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ABSTRACT

Fouling may cause problems in the installations where ceramic membranes are used for the treat-
ment of oily and saline waters. Therefore, research into oil separation and the fouling mechanism
is expedient. The experimental research was carried out using oily and saline emulsions and a
laboratory ultrafiltration apparatus equipped with a tubular ceramic membrane with a 300 kDa
cut-off. The emulsions contained 500 or 1,500 ppm oil and 0.0%, 1.0%, or 3.5% NaCl, respectively.
The transmembrane pressure applied was 0.05, 0.1, or 0.2 MPa while the linear flow velocity was
set to 4, 5 or 6 m/s. The initial permeation flux ], was in a range from 12.0 to 14.8 [10®° m*/(m? s)].
The oil removal process proved successful. An average 97.13% rejection coefficient was achieved
for the ultrafiltration trials. The study aimed to investigate and model the membrane fouling phe-
nomenon in a modified approach. The main objective of the study was to identify the membrane
fouling mechanism using the Hermia model. The classical approach approximates the experimen-
tal data with the linearized Hermia equation, determines the kinetic coefficients, and finds the
most adequate out of four predetermined fouling mechanisms identified with previously assumed
values of the n coefficient equal to 0, 1.0, 1.5, or 2.0. In the paper, it is postulated that n can be
selected from the interval <0,2>. It means not only the main mechanisms mentioned above may
take place but any transient states between these mechanisms exist or they may overlap each
other. Additionally, remaining coefficients k , J_ in Hermia’s model was identified in the proposed
numerical integration and optimization procedure.
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1. Introduction

One of the most effective methods to remove oils in
both emulsified and dispersed form is membrane filtra-
tion [1,2]. The advantages of using membrane processes are
ease of process control, high cleaning efficiency, low invest-
ment costs [1,3]. The phenomenon of fouling is particularly
important when removing oil emulsion from water. Oily
and saline water is particularly difficult to handle. The place
where, in large quantities, oily water is formed in a mix-
ture with other salty water and other chemical substances
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are, for example, vessels, drilling rig. The oil concentration
in such mixtures ranges from several hundred to several
thousand ppm, while the salt concentration can be up to
300,000 ppm [4].

When ultrafiltration membranes are used, their fil-
tration ability deteriorates with time which is reflected
by the diminishing permeation flux. This deterioration is
related mainly to the accumulation of dissolved and sus-
pended solid particles/molecules on the outer surface of
the membrane and within its pores or by the penetration
of the solution/emulsion components into these pores. In
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general, the decline in hydraulic efficiency of the membrane
is caused by the increasing flow resistance resulting from
the phenomenon widely known as fouling. In membranes
with smaller pores, the increase in resistance results pri-
marily from the collection of components of the feed on the
surface and in the pores of the membrane. Two main phe-
nomena affect the mass transfer rate through the membrane
known as concentration polarization and fouling [5].

Concentration polarization occurs when a boundary
layer is formed in the vicinity of the membrane where there is
a build-up in the concentration of non-permeating or slowly
permeating components. As a result, the separation process
becomes significantly slower usually, the separation ability of
the membrane is also impaired [5].

The membrane fouling phenomenon has been known
since the ‘50 s. It is still being researched with special
attention to its causing and accelerating factors but also to
the ways of counteracting and preventing membrane block-
ing. Fouling occurs mostly in porous membranes, that is,
in micro-, ultra- and nanofiltration processes [6-10].

For the most part, membrane fouling depends on the
size and the form of the substance present in the feed as well
as the size of membrane pores. The other important factors
are the interactions between the particles/molecules and
between these particles/molecules and the membrane itself [2].

The limitations on mass transfer imposed by fouling
are usually described with two different mathematical
models [11].

The simplest approach is to use the relationship between
the permeation flux and the transmembrane pressure
which is the sum of the hydraulic resistance of a mem-
brane and a resistance of fouling. This concept is known
as the resistance in the series model. The resistances can be
calculated based on experimental results [10,12].

