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ABSTRACT

Pressure-retarded osmosis (PRO) is the next generation seawater desalination technology, and is
considered an eco-friendly and economic renewable energy. As such, there have been studies on
methods of efficient cleaning to restore degraded membrane performance due to the reversible
membrane fouling that inevitably occurs after prolonged operation. Owing to the fact that fouling
occurs differently in each type of pretreatment process involved in PRO, it is important to understand
the type of organic matter that causes fouling in each of the PRO pretreatment processes. In this
study, the composition of dissolved organic matter (DOM) was characterized and assessed among
membrane bioreactor, ultrafiltration, activated carbon/sand filter, and low-pressure reverse osmosis
PRO pretreatment processes. The characteristics of DOM that caused fouling in the PRO membrane
was identified using fluorescence excitation-emission matrix spectroscopy (F-EEMs) coupled with
parallel factor analysis (PARAFAC) and a liquid chromatography-organic carbon detector (LC-OCD)
technique. The major components could be summarized as microbial humic-like fluorescence, humic
and fulvic substances, terrestrial humic-like fluorescence in high nutrient and wastewater-influenced
environments, and tryptophan-like substances. The foulants that affected the PRO membrane were
found to be humic and fulvic substances as a result of the PARAFAC analysis and humic substances
and building blocks as a result of the LC-OCD analysis.

Keywords: Foulant; Pressure-retarded osmosis; Pretreatment; Fluorescence excitation-emission matrix
spectroscopy; Parallel factor analysis

1. Introduction

Seawater desalination is a method of securing a stable sup-
ply of water resources that is unaffected by climate change. It
has been widely applied in the Middle Eastern region; how-
ever, markets have recently expanded into North America,
Australia, South America, Southeast Asia, China, and Europe.

* Corresponding author.

The importance of conserving energy use in the desalination
process has been highlighted in recent years [1]. Reverse
osmosis (RO) is a rapidly growing desalination method as it
can obtain fresh water with relatively low energy compared
with the existing distillation method. Current RO technology
has been developed to its maximum level, so ways of combin-
ing pressure-retarded osmosis (PRO) with RO are being stud-
ied to lower the operating energy. PRO involves technologies
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that use the osmotic energy differences between two solu-
tions with substantial salinity differences (i.e., high and low
salinity) to produce energy [2,3]. This is an osmotically driven
membrane process where water flows from a low osmotic
pressure feed solution (FS) to a high osmotic pressure draw
solution (DS) against hydraulic pressure [4]. In practice, vari-
ous water sources, such as river water, impaired water or pre-
treated wastewater effluent, and brackish water, can be used
as FS in the PRO process. In particular, organic foulants in
the FS that are smaller than the membrane pores exist in any
kind of water source, which can cause serious internal mem-
brane fouling when using a PRO membrane [5]. Therefore,
it is necessary to introduce a pretreatment method that pre-
vents foulants from developing during the application of
FS, such as pretreated wastewater effluent, when designing
PRO. According to previous studies, various methods, such
as low-pressure reverse osmosis (LPRO), ultrafiltration (UF),
ultraviolet (UV), and ozone treatments, have been used, and
three-dimensional excitation-emission matrix fluorescence
spectroscopy has been applied to evaluate potential foulants
[6-8]. The major substance that causes fouling in the PRO
membrane is dissolved organic matter (DOM). DOM is often
used as a design parameter owing to its removal efficiency
and characteristics in the design of water treatment processes.
Understanding the major foulants in the PRO pretreatment
process is an approach that can improve overall water qual-
ity and reduce membrane contamination. Understanding the
major foulants associated with the membrane process plays an
important role in choosing the filtration and cleaning strategy.
Recently, cases of applying fluorescence excitation-emission
matrix spectroscopy (F-EEMs) to the analysis of DOM have
increased [9,10], and F-EEMs has been successfully utilized
to obtain structural information on relatively low organic
matter [11]. F-EEMs is represented as the emission and exci-
tation wavelength function, and recently, F-EEMs of organic
matter have been incorporated with multivariate data anal-
yses [12]. Parallel factor analysis (PARAFAC) is commonly
used, which can decompose F-EEMs of a sample into several
independent fluorescent materials [13,14]. These techniques
help to analyze major membrane foulants, such as extracel-
lular polymeric substances and soluble microbial products
that are hydrophilic and have high molecular weight [15].
F-EEMs coupled with PARAFAC have been used in a variety
of applications, including water quality, pollution, and DOM
monitoring, which cause membrane fouling [16-18]. Overall,
F-EEMs-PARAFAC helps to evaluate the composition, distri-
bution, and dynamics of DOM in aquatic environments [19].
Another advanced technique used to characterize DOM is
liquid chromatography-organic carbon detection (LC-OCD)
[20,21]. Combining LC-OCD with F-EEMs provides addi-
tional information on DOM characteristics. In this study,
four pretreatment processes were tested to utilize pretreated
wastewater effluent as FS in PRO. The pretreatment pro-
cesses included membrane bioreactor (MBR), ultrafiltration
(UF), low-pressure reverse osmosis (LPRO), and activated
carbon/sand filter (AC/S) treatments. The flux reduction in
the PRO process was compared according to the FS from each
pretreatment process. Then, the characteristics of DOM con-
tained in the pretreated water were analyzed using F-EEMs-
PARAFAC and LC-OCD to observe the organic matter that
caused the most fouling in the PRO membrane. In addition,

