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ABSTRACT 

Enhanced chemical cleaning of reverse osmosis membranes to mitigate biofouling 

  

Huma Sanawar 

 

The effectiveness of reverse osmosis (RO) membrane systems may be compromised due 

to fouling, of which biofouling (excessive growth of biomass) is the most troublesome. 

Effective control of biofouling is essential to improve membrane performance and reduce 

operating costs. The periodic application of chemical cleaning agents is possibly the most 

widely practiced method of biofouling control in RO membranes. This research 

investigated advanced chemical cleaning strategies for biofouling control. The first part of 

this study concluded that short-term accelerated biofouling studies using lab-scale 

membrane fouling simulators (MFSs) are a representative and suitable approach for the 

prediction of long-term biofouling development in membrane systems. Thereon, the 

superior efficiency of urea as an alternative to conventional chemical cleaning agents was 

demonstrated (i) at lab-scale using MFSs, (ii) for full-scale industrial spiral-wound 

membranes and (iii) for multiple cleaning cycles during long-term operation. Periodic 

chemical cleaning with urea resulted in better restoration of membrane performance, higher 

biomass inactivation, enhanced biofilm solubilization and removal, disintegration of 

extracellular polymeric substances (EPS) particularly proteins, and a considerable 

reduction of key biofilm-forming bacteria. This research presented enhanced chemical 

cleaning strategies aiming to increase the removal of biofilms, reduce biomass 

accumulation and its impact on membrane performance, and delay fresh biofilm formation.  
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CHAPTER 1 

Introduction 

 

1.1 Water treatment 

Freshwater scarcity is an impending major global crisis. By the 2050s, freshwater demands 

are expected to increase significantly and it is estimated that over 40% of the world’s 

population will live in severely water-stressed regions (Guppy, 2017).  

 

 

Figure 1.1: Projected global freshwater scarcity in the 2050s, sourced from the Center for 

Environmental Systems Research, University of Kassel (2014). 

 

Modern membrane filtration processes can be regarded as the solution to freshwater 

scarcity. Membranes enable the utilization of water sources such as seawater and 

wastewater to produce clean water for industrial, agricultural, municipal and potable use. 

Seawater and saline groundwater are the major sources of drinking water production in the 

Middle East, particularly Saudi Arabia, which is already facing freshwater scarcity. Saudi 

Arabia is currently the world leader in desalination with approximately 18% of global 

production capacity of desalinated water (Ng and Shahzad, 2018). Reverse osmosis (RO) 
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is by far the most effective and commonly used type of membrane based desalination 

process accounting for 69% of global desalinated water produced (Jones et al., 2019). This 

research focuses on RO membrane systems, hence a brief overview of RO membrane 

design and operation is provided herein.  

 

1.1.2 Reverse Osmosis: Design and Operation 

Reverse osmosis is a pressure-driven filtration process whereby pressure, greater than the 

osmotic pressure, is applied to the feed water. Solutes are retained by the RO membrane 

and product water that passes the membrane flows to the permeate tube. RO membranes 

are capable of retaining almost all organic and inorganic contaminants, salts, pathogens 

and other micropollutants (Drioli and Giorno, 2010).  

A number of membrane materials have been used in reverse osmosis applications. 

Cellulose acetate membranes are the oldest type of commercial RO membranes. However, 

polyamide membranes are currently the most popular RO membranes because of their 

increased chemical and physical stability, superior rejection of salts and organics, and wide 

operating pH and temperature ranges (Lee et al., 2011). RO membranes are usually 

assembled in spiral-wound configurations. This research focuses on polyamide spiral-

wound RO membrane modules as they are the most commonly used in commercial 

desalination systems (Polasek et al., 2003). An industrial spiral-wound membrane module 

is shown in Figure 1.2.  
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Figure 1.2: Spiral-wound membrane module configuration (PaDEP, 2017). 

 

Industrial spiral-wound membrane modules consist of >30 flat sheet membrane envelopes 

rolled around a central permeate collection tube, resulting in a module with 8ˮ diameter, 1 

m length and 37-40 m2 membrane surface area. Other configurations with 4” and 6” 

diameter modules are also available but less commonly used. Apart from the membrane 

sheets, the configuration also consists of two types of spacers. Permeate spacer is contained 

within each membrane envelop and it facilitates the transport of product water to the 

permeate collection tube. Feed spacers separate each of the membrane envelopes and 

promote mixing and turbulence of the water fed to the module. The rolled membranes and 

spacers are wrapped in a fiberglass outer casing. Feed water travels from one end of the 

module through the feed spacer channels. Some of the feed water, typically 8-12%, passes 

through each membrane module and collects in the permeate tube as product water, and 

the remaining water exits from the opposite end of the module as concentrate water 

containing the rejected solutes. In RO plants, membrane modules are placed in series inside 

a pressure vessel. The concentrate of the first module becomes the feed to the second 
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module and so on. The combined total permeate exits the pressure vessel at one side, as 

well as the concentrate water.  

The application of RO membrane technology is limited by fouling problems that 

adversely affect performance of the filtration process. Membrane fouling can be classified 

into biofouling, organic fouling, inorganic scaling and particulate fouling (Jiang et al., 

2017). Biofouling (excessive growth of biomass) contributes to more than 45% of all cases 

of filtration processes suffering from membrane fouling (Komlenic, 2010). The operational 

problems associated with biofouling of RO membrane systems are discussed below.  

 

1.2  Biofouling of RO membrane systems 

Biofouling is an unavoidable problem in RO membrane treatment processes. Biofilm 

formation is the result of unwanted adhesion and growth of micro-organisms on a 

membrane surface that excrete extracellular polymeric substances (EPS) (Flemming, 

1997). Biofouling can be defined as the formation of biofilm that results in operational 

problems (Characklis and Marshall, 1990). Biofouling is operationally diagnosed when the 

normalized pressure drop (NPD) increases by 15% or the normalized flux decreases by 

10% of the start-up values (DOW, 2014, Hydranautics, 2001, SUEZ, 2009). Table 1.1 

provides a definition of important RO membrane performance parameters. 

Although feed water quality and nutrient load are the key parameters determining 

the extent of biofilm formation (Liu et al., 2011, Ma et al., 2010), the impact of a certain 

amount of biomass on membrane performance also depends on the design (e.g. feed spacer 

geometry) and operational aspects of the membrane system (Bucs et al., 2014). Biofouling 

has been shown to be influenced by feed spacer characteristics (Araújo et al., 2012a, Baker 



17 
 

et al., 1995, Tran et al., 2007, van Paassen et al., 1998, Vrouwenvelder et al., 2009a). 

Research has demonstrated that feed spacer biofouling effects overall performance more 

adversely than membrane biofouling (Baker et al., 1995, Tran et al., 2007, Vrouwenvelder 

et al., 2009a). The modification of feed spacer geometry has shown to have an effect on 

the hydraulic resistance and impact of biomass accumulation on the performance of 

membrane systems (Siddiqui et al., 2017a).  

 

Table 1.1: Definitions of important parameters in this study. 

Parameter Definition 

Transmembrane 

pressure drop 

Differential pressure between feed and permeate lines 

Permeate flux Water volume flowing through the membrane per unit area 

and time (L/m2.h) 

Feed channel pressure 

drop 

Differential pressure measured between the inlet and outlet 

of membrane module/MFS 

Pressure drop increase Change in pressure drop with time 

Normalization Normalization allows for the assessment of performance 

parameters independent of varying operating conditions such 

as temperature and flow 

Operational problem An increase of normalized pressure drop (NPD) by 15% of 

the start-up values 

 

Biofouling imposes a large economic burden on RO plants (>30% of total operating costs), 

due to membrane cleaning, labor and pretreatment costs, increased energy demand, and 

early membrane replacement (Flemming, 2011). Effective control of biofouling is 

important to restore membrane performance, extend membrane life span, and reduce 

operating costs. Biofouling reduction strategies can include feed water pretreatment to 



18 
 

physically remove nutrients and bacteria (Brehant et al., 2002, Henthorne and Boysen, 

2015, Jamaly et al., 2014, Kumar et al., 2006), metabolic inactivation of bacteria (Kim et 

al., 2009, Siddiqui et al., 2017b, Xiong and Liu, 2010), modification of membranes and 

feed spacers (Araújo et al., 2012a, Araújo et al., 2012b, Liu et al., 2010, Miller et al., 2012, 

Siddiqui et al., 2017a, Yang et al., 2009), and chemical cleaning of membrane modules 

(Beyer et al., 2017, Jiang et al., 2017, Li and Elimelech, 2004, Yu et al., 2017). A brief 

review of biofouling control strategies for RO membranes is presented in the following 

sections. 

 

1.2.1 Feed water pretreatment  

Improving feed water quality is usually the first step in reducing the biofouling potential 

of water. It has been shown that low concentrations of biodegradable compounds (µg/l) in 

the feed water could lead to severe biofouling (Vrouwenvelder and van der Kooij, 2001). 

To meet the criteria of good feed water quality (Alawadhi, 1997), pretreatment 

technologies such as filtration (mixed media filtration, microfiltration (MF), ultrafiltration 

(UF), biofiltration) and chemical treatment (coagulation, pH adjustment) may be utilized.  

Suspended solids in raw water are removed using filtration with granular media, 

most commonly sand and anthracite media filters (Prihasto et al., 2009). Cartridge filters 

(1-20 µm pore size) are also placed after media filters to avoid the transport of breakthrough 

particles to the RO membranes. Ultrafiltration and microfiltration are also very effective at 

removing particulate matter (Pearce, 2007). However, UF/MF pretreatment is often 

restricted to source waters which are thought to be especially problematic. These 

pretreatment methods may prevent particulate fouling by efficiently removing particles, 
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colloids, and almost all microorganisms, but dissolved organics can still pass through and 

result in organic fouling and biofouling of the RO membranes. Chemical treatment of 

source water with coagulants can adsorb organics which can then be removed from the 

source water as fine particulates (Ma et al., 2007, Prihasto et al., 2009). Selection of a 

suitable coagulant is important, such that residuals from the coagulant should not damage 

the RO membrane (Gabelich et al., 2002). 

Dissolved organic matter can also be removed from the feed water using activated 

carbon or biofiltration (Gur-Reznik et al., 2008, Zhao and Yu, 2015). The objective is to 

reduce substrate/nutrient availability by removing the assimilable organic carbon (AOC) 

(Hu et al., 2005). In theory, nutrient removal would prevent the growth of microorganisms 

but in reality the current pretreatment technologies cannot achieve complete removal of 

biodegradable nutrients from the feed water (Vrouwenvelder et al., 2009b). Biofilm 

development may only be somewhat delayed but not completely prevented with the use of, 

for example, biofiltration during water pretreatment (Chinu et al., 2009).  

 

1.2.2 Metabolic inactivation of micro-organisms 

While pretreatment methods described in Section 2.1 help in physically removing bacteria 

from the feed water, metabolic inactivation of micro-organisms is achieved with biocide 

application. The available physical and chemical disinfection methods for RO membrane 

process are reviewed by Kim et al. (2009). Free chlorine is commonly used to control 

microbial growth (Jiang et al., 2017), however residual chlorine degrades polyamide RO 

membranes (Kang et al., 2007, Kwon and Leckie, 2006). Therefore, chlorinated feed water 

must be dechlorinated with either sodium bisulfite (Saeed, 2002) or granular activated 
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carbon filtration (Prihasto et al., 2009). Another limitation of chlorine dosage is the 

formation of carcinogenic by-products such as trihalomethanes (Sorlini and Collivignarelli, 

2005). Alternative chlorine-based disinfection agents such as monochloramine and 

chlorine dioxide are also utilized but these chemicals are not as effective as chlorine and 

also result in the formation of unwanted disinfection by-products (Bartels et al., 2005, 

Petrucci and Rosellini, 2005).  

Ultraviolet (UV) irradiation at 245 nm inactivates micro-organisms but does not 

entirely prevent bacterial growth since there is no residual disinfection (Al-Bastaki, 2003, 

Kang et al., 2003). Although UV treatment (on its own) is advantageous in the sense that 

it does not produce toxic disinfection by-products, its use is not prevalent due to higher 

costs and risk of scale formation on the quartz sleeve when applied to hardness-rich 

seawater (Kim et al., 2009). UV irradiation in combination with hydrogen peroxide 

(H2O2/UV) has been used to oxidize organic matter into lower molecular weight fractions, 

thereby reducing the fouling potential of feed water (Kang et al., 2003, Song et al., 2004). 

However, without any residual, H2O2/UV can prevent biofilm formation for only short 

periods (<24 hours) (Lakretz et al., 2011). Post-chlorination of feed water that has been 

treated with H2O2/UV can have a positive (Chu et al., 2014) or negative (Dotson et al., 

2010) impact on the formation of different groups of DBPs.  

Similarly, oxidation of organic compounds with ozone treatment is highly effective 

in weakening the biofilm matrix (Koyuncu et al., 2006) but it is not considered a feasible 

pretreatment option for seawater RO systems. This is because ozone is known to break 

down the membrane surface (Perrins et al., 2006), produce carcinogenic brominated by-

products (Tyrovola and Diamadopoulos, 2005), even accelerate biofouling by breaking 
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down larger organic compounds (Oh et al., 2007) and the costs for ozone generation are 

about four-folds higher than for chlorine (Matin et al., 2011). 

Recently, novel non-oxidative biocides have been reported in the literature as 

alternatives to conventional antimicrobial agents. Chemical preservation of RO membrane 

modules with three different biocides – DBNPA (2,2-dibromo-3-nitrilopropionamide), 

CMIT/MIT (5-chloro-2-methyl-4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one), 

OIT (2-octyl-2H-isothiazol-3-one) – was demonstrated by (Majamaa et al., 2011). In 

particular, DBNPA has been more extensively studied because it is a fast-acting biocide, 

compatible with RO membranes, and results in decreased cleaning frequency by stabilizing 

the pressure drop (Bertheas et al., 2009, Boorsma et al., 2011, Majamaa et al., 2012, 

Siddiqui et al., 2017b). However, there is no curative effect of DBNPA. In other words, 

continuous dosage of DBNPA can delay biofouling but it is not effective as a cleaning 

agent for existing fouled membranes. Moreover, the use of DBNPA in drinking water 

production is prohibited due to its toxicity to humans (Bertheas et al., 2009). A recent study 

found that free radical generators, sodium nitroprusside and xanthine oxidase, perform 

better than DBNPA in terms of membrane remediation (Nagaraja et al., 2017) but 

considerable research is yet to take place for novel biocides.  

 

1.2.3 Membrane surface modification 

Membrane surface morphology and structure have been shown to influence the 

performance parameters of RO membrane systems (Louie et al., 2011). Research on 

biofouling control via membrane modification has focused on improving the antiadhesion 

(increased resistance to biofilm adhesion) and antimicrobial (bacteria lysis) properties of 
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membranes (Karkhanechi et al., 2014). Modification of the physicochemical properties of 

membranes can have an effect on biofilm adhesion. For example, hydrophilic membranes 

are known to be less prone to biofouling due to the hydrophobic nature of many foulants 

(Kang and Cao, 2012, Rana and Matsuura, 2010). More recently, amphiphilic-coated 

membranes were shown to not only delay biofouling but also influence the biofilm EPS 

composition (23% lower polysaccharides and 132% higher protein content) (Bucs et al., 

2017). Membranes with a smooth surface are also more resistant to bacterial attachment 

compared to rougher topologies which provide more surface area for the entrapment of 

foulants (Sagle et al., 2009, Vrijenhoek et al., 2001). The membrane surface charge may 

be modified according to the charge properties of the targeted foulants in feed water. For 

example, neutrally charged membranes are designed to minimize the adsorption of organic 

foulants (Lee et al., 2011).  

The immobilization of antimicrobial materials, such as silver nanoparticles and 

metal hydroxides, onto the membrane surface is also reported as an effective means of 

biofouling control by preventing the growth of bacteria (Dong et al., 2011, Karkhanechi et 

al., 2013a, Karkhanechi et al., 2013b, Sawada et al., 2012). Various functional coating 

layers, such as PEG-based coating (Krishnan et al., 2008), polydopamine coating 

(Karkhanechi et al., 2014), zwitterion monomer coating (Cheng et al., 2009), have been 

used to modify the membranes surface (Xu et al., 2013). However, stability of the coating 

layers is questioned over long-term operation in full-scale systems (Brzozowska et al., 

2011, Yang et al., 2009).  

Furthermore, long-term studies spanning several months are required to investigate 

how effective membrane surface modifications are in practice, in terms of preventing 
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bacterial adhesion and growth (Bucs et al., 2018). Factors preventing the proper scale-up 

of membrane surface modification strategies include high costs, insufficient information 

about risks to human health, complexity, low reproducibility and poor stability 

(Karkhanechi et al., 2014). Moreover, membrane surface modification usually leads to the 

decline of water flux (Kang and Cao, 2012). The numerous antimicrobial coatings and 

antiadhesion modifications to the RO membranes, individually or combined, may delay 

biofilm formation but cannot prevent biofouling in full-scale RO membrane systems.  

 

1.2.4 Feed spacer modification  

Biofouling impact on membrane system performance has been shown to be influenced by 

feed spacer characteristics (Araújo et al., 2012a, Baker et al., 1995, Tran et al., 2007, van 

Paassen et al., 1998, Vrouwenvelder et al., 2009a). Research has demonstrated that (i) 

initial biofouling deposition occurs on the surface of feed spacers and (ii) feed spacer 

biofouling effects overall performance more adversely than membrane biofouling (Baker 

et al., 1995, Tran et al., 2007, Vrouwenvelder et al., 2009a). Therefore, feed spacer 

modification is potentially a better strategy for biofouling control. Araujo et al., (2012) 

concluded that modification of feed spacers using hydrophilic coatings and biocidal agents 

is not effective in controlling biofouling. Rather, adaptation of spacer geometry may be 

more effective and sustainable at a lower cost. 3D printed feed spacers with a modified 

geometry were evaluated in a recent study which resulted in a low feed channel pressure 

drop and low biofouling impact on performance (Siddiqui et al., 2016). Similarly, another 

study confirmed that modification of feed spacer geometry impacts the hydraulic resistance 

and biofouling of membrane elements (Siddiqui et al., 2017a).  
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1.2.5 Chemical cleaning 

The periodic application of chemical cleaning agents is perhaps the most widely practiced 

method of biofouling control in RO membranes. The effectiveness of chemical cleaning 

depends on the formulation, circulation time, pH and temperature of the cleaning solutions 

(Al-Amoudi and Lovitt, 2007, Madaeni and Samieirad, 2010). The selection of a cleaning 

protocol depends on the (i) cost-effectiveness of the chemicals, (ii) the predominant nature 

of the fouling layer (inorganic, organic, or microbial), and (iii) the compatibility of the 

cleaning solutions with the polyamide RO membranes (Mallevialle et al., 1996). Ideally, 

the chemical cleaning agent should also be environmentally friendly. The cleaning 

solutions, in one way or another, disrupt the biofilm structure by denaturing the 

macromolecules such as polypeptides, polysaccharides and EPS.  

In full-scale RO plants, chemical cleaning using combinations of acidic and 

alkaline chemicals in sequence has commonly been applied for the regeneration of 

membranes (Madaeni and Samieirad, 2010, Yu et al., 2017). Alkaline solutions such as 

sodium hydroxide (NaOH) remove organic fouling and biofouling by hydrolysis and 

solubilization; whereas acidic solutions such as hydrochloric acid (HCl) dissolve scaling, 

disrupt the bacterial cell wall structure and also precipitate proteins (Beyer et al., 2017, 

Jiang et al., 2017). Cleaning protocols consist of several phases of high flow recirculation 

and soaking, lasting anywhere between 6.5 to 24 hours in total duration (Beyer et al., 2017). 

Conventionally applied acid/alkali treatments often fail to fully restore membrane 

performance (Beyer et al., 2014, Beyer et al., 2017, Huiting et al., 2001, Vrouwenvelder et 

al., 1998). Moreover, rapid biofilm regrowth is usually observed, inducing more frequent 

and rigorous cleaning protocols, resulting in increased costs and chemical waste. There is 
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an apparent need for novel chemical cleaning strategies to enhance biofilm solubility and 

removal from membrane modules, achieve higher recoveries of membrane performance 

parameters, and decrease the required frequency of cleaning. 

 

1.2.6 Summary 

To summarize, biofouling cannot be avoided in the long run. Even with extensive 

pretreatment, it is not possible to eliminate all micro-organisms and biodegradable 

substances from the feed water. Membrane surface and feed spacer modifications can also 

contribute to a delay in biofilm formation but cannot completely eliminate biofouling 

which remains a major problem in RO membrane processes. However, slowing down the 

biofilm formation rate may give plant operators more time, in between cleanings, to 

diagnose the root cause of biofouling and implement the most appropriate strategies to 

control biofouling at an early stage. This research focuses on the following aspects of 

biofouling control; (i) delaying the biofilm formation, (ii) reducing its impact on membrane 

performance and (iii) removing biofilms by advanced cleaning strategies (Bucs et al., 

2018). 
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1.3 Membrane fouling simulator 

Laboratory scale experiments investigating filtration materials, biological mechanisms and 

cleaning strategies are vital for understanding the effects of various parameters of interest 

on the fouling behavior of membrane filtration systems. Studying biofouling at laboratory 

scale requires a fouling monitor, so that expensive, time-consuming, chemically wasteful 

and destructive analysis of full-scale membrane elements can be avoided. Vrouwenvelder 

et al., (2006) developed a tool for fouling prediction and control, called the membrane 

fouling simulator (MFS). The membrane fouling simulator (Figure 1.3) is representative 

of spiral-wound membrane elements used in practice with regards to the materials used 

(membranes and spacers), spatial dimensions (height of feed and product spacer channels) 

and hydraulics (pressure drop, flow rate and flow distribution) (Vrouwenvelder et al., 

2006). A comparative study of the MFS and membrane modules showed the same 

development of pressure drop in time and the same active biomass accumulation 

(Vrouwenvelder et al., 2007b). The MFS also enables the quantification and 

characterization of biofouling by (i) measuring operational parameters like the pressure 

drop, (ii) in situ, real-time and non-destructive (visual and microscopic) observations 

through a transparent window and (iii) extensive analysis of membrane and spacer coupons 

sampled from the MFS.  

