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ABSTRACT

Adsorption of Direct Blend Yellow D-3RNL in aqueous solution by activated carbons pre-
pared from Moso timber bamboo stem residues was optimized by using central composite
design matrix and response surface methodology. A maximum dye removal from the experi-
mental validation reached 92.1% under the optimum conditions (initial dye concentration
20mgL ™", pH 2, bamboo-based activated carbon dosage 20gL ", temperature 50°C, and time
of adsorption 20 h) with the relative standard deviation 5.37%. The high R* value (0.9487) for
the second-order model obtained from the analysis of variance (ANOVA) indicated that the
experimental data fitted well with the predicted data. The adsorption followed the nonlinear
model of pseudo-second-order reaction and agreed well with Freundlich judged by the levels
of Akaike Information Criterion and Akaike weight. Furthermore, the thermodynamics anal-
ysis indicated that the adsorption was a spontaneous, endothermic, entropy-increasing, and
chemisorption process.

Keywords: Response surface methodology; Adsorption; Direct Blend Yellow D-3RNL;

Bamboo-base activated carbon; Akaike Information Criterion; Kinetics; Isotherm

1. Introduction

Direct dyes, also called substantive dyes, are one of
the most popular types of colorant used for the dyeing
and printing of cellulosic fibers and their blends.
Owing to the ease of their application and the wide
gamut of colors available at a modest cost, direct dyes
are still a popular dye class. Chemically, direct dyes
are generally large molecules, containing two or more
azo groups and sulfonic groups which provide solubil-
ity in water. Although the forces of attraction between
the direct dyes and cellulose fibers may include hydro-
gen bonding, dipolar forces, and nonspecific hydro-
phobic interactions which are highly dependent upon
the nature of the dye structure and the polarity of the

dye molecule, 5-30% of direct dyes used may be lost to
the effluent during such dying process [1] due to the
fact that these dye molecules are attracted by physical
forces at the molecular level to the textile. Thus, treat-
ment of the effluents containing azo direct dye has
become a great concern due to their color and potential
toxicity to animals and humans alike [2,3]. At present,
there are many processes available for the color
removal from textile effluents by biodegradation [4,5],
advanced oxidation processes [6-8] and biological oxi-
dation [9], electrochemical and photoelectrochemical
degradation [10-12], coagulation/flocculation [13-15],
membrane separation [16], and adsorption processes
[17-23]. However, most of the methods described
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above require substantial financial input and their use
is restricted because of cost factors overriding the
importance of pollution control. In comparison with
other techniques, adsorption is one of the most effec-
tive physical processes for the removal of dyes from
wastewater stream because of its simplicity of design,
ease of operation, and insensitivity to toxic substances.
But, the high cost of the production and regeneration
of adsorbent has restricted its use in industrial applica-
tion. Therefore, recently activated carbons derived
from agriculture waste/byproducts have been exten-
sively explored for the treatment of the textile dye
effluent [24-27].

Moso Timber Bamboo (Phyllostachys heterocycla cv.
pubescens), a fast-growing and renewable grass, is very
rich natural resources in Lishui City of Zhejiang Prov-
ince of China. Thus, when Moso Timber Bamboo
attains its maturity within five years, it is often used
as raw materials to manufacture many items such as
building material, kitchen implement, clothing, deco-
rative items, furniture, toys, gifts, and a lot more. But,
how to dispose of the bamboo residues from these
plants remains a problem at present. Moso Timber
Bamboo stem is an excellent material to prepare
charcoal due to the fact that it contains high carbon
content (48.64%) and low amounts of nitrogen
(0.14%), sulfur (0.11%), and hydrogen (6.75%) [28].
Moreover, bamboo-based activated carbon has a large
amount of micropores and an extremely large surface
area, about 4 and 10 times greater than those in wood
charcoal, respectively [29], and has been used as the
potential commercially available adsorbent for the
treatment of heavy metal ions [30-32], ammonia [33],
and organic pollutants [34-38]. Direct Blend Yellow
D-3RNL is an important direct blend dyestuff and is
widely used in one bath one step dyeing process.
Hence, it is necessary to develop a practical approach
to treatment of wastewater containing this dye.

A classic and conventional optimization of process
parameters was done by changing one variable at a
time while keeping all others at constant level. This
approach is not only time consuming, requires lots of
experiments and could not depict the interactive
effects of process variable, but also results in unreliable
conclusions. However, response surface methodology
(RSM) is a collection of mathematical and statistical
techniques that uses quantitative data from appropri-
ate experiments to determine regression model
equations and operating conditions which are useful
for developing, improving, and optimizing processes
and can be used to evaluate the relative significance of
some factors even in the presence of complex interac-
tions [39,40]. So, in this work, a standard RSM design
called a central composite design (CCD) is applied to
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optimize the adsorption of Direct Blend Yellow
D-3RNL onto the bamboo-based active carbons from
aqueous effluent. A detailed kinetic and equilibrium
study of the Direct Blend Yellow D-3RNL removal
with the bamboo-based active carbons has been made
to understand the adsorption mechanism.

