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ABSTRACT

Electrocoagulation (EC) was examined as a pre-treatment to the microfiltration (MF) of oily
emulsions within the metalworking industry. The aim of this pre-treatment was to improve
the MF performance in terms of flux decline and removal of oil by applying the minimum
time of EC pre-treatment. Aluminium electrodes were used in EC, and flat sheet-
regenerated cellulose membrane in MF. The experiments were carried out using cutting-oil
emulsions at different concentrations (0.1, 0.5 and 1.0% (v/v)) and conductivity of about
700 uS cm ™. Drop size and zeta potential distributions were carried out to evaluate the
impacts of EC time on zeta potential and average particle size. We found that in all emul-
sions, 10 min of EC made the average size of oil particles bigger than the average size of
the pores in MF and substantially reduced pore clogging and irreversible fouling. Reduced
flux decline was related to the continuous formation of AI(OH); in EC that interconnected
the colloidal oil particles into porous and irregularly shaped flocs which formed highly
porous cake layer on the membrane surface.

Keywords: Microfiltration; Electrocoagulation (EC); Cutting-oil emulsion; Cake layer; Flux

decline; Zeta potential

1. Introduction

Cutting-oil emulsions are used as lubricants and
coolants specifically designed for metalworking pro-
cesses. Used cutting-oils may cause high levels of con-
tamination and rancid odours due to the presence of
emulsifiers, corrosion inhibitors, extreme pressure
agents, biocides or antifoam compounds. Their treat-
ment and final disposal should be handled carefully [1].

Micro- and ultra-filtration (MF/UF) have arisen
over time as an effective technology in the treatment of
oily wastewaters as it offers high removal of oil,

*Corresponding author.

low-energy consumption and a compact design com-
pared to robust space-consuming traditional processes
[2-4]. The efficiency of MF/UF, however, may vary
when considering fouling (e.g. pore-clogging) [5-9],
flux decline and consequently change in rejection [6].
High water flux in MF/UF, along with high separation
of oil and considerably low mass transfer of very big
and slow diffusing oil molecules, causes 10-fold higher
concentration of oil at the membrane surface [10,11].
Enhanced concentration of oil near the membrane sur-
face may facilitate oil adsorption, and oil droplets may
enter the membrane pores, i.e. clog them. In this way,
irreversible fouling occurs [8,9,12]. Periodical hydraulic
cleaning, such as backwashing, back-pulsing and
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pulsing by filtration, can reduce irreversible fouling i.e.
concentration polarisation or cake layer formation,
while irreversible fouling caused by oil adsorption and
pore plugging cannot be completely avoided without
further chemical cleaning [4]. Chemical cleaning of a
membrane to reduce or eliminate irreversible fouling
should be limited to a minimum frequency because
repeated chemical cleaning increase the cost of the MF
process.

In practice, MF is always paired with a pre-treat-
ment process [13,14], usually coagulation [15], which
increases the size of the colloidal particles and pre-
vents the irreversible fouling/flux decline [4]. The
benefits of conventional coagulation coupled with
membrane processes have been reported by many
authors. For instance, several authors have reported
that coagulation enabled the formation of a porous
cake layer of flocs and reduced membrane fouling [5].
The porosity of a cake layer depends on the flocs’
characteristics, such as irregularity and size, and the
flocs” stabilities within a rectangular channel with a
feed spacer that are affected by cross-flow-induced
shear stress [5]. Conventional mineral coagulants such
as Fe®* may in some cases decrease fouling resistance
of the membrane [16,17]. In addition, Al>* and Fe3*
form less stable flocs that can be easily broken at the
membrane’s surface [5]. The polyelectrolytes used as
coagulants form shear stress-resistant flocs; however,
polyelectrolytes could potentially adsorb on the poly-
meric membrane surface and induce severe fouling
[5. A®" was found to be a fair coagulant [15],
especially if the same amount was in two steps [13].
During the second step, AI(OH)z) precipitate was
formed which enabled the formation of irregular flocs
which later on formed porous cake layer on the mem-
brane surface.