 

Figure 1.3: Membrane fouling simulator (MFS), containing a membrane and feed spacer. The 

transparent lid allows for visual and microscopic observations.   
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1.4 Research objectives 

The main objective of this research was to evaluate curative biofouling control strategies 

in RO membrane systems, focusing mainly on enhanced biomass removal methods. 

Traditional chemical cleaning protocols do not remove much of the fouling deposits from 

the membrane/spacer surfaces. Alternative chemical cleaning strategies for enhanced 

biomass removal were assessed in an effort to improve performance restoration of RO 

membrane process, and reduce the frequency, waste and costs associated with chemical 

cleaning.  

Chapter 2 demonstrates the applicability of short-term accelerated biofouling studies 

using MFSs for the prediction of long-term biofouling accumulation in reverse osmosis 

membrane systems. 

Chapter 3 investigates whether alternative chemical cleaning strategies, employing urea 

for biofilm solubilization, are better for RO membrane performance restoration than the 

conventional cleaning protocols applied in industry. 

Chapter 4 is a scale-up study examining if the alternative chemical (urea) cleaning strategy 

is effective and practical when applied to full-scale industrial RO spiral-wound membrane 

modules.  

Chapter 5 compares the effects of periodic chemical cleaning with urea and conventional 

cleaning agents on biomass removal and biofilm microbial composition. The impact of 

multiple chemical cleaning cycles on the key biofilm-forming bacteria was studied.  

Conclusions summarizes the main findings of this research and provides an outlook for 

practical implications and future research.  

Chapters 2-5 are structured as scientific journal articles and may inevitably contain some 

repetitions. Minor adaptations have been made to improve the chapters.  
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Chapter 2 

Short-term accelerated biofouling studies 

 

 

 

This chapter has been published as: 

Sanawar, H., Siddiqui, A., Bucs, S.S., Farhat, N.M., van Loosdrecht, M.C.M., Kruithof, 

J.C. and Vrouwenvelder, J.S. (2017) Applicability of short-term accelerated biofouling 

studies to predict long-term biofouling in reverse osmosis membrane systems. 
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Conference (platform presentation):  
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J.C. and Vrouwenvelder, J.S. Predicting the impact of feed spacer modification on 
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Abstract 

Biofouling studies addressing biofouling control are mostly executed in short-term studies. 

It is unclear whether data collected from these biofouling experiments are representative 

for long-term biofouling as occurring in full-scale membrane systems. This study 

investigated whether short-term biofouling studies accelerated by biodegradable nutrient 

dosage to feed water were predictive for long-term biofouling development without 

nutrient dosage. Since the presence of a feed spacer has an important effect on the degree 

of biofouling, this study employed six geometrically different feed spacers. Membrane 

fouling simulators (MFSs) were operated with the same (i) membrane, (ii) feed flow and 

(iii) feed water, but with feed spacers varying in geometry. For the short-term experiment, 

biofilm formation was enhanced by nutrient dosage to the MFS feed water, whereas no 

nutrient dosage was applied in the long-term experiment. Pressure drop development was 

monitored to characterize the extent of biofouling, while the accumulated viable biomass 

content at the end of the experimental run was quantified by adenosine triphosphate (ATP) 

measurements. Impact of feed spacer geometry on biofouling was compared for the short-

term and long-term biofouling study. The results of the study revealed that the feed spacers 

exhibited the same biofouling behavior for the (i) short-term (9-day) study with nutrient 

dosage and the (ii) long-term (96-day) study without nutrient dosage. For the six different 

feed spacers, the accumulated viable biomass content (pg ATP.cm-2) was roughly the same, 

but the biofouling impact in terms of pressure drop increase in time was significantly 

different. The biofouling impact ranking of the six feed spacers was the same for the short-

term and long-term biofouling studies. Therefore, it can be concluded that short-term 

accelerated biofouling studies in MFSs are a representative and suitable approach for the 

prediction of biofouling in membrane filtration systems after long-term operation.  
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2.1  Introduction 

Membrane-based water treatment processes have been well-developed and widely applied 

in the recent years for the mitigation of fresh water scarcity (Shannon et al., 2008). Reverse 

osmosis (RO) and nanofiltration (NF) are amongst the most effective and robust 

technologies for drinking water production (Lee et al., 2011). The use of spiral-wound 

membrane modules in RO and NF installations is prevalent. However, the effectiveness of 

the membrane system may be compromised due to fouling, of which biofouling (excessive 

growth of biomass) is the most problematic (Baker and Dudley, 1998, Matin et al., 2011, 

Ridgway et al., 1983, Tasaka et al., 1994). Biofouling is an unavoidable problem in RO 

and NF membrane treatment processes despite advances in improving membrane 

properties (Kochkodan and Hilal, 2015, Liu et al., 2010), process design (Paula and 

Amaral, 2017, Peñate and García-Rodríguez, 2012) and optimizing operational conditions 

(Kim et al., 2009, Matin et al., 2011, Vedavyasan, 2007). Biofouling contributes to more 

than 45% of all cases of membrane filtration suffering from membrane fouling (Komlenic, 

2010) and it can be detrimental to membrane performance, ultimately leading to filtration 

process failure.  

Biofouling is largely attributed to feed spacer characteristics (Araújo et al., 2012a, 

Baker et al., 1995, Tran et al., 2007, van Paassen et al., 1998, Vrouwenvelder et al., 2009a). 

In spiral-wound membrane configurations, feed spacers serve to separate the individual 

membrane sheets and to promote turbulence (Pabby et al., 2015). Research has 

demonstrated that feed spacer biofouling effects overall performance more adversely than 

membrane biofouling (Baker et al., 1995, Tran et al., 2007, Vrouwenvelder et al., 2009a). 
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The modification of feed spacer geometry has shown to have an effect on the hydraulic 

resistance and biofouling of membrane elements (Siddiqui et al., 2017a).  

Short-term biofouling experiments are an efficient approach for the rapid 

assessment of fouling behavior of a given membrane system under different operating 

conditions. In literature several studies have been described applying the short-term 

experimental approach to compare the effect of modifying operational parameters and 

filtration materials on biofouling (Cao et al., 2001, Khan et al., 2010, Pontié et al., 2012, 

Ronen et al., 2015, Subramani et al., 2006). Much work has been carried out using 

membrane fouling simulators (MFSs) in which laboratory-scale experiments can be 

conducted, representative for the performance of spiral-wound membrane elements in full-

scale installations (Vrouwenvelder et al., 2007a). Earlier studies (Araújo et al., 2012b, 

Dreszer et al., 2014, Vrouwenvelder et al., 2006, Vrouwenvelder et al., 2007b) have shown 

reproducible development of biofouling in MFS units. However, a point of concern is that 

short-term experiments may not yield membrane performance data representative for 

extended membrane process operation (Kraume et al., 2009).  

The objective of this study was to test the applicability of short-term accelerated 

biofouling studies to predict the biofouling susceptibility of feed spacers during long-term 

operation. The comparative studies were carried out in membrane fouling simulators using 

six geometrically different feed spacers.   
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2.2   Materials and Methods 

2.2.1   Feed spacer geometry 

Feed spacer thickness, distance and angle between spacer filaments, and filament 

orientation are important properties to characterize an effective membrane performance (Li 

et al., 2002). In the MFS experiments six feed spacers were employed with a different 

geometrical design (Table 2.1).  Two reference feed spacers (CON-1 and CON-3) were 

obtained from Conwed Plastics (Minneapolis, USA) with the same filament shape and an 

internal strand angle (β) of 90°. The difference between CON-1 and CON-3 was the spacer 

thickness – 34 mil (~863 µm) and 31 mil (~787 µm), respectively. Four feed spacers with 

a modified geometry were provided by DOW, Hydranautics, and Lanxess. The differences 

between the spacer geometries have been elicited by CT scanning of the feed spacers 

(Haaksman et al., 2017). The internal contact angle of the DOW spacer (DOW) was 70° 

while the contact angle for the other spacers was 90°. DOW had a uniform filament 

thickness. HYD (Hydranautics, Oceanside USA) was designed with thinner regions around 

the filament intersections and a larger average parallel strand distance. This spacer also 

contained a 0.5 wt.% triclosan coating which acts as a biocide. LXS-ASDi and LXS-ASD 

(Lanxess, Bitterfeld Germany) had alternating thick and thin spacer filaments with a larger 

average parallel strand distance. LXS-ASDi also had an irregular filament shape along its 

fiber length. All feed spacers consisted of polypropylene with a density (ρ) of 0.91 g/cm3. 

The feed channel porosities for the spacers were calculated based on CT-scan 

measurements of the feed spacers (Table 2.1) (Haaksman et al., 2017, Siddiqui et al., 

2017a). 

 



33 
 

Table 2.1: Overview of geometric characteristics of the six feed spacers used in this study (Siddiqui 

et al., 2017a). 

Spacer code CON-1 CON-3 DOW HYD LXS-ASDi LXS-ASD 

Thickness 

according to 

specifications (mil) 

34 31 34 34 34 34 

Measurements       

Average spacer 

thickness (µm) 
847 ± 24 717 ± 9 806 ± 14 820 ± 22 837 ± 8 830 ± 15 

Average parallel 

strand distance 

(mm) 

2.26 2.29 2.43 2.85 2.79 / 2.72 2.95 / 2.63 

Average strand 

thickness (µm) 
50 49 43 / 48 50 57 / 45 65 / 50 

Inner strand angle, 

β (°) 
90 90 70 90 90 90 

Porosity (ø)  0.856 0.874 0.877 0.893 0.899 0.898 

Remarks Reference 

spacer 

Reference 

spacer 

Modified 

inner strand 

angle and 

thinner 

strands 

Modified 

larger mesh-

size and 

thinner 

strands 

Modified 

alternate 

strand 

thickness with 

irregularities 

in strands 

Modified 

alternate 

strand 

thickness 

 

2.2.2 Experimental set-up 

The laboratory set-up consisted of two cartridge filters in series (10 µm pore size), flow 

controllers, nutrient dosage pump, MFSs and back-pressure valves (Siddiqui et al., 2017a). 

The six membrane fouling simulators used for all studies had identical flow channel 

dimensions of 20 cm × 4 cm × 863 µm. Membrane and feed spacer coupons (20 cm × 4 

cm) were placed inside each MFS to mimic the structure of spiral-wound membrane 

elements in terms of materials and dimensions. All six MFSs (each containing a different 

type of spacer) were operated in parallel, simultaneously for 9 days during the short-term 

accelerated biofouling study with a constant dosage of biodegradable nutrients to the MFS 

feed water. In the long-term biofouling study, the MFSs were operated simultaneously for 

96 days without nutrient dosage. During operation, the MFS window was covered with a 
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light-tight lid to prevent growth of phototrophic organisms. The development of fouling 

was monitored by measuring the pressure drop increase over the feed spacer channel of the 

MFS (Araújo et al., 2012a) and by quantifying the amount of active biomass accumulated 

in each MFS (Vrouwenvelder et al., 2008) at the end of operation. 

 

Table 2.2: Experimental design of the short-term and long-term biofouling studies. 

 

 

 

 

 

+ Same materials and parameters 

2.2.3   Operating conditions 

The feed water used for this experiment was tap water produced from surface water (at 

treatment plant Kralingen from Water Supply Company Evides, The Netherlands). The 

disinfectant (ClO2) concentration in the reservoir effluent water was below the detection 

limit and no residual disinfectant concentration was maintained in the distribution network. 

The colony forming units (CFU) in feed water, measured using bacterial enumeration 

methods, were 2 × 103 CFU/mL after ten days incubation at 25°C. Feed water was pumped 

to the MFSs at a flow rate of 17.0 L/h equivalent to a linear flow velocity of 0.16 m/s, 

representative of practice (Vrouwenvelder et al., 2009a). The MFSs were operated at a 

pressure of 1.7 bar to avoid degassing. For the short-term study, biofilm development in 

the MFS was accelerated by dosing a biodegradable nutrient solution containing acetate, 

nitrate and phosphate in a mass ratio C:N:P of 100:20:10 to the feed water. The organic 

 Short-term study Long-term study 

Spacers + + 

Membrane + + 

Feed water + + 

Nutrient dosage Yes No 

Run time 9 days 96 days 
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carbon concentration (acetate) added to the MFS feed water was 150 µg C/L. No nutrient 

solution was dosed to the feed water during the long-term MFS operation.  

 

2.2.4   Quantification of viable biomass content 

At the end of the biofouling studies, autopsy of the membrane and spacer sheets was carried 

out in order to quantify the accumulated viable biomass content on the inlet side of the 

MFS. Adenosine triphosphate (ATP) is present in all metabolically active microorganisms, 

thus ATP analysis can be used to measure the viable biomass content. It is a generally 

accepted parameter for diagnosis of biofouling (Araújo et al., 2012b, Fonseca et al., 2007, 

Hijnen et al., 2011, Vrouwenvelder et al., 2008, Vrouwenvelder et al., 2010b). Membrane 

and feed spacer coupons (4 cm × 4 cm) were removed from the MFS and placed in 

centrifuge tubes containing 30 mL of autoclaved tap water. The tubes with the coupons 

were placed in an ultrasonic water bath (Bransonic, model 5510E-DTH, output 135 W, 42 

kHz) for two minutes followed by mixing on a Vortex for one minute to remove biomass 

from the membrane and spacer surface. The procedure was repeated three times and the 

solution after removing the coupons was used to determine the viable biomass content by 

means of ATP analysis using the ATP Celsis Luminometer according to the suppliers’ 

protocol (Magic-Knezev and van der Kooij, 2004, Siddiqui et al., 2017a, van der Wielen 

and van der Kooij, 2010). 
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2.3 Results 

2.3.1 Short-term biofouling study with nutrient dosage 

Six MFSs containing a different feed spacer each were operated in parallel for nine days 

with a constant supply of nutrients to accelerate biofilm formation. Aside from the blank 

MFS control, the study employed a commonly used reference feed spacer (CON-1) and 

four modified feed spacers (DOW, HYD, LXS-ASDi, and LXS-ASD). Biofilm 

development for each feed spacer was studied by monitoring the feed channel pressure 

drop increase in the MFSs in time, followed by a quantitative analysis of the accumulated 

viable biomass content at the end of operation.  

There was no significant difference between the viable biomass accumulation, 

measured as ATP which amounted to 105 pg ATP.cm-2, in each MFS irrespective of the 

type of feed spacer (Figure 2.1 B). On the contrary, the feed channel pressure drop increase 

was significantly different for reference and modified feed spacers at the end of the study 

(Figure 2.1 A), showing that feed spacer geometry had an impact on the hydraulic 

resistance, which was lower for the modified feed spacers (DOW, HYD, LXS-ASDi, LXS-

ASD) than for the reference feed spacer (CON-1). Amongst the modified feed spacers, the 

LXS-ASD/ASDi spacers had the lowest feed channel pressure drop; probably due to the 

larger mesh size and alternating thick and thin strand arrangement, providing less resistance 

to the feed flow, resulting in a lower pressure drop increase. It is also interesting to note 

that until day 6 the pressure drop for the HYD spacer was in close proximity to the LXS-

ASD/ASDi spacers, after which the triclosan coating on the HYD spacer may have started 

to wear off, diminishing the biocidal effect and resulting in a higher pressure drop increase 

thereafter.   
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Figure 2.1: (A) Pressure drop increase in time in MFSs containing one reference and four 

modified feed spacers at a constant feed flow rate and (B) accumulated viable biomass content 

(pg ATP.cm-2) for the short-term (9-day) biofouling study accelerated with nutrient dosage 

(Siddiqui et al., 2017a). 
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2.3.2 Long-term biofouling study without nutrient dosage 

This experiment was conducted over a period of 96 days without nutrient dosage. It 

involved two reference feed spacers (CON-1, CON-3) and three modified feed spacers 

(DOW, HYD, and LXS-ASD). Similar to the short-term study (Section 3.1), the feed 

channel pressure drop increase in each MFS was measured in time and the accumulated 

viable biomass content was quantified at the end of the study.  

As expected, biofilm formation was slower in the long-term biofouling study 

without nutrient dosage compared to the short-term biofouling study accelerated with 

nutrient dosage.  In the long term study without substrate dosage, the ATP concentration 

was 103 pg ATP.cm-2 (Figure 2.2 B), approximately 102 folds lower than the ATP 

concentration of 105 pg ATP.cm-2 for the short term study with substrate dosage (Figure 

2.1 B). Once again there was no significant difference between the quantities of viable 

biomass accumulated on the different feed spacers (Figure 2.2 B). The feed channel 

pressure drop increase differed significantly for reference and modified feed spacers after 

96 days of operation (Figure 2.2 A). The ranking of performance for the six feed spacers 

in terms of pressure drop increase remained consistent at 45, 60, 75 and 90 days 

demonstrating that experiments lasting a shorter duration than 96 days are also suitable. 

The spacer geometry influenced the hydrodynamics of the spacers in the long-term study 

as well in the same ranking as in the short term biofouling study.  
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Figure 2.2: (A) Pressure drop increase in time in MFSs containing two reference and three 

modified feed spacers at a constant feed flow rate and (B) accumulated viable biomass content 

(pg ATP.cm-2) during the long-term (96-day) biofouling study without nutrient dosage (Siddiqui 

et al., 2017a). 
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2.3.3 Biofouling impact: short-term vs long-term  

The short-term and long-term biofouling impact of feed spacers were compared based on 

the hydraulic resistance in terms of feed channel pressure drop increase. The spacer with 

the lowest pressure drop increase was ranked as having the best performance (Figure 2.3).  

 
Figure 2.3 *: Biofouling impact ranking of two reference and four modified feed spacers based 

on the 9-day, short-term (with nutrient dosage) and 96-day, long-term (without nutrient dosage) 

biofouling studies (Siddiqui et al., 2017a)  

 

* Note: The Y-axis of Figure 2.3 represents a scale 1-5 from best to worst performing spacer, with 

the best spacer allotted number 1 and the worst spacer allotted number 5.  

 

At the end of the 9-day study, spacer LXS-ASD had the lowest pressure drop increase (48% 

of the initial feed channel pressure drop of 25 mbar). Reference spacer CON-1 had the 

highest pressure drop increase (300% of the initial feed channel pressure drop of 50 mbar). 

All four modified feed spacers performed better than reference spacer CON-1. Based on 
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pressure drop increase in time, the spacers were ranked as follows: LXS-ASD/ASDi > 

HYD > DOW > CON-1 (Figure 2.3).  

The results of the 96-day, long-term study corresponded with the 9-day, short-term 

study in terms of biofouling impact. Spacer LXS-ASD had again the best performance with 

the lowest pressure drop increase of approximately 37% (from an initial feed channel 

pressure drop of 38 mbar), while reference spacer CON-1 had the highest pressure drop 

increase (above 50% of the initial feed channel pressure drop of 53 mbar). All feed spacers 

with modified geometry had less impact on biofouling than the two reference feed spacers. 

Based on pressure drop increase in time, the spacers were ranked as follows: LXS-ASD > 

HYD > DOW > CON-3 > CON-1 (Figure 2.3).  

The low pressure drop increase of LXS-ASD spacer may be attributed to the large 

mesh size and the alternating thick and thin strand arrangement. Another spacer with 

alternating strand thickness, LXS-ASDi, also had a lower pressure drop increase than other 

spacers.  
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2.4  Discussion 

Lab-scale experiments investigating filtration materials, biological mechanisms and 

cleaning strategies are vital for understanding the effects of various parameters of interest 

on the fouling behavior of membrane filtration systems. The representativeness of short-

term lab-scale studies for full-scale operation is scrutinized due to (i) the differences in 

time scales, (ii) fluctuations in feed water parameters and (iii) dissimilar hydrodynamic 

conditions in the laboratory set-ups versus full-scale membrane modules (Drews et al., 

2008, Kraume et al., 2009). Kraume et al. (2009) suggested that for the interpretation of 

lab-scale results and their application to full-scale plant operation it is critical to conduct 

lab trials under conditions mimicking those at full-scale (Kraume et al., 2009). With 

regards to the duration of biofouling experiments, Miller et al. (2012) concluded that short-

term (<24 hours in duration) experiments are not representative of biofouling. Instead 

experiments lasting 5-10 days in duration should be carried out under conditions 

representative for practice (Miller et al., 2012). The timescales used in this study were 

therefore suitably allotted for the short-term (9 days) and long-term (96 days) experiments.   

