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Abstract

Cross-flow microfiltration (MF) processes were studied with oily wastewater using a ceramic (a-Al,O3;) membrane with 50 nm pore size. The
influence of parameters such as transmembrane pressure (TMP), cross-flow velocity (CFV), oil concentration in feed, pH and salt concentration
on the separation behaviors were investigated by the measurements of permeate flux, total organic carbon (TOC) removal efficiency, and size and
zeta potential of the emulsion droplets. The results showed that there were different degrees of effect on the permeate flux by these parameters. The
TOC removal efficiencies higher than 92.4% were achieved under all experimental conditions. A non-steady model of the accumulation volume
of permeation was developed. It was found that the predicted values from the model were in good agreement with the experimental results. A
sensitivity analysis (SA) of the model was also conducted to identify the degree of influence of the parameters on the accumulation volume of
permeation. The results showed that the accumulation volume of permeation was significantly affected by the transmembrane pressure, indicating

the model was reliable.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been increasing attention to the application of veg-
etable oils in industries since last decade because vegetable oils
are renewable, non-toxic and environmentally friendly resources
[1-3]. Vegetable oils are considered to be potential candi-
dates to substitute conventional mineral oil-based lubricating
oils and synthetic esters as a result of the stringent require-
ment of resource conservation and environmental protection
[4-T7].

Vegetable oils are low-cost candidates for the biodegradable
replacement of mineral oils [8,9]. However, the limited appli-
cations of vegetable oils in the natural form are due to poor
thermal/oxidation stability [10] and low temperature behavior
[11]. Modifications of vegetable oils have been developed for
industrial applications. These modifications include the use of
substances such as acids, alkali, salt and organic additives. The
composition of oily wastewaters becomes more complex due to
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various industrial applications of vegetable oils, so oily wastew-
aters are difficult to be treated by conventional methods.

Several common techniques are used in oil-water separation
and treatment. The gravity settling separation and mechanical
coalescence methods are the well-known traditional treatment
processes, the efficiency of which depends on the size of the oil
droplets in wastewater. Chemical emulsion breaking is an effec-
tive way under proper application [12,13]. The coagulation and
air flotation [14,15], electrostatic and electrocoagulation sepa-
ration methods [16—-19] were also applied in the oily wastewater
separation processes. However, these methods would lead to a
huge production of sludge and complicated operation problems.
Other methods such as microwave treatment [20,21], ultrasonic
wave treatment [22,23], thaw and heat treatment [24,25] have
been occasionally applied in special oily water (sludge) treat-
ment in recent years.

Membrane separation has enjoyed great popularity over the
last 30 years and is becoming a promising technology. This tech-
nology has several advantages including stable effluent quality
and small area requirement. Moreover, no chemicals addition
is required. Many studies of membrane separation for oily
wastewater treatment have been reported, particularly in ultrafil-
tration (UF) and reverse osmosis (RO) with organic membranes
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[26-29]. However, few studies are related to the application of
inorganic ceramic membranes on oily wastewater treatment.

In this paper, the separation of oily wastewater was carried
out using ceramic membrane. The effects of transmembrane
pressure (TMP), cross-flow velocity (CFV), oil concentration
in feed, pH and salt concentration on the permeate flux and
TOC removal efficiency were studied. A non-steady model of
the accumulation volume of permeation with TMP, CFV, oil
concentration, and separation time was developed. A sensitivity
analysis (SA) was also conducted to identify the degree of influ-
ence of the first three parameters on the accumulation volume
of permeation.

2. Experimental
2.1. Materials

The tubular ceramic (a-alumina) membrane and module used
in this study were produced by the Nanjing University of Tech-
nology, China. The ceramic membrane was 425 mm in height
and 30 mm in diameter with 19 lumens. Each lumen was 4 mm
in diameter. The nominal pore size was 50 nm and layer thick-
ness ranged from 20 to 50 nm, which provided 0.1 m? effective
areas for filtration.

The oily wastewater (feed solution) was prepared by mixing
edible oil with distilled water and surfactant for 15 min at a speed
of 5000 rpm using a homogenizer. The temperature of the feed
solution was controlled between 20 £ 1 °C by means of a small
heat-exchanger immersed into the feed tank.

