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Abstract: There is increasing interest in membrane systems powered by renewable energy sources,
including solar and wind, that are suitable for decentralized water supply in islands and remote
regions. These membrane systems are often operated intermittently with extended shutdown periods
to minimize the capacity of the energy storage devices. However, relatively little information is
available on the effect of intermittent operation on membrane fouling. In this work, the fouling of
pressurized membranes under intermittent operation was investigated using an approach based on
optical coherence tomography (OCT), which allows non-destructive and non-invasive examination of
membrane fouling. In reverse osmosis (RO), intermittently operated membranes were investigated by
OCT-based characterization. Several model foulants such as NaCl and humic acids were used, as well
as real seawater. The cross-sectional OCT images of the fouling were visualized as a three-dimensional
volume using Image J. The OCT images were used to quantitatively measure the thickness of foulants
on the membrane surfaces under different operating conditions. The results showed that intermittent
operation retarded the flux decrease due to fouling compared to continuous operation. The OCT
analysis showed that the foulant thickness was significantly reduced by the intermittent operation.
The decrease in foulant layer thickness was found to occur when the RO process was restarted in
intermittent operation.
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1. Introduction

Water is the basis of life and a necessity for everyone. However, it is becoming an
increasingly scarce and degraded natural resource for millions of people around the world.
Providing a rapidly growing population with sufficient water for a variety of uses has
become one of the greatest challenges of recent years [1]. Desalination of seawater and
brackish water is one of the promising solutions to secure fresh water supply because it is
not limited by the availability of conventional water resources [2]. Reverse osmosis (RO) is
a key technology for energy-efficient and cost-effective desalination [3]. RO desalination
is not only used for the supply of domestic water, but also for the supply of water for
industrial and agricultural purposes [4,5].

In particular, there has been recent interest in technologies that combine renewable
energy (RE) with RO desalination to provide small-scale domestic water supply [6]. This
method can not only provide a stable water supply in areas where there are no existing
water supply facilities, but it can also reduce the cost of electricity by using RE sources such
as solar and/or wind power [6,7]. Nevertheless, RE-powered RO desalination technology
has its challenges associated with the intermittency and the variability of the renewable
energy sources. Due to the intermittency and variability of renewable energy, these sys-
tems require energy storage using batteries, which are expensive and have a relatively
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short life [7]. These issues make battery-less RE-powered RO systems more attractive [8].
However, fluctuations in the input of renewable energy sources inherently result in either
intermittent or variable operation of these RO systems [7–9]. Such operation affects the
permeate production and permeate quality, which makes it difficult to predict the RO per-
formance [10]. Accordingly, understanding how these systems behave during intermittent
operation is important to keep them stable.

A handful of works have been carried out to investigate the effect of the intermittent
or variable operation on fouling in RO systems [11–13]. In these studies, the changes in
flux or applied pressure in time were measured in lab-scale or full-scale RO processes under
intermittent/variable operation modes. Nevertheless, there is still limited information available
on the effect of intermittent operation on RO fouling. This is due to the limitations of existing
fouling analysis techniques such as scanning electron microscopy (SEM) and atomic force
microscopy (AFM). They can only be applied after the membrane process is completed. While
these “autopsy” approaches are still useful, it is necessary to monitor membrane fouling in real
time during the intermittent operation. A direct observation of real-time RO fouling has been
attempted, which could only provide images on the surface of the foulants [14]. Due to lack of
in-depth real-time analysis methods, it is difficult to figure out how fouling is progressing and
what factors affect the fouling propensity in real time.

Accordingly, optical coherence tomography (OCT) has recently received increased
attention as a novel approach for real-time analysis of membrane fouling [15]. OCT
is a quick, sensitive, non-invasive, user-friendly device that provides high-resolution
images [16]. OCT is an interferometric technique based on the interference between a
split and later recombined broadband optical field [17–19]. OCT can measure a large
area and has fast data compared to other focused optical microscopes. In OCT, a two- or
three-dimensional image is obtained by performing multiple depth scans. These scans
are performed as the beam is scanned laterally in either one or two orthogonal directions.
Typically, a two-dimensional cross-sectional image can contain approximately 500 depth
scans covering a width of 5 mm [17]. Compared to some other tomography techniques (e.g.,
X-ray computed tomography), OCT can perform cross-sectional imaging at a relatively
high speed [20–22]. The most attractive feature of OCT is the ability to perform “optical
slicing” at a relatively high resolution (~2 µm), providing a powerful tool to non-invasively
detect the 3D structure of a semi-transparent layer [15].

Due to its advantages, OCT has applications in ophthalmology [18,23] and can be used
to analyze fouling in membrane processes [24,25]. In UF membrane operation, OCT has
been explored to quantitatively interpret the formation of a cake layer during a membrane
process using silica nanoparticles and bentonites [19]. In NF/RO operation, membrane
fouling data were acquired by OCT for deep neural network modeling [26]. OCT has
also been used to quantitatively analyze the scaling of CaSO4 in membrane distillation
(MD) [27]. It has also been used to analyze internal fouling in oil–water separation by
membrane filtration [28]. Although OCT alone cannot identify the type of fouling, it may be
combined with other techniques to provide information on foulant types and mechanisms.

