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In a polymer-ﬂooding wastewater treatment process, physically irreversible fouling of ultraﬁltration (UF)
membranes is severe and inevitable. Particularly, anionic polyacrylamide (APAM) aggravated ﬂux loss is a
challenge in ﬂux recovery. Chemical cleaning procedures for polyvinylidene ﬂuoride (PVDF) UF membranes
fouled by polymers (e.g., APAM) were designed by investigating their cleaning eﬃciency, synergistic eﬀect and
molecular interactions based on the molecular mechanisms of polymeric fouling. The cleaning eﬃciency and
foulant–foulant intermolecular interactions indicated that the destruction of the hydrogen-bonded network, eggbox shaped gel network, and interpenetrating polymer network using sodium hypochlorite (NaClO), ethylenediaminetetraacetic acid (EDTA) and dodecyl trimethyl ammonium chloride (DTAC) solutions, respectively, led
to signiﬁcant ﬂux recovery. The synergistic relationships between the two types of cleaning reagents were
diﬀerent in the mixed solutions and sequential procedures. In addition, oil emulsions facilitated the removal of
APAM and slowed the ﬂux loss. Finally, the ﬂux recoveries and operational aspects in the pilot-scale UF experiments indicated that integration of the tested chemical cleaning procedures can eﬃciently remove membrane foulants and signiﬁcantly restore membrane ﬂux during polymer-ﬂooding wastewater treatment of UF
processes. These results are promising for controlling membrane fouling due to polymeric foulants.

1. Introduction
Anion polyacrylamide (APAM), a widely used polymeric additive
[1,2], was used to enhance oil yield during the middle and later oilﬁeld
development periods in China. Consequently, a large amount of
polymer-ﬂooding wastewater (e.g., 3,000,000 m3/d in the Daqing oilﬁelds in China [3]) was produced during crude oil extraction, and this
wastewater generally contained high concentrations of polymers (e.g.,
APAM) and salts [2–5]. Because of the potential risk to the environment, polymer-ﬂooding wastewater must be treated prior to its reuse or
discharge for economic and environmental beneﬁts. The technologies
for polymer-ﬂooding wastewater treatment have been systematically
summarized [5]. Among them, membrane separation processes, especially ultraﬁltration (UF) processes, are extensively accepted for use [6]
because of their advantages, which include the use of no chemical additives, low energy costs, and small space requirements. Our team developed a pilot-scale plan for a membrane process (consisting of UF,
⁎

electrodialysis, and nanoﬁltration (NF) sections in sequence) to reuse
polymer-ﬂooding wastewater in the Daqing oilﬁelds. However, physically irreversible fouling was severe and inevitable, even under the
optimized operation conditions. APAM, which is abundant in polymerﬂooding wastewater and is a major organic foulant, aggravated the ﬂux
loss [3,6,7] and made chemical cleaning of the fouled membranes
challenging [3,8]. Therefore, the performance of chemical cleaning
procedures for organic polymer foulants (e.g., APAM) plays a crucial
role in the sustainable application of UF membranes.
To clean APAM during polymer-ﬂooding wastewater treatment, the
previously reported APAM characteristics and behaviors and mechanisms of the UF membrane fouling [3,7] should be considered when
selecting the cleaning reagents and procedure. Carboxylates and amide
groups make up the essential chemical segments of APAM molecules,
and the APAM fouling layer is proposed to be a hydrogen-bonded
network, an egg-box shaped gel network [3,9] and/or an interpenetrating polymer network [3]. Sodium hypochlorite (NaClO), which
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the two basic interactions between surfactants and organic molecules,
are considered weak and strong surfactant–organic interactions
[12,13], respectively. In addition, the applications of strong surfactant–foulant interactions (i.e., electrostatic attractions between complementary groups of the surfactant and organic molecules) for
cleaning organic foulants are highly limited. The cleaning eﬃciency of
metal chelating agents was helpful for understanding molecular
packing properties in varied gel layers and should attract more attention. Moreover, the distinct synergistic eﬀects of various cleaning
agents in multiple-step procedures and mixed solutions have rarely
been reported. Additionally, crude oil, an incidental organic foulant,
coexists with APAM in the fouling layer during the actual polymerﬂooding wastewater UF treatment [3,7,8], and the roles of the crude oil
in APAM fouling and cleaning should be investigated.
In this study, NaClO, EDTA, and surfactants, including cationic
surfactants (e.g., DTAC), zwitterionic surfactants (e.g., dodecyl dimethyl betaine (BS-12)) and anionic surfactants (e.g., SDBS), were selected to remove APAM that was deposited onto polyvinylidene ﬂuoride
(PVDF) UF membranes. The cleaning eﬃciency and synergistic eﬀects
of the selected reagents were evaluated in terms of the membrane ﬂux
with pure water. In addition, the molecular mechanisms of APAM
cleaning were investigated by analyzing atomic force microscopy
(AFM) force curves. Additionally, the membrane fouling and cleaning
when APAM and crude oil both are present were discussed. Ultimately,
the optimized cleaning procedures were applied to pilot-scale UF experiments for polymer-ﬂooding wastewater treatment, and a signiﬁcant
ﬂux recovery performance was observed.

