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e effects of operating parameters
on membrane fouling during ultrafiltration of
alkali/surfactant/polymer flooding wastewater:
optimization and modeling

Liumo Ren, Shuili Yu, * Jianfeng Li and Lei Li*

Alkali/surfactant/polymer (ASP) flooding wastewater is commonly produced in enhanced oil extraction

processes and needs to be properly treated prior to reuse due to the potential threat of formation

damage. Ultrafiltration (UF) is an effective technique for treating ASP flooding wastewater to meet the

requirements for reinjection water. Membrane fouling is the major challenge to UF application. In this

study, the operating parameters were modified to research their effects on membrane fouling in a UF

pilot study in Daqing, China. The effects of trans-membrane pressure (TMP), cross-flow velocity (CFV),

concentration factor (CF) and temperature on membrane flux were systematically investigated, and

optimal operating conditions were established by an orthogonal experiment. A temperature of 22 �C,
TMP of 2.12 bar, CFV of 3.00 m s�1 and CF of 5 were the most feasible operating conditions for the

membrane types and raw water quality parameters in the study. The quality of the permeate met the

water quality standards for injection to oilfield low-permeability layers. The results could provide

a reference and guidance for practical operations. To learn more about the influences of the operating

parameters, a model including external and internal pollution factors was developed based on the

Hagen–Poiseuille equation and classical membrane fouling theory. The operating parameters had

a more significant effect on external pollution than on internal pollution. The fouling on the membrane

surface was much affected by TMP and CFV.
1. Introduction

Petroleum is an important fossil fuel and limited resource. With
the gradual increase in crude oil demand, enhanced oil recovery
(EOR) methods have been widely used aer water ooding in
Chinese oilelds in recent years.1,2 Chemical ooding EOR
techniques play a vital role in the Chinese oil industry and
include polymer ooding, chemical combination ooding and
foam ooding.3 Alkali/surfactant/polymer (ASP) ooding is
more efficient than any other chemical ooding technique3 and
has been widely tested and implemented commercially in
China.4–6 ASP ooding can efficiently increase oil recovery, but
the water produced from this technique is complex and difficult
to dispose of, which is one of the limitations of the ASP ooding
technique.3,7 Given the large amount of ASP ooding wastewater
and the limitations governing wastewater discharge, an appro-
priate solution is to reuse this wastewater aer treatment. The
reuse of ASP ooding wastewater can improve economic feasi-
bility and save water resources.8
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ASP ooding wastewater is generally characterized by a pH of
10.0–11.0, a high concentration of polymers and a high
concentration of total dissolved solids.9 Flooding wastewater
treated by conventional treatments, such as gravity settling,10 air
otation,11–13 de-emulsication,14–16 coagulation17,18 and
biotechnology,19–21 does not meet the standards for reuse.22

Therefore, advanced treatment needs to be implemented.
Membrane separation processes, especially ultraltration (UF)
processes, are considered superior technologies for the
advanced treatment of ASP ooding wastewater. UF has a high
oil removal efficiency, low energy cost, no chemical additives,
small space occupancy and compact design compared to
conventional treatment methods.22 However, one of the major
challenges in the application of UF in the treatment of ASP
ooding wastewater is the decline in permeate ux as a result of
membrane fouling.23

Optimizing the operating conditions, a process control
method, is a membrane fouling countermeasure for the
treatment of produced water. Changing the operational
parameters can effectively alleviate membrane fouling and
improve the permeate quality. Many studies have investigated
operating conditions.24–28 Seyed Shahabadi and Reyhani29

investigated the main and interaction effects of temperature,
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trans-membrane pressure (TMP), and cross-ow velocity (CFV)
on permeate ux, fouling resistance, and total organic carbon
(TOC) rejection. Amin Reyhani and Hossein Mashhadi
Meighani30 investigated the effects of temperature, TMP, CFV,
and back-pulse time on the amount of permeate ux and
proposed optimum conditions. Although the optimization of
operating conditions can alleviate membrane fouling to some
extent, membrane fouling is still inevitable during the ltra-
tion process. The membrane fouling mechanism is always an
interesting aspect to researchers, and fouling models are
useful tools for explaining such mechanisms. Most studies
have utilized models to explain the different fouling mecha-
nisms for different contaminants or properties,31–33 while few
studies have used models to explain the effects of operating
parameters on membrane fouling.

The present study focuses on the effects of operating param-
eters on membrane fouling in ASP ooding wastewater treat-
ment. In this study, a pilot-scale UF system with hydrophilic
PVDF membranes was established. The water yield of the pilot
system was much larger than that in lab-scale experiments, and
the results were closer to the practical situation. The effects of
TMP, CFV, concentration factor (CF) and temperature on
membrane ux were investigated, and optimal operating condi-
tions for certain membrane types and raw water quality param-
eters were established by an orthogonal experiment. To further
explain the mechanism by which the operating parameters affect
membrane fouling, a UF foulingmodel for the UF of ASP ooding
wastewater was established in this study. The model is based on
classical membrane fouling theory, Hermia's model,34 and
hydrodynamic theory from the perspective of membrane struc-
ture, the Hagen–Poiseuille equation, which includes internal and
external pollution factors. The test data for optimizing the
operating parameters were used to simulate the factors and
assess the model under such operating conditions. The effects of
the operating parameters on membrane fouling were identied
by comparing the internal and external pollution factors.

