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Abstract Adsorptive removal of CBSOL LE red wool
dye form aqueous solution onto commercial activated
carbon (CAC) was investigated in a batch system. Various
process parameters like pH, dosage of CAC (m) and
adsorption time (#) were considered and optimized with full
factorial central composite design under response surface
methodology. At optimized parameters, kinetic and ther-
modynamic studies were performed and adsorption equi-
librium data were represented using Freundlich, Langmuir
and Redlich—Peterson (R—P) isotherm models. Also, dif-
fusivity was calculated for the rate-limiting step in the
adsorption process. Optimum process parameters were
found to be m=1292¢g/100ml, *r=675h and
pH = 3.95, and at these optimized parameters, % removal
of CBSOL LE red wool dye (Y) was found to be 86 %.
Pseudo-second-order kinetic was found to best fit the
adsorption kinetic data. Freundlich and R-P isotherms
were found to best represent the equilibrium adsorption
data. Diffusivity for the intra-particle diffusion was found
to be 9.676 x 107% and 1.396 x 10~® m?s at initial con-
centration of CBSOL LE red wool dye (Cy) of 50 and
100 mg/1, respectively.
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Introduction

Colored effluents produced from the textile/dyeing indus-
tries are discharged into water bodies since the dyeing
technique was invented (Chiou and Chuang 2006). More
than 100,000 commercially available dyes with over
7 x 10° tonnes of dyestuff are produced and used annually
(Ramaraju et al. 2013). Most of these dyes belong to
synthetic dyes that present increased environmental hazard
due to being toxic in nature (Lemlikchi et al. 2012).

CBSOL LE dyes are reactive dyes developed for wool
dyeing (http://www.colorbandindia.com/cbsol-le-reactive-
dyes-for-wool.html). Reactive dyes are azo-based chro-
mophores combined with different types of reactive groups
and are most commonly used type of dyes. Also, reactive
dyes are non-biodegradable and can be carcinogenic to
human (Gregory 1986). During the textile processing, large
amount of dyes stay behind in wastewater produced, due to
which textile wastewater becomes strong in color and toxic
(Yazdani et al. 2012). Hence, the removal of dyes from
wastewater is very important from both points of view of
environment as well as human health.

Due to non-biodegradability of reactive dyes, physico-
chemical methods such as chemical coagulation, adsorp-
tion and membrane filtration are generally used for the
treatment of dye-containing wastewater (Georgiou et al.
2002; Izares et al. 2006). Drawback of chemical coagula-
tion is that it produces secondary pollutants, and membrane
processes are very expensive, whereas adsorption process
presents simple design, low-cost, easy operation and
insensitivity to toxic substances (Chakraborty et al. 2012;
Chowdhury and Saha 2010).

Various authors have reported reactive dye adsorption
from wastewater on verities of low-cost adsorbents like
tannery sludge developed activated carbon (Geethakarthi
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and Phanikumar 2011); sugarcane bagasse ash (Gaikwad
et al. 2010); groundnut shell prepared activated carbon
(Malik et al. 2006); mangrove bark (Seey et al. 2012); corn
cob and sunflower seed shells (Suteu et al. 2011a, b);
pineapple leaf powder (Weng et al. 2009); and agricultural
waste-based activated carbon (Manoochehri et al. 2010;
Parvathi and Maruthavanan 2010). A good review on
methylene blue adsorption by low-cost adsorbent is avail-
able in the literature (Rafatullaha et al. 2010). Among
various low-cost adsorbent, commercial activated carbon
(CAC) has been reported having highest adsorption
capacity (Rafatullaha et al. 2010; Singh and Kushwaha
2014). Among the studies available in the literature, none
of the works reports about removal of CBSOL LE red wool
dye.

