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ABSTRACT: The primary focus of the presented research is to
come up with a model that could be utilized to evaluate the
permeate content (concentration) of oil drops using a straight
(nonconverging) slotted microstructured membrane. The content
(concentration) of crude drops in the permeate with a non-
converging slit structure membrane has not been studied before,
and the study presented would be a good contribution to the
literature. A comparison between the use of a converging
(narrowing toward the inside) and a nonconverging slotted pore
microstructured membrane is made for the purpose of removing oil
content from the produced water. Due to the drag force, the
droplets pass through the membrane slots; however, the static force acts in the opposite direction and tries to reject droplets by the
membrane. At a certain point, these two forces balance the effect of each other, which is known as “100% cutoff through the
membrane”. A linear line is obtained by joining the 100% cutoff or rejection point to the 0% rejection point, which is referred to as
the “linear fit” in this paper. The linear fit approach could be utilized for estimating rejection below the 100% cutoff point. Various
types of crude oil drops obtained from different locations were analyzed experimentally, and the results were compared with the
presented model. The proposed model was found to be in agreement with the different types of oil drops. Experimental and
predicted results showed that the nonconverging slotted microstructured membrane provided low friction to oil drops through the
membrane as compared to the converging slots. Furthermore, the developed model can be utilized to predict the overall oil content
in the permeate. This research has great importance and will allow researchers around the globe to estimate crude oil concentration
within the allowable limits.

1. INTRODUCTION

In the 19th century, the industrial revolution led to enhanced
energy demands, and as a result, oil, gas, and coal exploration
increased drastically. The huge exploration of oil and gas
resulted in the generation of many waste byproducts, including
produced water, which is among the largest waste liquids
containing organic and inorganic chemicals, heavy metals, as
well as dissolved oil. Due to the hazardous nature of the
produced water, it possess a huge threat to human beings as well
as aquatic animals.1,2 Dissolved and crude oil drops in the form
of emulsions in produced water play a significant role, and the
friction of crude oil in produced water depends on the location
of the well as well as on the age of the reservoir. Crude oil
presence in produced water is a serious environmental problem
causing severe damage to both aquatic and human lives.
Therefore, to address this problem, the direct disposal of waste
streams of produced water in the environment is strictly
prohibited and is monitored according to international stand-
ards.3−5 According to international standards, on monthly and
daily bases, the allowable limits for oil in waste streams are 29
and 42 mg L−1, respectively.6,7 Similarly, for Northeast Atlantic
oil and gas production plants, the allowable limit for oils in

produced water is up to 30 mg L−1 before disposing the oil into
natural water resources.7,8 To meet the above requirements, the
produced water should be effectively treated before its disposal
into seawater.
Conventional oil−water emulsion separation techniques such

as flotation,9 gravitational settling tanks,10 and adsorption11

were not found to be effective for separation of oil droplets
below 20 μm.12 To address this issue, porous structured
membranes were investigated for effective oily water treatment,
which play a prominent role in oil/water (O/W) separation; in
addition, they have several advantages such as no addition of
chemicals, continuous operation, high rejection of oil drops, and
high permeation.13
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A wide range of microfiltration (MF)14−20 and ultrafiltration
(UF)21−26 methods for O/W separation have been evaluated.
The published literature showed that MF and UF filtration
processes were analyzed on the basis of the permeate flux rate
and the transmembrane pressure (TMP) for O/W separation.
The UF process takes place at TMP and gives a low permeate
flux rate, which seem to be economically unattractive for
offshore platforms,27−29 while the MF process occurs at low
transmembrane pressures and gives a high permeate flux rate,
which make the process more significant for the commercial
application of oil−water separation.29
The MF separation technique uses two different modes:

surface filtration (particulates retained on the surface of the
membrane) and depth filtration (particulates retained inside the
pores of the membrane).30 In depth filtration, particles retained
inside the membrane pores and cleaning is difficult.31 On the
other hand, in surface filtration the particles retained on the
membrane surface and cleaning is relatively easier.17 In addition
to the MF mode, different membrane pore structures were
studied by different researchers,32−35 and it was observed that
membrane pore structures play a significant role in separation as
well in membrane fouling. Initially, the circular pore membrane
was thoroughly studied, and the results showed that a small
circular pore membrane produced a high transmembrane
pressure compared to bigger circular pore membranes.17

