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Abstract 

This thesis explores the use of graphene oxide (GO) as a membrane coating to improve the performance 

of water treatment via membrane distillation (MD). Firstly, the limitations and recent advances in 

membrane distillation were evaluated and compared against conventional membrane desalination 

(reverse osmosis, RO) and other emerging membrane technologies (forward osmosis and membrane 

capacitive deionisation). It was found that currently, membrane distillation cannot replace reverse 

osmosis technologies for the desalination of seawater due to high thermal energy consumption and long-

term stability issues (such as fouling and pore-wetting).  

The environmental impacts of seawater desalination via reverse osmosis and membrane distillation 

were evaluated. These were compared with scenarios that utilised GO membranes, which have 

significant studies showing that they can reduce the energy consumption of both technologies through 

antifouling and high permeability. The results showed that the use of GO membranes could reduce the 

impacts of RO and MD by 3-7 % and 27-34 % on average, respectively. RO using GO membranes was 

the most favourable desalination option, with the lowest impacts across most categories when compared 

to MD. The source of the thermal energy is the most critical factor in reducing the environmental 

impacts of MD; in fact, the solar thermal energy scenarios had impacts that were 43-93 % lower in nine 

categories when compared to RO powered by fossil-fuels.  

The review and the life cycle assessment highlighted opportunities for the application of MD: in 

the treatment of waters where reverse osmosis cannot be used (fouling wastewater). However, fouling 

and pore wetting severely affect MD performance during the treatment of these water sources. To 

combat this, GO coatings were developed on top of commercial polymer supports and polydopamine 

(PDA) was investigated as an anchor molecule. The membranes were tested against feed water 

containing 150 ppm of surfactant Triton X-100 and the control membrane (the commercial polymer 

support) failed from pore wetting after just 15 minutes, whereas the GO layer showed stable operation 

for 90 h. Next, the method for producing the antiwetting coatings was improved by using a spray coating 

pyrolysis technique, which was able to deposit GO onto the polymer support. The immobilisation of 

the GO onto the surface was also improved through this technique and other 2D materials (hBN, MoS2 

and WS2) were also explored as surface coatings. The GO membranes showed antifouling properties 

against a 72 h experiment with feed water containing 150 ppm humic acid and 200 ppm paraffin oil. 

The permeate flux for the control membrane dropped by 22 %, whereas the GO membrane had a smaller 

flux reduction of 0.14 % in the same time period. The GO membranes were then tested at pilot-scale, 

for the first time, and a thermal energy analysis revealed that the GO membranes were 40 % more 

thermally efficient than the control membranes. Overall, the thesis works to improve the performance 

of membrane distillation for the improved recovery of water through non-conventional sources. 
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Chapter 1: Introduction 

1 Motivation for research 

Potable water is an essential part of civilisation, but climate change and population growth are 

threatening accessibility for current and future generations. For example drought, mainly caused by 

anthropogenic greenhouse gas emissions (GHG), is a major concern for the availability of fresh water 

sources [1]. NASA produced a computer model that predicts soil moisture for a range of future GHG 

scenarios. If GHG emissions stop increasing by 2050, there is still a 60 % chance of a “megadrought” 

affecting much of southwest U.S and central America by the end of the century, whereby severe 

droughts will last for decades [1]. Other conventional sources of fresh water, such as rainfall or river 

runoff are also no longer sufficient to meet the growing demand, and unconventional water sources, 

including seawater, are becoming more crucial to fill the deficiency gap.  

The growing implications of the water crisis are recognised by the Sustainable Development 

Goals (SDG) from the United Nations (UN) in their clean water and sanitation (SDG 6) goal, which is 

interconnected with other goals such as life below water (SDG 14), the development of safe cities 

(SDG11), climate action (SDG 13) and peace (SDG 16) [2]. Conventional water treatment technologies, 

such as reverse osmosis (RO) and multistage flash distillation (MSF), are an immediate answer to 

improving water accessibility. However, these technologies have high associated GHG emissions, as 

they require either high pressures (approximately 55-70 bar for RO [3,4]) or unfavourable thermal 

energy requirements (for multi-effect and multi-stage flash distillation [5]). Also, they have limited 

water recovery, leading to the production of highly saline brine which is harmful to local marine life 

[5–7]. These limitations, as well as concerns over water security, have motivated research into emerging 

desalination technologies, such as membrane distillation (MD). 

MD is able to produce potable water at atmospheric pressure, reasonably low temperatures (30-

80℃) and high water recoveries (>90 %) [8,9]. However, it is not widely commercialised yet due to 

several limitations, including fouling, pore wetting, low flux and high thermal energy requirements 

[10,11]. The high thermal energy requirements prevent MD from competing with RO for the 

desalination of seawater [12]. The pore-wetting and fouling issues also limit its application, as it cannot 

be used to treat feed waters containing surfactants or high levels of organic matter [12]. This is 

particularly limiting for the treatment of RO brine and wastewater from industries, such as textiles or 

oil and gas [13]. 

Graphene is being explored as a membrane additive to alleviate these issues. Graphene is a 2D 

material composed of sp2-hybridised carbon atoms arranged in a hexagonal lattice. Its discovery was 
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well received due to the extensive list of desirable properties, such as high mechanical strength [14,15], 

electrical conductivity [16], thermal conductivity  [17] and functionalisation capabilities [18]. Graphene 

oxide (GO) is a derivative of graphene, typically synthesised using the Hummers’ method which 

involves the oxidation of graphite using potassium permanganate and sulphuric acid [19]. GO holds 

additional benefits compared to pristine graphene, including relative ease of manufacture and 

hydrophilicity [20]. The oxygen helps GO to disperse easily in water and most organic solvents; it can 

then be added as a nanofiller to form a polymer mixed matrix membrane (MMM), as shown in Figure 

1 (left) [21]. Alternatively, GO flakes can be stacked together to form a laminate membrane, shown in 

Figure 1 (right), with excellent molecular sieving capabilities  [22]. The spacing between each GO flake 

(i.e. the d-spacing) is 0.83 nm, which is large enough for water to pass through and small enough to 

stop hydrated solutes [23]. Studies show that under these confinement conditions, water molecules 

traverse through the membrane with unimpeded motion [20,22]. The nano-pores provide a high 

capillary force, which is the main driving force that draws water inside the GO membrane. The high 

capillary force and unimpeded motion give rise to high flux membranes, which are ideal for water 

treatment applications [24,25]. The promising research on GO-enhanced membranes has led to an 

increase in the number of patents and wide-spread commercialisation is likely in the near future [26].  

 

Figure 1 Diagram of two different ways to form GO membranes:  incorporated within a polymer mixed matrix 

membrane (left) or 2) as an ultra-thin GO laminate layer (right) 

 

 There are two main avenues for the application of GO in MD that are summarised in Figure 

1. Option 1 has benefits over option 2 as it can be easily incorporated into pre-existing membrane 

fabrication techniques, such as phase inversion [27]. Option 1 has also been shown to increase the 

mechanical durability of the membranes and increase the flux by forming highly porous membranes 

[28]. While option 2 has benefits over option 1 (for example low wettability [24] and antifouling 

properties [29]), current membrane fabrication methods are not scalable and the 2D material easily 

detaches from the membrane surface. Both of these factors limit the commercial viability of option 2.  

 The discovery of graphene led to the isolation of several other 2D materials, such as hexagonal 
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boron nitride (hBN), molybdenum disulphide (MoS2) and tungsten disulphide (WS2). Each of these 2D 

materials are being explored for water treatment applications, with some studies suggesting that MoS2 

can have superior desalination efficiency compared with graphene [30] and GO [31]. Producing ultra-

thin laminates of these 2D materials has suggested benefits, but again the production methods lack 

scalability. Also, there are few studies on the application of these materials in MD for anti-pore-wetting 

and antifouling purposes.  

 The behaviour of GO membranes has not been explored at pilot-scale; it is not clear whether 

the antifouling and antiwetting resistance may translate outside of laboratory-scale experiments. Also, 

the impact of GO on the MD thermal efficiency has not been directly measured before, as this is 

inaccurate at small-scale. Testing these membranes against real seawater at pilot-scale would also 

provide valuable information on their commercial viability. Performing pilot-scale experiments would 

also provide additional evidence if the membrane synthesis method is scalable.     

 Furthermore, the environmental sustainability of GO-enhanced membranes for membrane 

distillation is not well understood. To avoid unintended damage to the environment, it is necessary to 

quantify their environmental impacts on a life cycle basis, taking into account all the material and energy 

use and emissions to the environment from ‘cradle to grave’. This can be achieved by carrying out a 

life cycle assessment (LCA) of RO and MD with and without GO-enhanced membranes to identify the 

best membrane and process options, highlight hotspots and guide further process development. 

 As far as the authors are aware, there are no LCA studies on the use of GO-enhanced 

membranes for RO or MD. The LCA, as well as the laboratory and pilot-scale development of GO-

enhanced membranes for MD, are topics of this research. The next section describes how this is 

achieved in more detail. 

2 Aims, objectives and novelty 

The aim of this project is to use GO and 2D materials to develop environmentally sustainable 

membranes and MD with enhanced performance for water applications. The specific objectives of the 

project are listed below: 

Objective 1.  To inform on the ongoing questions regarding the use of RO and whether it could be 

replaced by emerging technologies for seawater desalination; this objective is discussed in 

Chapter 2.  

Objective 2. To evaluate the potential environmental benefits of using GO-enhanced membranes 

within MD and RO through LCA and identify opportunities for improvements; this objective 

is addressed in Chapter 3. 

Objective 3.  To develop stable GO coatings onto MD membranes to outperform current 
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membranes, and to evaluate other 2D materials that have also similar reported properties to 

GO; this is the topic of Chapters 4 and 5; 

Objective 4. To develop a scalable method for the production of 2D laminate membranes; this 

objective is addressed in Chapter 5; 

Objective 5. To test the best membranes at pilot-scale, evaluate the thermal energy across different 

configurations and compare against a range of commercial MD membranes; this is presented 

in Chapter 6. 

The main novelty and contribution to knowledge of this work include: 

• developing a scalable method for the synthesis of 2D-membranes which potentially can lead 

to more environmentally sustainable water desalination;  

• quantification of the life cycle environmental impacts of GO-enhanced membranes, to guide 

their further development in an environmentally sustainable manner; 

• furthering the understanding of fouling and pore-wetting mechanisms and effects of 

hydrophilic materials in MD membranes; and 

• contributing to our understanding on how GO-membranes can perform at pilot-scale. 

The outcomes of the studies aim to guide policy makers, desalination aid agencies and relevant R&D 

enterprises on the most effective implementation of GO membranes for water treatment applications.  

3 Background theory  

This section outlines some of the background theory not covered in Chapters 2-6, which is required to 

understand the motivations behind the experiments, as well as the equipment choice. 

3.1 Fundamentals of membrane-based separation 

A membrane is a semi-permeable barrier that can selectively transport certain species and reject others. 

The membrane rejection can be governed by: 

• Size exclusion: the pores of the membrane are too small for the molecules to fit through and 

rejection occurs by a sieving mechanism. The membranes are typically microporous structures 

with pore sizes ranging from 2 µm to 1 nm, commercialised membrane processes include 

microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) [32,33]. Other emerging 

membrane technologies, such as forward osmosis (FO) are also governed by size exclusion 

[34]. 

• Liquid entry pressure: the pores of the membrane are large enough for solutes to fit through, 

but the membrane only allows gases to pass. All non-volatile compounds are retained in the 

liquid feed solution. This governs the rejection for MD and pervaporation.   
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The membranes ability to reject a given solute can be determined using the solute rejection coefficient 

(SRC): 

SRC =
𝐶f − 𝐶p

𝐶f
= 1 −

𝐶p

𝐶f
 

(Eq. 1) 

where 𝐶f and 𝐶p is the solute concentration in the feed and permeate, respectively.[35] By substituting 

the ratio of 𝐶p over 𝐶f for the solute permeability (PR), eq. 1 becomes: 

SRC + PR = 1 (Eq. 2) 

The driving force governs the direction of movement and the permeate flux. Two major driving forces 

relevant to this research include: 

• Pressure gradient. For MF, UF and NF, the feed-side has a higher external pressure, which 

drives the permeant through the membrane pores to the area of lower pressure. In water-based 

processes, the external pressure needs to overcome the osmotic pressure. For FO, the osmotic 

pressure gradient is the driving force:  

П = icRT (Eq. 3) 

Where П: osmotic pressure; 𝑖 : van’t Hoff index; c: molar concentration of solute; R : ideal gas 

constant; T: absolute temperature [35].  

• Vapour pressure gradient. The permeant crosses the membrane due to a temperature gradient 

from the feed to the permeate side. In MD, this is typically provided by heating the feedwater 

and keeping the permeate side cool. Any non-volatile components (i.e. salt) cannot pass through 

the membrane.  

Other driving forces include electrical potential, which governs membrane capacitive deionisation [36]. 

For dense membrane systems such as RO, mass transfer occurs via solution-diffusion; the solute 

dissolves into the membrane and diffuses through the material due to a concentration gradient [37]. The 

differences in separation and driving force mechanisms cause large differences in the desired membrane 

characteristics. The favourable characteristics for MD membranes are discussed in more detail in the 

following section. 

4 Membrane characteristics 

Several different ideal characteristics should be considered when developing membranes for MD. 

These, as well as their opposing parameters, are discussed below: 

▪ Liquid entry pressure vs flux: A high liquid entry pressure (LEP) is desired in MD to prevent pore-
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wetting.  To achieve this, membranes should have a high hydrophobicity and a small maximum 

pore size (<0.6 µm) [38]. The equation for LEP derives from the Young-Laplace relationship which 

describes the capillary pressure difference across an interface between two static fluids due to 

surface tension (for the work in this thesis, the static fluids are the feedwater and air). An energy 

balance across the system gives 

𝑃2𝑑𝑉 − 𝑃1𝑑𝑉 = 𝛾𝑑𝐴 

Where 𝑃2 and 𝑃1 is the pressure at the interface of the two fluids, 𝑑𝑉 is the change in volume 

if one fluid displaces the other, 𝛾 is the interfacial energy (given by the surface tension for a 

system composed of a liquid contacting a gas) and 𝑑𝐴 is the change in area. The change in 

pressure, ∆𝑃 can therefore be given by: 

∆𝑃 = 𝛾
𝑑𝐴

𝑑𝑉
 

Which can be differentiated with respect to the radius, 𝑟. For a system composed of a 

spherical droplet in a tube, the equation becomes: 

∆𝑃 = 𝛾
𝑑𝐴

𝑑𝑟

𝑑𝑟

𝑑𝑉
 

= 𝛾
8𝜋𝑟

4𝜋𝑟2
 

=
2𝛾

𝑟
 

 The radius of the sphere is given by: 

𝑟 =
𝑟𝑚𝑎𝑥

𝑐𝑜𝑠𝜃
 

 Where 𝜃 is the contact angle between the pore wall and the droplet, 𝑟𝑚𝑎𝑥 is the radius of the 

capillary tube, which can be considered as the maximum pore size for a membrane system. 

Thus, the equation for the liquid entry pressure is: 

 
∆𝑃 =

−2𝛽𝛾𝑐𝑜𝑠𝜃

𝑟𝑚𝑎𝑥
 

(Eq. 4) 

The maximum pore size must be optimised such that it is small enough to achieve a high LEP 

but large enough for suitable flux values [39]. The upper limit for the maximum pore size is 

linked to a low Bond number, as described by the equation below: 

𝐵𝑜 =
∆𝜌𝑔𝑟2

𝛾
 

(Eq. 5) 

where ∆𝜌 is the difference in density between the air and liquid, g is gravitational 

acceleration, r is the radius of the drop curvature. A high Bond number signifies a system 
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where the effects of surface tension are low, whereas low Bond numbers indicate surface 

tension has a dominating affect and a meniscus can form [40].   

• Thickness vs mass transfer: Commercial membranes for MD have thicknesses from 20 to 200 

µm. Optimisation of the membrane thickness is essential in ensuring the membrane is thin 

enough for fast mass transfer, yet thick enough to reduce heat loss and a consequential reduction 

in driving force. This relationship between thickness and heat loss is essential in direct contact 

MD (DCMD) and vacuum MD (VMD) configurations [39]. In air-gap MD (AGMD) there is 

little correlation as the air-gap mass transfer resistance is far greater than that of the membrane.  

• Porosity vs mechanical strength: High porosity membranes are desired as they lead to a higher 

flux and reduced heat loss for all MD configurations. To achieve optimisation, the porosity 

should be balanced with sufficient membrane mechanical strength to ensure longevity. 

• Antifouling/anti-wetting resistance: protecting the membrane against fouling-induced flux 

decline can help increase the longevity and average flux of the membrane. Foulants are typically 

hydrophobic, and thus hydrophilic coatings can be added to reduce adsorption. However, this 

can reduce the LEP and increase the chances of pore-wetting. Adsorption of foulants onto the 

membrane surface can also reduce the hydrophobicity and lead to pore-wetting. Also, additional 

layers on the membrane surface increase the mass transfer resistance which could decrease the 

flux. Antifouling resistance can be monitored by the flux decline ratio (FDR) or the flux 

recovery ratio (FRR) which can be calculated by: 

FDR = (
𝐽p,i − 𝐽p,f

𝐽p,i
) × 100/𝑡 

 

(Eq. 6) 

FRR = (
𝐽p,c

𝐽p,i
) × 100 

(Eq. 7) 

where 𝐽pis the permeate flux (L/m2 h) at the initial (i) and final (f) experimental time, t (h); and 𝐽p,c is 

the permeate flux of the membrane after it has been cleaned. 

 

4.1 2D materials in membrane distillation 

2D materials are being explored as nanofillers and coatings to enhance the characteristics outlined in 

the previous section. While carbon-based nanomaterials have been explored fairly extensively [41],  

other 2D materials, like MoS2, WS2 and hBN, are relatively unexplored within MD. This section 

summarises the current literature and ongoing research questions surrounding the use of 2D materials 

for MD.  
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4.1.1 Graphene oxide (GO) 

GO-enhanced membranes have been shown to increase the permeate flux in a variety of mechanisms 

in MD. For example, incorporating the GO into the polymer MMM has shown to increase the flux by 

increasing the membrane porosity. In the study by Leaper et al. [27], a flux increase of 52-86 % was 

attributed to the GO increasing the speed of demixing during phase inversion. Alternatively, laminate 

GO membranes have also shown to increase the flux; the installation orientation is important. For 

example, Intrchom et al. [42] formed GO laminate membranes on top of polytetrafluoroethylene (PTFE) 

supports, but they installed the membranes with the GO layer contacting the permeate side. This caused 

a 15 % increase in flux because it increased the vapour removal rate and helped maintain a high driving 

force [42]. 

Facing the GO laminate membrane towards the feed side has also shown to increase the 

permeate flux, shown by Bhadra et al. [43]. The authors attributed the 35 % flux increase to the 

nanocapillary effect and reduced temperature polarisation. Sun et al. [44] used a mathematical model 

to confirm that the flux increase is due to capillary forces. They found that when the GO layer was 

placed at the feed side, the temperature difference and the polarisation coefficient increased 

significantly (~92 % and 90 % respectively). These forces increase the driving force and thus the 

permeate flux.  

GO and graphene membranes have also shown antifouling and anti-wetting properties. Seo et 

al. [45] added layers of graphene prepared via chemical vapour deposition (CVD) to PTFE. The 

membranes were tested under direct contact MD (DCMD) with a feed solution containing mineral oil 

and sodium dodecyl sulfate (SDS). The graphene membranes had stable high salt rejections of 99.9 % 

and the flux decreased from 54 to 49 L/m2 h over the 48 hour experiment. For the commercial PTFE 

membrane, the flux reduced from 62 to 38 L/m2 h and the salt rejection reduced from 100 % to 87 % in 

the same time frame. While the graphene membrane clearly displayed antifouling properties, the 

membrane size was small (4 cm2) and there was considerable flux decline during the 72 hour 

experiment. There was also no data to indicate the immobilisation of the graphene onto the PTFE 

surface.  

Jia et al. [46] developed reduced GO (rGO) coatings with anti-wetting properties that were 

stable across 66 hours of testing with 0.8 mM SDS solution for DCMD. The flux was extremely high 

(149 L/m2 h) which is 1.2–3.5 times higher than previously reported MD fluxes. They argue that the 

anti-wetting properties are due to the extremely low SDS adsorption, which limits the diffusion of SDS 

into the membrane pores.  
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Overall, studies on GO membranes have found increases in permeate flux and resistance to fouling and 

pore-wetting. The next sections explore the less commonly-explored 2D materials. 

4.1.2 Transition metal dichalcogenides (TMD) 

TMD refers to the group of 2D materials of type MX2, whereby M is a transition metal and X is a 

chalcogen atom [47]. MoS2 and WS2 are considered in this work.  

4.1.2.1 Molybdenum disulphide (MoS2) 

There is only one study investigating the use of MoS2 membranes for MD. Koh et al. [48] fabricated a 

MoS2-PVDF composite membrane for the removal of ethylene glycol. The addition of MoS2 produced 

a more omniphobic membrane that had a water flux of 27 L/m2 h, but this decreased to 21 L/m2 h after 

8 hours. The addition of MoS2 as a coating is relatively unexplored, even throughout commercialised 

water treatment technologies [31]. There are molecular dynamic studies on laminate MoS2, which claim 

rapid water transport properties and high salt rejection, but a lack of experimental studies [49].   

There is also only one study that evaluates the antifouling properties of laminate MoS2. Gao et 

al. [50] synthesised MoS2-PDA laminate membranes for nanofiltration and tested the fouling resistance 

against bovine serum albumin. High flux was achieved (135.3 L/m2 h/bar) and the FRR was also high 

(~90 %), but the experimental time was only 120 minutes.   

4.1.2.2 Tungsten disulphide (WS2) 

The author could not find any studies on the use of WS2 in MD, and there are only four WS2 membrane 

studies, two of which are molecular simulations. Molecular dynamic studies suggest that laminate WS2 

and MoS2 membranes would have higher permeability and ion rejection than GO [30]. Sun et al. [51] 

then showed this experimentally by fabricating laminate WS2, GO and MoS2 membranes. They reported 

ultrafast water permeance with the WS2 membrane, which was five times greater than GO and two 

times greater than MoS2. The authors attribute the improved flux to the mix of hydrophobic and 

hydrophilic edges on WS2 flakes, which help increase the water permeability. However, a recent review 

by Köhler et al. [47] pointed out that WS2 and MoS2 have a similar charge distribution, thus the reasons 

why one behaved better than the other are not clear. The authors further argued that there is a lack of 

theoretical understanding surrounding water transport through laminate TMDs. 

WS2 has also shown oil adsorption capabilities and resistance to fouling. Krasian et al. [52] 

fabricated hybrid WS2/MoS2 composite polylactic acid (PLA) membranes via electrospinning. The 

membranes were not tested for water treatment but they showed high oil adsorption capabilities of 

190 % when compared with pristine PLA. This suggests WS2 could be beneficial in treating oil and gas 

wastewater. Fausat Ajibade et al. [53] fabricated WS2 MMMs with PDA for the removal of SDS via 

UF. The PDA was used to improve the dispersion of WS2 into the polymer solution. The permeate flux 
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for the WS2 membrane was over double that of the pristine membrane (65.5 L/ m2 h and 32.2 L/ m2 h 

respectively). Not only that, the flux decline ratio (FDR) for the pristine membrane was 46.2 %, whereas 

the PDA/WS2 membrane FDR was 18 %. The authors argue that TMD membranes can perform better 

than GO because they have a more planar atomic surface, which can aid the movement of water more 

easily. Also, the three atomic configuration builds more rigid nanochannels which can help the 

movement of water.  

Overall the results from these preliminary experiments and molecular dynamic simulations suggest 

TMDs like MoS2 and WS2 could have significant antifouling, high permeability and anti-wetting 

properties. However, these materials haven’t been explored for MD applications.  

4.1.3 Hexagonal boron nitride (hBN) 

In comparison to TMDs, hBN has been well explored as a membrane additive for MD applications. A 

summary of the recent work is given below.  

Similarly with GO, MoS2 and WS2, molecular dynamic studies indicate that laminate hBN 

membranes can have high permeability and ion rejection [54]. The polar B-N bonds in hBN have a high 

affinity with water, which can selectively transport water through the hBN nanochannels [54]. Also, 

hBN coatings can increase membrane hydrophobicity, which is shown in a study by Qian et al. [55]. 

First, they coated BN nanosheets onto a ceramic β-sialon membrane for salt removal via sweeping gas 

MD (SGMD). The membranes displayed long-term stability over 200 hours, with high salt rejections 

(99 %), but the feed solution did not contain foulants or surfactants. The investigation also did not 

compare these results with a commercial membrane to act as a baseline for comparison.  

Studies have shown that hBN can also increase permeability when used as a polymer additive. 

Srivastava et al. [56] demonstrated this by testing hBN blended MMMs for the desalination of RO brine 

via membrane distillation crystallisation (MDC). The permeate flux was increased from ~ 2.1 L/m2 h 

(pristine PVDF) to 3.4 L/m2 h (PVDF/hBN). According to the authors, the flux increase is due to 

attractive forces between the water vapour molecules and the B-N molecular channel. Similarly, 

Zahirifar et al. [57] tested  PVDF/hBN MMMs for desalinating seawater via AGMD. The addition of 

0.5 wt% hBN increased the flux (+43 %), membrane hydrophobicity (+61 %) and tensile strength 

(+12 %) when compared to pure PVDF. Both aforementioned studies suggest long-term stability, as 

they were conducted over several days (100 hours [56] and 60 hours [57] respectively). 

hBN MMMs have also shown pore wetting resistance, as demonstrated by Lee et al. [58]. The 

study evaluated electrospun PVDF/hBN MMMs for seawater desalination. For the optimal hBN 

loading, the membrane had higher tensile strength (+13 %) and hydrophobicity (+7.7 %) when 

compared to the pristine electrospun PVDF. Also, the PVDF/hBN membranes were resistant to pore-
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wetting for 280 hours, whereas the pristine PVDF and commercial PVDF showed a steep decay in salt 

rejection after 4 hours and 28 hours respectively. The authors attribute the pore-wetting resistance to 

the higher LEP (214.2 kPa compared to 140.4 kPa for pristine PVDF) which is due to the increased 

hydrophobicity and surface roughness. Research on hBN MMMs suggests they have high permeability 

and pore-wetting resistance, but there is a lack of studies on laminate hBNs. The antifouling properties 

have also not been explored. Overall, this section reviewed the current literature on GO, MoS2, WS2 

and hBN for MD research. 

5 Methodology 

This section gives a general overview of the methods used across the research. Firstly, different polymer 

membrane synthesis methods are outlined. Next, coating methods are discussed and the general 

membrane distillation layout that was used in this work is presented. All specific methods are found in 

the chapters indicated in this section. Finally, the LCA methodology used for the environmental 

assessment of GO-enhanced membranes is described. 

5.1 Laboratory work 

5.1.1 Polymer membrane synthesis 

5.1.1.1 Phase inversion 

The production of low-cost, versatile and scalable polymeric membranes for water separation is an 

essential part of this project. Commercial polymeric membranes are generally synthesised using phase 

inversion whereby a solid polymer porous structure is precipitated from a solution of polymer in solvent. 

The major phase inversion techniques are [59]: 

• Evaporation-induced phase separation (EIPS): the volatile solvent is evaporated in a 

controlled manner from the polymer solution. 

• Non-solvent induced phase separation (NIPS): demixing is induced by immersing cast film 

into a bath of non-solvent. 

• Vapour-induced phase separation (VIPS): the cast film is put in contact with the non-solvent 

in the vapour phase.  

• Thermally-induced phase separation (TIPS): the polymer solution is initially heated to 

dissolve the solvent. The temperature is reduced to precipitate the polymer out of solution 

to form the membrane. 

 

The ternary phase diagram in Figure 2 defines the contributions from the polymer, solvent and non-

solvent used during the experiments and is useful for illustrating the process principles.  
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Figure 2 Ternary phase diagram for non-solvent induced phase inversion of a polyvinylidene fluoride (PVDF)/ 

dimethylformamide (DMF) solution with deionised water. Adapted from [59]. 

 

Firstly the polymer is dissolved in a solvent with no presence of non-solvent. Immersion into a 

non-solvent bath results in bimodal demixing, whereby the solution phase separates into a polymer-rich 

phase (D”, the membrane matrix) and a polymer lean phase (D’, remaining pores that fill with non-

solvent). Point B represents the point at which the polymer begins to precipitate. By point C, the 

polymer has solidified. Between the spinodal and bimodal curve, the solution is thermodynamically 

unstable but the polymer is unable to precipitate due to poor demixing. Membrane formation by 

following spinodal curves lead to a dense skin layer with circular pores. Binodal phase inversion with 

instantaneous demixing can form a thin, porous skin with large, oval-stretched macrovoid pores. In 

membrane distillation, large macrovoid pores are preferred, as they reduce the mass transfer resistance 

and increase the permeate flux. Mixing nanomaterials such as graphene into the polymer matrix has 

shown to increase the pore sizes, suggesting that these materials can enhance the rate of demixing [28].  

5.1.1.2 Electrospinning 

An emerging membrane fabrication method is electrospinning, which produces ultrafine (~200 nm) 

polymer fibres which, once layered on top of each other to thicknesses of around 200 um, can act as a 

porous membrane with a specific selectivity [11]. A typical set-up is shown in Figure 3, whereby the 

polymer solution is placed in a syringe. At the needle tip, the liquid droplet of polymer solution is under 

high voltage such that the droplet becomes charged. When the electrostatic repulsion is high enough to 

overcome the droplets surface tension, the droplet is stretched into a Taylor cone [60]. Important factors 

to optimise during the electrospinning process are polymer concentration, polymer solution viscosity 

and flowrate, electric field intensity, the work distance and air humidity [61]. 
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Figure 3 Schematic diagram showing the formation of a polyvinylidene fluoride (PVDF) membrane via the 

electrospinning process 

 

5.1.2 Coatings 

5.1.2.1 Vacuum filtration 

Vacuum filtration is a common method for the deposition of 2D materials onto a polymer support to 

form a laminate membrane, and it is used in Chapter 4. The experimental set-up can be seen in Figure 

4 and includes a vacuum-suitable conical flask with a membrane clamped in place. A vacuum pump is 

used to suck the solution-containing nanomaterials through the membrane. The aqueous solution is able 

to pass through the pores (0.22 um) whereas the 2D flakes (~500nm) form a layered laminate membrane 

on top.  
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Figure 4 Schematic diagram of the vacuum filtration process to fabricate laminate 2D membranes  

 

5.1.2.2 Spray pyrolysis 

Spray pyrolysis is a technique that is utilised in this research for coating nanomaterials on top of a 

commercial membrane (see Chapter 5. The nanomaterial is dispersed in a volatile solvent 

(IPA/acetone/water solution). The solution is atomized using an airline to form small droplets that are 

then spray-coated onto the heated membrane. Heating the membrane enables complete vaporisation of 

the solvent, ensures a thin film is produced and aids in binding the nanomaterial onto the substrate 

surface (by partially melting the surface). Spray pyrolysis is widely used to produce thin films for 

industrial products such as solar cells [62,63], but its application within membrane coatings is relatively 

unexplored until this research. The technique is cost-effective and can be integrated with a roll-to-roll 

feature to easily produce large-scale coated membranes [64]. The hot plate can be heated up to 200℃. 

The flowrate, area of deposition and number of coatings is pre-set into the system logger.  

5.1.3 Membrane distillation set-up  

The membranes were tested for their flux stability using a membrane distillation rig. Membranes were 

cut to 8 cm diameter and installed in the membrane module, which was configured in an AGMD set-up 

as shown in Figure 5. 
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Figure 5 Schematic of the air gap membrane distillation  module used throughout this work 

 

For Chapter 4 and Chapter 5, a saline solution of 3.5 wt% NaCl was made in the 1 L conical flask 

and the feed solution was recirculated and heated to 75 ˚C for the entire experiment. The condenser 

plate was kept cool using cooling water which was circulated from the chiller unit set at 20 ˚C. The 

weight of the permeate solution was logged every 30 minutes and recorded on the computer. The 

flowrate was set to 1000 mL/min. The conductivity was measured using a live conductivity probe which 

was also recorded on the computer every 30 mins. Chapter 6 includes investigations at these conditions, 

as well as higher temperatures of 80 ˚C for the feed and 25 ˚C for the cooling water, and feed and 

cooling water flowrates of 150 L/h. Other compounds were added to the feed to study fouling (humic 

acid, paraffin oil in Chapter 5 and Chapter 6) and pore wetting (Triton X-100 in Chapter 4 and Chapter 

5). The membrane module was installed such that the permeate could escape via gravity through the 

permeate channel and be collected in a beaker.  

5.2 Life cycle assessment 

This section describes the methodology used for the cradle-to-grave LCA of GO-enhanced membranes 

for MD and RO, more details can be found in Chapter 3. 

5.2.1 Selection of desalination technologies 

Membrane distillation was selected as the emerging desalination technology in this assessment because 

there are a large number of research studies on GO for MD, but a lack of environmental assessments on 

both GO membranes and MD. In addition, MD is currently not a favourable option over RO, according 

to the existing LCAs [65–67]. It could be significant to evaluate whether this would change with the 
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help of GO-enhanced membranes. Lastly, the current LCA studies on MD do not consider membrane 

manufacture, module manufacture and end-of-life waste management [66–68]. Reverse osmosis was 

selected as the conventional desalination technology as it is widely applied [12] and acts as a suitable 

comparison baseline for MD. RO-GO enhanced membranes are also a highly studied topic [69], but 

again there are only two LCA studies relating to GO membranes [70,71]. 

The LCA study was carried out according to the ISO 14040/44 standards [72,73], following the 

methodology outlined in Figure 6 and discussed in the next sections. For further details, see Chapter 3. 

 

Figure 6. Life cycle assessment methodology according to the ISO 14040/44 standards [72,73]. 

5.2.2 Definition of goal and scope 

The main goal of this study was to estimate and compare the life cycle environmental impacts of RO 

and MD with membranes enhanced by the addition of GO. A cradle to grave approach was taken, which 

means the mass and energy input and output flows from the extraction of raw materials to waste disposal 

were all accounted for. The scope of the study covered: 

▪ membrane manufacture, including the production of the relevant polymers, solvents, graphene and 

associated electrical consumption; 

▪ membrane module assembly, including all relevant materials and electrical consumption; 

▪ treatment of seawater, using reverse osmosis or membrane distillation;  

▪ the updated electricity grid mix for the countries where the processes take place; and 

▪ waste management of the membranes and other materials used. 

Three scenarios were evaluated per technology (further details on the scope can be found in Chapter 3): 
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• business as usual (RO-BAU, MD-BAU): RO and MD were appraised as they currently operate 

according to literature; 

• GO normal (RO-GOnorm, MD-GOnorm): RO and MD both use GO-enhanced membranes and 

the effects on the desalination performance were taken from current laboratory and literature 

studies; and 

• GO best (RO-GObest, MD-GObest): a future scenario where RO and MD both use GO-

enhanced membranes, but the effect of GO was determined by the best possible outcome. 

The functional unit was defined as ‘1 m³ of produced potable water from seawater’ which is a common 

unit for the LCA of desalination technologies [66,74–76]). 

 

5.2.3 Inventory analysis 

The life cycle inventory data were generated through collecting laboratory/pilot plant data, literature or 

from the available Ecoinvent V3.5 database [77].  

5.2.4 Impact assessment  

ReCiPe was selected as one of the state-of-the-art impact assessment methods. The ReCiPe method 

estimates each impact by multiplying the environmental burden (resource or emission) by a 

characterisation factor, which is specific to that impact category. This was done for each entry across 

the life cycle and the sum is the total impact, as shown in Equation 4 [78]: 

 𝐼𝑚 = ∑ 𝑄𝑚𝑖𝑚𝑖

𝑖

 
(Eq. 8) 

where 𝑚𝑖 is the magnitude of the impact, 𝑄mi the characterisation factor connecting impact i with 

midpoint impact category m and 𝐼mthe impact result for midpoint impact category m [78].  

Table 1 lists the ReCiPe impact categories considered in the study. 
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Table 1 Selected ReCiPe 2016 impact categories, units and respective descriptions [79] 

Impact category Unit Description 

Climate change (CCP) kg CO2 eq.  Measure of the contribution to global warming 

Fossil depletion (FFP) kg oil eq. Consumption of fossil fuels   

Particulate matter 

formation (PMFP) 

kg PM2.5 eq Measurement of the organic and inorganic particulates which cause 

human health problems  

Freshwater consumption 

(WCP) 

m3 water 

consumed 

The use of water in such a way that it is not available anymore for 

humans or ecosystems  

Freshwater ecotoxicity 

(FETP) 

Marine ecotoxicity 

(METP) 

Terrestrial ecotoxicity 

(TETP) 

 

 

kg 1,4 DBa eq. 

 

 

 

Measurement of the impact of chemical emissions/hazardous substances 

on each of the environments. 

Freshwater 

Eutrophication (FEP) 

Marine eutrophication 

(MEP) 

kg P eq. 

(freshwater) 

kg N eq. 

(marine) 

Measurement of the impact of various emissions on the depletion of 

oxygen through accumulation of nutrients in natural water sources 

Human toxicity, cancer 

(HTPc) 

Human toxicity, non-

cancer (HTPnc) 

 

kg 1,4 DB eq. 

 

Measurement of the impact of chemical emissions/hazardous substances 

on human health  

Ionizing radiation (IRP) Bq. C-60 eq.  Release of radioactive material to the environment 

Land use (LOP) Annual crop 

eq. yr 

Land transformation with high human intervention 

Metal depletion (SOP) kg Cu eq.  Depletion of minerals  

Photochemical oxidation 

formation, ecosystem  

(EOFP) 

Photochemical oxidation 

formation, human health  

(HOFP) 

 

 

 

kg NOx eq. 

 

 

Measurements of the amount of chemicals which lead to ozone 

formation and ultimately  damage to human health/environment  

Stratospheric ozone 

depletion (ODP) 

kg CFC-11b 

eq. 

Contribution of the damage on the ozone layer 

Terrestrial acidification  

(TAP) 

kg SO2 eq. Measure of the contribution to ecosystem damage caused by acidifying 

substance  
a 1,4 dichlorobenzene.  
b Trichlorofluoromethane.             

5.2.5 Interpretation 

Lastly, the interpretation phase highlights the ‘hotspots’ in the life cycle and puts forward final 

conclusions and recommendations. The ‘hotspots’ show specific areas of the life cycle that require 

attention or would benefit most from design changes and these were used to inform further development 

of membranes and MD. As the results are dependent on the reliability of the input data, it is important 

to conduct a sensitivity analysis. This was carried out for different parameters that were found to affect 

the results.  

6 Structure of thesis 

This thesis is presented in journal format, whereby each of the four chapters (chapters 2-6) consists of 

a stand-alone manuscript. The thesis author is the main contributor and first author of all the papers, 

apart from Chapter 4, where she is the second author. The author specific contributions to the paper are 

highlighted at the beginning of each chapter. 



Chapter 1: Introduction 

 

36 

 

Chapter 2 is a review paper which gives an overview of the related literature for this project. This is 

followed in Chapter 3 by an LCA of RO and MD desalination technologies with/without GO-enhanced 

membranes. Chapter 4 explains the development of polydopamine-based GO membranes with pore-

wetting resistance, which gives context for the subsequent experimental work in Chapter 5. The latter 

describes a new method for producing 2D-enhanced membranes and evaluates GO, hBN, MoS2 and 

WS2 for their antifouling and pore-wetting-resistant properties. Chapter 6 evaluates the performance of 

the GO-enhanced membranes at pilot-scale for a range of MD configurations. A thermal analysis is 

conducted and compared against different commercial MD membranes. Finally, Chapter 7 provides the 

overall thesis conclusions and recommendations for future work. Supplementary work can be found at 

the end of each chapter.  
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Highlights 

• Emerging desalination technologies are discussed and compared to reverse osmosis. 

• These include forward osmosis, membrane distillation and capacitive deionisation. 

• They have significant advantages, including higher salt rejection and water recovery. 

• Hybrid systems also have a potential to overcome limitations of reverse osmosis. 

• Challenges to be addressed for their commercial deployment are also discussed. 

Abstract  

Growing uncertainty in the future availability of freshwater sources has led to an increase in installations 

for desalination of seawater. Reverse osmosis (RO), currently the most widely adopted desalination 

technique, has caused environmental concerns over the high associated greenhouse gas emissions and 

generation of large amounts of chemicals-containing brine. Significant consumption of electricity for 

RO desalination is an additional challenge, particularly in remote locations. In this review, forward 

osmosis (FO), membrane distillation (MD) and capacitive deionisation (CDI) are assessed as potential 

substitute technologies and the major recent advancements in each field are discussed. These emerging 

technologies offer significant advantages over RO, such as higher salt rejection (CDI, MD), higher 

recovery of water (MD), fewer pre-treatment stages (MD, FO) and the ability to use low-grade energy 

(MD, FO). In their current state, stand-alone technologies cannot compete with RO until certain 

challenges are addressed, including pore-wetting (MD) and high energy consumption (MD, CDI, FO). 

Hybrid systems that combine RO and emerging technologies may be useful for feed waters that cannot 

be treated by RO alone and their benefits may be able to offset the increase in capital costs. These and 

other aspects, such as operational stability of hybrid systems, should be considered further in larger-

scale, long-term studies.  

Keywords: Seawater desalination; Reverse osmosis; Forward osmosis; Membrane distillation; 

Capacitive deionisation; Hybrid systems  
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1 Introduction 

Only 3 % of all global water reserves is available as freshwater. Much of this is in the form of glaciers 

and ice caps with the remaining 97 % being seawater [1]. Factors such as climate change and population 

growth are expected to affect severely the future availability of water from freshwater sources. For 

example, the American Geophysical Union predicts that, due to climate change, some glaciers in the 

Canadian Rockies will disappear altogether by 2100, while others will decrease to 30 % (±10 %) of 

their current size relative to 2005 [2]. It is also worth noting that almost two billion people benefit from 

the Himalayan glacial water; their access to clean water for drinking and agriculture is threatened by 

the foreseen glacier reduction [3]. Melting glaciers and thermal expansion due to global warming are 

causing sea levels to rise by 3.3 mm per year [4]. This leads to saltwater intrusion into groundwater 

drinking supplies, with damaging health consequences on the dependent population. In Bangladesh 

alone, 20 million people are at high risk of hypertension due to intrusion of untreated saltwater [5,6]. 

Furthermore, climate change-related droughts are another threat to the  availability of freshwater 

sources [7].  

The combination of severe droughts, shrinking glaciers, saltwater intrusion into groundwater 

and increased water demand has led to predictions of a 40 % global water deficit by 2030 [8]. 

Improvements in the conservation, distribution and management of water are important but additional 

availability of freshwater is essential in ensuring that the growing demand can be met. Given its 

abundance, this can be achieved through desalination of seawater, which is becoming one of the key 

technologies for increasing the availability of clean, drinking water for the global population. 

