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Abstract 

Nature offers elegant, efficient, and sustainable solutions to most of our problems. One 

such problem is to convert the most abundant natural resource of lignocellulosic biomass 

into a fermented solution for subsequent biochemicals extraction. An efficient, 

economical and eco-friendly technique or system has not been developed yet to address 

this problem. Nature has offered a robust solution to this problem in the form of 

ruminant's digestive system where a fermented solution (rumen fluid) is produced from 

the digestion of biomass in the fore-stomach (or rumen) with the help of diverse 

microbiota followed by volatile fatty acids (VFAs) absorption from the rumen fluid in the 

small intestine along with water absorption in the omasum and large intestine. This study 

aims to replicate the two important processes taking place inside the ruminant's digestive 

system with a membrane-based forward osmosis (FO) process. First is the use of FO for 

acetic acid extraction from rumen fluid by mimicking the VFAs absorption in the small 

intestine and second is employing FO for dewatering of rumen fluid by simulating the 

water absorption in the omasum and the large intestine. Besides, this study also covers 

the membrane biofouling that can occur as a result of resource recovery from rumen fluid 

in a long term FO operation and evaluates the various membrane cleaning strategies for 

flux recovery.  

Unlike other FO applications to extract water and reduce the feed water volume, this study 

used FO to mimic the ruminant’s small intestine for extracting acetic acid from rumen 

fluid to a clean matrix with a minimum water flux. Membrane characterisation results 

showed better separation performance by the thin-film composite polyamide (TFC-PA) 

membrane in terms of pure water permeability, solute rejection, and structural parameter 

compared to the cellulose triacetate (CTA) membrane. This was further endorsed by the 

higher acetic acid transport through the CTA membrane than the TFC-PA membrane. 
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Increasing the stripping solution pH from 5.5-6.5 to 9.0-10.0 increased the acetic acid 

transport through both the CTA and TFC-PA membranes. On the other hand, the 

membrane orientation had no discernible effect on the transport of acetic acid. Under the 

optimum conditions, the FO process using the CTA membrane exhibited negligible water 

flux and extracted 27% of the maximum attainable acetic acid from the synthetic solution 

within 8 hours of operation. The optimised conditions were used to elaborate the FO 

extraction of acetic acid from a real rumen fluid. Considerably lower extraction rate from 

the real rumen fluid was observed compared to the synthetic solution. 

This study also explored the use of FO for extracting water from the rumen fluid by 

replicating the dewatering function of the large intestine and omasum in ruminant 

animals. The reference artificial saliva solution was determined by comparing its osmotic 

pressure to that of the rumen fluid. The concentrated saliva showed good pH buffering 

capacity with no significant pH changes during FO operation. High water flux and a low 

reverse solute flux (RSF) were observed using concentrated artificial saliva as a draw 

solution and clean water as the feed. However, the water flux decreased and the RSF 

increased significantly when rumen fluid was used as the feed. Membrane fouling was 

observed with the deposition of mainly biomolecules from the rumen fluid on the 

membrane surface and the high temperature of feed solution further exacerbated 

membrane fouling. Membrane fouling was evidenced by visual examination as well as 

scanning electron microscope (SEM), energy dispersive X-ray (EDX), and Fourier 

transformed infrared (FTIR) analysis of the membrane surface.  

Membrane biofouling was investigated in a long term FO operation for water extraction 

from rumen fluid. Three of the possible membrane module configurations were used to 

assess their effect on the membrane fouling. In the horizontal membrane module 

configurations, the circulation of the feed solution on top of the membrane cell led to 
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more severe fouling compared to that from the bottom of the membrane module. The best 

resistance to fouling was observed in the vertical configuration of the membrane module. 

The results suggest that fouling is driven mostly by the gravity-driven deposition of 

foulants on the membrane surface. This was evidenced by the SEM-EDX and FTIR 

analyses of the fouling layers. The biofouling phenomenon was further characterized 

using the bioinformatics analysis of the inoculum, feed solution, and fouling layer 

microbial communities. A distinct biofilm microbial community with lower diversity and 

different composition from other samples were observed when feed solution was on top 

in the membrane module, due to the thick and more mature fouling layer. Aerobic and 

facultatively anaerobic microbial species such as Pseudomonadaceae, 

Xanthomonadaceae and Arcobacteraceae that were not detected in the inoculum emerged 

in the feed and thrived in biofilms under all membrane module configurations. Among 

these species, Pseudomonadaceae and Xanthomonadaceae were the most abundant, and 

both have been previously reported to possess superior attachment and biofilm-forming 

capacity. Different membrane cleaning techniques including hydraulic cleaning, osmotic 

backwashing, and chemical cleaning were applied to remove membrane fouling. A 

combination of chemical cleaning using 0.1% NaOCl and osmotic backwashing using 

NaCl 1M solution was found to be most effective with 70.0% flux recovery while 

hydraulic cleaning was the least effective that could only recover 14.1% flux. While the 

results are still preliminary, they highlight the potential for effective control of membrane 

fouling during water extraction from rumen fluid by FO.  
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Chapter 1 Introduction 

1.1 Background 

As the global population continues to grow, the demand for the earth’s resources has 

increased significantly [1]. A UN report (2019) estimates that the global population will 

reach 9.7 billion people by 2050. Hence, there is an urgent need for securing essential 

resources like food, water and energy to support the expected population growth. The 

worldwide energy demand is increasing due to population expansion, climate change and 

ever-growing urbanization. Furthermore, the depletion of global fuel reserves (fossil 

fuels) and the increased pollution from its consumption is making the situation worse. It 

is a necessity to explore new and renewable resources for the long term sustainability of 

human life on earth. 

Lignocellulosic biomass is a rich resource from which biofuels, biochemicals and other 

potential by-products can be generated. It is being investigated as a renewable energy 

resource that can be used to overcome the global energy crisis [2, 3]. Lignocellulosic 

material is the most abundant biomass available on Earth [4, 5]. It is an exceptional 

medium that is biocompatible, renewable, biodegradable and environmental friendly [6]. 

Various chemical and biological approaches can convert lignocellulosic materials to 

valuable products such as volatile fatty acids (VFAs), methane, ethanol, butanol, and 

hydrogen [7-9]. VFAs and methane can be recovered by the anaerobic digestion of 

lignocellulosic feed, where the residual mass can be utilized as a fertilizer [9]. 

Lignocellulose is a plant-based material that mainly includes grass, hay, and a range of 

crop and forestry residues [10, 11]. It is composed of cellulose (35-50%), hemicellulose 

(20-35%) and lignin (10-25%). The remaining fraction includes protein, oil and ash [2]. 

It is a tough fibrous material with a complex structure that contributes to its hydrolytic 

stability, structural strength and resistance to microbial degradation [12]. Furthermore, 
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the cross-linking between cellulose and hemicellulose with lignin via ester and ether 

linkages makes it resistant to enzymatic, microbial and chemical degradation [13, 14]. 

Ruminants are the only animals capable of utilising lignocellulose in their diets. 

Ruminants are specialist animals that can digest lignocellulosic materials. The rumen in 

these animals acts as a natural cellulose-degrading system [15]. It accomplishes this task 

efficiently with the help of its diverse microbiota including bacteria, fungi, protozoa, 

archaea and viruses [16]. They degrade the lignocellulosic biomass and converts it into 

proteins and VFAs [17, 18]. Due to this, rumen has attracted immense interest among 

scientists worldwide. To evaluate the rumen’s digestibility, they are investigating the 

composition and specific function of these complex microbial communities. Rumen as a 

source of enzymes has also been investigated for its biorefinability and as a model that 

can lead to revolutionizing metabolic engineering [19].  

After rumen fluid formation in the rumen, the ruminant animals absorb the energy-rich 

VFAs from the rumen fluid in their small intestine to meet the energy requirements of 

their bodies. Following that, the omasum and large intestine extract the maximum amount 

of water from the rumen fluid before it is excreted outside in the form of animal waste. 

Just like rumen fluid formation in the rumen, these two processes of VFAs absorption 

followed by water absorption have stimulated interest in simulating these processes in 

vitro. Different membrane and non-membrane based processes have been used for 

extracting solutes and/or clean water from the wastewater such as sand filtration, bio-

flocculation, nanofiltration (NF), and reverse osmosis (RO). However, these processes 

are either inefficient and/or expensive. Therefore, a more advanced, technically viable, 

and economically affordable process is needed to process complex solutions like rumen 

fluid. This study proposes forward osmosis (FO) as the most feasible option to extract 

acetic acid and water from the rumen fluid. 
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An emerging membrane technology, FO has gained considerable attention in desalination 

and wastewater treatment. It has been extensively studied for various processes including 

wastewater treatment, food processing, pharmaceutical processes and water recovery 

from drilling mud [20-24]. FO is a process based on the osmotic pressure gradient 

between two solutions that are separated by a semi-permeable membrane. Unlike 

conventional membrane technologies, FO uses a naturally generated osmotic gradient as 

a driving force for transporting water/solutes across the membrane. It does not employ 

any external energy input for transporting water and/or solutes across the membrane and 

is therefore economically more viable. Due to the absence of external pressure, there is a 

lower tendency to membrane fouling and the fouling is easily reversible. 

1.2 Economic assessment of lignocellulose conversion to VFAs 

This section provides a preliminary economic analysis to illustrate the lignocellulosic 

biomass as an alternative to fossil resources for the production of VFAs and the potential 

economic viability of this approach. The material flow of lignocellulosic biomass to 

VFAs conversion via rumen reactor and subsequent extraction by the FO system is 

described in Figure 1.1.  

Lignocellulose is the most abundant natural resource of biomass on earth. The estimated 

global lignocellulosic biomass production is 200 billion tons per year [25]. Even at a 

conservative estimate that only 7% of this biomass is available at an industrial scale for 

VFA production [25], this would amount to 14 billion tons/year. After collection, the 

lignocellulosic biomass is pre-treated by physical, chemical, and biological processes to 

improve its digestibility. Pre-treatment can account for about a 9% loss of the 

lignocellulosic biomass [26], resulting in 12.7 billion tons/year for VFA production. The 

volatile solids (VS) content varies for different types of lignocellulosic biomass. For 

example, the VS content in maize silage is 87.8% [27]. While the VS content in 
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agricultural residua of other crops can be as high as 90% [28], a more conservative 

estimate of 80% VS content is selected here for further calculation, resulting in 10.2 

billion tons of VS per year. Each kg of VS can produce 438g of VFAs [27]. In other 

words, about 4.5 billion tons of VFAs can be produced from lignocellulosic biomass per 

year. For simplification, acetic acid is used to represent VFAs in this preliminary 

economic assessment. Acetic acid extraction from the aqueous phase (i.e. rumen fluid) 

can reach about 90% efficiency to produce 4 billion tons/year of acetic acid. This is more 

than 250 times the current global consumption of acetic acid (of 15 million tons per year; 

according to a market report from mordorintelligence.com).  
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Figure 1.1: Flow chart of VFAs production potential from all the available lignocellulosic biomass and their extraction by the FO system  
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A hypothetical rumen factory that produces acetic acid with an input capacity of 100,000 

tons/yr is used to analyse the economic viability of VFA production from lignocellulosic 

biomass. The service life of this factory is set at 20 years. Using the same data presented 

in Figure 1.1, a high-level analysis of the revenue and expenditure of the factor is 

presented in Table 1.1. According to Figure 1.1, 100,000 tons of processed lignocellulosic 

material would possess 80,000 tons of VS content which could produce 35,000 tons of 

acetic acid per year in a rumen reactor. The total VFAs concentration in rumen fluid is 

about 0.1M or 5 g/L [29]. Therefore, the potential of rumen fluid production per year in 

a rumen reactor is 7 million tons. This shows that a rumen reactor with a lignocellulosic 

material processing capacity of 100,000 tons/year would require an FO system with 7 

million tons of rumen fluid processing per year capacity. The FO system with 7 million 

tons of rumen fluid processing capacity would separate 31,400 tons of acetic acid from 

the rumen fluid annually (Figure 1.1).   

The net profit of the extracted acetic acid was calculated by subtracting the total 

cumulative cost (capital and operational costs) of all the equipment and processes 

involved in the production and extraction of acetic acid from the total revenue generated 

by the extracted acetic acid. The price of acetic acid varies significantly depending on the 

quality and volume of purchase. The value of an asset is normally calculated on the basis 

of spot price. The spot price is the current market value of an asset available for immediate 

delivery at the moment of the quote. The spot price of acetic acid is currently $795/ton. 

Therefore, the price of 31,400 tons of the produced acetic acid is $25 million. Based on 

the estimated rumen reactor’s operational life of 20 years [30], the total revenue potential 

of acetic acid production over 20 years is estimated to be $500 million. 

The total cumulative cost involves the collection and pre-treatment cost of lignocellulosic 

biomass and the capital and operational cost of a rumen reactor and the two FO systems. 
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Based on the calculations of an anaerobic digester, the capital cost of a rumen reactor 

with a capacity of processing 100,000 tons of lignocellulosic material per year is 

estimated to be almost $20 million with an operational cost of around $1 million/year 

(5% of the total capital cost) [31, 32]. Thus, the total cost of a rumen reactor for 20 years 

of operation is $40 million. The collection and pre-treatment cost of lignocellulosic 

biomass is at least 20% of the rumen reactor’s total cost i.e. $8 million [33]. Following 

the capital and operational cost of 1 million gallons/day (≈3,800 tons/year) feed 

processing capacity of the FO system, the capital cost of the FO system with 7 million 

tons of rumen fluid processing capacity per year is estimated to be $44 million and the 

annual operational cost around $4.2 million [34]. The operational cost of the FO system 

for 20 years would be $84 million and the total cost of the FO system involving both the 

capital and the 20 years operational cost would be $128 million. For two FO systems, the 

total cost would increase to $256 million. The net profit potential of acetic acid production 

in a rumen reactor followed by the FO system extraction of acetic acid from the rumen 

fluid comes out to be $196 million over 20 years of operation. 

Although it is preliminary, the above analysis confirms that the available lignocellulosic 

biomass can replace fossil materials as feedstock to produce VFAs. It also shows that an 

engineered rumen reactor can generate profit at the current spot price of acetic acid. 
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Table 1.1: Economics of acetic acid (with the spot price of $795/ton) production from 

lignocellulosic biomass in a rumen reactor with 100,000 tons of lignocellulosic material 

processing capacity per year and acetic acid extraction by FO over 20 years of operation. 

Description Revenue (million $) Cost (million $) 

Value of 31,400 tons of acetic acid 

production/year  
25  

The revenue potential of  produced 

acetic acid 
500   

The capital cost of a rumen reactor   20  

The operational cost of a rumen reactor   1  

Total cost (capital and operational cost) of 

a rumen reactor 
 40  

The collection and pre-treatment cost of 

lignocellulosic biomass 
 8  

The capital cost of the FO system  44  

The operational cost of the FO system   4.2  

The operational cost of the FO system for 

20 years  
 84  

The total cost of the FO system  128  

The total cost of the two FO systems  256  

Total cumulative cost  304  

Net profit ($) 196  
 

1.3 Objectives 

The main objective of this study was to investigate the prospects of using FO for resource 

recovery from the rumen fluid by mimicking the VFAs and water absorption in the 

ruminant’s small and large intestines, respectively. The specific objectives of this study 

were to: 
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 Evaluate the potential of acetic acid extraction from rumen fluid by FO and 

determine the effect of membrane, pH and membrane orientation on acetic acid 

extraction. 

 Investigate the effectiveness of FO for dewatering the rumen fluid using artificial 

saliva as a draw solution. 

 Characterize the membrane biofouling in a long term FO process and compare the 

effectiveness of various membrane cleaning techniques. 

1.4 Research questions and hypothesis 

Besides these specific objectives, this thesis answers some of the key research questions 

as summarised below: 

1. Does FO offer any potential to extract acetic acid from rumen fluid and how the 

various process parameters can impact the FO performance? 

2. Can artificial saliva be effective as a draw solution to extract water from the rumen 

fluid and what will be the impact of draw solution concentration and feed solution 

temperature on the rumen fluid dewatering process? 

3. What are the morphology, chemical nature and microbial composition of the 

membrane biofouling layer when FO is operated for water extraction from rumen 

fluid over a longer period? 

4. How can different physical and chemical cleaning techniques be effective and 

compared to clean the membrane and recover the flux? 

It is expected that FO will separate acetic acid from the rumen fluid by reciprocating the 

natural process of VFAs absorption in the small intestine of the ruminant animals. 

Different process parameters such as membrane type, stripping solution pH and 

membrane orientation will significantly affect the acetic acid extraction process. 

Mimicking another natural process of water separation from the rumen fluid in the 
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omasum and large intestine of ruminants by FO to dewater the rumen fluid using artificial 

saliva as a draw solution will potentially show promising results. The long term use of 

FO for dewatering of rumen fluid will cause biofouling on the membrane surface. 

Investigation of the biofouling layer (biofilm) will help us in understanding the 

morphology and chemical nature of the biofilm besides discovering the various details of 

the microbial communities. The combination of physical and chemical membrane 

cleaning techniques will be more effective to recover the lost water flux due to membrane 

fouling. 

1.5 Thesis structure 

This thesis consists of six chapters in the following sequence (Figure 1.2): 

Chapter 1 is an introduction chapter that includes the background, economic assessment 

of VFAs production from lignocellulosic biomass, research objective, research questions 

and thesis structure. 

Chapter 2 provides an extensive literature review about the recent developments 

regarding FO, its applications and opportunities. 

Chapter 3 focuses on the resource recovery potential of FO by assessing the acetic acid 

extraction from the rumen fluid. 

Chapter 4 is a continuation of the resource recovery potential of FO to extract water from 

the rumen fluid. 

Chapter 5 covers the characterization of membrane biofouling over a longer period of FO 

operation to concentrate rumen fluid and the effectiveness of various membrane cleaning 

techniques. 

Chapter 6 highlights the conclusions obtained from this study and presents 

recommendations for future studies. 
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Figure 1.2: Thesis outline  
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Chapter 2 Literature Review 

This thesis chapter is based on the following journal article. 

Khan JA, Shon HK, Nghiem LD. From the Laboratory to Full-Scale Applications of 

Forward Osmosis: Research Challenges and Opportunities. Current Pollution Reports. 

2019;5(4):337-52. 

2.1 Introduction 

Clean water, energy, and raw chemicals are essential resources in our modern society. 

Freshwater is vital to life on earth. Energy is the bloodline for our society to function. We 

also rely on just a few simple chemicals currently derived from crude oil and other fossil 

sources as raw material input for our industry. With a growing global population and 

significantly improved living conditions, the long-term sustainability of these resources 

is under threat.  

A freshwater resource is for example under immense pressure today due to rapid 

population increase, rapid industrialization, and improved economic conditions [35]. In 

many regions, the available freshwater resources have been severely depleted due to 

increasing demand for domestic, agricultural and industrial consumption. Currently, one-

third of the world’s population faces water shortage. This number is expected to increase 

to two-thirds by 2050 [35]. Each year 3.5 million people die due to lack or shortage of 

water supply and sanitation which shows the immense importance of clean water 

availability for our mankind [36]. There is a growing need for developing alternative ways 

and means to cope with the existing issue of water shortages and the aggravating water 

crisis in our future.  

One such alternative is to purify wastewater and desalinate seawater by various thermal 

and membrane-based processes. Thermal processes like evaporation, multi-stage flash 
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(MSF), and multi-effect distillation (MED) have been explored for desalination purposes. 

Water separation in all thermal processes are based on phase change that needs a high 

amount of energy in the form of heat and are, therefore, costly processes [37]. Membrane-

based desalination technologies were developed as a better alternative to the thermal 

processes. Among membrane-based processes, microfiltration (MF) and ultrafiltration 

(UF) are less energy-intensive than NF and RO and can concentrate a solution by rejecting 

particles of sizes 0.01-1 µm like pathogens, organic macromolecules, and minerals. The 

NF requires more energy than the MF and the UF processes but less than the RO process. 

The NF can perform further fine filtration and can reject the particles with sizes down to 

most of the multivalent ions. RO is the most energy-intensive of all the membrane 

processes with the best results in terms of rejecting the small organic contaminants (such 

as pharmaceutically active compounds, industrial chemicals, and pesticides), salts, and 

heavy metals. One common factor among all these membrane processes is the 

requirement of an external energy source to generate hydraulic pressure for pushing water 

through the membrane while rejecting the solutes in the process. A more feasible choice 

can be an FO process as it does not need any external energy source and uses the natural 

concentration gradient as a driving force to permeate water across the membrane. 

FO has recently emerged as a promising alternative to overcome the shortcomings of 

commercialized pressure-driven membrane processes. Unlike RO that needs an external 

energy source for its operation, FO operates by utilizing the naturally occurring osmotic 

gradient between high concentrated draw solution and low concentrated feed solution to 

drive water out of feed solution into the draw solution across a semi-permeable 

membrane. Some of the potential advantages of FO include low fouling tendency, high 

fouling reversibility, and high water recovery along with the most important advantage 

of no external energy input requirement [31, 38, 39]. In addition to a range of water 
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purification applications, innovative FO processes to facilitate the transport of VFAs and 

nutrients (e.g. ammonia) instead of water have also been suggested [40].   

By replicating ruminant’s digestive system, FO offers an exciting opportunity to extract 

VFAs and clean water from an engineered rumen reactor with lignocellulosic feed. 

Production of VFAs from lignocellulosic material followed by their extraction through 

FO can be a huge success to end our reliance on fossil fuels for the industrial production 

of various chemicals. Moreover, the use of FO to extract clean water from the rumen 

rector’s fermented solution can be used for the production of artificial saliva, an important 

component of the rumen reactor system. These concepts are based on the hypothesis that 

the FO process can be used to simulate the functions of the small intestine to extract VFAs 

from the rumen fluid as well as mimicking the omasum and large intestine by separating 

water from the rumen fluid. In ruminant animals, the absorbed VFAs act as energy 

reservoirs for body functions and growth while the recovered water is recycled for saliva 

production that helps in chewing the lignocellulosic feed at the start of the digestion 

process.  

