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A B S T R A C T

In this work the coalescence performance of the melt-blown structures applied for removal of emulsified water from the diesel fuel is studied. Fibrous polyester media
(polybutylene terephthalate, PBT) were fabricated in-house using the melt-blow technique. Postproduction treatment towards the fiber modification involving
hydrolysis of the surface with sodium hydroxide or exposure to a low temperature plasma was applied. Different properties of polymer surface were obtained for each
modification method, which was verified by the capillary rise test with oil and water. The applied treatment had a significant impact on the coalescence performance
comparing to the unmodified PBT structure. In contrary to numerous experimental studies the hydrophilic polyester media obtained by hydrolysis performed much
worse than plasma treated filters. It was also shown that the combination of water wettable and non-wettable fibers respectively on the inlet and outlet can
significantly improve the separation efficiency. However, in such case the pressure drop is significantly increased as the water captured and collected within the inlet
layer is not effectively transported to the outlet. This confirmed that the wettability of fiber surface is not an independent parameter which affects the process. The
filter material should be carefully selected with regards to both structural and surface properties of adjacent layers to form a reasonable saturation of the coalescence
layer for the high efficiency and also enable the transport of collected liquid to the outlet. Both the structural and surface properties have a pronounced impact on the
coalescence efficiency and detachment of droplets from the porous structure on the outlet.

1. Introduction

The separation of liquid-liquid dispersions is a very important op-
eration, which has numerous applications in industrial practice. There
are various processes and related equipment, which can be used de-
pending on flow rate, concentration of droplets, properties of the dis-
persion and required separation efficiency. This work is focused on the
coalescence of water droplets in diesel fuel, which is accomplished by
flow through fibrous media. The principles of the process is based on
the forced flow through a multilayer bed of filter material, where
emulsion droplets are captured by the fibers. After the deposition on the
fibers the droplets merge, reorganize and are transported through the
bed to the outlet. During this process the droplets attached to fibers
constitute additional collectors for the deposition of free flowing dro-
plets. Simultaneously the saturation of fibrous media with droplets af-
fects local hydrodynamics, which has a strong impact on coalescence
efficiency, but on the other hand can lead to detrimental effects such as
redispersion. The last step of the process is detachment of large droplets
on the outlet of a coalescence structure.

In recent decades many scientific papers have been published, in
which an influence of various parameters on the coalescence

performance has been studied. A fundamental review provided by
Sherony et al. [1] summarized both experimental findings and theore-
tical principles of the droplets coalescence during the flow of emulsion
through porous media. The starting point for identification of coales-
cence mechanisms in fibrous structures were based on microscopic
observation of the process by Bitten [2]. The observed size increase of
collected oil droplets was due to direct interception of free flowing
droplets with deposited ones or merging of adjacent droplets on the
fiber. The author estimated that the second mechanism contributes only
in 5% to the overall process yield [2], which emphasizes the importance
of reasonable wettability of fiber surface and resulting saturation.
However, Sherony [3] showed that for small contact angles of dispersed
phase with fiber surface (i.e. good wettability), the liquid is transported
through the structure in a form of continuous layer covering the fibers,
and only on the outlet droplets are detached from fibers. These early
research papers showed complexity of the process, which is strongly
affected by parameters characterizing the coalescence media, com-
prising structural design of coalescence filter and surface properties of
fibrous material. Various combinations of these can lead to completely
different regimes of the two-phase flow through the bed, which was the
base for the development of numerical models describing the process
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[4–11]. Numerous research papers in this field were focused on the
mechanism of droplets detachment from fibers, which is a critical step
for effective separation downstream the coalescence structure
[9,12,13]. A complex numerical analysis coupled with experiments
(AFM measurements) for various types of fiber and related droplets
conformation – symmetrical barrel shape and asymmetrical clamshell –
was presented by Mullins et al. [14] and Hotz et al. [15]. The presented
measurement results showed how the force required to detach a droplet
increases when it is located at the fiber intersection for wettable and
non-wetted fibers comparing to droplet located on a single filament.

All these studies provided a comprehensive base for the process
understanding. They were based on alleged mechanisms of droplets
coalescence and detachment, however in some cases the predictions
were verified and updated according to phenomena observed in ex-
periments. One of key properties of the coalescence media, which was
extensively studied with regards to its influence on the performance, is
the wettability of fibrous material. It is, however, a very problematic to
measure the contact angle of the fibers and other curved surfaces such
as granules. In particular there is no suitable equipment for analyzing a
single droplet on thin fibers with diameter of few microns and less. For
porous materials wetted by a test liquid the methods which comprise
estimating of the imbibition rate of sessile droplet or liquid transport
during the capillary rise are commonly applied to characterize surface
properties of filter media [16,17]. However, in the latter one there is
often a problem to carry out the capillary rise experiment with both
emulsion liquids – usually water and a liquid hydrocarbon – due to the
fact that majority of pure polymers are not wetted by water. Often, for
better representation of real operating conditions, the experiments of
oil imbibition by capillary forces are performed for an emulsion of oil in
water (e.g. for oil sorbents).

