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A B S T R AC T

This work addresses experimental and modeling studies on the treatment of oily wastewater 
emulsions using prepared lowcost ceramic membrane. Flat circular disk type membranes 
(52.5 mm diameter and 4.5 mm thickness) were used for microfi ltration (MF) tests possessed a 
hydraulic pore diameter of 0.77 μm and total porosity of 42%. Synthetic oil-in-water emulsions 
constituting 50–150 mg/l oil concentrations were subjected to MF in batch mode of operation 
with varying transmembrane pressure differentials (ΔP) ranging from 41.37 to 206.8 kPa. Typical 
permeate fl ux of 15.05 × 10−6 m3/m2 s and a rejection effi ciency of 98.51% was observed for 150 
mg/l feed oil concentration at ΔP of 206.8 kPa. Different pore blocking models such as complete 
pore blocking, standard pore blocking, intermediate pore blocking and cake fi ltration were 
used to gain insights into the nature of membrane fouling during permeation. The observed 
fl ux decline data trends infer that the decrease in permeate fl ux is due to intermediate pore 
blocking for the initial 1–10 min and later by cake fi ltration. Linear extrapolation of the data 
trends reveals that for feed oil concentrations above 250 mg/l, only cake fi ltration would be 
the fl ux decline mechanism. Finally, phenomenological models were proposed to illustrate the 
dependency of total hydraulic resistance of membrane on ΔP, initial oil concentration (c) and 
time (t).
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1. Introduction

Various process industries such as petroleum refi n-
eries, petrochemical industries, metallurgical, trans-
portation and food processing industries produce large 
volumes of oily wastewater. Typical composition ranges 
of produced oil-in-water (o/w) emulsions vary between 
50 and 1000 mg/l of total oil and grease and 50–350 mg/l 
of total suspended solids [1]. Existing tolerance limits 
of total oil and grease concentrations in wastewater 
streams is about 10–15 mg/l [1]. To achieve the desired 

discharge limits, conventional processes such as ther-
mal de-emulsifi cation [2], electrofl otation [3], biological 
methods [4], coagulation [5] and chemical treatment 
methods [6] are effective for the treatment of o/w waste 
streams with high feed concentrations (500–5000 mg/l). 
On the other hand, due to the existence of smaller drop-
let sizes (<1 μm) of the emulsions for lower feed con-
centrations (50–500 mg/l) these methods are ineffective 
for the removal of oil [7]. Amongst various alternative 
technologies plausible for such applications, membrane 
technology is promising due to various advantages 
such as lower capital cost, higher separation factors, 
compact design and the elimination of other chemi-
cal and mechanical treatment units such as mechanical
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separation, electrofl otation, fi ltration and chemical de-
emulsifi cation [8].

To date, several articles have been published illus-
trating the excellent potential of polymeric membranes 
and ceramic membranes [8–11] for the treatment of o/w 
emulsions. Though inexpensive with a reported cost 
of 50–200 $/m2 [12] during fi ltration, polymeric mem-
branes are susceptible to fouling and degradation and 
eventually needs to be replaced frequently. As a result 
operating cost increases signifi cantly [10]. In addition, 
each polymeric membrane has its own solvent compat-
ibility and weakness to specifi c chemicals present in the 
permeating liquid. For instance, cellulose acetate mem-
branes are severely affected by the presence of chlorine 
and solvents such as acetone and aniline [12].

On the other hand, due to their inherent chemical, 
thermal and mechanical stability, zirconia and alumina 
[11] based ceramic membranes are less prone to fouling. 
As a result, ceramic membranes offers longer life span 
of 3–5 years and are found to be promising for the treat-
ment of o/w emulsions for industrial scale operation as 
well. However, the cost of these membranes is signifi -
cantly higher (2000–4000 $/m2 [13]) due to the higher 
cost of inorganic precursors such as alumina, zirconia 
and higher sintering temperature (more than 1100 °C) 
during membrane fabrication [14]. This is also due to the 
fact that higher sintering temperatures demand higher 
electrical energy and hence operating costs. In addi-
tion, higher sintering temperatures may also give rise to 
enhancement in furnace power specifi cations and hence 
the installed costs. Therefore, higher sintering tempera-
tures translate to higher membrane fabrication costs. In 
other words, existing trends in industrial applications 
of membrane systems indicate the dominance of poly-
meric membranes over ceramic membranes. Thereby, 
the development of low-cost ceramic membranes (200–
400 $/m2) with longer life span is anticipated to drive 
the economic competitiveness of ceramic membranes in 
the industry. 