2. Materials and methods
2.1. Adsorbate and adsorbents

Direct Blend Yellow D-3RNL dye (98.5% purity,
CesHusO26N165sNag, Amax 412nm), supplied by Zhejiang
Runtu Co., Ltd (Zhejiang, China), was selected as the
adsorbate without further purification. Fig. 1 shows the
chemical structure of the dye. Double-distilled water
was used to prepare the desired concentration of the dye
solution. A spectrophotometer (UV-2401, Shimadzu)
was employed to measure the dye concentration at Amax
using a standard calibration curve. The photometric
analysis demonstrates that the A,.x of the studied dye
molecule is insensitive to changes in solution pH.

The Moso Timber Bamboo stem residues collected
from a toy plant was got rid of dust particles, dried in
sunlight for 2-3days, cut into small grains sized
0.5-3mm, soaked in a concentrated HNOj; solution at
25°C for 2days with the assistance of ultrasonication,
filtered, and then dried in the sun. Next, the mixture
was put into a ceramic crucible in a tube furnace and
carbonized at 500°C under flowing nitrogen (0.1 m*h™")
for 3 h. The activated product was then cooled to room
temperature under nitrogen, refluxed in alcohol, and
washed with hot distilled water in an ultrasonic bath
until the pH of the washing solution reached 6-7. After
drying at 110°C in a vacuum drying oven for 4h, the

Fig. 1. Chemical structure of Direct Blend Yellow D-3RNL.
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obtained bamboo-activated carbon (BAC) was sieved to
obtain a size range of 0.15-0.25 mm and stored in a vac-
uum desiccator for further use.

The Brunauer-Emmett-Teller (BET) surface area
(Spet) of the prepared BAC was measured using nitro-
gen adsorption isotherms with a BET equation surface
area analyzer (Micrometrics ASAP® 2020, USA). The
total pore volume was defined as the volume of liquid
nitrogen corresponding to the amount adsorbed at a
relative pressure of P/Py=0.99. Scanning electron
microscopy (SEM) analysis was conducted to study
the surface texture of the BAC and the development
of porosity. The surface functional groups containing
oxygen on BAC were determined by Boehm titration
[41]. One gram of BAC sample was placed in 50 mL of
the following solutions, each at a concentration of
0.05molL~": sodium hydroxide, sodium carbonate,
sodium bicarbonate, and hydrochloric acidly. The
vials were degassed under high purity nitrogen,
sealed and shaken for 2days to reach equilibrium,
and then filtered. Five millilitre filtrate was pipetted,
and the excess base or acid was titrated with
0.05molL™" hydrochloric acid or sodium hydroxide,
respectively. The number of basic sites was calculated
from the amount of hydrochloric acid that reacted
with the carbon. Each experiment was performed in
triplicate under identical experimental conditions. The
pHpzc value was determined by a mass titration
method proposed by Noh and Schwarz [42]. BAC
ranging 100-600mg was taken. Each sample was
placed in a 50-mL glass flask and 10mL of sodium
chloride (0.1molL™") was added. The flasks were
sealed and stirred, and room temperature was main-
tained at 25°C for 48h to achieve equilibrium in the
carbon charges. After 48 hours, the pH of each
solution was measured with a PHS-3E pH-meter.

2.2. Batch adsorption experiments

Batch adsorption of Direct Blend Yellow D-3RNL
dye onto the prepared BAC was carried out in tripli-
cate. For each experiment, 50mL dye solution of
known concentration, known pH, and a known
amount of the adsorbent was placed in a 150-mL
Erlenmeyer flask. Similar procedure was followed for
another containing the same dye concentration with-
out adsorbent to be used as a blank. The mixture was
agitated in a thermostat-controlled shaking water bath
(Taicang Laboratorial Equipment Co., Ltd, China) at a
constant speed of 180rpm until the equilibrium was
attained. Samples were withdrawn at appropriate time
intervals and centrifuged at 3,600 rpm for 10 min. Sub-
sequently, an aliquot of the supernatant was used for
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determination of the remaining dye concentration at
its Amax- The percentage of removal of the dyes and
the amount of dye taken up by the adsorbent was
calculated by applying Egs. (1) and (2):

% Removal = = c_ € % 100 (1)
_(c—c).V

1= @)

where ¢, and ¢ (mgL Yare the liquid-phase

concentrations of Direct Blend Yellow D-3RNL dye at
initial and time ¢, respectively; g is the amount of dye
adsorbed on the adsorbent at any time (mgg™"), m (g)
the mass of the adsorbent sample used, and V the vol-
ume of the dye solution (L).

