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ABSTRACT

Forward osmosis (FO) has drawn attention as an emerging technology for seawater desalination and
wastewater treatment/reuse. Nevertheless, little information is available on the selection of proper pre-
treatment for FO process. Accordingly, this study focused on the comparison of different pretreatment
methods for FO to provide into the selection of its pretreatments. Two groups of pretreatment meth-
ods were compared: membrane-based pretreatments including microfiltration and ultrafiltration and
conventional filtration using activated filter media. Experiments were conducted to explore correla-
tions between the silt density index/modified fouling index and FO flux decline. The Hermia’s model
equations were applied to analyze the results and to identify the dominant fouling mechanisms. The
possibility of using a fouling index to predict FO fouling was also examined.

Keywords: Pretreatment; Forward osmosis; Hermia’s model; Membrane; Fouling; Fouling index

1. Introduction

With an increase in water demands and a decrease in water
supplies, desalination has become an important source of fresh-
water [1,2]. Membranes such as microfiltration, ultrafiltration,
and reverse osmosis (RO) are considered to be highly compet-
itive and promising candidates for water resource development
and desalination [3-6]. Currently, the most economical and pop-
ular desalination technology is RO mainly due to advancements
in membrane technology [2]. However, RO still faces three key
obstacles: membrane fouling, high energy consumption, and
limited water recovery [7]. These problems of RO make FO
become increasingly attractive, especially in desalination [8].

Recently, there is a growing interest in novel membrane
technologies such as forward osmosis (FO). FO is an osmotic
process that uses a semi-permeable membrane to separate
water from dissolved solutes by an osmotic pressure gradi-
ent. Unlike RO, FO does not require high pressure for sepa-
ration. Accordingly, FO has been considered as an emerging
technology for water reuse [9-11] and seawater desalination
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[12—-15]. Moreover, FO can be also used for power generation
using salinity gradients, which is called as pressure retarded
osmosis (PRO) [16-20].

However, membrane systems inherently have problems
associated with fouling [21,22]. Although it has been reported
that FO fouling is less severe than RO fouling, it does not
imply that there is no fouling in FO. Since FO is applied
not only for seawater desalination but also for wastewater
reclamation, the feed water for FO may have higher fouling
propensity. Accordingly, proper pretreatment is critical for
mitigating fouling of FO process.

There are two major objectives in this study: (1)the com-
parison of fouling tendencies for FO membranes. We used
two different FO membranes and applied various pretreat-
ment techniques to examine the fouling properties; (2) the
application of SDI and MFI to predict fouling potential of
FO membranes. We investigated the correlation between
SDI/MFI and flux reduction rate and attempted to interpret
the results based on the proposed fouling mechanism. The
final objective is the application of fouling index that has bet-
ter ability to predict fouling potential in FO systems.
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2. Materials and methods
2.1. Source water of feed and draw solution

Wastewater from Korean steelworks was used as the feed
water for FO experiments. Seawater from the southern coast
in Korea was used as the draw solution. The water quality
parameters for the wastewater and seawater are summarized
in Tables 1 and 2, respectively.

2.2. Pretreatment methods
2.2.1. Membrane pretreatment system

Two types of pretreatment methods were compared. One
of them is membrane-based pretreatment including microfil-
tration (MF) and ultrafiltration (UF). A schematic diagram of
the pretreatment device of flat membrane in laboratory-scale
is shown in Fig. 1. Three different membranes were compared
in this study, including a cartridge filter (CF) with the nominal
pore size of 5 microns, a MF membrane with the nominal pore
size of 0.22 micron, and an UF membrane with the molecular
weight cut-off of 100 kDa. Each experiment was carried out
using commercially available polymeric membranes. Both CF
and MF membranes were obtained from Merck Millipore Ltd.
(Ireland), which were made of polycarbonate and polyether-
sulfone, respectively. UF membranes, made of polyethersul-
fone, were purchased from EMD Millipore Corporation (USA).
Each pretreatment process was operated at a constant pres-
sure. The CF and MF were operated in the range of 0.01-0.10
bar, and the UF was operated in the range of 0.10-1.5 bar.

