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Removal of Congo Red by Carbonized Low-Cost Adsorbents: Process
Parameter Optimization Using a Taguchi Experimental Design
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ABSTRACT: The Taguchi method was applied as an experimental design to establish the optimum conditions for the removal of
congo red (CR) in batch experiments. The chosen experimental factors and their ranges were: pH (2 to 10), temperature [(40 to
60) °C], contact time [(5 to S00) min], and concentration of CR [(10 to 500) mg'Lfl]. The orthogonal array L,s and “the larger,
the better” response were selected to determine optimum removal conditions onto commercial and low-cost adsorbents. The
adsorbents were also characterized for their valuable adsorbable properties such as point of zero charge and carbon specific surface
area. The influence of the different factors on the adsorption of CR from solution is explained in terms of electrostatic interactions by
considering the dye species and the character of the surface. The exhausted low-cost adsorbents along with the sorbed CR can be
used as such or as fire briquettes to recover their energy value, and resulting bottom ash may be used to make fire bricks.

1. INTRODUCTION

Congo red (CR) is one of the major “direct” dyes used in the
dyeing industries in India." Textile industries consume consider-
able amounts of water and use a variety and large quantity of
chemicals throughout different process stages in their manufac-
turing processes and hence produce large amounts of
wastewater.? Dye contamination in wastewater poses severe
environmental problems.®> Apart from many other reasons, dye-
stuffs receive significant attention from researchers who are
interested in the development of treatment processes at their
optimum removal conditions for textile wastewater because of its
strong color which affects the aesthetic nature of water."* There
are several conventional treatment methods reported in litera-
ture for treating dye-containing wastewaters.’

Among various treatment technologies, adsorption onto acti-
vated carbon and low-cost adsorbents has been proved to be one
of the effective and reliable physicochemical treatment meth-
odologies for dye removal.®

Activated commercial carbon (ACC) has been widely em-
ployed for the treatment of industrial effluents because of its high
capacity for adsorption of pollutants.® Despite its prolific use in
water and wastewater industries, ACC remains an expensive
material. As a consequence, many investigators have studied the
teasibility of using low-cost adsorbents derived from different
sources (agricultural wastes, etc.) for the removal of various dyes
and pollutants from wastewaters and to compare their adsorption
capacity for the adsorption of dyes under identical experimental
conditions."”

The purpose of the present study is, therefore, to study the
process of adsorption of CR onto powdered and granular AC and
indigenously prepared low-cost adsorbents such as bagasse fly
ash (BFA), rice husk ash (RHA), coconut shell carbon (CSC),
fruit juice extract (FJE), BAEL (Aegle marmelos), and spent tea
granules (STG) and to research the possibility of using them as
low-cost adsorbents for the removal of dyes in general and CR in
particular. This investigation also examines the influence of
various process parameters for their optimal performance such

v ACS Publications ©2011 American chemical Society

as the initial concentration of CR (C,), contact time (¢),
temperature (T), and initial pH of dye solution on CR adsorption
onto powdered and granular AC and their comparison with the
adsorption capacity of various prepared adsorbents using the
Taguchi statistical method.

2. EXPERIMENTAL SECTION

2.1. Adsorbents and Their Preparation. BAEL, CSC, STG,
BFA (ash from biofuel producer), and fruit juice pulp (carbon)
were obtained locally in the vicinity of Rourkela, Orissa, washed
with hot water (70 °C), and dried. The commercial grade PAC
was obtained from HiMedia Research Laboratory, Mumbai, and
the GAC was obtained from SD Fine Chemicals, Ltd. (Mumbai,
India), and these were used as procured. RHA was obtained from
Vandana Power Ltd. (Bilaspur, Chhattisgarh).

Powder and granular activated carbon (AC) were used with-
out chemical activation. The chemical activation of BFA, RHA
and STG was carried out by treating all three of these with 0.01 M
HCL solution and dried at 105 °C for 12 h. To remove the
residual acid that was left in BFA, RHA and STG were soaked in
3 % NaHCOs;. Finally the adsorbents were dried at 105 °C for
12 h and cooled in the desiccators for further use. BAEL, CSC,
and FJE were obtained from the local market of Rourkela city.
They were shredded using a ball mill and sieved for obtaining the
particular granular size. A similar procedure was followed for
chemical activation to BAEL, CSC, and FJE as used for BFA,
RHA, and STG. The materials were dried and calcined in a muffle
furnace starting from room temperature to 500 °C (time period
of 4.5 h) and then washed with double-distilled water (DDW)
two or three time until the ash contents were removed. To obtain
end use adsorbents, the procedure was followed as for BFA,
RHA, and STG.
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2.2. Adsorbate. CR was used for the preparation of synthetic
aqueous solution of CR of varying concentrations C, = (10 to
500) mg-L~'. The required quantity of the adsorbate was
accurately weighed and dissolved in a small amount of DDW
and subsequently made up to 1 L in a measuring flask by adding
DDW. Fresh stock solution as required was prepared every day
and was kept at ambient conditions in a glass stoppered glass
container. The C, was ascertained before the start of each
experimental run. The pH of the different concentration solu-
tions were adjusted using 0.1 M HCI or NaOH. All of the used
chemicals were of analytical grade.

