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ABSTRACT

In this study, fouled reverse osmosis (RO) membranes from the full-scale low pressure reverse osmosis
(LPRO) plant were autopsied in March (RO-M) and September (RO-S), and investigated before and
after the chemical cleaning. The characteristics of residual matters on LPRO membrane surfaces were
then determined via several analysis methods including excitation—-emission matrix, molecular weight
distribution, thermogravimetric analysis, and organic analyses. The foulants were predominantly
composed of hydrophobic organic matters with dense structures on RO-S, while loose structure of
CaSO, and BaSO, scaling dominantly covered membrane surfaces on RO-M. Interestingly, loose struc-
ture of scaling provided more significant growth of biofilm and subsequently higher organic mass
per unit area on RO-M. The order of basic-acidic cleaning showed improved flux recovery (87%) than
acidic-basic cleaning (79%) due to the dense structure of biofilm layer on RO-S. In case of RO-M, fou-
lants were easily removed without regarding the order of chemical cleaning (higher than 93% of initial
flux recovery) due to the loose structure of fouling layer. The results proposed that the membrane fou-
lants might have seasonal differences, and the cleaning order of basic-acidic chemicals would provide
higher flux recovery in the case of the fluctuation in influent quality.
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1. Introduction

Rapid urbanization and abnormal weather patterns over
the past few decades caused the search of more sustainable
water sources including not only river, lake, and ground
water but also wastewater and seawater [1]. However, due
to the increase in the use of various chemicals, it has been
reported that emerging chemical contaminants are presented
not only in wastewater but also in natural water [2]. These
contaminants cannot be removed by conventional methods
such as coagulation—flocculation and sand filtration, thus
advanced treatment processes may also be required to
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remove a wide range of components [3]. Based on these
circumstances, pressure-driven membrane processes
including nanofiltration and reverse osmosis (RO), have been
widely used in water treatment and desalination applications
due to their ability to remove most of undesirable compounds
including salts and micropollutants [4-6].

One of the major limitation in the RO process is membrane
fouling. The membrane fouling is affected by the operation
conditions, feed water properties and membrane characteris-
tics. Especially the feed water quality is closely related to the
foulant characteristics such as dissolved organic substances,
growth of microorganisms, inorganic compounds, and
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particulate and colloidal matters [7-9]. To decrease fouling in
water treatment using RO system, an accurate understanding
of fouling, such as where fouling occurs, what type of fouling is
dominant, the impact of feed water chemistry, and what oper-
ating conditions are more favorable, is necessary [8,9]. In order
to identify the membrane properties, several methods such as
molecular weight cut-off, bubble gas transport, water flux, and
solute rejection evaluation, liquid equilibrium or thermoporo-
metry and microscopic methods have been used. However,
these conventional methods cannot directly describe to the sol-
ute permeation performances, which are the most significant
features of membranes [3]. The fouled membrane autopsy of a
pilot and full-scale conditions has been conducted in order to
recognize the types and extent of fouling.

Chemical cleaning agents are usually applied to remove
foulants that have accumulated on membrane surfaces,
and classified as acid and base solution with additives
such as surfactants and ethylenediaminetetraacetic acid [5].
However, chemical cleaning is typically performed as per
manufacturer’s guidelines, and it cannot guarantee the effi-
cient cleaning due to the complexity of foulant characteris-
tics. For this reason, a study on appropriate chemical cleaning
strategies related to the fouling type should be conducted.
Furthermore, it is necessary to make suitable cleaning strat-
egy which can be physical, chemical or a combination of both
based on the fouling properties [10].

In this study, properties of fouled RO membrane surfaces
and deposited foulants were investigated by the autopsy of
RO membrane module installed in commercial industrial
LPRO membrane plant. Then, acidic and basic cleaning
agents were applied in various order to correlate the proper-
ties of chemical cleaning agents with membrane flux recov-
ery in order to provide better chemical cleaning strategies.

2. Material and methods
2.1. RO membrane and influent water quality

The RO membranes (ESPA, Hydranautics, Japan) were
taken and autopsied from RO plant near D-city, Republic
of Korea. The raw water is taken from a brackish water res-
ervoir and pretreated by coagulation, flocculation and sed-
imentation processes. Then, the water is filtered through
microfiltration (MF) membrane (Kolon, Republic of Korea;
0.05 mm pore), and used as the influent of RO process. The
RO process is operated in two stages to supply pure water in
industrial complex. Although the influent quality of the RO
feed water have significantly changed over time, the average
values during March and September (1 month prior to study)
are summarized in Table 1.