2.2.2. AFM pretreatment system

A media filter was also applied as the pretreatment for
FO. Activated filter media (AFM) prepared by recycling green
glass bottles was used as filter media. A schematic diagram of
the pretreatment device of AFM in lab scale is shown in Fig. 2.

Table 1

The wastewater quality parameters
Category Effluent
pH 8.46
TOC (mg/L) 5.87
UV, (cm™) 0.208
SS (mg/L) 12
Turbidity (NTU) 4.81
Conductivity (mS/cm) 443

Table 2

The seawater quality parameters
pH 814 TN (ug/L) 277
DO (mg/L) 8.09 TP (ug/L) 25.4
COD (mg/L) 1.08  SiasSiO,(ug/L) 127.2
SS (mg/L) 11.89 UV, (cm™) 0.021
Turbidity (NTU) 0.39  Chl-a (ug/L) 2.54
Conductivity (mS/cm) 46.4 Transparency 2.5

The tests were conducted either without or with the use of
coagulant. The coagulant used in this study was polyaluminum
chloride that had the AlL,O, content of 17%. The feed volume
was 45 L and the operation linear velocity was maintained at
6 m/h. The AFM is classified into four types according to the
degree of disassembly. The media of Grade “1” were used in
this experiment. The details are shown in Table 3.

2.3. Experiments of SDI/MFI

Both SDI and MFI were measured according to the stan-
dard ASTM (American Society for Testing and Materials)
method. Membrane filters (GE Healthcare Life Sciences, UK)
made up of mixed cellulose ester with the pore size of 0.45 um
were used. During SDI tests, time required to pass a 500 mL
feed through the filter was measured at 15 min intervals to
provide filter clogging due to particle deposition on the mem-
brane surface and cake filtration control of the permeate flux
[23]. The decay in flow rate and/or permeate flux was converted
to an SDI index number whose value should be between about
0 and 7. High levels of colloid and particle contamination were
exhibited by fast membrane plugging and corresponding high
SDI index values. The SDI value was calculated by measuring
the time (min) for collecting the initial 500 mL (t) and the final
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Fig. 1. Laboratory-scale pretreatment device of a flat membrane.
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Fig. 2. Laboratory-scale pretreatment device of activated filter
media.
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Table 3

Sort of activated filter media
Specification Grade “0” Grade “1” Grade “2” Grade “3”
Particle size 250-500 pm 0.4-1 mm 1.0-2.0 mm 2.0-4.0 mm
Effective size 320 um 0.46 mm 1.3 mm 2.6 mm
Hardness, mohs >7 >7 >7 >7
Sphericity >0.7 >0.7 >0.7 >0.7
Uniformity coefficient 1.5-1.7 1.5-1.7 1.5-1.7 1.5-1.7
Aspect ratio 2-2.4 2-2.4 2-24 2-24
Purity, % >99.95 >99.95 >99.95 >99.95
Color, % green >99 >99 >99 >99
Specific gravity (grain), kg/L 2.4 2.4 2.4 2.4
Embodied energy, kW/t <72 <65 <50 <50
Bulk bed density, kg/L 1.28 1.25 1.23 1.22

500 mL (t) using Eq. (1). The third time interval (t,) is 15 min

and is the time between the collection of the initial and final Flowmeter

sample. The MFI is defined by the slope of #/V vs. V under
constant pressure filtration as shown in Eq. (2) [24,25], where
u, I, AP and A were the solution viscosity (Pa S), the fouling
index, the applied pressure (Pa) and the membrane surface
(m?) area, respectively [25]. The fouling index, I, is the product
of the specific cake resistance () and the foulant concentration
(C, express to ppm). Accordingly, the MFI can increase due
to an increase in not only organic deposition but also specific
cake resistance by the formation of a more compact fouling
layer, which is caused by the formation of intermolecular com-
plexation of organic matter with calcium ions [25].

t.
SDL, =|1-—+ x@ 1)
t] b
pl
MFI = 2
2APA? @
I=axC, 3)

2.4. Forward osmosis system

FO experiments were carried out using two different
commercial FO membranes. Detailed information on these
membranes was not provided by the membrane manufactur-
ers. The feed and draw volumes were 2 L. For both mem-
branes, the operating temperature was 21.5°C and flow rate
was 0.3 L/min. The effective area of the FO membranes was
12.00 cm?. A schematic diagram of FO device in laboratory
scale is illustrated in Fig. 3.