Numerous studies have been done to identify the effect of wett-
ability on the coalescence performance [18–23]. Various conclusions
have been drawn, however the predominating opinion is that good
wettability by a dispersed phase liquid has a positive effect on the ef-
ficiency. The wettability of filter material is defined by its chemical
composition, the surface roughness and the fiber diameter. Based on the
chemical structure, materials may have a high surface energy, such as
glass, metals, ceramics, or a low surface energy as polymers. It can be
significantly changed by treatment processes, which affect the chemical
composition and/or the morphology of surface in a submicron scale. In
general, polymer materials are recommended for use in the separation
of oil from water due to their oleophilic surface, while high surface
energy materials such as glass and metal fibers are commonly used for
the separation of water droplets from oil [24–26]. This is somehow in
agreement with previous statements. However, a proper modification of
polymer media may potentially enable their successful operation with
water dispersions in fuels and oils. Agarwal et al. [22] studied in detail
the effect of surface properties of fibers on the coalescence performance
by coating polyester (PET and PBT) and cellulose filter media with a
nanoparticles. Their results led to conclusions that for effective se-
paration of oil from water by so called surface filtration, i.e. char-
acteristic for membrane process where oil droplets are retained on the
influent side and do not pass through it, a hydrophilic filter having
pores smaller than droplets is recommended. But for effective separa-
tion of oil from water by means of the deep bed coalescence a filter
media should be hydrophobic and oleophilic to provide high saturation
of the porous structure. The use of relatively thick fibers is suggested in
latter case to enhance the adhesion and droplets holdup within the filter
[22]. Patel and Chase [23] applied a superhydrophobic polypropylene
fibrous membranes for separation of dispersed water from diesel. Their
results and conclusions are in agreement with above findings that high
efficiency of surface filtration process is achieved when a surface is not
wetted by dispersed phase liquid (water in this case). All above-men-
tioned findings lead to a general conclusion that the droplets holdup
results from the local hydrodynamic conditions and related shear
stresses acting upon collected droplets in flow, but also strongly

depends on droplet-fiber interactions. The surface interactions de-
termine the driving force for the capillary transport of the dispersed
phase through a porous structure and the adhesion of liquid to the fi-
bers. This strongly affects the performance of coalescence filters in
terms of the separation efficiency and the corresponding pressure drop.

In this paper the effect of fiber surface properties on the separation
performance of coalescence filters is presented. The modification of
polyester media was carried out by exposure to a low temperature RF
induced plasma in various environments (ambient gas) or by chemical
treatment, which caused partial hydrolysis of the base material surface.
Each method enabled to obtain fibrous media characterized by com-
pletely different wettability with the water and the oil (diesel fuel).

2. Materials and methods

For this research the polybutylene terephthalate fibrous structures
were selected due to their chemical resistance against the diesel fuel
and the water, and also the thermal stability of this polymer (the ability
to operate at elevated temperatures, e.g. in biodiesel production pro-
cess). The PBT is suitable for the melt-blow process, which was involved
for fabrication of filter media used in this research. The raw granular
material was Celanex® PBT 2008. The filter elements were in form of a
thick wall cylinders with an out-to-in flow directions as presented in
Fig. 1. Such unusual flow orientation was imposed by form of the filter
cartridge required to fit a recently developed 2-stage filtration system
[27].

2.1. Properties of the melt-blown coalescence structure

One of the most widely used methods of fabrication of fibrous
polymer structures is the melt-blow process. The polyester media used
in presented research were manufactured in-house using an automated
system, which guaranties a good reproducibility of produced structures.

The fully programmable process enables to fabricate complex
structures, e.g. with various diameters and porosity gradient across the
porous media in a single run (instead of a structure consisted of
“sandwiched” separate layers assembled manually). The properties of
fibrous PBT media used as the coalescers in presented research are
given in Table 1.