Wastewater process streams consisting of oil con-
centration ranging 50– 200 mg/l are common in process 
industries and are very diffi cult to separate [9] due to 
the formation of highly stable emulsions. The feasibility 
of low-cost ceramic membranes for the microfi ltration 
(MF) of o/w emulsions with low feed concentrations 
ranging from 50 to 200 mg/l has not been verifi ed so far 
and is therefore the primary objective of this work. In 
our earlier publication [14] we have reported the prepa-
ration of kaolin based ceramic membrane using differ-
ent low-cost inorganic precursors such as kaolin, quartz, 
calcium carbonate, sodium carbonate, boric acid and 
sodium metasilicate. During membrane preparation, 
sintering temperature was kept below 900 °C to mini-
mize the cost of the fabrication process without affecting 

the membranes performance. The cost of the fabricated 
ceramic membranes was estimated to be 130 $/m2 based 
on retail price of inorganic precursors. Subsequently, the 
membrane cost was assumed to be 400 $/m2 including 
fabrication and module costs, which is signifi cantly com-
parable to that of the conventional polymeric membranes 
(50–200 $/m2) and far lower than other commercially 
available ceramic membranes (2000–4000 $/m2). This 
work reports the application of the prepared low-cost 
ceramic membrane for the treatment of o/w emulsions 
using dead-end MF. The maximum feed-concentration 
of the o/w emulsions was taken as 150 mg/l to confi ne 
the study to the challenging task of separating highly 
stable emulsions. Permeate fl ux decline was analyzed 
using various fl ux decline models to get an insight into 
the nature of membrane fouling during fi ltration. Based 
on observed MF fl ux decline data, phenomenological 
models were proposed to illustrate the dependency of 
total hydraulic resistance of membrane on initial oil con-
centration (C), transmembrane pressure drop (ΔP) and 
fi ltration time (t).

2. Experimental

2.1. Ceramic membrane

Flat circular disk type ceramic microfi ltration (MF) 
membrane of 5.25 × 10−2 m diameter and 4.5 × 10−3 m 
thickness was prepared from a clay mixture with the 
composition as kaolin (8 g), quartz (3 g), calcium car-
bonate (5 g), sodium carbonate (2 g), boric acid (1 g) 
and sodium metasilicate (1 g) by paste casting method. 
The hydraulic pore diameter and total porosity of 
the membrane was evaluated to be 0.77 μm and 42%, 
respectively. Detailed description of the preparation 
method, membrane characterizations and cost of the 
membrane are presented elsewhere [14]. A summary of 
the membrane properties is given in Table 1. Before MF 
experiment, two stage compaction experiments were 
performed. In the fi rst stage, membrane was compacted 
at 310 kPa pressure for 180 min in the membrane cell. 
It was found that after 90 min of operation a constant 

Table 1
Properties of used ceramic membrane

Properties Value

Membrane permeable area (m2) 1.66 × 10−3 
Thickness (m) 4.5 × 10−3 
Hydraulic pore diameter (μm) 0.77
Hydraulic permeability (m3/m2 ⋅ s ⋅ Pa) 1.94 × 10−9

Intrinsic membrane resistance, Rm (m
2/m3) 5.78 × 1011 

Total porosity 42 %
Material cost ($/m2) 130
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permeability. Procedures adopted for membrane clean-
ing and subsequent permeability analysis have been 
elaborated elsewhere [9].

2.3. Characterization techniques

Droplet size distribution in the prepared o/w emul-
sions were measured using a laser particle size analyzer 
(Make: Malvern; Model: Mastersizer 2000). Microfi ltra-
tion experiments of the synthetic o/w emulsions were 
carried out with four different concentrations of oil (50, 
75,100 and 150 mg/l) to observe the effect of oil concen-
tration on the permeate fl ux and oil rejection effi ciency 
of the membrane. Five transmembrane pressures dif-
ferentials (ΔP) of 41.37, 82.74, 124.11, 165.47 and 206.84 
kPa were used to observe the effect of ΔP on the per-
meate fl ux and oil rejection effi ciency of the membrane. 
Permeate from the bottom of the cell was collected and 
its cumulative weight was measured with the help of 
an electronic balance. Permeate was collected at 5 min 
interval for the measurement of its oil concentration 
whereas fl ux data was taken in the interval of 1 min 
during the experiment. All experiments were conducted 
at room temperature (≈25 °C). The permeate fl ux (J) and 
the percent oil rejection (R) were calculated using the 
following equations: 

V
J

S t
=

× Δ  
(1)

1 100PC
R

C
⎛ ⎞= − ×⎜ ⎟⎝ ⎠  

(2)

where V(m3) is the volume of permeate, S (m2) is the per-
meable area of the membrane, Δt(s) is the time, CP and C 
are the oil concentration at permeate and feed. The oil 
concentrations in permeate and feed were determined 
using a UV–Vis spectrophotometer (Make: Perkin Elmer 
Precisel; Model: Lambda 35) by measuring absorbance 
at a wavelength of 235 nm where maximum absorbance 
was observed [9,15]. 