2.2. Experimental set-up and operation

The schematic diagram of the experimental set-up is shown
in Fig. 1. The experiments of oily wastewater separation were
operated in the total recycle mode. The permeate sample col-
lected in the sample vessel was measured and then returned to
the feed tank for recycling. A total of 14 samples were collected
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Fig. 1. Schematic diagram of the ceramic membrane separation unit.

at 5 min interval before the permeate flux reached a steady-state
condition. The volume of the feed solution was 16 L. The applied
TMP was in the range of 0.05-0.30 MPa, and the CFV was in
the range of 0.21-1.68 ms~!. The effect of ionic strength on the
process performance was investigated by the change of NaCl
concentration from 0.001 to 0.05 mol L~!. The influence of pH
on the performance of the ceramic membrane was determined by
four various pH values of the solution adjusted with 2 mol L~!
NaOH and 2mol L~! HCI solutions.

After each MF run, the membrane was regenerated by the
following procedure adopted by [30]. The oily wastewater was
drained off from the system, and the membrane was rinsed
with hot tap water at 40 °C for 30 min. Then the membrane
was washed with 3% NaOH solution for 2 h in order to restore
the membrane permeability. Finally, the washing process was
completed by rinsing with deionized water until the permeate
reached neutral pH. The initial water flux was measured after
each regeneration, ensuring the results with high reproducibility.

2.3. Analytic methods

2.3.1. Permeate flux (J)

The permeate volume was measured during the separation
process. The permeate flux was calculated by dividing the per-
meate volume by the product of effective membrane area and
the sampling time:

permeate volume collected

permeate flux (J) = : (D
membrane area X time

2.3.2. TOC removal efficiency (Rroc)

The TOC concentration was determined by a total carbon
analyzer (TOC-5000, Shimadzu, Japan). The oil removal effi-
ciency was evaluated according to the value of TOC removal
efficiency (Rtoc), which is defined as

TOCFeed - TOCAve
! TOCreed

where TOCFpeeq is the TOC concentration in the feed solu-
tion, TOC aye is the average TOC concentration of the permeate
(mg 171) and is defined as follows:

1 t
TOVaye = —— / ViC, dt 3
Vi Jo
t

where V; is the instantaneous permeate volume (1), C; the instan-
taneous TOC concentration of the permeate (mg1~") and ¢ is the
filtration time (min).

2.3.3. Sensitivity analysis (SA)

The relative SA (X; p) of an output variable X with respect to
a parameter p is the change AX in X produced by a change Ap
in p relative to the original values of X and p [31], i.e.

AX/X
SA (X, p) = T

“
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The higher SA value of a certain parameter indicates the
model is more sensitive to that parameter [32].

2.3.4. Statistical analyses

The one-way ANOVA was used to test any significant differ-
ence in TOC removal efficiencies in the effluent among various
operating conditions, including TMP, CFV, oil concentration, pH
and salt concentration at the 95% confidence level. All statisti-
cal analyses were performed using SPSS® for Window Release
10.1.

3. Results and discussion
3.1. Effect of TMP on permeate flux

Fig. 2 shows the variations of permeate flux at TMP from 0.05
to 0.3 MPa. The steady permeate flux was highly dependent on
TMP. It was also found that the increase of permeate flux under
lower TMP was greater than that under higher TMP. When the
TMP was greater than 0.2 MPa, the rate of increase of permeate
flux was lessened.

This is because the increase of TMP had both positive and
negative effects on the permeate flux. Higher TMP allowed
droplets (both solvent and solute) to pass rapidly through the
membrane pores. However, more oil droplets accumulated both
on the membrane surface and in the membrane pores, leading
to membrane fouling. According to Fig. 2, the positive effect
on the permeate flux was predominant at low TMP levels. For
most suspensions, the flux increases with increasing pressure
and then approaches to the limiting flux [33-35]. Beyond the
threshold pressure, the flux increases nonlinearly with TMP due
to concentration polarization [36,37]. The flux was independent
of TMP under higher pressure condition due to gel polariza-
tion which could cause a flux decline under excessive pressure
drop [38]. Meanwhile, membranes that had previously been used
under high pressure were subjected to increase the fouling prob-
ability [39]. Therefore, it is suggested that the TMP at 0.2 MPa
is suitable for this type of MF.

