
1. Introduction
The application of ultrafiltration (UF) has been accepted 
as a highly efficient process for treating oil-in-water 
emulsions. Membrane processes involving polymeric 
membranes are widely used in various oily wastewater 
treatment applications to ensure easy operation, in 
some cases lower cost, where no chemical additives are 
needed, and high oil removal efficiencies. Investigation 
of the membrane separation processes for cutting oil 
used in the metal-working industry has been ongoing 
since the 1970s. However, for industrial applications 
ceramic membranes appear to be more promising than 
polymeric membranes due to their higher stability against 
both polar and chlorinated solvents, pH of the water, 
high oil fractions present in industrial waste water and 
higher chemical, thermal and mechanical stability [1,2]. 

On the other hand, membrane fouling and concentration 
polarization result in a permeate flux reduction, and 
therefore, they increase the energy consumption of 
the process and consequently increase the capital and 
operational costs of membrane systems [3] . Membrane 
fouling is a complex phenomenon depending on the 
characteristics of the feed-solution (e.g. temperature, oil 
content, oil droplet size distribution, zeta potential of oil 
drops, concentration, pH, salt concentration), membrane-
related properties (e.g. material, pore size, zeta potential, 
hydrophilic/hydrophobic), and process-related factors 
(e.g. TMP, feed velocity, temperature, use of turbulent 
promoters). Therefore, the pre-treatment [4,5], selection 
of membrane [4,6,7], module [4,8], process configuration 
and conditions [3,5,9-11] are all important, to varying 
extents, in reducing or preventing membrane fouling 
whilst keeping the operation at low cost. 
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In this study, a Taguchi experimental design methodology was used to determine the importance of process parameters influencing 
the ultrafiltration (UF) of oil-in-water emulsions. Four parameters including pH (5-11), oil concentration (φ) (0.5-3% (v/v)), temperature 
(T) (25-45°C) and trans-membrane pressure (TMP) (1-5 bar) were studied at three levels. The highest flux was used as optimization 
criterion. In order to reduce the number of experiments, a Taguchi method was applied. Analysis of variance (ANOVA) was used to 
determine the most significant parameters affecting the optimization criterion.

Filtration experiments were performed in a cross-flow operation at a total recycle condition in a laboratory-scale plant. The ceramic 
UF membrane with a pore size of 50 nm was employed in a tubular module with an active area of 0,418 m2. We used water-soluble 
cutting oil mixed with water as a model oil-in-water emulsion. During the experiment, the drop size and zeta potential distributions were 
evaluated.

The optimum conditions for UF providing the highest flux were found at TMP = 5 bar, pH = 7, and φ = 0.5 v/v%. The pH of 
emulsion had the highest impact on COD retention. The results of this study could be used as a guideline for operating UF systems with 
ceramic membranes at optimal conditions.
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One of the possible ways to reduce membrane 
fouling could be achieved by maintaining a high 
cross-flow velocity [12]. Turbulent flow is required to 
overcome concentration-polarization effects. Backflow 
and pulsation techniques can increase the permeate 
flux by occasionally removing the formed layer [1]. 
A number of other methods to provide turbulent flow 
have also been used, such as rotating and vibrating 
filters [13], use of turbulence promoters [3,9,10], gas 
injection [14], etc. The extent of membrane fouling can 
be limited by temperature control, for example when at 
lower temperatures, fouling results from the accumulation 
of oil against the wall of the membrane [15].

Thus, by controlling the operating conditions we 
can influence filtration efficiency and create conditions 
that would result in flux decline. Most of the reported 
investigations mainly have focused on treating waste oil-
in-water emulsions by polymeric membranes [ ]. 
However, some studies are related to the application 
of ceramic membranes on oily wastewater treatment 
[1, ]. 