2. Materials and methods
2.1 Experimental setup

A pilot-scale UF system was installed at Daqing Water Group
Company Limited in Daqing (China), and the schematic of the
experimental setup is shown in Fig. 1. The system primarily con-
sisted of tanks, pumps, membrane modules, valves, meters
(manometers and owmeters) and a programmable logical
controller (PLC) system. The tubular hydrophilic poly(vinylidene
uoride) (PVDF) UF membranes used in the system were fabri-
cated in our laboratory. The effective area of one membrane
module was 0.192 m2 with a membrane pore size of 25–40 nm. As
shown in Fig. 1, every module included two membrane elements
and four groups of two modules each operating in parallel. The
total membrane ltration area was 1.567 m2. The raw water in the
feed tank was traditionally treated water from the 106-station
experimental base of Daqing Water Group Company Limited. The
conventional treatment processes used to treat produced water in
the 106-station experimental base are air otation, biological
contact oxidation, coagulation–otation, advanced oxidation and
11112 | RSC Adv., 2019, 9, 11111–11122
two-stage sand ltration in sequence, as shown in Fig. 2. The raw
water quality parameters are presented in Table 1. The aeration
pump (Pump 2) in the tank was used to evenly mix the feed water
and maintain homogeneity during the experiment.

2.2 Experimental procedures

All experiments were performed under constant pressure. First,
the effects of the operating parameters on membrane ux were
investigated, and the pilot UF system was operated in recycle
mode. Raw water for the same series (for example, the three
tests studying the effect of TMP were in a series) was prepared
and stored before the tests to ensure constant components of
the feed water. The feed tank was lled with raw water by Pump
1 prior to the experiment, and there was no raw water rell
during the experiment. Both the permeate and retentate were
100% recycled to the feed tank to keep the concentration and
volume constant in the feed tank. When studying the effects of
TMP, CFV and temperature on membrane ux, CF was set to 1
because the raw water was not concentrated. TMP and CFV were
changed by adjusting the frequency of Pump 1 (a variable-
frequency drive (VFD) pump) and the valves on the inlet and
outlet pipelines of the membrane modules. The temperature
was adjusted by a portable heater that could be placed in the
feed tank. When studying the CF in a system, the raw water
needs to be concentrated prior to experiments. The concentra-
tion process comprised discharging the permeate out of the
system while maintaining a 100% return ratio of the retentate to
the feed tank. During the concentration process, the volume of
raw water remaining in the feed tank decreased and the
contaminant concentration in the feed tank increased steadily
with operation time. When the CF reached the required value,
the process was terminated. Notably, the membranes had to be
cleaned to recover the original ux aer every experiment.

Then, orthogonal experiments were carried out to establish
the optimal operating conditions for the UF system. The oper-
ation mode of this series of experiments was the same as
described above. Aer the optimum values of the operating
parameters were determined by the orthogonal experiments,
a long-term continuous operation experiment was conducted to
investigate the effectiveness of the UF system for treating the
pretreated produced water. The continuous-operation mode
was different from the recycle mode; all of the permeate owed
to the permeate tank, while the retentate was partially returned
to the feed tank according to the CF required by the experi-
ments. As the permeate ux gradually changed during the entire
experiment, the retentate discharge was adjusted according to
the permeate discharge to maintain a constant CF. The reten-
tate discharge was adjusted by the PLC system.

2.3 Cleaning process

The fouled membranes were cleaned to recover the membrane
ux aer the experiment. Aer emptying the residual solution
from the pipes, membrane modules and permeate tank, fresh
tap water was placed into the permeate tank and circulated
throughout the system. The membranes were physically
cleaned at the highest possible CFV for 20 minutes as the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the experimental system.

Table 1 Composition of raw water

Component Concentration (mg L�1)

Median particle diameter (mm) 1–10
Oil 3–10
Suspended solid 40–75
TOC 900–1400
Anionic polyacrylamide (APAM) 800–1200
Surfactant 1–10
pH 9–12
Carbonate 2500–4500
Bicarbonate 500–1000
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retentate and permeate were recycled into the permeate tank.
Aer physical cleaning, hydrochloric acid (HCl, pH ¼ 2–3) was
prepared in the cleaning tank and recycled through the
membrane modules for 40 minutes, followed by tap water
cleaning for 10 minutes, and prepared sodium ethylenedi-
aminetetraacetate (Na2-EDTA, 4 mM) and sodium hypochlorite
(NaClO, 5& wt) solutions were recycled through the UF
membranes for 20 minutes. Aer chemical cleaning, the system
was recycled with tap water for 20 minutes to rinse away the
residual detergent. The membrane ux recovered to reach the
initial ux.
2.4 Analytical method

The UF system was automatically controlled by a computer with
a PLC system. Meter readings were monitored and recorded on
the computer. The adjustment of valves was also controlled via
the computer. The operating parameters in this study were
obtained as follows (eqn (1)–(5)).

