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a b s t r a c t
A chemical cleaning process is widely used to restore flux decline and solute rejection in mem-
brane-based water treatment processes such as reverse osmosis (RO) process. In this study, the proto-
cols for the chemical cleaning conditions in the RO process were optimized using a response surface 
methodology (RSM) for minimizing the experiment time and forward osmosis testing set-up, which 
can be operated with low or no hydraulic pressure, for reducing the usage of high hydraulic pres-
sure pump. Fouled membranes were cleaned in accordance with the statistically designed conditions 
of various acid and alkaline agents with concentration, pH, and temperature as variables. Based on 
response surface plots, the chemical agent concentration was found to be the most influential factor 
to the membrane permeability. The optimum cleaning conditions obtained from RSM were 3% of the 
acid agent concentration at pH of 2.2 followed by 3% of the alkaline agent concentration at pH lower 
than 13. At these optimum conditions, the water flux was recovered about 86.1% with the salt rejection 
of 83.6%, compared with those of virgin membrane in RO process. Furthermore, this method could 
provide better understanding of the relationship among chemical cleaning agent concentration, pH, 
and temperature.

Keywords: �Chemical cleaning; Reverse osmosis; Response surface methodology; Forward osmosis 
testing set-up

1. Introduction

Reverse osmosis (RO), a pressure-driven membrane 
process, has been widely used in the field of wastewater 
reclamation and desalination owing to its inherent advan-
tages such as high contaminant rejection, simple operation, 
and low space requirement. However, a major impediment 
of the RO membrane process is fouling, which results in dete-
rioration of membrane performance and thereby limiting the 
economic and technical feasibility of RO process. In the RO 
membrane process, the hydraulic pressure is applied to act as 
driving force for water permeation across a semi-permeable 
membrane. Meanwhile, the contaminants are rejected and 
formed as a layer on the membrane surface, called fouling 
layer [1]. In addition, the solute is also trapped in the fouling 

layer, leading to the significant cake-enhanced osmotic pres-
sure and higher flux decline [2]. Numerous studies have been 
performed to develop strategies for governing and mitigat-
ing fouling, such as pre-treating feedstocks, improving the 
antifouling properties of membranes, and optimizing oper-
ating condition. However, despite these efforts, fouling is 
inevitable. Thus, frequent maintenance activities, such as 
chemical cleaning, are required to maintain the desired mem-
brane performance. 

The chemical cleaning is performed by dosing various 
chemical cleaning agents to remove the deposited foulants 
on the membrane surface by dissolving, hydrolyzing, or 
modifying the foulant structure or the fouling layer [3,4]. In 
general, chemical cleaning of membrane process is toward 
sequencing acid and alkaline agents to improve cleaning effi-
ciency. This offers advantages of the maintained initial mem-
brane performance, the decrease in operational costs, and the 
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longer membrane life. In general, the chemical cleaning can be 
distinguished into two steps in accordance with the protocols 
in the RO process; an acid agent is used to remove inorganic 
precipitates by solubilization in the first step and an alkaline 
agent is used to remove organic matters by hydrolysis and 
solubilization in the second step [5]. Some additives such as 
surfactants are also added to the chemical cleaning agents 
to enhance the cleaning performance by forming micelles 
around foulants and solubilizing the macromolecules [6].

The chemical cleaning performance is effected by var-
ious factors such as chemical cleaning agent concentration, 
pH, and temperature. For a commercial membrane, it can be 
operated without threatening its integrity at the range of pH 
between 2.0 and 11.0 and operating temperature lower than 
45°C. According to the previous study reported by Madaeni 
et al. [3], the cleaning efficiency increased with increase in the 
chemical cleaning agent concentration. However, the over-
dosing of the chemical cleaning agents can change the pH 
and lead to damaging membrane structure and decreasing 
the membrane lifespan. Temperature also plays important 
role in chemical cleaning process. When the temperature 
increases, it can cause the membrane swelling, resulting in 
the decrease in the membrane selectivity [7].

