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In ultrapure water (UPW) production, ultraviolet (UV) radiation is an eﬀective process for reducing microorganisms and organic matter. An increasing trend of reusing the spent UPW further encourages the adoption of
UV at the upstream of reverse osmosis (RO) to mitigate membrane fouling and to enhance water quality. In this
study, UV technology, both low and medium pressure lamps, was assessed for RO pretreatment in UPW production. The fouling potential of problematic pollutants (e.g., silica and IPA) was evaluated pre and post UV
treatment based on fouling index under constant ﬂux mode. We found that the rejection rate of IPA was enhanced up to 80% and thus reduced the organic fouling potential in RO. On the contrary, for inorganic nanoparticle such as silica, a signiﬁcant increase in fouling potential after UV exposure was observed. Zeta and small
angle X-ray scattering analysis implied that this fouling potential transition was derived from silica particle
agglomeration under UV radiation. The RO fouling tests corroborated ﬁndings from fouling index measurements,
showing severe ﬂux decline after UV radiation. This research provides new insight for UPW production design by
revealing the inﬂuence of UV on inorganic and organic pollutants during the reclamation of spent UPW.

1. Introduction
The signiﬁcance of ultrapure water (UPW) has been recognized in
many advanced high-tech industrial applications, including semiconductors, memory, and LCDs. An extremely pure water is required in
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large quantities, an important challenge in these industries [1–3]. The
UPW production system contains a number of puriﬁcation technologies
that are broadly categorized into three stages: (1) pretreatment to remove suspended solids, (2) make-up to desalt, and (3) polishing to raise
water quality suﬃciently to meet the production line purpose [4].
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Table 1
Speciﬁc properties of colloidal silica and isopropanol alcohol (IPA) used in this study.
Foulant

Size

Speciﬁc gravity (20 °C)

Viscosity (mPa·s)

Proportion (%)

pH (20 °C)

Supplier

Silica
IPA

10–15 nm
MW = 60.1

1.213
0.79

6.5
1.959

30.5%
99.7%

9.5–10.5
7.38

SNOWTEX
SIGMA ALDRICH

investigated by measuring the fouling index. Finally, UV treatment as a
pretreatment for RO was evaluated via a series of lab-scale RO fouling
tests. The primary ﬁndings from this study are expected to provide new
insight in designing and operating UPW processes in terms of UV application.

Modern UPW production systems generally include reverse osmosis
(RO), which can reliably remove the majority of dissolved ions [4–6].
Although RO is regarded as central to the UPW production system,
ultraviolet (UV) radiation is another technology capable of achieving
ultra-high purity [4]. In general, UPW plants are reluctant to adopt
chemical-based treatment methods since residual chemicals could have
deleterious eﬀects on subsequent puriﬁcation processes. Therefore, UV
lamps are often introduced to reduce microorganisms and total organic
carbon (TOC). Speciﬁcally, low pressure (LP) and medium pressure
(MP) lamps are located before or after the RO ﬁltration process [7–11].
An LP lamp that emits a central wavelength of 254 nm is often used for
germicidal purposes and an MP lamp is employed to reduce TOC, as it
produces hydroxyl radicals by the resonance of 185 nm [12,13].
Some recent studies adopted UV at the upstream of RO to mitigate
membrane fouling and to enhance water quality [14,15]. Given the
nature of the UV process, UV irradiation works well as an alternative
biocide and oxidant. However, its synergetic eﬀects with RO in rejecting inorganics and low molecular weight (LMW) organic matter
have not been fully investigated [16]. Since the UPW production system
is cumulative, the eﬀects of previous stages on latter stages are signiﬁcant in achieving the required purity [4].
There is a current trend to reuse spent UPW, which means that the
reclamation loop loads more pollutants into the RO process. Though
ﬂexible design is required according to speciﬁc needs, the reclamation
loop often includes microﬁltration/ultraﬁltration (MF/UF) and UV
treatment processes before the RO inlet [17,18]. This trend suggests
that the use of UV lamps prior to RO is increasing, necessitating investigation of their chain eﬀect reﬂecting the water composition of
reusable UPW. Regarding reclamation, one problematic matter is silica.
Particles with a typical size of 10 nm, so-called “killer particles”, must
be rejected in microelectronic grade UPW production systems [19].
However, a high concentration of silica particles can be present in the
ﬁnal wafer rinse water from the semiconductor fabrication process
[20]. Meanwhile, silica particle control is very important for reusable
UPW since they can cause severe scaling as RO is operated under high
recovery rates [19,21]. In addition, the LMW organic compound such as
isopropanol alcohol (IPA) is another problematic pollutant contained in
reusable UPW, since it is widely used as organic solvent in the semiconductor industry, but often diﬃcult to be removed completely by RO
[22,23].
Various monitoring tools are employed in UPW production systems,
including conductivity meters, TOC meters, and particle counters [24].
The parameters measured by these devices are indicative of the target
matter contents. However, to evaluate the role of the RO pretreatment
stage, fouling indices can be a useful tool to predict the fouling potential of an RO process by reﬂecting membrane-speciﬁc phenomena.
For example, silt density index (SDI) and modiﬁed fouling index (MFI)
have been widely used in seawater desalination plants [25,26]. We
expect that MFI measured under UPW-speciﬁed conditions could be
applied to assess the fouling potential of small inorganic and organic
substances (e.g., silica and IPA) and to provide more precise prediction
of RO performance.
The aim of this study was to evaluate the eﬀect of UV treatment on
RO performance in a UPW production system. The assessment particularly focused on silica particles and IPA, both of which are problematic in the UPW production system. First, the fouling index was systematically optimized to evaluate the fouling potential of the above
pollutants. Next, the change in fouling potential after UV radiation was

