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ABSTRACT

The fouling behavior of seawater reverse osmosis membranes has yet to be definitively
investigated due to the complexity of seawater compositions. In this study, a time-series
image analysis (TSIA) was performed to investigate the fouling mechanism using scanning
electron microscopy (SEM) and atomic force microscopy (AFM). The fouling experiments
were conducted with synthetic seawater (SS) and SS mixed with humic acid substances
(SHA). The effect of operational time was investigated for 2, 4, 6, 8, 12, and 20h. According
to the TSIA results, different fouling characteristics between SS and SHA experiments were
observed. In the SS case, the fouling mechanism is the interaction between inorganic particles
and the membrane surface as well as interaction between inorganic particles and the depos-
ited foulants. Then, increased accumulation of deposited foulants was observed with respect
to the operational time. However, in the presence of humic acid, the fouling mechanism was
significantly influenced by the adsorption of humic acid onto the membrane surface at the
initial stage (first 2h). This organic layer traps inorganic particles and organic substances,
and accelerates the fouling formation on the membrane surface, thereby leading to a greater

flux decline compared to the SS experiment.
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1. Introduction

Insufficient water supplies in areas around the
world have led to an increased interest in freshwater
production via a diverse range of processes. In partic-
ular, one promising solution for overcoming the
expected water shortage is desalination technology

*Corresponding author.

[1]. In recent years, seawater reverse osmosis (SWRO)
desalination has become the leading global technology
for seawater desalination, because it shows higher
economical efficiency compared with multistage flash
and multi-effect distillation [2—4]. Furthermore, recent
research relating to SWRO processes has focused on
energy saving and the cost reduction [5-8]; as such, it
is expected that SWRO desalination technology will
become more popular and be able to produce
freshwater with less energy consumption.
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However, membrane fouling remains as a major
problem limiting the performance and increasing the
cost of desalination processes [9-12]. The main foulants
in the SWRO process are inorganic compounds, colloi-
dal or particulate matter, dissolved organic substances,
and micro-organisms [13,14]. Numerous research
groups have studied the SWRO fouling mechanism,
though membrane fouling is yet to be fully character-
ized—primarily due to the inherent complexity of sea-
water. Seawater is composed of 40,000-50,000 mg/L of
inorganic compounds, whereas it only contains
2-5mg/L of organic compounds [10]. Interestingly,
however, it has been reported that organic compounds
cause more acute problems in the filtration process than
inorganic compounds [10]. Among the organic com-
pounds in seawater, 80-90% are represented by humic
acid substances. Humic acid substances cause fouling
via organic adsorption and can also be a substrate for
micro-organisms, leading to irreversible fouling [15].

To date, significant efforts have been dedicated to
investigate the mechanisms and control methods of RO
fouling caused by organic compounds [16-18]. In practi-
cal terms, a decrease in the permeate flux and an
increase in the operating pressure are commonly used
to diagnose the degree of membrane fouling [19,20]. In
addition, a number of foulant characterization and
autopsy techniques have been applied in attempts to
obtain a more comprehensive understanding of the
membrane, including the surface structure and mor-
phology, foulant composition analysis, surface potential,
surface hydrophobicity /hydrophilicity, and the identifi-
cation of surface functional groups [21,22]. However, the
previous studies have only illustrated fouling develop-
ment by comparing clean and fouled membranes, which
cannot fully explain the fouling formation with respect
to time and mechanism of fouling [23]. In order to over-
come these limitations, time-series fouling experiments
(TSFEs) were selected here as a means to investigate the
formation of fouling during SWRO process. Time-series
data provide unique information for each operating
time-period, which leads to a better understanding of
the fouling mechanism during SWRO processes [24]. In
this study, both TSFEs in addition to scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
membrane morphology analyses were used. Thus, we
posit that TSFEs coupled with image analyses can be
used to effectively describe the fouling mechanism of
humic acid during the SWRO process.

2. Materials and methods
2.1. Reverse osmosis membrane

One commercial RO membrane (RE8040-SHN400,
Woongjin Chemical Co., Ltd., Korea) was used for all

fouling experiments; the RO membrane was polyam-
ide thin-film composite (TFC). Membrane coupons
were kept in deionized (DI) water at 4°C at all times,
and the DI water was replaced at regular intervals.