In this study the Taguchi method as a statistical 
technique was used. The method is a fractional factorial 
design which uses an orthogonal array (OA) to study the 
influence of factors in a minimum number of experiments. 
Design of experiments ( DOE) using Taguchi method 
provides efficient and systematic approach to determine 
the optimum conditions [21]. The number of reported 
investigations using this method is limited in the 
field of oily wastewater treatment by using polymeric 
membranes [11,16,17]. However, it is frequently applied 
in other fields of science and in industry [22-25].

This paper describes a case study investigating 
the parameters that influence oil-in-water emulsions 
treatment using a ceramic ultrafiltration membrane. 
Factors such as pH, concentration of oil, temperature and 
TMP affect the flux and retention. The results of filtration 
and the analysis of variance (ANOVA) are presented 
and discussed in this study. The main objective is the 
study of the electrostatic repulsion between ceramic 
membranes and emulsions, as well as their interactions 
during ultrafiltration process. 

2. Experimental procedure

2.1. Membrane
Filtration experiments were performed in a lab-scale 
plant in cross-flow operation. The ceramic membrane, 
with a pore size of 50 nm and an active area 
0.418 m2, was integrated in a tubular stainless steel 
module. Membrane characteristics are summarized in 
Table 1.

2.2. Preparation of model solution
The model solution was prepared by mixing commercial 
cutting oil and water for 15 min at about 500 rpm. The 
major part of cutting oil is represented by the polysiloxane 
emulsion and the rest is a nonionic emulsifier. The 
emulsifiers’ type and content was not known in details, 
therefore, it could not be studied. The oil concentration 
in real samples is usually about 2% (v/v). However, 
sometimes in enterprises, only washing is done, 
therefore, the concentration of oil in rinsing solution 
might be lower than 2%. Therefore, applied volume 
percentages of oil in water was 0.5, 1.5 and 3% (v/v). 
In each experiment, we also controlled the pH (5, 7 and 
11) and temperature of the solution (25, 35 and 45°C), 
as determined by Taguchi experimental design. Alkaline 
conditions were achieved by adding 1mol/L NaOH, 
whereas neutral and acid conditions were obtained 
by adding 1 mol L-1 HCl. The total volume of the feed 
solution was 20 L.

2.3. Filtration
Fig. 1 shows a schematic diagram of the filtration 
equipment used in this study. The model solution in the 
feed tank was pumped into a tubular membrane module 
by a pump NOCCHI motor pump, CPS10/VLR 2B-110A 
(Pentair water, Italy), denoted PK1. The required TMP 
(1, 3 and 5 bar) was achieved using a valve VK1. The 
entire system was working in a full recycle mode under 
turbulent flow conditions. This means that the permeate, 
as well as the concentrate, was returned to the feed tank. 
Operating at these conditions reduces error caused by 
feed concentration variation. 

The filtration of the model solution ran for 30 min 
each time, after which a stable, i.e., constant permeate’s 
flux was measured. The samples of the feed before 
filtration and the permeate after 25 min of filtration were 

Table 1. Characteristics of ceramic membrane.

Characteristics Description

Material αAl2O3-ZrO2

Dimensions, mm 40×1000 

Outside diameter, mm 40 

Chanel diameter, mm 3.6 

Quantity of channels 37

Membrane area, m2 0.418 

Pore size, nm 50 

pH range 0-14

Operating pressure, bar 2-10 

Maximum temperature, °C 100 

15

11,16-18

7,19,20
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collected to measure the chemical oxygen demand 
(COD) and oil content. The retention R(%) of COD and 
oils was calculated using the following equation:

R(%) = 100 *(1-cp/cf)                             (1)

where Cp is permeate COD and Cf is feed COD.
The oil-droplet size distributions and ζ-potentials 

measurements were collected by Zetasizer Nano ZS 
instrument (Malvern Instruments, UK) using dynamic 
light scattering and laser Doppler micro-electrophoresis, 
respectively.

