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HIGHLIGHTS

e MFI-UF method was used to predict particulate fouling rate in full-scale RO plants.

e 10-100 kDa UF membranes can be used in MFI-UF test to predict particulate fouling.
e The variation between the predicted and actual fouling rates in RO plants was <15 %.
e Accuracy of fouling prediction depends highly on the flux consistency in RO plants.

ARTICLE INFO ABSTRACT
Keywords: This study aims at applying and verifying the MFI-UF method to predict particulate fouling in RO plants. Two
Reverse osmosis (RO) full-scale RO plants treating surface water, with average capacity of 800-2000 m®/h, were studied. Firstly, the

Particulate fouling prediction

MFI-UF

Particle deposition factor

Membrane surface porosity correction

MFI-UF of RO feed and concentrate was measured using 5-100 kDa membranes at same flux applied in the RO
plants (20-26 L/m2.h). Subsequently, the particle disposition factor (£2) was calculated to simulate particle
deposition in RO cross-flow filtration. Finally, particulate fouling rates were predicted based on MFI-UF and €,
and compared with the actual fouling rates in the plants. For plant A, the results showed that the fouling rates
predicted using MFI-UF measured with 100 kDa membrane have the best agreement with the actual fouling (with
3-11 % deviation). For plant B, the fouling rates predicted based on both 10 and 100 kDa membranes agree well
with the actual fouling (with 2 % and 15 % deviation, respectively). However, the fouling predicted based on 5
kDa membrane is considerably overestimated for both plants, which is attributed to the effect of the low surface
porosity of 5 kDa membrane. More widespread applications of MFI-UF in full-scale RO plants are required to
demonstrate the most suitable MFI-UF membranes for fouling prediction.

a key challenge. Fouling can cause a decline in the RO membrane
permeability. Consequently, higher energy and more frequent mem-
brane cleaning are required to maintain water production, which
eventually results in increased O&M costs.

Particulate fouling, due to the deposition of particles and colloids on
the membrane, is one of the types of fouling which is persistently

1. Introduction

Reverse osmosis (RO) technology has been rapidly growing in the
water treatment sector due to the continuous advancements in both
design and operation [1]. However, RO membrane fouling still remains
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Nomenclature

MFI-UF Modified fouling index — ultrafiltration [s/L?]

I Fouling index [1 /m?]

J Flux [L/m2h or m%/m?2.s]

AP Transmembrane pressure [bar or Pa]

Rn Clean membrane resistance [1/m]

R, Cake resistance [1/m]

n Feed water viscosity [N.s/m?]

t Filtration time [s, min, h, day, or month]

AP, Reference transmembrane pressure [= 2 bar or 200
kPa]

N20°C Reference water viscosity at 20 °C [= 0.001002 N.s/m?]

A, Reference MFI membrane surface area [= 0.00138 m?]

NDP Net driving pressure [bar]

ANDP Differential net driving pressure [bar]

Q Particle deposition factor [—]

R RO recovery (ratio of RO permeate flow to RO feed
flow) [—]

Py RO feed pressure [bar or Pa]

P, RO permeate pressure [bar or Pa]

dp Pressure drop across the RO membrane [bar or Pa]

APysm Differential osmotic pressure across the RO membrane
[bar or Pa]

T RO feed temperature (°C)

experienced in RO plants. Therefore, there is a need for a reliable
method which can accurately measure and predict the particulate
fouling potential of RO feed water, allowing the performance of RO
plants to be assessed and monitored. The existing ASTM standard
assessment methods; silt density index (SDI) [2] and modified fouling
index (MFI-0.45) [3], simulate particulate fouling using a 0.45 um
membrane. Thus, the effect of small colloids (< 0.45 um), which are
more likely to be responsible for RO membrane fouling, is not evaluated
in either method [4]. Consequently, a more promising method; the
modified fouling index - ultrafiltration (MFI-UF) was developed,
whereby a UF membrane is used in order to capture smaller colloids
[5-9]. The MFI-UF was performed initially at constant pressure (as is the
MFI-0.45/SDI). Later, the method was developed further to be measured
at constant flux in order to simulate the operation of RO plants in
practice [10,11]. Furthermore, the measured MFI-UF (at constant flux)
can be used in a model to predict the rate of particulate fouling during
RO system operation [4,11].

The MFI-UF test is performed in dead-end filtration mode. Hence, all
particles in the feed water move directly towards the surface of the MFI-
UF membrane during the test. However, RO plants are typically oper-
ated in cross-flow filtration mode, where the particles in the RO feed
water either move towards the RO membrane surface or are transported
to the concentrate [12]. The portion of particles depositing on RO
membranes can be determined by the particle deposition factor pro-
posed by Schippers, et al. [4], by taking in account the difference in
particle concentration between the RO feed and RO concentrate.
Consequently, the particle deposition factor is incorporated in the MFI-
UF model to consider only that portion of particles depositing on RO
membranes during cross-flow filtration [4,11].

Sim, et al. [13] and Sim, et al. [14] proposed another approach to
simulate particle deposition in RO filtration; i.e. using a cross-flow
sampler (CFS) prior to the MFI-UF set-up. The function of the CFS is to
fractionate the particles in the feed water under the same hydrodynamic
conditions as in RO cross-flow filtration. For this purpose, a non-
retentive membrane with large, straight-through pores is used (> 5
pm) in the CFS, so that all particles moving near the membrane surface
can permeate through. Subsequently, the permeate collected from the
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CFS should can contain all potential particles which will likely deposit
on the RO membrane. Despite the innovation of this method in simu-
lating RO cross-flow filtration, it does not consider the potential
detachment of particles deposited on the RO membrane during actual
operation. However, in RO cross-flow filtration, particle deposition is
not static and the particles already deposited on the membrane can be
re-suspended and transported away from the membrane as a result of the
hydrodynamic forces induced on the particles by the tangential flow as
well as upon the collision with other flowing particles [5,15]. Accord-
ingly, the MFI-UF method incorporating the concept of a particle
deposition factor has the advantage that it can reflect both the deposi-
tion of particles as well as the detachment of particles from the RO
membrane by considering the actual particle load in both the RO feed
and RO concentrate.