Desalination can also help meet the UN’s 6th sustainable development goal (SDG6) “to ensure 

availability and sustainable management of water and sanitation for all” [8]. It also plays a role in other 

SDGs, including the sustainable use of marine resources (SDG14), promoting sustainable agriculture 

(SDG2) and development of safe cities (SDG11) [9]. 

The increase in the desalination market size reflects this growing demand for water. In 2017, 

the global water desalination market was valued at US $15.43 billion; by 2025, this is expected to 

increase to US $27 billion. Owing to the relatively high cost of desalination, 67 % of plants are located 

in high-income countries, such as Saudi Arabia (15.5 %), USA (11.2 %) and UAE (10.1 %) [10]. Over 

the last few decades, there has been a significant market change from thermal- to membrane-based 

desalination methods, most notably to seawater reverse osmosis (RO). The latter now accounts for 84 % 

of the total number of operating desalination plants, contributing 69 % to the desalinated water produced 

globally [10].  The main driver for this change has been the need to reduce the operating costs associated 

with high energy consumption of thermal desalination [11].  
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The specific energy consumption (SEC) for medium to large seawater RO plants has reduced 

significantly over the last few decades and is currently between 2.5 and 7 kWh/m3 [12–14]. However, 

RO requires high-grade energy (electricity), meaning that even low SEC values lead to high energy 

destruction [15]. Despite the reduced SEC, RO desalination still has high greenhouse gas (GHG) 

emissions related to the energy use [16], which range from 0.835 to 6.1 kg CO2 eq. per m3 of potable 

water  [13,14,25,17–24].  This is due to the vast majority of desalination plants still relying on energy 

from fossil fuels. For example, the Middle East, the largest producer of water from seawater 

desalination, produced only 0.7 % of the total water using renewable energy [26].  

The global production of 141.5 million m3/day of brine is another environmental concern [10]. 

Marine ecosystems with sandy seafloors, high wave action and those already impacted by human 

activity may not be affected greatly by the release of RO brine [27,28]. However, areas with low ocean 

currents and sensitive marine life are at high risk. Changes in the salinity of seawater can affect the 

development and growth rate of larvae and the saline brine reduces the amount of dissolved oxygen in 

seawater, which can cause hypoxia in marine organisms [29,30]. Chemicals within the brine, such as 

iron chloride, sodium hypochlorite and sodium bisulphite [31], can also have lethal toxic effects on 

marine life through acidification and anoxia [32]. The brine itself also contains valuable resources, 

including magnesium sulphate, calcium carbonate and lithium, which cannot be recovered using current 

RO technology [31].  

Emerging technologies, such as forward osmosis (FO), membrane distillation (MD) and 

membrane capacitive deionisation (MCDI) are being explored to reduce the energy consumption, 

fouling and brine issues associated with desalination; successful breakthroughs in their development 

have led to a rapidly growing research interest [10]. This review aims to inform about the ongoing 

questions regarding the use of RO and the above-mentioned emerging technologies for seawater 

desalination. While many of the latter are suitable for brackish water, brine and wastewater treatment, 

the focus here is on their suitability for seawater desalination. The emphasis is placed on seawater due 

to its sheer abundance, making it potentially a far more reliable source of water than the diminishing 

freshwater reserves. The review starts with RO in the next section, covering the process description, 

current limitations and recent advances. This is followed in section 3 by a review of FO, MD and MCDI, 

discussing their concepts, advantages over RO, as well as their limitations and state-of-the-art 

developments. This section also considers if these emerging technologies have the potential to replace 

RO. Finally, the integration of multiple technologies to form hybrid systems is discussed in section 4, 

followed by the conclusions and recommendations for further research in section 6.  
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2 Reverse osmosis 

2.1 Process description 

The purpose of RO is to remove all colloidal matter and dissolved solids larger than 0.1-1.0 nm in size 

from a liquid solution [33,34]. The overall desalination process consists of three major stages: pre-

treatment, RO operation and post-treatment (Figure 7). Conventional pre-treatment consists of seawater 

conditioning by coagulation and flocculation (using ferric chloride), granular media filtration to remove 

coarse solids (algae) and cartridge filters to remove smaller solid particles (fine sand) [35]. The order 

of the process steps can differ among installations and may include additional units, such as UV 

radiation, ozonation, chlorination, dechlorination and lime treatment [36].  

New plants tend to use membrane filtration pre-treatment methods which have significant 

benefits compared to the conventional pre-treatment, including lower chemical requirements and higher 

removal of smaller suspended solids. These pre-treatment systems involve passing the water through a 

series of filters (Figure 7), starting with coarse strainers with pore sizes >5 µm. The next in series, 

microfiltration (MF), has pore sizes between 0.1-5 µm and, lastly, ultrafiltration (UF) has pore sizes 

between 10 and 100 nm [36]. Inline addition of sodium bisulphite, sulphuric acid and antiscalants (such 

as polyacrylates) is necessary in both conventional and membrane pre-treatment systems. 

 

Figure 7. The reverse osmosis process utilising either conventional or membrane pre-treatment, as indicated by the 

dotted lines (adapted from Voutchkov [35]).  

 

The pre-treated seawater then flows through the feed channel at high pressure (55-70 bar 

[37,38]) where the water passes through the pores of the semi-permeable membrane contained in a 

membrane module ( 
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Figure 8). The construction materials must have a high pressure tolerance and be corrosion 

resistant; typically, stainless steels that contain chromium, nickel and molybdenum are used [39]. The 

water then follows the spiral pathway (in a typical spiral-wound configuration) before being collected 

in the permeate-collection tube. The impurities are unable to pass and the initial solution concentrates 

at the point where the applied pressure is not significant enough to overcome the osmotic pressure [40].  

This typically leads to brine that is 50 % more concentrated than the original feed. Further concentration 

is not possible without significantly increasing the hydraulic pressure. The brine is passed through an 

energy-recovery device, typically a pressure exchanger, which transfers up to 97 % of the pressure from 

the brine stream to approximately 65 % of the incoming RO feed. Using energy-recovery devices in 

RO can reduce the energy consumption by as much as 60 %, relative to systems without energy recovery 

[41]. A booster pump ensures that the pressure of the stream leaving the energy-recovery device is equal 

to the pressure of the feed leaving the high-pressure pump. Isobaric pressure exchangers are used almost 

exclusively in small- to large-scale RO plants because they achieve far higher conversion efficiencies 

than centrifugal or Francis turbines. However, only very small-scale RO plants (<3 m3/d) achieve cost 

savings by using these energy-recovery devices [42].  

Finally, the RO post-treatment typically contains a minerals-enrichment unit whereby ions, 

such as magnesium and calcium, are added to the permeate water. Lastly, a disinfection unit adds 

chlorine to the water to suppress the growth of microorganisms during water distribution [35]. The brine 

(containing the pre-treatment chemicals) and membrane-cleaning agents are mixed and released as an 

effluent back into the ocean. Recovery of chemicals is economically unfavourable as the ratio of brine 

to chemicals is so large, and some argue the chemicals are neutralised and diluted sufficiently to avoid 

harm to marine life [43]. More information on this can be found in section 2.2.3.  

 

Figure 8. Spiral wound membrane and driving force principles (inset) of reverse osmosis.  
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2.2 Limitations and recent advances 

RO offers significant advantages over previous desalination technologies, including lower energy 

consumption, lower operating costs and smaller internals, resulting in more compact equipment. It is 

providing reliably clean, potable water for millions of people whose lives depend on it. However, it is 

a very energy-demanding process, leading to high GHG emissions [16]. The use of electrical energy 

also means that RO is inaccessible or too expensive in many regions with high water demand. Other 

key limitations include membrane fouling and limited water recovery, leading to large amounts of waste 

brine. These limitations are discussed in turn below, together with recent developments aimed at 

addressing some of these limitations.  

2.2.1 Fouling  

Solute build-up at the surface of the membrane, known as concentration polarisation, reduces the 

pressure gradient across the membrane, reducing the flux and increasing fouling and scaling [44,45]. 

Fouling is the deposition of organics, inorganics or biological material on the membrane, and scaling is 

the precipitation of inorganic material onto the membrane surface [46]. Biofouling is controlled by the 

addition of chlorine during pre-treatment, which mitigates the growth of microorganisms. The residual 

chlorine is removed by adding sodium bisulphite to prevent chemical oxidation fouling, and scaling is 

minimised by using polycarboxylate [20]. Even with the addition of these chemicals to the feed water, 

the membranes must be cleaned routinely, typically using sodium hypochlorite. Furthermore, exposure 

to chlorine reduces the lifespan of the membranes significantly [47]. Consequently, fouling and scaling 

are generally regarded as one of the major challenges associated with RO operation [46].  

Microplastics, increasingly found in the oceans [48], act as membrane foulants during RO and 

UF pre-treatment if the particle size is above 100 nm  [49]. Smaller-size microplastics (<100 nm) 

penetrate the membrane and contaminate the drinking water [50]. Microplastics can contain unreacted 

monomers, many of which are known to be mutagenic and/or carcinogenic [51]. Potential risks to 

human health include damage to DNA from exposure to the harmful materials, as well as the formation 

of lesions and inflammations [49]. As the microplastics pollution and our understanding of its impact 

on marine life and human health increase [52], so will the need for alternative desalination methods 

capable of removing microplastics from water.  

It is worth noting that, while reducing fouling would extend the lifetime of RO membranes, the 

environmental impacts related to the manufacturing, transportation and incineration of membranes are 

insignificant relative to the impacts from the RO process associated with electricity consumption and 

brine production [53]. Nevertheless, RO membranes can be recycled to produce ultra/nanofiltration 

membranes, further reducing their environmental impacts [54,55]. 
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2.2.2 Electricity consumption  

Approximately 71 % of the total desalination electricity is consumed by the RO process, 11 % by pre-

treatment and the rest is used for seawater collection, distribution and ancillary facilities [12]. The 

electricity consumption for RO operation has decreased significantly in the past decade owing to 

process improvements [56,57]. However, in an attempt to reduce the impacts of the chemically-

intensive conventional pre-treatment stages, the industry is moving towards using MF/UF, which have 

a higher energy consumption [58]. The elimination of pre-treatment would reduce the electricity 

consumption and, thus, overall environmental impacts of desalination. This could be achieved by the 

development of fouling-resistant membranes, or by developing new, energy-efficient desalination 

technologies with a lower susceptibility for fouling [53]. Other operational changes can also lead to a 

reduction in electricity consumption. A study by Al-Kaabi et al. [13] found that by changing the 

seawater intake from open to subsurface would reduce the annual GHG emissions by 58,000 t CO2 eq. 

in plant producing 275,000 m3/day. This is due to the lower turbidity of subsurface water, resulting in 

higher-quality feed water with fewer solids [13,59], which would in turn reduce pre-treatment 

requirements. This finding is in agreement with the work by Shahabi et al. [60], who found that 

subsurface intake reduced the environmental impacts by 31 %. Further options for reducing electricity 

consumption include incorporating new energy-recovery devices, high-efficiency high-pressure pumps 

and low-pressure multistage RO systems [61].  

A growing number of studies show that using renewable electricity for RO can reduce the 

associated GHG emissions [13,17,18,20,23,53] without a significant impact on the total cost of water 

production [62,63]. For example, wind-powered RO has achieved low fresh-water production costs (<1 

$/m3) for pilot-scale systems; however, the specific electricity consumption is still high (>2 kWh/m3), 

as booster pumps and additional baseload electricity is required [64,65]. The latter is a particular issue 

for wind and solar-based technologies due to the intermittency of supply, which can lead to frequent 

shut-downs. This in turn increases fouling due to the foulants drying on the membrane during the 

stoppage times, although this could be minimised by appropriate rinsing and shut-down procedures 

[66].  

To ensure continuous operation of the plant, complex forecasting algorithms are required to 

adjust the power load based on short-term variability [67] as well as additional power supply from the 

grid [68] or from an onsite diesel generator [69]. To operate a stand-alone RO system with no grid back-

up, a variable power-load design is recommended [70]. These configurations are more versatile and 

able to operate depending on the amount of energy available.  

Using batteries for electricity storage can help overcome the intermittency issues but this 

increases the operating costs [71] as well as environmental and social impacts, such as depletion of 
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metals and generation of hazardous waste [72]. The full life cycle environmental impacts and end-of-

life options for batteries need to be understood better to determine whether they are an appropriate 

alternative for RO plants [73].  

A study by Leijon et al. [74] investigated wave energy as a method to ensure continuous RO 

operation. The authors found that wave power had the potential to increase and stabilise power and 

freshwater production while preventing excess power generation, especially when a hybrid system of 

wave power and solar photovoltaic (PV) was used. Hybrid fuel cell-solar PV systems could also 

overcome intermittency and energy storage issues. A recent study by Rezk et al. [75] compared this 

hybrid with a diesel generation system for a simulated brackish-water RO plant of 150 m3/d. The 

simulation predicted that the hybrid system could produce water at a 76 % lower energy cost while 

avoiding over 70,974 kg/y of CO2 emissions. Hybrid renewable systems and their cost should be 

explored further in real RO plants to determine their stability.   

Supplying 100 % of the energy from renewables can be difficult to achieve in practice, unless 

the plant is located where the national grid supply is fully based on renewable energy [67]. There are 

currently only ten countries which generate over 95 % of their electricity from renewable sources and 

these are all in countries where hydropower contributes the majority share [76]. This suggests that they 

already have freshwater in abundance and do not required desalination to meet their water needs. On 

the other hand, areas that lack natural freshwater sources and where desalination is critically needed, 

cannot rely on hydropower but on solar and wind energy.  As they lead to the above-mentioned 

intermittency and operational issues, it is currently unrealistic to expect a grid with 100 % renewables 

in areas with a high desalination water demand.  

Heihsel et al. [77] simulated the optimisation of a 100 % renewable energy grid for seawater 

desalination in Australia. The study suggested that this can be achieved using a GIS-based load-shifting 

model over a large area. The proposed system operates 29 RO plants with flexible capacity that changes 

based on the water demand and the available renewable energy in the area. This configuration should 

be investigated further to determine its social and economic feasibility, especially considering the vast 

pipeline network (35 pipelines with 2.1 m diameter) and the scale of the proposed system (5.5 billion 

m3 of water per year).  

Improving the water permeability of RO membranes may intuitively suggest that the water flux 

would be higher, resulting in a lower energy usage. Thus, to enhance the permeability of water, RO 

membranes have been developed using novel nanomaterials, such as graphene and carbon nanotubes 

(CNTs), as well as aquaporin-based biomimetic membranes (ABM) [78–83]. However, for RO and 

forward osmosis (FO), a study by Werber [84] found that the advances in permeability through the use 
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of nanomaterials have a relatively small effect on the process efficiency. These findings are supported 

by Elimelech [85] and Okamoto [86] who reported that the SEC is largely unaffected by increased 

permeability as RO is already approaching the minimum theoretical energy for separation, which is a 

thermodynamic limitation. A simulation study by Mazlan et al. [87] also came to this conclusion, 

finding that there is an optimal permeance for RO membranes near the thermodynamic limit (10 L/m2h 

bar). Going beyond this value can be unfavourable, as increased permeate flux can increase the effects 

of concentration polarisation. This in turn reduces the permeance due to an increase in the osmotic 

pressure, and so the overall effect of increasing membrane permeance is insignificant. Increasing the 

permeance in this way may also exacerbate the fouling rate.  

Instead, the antifouling and highly selective properties of nanomaterials and ABM membranes 

should be explored. Qi et al. [88]  used real seawater feed over a 100-day RO operation and found that 

the ABM membrane could achieve the same water flux as a commercial membrane but at half of the 

pressure. The study revealed issues related to fouling, but periodic cleaning of the membrane resulted 

in a 90 % recovery of water permeability with chemical stability over a range of pH values (3-10). Thin-

film nanocomposite (TFN) membranes with graphene oxide nanosheets can reduce fouling through 

anti-adhesive and anti-bacterial properties [89]. However, the large-scale manufacturing, costing and 

long-term stability of these novel membranes need to be understood better before wide-scale 

commercialisation is possible [90].  

2.2.3 Waste brine 

Elimination of RO brine is one of the key challenges in preventing water contamination from 

desalination. The water recovery in most seawater RO plants is limited to between 30 and 50 % of the 

feed water; beyond this range, the required energy for separation increases exponentially [91]. This 

dependency between water recovery and energy means that zero liquid discharge systems, which 

recover 100 % of pure water, are hard to achieve with RO alone and thus waste brine is produced. 

A study by Jones et al. [10] in 2019 estimated that the actual global brine production was about 

50 % higher than previous estimates. This means that the water recovery of RO plants sits at the lower 

range of the above-mentioned 30-50 % recovery. Thus, RO plants produce around 2 m3 of concentrated 

brine for every 1 m3 of treated water. Globally, over 90 % of seawater plants discharge brine directly 

into open water bodies [92,93]. However, there is increased  public awareness and a growing number 

of studies demonstrating the adverse impacts of brine on marine life due to increased salinity [94–96]. 

These studies have led to further restrictions on the disposal and treatment of brine, which is expected 

to motivate development of alternative methods [97]. The brine also contains dissolved chemical 

products from pre-treatment, including iron chloride, sodium hypochlorite and sodium bisulphite [31]. 

Even at low concentrations, these chemicals impact the marine environment [94] and their reduction or 
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replacement would improve the environmental performance of RO plants [17]. Recommendations for 

responsible management of the brine impacts include modelling the brine plume to understand the 

diffusion rates, longer term monitoring of population and distribution of nearby marine ecosystems and 

frequent water sampling checks in the brine discharge area [28]. While these are important, generally, 

direct disposal should only be used as a last resort [98]. Instead, brine treatment methods that minimise 

the environmental impacts and treat the brine to recover minerals should be prioritised. Current 

treatment methods include wind-aided intensified evaporation, brine evaporative cooler/concentrators, 

brine crystallizers and hybrid RO-multiple-effect distillation/RO-MD systems [98,99]. However, it 

should be noted that these brine treatment methods require additional energy and capital costs [100]. 

3 Emerging membrane desalination techniques  

This section discusses the principles, limitations and recent advances in FO, MD and MCDI, followed 

by a comparison of these emerging technologies with RO.  

3.1 Forward osmosis 

3.1.1 Process description 

Forward osmosis is a new membrane desalination technology that uses the osmotic pressure difference 

between seawater and a highly concentrated draw solution (DS). As shown in Figure 9, driven by the 

osmotic pressure gradient, water moves from the seawater across a semi-permeable membrane into the 

DS, while the salts and other dissolved solids cannot pass through the membrane and are retained on 

their respective sides. Currently, only asymmetric membranes (containing a thin ‘active’ layer and a 

thicker support layer) are used to retain the solutes [101]. Once the DS is diluted with the fresh water, 

it is sent to the recovery process where the DS is reconcentrated.  The recovered water is then collected 

for distribution, while the regenerated DS is sent back to the FO module.  

The choice of DS is critical; it needs to have a high osmotic pressure, be easily separated from 

water, non-toxic and cheap [102]. There are not many DSs that fulfil these criteria. Ammonia-based  

solutions have been used since the early 2000s as the DS can be recovered by moderate heating (60 °C) 

[103]. Nevertheless, challenges with ensuring the complete removal of ammonia have led to 

investigations into other DS. Kim et al. [104] used ammonium bicarbonate as the DS in a pilot-scale 

FO seawater desalination plant which required 265–300 kWh/m3 of thermal energy; heat recovery was 

not included in the system. The plant achieved up to 21 % water recovery; however, the water contained 

17–29 mg/L of ammonium ions. This is below the taste threshold concentration of ammonia in water 

(35 mg/L) but above the odour threshold (1.5 mg/l) as recognised by the World Health Organisation 

(WHO) [105].  
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Many organic and inorganic DS require RO/ultra/nanofiltration during the regeneration 

process, but this is energetically unfavourable [106]. To address this issue, research is moving towards 

materials that can be regenerated using solar energy, waste heat and magnetic separators [107], as 

covered in Section 3.1.3.  

Like RO, FO membranes suffer from concentration polarisation (a build-up of material at the 

surface of the membrane). Because of the spontaneous nature of FO and the asymmetry of the 

membranes, solutes can also build up at the boundary layer within the membrane. This is named internal 

concentration polarisation (ICP) which is distinguished from regular or external concentration 

polarisation (ECP) as indicated in Figure 9. ICP reduces the actual osmotic pressure difference and thus 

dramatically reduces the driving force. ECP is minimised in FO (and RO) systems by increasing the 

cross-flow velocity across the membrane surface. ICP cannot be alleviated by process conditions; 

rather, it can be minimised by using thin membranes with low tortuosity. Recent advancements in FO 

membranes focus on improving these conditions, as covered in more detail in the next section.  

 

Figure 9. A schematic of forward osmosis indicating areas where internal concentration polarisation (ICP) and external 

concentration polarisation (ECP) take place. (Adapted from McGinnis and Elimelech [103]). 

 

3.1.2 Advantages over reverse osmosis 

Due to the absence of pressure, the fouling layer on the FO membrane is compacted loosely and can be 

removed easily using mechanical cleaning methods rather than chemical treatment [108]. As the FO 

process occurs spontaneously, hydraulic pressure or high temperatures are not required. This is a key 
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FO advantage, as the actual desalination stage only requires a small amount of energy (0.84 kWh/m3 

[103]). However, the energy consumption is pushed further downstream, to the DS recovery stage. 

Depending on the type, DS can be recovered using either low-grade energy (such as heat) or even by 

low energy magnetic separators, as discussed below.  

3.1.3 Limitations and recent advances 

One of the most substantial FO limitations is the energy consumed during the recovery of the DS 

[106,109]. A study by McGovern et al. [110] compared FO with RO based on theoretical energy 

requirements. They found that even with an optimal DS recovery, the overall desalination energy would 

not be significantly lower than for RO, despite the much lower energy requirements for the desalination 

step. These findings are in agreement with Awad et al. [111], who investigated 15 pilot FO studies and 

found that a 40-50 % decrease in energy consumption for recovering the DS is required before it can 

compete with RO. A way to minimise the energy consumption of DS regeneration is to use a solution 

that does not need to be recovered, effectively eliminating the recovery process [112]. However, this 

would lead to generation of additional waste through discarded DS. Other approaches include 

investigating new materials, such as magnetic nanoparticles (MNPs) and ionic liquids (ILs). 

MNPs have shown key benefits over previous DSs: they can generate very high osmotic 

pressures and can be recovered using low energy magnetic separators [106]. Previous studies had 

indicated that MNPs cannot operate under high enough flux to be commercially viable [113]. More 

recent studies suggest this is being overcome but long-term stability is still an issue. Tayel et al. [114] 

investigated magnetic Fe3O4 and pectin-coated magnetic Fe3O4 as a DS for a range of saline solutions. 

A maximum flux of 35.7 L/m2 h was achieved with uncoated Fe3O4 and deionised water as the feed 

solution, but this value fell by 76 % with a 1 g/L NaCl feed solution. Coating the MNPs with pectin 

reduced the flux decline, such that a water flux of 2.6 L/m2 h was obtained with a 55 g/L solution of 

NaCl. Organic coatings for MNPs were also investigated in a recent study by Guizani et al. [115], which 

coated Fe3O4 with polyethylene glycol (PEG). They obtained unstable results, with lower molecular-

weight PEG showing a flux of 0.33 L/m2 h and higher molecular-weight PEG achieving 2.52-14.95 

L/m2h. The study suggests that higher flux values may be achieved early on in the experiment but then 

membrane clogging could have occurred. To test their potential, large-scale manufacturing methods for 

the MNPs need to be developed [116].  

Thermally-responsive ionic liquids (IL) are also being investigated as a DS for FO desalination 

because they can be recovered using solar energy or waste heat [106]. Recent studies [117,118] 

investigating ILs have shown improvements in flux and osmotic pressure, but incomplete recovery of 

the DS means that further separation (RO, MD) is needed. Deep eutectic solvents are a new category of 

ILs that have low toxicity and high atom-efficiency synthesis, but they need to be regenerated using 
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low-pressure RO or NF [119,120]. A recent study by Bide et al. [119] decorated MNPs with a polymeric 

deep eutectic solvent in order to combine the positives of both ILs and MNPs. The resulting DS had a 

high osmotic pressure (68 atm), was easily regenerated using a magnetic separator, had low toxicity, 

used inexpensive precursors and achieved a stable flux of 8.5 L/m2 h when tested with a ~17.5 g/L 

saline solution. Future research should determine whether these new combined ILs-MNPs can achieve 

such promising results when dealing with seawater.   

To minimise ICP, FO membranes must be thin, with low tortuosity to promote high water 

permeability [116,121]. Improvements in FO membranes to achieve these characteristics are being 

conducted through the use of nanomaterials, such as zeolites, CNTs, graphene and aquaporin [116,122]. 

A study by Ma et al. [123] introduced 0.1 w/v% zeolite into thin-film nanocomposite (TFC) membranes 

for FO applications. This reduced the ICP effect and resulted in up to 76 % higher fluxes against the 

TFC control membrane. A more recent study by Lim et al. [124] incorporated GO nanosheets into dual-

layered TFC FO membranes and achieved higher fluxes (30.3-33.8 L/m2h) against the commercial 

cellulose tri-acetate control (8.8 L/m2 h).  

Overall, significant advances in the design of the membranes and DS are necessary before FO can 

compete with RO and be commercialised as a stand-alone technology.  

 

3.2 Membrane distillation 

 

3.2.1 Process description 

MD is driven by an induced temperature difference between the hot seawater and the cold permeate 

water. As such, the seawater is heated to 30-80 ℃ before being passed to the MD module and the 

permeate is cooled using the cold incoming seawater (< 20 ℃), as shown in Figure 10. The higher 

operating temperatures promote scaling on the membrane surface and thus an antiscalant is added to 

the stream prior to heating. Pre-treatment techniques (beyond the addition of an antiscalant) are being 

investigated, although sources estimate that MD would require less chemically and energy intensive 

methods than RO [20,125].  

Depending on the MD configuration, the permeate can be diluted and directly cooled using the 

coolant stream (direct contact (DCMD)) or indirectly cooled by a condenser plate which separates the 

permeate stream from the coolant stream (air gap (AGMD), or liquid/permeate gap (L/PGMD)) [125]. 

Other MD configurations include vacuum and sweep gas. AGMD and L/PGMD configurations achieve 

high thermal efficiencies and are more popular in commercial applications (see Table 2). The membrane 

itself is micro-porous (100 nm-1 𝜇m pore size) and hydrophobic, creating a gas-liquid interface at the 
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surface of the membrane due to surface-tension forces [125,126]. Water evaporates and moves through 

the pores via diffusion and convection to the low-vapour pressure side where the vapour is condensed. 

The hydrophobicity of the membrane ensures that the water cannot penetrate the membrane unless it is 

in vapour form. The non-volatile salts in seawater (such as NaCl and MgSO4) cannot pass through the 

membrane and high rejection of salts can be achieved (99-100 %) [125]. Commercially available 

membranes for MD systems are generally made from either polypropylene, polytetrafluoroethylene, 

polyvinylidene fluoride or polyethylene because of the hydrophobic nature and mechanical durability 

of these materials [127]. There is little information on the required post-treatment processes; however, 

remineralisation and sterilisation can be expected.  

3.2.2 Advantages over reverse osmosis 

MD is currently being investigated at lab- and pilot-scales as either an alternative to RO and thermal-

based desalination techniques or a complementary technology. The recent rise in interest can be 

attributed to the advancement of membrane-module configurations which have led to improvements in 

the flux, pore wetting resistance, energy efficiency and overall cost of the process [125,126,128,129].  

 

Figure 10. A schematic of the membrane distillation process with an air-gap configuration 
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In RO, separation occurs due to solution-diffusion; thus, the size of the free-volume holes must 

be between 0.1 and 1 nm to prevent the passage of the dissolved solids. As MD is governed by liquid 

entry pressure, the membrane can be porous with holes up to two orders of magnitude higher (0.1-1 

𝜇m) [130]. The MD process is able to mitigate some of the fouling problems which are prevalent in 

RO, including a lower sensitivity to concentration polarisation [130]. MD operates at atmospheric 

pressure, resulting in less demanding mechanical properties of the membrane and reduced fouling [131]. 

Unlike RO, the driving force for MD does not dependent significantly on the concentration of the feed 

solution. Therefore, MD can treat highly concentrated saline solutions and has the potential for far 

greater recovery of water, with figures of up to 90 % reported in the literature [125].  
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Table 2. Performance characteristics of pilot/small scale membrane distillation plants developed over the past decade  

Reference Year Running 

period 

Module typea Manufact

urer 

Materialb Membran

e area, m2  

Feed water type, 

amount 

Water 

flux, 

L/m2 h 

Distillate 

quality, 

µS/cm 

Feed 

flowrate, 

L/h 

Recover

y ratio, 

% 

Feed 

temp., 

°C 

STEC c, 

kWh/m3 

GOR d 

Raluy [132] 2009 1 year PGMD spiral wound - PTFE 10 Seawater, 43.6 ± 9.9 

g/L 

0.32±0.1e 20-200 100±22 18±14 60-80 140-350 3.4 ± 0.5 

Schwantes 

[133] 

2010 - PGMD Mediras PTFE 120 Seawater brine, 47-

49 g/kg 

1.28 e 29 4800 3.20 e 65-80 300 2.4 

Schwantes 

[133] 

2010 - PGMD Cuve-

Waters 

PTFE 168 Ground water, 

28,000 ppm 

0.516 e 850 4800 1.81e 65-80 171 4.4 

Schwantes 

[133] 

2011 - AGMD Mediras PTFE 120 Seawater, 35 g/L 0.486 e 78 4800 1.22 e 80 271 3.1 

Winter [134] 2011 1.5 h PGMD spiral wound Fraunhofe

r ISE 

PTFE 5-14 Salt solution, 0-105 

g/L 

0.714-5 e <3.5 200-500 2-12.5 80 130-207 - 

Guillén-

Burrieza [135] 

2011 4 months AGMD, flat sheet Scarab PTFE 2.8 Salt solution, 35 g/L ~5 40-60 1200 1.8 80 2100 - 

Winter [136] 2012 - PGMD Fraunhofe

r ISE 

PTFE 10 Salt solution, 35 g/L 2.99-3.77 

e 

- 200-500 - 80 91 5.3-7.2 

Lee Ong [137] 2012 - V-MEMD IBM 

Research 

PTFE 15.2 Salt solution, 35 g/L 4.28-4.87 <15 ppm 180 36.1-

45.6 

39.8-

46.3 

- 3.4-3.82 

Zhao [138] 2013 - V-MEMD, flat sheet Memsys PTFE 1.88-5  Seawater 3-8.7 8-10 90 20-40 45-60 - 1.52-2.70 

Wang [139] 2014 5 months VMD, hollow fibre 
 

PP 2.16 Salt solution, 35 g/L 4-14.4 < 30 1000-

1260 

<5 55-75 750 - 

Zaragoza 

[140]  

2014 Several months AGMD, flat sheet Scarab PTFE 2.8 Salt solution, 35 g/L 5.5 40-60 1200 1 65 930 - 

Several months LGMD, flat sheet Keppel 

Seghers 

- 9 Salt solution, 35 g/L 3.1 2-5 1560 2 50 2150 - 

Several months LGMD, flat sheet (3 

in series) 

Keppel 

Seghers 

- 9 Salt solution, 35 g/L 5 >5 1020 4 50 440 - 



Chapter 2: Can emerging membrane-based desalination technologies replace reverse osmosis? 

 

58 

 

Reference Year Running 

period 

Module typea Manufact

urer 

Materialb Membran

e area, m2  

Feed water type, 

amount 

Water 

flux, 

L/m2 h 

Distillate 

quality, 

µS/cm 

Feed 

flowrate, 

L/h 

Recover

y ratio, 

% 

Feed 

temp., 

°C 

STEC c, 

kWh/m3 

GOR d 

Several months LGMD, spiral 

wound 

Solar 

Spring 

PTFE 10 Salt solution, 35 g/L 3.2 2-5 600 5 55 295 - 

Nakoa [141] 2014 - DCMD Membran

e Solution 

PTFE 0.11 Brackish water, 13 

g/L 

2-6 - 240-600 - 30-45 1667-

3611 e 

0.1 

Ruiz-Aguirre 

[142] 

2014 - LGMD, spiral 

wound 

Solar 

Spring 

PTFE 10 Salt solution, 35 g/L 0.84-3.18 50-200 400-600 1.3-5.1 16.3-

56.4 

- 2.26-2.76 

- AGMD, spiral 

wound 

Aquastill PE 24 Salt solution, 35 g/L 0.75-1 50-200 550 2.8-4.7 38-52 - 4.2-6.6 

Duong [143] 2016 9 h AGMD, spiral 

wound 

Aquastill LDPE 7.2 Seawater and salt 

solution, 35 g/L 

1 <100 150 5 70 90-95 6-7 

Mohamed 

[144] 

2017 6 months V-MEMD Memsys PTFE 6.4 Salt solution, 30 

mS/cm 

2.58-7.71 - 40-120 7.7-76.4 50-85 300-700 1-2.2 

Ruiz-Aguirre 

[145] 

2017 1 h PGMD, spiral 

wound 

Solar 

Spring 

PTFE 10 Salt solution, 35 g/L 1-3 2-50 400-600 2-6 60-80 180-325 3.5-2 

1 h AGMD, spiral 

wound 

Aquastill PE 7.2 Salt solution, 35 g/L 1.5-4 8-700 400-600 2-6 60-80 250-425 >1.5 

1 h AGMD, spiral 

wound 

Aquastill PE 24 Salt solution, 35 g/L 0.6-2 100-200 400-600 2-6 60-80 100-150 6.5-4.3 

Boukhriss 

[146] 

2018 - AGMD - PTFE 10 Brackish water, 4.2-

12.5 g/L 

0.5- 7.4 <20 288 1.74-

25.7 a 

25-80 - - 

Andrés-Mañas 

[147] 

2018 4 months V-MEMD Memsys PTFE 6.4  Seawater, 37-40 

mS/cm 

8.5 50, <5 150 36 75 200 3.19 
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Reference Year Running 

period 

Module typea Manufact

urer 

Materialb Membran

e area, m2  

Feed water type, 

amount 

Water 

flux, 

L/m2 h 

Distillate 

quality, 

µS/cm 

Feed 

flowrate, 

L/h 

Recover

y ratio, 

% 

Feed 

temp., 

°C 

STEC c, 

kWh/m3 

GOR d 

Zarzoum 

[148] 

2019 10 months DCMD - - 10 - 0.4375 - - - 60-80 - - 

Najib [149] 2019 4 h DCMD, spiral 

wound 

SolarSpri

ng 

- 10 Salt solution, 35 g/L 1.74 e 368 ppm 50-300 1.1-6.6 80 200-500 0.37-2.73 

Lee [150] 2020 50 days AGMD, spiral 

wound 

Aquastill PE 156 a Seawater, 35.84 g/L 1.13-1.26 <200 4447-

4893 

- 75-80 199-232 0.59-0.68 

Andrés-

Mañas [128] 

2020 - V-AGMD, spiral 

wound 

Aquastill LDPE 7.2 Salt solution, 35.1 

g/L 

3.7-8.7 Salt rejection 

98.965% 

400-1100 - 80 ~261 4.6-2.5 

- AGMD, spiral 

wound 

Aquastill LDPE 7.2 Salt solution, 35.1 

g/L 

2.8-6.2 Salt rejection 

of 99.89% 

400-1100 - 80 ~458 2.7-1.4 

- V-AGMD, spiral 

wound 

Aquastill LDPE 25.9 Salt solution, 35.1 

g/L 

1.1-2.9 Salt rejection 

of 98.55% 

400-1100 - 80 49 13.5-8.5 

- AGMD, spiral 

wound 

Aquastill LDPE 25.9 Salt solution, 35.1 

g/L 

0.8-2.0 Salt rejection 

of 99.69% 

400-1100 - 80 ~152 6.6-4.7 

a AGMD: air-gap membrane distillation. DCMD: direct contact membrane distillation. LGMD: liquid-gap membrane distillation. PGMD: permeate-gap membrane distillation. V-AGMD: vacuum-enhanced air-gap membrane distillation V-

MEMD: vacuum-multi effect membrane distillation. VMD: vacuum membrane distillation. 

b LDPE: low-density polyethylene. PE: polyethylene.  PP: polypropylene. PTFE: polytetrafluoroethylene. 

c STEC: specific thermal energy consumption.   

d GOR: gained output ratio. 

e Value calculated from available data. 
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Given that MD operates at atmospheric pressure and reasonable temperatures (30-80 ℃), the 

physical demand on the construction materials is lower. This is likely to reduce significantly the initial 

capital and maintenance costs [125]. The overall expected cost of drinking water produced by a large-

scale MD plant is estimated to be between 0.5 and 1.17 $/m3  [125,151]. For comparison, medium-to-

large scale RO plants have an overall cost of water production of 0.5-3 $/m3 [12]. A membrane 

distillation unit also has the potential to be more compact than RO, as it can use lightweight process 

equipment with fewer process stages [152]. Furthermore, the reduction in membrane pollution mitigates 

the need for extensive pre-treatment processes or chemical additives [125]. For example, biodegradable 

antiscalants with lower environmental impacts (e.g. Carboxyline®) have shown to be effective in MD 

systems [147,153]. Also, less chemically aggressive clean-in-place fluids can be used, such as citric 

acid, deionised water and sodium hydroxide [154,155]. As the clean-in-place chemicals are used only 

every few months, the quantities are lower than in RO [20]. 

One of the significant advantages of MD is that it can be driven by low-grade heat rather than 

relying on electricity like RO. Many industrial processes generate waste heat that is not used and 

released into the environment. For example, in the UK alone, industrial processes generate over 40 

TWh/y of heat, which could be recovered [156]. While the energy consumption for the MD process is 

higher than for RO (see next section), using waste heat streams could result in a net decrease in energy 

consumption [85]. This also means that the process could be driven by 100 % renewable heat, which 

could be sourced from biomass if industrial heat is not readily available. 

3.2.3 Limitations and recent advances 

Despite having advantages over RO, MD is still not a widely commercialised technology. It is generally 

agreed that the two largest issues for industrial-scale MD systems are pore wetting [157,158] and low 

thermal efficiency [159]. Fouling and low water flux also have a considerable effect on the MD 

performance [152].   

 

3.2.3.1 Pore wetting 

Pore wetting can occur when amphiphilic molecules (surfactants) attach to the surface of the membrane 

pore. Liquids and substances within the water can also act as pore wetting agents if they have low 

surface tension (alcohols). Contact of the pore-wetting agent on the membrane surface results in a 

reduction of the pore liquid entry pressure (Figure 11). Once the liquid entry pressure is below the 

transmembrane hydraulic pressure difference, a channel is created whereby the feed water is able to 

pass through the membrane [152]. The effects are usually shown by a sharp increase in permeate 

conductivity, as the salt rejection capability is reduced. More information on the pore wetting 

mechanisms can be found in the work by Wang et al. [160]. 
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Removing the pore-wetting agents from the feed water would lead to more complex and energy 

intensive pre-treatment. Instead, research is focused around the development of anti-wetting and 

antifouling membranes. Increasing the hydrophobicity of MD membranes to super-hydrophobic levels 

improves their wetting resistance [161–163]. Nevertheless, attractive interactions between the 

hydrophobic membrane and (typically) hydrophobic foulants mean that superhydrophobic membranes 

may increase the fouling propensity [164]. Attachment of foulants blocks the membrane pores, reducing 

the available space for vapour transfer and lowering the flux [165–170].  

 

Figure 11. A schematic depicting two routes to pore wetting caused by the adsorption of a material onto the 

membrane surface (surfactants), or by the presence of a low surface tension material (alcohols) in the feed 

 

Prince et al. [83] chose a different route to overcome the pore wetting issue. They synthesised 

a triple-layer membrane with a hydrophobic support layer and a top hydrophilic layer, which resulted 

in a 27 % increase in liquid entry pressure and a pore wetting resistance of up to 95 h compared with 

15 h with the control membrane. In another study, a double-layer membrane developed by Huang et al. 

[120] contained an omniphobic substrate and a skin layer that acted hydrophilic in air and 

superoleophobic underwater. The membrane had both anti-wetting and antifouling properties and 

maintained stable performance during the 10-h experiment with the saline feed containing either a 

wetting agent (sodium dodecyl sulphate) or a hydrophobic foulant (crude oil). Other authors have also 

been able to improve the resistance to pore wetting to manageable levels through surface modifications 

[171,172]. However, these results have only been achieved at lab-scale. Efficient, large-scale 

manufacturing methods for the fabrication of these membranes should be developed and tested to 

overcome the pore-wetting issue [157]. 

3.2.3.2 Water flux and fouling 

Another MD limitation is the relatively low flux (~1-4 vs 12-17 L/m2 h for RO [86]). To alleviate this 

issue, research into doping polymers with nano-additives, known as mixed matrix membranes, is being 

conducted with promising results [126,173–176]. In a recent study on AGMD by Leaper et al. [126], 
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the addition to polyvinylidene fluoride (PVDF) of 0.3 wt% of graphene oxide (GO) functionalised with 

3-(aminopropyl)triethoxysilane resulted in an 86 % increase in the permeate flux when compared with 

pure PVDF. This enhancement is attributed to the effects of GO on the rate of demixing during phase 

inversion, which increases the surface and bulk porosity of the membrane. The degree of GO reduction 

(rGO), referring to the number of oxygen atoms in GO, was found to affect the GO-PVDF membranes 

in a similar work by Abdel-Karim et al. [177]. The flux was enhanced by 169 % compared with pure 

PVDF when rGO fillers of 0.5 wt% were added to the polymer matrix. A recent study also investigated 

the effects of GO-mixed matrix membranes and found that a 1 wt% addition of GO into the polysulfone 

membrane resulted in a four times increase in permeate quality (99.85 % salt rejection) [178]. However, 

the permeate flux of the GO-polysulfone membranes was lower than that of the pure polysulfone 

membrane (20.8 compared with 26.9 L/m2 h). Alternatively, a GO layer deposited on the permeate side 

of a DCMD system can also increase permeate flux as the hydrophilic graphene layer promotes faster 

condensation. Intrchom et al. [179] demonstrated this enhancement on a commercial 

polytetrafluoroethylene membrane, achieving a 15 % increase in flux compared to the unmodified 

version.   