2.2. Modification of the PBT fibers

The majority of polymers is not wetted by water, and this fact ac-
cording to literature review presented above, makes them not suitable
for the separation of water-in-oil emulsions. Therefore, various tech-
niques of polymer surface modification, for various forms of these
media, have been developed in recent years. Both, chemical composi-
tion and surface morphology affect the behavior of liquid being in
contact with a surface. The methods comprise usage of additives to the
polymer matrix before the processing as well as postproduction treat-
ment, which includes coating, and physical or chemical modification. In
this research two methods of surface modification suitable for PBT
media have been applied.

2.2.1. Alkaline hydrolysis of the fiber surface
The modification methodology was carried out following the pro-

cedure described by Wang et al. [17], and aimed to change a weak
hydrophilicity of PBT (according to literature the static contact angle
with the water θ=84° [28]) to strongly hydrophilic properties due to
an increase of fiber surface roughness. The method is based on a hy-
drolysis of the polyester, which is controlled by the operating condi-
tions so that it does affect the PBT fibers by creating a roughness on
their surface. The process was performed in the solution of approx.
1.5 mol/L NaOH in the water-methanol mixture (water:MeOH=1:1).
The elements in their final form were subject to modification, i.e. in the
form of thick wall cylindrical cartridges as shown in Fig. 1. During the
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process the temperature was controlled at 45 °C and the solution was
agitated using a magnetic stirrer. To avoid an excessive mass loss and
related change of the filter media properties as reported in paper by
Wang et al. [17] the selected time of the hydrolysis reaction was 2 or
10min. Next the filter media were rinsed with the distilled water. To
neutralize any base remaining within the porous structure, it was im-
mersed in 0.1mol/L HCl solution, and then again rinsed with the dis-
tilled water until the neutrality of soaking water was reached. Finally,
the structures were dried for 24 h at 50 °C in air, and afterwards for 12 h
at 25 °C under vacuum.

Three full-scale filter elements were prepared for each hydrolysis
time:

• two for the separation experiments,

• one for the analysis of surface properties.

2.2.2. Plasma treatment
The treatment of PBT media was performed by exposure to a con-

tinuous low temperature gaseous plasma induced by a low pressure
fluorescent discharge. This type of electric discharge takes place spon-
taneously in gases without any external ionizing sources, and the
average energy of ions falls in the range 1–10 eV [29].

The modification in plasma was carried out by placing the samples
95×20×2mm in the plasma reactor (for analysis of the surface
properties as described below) or complete elements in final cylindrical
form (for the separation experiments). The image showing the external
view of the plasma chamber is presented in Fig. 2.

In general, two potential effects of the plasma process on the PBT

fibers were expected: (i) change of chemical composition of the surface
(substitution of atoms from surrounding gas on the activated surface),
and (ii) modification of the fiber surface morphology (roughness) due
to a local degradation of the polymer. Both can lead to a change of
wettability (by the water or the oil), and thus affect the coalescence
performance of the media.

Various operation conditions of the plasma chamber were used in
experiments: process time from 0.5 to 3.5 min, ambient gases during the
excitation were: argon (100%) or argon/oxygen mixture (70/30% or
60/40% by volume). The maximum concentration of oxygen plasma
was limited to 40% due to the safety issues. The temperature was
monitored during the process to avoid thermal degradation of the
polymer – based on this information the power and treatment time were
selected. Details of the treatment conditions are provided in Table 2.

2.3. Determination of the effects of treatment on properties of fiber surface

To verify effects of modification on the surface properties of filter
media, the SEM images were analyzed to observe if any changes are
noticeable. As a representative measure of the media wettability by the
dispersion liquids, the capillary rise test method with oil and water was
selected. The capillary rise experiments were carried out for thin stipes
of fibrous mat cut to the same size 95×20×2mm. By applying the
simplifying assumptions, i.e. neglecting the gravity and analyzing the
viscous range of liquid transport, the Washburn equation can be derived
[30,31]. In a modified form it describes the linear relation between the
square mass of transported liquid and the time, which is observed in an
initial stage of the test:

=m
C ρ σ cosθ

μ
t

· · ·
·2

2

(1)

where C is a constant representing the geometry of a porous structure, ρ
the density of test liquid, μ the dynamic viscosity, σ the surface tension,
θ the contact angle, and t is the time. The equation holds for purely
viscous transport, i.e. after transition from initial inertial flow, and
when the effect of gravity is not noticeable (typically the experimental
data for a time range 5–20 s were analyzed).

The obtained results of wetting kinetics reflects both the wettability
and the structure, therefore they provide information about the ability

Fig. 1. Dimensions of the element (on the left): I – coalescence layer, II – drain layer, and image of a complete cartridge with end caps (on the right).

Table 1
Specification of the fibrous media used in experiments.