can produce N–chlorination [8,10,11] and C–N hydrolysis [8,11] on
amide groups, should be used to destroy the proposed hydrogen-bonded
network and interpenetrating polymer network. Additionally, cationic
surfactants (e.g., dodecyl trimethyl ammonium chloride (DTAC)),
which can electrostatically bind to carboxylates (i.e., “strong polymer–surfactant interactions” [12,13]), should be introduced to promote
the destruction of the interpenetrating polymer network. In addition,
metal chelating reagents (e.g., ethylenediaminetetraacetic acid (EDTA)), which can bind the Ca2+ from the calcium–carboxylate complexes
[14,15], should be used to disrupt the coordination bonds [3,16,17]
between APAM and Ca2+ in the egg-box shaped gel network.
Acids, bases, metal chelating agents, surfactants, oxidants, and enzymes are usually applied in chemical cleaning to restore membrane
performance [18–21]. NaClO is an available and cost-eﬀective oxidant
and has been used extensively to remove organic foulants [8,22] and to
control biofouling [23–26]. However, NaClO is not particularly eﬀective for removing hydrophilic, inorganic foulants [27] and metal-containing deposits [3,28]. Metal chelating agents, such as EDTA and sodium tripolyphosphate (STP), have been used to remove metal–organic
complexes, but their cleaning eﬃciency varies with the feed solution.
Simple cleaning with a caustic–EDTA solution can eﬀectively remove
humic [14] and alginic [15] foulants coordinated with Ca2+ and recover the membrane ﬂux in pure water by disrupting the calcium–carboxylate complexes in the gel layers. Formulated solutions containing metal chelating agents (e.g., EDTA and STP), anionic surfactants
(e.g., sodium dodecyl sulfate (SDS)) and bases (e.g., sodium hydroxide
(NaOH)), instead of simple caustic solutions of metal chelating agents,
have been successfully used to clean metal–organic complexes from
fouled membranes by biogas slurry concentration [29] and polymerﬂooding wastewater [30] due to the synergistic eﬀects of the cleaning
reagents. The superior cleaning eﬃciency of the metal chelating agents
for the humic/alginic substances was ascribed to the diﬀerent molecular packing states of the gel layers. Anionic surfactants, such as SDS
and sodium dodecyl benzene sulfonate (SDBS), can solubilize humic
acid [14] and polymethyl acrylate (PMA) [31] because the hydrophobic
portions of the surfactant molecules adsorb onto the foulant molecules
through hydrophobic attraction [14]. In addition, when the surfactant
concentration exceeds the critical micelle concentration (CMC), surfactant micelles begin to form in the cleaning solutions and provide
more solubilization than the surfactant monomers [14]. In particular,
SDS has a higher cleaning eﬃciency for lipids (more hydrophobic) than
for polysaccharides and DNA [32]. Combinations of various agents can
promote cleaning eﬃciency, simplify cleaning procedures, and decrease
the cleaning frequency necessary for both formulated solutions and
multiple-step procedures [21,29,30,33].
However, the majority of current reports focus on optimizing the
dose, duration, and temperature of cleaning procedures
[8,22,24–26,34–36], and examinations of the cleaning mechanisms are
seldom involved. Hydrophobic and electrostatic attractions, which are

2. Materials and methods
2.1. Pilot-scale UF setup
A pilot-scale plant was built to treat and reuse polymer-ﬂooding
wastewater in the Daqing oilﬁeld in China, and the plant consisted of
sequential pretreatment, ultraﬁltration (UF), electrodialysis, and nanoﬁltration (NF) processes (See Supplementary data, Fig. S1). The
permeation of the UF setup met the requirements for oilﬁeld injection
or drainage [37], and the quality indexes are shown in Table S1.
The UF setup (with a treating capacity of 9800 t per day) is shown in
Fig. 1 and has been running for more than 4 years. PVDF tubular
composite UF membranes with hydrophilic modiﬁcation were used.
Approximate 700 membrane tubes formed one module with a total
eﬀective membrane area of 33.0 m2. Two modules acted as one integrated unit, and seven units formed one processing section. The setup
had two sequential sections. The ﬁrst section treated the virgin feed
solution, and the second section treated the concentrated solution from
the ﬁrst section. The permeation from both UF sections acted as the
oilﬁeld injection or drainage and the feed water for the electrodialysis
setup.
Fig. 1. Images of the pilot-scale UF set-up (with a treatment capacity of 9800 t per day).
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2.2. Materials and chemicals
Flat-sheet PVDF UF membranes with a mean pore size of 50 nm that
were fabricated at the Shanghai Institute of Applied Physics (SINAP,
China) were used for the bench-scale fouling and cleaning experiments.
The outer surface and cross sectional images of the PVDF membrane are
shown in Fig. S2, and the thickness, charge and contact angle are
presented in Table S2. Hydrophilic groups, such as HO–/–COO– and
NH2–/–NH–, were immobilized on the PVDF membrane surface [3].
The APAM was analytical grade, and its general structure, molecular
weight and hydrolysis degree are presented in Fig. S3.
NaOH, HCl, NaClO, the sodium salt of EDTA, DTAC, BS-12 and
SDBS were analytical grade and used as chemical cleaning reagents.
The sodium chloride (NaCl) and calcium chloride (CaCl2) used in all the
experiments were analytical grade. Milli-Q puriﬁed water
(18.2 MΩ cm) was used in all the experiments. The general structures of
EDTA, DTAC, BS-12, and SDBS are presented in Fig. S4, and the CMC
values of DTAC, BS-12, and SDBS are 19.0–21.7 [38–40], 1.39 [41],
and 1.20–1.51 [42,43] mM, respectively.

rw =

Jwc − Jwc′
Jw0

(1)

rv =

Jvc − Jvc′
Jv0

(2)

where rw and rv are the ﬂux recoveries of the pure water ﬂux and
wastewater permeation ﬂux, respectively; Jwc' and Jwc are the pure
water ﬂuxes of the fouled membrane prior to and after one of the
cleaning steps in the bench-scale experiments; Jvc’ and Jvc are the
wastewater permeation ﬂuxes of the fouled membrane prior to and
after one of the cleaning steps in the pilot-scale experiments; and Jw0
and Jv0 are the initial pure water ﬂux and permeation ﬂux of the
pristine membrane. In addition, the baselines for rw and rv are deﬁned
as Eqs. (3) and (4), respectively:

rwb =

rvb =

Jwf −0
Jw0

(3)

Jvf −0
Jv0

(4)

where Jwf and Jvf are the pure water ﬂux and wastewater permeation
ﬂux of the fouled membrane for the bench- and pilot-scale experiments,
respectively.