through the F-EEMs-PARAFAC analysis, the correlation
between the fluorescence intensity of the PRO pretreated
water and the UV absorbance at 254 nm (UV254) and DOC of
the samples was investigated using the component score [22].
This investigation will help to understand the DOM charac-
teristics of FS that affect the PRO membrane and to evaluate
the performance of the PRO pretreatment processes through
simple spectroscopic monitoring. This will enable the quanti-
tative and qualitative evaluation of organic matter in the PRO
pretreated water, and ultimately the creation of a continuous
PRO pretreatment process monitoring system.

2. Materials and methods
2.1. Laboratory-scale pressure-retarded osmosis test device

A cross-flow experimental setup was used in this study, as
shown in Fig. 1. The operating method for the PRO was active
layer toward DS. The PRO membrane cell for the flat-sheet
membrane was made of steel use stainless and had an effective
membrane area of 0.0064 m? (0.08 m length x 0.08 m width).
The applied pressure in the DS and pressure resistance in the
FS were monitored using an electronic pressure gauge (GR200
Graphic Recorder, Hanyoung Nux, Korea). To measure water
flux and power density, an electronic scale (Ranger 7000,
Ohaus, USA) was placed under the FS container and the
decrease in the amount of water was recorded. The opera-
tional mode consisted of having the PRO membrane arranged
so that its active layer faced the DS and the DS and FS flow
within the membrane cell formed a counter current. The water
flux was calculated based on the changes in the weight of the
water. A thermostatic bath (RW-0525G, Jeiotech, Korea) was
used to maintain a stable temperature (at 20°C for both the DS
and FS). Pressure conditions were controlled using a booster
pump (Hyosung, Korea). The DS was made from NaCl
(SAMCHUN, Korea) with a concentration of 1.2 M. In theory,
the maximum power density could be achieved at 25-30 bar
when applying PRO operations using a NaCl solution with
a concentration of 1.2 M. The operational pressure of the DS
was set at 15 bar. In order to make use of a DS similar to the
RO brine concentration, a 1.2 M NaCl solution was used.
Flow rates of both the FS and DS were fixed at 1 LPM, and the
volumes of the FS and DS were maintained at 2 L.

2.2. Pretreated water for pressure-retarded osmosis

The FS of the PRO process was water that was pretreated
using four processes. The treatment processes consisted of
UF, MBR, AC/S, and LPRO. UF, AC/S and LPRO were effluent
pre-treated water. The membrane used for the UF and MBR
processes was a hollow fiber type made of polyvinylidene
difluoride with a pore size of 0.1 um (MR-MHP07A, LG
Corporation, Korea), and for the LPRO pretreatment, a RO
membrane (RE2540-BN, Toray Chemical, Korea) was used.
The AC/S was a filter paper composed of activated carbon
and sand.