According to our previous study, the commercially avail-
able chemical cleaning agents designed for RO process could 
recover the reversal salt selectivity of fouled membrane up to 
86% of initial flux after cleaning at company recommended 
operating conditions (1.5% of an acid agent concentration 
with a pH of 2.7 followed by 1.5% of an alkaline agent con-
centration with a pH of 11 at 35°C) in forward osmosis (FO) 
mode [8]. However, the optimization of that process has not 
been examined yet. Response surface methodology (RSM) 
has been very popular for optimization studies in recent 
years. This method is a combination of mathematical and sta-
tistical techniques which is useful for optimizing processes in 
which a response of interest is influenced by several variables 
[9]. It could help to minimize the load of experiments, result-
ing in the reduction of experiment time and cost. In addition, 
RO process requires high pressure pump to operate the sys-
tem. To reduce the set-up installation as high pressure pump 
and stainless steel pipes, FO testing set-up which can be 
operated with low or no hydraulic pressure was conducted 
for performing the cleaning efficiency.

Based on this research background, the objective of this 
work was to optimize the protocols for chemical cleaning 
conditions in the RO process using RSM and FO testing 
set-up. The chemical cleaning agent concentration, pH, and 
temperature were selected as independent variables to opti-
mize the cleaning conditions. The FO testing set-up was then 
used to determine the membrane permeability. Furthermore, 
water permeability and salt rejection also were investigated 
in the RO process to compare the cleaning efficiency. The 
changes of membrane surface properties including surface 
free energy, interfacial interaction, and Fourier transform 
infrared (FT-IR) spectra were measured to understand the 
recovery mechanism of the membrane performance.

2. Materials and methods

2.1. Preparation and chemical cleaning of membrane

A thin film composite RO membrane (RE-4040, CSM, 
Korea) was operated for 2 years for the water supply of steel 

industry in RO mode. It was mostly fouled with organic 
matter (77.7% mass of total foulants), which was analyzed 
by thermo-gravimetric analysis. The chemical components 
of foulants deposited on fouled membrane surface were 
examined by energy dispersive X-ray analysis; including 
C (74.72%), O (18.66%), and S (3.65%). Furthermore, it also 
included small amount of Al, Na, P, and Cl. The membrane 
was cut in pieces with 15 cm × 10 cm for the chemical clean-
ing and following FO tests. The chemical cleaning agents, 
including an acid agent and alkaline agent, were provided 
by RO cleaning chemical supplier (Prime Tech, Korea). The 
acid agent consists of peracetic acid and organic chelating 
acid, while the alkaline agent consists of two kinds of organic 
chelants with pH 10. Prepared fouled membrane pieces were 
then chemically cleaned with the acid agent followed by the 
alkaline agent in accordance with statistically designed con-
ditions of various acid and alkaline agent concentration, pH, 
and temperature as shown in Table 1. All membrane sam-
ples were stored and soaked in deionized (DI) water at 20°C 
before using.

2.2. Design of chemical cleaning experiment

RSM with a central composite design, which provide 
lower number of experiments compared with normal full 
factorial design, was chosen and employed to determine the 
optimization of chemical cleaning with an acid and alkaline 
cleaning steps, respectively. Chemical cleaning agent con-
centration (X1), pH (X2), and temperature (X3) were selected 
as independent variables which were assessed at five coded 
levels (–1.682, –1, 0, +1, and +1.682), as shown in Table 1. In 
detail, the test A (acid cleaning step) was conducted to opti-
mize the cleaning condition at the various acid concentration 
(0.3%–3.7%), pH (2.0–4.4), and temperature (18°C–42°C). 
Optimization of chemical cleaning with alkaline agent at the 
test B (alkaline cleaning step) was then performed at the var-
ious alkaline agent concentration (0.3%–3.7%), pH (8.6–11), 
and temperature (18°C–42°C). As a control, the membrane 
was cleaned by chemical agents according to the company 
instruction (an acid agent concentration of 1.5% and pH of 2.7 
at 35°C followed by an alkaline agent concentration of 1.5% 
and pH of 11 at 35°C). The exposure time of each cleaning 
step was 12 h. 

