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A B S T R A C T   

Pervaporation (PV), as a cost-efficient concentrating process, has been studied for Zero Liquid Discharge (ZLD) of 
desalination. Although high water flux and excellent salt rejection have been reported for many PV membranes. 
The desalination performance, fouling behavior, and cleaning protocol for treating real reverse osmosis 
concentrate (ROC) generated from industrial plants have never been studied. Meanwhile, understanding the 
fouling behavior and cleaning method in the treating process is crucial for the development of suitable PV 
desalination membranes. In this study, we used a lab-made PV membrane to treat industrial ROC with a high 
chemical oxygen demand (COD) value and high salt concentrations. The results showed that conductivity and 
COD of the produced water were below 20 μs/cm and 70 mg/L, respectively, which fulfilled the discharge 
standard. However, the membrane fouling problem was not trivial. To address the fouling issue, a chemical 
softening method was adopted to remove the calcium salts of the ROC, and a membrane cleaning method was 
developed to regenerate the water flux. As a result, a long-term water flux of 31.27 kg/m2⋅h with a flux recovery 
rate of 98% were realized. This highlights the potential of PV desalination technology for ROC reclamation.   

1. Introduction 

As the demand for drinking water increases worldwide, the paradigm 
for selecting water sources is transitioning from fresh water resources to 
salt water and wastewater resources [1]. In order to produce water of 
superior quality, advanced desalination technologies have become more 
widespread to produce drinkable water seawater or wastewater sources 
[2]. Meanwhile, membrane-based desalination technology typically 
consumes less energy than conventional distillation method. Reverse 
osmosis (RO) is the most efficient desalination technology that occupies 
a 66% share of the global desalination capacity and produces nearly 21 
billion gallons of water per day [3–5]. However, the reverse osmosis 
concentrated water (ROC), which accounts for about 20–25% of the 
produced water, has become a new source of pollution [6,7]. In general, 
ROC contains substantial amount of inorganic and organic foulants 
[8,9]. Chemical oxygen demand (COD) is one of the most commonly 
used pollution indicators in environmental discharge standards [10]. 
The high amount of COD makes ROC fail to meet the effluent discharge 
standards [11]. In order to reduce the ROC amount and meet the 
discharge standards, new ZLD technologies have been developed, which 

include membrane-based and thermal-based technologies or a combi
nation of both [12,13]. For instance, compared to traditional distillation 
processes, membrane distillation (MD) operates at 60–80 ◦C and pro
vides a large contact area per unit of equipment volume to achieve high 
productivity [14–16]. But the fouling problem of MD is a nightmare 
because of its hydrophobic surface. Nanofiltration (NF) is also a prom
ising technology for treating ROC due to its high rejection to bivalent 
ions and organic compounds and low rejection to monovalent ions. 
These characters enable NF to remove most of COD, suspended solids 
and bivalent ions at much lower trans-membrane pressure than RO 
[17,18]. However, NF membrane is prone to pore plugging, which is 
more severe in the case of treating industrial ROCs [19]. Meanwhile, the 
operating pressure of NF is still high, that inevitably escalates fouling 
due to the concentration polarization. 

Recently, pervaporation has been developed rapidly to treat 
concentrated salt solution, whose hydrophilic dense layer enable 
excellent fouling resistance [20]. Moreover, its hydrophilic dense layer 
solves the pore-wetting issue of MD membranes or pore plugging 
problem of NF membranes. In order to study the fouling behavior of PV 
desalination membranes, our group have used organic matters (HA, SA, 
Tween-20), inorganic salts (NaCl, CaCl2) or a combination of them to 
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mimic fouling environment [21–23]. However, the fouling behavior of 
PV desalination membranes to treat real wastewater has not been 
studied till now. 