2.3. Chemical cleaning procedures
At the end of the ﬁltration, physical cleaning was implemented prior
to the chemical cleaning. Three cleaning models, including simple
cleaning with a single reagent, multiple-step cleaning with two types of
reagents, and one-step cleaning with formulated solutions containing
two types of reagents, were used in both the pilot- and bench-scale
experiments.
For the pilot-scale experiments, physical and chemical cleanings
were implemented in situ. At the end of the ﬁltration, the fouled
membranes were rinsed with NF permeation water for 30 min, and the
rinse water was discharged. Then, the fouled membranes were backwashed with NF permeation water for 30 min, and the backwashing
water was discharged. Subsequently, the fouled membranes were
soaked in a chemical cleaning solution for one hour, and then, they
were backwashed for 30 min and rinsed for 30 min with NF permeation
water. After the cleaning, the fouled membranes were soaked in NF
permeation water until they were used for another ﬁltration.
For the bench-scale experiments, the fouled membranes were detached from a dead-end ﬁltration system [6] and rinsed with deionized
(DI) water. The membrane was then installed in the ﬁltration system
and further rinsed with 200 mL of DI water at a stirring speed of
300 rpm for 15 min. Subsequently, this membrane was placed in a
beaker containing 300 mL of the selected chemical reagent for 1 h at
ambient temperature (adjusted to approximately 25 °C using an airconditioner). Then, the membrane was rinsed with enough DI water to
remove any residual chemical solution. Finally, the membranes were
installed, and their ﬂux with pure water was determined using a trans
membrane pressure (TMP) of 0.05 MPa, which was the same pressure
used in the fouling experiments. At least two replicates of the fouling
and cleaning experiments were performed for each cleaning model.
Other details of the bench-scale experiments were previously reported
[3].
The selected chemical reagent solutions were NaClO, EDTA, DTAC,
BS-12, and SDBS solutions at a pH of 12.0. The NaClO solution had a
volume percent of 0.2%, and the molar concentrations of the DTAC, BS12, and SDBS solutions were ~4.0 times their respective CMCs, 76, 5.56
and 4.80 mM, respectively. The molar concentration of EDTA was
10 mM. The concentrations and pH values of the single chemical
cleaning solutions were identical to those of the formulated cleaning
solutions.
The ﬂux recovery of the fouled membrane after one cleaning step
was deﬁned as a percentage ratio of the ﬂux restored (ﬂux increment
after and prior to the cleaning step) in the fouled membrane to the
initial ﬂux of the virgin membrane, as shown in Eqs. (1) and (2).

2.4. Analytical methods
Fourier transform infrared spectroscopy (FTIR) of APAM before and
after soaking in NaClO were obtained using Nicolet 5700 (Nicolet,
USA). A spectrum, collected as the average of 32 scans with a resolution
of 4 cm−1, was recorded from 4000 to 400 cm−1. All spectra were
collected with Omnic 8.0 software. Concentrations of eluotropic calcium were determined on an inductively coupled plasma emission
spectrometer (ICP-Agilent 720E). Surface morphologies of the fouled
membranes, in the case of APAM coexisted with and without crude oil,
were examined by a scanning electron microscope (XL30FEG, Philips,
Netherlands) subsequence to be dried by vacuum freeze drying and
sputter-coated with a thin layer of gold for conductivity.
2.5. Intermolecular interaction measurements
A MultiMode 8 at. force microscope equipped with a NanoScope V
controller (Bruker, Germany) was used to perform the interaction force
measurements between the APAM-substrates and APAM-tips. The silicon (Si) substrates and the probe tips used in this paper were covalently modiﬁed with APAM molecules before use [3]. The force measurements were performed using a contact-mechanics mode [44,45] in
14.0 mM CaCl2, 10 mM EDTA, 1.0 mM, 1.0 CMC equivalent, and 4.0
CMC equivalent DTAC solutions at 25 °C. Additionally, the contact
probe (CSG11, NT-M DT, Russia) tips had a typical curvature radius of
10 nm, and the spring constants of their cantilevers were determined to
be 0.298–0.310 N/m in our experiments. In all cases, over sixty force
curves at diﬀerent locations were acquired and analyzed with the Nanoscope Analysis 1.40 software.
3. Results and discussion
3.1. Flux recoveries
The cleaning eﬃciency and synergistic eﬀects of the selected reagents for APAM removal were investigated (see Figs. 2 and 3), and the
relations between the ﬂux recoveries and eluotropic calcium (Ca2+)
concentrations are provided as well (see Fig. 4).
3.1.1. Comparison of the cleaning eﬃciency among simple reagents
The ﬂux recoveries for simple cleaning with the cationic surfactants
(e.g., DTAC), zwitterionic surfactants (e.g., BS-12), anionic surfactants
350

