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ABSTRACT OF THE DISSERTATION 

 

 

Mitigation of Mineral Scaling and Fouling of RO  

Desalination via Self-adaptive Operation  

by 

                                                                        Han Gu 

 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2017 

Professor Panagiotis D. Christofides, Co-Chair 

Professor Yoram Cohen, Co-Chair 

 

      Dwindling fresh water supplies from traditional sources, such as surface and ground water, 

coupled with rapid population growth in developing countries and frequent drought conditions 

across the globe, have intensified the need for developing alternative and sustainable potable 

water supplies. 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. Generation of the above 

non-traditional water resources often involves reverse osmosis and nanofiltration membrane 

technology for desalination and as a barrier against multiple contaminants. However, membrane 

fouling and scaling are major impediments for robust and effective operation of membrane 
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desalination. Membrane scaling is the result of surface crystallization of sparingly soluble 

mineral salts and/or the deposition of bulk-formed mineral salt crystals onto the membrane 

surface. Membrane surface scaling leads to water permeate flux decline and potential membrane 

damage, thereby limiting recovery and increasing water production cost. Membrane fouling by 

particulate, colloidal matter, organic, and biofoulant results in reduced membrane permeability 

and thus result in increased applied pressure requirement for a given target flux, decreased 

permeate quality, increased frequency of required chemical cleaning and consequently 

shortening of membrane longevity and as a consequence increased water treatment cost.  

In order to alleviate the adverse impact of membrane fouling and mineral scaling, the present 

work focused on developing a novel approach of self-adaptive operation of reverse osmosis (RO) 

membrane desalination (including pretreatment). The goal of the approach is to enable effective 

self-adaptive RO desalination and feed pretreatment operation even when confronted with 

temporal variability of source feed water quality. In this approach fouling and scale indicators 

are quantified in real time and the desalination plant autonomously adjust its operating 

conditions (e.g., triggering of cleaning cycles, coagulant dose setting, feed pretreatment 

operational strategy).    

In order to mitigate mineral scaling, a self-adaptive operation of spiral-wound RO desalting 

in a cyclic mode of feed-flow reversal (FFR) was evaluated for desalting of brackish water of 

high mineral scaling potential. Self-adaptive operation was enabled by triggering of FFR once 

the onset of mineral scaling was detected via a novel ex-situ membrane scale monitoring system. 

Subsequently, in order to ensure effective RO feed pretreatment the use of ultrafiltration (UF) 

was explored in a uniquely integrated UF-RO system whereby the RO concentrate was utilized 

for enhanced UF backwash. The RO concentrate stream was utilized (as both a continuous 

stream and a high flux pulse achieved using hydraulic accumulators) for UF backwash, with 
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backwash triggering based on by thresholds levels of fouling indicators. The applicability of 

different fouling indicators for real time performance assessment of UF feed pretreatment and 

optimization of UF operating conditions (e.g., backwash duration and coagulant dosing strategy) 

in RO seawater desalination was explored in an extensive 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.  
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1 Introduction 

1.1 Background 

Fresh water shortage is a global problem that our world faces today. The amount of fresh 

water is fixed and as the world population reaches 7 billion, the demand for fresh water will also 

increase [1-4]. Today, half of the global population is in countries where groundwater tables are 

falling in a faster phase than normal [5] and approximately 2.1 billion people globally are 

affected by water scarcity [6]. It is estimated that by 2025, two-thirds of the world’s population 

will be in water-stressed regions [7]. The amount of water available per capita will decrease 

unless we recycle, reuse or generate new water supplies. In the United States, states with the 

least amount of potable water resources (e.g., Texas and California) tend to have a higher level 

of water consumption compared to less populated states such as Wisconsin and Minnesota, 

causing an uneven distribution of fresh water resources [8, 9]. In the state of California, in 

additional to severe drought conditions in recent years [10] , increasing groundwater salinity in 

agricultural regions (such as the San Joaquin valley) and rising demand due to population 

growth are two of the main causes of  water shortages in that region [11, 12].  

In today’s world, water usage and energy production are interlinked. Agriculture, energy 

production, and manufacturing industries all require large amounts of fresh water to maintain 

productivity. For example, about 201 billion gallons of fresh water are used in the U.S. each day 

to produce electricity in thermoelectric power plants [13]. By 2035, the world’s energy 

consumption will increase by 35 percent, which in turn will increase water use by 15 percent [8, 

14].  

At present, reverse osmosis (RO) is the leading technology for brackish and seawater 

desalination and in water reuse applications for the generation of potable water supplies. 
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However, widespread implementation of RO technology is impeded by the operational 

challenges imposed by membrane mineral scaling and fouling, temporal variability of source 

feed water, and the need for reducing energy consumption. Effective feed water pretreatment in 

RO membrane desalination is essential to ensure effective plant performance. Microfiltration 

(MF) and ultrafiltration (UF) systems have been widely incorporated as part of RO feed 

pretreatment processes. While the concept of MF/UF integration with RO is appealing and has 

met with a reasonable level of success, there remain technical challenges, particularly in 

situations where feed water quality fluctuates temporally, and where it is desired to reduce both 

the frequency of membrane cleaning and the use of both membrane cleaning chemicals and 

chemical feed additives (e.g., coagulants), for the purpose of both cost reduction and 

minimizing environmental impact.  

The goal of the present work is the develop effective means of mitigation both RO 

membrane mineral scaling and fouling. Accordingly, a multipronged approach was undertaken 

in the present study whereby: (a) RO operation in the mode of self-adaptive feed flow reversal 

was implemented in a spiral-wound RO system as facilitated by a unique membrane scale 

monitor, (b) UF treatment of RO feed was developed whereby optimal UF backwash was 

achieved in a self-adaptive mode that responds to temporal changes in feed water quality 

(Figure 1-1). UF operation was evaluated in a novel integrated UF-RO system whereby UF 

backwash was achieved with the RO concentrate. In order to achieve the above goals, 

membrane mineral scaling and fouling indicators were evaluated and utilized to arrive at 

effective operation of RO and UF operations so as to reduce the progression of RO mineral 

scaling and irreversible UF fouling as described in Section 3-6 and summarized in Figures 1-1 

and 1-2.  
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1.2          Mitigation methods for fouling   

Feed filtration, as part of feed pretreatment in RO desalination, is commonly used for 

prevention and mitigation of RO fouling. Although various methods have been proposed for 

feed filtration, ultrafiltration (UF) has emerged as one of the more effective means of preventing 

RO membrane fouling [6, 15] in a wide range of RO applications including, for example, 

desalting of seawater, brackish water and in water reuse. UF systems are highly effective for 

removing macromolecules, colloids and particles from the source water to be treated [16]. 

However, UF membranes can be fouled by macromolecules such as proteins and bacteria due to 

surface adsorption, pore plugging and gel/cake layer formation [17]. Since UF pretreatment of 

RO feed water is typically accomplished in a dead-end filtration mode, UF membranes are 

backwashed periodically in order to avoid excessive buildup of a cake layer and irreversible 

fouling [16, 18, 19]. Current state-of-the-art UF systems are designed to perform hydraulic 

backwash and chemically enhanced treatment to restore membrane performance. It is important 

to note that uncontrolled UF fouling can result in the passage of small particles (in the micron 

range) and organic materials (low molecular weight), which can then lead to fouling of the 

downstream RO membranes. In order to restore the performance of fouled RO membranes 

chemical cleaning is required which the lead to increased maintenance cost [16, 20] , while both 

fouling and membrane cleaning can ultimately result in permanent membrane damage [21].  

Conventional RO feed filtration methods are ineffective with respect to mitigation of 

mineral scaling which is prevalent particularly at high recovery RO operation [4, 22]. Currently, 

mitigation of mineral scaling is accomplished via feed water pH adjustment (for scalants whose 

solubility is pH dependent such as calcium carbonate [23] and silica [24]) and via addition of 

antiscalants [25]. Under certain conditions (e.g., where the RO feed is sufficiently 



 4 

undersaturated with respect to the mineral scalants of concern) it may also be possible to 

operate the RO system in the mode of feed flow reversal (FFR) [26].  

Mineral scaling is largely the result of surface mineral crystallization, which is a function of 

nucleation (a stochastic process) and crystal growth [22, 27] and is governed by the feed water 

chemistry (e.g., degree of saturation with respect to sparingly soluble mineral salts). Surface 

crystallization is governed by feed water chemistry and level of saturation with respect to the 

sparingly soluble salts. Given that water composition can vary temporally, mineral scale 

mitigation approaches would greatly benefit from real time monitoring of mineral scaling. 

Mineral scale monitoring requires: (a) early detection of mineral scaling, and (b) membrane 

performance monitoring (e.g., membrane permeability, salt rejection) in order to assess both the 

impact of scaling and the degree by which it is averted via the utilized scale mitigation strategy. 

Feed filtration as part of feed pretreatment serves to remove various foulants (particles, 

bacteria and colloidal matter) from the RO feed in order to avert or reduce the level of RO 

fouling. Although UF membrane (typically having pore size of 0.1 - 0.005 µm) technology has 

emerged as one of the more effective means of RO feed pretreatment, these membranes tend to 

foul (both reversibly and irreversibly) by a variety of colloids, organics and biological matter 

[15, 28]. Therefore, effective periodic cleaning of UF membrane modules (e.g., via backwash) 

is critical for robust UF operation. A critical element of UF backwash in most systems is the use 

of coagulants that serve to flocculate fine particles and form a cake layer on the membrane 

surface. The cake layer of larger particles can then be more effectively backwash and also 

provides a protective layer to avoid pore plugging by small particles. However, since the feed 

water quality (represented by salinity, organic content, pH, turbidity, temperature, etc.) and 
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possibly required water processing capacity may vary over time, ensuring optimal coagulant 

dose is critical.  

 

Figure 1-1 Components of self-adaptive operations in RO mineral scaling control and UF fouling 
control   
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Figure 1-2 Relationships between fouling quantification indictors and UF operational controllers     

 

1.3 Research Objectives  

The major goals of this dissertation were to develop self-adaptive smart operation of UF 

and RO systems that can: a) adjust the UF operational parameters such as coagulant dose, 

filtration duration and backwash strategy (e.g., intensity and flux) based on advanced sensing 

that considers the variability of the feed water fouling propensity, and b) mitigate mineral 

scaling in a high recovery RO operation via feed flow reversal that is triggered by threshold 

level of mineral scaling as detected via membrane scale monitoring. The above goals are rooted 

in the hypothesis that real time cycle-to-cycle quantification of UF fouling and RO scaling can 

form the basis for UF-RO performance forecasting and thereby form the foundation for 

developing self-adaptive UF and RO operation.  

The specific dissertation research objectives are listed below: 
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1. Develop and demonstrate am approach for effective multi-cycle RO feed flow reversal (FFR) 

operation for mitigation of membrane mineral scaling:  

• Integrate real-time mineral scale monitoring technology with feedback process controller 

to enable automated and self-adaptive FFR triggering.  

• Demonstrate high recovery scale-free cyclic FFR operation, without antiscalant addition, 

for high recovery RO desalting of feed water of high level of gypsum supersaturation.   

2.  Develop the fundamental basis for UF operation in an integrated UF-RO system with RO 

concentrate for UF backwash and self-generation of UF pulse backwash: 

• Investigate the efficacy of UF operation with inline coagulation.  

• Develop and experimentally validate a fundamental model for ta hydraulic accumulator 

charging/discharging model. 

• Investigate the benefit of multiple consecutive backwash pluses via self-adaptive 

triggering of UF backwash. 

• Evaluate the effectiveness of self-adaptive triggering of multiple consecutive backwash 

pluses in a long-term field operation. 

3.   Develop and field demonstrate an approach for online quantification of UF fouling 

indicators:       

• Develop a framework for online UF fouling metrics (or indicators) that can be used to 

track UF cycle-to-cycle fouling progression and backwash effectiveness. 

• Assess fouling metrics with respect to the effectiveness of coagulant feed dosing, 

filtration and filtration, as well as backwash flux and duration. 

• Evaluate the change in fouling indicators during variations in water quality in relation to 

feed water turbidity and chlorophyll-a levels in both the UF feed water and filtrate.  
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4.   Develop a novel coagulant dosing strategy with the objective of reducing the dosing 

amount, preventing both coagulant overdosing and underdose while maintaining sufficient level 

of organic matter retention by UF RO feed pretreatment. 

• Develop and field demonstrate an approach for determining optimal coagulant dose 

reduction set points based on fouling characteristic and changes in UF chlorophyll-a 

retention.  

• Develop and field demonstrate a coagulant dose reduction strategy for use in 

conjugation with adaptive UF backwash triggering and a self- adaptive coagulant 

controller for optimal UF backwash operation for reducing both the frequencies of UF 

backwash and chemical cleaning in place (CIP).   

 
1.4 Structure of Dissertation  

The research objectives were completed through a combination of laboratory and field pilot 

UF and RO studies using two pilot systems. A full scale RO seawater desalination system 

integrated with a UF pretreatment skid was designed and constructed for U F fouling 

characterization and backwash enhancement studies. In addition, a brackish water RO 

desalination system, equipped with a custom plate-and-frame membrane optical cell, was 

designed and constructed for feed flow reversal experiments. Field studies enabled realistic 

assessment of operating conditions that affect UF fouling.  

A literature review and relevant background information are provided in Chapter 2. The 

technical feasibility of cyclic mode of feed-flow reversal (FFR) for high recovery desalting 

under conditions of high mineral scaling propensity is addressed in the study presented in 

Chapter 3. Real-time detection of mineral scaling in the external membrane monitoring cell 

enabled cyclic triggering of FFR operation without interruption of permeate productivity.  
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In Chapter 4 a study is presented of the effectiveness of a self-generated UF pulse 

backwash system in a novel integrated UF-RO system for seawater desalination. Pulse 

backwash, which was added to a continuous UF backwash (directly from the RO brine stream) 

strategy, enabled peak UF backwash flux up to 4 times higher than the normal filtration flux. 

The performance of multiple consecutive backwash pulses was assessed with inline coagulation 

to further enhanced UF backwash.  

In Chapter 5, the applicability real-time quantification of UF fouling indicators for real time 

assessment of the performance of UF pretreatment of seawater RO desalination is presented 

based on a field study using an integrated seawater UF-RO plant. In the study, the impact of 

feed water quality and coagulant dose were assessed with respect to both UF fouling rate 

(during the filtration period) and effectiveness of foulant removal by UF hydraulic backwash.  

Chapter 6 presents an evaluation of a novel strategy of variable inline coagulant dosing 

aimed at reducing the amount of coagulant utilization. The coagulant dose reduction strategy 

develop id in the present work was shown to be effective in maintaining optimal UF backwash 

effectiveness while also ensuring UF retention of chlorophyll-a retention so as to protect the 

downstream RO membrane elements.  
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2 Background and literature review 

2.1 Reverse osmosis membrane desalination 

Reverse osmosis (RO) desalination is a pressure driven process in which solutes (as small 

as monovalent ions) are separated from water via a semipermeable membrane. Compared to 

other desalination methods such as multi-stage flash (MSF) and multi-effect distillation (MED), 

RO desalination has a lower capital cost (reduced plant footprint and complexity). At the same 

time, RO desalination provides high product water quality (RO membrane can remove up to 

99.9% of the salt ions from the feed water) at lower energy cost compared to thermal-based 

desalination processes [4, 6, 29]. RO desalination is well established around the world for 

generation of potable water from brackish and seawater sources. The current total installed 

capacity of RO membrane desalination plants has reached 86.5 million m3/day (as of August 

2016), which account for about 60% of all desalination plants [30], while the largest plant has 

the capacity of 624,200 m3/day (notable examples include the Magta plant in Algeria and the 

Sorek plant in Israel) [29].  

Recent advancements in RO technology include the development of high rejection (~98-

99% salt rejection) and low pressure (with net driving pressure about 4-5 bar for brackish water 

at 1,500 ppm salinity) RO membranes made from composite polyamide materials [31]. These 

types of membranes have high permeability and thus allow plant design for achieving high 

recovery (in excess of 80%). High recovery RO is beneficial since it reduces the volume of 

generated brine and this the associated challenges and costs of brine disposal and management 

[32, 33]. 

A reverse osmosis (RO) membrane is a semi-permeable membrane that is able to reject 

solutes larger than about 10 nanometers in diameters [4]. Typical RO membrane for water 
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desalination consists of a thin film (~200nm thickness) composite of a polyamide active layer, 

on a porous supportive layer (~40µm) made from polysulfone or polyester. The majority of 

commercially available RO membranes are in the spiral-wound configuration (Figure 2-1) 

designed to provide a high membrane surface area to volume ratio which enables increased 

productivity while minimizing plant footprint. 

 

Figure 2-1 An illustration of the major components of a typical spiral wound Reverse Osmosis 
membrane inside a pressure vessel. Lower right insert: Photo of a 8’’ diameter spiral wound Reverse 
Osmosis Membrane inside a pressure vessel. Adapted from [34] 

 
2.2 Basic principle of RO membrane process  

In the simplified cross-flow RO membrane process presented in Fig. 2-2, a feed stream 

enters at flow rate Ff, feed, salt concentration Cf, and pressure Pf. The feed stream flows 

tangentially across the RO membrane surface and is separated into two streams. The low-

salinity permeate stream passes through the membrane with flow rate Fp, salt concentration Cp, 

and pressure Pp. The second stream is the retentate with a flow rate of FR, salt concentration CR, 

and pressure PR which exits the membrane feed channel.  
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Figure 2-2 Simplified schematic of a cross flow RO membrane process. F: flow rate, P: pressure, C: 
concentration. Subscripts: f: feed stream, p: permeate stream and R: retentate stream. 
 

Conservation of mass on the salt in the RO system can be shown to lead to a salt 

concentration increase of the retentate (brine) stream by a factor CF as given below [18, 35]: 
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in which CR and Cf are the salt concentrations in the retentate and feed streams, respectively, 

Ro= 1-Cp/Cf is the observed salt rejection, and Y is the product water recovery by the RO 

process expressed as:                                             
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in which FR, Fp and Ff are the flow rates of the retentate, permeate (product) and feed streams, 

respectively. The performance of the membrane with respect to salt passage (SP) is quantified 

as:  

                                                              1 obsSP R= −                                                           (2.3) 

and the intrinsic rejection, defined based on the solute concentration at the membrane surface, 

Cm, on the retentate side, is given by:  

(2.4) 
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The volumetric flux (flow rate per membrane area) of product water (permeate) through the 

membrane is given by the classical flux expression [36]: 

                                                                                                                                            (2.5) 
 

where Jv is the total permeate flux. Lp is the membrane water permeability, σ is the reflection 

coefficient (for high rejection membranes, the reflection coefficient σ~1 [37] and Δπ is the 

difference between the osmotic pressure at the retentate and permeate sides of the membrane 

 surface:                                                                                                                                     (2.6) 

As water permeates through the membrane rejected ions and other solutes accumulate next 

to the membrane surface forming a concentration boundary layer that is higher in concentration 

relative to the bulk (Figure 2-3).  

 

Figure 2-3 Schematic of concentration polarization layer at the membrane surface. The box with a 
dashed line represents the control volume. 

A mass balance on the solute over a control volume (represented by the box with dashed 

line in Figure 2-3), assuming fully developed flow and concentration fields for a steady state 

operation, results in the following equation: 

                                                                                                                                                  (2.7) 

where Jv is the permeate flux, C is the solute concentration in the boundary layer (at a distance 

of y from the membrane surface), D is the solute diffusion coefficient in water, and Cp is the 

( )v pJ L P σ π= ⋅ Δ − Δ

m pπ π πΔ = −

v v p
dCJ C J C D
dy

⋅ = ⋅ − ⋅
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permeate solute concentration. The solution of Eq. (2.7) subject to the boundary conditions of 

C= Cm at y =0 and C = Cb at y =δc:  

 
                                                                                                                                                  (2.8) 
                

where D is the solute diffusivity and δc is the boundary layer thickness (above the membrane 

surface). Cb is the bulk solute concentration, Cm is the solute concentration on the membrane 

surface. The average feed side mass transfer coefficient mk can be defined as: 

 

                                                                                                                                                  (2.9) 
  
 
It is noted that the ratio of Cm/Cb is known as the concentration polarization modulus (CP) for 

which Eq. (2.8) provides a reasonable average value for the membrane feed channel.  

 

2.3 RO membrane scaling and fouling  

RO operation at high recovery is often limited due to the risk of membrane fouling by 

colloidal, organic, and biological materials, and/or mineral scaling (or precipitate fouling) 

caused by mineral salts [6, 38, 39]. Membrane fouling refers to the deterioration of membrane 

performance (reduced permeate flux and hindered salt rejection) due to the accumulation of 

dissolved and suspended materials on the membrane surface and/or within the membrane pores 

[40].  

 

2.3.1 RO scaling  

RO membrane desalination technology has become a viable approach for the generation of 

new water supplies from seawater and inland brackish water [4, 9, 41-43], as well as for water 
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reuse [44]. Brackish water typically has total dissolved solids (TDS) contents higher than 

freshwater and below seawater (>1,000 mg/L and < 30,000mg/L) [22, 26, 38]. Despite the 

significant progress and growth of inland water desalination, brackish water desalination 

remains challenging because the recovery levels achievable by RO desalination are typically 

limited by membrane mineral scaling due to precipitation of sparingly water soluble salts. As 

product water recovery increases along the RO modules, the concentration of mineral salts on 

the feed-side and near the RO membrane surface can increase to levels exceeding their 

solubility limits. As a consequence, crystal nucleation and growth may occur on the membrane 

surface or in the bulk solution [22] followed by deposition onto the surface. Mineral scale 

effectively blocks the membrane area for permeation and thus reduces the water flux. Figure 2-

4 shows flux decline due to gypsum scaling and images of gypsum crystal formation on a flat 

sheet RO membrane [26, 45].    

Sparingly soluble mineral salts such as calcium sulfate dihydrate (also known as gypsum, 

CaSO4 ·2H2O), calcium carbonate (known as calcite, CaCO3), strontium sulfate (SrSO4), 

barium sulfate (also known as barite, BaSO4), and silica (SiO2) are the most problematic scaling 

species in brackish water desalination [46]. Extensive amount of mineral scale coverage on the 

membrane surface may cause damage to the active separation layer of the membrane [46], 

thereby increasing water production cost of the RO system. The supersaturation level of the 

mineral scalant of concern can be expressed in terms of the saturation indices (SI) defined as:  

                                                        SIy = IAPy /Ksp,y                                                                                             (2.11) 

where IAPy and KPsp,y  are the ion activity products and solubility products of mineral scalant y, 

respectively.  The mechanism of mineral salt crystallization can be divided into two phases: 

crystal nucleation and crystal growth. The induction time for crystal nucleation is defined as the 
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length of time when the first crystal nucleus is observed. These nucleation sites are the 

foundation for the crystal growth phase [22, 26]. The crystal growth phase is a multi-step 

process which include: solute diffusion (to the crystal), surface adsorption, surface diffusion, 

surface reaction, and ion integration into the crystal lattice [22]. 

 

 

 

 

 

 

 

Figure 2-4 Flux decline data and associated images demonstrating early detection of gypsum scale using 
the approach by Uchymiak et al. [46]. The initial gypsum saturation index at the membrane surface was 
∼2.09. The first surface crystal was identified at time t = 0.5 h with the second crystal identified at time 

t=1h. At the point where flux decline was about ∼5% (at t = 10 h), 20 crystals were identified on the 
viewable membrane surface area. Experimental conditions: A model solution of 7,990 mg/L (TDS) was 
used with a gypsum saturation index (SI) of 0.77. The images from left to right were taken at 0, 5, 20 and 
30 h. The system operating pressure is 1.72 MP.  
 

The supersaturation level of mineral salts on the membrane surface is directly related to the 

composition of the feed water which can vary temporally and geographically. As an example, 

the salinity of the agriculture drainage water varies significantly at different locations in the San 

Joaquin Valley (SJV) and the TDS is extremely high in some areas (TDS range 1,500 – 30,000 

mg/L). Analysis of available water quality monitoring data from the California Department of 

Water Resources (DWR) from SJV also revealed substantial seasonal and spatial water quality 

variations [38]. Figure 2-5 illustrated the drastic change in water quality over a year in a 
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specific location in the San Joaquin Valley with Figure 2-6 shows short term time-varying feed 

salinity of in another location.     

 
Figure 2-5 Illustration of water quality deviation from the annual average in the DWR database at the 
OAS site from July 2003 to May 2004. Average TDS: 7,999 mg/L. Average [Ca2+] concentration: 356 
mg/L, average [SO4

2-] concentration: 4,810 mg/L, average pH: 7.7. [38]   
 

 
Figure 2-6 Short term time-varying feed salinity of San Joaquin Valley agriculture drainage water DP-
25 (Data taken between 5/12/09-5/26/09, adapted from [47])  
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2.3.2 RO fouling  

RO membranes can be easily fouled by small organic, colloids and biological materials 

present in the feed water. Organic materials such as polysaccharides and proteins can attach to 

membrane surfaces and promote biofilm growth on the membrane surface and cause biofouling 

[6] and as a result flux decline. Biofouled RO membranes are difficult to clean, and the fouled 

membrane module needs to be taken offline for aggressive chemical cleaning to restore its 

performance [48]. As indicated in the photo of Figure 2-7 of a biofouled spiral wound RO 

membrane, physical damage to the module components can occur if fouling is severe; thus, 

membrane service life may be shortened and system maintenance cost (including membrane 

replacement) are increased.       

 
Figure 2-7 Examples of membrane damage due to biofouling. Top: Unwound spiral wound membrane 
modules from full-scale installations suffering from severe biofouling showing flow channels caused by 
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biofouling. The flow direction is from left to right. Bottom:	Damage to module end cap due to biofouling 
in feed spacer channel of spiral wound membranes. (adapted from [49]).  

RO membrane performance and the tendency to foul by organic, colloidal and biological 

material are directly related to feed water quality. The water quality of coastal seawater (or 

littoral water) is temporally variable and water quality is heavily influenced by natural events 

such as seasonal algal bloom. Figure 2-8 shows the raw seawater (intake) quality at a seawater 

desalination facility demonstrating rapid variation of chlorophyll-a fluorescence measurements 

which are indicative of the concentrations of blue and green algae. 

 
Figure 2-8 Feed seawater intake quality represented by water turbidity, dissolved oxygen and 
fluorescence measurement over a short testing period. RFU: Relative Fluorescence Unit. LDO: 
Dissolved oxygen concentration. (2013 data obtained from US Navy seawater desalination facility 
at Port Hueneme, CA). 

 
 
2.4 Pretreatment options for RO desalination 

2.4.1 UF membrane as pretreatment 

Prevention of RO membrane fouling is most effectively achieved through feed pre-

filtration. While there are different types of filters (e.g., cartridge and media filters) that can be 
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used, it is essential or the filer elements to have a long service life, element should be easily 

cleaned and pretreatment should require a low level of treatment and/or cleaning chemicals. 