2.3. Analytical methods

All samples were filtered using a 0.45 um cellulose
acetate membrane filter prior to analysis. The DOC of the
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Fig. 1. Schematic of the laboratory-scale pressure-retarded osmosis system.
sample was measured using a total organic carbon (TOC) X - ZF aboe +e
analyzer (Shimadzu TOC-V_,, Japan), and UV254 was ijk ik T ks 1)

measured using a UV/V is spectrophotometer (DR 5000,
HACH, USA). Total nitrogen (TN) and total phosphorus
(TP) were analyzed using a multi-parameter water quality
analyzer (SYNCA 3CH, Germany). The F-EEMs of samples
were obtained using an Aqualog fluorometer (Horiba, Japan)
by scanning excitation wavelengths of 250-550 nm at 2 nm
intervals and emission wavelengths of 250-800 nm at 2.33 nm
intervals. The scanning speed and integration time were
500 nm/s and 0.5 s, respectively. Corrected F-EEMs were
obtained in accordance with published methods [23-25].
F-EEMs of ultrapure water were subtracted from the F-EEMs
of the samples, followed by normalizing the F-EEMs with the
area of the water Raman peak measured on the same day as
the samples. For the molecular weight (MW) distribution of
DOM, the LC-OCD system manufactured by DOC-LABOR
(Karlsruhe, Germany) was used. The system consisted
of an auto-injector, size exclusion column (TSK-HW-50S,
250 mm x 20 mm, Tosoh, Japan), and thin film reactor, which
oxidized the components divided from the column into CO,,
and a UV254 detector and non-dispersive infrared detector.

2.4. Parallel factor analysis modeling

PARAFAC is one of the multi-way decomposition meth-
ods that is widely used for quantitative understanding of
DOM. Under ideal conditions where F-EEMs independently
follow Beer’s Law, each EEM presents fluorescence from the
underlying fluorescence; based on this principle, the method
of analyzing EEM by presenting them three-dimensionally
is referred to as 3D-PARAFAC modeling. The general prin-
ciple of 3D-PARAFAC modeling involves the division of
EEM data into three modes, namely 4, b, and ¢, to undertake
a three-dimensional analysis. The following equation rep-
resents 3D-PARAFAC modeling [26,27].

i=12...1;, j=12...]; k=12...K;

where Xy is one element of the three-way data array with
dimensions i, j, and k.

Xy refers to the emission wavelength j, excitation
wavelength k, and fluorescence intensity measured from
sample i. The created model is based on parameters a, b,
and c. This represents the concentration, emission spectra,
and excitation spectra for each component, respectively. The
component scores represent the relative density of the rep-
resentative organic matter of the components. F refers to the
number of components. Excitation and emission loadings
present the characteristics of the excitation and emission
spectra [19,28]. The F-EEMs data were analyzed using the
PARAFAC algorithm within the Eigenvector, Inc. Solo
Package (Aqualog, Horiba, Japan). PARAFAC analysis was
conducted through modeling based on 70 EEM fluorescence
data. The number of fluorescence components was deter-
mined by validating with analysis of variance (ANOVA), core
consistency diagnostic and split-half analysis. The maximum
fluorescence intensities (F,__ ) of each substance represent the
relative intensities of the substance concerned in the sample,
and the excitation and emission loading values present the
characteristics of the excitation and emission spectra.

3. Results and discussion
3.1. Power density and flux decline

PRO processes use the osmotic energy differences
between two solutions (high-density saline solution and
low-density saline solution) to produce energy. The PRO
technology examined in this study was related to a technology
that combines the use of wastewater and seawater. That is,
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wastewater effluents or process water of wastewater treat-
ment facilities were used as the FS of the PRO process, and a
RO concentrate of a seawater desalination system were used
as the DS. The power that could be produced per unit mem-
brane area (i.e., power density) in the PRO process was equal
to the product of the water flux and the hydraulic pressure
differential across the membrane [29].

W =] AP = A(An-AP)AP @)

where W is the power density (W/m?), ] is the water flux
(L (m*>h)™), A is the water permeability coefficient, Ax is the
osmotic pressure differential, and AP is the hydraulic pressure
differential. This equation describes the diffusive transport of
water through the PRO membrane. The power density is pro-
portional to the hydraulic pressure differential and water flux
across the membrane. As shown in Eq. (2), the osmotic pres-
sure is converted to mechanical energy. In ideal conditions,
the hydraulic pressure increases as the water flux decreases
unless AP reaches zero (AP = Am, namely the flux reversal
point). The maximum power density is achieved when AP is
equal to An/2, and then decreases with flux reversal.