TMP was calculated as the average of the inlet and outlet
pressures of the membrane module, which were obtained from
the manometers mounted at both ends of the membrane
module, while ignoring the pressure at the permeate outlet,
which was atmospheric pressure.
Fig. 2 Treatment process for ASP flooding wastewater at the 106-statio

This journal is © The Royal Society of Chemistry 2019
TMP ¼ Pin � Pout

2
; ðbarÞ (1)

where Pin (bar) was read from manometer P1 and Pout (bar) was
read from manometer P2, as shown in Fig. 1.

CFV was calculated by dividing the ow rate shown on
owmeter Q2 by the cross-sectional area of the tubular
membrane, and the permeate ow could be ignored relative to
the circulation ow.
n experimental base.
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CFV ¼ Q

A
;
�
m s�1

�
(2)

where Q is the inlet ow rate (m3 h�1) of the membrane module,
which was read from owmeter Q2, and A is the cross-sectional
area (m2) of the tubular membrane.

CF is the ratio of the concentration of the circulation uid to
that of the inuent water in the UF apparatus. In continuous-
operation mode, the CF can be changed by adjusting the ratio
of retentate discharge to permeate water, as shown below.

CF ¼ QP þQd

Qd

(3)

where Qp is the permeate ow (m3 s�1) and Qd is the retentate
discharge ow (m3 s�1), which were read from owmeters Q3

and Q4, respectively, as shown in Fig. 1.
The membrane ux J is the ratio of permeate ow to

membrane area, as shown below.

J ¼ Qp

Am

;
�
L
�
m2 h

��1
;LMH

�
(4)

where Qp is the permeate ow (L h�1) through owmeter Q3 and
Am is the membrane area (m2). The units of membrane ux are
abbreviated as LMH. To more clearly demonstrate the variation
trend of membrane fouling, the normalized ux (J/J0) is adopted
in this paper, where J0 is the clean water ux of the original
membrane under the same operating conditions. When
comparing the effects of CF or temperature on membrane ux,
the ux per unit TMP (J/TMP) was used to indicate the extent of
membrane fouling under different conditions and eliminate
uctuations in TMP during the experiments.

The accumulated water production (W) is the total permeate
yield during the operation time.

W ¼
X0

t

dQpdt (5)

where dQp is the reading from owmeter Q3, which can be
approximately regarded as the average ow during the interval
time (dt) recording on computer.

The oil and anionic polyacrylamide (APAM) contents were
analysed by a UV spectrophotometer (UV2550, SHIMADZU,
Japan).35–37 TOC values were obtained with a TOC analyser
(TOCVCPH, SHIMADZU, Japan). The suspended solids (SS)
content was analysed by a weight method: 100 mL of a water
sample was passed through a 0.22 mm microlter, and the
retentate was dried in an oven at 103–105 �C until the retention
weight did not change (#0.4 mg).38 The median particle diam-
eter was analysed by a ZETA nanometre particle size analyser
(Nano S, Malvern, England).
2.5 Model development

The Hermia model,34 which is the classical membrane fouling
model, indicates four different modes of membrane fouling:
cake blocking of pores, transitory blocking of pores, standard
blocking of pores, and complete membrane blocking of pores.
According to the theory of the classical membrane fouling
model, the present study summarized the reasons for UF
11114 | RSC Adv., 2019, 9, 11111–11122
membrane fouling from two aspects: one was internal pollu-
tion, which reduces the pore size of membranes, and the other
was external pollution, which reduces the pore density on the
membrane surface. The following assumptions were made in
the above premise: (i) the pores of the UFmembrane surface are
homogeneously distributed groups of vertical capillaries, and
their sizes can be described by the mean pore size; (ii) uid
ows through the pores in laminar ow;31 (iii) the membrane
ux during membrane fouling in constant-pressure mode
initially decreased rapidly, then gradually slowed and tended to
be stable; this tendency followed a logarithmic function.
Therefore, in the process of polluted water ltration, the mean
pore size d and pore density N decreased linearly with the
logarithm of the accumulated permeate volume Vq; (iv) the
instantaneous pollution during the initial operation of UF was
not taken into consideration.

Based on the above assumptions, in the process of polluted
water ltration, the mean pore size d and pore density N can be
expressed as follows:

d ¼ d0 � m ln Vq (6)

N ¼ N0 � n ln Vq (7)

where d0 is the original mean pore diameter (m), N0 is the
original pore density (pore per m2), m and n are the reduction
factors of pore diameter and pore density, respectively, and Vq is
the accumulated permeate per unit membrane area (L).