Particulate fouling rates predicted based on the MFI-UF can depend
strongly on the testing conditions applied during the MFI-UF test,
namely; flux rate and UF membrane molecular weight cut-off (MWCO),
as explained below.

The measured MFI-UF can be greatly affected by the flux rate applied
during the MFI-UF test. At higher flux (i.e. higher permeation rate), the
particles in the cake can be re-arranged, and simultaneously the cake can
be compressed. As a result, the cake resistance and thus the measured
MFI-UF will increase. Hence, the MFI-UF should be typically measured
at the same flux rate as is applied in the RO system (~10-35 L/m2h).
However, for a fixed feed volume, the filtration time and thus the time
required to build a cake/gel on the MFI-UF membrane is significantly
longer at lower flux. Therefore, to deal with this problem, Salinas-
Rodriguez, et al. [16] proposed to measure the MFI-UF at higher flux
rates (e.g. 50-350 L/m2%h) and extrapolate to the actual flux rate in the
RO system. However, the MFI-UF values determined by both approaches
(i.e. direct measurement and extrapolation) have not yet been
compared, and hence, it is unknown whether both approaches yield
similar MFI-UF results.

The MWCO of the MFI-UF membrane can also substantially affect the
measured MFI-UF. The lower the membrane MWCO, the smaller the
membrane pore size and the more particles can be retained by the MFI-
UF membrane, which eventually leads to higher MFI-UF value [11]. In
addition, it was found in a previous study [17] that MFI-UF membranes
with lower MWCO have lower surface porosity and thus smaller effec-
tive filtration area. This results in a higher local flux during the MFI-UF
test and subsequently an overestimation of the MFI-UF value. Abunada,
et al. [17] quantified the effect of membrane surface porosity on the
MFI-UF using a suspension of polystyrene particles. As a result, a
correction factor was proposed for the MFI-UF measured with 5-100
kDa membranes by a factor of 0.4-1.0, respectively. Accordingly, there
is a need to further investigate the effect of MFI-UF membrane MWCO (i.
e. both pore size and surface porosity) on the particulate fouling rate
prediction.

This study aims to apply and verify the MFI-UF method to predict the
rate of particulate fouling under various MFI-UF testing conditions. For
this purpose, the MFI-UF was measured at two full-scale RO plants, using
5-100 kDa UF membranes. The objectives were as follows.

I. To measure the MFI-UF of RO feed and RO concentrate at the
same (low) flux applied in RO plants. The MFI-UF was measured
(1) directly at the same low flux applied in the RO plants, and (2)
at higher flux rates (50-200 L/mz.h) and then the MFI-UF was
extrapolated to the same low flux as was applied in the RO plant.
Finally, the MFI-UF values measured by both approaches were
compared.

II. To measure the particle deposition factor to account for the
fractions of particles depositing during RO cross-flow filtration.

III. To predict the particulate fouling rate (based on the measured
MFI-UF of RO feed and deposition factor), and compare it with
the actual fouling rate observed in the RO plants.
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2. Background: MFI-UF theory

Membrane particulate fouling occurs typically in three subsequent
mechanisms; (i) pore blocking, (ii) cake/gel filtration, and (iii) cake/gel
compression, as shown in Fig. 1. However, for RO membranes, cake/gel
filtration is considered the dominant particulate fouling mechanism
(Zhu and Elimelech, 1997). Therefore, the MFI-UF method was derived
based on the cake/gel filtration to closely simulate particulate fouling in
RO systems, as explained below.

At constant flux (i.e. operation mode of most RO systems), cake/gel
filtration can be described by the fundamental model shown in Eq. (1)
[10].

AP

IR TR @

where J is the flux, AP is the transmembrane pressure, 7 is water vis-
cosity, Rpy is the clean membrane resistance and R, is the cake/gel
resistance.

At constant flux filtration, R, can be described as a function of time,
as shown in Eq. (2).

R.=JIt 2

The parameter I is the fouling index, which describes the fouling po-
tential due to cake/gel formed on the membrane surface.

With combining and rearranging Eqs. (1) and (2), cake/gel filtration
at constant flux can be then defined by Eq. (3).

AP =Jn.R,+J 01t 3)

Cake/gel filtration in RO can be simulated during MFI-UF test (i.e. by
filtering the feed water through UF membrane at constant flux), as
shown in Fig. 1.

Subsequently, the value of I (fouling index) is determined from the
slope of the linear cake/gel filtration phase, as shown in Eq. (4).

1
1= jz—ﬂ.slope (C))
By definition, the MFI-UF is the I value corrected to reference testing
conditions, as shown in Eq. (5).

Hapoc-d

MFI — UF = .
2.AP, A,

)

where AP, 29-c and A, are, respectively, the reference pressure (200
kPa), water viscosity (1 x 10~° kPa.s) and surface membrane area (13.8
x 1074 m?) [18].

A
[—>
Pore Cake/gel Cake/gel
blocking filtration Compression

<«—— AP=].n.R,+]:n.l.t —>

Pressure (AP)

v

Time (t)

Fig. 1. Typical particulate fouling mechanisms during MFI-UF test performed
at constant flux.
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2.1. MFI-UF fouling prediction model

Particulate fouling development rate at constant flux filtration can be
described by the increase of the net driving pressure (NDP) over a
certain time, assuming that the NDP increase is mainly attributable to
the cake/gel formed by particulate matter with a negligible contribution
by scaling and biofouling. Accordingly, the NDP increase (ANDP) during
a certain period of time (t) can be determined by integrating Eq. (3) from
t=0tot=t, as shown in Eq. (6), where AP,_ is an initial NDP pressure
value at a reference time and AP,_, is the NDP pressure value after time

.
ANDP = AP,_, — AP,y = J* .1t (6)
By substituting the value of I from Eq. (5), the NDP increase rate can be

then predicted based on the measured MFI-UF using the model shown in
Eq. (7) [4].

