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A B S T R A C T

The applicability of fouling indicators for real time performance assessment of UF feed pretreatment in RO
seawater desalination was explored in a field study using an integrated seawater UF-RO desalination pilot plant.
Fouling indictors were evaluated with respect to quantification of UF backwashability, unbackwashed fouling
resistance and UF fouling rate. Feed water quality and coagulant dose demonstrated measurable impact on both
UF fouling rate and effectiveness of foulant removal via UF backwash. Increased coagulant dose promoted higher
rate of cake formation and in turn improved backwash efficiency. However, there was a maximum coagulant
dose beyond which there was no further backwash improvement. Backwash effectiveness increased with higher
backwash flux and duration, up to threshold upper limits, but declined as the filtration period increased above a
threshold limit. Field tests during periods of temporally varying feed quality demonstrated that higher fouling
rate (promoted by inline coagulation) resulted in more effective backwash and correspondingly lower pro-
gressive rise in post-backwash UF resistance. The study results suggest that real-time UF fouling indicators, based
on UF filtration resistance metrics and backwash effectiveness, should be potentially useful for tracking UF
performance and thus for deployment of UF feed-back control for optimal performance of UF feed pretreatment.
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1. Introduction

Dwindling fresh water supplies from traditional sources, such as
ground and surface water, coupled with frequent drought conditions
across the globe, intensify the need to develop alternative and sus-
tainable potable water supplies [1–3]. In recent years, seawater and
brackish water desalination and water reuse technologies have been
implemented in various regions of the U.S. and around the globe as part
of the movement to diversify the portfolio of available water resources.
In the generation of the above non-traditional water resources reverse
osmosis (as well as nanofiltration) membrane technology is often uti-
lized for desalination and as a barrier against multiple contaminants.
However, membrane fouling is a major challenge for effective operation
of both seawater and brackish water RO plants [4–7]. In the absence of
effective RO feed water pretreatment, membrane fouling by particu-
late/colloidal matter, biofoulants, extracellular polymeric substances
(EPS) that are abound in seawater (particularly in littoral water) [8–10]
and organics degrades membrane performance (e.g., reduced perme-
ability and thus increased applied pressure requirement for a given
target flux, decreased permeate quality), increase the frequency of re-
quired chemical cleaning and consequently shortening of membrane
longevity and as a consequence increased water treatment cost
[11–14]. Therefore, RO feed water pre-treatment is critical for (com-
plete or partial) removal of potential foulants such as particulates,
colloids, and organic matter [5,6,9,11].

In recent years, ultrafiltration (UF) has emerged as an effective
method for pre-treatment of RO feed water compared to conventional
feed pre-treatment options (e.g. sand filters, cartridge filters)
[6,9,15–18]. UF membranes having a pore size typically in the range of
0.1–0.01 μm can remove particulates, colloids, microorganisms and
some dissolved organics matter (often with the aid of coagulant
dosing), and accordingly producing high quality filtrate. Both UF fil-
tration and backwash effectiveness [19] can often be improved through
coagulant dosing of the UF feed [10,12,20]. Coagulant dosing promotes
floc formation (i.e., aggregation of fine particles and colloidal matter),
thereby improving both UF and MF membrane filtration and hydraulic
cleaning [21–24]. Given the above attributes, UF is becoming increas-
ingly the choice method for RO feed water pre-treatment, particularly
since UF membrane permeability loss (due to fouling) can be recovered
with periodic backwashing and/or air scouring [15,25,26].

UF foulants that are not removed during backwash result in UF ir-
reversible fouling. When the buildup of irreversible fouling reaches a
critical level (e.g., as indicated by increased transmembrane pressure
for constant flux operation) and backwash is no longer effective in
providing sufficient membrane permeability restoration chemical
cleaning-in-place (CIP) is utilized [27,28]. However, plant operational
costs (e.g., due to chemical costs and possible productivity loss) can
increase significantly with increased CIP frequency [29,30]. Therefore,
it is critical to optimize both UF filtration and backwash [31–33]; thus,
efforts have been devoted to elucidate the impact of various factors on
UF fouling and backwash effectiveness such as, for example, feed water
quality [19,22], filtration period length [34], backwash flux [32,35],
duration and frequency, backwash water composition [36,37], coagu-
lant dosing, CIP strategies, and membrane properties [19,28,38,39].

A number of studies have proposed the use of fouling indices such as
the Silt Density Index (SDI) and various forms of Modified Fouling
Index (MFI) to quantify the feed water “fouling potential” [28,40–52]
via measurements of flux decline through a surrogate membrane ex-
situ. These fouling indices rely on off-line measurements and thus an
inherent lag time relative to real-time UF system behavior. A large
number of the studies on fouling indices studies with UF as well as MF
systems did not consider coagulant dosing and have relied on synthetic
saline, surface water or seawater blended with organic foulants
[28,41,43–45,49,50,52–55]. Evaluation of seawater and algal-rich
surface water UF fouling potential, associated with green and blue
algae, was also recently investigated via real time fluorometeric

measurements of chlorophyll-a [12,56–59]. These studies with labora-
tory-scale hollow fiber UF membrane setup demonstrated significant
correlation of chlorophyll-a with UF membrane flux decline due to
biofilm growth.

Invariably, arriving at effective UF filtration and backwash strate-
gies requires tracking of the extent of UF fouling and assessment of
backwash effectiveness. Conventional UF operations rely on tracking of
UF fouling via the UF transmembrane pressure (TMP), UF filtration
resistance or membrane permeability normalized with respect to their
initial value in the filtration step just post CIP [10,22,26,60–63]. Such
approaches, however, do not lend themselves to cycle-to-cycle tracking
of backwash efficiency nor quantifying the contributions of reversible
(i.e., backwashable) and irreversible (i.e., unbackwashable) fouling to
UF resistance in progressive filtration cycles.