The second approach to the identification of fouling
mechanisms [8-10,13,14] rests on the concept introduced
by Hermia [15]. In his paper, relying on the non-Newtonian
fluid theory, Hermia gave mathematical relations for three
types of particle accumulation and termed them the com-
plete blocking filtration law, the standard blocking filtration
law, and the intermediate blocking filtration law. To identify
the fouling mechanism during dead-end micro-, ultra- or
nanofiltration one can use the Hermia equation describing
the decline in volumetric permeation flux with time:

d*t dt Y’
v’ k"(va M
where t is the time of the ultrafiltration process (s), v is the
volume of the permeate per membrane area (m*m?), k, is
the phenomenological coefficient, n is the general coefficient
(both depend on the fouling mechanism).

The above equation, valid for dead-end filtration per-

formed under constant pressure, can be modified to suit
cross-flow filtration in the following way [16,17]:

a _

. Kk, (J=T, )" @)

This equation can be numerically or analytically inte-
grated assuming the initial condition:

I(to)=T, ©)

where ] is the permeation flux [m%(m?s)], ] _ is the asymptotic
value of the permeation flux (steady-state flux) [m?%/(m?s)].

In the paper, cross-flow filtration was considered since
this is the case for laboratory and industrial applications.

Dead-end membrane filtration has been used for labo-
ratory and medical filtration. The advantage of dead-end
filtration is high product recovery and simple operation.
The membrane, however, cannot be backwashed or cleaned
because of internal pore blockage; instead, they are dis-
carded. The fouling of a membrane is limited by shear-
ing stress imposed by a stirrer located over the surface of
the membrane.

Cross-flow membrane processes reverse osmosis, nano-
filtration, ultrafiltration (UF), microfiltration the fluid to
be filtered is fed parallel to the membrane. Fouling, in that
case, is limited by the flow of the fluid and the membrane
geometry.

In the Hermia model, depending on the pore-blocking
mechanism, different values of n (Egs. (1)—(3)) are accepted
[17-19]:

n =2 for complete pore-blocking;

n = 1.5 for standard (internal) pore-blocking;
n =1 for intermediate pore-blocking;

n =0 for cake filtration;

The approximate or exact solutions of the differential
Egs. (1) and (2) are given by many authors investigating the
fouling phenomenon [8,20,21].

The analytical solutions of Eq. (2) with the initial con-
dition (3) calculated for this study are gathered in Table 1.
Egs. (5) and (7) can be easily transformed into linear forms.
Eq. (4), on the other hand, is entangled. In the subject
literature for Eqgs. (4) and (6) approximate forms are used.

To determine the leading pore-blocking mechanism,
many authors linearize the equations either directly or
approximately [17,22-25]. The solution that gives the best
fit determines the fouling mechanism. Such an approach
seems to be incorrect because the comparison between the
respective fouling mechanisms is made in different coor-
dinate systems whereas it should be made in a non-linear
system, namely the <t,J(#)> coordinate system. Conducting a
statistical assessment, for example, by calculating the deter-
mination coefficient (R*) and the root mean square error
(RSME), can then help find the most accurate solution.

The methods of identification offered by different
authors distinguish only four types of the fouling mech-
anism. One may wonder whether any transient states
between these mechanisms exist or whether they overlap
each other. Assuming only four existing mechanisms and
thus only four acceptable values of n in Eq. (2) seems a
major simplification.

Fouling is much more complex and even for a sin-
gle separated substance (with a defined molecular size),
more than one particle deposition mechanism can come
into play. Moreover, for multicomponent mixtures, fouling
is certainly non-uniform and such a simple classification
may fail [1,17]. In such cases, more sophisticated models
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Table 1
Analytical solutions of Eq. (2) with the initial condition (3)
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should be considered and examined with special attention
to how well they reflect the accumulation of particles on
the membrane when more than one mechanism is involved,
simultaneously or successively.

2. Method proposed for identifying the fouling
mechanism

It should be stated that, like in most physical mecha-
nism classifications, there exist transient states. It means
that there are pore blocking-mechanisms bordering on
the four above-mentioned types. Consequently, the n coef-
ficient in Eqgs. (1) and (2) does not necessarily have to be
equal to 0, 1.0, 1.5, or 2.0 but it may take values from the
respective intervals: <0,1>, <1,1.5>, <1.5,2> and thus from the
interval <0,2>.

Eq. (2) with the initial condition (3) can be integrated
numerically with freely accepted accuracy for any value of
n. For this reason, there is no need to set n to a predefined
value such as 0, 1.0, 1.5, or 2.0.

