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ABSTRACT

In the present study, optimal coagulation conditions, such as pH, coagulant dosage, slow
mixing rate, rapid mixing rate, and initial concentration, were determinated using the Tagu-
chi experimental design method. Color and turbidity were considered as performance statis-
tics. An L25 (55) orthogonal array was selected as the experimental plan for the five
parameters mentioned above. Performance measure analysis was followed by performing a
variance analysis, in order to determine the optimum levels and relative magnitude of the
effect of parameters. The obtained results allowed concluding that the optimal conditions in
terms of color and turbidity removals were initial pH of the wastewater of 9, coagulant dos-
age of 200 and 400mg Al3+/l, slow mixing rate of 15 and 30 rpm, rapid mixing rate of 150,
and initial concentration of wastewater of Co/4, respectively. At the end of the experimental
studies, obtained color and turbidity removal results for real textile wastewater were 99.43
and 99.22%, respectively, at these optimum conditions.
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1. Introduction

Nowadays, the treatment of colored waters from
textile industries has attracted the attention of envi-
ronmental scientists [1]. These types of wastewaters
have a large variety of dyes and chemicals that
make the environmental issue for textile industry not
only as liquid waste, but also in its chemical content
[2]. During new environmental concerns and regula-
tions, demands are being placed on textile industries
to reduce pollutants and reuse process water and
chemicals [3]. Recently, there are many methods,
such as physical, chemical, and biological treatments,
have been widely used to handle the dye removal
from wastewaters in order to comply with the regu-
lations, which are becoming more stringent these
days [4].

Generally, using technologies in the wastewater
treatment have always been a tough problem due to
high chemical oxygen demand (COD) concentration
and poor biodegradability of dyeing wastewater [5].
Especially, water soluble textile dyes even at low
concentrations can cause waste streams highly col-
ored [6]. Biological treatment methods have been
frequently used for removing organics and colored
compounds of textile wastewater because of their
cost-effectiveness, simple operation, and mainte-
nance. But the nondegradable pollutants in textile
industries cannot easily be degraded by conven-
tional activated sludge process [7]. Nowadays,
anaerobic biological treatment methods, which lead
to the effective decomposition of azo-reactive dyes,
are getting increasingly important because they are
cost-effective and environmentally safe. Besides these
advantages, it has also some advantages including*Corresponding author.
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the requiring long hydraulic residence times and
thus, the need for reactors of a large volume due to
the low growth yields of the anaerobic bacteria
[8,9].

Chemical coagulation (CC) is one of the most
common and practical methods for removing the
colloidal forms of pollution from wastewater and
for COD abatement. This consists in destabilizing
colloids, aggregating and binding them together into
flocculates; the resulting flocs can finally be
removed either by settling or by flotation [10]. For
this purpose, several chemicals have been conven-
tionally used as coagulants in water and wastewater
treatment, such as ferric chloride, ferrous sulfate,
aluminum chloride, aluminum sulfate, and hydrated
lime. Different coagulants affect different degrees of
destabilization. The higher the valence of the coun-
ter-ion, the more is its destabilizing effect and the
less is the dose needed for coagulation. Using Al3+,
particle destabilization is believed to be brought
about by Al3+ polymers which are kinetic intermedi-
ates in the eventual precipitation of a metal hydrox-
ide precipitate [11]. Destabilization involves first an
increase of ionic strength which promotes double-
layer compression, and/or the neutralization of the
particle surface charge by adsorbing counter anions,
using the addition of chemicals called coagulants
and flocculants, usually combined with pH adjust-
ment [10].

Recently, statistical experimental design tech-
niques, such as response surface methodology and
full or partial factorial, have frequently been used in
various fields of science from chemistry to engineer-
ing and from microbiology to agriculture [12–15].
The Taguchi technique includes the design of an
experiment process that uses orthogonal arrays (OA)
that allow for the independent evaluation of factors
through a small number of trials. This technique
includes data transformation to a signal-to-noise (S/
N) ratio, which is a measure of the variations pre-
sented [16]. Besides all other statistical experimental
design methods, it is possible with Taguchi method
that the parameters affecting an experiment can be
investigated as controlling and not controlling and
that the method can be applied to an experimental
design involving a large number of design factors
[17].

