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Abstract The adsorption of crystal violet from aqueous
solution by NaOH-modified rice husk was investigated in
a laboratory-scale fixed-bed column. A two-level three fac-
tor (2%) full factorial central composite design with the help
of Design Expert Version 7.1.6 (Stat Ease, USA) was used
for optimisation of the dynamic dye adsorption process and
evaluation of interaction effects of different operating
parameters: initial dye concentration (100-200 mg L"),
flow rate (10-30 mL min') and bed height (5-25 cm). A
correlation coefficient (R?) value of 0.999, model F value of
1,936.59 and its low p value (<0.0001) along with lower
value of coefficient of variation (1.38 %) indicated the
fitness of the response surface quadratic model developed
during the present study. Numerical optimisation applying
desirability function was used to identify the optimum con-
ditions for a targeted breakthrough time of 12 h. The optimum
conditions were found to be initial solution pH=8.00, initial
dye concentration=100 mg L', flow rate=22.88 mL min '
and bed height=18.75 cm. A confirmatory experiment was
performed to evaluate the accuracy of the optimised proce-
dure. Under the optimised conditions, breakthrough appeared
after 12.2 h and the column efficiency was determined as
99 %. The Thomas model showed excellent fit to the dynamic
dye adsorption data obtained from the confirmatory experi-
ment. Thereby, it was concluded that the current investigation
gives valuable insights for designing and establishing a con-
tinuous wastewater treatment plant.
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Introduction

In recent years, adsorption has been extensively studied by
researchers worldwide as an efficient and economically
sustainable technology for the treatment of dye-stuff efflu-
ents (Mittal et al. 2010a, b, 2012a, b; Srinivasan and
Viraraghavan 2010; Gupta and Suhas 2009; Gupta and
Rastogi 2008a, b, ¢, 2009; Gupta and Ali 2008; Gupta et
al. 2006a, b, ¢, 2007a, b, c, d, e, 2010; Ali and Gupta 2007;
Crini 2006). Compared with the traditional dye wastewater
treatment technologies like coagulation, biodegradation,
electroflocculation, membrane filtration, ion-exchange, pre-
cipitation, ozonation, etc., adsorption has received global
attention due its simplicity and flexibility of design, high
selectivity and efficiency, low operating cost and high-
quality-treated effluent (Gupta and Ali 2001, Gupta et al.
1997, 1998, 1999, 2000, 2004a, b). A wide range of low-
cost materials particularly wastes from industries and agri-
cultural operations such as orange peel, banana pith, banana
peel, apple pomace, wheat straw, sawdust, coir pith, sugar-
cane bagasse, tea leaves, rice husk, bamboo, ginger waste,
pineapple leaves, tamarind fruit shell, fly ash, bottom ash,
bagasse fly ash, etc. has been tested (as such or after some
minor treatment) for their efficacy as adsorbent for removal
of dyes from aqueous media (Srinivasan and Viraraghavan
2010; Mittal et al. 2005, 2008, 2010c, d; Gupta and Suhas
2009; Gupta et al. 2005, 2006d, 2008; Kurniawan et al.
2006; Aksu 2005). Likewise, in our previous study, we have
shown that NaOH-modified rice husk (NMRH) can be used
as an effective adsorbent for the removal of hazardous
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crystal violet (CV) dye from its aqueous solutions
(Chakraborty et al. 2011). In order to ascertain the practical
applicability of the adsorbent for treatment of real industrial
wastewaters, the current study is an extension of our previ-
ous investigation by considering the adsorption of CV by
NMRH in a fixed-bed column system.