2.3. Effect of pH on the adsorption

The pH of the adsorption system plays an impor-
tant role in the adsorption largely due to its influence
on the surface characteristics of the adsorbent and
ionization/dissociation of the adsorbate molecule. The
pH of the adsorption system is a relatively indepen-
dent variable and the interaction seldom exists
between it and other factors involved. Therefore, preli-
minary experiments were conducted to determine the
optimal initial pH prior to designing the experimental
runs. Experiments were carried out by varying the ini-
tial pH of the dye solution ranging between 2 and 9
while holding all the other relevant factors fixed at a
specific set of conditions (an initial dye concentrations
30mgL ™", an activated carbon dosage 10gL ™", contact
time 26 h, and temperature 40°C). The pH value of the
initial dye solution was adjusted using a 1M HCI or
NaOH solution.

2.4. Design of experiments

CCD is suitable for fitting a quadratic surface and
helps to optimize the effective parameters with a min-
imum number of experiments as well as to analyze
the interaction between the parameters. Generally, the
CCD consists of a 2" factorial runs with 2n axial runs
and ny number of center points (six replicates). The
contact time (X;), temperature (X5), initial dye concen-
tration (X3), and BAC dosage (X,) were chosen as the
independent variables. The range of values of the
parameters was set using the results of the prelimin-
ary studies and the codes that correspond to these
parameters were resolved.

A 2* factorial design was determined from CCD
with the dye removal (Y, %) as an output depended
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on four independent variables at five levels, consisting
of 16 factorial points, 8 axial points and 6 replicates at
the center points were employed, indicating that the
total number of experiments with four variables was
30 (=2'+21+6), where [ is the number of independent
variables. The center points were used to determine
the experimental error and the reproducibility of the
data. The independent variables are coded where the
low and high levels are represented as —2 and +2,
respectively. The axial points are located at (+o, 0, 0),
0, +a, 0) and (0, 0, =) where o is the distance of the
axial point from center. In this study, the o value was
fixed at 2 (rotatable). Thirty experiments were con-
ducted in duplicate and average values were used for
further calculations.

As we know, different variables are usually
expressed in different units and/or have different lim-
its of variation; the significance of their effects on
response can only be compared after they are coded.
For statistical calculations, the variable X; was coded
as x; according to the following equation:

X=X
TOOAX

(3)

where x; is the dimensionless coded value of the ith
independent variable, X; is the uncoded value of the
ith independent variable, X, is the value of X; at
the center point, and AX; is the step change value of
the real variable i.

The sequence for the experimental work was ran-
domly established to limit the influence of systematic
errors on the interpretation of results. Table 1 shows
the four controllable variables (factors) and their levels
in coded and actual values. The output response is
the dye removal (%) determined by Eq. (1). Each
response was used to develop an empirical model
which correlated the response to the dye adsorption
variables using a second-degree polynomial equation
as given by the following equation:

Y =bo+ i: bix; + z": biix,2 + nii ZH: bijxixj
i=1 i=1

i=1 j=it1

(4)

Table 1
The variables and values used for CCD
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where Y is the predicted response (dye removal effi-
ciency), by the constant coefficient, b; the linear coeffi-
cients, b;; the quadratic coefficients, b;; the interaction
coefficients, and x; and Xx; are the coded values of the
adsorption variables.

Design-Expert software (version 8.0.5b, Stat-Ease,
Inc., Minneapolis, USA) was employed to analyze the
adsorption data. Analysis of variance (ANOVA) was
performed and three-dimensional (3D) response sur-
face curves were plotted to see the interaction
between various independent parameters. The signifi-
cance of each variable (factor) was determined using
Student’s t-test.

2.5. Kinetic and equilibrium models

The nonlinear regression usually involves the
minimization or maximization of error distribution
(between the experimental data and the predicted iso-
therm) based on its convergence criteria. Thus, regard-
ing the adsorption kinetics and adsorption isotherms,
five nonlinear kinetic equations (Avrami-Erofeev, Elo-
vich, pseudo-first-order, pseudo-second-order, and
intra-particle diffusion in Table 2) were applied to
identify the key process controlling the adsorption
rate; furthermore, six nonlinear isotherm equations
listed in Table 2 (Langmuir, Freundlich, Temdkin,
Khan, Koble-Corrigan, and Redlich-Peterson) were
used to stimulate and evaluate the experimental equi-
librium data. The kinetic and equilibrium models
were fit employing the nonlinear method. Moreover,
these models were evaluated using the nonlinear coef-
ficients of determination, the small-sample-corrected
Akaike Information Criterion (AICc), and the the Akaike
weight (w;). The AICc is calculated for each model
from the equation [43]:

2p(p+1)

RSS
AlCc = —nln<n> +2p+n _p_1 (5)

where 71 is the number of experiments performed and
p is the number of parameter of the fitted model. RSS
is the residual sum of squared deviations (between

Variables Coded factors
Contact time (h) X3
Adsorption temperature (‘C) Xz
Initial dye concentration (mg LY X3
BAC dosage (gL ") Xy

Coded factor levels

Step change values

-2

6
20
10
5

-1 0 1 2

11 16 21 26 5
30 40 50 60 10
20 30 40 50 10
10 15 20 25 5
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Table 2
Nonlinear equations of the kinetic and isothermal models
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Kinetic models Nonlinear equations

Isothermal models

Nonlinear equations

Avrami-Erofeev g =gel1 — exp(—kay - 1)"] Langmuir Je=qm kp-Ce/ T +kL-O)
Elovich g:=1/ - [In(a - f) + In($)] Freundlich ge=kg-C'g
Pseudo-first-order gr=gell —exp(—ky - )] Temkin ge=(R-T/bp)In(kr - Ce)
Pseudo-second-order Gi=ky-t- qe2/(l +ky-t-qe) Khan Je=Gm ki Ce/ (1 +ki - Co)"k

ho=ks- Elez
Initial sorption rate

Intra-particle diffusion Gr=kait- OS54+

Koble—Corrigan

Redlich—Peterson

Je=0m kxc - Ce "kc /(1 +kxc-C "ko)

ge=a-kgp-Ce/(1 +kgp-C "rp)

the measurement and the fitted curve). The Akaike
weight can be expressed as:

exp(—4:/2)
Z?:l exp(—A4i/2)

where A;=AIC;,—minAIC. The model with the
smallest value of AICc and the largest w; is estimated
to be “closest” to reality (unknown but approximated
by the model) among the candidate models
considered.

(6)

P =

3. Results and discussion
3.1. Characterization of BAC

Table 3 lists the physicochemical properties of
BAC. It is apparent that the amount of the total acid
groups is more than that of the total basic groups on
the BAC surface. Similar results have been reported
by Huang et al. [44]. This is due to the strong oxidiz-
ing character of nitric acid, so it can oxidize carbon
atoms and cause the carbon surfaces to lose electrons
and get positive charges. The SEM image of BAC
(Fig. 2) displays many large regular and orderly pores
on the surface.

3.2. Effect of initial solution pH

Understanding of the effect of pH on the adsorp-
tion process is helpful to determine the optimized
operational parameters for application and to reveal
the adsorption mechanism. The effect of the initial

Table 3
Physicochemical properties of BAC

dye solution pH on the adsorption of Direct Blend
Yellow D-3RNL dye onto BAC was evaluated within
the pH range between 2 and 9 (Fig. 3). Fig. 3 shows
that the dye removal efficiency decreased significantly
with increasing pH, especially between pH 2 and 3.
The dissolved Direct Blend Yellow D-3RNL dye is
negatively charged in aqueous solution, because it pos-
sesses eight sulfonic groups. The adsorption of this
dye takes place when the adsorbents maintain a net
positive charge when the solution pH is lower than
PHp.c. As a result, an electrostatic interaction occurs
between the negatively charged dye molecules and the
positively charged adsorption sites of the adsorbent.
But, as the pH of the system increases beyond pHp,.,
the number of negatively charged sites on the adsor-
bents increases, which weakens the electrostatic attrac-
tion or even increases the electrostatic repulsion
between the adsorbent surface and the dye molecules.
This led to the decrease of the dye removal. In addi-
tion, the abundance of OH™ ions competing with the
negatively charged dye molecules for the adsorption
sites is also responsible for the lower dye removal per-
centages at higher pH. Similar results had been
reported by Nevine [45] and Safa and Bhatti [46]. Thus,
the following experiments were performed at pH 2.

