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bstract

An analysis of the crossflow microfiltration of water in oil emulsions is reported. The emulsion considered was water, containing copper
ulphate with kerosene using Span 80 as surfactant. Three membrane materials were studied: PTFE, PVDF and regenerated cellulose. The effects
f crossflow velocity, transmembrane pressure, and temperature are analysed using several cake filtration models. Increases in transmembrane
ressure, temperature and flow rate of emulsion all result in an increase in membrane flux. Membrane flux declines initially with time under most
onditions of operation, except at a temperature of 50 ◦C, where values of flux are stable. Analysis of the fall in flux with time for the PTFE

nd PVDF membranes indicates that cake formation gives the best prediction of behaviour. In the case of PVDF the model does not predict the
erformance over the complete range of filtration times but rather two stages of filtration appear to occur; possibly cake formation initially followed
y some intermediate pore blocking. In the case of the regenerated cellulose membrane, two stages of filtration seem to occur: an initial phase of
ake formation or some pore blocking followed by intermediate pore blocking.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Separation of water from water in oil emulsions is of impor-
ance in several industries, e.g. organic solvent and vegetable
il, for the recovery of solvents and the purification of oil. The
tandard method for the treatment of emulsions is chemical de-
mulsification followed by gravity settling. This process requires
he use of a variety of chemicals and the water phase from chem-
cal treatment needs secondary purification. This will therefore
ntail additional energy requirements and hence higher cost.

Several effective methods have been recently developed for
il–water emulsion separation such as coalescence of disper-
ion in fibrous beds, biodegradation and biotransformation of
ily wastes, and application of electric field to coalesce droplets.
he development of membrane technologies has most recently

mbodied applications in the processing of emulsions. Several
tudies have reported that crossflow membrane microfiltration
CFMF) (and ultrafiltration) are effective processes in concen-
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rating oil–water emulsions [1–7]. Many different approaches
an be used to improve the flux in CFMF of emulsions.

CFMF requires relatively low transmembrane pressures
<0.35 MPa). The typical flux rates with clean membranes are
etween 10−4 m s−1 and 10−2 m s−1 which are much higher than
n UF and reverse osmosis. In crossflow microfiltration (CFMF),
ased on surface filtration the fluid suspension flows parallel to
he membrane and the imposed transmembrane pressure drop
auses permeation flow through the microporous membrane and
hus only a thin cake layer forms. This method is an effective
ay to control the “cake” build up and thus a relatively high flux

ate can be maintained over a prolong period of time.
Due to relatively modest operation requirement, flexibility

nd higher membrane performance of CFMF, the technique has
ound a wide range of applications. Although, there are numer-
us applications of crossflow filtration, only a few are related to
he separation of water/oil emulsions. Anderson et al. [8] effec-
ively separated oil from water emulsion. Their experimental

esults showed that crossflow filtration is feasible for the concen-
ration of oily waste by using ultrafiltration. Le Barre and Daufan
9] demonstrated separation of casein micelles from whey pro-
eins through CFMF of skimmed milk with a ceramic membrane.

mailto:k.scott@ncl.ac.uk
mailto:K.Scott@newcastle.ac.uk
dx.doi.org/10.1016/j.cej.2007.04.003
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here are several reports on separation of oil/solvent in water
mulsions [5,10–12]. Lee et al. [13] used a ceramic membrane
or the crossflow microfiltration of soluble waste oil. This mem-
rane was tested with a soluble waste oil which consisted of oil
roplets whose mean diameter was 11 �m. The effects of the
elocity and backflushing time on permeate flux were investi-
ated. Limayem et al. [14] have considered the purification of
anoparticle suspensions by a concentration/diafiltration pro-
ess. Ripperger [15] has recently reviewed the state of the art
n crossflow microfiltration. The information obtained in the
bove system may not be suitable in water in oil emulsion sys-
em especially when the interaction of membrane and droplet

aybe important.
This paper reports data for the crossflow microfiltration of

ater in oil emulsions, using kerosene as the organic phase.
he performance, i.e. the change in flux rate with time is anal-
sed using several “cake” filtration models to determine the
ost appropriate applicable to microfiltration of water in oil

mulsions for specific membrane materials.