The use of the OCT technology for membrane processes is still in its early stage.
Thus, there has not been any application of OCT in full-scale RO systems. It is also
challenging to apply the OCT technology to examine fouling in commercial spiral wound
modules. Nevertheless, it could be overcome in several ways. For instance, OCT could
be combined with the membrane fouling simulators (MFS) [29] or the “canary cell” [30],
which are devices for fouling studies and show comparable results to large-scale membrane
installations. It might also be possible to design a special spiral wound module with a
transparent window, which allows the direct application of the OCT.

Nevertheless, it is necessary to optimize OCT methodology for target membrane
systems and develop techniques for the analysis of images and the interpretation of data.
This is especially important when OCT is adopted to a special system such as an intermittent
RO system. In this study, an OCT method for non-destructive acquisition and analysis of
membrane fouling images was developed for a laboratory-scale brackish water RO (BWRO)
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system. This method was then applied to investigate the membrane fouling characteristics
under intermittent operation. In the experiments, synthetic feed water containing salts
and organic matter was prepared to simulate the fouling during the operation. Fouling
variations were observed and analyzed during stopping and restarting during intermittent
operation to investigate the causes of fouling reduction. The membrane fouling layer
was compared and analyzed with the flow by the stopping condition during five days
of intermittent operation. AFM and 3D OCT images were collected to understand the
morphological characteristics of the foulants.

2. Materials and Methods
2.1. Feed Water and RO Membrane

Sodium chloride (NaCl, Samchun, Pyeongtaek, Republic of Korea) and humic acid
(Sigma Aldrich, St. Louis, MO, USA) were used as model foulants. Deionized water was
produced by a water purification system (Human power I+, Human corporation, Seoul,
Republic of Korea). Synthetic feed water was prepared by adding 16.0 g of NaCl and 30
mg of humic acid to 1 L of deionized (DI) water, which was intended to accelerate flux
decline and membrane fouling. This may also simulate the conditions near the end of the
tail elements in the BWRO process, where the TDS is 4~6 times higher than that of the feed
solution. Thin-film composite RO membranes (RE4040-BE, Toray Chemical Korea, Seoul,
Republic of Korea), which have a nominal salt rejection of 99.7% under standard conditions,
were used for the experiments. The membrane samples were stored in deionized (DI) water
at 4 ◦C and soaked in DI water at room temperature for 24 h before each test.

2.2. Experimental Set Up

The fouling behavior of the RO membrane was evaluated in a bench-scale filtration
system, as shown schematically in Figure 1a.
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Figure 1. (a) Schematic diagrams of RO test apparatus. (b) Membrane module for OCT analysis.

This test system consisted of a cross-flow membrane cell with a flow channel (dimen-
sions 60 mm × 60 mm × 3 mm). A membrane coupon was put into the membrane cell
for each experiment. The effective area of the RO membrane was 36 cm2. As shown in
Figure 1b, a transparent acrylic window was placed on the top of the membrane cell to
allow direct observation of the membrane during the experiment. A high-pressure pump
(Hydra cell, Minneapolis, MN, USA) was used to supply feed water to the membrane cell.
The operating pressure was set to 20 bar for the experiments and the cross-flow velocity
in the feed channel of the membrane cell was kept constant at 0.167 m/s. The feed water
was maintained at room temperature (22 ± 1 ◦C) by a heat exchanger coil connected to the
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water bath. The permeate flow rate was monitored by a flow meter connected to a data
acquisition system. A total recycling operation was carried out in which the concentrate
and the permeate were sent back to the feed tank.

The RO experiments were conducted in three cases: in the first case, the membrane
was operated continuously for 6 h; in the second and third cases, the membrane was shut
down for 2 h after 4 h of operation to investigate changes in the membrane foulant layer and
flow recovery upon resumption of operation. In the second case, the membrane was stored
in the feed water during the shutdown, and in the third case, the membrane was washed
with distilled water for 5 min and then stored in distilled water for the remaining shutdown
time. In real processes, permeate is used to clean and store membranes. However, this
lab-scale equipment does not store the permeate separately, so DI water was used instead
of the permeate. In the long-term operation experiment, 8 h of operation and 16 h of
shutdown were repeated for 5 days, which simulated the intermittent operation cycles for
RE-powered RO systems. The operations were performed under the same conditions as in
the previous cases: in the first case, the membrane was operated continuously for 40 h, in
the second case, the membrane was stored in raw water during the operation stop time (16
h), and in the third case, the membrane was washed with distilled water for 5 min and then
stored in distilled water for the remaining operation stop time. The operating conditions of
the membrane are summarized in Table 1.

Table 1. Summary of operating conditions for RO experiments.