3.3. Optimization of dye adsorption by RSM

The 4-factor CCD matrix and experimental results
acquired in the adsorption runs are presented in
Table 4. Based on Eq. (4), Table 5 shows the results of
ANOVA on experimental results by the Design-Expert
8.0.5b. The significance of each term was determined

Apparent density ~ Ash content pHpzc  Sger
(gem ) (% wt) (m’g™)  (ecm®
0.61 6.4 6.79 451.2 0.31

Total pore volume

Total acid groups
(mmolg ")

Basic groups
(mmolg )

g

0.562 0.217
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Fig. 2. SEM of BAC at 1,000x.

using related F- and p-values. The variables with t-
value higher than critical one (2.78 for linear and 2.12
for quadratic and interaction terms) and p-val-
ues <0.05 have significant effect on the response. So,
in this case, the variables X;, X5, X3 X4, X? and X2 are
significant in dye removal, whereas the other variables
are not significant. As a result, Final Eq. (7) was devel-
oped by putting the significant terms in terms of
actual factors as follows:

Re % = —60.01 + 5.901X; + 0.5236X, — 0.902X;
+6.156X; — 0.155X2 — 0.0916X> (7)

In addition, on the basis of the coefficients in Eq. (7),
the highest coefficient belonged to X, (BAC dosage),
indicating that the BAC dosage exerted the greatest
effect on the dye removal. Aber and Sheydaei [47]
reported the similar result on the adsorption removal
of Indigo dye onto activated carbon cloth.

The ANOVA of quadratic regression model shows
that the model is highly significant, as it is evident
from the Fisher’s F-test with a very low probability
value (Ppoder>F) = 0.0001) (Table 5). Relatively lower
value of coefficient of variation (CV =9.02% less than
10%) implies a better precision and reliability of the
performed experiment [48]. The fit of the model to the
data was evaluated by the determination of coeffi-
cients (R?) and adjusted R* (RZ;) [49]. The high R?
(0.9487) and relatively high Rgdj (0.9353) value of the

model indicate a close agreement between the experi-
mental data and the predicted values from model.
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Fig. 3. Effect of the initial pH on the removal direct dye by
BAC (initial dye concentration 30mgL~', BAC dosage
10 gLfl, contact time 20 h, and temperature 40°C).

The value of R3 , (0.8793) is in reasonable agreement
with the Rgd]- value. Adequate precision ratio of 30.25

indicated an adequate signal, meaning that this model
is desirable because the ratio is greater than four [50].
Chatterjee et al. [51] reported the similar result about
the adsorption of methylene blue dye on a low-cost
adsorbent prepared from Parthenium hysterophorus
using RSM method. These results indicate the high
precision in predicting the dye removal efficiency by
BAC.

Fig. 4 shows the simultaneous effect of contact
time and BAC dosage on the percentage adsorption of
the direct dye at the fixed conditions: initial dye con-
centration 30mgL !, pH 2, and temperature 40°C. Tt
is clear that the dye removal efficiencies increased
with the increasing of BAC dosage as well as batch
contact time before 21h. Increasing BAC dosage
increases the number of active sites for the dye
molecule and, therefore, it increases the removal of
the dye. Prolonging the batch contact time before
the equilibrium time provides sufficient chances for
the interaction between adsorbent and dye. Combined
effect of temperature and initial dye concentration
was shown in Fig. 5. Lower initial dye concentration
and higher temperature favored the dye removal
efficiency.

Based on the above results, the batch contact time,
the BAC dose, and system temperature all have the
positive effect on the adsorption for the direct dye
removal from aqueous solution, whereas the initial
dye concentration has a slightly negative effect on the
dye removal.
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List of experiments in the central composite design (uncoded values) for model optimization and the responses
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Table 4

Run no. Xq X5 X3 Xy
1 16 20 30 15
2 21 30 40 20
3 11 30 40 20
4 21 50 40 20
5 16 60 30 15
6 16 40 10 15
7 16 40 30 15
8 16 40 30 25
9 16 40 30 15
10 11 30 40 10
11 11 50 20 20
12 16 40 30 15
13 11 50 20 10
14 21 30 20 10
15 21 30 20 20
16 11 50 40 20
17 11 50 40 10
18 26 40 30 15
19 11 30 20 10
20 16 40 50 15
21 21 30 40 10
22 16 40 30 15
23 16 40 30 5
24 16 40 30 15
25 21 50 20 20
26 16 40 30 15
27 11 30 20 20
28 21 50 40 10
29 6 40 30 15
30 21 50 20 10

Reexp (%) Repred. (%) Residual (%)
52.24 49.94 2.30
55.88 61.78 —5.91
50.61 52.29 —1.69
73.95 72.26 1.69
76.12 70.88 5.24
87 78.44 8.56
59.25 60.41 -1.17
92.05 85.32 6.72
59.84 60.41 —0.58
18.58 18.22 0.36
76.13 80.79 —4.67
59.48 60.41 —0.94
42.47 46.72 —4.25
48.50 45.74 2.75
77.22 79.82 —2.60
59.02 62.76 —3.74
24.55 28.69 —4.14
58.52 54.43 4.09
30.21 36.25 —6.04
50.92 42.38 8.54
26.72 27.71 —0.99
59.48 60.41 —0.94
20.75 17.18 3.57
61.29 60.41 0.87
86.99 90.29 -3.30
59.11 60.41 —1.30
71.79 70.32 1.46
37.03 38.18 —-1.15
41.65 35.44 6.20
52.24 56.22 —-3.97