Combining existing filtration techniques such as ultrafiltration (UF) and RO have led to major 

improvement in treating more contaminated RO feed water sources [2, 15]. Ultrafiltration is a 

separation process that makes use of membranes with pore size in the range of 0.001 to 0.1 

micron. Typically, UF membranes are capable of removing high molecular-weight substances, 

colloidal materials, and organic and inorganic polymeric molecules [2]. However, low 

molecular-weight organic substances and inorganic ions (e.g., sodium, calcium, magnesium 

chloride, and sulfate) are not removed by UF membranes. Figure 2-9 illustrates the range of 

filtration capabilities of MF, UF, NF and RO membranes. It is noted that since only high-

molecular weight species are removed, the osmotic pressure differential across the UF 

Membrane surface is negligible [17].  

There are two modes of feed flow through UF elements which are crossflow and dead-end 

filtration. Dead-end filtration, where the feed stream is passes perpendicularly through the 

membrane such that recovery is at a 100% without the generation of a residual stream during 

the filtration period. Crossflow filtration, where the feed flows tangentially to the membrane 

surface, enables a lower level of cake formation during the filtration step, but does results in a 

residual stream. Dead end filtration mode uses less energy (in terms of water pumping 

requirement) than cross flow filtration, it is widely adapted [2, 36]. UF membrane processes are 

deployed in a membrane submerged system where they operate such that permeation is under 

negative pressure (i.e., suction, [2, 50]) or under positive applied pressure  [15]. UF membranes 

are available in various hydrodynamic designs and arrangements such as flat sheet, spiral 

wound, tubular, capillary, and hollow fibers [2]. Hollow fiber UF membrane consist of many 
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single strand hollow fibers housed within a module or cartridge (Figure 2-10). Hollow fiber UF 

membrane can also be divided into “inside-out” and “outside-in” filtration modes according to 

the direction of the feed and permeate flows. Figure 2-10 illustrates the flow paths through a 

hollow fiber UF membrane cartridge during production (filtration) and backwash modes. In 

“inside-out” dead-end mode, the feed water travel radially from inside to the outside of the fiber 

during filtration operation. During backwash operation, the backwash water travel from the 

outside to the inside of the fiber. The feed flow and backwash patterns in “outside-in” mode are 

reversed. Modern UF modules also allow alternation of the feed and backwash directions. 

Figure 2-11 shows three feasible configurations for a UF module filtration/backwash cycle that 

has two feed ports and a single filtrate port. It is noted that fouling behavior and associated 

mechanisms in pressurized (inside out) and submerged (outside in) hollow fibre membrane 

systems can be very different and thus profoundly affect backwash strategies [51].  

 

 
 

Figure 2-9 Illustration of different membrane filtration techniques and their capability (not 
drawn to scale, adapted from [4]) 
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Figure 2-10 Illustration of flow paths through a hollow fiber UF membrane cartridge during production 
(filtration) mode and backwash mode (Left); Cross section of a single hollow fiber “inside-out” UF in 
filtration and backwash mode (Right), adapted from [19].   
 

 
 
Figure 2-11 Illustration of UF module filtration and backwashing flow configurations for a UF module 
that has two feed ports and a single filtrate port. “Dual”: Feed from both feed ports in filtration mode and 
allow backwash water drain from both feed ports. “Single, Same”: Feed and drain from the same feed 
port. “Single, Alternate”: Feed from one of the feed port, and drain the backwash water from the another 
feed port.  
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In recent years, “multi-bore” or “multichannel” UF fibers has been developed to increases 

the mechanical strength of the fibers [15, 52]. Figure 2-12 shows the structure of a “multi-bore” 

UF membrane and membrane module whereby the membrane is with 0.02 µm nominal pore 

size and an active filtration layer that consisting of Polyethersulfone (PES). As shown in Figure 

2-12, left), during filtration the feed water travel radially from inside the fiber lumen to the fiber 

outside zone. This UF module type (Figure 2-12, Right) has two feed and filtrate ports. The 

multi-bore fiber can operate at pressure up to 70 psi [52]. The benefit of the multi-bore UF 

module is its ability to withstand aggressive backwash without the risk of fiber breakage.  

Despite its advantage, UF membrane technology is hampered by membrane fouling which 

leads to flux reduction and increased cost of system maintenance. However, with automated 

backwash, UF feed pretreatment can improve overall desalination operation and reduce 

maintenance requirements.   

 
 
Figure 2-12 Multi-bore Hollow fiber UF membrane modules. Left image: Cross sectional image of a 
multi-pore hollow fiber UF membrane. Right image: 3D rendering of a UF module with feed/drain and 
filtrate/backwash ports. Bottom: a photo of several multi-bore hollow fibers. Adapted from  [15].      
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2.4.2 Inline coagulation  

Smaller, colloidal materials (diameter range of 0.01 - 5 µm) present a major challenge in 

RO feed pretreatment. Their removal via gravitational settling, typically with the aid of 

coagulants, is slow (up to hours), requiring large settling basins or tanks [53-55] and is not 

effective for removal of submicron particles. Coagulants are either metal salts (e.g. ferric 

chloride or aluminum chlorohydrate) or polyelectrolytes. UF and MF treatment of RO feed also 

benefits from the use of coagulant addition in inline mode (i.e., coagulant addition to the feed 

stream to the RO modules).  

Figure 2-13 Illustration of UF filtration with coagulant dosing.    
 

As depicted in Figure 2-13 for inline coagulation, flocs formed by coagulation [54] reach 

the MF/UF membrane surface and form a foulant cake which is periodically removed via 

backwash. The floc size is governed by both coagulant dose and coagulation residence time. 

The required optimal coagulant dose is affected by both particle size, and feed water pH and 

temperature. It has been reported  [51] that at an optimal dose and coagulant selection, certain 

coagulants can be effective in removing dissolved organic matter (DOM). It is emphasized that 
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coagulant overdosing would lead to passage of residual coagulant through the UF/MF 

membrane which can lead to fouling of the RO membrane. 

The behavior of colloidal particles in water is strongly influenced by their electrostatics 

charges [56]. Colloidal particles are typically negatively charged and their electrostatic 

repulsion  [56] tends to prevent significant agglomeration. Effective agglomeration and 

flocculation. The use of coagulants can both reduce surface charge, promote aggregation and 

thus the formation of small aggregates and eventually visible flocs. Sweep flocculation (SW) 

occurs when a suspension is overdosed in excess of the amount needed to neutralize the charge 

on the colloid (Fig. 2-14). Therefore, a significant fraction of the dispersed colloids or particles 

may be  become enmeshed in the settling hydrous oxide floc [57, 58].  

             
Figure 2-14 Illustration of Charge Neutralization (left) and Sweep Flocculation (right) 
for coagulation and flocculation process [58].   

 
Charge neutralization (CN) due to coagulation involves adsorption of a positively charged 

coagulant onto the surface of the colloid. This charged surface coating neutralizes the negative 

charge of the colloid, resulting in a near zero net charge (zero zeta potential). As a result 

attractive van der Waals forces will dominate leading to creating of micro-flocs which deposit 

onto the membrane surface upon filtration; however, the foulant cake is of reduced compaction 

level which is beneficial for improved backwash efficiency [57]. There is also evidence that 

dissolved organics maybe adsorbed onto the floc matrix, thereby increasing the level of organics 
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rejection by the UF membrane. It is noted, however, that overdosing can lead to surface charge 

reversal and could result in redispersion of colloidal matter [41]. 

      The effect of coagulation on improving RO feed pretreatment has been investigated to treat 

seawater, brackish water and other types of contaminated water [41, 53, 54, 56, 58-61].  Jar tests 

are typically employed with subsequent filtration tests using small source water feed volumes 

(usually 1- 5 liters). In jar tests, different coagulant dosages are added to samples of the source 

water is initially rapidly mixed (for short duration) in a set of jars, with subsequent slow mixing 

to allow for the formation of flocs of particles, with cessation of mixing that allows for 

sedimentation [41, 57]. The optimal coagulant dose is usually determined based on the lowest 

permeate turbidity measurement [3, 59]. The main disadvantages of the jar testing approach are 

as follows: (a) jar tests are inadequate for simulating the complex hydraulic environment in 

treatment systems, and (b) fouling and cleaning (backwash) characteristics of filtration systems, 

particularly where water quality is temporally variable, are not reflected in limited jar tests.  

Traditional approaches of applying coagulant for RO feed pretreatment are based on 

determination of a single optimal coagulant dose which must be determined offline. The 

potential problem of applying a fixed coagulant dose is that with changing water quality one 

may encounter the condition of either coagulant overdosing or underdosing. Coagulant 

overdosing leads to increase chemical cost, increased backwash sludge, passage of coagulant 

through UF, and potential for RO fouling downstream from UF [62, 63]. On the other hand, 

coagulant underdosing can result in rapid irreversible fouling and thus decreased backwash 

efficiency and increased chemical cleaning frequency. Coagulant underdosing can also result in 

increased passage of  “sticky” organic materials such as transparent exopolymer particles (TEP), 

and other RO fouling pre-cursors to the RO membrane downstream [2, 64-70]. On the other 
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hand, proper coagulant dose can be beneficial not only for improving the removal of particulate 

matter, but also in removing organic materials in some cases [71, 72].  

 

2.5 UF fouling  

UF membranes are also susceptible to adsorptive fouling by macromolecules such as 

proteins and by bacteria, pore plugging and foulant cake formation [17]. The most common 

fouling symptoms are flux decline (in a constant pressure operation), transmembrane pressure 

(TMP) increase (in constant flux operation), and permeate quality changes. Figure 2-15 

illustrates the UF fouling process on a UF membrane surface. The main fouling mechanisms 

include adsorption, pore clogging/blockage and external cake formation. Adsorption and pore 

blockage are internal fouling mechanisms that occur for foulants of size equal to or smaller than 

the pore size. Suspended matters of size smaller than the pore radius can adsorb along the pore 

walls, as well as the external surface of the membrane leading to pore “narrowing” [73]. When 

the foulant particle size is about the size of the membrane pore, pore blocking mechanism will 

be the dominate fouling mechanism. In this case, the fouling particles will plug or block the 

membrane pores, reduce the total available pore volume and thus reduce permeate flux. Gel or 

cake layer formation occurs when suspended particles or their agglomerates are larger than the 

pore size and thus accumulated on the membrane surface during the filtration process.  
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Figure 2-15 Common fouling mechanism for porous membranes: (a) gel/cake formation; (b) pore 
plugging; and (c) adsorption - pore “narrowing” effect. Adapted from [19].   
 
 
 

2.5.1 UF fouling model  

Fluid permeation through a porous membrane under applied pressure can be expressed via 

Darcy’s law:  
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in which J is the permeate flux, A is the membrane surface area, dV/dt is the rate of change of 

filtered volume, V, with time, t, ∆𝑃 is the transmembrane pressure across the cake and 

membrane, and µ is the fluid dynamic viscosity. The total membrane filtration resistance Rt can 
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be expressed, following the resistance-in-series model as the sum of the membrane resistance 

(Rm), cake resistance (Rc), and cumulative irreversible resistance (Ri) [74, 75]. 

																																																																				𝑅( = 𝑅0 + 𝑅2 + 𝑅3																							                                      (2-13) 

The transmembrane pressure in Eq. 2-12, ∆𝑃, can be expressed as the summation of the 

contributions of the different resistances to the required transmembrane pressure for a given 

permeate flux. Accordingly,  
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The cake resistance can be described as the product of the effectiveness cake thickness (lc) and 

the specific cake resistance (m/Kg) (α) as given below [57, 75]:   
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                                                        (2-15) 

where ω is the solids concentration in the cake per unit filtrate volume (kg/m3). The filtered 

volume V can be expressed as V = AJ/t by integrating Eq. (2-14) and substituting the expression 

for J in Eq. (2-12) which leads to the total transmembrane pressure during filtration:   

                                          ∆𝑃 = µ𝑅2𝐽 + µ𝛼𝜔𝐽>𝑡 + µ𝑅3𝐽				                                             (2-16) 

Typically, membrane resistance is determined by determining the pure water flux in the absence 

of a cake layer as shown in Eq. (2-17); the membrane and accumulated irreversible fouling 

resistance is related to the transmembrane pressure as given below:     

                                                                 					𝐽 = ∆*@
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	                                                          (2-17) 

                                                                      𝐽 = ∆*6
+,6

                                                             (2-18) 

where ∆𝑃A and ∆𝑃3 are the transmembrane pressures for pure water flux for a clean membrane 

and due to irreversible fouling, respectively.    

Combining Eq. (2-17) – Eq. (2-18), the transmembrane pressure can be expressed as:  
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                                                      			∆𝑃 = 	∆𝑃A + ∆𝑃3 + 𝜇𝛼𝜔𝐽>𝑡		                                        (2-19) 

which can be can be rearranged such that the total UF membrane resistance is expressed as:   

																																																																						𝑅( =
∆*@
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C∙E
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and for a constant flux and environmental conditions (e.g., temperature), the fouling rate for the 

filtration process is then given by: 

                                                                      	&,-
&(
= 	𝛼𝜔𝐽                                                       (2-21) 

 

2.5.2 UF fouling monitoring and quantification  

In order to quantify the “fouling potential” of the source water, different fouling indices 

have been proposed such as the Silt Density Index (SDI) and various forms of Modified Fouling 

Index (MFI) [76-89]. The above fouling indices are determined based on flux decline 

measurements for selected membranes in in-situ filtration cells. These fouling indices rely on 

off-line measurements and thus introduce an inherent lag time relative to the real-time UF 

system behavior. It is also noted that the majority of the reported studies on fouling indices for 

UF and MF systems did not consider the impact of coagulation and have relied on the use of 

synthetic saline, surface water or seawater blended with organic foulants [77, 79-81, 85, 86, 88-

92]. Noted are recent investigations of seawater and algal-rich surface water UF fouling 

potential, associated with green and blue algae, that relied on time fluorometeric measurements 

of chlorophyll-a [60, 64, 93-95]. These studies with laboratory-scale hollow fiber UF 

membranes demonstrated significant correlation of chlorophyll-a with UF membrane flux 

decline associated with biofilm growth.  

Invariably, arriving at effective UF filtration and backwash strategies will require tracking 

of the extent of UF fouling and assessment of backwash effectiveness. Conventional UF 
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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 [96-102]. 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 progressive UF resistance 

change over the course of system operation. 

 

2.6 Fouling and scaling control techniques and cleaning methods 

2.6.1 Scaling control and cleaning methods  

Typical control methods for mineral scaling in brackish water desalination include pH 

adjustment, reduce concentration polarization effect by lowering water recovery, and 

antiscalants (e.g., polymer additives) addition. Feed pH adjustment is usually achieved via acid 

(e.g., H2SO4) dosing and is appropriate for retarding the precipitation of mineral salts whose 

solubility is impacted by pH (e.g. Calcium carbonate). As an illustration, the pH dependence of 

the saturation indices of calcite, silica, magnesium hydroxide, gypsum and barite are shown in 

Fig. 2-16 for a representative water sample from a specific brackish water site (Section 2.2.1) in 

the California San Joaquin Valley. As shown in Fig. 2-16, the saturation indices for barite and 

gypsum are pH insensitive, while those of calcite, silica and magnesium hydroxide highly pH 

dependent. It is noted that RO membrane mineral scaling can be averted by operating at a 

recovery level such the mineral scalants of concern are below their saturation level. However, 

such an approach may reduce overall water system productivity. Figure 2-17 contains plots of 

saturation indices as a function of recovery for calcite, silica and gypsum for a representative 
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water sample from a specific site (Section 2.1) in the SJV. However, this method will limit 

productivity and it is not optimal in term of energy usage [46].  

 
Figure 2-16 Saturation indices as a function of pH for agriculture 
brackish water (TDS: 11,020 mg/L) [38]. 

 

 
 

Figure 2-17 Saturation indices as a function of recovery for the brackish 
water composition corresponding to Figure 2-16 (11,020 mg/L, calculated 
based on 98% salt rejection). 
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Mineral scaling can be suppressed using antiscalants additives which can be added to the 

RO feed to retard mineral salt nucleation and crystal growth [39, 103]. The recommended upper 

limit of saturation index (SI) values (at the membrane surface) at which antiscalants can be 

effectively used are SICaCO3≤60, SISrSO4≤8, SICaSO4≤2.3, SISiO2≤1 [25, 39, 104]. The use of 

antiscalants increases the cost of RO desalination [9, 39, 105] and at high doses nay lead to 

increased biofouling propensity [39].  

Osmotic backwash is an operational approach that has been proposed for periodic cleaning 

of RO membrane surfaces so as to avoid the buildup of a mineral scale layer [106, 107]. IN this 

approach, a pulse of high salinity feed (higher than the feed water) is injected into the 

membrane channel while the feed pressure is reduced, thereby triggering permeate flow from 

the permeate side to the feed channel [6]. Another proposed approach is that of “Feed Flow 

Reversal” (FFR) or “Concentrate Backflow” operation mode [27, 108]. In the FFR approach 

(Fig. 2-18), as feed flows in the normal forward flow (NFF) mode; feed water enters the spiral-

wound membrane module from its “normal” feed side. Salt concentrations then increase axially 

along the feed channel at the membrane surface as a consequence of concentration polarization 

[109]. When the mineral salt scalant concentration exceeds saturation (SI>1), scaling is 

expected to occur first in the downstream area toward the “brine” exit zone. Once the scaling 

level reaches a specific threshold, feed flow reversal (FFR) is initiated, whereby the raw feed is 

redirected to enter through the previously designated outflow end. As the entrance “end” is 

exposed to the undersaturated raw feed, mineral salts on the membrane surface are dissolved. 

The above mode of periodic switching of the flow direction disrupts and reverses the CP profile 

(Fig. 2-19) in the RO feed channel and results in cycling scale dissolution/formation. It is noted 

that, unlike cleaning methods such as osmotic backwash [106] and high-salinity solution direct 
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osmosis (DO) backwash [110], FFR operation does not interrupt permeate production. When 

used with antiscalant addition in the feed, FFR operation can potentially achieve high RO 

recovery without permanent mineral scaling.    

 

 
Figure 2-18 RO operation in modes of (a) normal feed flow (NFF), and (b) feed flow reversal (FFR). 

 

 
Figure 2-19 Illustrations of the basic concept of feed flow reversal operation. Periodic reversal of the 
flow direction reverses the CP profile in the RO elements exposing scaled areas to undersaturated 
solution thereby resulting in dissolution of mineral crystals.   
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Triggering of FFR using an ex-situ scale observation detector (EXSOD) was previously 

demonstrated [26, 46] for mitigating gypsum scaling using in a small brackish water RO pilot 

plant (up to 3 m3/day capacity). In this approach, a flat sheet RO membrane coupon is placed in 

a transparent plate-and-frame RO (PFRO) cell for direct real-time membrane surface imaging 

for monitoring scale formation. It was shown that FFR triggering can be achieved sufficiently 

early by adjusting the flow through the PFRO cell to achieve the desired level of solution 

supersaturation at the membrane surface. Improved mineral scale detection and evaluation of 

the evolution of crystal nucleation, via automated image analysis, was subsequently developed 

[22] for application of the EXSOD type scale detection system. Also, the use of model-

predictive control of FFR operation for RO desalting was later proposed [105] in order to avoid 

pressure fluctuation and water hammer when reversing the feed flow. It is noted that earlier 

studies on RO operation in FFR mode have not demonstrated self-adaptive control (i.e., in terms 

of FFR cycle frequency and duration) over many operational cycles. In addition, FFR operation 

was not demonstrated at significant scaling level of the RO membranes to unambiguously 

establish the reversal of mineral scaling (i.e., effective cleaning and restoration of membrane 

permeability). 

 

2.6.2 Fouling control and cleaning methods  

Various fouling control techniques and membrane cleaning methods have been developed 

in an attempt to increase the operational life of membranes by reducing or mitigating membrane 

fouling [111-113]. Several approaches can be distinguished: 1. pretreatment of feed solution, 2. 

hydraulic cleaning, and 3. chemical cleaning.  
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Methods of averting membrane fouling include the use of complexing agents (EDTA etc.), 

chlorination of the feed solution, adding pretreatment filtration stages (such as MF/UF, media 

filtration, active carbon adsorption filter, and coagulation/flocculation) before the RO 

membrane stage [6, 15, 28, 44, 50, 53, 66, 99, 114-116]. For MF and UF membranes, coagulant 

dosing into the feed stream of the pretreatment system has shown to be an effective way of 

reducing fouling of the membrane system downstream [117-119]. The chemistry and 

mechanism of inline feed water coagulation for UF membrane system has been discussed in 

section 5.2.2.   

There are numerous publications about the concept of “critical flux” for MF and UF 

membranes which have been developed to enhance or to “optimize” the filtration period in 

order to prevent irreversible fouling [53, 61, 73, 99, 120-123]. The premise of the above concept 

is that one can operate the UF/MF system below a critical filtration flux in order to ensure 

complete permeability recovery after each backwash cycle [120].  However, field studies have 

revealed irreversible fouling (surface and pore blocking) cannot be completely removed by 

backwash alone [123]. It is also noted that the “critical flux” approach is applicable to crossflow 

operation which is typically not practiced in commercial applications. 

Hydraulic cleaning methods of UF/MF membranes rely on physical means to dislodge the 

foulant layer from the membrane surface. For RO membranes, hydraulic cleaning includes 

periodic shutdown of the feed water for a short period and then flushing the system with low 

salinity RO permeate water (fresh water flush) [4, 6, 124, 125]. For MF/UF membranes, the 

most common hydraulic cleaning methods are  backwashing, feed flushing, and air sparging 

[50]. During backwash operation, the backwash water enter the membrane module through the 

filtrate side, penetrate the membrane pores and dislodge the fouling cake layer into the feed side 
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(Figure 2-18 and 19). Unlike MF/UF membranes, NF and RO membranes typically cannot be 

subjected to backwash because they have a delicate active separation layer (e.g., polyamide) 

that may be delaminated in reverse high pressure backwash [6]. Fresh water flush of UF/MF 

membranes has been shown to provide some level of foulant cake removal. Figure 23 depicts 

the processes of coagulation with hydraulic cleaning. It is noted that with effectively coagulated 

flocs, neutral hydrophilic compounds attached to membrane surface can be removed by physical 

backwash and feed flushing (Figure 2-20, top) [115].       

 
Figure 2-20 A set of cartons illustrate the filtration, backwash and feed flushing process with (top) and 
without coagulation (bottom) treatment [115]. 
 

In order to mitigate UF/MF membrane fouling, backwashing or back-flushing has been 

widely used for cleaning MF/UF membranes [113, 126-129]. Backwashing disrupts and 

removes the foulant cake layer of MF/UF membranes via “lift-and-sweep” mechanism [85, 130, 

131]. Typically, the MF/UF filtrate water is collected and used as the backwash fluid for 

backwash over a period of ~30 s to several minutes depending on the fouling condition. In order 

for backwash to be effective membrane manufacturers typically recommend backwash flux that 

is 2-3 times the filtration flux [132].  
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In contrast with low frequency backwash, high frequency (~1-300 backwash instances/min) 

short duration (0.1-4 s) backwash pulses (typically known as “backpulsing”) have been utilized, 

in particular, to improve filterability of particulate and colloidal suspensions in either crossflow 

or dead-end filtration [128, 133-137]. Laboratory studies of backpulsing have been reported for 

polymeric MF/UF polymeric [112, 131, 135] and ceramic and metallic [126, 138-140] 

membranes, at pressure range of ~21-90 kPa and ~100-600 kPa, respectively. It is noted that in 

high frequency backpulsing, filtrate recovery (or productivity) is generally in the range of 50-

93%. Backpulsing has traditionally relied on backwash fluid delivery from a pressurized 

reservoir [127, 128, 131, 134, 135, 141, 142], as well as with the use of gas-driven pistons to 

generate a backwash pulse [140, 143, 144]. It is important to recognize that in large-scale RO 

feed pretreatment, UF/MF operation is carried out primarily in dead-end filtration in order to 

maximize filtrate recovery. Therefore, high frequency backpulsing for high throughput RO feed 

pretreatment for which a steady feed flow is needed would represent a significant operational 

and equipment challenges [145].  

Low frequency backwash is the preferred approach in UF/MF pretreatment of RO 

feedwater [15, 50, 133, 146], and the addition of low frequency (~2-5 backwash cycles/hr) pulse 

backwash using hydraulic accumulators has been proposed for improvement of backwash 

efficiency [147]. It is noted that UF and MF filtration with pulse backwash, actuated with 

hydraulic accumulators, has been described in the patent literature [148, 149]. The use of 

hydraulic accumulators has also been reported for pressure stabilization during backwash of 

microfilters [150]. Hydraulic accumulator typically consist of a gas and liquid chambers 

separated by a bladder [151, 152], whereby the accumulator is typically charged via a pump that 

delivers the backwash water from the filtrate product stream [153]. The operational 
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characteristics of such hydraulic accumulators have been analyzed with respect to their 

application in automobile regenerative braking (energy storage) [151, 152, 154]. Such hydraulic 

accumulators can in principle be utilized to enhance backwash flux of UF and MF membranes 

used for RO feedwater pretreatment. Indeed, in a recent seawater desalination study [147], it 

was shown that UF pretreatment of RO feedwater was improved with the use of pulsed UF 

backwash. The above was demonstrated in a UF-RO system in which the RO concentrate 

stream was used directly for UF backwash, thereby eliminating the need for both intermediate 

storage tanks (for both RO feed and backwash) and UF backwash pump.  

Chemical cleaning is one of the most important methods for restoring the permeability of 

heavily fouled membranes [6, 29, 118]. Chemical cleaning can effectively remove most organic, 

biological and particulate fouling from the membrane surface and from within membrane pores.  

Chemical cleaning methods include the use of cleaning solutions that are pumped through the 

membrane feed channel (i.e., cleaning-in-place or CIP), as well as backflushing from the 

permeate side of the membrane with a cleaning solution during chemically enhanced backwash 

(CEB) [116]. The cleaning solution composition, cleaning time and soaking time are important 

factors that affect the effectiveness of membrane cleaning.  

A number of different chemicals are commonly used (separately or in combination) during 

chemical cleaning. For example, in CIP of UF/MF membranes, a high pH caustic cleaning (pH 

=12) followed by low pH (pH = 3) acidic cleaning strategy can be used [155]. A strong (e.g., 

HCl) or weak acid (e.g., citric acid) and NaOH solution are typically used to disperse foulant 

particles [118]. In CEP of UF membranes, high concentration (20 -200ppm) of disinfectant such 

as NaOCl and H2O2 are mixed with backwash water to backwash the UF membrane. In CIP of 

RO membranes, alkaline detergent and surfactant can be used to chemically clean the RO 
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membrane. RO membrane have low tolerance for free active chorine exposure; therefore, 

permanent membrane damage could occur after several minutes of exposure to high chorine 

concentration (>100ppm). Although chemical cleaning is effective in removing membrane 

foulants, it is also associated with high chemical cost and high chemical waste disposal cost [6, 

28, 99, 156].    