To date, most of the research on FO has been carried out at lab-scale with the main focus 

on exploring and improving the structural and operational features of the process. Very 

little has been investigated about the barriers in shifting the paradigm from a lab-scale 

process to large scale applications or to explore new applications beyond the domain of 

water purification. Given the focus on water purification of the current literature, this 

chapter aims to highlight the key challenges in the path of FO transformation from a lab-

scale process to full-scale applications. Innovative use of FO for non-water purification 

applications will also be explored wherever possible. Key challenges and issues in the 

development of the FO process including membranes materials, transport phenomena, 

draw solute selection, draw solute regeneration and membrane fouling are discussed. 
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Specifically, this study focuses on recent developments in FO applications, membrane 

fabrication, concentration polarization, reverse solute flux (RSF), multi-criteria 

comparison of different draw solutes types, and different forms of membrane fouling 

along with their respective cleaning and mitigation strategies. 

2.2 FO applications   

Significant research work has been devoted to the new application prospects of the FO 

process. Various manufacturing industries have harnessed FO due to its potential 

advantages over other membrane-based processes. A recent study has evaluated 51 

research papers exploring the prospects of FO for industrial applications [41]. All the 51 

research papers were based on lab or bench-scale experimental data. These research 

papers did not include the ones on drinking water production by FO as they did not fit 

under the umbrella of manufacturing industries. The percentage of publications on 

different types of industrial applications are shown in Figure 2.1. It shows that the 

maximum number of FO publications (23%) are related to chemical industry applications. 

Many research studies were on the applicability of FO in food and beverage industries 

(dairy and non-dairy) where FO was employed not only to concentrate the food products 

like milk, juice, whey but also to treat wastewaters. 
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Figure 2.1: The percentage distribution of research papers on various industrial 

applications [41]. 

Besides manufacturing industries, FO exhibits vast application prospects ranging from 

lab-scale experiments to full-scale implementation. It has been investigated for the 

treatment and processing of challenging water solutions in a range of applications 

including seawater desalination [42], wastewater treatment [43], agricultural use for 

fertigation [44], microbial fuel cells [45], and emergency water supply with so-called 

hydration bags [46]. FO has a potential role to play in wastewater treatment with 

applications such as osmotic membrane bioreactor (MBR) [43], treatment of drilling 

fluid, landfill leachate, and fracking wastewater for water reuse [47, 48], and pre-

concentration of digested sludge for nutrient recovery [49]. Other potential applications 

of FO include water reuse during long term space missions and regeneration of dialyzing 

fluid for kidney failure treatment [50]. 

Although FO has been used in a wide range of water purification applications as stated 

above, FO application to extract cleaning water and volatile fatty acids in an artificial 
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rumen system could also be an exciting possibility. Rumen fluid is a resource-rich 

fermented solution that is produced inside the rumen of the ruminant animals (such as 

cows, sheep, and goats) as a result of lignocellulosic material biodegradation. Recent 

work has demonstrated the potential for an engineered rumen reactor to convert a 

renewable, eco-friendly, energy-rich and the most abundant resource of lignocellulosic 

biomass into volatile fatty acids [51]. In such a reactor, a major challenge to the operation 

is the ability to continuously extract clean water and volatile fatty acids from rumen fluid. 

Rumen fluid is enriched in useful biomolecules such as VFAs, carbohydrates, proteins, 

and phospholipids. VFAs are the main constituents with acetic acid as the predominant 

VFA that make the most of biomolecules in the rumen fluid. VFAs are valuable 

biochemicals that can replace petroleum-based chemicals for the production of 

pharmaceuticals, plastics, and other products of the modern economy [52, 53]. 

Several membrane-based and non-membrane based methods have been proposed and 

investigated for recovering VFAs from the fermented solutions. These methods include 

ultrafiltration [51], nanofiltration [54], liquid-liquid extraction [55], absorption [56], ion 

exchange [57], pervaporation [58], and electrodialysis [59]. However, all of these 

methods need input energy to separate the VFAs from the rest of the solution which makes 

these processes expansive and, therefore, practically prohibitive. Some of these processes 

like adsorption and ion-exchange are chemically more intensive that can cause serious 

environmental problems. FO pitches itself as a better alternative to all these processes that 

can operate without any input energy for the separation processes. There have been some 

recent attempts to concentrate fermented solutions by FO for subsequent VFAs extraction 

[60-62]. However, these studies have focussed on dewatering of the fermented solution 

by FO that will need another process for VFAs extraction from the dewatered mixture. 

An innovative and more feasible approach can be to mimic the ruminant’s digestive 



 

18 
 

system processes by employing FO at both the steps; first by extracting VFAs from the 

rumen fluid by FO followed by water extraction from the rest of the rumen fluid by the 

same FO process. 

2.3 Membrane development 

Most FO work until the early 2000s was conducted using membranes fabricated for RO 

applications [63]. The development of membranes specific for FO applications has only 

commenced over the last two decades thanks largely to breakthroughs in fabrication 

techniques. These breakthroughs in membrane fabrication techniques have also resulted 

in a surge in the number of FO related journal publications. Of the total number of over 

1700 FO related journal publications to date, over 99% of them were reported since 2005 

(Figure 2.2). This upsurge in FO research signifies the rapidly growing interest in this 

technology platform in recent years.  
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Figure 2.2: FO journal publications since 2005 (According to Web of Science). 

A typical FO membrane consists of two layers namely the active skin layer and the 

support layer [64]. This structural arrangement of the FO membrane is required to 

safeguard key properties namely water permeation, solute separation and mechanical 

strength [65]. In the FO membrane, the active skin layer allows for water permeation 

under an osmotic gradient between the draw and feed solution while preventing the 

transport of draw solutes and contaminants. The skin layer is designed to be as thin as 

possible to minimize mass transfer resistance to water. The thin skin layer does not have 

adequate mechanical strength for self-support, thus, an adequately thick but porous layer 

is required to provide mechanical support to the active layer. They can be made of either 

the same or different polymeric materials, corresponding to asymmetric or thin-film 
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composite polyamide (TFC-PA) membranes. Figure 2.3 illustrates a typical TFC-PA FO 

membrane with an ultrathin skin on a porous supporting layer. 

 

Figure 2.3: Active and support layers of the FO membrane. 

A variety of membrane materials and fabrication techniques have been explored for the 

preparation of FO membranes (Table 2.1). The newly developed FO membranes can be 

broadly classified into four categories depending on the method of preparation. These 

categories are cellulose triacetate (CTA) membranes, TFC-PA membranes, chemically 

modified membranes, and 3D printed membranes. 

Table 2.1: Recent developments in FO membrane fabrication. 

Category Year Membrane Materials † Preparation 
methods 

Ref. 

C
TA

 m
em

br
an

e 

2005 Capsule wall Cellulose acetate Dip-coating, 
phase inversion 

[66] 

2008 Flat sheet Cellulose acetate Phase inversion 
and then 
annealing at 80–
95 °C 

[67] 

2010 Flat sheet 
double-
skinned 

Cellulose acetate Phase inversion, 
and then 
annealing at 85 °C 

[68] 

2010 Double 
dense-layer 

Cellulose acetate Phase inversion [69] 

2011 Flat sheet 
composite 

Cellulose acetate cast 
on a nylon fabric 

Phase inversion [70] 
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Category Year Membrane Materials † Preparation 
methods 

Ref. 

TF
C

-P
A

 m
em

br
an

e 

2010 Flat sheet 
TFC-PA 

PSF support, PA 
active layer 

Phase inversion 
and IP 

[71] 

2011 Flat sheet 
TFC-PA 

PES/sulfonated 
polymer substrate, PA 
active layer 

Phase inversion 
and IP 

[72] 

2011 Nanoporous 
PES 

PES cast on PET 
fabric 

Phase inversion [73] 

2011 Flat sheet 
TFC-PA 

PES nanofiber 
support, PA active 
layer 

Electrospinning 
and IP 

[74] 

C
he

m
ic

al
ly

 m
od

ifi
ed

 
m

em
br

an
e 

2011 Positively 
charged flat 
sheet 

PAI substrate treated 
by PEI 

Chemical 
modification 

[75] 

2013 PSFN-TFC-
PA 

PSF/Zeolite Chemical 
modification 

[76] 

2017 Aquaporin 
based TFC-
PA 

Aquaporin embedded 
in PA active layer, 
PEI/NMP support 
with Lithium chloride 
as an additive 

Chemical 
modification 

[77] 

3D
 p

rin
te

d 
m

em
br

an
e 

 2018 3D printed 
membrane 
feed spacer 

Polypropylene 3D printing [78] 

2018 3D printed 
membrane 
feed spacer 

Biopolymer polylactic 
acid 

3D printing [78] 

† PSF = polysulfone; PA, polyamide PES = polyethersulfone; PET = polyethylene 

terephthalate; IP = interfacial polymerization; PAI = polyamide-imide; PEI = 

polyethyleneimine; NMP = N-Methyl-2-pyrrolidone 

CTA membrane was first commercially manufactured by Hydration Technologies 

Incorporation [79]. Phase inversion is the most common preparation method for preparing 

asymmetric CTA membranes. This technique involves the formation of an asymmetric 

membrane structure by a controlled process of polymer transformation from a liquid 

phase (homogeneous polymer solution) to a solid phase (membrane) [80]. The solvent 
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(e.g. acetone) in the polymer solution is highly volatile which evaporates quickly during 

the process to form a dense polymeric membrane. 

Work on TFC-PA FO membranes started in 2010 when Yip et al. [81] and Wang et al. 

[82] reported techniques to prepare flat sheet and hollow fibre TFC-PA membranes, 

respectively. A typical TFC-PA membrane consists of a porous substrate/support layer 

formed by phase inversion and a thin PA active layer formed by IP. The most common 

IP technique is achieved by the cross-linking reaction between M-phenylenediamine 

(MPD) and trimesoyl chloride (TMC). In addition to phase inversion, electrospinning has 

also been reported in the literature to develop a nano-fibrous support layer of the TFC-

PA membrane [74]. The most common IP technique is achieved by the cross-linking 

reaction between MPD and TMC (Figure 2.4). 

 

Figure 2.4: IP of PA skin layer 

CTA and TFC-PA membranes both have their advantages and disadvantages. Some key 

advantages of the CTA membrane include the lower fouling tendency due to its smooth 

surface and nearly neutral surface charge, high resistance to chlorine, lower cost and high 

hydrophilicity [80, 83]. They are fabricated in a relatively easy and one-step process. CTA 

membranes also have some major drawbacks such as intrinsically low water permeability 
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due to thick membrane active layer, narrow temperature range (30–35 °C), low salt 

rejection, and high structural parameter value due to use of high polymer concentration, 

and the annealing process during their fabrication [83, 84]. Comparing to CTA, TFC-PA 

membranes have shown higher water permeability, lower RSF, and more resistance to 

hydrolysis and biodegradation [83, 85]. On the other hand, TFC-PA membranes can have 

a high vulnerability to chlorine attack and ICP because their support layers are mainly 

composed of hydrophobic polymers such as PSF and PES [84, 86]. Although the literature 

suggests that the TFC-PA membrane is superior to the CTA membrane in terms of its 

operation over a wider pH range, a more recent study has reported the stability of CTA 

membrane in higher pH (pH 11) environment [48]. 

There have been some promising attempts to improve FO performance by chemical 

modification. The inclusion of several materials such as carbon nanotubes [87], silica and 

titanate nanoparticles [88], and zeolites [76] in the support layer of FO membranes have 

been reported in the literature. Qiu et al. [75] modified the PA-imide micro-porous 

substrate embedded with woven fabric chemically using a PEI polyelectrolyte solution to 

reduce the thickness of the substrate to 55 μm and enhance the mechanical strength of the 

membrane. Setiawan et al. [89] induced a positive charge to the active layer of the 

membrane with post-treatment of PEI polyelectrolyte. They reported that the induced 

positive charge reduced the salt transport across the membrane due to double charge 

repulsion [89]. Following nature’s model of aquaporin role as a water transporting 

channel in the cell membrane, aquaporin incorporated TFC-PA membranes have been 

developed which showed excellent results in terms of high water flux and reduced solute 

rejection [84]. Li et al. [77] demonstrated the increase in water flux from 3.6 to 7.6 L/m2.h 

(LMH) by embedding aquaporin into the PA active layer of the TFC-PA membrane. 
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The 3D printed membrane is the most novel idea to revolutionize the potential of 

membranes for various desalination applications. The recent advancements in 3D 

technology are paving the way for developing 3D printed membranes. Owing to the 

increasing resolution power of 3D technology and its ability to create a complex shape of 

almost any geometry, 3D printed membranes are expected to show improved 

performances in terms of reduced concentration polarization, reduced pressure drop, and 

low fouling [90]. Different printing materials such as PA composites, acrylonitrile 

butadiene styrene, polypropylene, and natural polylactic acid have been suggested to 

prepare membrane feed spacers using 3D technology [78]. Although membrane feed 

spacers and other membrane module components have been prepared successfully using 

the 3D printing technique, fabrication of FO membrane using this technique has not been 

reported yet in the literature [90]. This is mainly because the resolution power of 3D 

printing technology is currently not advance enough to match the resolution range 

required for membrane manufacturing [90]. There are several challenges for developing 

this technology further to get in line for membrane manufacturing. Some of these 

challenges include the low-resolution power of the current 3D technology, long printing 

time, material requirements, the need for technical expertise and facilities, and the high 

cost of 3D printers [90]. 

FO membrane properties can affect their dewatering characteristics and overall 

performance. There is a great scope in improving membrane performance by altering the 

membrane structural features.  For example, the ICP is mainly dependent on the porous 

support structure while solute rejection and RSF are largely governed by the thin active 

layer of the FO membrane [83]. Studies have shown the reduction in ICP and 

improvement in water flux by reducing the tortuosity and increasing the porosity and 

hydrophilicity of the FO membrane support layer [83, 91, 92].  Doubling the active layers 
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of cellulose acetate membrane, instead of reducing the water flux due to increased 

resistance, increased the water flux due to reduced ICP in the porous support structure 

[68]. 

Membrane development has come a long way since its inception. The development 

journey covers different membranes starting from the earliest use of animal bladder as a 

membrane to the latest use of 3D technology for membrane fabrication. Although these 

developments were aimed to improve the performance indicators of membranes such as 

water flux, RSF, membrane fouling, and cost of fabrication, no membrane has shown 

excellent performance in all the key areas. Among all the developed membranes, reported 

so far, aquaporin based TFC-PA membranes and TFC-PA membranes with nanoparticles 

embedded into the active and support layers have shown unbeaten performance in terms 

of high water flux, high rejection capability, and small structural parameter.  

2.4 Draw solution 

In the FO process, a concentrated solution that can generate a high osmotic pressure is 

used to induce the driving force for water transport. It is crucial to select a high-

performance draw solute for efficient operation and the overall cost reduction of the FO 

process. The main criteria for the selection of a draw solute include high osmotic pressure, 

low RSF, easy regeneration, scaling up potential, low toxicity and cost [93]. Draw solutes 

can be classified as organic, inorganic, volatile and thermo-responsive (Table 2.2).  
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Table 2.2: Types of draw solutions and some corresponding examples used in FO (# at osmotic pressure difference between the feed and draw 

solution of 2.8 MPa). 

T
yp

e Draw solution 

 
Water 
flux 
(LMH) 

Feed solution Membrane 
RSF 
(g/m2.h 
(gMH)) 

Regeneration process Application examples Ref. 

O
rg

an
ic

 

 
Glucose 
 

0.37 tomato juice  TFC-PA Not reported Direct application, 
low-pressure RO 

Seawater desalination, 
tomato juice 
concentration 

[94] 

Sucrose 
 
12.9 
 

Deionized (DI) 
water 

Cellulose 
acetate  Not reported NF Wastewater treatment 

 [95] 

 
Sodium acetate 
 

9 DI water  CTA flat 
sheet 2.73# RO Wastewater treatment [96] 

In
or

ga
ni

c 

Sodium 
chloride 9.65 DI water  CTA flat 

sheet 7.2# RO, distillation/RO, 
direct application 

Algal biodiesel 
production, seawater 
desalination 

[97] 

Potassium 
bicarbonate 8.1 DI water  CTA flat 

sheet 1.4# RO process Desalination [93] 

 
Magnesium 
sulfate 
 

 
5.54 
 

DI water  CTA flat 
sheet 1.2 NF Desalination [93] 

 
Sodium nitrate 

 
20.54 DI water  Cellulose 

acetate  
 
85.07 

 
Direct application 

 
Direct fertigation [98] 
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T
yp

e Draw solution 

 
Water 
flux 
(LMH) 

Feed solution Membrane 
RSF 
(g/m2.h 
(gMH)) 

Regeneration process Application examples Ref. 

Ammonium 
phosphate 
 

15.66 DI water cellulose 
acetate  37.01 Direct application Direct fertigation [98] 

V
ol

at
ile

 

 
Ammonium 
bicarbonate 
 

 
7.34 
 

DI water  CTA flat 
sheet 18.2# 

Heating - 
decomposition 
into NH3 and CO2 

Seawater desalination [93] 

Dimethyl ether  2.12–
2.91  

0.5 wt.% NaCl 
solution  

SW30 
membrane Not reported 

 
Exposure to air 
 

Desalination [99] 

Th
er

m
o-

re
sp

on
si

ve
 

Thermo-
responsive 
oligomer with a 
glycerol 

1.56 Milli-Q water  CTA flat 
sheet 1.08 Low-pressure RO Desalination [100] 

Polymer 
hydrogels 0.55 -1.1 2000 ppm 

NaCl  solution CTA-FO Not reported Heating and 
pressurization Seawater desalination [101] 
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Organic draw solutes are mainly non-electrolyte organic compounds such as glucose and 

sucrose. They must be soluble in water and can generate adequate osmotic pressure for FO 

[102]. Most organic draw solutions can be readily regenerated by RO and in some cases even 

NF.  

Most inorganic draw solutes are strong electrolytes. They have been used in FO applications 

that require high osmotic pressure. These inorganic draw solutes can be recovered by RO [93] 

and a thermal desalination process such as membrane distillation (MD) [103].  

Volatile draw solutes change their states with changing temperature. They can be traced back 

to the early 1960s when Neff first proposed the concept of using a mixture of ammonia and 

carbon dioxide as a draw solution for seawater desalination [104]. A mixture of ammonium 

hydroxide (NH4OH) and ammonium bicarbonate (NH4HCO3) is a common example of volatile 

draw solution. Ammonium carbonate shows good results in terms of the generated osmotic 

pressure and ease of regeneration by a simple thermal process [105].  

Thermo-responsive draw solutes can be either polyelectrolytes or hydrogels; specifically 

developed for FO applications. These solutes have properties superior to other types of draw 

solutes in terms of lower RSF and less energy-intensive recovery processes [106]. However, 

there are some key challenges in the form of complex synthetic procedures, high concentration 

polarization, low water flux and reduction in water recovery efficiency after reuse of recycled 

draw solutes [106]. Zhao et al. [107] reported a high water flux of 4 LMH using a 

thermoresponsive copolymer, poly sodium styrene-4-sulfonate-co-n-isopropyl acrylamide as a 

draw solute for seawater desalination. It is noteworthy that Zhao et al. performed their study 

on a small scale using a TFC-PA membrane of area 2 cm2 [107], thus further work is necessary 

to scale up this approach. Kim et al. [108] used poly tetra-butyl-phosphonium-styrene-
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sulfonates as thermo-responsive draw solutes with TFC-PA membrane of area 0.79 cm2. They 

reported a water flux of 14.5 LMH and RSF of only 0.14 gMH [108]. 

Despite the many different draw solutes evaluated for FO at the lab-scale level, to date, there 

have only been six pilot-scale FO studies (Table 2.3). The small number of pilot-scale 

demonstrations highlight the need for further research and development of commercially 

practical draw solutes. Inorganic draw solutes (i.e. NaCl and seawater) were used in most of 

these pilot studies. Sodium polyacrylate (ionic organic draw solute) and ammonium carbonate 

have also been evaluated as draw solutes at the pilot-scale level. However, no pilot-scale study 

using a thermo-responsive draw solute has been reported so far. The size and duration of these 

pilot-scale studies range from membrane area of 0.3 to 59.4 m2 and operation time from 51 

days to 180 days respectively. As an example, an NH3/CO2 draw solute based FO pilot-scale 

plant employing a membrane with an effective area of 59.4 m2 was operated to desalinate brine 

having 180 ± 19 g/L total dissolved solids (TDS). With four months operation period, there 

was a substantial decrease in TDS to 300 ± 115 mg/L of the produced water with 57% less 

energy consumption than the estimated value for an open cycle evaporator [109]. Some of the 

pilot-scale studies have reported the different problems faced/overcome during the operation. 

Phuntsho et al. have reported the diffusion of feed and draw solute through the CTA membrane 

and management of feed concentrate due to the presence of nitrogen as the main problems in 

the operation of the FO plant [110]. Kim et al. overcame the problems of pipeline blockage due 

to salt formation from ammonia and carbon dioxide reaction, the supply of absorbent for the 

recovery process, and bypassing the draw solution [111]. Wang et al came across cake 

enhanced concentration polarization and limitations of ammonium recovery as the main 

problems in their study. 
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Table 2.3: Pilot-scale FO studies reported to date in the literature. 

Study Draw solutes Membrane 
area (m2) 

Duration 
(days) Key Findings 

Phuntsho et 
al. [110] 

Ammonium 
sulfate 

20.2  
 180 

Water flux was restored 
by hydraulic cleaning 
without any chemical 
cleaning. No fouling 
was observed with NF-
post treatment.             

Corzo et al. 
[112] 

Magnesium 
sulfate, sodium 
polyacrylate, 
and potassium 
pyrophosphate. 