2.5. Analytical methods

The total organic carbon (TOC) was measured using
a TOC analyzer (DC-180, Rosemount, USA). The analy-
sis of TOC was commissioned by a specialized agency in
Korea (Korea Institute of Civil Engineering and Building
Technology). The total dissolved solids (TDS) were analyzed

membrane
module

Stirrer

Fig. 3. Laboratory-scale forward osmosis device.

by the digital precision meter (Multi 3420, Wissenschaftlich-
Technische Werkstatten GmbH, Germany). The ultraviolet
absorbance at 254 nm (UV254) was analyzed by DR/4000
UV-VIS spectrophotometer (HACH Company, USA). The
turbidity was analyzed by handheld turbidimeter (Turb
430 IR, Wissenschaftlich-Technische Werkstatten GmbH,
Germany). Each water quality analysis proceeded immedi-
ately at the end of experiment test.

3. Results and discussion
3.1. Water quality analysis

Table 4 compares the water quality parameters for feed
waters before and after pretreatments. The turbidity of the
untreated feed water (wastewater) is 1.29 NTU. After the
application of CF, MF, UF, AFM, and AFM with coagulant,
the turbidities were reduced to 0.60, 0.01, 0.01, 0.12, and
0.01 NTU, respectively. On the other hand, TOC was not suf-
ficiently removed even after applying the pretreatments and
the removal efficiencies were less than 10%. Moreover, the
removal efficiency of UV254, which represents the concen-
tration of hydrophobic organic matters, was not high (<10%).
These results suggest that the pretreatment methods consid-
ered in this study are efficient to remove suspended solids
but have limited capability of removing organic matters.
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Table 4
Water quality analysis after various pretreatment
Without pretreatment Cartridge MF UF AFM AFM (coagulant)
TOC (mg/L) 5.87 5.76 5.60 5.39 5.40 5.30
TDS (g/L) 4.08 4.09 4.07 4.02 4.08 4.03
UV254 (cm™) 0.208 0.193 0.195 0.183 0.198 0.189
Turbidity (NTU) 1.29 0.60 0.01 0.01 0.12 0.01
(a) 7 Table 5
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Fig. 4. Comparison of SDI and MFI for different pretreatment
methods; (a) SDI and (b) MFI.

3.2. SDI/MFI measurement

The results of SDI and MFI measurements for the pre-
treatment process are shown in Fig. 4. The untreated waste-
water resulted in SDI of 6.4 and MFI of 790 s/L?. After the
pretreatment by the CF and AFM, the SDI was reduced but
silt still high. The SDI values were 5.89 and 5.75 for the CF
and AFM, respectively. On the other hand, the MFI values
substantially decreased after the CF (47%) and after the AFM
pretreatment (65%). The SDI and MFI for the MF pretreat-
ment were similar to those for the AFM pretreatment. The
UF and AFM with coagulant resulted in lower SDI and MFI
values. The SDI values for MF and AFM with coagulant were
2.41 and 3.36, respectively, and the MFI values were 80 and
110 s/L?, respectively. It is interesting to note that the pretreat-
ment efficiency for the MF was not similar to that for the UF.
As shown in Table 5, the apparent water qualities such as
TOC, UV254, and turbidity were not much different between
the MF and UF pretreatments. Nevertheless, the SDI and MFI

Using the pretreated wastewaters, a series of FO experi-
ments were carried out using the two FO membranes. Fig. 5
compares the normalized flux and fouling rate for membrane
A. The average initial flux of membrane A was 25 L/m*h. The
FO flux decreases from the beginning when the wastewater
was not pretreated. The pretreatments could mitigate flux
decline but their effects were not same for different pretreat-
ments. The normalization flux after 20 h of FO operation was
0.84 for the CF, 0.86 for the MF, and 0.91 for the UF. The AFM-
only and AFM with coagulant resulted in the final normal-
ized flux of 0.85 and 0.89, respectively.