2.2. Membrane autopsy and analysis of membrane surface

Fouled RO membranes were disassembled in March
(RO-M) and September (RO-S) of 2016 when the operat-
ing pressure of RO system was increased to 150% of initial
pressure. Both membrane samples were located at the first
module in the first vessel of 1st stage. The module was
autopsied as reported [6] and the fouled membrane coupons
were stored at 4°C with 100% of humidity before the analy-
sis. For the analysis of scanning electron microscopy (SEM,

Table 1
The influent water quality of RO process during March and
September of 2015

Parameters March (RO-M) September (RO-S)
COD (mg/L) 15.5+4.2 11.7+3.1

SO, (mg/L) 151.1+13.7 56.5+8.5

Na (mg/L) 1258 +11.5 41.0+£10.8

Ca (mg/L) 55.5+5.2 28.0+7.7

K (mg/L) 124+1.3 75+12

Mg (mg/L) 11.0+6.4 48+0.6

F (mg/L) 0.42+0.14 0.53 +0.02

Mn (mg/L) 0.14 +0.08 0.02 +0.01

Carl Zeiss, Germany), energy dispersive X-ray spectroscopy
(EDS; EDAX, USA) and Fourier transform infrared (FT-IR,
PerkinElmer, USA), membrane coupons were cut and dried
at 23°C overnight in the desiccator. The changes of hydro-
phobicity and surface free energy analyzed using contact
angles (Phoenix, Korea) with three liquids: deionized water
(DI), ethylene glycol (EG), and hexadecane (HD). The sur-
face free energy was calculated using Lifshitz-van der Walls/
Lewis acid-base (LW/AB) method [11].

2.3. Analysis of foulants on the membrane surface

In order to characterize the properties of organic and
inorganic foulants on the RO membrane surface, foulants
were separated using silicon knife, then dispersed in DI water
for further analysis. The total solid mass and the content of
organic matter were examined using a thermogravimetricana-
lyzer (TGA) at 110°C-1,000°C with a heating rate of 10°C/min
in atmosphere condition. The dissolved organic carbon
(DOC) was measured using a total organic carbon analyzer
(TOC-L, Shimadzu, Japan), and the fluorescence signal was
measured by fluorescence spectrophotometer (RF-5301,
Shimadzu, Japan) after samples were diluted to 1 mg-DOC/L.

2.4. Chemical cleaning procedure

To investigate the impact of the order during acidic and
basic cleaning chemicals, fouled membranes were cleaned by
commercial cleaning agents (Prime-Tech, Korea) with differ-
ent orders (acid-base or base-acid). Briefly, fouled membrane
coupons were soaked in 1.5% acid solution (pH 2.7) at 35°C
for 12 h (Step A) with a vigorous stirring (300 rpm). In Step
B, the fouled membrane was submerged in a 1.5% base solu-
tion (pH 11) for 12 h with a vigorous stirring. After each step,
membrane samples were rinsed with DI to remove residual
cleaning agents and membrane flux were measured using
lab-scale testing units [5].

3. Results and discussions
3.1. Membrane surface characterizations
3.1.1. SEM-EDS

The fouling structure from RO-S and RO-M is compared
in Fig. 1, which presents the SEM micrographs of the top
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layer of both membranes. Figs. 1(a) and (b) were taken from
RO-S, and a dense and sticky fouling layer was found on
the membrane surface. The EDS scanning revealed the foul-
ing layer was mainly composed with carbon, oxygen, silica,
aluminum, iron, and potassium. In contrast, crystals were
found on the membrane surface from RO-M. EDS scanning
of RO-M detected significant peaks of sulfur, aluminum, sil-
icon, barium, and calcium, which indicated that barium sul-
fate and/or calcium sulfate scale was mainly related to the
fouling layer [8,12,13]. The reason for the scale formation
being more noticeable on RO-M sample is probably due to
the feed water which contained higher concentrations of ion
substances (Table 1).

