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Abstract The wastewaters collected from ships were pre-
liminary separated in harbour installation into an oil fraction
(slop oil) and the aqueous phase. The oil phase was then
separated from slop oil, and the resulting water phase was
subjected to the treatment in a coagulation/flotation process.
The effluent (oil content 7-13 ppm) from these processes was
further purified in biological wastewater treatment plant. A
composition of bilge water is variable what affects the effi-
ciency of coagulation/flotation process and the effluents may
contain a significant amount of oil residues. The purification
of effluents from coagulation/flotation process was performed
in this work with ultrafiltration (UF), using FP100 mem-
branes. The turbidity of obtained UF permeate was varied in
the range of 0.08—0.26 NTU and the oil content was at a level
of 0.9-1.1 ppm. Such purified water can be utilized for
rinsing the oil-water separation devices located in the
wastewater treatment plant, instead of tap water used so far.
The obtained UF retentate contained 30 ppm of oil can be
recycled to the coagulation/flotation process. Fouling of UF
membranes was observed during the separation process,
however, the FP100 membranes were effective cleaned with
alkaline cleaning agents P3 Ultrasil 11.
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Introduction

The presence of even trace amounts of petroleum deriva-
tives in the water causes a serious degradation of aqueous
environment and harms human health (Dhorgham et al.
2012). Different types of wastes, such as ballast, black and
grey waters, and bilge waters, which are harmful for the
marine environment, are generated on the ships. Bilge
waters are particularly dangerous due to the presence of
petroleum and petroleum-derived products, the compo-
nents which exhibit the carcinogenic properties. With
regards to this, the regulations have been implemented for
over 50 years, such as international conventions for the
advection of pollution from ships OILPOL (1954) and
MARPOL (1973/74) to prevent the discharge of oily
wastewaters directly into the sea (Ulucan and Kurt 2015).

The treatment of oily wastewater can be performed
using various chemical or physical processes, such as
flotation, separation by centrifuge, filtration, and coagula-
tion (Abbasi and Taheri 2013; Dhorgham et al. 2012;
Rattanapan et al. 2011). Taking into consideration a fact,
that oils frequently occurs in the emulsified form, the
effectiveness of treatment such effluents by the classical
methods is considerably limited. A high efficiency of
treatment was achieved when the separation of oil with
traditional coagulation and flotation was supported by
electrocoagulation/electroflotation process (Ulucan and
Kurt 2015). The bubbles formed in wastewater generate the
large surface areas for adsorption of dispersed oil droplets
and other precipitates, and remove them by floating.
Recently, the membrane processes have been used for the
separation of oily waste on wide scale. The microfiltration
(MF) and ultrafiltration (UF) processes are most often
utilized for oily wastewater treatment (Karakulski et al.
1998; Li et al. 2006; Padaki et al. 2015; Rekabdar et al.
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2011; Salahi and Mohammadi 2010; Wang et al. 2009).
The MF and UF processes were also used in the membrane
bioreactors, what allowed to shorten hydraulic residual
time and to enhance the effectiveness of treatment of oily
wastewaters by biological methods (Emadian et al. 2015;
Sun et al. 2010).

A serious limitation associated with the application of
membrane technology is a decline of module yield caused
by fouling and scaling of membranes (Peng and Tremblay
2008). Moreover, the suspended solids and oils present in
the bilge water can block the feed channels in the case of
spiral and capillary modules. These problems can be
eliminated using the MF process as a pretreatment before
the modules UF or RO (Salahi and Mohammadi 2010).
However, a fouling problem of MF modules still remains.

There are two types of membrane fouling observed
during oily wastewater treatment (Li et al. 2006). The
reversible fouling occurs due to external deposition of
sludge or colloidal particles on to the membrane surface
and in the pores. A flux decline caused by reversible
fouling can be recovered with mechanical cleaning and
pure water rinsing or backwashing (Li et al. 2006; Salahi
and Mohammadi 2010; Peng and Tremblay 2008). The
other type is irreversible fouling, associated with a strong
physical or chemical adsorption of solutes and particles on
the surface and in the membrane pores. A flux decline
caused by irreversible fouling can be only recovered by
washing with acid or alkali solutions (Astudillo et al. 2010;
Busca et al. 2003). However, the initial permeability of
irreversibly fouled membranes cannot be restored even
with the use of aggressive cleaning methods.