In this work, we aim to evaluate the potential of PV desalination 
membrane to produce water from ROCs and identify whether the quality 
of the produce water fulfills the discharge standard. The ROC is collected 
from the Inner Mongolia Tianhe Water Co., Ltd. that contains a high 
COD and high concentration of inorganic salts. We studied the fouling 
behavior and explored the suitable cleaning method of a PV desalination 
membrane for treating the ROC. To our best knowledge, this is the first 
study focusing on using PV technology to treat industrial ROC. 

2. Materials and methods 

2.1. Materials 

Polyvinyl alcohol (PVA, Mw: 105,000 g⋅mol− 1), 30 wt% poly (acrylic 
acid co-2-acrylamido-2-methyl propane sulfonic acid) (P(AA-AMPS)) 
water solution, citric acid (CA) and sodium dodecyl sulfate (SDS, CP 
grade) were purchased from Sigma-Aldrich. Sodium carbonate (Na2CO3, 
purity: 99.8%) and sodium chloride (NaCl, AR grade) were obtained 
from Aladdin–Holdings Group (China). The reverse osmosis concentrate 

(ROC) was kindly provided by Inner Mongolia Tianhe Water Co., Ltd. 
The ion composition and other properties of ROC and softened ROC 
were listed in Table 1. pH and conductivity were determined using a pH 
meter (PHS-25, Shanghai Precision Scientific Instrument Co., Ltd, 
China) and a conductivity meter (DDSJ-308F, Thermo Fish OAKTON, 
Singapore). The chemical oxygen demand (COD) value was measured by 
a chemical oxygen demand tester (COD, CM-02, Shanghai Electronic 
Products Co., Ltd, China). 

Since Ca2+ can form complexes with the constituents of Effluent 
Organic Matter (EOM), and aggregate membrane fouling [24,25], and it 
was removed from the ROC by chemical softening prior to PV desali
nation. Specifically, an excess amount of sodium carbonate was added to 
the ROC solution and stirred for 10 min. The solution was standing for 
several hours, and filtered. pH of the filtrate was adjusted to 6.64 using 
HCl or NaOH. 

2.2. Fabrication of PV composite membranes 

The P(AA-AMPS) crosslinked PVA/PVDF composite membranes 
were prepared using a spray-coating method introduced in our previous 
study [21]. First, a 3 wt% PVA water solution and a 30 wt% P(AA-AMPS) 
solution were mixed in a PVA/P(AA-AMPS) mass ratio of 7:3, and then 
the mixture was diluted to 1 wt% and sprayed onto a lab-made PVDF 
ultra-filtration membrane. The mean pore diameter and surface porosity 
of the PVDF membrane were 15 nm and 5.0%, respectively. At last, the 
PVA/PVDF composite membrane was thermally crosslinked at 100 ◦C 
for 30 min. The membrane surface was washed using DI water for 3 
times before use. 

2.3. Determination of the salt enrichment factors in the ROC 

Table 1 showed that the ROC contained 12 anions and cations. We 
expected that the inorganic fouling would occur when their concentra
tions were over saturate. We defined a salt enrichment factor (Z), rep
resenting the lowest enrichment factor of the ROC to reach the saturate 
salt concentration. Z was calculated by Eqs. (1) and (2) [26]: 

ω = min{ωA × m|ωB × n} (1)  

Z =
Wt

Wa
=

S
S+100

ω
ρ × 10− 6 (2)  

where ω, ωA and ωB were the mass concentrations (mg/L) of salt 
(
An+

m Bm−
n

)
, cation (An+) and anion (Bm-), respectively. Wt and Wa were 

the theoretical maximum concentration and the initial concentration of 
salt, respectively. S was the solubility of salt (g/100 g) and ρ was the 
solution density (g/mL). Small Z meant that the salt was easier to pre
cipitate from the feed solution and led to membrane fouling. 