The membrane fouling simulator (MFS) is representative of spiral-wound 

membrane elements used in practice with regards to the materials used (membranes and 

spacers), spatial dimensions (height of feed and product spacer channels) and hydraulics 

(pressure drop, flow rate and flow distribution) (Vrouwenvelder et al., 2007a). A 

comparative study of the MFS and membrane modules showed the same development of 

pressure drop in time and the same viable biomass accumulation (Vrouwenvelder et al., 

2006). This research effort has further validated that the MFS is a suitable tool for 

conducting lab-scale biofouling studies which can, within a short time frame, accurately 
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predict long-term biofouling behavior. The results demonstrate that the MFS studies can 

facilitate the evaluation and optimization of newly developed spacers, avoiding expensive, 

time-consuming, chemically wasteful and destructive analysis of full-scale membrane 

elements. For instance, in terms of spacer geometry, our findings showed that the 

combination of a larger mesh size and alternating strand thickness (as of spacer LXS-ASD) 

is a promising modification of the standard geometry of feed spacers used in practice. The 

findings correspond with the flow profiles of feed spacers predicted by numerical 

modelling, revealing that LXS-ASD was amongst the best of the evaluated spacers, while 

the highest pressure drop increase was measured for the reference spacer CON-1. 

(Haaksman et al., 2017) 

Although the nutrient load is the key parameter for biofilm formation, the impact 

of a certain amount of biomass on membrane performance also depends on the design (e.g. 

feed spacer geometry) and operational aspects of the membrane system (Bucs et al., 2014). 

For both the short-term and the long-term studies, a similar amount of viable biomass 

accumulation was obtained for all feed spacers evaluated. Both studies, showed 

significantly different pressure drop increase for reference and modified feed spacers. Feed 

channel pressure drop measurements are based on the resistance that water experiences 

when flowing in the feed channel and the location where the biofilm develops determines 

the resistance per biofilm volume. The spacer region has the largest pressure drop along 

the feed channel (Radu et al., 2010) and therefore it is expected that even with the same 

amount of active biomass present the spatial variation in the biomass development 

locations due to the different feed spacer geometries will have a different impact on 

pressure drop. The ranking of the biofouling impact of the feed spacers based on pressure 
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drop increase was the same for short-term and long-term studies. The correlation between 

short-term and long-term studies is established by the biofouling susceptibility of reference 

and modified feed spacers. Regardless of the extent of biofouling and the concentration of 

nutrients, the same biofouling impact ranking based on pressure drop increase was obtained 

for the six feed spacers. In other words, the short-term accelerated biofouling study 

predicted the ranking for feed spacer performance for the long-term study without nutrient 

dosage. For the long-term study, the biofouling impact ranking of feed spacers consistently 

remained the same after 45, 60, 75, and 90 days.  

Microbial biofilm formation has been described as a successional process in 

structure and composition (Martiny et al., 2003). Typically, fouling may begin with cake 

formation within a few minutes of operation, leading to residual fouling after 1-2 weeks 

and progressing to irreversible fouling after 6-12 months of operation (Kraume et al., 

2009). Experiments that do not last longer than a few hours or some days may only provide 

data for cake formation and early residual fouling rates. Characterization of the biofilm 

during the short-term and long-term biofouling studies can provide information on biofilm 

morphology and composition at the early and late stages of biofilm maturation. In 

summary, short-term biofouling studies are predictive for the long-term performance 

evaluation of membrane systems. Short-term studies can be used for rapidly assessing the 

effects of key operational parameters related to biofouling prior to implementing the 

methods of operation in practice, leading to the development of membrane systems less 

susceptible to fouling.   
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2.5  Conclusions 

Short-term and long-term biofouling potential for different geometry feed spacers was 

evaluated by performing biofouling studies in MFSs with nutrient dosage (9-day study) 

and without nutrient dosage (96-day study). Based on the results of this study it can be 

concluded that:   

 Short-term, lab-scale biofouling studies carried out using membrane fouling 

simulators are predictive for long-term impact of biofouling.  

 The accumulated viable biomass content is independent of the type of feed spacer. 

 The impact of biofouling on the hydrodynamic behavior characterized by pressure 

drop increase of feed spacers is influenced by the spacer geometry.  

 The application of a high or a low nutrient dosage did not change the ranking of 

modified feed spacers based on biofouling development.  

 Pressure drop measurements and quantification of biomass must be performed 

complementary to each other in order to gain a full understanding of the extent and 

impact of biofouling under different operating conditions.  
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Biofilm solubilization by urea 
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Abstract 

Chemical cleaning is routinely performed in reverse osmosis (RO) plants for the 

regeneration of RO membranes that suffer from biofouling problems. The potential of urea 

as a chaotropic agent to enhance the solubilization of biofilm proteins has been reported 

briefly in the literature. In this paper the efficiency of urea cleaning for RO membrane 

systems has been compared to conventionally applied acid/alkali treatment. Preliminary 

assessment confirmed that urea did not damage the RO polyamide membranes and that the 

membrane cleaning efficiency increased with increasing concentrations of urea and 

temperature. Accelerated biofilm formation was carried out in membrane fouling 

simulators which were subsequently cleaned with (i) 0.01M sodium hydroxide (NaOH) 

and 0.1M hydrochloric acid (HCl) (typically applied in industry), (ii) urea (CO(NH2)2) and 

hydrochloric acid, or (iii) urea only (1340 g/Lwater). The pressure drop over the flow channel 

was used to evaluate the efficiency of the applied chemical cleanings. Biomass removal 

was evaluated by measuring chemical oxygen demand (COD), adenosine triphosphate 

(ATP), protein, and carbohydrate content from the membrane and spacer surfaces after 

cleaning. In addition to protein and carbohydrate quantification of the extracellular 

polymeric substances (EPS), fluorescence excitation−emission matrix (FEEM) 

spectroscopy was used to distinguish the difference in organic matter of the remaining 

biomass to assess biofilm solubilization efficacy of the different cleaning agents. Results 

indicated that two-stage CO(NH2)2/HCl cleaning was as effective as cleaning with 

NaOH/HCl in terms of restoring the feed channel pressure drop (>70% pressure drop 

decrease). One-stage cleaning with urea only was not as effective indicating the importance 

of the second-stage low pH acid cleaning in weakening the biofilm matrix. All three 
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chemical cleaning protocols were equally effective in reducing the concentration of 

predominant EPS components protein and carbohydrate (>50% reduction in 

concentrations). However, urea-based cleaning strategies were more effective in 

solubilizing protein-like matter and tyrosine-containing proteins. Furthermore, ATP 

measurements showed that biomass inactivation was up to two-fold greater after treatment 

with urea-based chemical cleanings compared to the conventional acid/alkali treatment. 

The applicability of urea as an alternative, economical, eco-friendly and effective chemical 

cleaning agent for the control of biological fouling was successfully demonstrated. 
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3.1 Introduction 

Biofouling is an unavoidable problem in RO membrane treatment processes. Biofilm 

formation is the result of unwanted growth and adhesion of micro-organisms on a 

membrane and feed spacer surface that excrete extracellular polymeric substances (EPS) 

(Flemming, 1997). Biofouling can be defined as the formation of biofilm that results in 

operational problems (Characklis and Marshall, 1990) such as an increase in the 

normalized pressure drop by 15% or a decrease in the normalized flux by 10% of the start-

up values (DOW, 2014, Hydranautics, 2001, SUEZ, 2009). Biofouling imposes a large 

economic burden on RO plants (>30% of total operating costs), due to membrane cleaning, 

labor and pretreatment costs, increased energy demand, and early membrane replacement 

(Flemming, 2011). Effective control of biofouling is important to maintain membrane 

performance, extend membrane life span, and reduce operating costs. 

The periodic application of chemical cleaning agents is routinely carried out to 

control biofouling in RO membranes. Chemical cleaning using combinations of acidic and 

alkaline chemicals is commonly applied for the regeneration of membranes (Madaeni and 

Samieirad, 2010, Yu et al., 2017). The cleaning chemicals disrupt the biofilm structure 

through several mechanisms, by denaturing the macromolecules such as polypeptides and 

polysaccharides. Alkaline solutions such as sodium hydroxide (NaOH) remove organic 

fouling and biofouling by hydrolysis and solubilization; whereas acidic solutions such as 

hydrochloric acid (HCl) dissolve scaling, disrupt the bacterial cell wall structure and 

precipitate proteins (Beyer et al., 2017, Jiang et al., 2017). Cleaning protocols for spiral 

wound RO membranes consist of several phases of high flow recirculation and soaking, 
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lasting anywhere between 6.5 to 24 hours in duration at a typically applied temperature of 

35°C. (Beyer et al., 2017). 

Conventionally applied acid/alkali treatments often fail to fully restore membrane 

performance (Beyer et al., 2014, Huiting et al., 2001, Vrouwenvelder et al., 1998). A recent 

study examining chemical cleaning in three full-scale RO plants in the Netherlands 

underlined the need for novel cleaning approaches as none of the standard cleaning 

chemicals resulted in highly effective membrane regeneration (Beyer et al., 2017). 

Moreover, rapid biofilm regrowth is observed, inducing more frequent and rigorous 

cleaning, resulting in increased costs and chemical waste (Vrouwenvelder et al., 1998). 

There is an apparent need for novel chemical cleaning strategies to enhance biofilm 

solubillization and removal from membrane modules, achieve higher recoveries of 

membrane performance parameters, and decrease the required cleaning frequency. 

Chaotropic agents such as urea (CO(NH2)2) and guanidine hydrochloride 

(CH6ClN3) have been reported in literature as possible chemical cleaning agents. Whittaker 

et al. (1984) studied a variety of chemical cleaning strategies, of which urea (2M) in 

combination with a detergent (SDS) was amongst the most successful treatments in terms 

of biofilm removal. Applying 6 – 8 M urea demonstrated excellent biofilm removal 

(Whittaker et al., 1984). Another study confirmed the effectiveness of 2 M urea  in 

achieving >70% biofilm protein removal (Chen and Stewart, 2000). A recent study 

examined the effect of 5 M urea on oral biofilms derived from clinical isolates, and showed 

that urea was much more efficient at removing biofilm coverage than chlorhexidine, a 

traditionally used antimicrobial agent (Rasmussen et al., 2016). Though the exact action 

mechanism of urea cleaning is not fully understood, its ability to disrupt the hydrogen 
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bonds involved in stabilizing the structure of proteins and other biopolymers has been 

reported (Mallevialle et al., 1996). Urea may enhance biofilm solubilization by extracting 

non‐covalently bound extracellular matrix and cellular proteins (Ashraf Kharaz et al., 

2017). Urea is also efficient for cell and tissue lysis (Rasmussen et al., 2016, Su and Dias, 

2017), resulting in higher biomass inactivation. 

Previously, urea cleaning has been performed on small strips of membranes 

(Whittaker et al., 1984) or on biofilm covered slides (Chen and Stewart, 2000). The novelty 

of this study lies in; (i) the use of membrane fouling simulators (MFSs) to mimic the 

conditions of spiral-wound RO membrane elements used in practice (Vrouwenvelder et al., 

2006, Vrouwenvelder et al., 2007a), (ii) the application of a more concentrated urea 

solution to disrupt the structure of EPS components, and (iii) the detailed analysis of the 

effect of urea on biomass removal.  

This study aimed to comprehensively investigate the potential to use saturated urea 

solution as a cleaning agent for fouled membrane systems, compared to the conventional 

acid/alkali cleaning protocol commonly applied in practice.   
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3.2 Materials and Methods 

3.2.1  Experimental set-up 

The laboratory set-up consisted of a granular activated carbon filter followed by two 

cartridge filters in series (10 µm pore size), mass-flow controllers, nutrient dosage pump, 

MFSs and back-pressure valves (Figure 3.1) (Bucs et al., 2016). The MFS flow channel 

dimensions were 200 mm × 40 mm × 0.863 mm. Membrane and feed spacer coupons (200 

mm × 40 mm) were placed inside each MFS to mimic the structure of spiral-wound 

membrane elements. The feed spacer consisted of a sheet of 34 mil (0.863 mm) thick 

diamond-shaped polypropylene spacer. The feed spacer and membrane sheets were taken 

from virgin spiral-wound membrane elements (BW30-400/34i, DOW FILMTEC, USA). 

The carbon filter was installed to remove residual chlorine from the incoming tap (feed) 

water to protect RO membrane from chlorine damage and enable microbial growth. 

Cartridge filters were used to retain any particles emerging from the carbon filter. The MFS 

was operated in crossflow mode without permeate production at a pressure of 2 bar. Feed 

water entered the MFS from the inlet side and exited from the outlet after flowing through 

the spacer-filled channel. Four MFSs were operated in parallel and a flow controller was 

installed for each MFS. A differential pressure transmitter measured the pressure drop over 

each MFS. A back-pressure valve was installed at the outflow to avoid degassing by 

pressurizing the set-up. Nutrients and cleaning solutions were dosed to the MFSs using 

separate flow controllers and dosage pumps. Feed water was pumped to the MFSs at a flow 

rate of 17.0 L/h equivalent to a linear flow velocity of 0.16 m/s, representative of practice 

(Vrouwenvelder et al., 2009a). Feed water used for the experiments was tap water from the 

KAUST desalination treatment plant (Table 3.1). 
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Table 3.1: Feed (tap) water quality parameters. 

Parameter Unit Value 

Specific conductivity at 25oC µS/cm 345 ± 15 

Total hardness mg/L 42 

pH - 7.9 ± 0.2 

Temperature oC 23 ± 1 

Bacterial load Cells/mL 104 ± 100 

Total organic carbon mg/L <0.2 

Residual chlorine mg/L 0.3 ± 0.1 

 

The product water from the desalination plant (Belila et al., 2016) is chlorinated ensuring 

a concentration of 0.5 mg/L before entering the distribution network. The residence time 

from the desalination plant to the laboratory set-up is between 4-6 hours. The residual 

chlorine concentration in the tap (feed) water is 0.3±0.1 mg/L. 

Biofilm development in the MFSs was accelerated by dosing a biodegradable 

nutrient solution containing acetate, nitrate and phosphate in a mass ratio C:N:P of 

100:20:10 to the feed water (Miller et al., 2012). The concentration of acetate carbon added 

to the MFS feed water was 250 µg/L. During operation, the MFS window was covered 

with a light-tight lid to prevent growth of phototrophic organisms. The development of 

fouling was monitored by measuring the pressure drop increase over the feed spacer 

channel of the MFS, using a pressure difference transmitter (Endress & Hauser, type 

Deltabar S, PMD70-AAA7FKYAAA) (Vrouwenvelder et al., 2009c). The active biomass 

accumulated on the feed spacer and membranes in each MFS was quantified and 

characterized at the end of operation. 
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Figure 3.1: Schematic diagram of the automated system for lab scale membrane fouling simulation. 

Arrow indicates water flow direction. 
 

3.2.2 Preliminary assessment of urea cleaning  

Studies were carried out to investigate (i) whether RO polyamide membranes can withstand 

high urea concentrations, and (ii) the effect of urea concentration and temperature on 

biofilm solubilization. For all preliminary tests, membrane and spacer sheets with pre-

grown biofilm (obtained using the MFS set-up described above) were used.  

First, the compatibility of urea with RO polyamide membranes was evaluated using 

the Congo red dye test (U.S.D.I., 1996). This test can detect membrane damage as the 

Congo red dye does not attach to the intact polyamide layer of the membrane but is 

absorbed by the porous supporting layer of the membrane resulting in an intense color on 

the membrane surface where the membrane is damaged. Fouled membrane coupons were 

submerged in urea solutions at concentrations ranging from 294 – 756 g/Lwater for two 
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weeks. After urea treatment, membrane coupons were rinsed with MilliQ water and air 

dried. A solution of Congo red dye (1% w/w) was swabbed on the membrane surface and 

damages were visually assessed. The membrane coupons were compared to a damaged 

membrane (positive control) and to an intact virgin membrane (negative control). The 

damaged membrane was prepared by 24 hours of continuous stirring of the membrane 

coupon with a magnetic stirrer.  

The influence of urea solution concentration and temperature on biofilm solubilization 

was examined. The fouled membranes and spacers were cut into 10 pieces of 8 cm2 each 

and incubated for 24 hours in centrifuge tubes containing 20 mL of urea solution at varying 

concentrations (294 – 1147 g/Lwater) and at a constant temperature of 23°C to eliminate the 

effect of heat. Similarly, membrane and spacer coupons were incubated for 24 hours at 

varying temperatures (23-80°C) at a constant urea concentration of 1147 g/Lwater. 

Incubation was performed in a thermostatic bath without stirring. As negative controls, 

fouled membrane and spacer coupons were immersed in MilliQ water. After 24 hours, 

membrane and spacer coupons were taken out of the solution and rinsed by successive 

immersions in beakers of MilliQ water to remove the residual urea. The remaining biomass 

on the membrane and spacer coupons was measured using the chemical oxygen demand 

(COD) kits from HACH (LCK314 and LCK114), with a Lange HT200S thermostat and 

Lange DR3900 spectrophotometer. 

 

3.2.3 MFS chemical cleaning studies 

Laboratory-scale studies were carried out in order to evaluate the efficiency of urea as a 

chemical cleaning agent for biofilm solubilization compared to the conventional acid/alkali 
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treatment. Accelerated biofilm development was carried out in membrane fouling 

simulators using the experimental set-up and operating conditions described in Section 2.1. 

Four MFSs containing the same brackish water reverse osmosis (BWRO) membrane and 

feed spacers (34 mil) were operated simultaneously until the pressure drop reached a 

threshold value of 200 mbar (in 5-6 days, which is the average duration of accelerated 

biofouling studies with MFSs). Subsequently, the flow cells were cleaned according to a 

predetermined cleaning protocol (Table 3.2). The temperature of the cleaning solutions 

(NaOH and CO(NH2)2) was kept at 35°C as this temperature is applied for enhanced flux 

recovery in practice (Madaeni and Samieirad, 2010). The applied concentration of urea 

(1340 g/Lwater) is the saturated concentration at 30°C to ensure that urea remains in solution 

at 35°C. This concentration of urea also did not damage the polyamide membrane as it was 

tested on membrane modules in pilot-scale and no increase in salt passage was observed. 

The pH of the cleaning solutions was also within the operating range (pH 1-12) of 

polyamide membranes (Kucera, 2011). BioReagent grade (≥98%) urea, ACS reagent 

(37%) HCl, and reagent grade (≥98%) NaOH were purchased from Sigma Aldrich.  
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Table 3.2: Chemical cleaning protocols applied to each MFS. 

MFS Code Cleaning protocol Comment 

1 C None Positive control 

2 R 

 NaOH, pH 12, 0.01M, 35°C, 1 

hour 

 HCl, pH 1, 0.1M, room temp., 1 

hour 

Reference MFS. Conventional 

cleaning protocol. 

3 U+A 

 Saturated CO(NH2)2 solution 

(1340g/Lwater), pH 9.6, 35°C, 1 

hour 

 HCl, pH 1, 0.1M, room temp., 1 

hour 

NaOH replaced by CO(NH2)2. 

Two-stage cleaning using 

CO(NH2)2  + HCl 

4 U 

Saturated CO(NH2)2  solution 

(1340g/Lwater), pH 9.6, 35°C, 1 hour 

One-stage cleaning using 

CO(NH2)2 only. 

 

Each chemical cleaning agent (1L) was recirculated at the feed side of the MFS for 1 hour 

at the same flow rate as the feed water (17.0 L/h). A membrane filter (10 µm pore size) 

was placed between the outlet of the MFS and the dosing pump to avoid the recirculation 

of detached biofilm particles back to the MFS. In between and after each cleaning, the 

MFSs were rinsed with feed water for 5 minutes to displace the previous cleaning solution. 

Feed channel pressure drop development was monitored throughout the duration of the 

experiment, including the chemical cleaning phases. Membrane autopsies were 

subsequently carried out on retrieved membrane and feed spacer coupons for the qualitative 

and quantitative analysis of the fouling deposits. Membrane and spacer coupons were cut 

from the inlet side of the MFS using sterile scissors and tweezers. The coupon dimensions 

were measured with calipers so that the results can be reported per area of the combined 

membrane and spacer surface. The extent and composition of the fouling layer was 
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assessed using various analytical procedures described below. All experiments were run in 

duplicates and the figures show the average and standard deviation from the two runs. 

 

3.2.4 Biomass analysis 

Adenosine triphosphate (ATP) analysis was used for biomass quantification. ATP is 

present in all metabolically active microorganisms, thus ATP analysis can be used to 

measure the viable biomass content. It is a generally accepted parameter for diagnosis of 

biofouling (Hijnen et al., 2011, Vrouwenvelder et al., 2008). The biomass detachment and 

quantification method has been described previously (Sanawar et al., 2017).  

A well-established EPS extraction procedure was adapted (Liu and Fang, 2002). 

Biomass removed from membrane and feed spacer coupons was suspended in 10 mL of 

phosphate-buffered saline (PBS) solution. The samples were treated with 0.06 mL 

formaldehyde at 4°C for 1 hour and incubated with 4 mL 1M NaOH at 4°C for 3 hours. 

After centrifuging the samples for 20 min at 20000×g, the supernatant was filtered through 

a 0.2 μm pore size membrane filter and purified using a 3500 Da dialysis membrane for 24 

hours. The dialyzed samples were lyophilized (-50°C, 48 hours). Fluorescence excitation-

emission matrix (FEEM) was used to identify the predominant organics in the extracted 

EPS such as protein-like substances, humic/fulvic-like substances and others (Chen et al., 

2003b, Valladares Linares et al., 2012). FEEM was measured using a Fluoromax-4 

spectrofluorometer (Horiba Scientific, Japan) under excitation of 240 to 450 nm and 

emission of 290 to 600 nm at a speed of 1500 nm.min−1, a voltage of 700 V, and a response 

time of 2 s. Carbohydrate and protein components of the extracted EPS were quantified. 