Electrocoagulation would appear as fairly good
pre-treatment to filtration of cutting-oils [18-20], as
compared to the conventional dosing of AI**, under
the influence of an electric current, electrocoagulation
produces metallic ions (AI**) in situ, by the electro-
chemical dissolution of electrode (anode). Dissolution
of aluminium is always paired with the instant forma-
tion of OH™ and an increase in pH, resulting with the
continuous formation of AI(OH)z). It has been sug-
gested by some authors that EC should be used as a
pre-treatment to MF, as it generates coagulants in situ,
and thus reduces the chemical coagulant requirements
[18,21] as well as it offers shorter coagulation times
(faster particle growth) of irregularly formed flocs
[22,23]. In other words, there is no need for two stage
—conventional coagulation as AI(OH)3) precipitate is
continuously formed in situ [24]. In addition, elec-
trocoagulation may act beneficially in other ways and
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reduce the concentration of heavy metals and the
chemical oxygen demand of the feed [25].

The main drawback of MF of cutting-oils is the flux
reduction which is usually caused by the cake layer
resistance. One of the ways to decrease the cake layer
resistance is to increase the water permeability of the
cake layer. Water permeability of the cake layer
increases when the cake layer is formed of irregularly
shaped flocs. The novelty of this study is in investiga-
tion of electrocoagulation as a pre-treatment to the MF
of the cutting-oil emulsions. More detailed, the impacts
of EC time on zeta potential and average particle size of
cutting-oil emulsions on the efficiency of microfiltration
were evaluated. Model cutting-oil emulsions and mem-
brane were characterised using experimentally obtained
drop size distribution and zeta potential ({) of a model
emulsion and scanning electron microscope (SEM).

2. Materials and methods
2.1. Cutting-oil emulsion

The model cutting-oil emulsion was prepared by
mixing commercial cutting-oil (Die-Lubric 7050) and
deionised water. Commercial cutting-oil concentrate
is, as its major part, made of polysiloxane. Its physical
properties are; white colour, pH 9.5, density of
0.994 g mL ™" and dynamic viscosity of 0.0018 Pa s. The
volume percentages of model cutting-oil emulsions in
water were 0.1, 0.5 and 1% (v/v). The pH values of
the model cutting-oil emulsions were between 6 and
7.5, depending on concentration. The conductivity of
the emulsions was around 700 uS/cm.

2.2. Membrane characterisation: swelling, SEM and zeta
potential measurements

A flat sheet polymeric (regenerated cellulose (RC)
—UCO030) membrane was kindly supplied by MICRO-
DYN-NADIR GmbH (Wiesbaden, Germany). UC030
was selected due to its high water flux and good foul-
ing resistance to organics [4].

Membrane swelling, i.e. water content of the RC
membrane was determined in two ways;

(1) three-dimensional (3D) measurements of heights
(d,), widths (d,) and lengths (d,) of dry and wet
samples, using precise digital calliper (Neiko
01407A) with an accuracy of +0.01 mm, and

(2) from the difference in mass (m) of the dry and
wet membrane samples. The readability of used
digital analytical balance (KERN ALS 220-4,
Balingen, Germany) was 0.0001 g with accuracy
of +0.0001 g.
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Briefly, the measurements were performed as follows;

(1) measuring of height, weight, length and the
mass of dry membrane samples (5 x 5 mm?),

(2) wetting the dry membrane samples in deio-
nised water for two hours, and

(3) removal of the excess deionised water with a
dry paper towel and the repetition of step (1)
for wet membrane samples.

