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abst r ac t

In the present study membrane filtration was applied for the purification of crude oil containing stable oil in water emulsions (coil = 100 ppm; doil droplets < 1.5 µm) with and without pre-ozonation using
polyethersulfone (PES) microfiltration membrane (dpore = 0.2 µm). The effect of ozonation on the size
of oil droplets and on Zeta-potential was determined by dynamic light scattering measurements.
The effects of applied transmembrane pressure, stirring speed and duration of ozonation were
investigated in detail. Removal efficiency was determined by measuring turbidity, chemical oxygen
demand (COD), total organic carbon content (TOC) and extractable oil content (TOG/TPH). Results
pointed out, that short pre-ozonation (absorbed ozone was 30 ± 5 mg L–1) causes increased fluxes and
decreased resistance without notable change in the purification efficiency in case of low transmembrane pressure (0.1 MPa). However longer pre-ozonation or higher transmembrane pressure results
in increased irreversible resistance, lower permeate fluxes or even lower purification efficiency.
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1. Introduction
One of the most common groups of water pollutants are
oily contaminants. As a result of industrial growth increasing amount of oil contaminated waters is produced [1,2];
oily pollutants can appear in ground waters as well, especially in fields of intensive hydrocarbon extraction.
Oil contaminations can be categorized as: free (or
floating) oil, dispersed (unstable) oil and (stable) emulsified oil [3–5]. Waters contaminated with free-floating oil
(doil drop lets > 150 µm [4,6]) and unstable oil in water emulsions
(doil droplets: 20–150 µm [4]) can be purified by conventional
water treatment techniques [1,4,5,7–10], such as gravity separation, centrifugation [11], skimming [12], flotation [13], or

coagulation [10,11,14]. Stable oil in water emulsion is characterized in the literature by oil droplets smaller than 20 µm
[4,7,9] or smaller than 50 µm [15]. However Chakrabarty et
al. [5] emphasized that it is difficult to purify those oil contaminated waters which contains smaller oil droplets than
5 µm. For the purification of stable emulsions conventional
techniques are not applicable [2,16], so more effective methods are desired such as membrane filtration, which is one of
the most investigated methods for the purification of these
kind of emulsions.
Several reports were published in which membrane
micro- [6–9,16–20] and/or ultrafiltration [5,8,16,21–24]
were applied for the purification of oil contaminated
waters. Polysulfone- [3,5,21], polyethersulfone- [2,16,20,25],
ceramic- [9,10,17,19], porous glass- [18], carbon- [7] polia-
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crilnitril- [8], teflon- [26], polyvinylidene fluoride- [16,26]
membranes have already been investigated. Polyethersulfone (PES) is one of the most extensively used membranes,
because of its chemical- and thermal stability, easy producibility and environmental endurance [2,27]. This hydrophilic material is applicable in case of oil contaminated
waters as well. Although membrane separation has many
advantages, a major problem of this technique is membrane
fouling [1]. Therefore many researchers try to develop novel
solutions, such as combined methods [3,10,28,29], modified membrane surfaces [2,25,27,30] or cleaning techniques
[21,31,32] to solve this problem. There are many reports
in the literature in which membrane separation combined
with pre-ozonation resulted in lower filtration resistances
and/or fouling or even higher purification efficiency in
case of different water contaminants [28,33–37]. Moreover,
pre-ozonation resulted in higher fluxes in case of petroleum
contaminated water (doil droplets < 5 µm) as it was published in
a previous report [20].
In the present study stable oil in water emulsion (contains crude oil; coil = 100 ppm; doil droplets < 1.5 µm) was purified by microfiltration (PES, 0.2 µm) with and without
ozone pretreatment. The work is focused on the effect of
pre-ozonation in case of various transmembrane pressures
and stirring intensities in relation to the permeate fluxes,
resistances and purification efficiencies.

2. Materials and methods
2.1. Production of stable oil in water emulsion
The emulsion was prepared in two steps using crude
oil (Algyő, Hungary) and distilled water. In the first step
1 wt.% emulsion was prepared by intensive stirring
(35000 rpm), then 5 mL of this emulsion was inoculated into
495 mL of distilled water directly below the transducer of
an ultrasonic homogenizer (Hielscher UP200S) resulting in
stable oil in water emulsion (coil = 100 ppm). The duration of
homogenization was 10 min, maximal amplitude and cycle
was applied and the emulsion was thermostated to 25°C.
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tively. The remaining dissolved ozone was purged by oxygen bubbling after the treatment to avoid the oxidation of
PES membrane.