Optimization of the direct dye removal was per-
formed by a multiple response method called desir-
ability function to optimize different combinations of
process parameters such as contact time, initial dye
concentration, BAC dose, and temperature. For four
variables, the criteria of the optimization were set in
range. The importance for the goal was set to three
plusses. The optimum conditions for maximum
removal of the direct dye from aqueous solution were
as follows: BAC dosage 20gL ™, initial dye concentra-
tion 20mgL ", system temperature 50°C, and contact
time 20h. A maximum dye removal of 90.8% was
obtained using the adsorption of the dye under opti-
mum conditions with a desirability of 0.984, demon-
strating that the estimated function represented the
experimental model and desired conditions. Five con-
firmatory experiments were conducted on the pre-
dicted response obtained from the Design-Expert

8.0.5b application to check the alliance and its suitabil-
ity. The average dye removal for the adsorption of the
direct dye on BAC was 92.11% with the value of rela-
tive standard deviation (5.37%).

3.4. Adsorption studies

The adsorption performance of BAC under the
optimized condition was evaluated through batch
experiments, such as isotherms and kinetics, in order
to confirm the degree of RSM fixation.

3.4.1. Kinetics of adsorption

The adsorption kinetics is significant in the
treatment of wastewater and provides valuable insight
into the reaction pathways and mechanisms of the
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Table 5
ANOVA results for the selected quadratic mode for the dye removal by BAC
Source Sum of df Mean F-value P-value Significant
squares square Prob>F
Model 10,746.29 14 767.59 24.48 <0.0001 Significant
Xi 540.08 1 540.80 17.25 0.0008
X> 658.02 1 658.02 20.99 0.0004
X3 1,950.85 1 1,950.85 62.22 <0.0001
X4 6,965.75 1 6,965.75 222.16 <0.0001
X1 X5 15.84 1 15.84 0.51 0.4882
X1X3 4.53 1 4.53 0.14 0.7092
X1X4 18.48 1 18.48 0.59 0.4546
X,X5 19.48 1 19.48 0.62 0.4428
XXy 11.08 1 11.08 0.35 0.5611
X3X4 7.73 1 7.73 0.25 0.6268
X, 392.87 1 392.87 12.53 0.0030
X,* 1.87 1 1.87 0.06 0.8106
X5? 23.95 1 23.95 0.76 0.3960
X 133.51 1 133.51 4.26 0.0227
Residual 470.32 15 31.35
Lack of fit 467.15 10 46.72 73.61 <0.0001 Significant
Pure error 3.17 5 0.63 3.17
Cor Total 11,216.62 29

R*=0.9487, Raqi” =0.9353, Rpyeq” =0.8793, CV% =92, adeq precision =30.25.

adsorption reactions. Table 6 shows the parameter fits
and the results. Based on their R? values, the five
kinetic models studied fit the experimental data well
for BAC in the following order of quality of
fit: Avrami-Erofeev > pseudo-second-order > Elovich
equation >pseudo-first-order > intra-particle diffusion.
However, judged by the smallest AIC. and the largest
w;, the adsorption kinetics of BAC were well described,
and the quality of the fit followed the order of: pseudo-
first-order > pseudo-second-order > intra-particle diffu-
sion>Elovich equation > Avrami-Erofeev empirical
model. There exists quite difference between the
results above due to the different judgment standards.
Comparing the g, values of pseudo-first-order and
pseudo-second-order models above with ge e value,
the geca value of pseudo-second-order model agrees
very well with the gecxp value, indicating that the
pseudo-second-order kinetic model was the best of the
five kinetic models to successfully describe the adsorp-
tion of the direct dye removal from aqueous phase by
BAC. Similar kinetic results were also observed in the
adsorption of indigo carmine on rice husk ash [52], the
removal of the textile dye direct blue 78 on the polyani-
line salts [53], and sorption of methylene blue and
methyl violet onto mansonia wood sawdust [54]. The
best fit to the pseudo-second-order kinetics implies that
the adsorption mechanism depends on the adsorbate

and adsorbent. At pH 2, there exist many protonated
groups such as carboxylic group (-CO-OH; ), phenolic
(-OH3) and chromenic groups on the surface of the
activated carbon [55]. Meanwhile, the direct dye mole-
cule was partly or fully dissociated into large anion
and sodium ion. Thus, large anion reacted with the
protonated groups on the surface of the activated car-
bon.