Metal-organic frameworks (MOFs) mixed into PVDF membranes have also shown higher 

water flux, as they increase the pore size and porosity [174]. A study by Cheng et al. [173] blended 1 

wt% aluminium fumarate MOF with PVDF to form hollow fibre membranes for desalination of 3.5 

wt% NaCl via DCMD. The membranes displayed 50.5 % higher flux and 46.2 % higher thermal 

efficiency when compared to pristine PVDF, and yet retained high salt rejection of >99.9 % over the 

50-hour testing. The thermal efficiency increase was attributed to the reduction of heat loss by thermal 

conduction. Another study by Tijing et al. [176] reported the synthesis of superhydrophobic nanofibre 

membranes (PVDF-co-hexafluoropropylene) doped with CNTs for DCMD. The electrospun 

membranes reached higher contact angles (158.5˚), improved mechanical properties (by 360 %) and 

greater porosities (by 15 %) when compared to pristine PVDF. The increase in porosity led to 33-63 % 

higher fluxes compared to commercial PVDF membranes. However, the duration of the experiment 

was only 300 min. In that time, the 5 % CNT membrane (which had the most promising flux and 

mechanical results) experienced a flux decline of approximately 30 %, which suggests fouling issues. 

More information on the use of carbon nanomaterials in MD can be found in a review by Leaper et al. 

[180]. Further studies on the immobilisation of carbon nanomaterials on membrane supports are 

required for their application in MD [181]. Investigating the performance of multiple nanomaterials 

within one study (with identical process conditions) would allow for more consistent comparisons 

[180]. Longer-term pilot-scale studies are also required to address the uncertainty surrounding the use 

of these membranes.  
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3.2.3.3 Energy consumption 

Energy consumption is also one of the key issues targeted for MD improvements. Currently, the thermal 

energy consumption of MD systems ranges from 49 to 350 kWh/m3 [127,128] although it can be as 

high as 1700 kWh/m3 [127]. The consumption of electricity (for pumping) is much smaller but still 

notable at 0.6-1.8 kWh/m3 [127]. These values highlight the importance of selecting an appropriate 

source of thermal energy, as well as incorporating heat recovery systems in MD, to reduce the 

environmental impacts associated with the energy use. Without these, MD cannot compete with RO in 

terms of energy consumption.  

In addition, using renewable energy would also improve the environmental performance of 

MD. This is the reason that many current plants are powered by low-grade and/or renewable energy. 

As indicated in Table 2, twelve installations combine solar thermal and PV to supply the required energy 

[128,132,147,148,133,134,138–140,142,145,146]. Other plants use a combination of solar thermal and 

waste heat [133], electricity from the grid [144,150], geothermal energy [149] or a salinity-gradient 

solar pond [141].   

Another critical variable for MD related to energy is the gained output ratio (GOR). It refers to 

the ratio of recoverable latent heat of evaporation over the total heat supplied to the system, or rather, 

it indicates how many times the latent heat of vaporisation can be captured and reused again to evaporate 

the feed water. Continued optimisation of module configurations and operation conditions over time 

has helped to increase the energy efficiency of MD plants. Table 2 shows this evolution in the past ten 

years for all known MD plants for which these data are available. For example, until very recently, the 

specific thermal energy consumption (STEC) was > 90 kWh/m3 and GOR < 7. A recent study by 

Andrés-Mañas reported GOR values of 13.5 [128], which is an improvement on traditional thermal 

desalination technologies (GOR ~9.5 [182]). This system used a vacuum-enhanced air gap module 

configuration where the vacuum sucks the air from the gap and increases the mass transfer. The resulting 

STEC was 49 kWh/m3 which is the lowest on record for MD. Since all current MD plants are at the 

pilot/small scale, further energy improvements are to be expected with their anticipated scale-up to 

commercial size. 

3.2.3.4 Water recovery 

Although MD can achieve water recoveries of up to 90 % [183], the actual values are low (typically 

~5 % per pass) as can be seen in Table 2 [133,135,139,140,142,149]. This is likely due to the plants 

operating under single-pass configurations, which is a typical mode for MD testing (in pilot/small-scale 

plants). Therefore, further tests are necessary to determine the potential to increase the water recovery 

efficiency and alleviate the brine production issue. One way of achieving this would be to operate MD 

plants with feed recirculation and multi-pass systems until the desired recovery is achieved [184]. 
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Another possibility is to use a series of cascading MD units, which would allow for continuous operation 

with high water recovery [183]. This is similar to the memsys vacuum multi-effect membrane 

distillation (V-MEMD) module, which achieves higher water recovery (~20-40 % [138,144,147]). On 

the other hand, operating at low water recovery rates could be favourable as the brine would have a 

lower salt content and hence the impact of brine disposal could be lower [20].  

3.3 Membrane capacitive deionisation 

3.3.1 Process description  

Instead of removing the bulk water from the salt (as in RO, FO and MD), MCDI removes the salt from 

the water. Research on capacitive deionisation (CDI) began without using the membrane. In both CDI 

and MCDI systems, the feed-water flows between a porous carbon anode and cathode and relies on an 

electric field between them. The salt ions form electrical double layers at the surface of the electrodes’ 

pores and are held in place by electrostatic attraction. Once the pore surface is saturated with 

electrosorbed ions, the salt ions are discharged from the electrodes by reducing or reversing the cell 

voltage. This process regenerates the electrodes while forming a highly saline brine solution. The 

regeneration step also recovers a portion of the initial charging energy; Długołęcki et al. [185] found 

that 83 % of the initial charging energy can be recovered this way. The addition of an ion-exchange 

membrane ( 

Figure 12a) to the CDI system prevents the adsorption of ions onto the electrode during regeneration, 

leading to lower energy requirements and higher salt removal capacities than conventional CDI. A more 

recent development is flow-electrode capacitive deionisation (FCDI) ( 

Figure 12b), whereby the electrodes are formed of a non-static carbon slurry. These systems can operate 

continuously as the carbon slurry can be regenerated downstream, while new slurry is added back 

upstream [186].  
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Figure 12. A schematic of a) membrane capacitive deionisation and b) flow capacitive deionisation (adapted from 

Suss [187] and Hassanvand [188])  

 

3.3.2 Advantages over reverse osmosis 

The recent rise in MCDI research can be attributed to the low-energy and cost-efficient brackish water 

desalination, which have led to investigations into using MCDI for seawater applications [186,189–

191]. MCDI has the potential for a much higher rejection of solutes than RO because it removes the salt 

from the water rather than the other way round. This is intuitively a more energy efficient approach, 

given that there is much less salt than the water in both brackish and seawater. MCDI can be highly 

selective such that it can be used for the separation of monovalent and divalent ions, which is an 

important issue in the controlling of hardness in water [192]. Selectively removing monovalent cations 

is useful within seawater resource recovery and positively impacts the remineralisation process [193].  

A further advantage of MCDI over RO is that it operates under ambient pressures and temperatures and, 

as such, has a lower propensity for fouling [187].  

 

3.3.3  Limitations and recent advances 

High energy efficiencies have been reported for MCDI systems treating water with the salinity below 

10 g/L, which is ideal for applications in brackish water desalination [187]. As the salinity of seawater 

is much higher (~35 g/L), currently MCDI systems are not able to treat seawater without large energy 

penalties. The main reason for this is that conventional static electrodes are limited by how much salt 

they can adsorb. For example, Tang et al. [189] investigated ways to increase the salt removal capacity 

in MCDI using an over-potential MCDI system with reverse polarity. By increasing the voltage from 1 

to 2.4 V, the authors found that the electrical conductivity of a seawater sample (37 g/L) was reduced 
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by 99.9 %. However, the energy consumption for this system was very high (83.2 kWh/m3), an order 

of magnitude greater than that of the RO process (2.5-7 kWh/m3). 

On the other hand, Jeon et al. [186] showed that a flow-electrode MCDI system increased the 

maximum treatable salt concentration (32.1 g/L) without requiring a large electrical voltage (1.2 V). 

The flow electrodes allow for continuous operation through the integration of the operational and 

regeneration stages ( 

Figure 12b), which is an essential contribution to the potential commercialisation of this 

technology for seawater applications. Furthermore, seawater can be used as the flow-electrode aqueous 

electrolyte [194,195]. Another recent study by Porada et al. [196] also investigated flow-MCDI for 

more saline feed waters (~24 g/L) but found that the energy requirements were 2-2.5 times higher than 

for RO. However, their theoretical predictions suggested that MCDI could achieve high water 

recoveries (up to 95 %) without an energy penalty. Water recovery is a challenging topic in MCDI 

research, with an ongoing debate on how best to compare MCDI with different technologies [195].  

Replacing the porous carbon electrodes could be the key to increasing MCDI charge efficiency. 

Srimuk et al. [190] compared the conventional carbon MCDI set-up with a new system using 

molybdenum disulfide/carbon nanotube electrodes for the desalination of 500 mM NaCl solution (~29 

g/L). The cell voltage was 0.8 V for both systems and the energy consumption per ion was reduced 

from over 20,000 to 24.6 kT for the MoS2/CNT system. Cation intercalation deionisation is another 

similar technology that is being investigated for seawater desalination. Srimuk et al.  [191] treated saline 

water of 600 mM NaCl (35 g/L) using a silver/silver chloride battery. The applied electrical voltage 

was only 0.2 V, resulting in desalination at a far lower energy consumption than previously recorded 

for MCDI (2.5 kT per ion), as well as stable operation over 100 cycles.  

Lastly, the cost of the ion exchange membranes can range from $20-$100 per m2 [197], with the 

top end being one order of magnitude higher than for commercial RO membranes [198]. In addition to 

the high membrane costs, the electrodes are also expensive and need to be replaced often, which results 

in high life cycle costs and environmental impacts [198,199]. The latter have been investigated in 

several life cycle assessment studies, including a recent CDI wastewater study by Shiu et al. [200] which 

found that the use of materials and chemicals during fabrication contributed 52-89.8 % to the total 

environmental impacts. Related research [200,201] has also recommended the replacement or 

management of certain materials (N,N-dimethylacetamide, titanium and N-methyl-2-pyrrolidone) 

before MCDI is fully commercialised for desalination. Other scale-up challenges were highlighted in a 

recent review by McNair et al. [195], which recommended that future MCDI research should focus on 

fouling, cleaning, cycling stability and pilot-scale studies.   
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3.4 Summary comparison of emerging technologies and reverse osmosis 

Table 3 summarises the major performance characteristics of the evaluated emerging technologies 

against RO. As can be seen, FO and MD experience lower fouling rates and need fewer pre-treatment 

stages, which could reduce the environmental impacts from the release of chemicals into the brine. FO 

and MCDI operate at ambient pressure and temperature, avoiding the need for high-tolerance 

construction materials. Nevertheless, the advantages of FO are extremely dependent on the DS recovery 

stage, which needs to be improved. However, all of the emerging technologies have higher energy 

consumptions than RO at this stage and require further developments to improve their economic 

feasibility.  It is worth highlighting that MD and FO can operate using low-grade energy, which could 

enable the development of desalination systems powered by waste heat, thus reducing consumption of 

fossil-fuel-derived energy and related environmental impacts. 

In addition, there are indications that coupling the emerging technologies with RO to form hybrid 

systems could help overcome some of the limitations of the stand-alone technologies. This is discussed 

in more detail in the next section.  

4 Hybrid systems   

 With thousands of RO desalination plants currently operating and with no current plans for deployment 

of large-scale plants utilising alternative methods, it could be a long time before the desalination 

industry replaces RO. Therefore, hybrid systems could be an excellent opportunity to test, further 

develop and allow the sector to grow confidence in the new systems. The major hybrid configurations 

reported in the literature over the past ten years are summarised in Table 4. These were selected for 

consideration here if studies used seawater as the initial feed water and they reported key information 

on energy consumption, water recovery and salt rejection. The period is limited to the past decade to 

reflect the rapid improvements in the efficiencies of the technologies.  

5 Forward and reverse osmosis 

The FO-RO hybrids remove a portion of the salts from the feed, so that the RO can be operated at lower 

pressures. The latter can lead to reductions in the overall energy consumption as shown by Seo [202] 

and Yangali-Quintanilla  [203]. These studies investigated the use of secondary wastewater effluent and 

(unspecified) wastewater as the FO draw solution, which is advantageous as it avoids the need for 

regeneration of the draw solution. A further advantage is that FO dilutes the seawater to reduce the 

energy consumption of the RO process, as found in these two studies. They reported that using the 

hybrid system reduced the SEC to 1.37-1.82 kWh/m3 [202] and 1.5 kWh/m3 [203], which in turn could 

reduce the associated GHG emissions. In addition, as FO reduces the severity of fouling in RO, fewer 
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chemicals and less cleaning could be required. FO could replace some of the more energy-intensive 

pre-treatment stages, leading to an overall reduction in the energy consumption. However, further 

research should consider capital and operational costs, including potential cost-offset strategies through 

the generation of valuable products. The latter was explored by Arjmandi et al. [204] who considered 

the simultaneous generation of potable water and concentrated whey from seawater and cheese whey. 

The optimisation of process configurations should also be explored further. Seo et al. [202] 

recommended in their optimisation study that fast feed-flow and slow draw-flow velocities should be 

adopted for FO to minimise the SEC of RO. They suggested that the FO elements should be configured 

with a parallel connection to slow the draw-flow velocity.   

5.1 Reverse osmosis and membrane distillation 

Combining RO with MD can increase water recovery and, consequently, reduce the amount of brine 

released into the environment. A pilot-scale study by Lee et al. [205] found that MD could recover an 

additional 30 % of the water in the RO brine and estimated that the SEC was lower than for stand-alone 

RO (2.81 compared to 3.32 kWh/m3). The study also incorporated a pressure retarded osmosis (PRO) 

unit for energy recovery and was able to reduce the SEC further to 2.68 kWh/m3. The authors used 

theoretical costing models to estimate when the hybrid systems were more cost-effective than stand-

alone RO. The operating costs of RO-MD and RO-MD-PRO were found to be lower (1.04 and 1.07 

$/m3, respectively) than stand-alone RO (1.26 $/m3) only when the cost of electricity exceeded 0.20 

$/kWh.  

Bindels et al. [153] investigated different RO-AGMD configurations to determine cost of 

increasing water recovery in RO. The study found that recoveries as high as 84.6 % could be achieved 

when a biodegradable antiscalant was added to the feed. This configuration also achieved a low cost of 

water (0.63 $/m3). However, the study assumed that all of the heat required for MD was provided as 

waste heat, and thus incurred no additional cost. Therefore, this configuration can only be recommended 

in regions with neighbouring process plants that generate waste heat.  

The cost of using RO-MD needs to be evaluated against using stand-alone RO and conventional 

zero-liquid discharge methods (e.g. evaporation ponds) to understand better the economic feasibility of 

this hybrid system, as it produces a more concentrated brine that still needs to be treated. Ideally, no 

brine would be released to sea, especially in pristine coastal areas with mild ocean currents. A hybrid 

system incorporating RO, MD and membrane distillation crystalliser (RO-MD-MDC) is being 

investigated as a zero-liquid discharge method. This involves feeding the concentrated MD brine into a 

membrane crystalliser to recover valuable minerals from the seawater [206–208]. While additional 

separations will increase the operating and capital costs, the sale of recovered material could offset the 
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cost. However, using MDC incurs an energy penalty that is not well documented in current studies 

[206–208]. An older study assessed different RO-MD-MDC sequences and estimated a SEC of 

approximately 28 kWh/m3, which could be reduced to 1.61-2.05 kWh/m3 if appropriate thermal energy 

was already available in the plant [209]. These figures demonstrates the importance of incorporating 

freely available low-grade heat sources if this technology is used. Recommendations for future RO-

MD-MDC studies include investigating pilot-scale systems over a longer term to understand pore-

wetting and stability challenges. Furthermore, the selective recovery of certain valuable seawater 

elements (e.g. lithium) should be investigated. Further information on this can be found in a review by 

Naidu et al. [210].  
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Table 3. Comparison of emerging desalination techniques with reverse osmosis for seawater desalination.  

Parameter Reverse osmosis Forward osmosis Membrane distillation  Membrane capacitive deionisation 

Thermal energy consumption, 

kWh/m3 potable water 

- -  49-350 [57,128,211]. - 

Electrical energy consumption, 

kWh/m3 potable water 

2.5-7  [12–14,127]. 3-68 [38,56]. The forward osmosis 

process has low energy 

consumption but  regeneration of 

draw solution can be energy 

intensive. Additional ~0.25 kWh/m3 

required for circulation pumps 

[103].  

0.6-1.8 [127] required for 

circulation pumps. 

 83.2  [189] 

Type of energy required when 

integrated with renewable energy 

Reliable electricity. Energy for regeneration dependent 

on draw solution; can potentially 

use low-grade energy [212]. 

Low-grade energy/waste heat [130]. Electricity [187]. 

Ease of pre-treatment Extensive pre-treatment steps are 

required to mitigate membrane fouling 

[59]; must be chemically cleaned. 

Fouling is reversible and can be 

mechanically removed [108].  

Fewer pre-treatment chemicals 

required [20,125]. Antiscalants 

required to reduce calcium scaling 

[165]. 

Absence of hydraulic pressure 

reduces fouling. 

Operating pressure and 

temperatures 

50-70 bar, ambient temperature [37,38]. Atmospheric pressure but high 

pressures/temperatures may be 

required during draw solution  

regeneration [213]. 

1 bar; 30-90˚C; higher temperatures 

maximise flux [125]. 

1 bar, ambient temperature [187]. 

Water recovery 35-50% [10]. Up to 50% , although rarely used as 

stand-alone technology [107,214]. 

Usually ~5-40% [142,144,147,149], 

although >90% is possible [183]. 

Uncertain, potentially significantly 

higher than 50% [187,196]. 

Water desalination cost, $/m3   0.5-3 [12,63]. 0.8-2 [214]. 0.64-5.2 [125,151,215]. Unknown, however capital costs and 

membrane costs are higher than RO 

[198,199]. 

Current market share in 

desalination 

Most widely used (~65% share) [127]. Emerging (<2%) [127]. Emerging (<2%) [127]. Not commercialised for seawater 

desalination. 



Chapter 2: Can emerging membrane-based desalination technologies replace reverse osmosis? 

 

71 

 

Table 4. Characteristics of hybrid systems for seawater desalination.  

a CD: Chemical deposition; CDI: Capacitive deionisation; FCDI: flow-electrode capacitive deionisation; FO: Forward 

osmosis; MCDI: Membrane capacitive deionisation; MD: Membrane distillation; MDC: Membrane crystallisation; NF: 

nanofiltration; OARO: Osmotically assisted reverse osmosis; PRO: Pressure retarded osmosis; RED: Reverse 

electrodialysis; RO: Reverse osmosis; UF: ultrafiltration. 
b Theoretical study. 
c Total dissolved solids.  

d Assumes 100 % of the thermal energy is provided as free waste heat. 

  

5.2 Reverse osmosis and membrane capacitive deionisation 

RO-MCDI is being investigated to replace the 2nd pass in two-pass RO systems to achieve higher salt 

rejection and reduce the SEC.  Jande et al. [218] demonstrated that in this hybrid system, MCDI could 

produce ultra-pure water from RO permeate using 3.17 kWh/m3 of water. Thus, this system could be of 

particular interest for applications that require ultrapure (e.g. pharmaceuticals and electronics) as well 

as potable water. The high rejection capabilities of RO-MCDI hybrids could also potentially open up 

Hybrid typea Energy consumption, 

kWh/m3 

Water 

recovery, %  

Salt rejection, 

%  

Remarks Reference 

FO-ROb 1.37 – 1.82 ~35-55 99 Wastewater and seawater used [202] 

FO-RO 1.5 2 98 Water desalination cost: $0.91/m3 [203] 

FO-Crystallisation-RO 17.4 68 - Water desalination cost: $0.64-

0.70/m3 

[216] 

RO-MD 4.8 d 84.6 - Water desalination cost: $0.63/m3  d [153] 

RO-CD-UF-MD 4.8 d 66.9 - Water desalination cost: $1.05/m3  d [153] 

RO-NF-MD 4.8 d 73.4 - Water desalination cost: $0.70/m3  d [153] 

RO-MD 2.81  

  

30 % of RO 

brine 

- Operational cost: $1.04/m3 [205]  

RO-MD-PRO 2.68 30 % of RO 

brine  

- Operational cost: $1.07/m3 [205] 

RO-MD-RED 6.5 90 100 Energy recovered from saline brine [217] 

RO-MD-MDC - 90 - Production of 21 kg/m3 of NaCl 

crystals 

[206] 

RO-MD-MDC 3 in addition to RO 

alone 

99.8 - Equipment and energy costs:  

€1.09/m3; recovery of CaCO3, NaCl 

and KCl 

[207] 

RO-MD-MDCb - - - Addition of MDC contributes 

>0.5 % of the energy consumption  

[208] 

RO-CDI 3.17 - >99.9 Ultrapure water production (TDSc< 

2 ppm)  

[218] 

RO-MCDI 0.15-0.21 in addition 

to RO alone 

50 % of RO 

permeate 

>99.9 Bromide removal efficiency: 68.7-

70.3 % 

[219] 

RO-MCDI 4.24-11 14.6 - Small-scale plant, 2 m3/d  [220] 

RO-FCDI 1.3 in addition to RO 

alone 

45 95 % Used after one-pass RO module [194] 
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desalination opportunities in new locations previously disregarded due to contamination issues. For 

example, Dorji et al. [219] investigated the removal of bromide from RO permeate using MCDI. The 

study demonstrated that safe drinking water could be produced from contaminated seawater at no 

significant cost increase; the use of MCDI only increased the SEC by 0.15-0.21 kWh/m3.  

Chung et al. [194] used flow-electrode MCDI with selective ion exchange membranes. They 

investigated using a one-pass RO with flow-electrode MCDI system against a two-pass RO system. The 

2nd pass in a seawater RO plant has an energy consumption similar to that of brackish water (0.2-0.4 

kWh/m3) [194]. The flow-electrode MCDI separation stage was found to have a greater energy 

consumption than this (1.3 kWh/m3) and did not achieve the same permeate quality. The study 

suggested that pumping efficiency improvements at larger scales would reduce SEC. The flow-

electrode MCDI system was able to remove selectively monovalent ions over divalent ions, which 

means that a lower quantity of divalent ions needs to be reintroduced during remineralisation. While 

the study argued that this selective behaviour would reduce the energy and financial burden of the 

remineralisation stage, it is important to note that this stage has a minor contribution (~2 % [221]) to 

the total desalination energy.  

Overall, hybrid RO-MCDI has benefits in applications that require high rejection of solutes.  Future 

research needs include optimising the desorption process through automation [219] or exploring 

different electrolytes (within FCDI research). 

5.3 Hybrids without reverse osmosis 

Ghaffour et al. [222]  carried out an extensive review on MD hybrids for water production, including 

MD combinations with FO, bioreactors, mechanical vapour compression and conventional thermal 

desalination technologies (multi-stage flash and multi-effect distillation). The review suggested that 

MD can provide the largest improvements when included in these conventional distillation systems, 

where the abundance of waste heat enables cost-effective integration. MD hybrids could be considered 

for more bespoke applications, as recommended in a study by Luo et al. [223]. They investigated 

osmotic membrane bioreactor-MD, which uses an FO membrane within a bioreactor and the diluted 

draw solution is recovered using MD. The study demonstrated that simultaneous wastewater reuse and 

seawater desalination were achievable with reasonable water flux. A key recommended application 

included the implementation on cruise ships, where there is both a supply of seawater and a need for 

wastewater reuse.   

5.4 Summary comparison of stand-alone and hybrid systems 

Figure 13 provides a qualitative comparison of RO, FO, MD, MCDI and their hybrid counter-parts. 

Further information on the methodology, including the scoring matrix, can be found in the 
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supplementary information. The following key performance criteria discussed in the paper and 

summarised in Table 3 are considered: 

• energy consumption: the desalination technology must have a low energy consumption to be 

environmentally and economically feasible; 

• renewable energy: it must be easy to integrate renewable energy to power the desalination process 

in order to reduce the associated GHG emissions; the quality of the required energy is a good 

indicator of this since high-grade energy (electricity) can be more difficult to generate and store 

than low grade energy (heat); 

• pre-treatment: this stage must not be energy and chemically intensive to reduce water treatment 

costs and environmental pollution; 

• water recovery: this parameter must be maximised to increase process efficiency and reduce the 

volume of brine; for stand-alone MCDI, water recovery is not considered due to a lack of data and 

the score has been left blank; and   

• water cost: the water production costs must be low to ensure the process is economically feasible 

and cost-competitive with current technologies. 

 

The comparison in Figure 13 on the above five criteria is based on a scale from 0 to 1, where values 

closer to unity are preferred and all the criteria are considered to be of equal importance. On this basis, 

the RO-FO hybrid could be considered the best option, as the only alternative with two of the criteria 

equal to unity (the energy consumption and ease of pre-treatment). It also has the second lowest water 

costs. The next best system is RO-MD (with the highest water recovery), followed by RO (lowest costs). 

MCDI is overall the worst option among the stand-alone technologies. It is interesting to note that the 

hybrid systems tend to perform overall better than the single technologies. 

However, these comparisons should be treated with caution due to a lack of data related to 

commercial applications of the emerging technologies. Also, some criteria may be considered more 

important than others, particularly the energy consumption and costs. Finally, it should be borne in mind 

that RO is the only option available at scale and hence optimised – if deployed commercially, the 

emerging technologies would also benefit from the economies of scale and their performance would 

improve.  
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Figure 13 Summary comparison of stand-alone and hybrid systems 

6 Conclusions 

Desalinated seawater is an increasingly important source of potable water. While reverse osmosis 

currently has the largest market share, the process has major limitations, including high electrical 

consumption (and associated GHG emissions) and production of waste brine. The impacts of the brine 

on local marine life still need to be understood better, but can be potentially damaging. Using renewable 

energy to power reverse osmosis (RO) can reduce significantly the associated GHG emissions, but 

further work is needed on incorporating these systems to alleviate the intermittency issues. Desalination 

via RO is an additional challenge in remote areas and islands due to the unavailability and cost of 

electricity.  

To address some of the above issues, alternative desalination technologies are being developed, 

including forward osmosis (FO), membrane distillation (MD) and membrane capacitive deionisation 

(MCDI). However, at present, their widespread adoption is limited by several factors. Although FO can 

treat seawater at a lower energy consumption and fouling than RO, the energy demand for the recovery 

of draw solution is still too high to compete energetically with RO. Similarly for MD, the high thermal 

energy requirements mean that the overall energy consumption is still higher than for RO, although 

significant improvements in internal heat recovery, through improved membrane module design and 

process optimisation, have reduced its energy intensity in recent years. Furthermore, the use of 

nanomaterials has led to major membrane improvements, including increased flux and pore-wetting 

resistance. However, further studies with these novel membranes are necessary to demonstrate whether 

MD can compete with RO on a large scale.  
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Currently, most applications of MCDI focus on brackish water but recent developments in 

membranes and cell architecture have enabled its use for seawater desalination. However, these studies 

are at small scale and the associated energy consumption is, at best, 16 times greater than for RO.  

Combining FO and RO in a hybrid system can avoid the recovery stage by reusing wastewater as 

a draw solution, leading to a significant decrease in the energy consumption. However, pilot-scale 

studies using real seawater and wastewater are required to understand the versatility and stability of the 

system. Hybrid RO-MD systems can also offer lower energy consumptions, as well as higher water 

recovery and cost-competitiveness in areas with challenging electricity supply. Zero-liquid discharge 

systems are achievable using a combination of RO-MD-MDC and could lead to additional resource 

recovery (e.g. MgSO4). However, the energy consumption of these hybrid systems needs to be 

understood better. RO-MCDI hybrids can produce ultra-pure water at low energy consumption and 

achieve greater rejections of contaminants like bromide, opening up new desalination possibilities in 

polluted areas that may have been disregarded before.  

Several overlapping challenges pervade desalination technologies, such as fouling, energy 

consumption and operational stability. Improvements in membranes and module designs would benefit 

all techniques. This review confirms that RO is currently the most suitable technology for the 

desalination of seawater as it has the lowest specific water cost. However, there are opportunities for 

the emerging technologies. As the need for seawater desalination increases and environmental 

legislation becomes tighter, the impacts of brine disposal will motivate the industry to consider hybrid 

systems to treat the brine and recover minerals. There are also opportunities for the integration of these 

technologies with RO to reduce the environmental impacts of the pre-treatment stages. Hybrid systems 

are showing promising results at laboratory and pilot-scales, but further costing analyses are required. 

It is recommended that emerging membrane desalination technologies are explored in greater detail for 

integration into current reverse osmosis plants. 
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Nomenclature 

Abbreviations 

AGMD: air-gap membrane distillation 

CFC: chlorofluorocarbon 

DB: dichlorobenzene 

DMF: dimethylformamide 

EOFP: photochemical ozone formation potential, 

ecosystem 

FEP: freshwater eutrophication potential 

FETP: freshwater ecotoxicity potential 

FDP: fossil depletion potential 

GO: graphene oxide 

GWP: global warming potential 

HOFP: photochemical ozone formation potential, human 

health 

HTPc: human toxicity potential, cancer  

HTPnc: human toxicity potential, non-cancer 

IRP: ionising radiation potential 

LCA: life cycle assessment 

LDPE: low-density polyethylene 

LOP: land use potential 

MD: membrane distillation 

MD-BAU: membrane distillation business-as-usual 

MD-GOnorm: membrane distillation with GO-enhanced 

membranes, current situation 

MD-GObest: membrane distillation with GO-enhanced 

membranes, best-case scenario 

MDP: metal depletion potential 

MEP: marine eutrophication potential 

METP: marine ecotoxicity potential 

MSW: municipal solid waste 

ODP: ozone depletion potential 

PMFP: particulate matter formation potential 

PVDF: polyvinylidene fluoride 

RO: reverse osmosis 

RO-BAU: reverse osmosis business-as-usual  

RO-GOnorm: reverse osmosis with GO-enhanced 

membranes, current situation 

RO-GObest: reverse osmosis with GO-enhanced 

membranes, best-case scenario 

SEC: specific thermal energy consumption 

SWRO: seawater reverse osmosis 

TAP: terrestrial acidification potential  

TETP: terrestrial ecotoxicity potential 

WDP: water depletion potential 

 

Symbols  

A: membrane area, m2 

Cpf: heat capacity of feed water, kJ/(kg.˚C) 

FFR: feed flowrate, m3/h 

J: membrane flux, m3/m2.h 

ρf: feed water density, kg/m3 

STEC: specific energy consumption, kWh/m3 

TCO: temperature at the evaporation channel inlet, ˚C 

TEI: temperature at the cooling channel outlet, ˚C 
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Highlights 

• Graphene oxide reduces environmental impacts of membrane distillation by 27-34 %.  

• The reduction is much smaller for reverse osmosis (3-6.8 %). 

• Still, that would avoid emissions of 380,000-850,000 t CO2 eq. per year globally. 

• Reverse osmosis had much lower impacts than membrane distillation. 

• However, using renewable heat would make membrane distillation a better option. 

Abstract  

Graphene oxide (GO)-enhanced membranes are being developed to solve major limitations in both 

reverse osmosis (RO) and membrane distillation (MD) technologies, which include high electricity and 

thermal energy consumption. This study performed, for the first time, a life cycle assessment to 

determine the effects of using GO-enhanced membranes on the environmental impacts of seawater 

desalination via RO and MD. Four scenarios were evaluated and eighteen environmental impacts were 

quantified according to the ReCiPe impact assessment method. The average impacts for the RO-GO 

scenarios were lower than those of RO by 3-7 %. The reduction in the climate change impact was 3-

8 %, which could avoid the release of 380-850 kt CO2 eq. per year globally if these membranes were 

used in current seawater RO systems. The MD-GO scenarios had, on average, 27-34 % lower impacts 

than the MD scenarios. Overall, the RO-GO systems were the most favourable, with lower impacts than 

MD-GO for most categories. However, using solar-thermal energy instead of natural gas in MD 

desalination would lead to 43-93 % lower impacts in nine categories than RO powered predominantly 

by fossil fuels. This includes climate change, which would be 64 % lower; however, freshwater 

ecotoxicity would be more than four-times higher. The results of this work indicate the potential 

environmental benefits of GO-enhanced membranes and discuss the future developments needed to 

improve the performance of RO and MD.  

Keywords: desalination; life cycle assessment (LCA); environmental impacts; drinking water 

supply; nanomaterials. 

1 Introduction 

The sustainable production of potable water is one of the greatest challenges facing modern civilisation. 

Water accessibility is threatened mainly by the effects of climate change (droughts, glacier shrinkage 

and salt-water intrusion) and population growth, which result in an ever-increasing deficiency gap for 

many urban areas, such as Chennai (India), Amman (Jordan) and Mexico City [1–4]. Since 2016, 

approximately 1 % of the global population were reported to rely on desalinated water, and the United 

Nations predicts that this will rise to 14 % by 2025 [5]. Presently, desalination technologies generate 
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~95.37 million m3 of potable water per day [6]. Reverse osmosis (RO) contributes 63 % of the market 

share, making it the largest, most widespread desalination technology [7]. From the total amount of 

desalinated water (seawater, brackish and wastewater), 34 % is produced from seawater via RO [6].  

 Seawater RO (SWRO) requires electricity to power the pumps that maintain high operating 

pressures of 55-70 bar [8,9]. The reported specific energy consumption (SEC) for SWRO ranges from 

2 to 4.5 kWh/m3 [10–12], which can lead to a high global warming potential (GWP) if electricity from 

fossil fuels is used (1.8-6.1 kg CO2 eq./m3 potable water produced) [13–15]. Using electricity 

exclusively from renewable sources could decrease the GWP by 68-90 % [16,17], but this could lead 

to intermittency of supply and subsequent plant shut-downs [18]. Grid-scale diversified renewable 

energy sources are required to overcome this issue, as well as the development of better batteries for 

storage [18]. Water recovery is also limited to between 30 % and 50 % [19], which consequently 

produces 142 million m3 of brine per day [6]. The brine has about double the normal concentration of 

salts, which can reduce the amount of dissolved oxygen in seawater and lead to hypoxia in marine 

organisms [20,21]. Other chemicals (iron chloride and sodium hypochlorite) are also present in the brine 

and are toxic to marine life even at extremely low concentrations [22]. Long-term studies on brine 

impacts have also found decreases in the abundance and variety of species at the outfall of the brine 

discharge [23]. Extensive pre-treatment is required to minimise fouling and scaling of the SWRO 

membranes, which leads to additional energy consumption [24] and chemical usage [25]. These in turn 

lead to the high environmental impacts associated with SWRO (e.g. global warming potential, 

eutrophication and ecotoxicity), which are higher than the impacts of alternative techniques for 

producing potable water, such as wastewater reuse and rainwater harvesting [26].  

 These limitations motivate the research into alternative seawater desalination techniques 

[10,27–29]. Membrane distillation (MD) is one such technique, which is able to recover potable water 

at atmospheric pressure and reasonably low temperatures (30-90 oC) [30,31]. MD can be powered by 

low-grade energy, such as waste heat [32] or solar thermal [33], and can be used for a wide range of 

feed waters, including RO brine [34], urban water recycling [35] and textile wastewaters [36]. 

Nevertheless, MD is currently not widely commercialised owing to the high thermal energy 

requirements [37] and pore wetting [38] which affects the long-term process stability.  

 Nanomaterials, such as graphene and graphene oxide (GO), are currently under research to 

enhance membranes used for desalination purposes. The addition of GO into current polymeric MD 

membranes results in increased porosity, which consequently increases the flux and decreases energy 

consumption. The presence of oxygen-containing functional groups allows GO to disperse in water and 

organic solvents so it can be easily added as a nanofiller for polymer nanocomposites [39]. For RO 
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systems, previous studies focused on GO-enhanced membranes for increasing the permeate flux 

[18,40]. This is because molecular modelling simulations indicated there could be significant reductions 

in energy consumption (of about 15 %) for SWRO [41]. However, current RO facilities have been 

optimised to the point where the energy consumption is near the thermodynamic minimum [42]. 

Therefore, at this point, flux improvements have a minor effect on the energy consumption [43]. 

Furthermore, increasing the permeate flux may actually exacerbate the fouling rate by increasing 

concentration polarisation and fouling-layer compression  [44,45].  

 A more appropriate use of GO-enhanced membranes in RO would be to utilise their antifouling 

properties. In SWRO, fouling causes a 7 % reduction in permeate flux per year, requiring the 

membranes to be replaced after approximately five years [46]. The permeate flux decline is usually 

offset by increasing the operating pressure. Consequently, the SEC increases by approximately 8 % per 

year [47]. The use of GO-enhanced membranes has shown to reduce the flux decline associated with 

fouling during RO. Ashfaq et al. [40] found that RO membranes containing GO reduced flux decline 

from 22 % to 15 % over an 18 h experiment. This could reduce the RO energy consumption and the 

energy required for pre-treatment, while increasing the membrane lifetime [18,48,49]. However, the 

environmental consequences of using GO for desalination are not well understood. Additionally, it is 

not clear what expectations these membranes should meet in order to offset their manufacturing impacts 

[50]. These can be evaluated by performing a life cycle assessment (LCA), which is a widely adopted 

methodology for evaluating the potential environmental impacts of water treatment technologies [26]. 

 At the time of writing, 29 LCA studies on the production of potable water via SWRO are 

available, of which seven focus on MD [15,51–55]. Furthermore, there are 27 LCA studies on graphene 

(and its derivatives) across a wide range of topics, including graphene synthesis [56,57], 

upscaling/methodological guidance [58,59], coatings [60], energy storage [61,62] and adsorbents [63]. 

Of these, nine involve GO, but there are only two studies on GO-enhanced membranes [50,64] and 

neither is on desalination. As far as the authors are aware, no studies have considered GO-enhanced RO 

or MD.  

 Despite the considerable number of desalination studies, they can give an incomplete picture 

of the environmental impacts, as found by Zhou et al. [65]. The authors reviewed 30 desalination LCA 

studies (using various technologies) and reported systemic issues arising from incomplete system 

boundaries. This was supported in a review by Lee et al. [29], who also found that many desalination 

LCA studies only analysed one or few impact categories. The review had two major recommendations: 

to examine emerging technologies for desalination and to pay particular attention to impacts associated 

with chemicals usage. This is because technologies that aim to reduce the energy consumption may be 
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shifting the environmental burden towards the chemical usage stage (through enhanced pre-treatment). 

A more comprehensive environmental assessment was also recommended in the review by Lee et al. 

[29] which compared the LCA studies of RO against emerging technologies, such as forward osmosis, 

capacitive deionisation and MD. This review also highlighted the trade-off between carbon emissions 

and chemical treatment, whereby methods to reduce the GWP resulted in higher impacts associated 

with the use of chemicals. This suggests that desalination methods with a lower reliance on chemicals, 

i.e. lower propensity for fouling, should be explored. 

 Previous LCA studies on MD concluded that this option was favourable over RO when dealing 

with high saline feed concentrations, as energy demand is almost independent of the salt concentration 

[15,51,66]. However, the previous studies excluded a number of chemicals used in the membrane and 

module manufacturing processes that could have a significant influence on the impacts. For example, 

Yadav et al. [67] assessed the environmental impacts of polymeric membrane production for hollow-

fibre membranes. The authors found that the use of toxic solvents was the main source of several 

environmental impacts, including GWP, human toxicity and fossil resource depletion. Other studies 

also considered solar-driven RO and MD [68,69] but many excluded significant environmental impacts, 

such as freshwater ecotoxicity and metal depletion, that generally are higher for solar than for fossil-

fuel based energy sources [70].    

 To fill the abovementioned knowledge gaps, this study performed for the first time a 

comparative LCA of the two desalination technologies enhanced by GO membranes. Aiming to identify 

the environmental implications of different options, the systems operating with and without GO-

enhanced membranes were considered in turn. A nanocomposite membrane was evaluated, which 

involves mixing GO within the polymer membrane during a well-established membrane production 

method for desalination purposes. The influence on the impacts of different parameters, including 

energy sources and consumption, were explored through sensitivity analyses. The results of this study 

are intended to help industry and policy makers identify environmentally sustainable options for water 

desalination in the near future under a range of different operating conditions and geographic locations. 

Moreover, the study also informs what research needs to be carried out to improve the membranes and 

minimise the impacts of desalination.   

2 Methodology 

The study followed the attributional approach according the ISO14040 and 14044 LCA standards [71], 

as detailed in this section. Goal and scope of the study are defined next, followed by inventory data and 

an overview of the impact assessment method. The interpretation of the findings can be found in Section 

3.  
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2.1 Goal and scope definition 

The main goal of this study was to estimate and compare the life cycle environmental impacts of RO 

and MD operated with and without GO-enhanced membranes. Although MD and RO have quite 

different SEC (50-200 kWh/m3 [59] vs 2-4.5 kWh/m3 [10–12], respectively) and use different types of 

energy (electricity vs heat), they are both used for water desalination. Thus, they serve an equivalent 

function and can be compared on the basis of the same functional unit. It is also worth comparing them 

to determine process improvements needed for MD to compete energetically with RO. 

 To achieve the goal of the study, three scenarios were evaluated for each technology (for details 

on the assumptions and methods used, see Section 2.2): 

• Business as usual (RO-BAU, MD-BAU): RO and MD plants without GO-membranes (i.e. as they 

currently operate), used as a base case for benchmarking with the other scenarios; 

• GO normal (RO-GOnorm, MD-GOnorm): RO and MD plants with GO-enhanced membranes based 

on current operating practices; and 

• GO best (RO-GObest, MD-GObest): RO and MD with GO-enhanced membranes representing 

potential future best scenarios. (Note that a worst-case scenario was not considered because it was 

assumed that the GO-enhanced membranes would only be implemented if they were shown to offer 

a step-wise improvement.)  

 The functional unit was defined as ‘1 m³ of produced potable water from seawater’, which is a 

common unit for in LCA studies of desalination technologies [15,72–74]. The plant was assumed to be 

located in Andalucia, Spain. This region was selected as it has the largest desalination plants in Europe 

and also has extensive legislation in place to increase water accessibility through non-conventional 

resources [75]. Additionally, it is home to an MD pilot research centre at Plataforma Solar de Almería, 

which provided inventory data for this study. As such, the inlet seawater was modelled based on the 

Mediterranean Sea characteristics (salt content of 3.7 wt% and an average temperature of 20 °C). GO 

was also assumed to be produced in Spain as Graphenea is currently one of the largest global GO 

producers, with plans to build a 500 t/y industrial plant in Northern Spain [76].  

 A cradle-to-grave approach was taken, considering the following process stages: GO 

manufacture, membrane and module manufacture, seawater pre-treatment, treatment and waste 

management (Figure 14). Some chemicals used for the manufacture of GO-membranes were omitted 

due to a lack of data (for details, see Section 1 in Supplementary information (SI)). Construction and 

dismantling of the RO and MD plants were also excluded since these have negligible impacts for larger 

desalination facilities [73,74,77,78]. However, depending on the background data, construction and 

dismantling of some other plants and equipment in the background system may be included. Electricity 
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consumption from water abstraction and distribution were not considered because they are the same for 

all scenarios. Additionally, brine disposal impacts were outside the scope of this LCA, but a discussion 

on this can be found in Section 3.4. A 25-year lifetime was assumed for both the RO and MD plants 

and a useful lifetime of five years was assumed for the membranes [15,79]. 