Total
Duration Time in Each Cycle Case 1

(Continuous)

Case 2
(Intermittent Operation with

Feed Water Storage)

Case 3
(Intermittent Operation with

DI Water Storage)

6 h
4 h RO in

operation
RO in operation

2 h RO stored in feed water RO stored in DI water

40 h

8 h
RO in

operation

RO in operation
16 h RO stored in feed water RO stored in DI water
8 h RO in operation
16 h RO stored in feed water RO stored in DI water

2.3. Optical Coherence Tomography (OCT)

An OCT system (OQ LabScope, Lumedica, Durham, NC, USA) was applied to analyze
foulants on the RO membrane surface in real time during the operation. Figure 1 shows
the OCT system attached to the RO test apparatus. This system has the ability to acquire
8-bit grayscale images of 512 × 512 pixels in real time. The software supplied by the
manufacturer was installed and used to store and analyze the acquired image files. The
actual physical size of a single pixel was 3.8 µm. The A-scan and B-scan line rates were
34 kHz and 22 s, respectively.

2.4. Image Analysis

The acquired images from the OCT system require several steps of image analysis,
including the correction of imaging defects (e.g., non-uniform illumination, electronic noise,
glare effect), enhancement of images, and segmentation of objects in the image and image
measurements [31]. For the image analysis, Image J, a Java-based, freely distributed image
processing program developed by the National Institutes of Health and the Laboratory for
Optical and Computational Instrumentation (LOCI) at the University of Wisconsin [32],
was used in this study. Image J has been used in many scientific studies and projects, mainly
focused on life sciences [33–35], and can also be applied to membrane technology. When
an image was taken using OCT, it included several layers: a membrane layer, a foulant
layer, and raw water passing on the membrane. These layers were separated to extract the
foulant layer using Image J, allowing the analysis of foulant properties on the membrane.

Figure 2 illustrates the procedures for the image analysis by Image J, which are
based on previous works [36,37]. A raw image obtained from OCT initially has noise
due to incorrect pixel intensity, as shown in Figure 2a. To deal with this, the Unsharp
mask filter was used to enhance the sharpness of the image, and the result is shown in
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Figure 2b [37]. Next, the contrast-limited adaptive histogram equalization (CLAHE) was
used to adjust the pixel intensity to equalize the histogram across the image, which is
shown in Figure 2c [37,38]. Then, the Gaussian blur function was applied to remove noise
in the image and eliminate outlier pixels, resulting in the image shown in Figure 2d [36].
Finally, the threshold function was used to separate the membrane fouling layer (Figure 2e)
and convert it to a grayscale image to distinguish it (Figure 2f) [39].
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Figure 2. Example of image analysis for foulant layers on the membrane: (a) raw OCT image,
(b) after Unsharp mask, (c) after contrast-limited adaptive histogram equalization (CLAHE), (d) after
Gaussian blur, (e) thresholding image (red color is the foulant layer), and (f) fouling image (white
color is the foulant layer).

In addition, 3D images were obtained using OCT by continuous volume scanning. A
total of 30 images were used to create one 3D image by applying the 3D Volume function in
Image J. The removal of the noise and the extraction of the foulant layer were also carried
out. The vertical and horizontal lengths of the 3D images were set to 1946 µm and 114 µm,
respectively. Only qualitative analysis was performed so these 3D images could show the
overall appearance of the foulant layer on the membrane surface.

2.5. Atomic Force Microscopy (AFM)

After the RO experiments, the membrane surface was examined using an AFM (Park
Systems NX10, Santa Clara, CA, USA). The AFM scan of the sample was performed in the
contact mode, where the tip scans the sample in close contact with the surface [40]. The
scan area for the samples was set to 50 µm × 50 µm.

3. Results and Discussion
3.1. Comparison of Flux in Continuous and Intermittent RO Operations

The bench-scale RO system was operated for 600 min in various modes, including
continuous and intermittent operations. The feed solution containing 16.0 g/L of NaCl and
30 mg/L of humic acid was used to observe the fouling behaviors. The initial flux ranged
from 22 L/m2-h to 23 L/m2-h at 20 bar, which decreased with time due to fouling. In the
case of the continuous operation (Case 1), the flux decreased by 12.5% after 60 min of the
operation, as shown in Figure 3a. After 240 min of operation, 120 min of shutdown in the
feed water, and then restart (Case 2), the flux reduction after 600 min was approximately
10.4%, which is shown in Figure 3b. When DI water was used instead of the feed water un-
der the same intermittent operation conditions (Case 3), less flux reduction (approximately
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8.9%) was achieved, as can be seen in Figure 3c. These results indicate that the intermittent
operation can retard RO fouling.
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Figure 3. Time-dependent flux profiles for 600 min of RO operation. (a) Continuous operation (Case
1), (b) intermittent operation with feed water storage (Case 2), (c) intermittent operation with DI
water storage (Case 3), and (d) comparison of flux variations.

It is noteworthy that the flux was improved after the shutdown and restart of the
system, which is indicated in Figure 3d. The intermittent operation using the feed water
(Case 2) showed an improvement in flux of about 3.2% from before to after the restart
compared to the continuous operation (Case 1). The intermittent operation with DI water
(Case 3) showed a greater improvement in flux, approximately 8.6%. Accordingly, the
difference in the flux reduction between Case 2 and Case 3 can be attributed to the difference
in the flux improvement after the shutdown. Fouling reduction by shutting down and
restarting a membrane process has also been reported in the literature [41]. The normalized
flux values at 600 min of the operation for Case 1, Case 2, and Case 3 were 0.8750, 0.8963,
and 0.9111, respectively, indicating that intermittent operation resulted in higher flux than
continuous operation. However, it should be noted that the effective operating time for
Case 2 and Case 3 was 480 min due to the 120 min of the shutdown period. For a fair
comparison, the flux at 480 min for Case 1 was compared, which was 0.8824, confirming
that it was still lower than those for Case 2 and Case 3.