The main objective of this research was to investi-
gate the optimum operating conditions such as initial
pH and concentration of wastewater, coagulant dos-
age (Al3+), rapid mixing rate (RMR), and slow mixing
rate (SMR) by Taguchi method.

2. Materials and methods

2.1. Wastewater characteristics

The wastewater samples were obtained from a tex-
tile mill, which has indigo dying process and produce
denim fabric, located in Kayseri, Turkey. Table 1 pre-
sents the characteristics of the untreated wastewater.
The sample was stored at room temperature to avoid
any change in their physico-chemical characteristics
before use.

2.2. Chemicals and analytical methods

The initial pH of the wastewater was adjusted to
desired value using 1N NaOH (Merck) or 1N H2SO4

(Merck). The Al3+ stock solution used as coagulant
was prepared as weakly (Carlo Erbaa). All optimiza-
tion experiments (such as pH, coagulant dosage, etc.)
of textile wastewater were carried out with jar test
apparatus (Velp VC6S). Turbidity was measured by a
turbidimeter (WTW TURB 430 IR) with a range of 0–
1,000 NTU (Nefolometric turbidity unit). The wave-
length at maximum absorbance of textile wastewater
was determined as 600 nm by a Hach–Lange spectro-
photometer (DR 2500) between 300 and 800nm. The
pH was measured with a multiparameter (Hach–
Lange HQ40D). Suspended solid (SS) and COD analy-
sis for the determination of the wastewater character-
istics was carried out according to standard methods
[18].

2.3. Experimental procedure

CC was investigated in the batch mode by run-
ning a series of six experiments in parallel in a mul-
tiple jar-test apparatus (i.e. a six spindle mixing
device), with aluminum sulfate octodecahydrate
(Al2(SO4)3 18H2O or Al3+) from Carlo Erbaa as the

Table 1
The textile wastewater characteristics

Parameters Concentration

pH 12.53

Filtered COD (mg/L) 1,925

Nonfiltered COD (mg/L) 2,233.34

SS (mg/L) 453.33

Conductivity (ms/cm) 20.47

Turbidity (NTU) 124

kmax (nm) 600

Note: SS: suspended solid and kmax: wavelength at maximum

absorbance.
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chemical coagulant. The experiments were carried
out at room temperature (24 ± 2˚C), using 250mL
wastewater samples, by applying six different coagu-
lant concentrations ranging from 0 to 400mg/L (as
Al3+). During the tests, coagulant was first rapidly
dispersed using mechanical stirring at different rota-
tion speeds in the range of 60–200 rpm for 2min at
all the experiments. Then, CC was studied at slower
stirring speeds in the range of 15–90 for 20min. At
the end of the coagulation step, samples were centri-
fuged at 4.000 rpm for 10min and then analyzed to
determine turbidity and color values. All experiments
were performed in duplicate. During all experimental
studies, all investigated variables and its levels for
CC are shown in Table 2.

2.4. Statistical analysis

The variables chosen for this investigation are ini-
tial pH and concentration of wastewater, coagulant
dosage (Al3+), RMR, and SMR. The use of the parame-
ter design in the Taguchi method to optimize a pro-
cess with multiple performance characteristics
includes the following steps:

(1) Identification of the performance characteristics
and selection of the process parameters to be
evaluated.

(2) Determination of the number of parameter levels
for the process and possible interaction between
the process parameters.

(3) Selection of the appropriate OA and assignment
of process parameters to the OA.

(4) Conduction of the experiments based on the
arrangement of the OA.

(5) Calculation of the performance characteristics.
(6) Analysis of the experimental results by using the

performance characteristics and ANOVA.
(7) Selection of the optimal levels of process parame-

ters.

(8) Verification of the optimal process
parameters through the confirmation experiment
[19,20].

The OA experimental design was chosen as the
most suitable method to determine an experimental
plan, L25 (55), for five parameters each with five val-
ues [20]. The experimental variables, their levels, and
results of conducted experiments are given in Table 3.