Journal of Membrane Science 545 (2018) 348–357

G. Liu et al.

the APAM cleaning, the cationic and zwitterionic surfactants and NaClO
resulted in signiﬁcant ﬂux recoveries, but the anionic surfactants provided almost no cleaning eﬀect. These results are consistent with the
cleaning mechanisms that were discussed in detail when presenting the
foulant–foulant interactions in the cleaning reagent solutions.
The decreasing order of the ﬂux recoveries for the “without” samples was the same as that for “Na” but diﬀerent from that for “Ca”, as
shown in Fig. 2. For NaClO, the ﬂux recoveries decreased as “without”
(0.72) > “Na” (0.60) > “Ca” (0.30), which indicated that addition of
salts, particularly Ca2+, created challenges for the APAM cleaning with
NaClO. However, with the cationic surfactants (e.g., DTAC), the ﬂux
recoveries decreased in the following order, “without” (0.25) ≈ “Na”
(0.22) ≈ “Ca” (0.26), which indicated that the salts had a negligible
impact on the APAM cleaning with cationic surfactants. For the zwitterionic surfactants (e.g., BS-12), the ﬂux recoveries decreased in the
following order, “without” (0.49) > “Na” (0.38) ≈ “Ca” (0.37), and no
diﬀerence was observed between the “Na” and “Ca” samples even
though both have a minor impact on the cleaning eﬃciency. The differences in the order of the ﬂux recoveries among NaClO and the surfactants (e.g., DTAC and BS-12) were ascribed to the distinct APAM
cleaning mechanisms. In particular, upon the addition of 14 mM Ca2+,
the total ﬂux recoveries for all the tested reagents only changed from
0.42 (= 0.16 + 0.26) to 0.54 (= 0.16 + 0.38), which indicated that Ca
made the APAM cleaning diﬃcult. Further investigations on chemical
cleaning for APAM–Ca complexes are discussed later.

Fig. 2. Comparison of ﬂux recoveries among simple cleaning reagents aqueous solutions
at a pH of 12 in the bench-scale experiments. Sodium hypochlorite solution was at a
volume percent of 0.2%, and the molar concentrations of DTAC, BS-12, and SDBS solutions were ~ 4.0 times of their respective critical micelle concentrations (CMC), with 76,
5.56 and 4.80 mM, respectively. Without: membranes fouled by APAM solutions without
addition of salts; Na and Ca: membranes fouled by APAM solutions with addition of
40 mM NaCl and 14 mM CaCl2.

3.1.2. Synergistic eﬀects of varied reagents for multiple-step procedures and
formulated solutions
To obtain a greater cleaning eﬃciency, two diﬀerent reagents were
used in the multiple-step procedures and formulated solutions, and the
ﬂux recoveries after the removal of the APAM–Ca complex using these
two collaborative models are shown in Fig. 3(a) and (b), respectively.
Simultaneously, the synergistic relationships between the two diﬀerent
reagents in the two collaborative models (the multiple-step procedures
and the formulated solutions) were investigated to further understand
the APAM fouling and cleaning mechanisms. Moreover, EDTA was used

(e.g., SDBS), and NaClO are presented in Fig. 2. The ﬂux recoveries for
all the tested simple reagents decreased in the following order, NaClO
(0.72) > BS-12 (0.49) > DTAC (0.25) > SDBS (0.063), NaClO
(0.60) > BS-12 (0.38) > DTAC (0.22) > SDBS (0.0077), and BS-12
(0.37) > NaClO (0.30) ≈ DTAC (0.26) > SDBS (0.0088) for the membranes fouled by APAM solutions without any salts (“without”), with
40 mM NaCl (“Na”) and with 14.0 mM CaCl2 (“Ca”), respectively. For

Fig. 3. Flux recoveries for (a) multiple-step procedures, and (b) formulated solutions in the bench-scale experiments. “/” and “+” represent cleanings with multiple-step procedures and
formulated solutions, respectively. “E”, “D”, “B”, and “O” represent EDTA, DATC, BS-12 and NaClO solutions, respectively, which had same concentrations to both the two collaborative
models. Herein, the concentrations of EDTA, DATC, BS-12 and NaClO solutions were 10 mM, 76 mM, 5.56 mM and 0.2% (volume percent), respectively.
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Fig. 4. For EDTA/DTAC cleaning procedure in the bench-scale experiments, (a): ﬂux recoveries, and (b): eluotropic Ca2+ concentration. The multiple-step cleaning procedure of EDTA/
DTAC was continuously repeated three times for one fouled membranes, and its each implement was named the 1st E/D, 2nd E/D and 3rd E/D in sequential. Herein, the concentrations of
EDTA and DATC were 10 and 76 mM, respectively.

exceeding that of the original membranes (see Fig. S5).
The synergistic relationships between the two types of reagents in
the multiple-step cleaning procedures were diﬀerent from those of the
formulated solutions. With the formulated solution of EDTA and DTAC,
the ﬂux recovery was 0.19 (see Fig. 3(b)), which was lower than that of
the simple cleaning and the two-step procedures. This result indicated
an inhibiting relationship. The inhibition interactions between EDTA
and DTAC distinct from the signiﬁcant synergistic relationship for the
sequential E/D procedures are highly possible due to the formation of
weak electrolytes (with larger molecular dimensions) via the electrostatic attractions among the EDTA carboxylates and the positively
charged DTAC groups in the mixed solutions. In contrast, the ﬂux recovery for D + O was 1.21 (see Fig. 3(b)), which was higher than that
for D/O (0.86 = 0.26 + 0.60) (see Fig. 3(a)) and showed the more
prominent synergistic eﬀects for the mixed cleaning solution of DTAC
and NaClO. This indicated that the formulated solutions with two synergistic reagents could provide more noticeable hydrophilic modiﬁcations on the membrane surfaces (caused by the combination of
DTAC and NaClO) than the step-based process. The results for E + B
and E/B were similar to those for E + D and E/D. Additionally, the ﬂux
recovery for E + O was 0.66, which was slightly higher than the recovery, 0.59 (= 0.03 + 0.56), for E/O (see Fig. 3(a) and (b)), which
indicated a minor diﬀerence in the cleaning eﬃciency for the two
collaborative models, negligible interactions between EDTA and NaClO
and minimal hydrophilic modiﬁcations on the membrane surfaces.