2.4. Membrane filtration
For the membrane filtration experiments a batch-stirred
membrane reactor was applied (Millipore XFUF07601)
equipped with polyethersulfone (PES) membrane
(dpore = 0.2 µm; filtration area was 0.00332 m2). Before the
experiments membranes were soaked into distilled water
for 48 h in all cases. Applied transmembrane pressures were
0.1, 0.2 and 0.3 MPa (provided by nitrogen gas), while stirring speed was set to be 50, 200 and 350 rpm respectively.
The volume of the treated emulsion was 250 mL and filtration was carried out until 200 mL of permeate was produced
(volume reduction ratio (VRR) = 5).

2.5. Determination of purification efficiency
Purification efficiencies were determined by measuring
turbidity (Hach 2100N), chemical oxygen demand (COD)
and extractable oil content (TOG/TPH) in all cases. Total
organic carbon (TOC) content was also measured when the
effect of ozone pretreatment duration was investigated.
COD values were measured by a standard method,
based on potassium dichromate oxidation in standard
test tubes (Hanna Instruments) using Lovibond ET 108 type
digester (for 2 h, at T = 150°C), and Lovibond COD Vario type
spectrophotometer. Extractable oil content was measured
by a Wilks InfraCal TOG/TPH type analyzer, using hexane as
extracting solvent. TOC values were measured by an Analytik Jena N/C 3100 type equipment (T = 800°C-on) equipped
with an IR detector.
The purification efficiency (R) was determined as:

a
R =  1 −  ⋅ 100% (1)
a0 


where a0 is the turbidity, COD, TOG/TPH or TOC values of
the feed while a indicates the values of the permeate.

2.2. Description of oil in water emulsions
Conductivity and pH of the emulsions was measured
by a Consort C535 type multimeter. The size distribution
and Zeta-potentials were determined by dynamic light
scattering measurements using a Malvern ZetaSizer4 type
equipment.

2.3. Ozonation
Ozone was generated from clean oxygen (Messer; 3.5)
by a flow-type ozone generator (BMT 802X) and bubbled
through a diffuser into a batch reactor (contained 400 mL of
oil in water emulsion) during intensive magnetic stirring.
Applied flow rate was 1 L min–1, and ozone concentration
of inlet and outlet was measured using a WPA Biowave II
type UV spectrophotometer at λ = 254 nm. Ozonation time
was usually 5 min and in another series of experiments 5, 10
and 20 min of ozonation was applied which resulted in 30
± 5, 115 ± 10 and 290 ± 15 mg L–1 of absorbed ozone, respec-

2.6. Resistance-in-series model
The membrane resistance (RM) was calculated as [38]:
RM =

∆p
[m −1 ] (2)
J wηw

where ∆p is the transmembrane pressure (Pa), JW is the
water flux of the clean membrane and ηW is the viscosity of
the water (Pas).
The irreversible resistance (RIrrev) was determined by
re-measuring the water flux on the used membrane after
the filtration, followed by a purification step (intensive rinsing with distilled water):
RIrrev =

∆p
− RM [m −1 ] (3)
JWAηW

where JWA is the water flux after the cleaning procedure.
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The reversible resistance (RRev), caused by not adhered
oil layer and concentration polarisation layer can be calculated as:
RRe v =

∆p
− RIrrev − RM [m −1 ] (4)
J cηWW

where Jc is the flux at the end of the filtration and ηww is the
wastewater viscosity. The total resistance (RT) can be evaluated from the steady-state flux by using the resistance-in-series model:
RT = RM + RIrrev + RRev [m −1 ] (5)

3. Results and discussion
3.1. Effect of pre-ozonation on the properties of oil in water
emulsion
The emulsion production method resulted in the
desired stable oil in water emulsion (doil droplets < 2 µm).
Fig. 1 demonstrates the size distributions: diameters of
oil droplets are between 0.1 and 1.5 µm in the untreated
emulsion (and average diameter increased only 5% after
five days).
Ozonation significantly reduced the size of oil droplets and Zeta-potential measurements pointed out that
ozonation increased the negative surface charge of the
droplets (from –9,6 mV to –32, –33 and –35 mV after
5,10 and 20 min of ozonation respectively), which causes
even higher stability. It should be noted that ozonation
as an oxidation process can decrease the hydrophobicity of the oil droplets as well. Produced emulsions were
slightly acidic (pH~5.2 ± 0.2), and the pH value slightly
decreased (4.2 ± 0.2) during ozonation, while the conductivity slightly increased (from ~5 µS cm–1 up to 35 µS
cm–1), which can be explained by the production of dissolved acidic components.