1.3  Not 
reported 

The optimal operating 
osmotic pressure for the 
draw solution was 10 
bars. The best 
performance was 
obtained with the TFC-
PA flat sheet membrane. 

Kim et al. 
[111] 

Ammonium 
bicarbonate 17.6 Not 

reported 

High recovery and 
separation efficiency (> 
99%) was observed. A 
diluted draw solution 
was used as an 
absorbent for DS 
recovery.  

Wang et al. 
[113] 

Sodium 
chloride 

0.3  
 51 

48.1 % of ammonium 
and 67.8% of total 
nitrogen rejection were 
achieved.  

McGinnis et 
al. [109] 

Ammonia/ 
carbon dioxide 59.4 120 

The TDS concentration 
of product water was 
300 mg/L. 57% less 
energy was used than 
the estimated value of 
633 kWh/m3. 

Hancock et 
al. [114] 

Synthetic sea 
salt 

1.58  
 90 

Trace organic 
compounds were 
rejected by 99%. 
Membrane fouling 
contributed to the higher 
rejection of trace organic 
compounds. 

Draw solution regeneration is an important prerequisite for the efficient performance of FO. It 

can be carried out by coupling it with another process to produce clean water. Depending upon 

the type of draw solute and the nature of FO application, different coupling processes have 

been evaluated such as RO, NF, UF, MD, and heating. These processes are generally energy-
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intensive in the form of hydraulic pressure and heating. Therefore, more research is needed to 

minimize the energy consumption of the draw solution recovery process and the overall cost 

of the FO process.  

A multi-criteria comparison for different types of draw solutes is shown in a radar chart (Figure 

2.5). Each criterion is ranked from low (0) to high (5) level of suitability. The scores for osmotic 

pressure, RSF, and ease of regeneration are based on data in Table 2.2. The scaling-up potential 

is based on the number of pilot or full-scale systems reported in the literature (Table 2.3). 

Toxicity is also based on the literature data, in this case, apart from ammonium carbonate 

(volatile draw solute), no report of toxicity has been identified for all other categories of draw 

solutes. Although this is a subjective assessment, Figure 2.5 highlights that no current draw 

solute can adequately meet all key performance criteria for large scale FO operation. Each type 

of draw solute manifests its strengths and shortcomings. For example, inorganic draw solutes 

are good at producing high osmotic pressure but are less advantageous with RSF. On the other 

hand, organic draw solutes are good at lowering the RSF but generate less osmotic pressure 

than inorganic draw solutes. 



  

32 
 

 

Figure 2.5: Multi-criteria comparison for different types of draw solutes. 

Draw solution is one of the most crucial and decisive components for a successful FO 

operation. Many draw solutes have been investigated to check their suitability in FO but they 

have fallen short in one or more criteria of an ideal or perfect draw solute. Although draw solute 

selection mainly depends on the nature of FO application, inorganic and thermo-responsive 

draw solutes seem to be more competitive and efficient than others as their overall performance 

in all five criteria is better than the rest. Most recent work on draw solutes has been carried out 

at a lab scale. Very few pilot-scale studies employing mainly inorganic draw solutes have been 

reported here. Further research is needed to identify or develop suitable draw solutes that can 

be evaluated at a pilot scale to determine their commercial viability. 

2.5 Transport phenomena 

2.5.1 Reverse solute flux 

RSF - the transport of draw solutes through the membrane - is a problematic but inherent 

phenomenon in the FO process. The transport of draw solutes from the draw to the feed solution 

occurs because the draw solute concentration is much higher in draw solution than feed solution 

to induce water transport while the membrane is imperfect and cannot offer 100% rejection. 
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Two important factors which can affect RSF are membrane structural characteristics and 

physicochemical properties of the draw solution [115]. Therefore, the selection of membrane 

and draw solute plays a key role in curtailing this phenomenon. 

RSF is considered to be a significant impediment in FO [116]. Transport of draw solute across 

the membrane reduces the osmotic pressure difference between the draw and feed solution, 

thus reducing the water flux [117]. Moreover, draw solution replenishment to compensate for 

the loss of draw solute can also increase the operational cost. RSF is also a major problem in 

several FO applications where it is crucial to keep draw solution completely separate from feed 

solution e.g. food and drug processing applications [118]. Issues may also arise in more 

common applications like wastewater treatment and seawater desalination especially 

concerning FO concentrate management and disposal [119]. 

Several control measures including the selection of draw solute and advanced membrane 

fabrication and modifications have been suggested to reduce the RSF. Unlike draw solutes with 

divalent ions such as calcium and magnesium, draw solutes with monovalent ions such as 

sodium and potassium can permeate easily through the FO membrane [120]. Therefore, it may 

be feasible to employ divalent ion solutions having lower diffusion coefficients in all those 

applications which aim at high rejection [63]. However, divalent ions may aggravate membrane 

fouling by interfering with feed solution foulants after reverse diffusion [97]. The development 

of new membranes can significantly reduce RSF. The average value of specific reverse solute 

flux (SRSF) i.e. the ratio of RSF to water flux for commercial CTA membrane has been 

reported as 0.60 ± 0.32 g/L while the lowest value (0.10 g/L) of SRSF was obtained using a 

non-woven flat sheet CTA membrane [121]. In the case of commercial TFC-PA membranes, 

the average value of  SRSF was 0.44 ± 0.32 g/L [121]. Novel TFC-PA membranes with 

different substrate compositions such as polyketone, nylon 6, 6 microfiltration membrane, 

cellulose acetate propionate, and polytriazole-polyoxadiazole have been reported to reduce 
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SRSF. The lowest value (0.035 g/L) of SRSF was obtained using a nylon 6,6 microfiltration 

membrane support layer [122]. Modifying the FO membrane surface can also help in reducing 

the RSF. Zou et al. [123] have reported the coating of commercial TFC-PA membrane with 

zwitterion functionalized carbon nanotubes which reduced the RSF by 83.3%. The reduction 

in RSF can be attributed to the generation of electrostatic repulsive forces induced by the 

charged functional groups of Z-CNTs. 

2.5.2 Concentration polarization  

Concentration polarization is the formation of concentration gradients inside the supporting 

layer and immediately at the membrane external surfaces during the FO process. Concentration 

polarization increases the concentration and osmotic pressure of the feed solution while 

simultaneously decreasing the concentration and osmotic pressure of the draw solution at the 

membrane active layer [83]. In other words, concentration polarization lowers the effective 

osmotic pressure difference across the membrane than the bulk osmotic pressure difference 

across the membrane resulting in a reduced water flux across the membrane [83].  Depending 

upon the location of the concentration profile, concentration polarization can be classified into 

external concentration polarization (ECP) and internal concentration polarization (ICP) (Figure 

2.6).  
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Figure 2.6: Illustration of ICP and ECP in the FO and PRO modes. Cfeed, Cdraw, and Jw represent 

the feed solution concentration, draw solution concentration and water flux, respectively. 

ECP occurs at the interface between the bulk solution and the membrane active layer. 

Depending upon membrane orientation in the FO processes, it can be called either 

concentrative or dilutive ECP. The positioning of the FO membrane active layer towards the 

feed solution results in concentrative ECP due to water permeating towards the draw solution 

causing an increase in solute concentration at the active layer. Alternatively, positioning of FO 

membrane active layer towards the draw solution results in dilutive ECP at the active layer due 

to water entering from the feed solution causing solutes dilution at the active layer. ECP reduces 

the net driving force by increasing the osmotic pressure at the interface of membrane-active 

layer mode in FO mode i.e. when the membrane active layer faces the feed solution (FO mode) 

and vice versa in pressure retarded osmosis (PRO) mode i.e. when the membrane active layer 

is positioned towards draw solution (PRO mode). It has been reported that the negative effects 
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of ECP can be minimized by altering hydrodynamic conditions such as increasing the flow 

velocity and optimizing the water flux [50].  

ICP takes place inside the porous support layer of the membrane. Depending upon the 

orientation of the membrane, two types of ICP namely dilutive ICP and concentrative ICP can 

take place within the support layer of the membrane. Dilutive ICP takes place when the 

membrane support layer is in contact with the draw solution (FO mode) and water permeating 

from the feed solution dilutes the porous support layer. Alternatively, when the support layer 

is directed towards the feed solution (PRO mode), concentrative ICP takes place due to water 

leaving the support layer through the membrane resulting in the increased solute concentration 

in the support layer. Unlike ECP, ICP cannot be moderated or diminished by changing the 

hydrodynamic conditions since it takes place within the support layer. Previous studies have 

shown that ICP is the major cause of the decline of water flux [124]. However, a recent study 

demonstrated the effectiveness of ultrasound in reducing the ICP [125]. An 81% increase in 

water flux was observed with an ultrasound frequency of 25 kHz. 

RSF and concentration polarization are the major challenges in FO operation. RSF can be 

reduced by a suitable draw solute selection and advancement in membrane development. 

Among all types of draw solutes, thermos-responsive draw solutes have been reported with the 

lowest RSF. New membranes have been investigated to reduce RSF and the lowest RSF, 

reported so far, was obtained using nylon 6, 6 microfiltration membrane as TFC-PA membrane 

support layer. Concentration polarization is the major cause of water flux reduction across the 

membrane. ICP is a more serious challenge than ECP because it cannot be reduced by altering 

the hydrodynamic conditions. However, recent studies suggested that ICP effects can be 

significantly alleviated with ultrasonication [125]. More work is needed to validate the 

efficiency of ultrasonication and explore other viable options to counter the effects of ICP. 
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2.6 Membrane fouling and cleaning 

2.6.1 Membrane fouling 

Membrane fouling is the accumulation/deposition of dissolved and suspended components of 

the feed solution on the membrane surface [126]. The feed stream components such as 

microbes, organic, inorganic and extracellular polymeric substances (EPS) which cause fouling 

can be termed as foulants (Figure 2.7) [127]. When water from the feed solution permeates 

through the membrane to the draw solution, foulants in the feed solution start accumulating on 

the membrane surface resulting in the formation of a fouling layer. The fouling layer does not 

only cause an increase in the resistance to water permeation but also the concentration 

polarization [128]. Membrane fouling can also decrease the life span of the membrane and 

consequently increasing the operational and maintenance cost of the FO process [129]. 

Membrane fouling can be broadly categorized into organic fouling, inorganic fouling (or 

scaling), biofouling, and cake formation. Organic fouling is the adsorption of organic matter 

such as proteins, humic substances, and grease on the membrane surface [130]. Scaling or 

inorganic fouling is the deposition of mineral salts from the bulk solution along with their direct 

crystallization on the membrane surface [131]. Biofouling is the adhesion and growth of the 

microbial community on the membrane surface with the help of EPS [132]. Cake formation is 

caused by the accumulation of a variety of colloidal particles and dissolved organic matter in 

the form of NOM, EPS, proteins, clay, calcite, and silicates on the membrane surface [133]. 



  

38 
 

 

Figure 2.7:  Membrane fouling during FO operation. 

The comparison between FO and RO in terms of reversibility and water cleaning efficiency 

has been broadly covered in the literature [134]. FO has a lower fouling tendency in comparison 

to RO due to the difference in driving force [134]. In RO, water flux is generated by a large 

hydraulic pressure resulting in the formation of a compact fouling layer which is not easy to 

remove by hydraulic means. On the other hand, FO is driven by the naturally created driving 

force due to the concentration gradient across the membrane resulting in a less dense fouling 

layer that is easy to remove by hydraulic means. Lee et al. demonstrated that membrane fouling 

is almost reversible in FO and is irreversible in the case of RO [135]. 

Membrane fouling can influence the rejection of both organic and inorganic contaminants in 

FO processes. Linares et al. have suggested that organic fouling could improve the negative 

charge propensity and hydrophilicity of the membrane active layer [136]. Consequently, the 

absorption efficiency of the membrane could be increased which can inflate the removal of 

contaminants like trace organic compounds.  
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Membrane fouling becomes more significant during a resource recovery FO process from a 

biomolecules rich digestate feed. One good example of digestate is a rumen fluid that can be a 

potential source for VFAs. Processing rumen fluid for VFAs and water extraction by FO can 

result in severe membrane fouling as it is a complex fluid containing several other biomolecules 

such as carbohydrate molecules, amino acids, phospholipids, dicarboxylic acids, glycerides, 

and cholesterol esters. These biomolecules can be sensitive to the changing conditions in the 

FO process e.g. temperature and can exacerbate membrane fouling. Studies have shown the 

aggravated membrane fouling from similar biological-based feed solutions. For example, 

increasing the rumen fluid temperature in feed to 30 ○C and 40 ○C exacerbated membrane 

fouling [137]. Membrane fouling was found as a major obstacle in a seawater-driven FO 

process for pre-concentrating the digested sludge centrate [49]. Another study on determining 

the permeation characteristics of VFAs solution demonstrated significant fouling during FO 

operation [61]. Membrane fouling caused a sharp decline in water flux during the dewatering 

of the organics rich wastewater by FO for subsequent VFAs recovery [138]. 

2.6.2 Membrane cleaning and other fouling mitigation strategies 

Previous bench-scale FO studies have shown that membrane fouling is readily reversible in 

comparison to pressure-driven membrane processes such as NF and RO [139]. These studies 

reveal that the low hydraulic pressure in FO results in a less compacted fouling layer compared 

to pressure-driven membrane processes. Consequently, a less compacted fouling layer leads to 

better fouling reversibility [127]. FO membrane cleaning can be achieved either physically or 

chemically.  

Common physical techniques for FO membranes cleaning include osmotic backwashing, high 

cross-flow velocity (CFV), ultrasonication, air scouring, and hydraulic cleaning [140]. The 

basis of these techniques is to create strong hydrodynamic conditions or disturbances to 

dislodge the fouling layer from the FO membrane surface. Osmotic backwashing is an effective 
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technique to detach foulants from the membrane surface by switching the water flow direction 

from feed - draw solution to draw - feed solution through the membrane [141]. High CFV is a  

cleaning method that involves the flushing of the feed channel with fresh water to remove the 

foulants from the membrane surface [142]. Ultrasonication has also been reported to mitigate 

membrane fouling using sound energy in the kHz range [143]. It causes cavitation which 

involves erosion on the membrane surface, dispersing the foulants and/or increasing the 

dissolution rate of a surface film [143]. Air scouring can be performed under both low and high 

aeration. Air scouring performed under high aeration results in less biofilm formation whereas 

low aeration cannot stop significant biofouling [144]. However, aeration is more energy-

intensive and therefore a costly process which can be a serious drawback to the economic 

sustainability of FO. Hydraulic cleaning is performed with the circulation of DI water on the 

feed side of the membrane. Due to the less compact fouling layer in FO, it can be an effective 

cleaning strategy and can restore up to 100% of the water flux with 24 - 48 hours of operation 

[145]. 

Chemical cleaning involves the use of one or several chemical substances. Normally, a 

combined cleaning strategy is adopted which involves the dissolution of fouling matrix by 

chemicals followed by the removal of foulants by mechanical means [127]. Table 2.4 

summarizes the commonly used chemicals. The consumption and subsequent disposal of these 

chemicals, however, can be a potential environmental issue, especially since some of them such 

as ethylene diamine tetra-acetic acid (EDTA) have been identified as major water pollutants 

[146]. It is, therefore, important to understand the chemical-foulant, foulant-foulant and 

foulant-membrane interaction at the molecular level to develop an effective membrane cleaning 

strategy [127]. The efficiency of chemical cleaning depends on exposure time, hydraulic 

condition (mixing), the concentration (or strength) of the cleaning chemicals and pH [147]. 

Acidic cleaning agents such as citric acid and nitric acid are designed to solubilize inorganic 
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foulants whereas alkaline agents such as NaOH are designed to solubilize organic foulants. 

Besides, chelating agents such as EDTA can be used to immobilize metal ions, thus, preventing 

them from interacting with other organic and inorganic constituents in the feed to cause fouling 

and scaling, respectively [148]. Chemical cleaning with an oxidant like NaOCl has also been 

reported to be more effective especially for membranes with high hydrophobicity and 

roughness [149]. Other oxidants like hydrogen peroxide have also been efficiently used as 

disinfectants in pre-treatment processes [150]. However, their use in membrane disinfection is 

limited due to the risk of membrane damage or degradation due to chemical attacks. 

Table 2.4 Major chemicals used for cleaning different types of membrane fouling 

Category Chemicals Types of fouling 

Acid Citric acid [151], nitric acid [152] Scaling 

Alkali 
Sodium hydroxide [152], potassium 

hydroxide [153]  

Organic fouling 

Chelating 

agent 
EDTA [149], citric acid [152] 

Scaling and organic 

fouling 

Oxidant Sodium hypochlorite [149], hydrogen 

peroxide [150] 

Biofouling and organic 

fouling 

Another effective way to mitigate membrane fouling is to pretreat the feed water. Pretreatment 

processes like MF and UF consume high energy and therefore have high operating costs. 

Conventionally, dual media and sand filters are employed as pretreatment processes in large 

scale desalination plants but their performance is limited and is far below the satisfactory level 

[154].  

The membrane surface properties play a key role in fouling layer formation. Changing the 

membrane surface with the help of different membrane surface modification techniques can 
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help in controlling the membrane fouling [155]. Two common strategies for FO membrane 

surface modification are coating and grafting [155]. The fundamental aim of these strategies is 

to improve the fouling resistance of the membrane which can be achieved by increasing 

membrane surface hydrophilicity, decreasing the roughness of membrane surface, adding steric 

repulsion effect to the membrane and introducing negatively charged surface groups [156].  

Biofouling is inevitable in long term operation even at low nutrient concentrations. Biofouling 

control and mitigation strategies have not been studied in detail. To date, the literature about 

actual biofouling in FO is scarcely available since biofouling can only start forming during 

long-term FO operation. As a substitution, reviewing the literature about biofouling in 

membrane processes like RO and NF can provide some insight into biofouling in the FO 

processes. In the case of RO and NF, a significant amount of research has been carried out over 

the past twenty years to understand the process of biofouling and develop techniques for 

monitoring and control [157]. Different preventive and control strategies to mitigate biofouling 

include biocide treatment, nutrient control, inhibition of quorum sensing process, and 

membrane surface modification. 

Biocides or antimicrobial substances can be added to feed water as a biofouling prevention 

strategy. The main factors contributing to the effectiveness of biocides include type and 

concentration of biocide, level of bioactivity in the system, frequency of dosing, pH, contact 

time and concentration of organic and inorganic substances in the feed water [158]. A 

comprehensive literature study reveals that biocides can be broadly categorized into oxidizing 

and non-oxidizing biocides [157].  

Among oxidizing biocides, chlorine is the most commonly used disinfectant in water treatment 

but it cannot be used for treating all types of membranes because, unlike CTA membranes, PA 

membranes are sensitive to chlorine [159]. Chlorine also results in the formation of assimilable 
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organic carbon (AOC) in large quantities which augments bacterial growth [160]. As an 

alternative to chlorine, the use of chlorine dioxide, chloramines, and potassium ferrate have 

been suggested [157]. All these agents have high biocidal effectiveness, however, like 

chlorination; chloramination may lead to the formation of harmful byproducts such as 

trihalomethanes, haloacetic acids and N-nitrosodimethylamine which can permeate through the 

membrane. Ozone is a powerful oxidizing agent and can be used for microbial deactivation but 

has not been widely investigated for FO membrane cleaning due to the potential to form 

carcinogens and the production of AOC materials as by-products of ozonation [161]. UV 

irradiations can be effective biocides for water disinfection as they inhibit microbial growth by 

the production of hydroxyl radicals [162].  

Non-oxidizing biocide like formaldehyde, glutaraldehyde and quaternary ammonium 

compounds have been used in the water treatment industry however they are not suitable for 

portable applications [163]. They are biologically effective, membrane compatible, cost-

effective, suitable for discharge and are used intermittently with a low dose.  

Limiting nutrients such as phosphorus in feed water can inhibit microbial growth. It can be 

achieved by chemical precipitation [164], biological phosphorus removal [165], adsorption 

[166], and crystallization [167]. Chemical precipitation is a widely used method that involves 

the use of different coagulants such as iron and aluminum salts, lime, and polyelectrolytes 

[164]. Chemical precipitation is an effective and flexible approach to precipitate phosphorus 

out and can be applied at different stages during wastewater treatment. However, its 

maintenance cost is high, handling and disposing of sludge is problematic, and the treated water 

needs to be neutralized [164]. Biological phosphorus removal is based on the phenomenon of 

“luxury uptake” in which favourable conditions are developed for activated sludge to take up 

phosphorus in the excess amount[165]. No chemicals are used in this method and sludge 

production in large quantities can be avoided. However, it is more complicated in terms of 
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complex plant configuration and the operation protocol. Adsorption of phosphorus is carried 

out with the help of different adsorbents such as dolomite, red mud, blast furnace slag and fly 

ash [168]. These adsorbents do not produce any additional sludge and do not affect the 

wastewater pH but they can be costly and have low phosphorus removal efficiency [169]. 

Phosphorus removal by crystallization is carried out in a fluidized reactor where calcium and 

magnesium phosphate crystals namely hydroxyapatite and struvite respectively are formed 

[167]. Unlike chemical precipitation, this method does not involve any sludge handling 

problem. 

Inhibition of quorum sensing can be an effective way to control biofouling [170]. Quorum 

sensing is a coordination process among microbes for their communal behaviour such as 

biofilm formation, motility, and EPS production. Kim et al. demonstrated the production of 

quorum sensing molecules by 60% of the collected bacterial species from fouled RO membrane 

to justify that biofilm formation can be effectively controlled by inhibition of quorum sensing 

[171]. Use of furanone [172], vanillin [173], acyl-homoserine lactones and inhibitors like 

acylase I [174], bacteriophages [175] and nitric oxide [176] have been reported for inhibition 

of quorum sensing. 