. Experimental

.1. Membranes

The membranes used in this work were:

PTFE, Schleicher & Schuell (S&S), hydrophobic, 151 �m
thickness, 0.2 �m pore size.
PTFE, Gore-Tex®, hydrophobic, 185 �m thickness, 0.2 �m
pore size.
PVDF, Schleicher & Schuell (S&S), hydrophobic, 132 �m
thickness, 0.2 �m pore size.
Regenerated cellulose Schleicher & Schuell (S&S),
hydrophilic, 118 �m thickness, 0.15 �m pore size.

.2. Emulsion characteristics

The method of Dean and Stark was used to determine the
ater content of the emulsion. During this test the sample is
eated under reflux with an organic liquid (toluene) which is
mmiscible with water. The water and toluene are boiled off
nd reflux from the condenser is collected in a graduated vessel
elow the condenser. The water separates below the toluene and
ts volume may be measured directly. Water content greater than
000 ppm can be detected with this method.

The dynamic viscosity of the emulsion was determined
sing an Oswald viscometer. The kinematic viscosity of the
mulsion and oil solution in various compositions was deter-
ined by a Redwood viscometer. The correlation between

iscosity and temperature were also determined by the Red-
ood viscometer by varying the temperature of water in the
acket.
The emulsion density was measured using a Westphal

alance which has been widely applied for petroleum oil
easurement, and is especially suitable for viscous fluids or

wo-phase liquid mixtures.

m
p
b
a
m
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.3. Emulsion formulation

The original water in oil emulsions were prepared by adding
n aqueous phase to the oil phase, and stirring for 15 min at
500 rpm (measured by a Flush Strobe). The oil phase was made
y adding surfactant Span 80 (Sorbitan Monooleate, generally,
f about 3% by weight) to the kerosene. The aqueous phase was
ade by adding 2% (by weight) cupric sulphate to the purified

e-ionised water produced by a Millipore water purification sys-
em. The cupric sulphate solution here was used as an indicator
o facilitate determination of the degree of fouling on the mem-
rane surface and to simulate a metal extraction system. To make
mulsions with various concentrations, the concentrated emul-
ion was dispersed into kerosene containing the same amount of
urfactant.

Preparation of emulsions by mixing was accomplished using
single stage stirrer, using one of four different types of blades

two with sharp knife, two with gear), powered by a Citenco
odel BS 5000 motor (Park Products Ltd.). The allowed maxi-
um rpm was 6000. A PTFE disc with a hole of 15 mm diameter
as placed on the top of the beaker to prevent the spillage of

mulsion during agitation.

.4. The membrane module

The membrane module shown in Fig. 1, was composed of two
ieces of machined circular polypropylene. The upper section
ontains a rectangular channel (25 mm × 66 mm) with a 3 mm
eep recess for emulsion flow. The base section includes a rect-
ngular section (38 mm × 79 mm) which supports the membrane
or the removal of permeate which has three 1 mm holes for
rainage of permeate. The membrane sheet with effective area
6.5 cm2 is wetted by pure kerosene to prevent the surfactant
dsorbing on the membrane surface, then placed on a permeate
esh spacer (same dimensions as the membrane sheet) which is
ounted on the recess in the base section then sealed with the O-

ing gaskets. The membrane module unit is secured with six tie
olts. The emulsion flows parallel along the membrane surface.
he filtrate (containing kerosene and Span 80 if the separation

ate is 100%) flows tangentially out through the membrane to
he collection chamber.