3.2. Foulant Layer Thickness after Intermittent Operation

To elucidate the reason for the increased flux in the intermittent operation, the thickness
of the foulant layer was analyzed by OCT and the image analysis technique. After 4 h of
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continuous operation, the image of the foulant layer was obtained, as shown in Figure 4a,
and the average thickness was calculated to be 10.4 µm. As can be seen in Figure 4b, the
foulant layer thickness was found to be reduced to 8.42 µm when the operation was shut
down for 120 min and then restarted (Case 2). A further reduction in the thickness (7.47 µm)
was observed in Figure 4c when the membrane was stored in DI water after the shutdown
and then restarted (Case 3). These results are consistent with the flux changes shown in
Figure 3d.
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Figure 4. Images of the foulant layer by OCT (after thresholding). The white areas in the images
represent the foulant layers. (a) Continuous operation for 4 h. (b) Restart after the membrane storage
in the feed water (Case 2). (c) Restart after the membrane storage in DI water (Case 3).

3.3. Changes in Flux and Thickness in Continuous Operation

To further investigate the behaviors of flux and the foulant layer thickness, the RO
system was continuously operated for 40 h and the OCT analysis was repeated. The same
feed solution and the operating conditions were used here as in the previous experiments.
A steady decrease in flux was observed over time, resulting in a flux reduction of approxi-
mately 24%, as shown in Figure 5a. The flux reduction was fast at the beginning and then
slowed down after 4 h. A similar trend was observed for foulant layer thickness, as can
be seen in Figure 5b. The thickness rapidly increased to 15.9 µm within 3 h and gradually
reached 21.2 µm after 40 h.
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The following model equation was used to derive a quantitative relationship between
flux and the fouling layer thickness. According to the resistance-in-series model and the
cake formation theory, the flux (J) can be described by:

J =
∆P − ∆π

η(Rm + Rc)
=

∆P − ∆π

η
(

Rm + αcmc
Am

) (1)

where ∆P is the transmembrane pressure, ∆π is the osmotic pressure difference between
the feed and permeate sides, η is the viscosity of the permeate, Rm is the intrinsic resistance
of the membrane, Rc is the resistance of the foulant (cake) layer, αc is the specific resistance
of the foulant, mc is the mass of the foulant, and Am is the membrane area. The foulant
layer thickness (τ) may be related to the mc:

τ =
mc

ρc Am
(2)

where ρc is the density of the foulant. Accordingly, Jv is expressed as a function of τ:

J =
∆P − ∆π

η(Rm + αcρcτ)
(3)

Rearranging Equation (3), the following equation is obtained:

1
J
=

1(
∆P−∆π

ηρcαc

)(τ +
Rm

αcρc

)
=

(
ηρc

∆P − ∆π

)
(αc)τ +

(
ηcRm

∆P − ∆π

)
(4)

Thus, the thickness is inversely proportional to the flux:

τ ∝
1
J

(5)

Figure 6 shows the correlation between the thickness (t) and the reciprocal value of the
flux (1/J). A linear relationship was observed, as expected in Equation (4), confirming that
the thickness measured by OCT is useful to analyze the flux changes. It should be noted
that the data points in the late stage showed a different trend from those in the early stage,
resulting in two regression lines with different slopes. This can be attributed to changes in
the foulant layer characteristics with time. As the foulant layer compression occurred over
time, the αc increased, leading to an increase in the slope of the regression line.
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3.4. Changes in Flux and Thickness in Intermittent Operation

Figure 7 shows the evolution of the flux over time in the intermittent operation in
comparison with the results of the continuous operation. The effective operating time of
intermittent operation was set to 40 h, which implies that the period of downtime was
excluded from this. There were four shutdowns and restarts because the operation was
stopped every 8 h. In the intermittent operation, when the membrane was kept during the
downtime using the influent water (Case 2), it was observed that the flux increased at each
restart. This led to an increase in the final flux at 40 h of the effective operation time, as can
be seen in Figure 7a. The increase in flux was even greater when the membrane was stored
with DI water in intermittent operation (Case 3). This effect accumulated over repeated
starts and stops, improving the final flux, as shown in Figure 7b.
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Figure 7. Time-dependent profiles for flux and foulant layer thickness for 40 h of intermittent
operation. The red dashed line represents the time for stopping and restarting. black color is Case 2
operation, gray color is continuous operation, and white color is Case 3 operation. (a) RO operation
with membrane storage in the feed water (Case 2). (b) RO operation with the membrane storage in
DI water (Case 3).