 

Figure 14 A general overview of system boundaries and life cycle stages of the desalination technologies considered in 

the study. [Seawater abstraction, brine management and potable water distribution are outside the scope of this 

study. Waste management was considered only for membrane modules.] 

2.2 Inventory data and assumptions 

A detailed overview of the life cycle stages considered in the study can be seen in Figure 15 and the 

inventory data in Table 6. Primary data were sourced from own laboratory studies and manufacturers, 

while secondary data were compiled from literature and the Ecoinvent v3.7 database [80]. For a full list 

of primary and secondary data, as well as the Ecoinvent datasets used in the modelling, see Table S8 in 

the SI. 

 The literature values for RO were taken for medium- to large-scale plants (~10,000 m3/day) 

using multiple 1 m-long membrane modules [81]. The membrane and module manufacture were 

assumed to be produced in Germany, where there are large membrane manufacturing sites. Currently, 

RO membranes are not routinely recycled and are treated as municipal solid waste (MSW) [82,83]. In 

Spain, 57 % of MSW is landfilled, 13 % is incinerated and the remaining waste is treated by other 

methods, such as recycling and resource recovery (e.g. biogas or fertilisers) [84]. For simplicity, 

recycling and resource recovery were not considered and the incineration and disposal percentages were 
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scaled up proportionally to make up the difference (82 % landfill and 18 % incineration). The system 

was credited for the electricity and heat generated by incineration of RO membranes. The Spanish 

electricity grid for year 2020 [85] was considered in all scenarios. For the heat supply, combined heat 

and power and heat-only plants using natural gas in Europe were assumed, using Ecoinvent data (there 

were no data for Spain). The Spanish electricity mix in 2020 [85] and natural gas were considered as 

the avoided energy sources for the incineration credits. 

 The literature values for MD were sourced from a pilot-scale facility (1 m3/day) using a 2.5 m-

long membrane module [86]. The data from the pilot-scale facility are representative of a large-scale 

MD system because the same size modules would be used, but installed in parallel to increase the overall 

capacity. Aquastill is a company that specialises in manufacturing spiral wound modules for MD and 

the inventory data were taken from their models (see Table 5). The Aquastill manufacturing sites are 

based in the Netherlands which was assumed as the location for the membrane and module manufacture 

[87]. It was assumed that MD membranes are disposed in the same way as those discarded from RO. 

The following sections provide the individual process descriptions and their data sources for both RO 

and MD. 

Table 5. Life cycle inventory for the manufacture of graphene oxide (per 1 m3 of potable water produced from 

seawater) 

Input 
RO-GOnorm & 

RO-GObest 

MD-GOnorm & 

MD-GObest 
References 

Graphite powder, mg 0.29 0.86 [88] 

Potassium nitrate, mg 0.26 0.77 [88] 

Sulphuric acid, mL 0.33 0.97 [88] 

Potassium permanganate, mg 1.3 3.9 [88] 

Hydrogen peroxide, µL 0.88 2.6 [88] 

Electricity, kWh/m3 0.51 5.4 [88] 

2.2.1 Graphene oxide manufacture 

The manufacture of GO for both RO and MD was based on the modified Hummers’ method [88] which 

involves the oxidation of graphite powder with potassium permanganate and sulphuric acid. The 

electricity requirements for GO production were sourced from literature [57] and the GO quantities 

were estimated from laboratory experiments (Table 6).  
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2.2.2 Reverse osmosis 

RO separates all colloidal (e.g. nanoplastics) or dissolved matter (e.g. salts) from water using a semi-

permeable membrane with small free-volume holes (0.1-1 nm) [89]. By solution-diffusion, water is able 

to pass through the membrane and the salts are retained in the rejected brine stream. As this process 

works against the osmotic pressure gradient, high hydraulic pressures of 50-70 bar [8,9] are required to 

generate the driving force to desalinate seawater, which accounts for most of the energy requirements. 

 

2.2.2.1 Membrane and module manufacture 

RO typically uses an ultra-thin, semipermeable polyamide membrane, on top of a porous polysulfone 

support. These are built as spiral wound modules, which are composed of flat sheet membranes with 

spacer materials, as shown in Figure 16. Data for their production were taken from Ecoinvent. For RO-

GOnorm and RO-GObest, the GO is bound onto the polyamide surface through covalent binding as 

outlined in previous work [90]. This method is used to create a graphene oxide functionalised surface 

for antifouling purposes [40,91]. For further details on the membranes and module manufacture, see 

Section 1 in the SI.  
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Figure 15 A detailed overview of the life cycle stages in reverse osmosis and membrane distillation with and without graphene oxide membranes 
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Table 6. Inventory data for reverse osmosis (RO) and membrane distillation (MD) and respective GO-enhanced membranes (per 1 m3 of potable water produced from seawater).  

 Stage 

  

Inputs, outputs and 

activities 

  

BAU GOnormal GObest Comment Reference 

RO MD RO MD RO MD   
 

M
e
m

b
ra

n
e 

m
a
n

u
fa

ct
u

re
 

Polyethylene powder, g - 0.18 - - - - Membrane material [92] 

Liquid paraffin, g - 0.054 - - - - Liquid lubricant for polymerisation [92] 

Polyvinylidenfluoride, g - - - 0.18a,b - 0.18a,b Membrane material [93] 

Dimethylformamide, g - - - 0.12a,b - 0.12a,b Solvent for phase inversion [93] 

Deionised water, L - - - 0.12a,b - 0.12a,b Non-solvent for phase inversion [94], [93] 

Graphene oxide, mg - - 0.18a,b 0.54a,b 0.18a 0.54a,b Amount of GO required [93,95] 

Heat, kWh - 0.0029 - 0.0029 - 0.0029 Heat required during manufacture [92,94] 

RO membrane module, 

cm2   
9.1 - 9.1 - 9.1 - 

Ecoinvent data on “Market for seawater reverse osmosis 

module”c 
[96] 

Polypropylene, g - 0.63a - 0.63a - 0.63a Spacer and housing material [15,94] 

Polyethylene terephthalate, 

g 
- 0.28 - 0.28 - 0.28 RO spacer material and MD condenser material [94] 

Aluminium, g - 0.28 - 0.28 - 0.28 MD condenser material [86] 

Coated steel, g - 0.89 - 0.89 - 0.89 MD housing material [94] 

Electricity, kWh - 0.0036 - 0.0036 - 0.0036 Electricity required for rolling process [94] 

Transport, km   2400 2200 2400 2200 
Lorry, 7.5-16 t, EURO6 from Spain to Germany/Netherlands 

(GO) 
[96] 

Transport, km 2400 2200 2400 2200 2400 2200 Lorry, 7.5-16 t, EURO6 from Germany/Netherlands to Andalucía [96] 

P
re

-

tr
e
a
tm

en
t Seawater, m3 2.5 20 2.5 20 2.5 20 Salinity of 37 g/L  

Sodium tripolyphosphate, g 2.6a - 2.6a - 2.6a - Anti-scalant [15,97] 

Ferric chloride, g 7.5 - 7.5 - 7.5 - Flocculant [97] 
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 Stage 

  

Inputs, outputs and 

activities 

  

BAU GOnormal GObest Comment Reference 

RO MD RO MD RO MD   
 

Chlorine, g 7.5 - 7.5 - 7.5 - Disinfectant [97] 

Sodium bisulphite, g 15 - 15 - 15 - Dechlorination [97] 

Activated carbon, g 4.47 - 4.47 - 4.47 - Filtration [74] 

Sulphuric acid, g 62.5 - 62.5 - 62.5 - pH adjustment [97] 

Electrical energy, kWh 0.43a - 0.43a - 0.43a - Electricity for pre-treatment 
[10,16,98,99

] 

T
re

a
tm

en
t 

 

Sodium hydroxide, g - 0.056 - 0.056 - 0.056 Clean-in-place [15] 

Sodium hypochlorite, mg 7.5 0.81 7.5 0.81 7.5 0.81 Clean-in-place [15,97] 

Deionised water, g - 0.056 - 0.056 - 0.056 Clean-in-place [15] 

Heat, kWh - 50-200d - 33-134d - 33-134d For desalination [86] 

Electricity, kWh 2.25-5.06d - 2.14-4.82d - 2.0-4.50d - For desalination [7,10] 

W
a
st

e 
a
n

d
 e

m
is

si
o
n

s 

Steel, g - 0.28 - 0.28 - 0.28 From RO and MD modules. 19 % of waste incinerated and 81 % 

landfilled 
 

[6,84,100] 

[84] 

Polyvinylchloride, g - 0.18 - 0.18 - 0.18 

Polyethylene terephthalate, 

g  
0.030 0.28 0.030 0.28 0.030 0.28 

Polypropylene, g 0.023 0.63 0.023 0.63 0.023 0.63 

Plastice, g 0.012 - 0.012 - 0.012 - 

Aluminium, g - 0.89 - 0.89 - 0.89 

Activated carbon, g 4.47 - 4.47 - 4.47 - Landfilled  

Sodium tripolyphosphate, g 2.6 - 2.6 - 2.6 - Emissions to water (mixed and discharged with brine)  

Ferric chloride, g 7.5 - 7.5 - 7.5 -  

Sodium bisulphite, g 15 - 15 - 15 -  

Sulphuric acid, g 62.5 - 62.5 - 62.5 -  
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 Stage 

  

Inputs, outputs and 

activities 

  

BAU GOnormal GObest Comment Reference 

RO MD RO MD RO MD   
 

Sodium hydroxide, g - 0.056 - 0.056 - 0.056  

Sodium hypochlorite, mg 7.5 0.81 7.5 0.81 7.5 0.81  

 Brinef, m3 1.5a 19a 1.5a 19a 1.5a 19a Assuming recovery of 40 % for RO and 5 % for MD.   

a Average data. 
b The references listed in the last column refer to the studies on the membrane manufacturing method, which was replicated in the current study in the laboratory to acquire the inventory data. 
c Incorporates the materials shown in Figure 16. 
d Considered as ranges.  
e Membrane active layer, plastic end caps and housing modelled as general plastic waste due to a lack of data. 
f For the composition of brine, see Table S8. Impacts of brine discharged into the sea not considered. 
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Figure 16 Schematic diagram of a reverse osmosis membrane and module, showing the position of the graphene oxide 

layer (inset). Adapted from [18]. 

2.2.2.2 Pre-treatment 

The pre-treatment stage was modelled based on a conventional system, which involves disinfection 

with chloride, pH adjustment, coagulation/flocculation with iron chloride and granular and cartridge 

filtration to remove larger solids. Data on the chemicals and required electrical energy were gathered 

from literature [10,98,101]. Data were taken only for existing medium-to-large SWRO systems with 

conventional pre-treatment techniques. In the cases where there were multiple reported values for 

similar systems, the average was assumed (Table 6). 

2.2.2.3 Treatment   

Seawater treatment comprises dechlorination, the RO process and distribution of water. The chorine is 

removed using sodium bisulfite, which prevents membrane oxidation. Sodium hypochlorite is used as 

a clean-in-place (CIP) chemical in the RO process [97].   

 The electricity demand for RO is reported in the range of 2 and 4.5 kWh/m3 for modern (<10 

years old), single pass, medium-to-large plants (~20,000 m3/day) [12,13,101]. The lower range refers 

to newer and more energy-efficient plants; however, this can lead to higher energy consumption in the 

pre-treatment stage [18]. Different feed salinities, target conditions and equipment efficiency can also 

lead to a range of energy-consumption values [102]. To minimise uncertainty, the upper and lower 

ranges were considered, with the midpoint of 3.25 kWh/m3 assumed in the base case.   

The water recovery was assumed to be 40 %, which is between the 30-50 % reported range [6]. 

The average flux decline due to fouling was 7 % per year for five years [46]. The impact of reduced 
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flux on the energy consumption was modelled using the reverse osmosis system analysis (ROSA) 

software from DuPont Water Solutions [103]. It was found that the energy consumption increased by 

25 % over the five-year module lifetime. It was assumed that the literature reported range (2-4.5 

kWh/m3) did not account for the increase in energy consumption due to membrane fouling. Assuming 

the energy consumption increases linearly each year, the average increase over the five-year module 

lifetime is 12.5 %. Thus, the electricity requirements for the base-case RO scenario were scaled up to 

2.25-5.06 kWh/m3. For the RO-GOnorm scenario, it was assumed that GO could reduce the flux decline 

(according to current antifouling studies [40,104]) such that the increase in energy consumption is 14 % 

higher at the end of the module lifetime (with an average increase of 7 % over five years). Thus, the 

electricity requirements are between 2.14 and 4.82 kWh/m3. For RO-GObest, the energy demand was 

2-4.5 kWh/m3, assuming no flux decline in the best case and thus no additional energy consumption 

[40].  

2.2.3 Membrane distillation 

MD works by exploiting the difference in vapour pressure between the water and dissolved salts [18]. 

In MD, the seawater is heated to around 80 °C and is tangentially circulated along the surface of a 

hydrophobic membrane, where water vaporises and is able to pass through the membrane and condense 

on the other side. Different MD configurations exist and, in this study, air-gap (AGMD) was considered 

for its commercial applications [86,100,105]. In AGMD, the water vapour passes across an air-gap until 

it contacts a condenser plate that is kept cool by a separated cooling stream. The cooling stream is 

normally incoming pre-heated seawater, such that the latent heat of condensation can be recovered to 

improve the process heat efficiency. The non-volatile salts, as well as liquid water, are retained and 

form the waste brine solution. The vapour pressure gradient is maintained by a concurrent heating and 

cooling system [18].  

2.2.3.1 Membrane manufacture and module assembly 

The membrane manufacture was based on the polymerisation of fossil-derived ethylene to make low-

density polyethylene (LDPE), which is a common method to produce hydrophobic membranes for MD 

[106]. For the scenarios with GO-enhanced membranes, membrane manufacture was based on phase 

inversion of PVDF using dimethylformamide (DMF), according to laboratory data and the work by 

Leaper et al. [93].  

The synthesised membranes get assembled into spiral wound modules during module 

manufacture. Spacers and support materials are used and details on the materials were sourced from 

literature [33]; the weight contributions were estimated using RO autopsy data [94] and a previous MD 

LCA study [15]. It was assumed that MD roller machines use the same amount of energy as RO 
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machines when producing spiral wound modules. More details on this can be found in Section 1 in the 

SI. 

2.2.3.2 Pre-treatment 

MD has a higher resistance to fouling when compared with RO and it can tolerate a higher amount of 

suspended solids and dissolved solutes in the feed water. Thus, the pre-treatment methods are expected 

to be less chemically and energy intensive than RO [15,31]. There are no standard pre-treatment 

strategies for MD, but some are currently being investigated [107]. Current large-scale MD plants 

typically operate with un-treated seawater, thus it was assumed that no pre-treatment was required [66].  

2.2.3.3 Treatment 

The treatment stage consists of the seawater collection, membrane distillation and the distribution of 

potable water. Thermal energy is used to heat up the seawater prior to the desalination. Recent reported 

literature values for equivalent AGMD modules vary from 50 to 200 kWh/m3 at pilot-scale 

[86,108,109]; these ranges were considered with the middle value of 125 kWh/m3 (Table 6). The wide 

range of values is attributed to recent optimisation advances and uncertainties in process operation. Data 

on the energy, water recovery and quantities of cleaning chemicals were sourced from pilot-scale 

AGMD studies [86,110,111] as data for large-scale plants were not available. For the GOnorm and 

GObest scenarios, the increase in permeate flux reduces the specific thermal energy consumption 

according to the following relationship [86]: 

 
STEC=

FFR∙ρ
f
∙Cpf∙(TEI-TCO)

3.6×103∙J∙A
 

 (Eq. 5) 

where:  

STEC: specific thermal energy consumption, kWh/m3 

FFR  feed flow rate, m3/h 

ρf  density of the feed, kg/m3 

Cpf heat capacity of the feed, kJ/kg˚C 

TEI temperature at the evaporation channel inlet, ˚C 

TCO temperature at the cooling channel outlet, ˚C  

J permeate flux, m3/m2h  

A membrane area, m2. 

   

 Literature for MD with GO-enhanced membranes reports a 50-74 % flux increase when 

compared with pristine/commercial membranes [93].  According to Equation 5, this would result in 
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STEC of 33-134 kWh/m3 for GOnorm and 29-118 kWh/m3 for GObest, respectively. Electrical energy 

is required for pumping and recirculation in the module and the Aquastill manufacturers estimate1 that 

this would consume 0.41 kWh/m3.  

2.3 Impact assessment 

The LCA modelling was carried out in Gabi v9.2 [112]. The environmental impacts were estimated 

according to the ReCiPe 2016 method, considering all 18 impact categories [113], as follows: climate 

change potential (CCP); fossil fuel depletion potential (FDP); metal depletion potential (MDP); human 

toxicity, cancer (HTPc); ionising radiation (IRP); photochemical ozone formation, ecosystem (EOFP); 

photochemical ozone formation, human health (HOFP); stratospheric ozone depletion (ODP); 

chlorofluorocarbon (CFC); terrestrial acidification (TAP); particulate matter formation (PMFP); water 

depletion potential (WDP); freshwater ecotoxicity (FETP); marine ecotoxicity (METP); terrestrial 

ecotoxicity (TETP); freshwater eutrophication (FEP); marine eutrophication (MEP); human toxicity, 

non-cancer (HTPnc) and land use (LOP).  

2.4 Sensitivity analysis 

A sensitivity analysis was carried out for different electricity sources to consider the effect on the 

impacts of situating the desalination plants in other parts of the world. Previous RO desalination studies 

have suggested that switching from fossil (e.g. natural gas) to  renewable electricity sources (e.g. wind) 

can lead to a 90 % reduction in impacts across most categories [16,17]. However, using only renewables 

can lead to an intermittent supply of energy, which can cause shut-downs. Thus, in this study different 

electricity mixes were evaluated, to consider both fossil fuels and renewables, as shown in Table 3. 

Spain, California, United Arab Emirates and Saudi Arabia were selected for their varied electricity 

mixes and high reliance on desalination [114].  

                                                      
1 Personal communication (2022). 
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Table 7. Electricity mix for the countries/regions considered in the sensitivity analysis (percentage contribution by 

source for the year 2020). 

Electricity source Spain  [85] California, United 

States [115] 

United Arab 

Emirates [115,116] 

Saudi Arabia  

[115,116] 

Hydroelectric 13 7.9 0 0 

Wind 22 5.0 0 <0.01 

Solar thermal 1.8 0.8 3.8 0.3 

Solar PV 6.0 10 0.3 0 

Biomass/biogas 1.8 2.1 0 0 

Geothermal 0 4.2 0 0 

Nuclear 22 6.0 1.2 0 

Coal 2.0 0.1 0 0 

Natural gas 29 34 95 61 

Other 1.1 0.1 0 0 

Oil 1.0 0.01 0 39 

Imports 1.3 30 0.004 0 

 

 A further sensitivity analysis was carried out to consider the effect on the results of the 

following heat sources: a natural gas boiler [117], biogas from biowaste and sewage sludge burned in a 

gas engine [118], solar thermal [119] and waste heat  from an incineration plant [120]. For this analysis, 

the Spanish electricity mix was kept in all cases. 

3 Results and discussion 

An overview of the results can be seen in Figure 17 from which it can be inferred that using GO-

enhanced membranes in RO would lead to an average reduction in the impacts of 3 % for RO-GOnorm 

and 6.8 % for RO-GObest, relative to RO without GO. For MD, the effect of GO membranes is much 

more pronounced, reducing the impacts on average by 27 % and 34 % for the GOnorm and GObest 

scenarios. 

 The membrane manufacturing with GO (the GOnorm and GObest scenarios) has marginally 

higher impacts than that without it; however, in the overall system, this is largely offset by the improved 

desalination performance, which reduces the impacts of treatment.  

 RO-BAU is the best option in 14 of the impacts when compared with MD-BAU, including 

climate change and marine ecotoxicity. Even when compared with MD-GObest, RO-BAU is the best 

option in 11 of the impacts. However, the error bars for MD are large – when comparing the lowest 

range for RO-GObest and MD-GObest, it can be seen that the former achieves the lowest impacts for 

nine categories and MD-GObest has the lowest impacts for the other nine. 

Figure 18 and Figure 19 show the impact contributions from different life cycle stages for RO 

and MD, respectively. The treatment stage is the highest contributor in all impact categories for MD 

and in all but one category (metal depletion potential) for RO. The CIP chemicals contribute <5 % 
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across all impacts for both RO and MD, which is small in comparison to the impacts from energy 

consumption during treatment and the chemicals and energy used for pre-treatment. The total 

contribution of waste management, transport and GO manufacture is even smaller (<2 % in RO and 

<2.5 % in MD), with the latter contributing only 0.02-0.59 %. These results are discussed in more detail 

for each impact in turn in the next sections, referring to the mean values, if not specified otherwise. For 

the impact values and their ranges, see Table S9 in the SI. 

3.1.1 Climate change potential (CCP) 

As shown in Figure 17, the RO treatment has significantly lower CCP (83-97 %) than MD across the 

options considered. This is mainly due to the lower energy requirements for desalination (3.25 vs 

125 kWh/m3). For the RO-BAU and MD-BAU options, the CCP was estimated at 1 and 

23 kg CO2 eq./m3, respectively. As MD is an emerging technology, there is a wide variation in results 

(9.3-37 kg CO2 eq./m3) owing to the differences in reported heat consumption (50-200 kWh/m3). The 

variation in results is much lower for the more established RO-BAU (0.7-1.2 kg CO2 eq./m3).  

 The treatment stage has the largest contribution to CCP (Figure 18 and Figure 19), specifically 

the electricity used for RO and the natural-gas heat for MD. All other processes contribute <1 % for 

MD-BAU. For RO, other major contributions to the impact are the pre-treatment (15 %) and 

membrane/module manufacturing stages (8.9 %). The release of volatile solvents (ethane, 1.1.2-

trichloro-1,2,2-trifluoro and CFC-113) to the atmosphere is the main contributor (97 %) during the 

membrane manufacture, while the electricity consumption is accountable for 51 % of the impact from 

pre-treatment. 
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Figure 17. Life cycle environmental impacts of different scenarios for reverse osmosis and membrane distillation. 

[The impacts are expressed per 1 m3 of potable water and are calculated using the mean values in Table 1; the error 

bars present the minimum and maximum values of electricity for RO (2-4.5 kWh/m3) and heat for MD (50-200 

kWh/m3). The electricity source for RO is the Spanish grid and the heat source for MD is heat from a natural-gas 

boiler. Legend: RO-BAU: reverse osmosis – business as usual, RO-GOnorm/RO-GObest: reverse osmosis with 

graphene oxide-enhanced membranes (normal and best), MD-BAU: membrane distillation – business as usual, MD-

GOnorm/MD-GObest: membrane distillation with graphene oxide enhanced membranes (normal and best). Impacts: 

CCP: climate change potential. FDP: fossil fuel depletion potential. MDP: metal depletion potential. HTPc: human 

toxicity, cancer. IRP: ionising radiation. EOFP: photochemical ozone formation, ecosystem. HOFP: photochemical 

ozone formation, human health. ODP: stratospheric ozone depletion. CFC: chlorofluorocarbon. TAP: terrestrial 

acidification PMFP: particulate matter formation. WDP: water depletion potential. FETP: freshwater ecotoxicity. 

METP: marine ecotoxicity. TETP: terrestrial ecotoxicity. FEP: freshwater eutrophication. MEP: marine 

eutrophication. HTPnc: human toxicity, non-cancer. LOP: land use.]  
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Figure 18 Contribution analysis for the reverse osmosis scenarios [See caption to Figure 17 for the abbreviations.].  
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Figure 19 Contribution analysis for the membrane distillation scenarios [See caption to Figure 17 for the 

abbreviations.]. 
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 The use of GO-enhanced membranes leads to a reduction in the energy consumption in the 

treatment stage, as a result of reducing fouling in RO and increased permeation flux in MD. As the 

treatment stage is the highest contributor in all environmental impact categories, this is reflected in a 

reduction in CCP of 47 % for MD-GOnorm and 54 % for MD-GObest, compared to MD-BAU (Figure 

17). However, the benefit of GO-membranes is much lower in RO, with the CCP of RO-GOnorm and 

RO-GObest being lower by only 3.6-8.2 % relative to RO-BAU. The reason for this is that the GO-

enhanced membranes reduce the energy consumption by 5-11 % for RO and 33-41 % for MD.  

 The scenario that achieves the lowest CCP (0.65 kg CO2 eq./m3) is RO-GObest where GO-

enhanced membranes prevent flux decline completely. By comparison, the minimum values for MD-

GOnorm and MD-GObest are 9.9 and 5.5 kg CO2 eq./m3, respectively, which are still significantly 

higher than the maximum value for RO (1.2 kg CO2 eq./m3). These results show that, when MD relies 

on non-renewable energy, it is not competitive with RO, regardless of the use of GO-enhanced 

membranes. The results also suggest that, if all current SWRO plants (32.4 Mm3/day of potable water) 

were fitted with GO-enhanced membranes, they would avoid emissions of 380,000-850,000 t CO2 eq. 

per year. This is equivalent to the amount of greenhouse gases released by approximately 80,000-

180,000 petrol cars over one year [121]. 

3.1.2 Resource depletion potential – fossil fuels (FDP) and metals (MDP)  

MD-BAU has the highest fossil fuel depletion potential: 9.3 compared to 0.62 kg oil eq./m3 for RO-

BAU; this is due to the use of natural gas for heat supply. Metal depletion is also the highest for MD-

BAU (7.2 vs 1.7 g Cu eq./m3 for RO-BAU). This impact is largely due to the consumption of stainless 

steel for construction of the natural-gas plant, supplying heat for MD.  

The use of GO-enhanced membranes reduces FDP and MDP by 3 % for RO-GOnorm and 6-

7 % for RO-GObest. For MD, FDP reduces by a greater percentage (33 % for MD-GOnorm and 41 % 

for MD-GObest) because the GO-enhanced membranes lower the total energy consumption by a greater 

amount. A similar trend can be seen with MDP results: the use of GO-enhanced membranes reduces 

the impacts by 32 % and 39 % for MD-GOnorm and MD-GObest, respectively. The contribution of GO 

manufacture to both impacts is negligible in both RO and MD.  

Overall, all RO options are much better for both impacts than any MD option with no overlaps 

in ranges for FDP and only a slight overlap for MDP between the lower range for MD-GOnorm and 

MD-GObest and upper range for the RO scenarios. 
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3.1.3 Human toxicity potential – cancer (HTPc) and non-cancer (HTPnc) 

For HTPc, RO-BAU is better than MD-BAU by a factor of four (0.59 and 2.6 g 1,4-DB eq./m3, 

respectively). The higher impact for MD-BAU is mainly due to the release of benzene during the 

production of natural gas. The lowest MD result in this category was estimated for MD-GObest (0.6 kg 

1,4-DB eq./ m3); however, this impact is still slightly higher than that of RO-BAU (0.59 g 1,4-DB 

eq./m3). 

 For the HTPnc, the results for RO-BAU and MD-BAU are closer than for HTPc (0.88 and 0.72 

kg 1,4-DB eq./m3, respectively). All of the MD options are better in this category than the RO 

alternatives, with the impact of MD-GObest being almost half that of RO-GObest (0.45 vs 0.85 kg 1,4-

DB eq./m3). 

3.1.4 Ionizing radiation potential (IRP) 

 MD-BAU is a better option for this impact than RO-BAU (0.17 vs 0.89 bq. C-60 eq./m3), which 

is related to the use of nuclear power in the Spanish electricity mix. The impact reduces with the addition 

of GO membranes owing to the reduction in the electricity requirements for both RO and MD. The best 

option is MD-GObest which has a 79 % lower impact that its RO equivalent. 

3.1.5 Photochemical oxidants formation potential – ecosystem (EOFP) and human 

health (HOFP) 

The RO-BAU impacts are more than ten times lower than MD-BAU in both categories. This is due to 

the reliance of MD on natural gas and emissions of nitrous oxides during its combustion. MD-GOnorm 

and MD-GObest show a 32 % and 40 % reduction in these impacts relative to MD-BAU. However, 

they are still significantly above even the RO maximum range. 

3.1.6 Ozone depletion potential (ODP) 

In contrast to most other impacts, MD-BAU has lower ODP than RO-BAU (6.3 compared with 8.8 mg 

CFC-11 eq./m3). The difference for the GO-enhanced options is even greater: a 51 % lower impact for 

MD-GOnorm and 57 % for MD-GObest, relative to their RO counterparts. For MD, the ODP is almost 

entirely due to the energy consumption in the treatment stage. This is related to HCFs used in some 

natural-gas production facilities. The impact of RO is mainly attributed to the production of the RO 

modules, likely due to the release of CFCs, HCFCs and HFCs during module synthesis.   

3.1.7 Terrestrial acidification (TAP) 

TAP of RO-BAU is significantly lower than of MD-BAU (3.2 vs 14 g SO2 eq./m3, respectively). This 

is again due to the use of natural gas in MD and related emissions of nitrous oxides during its 
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combustion, which contribute 95 % to the total impact. For RO-BAU, 45 % is attributed to the pre-

treatment stage, most notably to the production of sodium tripolyphosphate, sodium sulphite and 

sulphuric acid. Adding GO membranes reduces the impact in RO by 2.5-4.3 %. The reduction is much 

higher in MD, reaching 69 % for MD-GObest. Nevertheless, this is insufficient to bring the MD impact 

to below that of RO. In both GO-norm and GO-best scenarios, the contribution from the GO 

manufacturing stage is very small (<0.5 %). 

3.1.8 Particulate matter formation (PMFP) 

This impact is about four times lower for RO-BAU than for MD-BAU (1.2 compared with 4.4 g PM2.5 

eq./m3), with the ranges overlapping slightly. For RO-BAU, the largest contribution comes from the 

electricity consumption (64 %), with the majority of the particulate matter being attributed to the use of 

hard coal for electricity generation (34 %). The pre-treatment stage accounts for 41 % of the impact, 

which is mainly associated with the production of sulphuric acid (13 %) and sodium sulphite (14 %). 

For MD-BAU, the highest contributor is the heat from natural gas (99.6 %). 

 The use of GO-enhanced membranes could reduce the mean PMFP by 32-40 %, to 3 and 2.7 g 

PM2.5 eq. for MD-GOnorm and MD-GObest, respectively. This overlaps with RO, with the lower range 

for MD-GObest (1.1 g PM2.5 eq.) being below the mean value for RO-BAU and RO-GOnorm (1.18 and 

1.14 g PM2.5 eq., respectively) and equal to RO-GObest. However, the lower range for MD-GObest is 

still higher than all the RO lower ranges.  

3.1.9 Water depletion potential (WDP) 

Water depletion is especially important for this study, as it is likely that a seawater desalination plant 

will be based in a water-scarce region. This impact is 31.6 % higher for MD-BAU than the equivalent 

RO option (1.9 and 1.3 L/m3, respectively). For the latter, the largest contributor is electricity (74 %) 

owing to the use of hydropower (32 %) and nuclear energy (19 %) in the grid. For MD-BAU, the heat 

accounts for 80 % of WDP.  

 The addition of GO-membranes reduces water depletion in both RO and MD, with greater 

reductions in the latter. This is due to the reduction in the energy consumption for water treatment, 

which results in MD-GObest having the lowest WDP among all the options (1.2 L/m3). This shows that 

it is possible to produce 1000 L of drinking water while consuming just over 1 L of freshwater.  
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3.1.10 Ecotoxicity potential – freshwater (FETP), marine (METP) and terrestrial 

(TETP) 

The freshwater ecotoxicity is two times lower for RO-BAU (0.18 g 1.4-DB eq./m3) than for its MD 

equivalent (0.36 g 1.4-DB eq./m3). The consumption of electricity for water treatment accounts for 68 % 

of the impact, of which 46 % is due to the production of wind turbines. The pre-treatment stage accounts 

for 32 % of the total FETP and the largest contributors are the electricity consumption, the production 

of sodium tripolyphosphate and sulphuric acid. For MD-BAU, the largest contribution comes from the 

extraction of natural gas (82 %), followed by the manufacture of sodium tripolyphosphate (13 %). 

Similar trends can be seen for marine ecotoxicity, with 0.23 g and 0.85 g 1.4-DB eq./m3 for RO-BAU 

and MD-BAU, respectively. GO-enhanced membranes reduce both impacts in RO and MD. However, 

despite the reduction of 39 % in MD-GObest, its impacts are still higher than those of any other RO 

options. 

For terrestrial ecotoxicity, the results are similar for RO-BAU and MD-BAU, at 1.36 and 1.38 

kg 1.4-DB eq./m3, respectively. In terms of contribution, 20 % of RO’s terrestrial ecotoxicity can be 

attributed to the use of sulphuric acid for pH adjustment, as RO membranes need additional pre-

treatment [31]. For the RO-GOnorm and RO-GObest scenarios, the TETP is 1.32 and 1.27 kg 1.4-DB 

eq./m3, respectively, which is lower than for MD-BAU owing to the reduction in the required electrical 

energy. However, MD-GOnorm and MD-GObest have lower TETP than their RO equivalents (1.1 and 

0.99 kg 1.4-DB eq./m3). This is because GO membranes enable a greater reduction in the energy 

consumption. MD-GObest at the lower range achieves the lowest impacts for both terrestrial and 

freshwater ecotoxicity (0.38 and 0.88 g 1.4-DB eq./m3). This implies that newer, more efficient MD 

plants that use GO-enhanced membranes can enable desalination at lower impacts in these categories 

than RO-GO installations.  

3.1.11 Eutrophication potential – freshwater (FEP) and marine (MEP) 

At 0.17 g P eq./m3, the FEP of RO-BAU is lower by a factor of two than that of MD-BAU (0.33 g P 

eq./m3). The MEP of RO-BAU is also lower than that of its MD equivalent (0.028 vs 0.034 g N eq./m3). 

Similar to the other impacts, the main contributors to both impacts are electricity used in RO and heat 

used in MD.  

 The lowest MEP is found for MD-GObest and RO-GObest (26 mg N eq./m3). The use of GO-

enhanced membranes has a more significant effect for freshwater eutrophication and, as a result, at the 

lower range, the FEP of MD-GOnorm (88 mg P eq./m3) and MD-GObest (79 mg P eq./m3)  is lower 

than that of any of the RO scenarios. 
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3.1.12 Land use potential (LOP) 

Less land is required for RO-BAU (0.016 annual crop eq..yr) than for MD-BAU (0.025 annual crop 

eq..yr). The use of land is related to the life cycle of energy used for water treatment, which accounts 

for 72 % and 83 % of the impact for RO-BAU and MD-BAU, respectively. The largest single 

contributor for RO-BAU is the electricity generation via solar PV, as these are ground installations. For 

MD-BAU, the impact is largely due to the disruption of land during extraction of natural gas. The lowest 

impact is achieved with MD-GObest (0.005 annual crop eq..yr) at the lower range, half the lower-range 

value for the best RO-GO option (0.011 annual crop eq..yr). 

3.2 Sensitivity analysis 

This section explores the effect on the results of the electricity mix used for RO and of heat sources in 

MD as energy consumption in both is a significant contributor to the impacts. 

3.2.1 Electricity sources for RO 

The electricity mix has a significant effect on the RO impacts as shown in  

Figure 20. As expected, grid mixes that rely on non-renewable energy sources (e.g. United Arab 

Emirates (UAE) and Saudi Arabia) have much higher impacts than those with greater contribution of 

renewables (e.g. Spain and California). Among the electricity options considered, using the Spanish 

grid leads to the lowest climate change (0.97 kg CO2 eq./m3) and ozone depletion (8.8 mg CFC-11 

eq./m3) potentials. However, situating the RO plant in the UAE would results in the lowest impacts for 

12 categories; this is due to the high contribution of natural gas in the national grid (Table 7) which has 

lower burdens for those impacts than the renewables present in the other electricity mixes considered 

here. California is the best option for three impacts (fossil fuel depletion, ecosystem and human health 

photochemical oxidant formation) and Saudi Arabia for one (ionising radiation). The climate change 

potential for the Saudi electricity mix is over four times that of the Spanish grid (3.9 and 0.97 kg CO2 

eq./m3, respectively); it also has the highest impacts for nine categories. This is due to over 99 % of its 

electricity being sourced from oil and natural gas, while the Spanish grid has a higher percentage of 

renewables, such as wind (21 %) and solar (8 %). The Californian electricity shows some of the highest 

impacts for freshwater (0.64 g P eq./m3) and marine eutrophication (0.087 g N eq./m3), human toxicity 

- cancer (7.3 g 1,4-DB eq./m3) and land use (0.056 annual crop eq..yr). This is mainly due to the 

imported electricity from the rest of the US, which is reliant on coal (23 %). The high land use is related 

to the generation of heat and power from wood chips.  
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3.2.2 Heat sources for MD 

Four different thermal energy sources were evaluated: natural gas boiler, solar thermal, biogas and 

waste heat. Across all 18 impact categories, the waste heat emerged as the best option (Figure 21). This 

is because the impacts from the treatment stage are reduced sharply as all the thermal energy 

requirements are met using waste heat. However, this system is limited by location and consistent heat 

supply. If waste heat is unavailable, solar thermal should be considered as an alternative as it has the 

lowest impacts for ten categories, including the climate change potential (1.4 kg CO2 eq./m3). However, 

it also has highest freshwater ecotoxicity and metal depletion related to the metals used to manufacture 

the solar panels. Using biogas gives mixed results: it has lower impacts than natural gas for seven 

categories (including CCP of 5.5 kg CO2 eq./m3) but is the worst option for seven categories, including 

particulate matter formation and freshwater eutrophication.  

Comparing the results for RO and MD shows that an MD desalination plant using solar-thermal 

energy would have 43-93 % lower impacts for nine categories, including a 64 % lower CCP, than an 

RO plant powered by the Saudi grid. These findings indicate that, if the grid mix in the location of the 

proposed desalination plant consists predominately of fossil fuels, such as Saudi Arabia which relies 

globally the most on seawater desalination, then MD using solar thermal would be the preferred choice. 

Other options include generating the required electricity from an off-grid supply of renewable energy, 

which is currently being explored in the Arabian Gulf. 

 

Figure 20 Environmental impacts of reverse osmosis for selected electrical sources of electricity [The impacts are 

expressed per 1 m3 of potable water. The error bars represent the minimum and maximum values of the consumption 

of electricity for RO (2-4.5 kWh/m3) and heat for MD (50-200 kWh/m3). See caption to Figure 17 for the 

abbreviations.] 
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Figure 21 Environmental impacts of membrane distillation for selected heat sources [The impacts are expressed per 1 

m3 of potable water. The error bars represent the minimum and maximum values of the consumption of electricity 

for RO (2-4.5 kWh/m3) and heat for MD (50-200 kWh/m3). See caption to Figure 17 for the abbreviations.]. 

3.3 Comparison of results with literature 

A comparison with other LCA studies of RO and MD that use GO-enhanced membranes for seawater 

desalination is not possible as such studies are not available. The only two other GO LCA studies are 

for vastly different systems (filtration of palm oil mill effluent [64] and an algal membrane photoreactor 

[50]). Nevertheless, they also report that the process improvements offset the GO manufacturing 

impacts, congruent with the findings of the current study. 

 Direct comparisons of results with other works for RO and MD without GO are also difficult 

owing to differences in the goal and scope, impact assessment methods, scale of the plants and 

geographical locations. However, an attempt at comparison with literature was made as discussed 

below.  

 The CCP range for RO found in this study (0.69-5.2 kg CO2 eq./m3) is in a relatively good 

agreement with the values reported in the literature (1.8-6.1 kg CO2 eq./m3) [13,15,69]. However, 

looking at the comparisons of individual studies in Figure 22a, it can be seen that the RO-BAU impact 

in this study is nearly half that reported by Tarnacki et al. [15]], despite both being based in Spain. 

Given that the Tarnacki study is more than a decade old, this could be due to the transition to renewable 

energy in Spain since then.  
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The results in the current study show that the location of the RO facility affects the CCP 

significantly due to the local energy mix. This corresponds to the findings by Al-Kaabi et al. [13], who 

evaluated solar-PV powered RO against natural gas and heavy fuel oil in the Arabian Gulf. The CCP 

of the solar-PV scenario was >90 % lower than of fossil-fuel options; however, the ODP and ADP were 

significantly higher, which is in agreement with the results in the current work.  

As seen in Figure 22b, the CCP range for the MD scenarios obtained in the current work (0.17-

23 kg CO2 eq./m3) is also mostly within the literature range (1-28 kg CO2 eq./m3). Comparing the results 

for natural gas, Tarnacki et al. [15] reported a CCP of 28 kg CO2 eq./m3, relatively close to 23 kg CO2 

eq./m3 estimated here. This is despite the energy consumption in Tarnacki et al. being less than half (56 

kWh/m3) that in this study (125 kWh/m3). This is reflected in their results for solar thermal, which are 

70 % lower than those found in the current work (1 vs 1.7 kWh/m3). Furthermore, the impacts of MD-

GO using natural gas are comparable with the study by Liang et al. [54] who assumed the use of 

geothermal energy in MD (without GO), but it is unclear what energy consumption was assumed in 

their model. However, in contrast with the findings here and in Tarnacki et al. [15], Siefan et al. [66] 

found that solar PV had higher CCP (for some PV types) than the system relying on grid power (not 

shown in the figure as the authors only reported percentage rather than absolute values). Nonetheless, 

the rest of the 20 impacts considered by Siefan et al. were lower for the solar-PV scenario.  

                                                                                          

a) Reverse osmosis     b) Membrane distillation 

Figure 22 Comparison of the global warming potential (GWP) estimated in the literature and the current study for 

reverse osmosis (a) and membrane distillation (b) [The “GWP” in the current study is referred to as the “CCP” 

(climate change potential), in congruence with the ReCiPe method.]. 
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3.4 Study limitations and future research 

The energy consumed during water abstraction and distribution was outside of the scope in this study 

as it would be the same for both RO and MD. Additionally, the impacts of brine disposal were not 

evaluated, but recent studies suggest that high salinity brine can have damaging effects on local marine 

biodiversity [122]. The lower water recovery from the incoming seawater in MD (5 %) compared with 

RO (40 %) may address this issue, as the brine has a lower concentration of total dissolved solids 

[29,123]. However, the lower recovery has a penalty: the seawater throughput is higher which requires 

a larger amount of anti-scalant. The latter (sodium tripolyphosphate) contributes significantly to the 

freshwater, marine and terrestrial eutrophication and toxicity impacts. This aspect needs to be 

investigated further, particularly as some studies suggest that MD can use lower quantities of the anti-

scalant [31,124]. 

The impacts of the brine disposal could also be reduced by incorporating a hybrid RO-MD system 

whereby the RO brine is used as the MD feed. This would also recover additional potable water, but 

there is still the issue of waste brine and the cumulative energy demand for both systems can be 22-67 

kWh/m3 potable water [125]. Membrane crystallisers could be used in series with an RO-MD hybrid 

unit to recover completely all of the water and produce salt [18]. As the membrane crystallisers require 

thermal energy for the additional heater, as well as mechanical energy to drive the Carnot cycle [126], 

they should only be considered in locations near to sensitive sea areas to avoid the energy penalty.  