Carbohydrates were quantified using the standard sulfuric acid-phenol method (Masuko et 
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al., 2005) which involves mixing 200 µL of the extracted EPS with 600 µL sulfuric acid 

and 120 µL of 5% phenol in a centrifuge tube. The samples were incubated for 5 min at 90 

ºC in a dry block heater and cooled down to room temperature for 5 min. An aliquot of 200 

µL of the sample was then transferred to a microplate and the absorbance at 490 nm was 

measured using a Spectra A max 340pc microplate reader (Molecular devices, USA). 

Proteins were quantified using the BCA assay kit (Thermo Scientific, USA) according to 

manufacturer’s guidelines. 

 

3.2.5 Statistical evaluation 

Averages and standard deviations were calculated for each of the duplicate sets of 

experiment, and a two-tailed Student's t-test was used for statistical comparisons. The 

standard deviation between duplicate experiments is represented by error bars in the 

graphs. The variance in the sample means is denoted by a single asterisk * if there is a 

significant difference (p = <0.05), and by “ns” if there is no significant difference (p = 

>0.05).   
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3.3  Results 

3.3.1 Membrane resistance to urea   

In order to determine whether urea has a damaging effect on RO polyamide membranes, 

Congo red dye was applied to membrane coupons which had been submerged in 294 – 756 

g/Lwater urea solutions for 2 weeks. No absorption of the dye was visible on the treated 

membrane surface contrary to the degraded membrane control, confirming that urea did 

not damage the polyamide layer of the membrane. In a separate study, no increase in salt 

passage was observed when full-scale RO membrane modules were cleaned with saturated 

urea solution (1340 g/L), reiterating the compatibility of urea with the membrane. 

 

3.3.2  Impact of urea concentration and temperature on biofilm solubilization 

COD analysis revealed that urea cleaning efficiency was enhanced with increasing urea 

concentration and temperature. More than 80% reduction in COD was achieved with urea 

treatment at concentrations above 700 g/Lwater (Figure 3.2 A), whereas above 30°C urea 

solutions (1147 g/Lwater) resulted in >90% reduction in COD (Figure 3.2 B). In accordance 

with industrial cleaning practice, 35°C was set as the cleaning temperature for RO 

membranes, and 1340 g/Lwater urea was the corresponding concentration just below the 

saturation point at 30°C. 
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Figure 3.2: Impact of urea concentration (A) and temperature (B) on biomass removal measured 

indirectly as percent chemical oxygen demand (COD) reduction. Results are based on single 

experiments. 
 

3.3.3 Efficiency of chemical cleanings  

Four MFSs containing the same BWRO membrane and feed spacer (34 mil) were operated 

in parallel with a constant supply of nutrients to the feed water to accelerate biofilm 

formation. Biofilm development was monitored by means of feed channel pressure drop 

increase in the MFSs until it reached a threshold value of 200 mbar in each MFS. Different 

chemical cleaning protocols consisting of the standard acid/alkali treatment and two 

alternative urea treatments were applied (Table 3.2). Pressure drop reduction was used as 

a measure of membrane performance restoration after each of the applied chemical 

cleanings (Section 3.3.1), active biomass removal post chemical cleanings was determined 

by means of ATP analysis (Section 3.3.2), and biofilm solubilization efficiency of the 

chemical cleaning agents was studied by quantifying the predominant EPS components as 

well as FEEM analysis (Section 3.3.3).  
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3.3.4 Performance restoration 

The increase in pressure drop (ΔP) was 160 mbar in the control MFS, and 180 mbar in all 

other MFSs (Figure 3.3 A), starting with an average initial pressure drop in all MFSs of 20 

mbar and increasing to about 200 mbar (over the 0.20 m long MFS) over a period of 5-6 

days.  

 

Figure 3.3: (A) Pressure drop increase (mbar) in each MFS, and (B) percent reduction in pressure 

drop after chemical cleaning. Error bars represent standard deviation of duplicate experiments. C 

= Control (no cleaning); R = Reference (NaOH + HCl); U+A = (CO(NH2)2 + HCl); U = CO(NH2)2 

only. 

 

Membrane performance was restored equally well in the MFS cleaned with the 

conventional reference (R) chemicals (NaOH + HCl) and the MFS cleaned with CO(NH2)2 

+ HCl (U+A). More than 70% reduction in pressure drop was achieved with both the 

chemical treatments (Figure 3.3 B) and a t-test revealed no significant difference (p = 

>0.05) between the performance of the R and U+A cleaning protocols. However, one-stage 

cleaning with urea only (U) resulted in a 50% decrease in pressure drop only, suggesting 

that the acid recirculation phase plays an important role in the effectiveness of the cleaning 

cycles. 
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3.3.5 Biomass inactivation and removal  

The concentration of viable biomass remaining in each MFS after cleaning was quantified 

using ATP analysis (Figure 3.4). Aside from the uncleaned control MFS which contained 

8.85 × 104 pg ATP/cm2, the reference (R) MFS had the highest concentration of active 

biomass (662 pg ATP/cm2). After cleaning by protocol U and U+A, the remaining active 

biomass content in the MFSs was 446 and 318 pg ATP/cm2, respectively. Urea-based 

cleaning protocols resulted in significantly higher biomass inactivation (p = <0.05) than 

the reference protocol R. 

 

Figure 3.4: Active biomass content measured as ATP (pg/cm2) remaining in each MFS after 

cleaning. Error bars represent standard deviation of duplicate experiments.  
 

3.3.6 Biofilm solubilization  

The two predominant components of EPS - total proteins and total carbohydrates were 

quantified. Figure 3.5 presents the concentration of proteins (Figure 3.5 A) and 

carbohydrates (Figure 3.5 B) remaining after the different cleaning strategies. Compared 

to the uncleaned control (C), chemical cleaning resulted in >50% reduction in protein and 
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carbohydrate content. Solubilization of proteins was slightly enhanced by urea-based 

cleaning protocols, however, compared to the reference acid/alkali treatment the difference 

was not significant (p = >0.05). Likewise, the same applies to the reduction of the 

carbohydrate content for which all three cleaning protocols produced similar results (p = 

>0.05). 

 

 

Figure 3.5: (A) Concentration of proteins (µg/cm2) and (B) concentration of carbohydrates 

(µg/cm2) in each MFS after cleaning compared to the uncleaned control C MFS. Error bars 

represent standard deviation of duplicate experiments. 

 

Additionally, FEEM analysis was used to examine the extracted EPS. Figure 3.6 shows the 

FEEM plots divided into four regions – I (humic-like matter; Ex = 320 nm, Em = 425 nm), 

II (protein-like matter; Ex = 275 nm, Em = 330 nm), III (fulvic acid-like substances; Ex = 

260 nm, Em = 475 nm), and IV (tyrosine-containing proteins; Ex = 235 nm, Em = 330 nm).  
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Figure 3.6: FEEM plots of EPS extracted from membrane/spacer coupons of each of the cleaned 

MFSs (B, C, D) compared to the uncleaned control MFS (A). The plots show the presence of (I) 

humic-like matter, (II) protein-like matter, (III) fulvic acid-like substances, and (IV) tyrosine-

containing proteins. 

 

The FEEM plot of the uncleaned control membrane shows a distinct peak for protein-like 

substances and a strong peak for tyrosine-containing substances which are typically 

proteinaceous and associated with amino acids (Figure 3.6 A). Both peaks (II and IV) are 

present at a much lower intensity on the membranes treated by chemical cleaning. After 

cleaning with R, U and U+A, the average peak intensity for protein-like matter was reduced 

by 19%, 27% and 40%; while the average peak intensity for tyrosine-containing proteins 

was reduced by 24%, 19%, and 52% respectively, compared to the uncleaned control. In 

other words, urea-based cleaning protocols were able to solubilize protein-like substances 
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and tyrosine-containing proteins more effectively than the reference acid/alkali cleaning 

treatment, indicating that urea cleaning has advantages over the acid/alkali cleaning.   
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3.4  Discussion 

3.4.1 Selection of chemical cleaning protocol 

Periodic membrane cleaning is unavoidable to maintain the performance of membrane-

based water treatment processes and the selection of a chemical cleaning protocol is usually 

governed by the fouling types deposited on the membranes (Jiang et al., 2017). In this 

study, the effectiveness of urea chemical cleaning was evaluated by performing short-term 

accelerated biofouling experiments (Sanawar et al., 2017) in which a biofilm was grown in 

membrane fouling simulators with the supplementation of biodegradable nutrients. Biofilm 

accumulation was monitored in real time by measuring the feed channel pressure drop 

development. The choice of cleaning chemicals in this study was based on the predominant 

nature of the fouling layer i.e. biological fouling. For biological fouling, cleaning with 

NaOH and CO(NH2)2 is an appropriate strategy since both cleaning agents initiate chemical 

reactions involved in the removal of biological fouling (Beyer et al., 2017, Mallevialle et 

al., 1996). Typically in  practice, a high pH cleaning solution (such as NaOH) is used first 

to remove biological matter, followed by a low pH cleaning chemical (such as HCl) to 

further weaken the bonds between the foulants and the membrane surface, and destabilize 

the chemical bonds within the EPS matrix itself (Hydranautics, 2014). This study 

investigated the effect of substituting the standard alkaline chemical (NaOH) with 

CO(NH2)2 which acts as a chaotropic (hydrogen bond disrupting) agent and enhances the 

solubility of organic foulants by denaturing proteins. 
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3.4.2 Optimization of the urea cleaning protocol 

Standard RO membranes used in water practice are thin-film composite polyamide 

membrane. When selecting a chemical cleaning agent, it is important to assess whether or 

not the chemical can cause damage to the membrane material. The compatibility of 

CO(NH2)2 with RO polyamide membranes was confirmed during the initial evaluation of 

urea as a cleaning agent. A recent patent also confirms the suitability of urea and its 

derivatives with RO polyamide membranes (Kawakatsu and Ishii, 2017). Furthermore, the 

effectiveness of chemical cleaning depends on the type, circulation time, pH and 

temperature of the cleaning solutions (Al-Amoudi and Lovitt, 2007, Madaeni and 

Samieirad, 2010). Two of the main chemical aspects of cleaning – urea concentration and 

temperature – were investigated to determine the optimal cleaning conditions. Using COD 

as an indicator of biomass removal, it was shown that the urea cleaning efficiency increases 

at higher concentration (756 g/Lwater > 294 g/Lwater) and temperature (30°C > 23°C). Urea 

concentration higher than 756 g/Lwater and temperatures higher than 30°C did not increase 

the cleaning efficiency. The results are in agreement with literature which have shown that 

chemical cleaning efficiency increases at higher concentration and at elevated temperatures 

(50-60°C) (Bartlett et al., 1995, Madaeni et al., 2001, Shorrock and Bird, 1998, Sohrabi et 

al., 2011). This is because higher temperatures accelerate the chemical reactions involved 

in the breakdown of deposits at the membrane surface (Chen et al., 2003a). However, with 

repeated exposure to temperatures higher than 45°C the polyester support and polyamide 

layer of the membrane can be damaged (Kucera, 2011). Therefore, 35°C was set as the 

optimal temperature for NaOH and CO(NH2)2 cleaning solutions in accordance with 
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practice and guidelines for polyamide membranes (Hydranautics, 2014, Madaeni and 

Samieirad, 2010).  

 

3.4.3 Efficiency of chemical cleaning 

 Performance restoration 

After determining the optimal cleaning conditions, fouled MFSs were subjected to the 

reference cleaning protocol (R = NaOH + HCl) and to alternative urea-based chemical 

cleanings (U = Urea only, U+A = Urea + HCl). Feed channel pressure drop increase is a 

result of biomass accumulation on the membrane/spacer surface (Vrouwenvelder et al., 

2009a, Vrouwenvelder et al., 2009d). Restoration of membrane performance after chemical 

cleaning was therefore monitored by means of feed channel pressure drop reduction. 

Cleaning with R and U+A yielded >70% reduction in pressure drop, with no significant 

difference between the efficiency of both chemical cleaning strategies in terms of 

membrane performance restoration. However, one-stage cleaning with urea only was not 

as effective indicating the importance of applying a second-stage low pH acid cleaning. 

The possible physico-chemical interactions between acidic cleaners such as HCl and 

foulants include hydrolysis and solubilization (Porcelli and Judd, 2010, Zondervan and 

Roffel, 2007). Therefore, these mechanisms may be responsible for enhanced biofilm 

solubilization during the secondary acid cleaning stage.  

 

 Biomass parameters 

The performance of urea-based chemical cleanings is superior to that of the reference 

cleaning in terms of biomass inactivation. In order of biomass inactivation efficiency, the 



70 
 

cleaning protocols can be ranked as U+A > U > R. In a recent study, urea was shown to 

cause significant internal stresses within the biofilm within 15 minutes of exposure, likely 

due to osmotic forces (Rasmussen et al., 2016). The extracellular and intracellular swelling 

of the biofilm caused by the diffusion of urea molecules into the biofilm space and bacterial 

cells eventually leads to osmotic lysis (bursting of cell membrane due to osmotic 

imbalance). This may be the reason why in this study biomass inactivation was up to two-

fold greater after treatment with urea-based chemical cleanings compared to the 

conventional acid/alkali treatment (Figure 3.4).  

Urea as a chemical cleaning agent proved to be more efficient in terms of biofilm 

protein solubilization. FEEM plots (Figure 3.6) illustrate that urea acts as a protein 

denaturant and results in significantly lower intensities of protein-like matter and tyrosine-

containing proteins when compared with the membrane cleaned with the conventional 

cleaning chemicals. This may be attributed to the ability of urea to: (i) cause unfolding of 

proteins by interrupting hydrogen bonding between amide and carbonyl groups of proteins; 

and (ii) inhibit protein aggregation. The deposition of proteins on the membrane surface 

has been shown to accelerate fouling by serving as a nucleation site for the formation of 

larger protein aggregates (Kelly et al., 1993, Kelly and Zydney, 1994, 1995). Aggregation 

of proteins occurs predominantly through intermolecular disulfide bonds (Kelly and 

Zydney, 1994, Steinhauer et al., 2015). The availability of free sulfhydryl groups is 

essential to the aggregation reactions (Huggins et al., 1951). Urea eliminates the formation 

of protein aggregates by blocking the free sulfhydryl group (Kelly and Zydney, 1994, Mo 

and Ng, 2010), thereby minimizing the accumulation of the foulant on the membrane 

surface. 
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Several studies have demonstrated that by strategically pairing chemical agents that have 

complementary cleaning mechanisms, foulants can be removed from the membrane surface 

more efficiently (Ang et al., 2011, Bartlett et al., 1995, Madaeni and Samieirad, 2010, Shi 

et al., 2014). Pairing of urea and HCl in this study yielded higher cleaning efficiencies. It 

is plausible that (i) the first stage urea cleaning disrupts the biofilm stability by interfering 

with the hydrogen-bond network of biofilm and (ii) the second stage acid cleaning 

minimizes the ligand binding of divalent atoms between negatively charged groups on the 

EPS due to lower pH. In other words, urea creates a loose fouling layer that allows for 

deeper penetration of HCl into the biofilm, consequently enhancing the solubilization of 

deposits. These results (Figure 3.6) are based on the analysis of total EPS extracted from 

the biofilm present on membrane/spacer coupons using the formaldehyde/NaOH method. 

The total EPS extract was then subjected to subsequent extraction methods for individual 

EPS components i.e. proteins and carbohydrates. Analysis of the individual EPS 

components resulted in similar concentrations of total proteins and carbohydrates after 

cleaning with R, U and U+A (Figure 3.5) suggesting possible limitations of the extraction 

methods. All three cleaning protocols yielded >50% reduction in total proteins and 

carbohydrates. 

 

 Future research 

The potential of urea as an alternative cleaning agent should also be evaluated in full-scale 

spiral-wound RO membrane modules when several fouling types might exist 

simultaneously. The possibility of reclaiming urea from the waste solution post-cleaning 

should be explored. All the used urea can potentially be recovered by eutectic freeze 



72 
 

crystallization as its eutectic point lies around -12°C (and 33 wt.%), which temperature is 

high enough to allow for energy-efficient operation (Van der Ham, 1999). This would 

allow for urea to be reused after the removal of impurities, in an effort to reduce the volume 

of chemical waste and the costs associated with cleaning, and treating chemical waste. 

Appropriate urea waste disposal methods must be implemented leading to eco-friendly and 

preferential use of urea over the conventional cleaning agents. Bacterial cells in biofilms 

are known to develop resistance to antimicrobial agents and cleaning chemicals (Bridier et 

al., 2011). Several studies have reported that repeated cleaning cycles select for microbial 

groups that strongly attach to the RO membrane surface by producing rigid and adhesive 

EPS (Al Ashhab et al., 2017) and that the type and amount of deposits remaining after 

cleaning will have an effect on the rate and extent of biofilm regrowth (Bereschenko et al., 

2011). Therefore, investigating the changes in biofilm structure and composition after 

repetitive urea cleaning cycles and the impact of urea on membrane performance 

restoration during long-term membrane operation should be pursued. Chemical cleaning 

combined with physical cleaning methods such as increase in shear (Vrouwenvelder et al., 

2010a) or the use of air bubble scouring (Cornelissen et al., 2007) may enhance biofilm 

removal since urea weakens the fouling layer. Furthermore, studies have shown that the 

composition of the EPS matrix can influence the hydraulic biofilm resistance (Desmond et 

al., 2018, Dreszer et al., 2013). It may be addressed in future studies how urea cleaning 

affects the hydraulic resistance of biofilms and possibly leads to enhanced permeate flux.   
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3.5  Conclusions  

The suitability of alternative chemical cleaning strategies, employing concentrated urea for 

biofilm solubilization, was studied in comparison with the conventional cleaning protocol 

as applied in practice to reverse osmosis membranes. Based on the results of the lab-scale 

membrane fouling simulator studies, it can be concluded that; 

 Urea is a compatible chemical cleaning agent for reverse osmosis polyamide 

membranes. 

 Enhanced biomass removal is achieved with increasing urea concentration and 

temperature, until the effect begins to plateau. 

 Performance of urea as a chemical cleaning agent is superior to conventional 

cleaning in terms of biomass inactivation and biofilm protein solubilization (based 

on FEEM analysis of total extracted EPS).  

 Chemical cleaning with urea is as effective as the standard acid/alkali cleaning in 

terms of membrane performance restoration and extracellular polymeric substances 

reduction.  

 Alternative urea-based cleaning strategy is an inexpensive, simple and successful 

approach to control organic and biological fouling.  
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Chapter 4 

Chemical cleaning of full-scale membrane modules with urea 

 

 

 

This chapter is published as:  

Sanawar, H., Bucs, S.S., Pot, M.A., Zlopasa, J., Farhat, N.M., Witkamp, G.-J., Kruithof, 

J.C., van Loosdrecht, M.C.M. and Vrouwenvelder, J.S. (2019) Pilot-scale assessment of 

urea as a chemical cleaning agent for biofouling control in spiral-wound reverse osmosis 

membrane elements. Membranes 9(9), 117. 
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Abstract 

Routine chemical cleaning with the combined use of sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) is carried out as a means of biofouling control in reverse osmosis 

(RO) membranes. The novelty of the research presented herein is in the application of 

urea, instead of NaOH, as a chemical cleaning agent to full-scale spiral-wound RO 

membrane elements. A comparative study was carried out at a pilot-scale facility at the 

Evides Industriewater DECO water treatment plant in the Netherlands. Three fouled 8-

inch diameter membrane modules were harvested from the lead position of one of the full-

scale RO units treating membrane bioreactor (MBR) permeate. One membrane module 

was not cleaned and was assessed as the control. The second membrane module was 

cleaned by the standard alkali/acid cleaning protocol. The third membrane module was 

cleaned with concentrated urea solution followed by acid rinse. The results showed that 

urea cleaning is as effective as the conventional chemical cleaning with regards to 

restoring the normalized feed channel pressure drop, and more effective in terms of (i) 

improving membrane permeability, and (ii) solubilizing organic foulants and the 

subsequent removal of the surface fouling layer. Higher biomass removal by urea cleaning 

was also indicated by the fact that the total organic carbon (TOC) content in the HCl rinse 

solution post-urea-cleaning was an order of magnitude greater than in the HCl rinse after 

standard cleaning. Further optimization of urea-based membrane cleaning protocols and 

urea recovery and/or waste treatment methods is proposed for full-scale applications.  
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4.1 Introduction 

Membrane filtration processes are regarded as a solution to overcome freshwater scarcity 

by enabling the utilization of water sources such as seawater and wastewater to produce 

clean water for industrial, agricultural, municipal and potable use. Reverse osmosis (RO) 

is by far the most commonly applied membrane filtration process due to its effectiveness 

in removing pollutants and monovalent ions, ease of operation and cost-effectiveness 

(Fritzmann et al., 2007, Tang et al., 2014). The use of polyamide RO membranes in spiral-

wound configurations is prevalent in commercial systems (Polasek et al., 2003). The 

fouling of membrane modules continues to be the major limitation in the effective 

application of RO membrane installations. More than 45% of all cases of membrane 

fouling are caused by biofouling (excessive growth of biomass) (Komlenic, 2010) leading 

to filtration process failure, high operational costs and early membrane replacement. 

Biofouling is operationally diagnosed when the normalized pressure drop (NPD) is 

increased by 15% or the normalized flux is decreased by 10% of the start-up values (DOW, 

2014, Hydranautics, 2001, SUEZ, 2009). 

