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ABSTRACT

Contrary to general microfiltration (MF) and ultrafiltration (UF), reverse osmosis (RO) processes are
affected by various osmotic pressures according to the raw water characteristics because they use
semi-permeable membranes. Thus, the net driving pressure applied when operating RO processes
changes. This net driving pressure greatly affects energy consumption and operating efficiency
and particularly changes fouling tendencies of RO process. In this paper, seawater reverse osmosis
(SWRO) processes were operated by changing the salt concentration of raw water and operating
pressure to analyze the fouling characteristics at various net driving pressures. Here, the result of
the experiment showed that, the flux increased with increasing net driving pressure. When foul-
ing occurred, the operation time was reduced to a flux decline rate (FDR) of 10% according to the
net driving pressure, and the accumulation of organic matter on the membrane surface increased.
The fouling index increased with increasing net driving pressure, and the specific cake resistance
decreased. The fouling layers formed by this decreased cake resistance were considered easy to
remove for a short period by cleaning because they had a slightly loose structure. By performing
forward osmotic backwashing (FOB) which is a maintenance cleaning methods for RO processes, the
cleaning efficiency and organic matter removal efficiency increased in proportion to the net driving
pressure. It was confirmed that the organic matter removal efficiency was higher than the cleaning
efficiency because most of the fouling layers had a loose structure. In addition, the organic matter
forming dense fouling layers that decreased the actual permeate flux was small. The fouling index
decreased after FOB, and the specific cake resistance increased. This rendered it easier to remove
fouling layers that had a loose structure and low density in FOB and to clean the fouling layers
formed at high net driving pressure.

Keywords: Reverse osmosis membrane; Net driving pressure; Forward osmotic backwashing;
Organic fouling; Fouling compaction

1. Introduction

Desalination is a process that removes salinity and
other matters from seawater and brackish water for their
use as domestic and industrial water. Desalination has also
been explored as a solution to the pollution and shortage
problems of the surface water of the existing representative

*Corresponding author.

water resource. In particular, reverse osmosis (RO) pro-
cesses have realized more rapid technical achievement than
other desalination technologies [1-4]. Fouling is inevitable
in RO processes as a pressure-driven membrane process,
and multiple fouling such as organic, inorganic, microbial,
and particulate fouling occurs [5]. Such fouling increases
the construction costs of desalination plants, decreases
operating efficiency, and increases operating costs because
of the need to apply a high safety factor [6]. Moreover, foul-
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ing causes physicochemical damage to membranes, which
reduces their lifespan and causes problems such as deterio-
ration of the quality of the produced water [7].

RO membrane fouling is highly correlated with various
conditions such as raw water characteristics (i.e. water qual-
ity and water temperature) [8], RO membrane characteristics
(surface charge and roughness) [9], and operating conditions
of RO processes (pressure, flux, recovery rate [10], pretreat-
ment process and treated water quality [11-13]. Among these
conditions, operating pressure is an important factor because
it is closely related to foulants compaction, flux, and energy
consumption. According to previous studies, while high
operating pressure usually increases water production by
high flux, it worsens irreversible fouling [14,15]. In contrast
to microfiltration (MF) and ultrafiltration (UF) processes,
irreversible fouling worsens due to fouling layer compaction
in RO processes operated at high pressure [16]. Furthermore,
RO processes are affected by osmotic pressures according
to the raw water characteristics because they use semi-per-
meable membranes. Thus, the net driving pressure applied
when operating RO processes changes, and fouling tenden-
cies change depending on this net driving pressure.

In general, RO processes are performed sequentially
and continuously based on the chemical cleaning cycle.
Thus, indirect fouling control performed before and after
the occurrence of fouling [17,18]. However, because the
active response of indirect fouling control during RO pro-
cesses is difficult, indirect fouling eventually reduces oper-
ational efficiency. In addition, when the timing of Clean in
place (CIP) is delayed, the cleaning efficiency decreases due
to the deterioration of irreversible fouling, and the physico-
chemical damage to membranes, possibly causing second-
ary environmental problems [19].