Considering that when Vq ¼ 0, d ¼ d0 and N ¼ N0, the curve
can be shied to the le by one unit to modify eqn (6) and (7) as
follows:

d ¼ d0 � m ln(Vq + 1) (8)

N ¼ N0 � n ln(Vq + 1) (9)

Based on hydrodynamic theory, the Hagen–Poiseuille equation
(eqn (10)) can be used to calculate the membrane ux J (eqn (11)):

q ¼ pDPd4

128mL
(10)

J ¼ qN ¼ pDPd4

128mL
�N (11)

where q is the ux of one pore (m3 s�1), DP is the average TMP
(Pa), m is the viscosity of water (Pa s), and L is the effective
thickness of the membrane.

Combining eqn (8), (9) and (11) yields the following:

J ¼ pDP
�
d0 �m ln

�
Vq þ 1

��4
128mL

� �
N0 � n ln

�
Vq þ 1

��
(12)

where J is the ux of permeate water per unit membrane area
when the accumulated permeate volume is Vq.

The original ux of the membrane for feed water can be
expressed as follows:

J 0
0 ¼

pDPd0
4

128mL
�N0 (13)
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Effect of TMP on instantaneous permeate flux (CF ¼ 1,
temperature ¼ 18 � 2 �C, CFV ¼ 2.50 m s�1).
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where J 00 is not the clean water ux of the original membrane but
rather the instantaneous initial ux when the fouling test starts,
as mentioned in assumption (iv).

According to eqn (13), eqn (12) can be simplied as follows:

J

J 0
0

¼
�
d0 �m ln

�
Vq þ 1

�4��
N0 � n ln

�
Vq þ 1

��
d0

4N0

¼
�
1� m

d0
ln
�
Vq þ 1

��4�
1� n

N0

ln
�
Vq þ 1

��
(14)

The model establishes the relationship between the
membrane ux ratio and accumulated permeate per unit
membrane area under a constant-pressure operation model.

The terms
J
J 00

and Vq are substituted into eqn (14); then, the

optimal values of
m
d0

and
n
N0

can be calculated by utilizing iter-

ative computer soware. The parameters to be determined in

the model are called the internal pollution factor
m
d0

and

external pollution factor
n
N0

.

3. Results and discussion
3.1 Effects of operating parameters on membrane ux

3.1.1 Effect of TMP. According to Section 2.2, the recycle
mode was used here, and the CFV and temperature were
2.50 m s�1 and 18 � 2 �C, respectively. First, the effect of TMP
on membrane ux in a short time period was investigated by
adjusting the TMP to different levels from low to high and
recording the relatively stable ux value at every TMP. The
stabilization time was as short as several minutes, during
which the membrane fouling was mainly invariable. The
average membrane uxes at various TMPs are shown in Fig. 3.
The membrane ux increased with increasing TMP up to
approximately 3.00 bar in a near-linear relationship. Then, the
membrane ux increased slightly and remained nearly stable
at higher pressures. This result may be attributed to a gel-
polarized layer, which is frequently observed during the
membrane separation of bio-macromolecules.39 APAM in raw
water is a polymer that can easily form a slimy layer on the
membrane surface.40 Osmotic pressure caused by concentra-
tion polarization and the resistance of the gel layer depleted
fractional pressure exerting on the membrane; consequently,
the membrane ux cannot increase steadily and even
decreases gradually due to extremely severe pollution in some
waters.41

The membrane ux exhibited in Fig. 3 only indicates the
instantaneous variation in TMP, while membrane fouling was
a cumulative process. The evolution of membrane ux over
a long time must be further investigated. In practical operation,
water production is also highly important. The variations in
normalized membrane ux and accumulated water production
at different TMPs are shown in Fig. 4. The CFV was constant at
2.50 m s�1. The normalized membrane ux used in this study
This journal is © The Royal Society of Chemistry 2019
reected the trend of membrane fouling and eliminated the
inuence of temperature uctuations.

For all tests, rapid ux decay occurred during the rst few
hours and began to alleviate in the pseudo-steady stage due to
the accumulation of APAM, oil and SS on the membrane surface
and the subsequent formation of a gel layer. As shown in
Fig. 4(a), the time required for the membrane ux to become
stable was shortened at higher pressure (2.79 bar), and the
steady-state ux was smaller. This result indicated that
increased operating pressure not only accelerated the progress
of membrane fouling but also resulted in more serious
membrane fouling when the membrane ux was stable. From
Fig. 4(b), the water production at lower pressure was greater
than that at higher pressure. Although a larger absolute ux was
generated at higher pressures in the initial stage, as shown in
Fig. 3, greater membrane fouling occurred simultaneously and
sharply reduced the ux, causing the mean ux to decrease,
which was consistent with previous results.42 Additionally, the
TMP should not be excessively low; such conditions would
make the ux too small to meet the requirements for water
production.