2. Material and methods
2.1. Model foulants
In this study, the colloidal silica (SiO2) particle was used as a model
particulate foulant in the fouling simulation experiments. Speciﬁcally,
particle sizes in the range of 10–15 nm were used (Table 1). The particles were diluted with deionized (DI) water (D7429, Easy Pure RO
system, Labscience, Korea) to the concentration of 0.25 mg/L. All silica
particles were used after sonication (8510E-DTH, Branson Ultrasonic
Co., Danbury, CT, USA) for over 2 min to prevent particle aggregation.
The size and the shape of silica particles were further veriﬁed using a
particle size analyzer (Mastersizer, Malvern Ins., Malvern, United
Kingdom).
The model LMW organic matter used in this test was isopropanol
alcohol (IPA), frequently used [27] to estimate the removal eﬃciency of
TOC (Table 1). IPA is a volatile organic liquid and has a relatively large
surface tension. IPA at the desired concentration was also dissolved in
DI water. According to the standard guide for UPW used in industry, the
silica and IPA concentrations tested were in the range of 0.25–2 mg/L
[28].
2.2. Fouling tests
2.2.1. Fouling index measurements
In this study, the ﬁltration set-up was designed to determine the
fouling index, such as SDI, MFI0.45, and MFI-UFﬂux. The testing methods
for SDI and MFI0.45 followed ASTM standard methods [25,26]. Both
indices use MF membrane with a nominal pore size of 0.45 μm and a
diameter of 47 mm (active membrane area of 0.0014 m2) measured
under a constant operating pressure of 200 kPa at dead-end mode.
Meanwhile, the MFI-UF was also measured with a smaller pore size
membrane (10 kDa cut-oﬀ), with either constant pressure or constant
ﬂux mode [29–31] applied to evaluate the fouling potential of RO feed
water (Fig. 1). In constant ﬂux mode, the membrane fouling results in
an increase of applied pressure and hence the net driving force can be
described by Eq. (1) as follows:

TMP = μ∙Rm ∙J + μ∙J 2∙I∙t

(1)

where J is the ﬂux (m3/m2/s) and I is the resistivity (m−2) [32,33]. The
resistivity of I can be determined from the slope of the linear region in a
plot of transmembrane pressure (TMP) vs. time as illustrated by Eq. 1.
Then the MFI-UFﬂux at constant ﬂux can be calculated by substituting I
value as follows:

MFI − UFflux =

μ∙I
2∙∆P∙A2

(2)

where ΔP is the applied transmembrane pressure (bar), μ is the viscosity
(N·s/m2) of the feed water at 20 °C, and A is the surface area (m2). To
keep MFI-UFﬂux values comparable with other fouling indices, the MFIUFﬂux is standardized to reference conditions, namely: viscosity at 20 °C
(η = 0.001 Ns/m2), pressure of 2 bar (ΔP0), and surface area of a 10 kDa
139
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Fig. 1. Schematic diagram of lab-scale MFI-UFﬂux measurement and RO membrane ﬁltration systems. In the fouling index measurement, the MFI-UFﬂux was measured
with a 10 kDa UF membrane by employing a piston pump in a dead-end ﬂow system. In the RO fouling test, the RO experiments were performed using ﬂat-sheet RO
membranes with crossﬂow ﬁltration at an applied pressure of 20 bar. The concentrate water was recycled back to the feed tank after passing through the membrane
cell.