Nomenclature 

PV Pervaporation 
RO Reverse osmosis 
NF Nanofiltration 
ROC Reverse osmosis concentrated water 
ZLD Zero Liquid Discharge 
COD chemical oxygen demand 
MD membrane distillation 
HA Humic acid 
SA Sodium alginate 
CA citric acid 
SDS sodium dodecyl sulfate 
P(AA-AMPS) poly (acrylic acid co-2-acrylamido-2-methyl 

propane sulfonic acid) 
PVA Polyvinyl alcohol 
EOM Effluent Organic Matter 
FRR flux recovery ratio 
FDR flux drop rate 
VOC volatile organic compounds  

Table 1 
The properties of the ROC before and after chemical softening.  

Components ROC Softened ROC 

Ca2+(mg/L) 1298 23 
K+(mg/L) 224 220 

Mg2+(mg/L) 366 126 
Na+(mg/L) 24,550 33,306 
Ba2+(mg/L) 1.5 0.5 
Zn2+(mg/L) 4008 4000 
Fe2+(mg/L) 2.0 2.0 
Cu2+(mg/L) 1.6 1.6 
NO3

- (mg/L) 4.0 1.2 
SO4

2-(mg/L) 3026 3033 
Cl-(mg/L) 20,100 25,150 

HCO3
- (mg/L) 102 – 
pH 6.64 6.64 

Total nitrogen(mg/L) 20.5 20 
Conductivity(ms/cm) 51.2 49.5 

COD (mg/L) 860 840  

Fig. 1. A schematic diagram of the pervaporation device.  
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2.4. Pervaporation desalination tests 

Desalination properties were measured by a bespoke PV set-up 
shown in Fig. 1 [22]. The effective membrane area was 3.8 cm2. The 
feed solutions comprising 3.5, 7.0, 10, 15, 17, 20 and 25 wt% NaCl were 
circulated on the membrane feed side at 65 ◦C. The permeate side of the 
membrane was 100 Pa. To study the effect of concentration polarization, 
membrane fluxes were recorded on feed flow rates at 0.5, 1.0, 1.5, 1.75 
and 2.0 m/s, respectively using a 20 wt% NaCl solution as feed. At the 
membrane permeate side, water vapor was condensed in a liquid ni
trogen cold trap every 10 min and weighted. An average mass of three 
independent experiments were used to calculated membrane flux using 
Eq. (3): 

JA =
m

s × t
(3)  

where m was the mass of water vapor (kg); s was the effective membrane 

area (m2); t was the testing time (h). While the theoretical flux (JT) of the 
membrane was calculated by the following equation: 

JT = PW × ΔP (4)  

PW =
JA

ΔP
(5)  

where PW was the water permeance, ΔP was the pressure difference 
across membrane, JA was the water flux. The salt concentrations of feed 
and permeate solutions were measured by a conductivity meter. The 
permeate solution was used to wash the permeate side of the membrane 
to dissolve crystalized salt. Salt rejection (R) was determined using 
equation (6): 

R =

(
Cf − Cp

Cf

)

× 100% (6)  

where Cf and Cp were the salt concentrations of the feed and permeate 
solutions. 

To clarify the relation between water flux and vacuum pressure, 
water fluxes were determined at pressures of the membrane permeate 
side of 0.1, 2, 4, 6 and 10 kPa, respectively. Temperature of the water 
vapor at the permeate side was measured by a Thermocouple Temper
ature Meter (AS887, China). The dew point of the water vapor was 
calculated by the Anthony Eq. (7) [27]: 

logPW = A − B(T − C)
− 1 (7) 

where Pw was the partial pressure (Pa) and T was the temperature 
(◦C) of the saturated vapor; A, B and C were empirical constants. Dew 
point of water vapor (Td) between − 45 and 60 ◦C was calculated by Eq. 
(8) [28]: 

Table 2 
Information of the cleaning methods.  