Recently, studies have been carried out on maintenance
cleaning as a direct fouling control method capable of rela-
tively delaying the occurrence of irreversible fouling in RO
processes. In forward osmotic backwashing (FOB), foulants
swell on or detach from the membrane surface, thus remov-
ing the fouling by the shear force of circulation flow, whereby
permeate water is diffused to the feed water by lowering the
operating pressure in the RO processes or by using feed water
with a higher osmotic pressure [20]. FOB prevents foulants
from becoming irreversible by periodically removing revers-
ible foulants on the RO membranes. Thus, it is possible to
delay CIP cycles and to operate more stable RO processes [21].

In this paper, seawater reverse osmosis (SWRO) pro-
cesses were operated by changing the salt concentration of
raw water and operating pressure to analyze the fouling
characteristics at various net driving pressures. Addition-
ally, in this study, organic fouling of RO membrane was
induced and the experimental results were analyzed using
the specific cake resistance and fouling index. Furthermore,
the membrane cleaning efficiency according to net driving
pressure was analyzed in this study by applying FOB to
fouled membranes.

2. Materials and methods
2.1. RO membrane

A commercialized 8-inch SWRO membrane made of
polyamide was used in this experiment and was cut into

a plate for use as a lab-scale experimental device. The cut
membrane was refrigerated at 4°C by immersing in 1%
sodium bisulphite solution. The SWRO membrane used
in this experiment has an area of 0.0126 m?, and a 34 mil
(0.8636 mm) thick spacer was used for the feed water. The
specifications of the used membrane are shown in Table 1.

2.2. Synthetic feed water

In this experiment, synthetic feed water was created and
used to induce fouling. The organic matter concentration in
the feed water was maintained at 100 mg/L to minimize
the effects on the decrease in organic matter concentration
in the feed water by the amount of organic matter accumu-
lated on the SWRO membrane surface. Humic acid (HA)
as non-biodegradable organics, sodium alginate (SA) and
bovine serum albumin (BSA) were mixed at a ratio of 1:1:1
to replicate carbohydrate and protein as a typical Extracel-
lular Polymeric Substance (EPS). The used HA, SA, and BSA
were supplied by Sigma-Aldrich, and the organic matter
was filtered through a 0.45 um filter after stirring in deion-
ized (DI) water for more than 12 h. Ca** ion was injected at 3
mM, 6 mM, and 9 mM using CaCl,, and the total dissolved
solids (TDS) concentration was finally adjusted to TDS 10
g/L,20g/L, and 30 g/L by adding NaCl.

2.3. Membrane test unit

As shown in Fig. 1, the lab-scale experimental unit
used in this experiment is an exclusive RO unit capable
of operating at a constant pressure with the cross-flow
method for connecting two cells with a membrane area of
0.0126 m? in series. The concentrated waterline and per-
meate water line were set to repeatedly flow into the feed
water tank A thermostat and stirrer were installed in the
feed water tank and the NaCl solution tank so that the
conditions of the feed water and NaCl solution could be
constantly maintained.

The pipes were installed so that the NaCl solution
instead of the feed water could be poured into the RO cells
with FOB, and the brine pipes were separated so that the
NaCl solution could be circulated to the NaCl solution tank.
In FOB, the permeate water pipes are installed for pouring
water into the RO cells using an electronic scale. Consider-
ing the changes in the efficiency of FOB due to the differ-
ence in the elevation head, the electronic scales were set at
the same height as the RO cells. The electronic scales were

Table 1
Specifications of SWRO membrane

Model SWC5
Material Polyamide
Surface charge Negative
Permeateflow rate (m?3/d) 341
Stabilizedsalt rejection (%) 99.8

Max. operatingpressure (MPa) 8.27

Note: 32,000 mg/L NaCl solution at 800 psig (5.5 MPa) applied
pressure, 8% recovery, 77°F (25°C), and pH between 6.5 and 7.0.
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Fig. 1. Schematic diagram of experimental device for lab-scale continuous RO membrane.

connected to each RO cell to automatically measure the
flux, and the pipes were installed to operate only a single
RO cell in FOB.

