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Abstract  

 
The HTI cellulose triacetate (CTA) and novel thin film composite (TFC) membranes are used to study 

the multifaceted interactions involved in the fouling and cleaning of forward osmosis (FO) 

membranes, using calcium alginate as a model foulant. Results show that fouling on the TFC 

membrane was more significant compared to CTA, arising from a variety of factors associated with 

surface chemistry, membrane morphology and structural properties. Interestingly, it was observed that 

in FO mode, membrane surface properties dominated over fouling layer properties in determining 

fouling behaviour, with some surface properties (e.g. surface roughness) having a greater effect on 

fouling than others (e.g. surface hydrophilicity). In pressure retarded osmosis (PRO) mode, structural 

properties of the support played a more dominant role whereby fouling mechanism was specific to the 

foulant size and aggregation as well as the support pore size relative to the foulant. Whilst pore 

clogging was observed in the TFC membrane due to its highly asymmetric and porous support 

structure, fouling occurred as a surface phenomenon on the CTA membrane support layer. Besides 

pore clogging, the severe fouling observed on the TFC membrane in PRO mode was due to a high 

specific mass of foulant adsorbed in its porous support. It was observed that a trade-off between 

enhanced membrane performance and fouling mitigation is apparent in these membranes, with both 

membranes providing improvement in one aspect at the expense of the other. Hence, significant 

developments in their surface and structural properties are needed to achieve high anti-fouling 

properties without compromising flux performance. Measured fouling densities on the studied 

surfaces suggest that there is not a strong correlation between foulant-membrane interaction and 

fouling density. Cleaning results suggest that physical cleaning was more efficient on the CTA 

membrane compared to the TFC membrane. Further, they implied that despite different mechanisms 

of fouling and quantities of foulant adsorbed in FO membranes, FO is a resilient process with high 

cleaning efficiencies and fouling reversibility. 

 

Keywords: Forward osmosis; Organic fouling; Fouling reversibility; Cellulose triacetate; Thin film 

composite. 
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1.0. Introduction 

After debate on the low energy benefits of FO, recent studies have shown that FO generally does not 

consume less energy compared to RO, specifically where pressure-driven membrane processes are 

used for the draw solution recovery stage [1, 2]. In a recent paper [3], we concluded that there was 

effectively no difference in the energy consumption between FO and RO for seawater desalination 

when nanofiltration was used for the draw recovery. However FO may offer other advantages over 

RO; for example a major advantage of FO could derive if it had a lower fouling propensity, and 

several publications have demonstrated the advantages of FO over pressure-driven membrane 

processes in mitigating fouling [1, 4-12]. They conclude that the lower fouling propensity and high 

fouling reversibility in FO are attributed to the less-compact fouling layer formed as a result of the 

absence of hydraulic pressure. The majority of these studies were conducted with commercial CTA 

membranes because no high performing TFC-FO membranes were commercially available until 

recently. In recent years, HTI has commenced commercial production of a TFC membrane with a 

tailor-made support structure to suit FO applications [13-15]. This HTI-TFC membrane is thought to 

have superior performance and anti-fouling properties [16, 17] in addition to a broad pH tolerance 

range compared to the HTI-CTA membrane. As it is relatively new, the HTI-TFC membrane has not 

been widely studied in detail. Alongside production of the commercial HTI-TFC membrane, there has 

been a rise in the design and fabrication of TFC membranes with tailor-made properties suited for use 

in FO applications [14, 18-21]. 

 

Utilising the HTI-TFC and HTI-CTA membranes, this study systematically investigates multiple 

contributing factors affecting FO fouling, using calcium alginate as a model organic foulant. We 

explore how factors including fouling layer properties, membrane surface properties and membrane 

structural properties are linked to the fouling and cleaning behaviour of these membranes. The effects 

of process hydrodynamic conditions on fouling layer properties are also investigated. Quantitative 

methods are introduced for the measurement of FO fouling layer properties such as the specific mass 

of foulant adsorbed and fouling layer density. These methods provide an avenue for correlating these 
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properties with fouling behaviour and process conditions. Various analytical and membrane 

characterisation techniques such as Atomic Force Microscopy (AFM) and X-ray Photoelectron 

Spectroscopy (XPS), were utilised to further the understanding of the relationship between membrane 

surface properties and FO fouling propensity. 

 

This study addresses the question of whether the superior flux and rejection performance of the HTI-

TFC membrane, which results from its improved surface and structural properties, can be extended to 

its performance under fouling conditions, or if there is an underlying trade-off between these 

improved membrane properties and fouling performance in FO, which needs to be addressed when 

designing high-performance TFC FO membranes. 

 

2.0. Materials and Methods 

2.1. FO Membranes 

The forward osmosis membranes used in this study were obtained from Hydration Technologies, Inc. 

(Albany, OR). The HTI-CTA has an asymmetric structure and is made of cellulose acetate supported 

by an embedded polyester mesh. The total thickness of the membrane is ~50 µm. The HTI-TFC 

membrane resembles a typical TFC membrane with a tailor-made support structure to suit FO 

applications. A polyester mesh is embedded in the support for added mechanical strength. The total 

thickness of the membrane is ~100 µm [13].  

2.2. Organic Foulant 

Sodium alginate (Sigma-Aldrich, Lot number: MKBL9077V) used in this study was extracted from 

brown algae. The foulant represents polysaccharides that constitute a major fraction of soluble 

microbial products in secondary wastewater effluents. Its molecular weight is specified by the 

manufacturers as, between 12 to 80 kDa. The foulant was received in powder form. A stock solution 

of 10 g.L-1 was prepared by dissolving the foulant in DI water. The solution was mixed for 24 hours to 
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ensure complete dissolution of the alginate. Once dissolved, the alginate solution was stored in a 

sterilized glass bottle at 4 °C.   

