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a b s t r a c t
Hexavalent chromium is one of the most toxic and carcinogenic heavy metals in aqueous solutions. It 
is widely used for industrial purposes and released into the environment in large quantities. In this 
study, Taguchi experimental method was applied to optimize the process parameters for the removal 
of hexavalent chromium ions from aqueous solutions. Adsorption experiments using seed powder of 
prickly pear (Opuntia ficus-indica L.) fruits as a new low-cost adsorbent were performed in batch reac-
tor. The five selected controllable parameters, each at three levels, were initial pH of solution (pH0), 
adsorbent dose (m), initial concentration of metal (C0), time of contact (t), and temperature (T). The L18 
orthogonal array experimental design and “the higher-is-better” criterion were selected to determine 
optimum removal conditions. The data from all experiments were analyzed using signal-to-noise 
(S/N) ratio and analysis of variance. The obtained results revealed that the initial pH of the solution 
was the most important parameter contributing to the removal efficiency (82.48%) followed by adsor-
bent dose (10.21%), and contact time (5.56%). The optimal conditions for chromium(VI) removal were 
determined at initial pH of 1, adsorbent dose of 6.0 g/L, initial concentration of metal of 30 mg/L, 
temperature of 55°C, and time of contact of 80 min, and the Cr(VI) removal percentage was 98.24%. 
A multiple linear regression equation was developed for estimating predicted values.
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1. Introduction

Chromium (Cr) is one of the heavy metals, which is 
widely used in various industries, including chrome plating, 
wood preservation, leather tanning, pulp production, film 
and photography, petroleum refining, pigments, catalysis, 
metal finishing, brass, and electrical and electronic equip-
ment [1]. However, these processes discharge large amounts 
of wastewater containing chromium into the environment, 
which cause serious pollution to soil, groundwater, and 
river water. In aqueous solutions, chromium exists mainly as 
Cr(VI) as anion and Cr(III) as cation, and it is known that 
Cr(VI) is more toxic due to its carcinogenic, mutagenic, and 
teratogenic effects [2]. Therefore, controlling Cr(VI) released 

into streams and rivers is very important for human health 
as well as environment. Thus, Cr(VI) must be physically or 
chemically reduced from water and wastewater to an accept-
able level. According to the U.S. Environmental Protection 
Agency (EPA) [3], the maximum permissible limit of Cr(VI) 
for discharge into inland surface waters is 0.1 mg/L and in 
drinking water is 0.05 mg/L.

In the last decades, various methods of treating waste-
water containing heavy metals have been developed such as 
chemical precipitation, chemical oxidation or reduction, elec-
trochemical treatment, ion exchange, reverse osmosis, filtra-
tion, evaporation recovery, and electrocoagulation. However, 
these methods suffer from several setbacks in the form of tech-
nological and/or economic constraints [4]. Recent researches 
have been focused on the development of cost-effective treat-
ment methods. Adsorption is one of the physical–chemical 
treatment process found to be effective in heavy metal removal 
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from water and wastewaters. Activated carbon is the adsor-
bent of choice for the removal of heavy metals. However, due 
to its high cost and the cost involved in regenerating, a consid-
erable number of low-cost adsorbents have been developed 
and tested. Recent studies showed that hexavalent chromium 
can be removed using biosorbents from agricultural wastes 
such as mangosteen peel [5], potato starch [6], fruiting bodies 
of the jelly fungus [7], and rice husk ash [8]. However, because 
of its high toxicity and mobility in ecosystems, hexavalent 
chromium is considered as a high priority environmental pol-
lutant. Consequently, the search for new low-cost adsorbents 
with higher removal efficiency is more than necessary.