However, current studies demonstrated that slotted pore
membranes have better performance as compared to circular
pore membranes in terms of oil−water separation and permeate
flux rates.18,29,36−40 Drops pass through a circular pore
membrane due to transmembrane pressure (TMP); on the
other hand, the drag force created by the flow of fluid around
drops allows passage of drops in the case of a slotted pore
membrane.36−39 Moreover, a complete blocking occurs in the
case of a circular pore membrane, while a slotted pore
membrane faces partial blocking.38

Recent modeling studies focus on the action of an individual
oil droplet through the slotted pore membrane; mathematical
relations have been established for the two key scenarios of oil
droplets (permeation and rejection) and have been shown to be
dependent on the droplet size, shear rate, surface tension,
viscosity of the fluid, and the size of the membrane slots.20,29

Furthermore, on the basis of these mathematical relations, the
permeate oil concentration has been predicted for the
converging membrane slots and validated with experimental
data points.39 There has been no theoretical study conducted for
the prediction of oil drops in permeates through a non-
converging membrane slot.
Lastly, the permeate concentration of oil drops in produced

water is an important factor, and it should be below the
concentration of oil drops in the produced water set by
international bodies for discharging it into the sea. The main
objective of the presented research work is to come up (develop)
with an analytical model that can predict the permeate
concentration of oil drops through a nonconverging slotted
pore membrane. The presented model is based on the
calculation of 100% rejection points or 100% cutoff points
from the balance of two forces (static and drag) acting on oil
drops while passing through the membrane. The 100% rejection
points were extended to the origin of rejection graphs, and
permeated oil drops were calculated by the multiplication of the
portion of permeated drops with oil drops in the permeate.
Furthermore, the permeate concentrations of converging and
nonconverging slotted pore membranes were also compared

under the same operating conditions; the role of slot shape on
the rejection and permeation of oil drops through themembrane
was also thoroughly investigated. Three different types of oil
drops were studied for the generalization of the theoretical
study. A novel approach was considered for the prediction of
permeate concentration and the influence of membrane slot
type on the rejection and permeation of oil drops through the
membrane.
Oil in water is a huge potential threat for living organisms

within the waters and is also harmful to the environment. Crude
oil contents in produced water that are rejected into oil and gas
wells or discharged into the sea should be 10 and 30 ppm,
respectively. Crude oil concentration above the permissible
limits in permeates could be a huge threat to the environment in
both onshore and offshore. Therefore, evaluation of crude oil
concentration in permeates is of great importance for
researchers around the world. Further, slotted pore membranes
provide a unique structure that allows high permeate flux to pass
through them by the drag force and do not permit foulents to
pass into the permeate. Slotted pore membranes could be the
new area for researchers to explore, specially regarding oil−
water separation at both the lab and industrial scales.

2. THEORY
Mathematical approaches have been investigated for the
penetration of deformable oil spherical drops for the estimation
of static force in the cases of both nonconverging (straight) and
converging (narrowing toward the inside) slotted pore
membranes and are provided in eqs 1 and 2, respectively.20,29
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Equations 1 and 2 state that the static force is a function of the
interfacial tension between O/W, size of oil drops, and width of
the slot of the membrane. Equation 2 also illustrates that the
static force also depends on the angle of depletion of the slot for
the converging slot. A mathematical model has been presented
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by41 for the drag force of oil drops (eq 3), which is dependent on

fluid viscosity, velocity, and oil drop size. It can be seen in Figure

1 that a higher static force is noticed when using nonconverging
slots as compared to converging slots.