In order to observe the effects of noise sources on
the coagulation process, each experiment was
repeated twice under the same conditions at different
times. The performance characteristics were chosen as
the optimization criteria. There are three categories of
performance characteristics: the larger the better—this
category was used to evaluate the system performance
based on color and turbidity removal efficiencies—,
the smaller the better, and the nominal the better. The
two performance characteristics were evaluated by
using Eqs. (1) and (2) [20].
Larger is better

SNL ¼ �10Log10

1

n

Xn
i¼1

1

Y2
i

 !
ð1Þ

Smaller is better

SNS ¼ �10Log10

1

n

Xn
i¼1

Y2
i

 !
ð2Þ

where SNL and SNS are performance characteristics, n
is the number of repetitions done for an experimental
combination, and Yi is the performance value of the ith
experiment. In the Taguchi method, the experiment cor-
responding to optimum working conditions might not
have been done during the whole period of the experi-
mental stage. In such cases, the performance value cor-
responding to the optimum working conditions can be
predicted by utilizing the balanced characteristic of OA.
For this, the following additive model may be used:

Table 2
Operating factors and their levels

Factors Level 1 Level 2 Level 3 Level 4 Level 5

Initial pH 4 5 6 8 9

Coagulant dosage (mg Al3+/L) 0 50 100 200 400

SMR (rpm) 15 30 45 60 90

RMR (rpm) 60 90 120 150 200

Initial dye concentration Co Co/2 Co/4 Co/8 Co/10
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Yi ¼ mþ Xi þ ei ð3Þ

where m is the overall mean of performance value, Xi

is the fixed effect of the parameter level combination
used in the ith experiment, and ei is the random error
in the ith experiment.

If experimental results are stated in a percentage
(%), before evaluating Eq. (3), the X transformation of
percentage values should be applied first using Eq. (4)
by which values of interest are also determined later

by carrying out a reverse transformation by using the
same equation [21]:

X ðdbÞ ¼ �10Log
1

P
� 1

� �
ð4Þ

where X (db) is the decibel value of percentage value
subject to omega transformation and P is the percent-
age of the product obtained experimentally. Since Eq.
(3) is a point estimation which is calculated by using

Fig. 1. The effect of each parameter on color removal.

Fig. 2. The effect of each parameter on the turbidity removal.
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experimental data in order to determine whether the
additive model is adequate or not, the confidence
limits for the prediction error must be evaluated [20].
The prediction error is the difference between the
observed Yi and the predicted Yi. The confidence lim-
its for the prediction error are as follows:

Se ¼ �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n0

� �
r2
e þ

1

nr

� �s
r2
e ð5Þ

r2
e ¼

sum of squares due to error

degrees of freedom for error
ð6Þ

1

n0

¼ 1

n
þ 1

nAi

� 1

n

� �
þ 1

nBi

� 1

n

� �
þ 1

nCi

� 1

n

� �
þ � � � ð7Þ

where Se is the two standard deviation confidence
limit, n is the number of rows in the matrix experi-
ment, nr is the number of repetitions in the confirma-
tion experiment, and nAi

; nBi
; nCi

; . . . are the replication
numbers for the parameter levels Ai, Bi, Ci, …. If the
prediction error is outside these limits, the possibility
that the additive model is not adequate should be sus-
pected. Otherwise, the additive model can be consid-
ered to be adequate.

A verification experiment is a powerful tool for
detecting the presence of interactions among the con-
trol parameters. If the predicted response under the
optimum conditions does not match the observed
response, it implies that the interactions are important.
If the predicted response matches the observed
response, it then implies that the interactions are
probably not important and that the additive model is
a good approximation [22].

The order of the experiments was obtained by
inserting parameters into the columns of OA and L25

(55) which were chosen as the experimental plan given
in Table 3. The order of experiments was made ran-
dom in order to avoid noise sources which had not
been considered initially and which could take place
during an experiment and affect results in a negative
way.

3. Results and discussion

3.1. Determination of optimum parametric levels

Experimental results in respect to the model which
was designed with the Taguchi method are given in
Table 3 and also, all intervals of variables are stated in
Table 2. During the study, all of the experimental
analysis were carried out with two repetitions, and

both color and turbidity results are expressed as per-
centage of removal (%) in terms of the following equa-
tion.

% removal ¼ ½ðinitial value
� final valueÞ=initial value� � 100 ð8Þ

The data collected from the experiments were ana-
lyzed using the (MINITAB Release 13.20) computer
software package for evaluation of the effect of each
parameter on the optimization criterion. The obtained
results are shown in Figs. 1 and 2.

The numerical value of the maximum point in
each graph shows the best value of that particular
parameter, given in Table 2 for each parameter, and
they indicate the optimum conditions in the range of
the experimental conditions.

