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Nowadays, oily wastewater is increasing along with
the growth of various industries. So, wastewater
treatment is necessary in order to protect the
environment. In this study, a mullite ceramic
membrane was prepared. Then, oily wastewater
treatment with 200 mg L' concentration was
investigated by the response surface methodology
based on Box-Behnken design (BBD) using
Design-Expert  7.0.0  software. Membrane
characterization was done using XRD, SEM, and
porosity analysis. Based on XRD results, the major
phase of the membrane was mullite. Furthermore,
according to SEM image and porosity analysis, the
pore size and the membrane porosity were 1.7 pym,
47 %, respectively. The experimental parameters
were temperature (T, 20 - 40 °C), pressure (P, 2 -
4 bar) and cross flow velocity (CFV, 0.5-1.5 m s™).
In addition, the flux was considered as the
response. The optimum conditions for achieving
the maximum response were 39.62 °C of T, 3.92
bar of P, and 1.34 m s of CFV. The maximum
permeate flux was 42.93 L m? h''. The rejection
was investigated under different pressure from 2 to
4 bars. The maximum rejection was observed at 2
bars with the amount of 97.4 %.
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1. Introduction

Along with the growth of cities, population growth and the expansion of
industries and factories, the issue of environmental pollution has become more
important. Oily and oil wastewaters are produced by many industries and their
release in the environment has caused the ecology problem in the world.
Membrane processes compromising microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) have made significant advances
in the treatment and pre-treatment of the industrial wastewaters.

In the oil industry, the reverse osmosis process is used as the main process for
the treatment of oily wastewater and the processes mentioned above are in the
field of pre-treatment [1].

Reverse osmosis is a process in which pressure is used to reverse the
osmotic flow of water through a semipermeable membrane. This process is
used for water sweetening for domestic use as well as for the treatment of
industrial wastewater, especially in the oil and petrochemical industries. Due to
the lack of water resources, this process has become especially important for
domestic and industrial use in order to supply water [1, 2].

Maintenance of membrane surfaces to prevent fouling, and therefore
frequent services require high costs. Membrane’s Fouling, especially when the
surface waters or industrial wastewaters contain a lot of organic materials is
more problematic. These contaminations cause fouling and sometimes
irreparable destruction of the membranes [3].

Given that today’s oily wastewaters produced by industrial centers (e.g.
the refinery) have become one of the major problems in the environment, it
must be treated with appropriate methods before reuse or release in the
environment. So far, for the treatment of oily wastewaters, some methods have
been used that include the use of biotechnology based on biological
degradation of oil wastes [4, 5] and physical methods like centrifugation using
the centrifugal force, thermal treatment and electrochemical ways that cause
breaking emulsions [5].

The aforementioned methods are very costly as an oily wastewater pre-
treatment for use as feed in the units such as the reverse osmosis. It should be
considered that the membrane process can now be introduced as a suitable
method at an appropriate cost and industrial capabilities [6]. Ceramic porous
materials are the materials widely used in the membrane industry due to their
high chemical and mechanical resistance. The main application of ceramic
membranes is for the treatment of industrial water and wastewater [2, 7].

In this regard, microfilter membranes can be used as a suitable method
for the oily wastewaters pre-treatment for use in units such as the reverse
osmosis which is a factor in reducing the fouling in these membranes as well as
reducing the cost of this unit [8]. Ceramic membranes are produced in different
shapes such as discs, tubes, multichannel tubes and hollow fibers [2, 7-9].
Furthermore, different materials such as alumina, zirconia, and kaolin are used
for ceramic membranes preparation [10]. Rasouli et al. prepared mullite-
alumina-zeolite and mullite-zeolite ceramic microfiltration membranes by
extrusion method for the oily wastewater treatment. They also used coagulation
to perform oily wastewater treatment in a hybrid process [11]. Sere et al. studied
the treatment of vegetable oil refinery wastewater by alumina ceramic
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membrane using response surface methodology. They investigated the effects
of temperature, pressure and feed-flow rate on the microfiltration [12]. Rasouli
et al. prepared mullite, mullite-alumina, mullite-alumina-zeolite and mullite-
zeolite membranes as ceramic membranes in order to study oily wastewater
treatment by adsorption- microfiltration as a hybrid process [13]. Also, Vasanth
et al. prepared disk shape ceramic microfiltration membrane using clay by
uniaxial compaction method for the oily wastewater treatment. They
investigated the morphological characterization of these membranes including
the average porosity, pore size, mechanical stability, chemical stability, and
hydraulic permeance [14].