To recognize the fouling mechanism, experiments should
be carried out. Then, the experiments should allow the
parameters k, /| and n to be calculated and therefore the
final form of Eq. (2) to be unequivocally determined.

In this study, the experimental data were fitted by
adjusting these coefficients with the help of a properly
selected optimization method. As the optimization cri-
terion, the minimum of the sum of squared deviations
between experimental and calculated values with Eq. (8)
was adopted. It was assumed that the n coefficient should
have values from the interval <0,2> while k, and ] should
satisfy the inequalities k, > 0 and 0 < J_ <] . Therefore, the
experimental data were fitted to the results calculated
with Eq. (2) employing constrained optimization:

m;ni[}exp(t,-)—fml(t,-)]z ®)

where t, is the time of the subsequent measurement;
X is the set of allowed solutions; p is the number of
experiments.

ne(0,2)
k>0 )
0<J, <],

X =

where ] _(t) can be determined by integrating Eq. (2) with
the initial condition Eq. (3) for a defining moment in time
t, corresponding to the time of taking the subsequent per-
meate sample. Based on the calculated value of coefficient
n, one can conclude about the fouling mechanism.

3. Experimental methodology

To verify the above-described approach, laboratory
ultrafiltration of model oil-water-NaCl emulsions was per-
formed using a ceramic tubular membrane. The goal was
to achieve a possibly high permeation flux and high oil
rejection.

The experimental emulsions having a volume of 10 dm?®
(the amount recommended by the producer of the UF
apparatus) were prepared by mixing oil and water with-
out NaCl and with NaCl in concentrations of 1 wt.% and
3.5 wt.%. In the homogenization process, HYDROL LHL 46
hydraulic oil was used. The emulsions were prepared using an
ultrasonic Sonics VCX-500 apparatus (Sonics & Materials, Inc.,
Newtown, CT, USA) with the following operating parame-
ters: frequency of 20 kHz, the peak-to-peak amplitude of the
resonator oscillation of 124 um, the resonator diameter of
13 mm, the temperature of 22°C, dispersion time of 5 s, oil
injection directly into the resonator from a distance of about
5 mm, power density in the injection area of about 20 W/cm?
In this way, emulsions containing 500 and 1,500 ppm oil
and 0.0%, 1.0% and 3.5% NaCl, respectively, were prepared.
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The emulsions were found to be stable, no phase
separation was observed in the first 12 h. The emulsion
droplet size measured with a laser analyzer (Beckman
Coulter Co., Brea, CA, USA) varied from 0.3 to 1.5 pm
(a log-normal distribution with p = 0.587 and o = 1.15). In
each case, the ultrafiltration test was done immediately after
preparing the emulsion to avoid losing its homogeneity. The
tests were performed in the following conditions: a linear
flow velocity (LFV) of 4, 5, and 6 m/s, a transmembrane
pressure (TMP) of 0.05, 0.1, and 0.2 MPa and a constant tem-
perature of 20°C. The schematic diagram of the experimen-
tal ultrafiltration unit is presented in Fig. 1. The feed from
the tank (1) is pumped (2) through a flow meter (4) to the
membrane module (3). Retentate after the flow through
the heat exchanger system and flow meter (6) is recycled
to the feed tank. The use of heat exchangers takes place
as needed - cooling, heating. The permeate after flowing
through the flow meter is collected separately or recycled
as well. Additionally, the installation is equipped with
pressure and temperature gauges marked on the diagram.

The UF apparatus was equipped with a 23-channel
ceramic membrane. The specification of the membrane is
given in Table 2.

The unit was operated with a retentate and perme-
ate recycle for 60 mins to stabilize the permeate flow rate.
The samples were taken in 1 min and, at a later stage,
in 10-15 min intervals. Each experiment was done twice.

The experiments were carried out according to a two-
level factorial design [26]. The accepted values of the process
parameters are gathered in Table 3. Discussion concerning
the statistical evaluation of the effect of pressure, salinity,
oil concertation, and velocity on permeation flux and rejec-
tion coefficient was not the subject of the paper. A detailed
analysis of this issue was presented in the work [26].