Fig. 1. Size distribution of oil in water emulsions with and without ozonation.
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3.2. Effects of filtration conditions
Three different transmembrane pressures (0.1, 0.2
and 0.3 MPa) and three different stirring speeds (50, 200,
350 rpm) were applied during the membrane filtration of oil
in water emulsions with and without ozone pretreatment.
Fig. 2 shows the typical effect of transmembrane pressure
and stirring speed on the relative fluxes (Jemulsion /Jdistilled water).
Increased stirring speed caused much higher fluxes (at
all pressures) while increased transmembrane pressure
resulted in lower relative fluxes (at all stirring speeds). Very
similar effects were observed both in case of ozone pretreated and in case of not pretreated emulsions.
Determined lower fluxes at higher pressure is in good
agreement with the results of Abadi et al. [19], who filtered oily contaminated water using ceramic membrane.
Fig. 3 summarizes the calculated resistances of all filtration experiments of pre-ozonized and not pretreated oil
in water emulsions. The value of total resistances always
decreased with increased stirring speed, while higher pressures causes much higher total resistance (optimal parameters are 0.1 MPa and 350 rpm) both in case of pre-ozonized
or not pretreated emulsions. However in case of pre-

Fig. 2. Effect of stirring speed (a) and transmembrane pressure
(b) on the relative fluxes (In case of the filtration of ozone pretreated oil in water emulsion).
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Fig. 4. Adhered oil layer on PES membranes after filtration of
pre-ozonized oil in water emulsions.

and higher than 98% based on turbidity- and extractable
oil content values in all cases. No significant differences
were observed in connection with applied pressure, stirring
speed or pre-ozonation.

3.3. Effects of the duration of pre-ozonation

Fig. 3. Effect of stirring speed and transmembrane pressure on
the resistances (a: without pre-ozonation; b: after pre-ozonation).

ozonized emulsions high irreversible resistance was measured (especially in case of higher pressures and/or lower
stirring speeds), while during the filtration of original (not
pretreated) emulsions reversible resistance was dominant.
Since the oxidation of organic compounds increases their
hydrophilic character, therefore higher adhesion ability of
pre-ozonized oil droplets can be explained. Adhered oil
layer was also confirmed visually in case of pre-ozonized
water as it shown on Fig. 4.
Furthermore, pre-ozonation resulted in much higher
negative surface charge of oil droplets, which caused higher
stability and resulted in lower total resistance (because of
the drastic reduction of reversible resistance) in case of 0.1
MPa transmembrane pressure (Fig. 3). However, at higher
transmembrane pressures pre-ozonation increased the total
resistance due to disintegrated oil droplets (which increase
fouling), and higher adhesion ability of the droplets to the
PES membrane.
Purification efficiencies were determined by measuring turbidity, extractable oil content, and chemical oxygen
demand (COD) in all cases. Membrane separation and
pre-ozonation (t = 5 min) combined with membrane separation showed very similar performances. Purification
efficiencies were higher than 92% based on COD values,

After the determination of optimal parameters as 0.1 MPa
transmembrane pressure, 350 rpm stirring speed and applying pre-ozonation, the effects of the duration of pre-ozonation
were investigated. Oil in water emulsions were filtered after
0, 5, 10 and 20 min of pre-ozonation. Fig. 5 demonstrates the
measured filtration resistances. Without pre-ozonation high
reversible resistance was measured, which can be entirely
eliminated by a short pre-ozonation treatment (t = 5 min; 30 ±
5 mg L–1 absorbed ozone) due to the change of Zeta-potential
(from –9,6 mV to –32 mV). This resulted in a notable reduc-

Fig. 5. Effects of the duration of pre-ozonation on the filtration
resistances.
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Furthermore, short ozone pretreatment increases permeate flux only in case of low transmembrane pressure
(~0.1 MPa), while at higher pressure oil droplets with
decreased hydrophobicity can adhere onto the PES surface
and smaller droplets increase fouling, which resulted in
much higher total resistance.
Applying optimal pressure (0.1 MPa) and stirring intensity (350 rpm) a short pre-ozonation resulted in 46% reduction of total filtration resistance without a notable change in
the purification efficiency.
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Fig. 6. Effects of the duration of pre-ozonation on the total purification efficiency.
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