Number Cleaning Method Number Cleaning Method 

A ultrasonic vibration 
(30 min) 

F 2% CA (15 min), then 0.1% NaOH 
(15 min) 

B 2% CA (30 min) G 0.1% NaOH (15 min), then 2% CA 
(15 min) 

C 0.1% NaOH (30 min) H 0.1% NaOH (15 min), then 0.02% 
NaClO (15 min) 

D 0.01% SDS, pH = 12 
(30 min) 

I 0.1% NaOH (15 min), then 
ultrasonic vibration (15 min) 

E 0.02%NaClO (30 
min) 

J 0.02%NaClO(15 min), then 
ultrasonic vibration (15 min)  

Fig. 2. (a) The water flux and rejec
tion of the PV membranes using the 
feed solutions containing 3.5–25 wt% 
NaCl at 65 ◦C and a 0.5 m/s feed flow 
rate; (b) the changes in water flux 
with the feed flow rates using a 20 wt 
% NaCl solution as feed at 65 ◦C; (c) 
the changes in water fluxes with the 
permeate pressures at 65 ◦C and a 0.5 
m/s feed flow rate; (d) the relation
ship between theoretical flux and 
experimental flux and pressure dif
ference across membrane using a 20 
wt% NaCl solution as feed at 65 ◦C.   
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Td =
243.12ln PW

611.12

17.62 − ln PW
611.2

(8)  

2.5. Membrane cleaning methods 

The chemical cleaning agents included an acid cleaning agent (2 wt% 
citric acid (CA)), an alkaline cleaning agent (0.1 wt% NaOH solution), 
an anionic surfactant (0.01 wt% sodium dodecyl sulfate water solution 
(SDS)), and an oxidizing cleaning agent (0.02% NaClO water solution). 
The cleaning methods were numbered as listed in Table 2. 

2.6. Fouling and cleaning experiments 

The PV desalination experiments were carried out using the ROC as 
feed at 65 ◦C to study the membrane fouling behavior and optimize the 
cleaning method. In a specific experiment, a membrane flux was first 
measured in the initial 10 min, denoted as JW1. The experiment was 
running for 6 h and the flux of the last 10 min was recorded as JW2, 
representing the flux of the fouled membrane. After that, the fouled 
membrane was cleaned using cleaning method A. Then the cleaned 
membrane was used for PV desalination experiment again for 6 h, fol
lowed by cleaning using cleaning method B. The fouling experiment and 
membrane cleaning processes were repeated until all cleaning methods 
were attempted. Note that, the conductivity of the permeate solution 
was measured every 10 min to ensure the integrity of the membrane. 
The flux recovery ratio (FRR) and flux drop rate (FDR) were calculated 
using the following expressions: 

FRR =
JW2

JW1
× 100% (9)  

FDR =
JW1 − JW2

JW1
× 100% (10) 

The permeate solution was collected every 20 min during a fouling 
test. The conductivity, COD, organic matters and total nitrogen of the 
permeate solution were determined. Note that, the organic matters in 
the ROC were mainly low boiling point, volatile organic chemicals, 
which were indicated by gas chromatography mass spectrometry (Trace 
ISQ China). While the total nitrogen (NH3-N) was tested by a UV–Vis 
spectrophotometry (Thermo Evolution 201 USA) [29]. 

2.7. Membrane characterization 

A scanning electron microscope (SEM) (HITACHI S-7800 Japan) was 
used to determine surface morphologies of the virgin PV membranes, 
fouled membranes and chemical cleaned membranes. The chemical el
ements of the fouled membranes’ surfaces were analyzed by EDS (FEI 
Nova Nano SEM and Hitachi S3400 USA) and XPS (ESCALAB 250 
Japan). 