The previous results indicate that intermittent operation causes flux recovery. To
clarify the specific mechanism, the changes in fouling layer thickness before and after
intermittent operation were tracked by OCT. As shown in Figure 8, the images of the
fouling layer were obtained and analyzed in each condition. These images were used to
calculate the thickness of the foulant layer, which are shown in Figure 9 as a function of
time in each operation cycle. In Case 2, as shown in Figure 9a, the thickness increased over
time during the operation period. When the operation was stopped and the membrane was
stored in the feed water for 16 h, the thickness slightly increased. However, immediately
after resuming operation, the foulant layer thickness decreased. These results indicate that
the flux improvement in Case 2 is attributed to the reduction of fouling upon restart.
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Figure 8. Images of the foulant layer by OCT (after thresholding). The white areas in the images
represent the foulant layers. (a) Case 2—After 8 h (before shutdown). (b) Case 2—After shutdown,
16 h. (c) Case 2—Restart. (d) Case 2—After a 40 h operation time. (e) Case 3—After 8 h (before
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3—Restart. (i) Case 3—After a 40 h operation time.
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with membrane storage in the feed water (Case 2). (b) RO operation with the membrane storage in
DI water (Case 3).

Figure 9b shows the profile of the foulant layer thickness in each of the operating
cycles for Case 3. Similar to Case 2, the thickness increased with time during the operation
period. However, unlike the previous case, a decrease in the thickness was observed when
the operation was stopped and DI water was supplied. Little increase in thickness was
observed even when the membrane was stored in DI water. A further decrease in thickness
was observed when operation was resumed. These results imply that the flux improvement
in Case 3 is due to the reduction of fouling in both the stop and restart periods.

Based on these findings, the mechanism for flux improvement in intermittent operation
was proposed, as shown in Figure 10. In Case 2, where the membrane was stored in the
feed water during the downtime, the foulant removal occurred only when the operation
was restarted. Additional foulant deposition appears to occur during the storage period
because the membrane was in contact with the foulant-containing feed water. On the other
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hand, foulant removal occurred during the shutdown and restart periods in Case 3, where
the membrane was stored in DI water during the shutdown. Replacing the feed water
with DI water caused the foulants to be removed from the membrane. During the storage
period, there was no additional foulant deposition due to the use of the DI water.
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Figure 10. Proposed mechanism for flux enhancement and foulant removal by intermittent operation.

More quantitative data on the change of the foulant layer thickness are shown in
Figure 11, where the reduction of the foulant layer thickness was calculated and compared
in each operating cycle. In Case 2 (Figure 11a), the reduction in thickness was observed
in the restart period, while the increase (or negative reduction) in thickness was obtained
in the storage period. The net thickness reduction is the difference between these two
values. On the other hand, in Case 3 (Figure 11b), the reduction in thickness was observed
in both the storage and restart periods, and the net reduction is the sum of these two values.
Correspondingly, the reduction in the foulant layer thickness was greater in Case 3 than in
Case 2.
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Figure 12 shows the relationships between the foulant layer thickness (τ) and the
reciprocal value of the flux (1/J) for Case 2 and Case 3. A linear relationship between
the two variables was found in each case, albeit with deviations. In Figure 6, the slope of
the regression line was 0.0255, while those for Case 2 and Case 3 were 0.0156 and 0.0183,
respectively. As shown in Equation (4), the slope of the regression lines is proportional
to αc, indicating that the foulant layer in the continuous operation had a greater αc value
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than those in the intermittent operations. It can be interpreted that the membrane fouling
layer became somewhat loose due to the shutdown and restart periods in the intermittent
operation.
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3.5. 3D OCT Images with AFM Results

Figure 13a shows the 3D OCT images of the foulant layer in the continuous operation
(Case 1). As described earlier, the dimensions of the image were 1946 µm × 114 µm. The
surface of the foulant layer showed a large roughness and a tendency to become denser
towards the bottom. The 3D OCT images in the intermittent operations (Case 2 and Case 3)
are shown in Figure 13c,e. The foulant layer in Case 1 appeared to be the thickest, while that
in Case 3 seemed to be the thinnest. The foulant layer in Case 2 showed an intermediate
thickness. These results are in accordance with the 2D OCT results in Figure 8.

The AFM analysis was performed simultaneously on the same membranes, and the
results are shown in Figure 13b,d,f. Note that the AFM images are smaller than the 3D OCT
images, so a direct comparison is not possible. The roughness values for these membranes
were found to be 0.754 µm (Case 1), 0.806 µm (Case 2), and 1.065 µm (Case 3), indicating that
the foulant layer in the continuous operation was smoother than those in the intermittent
operation. This is attributed to the removal of the foulant from the membrane surface
during the intermittent operation. Since the foulant detachment occurred in an uneven
manner, it is likely that the surface of the foulant resulted in a higher roughness. In addition,
the difference in the morphological properties between the continuous and intermittent
operation can be related to the αc for the foulant layers. It is also likely that information on
the morphology by OCT may be used to identify the type of fouling. Of course, further
studies are required to explore these possibilities.
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Figure 13. In OCT images (a,c,e), the yellow color represents the membrane, while the pink color
above the yellow corresponds to the foulant layer on top of the membrane. In AFM images (b,d,f),
brighter colors indicate that the foulant layers are stacked higher on the membrane compared to other
areas (a) 3D OCT image for continuous RO operation (Case 1), (b) AFM image for continuous RO
operation (Case 1), (c) 3D OCT image for RO operation with membrane storage in the feed water
(Case 2), (d) AFM image for RO operation with membrane storage in the feed water (Case 2), (e) 3D
OCT image for RO operation with the membrane storage in DI water (Case 3), and (f) AFM image for
RO operation with the membrane storage in DI water (Case 3).