2.3. Flux recovery test

After chemical cleaning, the permeability (water flux and 
reverse salt flux) of membranes was tested for examining 
the relationship and comparing the cleaning efficiency in FO 
and RO modes. RO experiments were conducted in a labora-
tory scale RO cell unit, which was 15 cm in length and 10 cm 
in width (the total effective membrane area was 150  cm2). 
1,500 mg/L NaCl was used as feed solution at the pressure of 
15 bar. For FO experiments, the experiments were conducted 
in a laboratory scale FO unit, which was 7.75 cm in length, 
2.6 cm in width with a channel height of 0.30 cm (the total 
effective membrane area was 20.15 cm2) [10]. DI water and 
2 M NaCl (or 1.17 × 105 mg NaCl/L) were used as feed solu-
tion and draw solution, respectively. The flow of both sides 
was controlled by two variable speed pump (LongerPump 
WT3000-1FA, China) with a cross-flow velocity of 15  cm/s 
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for both sides. The water fluxes of both modes were deter-
mined by measuring the weight changes in the permeable 
side with a digital weight scale (A&D GF-4000, USA) which 
was connected to a computer during the entire experiment. 
The conductivity was also determined by the conductivity 
device (Vernier LabPro, USA). All experiments were carried 
out at 25°C ± 1°C.

2.4. Membrane surface analysis

Contact angles of membrane samples were measured 
by the contact angle analyzer (Phoenix SEO, Korea) using 
three liquids, including distilled water (W), ethylene gly-
col (E) and hexadecane (H). The surface free energy and 
interfacial interaction free energy was then calculated by 
Lifshitz-van der Waals/Lewis acid-base (LW/AB) method 
[11]. Furthermore, membrane morphologies were analyzed 
by scanning electron microscope (SEM) (Leica, Germany), 
and the functional groups on membrane surfaces were 

determined by Fourier-transformed infrared spectroscopy 
(FT-IR; PerkinElmer, USA).

3. Results and discussion

3.1. Relation of membrane permeability between RO and FO

To replace complicated RO tests with FO tests, the linear 
relation of membrane permeability between RO and FO mode 
should be proven. For that, the water flux and the reverse salt 
flux (or salt rejection in RO) of membrane samples, which 
were cleaned with different conditions, were plotted and 
then were compared in term of a correlation coefficient (r). 
If the magnitude of correlation coefficient is greater than 0.8, 
it is generally described as a strong linear relation, whereas 
the magnitude less than 0.5 is generally described as a weak 
linear relation [12,13].

The comparisons of the water flux and the salt flux 
between RO and FO modes are presented in Fig. 1. Both 
Figs. 1(a) and (b) showed that the correlation coefficients of 

Table 1
Design matrix of the RSM and experimental results

Trial 
no

Coded variables Experimental variables Test A 
(acid cleaning step)

Test B 
(alkaline cleaning step)Test A (acid 

cleaning step)
Test B (alkaline 
cleaning step)