Biofouling is inevitable during long-term operation (Bucs et al., 2018). Even with 

extensive pretreatment of feed water using disinfectants (Farhat et al., 2018) and biocides 

(Siddiqui et al., 2017b), it is not possible to remove all micro-organisms and biodegradable 

substances from the feed water (Chinu et al., 2009, Vrouwenvelder et al., 2009b). 

Membrane surface and feed spacer modifications can somewhat delay biofilm formation 

(Araújo et al., 2012b, Karkhanechi et al., 2014, Siddiqui et al., 2017a), but cannot 

completely eliminate biofouling. However, slowing down the biofilm formation rate gives 

plant operators more time to diagnose the cause of biofouling and implement the most 

appropriate control strategies. Bucs et al. (2018) recommended that research should be 
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aimed at (i) slowing down biofilm formation; (ii) reducing its impact on membrane 

performance and (iii) removing biofilms by advanced cleaning strategies. The work 

presented herein pursues an advanced cleaning strategy for biofouling control. 

Chemical cleaning of membrane modules is routinely carried out at full-scale 

installations to restore membrane performance. Several studies have highlighted the need 

for new chemical cleaning strategies since the conventional cleaning by NaOH and HCl 

fails to provide highly effective membrane regeneration (Beyer et al., 2014, Beyer et al., 

2017, Huiting et al., 2001, Vrouwenvelder et al., 1998). The ability of urea to dissolve 

biofilm proteins has been discussed briefly in the literature (Chen and Stewart, 2000, 

Rasmussen et al., 2016, Whittaker et al., 1984). Recently, controlled laboratory 

experiments have been conducted using membrane fouling simulators to assess the 

efficiency of concentrated urea as a chemical cleaning agent for RO membranes (Sanawar 

et al., 2018). These studies demonstrated considerable potential of urea to enhance biofilm 

solubilization and removal. However, lab-scale biofouling experiments may not be 

completely representative for “real world” membrane applications whereby a combination 

of biofouling, colloidal fouling, inorganic scaling and the organic fouling of membranes 

may occur simultaneously. Membrane performance at full-scale RO plants is also affected 

by variations in feed water parameters, pre-treatment techniques and their effectiveness, as 

well as operating conditions (such as flux) (Xu et al., 2010). Membrane autopsies of full-

scale modules are therefore necessary in order to (i) identify the types and degree of 

fouling, and (ii) ascertain the applicability of novel chemical cleaning agents and strategies 

at full-scale installations. 



78 
 

This study examined the efficiency of urea as a chemical cleaning agent in contrast to 

the conventional acid/alkali cleaning protocol, applied to 8-inch diameter spiral-wound RO 

membrane elements taken from a full-scale installation and cleaned in a pilot test facility. 

To fulfil this objective, performance data of the membrane modules was assessed and a 

subsequent autopsy of the membrane modules was carried out, enabling detailed laboratory 

analysis using advanced analytical techniques which had not been incorporated in our 

previous lab-scale studies (Sanawar et al., 2018). 
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4.2 Materials and Methods 

4.2.1 Experimental design 

The pilot test facility was located at the DECO water treatment plant, managed by Evides 

Industriewater in Terneuzen, the Netherlands. The DECO plant produces demineralized 

water and cooling tower supply water from membrane bioreactor (MBR) permeate, 

originating from the wastewater treatment plant of Terneuzen (Farhat et al., 2018). The 

MBR permeate is transported over 13 km by pipeline to the DECO plant. Monochloramine 

is dosed in the pipeline to prevent biofouling. At the DECO plant, the effluent is passed 

through a 50 µm automatic screen filter. The residual monochloramine is removed by 

dosing a small excess of sodium hydrogen sulfite just upstream of the RO. The average 

flow to the RO is 254 m³/h. The system consists of two-pass RO units containing more 

than 700 8-inch FILMTEC™ membrane elements (BW30XFR-400/34i) (Delfgauw, the 

Netherlands) comprising 34 mil feed spacers. The production design capacity of each RO 

unit is 150–175 m3/h. At the plant, membrane fouling problems are inevitable due to the 

high fouling tendency of wastewater effluent. The decline in plant performance is identified 

as a rapid increase of feed channel pressure drop, requiring preventive cleaning as well as 

regular maintenance cleaning (using NaOH and HCl) every 3 days to avoid irreversible 

loss in membrane performance. 

For this study, an automatic RO pilot installation equipped with two single modules 8-

inch pressure vessels was employed, built by Logisticon Water Treatment (Groot-Ammers, 

the Netherlands) (Supplementary Material Figure S4.1). Freshwater (surface water from 

Belgium) was sourced as feed water to the RO pilot installation. Three fouled 8-inch 

membrane modules of the same age of operation (2.5 years) were harvested from the lead 

position of one of the full-scale RO units treating MBR permeate. Each spiral-wound 
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membrane element had a surface area of 37.16 m2 (or 400 sq. ft.) and was mostly fouled 

on the inlet side (Supplementary Material Figure S4.2). 

A membrane element was placed inside a vertically installed cleaning-in-place (CIP) 

vessel and feed water was fed from the top (inlet side of the module). The pilot installation 

was designed to record three key performance indicators (KPIs) including pressure, flow 

and conductivity. With the freshwater feed, the initial performance of the membrane 

element—including feed and concentrate flow (m3/h) and pressure (bar)—was measured. 

Second, the module was rinsed with demineralized water twice to displace the feed water. 

The demineralized water was drained from the system to avoid dilution of the chemical 

cleaning solutions before proceeding with the cleaning protocol. Table 4.1 describes the 

chemical cleaning protocol applied to each of the three membrane modules. NaOH and 

HCl were obtained from the DECO water treatment plant’s chemical storage unit. Urea as 

crystals (technical grade, uncoated) was obtained from the chemical supplier for DECO 

(Brenntag Nederland BV, Dordrecht, the Netherlands). 

 

Table 4.1: Chemical cleaning strategies applied to each membrane element. Performance data 

of all three membrane modules was recorded before, during and after cleaning. 

Module Code Cleaning protocol Comment 

1 Control None Control module. No cleaning. 

2 NaOH + HCl 

(i) NaOH (pH 12, 35°C) recirculated 

for 1 hour 

(ii) HCl (pH 1, room temperature) 

(~18°C) recirculated for 30 minutes 

Reference module cleaned with 

conventional alkali/acid 

solutions as applied by DOW 

and Evides 

3 Urea + HCl 

(i) CO(NH2)2 (1340 g/L, 35°C) 

recirculated for 1 hour 

(ii) HCl (pH 1, room temperature) 

(~18°C) recirculated for 30 minutes 

NaOH replaced by saturated 

urea solution 
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Demineralized water was used as the solvent to prepare 100 L of the cleaning solutions. 

The cleaning solutions (NaOH and urea) were heated to 35 °C because this is the optimum 

temperature for NaOH/HCl cleaning aimed at enhanced flux recovery (Madaeni and 

Samieirad, 2010). The alkali cleaning was applied at a concentration typically used in 

industry for chemical cleaning (0.01 M NaOH) and is reportedly quite effective at restoring 

membrane performance (DOW, 2014, Hydranautics, 2014). The performance of the 

membrane elements was assessed after the recirculation of the first cleaning agent (NaOH 

or urea) and at the end of the cleaning protocol. After cleaning, membrane elements were 

stored and transported to the laboratory in heavy duty plastic bags containing ice for 

autopsy, sampling and analysis. 

 

4.2.2 Key performance indicators 

Membrane fouling results in an increase in pressure drop across the feed channel and a 

decline in permeate flux. Monitoring these KPIs allows for the early identification of 

fouling and is used to determine the cleaning frequency and strategy. The normalization of 

the performance indicators is required in order to accurately assess and compare the process 

performance, independent of varying parameters such as feed water temperature and flow. 

In this study, pressure drop was normalized for flow and temperature using the same 

method (see Equation 1) as employed by the DECO plant (Bisselink et al., 2016). 

 

𝑁𝑃𝐷 =  ∆𝑃𝐴𝐶𝑇 . 𝑄𝐶𝐹∆𝑃 . 𝑇𝐶𝐹∆𝑃

= (𝑃𝐹𝐸𝐸𝐷 − 𝑃𝐶𝑂𝑁𝐶𝐸𝑁𝑇𝑅𝐴𝑇𝐸) (
(𝑄𝐹𝐸𝐸𝐷,𝑅𝐸𝐹 + 𝑄𝐶𝑂𝑁𝐶𝐸𝑁𝑇𝑅𝐴𝑇𝐸,𝑅𝐸𝐹) ÷ 2

(𝑄𝐹𝐸𝐸𝐷 + 𝑄𝐶𝑂𝑁𝐶𝐸𝑁𝑇𝑅𝐴𝑇𝐸)  ÷ 2
 )

1.6

. (
𝜂𝑇,𝑅𝐸𝐹

𝜂𝑇,𝐴𝐶𝑇
)

0.4

 

(1) 
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where NPD is the normalized pressure drop (bar), ΔPACT is the actual pressure difference, 

QCF,ΔP is the flow correction factor, TCF,ΔP is the temperature correction factor, PFEED is the 

feed pressure, PCONCENTRATE is the concentrate pressure, QFEED,REF is the reference feed flow 

rate (m3/h), QCONCENTRATE,REF is the reference concentrate flow rate, QFEED is the feed flow 

rate, QCONCENTRATE is the concentrate flow rate, ηT,REF is the viscosity (Pa·s) at reference 

temperature (°C) and ηT,ACT is the viscosity at actual water temperature. 

Flux (permeation rate) is defined as the water volume flowing through the membrane 

per unit area and time (Lm−2 h−1) (Vrouwenvelder et al., 2009d). The water flux normally 

increases by 3% for each degree of water temperature increase. Therefore, normalization 

of the flux to a standard temperature of 25 °C (for RO/NF membranes) accounts for 

fluctuations in water viscosity, as shown in Equation (2). 

 

𝐽25 = (𝑄𝑃𝐸𝑅𝑀𝐸𝐴𝑇𝐸  ÷ 𝐴𝑀𝐸𝑀𝐵𝑅𝐴𝑁𝐸) × 𝑇𝐶𝐹 (2) 

where J25 is the permeate flux normalized to a temperature of 25 °C, QPERMEATE is the 

permeate flow (m3/h), AMEMBRANE is the surface area of the membrane module (m2), and 

TCF is the temperature correction factor. 

 

4.2.3  Membrane autopsy 

Membrane autopsies were carried out in order to retrieve membrane and feed spacer 

samples for the qualitative and quantitative analysis of the fouling layer. An electric saw 

was used to cut off the endcaps of the membrane element and to cut open the fiberglass 

casing. After the fiberglass casing was removed, the membrane and spacer sheets were 

unwound and laid out on a clean table. First, visual observations of membrane fouling were 

made and photographs were taken of the membrane/spacer surface. 
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Membrane and spacer coupons were acquired from the inlet (most fouled part) of the 

membrane element. The coupon dimensions were measured with calipers so that the results 

are reported per area of the combined membrane and spacer surface area. The amount, 

distribution and composition of the fouling layer were analyzed using various analytical 

techniques that are described in the following sections. 

 

4.2.4  Biomass quantification 

 Adenosine Triphosphate (ATP) 

ATP analysis measures the viable biomass content and it is an indicative parameter of 

biofouling (Hijnen et al., 2011, Vrouwenvelder et al., 1998, Vrouwenvelder et al., 2008). 

Membrane and spacer surface area (3–5 cm2) was swabbed with 3M clean-trace surface 

ATP swabs (3M, Delft, the Netherlands) from the inlet, middle and outlet of the membrane 

module. The amount of active biomass was measured using the 3M kit according to 

manufacturer protocol. The results were obtained in relative light units (RLU) and 

converted to pg ATP/cm2 using the equation of line from a calibration curve. 

 

 Total Organic Carbon (TOC) 

The total carbon content of the accumulated organic matter was determined using total 

organic carbon (TOC), which is commonly used to obtain information on the degree of 

biofouling (Kwan et al., 2015, Vrouwenvelder et al., 2008). Membrane and spacer coupons 

(4–9 cm2) were cut from the membrane element and placed in centrifuge tubes containing 

30 mL of ultrapure water. The tubes were placed in an ultrasonic water bath (Bransonic, 

model 5510E-DTH, CT USA, output 135 W, 42 kHz) for two minutes, followed by mixing 
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on a Vortex for one minute to remove biomass from the membrane and spacer surface. The 

procedure was repeated three times and the coupons were removed from the solution. Since 

the samples could not be homogenized due to the presence of thick particulate matter, 

centrifugation was necessary in order to spin down the sediments to a pellet. TOC was 

measured using a Shimadzu (Japan) TOC-L analyzer and the results were given in mg TOC 

per cm² of combined membrane and spacer surface area. 

The TOC content in the final stage rinse solution (HCl) was measured before and after 

cleaning the membrane modules. The HCl solution sampled after rinsing the membrane 

module cleaned with urea was dialyzed over a 3.5 kDa membrane in order to prevent 

interferences from urea molecules. A volume of 50 mL of the HCl solution post-cleaning 

was dialyzed over 1000 mL of demi-water. The dialysate solution (demi-water) was 

replaced two more times over a duration of approximately 30 h. This was to ensure that 

interferences from urea, if any, would be negligible. 

 

4.2.5  Biofilm composition 

 SEM–EDX Analysis 

Scanning electron microscopy (SEM) combined with energy dispersive X-ray (EDX) 

analysis was used to study the elemental composition of the fouled membrane surface. 

Membrane coupons (4 cm2) were acquired from the inlet of each of the membrane modules 

and air dried. The membrane coupons were cut into smaller sections (about 1 cm2) and 

mounted onto an aluminum stub with carbon tape. The samples were coated with 5 nm 

iridium inside the Q150T S sputter coater (Quorum Technologies). Each sample was 

examined with SEM (Teneo VS SEM, Thermo Fisher Scientific, MA USA) at two different 
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locations under magnifications ranging from 250× to 25,000×. EDX analysis (Octane Pro 

EDAX, AMETEK, MA USA) was carried out on three different locations (full field view), 

followed by spot analysis at three different spots within each field of view (a total of 12 

random locations on each membrane sample). A continuous X-ray energy spectrum from 

0 to 10 keV was integrated for each elemental scan. Each element composition value was 

expressed by the average of three measurements from the full field view analysis for each 

sample. 

 

 ATR–FTIR Analysis 

Attenuated total reflection–Fourier transform infrared spectroscopy (ATR–FTIR) was used 

to examine the molecular composition of the fouled membrane surface. The FTIR 

instrument (Nicolet is10, Thermo Fisher Scientific, MA USA) contained a SmartiTR 

diamond ATR accessory (angle of incidence of 45°), coupled with OMNIC software. 

Membrane coupons (4 cm2) were cut from the inlet of each of the membrane modules. 

After obtaining a blank spectrum (using air as the background signal), the air-dried 

membrane samples were placed on the sample holder and IR spectra were collected in the 

spectral range of 4000–525 cm−1 with a resolution of 4 cm−1 from 32 scans per 

measurement. 

 

4.2.6  Recovery of urea  

Theoretically, all the used urea can potentially be recovered by eutectic freeze 

crystallization (EFC) as its eutectic point lies around -12°C (and 33 wt.%), which 

temperature is high enough to allow for energy-efficient operation (Van der Ham, 1999). 

The possibility of reclaiming urea from the waste solution post-cleaning was investigated 
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in collaboration with Delft University of Technology (Alexopoulos, 2018). After cleaning 

the full-scale membrane module with urea, the waste solution containing urea and other 

impurities (microorganisms, biofilm EPS, organic and inorganic contaminants) was 

retrieved. This waste solution was diluted with demi-water to 0.5 gurea/gH2O to prevent 

extensive production of urea crystals during cooling. 1L of the prepared solution was 

transferred to the 2L EFC reactor and cooled down. At -11°C, approximately 1 g of ice was 

added to the reactor as seed crystals to promote ice nucleation. The elemental composition 

of the samples was tested to evaluate the purity of urea crystals, before and after washing 

the crystals with a saturated urea solution. 

  



87 
 

4.3 Results 

4.3.1  Membrane performance 

The performance of the membrane modules was characterized by the normalized pressure 

drop and normalized flux before, during and after cleaning (Table 4.2). 

 

Table 4.2: Membrane performance parameters before, during and after cleaning. 

 Cleaning with NaOH + HCl Cleaning with urea + HCl 

Performance parameters Initial After NaOH After HCl Initial After urea After HCl 

Normalized feed channel 

pressure drop (mbar) 
208 202 181 133 173 115 

Normalized flux (Lm-2h-1) 29.07 29.98 29.07 29.68 29.98 31.19 

 

The reference module had a normalized pressure drop (NPD) of 208 mbar before cleaning, 

which was reduced by NaOH/HCl cleaning to 181 mbar (Figure 4.1 A). The NPD for the 

test module was reduced from 133 mbar before cleaning to 115 mbar after cleaning with 

urea/HCl (Figure 4.1 A). Thus, both cleaning protocols resulted in a 13% reduction in NPD 

(Figure 4.1 B). The percent decrease in NPD is calculated from the initial and final values 

for each membrane module. Therefore, the comparison in percent decrease in NPD after 

each chemical cleaning is valid because each module is assessed according to its own 

performance parameters, independent of the parameters of the other two membrane 

modules. 
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Figure 4.1: (A) Normalized pressure drop (NPD) before and after cleaning and (B) percent 

reduction in NPD after cleaning the reference module (NaOH + HCl) and the test module 

(Urea + HCl). 

 

For the reference module, the normalized permeate flux remained unchanged (29 Lm−2 h−1) 

after cleaning with NaOH + HCl. However, cleaning the test module with urea + HCl 

increased the normalized permeate flux by 1.51 Lm−2 h−1 (Figure 4.2). 

 

 

Figure 4.2: Increase in normalized permeate flux after cleaning the reference module 

with NaOH + HCl and the test module with urea + HCl. 
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4.3.2  Visual analysis 

An autopsy of the membrane modules confirmed that fouling was predominantly present 

on the spacer surface at the inlet side of the element (Supplementary Material Figure S4.3). 

The membrane module cleaned with urea appeared visibly cleaner compared to the control 

and reference membrane modules (Figure 4.3). A close-up view of the control, reference 

and urea membrane modules is also shown in Supplementary Material Figure S4.4. 

 

Figure 4.3: Visual comparison of the membrane/spacer surface of uncleaned (control) and 

cleaned membrane modules. 
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4.3.3  Biomass parameters 

The concentration of accumulated biomass was quantified using ATP (active biomass 

parameter). The results of the biomass parameters are presented in Figure 4.4. The control 

membrane module (uncleaned) contained the highest amount of active biomass (6.0 × 103 

pg ATP/cm2). Of the two cleaned membrane modules, the test module (cleaned with Urea 

+ HCl) contained the least amount of active biomass (1.8 × 102 pg ATP/cm2) compared to 

the reference module cleaned with NaOH + HCl (7.5 × 102 pg ATP/cm2). 

 

Figure 4.4: Concentration of active biomass measured as pg ATP/cm2 in the control 

(uncleaned) and cleaned membrane modules. 

 

The amount of organic carbon was also measured in the final stage HCl rinse solution in 

the control and after cleaning the membrane modules. The TOC content was an order of 

magnitude greater in the HCl solution sampled after rinsing the membrane module cleaned 

with urea compared to the membrane module cleaned with NaOH (Figure 4.5). 
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Figure 4.5: Total organic carbon content (mg/L) in the final stage acid rinse solutions after 

cleaning the membrane modules with NaOH and urea. 

 

4.3.4  Elemental composition and surface morphology 

SEM imaging (Figure 4.6) showed the occurrence of a surface fouling layer on the 

membranes, which could be easily differentiated from the surface expression of the 

polyamide membrane layer. The presence of colloids and biomass was apparent. Structures 

resembling bacterial cells and diatoms were observed, suggesting their presence in the 

fouling layer. SEM examination revealed no significant difference between the control 

(uncleaned) and reference (cleaned with NaOH + HCl) membrane samples in terms of the 

fouling layer removal efficiency. However, the screening of random locations of the 

membrane sample cleaned with Urea + HCl showed that the membrane surface was much 

cleaner than the reference and control membranes with a scarcely dispersed fouling layer. 
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Figure 4.6: SEM images of the fouling surface on the uncleaned control membrane, and 

modules cleaned with NaOH + HCl and Urea + HCl. 
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The main elemental composition of the fouling layer was elicited using EDX analysis. 

Amongst the 13 elements detected in the EDX spectra (Figure S4.5), C, N, O and S were 

the most predominant elements (adding up to >90% weight), whereas Mg, Al, Si, P, K, Ca, 

Ti, Mn and Fe were only present in low concentrations (Table 4.3). 

 

Table 4.3: Comparison of elemental composition (% weight) of the fouling layer as determined by 

energy dispersive X-ray (EDX) analysis. 

Element C N O Mg Al Si P S K Ca Ti Mn Fe 

Control 66.26 6.78 18.77 0.28 0.41 0.34 0.55 4.31 0.15 0.29 0.21 0.53 1.12 

NaOH + HCl 62.44 3.34 21.98 0.30 0.60 0.79 0.59 5.96 0.21 0.27 0.18 0.44 2.91 

Urea + HCl 59.31 6.88 24.88 0.37 0.68 0.91 0.61 5.02 0.23 0.66 0.26 0.47 2.42 

 

The EDX analysis suggests that biofouling and/or organic fouling plays the major role in 

the fouling of the membrane modules, as opposed to inorganic fouling and scaling. 