 

2.7 Adaptive operation in integrated UF-RO membrane system  

In conventional UF operation, the UF system operates under fixed filtration and backwash 

durations. If the feed water quality changes and the system cannot cope with this change, 

membrane fouling in the system will occur quickly. Figure 2-21 illustrates fouling behavior 

under fixed filtration and backwash durations. The severity of membrane fouling is typically 

characterized based on analysis of measurable process parameters such as TMP or membrane 

permeability or the reciprocal of membrane resistance (i.e., Eq. (2-12)). Fig. 2-21 provides a 

schematic illustration of the variation of membrane permeability with time during several 

filtration and backwash cycles. The permeability decrease during a filtration cycle is attributed 

to short-term fouling phenomena, such as particle deposition onto the membrane surface or pore 

blockage in the case of UF or MF applications [123]. For the above example, backwash 

efficiency can be defined as the ratio of membrane permeability at the beginning of cycle (n) to 

membrane permeability at the beginning of the previous cycle (n − 1).  
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Figure 2-21 Illustration of conventional UF operation with constant filtration and backwash time. 
Characterization of backwash efficiency and fouling [123] 
 

Ultrafiltration operational strategy with a pre-determined threshold of the maximum 

transmembrane pressure for triggering backwash was proposed in [74]. For each filtration cycle, 

the TMP of the membrane was tracked and when the maximum threshold value was reached, 

backwash was triggered. In the above approach the filtration time was found to vary initially 

until it reach a stable level as indicated by a stable cake property αω value [74].  In another 

approach, a model-based control was proposed for a membrane bioreactor filtration process 

[157]. In this approach only TMP measurement was utilized and process operation was 

optimized on the basis of operational cost, demonstrating energy savings of up to about 50%. In 

another study with submerged membranes a backwash control strategy was developed whereby 

the filtration period was maintained constant, but the backwash duration varied depending on 

the backflush TMP [158, 159]. In a related study, the above researchers introduced a new 

control system that relies on a cumulative TMP increase as a set-point for initiating backwash 

[158]. In the above study, the TMP threshold was set as the cycle TMP change within 3% of the 

maximum allowable resistance, by varying the filtration time. In an attempt to improve UF 
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performance a control system was also introduced for in-line coagulation dose control [160]. As 

shown in Fig. 2-22, the initial resistance of the last filtration step before chemical cleaning can 

be controlled within an accuracy of approximately 3% (of the total resistance) or 9% (of the 

fouling resistance).  

 

 
Figure 2-22 Performance of the coagulant controller on a sequence of short filtrations. R: membrane 
resistance due to fouling, CF: the coagulant dose. The backwash flux (J = 250 l/(m2 h)) and the backwash 
duration (t = 45 s) were kept constant. UF membrane: hollow fiber porous PES/PVP membranes with an 
internal diameter 0.8mm and an effective length of approximately 1.5 m. filtration surface of 40 m2 each 
and a cut-off of approximately 200 kDa were used. Coagulant used: commercially available poly-
alumina coagulant (Quadrafloc PUS, CAS 990001-02-9, ViVoChem BV) [160]. 
 

In previous work, a 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 [147]. Subsequent work demonstrated that 

real-time quantification of backwash efficiency, along with determination of the associated of 
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coagulant dosing, can be utilized for determination of optimal coagulant dose adjustment in 

response to changing UF fouling as affected by varying feed water fouling potential [161]. The 

above study presented a real-time self-adaptive approach to in-line UF coagulant dosing and its 

field demonstration in an integrated UF-RO seawater desalination system. The coagulant 

controller, which tracks the UF resistance during filtration and backwash, adjusts coagulant 

dose to the UF feed with the objective of reducing the incremental cycle-to-cycle UF post-

backwash resistance change (Figure 2-23). Real-time tracking the above UF resistance metrics, 

as well as the rate of change in post backwash (PB) UF resistance (Δn) with coagulant dose, 

enabled the controller to quantify the progression of both irreversible fouling and UF backwash 

effectiveness.  
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Figure 2-23 UF performance and coagulant controller response demonstrating self-Adaptive cycle-to-
cycle control of in-line coagulant dosing (a) UF PB resistance, (b) cycle-to-cycle change in PB UF 
resistance (Δn), (c) Resistance Dose (RD) factor (δ) and (d) coagulant dose, in mg/L of Fe3+. The 
controller gradually was increased in response to the rise of the change initial UF cycle resistance in 
period (ii). Adapted from [161]. 
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2.8 Assessment of organic fouling and organic material passage through UF and RO 

membranes 

Organic material passage through UF membranes is of concern because of the potential for 

fouling of the downstream RO membrane elements. Typical UF membrane can reject 40-70% 

of dissolved organic substance from the feed stream with the aid of coagulant [69, 70]. EPS (or 

Extracellular Polymeric Substances), defined as any dissolved or particulate macropolymer 

organic substances that are excreted by cell external to the membrane [162]. EPS has a high 

content of gelling agents such as mucopolysaccharides [162] that can be retained on membrane 

or filter. TEP (or Transparent Exopolymer Particles) are a subcategory of EPS. They are defined 

as discrete exopolymer particles (typically larger than 0.4µm) that stain with the cationic copper 

phthalocyanine dye (Alcian Blue) at pH of 2.5. Gel particles such as TEP are generally 

transparent unless stained by a specific dye. It has been shown that TEP are major contributor of 

EPS in early stages of RO biofouling [64]  Currently, the most effective way of removing EPS 

from fouled membranes is via chemical cleaning using NaOCl in order to “dissolve” or disrupt 

the EPS structure. Figure 2-24 shows TEP fouled RO membranes stained by Alcian blue. It has 

been shown that RO fouling due to organic material (e.g., TEP) passage through UF can be 

mitigated via optimal inline coagulation [163]. Also, TEP can be effectively removed by 

adsorption onto filters composed of nanoalumina fibers [66]. 
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Figure 2-24 TEP detection on RO membrane samples. Visible green to blue color is due to staining 
using Alcian blue. Staining was done during RO membrane autopsy procedure. Feed water was surface 
lake water. Images from [70]. 
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3 Self-Adaptive Feed Flow Reversal Operation of Reverse Osmosis 

Desalination 

 

3.1 Overview 

The feasibility evaluation of operating a spiral-wound RO plant in a cyclic mode of feed-

flow reversal (FFR) was evaluated for brackish water desalting under conditions of high mineral 

scaling propensity. Scale-free and continuous permeate productivity was demonstrated, with 

calcium sulfate as the model scalant, in an automated spiral-wound RO pilot system in which 

FFR was triggered by scale detection in an external membrane monitor (MeM). Real-time 

detection of mineral scaling in an external RO membrane monitor (MeM) cell, receiving its feed 

from the concentrate of the RO plant tail element, enabled cyclic FFR operation in a self-

adaptive mode accomplished by feed-back RO plant control in which permeate productivity was 

maintained. Membrane permeability was restored after each FFR cycle even with the initiation 

of membrane cleaning (i.e., via FFR) after measurable level of scale formation in the MeM and 

spiral-wound RO pilot. FFR cycle periods varied in length given the stochastic nature of crystal 

nucleation on the membranes in both the RO plant and in the MeM RO cell. Scale-free FFR 

operation was demonstrated, without anticalant addition, with the RO plant operating (up to 

81% recovery) such that the gypsum saturation index was up to 3.45 at the tail membrane 

surface. 

 
3.2 Experimental 

3.2.1 Materials and model solutions  

Model feed solutions (Table 3-1) were prepared using analytical grade calcium chloride 

dihydrate and anhydrous sodium sulfate (Fisher Scientific, ACS grade, Pittsburgh, PA) in 
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deionized (DI) water, with the solution pH maintained at 7.4. The feed solution had a salinity of 

1,779 mg/L total dissolved solids (TDS) and a gypsum (CaSO4·2H2O) saturation index (SIg) of 

0.454. The solution was undersaturated with respect to gypsum to avoid bulk crystallization 

(Table 3-1) in the feed reservoir and in the piping network feeding the RO plant.  

The membrane coupons had an active surface area of 26.9 cm2, average water permeability 

of 1.56 L/(m2·h·bar) and an observed salt rejection of 92.5% (at 25.8 bar). The spiral-wound 

membranes utilized in the RO system (Dow Filmtec XLE-2540, The Dow Chemical Company, 

Midland, MI) were 2.5 inch (outer diameter) elements and 40 inch long with an average surface 

area of 2.60 m2. These membranes had water permeability of 4.57 ± 0.11 L/(m2-h-bar) and an 

average observed rejection of 97.7% determined at 18.7 bar and 63% recovery for a 11,380 

mg/L NaCl solution. Each membrane was loaded into a separate pressure vessel with six 

membranes connected in series. It is noted that for each set of experiments, newly conditioned 

flat sheet membrane coupons were used in the membrane surface mineral scale monitor.         

 

 

 

 

 

 

Table 3-1 Composition and properties of the RO feed solution 
 

Analytes Concentration  

Ca2+ 10 mM 

Na+ 20 mM 



 49 

SO4
2- 10 mM 

Cl- 20 mM 

TDS (mg/L) 1,779 mg/L 

SIgypsum (at 25oC) 0.454  

pH 7.6  
 

3.2.2 RO pilot system and mineral scale monitor 

RO operation in FFR mode was investigated using the UCLA compact and modular 

(CoMRO) RO system [9, 43] having permeate production capacity of up to 1.2 m3/h (7,560 

gallons/day) for brackish water (5,000 mg/L TDS) operating at 75% recovery and up to 0.64 

m3/h (4,058 gallons/day) for seawater desalination (at recovery of 40%). However, in the 

configuration used in the present study only six spiral-wound elements (instead of the full 

capacity of 18 elements) were installed series (each housed in a separate pressure vessel); PV1-

PV6 rated up to 68.9 bar (1,000 psi). The system was operated in a total recycle mode with the 

permeate and concentrate streams returned to the feed tank. A refrigerated recirculator (Model 

CFT-75 Neslab Instruments Inc. Newington, New Hampshire) was used (along with a 1.27 cm 

outer diameter cooling coil of 1.7 m linear length) to control the feed temperature to 25°C ±1°C.  

Feed water to the RO unit from a 450 liters tank was first directed using low pressure intake 

pumps (Model JM3460-SRM, Sea Recovery, Carson, CA) through a sequence of cartridge 

microfilters (5 µm, 0.45 µm and 0.2 µm; 08P GIANT, pleated 177 polypropylene filter 

cartridges, Keystone Filter, Hatfield, PA). An inline turbidity meter (Micro TOL 20055, HF 

Scientific, Fort Myers, Florida) was used to monitor the stream exiting the feed pre-filtration 

system. The feed to the RO is then provided with two positive-displacement high pressure 

pumps (Danfoss Model CM 3559, 3HP, 3450RPM, Baldor Reliance Motor, Sea Recovery Corp. 
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Carson, California) controlled by variable frequency drives (VFDs) (Model FM50, TECO 

Fluxmaster, Round Rock, Texas). The feed and retentate pressures were monitored using two 

pressure transducers (0-1,000 psig, Model PX409-1.0KG10V Omega, Stamford, Connecticut). 

An electrically actuated needle valve (valve V-1) (model VA8V-7-0-10, ETI Systems, Carlsbad, 

California) on the retentate stream of the CoMRO RO system, along with the pump VFD, 

enabled the control of the retentate flow rate and pressure in the RO unit using a model-based 

controller [43].   

Permeate and retentate streams of the CoMRO were also monitored with in-line via 

conductivity sensors, and conductivity/resistivity sensor electronics (Signet 2839 to 2842 and 

Signet 2850, George Fischer Signet, Inc. El Monte, California) and pH sensor (DryLoc pH 

electrodes 2775, George Fischer Signet, Inc. El Monte, California). Real-time calcium ion 

concentration in the concentrate stream, for the present feed solution, was determined by 

correlating calcium ion concentration with the measured conductivity of the RO concentrate, 

based on simulation results from a multi-electrolyte thermodynamic simulator [164]: 

             
1.265

2[ ]
150.7
ECCa + ⎛ ⎞= ⎜ ⎟⎝ ⎠

                                                         (3-1) 

259.77[ ] 0.1289gSI Ca += −                                                  (3-2) 

in which EC is the solution conductivity (mS), [Ca2+] is the calcium ion concentration (M), and 

SIg is the gypsum saturation index. The above correlations is applicable to the SI range of 0.48 – 

5.12 for a calcium ion concentration range of 15 – 80 mM, which covers the range relevant in 

the present study. 

Feed flow reversal through the feed/retentate channel of the RO membranes was facilitated 

via a series of direct acting two-way solenoid valves (GC valves model HS4GF15A24GC, Simi 
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Valley, California) (Fig. 3-1). The solenoid valve network (valves V-5, V-6, V-7, and V-8) 

controlled the direction of the feed water flow to allow for feed channel flow reversal. The valve 

configurations for the normal feed flow (NFF) and FFR modes are provided in Table 3-2 and 

details of the operation were provided in Section 3.2.3. FFR was triggered by a preset scaling 

threshold in the MeM scale monitoring system (Fig. 3-2). The MeM PFRO cell received as its 

feed the RO retentate (i.e., concentrate) from the high-pressure side stream (upstream from the 

retentate valve) of the RO CoMRO system (Fig. 3-1), on the exit side of its last (sixth) pressure 

vessel (PV6 during NFF and PV6 during FFR).   

The MeM system was equipped with a semi-transparent plate-and-frame RO (PFRO) flow 

cell with an optical window and a microscope interfaced with a high resolution digital camera. 

The active membrane area was 8.1 cm × 3.16 cm with a 0.254 cm feed channel height. Selected 

areas of the membrane or the entire membrane coupon can be imaged aided with near dark-field 

illumination to provide high contrast imaging of surface crystals. For the purpose of FFR 

triggering the imaged area of the membrane monitoring (MeM) flow cell (1.3 cm × 0.95 cm) 

was set  0.32 cm away from the center line of the viewing window and 6.5 cm downstream from 

the feed inlet to avoid areas of diminished mass transfer and recirculation eddies [45, 109]. The 

inlet pressure to the MeM flow cell was monitored by a pressure transducer (PX 303-500G5V 

Omega, Stamford, Connecticut) and the permeate flow rate was measured using a digital flow 

meter (Model 1000, Fisher Scientific, Pittsburgh, Pennsylvania). Feed and permeate 

conductivities were monitored with an on-line conductivity meter (Model WD-35607-30, 

Oakton Research, Vernon Hills, Illinois). Additional details of the MeM system are provided 

elsewhere [43, 105].  
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Figure 3-1 Schematic diagram of the CoMRO–MeM flow reversal system showing the location and 
arrangement of actuated valves, pressure vessels and permeate collection network (dashed lines). NFF 
and FFR represent normal feed flow and feed flow reversal direction, respectively, with the arrows 
indicating the corresponding flow directions. (Note: permeate sampling valves are labeled as V-S).   
 
 
 
 
 
Table 3-2 Valve configuration during RO system operation in normal feed flow  
and feed flow reversal(a) 

 V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 V-9 

Normal 
Feed 
Flow 

Unchanged  
MeM 
NFF 

setting 

MeM 
NFF 

setting 
Closed Open Closed Closed Open Open 

Feed 
Flow 

Reversa
l 

Unchanged  
MeM 

cleaning 
setting 

MeM 
cleaning 
setting 

Open Closed Open Open Closed Close
d 
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Note: valves V-4 and V-10 are open when the MeM undergoes cleaning with permeate water (Fig. 3-
1);  (a) Valves V-1, V-2, and V-3 are actuated control valves and are not adjusted during transition 
between NFF and FFR modes 

 

 
 
Figure 3-2 Membrane monitor (MeM) cell: 1) Incident light, 2) Feed water stream inlet, 3) Membrane 
coupon. An example of a scaled image of a small portion of a monitored location near the exit region of 
the RO cell is shown above the expanded image of the membrane coupon in the MeM cell (adapted from 
[165]).      

 

The MeM membrane surface was continuously monitored with images recorded at regular 

time intervals (typically 5 minutes) and subsequently analyzed (online) using specially 

developed automated image analysis software [26, 165]. Images were analyzed for the 

fractional mineral scale surface coverage and the crystals count in the observation area [165]. 

Once the surface scale coverage (or number of crystals) reached the specified threshold value 

(Fig. 3-3), a signal (analog or digital) was transmitted to the RO control system to initiate the 

FFR mode of operation and MeM cleaning in preparation for scale monitoring in the subsequent 

Feed

RO	Pressure	vessels

0.95 cm

Flow direction 8.4 cm

1.3 cm

Inlet Outlet 

3.2 cm 0.2 cm

1.45 cm

Imaged 
area

1

3

2

4
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NFF cycle. After a specified period of operation in the FFR mode (Fig. 3-3, typically 5 minutes 

less than the NFF period; [165]), the flow is again reversed to the NFF mode.  

Gypsum saturation level at the MeM membrane surface, SIgm, was calculated for the given 

flow conditions (pressure, inlet velocity, and salinity) from the CP modulus (i.e., CP=Cm/Cb, 

where Cm and Cb are the concentrations at the membrane surface and in the bulk of the flow 

channel, respectively) for the cell geometry. The CP profile was determined using a previously 

developed numerical 3-D computational fluid dynamic (CFD) model for the MeM cell 

geometry  [109]. The feed flow rate and transmembrane pressure in the MeM cell were adjusted 

so as to set the desired SIgm level at the membrane surface relative to the SIgm in the tail spiral 

wound element (membrane surface at the exit region) in the CoMRO system. Concentrations of 

the scaling species at the membrane surface in the CoMRO RO tail element were estimated 

based on the ROSA software [166] approach, where the CP modulus was determined from CP = 

Cm/Cb = e[k·2Y/(2-Y)] , where Y is the recovery for the spiral wound RO element, k is a 

proportionality constant that depends primarily on membrane element length (taken to be 0.7 for 

the 40 inch spiral wound elements used in this study), and Cm and Cb are the concentrations at 

the membrane surface and in the bulk of the feed channel, respectively [167, 168].  
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Figure 3-3 Screenshot of the user interface of the online image tracking software during the multi-cycle 
FFR operation (Test #2) showing the calculated fractional surface scale coverage. The Run and Stop 
buttons initiate and stop, respectively, the online image analysis program. Control Options include: Flow 
Reversal Threshold indicates (pre-set fractional coverage for triggering flow reversal), time for NFF (i.e., 
FFR time reduced by “time subtracted from flow reversal”).    

 

3.2.3 Self-adaptive feed flow reversal operation of RO system   

In normal feed flow (NFF) (i.e., flow from PV1 to PV6), valves V-5 and V-8 are open, 

while valves V-4, V-6, and V-7 are closed (Table 3-2 and Fig. 3-1). During this period, the 

MeM system is at a scale-detection mode and where it is fed with a side stream of RO 

concentrate from the tail element. It is noted that the pressure and flow rate for the MeM cell 

feed are adjusted with the aids of valves V-2 and V-3. During the subsequent FFR operation 

(i.e., feed flow from PV6 to PV1), valves V-4, V-6 and V-7 are open while valves V-5 and V-8 

are closed. In this mode, the MeM system is cleaned (i.e., mineral crystals are dissolved) by low 

pressure permeate water produced by the lead element of the CoMRO system (typically at 
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permeate cross flow rate of ~10 cm/s and pressure~ 0.345 bar). The process of switching from 

NFF to FFR mode is completed within ~2 seconds after the control system receives the 

triggering signal. A proportional integral (PI) controller is utilized in the CoMRO system to 

adjust the retentate valve position (V-1) in order to maintain the feed pressure after the 

switching of the solenoid valves (Table 3-2) to the FFR configuration (and also when switching 

from FFR back to NFF mode).  

Automated RO desalting operation in FFR mode was demonstrated via three distinct 

operational scenarios (Table 3-3) using the spiral-wound COMRO RO pilot plant[105]. In all 

cases the feed solution was undersaturated with respect to gypsum while being oversaturated 

(SIgm = 2.74–3.65) at the membrane surface for both the COMRO tail element and at the MeM 

RO cell. In the first test, the COMRO was operated in normal feed flow at an initial water 

recovery level of 69% (SIgm, COMRO = 2.74). Mineral scaling was monitored with the MeM with 

the initial conditions set such that SIgm,MeM = 2.87. In this operational scenario the MeM was 

operated at just slightly above the saturation level encountered in the COMRO tail element 

(Table 3-3); this enabled evaluation of early scale detection relative to the monitored overall 

and tail element flux decline in the COMRO plant. This test also served to establish a 

reasonable mineral scaling threshold (in the MeM cell) for triggering the RO plant switch from 

NFF to FFR mode of operation. At the termination of the above test, the COMRO system was 

cleaned by pumping DI water in both the forward and reverse directions. Complete scale 

removal (i.e., permeate flow rate recovered to its original level, and no scale observed within 

viewable area in the MeM cell) was achieved after 1.5 h.   

FFR evaluation in the second test was carried out over a period of 88 hours with the 

COMRO plant product water recovery set at 69%. The level of gypsum supersaturation at the 
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membrane surface was set as in the first test (Table 3-3) with the scaling threshold in the MeM 

(for triggering FFR) set to surface scale coverage of about 50%; this scaling threshold was 

equivalent to about 5% flux decline in the COMRO tail element as evaluated from the test 

without FFR (i.e., Test 1, Table 3-3). The membrane cleaning efficiency (i.e., removal of 

surface scale) via the cyclic FFR process was determined based on the percent flux recovery for 

the tail element (FR), at the same initial transmembrane pressure, calculated as FR = Fi/Fo, 

where Fi and Fo are the normalized permeate flux values at the end of the previous NFF period 

and the beginning of the cycle (or 1st cycle) for each FFR cycle. 

In the subsequent FFR evaluation (Test 3, Table 3-3), the COMRO pilot system was 

operated for a period of 80 hours at a higher water recovery of 81% and thus a higher gypsum 

saturation index (SIgm,COMRO = 3.45) at the membrane surface of the tail element. For this test, 

the MeM cell was operated such that SIgm,MeM = 3.65 and the scaling threshold for FFR 

triggering was increased to 65% surface area scale coverage. The purpose of above scenario was 

to evaluate the impact of a less stringent FFR triggering threshold on the FFR cycle time and 

permeate flux recovery.  

 

Table 3-3 Experimental conditions for gypsum RO membrane scaling experiments 

 
Test  

COMRO RO 
system 

transmembrane 
pressure in bar 

(psi) 
 

CoMRO 
system 

recovery 
(%) 

Gypsum Saturation Index FFR triggering 
threshold  

(% Surface 
coverage) 

Duration 
(h) 

Feed 
(bulk) 

COM
RO(b) MeM(b) 

#      #1(a)        11.6 (168)          69.1 0.44 2.74 2.87          None         4 
     #2        11.6 (168)          69.1 0.44 2.76 2.87          50         88 
     #3        13.6 (197)          81.1 0.37 3.45 3.65          65         80 

(a) Operation without feed flow reversal; (b) Initial gypsum saturation indices at the membrane surfaces 
for the CoMRO tail element and for the MeM RO cell.  



 58 

3.3 Results and Discussion 

3.3.1 Evaluation of early scale detection in the CoMRO plant 

Adequacy of the MeM scale monitoring for early detection of the onset of mineral scaling 

in the RO pilot plant was first assessed in Test #1 (Table 3-3). The CoMRO operated at 69% 

recovery such that the level of gypsum saturation at the membrane surface of the CoMRO tail 

element was above the saturation (SIgm = 2.74). Surface scaling was observed in the MeM cell 

with rapid buildup of mineral scale in the monitored area (Figs. 3-4a and 3-4b) reaching about 

100% in 1.5 hours. During the same period the total COMRO permeate flow did not reveal 

significant flux decline with only up to ~4% flux decline over the 4 h period of Test #1, while 

significant flux decline was observed for both the CoMRO tail element (PV6) and for the MeM 

cell. Flux decline for the MeM and for the CoMRO tail element paralleled each other (Fig. 3-

4a) until a period of 2 hours. At t>2 h, flux decline for the MeM was greater relative to the 

CoMRO tail element; this was expected since the SIg,m at the MeM was greater than for the 

CoMRO tail element (Table 3-3). With the SIg,m at the MeM being only ~5% above that in the 

CoMRO system (SIg,m = 2.74), a surface scale coverage of 50% was detected (in the MeM 

monitored zone) when the CoMRO tail element flux declined by only 5%, with essentially no 

detectable overall flux decline for the RO pilot. The percent of surface scale coverage in the 

MeM observation region (Figs. 3-4a and 3-4b) increased to 100% once about 47% flux decline 

was reached for the tail element. It is noted that only a small portion of the MeM membrane 

surface (Section 3.2.2) was monitored near the membrane exit region; thus, the percent scaled 

area is significantly higher in this region of higher CP [109] relative to upstream regions of the 

membrane coupon. Therefore, setting the MeM operation to a level of supersaturation just 
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slightly above that of the tail element was adequate for mimicking the scaling trend in the tail 

element, thereby enabling early scale detection.  

 
 (a) 

 
(b) 
Figure 3-4 (a) CoMRO operation at 69% recovery, with MeM scale monitoring, in normal feed flow 
(Test 1; Table 3-3) under mineral scaling conditions, showing the relative permeate flow rates (total and 
PV6 tail element for the COMRO system and for the MeM cell) along with crystal surface coverage in 
the MeM cell. (Fo= 6.59, 0.477 and 0.27x10-3 L/min for the total COMRO, PV6 and MeM, respectively). 
The vertical dashed line indicates the time at which the surface coverage in the MeM cell reached 50%. 
(b) Selected membrane surface images in the monitored area of the MeM cell.  
 

In principle, one could in principle utilize a MeM flux decline threshold for triggering FFR. 

However, setting of FFR initiation based on direct observation of scaling on the membrane 

surface would be attained at a higher level of sensitivity, in addition to verifying that FFR 

triggering is indeed due to membrane scaling. It is also possible to utilize a crystal count density 
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to establish a trigger for FFR since the surface area and crystal count density are correlated as 

shown in Fig. 3-5. Temperature and feed water composition, however, may affect the rate of 

crystal nucleation as well as crystal growth. Therefore, different levels of surface scale coverage 

can result for the same crystal number density on the membrane surface. Surface scale coverage 

is known to closely correlate with flux decline [22] and thus it is more reliable to set a threshold 

for FFR triggering based on scaled area.    

 

 
Figure 3-5 Correlation of crystal site number density (SND) with the percent mineral scale coverage 
in the MeM viewing area for Test #1 (CoMRO operation at 69% recovery, SIgm =2.74, Table 3-3).  
 
 

3.3.2 Self-adaptive multi-cycle FFR operation 

The reliability of the MeM system for mineral scale detection and triggering of FFR was 

evaluated in Test #2 (Table 3-3) with the CoMRO system also operating at 69% recovery 

(overall permeate productivity of 353 L/h). The MeM scaling threshold for FFR triggering was 

set to 50% surface scale coverage, which resulted in 15 FFR cycles over the 88 h test period 

(Fig. 3-6).  The repeated FFR cycles show that permeate flux for PV6 was higher when it was 
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the lead element (i.e., FFR operation) and lower when it was the tail element (NFF operation). 