Coalescence layer (I) Drain layer (II)

Average fiber diameter, μm 4.3 43.9
Minimum fiber diameter, μm 1.3 12.0
Maximum fiber diameter, μm 12.7 91.9
Porosity, – 86.7% 84.9%
Thickness, mm 5.0 7.5
Grammage, g/m2 270–715 3115–3205
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of a liquid to flow through filter media. The relative affinity of liquids to
the filter material can be expressed by LHR parameter (the abbreviation
stands for lipophilic-to-hydrophilic ratio) defined as:

= =LHR θ
θ

m t μ
m t μ

ρ σ
ρ σ

cos( )
cos( )

( / )
( / )

o

w

o o

w w

w w

o o

2

2

2

2 (2)

where subscripts “o” and “w” refer to oil and water, respectively.
The LHR value represents the relative wettability, which is “scaled”

by the properties of the test oil and the water. Therefore, its value allow
to determine, which liquid is easier pushed through the fibrous media
by the capillary transport mechanism:

• for LHR < 1 the water is preferentially transported by surface
forces,

• for LHR > 1 the oil is more effectively enhanced by capillarity
during the transport through the media, while the water transport
will be confined.

In addition, the measurements of static contact angle were per-
formed for some non-wettable structures (goniometer OCA 25 from
DataPhysics). The plasma treated media were scanned using FTIR-ATR
to verify whether any new chemical bonds resulting from atoms sub-
stitution appear on the polymer surface.

2.4. Method for the verification of applied treatment on the coalescence
performance

The key point of presented research was an experimental verifica-
tion of the surface properties of modified polymer structures on the
performance of water separation from the diesel fuel.

The scheme experimental setup is shown in Fig. 3.
The system presented in Fig. 3 operated in a closed loop circulation

of the diesel fuel. The oil flows from the tank T1 to the pump P2, which
is the centrifugal type with three impellers. This pump circulates liquid

through the system, but its role is also emulsifying the water, which is
injected upstream from the water container T2 using the dozing dia-
phragm pump P2. By changing the pump speed (max. 2835 rpm), the
different size of emulsion droplets can be obtained. The diaphragm
valve V2 is used for the flow control. The emulsion flows to the housing
F1, where tested elements are mounted. Commercial filters F2 and F3
remove any remaining water carryover and protect that no water re-
turns to the tank T2. Sample points S1 and S2 enable monitoring of the
total water concentration in the diesel fuel upstream and downstream
the tested filter, respectively. The S3 valve is for determination of the
dissolved water concentration – assuming that no free water penetrates
through the system of cleaning filters F2 and F3. During the experi-
ments the pressure drop on the filter was monitored every 5min at the
beginning of the test (for initial 30min), when rapid changes of the dP
were observed, and then every 10 or 15min. Moreover, the samples of
fuel for the analysis of water concentration using Karl Fischer method
(device Titranto 851 from Metrohm) were taken every 30min. Test
time was usually 90min, but in some experiments for a low inlet water
concentration (1000mg/L) it was extended to 150min to achieve a
steady-state pressure drop due to the structure saturation with the ac-
cumulated water.

When the water was dispersed in the diesel fuel and subsequently
separated, some compounds were probably withdrawn with the drained
water. As a result, a decrease of interfacial tension in time was ob-
served, which had a significant impact on the properties of emulsion
formed by the pump impellers. To prevent this variation, the monoolein
(1-oleoyl-rac-glycerol from Sigma) was added to keep the IFT value
constant. The parameters characterizing the experimental conditions
are listed in Table 3.

3. Results and discussion

3.1. Characterization of media wettability by the capillary rise experiment

In order to determine the wettability of porous media the capillary
rise test was used for modified structures and for untreated PBT samples
for the reference. This experimental method was selected as the most
appropriate test, which reflects the wettability of porous material by
both emulsion liquids. In Table 4 the results of capillary rise test are
presented, where the square mass of transported liquid divided by time
is a parameter representing the rate of imbibition, and the LHR para-
meter provides information on the relative material affinity to the oil
and the water (“normalized” by the liquid properties according to Eq.
(2)).

The treatment of the PBT media with the argon plasma brings about
a small increase of their oleophilicity, especially for layer I, which

Fig. 2. The plasma chamber used for the treatment of PBT fibrous media (ITE, Radom).

Table 2
Parameters of the PBT treatment in plasma chamber.