to disrupt the APAM–Ca complexes based on the speciﬁc role of Ca in
the APAM fouling [3].
The ﬂux recoveries after the removal of the APAM–Ca complex via
multiple-step alternative cleanings with two types of reagent are presented in Fig. 3(a). For the E/D, E/B, and E/O cleaning procedures, the
ﬂux recovery after the ﬁrst cleaning step with EDTA was merely 0.03,
which was likely due to the existence of the interpenetrating polymer
network [3], except for the egg-box shaped gel network, in the
APAM–Ca gel layer. Following the second cleaning step with DTAC, BS12, and NaClO, the ﬂux recoveries were 0.56, 0.45, and 0.56, respectively, which were all higher than those for the corresponding simple
cleaning and indicated that the ﬁrst cleaning step with EDTA signiﬁcantly enhanced the cleaning eﬀectiveness of the second steps. With
D/O, the ﬂux recovery was 0.26 for the ﬁrst step with DTAC, and the
recovery for the second step with NaClO was 0.60, which was higher
than that for the simple cleaning with NaClO (0.30) and indicated that
the ﬁrst cleaning step with DTAC could enhance the cleaning eﬀectiveness of the second step with NaClO. In contrast, with B/O, the ﬂux
recovery for the ﬁrst step with BS-12 was 0.37, and the recovery for the
second step with NaClO was 0.30, which was the same as that for the
simple cleaning with NaClO and indicated an insigniﬁcant synergistic
relationship between BS-12 and NaClO for cleaning APAM‒Ca in a twostep procedure.
Formulated solutions containing two types of reagents were used to
further investigate the synergistic relationships among the varied reagents, and the corresponding ﬂux recoveries are presented in Fig. 3(b).
The ﬂux recoveries were 0.66, 0.77, and 1.21, respectively, for the
formulated solutions of NaClO with EDTA, BS-12, and DTAC (E + O, B
+ O and D + O, respectively), and the values were all higher than
those obtained with the simple cleaning. In particular, the formulated
solution of NaClO and DTAC (D+O) provided a total ﬂux recovery of
1.39, which increased by 39% as compared with the permeation ﬂux
with ultrapure water of a virgin membrane, and this results was most
likely due to the hydrophilic modiﬁcation of the membrane surfaces
caused by the combination of DTAC and NaClO at pH = 12.0 [46,47].
The hydrophilic modiﬁcation was further veriﬁed by the ﬂux recoveries

3.1.3. Relationships between the ﬂux recoveries and eluotropic Ca2+
concentrations
To further understand the destruction of the APAM–Ca complexes,
the relationships between the E/D ﬂux recoveries and the corresponding eluotropic Ca2+ concentrations were discussed via a contrastive analysis of Fig. 4(a) and (b). With the ﬁrst EDTA step in the E/D
mode, the ﬂux recoveries for the three repetitions of 1–EDTA, 2–EDTA,
and 3–EDTA were 0.03, 0.0029 and 0.0004 (see Fig. 4(a)), respectively,
and the corresponding eluotropic Ca2+ concentrations (mg/L) were
9.69, 7.21, and 7.46 (see Fig. 4(b)), respectively. The notable Ca2+
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Fig. 5. APAM-(Ca)-APAM intermolecular interactions in the EDTA solutions and DTAC solutions. (a) and (b): approaching force curves and rupture force curves in the EDTA solutions,
respectively; (c) and (d): approaching force curves and rupture force curves in the DTAC solutions, respectively. For (a) and (b): First, APAM-APAM forces were measured in 14.0 mM
CaCl2 and 10 mM EDTA solution, sequently; then, after the tip and substrate being soaked in the 10 mM EDTA solution for 10 min and 15 min, respectively, the two force curves were
measured in pure water; ﬁnally, the force curves were obtained in 4.0 CMC DTAC. For (c) and (d): these force curves were measured in pure water, 1 mM, 1CMC and 4.0 CMC DTAC
solutions, sequently. In addition, the tip and substrate were rinsed with pure water after each measurement.

due to DTAC–APAM interactions, which can neutralize the sum adhesion energies of the APAM–Ca coordination bonds and the APAM–APAM intermolecular entanglements to promote the destruction of
the entire APAM–Ca gel layer and a signiﬁcant ﬂux recovery. In the E/D
mode, continuously repeating the cleaning with the same reagents did
not result in any ﬂux recovery, but circular, alternating permutations of
EDTA and DTAC achieved a notable ﬂux recovery. Moreover, even
though EDTA had only a slight cleaning eﬀect, it enhanced the ﬂux
recovery after the DTAC cleaning. Accordingly, prior cleaning with
EDTA played a crucial role in the removal of the APAM–Ca complexes.
Overall, the ﬂux recoveries after chemical cleaning showed that the
cationic surfactants (e.g., DTAC) and zwitterionic surfactants (e.g., BS-