UF fouling is a complex phenomenon that is governed by water
quality and temperature which can be temporally variable, as well as
operating conditions. Therefore, in order to establish optimal UF op-
erating conditions with effective process control [64,65], there is a need
to develop real-time fouling indicators. Previously, backwash triggering
controller, based on a maximum allowable filtration resistance change
per cycle (ΔRT,max) was proposed and demonstrated as an effective and
practical method to control backwash frequency [34]. Subsequent work
demonstrated that real-time quantification of backwash efficiency,
along with determination of the associated of coagulant dosing, can be
utilized for determination of optimal coagulant dose adjustment in re-
sponse to changing UF fouling as affected by varying feed water fouling
potential [19]. However, assessing UF performance, with respect to the
progression of fouling and backwash effectiveness, is complex as it re-
quires real time quantification of multiple fouling indicators based on
plant sensors' data.

The present work aimed to elucidate the complex relationship be-
tween various UF operational variables and UF fouling behavior as
observed under field conditions for UF treatment of RO seawater feed
water. Accordingly, a framework for online UF fouling metrics (or in-
dicators) were determined to assess cycle-to-cycle filtration and back-
wash fouling and permeability recovery (or fouling resistance removal),
respectively. The UF filtration period and fouling rate (FR), un-
backwashed and post-backwash UF resistances (ΔRUB and RPB, respec-
tively), and UF backwash efficiency (BWeff) were determined in real-
time for each filtration/backwash cycle over both short and long-term
field tests. The above fouling metrics were then assessed with respect to
filtration and backwash flux and duration coagulant dose and in rela-
tion to feed water turbidity and chlorophyll-ameasurements in both the
UF filtrate and feed water. The correlations between the UF system
operational variables and the above fouling indicators can form the
basis for performance forecasting and development of UF self-adaptive
control.

2. Experimental

2.1. Integrated UF-RO system

The UF-RO seawater desalination system (Fig. 1) consisted of di-
rectly integrated UF and RO skids (i.e., without an intermediate UF or
RO feed tank). The designed maximum system feed water capacity was
190.8 m3/day (50,400 GPD) operating at a maximum RO unit recovery
of 35% recovery (equivalent to desalted water production of 66.8 m3/
day (17,640 GPD)). Details of the integrated UF-RO system are avail-
able elsewhere [34]. Briefly, the UF skid comprised of an inline basket
strainer (0.32 cm ID perforation, Hayward SB Simplex, Clemmons, NC),
a 200 μm self-cleaning microfilter (TAF-500, Amiad Corp., Mooresville,
NC), and three inside-out polyethersulfone (PES) multi-bore hollow
fiber membranes (0.02 μm pore size) UF modules (Dizzer 5000+, Inge,
Greifenberg, Germany) arranged in parallel with each nodule having
membrane surface area of 50 m2.

Feed water to the UF modules was delivered by a feed pump (XT100

H. Gu et al. Desalination 431 (2018) 86–99

87



SS, 3.73 kW, Price Pump, Sonoma, CA) controlled by a variable-fre-
quency drive (VFD) (VLT AQUA Drive FC202, Danfoss, Denmark).
Inline coagulants dosing was achieved by direct injection into the UF
feed stream (prior to the UF feed pump) via a metering pump
(Grundfos, DDA 7.5-16, Bjerringbro, Denmark). UF module filtrate flow
rates were monitored using magnetic flow meters (Signet 2551, George
Fischer Signet, Inc. El Monte, CA) and pressure was monitored via
sensors (AST4000, American Sensor Technologies, Mt. Olive, NJ) in-
stalled on the feed and filtrate sides of the UF modules. A turbidity
meter (Signet 4150, Georg Fischer Signet LLC, El Monte, CA), fluo-
rometer sensor (Turner Designs, Cyclops-7 2108, San Jose, CA), pH
meter (Sensorex S8000CD, EM802/pH, Garden Grove, CA), and a
temperature sensor (Signet 2350-3, George Fischer Signet LLC, El
Monte, CA) were installed on the UF filtrate line. Banks of electrically
actuated 2 and 3 way ball valves (Type 107, 2-ways, Georg Fischer LLC,
Irvine, CA and TEBVA6-1 3-way, Plast-O-Matic Valves, Inc. Cedar
Grove, NJ) enabled switching between filtration and backwash mode,
and changing filtration/backwash directions (top or bottom) for the
individual UF modules [66].

The UF filtrate was delivered to the RO high pressure positive dis-
placement feed pump (APP 10.2, Danfoss, Nordborg, Denmark) with a
high efficiency motor (CEM4103T, 25 hp., TEFC, Baldor, Fort Smith,
AR) and Variable Frequency Drive (VFD) control (VLT AQUA Drive FC
202, 22 kW, Danfoss, Nordborg, Denmark). The RO feed pump, with an
outlet flow and pressure ranges of 66–170 L/min and 2–8 MPa, re-
spectively, provided feed to three seawater (99.65% salt rejection)
spiral-wound RO elements membranes (Dow Filmtec SW30HRLE-400,
the Dow Chemical Company, Midland, MI) each housed in one of three
separate pressure vessels arranged in series.

In the specialized arrangement of the integrated UF-RO system, RO
concentrate was available for direct backwash of the UF modules,
through a continuous stream as well as via high flux pulse backwash
using two 3 L bladder type hydraulic accumulators (C111ND, Blacoh
Fluid Control, Riverside, CA, USA) [32]. In addition, RO permeate was
collected in a 1136 L water storage tank with provision for diverting the
permeate water for UF freshwater backwash using a centrifugal pump
(CME5-4A, Grundfos, Denmark). Upon triggering of UF backwash, the
UF membranes are taken offline sequentially and individually back-
washed. It is noted that at all times at least two modules remain in
filtration mode. In the above operational mode, a filtration and back-
wash sequence, which includes all three UF modules, is considered a
complete UF filtration cycle.

2.2. Field study

The field study was conducted at the Naval Facilities Engineering
and Expeditionary Warfare Center (NAVFAC-EXWC) at Port Hueneme,
CA. Raw surface seawater was pumped directly from the port to a
7571 L (2000 gal) holding tank (< 3 h detention time), and used as
feed to the UF-RO system. The range of intake water quality during the
study is shown in Table 1. In the above area algal blooms and red tide
events are common during spring and summer seasons [67,68]. It is
noted that the feed water to the UF unit was not chlorinated and that UF
backwash was without chemical additives.