Fouling of the membrane surface causes the necessity of
application various procedures to restore the initial per-
meate flux (Astudillo et al. 2010). The chemical methods
are most widely used for membrane cleaning. In the case of
bilge water treatment, good results were obtained by rins-
ing the modules with 1 wt% NaOH solution (Peng and
Tremblay 2008). In the industrial applications, the mem-
brane installations are frequently cleaned with the use of
Ultrasil cleaning agents from Henkel (Astudillo et al. 2010;
Jonsson et al. 2008). The Ultrasil solutions are generally
used for the removal of proteins and fats, but these solu-
tions are also suitable for cleaning of the membranes fouled
by oily wastewater (Silalahi and Leiknes 2009).

Moreover, a periodical washing of membrane installa-
tion reduces the process effectiveness. For this reason, the
membranes with antifouling performance or allowing to
simplify a procedure of their cleaning have been searched
(Benito et al. 2007).

A significant reduction of fouling intensity was achieved
through a modification of composition of the membrane
surface (Luo et al. 2015; Tang et al. 2015). Among com-
mercially available membranes the FP100 membranes
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demonstrated the appropriate properties for the separation
of oily wastewaters (Orecki et al. 2006; Tomaszewska et al.
2005). These membranes were successfully utilized for the
separation of solutions with different compositions (Busca
et al. 2003; Evans et al. 2008; Goldman et al. 2009).

In the biological treatment plant as well as in the
installation for oil separation, significant amounts of clean
water are used for rinsing of devices. Therefore, the
installation effectiveness can be improved by water re-use.
In the presented work, the possibility to recycle the efflu-
ents generated from coagulation/flotation stage of oily
wastewater treatment plant was investigated. The purifi-
cation of this effluent was performed with the application
of UF process. Moreover, the important objective of per-
formed studies was to determine whether the FP100
membranes, selected on the basis of previous studies of
oily wastewaters separation, will be appropriate to produce
the process water for rinsing devices in a modernized
industrial installation for treatment of bilge water.

Experimental

The oily wastewater used for UF process was obtained
from harbour wastewater treatment facility Miedzyodrze
(Szczecin, Poland). In this treatment, plant was carried out
a process of slop oil recovery from bilge waters. The
aqueous phase formed from separation of slop oil was first
subjected to the treatment by coagulation/flotation method
and the effluents were further purified by biological treat-
ment. A composition of treated bilge water is variable,
therefore, in certain cases these wastes contain the com-
ponents which deteriorated the effectiveness of treatment
by coagulation/flotation processes. For this reason, an
additional purification of effluents from these processes
was proposed with the application of UF process (about
20-30 m® of effluents per day). To determine the changes
in wastewaters composition, their samples were periodi-
cally analyzed over a period of 2 months.

The UF process was also studied with the use of the
standard solutions prepared from oil collected from the
surface of bilge water, as well as from industrial emulsion
Wirol 5000 and DrawLub (Karakulski and Morawski
2002, 2011).

The studies of UF process were carried out in a pilot
plant described in previous works (Orecki et al. 2006;
Tomaszewska et al. 2005). The PCI B1 tubular module
(parallel flow) equipped with 18 membrane tubes of PCI
FP100 was assembled in the pilot plant. The membrane
area for the ultrafiltration amounted to 0.9 m?. The tubular
FP100 membranes (1.25 cm in diameter and length of
1.2 m) made from polyvinylidene fluoride are manufac-
tured by Aquious-PCI Membrane Systems, Inc. (USA and
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UK). According to the manufacture specification the FP100
membranes have the following characteristics: working pH
range of 1.5-12, maximum pressure of 1.0 MPa, working
temperature up to 60 °C, molecular weigh cut-off equal to
100,000 g mol~™!  (MWCO 100 kDa), and a high
hydrophobocity (Busca et al. 2003; Goldman et al. 2009).