3. Theory of membrane fouling mechanism

Hermia [16] outlined four empirical models to rep-
resent dead-end MF membrane fouling mechanisms at 
constant pressure. These correspond to complete pore 
blocking, standard pore blocking, intermediate pore 
blocking and cake fi ltration. Fig. 2 shows the schematics 
of different membrane fouling mechanisms. The models 
were developed using constant pressure fi ltration law:

2

2

nd t dt
K

dV dV
⎛ ⎞= ⎜ ⎟⎝ ⎠  

(3)

fl ux (≈6.029 × 10−4 m3/m2 s) was observed, which indi-
cated that the compaction was over. The membrane was 
dismantled and kept overnight. In the second stage, the 
compacted membrane was used again for the determi-
nation of pure water fl ux and found that the fl ux remains 
almost unchanged (~6.032 × 10−4 m3/m2 s) even after 180 
min of operation. This confi rms that no signifi cant varia-
tion in membrane structure occurred after compaction. 

2.2. Microfi ltration of oil-in-water emulsions

Crude oil collected from Guwahati Refi nery, Indian 
Oil Corporation Limited (IOCL), India, was used without 
any treatment to prepare synthetic o/w emulsions. Oil-in-
water emulsions were prepared using distilled water and 
crude oil by placing the o/w mixture in a sonicator tank 
(Make: Elmasonic; Model: S30H) for 15 h at a temperature 
of 25 °C. Further details on the preparation of stable oil-
in-water emulsions and their characterization techniques 
were summarized elsewhere [15]. Deadend MF experi-
ments were carried out in a membrane permeation cell 
of capacity 125 ml in batch mode. Since dead-end MF 
enables the realization of severe fouling conditions, the 
performance of the membrane could be useful to evalu-
ate general fouling tendency. The experimental setup (as 
shown in Fig. 1) consists of a Tefl on tubular cell with a fl at 
circular Tefl on base plate which contains the membrane 
housing. The feed was fi lled in the tubular section from 
the top. The membrane was placed in a Tefl on casing and 
sealed with epoxy resin and then placed in the membrane 
housing provided on the base plate. The cell was pressur-
ized with compressed air. To carry out several experimen-
tal runs using the same membrane, membrane cleaning 
procedures were followed so as to regain their hydraulic 

Fig. 1. Schematic of the experimental set-up.
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4. Results and discussion

4.1. Emulsion droplet size distribution

Fig. 3 shows the droplet size distribution of emulsion 
with initial feed oil concentration. As indicated by the 
profi le, a bimodal distribution of the oil droplet curve 
was apparent for all four emulsions studied in this work. 
The droplet size of the emulsion varied between 0.04 and 
100 μm, with more than 96% of the oil droplets possess-
ing sizes between 0.04 and 10 μm. Further, it can also 
be observed that the volume percent of emulsions with 
smaller droplet sizes (0.1 μm) increased with an increase 
in the oil concentration. However, with an increase in 
oil concentration, the volume percent of the bigger oil 
droplets (10–100 μm) increased, which eventually con-
tributed to the overall increase in the average droplet 
size. However, the droplet volume distribution amongst 
these droplets is insignifi cant to visualize in the graph 
presented in Fig. 3. A similar observation was found for 
the enhancement of average oil droplet size with increas-
ing concentration in the literature [18] for oil–wastewater 
systems. The average droplet sizes of the emulsions were 
0.56, 0.75, 0.78 and 0.85 μm for emulsions prepared with 
50, 75, 100 and 150 mg/l oil concentration, respectively.