2.3. Test Solutions 

The composition of the feed and draw solutions used in this study are shown in Table 1. CaCl2 

(Sigma-Aldrich, UK), was added to the alginate feed solution to form intermolecular bridges between 

neighbouring alginate molecules, leading to the formation of a cross-linked gel network following the 

complexation of alginate with the Ca2+ ions. The ambient pH of the alginate feed solution was pH 6.8. 

Different draw solution concentrations were needed for the different membranes and orientations to 

achieve the same initial flux for the fouling experiments. This is to ensure that the effect of initial flux 

on membrane fouling was eliminated.  

Baseline Experiment 

Test Solutions Mode Membrane Concentration Units Notes 

Feed solution FO, 
PRO 

CTA, TFC  50 

 

mM 

 

NaCl 

 

Draw solution 

FO CTA 4.00 

M NaCl TFC 2.75 

PRO CTA 1.50 

TFC 1.15 

Fouling Experiment 

Feed solution FO, 
PRO 

CTA, TFC  
50 

0.5 

200 

mM 

mM 

mg.L-1 

NaCl 

CaCl2 

Alginate 

Draw solution 

FO CTA 4.00 

M NaCl TFC 2.75 

PRO CTA 1.50 

TFC 1.15 

Table 1: Feed and draw solution compositions used in this study. 
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2.4. Membrane Pretreatment 

TFC membranes used in the fouling experiments were wetted with a 50 % solution of methanol 

(VWR, UK) for 60 min to ensure complete wetting of the less hydrophilic TFC support [22]. 

Following methanol pretreatment, the membrane was thoroughly rinsed and stored in DI water 

overnight prior to the fouling experiment.  

 

The CTA membrane was not prewetted since it is easily hydrated when exposed to water. However, 

the membrane was soaked in DI water for 24 hours before use. Both membranes were soaked in water 

to remove the layer of preserving agent, glycerine (Figure S-1 of the electronic supplementary 

information (ESI)). 

2.5. Membrane Characterisation 

 Scanning Electron Microscopy (SEM)  2.5.1.

Aerial and cross-sectional images of the pristine, fouled and cleaned membranes were taken with a 

high resolution, field-emission gun scanning electron microscope (FEGSEM), LEO Gemini 1525  

(Carl Zeiss). At least two locations and membrane samples were imaged to ensure reproducibility. For 

cross-sectional images, membrane samples were prepared by soaking in ethanol and then freeze-

fractured in liquid nitrogen to preserve the pore structure, before drying in air and being carefully cut 

with a scissors to avoid any damage. Prior to imaging, the samples were coated with a 10 nm thick 

layer of chromium sputtered (Q150T turbo-pumped sputter coater, Quorum Technologies Ltd.) under 

an Ar atmosphere (2 x10-2 mbar).   

 X-ray Photoelectron Spectroscopy (XPS) 2.5.2.
 

X-ray photoelectron spectroscopy (XPS) was conducted on the TFC and CTA active surfaces by the 

Oxford Materials Characterisation Service and BegbrokeNano, Department of Materials, Oxford 

University. The survey spectra and core level XPS spectra were recorded from at least two different 

spots on the membrane surface of size 400 µm to ensure reproducibility. 200 Watt unmonochromated 
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Mg X-ray excitation was used. The analyser was operated at constant pass energy of 200 eV for wide 

scans and 20 eV for detailed scans. Data processing was performed using CasaXps.  

 Contact Angle  2.5.3.

Contact angle measurements on the membrane surface were performed at room temperature with an 

Easy Drop Instrument (Kruess) using a sessile drop method. All membranes were dried at room 

temperature prior to measurement. The contact angle values are reported as an average of three 

measurements, each using a droplet volume of about 5 – 10 μL. At least two membrane samples for 

each surface and three different locations per sample, were measured for reproducibility.  

 Atomic Force Microscopy (AFM) 2.5.4.

Atomic Force Microscopy, Dimension 3100 (Veeco Instruments Inc., New York) was used to 

measure the surface roughness of the membranes’ active and support layers. The images were 

captured using tapping mode with PointProbe® Plus silicon-SPM probes (PPP-NCH, NanosensorsTM, 

Switzerland) with a typical tip radius of less than 7 nm. A sampling resolution of not more than 512 

points per line and a speed of 0.2 – 1 Hz were used to capture the images. ‘Gwyddion 2.38 SPM data 

visualisation and analysis software’ was used to analyse the AFM images. An average value for root-

mean-square roughness (Rms) was taken from four measurements across the membrane surface. At 

least two membrane samples for each surface were measured for reproducibility.  

 Zeta Potential  2.5.5.

The zeta potential of the membrane surface was measured using an Electrokinetic Analyzer (EKA) for 

Solid Surface Analysis, SurPASS (Anton Paar GmbH, Graz, Austria). 0.5 mM NaCl was used as the 

electrolyte, a lower concentration than that used in the fouling solution (i.e. 50 mM NaCl) to avoid 

charge screening effects and enable accurate measurements of the zeta potential. 0.5 mM CaCl2 and 

sodium alginate were added to the test solution to observe the effects of cation adsorption and reflect 

the actual electrokinetic property of the membrane during fouling tests, respectively. 0.05 M HCl and 

NaOH were used to adjust the solution pH via automatic titration. Before the beginning of each 
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measurement or after pH adjustment of the test solution, the cell was thoroughly flushed with the test 

solution to remove air bubbles, provide accurate measurements and achieve the desired test solution 

chemistry. All zeta potential measurements were carried out at 25±2 °C. The membrane surfaces were 

tested for reproducibility. 