Ambient gas
composition

Process
time, min

Discharge
power, W

Voltage, V Absolute
pressure, mbar

1 100% Ar 0.5 50 −100 1.0
2 100% Ar 1.5 50 −100 1.0
3 100% Ar 3.5 50 −100 1.0
4 70% Ar+30%

O2

3.5 50 −700 1.0

5 60% Ar+40%
O2

1.5 50 −550 1.0

A. Krasiński, et al. Separation and Purification Technology 236 (2020) 116254

4

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24



consisted of thinner fibers. They also became hydrophobic – this is why
no results of the capillary rise test for these samples are provided in
Table 4. The plasma process in the atmosphere with an elevated con-
centration of oxygen had a pronounced effect on the media properties
for oxygen content 40% by volume (for 30% almost no effect in terms of
wettability was observed). In such processing conditions, the PBT
media gained a relatively strong hydrophilic properties – the LHR
parameter dropped from 213.3 to 3.51 for structure made of thin fibers
(layer I), and from 284.3 to 19.3 for thick fibers (II). In order to identify
whether the observed change has a physical nature or results from
change of chemical composition of the polymer surface, the SEM ob-
servation and FTIR analysis have been carried out.

In Fig. 4 a comparison of the native and one plasma treated fiber is
presented. It is clearly visible that the modification affects the surface
morphology. All samples treated for 3.5min in various gases have a
very similar changes, however the biggest visible roughness was ob-
tained for the sample processed for 1.5min with the oxygen level in-
creased to 40%. In such conditions a high energy and intensity of

plasma was obtained (and this is why the time had to be reduced). No
additional peaks were observed on the FTIR spectra of absorbance, so
this analysis did not confirm attachment of oxygen or other molecules
to the polymer surface.

The alkaline hydrolysis of the PBT caused a drastic change of
wettability with the water as shown in Table 4. The LHR parameter
dropped approximately 2 orders of magnitude for thin fibers from 213.3
to 2.42 and 1.66 depending on the hydrolysis time (2 and 10min, re-
spectively). For thick fibers this change was even more pronounced –
the LHR values were less than unity (0.114 and 0.192 for process time 2
and 10min, respectively). These results confirm that in all cases the
hydrolyzed structures became strongly hydrophilic.

An important point regarding the modification methods is that the
hydrolysis can be assumed as the depth process, i.e. the entire element
is immersed in the alkaline solution and fibers in the entire volume
uniformly undergo the process. This is in contrary to the plasma
treatment, which is typically the surface process and even if the ma-
terial is porous the reach of the treatment in material depth is limited or
effects of the modification impaired. To verify this hypothesis the fi-
brous structure has been divided into thin layers of the thickness ap-
proximately 1.0 mm (instead of 2.0mm as above). Therefore, to obtain
the relevant data of capillary transport kinetics the width of samples
was increased to 40mm (length was kept the same). Due to a pro-
nounced effect of the plasma process on material properties for the PBT
treated in O2/Ar=40/60 gaseous mixture, this sample was selected for
the analysis. The results are presented in Fig. 5a and b.

The results show that the penetration of the plasma process in depth
of the structure is observed. Changes of fiber properties have been
observed few millimeters from the surface, however the effects of
modification gradually decreased as the distance from the surface ex-
posed to plasma increased. Lack of experimental points for distance 4
and 5mm results from the obtained hydrophobicity of the media
(Fig. 5a). Similarly, the contact angle with water could not be measured
for the surface directly exposed to plasma as the imbibition was in-
stantaneous and the transient shape of the droplet could not be

Fig. 3. The process flow diagram of the test rig
used in separation experiments: T1-diesel fuel
tank, T2-water tank, P1-diaphragm pump, P2-
centrifugal pump, F1-filter test housing, F2-
water separation filter, F3-water absorbing
filter, FI-mass flowmeter, DPI-differential pres-
sure sensor, V1-ball valve, V2-diaphragm valve
for flow control, S1,2,3-sample points, D1,2-
water drain valves.

Table 3
Specification of the operating conditions, and properties of the test liquids and
dispersion in the water/diesel fuel separation test.

Operating conditions and
emulsion properties

Emulsion liquids Continuous diesel fuel
Dispersed distilled water

Flow rate 100 L/h
Water concentration 1000, 2500 or 5000mg/L
Interfacial tension* Plate method 9.3–10.1 mN/m

Ring method 8.6–9.9 mN/m
Size of droplets – pump

speed 50%max

avg. ± std. dev. 17.4 ± 10.5 μm
min.–max. 2.44–74.4 μm

Size of droplets – pump
speed 100%max

avg. ± std. dev. 6.31 ± 3.27 μm
min.–max. 1.16–25.3 μm

* Stabilized by the addition of monoolein.

Table 4
The results of the capillary rise test; subscripts: w – water, o – oil (diesel fuel).