4. Conclusions

In this paper, RO fouling was investigated under continuous and intermittent op-
erating conditions using an OCT-based approach. The flux was found to be improved
after shutdown and restart in intermittent operation compared to continuous operation.
The intermittent operation also showed a decrease in the thickness of the fouling layer. A
linear relationship between the thickness (τ) and the reciprocal value of the flux (1/J) was
obtained, indicating that the thickness measured by OCT is useful for analyzing the flux
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variations. The intermittent operation with repeated stops and restarts also showed an
increase in flux and a decrease in the fouling layer thickness. When the membrane was
kept in the feed solution during the shutdown period, the reduction of the fouling layer
was observed only during the restart period. On the other hand, when the membrane was
stored in DI water during the shutdown period, the reduction of the fouling layer was
observed during both the shutdown period and the restart period. This resulted in a higher
final flux in the latter case than in the former. Based on these results, a mechanism for
reducing fouling in intermittent operation was proposed, and regression equations showing
the relationship between flux and fouling layer thickness were obtained. Meanwhile, 3D
OCT images and AFM results provided three-dimensional information and morphological
characteristics of the fouling layer.

Author Contributions: Conceptualization, S.L. (Song Lee), H.C. and S.L. (Sangho Lee); methodology,
S.L. (Song Lee), Y.C. and S.L. (Sangho Lee); experiment, S.L. (Song Lee) and S.L. (Sangho Lee).;
analysis, S.L. (Song Lee) and H.C.; writing—original draft preparation, S.L. (Song Lee); writing—
review and editing, S.L. (Sangho Lee) All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by the Korea Environmental Industry and Technology Institute
(KEITI) as “Development of Energy Consumption Evaluation Method and Certification System for
Water and Wastewater Process based on Performance (code: 2020002690001)”, from the Korea Ministry
of Environment (MOE), Republic of Korea.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mishra, B.K.; Kumar, P.; Saraswat, C.; Chakraborty, S.; Gautam, A. Water security in a changing environment: Concept, challenges

and solutions. Water 2021, 13, 490. [CrossRef]
2. Ghaffour, N.; Missimer, T.M.; Amy, G.L. Technical review and evaluation of the economics of water desalination: Current and

future challenges for better water supply sustainability. Desalination 2013, 309, 197–207. [CrossRef]
3. Dashtpour, R.; Al-Zubaidy, S.N. Energy efficient reverse osmosis desalination process. Int. J. Environ. Sci. Dev. 2012, 3, 339.
4. Greenlee, L.F.; Lawler, D.F.; Freeman, B.D.; Marrot, B.; Moulin, P. Reverse osmosis desalination: Water sources, technology, and

today’s challenges. Water Res. 2009, 43, 2317–2348. [CrossRef] [PubMed]
5. Burn, S.; Hoang, M.; Zarzo, D.; Olewniak, F.; Campos, E.; Bolto, B.; Barron, O. Desalination techniques—A review of the

opportunities for desalination in agriculture. Desalination 2015, 364, 2–16. [CrossRef]
6. Ali, E. Optimal Control of a Reverse Osmosis Plant for Brackish Water Desalination Driven by Intermittent Wind Power.

Membranes 2022, 12, 375. [CrossRef]
7. Ajiwiguna, T.A.; Lee, G.-R.; Lim, B.-J.; Cho, S.-H.; Park, C.-D. Optimization of battery-less PV-RO system with seasonal water

storage tank. Desalination 2021, 503, 114934. [CrossRef]
8. Ali, I.B.; Turki, M.; Belhadj, J.; Roboam, X. Systemic design and energy management of a standalone battery-less PV/Wind driven

brackish water reverse osmosis desalination system. Sustain. Energy Technol. Assess. 2020, 42, 100884.
9. Mito, M.T.; Ma, X.; Albuflasa, H.; Davies, P.A. Variable operation of a renewable energy-driven reverse osmosis system using

model predictive control and variable recovery: Towards large-scale implementation. Desalination 2022, 532, 115715. [CrossRef]
10. Ruiz-García, A.; Nuez, I. Performance evaluation and boron rejection in a SWRO system under variable operating conditions.

Comput. Chem. Eng. 2021, 153, 107441. [CrossRef]
11. Freire-Gormaly, M.; Bilton, A.M. Experimental quantification of the effect of intermittent operation on membrane performance of

solar powered reverse osmosis desalination systems. Desalination 2018, 435, 188–197. [CrossRef]
12. Freire-Gormaly, M.; Bilton, A.M. Design of photovoltaic powered reverse osmosis desalination systems considering membrane

fouling caused by intermittent operation. Renew. Energy 2019, 135, 108–121. [CrossRef]
13. Ruiz-García, A.; Nuez, I. Long-term intermittent operation of a full-scale BWRO desalination plant. Desalination 2020, 489, 114526.