 In relation to technical aspects of membranes for MD, future research should investigate how 

GO can be applied to enhance further the permeate flux, as this reduces the thermal energy 

requirements. The anti-scaling and ‘self-cleaning’ properties of GO membranes should also be explored 

to determine whether implementing these membranes could reduce consumption of anti-scalant, or 

enable the use of less aggressive chemicals [127,128]. This would be beneficial particularly for RO, 

where the pre-treatment and cleaning stages account for 20 % of the impact in 11 categories.   

 This study is also limited by current knowledge of the health and environmental impacts of 

nanomaterials [129]. Although it is expected that GO would be stable and would not leach when 

disposed in landfill, the decomposition behaviour of GO is not well understood, which could affect the 

reliability of the results in this study related to waste management. In addition, the synthesis route to 

produce GO-enhanced membranes is not well defined. A range of different solvents, dispersion agents 

and binders (which were excluded as LCA data were not available) are used in literature [50,130,131] 

and this could have an effect on the LCA results. Synthesis of GO from waste is also being explored 

[132] and future research should investigate how this may affect the LCA results.  
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 Furthermore, the lack of ecotoxicity data for GO hinders the ability to assess these impacts. 

Deng et al. [133] derived them for freshwater ecotoxicity of GO but found that the impact ranged by 

three orders of magnitude (1-103 potentially affected species day m3 kg-1). By comparing the results 

with other nanomaterials, the authors also found that GO had a significantly lower toxicity than carbon 

nanotubes and nano-silver. 

It is also worth mentioning that the energy consumption of RO is not expected to decrease 

significantly below the minimum range considered in this study (2 kWh/m3). Conversely, improvements 

in process design are leading to step-wise reductions in the energy consumption for MD and hence 

future studies should consider the related effect on the environmental impacts of MD. 

4 Conclusions  

This paper presented an LCA of seawater desalination by RO and MD, considering both techniques 

with and without GO-enhanced membranes. In comparison to MD, RO was overall the best option with 

or without the GO membranes. The addition of GO led to better performance in both technologies due 

to its antifouling (RO) and high-permeability (MD) properties, hence reducing the impacts. For MD, 

the gains of implementing GO membranes were much greater than in RO, lowering the impacts on 

average by 27-34 % (vs 3-6.8 % in RO). Nevertheless, even these small improvements in RO could still 

lead to a significant reduction in GHG emissions if GO membranes were implemented across all 

existing seawater RO plants (380,000-850,000 t CO2 eq. per year). The main contributor to the impacts 

in both technologies (>90 %) is energy consumption. The contribution of the production of GO 

membranes is very small (0.02-0.59 %). 

 The sensitivity analysis revealed that situating RO plants in regions with higher contribution 

of renewables in the grid would lead to the lowest climate change and fossil depletion impacts. 

However, operating them in regions dominated by natural-gas electricity would be a better option for 

most other impacts. For MD, the lowest impacts would be achieved if using waste heat. Using solar-

thermal energy instead of natural gas would lead to 43-93 % lower impacts of MD than RO powered 

predominantly by fossil fuels, including climate change, which would be 64 % lower. 

 These results suggest that future research should focus on developing GO membranes that 

reduce the energy required for the treatment stage. For RO (which is already at the lower flux limit), 

this is through the development of antifouling and self-cleaning membranes. For MD, this is through 

the development of high-permeability membranes.  

 Furthermore, the main concerns that need to be addressed before potential commercialisation 

of GO-enhanced membranes for RO and MD include proof of immobilisation on support membranes, 



Chapter 3: Comparative life cycle assessment of seawater desalination technologies enhanced by graphene 

membranes 

 

123 

 

ensuring leaching of nanoparticles into drinking water does not occur, and the long-term stability testing 

of GO membranes for desalination (including adequate cleaning regimes). Future LCA studies should 

consider different GO membrane synthesis methods (such as electrospinning), as well as alternative 

ways that GO can be added to membranes to enhance their performance (for example, laminate 

membranes). Other desalination systems could also be considered, for example a hybrid RO-MD 

system.   
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5 Supplementary information 

5.1 GO membrane production 

GO production is based on the modified Hummer’s method as described in the supplementary 

information in the work by Rourke et al. [322]. For the RO-GOnorm and RO-GObest scenarios, the GO 

is added into the polymer solution prior to interfacial polymerisation as described by Lai et al. [290,324]. 

For the MD-GOnorm and MD-GObest scenarios, the GO was added to the PVDF polymer prior to 

phase inversion as described by Leaper et al. [28]. For the MD scenarios, a cross-linker ((3-

aminopropyl) triethoxysilane) was used to aid the dispersion of the GO into the polymer solution. For 

RO, the membrane surface was functionalised with GO using N-(3-Dimethylaminopropyl)-N′-ethyl 

carbodiimide hydrochloride and N-hydroxysuccinimide. These additional chemicals were not 

considered in the LCA due to a lack of data.  

 Laboratory experiments provided primary data on the amount of material required for the 

manufacturing of GO-enhanced membranes. These include: 

• The quantity of solvent, non-solvent, support membrane and heat energy during phase inversion;  

• The amount of graphene oxide required for the membranes and the corresponding amounts of 

graphite and raw materials. 

These values were then used to calculate the thermal energy requirements, using Equation 5 in Section 

2.2.3.3 in the paper.  
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Table S8 List of primary and secondary data and Ecoinvent 3.7. datasets used in the study 

 

 Process Data type Ecoinvent dataset  

M
e
m

b
ra

n
e 

m
a
n

u
fa

ct
u

re
 

Polyethylene powder Primary  GLO: market for polyethylene, low density, granulate 

Liquid paraffin Secondary  GLO: market for paraffin 

Polyvinylidenfluoride Primary GLO: market for polyvinylfluoride 

Dimethylformamide Primary GLO: market for N,N-dimethylformamide 

Deionised water Primary GLO: market for water, deionised 

Heat Primary Europe without Switzerland: market for heat, district or industrial, 

natural gas 

Graphite powder Primary GLO: market for graphite 

Potassium nitrate Secondary  RER: market for potassium nitrate 

Sulphuric acid Secondary  RER: market for sulfuric acid 

Potassium permanganate Secondary  GLO: market for potassium permanganate 

Hydrogen peroxide Secondary  RER: market for hydrogen peroxide, without water, in 50 % 

solution state 

Electricity for rolling Secondary NL: market for electricity, medium voltage 

M
o
d

u
le

 m
a
n

u
fa

ct
u

re
 

RO membrane module Primary GLO: market for seawater reverse osmosis module 

Low-density polyethylene Secondary GLO: market for polyethylene terephthalate, granulate, bottle 

grade 

Polypropylene Secondary GLO: market for polypropylene, granulate 

Polyethylene terephthalate Secondary GLO: market for polyethylene terephthalate, granulate, bottle 

grade 

Aluminium Secondary IAI Area, EU27 & EFTA: market for aluminium, primary, ingot 

Coated steel Secondary GLO: market for sheet rolling, steel 

Transport Secondary RER: market for transport, freight, lorry 7.5-16 metric ton, 

EURO6 

P
re

-t
re

a
tm

en
t 

Seawater Secondary Seawater [water] 

Sodium tripolyphosphate Secondary GLO: market for sodium tripolyphosphate 

Ferric chloride Secondary RoW iron (III) chloride production, product in 40 % solution state 

Chlorine Secondary GLO: market for iron(III) chloride, without water, in a 12 % iron 

solution state 

Sodium bisulphite Secondary RER: market for sodium sulfite 

Activated carbon Secondary GLO: market for activated carbon, granular 

Sulphuric acid Secondary RER: market for sulfuric acid 

Electrical energy Secondary ES: Spanish grid mix (plan) 

T
re

a
tm

en
t 

Sodium hydroxide Secondary RER: market for sodium hydroxide, without water, in 50 % 

solution state 

Sodium hypochlorite Secondary RER: sodium hypochlorite production, product in 15 % solution 

state 

Deionised water Secondary Europe without Switzerland: market for water, deionised 

Brine 

 

 

 

 

 

 

 

 

 

 

 

Secondary Boron [Inorganic emissions to sea water] 

Calcium [Inorganic emissions to sea water] 

Carbon dioxide (biotic) [Inorganic emissions to air] 

Carbonate [Inorganic emissions to sea water] 

Chloride [Inorganic emissions to sea water] 

Fluoride [Inorganic emissions to sea water] 

Hydrogen carbonate [Inorganic emissions to sea water] 

Magnesium [Inorganic emissions to sea water] 

Potassium [Inorganic emissions to sea water] 

Sodium [Inorganic emissions to sea water] 

Strontium [Inorganic emissions to sea water] 

Sulphate [Inorganic emissions to sea water] 

Thermal energy for membrane 

distillation 

Secondary Europe without Switzerland: market for heat, district or industrial, 

natural gas 

Electrical energy for reverse 

osmosis 

Secondary ES: Spanish grid mix (plan) 

Electrical energy for 

membrane distillation 

Primary ES: Spanish grid mix (plan) 
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Table S8 List of primary and secondary data and Ecoinvent 3.7. datasets used in the study 

 

 Process Data type Ecoinvent dataset  

W
a
st

e 
m

a
n

a
g
em

en
t 

Module to incineration Secondary Europe without Switzerland: treatment of scrap steel, municipal 

incineration 

RoW: treatment of waste polyvinylchloride, municipal 

incineration 

RoW: treatment of waste polyethylene terephthalate, municipal 

incineration 

Europe without Switzerland: treatment of scrap aluminium, 

municipal incineration 

RoW: treatment of waste polypropylene, municipal incineration 

RoW: treatment of waste plastic, mixture, municipal incineration 

Module to landfill Secondary Europe without Switzerland: treatment of scrap steel, inert 

material landfill  

RoW: treatment of waste polyvinylchloride, sanitary landfill 

RoW: treatment of waste polyethylene terephthalate, sanitary 

landfill 

RoW: treatment of waste aluminium, sanitary landfill 

RoW: treatment of waste polypropylene, sanitary landfill 

RoW: treatment of waste plastic, mixture, sanitary landfill 

 

Activated carbon Secondary Treatment of spent activated carbon with mercury, underground 

deposit 
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Table S9 Life cycle environmental impacts of reverse osmosis and membrane distillation for different scenarios  

  

 Impactsa 

RO-BAU RO-GOnorm RO-GObest MD-BAU MD-GOnorm MD-GObest 

Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max 

CCP [kg CO2 eq.]  0.965 0.693 1.24 0.930 0.672 1.19 0.886 0.645 1.13 23.2 9.33 37.0 15.6 6.19 24.8 13.8 5.45 21.9 

FDP [kg oil eq.] 0.624 0.420 0.826 0.598 0.404 0.791 0.564 0.384 0.745 9.29 3.76 14.8 6.27 2.50 9.96 5.53 2.21 8.78 

MDP [kg Cu eq.] 0.00173 0.00137 0.00208 0.00168 0.00134 0.00202 0.00162 0.0013 0.00194 0.00593 0.00248 0.00937 0.00406 0.00173 0.00637 0.0036 0.00154 0.00563 

HTPc [kg 1.4 DB eq.] 0.0589 0.0433 0.0744 0.0569 0.0421 0.0718 0.0544 0.0406 0.0682 0.236 0.098 0.373 0.161 0.0672 0.253 0.142 0.0598 0.223 

IRP [ bq. C-60 eq.] 0.695 0.457 0.931 0.665 0.438 0.891 0.626 0.415 0.837 0.169 0.109 0.229 0.138 0.0971 0.178 0.13 0.094 0.165 

EOFP  [kg NOx eq.]  0.00161 0.00113 0.00209 0.00155 0.00109 0.00201 0.00147 0.00105 0.0019 0.0174 0.00708 0.0278 0.0118 0.00474 0.0187 0.0104 0.00419 0.0165 

HOFP [kg NOx eq.] 0.00159 0.00111 0.00206 0.00153 0.00108 0.00198 0.00145 0.00103 0.00187 0.0168 0.00683 0.0268 0.0114 0.00457 0.018 0.01 0.00404 0.0159 

ODP [ kg CFC-11 eq.] 8.80 

×10-6  

8.70 

×10-6 

8.91 

×10-6 

8.79 

×10-6 

8.69 

×10-6 

8.89 

×10-6 

8.77 

×10-6 

8.68 

×10-6 

8.87 

×10-6 

6.32 

×10-6 

2.55 

×10-6 

1.01 

×10-5 

4.26 

×10-6 

1.70 

×10-6 

6.77 

×10-6 

3.76 

×10-6 

1.50 

×10-6 

5.97 

×10-6 

TAP [kg SO2 eq.] 0.00319 0.00254 0.00383 0.00311 0.00249 0.00372 0.003 0.00243 0.00357 0.013 0.00532 0.0206 0.00881 0.00362 0.0139 0.00779 0.00321 0.0123 

PMFP [kg PM2.5 eq.] 0.00118 0.00092 0.00143 0.00114 0.0009 0.00139 0.00110 0.00088 0.00133 0.00440 0.00181 0.00698 0.00300 0.00124 0.00472 0.00265 0.00110 0.00417 

WDP [ m3) 0.0129 0.00968 0.0163 0.0125 0.00934 0.0157 0.0120 0.00901 0.0150 0.0158 0.00697 0.0247 0.0102 0.00509 0.0170 0.00902 0.00462 0.0152 

FETP [kg 1.4-DB eq.] 0.0180 0.0140 0.0219 0.0175 0.0137 0.0212 0.0168 0.0134 0.0203 0.0315 0.0136 0.0494 0.0219 0.00976 0.0338 0.0195 0.00880 0.0300 

METP [1.4-DB eq.] 0.0231 0.018 0.0281 0.0224 0.0176 0.0273 0.0216 0.0171 0.0261 0.0785 0.0327 0.124 0.0537 0.0226 0.0842 0.0476 0.0201 0.0745 

TETP [kg 1.4-DB eq.] 1.36 1.05 1.66 1.32 1.03 1.61 1.27 1 1.54 1.1 0.499 1.7 0.788 0.38 1.19 0.707 0.348 1.06 

FEP [kg P eq.] 1.66 

×10-4 

1.26 

×10-4 

2.06 

×10-4 

1.61 

×10-4 

1.22 

×10-4 

1.99 

×10-4 

1.54 

×10-4 

1.18 

×10-4 

1.90 

×10-4 

2.85 

×10-4 

1.23 

×10-4 

4.46 

×10-4 

1.97 

×10-4 

8.75 

×10-5 

3.05 

×10-4 

1.76 

×10-4 

7.89 

×10-5 

2.71 

×10-4 

MEP 

 [kg N eq.]  

2.83 

×10-5 

2.05 

×10-5 

3.67 

×10-5 

2.74 

×10-5 

1.97 

×10-5 

3.52 

×10-5 

2.61 

×10-5 

1.90 

×10-5 

3.33 

×10-5 

3.27 

×10-5 

1.50 

×10-5 

5.05 

×10-5 

2.69 

×10-5 

1.48 

×10-5 

3.87 

×10-5 

2.45 

×10-5 

1.39 

×10-5 

3.49 

×10-5 

HTPnc   

[kg 1.4 DB eq.]  

0.881 0.764 0.997 0.866 0.755 0.977 0.847 0.743 0.95 0.719 0.314 1.12 0.503 0.228 0.774 0.449 0.207 0.687 

LOP [annual crop eq. 

yr] 

0.0157 0.0117 0.0196 0.0152 0.0114 0.019 0.0145 0.011 0.0181 0.0169 0.00752 0.0262 0.0118 0.00549 0.0181 0.0106 0.005 0.0161 

a CCP: climate change potential. FDP: fossil fuel depletion potential. MDP: metal depletion potential. HTPc: human toxicity, cancer. IRP: ionising radiation. EOFP: photochemical ozone formation, ecosystem. HOFP: photochemical ozone formation, 

human health. ODP: stratospheric ozone depletion. CFC: chlorofluorocarbon. TAP: terrestrial acidification PMFP: particulate matter formation. WDP: water depletion potential. FETP: freshwater ecotoxicity. METP: marine ecotoxicity. TETP: 

terrestrial ecotoxicity. FEP: freshwater eutrophication. MEP: marine eutrophication. HTPnc: human toxicity, non-cancer. LOP: land use.]  
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Chapter 4: Immobilized graphene oxide-based membranes for improved 

pore wetting resistance in membrane distillation 

This paper has been published in the journal Desalination in March 2022 with the citation given below: 

M. Alberto, C. Skuse, M. Tamaddondar, P. Gorgojo, Immobilized graphene oxide-based membranes 

for improved pore wetting resistance in membrane distillation, Desalination. 537 (2022) 115898. 

https://doi.org/https://doi.org/10.1016/j.desal.2022.115898. 

The work in this chapter outlines the synthesis of graphene oxide membranes immobilised with 

polydopamine for antiwetting improvements. Table and figure numbers have been changed to fit the 

thesis structure but the references are separate and they can be found at the end of this chapter. The 

thesis author is the second author and contributor to this paper. C. Skuse conducted the following 

activities: partial investigation, methodology, writing, review and editing along with the main author. 

M. Alberto wrote the original draft and was the main contributor to the conceptualisation, investigation, 

methodology, analysis and writing of the manuscript. M. Tamaddondar assisted in the methodology and 

P. Gorgojo assisted in the conceptualisation, supervision, project administration and writing.  
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Nomenclature 

Abbreviations 
 

AFM: atomic force microscopy SDS: sodium dodecyl sulphate 

AGMD: air-gap membrane distillation SGMD: sweeping gas membrane distillation 

ATR: attenuated total reflectance TIC: temperature indicator controller 

CVD: chemical vapour deposition Tris: Tris(hydroxymethyl)aminomethane 

DCMD: direct contact membrane distillation TGA: thermogravimetric analysis 

EDX: energy-dispersive X-ray  

GO: graphene oxide 

Symbols IPA: isopropyl alcohol 

LEP: liquid entry pressure 

MD: membrane distillation 

MDC: membrane distillation crystallisation A: area of membrane, m2 

MFP: mean flow pore size Cf: conductivity of the feed, µS/cm 

MMM: mixed matrix membrane Cp: conductivity of the feed, µS/cm 

PAN: polyacrylonitrile D: pore diameter 

PDA: polydopamine 𝛾: surface tension 

PP: polypropylene J: membrane flux, L/ m2 h 

PTFE: Polytetrafluoroethylene Jp,i: permeate flux at the initial experimental time, L/m2 h 

PVDF: polyvinylidene fluoride Jp,f: permeate flux at the final experimental time, L/m2 h 

SEM: scanning electron microscopy Δmp: change in the permeate mass, kg 

SDS: sodium dodecyl sulphate 𝜌f: density of feedwater, kg/m3 

RO: reverse osmosis 𝜌p: density of permeate, kg/m3 

RT: room temperature Rq: root-mean-square roughness, nm 

SEC: specific energy consumption, kWh/m3 SR: salt rejection, % 

 Δt: time period, h 

 𝜃: contact angle of wetting liquid 
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Highlights 

• GO laminate membranes were synthesized onto commercial porous PVDF substrates. 

• Immobilization was achieved using polydopamine as an anchor molecule. 

• Permeate flux was not affected by additional layers. 

• Membranes were stable for over 90 h with feed solutions containing surfactants. 

Abstract 

Membrane distillation (MD) is a useful method for the purification of difficult feedwaters but it cannot 

be applied in a range of industries due to pore wetting. In this work, graphene oxide (GO) laminate 

coatings are explored to overcome the pore wetting issues. Air gap MD (AGMD) configuration was 

considered, using a 35 g/ L NaCl solution with 150 mg/ L (150 ppm) of Triton X-100 surfactant as feed 

material. The GO is deposited as a laminate membrane on top of a commercial porous polyvinylidene 

fluoride (PVDF) support and good adhesion is achieved through the use of polydopamine (PDA) to 

form a hydrophilic tri-layer membrane. The small pore size achieved with the laminate GO led to 

increased pore wetting resistance for at least 90 h compared to 20 min with pristine commercial PVDF. 

Additionally, the extra layers of GO and PDA did not affect the membrane flux. Overall, a tri-layer 

immobilized GO membrane is synthesized with superior performance when compared to current 

commercial membranes, meaning that MD can be used for a new range of wastewater applications. 

Keywords:  Graphene oxide (GO); membrane distillation (MD); pore wetting resistance; surfactant; 

wastewater treatment 

1 Introduction 

Water scarcity is a global issue which is expected to reduce people’s accessibility to potable water in 

the coming decades, with the UN reporting that 5 billion people will be living in water scarce areas for 

at least one month by 2050 [1]. As a solution, the production of clean drinking water from non-

conventional water/wastewater sources needs to be explored. Membrane distillation (MD) is a 

promising separation method for water and wastewater treatment, addressing the increasingly stringent 

water quality standards and environmental regulations. MD is a thermally driven separation process 

that employs a hydrophobic porous membrane (e.g. polypropylene (PP) [2], polytetrafluoroethylene 

(PTFE) [3], and polyvinylidene fluoride (PVDF) [4]). The hydrophobic nature of the membrane 

prevents the penetration of the liquid feed solution into its pores, allowing only the passage of water 

vapour driven by the partial water vapour pressure difference across the membrane (Figure 23a) [5]. 

MD features several advantages compared to conventional separation processes including, but not 
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limited to: operation at low pressures and temperatures (which leads to low operation cost and process 

safety), and low-grade energy use (e.g. solar thermal energy, waste heat) which makes MD a more cost-

effective and environmentally friendly process. MD can also achieve higher water recoveries when 

compared to RO, this is because the energy consumption does not depend on the feed concentration [6, 

7]. This also means that MD can treat difficult, highly concentrated feedwaters that would be too energy 

intensive to be considered via RO [8]. Other conventional water treatment methods such as 

microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF) have a lower specific energy 

consumption (SEC) but the membrane rejection is too low (70-85 %) to ensure the production of safe 

drinking water. As only volatile substances can cross the membrane in MD, the rejection is extremely 

high (>99 %) [9]. This would ensure complete removal of contaminants which cannot remain in the 

feed. Despite all the promising aspects of MD, pore wetting [6, 10], and fouling [11] are aspects that 

limit the use of MD commercially. 

Pore wetting refers to the penetration of the feed solution into the membrane pores and consequent 

process failure either by reducing the salt rejection or the permeate flux [12]. Pore wetting can be 

induced by the presence of low surface tension liquids that are miscible with water of the feed solution 

(e.g. alcohols [13]), and amphiphilic molecules (e.g. surfactants [6, 13, 14]). The understanding of the 

mechanisms behind the induction of pore wetting by these agents remains unclear, but fundamental 

insights have been developed in recent years. With this respect, Wang et al. suggested that pore wetting 

mechanisms induced by ethanol and Triton X-100 are different; alcohol-induced pore wetting occurs 

instantly whereas surfactant pore wetting is progressive and its kinetics depends on the vapour flux and 

the bulk concentration of surfactants in the feed solution [13]. The surfactants (which are amphiphilic 

molecules) adsorb onto the membrane surface and lower the liquid entry pressure (LEP). This impacts 

the gas-liquid interface and allows the feedwater to breach the membrane pores. After sufficient 

adsorption of surfactants, the LEP is reduced to the point where liquid water completely enters the pores 

and leads to the passage of feedwater through the membrane (Figure 23b). It is worth mentioning that 

the salt concentration in the feed solution can increase the concentration at which the surfactant 

molecules aggregate to form micelles (named the critical micelle concentation). Micelle formation may 

reduce the wetting effect on the membrane, due to lower adsorption onto the surface. Thus, it is 

important to consider both the feedwater salt concentration and surfactant concentration when 

comparing membrane performance in literature.   
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Figure 23 (a) Non-wetted membrane, (b) pore-wetted membrane depicted by the presence of surfactants in the 

feedwater. 

 

Several strategies have been reported to overcome this technical challenge. A review by A. Abdel-

Karim et al. [15] evaluated cleaning regimes such as chemical treatment with citric acid and pre-

treatment using foam fractionation to successfully remove foulants such as surfactants. However, 

cleaning can cause the deterioration of the membrane surface and a reduction in the contact angle, which 

leads to a reduction in pore-wetting resistance. The review concluded by suggesting that self-cleaning 

membranes need to be further developed and paired with appropriate cleaning strategies to better 

manage fouling and pore wetting in MD. 

Self-cleaning membranes are highly resistant to pore wetting and fouling and have been explored as 

omniphobic membranes [16-19], superamphiphobic membranes [20], composite membranes with a 

hydrophilic coating [21, 22], and combining material and operational approaches using a 

superhydrophobic membrane with air-layer recharging [23, 24]. Similar to other challenges in 

membrane technology, graphene-based materials have been explored not only to tackle this issue but 

also to improve membrane performance such as improved rejection and higher permeate flux [5, 25-

27]. In this context, Seo et al. [28] transferred chemical vapour deposited (CVD) graphene onto PTFE 

and used it as an active layer for direct contact (DCMD) experiments. These membranes showed high 

water-flux (~50 L/m2 h), excellent NaCl rejection (99 %) when processing highly saline water and 

excellent antifouling properties. Moreover, Qiu et al. [27] modified the pore channel surface of PVDF 

membranes with graphene oxide (GO) for improved antifouling properties and distillate flux. Despite 

the promising results, the stability of laminated GO films onto hydrophobic porous membranes in 

aqueous media might be still an issue for MD applications. To prevent contamination of GO within the 

feedwater and to ensure robustness (i.e. membranes that are easy to handle), secure immobilization is 

required. Polydopamine (PDA) is a hydrophilic polymer with excellent binding properties to almost all 

substrates through the self-polymerization of dopamine under alkaline conditions [29-31]. It has been 
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employed to enhance the compatibility, interfacial adhesion, and consequently stability of GO laminate 

membranes for pervaporation [31]. However, this is the first time PDA is being explored for the 

potential immobilization and mechanical protection of GO onto MD membranes for improved pore 

wetting and antifouling resistance. 

The successful surface modification of commercial PVDF membranes to produce the PDA and GO 

layers is demonstrated in this study. For the first time, feed solutions with high concentrations (150 

ppm) of surfactants (Triton X-100) are treated with high rejections via MD. Desalination performance 

was evaluated in DCMD and air gap (AGMD) membrane distillation with feed solution containing low 

surface tension contaminants, including surfactants and mineral oil. Pore wetting and fouling were 

detected by monitoring the membrane flux and permeate conductivity.  

2 Experimental section 

1. Materials 

Graphene oxide (GO) was purchased from William Blythe (UK). Dopamine hydrochloride (DA, 99 %), 

Tris(hydroxymethyl)aminomethane (Tris-HCl, pH = 8.5, 0.5 M), and Triton X-100 were purchased 

from Alfa Aesar (UK). Triton X-100 is a non-ionic surfactant with 100 % activity with a surface tension 

of 33 mN m-1 (1 % actives, 25℃). It is representative of the type of surfactants which are used in paper-

milling and textile processes. Isopropyl alcohol (IPA, ≥ 99.7 %) was purchased from WWR 

International (UK). PVDF membranes with a nominal pore size of 0.22 μm and average thickness of 

125 μm (GVHP09050), ethanol (≥ 99.0 %), and sodium chloride (NaCl, ≥ 99.0 %) were purchased from 

Merck Life Science UK Limited (UK). 

2. Membrane preparation 

A doubled PDA coating was employed to enhance: (1) the compatibility between the hydrophobic 

commercial PVDF membrane and laminated GO membranes, and (2) the stabilization of GO 

membranes, preventing their potential delamination and leaching into the aqueous feed solutions, as 

well as providing mechanical stability. Thus, the preparation of the laminated GO membranes consists 

of three steps, as shown in Figure 24: (1) modification of the PVDF membrane surface with a thin 

polydopamine (PDA) layer, (2) assembly of the bidimensional GO flakes by vacuum filtration of GO 

dispersion through the PDA-modified PVDF membranes, and (3) coating of the laminate GO membrane 

with a thin PDA layer.  

Firstly, 2 mg/ mL of DA was dissolved in a Tris-HCl buffer solution (pH = 8.5, 15 mM) and sonicated 

for 10 min. Commercial PVDF membranes were floated in that solution for 2 h, rinsed thoroughly with 

DI water and dried in a vacuum oven for 2 h at 60 ˚C. Subsequently, the modified PVDF membranes 
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were immersed in IPA for 30 min to allow their full wetting and used for the deposition of GO through 

vacuum filtration. Different amounts of GO were dispersed in water/IPA with a volume ratio of water 

to IPA of 1:1, making up a concentration of 2 mg/L, and filtered through the IPA-impregnated PDA-

modified membranes. These GO laminate membranes were dried at 60 ̊ C for 2 h under vacuum. Finally, 

they were coated with a thin layer of PDA following the same procedure that was done to modify the 

surface of PVDF membranes. Pristine PVDF membranes coated with two 2 h-PDA coatings (2+2PDA) 

were prepared as a control.  

 

Table 10 shows the membrane codes according to their composition. 

 

Figure 24 Steps of membrane preparation: (1) modification of PVDF membranes with PDA, (2) formation of 

laminated GO membranes on PDA-modified PVDF membranes, and (c) PDA coating of laminated GO membrane. 

(GO: graphene oxide, DA: Dopamine hydrochloride, Tris-HCl: Tris(hydroxymethyl)aminomethane, PDA: 

polydopamine, PVDF: polyvinylidene fluoride, IPA: Isopropanol, RT: room temperature) 

 

Table 10 Membrane codes according to their composition. PDA coatings in steps 1 and 2 were performed with a 2 

mg/mL DA in 10 mM Tris-HCl (pH 8.5) solution. 

Membrane code PDA coating time (h) 

(step 1) 

GO density (mg/m2) 

(Step 2) 

PDA coating time (h) 

(step 3) 

PVDF - - - 

2-PDA 2 - - 

2+2PDA 2+2 - - 

GO-PVDF - 90.6 - 

GO-PDA-PVDF 2 90.6 - 

20GO 2 45.3 2 

40GO 2 90.6 2 
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60GO 2 135.9 2 

 

3. GO and membrane characterisation 

To study the lateral size of GO flakes, a Si/SiO2 wafer was vertically submerged into an aqueous GO 

dispersion (0.05 mg/mL) and subsequently vertically withdrawn and let to dry horizontally. The flakes 

were imaged using an scanning electron microscope (SEM, Quanta FEG 250, USA) and the lateral flake 

size was measured using the open-source software ImageJ®.  

Thermogravimetric analysis (TGA) of the GO powder was conducted using a TGA 550 

thermogravimetric analyser (TA Instruments, USA). This experiment was run under a nitrogen 

atmosphere with a gas flow of 10 mL/min, and a heating rate of 20 ˚C/min. 

The Fourier transform infrared spectroscopy (FTIR) spectra of GO was acquired by using a VERTEX 

70v FT-IR spectrometer (Bruker, USA) equipped with an attenuated total reflectance (ATR) accessory. 

The spectra were collected from 500 to 4000 cm−1, at a scanning rate of 1 cm-1. 

Surface and cross-section morphologies of the membranes were investigated by SEM using also the 

Quanta FEG 250 microscope. To obtain cross-sectional samples, membranes were immersed in ethanol 

for a few seconds and freeze-dried using liquid nitrogen. A FEI Quanta 200 ESEM equipped with 

Energy dispersive X-ray spectroscopy (EDX) device was used to study the presence of NaCl on the 

permeate side of the membrane after MD experiments. All the samples were sputter-coated with a thin 

layer of palladium prior to imaging. 

Capillary flow porometry (CFP) was employed to characterise the pore structure of the commercial 

PVDF membranes and was carried out using a Porolux 1000 porometer (Porolux, Belgium). Bubble 

point, mean flow pore (MFP) size, smallest pore size, and pore size distribution were determined by the 

wet/dry method. Firstly, PVDF samples (2.98 cm2) were impregnated with the pore-filling liquid Porefl 

125 (surface tension of 15.88 ± 0.03 mN/m, Porolux, Belgium). Nitrogen (N2) gas was used to displace 

the liquid from the pores by increasing the gas pressure, giving the so-called wet curve (i.e. measured 

gas flow against the applied pressure). Following the wet curve, the N2 flow against the applied pressure 

on the dry sample (“dry curve”) was also measured. The pore size was calculated with Equation 6: 

𝑃 =
4𝛾 cos 𝜃

𝐷
 

(Eq. 6) 

where P is the pressure required to displace the wetting liquid from the pore, D is the pore diameter, 𝛾 

the surface tension of the wetting liquid and 𝜃 the contact angle of the wetting liquid. It is worth 

mentioning that this technique only takes into account open pores as the closed pores do not contribute 

to gas flow. 
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The surface roughness of all membranes was determined by atomic force microscopy (AFM), using a 

Fastscan microscope (Bruker, USA). The measurements were carried out at room temperature using 

tapping mode. The root mean square roughness (Rq) and the average roughness (Ra) were calculated 

using the Nanoscope analysis software version 1.5. 

The surface hydrophobicity of the membranes before and after the induced-surfactant pore wetting was 

evaluated by measuring their water contact angles with a DSA100B Drop Shape Analyser (KRUSS, 

Germany), using a sessile drop method with a 10 uL drop size of deionised water. The average values 

resulted from the water contact angles from at least 3 different locations on the membrane. Membranes 

were glued on a flat glass slide with double-sided tape. 

Experimental liquid entry pressure (LEP) values of pristine PVDF and 40GO membranes (11.3 cm2) 

were measured using a dead-end filtration cell (HP4750, Sterlitech, USA) filled with 200 mL of 35 g/L 

NaCl aqueous solution. Pressure was gradually applied on the feed side while allowing to stabilize after 

each increment. The LEP was recorded as the pressure at which the first drop of liquid permeate appears 

on the permeate side. 

Leaching of GO was investigated by exposing pieces of the membranes (0.49 cm2) to DI water (floating 

them with the coated side in contact with the water) under constant stirring. After an exposure time of 

86 h, the amount of GO leached from the membrane was analysed with UV-Visible spectroscopy (UV-

2700 UV–Vis spectrophotometer, Shimadzu, UK). The absorption peak considered for GO appeared at 

231 nm in the spectra, which corresponds to the π → π∗ transitions for the C–C bonding [32]. 

Measurements were performed at room temperature using a quartz cuvette with a 1 cm optical path. 

Three different membrane structures were tested: GO on PVDF porous support (GO-PVDF), GO on 

2 h PDA-treated PVDF porous support (GO-PDA-PVDF) and 40GO. All samples were prepared with 

the same GO density, and three samples of each were considered for the analyses.  

4. Membrane distillation experiments 

Pore wetting experiments were carried in an AGMD laboratory apparatus whose diagram is shown in 

Figure 25. The feed solution was kept under constant stirring and constant temperature (75 ˚C) using a 

hot plate with a connected thermostat (MIL-C-17 ROHS, UK) and it was circulated at a constant rate 

of 1290 ± 55 mL/min using a 12 V water pump. The permeate was kept at 20 ˚C by a Julabo F12-ED 

chiller, which was circulated behind a stainless steel condenser plate at a rate of 600 ± 4 mL/min. The 

membrane cell had an air gap width of 3 mm and the effective membrane area was 9.1 cm2. The 

permeate dripped out of the module by gravity and was collected in a measuring cylinder with a funnel 

placed below. All experiments started with 100 mL of DI water in the permeate tank in order to be able 

to record the online conductivity of the membrane permeate. To investigate the surfactant-induced pore 
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wetting of the different membranes, Triton X-100 (150 ppm) was added to the aqueous feed solution. 

The online permeate conductivity and total flux were recorded using a digital conductivity meter (Go 

Direct Conductivity Probe, Instruments Direct Services Limited, UK), and a precision scale (HCB 6001, 

Adam Equipment, UK), respectively. At least three membranes of each composition were analysed for 

surfactant-induced pore wetting. 

 

Figure 25: Diagram of the AGMD unit used for conducting the experiments. Feed flow rate: 1290 ± 55 L/min, coolant 

water flow rate = 600 ± 4 mL/min. Effective membrane area: 9.1 cm2. Feed and coolant temperatures of 75 °C and 20 

°C, respectively. 

 

The permeate flux (𝐽𝑝, L/m2 h) was recorded and calculated using Equation 7: 

𝐽𝑝 =
∆𝑚𝑝

𝜌𝑝𝐴 ∆𝑡
 

(Eq. 7) 

where 𝛥𝑚𝑝 is the change in the permeate mass tank (kg), 𝐴 is the effective membrane area (m2), 𝝆𝒑 is 

the density of the permeate (kg/L) and ∆𝑡 is the sampling period.  

The salt rejection (SR, %) is calculated using Equation 8: 

𝑆𝑅 = (1 −
𝐶𝑝

𝐶𝑓
) × 100  

(Eq. 8) 

where 𝐶𝑝 and 𝐶𝑓 are the concentration of the permeate and feed, respectively. 
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3 Results and discussion 

5. GO characterisation 

The lateral size distribution of the GO nanosheets was characterised through the image analysis of SEM 

images (Figure S33a). According to the normal distribution curve-fitting that was used, the mean value 

of the lateral flakes size of GO is 3.5 ± 2.5 μm (Figure S33b). Figure S34a shows the TGA curve of 

GO. The first weight loss (~ 12 %) at temperature of up to 120 ˚C is due to the removal of physically 

adsorbed water molecules. The following weight loss is registered between 120 ˚C and 300 ˚C and 

corresponds to the decomposition of labile oxygen groups like epoxy and hydroxyl. The third weight 

loss occurring from 300 ˚C and 500 ˚C corresponds to the removal of more stable oxygen groups such 

as carbonyl. Above 500 ˚C, the pyrolysis of the carbon skeleton occurs [33]. The FTIR spectrum of GO 

(Figure S34b) shows a broadband from 3000 and 3500 cm-1 associated with the O-H vibration, a band 

at 1725 cm-1 that corresponds to C=O vibrations, a band assigned to C=C stretching (1625 cm-1), the 

C–O epoxide group stretching at 1223 and 1061 cm−1, and a band associated to C-OH  at 1376 cm-1 

[34]. 

6. Membrane characterisation 

Figure 26 and Figure 27 show the surface and cross-sectional morphologies of PVDF, 2-PDA, 2+2PDA, 

20GO, 40GO, and 60GO membranes, respectively. The SEM micrographs in Figure 26a and Figure 

27a show the highly porous structure of the pristine PVDF membranes. Comparing Figure 26b and 

Figure 26c, an additional 2h-PDA coating led to a more uniform but not complete coverage (2+2PDA, 

Figure 26c) on the commercial PVDF membrane. It has been reported elsewhere that the amount of the 

PDA coating can be tuned by varying the number and reaction time of coating cycles; the longer the 

coating time and the higher the coating cycles, the greater is the amount of PDA deposited on the support 

[35], as shown for our control sample where 2 cycles of PDA coating have been carried out. Figure 

26d-f and Figure 27d-f show the surface and cross-section of the membranes containing GO (20GO, 

40GO, and 60GO), respectively. As expected, the increase in GO density led to a better membrane 

surface coverage and smoother surface, which was confirmed by AFM. 
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Figure 26 SEM images of the surface of (a) PVDF, (b) 2PDA, (c) 2+2PDA, (d) 20GO, (e) 40GO and (f) 60GO. 

 

Figure 27 SEM images of the cross section of (a) PVDF, (b) 2PDA, (c) 2+2PDA, (d) 20GO, (e) 40GO and (f) 60GO.  

 

The analysis of the wet and dry curves (Figure S35a) allowed the determination of the bubble point, 

MFP size, and smallest pore size, which were 570 ± 44, 484 ± 26, and 325 ± 14 nm, respectively. The 
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pore structure of pristine PVDF membranes was investigated through CFP. The pore size distribution 

of these membranes is shown in Figure S35b. 

The surface roughness of all membranes was determined by AFM analysis, and their three-dimensional 

surface topography images are shown in Figure 28. The surface roughness parameters (root mean square 

average roughness (Rq) and the average roughness (Ra)) are presented in Table 11. Pristine PVDF 

membranes showed the highest Rq and Ra values at 288 and 225 nm, respectively. The surface 

roughness of PDA-modified PVDF membranes decreased with an additional coating cycle; after the 

second 2-h PDA coating, the Ra value of 2PDA was reduced from 126 to 106 nm. Surface roughness 

consistently decreased upon the increase of GO density, reaching the lowest values of Rq (92 nm) and 

Ra (73 nm) for 60GO. These results are consistent with SEM images shown in Figure 26 and Figure 

27. 

 

Figure 28 3D AFM images of (a) PVDF, (b) 2PDA, (c) 2+2PDA, (d) 20GO, (e) 40GO and (f) 60GO membranes.  

The roughness of the membrane is related to the contact angle by the Wenzel equation: 

𝑐𝑜𝑠𝜃m = 𝑟𝑐𝑜𝑠𝜃y 

where 𝜃m is the measured contact angle, 𝜃y is Young’s contact angle and r is the roughness ratio, defined 

as the ratio of rough to planar surface areas. This implies that for hydrophilic surfaces, increased 

roughness (r > 1) increases wettability. For hydrophobic surfaces, increased roughness also leads to 

increased hydrophobicity. This was measured experimentally in the following paragraph. 
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Water contact angles of all membranes were measured before and after the surfactant-pore wetting tests 

and the results are presented in Table 11. As can be seen, the pristine PVDF membrane is hydrophobic 

with a water contact angle of 116 ˚ ± 3. The water contact angle of PDA-modified PVDF membranes 

decreased due to the hydrophilic nature of PDA [36]; the water contact angles of 2PDA and 2+2PDA 

were 109˚ ± 4 and 69˚ ± 15, respectively. As expected, the further addition of the laminated GO 

membrane and the second PDA layer maintained the hydrophilic nature of the membrane surface. In 

addition to PDA, GO exhibits hydrophilic properties due to the presence of oxygen-functional groups 

on its basal plane and edges of the nanosheets [37]. 

The experimental LEP values of pristine PVDF and 40GO membranes were also obtained and are 

displayed for these two membranes in Table 11. The pristine PVDF membrane showed a LEP value of 

2.4 bar, while the 40GO membrane had a LEP of 4.6 bar. The increase upon coating, despite having a 

more hydrophilic surface, can be explained by the narrowed surface pore size of the GO membrane. 

The stability of the GO coating in the 40GO membrane when exposed to water was evaluated through 

UV-Vis (calibration curve shown in Figure S36a). The obtained spectra of the water after exposure of 

the GO coatings for a week are also shown in Figure S36b. After 86 h, the percentages of GO 

detachment from the samples were found to be 30.5 %, 10.8 % and 9.6 % for GO-PVDF, GO-PDA-

PVDF and 40GO, respectively. The decrease in GO detachment with the addition of an extra PDA layer 

on top of the GO coating is relatively low. However, it makes the membrane more resistant to handling 

and therefore the extra step should be justified for production of industrial membrane modules. 