tight UF membrane (A0 = 3.8 × 10−4 m2) [32]. The MFI-UFﬂux measured in constant ﬂux mode, typically at 100 LMH, often results in
diﬀerent rates of cake compression. Data analysis was performed by
SPSS (Statistical Package for the Social Science, IBM SPSS Statistics,
Ver. 21.0) software. The regression of fouling test results was plotted by
using SigmaPlot (Systat software, Ver 12.5). The relationship between
the foulant concentrations and the fouling index (SDI, MFI0.45, and MFIUFﬂux) was assessed with the concentrations and the fouling index as
the dependent and independent variables, respectively.

average across the initial 30 min.

2.3. Characteristics of UV sterilizer and reducer
Two types of UV lamps (LP and MP) were used in this experiment
since these are the most popular lamp systems currently in use. There is
an intrinsic diﬀerence between LP and MP lamps; while the wavelength
spectrum of LP lamps is concentrated around 254 nm, MP lamp covers a
broader spectrum, including 185 nm. Moreover, MP lamps hold much
higher output than LP lamps; the light intensity of LP and MP lamps
used here were 3.5 mW/cm2 and 55 mW/cm2, respectively. Although
the MP lamp drives much higher energy in same contact time compared
to the LP lamp, we set identical radiation times, as contact time is determined by ﬂow rate, considering the actual operating conditions in a
water treatment plant.
The LP lamp (HANSUNG, 105 W), MP lamp (HANSUNG, 7200 W),
and a synthetic quartz sleeve (4.5 cm diameter × 24 cm length) were
installed in the center of the UV reactor. The distance from the inner
wall of the photoreactor to the external wall of the quartz tube was
88 mm. The feed water (i.e., silica and IPA suspension) was continuously supplied to the reactor in circulation by a speed-gear pump
(Cole-Parmer, USA) in a closed loop. In the circulation test, the feed
ﬂow velocity was set at 0.37 m/s, and the temperature to 25 ± 0.5 °C.
The total experimental time varied from 1 to 30 min.

2.2.2. RO fouling test
Laboratory-scale RO fouling experiments were performed using
commercial RO membranes (RE8040-BR, Toray) under cross-ﬂow ﬁltration mode at an applied pressure of 20 bar. This crossﬂow-ﬂat ﬁltration system was conﬁgured using the membrane cell, a high-pressure
pump, stirrer, feed reservoir, chiller, and data acquisition system
(Fig. 1). The feed water was held in a 4-L reservoir and fed to the
membrane cell by high-pressure pump. The initial ﬂux and cross-ﬂow
velocity were adjusted to 10 μm/s and 8.5 cm/s, respectively. The effective membrane surface area was 2.0 × 10−3 m2. Operating parameters such as ﬁltrate ﬂux, crossﬂow velocity, and pressure were
carefully controlled by manipulation of the back-pressure regulator and
bypass valve. Finally, the correlation of the measured fouling index
values and the ﬂux decline rate (FDR) was established to verify the
fouling index values with respect to the experimental RO data [34,35].
The FDR was deﬁned as follows:

Φ=−

J(t) =

1
1 dJ
tgθ|t = 0 = − 2
J02
J0 dt

2.4. Foulant analysis
(3)

t=0

J0
1 + 2ΦJ0 t

Zeta potential analysis is a measurement of the electric double layer
produced by surrounding ions in solution that has been widely used to
interpret the agglomeration or disaggregation of colloidal dispersions
[36,37]. The change in zeta size and zeta potential was measured before
and after UV exposure with a Zetasizer NanoZS (Malvern Instruments,
UK). The instrument calculated the zeta potential following the Smoluchowski equation from the measurement of electrophoretic mobility
[37] .