The concentration of oil in the feed, the permeate, and
the retentate samples were assessed by measuring their
turbidity (Turbidimeter TN-100, Eutech Instruments,
Singapore, Malaysia). The results were then recalculated to

L

Fig. 1. Laboratory UF unit with a tubular ceramic membrane:
(1) feed tank; (2) pump; (3) tubular ceramic membrane; (4-6)
flow meters; (7) heat exchanger (heating function); (8) heat
exchanger (cooling function).

equivalent oil concentrations using the previously prepared
calibration curve.

The concentration of salt in the samples was deter-
mined by measuring their specific conductivity with a
laboratory multifunction meter CX-505. After each series
of experiments, the membrane module and the UF appa-
ratus were chemically cleaned according to the procedure
recommended by the producer (120 min altogether) until
the hydraulic permeability characteristic of a new mem-
brane was retrieved.

The above-described experimental procedure helped
determine the permeation flux as a function of time.

Table 2
Specification of the ceramic membrane

Property Value
Cut-off (kDa) 300
Material TiO,/ZrO,
Number of channels 23
Hydraulic diameter of the channel (m) 35x10°
Outer diameter (mm) 25

Length (mm) 1,178
Filtration area (m?) 0.35

Burst pressure (MPa) >9.0
Working pressure (MPa) Max. 1.0
Chemical resistance pH 0-14
Permeability to water (dm®/h/m?/bar) 450-500
Process temperature <350°C
Steam sterilization 121°C for 30 min

Sterilization in an oxidizing environment Yes

Resistance to solvents Yes

Table 3
Design of experiments for the ultrafiltration of oil-water-NaCl
emulsions

Experiment Ca LFV TMP Cuacr
number (ppm) (m/s) (MPa) (%)
1 500 4 0.1 1

2 500 5 0.1 1

3 500 4 0.2 1

4 500 5 0.2 1

5 500 4 0.1 3.5
6 500 5 0.1 3.5
7 500 4 0.2 3.5
8 500 5 0.2 3.5
9 1,500 4 0.1 1
10 1,500 5 0.1 1
11 1,500 4 0.2 1
12 1,500 5 0.2 1
13 1,500 4 0.1 3.5
14 1,500 5 0.1 35
15 1,500 4 0.2 35
16 1,500 5 0.2 35




E. Tomczak et al. / Desalination and Water Treatment 214 (2021) 31-38 35

The volume flux of permeate was calculated
with Eq. (10):
1dV
= 10
Iv=2"2 (10)

where |, is the volume flux [m’/(m? s)], V is the permeate
volume (m?), A is the membrane area (m?), t is the time (s).
The rejection coefficient was calculated using Eq. (11):

r:[1—cl’}100% (11)
C

F

where C, is the oil concentration in the feed (ppm), C, is
the oil concentration in the permeate (ppm).

4. Optimization calculations for the identification
of the fouling mechanism

The optimization calculations were carried out accord-
ing to the methodology described in Section 2 of this paper,
using the MATLAB fmincon procedure that searches for the
objective function minimum using the constrained gradient
method.

Eq. (2) was solved numerically. For this purpose, the
fifth-order Runge-Kutta integration method was applied.
The integration was done using the ‘ode45’ procedure.

In Tables 4 and 5 calculated coefficient k, |, and
n = n_ from optimization procedure were presented.

Table 4
Optimum coefficients in Eq. (2) calculated for 500 ppm oil

The last columns in Tables 4 and 5, denoted by n,_ rep-
resents rounded values attributed to a certain fouling
mechanism. In most cases, the membrane is blocked in two
stages. Initially, the separated particles/molecules gradu-
ally accumulate on the membrane surface and in its pores
(simultaneously or successively) following the first three
fouling mechanisms. The initial blockage of the pores often
causes irreversible fouling of the membrane and reduces
its filtration ability. Continuing the process without
restoring the membrane surface to the initial state (either
mechanically, chemically, or by the inflowing feed stream)
leads to multi-layered accumulation of particles and the
creation of the filtration cake [22,27].

In half of the experiments done with the 500 ppm oil
concentration, the complete pore blocking was identified
(n4,, = 2), in three experiments the forming of the filtra-
tion cake was recognized (n,,, = 0) and in one experiment
the n,  value was found to be 0.2. Therefore, one can sur-
mise that a mixed mechanism came into play, preceded
by, for example, complete blocking and being in part
included in the creation of the filtration cake.

The experiments where the n coefficient took a value
of zero or close to zero were performed under a TMP of
0.2 MPa and were not influenced by the concentration
of salt.