2.4. Experimental methods

This experiment was performed with the constant-pres-
sure control system of the cross-flow method. This experi-
ment was also conducted at operating pressures of 30, 35,
40, and 50 bar, and FOB was performed after promoting
fouling until reaching flux decline rate (FDR) of 10%. The
feed water temperature was maintained at 25°C to mini-
mize the effect on osmotic pressure and membrane perme-
ate flux with temperature changes. Before causing fouling,
the SWRO membrane was compacted at the operating pres-
sure using deionized water for 13 h, and conditioning was
then performed for two hours by adjusting the salt concen-
tration using CaCl, and NaCl. Subsequently, fouling was
induced by pouring HA, SA, and BSA at a ratio of 1:1:1 to
adjust the organic matter concentration to 100 mg/L. When
reaching 10% FDR, the fouling before FOB was analyzed
by separating an RO cell after stopping the operation. For
the remaining RO cells, the flux after FOB was measured

using the feed water again after performing FOB in a NaCl
solution tank for 15 min. FOB was performed to circulate
NaCl solution with 35 g/L TDS by pouring it into the feed
water, and the backwashing water was poured into the per-
meate water by maintaining its concentration at 300 mg/L
TDS. The shear force was stably maintained by maintaining
the circulation flow rate of 1 L/min when performing mem-
brane filtration and FOB.

As shown in Fig. 2, the resistance after membrane
compaction using the initial DI water was defined as the
membrane resistance (R ), and the increased resistance in
the conditioned state after pouring the salt was defined
as the salt resistance (R_). The sum of R and R_ was the
initial resistance and defvined as R; subsequently, the resis-
tance increased by adding organic matter and was defined
as fouling resistance R. The membrane resistance reduced
by forward osmotic backwashing was defined as reversible
resistance R , and the membrane resistance which was not
removed after forward osmotic backwashing was defined
as irreversible resistance R,. R, and R, were defined as total
resistance R,

The coefficient of viscosity in the fouling evaluation was
determined using Egs. (1)—(4) proposed by Sharqawy et al.
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Fig. 2. Resistance classification according to experimental procedures.

[22] because it was affected by the water temperature and
salinity:

Wey =My (1+A-S+B-S?%) 1)
Wy, = 4.2844 x107° +(0.157(t + 64.993)* —91.296) )
A=1541+1.998x107t-9.51x107+* 3)
B=7.974+7.561x107t +4.724 x 107*¢* 4)

where p_: viscosity coefficient of pure water, S: salinity (kg/
kg), and t: water temperature ("C). The flux reduction rate
associated with the constant pressure operation was calcu-
lated from Eq. (5):

FDR(flux decline rate) = [ - LJ x 100 (5)

o

where FDR: flux decline rate (%), J: reduced flux (LMH),
and ] initial flux (LMH). After reaching 10% FDR, the
cleaning efficiency was calculated from the flux recovered
by forward osmotic backwashing as follows:

(-1,

Cleaning efficiency = ———- (6)

(1-1))

where J: initial flux (LMH), ] : reduced flux (LMH), ] : recov-
ered flux after cleaning (LH1</I).

2.5. Extraction and analysis methods of fouling

In this experiment, organic matter was extracted by
neutralizing the pH using HCl after cleaning using an ultra-
sonic bath at 25°C for 1 h by immersing the fouled mem-
brane in 0.05 M NaOH solution. It is considered possible
to perform an almost perfect quantitative analysis of the
organic matter on the membrane surface because the clean-
ing efficiency was more than 99.8 + 0.3% under these con-
ditions, derived from the preliminary experiments in FDR
10%. The concentration of the eluted organic matter was
0.013 mg/L in the sampling experiment using virgin RO

membranes and was excluded from the following experi-
mental results. Total organic carbon (TOC) was measured
using the Shimadzu TOC analyzer (TOC-L CPH), and the
mean value was analyzed three times using the calibration
curve of 0~15 mg/L.