X1a X2b X3c X1 X2 X3 X1 X2 X3 Jwd Jse RSSf Jw Js RSS

1 –1 –1 –1 1.0 2.5 23 1.0 9.1 23 2.362 13.937 0.169 2.424 13.135 0.185
2 1 –1 –1 3.0 2.5 23 3.0 9.1 23 3.034 16.226 0.187 3.191 15.775 0.202
3 –1 1 –1 1.0 3.9 23 1.0 10.5 23 2.379 13.002 0.183 2.693 13.734 0.196
4 1 1 –1 3.0 3.9 23 3.0 10.5 23 2.993 14.868 0.201 3.081 15.174 0.203
5 –1 –1 1 1.0 2.5 37 1.0 9.1 37 2.384 13.682 0.174 2.492 13.417 0.186
6 1 –1 1 3.0 2.5 37 3.0 9.1 37 3.047 15.764 0.193 3.210 15.663 0.205
7 –1 1 1 1.0 3.9 37 1.0 10.5 37 2.460 14.700 0.167 2.950 14.306 0.206
8 1 1 1 3.0 3.9 37 3.0 10.5 37 3.069 16.026 0.192 3.195 15.723 0.203
9 –1.682 0 0 0.3 3.2 30 0.3 9.8 30 1.978 11.179 0.177 2.619 14.178 0.185
10 1.682 0 0 3.7 3.2 30 3.7 9.8 30 3.105 14.597 0.213 3.392 15.051 0.225
11 0 –1.682 0 2.0 2 30 2.0 8.6 30 2.521 14.002 0.180 2.671 15.456 0.173
12 0 1.682 0 2.0 4.4 30 2.0 11.0 30 2.503 13.281 0.188 2.983 15.211 0.196
13 0 0 –1.682 2.0 3.2 18 2.0 9.8 18 2.523 14.028 0.180 2.550 14.737 0.173
14 0 0 1.682 2.0 3.2 42 2.0 9.8 42 2.321 16.761 0.138 2.979 15.578 0.191
15g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.333 14.202 0.164 2.828 14.066 0.201
16g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.510 14.199 0.177 2.864 14.840 0.193
17g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.237 15.595 0.143 2.785 14.495 0.192
18g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.414 15.460 0.156 2.843 14.080 0.202
19g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.724 14.173 0.192 2.709 14.171 0.191
20g 0 0 0 2.0 3.2 30 2.0 9.8 30 2.534 13.935 0.182 2.556 14.011 0.182

aChemical cleaning agent concentration (%).
bpH.
cTemperature (°C).
dWater flux  (L/m2h).
eReverse salt flux (mmol/m2 h).
fReversal salt selectivity (L/mmol).
gCenter points.
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both modes were 0.92 and –0.95 for the water flux and the 
salt flux, respectively. It indicates that both water flux and 
salt flux (or salt rejection in RO) in RO and FO mode had the 
strong linear relation. Therefore, FO mode could be chosen 
to test the membrane permeability in RSM designed experi-
ment due to its simple operation without applied hydraulic 
pressure pump, resulting in the decrease in set-up installa-
tion than operating in RO mode.

3.2. RSM application

3.2.1. Chemical cleaning step with an acid agent

Fouled membrane pieces were chemically cleaned with 
an acid agent as the first chemical cleaning step following 
the RSM designed conditions and then were tested in the FO 
testing set-up. The water flux, the reverse salt flux, and the 
reversal salt selectivity of each chemical cleaning condition 
were determined. They are shown in Table 1. To consider the 
influence of each operating factor on the membrane permea-
bility, probability value (p-value) with 95% confidence level 
was determined. If p-value was less than or equal to 0.05 

(p-value ≤ 0.05), it indicates that the factor significantly affects 
the membrane permeability [14]. According to RSM statisti-
cal results of water flux in the acid cleaning step obtained in 
FO mode as presented in Table 2, it could be seen that only 
the acid agent concentration (with p-value of 0.000) provided 
the p-value that was compatible to this condition. The acid 
agent concentration was determined as the most significant 
factor that affected the water flux with p-value of 0.000. The 
water flux increased with the increasing of the acid agent 
concentration. Meanwhile, pH and temperature were found 
to be less significant with p-value of 0.949 and 0.830, respec-
tively. For the reverse salt flux, both acid agent concentration 
(with p-value 0.001) and temperature (with p-value of 0.040) 
provided the p-values that were compatible to this condition, 
so the acid agent concentration and temperature significantly 
affected to reverse salt flux. Reverse salt flux increased with 
the increase in acid agent concentration and temperature. 
However, the reversal salt selectivity, which indicates the 
performance of FO system, was mostly affected by the acid 
agent concentration with p-value of 0.024. Based on desirabil-
ity function in RSM as shown in Figs. 2(a) and (b), the RSM 
optimum condition for high reversal salt selectivity were 
found as follows: the acid agent concentration of 3% and 
ambient pH after adding the acid agent at 30°C.