Fig. 2 also presents the average TOC removal efficiencies
under various TMP values. The TOC removal efficiencies were
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Fig. 2. Effect of TMP on permeate flux. The error bars were the standard
deviation (S.D.) of the mean (CEV: 1.68 ms~!, oil conc.: 500 mg LY (n=14).
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Fig. 3. Effect of CFV on permeate flux. The error bars were the standard devi-
ation (S.D.) of the mean (TMP: 0.2 MPa, oil conc.: 500 mg L~ (n=14).

between 92.4 and 98.6%. There was no significant difference in
the TOC removal efficiency among the TMP of 0.05, 0.1, 0.15
and 0.2 MPa (p > 0.05). However, the TOC removal efficiencies
decreased rapidly from 98 to 92% when the TMP increased from
0.2 to 0.3 MPa. This also revealed that the TMP above 0.2 MPa
was inappropriate for the sake of good effluent quality.

3.2. Effect of CFV on permeate flux

The effect of CFV on the permeation flux with the CFV
ranged from 0.21 to 1.68 ms™! is shown in Fig. 3. The results
indicated that the higher CFV led to a higher steady permeate
flux. This could be explained by the change of Reynolds number
(Re). Re is defined as follows:

_ pud
I

Re ®)
where p is the density of the liquid, v the velocity of the liquid,
d the diameter of the pipe, and u is the viscosity of the liquid.

Therefore, the greater CFV resulted in a larger Re. Theoreti-
cally, turbulent flow is defined as if the Re exceeds 4000. When
the CFV value increased from 0.21to 1.68 ms !, the Re changed
from 836 to 6680, correspondingly. The turbulent flow, which
weakened the effect of concentration polarization [40], occurred
as the CFV increased to 1.68 ms™!, resulting in the increase of
permeate flux.

Although high CFV can enhance the permeated flux, forceful
turbulent is not recommended in the microfiltration membrane
process. The main reason is that turbulent flow may consume
TMP of the system, causing the decline of permeate flux. Hence,
it is suggested that the CFV should be maintained at 1.68 ms~!
for the operation of this kind of MF.

The average TOC removal efficiencies under various CFV
values are shown in Fig. 3. The TOC removal efficiencies
were maintained around 97% under different CFV conditions.
The results of one-way ANOVA showed that the average TOC
removal efficiencies had no significant difference among various
CFV values (p>0.05).
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Fig. 4. Effect of oil concentration on permeate flux. The error bars were the
standard deviation (S.D.) of the mean (TMP: 0.2 MPa, CFV: 1.68 ms~!) (n = 14).

3.3. Effect of oil concentration on permeate flux

The variations of permeate flux with different oil concentra-
tions in feed solution are illustrated in Fig. 4. The permeate flux
showed a little dependence on oil concentration. Lower steady
permeate flux was obtained under the higher oil concentration
in the feed solution. It was because serious membrane foul-
ing such as membrane adsorption and pore plugging occurred
under high oil concentration. The concentration polarization on
the membrane surface was also one of the factors.

Fig. 4 shows the average TOC removal efficiencies at various
oil concentrations. The TOC removal efficiencies increased from
95.8 to 98% with the oil concentration increasing steadily from
250 to 1000mgL~! before levelling off at about 98% to the
concentration of 2000 mgL~!.

3.4. Effect of pH on permeate flux
The influence of pH on the membrane filtration is shown in
Fig. 5. The steady permeate flux was highly dependent on the

pH of the feed solution. The steady flux increased sharply with
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Fig. 5. Effect of pH on permeate flux. The error bars were the standard deviation
(S.D.) of the mean (TMP: 0.2MPa, CFV: 1.68ms~!, oil conc., 500 mg Lh
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Fig. 6. Effect of pH on size and zeta potential of emulsion droplets.

the increase of pH from 3.8 to 5.8, and then reduced slightly
from 163 to 141 Lm?>h~! with the increase of pH from 5.8 to
9.9. The steady flux at pH of 5.8 reached a peak and was 45%
greater than that at pH of 3.8. However, there are some arguments
in the previous studies on the pH effect. Zhao et al. [41] found
the steady flux decreased as the pH increased in a range of 2—10.
However, Moosemiller et al. [42] reported that the maximum
permeability of alumina membrane was observed at pH around
8-10. The experimental results in this study were somewhat
consistent with the Moosemiller’s conclusion.