[CrossRef]
14. Sarker, N.R.; Bilton, A.M. Real-time computational imaging of reverse osmosis membrane scaling under intermittent operation. J.

Membr. Sci. 2021, 636, 119556. [CrossRef]
15. Liu, X.; Li, W.; Chong, T.H.; Fane, A.G. Effects of spacer orientations on the cake formation during membrane fouling: Quantitative

analysis based on 3D OCT imaging. Water Res. 2017, 110, 1–14. [CrossRef] [PubMed]

http://doi.org/10.3390/w13040490
http://doi.org/10.1016/j.desal.2012.10.015
http://doi.org/10.1016/j.watres.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19371922
http://doi.org/10.1016/j.desal.2015.01.041
http://doi.org/10.3390/membranes12040375
http://doi.org/10.1016/j.desal.2021.114934
http://doi.org/10.1016/j.desal.2022.115715
http://doi.org/10.1016/j.compchemeng.2021.107441
http://doi.org/10.1016/j.desal.2017.09.013
http://doi.org/10.1016/j.renene.2018.11.065
http://doi.org/10.1016/j.desal.2020.114526
http://doi.org/10.1016/j.memsci.2021.119556
http://doi.org/10.1016/j.watres.2016.12.002
http://www.ncbi.nlm.nih.gov/pubmed/27974248


Membranes 2023, 13, 392 15 of 15

16. Rebolleda, G.; Diez-Alvarez, L.; Casado, A.; Sánchez-Sánchez, C.; De Dompablo, E.; González-López, J.J.; Muñoz-Negrete, F.J.
OCT: New perspectives in neuro-ophthalmology. Saudi J. Ophthalmol. 2015, 29, 9–25. [CrossRef]

17. Tomlins, P.H.; Wang, R.K. Theory, developments and applications of optical coherence tomography. J. Phys. D: Appl. Phys. 2005,
38, 2519. [CrossRef]

18. Fercher, A.F.; Drexler, W.; Hitzenberger, C.K.; Lasser, T. Optical coherence tomography-principles and applications. Rep. Prog.
Phys. 2003, 66, 239. [CrossRef]

19. Li, W.; Liu, X.; Wang, Y.-N.; Chong, T.H.; Tang, C.Y.; Fane, A.G. Analyzing the evolution of membrane fouling via a novel method
based on 3D optical coherence tomography imaging. Environ. Sci. Technol. 2016, 50, 6930–6939. [CrossRef]

20. Manickam, S.S.; Gelb, J.; McCutcheon, J.R. Pore structure characterization of asymmetric membranes: Non-destructive characteri-
zation of porosity and tortuosity. J. Membr. Sci. 2014, 454, 549–554. [CrossRef]

21. Wojtkowski, M. High-speed optical coherence tomography: Basics and applications. Appl. Opt. 2010, 49, D30–D61. [CrossRef]
[PubMed]

22. Gao, Y.; Haavisto, S.; Li, W.; Tang, C.Y.; Salmela, J.; Fane, A.G. Novel approach to characterizing the growth of a fouling layer
during membrane filtration via optical coherence tomography. Environ. Sci. Technol. 2014, 48, 14273–14281. [CrossRef] [PubMed]

23. Schmitt, J.M.; Knuttel, A.; Yadlowsky, M.; Eckhaus, M. Optical-coherence tomography of a dense tissue: Statistics of attenuation
and backscattering. Phys. Med. Biol. 1994, 39, 1705. [CrossRef] [PubMed]

24. Bauer, A.; Wagner, M.; Saravia, F.; Bartl, S.; Hilgenfeldt, V.; Horn, H. In-situ monitoring and quantification of fouling development
in membrane distillation by means of optical coherence tomography. J. Membr. Sci. 2019, 577, 145–152. [CrossRef]

25. West, S.; Wagner, M.; Engelke, C.; Horn, H. Optical coherence tomography for the in situ three-dimensional visualization and
quantification of feed spacer channel fouling in reverse osmosis membrane modules. J. Membr. Sci. 2016, 498, 345–352. [CrossRef]

26. Park, S.; Baek, S.-S.; Pyo, J.; Pachepsky, Y.; Park, J.; Cho, K.H. Deep neural networks for modeling fouling growth and flux decline
during NF/RO membrane filtration. J. Membr. Sci. 2019, 587, 117164. [CrossRef]

27. Liu, J.; Li, Z.; Wang, Y.; Liu, X.; Tu, G.; Li, W. Analyzing scaling behavior of calcium sulfate in membrane distillation via optical
coherence tomography. Water Res. 2021, 191, 116809. [CrossRef]

28. Trinh, T.A.; Li, W.; Han, Q.; Liu, X.; Fane, A.G.; Chew, J.W. Analyzing external and internal membrane fouling by oil emulsions
via 3D optical coherence tomography. J. Membr. Sci. 2018, 548, 632–640. [CrossRef]

29. Siddiqui, A.; Lehmann, S.; Bucs, S.S.; Fresquet, M.; Fel, L.; Prest, E.I.E.C.; Ogier, J.; Schellenberg, C.; van Loosdrecht, M.C.M.;
Kruithof, J.C.; et al. Predicting the impact of feed spacer modification on biofouling by hydraulic characterization and biofouling
studies in membrane fouling simulators. Water Res. 2017, 110, 281–287. [CrossRef]