In present work, adsorption of CBSOL LE red wool
dye on the CAC was investigated. Various adsorption
process parameters like pH, dosage of CAC (m) and
adsorption time (f) were considered and optimized with
the help of full factorial central composite design (CCD)
under response surface methodology (RSM). At optimized
operational parameters, kinetics and thermodynamics of
adsorption process have been studied, and change in
Gibbs energy (AGy), entropy (ASy) and enthalpy (AH,)
was determined at various temperatures. To represent the
adsorption equilibrium data at optimized parameters,
Freundlich, Langmuir and Redlich—Peterson (R-P) iso-
therm models were used. Also, diffusivity was calculated
for the rate-limiting step in the adsorption process.

Materials and methods
Adsorbent and adsorbate

CAC was purchased from Pneumatic Engineers Spares and
Service, New Delhi, India, and it was used as procured.
Detailed physicochemical characteristics of the CAC have
already been presented elsewhere (Singh and Kushwaha
2014). The BET surface area and BET average pore diameter
of CAC were found to be 222.33 m%/g and 26.56 A, respec-
tively. The average particle diameter and bulk density of CAC
were found to be 1.58 mm and 540.22 kg/m?, respectively.

CBSOL red LE wool dye (supplied by Grasim industry,
Nagda, Madhya Pradesh, India) was dissolved in distilled
water to make the dye solution. For this, 1 g/l of stock dye
solution was prepared, which was further diluted to make
the working solution of desired concentration as per the
experimental requirement.

’r @ Springer

Experimental design, procedure and data analysis

In this study, experiments for the adsorption of CBSOL LE
red wool dye from aqueous solution on CAC were designed
and conducted in accordance with CCD of Design-Expert®
6.0 under RSM. The RSM is a statistical tool which helps
to design the experiments and optimize the effective
parameters for desirable responses providing process
models. With RSM, analysis of the interaction between
parameters on responses is possible with reduced number
of experiments (Soo et al. 2004). Three adsorption process
parameters (pH: 3-9; m: 0.5-5 g/100 ml and #: 1-7 h) with
five levels were used to design experiments using RSM,
and percentage CBSOL red LE wool dye removal (Y) has
been taken as a response of the system. Experimental
design matrix is given in Table 1.

A total of 20 experiments were conducted as suggested
by RSM. The experiments were conducted in batch mode to
study the effects of the three process parameters on response
Y. For each set of suggested adsorption experiments, 100 ml
solution of previously adjusted pH of CBSOL red LE wool
dye having 100 mg/l concentration (Cy) was taken in
250-ml stoppered conical flasks. Thereafter, CAC was
added to the flask as per design matrix. Initial pH of the
solutions was adjusted by using 0.1 N H,SO4 and 0.1 N
NaOH solutions. The flasks were then kept into tempera-
ture-controlled orbital shaking incubator (Remi Elektronik
Ltd., India; CIS-24 Plus), and the mixture was agitated at
constant speed of 150 rpm at temperature (7) 303 K for
desired time (as per design matrix) to attain equilibrium.

The adsorbent and adsorbate were separated from the
mixture after desired time (as per design matrix) by fil-
tering the mixture with Whatman no.l filter paper, and
filtrate was analyzed for residual CBSOL LE red wool dye
concentration (C,), using a double beam UV-visible
spectrophotometer (Electronic Corporation India Ltd., UV
5704SS) at Ay = 504 nm. The % color removal (Y) was
then calculated using the following relation:

(Co — Ce) 100
Co

Y= (1)
Similarly, for the equilibrium adsorption uptake, g. (mg/g)
was calculated as:

Co—C,
oo =0y @

m

where C. is the equilibrium adsorbate concentration, V is
the volume of the adsorbate (1), and m is the mass of
adsorbent (g).
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Table 1 Full factorial design used and responses for the % removal
CBSOL red LE wool dye by CAC