The experimental results including the normalized flux
and fouling rate for membrane B are shown in Fig. 6. The
average initial flux of membrane B was 12 L/m?h, which was
lower than that of membrane A. Even if the draw solution
was same, membrane B showed a lower flux than membrane
A due to its lower water permeability. Nevertheless, the foul-
ing rates for membrane B were higher than those for mem-
brane A.

The overall trends for the effect of pretreatment on flux
decline were similar to those in the membrane A. The UF
pretreatment resulted in the lowest flux decline and the
AFM with coagulant also reduced the flux decline substan-
tially. Except for the untreated wastewater effluent, the feed
water pretreated by the CF showed the lowest flux after 20 h
of the FO operation. Again, the MF pretreatment was not as
effective as the UF pretreatment. The detailed experimental
results for membranes A and B are summarized in Table 6.
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Fig. 5. Graph of (a) change in normalized flux with operating
time and (b) final normalized flux after the end of operation for
membrane A.

3.4. Analysis of membrane fouling control using FESEM

The surfaces of FO membranes were examined before
and after the experiments using a field emission scan-
ning electron microscope (FESEM, S-4700, Hitachi, Japan).
Samples were coated with platinum for 2 min before they
were taken picture of FESEM. Fig. 7 compares the SEM
images of the surfaces of membrane A after the FO experi-
ment. The wastewater effluent without pretreatment led to
the formation of thick cake layer on the membrane surface
as shown in Fig. 7(f). The use of the CF was not effective to
prevent the formation of a foulant layer on the membrane
surface as presented by Fig. 7(c). On the other hand, the
application of UF and AFM (with coagulant) could effec-
tively prevent foulant layer formation as shown in Figs. 7(a)
and (d). Similarly, Figs. 7(b) and (e) show that the formation
of the cake layer can be prevented surely than the waste-
water effluent without pretreatment but that seems that the
effect depends on whether coagulants are used and on the
type of pretreatment membrane.

Similar results are shown in the case of membrane B,
which are depicted in Fig. 8. Again, the formation of fou-
lant layer was not prevented by the application of the CF
while it was controlled by the use of the UF and the AFM
with coagulant. These SEM results match with the results
of flux decline in Figs. 5 and 6. Accordingly, it is evident
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Fig. 6. Graph of (a) change in normalized flux with operating
time and (b) final normalized flux after the end of operation for
membrane B.

Table 6
Summary of normalized flux with different pretreatment process

Normalized flux

Membrane A Membrane B
Wastewater 0.79 0.63
Cartridge 0.84 0.76
MF 0.86 0.81
UF 0.91 0.90
AFM 0.85 0.74
AFM (coagulant) 0.88 0.86

that the flux decline in the FO experiments is attributed to
the formation of foulant cake layer on the FO membranes.
Considering the fact that the turbidity of the MF-treated
water is not much different from those of the UF-treated
water and the water treated by the AFM with coagulant, it
appears that the amount of apparent concentration of sus-
pended solids in the feed water is not closely related to the
FO flux decline. Accordingly, it is suggested that the fouling
indexes such as SDI or MFI should be used instead of con-
ventional water quality parameters.
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Fig. 7. Comparison of SEM images of membrane A for (a) use of UF, (b) use of MF, (c) use of cartridge filter, (d) use of AFM (coagulant),

(e) use of AFM, and (f) without pretreatment.

Fig. 8. Comparison of SEM images of membrane B for (a) use of UF, (b) use of MF, (c) use of cartridge filter, (d) use of AFM (coagulant),

(e) use of AFM, and (f) without pretreatment.