3.1.2 Effect of cross-ow velocity. CFV, the velocity of feed
water ow on the membrane surface, is an important operating
parameter of UF systems43,44 and can inuence membrane
fouling to a certain degree. For tubular UF membranes, which
use horizontal ow, the change in CFV can be obtained by
adjusting the cross-ow rate.

The variation in normalized membrane ux and the accu-
mulated water production at different CFVs were acquired at
a xed TMP of 2.20 bar (Fig. 5). As depicted in Fig. 5(a), the
membrane ux at steady state increased with increasing CFV
from 0.75 m s�1 to 3.00 m s�1. This result indicated that
improving CFV helped slow membrane fouling and increase
ux. From Fig. 5(b), the trend in water production corresponded
with the trend in membrane ux. A larger CFV improved water
production during the same operation time. However, the
increase rate of ux at each velocity increase was not the same.
RSC Adv., 2019, 9, 11111–11122 | 11115
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Fig. 4 Effect of TMP on permeate flux (a) and water production (b) (CF ¼ 1, temperature ¼ 18 � 2 �C, CFV ¼ 2.50 m s�1).
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For example, when the ow increased from 0.75 m s�1 to
1.50 m s�1, the stabilized ux increased by 10% in the initial
time (within the rst 3 hours), but with continuing operation,
the normalized ux decreased to the value at lower ow. When
the CFV increased from 1.50 m s�1 to 2.25 m s�1, the stabilized
ux increased by 19%. In addition, when the CFV increased
from 2.25 m s�1 to 3.00 m s�1, the stabilized ux only increased
by 6%. This result suggested that when water reaches a turbu-
lent state in the tubular channel, membrane fouling can be
reduced dramatically. Below this velocity, the fouling layer
deposited on the surface of the membrane was not effectively
weakened. Above this CFV, the increase in ux was not signi-
cant, and such conditions may lead to an unnecessary waste of
energy because the intensity of turbulence was no longer the
main factor limiting the membrane ux at this moment. To
reduce membrane fouling and prolong the operation span of
the UF system, the CFV should be set at a critical value to ach-
ieve the best efficiency.

3.1.3 Effect of concentration factor. The CF is the ratio of
the concentration of the circulation uid to that of the inuent
water in an UF system and is directly related to the water
production rate. The greater the CF is, the higher the water
production rate becomes. At CFs of 1, 2, 5, and 10, the corre-
sponding rates of water production were 0, 50%, 80% and 90%,
Fig. 5 Effect of CFV on permeate flux (a) and water production (b) (CF

11116 | RSC Adv., 2019, 9, 11111–11122
respectively. The inuence of CF on ux at the same TMP (2.20
bar) and CFV (3.00 m s�1) was investigated at four different CFs.

The ux variation at different CFs is presented in Fig. 6. The
ux at steady state decreased with increasing CF, which implied
that membrane fouling became more serious. Moreover, the
ux declined faster with larger CFs because the viscosity of the
concentrated feed water was higher and pollutants were more
easily deposited on or in the membrane. In addition, when the
CF increased from 2 to 5, the ux did not decrease signicantly,
but the water production rate increased from 50% to 80%.
When the CF increased from 5 to 10, the ux decreased
dramatically, but the water production rate only increased by
10%. Therefore, a CF of 5 was more appropriate for practical
production.

3.1.4 Effect of temperature. The feed water temperature
can affect physicochemical properties and biological stability.
Because the clean water ux increases with increasing temper-
ature, the absolute ux per unit TMP was used instead of the
normalized membrane ux to analyse the effect of temperature
on membrane ux.

The inuence of temperature on ux at the same TMP (2.12
bar) and CFV (2.25 m s�1) was investigated at 11.79, 17.32 and
23.9 �C (Fig. 7). The temperature of the feed water can only be
adjusted within a small range due to the limitation of the
¼ 1, temperature ¼ 18 � 2 �C, TMP ¼ 2.20 bar).

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Effect of CF on permeate flux (a) and water production (b) (temperature ¼ 18 � 2 �C, TMP ¼ 2.20 bar, CFV ¼ 3.00 m s�1).
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apparatus. The ux showed a rising trend with increasing
temperature, which was probably caused by the viscosity drop
due to the temperature change and increased diffusion capacity
of the feed water. As a result, the contaminants on the
membrane surface can transfer to the bulk of the feed water
faster, reducing the thickness of the boundary layer of
concentration polarization and thus increasing membrane ux.
The result indicates that higher temperature favoured the
increase of ux of the UF system, and the temperature of ASP
ooding wastewater is higher in practical production than that
in the tests,7,45 the water production of UF membrane can be
greater. In addition, the temperature of feed water should not
exceed the range that the membrane can withstand to avoid
membrane damage.
3.2 Orthogonal experiment to optimize operating
parameters

In Section 3.1, the effects of TMP, CFV, CF and temperature
were investigated, and based on the results, optimal operating
Fig. 7 Effect of temperature on permeate flux (CF¼ 1, TMP¼ 2.12 bar,
CFV ¼ 2.25 m s�1).