3. Results and discussion 

3.1. Desalination property of the PV composite membrane 

The effect of salt concentration, feed flow rate, and permeate pres
sure on desalination properties of the PV composite membrane at 65 ◦C 
were given in Fig. 2. The water fluxes of PV membrane decreased from 
48.9 ± 1.5 kg/m2⋅h to 15.9 ± 2.9 kg/m2⋅h as the salt concentrations 
increased from 3.5 to 25 wt%. This was caused by the reduced water 
driving force at higher salt concentrations and concentration or tem
perature polarization effects of the salt solution near the membrane 
surface [30]. The high salt rejections over 99.70% demonstrated the 
excellent salt rejection property of the PV membranes for treating 
concentrated brine solutions. It has been reported that when the feed 
solution was on a turbulent state (Re > 2000), the concentration/ 

temperature polarization effect would be greatly mitigated [31]. As 
shown in Fig. 2b, the water fluxes of PV membranes increased with the 
increment in the flow rates of NaCl solutions. When the feed flow rates 
were 1.75 m/s and 2 m/s, the water fluxes became stable at 23.2 ± 0.1 
kg/m2⋅h, indicating that the concentration polarization effect had been 
reduced to a low level [32]. Note that, the Re number was 4200 at a flow 
rate of 0.5 m/s. Hence all the feed solutions were controlled at turbulent 
flow conditions. Fig. 2c shown that the water flux decreased as the 
pressure of permeate side increasing. The increment in the membrane 
permeate pressure caused the vapor pressure gradient (ΔP) across the 
membrane to decrease. Moreover, as the permeate pressure was higher 
than 4 kPa, the water flux decreased more rapidly. In Fig. 2d, the 
theoretical flux was close to the experimental flux under the high 
pressure difference across membrane (ΔP), while the experimental flux 
was obviously lower than theoretical flux under low pressure difference 
across membrane. This was because the water vapor cannot be 
completely condensed in the cold trap at such high pressure. As listed in 
Table 3, when the permeate side pressure was greater than 4 kPa, the 
temperature of water vapor was very close to its dew point. Therefore, 
part of the water vapor was condensed on the walls and pipes at the 
membrane permeate side. 

3.2. The enrichment factors of the ROC 

The enrichment factors to cause salt precipitations of the ROC and 
the softened ROC were listed in Table 4 and Table 5, respectively. Since 
CaSO4 and BaSO4 had the lowest enrichment factors in the ROC, the two 
salts were most likely to precipitate in a PV desalination process. NaCl 
had the third lowest enrichment factor of 21.89. Hence, NaCl may also 
scale on membrane surface due to concentration polarization. Other 
salts were difficult to precipitate because their enrichment factors were 
much higher. This was caused by either the low initial concentration or 

Table 3 
Dew point and permeate side temperature at different permeate side pressures.  

Permeate pressure (kPa) Dew point (◦C) T of the permeate side (◦C) 

0.1 − 20.33 34.8 ± 4 
2 15.19 34.3 ± 4 
4 24.88 34.1 ± 3 
6 30.86 34.2 ± 3 
10 38.75 33.8 ± 3  

Table 4 
The enrichment factors to induce precipitation of salts in the ROC.  

Enrichment factor Cl- SO4
2- HCO3

- NO3
- 

K+ 987.5 410.93 3172.7 4143.6 
Na+ 21.89 100.3 2795.8 643.07 
Ca2+ 1977.1 5.2 – 201.7 
Mg2+ 287.9 478.7 – 163 
Ba2+ 63,348 9.89 – – 
Zn2+ 19,878 755,215 – – 
Fe2+ 108,515 – – – 
Cu2+ 187,070 524,725 – –  

Table 5 
The enrichment factors to induce precipitation of salts in the softened ROC.  