The UF studies were performed at the transmembrane
pressures (TMP) in the range of 0.1-0.4 MPa. The feed
pressurized by a centrifugal pump (type VNR-8, Grundfos)
was flowing inside the tubular membranes with velocity of
12ms ', The feed temperature was in the range of
25-35 °C during the UF process. The changes of the per-
meate flux caused by membrane fouling were determined
using tap water or RO permeate as a feed. The module
BW30 was used for tap water purification by reverse
0SMOSsis process.

The investigations of UF process were carried out in a
cross-flow mode, using two methods of permeate collec-
tion. In the first method, the permeate was recycled to a
feed tank (200 dm3) to maintain a constant concentration
of the feed. In the second mode, the permeate was collected
from installation, thus, the feed concentration was gradu-
ally increased during UF process. In this case, the water
recovery coefficient can be expressed by volume concen-
tration ration (VCR), which was calculated with the fol-
lowing equation:

Vr
Ve—Vp

VCR =

(1)

where Vi and Vp are volume of the feed and permeate,
respectively.

After completing each filtration process, the UF module
was immediately rinsed using either tap water or RO per-
meate. The UF module was also periodically cleaned to
remove irreversible fouling. The chemical cleaning pro-
cedure of UF membranes was as follows: rinsing the
installation with tap water (10 min—permeate valve
closed), cleaning with a P3 Ultrasil 11 solution (0.3 wt%)
for 60 min (at 56-60 °C and 0.05 MPa, permeate valve
open), followed by rinsing (three times) with tap water over
60 min. The P3 Ultrasil 11 was purchased as a white
powder contained about (wt%): sodium hydroxide 43.6,
EDTA >30, anionic surfactants <5, and non-ionic surfac-
tants <5 (Shorrock and Bird 1998).

The oil concentration was determined in examined
samples by means of oil analyzer HORIBA OCMA 310.
The turbidity of water was measured using a turbidimeter
2100 AN IS (HACH, USA) with the detection limit of 0.01
NTU.

A composition of tap water was determined using the
ion chromatography method with conductivity detector
(850 Professional IC, Herisau Metrohm, Switzerland). The
separation of anions was achieved on a Metrosep RP guard

column in series with a Metrohm A Supp5-250 analytical
column. An analytical column Metrosep C2-150 was used
for the separation of cations.

A distribution of oil droplet size in the tested wastew-
aters was determined using a Malvern Instrument Master-
sizer 2000MU. To perform the measurements of oil droplet
size it is necessary to know the exact refractive index of oil.
In the case of wastewaters from ships, this index was
determined for a sample of oil collected from the surface of
real bilge water.

The electrical conductivity and total dissolved solids
(TDS) of solutions were measured with a 6P Ultrameter
(Myron L Company, USA). This meter was calibrated for
measurements as NaCl using TDS/Conductivity standard
solution (Myron L Company).

Results and discussion
Characteristics of oily wastewater

The dimensions of oil droplets forming the emulsion and
the presence of dissolved substances in wastewaters
strongly affect the efficiency of UF process. A variable
bilge water composition, and the presence of different
organic compounds and the surface active agents has a
significant effect on the dimensions of oil droplets forming
emulsion. The majority of works presenting the treatment
of oily wastewater by ultrafiltration method was performed
for simple model solutions prepared by mixing of oil with
surface active agent (Benito et al. 2007; Silalahi and
Leiknes 2009). However, with regard to complexity of
fouling phenomenon, such procedure may decrease the
utility of obtained results, what is of particular importance
in the case of industrial applications.

The performed studies confirmed that the experimental
results obtained for emulsions prepared on the basis of
commercial oils were significantly different from those
obtained for real wastewaters (Fig. 1). The measurements
performed with bilge water demonstrated a bimodal dis-
tribution of oil droplet size having a maximum diameter at
1.6 and 20 pum. In the case of standard solutions (Wirol,
DrawLub), a distribution of oil droplet size was a more
uniform, mostly in the range of 0.5-1 um. The similar
results were obtained for model oil/water emulsions in
other work (Benito et al. 2007).