2.3. Batch Experimental Program. For each experiment,
50 mL of dye solution of known C, and a known amount of the
adsorbents were taken in a 100 mL airtight conical flask with a
glass stopper. These mixtures were agitated in a temperature-
controlled shaking water bath at a constant shaking speed of
250 rpm. The uptake (g, (mg-g ")) of CR by all of the

adsorbents at any time, f, was calculated as:

0= (=) (1)

where C, is the initial adsorbate concentration (mg-L™ "), V is
the volume of the wastewaters in the flask (L), C, is the adsorbate
concentration (mg-L ") after t time, and w is the mass of the
adsorbent (g) used in the experiment.

2.4. Analytical Measurements. The concentration of CR in
the aqueous solution was determined by using a spectropho-
tometer operating in the visible range on absorbance mode.
Absorbance values were recorded at the corresponding max-
imum absorbance wavelength A,,.,. The calibration curve of the
peak area versus CR concentration was used for the determina-
tion of the unknown concentration of CR from a sample.
Wherever needed, the sample was appropriately diluted to have
the CR concentration in the calibration range.

2.5. Adsorbent Characterization. The specific surface area
measurement of all of the adsorbents was carried out at Kunash
Instruments Pvt. Ltd, Mumbai, by N, adsorption using a
Micromeritics instrument (Tristar 3000) and by using the
Brunauer—Emmett—Teller (BET) method, using the software
of Micromeritics. Nitrogen was used as a cold bath (77.15 K).
The zero surface charge characteristics of all prepared adsorbents
for CR removal were determined by using the solid addition
method.®

2.6. Taguchi Method. During the past decade, the Taguchi
experimental design method has been applied to several physi-
cochemical process.” "' Taguchi designs can determine the
effect of factors on characteristic properties and the optimal
conditions of the factors. This method is a simple and systematic
approach to optimize design for performance, quality, and cost.*
In the Taguchi approach, orthogonal arrays and analysis of
variance (ANOVA) are used as the tools of analysis. ANOVA
estimates the effect of a factor on the characteristic properties,
and the experiment can be performed with the minimum
replication using the orthogonal arrays."® Conventional statistical
experimental design can determine the optimal conditions on the
basis of the measured values of the characteristic properties, while
the Taguchi method can determine the experimental conditions
with the least variability as the optimal condition. Taguchi
method uses the signal/noise (S/N) ratio to measure the quality
characteristic deviating from the desired value. The experimental
conditions having the maximum S/N ratio are considered as the

t T G
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Figure 1. S/N graph for CR uptake onto PAC.

optimal conditions, and the variability characteristics are inver-
sely proportional to the S/N ratio.'*"®

2.7. Design of the Experiment. In the present study, the
selected controlling factors are C, of CR, pH, T, and t. Each factor
varied in five levels based on the Taguchi method, and an
orthogonal array (OA) was employed to reduce the number of
experiments for determining the optimal removal process param-
eters. L,s OA which has 25 rows corresponding to the number of
tests with four columns at five levels was chosen. Table 1 lists the
OA with the design factors and their levels. The response variable
for accomplishing this study was CR uptake onto commercial
and low-cost adsorbents used in the present study. The para-
meters were optimized with the objective to maximizing the
uptake of CR using commercial and low-cost adsorbents.

3. RESULTS AND DISCUSSION

The objective of the experiment is to optimize parameters to
get a higher uptake of CR onto PAC, GAC, BFA, RHA, CSC,
FJE, BAEL, and STG; the higher the ratio, the better character-
istics are used. Table 1 shows the actual data for CR uptake with
the computed S/N ratio, whereas Table 2 shows the mean S/N
ratio for each level of CR uptake. These data were then plotted as
shown in Figures 1 to 8 for all of the adsorbents used in the
present work.

3.1. Analysis of the S/N Ratio. In the Taguchi method, the
term “signal” represents the desirable value (mean) for the
output characteristic, and the term “noise” represents the un-
desirable value [standard deviation (SD)] for the output char-
acteristic. Therefore, the S/N ratio is the ratio of the mean to the
SD. Taguchi uses the S/N ratio to measure the quality char-
acteristic deviating from the desired value. There are three
categories of quality characteristics, that is, the-lower-the-better,
the higher-the-better, and the-nominal-the-better. To obtain
optimal removal performance, the-higher-the-better quality char-
acteristic was selected. The S/N ratio Y is defined as

- -l (5 1)
n\i=1)i

where 1 is the number of tests and y; are the comparison variables
in the ith experiment.