concentrations in the eluents conﬁrmed that EDTA removed Ca from
the APAM–Ca complexes, which agreed with the results shown in
Fig. 5(a) and (b). In conjunction with the minor ﬂux recovery for EDTA,
these results conﬁrmed the structural heterogeneity of the integral
APAM–Ca gel layer (as discussed in Fig. 3).
With the second DTAC step in the E/D mode, the ﬂux recoveries for
the three repetitions of 1–DTAC, 2–DTAC, and 3–DTAC were 0.55, 0.14,
and 0.08 (see Fig. 4(a)), respectively, and the corresponding eluotropic
Ca2+ concentrations (mg/L) were 15.21, 10.22, and 7.53 (see in
Fig. 4(b)), respectively. The decreasing order of the ﬂux recoveries for
the second cleaning step with DTAC was identical to that of the corresponding eluotropic Ca2+ concentrations, and this was most likely
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3.24 nm) with the shortest interaction distance of 114.86 nm in a 4.0
CMC equivalent DTAC solution (after ﬁrst soaking in the EDTA solution
for 15 min, see Fig. 5(b)), which indicated that DTAC could signiﬁcantly reduce both the values and interaction distance of the foulant–foulant adhesion force. For the same reason, the approaching force
of APAM–(Ca)–APAM in the DTAC solution was repulsive (+2.10 nN
with an interaction distance of 6.46 nm, see Fig. 5(a)), which kept the
foulant molecules from redeposition when the foulant concentration
did not exceed the dilute/semidilute threshold, C* (When the foulant
concentration exceeded C*, the polymeric chains began to overlap.)
[48,49]. To distinguish the roles of the DTAC monomers and micelles in
the APAM cleaning, the APAM–APAM interactions in DTAC solutions
with various concentrations were further investigated (see Fig. 5(c) and
(d)).
The APAM–APAM approaching force curves varied with the DTAC
concentrations, as presented in Fig. 5(c). The repulsive approaching
forces decreased from +1.0 ~ +2.0 nN (in pure water) to 0 ~ +1.0 nN
upon the addition of 1 mM of DTAC. With addition of 1 CMC equivalent
of DTAC, the repulsive approaching force became an attractive force
with a maximum value of −1.8 nN. However, further increasing the
DTAC concentration to 4.0 CMC equivalents caused the attractive approaching force to become a repulsive force (+0.45 nN). The attractive
approaching forces for a 1.0 CMC equivalent DTAC solution were derived from the hydrophobic interactions [50,51] among the external
hydrophobic ends of the DTAC monomers, which were bound to the
APAM chains (see Fig. S7). For the same reason, the approaching repulsion decreased in a 1 mM DTAC solution. In contrast, the repulsive
approaching forces for a 4.0 CMC equivalent DTAC solution were
caused by the electrostatic repulsions among the DTAC micelles bound
to the carbon skeleton and carboxylates (–COO–) of the APAM. Accordingly, the DTAC monomers clearly displayed a dominant role in the
APAM–DTAC interactions in the 1 CMC equivalent DTAC solution and
generated APAM–(DTAC monomer) complexes (see Fig. S7). Alternatively, the DTAC micelles dominated the APAM–DTAC intermolecular interactions in the 4.0 CMC equivalent DTAC solution and
produced APAM–(DTAC micelle) complexes, which were created by the
hydrophobic interactions among the DTAC monomers and
APAM–(DTAC monomers) and/or the electrostatic attractions among
the DTAC micelles and APAM COO– groups (see Fig. S7).
As shown in Fig. 5(d), the APAM–APAM Fad,max was attractive
(−9.33 nN at 14.66 nm) in pure water, increased to −21.78 nN (at
19.11 nm) and −27.64 nN (at 24.96 nm), and then decreased to
−10.20 nN (at 26.94 nm) upon the sequential addition of 1.0 mM, 1.0
CMC and 4.0 CMC equivalent DTAC aqueous solutions. The increase in
the Fad,max values was due to the aforementioned hydrophobic interactions among the DTAC monomers, and the reduction in the Fad,max
value was attributed to the electrostatic repulsions among the DTAC
micelles. Combining the approaching and rupture force curves showed
that the DTAC micelles, not the monomers, enhanced the APAM–APAM
repulsions, which facilitated the destruction of the interpenetrating
polymer network and cleaned the APAM [52]. This result is consistent
with the signiﬁcant ﬂux recovery for the 4.0 CMC equivalent DTAC
solutions, as presented in Figs. 2–5, 7 and 8.
In summary, combining the foulant–foulant intermolecular interactions and ﬂux recoveries indicated that the destruction of the hydrogen-bonded network, the egg-box shaped gel network, and the interpenetrating polymer network using NaClO, EDTA and DTAC
solutions led to signiﬁcant ﬂux recoveries. NaClO caused
N–chlorination and C–N hydrolysis of the APAM amide groups to destroy the hydrogen-bonded and interpenetrating polymer networks in
the APAM fouling layer. For the EDTA solutions, the
APAM–(Ca)–APAM intermolecular interactions indicated a complete
disruption of a monomolecular layer of the APAM–Ca complexes with a
minimum reaction time of 15 min. For the DTAC solutions, the
APAM–APAM interactions showed that the DTAC micelles, not the
monomers, enhanced the APAM–APAM intermolecular repulsions and