W _=A
=A% €]

This study examined the influence of the organic matter
content in water on PRO power densities. UF-treated water,
LPRO-treated water, and LPRO concentrate were mixed to
control the organic matter concentration. The FS was pre-
pared to have TOC content within the range of 1~10 mg L.
Fig. 2 shows the positive dependency of the maximum power
density on the TOC content of the FS. As indicated in Fig. 2,
a high correlation (R* = 0.97, p < 0.05) was found between
the PRO power densities and TOC, thereby indicating that
organic matter was one of the major parameters affecting
PRO performance.

Four types of water with a different extent of pretreat-
ment were used as FS of the experiments. First, effluents
taken from the Ilsan sewage treatment plant (Goyang-si,
South Korea) were pretreated by UF, MBR, AC/S, and
LPRO. Table 1 summarizes the characteristics of the water
used as the PRO FS, and the flux declines were compared
depending on the FS (Fig. 3). Fig. 3 shows the flux decline
of the pretreated water used as FS in the PRO process.

0.50 12
_ L0 2%
” >
£ 045 S
= = 084
= 5
Z =
& = 0.6 A
5 040 { g
g 5
z g 0.4
% ] Z —O— LPRO
0.35
0.2 1 —>— AC/S
—— UF
—{— MBR
0.30 : : : : : : : 0.0 ' ' ' ' ' '
0 ) 4 p g 10 1 14 200 400 600 800 1000 1200 1400

TOC (mg/L)

Fig. 2. Correlation between power density and the total organic
carbon (TOC) content at 15 bar draw solution.

Table 1

Time (min)

Fig. 3. Changes in the normalized flux over time depending on
the pressure-retarded osmosis pretreatments.

Quality of the sewage effluent (i.e., before pretreatment) and pretreated water

Parameters Feed water Pre-treated water

UF AC/S MBR LPRO
Total coliform (No./mL) 2,280+ 10 0+1 0+1 0+1 0+0
Turbidity (NTU) 8.06 +2.00 0.065 + 0.004 0.090 + 0.005 0.090 + 0.005 0.040 +0.001
UV254 (cm™) 0.115 +0.002 0.109 +0.001 0.011 +0.002 0.111 +£0.002 0.004 +0.001
TDS (mg L) 524 +5 523 +5 520 +5 520 +5 80+5
pH 6.88+0.2 6.89+0.2 6.89+0.2 6.89+0.2 6.87 0.2
TOC (mg L) 7.63+0.3 6.73+0.3 0.78 +0.3 7.23+0.3 0.40+0.1
DOC (mg L) 7.36 £0.3 6.62+0.3 0.72+0.3 6.88+0.3 0.40+0.1
Color (pt) 29+2 27 +2 10+2 28+2 1+£0
T-N (mg L) 9.94 +0.1 9.03+0.1 2.03+0.1 8.03£0.1 1.03+0.2
T-P (mg L) 0.37 £0.05 0.34 +0.05 0.30 £ 0.05 0.24 +0.05 0.05+0.1
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As shown in Table 1, the turbidities of the pretreated water
were not significantly different. However, the DOC and
UV254 of the UF or MBR-treated water were much higher
than those of the AC/S or LPRO-treated water. In the case
of TN and TP, TN was slightly removed from the UF or
MBR-treated water. About 79% of TN was removed from
the AC/S-treated water, and about 89% of TN was removed
from the LPRO-treated water. TP was removed in the order
of LPRO, MBR, AC/S, and UF-treated water. These results
showed that the concentration of organic matter was higher
in the UF and MBR-treated water. It took approximately
10 h for the J/], value of the UF-treated water to decrease to
0.6 and more than 20 h for the J/] value of the AC/S-treated
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water to decrease to 0.6. The UF-treated water showed a
membrane contamination rate that was 3 times faster than
that of the AC/S-treated water. These results showed that
the organic matter in the FS was closely related to the power
density and rate of flux decline.