Taguchi recommends analyzing the means and S/N ratio
using conceptual approach that involves graphing the effects and
visually identifying the factors that appear to be significant,
without using ANOVA, thus making the analysis simple."®

Table 1 shows the experimental results for CR removal and the
corresponding S/N ratio using eq 2. Since the experimental
design is orthogonal, it is then possible to separate out the effect

(2)

4105 dx.doi.org/10.1021/je200554z |J. Chem. Eng. Data 2011, 56, 4102-4108
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Figure 2. S/N graph for CR uptake onto GAC.
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Figure 3. S/N graph for CR uptake onto BFA.
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Figure 6. S/N graph for CR uptake onto FJE.
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Figure 7. S/N graph for CR uptake onto BAEL.
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Figure 4. S/N graph for CR uptake onto RHA.
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Figure 5. S/N graph for CR uptake onto CSC.

of each parameter at different levels. For example, the mean S/N
ratio for pH at levels 1, 2, 3, 4, and S can be calculated by
averaging the S/N ratios for the experiments 1—6,6—10, 11—15,
16—20, and 21—25, respectively. In similar manner, the mean
S/N ratio for each level can be computed for other parameters.

S/N Ratio

TIiis 3 ss9 rross s ss

Figure 8. S/N graph for CR uptake onto STG.

The mean S/N ratio for each level of parameters used in the
present study is summarized in Table 2 and called the S/N
response table. In addition, the total mean S/N ratio for the 25
experiments is also calculated and listed in same table. Through
Figures 1 to 8, the S/N response graphs can be shown for CR
uptake onto individual adsorbents. As shown in eq 2, the greater
is the S/N ratio, the smaller is the variance of CR uptake around
the desired (the-higher-the-better) value. However, the relative
importance among of the process parameters for CR uptake still
needs to be known so that optimal combinations of the process
parameter levels can be determined more accurately. This will be
discussed in the next section using the analysis of variance.

3.2. Analysis of Variance. The purpose of the analysis of
variance (ANOVA) is to investigate which design parameters
significantly affect the quality characteristic. Statistically, there is
a tool called an F test named after Fisher'” to see which design
parameters have a significant effect on the quality characteristic.
The F value for each design parameter is simply the ratio of the
mean of squared deviations to the mean of squared error. Usually,

4106 dx.doi.org/10.1021/je200554z |J. Chem. Eng. Data 2011, 56, 4102-4108
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Table 3. Analysis of Variance (ANOVA) for g, Using
Adjusted Sum of Squares (SS) for Tests

source. DF seq.SS adj.SS adj. MS F  contribution (%)

PAC pH 1 75 75 75 1.76 0.17
t 1 9 9 9 0.21 0.02
T 1 13 13 13 0.31 0.03
C, 1 42177 42177 42177  993.25 97.80
error 20 849 849 42
total 24 43123

GAC pH 4 12221 12221 30S.5 091 S5.78
t 4 17385 17385 4346 129 8.18
T 4 11243 11243  281.1 084 5.29
C, 4 144758 144758 3619.0 10.77 68.13
error 8 26880 2688.0 336.0
total 24 21248.7

BFA pH 4 1987.8 1987.8 497 1.26 8.97
t 4 13704 13704 3426 087 6.18
T 4 21398 21398 5349 136 9.66
C, 4 13488.2 134882 3372 8.55 60.92
error 8 31553 315853 3944
total 24 22141.5

RHA pH 4 11764 11764  294.1 1.66 6.07
t 4 2106.6 21066 5266 298 10.87
T 4 1071.1 1071.1 267.8 1.51 5.52
C, 4 13599.9 13599.9 34000 1921 70.22
error 8 1416.0 1416.0 177.0
total 24 19369.9

CSC  pH 4 12338 12338 3085 0.9 441
t 4 11477 11477 2869 083 4.10
T 4 12438 12438 311.0 0.90 4.45
C, 4 215629 215629 5390.7 15.63 77.18
error 8 2759.7 2759.7  345.0
total 24 27947.9

FJE pH 4 140.7  140.7 352 1.89 0.36
t 4 103.5 1035 259 139 0.27
T 4 111.6 111.6 27.9 1.50 0.28
C, 4 38300.1 38300.1 9575 514.53 98.69
error 8 148.9 148.9 18.6
total 24 38804.7 38804.7

BAEL pH 4 4826 4826 1207 0.68 1.85
t 4 4675 4675 1169  0.66 1.79
T 4 11843 11843 296.1 1.68 4.54
C, 4 22496.8 22496.8 56242 31.86 86.38
error 8 14120 1412.0 1765
total 24 26043.3

STG pH 4 4330 4330 1083 0.71 9.86
t 4 9737 9737 2434 1.60 21.37
T 4 14009 14009 3502 2.30 30.75
C, 4 5309 5309 1327 0.87 11.65
error 8 12159 12159 1520

total 24 45545

when F > 4, it means that the change of the design parameter has
a significant effect on the quality characteristic.

