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ABSTRACT

In this study, the reverse osmosis (RO) treatment of distillery wastewater was studied using
various operating conditions including pH, temperature, transmembrane pressure, and feed
flow rate. Taguchi method was used to design the experiments and optimize the RO
treatment process for the maximum permeate flux and removal of salinity and COD. L9 (34)
orthogonal array for experimental design and the larger-the-better response category was
applied to find optimum parameters. The optimum conditions were found to be as pH (6),
temperature (45˚C), transmembrane pressure (10 bar), and flow rate (300 l/h). Under these
conditions, 80 l/hm2 permeate flux was achieved with 91% of salinity removal and 85% of
COD removal. The obtained results revealed that RO treatment technique was an effective
treatment technology for the reuse of distilleries wastewater.
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1. Introduction

The large quantity of aqueous waste discharged by
industries has become a major environmental issue in
all over the world because of its harmful nature [1].
Especially, wastewater discharged by distillery indus-
try caused negative impact on environment when it is
discharge into environment without a pretreatment.
Distillery industries are one of the top users of water,
with consumption ranging from 25 to 175 L/L produc-
tion of alcohol [2]. Distillery industries required
raw water for both process and non-process applica-
tion. Water requirement in process applications
include molasses preparation, steam generation, yeast

propagation, etc., ranging from 14.5 to 21.4 L/L
production of alcohol [3]. Then again, water usage in
non-process applications include cooling water, steam
generation, making potable liquor etc., is ranging from
102.65 to 240 L/L production of alcohol. Large quanti-
ties of high-toxic effluent have been discharged by the
most distillery industries in India [4]. Hence, the
Central Pollution Control Board (CPCB) in India listed
distillery industries as one of the 17 top polluting
industries. For each liter of alcohol production, the
molasses-based distillery industries would generally
discharge around 8–15 L of wastewater with bulk of
organic matters and dark brownish color. Treatment
scheme of distillery wastewater is shown in Fig. 1 [5].
But this method shows the ineffective treatment of
distillery industry wastewater.*Corresponding author.
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Extensive study reports are available on the
treatment of distilleries wastewater such as chemical
coagulation, electrocoagulation, aerobic, anaerobic, oxi-
dation, adsorption, and UASB reactor treatment. But
these treatment methods show the lower removal effi-
ciency (RE) of salinity and COD, generate secondary
pollutants that is solid sludge which needs a further
treatment for safe removal [6]. So developing an effec-
tive distilleries wastewater treatment method for reuse
of wastewater is a critical need due to increase in
water scarcity.

Last few decades, membrane separation using
reverse osmosis (RO) as one of the most promising
technologies for treatment of wastewater because of
its great efficiency, ease and low-cost of operation. RO
treatment process enable to discharge safe water and
reuse the industrial wastewaters by giving treated
water with good quality [7]. Several literature review
shows that various industrial wastewater are treated
using RO. Besides, the optimization of parameters for
RO treatment process such as temperature, pH, trans-
membrane pressure, and flow rate may increase the
water treatment efficiency and in addition it also cre-
ates the chance to know the detailed mechanism
behind in it [8]. The conventional optimization method
of varying one factor at a time to study the effects of
variables on the response is extremely time consuming
and costly for large number of variables [9]. Statistical
design of experiments is a useful method for studying
the RO treatment process by conducting least number
of trials. Response surface methodology (RSM)
coupled with Taguchi design (TD) is a powerful statis-
tical approach used for the analysis of multivariable
systems.

An extensive literature search reveals that there is
no report of previous studies on the treatment of
distilleries wastewater using RO via RSM coupled
with TD, which may give the crucial solution to envi-
ronment-related problems [10]. Hence the present

research has been undertaken to find out and optimize
the process variables such as pH, temperature, trans-
membrane pressure, and flow rate for the maximum
permeate flux, salinity removal, and COD removal
from distillery wastewater using RO process via L9

(34) orthogonal array for experimental design.

2. Materials and methods

2.1. Raw wastewater and chemicals

The distilleries wastewater were collected from dis-
tillery industry located in Erode, Tamil Nadu, India
and were stored at 4˚C. Chemicals (NaOH and HCl)
used in this experiment were of analytical grade and
bought from local dealers from Erode, Tamil Nadu.