The membrane zeta potential responds to changes 
in pH, temperature and concentration of particular 
components as well as to changes in the ionic 
strength of the electrolyte used. The streaming current 
measurements were done using an electrokinetic 
analyzer (SurPASS, Anton Paar GmbH, Austria) 
equipped with a cylindrical cell, where pieces of 
membrane (2r > 25 µm) were mounted into the 
measuring cell. The type of electrolyte used and its ionic 
strength have an important effect on the values of zeta 
potential. The standard electrolyte 0.001 mol L-1 solution 
of KCl was used in our investigation. Increase in the 
ionic strength leads to a compression of the diffuse layer 
and a reduction in the zeta potential. High ionic strength 
leads to a decrease in the zeta potential values at a 
constant pH on all types of surfaces. With an increasing 
electrolyte concentration, the surface charge gets 
compensated at a smaller distance from the particle 
surface, which means that the potential drops faster and 
the diffuse layer becomes thinner. It has been proved 
that at low concentrations of electrolyte (0.001 M) the 
zeta potential takes values close to those of the surface 
potential. The low electrolyte concentration ensures 
high sensitivity of the method [26].

Prior to a measurement, the given sample was 
rinsed with this aqueous solution. The pH dependence 

of the zeta potential within the range pH 3–10 was 
determined using titration liquid of 0.1 M HCl or 0.1 M 
NaOH. The zeta potential (ζ) was calculated from the 
measured streaming potential using the Fairbrother–
Mastin equation, which took into account any surface 
conductivity [ ].

After each experiment, a membrane cleaning was 
necessary, due to membrane’s tendency for fouling 
during filtration. At first, membrane was flushed with 
pure water. Chemical cleaning was carried out for 1 h 
with the alkaline cleaning solution (PRU 06-03, Gütling, 
Germany) at a temperature of 40°C and at a pressure of 
2 bar. The system was flushed after chemical cleaning 
with pure water. Verification of the cleaning was done 
by comparing the water flux after filtration with the initial 
water flux measured on a virgin membrane at similar 
conditions. Stable value for the flux to be achieved was 
287 LMH at pressure of 3 bar.

2.4. Taguchi’s experimental design methodology
Taguchi has defined the optimization criterion quality 
(in our case permeate flux) as a consistent way 
of achieving the desired value through minimizing 
deviation [ ]. This goal relates to the performance of a 
series of experiments with different process parameters 
at different levels, where the process parameter is a 
factor affecting the optimization criterion quality, while 
its value is the ‘level’.

Based on the literature review [ ], we assumed 
that pH, concentration of oil in emulsion, φ, temperature, 
T and trans-membrane pressure, TMP have the highest 
effect on permeate flux. The factors and their levels are 
presented in Table 2. 

The number of experiments and their sequence 
are determined by standard OA. When planning the 
experiments using four process parameters at three 
levels, we use the OA L9. Such a plan envisages the 
performance of 9 experiments, which is significantly less 

Figure 1. A schematic diagram of the filtration equipment.
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when compared to the traditional factorial methodology 
with 34 = 81 experiments. The experiment performance 
plan is presented in Table 3. The first column in 
Table 3 presents the experimental serial number. Each 
experiment was defined by the process parameters (A, 
B, C and D) and marked at specific levels by numbers 1 
(low), 2 (middle) and 3 (high).

A confidence analysis was performed as a result 
of having to perform only a part of the envisaged 
experiments by using the traditional factorial 
methodology. The standard statistical technique, 
analysis of variance (ANOVA), is used for this purpose, 
as it recognizes the relative influence of the process 
parameters for the optimization criterion value.

The mathematical algorithm of the ANOVA statistical 
technique is based on calculation of the variance, which 

is an indicator of the optimization criterion quality. The 
ratio between the variance of the process parameter 
and the error variance shows, whether the parameter 
has affected the permeate flux quality [21].

3. Results and discussion

3.1. Taguchi method results
The permeate flux values were determined 
experimentally under various conditions shown on 
the experimental performance plan (Table 3), and are 
presented in Table 4. The main objective of designing 
the experiments by Taguchi method was to establish the 
process parameters where the permeate flux reached 
the maximum value. Table 5 shows that the highest 
permeate flux was reached in the seventh experiment, 
i.e., at pH = 11, φ = 0.5% (v/v), TMP = 5 bar and T = 
35°C.