12), rather than the anionic surfactants (e.g., SDBS), were eﬀective for
the APAM cleaning along with NaClO. For the APAM–Ca cleaning,
EDTA was introduced, and its minor ﬂux recovery and the signiﬁcant
eluotropic Ca2+ concentration indicated that the interpenetrating
polymer network co-existed with the egg-box shaped gel network in an
integral APAM–Ca gel layer. The synergistic relationships between the
two types of cleaning reagents were diﬀerent from those of the formulated solutions and the multiple-step procedures. The interactions
between the cleaning reagents and APAM molecules require further
investigation.
3.2. Foulant–foulant molecular interactions during chemical cleaning
Based on the ﬂux recoveries for the tested cleaning procedures and
the previously reported APAM fouling molecular mechanisms [3], the
molecular interactions between APAM and the tested, eﬀective reagents, including NaClO, EDTA and DTAC, are presented below.
FTIR spectra of APAM before and after reacting with NaClO indicated that NaClO caused N–chlorination and C–N hydrolysis [11] in
the APAM amide groups, as shown in Fig. S6. The polymerization of the
intermolecular-hydrogen bonds (between −C˭O/−OOC− and
−N−H/−C−H) and the intermolecular entanglements among the
APAM chains were likely destroyed following the disintegration of the
APAM amides and the generation of APAM carboxylates (−OOC−) by
C–N hydrolysis. Consequently, the hydrogen-bonded network and the
interpenetrating polymer network were likely destroyed by NaClO,
which resulted in the signiﬁcant ﬂux recovery (see Figs. 2 and 3).
Moreover, the APAM–(Ca)–APAM intermolecular interactions in the
EDTA and DTAC solutions were investigated to reveal the molecular
mechanisms of APAM cleaning by EDTA and DTAC, and the results are
presented in Fig. 5.
3.2.1. Roles of EDTA in the APAM–(Ca)–APAM intermolecular
interactions
The APAM–(Ca)–APAM approaching intermolecular force was attractive (‒1.42 nN at 3.10 nm) in a 14 mM CaCl2 solution, as shown in
Fig. 5(a). However, the attractive force became a repulsive force of
+2.0 nN (with an interaction distance of 28.0 nm) in a 10 mM EDTA
solution. The explanation for this was that the free EDTA removed Ca2+
from the APAM–Ca complexes and released the free carboxylates
(–COO–) of the APAM molecules (covalently bound onto the tip and
substrate) by forming a more stable EDTA–Ca complex, which resulted
in enhanced electrostatic repulsions among the APAM carboxylates
(–COO–). This repulsion was consistent with the signiﬁcant Ca2+ concentrations in the EDTA eluent (see Fig. 4(b)). After the tip and substrate were soaked in the EDTA solution for 10 min, the approaching
force in pure water was attractive (−1.54 nN at 1.51 nm), which indicated the existence of residual Ca2+ in the APAM–Ca complexes.
Upon increasing the soaking time to 15 min, the approaching force
became repulsive (+4.0 nN with an interaction distance of 38.6 nm),
which indicated a kinetic component of the competition. The minimum
reaction time for EDTA to destroy the monomolecular layer of the
APAM–Ca complexes was 15 min, which should be the baseline
cleaning duration for the APAM–Ca removal by EDTA.
A similar phenomena also appeared in the APAM–(Ca)–APAM
rupture force curves acquired in EDTA solutions. For example, the
maximum adhesion force (Fad,max) of APAM–(Ca)–APAM was
−6.82 nN in a CaCl2 solution, and the Fad,max was reduced to −3.18 nN
in an EDTA solution, as presented in Fig. 5(b). This change was attributed to an enhancement in the electrostatic repulsion among the
APAM carboxylates, which is shown in Fig. 5(a). The Fad,max values also
showed a kinetic dependence, which can be attributed to the reason
mentioned above.
3.2.2. Roles of DTAC in APAM–APAM intermolecular interactions
The APAM–(Ca)–APAM Fad,max value was the smallest (−1.38 nN at
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Fig. 6. Membrane (a) fouling and (b) cleaning for APAM co-existing with crude oil in the bench-scale experiments. Without oil: 400 mg/L APAM solution containing 1.4 mM
CaCl2+37.0 mM NaCl; With oil: actual polymer-ﬂooding wastewater after ﬁltration by 1.0 µm PVDF membrane, which containing 400 mg/L APAM, 22–37 mg/L crude oil, 1.4 mM CaCl2,
and 37.0 mM NaCl. For (a), J0 is the permeation ﬂux of virgin membranes with pure water and Jt is the membrane ﬂux with the feeding solutions. For (b), the cleaning methods were the
multiple-step way by using SDBS and EDTA, and were same for both the two cases. Herein, the concentrations of EDTA and SDBS solutions were 10 and 4.80 mM, respectively.

promoted the destruction of the interpenetrating polymer network. The
membrane fouling and cleaning when APAM and crude oil are both
present are further discussed below to understand their mechanisms in
UF treatment for actual polymer-ﬂooding wastewater.
3.3. Membrane cleaning for APAM and crude oil
Crude oil coexists with APAM in the actual polymer-ﬂooding wastewater and in the fouling layers [3,7]. To simulate these practical situations, the membrane fouling and cleaning processes for APAM with
crude oil are presented in Fig. 6, including the ﬂux declines and recoveries.
The presence of crude oil signiﬁcantly slowed the ﬂux loss and facilitated the physical and chemical cleaning, as shown in Fig. 6. For
crude oil with APAM (“with oil”), the ﬂux loss was reduced in comparison with that for the feeding solution without the addition of crude
oil (“without oil”) (see Fig. 6(a)). Correspondingly, the ﬂux recoveries
for “with oil” after the physical and chemical cleaning were 0.3848 and
0.5474, respectively, which were higher than the recoveries of 0.1629
and 0.0394 for “without oil” (see Fig. 6(b)). In conjunction with the
SEM morphologies of the fouled membranes (see Fig. S8), a reasonable
explanation for these results was that the oil emulsions provided a steric
hindrance that impeded the interactions of both the APAM–membrane
and APAM–(Ca)–APAM and resulted in a fragmentary structure of the
polymeric network in the “with oil” sample. The proposed fragmentary
polymeric network was not compact and could be facilely cleaned in
comparison with that of the intact structure for the “without oil”
sample.