 Intrinsic Properties 2.5.6.

The pure water permeance and salt rejection of the membranes studied were measured using an RO 

cross-flow rig with an applied pressure of 20 bar, temperature of 30 °C and cross-flow rate of 40 L.h-1. 

The permeance was calculated by measuring permeate volume (V) collected per unit area (𝐴𝐴𝑚𝑚) per 

unit time (t) per unit pressure difference (∆𝑃𝑃) according to the following equation: 

𝐽𝐽𝑃𝑃,𝑅𝑅𝑅𝑅 =
𝑉𝑉

𝐴𝐴𝑚𝑚 ∙ 𝑡𝑡 ∙ ∆𝑃𝑃
 [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡: 𝐿𝐿.𝑚𝑚−2.ℎ−1.𝑏𝑏𝑏𝑏𝑏𝑏−1] 

Equation 1 

 

The salt rejection was calculated as follows:  

𝑅𝑅𝑖𝑖 = �1 −
𝐶𝐶𝑃𝑃,𝑖𝑖

𝐶𝐶𝑅𝑅,𝑖𝑖
�  × 100 [%] 

Equation 2 

whereby, 𝐶𝐶𝑃𝑃,𝑖𝑖 and 𝐶𝐶𝑅𝑅,𝑖𝑖 correspond to the concentration of salt in permeate and retentate, respectively. 

Three samples of each membrane were tested for reproducibility.  

2.6. Foulant Characterisation 

 Hydrodynamic Diameter and Surface Charge  2.6.1.

The hydrodynamic diameter and surface charge of calcium alginate were measured using a Zetasizer 

Nano ZS (Malvern Instruments, UK). An average of three measurements was taken at 30 °C, which 

corresponds to the temperature of the feed solution in fouling tests. The hydrodynamic diameter of 

calcium alginate in the feed solution was 15±3 nm. The zeta potential of sodium alginate and calcium 

alginate were -56±5 mV and -20±2 mV, respectively.  
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 Specific Mass of Foulant Adsorbed 2.6.2.

The specific mass of alginate adsorbed per unit volume of permeate produced following the fouling 

experiment was calculated using the following equation:  

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑢𝑢𝑆𝑆𝑢𝑢𝑆𝑆 𝑚𝑚𝑏𝑏𝑚𝑚𝑚𝑚 𝑜𝑜𝑆𝑆 𝑏𝑏𝑎𝑎𝑎𝑎𝑢𝑢𝑢𝑢𝑏𝑏𝑡𝑡𝑆𝑆,𝑚𝑚𝑠𝑠,𝑎𝑎𝑎𝑎𝑎𝑎 =
�𝐶𝐶𝑓𝑓,𝑡𝑡=0 × 𝑉𝑉𝑓𝑓,𝑡𝑡=0� − �𝐶𝐶𝑓𝑓,𝑡𝑡=27 × 𝑉𝑉𝑓𝑓,𝑡𝑡=27�

𝑉𝑉𝑃𝑃
 [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡:𝑚𝑚𝑎𝑎. 𝐿𝐿−1] 

Equation 3 

whereby 𝐶𝐶𝑓𝑓,𝑡𝑡=0 and 𝐶𝐶𝑓𝑓,𝑡𝑡=27 are the foulant concentrations at the start (t = 0 hour) and finish (t = 27 

hours) of the fouling experiments, 𝑉𝑉𝑓𝑓,𝑡𝑡=0 and 𝑉𝑉𝑓𝑓,𝑡𝑡=27 are the feed volumes at the start (t = 0 hour) and 

finish (t = 27 hours) of the fouling experiments, and 𝑉𝑉𝑃𝑃 is the permeate volume.   

 

The initial and final foulant concentrations were measured using a Total Organic Carbon Analyser, 

TOC-VCPN (Shimadzu, UK), using the non-purgeable organic carbon (NPOC) method. At least one 

repeat experiment was performed for every membrane tested, and a minimum of two measurements 

per experiment was conducted to ensure reproducibility of results. An inspection of the system 

performed following the fouling experiment confirmed that all foulant lost from the feed solution was 

deposited on the membrane surface and none was deposited in the feed solution channel or tank. 

 Fouling Layer Density 2.6.3.

The density of the fouling layer adsorbed on the membrane surface was measured using a modified 

technique for measuring densities of biofilms [23, 24]. Following the fouling experiment, the fouled 

membrane was left to dry overnight. A known area of the fouled membrane was selected and its dry 

mass measured using an analytical balance. The selected membrane area was hydrated using DI water 

and the wet thickness of the alginate gel was measured using an Easy Drop Instrument (Kruess). 

Following the thickness measurement, the alginate gel was thoroughly rinsed off the membrane 

surface, and the cleaned membrane was dried in the oven at 80 °C for at least three hours until there 

was no further mass change. The mass of the dried, cleaned membrane was measured and subtracted 
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from the mass of the fouled membrane to give the foulant mass adsorbed. Fouling density was then 

calculated using the following equation [23]  

𝑚𝑚𝑓𝑓,𝑑𝑑

𝛿𝛿𝑓𝑓,𝑤𝑤 × 𝐴𝐴𝑚𝑚,𝑠𝑠
[𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡:𝑚𝑚𝑎𝑎. 𝑆𝑆𝑚𝑚−3] 

Equation 4 

whereby 𝑚𝑚𝑓𝑓,𝑑𝑑 and  𝛿𝛿𝑓𝑓,𝑤𝑤 are the dry mass and wet thickness of the foulant, and 𝐴𝐴𝑚𝑚,𝑠𝑠 is the selected 

area for the density measurement. At least two membrane samples for each surface were measured for 

reproducibility.  