The variation of the permeate flux for process 
parameters at different levels is presented in Fig. 2. 
The aim of the research was to gain the highest flux. 
The differences between slopes at different levels of 
each process parameters were investigated. It can be 
observed from Fig. 2 that among process parameters 
studied, TMP showed the strongest influence due to 
the steepest slope. Further, the actual relative influence 
of the process parameters’ effects was defined by the 
ANOVA statistical method. 

3.2. ANOVA results
The results of ANOVA are shown in Table 5. The degrees 
of freedom of process parameters are the same (fj = 2), 
while the degree of freedom of error variance is equal 
to 0. When the degrees of freedom of error variance 
equal 0, we cannot determine the information relating 
to the error sum of square (Se) as well as the percent 
contribution of the error (Pe).

The last column in Table 5 shows the percent 
contribution (Pj) of each parameter to the response. A 
bigger value means that the factor contributes more 
to the final result. It can be observed from Table 6 that 
among process parameters studied, TMP showed the 
strongest influence, followed by φ, pH and T.

In accordance with the Taguchi’s method algorithm, 
we removed T from further statistical considerations, as 
it was the least important process parameter. Removal 
of T as an insignificant process parameter requires a 
repeated variance analysis, whereby Sj and fj of the 
removed process parameter are added to Se and fe, 
respectively. The final result of the variance analysis 
is shown in Table 6. ANOVA may be used to estimate 
the process performance at optimum conditions. In the 

Table 2. Parameters and their values corresponding to their levels  
      studied in experiments.

Process 
Parameter

Designation Levels
1 2 3

pH A 5 7 11

φ (v/v %) B 0.5 1.5 3

TMP (bar) C 1 3 5

T (°C) D 25 35 45

Table 3. The design of experiment for the L9(3
4) array.

Experiment Process Parameter
A B C D

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 2 1 2 3

5 2 2 3 1

6 2 3 1 2

7 3 1 3 2

8 3 2 1 3

9 3 3 2 1

Figure 2. Influence   of   the   individual   process   parameters  on  
        permeates flux at different levels.
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estimation, only the significant factors are taken into 
account. The results of optimum conditions are listed in 
Table 7. The highest flux is achieved at pH = 7, φ = 0.5% 
(v/v), TMP = 5 bar. Current total average (i.e., arithmetic 
average for all trials) for permeate flux is around 55.441 
LMH. However, at optimum conditions, the permeate 
flux should increase to 83.519 ± 0.360 LMH at a 90% 
confidence level.

Since the optimum conditions were not applied to 
any of the trials in Table 3, a confirmation experiment 
was done with a combination of the optimum levels to 
compare the results with the expected performance. 
The permeate flux was 87.9 LMH in the confirmation 
experiment, within a ±10% error range. There was 
a good correlation between predicted and observed 
values.

Based on the results given by ANOVA, TMP 
had the highest impact on flux. It can be seen from 
Fig. 2, that the increase of TMP resulted in the increase 
of flux. Therefore, the highest permeate flux occurred 
at the highest TMP (5 bar). Fig. 3 illustrates drop size 
distributions for feed solutions and permeates at a) 
1 bar, b) 3 bar and c) 5 bar. Average particle size in 
feed solutions is in range (175-280) nm. At the TMP 
of 1 bar, the measured average particle sizes in feed 
solution and permeate were 234 nm and 175 nm, 
respectively. Thus, average particle size was reduced 
by 25%. At a pressure higher than 3 bar, the particle 
size was on average the size of the drops in the feed 
and in the permeate. Regardless of TMP, the oil-
droplet size in the permeate was larger than the pore 
size of the membrane (50 nm). The magnitude of the 
oil-droplet to membrane pore size ratio can determine 
droplet breakup, droplet coalescence from drop–drop 
interactions due to shear, and droplet coalescence 
from drop–surface interactions due to pore size effects 
[28]. Another possible reason for this phenomenon can 
be the high pressure that can be applied through high 
mechanical properties (e.g. pressure resistance) of the 
ceramic membrane [1]. The emulsified drops can be 
deformed; they enter the membrane structure and, as 
a result, pass through the membrane with an increased 
pressure. Good demonstration of this phenomenon was 
the highest retention of oil reaching up to 96% at the 
lowest TMP of 1 bar. Also permeate turbidity was the 
lowest in all the experiments made at TMP = 1 bar. This 
means that only a small portion of oil passed through the 
membrane and the rest was retained by the membrane, 
while at higher TMP, oil was pushed through the 
membrane. Therefore, at TMP = 3 bar the oil retention 
reached up to 91% and at TMP = 5 bar only up to 85%. 
However, more oil droplets accumulated both on the 
membrane surface and in the membrane pores, leading 
to membrane fouling [29]. Although pore plugging at 
low TMP might result in flux reduction, the maximal flux 