Proteins, polysaccharides and lipids are the main organic components encountered in the 

fouling of membranes and all of them contain carbon and oxygen. Nitrogen and trace 

amounts of sulphur are present in proteins and associated amino acids. 

 

4.3.5  Molecular composition 

The infrared spectra of the surface fouling layer deposited on the two cleaned membrane 

modules are presented in Figure 4.7. The peak assignments were allotted according to the 

literature (Kim et al., 2015, Quiles et al., 2010). In general, the membrane module cleaned 

with NaOH + HCl had a very similar spectrum to the module cleaned with Urea + HCl. 

However, the absorbance bands of all functional groups were lower in the membrane 

cleaned with urea, suggesting a higher solubilization of organic foulants by urea. The main 

fouling constituents included polysaccharides, proteins, fatty acid chains, lipids, nucleic 
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acids and other compounds derived from humic substances. The broad region of absorption 

between 3400 and 3000 cm−1 is due to stretching of the O–H bond in hydroxyl functional 

groups. The sharper peaks at 2961 and 2925 cm−1 are due to the stretching fatty chains 

(ʋCH3, ʋCH2, υCH). The absorbance peaks of amide I (1684–1614 cm−1) and amide II 

(1587–1541 cm−1) suggest the presence of proteins and amino acids in the EPS. The 

polysaccharides region is shown in the spectral region of 1200–900 cm−1, corresponding 

to different stretching and bending vibrations (υC–O, υC–C, δC–O–H, δC–O–C). There 

are also clear peaks visible for lipids (1487 cm−1) and phosphodiester, phospholipids, 

lipopolysaccharides, nucleic acids and ribose compounds (1243 cm−1).  

In summary, the results of the FTIR spectra corroborate with the SEM–EDX 

analysis in terms of identifying organic foulants and biogenic materials as the major 

contributors to the fouling of spiral-wound membrane modules at the DECO water 

treatment plant. Moreover, the solubility of macromolecules in the biofilm is moderately 

enhanced by urea compared to conventional cleaning chemicals. 
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Figure 4.7: (A) Full FTIR spectra of the surface fouling layer on membrane modules cleaned 

with NaOH + HCl (black) and Urea + HCl (red). Zoomed in spectral regions of (B) 

polysaccharides, (C) phosphodiester, phospholipids, lipopolysaccharides, nucleic acids, 

ribose, fatty chains, amino acids, and (D) lipids and proteins. 

 

 

4.3.6  Recovery of urea 

Initial experiments carried out at Delft University of Technology successfully recovered 

urea crystals from the waste cleaning solution using eutectic freeze crystallization 

(Alexopoulos, 2018). Figure 4.8 illustrates that the EFC process was successful in the 2L 

setup, with a considerable amount of ice and urea crystals produced.  
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Figure 4.8: Recovery of urea crystals (using eutectic freeze crystallization) from the waste solution 

obtained after cleaning the full-scale membrane module with a saturated urea solution 

(Alexopoulos, 2018). 

 

However, the measurements of the ICP-MS presented several inconsistencies rendering the 

results unreliable for a quantitative analysis. Nevertheless, some qualitative tendencies 

could be observed. The low ionic concentrations in the unwashed cakes indicated that the 

purity of the crystals was already high. Moreover, washing the crystals further decreased 

the concentration of elements in the samples, while permeates consistently presented 

higher concentrations in ions than retentates. These facts indicate that any elemental 

impurities are attached to the surface of the crystals and are preferentially partitioning with 

the washing liquid. Therefore, impurities are not embedded inside the crystalline structure 

and washing of the crystals can be effective to further increase the purity of urea crystals 

(Alexopoulos, 2018). The optimization of the EFC process, including scale-up of the EFC 

reactor to 100 L, is an ongoing study. Examining the purity of the recovered urea crystals 
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using more accurate and advanced analytical techniques is also required. This would allow 

for urea to be reused after the removal of impurities, in an effort to reduce the volume of 

chemical waste and the costs associated with cleaning, and treating chemical waste. 
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4.4 Discussion 

Membrane cleaning is essential to restore the efficiency of filtration process operation in 

the water treatment industry. Routine cleaning of the RO membranes with acid and alkaline 

chemicals is the standard practice at the Evides DECO plant. This study examined the 

effect of replacing the typically used alkaline cleaning agent (sodium hydroxide) with a 

chaotropic agent (urea) in an effort to denature proteins and enhance the solubility of 

organic foulants. This research effort was the first of its kind in terms of employing urea 

for the chemical cleaning of spiral-wound RO membrane elements in a cleaning-in-place 

installation at a pilot-scale facility. 

 

4.4.1  Membrane regeneration 

Confirming the previous lab-scale studies (Sanawar et al., 2018), the results of this pilot-

scale study show that urea cleaning and the standard acid/alkali cleaning are equally 

effective with regards to restoring the normalized feed channel pressure drop. Both 

cleaning strategies fulfilled the aim of chemical cleaning i.e., to restore the feed channel 

pressure drop of the membrane element when it exceeds 10%–15% of the start-up value. 

However, in terms of flux recovery, the performance of urea was better than NaOH 

cleaning. Urea cleaning increased the permeate flux by 5%, while the acid/alkali cleaning 

was not effective in improving the flux. This is probably due to the removal of surface 

adhered materials which are better dissolved by urea. The removal of the biomass from the 

spacer surface reduces the overall feed channel pressure drop, indirectly resulting in a 

higher flux. After cleaning with NaOH + HCl, the membrane permeability remained 

unchanged but the normalized pressure drop was restored by 13% (Figure 4.1). This may 
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indicate a compaction of the fouling layer after NaOH cleaning. A similar finding was 

reported by Beyer et al., (2017). In this study (Beyer et al., 2017), examining chemical 

cleaning at three full-scale RO plants, feed channel pressure drop improved by 10%, but 

permeability decreased by 5% and salt rejection remained unchanged, indicating a 

compaction of the fouling layer. It is also plausible that NaOH requires a longer contact 

time than urea to effectively restore membrane permeability. 

 

4.4.2  Biofilm solubilization and removal 

An autopsy and subsequent visual examination of the membrane elements revealed more 

fouling on the feed spacer surface than on the membrane. This finding is in agreement with 

previous studies which have shown that (i) initial biofouling deposition occurs on the 

surface of feed spacers and (ii) feed spacer biofouling effects overall performance more 

adversely than membrane biofouling (Baker et al., 1995, Siebdrath et al., 2019, Tran et al., 

2007, Vrouwenvelder et al., 2009a). Urea molecules are able to diffuse into the biofilm 

matrix and bacterial cells resulting in extracellular and intracellular swelling of the biofilm, 

eventually leading to osmotic lysis (Rasmussen et al., 2016). For this reason, biomass 

inactivation may be enhanced with urea-based chemical cleanings. With regards to biomass 

removal, the membrane module cleaned with urea + HCl visibly appeared cleaner than the 

module cleaned with the conventional chemicals. This was also observed during SEM and 

FTIR analysis, where urea cleaning produced a slightly better performance in terms of 

removing the biofilm. The membrane surface appeared cleaner post-urea-treatment and 

contained a lower concentration of organic compounds, suggesting an enhanced 

solubilization of the biofilm with urea treatment. Furthermore, total organic carbon analysis 
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of the HCl rinse solution post cleaning the membrane modules revealed that urea is more 

efficient at solubilizing the surface fouling layer. The stability of the biofilm matrix is 

compromised when urea cleaning disrupts the hydrogen-bond network of the biofilm and 

creates a loose fouling layer, consequently enhancing the solubilization and removal of 

biomass.  

 

4.4.3  Relevance of urea use 

The use of wastewater effluent as feed water at the DECO plant increases the fouling 

tendency of membrane elements, particularly biological fouling due to the high 

biodegradable organic carbon content of membrane bioreactor permeate (Farhat et al., 

2018). The analysis of the membrane surface morphology (SEM) and biofilm composition 

(EDX and FTIR) confirmed the presence of biological materials (biofouling) on the 

membrane modules. Cleaning of the membrane modules at the DECO plant with chemicals 

such as NaOH and urea is therefore a suitable cleaning strategy, since the reaction 

mechanism of both the cleaning agents results in the removal of organic fouling (Beyer et 

al., 2017, Mallevialle et al., 1996). Preliminary laboratory studies confirmed the 

compatibility of urea with the polyamide membranes (Sanawar et al., 2018), where urea 

was not found to damage the polyamide layer of the membrane. 

Biocides such as 2,2-dibromo-3-nitrilopropionamide (DBNPA) (Bertheas et al., 2009) 

and disinfectants such as monochloramine (Farhat et al., 2018) can prevent or delay the 

formation of a biofilm, but they cannot prevent the deposition of organic foulants onto the 

membrane surface. Urea is capable of removing both biofilm from the feed spacer and 

organic fouling from the membrane surface, helping with lowering feed spacer pressure 
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drop and increasing membrane permeability. Therefore, urea cleaning is an effective 

curative strategy for biofouling control. The application of urea treatment in a preventive 

mode requires further investigation. Perhaps a continuous or shock dosage of DBNPA can 

be incorporated to delay and reduce biofilm formation, along with urea cleaning every 3 

days for preventive biofouling control (Siddiqui et al., 2017b). However, given the toxicity 

of DBNPA, it must not be used in drinking water production. Similarly, during wastewater 

treatment, monochloramine application effectively controls biofouling in RO systems, but 

it is imperative to restrict the formation of disinfection by-products and decay of 

monochloramine. 

 

4.4.4  Future Research 

The fact that the membrane modules used in this study had been in operation for 2.5 years 

means there may have been some accumulation of an irreversible fouling layer in the 

membrane modules, making it difficult to fully restore the membrane permeability to the 

start-up values. Nevertheless, in order to increase the percentage of permeate flux recovery, 

the duration of cleaning should be extended from 1 h recirculation time to 3 or more hours 

in order to further disrupt the bonds between the foulants and the membrane surface, as 

well as weaken the chemical bonds within the EPS matrix. At the DECO plant, the NaOH 

and HCl cleaning phases last for >4 h, consisting of periods of high flow recirculation and 

soaking. The urea cleaning protocol must be optimized to include multiple stages of high 

flow recirculation and soaking, as practiced during CIP regimens in industry. Extended 

periods of recirculation with urea may reduce the frequency of routine chemical cleanings, 

as already implemented by the DECO plant, to maintain filtration process productivity. 
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The introduction of a surfactant in the cleaning protocol could result in greater cleaning 

efficiency by reducing the surface tension and increasing the solubility of foulants. Recent 

studies have demonstrated a greater cleaning efficiency with combined sequential cleaning 

with NaOH and sodium dodecyl sulfate (SDS), compared to the use of NaOH only (Al-

Amoudi and Lovitt, 2007, Li et al., 2005). 

In contrast with the single cleaning cycle conducted in this study, conducting multiple 

urea cleaning cycles may be interesting to examine the impact on biofilm structure and 

composition. The effectiveness of urea cleaning to restore membrane performance during 

long-term membrane operation should be studied. Routine chemical cleaning with urea 

may be optimized such that urea is recycled from the waste solution after cleaning the 

membrane modules. Initial experiments have already been carried out successfully to 

recover the urea using eutectic freeze crystallization. The potential of recycling urea from 

the waste cleaning solution could result in significant reductions in the amount of chemical 

waste and the costs associated with cleaning, such as the purchase and transport of 

chemicals and the treatment of chemical waste. Suitable urea reuse methods must be 

applied in order to encourage the eco-friendly use of urea over the chemically wasteful 

conventional cleaning strategies. 
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4.5 Conclusions 

The chemical cleaning efficiency of urea was compared with the conventionally applied 

cleaning solutions (sodium hydroxide and hydrochloric acid) for spiral-wound RO 

membrane elements taken from a full-scale installation and cleaned at a pilot-scale facility 

in the Netherlands. Based on the results of this study, it can be concluded that: 

 Biofouling plays the major role in the fouling of the membrane elements at the 

DECO plant. 

 Urea cleaning is as effective as the conventional chemical cleaning in terms of 

restoring the normalized feed channel pressure drop, and more effective in terms of 

(i) restoring membrane permeability; (ii) solubilizing organic foulants and (iii) 

removing the surface fouling layer. 
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Supplementary Materials 

 

Figure S4.1: Automated RO pilot installation equipped with two single 8-inch module 

pressure vessels, designed to measure key performance indicators in real time. 
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Figure S4.2: Fouling on the inlet and outlet ends of spiral-wound membrane modules after 2.5 

years of operation at the DECO water treatment plant. 
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Figure S4.3: Unwound control membrane module (uncleaned) after membrane autopsy. Visual 

observations showed that the bulk of the fouling is present on (A) the inlet side rather than the 

middle or outlet of the module, and (B) the spacer surface rather than the membrane surface. 
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Figure S4.4: Visual comparison of the membrane/spacer surface of cleaned membrane modules. 

 

Below (Figure S4.5), the EDX spectra show that C, N, O and S dominate the elemental 

composition, thereby confirming the presence of organic fouling and biofouling. Scaling 

or inorganic fouling may be very minor contributors to overall fouling of the membrane 

modules since elements like Al, Ca and Fe were present only in trace concentrations.  
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Figure S4.5: Energy dispersive x-ray spectra of (A) Control module uncleaned, (B) Reference 

module cleaned with NaOH + HCl and (C) Test module cleaned with Urea + HCl.  

  

A 

B 
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Chapter 5 

Periodic chemical cleaning with urea: impact on membrane 

performance, biofilm EPS and biofouling microorganisms 

 

 

 

 

This chapter has been submitted to a peer-reviewed journal as: 

Sanawar, H., Kim, L.H., Farhat, N.M., van Loosdrecht, M.C.M. and Vrouwenvelder, J.S. 

(2019) Periodic chemical cleaning with urea: disintegration of biofilms and reduction of 

biofilm-forming bacteria from reverse osmosis membranes.  
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Abstract 

One of the main reasons for the decline in membrane performance in reverse osmosis (RO) 

plants, and perhaps the biggest hurdle of membrane technology, is biofouling. Chemical 

cleaning is periodically carried out at RO membrane installations aiming to restore 

membrane performance. Typical cleaning agents used in industry include sodium 

hydroxide (NaOH) and hydrochloric acid (HCl) in sequence. Rapid biofilm regrowth after 

conventional chemical cleaning is a routinely observed phenomena due to the inefficient 

removal of biomass from the membrane and spacer surfaces. Since extracellular polymeric 

substances (EPS) make up the strongest and predominant structural framework of biofilms, 

our approach for biofouling control is to target and disintegrate the EPS matrix for 

enhanced biomass removal. Previously, we demonstrated the use of urea as a chemical 

cleaning agent for RO membrane systems. The protein denaturation property of urea was 

exploited to solubilize the proteinaceous foulants, weakening the EPS layer, resulting in 

enhanced biomass solubilization and removal from RO membrane systems. However, the 

effects of multiple cleaning cycles with urea during long-term operation were not known. 

In this work, we investigated the impact of repeated chemical cleaning cycles with 

urea/HCl and NaOH/HCl on biomass removal and biofilm microbial composition. 

Membrane fouling simulators were used to carry out accelerated biofilm formation by 

dosing a biodegradable nutrient solution to the feed water. Autopsy of the 

membrane/spacer coupons was carried out after 1 and 6 consecutive cleaning cycles. The 

results showed that chemical cleaning with urea/HCl was consistently more effective than 

NaOH/HCl cleaning in terms of (i) pressure drop reduction, (ii) biomass removal, (iii) and 

EPS solubilization. Furthermore, 16S rRNA gene sequencing of the biomass revealed that 
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urea cleaning does not select for key biofouling families such as Sphingomonadaceae and 

Xanthomonadaceae that are known to survive conventional chemical treatment and 

produce adhesive EPS. This study reaffirmed that urea as a chemical cleaning agent 

possesses all the desirable properties of a suitable cleaning agent i.e. it dissolves the 

existing fouling layer, delays fresh fouling accumulation by inhibiting the production of a 

more viscous EPS, does not cause damage to the membranes, is chemically stable, 

environmentally friendly and can be recycled after use, and it is cost effective. 

  



112 
 

5.1   Introduction 

Fouling impairs the efficiency of membrane filtration processes such as reverse osmosis 

(RO). Biofouling (unwanted deposition and growth of microorganisms to form biofilms), 

is the most problematic and complex type of fouling that hinders membrane performance 

(Matin et al., 2011). About 70% of the RO plants in the Middle East suffer from biofouling 

problems (Khedr, 2000), characterized by flux decline, reduced permeate quality, and an 

increase in differential pressure, energy consumption and operating costs (Flemming, 

1997).  

Even with extensive pretreatment of feed water, a few surviving microbial cells will 

eventually result in biofouling. Periodic membrane cleaning thus becomes a necessity of 

membrane installations as a control measure against extensive and irreversible biofouling. 

Physical, chemical or physio-chemical cleaning methods may be employed with the 

objective of restoring membrane performance when the normalized pressure drop increases 

or the flux declines by 10-15% of the start-up values (Characklis and Marshall, 1990, 

DOW, 2014). Physical cleaning methods such as forward/reverse flushing and air sparging 

deploy mechanical forces to remove the fouling layer from the membrane surface 

(Cornelissen et al., 2007, Ebrahim, 1994). Chemical cleaning relies on weakening the 

biofilm structure with the use of appropriate chemicals that may be alkaline, acidic, metal 

chelating agents, surfactants, oxidizing agents and enzymes (Al-Amoudi and Lovitt, 2007).  

Full-scale RO plants most commonly use two-step cleaning with (i) sodium 

hydroxide (NaOH) to remove organic fouling and biofouling by hydrolysis and 

solubilization followed by (ii) hydrochloric acid (HCl) to dissolve scaling, disrupt the 

bacterial cell wall structure and also precipitate proteins (Beyer et al., 2017, DOW, 2014, 
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Hydranautics, 2014, Jiang et al., 2017). However, several studies have reported that 

conventional cleaning methods do not effectively restore membrane performance (Beyer 

et al., 2017, Huiting et al., 2001, Vrouwenvelder et al., 1998). A year-long study at a full-

scale RO plant revealed that each weekly chemical treatment resulted in the collapse of the 

established three-dimensional biofilm structure but not in biofilm removal (Bereschenko 

et al., 2011). Rapid biofilm regrowth is known to take place after the application of 

conventional chemical cleaning, requiring more frequent and harsh cleaning protocols 

(Bereschenko et al., 2011, Vrouwenvelder et al., 1998).  

Frequent chemical cleaning can lead to hardening of the foulant layers (Baker and 

Dudley, 1998). Microorganisms can excrete large amounts of extracellular polymeric 

substances (EPS) as a defense mechanism against the chemicals (Baker and Dudley, 1998, 

Bereschenko et al., 2010). This EPS material further strengthens the binding forces in the 

biofilm making it harder to clean. Over time, accumulation of EPS also results in the 

formation of a gel layer on the membrane providing a conditioned surface for further 

bacterial attachment and growth (Bereschenko et al., 2010, Flemming et al., 2007). 

Ultimately, early membrane replacement may be required which imposes a substantial 

financial burden on the water treatment plants (Flemming, 2011).  

EPS can be considered the strongest and largest structural framework of biofilms 

and may account for 50% to 90% of the total organic carbon of biofilms (Matin et al., 

2011). It is therefore important that chemical cleaning should aim to disintegrate the EPS 

matrix composed mainly of proteins, polysaccharides and other macromolecules. Urea, a 

chaotropic agent, has been used for the solubilization and denaturation of proteins (Bennion 

and Daggett, 2003). It is this property of urea that has also been exploited for the enhanced 
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solubilization of biofilms by disintegrating the proteins and weakening the cross-linking 

character of EPS (Chen and Stewart, 2000, Rasmussen et al., 2016, Whittaker et al., 1984). 

Previously, we carried out a comprehensive study using lab-scale membrane fouling 

simulators (MFSs) containing membrane/spacer sheets, demonstrating the superior 

efficiency of chemical cleaning with urea (compared to conventional alkali/acid protocol) 

in terms of biomass inactivation and biofilm solubilization (Sanawar et al., 2018). We also 

demonstrated the applicability and efficiency of urea as a chemical cleaning agent for full-

scale industrial spiral-wound reverse osmosis membrane modules (Sanawar et al., 2019).  

While urea appeared to be a promising alternative cleaning chemical membranes 

suffering from biofouling, its effects on the biofilm microbial composition and the resulting 

EPS were not known. Implementing new or improvised biofouling control strategies can 

often result in a more resistant biofilm and adhesive EPS layer. For example, experimenting 

with different feed water shear rates revealed that the cell count was the lowest when 

operating at high shear rate but at the same time the microbial community consisted mainly 

of populations known to excrete high amounts of EPS resulting in more stable and well-

attached biofilms (Al Ashhab et al., 2014). Similarly, the type, duration and frequency of 

chemical cleaning also influences the microbial composition in biofilms. Multiple cleaning 

cycles select for bacterial groups that are resistant to cleaning agents and produce rigid and 

adhesive EPS resulting in a strongly attached fouling layer on the RO membrane surface 

(Al Ashhab et al., 2017, Bereschenko et al., 2011).  