3. Results and discussion

3.1. Net driving pressure and resistance by salt concentration
and operating pressure

Fig. 3 shows the results of measuring the net driving
pressure with changed salt concentration and the operating
pressure of feed water. The net driving pressure decreased
with increasing salt concentration of feed water and
increased with increasing operating pressure.

Fig. 4 shows a graph of the initial resistance before inject-
ing organic matter after conditioning according to mem-
brane compaction and salt concentration. The membrane
resistance increased in proportion to the operating pres-
sure. This validates the assumption that an effect was only
caused by membrane compaction. Salt resistance increased
proportionally to operating pressure and salt concentration
due to the concentration polarization and increase in mem-
brane resistance by salt.

Rodriguez reported that membrane resistance increased
with operating pressure on membranes[23], and Wang and
Tarabara reported that membrane resistance increased
when the filtrating solution contained only salt through
the membranes [24]. This is because salt is adsorbed on
membranes and the membranes swell when holding a
high quantity of water. As a result, membrane resistance
increases. In this study, the sum of R and R is defined as
the initial resistance in order to consider only the filtration
resistance increased by organic matter.

3.2. Fouling characteristics according to net driving pressure

Fig. 5 shows the fouling tendency according to the TDS
concentration of the feed water and operating pressure.
Fouling continued until reaching 10% FDR of the timing of
the general CIP to perform FOB after causing fouling. The
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results of a total of four experiments are shown in the graph
in Fig. 5 as the mean value and standard deviation. The
result showed that, fouling worsened with increasing oper-
ating pressure at the same salt concentration of feed water.
However, at the same pressure, a longer time was taken for
the fouling to reach 10% FDR depending on the increase in
salt concentration.

Table 2 shows a summary of the experimental results
according to net driving pressure. The operating time
until reaching 10% FDR decreased from 35 h at a mini-
mum net driving pressure of 5.92 bar to 2.75 h at a maxi-
mum net driving pressure of 42 bar inversely proportional
to the net driving pressure. This means that rapid fouling
occurs due to high initial flux. The accumulated perme-
ate flow rate changed from 5.39 L at a minimum net driv-
ing pressure of 5.92 bar to 2.8 L at a maximum net driving
pressure of 42 bar. Although the accumulated permeate
flow rate seemed to decrease according to the net driving
pressure due to the limitation of 10% FDR, the permeate
flow rate per unit time increased in proportion to the net
driving pressure.

According to the operating condition, the amount of
organic matter accumulated on the membrane surface per
unit area when reaching 10% FDR showed a tendency to
increase with increasing operating pressure and to decrease
with increasing salt concentration of feed water. According
to the net driving pressure, the amount of organic matter

J.Y. Park et al. / Desalination and Water Treatment 111 (2018) 12-21

N —e—10g/L~30bar
BN --#- 10g/L—35bar

N = *= 10g/L~40bar
—4- 10g/L~50bar

Normalized flux

0.85

0 2 1 6 8 10
Operating time (hr)
1
\ —e—20g/L~30bar
NS --- 20g/L~ 35bar
AN —--20g/L~40bar
N —-+20g/1~50bar
N T
XN .
095 RN
N
E \ }\
3 ~.
L] N
3 § ‘
' .
\

PO PR %%%% ..............................................