πμ=F k R U12d w sp (3)

When oil drops pass through membrane slots, two types of
forces come into play: static force and drag force. Static forces
act in the upward direction and try to reject oil drops from the
membrane. Similarly, drag forces push the drops in the
downward direction and help oil drops pass through the
membrane. The balance of these two forces on oil drops is
termed as 100% rejection points or 100% cutoff points.29 It is the
point that decides which drops will penetrate (pass) through the
pore of the membrane and which drops will be retained by the
membrane. In more simple words, drops below the 100% cutoff
points can pass through the membrane and drops higher than
the 100% cutoff points cannot pass and will be rejected by the
membrane. The rejection points depend on the static and drag
forces of oil drops, meaning that different rejection points are
expected at different interfacial tensions of oil drops and at
different flux rates of oil drops.
The 100% rejection points are calculated for different types of

oil drops at a different flux rate and have been extended to the
origin of rejection graphs to calculate the portion of permeated
oil drops. The permeate concentration of oil drops was
calculated by multiplication of the permeated portion of oil
drops from the rejection graph with oil drops in the feed.
At 100% rejection or cutoff point where the drag and static

forces are in equilibrium mainly depends on the interfacial
tension between continuous and dispersed phases in cases of
both converging (narrowing toward the inside) and straight
(nonconverging) slots. At higher interfacial tension, the static
force equalizes the drag force at a smaller drop size as compared
to the lower interfacial tension for the nonconverging and
converging slots. Oil drops stabilized with PVA and Tween 20
providing interfacial tensions of 4 and 9 mN m−1, respectively,
were tested experimentally and using the model. At a higher
interfacial tension, the drag force was balanced by the static force
at a smaller drop size in cases of both converging and
nonconverging slots. At higher interfacial tension, the drops
were more rigid and had a higher tendency to restore their

spherical shape when they were forced to deform and pass
through the slots of the membrane. Oil drops with interfacial
tensions of 4 and 9 mN m−1 were subjected to various in-pore
filtration velocities of 0.04, 0.08, and 0.12 m s−1. The 100%
cutoff or 100% rejection point (where Fcx and Fd intersect)
considerably changed with a change in filtration velocities, as can
be seen in Figure 2a,b. If the highest filtration velocity (0.12 m

s−1) inside the slot is considered in Figure 2a, the drag force
equalizes by the static force at a drop size of 6 μm in the case of
the nonconverging slot, while the same situation occurs at 7.4
μm drop size under the same conditions. It implies that a
converging slot allows a higher portion of oil drops to be passed
as compared to the nonconverging slots when subjected to the
same conditions. Similarly, at interfacial tension 4 μm and the
highest in-slot filtration velocity of 0.12 m s−1, the drag force is
equalized by the static force at drop sizes of 8.4 and 10 μm in
cases of using nonconverging and converging slots, respectively,
as can be seen in Figure 2b. This shows that interfacial tension
also plays a vital role in the penetration (passage) of drops
through the membrane slots.

3. MATERIAL AND METHODS
3.1. Materials. Crude oil (22, 27, and 30 °API) having

content (concentration) of oil in water 400 ppm, supplied by
North sea oil companies, was used in the present research work.

Figure 1. Comparison of static forces for nonconverging slots (Fcx)
using eq 1 and converging slots (Fcx*) using eq 2 at 9 mN m−1

interfacial tension between oil and water phases.

Figure 2. (a) Drag and static forces against drop radius at various
filtration velocities and an interfacial tension of 9mNm−1. (b) Drag and
static forces against drop radius at various filtration velocities and an
interfacial tension of 4 mN m−1.
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Oil drops produced in Tween 20 (polyoxyethylene sorbitan
monolaurate) dissolved in water was also utilized in the research
study, which was provided by Fluka, U.K. Deionized water was
used for the continuous phase, and oil was used as the dispersed
phase for the O/W emulsion preparation. A magnetic stirrer
(model: SM1 Stuart Scientific U.K.) was used to produce the
desired drop in the size range of 1−15 μm by varying the speed
and time. A Du-Nouy Ring apparatus was used for the
measurement of interfacial tension of oil drops. To find the
number of scattered droplets and their concentration, a Coulter
Multisizer II (model: Coulter Counter, Coulter Electronics
Ltd.) was used. Equation 4 was used to measure the
concentration of oil droplets entered and recovered by Coulter.
m = π/6 (no. of droplets) (mid-size of droplet dia)3 (density

of droplets)