A distribution of droplet size close to that obtained for
real bilge water was achieved when the model wastewaters
were prepared with the use of the oil phase collected from
the surface of bilge water separated in a decanter (Fig. 2).
This fact allows to approximate the results of performed
studies with model solutions to real ones and to avoid
logistic problems associated with a transport of large
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Fig. 1 A distribution of oil droplet size in tested bilge water and
model wastewaters
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Fig. 2 A distribution of oil droplet size in tested bilge water
(continuous line) and in prepared model bilge water (broken line)

volume of bilge water to a laboratory. However, with
regard to a variable composition of bilge water, proposed
FP100 membranes should separate wastewaters efficiently
with presented oil droplet size distribution.

A composition of bilge water can be varied from ship to
ship, e.g. the oil concentration from 6.5 to 736 ppm, and
suspended solids concentration varies between 13.3 and
660 mg L~" (Bilgili et al. 2016). Much smaller differences
in the values of examined parameters were found (over a
studied period of 2 months) in wastewaters subjected to
treatment in the deoiling installation Migdzyodrze. A rea-
son can be a fact, that bilge waters taken away from ships
were first collected in large storage tanks. The results
obtained for tested samples of wastewaters were similar to
the values presented in Table 1 (samples collected at
intervals of several days).

@ Springer

The treated samples had color from light to dark brown
and they exhibited a high turbidity. A sample filtration
through a filter paper (5 pm) demonstrated that wastewater
contained 0.5-1 g L™" of suspended solids. The turbidity
of shaken samples amounted to 46-565 NTU, and the
values in the range of 15-58 NTU were obtained after a
5 days of samples holding, which indicated that sedimen-
tation proceeds slowly. The UF process was carried out
with wastewaters previously subjected to sedimentation for
minimum one day.

The treatment of bilge water by UF process is difficult to
perform with regard to a variable composition. Moreover,
the removal of purified water (UF permeate) causes an
increase of the oil content in the feed and affects the size of
oil droplets, as can be seen from results presented in Fig. 3.
The model wastewaters prepared from pure oil demon-
strated a larger stability and still contained the majority of
droplets with size below 1 pm. In the case of bilge water,
the removal of 90% of water (VCR = 10) caused a sig-
nificant agglomeration of oil droplets in the feed, therefore,
the droplets dimensions was in the range of 30-130 um.

Characterization of FP100 membranes

A level of the permeate flux and the degree of separation
comprises the fundamental properties characterizing a
given membrane. The values of these parameters will
adversely change during the operation of membrane
installation. A magnitude of these changes is determined
through a periodical measurement of a maximum permeate
flux, using as a feed the water which will not cause fouling,
usually distilled water or the RO permeate (Tomaszewska
et al. 2005). In the case of application of RO permeate as a
feed, a linear increase in the flux, proportional to the
driving force (TMP) was obtained (Fig. 4). The results
presented in this figure indicate that the maximum flux
increased from 70 to 220 L m*h™" for TMP in the range
of 0.1-0.4 MPa for new membranes FP100. In the deoiling
installation Migdzyodrze, a rinsing and cleaning of instal-
lation can only be performed with the utilization of tap
water, the composition of which was presented in Table 2.
However, such water contained a certain amount of sus-
pended solids (1.2-1.8 NTU), what caused a gradual
reduction of the permeate flux, in the studied case partic-
ularly above 0.3 MPa (Fig. 4).

Moreover, the UF membranes undergo a compression as
a result of increasing the TMP value, what decreases the
membrane permeability. For this reason, after stabilization
of the efficiency for 0.4 MPa, the return values of permeate
flux were determined (TMP was reduced from 0.4 to
0.1 MPa), which were found to be slightly smaller
(Fig. 4—open symbols). However, the determined values
of the permeate flux are smaller in series S2 than those in
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Table 1 Parameters of tested . .
samples of oily wastewater Sample pH Oil (ppm) TDS Conductivity (mS/cm) NTU ix NTUgeq NTUgeq 1t
(OW) oW1 7.06 8.3 6531 11.77 256.7 110.1 46.8
ow2 6.97 7.4 4454 8.61 169.6 36.1 27.4
OwW3 7.03 10.8 6627 11.92 362.1 154 57.7
Oow4 7.12 12.3 6607 11.90 567.3 87.3 53.5
OW5 7.07 7.8 6487 11.66 115.4 38.3 28.4
OW6 7.08 4.3 4322 8.34 45.6 25.8 15.6
mix mixed, sed and sed Il waste after 1 and 5 days of sedimentation, respectively
16 T T T T T T T T T T T T series S1, both for growing TMP as well as for decreasing,
1 bilge water what confirmed that not only the membrane compression,
= = bilge water - VCR10 but also fouling caused a reduction of the permeate flux.
12F DrawlLub The feed (tap water) was recycled to feed tank during these