Effective UF control strategies require suitable fouling indicators
that quantify UF performance and backwash effectiveness based on
real-time monitoring of process parameters (target filtrate flux which in
turns affects transmembrane pressure, feed water turbidity, chlor-
ophyll-a and temperature). Moreover, such fouling indices should
provide a clear correlation with critical UF operational variables such as
filtration and backwash duration and flux and coagulant dose (Fig. 2).
Accordingly, the present study proceeded along three sequential phases
aimed at quantifying fouling indicators (Section 3.1). The first phase of
the study focused on the effect of inline coagulation on the progression
of UF fouling, filtration fouling rate and UF backwash performance.
Two coagulants were tested over a range of doses of 1.5–4.9 mg/L as
Fe3+ and 2.8–25 mg/L as Al3+ for FeCl3 and ACH, respectively, for
fixed filtration duration for tests that consisted of least 64 filtration/
backwash cycles. In the second phase, short term experiments were
conducted, a fixed coagulant dose, to evaluate the impact of backwash
flux, backwash duration and backwash frequency on UF performance.
These tests were carried out over operational period of 15–60 min, ty-
pically consisting of 12 filtration/backwash cycles. At the end of each of
these short duration tests, the UF modules were backwashed at a high
flux (162 L/m2 h, approximately 3.6 times the filtration flux) for two

Fig. 1. Schematic diagram of the UF-RO pilot system. (LP: low
pressure feed pump, HP: high pressure positive displacement
pump, CF: carbon filters for added RO protection).

Table 1
Range of seawater feed quality at field study location (2012–2015).

Feed water property parameters Range

Chlorophyll-a 12–400 (μg/L)
pH 7.5–8.2
Total dissolved solids (TDS) 33,440–36,800 mg/L
Total organic carbon (TOC) 0.7–1.3 mg/L
Temperature 11.2–25.6 °C
Turbidity 1.1–19 NTU
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minutes, using RO permeate.
The third phase focused on longer term (> 240 h) field tests in

which the various fouling indicators were quantified to characterize UF
filtration and backwash performance under field conditions in which
temporal variability of raw feed water was observed.

3. Online UF fouling characterization

3.1. Online fouling and performance indicators selection

UF pretreatment of RO feed water is generally carried out under
constant filtration flux operation in a “dead-end” mode. The UF filtrate
flux JF (m/s) is typically expressed as [69]:

=J P
μR
Δ

F
t (1)

where μ is the feed water viscosity (Pa ⋅s), ΔP is the transmembrane
pressure drop (kPa), and Rt is the total membrane hydraulic resistance
that is typically expressed by the resistance-in-series model [70],

= + +R R R Rt m cake irr (2)

in which Rm, Rcake, and Rirr are the clean membrane hydraulic, cake and
irreversible resistances, respectively. Here Rcake refers to the foulant
layer that can be removed by hydraulic backwash; this removable
foulant portion is regarded as the cake layer that builds on the mem-
brane surface. For constant flux operation, the UF membrane resistance
increases with progressive fouling over the course of a filtration cycle
(Fig. 3). When the UF membrane resistance reaches a prescribed
threshold level, backwash is triggered to remove the foulant layer and
thus recover the membrane permeability (Fig. 3). The UF foulant layer
portion not removed (unbackwashed) in the backwash step may remain
as “irreversible” fouling or may be removed to some degree in sub-
sequent backwash cycles. Backwash effectiveness can thus be quanti-
fied by the degree of removal of the foulant layer as quantified by the
reduction (or removal) of membrane resistance.

For a given filtration cycle n, the initial UF resistance (Rinitial,n) (i.e.,
post-backwash resistance for cycle n-1), filtration duration (Δtn) and
final UF filtration resistance (Rfinal,n) are determined from the UF fil-
tration resistance data. The UF fouling resistance increase for a given
cycle n, ΔRT,n (i.e., Rfinal,n - Rinitial,n-1) can be expressed as the sum of the

resistance removed by the previous backwash period (ΔRBW,n = Rfinal,n
- Rinitial,n) and the unbackwashed resistance (i.e., not removed) by UF
backwash (ΔRUB,n = Rinitial,n - Rinitial,n-1) (Fig. 3):

= +R R RΔ Δ Δn UB n BW nT, , , (3)

The change in ΔRUB,n with progressive filtration/backwash cycles is
indicative of the effectiveness of foulant cake removal by backwash. In
principle ΔRUB can be negative (i.e., ΔRUB ≫ Rirr) which would be the
case when the degree of foulant removal, in a given cycle, is higher
relative to the previous cycle (e.g., due to improved water quality and
environmental factors). In characterizing UF filtration performance, the
fouling rate for the given filtration cycle n (FRn) is a fouling indicator
for the filtration step,

=FR
R

t
Δ
Δn

n

n

T,

(4)

Recent work has demonstrated that rapid fouling, during the

Fig. 2. Schematic depiction of UF process variables that are un-
controlled and those that are adjustable for optimizing UF opera-
tion.

Fig. 3. Illustration of filtration/backwash cycles. Rinitial,n and Rfinal,n are the initial and
final UF membrane resistances, respectively (ΔRT,n = Rfinal,n − Rinitial,n) for cycle n fil-
tration duration of Δ tn, and ΔRUB,n is the cycle n unbackwashed portion of the membrane
fouling resistance buildup from cycle n-1. (Rinitial,n also represents the post-backwash
resistance associated with cycle n-1 and ΔRBW,n = ΔRT,n + ΔRUB,n).
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filtration step can be promoted by inline UF feed coagulant dosing.
Coagulation promotes the formation of particle aggregates (or flocs)
larger in size than the original smaller suspended solids which favors
the formation of a foulant cake layer, while reducing the potential for
membrane pore plugging. It is important to recognize that when con-
ventional coagulation/sedimentation treatment is employed prior to UF
filtration, FRn may be higher or lower than UF treatment without
coagulation. Moreover, unlike conventional coagulation/sedimenta-
tion, as shown in recent work, inline coagulation is effective in pro-
moting a foulant cake layer that is more easily backwashed [19,23],
and providing a protective layer to reduce the likelihood of pore
plugging. Moreover, the fouling rate, as quantified by FRn, is expected
to be higher for UF filtration with inline coagulant dosing relative to UF
operation without coagulation [19,71].