(4)
−2 −1

where Φ is the FDR, J0 (m m s ) is the initial ﬂux, t is the ﬁltration
time (s), and tgθ|t=0 is the slope of the ﬂux decline curve at t = 0. FDRs
were calculated by non-linear ﬁtting of the ﬁltration data using the
model equations above. In this study, we received the ﬂux data from the
electric balance once per minute and calculated the dJ/dt term from an
3
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ζ=

Uη
ε

(5)

where ζ is zeta potential, U electrophoretic mobility, η medium viscosity, and ε is a dielectric constant.
To investigate the overall sizes of radiated silica particles, small
angle X-ray scattering (SAXS) was employed by monitoring the Rg
value. The SAXS (SAXSess, Anton-Paar) is a structural method applicable to native particles in solution, and it is particularly suitable for
smaller structured systems. For monodisperse systems containing randomly oriented particles with identical structures, the isotropic SAXS
intensity is proportional to the single particle scattering averaged over
all orientations.
3. Results and discussion
This section is comprised of three parts. First, an appropriate fouling
index was determined to evaluate the fouling potential in a UPW pretreatment process. Second, the fouling index was applied to illustrate
the eﬀect of UV radiation as an RO pretreatment. Finally, an RO fouling
test was conducted to verify the eﬀect of UV radiation on RO performance. In particular, inorganic fouling mechanisms related to UV
treatment were highlighted in this research.
3.1. Determining fouling potential of feed water in UPW production system
3.1.1. Deﬁciency of ASTM fouling indices for the UPW-grade water
According to an ASTM statement, SDI and MFI0.45 were developed
to indicate the fouling potential of RO feed water, primarily due to
particulate matter [16,24]. As such, SDI and MFI0.45 were ﬁrst measured to evaluate the fouling potential of RO feed water. To determine
both indices, the feed water was ﬁltered at constant pressure through a
0.45-μm MF membrane in dead-end ﬂow. Meanwhile, the rejection rate
of ﬁltration tests was also measured as a parameter of foulant removal.
As shown in Fig. 2, SDI and MFI0.45 values increased with increasing
foulant concentration, although all these values are very low, indicating
no or small fouling potentials. According to the regression analysis from
the direct proportion of fouling index and concentration, the higher R2
value of MFI0.45 than SDI implies that MFI0.45 may predict fouling potential more accurately [29,38]. However, the reliability of the fouling
index suﬀered greatly from low removal by the MF membrane (rejection rate < 10%), which does not simulate the true fouling potential in
an RO process. Therefore, tighter membrane pore size was demanded,
such as MFI-UF, in order to evaluate the fouling potential of silica and
IPA more precisely.

Fig. 2. Comparison of fouling indices (SDI and MFI0.45) and rejection rate under
the presence of silica and IPA. (a) Standard fouling index (SDI and MFI0.45) and
rejection rate as silica concentration increases. (b) Standard fouling index (SDI
and MFI0.45) and rejection rate as IPA concentration increases. The feed suspension used was adjusted from 0.25 to 2 ppm. Experimental conditions:
0.45 μm UF membrane, applied pressure: 2 bar. Diﬀerent letters indicate signiﬁcant diﬀerences among treatments. Multiple comparisons of means were
performed using Tukey's test at the 0.05 signiﬁcance level.

constant-pressure ﬁltration mode, the ﬂux decreased over time and thus
the second membrane eﬀect derived by foulants could be weakened.
Consequently, the rate of cake formation and the cake layer characteristics became diﬀerent, yielding diﬀerent MFI-UF values.
Finally, owing to its higher rejection rate as well as simulation of RO
practice, the MFI-UFﬂux was selected and correlated with RO performance. By employing the slope of the ﬂux decline period, the FDR was
determined for each fouling test. Fig. 4 clearly shows that the MFIUFﬂux is directly proportional to the FDR of RO in both silica and IPA
suspension, implying an actual fouling potential.

3.1.2. Applicability of MFI-UFﬂux in UPW pretreatment process
The adaptation of SDI and MFI0.45 showed limitations for application in a UPW production system since the 0.45-μm membrane could
not fully reﬂect the inﬂuence of colloidal particles that should necessarily be rejected. Therefore, MFI-UFﬂux measured with a 10 kDa cutoﬀ membrane, the equivalent size of 3.5 nm pore size [39], was applied
to evaluate the fouling potential derived from 10 nm silica used in this
study. By producing higher silica rejection rates, a more precise simulation of RO performance was expected.
Fig. 3 presents the fouling potential of silica and IPA measured with
MFI-UF; both MFI-UFﬂux and MFI-UFpres showed high linearity with R2
of 0.98 (signiﬁcant level p < 0.05). Moreover, the overall rejection
rate increased signiﬁcantly in comparison to MFI0.45; the rejection rate
of silica was around 80% (Fig. 3a) and IPA was around 40% (Fig. 3b).
One interesting observation was that MFI-UFﬂux achieved a higher rejection rate than MFI-UFpres. This can be understood as a result of
continuously increased TMP in constant ﬂux ﬁltration mode; the accumulated foulant on the membrane surface could restrict the permeation of entering foulants that are contained in the feed water while
maintaining the designated water ﬂux. However, in the case of