4.2. Effect of transmembrane pressure and feed concentration 
on permeate fl ux

Permeate fl ux profi les with respect to time for dif-
ferent initial feed oil concentrations (50–150 mg/l) and 
transmembrane pressure drops (41.37, 82.74, 124.11, 
165.47 and 206.84 kPa) are illustrated in Fig. 4a–d. These 
fi gures depict that a sharp decline in permeate fl ux 
existed within the initial 5–10 min of experimental run. 
For instance, for a feed oil concentration of 100 mg/l 

where selection of parameter n with values 2, 1.5, 1 
and 0 corresponds to complete pore blocking, standard 
pore blocking, intermediate pore blocking and cake 
fi ltration, respectively. Corresponding modeling expres-
sions for various fouling mechanisms representing time 
dependent fl ux are:

(a) n = 2:  Complete pore blocking: 

( ) ( )1 1
0ln ln bJ J k t− −= +   (4)

(b) n = 1.5:  Standard pore blocking:

0.5 0.5
0 sJ J k t− −= +  (5)

(c) n = 1:  Intermediate pore blocking:

1 1
0 iJ J k t− −= +  (6)

(d) n = 0:  Cake fi ltration:

2 2
0 cJ J k t− −= +  (7)

It can be further observed that a plot of In(J−1) vs. t, J−0.5 vs. 
t, J−1 vs. t and J−2 vs. t shall be a straight line with a slope 
of kb, ks, ki and kc and y-intercept of In(J0

−1), (J0
−0.5), (J0

−1) and 
(J0

−2) for complete pore blocking, standard pore blocking, 
intermediate pore blocking and cake fi ltration model, 
respectively. Also, parameters associated to these models 
subsequently have a physical relevance. The appropriate 
fi tness and competence of various fouling models can be 
confi rmed by comparing the values of coeffi cient of cor-
relation (R2) obtained from the linear regression analysis. 
A detailed description of the various pore blocking mod-
els has been presented elsewhere [17].

(a) (b)

(c) (d)

Fig. 2. Schematic representation of blocking mechanism 
(a) intermediate pore blocking, (b) complete pore blocking, 
(c) standard pore blocking and (d) cake fi ltration.
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reported for polymeric and ceramic membranes in 
the literature [19]. While the prepared ceramic mem-
brane provided a terminal fl ux of 13.64 × 10−6 m3/m2 s 
at 150 mg/l feed oil concentration and transmem-
brane pressure differential of 124.11 kPa, Millipore 0.45 
mm (hydrophilic PVDF), Gelman 0.1 μm (hydrophilic 
polysulphone), Ceramesh 0.1 μm (hydrophilic zirconia 
coated, nickel alloy mesh composite membrane) mem-
branes provided 0.11 × 10−6, 4.36 × 10−6, 2.86 × 10−6 and 
1.77 × 10−6 m3/m2 s, respectively at an ΔP of 120 kPa and 
feed oil concentration of 500 mg/l.

4.3. Effect of transmembrane pressure and feed concentration 
on oil rejection

The variation of percent crude oil rejection with time 
at fi ve different transmembrane pressure differentials 
and feed oil concentrations is presented in Fig. 5a–d. In 
general, it was observed that the membrane rejection 

and transmembrane pressure drop of 41.37 kPa, the 
permeate fl ux reduced from 48.16 × 10−6 to 18.06 m3/m2 
s within the fi rst 10 min of permeation and eventually 
reached a value of 12.24 × 10−6 m3/m2 s after 30 min of 
experimental run (Fig. 4c). The transitional time depen-
dent fl ux decline was due to the combined effect of pore 
blocking of ceramic porous structure and formation of 
thin oily fi lm layer over the membrane surface. Also, 
it is observed that the permeate fl ux increases with an 
increase in transmembrane pressure. For an oil concen-
tration of 100 mg/l, the initial permeate fl ux increased 
from 48.16 × 10−6 to 100.34 × 10−6 m3/m2 s when ΔP was 
increased from 41.37 to 206.84 kPa. These observed trends 
were due to the reason that at higher feed concentra-
tions, higher quantities of oil droplets deposit over the 
membrane surface and create a thick oily fi lm to enhance 
membrane fouling.

The observed permeate fl ux data for the prepared 
ceramic membrane was comparable with the fl ux data 
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in feed oil concentration with the maximum rejection of 
98.62% observed at 150 mg/l feed concentration and ΔP 
of 41.37 kPa. This was due to the creation of compara-
tively thin oily layer (as less oil droplets are present) 
over the membrane surface at lower feed oil concentra-
tions and thicker oily layer at higher oil concentrations. 