The progression of UF fouling (as measured by post-backwash (PB)
UF resistance for each cycle, i.e., RPB,n = Rinitial,n + 1), over many fil-
tration/backwash cycles, and the ability to reduce the rate of PB re-
sistance increase relies on the ability to minimize the cycle-to-cycle
unbackwashed membrane resistance (ΔRUB,n). Backwash efficiency
(BWeff,n), which here is defined as the percentage of removed resistance
for a given cycle,

= = −
⋅

BW
R
R

R
FR t

(%)
Δ
Δ

1
Δ

Δeff n
BW n

n

UB n

n n
,

,

T,

,

(5)

depends on both ΔRT,n and ΔRUB,n. With progressive filtration/back-
wash cycles, the rise in post-backwash initial filtration resistance (RPB)
is given by:

∑ ∑= − = = −
=

− −
=

R R R R R R( ) ΔPB
n

N

PB n initial n
n

N

UB n initial N initial
0

, 1 , 1
0

, , ,0
(6)

where RPB, which is indicative of the overall state of the UF membrane
fouling, is the summation of the cycle-to-cycle UF unbackwashed re-
sistance change, and where Rinitial,N and Rinitial,0 are the final post-
backwash and initial UF membrane filtration resistances, respectively.
The need for membrane CIP can be established based on a maximum
allowable threshold RPB for the UF module (e.g., as per the manu-
facturer recommendation of the maximum recommended transmem-
brane pressure for a given filtration flux).

When UF backwash is accomplished using the RO concentrate, the
fraction of recovered UF filtrate (YUF) is complete (i.e., YUF = 1).
However, when a portion of the UF filtrate is stored and utilized for
backwash, UF recovery for a given cycle n (YUF,n) is reduced to a level
governed by the backwash flux and frequency as given by:

⎜ ⎟= − ⎛
⎝

⋅
⋅ ⋅

⎞
⎠

Y J t
J t

1 Δ
2 ΔUF n
BW BW

F n
,

(7)

in which ΔtBW is the backwash time (h) and JBW is the backwash flux (L/
m2 h), and where the total filtrate recovery at the end of N cycles
(YUF,N) is given as:

= −

⎛

⎝

⎜
⎜
⎜

⋅ ⋅

⋅ ∑ ⋅

⎞

⎠

⎟
⎟
⎟

=

Y N J t

J t
1 Δ

2 Δ
UF N

BW BW

n

N

F n

,

1 (8)

Higher YUF can be achieved by maximizing filtrate production (e.g.
higher filtration flux, reduced backwash frequency and system offline
period) while minimizing backwash flux, duration and frequency. It is
noted that in typical UF systems where UF filtrate is used for backwash
UF recovery is reported to be in the range of 85–95%.

The utility of the different fouling metrics (FRn, ΔRT,n, ΔRUB,n, BWeff

and RPB) for control decisions regarding UF operation would clearly
rely on establishing their correlation with UF operational performance
and backwash efficiency as conceptualized in Fig. 4. The overall control
objectives are to reduce the rate of PB resistance rise in order to
lengthen the time (tcc) before the need for CIP is reached (i.e., when the

maximum allowed transmembrane pressure drop for the UF module of
~100 kPa is reached), while also increasing the achievable UF filtrate
recovery (YUF). An informed UF operational decision would then re-
quire real-time determination of the degree by which the adjustable
process variables can reduce the adverse change in the target fouling
indicators.

3.2. Group averaged data analysis

Sensor data from field operation is affected by feed water quality
and environmental conditions (e.g., feed water temperature), in addi-
tion to noise arising from natural fluctuation of sensor signals, actuators
and pump operation. Therefore, a moving average was adapted for data
processing over a minimum of 6 filtration/backwash cycles to quantify
the average filtration period fouling rate 〈FR〉j, unbackwashed re-
sistance 〈ΔRUB〉j, average resistance increase per filtration
period< ΔRT,n > , and backwash efficiency 〈BWeff〉j, while the overall
progression of the post-backwash UF resistance< RPB >was assessed
based on averaging of at least 6 cycles. A summary of the fouling in-
dicators and their physical process implications is provided in Table 2.

4. Results & discussion

4.1. Filtration resistance monitoring

In the operation of the UF system, membrane backwash was trig-
gered by an online control system once the incremental UF resistance
increase in a given filtration period, ΔRT, exceeded a threshold value, as
per the approach described previously [34]. The feed seawater filtra-
tion period for seawater pretreatment was typically of the order of
20–50 min, and the membrane filtration resistance (Fig. 5) increased
linearly (i.e., constant rate of fouling) over this period. As illustrated in
Fig. 5, the UF post-backwash resistance (i.e., the initial UF filtration
period resistance) progressively increased with continual operation;
however, the UF post-backwash resistance for a given cycle was also
observed to decrease at times, relative to the previous cycle. Such a
behavior should not be surprising since membrane rate of fouling and
backwash effectiveness are governed by multiple factors including, for
example, coagulation, filtration and backwash conditions, feed water
chemistry quality and environmental conditions (e.g., temperature).
The fact that post-backwash UF resistance can both increase or decrease

Fig. 4. Causal relationship diagram of the links between UF adjustable operational
variables and fouling indicators. Arrows from operational variables point toward a
fouling or performance indicator indicate a direct cause-effect relationship.
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over the course of a system operation is critical to ascertain in real time.
Such information can be utilized to implement proper feedback controls
strategies not only with respect to backwash adjustment strategies (e.g.,
backwash duration and flux), but also with respect to real time coa-
gulant dose optimization [19].