Enrichment factor Cl- SO4
2- NO3

- 

K+ 790 408.8 4144 
Na+ 17.52 31.73 472.9 
Ca2+ 216.9 156.9 6050 
Mg2+ 4580 1435 490 
Ba2+ 167,238 33 – 
Zn2+ 15,902 752,950 – 
Fe2+ 86,812 – – 
Cu2+ 149,656 186,500 –  
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high saturate concentration of the salts. To alleviate the scaling ten
dency, a chemical softening treatment was carried out to lower the 
concentrations of Ca2+ and Ba2+ in the ROC. As listed in Table 1, the 
concentrations of Ca2+ and Ba2+ reduced by 98% and 70%, respectively, 
and the enrichment factors to CaSO4 and BaSO4 increased to 156.9 and 

33, much higher than the enrichment factor of NaCl (17.52). Hence, 
NaCl was the most likely salt to cause inorganic fouling in the softened 
ROC solution. Since the lowest enrichment factor (17.52) of the softened 
ROC was 3 times higher than that of the untreated ROC, the fouling 
phenomenon shall be greatly inhibited. To further control the 

Fig. 3. The 20 h water flux, conductivity and COD of the PV membrane using (a) the ROC and (b) the softened ROC as feed solutions at 65 ◦C with a 1.75 m/s feed 
flow rate. 

Fig. 4. SEM images of the surface morphologies of the pristine PV membranes (a, d); the membranes (b, c) fouled by ROC for 20 h; and the membranes (e, f) fouled 
by the softened ROC for 18 h. 

Fig. 5. (a) The SEM image of the membrane surface fouled by ROC; EDS of sodium (b), sulfur (c), calcium (d), oxygen (e) and magnesium (f) of the fouled 
membrane surface. 
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membrane fouling, the feed flow rate was increased to 1.75 m/s to 
mitigate the concentration polarization effect. 

3.3. Membrane fouling and characteristics 

The water fluxes, permeate conductivity and COD of the PV mem
branes were shown in Fig. 3 using the ROC and softened ROC as feeds 
with a flow rate of 1.75 m/s at 65 ◦C. As shown in Fig. 3a, the water 
fluxes decreased from 45 kg/(m2⋅h) to 23.8 kg/(m2⋅h) in the first 10 h 
and then became stable in the rest 10 h. As shown in Fig. 4b and c, salt 
crystals appeared on the membrane surfaces. On one hand, carboxyl 
groups in organic matters intended to interact with Ca2+ and form 
organic fouling on membrane surface [33]. On the other hand, the Ca2+

concentration near the membrane surface would be higher than in the 
bulk solution so that facilitated the formation of CaSO4 crystal. There
fore, the fouling problem was very serious when the untreated ROC was 
used as feed. 

The surface elemental compositions of the pristine and fouled PV 
membrane were analyzed by EDS as shown in Fig. 5 and Table 6. Fig. 5 
showed that the petal-like crystals consist of Ca, S, O and a small amount 
of Na. Hence, the petal-like crystals were CaSO4. Table 6 listed the 
element contents on the surfaces of clean and fouled membranes. The 
contents of S, Ca, Cl, Ba, and F were higher in the fouled membrane 
compared to pristine membrane. It was another evidence of the forma
tion of inorganic fouling on the membrane surface. 

Fig. 3a showed that the conductivity of the permeate water was in a 
range of 10–25 μs/cm that indicated a salt rejection of 99.90%. The 
average COD of the permeate water was in a range of 64.5–77.7 mg/L 
that corresponded to a COD rejection over 90%. Although the COD 
rejection was lower than the salt rejection, a COD value of 70 ± 10 mg/L 
in the permeate water still fulfilled the discharge standard of 100 mg/L 

[34]. The relatively low COD rejection was caused by the poor rejection 
of the PV membrane to volatile organic compounds (VOCs). 

Fig. 3b showed the 18 h PV desalination performance to the softened 
ROC. The water flux dropped by 30%, less than the 47% flux reduction 
when using ROC as feed. The conductivities of the permeate water were 
within 20 μs/cm that corresponded to salt rejection over 99.95%. While 
the COD varied between 62.9 and 74.2 mg/L that corresponded to a 
COD rejection over 91%. Hence, the salt and COD rejection of the PV 
membrane to the softened ROC were similar as the untreated ROC. 
However, the higher membrane flux demonstrated that the water soft
ening treatment could effectively improve the desalination property. 