2.2. Experimental method

Image of RO experimental setup was shown in
Fig. 2. RO experiments were carried out in a lab-scale
RO plant in cross-flow operation, which was bought
from New venus, Chennai, India. The filtration mod-
ule made up of polyamide having effective area of
50 cm2 was made up of stainless steel. High-pressure
pump was used in the experiment setup. The charac-
teristics of membrane are summarized in Table 1. To
attain stable membrane structure, each membrane was
first pre-compacted with pure water for 5 h at the
transmembrane pressure of 15 bar. 1 M HCl and 1 M
NaOH were used to adjust the pH, and thermoheater
was used to maintain the temperature of the feed
wastewater. Experimental runs were performed with a
feed volume of 5 L at the beginning of each run. All
the experiments were performed in concentration
mode of filtration (CMF). Permeate was collected in a
beaker, concentrate was circulated back to the feed
vessel. Permeate water was used to determine the
salinity and COD reduction.

Fig. 1. Treatment scheme of distillery wastewater.

K. Thirugnanasambandham et al. / Desalination and Water Treatment 57 (2016) 24222–24230 24223



2.3. Analytical method

COD measurement of the wastewater was carried
out according to the APHA Standard methods. The
pH of the samples was monitored by a Li-113 model
pH meter. Salinity of the wastewater was determined
using digital TDS meter (LKU-5i5). The following
equation were used to calculate RE of salinity and
COD [11]:

RE ¼ c0 � ce
c0

� �
� 100 (1)

where c0 and ce is the initial and final concentrations
of salinity and COD respectively.

2.4. Taguchi design

In this present study, RSM coupled with Taguchi
method was applied to design the experiments. The
TD utilizes fractional factorial design called orthogonal
arrays to minimize the experimental number as well
as operating cost and raw material [12]. The selection
of an appropriate orthogonal array which will depend
on the number of variables and their levels. The
parameters and their levels are presented in Table 2.
Design-Expert 8.0.7.1 (State-Ease Inc., USA) statistical
analysis software was used to analyze the experimen-
tal data. L9 (34) orthogonal array was used for experi-
mental design and pH (A), temperature (B), pressure
(C), and flow rate (D) were selected as independent
variables; whereas permeate flux (Y1), salinity removal
(Y2), and COD removal (Y3) were considered as
responses. Then, the experimental data was fitted to
the additive model in order to describe the RO pro-
cess. The balanced characteristic of orthogonal array
can be used to predict the performance value corre-
sponding to optimum parameters using the following
equation [13]:

Yi ¼ l þ Xi þ ei (2)

where μ is the overall mean of the performance value,
Xi is the fixed effect of the quantity level arrangement
in ith experiment, and ei is the random error in the ith
experiment. Analysis of variance (ANOVA) was done
to find out the influence and relative importance of
variables. Later, developed mathematical models were
used to visualize the three-dimensional (3D) contour
graphs to study the effect of independent factors on
the responses. Lastly, numerical optimization was
used to optimize the process parameters for maximum
permeate flux and higher removal efficiencies of
salinity and COD [14].

Fig. 2. Reverse osmosis experimental setup.

Table 1
Membrane specifications

Membrane specifications

Material Polyamide
Surface area 2 m2

Structure Asymmetric
Surface property Hydrophilic
Pore size (nm) <0.1
Max. P (bar) 15
Max. T (˚C) 50

Table 2
Process variables and their ranges

Variable (unit) Factors Level

X –1 0 1

pH A 3 5 7
Temperature B 25 35 45
Transmembrane pressure C 8 10 12
Flow rate D 300 450 600
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3. Results and discussions

3.1. Predicted model and statistical analysis

TD and the corresponding results to find out the
effects of the four independent factors such as pH,
temperature, transmembrane pressure, and flow rate
are presented in Table 3. The multiple regression
analysis (Table 4) on the TD experimental values
shows that linear model can explain the present treat-
ment process robustly due to high F-value and lower
p-value (<0.05). Mathematical models for the predicted
responses such as permeate flux (Y1), salinity removal
(Y2), and COD removal (Y3) could be interpreted
using the following equation (in the form of actual
factors):

Y1 ðl=hm2Þ ¼ 37:4166 þ 1:50000 � pH þ 0:68333
� Temperature þ 0:66667
� Transmembrane pressure � 0:014444
� Flow rate

(3)

Y2 ð%Þ ¼ 48:18250 þ 1:38167 � pH þ 0:73350
� Temperature þ 0:53417
� Transmembrane pressure � 0:015656
� Flow rate (4)