Table 2 ANOVA for response surface quadratic model

Source Sum of df Mean F value Prob > F

pH T (h) m (g/100 ml) % Dye removal (Y) squares square
Actual Predicted Model 10,533.12 9 1,170.35 941  0.0008
45 25 1.625 26.94 4213 A 2,680.75 1 2,680.75 21.55 0.0009
75 25 1.625 35.36 36.17 B 353.59 1 353.59 2.84 0.1227
45 55 1.625 63.07 62.10 C 4,681.84 1 4,681.84 37.64 0.0001
75 55 1.625 43.33 50.52 A? 1,297.88 1 1,297.88 10.44 0.0090
45 25 3.875 93.71 101.22 B? 66.67 1 66.66 0.54 0.4809
75 25 3.875 45.35 61.02 c? 1,220.14 1 1,220.14 9.81 0.0107
45 55 3.875 91.78 105.67 AB 15.77 1 15.77 0.13 0.7292
75 55 3.875 60.34 59.85 AC 586.19 1 586.19 4.71 0.0551
3 4 275 88.23 7776 BC 120.49 1 120.49 0.97 0.3482
9 4 275 30.23 25.99 Residual 1243.70 10 124.37
6 1 275 76.94 64.70 Lack of 1,232.68 5 246.54 111.80 <0.0001
. . . i

6 7 2.75 85.97 83.50

Pure error 11.025 5 2.20
6 4 0.5 22.30 18.54

Cor total 11,776.82 19
6 4 5 97.90 86.96
6 4 2.75 85.00 80.61 A: pH
6 4 2.75 84.36 80.61 Bt
6 4 275 82.74 80.61 C:m
6 4 2.75 81.13 80.61
6 4 275 81.78 80.61 analyzed, and it was suggested by sequential model sum of
6 4 2.75 83.39 80.61

The response of the system, Y, obtained was processed
for Eq. (3) with Design-Expert® 6.0. through ANOVA to
obtain the interaction between the process variables and the
response.

4 4 3 4
Y=c,+ Z ciXi + ZciiXiz + Z Z ciiXij (3)
i=1 i=1

i=j i=j+1

where Y is response, ¢,, ¢; ¢;;, c; are constant coefficients,
and X; the independent process variables.

The fit quality of second-order polynomial model was
expressed by the coefficient of determination R* and
adjusted R2. For optimization, desirability function module
of Design Expert 6.0 was utilized, in which individual
goals are combined into an overall desirability function for
maximization to find the best maximum of response (Gu-
ven et al. 2008).

Results and discussions
Model equation and validation
The response of the system, Y, (Table 1) obtained was pro-

cessed with Design-Expert® 6.0. Sequential model sum of
squares, model summary statistics and ANOVA were

squares that quadratic model most suitably described the dye
removal from aqueous solution. Suggested quadratic equa-
tion is given below:

Y =80.61 — 12.94 pH + 4.7 t + 17.11 m — 7.18 pH>

—1.637> —6.97m* — 1.4 (pH x 1) — 8.56 (pH x m)
—3.88 (¢ x m) (4)

ANOVA result is shown in Table 2. Model F value of
9.41 and model Prob > F value of 0.0008 for % dye
removal imply that quadratic model fitted is significant.
Value of “Prob > F” <0.05 indicates model terms are
significant. ANOVA from the response surface models
shows that pH, m, pH? and m” are significant terms for
response Y, implying that quadratic model (Eq. 4) can be
used to predict response Y for CBSOL red LE wool dye
from the aqueous solution.

Normal % probability plot of residuals and plot of stu-
dentized residuals versus predicted were evaluated (not
shown here). The normality assumption was relatively
satisfied as the points in the plot form fairly straight line for
response Y. For a reliable model, no series of increasing or
decreasing points, patterns and a predominance of positive
or negative residuals should be found (Behbahani et al.
2011; Bansal et al. 2013). Generally, plot of studentized
residuals versus predicted should be a random scatter,
which suggests that the variance of original observations is
constant for all values of the response, Y (Ozer et al. 2009).