2.2. Feed solution

Two feed solutions were used: synthetic seawater
(SS) and SS mixed with a humic acid compound
(SHA). The SS was prepared by dissolving commer-
cially available sea salts (Sigma-Aldrich, USA) into DI
water to a concentration of 35g/L, which was then fil-
tered through a Whatman 0.45m filter (Advantec
MFS, Inc., USA). SHA was prepared by adding humic
acid (HA) stock solution (Sigma-Aldrich, USA) into
SS. The HA stock solution was prepared (2g/L) by
dissolving HA in DI water and mixing for over 24 h to
ensure complete dissolution. The stock solution was
then stored in a sterilized glass bottle at 4°C. Subse-
quently, this stock solution was mixed (5mg/L) into
SS before performing the SHA fouling experiment.
The concentration of humic acid was fixed at 5mg/L
because it represented the average concentration of
humic acid in seawater. The pH of feed solutions was
adjusted to 7.0+0.1 by addition of 0.1M NaOH or
HCI as needed. The feed solution compositions are
shown in Table 1.

2.3. Crossflow membrane filtration test unit

TSFEs were performed with a lab-scale crossflow
membrane filtration (CMF) test unit (SEPA CF,
Osmonics, Inc.,, USA). The total effective area of the
membrane was 140cm?, and a 0.1194 cm (47 mil) feed
spacer was placed on the feed side to both distribute
the feed flow as well as protect the membrane from
high pressure [25]. Both permeate and retentate were

Table 1

Composition of feed solution

Components (mg/L) Sea salts’ SS’ SHA"
Chloride (CI7) 19,290 17,582 17,483
Sodium (Na*) 10,780 8,855 9,117
Sulfate (SO3") 2,660 2,422 2,651
Magnesium (Mg2+) 1,320 1,246 1,261
Potassium (K*) 420 419 420
Calcium (Ca*") 400 380 391
Strontium (Sr**) 8.8 8.8 8.1

c

Carbonate (bicarbonate, HCO;) 200 - -

?Concentration based on specification sheet of sea salts.
b . .
Results obtained by ion chromatography.
“Concentration of carbonate in feed solutions (did not analyze).
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recirculated back to the feed reservoir. In addition, a
chiller /heater with a stainless steel coil was used to
maintain a constant temperature in the feed solution.

2.4. Time-series fouling experiments

Experiments were performed at a constant flow rate
(0.5L/min), pressure (55bar), and temperature (25°C).
All experiments were conducted in a recycle mode.
The TSFEs were then sequentially processed as follows.
First, the membrane was compacted and stabilized
with DI water for 12 h. After reaching a steady state, DI
water was replaced with SS for the SS fouling experi-
ments (SSEs); SHA fouling experiments (SHAEs) were
also carried out using this methodology. Both SSE and
SHAE were carried out at operating time durations of
2,4,6,8,12, and 20h. At the end of each experiment,
the fouled membranes were preserved in an airtight
container at 4°C prior to further image analysis.

Since the membrane surface is structurally a hetero-
geneous material, flux decline behaviors can be differ-
ent when batch experiments are performed [26]. In
order to ensure that all TSFEs were performed under
almost identical conditions, six experiments during the
operating time of 20 h, feed flow rate of 0.5 L/min, pres-
sure of 55bar, and temperature of 25°C were run with
both solutions. Then, the standard deviation range of
water flux decline of TSFEs was obtained. Only fouled
membranes from experiments in this standard devia-
tion range were used for further imaging analyses.

2.5. Image analysis of time-series fouled membranes

In order to characterize the fouling on the
membrane surface, both SEM/EDX and AFM were per-
formed. SEM/EDX (5-4700, Hitachi, Japan) was used to
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examine the topography of the membrane surface and
the composition of the top layer of fouling. Collected
membranes were dried before being coated with 3-
4nm of platinum using an Ion Sputter E-1030 (Hitachi,
Japan); the coated membranes were then scanned with
SEM. AFM imaging (X-100 AFM, Park Systems, Korea)
was used to visualize membrane surface morphology.
AFM was performed in non-contact mode with a scan
area of 50 x 50 um. Next, the average roughness (Ra) of
the membrane surface was calculated using the Scan-
ning Probe Image Processor (SPIP) image processing
and analysis program (SPIP software, Image Metrology
A/S, Denmark). The values of averages and standard
deviations of the elemental analysis and roughness
were obtained by scanning each fouled membrane 36
times from the different positions. The overall experi-
mental design for the TSFEs is shown in Table 2.

3. Results and discussion
3.1. Time-series fouling experiments

Fig. 1 shows the permeate flux decline with respect
to the operational times for all TSFEs. The gray areas
represent the standard deviations range of TSFEs,
which were obtained from six experiments as men-
tioned before. At the end of the each fouling test, the
permeate flux of SSE and SHAE decreased by 18 and
26%, respectively. In both cases, the permeate flux
decline showed a rapid initial increase, then a more
gradual increase until the end of the fouling test.
However, it was found that the fouling mechanisms
of SSE and SHAE were different. Initially, fouling
mechanism of SSE was based on the interaction
between the inorganic foulant and the membrane
surface [27]. Then, the accumulation of particles on
membrane surface was observed. On the other hand,

Table 2

Experimental design for TSFEs

Experiment and Experiments’ TSFEs’

analysis

Number of Six One (per each
repetitions operational time)

Obtained results e Standard deviation ® Permeate flux

range for TSFE

® Time-series fouled

membranes

Image analysis’

SEM

AFM

36 36

® 2D time-series images of
fouled membrane

® 3D time-series images of
fouled membrane

e FElemental composition ® Roughness values

?All experiments were carried out at an operating time of 20 h.