Increasing the bacteriostatic properties of the membrane through surface modifications can 

effectively inhibit microbial growth. Membrane surface modifications can be carried out by 

polymer blending [177], coating [157], grafting [178] and the addition of inorganic and 

antimicrobial agents [179]. A promising way to control and mitigate biofouling can involve 

inducing anti-adhesion and anti-microbial properties to the surface of a membrane [180].  

Organic fouling, inorganic fouling and cake formation along with their cleaning techniques 

have been widely investigated in the literature. The selection of fouling mitigation strategy 

depends on the type of FO application and scale of FO operation. Of all the FO membrane 
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fouling types, biofouling is the least investigated phenomenon. Studies on actual biofouling in 

FO processes and its respective cleaning strategies are hardly available in the literature. Further 

research is needed to understand biofouling in long term FO operation.  

2.7 Full-scale FO plants 

As key hurdles to the practical realization of FO at full scale are being addressed, more pilot-

scale evaluations and even full-scale trials of FO have recently emerged. In addition to several 

pilot-scale studies summarized in Table 2.3, in September 2019, Forward Water Technologies 

Pty Ltd has recently reported a full-scale trial of their FO technology at a wastewater treatment 

plant in Airdrie, Alberta, Canada [181]. Due to commercial sensitivity, the details of some 

full-scale trials are not always readily available. The Airdrie full-scale FO plant and several 

other pilot-scale FO systems are shown in Figure 2.8. 
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Figure 2.8: Pictures of (a) A full-scale FO plant in Airdrie, Alberta (Canada) [181] (b) A 

pilot FO plant at Nagasaki (Japan) (c) A pilot FO plant at University of Technology 

Sydney [110]; and (d) A pilot FO plant at the Quyang Municipal Wastewater Treatment 

Plant (WWTP), Shanghai (China) [182]. 

2.8 Conclusion 

The transition of FO from laboratory research to large scale applications requires further 

development in several key areas which include membrane fabrication, draw solute 

development and membrane fouling mitigation strategies. A prospective FO application 

of acetic acid and water extraction from rumen fluid produced in an engineered rumen 

reactor from lignocellulosic biomass can be of great significance due to the potential 

economic and environmental benefits. The deployment of FO to separate acetic acid and 

(a) (b) 

(c) (d) 
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water from rumen fluid by mimicking the ruminant’s digestive system can revolutionize 

the biochemicals industrial processes with a paradigm shift from fossil resources to a 

renewable resource of lignocellulosic materials. The focus of membrane development 

should revolve around high water permeability, low reverse salt flux and ICP, high 

resistance to fouling, and superior mechanical strength and stability of the membrane. 

More research is required to develop new draw solutes and to select among the already 

available ones which are economical, non-toxic, and compatible with the membrane, can 

generate high osmotic pressure and be easily generated. The number of pilot-scale FO 

studies and full-scale FO demonstrations is still limited. Inorganic draw solutes were used 

in most of these pilot and full-scale reports. Results corroborated from this chapter 

heighten the need for more research work to develop suitable draw solutes for pilot and 

full-scale FO applications. Membrane fouling is also a major obstacle to the 

commercialization of the FO process. To date, the literature on biofouling in FO is 

scarcely available and future research is needed to investigate the underlying mechanisms 

and develop suitable mitigation techniques.  
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Chapter 3 Evaluation of Acetic Acid Extraction Potential from 

Rumen Fluid by Forward Osmosis 

This thesis chapter has been published as the following journal article. 

Khan JA, Nguyen LN, Duong HC, Nghiem LD. Acetic acid extraction from rumen fluid 

by forward osmosis. Environmental Technology & Innovation. 2020;20:101083. 

3.1 Introduction 

Ruminant animals such as cows, sheep, and koalas have a unique digestive system that 

allows them to acquire nutrients and energy from a plant-based (lignocellulose) diet. Their 

stomach consists of four compartments instead of one like in other animals. The first 

compartment, often called the fore-stomach or rumen, contains a complex microbial 

community of bacteria, archaea, fungi, and protozoa to break down cellulosic materials 

under anaerobic conditions [15, 183]. The breaking down of cellulosic material leads to 

the formation of rumen fluid mainly composed of VFAs, phospholipids, amino acids, 

inorganic ions, dicarboxylic acids, gases, carbohydrates, glycerides, and cholesterol esters 

[184]. Amongst these constituents, VFAs are vital as they provide energy and nutrient for 

ruminant animals after diffusing through their intestine [15]. In other words, the unique 

microbes in the rumen convert lignocellulosic biomass that is indigestible by other 

animals to beneficial VFAs. This unique capacity of ruminant animals has spurred 

scientific interests to mimic their rumen for producing VFAs from lignocellulosic 

material such as crop residues and other lignocellulosic waste [51]. 

VFAs production from lignocellulosic feed might play an important role in industrial 

development in the coming years. VFAs are valuable biochemicals that can replace 

petroleum-based chemicals for the production of pharmaceuticals, plastics, and other 

products of the modern economy [52, 53]. Each year, about 150 billion metric tons of 

lignocellulosic biomass is generated, mostly as a by-product of agriculture and forestry 
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activities [25]. Therefore, VFAs production from the lignocellulosic feed in engineered 

rumen reactors can obviate the current dependence on crude oil and other fossil resources 

for raw chemicals. A major technical challenge in the design and development of 

engineered rumen reactors is the extraction of VFAs from the rumen fermented broth (i.e. 

commonly known as rumen fluid) like the process inside the ruminant animals’ intestine. 

In this context, we propose to explore FO to mimic the ruminant intestine to extract VFAs 

from rumen fluid in engineered rumen reactors to promote the realisation of VFAs 

production from lignocellulosic material. 

FO has emerged as a versatile technology platform for the treatment of various impaired 

waters that are deemed challenging to other treatment processes. Unlike the pressure-

driven membrane processes (e.g. NF and RO), FO does not require an externally applied 

hydraulic pressure but harnesses the intrinsic osmotic gradient between two solutions to 

facilitate the transport of water and/or solute across the membrane [185]. Driven by the 

osmotic gradient, the FO process embodies several superior attributes such as low 

membrane fouling, fouling reversibility, and simple operation. Given these notable 

attributes, the FO process has been demonstrated for a wide range of applications 

including wastewater treatment [24, 186, 187], phosphorus recovery from wastewater and 

digested sludge [21, 22, 103], water recovery from drilling mud [23, 47], and food 

processing [20, 188]. Most of these FO applications involve the dewatering of the less 

concentrated feed solution by the high concentrated draw solution with a focus on 

increasing the water flux and reducing the RSF. 

In this study, the FO process was harnessed to promote the extraction of acetic acid from 

rumen fluid prior to its enrichment and utilisation. The enrichment of acetic acid can be 

performed by several methods such as distillation, liquid-liquid extraction, and 

crystallization [189-191]. In other FO applications, water is extracted from the feed to the 
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draw solution under the osmotic gradient caused by the difference in the feed and draw 

solution concentrations. Despite the high selectivity of the FO membrane, water flux 

always coincides with the reverse transport of solute from the draw solution to the feed. 

Unlike water, which permeates through the membrane from a low concentrated solution 

to a high concentrated solution, the solutes permeate through the membrane in the 

opposite direction i.e. from a high concentrated solution to a low concentrated solution 

following the natural concentration gradient.  This solute transport or the RSF has been 

dealt as a major impediment in the development of FO technology and many attempts 

have been made to mitigate it [115-117]. This study, however, aimed at using the transport 

of solute through the FO membrane as a means to promote the extraction of acetic acid 

from rumen fluid while maintaining minimum water flux. The negligible hydraulic 

pressure and the minimum water flux applied might render the FO process resistant to the 

high fouling propensity of the rumen fluid that might be a serious challenge to other 

pressure-driven membrane processes. The decreasing osmotic pressure difference 

between the two solutions due to acetic acid transport across the membrane can be 

neutralized or slowed down by taking the stripping solution volume in bulk or constant 

dilution of stripping solution. Moreover, the dilution of rumen fluid due to water flux can 

be reversed by the dewatering process using FO system as explained in the next chapter.  

Given the abovementioned purpose, this study systematically examined the influence of 

membrane type, membrane orientation, pH of the stripping solution, and the rumen matrix 

on the acetic acid extraction of the FO process. The broader idea is to develop an 

engineered rumen reactor to produce VFAs from lignocellulosic biomass and then extract 

the produced VFAs from fermented solution by FO. 
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3.2 Materials and methods 

3.2.1 The FO system and the feed and stripping solutions 

The lab-scale FO system used in this study consisted of a membrane module, two gear 

pumps, two flow meters, and two beakers for feed and stripping solutions (Figure 3.1). 

The membrane module had a flat-sheet FO membrane coupon sandwiched between two 

identical and symmetrical acrylic semi-cells having flow channels with length, width, and 

depth of 7.6, 2.6, and 0.3 cm, respectively. The effective area of the membrane was 19.76 

cm2. Two gear pumps (Cole-Parmer, 75211-15) were used to circulate the feed and 

stripping solution, while two acrylic flow meters (Cole-Parmer, 32461-42) were placed 

before the inlets of the FO membrane module to measure the feed and stripping solution 

flow rates. The feed beaker was placed on a digital balance (Adam Equipment, PGL 8001) 

connected to a computer to allow for the record of change in the solution beaker mass 

after every 60 minutes. The pH of the feed and the stripping solution was measured every 

hour using two pH meters (Hach, HQ40d).   

 

Figure 3.1: Schematic diagram of the lab-scale FO system. 

Two types of non-commercial FO membranes including TFC-PA and CTA were used in 

this study. The TFC-PA membrane is a proprietary FO membrane from Hydration 
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Technology Innovation (Albany, OR), while the CTA membrane is from Fluid 

Technology Solutions Inc., USA. The TFC-PA membrane is fabricated via interfacial 

polymerisation having a thin PA active layer with a porous polysulfone support layer. 

The CTA membrane is prepared from the CTA along with an embedded support layer 

using the phase inversion method. The pore sizes of the CTA and TFC-PA membrane are 

in the range of 0.29−0.30 nm. These two membranes have been selected for their 

contrasting properties in terms of fouling resistance, water permeability, and particularly 

RSF. Recent results suggest that the CTA FO membrane is less susceptible to fouling but 

exhibits lower water permeability and higher RSF than the TFC-PA one [80, 192, 193]. 

Therefore, it is necessary to elucidate the effect of these two membranes with different 

RSF on the FO extraction of acetic acid from rumen fluid. 

A synthetic solution and real rumen fluid were used as feed solutions in this study. The 

synthetic acetic acid 50 mM solution was prepared by dissolving lab-grade acetic acid 

(>99% purity from Sigma-Aldrich) in DI water. This low acetic acid concentration was 

deliberately selected to minimise the water flux while ensuring a sufficient transport rate 

of acetic acid through the FO membrane. DI water was used as the stripping solution to 

capture acetic acid transferred through the FO membrane from the feed. Rumen fluid 

from a twelve years old fistulated cow was also used to replicate the real rumen matrix. 

Coarse matters in the rumen fluid were removed by straining it through a two-layered 

cheesecloth followed by a two-layered mesh filter [194]. The obtained rumen fluid was 

kept at 4 C in the dark before the extraction experiment. The rumen fluid contains acetic 

acid as one of the main VFAs but we could not analyse the rumen fluid to find its acetic 

acid concentration. Therefore, synthetic acetic acid was added to the rumen fluid to obtain 

a concentration of at least 50 mM. 
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3.2.2 Analytical methods 

The concentration of acetate ions in the stripping solution was analysed using Ion 

chromatography (Thermo Scientific, Dionex Integrion RFIC) with an anionic column 

(Dionex IonPacTM AS15) and NaOH 38 mM solution as eluent. The stripping solution 

samples (i.e. 1 mL each) were collected every hour during the FO acetic acid extraction 

experiments. Before analysing the samples, the standard curve with an R2 value of 0.994 

was developed using 0.5, 2.0, 5.0, 7.5, and 10.0 mM acetic acid solution as standard 

solutions (Figure 3.2). Each sample took 30 minutes to develop a chromatogram. The 

peak curve for acetate ions appeared between 7 and 8 minutes in each chromatogram. It 

is necessary to note that with the NaOH 38 mM eluent, all acetic acid in the stripping 

solution has conversed into acetate ions. 

 

Figure 3.2: Standard curve for quantitative analysis of acetate ions in the stripping 

solution. 
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The acetic acid recovery from the feed solution was calculated based on its changing 

concentration in both solutions. The initial concentration of acetic acid was 50 mM on 

the feed side and zero on the stripping solution side. As the experiment proceeded, the 

transport of acetic acid from the feed to the stripping side resulted in a gradual decrease 

in the acetic acid concentration on the feed side and a simultaneous increase on the 

stripping side. Theoretically, the maximum possible acetic acid concentration on the 

stripping side will be 25 mM when the equilibrium point is reached between the two 

solutions. Calculation of acetic acid concentration in the stripping solution were 

performed with reference to the maximum acetic acid extraction possible. 

3.2.3 Characterisation of FO membranes 

Membrane transport characteristics including the pure water permeability coefficient (A), 

salt permeability coefficient (B), and structure parameters were determined using the 

standard protocol described in the previous studies [195, 196]. A and B values were 

determined by a cross-flow RO system using DI water and NaCl 34 mM respectively as 

the feed [197]. The RO system was stabilised for at least one hour at the transmembrane 

pressure (P) of 10 bar and a cross-flow velocity (CFV) of 25 cm/s before the water flux 

(i.e. JRO for the process with DI water feed and JNaCl with the NaCl solution feed) was 

recorded. To determine the B value, feed and permeate samples were collected to 

determine the observed NaCl rejection (Rob). The A and B values were determined as 

[197]: 
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where kf was the mass transfer coefficient of the cross-flow RO membrane cell. kf was 

calculated using the salt concentration at the membrane surface with the thin-film theory 

for concentration polarisation: 
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In Equation 3, πb and πp were the feed and permeate osmotic pressures and can be 

determined by their corresponding salt concentrations according to the Van’t Hoff 

equation. 

The membrane structural parameter (S) determines the degree of ICP. The S value is 

defined as below [197]: 

ε
lτS      (3-4) 

where l is the thickness of the supporting layer, τ is the tortuosity of the supporting layer, 

and ɛ is the porosity of the supporting layer.  

Here, the S value was experimentally determined using the cross-flow FO system 

mentioned above with NaCl 0.5 M as the draw solution and clean water as the feed 

solution. The membrane active layer was in contact with the feed solution. The FO system 

was stabilised for one hour before recording the water flux (JFO) to determine the S value 

using [195, 197]: 
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In Equation 5, Ds is the bulk solution diffusivity of the draw solute, πD,b is the bulk osmotic 

pressure of the draw solution, and πF,m is the osmotic pressure at the membrane surface 

on the feed side. 
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3.2.4 FO extraction of the acetic acid from the synthetic solution and rumen 

fluid 

All experiments were carried out using a lab-scale FO system for at least 8 hours at room 

temperature (25±1 ⁰C). The volumes of feed solution and stripping solution were 2.0 L. 

The CFV of both the feed and stripping solution was constant at 10.6 cm/s with a co-

current configuration. An aliquot sample (1 mL) was taken from stripping solution every 

hour for acetate ions concentration analysis.  

Two ranges of stripping solution pH were applied in this study to assess the impact of 

stripping solution pH on the acetic acid transport across the FO membrane. One was the 

pH range of DI water (5.5-6.5) and the other was a pH of 9.0-10.0 achieved by adding 0.2 

mL of NaOH 0.1 M solution to the stripping solution after every 8-10 minutes. 

3.3 Results and discussions 

3.3.1 Membrane characterisation 

The membrane characterisation results allow for the comparison between the CTA and 

TFC-PA membranes with respect to mass transfer across the membrane. Consistent with 

the literature, the CTA membrane exhibited a lower A value but significantly higher B 

and S values than the TFC-PA membrane under the same testing conditions (Table 3.1). 

It is noteworthy that while the water permeability of the CTA membrane was only one-

fourth of that of the TFC-PA membrane, its salt permeability was 4.5-fold higher than the 

salt permeability achieved by the TFC-PA membrane. The markedly high salt 

permeability/water permeability ratio of the CTA membrane might favour the extraction 

of acetic acid with minimised water flux from the rumen fluid during the FO process 

compared to the TFC-PA one.  

Table 3.1: Key transport parameters of the CTA and TFC-PA FO membranes. 
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Parameters CTA TFC-PA  

Pure water permeability – A value (L/m2hbar) 0.84 2.10 

NaCl permeability – B value (m/s) 8.96 x 10-8 1.96 x 10-8 

Structural parameter – S value (mm) 0.58 0.30 

3.3.2 Acetic acid extraction from the synthetic solution 

In the FO process with the synthetic solution feed, the impacts of membrane fouling and 

complex feed compositions on the transport of acetic acid through the membrane could 

be excluded, allowing for the accurate evaluation of the influences of FO membrane 

properties and process operating conditions on the acetic acid extraction. The 

experimental results shown in Figure 3.3 confirmed the advantage of the CTA membrane 

over the TFC-PA membrane with respect to the extraction of acetic acid. Under the same 

operating conditions of both membrane orientations and the stripping solution pH values 

of 5.5-6.5 and 9.0-10.0, the acid acetic extraction rate of the FO process with the CTA 

membrane was higher than that with the TFC-PA membrane, demonstrated by its higher 

acetate ions concentration in the stripping solution at the same operating time. The higher 

acetic acid extraction rate of the CTA compared with the TFC-PA membrane was 

consistent with its higher salt permeability reported in section 3.1. Indeed, previous 

studies have demonstrated that the CTA membrane exhibits lower salt rejection and 

higher reverse salt flux than the TFC-PA membrane [196, 198]. 
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Figure 3.3: Effect of membrane and pH on acetic acid permeation. Experimental 

conditions were as follows: acetic acid 50 mM solution feed, FO mode, feed and stripping 

solution CFV =10.6 cm/s. The error bars represent the standard deviation of data obtained 

from two independent experiments. 

It is noteworthy that the membrane pore sizes might not be the prominent factor affecting 

the transport of acetic acid through the FO membranes. The CTA and TFC-PA 

membranes used in this study have pore sizes in the range of 0.29−0.30 nm while the 

calculated molecular diameter of an acetic acid molecule is approximately 0.45 nm. The 

diffusion of acetic acid through the FO membrane might be controlled by the Donnan 

effect, not the size exclusion. Indeed, a recent study has found that the electrostatic 

interaction between the solute molecules and the membrane rather than the size of solute 

molecules affects the transport of solutes through the membrane [187].  

Moreover, the transport of acetic acid through the membranes during the FO process of 

the synthetic solution feed was primarily driven by the acid concentration difference 

between the feed and the stripping solution. This is demonstrated by the discrepancy in 
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the acetic acid transport rate through the membranes when the stripping solution pH was 

elevated from 5.5-6.5 to 9.0-10.0. At the elevated stripping solution pH, more acetic acid 

was extracted from the synthetic solution through the FO membranes, leading to higher 

acetate ion concentration measured in the stripping solution (Figure 3.3). It is necessary 

to note in both feed and stripping solutions acetic acid dissociated into negatively charged 

acetate ion and proton: CH3COOH ↔ CH3COO- + H+ (pKa = 4.76). This equilibrium 

strongly depended on the pH of the solutions. The synthetic solution feed was highly 

acidic (i.e. pH = 3); thus, acetic acid existed mainly as neutral molecules in the feed. On 

the other hand, 80% and almost 100% of all permeated acetic acid molecules from feed 

to the stripping solution existed in the form of acetate ions at pH of 5.5-6.5 and 9.0-10.0, 

respectively. The higher acetic acid concentration difference across the FO membranes at 

the stripping solution pH of 9.0-10.0 rendered more acetic acid transferred through the 

membranes, leading to the higher measured acetate ion concentration in the stripping 

solution compared to the stripping solution pH of 5.5-6.5.  

The linear relationship between the measured acetate ion concentration of the stripping 

solution and the operating time shown in Figure 3.3 might be attributed to the excessively 

high acetic acid concentration of the synthetic solution feed (50 mM) compared with that 

of the stripping solution (i.e. <1 mM after 8 hours of extraction). If the FO process with 

the synthetic solution feed was extended, more acetic acid from the feed would transfer 

to the stripping solution, hence reducing the driving force for the acetic acid extraction 

from the feed. The acetate ion concentration curves shown in Figure 3.3 would flatten 

when the driving force dwindled with extended operating time. Theoretically, acetate ion 

concentration in the stripping solution can increase to 25 mM when the system is at 

equilibrium with an extended operating time. Nevertheless, as demonstrated in Figure 

3.3, after 8 hours of the FO operation, the CTA can achieve 27% and 19% of the 
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maximum extraction potential at pH of 9.0-10.0 and 5.5-6.5, respectively. Over the same 

experimental period, the TFC-PA membrane can only achieve 14% and 8% of the 

maximum extraction potential at the respective pH of 9.0-10.0 and 5.5-6.5. 

The effect of membrane orientation was evaluated for both the membranes at the selected 

stripping solution pH values (Figure 3.4). The TFC-PA membrane orientation had a 

negligible effect on the acetic acid permeation to the stripping given the inbuilt feature of 

this membrane to hinder solutes transport across the membrane [199].  The acetate ion 

concentrations in the stripping solution during the FO process of the synthetic solution 

feed using the TFC-PA membrane were similar when the membrane orientation was 

reversed (Figure 3.4a). On the other hand, for the FO process using the CTA membrane,  

the stripping solution acetate ion concentration increased by 14% when the membrane 

active layer facing the feed solution (6.7 mM) compared with that obtained when the 

membrane active layer facing the stripping solution (5.8 mM) (Figure 3.4b). This slight 

increase could be attributed to the less ICP effect when the membrane active layer facing 

the feed solution than facing the stripping solution (i.e. the feed acetic acid concentration 

was much higher than that of the stripping solution). It is worth reminding that the CTA 

membrane had a higher S value than the TFC-PA membrane (Table 3.1); therefore, the 

negative effect of ICP on the acetic acid extraction during the FO process with the CTA 

membrane was more severe than that with the TFC-PA membrane. Thus, the effect of 

membrane orientation on the acetic acid extraction rate was more noticeable for the CTA 

compared to the TFC-PA membrane. 
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Figure 3.4: Effect of membrane orientation on acetic acid permeation when (a) membrane 

was TFC-PA and stripping solution pH was 5.5-6.5, and (b) membrane was CTA and 

stripping solution pH was 9.0-10.0. Experimental conditions were as follows: synthetic 

acetic acid 50 mM solution feed, feed and stripping CFV = 10.6 cm/s. 