The SEM images of the fouled membrane surface after the long-term 
fouling test were shown in Fig. 4e and f. A cake layer was formed on the 
membrane surface without observable salt crystals. This was mainly 
because most of the Ca2+ and Ba2+ had been removed by the water 
softening treatment. The peak intensity at 3000 cm− 1 representing C–H 
was stronger than the pristine membrane (Fig. 6a), indicating that the 
membrane surface was fouled by organic matters. As shown in Fig. 6b, 
the fouled membrane had a new peak at 695 eV (representing F1s), 
indicating that the organic fouling contained fluorine. This demon
strated that hydrophobic organics tend to foul the hydrophilic mem
branes. Table 7 listed the types and concentrations of VOC in the 
softened ROC and permeate water. Obviously, the organics with small 
molecular weights existed in the permeate water. Moreover, the COD 
concentration in the permeate water decreased with the operating time. 
This might be due to that the cake layer formed on the membrane sur
face limited the transfer of organics. Meanwhile, the total nitrogen 
(NH3-N) concentrations of the permeate water were 20 ± 1.5 and 18.5 
± 1.2 mg/L, respectively, for the ROC and softened ROC feed solutions. 
This meant that the PV membrane had a limited rejection to ammonia. 
The presence of a small amount of total nitrogen should be the reason of 
the relatively high conductivity (20 μs/cm) of the permeate water. 

Table 6 
Contaminant composition on membrane surface fouled by ROC and softened 
ROC.  

Element Element content of 
pristine membrane 
(%) 

Element content of 
membrane fouled by 
ROC (%) 

Element content of 
membrane fouled by 
softened ROC (%) 

C 46.77 5.98 55.95 
O 50.27 50.56 41.59 
Na 2.59 1.96 1.78 
Mg 0.11 0.29 0.13 
S 0.26 16.44 0.42 

Ca 0 21.72 0 
Cl 0 2.00 0 
Ba 0 0.95 0 
F 0 0.80 0.12 

Total 100 100 100  

Fig. 6. The FTIR spectra (a) and XPS (b) of the pristine membrane and the membrane fouled by the softened ROC.  

Table 7 
The organic compounds in the softened ROC and the permeate water.  

Organic 
matters 

Content of the softened ROC 
(%) 

Content of the produced water 
(%) 

C2Cl4 1.5 13.2 
C2Cl6 2.1 18.3 

C26H54 0.2 2.5 
C12H11N 0.7 6.4 
C16H22O4 1.4 12.4 

C16H18N2O2S 5.6 52.8 
C14H22O 17.7 – 

C18H35BrO2 12.6 – 
C20H40O2 25.9 – 

C16H16Cl3N3 32.3 –  
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Fig. 7. (a, b) The long-term water flux, conductivity and COD using the ROC solution as feed using cleaning methods of A to J; (c, d) the long-term water flux, 
conductivity and COD using the softened ROC as feed solution with cleaning methods of B, C, E, H, G, J; (e) the FRR of fouled membranes by cleaning methods of A to 
J when using ROC as feed solution; (f) the FRR of fouled membranes using cleaning methods of B, C, E, H, G, J when using softened ROC as feed solution. 
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3.4. Cleaning of the fouled membranes 

Ten methods (listed in Table 2) were used to clean the fouled 
membranes to screen out the best cleaning method. As shown in Fig. 7a 
and b, the flux gradually decreased first and then became stable. Hence, 
the membrane fouling was divided into two stages. First, the foulants 
deposited or adsorbed on the membrane surface rapidly and the flux 
markedly reduced. After that, the flux became stable, which meant that 
an equilibrium between foulants accumulating and diffusing back to the 
bulk solution had been reached. Meanwhile, in the first stage, the fou
lants were mainly small molecular weight organics, and in the second 
stage, macromolecular weight organic matters and inorganic salts 
deposited on membrane surface and formed a cake layer (Fig. 8) [35]. 
Based on the types of interactions between the membrane surface and 
foulants, the membrane fouling could be classified into foulant- 
membrane interaction and foulant-deposited foulant interaction 
[36,37]. Typically, the rate and extent of organic fouling were deter
mined by the foulant-foulant interactions because the monolayer 
coverage on the membrane surface through foulant-membrane in
teractions was attained in a very short period [38]. 