’r @ Springer
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R? and adjusted R for a regression model are evaluated
to show the model fitting to experimental data. Actual
versus predicted Y (% CBSOL red LE dye removal) plot
(not shown here) (actual values were calculated experi-
mentally, while predicted Y values were evaluated using
Design Expert 6) revealed the values of R? and adjusted R>
to be 0.894 and 0.80, which concludes a very good corre-
lation between the experimental and the predicted values of
response Y.

The outlier ¢ plot (not shown here) is used to measure
how many standard deviations the actual value deviates
from the predicted value. For a good correlation, outlier
t values should fall within +3.50 (Ozer et al. 2009;
Montgomery 1996; Myers and Montgomery 2002). In
present study, the outlier ¢ values were found within the
interval of +3.50, concluding that the approximation of the
fitted model to the response surface was fairly good.

Effect of solution pH, adsorption time (#) and dosage
(m)

Values of response Y for the adsorptive removal of CBSOL
red LE wool dye with various ¢ (h), pH and m (g) values are
presented in Table 1, and the corresponding response sur-
face 3D plot is shown in Fig. 1.

It can be observed from Fig. la that Y value increases
with decreases in pH, and maximum Y value is found at
pH = 5. For all pH > 5, Y value changes marginally. This
trend of variation in Y with pH was observed at all 7 values.
It can also be observed from Fig. la that when pH of
reactive CBSOL red LE wool dye aqueous solution is less
than =5, adsorption of reactive CBSOL red LE wool dye
increases with increase in # (f < 5 h), and for all > 5h
values, Y becomes constant. But, for pH > 5, increase in
pH showed very minute dye adsorption at all ¢ values.

To understand the mechanism of adsorption, study for
isoelectric point (point of zero charge, pHpzc) determina-
tion of adsorbent was conducted and pHp,c was found to be
8.6. At pH below pHpzc = 8.6, due to protonation, surface
of adsorbent becomes positively charged (Lakshmi et al.
2009), which favors dye adsorption, and hence, Y value
increases with decrease in pH, whereas at pH > pHpyc,
adsorbent surface becomes negatively charged due to ion-
ization and dye adsorption is not favoured.

Response surface 3D plot of Y versus # and m is shown
in Fig. 1b. For any ¢ value, increasing muptom =~ 2.9 g
resulted in rapid increase in response Y. Further increasing
m values (m > 2.9 g), response Y was found to gradually
decrease, and being constant to ¥ =85 % at all t <5 h

@ Springer
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Fig. 1 Variation of CBSOL red LE wool dye % removal (Y) with
a pH and adsorption time () and b adsorption time (#) and adsorbent
dosage (m)

values, while at higher ¢ values (¢ > 5 h), desorption of
adsorbed dye onto CAC resulted in decreased response Y.

Due to the increase in mup tom =~ 2.9 g, availability of
more adsorption sites increases surface for the adsorption
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Fig. 2 FTIR spectra of a bare

CAC b loaded CAC with dye s
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of dye on CAC, and hence, sharp increase in response Y is
observed. Although for all m > 2.9 g active sites are
increasing, but the adsorption is limited by the concentra-
tion of CBSOL LE red wool dye. Also, at all values of
m>2.9 g, increase in ¢ values up to 5 h improves
adsorption of CBSOL red LE wool but marginally, and for
t > 5 h, desorption of CBSOL red LE wool dye was
observed.

Optimization and adsorbent analysis

Adsorptive treatment of CBSOL red LE wool dye was
optimized for maximizing response Y (% removal). The
optimized values of operational parameters under the range
of study were found to be m = 2.92 g/100 ml, t = 6.75 h
and pH = 3.95. At these optimized parameters, response
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Y was suggested to be 86 %. In order to validate the result
suggested by optimization, three replicate runs were con-
ducted with the optimized parameters and the average
value of response Y was found to be 82.74 %.