In most of the dye adsorption studies (batch/continuous)
reported so far, the effect of individual parameter on the
adsorption process has been investigated, keeping the level
of other operating factors constant. A number of experi-
ments need to be performed to determine the optimum levels
(which may be unreliable). Such an approach is not only
time consuming but also does not depict the combined effect
of all the process parameters. In recent years, several types
of statistical experimental design methods have been
employed to overcome these limitations. Response surface
methodology (RSM) has been reported to be a useful exper-
imental design method for studying the combined effect of
different variables influencing the adsorption process by
carrying out a limited number of experiments (Garg et al.
2009). RSM, initially developed and described by Box and
Wilson, is a collection of statistical methods useful for
modelling problems where several independent variables
(input) influence a dependent response variable (output)
with an explicit objective of optimising this response even
in the presence of complex interactions (Taniyildizi 2011;
Jain et al. 2011; Hasan et al. 2009). RSM is now widely
applied to model and optimise different wastewater treat-
ment processes such as adsorption (Chowdhury and Saha
2012), coagulation—flocculation (Wang et al. 2011),
Fenton’s oxidation (Benatti et al. 2006), electrochemical
oxidation (Korbahti et al. 2007), electrocoagulation
(Aleboyeh et al. 2008) and photocatalytic decolorisation
(Sakkas et al. 2010). The application of RSM is primarily
aimed at achieving higher percentage output, reduced pro-
cess variability, closer confirmation of output response to
nominal and target achievement. Therefore, in light of its
widespread application and usefulness, the primary aim of
the present study was to investigate the cumulative effect of
different operating parameters (initial dye concentration,
feed flow rate and bed height) on the breakthrough time
for dynamic adsorption of CV by NMRH using RSM.
Central composite design (CCD) in RSM with the help of
Design Expert Version 7.1.6 (Stat Ease, USA) was used for

this purpose. In addition, a numerical optimisation method
was employed to determine the optimum conditions for a
targeted breakthrough time. A literature review shows that
no such study on application of statistical experimental
design to continuous fixed-bed adsorption systems has been
reported so far. This is the first study on response surface
optimisation of a dynamic dye adsorption process. The data
presented may be useful towards designing and establishing
a continuous wastewater treatment plant.

Materials and methods
NMRH adsorbent

Rice husk was obtained from a local rice mill of Durgapur,
West Bengal, India. It was washed thoroughly with distilled
water to remove soil and dust. The wet husk was spread on a
stainless steel tray and dried in an oven at 353+1 K for 3 h.
The dried rice husk was then modified according to the
method described in paper (Chakraborty et al. 2011). The
characterisation of NMRH adsorbent has been reported
elsewhere (Chakraborty et al. 2011).

Dye

CV used in this study was of commercial quality (CI,
42,555; MF, CysH3oN3;CL; MW, 408, Ajax, 580 nm) and
was used without further purification. Stock solution
(1,000 mg L") was prepared by dissolving accurately
weighed quantity of the dye in double-distilled water.
Experimental dye solution of different concentrations was
prepared by diluting the stock solution with suitable volume
of double-distilled water. The initial solution pH was adjust-
ed using 0.1 M HCl and 0.1 M NaOH solutions.

Process variables and experimental design

The main objective of this study was to determine the
optimum set of operational variables of the dynamic dye
adsorption process by applying a standard RSM design
called the CCD. A set of three independent variables, viz.
initial dye concentration, feed flow rate, and bed height
were identified to investigate their influence on the

Table 1 Experimental range

and levels of independent Variable Unit Notation Range and levels (coded)
process variables
-« -1 0 +1 +a
Initial dye concentration mg L™ A 39.64 50.00 75.00 100.00 110.35
Feed flow rate mL min”' B 5.85 10.00 20.00 30.00 34.14
Bed height cm C 0.85 5.00 15.00 25.00 29.14
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Table 2 Central composite design for three independent variables
used in this study along with the observed response