At the RSM optimum cleaning condition, it could recover 
the water flux of 82.1% with the reversal salt selectivity 
of 76.5% compared with the water flux and reversal 
salt selectivity of the virgin membrane, whereas the com-
pany recommended conditions only restored the water flux 
of 63.6% with reversal salt selectivity of 54.6% (Figs. 3(a) and 
(b)). It could be seen that the RSM optimum acid cleaning 
conditions could restore the membrane performance better 
than the company recommended conditions.

3.2.2. Chemical cleaning step with the alkaline agent

After cleaning fouled membranes at the RSM optimum 
acid cleaning conditions, the membranes were further 
cleaned with an alkaline agent as the second chemical clean-
ing step following the RSM designed conditions and then 
were tested in the FO testing set-up. The effect of operating 
factors on the water flux in the alkaline cleaning step, deter-
mining by p-value as can be seen in Table 2, found that all 
factors provided the p-value that were less than or equal to 
0.05; the alkaline agent concentration (with p-value of 0.000), 
pH (with p-value of 0.008), and temperature (with p-value 
of 0.010). The water flux increased with the increase in these 
factors. On the other hand, the reverse salt flux was signifi-
cantly affected by only alkaline agent concentration (with 
p-value of 0.001). It gradually increased with increase in the 
alkaline agent concentration. Whereas, pH and temperature 
were found to be less significant to the reverse salt flux with 
p-value of 0.798 and 0.214, respectively. For the reversal salt 
selectivity, the alkaline agent concentration was found to 
be the main factor affecting the reversal salt selectivity with 
p-value of 0.007. As shown in Figs. 2(c) and (d), the RSM 
optimum conditions for high reversal salt selectivity in the 
alkaline cleaning step were found as follows: the alkaline 
agent concentration of 3% at 30°C and controlled the pH 
lower than 13.0 due to the clean-in-place (CIP) pH range of 
this membrane was 1.0–13.0.
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Fig. 1. Comparisons of (a) water flux and (b) salt flux (or salt 
rejection in RO) between RO and FO modes.
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The alkaline cleaning step could also recover the mem-
brane permeability as shown in Figs. 3(c) and (d). Cleaning 
fouled membrane with the optimum acid cleaning conditions 
followed by these optimum alkaline cleaning conditions 
recovered the water flux of 90.4% with the reversal salt 
selectivity of 83.7% compared with the virgin membrane. 
Meanwhile, the company recommended conditions only 
recovered the water flux of 78.9% with reversal salt selectiv-
ity of 60.6%. It could also be seen that the optimum cleaning 
conditions obtained from RSM could restore the membrane 
permeability better than the company recommended condi-
tions in FO mode. In addition, the value of the reversal salt 
selectivity is independent of the structure of the membrane 
support layer, and solely determined by the selectivity of the 

membrane active layer [15]. Therefore, the increase of the 
reversal salt selectivity after the acid and alkaline cleaning 
steps were due to the recovery of membrane selectivity pos-
sible by the removal of fouling layers and recovery of surface 
properties.

To prove whether the suggested optimum conditions 
from RSM provides a better recovery, both membranes 
cleaned in RSM-optimum and company-suggested conditions 
were tested in RO mode with applied pressure of 15 bars 
at 25°C ± 1°C. 1,500  mg/L NaCl was used as feed solution 
through the RO experiment for 3  h. From Fig. 4, it can be 
confirmed that the RSM optimum cleaning conditions could 
recover the membrane permeability better than the company 
recommended conditions. The water flux was recovered 
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Table 2
Statistical results of membrane permeability in acid and alkaline cleaning step obtained from RSM 

Factors Test A (acid cleaning step) Test B (alkaline cleaning step)
p-value (Jw) p-value (Js) p-value (RSS) p-value (Jw) p-value (Js) p-value (RSS)

Concentration (%) 0.000 0.001 0.024 0.000 0.001 0.007
pH 0.949 0.454 0.542 0.010 0.798 0.053

Temperature (°C) 0.830 0.040 0.141 0.008 0.214 0.188
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about 86.1% with salt rejection of 83.6% at the optimum con-
ditions, whereas the water flux of membrane cleaned with 
the company recommended conditions was only recovered 
82.6% with salt rejection of 85.5%.