3.2. Fluorescence excitation-emission matrix analysis
of pretreated water

Fig. 4 presents the F-EEMs contour plots of the UF, AC/S,
MBR, and LPRO-treated water. The main foulants of the
UF process showed various functional groups, which had
various molecular sizes and were composed of a complex
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Fig. 4. 3D excitation-emission matrix (EEM) fluorescence spectra of (a) sewage effluent (S.E) without pretreatment, (b) ultrafiltration
(UF)-treated, (c) activated carbon/sand filter (AC/S)-treated, (d) membrane bioreactor (MBR)-treated and (e) low-pressure reverse
osmosis (LPRO)-treated effluent. The dissolved organic carbon concentrations of the samples were 6.2, 5.4, 0.7, 5.0, and 0.3 mg/L,
respectively.
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mixture of humic acids, fulvic acids, and proteins. Detailed
informations measured by F-EEMs are summarized in
Table 2, which is compared with the previously published
paper [30]. The F-EEMs of sewage wastewater effluent before
pretreatment showed intense peaks over regions I through
IV (Table 2), with the maxima at regions I (tryptophan-like
fluorophores; A = 270~280 nm and A = 320~350 nm) and
II (tryptophan-like fluorophores; A = 270~280 nm and
A,,, = 320~350 nm). After the UF or MBR treatments, it was
revealed that a tryptophan-like peak (Region II) and tyro-
sine-like peak (Region I) were removed rather than the humic-
like fluorophores at Region III, thereby resulting in a shifting
of the maximum Ex/Em position to < 250 nm/420~450 nm
(Region III). Meanwhile, the F-EEMs after the AC/S or LPRO
treatment displayed a significant disappearance of most of
the peaks, and low or trace-level peaks in the protein-like
region (Region II) remained.

The flow rates of the feed solution (FS) and draw solu-
tion (DS) were 1 LPM, and ultrafiltration (UF), membrane
bioreactor (MBR), activated carbon/sand filter (AC/S), and
low-pressure reverse osmosis (LPRO)-treated water were
used for the FS. The DS was 1.2 M NaCl. The pressure of the
DS was maintained at 25 bar. Flux data were obtained once
per minute, and the mean value for 20 min was used.

3.3. Parallel factor analysis components

Seventy F-EEMs for pretreated PRO samples were
analyzed, and three components were identified through
PARAFAC analysis. Outliers were removed for the pur-
pose of not only validating the model using the split-half
method, but also facilitating the modeling process. The
three-component model accounted for 97.3% of the entire
variance. The split-half validation match was 98.6% and the
core consistency was 94%. Fig. 5 presents the excitation and
emission wavelengths of the main peaks. Table 3 presents the
maxima of the excitation and emission wavelengths of the
three components, and also presents explanations of similar
components reported in other studies. The comparison of the
components of this study to those of other studies indicated
that the pretreated water for FS of PRO included both humic-
like and protein-like fluorophores. Based on the spectral posi-
tions/shapes, it was thought that C1 and C2 were humic-like
fluorophores that occur terrestrially or anthropogenically,
while C3 were tryptophan-like (protein-like) fluorophores.
The developed model was split-half validated. To determine

Table 2
Fluorescence regions and excitation-emission wavelength
boundaries (previously identified by Leenheer et al.) [30]

Region A_/A_ range (nm) Description

I 270~280/300~320 Aromatic proteins and
tyrosine-like substances

I 270~280/320~350  Aromatic proteins and
tryptophan-like substances

I 250~260/380~480  Fulvic-like and humic-like
substances

v 330~350/420~480  Humic-like substances

the quantitative changes in each component of the pretreated
water, the fractions of the components were calculated from
the PARAFAC results.

3.4. Parallel factor analysis component changes according to each
process

Fig. 6 presents the F__ values of the UF, AC/S, MBR, and
LPRO-treated water. The F__ values after each pretreatment
represent the relative intensities of each component in the
PARAFAC model. The PARAFAC results showed that of the
components in the sewage effluent (before pretreatment),
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Fig. 5. Contour plots of the three components identified from the
parallel factor analysis model; (a) component 1, (b) component 2,
and (c) component 3.