∑π=m p k x
6

( ) i if
3

(4)

The model of the linear fit approach was validated by the
genuine data of produced water obtained from ref 42.
3.2. Filtration. A slotted pore membrane was used for

filtration experiments adopting the dead-end candle micro-
filtration configuration as shown in Figure 3. The dimension of

the slot used was width 4 μm, length 400 μm, and thickness of
the membrane 300 μm, supplied by Micro-pore Technologies
Limited, U.K. The density of the slot was 9.2× 106 slot m−2 with
the surface porosity being 1.4%.
Modification in the surface of the membrane was made with

poly(tetrafluoroethylene) (PTFE). It was immersed in a feed
beaker, and a peristaltic pump (having model no. RS 440−515,
Neutral, U.K.; a type of electric operated positive displacement
pump that can maintain constant flux conditions) was used to
control the permeate suction. A measuring cylinder was used for
the collection of permeate and was periodically returned to the
feed container. A pressure transducer by Farnell, U.K., having
model no. HCX001A60 was used to measure pressure across the
membrane, which has a resolution of 0.1 psi. The experimental
setup is shown in Figure 3 below.
The deformation of oil droplets can be observed from the

existence of big-size oil droplets in the permeate through
membrane slots. The surface of the slotted membrane was

studied through scanning electron microscopy (SEM), as
displayed in Figure 4.

Equation 543 was used for the calculation of the grade
efficiency.

= −

×

i
k
jjjjj

y
{
zzzzz

grade efficiency

1
permeate mass concentration in size grade

feed mass concentration in size grade

100 (5)

The effect of flux rate on grade efficiency and 100% cutoff points
was measured by varying the flow rate of the permeate through
the membrane. The membrane was washed with 2% Ultrasil 11
and hot filtered water (50 °C) before and after each run. Various
permeate flux rates were obtained at different transmembrane
pressures with the assumption of the membrane being clean and
ready for reuse until the change in flux per unit time became
similar to that of clean water.

4. RESULTS AND DISCUSSION
Figure 5a presents the concentration of crude oil drops in the
feed.39 When oil drops pass through the membrane slot, static
force and drag force come into play. As discussed earlier, the
static force is accountable for the retention (rejection) of the
drops from the membrane, and it was calculated from eq 1 using
a nonconverging (straight) slotted pore membrane.29 Also,
there is a linear relationship between the drag force and
interfacial tension of oil drops between the dispersed and
continuous phases.29 Drag force on the other side helps the
drops pass through the membrane, and it was calculated from eq
3. A point of 100% cutoff points or 100% rejection points is
reached when it is very hard for the drag force to deform the
drop further and to pass it through the slotted pore membrane.
The linear fit approach was used for the calculation of permeated
drops below the 100% cutoff points. It was obtained from a
linear line by extrapolating 100% cutoff points to the origin of
rejection graphs. The portion of permeated oil drops was
calculated from the linear fit approach and was multiplied by the
concentration of crude oil drops in the feed to predict the
permeate concentration. Different permeate concentrations
were obtained at a different flux rate and at a different interfacial
tension. The predicted permeate concentrations (of 22, 27, and
30 °API) are presented in Figure 5b−d. The concentrations (in
ppm) of 22 and 27 °API oil drops in the permeate are presented
in Table 2 for different flux rates, while the concentration (in
ppm) of 30 °API crude oil drops in the permeate is illustrated in

Figure 3. Experimental setup for the dead-end candle microfiltration
system.