PEach TSFE was performed at operating times of 2, 4, 6, 8, 12, and 20 h.
“The best image was selected as a representative of each operating time among 36 samples.
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Fig. 1. Permeate flux decline of SSE (A) and SHAE (B) vs. operational time. Gray areas indicate the standard deviation
range and black dotted lines denote the average permeate flux of six experiments of 20 h each. Colored lines show the
flux decline of fouling tests at operating time of 2, 4, 6, 8, 12, and 20 h.

with SHAE it is highly possible that the fouling for-
mation was influenced by the adsorption of organic
substances during the first 2h. This sudden formation
of an organic layer resulted in a high initial flux
decline. Therefore, the formation of fouling can be ini-
tially explained by both the adsorption of organic sub-
stances as well as the deposition of inorganic particles
onto the membrane surface. Then, fouling formation
continued due to the interaction between inorganic
particles and the existing organic layer [28].

3.2. Time-series image analysis using AFM

Fig. 2 shows the surfaces of the fouled membranes
obtained using AFM. AFM image of clean membrane
showed that membrane surface of RO membrane is not
completely flat and smooth. Thus, foulants tended to
accumulate in the valleys on the membrane surface

causing valley clogging and flux decline during the fil-
tration process. The results show that fouled mem-
branes had different morphologies from the clean
membrane; the effect of operational time on fouling for-
mation can also be clearly seen. The figure indicates
that the fouling mechanisms of SSE and SHAE were dif-
ferent. AFM images of SSE showed that fouling layer
gradually formed by the sparse deposition of inorganic
particles on the membrane surface at the beginning
stage of filtration. Then, more particles subsequently
and continuously accumulated on the fouled mem-
brane surface. In contrast, the surfaces of the fouled
membrane from SHAE were fully covered by an
organic layer and some inorganic particles at an earlier
stage. Later, the fouling was formed by both the
adsorption of organic compounds and the deposition of
inorganic particles onto the existing organic layer.
Based on these results, it is posited here that humic
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Fig. 2. Time-series AFM images of SSE (A) and SHAE (B) at different operating times (ie. 2, 4, 6, 8, 12, 20h). The

dimensions of both X and Y are 50 pm.

compounds formed a layer similar to a cake layer on
the membrane surface and accelerated the fouling for-
mation [29].

In addition, the difference in membrane surface
morphology can be explained by the Ra and root
mean square roughness (RMS) (Table 3). The Ra and
RMS of fouled membrane of SSE had increasing trend
when the operational time increased due to the accu-
mulation of inorganic particles. The Ra and RMS of

SHAE at 20h of filtration were relatively lower to
those of SSE. Moreover, its roughness values slowly
increased after initiation of the filtration process and
then suddenly decreased at 8 h—which may be due to
instability of the organic layer. Thus, it can be con-
cluded that the surface of the fouled membrane
obtained from SHAE becomes smoother than the one
obtained from SSE after 20h of filtration process due
to the organic layer.
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Table 3
Roughness measurement on RO fouled membrane at different operational times
Operational time RMS (um) Ra (um)

SSE SHAE SSE SHAE
0 69.00+2.4 69.00+2.4 5450+1.9 54.50+1.9
2 87.77 £8.3 111.05+9.3 70.38 £8.2 79.01 £8.2
4 91.85+5.9 120.52+9.1 69.11+2.3 83.13+4.0
6 96.88£6.7 123.88+8.9 74.36+6.3 9147 +5.6
8 122.54+9.0 96.31+7.5 98.26 +8.5 73.38+5.4
12 150.4+4.5 99.58 +8.2 119.31+8.8 71.54+9.1
20 145.47+7.0 110.58+7.0 108.34 £ 3.5 81.60+8.2

RMS: root mean square roughness; Ra: average roughness.

Results of the SEM image analysis were similar to
those obtained in the AFM image analysis. Fouling
formation started by the initial accumulation of fou-
lants onto membrane surface and then followed by
the extension of the initial deposition. In Fig. 3, for
both cases, the different morphologies of the mem-
brane surfaces could be visualized. The surface of
fouled membranes from SSE shows that inorganic par-
ticles begin depositing onto the membrane surface
before they begin to accumulate appearing in the
greater number until the end of filtration process,
while membrane surface is still observable after 20h
of filtration. However, fouled membranes obtained
from SHAE were significantly affected by organic
fouling. Therefore, the non-pattern formation of inor-
ganic particles fixed in the organic layer can only be
observed in SHAE.