4.2. Effect of coagulants dose on filtration period fouling rate and UF
backwash effectiveness

Inline coagulation increases floc size, thereby improving the effec-
tiveness of particulate matter removal. At the same time, inline coa-
gulation also leads to higher rate of membrane fouling via cake for-
mation, while at the same promoting increased backwash efficiency
[19]. Therefore, in order to provide information needed for real-time
coagulant dose optimization it is necessary to establish the relationship
between fouling indicators and coagulant dose. Indeed, based on a
series of tests shown in Fig. 6, the average UF fouling rate in a filtration
cycle (FRn) clearly increases with increased coagulant dose. In this ex-
ample it is also evident that the coagulant FeCl3 resulted in a higher
fouling rate (by about a factor of 3.5) relative to ACH. A higher fouling
rate and higher coagulant dose would lead to a greater foulant cake
layer thickness, following the same linear rise as the fouling rate, as
shown in the inset of Fig. 6; the cake layer thickness was estimated
based on a cake formation model for constant flux operation [69]
(Appendix A, Supplementary Material). With increased inline coagulant
dose membrane fouling is expected to shift toward the formation of a

cake layer, which is not adhered to the surface, and can be backwashed
more effectively than foulants that adsorb onto the membrane and/or
plug its pores. Here it is noted that jar testing clearly showed that flocs

Table 2
Summary of fouling indicatorsa.

Online fouling indicators Description Cycle-to-cycle fouling metric calculation
(nth cycle, over N cycles)

Averaged fouling metric
for jth segment
(over N cycles)

Notes

Filtration period fouling rate (FR) Rate of filtration resistance
buildup (per cycle)

=FRn
R n

tn
T,

Δ
〈FR〉j Directly related to feed fouling potential

Backwash efficiency (BWeff) Portion of filtration resistance
removed

= = −
⋅

BW 1eff n
RBW n

R n

RUB n
FRn tn,

Δ ,
Δ T,

Δ ,
Δ

〈BWeff〉j Relative measurement of backwash
efficiency

Unbackwashed resistance Resistance not removed by
backwash

ΔRUB, n = ΔRT, n − ΔRBW, n 〈ΔRUB〉j Absolute measurement of initial
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a Fouling indictors were determined in real-time based on monitored process variables (Section 3.1).

Fig. 5. Illustration of UF operation displaying membrane re-
sistance during multiple filtration/backwash cycles. The solid lines
represent the fitted linear regression lines. Ri,o is the initial UF
resistance at the start of the run (0th cycle), Rini,n and Rfinal,n are the
UF membrane resistances at the beginning and end of filtration
cycle n. The dashed line traces the post-backwash resistance. UF
operating conditions: Filtration flux 45.4 L/m2·h for a duration of
29–30.4 min with inline FeCl3 coagulant dosing of 2.20 mg/L
Fe3+, followed by 70 s backwash at a flux of 162 L/m2 h. Feed
turbidity and chlorophyll-a levels were in the range of 0.46–0.73
NTU and 67.2–155 μg/L, respectively.

Fig. 6. Dependence of UF membrane fouling rate (quantified as the rate of change in
membrane filtration resistance, FR) during filtration on inline coagulant dose (using Fe3+

or Al3+). UF operating conditions: Filtration flux of 45.4 L/m2·h for 30 min followed by
70 s backwash at a flux of 162 L/m2 h. The vertical error bars indicate standard deviation
for the fouling rate averaged over 64 cycles. The inset figure shows the change in the UF
fouling layer cake thickness (lc) with coagulant dose for both Fe3+ and Al3+.
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formed using ACH were visually smaller and finer than the flocs formed
by FeCl3.

The impact of inline coagulant feed dosing on backwash effective-
ness was assessed by quantifying the post-backwash resistance, RPB

(averaged over a set of six filtration/backwash cycles) over a series of
short-term tests over an operational period of ~1.3 days during which
water quality did not change appreciably (Fig. 7). As expected, RPB

progressively increases with increasing cumulative number of filtra-
tion/backwash cycles. However, RPB decreased significantly when
coagulant dosing was introduced, implying greater backwash effec-
tiveness at higher dose. For example, after 36 cycles, with 1.5 mg/L
Fe3+ coagulant dosing, RPB decreased by factor of 1.8 and further de-
creased, by a factor of 64 with coagulant dose of 4.9 mg/L. It is clear
from Fig. 7, however, and consistent with previous work [19], that the
benefit of inline coagulation reaches a level above which further coa-
gulant decreases has little or no advantage for reducing RPB. For ex-
ample, after 36 cycles, as the coagulant was increased from 3.6 to
4.9 mg/L, RPB decreased by about 20%. A similar RPB behavior was
observed for the case of ACH dosing as detailed in the Supplementary
Material (Fig. C1, Appendix C).

Over the course of UF operation it should be expected that RPB will

eventually increase up to a threshold that will require chemical
cleaning in place (CIP) (Section 3.1). Accordingly, the operational
period up to CIP requirement (Fig. 8) can be projected based on the
slope of RPB with respect to time (Fig. 7) past about 40 filtration/
backwash cycles where CIP would be required when the UF membrane
filtration resistance reaches ~9.63 × 1012 m−1 (estimated based on
the maximum allowed UF transmembrane pressure, Section 3.1). Such
an estimate, however, is only an approximation as it is premised on
operation that is at the same conditions as for the above tests and with
the same water quality as in the above tests. For example, as shown in
Fig. 8, for the lowest overall fouling rate of 0.587 × 109 m−1 h−1 at
coagulant dose of 4.17 mg/L Fe3+ CIP would be required every
77 days. In contrast, with the ACH coagulant, even at a dose range of
12–25 mg/L, CIP would be required every 1–4 days. The above field
tests suggest that FeCl3 is a more effective coagulant in promoting
higher fouling rate during filtration and correspondingly higher back-
wash effectiveness (i.e., lower remaining residual or unbackwashed UF
resistance).