30. Sim, S.T.V.; Krantz, W.B.; Chong, T.H.; Fane, A.G. Online monitor for the reverse osmosis spiral wound module—Development of
the canary cell. Desalination 2015, 368, 48–59. [CrossRef]

31. Oberholzer, M.; Östreicher, M.; Christen, H.; Brühlmann, M. Methods in quantitative image analysis. Histochem. Cell Biol. 1996,
105, 333–355. [CrossRef] [PubMed]

32. Abràmoff, M.D.; Magalhães, P.J.; Ram, S.J. Image processing with ImageJ. Biophotonics Int. 2004, 11, 36–42.
33. Arena, E.T.; Rueden, C.T.; Hiner, M.C.; Wang, S.; Yuan, M.; Eliceiri, K.W. Quantitating the cell: Turning images into numbers with

ImageJ. Wiley Interdiscip. Rev. Dev. Biol. 2017, 6, e260. [CrossRef] [PubMed]
34. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next

generation of scientific image data. BMC Bioinform. 2017, 18, 529. [CrossRef]
35. Schindelin, J.; Rueden, C.T.; Hiner, M.C.; Eliceiri, K.W. The ImageJ ecosystem: An open platform for biomedical image analysis.

Mol. Reprod. Dev. 2015, 82, 518–529. [CrossRef]
36. Im, S.J.; Viet, N.D.; Jang, A. Real-time monitoring of forward osmosis membrane fouling in wastewater reuse process performed

with a deep learning model. Chemosphere 2021, 275, 130047. [CrossRef]
37. Valente, A.J.; Maddalena, L.A.; Robb, E.L.; Moradi, F.; Stuart, J.A. A simple ImageJ macro tool for analyzing mitochondrial

network morphology in mammalian cell culture. Acta Histochem. 2017, 119, 315–326. [CrossRef]
38. Zuiderveld, K. Contrast limited adaptive histogram equalization. In Graphic Gems; Academic Press: Cambridge, MA, USA, 1994;

pp. 474–485. [CrossRef]
39. Ferreira, T.; Rasband, W. ImageJ user guide. ImageJ/FIJI 2012, 1, 155–161.
40. Boussu, K.; Van der Bruggen, B.; Volodin, A.; Snauwaert, J.; Van Haesendonck, C.; Vandecasteele, C. Roughness and hy-

drophobicity studies of nanofiltration membranes using different modes of AFM. J. Colloid Interface Sci. 2005, 286, 632–638.
[CrossRef]

41. Freire-Gormaly, M.; Bilton, A. Impact of intermittent operation on reverse osmosis membrane fouling for brackish groundwater
desalination systems. J. Membr. Sci. 2019, 583, 220–230. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.sjopt.2014.09.016
http://doi.org/10.1088/0022-3727/38/15/002
http://doi.org/10.1088/0034-4885/66/2/204
http://doi.org/10.1021/acs.est.6b00418
http://doi.org/10.1016/j.memsci.2013.11.044
http://doi.org/10.1364/AO.49.000D30
http://www.ncbi.nlm.nih.gov/pubmed/20517358
http://doi.org/10.1021/es503326y
http://www.ncbi.nlm.nih.gov/pubmed/25379759
http://doi.org/10.1088/0031-9155/39/10/013
http://www.ncbi.nlm.nih.gov/pubmed/15551540
http://doi.org/10.1016/j.memsci.2019.02.006
http://doi.org/10.1016/j.memsci.2015.09.047
http://doi.org/10.1016/j.memsci.2019.06.004
http://doi.org/10.1016/j.watres.2021.116809
http://doi.org/10.1016/j.memsci.2017.10.043
http://doi.org/10.1016/j.watres.2016.12.034
http://doi.org/10.1016/j.desal.2015.04.014
http://doi.org/10.1007/BF01463655
http://www.ncbi.nlm.nih.gov/pubmed/8781988
http://doi.org/10.1002/wdev.260
http://www.ncbi.nlm.nih.gov/pubmed/27911038
http://doi.org/10.1186/s12859-017-1934-z
http://doi.org/10.1002/mrd.22489
http://doi.org/10.1016/j.chemosphere.2021.130047
http://doi.org/10.1016/j.acthis.2017.03.001
http://doi.org/10.1016/B978-0-12-336156-1.50061-6
http://doi.org/10.1016/j.jcis.2005.01.095
http://doi.org/10.1016/j.memsci.2019.04.010

	Introduction 
	Materials and Methods 
	Feed Water and RO Membrane 
	Experimental Set Up 
	Optical Coherence Tomography (OCT) 
	Image Analysis 
	Atomic Force Microscopy (AFM) 

	Results and Discussion 
	Comparison of Flux in Continuous and Intermittent RO Operations 
	Foulant Layer Thickness after Intermittent Operation 
	Changes in Flux and Thickness in Continuous Operation 
	Changes in Flux and Thickness in Intermittent Operation 
	3D OCT Images with AFM Results 

	Conclusions 
	References