7. Membrane performance 

Table 11 Root mean square average roughness (Rq) and average roughness (Ra), liquid entry pressure, and water 

contact angle of membranes before and after the surfactant-induced pore wetting tests.  

Membranes Rq (nm) Ra (nm) Liquid entry 

pressure (bar) 

Water contact angle (o) 

Before pore 

wetting test 

After pore  

wetting test 

PVDF 288 225 2.4 116 ± 3 110 ± 4 

2PDA 160 126  109 ± 4 - 

2+2PDA 136 106  69 ± 15 47 ± 2 

20GO 115 92  81 ± 4 17 ± 1 

40GO 113 91 4.6 73 ± 2 16 ± 5 

60GO 92 73  52 ± 2 44 ± 6 
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The flux and NaCl rejection of all membranes were evaluated by using an aqueous feed solution 

containing 35 g/ L NaCl. The feed and the permeate were kept at 75 and 20 ˚C, respectively. The average 

flux and NaCl rejection of all membranes are reported in Table S12 and plotted in Figure 29 for easier 

visualisation. The flux and rejection of the membranes were recorded after after 2 h to allow for 

stabilisation. Pristine PVDF membranes showed flux and NaCl rejection of 8.9 ± 1.2 kg/ m2 h and 

99.98 ± 0.01 %, respectively. Although the highest average flux was obtained by the membrane 40GO 

(10.7 ± 1.2 kg/ m2 h), there are no significant changes in membrane performance upon the addition of 

laminated GO coatings, regardless of the thickness of the GO layer. Typically, the introduction of a new 

layer causes extra mass transfer resistance that leads to flux reduction [27]. However, in our study this 

is not observed, which could be explained by the unimpeded permeation of water vapour through the 

channels formed by the interlocked layered structure of micron-sized GO nanosheets [38]. Similar 

effects are reported in the literature when GO is used. Bhadra and co-workers [39] reported a significant 

increase in flux (up to 35 %) and mass transfer coefficient (up to 33 %) when drop-casting GO and 

PVDF (as a binder material) on commercial PVDF membranes. Besides the rapid transport of water 

vapour due to the nanocapillary effect, it is also suggested that the increase in flux is enhanced by the 

presence of polar functional groups such as epoxy, hydroxyl, and carboxyl on GO nanosheets that act 

as selective sorption sites for water vapour, and by the reduction of the temperature polarisation. 

Following the same strategy as the abovementioned study, Intrchom et al. [40] immobilised GO on the 

permeate side of commercial PTFE membranes and reported a flux increment of 15 % compared to 

pristine membranes. They suggested that this enhancement in membrane performance was due to the 

rapid removal of the permeate water vapour from the membrane-permeate stream interface causing an 

enhancement of the mass transfer coefficient. In our work, the additional mass transfer resistance of the 

fabricated membranes could be offset by the increase in polar groups of GO which can act as absorption 

sites and increased heat transfer resistance from the insulating PDA layer that leads to lower heat losses. 

Although the hydrophilicity of the GO membranes was higher than the pristine PVDF, the results 

suggest that this increase in hydrophilicity is counter-acted by the sharp decrease in surface pore size 

as seen in SEM images in Figure 4. The overall resulting impact on the separation mechanics is an 

increase in LEP and thus an increase in pore-wetting resistance. This finding is supported by 

McGaughey et al. [41] who reported that reducing the pore size can be more effective than increasing 

the hydrophobicity when developing wetting-resistant membranes. 
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Figure 29 Average total flux and NaCl rejection of the prepared membranes. Aqueous feed solution: 35 g/ L NaCl. 

Feed and permeate temperatures of 75 and 20 ˚C, respectively. Average values of the total flux and NaCl rejection 

resulted from at least three samples of the same membrane type. Squares represent membrane flux (kg/ m2 h), and 

circles represent salt rejection. Error bars stand for the standard deviation of the set of values gathered for at least 

three samples with the same composition. 

 

The surfactant-induced pore wetting of all membranes was evaluated by adding Triton X-100 (150 ppm) 

into the saline feed solutions (35 g/ L NaCl aqueous solution) once the steady state had been reached. 

The total flux and permeate conductivity were evaluated for at least three samples with the same 

composition. To compare the response of the membrane upon the addition of the surfactant, the addition 

of Triton X-100 was aligned to 30 min for all membranes. 

Figure 30a shows the response of commercial PVDF membranes upon the addition of the surfactant. 

As can be seen, the addition of surfactant led to a total failure of the MD performance of commercial 

PVDF membranes, which was demonstrated by a sharp rising of the permeate conductivity, 

accompanied by an increase in the total permeate flux. Similar studies showing identical pore wetting 

effects have been reported in the literature [19, 42, 43]. Surfactants lower the surface tension of the 

feed, causing a reduction in the liquid entry pressure (LEP) and consequently a greater propensity for 

membrane wetting. It is stated that the membrane wetting rate is also dependent on the hydrophilic-

lipophilic balance (HLB), critical micelle concentration (CMC) values of the surfactant [42], and the 

excess concentration of the surface surfactant  on membrane pore surface [44]. 

The purpose of depositing a second PDA layer was to maintain the integrity and prevent delamination 

of the GO laminated membranes during mounting and dismounting the membranes and throughout the 

MD tests. As a control, 2+2PDA membranes were also tested and the results are shown in Figure 30b. 

Although the doubled 2h-PDA coating on pristine PVDF membranes showed a delay of the membrane 

pore wetting, it did not prevent the complete failure of the MD performance upon the presence of 
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surfactant in the feed solution. As seen in the SEM image of the membrane surface in Figure 26c, the 

PDA coating did not cover the entire surface of PVDF membranes, so the surfactant molecules were 

able to reach the PVDF membrane causing the membrane pore wetting. 

 

  

Figure 30 (a) Performance of commercial PVDF, and (b) 2+2PDA membranes upon the addition of Triton X-100 (150 

ppm). Three samples were tested and each set of symbols represents one PVDF membrane. Full and empty symbols 

represent the membrane flux and the permeate conductivity, respectively. Numbers in between brackets in (1), (2), 

and (3) represent the sample number. 

 

Figure 31a-c show the performance of 20GO, 40GO, and 60GO membranes when subjected to a saline 

feed solution containing surfactant. Each experiment was repeated at least three times. According to the 

data obtained, the permeate conductivity reached maximum values of 17.3, 28.4  , and 17.4 μS cm-1 for 

20GO, 40GO, and 60GO, respectively, after 150 min after the addition of the surfactant. The low 

permeate conductivity is an indication that the GO laminated layer significantly enhanced the 

surfactant-induced pore wetting resistance of pristine PVDF membranes. As suggested by Qiu et al. 

[27], the GO coating acts as a protective skin layer that prevents the surfactant molecules to reach the 

hydrophobic PVDF membrane which helps the minimisation of wetting effects caused by the presence 

of the surfactant in the feed solution. The same study also showed that the charge of the surfactant might 

also affect the role of the GO in the membrane.  

In this context, Seo [28] demonstrated that the deposition of a few-layer graphene layer onto a 

commercial PTFE membrane improved not only the flux by approximately 20 % when real seawater 

was used as a feed, but also the stability of the membrane performance when using a feed containing a 

surfactant (sodium dodecyl sulphate (SDS)). This enhancement in membrane performance is justified 

by: (i) a reduction of attached fouling molecules on the membrane surface reducing the pore-blocking 

effect, (ii) the weak physisorption between the graphene and SDS that can be easily overcome by the 

feed flow rate, and (iii) facilitated water vapour transport across nanochannels aided by the mismatched 

and overlapping of graphene domains.   
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Figure 31 Total flux and permeate conductivity of (a) 20GO, (b) 40GO, and (c) 60GO upon the addition of surfactant 

(Triton X-100, 150 ppm), and (d) a comparison of membrane performance. Numbers in between brackets in (a), (b), 

and (c) represent the sample number.  

 

The long-term performance stability of the membrane 40GO was evaluated for 90 h, and the results are 

shown in Figure 32. The membrane rejection remains above 99.999 % for 70 h, where it decreases to 

>98 %. A sharp increase in flux occurs after ~ 60 h after gradually decreasing over the first 50 h. The 

exact reason behind the reduction of the flux is not very clear at this stage, however, one reason could 

be the adsorption of the surfactant onto the membrane surface. The increase in flux after 60 h could be 

related to partial detachment of the GO coating, as confirmed by the leaching experiments (9.6 % 

detachment after 86 h for GO40). Also, the reason for the fluctuation in the flux is not well understood 

but could be due to the operational procedure, as most spikes in water flux occur when fresh water is 

added to the feed tank to stabilise initial salt and surfactant concentrations. However, the most promising 

outcome of the long-term experiment is that unlike with pristine PVDF, the adsorption of the surfactant 

onto the GO-PDA-coated membranes does not lead to immediate and catastrophic pore wetting. The 

salt rejection stays high over prolonged times due to the increased LEP and the relatively high stability 

of the coating.  
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It is worth noting that a study by S. González et al. [45] on the characterisation of surfactants in textile 

wastewater reported that the most prevalent surfactants were found in concentrations ranging from 0.93 

to 5.68 ppm and 0.06 to 4.30 ppm for nonylphenol ethoxylate (NPEO) and NPEO-SO4 respectively. 

The concentrations investigated in this study are an order of magnitude higher than this, and they are 

also higher than those previously investigated for MD [13, 46]. Thus, it is expected that these 

membranes can have longer-term stability, and higher flux when lower surfactant concentration are use, 

and thus could be used for a variety of industrial processes. The membranes should be also mounted 

into modules and tested at larger-scale to study their performance. 

 

Figure 32 Long-term performance of the PDA-GO-PDA-coated membrane 40GO upon the addition of the surfactant 

(Triton X-100, 150 ppm). Squares represent membrane flux (kg/m2 h), and circles represent salt rejection (%). 

 

SEM and EDX analyses were performed to evaluate the presence of NaCl on the permeate side of a 

40GO membrane after the MD 5h-experiment (Figure 37). Some areas of the membrane back surface 

showed some evidence of NaCl. Upon performing EDX analysis on the area highlighted in Figure 

S38(shown by the red rectangle), it was observed that both Na and Cl elements as well as C and F from 

the PVDF were present. However, it should be noted that the majority of the membrane back surface 

did not show presence of NaCl (e.g. Figure S39). These results are in agreement with the very high salt 

rejection that is achieved in the tested interval.  
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4 Conclusions 

The development of MD membranes to successfully desalinate saline water with a complex 

composition is still a challenge. While recent studies have shown promising results, pore wetting is still 

a phenomenon that is hindering the wider use of this membrane separation process. 

In this study, surfactant-induced pore wetting-resistant GO-based membranes were successfully 

prepared. A tri-layer structure consisting of a GO laminated membrane in between two PDA coatings, 

and deposited on commercial PVDF showed to be an effective method to not only prepare stable GO 

laminated membranes which did not detach, but also to prevent the pore-wetting effects caused by the 

presence of a non-ionic surfactant (Triton X-100) in the saline feed solution. This was achieved without 

compromising the membrane flux in the absence of surfactants, even though three extra layers were 

added to the PVDF membrane. The long-term stability test also showed that the membrane rejection 

remained above 99.9 % over 70 h, but this was accompanied by a reduction of flux over time, that could 

be less severe when working at lower surfactant concentration. 

The results suggest that through the addition of a tri-layer coating on top of a commercial membrane, 

MD can be used to produce potable water from feedwaters containing surfactants. This could allow a 

more widespread commercialisation of MD within wastewater treatment. For future work, the flux 

fluctuations and preparation of membranes with longer-term stability (i.e. with complete prevention of 

GO leaching) should be investigated at other feed compositions with a variety of surfactants, including 

real-world samples, and in addition, adopting a soft cleaning regime where necessary. This will be used 

to have a better understanding of how the membranes would perform industrially. 
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5 Supplementary information 

(a) (b) 

 

 
 

Figure S33 SEM image of GO flakes on Si/SiO2 wafer, and (b) Analysis of the lateral flake size - the histogram was 

fitted using the Lorentzian function as shown in the black line. The sizes of 132 flakes from multiple SEM images were 

measured using ImageJ®. 

(a) (b) 

 

 
 

Figure S34 (a) TGA curve of GO powder, and (b) FTIR spectrum of GO powder. 

 

 

Table S12 Average total flux and NaCl rejection of the prepared membranes. Aqueous feed solution: 35 g/L NaCl. 

Feed and permeate temperatures of 75 ˚C and 20 ˚C, respectively. Average values of the total flux and NaCl rejection 

resulted from at least three samples of the same membrane type. 

Membranes Total flux (kg/m2 h) NaCl rejection (%) 

PVDF 8.9 ± 1.2 99.98 ± 0.01 

2+2PDA 8.6 ± 0.6 99.95 ± 0.05 

20GO 10.2 ± 2.2 99.94 ± 0.06 

40GO 10.7 ± 1.2 99.96 ± 0.04 

60GO 8.7 ± 1.3 99.89 ± 0.07 
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Figure S35 (a) Wet and dry curves, and (b) pore size distribution of PVDF membranes. 

 

Figure S36 UV-Vis calibration of GO in DI water (extinction coefficient of 55.113). 

 

Figure 37 SEM images of the distillate-facing side of a 40GO membrane at two different magnifications. 
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Figure S38 (a) SEM image of membrane area analysed  (b) EDX analysis results on an area of the back surface of a 

40GO membrane PVDF membrane showing the presence of NaCl. 

 

 

Figure S39 EDX analysis results on an area of the back surface of a 40GO membrane showing which does not show 

enough evidence for the presence of NaCl. 
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Chapter 5: A novel, scalable technique for producing antifouling 

membranes with 2D materials 

This chapter has been prepared for the submission to an appropriate journal.  

The work in this chapter is a continuation of the previous chapter. It describes an improved membrane 

synthesis method and evaluates other 2D materials for their antifouling properties. Table and figure 

numbers have been changed to fit the thesis structure but the references are separate and they can be 

found at the end of this chapter. The thesis author is the main contributor to this paper and they 

conducted the investigation, conceptualisation, methodology and analysis. The manuscript was 

prepared by the main author and then improved by the supervisors through multiple revisions. C. Skuse 

and M. Alberto conceived the experiments. Planning and implementation of experiments, numerical 

calculations and data analysis was conducted by C. Skuse. The supervisors and M. Alberto also aided 

with paper conceptualisation and analysis. V. Orts Mercadillo, E. Asuquo and J. M. Luque-Alled 

provided material and partial characterisation. 
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Nomenclature 

Abbreviations: 
 

AFM: atomic force microscopy SEC: specific energy consumption, kWh/m3 

AGMD: air-gap membrane distillation SDS: sodium dodecyl sulphate 

APTS: 3-(aminopropyl)triethoxysilane SGMD: sweeping gas membrane distillation 

CR: conductivity recorder TIC: temperature indicator controller 

CVD: chemical vapour deposition VMD: vacuum membrane distillation 

DCMD: direct contact membrane distillation WS2: tungsten disulphide 

GO: graphene oxide 

Symbols: GP: graphene nanoplatelet 

hBN: hexagonal boron nitride 

IPA: isopropyl alcohol A: area of membrane, m2 

LEP: liquid entry pressure Cf: conductivity of the feed, µS/cm 

MD: membrane distillation Cp: conductivity of the feed, µS/cm 

MDC: membrane distillation crystallisation FDR: flux decline ratio, %/h 

MMM: mixed matrix membrane J: membrane flux, L/ m2 h 

MoS2: molybdenum disulphide Jp,i: permeate flux at the initial experimental time, L/m2 h 

PAN: polyacrylonitrile Jp,f: permeate flux at the final experimental time, L/m2 h 

PDA: polydopamine Δmp: change in the permeate mass, kg 

PTFE: Polytetrafluoroethylene 𝜌f: density of feedwater, kg/m3 

PVDF: polyvinylidene fluoride 𝜌p: density of permeate, kg/m3 

SEM: scanning electron microscopy Rq: root-mean-square roughness, nm 

RO: reverse osmosis SR: salt rejection, % 

 Δt: time period, h 
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Highlights  

• Novel pyrolysis method developed for deposition of 2D flakes onto PVDF membranes. 

• The antifouling properties of the GO, hBN, MoS2 and WS2 membranes were compared. 

• GO and hBN had very low fouling rates and prevented pore wetting, 

•  These 2D membranes could provide new potable water sources from wastewater 

Abstract  

2D-surface coatings have been shown to exhibit antifouling properties; however, synthesis methods 

currently based on vacuum filtration are not easily scalable. This study describes, for the first time, a 

scalable method for producing membranes for water-treatment applications, enhanced with one of the 

following 2D materials: graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide 

(MoS2) and tungsten disulphide (WS2). The 2D flakes were spray-coated onto commercial 

polyvinylidene fluoride (PVDF) using a pyrolyser and secured with polydopamine (PDA) as a 

crosslinker in a method that could easily be integrated into a scalable roll-to-roll process. Changes in 

morphology, surface roughness, hydrophobicity, mechanical durability and chemical composition were 

evaluated using scanning electron microscopy, atomic force microscopy, contact angle, tensile strength 

measurements and Fourier-transform infrared spectroscopy. The 2D-enhanced membranes were tested 

in membrane distillation (MD) experiments over 72 hours and compared to pristine PVDF and 

PDA/PVDF membranes. Salt rejection and MD performance stability were evaluated using feedwaters 

with high concentrations of humic acid (150 ppm) and paraffin oil (200 ppm) simulating simple organic 

wastewater from oil and gas extraction. The flux decline ratio was measured in terms of percentage 

permeate loss per hour (%/h), to allow for future comparisons with studies with different experimental 

times. The pristine PVDF membrane failed after 10 hours by pore-wetting due to fouling while the 

PDA/PVDF membrane had the largest flux decline ratio (0.3 %/h). The membranes coated with GO 

and hBN had flux decline ratios orders of magnitude lower (0.0021 ± 0.005 and 0.028 ± 0.01 %/h, 

respectively). All four 2D-enhanced membranes had a high salt rejection (>99.9 %). The GO-coated 

membrane was the only membrane type that was able to treat both surfactant-containing and foulant-

containing feedwaters. The improved performance is attributed to the decrease in both surface 

roughness and hydrophobicity, which reduces the adsorption of foulants onto the membrane surface. 

This work shows a facile, scalable method for synthesising 2D-enhanced membranes and a potential 

for these membranes to overcome fouling limitations in MD. 

 Keywords: membrane distillation; spray coating; water treatment; graphene oxide; membrane 

scale-up 
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1 Introduction 

Access to freshwater sources will be more difficult in the coming century [1], thus it is increasingly 

important to improve the way we manage and produce potable water. One way to achieve this is to 

increase the production of water from unconventional sources, such as wastewater. Membrane-based 

technologies are well established and widely used for water treatment due to their high selectivity, lower 

energy consumption, compactness and scalability when compared with chemical-based and distillation-

based technologies [2]. Wastewaters are typically difficult to treat as they contain high amounts of 

organic compounds and surfactants, the latter of which causes pore wetting [3]. Organic compounds are 

a particular problem as they deposit onto the membrane surface, subsequently blocking the pores and 

causing a decline in the permeate flux. This phenomenon is called fouling and it is considered one of 

the largest issues for membrane-based water treatment technologies.  

Membrane distillation (MD) is being explored as a method for water treatment due to its advantages 

over conventional methods such as reverse osmosis (RO). For example, in MD the energy consumption 

does not depend on the feed concentration; thus, it can treat highly saline, foulant-containing solutions. 

In particular, MD is being investigated for the purification of wastewater that RO cannot currently treat 

[4,5]. While MD has a lower fouling propensity when compared to RO, there is still a limit as to what 

membranes can feasibly separate [6]. For example, solutions containing 160 ppm of organic foulants or 

100 ppm of oils can cause a significant (>30 %) reduction in the permeate flux, as well as wetting of 

the membrane [4,7]. Even solutions with concentrations as low as 10 ppm of humic acid and 10 ppm of 

paraffin oil have exhibited flux decline and pore wetting in MD [8].  

The key to unlocking wastewater as a source of potable water is the development of antifouling, 

antiwetting, long-lasting membranes with high selectivity and permeability. One of the major 

advantages of MD over conventional RO is that it can achieve high rejections of solutes [9,10]. 

However, a recent study has suggested that trace amounts of non-volatile humic acid can penetrate 

through MD membranes due to hydrophobic attractions between the organic compound and the 

membrane [11]. Thus, it is important to further investigate whether this phenomenon can be controlled. 

2D materials, such as graphene [12], graphene oxide (GO) [13], molybdenum disulphide (MoS2) 

[14], tungsten disulphide (WS2) and hexagonal boron nitride (hBN), are being explored to overcome 

issues within the field of membrane separation. For water treatment, these materials have been 

extensively explored as nanofillers to form composite mixed matrix membranes (MMMs) [15,16]. 

While GO certainly has the largest share of research, molecular dynamic simulations suggest that MoS2, 

hBN and WS2 could have even greater molecular sieving capabilities than GO [17,18]. There are fewer 

studies on the antifouling properties of these materials [19–24] and even fewer on their application in 

MD [25,26].  
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In contrast to MMMs, there are not as many studies using these materials for laminate membranes 

and surface coatings; this is partially due to poor flake adhesion and swelling, which limit commercial 

viability [27]. Studies have investigated cross-linkers to help immobilise the 2D laminate layer. Some 

of these cross-linkers include metal ions such as TiO2 [28], polydopamine (PDA) [29,30] and 

polyphenols such as tannic acid [31]. In our previous study [32], we demonstrated the use of bio-sourced 

polydopamine (PDA) as an immobiliser to fix the GO flakes to the surface of the hydrophobic 

polyvinylidene fluoride (PVDF), without affecting the flux. In this way, the full benefits of the 2D 

material can be exploited (as they are in direct contact with the feed solution) but delamination was still 

an issue.  

Laminate membranes have been explored for ultra-fast water permeation, including for GO 

[33], MoS2 [14,17], hBN [34] and WS2 [18,35]. However, the operating conditions differ greatly from 

study to study, making comparisons between the performance of the different materials nearly 

impossible. Further, vacuum filtration is used extensively throughout 2D membrane research to deposit 

flakes into an ordered laminate membrane, but scalability is a major issue as it cannot be easily 

integrated into a roll-to-roll process. Other coating methods such as dip-coating and drop-casting are 

scalable, but controlling the laminate thickness and flake orientation is challenging [36]. 

Electrospraying has shown to deposit GO flakes on nanofiltration membranes, as described in a study 

by Chen et al. [37]. The resulting membrane had a high rejection of organic dyes (98.88-100 %), but a 

poor rejection of salts (27.9 % NaCl rejection and 41.8 % MgSO4 for a 0.02 M feed solution). In 

comparison, typical commercial nanofiltration membranes have a NaCl and MgSO4 rejection of 20-

80 % and 90-98 % respectively [38]. A reason for the low rejection using this fabrication method could 

be improper immobilisation of the GO flakes, leading to swelling. Spray pyrolysis has been described 

as a facile, effective and suitable method for industrial scale-up fabrication of nanostructured materials 

for energy storage devices [39–41]. However, as far as the authors are aware, the method has not been 

applied for the production of 2D-enhanced membranes, or for water treatment. 

To address some of the above issues, this study advances upon previous work by describing, 

for the first time, an inherently highly scalable production method appropriate for industrial 

commercialisation – a pyrolysis spray-coating technique – for the deposition of 2D flakes onto 

membranes. Four 2D materials are evaluated for these purposes: GO, MoS2, hBN, and WS2. The 

membranes enhanced with these materials (“2D-enhanced membranes”) are evaluated in terms of 

permeate flux, rejection and fouling performance for feed solutions containing paraffin oil and humic 

acid. These materials were selected in order to evaluate both oil and organic fouling in MD [42] and 

they simulate simple oily wastewater [43].   
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2  Methods  

2.1 Materials 

Graphene oxide (GO) was purchased from William Blythe Ltd (UK). Dopamine hydrochloride (DA, 

99 %), tris(hydroxymethyl)aminomethane (Tris-HCl, pH = 8.5, 0.5 M) and isopropyl alcohol (IPA, ≥ 

99.7 %) were purchased from WWR International (UK). Commercial PVDF membranes were 

purchased with a nominal pore size of 0.22 μm and average thickness of 125 μm (GVHP09050). Ethanol 

(≥ 99.0 %) and sodium chloride (NaCl, ≥ 99.0 %) were purchased from Merck Life Science UK Ltd 

(UK). Paraffin oil was purchased from VWR chemical and humic acid was purchased from Merck Life 

Science Ltd. Hexagonal boron nitride (Hexotene) was purchased from Versarien. MoS2 and WS2 

powder was purchased from Sigma Aldrich (<2 μm, 98 % and <2 μm, 99 %, respectively). 

 

2.2 Fabrication of transition metal dichalcogenides 

MoS2 powder was exfoliated using 1g of commercial MoS2 powder in a 500 ml IPA/H2O solution 

(50:50) at a concentration of 2 mg/ml under the assistance of ultrasonication for 24 h at a frequency of 

37 Hz and 40 % power with an Elmasonic P sonicator. A Julabo-F250 chiller was used to maintain the 

temperature at 15 ˚C. The resulting product was then centrifuged twice using an Eppendorf 5804R 

refrigerated centrifuge at 6500 rpm at 20 ˚C for 30 min to remove the non-exfoliated MoS2. The 

exfoliated MoS2 dispersion was extracted from the supernatant with a narrow distribution of flake 

dimensions and thicknesses, as reported elsewhere [17]. WS2 powder was also exfoliated using the 

protocol described above. 

 

2.3 Membrane preparation 

The 2D materials were encased on both sides by a PDA coating to reduce delamination and leaching 

into the aqueous feed solutions. More details on the PDA synthesis can be found in our previous work 

[32]. After the deposition of the first PDA layer, the membranes were spray-coated with an IPA solution 

containing the 2D material using a Spray Pyrolyser HO-TH-04 as shown in Figure 40. The 2D materials 

were dispersed into IPA and sonicated for 30 min immediately before spray coating. The IPA/2D 

solution added to the pyrolysis machine had a concentration of 0.04 mg/mL, the hot plate was set to 

120 oC and the coating was applied at 8000 µl/min for 120 s. Lastly, the final coating of PDA was 

applied using the same procedure outlined in our previous work [32]. The spray pyrolysis stage could 

be a continuous flow procedure by the addition of a roll-to-roll system (as outlined by the equipment 

manufacturers [44]), which shows the potential for mass production. 
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 The four types of membrane are denoted GO-PDA/PVDF, hBN-PDA/PVDF, MoS2-

PDA/PVDF and WS2-PDA/PVDF. The pristine commercial membrane is denoted PVDF and the 

control membrane is PDA/PVDF which had two coats of PDA and was heated for the same time period.  

 

Figure 40 Schematic diagram of the spray pyrolysis machine coating a membrane (TIC: temperature indicator 

controller) 

 

2.4 Membrane distillation set-up 

Firstly, the membranes were cut into circles with an area of 9.1 cm2 and installed into an air-gap MD 

(AGMD) system as shown in Figure 41. Three membranes were tested for each membrane type to assess 

reproducibility. From the beginning of the experiment, the feed solution contained 150 ppm humic acid 

and 200 ppm paraffin oil, which is the upper range considered in literature for MD fouling [4,7,8]. 

These were dissolved in 1 L of 35.5 g/L NaCl aqueous solution.  The feed solution was heated to 75 ˚C 

and was recirculated through the feed side of the membrane cell with a flow rate of 60 L/h for the entire 

experiment. The condenser plate was kept cool using cooling water that was circulated from the chiller 

unit set at 20 ˚C. For all experiments, the membrane was operated for 1 h before collecting data, to 

ensure the system was at steady state. The mass of permeate was recorded every 30 min and the 

permeate flux was calculated using Equation 7:  

𝑱 =
∆𝒎𝐩

𝑨 ∆𝒕
 (Eq. 7) 

where 𝐽 is the flux (kg/m2 h), 𝛥𝑚𝑝 is the change in the permeate mass (kg) over time period ∆𝑡 (h), and 

𝐴 is the effective membrane area (m2).  

 The salt rejection (SR) indicates if pore wetting has occurred, and it is calculated using the 

following equation: 
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𝑺𝑹 = (𝟏 −
𝑪𝐩

𝑪𝐟
) × 𝟏𝟎𝟎 % (Eq. 8) 

where SR is given in %, and 𝐶𝑝 and 𝐶𝑓 are the conductivity of the permeate and feed, respectively 

(µS/cm). The conductivity was recorded every 10 min using a Go Direct™ conductivity probe.  

The flux decline ratio (FDR) shows the level of fouling and it was calculated as follows: 

𝐅𝐃𝐑 = (
𝑱𝐩,𝐢 − 𝑱𝐩,𝐟

𝑱𝐩,𝐢
) × 𝟏𝟎𝟎 𝒕⁄  (Eq. 2) 

where 𝐽p is the permeate flux (L/m2 h) at the initial (i) and final (f) experimental time t (h). The flux 

values were plotted and the best-fit equation used to calculate the FDR.  The initial flux was taken as 

the y-intercept of the trendline and the final flux was calculated using the linear equation. In this study, 

the FDR was expressed in %/h to enable comparisons with studies that have different experiment times.  

 

Figure 41 Schematic diagram of the membrane distillation set up (CR: conductivity recorder) 

 

2.5 2D-material and membrane characterisation 

Scanning electron microscopy (SEM) was used to determine the lateral size distribution of the 2D 

materials. Specimens were prepared by immersing pieces of a silicon dioxide wafer (thickness 290 nm) 

into the different IPA-based dispersions and left to dry at 50 ºC. The samples were then imaged using 

a Quanta 250 FEG-SEM (FEI, USA) with a voltage of 5kV. Additionally, the thickness and surface 

morphology of the 2D nanosheets was assessed using atomic force microscopy (AFM) [45]. Samples 

were prepared by drop-casting 50 μl of a 100 ppm dispersion of 2D material (GO, hBN, MoS2 and WS2) 

onto mica substrates for 2 min. After this, excess solution was wicked from the surface and the mica 
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substrate was then rinsed ten times with 100 μl of double-distilled water. The excess solution was 

removed and the samples were left to dry overnight. Samples were imaged in the air under 

ScanAsystTM mode with a Bruker Multimode 8 system, a Nanoscope V controller and a "J" scanner 

(Bruker Ltd., UK). For the flake analysis, ScanAsyst-Air probes were used with a nominal spring 

constant (k) of 0.4 N/m (Bruker AXS S.A.S, France) and the system was controlled via the Bruker 

Nanoscope software v8.15. At least ten images were taken per 2D material and all were first-order 

flattened prior to analysis using the Nanoscope Analysis software v1.40. 

 SEM and AFM were also used to characterise the morphology of the synthesised membranes. 

The AFM images were taken in the same way as for the flakes, except that the tapping probe NuNano 

Scout 350 (nominal frequency 350kHz, spring constant 42 N/M, tip radius 10nm) was used under the 

ScanAsystTM mode and all images were second-order flattened. The root-mean-square roughness was 

calculated using the Nanoscope Analysis software v1.40 from images of size 5 μm2 and 500 nm2 for 

the surface and localised roughness, respectively [46]. The average roughness was calculated by 

considering at least five images from different locations on the membrane.  

 Cross-sectional SEM specimens were prepared by cutting the membrane samples in liquid N2 

to obtain a cleaner section. Specimens were immersed in 0.5 % aqueous RuO4 solution (Electron 

Microscopy Science) for 24 h to improve the image contrast. Further membrane coating with Pd (14 

nm of thickness) was carried out to ensure sample electrical conductivity. All SEM specimens were 

imaged using an FEI-Inspect F20 microscope operating at 10-30 kW. 

 To measure the contact angle of the membranes, a DSA100B Drop Shape Analyser (KRUSS, 

Germany) was used. The angle was calculated using the sessile drop method with a 10 µL drop size of 

deionised water. The average values resulted from the water contact angles from at least five different 

locations on the membrane. Membranes were glued on a flat glass slide with double-sided tape. 

Immobilisation of the 2D flakes onto the membrane surface was evaluated by measuring detachment 

via a Genesys 10 S UV–Vis spectrophotometer (Thermo Scientific, UK), using a quartz cuvette with a 

1 cm optical path at room temperature. Membranes were cut into 28 mm-sized circles and placed in 8 

ml of deionised water while agitated using IKA-VIBRAX-VXR for two weeks at room temperature. 

Detachment was calculated in terms of mg of 2D material that detaches in water per m2 of membrane. 

The water that had contacted the membrane was then tested and the concentration of 2D material was 

measured using UV. 

 The Fourier transform infrared spectroscopy (FTIR) spectra was measured for the GO-

PDA/PVDF, hBN-PDA/PVDF, MoS2-PDA/PVDF and WS2-PDA/PVDF membranes, as well as their 

respective 2D powders. This was performed using a VERTEX 70V FT-IR spectrometer (Bruker, USA) 

in the range 500-4000 cm-1 with a scanning rate of 1 cm-1. 
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 A Static Testing Instron 5564 H 1580 machine using a 10 N load was used to investigate the 

mechanical properties of the membranes. The tensile strength is the maximum load that the membrane 

can support without fracture when being stretched, indicating the durability of the membranes. The 

membranes were cut to widths of 5 mm and the length of the strip was 25 mm. The speed was set to 25 

mm/min and the stress-strain curve was recorded to measure the maximum tensile strength. Five 

samples were taken per membrane type.  

3 Results and discussion 

3.1 2D-material characterisation 

The lateral size of the 2D flakes was measured by analysing over 100 flakes from the SEM images for 

each material (see Figure 43) and the mean values were as follows: GO: 1.9 ± 1.7 µm; hBN: 

2.0 ± 2.1 µm; MoS2: 0.43 ± 0.5 µm; and WS2: 1.5 ± 1.2 µm. AFM was used to determine the 

agglomeration of the flakes by measuring the thickness. The average thickness measured across at least 

25 flakes per sample was as follows: GO: 0.9 ± 0.6 µm; hBN: 3.4 ± 1.1 µm; MoS2: 2.4 ± 1.5 µm; and 

WS2: 2.1 ± 0.9 µm. The AFM flake images can be found in Figure S51 in the Supplementary 

Information (SI).  

 

3.2 Membrane characterisation 

Figure 44 shows the AFM 3D surface image for the PVDF, PDA and GO membranes. The AFM images 

show the deposition of the 2D material onto the PVDF surface; the root-mean-square (Rq) roughness 

is provided in Table 13. As a result of the GO deposition, the roughness is reduced by 45-48 % when 

compared to the PDA and PVDF membranes. The cross-sectional SEM images do not display a clear 

layer of 2D material which suggests a very thin layer. Figure 46 is a Raman map displaying the 

deposition of GO flakes onto the membrane surface. The distinctive peaks seen at wavenumbers ~1300 

cm-1 and ~1500 cm-1 correspond to the D and G peaks; these values agree with the literature for Raman 

spectra for GO and suggests that there is deposition of GO on the membrane surface [47].   

 The contact angle measurements can be found in Table 13. The addition of the PDA reduced 

the contact angle from 118˚ to 101˚, as the material is hydrophilic. The addition of GO, hBN and MoS2 

also reduced the contact angle further to 75.4˚, 83.4˚ and 85.2˚. However, the addition of WS2 increased 

the contact angle slightly to 108.8˚ due to its hydrophobicity [48]. Increasing membrane hydrophilicity 

has shown to enhance membrane antifouling properties but reduce the liquid entry pressure [49].   

 Immobilisation was determined by UV-Vis spectroscopy and the calibration curves can be 

found in Figure S52. The absorption peaks were 231 nm for GO, 203 nm for hBN, 399 nm for MoS2 
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and finally 639 nm for WS2. The amount of 2D material in the water after two weeks was 3.69 mg/m2, 

19.8 mg/m2, 9.14 mg/m2 and 21.4 mg/m2 for GO, hBN, MoS2 and WS2, respectively.  

The XRD and FTIR measurements can be seen in Figure S53 and Figure S54 for each of the 2D powders 

and their respective membranes. The membrane FTIR spectra shows strong peaks at 873 cm-1 and 1072 

cm-1, which correspond to the in-phase symmetric stretching of CF2 and the symmetric phase II 

stretching of the C-C bonds in the PVDF, respectively [50]. The FTIR spectra for PVDF and PDA is 

identical, suggesting that the PVDF masks the signal from the PDA, and this is seen by the absence of 

some individual peaks from the 2D materials. However, for MoS2 and WS2 membranes there is a an 

additional peak at 1217 cm-1 and a splitting of the 1179 cm-1 peak due to the presence of S-S and S=O 

bonds respectively [51,52]. The S=O bonds are present due to partial oxidation during MoS2 and WS2 

synthesis. The XRD graphs show similar behaviour and the distinct peaks from the 2D materials are 

not visible in the membrane spectra. This could be due to the PVDF membrane sample being too thick 

during analysis, as the concentration of nanomaterials on the surface is significantly less than the PVDF.  

The mechanical measurements (Table 13) showed that the addition of PDA reduced the maximum 

tensile strength by 19 % when compared to the pristine PVDF. The GO membrane had the lowest tensile 

strength and Young’s modulus, indicating that the membrane was more elastic. During the pyrolysis 

stage, the membrane was heated to 120 ˚C, which could be the reason for the reduction in mechanical 

strength. All membranes apart from pristine PVDF (but including the PDA/PVDF membrane) were 

heated to this temperature. The highest tensile strength was found for the hBN-PDA/PVDF membrane. 

This could be due to the flake thickness, which was significantly higher than for the GO membrane (3.4 

nm compared to 0.9 nm, respectively).   
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Figure 42 Scanning electron microscope  images of the graphene oxide (GO), hexagonal boron nitride (hBN), 

molybdenum disulphide (MoS2) and tungsten disulphide (WS2) flakes  

 

Figure 43 Flake size analysis for graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide 

(MoS2) and tungsten disulphide (WS2) 
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Figure 44 Cross-sectional scanning electron microscopy images of the PVDF, PDA-PVDF, GO-PDA/PVDF, hBN-

PDA/PVDF, MoS2-PDA/PVDF and WS2-PDA/PVDF membranes 

 

Figure 45 AFM surface images of the PVDF, PDA-PVDF, GO-PDA/PVDF, hBN-PDA/PVDF, MoS2-PDA/PVDF and 

WS2-PDA/PVDF membranes 
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Figure 46 (a) mapping of the graphene oxide (GO) thin film distribution (red/white) over the PDA/PVDF membrane 

(black) and (b) Raman spectra of the GO membrane. ID and IG correspond to the intensity of the D and G peaks, 

respectively.  

 

Table 13 Overview of the membrane properties including the root-mean-square roughness (Rq),  tensile strength and 

contact angle measurements before and after the fouling experiments 

Membrane IDa Roughness 

(Rq), nm 

Tensile 

strength, 

MPa 

Contact angle,  ˚  

Before After 

PVDF 322 ± 105 6.7 ± 0.16 118 ± 4 105 ± 2 

PDA/PVDF 301 ± 139 5.4 ± 0.21 101 ± 2 46 ± 7 

GO-PDA/PVDF 167 ± 68 4.8 ± 0.47 75 ± 1 31 ± 6 

hBN-PDA/PVDF 149 ± 54 7.0 ± 0.53 83 ± 1 24 ± 11 

MoS2-PDA/PVDF 230 ± 75  6.7 ± 0.40 85 ± 6 54 ± 13 

WS2-PDA/PVDF 182 ± 23 8.1 ± 0.56 109 ± 4 51 ± 6 

a Polyvinylidene fluoride (PVDF), polydopamine (PDA),  graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide 

(MoS2) and tungsten disulphide (WS2). 
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Figure 47 Stress-strain curves for pristine polyvinylidene fluoride (PVDF), polydopamine (PDA),  graphene oxide 

(GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS2) and tungsten disulphide (WS2) functionalised 

membranes 

3.3 Membrane fouling performance 

The flux decline due to fouling was observed for each of the membranes as shown in Figure 48. Raw 

conductivity data can be found in Figure S55 in the SI. As mentioned earlier, these experiments started 

with the foulants already present in the feed solution. Each experiment was repeated twice more to 

obtain the standard deviation, which was used to form the error bars in Figure 49. 
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Figure 48 Fouling performance of the following membranes over the experimental time of 72 hours: commercial PVDF 

(experimental time of 20 h due to membrane failure); PDA-PDA control; GO-PD/PVDF; hBN-PDA/PVDF; MoS2-

PDA/PVDF and WS2-PDA/PVDF. Feed solution: 35 g/L NaCl, 150 ppm humic acid and 200 ppm paraffin oil. Graphs 

with raw conductivity data can be found in Figure S55. Acronyms: polyvinylidene fluoride (PVDF), polydopamine 

(PDA), graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide (MoS2) and tungsten disulphide 

(WS2). 

 

The initial flux can be seen in Figure 48 and is listed as follows: PVDF, 9.5 ± 0.16 L/m2 h; PDA/PVDF, 

11.5 ± 1.4 L/m2 h ; GO-PDA/PVDF, 10.2 ± 0.52 L/m2 h, hBN-PDA/PVDF, 10.6 ± 0.44 L/m2 h; MoS2-

PDA/PVDF, 10.9 ± 0.81 L/m2 h and WS2-PDA/PVDF 10.9 ± 0.66 L/m2 h respectively. Critically, the 

addition of the 2D material onto the membrane did not reduce the permeate flux, but it did increase the 

resistance to fouling.  
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 It can be seen in Figure 48 that the PVDF membrane failed after just over 10 h, as the salt 

rejection fell below 98 %. This is due to the adsorption of foulants onto the membrane surface, which 

eventually reduced the surface tension to the point where pore wetting occurred. The increase in flux 

coincided with the reduction in the salt rejection and indicated the passage of feedwater. The salt 

rejection for the GO-PDA/PVDF, hBN-PDA/PVDF and WS2-PDA/PVDF membranes was stable 

(>99.9 %) for the entire duration of the experiment (72 h). However, for the MoS2-PDA/PVDF 

membranes, the salt rejection began to fail towards the end of the experiment. Figure 49 shows the FDR 

values for the evaluated membranes; the pristine PVDF control membrane is not displayed as it failed 

before the end of the 72-hour experiment. The PDA/PVDF control membrane showed resistance to pore 

wetting, which is demonstrated by the stable salt rejection. However, the FDR was the highest out of 

all of the experiments (0.30 %/h), which suggests that the PDA does not prevent the attachment of 

foulants onto the membrane surface. The best results were achieved with the GO-PDA/PVDF 

membrane, which had the highest rejection (99.98 ± 0.01 %) and lowest FDR (0.0021 ± 0.005 %/h). 

Over the 72 h experiment the flux for the PDA/PVDF membrane dropped by 22 %, whereas the GO-

PDA/PVDF membrane had a smaller flux reduction of 0.14 % in the same time period; this shows a 

significant resistance to fouling. The final permeate fluxes for the PDA/PVDF and GO-PDA/PVDF 

membranes were 8.8 L/m2 h and 9.5 L/m2 h respectively. 