In order to thoroughly understand the effects of conventional and urea chemical 

cleaning on the biofilm structure, this study aims to apply the 16S rRNA genomic 

sequencing approach to characterize the biofilm microbial community after 1 and 6 
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cleaning cycles. The objective is to investigate the changes in microbial groups that are 

considered most important contributors to the adhesive and cohesive strength of the 

biofilm, in response to different cleaning agents and multiple cleaning cycles using lab-

scale MFSs. A detailed analysis of the biomass inactivation, solubilization and removal 

after periodic chemical cleaning with urea is also a novel aspect of this study.  
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5.2   Materials and Methods 

5.2.1 Experimental design 

Accelerated biofilm development (with the dosage of biodegradable nutrient solution to 

the feed water) was carried out in membrane fouling simulators using the experimental set-

up described in great detail in our previous work (Sanawar et al., 2018). Three MFSs 

containing the same brackish water reverse osmosis (BWRO) membrane and feed spacers 

(as used in practice) were operated simultaneously until the pressure drop increased to 

between 100-200 mbar, starting from an initial value of 20-24 mbar. The operating 

conditions were as follows: 

Table 5.1: MFS operating conditions 

Parameter Unit Value 

Feed flow L/h 17.00 

Linear flow velocity m/s 0.16 

Nutrient dosage concentration µg C/L 150 

Nutrient dosage volume ml/h 50 

Feed spacer thickness mil 34 

 

Subsequently, the flow cells were cleaned according to a predetermined protocol (Table 

5.2) with either NaOH or urea (CO(NH2)2), followed by a second-stage low pH acid 

cleaning in sequence. The importance of the secondary acid cleaning step in weakening the 

biofilm matrix was discussed in our previous study (Sanawar et al., 2018). Duplicate 

experiments were performed for 1 cleaning cycle and 6 consecutive cleaning cycles with 

each protocol. The temperature of the cleaning solutions (NaOH and CO(NH2)2) was kept 

at 35°C during cleaning as per industry guidelines (DOW, 2014, Madaeni and Samieirad, 

2010). The applied concentration of urea (1340 g/Lwater) is the saturated concentration at 
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30°C to ensure that urea remains in solution at 35°C and to maximize the biofilm 

solubilization. BioReagent grade (≥98%) urea, ACS reagent (37%) HCl, and reagent grade 

(≥98%) NaOH were purchased from Sigma Aldrich.  

 

Table 5.2: Cleaning protocol applied to each MFS 

MFS Cleaning protocol Comment 

1 None Positive control  

2 
 NaOH, pH 12, 0.01M, 35°C, 1 hour 

 HCl, pH 1, 0.1M, room temp., 1 hour 

Conventional cleaning 

protocol 

3 

 Saturated CO(NH2)2 solution 

(1340g/Lwater), pH 9.6, 35°C, 1 hour 

 HCl, pH 1, 0.1M, room temp., 1 hour 

NaOH was replaced by 

CO(NH2)2 

 

Feed channel pressure drop development was monitored throughout the duration of the 

experiment, including the chemical cleaning phases. Membrane autopsies were 

subsequently carried out on retrieved membrane and feed spacer coupons from the MFSs 

for the qualitative and quantitative analysis of the fouling deposits. Membrane and spacer 

coupons were cut from the inlet side of the MFS using sterile scissors and tweezers. The 

coupon dimensions were measured with calipers so that the results can be reported per area 

of the combined membrane and spacer surface. The extent and composition of the fouling 

layer was assessed using various analytical procedures described below. 

 

5.2.2 Biomass analysis 

The biomass detachment (from membrane and spacer coupons) and quantification method 

has been described previously (Sanawar et al., 2017).  Adenosine triphosphate (ATP) 
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analysis was used to quantify active biomass remaining after each cleaning, using the ATP 

Celsis Luminometer (Advance™, Germany) according to the suppliers’ protocol. The total 

amount of carbon content of the accumulated organic matter was determined using total 

organic carbon (TOC) analysis with a Shimadzu TOC analyser (TOC-VCPH/CPN, Japan). 

 

5.2.3 Extracellular Polymeric Substances (EPS) analysis 

A standard formaldehyde–NaOH method was used to extract EPS (Liu and Fang, 2002) 

from the biomass removed from membrane and feed spacer coupons. Fluorescence 

excitation-emission matrix (FEEM) was used to identify the predominant organics in the 

extracted EPS such as protein-like substances, humic/fulvic-like substances and others. 

FEEM was measured using a Fluoromax-4 spectrofluorometer (Horiba Scientific, Japan) 

under excitation of 240 to 450 nm and emission of 290 to 600 nm at a speed of 1500 

nm.min−1, a voltage of 700 V, and a response time of 2 s.  

Proteins were quantified using the BCA assay kit (Thermo Fisher Scientific, USA) 

according to manufacturer’s guidelines. 

 

5.2.4 DNA extraction and Next-Generation Illumina sequencing 

Microbial genomic DNA was extracted from the biofilm retained on the membrane/spacer 

surfaces using the DNeasy® PowerWater® kit purchased from Qiagen (USA) as per 

manufacturer’s protocol. The concentration of DNA extracted was confirmed using Qubit™ 

dsDNA BR assay kit with the Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, USA). 

The total microbial communities in the extracted DNA samples were determined by the 

DNASense laboratory (Denmark) by performing 16S rRNA gene-based high-throughput 

sequencing on Illumina MiSeq platform. The forward [515F: 
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GTGYCAGCMGCCGCGGTAA] and reverse [806R: GGACTACNVGGGTWTCTAAT]   

tailed primers were designed to amplify V4 region of 16S rRNA gene (Apprill et al., 2015, 

Illumina, 2015). Library preparation for bacterial sequencing (V4) was successful for all 

samples and yielded between 64981 and 92220 reads after quality control and 

bioinformatic processing of the DNA data.  

Bacterial community analysis was performed using MOTHUR v.1.40.0 as following 

the procedure as described in the MOTHUR website 

(https://www.mothur.org/wiki/MiSeq_SOP) (Kozich et al., 2013). All the sequences were 

aligned to a SILVA bacterial reference (https://www.arb-silva.de/) (Quast et al., 2012), and 

the chimeric sequences were identified and removed using a chimera.vsearch command. 

The taxonomy of 16S rRNA sequences were assigned using the Ribosomal Database 

Project (RDP) classifier (Wang et al., 2007) based on SILVA 16S rRNA database 

(SSU123). The bacterial Shannon–Weaver diversity index was calculated based on 

operational taxonomic unit (OTU) distance matrices. The sequences were compared for 

their Bray-Curtis similarities and represented graphically for spatial distribution in a 

multivariate statistics plot called Principal Component Analysis (PCA).  

https://www.mothur.org/wiki/MiSeq_SOP
https://www.arb-silva.de/
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5.3   Results 

5.3.1 Membrane performance restoration 

Biofilm formation inside the membrane fouling simulator (MFS) results in an increase in 

pressure drop across the feed-spacer channel (Vrouwenvelder et al., 2011). Chemical 

cleanings were applied for one and six consecutive cycles (on days 7, 14, 22, 28, 33, and 

36 corresponding to cleaning cycles 1, 2, 3, 4, 5, and 6) to each MFS once the pressure 

drop increased significantly (between 100-200 mbar) over the 20 cm long membrane sheet 

(starting from an initial value of 20-24 mbar). The percent reduction in pressure drop after 

each chemical cleaning cycle was used to indicate membrane performance restoration 

(Figure 5.1).  

 

Figure 5.1: Percent restoration of feed channel pressure drop after each sequential chemical 

cleaning cycle with NaOH/HCl and Urea/HCl. Error bars represent standard deviation of duplicate 

experiments. 
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Urea/HCl cleaning consistently resulted in a greater percent restoration of feed channel 

pressure drop compared to NaOH/HCl cleaning. Moreover, regardless of the type of 

chemical cleaning applied, a downward trend in pressure drop restoration was observed 

after the 3rd cleaning cycle onwards (Figure 5.1). For cleaning cycles 1-3, the average 

pressure drop restoration was 46% and 56% for NaOH and urea cleaning, respectively. For 

cleaning cycles 4-6, recovery of the feed channel pressure drop decreased to an average of 

35% and 41% for NaOH and urea cleaning, respectively. This indicates a build-up of 

fouling layer over time, albeit slower with urea cleaning, which resulted in a decrease in 

the efficiency of chemical cleaning to restore membrane performance.  

 

5.3.2 Biomass inactivation and removal 

An autopsy of the membrane/feed spacer in each MFS was carried out after the first and 

sixth cleaning cycles. The quantification of biomass remaining on the membrane/spacer 

surfaces was carried out by means of ATP (active biomass) and TOC (organic carbon of 

accumulated biomass). Cleaning with urea resulted in a considerably lower amount of ATP 

(Figure 5.2 A) and TOC (Figure 5.2 B) after each cleaning cycle, indicating higher cleaning 

efficiency compared to the conventional acid/alkali cleaning protocol. In other words, 

cleaning with urea/HCl resulted in greater biomass inactivation and removal for six 

consecutive cleaning cycles over time.  

There was no significant difference between the amount of ATP measured after 1 

and 6 cleaning cycles with either cleaning method (p=>0.05). Chemical cleaning was able 

to achieve 2-3 log microbial inactivation compared to the uncleaned control. With urea/HCl 

cleaning, there was also no significant difference (p=>0.05) between the amount of 
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biomass residue (measured as TOC) after 1 and 6 cleaning cycles. However, the difference 

was significant between the concentrations of TOC after 1 cleaning cycle versus 6 cleaning 

cycles with NaOH/HCl (p=<0.05). The conventional cleaning strategy therefore allowed a 

higher biomass accumulation over time, whereas urea-based cleaning protocol slowed 

down biomass accumulation.  

 

Figure 5.2: Concentration of (A) active biomass measured as ATP and (B) accumulated biomass 

measured as TOC, after 1 and 6 cleaning cycles with NaOH/HCl or urea/HCl. Error bars represent 

standard deviation of duplicate experiments. 

 

5.3.3 Biofilm solubilization  

The protein-solubilizing property of urea is exploited during chemical cleaning of fouled 

membranes in order to disintegrate the EPS structure of biofilms. The efficiency of 

chemical cleanings to solubilize biofilms was therefore determined by means of EPS 

extraction from the biomass remaining on the membrane/spacer surfaces after cleaning. 

The concentration of proteins was lower in the EPS extracted from biomass remaining after 

urea cleaning as opposed to conventional cleaning (Figure 5.3). The protein content was 

higher after the 6th cleaning cycle, indicating the accumulation of bacterial EPS over time, 

however the difference was not significant when compared to the 1st cleaning cycle 
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(p=>0.05). Urea/HCl cleaning was more effective in solubilizing biofilm proteins than 

NaOH/HCl cleaning. 

 

Figure 5.3: Concentration of proteins (µg/cm2) in the EPS extracted from biomass remaining on 

membrane/spacer surfaces after 1 and 6 cleaning cycles with NaOH/HCl or urea/HCl. Error bars 

represent standard deviation of duplicate experiments. 

 

The FEEM spectra presented in Figure 5.4 show the changes in biofilm EPS composition 

after chemical cleaning. The four regions of FEEM plots are – I (humic-like matter; Ex = 

320 nm, Em = 425 nm), II (protein-like matter; Ex = 275 nm, Em = 330 nm), III (fulvic acid-

like substances; Ex = 260 nm, Em = 475 nm), and IV (tyrosine-containing proteins; Ex = 

235 nm, Em = 330 nm). The FEEM plot of the uncleaned control membrane shows a distinct 

peak for protein-like substances and a strong peak for tyrosine-containing substances which 

are typically proteinaceous and associated with amino acids (Figure 5.4). Both peaks (II 

and IV) were present at a much lower intensity on the membranes treated by chemical 

cleaning. The peak intensities were higher in the spectra of EPS extracted after 6 cleaning 

cycles compared to 1 cleaning cycle, indicating a build-up of biofilm associated EPS with 
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time. After the 6th cleaning cycle with NaOH/HCl and urea/HCl, the average peak intensity 

for protein-like matter was reduced by 40% and 66% respectively; while the average peak 

intensity for tyrosine-containing proteins was reduced by 21% and 45% respectively, 

compared to the uncleaned control. In other words, urea-based cleaning protocols were 

able to solubilize protein-like substances and tyrosine-containing proteins more effectively 

than the conventional acid/alkali cleaning treatment. 
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Figure 5.4: FEEM plots of EPS extracted from membrane/spacer coupons of each of the cleaned 

MFSs compared to the uncleaned control MFS. The plots show the presence of (I) humic-like 

matter, (II) protein-like matter, (III) fulvic acid-like substances, and (IV) tyrosine-containing 

proteins. 
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5.3.4 Microbial community composition 

The bacterial community composition for biofilms sequenced after the 1st and 6th cleaning 

cycles compared to the control is shown in Figure 5.5 from the phylum to class level 

(average of duplicate experiments). The dominant phylum was Proteobacteria in all 

biofilms, ranging in relative abundance from 82% to 96%. The phylum Bacteroidetes was 

present at a much lower abundance in the chemically cleaned biofilms, ranging from 0.6% 

to 4.6%. The bacterial community was least diverse after the 6th cleaning cycle with urea, 

in which Proteobacteria accounted for 96% of the bacterial community and only 1.6% 

unclassified bacteria. Comparatively in the control biofilm, the relative abundance of 

Proteobacteria and unclassified bacteria was 82% and 17%, respectively, indicating a 

more diverse microbial composition. 
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Figure 5.5: Taxonomic distributions of bacterial community at the phyla (A) and class (B) level in 

the control and cleaned biofilms (average of duplicate experiments). The y-axis indicates the 

percentage of total sequences, corresponding to relative abundance. Sample codes: C = Control 

(uncleaned), N = NaOH/HCl, U = Urea/HCl. The numbers 1 and 6 represent the number of cleaning 

cycles. 
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At the class level, β-Proteobacteria was predominant across all biofilms (Figure 5.5 B). 

Compared to the uncleaned control, the relative abundance of β-Proteobacteria decreased 

slightly after the 1st and 6th cleaning cycle with NaOH (57% and 59%, respectively) but 

increased after cleaning with urea (79% and 83%, respectively). The second most dominant 

class was α-Proteobacteria which was present at a higher abundance in the biofilms treated 

with NaOH (14%-25%) than with urea (3-5%). Thirdly, γ-Proteobacteria increased in 

abundance in mature biofilms sequenced after 6 cleaning cycles (>8%) in comparison with 

membranes cleaned once and the control (1.7%-3.6%).  

 

Figure 5.6: Percent relative abundance of bacterial families in the control and cleaned biofilms 

(average of duplicate experiments). Sample codes: C = Control (uncleaned), N = NaOH/HCl, U = 

Urea/HCl. The numbers 1 and 6 represent the number of cleaning cycles. 

 

The most dominant families across all levels were Comamonadaceae and Rhodocyclaceae 

of the β-lineage (Figure 5.6). Comamonadaceae were highly abundant in the control and 
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biofilms treated with NaOH, ranging from 37%-53%, and less abundant in biofilms treated 

with urea (16%-33%). On the contrary, Rhodocyclaceae which dominated the urea-treated 

biofilms (43%-65%) were less abundant in the control and NaOH-treated biofilms, ranging 

from 5%-17%.  In the α-lineage of Proteobacteria, the most abundant family was 

Sphingomonadaceae in the control (9.6%) and biofilm after 1 cleaning cycle with NaOH 

(18%); however, the abundance decreased remarkably in biofilms treated with urea (1.7%-

2.9%) and after 6 cleaning cycles with NaOH (2.8%). Comparatively, Pseudomonadaceae 

of the γ-lineage were more abundant in mature biofilms sequenced after 6 cleaning cycles 

(3.4%-5.9%) than all other biofilms (0.8%-1.0%). Also from the γ-lineage, 

Xanthomonadaceae was the most abundant in the mature biofilm obtained after 6 cleaning 

cycles with NaOH (5%).   

 

5.3.5 Bacterial diversity  

The Shannon–Weaver index, an estimate of the alpha-bacterial diversity (Table 5.3), 

increased after 6 cleaning cycles with NaOH (2.7) and decreased after 6 cleaning cycles 

with urea (1.8), compared to the control biofilm (2.5). Bacterial community was the least 

diverse and more unique after the 6th cleaning cycle with urea.  

 

Table 5.3: Diversity indices calculated for bacterial communities in the uncleaned control biofilm 

and cleaned biofilms. 

Cleaning protocol Cleaning cycles Shannon-Weaver diversity index 

Control Uncleaned 2.5 

NaOH + HCl 
1 2.8 

6 2.7 

Urea + HCl 
1 2.4 

6 1.8 
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The phylogenetic diversity is represented in Figure 5.7. Principal component analysis 

(PCA) showed that C and N1 biofilm samples clustered together along the PC1 and PC2 

axes, suggesting that the microbial community was very similar in the uncleaned control 

sample and the biofilm sequenced after 1 cleaning cycle with NaOH. As the biofilm 

matured over 6 cleaning cycles with NaOH (N6), it was observed in a separate cluster close 

to that of C and N1, suggesting that the microbial communities were similar but with some 

differences. This is because the bacterial population responds to repeated chemical stresses 

and evolves over time in order to confer resistance to the cleaning agents. The microbial 

community in biofilms treated with 1 or 6 cleaning cycles with urea (U1 and U6) was very 

different from the C and N samples, indicating that the type of chemical cleaning agent 

influences the microbial community composition.  
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Figure 5.7: Principal component analysis (PCA) based on the Bray-Curtis distance metric. Each 

point represents the microbial community in a specific sample. Distance between the sample dots 

signifies similarity; the closer the samples are, the more similar microbial composition they have. 

Sample codes: C = Control (uncleaned), N = NaOH/HCl, U = Urea/HCl. The numbers 1 and 6 

represent the number of cleaning cycles, whereas the decimal places (.1 and .2) represent 

duplicate experiments.  
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5.4   Discussion 

The setback with conventional chemical cleaning strategies is their failure to fully remove 

fouling deposits from the membrane and spacer surfaces. Not only does this prevent the 

restoration of membrane performance parameters such as feed channel pressure drop, it 

also results in rapid biofilm regrowth. The inactivated biomass post-cleaning serve as food 

for microorganisms while the collapsed biofilm layer and EPS provide a conditioned 

surface for immediate microbial colonization after chemical cleaning (Bereschenko et al., 

2011, Vrouwenvelder et al., 2011). Several researchers have highlighted the need for novel 

cleaning strategies targeting biomass removal in order for biofouling control (Bereschenko 

et al., 2011, Beyer et al., 2017, Sadekuzzaman et al., 2015). This study investigated the 

effects of multiple cleaning cycles with an alternative chemical, urea (a chaotropic agent), 

to enhance the removal of biomass and resistant microbial communities.  

 

5.4.1 Biomass inactivation 

Adenosine triphosphate (ATP), a measure of active biomass content, was almost 1-log 

lower after 1 and 6 cleaning cycles with urea compared to NaOH (Figure 5.2 A). Urea 

molecules are capable of diffusing into the biofilm space and bacterial cells, leading to 

osmotic lysis (Rasmussen et al., 2016), thus higher inactivation of biomass. The fact that 

there was no significant difference between the ATP content measured after 1 and 6 

cleaning cycles hints at the possibility that there might be a certain threshold of inactivation 

based on the cleaning duration at a specified concentration and temperature. In practice, 

the chemical cleaning duration is almost always longer than 1 hour, consisting of several 

phases of high flow recirculation and soaking (Beyer et al., 2017). It would be beneficial 
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to experiment with a longer contact time with concentrated urea solution at a temperature 

of 35°C in accordance with industry guidelines.  

 

5.4.2 Biomass removal 

Unlike ATP, the TOC content was higher after 6 cleaning cycles with either chemical 

suggesting the accumulation of biomass over time. (Figure 5.2 B) However, biomass 

removal was consistently greater with urea cleaning indicated by a lower TOC content, 

compared to the conventional cleaning which allowed for greater biomass accumulation 

with time. Inefficient biomass removal from the membrane/spacer surface is the core issue 

of conventional chemical cleaning, as documented by several authors and reiterated by this 

study, eventually leading to irreversibly fouled membranes requiring early membrane 

replacement (Creber et al., 2010).  

A build-up of biomass over time is also illustrated by the increase in feed channel 

pressure drop (Figure 5.1). Restoration of membrane performance after chemical cleaning 

was monitored by means of feed channel pressure drop reduction. After the 3rd cleaning 

cycle, a downward trend was observed with either chemical cleaning in terms of restoring 

the pressure drop. In other words, a decline in membrane performance is a result of biomass 

accumulation over time (indicated by higher TOC content). This was expected since a 

gradual loss of membrane system performance is inevitable after extended operation (Bucs 

et al., 2018). However, urea cleaning is more effective than conventional cleaning in terms 

of maintaining the membrane system performance in the long run by (i) reducing biomass 

accumulation and (ii) reducing its impact on membrane performance. A substantial 

increase in the removal of biomass with urea is most likely due to the fact that urea 

disintegrates the biofilm EPS, the strongest structural framework of biofilms, as discussed 
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below. A combination of physical and chemical cleaning may be more effective in 

removing the fouling deposits that are solubilized by urea. Periodic air/water cleaning 

(Cornelissen et al., 2007), for example, could help reverse the downward trend observed 

for pressure drop restoration after the 3rd chemical cleaning cycles. 

 

5.4.3 Biomass solubilization  

In agreement with our previous study which demonstrated enhanced biofilm solubilization 

by urea cleaning (1 cycle) (Sanawar et al., 2018), the results of this study also validate the 

superior efficiency of urea for biofilm protein solubilization for multiple cleaning cycles. 