4.3. Effect of coagulants dose on UF backwash efficiency (BWeff)

A direct quantification of UF backwash efficiency, BWeff (Eq. 5), can
be illustrated by inspecting the behavior in ΔRUB relative to total re-
sistance increase per cycle (ΔRT). As shown in Fig. 9, the unbackwashed
resistance decreases with increased coagulant dose which can also be
viewed by the increased backwash efficiency (Eq. 5, averaged here over
64 cycles). It is postulated that at a higher rate of fouling (Section 4.2),
which is facilitated increasing the coagulant dose, cake formation will
be with larger flocs that are more easily removed via backwash. Indeed,
as seen in Fig. 9, as the coagulant dose increases backwash efficiency
correspondingly increases. For example, inline coagulation with FeCl3
at 4.16 mg/L as Fe3+ would increase backwash efficiency to 99.7%
relative to 95% at coagulant dose of 1.7 mg/L as Fe3+ and to 90%
without coagulant dosing. Inline coagulation with ACH required higher
dose to attain similar levels of backwash efficiencies. For example, to
attain backwash efficiency of 97.9% ACH coagulant dose of 2.85 mg/L
as Al3+ would be required, but a significantly higher dose of 12 mg/L
would be needed to attain 99% efficiency.

As observed in Fig. 9, there is an apparent threshold beyond which
further coagulant dose increase did not lead to measurable backwash
efficiency increase. This threshold was about 4.16 mg/L Fe3+ and
12 mg/L Al3+ for inline coagulation with FeCl3 and ACH, respectively.
Here it is important to state that overdosing should be avoided to avert
coagulant passage to the RO elements. It is stressed that under condi-
tions of temporally variable water feed quality the optimal coagulant
dose will change. Therefore, both for achieving optimal UF operation
and for reducing coagulant use one would have to utilize a suitable
coagulant dose controller, as demonstrated recently in [19].

Ultrafiltration along with inline coagulation promotes the formation
of larger aggregates (or flocs). As a consequence, membrane cake for-
mation (Section 4.2) is more rapid which then renders backwash more
effective. Accordingly, one should expect that with increased filtration
cycle fouling rate (promoted by adjustment of the coagulant dose), the
unbackwashed resistance (ΔRUB) would decrease, thereby reducing the
buildup of irreversible fouling. It is interesting to note that the trend is
similar for both coagulants (Fig. B3, Appendix B, Supplementary Ma-
terial) suggesting similar degree of cake formation for a given filtration
fouling rate. It is apparent that above a filtration period fouling rate
threshold (FR~0.4 × 10−12 (m h)−1 for the present case) the un-
backwashed fouling resistance was no longer reduced with progressive
filtration/backwash cycles. This behavior is expected given that there is
a threshold coagulant dose (Fig. 9) above which the unbackwashed
resistance (ΔRUB) reaches its lowest value (i.e., maximum backwash
efficiency) and given that the fouling rate varies linearly with coagulant
dose (Figs. 6).

Fig. 7. Assessment of post-backwash UF resistance for various Fe3+ coagulant doses. UF
operating conditions: Filtration flux of 45.4 L/m2 h with backwash triggering every
30 min (for a period of 70 s) at a flux of 162 L/m2 h. Feed turbidity during the 1.3 day
experimental period was in the range of 0.45–1.32 NTU with chlorophyll-a being in the
range of 32–78 μg/L.

Fig. 8. Projected chemical frequency (days per chemical cleaning) for two different
coagulants (FeCl3 and ACH). UF operating conditions: Filtration flux of 45.4 L/m2 h with
backwash triggered every 30 min, at a flux of 162 L/m2 h for 70s duration. Initial (clean)
UF membrane resistance: 4.76 × 1011 m−1. Threshold (maximum allowable) UF mem-
brane resistance that triggers needed chemical cleaning: 9.63 × 1012 m−1.
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4.4. Effect of backwash conditions on UF backwash effectiveness (BWeff)

Backwash effectiveness is impacted by UF filtration and backwash
conditions in addition to coagulant dose (Section 4.3). An illustration of
the dependence of backwash effectiveness (average over 12 cycles) on
filtration period length, backwash flux and duration is provided in
Fig. 10, for UF operation at fixed FeCl3 coagulant dose of 4.17 mg/L as
Fe3+. For a given filtration flux (36.9 L/m2 h) and backwash flux and
duration (70 s), backwash efficiency was essentially 100% until a
threshold filtration period of 40 min was reached beyond which back-
wash effectiveness declined to nearly 82%. Backwash effectiveness
decreased somewhat (by ~29%) as the filtration flux increased from
~33 to 42 L/m2 h. It is postulated that, over the above feasible range of
filtration flux needed to maintain effective RO operation for the present
plant, increased filtration flux was accompanying by a shorter con-
vective residence time for effective inline coagulation and thus lower
fouling rate and hence lower backwash effectiveness (Fig. B3, Appendix
B, Supplementary Material).

For a given filtration conditions, increasing the backwash flux in-
creases backwash effectiveness up to a plateau after which there is little
or no benefit in further increase in backwash flux (Fig. 10b). For ex-
ample, upon increasing the backwash flux from 70 L/m2 h (about a
factor of 1.9 greater than the filtration flux of 36.9 L/m2·h) by about
200% (or a factor of 3.8 higher than the filtration flux) BWeff increased
from 50% to 99.9%. For a given UF filtration flux and duration, the UF
backwash efficiency can also be increased, for a given backwash flux,
by lengthening the backwash duration (Fig. 10c). For example, for the
current UF-RO system, upon increasing the backwash duration, from
12 min to 80 min, the backwash efficiency increased from about 78% to
about 95%. It is noted that an upper limit was reached with respect to
backwash duration beyond which there was no further improvement of
backwash effectiveness.

