined by trial-and-error using the solver add-
in with Microsoft Excel. The R2 value is used to mini-
mize the error distribution between the experimental
equilibrium data and the predicted isotherms

The fitting presentation of two and three parameter
models are shown in Figs. 11 and 12 as well as the
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Fig. 11. Comparison of two parameter models with
experimental data at 30˚C.
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Fig. 12. Comparison of three parameter models with
experimental data at 30˚C.

Table 6
Constants and error analysis of two parameter models for adsorption of DG 26 onto CSD at 30˚C

Isotherm model Parameter Value Error analysis Value

Langmuir aL 0.013392 ARE 0.261664
APE% 4.36107

kL 0.507476 EABS 4.853864
ERRSQ 7.002804178

R2 0.987 Hybrid 9.372364
MPSD 0.942296

Freundlich 1/n 0.354196 ARE 0.2625567
APE% 4.375946

kF 3.925871 EABS 4.624346
ERRSQ 6.796441499

R2 0.9625 Hybrid 10.03949
MPSD 0.952468

Tempkin AT 0.160643 ARE 0.109391281
APE% 1.823188

bT 3.226111 EABS 2.300598
ERRSQ 2.489146395

R2 0.9749 Hybrid 2.939873692
MPSD 0.936423572

Dubinin–Radushkevich qD 35.47339 ARE 0.690133
APE% 11.50221

BD 0.9021678 EABS 10.65889
ERRSQ 36.14360088

R2 0.9913 Hybrid 68.1693
MPSD 0.967955
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constants and error analysis of two and three
parameter models are given in Tables 6 and 7. Among
two and three parameter models, the highest R2 value
and lowest ARE, APE %, EABS, ERRSQ, MPSD, and
Hybrid values were observed with Tempkin (two
parameter) followed by Sips (three parameter) models
indicating the better fit than the rest of isotherm
models.

4. Conclusions

SD has been utilized as adsorbent material for the
removal of DG 26 from contaminated water after
treatment with commercial CA, Fix 3500 in alkaline
medium to form CSD. The CSD sample was charac-
terized by estimating the nitrogen content. The ability
of CSD to adsorb DG 26 was investigated by using
batch adsorption procedure. The data of the adsorp-
tion isotherm were tested by the Langmuir, Fre-
undlich and Temkin, Dubinin (two parameter
models), Redlich–Peterson, Toth, Sips, and Khan
(three parameter models) using non-linear regression

technique. The best fitting model was firstly evalu-
ated using six different error functions. The examina-
tion of all these error estimation methods showed
that the Tempkin and Sips models provide the best
fit for experimental data than other isotherms. The
kinetics of adsorption of DG 26 have been discussed
using six kinetic models, i.e., the pseudo-first-order
model, the pseudo-second-order model, Batacharia,
the Elovich equation, the intraparticle diffusion
model and Bangham equation. The adsorption of DG
26onto CSD could be well described by the pseudo-
second-order kinetic model.
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