0 2 4 6 8 10 12 14 16 18 20
Operating time (hr)

R —e—30g/L— 30bar
5 -~ 30g/L—35bar
—--30g/L~40bar

. —a--30g/L~50bar
VRN
’\_\{\.
0.95 \ *.\ % \{\\
g by Tk
kS \ {\_ i ‘}
g k \ 4.
2 ’}% i\_\{ \{‘\i
N R N — A .= S
0.85 (C)

Operating time (hr)
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increased in proportion to net driving pressure from 380.87
mg/m? at a minimum net driving pressure of 5.92 bar to
1,127.06 mg/m? at a maximum net driving pressure of 42
bar. It was clarified that the accumulation of organic matter
on the membrane surface changed at the same salt concen-
tration of feed water and fouling worsened at high mem-
brane permeate flux. Hoek et al. published experimental
results demonstrating that foulants increased on the mem-
brane surface through the constant-pressure operation of
RO processes when FDR reduced and the accumulation
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Table 2

Changes in operating time, accumulated permeate water, and amount of organic matter on membrane surface according to net

driving pressure

Net driving Operating  Feed water Operating ~ Accumulated  Organic Fouling Fouling Specific
pressure pressure TDS (g/L) time (h) permeate (L) mass resistance index, I cake
(bar) (bar) surface (m™) (m?) resistance
density before FOB,
(mg/m?) o (m/kg)
592 30 30 35 5.39 380.87 341 x 108 796 x 108 8.94 x 10
10.72 35 30 22.5 543 461.75 3.19 x 10° 7.51 x 10 6.91 x 10"
14.07 30 20 17.3 4.18 619.60 293 x 10 8.85 x 10% 4.72 x 10'°
15.78 40 30 13 3.84 753.81 2.82 x 101 9.29 x 10% 3.74 x 10"
19.13 35 20 11 412 780.71 2.66 x 10 8.16 x 10° 3.40 x 10
2196 30 10 8.25 3.88 951.35 243 x 10 793 x 10 2.55 x 10%
24.08 40 20 8 392 911.67 2.57 x 10® 8.3 x 101 2.82 x 10"
25.76 50 30 6.5 345 968.81 238 x 108  8.68x10% 245 x10%
27.06 35 10 5.75 3.58 977.54 234 x10%  829x10"®  2.39x 10"
32.06 40 10 5 3.53 1,110.08 251 x10%  9.03 x 10" 2.26 x 10"
33.97 50 20 3.75 2.73 1,070.40 2.51 x 10" 1.15 x 104 2.34 x 10%
42.00 50 10 2.75 2.81 1,127.06 2.13 x 10% 9.59 x 10 1.89 x 10

level of foulants also changed according to the gradient of
FDR [25]. This makes it possible to examine the correlation
between foulants on the membrane surface.

Dhananjaya stated that fouling occurs rapidly with
an increase in net driving pressure but flux does not
decrease at a low net driving pressure [16]. Dhananjaya
also demonstrated that interactions between membrane
surface and foulant required the external force to exceed
the repulsive force, and that a greater force was required
because the repulsive force between foulants was added
to this repulsive force. However, because it was not pos-
sible to obtain a force exceeding such repulsive force at
low net driving pressure, foulants were prevented from
being adsorbed or accumulated on the membrane sur-
face. As a result, a certain membrane permeate flux was
maintained [16]. Charfi et al. reported that foulant accu-
mulated on the membrane surface decreased because of
shear force by the flow of feed water during cross-flow
operation and showed that such a phenomenon wors-
ened when specific cake resistance values were reduced
[26]. Accordingly, the quantity of the accumulated
organic matter was small under low net driving pressure
due to the repulsive force between the membrane sur-
face, organic matter, and shear force by circulation flow
rate. A large amount of organic matter was accumulated
even during short operating time in high flux.

The flux of the membrane processes can be expressed by
the resistance in the series model based on Darcy’s law [27].

_ AP-Am )
u(R +R)
As shown in Eq. (8), R, can be expressed by o (specific
cake resistance) and I (fouling index):
oGV _Iv

R
= A A

(8)

where C: organic matter concentration, V: accumulated
permeate volume, and A: effective membrane surface area.
Based on the above description, fouling resistance can be
expressed by the specific cake resistance and M (amount of
organic matter accumulated on the membrane surface) as
shown in Eq. (9).