This journal is © The Royal Society of Chemistry 2019
conditions were selected for the system. The orthogonal
experimental design (OED) method is a modern approach to
characterizing and optimizing system performance in many
research areas.46–48 OED is applied in this study to help optimize
the operating conditions for the UF apparatus and provide
a reference for practical applications. According to the research
in the previous section, the inuence factors were TMP, CFV
and CF. Temperature was not included due to its high operation
cost in actual production. Table 2 summarizes the inuence
factors and level values selected in this study.

The orthogonal array is described as La(b
c), where L is the

symbol of the orthogonal design, a is the number of trials, b is
the number of levels and c is the maximum number of factors.49

The orthogonal array for the 16 trials selected for this study was
L16(4

5), which matches the number of levels (4 levels) and 2
additional factors (Error 1 and Error 2) while also taking the
unknown uncertainties into consideration. The two blank
factors are added into the mathematical description to account
for possible interactions of the original 3 factors as well as other
possible sources of error and uncertainty.

For the OED method, the analysis of range (ANORA) was
performed aer collection of the experimental data. The results
of OED calculations are summarized in Table 3 for the selected
16 trials. Underneath the experimental matrix and the
Table 2 Influence factors and levelsa

Levels

Parameters

Factor A Factor B Factor C

Average TMP (bar)
Circulation
ow (m s�1)

Concentration
factor

1 1.67 0.75 1
2 2.12 1.50 2
3 2.79 2.25 5
4 3.47 3.00 10

a For simplicity, the number of levels to be used in later descriptions is
assigned to each value in the table.

RSC Adv., 2019, 9, 11111–11122 | 11117
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corresponding measured average uxes over 10 hours for the 16
trials, the matrix of calculated Ki and R values is shown. For
example, the value K11 ¼ 19.55 for Factor A is obtained by
adding all average ux values for which Factor A ¼ 1 and
dividing the sum by the total number of values (4):

K11 ¼ (19.37 + 20.06 + 20.11 + 18.67)/4 ¼ 19.55

To nd the R value, the difference between the maximum
andminimum K value was calculated for the 3 inuence factors.
For example, for Factor A, R1¼ 27.80� 19.55¼ 8.25. Since the R
values for Error 1 and 2 were very small compared to those of
other factors, we concluded that the interactions between
different factors (Error 1 and 2) were small and could be
neglected in this study. Based on the R value, the factors were
ordered by signicance for average ux, and the order was A > B
> C, corresponding to TMP > CFV > CF.

The optimum operating conditions of the UF apparatus
correspond to the largest average ux. Table 3 indicates that for
the average ux, K2 > K3 > K4 > K1 for Factor A, K4 > K3 > K2 > K1

for Factor B, and K1 > K2 > K3 > K4 for Factor C. This order was
also consistent with the results presented in Section 3.1. For
Factor A and Factor B, the optimum levels were those proposed
above. For Factor C (CF), the optimum value should be 5,
according to the rate of produced water in actual production.
Therefore, the optimum operating conditions for the UF appa-
ratus were a TMP of 2.12 bar, a CFV of 3.00 m s�1 and a CF of 5.

The UF system was operated under the optimal operating
conditions to treat pretreated produced water (feed water) for
a long time and to verify the effectiveness of the UF process. The
temperature of the raw water was the ambient temperature,
22 �C, due to the large quantity of raw water.
Table 3 Orthogonal test table

Experiment
no.

Input

Factor A (bar) Factor B (m s�1)

1 1 1
2 1 2
3 1 3
4 1 4
5 2 1
6 2 2
7 2 3
8 2 4
9 3 1
10 3 2
11 3 3
12 3 4
13 4 1
14 4 2
15 4 3
16 4 4
k1 19.55 21.38
k2 27.80 24.36
k3 27.51 26.10
k4 26.26 29.30
R 8.25 7.92

11118 | RSC Adv., 2019, 9, 11111–11122
Fig. 8 illustrates the variation in membrane ux and the
accumulated water production of the UF system under the
optimal operating conditions. The membrane ux declined
dramatically at the initial state in all trials; the rate of decline
gradually became stable, and the ux tended to be constant.
Aer running for 30 hours, the instantaneous ux was 21.10 L
(m2 h)�1 and the average ux was 27.09 L (m2 h)�1; aer 60
hours, the instantaneous ux declined to 17.63 L (m2 h)�1 and
the average ux was 23.32 L (m2 h)�1; aer 90 hours operating,
the instantaneous ux was 15.49 L (m2 h)�1 and the average ux
was 21.04 L (m2 h)�1. With increasing operation time, the
average ux of the UF apparatus tended to decline, whichmeant
that the efficiency of water production decreased. In actual
production, a proper membrane cleaning cycle has to be
established to maintain a high efficiency of water production
and meet the requirements for production. The decline in water
production needs to be taken into consideration during
membrane cleaning to ensure efficient water production.