Figure 4. Scanning electron microscope image of the surface of the
slotted pore structured membrane.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03227
ACS Omega 2021, 6, 27763−27772

27766

https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03227?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 3. It can be observed from Tables 2 and 3 that on
increasing the flux rate, the concentration of crude oil increases;
it is because the increasing flux rates increase the velocity of the
oil fluid, which increases the drag force on the oil drops and
helps more numbers of oil drops pass through the slot of the
membrane. Moreover, Tables 2 and 3 further illustrate that on
increasing the °API value of the drops, the concentration of
crude oil drops in the permeate decreases because the interfacial
tension of oil drops increases, as a result of which the static force
increases (eq 1). It shows that the permeation of oil drops
through the slotted poremembrane is strongly dependent on the
flux rate and the interfacial tension of oil drops, which affects the
drag and static forces, respectively. These results are in
agreement with the published results of.29,39

The permeate concentrations of crude oil drops 22 °API, 27
°API, and 30 °API for the converging slotted poremembrane are
presented here from the work of,39 and the same is compared
with the permeate concentration of the nonconverging slotted
poremembrane under the same operating condition. Figure 6a−
c shows the comparison of converging and nonconverging
membrane slots for 22 °API crude oil drops in the permeate,
Figure 6d−f shows the comparison for 27 °API crude oil drops
in the permeate, while Figure 7a−c shows the comparison for 30
°API crude oil drops in the permeate. It can be easily observed
from Figures 5 and 6 that the concentration of crude oil drops in
the permeate is higher for the converging membrane slots
compared to the nonconverging membrane slots. In addition, a
larger number of crude oil drops passes through the converging
membrane slot than through the nonconverging membrane
slots. The concentrations (in ppm) of crude oil drops 22, 27, and
30 °API through the converging and nonconverging membrane
slots are presented in Tables 1 and 2. Under the same operating

conditions, the converging membrane slots give a higher
permeate concentration of crude oil (average of 35.5% for 22
°API, 17% for 27 °API, and 38.6% for 30 °API crude oil drops)
than the permeate concentration of nonconverging membrane
slots, indicating that oil drops show a high static force for the
nonconverging slotted microstructured membrane as compared
to the static force for the converging slotted pore membrane.
Similar results were also reported by39 that sudden deformation
of oil drops occurs through the converging slotted pore
membrane, which leads to low static force and high permeation
of oil drops through the membrane, while gradual deformation
of oil drops occurs, which leads to a higher static force and a low
number of drops passes through the membrane under the same
operating conditions including the flux rate, interfacial tension,
size, and length of the membrane slot.
Similarly, Tween 20 oil drops dissolved in water were studied

to elaborate the effect of the nature of different oil drops by
adopting the same approach as above. First, 100% rejection
points were calculated for oil drops in Tween 20 dissolved in
water, and then, a linear fit approach was used to calculate the
permeate concentration. The concentrations of oil drops in the
feed and permeate at different in-pore filtration velocities are
presented in Figure 8. Figure 8a shows the %mass concentration
of oil drops (g g−1) through the nonconverging slotted pore
membrane, while Figure 8b represents the %mass concentration
of oil drops (g g−1) through the converging slotted pore
membrane. It can be observed from Figure 7b that a higher
number of drops passes through the converging slotted pore
membrane compared to the nonconverging slotted pore
membrane (Figure 8a). Almost all oil drops are rejected by
the nonconverging slotted pore membrane at 0.04 m s−1 in-pore
filtration velocity, as shown in Figure 8a, while for the

Figure 5. (a) Concentrations of 22, 27, and 30 °API crude oil drops in the feed, while (b−d) show permeate concentrations of crude oil drops using a
nonconverging membrane slot calculated from the 100% cutoff points.
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converging slotted pore membrane, still a large number of drops
pass through the membrane at the same velocity (0.04 m s−1),
(Figure 8b). As the in-pore filtration velocity increases, the
number of oil drop permeation increases, which has been
observed for both types of membrane slots; however, when these
two slots are compared on the basis of the same in-pore filtration
velocity, a large number of drops passes through the converging
slotted pore membrane. It has been noted that the same results
were observed in the previous model based on the feed of North
oil sea companies and with the result reported by29 for
deforming oil drops while passing through the converging and
nonconverging slotted pore membranes.
To validate these models, crude oil drops in real produced

water samples were studied. Genuine data of crude oil drops
from different oil fields with different interfacial tensions (°API
value) are plotted in Figure 9a,b, as have been reported
elsewhere.42 These data were obtained from different locations
that are operating oil fields in Kuwait. The data were used to