3.3. Effect of membrane cleaning on membrane surface properties

3.3.1. Surface free energy and interfacial 
interaction free energy

It is well known that the membrane permeability and 
fouling propensity of RO membrane is significantly affected 
by the membrane surface property such as hydrophilic-
ity [16]. Generally, hydrophilicity was described in term of 
water contact angle. The lower water contact angle indicates 
the higher hydrophilicity [17]. However, the hydrophilicity 
of membrane surface in this work was presented in term 
of surface free energy (γ) and interfacial interaction free 
energy (ΔGMW) which were calculated from the measured 
contact angles of membrane surface with two polar liquids 
(DI water, D and ethylene glycol, E) and a nonpolar liq-
uid (hexadecane; H) using Lifshitz-van der Waal/Lewis acid-
base method (LW/AB). Contact angle, surface free energy, 
and interfacial interaction free energy are shown and listed 
in Table 3.

According to Table 3, it can be seen that all four mem-
brane samples exhibited high electron donating component 
(γ–) and low electron accepting component (γ+). The sur-
face free energy of virgin membrane was 42.93 mJ/m2, while 
that of fouled membrane was 29.04 mJ/m2. Fuerstenau et al. 
[18] mentioned that the higher surface free energy can be 

indicated as higher hydrophilicity. It means that the decrease 
of surface free energy of virgin membrane after fouling was 
occurring due to the hydrophobic nature of foulants depos-
ited on the membrane surface, changing the membrane sur-
face became more hydrophobic. However, the surface free 
energy was recovered to 36.12 and 39.99 mJ/m2 after clean-
ing with the company recommended and the RSM optimum 
conditions, respectively. The surface of cleaned membrane 
became more hydrophilic due to the removal of hydrophobic 
foulants (it could be further confirmed with FT-IR and SEM 
results). Moreover, the interfacial interaction free energy 
between membrane surface and water molecules, which 
indicated the favorable surface properties for the access of 
water molecules, also exhibited the similar trend. The larger 
negative value of ΔGMW indicates the larger adhesive van 
der Waals force between membrane surface and water mol-
ecules, resulting in the higher water molecules transferring 
to membrane surface [19]. The interfacial interaction free 
energy of virgin membrane was –129.06 mJ/m2, whereas that 
of fouled membrane was –95.63  mJ/m2. After cleaning, the 
interfacial interaction free energy was decreased to –128.25 
and –125.41 mJ/m2 for the RSM optimum and the company 
recommended conditions, respectively. These results also 
correlated well with the water flux results. The water mol-
ecules could hardly approach to the fouled membrane sur-
face, indicating the lowest water flux. In addition, the water 
molecules could easily approach to membrane which was 
cleaned with the RSM optimum conditions than membrane 
which was cleaned with the company recommended condi-
tions, resulting in the higher water flux of membrane cleaned 
with the RSM optimum conditions. Therefore, the chemical 
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Fig. 3. Comparisons of water flux and reversal salt selectivity in acid cleaning step (a, b) and alkaline cleaning step (c, d).
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cleaning with the RSM optimum conditions could recover 
the hydrophilic property of membrane with more acid-base 
interaction free energy, which indicated the more favorable 
surface properties for the access of water molecules than the 
company recommended conditions.

3.3.2. SEM and FT-IR 

Images from SEM in Fig. 5 also confirmed that the sur-
face of fouled membrane became more hydrophilic due to 
the removal of hydrophobic foulants after chemical cleaning. 
Fig. 5(a) presents the virgin membrane surface which was 
no foulants, whereas Fig. 5(b) shows the fouled membrane 

surface which was completely covered with foulants. After 
chemical cleaning with both conditions, SEM image showed 
the dramatic removal of foulants. However, the less notice-
able amount of organic and colloidal matters was observed 
on the membrane surface which was cleaned with the RSM 
optimum conditions as shown in Fig. 5(d) than the membrane 
surface which was cleaned with the company recommended 
conditions (Fig. 5(c)).