————— DrawLub - VCR10
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(o]
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Fig. 3 The influence of feed concentration (VCR = 10) on the
changes in of droplet size distribution
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Fig. 4 The changes of permeate flux (feed: RO permeate—filled
square, and tap water: +, open square series S1 and X, open circle—
series S2) and value of turbidity: filled diamond—teed, filled inverted
triangle UF permeate

measurements, and the measurements of feed turbidity
demonstrated a decrease in the NTU value, e.g. from 1.45
to 1.23 during series S1 (Fig. 4), which could be associated
with deposition of a fraction of suspended solids on the
membrane surface. Independently on the changes of the
permeate fluxes, turbidity of obtained permeate was at a
low level of 0.069-0.072 NTU.

Although the above presented results indicate that
determined values of the maximum permeate flux are
reduced by tap water, the application of this water for a
procedure of membrane cleaning is not excluded since the
turbidity of tap water was still 30-300 times smaller than
turbidity of treated wastewaters (Table 1). Moreover, after
completion these series of studies, the maximum permeate
flux was found to decrease to 130 L m *h”'
(TMP = 0.4 MPa), despite rinsing of the module with the
application of RO permeate (repeated several times).
Moreover, the application of chemical cleaning (P3
Ultrasile 11 solution) did not improve obtained value of the
maximum permeate flux.

Studies of UF process

The separation was performed applying standard solution
of oily wastewaters, which were prepared using the oil
collected from the surface of bilge water. The contaminants
present in wastewater caused, that the permeate flux was
significantly decreased in a comparison with the values
obtained for RO permeate (Fig. 5). The UF process was
carried out for 4 h, subsequently the wastewater was
removed and the installation was rinsed with tap water.
When the rinsing operation was completed, the obtained

Table 2 Composition of tap

. Conductivity Turbidity Na* Ca*t Mg>* K* Cl™ NO;~ S0,%~
water uS cm™! NTU mg L'
632 1.45 28.1 67.1 16.9 6.2 46.5 1.2 93.1
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Fig. 5 The changes of permeate flux as a result of bilge water
treatment. Feed: filled diamond—RO permeate; open square, open
circle, x—tap water; filled square, filled circle, +—model wastew-
ater (150 ppm of oil), series: open square, filled square—S1, open
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maximal yield of UF process decreased from 125 to 91 L
m 2 h™!, at the transmembrane pressure equal to 0.4 MPa,
which indicated for occurrence of significant irreversible
fouling of the membranes. The separation of oily
wastewater was repeated three times. As a result, the per-
meate flux decreased to a value of 70 L m 2 h~! (series S3,
TMP = 0.4 MPa), and after rinsing the module with tap
water the permeate flux amounted to 74 L m~2 h™"'. This
yield is at almost the same level as that obtained for similar
UF module (Orecki et al. 2006). These results revealed,
that rinsing of UF module only with tap water is not
effective.

In the next stage of studies the effluents obtained from
wastewater treatment plant Migdzyodrze was used as a
feed. It was found that the module yield (TMP = 0.4 MPa)
was decreased from 74 to 63 L m~> h™' after 5h of
installation operation (Fig. 6). Moreover, a non-linear
influence of TMP on the permeate flux was observed. Such
a result confirms the formation of a gel layer on the
membrane surface which became a dominant factor of the
flux (Li et al. 2006; Peng and Tremblay 2008; Salahi and
Mohammadi 2010).