However, experiments were conducted to validate the
optimized process parameters and corresponding % color
removal values generated for CBSOL red LE wool dye
synthetic wastewater treatment with real textile industry
wastewater. Real textile industry wastewater was collected
from equalization tank of effluent treatment plant of a
Woollen textile-based industry, located at Ludhiana, Pun-
jab, India. For the purpose of validation, three experimental
run were conducted at the optimized process parameters
with the real textile wastewater. In order to calculate the %
color removal, the original and treated samples were ana-
lyzed using a double beam UV-visible spectrophotometer

ﬁ @ Springer
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at Apax = 473 nm. The average % color removal was found
to be 75.42 %, which is in good agreement with the CBSOL
red LE wool dye synthetic wastewater % color removal.

At optimum condition, FTIR, SEM and EDX analysis of
bare CAC and dye loaded CAC was conducted. The FTIR
spectra of bare and dye loaded CAC are shown in Fig. 2.
FTIR spectra of blank CAC were presented somewhere
else. Sharp peaks at ~ 1,085, ~795 and ~461 cm ! can be
seen in FTIR spectra of blank CAC (Fig. 2a). Peak at
~3,389 cm ™! is due to O-H stretching mode of hydroxyl
groups (Al-qodah and Shawabkah 2009). Peak at
~ 1,085 cm™! may be accredited to existence of esters,
carboxylic acids, alcohols and ethers, while the presence of
the phenyl ring has their vibrations at ~795 cm™'. Peak at
~461 cm™' may be attributed to C—C stretching. Three
peaks at ~3,389, ~1,085 and ~795 cm~! can be seen to
be affected after dye adsorption on CAC (Fig. 2b). This
indicates that the functional groups at these wave numbers
participate in the dye adsorption. Also, some new additional
peaks at ~2,228, ~1,644, ~1,563, ~1,412, ~640 and
~522 can be observed. Peaks at ~522-640 are due to
aromatic C—H vibration (Barkauskas and Dervinyte 2004).
Bands around 1,600, 1,510, 1,460 and 1,426 cm™! are
assigned to aromatic skeleton vibrations (Carrott Suhas and
Carrott Ribeiro 2007). However, peak at ~ 1,644 and
~1,563 is due to amides and nitro group stretching,
respectively.

SEM (scanning electron microscope) and EDX (energy
dispersive X-ray) analysis were conducted (JEOL JSM
6390 LV) in order to elucidate morphology and elemental
distribution, respectively, of the bare CAC and loaded
CAC (Fig. 3). Bare CAC shows porous structure having
pores of different sizes with uneven surface, while for
loaded CAC, the surface became smoother and non-porous
due to the adsorption of dye (Fig.3). EDX analysis
revealed the presence of 36.08 % carbon, 38.22 % oxygen,
14.88 % silica and 6.83 % aluminum by weight percent in
bare CAC. Dye loaded CAC showed 45.55 % carbon,
38.27 % oxygen, 9.35 % silica and 4.79 % aluminum.
Except these elements, magnesium, sulfur, potassium, iron
and calcium were found in trace amount in both bare and
loaded CAC. It can be pointed out that loaded CAC showed
higher carbon in comparison with bared CAC due to
adsorbed dye.

Adsorption kinetics and diffusivity

Kinetics of adsorption provides useful data for the effi-
ciency and practicability of the adsorption for large-scale

* @ Springer
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Fig. 3 SEM of a bare CAC b loaded CAC

operations. At optimized parameters (m = 2.92 g/100 ml,
t=6.75h and pH = 3.95), kinetics of adsorption of
CBSOL red LE wool dye from aqueous solution on CAC
was studied using Pseudo-first-order and pseudo-second-
order kinetic models. For this, solution of CBSOL red LE
wool dye having initial concentration (Cy) 50 and 100 mg/1
was kept in contact with the CAC at optimized parameters.
Pseudo-first-order model is given as (Malik 2003):

G = qe[l — exp (—kt)] (5)

where ¢, is amount of dye adsorbed (mg/g) at time () (min)
and k¢ is the rate constant of pseudo-first-order adsorption
(min™h).