The concentration of proteins was lower after cleaning with urea for 1 and 6 cleaning 

cycles, compared to the conventional cleaning (Figure 5.3). Similarly, FEEM analysis 

revealed that the peak intensities of protein-like matter and tyrosine-containing proteins 

were significantly lower after urea cleaning (Figure 5.4). The attachment and aggregation 

of proteins on the membrane surface has been shown to accelerate fouling (Kelly and 

Zydney, 1995). Urea acts as protein denaturant by (i) forcing the unfolding of proteins and 

(ii) preventing the formation of protein aggregates by blocking the free sulfhydryl group 

which are essential for aggregation reactions (Kelly and Zydney, 1994). Chemical cleaning 

with urea thereby minimizes the accumulation of proteinaceous foulants on the membrane 

surface and also weakens the EPS structure by disintegrating one of its main components. 

Furthermore, extracellular proteins can also increase the hydrophobicity of EPS due to their 

high proportions of hydrophobic amino acids (Flemming et al., 2000, Higgins and Novak, 

1997). In effect, urea cleaning makes the EPS layer less hydrophobic and more water 

soluble, making it easier to remove during chemical cleaning. This in turn would 
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expectedly increase the flow and transport of urea and HCl through the biofilm structure, 

further increasing the cleaning efficiency.   

 

5.4.4 Microbial communities and biofilm resistance 

Microbial community analysis using next generation 16S rRNA gene sequencing revealed 

that Proteobacteria was the dominant phylum in all samples, while Bacteroidetes was the 

second most abundant phylum (Figure 5.5). Similar microbial community compositions 

were reported by two previous studies that applied 16S rRNA pyrosequencing (Belila et 

al., 2016) and shotgun metagenomics sequencing (Rehman et al., 2019) approach to 

investigate the microbial ecology of the KAUST desalination RO plant. The feed water 

used in this study is the product of the same RO plant. The results are also in agreement 

with several studies from around the world which demonstrate that Proteobacteria 

dominate seawater-associated bacterial communities, and also fouled RO membranes 

(Bereschenko et al., 2008, Manes et al., 2011, Nagaraja et al., 2017). Studies on early 

biofilm formation have identified members of Proteobacteria (Dang and Lovell, 2000, Lee 

et al., 2008), followed by Bacteroidetes (Salta et al., 2013), as the primary surface 

colonizers which explains their high abundance (Pinto et al., 2019).  

The relative abundance of three main classes of the phylum Proteobacteria was in 

the following order: β-Proteobacteria > α-Proteobacteria > γ-Proteobacteria. From the β-

lineage, the families Comamonadaceae and Rhodocyclaceae were highly abundant (Figure 

5.6). Members of both the families have been identified as key denitrifiers (Bellini et al., 

2017, Dong et al., 2019, Khan et al., 2002) and commonly reported in microbial 

communities in activated sludge systems (Sadaie et al., 2007, Tandoi et al., 2017). In this 

study, feed water to the MFSs was dosed with a biodegradable nutrient solution consisting 
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of acetate, nitrate and phosphate to accelerate biofilm formation. The microbial ecology of 

the biofilm is therefore influenced by the nutrient composition.  Research has shown that 

nitrate-reducing bacteria play an important role in the formation of biofilms on RO 

membranes (Nagaraja et al., 2017, Pang and Liu, 2007). Biofilms are known to contain 

anoxic regions in which such nitrate-reducing bacteria can thrive (von Ohle et al., 2010).  

In addition, three families of Proteobacteria are of particular importance with relation 

to biofouling; Erythrobacteraceae and Sphingomonadaceae (both representing the order 

Sphingomonadales) from the α-lineage, and Xanthomonadaceae from the γ-lineage. 

Microbial community members belonging to these families are known to produce adhesive 

EPS which also serves as medium for the attachment and growth for other micro-organisms 

(Bereschenko et al., 2010, El Beaino et al., 2018, Nagaraja et al., 2017). Sphingomonas, 

for example, produce gel-like EPS called sphingans which enhance cell adhesion and 

reinforce the biofilm structure (Gutman et al., 2014, Schmid et al., 2015). In fact, 

Sphingomonas are reported as the key biofouling organisms that are well able to survive 

chemical treatment (Bereschenko et al., 2010). The genome sequences of 

Xanthomonadaceae contain many genes for the formation of surface adhesive structures 

which results in the aggregation and increased resistance of biofilms to various stresses 

(Mhedbi-Hajri et al., 2011). The relative abundance of Sphingomonadaceae doubled after 

1 cleaning cycle with NaOH compared to the control (Figure 5.6). After 6 cleaning cycles 

with NaOH, the relative abundance of Sphingomonadaceae decreased significantly, 

however Erythrobacteraceae and Xanthomonadaceae become more pronounced instead. 

Comparatively, the relative abundance of the aforementioned families was negligible after 
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cleaning with urea. In other words, NaOH cleaning resulted in the selection of microbial 

communities that produce adhesive and resistant EPS, whereas urea cleaning did not.  

 

5.4.5 Outlook 

Biofilms are highly complex and their physical, chemical and microbial composition may 

vary from one plant to another. Biofilm formation is influenced by a wide variety of factors 

such as feed water quality, pretreatment methods, operating conditions and cleaning 

protocols. Chemical cleaning with urea may not be applicable to all types of biofilms. For 

efficient biofouling control, it is very important to (i) understand the site-specific processes 

influencing biofilm formation, (ii) implement preventive control strategies such as 

effective pretreatment to delay biofouling and (iii) examine biofouling characteristics to 

select the most effective membrane cleaning method. Membrane cleaning is only one of 

the curative aspects of biofouling control. Preventive biofouling control strategies such as 

modifications of membrane/spacer surfaces to reduce biofilm growth and adhesion should 

also be studied in combination with the cleanability of resulting biofilms. 

Possible modifications of the urea/HCl cleaning method should be explored in order to 

improve membrane performance restoration. Pairing or alternating urea cleaning with a 

chemical agent that has a complementary cleaning mechanism could enhance biofilm 

removal. Aside from the conventional organic solvents, a relatively new and “green” 

alternative are the natural deep eutectic solvents (NADES) (Dai et al., 2013). A mixture of 

NADES may be prepared with urea and other natural compounds (such as organic acids, 

amino acids and sugars) which could possibly have the potential to solubilize the 

macromolecules of biofilms. Similarly, combining urea cleaning with an intermittent 

physical cleaning cycle could also be highly beneficial. Urea creates a loose fouling layer 
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that would not only be more readily attacked by subsequent chemicals but would also be 

more effectively removed by physical cleaning. Lab-scale studies should also aim to clean 

at early stages of biofouling, and examine the differences in biofilms that form without 

biodegradable nutrient dosage to the feed water.  

The two major advantages of urea as a chemical cleaning agent are that it (i) denatures 

proteins and (ii) reduces the key biofouling microorganisms such as sphingomonads. Both 

these aspects of urea cleaning aid in the reduced production and increased solubilization of 

the EPS matrix, resulting in deeper cleaning, higher biomass removal and reduced impact 

on membrane performance during extended membrane operation. From an economic 

viewpoint, urea cleaning can extend the lifetime of membrane modules and prevent 

expensive membrane replacement. The recycling and reuse of urea also provides an 

opportunity for “greener” chemical cleaning and reducing the costs associated with 

cleaning. Recrystallization of urea from the waste solution has been successful using 

eutectic freeze crystallization. Optimization of the crystallization procedure and an 

investigation of the purity of reclaimed urea crystals is currently being pursued. To sum 

up, urea-based cleaning strategy outperforms conventional chemical cleaning consistently 

during short- and long-term membrane operation. It is an inexpensive and effective 

approach to control biological fouling of reverse osmosis membrane systems 

(demonstrated at lab-scale and pilot-scale).  
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5.5   Conclusions 

Membrane fouling simulators, mimicking the structure and hydraulics of industrial spiral-

wound reverse osmosis membrane modules, were used to carry out accelerated biofilm 

formation by dosing a biodegradable nutrient solution to the feed. The effects of multiple 

chemical cleaning cycles were studied on biomass removal and microbial community 

composition using the conventional alkali/acid combination and urea/HCl. The following 

conclusions were drawn based on the results: 

 

 Chemical cleaning with urea provides higher inactivation and removal of biomass. 

 Proteinaceous foulants are solubilized and removed much more efficiently with urea 

cleaning compared to the conventional cleaning.  

 Although a gradual accumulation of biomass may be inevitable, chemical cleaning with 

urea reduces biomass accumulation and reduces its impact on membrane performance 

during extended operation. 

 Urea cleaning does not select for resistant microbial communities on the membrane 

that are known to be largely responsible for biofouling through the extensive 

production of adhesive EPS. 

 

Further optimization of the urea cleaning protocol is recommended to include a different 

combination of secondary chemical(s) and/or intermittent physical/chemical cleaning 

cycles. 
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CONCLUSIONS AND OUTLOOK 

The application of reverse osmosis membrane technology is limited by biofouling 

problems that adversely affect the performance of the membrane filtration process. 

Effective control of biofouling is important to restore membrane performance and reduce 

operating costs. Since biofouling cannot be avoided in the long run, plant operators must 

eventually implement curative control methods to remove the accumulated biomass from 

the membrane/spacer surface and prevent a build-up of irreversible fouling layer. This is 

most often achieved with regular chemical cleaning of the membrane systems. The failure 

of conventionally applied chemical cleaning agents to physically remove much of the 

biomass causing rapid biofilm regrowth has prompted the need for novel chemical cleaning 

strategies. This research examined alternative chemical cleaning strategies employing urea 

for enhanced biofilm solubilization and removal. The main findings of this research are 

presented herein.  

 

1. Short-term, lab-scale biofouling studies carried out using membrane fouling 

simulators (MFSs) are predictive for long-term impact of biofouling  

A bulk of this research employed the short-term accelerated biofouling approach using 

MFSs. This part of the research investigated whether data collected from these lab-scale 

biofouling experiments (accelerated by biodegradable nutrient dosage to feed water) are 

representative for long-term biofouling (without nutrient dosage) as occurring in full-scale 

membrane systems (Sanawar et al., 2017). The comparative studies were carried out in 

membrane fouling simulators using six geometrically different feed spacers to assess the 

biofouling susceptibility of feed spacers after short-term and long-term operation. The 
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spacer with the lowest pressure drop increase was ranked as having the best performance. 

The biofouling impact ranking of the six feed spacers was the same for the short-term and 

long-term biofouling studies. In other words, the short-term accelerated biofouling study 

predicted the ranking for feed spacer performance for the long-term study without nutrient 

dosage. 

The representativeness of membrane fouling simulators for spiral-wound 

membrane elements used in practice has already been demonstrated (Vrouwenvelder et al., 

2007a). This study further validated that the MFS is a suitable tool for conducting lab-scale 

biofouling studies which can accurately predict long-term biofouling behavior (chapter 2). 

However, the applicability of short-term biofouling studies also depends on what needs to 

be assessed. Short-term studies may be very effective for rapidly assessing novel materials 

and the effects of key operational parameters related to biofouling prior to implementing 

the materials/methods in practice. However, they may only provide characterization data 

for early residual fouling. Long-term experiments in this case would be necessary in order 

study the biofilm morphology and microbial composition at the late stages of biofilm 

maturation. Nevertheless, short-term accelerated MFS studies are extremely helpful for 

analyzing biofouling control strategies at lab-scale avoiding expensive, time-consuming, 

chemically wasteful and destructive analysis of full-scale membrane elements. 
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2. Performance of urea as a chemical cleaning agent is superior to the 

conventional alkali/acid cleaning in terms of biomass inactivation, 

solubilization and removal 

Chaotropic agents such as urea have been very briefly discussed in the literature as possible 

chemical cleaning agents (Chen and Stewart, 2000, Rasmussen et al., 2016, Whittaker et 

al., 1984). Urea disrupts the hydrogen bonds involved in stabilizing the structure of proteins 

and other biopolymers (Mallevialle et al., 1996). This research exploited the protein 

denaturation property of urea for enhanced biofilm solubilization since proteins make up a 

predominant part of the biofilm EPS. Preliminary assessment confirmed that saturated urea 

solution did not damage the RO polyamide membranes when cleaning at 35°C in 

accordance with industry guidelines. In this lab-scale study, the efficiency of urea cleaning 

for RO membranes was compared to conventionally applied acid/alkali treatment by 

performing short-term accelerated biofouling experiments. It was shown that urea is highly 

efficient for cell and tissue lysis, resulting in higher biomass inactivation. Urea-based 

cleaning strategies were also superior to the conventional chemical cleaning agents in terms 

of biofilm protein solubilization, causing the weakening and enhanced removal of the 

fouling layer. The applicability of urea as an alternative, economical, eco-friendly and 

effective chemical cleaning agent for the control of biological fouling was successfully 

demonstrated (chapter 3). However, it was important to assess the potential of urea as an 

alternative cleaning agent for full-scale spiral-wound RO membrane modules when several 

fouling types exist simultaneously (chapter 4). It was also essential to study the impact of 

repetitive urea cleaning cycles on biofilm composition and membrane performance during 

long-term operation (chapter 5). 
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3. Full-scale spiral-wound RO membrane modules can be cleaned with urea for 

enhanced flux recovery and biofilm removal 

Chapter 3 (Sanawar et al., 2018) demonstrated the considerable potential of urea to enhance 

biofilm solubilization and removal. However, lab-scale biofouling experiments may not be 

completely representative for “real world” membrane applications whereby a combination 

of fouling types occur simultaneously. Membrane autopsies of full-scale modules were 

therefore necessary in order to (i) identify the types and degree of fouling, and (ii) ascertain 

the applicability of urea as a chemical cleaning agent at full-scale installations. This study 

compared urea/HCl cleaning to the conventional NaOH/HCl cleaning, applied to 8-inch 

diameter spiral-wound RO membrane elements taken from a full-scale installation in the 

Netherlands (DECO plant, Evides) and cleaned in an automatic RO pilot installation 

equipped with two single-module pressure vessels (Sanawar et al., 2019). Biofouling and 

organic fouling was found to play the major role in the fouling of the membrane modules 

at the DECO plant, as opposed to inorganic fouling and scaling. Cleaning of the membrane 

modules at the DECO plant with urea was therefore a suitable cleaning strategy, since the 

reaction mechanism of urea results in the removal of organic fouling and biomass 

inactivation (Mallevialle et al., 1996, Sanawar et al., 2018). 

Confirming the previous lab-scale studies (Sanawar et al., 2018), the results of this 

pilot-scale study showed that both cleaning protocols were equally effective with regards 

to restoring the normalized feed channel pressure drop. However, the performance of urea 

cleaning was better than NaOH cleaning in terms of restoring membrane permeability, 

probably due to the removal of surface adhered materials which are better dissolved by 

urea. Urea cleaning was also more effective with regards to biomass inactivation, 
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solubilizing organic foulants and removing the surface fouling layer. It is recommended 

that the urea cleaning protocol must be optimized to include multiple stages of high flow 

recirculation as practiced during CIP regimens in industry. Extended periods of 

recirculation with urea may reduce the frequency of routine chemical cleanings and 

associated costs.  

 

4. During long-term operation, periodic chemical cleaning with urea 

consistently performs better than the conventional cleaning protocol and does 

not select for resistant biofilm-forming bacteria 

Cleaning-in-place (CIP) regimes are frequently employed in the water treatment industry 

for the removal of accumulated biomass from the membrane modules. However, in 

response to repeated chemical cleaning, bacterial cells in biofilms are known to develop 

resistance to antimicrobial agents and cleaning chemicals (Bridier et al., 2011).  As a result, 

it becomes increasingly difficult to clean the membrane modules over time, eventually 

leading to early and costly membrane replacement. This part of the dissertation investigated 

the impact of repeated chemical cleaning cycles with urea/HCl and NaOH/HCl on biomass 

removal and biofilm microbial composition. Earlier lab-scale studies (chapter 2) had shown 

that one-stage cleaning with urea only was not as effective in restoring membrane 

performance indicating the importance of second-stage low pH acid cleaning in weakening 

the biofilm matrix. The cleaning protocols in this study therefore consisted of high-pH 

cleaning with urea or NaOH followed by a sequential low-pH cleaning with HCl. 

Membrane fouling simulators were used to carry out accelerated biofilm formation and 
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autopsies of the membrane/spacer coupons were carried out after 1 and 6 consecutive 

cleaning cycles.  

Although a gradual accumulation of biomass was inevitable, chemical cleaning 

with urea delayed biomass accumulation and reduced its impact on membrane performance 

during extended operation (chapter 5). Urea was consistently more effective than 

conventional cleaning in terms of (i) pressure drop reduction, (ii) biomass removal, (iii) 

and EPS solubilization. Contrary to conventional chemical cleaning, urea cleaning did not 

select for resistant microbial communities that are known to be largely responsible for 

biofouling through the extensive production of adhesive EPS. This study reaffirmed that 

urea cleaning aids in the reduced production and increased solubilization of the EPS matrix, 

resulting in deeper cleaning and higher biomass removal.  

 

Future research recommendations 

Possible modifications of the urea/HCl cleaning method should be explored to further 

improve the cleaning efficiency. Urea creates a loose fouling layer that would not only be 

more readily attacked by subsequent chemicals with complementary cleaning mechanisms 

but would also be more effectively removed by intermittent physical and/or chemical 

cleaning cycles. In accordance with industry practice, lab-scale studies should also aim to 

clean at early stages of biofouling and perhaps prolong the duration of chemical cleaning 

at reduced urea concentrations.  

While biofouling control was the focus of this dissertation, it is important to take 

into consideration that RO membranes are also prone to organic fouling due to the presence 

of organic matter in feed water (Ang et al., 2006). It is proposed to examine the efficiency 
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of urea as a chemical cleaning agent for organic-fouled membranes. Often in research, 

sodium alginate, a hydrophilic microbial polysaccharide, is used as model for organic 

fouling (Katsoufidou et al., 2007). Therefore, instead of dosing biodegradable substrate to 

feed water to encourage microbial growth, sodium alginate may be dosed to feed water to 

enhance organic fouling in the MFSs. Substrate modifications could also include a mixture 

of various carbon sources such as amino acids, carbohydrates and humic substances in 

order to study the efficiency of chemical cleanings for biofilms grown under more realistic 

feed water conditions. 

Different salinities can have an impact on bacterial biofilm communities (Zhang et 

al., 2014). It would be interesting to grow biofilm in saline conditions (seawater, brackish 

water) instead of freshwater and examine the composition of the resulting biofilm layer 

and its removal from the membrane/spacer surface via chemical cleaning with urea and 

conventional cleaning agents.  

Advanced chemical cleaning strategies with urea in combination with the use of 

coated membranes and feed spacers may also be a suitable way to control biofouling. 

Modification of the physicochemical properties of membrane/spacer surfaces can have an 

effect on biofilm adhesion as well as biofilm composition. Amphiphilic-coated 

membranes, for example, can significantly increase the protein content of biofilms (Bucs 

et al., 2017). Hypothetically, protein-rich biofilms could be more efficiently cleaned with 

chaotropic and protein-denaturing agents such as urea.  

Relatively recently, algal blooms have been reported as a major concern in the 

membrane industry. Algal blooms produce large amounts of transparent exopolymer 

particles (TEP) that have been identified as potential causes of biological fouling in RO 
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systems and organic fouling in UF systems (Villacorte et al., 2013). Urea-based chemical 

cleaning protocols may prove to be very effective in controlling such cases of RO 

membrane biofouling. 

Routine chemical cleaning with urea should be optimized such that all the used urea 

is recycled from the waste solution after cleaning the membrane modules. Initial 

experiments have already been carried out successfully to recover the urea using eutectic 

freeze crystallization. The removal of dissolved organics and impurities from the recycled 

urea requires further optimization. Appropriate urea waste disposal methods must be 

implemented leading to eco-friendly and preferential use/reuse of urea over the 

conventional cleaning agents.  

On a final note, biofilms are highly complex and their physical, chemical and 

microbial composition differs from one plant to another. Chemical cleaning with urea may 

not be applicable to all types of biofilms. For efficient biofouling control, it is very 

important to understand the site-specific processes influencing biofilm formation. 

Nonetheless, urea as a chemical cleaning agent possesses all the desirable properties of a 

suitable cleaning agent for membranes suffering from biofouling. It dissolves the existing 

fouling layer, delays fresh fouling by inhibiting the production of a more viscous EPS, does 

not cause damage to the membranes, is chemically stable and can be recycled after use, 

and it is cost effective. Its applicability has been demonstrated during short-term and long-

term periodic cleaning cycles at lab-scale and for full-scale spiral-wound RO membrane 

modules suffering from biofouling. 
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Summary of future research guidelines 

The following is not an exhaustive list but summarizes some of the future research 

guidelines: 

 Alternate chemical cleaning cycles with different chemical agents that have 

complementary cleaning mechanisms to urea. 

 Evaluate the potential of urea-based NADES mixtures for the solubilization of 

biofilms. 

 Introduce intermittent physical cleaning cycles, such as air/water cleaning, to increase 

the removal of fouling layer loosened by urea cleaning. 

 Employ countercurrent flow during cleaning. 

 Clean at early stages of biofilm formation. 

 Increase the duration of chemical cleaning. 

 Investigate the efficiency of urea cleaning specifically for organic fouling as well as 

more complex biofilms formed with a mixture of substrates. 

 Grow biofilms in saline conditions (seawater, brackish water) and cooling tower water 

systems. 

 Manipulate biofilm adhesion properties and biofilm composition using modified 

membranes and spacers to enhance the biofilm removal efficiency. 

 Evaluate advanced chemical cleaning strategies with urea to control biofouling that 

results in algal bloom situations.  

 Optimize protocols to recycle and reuse urea in order to reduce chemical waste and 

costs associated with purchase, transport, storage, use and disposal of chemical 

cleaning agents. 
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