4.5. Real-time monitoring of UF fouling indicators in seawater feed pre-
treatment

A series of three UF operational field tests of 5–12 days in duration
were undertaken in order to evaluate the fouling indicators under
conditions during which water quality may vary to different extents
(Fig. 11). In these field tests UF backwash was triggered based on the
self-adaptive approach [34] described in Section 3.1. Field Test #1 was
conducted over a period of 12 days of continuous UF-RO operation.
Feed turbidity was in the range of 0.65–4.9 NTU with chlorophyll-a in
the UF feed and filtrate being in the range of 42–101 μg/L and
0.48–0.54 μg/L, respectively (Fig. 11a–c). During the above period the
average filtration duration was about 21 min with a total of 812 fil-
tration/backwash cycles. For the above test period, the unbackwashed
(〈ΔRUB〉) and post-backwash resistance (〈RPB〉), and backwash effi-
ciency (〈BWeff〉), and fouling rate (FR), all averaged over 24 cycles, are
shown in Figs. 12a–d. During the first day of operation there was an
initial period during which the residual unbackwashed resistance
(Fig. 12a) increased during the first day and then after about 2 days of
operation at 0.030 ± 0.025 × 1012 m−1. The above trend is likely to
have occurred due to foulant cake compaction and distribution of
coagulant throughout the three UF modules (Fig. 1). The post-backwash
UF resistance (Fig. 12b) increased with time due to progressive buildup
of fouling resistance owing to the accumulation of residual un-
backwashed UF resistance (Fig. 12a). It is noted that the fouling rate
(Fig. 12c) during the filtration periods was relatively constant
(0.48 ± 0.07 × 1012 m−1 h−1) suggesting that the temporal fluctua-
tions in feed quality did not lead to significant alteration of the severity
of cycle-to-cycle membrane fouling rate, with the exception of the first
day of rapid fouling. Given the above, it is not surprising that the UF
backwash efficiency, which was initially ~60%, increased during the
first two day of operation and thereafter remained relatively stable at

Fig. 9. Impact of UF inline coagulation dose, for the coa-
gulants FeCl3 and ACH, on UF backwash efficiency (BWeff).
UF system was operated at filtration flux of 45.4 L/m2 h for
30 min, followed by backwash at a flux of 162 L/m2 h for
70 s.
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Fig. 10. Dependence of backwash effectiveness on: a) fil-
tration duration for operation at filtration flux of 36.9 L/
m2 h and backwash flux of 162 L/m2 h of 70 s; b) backwash
flux for UF operation at filtration flux of 36.9 L/m2 h for
30 min, followed by backwash for a period of 70 s; c)
backwash duration for UF operation at filtration flux and
period of 36.9 L/m2 h and 30 min, respectively, and back-
wash flux of 162 L/m2 h. Note: All tests were conducted
with inline FeCl3 coagulant dosing of 4.17 mg/L as Fe3+.

Fig. 11. Water quality data during Test #1 over a period of
12 days (300 h). Feed turbidity: 1.46 ± 0.05 NTU. Chlorophyll-a,
feed: 59.7 ± 0.73 μg/L, filtrate: 0.50 ± 0.04 μg/L.
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〈BWeff〉= 95.2% ± 1.0% (Fig. 12d). Finally, it is noted that for the
above operation, the post-backwash fouling rate (i.e., dRPB/dt) for the
UF system (Fig. 12b) was ~3.02 × 109 m−1 h−1 which implies that
the system can be operated for 126 days before the need for CIP.

A follow-up field Test #2 was conducted over a period of about

5 days (UF operation of 482 filtration/backwash cycles). During the
above period feed water turbidity was in the range of 1.25–3.24 NTU
(Fig. 13a), and the UF feed and filtrate chlorophyll-a concentrations
(Fig. 13b,c) were in the range of 20–127 μg/L and 0.41–0.66 μg/L, re-
spectively. In this test the UF filtration and backwash fluxes were the

Fig. 12. Variation of UF fouling indicators over a 12 day
period during which water quality varied as per Fig. 11
(Test #1). UF operation was in self-adaptive mode of
backwash triggering, whereby filtration duration was in the
range of 29–42 min at a flux of 45.4 L/m2 h with inline
FeCl3 coagulant dosing of 4.12 mg/L Fe3+, backwash flux
was 162 L/m2 h for a period of 70 s.

Fig. 13. Feed water turbidity and chlorophyll a in the UF feed
and filtrate for 25 h (~5 days) of field Test #2. Feed turbidity:
2.22 ± 0.07 NTU, feed and UF filtrate chlorophyll-a:
60.4 ± 5.8 μg/L and 0.53 ± 0.01 μg/L, respectively.
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same as in Test #1 with backwash also triggered in a self-adaptive
mode (Section 3.1). In Test #2, as in Test #1, the unbackwashed UF
resistance increased rapidly from the initial level of no residual re-
sistance to a maximum value of 0.74 × 1012 m−1 after an operational
period of 6.5 h (Fig. 14a), but then decreased to a value of
~0.079 × 1012 by day 3 with an apparent slight temporally decreasing
slope (i.e.,d〈ΔRUB〉/dt ≈ − 0.59 × 109m−1 h−1). Although the post-
backwash resistance increased as expected during the initial 3 days
(Fig. 5b), there was a slight decrease (~7.5%) from day 3 to day 5. This
behavior should not be surprising since the filtration cycle fouling rate
(Fig. 14c) increased monotonically from the initial value of
~0.55 × 10−12 m−1 h−1 by a factor of 1.8 over the test period over
the five day period. Given that the feed turbidity was relatively stable
(1.25–3.24 NTU) (Fig. 13a), it is unlikely that particulate matter was
responsible for the progressive increase in the filtration period fouling
rate. This observation is consistent with the findings of other studies
that turbidity measurements alone are insufficient for assessing the feed
water fouling potential. We note, however, that the feed chlorophyll-a
varied considerably (20–127 μg/L; Fig. 13b) and appeared to be ele-
vated over the operational period of 40 to 120 h. The detection of
chlorophyll-a implies the presence of algae which was likely the cause
of higher filtration period fouling rate (Fig. 14c). However, for system
operation under adaptive backwash control [34], at higher filtration
period fouling rate backwash was triggered at a higher frequency
(Supplementary Materials, Figs. F1–F2). As a result, the UF filtration
period decreased from 32.5 min to 25 min by the end of the test period.
It is also noted that backwash efficiency is expected to increase with
rising per cycle fouling rate, for operation under inline coagulant dosing
(Section 4.3); this was indeed the case in this field Test showing that the
backwash efficiency increased over the course of the field test from the
initial value of 40% to about 99% (Fig. 14d).