Pseudo-second-order model is represented as (Blanchard
et al. 1984; Ho and McKay 1999):
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Table 3 Kinetic parameters for CBSOL red LE wool dye adsorption on CAC at optimized parameters (m = 2.92 g/100 ml, r = 6.75 h and

pH = 3.95)
G (mg/l) Ge, exp (MP/2) Ge. cal (M) ke (min™") R? (nonlinear) MPSD
Pseudo-first-order model
100 2.832 2.565 0.035 0.97 31.34
50 1.558 1.397 0.021 0.98 23.87
C; (mg/) e, exp (Mg/) ks (g/mg min) h (mg/g min) R? (nonlinear) MPSD
Pseudo-second-order model
100 2.780 0.018 0.137 0.99 17.60
50 1.647 0.012 0.033 0.99 19.51
4
Co(mg/l)
5
. B 100 mg/l e 50mg/l -
L Co (mg/1
100,calS - - --100 cal F _ (mg/l)
3L ——50calS ----50calF L +100 A50
4+
Cy 3T
o0 = L -
) SO /’
e g |
c" -
2+
| L)
[ . A/A/‘/A/‘/‘
1+
0 100 200 300 400 500 3
Time (min) 0 T T T T T
0 5 10 15 20 25 30

Fig. 4 Kinetics of CBSOL red LE wool dye adsorption on CAC at
optimized parameters (m =2.92¢g/100ml, ¢r=6.75h and
pH = 3.95). (Experimental results are shown by data points, solid
line shows pseudo-second-order kinetic model fitting, and dotted line
shows pseudo-first-order kinetic model)

 thsq?
1+ thsqe

qt (6)
where kg is the rate constant of pseudo-second-order
adsorption (g/mg min).

The initial adsorption rate, & (mg/g min), is defined as:

h = ksq; (7)
Nonlinear regression was followed to find the suitable

model using Marquardt’s percent standard deviation
(MPSD) error function. The best-fit values of the model

Time®S (min’%)

Fig. 5 CBSOL LE red wool dye adsorbed amount on CAC against
square root of adsorption time (g, vs. 9-5)

parameters, coefficient of determination (R2) and MPSD
values are given in Table 3, and fitting is shown in Fig. 4.

As can be seen in Table 3, for pseudo-second-order
model, R? values are higher than pseudo-first-order model
fitting at both Cy = 50 and 100 mg/l. Also, MPSD errors
are smaller for pseudo-second-order model fitting within
studied concentration range of (50-100 mg/l) CBSOL red
LE wool dye. Therefore, it may be concluded that pseudo-
second-order kinetic model best fits the adsorption kinetics.

From Table 3, it is observed that the g. and ks values
were found to increase with an increase in C,. Therefore,

’r @ Springer
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Table 4 Isotherm and thermodynamics parameters for CBSOL red LE wool dye adsorption on CAC at optimized parameters (m = 2.92 g/
100 ml, + = 6.75 h and pH = 3.95)

Isotherms

Freundlich Ge = KFCCI/"

T (K) Kr [(mg/g)/(/mg)"™ n R? SSE

293 0.745 3.26 0.980 0.111

303 0.898 2.87 0.998 0.014

313 1.272 3.61 0.991 0.102
; . m K1 Ce

Langmuir ge = LKﬁ

T(K) Ky (I/mg) qm (mg/g) R SSE

293 0.31295 2255 0.985 0.114

303 0.36032 2.755 0.974 0.337

313 0.85875 2.822 0.988 0.273

Redlich—Peterson ge = %

T(K) Kr (I/g) ag (Umg)"* B R? SSE

293 1.865 1.6840 0.803 0.990 0.053

303 2.496 1.7137 0.812 0.990 0.128

313 7177 4.8582 0.804 0.996 0.055

Thermodynamics parameters

T (K) K x 1072 (/kg) AGy(kJ/mol) AH, (kJ/mol) ASo(J/molK)

293 209.2775 —13.018

303 366.9444 —14.877 49.575 213.329

313 770.0478 —17.297

the adsorption is limited by the Cy of CBSOL red LE wool
dye.