Fig. 7. Flux recoveries for the cleaning methods in the pilot-scale experiments. “/” and
“+” represent cleanings with sequential procedures and formulated solutions, respectively. “E”, “D”, “B”, “S”, and “O” represent EDTA, DATC, BS-12, SDBS, and NaClO solutions, respectively, the concentrations of which were 10, 76, 5.56, 4.80 mM and
0.2%(volume percent), respectively.

scale UF experiments are shown in Fig. 7. After a simple EDTA cleaning,
the fouled membranes that were used with the polymer-ﬂooding wastewater had a signiﬁcant ﬂux recovery of 0.34. This was attributed to
the co-existing crude oil (see Section 3.3). Upon the addition of NaClO
to the EDTA cleaning solution (E+O), the ﬂux recovery decreased to
0.30, which was ascribed to NaClO enhancing the attraction of the
petroleum hydrocarbon for the PVDF membrane surface [47,53].

3.4. Applications in pilot-scale experiments
To evaluate the practicality of the procedures, the chemical cleaning
procedures discussed above were used in the pilot-scale UF setup (see
Fig. 1) to treat polymer-ﬂooding wastewater. The ﬂux recoveries and
operational aspects are presented in Figs. 7 and 8, respectively.
The ﬂux recoveries for the tested cleaning procedures in the pilot355
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Fig. 8. Comparison of operational aspects between the quondam
and innovative cleaning procedures for one unit of the pilot-scale
UF set-up. The quondam and innovative cleaning procedures represented the commercial cleaning methods and the integration of
the eﬃcient cleaning methods discussed above, respectively. The
quondam cleaning procedures were used until Jul. 1, 2105, from
then on, the innovative cleaning procedures started to be used.
Herein, operation status of the tested UF unit for the quondam and
innovative cleaning procedures corresponded to one month before
and after Jul. 1, 2105, respectively, both of which contained three
sequent cycles of ﬁltration. For the quondam cleaning procedures,
the ﬁrst, second and third cycle of ﬁltration corresponded to Jun. 1
~ Jun. 8, Jun. 11 ~ Jun. 16 and Jun. 19 ~ Jun. 28, respectively;
and for the innovative cleaning procedures, the ﬁrst, second and
third cycle of ﬁltration corresponded to Jun. 1 ~ Jun. 10, Jun. 13 ~
Jun. 18 and Jun. 21 ~ Jun. 28, respectively.

interpenetrating polymer networks of the APAM fouling layer. (2)
EDTA destroyed the coordination bonds of APAM–Ca and broke the
egg-box shaped gel network. (3) DTAC micelles, not the monomers,
enhanced the APAM–APAM intermolecular repulsions and destroyed
the interpenetrating polymer network.
The combination of two of the abovementioned reagents showed a
strong synergistic eﬀect in both our sequential cleaning procedures and
mixed solutions. Among them, the NaClO and DTAC solution (D + O)
had the highest ﬂux recovery (121%) in the bench-scale UF experiments. In the pilot-scale experiments, the tested innovative cleaning
procedures (with formulated solutions of EDTA, NaClO and surfactants)
promoted a ﬂux recovery increasing by ~ 66% and a membrane ﬂux
rising by 21–32% during the UF process in comparison with that of the
quondam commercial cleaning procedures. These results are expected
to provide a universal theoretical and experimental basis for the design
of cleaning procedures and control of UF membrane fouling in oilﬁeld
wastewater treatment.

Similarly, when DTAC or BS-12 was added to the EDTA solution (E + D
and E + B, respectively), the ﬂux recoveries decreased to –0.30 and
0.24 (see Fig. 7), respectively, due to the inhibition interactions between the two diﬀerent reagents (see Section 3.2). In contrast, by simultaneously adding NaClO and surfactants to the EDTA solutions (E +
B + O), the ﬂux recovery was signiﬁcantly enhanced to 0.81 due to the
hydrophilic modiﬁcation of the PVDF membrane surface (see Section
3.2). Alternatively, when a sequential cleaning with surfactants after a
single cleaning with EDTA (E/D and E/B) was implemented, the ﬂux
recovery signiﬁcantly increased from 0.34 to 0.60 for E/D and slightly
increased to 0.38 for E/B, which indicated that the cationic surfactant
(DTAC) was more eﬀective than the zwitterionic surfactant (BS-12) in
the sequential process.
Compared to the results from quondam commercial cleaning procedures, these innovative cleaning procedures (e.g., the integration of
the eﬃcient cleaning methods discussed above) resulted in signiﬁcantly
higher ﬂux recoveries and higher membrane ﬂuxes with polymerﬂooding wastewater, as presented in Fig. 8. For the quondam and innovative cleaning procedures, the initial ﬂuxes (L/(m2 h)) after chemical cleaning were 210.6–298.5 and 298.5–372.7, respectively, and
the corresponding ﬁnal ﬂuxes (L/(m2 h)) were 209.1–254.5 and
247.0–289.4, respectively. For the commercial cleaning procedure, the
membrane ﬂux at the beginning of the third cycle was 210.6, which was
lower than the ﬂux after the second cycle (240.9) and indicated a
slightly negative ﬂux recovery. The membrane ﬂux varied from 218.2
to 203.0 during the third cycle and declined to 203.0 at the end of the
ﬁltration. However, after cleaning the membrane using our innovative
cleaning procedures, the membrane ﬂux was restored to 298.5, which
showed a signiﬁcant ﬂux recovery. Using the innovative cleaning procedures, the membrane ﬂux decreased from 298.5 to 247.0, increased
to 372.7 and decrease to 283.3, and ﬁnally, increased to 356.1 and
decreased to 289.4 for the ﬁrst, second and third ﬁltration cycles, respectively. These results demonstrated both the eﬃciency and stability
of the innovative cleaning procedures. Furthermore, the permeation
still met the requirements for oilﬁeld injection or drainage without
changes in the quality indexes (see Table S3), which indicated that the
innovative cleaning procedures could provide preferable operational
aspects during the UF process for polymer-ﬂooding wastewater treatment. These results are promising for controlling membrane fouling
cause by polymer-ﬂooding wastewater.
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