2.7. FO Cross-flow Setup  

Figure 1 (a) shows a schematic of the experimental setup used for the FO experiments in this study. 

This setup consists of a circular stainless steel cross-flow cell with an open area of 44 cm2 available 

for water permeation.  The cross-flow cell was custom built with equally structured channels on both 

sides of the membrane, each 1 cm deep by 7.5 cm in diameter (Figure 1 (b)). No spacer was used in 

the channels, however, the circular geometry of the cell provides a greater degree of mixing to reduce 

external concentration polarisation. Feed and draw solution flow rates were fixed at 24 L.h-1 using 

variable speed gear pumps (Micropump GJ-N23, Vancouver, USA). No hydraulic pressure was 

applied on either side of the membrane. The external mass transfer coefficient in the cross-flow cell at 

24 L.h-1 is 4.4 x10-5 m.s-1. The draw solution tank was placed on a digital weighing scale (Denver S-

8001) and the weight change was monitored using the Denver Transmit data transfer software. The 

weight change was used to calculate water flux through the membrane:  

𝐽𝐽𝑃𝑃,𝐹𝐹𝑅𝑅𝑡𝑡𝑖𝑖
=

𝑀𝑀𝑡𝑡𝑖𝑖 − 𝑀𝑀𝑡𝑡𝑖𝑖−1
(𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1) ∙ 𝜌𝜌 ∙ 𝐴𝐴𝑚𝑚

=  
Δ𝑀𝑀𝑡𝑡𝑖𝑖

∆t𝑖𝑖 ∙ 𝜌𝜌 ∙ 𝐴𝐴𝑚𝑚
 [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡: 𝐿𝐿.𝑚𝑚−2.ℎ−1] 

Equation 5 

whereby, 𝐽𝐽𝑃𝑃,𝐹𝐹𝑅𝑅𝑡𝑡𝑖𝑖
 is the FO permeate flux, Δ𝑀𝑀𝑡𝑡𝑖𝑖 is the weight change of the solution over a time 

interval, 𝜌𝜌 is the solution density, 𝐴𝐴𝑚𝑚 is the membrane area and Δ𝑡𝑡𝑖𝑖 is the discrete time interval.   

Feed and draw solution temperatures were held constant at 30±1 °C using a water bath.  
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2.8. Fouling and Cleaning Procedure 

A new membrane coupon was loaded into the FO cell before each experiment. 2 L of feed solution 

(without foulant) and draw solution were added to the feed and draw solution tanks. The feed and 

draw solutions were circulated for an hour at a fixed flowrate of 24 L.h-1 until the initial flux of the 

membrane was stabilised. Next, 200 mg.L-1 of foulant was added to the feed solution. The fouling 

experiment was run for 27 hours and a data transfer software (Denver Transmit, Germany) was used to 

monitor weight change of the DS throughout the experiment, which was converted to water flux 

according to Equation 5. Baseline experiments were conducted to quantify the effect of dilution of the 

draw solution and corresponding decrease in driving force on flux decline. The baseline experiments 

followed the same procedure as the fouling experiments, only without any foulant present in the feed 

solution. The feed and draw solution compositions used in the baseline and fouling experiments are 

presented in Table 1 of Section 2.3. 

 

Cleaning experiments were conducted immediately after the fouling experiments. The method and 

conditions used for cleaning are presented in Table 2. Unless otherwise specified, the cleaning 

experiments were run at 60 L.h-1 for 15 minutes with DI water as the cleaning solution. During 

cleaning experiments, both the feed and draw solutions were replaced with DI water to ensure there 

was no permeate flux through the membrane. After cleaning, flux recovery of the membrane was 

determined by repeating the initial flux experiment on the cleaned membrane under the same test 

conditions. In some cases, backwashing was performed as a cleaning mechanism for improved flux 

recoveries. Unless otherwise stated, backwashing was performed by replacing the draw solution with 

DI water and feed solution with 1 M NaCl to achieve sufficiently high back fluxes for foulant removal. 

The cleaning experiments were repeated using at least two different membrane samples to ensure good 

reproducibility of results. 

Cleaning Experiment 

Method Mode Membrane Flowrate Time Feed 
solution 

Draw 
solution 

No. of 
runs 

11 
 



Table 2: Cleaning method and conditions used in this study. 

 

 

 

 

        

Figure 1: (a) Schematic of the lab scale forward osmosis experimental setup, and (b) schematic 

of the FO cross-flow cell with cell dimensions 

Increased 
recirculation 

flowrate 
FO, PRO CTA, TFC 60 (L.h-1) 15 (min) DIW 

 
DIW 

 
2 

Backwash PRO TFC 24, 60 (L.h-1) 15 (min) 1M NaCl DIW 2 

 (a) 

 (b) 
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2.9. Data Analysis 

The experimental permeate flux data were analysed in terms of specific effects of fouling on the 

intrinsic membrane permeance, Lp, and solute resistivity to diffusion within the porous support, K. The 

effects of continuous dilution and concentration of the draw and feed solutions, respectively, as well as 

the change in concentration at the membrane surface resulting from the closed-loop batch system used, 

were taken into account.  