3.3.3 Acetic acid extraction from rumen fluid 

The FO process using the CTA membrane with the active layer facing the feed solution 

was used to evaluate the acetic acid extraction potential from the real rumen fluid at two 

stripping solution pH values (Figure 3.5). The acetate ion concentration in the stripping 

solution increased gradually at both of the stripping solution pH values. A maximum of 
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3.65 mM acetate ion concentration in the stripping solution was observed after 8 hours of 

the experiment which is equivalent to ∼15% of the maximum attainable concentration 

(25 mM). In comparison, after 8 hours, acetic acid extraction from the synthetic solution 

was 27% of the maximum attainable concentration. 
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Figure 3.5: Acetic acid permeation from a rumen fluid at two different pH values. 

Experimental conditions were as follows: rumen fluid with acetic acid 50 mM as the feed, 

CTA membrane, FO mode, feed and stripping CFV = 10.6 cm/s. The error bars represent 

the standard deviation of data obtained from two independent experiments. 

The lower acetic acid extraction potential of the FO process with the real rumen fluid 

compared to the process with the synthetic solution could be attributed to complex 

constituents of the rumen fluid that might lead to membrane fouling. The real rumen fluid 

contained various constituents including phospholipids, inorganic ions, amino acids, 

dicarboxylic acids, volatile and non-volatile fatty acids, glycerides, carbohydrate, and 

cholesterol esters [184]. These constituents hinder the flow of acetic acid from rumen 
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fluid to the stripping solution. They also act as a source of possible transportation of other 

small solutes across the membrane, thus creating competition for acetic acid molecules 

and significantly reducing the effective osmotic pressure across the membrane. 

Unlike in the FO process with the synthetic solution feed, in the process with the real 

rumen fluid, stripping solution pH exerted an indiscernible influence on the acetic acid 

transport across the membrane. The acetate ions concentration increased from 3.40 mM 

to only 3.65 mM when the stripping solution pH was elevated from 5.5-6.5 to 9.0-10.0. 

It can be due to the high pH (∼5.6) of the rumen fluid feed. At this pH value, 

approximately 80% of the acetic acid molecules were in the form of acetate ions and only 

the remaining 20% acetic acid molecules were available for transport across the 

membrane. Therefore, even when the stripping solution pH was increased from 5.5-6.5 

to 9.0-10.0, the increase in acetate ion concentration in the stripping solution was 

unnoticeable due to the limited availability of acetic acid molecules in the feed solution. 

This is consistent with the lower acetic acid extraction potential of the FO process with 

the real rumen fluid compared with the process using the synthetic solution feed discussed 

above. 

3.3.4 Water transfer between the feed and stripping solutions 

Water flux from the stripping to the feed solution was measured by monitoring the 

changing weight of the feed solution. Negligible water flux was observed when either the 

synthetic solution or the real rumen fluid was used as the feed ( 

Figure 3.6). The type of membranes, membrane orientation, and the stripping solution pH 

showed an indiscernible effect on water flux. For the synthetic solution, water flux was 

highest (i.e. 1) at the beginning of the experiment, then gradually decreased toward zero 

with the operating time. These results were expected due to the low transmembrane 
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osmotic pressure gradient generated by a small difference in acetic acid concentrations 

between the feed and stripping solution (<50 mM). 

When rumen fluid was used as the feed solution, the water flux from the stripping solution 

to the feed solution was more noticeable at around 3 L/m2h. The higher water flux 

observed with the rumen fluid feed could be attributed to the increased transmembrane 

osmotic pressure gradient because of the high concentration of the rumen fluid. Besides 

acetic acid (>50 mM), the real rumen fluid contained other solutes and hence offered a 

higher osmotic pressure than the synthetic acetic acid 50 mM solution. As a result, the 

driving force for water transport from the stripping solution to the rumen fluid feed was 

higher than that of the synthetic solution feed. 

 

Figure 3.6: Changes in water flux as a function of extraction time when (a) the synthetic 

acetic acid 50 mM solution and (b) rumen fluid with acetic acid 50 mM was used as the 

feed. 

2 4 6 8
0

1

2

3

2 4 6 8
0

1

2

3

4

5

W
at

er
 fl

ux
 (L

/m
2 h)

Time (hr)

 TFC, active layer facing feed solution, pH 5.5-6.5
 TFC, active layer facing stripping solution, pH 5.5-6.5
 CTA, active layer facing feed solution, pH 5.5-6.5
 TFC, active layer facing stripping solution, pH 9.0-10.0
 CTA, active layer facing feed solution, pH 9.0-10.0
 CTA, active laye facing stripping solution, pH 9.0-10.0

(a)

W
at

er
 fl

ux
 (L

/m
2 h)

Time (hr)

 CTA, active layer facing feed solution, pH 9.0-10.0
 CTA, active layer facing feed solution, pH 5.5-6.5

(b)



  

65 
 

3.3.5 The pH of feed and stripping solution  

Changes in pH of the feed and stripping solutions were recorded after every hour of each 

experiment. pH values of the synthetic solution and rumen fluid were constant during all 

FO experiments (Figure 3.7). Both feed solutions acted as the bulk solution for acetic acid 

and therefore the continuous outflow of acetic acid molecules into the stripping solution 

did not alter the acidic environment of the feed solutions. The initial and final pH values 

(∼5.7) for rumen fluid was much higher than those for the synthetic solution (∼3.0). The 

higher pH value of rumen fluid could be explained by the presence of organic solutes and 

inorganic ions resulting in a high buffering capacity. 
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Figure 3.7: Changes in feed solution pH as a function of extraction time when (a) the 

acetic acid 50 mM solution and (b) rumen fluid with acetic acid 50 mM was used as the 

feed.  

Unlike the feed solution pH, a notable decrease in the stripping solution pH was observed 

at the beginning of all extraction experiments (Figure 3.8). The observed pH decrease 

was attributed to the influx of acetic acid from the feed solution. The pH drop was more 

significant in the first hour and became gradual in the remaining seven hours of the 

experiments.  
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Figure 3.8: Changes in stripping solution pH as a function of extraction time when (a) 

acetic acid 50 mM solution (b) rumen fluid with acetic acid 50 mM was used as the feed.  

3.4 Conclusion 

This study provides preliminary but new insight into the potential of acetic acid extraction 

from the rumen fluid by FO. The membrane characterisations showed better separation 

performance by the TFC-PA membrane in terms of pure water permeability, solute 

rejection, and structural parameter compared to the CTA membrane. However, the CTA 

membrane allowed more acetic acid transport through the membrane than the TFC-PA 

one under the same experimental conditions. Moreover, the acetic acid transport through 

the membrane increased as the stripping solution pH was elevated from 5.5-6.5 to pH 9.0-

10.0 for both membranes. The effect of membrane orientation on acetic acid transport 

was insignificant for both TFC-PA and CTA membranes. The highest acetic acid 

permeation to stripping solution was achieved with the CTA membrane having the active 

layer facing the feed solution and at the stripping solution pH of 9.0-10.0. The optimised 

condition was used to evaluate the extraction of acetic acid from the real rumen fluid. 

Considerably lower acetic acid extraction rate was observed compared to the synthetic 

solution. Thus, further work is required to improve the extraction rate in a realistic 

condition involving the complex rumen fluid matrix.  
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Chapter 4 Assessment of Forward Osmosis to Extract Water 

from Rumen Fluid for Artificial Saliva 

This thesis chapter has been published as the following journal article. 

Khan JA, Vu MT, Nghiem LD. A preliminary assessment of forward osmosis to extract 

water from rumen fluid for artificial saliva. Case Studies in Chemical and Environmental 

Engineering. 2021:100095. 

4.1 Introduction 

Ruminant animals such as cows, sheep and goats can rely exclusively on a diet of only 

lignocellulosic biomass. Their digestive system has evolved to include a four-

compartment stomach, namely rumen, reticulum, omasum, and abomasum. The rumen or 

fore-stomach is the largest compartment acting as a fermenter to convert solid 

lignocellulosic materials (e.g. grass and hay) to soluble volatile fatty acids (VFAs) using 

a consortium of anaerobic microbes. The liquid inside the rumen is commonly called 

rumen fluid. The produced VFAs are the primary nutrient source for ruminant animals to 

acquire energy and growth [194]. The reticulum is a small, pouch-like compartment to 

receive heavy or dense feed that cannot be digested for disposal. The omasum is a globe-

shaped structure containing leaves of tissue just like flat sheet membranes to absorb water 

and other substances from the rumen fluid [200]. The abomasum compartment is lined 

with glands to release enzymes to assist the digestion process [201]. In addition to the 

omasum, water is also reabsorbed by the large intestine of a ruminant animal before the 

remaining material is released to the environment as dehydrated manure [202]. 

Water recovered by the omasum and the large intestine is reused by ruminant animals as 

saliva to add to the lignocellulosic feed during the chewing process. Each day, a cow 

produces about 100 litres of saliva to add to the feed [203]. The ruminant saliva is 

essentially a concentrated salt solution to supplement necessary nutrients and minerals to 
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the carbon-rich lignocellulosic feedstuffs and to buffer the rumen fluid at near-neutral pH 

[27]. The composition of ruminant saliva has been studied and defined in the literature. 

Key minerals in ruminant saliva include sodium, potassium, magnesium, calcium, 

bicarbonate, phosphate, and chloride [27]. 

Lignocellulosic biomass is a renewable resource. It is also the most abundant waste 

material in our modern economy. The potential to utilise this biomass for the production 

of VFAs is therefore enormous. VFAs are essentially the building blocks of the modern 

bio-chemical industry as they can replace raw materials from fossil-based materials, such 

as crude oil and coal [204]. Not surprisingly, significant scientific efforts have been 

devoted to the development of an engineering rumen reactor that can replicate the 

ruminant digestive system to convert lignocellulosic materials into VFAs at an industrial 

scale.  

The three most important challenges to develop an engineering rumen reactor are to 

simulate the fermentation of lignocellulosic feedstuffs to produce VFAs and to extract 

VFAs and re-adsorb water from the rumen fluid in a way that replicates the function of 

the small and large intestine, respectively. Several studies have explored the use of 

anaerobic digester for the production of VFAs from the lignocellulosic biomass. 

Encouraging results with VFAs yield of 438 mg/g substrate per day have been recently 

reported to demonstrate the successful production of VFAs from the lignocellulosic feed 

using an MBR [27]. Lukitawesa et al. [205] have reported 0.8 g of VFAs/g of volatile 

solids production from food wastes at inoculum to substrate ratio of 1:3 and pH 6. A 

recent pilot-scale study has demonstrated the biogas production composed of 10% 

hydrogen and 55% methane along with 0.13 g VFAs per g of total volatile solids 

production from the agro-waste [206]. A proof of concept demonstration using the 

forward osmosis (FO) process to extract acetic acid (a representative of VFAs) from 
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rumen fluid has also been reported [207]. In this case, the small intestine functions similar 

to a biological membrane and acetic acid can be transferred by osmosis.  

Several methods including both membrane-based and non-membrane based have been 

applied to recover VFAs from the fermented solutions. These methods include 

ultrafiltration [51], nanofiltration [54], liquid-liquid extraction [55], absorption [56], ion 

exchange [57], pervaporation [58], and electrodialysis [59]. These methods have high 

energy demand to separate the VFAs from the aqueous phase, rendering them expensive, 

and therefore, impractical. Some of these processes (e.g. adsorption and ion exchange) 

are also chemical-intensive. FO is potentially a better alternative to all of these processes 

since FO can operate without any input energy for the separation processes. 

The use of FO for VFAs and water extraction from the rumen fluid instead of other 

membrane or non-membrane based processes can reduce the carbon footprints and 

operational cost of these processes. Production of VFAs from lignocellulosic biomass 

followed by their extraction through FO can be a huge success to end our reliance on 

fossil fuels for the industrial production of various chemicals. The replacement of fossil 

fuels with lignocellulosic materials will not only help in cutting down the huge carbon 

emissions which is the main cause of climate change but it will also help in a paradigm 

shift from the non-renewable resources of fossil fuels to a renewable, sustainable, and the 

most abundant resource of lignocellulosic biomass [4, 5]. The extracted VFAs from the 

rumen fluid can facilitate the production of bio-chemicals rather than petro-based 

chemicals. Moreover, the clean water extracted from the rumen fluid after VFAs 

extraction by FO can be recycled to prepare the saliva solution which is a prerequisite for 

the breakdown of lignocellulosic feedstuffs in the rumen reactor. In the ruminant animals, 

the absorbed VFAs act as energy reservoirs for body functions and growth while the 

recovered water is recycled for saliva preparation that helps in chewing the lignocellulosic 
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biomass at the start of the digestion process. Thus, by using a draw solution consisting of 

concentrated synthetic saliva, the FO process can mimic part of the ruminant digestive 

system. 

In the FO process, water is transported across a semi-permeable membrane by an osmotic 

gradient between the feed solution and a concentrated salt solution, commonly known as 

the draw solution. Due to the osmotic pressure-driven mass transfer in FO, it does not 

require any external energy input apart from a small amount of energy for circulating the 

feed and draw solutions. The absence of an external hydraulic pressure makes the FO 

process more attractive due to low fouling propensity and easy fouling reversibility.  

FO is an excellent process for dewatering complex and challenging solutions. Using a 

highly concentrated phosphate solution as a draw solution, Nguyen et al. [103] 

demonstrated that they can concentrate the nutrient-dense sludge 6 times within 15 hrs 

FO operation. The digested sludge, produced in wastewater treatment plants, is rich in 

nutrients (i.e. phosphorous and nitrogen) and requires dewatering to reduce its volume 

and stabilize the organic material before final disposal. FO has been successfully 

employed to concentrate shale gas drilling flowback fluids [23]. FO has also shown 

promising results to concentrate digested sludge centrate [49].  

The performance of an FO process can be evaluated in terms of water flux, reverse solute 

flux and resistance to solutes diffusion within the membrane support layer. These 

parameters are intrinsic properties of an FO membrane. In combination with other factors, 

such as hydrodynamic conditions on the membrane surface, type and concentration of 

draw and feed solutions, they govern the performance of the FO process. Therefore, 

standard methods were developed to measure and compare the performance of FO 

membranes. These methods focus on measuring the three intrinsic properties of an FO 
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membrane, i.e. the pure water permeability (A), the solute permeability (B), and the 

structural parameter (S). The A and B values describe the water and solutes transport 

across the membrane active layer while the S value is a measure of the resistance to 

solutes diffusion within the membrane support layer. There are two commonly used 

standard methods for measuring the A, B, and S values including the pressurized method 

and a non-pressurized method also known as the single-step FO method [208]. 

This study aims to evaluate the use of FO to concentrate the rumen fluid and assess the 

impact of two important process parameters, i.e. temperature and draw solution 

concentration on the FO performance. The effects of feed solution temperature and draw 

solution concentration on the rumen fluid concentrating process were evaluated in terms 

of water flux and reverse solute flux. This research task is the third component of a 

broader effort to simulate the key steps of ruminant’s digestive system by developing an 

engineered rumen reactor for VFAs production from lignocellulosic biomass, followed 

by the extraction of the produced VFAs from fermented solution by FO, and finally, 

concentrating the remaining fermented solution by FO to recycle its water content for 

preparing the saliva solution. In this context, a novel draw solution in the form of artificial 

saliva that can offer a buffering capacity to keep pH stable, and reduce the reverse 

diffusion of draw solutes to the feed solution was introduced.  

4.2 Materials and methods 

4.2.1 FO membrane 

A TFC-PA membrane from Aquapoten Company Ltd (Beijing, China) was used in this 

study. Similar to other TFC-PA membranes, this membrane was fabricated via interfacial 

polymerisation to form a thin polyamide active layer on top of an ultra-microporous 

supporting layer. The membrane was selected and prioritized over the cellulose triacetate 

(CTA) membrane due to its higher water flux and lower reverse solute flux [185].  
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4.2.2 Feed and draw solutions 

Rumen fluid was collected from a 12-year-old fistulated cow. The rumen fluid was first 

filtered by a two-layered cheesecloth to remove the coarse material. The coarse filtration 

was followed by a fine filtration with the help of a two-layered mesh filter [194]. After 

filtration, the rumen fluid was stored in the fridge at 4 ○C before being used in the 

experiments.  

Artificial saliva was used as a draw solution in this study. Artificial saliva derived from 

the McDougall’s saliva composition has been used to control pH in the rumen simulation 

system due to its great buffering ability [209]. Artificial saliva can also offer less solutes 

flowing to the feed solution across the membrane in the form of reverse solute flux (RSF), 

therefore preserving the solutes composition of the feed solution. The artificial saliva was 

made by mixing the McDougall’s saliva recipe containing Na2HPO4, NaHCO3, NaCl, 

KCl, MgCl2, and CaCl2 in deionized (DI) water. 

4.2.3 FO system 

Figure 4.1 shows a picture and a schematic diagram of the FO system. The FO system 

consisted of a membrane module, two circulation pumps, two flow meters, a refrigerated 

water bath, and a hot water bath. The membrane module was comprised of two symmetric 

and identical acrylic semi cells for counter-current flows of feed and draw solutions. The 

cross-flow FO unit offered flow channels of 7.6 cm length, 2.6 cm width, and 0.3 cm 

depth corresponding to an effective membrane area of 19.76 cm2. The feed and draw 

solutions were circulated simultaneously in a closed loop using Cole-Parmer gear pumps 

(75211-15). The flow rate of both solutions was monitored by two acrylic flow metres 

(Cole-Parmer, 32461-42). A hot water bath (Thermoline, TWB-12D) and a refrigerated 

water bath (Thermoline, BL-30) were used to keep the feed and draw solution temperature 

constant at 30/40 ± 1 ○C and 20 ± 1 ○C, respectively. A dead-end unit (Sterlitech HP4750) 
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with a membrane area of 14.6 cm2 and feed volume of 300 mL was used to determine the 

A and B values. The dead-end unit is a 316 stainless steel high pressure stirred cell 

designed for performing a variety of membrane separation operations. 

Figure 4.1: Lab-based FO system (a) FO system (b) schematic diagram of the FO system. 

1. Refrigerated water bath 2. Computer system 3. Digital balance 4. Draw solution in a 

double-walled jacketed bottle 5. Gear pumps 6. Flow meters 7. Membrane module 8. Hot 

water bath 9. Feed solution. 

4.3 Experimental methodology  

4.3.1 FO membrane characterization 

The FO membrane was characterised using a standard method previously reported by 

Cath et al. [210]. First, the A and B values were determined using a pressurized system 

in the form of a dead-end filtration cell. Then, the S value was determined using the FO 

system. All experiments were conducted twice to assess the reproducibility and calculate 

the standard deviations. 
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Before the pressurized test, the TFC-PA membrane was compacted for a minimum of 1 

hr at 5 bar. The pressure was applied on the active layer side of the membrane. DI water 

was used as a feed solution. The system was operated at 5 bar using a pressurised nitrogen 

cylinder. The experiment was performed for two hours. The permeated water was 

collected in a small beaker and changes in mass were recorded every 10 minutes to 

measure the water flux. The A value was calculated by dividing the water flux (Jw) with 

the applied pressure (P) as given in equation 1: 

𝐴 =
Jw

𝑃
     (4-1) 

The B value was determined by replacing the DI water in the feed with 2 g/L NaCl 

solution using the same pressurized test. The experiment was performed for 5 hrs. The 

changes in the mass of permeate were recorded to find the water flux. The conductivity 

of the feed and permeate were also measured to determine the solute rejection “R” as 

given below:  

R =  1 −
Cp

Cf
           (4-2) 

Where Cp and Cf are the conductivity of permeate and feed, respectively. The value of B 

was calculated using equation 3. 

B = Jw [
1−R

R
] exp [−

𝐽𝑤

𝑘
]         (4-3) 

Where k is the solute diffusion coefficient. The S value was determined experimentally 

using a non-pressurized FO system with NaCl 0.5 M as the draw solution and DI water 

as a feed solution. The FO system was stabilised for one hour before recording the Jw to 

determine the S value using the following equation: 

S =
𝐷

𝐽𝑤
ln {

𝐵+𝐴𝜋𝐷,𝑏 

𝐵+𝐽𝑤+𝐴𝜋𝐹,𝑚
}     (4-4) 
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In Equation 4, D is the bulk solution diffusivity of the draw solute, πD,b is the bulk osmotic 

pressure of the draw solution, and πF,m is the osmotic pressure of the feed solution (0 for 

DI water). 

4.3.2 Rumen fluid dewatering by FO 

All FO experiments were performed using the lab-scale system (section 2.3) for at least 

8 hrs. The initial volumes of both feed and draw solutions were 1 L during all 

experiments. The system was operated in the counter-current FO configuration (active 

layer facing feed solution) with a circulation flow rate of 0.5 L/min (corresponding to a 

cross-flow velocity of 10.6 cm/s). Changes in pH and conductivity of the feed solution 

and pH of the draw solution were measured and recorded every hr.  