ANDP  2AP, A2.J>..Q.MFI — UF g
t Moo

()

The particle deposition factor (£2) incorporated in the prediction model
(Eq. (7)) simulates the portion of particles depositing on the RO mem-
brane during cross-flow filtration. The deposition factor can be deter-
mined by Eq. (8), based on R (recovery rate; the ratio of RO permeate
flow to RO feed flow), MFI — UFfeeq (MFI-UF of RO feed) and MFI —
UF ¢oncentrate (MFI-UF of RO concentrate). Ideally, the @ has a value be-
tween 0 and 1; where, 2 = 0 indicates no particle deposition, and 2 =1
indicates that all particles presented in the feed water passing the RO
membrane deposited and remained on its surface [4,11,19].

1 MFI — UFC()HCCVIIHZIL’ <1 1)

Q=—+
R MFI— UFp

R (8

3. Materials and methods

To achieve the objectives of this study aiming at verifying the MFI-UF
method to predict the particulate fouling rate in full-scale RO plants, the
main steps shown in Fig. 2 were followed, where the materials/methods
applied in each step are explained in detail in the following sub-sections.
3.1. Full-scale RO plants and sample collection
3.1.1. RO plant description

The MFI-UF was applied to predict the particulate fouling rate in two
different full-scale RO plants treating surface water, located in the

1.1. Collecting water samples from full-scale RO plants from the
RO feed and RO concentrate.

1.2. Measuring the MFI-UF of both RO feed and RO concentrate,
and subsequently measuring particle deposition factor (£2).

1.3. Predicting particulate fouling rates in RO plants (ANDP /t),
based on the measured MFI-UF and 1.

4. |dentifying actual fouling rates in the RO plants.

1.5. Comparing the actual and predicted particulate fouling
rates.

Fig. 2. Methodology followed to verify the MFI-UF method to predict the
particulate fouling rate in full-scale RO plants.
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Netherlands. The scheme of the main treatment processes of each plant
is shown in Fig. 3.

Plant A (Fig. 3 (top)) is a full-scale RO plant, producing drinking
water with an average capacity of 2000 m®/h. The plant receives raw
water from a lake. The raw water is treated first by serial conventional
pre-treatment processes, including micro strainers, coagulation/floccu-
lation (using 20 mg/L Fe®* as coagulant), sedimentation, and rapid sand
filtration (10-20 m/h). The pre-treated water is then transported via 80
km pipeline and filtered through 150 kDa UF membranes (X-flow XIGA
40, Pentair). To prevent the occurrence of scaling, a dose of 1.8 mg/L of
antiscalant is injected into the feed water after the UF. Finally, the feed
water is pumped into 8 parallel units of 8" RO membranes (ESPA3 24,
Hydranautics) with a total recovery of 80 %. All RO units receive same
RO feed and operate at same conditions. In addition, all RO units have
same configuration consisting of 2 stages (24:12 pressure vessels - 7 RO
membrane elements per vessel).

Plant B (Fig. 3 (bottom)) is a full-scale RO plant, producing industrial
water with an average capacity of 800 m®/h, by treating raw water
received from a river. The raw water is first conventionally pre-treated
by strainers and combined coagulation (2 mg/L Fe*"), dissolved air
flotation (DAF) and media filtration. Subsequently, the scaling com-
pounds in the pre-treated water are removed by a softening process (ion
exchange) which is followed by NaOH addition to adjust the pH (to pH
= 9.3) to prevent the biofouling in the downstream RO units. The water
is then prefiltered through cartridge filters (CF) with pore size of 10 um,
and finally pumped to 4 parallel units of 8” RO membranes (FILMTEC
ECO PRO-440i, Dupont) with a total recovery of 85 %. All RO units
receive same RO feed and operate at same conditions. In addition, all RO
units have same configuration consisting of 3 stages (24:12:6 pressure
vessels - 6 RO membrane elements per vessel).

The detailed specifications of RO membranes installed in both plants
are shown in Appendix A in the supplementary material.

3.1.2. Water samples
Four different sets of water samples were collected from the RO
plants as described in Tables 1 and 2. One RO unit was targeted from
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Table 1
Summary of water samples collection and operational data.

Trial (#)  Time ROstage  Avg.J(L/m%h) R (%)
Plant A 1 January 2019 Stage 1 23 55
2 January 2021 Stage 1 26 57
3 March 2021 Stage 1 26 57
Plant B 1 December 2019 Stage 1 20 51
Stage 2 20 53
Table 2
Characteristics of RO feed during collection time.
Parameter Plant A Plant B
Cations:
Calcium 57-65 mg/L < 3 mg/L
Magnesium 11-17 mg/L < 0.4 mg/L
Sodium 66-122 mg/L -
Iron < 0.01 mg/L < 0.005 mg/L
Barium 0.03-0.04 mg/L -
Strontium 0.36-0.46 mg/L -
Anions:
Carbonate < 5mg/L -
Chloride 130-220 mg/L -
Silicat 1.4-4.2 mg/L 5 mg/L
Sulphate 56-76 mg/L 54 mg/L
Bicarbonate 148-152 mg/L 160 mg/L
Other parameters:
Temperature 4-5°C 7°C
pH 7.8-8.0 9.3
EC 690-980 uS/cm 780 uS/cm
TDS 450-640 mg/L 510 mg/L

each plant, as the operation conditions were similar in all the units of
each plant (as explained in Section 3.1.1). Water samples were collected
from the RO feed and RO concentrate of the first stages only (as shown in
Fig. 3) to eliminate as much as possible the potential effect of scaling on
the NDP (since membrane scaling usually occurs in the last stage).