demonstrate and validate the approach used for the estimation
of the concentration of crude oil drops in the permeate. Figure
9c shows the predicted permeate concentration of 29 °API
crude oil drops of Bair Aquifer water, while Figure 9d shows the
predicted permeate size distribution of 29 °API crude oil drops
of oil effluent water. Similarly, Figure 8e shows the predicted
permeate size concentration of 32 °API crude oil drops in Bair
Aquifer water, while Figure 8f shows the predicted permeate
concentration of 32 °API crude oil drops in oil effluent water.
The predicted permeate concentrations (in ppm) of these crude
oil drops with different interfacial tensions and different flux
rates have been presented in Table 3. Concentrations of crude
oil drops (29 °API) in the feed of oil field effluent water and Bair
Aquifer water were 1.5 and 1 ppm, respectively, as reported.42

Similarly, the concentrations of crude oil drops (32 °API) in the
feed of oil field effluent water and Bair Aquifer water were 26 and
17 ppm, respectively, the same as have been reported in ref 42.
Predicted permeate concentrations of these oil drops are shown

Figure 6. Permeate oil contents (concentrations) through converging (narrowing toward the inside) and nonconverging membrane (straight) slots at
different flux rates. (a−c) shows the 22 °API crude oil drops, and (d−f) shows the 27 °API crude oil drops.
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in Table 3. Using the linear fit approach, the permeate
concentration (29 and 32 °API) reduced significantly, less
than 1 ppm for all samples of crude oil drops through the
nonconverging slotted pore membrane. Similarly, Table 4 shows
the permeate concentration of the same crude oil drops through
the converging slotted pore membrane reported from ref 39.
Comparing Tables 3 and 4, it is clear that there was a higher
permeate concentration of crude oil drops for the converging
membrane slots than for nonconverging membrane slots, which
also shows the correspondence with the results of crude oil

drops (22 °API, 27 °API, 30 °API) that have been presented
earlier in this discussion for the deforming oil.29

5. CONCLUSIONS

A new model has been developed for estimating the permeate
concentration of oil drops through a straight (nonconverging)
slotted microstructured membrane, which is based on the
rejection and permeation of oil drops through the membrane,
calculated from the 100% rejection point. Prediction of crude oil
concentration in the permeate was evaluated before, and the idea

Figure 7. (a−c) Permeate concentration of 30 °API crude oil drops
using converging (narrowing toward the inside) and nonconverging
(straight) membrane slots at different flux rates.

Table 1. Permeate Concentration (in ppm) of 22 and 27 °API CrudeOil Drops Using Converging (Narrowing toward the Inside)
and Nonconverging (Straight) Membrane Slots at Different Flux Rates

flux rate
(L m−2 h−1)

crude oil drops
(22 °API) through
converging slots (in

ppm)

crude oil drops
(22 °API) through
nonconverging slots

(in ppm)

% difference in
permeate concentration

of crude oil drops
(22 °API)

crude oil drops
(27 °API) through
converging slots (in

ppm)

crude oil drops
(27 °API) through
nonconverging slots

(in ppm)

% difference in
permeate concentration

of crude oil drops
(27 °API)

2000 16 10 37 18 15 16
4000 19 12 36 22 17 22
6000 21 14 33 24 21 13

Table 2. Permeate Concentration (in ppm) of 30 °API Crude
Oil Drops Using Converging (Narrowing toward the Inside)
and Nonconverging (Straight) Slotted Pore Membranes at
Various Flux Rates

flux rate
(L m−2 h−1)

crude oil drops
(30 °API) through
converging slots

(in ppm)

crude oil drops
(30 °API) through
nonconverging slots

(in ppm)

% difference in
permeation of
concentration of
crude oil drops

400 21 12.5 41
600 24 14.4 40
1000 26 16.8 35

Figure 8. Feed and permeate concentrations of oil drops (bymass %) in
Tween 20 dissolved in water at different in-pore filtration velocities. (a)
Nonconverging slotted-type pore membrane. (b) Converging slotted-
type pore membrane.
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could be of great importance for researchers working in the field.
The 100% rejection was calculated from the balance of the static
and drag forces acting on oil drops during passing through the
membrane, which was extended to the origin of the rejection
graph, known as the linear fit approach. Using this approach, the

theoretical permeate concentration of oil drops was calculated
obtained from various locations. Three different types of oil
drops were used for the analysis of the study, and all types of oil
drops show consistency with the results of the presented model.
Themodel also shows dependency on the interfacial tension and