Table 3 shows the results of ANOVA for CR uptake onto
adsorbents used in the present work. It can be found that the

Table 4. Process Parameters for CR Batch Adsorption Study
Using the Taguchi Method
parameters

qe, actual value optimized value

system pH t T C, mg-g " S/N ratio mg-g

CR-PAC 2 50 60 500 124.57 4191 124.57 £2.53
CR-GAC 10 50 40 500 104.50 40.35 104.5 £ 1.73

CR-BFA 2 500 60 500 109.58 40.79 109.58 £ 0.13
CR-RHA 2 500 60 S00 107.08 40.59 107.08 £ 0.41
CR-CSC 10 50 40 500 120.06 41.59 120.06 £ 0.86
CR-FJE 4 100 S5S S00 123.89 41.86 123.89 £ 0.24
CR-BAEL 4 100 55 S00 104.21 40.36 104.21 £ 0.96
CR-STG 2 500 60 500 124.93 41.93 124.93 £2.57
CR-STG 4 545 100 124.53 4191 124.53 £ 1.93
CR-STG 10 200 SO 50 124.91 41.93 12491 £ 0.56
CR-STG 10 50 SS 100 124.54 4191 124.54 £ 2.45

Table S. Surface Area and PZC of Respective Adsorbents

surface area of adsorbent

material m>.g ! point of zero charge
PAC 1196.85 9.7
GAC 462.67 7.8
BFA 17.38 11
RHA 24.28 9.5
CSC 431.72 8
FJE 109 9
BAEL 391.35 9.7
STG 6

concentration of CR contributes more than 60 % and other
parameters contribute < 10 % when the removal pattern is
observed onto PAC, GAC, BFA, RHA, CSC, FJE, and BAEL.
The concentration of CR is the significant parameter. However,
in the case of STG, pH, t, T, and C, of CR contribute 9.86 %,
21.37 %, 30.75 %, and 11.65 %, respectively. Therefore, based on
the S/N and ANOVA analyses, the optimal parameters for CR
uptake are provided in Table 4.

Once the optimal level of the design parameters has been
selected, the final step is to predict and verify the improvement of
the quality characteristic using the optimal level of the design
parameters.

The estimated S/N ratio using the optimal parameters for CR
uptake can then be obtained, and the corresponding to concen-
tration can also be calculated by using eq 2. Table 4 shows the
comparison of the predicted CR uptake with the actual CR
uptake using the optimal CR removal parameters, indicating
good agreement between the predicted and actual CR uptake
being observed.

3.3. Adsorbent Characterization. The BET surface area of
the PAC, GAC, BFA, RHA, CSC, FJE, BAEL, and STG were
determined and are tabulated in Table S. The surface area of the
adsorbents used in the present work is comparable with the
adsorbents available in literature.?

The PZC is an important property of carbon—water inter-
faces. The PZC is defined as the pH at which the carbon surface
has no charge in the absence of specific adsorption. The carbon
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surface is positively charged at pH values below the ngZC and
negatively charged at pH values above the pHpyc.'® The PZC
was estimated using the solid addition method for all of the
commercial and low-cost laboratory prepared adsorbents, and
their values obtained have also been presented in Table 5.

3.4. Spent Adsorbents. The exhausted low-cost adsorbents
along with the sorbed CR can be separated from the solution (by
filtration), dried, and used as such or as fire briquettes to recover
their energy value. The resulting bottom ash blended with the
cementation mixture can be used for making building blocks, or it
may be used to make fire bricks.’

4. CONCLUSIONS

The following conclusion can be drawn from the present study:

o The high uptake of CR onto laboratory-prepared adsorbents
proves the efficacy of low-cost adsorbents, when it is
compared with commercial grade adsorbents used in the
present work as well as available in literature.

e The higher the F value, the more the predominating factor in
the CR uptake process is. The ranking of process variables
can be done based on their respective F-values and mean
S/N ratio.

o Among all of the tested adsorbents, STG was found to be the
best one because of its high uptake capacity and its good
flexibility for selecting the process variables for CR removal.

o Confirmatory tests on optimum conditions indicates that
the CR uptake differ with small values.
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