Plant A: Antiscalant
dosing
i Transport l
Intake Conventional N UF » RO » Product

(lake water) pretreatments (80 km) (150 kDa) I

Including:

e micro strainers s

e coagulation/ RO

flocculation

e Sedimentation l

o RSF S Concentrate
Plant B:

NaoH
Intake Conventional l N N _

(river water) pretreatments i Softener (10 um) l g > Product

Including:

e Coagulation S

o DAF =

e media filtration

S
RO
S: Location of sample collection l
Concentrate

Fig. 3. Treatment process schemes of the studied RO plants.



M. Abunada et al.

3.2. MFI-UF measurement

3.2.1. MFI-UF set-up

MFI-UF measurements of RO feed and RO concentrate were per-
formed using the set-up schemed in Fig. 4. The set-up consists of three
main items: (i) infusion syringe pump (PHD ULTRA, Harvard Appa-
ratus), (ii) pressure transmitter (PXM409, Omega and PMC51,
Endress-+Hauser), and (iii) membrane holder (Whatman) where the UF
membrane is placed. The accuracy of MFI-UF set-up was checked
frequently during this study (accuracy check protocol is explained in
detail in Appendix B in the supplementary material).

MFI-UF was measured by filtering the feed water through the
membrane by pump infusion at constant flow. Pump flow (Q) was set
based on the membrane surface area (A) and the required flux rate (J),
where Q = A x J. The data of the transmembrane pressure (AP) devel-
opment over time (t) observed during the MFI-UF test was recorded by
the pressure transmitter (every 10 s). Finally, the relationship of AP
against t was plotted, and then the MFI-UF value was calculated using
Eq. (5), as described in Section 2.

3.2.2. MFI-UF membranes

MFI-UF measurements were performed with Polyethersulfone (PES)
UF membranes (Millipore) with MWCO of 5, 10, and 100 kDa. The
membranes had a flat-sheet configuration and had a diameter of 25 mm.
All membranes were cleaned before use to remove the preservation
coating. This was done by filtering at least 100 mL of ultra-pure water
(Milli-Q®, Millipore) through the membrane at a flux of 200-300 L/m?.
h. Subsequently, the clean membrane resistance (R;;) was measured
using Eq. (9).

AP

Rm - 5
J.n

9

3.2.3. Flux rate

The MFI-UF was measured based on two flux approaches; (1) directly
at the same average flux applied in RO plant (20-26 L/mz.h), and (2) at
higher flux rates (50-200 L/m%h) and then extrapolated to the same
average RO flux as proposed by Salinas-Rodriguez, et al. [16]. The
outputs of both approaches were compared.

3.2.4. MFI-UF correction for membrane surface porosity effect

In a previous study [17], the effect of surface porosity of MFI-UF
membranes was quantified independently of the membrane pore size,
using a suspension of washed polystyrene particles. It was found that the
lower the membrane surface porosity, the more non-uniformly the
membrane pores are distributed, and the smaller the effective mem-
brane filtration area, which subsequently results in a higher local flux
rate during the MFI-UF test and eventually leads to an overestimated
MFI-UF value. This effect is exacerbated as the MWCO of the MFI-UF

Pressure

! Computer
transmitter

Permeate

Membrane
holder

Fig. 4. Scheme of MFI-UF set-up at constant flux filtration.

Syringe pump
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membrane reduces from 100 down to 5 kDa. Accordingly, a correction
factor of 0.4 and 0.5 were proposed to correct the MFI-UF measured with
5 and 10 kDa membranes, respectively, while the MFI-UF measured with
100 kDa membrane was not corrected as the effect of membrane surface
porosity was expected to be minimal as the pores appeared to be evenly
distributed over the membrane surface of the 100 kDa MFI-UF
membrane.

Therefore, all MFI-UF values measured with 5 and 10 kDa mem-
branes in this work were corrected to eliminate the effect of membrane
surface porosity based on the aforementioned correction factors.

3.3. Prediction of particulate fouling rates in RO plants

Particulate fouling rate in the RO plants was predicted using Eq. (7)
based on the measured MFI-UF of RO feed and the particle deposition
factor (Eq. (8)). The prediction was determined based on the average
flux applied in the RO plant (Table 1), at reference temperature condi-
tion (25 °C).

3.4. Identification of actual fouling observed in RO plants

The actual fouling rate in the RO plants was described by the rate of
NDP increase observed over time. However, to verify that the NDP in-
crease is dominated by particulate fouling, the role of the other types of
fouling; i.e. scaling, biofouling and organic fouling was also investi-
gated, as follows.

For scaling, the saturation index (SI) of the scaling compounds were
determined for the RO concentrate to assess the occurrence of scaling in
the RO plants.

Biofouling potential was measured using both bacterial growth po-
tential (BGP) and assimilable organic carbon (AOC) methods. These two
methods indicate the potential of bacteria to grow by utilizing biode-
gradable organic matter present in the sample. BGP was measured as
described by Abushaban, et al. [20], where water samples were
pasteurized to inactivate microorganisms present in the samples and
thereafter distributed in triplicate into 30 mL carbon-free vials and each
vial was inoculated with an indigenous microbial consortium from the
intake of the RO plant (10,000 intact cells/mL measured by flow
cytometry). Bacterial growth was monitored using microbial ATP mea-
surement [21]. The maximum growth was converted to carbon con-
centration using a calibration line (between glucose and maximum
bacterial growth). Whereas AOC was measured following the protocol
proposed by Kooij [22] which has similar concept of BGP. However, in
AOC test, the samples were incubated by Pseudomonas fluorescens P17
and Spirillum sp. NOX bacteria and the bacterial growth was monitored
by heterotrophicplate counting (HPC). To convert bacterial growth to
carbon, acetate is used for AOC test while glucose is used for BGP
measurements.