Rf=o-M )

The specific cake resistance shows the mass density of
the fouling layer by dividing the fouling filtration resis-
tance by the amount of organic matter accumulated on the
membrane surface. This makes it possible to examine how
the fouling layer is compacted. The fouling index is repre-
sented by the specific cake resistance and the organic matter
concentration of the feed water, and the organic matter con-
tained in the feed water permeated by turbulence flow due
to cross-flow. The spacer on the feed water side does not
accumulate on the membrane surface. Thus, as shown in
Eq. (10), the fouling index was determined by deriving the
relative organic matter concentration based on the amount
of surface organic matter after reaching 10% FDR.
I=ox MA 10

= (10)

The fouling resistance according to the operating con-
dition when reaching 10% FDR decreased with increasing
operating pressure and showed a tendency to increase with
increasing salt concentration of feed water. Moreover, the
resistance decreased in inverse proportion to the net driving
pressure from 3.41 x 10 m™ at a minimum net driving pres-
sure of 5.92 bar to 2.13 x 10 m™ at a maximum net driving
pressure of 42 bar. The resistance produced results contrary
to the amount of organic matter by net driving pressure. This
is because the accumulated permeate flow rate differs due to
the limitation of 10% FDR for each operating condition.
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According to Rodriguez, the experiment was performed
by changing the membrane permeate flux at the same accu-
mulated permeate flow rate [23]. Thus, the operating time
decreased with increasing membrane permeate flux, and
the resistance increased in proportion to the membrane
permeate flux [23]. However, the membrane resistance
increased in proportion to the accumulated permeate flux.

Cheryan reported that most fouling models represent
fouling in the form of an exponential curve according to the
operating time or accumulated permeate flux [28]. A similar
tendency to this was found in the results of this experiment.

The fouling indices according to the operating condi-
tion when reaching 10% FDR increased with increasing
operating pressure and were not greatly affected by the salt
concentration. In addition, the fouling indices increased in
proportion to the net driving pressure from 7.96 x 10" m=
at a minimum net driving pressure of 5.92 bar to 9.59 x 10"
m~ at a maximum net driving pressure of 42 bar. The foul-
ing indices showed a fouling tendency of the membrane
and were high as the FDR gradient decreased sharply.
Sioutopoulos et al. confirmed the correlation between the
FDR gradient and fouling index by transforming Darcy’s
law [29]. Also, Boerlage et al. reported that fouling indices
increased with increasing net driving pressure in particu-
late fouling [30].

As a result, the specific cake resistance decreased with
increasing operating pressure and increased in proportion
to salt concentration. In addition, the specific cake resistance
decreased inversely with the net driving pressure from 8.94
x 10" m/kg at a minimum net driving pressure of 5.92 bar
to 1.89 x 10'® m/kg at a maximum net driving pressure of 42
bar. Hong and Elimelech reported that natural organic mat-
ter (NOM) fouling layer changed to dense structure with
increasing ionic strength of feed water [31]. And Li et al.
confirmed that FDR decreased rapidly with increasing cal-
cium ion and specific cake resistance increased in propor-
tion to ionic strength [32]. The fouling index increased with
increasing net driving pressure, and the specific cake resis-
tance decreased, because a loose fouling layer was formed
due to the rapidly decreasing flux. In particular, the specific
cake resistance rapidly changed at a net driving pressure of
25 bar. It is necessary to consider not only the simple fouling
rate but also the characteristics of fouling itself if the occur-
rence and recovery of fouling are considered.

3.3. Cleaning efficiency of FOB by net driving pressure

Table 3 summarizes the results of FOB after stopping
fouling at 10% FDR according to net driving pressure. The
cleaning efficiency increased with increasing operating
pressure and showed a tendency to decrease with increas-
ing salt concentration of feed water. Moreover, the cleaning
efficiency increased in proportion to the net driving pres-
sure from 19% at a minimum net driving pressure of 5.92
bar to 37% at a maximum net driving pressure of 42 bar.