Since the osmotic pressure of the feed water is below that of the RO concentrate, the lower 

osmotic pressure of the feed to PV6, during each period of FFR, resulted in a sharp permeate 

flux increase to ~28.0 – 28.4 L/h·m2 (Fig. 3-7 - top permeate flux curves). Since PV6 alternated 

between being the lead (in FFR mode) and tail (in NFF mode) element, permeate quality from 

this element correspondingly varied from 330 – 590 mg/L TDS to 50 – 230 mg/L TDS in the 

NFF and FFR modes, respectively. Overall, however, permeate produced by the COMRO 

system was in the range of 210 – 310 mg/L TDS for both the NFF and FFR modes.  

 
Figure 3-6 Tail membrane element permeate flux (normalized w.r.t pressure) during feed flow reversal 
and system feed pressure over the course of a multi-cycle FFR test (Test #2, CoMRO operation at 69% 
recovery, SIgm =2.76; Table 3-3). The lower permeate flux time profiles are for PV6 operating as the 
lead element in normal feed flow (NFF), while the lower permeate flux profiles are for PV6 as the tail 
element in FFR.  
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Figure 3-7 Tail element (PV6) permeate flux (normalized w.r.t pressure) and percent mineral surface 
scale coverage (in the monitored area of the MeM cell) for Test #2 (CoMRO operating at 69% recovery, 
SIgm =2.76; Table 3-3). The lower permeate curves designate the forward flow operation (i.e. flux of 
membrane element in PV6) while the top permeate flux curves denote the flow reversal operation (i.e. 
flux of membrane element in PV1). 

 
A cyclic pattern of mineral scaling was suggested by flux decline and recovery indicated by 

the initial flux post FFR for each new NFF cycle (Fig. 3-6). A more detailed view is provided in 

Fig. 3-7 which also shows the progression of scale coverage in the MeM RO cell, along with 

the FFR cycle duration tracked by the COMRO control system (Fig. 3-3). During periods of 

NFF operation, the normalized permeate flux from the tail element ranged from 18.2 to 17.9 

L/h·m2 at the beginning of the cycles and decreased to values ranging from 16.2 to 14.7 L/h·m2 

(depending on the cycle length). The relatively low level of permeate flux decline (about 6 – 

13%), during each operational period in the forward flow direction, indicated that membrane 

mineral scaling began to occur in the COMRO tail membrane element just before triggering of 

feed flow reversal. In FFR mode, PV6 which was previously the tail element (when operating in 

NFF mode) became the lead RO element being exposed to the RO feed water. Toward the end 
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of each FFR period permeate flux from the lead element increased slightly from ~27 – 28.5 

L/h·m2 to ~29 – 30 L/h·m2. This permeate flux increase is indicative of gypsum crystal 

dissolution (from PV6 which was previously scaled in the NFF operational period) due to 

exposure of the PV6 membrane surface to the gypsum undersaturated feed water. As the feed 

flow reverted to the forward direction (NFF), permeate flux for PV6 (lead element in FFR) 

recovered toward its initial tail element value at the beginning of the new NFF period (29.1 – 

30.2 L/h·m2). Except for one cycle (#11), permeate flux recovery (based on PV6) was always 

restored to within 5% of the initial permeate flux which was set as that measured at the 

beginning of the test (Fig. 3-8). Overall, within the accuracy of permeate flux measurements, 

the cyclic CoMRO system operation was robust without persistent flux decline due to scaling.  

 
Figure 3-8 Percent recovery for the tail element (PV6) permeate flux for the series of FFR cycles 
for Test #2 (69% recovery for period of 88 h, SIgm =2.76; Table 3-3).  
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3.3.3 FFR cycle period and frequency 

The FFR cycle time, defined as the sum of the NFF and FFR operating times, varied in Test 

#2 (Table 3-3) from about 3 to 11 hours (the average being 5.58 ± 3.76 h). Variability of the 

FFR cycle times should be expected since mineral salt nucleation on the membrane surface is a 

stochastic process [22, 27]. Therefore, the rate of nucleation and seeding of crystals on the 

membrane surface can vary to some degree even for the same level of solution supersaturation. 

The above range of cycle period is reasonable as infrequent FFR triggering could lead to rapid 

progressive membrane scaling and thus loss of performance. Conversely, too frequent FFR 

triggering may result in pressure fluctuations that are difficult to control in addition to potential 

increase of valve maintenance cost due to heavy “duty cycle”. From a practical viewpoint, 

variability of the triggering time for each FFR cycle highlights the importance of incorporating 

feedback control [43, 169]. It also indicates that setting a fixed predetermined triggering time 

interval for a long-term desalting operation could result in FFR triggering that may occur 

prematurely or too late. Overall, Test #2 demonstrated that self-adaptive FFR can be effective in 

mitigating membrane mineral scaling under scaling operating conditions (Table 3-3, SIgm= 2.74 

for the CoMRO) without antiscalant dosing (Fig. 3-9). 
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Figure 3-9 FFR Cell cycle periods over the course of Test #2 (CoMRO operation at 69% recovery for 88 
h, SIgm =2.76; Table 3-3) demonstrating variability of FFR cycle times due the stochastic nature of 
mineral scaling.   

 
3.3.4 Self-Adaptive FFR at high RO recovery 

In order to further evaluate the feasibility of self-adaptive FFR operation at a higher 

recovery level, and thus greater mineral scaling propensity, the CoMRO pilot was operated at 

81% recovery in Test #3. The gypsum saturation index at the membrane surface was 3.45, 

which is even above the level typically recommended for antiscalant dosing for gypsum scale 

suppression [166, 167]. At this higher SIgm, the FFR scaling threshold (set in the MeM RO cell) 

was increased from 50% to 65% surface area scale coverage in the MeM observation zone. The 

MeM operating conditions were then set to attain SIg,m=3.65 (in the observation zone) which 

was higher by ~6% than in the spiral-wound tail element. The self-adaptive 80 h operation of 

Test #3 resulted in five cycles (Figs. 3-10 and 3-11) with a cycle time of 17.43 ± 8.25 h (Fig. 3-

11), which (as expected) was significantly higher than in Test #2. The normalized flux for 

elements PV1 and PV6 (which alternated as being either the lead or tail element; Fig. 3-10) 
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indicates repeated cycles where the initial flux of these elements PV6 was recovered (as 

observed by the initial flux of their respective NFF cycles). The initial tail element permeate 

flux for PV1 returned to 14.6 – 15.0 L/h·m2 while the initial tail permeate flux for membrane 

element in PV 6 returned to flux values of 14.3 – 15.2 L/h·m2. The initial permeate flux of PV1, 

when operating as the lead element after each FFR cycle, recovered to ~33 L/h·m2 while the 

initial permeate flux for PV6 recovered to 32 – 33 L/h·m2 when operating as the lead element. 

The normalized tail permeate flux recovery for PV6 was 98.3% ± 2.4% which was an excellent 

level of performance considering the fact that the FFR cycles were long. It is noted that FFR 

triggering was less aggressive than in Test #2 for which the FFR cycles were on the average 

about a factor of two shorter than in Test #3.    

 
Figure 3-10 Permeate flux (normalized) for membrane elements PV1 and PV6 during NFF and FFR 
periods, along with percent surface crystal coverage in the MeM cell monitored area  (CoMRO operation 
at 81% recovery with SIgm =3.45, with the  FFR trigger set to 65% surface scale coverage in the MeM 
monitored area, Test # 3, Table 3-3). 
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Figure 3-11 FFR Cell cycle periods for Test #3 (CoMRO operating at 81% recovery for 80 h, with 
the  FFR trigger set to 65% surface scale coverage in the MeM monitored area, Test # 3, Table 3-3) 
demonstrating variability of FFR cycle times due the stochastic  nature of mineral scaling.    

 
The present study demonstrated that self-adaptive operation of a spiral-wound RO plant, 

under conditions of high mineral scaling propensity, is technically feasible with the use of 

advanced mineral scale monitoring and integrated RO FFR plant control. Given that water feed 

quality may vary (over time), with respect to the concentration of sparingly water soluble 

mineral salts, self-adaptive FFR operation is essential for scale-free RO plant operation. 

Although the present study demonstrated that FFR can be effective without antiscalant use, 

there is merit in exploring FFR operation even with antiscalants use to reduce antiscalant dosage 

and thus allow higher level of recovery. Admittedly, long-term pilot testing will be required to 

assess the reliability of the approach under field conditions when scaling can be due to 

multiplicity of different mineral scalants.  
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3.4 Conclusions    

The technical feasibility of operating a spiral-wound RO desalting process in a cyclic mode 

of feed-flow reversal (FFR) was evaluated using an automated RO pilot system interfaced with 

an online external membrane monitor (MeM). Real time detection of mineral scaling enabled 

self-adaptive FFR operation which was accomplished by feed-back control with FFR triggering 

based on a threshold level of mineral scaling in the MeM RO cell. Cyclic FFR RO operation at 

a high permeate product recovery, under conditions of gypsum supersaturation at the membrane 

surface, was feasible without antiscalant addition while achieving effective scale mitigation 

without interruption of permeate productivity. FFR operation of spiral-wound RO plant was 

effective even with the initiation of membrane cleaning (i.e., via FFR) after measurable level of 

scale formation in the MeM and spiral-wound pilot. Variations in the length of FFR cycles were 

encountered and attributed to the stochastic nature of crystal nucleation on the membrane 

surface demonstrating the need for real-time feedback control. Although the adoption of FFR 

for scale-free RO plant operation is appealing, there are a number of key issues that need to be 

addressed via systematic studies including: (a) resilience and performance of the membranes in 

the RO plant and the MeM cell when subjected to extended multi-cycle FFR operation of 

scaling and scale dissolution; (b) FFR effectiveness under field conditions involving 

multiplicity of different mineral scalants; and (c) feed-back control of FFR with added 

redundancy (in the event of failure of online MeM membrane surface image analysis) to allow 

for triggering of FFR based on permeate flux decline monitoring from both the tail element and 

the MeM cell.  
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4 Ultrafiltration with Self-Generated RO Concentrate Pulse Backwash in a 

Novel Integrated Seawater Desalination UF-RO System   

 
4.1 Overview  

A systematic investigation was undertaken of the operability and effectiveness of UF pulse 

backwash for seawater desalination using an integrated UF-RO system. Direct supply of RO 

concentrate to the UF module served for UF backwash which was further enhanced with pulse 

backwash generated using bladder-type hydraulic accumulators. In the first phase of the study 

the operability of hydraulic accumulator was evaluated using an accumulator 

charging/discharging model, along with a series of field tests with a directly integrated seawater 

UF/RO desalination system. Moreover, pulse backwash over a short period (~5 s) which was 

added to the continuous UF backwash (directly from the RO brine stream), enabled peak UF 

backwash flux that was up to a factor of 4.2 - 4.6 higher than the normal filtration flux. The 

above UF pulse backwash analysis served to fine-tune the pulse backwash strategy and assess 

the benefit of multiple consecutive backwash pulses, while also exploring the benefit of inline 

coagulation. Subsequently, self-adaptive triggering of UF backwash that combined continuous 

and multiple UF backwash pulses was evaluated over  long-term field operation for eight days. 

Self-adaptive triggering of UF backwash, whereby the number of consecutive pulses increased 

when a higher membrane fouling resistance was encountered, was highly effective enabling 

stable UF operation over a wider range of water quality conditions and without the need for 

chemical cleaning. These encouraging results suggest that direct UF-RO integration with 

enhanced pulse UF backwash is an effective approach for dead-end UF filtration without 

sacrificing water productivity.  
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4.2 Experimental  

4.2.1 Integrated UF-RO Pulse Backwash System 

Field studies of UF pulsed backwash were conducted using a seawater UF-RO desalination 

pilot plant consisted of UF and RO skids integrated as shown schematically in Fig. 4-1 and 

described in detail elsewhere [147, 170, 171]. Briefly, the plant was designed with water feed 

capacity of up to 129.1 m3/day (i.e., 34,116 gal/day) and permeate product water production of 

up to 45.2 m3/day at 35% feed water recovery. The RO unit consisted of three spiral-wound RO 

elements (Dow Filmtec SW30HRLE-400, The Dow Chemical Company, Midland, MI) each 

being 8’’x 40’’ (20.3 cm x 101.6 cm) in size, having a surface area of 37 m2 per element. The 

UF system consisted of a skid of three hollow-fiber (inside-out) UF modules (Dizzer 5000+, 

Inge, Greifenberg, Germany) in parallel. The multi-bore PES (polyethersulfone) hollow fiber 

UF modules were 182 cm in length and 22 cm in diameter having active membrane area of 50 

m2 per module and permeability of  7.0 ± 0.2 L/m²·h·kPa [15].  

 
Figure 4-1 Schematic of the integrated UF-RO system. The MF/UF skid consists of a rotating disk 
microfilter (prefilter) and three hollow-fiber (inside-out) UF modules connected in parallel. Filtrate 
stream from the UF modules is fed directly to the RO system. The concentrate stream from the RO 
system (dashed line) is used directly for UF backwash. (CD: Chemical dosing pump, LP: low pressure 
pump, HP: high pressure pump, CF: cartridge filter.     
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The UF unit receives its raw water feed via a centrifugal pump (XT100 SS, 5 hp, Price 

Pump, Sonoma, CA) equipped with a variable-frequency drive (VFD) (VLT AQUA Drive FC 

202, Danfoss, Nordborg, Denmark). Prior to the UF, raw seawater feed is passed through a 

coarse screen then microfiltered via a self-cleaning screen filter (200 micron, TAF-500E, Amiad 

Filtration Systems, Mooresville, NC). A metering pump (DDA 7.5-16, Grundfos, Bjerringbro, 

Denmark) is utilized for coagulant dosing at the inlet of the UF feed pump (Figure 4-1). Inline 

coagulation was accomplished using ferric chloride (Technical grade FeCl3, 40.2 wt%, Gallade 

Chemical, Santa Ana, CA). The UF-RO system was equipped with a network of sensors 

(conductivity, pH, temperature, turbidity, and chlorophyll a), flow meters and pressure 

transducers interfaced with an embedded controller (cRIO-9022, National Instruments, Austin, 

TX) and data acquisition system.   

In the present UF-RO system configuration the UF module automatically responds to flow 

demand by the RO unit, whereby the pressure and flow rates are controlled as described 

elsewhere [147]. The concentrate from the RO unit is then used for direct sequential backwash 

of the UF modules either only through continuous backwash or in conjunction with a pulse 

backwash making use of two hydraulic accumulators (Fig. 4-2). The RO concentrate stream 

pressure is throttled down (using a throttle valve) to the level suitable for direct UF backwash 

and for charging of the hydraulic accumulators (for pulse backwash) with the RO concentrate. 

The RO concentrate pressure control scheme is described elsewhere [147].  
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Figure 4-2 Schematic diagram of the integrated pulse backwash (PBW) system (shown for a single UF 
module). V1: backwash valve, V2: three-way filtrate valve, V3: feed valve, and V4: three-way drain 
valve. Valves 1-4 are electric actuated ball valves. An adjustable diaphragm valve (V5) serves as a flow 
regulator in the UF backwash drain line. Qc: RO concentrate flow rate during backwash. Qb: backwash 
flow rate through the UF module. Qp: flow rate in/out of the accumulators. Kc is the flow coefficient for 
flow segment between locations 3 and 4 (Valve V4 directs the flow via Valve 5 to drain) during 
accumulator charging; Kd is the flow coefficient (for the discharge operation) for the same flow section 
(3à4) with valve V4 facilitating direct flow to the drain (bypassing the segment of Valve 5 indicated by 
the dashed line).   

 
A series of valves (banks of 2 and 3 ways electric actuated ball valves (Type 107, 2-ways, 

1.5’’, Georg Fischer LLC, Irvine, CA and TEBVA6-1, 3-ways, Plast-O-Matic Valves, Inc. 

Cedar Grove, NJ) on the UF skid serve for automated switching of UF operation between 

filtration and backwash modes while maintaining constant productivity for the RO module. 

Backwash pressure (AST4000 Industrial P Sensor, 0.5% Acc. 0-517 kPa, American Sensor 

Technologies, Inc., NJ) and flow rate (Signet Magnetic FM Type 2551, 2", 0-151 L/m, George 

Fischer Signet, Inc. El Monte, CA) were monitored online during the backwash period.  
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In the integrated UF-RO system, sequential backwash of the UF modules is accomplished 

sequentially, whereby as a given UF module is backwashed the remaining two maintain 

(through filtration at increased flux) the required feed flow to the RO unit. UF backwash is 

achieved by directing the RO concentrate from the RO modules to the UF backwash line at 

relatively low pressure (48-50 kPa) for continuous backwash (i.e., without a pulse backwash). It 

is noted that for the present system [147], at its typical RO operational recovery of ~35%, 

continuous RO backwash flux would be 1.90 times the normal UF operational filtration flux. 

The above is below the typical range of manufacturer recommended backwash flux of ~2-3 

times the filtration flux. Therefore, the system was designed with a capability for pulse 

backwash in order to elevate the backwash flux and provide for effective UF operation. The 

above is accomplished in the present system with self-generation of backwash pulse (i.e., 

charging of the hydraulic accumulators without the use of auxiliary pumps) and flexibility of 

triggering multiple pulses during a backwash cycle.  

A pulse backwash cycle involves a charging period during which the three-ways drain 

valve (V4) is opened to the direction of flow regulator V5 (Type 514 diaphragm valve, 1/2" 

PVC, Georg Fischer LLC, Irvine, CA) and the accumulators (Sentry C111ND, Blacoh Fluid 

Control, INC., Riverside, CA) are filled with RO backwash water. During the discharge period, 

valve V4 is set to divert the RO concentrate flow to drain line (Fig. 4-2) leading to a rapid 

(pulse) discharge of the accumulators. The pressure-time profile of the accumulator during 

charging and discharge is governed by the pressure drop in the flow segment between locations 

2 and 4 (Fig 4-2). The pressure drop (kPa) for the above flow segment was expressed as

2 2( / )iP Q K SGΔ = ⋅ , where Q (m3/h) is the flow rate, SG is the water specific gravity, and 

where flow coefficients value during accumulator charging is given as Ki = Kc, and by Ki = Kd 
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during discharge. The above flow coefficients were determined experimentally from a series of 

pressure-flow rate measurements for the valve positions set for the above two conditions. These 

coefficients were essentially constant for the present system and over the range of operating 

conditions in the study. 

In the system configuration utilized in the present study, accumulator charging and 

discharging can be repeated multiple times during each backwash period. In the present system, 

the complete backwash cycle (combination of continuous and pulse backwash) was 

programmed to be autonomous with backwash triggered by a system controller that tracks the 

UF fouling resistance [147].  

Table 4-1 UF feed water and filtrate quality at the field study location 
Water Property UF feed  UF filtrate 
Turbidity (NTU) 1.7-14  <0.02 

TDS (Total Dissolved Solids) (ppm) 33,440-36,800 33,440-36,800  

Chlorophyll a (µg/L) 12-400  <0.7 
pH  7.5-8.2 7.5-8.2 

Temperature °C  11.2-19.7 11.2-19.7 
  

4.2.2 Field Study 

The effectiveness of direct UF backwash with RO concentrate and the effectiveness of 

pulse backwash were evaluated in an integrated UF-RO system at the seawater desalination test 

facility at the Naval Facilities Engineering and Expeditionary Warfare Center (NAVFAC 

EXWC) at Port Hueneme, CA. Raw surface ocean water was pumped directly from the port 

channel through a pumping/distribution facility before delivery to the UF-RO system. The 

average intake seawater quality is shown in Table 4-1.  

The influence of the charging flow coefficient, Kc and RO concentrate flow rate (adjusted 

by changing the RO recovery at fixed RO feed flow rate) on charging and discharge flux- and 

pressure-time profiles was first evaluated using the accumulator model (Section 4.3) in a series 
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of short-term field tests. The minimum Kc value was 1.86 which assured that the charging 

pressure did not exceed the maximum pressure limit of 480 kPa recommended by the 

manufacturer for the UF module backwash. During pulse backwash (i.e., rapid discharge of the 

accumulator volume) the flow coefficient Kd for the drain flow section during the accumulators’ 

discharge (Fig. 4-2) was 7.80.  

UF backwash performance was first evaluated in short-term tests with and without pulse 

backwash at a fixed backwash frequency, as well as assessing the added improvement of inline 

coagulant dosing. Subsequently, the effectiveness of pulse backwash that is self-triggered, based 

on a UF fouling resistance threshold, was demonstrated in a continuous operation over an eight 

day period. In this latter test, a secondary UF resistance threshold was utilized for initiating a 

sequence of either 2 or 4 sequential backwash pulses during a given backwash cycle. 

 

4.3 Pulse backwash model   

The hydraulic accumulator used in the present system consists of gas and liquid 

compartments separated by a rubber type bladder [154]. The hydraulic accumulator is charged 

with liquid that is pressurized (from the RO concentrate line, Fig. 4-2) such that the pressure in 

the gas chamber (Pg) also increases as its volume (Vg) decreases.  The total accumulator volume, 

Vacc, is the sum of the gas (Vg) and liquid (Vl) compartment volumes   

                                                          acc l gV V V= +                                                              (4-1) 

The gas volume (Vg) can be assumed to follow adiabatic compression/expansion of an ideal gas 

[172], i.e., CgPV γ = , where C is a constant and γ = Cp/Cv is the ratio of the constant pressure 

(Cp) and constant volume (Cv) heat capacities, respectively. For ideal gas γ = 1 and for rapid 

adiabatic expansion γ = 1.4 [172]. The hydraulic accumulator’s gas chamber is pre-charged with 
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air and as the liquid compartment is filled with the backwash fluid (i.e., RO concentrate in the 

present case) Vl increases while correspondingly Vg, decreases while gas chamber pressure 

increases. The backwash flow rate through the UF module Qb (L/min) in the integrated RO-UF 

system (Fig. 4-2) is given as: 

                                                            b c pQ Q Q= −                                                           (4-2) 

where Qc (L/min) and Qp (L/min) represent the flow rates of concentrate from the RO module 

and the liquid flowing into/out of the accumulators during the backwash operation, respectively. 

Qp can be obtained from the time rate of change of the accumulator liquid volume:   
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where t (s) is time and Pacc (kPa) is the hydraulic pressure at the accumulator outlet (also 

designated as P1 at location 1 in Fig. 4-2) that can be determined considering the pressure drop 

over the flow segment between locations 1-2 and 2-4 as indicated on Fig. 4-2. In the present 

system the pressure drop between the accumulator and the UF module/valve plus piping 

segment (Fig. 4-2, between locations 1 and 4) can be expressed as: 
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where P0 (kPa) is the pressure at the UF backwash drain outlet (i.e., location 4, Fig. 4-2) which 

is considered at atmospheric pressure. The pressure drop in the piping section between location 

2 and 3 (Fig. 4-2) is relatively small such that ( )2 3 2/ ( ) 0.05accP P P P− − < ; therefore it is 

reasonable to approximate the pressure difference ( )0accP P− as the sum of the UF module 

transmembrane pressure (ΔPUF) and across UF drain section (between locations 1-2 and 3-4, 
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Fig. 4-2), respectively. ΔPUF, is related to the UF permeation flux, JUF = Lp·ΔPUF, where Lp is 

the average UF membrane permeability during backwash (L/m2·h·kPa), A is the UF membrane 

area (m2) for a UF module. During the accumulator charging, Ki= Kc and during discharge, Ki= 

Kd (Section 4.2.1). The above flow coefficients are taken as constant when the flow is in the 

turbulent regime [172, 173].  

The discharge (or charge) flow rate, Qb, can be determined from Eq. (4-4),   

                                            
( )01 4· · · 1

  
2·

acc
b

P P
Q

α β
α

+ − −
=                                                  (4-5) 

in which α = A·Lp/Ki
2 and β = A·Lp, and where the pressure term, Pacc, can be determined from 

the differential equation obtained by combining Eq. (4-3) and (4-5),  
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which can be solved numerically for the pulse back wash charging and discharging periods 

given the appropriate Ki values and the initial condition for the pressure. The maximum 

attainable charging pressure Pmax as determined from Eq. (6) (i.e., by setting dPacc/dt = 0) is:  

                                                           ( )22· · 1 1
4· ·
c

max

Q
P

α
α β
+ −

=                                                (4-7) 

and the maximum discharge flow rate, Qmax, is determined by substituting Pmax into Eq. (4-5).  

  

4.4 Results & Discussion 

4.4.1 UF pulse backwash (PBW) pressure and flux profiles  

The pressure- and backwash –flux profiles for the accumulator charging and discharge 

cycles are illustrated in Fig. 4-3 for RO concentrate flowrate of 57 L/min and flow coefficients 

Kc and  Kd values of 2.31 and 7.8, respectively. As the hydraulic accumulator is charged with the 
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RO concentrate its pressure increases up to the maximum value that is reached within ~35 s. 

During the accumulator charging period, as the RO concentrate fills the accumulator, the 

continuous RO concentrate backwash flux decreases somewhat (Eq. 4-5). In all cases the total 

pulse discharged volume is equal to the water volume stored in the accumulator by the end of 

the charging period. However, the maximum attainable pulse backwash flux is higher when the 

accumulator discharge is carried out at a higher initial discharge pressure (attained for longer 

charging periods) as depicted in Figure 4-3. Reaching a higher accumulator pressure (and thus 

higher peak pulse backwash flux) requires a longer charging time and thus there is a tradeoff 

between the desire to increase the backwash flux and the longest required charging period for 

attaining the maximum pressure. For example, in order to increase the charging pressure from 

183 to 233 kPa (~27% increase), the charging time had to be raised from 14 s to 48 s; 

correspondingly, the maximum attainable pulse backwash flux increases by only 10.8% upon 

increasing the maximum accumulator charging pressure by 27%. For the illustration of Fig. 4-3, 

the backwash flux was (for a period of 8-9 s) a factor of 2.5-4.6 above the normal module 

filtration flux. Also, the peak backwash flux was a factor of 4.2-4.6 above the normal filtration 

flux. The above backwash flux was well within recommended range (Section 4.2.1).  

The rate of accumulator pressure increase can be controlled to some degree by adjusting the 

position of Valve V5 (Fig. 4-2). For example, restricting the valve opening lowers the flow 

coefficient Kc, which then increases the rate of pressure rise leading to a higher maximum 

attained accumulator pressure. As a consequence a higher pulse backwash flux can be reached. 

As shown in Fig. 4-4, as the flow coefficient, Kc, decreased from a value of 2.64 to 1.86 (i.e. a 

29.5% decrease), for the charging period of 33 s, the attained accumulator pressure increased 

from 167 kPa by about 76% (i.e., to 294 kPa) with the peak backwash flux increasing by 18% 
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(i.e., from 151 to 177 L/m2·h). The accumulator model predictions closely matched the 

experimental data (Fig. 4-4) and where the predicted peak flux deviated by 2.21-3.82% from the 

experimental values.  