Fourier transformed infrared spectroscopy (FT-IR) was 
also applied to confirm the removal of foulants of cleaned 
membrane in the range 450 to 4,000  cm–1. From Fig. 6, the 
peaks of aromatic amines (1,240; 1,290; and 1,320  cm–1), 
assigned to polyamide (PA) in the active layer [20] and poly-
sulfonyl group (1,550  cm–1) [21] in the porous polysulfone 
support layer which were observed in the virgin membrane 
surface, were disappeared on fouled membrane surface due 
to the deposition and formation of foulants layer. In addition, 
the fouled membrane displayed additional peak of 1,030 and 
3,300 cm–1 which corresponding to the C–O stretching of car-
boxylic group and N–H stretching from amine group, respec-
tively [22]. These peaks originated from an organic matter 
and/or microorganism deposited on the membrane surface. 
After chemical cleaning with both conditions, the peaks of 
PA were shown again and there were still small peaks of 
C–O and N–H stretching due to the residual organic and/
or colloidal matters on membrane surfaces as shown in SEM 
results (Figs. 5(c) and (d)). It again confirmed the successful 
deposited foulants removal and recovery of original mem-
brane properties due to chemical cleaning. Overall, FO mode Virgin Fouled Company RSM
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Fig. 4. Water flux (a) and salt rejection (b) of an organic fouled 
membrane sample operated in RO mode. Note that the initial 
flux was about 1.88 L/m2h with 1,500 mg/L NaCl as feed solution.

Table 3
Contact angle, surface energy (mJ/m2), and interfacial interaction free energy (mJ/m2) of membrane samples

Samples Contact angle γ-LW γ+ γ– γ-total ΔGMW

(W) (E) (H)

Virgin 39.40 26.75 13.26 26.77 1.41 46.34 42.93 –129.06
Fouled 71.72 60.60 14.32 26.65 0.07 19.59 29.04 –95.63
Company 43.73 41.00 13.21 26.78 0.45 48.46 36.12 –125.41
RSM 40.39 33.47 14.19 26.67 0.91 48.54 39.99 –128.25

 

Fig. 5. SEM images of membrane samples (a) virgin, (b) fouled, (c) 
cleaned membrane with the company recommended conditions, 
and (d) cleaned membrane with the RSM optimum conditions.
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coupled with a statistical analysis program was effective to 
be applied for determining the optimum chemical cleaning 
strategies in RO process. The RSM optimum chemical clean-
ing conditions could remove the foulants deposited on the 
RO membrane surface which changed the membrane surface 
became more hydrophilic and restored the higher membrane 
permeability than the company recommended conditions.

4. Conclusions

The objective of this study was to propose new statistical 
and experimental methods to determine the optimum regime 
for the chemical cleaning conditions in RO process. It was 
found that RSM coupled with FO testing set-up provided the 
better understanding between cleaning operational factors 
and membrane restoration efficiency. Moreover, it could be 
used as the fast and effective method to determine optimum 
cleaning strategies for chemical cleaning agents in the RO 
membrane process. The major factor affected to membrane 
performance was the concentration of cleaning agents, fol-
lowed by pH and temperature. Based on desirability function 
in RSM, the optimum cleaning conditions obtained from RSM 
were 3% of the acid agent concentration at ambient pH after 
adding acid chemicals followed by 3% of an alkaline agent 
concentration at the pH lower than 13. These conditions 
could restore the water flux of 86.1% with salt rejection of 
83.6%, compared with the virgin membrane in the RO mode, 
by improving more hydrophilic property of membrane sur-
face than the company recommended conditions.
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Fig. 6. FT-IR results.