136

C1 (F,, =14.57) was the most abundant, followed by C2 and
C3 (F,,, values of 11.56 and 6.95, respectively), which corre-
sponded to 44%, 35%, and 21% of the identified fluorophores,
respectively. In addition, as expected from the previous
results shown in Fig. 4, the UF or MBR processes did not
effectively treat the three components (i.e., fluorophores) as
the F__values of the UF or MBR-treated water were almost
the same as those of the sewage effluent. However, the AC/S
or LPRO pretreatments removed the majority of C1 and C2,
while a substantial portion of C3, which accounted for 84%
(AC/S) and 71% (LPRO) of residual DOC, remained after the
treatments. For better understanding of the pretreatments of
organic matter in terms of MW, which could not be directly
obtained by the PARAFAC analysis [35,40], the samples were
further measured using LC-OCD.

Table 3

S. Nam et al. / Desalination and Water Treatment 159 (2019) 130-140

3.5. Liquid chromatography with organic carbon detection
(LC-OCD)

The DOM of pretreated samples was separated into
each constituent by its MW. In the MW distribution of the
chromatogram as shown in Fig. 7, the first peak after 20 min
involved a series of biopolymers (Biopolymers) with organic
colloids and proteins consisting of more than 20,000 g mol™
of MW. The second and third peaks represented humic sub-
stances (Humics) and building blocks (polycarboxylic acid)
(Building blocks), which showed a MW range from approx-
imately 1,000 to 350-500 g mol™, respectively. The fourth
peak had organic acids of low MW (LMW acids) as its main
component. The fifth peak also contained low MW of neutral
substances (LMW neutrals) and amphiphilic species (amino

Spectral characteristics of the three components identified by parallel factor analysis in this study, and comparisons with other
studies. The values in parentheses denote the second maxima of the component

Component Ex/Em Description Reference
Component 1 250(325)/400 Microbial humic-like fluorescence and C4: (250)325/416 [31]
humic and fulvic substances C6: <250(320)/400 [32]
G2: 250(320)/400 [33]
Component 2 250(350)/450 Terrestrial humic-like fluorescence in C1: <250(370)/464 [34]
high nutrient and wastewater-influenced C4: 250(340)/438 [35]
environments C4: 250(360)/440 [36]
C8: <260(355)/434 [36]
C2: (250,340)/430 [34]
Component 3 280/330 Tryptophan-like substances (protein-like) C4:275/306 [37]
C7:280/344 [36]
C8:275/360 [37]
C6:250(290)/356 [38]
Peak B: 275/310 [39]
20
15 ~
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Cl C2 C3 Cl Cc2 (3 Cl Cc2 C3 Cl C2 C3 Cl C2 (3
S.E UF AC/S MBR LPRO

Fig. 6. Maximum fluorescence intensities (F ) after parallel factor analysis component of sewage effluent (S.E) without pretreatment,
ultrafiltration (UF), activated carbon/sand filter (AC/S), membrane bioreactor (MBR), and low-pressure reverse osmosis (LPRO)-

treated waters.
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acid, alcohol, aldehyde, and ketone, among others) with
MWs of less than 350 g mol™ as the main components. In
this study, all samples had a DOC concentration of approx-
imately 2 mg L™ or less, and the percentage of DOC of each
peak was calculated by integrating the areas of each peak.
Table 4 presents the DOC percentages of each substance in
the samples.

The LC-OCD chromatogram of the sewage effluent
showed that neutrals constituted the highest portion of total
DOC at 34.4%, followed by 28.4% for humic substances,
27.9% for building blocks, and 9.3% for biopolymers (also
shown in Fig. 8). As for the UF and MBR-treated samples,
the overall proportions of each fraction were similar to those
of the sewage effluent, along with decreases in biopolymers
(56.1% and 6.7% for the UF and AC/S-treated samples, respec-
tively) and slight increases in neutral substances (41.1% and
42.2% for the UF and AC/S-treated samples, respectively).
These results implied that DOC removal by UF or MBR pre-
treatment of sewage effluent occurred mostly in biopolymers,
which may not respond well to fluorescence detection, which
was why the PARAFAC results presented almost the same
trends in F___values for the three components. Meanwhile,
AC/S or LPRO-treated water showed considerable changes
in the fractional shares of each constituent, which also
agreed with the results of PARAFAC modeling, and neutral

components accounted for the greatest proportion in both
samples (96.4% and 98.7% in the AC/S and LPRO-treated
samples, respectively). The combination with the PARAFAC
components meant that C3 may have been closely related to
the low molecular weight (LMW) and neutral components of
organic matter.