The quality of permeate was detected, including SS, oil,
APAM, surfactant and TOC, which were the dominating
contaminants of produced wastewater. The specic water
quality of permeate water and pollutant removal rate are shown
in Table 4. The content of SS was about 70 mg L�1 in the feed
water, and it was lower than 1.0 mg L�1 in the permeate. The
removal rate was above 95%, and the median particle diameter
was smaller than 1 mm. The contents of oil were 7.2–4.1 mg L�1

and less than 1.0 mg L�1 in the feed water and permeate,
respectively. About 90% of oil was removed. The content of
APAM was 1200 mg L�1 in the feed water, and the UF system
removed over 95% of APAM. In the permeate, the content of
APAM was 30–60 mg L�1. The contents of surfactant were 3.5–
2.0 mg L�1 and 0.5–1.0 mg L�1 in the feed water and permeate,
Output

Factor C Error 1 Error 2 Flux (LMH)

1 1 1 19.37
2 2 2 20.06
3 3 3 20.11
4 4 4 18.67
2 3 4 23.31
1 4 3 29.60
4 1 2 25.32
3 2 1 32.98
3 4 2 22.72
4 3 1 23.18
1 2 4 31.12
2 1 3 33.02
4 2 3 20.13
3 1 4 24.58
2 4 1 27.83
1 3 2 32.51
28.15 25.57 25.84
26.06 26.07 25.15
25.10 24.77 25.71
21.83 24.70 24.42
6.32 1.36 1.42

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Changes in permeate flux (a) and water production (b) with time.
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respectively. The removal rate was about 60% and the value was
much lower than others. Surfactant is an additional component
of ASP ooding produced wastewater compared to polymer
ooding produced wastewater. The surfactant used in the study
was sodium dodecyl benzene sulfonate (SDBS), which is a small
molecular organic and can pass through the UF membrane.
Since inorganic and organic contaminants were present in the
wastewater simultaneously, the existing form of surfactant
changed. The surfactant in bound form, which binding with
other contaminants in wastewater, can be removed by UF. But
the single molecular of surfactant was not efficiently removed
by UF membrane. Therefore, the removal effect for surfactant
was not as great as for other pollutants. The average TOC of feed
water was about 1200 mg L�1, and approximate 80% of TOC was
removed by UF. The TOC of permeate was about 200 mg L�1.
TOC is related to the concentration of oil and APAM in UF
permeate. The results indicated that the UF membrane per-
formed a high and steady removal of TSS, crude oil, APAM and
TOC. The removal of surfactant was not as efficient as other
target pollutants, but it can be removed in advanced treatment
(nanoltration or electrodialysis) subsequently. The quality of
permeate met the main control indexes of oileld reinjection
water required in the SY/T 5329-2012 standard50 (a criterion of
China Petroleum Industry) and could be feed water of advanced
treatment.

3.3 Model simulation and factor discussion

Based on hydrodynamic theory from the perspective of
membrane structure, a UF foulingmodel including internal and
external pollution factors was established.
Table 4 Quality of permeate water and corresponding removal rate

Component Concentration (mg L�1) Removal rate

Suspended solid <1.0 >95%
Oil <1.0 90%
APAM 30–60 95%
Surfactant 0.5–1.0 60%
TOC 200 80%

This journal is © The Royal Society of Chemistry 2019
The internal pollution factor
m
d0

and external pollution factor

n
N0

in this model can be inuenced by many factors, such as the

feed water quality and operating conditions. In this study, the
feed water quality from the same source was considered
consistent. However, the operating conditions were adjusted to
change the fouling scenario. Five groups of data from tests with
optimized operational parameters (2 from TMP tests, 2 from
CFV tests and 1 from CF tests) were used to estimate the two
factors. The curves of ux change with respect to accumulated
permeate per unit membrane area under different conditions in
9 hours are illustrated in Fig. 9 to Fig. 11, and the values were
compared with the analogous calculated results. The size of the
two factors suggests which part of membrane fouling was
inuenced by the operational parameters. To simplify the

equation of the model, the internal pollution factor
m
d0

and

external pollution factor
n
N0

are represented by M and N,

respectively. From Fig. 9–11, the simulated results obtained
from the established model approximate the experimental
values, and the R-squared values were over 95% (R2 represents
the goodness of t, and the maximum value is 1). Therefore, the
model in this study can t the UF process of ASP ooding
wastewater well.