3.1.2. FT-IR

In order to examine the changes of functional groups
before and after the fouling, FT-IR spectra were measured
as shown in Fig. 2. The specific peaks of polyamide around
1,487, 1,542, 1,584, and 1,650 cm™ were observed on the
virgin membrane due to the amide I, amide II, and poly-
sulfone support [14,15], while these peaks disappeared on
RO-M and RO-S due to the formation of the fouling layer
on the membrane surfaces. In addition, both fouled mem-
brane samples exhibited additional signals between 1,150
and 1,250 cm™ related to the -COOH stretching from the
carboxylic functional groups, which were probably due
to organic matters originated from influent and/or micro-
organisms [5,16]. In addition, the major peak of the RO-S
sample was at 3,300 cm™, which corresponded to the N-H
stretching from the amine groups. This peak had been
acknowledged closely related to the build-up of biofoul-
ing layer [5,6,16,17]. Thus, by combining results from
Figs. 1 and 2, it can be concluded that RO-S was mainly
fouled with organic matters and/or biofilm, while the main
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foulant on RO-M was inorganic precipitates such as cal-
cium sulfate and barium sulfate.

3.1.3. Contact angle and surface free energy

The hydrophobicity of the membrane surfaces could be
examined using the contact angle of water [18]. Furthermore,
the wettability could be defined in terms of the surface free
energy calculated from the measurement of contact angles
with three liquid: water (DI), EG, and HD [19]. In Table 2,
contact angles and results of surface free energy were sum-
marized. As expected, the water contact angle of RO-S
was higher than those of RO-M due to organic matters as
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Fig. 2. FT-IR spectrum of virgin, RO-S and RO-M membrane
surfaces.
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Fig. 1. SEM image of fouled membrane surfaces. (a) and (b) RO-S, and (c) and (d) RO-M.
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indicated in Table 2. In the same manner, the surface free
energy of the RO-S sample was lower than that of RO-M,
which indicated hindered excess of water to the membrane
surface. These results indicate that the RO-M sample surface
was more hydrophilic and had higher wettability than the
RO-S due to the inorganic scales on the membrane surface.

3.2. Thermal analysis

In the thermogravimetric analyses, it could be divided
into three stages according to the temperature. In stage 1, the
weight loss was attributed to the vaporization of the resid-
ual water and organic solvents under 100°C. In stage 2, the
devolatilization happened which corresponded to the emis-
sion of volatile organic matters from various organic com-
pounds under 350°C. Stage 3 was contributed to the weight
loss due to the oxidization of the remaining volatile compo-
nents. The differential thermogravimetric (DTG) and TGA
curves obtained at a heating rate of 10°C/min are compared
in Fig. 3. With increases in the temperature, a weight loss and
a heat release were observed in the TGA and DTG curves,
respectively. For the foulants acquired from RO-S sample,

Table 2
Contact angles of three liquids and surface free energy (mJ/m?) of
RO-M and RO-S membrane surfaces

Contact angle (°)  y"V v+ Y- yAB o yrer
DI EG HD
RO-S 717 606 143 267 01 196 24 29.0
RO-M 324 314 123 269 08 581 134 403
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Fig. 3. The mass change and the rate of mass loss curves for fou-
lants obtained from (a) RO-S, and (b) RO-M.

the largest weight loss occurred at approximately 327°C and
the final mass loss which could be considered as organic
content was 52.4%. For the RO-M sample, the largest weight
loss occurred at approximately 271°C with a weight loss of
only 33.8%. It implied that foulants on the RO-S sample were
mainly complex organic matters, while majority of foulants
on RO-M membrane surface is inorganic matters which
could not be burned during TGA. Thus, from above results,
organic fouling is dominant in RO-S and inorganic scaling is
the main fouling mechanism on RO-M.

3.3. Characteristics of organic matters on fouled membrane
surfaces

To investigate the characteristics of organic foulants,
the foulants obtained on fouled membrane surfaces were
sonicated and dissolved in DI water, then total suspended
solids (TSS), chemical oxygen demand (COD), DOC, and
specific UV absorption (SUVA) were measured as indicated
in Table 3. Interestingly, the mass of pollutants per unit mem-
brane area on the RO-S and RO-M samples were 176 and
959 mg/m?, respectively, while DOC of two samples were 41
and 81 mg/m?, respectively. Thus, it can be concluded that
23.3% of foulants on RO-S were carbon, but the carbon con-
tent in foulants from RO-M was only 8.4%. These results
were in accordance with previous findings that RO-S was
mainly fouled with organic and/or biofouling, while RO-M
was fouled with scaling. SUVA data also represented that
the organic matter on RO-S was more aromatic than RO-M,
which was corresponded with their fouling mechanism.