Finally, the organic carbon content of the RO feed was measured as
dissolved organic carbon (DOC).

3.4.1. NDP calculation and normalization
The actual fouling in the RO plants was determined by calculating
the NDP overtime, using Eq. (10).

NDP,, = Py — g — AP, — P, (10)
where Py is the feed pressure, P, is the permeate pressure, dP is the
average pressure drop across the RO membrane (feed pressure -
concentrate pressure), and AP, is the differential osmotic pressure.
However, the actual NDP development observed in RO plant could
be attributable not only to membrane fouling but also the variations in
operational parameters, namely; (i) permeate flux, and (ii) water tem-
perature (based on Eq. (3)). For this reason, the NDP had to be
normalized based on a reference flux and temperature to ensure that the



M. Abunada et al.

NDP increase in the plant is only due to membrane fouling and not to
changes in flux rate and/or water temperature. Accordingly, the NDP
was normalized based on Egs. (11)—(13).

FCF

DP,,, = NDP o —— 11
NDP,,, = NDP, TCF an
FCF = Ji (12)
Ju
S(ESIS)
TCF =e¢ 13
where:

FCF is the flux correction factor. It corrects the NDP for the flux
linearly (since the NDP is linearly correlated to the flux based on Eq.
(1).

TCF is the temperature correction factor.

J is the reference flux. It was substituted by the average flux in the
RO plant during the fouling prediction period (Table 1).

Jg is the actual flux.

T; is the reference water temperature at standard condition (25 °C).

T, is the actual water temperature.

3.5. Comparison between predicted and observed fouling rates in RO
plants

Finally, the fouling rates (i.e. NDP increase rates) predicted based on
MFI-UF prediction model (Eq. (7)) were plotted together with the
normalized NDP increase observed in the RO plants, to verify the ac-
curacy of MFI-UF method. The comparison between the predicted and
observed fouling rates was based on the assumption that no variation in
the quality of RO feed occurs after sample collection. Nevertheless, as
this might not be the case in reality, the comparison between the pre-
dicted and observed fouling rates was limited to 30 days after sample
collection, assuming minor variation in the quality of RO feed water may
occur during this period. However, for plant B, the fouling rates were
predicted only over 7 days, since the RO membranes in the plant were
cleaned on weakly basis (due to the high pressure drop observed in the
plant) during the time of this work.

4. Results and discussion
4.1. MFI-UF of RO feed and RO concentrate

Fig. 5 shows the MFI-UF of RO feed and RO concentrate of stage 1 in
plant A (Trial #1) using 5, 10 and 100 kDa membranes. The MFI-UF was

3500
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—
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1 |23 /mzh)
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measured based on two flux approaches; (1) directly at the same average
RO flux applied in the plant which was 23 L/m2h (open points), and (2)
at higher flux rates; 50, 100 and 200 L/m2h (solid points) and then
extrapolated linearly at the average RO flux in the plant (disconnected
lines). As can be observed in all cases, the MFI-UF values measured at 23
L/m2h and those extrapolated were very similar, with a difference of
around +5 % (detailed MFI-UF values are in Appendix C in the sup-
plementary material). Hence, the results indeed confirmed that even at
low flux rates the MFI-UF can be measured directly or extrapolated from
the MFI-UF values measured at higher flux rates, as both approaches
eventually yield similar output.

Accordingly, the MFI-UF was measured in the two RO plants selected
for this study based on both approaches (the results are presented in
Appendix C in the supplementary material). The MFI-UF measurement
based on the second approach (i.e. extrapolation from higher flux rates)
was also investigated based on other flux ranges; where the MFI-UF was
extrapolated based on only 2 flux rate experiments (100 and 200 L/m?.
h) as well as with 3 flux rate experiments with equal increment (100,
150 and 200 L/m? h). The results showed that the MFI-UF extrapolated
based on the 3 flux rate experiments appeared more accurate. This is
because in the case of 2 flux rate experiments, the regression line is
defined by only 2 data points, and therefore, any uncertainty in the MFI-
UF measured at the higher flux rates (i.e. 100 and 200 L/mz.h) will
impact the MFI-UF value extrapolated at the low RO flux. In addition,
the results showed that measuring the MFI-UF at higher flux rates with
equal-increments (i.e. 100, 150 and 200 L/m2h) could eliminate the
potential influence of high leverage on the resulted regression line and
thus on the extrapolated MFI-UF value.

The linear correlation between the MFI-UF and flux rate found in this
study agree with the observation of Salinas-Rodriguez, et al. [16] who
also found a linear correlation for various types of feed water. However,
the relationship of the MFI-UF and flux rate may not be ultimately linear
for all types of feed water. This is because the rate of cake compress-
ibility due to the increasing flux may not be constant (as the case in this
sturdy) and it may vary depending on the characteristics of particles
existing in the feed water.

4.1.1. Dependency of MFI-UF test duration on the applied flux

Table 3 shows the duration range of the MFI-UF measurements dis-
cussed above in relation to the flux rate applied during the MFI-UF test.
As it can be clearly observed, the duration of the MFI-UF measurement
performed based on flux approach (1) was substantially longer than that
performed based on approach (2). The reason is because the lower the
flux, the lower the load of particles depositing on the membrane.
Consequently, the depositing particles take longer time to interconnect
and build-up a complete cake in even layers on the membrane surface
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Fig. 5. MFI-UF measured in plant A — stage 1 (Trial #1): (a) RO feed, and (b) RO concentrate; (i) MFI-UF measured directly at same RO flux applied in the plant (A
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nected lines).
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Table 3
Approximate duration of MFI-UF test performed based on the applied flux rate.
Flux MFI-UF test
duration
Approach (1): MFI-UF measured directly at the 20-26 L/ 500-800 min

same flux applied in the RO plant m2h

Approach (2): MFI-UF measured at higher flux rates 50 L/m%h  90-120 min
and then extrapolated at the same flux applied in 100 L/m?2. 60-90 min
the RO plant h .