Test #3 was conducted during a period in which there was a storm

event that commenced in day 2 of the UF operation (about 53.5 h after
the test started). The feed water turbidity and chlorophyll-a data which
were previously reported in [19] are reproduced in Fig. 15a. At day 4 of
the 6.5 day test period both turbidity and chlorophyll-a spiked to values
of about 15.3 NTU and 152 μg/L, respectively, which were significantly
higher, by factors of 14.4 and 1.64, relative to the initial values at the
beginning of the test period. Thus, Test #3 presented a unique oppor-
tunity to evaluate the fouling indicators with respect to the observed UF
performance under poor feed water quality conditions. Test #3, which
was conducted under adaptive backwash triggering, was part of an
earlier demonstration of UF operation with a coagulant dose controller
as described in [19]. In this test the coagulant controller was activated
(Fig. 15b-e) 62.4 h after the beginning of the storm event (i.e.,
t= 62.4 h). Prior to the storm event the feed water turbidity was< 1.0
NTU and chlorophyll-a was in the range of 80–100 μg/L (and
~0.64 μg/L in the UF filtrate, Appendix F and Fig. G1, Supplementary
Material), and where the filtration period fouling rate,〈FR〉, was in the
range of 0.45–0.7 × 1012 m−1. UF post-backwash resistance increased
steadily, due to the progressive accumulation of unbackwashed UF re-
sistance, rising to about 8% above the initial state during the storm.
However, due to the increase in inline coagulant dose, the filtration
period fouling rate increased enabling the backwash effectiveness to
increase from the post-storm value of 80%± 7% to exceeding 100%
during the storm. The latter behavior indicates that UF resistance re-
moval was not only complete relative to the previous set of cycles, but
that foulant not removed in previous cycles was also removed. The
filtration period fouling rate stabilized after day 5 (at ~1.51 m−1 h−1)
and the post-backwash UF resistance actually decreased which is con-
sistent with both a high UF backwash efficiency and the improvement
in feed quality. Throughout the field tests UF filtrate turbidity was
maintained at 0.03 ± 0.005 NTU (Fig. G1, Appendix G, Supplemen-
tary Material) and the RO unit, operating at a recovery level of 36%,

Fig. 14. Variation of UF fouling indicators over the 125 h
(~5 days) of Test #2 during which water quality varied as given
in Fig. 13. UF operation was in self-adaptive mode of backwash
triggering (total of 479 filtration/backwash cycles), whereby
filtration duration was in the range of 25–33 min at a flux of
45 L/m2 h with inline coagulant dosing of FeCl3 of 4.2 mg/L
Fe3+, backwash flux was 162 L/m2 h for a period of 70 s.
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produced permeate of salinity of 148 ± 13 mg/L total dissolved solids.
It is also noted that the RO membrane elements did not reveal any signs
of fouling and their permeability remained stable at
1.85 ± 0.137 × 10−12 m/Pa s.

5. Conclusions

Real-time monitoring of UF fouling behavior in the treatment of raw
seawater feed for RO desalination was explored using fouling indicators
that included filtration period fouling rate, unbackwashed and post-
backwash resistances, as well as backwash efficiency. Field evaluation
of the above parameters was carried out for seawater UF pretreatment
of RO feed water. In a series of systematic short-term tests inline coa-
gulation was shown to increase the rate of fouling; this in turn reduced
the unbackwashed resistance and increased backwash efficiency. FeCl3
was a more effective coagulant relative to ACH in promoting higher
backwash efficiency and thus projected to allow longer UF operation
before requiring chemical cleaning. The range of coagulant dose for
achieving effective filtration and backwash was in the range of

~2.9–4.9 mg/L Fe3+ with backwash efficiency increasing with coa-
gulant dose; above coagulant dose of 4.9 mg/L Fe3+ there was essen-
tially no improvement of backwash efficiency. The maximum backwash
period was about 70s beyond which backwash improvement was
marginal, and the effective backwash flux at the above backwash period
was about 140 L/m2 h.

For a given UF operation, at a given filtration flux and inline coa-
gulant dose, backwash effectiveness increased with backwash flux and
duration up to a threshold upper limit, but decreased for filtration
periods above a threshold limit. Field tests over periods of days, during
which water quality was variable (with respect to monitored turbidity
and chlorophyll-a), conclusively showed that increased fouling rate
indeed resulted in higher backwash efficiency and thus a lower pro-
gressive increase of UF post-backwash resistance. The results of the
current study suggest that the real-time UF fouling indicators (based on
direct UF performance metrics) can provide useful insight regarding UF
operation and thus be utilized to guide and implement self-adaptive
operational control for effective UF pretreatment.

Fig. 15. UF system fouling indicators during Test #3 in which a storm event was experienced. UF operating conditions: Filtration flux of 45 L/m2 h with FeCl3 inline coagulant dosing of
4.2 mg/L Fe3+, with adaptive backwash (resulting in filtration periods of 25–45 min) at a flux of 162 L/m2 h for a period of 70 s.
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Nomenclature

Symbols

JF UF filtrate flux (L/m2 h)
μ feed water viscosity (Pa·s)
ΔP transmembrane pressure drop across membrane (kPa)
Δ t filtration duration in a filtration/backwash cycle (h)
Rm clean UF membrane hydraulic resistance (m−1)
Rcake cake resistance (m−1)
Rirr irreversible resistance (m−1)
ΔRT UF fouling resistance increase (m−1)
Rfinal final UF filtration resistance (m−1)
Rinitial initial UF filtration resistance (m−1)
ΔRBW unbackwashed resistance (m−1)
ΔRUB unbackwashed resistance (m−1)
FR filtration period fouling rate (m−1 h−1)
BWeff backwash efficiency for cycle n (%)
RPB post-backwash resistance (m−1)
dRPB/dt post-backwash fouling rate (m−1 h−1)
CFeCl3 concentration of FeCl3 (mg/L)
YUF UF recovery (%)
ΔtBW backwash time (h)
JBW backwash flux (L/m2·h)
lc effective cake thickness (m)
< > j Averaged value for jth segment

Subscript

n indicate for the nth cycle in filtration period
N denote at the end of N cycles
j filtration/backwash cycles moving average segment
i initial value
o base line value
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