_ Myet — Mgry
Myet

D (M

The average swelling, ®, is calculated using Eq.
(5). The swelling in each of the three dimensions was
estimated using the expression found below.

dy —d
(Dxﬁy e = X,y or zdwet x,y or z dry 100 (2)
X,y or z wet

A SEM (VEGA 3 SEM, TESCAN, a.s. Czech
Republic) was used to estimate the pore size of the RC
membrane. SEM images were recorded at 10 random
50 x 50 um*-sized surfaces of five different samples of
RC membrane. Each of the five samples was taped to a
stainless steel stub by carbon tape and placed into an ion
sputter within an atmosphere of argon, where a thin
layer of gold was deposited on each membrane’s surface
at 18 mA for 60 s. The samples were imaged at 5 kV at a
working distance of about 5 mm and beam intensity of
10, thus achieving magnifications of up to 18,000 times.
The above-described conditions allowed the measuring
of pore sizes up to 5,000 nm, which was of practical use
for the examined RC MF membrane. The pores’ sizes
were measured using VEGA built-in software.

The streaming current measurements were done using
an electrokinetic analyser (SurPASS, Anton Paar
GmbH, Austria) equipped with a cylindrical cell,
where pieces of membrane (2r > 25 um) were mounted
into the measuring cell. The standard 0.001 mol L'
solution of KCI was used as electrolyte in our experi-
ments. Before each measurement, sample was rinsed
with 0.001 mol L™" solution of KCl. The zeta potential
dependence on pH was studied within the range pH
3-10. pH was changed by adding drops of mol L™
HCI or 0.1 mol L™' NaOH. The zeta potential () was
calculated from the measured streaming potential
using the Fairbrother-Mastin equation, which takes
into account any surface conductivity [2].

2.3. Electrocoagulation

Electrocoagulation was performed within a cylin-
drical batch reactor with 1 L of model emulsion using
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Fig. 1. Schematic representation of electrocoagulation [34].

aluminium electrodes. The active surfaces of two elec-
trodes were 4 x 5 cm” whilst the distance between the
electrodes was fixed at 1cm. The electrical current
was maintained at a constant value I = 200 mA, which
was found optimal current regarding the conductivity
of the emulsions. The model emulsion was stirred
during the experiment using a mechanical stirrer with
a constant rotational speed of 200 rpm. The model
emulsion’s thermostat was at 25.0 + 0.1°C during all
30 min of the EC (Fig. 1). The electrodes were cleaned
after every EC experiment using wet “Si-C” paper
until the surface appeared smooth, in order to reduce
passivation and remove oil deposition [26]. The oil
layer induced by flotation remained non-skimmed and
the whole model cutting-oil emulsion was moved to
MF and filtered after 5, 10, 15 and 30 min of EC.

2.4. Microfiltration

Microfiltration experiments were performed within
a cross-flow Sepa CF II cell (Sterlitech Corporation,
USA) of a membrane area of 0.0138 m® and channel
dimensions of 14.5x 9.5 x 0.17 cm® (length x width x
height). A feed spacer was used to improve the
hydrodynamics in the channel. The feed from a 5L
tank was circulated through the cell at a flow rate of
3 L/min (cross-flow velocity 0.32 m/s) by means of a
Hydracell DO3SASGSSSCA pump driven by a
variable-speed motor (Wanner Engineering Inc,
Minneapolis, USA). This cross-flow velocity was found
optimal as it gives minimal concentration polarisation
at minimum pressure drop. All microfiltration experi-
ments were carried out at a constant temperature of
25.0 + 0.1°C, using a thermostat and a Danfoss XG10
heat exchanger.

At the beginning of each experiment, the flux was
stabilised at 2 bar for 3 h with DI water until a steady
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state was reached. The pressure during all the experi-
ments was set at 1 bar. Firstly, the initial DI water flux
Jwir L/(m*h™") was measured by collecting and mea-
suring the permeate volume over a certain time and
dividing it by a nominal membrane surface. Then the
tank was emptied, refilled with cutting-oil emulsion
and the permeate flux J; Lm>h™' was measured.
After 2h of microfiltration, the membranes were
flushed with DI water for 20 min, and then the water
flux, Jwe Lm?h'was measured. Virgin RC
membrane was used during each experiment.