Y3 ð%Þ ¼ 43:32917 þ 1:12750 � pH þ 0:72867
� Temperature þ 0:59083
� Transmembrane pressure � 0:016056
� Flow rate (5)

ANOVA was performed for the statistical validation
of the developed mathematical model. The Table 5
presented the ANOVA result for the fitted linear mod-
els of RO process. The models show the value of the
determination coefficient (R2) was greater than 0.9500
for responses, which implied that 95% of the varia-
tions could be explained by the fitted mathematical

models [15]. For a suitable statistical model, adj-R2

should be close to R2. As presented in Table 5, adj-R2

was greater than 0.90 for the responses indicates that
a high degree of correlation between the predicted
and experimental values. A lower value of coefficient
of variation (CV) and adequate precision (AP)
revealed a reliability of the experimental data [16].
The corresponding variables would be of higher sig-
nificance if the F-value turns higher and the p-value
turns smaller. Analysis of results showed that the
developed models have high F-values and low p-val-
ues which show the significance of developed model.
The suitability of developed models to represent the
RO process technique was explained by creating diag-
nostic plots such as experimental vs. predicted plot
(Fig. 3). The data points align very close to the diago-
nal line and it clearly illustrates a good relationship
between actual and predicted value. From the results,
it was validated that the developed mathematical
models have the power to explain the RO process
significantly [17].

3.2. Effects of process conditions on RO efficiency

The correlation between dependent and indepen-
dent factors are depicted by the two-dimensional
response surface contours plots created by the devel-
oped mathematical models and they are presented in
Fig. 4. In the present study, the model has more than
two variables. So the response surface contour plots
are drawn by keeping one variable at a constant level,
while the other two variables were assorted in their
level.

3.2.1. Effect of pH

pH is one of the crucial parameter in RO process,
which significantly influences the treatment process.

Table 3
TD with experimental designs

Run A B C D Permeate flux (l/m2 h) Salinity removal (%) COD removal (%)

1 7 45 10 300 80 89.74 84.03
2 5 25 10 600 60 67.86 63.56
3 5 35 12 300 75 84.56 78.56
4 3 25 8 300 60 70.54 65.42
5 3 35 10 450 65 75.45 68.56
6 3 45 12 600 72 82.65 77.54
7 7 25 12 450 65 75.24 68.56
8 5 45 8 450 74 85.26 79.69
9 7 35 8 600 70 80.24 72.46
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The pH value of wastewater can affect the membrane
surface charge because of the disassociation of mem-
brane’s functional groups. To find out its effect in RO
treatment process, the experiments were performed at
different pH range (3–5–7) and the results were
presented in Fig. 4(a)–(c). The result showed that

permeate flux and removal efficacies of salinity and
COD were improved with increasing pH throughout
the experiment. This can be described by the fact that
electrostatic interaction between the solutes and mem-
brane in the wastewater occurred throughout the pH
range studied [18].

Table 4
Sequential model sum of squares for response

Source Sum of squares DF Mean Square F-value Prob. > F Remarks

Sequential model sum of squares for permeate flux
Mean 42,849.00 1 42,849.00
Linear 373.00 4 93.25 28.69 0.0033 Suggested
2FI 10.43 3 3.48 1.35 0.5470 Aliased
Quadratic 2.57 1 2.57 Aliased
Cubic 0.00 0 Aliased
Residual 0.00 0
Total 43235.00 9 4,803.89

Sequential model sum of squares for salinity removal
Mean 56,254.35 1 56,254.35
Linear 408.57 4 102.14 28.93 0.0033 Suggested
2FI 13.35 3 4.45 5.76 0.2952 Aliased
Quadratic 0.77 1 0.77 Aliased
Cubic 0.00 0 Aliased
Residual 0.00 0
Total 56677.04 9 6,297.45

Sequential model sum of squares for COD removal
Mean 48,162.69 1 48,162.69
Linear 392.26 4 98.07 33.36 0.0025
2FI 3.82 3 1.27 0.16 0.9119 Suggested
Quadratic 7.94 1 7.94 Aliased
Cubic 0.00 0 Aliased
Residual 0.00 0 Aliased
Total 48,566.71 9 5,396.30

Table 5
ANOVA results for response

Source

Permeate flux (l/m2 h) Salinity removal (%) COD removal (%)