3.2. Investigating the inﬂuence of UV radiation on fouling potential of RO
feed water
UV technology has been often applied in downstream of RO for TOC
reduction or disinfection in UPW systems [4]. Recently, an industrial
trend to reuse the spent UPW further increases the use of UV treatment
to improve water quality prior to RO [17,18]. Table 2 provides a
summary of UV applications in industrial water production in terms of
UV type, purpose, installation location to RO, and feed water characteristics.
To assess the eﬀect of UV pretreatment on RO performance in a
UPW production system, we adopted MFI-UFﬂux to evaluate the change
in fouling potential before and after UV treatment. Fig. 5 shows the
141
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Fig. 3. Fouling potential evaluation in constant ﬂux and pressure ﬁltration
modes: (a) MFI-UFﬂux values and rejection rate as silica concentration increases.
(b) MFI-UFpres values and rejection rate as IPA concentration increases.
Experimental conditions: 10 kDa UF membrane, applied pressure: 2 bar (MFIUFpres), applied ﬂux: 100 LMH (MFI-UFﬂux), the feed water suspension used was
adjusted from 0.25 to 2 ppm. Diﬀerent letters indicate signiﬁcant diﬀerences
among treatments. Multiple comparisons of means were performed using
Tukey's test at the 0.05 signiﬁcance level.

Fig. 4. Relationship between ﬂux decline rate (FDR) and the MFI-UFﬂux with
respect to silica and IPA foulants. Experimental conditions: silica concentration = 0.25–2 ppm, IPA concentration = 0.25–2 ppm.

systems. Though the discrepancy was still present showing higher values under MP lamp treatment, the diﬀerence was < 10% of the total
value. Therefore, we conclude that UV dose is a dominant factor in
controlling the rise of silica fouling potential. In addition, we observed
much higher MFI-UFﬂux under batch test mode compared to circulation
test mode (Fig. 5a), where the UV energy is delivered in a constant
manner. This result also supports that total UV dose controls the increase in fouling potential. This implies that the UV spectrum does not
signiﬁcantly participate in raising silica fouling potential, yielding similar results from both lamp systems. However, considering practical
applications, the negative eﬀect derived from the MP lamp is more
signiﬁcant, since it delivers much higher energy in the same contact
time compared to the LP lamp.
To gain a better understanding of such mechanism, SAXS analysis
was conducted, which is a reliable tool to determine particle size distribution [27,41]. After UV treatment, the average particle size increased from 9.01 nm to 9.56 nm, although this change is small.
Moreover, the zeta size increased even more with decreasing zeta potential according to UV as presented in Fig. 6. These results indicate
that UV energy reduced the zeta potential of silica, hence causing the
aggregation of silica particles. Such phenomenon was more clearly
observed with the MP lamp, as it delivers 18 times more energy than
the LP lamp. The overall results suggest that UV radiation as an RO
pretreatment holds the risk of inorganic fouling, although it is beneﬁcial to minimize bio- and organic fouling.

inﬂuence of UV radiation on the fouling potential of silica and IPA. In
case of the silica, the MFI-UFﬂux increased after UV treatment, and the
MP lamp resulted in more severe change compared to the LP lamp
(Fig. 5a). This result implies that delivery of UV energy can increase the
fouling potential of silica particles, and that such transition can be
wavelength-dependent.
IPA showed an opposite trend. The MFI-UFﬂux showed a decrease
after both LP and MP treatment (Fig. 5b). This observation can be explained as a result from the decomposition of organic compounds by UV
lamp systems [7,40]. Particularly noteworthy was that the decrease was
not only observed with the MP lamp but also with the LP lamp, meaning
that the < 200 nm wavelength could also decompose IPA, though it was
much weaker than the MP lamp.
To clarify whether the transition was wavelength-dependent or
dose-dependent, a comparative test of the two lamp systems was performed under UV dose normalization. Since complete light proﬁle
uniﬁcation was impossible due to the inborn characteristics of the
lamps, adjusting the radiation time was logically chosen as the optimum approaches for dose normalization. We set the radiation time of
the LP system to 18, 54, and 90 min and the MP lamp times to 1, 3, and
5 min based on intensity value. Moreover, this experiment was conducted as a batch test without circulation to eliminate uncontrolled
variables.
Table 3 shows the fouling potential of silica suspension after UV
treatment; a similar rate of increase was observed for both lamp
142
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Table 2
Overview of UV application in industrial water production system with a focus on RO process.
Type of UV

Feed water

Target process

Location

Purpose

Ref.