4.4. Identifi cation of competent fl ux decline mechanism

The identifi cation of competent fl ux decline mecha-
nism is very important for any MF processes as the 
pertinent fouling mechanism that best represents the 
experimental data trends indicates upon the reversibility 
and irreversibility of the fouling. The decline in perme-
ate fl ux during dead-end MF of o/w emulsions has been 
analyzed using different membrane pore blocking mod-
els as discussed in Section 3. To fi nd the most prominent 
fouling mechanism among the pore blocking models, 
linear plots corresponding to Eqs. (4)–(7) were prepared. 

effi ciency slightly increased with time. At 100 mg/l feed 
oil concentration (Fig. 5c), the oil rejection effi ciency 
increased from 97.9% (5 min) to 98.5% (30 min). The 
possibility of slight enhancement in rejection effi ciency 
is due to the gradual reduction in the membrane pore 
diameter due to the adsorption of the oil droplets in the 
membrane pores. Also, an increase in pressure enabled a 
reduction in rejection effi ciency. At 50 mg/l feed oil con-
centration, with an increase in ΔP from 41.37 to 206.84 
kPa, the oil rejection effi ciency reduced from 97.29% to 
96.74%. Similar trends were also observed at the other 
three feed oil concentrations (50, 75 and 150 mg/l). These 
observed trends in rejection effi ciency agree well with the 
data reported for ZrO2 membranes in the literature [11]. 
With an increase in ΔP, wetting and coalescence of oil 
droplets enhances. Due to this reason, some oil drop-
lets pass through the membrane pores at higher driving 
force and reach the permeate stream. Also, the mem-
brane oil rejection effi ciency reduced with a reduction 
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the initial regime corresponding to the fi rst 5–10 min 
of MF and the later regime so as to identify the most 
competent combinations of various models in both 
the regimes. In order to visualize the most competent 
fouling phenomena during the initial phases, linear 
regression analysis including slope, intercept as well 
as correlation coeffi cients (R2) for all permeate fl ux data 
were calculated. To fi nd the most appropriate fouling 
mechanism, the correlation coeffi cients (R2) were com-
pared initially. Table 2 summarized the calculated val-
ues of correlation coeffi cients (R2) for all models in both 
regimes. For the initial regime (up to 5–10 min), it can be 
critically observed from Fig. 7 that there exists negative 
intercept for cake fi ltration model. As negative intercept 
values signifi es an infeasible negative initial permeate 
fl ux, this model is ignored in the subsequent analysis of 
fl ux decline for the initial regime. Further, it can be also 
observed in Table 2 for the same regime that R2 values 
for all other models (standard pore blocking, complete 
pore blocking and intermediate pore blocking) is in 
comparatively acceptable range (0.95–0.99). 

Figs. 6 and 7 illustrate the fi tness of intermediate pore 
blocking model and cake fi ltration model for all the oil 
concentrations, respectively. Similar types of plots were 
obtained for standard pore blocking and complete pore 
blocking whose fi gures were not shown. From all these 
fi gures, it was observed that the experimental data sets 
followed two hierarchical linear fl ux trends that corre-
spond to initial regime of 5–10 min and the later regime 
up to 30 min. From the fi gure it was observed that the 
time durations for initial regimes were 10, 8, 7 and 5 min 
for initial oil concentration of 50, 75, 100 and 150 mg/l, 
respectively. A reduction in initial time regime with an 
increase in oil concentration was due to the presence of 
higher amount of oil droplets which enables pore block-
ing at lesser time. Possibly, the data also infers that the 
pertinent fl ux decline adopted two different pore block-
ing mechanisms. This observation was in agreement 
with the fl ux decline trends presented during MF of oily 
wastewater with a polymeric membrane [20].

Eventually, the experimental fl ux data was further 
analyzed separately in these two time regimes, namely 
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models. Based on observed values of R2 in Table 2, it can 
be inferred that all the four models indicated good fi tness 
(R2 > 0.99). Fig. 8b shows the result obtained from error 
analysis for experimental condition of 75 mg/l initial oil 
concentration and 124.11 kPa transmembrane pressure 
drop. Based on the observations from Fig. 8b, it can be 
inferred that the errors were minimum for cake fi ltration 
model. Hence the cake fi ltration model was selected as 
the most appropriate to represent the fl ux decline dur-
ing the later regime with lowest error. In summary, it 
can be concluded that intermediate pore blocking fol-
lowed with cake fi ltration represent the most competent 
combination of fouling mechanisms for the observed 
membrane fl ux decline. 

Table 3 summarizes the fi nal values of slope and inter-
cept for both regimes. Based on these values, predicted 
fl ux was evaluated and compared with the experimen-
tal values to evaluate the errors. Table 4 summarized the 
values of maximum and average errors for all the data 
sets. Fig. 8c presents a parity plot between experimental 
and evaluated fl ux using the best combinations of models 

To further analyze the applicability of various mod-
els, percent error of experimental and predicted per-
meate fl ux using slope and intercept values for those 
models were evaluated using the following expression 
for analysis:

Experimental Calculated

Experimental
(%) 100

J J
Error

J

⎛ ⎞−
= ×⎜ ⎟

⎝ ⎠
 

(8)

Fig. 8a shows the results obtained from error analy-
sis for the experimental condition of 150 mg/l initial oil 
concentration and 41.37 kPa transmembrane pressure 
drop. Based on the observations from Fig. 8a, it can be 
inferred that intermediate pore blocking model is the 
most appropriate model to account for the fl ux decline 
mechanism during the initial regime with the low-
est errors. Similar trends were also observed for other 
experimental conditions as well.