F-value p-value F-value p-value F-value p-value

Model 28.69 0.0033 28.93 0.0033 33.36 0.0025
A 16.62 0.0151 12.98 0.0227 10.38 0.0322
B 86.21 0.0007 91.43 0.0007 108.38 0.0005
C 3.28 0.1443 1.94 0.2361 2.85 0.1666
D 8.67 0.0422 9.37 0.0376 11.84 0.0263
C.V. % 2.61 2.38 1.95
PRESS 59.34 70.24 68.35
AP 15.62 15.80 22.03
R2 0.9792 0.9806 0.9965
Adj-R2 0.9585 0.9613 0.9752
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Fig. 3. Actual vs. predicted plot: (a) Permeate flux, (b)
Salinity removal, and (C) COD.

Fig. 4. Effect of process variables (A and B) RO treatment
process.
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3.2.2. Effect of temperature

RO treatment process is highly influenced by
temperature because it plays a major role in removal
of salinity and COD from distillery wastewater. So as
to investigate its effect on RO treatment process,
experiments were carried out at various temperature
(25–35–45˚C) and the observations are presented in
Fig. 4. The result showed that the permeate flux and
percentage of salinity and COD removal efficiencies
were improved with increasing temperature. The
effects of permeate flux with temperature is mainly
explained by solvent diffusion coefficient in the mem-
branes, solvent viscosity, and thermal expansion of the
membrane material [19]. The reduction in solvent vis-
cosity results increases in solvent diffusion coefficient
and higher temperature of experiment may expand
the membrane structure and solutes can easily pass
through the membrane, thus treatment efficiency is
enhanced.

3.2.3. Effect of transmembrane pressure

The transmembrane pressure is a major parameter
to determine the efficiency of RO treatment process to
distillery wastewater. To find out its effects on RO
treatment process, experiments were done at various
transmembrane pressure (8–10–12 bar) and the results
are illustrated in Fig. 4(a) and (b). The result showed
that the treatment efficiency of RO process increases
with increasing transmembrane pressure. This can
explained by the fact that, by increasing the trans-
membrane pressure, a phenomenon known as concen-
tration polarization on the membrane surface
happens, which makes the concentration change
between the both sides of the membrane rises [20]. So
the diffusion-driven force rises, more particles cross
the membrane module, thus permeate flux, salinity
and COD removal efficiencies are increased.

3.2.4. Effect of flow rate

In the RO treatment process, the flow rate is a
major factor which significantly affects the treatment
efficiency. To find out the effect of flow rate on the
RO treatment process, experiments were carried out at
flow rate (300–450–600 l/h) and results are presented
in graphs Fig. 5(a), (b) and (c). The result showed that
the permeate flux, percentage removal of salinity, and
COD were decreased with higher flow rate. This can
explained by the fact that at higher flow rate there is

Fig. 5. Effect of process variables (C and D) RO treatment
process.
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an ineffective interaction between membrane modules
and feed wastewater, thus permeate flux, removal effi-
ciencies of salinity, and COD are decreased [21].

3.3. Optimization of RO treatment process

Numerical optimization technique is used to pre-
dict the optimum response values and it was found to
be pH (6), temperature (45˚C), transmembrane pres-
sure (10 bar), and flow rate (300 l/h). Under these con-
ditions, 80 l/hm2 permeate flux are achieved with 91%
of salinity removal and 85% of COD removal. Finally,
confirmation testing is used to verify the optimum
condition. The final experiment was carried out using
the optimum parameters to correlate the results with
the predicted values [22–24]. The obtained results are
within a ±5% error range. Also the results showed a
good correlation between the experimental and pre-
dicted values. Then, the quality of the composite per-
meate attained from confirmation test was compared
with raw wastewater in Table 6. This results indicated
that RO-treated distillery wastewater may be reused
in inplant application and land irrigation.

4. Conclusions

TD coupled with RSM is used to optimize
the parameter for RO treatment process to treat
distilleries wastewater. Linear mathematical models
were developed with good coefficient of determination
values (R2 > 0.95) for permeate flux, COD removals,
and salinity. ANOVA revealed the significant effect of
each factors and the optimum parameters for RO
treatment method were found to be pH (6), tempera-
ture (45˚C), transmembrane pressure (10 bar), and
flow rate (300 l/h). Under these conditions, 80 l/hm2

permeate flux was achieved with 91% of salinity
removal and 85% of COD removal.
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