After the 10 h fouling test, the fouled membrane was cleaned using 
method A to E. For method A, membrane was ultrasonic cleaned for 30 
min, and the flux recovery was up to 80%. Hence physical cleaning could 

only remove part of the unstable foulants. For method B, citric acid was 
adopted since it could dissolve CaCO3 of the cake layer to loosen the 
cake layer and make it easier to be washed off. For method C, NaOH was 
used because it decomposed organic fouling. For method D, SDS as a 
surfactant was widely used to remove foulants through hydrophobic 
interactions [39]. SDS also decreased the surface tension at the fouling 
layer surface, thereby increasing the contact between the cleaning so
lution and foulants [40]. For method E, ClO- could oxidize organics into 
small molecules. As shown in Fig. 7e, the FRR of method B, C and D were 
similar but higher than method A. This proved that chemical cleaning 
was better than physical cleaning. The highest FRR was obtained for 
method E, which meant that NaClO cleaning was the most effective 
method. However, all the FRR values were lower than 90% that meant 
the sole cleaning agent was not sufficient for fully recovery membrane 
flux. This was reasonable since alkali cannot disrupt the complexes 
formed by the organic foulants with multivalent cations like calcium ion 
[1]. Therefore, the fouled membranes were cleaning by combinations of 
methods from A to E. As shown in Fig. 7e, the highest FRR of 98% was 
achieved for method H where the membrane was washed by 0.1% NaOH 
solution for 15 min followed by 0.02% NaClO solution for 15 min. 

As shown in Fig. 7 c and d, when using the softened ROC solution as 
feed, the flux dropped by 25%, much lower than the 40% drop in flux 
when using the ROC as feed. This result matched the data shown in 

Fig. 8. Schematic diagram of two stages of membrane fouling.  

Fig. 9. The surface SEM images of (a) the pristine PV membranes; (b) and (d) the fouled membranes by the softened ROC; (c) and (e) the membranes cleaned using 
method H. 
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Fig. 3. It again proved that fouling of the ROC could be mitigated by the 
chemical softening treatment. Note that, no significant differences in the 
conductivity and COD values of the permeate solutions were observed 
when using ROC or softened ROC solutions as feed. This was reasonable 
since the conductivity and COD of the ROC solution before and after the 
chemical softening treatment were barely changed as listed in Table 1. 

The surface images of the PV membrane during the fouling and 
cleaning experiments were obtained using SEM. As shown in Fig. 9a, 
surface of the PV membrane was very clean. After the fouling experi
ment, fouling compounds appeared on the membrane surface as shown 
in Fig. 9b and d. After cleaning using method H, most of the fouling 
materials have been removed but a small amount of foulants left on the 
surface as shown in Fig. 9c and e. This explained why the FRR was 98% 
not 100%. 

4. Conclusion 

A PVA-P(AA-AMPS)/PVDF composite membrane is prepared and 
used to extract water from ROC. The quality of produced water meets 
the discharge standard and the salt and COD rejection are 99.90% and 
90%, respectively. The calcium ions of ROC aggravate the fouling 
problem. It is removed from the ROC by chemical softening and alle
viates the fouling issue. The water flux can be best recovered to 98% by 
washing the fouled membrane using a combined cleaning process where 
the membrane is first washed by a 0.1% NaOH for 15 min, then a 0.02% 
NaClO solution for 15 min. This study provides valuable reference for 
recycling highly concentrated brine by PV technology. 
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