  

The permeate flux as a function of membrane permeance and solute resistivity to diffusion is described 

by Equation 6 and Equation 7 for FO and PRO modes, respectively [25, 26]: 

𝐽𝐽𝑃𝑃 = 𝐿𝐿𝑃𝑃 �𝜋𝜋𝐷𝐷,𝑏𝑏 𝑆𝑆𝑒𝑒𝑆𝑆(−𝐽𝐽𝑃𝑃𝐾𝐾)− 𝜋𝜋𝐹𝐹,𝑏𝑏𝑆𝑆𝑒𝑒𝑆𝑆 �
𝐽𝐽𝑃𝑃
𝑘𝑘
�� [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡: 𝐿𝐿.𝑚𝑚−2.ℎ−1] 

Equation 6 

 

𝐽𝐽𝑃𝑃 = 𝐿𝐿𝑃𝑃 �𝜋𝜋𝐷𝐷,𝑏𝑏𝑆𝑆𝑒𝑒𝑆𝑆 �−
𝐽𝐽𝑃𝑃
𝑘𝑘
� − 𝜋𝜋𝐹𝐹,𝑏𝑏𝑆𝑆𝑒𝑒𝑆𝑆(𝐽𝐽𝑃𝑃𝐾𝐾)� [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡: 𝐿𝐿.𝑚𝑚−2.ℎ−1] 

Equation 7 

  

whereby, 𝑘𝑘 is the external mass transfer coefficient on the active side [25]:  

𝑘𝑘 =
𝑆𝑆ℎ ∙ 𝐷𝐷
𝐷𝐷ℎ

= 𝑏𝑏𝑅𝑅𝑆𝑆𝑏𝑏𝑆𝑆𝑆𝑆𝑐𝑐 �
𝐷𝐷ℎ
𝐿𝐿
�
𝑑𝑑
�
𝐷𝐷
𝐷𝐷ℎ
� [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡:𝑚𝑚. 𝑚𝑚−1] 

Equation 8 

 

And 𝐾𝐾 is the solute resistivity to diffusion within the porous support layer, which provides a measure 

of the extent of internal concentration polarisation (ICP) [25]:  

𝐾𝐾 =
𝑡𝑡𝑡𝑡
𝐷𝐷𝐷𝐷

=
𝑆𝑆
𝐷𝐷

 [𝑢𝑢𝑢𝑢𝑢𝑢𝑡𝑡: 𝑚𝑚.𝑚𝑚−1] 

Equation 9 
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The external mass transfer coefficient of the FO cross-flow cell, 𝑘𝑘, was obtained experimentally using 

a method reported by Peeva et al. [27].  Note that external concentration polarisation (ECP) is not 

considered on the outer support layer side of the membrane since the thickness of the external 

boundary layer under the present experimental conditions is much lower (i.e. < 5%) than the structural 

parameter of the membranes studied. Hence, it can be assumed negligible. Moreover, water 

permeating the backing layer of the membrane already contains some concentration of the draw 

solute, which mitigates the polarisation effects on the support side since pure water is not entering the 

bulk solution at the support surface [28, 29].  

 

For Equation 6 to Equation 9, 𝐽𝐽𝑃𝑃 represents the permeate flux (𝐿𝐿.𝑚𝑚−2.ℎ−1), 𝐿𝐿𝑝𝑝 the membrane 

permeance (𝐿𝐿.𝑚𝑚−2.ℎ−1.𝑏𝑏𝑏𝑏𝑏𝑏−1), 𝐾𝐾 is the solute resistivity to diffusion within the support layer 

(𝑚𝑚.𝑚𝑚−1), 𝑘𝑘 is the external mass transfer coefficient (𝑚𝑚. 𝑚𝑚−1), 𝜋𝜋𝐹𝐹,𝑏𝑏 and 𝜋𝜋𝐷𝐷,𝑏𝑏 are the bulk feed and 

draw solution osmotic pressures (𝑏𝑏𝑏𝑏𝑏𝑏), respectively; 𝑆𝑆ℎ, 𝑅𝑅𝑆𝑆 and 𝑆𝑆𝑆𝑆 are the dimensionless Sherwood, 

Reynolds and Schmidt numbers, respectively; 𝑏𝑏, 𝑏𝑏, 𝑆𝑆 and 𝑑𝑑 are constants whose values depend on the 

system geometry, type of fluid (Newtonian or non-Newtonian) and flow regime; 𝐷𝐷 is the solute 

diffusion coefficient (𝑚𝑚2. 𝑚𝑚−1), 𝐷𝐷ℎ is the hydraulic diameter (𝑚𝑚), 𝐿𝐿 is the channel length (𝑚𝑚), 𝑡𝑡, 𝑡𝑡 

and 𝐷𝐷 are the thickness (𝑚𝑚), tortuosity and porosity of the support layer, respectively.  

 Baseline Data 2.9.1.

The baseline permeance values (𝐿𝐿𝑃𝑃) and the structural parameter (S) for the membranes studied in this 

work were obtained by regressing the experimental flux data for both FO and PRO modes using 

Equation 6 and Equation 7 for the two orientations, respectively, together with Equation 9. The solute 

diffusion coefficients, 𝐷𝐷, necessary to obtain the solute resistivity to diffusion within the support 

layer, 𝐾𝐾, was given as a function of solute concentration (Robinson and Stokes, 1959) [30]. The 

lsqcurvefit function was used, which solves nonlinear curve-fitting (or data-fitting) problems using a 

least-square approach in the Matlab environment. The external mass transfer coefficient, 𝑘𝑘, the bulk 

feed, 𝜋𝜋𝐹𝐹,𝑏𝑏, and the draw solution osmotic pressures, 𝜋𝜋𝐷𝐷,𝑏𝑏, were given as experimental input values. 
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The osmotic pressures were calculated over the range of concentrations employed using a corrected 

van’t Hoff equation, which accounts for electrolyte dissociation and ion paring. The quality of the 

fitting was calculated as the norm of residuals (see Equation 10):   

 

𝑁𝑁𝑟𝑟 = �Σ𝑖𝑖 �
𝐽𝐽𝑖𝑖
𝑒𝑒𝑒𝑒𝑝𝑝 − 𝐽𝐽𝑖𝑖𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐

𝐽𝐽𝑖𝑖
𝑒𝑒𝑒𝑒𝑝𝑝 �

2

 

Equation 10 

Whereby, 𝑁𝑁𝑟𝑟 is the norm of residuals, 𝐽𝐽𝑖𝑖
𝑒𝑒𝑒𝑒𝑝𝑝 is the experimental flux and 𝐽𝐽𝑖𝑖𝑐𝑐𝑎𝑎𝑎𝑎𝑐𝑐 is the calculated flux.  