3.1.1. Determination of the optimum pH value

Fig. 1 illustrates the effects of all performance crite-
ria on color removal efficiency. As it is seen on Table 1,
original pH value of the wastewater is 12.53. The pH
experiments performed within the investigated range
showed that optimal pH value was 9 (fifth level) for
the best color removal efficiency.

As it is seen from Fig. 2, similar to color removal,
the best turbidity removal was obtained at pH 9 (fifth
parametric level).

3.1.2. Determination of the optimum dosage value

It is clear from Fig. 1 that increasing Al3+ concen-
trations enhanced color removal efficiency as it would
be expected. For studied interval (0–400mg Al3+/l),
increase in the coagulant dosage more than 200mg
Al3+/l did not affect significantly color removal per-
formance. The reason of this behavior of the system is
restabilization due to excessive dosing [5].

Fig. 2 shows the effect of the applied coagulant
dosage (as mg Al3+/l) on the turbidity removal. The
optimal level of the coagulant concentration was
determined as 400mg Al3+/l. It is also shown in
Fig. 2, results almost the same at fourth and fifth lev-
els. Therefore, fourth (200mg Al3+/l) level of the coag-
ulant concentration in terms of treatment cost may
provide sufficient turbidity removal efficiency. Alum
Al2(SO4)3 reacts with hydroxides to form Al(OH)3 in
relatively high concentrations. The colloidal particles
are entrapped either during floc formation or just
after. The occurring coagulation is commonly called as
sweep coagulation [23].
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3.1.3. Determination of the optimum SMR and RMR
values

The optimal SMR was determined as first paramet-
ric level (15 rpm) in terms of color removal. If the
effect of RMR on color removal performance would
be evaluated, the most color removal efficiency was
obtained at fourth parametric level (150 rpm). Increas-
ing RMR values higher than 150 rpm negatively
affected color removal performance.

On the other hand, the effect of RMR on turbidity
removal would be evaluated; the best removal rate
was achieved at fourth parametric level (150 rpm).
However, as shown in Fig. 2, turbidity removal rates
are almost the same at second and fourth levels and
so, 90 rpm of RMR can be said to be sufficient in
terms of process economy. Likewise, SMR essays
show that second and fourth levels given the best
removal results. But 30 rpm of SMR (second paramet-
ric level) can be chosen as the optimum level.

3.1.4. Determination of the optimum initial dye concen-
tration value

In the scope of the study, the last parameter inves-
tigated was initial dye concentration (Co). The highest
color removal efficiency was obtained at third para-
metric level (Co/4) in terms of initial wastewater con-
centration. It is clear from Fig. 1 that high initial dye
concentrations decreases color removal efficiencies.
On the other hand, dilution of dye concentration more
than Co/4 does not affected significantly color
removal performance. This is because, water-soluble
structure of dye contained in the wastewater depend-
ing on the typical properties, and occurence non-
removal consistent color after a certain removal rate.

As it is seen from Fig. 2, similar to color removal,
the most turbidity removal depending on initial
wastewater concentration was obtained at third para-
metric level (Co/4). If it would be remembered that
turbidity occurs by mainly reason of SSs which are

present in wastewater, and it is also an optical prop-
erty causing refraction and adsorption of light in the
solution, so, it can be said that increasing initial dye
concentration decreases turbidity removal efficiencies.
In addition, dilution of the dye concentration more
than a certain rate (Co/2) does not affect significantly
turbidity removal performance of the CC as such in
color removal. Merzouk et al. (2011) reported that
when initial dye concentration reduced, overdosing
coagulant led to adverse effect on CC because of
increasing colloidal stability [10].

3.2. Determination of contribution ratios and statistical
analysis

In this part of the study, it was aimed to determine
contribution ratios (Cr) of each factors have effected
on color and turbidity removal with CC. Firstly, in
order to test the predicted results, confirmation exper-
iments were carried out once at the same working
conditions. Thus, some confirmation runs also includ-
ing optimum working conditions were made and pre-
sented in Table 4. By using Eq. (4), the X
transformation was applied to the estimated results
(predicted) to be able to express as a percentage of the
results given in Table 4.