The monitoring of performance of deoiling installation
Migdzyodrze carried out for over a month have demon-
strated that the coagulation/flotation process proceeds
effectively in about 60-65% of cases and the effluents
obtained from these processes have usually turbidity at a
level of 70-150 NTU. The results presented in Fig. 7 were
obtained for the feed having turbidity at a level of 100
NTU, whereas turbidity of obtained UF permeate was
varied in the range of 0.26-0.077 NTU. The permeate
turbidity decreases along with increasing TMP, which as
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associated with enhancement of the degree of membrane
compression, moreover, the studies were carried out with a
gradual increase in the TMP. It can be expected that during
the UF process on the membrane surface was accumulated
a layer of deposits, which improves the separation of sus-
pensions, as was demonstrated in several works (Li et al.
2006; Rekabdar et al. 2011; Salahi and Mohammadi 2010;
Wang et al. 2009).

The obtained results of turbidity measurements and the
oil content confirmed, that a high degree of separation was
being achieved with used FP100 membranes. The oil
content in the feed was at a level of 8 ppm, whereas at a
level of 0.9-1.1 ppm in the permeate. Enhancement of
TMP increases the force pushing the droplets through the
pores, therefore, the oil concentration in the permeate was
increased along the increase in TMP (Benito et al. 2007).
However, the obtained value of oil content in the permeate
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is much smaller than 5 ppm required by MARPOL con-
vention (Ulucan and Kurt 2015).

The linear velocity of feed flow alongside the membrane
surface should amount 1.5-2 m s~ to limit the fouling
(Hilal et al. 2004), which is achieved using the feed flow
rate several times larger than the permeate flux. The feed is
recycled to obtain a sufficiently high value of VCR,
therefore, a temperature of wastewater in the feed tank was
gradually increased. The results shown in Fig. 8 indicated
that the permeate flux was slightly increased with
increasing operation temperature, because water viscosity
is inversely proportional to temperature. This effect is
advantageous because it allows to avoid additional costs of
feed cooling. The flow resistance of feed through the
tubular membrane are reversibly proportional to the feed
viscosity (Wang et al. 2009). For this reason, a decrease of
viscosity value resulting from elevation of temperature
from 27 to 32 °C, caused a simultaneous increase in the
permeate flux from 42 to 55 L m2h . However, a vis-
cosity of oil also decreases along with increasing temper-
ature, which can facilitate the oil droplets forcing through
the pores and deteriorate the separation (Busca et al. 2003)
taking these relationships into account it was demonstrated
that the feed temperature in the deoiling process should not
exceed 35 °C (Rekabdar et al. 2011).

The operating temperature of UF process was stabilized
at 32 °C in the studied case (Fig. 8). During the stabiliza-
tion period (140 min) the permeate was returned to the feed
tank (constant feed concentration). After 140 min of UF
process duration, the collection of permeate was started and
the feed concentration was systematically increased, which
caused a decrease of the permeate flux. When the feed was
concentrated for 120 min, the yield was reduced from 55 to
41 L m 2 h™' (Fig. 8), and a VCR coefficient equal to 2.85
was obtained. As a result of feed concentration, turbidity of
the feed was increased from 100 to 148 NTU, whereas that
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Fig. 8 The effect of feed temperature on the yield of UF process.
Continuous concentration of feed from 140 min. TMP = 0.4 MPa

of permeates from 0.077 to 0.17 NTU. Moreover, the oil
content in the UF retentate was increased to 30 ppm. It is
proposed to recycle the retentate at this concentration to the
deoiling process. Moreover, the presence of significant
amount of suspended solids was found in the tested
wastewater, which can cause a progressive clogging of
spray nozzles in the deoiling installation. The results pre-
sented above indicate, that the UF permeate can be suc-
cessfully used for installation rinsing.