The curves of ux rate with respect to accumulated permeate
per unit membrane area at 2.12 bar and 2.79 bar are shown in
Fig. 9, and the tting curves and simulated values of the factors
(M and N) are also presented. The R-squared values of the tting
curves at 2.12 bar and 2.79 bar are 0.9889 and 0.9709, respec-
tively. When the TMP increased from 2.12 to 2.79 bar, both M
and N became larger, indicating that more serious fouling
occurred in and on the membrane at 2.79 bar, which is
consistent with the conclusion from Section 3.1.1. The internal
pollution factor M increased slightly, while the external pollu-
tion factor N increased by 3 times. This result implies that
increasing TMP greatly increased fouling on the membrane
surface. A higher TMP causes greater concentration polariza-
tion on themembrane surface.51With increased operation time,
RSC Adv., 2019, 9, 11111–11122 | 11119
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Fig. 9 Comparison of model simulated values with experimental
values (TMP ¼ 2.12 bar, 2.79 bar, CFV ¼ 2.50 m s�1, 18 � 2 �C).

Fig. 11 Comparison of model simulated values with experimental
values (CF ¼ 1, 5; TMP ¼ 2.2 bar, CFV ¼ 3.00 m s�1, 18 � 2 �C).

Fig. 10 Comparison of model simulated values with experimental
values (TMP ¼ 2.20 bar, CFV ¼ 1.50 m s�1, 3.00 m s�1, 18 � 2 �C).
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the concentrated pollutants precipitated and formed a gel layer.
The pressure exerted on the gel layer made the layer dense; the
greater the pressure was, the denser the pollution layer.52 The
resistance of the greater concentration polarization and the
denser gel layer mainly caused the ux decrease. The internal
pollution factor was also increased, which may be because the
draw force from higher pressure not only made more water
traverse the membrane but also caused more small pollutants
to block the membrane pores. However, this process occurred
before cake layer formation; the cake layer formed in a short
time because of the presence of the polymer APAM in the ASP
ooding wastewater. Thus, TMP affects internal pollution to
a lesser degree.

Fig. 10 shows the experimental data for the CFV optimized
tests at 1.50 m s�1 and 3.0 0m s�1 with the simulated results.
The model also t the data of the tests well, and both R2 were
over 0.98. With increasing CFV, the internal and external factors
11120 | RSC Adv., 2019, 9, 11111–11122
both declined, which implied that increasing the CFV favoured
the alleviation of fouling in and on the membrane. Due to the
increased CFV, the turbulence became more severe, and the
pollutants in the water could not easily deposit on the
membrane and enter the membrane pores; thus, the pollution
inside and outside the membrane was mitigated. Notably, the
external pollution factor N was reduced by half. This reduction
may be because more turbulent ow can improve the mass
transfer process between the bulk and the concentration
polarization layer and thin the concentration polarization layer
and the gel layer. This result indicates that changes in CFV have
a more signicant inuence on the pollution on the membrane
surface.

Fig. 11 shows the ux rate change with respect to accumu-
lated permeate per unit membrane area at CFs of 1 and 5. In
this test, the CFV was 3.00 m s�1, and the TMP was 2.2 bar. The
data for non-concentrated raw water (i.e., CF of 1) were also used
in Fig. 10 in the curve of CFV at 3.00 m s�1 for comparison. The
model also t the data for 5-fold concentrated raw water well,
and R2 was as high as 0.9801. When the CF reached 5,M became
larger, and N was approximately the same. As there were more
contaminants that could block the membrane pores in the
concentrated feed water, the internal pollution was more
serious. However, the internal pollution only increased slightly
because the gel layer formed faster in the concentrated feed
water to create a “secondary membrane” that rejected smaller
pollutants; in contrast, the external pollution was approxi-
mately the same. This result may be because the CFV used in
these tests was high enough to effectively keep the pollution
layer from thickening in both feed waters.
4. Conclusion

Pilot studies on the UF of pretreated produced water were
carried out, and the effects of some operating parameters on
membrane ux were evaluated. The membrane ux increased
with increasing TMP in the initial stage of UF, while a higher
This journal is © The Royal Society of Chemistry 2019
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TMP caused more severe membrane fouling, leading to a sharp
decline in subsequent operation. Increasing the CFV in
a certain range could result in considerable improvement
because of shear from turbulence on the membrane fouling
layer. Moreover, a larger CF led to lower membrane ux, but the
selection of an appropriate CF for the system also depended on
the water production rate. Furthermore, temperature had
a signicant effect on membrane ux, but it is difficult to
control the temperature of large water volumes in practical
operation. Optimal operating conditions were determined by
orthogonal experiments. Under the experimental conditions,
the optimum parameters were as follows: average TMP of 2.12
bar, CFV of 3.00 m s�1, CF of 5 and temperature of the feed
solution of 22 �C. The quality of the permeate met the standards
for low-permeability-layer water injection. The results provide
a reference and guidance for practical production.

A UF fouling model including internal and external pollution
factors indicated that the factors in the model could imply the
degree of membrane fouling and represent the pollution inside
and outside the membrane. Distinguishing which part of
membrane fouling was affected by the operating parameters is
valuable for practical production design. The operating
parameters had a more signicant effect on external pollution
than on internal pollution when treating ASP ooding waste-
water. Finally, efforts should be made to avoid increasing
internal pollution during the membrane treatment process
because this form of pollution was more difficult to remove.
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