Chemical reaction-based kinetic models success-
fully predicted the adsorption behavior of the direct
dye onto BAC; however, these models do not reflect
the importance of diffusion. Thus, to find out the role
of diffusion in the process of dye adsorption, the
intra-particle diffusion model was used to verify the
influence of mass transfer resistance on the binding of
the direct dye to BAC (Fig. 6). In Fig. 6, the curve was
divided into three sections; the first, the sharpest
stage, within 1h, was attributed to the diffusion of the
direct dye molecules through the bulk solution to the
external surface of BAC or the boundary layer diffu-
sion of the dye molecules. The second sharper stage
from 1.5 to 18h, described the gradual adsorption,
where intra-particle diffusion was rate limiting and
the third stage was attributed to the final equilibrium
for which the intra-particle diffusion started to slow
down due to extremely low dye concentration left in
solution. The three stages in the plot suggest that the
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Table 6

Parameters of the kinetic and isothermal models for the direct dye adsorption onto BAC
Kinetic models Parameters
Elovich equation

% (mgg 'min ') 0.1507

B (gmg™) 5.0923
AlCc 90.008

w; 1.1x10°°
rR? 0.9863
Pseudo-first-order

ki (min™Y) 0.0141
Geal (mgg ™) 1.2568
AlCc 53.202

w; 0.9943

R? 0.7675
Pseudo-second-order

K, (gmg 'min ") 0.0162
(el (mgg™") 1.3438

hy (mgg ' min") 0.0292
AICc 63.765

w; 0.0051

R? 0.8968
Intra-particle diffusion

kair (mg g™ ' min ") 0.0242

I 0.5269
AICc 67.984

w; 0.0006

R? 0.9254
Avrami-Erofeev equation

feat (mgg ") 1.6946
Koy (min™") 0.1346
Nay 0.3488
AlCc 102.29

w; 22x1071
R? 0.9930
Experimental uptake

Jexp (Mgg™") 1.3848

Isothermal models Parameters
Langmuir

Gm (mgg ™) 1.5308

ky Lmg™") 0.1991
AlICc 52.539

w; 0.0003

R? 0.9959
Freundlich

ke (mg' "L"g ™" 0.3832

g 0.3787
AlICc 36.543

w; 0.9846

R? 0.9423
Temkin

br (KJmol ™) 7909.4

kr (mgL™") 22197
AlICc 44.904

w; 0.0151

R? 0.9857
Khan

Im (mgg™) 2.0256

kg (Lmg ™) 0.1368

nK 1.1410
AlICc 64.648

w; 7.8 %1077
R? 0.9972
Koble-Corrigan

Im (mgg™") 15112
kxc (L"mg ™) 0.1972
nkc 1.0259
AICc 62.646

w; 21x107°
R? 0.9961
Redlich—Peterson

aLg™h 1.9303
kRp (Ln mgfn) 0.1422
1RPn 1.0662
AlICc 63.904

w; 1.1x107°
R? 0.9968

adsorption process occurs by surface adsorption and
intra-particle diffusion (meso- and micropores).

3.4.2. Adsorption isotherms

Equilibrium data, commonly known as adsorption
isotherms, are basic requirements for the design of
adsorption systems. In order to understand the

adsorption capacity of BAC, the equilibrium data
were evaluated according to the six nonlinear iso-
therm models (Table 2). The adsorption isotherm of
was investigated at a pH of 2, a dose of BAC of
20gL"", a contact time of 20h, and system tempera-
ture 30°C while varying the initial direct dye concen-
tration ranging 5-70mgL~"' at a constant speed of
180rpm. Table 6 lists the results of the equilibrium
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Fig. 4. Combined effect of BAC dosage and batch contact
time on the percentage removal of the direct dye (pH 2,
initial dye concentration 30mgL !, and temperature 40°C).

isotherm models for the adsorption of the direct dye
onto BAC under the above experimental conditions.
With respect to R* (in descending order): Khan>
Redlich—Peterson > Koble-Corrigan > Langmuir > Tem-
kin>Freundlich. It is also obvious that the three-
parameter models give better fitting than the two-
parameter models. However, according to the mini-
mum value of AIC. and the maximum value of w; the
Freundlich model of the six isothermal models fits
best to the experimental data. Furthermore, these
results imply that the conventional two-parameter
adsorption isotherm equations are still better models
for describing the adsorption experimental isotherm
data from the studied adsorption systems.

The Freundlich isotherm, an empirical equation,
can be applied to nonideal adsorption on heteroge-
neous surfaces as well as multilayer adsorption. The n
(n=1/ng) parameter, known as a measure of the
adsorption intensity or the heterogeneity factor, can
be used to indicate whether the adsorption is linear
(n=1), a chemical process (n<1), or whether a physi-
cal process is favorable (1>1); in contrast, the values
of n<1 and n>1 indicate a normal Langmuir isotherm
and cooperative adsorption, respectively [56]. In the
present study, the value of n for BAC (0.3787) was less
than unity, implying that the chemical process and
the normal Langmuir isotherm were favorable.