Table 4. Experimental results - orthogonal array L9.

Experiment 1 2 3 4 5 6 7 8 9

J (LMH) 39.9 46.8 71.8 55.2 79.7 37.6 82.0 42.2 43.7

Table 5. Analysis of variance (ANOVA) – OA L9.

Process 
Parameter

fj Sj Vj Pj

A:  pH 2 34.5 17.3 1.38

B:  φ (v/v %) 2 99.0 49.5 3.94

C:  TMP (bar) 2 2371.9 1185.9 94.45

D: T (°C) 2 5.7 2.9 0.23

Error 0 0.000 0.0 0.00

Total 8 2511.2 313.9 100.00

Table 6. Final results of variance analysis (ANOVA) – OA L9.

Process 
Parameter

fj Sj Vj Fj Pj

A:  pH 2 34.5 17.3 6.024 1.15

B:  φ (v/v %) 2 99.0 49.5 17.280 3.72

C:  TMP (bar) 2 2371.9 1185.9 413.814 94.22

D:  T (°C) POOLED

Error 2 5.7 2.9 0.91

Total 8 2511.2 313.9 100.00

Table 7. Optimum conditions given by ANOVA.

Process 
Parameter

Level Level 
description

Contribution

A:  pH 2 7 2.079

B:  φ (v/v %) 1 0.5 3.593

C:  TMP (bar) 3 5 22.405

Total contribution from all factors 28.078

Current grand average of 
performance 55.4 LMH

Expected result at optimum 
conditions 83.5 LMH

Observed result at optimum 
conditions 87.9 LMH
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decline was observed at the highest TMP (Fig. 4), while 
the permeate flux remained above that found for lower 
TMP. At high TMP, the membrane surface concentration 
of a retained solute can significantly exceed the bulk 
concentration by up to 100-fold. This may impact solute/
oil drops aggregation and membrane fouling [12]. 

A higher concentration of oil on the boundary 
layer leads to diffusion of the material back into the 
bulk [12]. Therefore, one of the predicted ways to get 
an optimum performance of permeate flux is to set 
the oil concentration at a low level (0.5% (v/v)). Oil 
concentration at the lowest level is optimal also for the 
retention of oil. That is due to accumulation of rejected 
oil drops near the membrane surface which reduces 

membrane pore size and consequently mitigates 
increased retention of emulsified oil. As oil accumulates 
near the membrane, the membrane may eventually 
become oil-wet, causing some drops to coalesce into an 
oil-wet layer and pass directly through membrane pores. 
In this case, the concentration of oil in permeate may be 
enriched relative to the feed concentration [30]. 