Batch adsorption studies have shown that metal removal is 
dependent upon numerous process parameters including ini-
tial pH, temperature, time of contact, biosorbent dose, degree 
of agitation, and the parameters related to the state of the adsor-
bate and adsorbent. Their optimization through experimental 
design to improve removal efficiency is an effective way to 
minimize the number of experiments, and thus to reduce the 
time and costs. The Taguchi design method is a powerful tool 
in experiment design for optimizing the process parameters. In 
this method, the parameters are arranged into an orthogonal 
array [9]. An orthogonal array is a fractional factorial design, 
which assures a balanced comparison of levels of any param-
eter. This statistical method was widely applied in manufac-
turing processes optimization, and now being used in various 
other fields, particularly for process parameters optimiza-
tion in wastewater treatment studies contaminated by heavy 
metals. More recently, Taguchi orthogonal array design was 
applied for process parameters optimization studies of heavy 
metal removal from aqueous solutions including Cd(II), Cu(II), 
and Ni(II) ions. A Taguchi L16 orthogonal array was used by 
Zolgharnein et al. [10] for multivariate optimization of Cd(II) 
removal by Carpinus betulus tree leaves from an aqueous solu-
tion in a batch system. The controllable parameters such as tem-
perature, amount of sorbent, initial concentration of Cd(II), pH 
value, and particle size have been optimized. The contribution 
percentages of the initial pH value and the adsorbent dose were 
the greatest for the removal percentage of Cd(II) by this adsor-
bent. Özdemir et al. [11] used the Taguchi L32 orthogonal array 
design to optimize Cu(II) biosorption by Spaghnum moss. The 
authors studied five parameters such as agitation time, initial 
concentration of metal, temperature, biosorbent dosage, and 
pH of solution, each at two levels. In both of these studies, bio-
sorbent dosage was found to be the most effective parameter. 
On the other hand, the optimization of Ni(II) from wastewa-
ter by calcined oyster shell powders (OSP) was studied by Yen 
and Li [12]. The L18 orthogonal array experimental design was 
selected to optimize five parameters, including pH of the solu-
tion, OSP calcined temperature, Ni(II) concentration, OSP dose, 
and contact time. Among these parameters, pH of the solution 
was found to be the most effective parameter followed by the 
calcined temperature of OSP, and the least was the contact time. 
Similar finding was found by Yen [13] with the same biosor-
bent for Taguchi optimization of Cd(II) removal from aqueous 
solutions. Pundir et al. [4] have applied this method to optimize 
the process parameters for the removal of copper and nickel by 
growing Aspergillus sp. For the purpose, an L9 orthogonal array 
design was adopted to investigate the effect of four parame-
ters each at three levels. The authors found that concentration 
of copper/nickel was a more important factor than inoculum 

concentration, pH, and temperature. However, no study has 
been reported on the use of the fractional factorial design based 
on Taguchi’s orthogonal array regarding the batch optimization 
of chromium(VI) ions removal from aqueous solutions.

In this work, the solid waste remaining after cold press 
oil extraction from crushed seeds of prickly pear (Opuntia 
ficus-indica L.) fruits was used as a new low-cost adsorbent 
for the removal of Cr(VI) ions from aqueous solutions. The 
purpose of the study was to optimize the adsorption process 
parameters using a statistical approach based on Taguchi array 
design to improve removal efficiency for future industrial 
use. S/N ratio and analysis of variance (ANOVA) were used 
to determine optimal adsorption conditions. Confirmation 
experiments were also conducted at the optimized conditions.

2. Materials and methods

2.1. Adsorbent and adsorbate

In this study, the solid residue of the cold press oil extraction 
from the seeds of prickly pear (Opuntia ficus-indica L.) fruits 
was used as an adsorbent for Cr(VI) removal from aqueous 
solutions. The adsorbent, named prickly pear seed oil cake 
(PPSOC), was collected from a local unit to produce vege-
table oils. The PPSOC was dried in an oven at 80°C for 24 h 
and grounded in a mortar. The obtained powder (PPSOCP) 
was first washed several times with boiling water, and then 
rinsed with distilled water in order to remove any impurities 
(dust, soluble and colored compounds, etc.). After drying in 
an oven at 80°C until a constant weight was achieved, the 
PPSOCP was sieved to get particles of 0.165 ± 0.006 mm size 
and then stored in a sealed glass bottle until use.