In order to verify the origin of organic matters, excitation—
emission matrix (EEM) were analyzed as shown in Fig. 4.
The fluorescence spectrometry was categorized into four
groups according to the previous report [20]: humic acid-
like, fulvic acid-like, aromatic group, and soluble microbial
by-product like (SMP). As fluorescence EEM spectra in Fig. 4,
organic matters were mainly originated from microorgan-
isms because EEM signals were only found in EEM category
of aromatic groups and SMP. Thus, biofouling was the sole
fouling mechanism in RO-S, and both scaling and biofouling
were occurred on RO-M membrane surface. Moreover, the
RO-M sample had a higher emission intensity than the RO-S
sample due to the higher concentration of organic matters.

3.4. Chemical cleaning of fouled membranes
3.4.1. Flux recovery

During the two steps (acidic and basic chemical clean-
ing) of cleaning procedures, many studies have shown that
acidic chemicals (represented as A) are effective in removing

Table 3
Characteristics of dissolvable component on fouled membranes
RO-S RO-M
TSS (mg/m?) 176 959
COD (mg/m?) 107.5 2134
DOC (mg/m?) 41 81
SUVA (L/mgm) 1.8 0.4
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Fig. 4. The fluorescence EEM spectra of foulants obtained from
(a) RO-S and (b) RO-M.

inorganic precipitates and loose the structure of organic foul-
ing layer by dissolving cations such as Ca* or Mg*, while
basic chemicals (represented as B) are effective in removing
organic and bio-foulants by hydrolysis of organic matters
[21,22]. As shown in Fig. 5(a), primary cleaning with acidic
chemical showed 80% of initial flux recovery, and followed
basic chemical cleaning resulted up to 87% of flux recov-
ery compared with virgin membrane for the RO-S sample.
Interestingly, in reverse order of chemical cleaning (B—A),
basic chemical cleaning did not efficiently remove biofouling
layer (i.e., 48% flux recovery), while flux was restored up to
79% after the acidic chemical cleaning. These findings high-
lighted that the dense structure of organic matters originated
from microorganism should be first broken, so that the shear
force induced by high cross-flow velocity should remove the
biofouling layer. However, when we primarily applied basic
chemical cleaning, only the top of biofouling layer seemed to
be removed by hydrolytic reactions, thus the chemical could
not affect the deeper region of biofouling layer. In contrast,
the fouling layer of RO-M was mainly crystallized scaling
with loose organic layer, and it induced effective perme-
ation of basic cleaning chemicals into the fouling layer. As
the result suggested, there were no noticeable differences
between the two combinations of acidic and basic cleaning
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Fig. 5. The recovery of water flux (J/],) according to the chemical
order for (a) RO-S and (b) RO-M.

chemicals (Fig. 5(b)). Thus, regardless of fouling type (i.e.,
organic fouling or inorganic scaling), acidic chemical clean-
ing followed by basic chemical cleaning would provide bet-
ter flux recovery than the other combination.

3.4.2. Changes of surface morphology and free enegy after
chemical cleaning

As shown in Fig. 5, RO-M exhibited higher flux recov-
ery (i.e., better chemical cleaning efficiency) than RO-S. SEM
observations in Fig. 6 for each membrane surfaces also con-
firmed the better cleaning efficiency of RO-M. There were a
lot of residual organic matters on RO-S even after chemical
cleanings, while the characteristic rough structure of virgin
membrane surfaces was observed in RO-M. As explained, it
is due to the main constituents and their structure of fouling
layers, that the densely structured organic layer hindered the
intrusion of cleaning chemicals on RO-S, while the loosely
formed crystal structure promoted the penetration of clean-
ing chemicals. These phenomena could be explained by sur-
face free energy calculated from contact angle measurements
between membranes and three liquids (DI, EG, and HD). As
summarized in Table 4, RO-S exhibited significantly lower
surface free energy, which denoted hindered diffusion of
water molecules (thus cleaning chemicals) than virgin mem-
brane due to the hydrophobic biofouling layer. However,
surface free energy of RO-M was comparable with that of
virgin membrane (40.3 mJ/m? vs. 44.0 mJ/m?), thus cleaning
solution could easily access the inside of fouling layer.

After chemical cleanings, both membrane showed sim-
ilar surface free energies with that of virgin membrane
as shown in Table 4. Importantly, the value of surface free
energies were directly proportional with flux recovery in
Fig. 5. Consequently, the measurement of contact angles and
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