Various pH values affect both the properties of 
emulsion (droplet), as well as the characteristics of 
the membrane. The dependence of droplet size of 
oil-in-water emulsion on the value of pH is shown in 
Fig. 5, which shows that no obvious variation exists in 
the average size of droplets under various pH values. 
The ζ-potential of the emulsion droplets is the parameter 
known to  most accurately indicate the emulsion stability 
and its dependence on pH. A bigger absolute value of 
the ζ-potential indicates a more stable emulsion. The 
measurements of the emulsions ζ-potential as a function 
of pH shows that the ζ-potential slightly decreases with 
increasing pH (Fig. 6). In this work, the average values 
of the emulsion ζ-potential at pH of 5, 7 and 11 were 
-10.9 mV, -16.0 mV and -35.5 mV, respectively. Thus, 
it can be concluded that oil-in-water emulsions are 
affected by pH changes. The ζ-potential of the ceramic 
membrane is also important, because its active layer 
is made up of a mixture of α-alumina and zirconium 
oxides, which can exist in different ionization states 
or zeta potential values depending on the pH value of 
the solution [2]. The IEP of ceramic membrane was 
determined at 5.3 (Fig. 7). Due to a low membrane 
surface charge at pH 5 there was no electrostatic 
interaction between the membrane and the particles 
in the oil-in-water emulsion. Above the isoelectric 
point, the membrane surface was negatively charged. 
Solutes are negatively charged as well, therefore, the 
electrostatic repulsion occurred between the negatively 
charged membrane and the solutes. Consequently, the 
adsorption of solutes onto the membrane is hindered. 
Therefore, higher flux decline are caused by fouling at 
pH 5 than at pH 7 and 11. Also, the flux at pH 7 was 
slightly higher than that at pH 11 (Fig. 2). At high pH 
values, electrostatic repulsion between the charged 
groups can cause a reduction in pore size and the pores 
can shrink [25]. Such reaction resulted in a reduced flux 
at pH 11. 

4. Conclusion
In this study, the Taguchi design of experiments (L9) 
was employed to optimize the important parameters 
of ultrafiltration of oil-in-water emulsions using ceramic 

Figure 3. Drop size distribution for feed and permeate from 
experiment with applied TMP of a) 1 bar, b) 3 bar, c) 5 
bar.

Figure 4. Effect of TMP on flux decline.
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membrane. According to the percent contribution 
of each factor, as indicated in the ANOVA table, the 
most important parameter for maximum permeate 
flux was TMP, whilst the temperature was evaluated 
as a  statistically insignificant process parameter. The 
optimum conditions for UF providing the highest flux 
were found at TMP = 5 bar, φ = 0.5 v/v%, and pH = 7. 
The maximum flux was achieved at the highest TMP, 
as high TMP forced oil droplets through the membrane 
pores causing lower retention of oil. The IEP of ceramic 
membrane was determined at pH 5.3. A moderately 
higher retention of oil at pH 5, as opposed to pH 7 
caused oil accumulation close to the surface and a 
resulting decrease of the permeate flux. 
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Nomenclature
ANOVA analysis of variance
cf concentration in feed solution (mg L-1)
cp concentration in permeate (mg L-1)
DOE design of experiments
fe degree of freedom of error variance (1)
fj degree of freedom of process parameter 

j (1)
Fj variance ratio of process parameter j (1)
fT total degree of freedom of the result (1)
IEP isoelectric point
J permeate flux (LMH)
L number of levels (1)
M number of process parameters (1)
N total number of experiments (1)
Nk number of experiments on k level (1)
OA orthogonal array
Pe relative influence of error on optimization 

criterion (%)
Pj relative influence of process parameter j 

on optimization criterion (%)

Figure 5. Effect of pH on drop size distribution.

Figure 6. Effect of pH on zeta potential distribution of oil drops.

Figure 7. Zeta potential measurement for Al2O3-ZrO2 membrane.
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R retention (%)
Se sum of squares of error (1)
Sj sum of squares of process parameter j 

(1)
ST total sum of squares (1 )
T temperature (°C)
TMP trans-membrane pressure (bar)

UF ultrafiltration
Ve variance error (1)
Vj mean square (variance) of process 

parameter j (1)
Yi i value of optimization criterion (1)
ζ-potential zeta potential (mV)
φ set oil concentration (v/v  %)
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