A stock solution of Cr(VI) was prepared (1,000 mg/L) 
by dissolving 2.828 g of potassium dichromate of analytical 
grade (Labosi, France) in 1 L of distilled water. The working 
solutions of desired concentrations were prepared as needed 
by diluting the stock Cr(VI) solution.

2.2. Batch adsorption experiments

Batch adsorption experiments were carried out by shak-
ing a mixture of a given amount of seed powder and 50 mL of 
chromium solution in a 400 mL cylindrical reactor. The reactor 
was placed in a temperature-controlled water bath equipped 
with mechanical stirrer. The stirring rate was kept constant at 
250 rpm for all the adsorption experiments. The initial pH of 
the chromium solutions was monitored by adding 0.1 M HCl 
and 0.1 M NaOH solution as required, and was measured 
by a Hanna HI 221 pH meter (Japan). After the fixed con-
tact time, the powder was removed by filtration using filter 
paper (Whatman No. 3). The concentrations of Cr(VI) in the 
filtrate were determined at 540 nm according to the spectro-
photometric standard method using 1,5-diphenylcarbazide 
reagent [14]. The percentage removal of Cr(VI) ions, denoted 
y, was computed using the following equation:

y
C C
C

f(%) =
−







 ×

0

0

100 � (1)

where C0 and Cf are the initial and final Cr(VI) concentrations, 
respectively.
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2.3. Taguchi method

Using the Taguchi experimental design method, an 
orthogonal array of L18 type with five parameters, each at 
three levels, was selected for this study [12]. L means Latin 
square and 18 denotes the experiment number of the matrix. 
The five chosen parameters for this adsorption study were 
initial pH of solution (pH0), adsorbent dose (m) in g/L, initial 
concentration of metal (C0) in mg/L, time of contact (t) in min 
and temperature (T) in °C. The levels of these parameters (in 
coded and actual values) and the L18 orthogonal array with 
5 columns and 18 rows used are shown in Table 1. Each row 
of the design represents an experiment, which was repeated 
under the same conditions three times.

The Taguchi orthogonal array design uses a generic S/N 
ratio as a quantitative measure for process optimization more 
economically. Usually, three categories of S/N ratio analysis 
are applicable, namely: lower is better (LB), nominal is best 
(NB), and higher is better (HB). In order to maximize the 
Cr(VI) adsorption yield, the HB characteristics is adopted, in 
which the S/N ratio (denoted h and expressed in a decibel 
scale, dB) is evaluated by the following equation [15,16]:

η = − ×










=
∑10 1 1

2
1

log
r yii

r

� (2)

where r is the replication number of the experiment. The 
overall mean value of S/N ratio is expressed as:

η ηm i
i

n

n
= ( )

=
∑1

1
� (3)

where n is the number of experiments in the orthogonal 
array and ηi is the mean S/N ratio for the ith experiment. 
Furthermore, signal to noise ratio and ANOVA were per-
formed to evaluate the effects of selected parameters and to 
optimize removal process efficiency. Finally, confirmation 
experiments were conducted at optimum values of the pro-
cess parameters.

3. Results and discussion

3.1. Effect of controllable parameters on Cr(VI) removal

The results of the Cr(VI) adsorption and S/N ratio values 
for the 18 sets of experiments are shown in Table 1. According 
to these data, experiment no. 3 gave the highest mean yield 
(87.69%) of Cr(VI) removal and had the largest S/N ratio 
(38.86). Experiment no. 16 showed the lowest yield of Cr(VI) 
removal, at 20.78%.

Table 2 shows the mean S/N ratio values for each level of 
the controllable parameters. As can be seen in this table and 
according to the higher mean (S/N) ratio base, the optimal 
conditions for Cr(VI) removal are initial pH solution at level 
1 (1.0), absorbent dose at level 3 (6.0 g/L), initial metal con-
centration at level 1 (30 mg/L), temperature at level 3 (55°C), 
and contact time at level 3 (80 min). Thus, the optimal combi-
nation of process parameter levels for maximum removal of 
Cr(VI) is pH01 m3 C01 T3 t3. Table 2 shows also the difference 
between level 3 (L3) and level 1 (L1) of mean S/N ratio values 
for each parameter. The effect of a parameter is defined as 
the absolute difference between the average S/N ratios of two 
levels. The parameter with highest absolute difference value 
indicates higher significance on the response characteristic. 