 
 
Figure 4-3 Illustration of the PBW model predictions compared with experimental total backwash flux 
(continuous and pulse backwash) and accumulator pressure profiles. a) Pressure profiles for the PBW 
charging and discharging cycle. b) Backwash flux profile for the PBW charging and discharging period. 
UF single module filtration flux: 34.4 L/m2·h. PBW conditions: RO concentrate backwash flowrate: 57 
L/min, Kc: 2.31, Kd: 7.80. Note: The dashed line depicts the model predicted pressure and flux profiles 
for charging time of 14, 27 and 48 seconds. 
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Figure 4-4 Backwash flux profile attained as an outcome of different conditions of accumulator 
charging for different values of the flow coefficient Kc (Section 4.3, Eq. 4-4). Experimental conditions: 
UF single module filtration flux: 35.0 L/m2·h. Pulse backwash condition: RO concentrate backwash 
flowrate: 57 L/min, Kd: 7.80, Charging time was 33s. 
 

Higher RO concentrate flow rate (Qc) would enable higher accumulator pressure and 

backwash flux to be attained as can be verified from predictions of the accumulator model (Eqs. 

4-6, Section 4.3; Fig. 4-5) which closely match the experimental data (Figs. 4-5 and 4-6 and 

Table 4-2). As an example of the impact of RO concentrate flow, raising the concentrate flow 

rate from 58.7 L/min by ~30% (i.e., to 76.5 L/min; achieved by increasing UF filtration flux for 

the present system) elevated the final charging pressure (Table 4-2) from 225 kPa (attained in 

37 s) to 402 kPa (attained in 32 s), while the peak pulse backwash flux increased by 31.3% (i.e., 

from 144.6 to 190.1 L/m2·h). Clearly, adjustment of Qc (e.g., diverting part of the RO 

concentrate to UF backwash) offers additional flexibility in controlling the desirable peak 

pressure (e.g., to avoid over-pressurizing the UF module during backwash). However, from a 

practical viewpoint it should be noted that Qc is more likely to be dictated by the desired level of 

RO system productivity.       

For the present integrated UF-RO system with its capability for direct RO concentrate 

backwash and its two six liter hydraulic accumulators, the peak backwash flux (i.e., the sum of 

the pulse backwash and the continuous RO concentrate backwash flows) was in the range of 

~4.2-4.4 times the normal filtration flux which was well within the recommended range 

(Section 4.2.1). The use of larger volume accumulators can be useful in attaining a longer 

backwash pulse, although the peak pulse backwash flux would be unaltered (Fig. 4-7). 

Increasing the peak pulse backwash flux can be achieved via control of Valve 5 (Fig. 4-2), so as 

to increase the accumulator hydraulic pressure upon being filled with the RO concentrate. For 

example, in the present system, at the maximum allowable UF operational pressure of 480 kPa, 
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the maximum feasible peak backwash flux was about 252 L/m2·h for RO system operation at a 

feed flow rate of 62.4 L/min and at recovery of 35%. Finally, it is noted that operation with 

consecutive backwash pulses is feasible (Fig. 4-8) with a consistent charging period and peak 

pulse backwash flux.   

 

Table 4-2 Effect of varying flow coefficient setting of the UF backwash drain line (Kc) and RO 
concentrate flowrate on peak charging pressure and peak backwash flux 

Effect of varying flow coefficient setting (Kc)(a)	 
Flow 

coefficient 
during 

charging 
Kc 

UF filtration 
flux per 
module  
(L/m2·h) 

Accumulator 
charging time 

(Δtc) 

Accumulator 
discharge 
time (Δtd) 

Final charging 
pressure(c) (kPa) 

Peak pulse backwash 
flux (L/m2·h) 

Theory Experim
ent Theory Experiment 

1.86 35.0 33.0 10 295 294 181 177 
2.20 35.0 33.0 9.5 224 223 162 156 
2.64 35.0 33.5 9.8 167 167 157 151 

Effect of varying RO concentrate flowrate (Qc) 
RO 

concentrat
e flowrate, 

Qc 
(L/min)(b) 

UF filtration 
flux per 
module  
(L/m2·h) 

Accumulator 
charging time 

(Δtc) 

Accumulator 
discharge 
time (Δtd) 

Final charging 
pressure(c) (kPa) 

Peak pulse backwash 
flux (L/m2·h) 

Theory Experiment Theory Experiment 

57.0 32.6 32.8 12.5 227 225 147.5 144.6 
66.0 36.2 33.0 12.5 280 281 168.5 165.6 
76.0 42.9 33.5 12.7 403 402 194.9 190.1 

(a) Kc = 2.2; RO concentrate backwash flowrate: 57 L/min, Kd: 7.8; RO recovery: 34.4%, (b) RO recovery: 28.8% ; (c) 
gauge pressure.        
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Figure 4-5 Effect of RO concentrate flowrate on pulse backwash pressure profile. The experimental data 
and model predictions are represented by filled symbols and dashed lines, respectively. Experimental 
conditions: Kc: 2.20, Kd: 7.80, charging duration: 30s. Note: The accumulator charging pressure (gauge) 
prior to discharge were: a) 409 kPa; b) 327 kPa; and c) 256 kPa.  
 
 
  

 
 
Figure 4-6 Illustration of the effect of RO concentrate flowrate on pulse backwash flux profile. 
Experimental conditions: Kc: 2.20, Kd: 7.80, charging duration: 30s. Note: The accumulator charging 
pressure (gauge) prior to discharge were: a) 409 kPa; b) 327 kPa; and c) 256 kPa.  
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Figure 4-7 Dependence of peak pulse backwash flux (L/m2·h) on pulse backwash flow coefficient (Kc) 
and accumulator volume (L). (Kd = 7.80, RO concentrate backwash flowrate = 58.3 L/min).  
 

 
Figure 4-8 Demonstration of consecutive pulses of UF backwash during a UF backwash period of 180s. 
a) Backwash accumulator pressure profiles, and b) Backwash flux profile (continuous RO concentrate 
backwash + accumulator pulse backwash). Flow charging and discharge coefficients were set at Kc = 
2.21 and Kd = 7.80 with accumulator charging period of ~35s and discharge period of 13 s for a total 
backwash period per cycle of  ~48s and where the continuous RO concentrate backwash flux was ~70 
L/m2·h. UF system filtration flux per module: 34.4 L/m2·h. 
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4.4.2 Effectiveness of pulse and continuous RO concentrate backwash     

In order to assess the effectiveness of combining continuous RO concentrate backwash with 

pulse backwash, seawater desalting tests were conducted with the UF-RO pilot under the 

following conditions: (a) UF operation without coagulation and fixed backwash frequency 

(every 30 minutes) with continuous RO concentrate backwash flux of 71 L/m2·h for 45 s, 

followed by two backwash pulses yielding a peak backwash flux of 141 L/m2·h; (b) UF 

operation with inline coagulation (4.01 mg/L Fe3+, [147]) and backwash strategy as above, but 

with a single backwash pulse yielding a peak backwash flux of 141 L/m2·h; and (c) UF 

operation and backwash scheme as in (b) but with two consecutive backwash pulses (each 

providing peak backwash flux of 142 L/m2·h) in each backwash cycle. In these tests the 

normalized UF membrane resistance at the beginning of each filtration cycle was expressed as 

( ), /UF i i o oR R R R= − , where Ri is the overall membrane resistance at the beginning of the ith 

filtration cycle (just after backwash), and Ro is the membrane resistance at the beginning of the 

filtration test period. Results of the above three tests as depicted in Fig. 4-9 demonstrate that UF 

operation without coagulation is less effective even when using two backwash pulses relative to 

a single one. The rate of fouling in case (a) without coagulation is a about a factor of 3.5 higher 

than for case (b) with coagulation and only one backwash pulse per backwash cycle. However, 

when using two consecutive pulses in case (c) instead of a single one as in operation (b), the 

rate of fouling was lowered by about a factor of 2.4, even though the feed water turbidity was 

40% higher (i.e., 2.20± 0.64 NTU) than during the former two tests.  
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Figure 4-9 Comparison of the progression of UF fouling resistance for the following UF operation and 
backwash strategies: (a) UF filtration without coagulation with backwash triggered every 30 min with a 
continuous RO concentrate backwash (71 L/m2·h) for a period of 45 s, followed by two backwash pulses 
each yielding a peak backwash flux of 141 L/m2·h. Raw feed water turbidity = 1.56 ± 0.42 NTU; (b) UF 
with inline coagulation (dose: Fe3+: 4.01 mg/L) with backwash triggered as in (i) with continuous 
backwash followed by a single backwash pulse of peak flux of 141 L/m2·h. UF feed water turbidity: 1.46 
± 0.19  NTU); and (c) UF filtration as in (ii) with a continuous backwash period that is followed by two 
consecutive backwash pulses each yielding a peak backwash flux of 142 L/m2·h. UF feed water 
turbidity: 2.20 ± 0.64 NTU. (Flow charging and discharge coefficients set at Kc = 2.21 and Kd = 7.80, RO 
feed flow rate= 86.7 L/min, RO recovery: 35.4%).  
 

The short-term UF tests (Fig. 4-9) suggested that the backwash strategy as per test (c) 

would be beneficial. However, it was also of interest to assess if increasing the number of 

backwash pulses would increase backwash effectiveness. Accordingly, a self-adaptive UF 

backwash strategy was utilized whereby UF backwash was triggered when the UF resistance 

reached a level such that /UF oR R δΔ ≥ , where ΔRUF is the maximum allowable UF resistance 

increase per filtration period, and Ro is the initial membrane resistance. Previous studies on self-

adaptive UF backwash triggering have indicated that a value of δ =  0.034 was adequate for the 

present UF system [147]. Although a higher δ value can be set as threshold to enable longer 

filtration time, such operation would in turn require a longer backwash period for effective UF 

operation. Therefore, there is clearly a tradeoff with respect to triggering backwash and in 
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general setting a backwash trigger such that filtration periods are in the range of 30 min - 1hr is 

regarded as a reasonable approach [146]. Once backwash is triggered, if the UF resistance at the 

beginning of the given filtration cycles is below a given threshold, i.e., /UF oR R α< , then two 

consecutive pulses are triggered past the continuous backwash period of 45 s. On the other 

hand, if at the beginning of the filtration cycle /UF oR R α≥ then four consecutive backwash 

pulses are utilized post the continuous concentrate backwash period. The above filtration and 

backwash strategy, with α = 1.11, was evaluated over a period of about 8 days (Fig. 4-10) 

during which the raw seawater turbidity and chlorophyll a were in the range of 1.75 - 5.21 

NTUs and 31 - 121 µg/L, respectively. While there was no apparent correlation with the UF 

resistance-time profile, it is accepted that UF fouling is likely to be impacted by multiplicity of 

water quality parameters; hence, the challenge of establishing a UF operational strategy based 

on multiple water quality metrics. Therefore, in the present approach, UF backwash strategy 

was established based on real-time tracking of the UF resistance. As the field test results 

indicate (Fig. 4-10), the UF system fouling rate was high initially but fouling was brought under 

control despite significant variability of water quality over the course of the field test. Here it is 

important to note that no attempt was made to optimize the number of backwash pulses. 

Nonetheless, the results clearly indicates that the combination of continuous backwash with 

variable backwash pulse frequency can be effective in significantly improving UF operation. 
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Figure 4-10 Evolution of UF resistance (normalized with respect to initial UF resistance) during UF 
operation with coagulation (4.01 mg/L Fe3+) and self-adaptive backwash triggering. Backwash with a 
continuous RO concentrate flow rate (56 L/min for RO operation at 35.4%) was for a period of 45s, 
followed by either two or four consecutive backwash pulses as determined by a normalized UF 
resistance threshold (indicated by the dashed line in the main and inset Figures). The inset Figure 
illustrates a trace of filtration cycles. (UF system filtration flux per module= 34.4 L/m2·h, Kc= 2.21, Kd 
=7.80, charging duration= 35s). 
 
 
4.5 Conclusions 

The integration of continuous UF backwash with direct supply of RO concentrate along 

with pulse backwash using hydraulic accumulators was evaluated in a novel integrated UF-RO 

seawater desalination system. Model analysis of the hydraulic accumulator operability, along 

with experimental validation, demonstrated that direct accumulator charging, with the RO 

concentrate, to nearly the peak charging pressure can be achieved within a period of 30-40 s. 

Using the hydraulic accumulators that were self-charged via the pressurized RO concentrate 

stream, along with continuous delivery of UF backwash of RO concentrate (from the RO unit), 

enabled peak UF backwash flux that was up to a factor of 4.2 - 4.6 higher than the normal 

filtration flux. UF operation that combines direct continuous RO concentrate backwash with 
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multiple consecutive backwash pulses was found to be more effective than with a single pulse, 

while inline coagulation further increased the UF performance. Self-adaptive triggering of UF 

backwash, whereby the number of consecutive pulses increased when a higher membrane 

fouling resistance was reached, was shown to be highly effective and enable stable UF 

operation over significant period over a wider range of water quality conditions and without the 

need for chemical cleaning. The present results suggest with the present UF-RO integration 

enhanced UF backwash can be achieved without sacrificing water productivity given the use of 

RO concentrate for backwash and the flexibility of being able to actuate multiple consecutive 

backwash pulses.  
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5 Online Fouling Monitoring and Characterization for Effective 

Operational Control of Ultrafiltration as Pretreatment for Seawater 

Desalination 

 
5.1 Overview 

The applicability of fouling indicators for real time assessment of the performance of UF 

pretreatment of seawater RO desalination was explored in a field study using an integrated 

seawater UF-RO plant. A set of online UF fouling indicators were determined to assess cycle-

to-cycle filtration and backwash fouling and permeability recovery (or fouling resistance 

removal). The UF filtration period and fouling rate (FR), unbackwashed and post-backwash UF 

resistances (ΔRUB and RPB, respectively), and UF backwash efficiency (BWeff) were determined 

in real-time for each filtration/backwash cycle over both short and long-term field tests. The 

fouling indictors provided real-time quantification of UF backwashability, unbackwashed UF 

fouling resistance and the rate of UF fouling.  

Feed water quality and coagulant dose had a direct impact on both UF fouling rate (during 

the filtration period) and effectiveness of foulant removal by UF hydraulic backwash. 

Increasing the coagulant dose resulted in higher rate of cake formation, and in turn increased 

backwash efficiency. However, a maximum coagulant dose was observed beyond which 

backwash efficiency was not improved. Backwash effectiveness also increased with backwash 

flux and duration up to a threshold upper limit (for a given UF filtration flux and inline 

coagulant dose), but declined as the filtration periods increased above a threshold value. Field 

tests over periods during which feed water quality varied temporally (as indicated by turbidity 

and chlorophyll-a measurements) demonstrated that higher fouling rate as promoted by inline 
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coagulation indeed led to more effective backwash and hence lower progressive rise in UF post-

backwash resistance. The study results suggest that real-time UF fouling indicators based on UF 

filtration resistance metrics and backwash effectiveness can provide useful information for self-

adaptive control for increased effectiveness of UF feed pretreatment for RO desalination.   

 

5.2 Experimental  

5.2.1 Integrated UF-RO System 

The UF-RO seawater desalination system (Fig. 5-1) consisted of directly 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 45.2 m3/day (12,000 GPD)). 

Details of the integrated UF-RO system are available elsewhere [147]. Briefly, the UF skid 

comprised of an inline basket strainer (0.32 cm ID perforation, Hayward SB Simplex, 

Clemmons, NC), a 200µm 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 

module having membrane surface area of 50 m2. 

Feed water to the UF modules was delivered by a feed pump (XT100 SS, 3.73 kW, Price 

Pump, Sonoma, CA) controlled by a variable-frequency 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 
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via sensors (AST4000, American Sensor Technologies, Mt. Olive, NJ) installed on the feed and 

filtrate sides of the UF modules. A turbidity meter (Signet 4150, Georg Fischer Signet LLC, El 

Monte, CA), fluorometer 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 modes, and changing filtration/backwash directions (top or 

bottom) for the individual UF modules [171].  

 
Figure 5-1 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). 
 

The UF filtrate was delivered to the RO high pressure positive displacement 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 
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and pressure ranges of 66-170 L/min and 2-8 MPa, respectively, 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 a separate pressure vessel arranged 

in series.  

In the specialized arrangement of the integrated UF-RO system, the 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 3L bladder type hydraulic accumulators (C111ND, Blacoh 

Fluid Control, Riverside, CA, USA) [174]. In addition, RO permeate was collected in a 1,136 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 backwashed. It is noted that 

at all times at least two modules remain in filtration mode. In the above operational mode, a 

filtration and backwash sequence, which includes all three UF modules, is considered a 

complete UF filtration cycle.    

 

5.2.2  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 7,571 L (2,000 gallon) holding tank (< 3h detention time), and used 

as feed to the UF-RO system. The range of intake water quality during the study is shown in 

Table 5-1. It is noted that in the above area algal bloom and red tide events are common during 

spring and summer seasons [175, 176]. It is emphasized that the feed water to the UF unit was 

not chlorinated and that UF backwash was without chemical additives.  
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Table 5-1 Range of seawater feed quality at field study location (2012-2015) 
 

Feed water property/ 
quality 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 

 

 
 
Figure 5-2 Schematic depiction of UF process variables that are uncontrolled and those that are 
adjustable for optimizing UF operation.     
 

Effective UF operational 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 and chlorophyll-a and temperature). Moreover, such fouling indices should provide 
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clear correlation with critical UF operational variables such as filtration duration, backwash 

duration, backwash flux and coagulant dose (Fig. 5-2). Accordingly, the present study 

proceeded along three sequential phases aimed at quantifying fouling indicators (Section 5.2.3). 

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 (FeCl3 and ACH) 

were tested over a range of doses of 1.5 - 4.9 mg/l as Fe3+ and 2.8 - 25 mg/l as Al3+, 

respectively, for fixed filtration duration for tests that consisted of least 64 filtration/backwash 

cycles. In the second phase, short term experiments were conducted, at fixed coagulant dose, to 

evaluate the impact of backwash flux, backwash duration and backwash frequency on UF 

performance. These tests were carried out over an operational period of 15 – 60 min, typically 

consisting of 12 filtration/backwash cycles. At the end of each of 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 minutes, using RO permeate. The third phase focused on longer term (>240 h) 

field tests in which various fouling indicators were quantified to characterize UF filtration and 

backwash performance under temporally variable water quality conditions. 

 

5.3 Online UF Fouling Characterization    

5.3.1 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 filtrate flux JF (m/s) through the UF membrane is typically 

expressed as [177]:    

                                                             F
t

PJ
Rµ

Δ=                                                               (5-1) 
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where µ is the feed water viscosity (Pa⋅s), ∆P is the transmembrane pressure drop (kPa), and Rt 

is the total membrane hydraulic resistance that is typically expressed by the resistance-in-series 

model [54].  

                                                           t m cake irrR R R R= + +                                                    (5-2) 

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 membrane 

surface. For constant flux operation, the UF membrane resistance increases with progressive 

fouling over the course of a filtration cycle (Fig. 5-3). 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. 5-3). 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 subsequent backwash cycles. Backwash effectiveness can thus be quantified 

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 filtration 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 (∆RUB,n=Rinitial,n - Rinitial,n-1) (Fig. 5-3): 

                                                               T, , ,n UB n BW nR R RΔ = Δ +Δ                                                           (5-3) 
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Figure 5-3 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 filtration duration of ∆tn, and 
∆RUB,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 + 
∆RUB,n).  
 

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,   

                                                          T,n
n

n

R
FR

t
Δ

=
Δ

                                                             (5-4) 

Recent work has demonstrated that rapid fouling, during the filtration step can be promoted 

by inline UF feed coagulant dosing. Coagulation promotes the formation of particle aggregates 
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(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 conventional coagulation/sedimentation treatment is employed prior to UF 

filtration, FRn may be higher or lower than UF treatment without coagulation. Moreover, unlike 

conventional coagulation/sedimentation, as shown in recent work, inline coagulation is effective 

in promoting a foulant cake layer that is more easily backwashed [161, 178], and provides 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 [161, 179] . 

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 filtration/backwash cycles, and the ability to reduce the 

rate of PB resistance 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:  

                                         , ,
,

T,
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                                           (5-5) 

depends on both ΔRT,n and ΔRUB,n. With progressive filtration/backwash cycles, the rise in post-

backwash initial filtration resistance (RPB) is given by: 
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where RPB, which is indicative of the overall state of the UF membrane fouling, is the 

summation of the cycle-to-cycle UF unbackwashed resistance change, and 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 
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UF module (e.g., as per the manufacturer recommendation of the maximum recommended 

transmembrane pressure for a given filtration flux).  

When UF backwash is with the RO concentrate the fraction of recovered UF filtrate (YUF) 

is complete (i.e., YUF =1). However, when 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:   
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BW BW
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F n
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                                                     (5-7)  

 
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:   
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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. 5-4. 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 (100 kPa) is reached), while also increasing the achievable UF filtrate 

recovery (YUF and tcc). An informed UF operational decision would then require real-time 
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determination of the degree by which the adjustable process variables can reduce the adverse 

change in the target fouling indicators.  

                         

 

Figure 5-4 Causal relationship diagram of the links between UF adjustable operational variables and 
fouling indicators. Arrows from operational variables pointing toward a fouling or performance indicator 
indicate a direct cause-effect relationship.      
 
 

5.3.2 Group averaged data analysis  

Sensor data from field operation is affected by feed water quality and environmental 

conditions (e.g., feed water temperature), in addition 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
j

FR , unbackwashed resistance
UB j
RΔ , average resistance increase per 
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filtration period <ΔRT,n>, and backwash efficiency eff j
BW , while the overall progression of 

post-backwash UF resistance <RPB> was assessed based on averaging over at least 6 cycles. A 

summary of the fouling indicators and their physical process implications is provided in Table 

5-2. 

Table 5-2 Summary of fouling indicators(a) 

 

Online fouling 
indicators 

Physical 
meaning 

Cycle-to-cycle calculation  
(nth cycle, over N cycles)) 

Averaged metric 
for jth segment 
(over N cycles) 

Notes 

Filtration 
period fouling 

rate (FR) 

Rate of 
filtration 
resistance 

buildup (per 
cycle) 
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eff j
BW  

Relative 
measurement 
of backwash 

efficiency 

Unbackwashed 
resistance 

Resistance 
not 

removed 
by 

backwash 

, T, ,UB n n BW nR R RΔ = Δ −Δ  UB j
RΔ  

Absolute 
measurement 

of initial 
resistance 
change per 

cycle 

Post-backwash 
resistance 

Current 
state of UF 

fouling 
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0 0
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n n

R R R R−
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1

J

PB PBj j
j

R R
=

=∑  
Equivalent to 

change in 
initial 

resistance 
(a) Fouling indictors were determined in real-time based on monitored process variables (Section 5.3.1). 

 
5.4 Results & Discussion 

5.4.1 Filtration resistance monitoring 

In the operation of the UF system, membrane backwash was triggered by an online control 

system once the incremental UF resistance increase in a given filtration period, ∆𝑅F, exceeded a 

threshold value, as per the approach described previously [147]. The feed seawater filtration 

period for seawater pretreatment was typically of the order of 20 - 50 min, and the membrane 

filtration resistance (Fig. 5-5) increased linearly (i.e., constant rate of fouling) over this period. 

As illustrated in Fig. 5-5, the UF post-backwash resistance (i.e., the initial UF filtration period 
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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 the membrane rate of fouling and the 

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 increase as well as decrease 

over the course of a system operation is critical to be able to ascertain in real time. Such 

information can then 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 optimization of coagulant dosing [161]. 

 

5.4.2 Effect of coagulants dose on filtration period fouling rate and UF backwash 

effectiveness 

Inline coagulation increases floc size, thereby improving the effectiveness of particulate 

matter removal. At the same time, inline coagulation also leads to higher rate of membrane 

fouling via cake formation, while at the same time promoting increased backwash efficiency 

[161]. 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. 
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Figure 5-5 Illustration of UF operation displaying membrane resistance 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.  
 

 Indeed, based on a series of tests shown in Fig. 5-6, the average UF fouling rate in a 

filtration cycle (FRn) clearly increases with increased coagulant dose. In this example, 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. 5-6; the latter is based on estimation derived from a cake formation model for constant flux 

operation [177] (section 5.6.1, 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 
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the membrane and/or plug its pores. Here it is noted that jar testing clearly showed that flocs 

formed using ACH were visually smaller and finer than the flocs formed by FeCl3.  

 
Figure 5-6 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+. 
 

The impact of inline coagulant feed dosing on backwash effectiveness 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. 5-7). As expected, RPB progressively increases 

with increasing cumulative number of filtration/backwash cycles. However, RPB decreased 

significantly when coagulant dosing was introduced, implying greater backwash effectiveness 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 decreased, 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 [161], that the benefit of inline 

coagulation reaches a level above which further coagulant decreases has little or no advantage 
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in reducing RPB. For example, after 36 cycles, as the coagulant was increased from 3.6 to 4.9 

mg/L, the RPB decreased by about 20%. A similar RPB behavior was observed for the case of 

ACH dosing as detailed in the Supplementary Material (Section 5.6.3, Supplementary 

Material, Figure 5-20). 

 
Figure 5-7 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 sec) 
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.  
 

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 5.3.1). Accordingly, 

the operational period up to CIP requirement (Fig. 8) can be projected based on the slope of RPB 

with respect to time (Fig. 5-7) past about 40 filtration/backwash cycles where CIP is required 

when the UF membrane filtration resistance reaches ~9.63 x1012 m-1 (calculated under fixed 

filtration flux and based on a maximum allowed transmembrane pressure drop across the UF, 

Section 3.1). Such an estimate, however, is only an approximation as it is calculated for on 
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operation that is at the same conditions as for the above tests and with the same level of water 

quality as in the above tests. For example, as shown in Fig. 5-8, for the lowest overall fouling 

rate of 0.587 x109 m-1·hr-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 µg/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 backwash 

effectiveness (i.e., lower remaining residual or unbackwashed UF resistance). 

 
Figure 5-8 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: 4.76x1011 m-1. 
Threshold (maximum allowable) UF membrane resistance that triggers needed chemical cleaning: 9.63 
x1012 m-1. 
 

5.4.3 Effect of coagulants dose on UF backwash efficiency (BWeff)  

A direct quantification of UF backwash efficiency, BWeff (Eq. 5-5), can be illustrated by 

inspecting the behavior in ΔRUB relative to total resistance increase per cycle (ΔRT). As shown in 

Fig 5-9, the unbackwashed resistance decreases with increased coagulant dose which can also 
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be viewed by the increased backwash efficiency (Eq. 5-5, averaged here over 64 cycles). It is 

postulated that at a higher rate of fouling (Section 5.4.2), which is facilitated increasing the 

coagulant dose, cake formation will be with larger flocs that are more easily removed. Indeed, 

as seen in Fig. 5-9, 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 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 clearly seen in Fig. 5-9, there is an apparent threshold beyond which further increase in 

coagulant increase did 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 conditions 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 [161].  
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Figure 5-9 Impact of UF inline coagulation dose, for the coagulants 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.  

  
Ultrafiltration along with inline coagulation promotes the formation of larger aggregates (or 

flocs) that lead to rapid membrane cake fouling (Section 5.4.2) 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. 5-10) suggesting similar degree of cake formation for a 

filtration fouling rate. It is apparent that above a filtration period fouling rate threshold 

(FR~0.4x10-12 (m·h)-1 for the present case) the unbackwashed fouling resistance is no longer 
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reduced with progressive filtration/backwash cycles. This behavior is expected given that there 

is a threshold coagulant dose (Fig. 5-9) 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. 5-6). 