 Fouling Data  2.9.2.

Differently from the case for the baseline, the analysis of membrane permeance and solute resistivity 

to diffusion in the presence of fouling is more complicated due to the unknown effect of fouling on 

both descriptors. Hence, in order to correlate permeance decline with the occurrence of fouling, some 

assumptions were made for both membranes and orientations. For the CTA membrane in FO and 

PRO modes and the TFC membrane in FO mode, it was assumed that fouling occurs as a surface 

phenomenon; whereas for the TFC membrane in PRO mode, it was assumed that the foulant is 

deposited within the porous support of the membrane. These assumptions were made based on 

physical cleaning and flux recovery results obtained for both membranes, discussed in further detail in 

Section 3.3.  

 

When fouling was considered as a surface phenomenon, the effective permeance was obtained by 

solving Equation 6 and Equation 7 for FO and PRO modes, respectively, together with Equation 9, 

with supplied values for experimental flux, 𝐽𝐽𝑃𝑃 , external mass transfer coefficient, 𝑘𝑘, bulk feed, 𝜋𝜋𝐹𝐹,𝑏𝑏, 

and draw solution osmotic pressures, 𝜋𝜋𝐷𝐷,𝑏𝑏,  and diffusion coefficients corresponding to the changing 

concentrations with time, 𝐷𝐷 (Robinson and Stokes, 1959) [30]. The solute diffusion coefficients were 

used to calculate 𝐾𝐾 using Equation 9. The structural parameter, 𝑆𝑆, also required for the calculation of 
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𝐾𝐾, was determined by solving Equation 6 and Equation 7, with supplied values for 𝐿𝐿𝑃𝑃, 𝐽𝐽𝑃𝑃, 𝐷𝐷, 𝜋𝜋𝐷𝐷,𝑏𝑏 and 

𝜋𝜋𝐹𝐹,𝑏𝑏 at time 0.  

  

When fouling was assumed to deposit within the porous support, the 𝑆𝑆 parameter could no longer be 

considered constant due to a reduction in membrane porosity and an increase in membrane tortuosity 

upon foulant deposition. Hence, the approximation of constant membrane permeance and solute 

resistivity to diffusion within the support for two consecutive time points, ti and ti+1, was made, since 

one equation was not sufficient. To improve the calculation, above all, in the initial time range where 

the permeate flux is decreasing rapidly, the permeate flux profile was interpolated by a polynomial, 

and very small time intervals [ti - ti+1], typically 180 s, were used.  

3.0. Results and Discussion 

3.1. Membrane Characterisation  

 Physical Structure  3.1.1.

Figure 2 shows high resolution SEM images and schematic representations of the two membranes 

used in this study. Both forward osmosis membranes were obtained from Hydration 

Technologies, Inc. (Albany, USA). The HTI-CTA membrane (Figure 2 (a) and (c)) has a top 

rejecting layer followed by a relatively thin and less dense support layer made of cellulose 

triacetate embedded with a polyester mesh for added mechanical strength. CTA is prevalent 

throughout the membrane as a denser layer on the rejecting side and a looser layer on the support 

side. The total thickness of the membrane is approximately 50 µm. The HTI-TFC membrane 

(Figure 2 (b) and (d)) is an asymmetric membrane with finger-like morphology, reinforced with a 

polyester mesh similar to the mesh-embedded CTA membrane. However, the polyester mesh is 

oriented towards the bottom of the support layer, creating additional macroscopic pores around 

the mesh lines on the bottom surface [20] as shown in Figure S-2 (c) of the ESI. The total 

thickness of the membrane is ~100 µm.   
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 Chemical Composition 3.1.2.

An XPS study was conducted on the TFC and CTA active surfaces to determine the differences in 

chemical composition of these membranes (Figure S-3 and Figure S-4 of the ESI). The survey spectra 

and narrow scan spectra were analysed to understand the elemental composition and probable 

chemical functionalities present in the membrane top layers. As presented in our earlier publication 

[31], the C1s narrow scan spectrum of the TFC membrane was analysed using CasaXPS version 

2.3.17. Such analysis revealed the signature amide and carboxyl groups on the TFC active surface 

(Table 3) similar to the structure of a polyamide. However, there was no nitrogen species or amide 

bond present on the CTA active surface (Table 3) suggesting that the CTA active layer was not 

formed from a typical interfacial polymerisation reaction of an acid chloride and amine derivative. In 

fact, the active and support layers of the CTA membrane were made from the same polymeric 

Figure 2: SEM image and schematic representation of (a,c) HTI-CTA membrane and (b,d) HTI-TFC 

membrane used in this study. Schematic not drawn to scale. 

(c) (d) 

HTI-CTA HTI-TFC 
(b) (a) 

20 µm 100 µm 

100 µm 50 µm 
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material by phase inversion of a precursor dope solution [32-34].  Hence, both surfaces are postulated 

to have a similar chemical composition, unlike the TFC membrane. The XPS study also provides 

statistical information on the functional groups available for interaction with foulant in solution.  

 

 

 

 

 

 

Table 3: XPS results of the CTA and TFC active surfaces. Binding energies and plausible 

species were determined from the deconvolution of C1s, O1s and N1s core level XPS spectra. 

 Intrinsic Properties 3.1.3.