When the concentration of oil in the emulsion was higher
(1,500 ppm) the complete pore blocking mechanism was
identified (n, , = 2) along with the mechanism approach-
ing complete blocking (n, , = 1.88) (experiment No. 14).
In these tests, the oil concentration was a major contribution.

Experiment number k [unit depends on n] ], [10° m3/(m?s)] n., .
1 8.15x 102 7.52 1.999 2.0
2 7.84x 102 7.07 1.999 2.0
3 3.58 x 10 14.01 7.08 x 10 0
4 5.06 x 10 13.53 5.68 x 107 0
5 8.04 x 10~ 6.69 1.999 2.0
6 5.24 x 10 6.44 1.999 2.0
7 8.81 x 10+ 12.78 0.189 0.2
8 6.05 x 10+ 12.40 5.28 x 10 0

Table 5

Optimum coefficients in Eq. (2) calculated for 1,500 ppm oil
Experiment number k [unit depends on n] J,[10° m3/(m? s)] wl Myt
9 1.52 x 1072 6.04 1.998 2.0
10 1.88 x 1072 6.60 1.985 2.0
11 1.52 x 107 12.70 1.990 2.0
12 1.61 x 1072 11.2 1.999 2.0
13 2.17 x 102 6.00 1.999 2.0
14 1.34 x 1072 6.00 1.877 1.88
15 1.83 x 102 12.00 1.985 2.0
16 1.46 x 102 11.20 1.999 2.0
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It is possible that the blocking of the pores was intensified by
lowering the flow rate.

The experiments where the n coefficient took a value of
zero or close to zero were performed under a TMP of 0.2 MPa
and were not influenced by the concentration of salt.

The optimization results were evaluated statistically. The
determination coefficient R? Eq. (12) and the RSME 9, Eq. (13)
were adopted as measures of the approximation accuracy.

P

Z(]iexp_]ical)2

R =1-LL - (12)
i)

i=

_;(]iexp_]ical)z
P

(13)

The results of the statistical evaluation are gathered in
Tables 6 and 7.

Tables 6 and 7 confirm that the implemented cal-
culation procedure produced acceptable results. The
coefficient of determination took values from between
0.922 and 0.995. For 500 ppm oil, the best approximation
was obtained for experiment No. 5 where R? = 0.995 and
8=0.0176 [10~° m?*/(m? s)]. The best results for 1,500 ppm oil
were R? = 0.972 and & = 0.0844 [10° m?/(m? s)], respectively
(experiment No. 11).

The exemplary results of the measurements and the
optimization are presented in Figs. 2-7. In these figures, the
data points are denoted by symbols while the approximat-
ing function is plotted with a solid line. The fitting curves
were calculated using coefficients collected in Tables 4 and 5.

The figures demonstrate that the separation of oil
from water and NaCl, executed with a ceramic membrane
(300 kDa), brought satisfying results in terms of the filtra-
tion flux. After a very sharp decline from about 4%-18% in
the first 20 min, the flux stabilized during the next 40 min.

14.3+
142
14.14
= 14-0‘- ® gl(r)(?ppm
~ 1 =
% 139 %, 'EI\FIIVP_:_E(-’).%VI\S}IPa
2 13.8 NaCl™ 1%
: 1374
1364
13.54
0 0 20 30 40 5 60

t [min]

Fig. 2. The experimental points and the fitting curve for
experiment No. 4.

This behavior points to good efficiency and the possi-
bility of building a more complex oil removal apparatus
equipped with a ceramic membrane. A very high rejection
coefficient for all the experiments (from 91.4% to 99.2% and
97.13% on average) confirms a good choice of membrane.

The highest value of the rejection coefficient R = 99.2%
was achieved in experiment No. 22 (500 ppm oil) while
for 1,500 ppm oil the highest value of R, equal to 98.8,
was achieved in experiment No. 13. The high oil rejection
was accompanied by good process efficiency. The high-
est initial permeation flux was obtained under a TMP of
0.2 MPa, regardless of the concentrations of oil and salt.
The J, flux values were from 12.0 to 14.8 [10° m?/(m? s)].