Interestingly, the high-resolution SEM images of
fouled membranes obtained after 2h of operational
time revealed the effect of humic substances on SWRO

(A) i

®)

fouling (Fig. 4). The membrane surface of SHAE was
completely covered with an organic layer, whereas the
membrane surface of SSE was still visible. Therefore,
the SHAE membrane surface has more potential to
interact with inorganic particles to form a thick foul-
ing layer, which significantly increases the resistance
to permeate flow (Fig. 1).

3.3. Characterization of foulant compositions

The chemical compositions of the surfaces of the
fouled membranes were analyzed to elucidate their
behavior with respect to fouling formation. Table 4
shows the relative percentages of deposited elements
for SSE and SHAE with respect to the operating time.
The values for Oh indicate the preliminary composi-
tions of the clean membrane; an elemental analysis
using SEM/EDX showed that surface of the clean
membrane consists of carbon (C), oxygen (O), and
sulfur at 83.04, 14.85, and 1.14%, respectively.

Fig. 3. SEM time-series images: (A) SEM images of SSE and (B) SEM images of SHAE. The image scanning of (A) and (B)
was operated at a distance of 20 um and magnification of 20,000x.
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Fig. 4. High-resolution SEM images of clean membrane (left), fouled SSE membrane (middle), and fouled SHAE
membrane (right) at operating time duration of 2h. The image scanning was operated at a distance of 3pum and

magnification of 15,000x.

3.3.1. Carbon

According to Table 4, C is a major component of
the clean membrane surface, the relative percentage of
C was high at the initial stage. However, as the mem-
brane surface became covered by foulants for 4h, the
percentage of C gradually decreased. Then, the per-
centage of C increased suddenly at 6h for both cases,
which might be a result of the decrease in O percent-
age. Then, C continued to decrease with operational
time until the end of the fouling tests. At the end of
the fouling test period, the percentage of C for SSE
and SHAE membranes decreased from 83.04 to
69.44% and from 83.04 to 75.84%, respectively. The
higher percentage of C in SHAE was due to the
accumulation of organic substances on the membrane
surface.

3.3.2. Oxygen

The percentage of O in the top layer of fouling
increased as a function of time for both cases. In SSE
and SHAE, O increased from an initial value of
14.85% to 23.61 and 28.78%, respectively. The increase
of O on the fouled SSE membrane surface was the
result of an inorganic O source as no organic foulant
was mixed in the feed solution. According to Table 1,
the concentrations of Ca, Mg, and SO?™ in feed water
are not high compared to the concentration of Na.
Therefore, it can be assumed that the enhanced per-
centage of O either originates from free carbonate or
NaHCO;, rather than from CaCO;, CaSO,, MgSO,, or
other inorganic foulants; the compositions of Ca, S,
and Mg on the surfaces of the fouled membranes
were relativly low. In SHAE, it is shown that the final
percentage of O was higher than SSE because the feed
solution of SHAE consists of organic compounds that
contain more O and also it is possible that the
presence of organic layer played an important role in
trapping more oxides onto membrane surface.

Interestingly, both cases showed a sudden decrease in
O at 6 h, which is the same time that the percentage of
C showed a sudden increase.

3.3.3. Sodium (Na), magnesium (Mg), and calcium
(Ca)

The percentages of Na in both cases did not signif-
icantly change with time. In comparison to Mg and
Ca, the concentrations of Na were higher in both feed
solutions (SS and SHA); hence, Na had more opportu-
nity to interact with the membrane surface. Therefore,
when short-term experiments are considered, Na
revealed a greater effect on the fouling formation than
Ca and Mg, especially at the early stage of the filtra-
tion process; in addition, permeate flux decline is unli-
kely to be affected by Ca and Mg. Interestingly, the
percentages of Na at 2h of SHAE were much higher
than those of SSE. Thus, it is presumed that the
organic layer that immediately appeared in the initial
stage played an important role in bridging more Na
onto the fouled membrane.

3.3.4. Chloride and sulfur

The percentage of chloride (Cl) of SSE increased to
1.85% from its initial value (0%); however, it was
independent and did not notably change with opera-
tional time. This lack of change is possible because the
membrane surface is negatively charged, and hence
foulant-membrane electrostatic repulsion occurred due
to the double layer and led to a prohibition of CI
deposition on the membrane surface [30]. In contrast,
the surface of the SHAE membrane was covered with
an organic layer that reduced electrostatic repulsion
on membrane surface; thus, it provided more bridging
opportunities for Cl on the membrane surface.

The percentages of Sulfur (S) on the fouled
membranes from SSE and SHAE decreased from their
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