The concentrations of oil in both the permeate and
retentate streams of MF were analysed using a carbon
analyser (TOC-Vys Shimadzu, Japan) in three repli-
cates. Removal of oil from the wastewater, R, %, was
calculated on the basis of total carbon concentration,
as described below.

_(1_ G
R_( Cf)loo 3

In Eq. (3), C¢ is the concentration of oil in the retentate
stream, mg L' and Cpo the concentration of the oil in
the permeated stream, mg L.

Flux decline occurred as a result of two different
phenomena; concentration polarisation, i.e. resistance
of the cake layer, and oil adsorption/pore plugging
[8]. Therefore, it was quantified by correlating it to
specific phenomena, as described below [8,27]:

R = ~Ts 100 4)

w1

In Eq. (4), the FR %, is the total flux decline caused by
concentration polarisation, cake layer resistance and
membrane fouling, ], is the initial virgin membrane
flux measured with pure deionised water and Js is the
permeate flux measured with model cutting-oil
emulsion.

FRaps = ]W]_J 100 (5)

w1

In Eq. (6), the FRaps % is the flux decline caused by
oil adsorption and pore plugging, and J,,. is the water

flux measured with DI after membrane was being
flushed with DI

FRcp = FR — FRaps (6)

In Eq. (6), the FRcp % is the flux decline caused by
concentration polarisation and cake layer formation.
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2.5 Particle size measurements

The particle size/oil droplets size distributions and
zeta potentials (in liquid emulsion) measurements
were performed using the Zetasizer Nano ZS instru-
ment (Malvern Instruments, UK) equipped with
dynamic light scattering and laser Doppler micro-elec-
trophoresis. Zeta potential measurements of the model
cutting-oil emulsions, 0.1, 0.5 and 1% (v/v), were car-
ried out after 5, 10, 15 and 30 min of EC in order to
obtain zeta potential vs. time of EC curves.

3. Results and discussion
3.1. Membrane characterisation

Fig. 2(A) and (B) show that the UC030 membrane
has bimodal pore size distribution with two average
pore size radii, the smaller located roughly around
100 nm and bigger at about 1.5 um. It was reported
earlier by Persson et al. that even some UF mem-
branes had bimodal pore size distributions [28]. Both
of the average pore radii can thus play a substantial
role in transport of oil droplets over the UC030 MF
membrane. For instance, even if the sizes of the oil
particles/droplets largely exceeded the smaller pores
sizes, one could still expect a significant oil flux
through the membrane. Fig. 2(B) shows that UC030
membrane had very high porosity which, along with
bigger pores (voids), explained the extremely high
water fluxes achieved by this membrane. It should be
emphasized, however, that SEM provided information
only on surface porosity and this membrane had
asymmetric structure. For this reason, we estimated
the average pore radii from water permeability and
water content measurements, as explained below.

The water content of regenerated cellulose is pre-
sented in Table 1. It significantly swelled in water and

Fig. 2. SEM image of MF membrane; (A) An example of
50 x 50 um2 surface of MF UC030 membrane, working dis-
tance 8.48 mm, 5 kV. (B) 10 x 10 pmz, closer look at smaller
pores, working distance 8.87 mm, 5 kV.
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Table 1
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Three-dimensional (3D), @,, ®, and @, and the average swelling of the RC membrane

3D swelling

Dy, (%) err®,,. (%) D, (%) err®, (%)

@, (%) err®, (%) O, (%) err®, (%)

24.93 10.35 3.67 1.43

Swelling measured by mass
d err®

1.42 0.51 19.84 8.40

0.3459 0.0065

it three dimensionally shrank (Table 1) 20% in height,
1% in width and 4% in length. During the production
and phase inversion of RC [31], a fast evaporation of
the solvent might have occurred expanding the mem-
brane structure in the x, y and z directions that after
being equilibrated in water collapsed and shrank.