.5. Crossflow microfiltration rig

The experimental rig for crossflow microfiltration is shown
n Fig. 2. The emulsion was delivered from the feed tank, fitted
ith a water jacket for temperature control, by means of a cen-

rifugal recirculation pump into the membrane unit. The flow
ate of fluid was adjusted by varying the revolutions of the gear
ump and was measured by the rotameter. The rotameter was
alibrated using a 30% (wt/wt) emulsion. Two pressure gauges,
tted at the inlet and outlet of the membrane unit, are used to
onitor system transmembrane pressure. The transmembrane
ressure was adjusted by regulating a valve which can exert a
ackpressure along the membrane unit. As the outlet for perme-
tion was open to the air, the average value of the two pressure
eters is assumed to be the transmembrane pressure. Filtrate
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Fig. 1. Schematic diagram of membrane module unit. (a) Side sectional vi

as collected in the filtrate receiver and is manually added to
he feed tank to maintain the water concentration of the emul-
ion constant. The permeate rate was monitored by means of
n electric balance (supplied by Denver Instrument Company)
onnected to a PC. The balance was model 4 K with capacity of
000 g and resolution of 0.01 g. Data was recorded at 15–60 s
ntervals depending on the flux rate and graphically displayed on
he screen of the PC. The retentate was continually recycled to
he feed vessel (using a stirrer at an agitation speed of 200 rpm),

here it was mixed with the emulsion.
Each experimental run used approximately 1.2 dm3 of freshly

repared emulsion. For determination of the effect of tempera-
ure on the membrane filtration, the emulsion was first heated

p

) Top and base sections of module. (c) Module with electrode connected.

o the run temperature before starting the filtration. Once the
esired temperature was achieved the emulsion was recycled
hrough the unit until the transmembrane pressure drop is stable.
he permeate collection was then started at this point.

To prevent residual emulsion in the system blocking the pipe
ork which may cause measurement error or even damage of

he pipe work due to the corrosion by kerosene, a cleaning sys-
em is used. Immediately after each set of tests, the emulsion
s completely drained from the system. The following cleaning

rocedure was then adopted.

(i) the unit was flushed with 6 dm3 of used kerosene per-
meate containing small amounts of surfactant which
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Consequently plotting the left-hand side flux functions for
each model against time are the tests to determine the more
Fig. 2. Crossflow m

more easily absorb the emulsion remaining in the
system.

(ii) recycle 2 dm3 of kerosene until both permeate and retentate
was clear and then drain the unit.

iii) recycle pure distilled kerosene for about 30 min or until
pure clear kerosene was observed when it is recycled back
to the feed tank.

iv) drain the unit and repeat the procedure. Finally measure the
pure kerosene permeate flow rate, to evaluate the cleaning,
until the initial flux was obtained.

. Fouling cake filtration models

The ability of a simple cake filtration analysis to predict the
ariation in fluxrate with time during crossflow filtration has led
o various fouling mechanisms to be proposed to better charac-
erise the flux performance. The various fouling mechanisms that
ave widely used are cake filtration, intermediate law, standard
ore blocking and complete pore blocking [16]. By combining
arious developments on the filtration models [17,2], the vari-
us correlations in each mechanism and reformulated in terms
f flux per unit time as follows:

a. Complete pore blocking

J = J0 e−kbt (1)

b. Gradual pore blocking (or sometimes called standard pore
blocking)

J = J
(

1 + 1K (AJ )0.5t
)−2

(2)
0 2 s 0

c. Intermediate filtration

J = J0(1 + KiAJ0t)
−1 (3)

a
p

i

filtration diagram.

. Cake filtration

J = J0(1 + 2K0(AJ0)2t)
−0.5

(4)

where J0 depends on the transmembrane pressure, membrane
resistance and viscosity of the filtrate and is expressed as
J0 = �P/μRm. The various K terms represent mass transfer
coefficients for the associated filtration laws.

In the case of constant pressure filtration, the term AJ0 is
onstant and the filtration laws can be simplified to:

a. Complete pore blocking

ln(J−1) = ln(J−1
0 ) + kbt (5)

b. Gradual pore blocking (or sometimes called standard pore
blocking)

J−0.5 = J−0.5
0 + kst (6)

c. Intermediate filtration

J−1 = J−1
0 + kit (7)

. Cake filtration

J−2 − J−2
0 + kct (8)

where ks = (1/2)KsA1/2, ki = KiA, kc = 2KcA2.
ppropriate model and the means to obtain the mass transport
arameters from the slope.