Studies of chemical cleaning

The UF studies of oily wastewaters treatment were carried
out for 5-8 h per day over a period of several weeks. The
studies were finished by the separation of OW6 wastewater
sample (Table 1), which was filtered for a period of 15 h.
After completing each UF series, the installation was rinsed
with tap water for 1 h. The final value of the permeate flux
(TMP = 0.4 MPa) obtained for tap water amounted to 57
Lm 2h' (Fig. 9), which was significantly lower than
that achieved in the initial series of oily wastewaters sep-
aration (74-79 Lm > h™ ", Fig. 5). These results indicated
that the yield of UF installation was decreased due to the
membrane fouling, which was also observed during oily
wastewater treatment in other works (Peng and Tremblay
2008; Rekabdar et al. 2011; Wang et al. 2009). For this
reason, the possibility of foulants removal and the mem-
brane durability is a basic condition for industrial appli-
cation of presented solution. The results shown in Fig. 9
indicate that rinsing of UF module with tap water did not
cause a recovery of its initial yield, which indicates for a
significant contribution of irreversible fouling. Therefore,
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Fig. 9 The effect of TMP value and membranes cleaning on the yield
of UF process. Feed—tap water. filled square—new membranes, open
square—membrane rinsed by tap water after wastewater separation,
filled inverted triangle—membrane cleaned with Ultrasil 11 solution
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Fig. 10 The changes of permeate flux after membrane cleaning with
Ultrasil 11 solution. Feed: RO permeate. Cleaning procedure repeated
three times

the chemical cleaning of the membranes was performed
using the Ultrasil 11 solutions.

A cleaning of UF installation with a solution of Ultrasil
11 at 56 °C for 1 h resulted in the increase of the permeate
flux from 57 to 120 L m~2 h™'. However, this value is still
lower than that achieved for new membranes (177 L m~?
h™") during the first feeding of UF installation with tap
water (Fig. 4). Such results demonstrated that, although the
application of cleaning procedure of UF module allowed to
recover the process yield in a significant level a small
amount of foulants was still not removed from the mem-
branes by Ultrasill 11 solution. These results confirmed,
that the initial permeability of irreversibly fouled mem-
branes is difficult to restore, even with the use of aggressive
cleaning methods (Astudillo et al. 2010; Busca et al. 2003).

The cleaning of UF membranes was also performed with
the application of RO permeate to determine the effec-
tiveness of chemical cleaning procedure. However, the
improvement of yield was not obtained, despite three times
repeated cleaning of module with solution of Ultrasill 11
(Fig. 10). The experimental results indicate that the
application of tap water for the preparation of Ultrasil 11
solution and rinsing of modules did not affect the UF yield
for the case of tested oily wastewater.

The effectiveness of membrane cleaning was also
dependent on the time of this operation running. The per-
formed studies demonstrated that a stabilization of the
permeate flux was achieved after about 20 min of mem-
brane module cleaning (Fig. 11). This result is close to that
obtained by Shorrock and Bird (1998).
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Fig. 11 The influence of cleaning time on the permeate flux. Feed—
RO permeate. Membranes cleaned with Ultrasill 11 solutions.
TMP = 0.05 MPa

Conclusions

Deoiling performed by coagulation/flotation method of
effluents generated from dehydratation of the oil phase
obtained from bilge water treatment does not allow to
remove the oily contaminants up to a level of 5 ppm
required by MARPOL convention. The required degree of
purification was achieved by additional treatment with the
application of ultrafiltration process.

A variable composition of wastewater collected from
harbour is deteriorates the effectiveness of deoiling in the
coagulation/flotation process. A discharge of poorly
deoiling effluents caused disturbances in the operation of
biological wastewater treatment plant. The application of
UF process allows to eliminate these problems.

The used FP100 membranes confirmed their usefulness
for the separation of bilge water. UF process produced an
oil concentrate with turbidity above 200 NTU and the
permeate with turbidity in the range of 0.08-0.26 NTU.
The concentrate obtained in tested UF pilot plant can be
recycled to the deoiling process. The permeate can be
utilized instead of tap water for rinsing the devices used in
the deoiling installation and in the biological wastewater
treatment plant.

The cleaning agent P3 Ultrasil 11 was found to be
efficient in UF membranes cleaning procedure for over
20 min. However, the initial membrane permeability was
not recovered although the cleaning procedure was repe-
ated several times. The obtained membrane permeability
demonstrated that a small amount of foulants was not
removed from the interior pores of the used membranes.
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