Average pore radius in the wet state was estimated
from pure water permeability using the relationship
proposed below [29].

bra®
Lp dzwet = (7)
no

In Eq. (7), L, m Pa™' s is the pure water permeability,
7p, m is the pore radius, 5, Pa s dynamic viscosity of the
water, d, o, M is the measured swollen thickness of the
membrane, ® is the water content assumed to be equal
to porosity and a tortuosity. Tortuosity may be esti-
mated using its dependence on porosity (water content)
given by Torquato [30]. Parameter b is a geometric
parameter that depends on the pore geometry, and
Torquato [30] suggests b=1/8 for random porous
media. An average hydraulic pore radius calculated
using Eq. (7) was 82 nm, and is in fairly close agreement
with Fig. 2, along with some other studies which exam-
ined membranes made of regenerated cellulose [31,32].

Fig. 3 shows the variation of the MF membrane
zeta potential with the pH. It is noticed that UC030
membrane is negatively charged even at very low pH,
which is unlikely to be the property of the pure
regenerated cellulose. Even though manufacturer
declared that UC030 membrane tested was made of
regenerated cellulose (cellulose 1), it is likely that they
used the chemical post-treatment of RC that added
acidic functional groups which now act as proton
donor groups. The negative charge of MF membrane,
i.e. dissociation of the acidic groups, was increased
with the pH and showed a constant negative value at
higher pH. Nevertheless, the amount of fixed charge
on the RC membrane could be very small, as
measured by Ramos et al. [33].

=80+
60 -
¢[mv] | -

40 -

=204

Fig. 3. Membrane zeta potential vs. pH.

3.2. The effect of electrocoagulation time on zeta potential
and particle size in emulsions

In order to facilitate the following discussion, the
reactions occurring at the electrodes are just briefly
presented and discussed [23,34].

(—) : 2H20 +2e — HZ(g) + ZOH(;q) (8)
(+) : 2H,O — Oz(g) + 4H(t1q) +4e” )

(+) : Al — AL +3e” (10)

The cathode produces hydrogen gas and hydroxyl
ions (Eq. (8)) and the anode produces oxygen gas and
aluminium ions (Eqgs. (9) and (10)). Both hydrogen
and oxygen gases are causing flotation and are able to
partially remove some volatile pollutants from emul-
sions, if they exist [34,35]. During the time of EC,
AI?;I) hydrolyse forming di-charged, single charged
and neutral aluminium hydroxide species, Al(OH)%;D,
Al(OH),"(.q) and Al(OH)s), respectively. Other com-
plexes also occur, but we assume our emulsion was in
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its major proportion dominated by the aluminium spe-
cies mentioned above [34]. The initial pH of the model
emulsions was within the range 6.0-7.5 (Fig. 4), sug-
gesting that the dominant species under our experi-
mental conditions was AI(OH);(). At this pH range of
model emulsions, other charged aluminium species
also exist, yet in 10-100 times smaller concentrations,
as explained by Holt et al. [34] and Harif et al. [23].
Al(OH)3(,) bridges the negative oil particles induc-
ing coagulation and formation of irregular and porous
flocs [22,23]. It stabilised the pH at 8, (Fig. 4) prevent-
ing the creation of AI(OH), species that would resta-
bilise emulsion [34]. The initial values of zeta potential
(see Fig. 5(A)) of our emulsions corresponded to the
measured initial pH, i.e. to the concentrations of the
cutting-oils, =20 and —25 mV for the 0.1% for the 1%,
respectively. The major part of emulsions represents

8
o © ¥
&
o
7 o ® o)
o
pH © = "
m N
6 ] m01%
® 05%
1.0 %
5

0 5 10 15 20 25 30
HEC) [min]

Fig. 4. Change in pH over the time of EC, for three differ-
ent concentrations of model emulsions.
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polysiloxanes, which are known proton donors and
are negatively charged in water solutions.