3.5. Correlation between SDI/MFI and fouling rate

To further investigate the effect of pretreatment on FO
fouling, the fouling rates determined by the ratio of flux after
the FO experiments to the initial flux (J/])) were correlated
with the SDI and MFI of the pretreated waters. The results
are shown in Fig. 9. Both SDI and MFI showed linear relation-
ships with the fouling rate.

After finishing the experiments, the fouling rates were
determined for each membrane system under different pre-
treatment conditions. The fouling rate depends on the SDI
and MFI values and the correlation of MFI is higher than
that of SDI. This suggests that SDI and MFI can be used

to predict the fouling potential in FO systems. The R* val-
ues for the regression curves between SDI and fouling rate
were 0.8197 for membrane A and 0.8164 for membrane B. As
SDI increases, the fouling rate linearly decreases. However,
the deviations from the regression curves were significant
when the SDI values were close to 6.67. It seems that the SDI
measurement for feed waters with high fouling potential is
not sensitive enough to quantitatively reflect their fouling
potential.

On the other hand, the R? values for the regression curves
between MFI and fouling rate were 0.926 for membrane A and
0.8997 for membrane B. The R? values for MFI were higher
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Fig. 9. Correlation curves between SDI/MFI and FO fouling rate. (a) SDI vs. fouling rate for membrane A, (b) SDI vs. fouling rate for
membrane B, (c) MFI vs. fouling rate for membrane A, and (d) MFI vs. fouling rate for membrane B.

than those for SDI, indicating that MFI is a better index to
predict FO pretreatment efficiency than SDI. Moreover, the
deviations from the regression curves were not significant
even if the MFI values were high (up to 800 s/L?).

3.6. Application of cake formation model

Hermia’s models consist of a standard blocking (SB)
model, a complete blocking (CB) model and a cake forma-
tion (CF) model, depending on the size of the contaminant.
The SB model is a membrane contamination model in which
the size of contaminants is so small that the filtration flux is
reduced due to the passage of water through the membrane.
The CB model is a membrane fouling model in which the
size of the pollutant is similar to the size of the pore that is
completely blocked by the contaminant, and the porosity
is decreased to reduce the filtration flux. The CF model is a
membrane fouling model in which the size of contaminants
is large and a cake layer is formed on the surface of the mem-
brane to increase the filtration resistance and reduce the fil-
tration flux [26-28].

As shown in Figs. 7 and 8, the formation of cake layer on
the FO membrane seems to be the dominant fouling mecha-
nism. Accordingly, the CF model equation was introduced to
quantitatively analyze the FO flux decline results. The follow-
ing model was adopted based on the Hermia’s models [26]:

I, =T,,(1+k)°, (]]’”UJ 1=kt 4)

w

Table 7
Membrane fouling rate and R square for pretreatment process

Membrane A Membrane B

k R? K R?
Wastewater 0.040 0.72 0.0786 0.99
CF 0.018 0.96 0.0430 0.87
MF 0.021 0.98 0.0287 0.92
UF 0.012 0.95 0.0134 0.97
AFM 0.021 0.96 0.0469 0.93
AFM (coagulant) 0.014 0.99 0.0208 0.88

Table 7 shows the R? values in the model fits of Eq. (4) to
the FO experimental data. Overall, the R? values were higher
than 0.87, confirming that the cake formation is the dominant
fouling mechanism of FO membranes in our case. The only
exception was the case with untreated wastewater effluent
using membrane A, which resulted in the R? value of 0.72. It
is likely that not only the cake formation but also other foul-
ing mechanisms such as surface blocking were important in
this case due to the existence of relatively large suspended
solids in the feed water.