Table 1
Experimental results and S/N ratio values for Cr(VI) removal

Essay Control parameters Removal (%) h

In coded values In actual values y1 y2 y3 ym

pH0 m C0 T t pH0 m C0 T t

1 1 1 1 1 1 1 2 30 25 20 41.38 44.63 42.44 42.81 36.62
2 1 2 2 2 2 1 4 75 40 50 64.23 66.11 65.05 65.13 36.27
3 1 3 3 3 3 1 6 120 55 80 87.29 87.67 88.10 87.69 38.86
4 2 1 1 2 2 2 2 30 40 50 41.23 39.02 42.73 41.00 32.24
5 2 2 2 3 3 2 4  75 55 80 59.70 59.47 58.75 59.31 35.46
6 2 3 3 1 1 2 6 120 25 20 57.12 55.42 55.64 56.06 34.97
7 3 1 2 1 3 3 2  75 25 80 15.47 19.94 16.66 17.36 24.65
8 3 2 3 2 1 3 4 120 40 20 14.93 15.95 15.44 15.44 23.76
9 3 3 1 3 2 3 6 30 55 50 24.59 26.44 23.48 24.84 27.87
10 1 1 3 3 2 1 2 120 55 50 53.32 49.25 51.67 51.41 34.21
11 1 2 1 1 3 1 4  30 25 80 80.21 80.03 80.43 80.22 38.09
12 1 3 2 2 1 1 6  75 40 20 65.11 65.78 65.22 65.37 36.31
13 2 1 2 3 1 2 2  75 55 20 33.49 34.01 33.37 33.62 30.53
14 2 2 3 1 2 2 4 120 25 50 49.85 51.84 50.57 50.75 34.11

15 2 3 1 2 3 2 6  30 40 80 78.82 78.88 78.66 78.79 37.93
16 3 1 3 2 3 3 2 120 40 80 20.54 21.41 20.41 20.78 26.35
17 3 2 1 3 1 3 4  30 55 20 21.24 20.92 22.04 21.40 26.60
18 3 3 2 1 2 3 6  75 25 50 21.65 23.47 22.01 22.38 26.98
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Under the experimental conditions of the study, it was found 
that the initial pH of the solution had the most significant 
effect on the adsorption process as it had the largest absolute 
difference (10.2) followed by adsorbent dose (3.72) and time 
of contact (2.76). However, the effects of initial Cr(VI) con-
centration and temperature were found to be insignificant 
as the absolute differences (0.52 and 0.35, respectively) were 
relatively small comparing to those of other parameters. The 
positive difference for adsorbent dose, time of contact, and 
temperature indicates an effect to increase Cr(VI) removal, 
while the negative difference for initial pH of the solution 
and initial Cr(VI) concentration reveals the opposite effect. 
The representation of the effects of individual controllable 
parameters at different levels is given by Fig. 1. 

3.2. Analysis of variance

ANOVA is a statistical method for determining the sig-
nificance of the process parameters affecting the quality char-
acteristic [17]. A parameter is considered to be significant if 
its influence is large compared with the experimental error, 
as estimated by the ANOVA. The relevant parameters used 
in ANOVA are sum of squares (SS), variance (V), F-ratio (F), 
and percentage contribution (ρp). Table 3 shows the results 
of the ANOVA, which performed at a level of confidence of 
95%. Greater F-ratio value and percentage contribution (ρp) 
for a parameter determine higher impact of the parameter 
on the percentage of Cr(VI) removal. According to these 
results, the parameters affecting the adsorption process are, 
in decreasing order of importance, initial pH of the mixture, 
adsorbent dose, and contact time. However, initial pH of the 
solution, with F-ratio value of 258.717 and percentage con-
tribution equal to 82.48%, was determined to be the most 

significant parameter affecting the Cr(VI) removal from 
aqueous solution by PPSOCP. The remaining parameters, 
that is, initial concentration of metal and temperature were 
found to be not significant since their F-ratios are lower than 
the critical value of 4.7374.