The analysis considers several membrane materials and
nvestigates both low and high transmembrane pressures.
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. Effect of operating parameters on microfiltration

.1. Effect of crossflow velocity

Fig. 3 shows typical variation in flux with time for a PTFE
embrane. The effect of an increase in crossflow velocity (Uc)

n membrane flux performance is clearly seen to improve flux
ate.

For crossflow filtration of water in oil emulsion (w/o),
ecause of the possibility of droplets deformation and interac-
ions, the effect of crossflow velocity may or may not be the same
s in the typical microfiltration processes mentioned above.

For the emulsion system, factors such as viscosity and density
an greatly affect the flux performance, thus the correlation of
he flux and Reynolds Number (which is a function of viscosity
nd density) is valuable in describing the membrane flux perfor-
ance at various flow conditions. From Fig. 4 the correlation of
ux with Reynolds Number is

= K Ren (9)

here K is a constant which is equal to 2.87 × 10−2

m3 m−2 s−1, and the exponent n is equal to 0.9 for the high
rossflow velocities used.

Overall, crossflow velocity has a marked effect on membrane
ux performance when the pressure drop, in the channel is small.

.2. Cake filtration analysis

The filtration models in Section 3 were tested using three
embrane, PTFE, PVDF and regenerated cellulose. Fig. 5 shows
he correlation of the models for a PTFE membrane at 400 kPa
ransmembrane pressure. In most cases the models exhibit a
easonable agreement with experimental data giving linear cor-
elations. The model correlations for each case are given in

ig. 3. The permeate flux as a function of time. Membrane: Gore-Tex, 0.2 �m;

tm: 0.6 bar; temperature: 25 ◦C.
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F
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ig. 4. Steady state flux variation at high crossflow velocity with PTFE mem-
rane.

ig. 5. The estimation of the flux at t = 0 (J0), from the intercept,
ives the following values, 1.077, 1.064, 1.058 and 1.054 cm h−1

or the cake filtration, intermediate pore blocking, standard
ore blocking and complete pore blocking models, respectively.
hese values are less than the initial experimental flux, mea-
ure at 1.10 cm h−1 (from the first data point). Thus each model
ends to underestimate the initial flux, as indicated in the lack
f correlation at the initial time period of filtration. Using the
odel correlations for each case considered a comparison is
ade (Fig. 6) with the experimental data. The best agreement
ith experimental data is given by the cake formation model
hich tends to agree with the fouling behaviour observed in

raditional solids filtration [18].
The performance data for the PVDF membrane was analysed

n the same way as for the PTFE membrane. As Fig. 7 shows,

he behaviour of PVDF is quite different to that of PTFE. In
his case there is not a single linear correlation of the data over
he complete range of filtration times. There appears to be two

ig. 5. Variation of flux functions with time for the four filtration models. Mem-
rane 0.2 �m PTFE Schleicher & Schuell, transmembrane pressure 30 kPa,
.3 m s−1, T = 30 ◦C, emulsion content 30%.
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Fig. 8. Variation of flux functions with time for the four filtration models at
times less than 1.5 h. Membrane PVDF Schleicher & Schuell, transmembrane
pressure 30 kPa, 1.3 m s−1, T = 30 ◦C, emulsion content 30%.
ig. 6. Comparison of filtration model prediction with experimental data for
TFE. Conditions as in Fig. 5.

ltration regions; one at less than 1.5 h and the other >1.5 h.
hus according to the models high mass transport rates occur at

he initial filtration times and lower mass transport rates occur
t the longer filtration times.

Membrane PVDF Schleicher & Schuell, transmembrane
ressure 30 kPa, 1.3 m s−1, T = 30 ◦C, emulsion content 30%
wt/wt).

The experimental data was thus analysed separately in the
wo time ranges. Fig. 8 shows the linear correlations of the var-
ous models in the low filtration time range, where reasonable
orrelations are achieved (as shown in the figure). The ability
f the resulting model correlations to predict filtration flux with
ime as shown in Fig. 9 is poor in all cases except perhaps for
he cake formation law.