   

Figure 49 Average salt rejection (%, represented as dots in red) and flux decline ratio (%/h, represented as bars in 

blue) for the membranes with a feed solution of 35 g/L NaCl, 150 ppm humic acid and 200 ppm of paraffin oil over the 

72-hour experiment. The temperature of the feed and cooling water was 75 ˚C and 20 ˚C, respectively. The error bars 

consider the standard deviation of the results; at least three membranes were tested per membrane type. Acronyms: 

polyvinylidene fluoride (PVDF), polydopamine (PDA), graphene oxide (GO), hexagonal boron nitride (hBN), 

molybdenum disulphide (MoS2) and tungsten disulphide (WS2) 
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3.4 Membrane pore-wetting performance 

All of the 2D-functionalised membranes were then tested for feed solutions containing 150 ppm Triton 

X-100. Figure 50a shows that the pristine commercial membrane without the coating begins to fail 40 

min after the addition of the surfactant, which is shown by the sharp decrease in salt rejection. The 

graphs with the raw conductivity data can be found in  

Figure S56. A similar trend can be seen in Figure S57 in the supplementary information for the 

PDA/PVDF membrane, which began to fail after 45 min. As the membrane becomes fully wetted, the 

feedwater begins to fully penetrate the membrane pores and consequently the flux increases. The GO-

PDA/PVDF membrane in Figure 50b shows that the addition of the surfactant initially reduces the salt 

rejection by a minor amount (<0.1 %), before the system recovers and the rejection is stable over the 

course of the experiment. The flux reduces across the length of the experiment, which suggests the 

adsorption of the surfactant onto the membrane surface. As the PVDF membranes failed after a shorter 

period (in comparison to the fouling experiments), the total experimental time was reduced from 72 h 

to 40 h. Also, the GO-PDA/PVDF membrane was the only membrane type that showed pore-wetting 

resistance for the entire experimental time (see Figure S58, Figure S59 and Figure S60 in the SI). 

Although, this could be due to more uniform deposition of GO than the other considered 2D materials.  

 

Figure 50 Pore-wetting performance of the commercial PVDF (left; experimental time 100 min as membrane failed) 

and GO-PDA/PVDF pyrolysed membranes (right; experimental time over 40 h). Feed solution: 35 g/L NaCl and 150 

ppm Triton X-100  

 

3.5 Comparison with literature 

Table 14 compares the MD water treatment performance of the membranes produced in this work with 

those reported in the literature for GO. No MD fouling studies could be found for MoS2 and hBN, and 

no MD studies for WS2 membranes could be found at all. However, a preliminary comparison has been 

attempted from evaluating the permeate flux and salt rejection of the available studies. Mao et al. [53] 

developed GO-SiO2 coated polyacrylonitrile membranes for the separation of 3.5 wt% NaCl solutions 

with 0.4 mM sodium dodecyl sulfate (SDS). The fouling results showed a decrease in the flux from 
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approximately 14 to 8 L/m2 h over 72 h, which gives a FDR ratio of 0.8 %/h, 12 times greater than the 

FDR of the GO membranes in this study.  

 In many fouling studies, the development of an antifouling layer usually comes with a decrease 

in the permeate flux. For example, Li et al. [54] investigated Janus membranes for the desalination of 

saline oily wastewater. The omniphobic quartz membrane (which was developed for its antifouling and 

pore-wetting resistance) had an initial flux of 19 L/m2 h, whereas the original quartz fibre membrane 

had a flux of 28.6 L/m2 h. This 34 % reduction in the permeate flux is significant and it can also be seen 

in other MD fouling work. Mansour et al. [55] developed graphene nanoplatelet (GP) coated membranes 

for brine treatment via DCMD. The best GP coating (0.16 wt%) had a low flux reduction (15-14 L/m2 h 

over 10 h) which indicates antifouling properties. However, even the initial permeate flux was still 

lower than the final flux of the pristine commercial membrane, which reduced from 30-22 L/m2 h over 

the same time period. The membranes studied in this investigation reduced the FDR but did not reduce 

the flux of the membranes when compared to the controls. This is likely due to the capillary force 

provided by the 2D flakes, which increases the vapour pressure difference between the feed and 

permeate side. The PDA is an insulating material and could also reduce the heat loss, which increases 

flux when compared to the PVDF control. 

 The GO-PDA/PVDF membranes synthesised via pyrolysis in this study achieved a similar 

permeate flux when compared to membranes in our previous study, in which GO was deposited via 

vacuum filtration [32]. Also, in the current study, the immobilisation of the GO could have improved 

as a result of the pyrolysis method, whereby the amount of GO in water was 3.69 mg/m2 compared with 

19.6 mg/m2. However, this is assuming that the quantity of deposited GO is equivalent for both methods.  

 Overall, the GO-PDA/PVDF membrane should be selected to treat wastewater containing 

organic and oil foulants as it reduced the FDR from 22 % to 0.14 % over the 72 h experiment. However, 

this membrane also resulted in the lowest tensile strength. For MD applications, this may be of little 

importance as the physical strain that the membranes are under is low (when operated at ambient 

pressure). However, for high-pressure applications, such as reverse osmosis and nanofiltration, the hBN 

and WS2 coating may be more suitable to provide fouling resistance without affecting mechanical 

durability. 
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Table 14 A summary of the investigations using 2D materials (GO, hBN, MoS2 and WS2) within membrane distillation 

Membrane 

support 
2D material 

Membrane type 

and synthesis 
Operating conditions Performance Role of 2D material Ref. 

PVDF GO 
Laminate 

membrane 

Configuration: AGMD 

Feed solution: 35 g/ L NaCl 

Feed temp: 75 °C 

Coolant temp: 20 °C 

Feed flow rate: 1290 mL/min 

Experimental time: 90 h 

GO membrane increased pore 

wetting resistance to over 90 h 

compared with 20 min for pristine 

commercial PVDF 

The laminate GO membrane has 

small pores which increase the LEP 

and lead to pore-wetting resistance 

[32] 

PVDF 

GO 

functionalised 

with APTS 

MMM 

Phase inversion 

Configuration: AGMD 

Feed solution: 35 g/ L NaCl 

Feed temp: 85 °C 

Coolant temp: 20 °C 

Feed flow rate: 380 mL/min 

Experimental time: 2 h 

52-86 % increase in flux compared 

to the synthesised PVDF 

membrane. No fouling tests were 

carried out. 

GO increases the speed of 

demixing during phase inversion. 

This increases the porosity and 

therefore the permeate flux.  

[13] 

PTFE and 

PVDF 
GO 

MMM 

PVDF/GO 

composite cast 

onto PTFE 

support 

Configuration: DCMD 

Feed solution: 10 g/ L NaCl 

Feed temp: 80 °C 

Coolant temp:  18 °C 

Feed flow rate: 200 mL/min 

Experimental time: 60 days 

15 % increase in flux compared to 

the unmodified PTFE membrane. 

No fouling tests were carried out. 

Hydrophilic GO increased 

condensation and vapour removal 

rate, which increased the driving 

force 

[56] 

PTFE  GO MMM 

Configuration: DCMD 

Feed solution: 3.5–34 g/L NaCl 

Feed temp: 80 °C 

Coolant temp: 20 °C 

Feed flow rate: 212 mL/min 

Experimental time: 90 days 

35 % increase in flux compared to 

the unmodified PTFE membrane. 

No fouling tests were carried out. 

Increase the nanocapillary effect 

and reduced temperature 

polarisation. Polar groups 

[57] 

PTFE Gr 

Few-layer CVD 

graphene wet 

transferred onto 

commercial 

PTFE   

Configuration: DCMD 

Feed solution: 70 g/L NaCl, 1 mM mineral 

oil,1 mM SDS 

Feed temp: 60 °C 

Coolant temp: 20 °C 

Feed flow rate: 30 mL/min 

Experimental time: 48/72 h 

High rejection (99.9 %) 

Anti-wetting properties (rejection 

>99.9 % over 48 h compared with 

87 %) 

Antifouling properties (flux decline 

54 to 49 L/m2 h compared to 62 to 

38 L/m2 h).  

Charge neutrality helps with 

antifouling. Weak physisorption of 

SDS on graphene. Poor thermal 

conductivity in the z-direction, 

leading to reduced heat loss.   

[58] 

PTFE rGO Laminate 

Configuration: DCMD 

Feed solution: 35 g/ L NaCl, 0.8 mM SDS 

Feed temp:  60-80 °C 

Coolant temp: 20 °C 

Feed flow rate:  unknown 

Experimental time: 66 h 

Wetting resistance against 0.8 mM 

SDS for 66 h. High flux (149 

L/m2 h) at high temperature 

differences 

rGO suppressed temperature 

polarisation which increased the 

flux. Anti-wetting properties were 

due to low water adsorption of rGO 

[59] 
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PAN 

GO 

functionalised 

with SiO2 and 

long alkyl 

chains 

MMM 

Configuration: VMD 

Feed solution: 35 g/ L NaCl, 0.4 mM SDS, 

30 mg/L humic acid 

Feed temp:  60 °C 

Coolant temp: 20 °C 

Feed flow rate: unknown  

Experimental time: 170 h 

Flux reduced from ~14-7 L/m2 h 

over 170 h with SDS feed. Stable 

salt rejection for the entire 

experiment 

Increased hydrophobicity and 

roughness, leading to enhanced 

antifouling properties  
[53] 

PVDF MoS2 Coating 

Configuration: DCMD 

Feed solution: 58 g/L NaCl, 2 w/v% 

ethylene glycol, 0.1 Mm SDS 

Feed temp:  60 °C 

Coolant temp: 20  °C 

Feed flow rate:  200 mL/min 

Experimental time: 8 h 

Water flux 27 L/m2 h, but this 

decreased to 21 L/m2 h over 8 h 

MoS2-made membrane omniphobic 

with low surface electrical 

resistance 

[14] 

Ceramic β-

sialon 
hBN Coating 

Configuration: SGMD 

Feed solution: 40 g/L NaCl 

Feed temp: 80 °C 

Coolant temp: unknown 

Feed flow rate: 1000 mL/min 

Experimental time: 200 h 

Reject rate of 99.9 % and stable 

flux of 5-6 L/m2 h over 200 h. No 

comparison with unmodified 

membrane and no fouling tests were 

carried out. 

hBN increased the membrane 

hydrophobicity (145˚) 
[60] 

PVDF/ 

polyethylene 

glycol 

hBN MMM 

Configuration: DCMD and MDC 

Feed solution: K2SO4 and KNO3 

Feed temp: 80 °C 

Coolant temp: 20 °C 

Feed flow rate: 700 mL/min 

Experimental time: 100 h 

Higher recovery of salts (for 

membrane crystallisation) and 

~60 % higher fluxa when compared 

to unmodified membrane 

Polar B-N bonds aided the 

separation of water through the 

nanochannels. hBN increased the 

membrane porosity 

[61] 

PVDF hBN MMM 

Configuration: AGMD 

Feed solution: 35 g/L NaCl 

Feed temp: 80 °C 

Coolant temp: 20 °C 

Feed flow rate: 250 mL/min 

Experimental time: 60 hours 

43 % increase in flux compared to 

PVDF. No fouling tests were 

carried out. 

hBN increased the membrane 

porosity by acting as crystallisation 

nuclei during the demixing stage of 

membrane manufacturing 

[62] 

PVDF GO-PDA 

Pyrolysis for 

surface 

functionalisation, 

and immobilised 

using PDA 

Configuration: AGMD 

Feed solution: 35 g/L NaCl, 150 ppm 

humic acid, 200 ppm paraffin oil 

Feed temp:  75 °C 

Coolant temp:  20 °C 

Feed flow rate:  1000 mL/min 

Experimental time: 72 h 

Stable operation over 72 h 

compared to ~10 h for control. 

Initial flux: 9.51 L/m2 h 

Final flux: 9.50 L/m2 h  

FDR of 0.0021 ± 0.005 %/h 

7 % increase in permeate flux 

Increased hydrophilicity and 

reduced surface roughness which 

reduced fouling attachment 

This work 

PVDF hBN-PDA 

Pyrolysis for 

surface 

functionalisation 

Configuration: AGMD 

Feed solution: 35 g/L NaCl, 150 ppm 

humic acid, 200 ppm paraffin oil 

Stable operation over 72 h 

(compared to ~10 h for control) 

Unstable for Triton X-100 feed 

Increased hydrophilicity and 

reduced surface roughness which 

reduced fouling attachment 

This work 
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and immobilised 

using PDA 

Feed temp:  75 °C 

Coolant temp:  20 °C 

Feed flow rate:  1000 mL/min 

Experimental time: 72 h 

Initial flux: 10.6 L/m2 h 

Final flux: 10.4 L/m2 h  

FDR of 0.0274 ± 0.01 %/h 

12 % increase in permeate flux 

PVDF MoS2-PDA 

Pyrolysis for 

surface 

functionalisation 

and immobilised 

using PDA 

Configuration: AGMD 

Feed solution: 35 g/L NaCl, 150 ppm 

humic acid, 200 ppm paraffin oil 

Feed temp:  75 °C 

Coolant temp:  20 °C 

Feed flow rate:  1000 mL/min 

Experimental time: 72 h 

Stable operation over 72 h  

(compared to ~10 h for control) 

Unstable for Triton X-100 feed  

Initial flux: 11.0 L/m2 h  

Final flux: 9.01 L/m2 h  

FDR of 0.25 ± 0.014 %/h 

10 % increase in permeate flux 

 This work 

PVDF WS2-PDA 

Pyrolysis for 

surface 

functionalisation 

and immobilised 

using PDA 

Configuration: AGMD 

Feed solution: 35 g/L NaCl, 150 ppm 

humic acid, 200 ppm paraffin oil 

Feed temp:  75 °C 

Coolant temp:  20 °C 

Feed flow rate:  1000 mL/min 

Experimental time: 72 h 

Stable operation over 72 h  

(compared to ~10 hours for control) 

Unstable for Triton X-100 feed  

Initial flux: 11.0 L/m2 h  

Final flux: 9.12 L/m2 h  

FDR of 0.24 ± 0.013 %/h 

12 % increase in permeate flux 

 This work 

aValue calculated from available data. 

Acronyms: Air gap membrnae distillation (AGMD); 3-(aminopropyl)triethoxysilane (APTS); direct contact membrane distillation (DCMD); flux decline ratio (FDR); graphene oxide (GO); hexagonal boron nitride 

(hBN); membrane distillation crystallisation (MDC); mixed matrix membrane (MMM); molybdenum disulphide (MoS2); polyacrylonitrile (PAN); PTFE: Polytetrafluoroethylene; polyvinylidene fluoride (PVDF); 

polydopamine (PDA); sweeping gas membrane distillation (SGMD); vacuum membrane distillation (VMD); tungsten disulphide (WS2) 
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4 Conclusions and future work 

In this study, a new scalable method for depositing 2D flakes onto polymer substrates was described 

and demonstrated for graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide 

(MoS2) and tungsten disulphide (WS2). Characterisation of the GO membrane showed that a thin layer 

of 2D material was deposited using this method. The fouling results showed that GO and hBN had the 

highest fouling resistance, with negligible flux decline ratios over 72 h for a feed with 150 ppm humic 

acid and 200 ppm paraffin oil. The GO membranes were the only type that were resistant to both fouling 

and pore wetting, which was demonstrated by the stable flux decline during MD operation with 150 

ppm surfactant Triton X-100.   

 The proposed coating method outlined in this work is scalable, but future work should 

demonstrate this through the manufacture of pilot-sized membranes. As GO, MoS2 and WS2 are 

excellent conductors of heat, future work should consider exploring these materials as thin-films for 

localised Joule-heating, as well as investigating a combination of two or more of these 2D materials 

within one membrane.  

 

Acknowledgements 

The authors are grateful to the EPSRC for funding under grant number EP/S032258/1. Clara Skuse 

would like to acknowledge the EPSRC for funding this work through the NOWNANO CDT. Patricia 

Gorgojo acknowledges her Ramón y Cajal fellowship RYC2019-027060-I funded by 

MICIN/AEI/10.13039/501100011033 and by “ESF Investing in your future”. The authors would also 

like to thank Dr Liam Britnell for his expertise, Dr Jason Hui for his preliminary material supply, Dr 

Nigel Hodson for his technical support with AFM and Andy Skuse for his proofreading help. 

References 

[1] United Nations, Sustainable Development Goal 6 Synthesis Report on Water and Sanitation, 

(2018). 

[2] S.P. Nunes, P.Z. Culfaz-Emecen, G.Z. Ramon, T. Visser, G.H. Koops, W. Jin, M. Ulbricht, 

Thinking the future of membranes: Perspectives for advanced and new membrane materials and 

manufacturing processes, J. Memb. Sci. 598 (2020) 117761. 

https://doi.org/https://doi.org/10.1016/j.memsci.2019.117761. 

[3] A. Alkhatib, M.A. Ayari, A.H. Hawari, Fouling mitigation strategies for different foulants in 

membrane distillation, Chem. Eng. Process. - Process Intensif. 167 (2021) 108517. 

https://doi.org/https://doi.org/10.1016/j.cep.2021.108517. 

[4] S. Kalla, Use of membrane distillation for oily wastewater treatment – A review, J. Environ. 

Chem. Eng. 9 (2021) 104641. https://doi.org/https://doi.org/10.1016/j.jece.2020.104641. 

[5] G. Yang, J. Zhang, M. Peng, E. Du, Y. Wang, G. Shan, L. Ling, H. Ding, S. Gray, Z. Xie, A 

Mini Review on Antiwetting Studies in Membrane Distillation for Textile Wastewater Treatment, 

Processes. 9 (2021). https://doi.org/10.3390/pr9020243. 



Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

184 

 

[6] A.A. Kiss, O.M. Kattan Readi, An industrial perspective on membrane distillation processes, 

J. Chem. Technol. Biotechnol. 93 (2018) 2047–2055. https://doi.org/10.1002/jctb.5674. 

[7] M. Gryta, Resistance of Polypropylene Membrane to Oil Fouling during Membrane 

Distillation., Membranes (Basel). 11 (2021). https://doi.org/10.3390/membranes11080552. 

[8] N.G.P. Chew, S. Zhao, R. Wang, Recent advances in membrane development for treating 

surfactant- and oil-containing feed streams via membrane distillation, Adv. Colloid Interface Sci. 273 

(2019) 102022. https://doi.org/https://doi.org/10.1016/j.cis.2019.102022. 

[9] C. Skuse, A. Gallego-Schmid, A. Azapagic, P. Gorgojo, Can emerging membrane-based 

desalination technologies replace reverse osmosis?, Desalination. (2020) 114844. 

https://doi.org/https://doi.org/10.1016/j.desal.2020.114844. 

[10] S. Zare, A. Kargari, Membrane properties in membrane distillation, (2018). 

https://doi.org/10.1016/B978-0-12-815818-0.00004-7. 

[11] L. Han, T. Xiao, Y.Z. Tan, A.G. Fane, J.W. Chew, Contaminant rejection in the presence of 

humic acid by membrane distillation for surface water treatment, J. Memb. Sci. 541 (2017) 291–299. 

https://doi.org/https://doi.org/10.1016/j.memsci.2017.07.013. 

[12] M. Frappa, A.E. Del Rio Castillo, F. Macedonio, A. Politano, E. Drioli, F. Bonaccorso, V. 

Pellegrini, A. Gugliuzza, A few-layer graphene for advanced composite PVDF membranes dedicated 

to water desalination: a comparative study, Nanoscale Adv. 2 (2020) 4728–4739. 

https://doi.org/10.1039/D0NA00403K. 

[13] S. Leaper, A. Abdel-Karim, B. Faki, J.M. Luque-Alled, M. Alberto, A. Vijayaraghavan, S.M. 

Holmes, G. Szekely, M.I. Badawy, N. Shokri, P. Gorgojo, Flux-enhanced PVDF mixed matrix 

membranes incorporating APTS-functionalized graphene oxide for membrane distillation, J. Memb. 

Sci. 554 (2018) 309–323. https://doi.org/10.1016/J.MEMSCI.2018.03.013. 

[14] E. Koh, Y.T. LEE, 2D Nanosheet MoS 2-G-PVDF Nanocomposite Omniphobic Membrane for 

the Removal of Low-Surface-Tension-Liquid in Membrane Distillation, SSRN Electron. J. (2022). 

https://doi.org/10.2139/ssrn.4036636. 

[15] S. Leaper, A. Abdel-Karim, P. Gorgojo, The use of carbon nanomaterials in membrane 

distillation membranes: a review, Front. Chem. Sci. Eng. (2021). https://doi.org/10.1007/s11705-020-

1993-y. 

[16] S. Seraj, T. Mohammadi, M.A. Tofighy, Graphene-based membranes for membrane distillation 

applications: A review, J. Environ. Chem. Eng. 10 (2022) 107974. 

https://doi.org/https://doi.org/10.1016/j.jece.2022.107974. 

[17] W. Hirunpinyopas, E. Prestat, S.D. Worrall, S.J. Haigh, R.A.W. Dryfe, M.A. Bissett, 

Desalination and Nanofiltration through Functionalized Laminar MoS2 Membranes, ACS Nano. 11 

(2017) 11082–11090. https://doi.org/10.1021/acsnano.7b05124. 

[18] Y. Su, D. Liu, G. Yang, Q. Han, Y. Qian, Y. Liu, L. Wang, J.M. Razal, W. Lei, Transition 

Metal Dichalcogenide (TMD) Membranes with Ultrasmall Nanosheets for Ultrafast Molecule 

Separation, ACS Appl. Mater. Interfaces. 12 (2020) 45453–45459. 

https://doi.org/10.1021/acsami.0c10653. 

[19] H. Zhang, Y. Zheng, S. Yu, W. Chen, J. Yang, A Review of Advancing Two-Dimensional 

Material Membranes for Ultrafast and Highly Selective Liquid Separation, Nanomaterials. 12 (2022). 

https://doi.org/10.3390/nano12122103. 

[20] F. Arshad, C. Aubry, F. Ravaux, L. Zou, 2D MoS2 nanoplatelets for fouling resistant membrane 

surface, J. Colloid Interface Sci. 590 (2021) 415–423. 

https://doi.org/https://doi.org/10.1016/j.jcis.2021.01.085. 

[21] S. Vetrivel, M. Sri Abirami Saraswathi, D. Rana, K. Divya, A. Nagendran, Cellulose acetate 

composite membranes tailored with exfoliated tungsten disulfide nanosheets: Permeation 

characteristics and antifouling ability, Int. J. Biol. Macromol. 115 (2018) 540–546. 

https://doi.org/https://doi.org/10.1016/j.ijbiomac.2018.04.091. 

[22] J. Lin, R. Zhang, W. Ye, N. Jullok, A. Sotto, B. Van der Bruggen, Nano-WS2 embedded PES 

membrane with improved fouling and permselectivity, J. Colloid Interface Sci. 396 (2013) 120–128. 

https://doi.org/https://doi.org/10.1016/j.jcis.2013.01.028. 

[23] D.L. Keshebo, C.-C. Hu, W.-S. Hung, C.-F. Wang, H.-C. Tsai, K.-R. Lee, J.-Y. Lai, 

Simultaneous exfoliation and functionalization of hexagonal boron nitride in the aqueous phase for the 



Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

185 

 

synthesis of high-performance wastewater treatment membrane, J. Clean. Prod. 314 (2021) 128083. 

https://doi.org/https://doi.org/10.1016/j.jclepro.2021.128083. 

[24] M. Rostami, D. Jahani Sabet, V. Vatanpour, Fabrication of antifouling two-dimensional MoS2 

layered PVDF membrane: Experimental and density functional theory calculation, Sep. Purif. Technol. 

303 (2022) 122226. https://doi.org/https://doi.org/10.1016/j.seppur.2022.122226. 

[25] R. Moradi, M. Shariaty-Niassar, N. Pourkhalili, M. Mehrizadeh, H. Niknafs, PVDF/h-BN 

hybrid membranes and their application in desalination through AGMD, Membr. Water Treat. 9 (2018) 

221–231. https://doi.org/https://doi.org/10.12989/MWT.2018.9.4.221. 

[26] Z. Yan, X. Chen, S. Bao, H. Chang, H. Liu, G. Fan, Q. Wang, X. Fu, F. Qu, H. Liang, 

Integration of in situ Fenton-like self-cleaning and photothermal membrane distillation for wastewater 

treatment via Co-MoS2/CNT catalytic membrane, Sep. Purif. Technol. 303 (2022) 122207. 

https://doi.org/https://doi.org/10.1016/j.seppur.2022.122207. 

[27] M. Zhang, Y. Mao, G. Liu, G. Liu, Y. Fan, W. Jin, Molecular Bridges Stabilize Graphene Oxide 

Membranes in Water, Angew. Chemie Int. Ed. 59 (2020) 1689–1695. 

https://doi.org/https://doi.org/10.1002/anie.201913010. 

[28] P. Cheng, L.-L. Ye, S.-C. Wu, Y. Chen, X. Yan, X.-J. Guo, W.-Z. Lang, Amorphous TiO 2 

Bridges Stabilized WS 2 Membranes with Excellent Filtration Stability and Photocatalysis-Driving 

Self-Cleaning Ability, ACS Appl. Mater. Interfaces. 13 (2021) 58076–58084. 

https://doi.org/10.1021/acsami.1c14967. 

[29] H. Tian, X. Wu, K. Zhang, Polydopamine-Assisted Two-Dimensional Molybdenum Disulfide 

(MoS(2))-Modified PES  Tight Ultrafiltration Mixed-Matrix Membranes: Enhanced Dye Separation 

Performance., Membranes (Basel). 11 (2021). https://doi.org/10.3390/membranes11020096. 

[30] Q. Feng, Y. Zhan, W. Yang, A. Sun, H. Dong, Y.-H. Chiao, Y. Liu, X. Chen, Y. Chen, Bi-

functional super-hydrophilic/underwater super-oleophobic 2D lamellar Ti3C2Tx MXene/poly (arylene 

ether nitrile) fibrous composite membrane for the fast purification of emulsified oil and 

photodegradation of hazardous organics, J. Colloid Interface Sci. 612 (2022) 156–170. 

https://doi.org/https://doi.org/10.1016/j.jcis.2021.12.160. 

[31] R.P. Pandey, P. Kallem, H.M. Hegab, P.A. Rasheed, F. Banat, S.W. Hasan, Cross-linked 

laminar graphene oxide membranes for wastewater treatment and desalination: A review, J. Environ. 

Manage. 317 (2022) 115367. https://doi.org/https://doi.org/10.1016/j.jenvman.2022.115367. 

[32] M. Alberto, C. Skuse, M. Tamaddondar, P. Gorgojo, Immobilized graphene oxide-based 

membranes for improved pore wetting resistance in membrane distillation, Desalination. 537 (2022) 

115898. https://doi.org/https://doi.org/10.1016/j.desal.2022.115898. 

[33] W.S. Hung, T.J. Lin, Y.H. Chiao, A. Sengupta, Y.C. Hsiao, S.R. Wickramasinghe, C.C. Hu, 

K.R. Lee, J.Y. Lai, Graphene-induced tuning of the d-spacing of graphene oxide composite 

nanofiltration membranes for frictionless capillary action-induced enhancement of water permeability, 

J. Mater. Chem. A. 6 (2018) 19445–19454. https://doi.org/10.1039/c8ta08155g. 

[34] R. Das, P. Solís-Fernández, D. Breite, A. Prager, A. Lotnyk, A. Schulze, H. Ago, High flux and 

adsorption based non-functionalized hexagonal boron nitride lamellar membrane for ultrafast water 

purification, Chem. Eng. J. 420 (2021) 127721. 

https://doi.org/https://doi.org/10.1016/j.cej.2020.127721. 

[35] L. Sun, Y. Ying, H. Huang, Z. Song, Y. Mao, Z. Xu, X. Peng, Ultrafast Molecule Separation 

through Layered WS2 Nanosheet Membranes, ACS Nano. 8 (2014) 6304–6311. 

https://doi.org/10.1021/nn501786m. 

[36] H.M. Hegab, L. Zou, Graphene oxide-assisted membranes: Fabrication and potential 

applications in desalination and water purification, J. Memb. Sci. 484 (2015) 95–106. 

https://doi.org/https://doi.org/10.1016/j.memsci.2015.03.011. 

[37] L. Chen, J.-H. Moon, X. Ma, L. Zhang, Q. Chen, L. Chen, R. Peng, P. Si, J. Feng, Y. Li, J. Lou, 

L. Ci, High performance graphene oxide nanofiltration membrane prepared by electrospraying for 

wastewater purification, Carbon N. Y. 130 (2018) 487–494. 

https://doi.org/https://doi.org/10.1016/j.carbon.2018.01.062. 

[38] DuPont, Nanofiltration, (2022). https://www.dupont.com/water/technologies/nanofiltration-

nf.html (accessed August 12, 2022). 



Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

186 

 

[39] J. Leng, Z. Wang, J. Wang, H.-H. Wu, G. Yan, X. Li, H. Guo, Y. Liu, Q. Zhang, Z. Guo, 

Advances in nanostructures fabricated via spray pyrolysis and their applications in energy storage and 

conversion, Chem. Soc. Rev. 48 (2019) 3015–3072. https://doi.org/10.1039/C8CS00904J. 

[40] M. Lengyel, D. Elhassid, G. Atlas, W.T. Moller, R.L. Axelbaum, Development of a scalable 

spray pyrolysis process for the production of non-hollow battery materials, J. Power Sources. 266 

(2014) 175–178. https://doi.org/https://doi.org/10.1016/j.jpowsour.2014.04.143. 

[41] P. Nie, G. Xu, J. Jiang, H. Dou, Y. Wu, Y. Zhang, J. Wang, M. Shi, R. Fu, X. Zhang, Aerosol-

Spray Pyrolysis toward Preparation of Nanostructured Materials for Batteries and Supercapacitors, 

Small Methods. 2 (2018) 1700272. https://doi.org/https://doi.org/10.1002/smtd.201700272. 

[42] A. Abdel-Karim, S. Leaper, C. Skuse, G. Zaragoza, M. Gryta, P. Gorgojo, Membrane cleaning 

and pretreatments in membrane distillation – a review, Chem. Eng. J. 422 (2021) 129696. 

https://doi.org/https://doi.org/10.1016/j.cej.2021.129696. 

[43] F. Ricceri, M. Giagnorio, G. Farinelli, G. Blandini, M. Minella, D. Vione, A. Tiraferri, 

Desalination of Produced Water by Membrane Distillation: Effect of the Feed  Components and of a 

Pre-treatment by Fenton Oxidation., Sci. Rep. 9 (2019) 14964. https://doi.org/10.1038/s41598-019-

51167-z. 

[44] MTI Corporation, Lab-Scale Roll to Roll Ultrasonic Spray Pyrolysis Coating System - MSK-

USP-R2R, (n.d.). https://www.mtixtl.com/MSK-USP-R2R.aspx (accessed January 18, 2023). 

[45] C. Ligorio, M. O’Brien, N.W. Hodson, A. Mironov, M. Iliut, A.F. Miller, A. Vijayaraghavan, 

J.A. Hoyland, A. Saiani, TGF-β3-loaded graphene oxide - self-assembling peptide hybrid hydrogels as 

functional 3D scaffolds for the regeneration of the nucleus pulposus, Acta Biomater. 127 (2021) 116–

130. https://doi.org/https://doi.org/10.1016/j.actbio.2021.03.077. 

[46] K. Boussu, B. Van der Bruggen, A. Volodin, J. Snauwaert, C. Van Haesendonck, C. 

Vandecasteele, Roughness and hydrophobicity studies of nanofiltration membranes using different 

modes of AFM, J. Colloid Interface Sci. 286 (2005) 632–638. 

https://doi.org/https://doi.org/10.1016/j.jcis.2005.01.095. 

[47] D. Yang, A. Velamakanni, G. Bozoklu, S. Park, M. Stoller, R.D. Piner, S. Stankovich, I. Jung, 

D.A. Field, C.A. Ventrice, R.S. Ruoff, Chemical analysis of graphene oxide films after heat and 

chemical treatments by X-ray photoelectron and Micro-Raman spectroscopy, Carbon N. Y. 47 (2009) 

145–152. https://doi.org/https://doi.org/10.1016/j.carbon.2008.09.045. 

[48] R. Xu, K. Zhang, X. Xu, M. He, F. Lu, B. Su, Superhydrophobic WS2-Nanosheet-Wrapped 

Sponges for Underwater Detection of Tiny Vibration, Adv. Sci. 5 (2018) 1700655. 

https://doi.org/https://doi.org/10.1002/advs.201700655. 

[49] Y. Zhang, F. Shen, W. Cao, Y. Wan, Hydrophilic/hydrophobic Janus membranes with a dual-

function surface coating for rapid and robust membrane distillation desalination, Desalination. 491 

(2020) 114561. https://doi.org/https://doi.org/10.1016/j.desal.2020.114561. 

[50] M.A. Bachmann, J.L. Koenig, Vibrational analysis of phase III of poly (vinylidene fluoride), J. 

Chem. Phys. 74 (1981) 5896–5910. https://doi.org/10.1063/1.440908. 

[51] F.-L. Pua, C.H. Chia, S. Zakari, T.K. Liew, M.A. Yarmo, N.M. Huang, Preparation of transition 

metal sulfide nanoparticles via hydrothermal route, Sains Malaysiana. 39 (2010) 243–248. 

[52] M. Amini, A. Ramazani S.A., A. Kheradmand, International Journal of New Chemistry In-Situ 

Polymerization of UHMWPE Using Bi-Supported Ziegler-Natta Catalyst of MoS2 Oxide/MgCl2 

(Ethoxide Type)/TiCl4/TiBA: Study of Thermo- Mechanical Properties of System, Int. J. New Chem. 

6 (2019) 87–108. https://doi.org/10.22034/IJNC.2019.33520. 

[53] Y. Mao, Q. Huang, B. Meng, K. Zhou, G. Liu, A. Gugliuzza, E. Drioli, W. Jin, Roughness-

enhanced hydrophobic graphene oxide membrane for water desalination via membrane distillation, J. 

Memb. Sci. 611 (2020) 118364. https://doi.org/https://doi.org/10.1016/j.memsci.2020.118364. 

[54] C. Li, X. Li, X. Du, T. Tong, T.Y. Cath, J. Lee, Antiwetting and Antifouling Janus Membrane 

for Desalination of Saline Oily Wastewater by Membrane Distillation, ACS Appl. Mater. Interfaces. 11 

(2019) 18456–18465. https://doi.org/10.1021/acsami.9b04212. 

[55] S. Mansour, A. Giwa, S.W. Hasan, Novel graphene nanoplatelets-coated polyethylene 

membrane for the treatment of reject brine by pilot-scale direct contact membrane distillation: An 

optimization study, Desalination. 441 (2018) 9–20. https://doi.org/10.1016/j.desal.2018.04.026. 



Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

187 

 

[56] W. Intrchom, S. Roy, M. Humoud, S. Mitra, W. Intrchom, S. Roy, M.S. Humoud, S. Mitra, 

Immobilization of Graphene Oxide on the Permeate Side of a Membrane Distillation Membrane to 

Enhance Flux, Membranes (Basel). 8 (2018) 63. https://doi.org/10.3390/membranes8030063. 

[57] M. Bhadra, S. Roy, S. Mitra, Desalination across a graphene oxide membrane via direct contact 

membrane distillation, Desalination. 378 (2016) 37–43. https://doi.org/10.1016/j.desal.2015.09.026. 

[58] D.H. Seo, S. Pineda, Y.C. Woo, M. Xie, A.T. Murdock, E.Y.M. Ang, Y. Jiao, M.J. Park, S. Il 

Lim, M. Lawn, F.F. Borghi, Z.J. Han, S. Gray, G. Millar, A. Du, H.K. Shon, T.Y. Ng, K. (Ken) 

Ostrikov, Anti-fouling graphene-based membranes for effective water desalination, Nat. Commun. 9 

(2018) 683. https://doi.org/10.1038/s41467-018-02871-3. 

[59] Y. Jia, G. Xu, X. An, Y. Hu, Robust reduced graphene oxide composite membranes for 

enhanced anti-wetting property in membrane distillation, Desalination. 526 (2022) 115549. 

https://doi.org/https://doi.org/10.1016/j.desal.2022.115549. 

[60] R. Qian, B. Dong, S. Hao, F. Wang, L. Wang, Z. Min, L. Hao, X. Xu, S. Agathopoulos, Robust 

all-inorganic hydrophobic BN nanosheets coated β-sialon membrane for membrane distillation, J. Eur. 

Ceram. Soc. 42 (2022) 2672–2677. https://doi.org/https://doi.org/10.1016/j.jeurceramsoc.2022.02.002. 

[61] A. Srivastava, Z.V.P. Murthy, Investigating the effect of PEG200 and two-dimensional h-BN 

on PVDF membrane performance for membrane distillation–crystallization, Mater. Today Chem. 22 

(2021) 100545. https://doi.org/https://doi.org/10.1016/j.mtchem.2021.100545. 

[62] J. Zahirifar, A. Hadi, J. Karimi-Sabet, A. Dastbaz, Influence of hexagonal boron nitride 

nanosheets as the additives on the characteristics and performance of PVDF for air gap membrane 

distillation, Desalination. 460 (2019) 81–91. 

https://doi.org/https://doi.org/10.1016/j.desal.2019.03.004. 

 

 

 

 

 

  



Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

188 

 

5 Supplementary information 

 

Figure S51 AFM images of the 2D flakes of graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum 

disulphide (MoS2) and tungsten disulphide (WS2) 
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Figure S52 UV-Vis calibration curves for graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum 

disulphide (MoS2) and tungsten disulphide (WS2) in deionised water. The UV-Vis result of the water after 2-week 

exposure is marked in red. Absorption peaks were 231 nm for GO [402], 203 nm for hBN [403], 399 nm for MoS2 

[404] and 639 nm for WS2 [405]. 
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Figure S53 XRD measurements for the graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum 

disulphide (MoS2) and tungsten disulphide (WS2) powders, as well as their respective membranes 
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Figure S54 FTIR results for the graphene oxide (GO), hexagonal boron nitride (hBN), molybdenum disulphide 

(MoS2) and tungsten disulphide (WS2) powders, as well as their respective membranes 
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Figure S55 Raw data for the long-term fouling performance of the membranes tested with a feed solution of 150 ppm 

humic acid and 200 ppm paraffin oils 

 

 

Figure S56 Pore-wetting performance of the  commercial PVDF and GO-PDA/PVDF pyrolysed membranes when 

150 ppm Triton X-100 is added to the feed solution 

 

PVDF GO-PDA/PVDF 
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Figure S57 Pore wetting results for PDA/PVDF with a 35 g/L NaCl solution with 150 ppm Triton X-100 

 

 

Figure S58 Pore wetting results for hBN-PDA/PVDF with a 35 g/L NaCl solution with 150 ppm Triton X-100 
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Figure S59 Pore wetting results for MoS2-PDA/PVDF with a 35 g/L NaCl solution with 150 ppm Triton X-100 

 

 

Figure S60 Pore wetting results for WS2-PDA/PVDF with a 35 g/L NaCl solution with 150 ppm Triton X-100 
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Chapter 6: Pilot-scale graphene oxide membranes: improved membrane 

distillation performance and antifouling properties 

This chapter has been prepared for the submission to an appropriate journal.  

The work in this chapter describes the pilot-scale performance of the previously developed graphene 

oxide membranes. A thermal energy analysis is conducted and the results are compared with different 

commercial membrane types. Table and figure numbers have been changed to fit the thesis structure 

but the references are separate and they can be found at the end of this chapter. The thesis author is the 

main contributor to this paper and they conducted the investigation, methodology and analysis. Paper 

conceptualisation is attributed to the main author and the supervisors. The manuscript was prepared by 

the main author and then improved by the supervisors through multiple revisions. K. Lewthwaite 

provided the scanning electron microscopy images. Planning, implementation of experiments and data 

analysis was conducted by C. Skuse. Also, C. Skuse processed the experimental data, performed the 

analysis, drafted the manuscript and designed the figures. Some experiments were conducted by F. 

Aparicio and J. A. Andrés-Mañas contributed to the data interpretation and methodology.  
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Nomenclature 

Abbreviations: Symbols: 

AFM: atomic force microscopy A: area of membrane, m2 

AGMD: air-gap membrane distillation Cf: conductivity of the feed, µS/cm 

DCMD: direct contact membrane distillation Cp: conductivity of the feed, µS/cm 

GOR: gained output ratio FDR: flux decline ratio, %/h 

GO: graphene oxide FRR: flux recovery ratio, % 

GNP: graphene nanoplatelet J: membrane flux, m3/m2 h 

IPA: isopropyl alcohol Jp,i: permeate flux at the initial experimental time, L/m2 h 

LDPE: low density polyethylene  Jp,f: permeate flux at the final experimental time, L/m2 h 

LEP: liquid entry pressure Δmp: change in the permeate mass, kg 

MD: membrane distillation 𝜌f: density of feedwater, kg/ m3 

MMM: mixed matrix membrane 𝜌p: density of permeate, kg/ m3 

MTE: membrane thermal efficiency Rq: root-mean-square roughness 

PDA: polydopamine SR: salt rejection, % 

PTFE: Polytetrafluoroethylene Δt: time period, h 

PVDF: polyvinylidene fluoride  

SEM: scanning electron microscopy  

RO: reverse osmosis  

STEC: specific thermal energy consumption, kWh/m3  

V-AGMD: vacuum-assisted air gap membrane distillation  

VMD: vacuum membrane distillation  
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Highlights  

• GO membranes synthesised at 375 cm2 and showed antifouling properties at pilot-scale 

• GO membranes also had a 100 % flux recovery ratio after a water rinse. 

• The membrane thermal efficiency was 40 % higher for the GO membranes than pristine PVDF  

• Improvements are due to reduced temperature polarisation and surface roughness. 

• GO membranes show a high potential for implementation in the treatment of fouling waters  

Abstract  

This work tests graphene oxide (GO) membranes, for the first time, at pilot-scale for a membrane 

distillation system (MD) producing up to 1.5 L/h of water. Two different MD configurations were 

evaluated (air-gap and vacuum-assisted air gap MD) as well as the following feed solutions: synthetic 

seawater (35 g/L), synthetic brine (100 g/L), synthetic foulant water (150 ppm humic acid and 200 ppm 

paraffin) and real seawater. The GO-PDA/PVDF membranes were resistant to fouling-derived pore 

wetting for over 72 h, compared to 20 h for the pristine PVDF. The addition of the GO did not reduce 

the flux when compared to the PDA-PVDF control; also, had a lower fouling rate (0.07 %/h compared 

with 0.24 %/h, respectively). Moreover, the permeate flux was fully recoverable (flux recovery 

ratio=100 %) after a 30 min rinse with hot deionised water and the final flux was 20.8 L/m2h. In 

comparison, the PDA/PVDF membrane had a flux recovery of 87% and a final flux of 10.1 L/m2h. 