A series of experiments were performed with changing parameters. Initially, the water 

flux of artificial saliva and rumen fluid were determined separately using DI water as feed 

at room temperature (24 ± 1 ○C). With the water flux of both the solutions resulting in the 

same range, the concentration of artificial saliva was doubled to find the reference saliva 

concentration. This concentration of draw solution was used as a benchmark for all the 

follow-up experiments. The concentration of draw solution was further increased to four 

times and six times to determine the effect of increasing draw solution concentration on 

dewatering of the rumen fluid. Next phase of experiments focussed on varying the 

temperatures of feed solution to assess the impact of changing temperature on the FO 

performance. First, both feed and draw solutions were operated at room temperature (24 

± 1 ○C). Then, the feed solution temperature was increased to 30 ± 1 ○C and 40 ± 1 ○C 

with the draw solution temperature kept constant at 20 ± 1 ○C. 

4.3.3 Analytical Methods 

Conductivity and pH were measured by a portable pH and conductivity meter (Hatch - 

HQ40D). 
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After the FO experiment, the membrane was taken for scanning electron microscope 

(SEM) and energy-dispersive X-ray (EDX) spectroscopy analyses. The membrane 

sample was dried in a desiccator for at least 24 hrs, then coated using a carbon sputter. 

The SEM (Zeiss, EVO LS15) was used to examine the membrane morphology. The SEM 

was also equipped with an EDX (Bruker, SDD XFlash 5030) for elementary composition 

analysis of the deposition on the membrane surface. 

One piece of the membrane sample along with a pristine (clean) membrane specimen 

were also characterized by Fourier transformed infrared (FTIR, Bruker V70) 

spectrometer to identify organic foulants of the membrane surface. The wavenumber 

range was 500–4000 cm-1. 

4.4 Results and discussion 

4.4.1 Transport characteristic of FO membrane 

The characterization of the FO membrane provided an insight into the key transport 

characteristics i.e. the A, B, and S values of the membrane. These values of the TFC-PA 

membrane used in this study were compared with the values of the other TFC-PA and 

CTA membranes from the literature (Table 4.1). Luo et al. [196] reported the better 

performance of the TFC-PA membrane with higher A value and lower B and S values 

compared to the CTA membrane. The other three studies also demonstrate the superiority 

of the TFC-PA membrane over the CTA membrane in terms of A, B, and S values [113, 

211, 212]. These values of the selected TFC-PA membrane consistently indicate better 

water transport and lower reverse salt flux compared to the CTA membrane. These values 

demonstrate the TFC-PA membrane with higher water flux, lower reverse solute flux, 

and less prone to internal concentration polarization in comparison to the CTA 

membranes. These results validate the selection of the TFC-PA membrane for dewatering 

the rumen fluid rather than the CTA membrane, which was previously used for VFAs 
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extraction. Results in Table 4.1 also show that the properties of the Aquapoten FO 

membrane are consistent with those of commercially available TFC-PA membranes. 

Table 4.1: A, B, and S values of the FO membranes. The error values represent the 

standard deviation of at least two replicate experiments. 

Parameter This study 
Literature 

(TFC-PA) 

Literature 

(CTA) 
Ref 

Water permeability coefficient - 

A (L/m2.h.bar) 
1.93 ± 0.05  

2.50 ± 0.25 0.84 ± 0.03 [196] 

- 0.70 ± 0.07 [113] 

1.78 ± 0.23 - [212] 

- 0.724 [211] 

Solute permeability coefficient 

- B (L/m2.h) 
0.12 ± 0.02  

0.19 ± 0.03 0.32 ± 0.06 [196] 

- 0.53 ± 0.03 [113] 

0.34 ± 0.07 - [212] 

- 0.651 [211] 

Membrane structural parameter 

- S (µm) 
440 ± 30  

245 ± 35 575 ± 28 [196] 

- 296 ± 26 [113] 

710 ± 140 - [212] 

- 397.9 [211] 

4.4.2 Reference artificial saliva solution 

The water flux from feed to draw solution is driven by the osmotic pressure difference 

between the two solutions. In turn, the osmotic pressure is governed by the concentration 

of electrolytes or mobile ions in the solution. The artificial saliva and rumen fluid are both 

complex solutions involving many solutes in their composition. The McDougall artificial 

saliva in this study is composed of inorganic salts (Section 2.2), which are all strong 

electrolytes. In addition to inorganic salts intrinsic to ruminant saliva (similar to those in 

the artificial saliva but at lower concentrations), the rumen fluid also contains a complex 

mixture of biomolecules, such as VFAs, phospholipids, amino acids, carbohydrates, 

cholesterol esters, and casein hydrolysate [213]. These organic molecules are weak 
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electrolytes, thus, they are not expected to contribute to the osmotic pressure of the rumen 

fluid. 

The reference artificial saliva solution was determined by comparing its osmotic pressure 

to its counterpart, i.e. the rumen fluid. The reference artificial saliva and the rumen fluid 

were both used as draw solutions to extract water from DI water feed using the FO 

process. The water flux of both draw solutions was measured separately. The results were 

used to determine the composition of the reference artificial saliva solution as summarised 

in Table 4.2. The water fluxes of artificial saliva and rumen fluid show almost identical 

trends over 8 hrs of FO operation. The average water flux of artificial saliva was 4.36 

L/m2.hr (LMH) which was similar to the average water flux of rumen fluid (4.67 LMH) 

(Figure 4.2).  

Table 4.2: Composition of the artificial saliva solution. 

Chemicals Na2HPO4 NaHCO3 NaCl KCl MgCl2 CaCl2 

Concentration (g/L) 3.69 9.8 0.47 0.57 0.06 0.04 
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Figure 4.2: Water flux of artificial saliva and rumen fluid as draw solutions with DI 

water as feed at room temperature of 24 ± 1 ○C. The error bars represent the standard 

deviation of two replicate experiments. 

4.4.3 Artificial saliva draw solution  

To remove water from the rumen fluid, a more concentrated artificial saliva solution is 

required compared to the reference solution determined above. Water flux was obtained 

from artificial saliva solutions as the draw solution at the referencing and twice the 

referencing concentration (Figure 4.3a). For comparison purposes, DI water was used as 

the feed solution. The results indicate that the water flux increased when the artificial 

saliva concentration increased. This observed increase in water flux is attributed to the 

increase in the draw solution osmotic pressure. It is, however, notable that the increase in 

water flux (approximately 75%) was less than the increase in the artificial saliva 

concentration (double or 100% increase). This observation can be attributed to both the 

internal and external concentration polarisation phenomena that are inherent to the FO 
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process. As reported in Table 4.1, the FO membrane used in this study has a moderate S 

value. Thus, considerable internal concentration polarisation was expected.  

An increase in the artificial saliva draw solution concentration also increased the RSF 

(Figure 4.3b). It also shows that the loss of inorganic salts from artificial saliva is 

insignificant (approximately 1% per m2 of membrane over one hour). Strictly speaking, 

this is not a loss as these inorganic salts are simply transferred into the rumen fluid. By 

doubling the draw solution concentration, the RSF showed a little increase to 16.1 

mg/m2.hr (mgMH). Similar to water flux, the increase in RSF (from an average of about 

10 to 16 mgMH or 60% increase) was also less than the increase in the artificial saliva 

concentration (100% increase). As a whole, the results in Figure 4.3 show a trade-off 

between water flux and RSF. A lower water flux increase is offset by a lower RSF 

increase when the artificial saliva solution concentration is increased to remove water 

from the rumen fluid.  

 

Figure 4.3: Effect of draw solution concentration on (a) water flux and (b) RSF with DI 

water as a feed solution at room temperature of 24 ± 1 ○C. The error bars represent the 

standard deviation of two replicate experiments (Note: DS stands for draw solution).  
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Figure 4.4 shows the removal of water from rumen fluid and changes in the RSF values 

when using different artificial saliva strengths as the draw solution. The artificial saliva 

was 2, 4, and 6 times more concentrated than the reference value obtained from section 

3.2. As expected, an increase in both the water flux and RSF can be observed as the 

artificial saliva draw solution concentration increases. Increasing the draw solution 

concentration from 2x to 4x increased the water flux by 68% from 3.56 LMH to 5.99 

LMH. Further increase in concentration from 4x to 6x increased the water flux only by 

16% equivalent to 6.93 LMH. A trade-off between water flux and RSF increase can also 

be observed when using real rumen fluid as the feed solution. Dewatering of VFAs 

solutions using FO has been reported in the literature. Bona et al. [60] have reported a 

maximum water flux of 4.4 LMH during dewatering of synthetic aqueous solution of 

VFAs using NaCl 1M as a draw solution. A maximum water flux of 11 LMH was 

recorded in another study that employed highly concentrated NaCl 5M solution as a draw 

solution and a fermented broth of different concentrations as a feed solution [61]. 

Dewatering of activated sludge was performed with a water flux of 8 LMH using a TFC-

PA membrane and MgCl2 2.2M solution as a draw solution [138]. 

Of particular note is the significant increase in RSF when the feed solution is rumen fluid 

rather than DI water. Comparing Figure 4.4a and Figure 4.3a, at the same artificial saliva 

draw solution concentration of 2x, water flux decreases by half but the RSF increase by 

almost 10 times. The observed decrease in water flux when rumen fluid is used as the 

feed solution (as opposed to DI water) can be explained by the inherent osmotic potential 

of the rumen fluid itself. On the other hand, the significant increase in RSF is likely 

attributed to the external concentration polarization phenomenon, which may be further 

enhanced by membrane fouling. In fact, there is a gradual but more prominent water flux 

decline with time when the feed solution was rumen fluid (Figure 4.4a) rather than DI 
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water (Figure 4.3a). The high RSF observed in Figure 4.4b can significantly reduce the 

economic potential of FO to remove water from rumen fluid. Future research is necessary 

to control membrane fouling, hence, reducing the RSF to the value reported in the 

previous section.

Figure 4.4: Effect of draw solution concentration on (a) water flux and (b) RSF with 

rumen fluid as feed at room temperature of 24 ± 1 ○C. The error bars represent the standard 

deviation of data obtained from two replicate experiments.

Changes in feed and draw solutions pH were recorded to assess the buffering capacity of 

the concentrated saliva solution (Figure 4.5). Two different feed solutions were assessed 

for their impact on the buffering ability of the draw solution. With DI water as feed and 

concentrated (2x) saliva solution as a draw solution, the pH of the feed solution increased 

from 6.48 to 7.96 over 8 hrs of FO operation while the draw solution pH showed a slight 

increase from 8.82 to 9.04 (Figure 4.5a). The significant increase in pH of the feed 

solution was mainly due to the RSF from the draw solution into the feed solution. 

However, the draw solution dilution with the water permeation from the feed did not 

cause any significant changes in the draw solution pH. This observation confirms the pH 

buffering capacity of the concentrated saliva solution. When DI water was replaced with 



  

84 
 

rumen fluid in the feed, the increase in feed solution pH was only 0.59 (from 7.22 to 7.81) 

which was much less than 1.48 (from 6.48 to 7.96) for the DI water (Figure 4.5b). This 

shows the pH stability of the rumen fluid due to the presence of various phosphates, 

sulphates, and chlorides salts despite the RSF from the draw solution. The (2x) 

concentrated saliva solution on the draw side showed a great buffering capacity as its pH 

increase of 8.68 to 8.97 was not significant. The further increase in the saliva 

concentration by 4x and 6x with rumen fluid in the feed resulted in the enhanced buffering 

capability of the draw solution as the draw solution pH only increased by 0.11 (from 8.57 

to 8.66) and 0.13 (from 8.56 to 8.69) with 4x and 6x concentration increase of the saliva 

solution, respectively (Figure 4.5c and Figure 4.5d). These findings demonstrate that the 

saliva solution offers good pH buffering capacity and acts as a shock absorber to resist 

any significant pH variations. 
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Figure 4.5: Changes in feed solution and draw solution pH as a function of time when (a) 

DI water was used as a feed with (2x) concentrated saliva solution was as a draw solution 

(b) rumen fluid was used as a feed with (2x) concentrated saliva solution was as a draw

solution (c) rumen fluid was used as a feed with (4x) concentrated saliva solution was as 

a draw solution (d) rumen fluid was used as a feed with (6x) concentrated saliva solution 

was as a draw solution. The error bars represent the standard deviation of two replicate 

experiments.

4.4.4 Effects of temperature and membrane fouling

In ruminant animals, the rumen fluid is maintained at approximately 39 ○C to achieve 

optimum fermentation condition. It is, therefore, necessary to examine the FO process for 

removing water from the rumen fluid at a similar temperature.
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The influence of increasing feed solution temperature on the water flux and the RSF was 

investigated using a hot water bath and refrigerated water bath for heating and cooling 

the feed and draw solution, respectively. Rumen fluid was used as a feed solution while 

artificial saliva (2x concentration) was used as a draw solution. The temperature of the 

draw solution was kept constant at 20 ± 1 ○C while the feed solution temperature was set 

at 30 ± 1 ○C and 40 ± 1 ○C. In both cases, increasing the temperature of the feed solution 

reduced the water flux and the RSF (Figure 4.6). The impacts of reduced water flux and 

the RSF were also evident from the changes in the pH of the feed and draw solution 

(Figure 4.7). The pH of feed and draw solution in both cases remained almost the same 

throughout these experiments.    

 

Figure 4.6: Effect of temperature on (a) water flux and (b) RSF with rumen fluid as feed 

facing the membrane active layer (Note: FS stands for feed solution). 
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Figure 4.7: Changes in feed solution and draw solution pH as a function of time when (a) 

feed solution temperature was 30 ○C (b) feed solution temperature was 40 ○C with (2x) 

concentrated saliva solution at 20 ○C as a draw solution. The error bars represent the 

standard deviation of two replicate experiments.

There are several possible explanations for this low water flux at high feed solution 

temperature. It can be attributed to membrane fouling caused by conformational changes 

of biomolecules in rumen fluid in response to a high temperature. Biomolecules in rumen 

fluid such as phospholipids, amino acids, carbohydrates, cholesterol esters, and casein are 

known to be thermally responsive. Increasing the rumen fluid temperature from room 

temperature to 30 ○C and 40 ○C may have induced the precipitation of these biomolecules 

on the membrane surface and within the membrane supporting layer. This was evidenced

by a visible change in the colour of the membrane surface from white at the beginning to 

greenish at the end of the experiment. Another possible reason for the reduced water flux 

is the increased osmotic pressure of the feed solution at high temperature and therefore 

the reduced osmotic pressure gradient across the membrane. 

When rumen fluid was heated to 30 ○C and 40 ○C, the water flux and RSF declined with 

the membrane surface turning from whitish to greenish (Figure 4.8a and Figure 4.8b). 
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SEM imaging analysis shows a porous fouling layer made of small and uniform particles 

on the membrane surface (Figure 4.8c). These particles are likely to be folded 

biomolecules from the rumen fluid. The EDX spectra show two dominant phosphorus 

and sulphur peaks, suggesting the origin of these particles as biomolecules (Figure 4.8d). 

The EDX and elemental mapping analyses also show a significant amount of phosphorous 

and sulphur distributed more uniformly in the fouling layer besides the presence of 

oxygen, carbon, calcium and some other metals within the fouling layer (Figure 4.8e and 

Table 4.3).   

Table 4.3: EDX elemental composition of the fouling layer 

Element O C Ca  S  P Na Mg K 

% atomic composition 55.04 24.06 7.50 5.22 4.89 2.05 1.20 0.04 
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Figure 4.8: Membrane fouling when the feed solution temperature was 30 ○C and draw 

solution temperature was 20 ○C (a) camera image (b) SEM image (c) EDX analysis (d) 

EDX mapping of the membrane fouling layer. Note: Each colour in the elemental 

mapping image stands for the distribution of a specific element on the fouling layer with 

blue dots showing phosphorous, bright green dots showing oxygen, dark red dots showing 

sulphur, and the dark green dots showing the calcium ions.

The organic composition of the membrane fouling layer was confirmed by comparing the 

FTIR spectra of a pristine membrane and fouled membrane (Figure 4.9). The gap between 

the two curves shows the level of fouling by different organic compounds. The percentage 

transmittance in the region of 2800 - 3000 cm-1 represents C-H and =C-H based organic
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compounds. A peak at 1720 cm-1 shows the presence of the carbonyl group (C=O) in the 

fouling layer. The two peaks at 1637 cm-1 and 1540 cm-1 confirm the presence of amine 

groups from proteins while a peak at 1028 cm-1 represents the C-O group organic 

molecules. Additional characteristic peaks include Ca-O and Mg-O bonds (600-700 cm-

1), amide III bonds (1245 cm-1), and O-H bonds (3600 cm-1). 

Results from SEM-EDX and FTIR analysis reaffirm the possibility of fouling caused by 

the precipitation of bio-molecules on the membrane surface. FO experiments in this study 

were conducted ex-situ. In other words, rumen fluid was obtained from a fistulated cow, 

preserved at low temperature, and then heated up to simulate temperature in the digestive 

system of ruminant animals. It is recommended that excessive temperature variation is 

avoided in future experiments. 

 

Figure 4.9: FTIR spectra of the membrane fouling layer when the feed solution 

temperature was 30 ○C and draw solution temperature was 20 ○C. 
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4.5 Conclusion 

This study validates the potential application of the FO process to remove water from the 

rumen fluid using artificial saliva as the draw solution. The reference artificial saliva 

solution was determined by comparing its osmotic pressure to that of the rumen fluid. 

The concentrated saliva showed good pH buffering capacity with no significant pH 

changes during FO operation. Excellent water flux and low RSF were demonstrated using 

a slightly more concentrated saliva solution (double the concentration of the reference) 

as the draw solution and DI water as the feed. A trade-off between water flux and RSF 

was also observed. The rumen fluid is however significantly more complex. Thus, the 

water flux was lower and the RSF was higher when experimenting with rumen fluid. 

Results from this study highlight membrane fouling as a major challenge to the practical 

deployment of FO for rumen fluid dewatering. Membrane fouling was evidenced by 

visual, SEM-EDX, and FTIR examination of the membrane surface. Excessive variation 

in temperature is likely to aggravate membrane fouling.  
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Chapter 5 Characterization of Biofouling and Evaluation of 

Membrane Cleaning Techniques in Forward Osmosis 

This thesis chapter has been proposed for a possible publication as the following journal 

article. 

Khan JA, Nguyen AQ, Vu MT, Shon HK, Nghiem LD. Biofouling characterization and 

evaluation of membrane cleaning techniques in a forward osmosis process to dewater 

rumen fluid. Journal of Membrane Science (to be submitted). 

 

5.1 Introduction 

Fouling is inevitable in all membrane filtration processes. Membrane fouling occurs when 

the dissolved and/or suspended components from the feed solution are deposited on the 

membrane surface [185]. The different constituents of feed solution such as organic 

molecules, inorganic salts, microorganisms, and extracellular polymeric substances 

(EPS) can accumulate on the membrane surface and cause membrane fouling. These 

constituents are known as foulants.  

Membrane fouling causes an increase in the resistance to water permeation and reverse 

salt flux (RSF) in the case of forward osmosis (FO) [128]. Membrane fouling can also 

accelerate the degradation of the membrane, thus, shortening the membrane operational 

life and increasing the overall operational cost of the membrane process [129]. In general, 

membrane fouling can be categorized into organic fouling, inorganic fouling or scaling, 

colloidal fouling or cake formation and biofouling. Different organic and inorganic 

components along with the microorganisms can interact under a complex mechanism to 

cause membrane fouling simultaneously [157].  

Comparison between an osmotically-driven membrane process like FO and a pressure-

driven membrane process such as reverse osmosis (RO) in terms of fouling reversibility 
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and membrane cleaning efficiency has been extensively discussed in the literature [134]. 

The fouling tendency in FO is significantly lower than the RO due to the difference in 

nature and intensity of the pressure difference across the membrane [134]. In RO, water 

flux is caused by a strong hydraulic pressure generated due to input energy. It results in 

the formation of a compact fouling layer which is not easy to remove by hydraulic means. 

On the other hand, FO is driven by osmotic pressure generated naturally due to the 

concentration gradient across the membrane resulting in a loosely held fouling layer that 

can be removed by hydraulic means. Lee et al. [135] demonstrated that membrane fouling 

is almost reversible in FO and is irreversible in the case of RO. 

The nature of membrane fouling depends on the composition of the feed solution. For 

example, membrane biofouling will be more prevalent during the dewatering process of 

the rumen fluid. Rumen fluid is produced by the biodegradation of lignocellulosic 

material in an anaerobic environment. The rumen fluid is a complex fluid containing 

many microbial taxa, VFAs, phospholipids, amino acids, dicarboxylic acids, glycerides, 

carbohydrates, cholesterol esters, and inorganic ions [184]. Processing rumen fluid for 

VFAs and water extraction by FO can result in membrane biofouling as rumen fluid 

microbes can form a biofilm on the membrane surface by thriving on the biodegradable 

material available in abundance in the rumen fluid. The microbial composition of rumen 

fluid has been explored in a recent study with the dominant taxa involving 

Ruminococcaceae and Prevotella  (cellulitic taxa), Lachnospiraceae and 

Succiniclasticum (acetogens), Olsenella and unassigned Clostridiales (fermenters), and 

Methanobrevibacter and Methanosphaera (methanogens) [51]. With the known 

microbial composition of the rumen fluid, it can be expected that the biofilm formed 

during dewatering of rumen fluid by FO will have some of the rumen fluid microbes 
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besides the appearance of new microbial taxa due to the FO operation in aerobic 

conditions. 