Runno.  Coded values Real values t, (h)
A B C A B C
1 +1 +1 -1 100.00  30.00 5.00 5.7
2 +1 -1 -1 100.00  10.00  25.00 17.9
3 -1 +1 +1 50.00  30.00  25.00 24.2
4 -1 -1 -1 50.00  10.00 5.00 13.6
5 —a 39.64  20.00 15.00 27.3
6 a0 0 11036 20.00  15.00 9.5
7 0 -a 0 75.00 586  15.00 22.6
8 0 +a 0 75.00  34.14  15.00 6.4
9 0 0 —a 75.00  20.00 0.86 1.2
10 0 0 +a 75.00  20.00 29.14 30.1
11 0 0 0 75.00  20.00 15.00 18.7
12 0 0 0 75.00  20.00 15.00 18.7
13 0 0 0 75.00  20.00 15.00 18.7
14 0 0 0 75.00  20.00  15.00 18.7
15 0 0 0 75.00  20.00 15.00 18.7

breakthrough time for continuous fixed-bed adsorption of
CV by NMRH. The experimental range of the selected
process variables with their units and notation is given in
Table 1. The response variable, #, (breakthrough time)
can be expressed as a function of the independent process
variables according to the following response surface
quadratic model:

k k
=Byt D B+ B+ > Bpi+e ()
i=1 i=1

i=1 j=1+1

where, 3, is the constant coefficient, 3, 3; and (3; are the
coefficients for the linear, quadratic and interaction effect, x;
and x; are the independent variables and ¢ is the error.

A total of 15 experiments were performed in duplicate
according to the CCD matrix in Table 2. The experimental
data were analysed by the software, Design Expert Version
7.1.6 (Stat-Ease, USA). The adequacy of the developed
model and statistical significance of the regression coeffi-
cients were tested using the analysis of variance (ANOVA).
The interaction among the different independent variables

31.00+

23.50 —

16.00 —

Predicted response

8.50 —

1.00

T T T T T
1.20 .46 15.73 22.99 30.26

Actual response

Fig. 1 Plot of actual response versus predicted response for dynamic
adsorption of CV by NMRH

and their corresponding effect on the response was studied
by analysing the response surface contour plots. Multiple
response optimisation with desirability function was used to
establish the optimum value of the process variables for a
targeted breakthrough time.

Fixed-bed adsorption studies

Continuous flow adsorption experiments were conducted in
a glass column (3 cm internal diameter and 50 cm height). A
known quantity of NMRH was packed into the glass
column to yield the desired bed height. A porous sheet
was attached at the bottom of the column in order to
support the adsorbent bed and to ensure a good liquid
distribution inside the column. The top of the bed was
covered by a layer of glass beads (I mm in diameter) in
order to avoid the loss of adsorbent and also to ensure a
closely packed arrangement. Dye solution of known
concentration was pumped downward through the col-
umn by a peristaltic pump (PP-EX204C, Miclins, India).
All the experiments were carried out at 303+1 K. Samples
were collected at the outlet of the column at regular time
intervals and the concentration of CV in the effluent was
analysed using UV/vis spectrophotometer (U-2800, Hitachi,
Japan). Operation of the column was stopped when the
effluent CV concentration exceeded a value of 99.5 % of its
initial concentration.

Table 3 Analysis of variance

for the response surface qua- Source Sum of squares ~ Degree of freedom (df) ~ Mean square £ value Probability>F
dratic model for dynamic ad-
sorption of CV by NMRH Model 932.79 9 103.64 1,937.59 <0.0001
Residual 0.27 5 0.054
Lack of fit 0.27 1 0.27
Pure error 0.000 4 0.000
Total 933.06 14
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Results and discussion
Response surface quadratic model

Results obtained by performing the continuous flow adsorp-
tion experiments according to the CCD matrix are presented in
Table 2. The quadratic model equation relating the break-
through time to the tested independent variables in terms of
coded variables as developed by the software is given by Eq. 2.

t, = 18.64 — 6.294 — 5.73B + 10.22C
+4.524B — 5.334C — 2.74BC (2)
—0.0404% — 1.99B8% — 1.41C?