The permeate flux under various pH values was affected
not only by the characteristics of membrane but also by the
properties of the solute (droplet). The size and zeta potential
of emulsion droplets are shown in Fig. 6. The results of size
determination of oil-in-water emulsion droplets indicated that
no obvious variation existed in the average size of droplets under
various pH values (Fig. 6). However, the stability of the oil-in-
water emulsion was reported more stable at pH of 4—6 than that
at pH of 6-10 [43]. The coagulation of emulsion did not hap-
pen under stable condition (i.e. pH 3.8) as the zeta potential of
emulsion droplet was low in absolute value. Therefore, the lower
level of steady flux was observed at low pH. While the emulsion
droplets had the higher negative charge at higher pH (Fig. 6).
The cake layer became more “open” at high pH due to the inter-
droplet repulsion, and this increased the permeability, resulting
in higher permeate flux. Meanwhile, the inter-droplet repulsion
prevented the particle from depositing, and led to the reduction
of the thickness of cake layer [44]. These factors reflected that
the higher steady flux could be obtained at higher pH value.

The average TOC removal efficiencies under various pH val-
ues are shown in Fig. 5. The TOC removal efficiencies remained
at the range of 96.6-97.7%. The results of one-way ANOVA
indicated that the average TOC removal efficiencies had no
significant difference under different pH conditions (p > 0.05).

3.5. Effect of salt concentration on permeate flux

Fig. 7 shows the variations of the permeate flux at salt con-
centrations from 0.001 to 0.05 mol L. As shown in Fig. 7, the
higher salt concentration gave a lower steady flux. The steady
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Fig. 7. Effect of salt concentration on permeate flux. The error bars were the
standard deviation (S.D.) of the mean (TMP: 0.2 MPa, CFV: 1.68ms™!, oil
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flux at higher salt concentration (i.e. 0.05mol L™!) was only
45% of that at lower salt concentration (i.e. 0.001 mol L™").

There is still much debate on the effect of salt concentration
on permeate flux among previous researchers. Zhao et al. [41]
found that the increase of ionic strength resulted in a higher
steady flux. Tambe and Sharma [43] observed high ionic con-
centration tended to diminish the thickness of the double layer
around the emulsion droplets, thereby reducing the electrostatic
barrier to coalescence, causing high permeate flux. However,
Elzo et al. [44] reported the opposite results, high permeate
fluxes were observed at low salt concentration.

The size of the emulsion droplet was not uniform and the
micelles carried charges due to the reaction of surfactants. Some
small emulsion droplets could become smaller as the reduction
of the double layer thickness under high ionic strength. There-
fore, the smaller droplets entered the membrane pores or vacant
spaces easily, resulting in membrane fouling and decrease of
permeate flux.

The effect of salt concentration on the TOC removal effi-
ciency is shown in Fig. 7. The average TOC removal efficiencies
were fluctuated between 97.2 and 97.7% when the salt con-
centration changed from 0.001 to 0.05mgL~!. The results
of one-way ANOVA indicated that the average TOC removal
efficiencies had no significant difference among various salt
concentrations (p >0.05).

4. Modeling development and sensitivity analysis
4.1. Modeling development

Numerous models are developed to characterize the mem-
brane filtration processes [45,46]. The empirical model of
permeate flux in a form of exponential decay function is uti-
lized in the modeling of membrane fouling [47,48]. Pastagia et
al. [49] developed a non-steady mass transfer model to predict
the permeate flux for two-component dye mixture nanofiltration
(NF).