The application of the CF model is useful not only for
the determination of the fouling mechanisms but also for
the estimation and prediction of the fouling propensity
[27-28]. Accordingly, Eq. (4) and the k values in Table 7 were
used to predict the changes in normalized flux of FO with
time. The results for membranes A and B are summarized in
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Tables 8 and 9, respectively. As expected, the UF and AFM
with coagulant are expected to provide the highest flux in
both membranes. The order of normalized flux with differ-
ent pretreatments is as follows:

UF > AFM with coagulant > MF > AFM > CF > untreated
wastewater effluent

Fig. 10 compares the correlations between k values from
the model fits of the CF model with the SDI and MFI values.
Unlike the results in Fig. 9, the k values did not show linear
relationships with the SDI values in both FO membranes.
The deviations of the experimental data from the regression
curves increase with increasing SDI. On the other hand, the k
values increase linearly with the MFI values and the R? values
were relatively high. Accordingly, it is concluded that MFI is
more appropriate to predict FO fouling than SDI especially
when the fouling potential of the feed water is high.

According to a recent study [30], SDI/MFI as a fouling
index was reliable as an index of membrane contamination
in RO and PRO process but cake fouling index is proposed to
predict RO fouling more accurately than MFI. Thus, the anal-
ysis is required that based on CFI considering cake filtration

Table 8
Prediction of normalized flux of membrane A based on the cake
formation model

Time Wastewater CF  MF  UF AFM AFM
(h) (coagulant)
0 1.00 1.00 1.00 1.00 1.00 1.00
10 0.85 092 091 094 091 0.94
20 0.75 0.86 0.84 09 0.84 0.88
30 0.68 08 079 086 0.78 0.84
40 0.62 076 0.74 082 0.74 0.8
50 0.58 072 0.70 0.79 0.70 0.76
60 0.54 069 0.67 0.76 0.67 0.73
70 0.51 066 0.64 0.74 0.64 0.71
80 0.49 064 0.61 0.71 0.61 0.68
Table 9

Prediction of normalized flux of membrane B based on the cake

formation model

Time Wastewater CF MF UF AFM AFM
(h) (coagulant)
0 1.00 1.00 1.00 1.00 1.00 1.00
5 0.89 093 095 097 0.92 0.96
10 0.78 0.85 0.89 094 0.84 0.92
15 0.67 0.78 084 091 0.76 0.87
20 0.56 0.70 0.78 0.88 0.68 0.83
25 0.46 0.63 0.73 0.86 0.61 0.79
30 0.35 0.55 0.67 0.83 0.53 0.75
35 0.24 048 0.62 0.80 0.45 0.70
40 0.13 040 056 0.77 0.37 0.66
45 0.02 0.33 051 0.74 0.29 0.62
50 - 026 045 0.71 0.21 0.58

mechanism [31]. However, complex processes require more
investment and operational costs and thus, the optimization
of pretreatment methods by considering their costs and effec-
tiveness is highly recommended.
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Fig. 10. Correlation curves between SDI/MFI and k values in
Table 7. (a) SDI vs. fouling rate for membrane A, (b) SDI vs. foul-
ing rate for membrane B, (c) MFI vs. fouling rate for membrane
A and (d) MFI vs. fouling rate for membrane B.
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4, Conclusions

In this study, the effect of pretreatment on the FO flux
decline was investigated using wastewater effluent as the
feed water and real seawater as the draw solution. The fol-
lowing conclusions were drawn:

e The untreated wastewater effluent lead to substantial
flux decline after the FO operation of 20 h. This sug-
gests that proper pretreatments are essential. However,
pretreatment using the CF was not found to be effec-
tive to manage FO flux decline. The best results were
obtained by applying the UF or AFM with coagulant.
The MF and AFM resulted in moderate pretreatment
effects.

e Although the water qualities were similar, different foul-
ing rates were obtained between the MF and UF pretreat-
ment. This indicates that the fouling propensity of the FO
membranes was not properly correlated with water qual-
ity parameters such as TOC, UV254, and turbidity.

e The correlations between SDI/MFI and FO flux decline
were examined. SDI showed reasonable correlation with
flux decline ratio (J/],) after the FO operation of 20 h but
MFI showed better correlations. These results were very
similar to evaluation of fouling potential in pressure
retarded osmosis applied SDI/MFI [29].

® The results of SEM analysis suggested that the FO flux
decline was caused by the cake formation of the foulant
on the membrane surface. The model fits using the CF
model confirmed this hypothesis. The model parameter k
could be predicted by MFI.
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