The correlation of the filtration laws at times >1.5 h is shown

n Fig. 10. In the case of all models a reasonable correlation
xists and this is reflected in the ability of the models to predict
he variation of filtration flux with time as shown in Fig. 11.

ig. 7. Variation of flux functions with time for the four filtration models. Mem-
rane PVDF Schleicher & Schuell, transmembrane pressure 30 kPa, 1.3 m s−1,
= 30 ◦C, emulsion content 30%.

Fig. 9. Comparison of filtration model prediction with experimental data for
PVDF. Conditions as in Fig. 8.

Fig. 10. Variation of flux functions with time for the four filtration models at
times greater than 1.5 h. Membrane PVDF Schleicher & Schuell, transmembrane
pressure 30 kPa, 1.3 m s−1, T = 30 ◦C, emulsion content 30%.
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Fig. 11. Comparison of filtration model prediction with experimental data for
PVDF. Conditions as in Fig. 10.

Fig. 12. Variation of flux functions with time for the four filtration models.
Membrane regenerated cellulose. 0.15 �m, transmembrane pressure 30 kPa,
1.3 m s−1, T = 30 ◦C, emulsion content 30%.

Fig. 13. Variation of flux functions with time for the four filtration models at
times less than 1.5 h. Membrane regenerated cellulose, transmembrane pressure
30 kPa, 1.3 m s−1, T = 30 ◦C, emulsion content 30%.

Fig. 14. Comparison of filtration model prediction with experimental data. Con-
ditions as in Fig. 13.

Fig. 15. Variation of flux functions with time for the four filtration models
at times greater than 1.5 h. Membrane regenerated cellulose, transmembrane
pressure 30 kPa, 1.3 m s−1, T = 30 ◦C, emulsion content 30%.

Fig. 16. Comparison of filtration model prediction with experimental data. Con-
ditions as in Fig. 15.
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he best prediction of filtration flux is achieved with the cake
ormation law. Overall it appears that in the case of PVDF the
ake formation model gives the best predictions of flux.

Fig. 12 shows the correlations for the four filtration models
or the case of the hydrophilic regenerated cellulose membrane.
learly no model gives a good correlation over the complete

ange of filtration times and roughly two regions of filtra-
ion appear to occur. Consequently model correlations were
ttempted in both regions; at short and long filtration times.

Figs. 13 and 14 show the correlation of the models and the

redictions of the flux performance of the models at short filtra-
ion times for the hydrophilic membrane. All the models at the
nitial stage of filtration underestimate the filtration rates. This

ig. 17. SEM of new and used PTFE membranes. (a) New, (b) low crossflow veloc
embrane (conditions as in Table 1).

h
m
d
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ay be attributed to the membrane itself which exhibits a high
esistance due to its hydrophilic properties, when the emulsion
rst contact the membrane surface.

The analysis of the data using the models for the longer fil-
ration times is shown in Fig. 15. The corresponding predictions
f flux; from the model correlations are shown in Fig. 16. As
an be seen in Fig. 16 the complete pore blocking model is
ot appropriate. The intermediate pore blocking model appears
o give the better correlation of the data. This situation would
ity, (c) high crossflow velocity, (d) high pressure difference, and (e) cleaned

ydrophilic membrane where the emulsion passed through the
embrane due to the relatively high pressure used. The stan-

ard pore blocking and cake formation over and under predict
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Fig. 17.

he flux performance, respectively. However, the best agreement
etween model and experimental flux is actually achieved by
veraging the performance of the latter two models as shown in
ig. 16.