2

11150 /M 6070 min
2

ﬁoo L/m™ " 30_60 min

[17].

In addition, in this work, the overall time of the MFI-UF measure-
ments performed based on approach (2) was much faster than in the case
of approach (1). However, approach (2) had one disadvantage in that it
requires more effort since multiple MFI-UF measurements should be
performed to determine the MFI-UF at the actual RO flux, while only one
MFI-UF measurement is required in case approach (1) is applied.
Accordingly, the best approach can be selected by trading off the time
against the cost and effort.

It is important to mention that the duration of MFI-UF tests listed in
Table 3 depended mainly on the characteristics of feed water measured
in this study. Therefore, different duration might be required for other
types of feed water even if the MFI-UF is measured at the same testing
conditions (i.e. same MFI-UF membrane and flux rate).

4.1.2. Particle deposition factor

Table 4 shows the particle deposition factors (£2) in the full-scale RO
plants. In general, higher particle deposition factor (£2) was found when
the MFI-UF was measured using lower MWCO UF membrane (for plant A
- Trial #2, the difference in the 2 was minor). Exceptionally, in plant A
(Trail #3), the particle deposition factor (£2) measured based on the 5
kDa membrane was negative. The negative £ value indicates that the
load of particles detached from the RO membrane was higher than that
of particles depositing on the membrane [5]. However, since the Q
values measured based on both 10 and 100 kDa membranes were pos-
itive, this could indicate that particle detachment occurred only for
particles smaller than 10 kDa. This could be explained by the effect of
cross-flow hydrodynamic conditions on the cake stratification, which
could result in smaller particles concentrating on the top of the cake and
larger particles in the bottom [23]. As a result, the smaller particles
might detach from the top of the cake by the hydrodynamic forces
induced on the particles by the tangential flow as well as due to the
collision with other flowing particles [15]. The reason that particle
detachment occurred only in this Trail (i.e. not in Trial #1 nor 2) might
be because the thickness of the cake accumulated on the RO membranes
was higher during the time of this Trial, and thus the chance of particle
detachment due to the acting tangential forces was higher [5].

Interestingly, for plant B, particle deposition factor (£2) in stage 1
were higher than the corresponding values for stage 2, although both
stages operated at similar flux and cross-flow velocity. This could be
because the concentration (i.e. load) of particles in the feed of stage 2

Table 4
Particle deposition factor (£2) measured at the same flux applied in RO plant.
Trial (#) RO stage Q values
100 kDa 10 kDa 5 kDa
Plant A 1 Stage 1 0.12 0.44 0.61
2 Stage 1 0.57 0.59 0.62
3 Stage 1 0.70 0.81 -0.72
Plant B 1 Stage 1 0.67 0.89 0.90
Stage 2 0.38 0.42 0.60
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was higher, as indicated from the MFI-UF values. Hence, there was a
higher chance of collision between the particles moving by the
tangential flow across the RO membranes and the particles which
already deposited. Consequently, this collision might have reduced the
particle deposition on RO membrane, which eventually resulted in lower
Q values. However, this hypothesis/explanation still needs further
investigation.

4.2. Actual fouling observed in the RO plants

Figs. 6 and 7 show the actual fouling observed in plant A and B,
respectively, expressed in NDP increase overtime. In principle, the NDP
increase can be due to scaling, biological fouling, organic fouling and/or
particulate fouling or a combination of all these fouling phenomena.
However, the NDP increase in the RO plants was assumed to be mainly
due to particulate fouling (i.e. formation of cake/gel by particles/col-
loids accumulated on the RO membrane surface), as indicated by the
measured fouling indices/parameters shown in Table 5 and explained
below.

4.2.1. Plant A

For plant A, scaling is controlled by dosing antiscalant to the RO feed
(1.8 mg/L). In the RO concentrate, calcium carbonate and barium sul-
phate were slightly supersaturated (SI = 0.7-1.0 and 1.9-2.8, respec-
tively) and their saturation level was in the range which can be
controlled by the antiscalant [24,25].

Biofouling is not expected to be the reason for the NDP increase in
plant A, since the measured AOC concentration in the RO feed is very
low (3-6 pg/L). Vrouwenvelder and van der Kooij [26] observed RO
biofouling when AOC concentration in the feed water exceeded 80 ug/L.
Moreover, Weinrich, et al. [27] reported that bacterial growth in the
absence of a chlorine residual can be observed at AOC concentration of
10 pg/L or higher.

Organic fouling due to the adsorption of dissolved organic matter
onto the surface of RO membranes was not expected to be a problem in
plant A, as organic fouling is assumed to occur prior to cake/gel for-
mation when new/clean membranes are put into operation. However,
the RO membranes of plant A was already in operation for around 6
months and any adsorption onto the RO membrane would have already
taken place. The negligible effect of organic fouling (and also biofouling)
can be supported by the normalized pressure drop (dP) observed across
stage 1, which was stable (i.e. not increasing) during the fouling pre-
diction period (pressure drop data is shown in Appendix D in the sup-
plementary material). It is important to mention that the stable pressure
drop does not rule out the particulate fouling in the plant, since the
particles/colloids existed in the RO feed (pretreated by 150 kDa UF)
might have passed through the feed spacers in the RO membranes (i.e.
did not cause any increase in the pressure drop) but deposited and
accumulated on the surface of the membranes resulting in NDP increase.