Also, for the later regime, correlation coeffi cients 
(R2) and error analysis were evaluated for all the 

0 4 8 12 16 20 24 28 32
0

10

20

30

40

50

60

Time (min)

0 4 8 12 16 20 24 28 32

Time (min)

0

10

20

30

40

50

60

70

0 4 8 12 16 20 24 28 32
0

10

20

30

40

50

60

70
Oil Concentration: 100 mg/L 
Pressure (kPa):

41.37    82.74
124.11  165.47

206.84

Time (min)

0 4 8 12 16 20 24 28 32

Time (min)

0

10

20

30

40

50

60

70

J–
2  

X
 1

0–
8 ,

  m
4 

. s
2 /

m
6

J–
2  

X
 1

0–
8 ,

  m
4 

. s
2
/m

6

J–
2  

X
 1

0–
8 ,

  m
4 

. s
2
/m

6
J–

2  
X

 1
0–

8 ,
  m

4 
. s

2
/m

6

Oil Concentration: 50 mg/L 
Pressure (kPa):

41.37    82.74
124.11  165.47

206.84

Oil Concentration: 75 mg/L 
Pressure (kPa):

41.37    82.74
124.11  165.47

206.84

Oil Concentration: 150 mg/L 
Pressure (kPa):

41.37    82.74
124.11  165.47

206.84

Fig. 7. Linear plot of permeate fl ux vs. time for cake fi ltration model for different initial oil concentration: (a) 50 mg/l,
(b) 75 mg/l, (c) 100 mg/l, (d) 150 mg/l.



B.K. Nandi et al. / Desalination and Water Treatment 22 (2010) 133–145 141

( ) ( ) ( , , )t
P J

P
R t f t p C

J tμ
Δ= = Δ

 
(9)

In the above expression, the fi tness of the most 
appropriate nonlinear functions for time (t), ΔP and C 
was determined from the nonlinear regression analysis 
of the experimental data using genetic algorithm. The 
experimental data points were attempted to fi t various 
nonlinear modeling expressions such as power, expo-
nential and logarithmic models, etc. on a trial and error 
basis to obtain the appropriate nonlinear model and its 
parameters that offers minimum errors with respect to 
the experimental Rt values. From the analysis, Rt(t) was 
found to adopt the following empirical correlation at 
constant ΔP adopting the power law model:

( )
60

b
a

t
t

R A C ⎛ ⎞= × ⎜ ⎟⎝ ⎠  
(10)

For constant feed oil concentration, Rt(t) was found to 
adopt the following empirical correlation 

( )
60

e
d

t
t

R D P ⎛ ⎞= × Δ × ⎜ ⎟⎝ ⎠  
(11)

in both the regimes. As shown, a good fi tness between 
experimental and evaluated values is observed and 
henceforth, the suggested model combination is appli-
cable for the analysis, design, planning and scheduling 
of time dependent MF processes for oil-water emulsion 
separation in the process industries. 

Fig. 9 shows the variation of transition time from ini-
tial regime (intermediate pore blocking) to later regime 
(cake fi ltration) with varying oil concentration. From the 
fi gure it can be observed that with an increase in feed 
oil concentration transition time period decreases. Also, 
linear extrapolation of the data trends reveals that for 
feed oil concentrations above 250 mg/l, only cake fi ltra-
tion would be the fl ux decline mechanism.

4.5. Phenomenological modeling

From pore blocking model analysis it was observed 
that fl ux decline was due to the pore blocking and cake 
fi ltration. Due to pore blocking and cake fi ltration total 
permeate fl ux declined continuously. This decline also 
can be expressed as an increase in total membrane resis-
tance with time (Rt). The variation of Rt with time is 
dependent on ΔP and feed oil concentration C. There-
fore, phenomenologically Rt(t) can be expressed as a 
function of dependent variables like time (t), ΔP, C as:

Table 2
Observed values of correlation coeffi cient (R2) obtained by linear regression analysis of permeate fl ux data for different 
membrane pore blocking models (Eqs. (7 – 10))

Concentration 
of oil (mg/l)

Pressure 
(kPa)