3.3. Confirmation experiments 

Once the optimal level of design parameters has been 
determined, the final step of Taguchi method is to predict 
and verify the quality characteristic using the optimal para-
metric combination. The predicted S/N ratio (hopt) using the 
optimal level of the design parameters can be calculated as 
given by Eq. (4): 

η η η ηopt = + −( )
=
∑m i m
i

k

1
� (4)

where hi  is the mean value of S/N ratio at the optimum level 
of the parameter and k is the repetition of each optimum 
level of the parameter. For that purpose, five confirmation 
experiments were performed using the optimal combination 
of process parameters. The average value of the characteristic 
is obtained and compared with the predicted value. Table 4 
shows good agreement between the predicted and actual val-
ues of percentage removal of Cr(VI).

3.4. Multiple linear regression model

A multiple linear regression equation was developed to 
correlate Cr(VI) removal with the five controllable param-
eters. The regression equation developed is given by Eq. (5) 
with the determination coefficient (R2) being equal to 0.9574.

Table 2
Mean S/N ratios and main effects of design parameters

 Parameters  Mean S/N ratios  L3 – L1
 L1 L2 L3

 pH0  36.06 34.21 26.03  –10.20
 m  30.10 32.38 33.82  3.72
 C0  32.56 31.70 32.04  –0.52
 T  31.90 32.14 32.26  0.35
 t  30.80 31.95 33.55  2.76

Fig. 1. Effect of each process parameter on the S/N ratio.

Table 3
Analysis of variance for chromium(VI) removal

Source df SS V F-ratio ρp (%)

pH0 2 341.347 170.674 258.72* 82.48
m 2 42.262 21.131 32.03* 10.21

C0 2 2.232 1.116 1.69 0.54

T 2 0.393 0.196 0.30 0.10

t 2 22.999 11.500 17.43* 5.56

Error 7 4.618 0.660 1.11

Total 17 413.851 100

Tabulated F-ratio at 95% confidence level: F (0.05,2,7) = 4.74.
*Significant at 95% confidence level.

Table 4 
Results of confirmation experiments for Cr(VI) removal

 Optimal removal parameters
 Predict Experiment

Level  pH01 m3 C01 T3 t3 pH01 m3 C01 T3 t3
% Removal  98.24 98.68
S/N Ratio  39.85 39.88
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Cr(VI) removal (%) = �53.91 – 22.54 pH0 + 106.76 m 
– 0.013 C0 + 0.048 T + 0.304 t� (5)

The closer the determination coefficient (R2) value to 
unity, the stronger the model is and the better it predicts 
Cr(VI) removal. Thus, the developed model can be used for 
estimating Cr(VI) adsorption efficiency in the design stage of 
removal by prickly pear seeds.

4. Conclusion

Taguchi L18 orthogonal array design of experiments has 
been used to investigate the effects of five control factors on 
the Cr(VI) removal from aqueous solutions by seed powder of 
prickly pear fruits. Based on S/N ratio, the optimum removal 
conditions were initial pH of 1, adsorbent dose of 6.0 g/L, 
time of contact of 80 min, initial concentration of metal of 
30 mg/L, and temperature of 55°C. A removal of 98.24% was 
obtained at these optimum conditions. The ANOVA showed 
that initial pH of the solution, adsorbent dose, and contact 
time were the parameters affecting the adsorption efficiency, 
where initial pH was the most prominent. The percentage 
contribution of each controllable parameter in descending 
order was found to be as: pH0 (82.48%), m (10.21%), t (5.56%), 
C0 (0.54%), and T (0.10%). This study showed that the Taguchi 
method was suitable to optimize the Cr(VI) removal experi-
ments and the seed powder of prickly pear fruits exhibited 
high adsorption capacities.
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