Biofouling is defined as the accumulation of microorganisms along with their 

extracellular substances on the membrane surface. Biofouling is the “Achilles heel” of 

the membrane process due to the ability of the microorganisms to grow and multiply on 

the membrane surface even after 99.9% of them are removed [157]. It is difficult to 

remove biofouling due to strong microbial adhesion onto the membrane surface and the 

formation of a sticky EPS matrix [149]. Biofouling accounts for more than 45% of all 

membrane fouling and is reported as a major hurdle in pressurized membrane processes 

like NF and RO [157]. In FO systems, biofouling occurs due to microbial attachment to 

the membrane surface without hydraulic pressure. Praveen et al. [214] proposed a 

mechanism of biofouling in FO as the natural diffusion of microbes along with the flow 

of water from the bulk solution to the membrane surface. Kim et al. [215] suggested the 

higher tendency of microbes to adhere and grow on the membrane surface is due to the 

ECP with a higher concentration of nutrients and microbes on the membrane surface than 

the bulk solution. Moreover, the chemotaxis of motile microbes in search of nutrients 

tend to move them close to the membrane surface and aggravate the biofouling. Although 

the work on biofouling in pressure-driven membrane processes has been broadly explored 

in the literature, the area of actual biofouling in FO has not been sufficiently investigated 

yet. 

Several molecular and microscopic techniques have been employed to characterize the 

microbial community of a biological system. These techniques include 16S rRNA gene 

sequencing, fluorescence in situ hybridization (FISH), polymerase chain reaction-

denaturing gradient gel electrophoresis (PCR-DGGE), and clone library. The 16S rRNA 

gene sequencing is an advanced technique to identify, classify and quantify the microbes 
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in a complex biological system based on variation in the microbial 16S rRNA gene. This 

technique has been used for rumen fluid microbial community profiling and to track down 

changes in the microbial community during rumen MBR continuous operation [51]. The 

FISH is a molecular cytogenetic technique to visualize and map the genetic material using 

fluorescent probes. Miura et al. [216] found significant differences in the microbial 

communities between the mixed liquor planktonic biomass and the membrane biofilm 

layer by using the FISH technique. They found Betaproteobacteria through FISH and 

16S rRNA gene sequencing as a key microbial taxon responsible for developing the 

membrane biofilm. Culture-independent techniques such as PCR-DGGE and clone 

libraries can only identify the most abundant microbial communities and are therefore 

mostly used to improve the microbial communities characterization in various 

environments. Liu et al. [45] used the PCR technique to identify Thauera, Trichococcus, 

and Rhodocyclaceae in the biofilm of the FO membrane surface during the integrated 

process of FO membrane and microbial fuel cells. 

Both physical and chemical cleaning techniques have been investigated to mitigate 

membrane fouling. Common physical techniques for cleaning FO membranes include 

hydraulic cleaning, osmotic backwashing, high cross-flow velocity (CFV), 

ultrasonication, and air scouring [140]. The basis of all these techniques is to create strong 

hydrodynamic conditions or disturbances to dislodge the fouling layer from the 

membrane surface. Chemical cleaning involves the use of one or several chemicals such 

as sodium hypochlorite [149], hydrogen peroxide [150], EDTA [149], citric acid [151], 

and sodium hydroxide [152]. Normally, a combined cleaning strategy is adopted which 

involves the dissolution of fouling matrix by chemicals followed by the removal of 

foulants by physical cleaning [127]. The selection of physical or chemical cleaning 

techniques depends on the type of fouling and the cost of the cleaning techniques. For 
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example, the use of less costly physical cleaning techniques like osmotic backwashing 

and hydraulic cleaning would be preferred over other physical techniques or the use of 

chemicals. In the case of membrane biofouling, physical cleaning alone may not be 

enough, and therefore, the use of chemicals such as sodium hypochlorite or hydrogen 

peroxide may also be required. 

This study focuses on characterizing the actual biofouling in a long term FO operation 

and its impact on FO performance during a rumen fluid dewatering process. It evaluates 

the effect of membrane module configurations on biofouling and FO performance. The 

study also covers the morphology, chemical and microbial composition of the membrane 

fouling layer. Moreover, various membrane cleaning techniques such as hydraulic 

cleaning, osmotic backwashing, chemical cleaning, and a combination of osmotic 

backwashing and chemical cleaning have also been evaluated in terms of flux recovery. 

5.2 Materials and methods 

5.2.1 Materials 

A flat sheet CTA membrane from Hydration Technology Innovation (Albany, OR) was 

used in this study. This is an asymmetric membrane prepared by phase inversion. Thus, 

the rejection and support layers are both made of cellulose triacetate. A thin polyester 

mesh is embedded in the middle to provide additional support [63]. 

Rumen fluid was obtained from a twelve years old fistulated cow. It was filtered by a 

two-layered cheesecloth along with a two-layered mesh filter to remove large solid 

particles. The pre-filtered fluid was stored in the fridge at 4 C. A synthetic rumen solution 

was prepared by mixing analytical grade salts with tap water to obtain a solution with an 

electrolyte composition similar to that of rumen fluid (Table 5.1). It is to resupply organic 

and nutrients to the system to simulate a realistic condition. The rumen fluid and the 
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synthetic rumen solution were combined at the volume ratio of 1:9 and used as the feed 

solution. 

Table 5.1: Composition of the synthetic rumen solution. 

Chemicals CH3COOH Na2HPO4 CH4N2O KCl (NH4)3PO4 CaCl2 MgSO4 

Conc. (g/L) 2.86 0.82 0.75 0.66 0.25 0.23 0.20 

 

A concentrated form of artificial saliva, derived from McDougall saliva solution, was 

employed as a draw solution. Artificial saliva has been recently employed in rumen 

simulation studies owing to its great buffering ability [51, 209]. The composition of draw 

solution includes (g/L) NaHCO3 19.60, Na2HPO4 7.37, KCl 1.14, NaCl 0.94, MgCl2 0.12, 

and CaCl2 0.08 dissolved in DI water. 

Chemical cleaning of the CTA membrane was performed using 0.1% NaOCl solution. 

The solution was prepared by mixing analytical grade NaOCl solution (10% strength) 

with DI water. The pH of the NaOCl cleaning solution was adjusted to 7.0 ± 0.1 by adding 

a small volume of analytical grade HCl solution. 

5.2.2 FO experimental system 

A lab-scale FO system was employed in this study (Figure 5.1). A membrane cell 

consisted of two identical and symmetrical semi-cells having a flow channel with length, 

width, and depth of 7.6, 2.6, and 0.3 cm, respectively. A flat sheet membrane was 

sandwiched between the two acrylic semi-cells offering an effective membrane area of 

19.76 cm2. The feed and draw solutions were circulated simultaneously in the FO system 

with the help of two gear pumps (Cole-Parmer, 75211-15). The flow rate of feed and draw 

solutions were measured by two acrylic flow meters (Cole-Parmer, 32461-42). The feed 

solution was placed on the digital balance (Adam Equipment, PGL 8001) and the weight 

changes were recorded by a computer system after every 10 minutes. A pH/conductivity 
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meter (Hatch - HQ40D) was used to record the hourly changes in feed solution 

conductivity.

Figure 5.1: Schematic diagram of the FO system.

5.2.3 Experimental methodology

All biofouling experiments were conducted with a lab-scale FO system at room 

temperature (24 ± 1 ○C). The duration of each experiment was 6 days. The initial volumes 

of feed and draw solutions were 1 L. The circulation flow rate for all the experiments was 

500 mL/min with a corresponding CFV of 10.6 cm/min. The system was operated in FO 

mode with a co-current configuration. Each experiment was comprised of 3 cycles with 

each cycle lasting for 48 hours. The feed solution was replenished while the draw solution 

was replaced with a fresh solution two times after the first and second cycle in each 

experiment. Hourly water flux readings were obtained from the change in mass of feed 

solution which was recorded automatically by a computer system. Water flux, Jw, was

calculated as:

Jw =
𝑀𝑡− 𝑀𝑖

𝐴×𝑡×𝜌𝑤𝑎𝑡𝑒𝑟
   (5-1)

Where Mt is the mass of draw solution at time t and Mi is the initial mass of draw solution.

A is the effective membrane area, t is the time duration, and ρwater is the water density.
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The conductivity of the feed solution was measured regularly to calculate the RSF. The 

RSF, Js, was calculated using mass balance equation as: 

Js =
𝐶𝑡×𝑉𝑓𝑒𝑒𝑑,𝑡 − 𝐶𝑖×𝑉𝑓𝑒𝑒𝑑,𝑖 

𝐴×𝑡
           (5-2) 

Where Ci is the initial draw solute concentrations in the feed solution and Ct is the draw 

solute concentration in the feed solution at time t. Vfeed,i represents the initial feed solution 

volume and Vfeed,t shows the feed solution volume at time t. 

Biofouling experiments were performed using three membrane module configurations to 

determine the impact of module orientation on fouling and FO performance (Figure 5.2). 

In membrane module configuration 1, the feed solution was in the upper semi cell of the 

membrane module. In membrane module configuration 2, the feed solution flowing in the 

lower semi cell of the membrane module. In membrane module configurations 1 and 2, 

the membrane module was horizontal to the surface. In membrane module configuration 

3, the membrane module was vertical to the surface, thus, the feed solution and the draw 

solutions were flowing horizontally parallel to each other. 

 

Figure 5.2: Membrane module configurations (a) membrane module configuration 1 - 

membrane module horizontal with feed solution on top (b) membrane module 

configuration 2 - membrane module horizontal with feed solution at the bottom (c) 

membrane module configuration 3 - membrane module vertical. 
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Membrane cleaning protocol involved hydraulic cleaning, osmotic backwashing, 

chemical cleaning, and different combinations of these techniques. Each membrane 

cleaning experiment consisted of the following five steps: 

Step 1 - Baseline experiment: To measure the clean water flux and the RSF using DI 

water as a feed and NaCl 0.5M solution as a draw solution over 1 h of FO experiment 

with CFV of 10.6 cm/s. 

Step 2 - Fouling experiment: To conduct 48 hrs FO experiment with the same 

experimental protocol as discussed earlier for the biofouling experiment. The membrane 

active layer was facing upward. 

Step 3 - To repeat Step 1 for measuring the change in water flux and the RSF after 

membrane fouling. 

Step 4 - Membrane cleaning experiment for 1 hr. 

Step 5 - To repeat Step 1 for measuring the change in water flux and the RSF after 

membrane cleaning. 

Five membrane cleaning strategies were applied to evaluate the effectiveness of each 

strategy. First, the membrane cleaning was carried out by the hydraulic cleaning method, 

in which the membrane was flushed with DI water on both feed and draw sides at an 

increased CFV of 31.8 cm/s (3 times higher than the value used during normal operation). 

In the second experiment, osmotic backwashing was performed by circulating NaCl 1M 

solution on the feed side and DI water on the draw side at CFV of 10.6 cm/s to reverse 

the flow of water through the membrane. The third experiment was conducted with 

chemical cleaning in which 0.1% NaOCl solution was circulated on both feed and draw 

sides at a CFV of 10.6 cm/s. The fourth experiment was characterized by a combination 

of chemical cleaning and osmotic backwashing. The membrane was cleaned by 
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circulating NaCl 1 M solution on the feed side and 0.1% NaOCl solution on the draw side 

at a CFV of 10.6 cm/s. 

5.2.4 Analytical methods 

This study covers the biofouling that occurred on the membrane active layer side only. 

Therefore, all the analysis results demonstrate the biofilm on the membrane active layer. 

The membrane coupons were collected at the end of each biofouling experiment. After 

collecting biofilm samples from multiple locations on the membrane surface, the 

membrane was dried in a desiccator and coated with the help of a carbon sputter before 

further analysis. The membrane was analysed by SEM (Zeiss EVO LS15) and EDX 

(Bruker SDD XFlash 5030) to determine the morphology and elemental composition of 

the biofilm. FTIR spectra of the pristine and fouled membranes were obtained using an 

FTIR spectrometer (Bruker V70) under the wavelength range of 500 - 4000 cm-1. 

5.2.5 DNA extraction and sequencing 

For microbial community profiling, duplicate samples of the inoculum were collected 

before and after filtration by a two-layered cheesecloth along with a two-layered mesh 

filter. Three samples of the feed solution were also collected before the experiment. 

Inoculum and feed solution samples were mixed with 100% v/v ethanol (1:1 v/v). 

Duplicate samples of the biofilm were collected from the membrane surface at multiple 

positions at the end of each experiment using cotton swabs (Figure 5.3). These swabs 

were then submerged in 100% v/v ethanol (1:1 v/v). All samples were stored at -20 oC 

before DNA extraction. 

Genomic DNA extraction from the above-mentioned samples was carried out using 

QIAamp DNA Stool Mini Kit (Qiagen) following the manual’s instructions. An 

additional bead-beating step was performed at the beginning of the extraction to enhance 

DNA yield. The integrity, purity and concentration of the extracted DNA were evaluated 
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by NanoDrop® spectrophotometer. DNA concentration of all samples was normalized to 

10 ng/µl using ultrapure water before sending to the sequencing facility. 

The universal primer set 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’- 

GGACTACNNGGGTATCTAAT-3’) was used to amplify 16S rRNA V3 – V4 regions 

of both bacterial and archaeal communities. Paired-end amplicon sequencing (2 × 300 

bp) was carried out on the Illumina MiSeq platform (UTS Next Generation Sequencing 

Facility, Sydney, Australia). 

Raw reads were analysed according to the Quantitative Insights into Microbial Ecology 

(QIIME) 2 (version 2019.10) pipeline [217]. In brief, reads were denoised using DADA2 

with the following parameters: trunc-len-f = 280, trucn-len-r = 280, trim-left-f = 17, trim 

left-r = 21, min-fold-parent-over-abundance = 8 and all other parameters as the default 

setting. Taxonomy assignment was performed against the SILVA database (release 132)  

[218] with a confidence of 0.7. Rarefaction curves of observed amplicon sequence 

variants at a maximum depth of 70,000 showed that all samples approached a saturation 

plateau at about 68,500 (Supplementary Information), and this sampling depth was 

chosen for alpha diversity analysis.  
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Figure 5.3: Fouled membrane under membrane module configuration 1 with feed solution 

on top (a) before samples collection (b) after samples collection. 

5.3 Results and discussion 

5.3.1 Membrane fouling impact on FO performance 

The impact of membrane fouling on FO performance was evaluated in terms of water 

flux and the RSF. The FO was operated in three cycles, each cycle lasted 48 hours (Figure 

5.4). High initial water flux and the RSF were recorded in the first cycle in comparison 

to all subsequent cycles. The initial high flux was due to the clean membrane and no 

fouling at the start of the experiment. A sharp decline in the water flux and the RSF was 

observed with time due to membrane fouling and a decrease in concentration gradient 

across the membrane. After 48 hours, the feed solution was replenished to the initial 

volume of 1 L while the draw solution was replaced with 1 L of fresh draw solution. The 

initial water flux and the RSF in the second cycle were much lower than the initial water 

flux and the RSF in the first cycle due to membrane fouling. Nevertheless, they were 

significantly higher than the water flux and the RSF values at the end of the first cycle 

due to the restoration of the concentration gradient between the replenished feed solution 
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and the undiluted draw solution. A similar trend was observed in the third cycle where 

initial water flux and the RSF were lower than the initial water flux and the initial RSF in 

the second cycle but higher than the final water flux and the RSF of the second cycle. 

 

Figure 5.4: Changes in the (a) water flux and the (b) RSF over 6 days (3 cycles) FO 

operation. The error bars represent the standard deviation of two replicate experiments. 

The configuration of the membrane module played a major role in the development of the 

membrane fouling layer and its impact on FO performance. The worst fouling was 

observed with the formation of a thick greenish fouling layer on the membrane surface 

under membrane module configuration 1 (Figure 5.5a). The increased fouling was likely 

due to a higher tendency of foulants sedimentation under gravity and deposition on the 

membrane surface. The worst fouling led to the lowest average water flux of 1.04 LMH 

under membrane module configuration 1 in comparison to the other two membrane 

module configurations (Figure 5.4a). The water flux in the first, second, and third cycles 

was 2.13 LMH, 0.55 LMH, and 0.43 LMH, respectively. The sharp decline in water flux 

after a transition from the first to the second cycle was due to the increased amount of 

gravity-driven foulants accumulation on the membrane surface.  

Less fouling with partial covering of the membrane surface was observed under 

membrane module configuration 2 than the membrane module configuration 1 (Figure 
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5.5b). It was due to the absence of gravity-driven deposition of foulants from the feed 

solution on the membrane surface. However, some fouling material adhered to the 

membrane surface due to the natural tendency of foulants to approach the membrane 

surface along with the water content during the dewatering process of rumen fluid. The 

average water flux under membrane module configuration 2 was 1.42 LMH which was 

lower than the highest average water flux (1.69 LMH) under membrane module 

configuration 3 but higher than the lowest average water flux (1.04 LMH) under 

membrane module configuration 1. The lower value of average water flux under 

membrane module configuration 2 in comparison to the membrane module configuration 

3 could be due to the settling down of salts from the draw solution under gravity to cause 

fouling on the support layer side of the membrane. The water flux was 2.57 LMH, 1.22 

LMH, and 0.46 LMH in the first, second, and third cycle, respectively (Figure 5.4a).  

Membrane module configuration 3 (the membrane module was placed vertically to the 

surface with the feed and draw solutions circulating horizontally parallel to each other) 

was characterized by minimum fouling. The vertical positioning of the membrane module 

ruled out the possibility of any gravity-driven accumulation of fouling material on both 

sides of the membrane surface resulting in minimum covered fouling layer area of the 

membrane surface (Figure 5.5c). The minimum fouling also resulted in the highest 

average water flux of 1.69 LMH with 2.69 LMH in the first cycle, 1.60 LMH in the second 

cycle, and 0.78 LMH in the third cycle (Figure 5.4a).  
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Figure 5.5: Membrane fouling on the active layer side at the end of experiment using (a) 

feed solution on top in membrane module (b) feed solution at the bottom in membrane 

module (c) membrane module vertical.

5.3.2 Microbial community composition and diversity

5.3.2.1 Overview of DNA sequencing data

Paired-end Illumina sequencing generated 748,624 sequences from 13 samples. At least 

52.2% of input sequences of each sample passed quality filtering, 70.5% of filtered 

sequences were merged, and 98.4% of merged sequences were non-chimeric. The 

minimum number of sequences per denoised samples were 18,718, and the maximum 

number was 38,662. In total, 374,649 denoised sequences were clustered to a total of 

2,526 features with a mean frequency per feature of 148.3. Rarefaction curves of observed 

features at a maximum sequencing depth of 18,700 showed that all samples approached 

a saturation plateau at a sequencing depth of about 12,000, confirming the sufficient 

sequencing depth in this study (Figure 5.6).
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Figure 5.6: Rarefaction curves of 16S rRNA marker gene amplicon sequences at a 

maximum depth of 18,700 where inoculum-1 and inoculum-2 represent the duplicate 

samples of the non-filtered rumen fluid; filtered inoculum-1 and filtered inoculum-2 

represent the duplicate samples of the filtered rumen fluid; feed solution-1, feed solution-

2, and feed solution-3 represent the three feed solution samples taken under the membrane 

module configurations 1, 2, and 3, respectively; biofilm 1-1 and biofilm 1-2 represent the 

duplicate biofilm samples under the membrane module configuration 1 with feed solution 

on top in the membrane module; biofilm 2-1 and biofilm 2-2 represent the duplicate 

biofilm samples under the membrane module configuration 2 with feed solution at the 

bottom in the membrane module; biofilm 3-1 and biofilm 3-2 represent the duplicate 

biofilm samples under the membrane module configuration 3 with vertical membrane 

module. 
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5.3.2.2 Membrane module configuration impact on microbial diversity 

Microbial diversity including species richness (number of observed species) and species 

evenness (Shannon index) was similar in the inoculum, filtered inoculum, and feed 

solution (Figure 5.7). This indicates that the filtration and dilution of rumen fluid did not 

impact diversity level, and the feed solution was representative of rumen fluid in terms of 

diversity. Biofilm 1, 2, and 3 corresponds to the membrane module configurations 1, 2, 

and 3, respectively. It is clear that membrane module configuration 1 significantly 

reduced biofilm microbial diversity compared to membrane module configurations 2 and 

3. The lower diversity of biofilm 1 could be attributed to its maturity compared to biofilm 

2 and 3 after 24 hrs. The first step of biofouling development is the attachment of 

microbes with adhesive capacity (pioneer species) on the membrane surface. In 

membrane module configuration 1, when the active layer of the membrane was facing 

upward and the feed solution was flowing in the upper semi cell of the membrane module, 

gravity made it relatively easy for microorganisms and particles to deposit on the 

membrane surface. When the biofilm becomes more mature with increased thickness, the 

number of species can reduce due to the selection for species that thrive in the micro-

environment of the biofilm inner side (biofouling succession). Membrane module 

configurations 2 and 3 led to lower contact chance and time between microorganisms and 

the membrane surface, thus biofouling was still in the initial development stage, resulting 

in thin biofilms with a similar diversity level to the rumen fluid inoculum and feed 

solution. 
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Figure 5.7: Microbial diversity in terms of species richness and Shannon index in the 

inoculum, filtered inoculum, feed solution and biofilms where biofilm 1 represents the 

biofilm sample when the feed solution was on top in membrane module, biofilm 2 

represents the biofilm sample when the feed solution was at the bottom in membrane 

module, and biofilm 3 represents the biofilm sample when membrane module was placed 

vertically on the surface. 

5.3.2.3 Membrane module configuration impact on microbial structure 

The shift in microbial community structure during the biofouling experiment was 

revealed in principal coordinates analysis (PcoA) (Figure 5.8). The distance between 

samples on the plot indicates how similar their microbial communities are to each other. 

Bray-Curtis dissimilarity metric takes into account both the microbial absence/presence 

and their relative abundances in the community. PcoA analysis showed that the inoculum 

and the feed solution are highly diverged from each other, indicating that the feed solution 

could harbour new taxa that were not presented in the inoculum, or old taxa with relative 

abundance changed significantly. Membrane module configuration also exerted a strong 

impact on microbial community structure, with biofilm 1 demonstrated a highly different 
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structure to biofilm 2 and 3. These results are similar to the microbial diversity result 

(Section 5.3.2.2), and further confirm that membrane module configuration 1 led to a 

more mature biofilm where taxa that can thrive in the biofilm anoxic inner side were 

enriched.