Complete pore 
blocking

Standard pore 
blocking

Intermediate pore 
blocking

Cake fi ltration

  Initial 
regime

Final 
regime

Initial 
regime

Final 
regime

Initial 
regime

Final 
regime

Initial 
regime

Final 
regime

50 41.37 0.963 0.972 0.984 0.982 0.995 0.989 0.992 0.997
82.74 0.955 0.978 0.985 0.983 0.998 0.987 0.981 0.994

124.11 0.954 0.977 0.986 0.982 0.999 0.986 0.981 0.991
165.47 0.960 0.987 0.988 0.991 0.998 0.994 0.977 0.998
206.84 0.962 0.962 0.988 0.972 0.999 0.989 0.983 0.989

75 41.37 0.974 0.964 0.991 0.976 0.998 0.986 0.988 0.997
82.74 0.975 0.950 0.993 0.962 0.999 0.973 0.981 0.994

124.11 0.964 0.982 0.989 0.987 0.999 0.991 0.982 0.996
165.47 0.967 0.982 0.991 0.987 1.000 0.991 0.978 0.996
206.84 0.970 0.962 0.992 0.973 1.000 0.982 0.978 0.994

100 41.37 0.981 0.959 0.993 0.973 0.998 0.984 0.990 0.996
82.74 0.974 0.946 0.991 0.961 0.998 0.973 0.986 0.999

124.11 0.966 0.914 0.987 0.935 0.997 0.993 0.989 0.998
165.47 0.978 0.963 0.993 0.972 0.997 0.980 0.971 0.991
206.84 0.970 0.967 0.992 0.976 0.998 0.984 0.967 0.994

150 41.37 0.993 0.968 0.997 0.979 0.999 0.988 0.992 0.997
82.74 0.989 0.950 0.996 0.968 0.999 0.982 0.994 0.998

124.11 0.986 0.958 0.996 0.972 0.999 0.983 0.989 0.996
165.47 0.989 0.959 0.997 0.974 1.000 0.985 0.987 0.997

 206.84 0.984 0.944 0.996 0.963 1.000 0.978 0.985 0.996
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Fig. 8. (a) Variation of error (%) with time for the initial 
regime. Initial oil concentration: 150 mg/l and transmem-
brane pressure: 41.37 kPa. (b) Variation of error (%) with 
time for the initial regime. Initial oil concentration: 75 mg/l 
and transmembrane pressure: 124.11 kPa. (c) Parity plot of 
experimental and calculated permeate fl ux using combi-
nation of intermediate pore blocking and cake fi ltration 
model.

Table 3
Observed values of slope and intercept obtained by linear  
regression analysis of permeate fl ux data for initial (intermediate 
pore blocking) and fi nal regime (cake fi ltration)

Concen-
tration 
of oil 
(mg/l)
 

Pressure 
(kPa)

Initial regime 
(Intermediate 
pore blocking)

Final regime 
(Cake fi ltration)

 (J o
−1) (ki) (J o

−2)× 10−7 (kc)× 10−7

50 41.37 14458 3446.5 72.39 16.85
82.74 9204 3824 157.27 7.07 

124.11 7447 3465 121.15 6.15 
165.47 5667 3181 79.95 5.72 
206.84 5888 2057 16.65 5.48

75 41.37 1492 3952 89.87 17.95
82.74 1009 4081 132.78 9.66

124.11 7905 4039 135.56 6.48
165.47 6174 3703 119.44 6.04
206.84 5185 2731 45.44 5.99

100 41.37 16650 4272 126.53 17.90 
82.74 13128 4032 139.41 10.80

124.11 11666 3831 133.27 9.14
165.47 8024 4067 125.60 8.52
206.84 5725 4024 80.59 9.02

150 41.37 20296 4585 163.22 17.08
82.74 15708 4287 61.59 18.69 

124.11 12714 4582 84.46 15.74
165.47 9829 4263 43.50 15.36

 206.84 8251 4202 37.27 13.91

Table 4
Summary of calculated values of errors

Concentration 
of oil (mg/l)

Pressure 
(kPa)

Maximum 
error (%)

Average 
error (%)

50 41.37 4.03 0.90
82.74 4.38 0.74

124.11 3.86 0.79
165.47 2.93 0.78
206.84 3.50 1.23

75 41.37 3.39 0.77
82.74 2.33 0.71

124.11 1.83 0.49
165.47 2.42 0.47
206.84 2.64 0.92

100 41.37 1.86 0.61
82.74 3.20 0.71

124.11 4.72 0.95
165.47 3.62 1.30
206.84 3.52 1.10

150 41.37 2.78 0.74
 82.74 3.64 0.80

124.11 2.45 0.79
165.47 1.48 0.60

 206.84 3.24 0.97
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Fig. 9. Variation of transition time with feed oil concentration 
during MF of oil-in-water emulsions.