The removal efficiency of organic matter on the mem-
brane surface increased with increasing operating pressure
and showed a tendency to decrease with increasing salt
concentration of feed water. Ang et al. reported that fouling
layers became denser and fouling worsened when calcium
ions were combined with organic matter [33]. The results
of this experiment also show that fouling occurs slowly in

Table 3
Results of FOB according to net driving pressure

Net Operating Feed Cleaning Organic FOB
driving pressure water efficiency removal water
pressure (bar) TDS (%) rate (%) volume
(bar) (8/L) (mL)
592 30 30 19 351 13.4
10.72 35 30 23 29.8 199
14.07 30 20 22 44.8 19.8
15.78 40 30 24 55.6 21.5
19.13 35 20 26 61.1 22
21.96 30 10 29 65.1 23
24.08 40 20 28 67.7 23.85
25.76 50 30 31 67.7 25
27.06 35 10 33 66.7 26
32.06 40 10 34 694 26
33.97 50 20 36 72 264
42.00 50 10 37 75.3 26.2

operations at low membrane permeate flux because the
increase in salt concentration reduces the net driving pres-
sure. However, it is considered that denser fouling occurs
because the calcium ions increase in proportion to salt con-
centration.

The organic matter removal efficiency increased in pro-
portion to the net driving pressure from 35.1% at a minimum
net driving pressure of 5.92 bar to 75.3% at a maximum net
driving pressure of 42 bar. Although the cleaning efficiency
and organic matter removal efficiency showed a similar ten-
dency, the organic matter removal efficiency was relatively
higher than the cleaning efficiency. This is because the com-
pacted organic matter on the membrane in the formation
of dense fouling layers causes high resistance even with a
small amount of organic matter.

Jermann et al. reported the fouling tendency of HA
and SA. According to the results, fouling was caused by
hydrophobic interactions in HA, and reversible fouling
was caused by an electrostatic repulsive force between SA
molecules. When binding HA and calcium ions, HA mole-
cules changed to a dense structure, and irreversible fouling
was worsened due to mutual binding. The binding force
between SA molecules was reported due to the gel layers
formed when binding SA and calcium ions but binding
with membranes was weak. Although HA was contained
in the SA layers when binding HA and SA, HA was mainly
bound on the membrane. When mixing HA and SA in cal-
cium ion solution, HA is mixed into SA gel layers to cause
more irreversible fouling [34].

The FOB water volume increased with increasing oper-
ating pressure and showed a tendency to decrease with
increasing salt concentration of the feed water. In addition,
the FOB water volume increased in proportion to the net
driving pressure from 13.4 mL at a minimum net driving
pressure of 5.92 bar to 26.2 mL at a maximum net driving
pressure of 42 bar. The cleaning efficiency increased with
increasing FOB water volume.

Fig. 4 shows that the resistance by salt increases with
increasing operating pressure and salt concentration, and
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Fig. 6. Changes in resistance according to net driving pressure,
a — reversible resistance, b — irreversible resistance.

that the FOB water volume increases with increasing oper-
ating pressure in the FOB experiment. Sagiv et al. reported
that a greater backwash flow rate was required in FOB
because concentration polarization increased with increas-
ing operating pressure due to high flux [20]. However,
because resistance is relatively low at the salt concentration
of the feed water (10 g/L TDS), it is considered that the salt
concentration of the feed water slightly affect the inflow
rate of backwashing water with an increase in net driving
pressure.

The FOB water volume decreased with the increasing
specific cake resistance generated before cleaning. Accord-
ingly, the increase in the FOB water volume proportional to
the increase in the net driving pressure is considered to vary
according to the compaction degree of fouling. Moreover,
the cleaning efficiency decreased with increasing specific
cake resistance, and the organic matter removal efficiency
also decreased with increasing specific cake resistance.