The intrinsic pure water permeance (Lp) and salt rejection of the CTA and TFC membranes are 

illustrated in Figure 3. The specific values are reported in Table S-1 of the ESI. The CTA membrane 

has a lower salt rejection (97.7 %) compared to the TFC membrane (99.0 %), with a corresponding 

solute permeability coefficient of 0.34 L.m-2.h-1 and 0.20 L.m-2.h-1, respectively. This indicates that the 

PA rejecting layer of the TFC membrane exhibits greater selectivity over the CTA membrane. 

 

From Figure 3 (b), it can be seen that the pure water permeance of the pristine TFC membrane is 

approximately double that of the CTA membrane. After pre-wetting with methanol, the permeance 

increases to almost three times, suggesting swelling of the polyamide network [35, 36]. Prewetting 

ensures the membrane porous support is fully water saturated, especially when using TFC membranes 

with less hydrophilic supports. It also swells the polyamide (PA) layer, thus increasing its permeance. 

An explanation of the mechanism involved in the swelling of the PA layer is provided in Section 1.0 

of the ESI.  

 

 

Membranes 

 

C1s  

 

O1s 
 
 
 
 
 
 
 
 
 
 
 
 

N1s 
Energy 

(eV) Species (%) Energy 
(eV) Species (%) Energy 

(eV) Species (%) 

Cellulose triacetate 
C: 63.8% 
O: 36.2% 

284.8 
286.6 
288.8 

C-H, C-C 
C-O 

O-C=O 

35.7 
39.4 
24.9 

532.3 
533.4 

C-O 
O-C=O 

42.1 
57.9 

NA NA NA 

Polyamide TFC 
C: 68.7% 
O: 23.0%  
N: 8.3% 

284.7 
285.4 
286.0 
287.7 
288.8 

C-H, C-C, C=C 
C-CONH, C-COO 

C-N 
N-C=O 
O-C=O 

53.3 
17.4 
11.9 
11.9 
5.5 

531.8 
533.4 

N-C=O 
O-C=O 

98.0 
2.0 

398.5 
400.0 

R-NH2 
N-C=O 

5.0 
95.0 
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An analysis of variance (ANOVA) was performed to analyse the statistical significance of two 

variables i.e. membrane type and membrane pretreatment, on the intrinsic separation properties of the 

membranes studied (Table S-2 of the ESI). Clearly, the type of membrane studied had a significant 

effect on permeance and rejection due to differences in morphology and structure of the separating and 

support layers, respectively. It was also statistically revealed that pretreatment with methanol had a 

significant effect on permeance of the membranes but an insignificant effect on rejection, which is 

attributed to reasons explained in Section 1.0 of the ESI.  

 

Figure 3: (a) NaCl rejection and (b) pure water permeance of HTI-CTA and TFC membranes 

measured under RO experimental conditions with an applied pressure of 20 bar, temperature of 

30 °C and cross-flow rate of 40 L.h-1. 

3.2. Factors Affecting Fouling Behaviour  

Factors affecting the fouling behaviour of the membranes investigated in this study are summarised in 

Figure 4 and discussed in the following sections.  
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Figure 4: Schematic summarising the factors affecting fouling behaviour of the membranes 

investigated in this study. 

 Membrane Type and Orientation 3.2.1.

Membrane type and orientation have a significant effect on FO fouling. As both the active and support 

layers can be oriented towards the feed solution, fouling behaviour and the mechanism for foulant 

deposition can vary significantly if the membrane is asymmetric, i.e. the active and support layers 

have differing i) structures and ii) chemical composition. 

 

Figure 5 illustrates the baseline permeance and permeance decline due to fouling of the structurally 

and chemically different HTI membranes in both orientations i.e. active layer facing feed solution (FO 

mode) and active layer facing draw solution (PRO mode). The effective permeance is plotted as a 

function of time for baseline and fouling experiments conducted over 27 hours, using data analysis 

methods explained in Section 2.9. Further details on the baseline analysis results are presented in 

Section 2.0 of the ESI.  
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Figure 5: Comparison of fouling behaviour on HTI-TFC and CTA membranes in 

(a) FO mode and (b) PRO mode. 50 mM NaCl was used as the feed solution in the baseline 

experiments along with 200 mg.L-1 alginate and 0.5 mM CaCl2 in the fouling experiments. The 

following concentrations were used for the draw solution to achieve the same initial flux, i) 4 M 

NaCl for CTA in FO mode, ii) 2.75 M NaCl for TFC in FO mode, iii) 1.5 M NaCl for CTA in 

PRO mode, and iv) 1.15 M NaCl for TFC in PRO mode. 
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Once the foulant is deposited on the membrane surface or in the porous support of the membranes 

studied, membrane permeance decreases over time due to the hydraulic resistances presented by the 

adsorbed foulant layer. SEM images of the membranes before and after fouling and cleaning are 

shown in Figure 6 (a-h) and Figure 7 (a-j).  

 

The extent of membrane fouling is indicated by the magnitude of deviation of the fouling curve from 

the baseline curve in Figure 5. A greater extent of fouling is observed on the TFC membrane 

compared to the CTA membrane in FO mode (Figure 5 (a)). SEM images show a visible fouling layer 

on the surfaces of both membranes (Figure 6 (b) and Figure 7 (b)) following the 27 hour fouling 

experiment. It can be observed from the fouling curve in Figure 5 (a) that there is a greater decline in 

membrane permeance initially as the foulant is deposited on the membrane surface. This decline 

decreases with time, as a more stable, uniform fouling layer is formed across the membrane.  