Low-pressure lamp

Groundwater
Bacteria source water
Bacteria source water
Bactericide water
Wastewater
Municipally treated water
Tap water
Synthetic wastewater
RO permeate water
Tap water

NF/RO process
UPW process
UPW process
UPW process
UPW process
UPW process
UPW process
UPW process
UPW process
UPW process

Before RO
Before RO
Before RO
Before RO
After RO
After RO
After RO
After RO
After RO
After RO

Disinfection

[14]
[15]
[7]
[11]
[18]
[24]
[10]
[1]
[9]
[8]

Medium-pressure lamp

Fig. 5. Fouling index measurements performed under low- and medium-pressure lamp exposure. The fouling tests were conducted using silica and IPA
foulants. (a) MFI-UFﬂux values of silica, experimental conditions: silica 0.5 ppm,
UV radiation 30 min; (b) MFI-UFﬂux values of IPA, experimental conditions: IPA
2 ppm, UV radiation 30 min. in circulation condition. Diﬀerent letters indicate
signiﬁcant diﬀerences among treatments. Multiple comparisons of means were
performed using Tukey's test at the 0.05 signiﬁcance level.

Fig. 6. Variation of zeta size and zeta potential of IPA and silica according to
UV. (a) Changes in zeta size and zeta potential under low-pressure lamp (LP),
and (b) under medium pressure lamp (MP). Experimental conditions:
IPA = 2 ppm, silica = 0.5 ppm.

3.3. Assessment of UV radiation as a pretreatment of RO process
To verify the eﬀect of UV radiation on RO performance, bench-scale
RO tests were conducted, and RO performance was evaluated in terms
of water permeability and rejection rates. Then, the feasibility of UV
radiation was assessed to improve RO performance in UPW treatment.

Table 3
Comparison of LP and MP irradiation on the fouling potential of silica particles.

Fouling potential
MFI-UFﬂux (s/
L2)

Dose 1
(3300 mJ/cm2)
Dose 2
(9900 mJ/cm2)
Dose 3
(16,500 mJ/cm2)

LP

MP

2752.87 ± 402.32

3043.72 ± 344.28

4372.07 ± 274.30

4587.35 ± 220.95

5357.96 ± 227.35

6039.46 ± 342.17

TOC reduction

3.3.1. Validation of UV eﬀect on RO performance
Fig. 7 presents the RO ﬂux decline rates after UV treatment. The RO
ﬂux decline with silica increased after UV radiation, and the MP lamp
caused more severe deterioration (Fig. 7a). This trend agrees well with
the observation in the Section 3.2, that UV drives aggregation among
colloidal particles, possibly resulting in decrement of cake layer porosity.

Note: the UV dose experiments were conducted in a batch type without circulation to investigate only the variation of particle size distribution.
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Fig. 7. RO ﬁltration tests performed using silica and IPA pollutants under UV
exposure conditions: (a) normalized ﬂux decline for synthetic silica and radiated; (b) normalized ﬂux decline for synthetic IPA and radiated by LP and MP
lamps. The compaction for each RO process was conducted over 12 h, and the
RO feed water radiation time was kept constant at 30 min.

Fig. 8. Relationship between ﬂux decline rate (FDR) and MFI-UFﬂux: (a) IPA
and (b) silica. Experimental conditions: silica concentration = 0.5 ppm, IPA
concentration = 2 ppm. The radiation time by both low- and medium-pressure
lamps was 30 min.