.3. Fouling analysis of the membrane surface

To estimate the effect of emulsion filtration on the surface
f the membrane and the accumulation of any “fouling” layer
EM and energy dispersive X-ray analysis (EDAX) was carried
ut. To enable the extent of surface fouling to be determined
% CuSO4 was used as an indicator in the water phase. Thus by
nalysing the copper deposited on the membrane enabled a quan-
itative estimation of fouling to be determined. Figs. 17 and 18
how the SEM of the new and used membrane surface for Gore
TFE and S&S PTFE, respectively. Table 1 shows the mea-
ured extent of fouling as determined from the amount of copper
eposited for various conditions of velocity and pressure for the
ore PTFE membrane. The extent of fouling were 5.2%, 1.27%

nd 2.28% for low crossflow velocity, high crossflow velocity
nd high transmembrane pressure, respectively.
The SEM of the membrane surfaces generally show that the
xtent of fouling of the membrane is much greater at low cross-
ow velocities (Fig. 17b) than at higher crossflow velocities
Fig. 17c) where less coverage of the surface by foulant occurs.

able 1
embrane surface coverage measured by SEM

est sample (used PTFE
embrane)

Element (Cu) area percentage
in SEM measuring area (%)

1* 5.2
2* 1.27
3* 2.28

i

i

tinued ).

ncreasing the filtration pressure had the effect of increasing
he amount of foulant deposited on the surface. The fouling of
he membrane during filtration was not reversible as attempts
o clean the membrane using acetone and water and back-
ushing did not remove all the surface deposit as shown in
ig. 17e.

.4. Effect of temperature

Temperature is a factor, expected to significantly affect the
mulsion system especially in the presence of surfactant. The
ypical effect of temperature on flux is illustrated in Fig. 19.
he crossflow velocity was maintained at 1.3 m s−1. There
as a decline from the initial flux, 16.9 dm3 m−2 h−1 down to
2 dm3 m−2 h−1 at the temperature, of 25 ◦C. The flux decline of
pproximately 32% could be attributed to the lower mass trans-
er rate, at the low temperature, when the emulsion droplets may
asily accumulate on the membrane surface. As the temperature
ncreased, the degree of flux decline was smaller. The filtration
erformed at 55 ◦C over seven hours, shows a near constant flux.
here are several factors that may cause the increase in flux with

ncrease in temperature.

i. The fouling dynamic resistance Ri and Rf, are strongly tem-
perature dependent.

ii. The average channel Reynolds number increases as the vis-
cosity of the emulsion decreases at a higher temperature
resulting in an increase in turbulence in the channel.

ii. The decrease in emulsion viscosity due to increase in tem-
perature may also influence the phase behaviour of the

emulsions deposited on the membrane surface. This can be
demonstrated by measuring the droplet size of the emulsions
after CFMF. The increase of droplets size at higher temper-
atures may reduce the opportunity for droplets to plug the
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Fig. 18. SEM of new and used PTFE membranes. (a) New and (b) used.

Fig. 19. Comparison of transient membrane performance at 25 ◦C and 55 ◦C.
Membrane: PTFE Schleicher & Schuell, 0.2 �m; Ptm: 0.3 bar; velocity: 1.3.
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pores of membrane and thus the value of Rf decreases giving
a higher permeate fluxrate. Details of the change of droplet
size due to various conditions are discussed elsewhere
[19].

. Conclusions

The microfiltration of water in oil emulsions at ambient
emperatures results in a fall in flux with time which is more
ignificant in the initial stages of filtration. Analysis of the fall
n flux with time for the PTFE and PVDF membranes indicates
hat cake formation gives the best prediction of behaviour. In
he case of PVDF the model does not predict the performance
ver the complete range of filtration times but rather two-phases
f filtration appear to occur; possibly cake formation initially
ollowed by some intermediate pore blocking. In the case of the
egenerated cellulose membrane, two stages of filtration seem
o occur: which could be an initial phase of cake formation or
ome pore blocking followed by intermediate pore blocking.

An increase in temperature can significantly increase mem-
rane performance. The steady state flux can increase by up to
3% with a temperature increase from 0 ◦C to 55 ◦C. This can
e attributed to the increase in diffusivity and Reynolds Num-
er with temperature, thus resulting in a significant increase in
he mass transfer rate in the flow channel. The reduction in vis-
osity of the emulsion, due to an increase of temperature, also
eads to a significant reduction in membrane fouling. Ideal non-
ouling crossflow filtration can be achieved by operating at a
emperature of 55 ◦C, crossflow velocity of 1.3 m s−1, and at a
ransmembrane pressure of 0.3 bar.
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