Experiment No. 4 is significant from the perspective of
both efficiency and selectivity. In this experiment, performed
with the following parameters LFV = 5 m/s, TMP = 0.2 MPa,
Cuwco = 1% and C_; = 500 ppm, a rejection of 98.8% was
achieved along with the highest initial flux ], of 14.8

7.6-

7.4-
Nr 5

= 500 ppm

L, 7,24 CFV=4 nvs

£ TMP=0.1 MPa

“E CNaCI=35 %

v 7,0

=

T 68-
66+——+———F———F——————————

0 10 20 30 40 50 60

t [min]

Fig. 3. The experimental points and the fitting curve for
experiment No. 5.

14,0
13,84 Nr7
— 1 500 ppm
= 13,64 CFV=4 m/s
E 134] TMP=0.2 MPa
m\E " CNaCr=3.5%
w132
= ]
13,04
- -
12,8
1284 e
0 10 20 30 40 50 60

t [min]

Fig. 4. The experimental points and the fitting curve for
experiment No. 7.
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13,4

13,2

13,04

12,81

J 107 m3/m? s)]

12,6 1

12,4

t [min]

Fig. 5. The experimental points and the fitting curve for experi-
ment No. 8.

t [min]

Fig. 6. The experimental points and the fitting curve for experi-
ment No. 11.

12,01

11,81

-
—_
[

1

-

“A

~
1

J*[107 m3/(m? s)]

11,21

"M+

Fig. 7. The experimental points and the fitting curve for
experiment No. 12.

Table 6
Statistical assessment of the optimization for 500 ppm oil
Experiment number R? 0 [10° m%/(m? s)]
1 0.975 0.020
2 0.955 0.030
3 0.958 0.046
4 0.965 0.035
5 0.995 0.018
6 0.983 0.035
7 0.993 0.030
8 0.986 0.034
Table 7
Statistical assessment of the optimization for 1,500 ppm oil
Experiment number R? 0 [10° m?%/(m? s)]
9 0.953 0.081
10 0.931 0.044
11 0.972 0.084
12 0.962 0.046
13 0.932 0.077
14 0.933 0.042
15 0.962 0.100
16 0.922 0.092

[10®° m?/(m? s)] and the steady-state flux ]  (measured after

the

stabilization period) equal to 13.53 [10° m*/(m? s)].

5. Conclusions

This paper proposes a method for identifying the mem-
brane fouling mechanism by solving the Hermia equa-
tion numerically and using the optimization procedure.
This new approach consists not in accepting the a priori
values of the exponential factor n but rather in calculat-
ing this value with the assumption that it comes from the
interval <0,2>.

Fitting the experimental data using the proposed math-
ematical model gives a good approximation for all
stages of the process and, based on the calculated value
of the exponential factor n, and k, |  coefficients allows
the governing fouling mechanism to be identified,
even if other, simultaneous or successive, mechanisms
occur.

In that particular case of oil emulsion separation from
saline water, two leading cases 1 = 0 (cake filtration) or
n =2 (complete pore-blocking) were obtained as a result
of the proposed procedure. Also, two particular results
n=0.2 and 1.88 were found.

The ultrafiltration experiments performed in this study,
using a ceramic membrane, can be considered efficient.
The recorded initial permeation flux J; was in a range
from 12.0 to 14.8 [10~° m*/(m? s)]. A very high rejection
coefficient was also achieved in all the experiments,
giving an average of 97.13%.
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Symbols

A — Membrane area, m?

C. —  QOil concentration, ppm

G, —  Oil concentration in permeate, ppm

C. —  QOil concentration in feed, ppm

Cocs  — Salt concentration, %

D —  Variable defined by Eq. (6), -

k, —  Phenomenological coefficient, dependent on n

i —  Permeation flux, m3/(m?s)

LFV  —  Linear flow velocity, m/s

n —  General coefficient (dependent on the fouling
mechanism), —

4 —  Number of experiments, —

R? — Determination coefficient, —

t — Time of the ultrafiltration process, s

™P — Transmembrane pressure, MPa

v —  Volume of the permeate per membrane area,
m3/m?

\% — Permeate volume, m?

X —  Set of allowed solutions

) —  Root mean square error, m*/(m?s)

u —  Mean value

c —  Standard deviation

S —  Variable defined by Eq. (A6)

Subscripts

0 —  Initial

cal —  Calculated

exp —  Experimental

final —  Final

i —  Subsequent moment

m —  Mean

ss —  Asymptotic
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