 
Figure 5-10 Variation of unbackwashed UF fouling resistance (ΔRUB) with the UF filtration period 
fouling rate (FR) for the coagulants FeCl3 and ACH over a dose ranges of 1.5 - 4.9 mg/l as Fe3+ (blue 
diamonds) and 2.8 - 25 mg/l Al3+ (red squares), respectively. UF operating conditions: Filtration flux of 
45.4 L/m2·h for 30 min, followed by backwash flux of 162 L/m2·h for 70 s.    
 
 

5.4.4 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 5.4.3). An illustration of the dependence of backwash effectiveness 

(average over 12 cycles) on filtration period length, backwash flux and duration is provided in 

Fig. 5-11, 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 
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backwash 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 convective residence time for 

effective inline coagulation and thus lower fouling rate and hence lower backwash effectiveness 

(see Fig. 5-10 and section 5.6.2, Supplementary Material).   

For a given filtration conditions, increasing the backwash flux increases backwash 

effectiveness up to a plateau after which there is little or no benefit in further increase in 

backwash flux (Fig. 5-11b). For example, upon increasing the backwash flux from 70 L/m2h 

(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. 5-11c).  For example, for the current 

UF-RO system, upon increase the backwash duration, from 12 min to 80 min, backwash 

efficiency increased from about 78% to about 95%. It is noted that an upper limit is reached 

with respect to backwash duration beyond which there is no further improvements of backwash 

effectiveness.  

 

5.4.5 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. 5-12). In these field tests UF backwash was triggered based on the self-

adaptive approach [147] described in Section 5.3.1.   
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Figure 5-11 Dependence of backwash effectiveness on: a) filtration 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 
backwash flux of 162 L/m2·h. Note: All tests were conducted with inline FeCl3 coagulant dosing of 4.17 
mg/L as Fe3+. 
 
 Field Test #1 was conducted over a period of 12 days of continuous UF-RO operation. The 

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. 5-12(a - c)). During 

the above period, the average filtration duration was about 21 minutes with a total of 812 
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filtration/backwash cycles. For the above test period, the unbackwashed ( UBRΔ ) and post-

backwash resistance ( PBR ), and backwash efficiency ( effBW  ), and fouling rate (FR) all 

averaged over 24 cycles, are shown in Figs. 5-13(a-d). During the first day of operation there 

was an initial period during which the residual unbackwashed resistance (Fig. 5-13a) increased 

during the first day and then after about 2 days of operation at about 0.030 ± 0.025 x1012 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. 5-1). The post-backwash UF resistance (Fig. 

5-13b) increased with time due to progressive buildup of fouling resistance due to the 

accumulation of residual unbackwashed UF resistance (Fig. 5-13a). It is noted that the filtration 

period fouling rate (Fig. 5-13c) during the filtration periods was relatively constant (0.48 ± 0.07 

x1012 m-1·h-1) suggesting that the temporal fluctuations 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 effBW =95.2% ±1.0% (Fig. 5-13d). Finally, it is noted that for 

the above operation, the post-backwash fouling rate (i.e., dRPB/dt) for the UF system (Fig. 5-

13b) was ~ 3.02 x 109 m-1·h-1 which implies that CIP would have been required within 126 

days.  
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Figure 5-12 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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Figure 5-13 Variation of UF fouling indicators over a 12 day period during which water quality varied 
as given in Fig. 5-12 (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 coagulant dosing of 
FeCl3 of 4.12 mg/L Fe3+, backwash flux was 162 L/m2·h for a period of 70 s.  

 
A follow-up field Test #2 was conducted over a period of about 5 days (consisting of 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. 5-14a), and the UF feed and filtrate chlorophyll-a 

concentrations (Fig. 5-14b,c) were in the range of 20 - 127 µg/L and 0.41-0.66 µg/L, 

respectively. In this test the UF filtration and backwash fluxes were the same as in Test 1 with 

backwash also triggered in a self-adaptive mode (Section 5.3.1). In Test #2, as in Test #1, the 

unbackwashed UF resistance increased rapidly from an initial value of 0 m-1 to a maximum 
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value of 0.74 x1012 m-1 after an operational period of 6.5 hours (Fig. 5-15a), but then decreased 

to a value of ~0.079 x1012 by day 3 with an apparent slight temporally decreasing slope (i.e.,

9/ 0.59 10UBd R dtΔ ≈ − × m-1·h-1). Although the post-backwash resistance increased as expected 

during the initial 3 days (Fig. 5-15b), 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. 5-15c) 

increased monotonically from the initial value of ~0.55x10-12 m-1h-1 by a factor of 1.8 over the 

test period over the five day period.  

 

Figure 5-14 Feed water turbidity and chlorophyll a in the UF feed and filtrate for 25 hours  
(~ 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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 Given that the feed turbidity was relatively stable (1.25 - 3.24 NTU) (Fig. 5-14a), 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. 5-14b) and 

appeared to be elevated over the operational period of 40 to 120 hours. Chlorophyll-a implies 

the presence of algae which was likely the cause of higher filtration period fouling rate (Fig. 5-

15c). However, for system operation under adaptive backwash control [147], at higher fouling 

rate in a filtration period triggered backwash at a higher frequency (Section 5.6.6 

Supplementary Materials, Figs. 5-23 - 5-24) such that 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 5.4.3); 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. 5-15d). 
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Figure 5-15 Variation of UF fouling indicators over the 125 hours (~ 5 days) of Test #2 during which 
water quality varied as given in Fig. 5-14. 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. 
 

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 hours after the test started). The feed water turbidity and 

chlorophyll-a data which were previously reported in [161] are reproduced in Fig. 16a. 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 was a unique 
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opportunity 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 [161]. In this test the coagulant controller was activated (Fig. 5-

16(b-e)) 62.4 hours after the beginning of the storm event (i.e., t=62.4 hours). Prior to the storm 

event the feed water turbidity level 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, Supplementary Information, Figure 5-25), and 

where the filtration period fouling rate, FR  , was in the range of 0.45- 0.7 x1012 m-1. The UF 

post-backwash resistance increased steadily, due to the progressive accumulation of 

unbackwashed UF resistance, 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 average of 80% ±7% to 

exceeding 100% during the storm. The latter behavior indicates that UF resistance removal was 

not only complete relative to the previous set of cycles, but that foulant that was not removed in 

previous cycles was also removed. The filtration period fouling rate stabilized after about day 5 

(at ~ 1.51 m-1h-1) and the post-backwash UF resistance actually decreased which is consistent 

with both a high UF backwash efficiency and the improvement in feed quality. It is noted that 

throughout the field tests the UF filtrate turbidity was maintained at 0.03± 0.005 NTU (Section 

5.6.7, Supplementary Information, Figure 5-25) and the RO unit, operating at a recovery 

level of 36%, produced permeate of salinity of 148 ± 13 mg/L total dissolved solids. The RO 

membrane elements did not reveal any signs of fouling and the permeability remained stable at 

1.85± 0.137 x10-12 m/Pa·s. 
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Figure 5-16 UF system fouling indicators during Test #3 in which a storm event was experienced (Fig. 
15). 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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5.5 Conclusions 

Real-time monitoring of UF fouling behavior in the treatment of raw sweater 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 sweater UF pretreatment of RO feed water. In a 

series of systematic short-term tests inline coagulation was sown to increase the rate of fouling 

which 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. For a given UF 

operation at a given filtration flux and inline coagulant dose, backwash effectiveness increased 

with backwash flux and duration up to a threshold upper limit, but decreased for filtration 

periods above a threshold value. Backwash efficiency increased with coagulant dose, given the 

increase in the filtration period fouling rate, up to a threshold upper limit beyond which there 

was no further improvements in backwash efficiency.  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 progressive increase of UF post-backwash resistance. The results of the current 

study suggest that real-time UF fouling indicators can provide useful insight regarding the UF 

operation and conceivably be utilized to guide and implement self-adaptive UF operational 

control for effective UF pretreatment.  
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5.6 Supplementary Material 

5.6.1 Estimation of effective cake thickness (lc) and UF resistance increase in a 

filtration cycle (ΔRT)  

     The total UF filtration resistance can be expressed as the linear sum of the membrane (Rm), 

cake layer (Rcake) and irreversible fouling (Rirr) resistances to permeate flow, i.e., 

 T m cake irrR R R R= + +  (Eq. 5-2), and where the cake resistance that result in UF filtration, Rcake, is 

related to the cake thickness as follows:   

                                                                   ·cake cR lα=                                                               (5-9) 

in which lc effective cake thickness and α (1/m2) is the specific cake resistance that can be 

described by a form of Kozeny–Carman equation [57, 75, 180]: 

2
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ε

α
ε

⎛ ⎞⋅ − ⋅⎜ ⎟⎝ ⎠=                                                 (5-10) 

where a is the radius of a cake particle and εc is the cake porosity calculated from,  

 s c
c

s w

ρ ρε
ρ ρ

−=
−

                                                         (5-11) 

in which ρs , ρc and ρw are the densities (kg/m3) of the cake particles (i.e., the dry coagulated 

particles in the case of UF with coagulant dosing), the cake layer and the seawater feed, 

respectively.                               

For UF modules of cylindrical hollow fibers in a multi-channel inside-out filtration 

configuration (as in the current study), the increase cake thickness (lc) as a function of filtration 

time [177] can be expressed by the following differential equation,  

                                                            c b i

c b i c

dl C r J
dt C C r l

= ⋅ ⋅
− −

                                        (5-12) 
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in which Cc and Cb are the cake layer and particle concentrations (in the bulk) near the cake 

layer upper surface, J is the water filtrate flux, and r is the radial position within the fiber and ri 

is the inner radius of the hollow fiber in the UF element. To a reasonable approximation the 

radius of the membrane fiber can be taken to be much greater than the cake thickness (ri >> lc), 

and hence Eq. (5-12) can be simplified as:   

                                                               c b

c b

dl C J
dt C C

= ⋅
−

                                                      (5-13) 

The rate of change of cake resistance with time, FR, can then be obtained from 

                                             cake c b

c b

dR dl CFR J
dt dt C C

α α= == = ⋅
−

                                  (5-14) 

and the cake thickness is obtained from the solution of Eq. (5-13), subject to the initial condition 

of lc(0) = 0, to arrive at the following time-dependence of  lc, 

b
c

c b

Cl J t
C C

≈ ⋅
−

                                                   (5-15) 

It is noted that Cb can be estimated by rearranging Eq. (5-14) as follows: 

             c
b

C FRC
FR J α

⋅=
+ ⋅

                                                    (5-16) 

where FR can be determined experimentally for the given filtration period. The total UF 

filtration resistance, making use of Eq. (5-1), (5-2) and Eq. (5-15), can be expressed as,  

 ·irr b
T

c b

oP P CR J t
J J C C

α
µ µ

Δ Δ ⋅= + + ⋅
⋅ ⋅ −

                                    (5-17) 

where ∆Po and ∆Pirr are the contributions of membrane (clean) and irreversible fouling to the 

overall transmembrane pressure, respectively, the last term is the contribution of the cake layer 

to the total filtration resistance, and µ  is the feed water viscosity. 
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In order to estimate the effective cake thickness (lc) and UF resistance increase per filtration 

cycle (ΔRT), the properties of the primary cake particles (i.e., Fe(OH)3) were estimated from the 

published literatures [181-185] (a=~0.25 µm, ρs= 3120 kg/m3 , ρw = 1025 kg/m3, and ρc is 

assumed to vary linearly with εc in the range of 1045-2300 kg/m3). The specific cake resistance 

(α) can be estimated using Eq. (5-10), Eq. (5-11), Cc can be estimated from Cc= ρs (1- εc),  Cb 

can be calculated using Eq. (5-16), and the effective cake thickness is estimated using Eq. (5-

15). Finally, the total filtration resistance increase (ΔRT = Rfinal - Rinitial) at a given inline 

coagulant dose, can be estimated from Eq. (5-9).     

 
Figure 5-17 Projected effect of filtration duration (∆tn) on filtration cycle resistance increase (∆RT) for 
various inline coagulant doses. UF operation: filtration flux of 45.4 L/m2·h. Constant feed temperature of 
25 ºC.  
 

5.6.2 Effect of filtration flux on the fouling rate (FR) during the filtration period  

The effect of filtration flux on the fouling rate in a given filtration period, FR, was 

investigated by a short-term experiments in which the filtration flux was varied (Fig. 5-18). The 

coagulant dose was kept constant during the filtration period by adjusting the coagulant inflow 
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in proportion to the UF feed flow. As shown in Fig. 5-19, the rate of fouling in a given filtration 

cycle (FR) varied by only about 20% as filtration flux increased from 32.8 to 40.5 L/m2·h 

(~23.5% increase). With inline coagulation, increased filtration flux which is achieved by a 

higher UF feed flow rate results in reduced residence time for inline coagulation and thus lower 

the effectiveness of flocculation and thus lower rate of cake buildup (see Section 5.4.2).  

       
 
Figure 5-18 Illustration of UF resistance increase during single filtration periods at progressively 
increased UF filtration flux. The slopes of UF resistance increase with increased UF filtration flux. UF 
operating conditions: 42 min filtration time with inline FeCl3 coagulant dose of 3.8 mg/L Fe3+, backwash 
was set for 120 s at a flux of 162 L/m2·h.    
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Figure 5-19 Effect of filtration flux on filtration period fouling rate (FR) as determined from the data 
presented in Fig B1. The fouling rate (as quantified by FR) decreases with increased filtration flux for 
the present operation with inline coagulation. UF operating conditions: 42 min filtration time with inline 
FeCl3 coagulant dose of 3.8 mg/L Fe3+, backwash was set for 120 s at a flux of 162 L/m2·h.    
 

5.6.3 Post-backwash UF resistance for various ACH dose over a number of filtration 

cycles  

	
Figure 5-20 Post-backwash UF resistance increase with progressive filtration/backwash cycles for 
different levels of inline ACH coagulant dose (0- 25 mg/L as Al3+). UF operating conditions: filtration 
flux of 45.4 L/m2·h for 20 min at coagulant dose, backwash period of 70 s at a flux of 162 L/m2·h. Feed 
turbidity and chlorophyll a were in the range of 0.72 – 1.45 and 45-89 mg/L, respectively. 
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5.6.4 Effect of backwash condition on unbackwashed resistance per cycle (ΔRUB). 

UF backwash effectiveness of UF backwash, expressed in terms of the unbackwashed UF 

resistances (ΔRUB) was evaluated with respect to filtration flux, duration and frequency. As 

shown in Fig. 5-21, 1), ΔRUB was essentially constant at ~0.011 x1012 m-1 up to filtration time of 

~ 40 min above which the unbackwashed UF resistance steadily increased reaching ~0.045 

x1012 m-1 (a 400% increase) at the filtration time of 70 min. Increased backwash flux (Fig. 5-21, 

2)) reduced the unbackwashed UF resistance. The maximum effectiveness (in terms of lowering 

ΔRUB) that was reached at a backwash flux of 140 L/m2·h at which ΔRUB was 0.011 x1012 m-1 

(about a factor of 10 reduction in ΔRUB) when the backwash flux was reduced by half. The 

duration of backwash was also critical as demonstrated in Fig. 5-21, 3). For given operating 

conditions, as the backwash duration increased ΔRUB declined (e.g., from a value of 9.08 x1010 

m-1 at backwash duration of 5s) to its lowest value (9.63 x109 m-1) at backwash duration of 70 s 

beyond which there was essentially negligible improvement.  
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Figure 5-21 UF backwash performance quantified with respect to the unbackwashed resistance, ΔRUB, as 
impacted by: (1) filtration time (filtration flux= 36.9 L/m2·h, backwash flux= 162 L/m2·h for 70 s); (2) 
backwash flux (filtration flux=36.9 L/m2·h for 30 min, backwash flux duration of 70 s); and (3) 
backwash duration (filtration flux=36.9 L/m2·h for 30 min, backwash flux=162 L/m2·h). Inline FeCl3 
coagulant dose of 4.17 mg/L Fe3+ was applied in all cases.  
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5.6.5 Appendix E: Dependence of Unbackwashed resistance (∆RUB) on coagulant dose 

 
 
Figure 5-22 Dependence of unbackwashed UF resistance (averaged over 12 filtration/backwash cycles) 
on coagulant dose. UF operating conditions: filtration flux of 45.4 L/m2·h for 30 min, followed by 
backwash at a flux of 162 L/m2·h for 70s. 
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5.6.6 Appendix F: Comparison of filtration period Fouling rate with the frequency of 

backwash 

 
Figure 5-23 Comparison of filtration period fouling rate (averaged every 24 cycles, red square) with the 
filtration duration per cycle (or frequency of backwash, blue bar) for Test 1. 
 
 

  
Figure 5-24. Comparison of filtration period fouling rate (averaged every 24 cycles, red square) with the 
filtration duration per cycle (or frequency of backwash, blue bar) for Test 2. 
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5.6.7 Real-time UF filtrate quality data and UF pre-filter fouling rate during storm 

event  

 
Figure 5-25 (a) UF filtrate turbidity and chlorophyll-a levels during Field Test #3 (Section 5.4.5), and 
(b) Fouling rate of the UF pre-filter (self-cleaning microfilter) (during field Test #3; Section 5.4.5) used 
as precautionary pretreatment prior to the UF unit for removal of large particles.      
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6 Demonstration of Adaptive Variable Coagulant Dosing Strategy in an 

Integrated UF-RO System   

6.1 Overview  

An adaptive variable inline coagulant dosing strategy (square wave dosing consisting of 

coagulation dose at a constant level, followed by dose reduction within each filtration period) 

was successfully demonstrated in a full-scale UF system as pretreatment for a seawater RO 

desalination system. Online UF fouling indicators were utilized for comparison of UF backwash 

effectiveness (in term of unbackwashed resistance) and post backwash resistance with and 

without coagulant dose (i.e., via inline dosing of FeCl3). Short term experiments revealed that 

during the filtration period, it was necessary to ensure that the UF fouling rate per filtration 

cycle was kept in the optimal cake formation region via a precisely controlled initial coagulant 

dose followed by a second dose (determined to be at least 50% of the initial dose) to preserve a 

foulant cake layer that would enable effective UF backwash.  

Coagulant dose set points (duration for initial continuous dose and percent reduction in 

second dosing step) were optimized based on fouling characteristics and monitored changes in 

real-time UF module chlorophyll-a retention. It was demonstrated that the dose reduction 

strategy in conjugation with self-adaptive backwash triggering (based on maximum allowable 

filtration resistance change per cycle, ΔRT,max) was effective in reducing both the required 

coagulant use and backwash frequency [147, 174]. It was also demonstrated that self-adaptive 

and thus variable coagulant dosing regiments could be effectively implemented via a coagulant 

controller [161], even when confronted with temporally variable feed water quality. The above 

approach enabled coagulant use reduction by more than 36%. In addition, field tests indicated 
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that real-time chlorophyll-a measurements can serve to signal the condition of coagulant 

underdosing. 

6.2 Experimental  

6.2.1 Integrated Seawater UF-RO Pilot System  

     A simplified schematic of the experimental setup is provided in Figure 6-1. Detailed 

description of the UF-RO pilot system is provided in Chapter 5, Section 5.2, Fig. 5-1). The RO 

pretreatment system  consisted of an inline basket strainer (0.32 cm ID screen perforation, 

Hayward SB Simplex, Clemmons, NC), a 200-micron self-cleaning screen strainer (TAF-500, 

Amiad Corp., Mooresville, NC), and three polyethersulfone (PES) multi-bore hollow fiber UF 

modules (Dizzer 5000+, Inge, Greifenberg, Germany) (0.02 µm pore size, inside-out filtration 

direction, surface area per module: 50 m2) connected in parallel. In this part of the study two UF 

modules were kept in filtration mode at any given time [147, 174]. The UF modules were 

backwashed sequentially using RO concentrate or RO permeate. The RO feed pump (APP 10.2, 

Danfoss, Nordborg, Denmark), controlled by Variable Frequency Drive (VFD) (VLT AQUA 

Drive FC 202, 22 kW, Danfoss, Nordborg, Denmark) provided feed to three seawater spiral-

wound RO elements membranes (Dow Filmtec SW30HRLE-400, Dow Chemical Company, 

Midland, MI) housed in separate pressure vessels and arranged in series (Fig. 6-1). 

 
Figure 6-1 Simplified schematic diagram of the RO pretreatment system showing two UF modules in 
filtration mode. 
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Coagulant dosing was implemented by direct injection into the UF feed stream prior to the 

UF feed pump using a chemical metering pump (Grundfos, DDA 7.5-16, Bjerringbro, 

Denmark). A turbidity meter (Signet 4150, Georg Fischer Signet LLC, El Monte, CA) and a 

temperature sensor (Signet 2350-3, George Fischer Signet LLC, El Monte, CA) were installed 

on the UF filtrate line. An online fluorescence sensor (Turner Designs, Cyclops-7 2108, San 

Jose, CA) was installed on the UF filtrate line to detect chlorophyll-a concentration in the UF 

effluents (Figure 6-1) in order to detect passage of chlorophyll-a through the UF. The sensor 

output was averaged and normalized with respect to background signal and adjusted for the 

temperature in the sensor. A sampling tubing network was created to enable the switch 

sampling between UF feed (prior to coagulant dosage) and UF filtrate.  

  

6.2.2  Field study  

The feasibility of a coagulant dosing strategy that consisted of a step-wise dosing regiment 

was evaluated in a series of field tests using an integrated UF-RO seawater desalination system. 

All short-term and long-term UF-RO field experiments were conducted at the Naval Facilities 

Engineering and Expeditionary Warfare Center (NAVFAC-EXWC) at Port Hueneme, CA 

(Detailed information is provided in Chapter 5, Section 5.2). Three sets of preliminary short-

term experiments were conducted to investigate the effects of various coagulant dose reduction 

strategies on UF filtration cycle fouling rate and backwash effectiveness. Two dose reduction 

strategies were evaluated: (a) an initial dose of a prescribed coagulant dose level and duration, 

and (b) regiment (a) followed by a secondary lower dose for the duration of the filtration period. 

The experimental conditions for the three experiments are summarized in Table 6-1. In 

addition, in selected field tests, the change in chlorophylls-a concentration in the UF filtrate 
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stream was monitored to estimate the UF’s ability to also reject chlorophylls-a. Each of the field 

tests were carried out for a fixed filtration duration that consisted of at least 8 

filtration/backwash cycles (or 300-320 mins).  

The implication of variable dosing in long-term pilot scale field tests was assessed via three 

long-term experiments (>120 hours). The first two tests were conducted over a period of 120 

hours for the purpose of comparing UF fouling behavior and backwash effectiveness with and 

without a variable coagulant dosing strategy (aimed at reducing coagulant usage). UF backwash 

was triggered adaptively based on the maximum allowable filtration resistance change per cycle 

(ΔRT,max) [147]. The third test was conducted with the goal of demonstrating the benefit of 

integrating adaptive coagulant dosing and backwash frequency.  

Table 6-1 Experimental conditions for short term coagulant reduction experiments 
 

Experiment # Initial dose (Fe3+ 
mg/L) 

Initial dose 
duration 

(min) 

Secondary dose 
(Fe3+ mg/L) 

Secondary dose 
(% of initial dose) 

Secondary dose 
duration (min) 

Total 
filtration 

duration per 
cycle (min) 

1 

4.1 9 4.1 0% 19 28 

4.1 9 2.05 50% 19 28 

4.1 9 4.1 100% 19 28 
no coagulant N/A no coagulant N/A N/A 28 

2 

4.1 2 0 0% 28 30 

4.1 6 0 0% 24 30 

4.1 10 0 0% 20 30 

4.1 20 0 0% 10 30 

4.1 30 4.1 100% 0 30 
no coagulant N/A no coagulant N/A N/A 30 

3 

4.1 18 0 0% 18 36 

4.1 18 1.03 25% 18 36 

4.1 18 2.05 50% 18 36 

4.1 18 1.37 75% 18 36 

4.1 36 4.1 100% 18 36 
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6.3 Coagulant reduction strategy and online monitoring approach  

6.3.1  Variable Inline Coagulant Dosing Strategy  

In order to reduce the amount of coagulant use and avoid overdosing or underdoing, a 

“square wave” dosing strategy was evaluated. This approach is illustrated in Figure 6-2, where 

two filtration cycles (n and n+1) are separated by a backwash period. A constant initial dose is 

maintained during the filtration period for a given prescribed time, and in a subsequent period 

the dose is reduced for the remainder of the filtration cycle. The above approach was undertaken 

given the hypothesis that the formation of a fouling cake layer would be established at a 

constant administered dose serving as layer protecting the UF membrane from pore plugging 

and formation of an irreversibly adsorbed foulant layer. Once a cake layer is formed, the 

coagulant dose could be reduced to a level that is sufficient to maintain and even grow the cake 

layer.  

 
Figure 6-2. Illustration of inline coagulant variable dosing strategy and UF fouling metric. The solid 
bands represent the periods of the initial (i.e., primary) and secondary coagulant dosing. The dashed lines 
represent the trace of the UF filtration resistance for the shown cycles.    

 

6.3.2 Metrics for Online UF Fouling Monitoring 

The online UF fouling characterization method described in Section 5.3 was utilized in 

order to determine the progression of fouling and backwash effectiveness. The total UF 
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membrane resistance can be described as per the resistance-in-series model [85] as per Eq. 5.2 

(i.e.,  Rt = Rm + Rcake + Rirr, where Rt is the total resistance, Rm is the clean membrane hydraulic 

resistance, Rcake is the foulant cake resistance, and Rirr is the hydraulically irreversible 

resistance). The total filtration resistance is expressed as,      

																																																														𝑅( =
∆*@
C∙E
+	∆*6GG

C∙E
+ 𝐹𝑅 · 𝑡                                                  (6-2) 

where ∆𝑃A and ∆𝑃3JJ are the transmembrane pressure for pure water permeating through a clean 

membrane and the additional transmembrane pressure due to irreversible fouling, respectively, J 

is the filtration flux, µ is the viscosity of seawater and FR is the fouling rate for the given 

filtration period (i.e., the “slope” of the UF filtrate resistance curve).  

As described in Section 5.3, the unbackwashable UF resistance (ΔRUB, i.e., resistance not 

removed by UF backwash) and fouling rate for a given filtration cycle n (FRn) can be used as 

metrics for online UF fouling monitoring. The hydraulically irreversible (unbackwashable) 

resistance (ΔRUB) is defined as the change in UF initial resistance after a given hydraulic 

backwash period (as shown in Figure 6-2); it represents the remaining resistance on the 

membrane surface after a previous backwash step and indicated by the change in initial average 

resistance for each cycle. Tracking the accumulation or removal of ΔRUB over the progression of 

filtration/backwash cycles (or post backwash “PB” UF resistance) provides the overall UF 

fouling trend. The rate of PB resistance rise can be used to project the time until the next CIP. 