Type of media Coalescence layer (I) Drain layer (II)

m t( / )w2 m t( / )o2 LHR m t( / )w2 m t( / )o2 LHR

Untreated 3.69·10−4 8.75·10−3 213.3 3.26·10−4 1.03·10−2 284.3
Ar plasma 0.5 min – 9.06·10−3 – – 1.07·10−2 –
Ar plasma 1.5 min – 1.00·10−2 – – 1.11·10−2 –
Ar plasma 3.5 min – 1.55·10−2 – – 1.20·10−2 –
30% O2 plasma 3.5 min – 9.13·10−3 – – 1.06·10−2 –
40% O2 plasma 1.5 min 2.53·10−2 9.88·10−3 3.51 7.03·10−3 1.51·10−2 19.33
Hydrolysis 2 min 2.35·10−2 6.30·10−3 2.42 1.71·10−1 2.06·10−3 0.114
Hydrolysis 10 min 4.75·10−2 8.75·10−3 1.66 1.69·10−1 3.48·10−3 0.192
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analyzed (Fig. 5b). Referring to the Fig. 5b one should bear in mind that
measurements of the contact angle on a porous material is questionable.
However, this value gives some reference for comparison between two
materials of the same (or similar) structure, and although the analysis is
carried out in the air, the tendencies are maintained (and even more
pronounced than for the measurements in surrounding diesel).

The observed extent of the treatment is sufficient to be suitable for
application to coalescence filters, which are typically depth fibrous
media. Hence, the process can be considered as a robust and promising
alternative next to other methods of surface modification.

3.2. Separation of water from the diesel fuel; the emulsification at pump
speed 50% max

The dispersion created in operating conditions, when the speed of
the pump impellers was set to 50% of maximum, i.e. about 1418 rpm,
was relatively easy to separate (refer to Table 3). For such water in
diesel dispersion all the tested media performed well and the difference
of the efficiency and the pressure drop between them was not very
significant. The example results for the native and Ar-plasma modified
PBT media are presented in Fig. 6. The treatment brought about an
increase of the terminal (steady-state) dP value, and the concentration
of free water in the fuel passing the coalescence filter was reduced.
However, this change was not very pronounced, especially when the
deviation of measured values are taken into account. In all cases the
increase of steady-state pressure drop was observed as the water con-
centration on the inlet increased. The terminal value was achieved
faster for higher inlet water concentration although a higher saturation
of the structure with the water was obtained (the dP can be considered
as the indicative of filter saturation with the accumulated water). This
is why the time of experiments for the inlet water concentration

1000mg/l had to be extended to 150min to approach the steady-state
of operation.

3.3. Separation of water from the diesel fuel; the pump speed 100% max

In the case of maximum speed of pump impellers, which emulsified
the water in the diesel, a relatively stable water dispersion consisted of
fine droplets was created (Table 3). In such conditions significant dif-
ferences between the structures performance were observed.

In first parts of experimental program the effect of treatment time in
the argon plasma was studied. The process time for the set power of
discharge (constant in all experiments and equal to 50W) had to be
limited due to thermal stability of polymer. In preliminary trials it was
confirmed that no structural damage of fibrous media was observed for
the time equal or shorter than 3.5 min. Thus in experiments the process
times 0.5, 1.5 and 3.5min were used. The results are presented in
Fig. 7.

The results clearly show a positive effect of the argon plasma
treatment on the efficiency of PBT coalescence media. The concentra-
tion of free water on the outlet is monotonically reduced as the plasma
process time increases from 0.5 to 3.5 min (Fig. 7b). However, this ef-
fect is accompanied by an increase of the pressure drop – the steady-
state dP for the 3.5min processed media is nearly 75% higher than the
terminal value for the native PBT (Fig. 7a). The steep increase o the dP
at the beginning is more likely related to the film formation on the inlet,
which create a significant barrier for the flowing liquid. This is ob-
served as a “jump” of pressure drop. Such a behavior has been identi-
fied and described in details in the literature for the liquid aerosol fil-
tration [33,34]. The conclusion from above experiments is that
increased oleophilic properties of fibrous PBT is beneficial for the
coalescence performance. In addition, one should bear in mind that the

Fig. 4. Example SEM images of the surface of thick PBT fibers from the drain layer (II): (a) native (untreated), (b) after plasma process in the O2/Ar=40/60 gaseous
mixture.

Fig. 5. The reach of plasma process in depth of the fibrous structure estimated by: (a) the capillary transport kinetics of the water, (b) the static contact angle with the
water (in air).
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plasma processing does not penetrate through entire structure depth, so
that this change refers to the layer I of coalescence media (i.e. outer
layer, on the inlet – see Fig. 1).