Under normal condition, the oily wastewater is often in neu-
tral pH and very low salinity. Therefore, the effects of pH and
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Fig. 8. The accumulation volume of permeation under various TMP.

salt concentration on the accumulation volume of permeation
were not considered in the model proposed in this research.
A non-steady model of the accumulation volume of perme-
ation was developed by the regression method according to
the experimental results under various CFV, TMP and oil con-
centrations. The procedure was as follows: (1) analyzing the
time-dependence permeate flux curve and finding out nonlin-
ear regression between the permeate flux and time, J=f (?);
(2) adding the effect of TMP on the permeate flux into the
model, J=f (t, TMP); (3) considering the effect of CFV and
oil concentration on the permeate flux, J=f (t, TMP, CFV, oil
concentration); (4) optimizing the regression equation (largest
value of R?). The model was expressed as follows:

0.6

CF
085+ 132———

o (t —0.5)%-68

V =6.35 x TMP x

R? =0.9919 (7

where Vis accumulation volume of permeate (L), TMP the pres-
sure (MPa), CFV the velocity of feed (m s~1), Conc. the oil
concentration (mg L1y andis the working time (min).

Validity of the equation: TMP was atarange of 0.05-0.3 MPa,
CFV was less than 1.68 m/s, and oil concentration was less than
2000 mg/L.

Figs. 8-10 show the experimental data and predicted accu-
mulation volume of permeation under typical values of TMP,
CFV and oil concentrations. It was found that the predicted val-
ues were in good agreement with the experimental results. The
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Fig. 9. The accumulation volume of permeation under various CFV.
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model is helpful for users to understand the change of the accu-
mulation volume of permeation during the filtration process; to
determine the time for the membrane cleaning; to understand
the effect of TMP, CFV and oil concentration on the permeate
flux; and to optimize the operating conditions of the filtration
process.

4.2. Sensitivity analysis (SA)

Three parameters (TMP, CFV, and oil concentration) in the
model were selected for sensitivity analysis. Table 1 shows the
definition and standard operating values of parameters of the
membrane separation processes in this study. Because the accu-
racies of the SA method depend on the parameter change which
are made of +1% and —1% of the assigned values [50]. Table 2
presents the results of SA from the parameter changes. Among

Table 1

Parameters used in SA

Parameter Definition Assigned Assigned

range value

TMP (MPa) Transmembrane pressure 0.05-0.3 0.2

CFV (ms™!) Cross-flow velocity 0.21-1.68 0.95

Conc. (mgL~") Qil concentration in the 250-2000 1125

feed stream

t (min) Membrane separation time 0-70 35

Table 2

Results of computation of SA

Parameters Variation SA value

TMP 1% 1.00 (+)
—1% 1.00 (+)
Average 1.00 (+)

CFV 1% 0.05 (+)
—1% 0.04 (+)
Average 0.045 (+)

Conc. 1% 0.03 (-)
—1% 0.03 (—)
Average 0.03 (—)

(+/—) indicates a positive/inverse relation between the change in the parameter
and the change in the flux or volume.

the three parameters, SA value from TMP was the highest, while
SA value from oil concentration was the lowest. The SA value
from TMP was 22 times higher than that from CFV and 33
times higher than that from oil concentration. The results of SA
showed that the model was the most sensitive to the change of
TMP and relatively insensitive to the changes of CFV and oil
concentration. This indicated that the effect of TMP on the accu-
mulation volume of permeation is the most significant among
these three parameters.

5. Conclusions

The microfiltration process with ceramic membrane was suc-
cessfully applied for the oily wastewater treatment in this study.
The high permeate flux was achieved under high TMP, high
CFV and low oil concentration. The results also indicated that
the permeate flux decreased either under high salt concentration
or under low pH value in the feed solution. The largest steady
flux at pH of 5.8 was 45% greater than that at pH of 3. 8. The
steady flux at high salt concentration (0.05mol L™!) was only
45% of that at low salt concentration (0.001 mol L™!). The TOC
removal efficiencies were higher than 92.4% for all experimental
conditions.

A non-steady model of the accumulation volume of perme-
ation with four parameters (TMP, CFV, oil concentration and
time) was developed. It was found that the predicted values from
the model were in good agreement with the experimental results.
The results of SA indicated that the model was the most sensi-
tive to the change of TMP and relatively insensitive to changes
of CFV and oil concentration. The results showed that the accu-
mulation volume of permeation was significantly affected by
the TMP. Therefore, the selection of an optimal value of TMP
during the operation is very important for the membrane filtra-
tion process. This result indirectly supported that the prediction
model was reasonable.
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