In this research, a cheap mullite ceramic membrane (using locally
available materials) was prepared. The membrane porosity was improved by
free silica of the sintered membranes using the sodium hydroxide solution.
Moreover, the characteristics of the membrane were studied using XRD, SEM
and porosity analysis. Moreover, the effects of temperature (T), pressure (P)
and cross-flow velocity (CFV) as independent variables on MF oily wastewater
treatment were observed by changing permeate flux (PF) as a response by
response surface methodology based on Box-Behnken design (BBD) using
Design-Expert software. Furthermore, the rejection results of the prepared
membrane as a function of the pressure was studied.

2. Experimental
2.1. Material

The kaolin powders (SZWNKH1, Iran China Clay industries) was used as
the main material for the preparation of ceramic membrane. The kaolin powders
composition is described in Table 1. Distilled water and sodium hydroxide
pellets (Merck, Mw = 40.00 g mol') were used for the sodium hydroxide
solution preparation. Crude oil (Isfahan refinery) was used for feed preparation
and kerosene (Kermanshah refinery) was used for the permeate concentration
measurement using a UV-visible spectrophotometer. The chemical and
physical specification of the crude oil and kerosene are shown in Table 2.

Table 1. Kaolin composition reported by the manufacturer [15]
Componentname  SiO2  AlOs Fe03 TiO2 CaO MgO Na:O KO L.OlI

Mole % 63.63 2405 065 0.04 140 050 030 020 9.22

Table 2. Chemical and physical specification of the crude oil and kerosene

Property Unit

Crude oil Kerosene
Density at 15 °C - 0.8602 0.7978
API Gravity API 33.0
Kinematic Viscosity at 10 °C~ mm?s™ 18.43
Kinematic Viscosity at 20 °C~ mm?s™ 11.84

Kinematic Viscosity at 40 °C mm?s™ 6.319
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2.2. Membrane preparation

A mesh sieve No. 200 was used to filter the kaolin powder. Then, it was
shaped into a disk with 21 mm in diameter and 1.2 mm in thickness using a
uniaxial press under pressure of 500 bar for 2 min. After pressing, disk samples
were placed inside a furnace (Zohouri Furnace Industries). The temperature
program of the furnace was set to initially reach a temperature of 550 °C and
the membranes were at this temperature for 1 h. The temperature was then
increased to 950 °C and after 1 h at this temperature, it was increased to 1150
°C. The process of sintering the membrane completed within 3 h. At all stages,
the temperature increase was adjusted with a constant gradient of 5 °C min-"
[15, 16].

Free silica of the sintered membranes was removed using NaOH solution
[15]. It was performed at the temperature, the removal time and NaOH
concentration of 75 °C, 8 h, and 35 w.t %, respectively. After the free silica
removal, the membranes were washed with distilled water in order to remove
impurities from the membrane pores and surfaces. Then, the prepared
membranes were dried.

21. Calculation
Water permeate flux for the ceramic membrane was determined from Eq.

(1)

1:

Permeate flux =
A xt

Where V is the volume (L) of the permeated water from the membrane. A
and t are an effective area of the membrane (m?) and filtration time (h),
respectively [17].

One of the important parameters of the filtration processes is the
rejection percentage which is calculated from Eq. 2:

C
Rejection (%) = (1-C—p) x 100 (2)
f
Cp and Cs are the concentrations of impurities in the product and feed
respectively [18].

2.2. Characterization

The membrane porosity was determined using the difference between
the dry membrane weight and the membrane weight which was soaked in the
pure water for 24 h. Next, porosity of the membranes was determined using the
following equation:

Porosity (%) = ( W-W,

) X100 (3)

Pw Vm
W1 and W- are the soaked and dry membrane’s weight, respectively and
Vw is the volume of the membrane. Furthermore, pw is the water density at the
experiment temperature[16].
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X-ray diffraction (XRD, Philips PW1800, Cu lamp (40 kV and 30 mA))
and scanning electron microscope (SEM, Viga Tescan) were used to determine
the phase structure of the membrane and analyze the structure of the
membrane surface, respectively. In addition, the permeate concentration was
measured using a UV-visible spectrophotometer (Shimadzu UV-1700, Kyoto,
Japan) [14]. Moreover, droplets size distribution of oil emulsion was determined
using the Dynamic light scattering (DLS).

The average pore size was determined using ImagedJ software (version
1.4) by SEM images. For this purpose, 6 SEM images were taken randomly.
Then, the average pore diameter of each membrane SEM image was

determined as follows:
0.5

Dave = lzln— (4)

Where ni and di are the pore number and pore diameter, respectively.
Dave is the average pore diameter (um). Finally, the average value of 6 SEM
images was reported as the membrane average pore diameter.

23. Feed

For experiments, a crude oil and water emulsion with 200 ppm oil
concentration in the feed was prepared. The calculated amount of heavy oil for
this concentration was added to distilled water and the powerful agitator was
used to homogenize the feed water and oil at 25 °C. The low amount of crude
oil in water emulsion became stabilized adequaty without any other surfactant
addition because of some natural surfactant presence in the crude oil [17].