3.5. Thermodynamic study

Thermodynamic study was carried out at initial
dye concentration 20mgL~', pH 2, BAC dosage
20gL"", and a contact time of 20h while varying sys-
tem temperature from 20 to 60°C at a constant speed

5801

Dye removal (%)
N} IS
o o
s 8

Temperature 40.0

20 . .
(°C) 00 oncentration (mg/L)

Initial dye

Fig. 5. Response surface 3D plot showing the effect of
temperature and initial dye concentration on the removal
efficiency (BAC dosage 15gL ™", batch contact time 1-6h,
and pH 2).

of 180rpm. Thermodynamic parameters for adsorp-
tion of the direct dye onto BAC were undertaken from
20 to 60°C. Thermodynamic parameters, i.e. the
change in free energy (AG®), the change in enthalpy
(AH®), and the change in entropy (AS°®), were calcu-
lated to evaluate the thermodynamic feasibility and
the spontaneous nature of the process. AG°, AH", and
AS° were calculated using Egs. (8)-(10).

Ca
kg ==2 8
= ®)
1.4 4 o6
1.2
‘TU)
611'0_
E ]
e
o 0.8 -
0.6 -
M4trTrTrr T T T T

0 5 10 15 20 25 30 35 40 45
t°° (min"%)

Fig. 6. Intra-particle diffusion model for the adsorption of
the direct dye onto BAC (initial pH 2, initial dye
concentration 3OmgL71, BAC dosage 15 g-Lfl, and
temperature 40°C).
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Fig. 7. Plot of In k4 vs. 1/T for the adsorption of the direct
dye on BAC (initial dye concentration 20mgL "', initial pH
2, BAC dosage 20 gL’l, and contact time 20 h).

AG = —RT In k4 (9)
AS"  AH’

where Ca. (mgL™") is the equilibrium concentration
adsorbed on adsorbent, C. (mg LY is the equilibrium
concentration of adsorbate in bulk solution, T is the
solution temperature in Kelvin, kg is the equilibrium
constant, and R is the gas constant (8.314]mol*1 K.
AH® and AS° can be obtained from the slope and inter-
cept of a Van't Hoff plot of Inkgq vs. 1/T (Fig. 7).
Table 7 shows the negative values of AG" and positive
AH® obtained indicated that the adsorption process is
spontaneous and endothermic. The absolute values of
AG” increase with the increase of temperature, which
is in agreement with the isotherm and RSM results
obtained in Section 3.3. The value of AH® was found
to be 40.4kJmol ', slightly more than 40kJmol ',
which further confirms the endothermic nature of the

Table 7
Thermodynamic parameters for the direct dye adsorption
onto BAC

T (K) AG® AH® AS°
(KJmol™) (K] mol™) (Jmosl 'K

293.15 —2.680 40.38 153.7

303.15 —3.535

313.15 —4.620

323.15 —6.129

333.15 —8.781

L. Wang | Desalination and Water Treatment 51 (2013) 5792-5804

adsorption favorable at higher temperatures, possible
strong bonding between dye and each adsorbent, and
the possibility of chemical adsorption. The positive
values of AS° suggest that there was increased ran-
domness at the solid/solution interface with some
structural changes in the adsorbate and adsorbent and
a good affinity of the adsorbent for the direct dye.

4. Conclusion

Activated carbon prepared from Moso Timber
Bamboo stem residues by chemical was used as an
alternative adsorbent to remove Direct Blend Yellow
D-3RNL from aqueous solutions. The result obtained
from pH effect on the adsorption showed that lower
pH favors the dye removal. RSM based on four-factor-
five level Center Composite design was applied to
explore the optimal conditions for the direct dye
removal. The ANOVA showed that all the operating
variables optimized, such as temperature, contact
time, initial dye concentration, and adsorbent dosage,
have the important impact on the adsorption, espe-
cially the adsorbent dosage. The high R* value for the
model indicated that the actual data fitted well with
the predicted data. The results attained from the
model experimental validation revealed that 20h of
contact time was required to achieve 92.1% of the
direct dye removal when the initial dye concentration,
pH, BAC dosage, temperature, and shaking speed
were 20mg L2, ZOgL_l, 50°C, and 180rpm, respec-
tively. The kinetic and isothermal data agreed well
with the nonlinear types of pseudo-second-order
model and Freundlich equation, repectively, judged
by the levels of AICc and Akaike weight (w;). The
thermodynamic researches demonstrate that the
adsorption is a spontaneous, endothermic, and chemi-
sorption process.
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