The expected outcome of the oxygen plasma treatment was to ob-
tain a hydrophilic surface. It was assumed that the oxygen content will
create a more “aggressive” conditions, which can lead to fiber etching
and creating a roughness on the surface. Apart from change of the
surface morphology, the attachment of the oxygen to an activated
surface can potentially take place, which usually makes the surface
hydrophilic. However, due to the safety issues, the oxygen concentra-
tion was limited to 40% by volume (in the mixture with the argon). The
analysis of FTIR spectra did not confirm the presence of additional
oxygen bonds in any sample.

In the case of the plasma process at 30% of oxygen content a sig-
nificant performance improvement in the separation experiment was
observed (Fig. 8). However, the analyzed wettability parameters did not
change much, i.e. the structure remained hydrophobic and the oleo-
philicity estimated in the capillary rise test gave a very similar rate of

the oil imbibition. Comparing to untreated filter media, the terminal
value of the pressure drop increased more than twice (from ~120 to
~260mbar – see Fig. 8a), while the outlet water concentration was
reduced from ~250 to ~60mg/L (see Fig. 8b).

The PBT processed at the oxygen content elevated to 40% vol. be-
came hydrophilic (the oleophilicity also increased slightly – refer to
Table 4), however this gave a little worse results in terms of efficiency.
The observed behavior can be explained by transport of collected water
through the media facilitated by the capillary forces, and a reduced
value of dP on the inlet (no or less formation of the water film). This led
to the reduction of the pressure drop across the media, but on the other
hand led to the decrease of the efficiency (similarly as observed for gas-
liquid coalescers [32]).

Highly hydrophilic fibrous media were obtained by the alkaline
hydrolysis (as shown in Table 4). In this process the elements were
immersed in the mixture of chemical reactants, so all the fibers in the
filter volume were modified. Hence, the drain layer was also a very
hydrophilic. The hydrolysis time 10min was probably too long and the

Fig. 6. The effect of the inlet water concentration on the pressure drop and free water concentration on the outlet for the untreated PBT (on the left) and for the media
treated in Ar plasma for 1.5 min (on the right); the emulsifying pump speed 50% max, flow rate 100 L/h.

Fig. 7. The effect of plasma process time on the pressure drop (a) and the free water concentration on the outlet (b) versus time for the PBT media modified in the
argon plasma; speed of pump impellers 100% max, flow rate 100 L/h, inlet water concentration 1000mg/L.
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original filter structure was affected by hydrolysis so strongly that
passages in the porous media have been created. This conclusion is
supported by a similar dP value (although much higher hydrophilicity
of the structure) and significant reduction of the efficiency (see Fig. 9).
The structure hydrolyzed for 2min gave much better results. Due to
hydrophilic nature of the fibers, the filter inlet was not blocked by an
accumulated water. In addition, the transport of water through the
media was facilitated by the capillary interactions, nevertheless its
adhesion to the fibers led to a relatively high local saturation and this
increased the value of the pressure drop (Fig. 9a). It was above the dP
for the native PBT most likely due to adhesion to the fibers and coating
them by a layer of water. The film formation on the outlet could also
contribute to the dP, however the most important detrimental effect
was related to the form of detached droplets from the drain layer. Many
non-uniform droplets were entrained and visually observed in the
purified fuel, unlike in experiment using the native PBT when the tur-
bidity of the fuel was noticed. However, the water concentration on the
outlet was very similar (Fig. 9b). The alleged reason for that was a
jetting of fuel through a layer of collected water on the outlet, which
caused redispersion. The form of the dispersion was different than that
created by the high speed pump impellers. However, the droplets cre-
ated in such conditions were still too small to settle by the gravity and
to be drained from the collection volume.

The last effect was just a visual observation, and it was not con-
firmed by any measurement because no representative sample of the
fast settling droplets could be collected in existing system setup and
analyzed. To verify the hypothesis that adverse conditions in the drai-
nage section (layer II) are responsible for the redispersion a hybrid
element was manually constructed. It consisted of the coalescence layer
(I) after the hydrolysis (process time 2min), and the native drain layer
(II). The results for the hybrid element are presented in Fig. 10.

The results confirmed that big water droplets created by the

redispersion from the hydrophilic media are not observed on the outlet.
In other words, the water was not effectively transported throughout
the structure, but it was collected inside the element at the hydrophobic
drainage layer. There are numerous studies, which describe the phe-
nomena of liquid transport for liquid aerosols depending on media
wettability [33–39]. Based on experimental observation and numerical
analyses so called film-channel model was proposed, which is a well-
established approach describing the operation of gas–liquid coalescers.
Assumptions related to mechanism of coalescence media operation
depending on the wettability by the droplets can be an explanation of
above-described results for liquid–liquid dispersions, too – the change
of the continuous phase from gas to liquid does not change the physics
of the process.