Studies using real seawater showed stable behaviour of the GO membranes for over 50 h and the GO 

membranes had a 25 % higher permeate flux.  The GO membranes were 40 % more thermally efficient 

than the control membranes, with a 7 % lower STEC in the AGMD setup. The results were compared 

against a range of other commercially available MD membranes using the same process conditions; the 

LDPE-based (Aquastill) had the lowest STEC for both AGMD and V-AGMD configurations, which 

suggests that GO should be explored as a coating on a number of different support materials.  

1 Introduction 

Membrane distillation (MD) is an alternative technology for the desalination of difficult-to-treat 

feedwaters, including those with high concentrations of salts and organic foulants. This technology is 

promising because the energy consumption is not as dependent on the feed concentration, compared to 

conventional desalination techniques such as reverse osmosis (RO) [1]. Nevertheless, there are 

challenges when using MD, including fouling and low thermal efficiency, the latter of which leads to 

high energy consumption. Functionalising the membrane polymer surface with nanomaterials like 

graphene oxide (GO) has been shown to reduce the fouling propensity [2] as well as to prevent pore 

wetting [3,4]. The antifouling properties arise from the hydrophilic functional groups that provide 

additional negative charge, while the GO sheets increase the smoothness of the surface which reduces 

the ability of the foulants to attach to the surface [5,6]. The antiwetting properties are due to the 
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nanocapillary effect, which increases the liquid entry pressure (LEP) [4]. Novel GO-polymer 

membranes have been extensively explored within membrane distillation, but there is a lack of studies 

demonstrating their behaviour at sizes larger than 28 cm2 or beyond the laboratory scale [4,7–14]. The 

development of ultra-thin high-permeation GO membranes is described as one of the greatest challenges 

faced by researchers in this field [6]. 

In addition, there is a lack of understanding of the potential effects of GO membranes on 

thermal efficiency. As highlighted in a recent life cycle assessment study by our group [15], the most 

impactful way that GO can reduce the desalination environmental footprint is by reducing the required 

energy consumption. Nevertheless, GO studies rarely report the membrane thermal efficiency (MTE), 

specific thermal energy consumption (STEC) or gained output ratio (GOR), which are essential for 

understanding their performance and evaluating the environmental impacts.  

There are over 100 pilot-scale MD studies, including topics such as the optimisation of process 

conditions [16,17], integration with renewable energy [18–21] and economic evaluations [22,23]. The 

majority of studies use synthetic seawater as the feed, but some use RO brine [24,25] and wastewater 

[23,26]. However, of all these studies, only two investigated membranes combined with nanomaterials 

[27,28] and, as far as the authors are aware, there are no pilot-scale studies on GO membranes for MD. 

In one of these two studies, Mansour et al. [27] evaluated at pilot-scale graphene nanoplatelet (GNP) 

coatings on commercial polyethylene for the desalination of RO brine by DCMD. The graphene 

nanoplatelets were deposited via vacuum filtration and no immobiliser was used to bind the GNP to the 

surface. The authors reported that no leaching was observed, but this was tested by monitoring the 

membrane weight-loss before and after exposure to water. This method may not have been sensitive 

enough to monitor the detachment of GNPs. The experiment was conducted for 10 h with real RO brine 

and revealed that for the best GP concentration (0.16 wt%) the rate of fouling was 78 % lower for 

membranes of size 500 cm2.  

The other pilot-scale study involving membranes prepared with nanomaterials was conducted 

by Li et al. [28] in a solar-driven DCMD process. The authors found that vacuum-filtered Fe3O4 

nanoparticles onto electrospun PVDF-co-hexafluoropropylene substrates produced in-situ heating, with 

a high light-to-heat conversion ratio. This resulted in an increase in the photothermal conversion 

efficiency from 5 % to 53 % for 1 kW/m2 solar irradiation. The salt rejection was 99.99 % and the flux 

was 0.97 kg/m2.h for membranes of size 37.5 cm2.  

Thus, there is a significant knowledge gap when translating the behaviour of nanomembranes, 

particularly GO-based, from laboratory to pilot-scale. Testing the performance of GO membranes at the 

pilot-scale is crucial for evaluating their feasibility at commercial scale. In an attempt to fill this 

knowledge gap, this study investigates, for the first time, at pilot-scale the performance of GO 
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membranes for desalination via MD using different configurations: air-gap (AGMD) and vacuum-

assisted air gap (V-AGMD). In the latter, part of the air is extracted from the module gap, which leads 

to a noticeable improvement in vapour diffusion, and hence in permeate productivity and thermal 

efficiency regarding AGMD. The main difference between V-AGMD and conventional vacuum 

membrane distillation is that in the former the permeate exits the module as a liquid, whereas in the 

latter it must be condensed externally due to the stronger vacuum level used, which leads to negligible 

sensible heat losses through the membrane but incurring in additional equipment expenses. 

The performance was evaluated on indicators, such as flux, salt rejection and flux decline, and 

compared against commercial membranes made of different polymers (PVDF, PTFE and LDPE). A 

thermal evaluation was also conducted to calculate the MTE, STEC and GOR. Different feed solutions 

were used, including synthetic seawater, foulant-containing water and real seawater, and a cleaning 

regime was considered to calculate the flux recovery. The results of this study provide insight on the 

benefits of GO coatings for prevention of membrane fouling in MD and provide evidence on their 

commercial suitability.  

2 Methods 

2.1 Materials 

Graphene oxide (GO) was purchased from William Blythe Ltd (UK). Dopamine hydrochloride (DA, 

99 %), tris(hydroxymethyl)aminomethane (Tris-HCl, pH = 8.5, 0.5 M), ethanol (≥ 99.0 %) and 

isopropyl alcohol (IPA, ≥ 99.7 %) were purchased from WWR International (UK). Commercial PVDF 

membranes (Durapore® GVHP09050) with a diameter of 29.7 cm, a nominal pore size of 0.22 μm and 

an average thickness of 125 μm were purchased from Merck Life Science Ltd. (Germany). Low density 

polyethylene (LDPE) were purchased from Aquastill (Netherlands). Polytetrafluoroethylene (PTFE) 

membranes were purchased from Donaldson (US) and Clarcor (Greece). Sodium chloride (NaCl, ≥ 

99.0 %) was purchased from Salinas de Cabo de Gata (Spain) and humic acid was purchased from 

Sigma-Aldrich, (UK). Paraffin oil was purchased from VWR chemical and lastly, real seawater was 

collected from approximately 1 m depth at Playa del Zapillo in Almeria, Spain. The seawater was used 

max. 1 day post collection and the conductivity was measured before the experiments. Two different 

25 L seawater batches were collected from the same beach height at the same time of day. 

 

2.2 Membrane preparation and characterisation 

Firstly, commercial Durapore® PVDF membrane circular flat sheets of diameter 29.7 cm were trimmed 

into capsule shapes of dimensions 17 x 29.7 cm. This membrane type was selected in order to replicate 

the laboratory conditions outlined in our previous work [2], so that a comparison can be drawn. A 2 
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mg/ml PDA solution was dissolved into Tris-HCl buffer solution (pH=8.5, 15 mM) before being 

sonicated for 10 min. The solution was poured into trays on a laboratory orbital shaker and the 

membranes were placed faced-down for 2 h. After this time, the membranes were rinsed with deionised 

water and dried in an oven at 60 ˚C for 2 h. Full details can be found in our previous study [4]. After 

one deposition of PDA, the membranes were then coated with GO using a spray pyrolyser HO-TH-04. 

The GO was dispersed into IPA with a concentration of 0.06 mg/mL and the spray coating was applied 

at 8000 µl/min for 120 s with the hot plate at 120 ˚C. The membranes were dried in an oven at 60 ˚C 

for 2 h. The 2nd PDA coating was applied in the same manner as the first coating and the final 

membranes were denoted as GO-PDA/PVDF. Pristine PVDF membranes with two PDA coatings 

(PDA/PVDF) and the same heating period were prepared as a control for the fouling studies.  

The post-fouling characterisation was performed on the PVDF, PDA/PVDF and GO-PDA/PVDF 

membranes using atomic force microscopy (AFM) and by measuring contact angle and tensile strength. 

A DSA100B drop shape analyser (KRUSS, Germany) was used to measure the contact angle using the 

sessile drop method with a 10µL drop size of deionised water. At least five different locations on the 

membrane were tested and the average values with standard deviations were recorded. AFM images 

were taken of the membrane topology using ScanAsystTM mode with tapping probe NuNano Scout 

350 (nominal frequency 350kHz, spring constant 42 N/M, tip radius 10 nm). All images were 2nd order 

flattened before the root-mean-square roughness (Rq) was calculated using NanoScope Analysis 1.4 

software over an image area of 5 µm x 5 µm. The maximum tensile strength was calculated using a 

static Testing Instron 5564 H 1580 machine with a 10N load and a 25 mm/min speed. Membranes 

before and after the fouling experiments were cut to widths of 5 mm and the length of the strip was 25 

mm; five samples were taken per membrane type.  

 

2.3 Membrane distillation experiments 

A pilot-scale MD rig with maximum permeation rate of 1.5 L/h was used for the experiments, as shown 

in Figure 61. It contains the following: membrane module; feed and cooling water reservoirs of 20 L 

capacity; 5 L vessel to collect the permeate; electric heater and a vapour-compression refrigeration 

chiller; pumps including one vacuum pump for V-AGMD operation with a pressure sensor; two plate 

and frame heat exchangers;weighing scale; flow and conductivity meters for the feed, cooling water 

and permeate streams. The vacuum level inside the MD module when operating in V-AGMD is 

regulated by means of a manual micrometric valve. The feed solutions were heated to the desired 

temperatures (75-80 ˚C) and the feed/coolant flowrates were varied (50-150 L/h), while the chiller 

temperatures varied from 20-25 ˚C. The full list of conditions for each of the experiments can be seen 

in Table 15. The membranes were installed into the plate-and-frame modules with an active area 
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dimension of 7 x 11 cm (area 77 cm2) for the fouling studies and 15 x 25 cm  (375 cm2) for the 

performance experiments as outlined in Table 15. The permeate flux was calculated by measuring the 

weight change of permeate in the corresponding vessel over 30 min according to the following equation:  

𝑱𝐩 =
∆𝒎𝐩

𝝆𝒑𝑨 ∆𝒕
 (Eq. 7) 

where 𝐽 is the flux (L/m2.h), 𝛥𝑚𝑝 is the change in the permeate mass (kg) over a time period ∆𝑡 (h), 𝐴 

is the effective membrane area (m2) and 𝜌
p
 is the density of the permeate (kg/L). 

 The salt rejection (SR, %) measures how well the membrane rejects the passage of dissolved 

ions; it is calculated as one minus the ratio of the conductivity of the permeate, 𝐶p,  over the conductivity 

of the feed, 𝐶𝑓, as shown in Equation 8: 

𝑺𝑹 = (𝟏 −
𝑪𝐩

𝑪𝐟
) × 𝟏𝟎𝟎  (Eq. 8) 

The conductivity of the permeate and feed (µS/cm) was recorded every 10 seconds. The 

conductivity of the hot feed solution was adjusted to calculate the conductivity at 20 ˚C [29]. The 

following variables were also recorded every 10 seconds: temperature of the feed and condenser inlet 

and outlet, temperature of the permeate, flowrate of the feed and condenser, and vacuum pressure. The 

variables were used to calculate the membrane thermal efficiency (MTE), which refers to the ratio of 

the recoverable latent heat from the condensing vapour over the total heat that was transferred to the 

membrane. It was calculated for each of the configurations and membrane types according to the 

following equation:  

𝑴𝑻𝑬 = (
𝑱𝐩 𝝆𝐩 𝑨 ∆𝑯𝐯

𝐅𝐅𝐑 𝝆𝐟 𝒄𝐩,𝐟(𝑻𝐂𝐎 − 𝑻𝐂𝐈)
) × 𝟏𝟎𝟎 (Eq. 9) 

where Jp is the membrane flux (m3/m2.h), ρp and ρf are the densities of the permeate and feed respectively 

(kg/m3), A is the membrane area (m2), ΔHv is the enthalpy of vaporisation of the permeate (J/kg), FFR 

is the feed flowrate (L/h), cp,f is the heat capacity of feed water (J/kg.˚C) and TCO and TCI are the 

temperatures (˚C) at the cooling channel outlet and inlet, respectively. Heat capacity and enthalpy of 

vaporisation values were taken at the considered pressures and temperatures using relevant libraries of 

thermophysical properties [30,31]. 

 The flux decline ratio FDR indicated the level of fouling and it was calculated using the 

following equation: 

𝑭𝑫𝑹 = (
𝑱𝐩,𝐢 − 𝑱𝐩,𝐟

𝑱𝐩,𝐢
) × 𝟏𝟎𝟎 𝒕⁄  (Eq. 2) 

where 𝐽pis the permeate flux at the initial (i) and final (f) experimental time (L/m2h). For this 

investigation, the FDR was calculated in terms of %/h to enable easier comparisons with future studies. 
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The initial flux was measured using the y-intercept of the linear equation for the trendline. The flux 

recovery ratio FRR indicates the portion of flux that is recoverable after cleaning the membrane, as 

shown in Equation 3: 

𝑭𝑹𝑹 = (
𝑱𝐩,𝐜

𝑱𝐩,𝐢
) × 𝟏𝟎𝟎 (Eq. 3) 

where Jp,c is the permeate flux immediately after cleaning. The fouling experiments consisted of two 

stages. Stage 1 operated with the fouling solution for 72 h with 150 mg/L humic acid and 200 mg/l 

paraffin oil. If the membrane experienced pore-wetting due to excessive fouling (e.g. the salt rejection 

fell below 98 %), the experiment was terminated and the membrane moved to the next stage. After stage 

1 was complete, the membranes were washed for 30 min by recirculating hot (75 ˚C) deionised water. 

Stage 2 began when the system was restarted with the same foulant solution and the experiment 

continued for an additional 14 h.  

 

Figure 61 A) Photo of the membrane distillation set-up with dimensions 1.4 m x 0.88 m x 1.6 m B) Schematic diagram 

of the system including types and locations of the temperature recorders (TR), conductivity recorders (CR) flowrate 

recorders (FR), level recorders (LR) and pressure controller (PC). C) Macroscopic magnification of the membrane 

module for both the AGMD and V-AGMD configurations. 
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Table 15 Experimental conditions considered in this study 

Test Membrane 
Membrane 

area, cm2 
Experimental conditions Configuration(s) 

Fouling performance 

Durapore® PVDF, 

PDA/PVDF 

GO-PDA/PVDF 

 

77 

Feed solution: 35 g /L NaCl, 

150 mg /L humic acid, 

200 mg /L paraffin oil 

Feed temperature: 75 ˚C 

Coolant temperature: 20 ˚C 

Pressure: atmospheric 

Feed flowrate: 60 L/h 

Coolant flowrate: 60 L/h 

Experiment length: 72 h 

AGMD 

Durapore® PVDF, 

GO-PDA/PVDF 

 

77 

Feed solution: real seawater 

Feed temperature: 75 ˚C 

Coolant temperature: 20 ˚C 

Feed flowrate: 60 L/h 

Coolant flowrate: 60 L/h 

Experiment length: 50 h 

AGMD 

Thermal performance 

Durapore® PVDF, 

GO-PDA/PVDF 
375 

Feed solution: 35 g /L and 100 g/ L NaCl 

Feed temperature: 80 ˚C 

Coolant temperature: 25 ˚C 

Pressure: atmospheric and 700 mbar 

Feed flowrate: 150 L/h 

Coolant flowrate: 150 L/h 

Experiment length: 2 h 

AGMD,  

V-AGMD 

Other commercial 

membranes 

(Aquastill, Donal, 

PTFE) 

375 

Feed solution: 35 g /L  

Feed temperature: 80 ˚C 

Coolant temperature: 25 ˚C 

Pressure: atmospheric and 700 mbar 

Feed flowrate: 150 L/h 

Coolant flowrate: 150 L/h 

Experiment length: 2 h 

AGMD,  

V-AGMD 

 

3 Results and discussion 

3.1.1 Fouling study  

This section describes the results for the fouling study comparing GO-PDA/PVDF membranes with 

pristine Durapore® PVDF and PDA-PVDF. Stage 1 refers to the initial 72 h experiment and stage 2 

refers to the restarted experiment after the 30 min in-situ rinse with hot water. The results can be seen 

in Figure 62. 
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Figure 62 Fouling results for the pristine Durapore® PVDF, PDA/PVDF and GO-PDA/PVDF membranes. Stage 1 

refers to the initial 72 h fouling experiment and stage 2 refers to the results after a 30 min rinse with hot deionised 

water. The feed solution flowrate was 50 L/h, with 150 mg/l humic acid and 200 mg/l paraffin oil. The blue line denotes 

the permeate flux (left axis) and the red line denotes salt rejection (right). 

 

At the beginning of stage 1, the PVDF membrane had an initial flux of 18.8 L/m2·h and a linear 

flux decline of 0.82 %/h until 10.5 h into the experiment, whereby the flux plateaued due to marginal 

pore-wetting. At 15 h, the build-up of foulants on the membrane surface became so severe that the LEP 

was reduced to below the hydrostatic pressure (which was atmospheric pressure), such that there was a 

breach of the feed solution passing through the pores. This can be seen by the sharp drop in the salt 

rejection; the conductivity of the measured permeate was >1 mS/cm, which was above the measurable 

limit of the conductivity probe. After 24 h had elapsed, a rinse was conducted for 30 min with hot 



Chapter 6: Pilot-scale graphene oxide membranes: improved membrane distillation performance and antifouling 

properties 

205 

 

deionised water. The purpose of the rinse was to remove foulants from the membrane surface to recover 

the initial permeate flux and to determine whether the pore wetting could be reversed. Stage 2 in Figure 

62 represents the results after the experiment was restarted with the initial foulant feedwater. A sample 

of the permeate was taken and the conductivity was recorded as 2.99 mS/cm, thus the experiment was 

terminated after just 1.5 h into stage 2.  

The PDA/PVDF membrane showed to be resistant to pore wetting with a FDR of 0.24 %/h, 

(~17 % reduction in flux over the 72 h experiment). At the start of stage 1, the flux was 17.4 L/m2·h; 

this fell to 14.4 L/m2·h by the end of the stage. After the 30 min rinse with deionised water, in stage 2 

the flux recovered to 15.2 L/m2·h, giving an FRR of 87 %. However, the flux decline in stage 2 was an 

order of magnitude higher (1.9 %/h), which suggests that while the rinse was able to recover some of 

the initial flux, it led to more rapid fouling. A possible reason for this is that the hot rinse pushed some 

foulant particles further within the membrane pores, causing blockages and providing a surface for more 

foulants to attach to. At the end of stage 2, the flux of the PDA/PVDF membrane was 10.1 L/m2·h, 

which was 58 % of the initial flux.   
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 For the GO-PDA/PVDF membrane, in stage 1 the initial flux was 20.1 L/m2·h and the FDR was almost 

negligible (0.07 %/h); the flux reduction across the 72 h was only 4.8 %. The initial flux was 15 % higher than the 

PDA/PVDF control, and the fouling rate was over three times lower as a result of the GO coating. Furthermore, after 

the 30 min rinse with deionised water, the FRR was 100 %, which demonstrates complete recovery of the initial flux. 

The deposition of humic acid onto the membrane surface can be seen in the AFM images in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63 and the SEM images in Figure 64. All post-fouling membrane data and images were after 

Stage 2. Table 16 shows that the roughness of the PVDF and PDA/PVDF membrane is lower compared 

to the clean membrane. However, for the GO-PDA/PVDF membrane, the initial roughness is 

significantly lower than both controls (87.4 nm compared to 296 nm and 303 nm for PVDF and 

PDA/PVDF, respectively). This is due to the smooth stacks of GO flakes on top of the membrane 

surface, also observed elsewhere [5,6]. The high FRR could be a result of the GO flakes acting as a 

barrier to block the passage of foulants into the membrane pores. The foulants are therefore loosely 

bound at the membrane surface and are easily removed by the water rinse, which can be seen visually 

in the SEM images by the absence of large foulants.  
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Table 16 Roughness, contact angle and maximum tensile strength of the PVDF, PDA/PVDF and GO-PDA/PVDF 

membranes before and after the fouling experiment 

Membrane ID 
Roughness, nm Contact angle, ˚ 

Max. tensile strength, 

MPa 

Before After Before After Before After 

PVDF  296 ± 28 108 ± 9 123 ± 2 73 ± 3 6.5 5.8 

PDA/PVDF 303 ± 113 240 ± 98 109 ± 1 56 ± 3 5.4 5.2 

GO-PDA/PVDF 87 ± 37 121 ± 32 81 ± 1 83 ± 1 5.0 5.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 63 AFM 3D images of the membranes before stage 1 and after stage 2 of the fouling experiment  
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Figure 64 SEM surface (left) and cross sectional (right) images of the PVDF, PDA/PVDF and GO-PDA/PVDF 

membranes after stage 2 of the fouling experiments. 

 

Finally, the GO-PDA/PVDF membrane was tested for 50 h for its stability against real seawater. 

The results can be seen in Figure 65. For both membranes, the salt rejection is stable across the 50 h 

experiment and there is no evidence of flux decline due to fouling in this time frame. Interestingly, the 

flux of the GO-PDA/PVDF membrane is 25 % greater than that of the Durapore® membrane (20 L/m2·h 

compared to 16 L/m2·h). To understand the reasons for the permeate flux increase when using the GO-

PDA/PVDF membrane, several key performance parameters were measured during shorter 2 h 

experiments and compared against the PVDF control.  
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Figure 65 MD performance of GO-PDA/PVDF membrane and pristine Durapore® membrane against a real seawater 

feed solution over 50 h, with a feed temperature of 75 ˚C and a coolant temperature of 20 ˚C.  

 

3.1.2 Energy performance 

This section evaluates the performance of the GO-PDA/PVDF membrane against Durapore® PVDF. 

Permeate flux, salt rejection, membrane thermal efficiency, STEC and GOR were measured for both 

membranes for AGMD and V-AGMD configurations (Table 15) and the results can be found in  

 

 

 

 

 

Figure 66. 

The permeate flux for the GO membrane was larger for both AGMD and V-AGMD 

configurations. A potential reason for this could be that the GO-PDA coating leads to a reduction in 

temperature polarisation resulting in a steeper vapour pressure gradient [3,7,32]. This is supported by 

the higher MTE (96 % vs 57 % for AGMD and 94 % vs 68 % for V-AGMD). The MTE takes into 

account the change in temperature of the coolant across the membrane (TCI and TCO) as shown in 

Equation 9. The temperature change was smaller for the GO-PDA/PVDF membrane for both AGMD 

(7.04 ± 0.09 ˚C compared to 10.8 ± 0.07 ˚C) and V-AGMD configurations (6.43 ± 0.15 ˚C) compared 

to 8.55 ± 0.87 ˚C), as shown in Table S17 in the supplementary information (SI).  This temperature 

change indicates lower conductive heat transfer and thus a reduction in irrecoverable heat [33]. This 

could have been achieved through the use of PDA as a coating, which has a low thermal conductivity. 

GO flakes have a high thermal conductivity, which may help distribute the heat evenly across the 
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membrane surface [34]. As the GO flakes are only present at the surface and are deposited in between 

layers of insulating PDA, the heat does not propagate through the membrane, resulting in a higher MTE. 

The STEC for the GO-PDA/PVDF membranes is 6.8 % and 9.5 % lower than that of PVDF for AGMD 

and V-AGMD respectively. Similarly, the GOR is 7.3 % and 10.5 % higher. This is due to the increase 

in permeate flux, which is inversely proportional to the STEC. 

 

 

 

 

 

 

 

Figure 66 Comparing pristine Durapore® PVDF and GO-PDA/PVDF membranes for the following performance 

factors: permeate flux, salt rejection, membrane thermal efficiency, specific thermal energy consumption (STEC) and 

gained output ratio (GOR). Both AGMD and V-AGMD configurations were considered, with a feed concentration of 

35 g/L NaCl, feed temperature of 75 ˚C, coolant temperature of 20 ˚C, feed flowrate 60 l/h and absolute pressure of 

700 mbar for V-AGMD. The membrane area was 375 cm2. 

 

The membranes were also tested against a feed solution containing 100 g/L NaCl, which can be 

found in Figure S68 in the supplementary information. The results were similar in that the membrane 

thermal efficiency was 63 % higher for the GO-PDA/PVDF membranes (96 % compared with 59 % for 

PVDF). The STEC for the PVDF and GO-PDA/PVDF membranes was 9848 kWh/m3 and 5627 

kWh/m3, respectively. The results were higher than for the 35 g/L feed solution (4845 and 4515 

kWh/m3, respectively) because increasing the feed salinity causes a decrease in the partial vapour 

pressure [35]. This not only reduces the permeate flux (45 % for PVDF and 7 % for GO-PDA/PVDF) 

but also causes a reduction in the released latent heat of condensation, which therefore increases the 

STEC. The STEC increase for the PVDF membranes was significantly higher than for the GO-

PDA/PVDF membranes (103 % and 25 % respectively).  
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3.2 Comparison with other commercial membranes and literature 

The 2 h experiments were repeated at different processing conditions (80 ˚C feed; 25 ˚C cooling water; 

150 L/h feed and cooling water flowrate) to mimic more accurately large-scale membrane distillation 

performance, as well as to compare the membranes with other commercial membrane types. The results 

in Figure 67 show that the addition of the GO-PDA layer onto Durapore® increases the permeate flux 

and GOR, while decreasing the STEC. However, the Durapore® and GO-PDA/PVDF membranes 

showed higher STEC when compared to other membrane types, such as PTFE and LDPE (Aquastill). 

This could be due to the difference in membrane synthesis method, as well as in thermal conductivity 

of the polymers. The addition of GO-PDA onto the other commercial membrane types could therefore 

result in a better performance.  

 The change in operating conditions (increase in feed and cooling temperature from 75-80 ˚C 

and 20-25 ˚C, increased feed and coolant flowrate from 60-150 L/h) resulted in a higher permeate flux 

(35 % and 57 % higher for the Durapore® and GO-PDA/PVDF membranes under AGMD). This is due 

to the higher feed temperature (80 ˚C compared with 75 ˚C) and higher feed and coolant flowrates (150 

L/h compared with 60 L/h). Higher feed flowrates led to increased turbulence at the membrane surface 

and reduced temperature polarisation [18]. However, these conditions resulted in higher STEC (52 % 

higher for Durapore® and 47 % higher for GO-PDA/PVDF, under AGMD). 

In our previous work [2], we developed a scalable method for the synthesis of GO membranes, 

but these were tested up to 9.4 cm2. The results in this investigation demonstrate that the method 

outlined in earlier work is indeed scalable for sizes up to 375 cm2. The FDR for the GO-PDA/PVDF 

membrane in current study is an order of magnitude higher than the laboratory experiments for the same  

process conditions (0.07 %/h vs 0.0021 %/h). The speed velocity across the membrane surface is likely 

far lower for the larger module tested in this study than for the laboratory experiments. The lower speed 

velocity would encourage fouling attachment and thus cause a higher FDR. For the PVDF membrane, 

the salt rejection fell to below 99 % after 20 h in this study. In the laboratory studies, the PVDF 

membrane reached the same salt rejection after 10 h.  

Comparing the permeate flux results for the membranes of size 77cm2 and 375 cm2 shows that 

there is a reduction of 9.4 % and 13.7 % at larger sizes for Durapore® and GO-PDA/PVDF, 

respectively. This is to be expected in larger membrane systems, as the longer residence time promotes 

sensible heat transfer through the membrane, which leads to a loss of driving force. This result is in 

agreement with the simulation work by Ebrahimi et al. [36] on PVDF modified with TiO2 nanoparticles 

for the recovery of nitrates via DCMD. These authors used MATLAB to evaluate the lab membranes 

at pilot-scale and found that the flux reduced from 2.3 L/m2·h to 0.96 L/m2·h.  
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For the PDA/PVDF membrane, the FRR after a 30 min rinse with deionised water was 85 %. 

This is comparable with similar cleaning regimes [37], including a study by Srisurichan et al. [38] who 

reported an FRR of 87.5 % after 2 h in-situ cleaning with deionised water. An advantage of the GO-

PDA/PVDF membranes developed in this study is that no cleaning chemicals are required to recover 

completely the initial flux (FRR= 100 %). This would not only reduce the environmental burden of the 

membrane distillation process, but also it could increase the membrane longevity. The use of cleaning 

chemicals, such as sodium hydroxide, citric acid and hydrogen chloride is also effective for flux 

recovery, but they reduce the membrane contact angle and mechanical stability of the membranes [39].  

As shown in Figure 67, the STEC ranges from 3315 kWh/m3 (Aquastill, V-AGMD) to 10185 

kWh/m3 (PVDF, AGMD) at these process conditions (80 ˚C feed; 25 ˚C cooling water; 150 L/h feed 

and cooling water flowrate), which is significantly higher than reported in the literature under the same 

conditions (50-200 kWh/m3) [40]. The range is high due to the flat-sheet smaller membrane area (375 

cm2) compared to spiral-wound full-sized membrane modules with internal heat recovery and 

membrane sizes of 7.2 and 25.9 m2.  
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Figure 67 Comparison between commercial membranes and GO-PDA/PVDF membranes for the following 

performance indicators: permeate flux, salt rejection, specific thermal energy consumption (STEC) and gained output 

ratio (GOR). The process conditions were: 80 ˚C feed; 25 ˚C cooling water; 150 L/h feed and cooling water flowrate; 

700 mbar vacuum pressure for V-AGMD.  

 

4 Conclusion and future work 

In summary, a graphene oxide-functionalised PVDF membrane was evaluated for the first time at pilot-

plant scale in terms of permeate flux, salt rejection, thermal efficiency and antifouling performance for 

desalination via membrane distillation.  

The results suggest that the GO-PDA/PVDF membrane provides antifouling resistance with a 

reduced flux decline of 0.07 %/h compared to 0.24 %/h for the PDA/PVDF control. In addition, the GO 

coating facilitates a chemical-free cleaning with deionised water only, which was able to recover 

completely the initial permeate flux (compared to 87 % for the control). The tests using real seawater 

as the feed demonstrated process stability over 50 h, as well as a 25 % higher permeate flux. This was 

investigated further in the performance criteria analysis, which showed that the membrane thermal 

efficiency was greater for the GO-PDA/PVDF membrane than the control for both AGMD and V-

AGMD configurations. The comparison with commercial membranes showed that the type of polymer 

can have a significant impact on the permeate flux and the thermal efficiency, with Aquastill LDPE 

membrane having the lowest specific energy consumption (3560 kWh/m2). 

 Future work should consider fabricating the GO-PDA layer onto different types of commercial 

membranes (specifically on Aquastill LDPE) to potentially reduce the STEC further. A range of 

different feed salinities should be explored to understand better the relationship between feed salinity 

and thermal energy consumption. Lastly, the mechanism for the attachment of foulants onto the 

membrane surface could be explored further by imaging the membrane using synchrotron-based X-ray 

microtomography.   
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5 Supplementary information 

5.1 Performance evaluation   

Table S17 Average temperature change between the coolant inlet and outlet for the PVDF, PDA-PVDF and GO-

PDA/PVDF membranes for a feed solution of 35 g/L and experimental time of 2 h 

Membrane ID 
Temperature 

in, TCI (˚C) 

Temperature 

out, TCO (˚C) 

Temperature 

difference 

(˚C) 

Membrane 

thermal 

efficiency, % 

Configuration 

PVDF 19.9 ± 0.00 30.7 ± 0.07 10.8 ± 0.07 56.6 
AGMD 

GO-PDA/PVDF 20.2 ± 0.05 26.7 ± 0.07 7.04 ± 0.09 94.1 

PVDF 20.2 ± 0.05 28.7 ± 0.92 8.55 ± 0.87 68.3 
V-AGMD 

GO-PDA/PVDF 20.2 ± 0.05 27.1 ± 0.14 6.43 ± 0.15 96.5 

 

 

Figure S68 Graph comparing the results for a feed solution of 100 g/L NaCl for pristine PVDF (Durapore) against GO-

PDA/PVDF membranes for the following performance factors: permeate flux, salt rejection, membrane thermal 

efficiency, specific thermal energy consumption (STEC) and gained output ratio (GOR). The process conditions were 

set to a feed temperature of 75 ˚C, coolant temperature 20 ˚C and a feed flowrate 60 l/h. 
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Figure S69 Mechanical testing results for PVDF, PDA-PVDF, GO-PDA/PVDF 
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Chapter 7: Conclusions, future work and recommendations 

The overall aim of this research has been to explore the use of graphene oxide (GO) and other 2D 

materials (hBN, MoS2 and WS2) to produce improved membranes for water treatment via membrane 

distillation (MD). The objectives detailed below and listed in Chapter 1, have been achieved: 

Objective 1. A review was conducted to discuss the ongoing questions regarding the use of reverse 

osmosis (RO) and whether it could be replaced by emerging technologies, such as MD, for 

seawater desalination.  

Objective 2. Objective 2. The potential environmental benefits of using GO-enhanced membranes 

within MD and RO were evaluated through a life cycle assessment (LCA) and improvement 

opportunities were identified. 

Objective 3.  Stable GO coatings were synthesised onto MD membranes which outperformed 

current polyvinylidene fluoride (PVDF) membranes through improved antifouling and 

antiwetting properties.  

Objective 4. A scalable method for the production of 2D coated membranes via pyrolysis was 

developed. hBN, MoS2 and WS2 coatings were also evaluated. 

Objective 5. The best membranes (GO with polydopamine (PDA) on top of PVDF) were tested at 

pilot-scale and the thermal energy requirements were evaluated and compared with a range of 

commercial MD membranes. 

The main conclusions of each chapter are summarised in the next section, followed by suggestions for 

future work. 

7.1 Conclusions 

In this work, membranes were developed that had significantly improved antiwetting and antifouling 

performance. For both the fouling and wetting feedwaters, the production of potable water using 

commercial PVDF was unattainable. The GO membranes have shown an ability to produce potable 

water from previously-thought unfeasible feedwaters, which could open up new opportunities for the 

improved management of water sources. Not only that, a scalable method for producing 2D-enhanced 

membranes was trialled and tested for GO at pilot-scale, which increases the ability for 

commercialisation of these promising materials. The life cycle assessment on GO-enhanced membranes 

directed where future research should focus in order to reduce the environmental impacts of desalination 

via RO and MD.  

Chapter 2: Can emerging membrane-based desalination technologies replace reverse osmosis? 

• The major limitations affecting RO were identified as: dependency on high-grade energy 

(electricity); fouling issues; and limited water recovery. The dependency on electricity for the 

energy source means that remote locations without access to the grid would be left out. 
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Incorporating RO with renewable energy can significantly reduce greenhouse gas (GHG) 

emissions, but integration is difficult to achieve as the RO process needs a constant and stable 

electricity supply.  

• The fouling issues cause a reduction in the permeate flux and an increase in the RO energy 

consumption. Self-cleaning membranes are being developed, as well as more effective pre-

treatment techniques; but these have a higher energy consumption. The chemicals used in pre-

treatment include ferric chloride and sodium bisulphite, which are toxic to marine life even in 

small concentrations. 

• The water recovery for the treatment of seawater via RO is limited to about 50 %. This produces 

significant quantities of brine which is damaging for marine life. The legislation around brine 

disposal is expected to tighten in the coming decades, which will further increase the motivation 

for alternative desalination techniques.  

• Forward osmosis (FO), membrane distillation (MD) and capacitive deionisation (CDI) were 

assessed as potential substitute technologies. These emerging technologies offer significant 

advantages over RO, such as higher salt rejection (CDI, MD), higher recovery of water (MD), 

fewer pre-treatment stages (MD, FO), and the ability to use low-grade energy (MD, FO).   

• RO is still the most suitable technique for the desalination of seawater. The stand-alone 

technologies cannot replace RO until they address certain issues, including pore-wetting (MD) 

and high energy consumption (MD, CDI, FO). The emerging technologies have significant 

potential to solve water issues where RO cannot currently be applied, i.e. for highly 

concentrated and foulant-containing feedwaters. 

• Hybrid systems (such as FO-RO and RO-MD) could overcome the limitations of each stand-

alone technology. Utilising FO as a pre-treatment technique showed promising reductions in 

the overall energy consumption. Treating RO brine with MD showed to increase the recovery 

significantly.   

Chapter 3: Comparative life cycle assessment of seawater desalination technologies enhanced by 

graphene membranes 

• Current reverse osmosis desalination plants based in Spain (i.e. an area with a high dependency 

on renewable energy) have a climate change potential (CCP) of 1 kg CO2 eq./m3 of potable 

water. As MD has higher energy requirements (125 kWh/m3 compared to 3.25 kWh/m3) the 

global warming potential is also significantly higher (23 kg CO2 eq./m3).  

• Fouling is a major issue in RO and causes flux decline. The external pressure is gradually 

increased to combat the flux decline over the membrane lifetime, but this increases the energy 
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consumption. GO membranes have antifouling properties and their implementation in an RO 

unit could reduce the environmental impacts by 3-7 % on average. The CCP is also 3-8 % 

lower, which means that if these membranes were installed in current seawater RO systems, 

they could avoid the release of 380-850 kt CO2 eq. per year. 

• Using GO-enhanced membranes in MD can increase the membrane permeate flux, which 

reduces the required thermal energy. This can reduce the impacts by an average of 27-34 % 

when compared to MD that does not use GO membranes. GO-enhanced membranes can reduce 

the impacts for both RO and MD technologies, and the contribution from the production of GO 

membranes is very small (0.02-0.59 %).  

• Overall, the RO scenarios that used GO-enhanced membranes had the lowest impacts. 

However, this changes if MD uses solar thermal energy instead of natural gas. In that case, the 

impacts are 43-93 % lower in nine categories than RO powered predominantly by fossil-fuels 

dominated electricity. This includes climate change, which would be 64 % lower; however, 

freshwater ecotoxicity would be more than four-times higher due to the use of metals.  

   

Chapter 4: Immobilized graphene oxide-based membranes for improved pore wetting resistance in 

membrane distillation 

• Tri-layer immobilized GO membranes were made by vacuum filtering GO flakes and 

immobilizing them using polydopamine (PDA).  

• These membranes were tested for a synthetic seawater solution containing surfactant Triton X-

100. The control membrane (commercial PVDF) was unable to treat the feedwater for longer 

than 15 minutes as pore wetting occurred.  

• In comparison, the best GO membrane was stable for over 90 h, which shows potential for MD 

to be applied for a new range of wastewater applications. Detachment was still an issue. 

Chapter 5: A novel, scalable technique for producing antifouling membranes with 2D materials 

• A pyrolysis deposition method based on spray-coating, which is more scalable than vacuum 

filtration, was explored. The 2D coated membranes (GO, hBN, MoS2 and WS2) were fabricated 

for the treatment of feed waters containing high amounts of humic acid and paraffin oil. They 

showed stability under MD operation, and the attachment of GO was improved using the new 

method. The commercial PVDF experienced pore wetting due to fouling after 10 h, whereas 

the 2D membranes showed stability for the 72 h experiment and high salt rejection (>99.9 %).  
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• The 2D-enhanced membranes exhibited antifouling properties when compared to the control 

PDA/PVDF membrane, which reduced the flux decline. In fact, the membranes coated with 

GO and hBN had flux decline ratios orders of magnitude lower than the control (0.0021 ± 0.005, 

0.028 ± 0.01 %/h and 0.3 %/h, respectively).  

• The GO membrane was the only membrane type that was able to treat both surfactant-

containing and foulant-containing feedwaters. The improved performance is attributed to the 

decrease in both surface roughness and hydrophobicity, which reduced the adsorption of 

foulants onto the membrane surface.  

Chapter 6: Pilot-scale graphene oxide membranes: improved membrane distillation performance and 

antifouling properties 

• GO membranes were synthesized using the pyrolysis method, in sizes larger than previously 

reported for MD (375 cm2), and tested at pilot-scale for both air-gap and vacuum air-gap MD 

(AGMD) configurations. The fouling behaviour was monitored for feed solutions containing 

35 g/l NaCl, 150 ppm humic acid and 200 ppm paraffin oil. 

• The GO membranes were resistant to fouling-driven pore wetting for over 72 h, compared to 

20 h for the pristine PVDF. The fouling rate was also reduced from 0.24 %/h and 0.07 %/h, 

respectively. Also, the GO membranes had a flux recovery ratio of 100 % after a simple 30 min 

rinse with hot (70 ˚C) deionised water. The control membranes (which contained PDA only) 

had a flux recovery of 87 % and the final flux was lower than half that of the GO membrane 

(10.1 L/m2 h compared with 20.8 L/m2 h) 

• The GO membranes were 40 % more thermally efficient compared to the control membranes, 

with a 7 % lower STEC under AGMD. This was due to a reduction in conductive heat loss 

through the membrane, which was monitored by the temperature of the coolant stream. GO 

membranes were compared against a range of different commercial membranes and it was 

found that the Aquastill membranes had the lowest specific thermal energy consumption.  

7.2 Recommendations for future work 

This research has shown the potential for GO membranes to improve water treatment via membrane 

distillation. Further study should be conducted on the following:  

• A life cycle assessment should be conducted to evaluate the impacts of different GO membrane 

synthesis methods (such as electrospinning, phase inversion, vacuum filtration and pyrolysis). 

Other types of GO membranes could also be evaluated (for example, laminate, coated 

membranes and mixed matrix membranes). Finally, the LCA impacts of a hybrid RO-MD 
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system should be evaluated and compared against the standalone technologies, and the impact 

of the brine on the desalination life cycle should be included. 

• Different end-of-life options should be evaluated, including recycling the membrane. This 

would require further knowledge on the degradability of the GO membranes. 

•  Membranes fabricated using a combination of two or more 2D materials should be explored 

(e.g. GO and MoS2) to determine whether they can have increased performance from the 

combination of their properties. 

• To improve the scalability of the developed membranes in this work, tannic acid should be 

explored as a cheaper alternative to PDA.  

• Future work should consider coating GO onto different types of commercial membranes (such 

as Aquastill) to potentially reduce thermal energy consumption further. Other membrane 

materials (such as LDPE and PTFE) could also have lower environmental burdens than PVDF, 

which should be explored in future work.  

• Finally, an economic analysis should be conducted, considering the different costs of the 

proposed solutions and their impact at industrial scale.  

7.3 Concluding remarks 

In this thesis, GO and other 2D materials were explored to enhance the membrane performance for the 

treatment of water via membrane distillation. The outcomes suggest that the GO membranes have 

significant antiwetting and antifouling properties, which open up new water treatment opportunities. 

Using GO membranes could also significantly reduce the environmental burdens of desalination via 

MD.  

The results from this work can be useful for industry and policymakers to identify environmentally 

sustainable options for water desalination in the near future under a range of different operating 

conditions and geographic locations. The findings can also guide researchers and water 

treatment/membrane filtration manufacturers on methods to improve membrane performance.   
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