The ANOVA is considered to be useful to test the statistical
significance of the response surface quadratic model. The
ANOVA results (Table 3) of the quadratic model suggest that
the model was highly significant, as it is evident from the
Fisher’s F value (1,936.59) with a low probability value (p<
0.0001). The goodness of fit of the model was further checked
by the correlation coefficient (R?) between the experimental
and model predicted values of the response variable (Fig. 1).
A fairly high R? value of 0.9997 implies that the regression
model was statistically significant and only 0.0003 % of the
total variations was not explained by the model. The predicted
correlation coefficient (pred. R*=0.9992) also shows good
agreement with the adjusted correlation coefficient (adj. R*=
0.9690). A coefficient of variance of 1.38 % suggests better
precision and reliability of the data obtained by performing the
experiments while a non-significant lack of fit value (more
than 0.05) implies validity of the quadratic model (Hamsaveni
et al. 2001). Overall, the ANOVA analysis indicates the ap-
plicability of the model to predict the breakthrough time for
continuous fixed-bed adsorption of CV by NMRH within the
limits of the experimental factors.

A regression analysis of the model equation (Table 4)
shows that the main as well as the interaction effects of
initial dye concentration, flow rate and bed height were
highly significant (p<0.0001). Also, the square effect of
flow rate and bed height was highly significant (p<0.0001).

Interaction effect of adsorption process variables

In order to study the interaction among the different inde-
pendent variables and their corresponding effect on the
response, contour plots were drawn (Figs. 2, 3 and 4). A
contour plot is a graphical representation of a three dimen-
sional response surface as a function of two independent
variables, maintaining all other variables at fixed level.
These plots can be helpful in understanding both the main
and interaction effects of the independent variables on the
response (Jain et al. 2011).

The combined effect of initial dye concentration and feed
flow rate on breakthrough time is shown in the contour plot
of Fig. 2. The breakthrough time decreases with increase in
both the initial dye concentration as well as the feed flow
rate within the experimental range. Such behaviour can be
explained by the fact that all adsorbents have a fixed number
of binding sites which become saturated at a certain con-
centration. With increasing inlet dye concentration, the
binding sites on the adsorbent surface become more quickly
saturated, resulting in earlier breakthrough. Also at higher
flow rates, the residence time of the dye solution in the
column decreases and hence the dye molecules do not have
enough time to capture the binding sites on the adsorbent
surface or diffuse into the pores of the adsorbent, leaving the
column before equilibrium occurs (Saha et al. 2012a).

Figure 3 depicts the interaction effect of initial dye con-
centration and bed height on the breakthrough time. Within
the experimental range, the response function, i.e. the break-
through time decreases with increasing initial dye concen-
tration. On the contrary, the breakthrough time increases
with increasing bed height. The observed trend can be
attributed to the fact that increasing bed height results in
an increased availability of binding sites for the adsorption
process. The dye molecules have more time to contact with
the adsorbent resulting in delayed breakthrough (Saha et al.
2012b).

The contour plot in Fig. 4 shows the combined effect of
flow rate and bed height on the breakthrough time for
continuous adsorption of CV by NMRH. The interactive

Table 4 Regression analysis

using the 2° factorial central Model term Coefficient estimate Standard error F value p value

composite design
A —6.29 0.10 2,960.10 <0.0001
B —5.73 0.12 2,451.86 <0.0001
C 10.22 0.12 7,803.00 <0.0001
AB 4.52 0.16 762.71 <0.0001
AC -5.22 0.16 1,060.68 <0.0001
BC —2.74 0.16 281.23 <0.0001
A? —0.040 0.083 0.23 0.6528
B? —-1.99 0.083 570.71 <0.0001
c? —1.41 0.083 288.53 <0.0001
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Fig. 2 Contour plot showing the combined effect of initial dye con-
centration and flow rate on the breakthrough time for dynamic adsorp-
tion of CV by NMRH

effect of flow rate and bed height has a significant impact on
the breakthrough time. The breakthrough time decreases
with increasing flow rate while it increases with increasing
bed height. Such breakthrough pattern can be explained in
terms of residence time of the dye molecules in the column
as well as the availability of binding sites, as already
mentioned.