The optimal levels of these factors are the levels
with the maximum performance measures that is with
minimum variability. It is clear from performance
measures and ANOVA that factor coagulant concen-
tration significantly affect the variation in the
response. The other effective factors can be ordered as
pH, RMR Co, and SMR in terms of high Cr values,
respectively. The Cr of each factor to the color and
turbidity are presented in Tables 5 and 6, respectively.

According to Taguchi, the use of the F ratios in an
ANOVA analysis is only helpful for the qualitative
evaluation of whether factorial effects exist. For quan-
titative evaluation, this is something that can be
achieved through the use of a Cr. The Cr of a main
factor effect is its contribution (in percentage terms) to

Table 4
Optimum experimental conditions predicted and observed removal efficiency values

Perform.
criteria

pHi Dosage
(mg Al3+/L)

SMR
(rpm)

RMR
(rpm)

Co

(mg/L)
Observed
(%)

Predicted
(%)

Confidence
limit (%)

Level Value Level Value Level Value Level Value Level Value

Color
Removal

5 9 4 200 1 15 4 150 3 Co/4 98.63 99.26 80.98–100

Turbidity
Removal

5 9 5 400 2 30 4 150 3 Co/4 100 99.03 78.28–100
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the total variability of the experimental results [23].
The Cr can be achieved by dividing the source’s net
variation by SStotal, which is given as follows:

Cr ¼ Seq SS� ðDF�AdjMSErrorÞ
Seq SSTotal

ð9Þ

It is clearly seen from the Cr column of Tables 5
and 6 that the highest contributors to the variability of
the experimental results are Al3+ concentration, with
the Al3+ concentration accounting for more than 85
and 71% of total variation for color and turbidity,
respectively.

From the fact that the behavior of the CC process
obtained from the confirmation experiments are
within the calculated confidence intervals, it can be
said that experimental results are within a “5% error”
(Tables 5 and 6). These results show that the interac-
tive effects of the parameters are, indeed, negligible
and also prove that the Taguchi method can be
applied successfully for the determination of optimum
color and turbidity removal with CC process, with
only a very limited number of experiments and
shorter time being needed to obtain the optimum val-
ues of the influential parameters.

4. Conclusions

In this study, it was demonstrated that the applica-
bility of Taguchi method to CC as a statistical
approach, and, at the end of the study, optimum
experimental conditions were determined. Also, Cr
values of each variable which have an effect on sys-
tem performance were determined at these optimum
conditions. It can be said that CC is an effective
method for color and turbidity removal from real tex-
tile wastewater.

According to experimental results, the optimum
parametric values within investigated range have been
suggested for the color removal as the pH 9, 200mg
Al3+/l of coagulant concentration, 15 rpm of SMR,
150 rpm of RMR, and Co/4 of initial dye concentra-
tion. On the other hand, turbidity removal results
indicated that optimum removal efficiencies were
achieved at pH 9, 400mg Al3+/l of coagulant concen-
tration, 30 rpm of SMR, 150 rpm of RMR, and Co/4 of
initial dye concentration. Under these optimum condi-
tions, removal efficiencies for color and turbidity were
98.63 and 99.22%, respectively.

The ANOVA analyses which were carried out in
the scope of the study showed that the most significant
parameters for color and turbidity were coagulant

Table 5
Results of the ANOVA and Cr values on color removal performance with CC

Source DF Seq SS Adj MS F Cr

pH 4 1546.5 386.6 8.2 3.06

Dosage 4 37727.6 9431.9 200.13 84.48

SMR 4 996.1 249 5.28 1.82

RMR 4 1470.7 367.7 7.8 2.89

Co 4 1328.8 332.2 7.05 2.57

Error 29 1366.7 47.1

Total 49 44436.3

Table 6
Results of the ANOVA and Cr values on turbidity removal performance with CC

Source DF Seq SS Adj MS F Cr

pH 4 1894 473.5 7.71 3.57

Dosage 4 33487.1 8371.8 136.33 71.99

SMR 4 1322 330.5 5.38 2.33

RMR 4 2253.4 563.4 9.17 4.35

Co 4 5437.9 1359.5 22.14 11.24

Error 29 1780.9 61.4

Total 49 46175.2
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concentration (as Al3+). The Cr value of Al3+ equals to
about 86 and 72%, respectively. In view of color and
turbidity removal efficiencies, Cr of the coagulant con-
centration is the biggest one among the other Cr val-
ues, so it is the most effective parameter on process.
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