Fig. 5(A) shows the change of the zeta potential
with the time of EC of three different cutting-oil emul-
sions. Current in our measurements was 0.2 A (100 A
m ), therefore the concentration of Al which dissolved
during the electrolysis, assuming 100% yield of cur-
rent, may be calculated from Faraday’s law and writ-
ten as C (AI’")/mgL™" =1.86 x 1072/mg L™ s™" x t/s.
One can easily calculate that 33 mg of Al was neces-
sary to completely destabilise 1 mg of cutting-oil in the
0.1% emulsion (destabilisation of 0.1% emulsion
occurred after 30 min = 1,800 s). The zeta potential of
the 0.1% model emulsion was significantly affected by
the time of EC, i.e. the dissolved aluminium concentra-
tion. For instance, for a 0.1% emulsion only small con-
centration of the dissolved positively charged Al
species was enough to neutralise the negative charge
with substantial destabilisation occurring after only
15 min of EC. In the same manner, one may see that
330 mg of Al would have been necessary for the com-
plete destabilisation of 1% emulsion (10 mg of oil)
which would have been occurred after 285 min, which
would have been obviously impractical and expensive.
Because of long EC time of 1% emulsion, we focused
to find the minimum time of EC that would
significantly improve the MF performance.

Fig. 5(B) shows an increase in oil droplet/particle
sizes with the EC time for all three concentrations of
model cutting-oil emulsions. The particle growth
trends of the cutting-oil suspensions were similar to
recently reported kaolin suspensions’ growth profiles,
at a similar initial pHs [23]. Fortuitously, all emulsions
showed a significant difference in charge neutralisa-
tion and particle growth trends with the time of EC.
The charge was neutralised slowly, showing slow and

(B) 54
I
; 3
b
rluml &
¢ 4
i ® = 01%
i = e 0.5%
o 1.0%
005 : : ,
0 10 20 30
t(EC) [min]

Fig. 5. The zeta potential and particle size measurements in dependence of the time of EC: (A) Change in the average
zeta potential obtained from three independent measurements of model emulsions; (B) Increase in oil droplet/particle

size as an average of three independent measurements.
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monotonic growth and the particle growth was faster.
This suggests that the particle growth is less depen-
dent on the concentration of charged species and zeta
potential of the emulsions and more dependent on the
concentration of the precipitated AIl(OH)s¢), which
was the dominant species. It is likely that AI(OH)s,
bridged the oil particles [18,23]; however, it had only
slightly affected the overall zeta potential (charge) of
the emulsions. Zeta potential was affected by posi-
tively charged aluminium species, particularly AI**,
AI(OH);) and AI(OH),"qq), that exist in lower con-
centrations [34]. These lower concentrations of charged
aluminium species were large enough to affect the
charge of the 0.1% emulsions, nevertheless they just
slightly affected the charge of 0.5 and 1.0% emulsions,
as indicated in Fig. 5(A).

The most important observation from Fig. 4(B) is
that larger particles started to form after only 10 min
of EC, even for higher concentrations of the cutting-oil
emulsions. Apparently, 10 min of EC (11 mg of Al
was sufficient enough to increase the average particle
radii above the average pore radii of the MF mem-
brane considered here. A slight increase in the average
particle radii was sufficient to significantly improve
MF performance, as will be shown below. The above
presented data on the average particle and pore radii
are used in the following sections to facilitate the
interpretation of MF results.

3.3. Microfiltration of cutting-oil emulsions without and
with EC pre-treatment

Fig. 6 summarises the flux decline data that had
been measured and calculated using Eqs. (4)-(6). The
concentration of cutting-oil in the emulsion had a sig-
nificant effect on the permeate flux. Flux decline at
t = 0 min represented MF without EC as a pre-treat-
ment and it is briefly discussed before addressing the
EC enhanced MF. At t =0, the highest 1.0% model
emulsion caused the highest total flux decline (FR),
whereas the lowest 0.1% emulsion caused smaller, yet
substantial flux decline FR ~ 65%. The total flux
decline in cross-flow MF is caused by two indepen-
dent phenomena; concentration’s polarisation, i.e. cake
layer formation, and adsorption, i.e. pore clogging. In
Fig. 6, the upper parts of the three columns designated
for the time of EC present the flux decline caused by
clogging, FRaps, and the lower parts of the columns
represent flux decline caused by the concentration’s
polarisation, FRcp.