As shown in Figure 6-2, FR1,n and FR2, n are the fouling rates for the initial and secondary 

fouling periods for the same filtration cycle n, respectively. It is noted that FR2,n may be positive 

or negative. In addition to the above UF fouling metrics, online measurements of chlorophyll-a 

concentration were used in the present work as an indicator of chlorophylls-a passage through 

the of UF membranes. The percent UF chlorophyll-a retention was quantified as:   
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                                                              𝑅 = 1 − 7M
7N

𝑋	100%                                               (6-3) 

where Cf and Cp are the chlorophyll-a concentrations in the UF feed and filtrate, respectively.  

Real time cycle-by-cycle analysis of the UF fouling rate and initial UF membrane 

resistance were achieved using a LabView based data analysis and logging software developed 

specifically for the present UF-RO system [147, 161]. The fouling metrics,  ∆RUB and FR, were 

calculated in real time from the UF performance data and averaged over several filtration cycles 

(~8-24) as described in Section 5.3.   

 

6.4 Results & Discussion 

6.4.1 Effects of coagulant dose reduction methods on UF filtration period fouling rate 

and backwash effectiveness 

The objective of short-term experiment set #1 (Table 6-1) was to assess the effect on UF 

fouling behavior due to reduction of the second dosing step after a fixed initial constant dose. 

For each filtration cycle, the initial constant dose was for a 9 min duration (i.e.,  ~1/3 of the total 

filtration time per the 28 min cycle). The initial set dose of 4.1 mg/L Fe3+ was the optimal dose 

as determined in earlier work (Section 5.4). After 9 mins, the coagulant dose (i.e., secondary 

coagulant dosing period) was reduced to either 50% or 0% of the initial dose or kept at the 

initial dose level. The backwash conditions were set as per Tests 1-3 (Table 6-1).  

Two filtration cycles of UF filtration resistance progression are shown in Figure 6-3 with 

the average fouling rate FR2 after the dose reduction shown in Figure 6-4(a). For the constant 

full coagulant dose and no coagulant dose experiments, FR2 was determined for the filtration 

period between 9 to 28 min. The highest FR was observed for UF operation at a constant 

coagulant dosing of 4.1 mg/L Fe3+ and no coagulant dose has the lowest FR. These results 
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demonstrated that completely stopping the coagulant dose after 9 min in filtration will 

drastically change the filtration period fouling rate. The second filtration period FR2 showed a 

negative slope of the filtration resistance-time curve and the UF filtration resistance decreased 

by ~90% and then stabilized at ~2.55 x1012m-1 after 20 minutes of filtration. It is postulated that 

the above behavior is indicative of the need for continuous coagulant dosing in order to keep the 

concentration of agglomerated particles sufficiently large in the membrane feed channel and 

near the membrane surface. Cessation of coagulant dosing will reduce the growth of the cake 

layer and lead to disruption of the cake layer which would be reflected by a decrease in the 

membrane resistance during the filtration cycle.     

As shown in Fig. 6-4(b), the averaged results for 8 cycles of the full dose and 50% dose 

reduction in the last 2/3 of filtration period yield similar results ΔRUB results, although the 

reduced dose case (1.12x1010 m-1) was 1.37 times higher than the full dose one. The high ΔRUB 

result suggested that the above dosing regiment is not optimal for long-term UF operation. It is 

noted that cessation of coagulant dosing (“no dose”) after 9 min of continuous coagulant dosing 

resulted in the highest average ΔRUB value (4.32x1010 m-1) as is apparent after 8 cycles of 

filtration and backwash, which was about a factor of 4.2 higher than the case for full continuous 

dose (8.18x109 m-1), and 1.5 times higher than the “no dose” case (2.50x1010 m-1). It noted that 

in a previous study it was established that without coagulant dosing, UF backwash of seawater 

RO feed operation was highly ineffective resulting in faster rate of accumulation of UF 

unbackwashed resistance[161].   
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Figure 6-3 Short-term coagulant reduction experiment set #1 (Table 6-1). Membrane filtration 
resistance versus operation time for different dosing strategy: no coagulant, maintain the initial dose (4.1 
mg/L Fe3+) and duration (9 mins) and change the 2nd dose to 100% (constant dose), 50% and 0% (no 
dose) of the initial dose. Experimental conditions: filtration flux: 36.6 L/m2·h backwash flux: 162 L/m2·h 
and backwash duration: 60s, filtration duration per cycle: 28 min. Numbers of filtration/backwash cycles 
repeated: 8.      
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Figure 6-4 Short-term coagulant reduction experiment #1 (Table 6-1). a) Averaged fouling rate per 
filtration cycle (FR) for the 2nd dosing period and b) Averaged unbackwashed resistance ∆RUB . Tests 
were conducted for four dosing strategies: (i) no coagulant dosing, (ii) coagulant dosing at a constant 
dose of 4.1 mg/L Fe3+, (iii) coagulant dosing for a period of 9 mins followed by a filtration period 
without coagulant dosing, and (iv) filtration at coagulant dose of 4.1 mg/L Fe3+ for 9 min followed by 
dose reduction by 50%. Experimental conditions: filtration flux: 36.6 L/m2·h backwash flux: 162 L/m2·h 
and backwash duration: 60s, total filtration duration per cycle: 28 min. Numbers of filtration/backwash 
cycles repeated: 8.      
      

In experiment #2, four initial dose durations were evaluated in order to determine the 

impact on UF fouling. In this test the following dosing regiments were evaluated: (a) coagulant 

dosing was terminated after operation at a constant dose of 4.1 mg/L Fe3+ for periods of  20 
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mins, 10 mins, 6 mins and 2 mins. It is noted that UF tests without coagulant dosing and with 

continuous dosing of 4.1 mg/L as Fe3+ were carried out as control experiments. The normalized 

filtration resistance (defined as Rt/R0, where R0 is the initial UF resistance at the beginning of 

the filtration cycle) in Figure 6-5. Similar to experiment #1 (Fig. 6-3), without coagulant dosing 

the ΔRUB (1.76 x1010 m-1) thus backwash is not optimal (Fig. 6-6), this is mostly likely due to 

pore plugging or adsorption fouling mechanism. The results demonstrated that coagulant dosing 

is necessary in order to attain reasonable UF backwash performance. As illustrated in Fig. 6-6 

(a), cessation of coagulant dosing in the second dosing period led to a fouling rate (FR2) that 

was negative, and lead to a “dissolution” of the cake layer (i.e., filtration resistance decrease). 

As shown in Fig. 6-6 (a) and (b), FR2 decreased proportionally with decreasing initial dose 

duration, and ΔRUB increases proportionally with decreased initial dose duration. Although the 

apparent fouling rate in each filtration period was low without coagulant dosing, backwash 

operation was not optimal, resulting in high unbackwashed resistance after backwash, which 

would have led to the requirement of a significantly higher chemical cleaning frequency 

(Section 5.4.2).   
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Figure 6-5. Filtration resistance for UF operation with coagulant reduction for the conditions of as 
Experiment #2 (Table 6-1). The coagulant dosing strategies were: (i) no coagulant dosing, (ii) 
maintaining a coagulant dose of 4.1 mg/L Fe3+ for periods of 30 min, and (iii) coagulant dosing of 4.1 
mg/L Fe3+ for periods of 20 min, 10 min, 6 min, 2 min followed by cessation of coagulant dosing. 
Experimental conditions: filtration flux: 36.6 L/m2·h, backwash flux: 162 L/m2·h, and backwash 
duration: 60s, total filtration duration per cycle: 30 min. Numbers of filtration/backwash cycles repeated 
in experiment: 8. The first cycle is shown to clearly illustrate the filtration resistance trends.    
 
   

It is hypothesized that the above observations of decreased filtration resistance post 

cessation of coagulant dosing could be the result of disruption of the cake layer on the 

membrane surface due to coagulant dislodging (or diffusion) from the pre-existing foulant cake 

leading to thinning of the cake layer as filtration time increases. Also, “sticky” biological 

foulant such as TEP will no longer be captured or “trapped” by the foulant cake on the 

membrane surface. Although the cake fouling resistance is lowered as the coagulant dose 
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decreases, backwash is less effective (Section 5.4.2) due to the buildup of irreversible fouling 

on the membrane surface and its pores (Section 5.4.2, Fig. 5-10).  

 

 
Figure 6-6 Short-term coagulant reduction Experiment #2 (Table 6-1). (a) Average fouling rate per 
filtration cycle (FR) for the 2nd dose period, and (b) Average unbackwashed resistance ∆RUB under 
various dosing strategies: no coagulant dosing, maintaining a dose of 4.1 mg/L Fe3+ for 30 mins, 20 
mins, 10 mins, 6 mins, 2 mins followed by transition to filtration without coagulant dosing. Experimental 
conditions: filtration flux: 36.6 L/m2·h, backwash flux: 162 L/m2·h, and backwash duration: 60 s, total 
filtration duration per cycle: 30 min. Numbers of filtration/backwash cycles averaged: 8.    
      

The objective of Experiment #3 (Table 6-1) is to investigate the effect of the secondary 

dose with respect to the percent dose reduction. An initial dose of 4.1 mg/L Fe3+ for 18 mins, 

(50% of a full filtration duration), was maintained while the secondary dose of 100% (full 
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constant dose), 75%, 50%, 25% and no dose were tested in five separate short term experiments 

(Table 6-1, Figure 6-7).  

 
Figure 6-7 Short-term coagulant reduction Experiment #3 (Table 6-1). Normalized UF membrane 
filtration resistance versus operation time for various dosing strategy: no coagulant dosing, maintaining 
the initial dose of 4.1 mg/L Fe3+ for 18 minutes filtration duration and subsequently changing the dose in 
the 2nd portion of the filtration period to 100%, 75%, 50%, 25% or 0% of the initial dose. Experimental 
conditions: filtration flux: 36.6 L/m2·h, backwash flux: 162 L/m2·h, and backwash duration: 60s, total 
filtration duration per cycle: 36 min. 8 filtration/backwash cycles were repeated, the first filtration cycle 
is shown to clearly illustrate the filtration resistance trends.    
 

 
As shown in Fig. 6-8 a), the fouling rate for the second dose period (FR2) decreased with 

decreasing secondary dose follow an apparent linear trend. For 50% dose reduction, FR2 was 

about 0.366 times the FR2 for the full continuous dose (0.41 x1012 m-1h-1). Figure 6-8 b) 

showed the full dose, 50% and 75% resulted in similar ΔRUB in 8 cycles, and dosing at least 50% 

of the initial dose for the second filtration period gave the lowest ΔRUB resistance compared 

with the case of constant dosing coagulant. This corresponded to a 25% reduction in coagulant 

use compare with constant dosing. It is hypothesized the cake layer acts as a barrier to trap 
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foulants in the feed water before it fouls the membrane. During filtration period, it is necessary 

to make sure the fouling is in the cake formation region via a precisely controlled coagulant 

dose and a second dose is needed to preserve the foulant cake. In addition, the cake layer need 

to “re-form” cake layer every cycle after backwash.   

 
Figure 6-8 Short-term coagulant reduction Experiment #3 (Table 6-1). (a) Average fouling rate per 
filtration cycle (FR) for the 2nd dose period, and (b) Average unbackwashed resistance ∆RUB under 
various dosing strategies: no coagulant dosing, maintaining the same initial dose (4.1 mg/L Fe3+) for 18 
minutes filtration duration followed by changing dose in the 2nd portion of the filtration period to 100%, 
75%, 50%, 25%, 12.5% or 0% of the initial dose. Experimental conditions: filtration flux: 36.6 L/m2·h, 
backwash flux: 162 L/m2·h, and backwash duration: 60 s, total filtration duration per cycle: 36 min. The 
results as shown were average of 8 repeated cycles. 
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6.4.2 Short term effect of coagulant dose reduction methods on chlorophylls-a 

retention ability of UF module  

In order to prevent coagulant underdosing condition during the proposed coagulant  

reduction period, it is necessary to quantify the effect of dose reduction methods on organic 

materials retention ability of the UF module. If a foulant cake is properly formed during 

filtration operation, the coagulant dose should be optimal, and the biological and organic 

materials passage through UF module should be consistent and low. In the current study, 

chlorophyll-a retention response for six dosing reduction strategy was compared. It was 

observed that after a step change in coagulant dose, the chlorophyll-a retention by the UF 

membrane (calculated using Eq.6-3) could change rapidly, typically within minutes.       

 
Figure 6-9 Example of percent UF chlorophylls-a retention during a short term coagulant reduction test. 
initial dose 4.6 mg/L as Fe3+, initial dose duration: 18 min, secondary dose period: 50% of the initial 
dose. Initial dose duration: 3 min, secondary dose: no dose. Experimental conditions: filtration flux: 36.6 
L/m2·h, backwash flux: 162 L/m2·h, and backwash duration: 60s, total filtration duration per cycle: 30 
min.  
 

An example is shown in Fig. 6-9, where UF filtrate concentration was measured in real-

time by a chlorophyll-a fluorometer in UF filtrate steam while a dose reduction experiment take 
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place. It is noted there are some fluctuation (±0.5%) in the chlorophyll-a measurement, this is 

primarily due to feed chlorophyll-a and temperature fluctuations. Between operation time of 

515 to 525 mins, the coagulant dose was reduced in half and the percent UF chlorophylls-a 

retention remained constant. The coagulant dose was changed from 100% to 0% of the initial 

dose (4.7 mg/L) between operation time of 539 to 548 mins and 552 to 575 mins. At the same 

period chlorophyll-a concentration for the UF filtrate increased from 0.61 to 0.69 µg/L. As a 

result, chlorophylls-a retention decreased by 1.4% in about 30 min. The reverse trend was also 

observed when the dose was returned to its initial vale after the backwash. Figure 6-10 shows a 

bar chart comparing the change in chlorophyll-a retention by the UF module for six separate 

dosing reduction set points. The results, which are the average of 4 repeated experiments, are  

very similar to the trends observed for unbackwashed resistance (ΔRUB) obtained from short 

term test 1-3. In the latter experiments, the greatest chlorophyll-a passage occurred when 

coagulant dosing was terminated too early (2 min. of the total filtration time), resulting in 17.2% 

decrease in chlorophyll-a retention. When the coagulant was reduced by 50% or higher of the 

initial dose in the second portion of the filtration period, the change in UF chlorophyll-a 

retention was minimal (0.05-0.11%). As shown by the above result, chlorophyll-a monitoring in 

the UF filtrate enabled assessment of the effectiveness of dosing strategy for minimizing its 

passage.  
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Figure 6-10 Change in UF chlorophylls-a retention in short-term coagulant dose reduction tests. 
Experimental conditions: filtration flux: 36.6 L/m2·h, backwash flux: 162 L/m2·h, backwash duration: 
60s, filtration duration per cycle: 30 min. The results as shown were average of 4 repeated cycles. 
 
 
 

6.4.3 Comparison of optimal dose reduction strategy with standard continuous dose in 

long term operation  

In order to confirm the findings from the short-term experiments, two long term tests (about 

120 h each) were carried out where the coagulant dose in long term experiment #1 was 

continues at a level of 4.17 mg/L Fe3+ and in long term experiment #2 a 50% dose reduction was 

set after an initial dosing period of 18 min. Both experiments were operated with self-adaptive 

backwash triggering control that enabled a flexible backwash frequency based on a maximum 

allowable resistance increase of 5.68x1011 m-1 per cycle [147, 174]. As shown in Figure 6-11, 

except for an initial peak of 0.27 x1012m-1 during start up, the ΔRUB trace was very similar for 

both runs, remaining consistently below 0.05 x1012m-1 (dominated by cake formation). As a 

result, the post backwash resistance (RPB) fouling progression profile was almost identical for 

both runs reaching about 1.2 x1012m-1 at 120 hours (Figure 6-12).  
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Figure 6-11 UF performance comparisons between full continuous dose (long term experiment #1) and 
with dose reduction (long term experiment #2). Average UF unbackwashed resistance (over every 6 
filtration/backwash cycles) versus filtration/backwash cycles. Experimental conditions: filtration flux: 
45.4 L/m2·h backwash flux: 162 L/m2·h and backwash duration: 70s, total filtration duration per cycle: 
25-42 min. Numbers of filtration/backwash cycles: 446 (experiment #1) & 458 (experiment #2). Inline 
coagulant dose controller setting: Experiment 1: 4.17 mg/L as Fe3+ (constant dose), Experiment 2: initial 
dose 4.17 mg/L as Fe3+, initial dose duration: 18 min, secondary dose: 50% of the initial dose.       
    

 
Figure 6-12 UF performance comparisons between long-term UF-RO seawater desalination test #1 and 
2. UF post backwash resistance versus operation time. Experimental conditions: filtration flux: 45.4 
L/m2·h backwash flux: 162 L/m2·h and backwash duration: 70s, total filtration duration per cycle: 25-42 
min. Numbers of filtration/backwash cycles: 446 (experiment #1) & 458 (experiment #2). Inline 
coagulant dose controller setting: Experiment 1: 4.17 mg/L as Fe3+ (constant dose), Experiment 2: initial 
dose 4.17 mg/L as Fe3+, initial dose duration: 18 min, secondary dose: 50% of the initial.    

 



 149 

Figures 6-13a and 6-15a show the UF module chlorophyll-a retention and coagulant dose for 

experiments #1 and #2. The experimental results confirmed that chlorophyll-a retention during 

constant dose experiment #1 were nearly identical at ~ 94.8% compared with step dose 

experiment #2. The fouling rate, FR, increased by about 145% in both runs due to feed water 

quality changes (Figures 6-13b and 6-15b). Integrated with the adaptive backwash triggering 

system, the filtration time per cycle (or backwash frequency) increased due to the dose 

reduction scheme. The final resistance at the end of the reduced dose filtration period was lower 

than for the continuous dose case; therefore, the second portion of the filtration period was 

extended under backwash controller. The average filtration duration for experiment #1 (full 

continuous dose) was 26.8 min and 31.5 min for experiment #2 (with dose reduction). 

Therefore, the overall filtrate production (i.e., reduce backwash frequency) was also increased. 

The total coagulant saving (compared with full continuous dose at 4.1 mg/L) with adaptive 

backwash triggering was 36% compared with 25% without adaptive backwash triggering.  

The RO normalized permeability and salt rejection was also monitored and compared for 

both experiments in Figure 6-14 and Figure 6-16. No signs of RO permeability decline or 

change in salt rejection was observed for both experiments, the RO permeability was very stable 

at about 1.75 x10-12 m/Pa·s and salt rejection at about 99.5%.      
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Figure 6-13 UF performance summary during long-term UF-RO seawater desalination test #1. (a) 
Percent chlorophyll-a retention by the UF module and coagulant dose during operation, and (b) Average 
UF filtration cycle duration and filtration period fouling rate (FR) versus operation time. Experimental 
conditions: filtration flux: 45.4 L/m2·h backwash flux: 162 L/m2·h and backwash duration: 70s, total 
filtration duration per cycle: 25-42 min. Numbers of filtration/backwash cycles: 446. Inline coagulant 
dose: 4.17 mg/L Fe3+.         
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Figure 6-14 RO membrane permeability and normalized salt rejection during long-term UF-RO 
seawater desalination test #1. RO permeate flux: 12.3 L/(m2·h), recovery:32%.       
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Figure 6-15 UF performance summary during long-term UF-RO seawater desalination test #2. (a) 
Percent chlorophyll-a retention of the UF module and coagulant dose, and (b) UF average filtration cycle 
duration and filtration period fouling rate (FR) versus operation time. Experimental conditions: filtration 
flux: 45.4 L/m2·h backwash flux: 162 L/m2·h and backwash duration: 70s, total filtration duration per 
cycle: 25-42 min. Numbers of filtration/backwash cycles: 458. Inline coagulant dose: initial dose 4.17 
mg/L Fe3+, initial dose duration: 18 min, secondary dose: 50% of the initial.         
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Figure 6-16 RO membrane permeability and normalized salt rejection during long-term UF-RO 
seawater desalination test #2. RO permeate flux: 12.3 L/(m2·h), recovery:32%.       

 
 

6.4.4 Demonstration of dose reduction strategy with self-adaptive coagulant controller 

and backwash triggering system 

Given the encouraging results from long term experiment 1 and 2, an additional long term 

experiment (long term #3) was conducted with three controllers enabled: (i) adaptive coagulant 

dose controller, (ii) dose reduction controller, and (iii) self-adaptive backwashing triggering. 

The coagulant controller was described in a previous paper [161]. The benefits of step dosing 

strategy with respect to UF fouling control in conjugation with adaptive coagulant dosing was 

demonstrated for a run time of 130 hrs and a zoom-in coagulant dose controller view in action is 

provided in Figure 6-17.   
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Figure 6-17 Left figure: closed-in view of the coagulant dose hehavior under both backwash triggering and 
coalgant dose controller.  Inline coagulant dose controller setting: initial dose 3.47 mg/L Fe3+, dose change 
amount per averaging window: 0.0686 mg/L Fe3+, initial dose duration: 20 min, secondary dose: 50% of 
the initial. Right figure: UF filtration duration for individual cycle over during long-term UF-RO 
seawater desalination test #3.    
 

The post backwash resistance profile for long-term experiment #3 was similar to long-term 

experiment 1 and 2, with the final post backwash resistance being about 1.16 x1012 m-1 (Figure 

6-18). The ΔRUB stabilized after about two days operation. The coagulant dose controller was 

active throughout the run during which the initial coagulant dose varied from 3.47 mg/L Fe3+ to 

3.86 mg/L Fe3+ then back to 3.66 mg/L Fe3+ and the secondary dose varied from 1.74 mg/L Fe3+ 

to 1.93 mg/L Fe3+ then back to 1.83 mg/L Fe3+. The dose change averaging window was every 

24 cycles the dose change amount was 0.0686 mg/L Fe3+.  
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Figure 6-18 UF performance summary during long-term UF-RO seawater desalination test #3. (a) 
Average UF unbackwashed resistance (every 24 cycles) during operation, and (b) UF post backwash 
resistance versus operation time. Experimental conditions: filtration flux: 42.3 L/m2·h backwash flux: 
162 L/m2·h and backwash duration: 75s, total filtration duration per cycle: 28-42 min. Numbers of 
filtration/backwash cycles: 358. Inline coagulant dose controller setting: initial dose 3.47 mg/L Fe3+, 
dose change amount per averaging window: 0.0686 mg/L Fe3+, initial dose duration: 20 min, secondary 
dose: 50% of the initial dose.         

      

As shown in Figure 6-19, the FR (average FR: 0.53x1012 m-1) increased slightly by about 

5% over the period from 0 to 125 hours. Regulated by the backwash triggering controller, the 

average filtration duration was 37.1 min (range of filtration duration was 28-42 min). The step 

dosing strategy enabled prevention of chlorophyll-a passage through the UF module (i.e., ~ 
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94.8% retention by the UF membrane). The above result for operation at constant dose as per 

experiment #3 was nearly identical with the finding from the long-term step dose experiments 1 

and 2.  

The RO normalized permeability and salt rejection data for long-term experiment 3 showed 

no RO permeability decline or change in salt rejection (Figure 6-20). The RO permeability was 

stable at about 1.85 x10-12 m/Pa·s and salt rejection at about 99.5%.      

 

 
Figure 6-19 UF performance summary during long-term UF-RO seawater desalination test #3. (a) 
Percent chlorophyll-a retention of the UF module and coagulant dose during operation, and (b) UF 
average filtration cycle duration and filtration period fouling rate (FR) versus operation time. 
Experimental conditions: filtration flux: 42.3 L/m2·h backwash flux: 162 L/m2·h and backwash duration: 
75s, total filtration duration per cycle: 28-42 min. Numbers of filtration/backwash cycles: 358. Inline 
coagulant dose controller setting: initial dose 3.47 mg/L Fe3+, dose change amount per averaging 
window: 0.0686 mg/L Fe3+, initial dose duration: 20 min, secondary dose: 50% of the initial dose.         
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Figure 6-20 RO membrane permeability and normalized salt rejection during long-term UF-RO 
seawater desalination test #3. RO permeate flux: 12.3 l/(m2·h), recovery: 32%.       
 

6.4.5 Conclusions 

The use of square wave variable inline coagulant dosing strategy was demonstrated in a 

series of short term and long term experiments as a viable mode of operation that can reduce 

coagulant use and also reduce chemical cleaning frequency. Short term experiments revealed 

that during filtration period, it is necessary to ensure that UF fouling is in the cake formation 

region as facilitated by coagulant dosing. Coagulant dose usage was reduced by operating with 

an initial dose that was reduced by 50% after a prescribed period during filtration. Such a 

coagulant dosing strategy enabled effective backwash and also ensured adequate chlorophyll-a 

retention by the UF membrane.  
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Appendix A:  Advanced Pilot Membrane Platforms 

The initial establishment of hardware/software solutions for model-based control, process 

monitoring, and operator decision support, as well as development of dynamic optimization 

model/algorithms for energy-optimal operation, was accomplished using the Compact and 

Modular Reverse Osmosis (CoMRO) platform developed at UCLA (Chapter 3) [22, 43, 47, 

105, 169, 186, 187].  The CoMRO system (Fig. A-1) was constructed with the capability for 

feed capacity of up to 12,000 gallons per day. Process monitoring includes feed and permeate 

flow rate, conductivity, turbidity, temperature, and system pressures.   

  

Figure A-1.  CoMRO system showing (a) the RO pressure vessels module (left). The control box is on 
top of the RO module and measures 24”x12"x14" (it is self-standing and can be mounted where needed), 
(b) the high pressure pumps (can be mounted with the RO skid or as a separate platform), and (c) feed 
pumps and filtration system (middle). System permeate production capacity is up to ~6,000 gallons/day 
at 50% recovery. View of CoMRO system in laboratory setup (total recycle mode).  1) Feed tank, 2) 
Cartridge filters in pretreatment module, 3)Feed pump (low pressure), 4) High pressure pump, 5) 
Housing compartment for VFDs, 6) Actuated (retentate) valve for pressure control, 7) Retentate stream 
flow meter.  

 

The second RO pilot system was  built as a compact and modular RO system (referred to as 

CoM2RO) designed with feed water capacity of 35 GPM (50,400 GPD) and, with seawater as 

feed water, and with fresh water production capacity of 8.3 gpm (12,000 GPD) [188]. The 

system, consisting of UF and RO skids (Fig. A-2, A-3) with the UF skid having three 
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ultrafiltration membrane modules that employ innovative hollow-fiber membranes. The UF 

system was designed to generate filtrate for the RO feed at a capacity of 12-18 gpm gallons per 

day per single module. It is an inside-out configuration employing periodic back flushing 

(typically 1 cycle per 20-60 minutes) and feed forward flushing to remove the UF foulant layer. 

The UF system was operated in a dead-end filtration mode or with a bleed stream. The pilot 

system was instrumented with the necessary actuated valves, pressure transducers, flow meters, 

and turbidity meter to provide information to the UF control system regarding the need for UF 

backwash, as well as to the RO control system to enable optimization of operating conditions.  

The RO feed line was fitted with a special cartridge filter in order to protect the RO membranes 

in the event of UF membrane integrity failure, as well as provide feed water “polishing” with 

regards to organics. 