The initial rate of adsorption (k mg/g min) also increa-
ses with the increase in Cy. This also supports inference
that the adsorption is limited by the C, of CBSOL red LE
wool dye in aqueous solution.

For the calculation of diffusivity, the diffusion equation
based on Fick’s second law can be approximated as
(Pandey et al. 2013; Ruthven 1984).

Di\ 03
gt = 64e (?) (8)
where D is diffusivity and ¢, and ¢. are the adsorption
capacity at any time ¢ and equilibrium, respectively.

For the calculation of diffusivity, identification of rate-
controlling step in the adsorption process is necessary.
Generally, mechanism of adsorption can be explored by
plotting g, versus /> (Pandey et al. 2013; Ruthven 1984;

’r @ Springer

Kushwaha et al. 2010; Rameshraja et al. 2012) (Fig. 5).
This plot shows multi-linearity due to the various steps
(film or external diffusion, pore diffusion, surface diffusion
and adsorption on the pore surface) involved in the
adsorption process. Figure 5 shows two linear portions
over time range of study, which indicate that the rate of
adsorption is controlled by more than one process (Ku-
shwaha et al. 2010; Rameshraja et al. 2012; Srivastava
et al. 2006). Since, in this study, good mixing condition
was provided, film or external diffusion is very fast (line
not shown in Fig. 5). The second linear portion shows
gradual adsorption stage where the rate is limited by intra-
particle diffusion (Ramaraju et al. 2013; Srivastava et al.
2006). The third portion shows that the adsorbate concen-
tration in the solution becomes low, and the diffusion rate
is decreased (Pandey et al. 2013; Crank 1965). Therefore,
in this study, pore diffusion is the rate-limiting step and
slope of second linear portion provides the diffusivity. The
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Fig. 6 Equilibrium adsorption 4 4

isotherms for CBSOL red LE

wool dye adsorption on CAC at 35 293K ®=303K 4a313K 3.5 ¢293K 303K A313K

optimized parameters
(m=292g/100 ml,t=6.75h
and pH = 3.95) a Langmuir
isotherm model b Frendulich
isotherm model ¢ R-P isotherm
model. Experimental data points
given by symbols and the lines
predicated by isotherm model

qe (mg/g)

qe (mg/g)

Ce (mg/1)

(@)

qe (mg/g)

calculated diffusivity with help of Eq. 8 was found to be
9.676 x 107% and 1.396 x 1078 m%s, respectively, for Cy
of 50 and 100 mg/l, respectively.

Isotherm modeling and thermodynamics

Equilibrium isotherms supply the basic information for the
design of adsorption systems. To study the adsorption
isotherms for the CBSOL red LE wool dye adsorption onto
CAC, three isotherms models Frendulich (Freundlich
1906), Langmuir (Langmuir 1918) and Redlich and Pet-
erson (R-P) (Redlich and Peterson 1959) isotherms were
analyzed.

Ce (mg/1)

(b)

*293K ®m303K 4A313K

0 10 20 30 40 50
Ce (mg/1)
(©

To develop the equilibrium isotherms for CBSOL red LE
wool dye adsorption onto CAC, experiments were conducted
at different temperature (7) ranging from 293 to 313 K with
Co = 10-100 mg/l, at optimized parameters (m = 2.92 g/
100 ml, # = 6.75 h and pH = 3.95). The data obtained were
then fitted to various isotherm models using nonlinear
regression with sum of squares error (SSE) function. The best-
fit values of the model parameters, R2, and SSE values are
given in Table 4, and fitting is shown in Fig. 6.