FRcp correlated with the concentration of oil. At
the low concentrations of the oil (0.1%), FRcp was
about 13% and rose up to a maximum and constant of
35% for both higher concentrations of oil (0.5 and
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Fig. 6. MF flux decline, without EC pre-treatment (f = 0),
and versus the time of EC pre-treatment.

1.0%). Fig. 6 apparently suggests that at higher con-
centrations of oil [10], 0.5 and 1.0% emulsions, respec-
tively, a cake layer formed at the membrane’s surface
that increased the specific resistance to its maximum
value and caused a constant maximum of FRcp ~ 35%.
Flux decline caused by pore clogging, FRaps, was
independent of the concentration of oil in the model
emulsions and fairly constant at about 45%. The high-
est number of membrane pores (Fig. 2(B)) were larger
or of similar size to the average colloidal particles
(Fig. 5(B)) allowing the oil particles to enter the pores
causing pore clogging [3,9]. This implies that a small
concentration of the colloidal particles in water was
sufficient enough to clog the membrane pores and
cause irreversible fouling. FRsps obviously dominated
the total flux decline in the MF of the cutting-oils and
its contribution to FR was much larger than FRcp, at
any concentration of the model oil emulsions. When
EC was used as a pre-treatment for MF feed, after
only 10 min, a sharp decrease in FRaps may be
noticed. Improved MF performance in terms of
reduced FRaps was in fairly close agreement with the
average pore and particle radii correlations with the
time of EC, as presented in previous section.

For the 0.1% model, emulsion FRsps completely
disappeared after only 5 min of EC whilst the remain-
ing flux decline was caused solely by the concentra-
tion’s polarisation i.e. cake layer. The reason for the
complete disappearance of FRaps was obviously
related to the rapid growth of the oil droplets during
EC (Fig. 5(B)). Fig. 6 implies that FRspg could be com-
pletely eliminated even at higher concentrations of
model cutting-oil emulsions by using 30 min of EC,
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which is large improvement compared to 285 min that
was expected to completely destabilise the emulsion.

Interestingly, 30 min of EC completely eliminated
FRcp for the lowest concentrations of oils whilst the
FRcp of 0.5 and 1.0% model emulsions was reduced
significantly, almost by four times. Recently, Harif
et al. [17,23] reported that flocs generated during the
process of electrocoagulation are irregular in shape
and porous. The EC constantly provided freshly
formed aluminium hydroxides (see Section 3.2.) which
generated highly porous and irregularly formed flocs,
as measured by Harif et al. [23]. The oil particles
aggregate with Al(OH);s¢) forming irregular floccules
that form truly porous cake layers of high water
permeability [5,13,23]. This explains the big decrease
in total FR noticed in Fig. 6. EC enhanced MF—im-
proved removal of oil.

Fig. 7 summarises the measured rejections at three
different concentrations of model cutting-oil emulsions
vs. the pre-treatment time. At t =0, EC was not used
as a pre-treatment and it could be noticed that the
rejection of oil by the RC membranes increased with
the concentration of cutting-oils, by up to 70% for the
highest concentration used. Given that the membrane
zeta potential was negative and constant at the corre-
sponding working pH (Fig. 3) and the initial model
emulsion zeta potentials were fairly similar (Fig. 5(A)),
it may be deduced that the dominant mechanism dur-
ing rejection was sieving, i.e. steric exclusion.