2.4. Experimental setup and module

To perform filtration tests, the stainless steel module according to Figure
1 (a)-which consists of two parts- was used. These parts are sealed by an O-
ring and the membrane is placed between the two O-rings. The filtration setup
as shown in Figure 1 (b) includes a pump, a feed tank, a temperature sensor, a
coolant, a pressure gauge and a flowmeter.
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Figure 1. a) Experimental setup and b) module

2.5. Experimental design

The experimental design for the oily wastewater treatment was done by
the response surface methodology (RSM) based on Box-Behnken design (BBD)
using Design Expert 7.0.0 software. The Eq. 5 describes the quadratic
polynomials for permeate flux using the encoded parameters[19].

k

n:B0+ZIBj +ZBJJ J+ZZZBIJX1XJ+ (5)
= LN

In the above equation, n is the predicted response for permeate flux, x;

and x; are the independent coded variables, o is the constant coefficient, i and

Bj are linear coefficients, Bi and Bj are quadratic and interaction coefficients

respectively and e; is the error[19].

Table 3. Independent variables and their associated levels

Independent variable -1 0 +1

Temperature (°C) 20 30 40

Pressure (bar) 2 3 4

Cross flow velocity (ms™) 0.5 1 1.5
3. Results and discussion

3.1. Characterization

The prepared membrane porosity based on Eq. 3 was calculated to be
47 %. XRD analysis for the prepared membranes is presented in Figure 2.
According to this Figure , the major phases are Mullite (AleSi>O13) and Quartz
(SiO2) and the minor phase is Anorthite (Ca, Na)(Si, Al)4Os for the prepared
membranes. Increasing the free silica removal resulted in the membrane
porosity increment [15].
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Figure 2. XRD of the prepared membrane

Figure 3 (a and b) shows SEM images of the surface and cross-section
of the prepared membrane, respectively. Images show that the surface is
porous and even. Furthermore, the membrane average pore diameter was 1.7
pm.
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(a) (b)
Figure 3. SEM images of prepared membranes: a) surface and c) cross section

Figure 4. shows the droplet size distributions of the oil emulsion. As
observed, the average oil droplet size is 1.35 pm.
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Figure 4. Droplets size distribution of oil emulsion

3.2. Experimental design

The experimental design of the response surface has four main steps for
the optimization process: 1. Form a proper design, 2. The proposition of a
statistical model based on the regression analysis method, 3. Verification of the
provided model, 4. Prediction of the response variable based on the proposed

model [20].

Experiments determined by the experimental design were done and
equation 6 was determined using the statistical method of the response surface.
This equation indicates the experimental relationship between the independent
variables and the permeate flux.

Permeate flux=-10.62 -0.24 x T + 2282 x P +1.04 x CFV +0.04 xT x P

(6)

+0.08xTxCFV+035%xPxCFV+4.67x10°xT?-2.95xP?-1.33xCFV?
The amount of permeate flux is predicted by the model and T, P, and
CFV are the independent variables of the temperature, pressure and cross-flow
velocity, respectively. To verify the validity of the proposed model, analysis of
variance, correlation coefficient (R?) and residual diagrams were investigated.
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Table 4. BBD for the extraction based on the coded values
Run T(°C) P(bar) CFV(ms") Permeate flux (L m?h")

1 40 3 1.5 38.6
2 30 4 0.5 371
3 40 4 1 42.9
4 30 3 1 35.6
5 20 2 1 23.3
6 20 4 1 36.4
7 20 3 1.5 33.6
8 40 2 1 28.1
9 30 3 1 34.8
10 30 4 1.5 39.5
11 30 3 1 35.1
12 20 3 0.5 32.8
13 30 2 1.5 26.3
14 40 3 0.5 36.2
15 30 2 0.5 24.6

3.3. Analysis of variance

The statistical method of analysis of variance examines the significance
level and also significance of the entire model and its component as well. The
analysis of the variance of the second order model is presented in Table 5. As
seen, the p-value of the model with a 95 % confidence leve is less than 0.0001
for the permeate flux,. The proposed model is meaningful because the p-value
is smaller than 0.05. Also, the p-value greater than 0.05 for the non-fit of the
model is an indicator for verifying the high accuracy of the model for the
prediction of the estimated values for each experiment. In other words, the
nonsensical fit indicates that the distance between the real and predicted values
is negligible. As a general rule, the p-values less than 0.05 indicate the
significance of the parameter, and on the other hand, the p-values greater than
0.1 represent the nonsignificance [21, 22]. Therefore, according to the variance
analysis table, all three variables of temperature, pressure, and crossflow
velocity were effective in this experiment.