Fig. 6 shows the reversible and irreversible resistances
according to net driving pressure. The reversible resistance
increased in proportion to the net driving pressure from
3.56 x 10" m™ at a minimum net driving pressure of 5.92
bar to 8.41 x 10> m™ at a maximum net driving pressure of
42 bar. The irreversible resistance decreased in inverse pro-
portion to the net driving pressure from 2.65 x 10 m™ at a
minimum net driving pressure of 5.92 bar to 1.29 x 10" m™
at a maximum net driving pressure of 42 bar.

Fig. 7 shows the changes in the fouling index before
and after FOB by net driving pressure. Although the foul-
ing index increased according to the net driving pressure,
it decreased overall after FOB. This shows that the fouling
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Fig. 7. Changes in fouling index according to net driving pres-
sure before and after FOB.
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Fig. 8. Changes in specific cake resistance according to net driv-
ing pressure before and after FOB.

index indicating a fouling tendency was reduced by the
membrane permeate flux recovered by FOB and presents
only the tendency of the particular timing. Thus, it is diffi-
cult to estimate the overall operating tendency.

Fig. 8 shows the changes in the specific cake resistance
before and after FOB by net driving pressure. The specific cake
resistance increased after FOB, and the difference in the spe-
cific cake resistance before and after FOB is considered to be
a quantitative expression according to the cleaning efficiency.
Specific cake resistance is the amount of organic matter on
the membrane surface and an index indicating the density
of organic matter in fouling resistance. It is considered that
fouling layers with low density on the feed water side were
removed and then specific cake resistance values of the foul-
ing layers with high density on the membrane surface were
obtained. This made it easier to remove fouling layers with
low density in FOB and confirmed the ease of cleaning the
fouling layers formed at a high net driving pressure.

4. Conclusions

In this experiment, the fouling characteristics and FOB
efficiency according to net driving pressure in RO processes
were analyzed. As a result of the initial experiment before
injecting organic matter, the net driving pressure varied
depending on salt concentration and operating pressure,
and the initial flux increased in proportion to the net driving
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pressure. The membrane resistance increased with operat-
ing pressure, and the salt resistance increased in proportion
to the operating pressure and salt concentration.

Fouling occurred until reaching 10% FDR after inject-
ing organic matter. FDR therefore decreased rapidly with
increasing operating pressure and with decreasing salt
concentration. The operation time to reach 10% FDR was
reduced with an increase in the net driving pressure, and
the accumulated permeate flow rate also decreased. How-
ever, the accumulation of organic matter on the membrane
surface increased in proportion to the net driving pressure.
Although resistance decreased in inverse proportion to the
net driving pressure, it increased in proportion to the accu-
mulated permeate flow rate. It is considered that this result
was obtained due to the limitation of 10% FDR. The fouling
index increased with increasing net driving pressure, and
the specific cake resistance decreased. The fouling layers
formed by this decreased cake resistance for a short period
was considered easy to remove by cleaning because the lay-
ers had a slightly loose structure.

As a result of FOB, the cleaning efficiency and organic
matter removal efficiency increased in proportion to the
net driving pressure. It was confirmed that the reason why
the organic matter removal efficiency was higher than the
cleaning efficiency was because most fouling layers had a
loose structure and minimal organic matter was observed
forming dense fouling layers to greatly reduce flux. In FOB,
the FOB water volume showed a tendency to decrease with
increasing specific cake resistance. This showed that dense
fouling layers required more enhanced cleaning conditions
in FOB. With an increase in the net driving pressure, the
reversible resistance increased, and the irreversible resis-
tance decreased. The fouling index decreased after FOB, and
the specific cake resistance increased. This rendered it easier
to the remove fouling layers that had a loose structure and
low density in FOB and to clean the fouling layers formed
at high net driving pressure. Based on the above results, the
operation of more effective RO processes is considered pos-
sible if rapid fouling is controlled by maintenance cleaning
in the operation with high flux.
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