Optimisation using the desirability function

In the Design Expert software’s numerical optimisation, the
possible goals are maximise, minimise, target, in range and
set to an exact value (factors only). Therefore, in the present
study, the desired goal for each factor as well as for the
response function was selected from the menu. A weight is
usually assigned to each goal in order to adjust the shape of the
particular desirability function. The goals are then combined
to an overall desirability function. Desirability is an objective
function. It can normally range from zero to one for any given
response. A desirability value of one represents the ideal case

Breakthrough time (h)
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[11.3762
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Initial dye conc. (mg L")
Fig. 3 Contour plot showing the combined effect of initial dye con-

centration and bed height on the breakthrough time for dynamic
adsorption of CV by NMRH
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Fig. 4 Contour plot showing the combined effect of flow rate and bed
height on the breakthrough time for dynamic adsorption of CV by
NMRH

while a zero indicates that one or more responses fall outside
the desirable limits. The numerical optimisation identifies a
point that will maximise the desirability function. The possi-
bility of finding the best local maximum can generally be
increased by starting from several points in the design space
(Amini et al. 2008).

_—
—

50.00 100.00
Initial dye conc. =100 mg L™

10.00 30.00
Flow rate = 22.88 mL min™'

L
25.00
Bed height = 18.75 cm

12
’,/‘ T
1

1.2 30.1
Breakthrough time =12 h

5.00

Desirability = 0.998

Fig. 5 Desirability ramp for numerical optimisation of four goals,
namely the initial dye concentration, flow rate, bed height and break-
through time
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Fig. 6 Breakthrough curve as obtained for dynamic adsorption of CV
by NMRH under the optimised conditions (Co=100 mg L', F=
22.88 mL min ', Z=18.75 cm)

In this study, we assumed that if a continuous dye treat-
ment unit operates for 12 h/day, then the breakthrough must
also appear exactly after 12 h in order to get the best quality
effluent. Therefore, we set a target of 12 h for the break-
through time. A maximum level of 100 mg L' was set for
the initial dye concentration while the level of flow rate and
bed height were set within the range of 1030 mL min~' and
5-25 cm, respectively in order to achieve maximum desir-
ability. The importance of each goal was adjusted with
respect to the other goals. Figure 5 shows a ramp desirability
that was generated from 10 optimum points via numer-
ical optimisation. The best local maximum was found to
be at initial dye concentration of 100 mg L', feed flow
rate of 22.88 mL min ' and bed height of 18.75 cm. A
desirability value of 0.998 indicates that the estimated
function can well represent the experimental model and
desired conditions.

Confirmation experiments

The numerical optimisation suggested the optimum values
of the different independent variables as initial dye concen-
tration, 100 mg L™'; flow rate, 22.88 mL min '; and bed
height, 18.75 cm to achieve the targeted breakthrough time
of 12 h. A further experimental test was conducted under the
conditions predicted by the model. The breakthrough profile
thus obtained is illustrated in Fig. 6. The breakthrough
appeared after 12.2 h, which is very close to the targeted

value. Hence the findings of the response surface optimisa-
tion were validated. Under these conditions, the total
amount of effluent (Ve 1oar) that can be treated by a con-
tinuous dye treatment unit per day before breakthrough
occurs is calculated as follows:

Veff,total = Ftb

=22.88mLmin~" x 12.2h x |[¢0min| 3)
— 16,748 mL x ‘% — 16.74L

where, F'is the feed flow rate (in millilitres per minute) and
t, is the breakthrough time (in hours).