Previous sections showed that the average particle
radii are similar to the average pore radii yet the mea-
sured rejection was lower than expected, especially at
low concentrations of cutting-oils. Poor removal of oil
could be as a major proportion attributed to the
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Fig. 7. MF removal of oil, R, depending on the time of EC
used as a pre-treatment.
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relatively large number of bigger pores (voids,
Fig. 2(B)) which significantly contributed to the overall
oil transport through the membrane.

Using EC as a pre-treatment, the particles aggre-
gated forming larger particles that enabled higher
removal of oil and better permeate quality. At 0.1% of
cutting-oil, the removal of oil increased by about 10%
after only 10 min of EC, and then it dropped down to
almost initial removal with further EC. It is well estab-
lished that the stabilities of the floccules are highly
affected by the shear stress which is herein imposed by
the cross-flow velocity in the rectangular channel and
spacer which covered MF membrane [5]. The stabilities
of the floccules, formed by the mineral coagulants (alu-
minium or ferric ions) are, in general, lower than those
bridged over polymeric coagulant [5]. This study did
not check the stabilities and the sizes of the flocs under
the shear stress within membrane unit. Nevertheless,
some reasonable assumptions may explain the trends
in Fig. 7. These assumptions are based on our experi-
mental data and some previously reported work [5].
The UC030 membrane is bimodal, and whilst average
particle radii are bigger than majority of pores, they
are not bigger than the defects. The trend of the mea-
sured rejection in Fig. 7 suggests that only a small frac-
tion of the oil particles become really large flocs, bigger
than the membrane defects and thus retained this way
increasing the overall removal of oil. Further increase
in the floc size, related to the time of EC, probably
resulted with the less stable flocs that destabilised
under shear stress and broke into smaller flocs. Harif
et. al. [23] indeed reported that AI(OH)s() forms very
fragile flocs which could explain the sudden drop of
rejection after 15 min of EC.

Increase in the sizes of the flocs was obviously
beneficial for the reduction of clogging in smaller
pores. In general, it may be deduced that the smaller
pores poorly contributed to the transport of oil. This
assumption was particularly valid for 0.1% model
emulsions where 5 min of EC was enough to com-
pletely stop the pore clogging. The above-proposed
explanation could realistically hold, as it explains the
trends presented in Fig. 7 and it is in close agreement
with previous studies [5,23].

4. Conclusions

The total flux decline in MF of cutting-oils was in
major part dominated by the pore clogging that was
independent on the cutting-oil concentration and sig-
nificantly high. The shorter time of EC pre-treatment,
10 min, or only 11 mg of dissolved Al, was sufficient
to significantly reduce pore clogging, even for higher
concentrations of cutting-oil emulsions.
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The EC pre-treatment induced the formation of
highly permeable and porous cake layer on membrane
surface. In the case of higher concentration model cut-
ting-oils’” emulsions, EC pre-treatment improved the
cake layer water permeability by four times. The sub-
stantial improvement in the overall MF flux was in
major part attributed to the continuous formation of
Al(OH)3() as it formed cake layer made of porous and
irregularly shaped flocs.
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List of symbols

’ — zeta potential

R — rejection of oil by a microfiltration
membrane

Co — total carbon concentration in the
permeate (mg dm ™)

Ct — total carbon concentration in the
feed (mg dm™>)

FR — the total flux decline

FRAps — flux decline caused by adsorption and
pore clogging

FRcp — flux decline caused by concentration
polarisation and cake layer formation

Jwi — initial virgin membrane flux measured
with deionised water (m s™")

Is — flux measured with model cutting-oil
emulsion (m s~ ")

Jive — flux that was measured with deionised
water after the membrane had been
flushed with deionised water (m s ?)

0] — average swelling

Dryoorz — swelling in x, y or z direction

Myt — mass of wet membrane sample (g)

Mdry — mass of dry membrane sample (g)

Aot — height of wet membrane sample (mm)

dary — height of dry membrane sample (mm)

1 — the current used in electrocoagulation (A)

time of the electrocoagulation (min)
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