Figure 5.8: Principal coordinates analysis showing the difference in microbial community 

structure using the Bray–Curtis dissimilarities metric.

5.3.2.4 Membrane module configuration impact on microbial composition

The most dominant taxa in the inoculum (both original and filtered one) were 

representative of the rumen microbiome with distinct functional groups (Figure 5.9) [51, 

219]. Cellulolytic bacteria included Prevotellaceae, Butyrivibrio (family 

Lachnospiraceae) which attack hemicellulose and pectin [220, 221], and 

Ruminococcaceae which degrades both cellulose and hemicellulose [222]. Abundant 

fermenters and acetogens were Veillonellaceae [223], Lachnospiraceae [224], 

Succiniclasticum (family Acidaminococcaceae) [225], Treponema (family 

Spirochaetaceae) [226], Synergistaceae, Bacteroidales UCG-001 and Muribaculaceae

[227], while Methanobacteriaceae was the predominant methanogenic family [228]. 
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Some other taxa presented in inoculum samples (Rikenellaceae, Christensenellaceae, 

F082, Moraxellaceae) have also been detected in previous studies, though their functions 

have not been elucidated [51, 219]. The high similarity in microbial composition between 

the original and the filtered inoculum is also in agreement with PcoA results (Section 2.3). 

The microbial composition of the feed solution differed from the inoculum, as several 

aerobic/facultatively anaerobic taxa emerged due to the exposure of the inoculum to 

oxygen in the atmosphere. The most enriched taxa were Pseudomonadaceae, with 

relative abundance increased from 0.1 – 0.2% in inoculum to 7.7 – 15.5% in the feed 

solution. Other taxa that emerged in the feed solution were not detected in the inoculum, 

including Shewanellaceae (facultatively anaerobic), Aeromonadaceae (aerobic, 

facultatively anaerobic), Nocardiaceae (aerobic), Xanthomonadaceae (facultatively 

anaerobic), and Arcobacteraceae (aerotolerant – cannot utilize oxygen but tolerate its 

presence).  
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Figure 5.9: Microbial composition of inoculum, filtered inoculum, feed solution and 

biofilms under different membrane module configurations. 

Biofilms harboured highly similar microbial taxa to feed solution, however, their relative 

abundances were different. It is worth noting that aerobic/facultatively anaerobic taxa 

which emerged in the feed solution thrived in biofilms. One such taxon was 

Xanthomonadaceae, with abundance increased from 0.03% in feed solution to 1.3 – 

15.9% in biofilm samples. Xanthomonads are known to possess superior attachment 

capabilities using type IV pili [229]. Another taxon was Pseudomonadaceae, with 

Pseudomonas as the only genus detected in all samples. Pseudomonas aeruginosa is 

widely renowned for its biofilm-forming capacity and is frequently used as a model 

microorganism to simulate biofouling [230-232]. Vanysacker et al. 2013 reported that the 

adhesive capacity of P. aeruginosa is approximately 100 times more than E. coli on 

polyvinyl difluoride, polyethylene, and polysulfone membranes [233]. P. aeruginosa also 
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possesses polar monotrichous that can propel the bacterium at relatively high speeds 

towards the membrane (high motility) [233].  

Membrane module configuration also impacted the biofilm microbial composition 

significantly, which is in line with PcoA results (Section 2.3). The most dominant taxa in 

biofilm 1 were Pseudomonadaceae (36.6 ± 17.2%), followed by Xanthomonadaceae 

(13.6 ± 2.4%). Biofilm 1 also fostered a few taxa whose abundance were negligible in 

other biofilms, including Shewanellaceae and Aeromonadaceae. Shewanella species 

(Shewanellaceae member) can thrive in oxic-anoxic interfaces thanks to their ability to 

rapidly detect and respond to oxygen fluctuations [234, 235]. The formation and three-

dimensional structure of a community (pellicles/aggregates/biofilm) formed by this 

species are regulated by oxygen concentration [236, 237]. Meanwhile, Aeromonas 

(Aeromonadaceae member) possesses several structures and a mechanism and are 

actively involved in the first step of biofilm formation, such as constitutive polar 

flagellum (which allows swimming motility), chemotaxis, lipopolysaccharides, and other 

surface polysaccharides (α-glucan) [238]. Indeed, Aeromonas has been reported to 

colonize multiple biotic and abiotic surfaces, including polyvinyl chloride [239, 240]. In 

a study on RO membrane biofouling control by nitric oxide treatment, family 

Aeromonadaceae was found to be better integrated into the biofilm than other species 

[241].  

5.3.3 Fouling behaviour of the FO membrane 

The membrane fouling layer was characterized by using SEM-EDX and FTIR 

spectroscopy. The SEM image of the fouling layer showed a dense fouling layer with an 

irregular pattern of fouling material covering the membrane surface under membrane 

module configuration 1 (Figure 5.10a). This finding was augmented by the EDX analysis 

and mapping which demonstrated evenly and densely distributed phosphorous atoms on 
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the membrane surface beside the presence of other elements like oxygen, sodium, 

potassium, calcium, and chlorine (Figure 5.10b and Figure 5.11a). The overwhelming 

presence of elements like oxygen, carbon, phosphorous, and nitrogen having atomic 

percentage values of 45.19, 23.65, 8.89, and 7.09, respectively hints at the presence of 

biomolecules in the membrane fouling layer (Table 5.2).  

Table 5.2: EDX elemental composition of the fouling layer 

Elemental composition (at.%) O C P  N  Na K Ca Cl 

Membrane active layer facing upward 45.19 23.65 8.89 7.06 9.28 0.61 3.27 1.61 

Membrane active layer facing downward 59.19 7.57 9.92 - 16.98 0.80 5.35 0.19 

Membrane active layer facing sideway 55.01 17.67 9.70 - 12.82 0.67 4.01 0.11 
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Figure 5.10: SEM and EDX mapping measurements of a fouled membrane surface after 

6 days FO operation ((a) and (b)) feed solution on top in membrane module ((b) and (c)) 

feed solution at the bottom in membrane module ((e) and (f)) membrane module vertical.

The fouling layer became less compact and more porous with the granular form of fouling 

material under the membrane module configurations 2 and 3 (Figure 5.10c and Figure 

5.10e) suggesting less fouling in comparison to Figure 5.10a. The EDX analysis suggests 

the presence of oxygen, phosphorous, potassium, and calcium in relatively smaller



  

116 
 

amounts in the composition of the fouling layer (Figure 5.10d and Figure 5.10f). The 

EDX mapping confirms the SEM findings and EDX elemental analysis with less dense 

and uneven distribution of phosphorous atoms on the membrane surface (Figure 5.11b 

and Figure 5.11c).  
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Figure 5.11: EDX mapping of the membrane fouling layer (a) membrane active layer 

facing upward (b) membrane active layer facing downward (c) membrane active layer 

facing sideway.
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To further investigate the nature of the membrane fouling layer, FTIR analysis was 

performed on a pristine membrane sample and the three fouled membrane samples. The 

results demonstrate that the peaks of the fouled membrane were different than the pristine 

membrane at several positions suggesting the presence of different functional group based 

molecules (Figure 5.12). The important functional groups in the fouled membrane spectra 

were aliphatic methylene groups, amide groups, and phosphate groups with their peaks 

in the bands of 2850-2960 cm-1, 1530-1630 cm-1, and 1086 cm-1, respectively. These 

functional groups demonstrate the presence of fatty acids, proteins and phospholipids in 

the membrane fouling layer. Moreover, other prominent peaks in the range of 3000-3400 

cm-1 symbolize the hydroxyl group (OH-1) presence while peaks around 600-700 cm-1 

show the presence of Mg-O and Ca-O based molecules. 
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Figure 5.12: FTIR spectra of fouled membrane surfaces after 6 days of FO operation. 
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5.3.4 Membrane cleaning 

The fouling layer formed in an FO process is expected to be loosely held to the membrane 

surface since FO is based on a naturally occurring osmotic gradient [134]. The low 

operating pressure can likely reduce the strength of the fouling layer attachment to the 

membrane surface. However, a long term FO operation involving rumen fluid-based 

solution as a feed results in the formation of a dense biofouling layer on the membrane 

surface that involves a variety of microbes and the organic matter sticking to the 

membrane surface more tightly. The fouling experiment was performed with a feed 

solution flowing in the upper semi-cell of the membrane module. Both physical and 

chemical membrane cleaning techniques were applied to evaluate the effectiveness of 

each cleaning strategy (Figure 5.13). 

The physical cleaning techniques involve creating strong hydrodynamic conditions to 

detach the fouling material from the membrane surface. The average water flux with the 

pristine membrane was 9.8 LMH. Each membrane cleaning experiment was conducted 

for one hr at the end of the 48 hrs biofouling simulation experiment. First, the hydraulic 

cleaning was performed by flushing the fouled membrane with DI water for 1 hr at a high 

CFV of 31.6 cm after the membrane fouling experiment reduced the flux by 24.6% from 

9.8 LMH to 7.2 LMH (Figure 5.13a). The hydraulic cleaning could only recover the flux 

to 7.6 LMH (14.1% of the lost water flux). This shows that increasing the tangential forces 

with the increased flow of water are not enough to dislodge the membrane fouling layer. 

In the case of osmotic backwashing, which involved circulating NaCl 1M solution on the 

feed side and DI water on the draw side at CFV of 10.6 cm/s, 37.7% of flux recovery was 

observed at the end of the membrane cleaning experiment (Figure 5.13b). It demonstrates 

that osmotic backwashing is more effective than hydraulic cleaning to recover the flux as 

reversing the water flow direction though the membrane is more likely to detach the 
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fouling material from the membrane surface than simply flushing the fouled membrane 

with clean water.  

The chemical cleaning technique was applied by circulating 0.1% NaOCl solution on both 

feed and draw sides at a CFV of 10.87 cm/s (Figure 5.13c). The water flux recovery was 

55.0% which was significantly higher than what it was for osmotic backwashing. It 

suggests that the use of an oxidant/disinfectant can be effective in recovering the lost flux 

as it oxidizes the fouling layer material and facilitates the detachment of the rumen 

microbes from the membrane surface. After the better performance of osmotic 

backwashing and chemical cleaning techniques, these two techniques were combined to 

assess their combined impact on the flux recovery (Figure 5.13d). This strategy employed 

NaCl 1M solution on the feed side and 0.1% NaOCl solution on the draw side, both 

circulating at CFV of 10.9 cm/s. A higher flux recovery of 70.0% was observed when the 

water flux was increased from 5.6 LMH to 8.5 LMH after 1 hr of cleaning operation. 

These findings suggest that a combination of chemical cleaning and osmotic backwashing 

can be most effective in recovering the lost flux. While the osmotic backwashing can 

loosen or detach the fouling material from the membrane surface, the chemical cleaning 

can specifically target and dislodge the microbes from the membrane surface. This shows 

that osmotic backwashing augments the effectiveness of chemical cleaning and both 

should be applied simultaneously to clean the membrane. 
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Figure 5.13: Water flux before fouling, during fouling, after fouling, and after cleaning 

under membrane module configuration 1 with feed solution flowing in the upper semi 

cell of the membrane module. The error bars represent the standard deviation of two 

replicate experiments. 

The effects of various cleaning techniques were further evaluated by SEM-EDX analysis 

of the membrane surface. SEM images of a membrane surface before fouling (pristine 

membrane), after fouling, and after different cleaning techniques are shown in Figure 

5.14. It shows that the surface of a pristine membrane (Figure 5.14a) was completely 

covered with a fouling layer after 48 hours of FO operation (Figure 5.14b). The rumen 

fluid-based feed solution formed a thick fouling layer on the membrane surface. Some 

pores were created in the fouling layer after hydraulic cleaning (Figure 5.14c) that helped 

in recovering 14.1% of water flux. Reversing the flow of water permeation across the 

membrane using the osmotic backwashing technique weakened the adhesiveness of the 
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fouling layer to the membrane surface besides developing more pores in the fouling layer 

(Figure 5.14d). The use of 0.1% NaOCl as a chemical cleaning agent was more effective 

than physical cleaning techniques that resulted in developing the large cracks in the 

fouling layer (Figure 5.14e). When chemical cleaning was combined with osmotic 

backwashing, the holes in the fouling layer became larger that resulted in the maximum 

flux recovery of 70% (Figure 5.14f).  
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Figure 5.14: SEM images of (a) clean membrane surface (b) after fouling (c) after 

hydraulic cleaning (d) after osmotic backwashing (e) after chemical cleaning (f) after 

osmotic backwashing and chemical cleaning combined. 

The EDX elemental analysis revealed changes in the elemental composition of the clean 

and fouled membrane samples (Table 5.3). It can be seen that the pristine CTA membrane 
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consisted of carbon and oxygen only. After the formation of the fouling layer on the 

membrane surface, the atomic percentage composition of carbon increased from 61.89 to 

65.69 and of oxygen decreased from 38.11 to 31.77 besides the appearance of new 

elements like sodium, phosphorous, calcium, sulphur, chlorine and potassium in smaller 

amounts in the fouling layer. This infers the composition of the fouling layer as mostly 

consisting of biomolecules such as VFAs, phospholipids, proteins and carbohydrates 

molecules. When the membranes were cleaned using different cleaning techniques, the 

relative atomic percentage of carbon decreased while that of oxygen increased suggesting 

the removal of some of the biomolecules from the membrane surface. This claim was 

verified by the EDX mapping of the carbon and oxygen atoms in the fouling layer which 

showed the decrease in density and uniformity of carbon atoms distribution in the fouling 

layer and vice versa for oxygen atoms in the fouling layer (Figure 5.15). It is also 

noteworthy that chemical cleaning and especially in combination with osmotic 

backwashing was most effective in reducing the relative atomic percentage of carbon in 

the fouling layer. This suggests that chemical cleaning can influence the removal of 

carbon-based molecules more than physical cleaning techniques.
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Table 5.3: EDX elemental composition of clean and fouled membranes  

Elemental composition 

(atomic %) 
O C Na P Ca S Cl K 

Pristine membrane 38.11 61.89 - - - - - - 

Fouled membrane 31.77 65.69 0.57 0.76 0.24 0.17 0.04 0.42 

After hydraulic cleaning 40.55 57.86 0.22 0.60 0.02 0.12 0.05 0.41 

After osmotic backwashing 38.53 58.43 1.47 0.71 0.20 0.12 0.49 0.05 

After chemical cleaning 45.97 50.86 0.78 1.17 1.14 0.01 0.03 0.03 

After osmotic backwashing 

and chemical cleaning 

combined 

54.81 35.84 5.71 2.51 0.39 0.14 0.54 0.05 
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Figure 5.15:  EDX carbon and oxygen mapping of (a) fouled membrane (b) membrane after hydraulic cleaning (c) membrane after osmotic 

backwashing (d) membrane after chemical cleaning (e) membrane after osmotic backwashing and chemical cleaning combined.
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5.4 Conclusion 

This study provides new insights into membrane biofouling, its effect on FO performance, 

and the effectiveness of various membrane cleaning techniques in a water extraction 

process from rumen fluid. The main finding of this study is that the fouling phenomenon 

is mostly gravity-driven as it was influenced significantly by the membrane module 

configuration. The most severe membrane fouling condition with the lowest water flux 

of 1.04 LMH was observed for membrane module configuration 1 when the feed solution 

was circulated through the upper semi-cell of the membrane module. Under membrane 

module configurations 2 and 3, there was an increase in the water flux to 1.42 LMH and 

1.69 LMH, respectively with a significant reduction in membrane fouling. These findings 

were endorsed by the visual, SEM-EDX, and FTIR analysis of the fouled membranes. 

The SEM-EDX and FTIR analysis also confirmed the presence of biomolecules based 

elements and functional groups in the membrane fouling layer hinting at the occurrence 

of biofouling. The biofouling phenomenon was further endorsed by the DNA sequencing 

of the fouling layer samples which revealed the presence of several microbial taxa such 

as Prevotellaceae, Ruminococcaceae, and Acidaminococcaceae that were also present in 

the rumen fluid. The diversity of microbial taxa was less with Pseudomonadaceae as the 

most dominant taxa in the thick and more mature fouling layer under membrane module 

configuration 1 in comparison to membrane module configurations 2 and 3. Different 

membrane cleaning strategies such as hydraulic cleaning, osmotic backwashing, chemical 

cleaning, and their combinations were assessed for flux recovery. The combination of 

osmotic backwashing and chemical fouling was found to be more effective with 70.0% 

flux recovery while hydraulic cleaning was the least effective cleaning technique that 

could recover only 14.1% of water flux.
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Chapter 6 Conclusions and Recommendations for Future Work 

6.1 Conclusions 

This thesis signified the potential of FO as a platform for resource recovery from rumen 

fluid by following the natural separation processes that take place inside the ruminant 

animal digestive system. The findings demonstrated the promising capability of FO in 

extracting acetic acid and water from rumen fluid. Moreover, the thesis explored the 

membrane biofouling phenomenon in a long term FO operation and evaluates its impact 

on FO performance. Besides, various membrane cleaning strategies were assessed in 

terms of their effectiveness for flux recovery. 

Chapter 2 reviewed the comprehensive literature available on FO. It highlighted the 

current barriers in the transition of scaling up this process from laboratory to full-scale 

applications. Both research and review papers available on FO were studied rigorously to 

compose an updated literature review. The literature review suggested that FO offers 

more promising prospects than other membrane-based separation technologies. Contents 

including membrane development, draw solution, transport phenomena, membrane 

fouling and its mitigation were thoroughly investigated. Moreover, critical challenges like 

membrane fouling and the development of improved membranes and suitable draw 

solutes were identified. The review accentuated several research gaps and insisted to 

further investigate the issues like actual membrane biofouling. 

Chapter 3 evaluated the FO potential to extract acetic acid from rumen fluid and the 

effects of several process parameters such as membrane type, pH of the stripping solution, 

and membrane orientation on the extraction process. It introduced a novel approach to 

encourage solutes transport through the FO membrane with minimum water flux for 

acetic acid extraction from rumen fluid into a clean matrix. Two types of membranes were 

used to compare their performance in terms of solutes permeation through the membrane. 
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The CTA membrane allowed more acetic acid to permeation than the TFC-PA membrane. 

This result was in accordance with the membrane characterization of the two membranes, 

which showed that solute flux was significantly higher with the CTA membrane in 

comparison to the TFC-PA membrane. Moreover, increased permeation of acetic acid 

was observed with an increase in the pH of the stripping solution for both membranes. 

The results showed that maximum acetic acid recovery of 27% was obtained when the 

CTA membrane was used in FO mode configuration at stripping solution pH of 9.0 - 10.0. 

In Chapter 4, the effectiveness of FO was investigated for the dewatering of rumen fluid. 

A novel draw solution in the form of artificial saliva was introduced that showed excellent 

results in terms of high water flux and low RSF with DI water as feed. However, replacing 

the DI water with real rumen fluid resulted in lowering of water flux owing to the complex 

nature of the rumen fluid. Results showed that increasing the artificial saliva 

concentration increased the water extraction rate from the rumen fluid. Furthermore, the 

results suggested that excessive temperature variation can exacerbate membrane fouling.  

Chapter 5 focussed on characterizing the membrane biofouling in a long term FO process 

to dewater the rumen fluid besides evaluating various membrane cleaning strategies. The 

membrane module configuration played a crucial role in determining the severity of the 

membrane fouling. Membrane fouling was maximum with minimum water flux when the 

feed solution was circulated in the upper chamber of the membrane module. The 

membrane fouling reduced significantly with a subsequent increase in the water flux for 

the other two membrane module configurations. These findings demonstrated the 

connection of membrane fouling with the gravity-driven sedimentation of the foulants. 

Membrane fouling was identified as biofouling due to the presence of biomolecules based 

elements and functional groups identified by SEM-EDX and FTIR analysis. The DNA 

sequencing of the fouling layer samples further endorsed the biofouling phenomenon with 
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the presence of several rumen fluid microbial taxa such as Prevotellaceae, 

Ruminococcaceae, and Acidaminococcaceae. The membrane cleaning was performed 

using hydraulic cleaning, osmotic backwashing, chemical cleaning, and their 

combinations. The combination of osmotic backwashing and chemical cleaning was the 

most effective cleaning technique which was able to achieve 70.0% water flux recovery. 

6.2 Recommendations 

This thesis has demonstrated the potential of FO as an effective membrane-based 

separation process to extract acetic acid and water from the rumen fluid. It provides an 

insight to better understand membrane biofouling and evaluates the effectiveness of 

various membrane cleaning techniques in a water recovery process from rumen fluid. 

However, there remain several challenges and unexplored areas that need to be 

investigated further. Recommendations for future research work are as below. 

1- This thesis work has demonstrated potential techniques to improve acetic acid 

extraction to a clean matrix such as regulating the pH difference between the feed 

and stripping solutions. Further research to increase acetic acid flux may include 

the development of new FO membranes with large pore sizes. This thesis work 

has shown negligible water flux during acetic acid extraction since there is no 

osmotic gradient between the feed and stripping solution for water transport. 

2- Rumen fluid is a complex fluid with a variety of organic and inorganic substances 

in its composition that generated almost the same osmotic pressure as artificial 

saliva. It also offered more resistance to allow acetic acid permeation through the 

FO membrane in comparison to the synthetic acetic acid solution. Rumen fluid 

needs to be further studied to understand and predict its behaviour during a 

resource recovery process. 
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3- The effect of feed and draw solutions temperature on acetic acid extraction from 

rumen fluid has not been explored yet. It is recommended for future research 

work. 

4- Although increasing the feed solution temperature aggravated membrane fouling 

and caused a decline in water flux, further research may explore the effect of an 

increase in draw solution temperature and the simultaneous increase in the feed 

and draw solution temperatures on FO performance. 

5- Membrane biofouling is still one of the least understood phenomena in FO. Long 

term experiments are recommended to understand the actual biofouling that can 

pave the way for its control and mitigation strategies.  
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