The total amount of dye sent through the column per day
(myotar) 18 calculated as:

Mol = Co F 1y, = 100 mg L™" x 22.88 mL min~"

%oz | x 12.2 x [i|= 1,674.8 mg “)
where, C, is the initial dye concentration (in milligrammes
per litre)

The total quantity of dye adsorbed in the column per day
(myq) is calculated as:

=ty
Mag = F / Cyq dt (5)
t=0

where C,q is the adsorbed dye concentration=influent dye
concentration (Cy)—effluent dye concentration (C,)

Att = t,,Ce = lmgL’1 Mg
=t
=F [ Cudt=2288mLmin"" x
=0

1L
1,000 L

12.2
< [S0in] [ (100 = 1)mg L1 dr = 1,658.06 mg
0

The efficiency of the column can be calculated as:

1,658.06 mg

. Mad
Eff %) = 100 =
iciency (%) X 1,674.80 mg

Miotal

x 100 = 99%

(6)

The fixed-bed adsorption data obtained from the confir-
matory experiment were fitted to the bed depth service time
(BDST) model (Han et al. 2008) and the Thomas model

Table 5 Thomas and BDST model parameters for continuous fixed-bed adsorption of CV by NMRH under the optimised conditions

Thomas BDST
krn (mL mg™" min™") o (mg g™ Ge, exp (Mg &) R k (mL mg™" min™") N, (mg L) R
0.1973 67.135 70.275 0.988 0.2481 10,427 0.951
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(Uddin et al. 2009) to describe the fixed-bed adsorption
dynamics of CV.

N()Z 1 CO
BDST:t=(——)— (=) In|—5—1 7
(Cou) (C0k> n{ct } @)
C k
Thomas : In (F(: — 1> = y — ki Cote (8)

where N, is the maximum volumetric sorption capacity (in
milligrammes per litre), Z is the bed height in the column (in
centimetres), & is the sorption rate constant (in litres per
milligramme per minute), u is the linear velocity (in centi-
metres per minute), kr, is the Thomas rate constant (in
millilitres per milligramme per minute), ¢, is the equilibri-
um adsorbate uptake (in milligrammes per gramme), m is
the mass of the adsorbent in the column (in grammes) and f,
is the time at which dye concentration in the effluent reaches
99.5 % of the initial dye concentration (in minutes).

The calculated model parameters along with the correla-
tion coefficient values (R°) are listed in Table 5. The high R’
value for the Thomas model indicates the applicability of the
model in describing the dynamic adsorption data of CV by
NMRH. It is noteworthy to mention here that the Thomas
model is based on the assumption that the process follows
Langmuir kinetics of adsorption-desorption with no axial
dispersion and the model is suitable for describing adsorp-
tion processes where external and internal diffusion limita-
tions are absent (Hasan et al. 2010; Singh et al. 2011).

Conclusions

In the present study the optimum operating parameters for
continuous fixed-bed adsorption of CV dye by NMRH was
determined using RSM. A 2° CCD was used to study the
effect of initial dye concentration, feed flow rate and bed
height on the breakthrough time. An empirical quadratic
model equation was developed for the dynamic adsorption
process. ANOVA of the quadratic model suggests that the
model was highly significant. The experimental values were
found to be in good agreement with the values predicted by
the model. The interaction effect of the experimental param-
eters on the breakthrough time was established by contour
plots. The parameters were found to have significant effects
on the breakthrough time. The optimum conditions for a
targeted breakthrough time of 12 h, as determined using
multiple response optimisation with desirability function,
were initial dye concentration=100 mg L', flow rate=
22.88 mL min ' and bed height=18.75 cm. Under the
optimised conditions, the breakthrough appeared after
12.2 h. The Thomas kinetic model showed excellent fit to

@ Springer

the continuous fixed-bed adsorption data. The efficiency of
the column operation under the optimised condition was
estimated to be around 99 %. Overall, it can be said that
the application of RSM is an effective approach for optimi-
sation and modelling of the dynamic dye adsorption pro-
cess. The data presented in this investigation can be further
extrapolated for designing and establishing a continuous
wastewater treatment plant.
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