According to the above explanation, it could be concluded that
particulate fouling is most likely the main reason for the NDP increase in
Plant A. The existence of particulate matter (i.e. particles/colloids) in
the RO feed after the extensive pre-treatment enhanced by UF, could be
a result of several reasons; (i) the passage of small colloids through the
UF, (ii) loss of integrity of the UF which could allow to the larger par-
ticles/colloids to pass into the permeate side (i.e. RO feed), (iii) re-
aggregation of small particles/colloids that passed through the UF,
and/or (iv) re-growth of bacteria on the permeate side of the UF mem-
branes (which are considered as particles).

4.2.2. Plant B

In plant B, the concentrations of sparingly soluble compounds were
reduced substantially prior to the RO units by the softening process (as
shown in Table 2). Therefore, the scaling compounds were undersatu-
rated in the RO concentrate, and hence scaling was not expected to occur
in the plant.
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Fig. 6. Predicted and observed NDP increase along with the flux applied in plant A - stage 1 (where day O is the day of sample collection)
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Fig. 7. Predicted and observed NDP increase along with the flux applied in plant B (where day O is the day of sample collection)

(a) stage 1, and (b) stage 2
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Biofouling is also not expected to be the reason behind the NDP in-
crease in plant B since the pH of the RO feed is adjusted to 9.3 (by adding
NaOH) after softening process, in which most bacteria cannot grow or
even survive. Moreover, when the pH is corrected to around 8, low BGP
concentrations were measured (< 78 pg/L). Abushaban, et al. [28] re-
ported a BGP concentration of 70 pg/L in SWRO feedwater, where the
CIP (cleaning in place) is performed every 3 years. Furthermore, the
measured orthophosphate concentration in the RO feed (< 0.3 pg/L) is
also below the indicated threshold value [29,30].

However, the RO membranes in plant B were cleaned almost every
week due to the high pressure drop observed in the plant (around 2.8 bar
per stage, normalized based on the worst-case conditions; maximum
flow and minimum temperature). The increase in the pressure drop
could be due to organic and/or particulate fouling (whereas biofouling
effect is considered minor as explained above). Nevertheless, the con-
centration of DOC in the RO feed was low (1.2-1.5 mg/L), which might
indicate less effect due to organic fouling.

Therefore, it could be concluded that particulate fouling is most
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Table 5
Measured scaling, biological and organic fouling potential indices/parameters
for plant A and B.

Index/parameter Plant A Plant B
Scaling:

SI - CaCO3 0.7-1.0 -

SI - BaSO4 1.9-2.8 -
Biofouling potential:

AOC 3-6 pg/L -

BGB - 55-78 pg/L

Orthophosphate - < 0.3 pg-C/L
Organic fouling:

DOC 2.6-3.6 mg/L 1.2-1.5 mg/L

likely the dominant type of fouling in plant B, while the effect of organic
fouling could not be excluded completely.

4.3. Comparison between predicted and observed fouling rates in RO
plants

The comparison between the observed and predicted NDP develop-
ment (i.e. fouling rate) is presented in Figs. 6 and 7 for plant A and plant
B, respectively. As mentioned in Section 3.5, for plant A, the prediction
of NDP increase was limited to 30 days, assuming minor variation in the
quality of RO feed water may occur during this period. For plant B, the
fouling rates were predicted over only 7 days, since the RO membranes
in the plant were cleaned almost every week (due to the high pressure
drop observed in the plant).

For plant A — Trial #1 (Fig. 6 (a)), the observed NDP was apparently
affected by the flux variation in the plant, particularly in the earlier
phase (i.e. 0-13 days), although the observed NDP was already
normalized for the flux (Section 3.4.1). This is because the flux
normalization could correct only the hydrodynamic effect of the flux on
the NDP, but it does not take into account the effect of flux on cake
compression (i.e. cake resistance). Consequently, the observed NDP
rapidly increased on day 1 and 6 due to the cake compression resulting
from the flux increase (from 23 to 26 L/mz.h), while it suddenly declined
on day 4 and 13 as the cake relaxed when the flux decreased again (from
26 to 23 L/m?2.h). Accordingly, once the flux applied in the plant became
constant at 23 L/m%.h (day 13-30), the observed NDP development was
stable. During this phase, the NDP predicted based on the MFI-UF
measured using the 100 kDa membrane showed the best agreement
with the observed NDP trend, where the deviation between the pre-
dicted and actual fouling rate was around 10 % (Table 6).

In the other trials with plant A (Fig. 6 (b) and (c)), the observed NDP
trend was similar. The sudden NDP decline observed during the pre-
diction period was due to turning the RO unit off as some maintenance

Table 6
Summary of the MFI-UF-based predicted NDP increase rates and the average
NDP increase trend observed in the RO plants.

Predicted NDP increase rate (bar/month)
[Deviation between observed and predicted NDP increase]

100 kDa 10 kDa 5 kDa
Plant A: Fig. 6 (a) 0.06 0.30 0.56
[11 %] [100 %] [>100 %]
Plant A: Fig. 6 (b) 0.31 0.42 0.48
[8 %] [29 %] [37 %]
Plant A: Fig. 6 (c) 0.35 0.60 a
[3 %] [36 %] a
Plant B: Fig. 7 (a) 0.56 1.06 1.46
b b b
Plant B: Fig. 7 (b) 0.45 0.56 1.08
[15 %] [2 %] [43 %]

@ The NDP was not predicted since the 2 had a negative value.
b The observed NDP increase could not be identified as the NDP trend was
highly unstable.
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work were carried out. However, no membrane flushing nor CIP took
place during the shut-down period (based on the information obtained
from the plant operator). Hence, the NDP dropped probably as a result of
cake relaxation due to switching the RO unit off. Nevertheless, the NDP
drop was minor (< 0.05 bar). In both trails (Fig. 6 (b) and (c)), the rate of
in NDP increase predicted based on the MFI-UF measured with the 100
kDa membrane showed good agreement with the NDP observed in the
plant with a deviation of 8 % and 3 % for Trial #2 and #3, respectively
(Table 6).