The value of R? = 0.9954 indicates the correlation between the values
obtained from the experiment and the model determined, which confirms the
validity of the model. Also, Adeg-Precision of 34.762, which represents the
difference between the values determined by the model with the average value
of the prediction error, showed that the model reports the behavior of the
permeate flux well. In general, the values above 4 indicate the correctness of
the model.

The predicted response and the associated experimental response are
presented in Figure 5. As the data points in this graph become closer to the 45°
line, the agreement between the predicted and experimental values is more
appropriate. Thus, as shown, the predicted values and the experimental values
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have good agreement indicating that the model has the potential to predict the
response with high accuracy.

Table 5. ANOVA results of the quadratic model for permeate flu

Source Sum of Squares  Degrees of freedom  Mean Square  F Value P Value
Model 449.97 9 50 119.94  <0.0001
Temperature (A) 48.51 1 48.51 116.38 0.0001
Pressure (B) 359.12 1 359.12 861.54  <0.0001
Cross flow velocity (C) 6.66 1 6.66 15.98 0.0103
AB 0.72 1 0.72 1.73 02451
AC 0.64 1 0.64 1.54 0.2703
BC 0.12 1 0.12 0.29 0.6110
A? 0.8 1 0.8 1.93 0.2235
B2 32.31 1 32.31 77.52 0.0003
c? 0.41 1 0.41 0.98 0.3667
Lack of fit 1.76 3 0.59 3.59 0.2256
R? 0.9954
R? Adj 0.9871
R? Pred 0.9362
Adeq precision 34.762

Predicted vs. Actual

4300 —

o] }/'3/

33.00 —

A

Predicted

28.00 —

23.00 —

23.30 28.20 33.10 38.00 4290

Actual
Figure 5. Predicted response versus experimental response

3.4. Effect of independent variables

The results of operating conditions including pressure, temperature and
cross-flow velocity on the membrane performance are shown in Figure 6.
Effects of the pressure were investigated in a range of 2—4 bars. Regarding
Figures 6 (a) and (c), an increase in pressure will increase the permeate flux.
However, at high pressures, the permeate flux is almost constant. Based on
Darcy's law, increasing the pressure results in permeate flux increments
whereas membrane fouling due to a compensated fouling layer formation on the
membrane surface causes to permeate flux decrements [14, 23]. The effects of
temperature were investigated in a range of 20—40 °C. According to Figures 6
(@) and (b), increasing the temperature enhances the permeate flux.
Temperature increasing has two different effects: First, it increases the osmotic
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pressure which in turn decreases the permeate flux [24, 25]. Second, it
decreases viscosity significantly due to permeation which is mainly gas oil
;hence, diffusivities of solvent and solutes enhance which next increase the
permeate flux [26]. Effects of cross-flow velocity were also investigated in a
range of 0.5-1.5 m s™'. As shown in Figures 6 (b) and (c), by increasing the
cross-flow velocity the permeate flux enhances. The cross-flow velocity
enhances turbulency over the membrane surface thus mass transfer coefficient
increases [26, 27].
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Figure 6. Effect of independent variables on permeate flux

3.4.1. Rejection

The rejection results of the prepared membrane as a function of pressure
are shown in Figure 7. In order to determine the membrane rejection, different
pressures of 2, 3, and 4 bar at a temperature of 25 °C and cross flow velocity of
1.5 m s were considered. According to Figure 7, the rejection was 97.4 % at a
pressure of 2 bar. Furthermore, the membrane rejection decreases by pressure

increasing. This can be due to the passing of more oil droplets through the
membrane at higher pressure [27].

100
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Figure 7. Rejection of the prepared membrane as a function of pressure (T= 25 °C, CFV=1.5m
s7)

4. Conclusion
The prepared ceramic membrane with a porosity of 47 % and pore size
of 1.7 ym under pressure of 3.92 bars, temperature of 39.62 °C and cross flow
velocity of 1.34 m s had the highest permeate flux of 42.93 L m2 h''. The
percentage of membrane rejection for a feed of 200 mg L' at a pressure of 2
bars was 97.4 %. To conclude, the results of the present study showed that oily
wastewater can be pre-treated using the microfilter ceramic membrane and can
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be used in units such as reverse osmosis in order to supply suitable
quality water for various industrial uses.

Nomenclature

P Pressure

CFV Cross Flow velocity

T Temperature

PF Permeate Flux

R Rejection

Co Concentrations of impurities in the product
Ct Concentrations of feed
Porosity Porosity

Wi Soaked membrane’s weight
W2 Dry membrane’s weight

Pw Water density

Vm Volume of the membrane

Dave Membrane average pore diameter
n Predicted response

Xi, Xj Independent factors

Bo Constant coefficient

Bi Coefficient for linear effect

Bii Coefficient for quadratic effect
Bij Coefficient for interaction effect
€i Error
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