Table 5a
Calculated values of various regression parameters (A, a and b) 
corresponding to Eq. (10)

Pressure 
(kPa)

A × 10−10 a b Average 
error (%)

Maximum 
error (%)

41.37 43.457 0.145 0.451 3.88 5.34
82.74 52.120 0.223 0.452 3.78 7.07

124.11 46.459 0.309 0.469 4.42 8.73
165.47 44.200 0.359 0.485 4.40 6.29
206.84 38.611 0.428 0.471 4.59 7.52

Table 5b
Calculated values of various regression parameters (D, d and e) 
corresponding to Eq. (11) 

Concentration 
of oil (mg/L)

D × 10−10 d e Average 
error (%)

Maximum 
error (%)

50 6.105 0.651 0.505 3.46 5.88
75 5.448 0.710 0.476 4.37 6.84

100 4.397 0.803 0.438 3.44 5.41
150 4.239 0.830 0.439 2.85 5.78

Table 5c
Calculated values of various regression parameters (M, m, q 
and r) corresponding to Eq. (12) 

M × 10−10 m q r Average 
error (%)

Maximum 
error (%)

1.327 0.749 0.295  0.465 6.13 9.48

Tables 5a and 5b presents a summary of values of 
regression parameters (A, a, b, D, d, e) obtained from the 
nonlinear regression analysis. From the tables it can be 
observed that the average errors for all the cases were 
less than 4.59% with a maximum error of 8.73%. How-
ever for design purpose, a better solution will be com-
bination of both pressure and oil concentration. In that 
case Rt(t) was found to adopt the following empirical 
correlation as 

( ) ( )
60

r
m q

t
t

R M P C ⎛ ⎞= × Δ × × ⎜ ⎟⎝ ⎠  
(12)

A summary of regression parameters M, m, q and r 
have been shown in Table 5c. Fig. 10 present the varia-
tion of calculated and experimentally obtained Rt values 
using Eq. (12). From the fi gures it can be observed that 
the fi tness of the calculated values of Rt with the experi-
mental observed Rt was in acceptable range for all values 
of ΔP and C. The average error and maximum error were 
calculated as 6.13% and 9.48%, respectively. This indi-
cates that the fouling of the membrane follows a power-
law trend with an increase in ΔP and C. The fi tness of 
power-law models to represent phenomenologically the 
pertinent fl ux decline infer that a moderate hydraulic 
resistance growth with time exists for the chosen feed oil 
concentrations and operational transmembrane pressure 
differentials. An increase in Rt with an increase in both ΔP 
and C was due to the higher adsorption of oil droplets at 
higher combinations of transmembrane pressure differ-
entials and oil concentrations as presented in Section 4.3. 

5. Conclusion

This work demonstrated the application of cost-effec-
tive kaolin based inorganic membranes for the treatment 
of o/w emulsions. Microfi ltration experiments using 
prepared ceramic membrane was conducted in batch 
mode of operation with synthetic o/w emulsions of vari-
ous feed concentrations ranging from 50 to 160 mg/l. 
The membrane exhibited 93.81% to 98.51% oil rejection 
effi ciency with a permeate fl ux of 10.54 × 10−6 m3/m2 s to 
22.1 × 10−6 m3/m2 s at various values of ΔP ranging from 
41.37 to 206.8 kPa after 30 min of experimental run. The 
decline in permeate fl ux has been analyzed using differ-
ent pore blocking models. The reduction in permeate fl ux 
was initially (fi rst 5 to 10 min depending on oil concen-
tration) due to intermediate pore blocking and later due 
to cake fi ltration. Phenomenological models were also 
proposed to illustrate the dependency of total hydraulic 
resistance of membrane on C, ΔP and time (t). Finally, 
based on the experimental and theoretical analysis, it can 
be concluded that kaolin based low-cost inorganic mem-
branes are very promising for the treatment of industrial 
low concentration range o/w emulsions and could meet 
the technical challenges posed by tighter environmental 
legislations, within an affordable process cost.
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n —  Constant in Eq. (2) that depends on the 
fouling mechanism (dimensionless)

ΔP  — Trans-membrane pressure (kPa)
Q — Volume of permeate (m3)
q  — Constant in Eq. (12)
R2 —  Square of correlation coeffi cient 

(dimensionless)
r  — Constant in Eq. (12)
S — Permeable area of membrane (m2)
t — Sampling time (s)
V — Cumulative volume of permeate (m3)
mp  — Viscosity of permeate (kPa.s)
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