The CoM2RO system was outfitted with a number of sensors including flow, conductivity, 

pressure, pH, turbidity and temperature. Flow rate measurements were provided for the feed, 

concentrate, and permeate from individual RO modules or the overall system. Pressure sensors 

were positioned before the high pressure pumps (to detect low pressures that may lead to pump 

cavitation), before the first RO module, and after the last RO module. Conductivity sensors 

were located on the feed, retentate, and on the permeate stream. pH, turbidity, and temperature 

sensors were also installed for the feed stream, and a pH sensor was also installed on the 

permeate side.  
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The CoM2RO system was constructed as a “one-touch” startup/shutdown, fully-automated  

stand-alone operation that is robust, without the need to manually adjust system parameters 

(e.g., UF backwashing frequency and duration, RO productivity) to cope with changing feed 

water conditions in naval shipboard deployment (littoral, open ocean, and coastal waters).  

 
Figure A-3 A photo of CoM2RO system designed and constructed by UCLA WaTeR center 
deployed for costal seawater desalination. 

 
 

 

Figure A-2 UCLA CoM2RO system process layout depicting major system components, sensor, and 
actuators. P: pressure sensor, F: flow meter, T: temperature sensor, C: conductivity; VFD: variable 
frequency drive, VM: valve manifold, CF: carbon filter, M: electric-actuated motorized valves. 
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Appendix B: Determination of Contaminant Removal by a Protective Active 

Filter Sheet at Different Coagulant Dose 

 

B.1 Overview 

The objectives of this part of the research were to assess the impact of inline coagulation on 

the passage of residual foulant material from the UF modules and the effectiveness of a 

protective nanoalumina adsorptive cartridge filter (rated at 0.7 µm mesh size) for capturing 

residual foulant material prior to the RO elements. Two cartridge filters (Ahlstrom Standard 

Disruptor) were installed in parallel after the UF membranes (on the UF filtrate line, Figure B-

1). These filters were used to capture both nanoparticles and potentially dissolved organic 

matter (DOM) that may have passed through the UF module. The filters consisted of woven 

nanoalumina fibers (boehmite nanofibers) with a high adsorptive capacity of a wide range of 

dissolved organics.  

 

B.2 Filtration experiments using filter sheets 

In order to determine the effectiveness of the protective Disruptor cartridge filters in 

removing DOM and other contaminants, a series of filtration tests were conducted using the UF 

filtrate (pre-cartridge filters) or RO feed (post-cartridge filters) water as feed using a portable 

silt density index (SDI) system (Model: Y-SIMPLE SDI, Applied Membranes, Inc., Vista, CA) 

(Figure B-2). The nano-alumina adsorptive filter sheet was cut into a 47 mm diameter circular 

sheet and loaded into the flow cell of the SDI meter (Figure B-1). Each filtration test was 

carried out in real time when UF modules were in filtration mode. The UF filtrate or RO feed 

was filtered through the flow cell during the second cycle of a four cycle filtration/backwash 
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experiments. The UF module average filtration flux and backwash fluxes were 36.9 LMH and 

168 LMH, respectively, with the corresponding duration of filtration and backwash being 41 

min and 2 min. During this study, each filtration test lasted about 15 min, and the filtration 

resistance of the filter sheet was calculated given the flow rate and inlet pressure measured by 

the SDI meter. The rate of filtration resistance increase for the filter sheet during the filtration 

test served to gauge the filtrate quality with and without the cartridge filter. 

 

Figure B-1 Experimental setup for filter sheet contaminant removal filtration tests.  
 

Figure B-3 shows the plots of filtration resistance of nano-alumina adsorptive filter versus 

filtration time for three different coagulant doses: 3.79 mg/L Fe3+, 2.76 mg/L Fe3+, and 0.347 

mg/L Fe3+.  As shown in Figure B-3, the decrease in filtration resistance of the filter sheets for 

the UF filtrate, as determined for nano-alumina adsorptive filter sheet, with increasing coagulant 

dose suggests a decrease in the passage of residual material through the UF elements. This is 

consistent with the expectation that UF feed coagulation should improve UF rejection of 

materials <0.02 micron (e.g., organics). This result indicates that inline coagulation prior to UF 

reduces material passage through UF and the reduction is proportional to the coagulant dose 

level.  
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      In a another set of experiments the nano-alumina adsorptive filter sheet was used to filter the 

UF filtrate and RO feed separately in order to assess the passage of UF residual foulants. Figure 

B-4 and Figure B-5 shows that the overall filtration resistance of the filter sheet for RO feed is 

lower than the filtration resistance of the filter sheet for UF filtrate under inline coagulant dose 

of 2.76 mg/L and 4.10 mg/L of Fe3+. The rise of filtration resistance upon filtration of the UF 

filtrates with the nanoalumina adsorptive filter sheets is indicative of residual passage of 

foulants through the UF elements to the RO feed even when UF feed coagulant dose was as 

high as 4.10 mg/L Fe3+. Figure B-6 shows that the difference of filtration resistance for the RO 

feed (post cartridge filter) was small at coagulant dose of 2.76 mg/L and 4.1 mg/L of Fe3+. 

Compared with the results shows in Figure B-4, this suggests that the Disruptor cartridge filter 

was beneficial for the removal of residual materials that remained in the UF filtrate when 

coagulant dose was suboptimal.   

      In order to test the long term polishing capacity of the filter cartridges, the pressure drop 

across the filter cartridges was used as an indication of the foulant load onto the filter. Figure 

B-7 shows the pressure drop progression across the cartridge filter comparing foulant passage of 

with inline coagulant dose of 2.76 mg/L and 4.1 mg/L Fe3+. It is clear from the above results 

that the pressure drop rise for coagulant dosing of 4.1 mg/L Fe3+ was about 53.8% slower than 

for coagulant dosing at the level of 2.69 mg/L Fe3+during the 120 hr UF operation period.  
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Figure B-2  (a) Simple SDI meter used in filtration test, (b) Nano-alumina adsorptive filter 
sheet, (c) Filter sheet inside filter holder (surface area: 2.7 in2), and (d) Simple SDI meter 
during filtration test.  

 

	

a b 

c 
d 



 165 

 
Figure B-3. UF filtrate samples were used to tests the Nano-alumina adsorptive filter sheet (in 
2.7 in2 small filter holder)  
 

 
Figure B-4. Filtration of UF Filtrate (Pre-Cartridge) and RO Feed (Post-Cartridge) with Nano-
alumina adsorptive filter sheet  (Non-Laminated, 2.7 in2) 
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Figure B-5 Filtration of UF Filtrate (Pre-Cartridge) and RO Feed (Post-Cartridge) with Nano-
alumina adsorptive filter sheet (Non-Laminated, 2.7 in2) 

 

 
Figure B-6 Filtration of RO Feed (Post-Cartridge) with Nano-alumina adsorptive filter sheet (Non-
Laminated, 2.7 in2. 
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Figure B-7 Pressure drop across nano-alumina adsorptive cartridge filters during UF filtration tests with 
inline coagulant dosing of: (a) 2.76 mg/L Fe3+, and (b) 4.1 mg/L Fe3+. UF operating condition: UF 
module average filtration flux and backwash fluxes were 36.9 LMH and 168 LMH, respectively, with 
the corresponding duration of filtration and backwash being 41 min and 2 min.   
 

 

B.3 Preliminary assessment of TEP passage through UF membrane via TEP detection 

(staining) experiments  

In this part of the study, the potential passage of TEP through the UF (0.02 µm) membrane 

was quantified by filtering UF filtrate through a nano-alumina adsorptive filter (0.7 µm) at 
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various coagulant dosages. Alcian Blue, which binds with negatively charged 

polysaccharide functional groups, was used to detect (via filter surface staining) the presence of 

organics deposition and may indicate the significance of any TEP. The blue/green color of the 

filter (due to staining by Alcian blue) is indicative of the presence of TEP. The experimental 

setup is shown in Figure B-8.  

During each test, 200 ml of water sample was filtered through a 2’’ diameter nano-alumina 

filter paper in a glass flask at low vacuum (<150 mmHg). After drying the filter (using the same 

vacuum filtration apparatus), 1 ml of 0.02% Alcian blue staining solution (Alcian Blue 8GX, 

certified, ACROS Organics, Waltham, MA, at pH = 2.5) was applied onto the filter. The 

solution was allowed to react with the surface deposits on the filter for about 4 seconds. 

Examination of the filter sheet surface after the filtration test was accomplished via an optical 

microscope (Dino-Lite AM4113T5X, AnMo Electronics Corporation, Taiwan) at different 

magnifications (90X, 500X).    

  
Figure B-8 Experimental setup for assessment of TEP passage through a UF element. Filtration in 
the adsorptive filter (bottom right) was via a vacuum filter setup (Glass filtration unit, insert on 
right) 

 
 Figure B-8-B-9 shows the photos, at 90X and 500X magnification, of the nanoalumina 

adsorptive filters after filtration tests with four different water samples. As expected, filtering 

seawater (UF feed) through the filter sheet resulted in the deepest blue color. The dark yellow 

Port	Hueneme
Seawater
(25	GPM)

Screen
(200	microns)

P-102

Coagulant
(FeCl3) UF	Filtrate

nanoalumina adsorptive	filter
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spots on the filter were flocs formed by coagulant in the feed water (Figure B-8). Filtering DI 

water through the filter sheet resulted in the lightest blue on the filter (Figure B-9); this faint 

blue was probably due to blue dye pigments in the Alcian blue solution and not due to reaction 

with TEP. Filtration with UF filtrate with 2.9 mg/L of Fe3+ as inline coagulant (Figure B-8) 

yielded a lighter blue than UF filtrate without coagulant (Figure B-9) confirming the results 

from Section B-2 that showed inline coagulation prior to UF reduces organic material (e.g., 

TEP) passage through the UF module. It is noted that although not done in this exploratory 

analysis study, it is possible to determine the intensity of the blue color quantitatively via 

spectroscopic means or via image analysis software and thus quantify the level of fouling 

potential of the water souce.  

     Scanning Electron Microscopy (SEM) images of the adsorptive filter sheets are shown in 

Figure B-10 for clean and foulant covered sections of the fibrous filter. It is clear from the SEM 

image that colored section of the filter sheet were covered with foulants. The fibrous nature of 

the adsorptive filter provide a large surface area that contributed to adsorption of organic 

foulant. The Energy Dispersive X-ray Spectroscopy (EDX) of a foulant covered section of the 

fibrous filter, shown in Figure B-11, indicates EDX peaks corresponding to carbon and oxygen 

peaks (typically indicative of the presence of organic materials), silicon and aluminum, along 

with traces of magnesium, sodium, chloride, and iron.   
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Figure B-9 Filter sheet surface after filtration test and Alcian blue staining viewed using a portable 
digital microscope at 1x, 90x, and 500x magnification. Top: Filtration of raw seawater (UF feed) 
Bottom: Filtration of UF filtrate with 2.9 mg/L Fe3+.   
 
 
 
B.4 Summary 

With an optimal level of inline coagulant dosing of the feed to the UF elements TEP 

removal by UF module can be increased. The adsorptive cartridge filter provides the benefit of 

added level of removal of organics (especially TEP) from the UF filtrate. However, irrespective 

of UF operation mode and coagulant dose, the adsorptive cartridge filter only provides partial 

TEP removal from the UF filtrate.  
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Figure B-10 Filter sheet surface after filtration test and Alcian blue staining viewed using a portable 
digital microscope at 1x, 90x, and 500x magnification. Top: Filtration with DI water. Bottom: Filtration 
using UF filtrate (without coagulant dosing).  
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Figure B-11 SEM images of Nanoalumina adsorptive filter nanofibers. (a) Clean section of the fiber, 
30,000x magnification, (b) Clean section of the fiber 4,500x magnification, (c) Foulant covered section 
of the fiber. 30,000x magnification, and (d) Foulant covered section of the fiber 5,500x magnification.    
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Figure B-12  Energy dispersive X-ray spectroscopy (EDX) result for stained portion 
of the adsorptive filter nanofiber. 
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Appendix C:  Com2RO System Chemical Cleaning Protocol 

1. Chemical checklist: 

Caustic solution: Use household bleach (CLOROX REGULAR-BLEACH) and 

technical grade NaOH pellets (MW 39.997 g/mol). In order to make 1 gallon of caustic 

+ bleach solution (@ 100ppm free Chorine concentration in stream and pH 12) 

1) Add 3.3L of raw bleach into a container  

2) Add 485.4 mL of DI water to the bleach solution  

3) Slowly add 800g of NaOH pellets into the above solution, mix well. 

(avoid overheating of the solution). 

Citric acid solution:  (MW 192.124 g/mol). To make 1 gallon of citric acid solution (@ 

pH 3.04 in stream) 

a) Add 1 gallon of DI water to a container  

b) Add 800g of citric acid powder (anhydrous) into the above solution, mix 

well.  

2. Plumbing configuration: 

            1)   Remove the metering pump (Grundfos Metering Pump 2 GPH, 4-20 mA, 190 

strokes) along with the suction and outlet tubing from its connection to the chemical tank of the 

FeCl3 solution. 

            2)   Clean the suction and outlet tubing using tap water, change metering pump to 100% 

mode (full mode) 

            3)   Remove metering pump (Walchem Metering Pump 1.8GPH PVC/Viton, 4-20 mA 

Input, 360 strokes) along with the suction and outlet tubing from its connection to the chemical 

tank of the NaOCl solution. 
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             4)   Feed flush the UF modules with seawater after system shutdown and the permeate 

water tank is filled completely with RO product water (300 gal.) 

             5)   Connect the injection assembly of the metering pump to the injection point before 

the UF pump.  

             6)   Connect the metering pump for the caustic solution and connect the injection 

assembly to the injection point after the UF pump.  

             7)   Drain the UF system  

a) Turn the manual ball valve for module drain and manual backwash drain valve to 

“switched on” position. 

b) Open automated backwash valve  

c) Open all feed and drain valves of the UF modules  

d) Loosen the three-way actuated valve at the base of the UF modules, remove the 

valve to reveal the CIP outlet flange.    

e) Connect the CIP outlet flexible hose the CIP outlet port and bring the hose to the 

chemical waste tank.  

8)   Turn UF filtrate and UF drain manual ball valves to CIP outlet direction. Divert   

       both UF filtrate and drain to CIP outlet. 
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3. Chemical cleaning procedure: 

Acidic cleaning: 

1. Pump seawater through the UF system at 15 gpm. Configure the system  

            to operate with only using one module at a time.   

2. Start dose citric acid solution using metering pump @ 103.4 ml/min for 3  

            minutes. Alternate feed direction. 

3. Check the UF filtrate pH at the UF filtrate sampling valve. 

4. Dose acidic solution to the other UF modules. 

5. Soak the UF module for 12-24 hrs. 

6. Drain the UF system. 

7. Fill and feed flush the UF system using seawater.  

Caustic cleaning: 

1. Pump fresh water through the UF system at 15 gpm. Configure the  

            system to operate with only using one module at a time.   

2. Start dose caustic acid solution using metering pump @ 360 spm for 3  

            minutes. Alternate feed direction. 

3. Check the UF filtrate pH at the UF filtrate sampling valve. 

4. Dose caustic solution to the other UF modules. 

5. Soak the UF module for 12-24 hrs. 

6. Add critic acid to UF modules  

7. Drain the UF system. 

8. Fill and feed flush the UF system using tap water.  
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Appendix D: Coagulant Dose Conversion 

     The relationship between Fmp (metering pump output flow rate (ml/h)), the RO pump flow 

rate (FRO_pump) and the flow constant (FC) input to the metering pump (4-20 mA current input) 

was expressed as: 

                                                  [ ] [ ]_

39.33/mp
RO pump

F
F

FC ml h
gpm

= ⋅                                          (D-1) 

                                                   [ ] [ ]_/
39.33

RO pump
mp

gpm
ml hF F

F
C= ⋅                                         (D-2) 

The concentration of FeCl3 in a given stream is given by:  

                                                              
3 6 3.7854

wt
FeCl

FC C SGC ⋅ ⋅=
⋅

                                                 (D-3) 

where Cwt is the wt % (weight percent) of FeCl3 solution  = 40.23 wt%, the specific gravity 

(SG) of FeCl3 solution =1.424.  The concentration of Fe3+ ions in stream is:  

                                                           3
3 (55.845 35.45 3)

FeCl
Fe

C
C + = + ×

                                          (D-4)         

where the denominator is the molecular weight of FeCl3.     

     Using the above equations, the metering pump can be programmed to maintain different 

inline concentrations of FeCl3 and ACH under different UF feed flow rates. As an example, 

Table D-1 was generated for UF flow rate of 20 gpm (75.7 L/m)   
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Table D-1. Coagulant dose conversion table for ACH and FeCl3 coagulants  

 

Flow constant(a) 
Concentration 
of Al3+ (mg/L) 
in feed stream 

Concentration 
of FeCl3 in 
feed stream 

(mg/L) 

Coagulant 
metering pump 

flow rate 
(ml/min)(b) 

13.54 10 23.98 261.0 
16.24 12 28.76 313.0 
18.34 13.5 32.48 353.5 
20.30 15 35.95 391.2 
27.06 20 47.93 521.5 

(a) Eq. D-1 and D-2 
(b) UF feed flow rate: 20 gpm, UF filtrate flux per module: 45.5 L/m2·h, RO high 

pressure pump rpm: 800 rpm.  
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Appendix E: UF Operating Regions and Thresholds for Online Process 

Characterization 

The impact of changes in field water quality will affect the optimal strategies of UF 

filtration and backwash. Therefore, it is convenient to categorize fouling indicators with respect 

to separate fouling regions and selected action thresholds. As an illustration, Figures E1(a–d) 

show four representative plots of fouling indicators and the thresholds that signify changes in 

fouling conditions.  

In order to simplify the classification of fouling indicators, each indicator was assigned to a 

“low”, “normal” and “high” regions according to the fouling indicators thresholds. In addition, 

the change in fouling indictors was described as “increasing”, “steady”, or “decreasing” 

according to the change in fouling indicators thresholds. This was done in order to elucidate the 

fouling trend. Table E-1 summarizes the fouling indicators along with their corresponding 

thresholds.  
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Figure E-1 Illustration of UF membrane fouling indicators and thresholds for changing in UF 
operational regions. Where Ƭ∆FR  is threshold for the rate of FR change, Δ˂FR˃j is change in filtration 
period fouling rate. Ƭ FR,H and Ƭ FR,L is the high and low FR threshold, respectively. Ƭ RUBW is the 
unbackwashed resistance threshold, Ƭ ∆BWeff is rate of BWeff change threshold,   Δ˂BWeff˃j is change in 
backwash efficiency, ƬBWeff is BWeff threshold, and Δ˂RPB˃j: change in accumulated unbackwashed 
resistance.    
 
Figure E-1(a) shows an increasing trend (in the first 3 multi-cycle segments) and then a 

decreasing trend (4-6 multi-cycle segments) in the UF filtration fouling rate (<FR>j). In order 

to classify the filtration fouling rate, a high (Т FR,H) and a low (ТFR,L) thresholds for the filtration 

fouling rate were selected based on the maximum allowable resistance increase per cycle and 

filtration duration limitation. In addition, ± Т∆FR  was defined as the threshold for the change 

(increase and decrease, receptively) in filtration fouling rate (Δ<FR>j). For example, a Δ<FR>j 

greater than Т∆FR indicates a real increase in <FR>j (i.e. above normal fluctuation in <FR>j).  

 Three regions for <ΔRUB>j are shown in Figure E-1 (b), where ТΔR is the unbackwashed 

resistance threshold. For example, the normal < ΔRUB >j region is between ƬΔR and 0.  The three 

regions of UF backwash efficiency (˂BWeff˃j) are defined by two thresholds. Figure E-1(c) 

shows a decreasing trend (in the first 3 multi-cycle segments) and then an increasing trend (4-6 

multi-cycle segments) of backwash efficiency. ТBWeff was set as the threshold for low backwash 
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efficiency and ˂BWeff˃j = 100% is the high backwash efficiency threshold. Т∆BWeff is set as the 

backwash efficiency change threshold. For example, a negative Δ˂BWeff˃j more than - Т∆BWeff 

would indicate a real decrease in ˂BWeff˃j (i.e. the change in backwash efficiency is below 

normal fluctuation).  

The cumulative UBW resistance was categorized by determining the sign of the change in 

post backwash initial resistance (Δ˂RPB˃j) for one multi-cycle segment as shown in as shown in 

Figure E1(d). In particular, Δ˂RPB˃j > 0 indicates increasing ˂RPB˃j, Δ˂RPB˃j < 0 indicates 

decreasing ˂RPB˃j, and ˂RPB˃j ≈0 indicates steady or no change in ˂RPB˃j. 

 

Table E-1 UF membrane fouling indicators and thresholds that signify changes in UF 
operational regions 

                       Category 
Fouling indicators  Low Normal  High    

 
˂FR˃j 

filtration period fouling 
rate 

,LFRj
ТFR <  

,L ,FR FR Hj
FRТ Т≤ ≤  

,FR Hj
ТFR >  

˂ΔRUB˃j                   
Unbackwashed 

Resistance 
0UB j

RΔ <  0 UB Rj
R TΔ≤ Δ ≤  UB Rj

R TΔΔ >  

<BWeff>j                                
Backwash Efficiency   BWeffeff j

BW T<  100%
BWeff eff j
T BW≤ ≤   100%eff j

BW >  

        Change in fouling 
indicators Decreasing   Steady Increasing  

Δ˂FR˃j 
Change in filtration 
period fouling rate 

 
FRj

FR T
Δ

Δ <  
FR FRj
T FR

Δ Δ
− ≤ Δ ≤Τ  

FRj
FR T

Δ
Δ >  

∆<BWeff>j                                
Change in Backwash 

Efficiency   
BWeffeff j

BW T
Δ

Δ ≤  
BW BWeff effeff j

T BW T
Δ Δ

− ≤ Δ ≤  BWeffeff j
BW T

Δ
Δ ≥

 
Δ˂RPB˃j 

Post backwash initial  
resistance 

0PB j
RΔ <      0PB j

RΔ ≈  0PB j
RΔ >  
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Appendix F: Application of Utilizing Online UF Fouling Characterization 

under Different UF Operational Regions 

 
Short term characterization tests and a long term UF experiment were conducted  to 

establish the appropriate thresholds and operational regions for the development and application 

of UF fouling indictors. UF membrane fouling indicators thresholds are summarized in Tables 

F-1 and F-2. In all experiments ∆RT,n serve as the trigger for adaptive backwash operation 

(Section 4.4.2). 

The upper and lower thresholds (εFR,L and εFR,H) for the filtration fouling rate were based on 

a filtration duration range of 20 – 42 minutes as determined from short-term experiments and 

the maximum allowable resistance increase per cycle. The maximum allowable change (∆Rf,n) in 

resistance per filtration cycle was set to 0.284 x1012 m-1. The normal operation range was 

determined to be in the range of 0.41 - 0.85x1012 m-1.  

When FR for a particular filtration period was below 0.410 x1012 m-1, the UF module 

filtered until the maximum filtration time of 42 min was reached which and resulted in ∆RT,n 

decline below the maximum allowable threshold. An increasing ∆RUB for a cycle with a low FR 

will further decrease the BWeff. On the other hand, if FR for a particular filtration period was 

above 0.850 x1012 m-1, UF filtration was continued until the minimum filtration time of 20 min 

and resulted in ∆RT,n that exceeded the maximum allowable change for that cycle. 

 The threshold for the change in filtration fouling rate (ε∆FR) was estimated from the 

standard deviation of the change of fouling rate over a period of time during which feed water 

quality was mostly time invariant. Any change smaller than the above threshold implied that the 

change was sufficiently small to be considered “steady”.  Similarly, the lower bound threshold 

for the backwash efficiency (εBWeff) was selected as 90%; this conservative choice was selected 
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since, as shown in Section 5.4.2, Figure 5-9, the range of backwash efficiency was mostly in 

the range of 90-100%. The upper bound was conveniently set as 100% BWeff, which signifies 

complete removal of previously formed foulant layer from the last filtration period.  

The threshold for the change in backwash efficiency (ε∆BWeff) was estimated from the 

standard deviation of the change in backwash efficiency over a period of time during which feed 

water quality was essentially time invariant. Any change smaller than this value implies that the 

change is sufficiently small for the operation to be considered stable. The threshold for 

Unbackwashed Resistance (εRUBW) were determined based on short term inline coagulation 

experiments as shown in Section 5.4.2, Figure 5-10. This conservative choice was selected 

since, as shown in Figure 5-10, the range of <RUBW> was in the range of 0.02-0.05 x1012 m-1. A 

described in Table F-1, as RUBW for a given decreases, a high FR will further increase BWeff. If 

RUBW for the cycle decreases below zero, BWeff will be above 100% indicating that previously 

unbackwashed resistance has been removed in the last backwash step.   

 

 

 

 

 

 

 

Table F-1 Typical fouling indicators for different UF operational regions 

Cases 

˂FR˃j 
filtration 
period 

fouling rate 
 

Δ˂FR˃j 
Change in 
filtration 
period 
fouling 

rate 

˂RUBW˃j                   
Unbackwashed 

Resistance 
 

<BWeff>j                                
Backwash 
Efficiency 

∆<BWeff>j                                
Change in 
Backwash 
Efficiency 

Δ˂RUBW,T˃j 
Change in 

Cumulative 
Unbackwashed 

Resistance 
 

Status of 
operation  
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1 Normal Steady Normal Normal Steady Increasing  Stable  
operation 

2 Normal to  
High  Increasing Low – Normal Normal Increasing Steady Effective 

backwash 

3 
High to  
Normal  

 
Decreasing Low     High Increasing Decreasing 

Removing 
previously 

UBW 
resistance 

4 Low to  
Normal Decreasing High Low Decreasing Increasing 

Coagulant 
dose 

inadequate  

5 Normal to 
High Increasing Low      High Increasing Decreasing 

Removing 
previous 

UBW 
resistance 

6 Normal  Steady  High       Low  Steady  Increasing  

Inadequate 
backwash 

flux 
and/or 

duration   
   Note: UBW – unbackwashed    
 

Table F-2 UF membrane fouling indicators thresholds 

Thresholds Symbols Values based on experimental 
values 

Filtration period fouling rate 
(low) εFR,L

(a) 0.41 x 1012 m-1·h-1 

Filtration period fouling rate 
(high) εFR,H

(b) 0.85 x 1012 m-1·h-1 

Change in filtration period 
fouling rate ε∆FR

(c) 0.036 x 1012 m-1·h-1 

Unbackwashed Resistance εRUBW
(d) 0.050 x 1012 m-1 

Backwash Efficiency εBWeff
(d) 90% 

Change in backwash 
efficiency ε∆BWeff

(f) 4.8% 

(a) Lower threshold for filtration fouling rate 
(b) Upper threshold for filtration fouling rate 
(c) Threshold for the change in filtration fouling rate 
(d) Threshold for unbackwashed resistance 
(e) Threshold for backwash efficiency  
(f) Threshold for change in backwash efficiency  
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Appendix G: Monitoring of long term self-adaptive operation of UF system 

with autonomous backwash triggering and a coagulant controller for real 

time dose optimization 

 

 
Figure G-1 Long term unbackwashed resistance (ΔRUB) and post backwash resistance (RPB) 
(i.e., cumulative unbackwashed resistance) tracking.  
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