It was found that CBSOL red LE wool dye adsorption
capacity increased with increase in 7, concluding endo-
thermic nature of adsorption (Fig. 6). This may be due to
creation of new active surface on CAC surface at higher
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T (Singh and Kushwaha 2014; Rameshraja et al. 2012).
Also, the degree of diffusion within CAC structure is
increased at higher 7, enhancing the rate of intra-particle
diffusion (Kushwaha et al. 2010; Aksu and Kabasakal 2004).

Table 4 shows the best-fit values of the model
parameters, R? and SSE values. The Freundlich isotherm
can be applied to heterogeneous surface. Kg and 1/n are
the Freundlich constants and indicate adsorption capacity
and intensity, respectively (Ozer et al. 2009; Kushwaha
et al. 2010). Increase in K with increase in 7 supports the
endothermic nature of that CBSOL red LE wool dye
adsorption onto CAC. The value of n greater than unity
concludes the favorable adsorption conditions (Ozer et al.
2009). Langmuir isotherm model suggests surface homo-
geneity of the adsorbent (Acar and Eren 2000). g,, and K1,
of Langmuir isotherm model show affinity of adsorbent to
adsorbate. The value of ¢, and K; was found to increase
with increase in 7, indicating strong bonding of CBSOL
red LE wool dye molecule to CAC. In R-P isotherm,
there are three parameters and is applicable to both the
homogenous and heterogeneous surface. Values of f lie
between 0 and 1 and signifying favorable adsorption. If
f =1, the physi-sorption is the main mechanism of
adsorption, and f§ = 1—(1/n) shows adsorption is more
heterogeneous in nature (Lakshmi et al. 2009). Table 4
shows f§ values are more nearer to [1—(1/n)], indicating
adsorption of CBSOL red LE wool dye on CAC is het-
erogeneous in nature. R* values for Freundlich and R—P
isotherms are higher (&x0.99) than Langmuir isotherm,
and also error function SSE values are least for the Fre-
undlich and R-P isotherms (Table 4). Therefore, Fre-
undlich and R-P isotherms may be used to represent the
equilibrium adsorption data.

Free energy change (AG), enthalpy change (AH,) and
entropy change (AS,) were also estimated with the help of
equilibrium adsorption constant (K) (Kushwaha et al. 2010;
Acar and Eren 2006) using following equations:

AGy = —RT InK 9)
111[(:%_%1 (10)
RT R T

where T is the absolute temperature (K), R is the
universal gas constant (8.314 x 102 kJ mol ! K HandK =
(qe/Co).

Table 4 shows thermodynamic parameters at various
temperatures. Positive value of AH, and AS, shows the
endothermic nature and favorable dye adsorption, respec-
tively (Sharma 2011; Onal et al. 2006), and the negative
value of AG, concludes spontaneous nature of adsorption

’r @ Springer

(Kushwaha et al. 2010; Srivastava et al. 2006; Lakshmi
et al. 2009).

Conclusion

Optimization of adsorption process parameters for the
removal of CBSOL LE red wool dye from aqueous solu-
tion by CCD under RSM was successfully applied, and
quadratic model was found to best fit the experimental
data. The values of R? and adjusted R? were found to be
0.894 and 0.80, respectively.

Kinetic study showed pseudo-second-order kinetic
model best fitted the data, and adsorption is limited by the
CBSOL red LE wool dye concentration.

Freundlich and R-P isotherms were found to represent
the equilibrium adsorption data showing R? value 0.99.
Increase in Kg value (Freundlich isotherm constant) with
increase in T concluded endothermic nature of CBSOL red
LE wool dye adsorption onto CAC. In R-P isotherm, the f§
values are nearer to [1—(1/n)], which indicates that the
adsorption of CBSOL red LE wool dye on CAC is heter-
ogeneous in nature. Positive value of AH, and AS, shows
the endothermic nature and favorable dye adsorption,
respectively, and the negative value of AG, concludes
spontanity of adsorption.
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