Figure 9. (a, b), Feed concentrations of 29 and 32 °API crude oil drops obtained from oil fields working in Kuwait. (c, d) Permeate concentration of 29
°API crude oil drops of Bair aquifer water and oil field water, respectively. (e, f) Permeate concentration of 32 °API cure oil drops of Bair aquifer and oil
field water, respectively, using a nonconverging membrane slot.

Table 3. Permeate Concentrations of Crude Oil Drops (in
ppm) of Oil Field Effluent Water and Bair Aquifer Water
through the Nonconverging (Straight) Membrane Slot at
Different Flux Rates

flux rate
(L m−2 h−1)

crude oil drops
(29 °API) in

oil field
effluent water

(ppm)

crude oil
drops

(29 °API) in
Bair Aquifer
water (ppm)

crude oil
drops

(32 °API) in
Bair Aquifer
water (ppm)

crude oil
drops

(32 °API) in
produced

water (ppm)

2000 0.13 0.28 0.230.28 3.5
4000 0.16 0.33 0.29 4
6000 0.19 0.37 0.29 4.24

Table 4. Permeate Concentrations of Crude Oil Drops (in
ppm) of Oil Field Effluent Water and Bair Aquifer Water
through the Converging (Narrowing toward the Inside)
Membrane Slot at Different Flux Rates

flux rate
(L m−2 h−1)

crude oil drops
(29 °API) in oil
field effluent
water (ppm)

crude oil drops
(29 °API) in
Bair Aquifer
water (ppm)

crude oil drops
(32 °API) in
Bair Aquifer
water (ppm)

crude oil
drops

(32 °API) in
produced

water (ppm)

2000 0.017 0.015 0.09 0.3

4000 0.022 0.02 0.13 0.36

6000 0.03 0.027 0.15 0.46
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flux rate of oil drops. Furthermore, the permeate concentration
of oil drops for the nonconverging membrane slot was also
compared with the permeate concentration of oil drops for the
converging membrane slot under the same operating condition
(i.e., feed size distribution data, interfacial tension between the
dispersed and continuous phase, flux rate, as well as size,
structure, and length of the slot pore membrane). In the case of
30 °API crude oil drops, 41, 40, and 35% higher concentrations
in the permeate were estimated at 200, 400, and 600 L m−2 h−1,
respectively, using the converging slotted pore membrane as
compared to the nonconverging slotted pore membrane. All
types of oil drops show consistency with the study of the
comparison of permeate concentration using converging and
nonconverging membrane slots. Nonconverging membrane
slots reject a larger number of oil drops than converging
membrane slots, and it is due to the gradual deformation of oil
drops that occurs in the straight (nonconverging) slotted pore
membrane, leading to a high static force, while sudden
deformation of drops occurs in the converging slotted pore
membrane, leading to a less static force, under the same
operating condition. Furthermore, it will be more interesting if
the results presented here obtained from the linear fit approach
are validated with experimental data points after performing
experiments. The study conducted here would be useful to find
out whether the oil concentration in permeates is within the
allowable limit set by international regularization bodies for
discharge and should be the focus for researchers working in this
area.
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■ NOMENCLATURE
Fc static force (N)
Fd drag force (N)
h half of the width of the slot (m)
kw correction factor for drag force
ki number of droplets
Rsp radius of the spherical drop (m)
Rell radius of the ellipsoid (spheroid) (m)
Sell ellipsoid surface area (m2)
Ssp sphere surface area (m2)
U velocity inside the pore (m s−1)
Xi mid-size of the oil droplet (m)
Greek Symbols
σ interfacial tension (Nm−1)
α angle at which the slot converges toward the inside (deg)
μ Micron
ρf density of fluid (kg m−3)
η viscosity of fluid (Pa·s)
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