The water droplets easily entered the hydrophilic media and were
transported to the point where they encountered a hydrophobic struc-
ture. The capillary pressure prevented the water from entering the
hydrophobic drainage layer and a film was created. This is a beneficial
for the efficiency of water separation (Fig. 10b), but it created a very
high increase of the pressure drop (Fig. 10a). At certain dP the pressure
resulting from the drag would overcome the capillary pressure, but for
the geometry of the drainage structure the pressure drop exceeded the
range of the dP sensor and the experiment was stopped (after 7 h). The
perspective solution would be to design a less packed drainage layer,
but the available melt-blow system was not capable to fabricate such a
structure (the layer of thick fibers having a high porosity).

The best performing structures, i.e. the structure treated in Ar-
plasma for 3.5min, and in 70/30 Ar/O2 plasma for 3.5min, were also
tested for higher water concentrations on the inlet: 2500 and 5000mg/
L. These results are presented in Fig. 11.

When the inlet water concentration was increased, the performance
parameters of the coalescence elements were significantly reduced: the
pressure drop increased, and the water concentration on the fuel

Fig. 8. The effect of oxygen concentration on the pressure drop and the free water concentration on the outlet vs. time for the PBT media modified in the argon/
oxygen plasma; speed of pump impellers 100% max, flow rate 100 L/h, inlet water concentration 1000mg/L.

Fig. 9. The effect of hydrolysis time on the pressure drop and the free water concentration on the outlet vs. time; speed of pump impellers 100% max, flow rate 100 L/
h, inlet water concentration 1000mg/L.
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outlet also increased for both structures. However, significantly higher
separation efficiency was obtained for the element modified using the
oxygen containing plasma. Although the water was not transported in
the capillary rise test for this material, its structure was likely less hy-
drophobic than treated in the pure argon – the steady-state pressure
drop is higher. In contrary to this conclusion are only the results for the
least inlet water concentration (1000mg/L). However, it is likely that
the steady-state was not reached after test time – see dotted line in
Fig. 11b, which after 150min is still sloped.

4. Conclusions

In presented research the plasma postproduction treatment applied
for the modification of polymer fibrous media made of polyester was
proved to be a robust and effective method suitable for coalescence
filters.

In the plasma processed structures the change of surface properties
are continuous. This means that the change of water wettability from

the hydrophilic to the hydrophobic can be distributed on a distance,
and not at a certain plane as in the case of the tested hybrid element.
This facilitates the water transport through the structure, while a proper
saturation inside the element is created, which allows to achieve the
high efficiency of separation. The reach of the plasma into the porous
media initially seemed to be not suitable for the depth media mod-
ification, but it was experimentally confirmed that such process pro-
vided the PBT media performing well as the coalescence filters.

The presented experimental results can be explained with the sup-
port of the film-channel model and its modifications developed for the
gas–liquid systems. The assumptions of these models are in a good
agreement with the tendencies observed for the liquid–liquid system.
Two factors are critical for achieving the high efficiency of separation:
formation of the film, which is necessary to capture the emulsion dro-
plets, and enabling efficient transport through the structure to the drain
layer, where the detachment of droplets takes place. When the entire
coalescence media was hydrophilic, the redispersion from the drain
layer was observed. In the case of hybrid hydrophilic/hydrophobic

Fig. 10. The pressure drop and the free water concentration on the outlet vs. time for the hybrid PBT media: coalescence layer hydrolyzed for 2 min, drain layer
native; speed of pump impellers 100% max, flow rate 100 L/h, inlet water concentration 1000mg/L.

Fig. 11. The effect of the inlet water concentration on the pressure drop (a, b) and the free water concentration on the outlet (c, d) vs. time for the PBT media
modified in the argon or in the argon/oxygen plasma; speed of pump impellers 100% max, flow rate 100 L/h.
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structure the secondary redispersion was no longer observed, but the
efficient transport of the collected water between structure was
stopped. The transport of collected dispersed phase liquid through the
entire multilayer coalescence structure and resulting separation effi-
ciency is controlled by both surface and structural properties of ad-
jacent layers made of different media. In the presented case of the
sandwiched (hybrid) filter either a high porosity drainage structure
downstream the coalescence layer or an intermediate media between
them could improve the transport of collected water, i.e. reduce the
pressure drop while maintaining the separation efficiency.
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