In addition, RO performance degradation might be explained further based on the characteristics of cross-ﬂow mode. Diﬀerent from
dead-end mode that all of particles in feedwater moves toward the
membrane vertically, particles move parallel to the membrane surface
in cross-ﬂow mode and consequently only a fraction of particles are
deposited on the membrane surface. According to the transport mechanism of small colloids, the deposition of particle increases with increment of particle size when it is in the range of < 100 nm [42]. This
means the mass of deposited colloids on membrane surface could be
increased due to particle aggregation after UV treatment [42,43]. Furthermore, the transition of silica suspension from monodisperse to
polydisperse states could be another reason, therefore the cake porosity
may be further reduced by ﬁlling up small particles between large aggregates. In the case of IPA, on the other hand, the UV treatment resulted in signiﬁcantly improved water ﬂux (Fig. 7b). This result manifested decreased organic fouling after UV radiation. Furthermore, the
MP lamp resulted in more improvement than the LP lamp, which corresponds to the results of MFI-UFﬂux measurements.
The eﬀect of UV was further conﬁrmed by plotting the FDR and
MFI-UFﬂux (Fig. 8). As the MFI-UFﬂux increased, the FDR also increased
with both IPA and silica suspensions. Speciﬁcally, the lowest MFI-UFﬂux
value among IPA suspensions was obtained after MP lamp treatment,
whereas higher FDR resulted with the silica suspensions. This result
suggests that UV pretreatment is eﬀective in reducing organic fouling
by decomposing organic molecules, but has an adverse eﬀect on

Fig. 9. RO rejection rates of silica and IPA foulants. The raw water and UVradiated waters by low- and medium-pressure lamps are compared, respectively.

inorganic foulants.
The rejection rate, on the other hand, was maintained (silica) or
improved (IPA) after UV radiation (Fig. 9). Speciﬁcally, IPA rejection
was enhanced after UV pretreatment, owing to the synergetic eﬀects of
144
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4. Conclusions
We systematically evaluated UV radiation as a pretreatment for RO,
considering the trend to reuse UPW, which means that the reclamation
loop loads more pollutants onto the RO process. Using an optimized
fouling index to simulate fouling in RO, the eﬀect of UV pretreatment
was ﬁrst assessed in terms of fouling by inorganic and organic residuals
in spent UPW. The existing fouling indices for RO from ASTM (i.e., SDI
and MFI0.45) showed limitations when applied in a UPW system. Thus,
MFI-UFﬂux employing a 10 kDa membrane, measured in constant ﬂux
mode, showed higher rejection rates and a more closely simulated RO
ﬂux decline.
Although UV radiation is a proven technology to improve water
quality in UPW, its eﬀect on RO fouling can be more complex, and thus
should be assessed by considering the foulant characteristics in UPW
production. UV lamp treatment can cause a negative eﬀect on silica
fouling potential over 10%, as MP lamps deliver much higher energy in
same contact time than LP lamps. In contrary, the MP lamp caused a
more signiﬁcant decrease in fouling potential, since it decomposes organic compounds by producing hydroxyl radicals.
The approach from this study also showed promise for membranespeciﬁc parameters (e.g., modiﬁed fouling index) to evaluate the suitability of UV lamps in a pretreatment stage. This study contributes not
only for the proper application of UV treatment, but also for the design
of eﬀective UPW pretreatment systems.
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Fig. 10. MFI-UFﬂux and RO ﬁltration tests performed using a single foulant
(silica or IPA) and a mixture of silica (0.5 ppm) and IPA (2 ppm). (a) MFI-UFﬂux
values for silica and IPA were measured under LP and MP lamps, (b) normalized
ﬂux decline with single foulants and a mixture of IPA and silica foulants by
medium-pressure lamp. The compaction for each RO process was conducted
over 12 h.
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Abbreviations
CE: cellulose acetate
FDR: ﬂux decline rate
IPA: isopropanol alcohol
LP: low pressure lamp
LMW: low molecular weight
MF: microﬁltration
MFI: modiﬁed fouling index (s/L2)
MFI0.45: modiﬁed fouling index using a 0.45 μm membrane ﬁlter (s/L2)
MFI-UF: modiﬁed fouling index ultraﬁltration (s/L2)
MFI-UFﬂux: modiﬁed fouling index measured under constant ﬂux condition (s/L2)
MFI-UFpres: modiﬁed fouling index measured under constant pressure condition (s/L2)
MP: medium pressure lamp
RO: reverse osmosis
SAXS: small angle X-ray scattering
SDI: Silt Density Index (%/min)
TMP: transmembrane pressure (Pa)
TOC: total organic matter (ppm)
UPW: ultrapure water
UV: ultraviolet
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