3.6. Correlations

To better understand the properties of the components
identified by PARAFAC, the relationships between each
component and the SUVA values of all pretreated samples
were observed. SUVA, which is defined as UV absorbance
(usually at 254 nm) times 100 divided by DOC, is indicative
of the hydrophobicity or aromaticity of natural organic mat-
ter; thus, the higher value, the more hydrophobic or aromatic
the organic matter. As seen in Fig. 9, C1 and C2 presented
moderately strong linear relationships with SUVA, with R?
values of 0.63 (C1) and 0.61 (C2) at p < 0.01. However, C3
showed a negative correlation with SUVA, thereby indicating
that C3 contained hydrophilic organics with fluorescence,
such as protein-like substances. The relationships presented
in this study ascertain that PARAFAC and UV absorbance
can be a good tool for the analyzing the structure of natural
organic matter [41].
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Fig. 7. LC-OCD chromatograms of sewage effluent (S.E) without pretreatment, ultrafiltration (UF), activated carbon/sand filter (AC/S),
membrane bioreactor (MBR), and low-pressure reverse osmosis (LPRO)-treated waters.

Table 4

Percentage (%) and dissolved organic carbon (DOC) (mg L) of each constituent of the samples. The values in parentheses denote DOC

Fractions Sewage effluent (S.E) UF AC/S MBR LPRO
without pretreatment

Humic substances 28.4 (0.61) 24.8 (0.53) - 24.9 (0.58) -

Building blocks 27.9 (0.60) 29.0 (0.620) 1.4 (0.013) 26.2 (0.610) -

LMW acids - 0.8 (0.007) - 0.8 (0.002)

LMW neutrals 34.4(0.74) 41.1 (0.89) 96.4 (0.89) 42.2 (0.99) 98.7 (0.35)

Biopolymers 9.3 (0.199) 5.1 (0.110) 1.4 (0.013) 6.7 (0.160) 0.5 (0.002)
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Fig. 8. Fractions of constituents according to liquid chromatography-organic carbon detector chromatograms of the sewage effluent
(S.E) without pretreatment, ultrafiltration (UF), membrane bioreactor (MBR), activated carbon/sand filter (AC/S), and low-pressure
reverse osmosis (LPRO)-treated waters.
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4, Conclusions

The following conclusions were reached through this

study, which was based on the results of analyzes of organic
matter that affected membrane fouling of the PRO process
found by conducting F-EEMs, PARAFAC, and LC-OCD ana-
lyzes of pretreated PRO water samples.

There were strong correlations between the PRO power
densities and organic matter in the feed solution.

The results of the F-EEMs analysis, which analyzed the
properties of the organic matter in the wastewater effluent,
indicated the existence of a tryptophan-like (protein-like)
peak, which is a characteristic property of aromatic pro-
teins, and the existence of a fulvic and humic peak.

Given that flux reduction was found less in the PRO mea-
surement results of the AC/S-treated water than in those
of the UF-treated water, a process that removes fulvic
and humic peaks, which are factors that produce foul-
ing in the PRO process, needs to be prioritized. Also, for
processes that can reduce foulants more effectively than
AC/S processes, pretreatment technologies that can affect
biodegradable low molecular structure substances with
protein-like (tryptophan) peaks need to be considered.
Using the database acquired from F-EEMs measurements
to perform PARAFAC modeling, three major peaks
indicating humic and fulvic components, terrestrial
humic-like components, and protein-like (tryptophan)
components were identified. Using these findings, major
changes in the peaks of the PRO pretreatment processes
could be analyzed.

The LC-OCD analysis results indicated that the main
foulants of the PRO membrane were humic substances,
building blocks, neutral substances, and biopolymers.
The F-EEMs-PARAFAC modeling and LC-OCD anal-
ysis methods can be used to determine a useful tool to
monitor the effect of organic matter foulants on the PRO
membrane.
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