For plant B - stage 1 (Fig. 7 (a)), the observed NDP was significantly
affected by the unsteady daily operation of the plant, where it was even
difficult to determine the NDP development over time. This was
attributed, as mentioned above, to the variation in cake compression
resulting from the variable flux applied in the plant. Accordingly, it was
not possible to verify the NDP increase rate prediction for stage 1. For
stage 2 (Fig. 7 (b)), the effect of the variation in the applied flux on the
observed NDP was lower in comparison with stage 1. The reason might
be due to the lower load of particles deposited on the RO membranes in
stage 2 (Table 4), which resulted in a thinner cake layer on RO mem-
branes. Hence, the variation in the applied flux might have less effect on
cake compression. In this case, the NDP increase rate predicted based on
the MFI-UF measured with 10 kDa membrane agreed closely with the
NDP trend observed in the plant with 2 % deviation (Table 6). The rate
of increase in NDP predicted based on the 100 kDa membrane showed
also good agreement with the observed NDP with a deviation of 15 %
(Table 6).

However, it was expected that fouling prediction would more closely
match the actual values when the MWCO of the MFI-UF membrane was
lower, since more smaller particles can be captured and evaluated.
Nevertheless, this was not the case in the results discussed above; where
the fouling rates predicted based on the MFI-UF measured with the 10
and 5 kDa membranes in plant A and the 5 kDa membrane in plant B
overestimated the increase in NDP observed over time (by around
30-100 %). This could be attributed to the effect of the non-uniform
surface porosity of the MFI-UF membrane, as explained by Abunada,
et al. [17]. Although the MFI-UF values were already corrected for the
effect of surface porosity (as explained in Section 3.2.4), the correction
factors might be still overestimated as these factors were identified
based on polystyrene particles which are hardly compressible and are
well-defined in size and shape. On the other hand, the real particles
present in RO feed water are most likely more compressible and flexible,
and they comprise a wide particle size range so that small particles could
fill the voids in the formed cake [6,8]. Consequently, the cake formed by
particles present in real water (i.e. RO feed) may be more compressed
and less porous than a cake formed by polystyrene particles. Therefore,
the effect of membrane surface porosity on the cake and thus on the
measured MFI-UF may be greater for RO feed water in comparison with
a polystyrene particle suspension. As a result, as discussed above, the
fouling rates predicted based on the 5-10 kDa membranes were mostly
overestimated. In addition, the results also indicated that the correction
of MFI-UF for membrane surface porosity effect was dependent on the
type of RO feed, where the fouling rate predicted based on 10 kDa
membrane was overestimated for plant A but not for plant B, which
requires more investigations in the future research.

On the other hand, interestingly, the fouling rates predicted based on
the 100 kDa membrane (i.e. the highest MWCO membrane) showed in
all cases fairly good agreement with the actual fouling development
observed in the RO plant. This could be because the difference in the
particle retention by 5, 10 and 100 kDa membranes is small as indicated
by the particle deposition factors (Table 4), while the higher fouling
rates predicted based on the MFI-UF measured with the 5 and 10 kDa
membranes was dominated mainly by the effect of surface porosity as
explained above. This could be supported by the scanning electron mi-
croscope (SEM) analysis presented by Abunada, et al. [17] which
showed that 60-80 % of the pores of the 5-100 kDa membranes had
similar size range (6-12 nm), and thus similar particles retention might



M. Abunada et al.

be expected with the 5-100 kDa membranes. Furthermore, Boerlage,
et al. [31] found that similar retention of particles could be obtained
with different MWCO membranes since the cake built-up on the mem-
brane surface could eventually act as a new membrane layer and
dominate the filtration, while the role of membrane pore size becomes
less dominant over time.

5. Conclusions

The MFI-UF method was applied in two full-scale RO plants to pre-
dict particulate fouling rate (described by the NDP increase rate). MFI-
UF was measured at same flux rates applied in the plants (20-26 L/
m2.h) using 5-100 kDa membranes. The following are the main findings:

e For plant A, the particulate fouling rates predicted based on the MFI-
UF measured with the 100 kDa membranes had the best agreement
with the fouling rates observed in the plant with a deviation of 3-11
%.

For plant B, the particulate fouling rate predicted based on the 10
kDa membrane agreed the best with the fouling observed in the plant
with only 2 % deviation. Nevertheless, the fouling rate predicted
based on the 100 kDa membrane showed also a good agreement with
the observed fouling rate with 15 % deviation.

Particulate fouling rates predicted based on 5 kDa membrane were
considerably overestimated in both RO plants. The reason could be
attributed to the effect of surface porosity of 5 kDa membrane,
although the MFI-UF values were corrected for this effect. This is
because the factors used to correct the MFI-UF for the effect of
membrane surface porosity were identified using a suspension of
synthetic polystyrene particles [17] which have properties different
than those of natural particles in the RO feed.

Accordingly, the findings of this study indicated that the 10-100 kDa
is the suitable range of MFI-UF membranes to predict particulate fouling
in RO plants. Nevertheless, it is recommended to apply the MFI-UF
method in more RO plants operating with different feed water and
different conditions, and eventually demonstrate the most suitable range
of UF membranes to be used in the MFI-UF measurement for accurate
particulate fouling prediction.

In addition, since the accuracy of particulate fouling prediction could
be affected by the variation in flux rate and/or feed water quality in RO
plants over time, it is recommended to perform the MFI-UF measure-
ment online (i.e. in real-time) over shorter periods (e.g. on monthly basis
such as in plant A, or shorter in case the variation is high such as in plant
B). Therefore, further research is required to develop a new online and
automated MFI-UF measurement system.
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