 

Fouling on the CTA membrane was comparable in both orientations (Figure 5 (a) and (b)). Since the 

active and support layers of the CTA membrane were fabricated from the same polymeric material 

[32-34] and are similar in chemical composition, it is proposed that foulant-membrane interactions 

were similar in both orientations and fouling occurred as a surface phenomenon on the CTA 

membrane (Figure S-6 (a) and (b) of the ESI). Surface fouling was observed on the CTA support layer 

due to the relatively smooth (Figure S-7 (b) of the ESI) and dense morphology of the support which is 

unlike the porous structure of the TFC support layer. It is also attributed to calcium alginate forming a 

highly structured gel upon aggregation. This is shown in Figure 6 (e) and (h), whereby a visible 

fouling layer was observed on the membrane surface, which was easily removed by cleaning with DI 

water at increased cross-flow velocity as illustrated in Section 3.3. However, it is postulated that for 

foulants with less significant calcium binding effects and smaller particle sizes relative to the pore size 

of the CTA support layer such as bovine serum albumin (BSA) and Aldrich humic acid (AHA), 

fouling on the CTA membrane would be more severe in PRO mode [5].    
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A visible fouling layer was not observed on the TFC support surface other than a small amount 

covering ~2-5 % of the membrane surface shown in Figure 7 (e). Additionally, cleaning conditions 

had to be modified to include backwashing, as increasing cross-flow velocity alone was insufficient to 

achieve a comparable flux recovery with the CTA membrane (Section 3.3 and 3.3.1). This indicates 

that fouling occurred by severe internal clogging of the porous support due to the presence of 

macropores around the mesh lines of the TFC membrane (Figure S-2 (c) of the ESI), which is 

reflected in the significant permeance decline compared to the CTA membrane (Figure 5 (b)). Internal 

clogging reduces the porosity of the support layer resulting in a consequent increase in structural 

parameter and ICP. This results in severe flux reduction as it is exponentially dependent on the degree 

of ICP [37]. Following the steep decline in membrane permeance, a steady, almost constant 

permeance was observed after 10 hours, indicating that fluxes through the membrane were too low to 

effect a sufficient permeation drag, thus preventing further foulant deposition within the support. 

 

Fouling was less severe on the TFC membrane in FO mode compared to PRO mode as it occurred as 

a surface phenomenon in FO mode. Besides pore clogging and the increased effect of the S parameter 

in PRO mode, the enhanced effects of cake-enhanced osmotic pressure [7] due to lack of shear and 

poor salt diffusion in the porous support also contributed to the greater flux decline in PRO mode.  
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Figure 6: SEM micrographs of pristine, fouled and cleaned CTA membranes; (a-c) top 

surface, (d-f) bottom surface, and (g-h) cross-sectional micrographs. 
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Figure 7: SEM micrographs of pristine, fouled and cleaned TFC membranes; (a-c) top 

surface, (d-f) bottom surface, and (g-j) cross-sectional micrographs. Figures (e) and (j) show 

the fouling layer on the TFC support surface which covered ~2-5 % of the fouled membrane 

surface.  
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 Fouling Layer Characteristics  3.2.2.

3.2.2.1. Fouling Density  

Previous studies have suggested that fouling in FO is more reversible than RO due to a less compact 

fouling layer formed as a consequence of osmotic pressure used as the driving force instead of 

hydraulic pressure [4, 6, 7, 37]. These inferences however, were based on membrane performance 

results without being supplemented by any quantitative analysis. The relationship between the fouling 

layer properties formed in FO in relation to hydrodynamic conditions, which are known to have an 

effect on fouling, have not yet been explicitly investigated. In this section, the fouling layer density 

was quantified using a method described in Section 2.6.3 and any correlation between fouling density 

and local cross-flow velocity at different radial positions in the FO cell was observed (Figure 8). The 

local cross-flow velocities were obtained from CFD simulations using the cell geometry and specified 

parameters representing hydrodynamic conditions in the cell. A schematic of the velocity field and 

magnitude at a height of 1 mm from the membrane surface (i.e. equivalent to the maximum thickness 

of the hydrated fouling layer) is shown in Figure S-8 of the ESI.  

 

Figure 8 shows the variation in fouling density with cross-flow velocity across five radial positions in 

the cell, starting with 0.5 cm from the centre of the membrane and radiating outwards 2.5 cm towards 

the edge. The cross-flow velocity decreased from the centre to the edge of the cell as shown in Figure 

S-9 of the ESI. Although we expected to see a corresponding change in fouling density with cross-

flow velocity, a clear correlation was not observable. Instead, a comparable range of fouling density 

between 30-60 mg.cm-3 was observed for the CTA and TFC membranes at 1.0 cm to 2.5 cm radial 

distance across the cell. The low variation in cross-flow velocity may be a reason for its insignificant 

effect on density, since higher cross-flow velocities have had a greater effect on fouling density [24]. 

The comparable range of fouling density observed on the membranes studied implies that there is not 

a strong correlation between foulant-membrane interaction and fouling density, and the greater extent 

of fouling on the TFC top surface is likely attributed to other factors. Fouling density measurements 
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were not performed for the TFC membrane in PRO mode as there was no fouling layer visible on the 

membrane surface.  

 

  

Figure 8: Effect of membrane type and orientation on fouling density at different cross-flow 

velocities. Membranes were oriented in the active layer facing feed solution (AL-FS) and active 

layer facing draw solution (AL-DS). 

3.2.2.2. Specific Mass of Foulant Adsorbed 

Table 4 shows the total mass of alginate adsorbed per unit volume of permeate produced following 

the fouling experiments. It was observed that the TFC membrane in PRO mode which displayed the 

highest flux decline, exhibited the greatest adsorbed mass of foulant per volume of filtrate. However, 

despite its greater extent of fouling compared to the CTA membrane (Figure 5), the TFC membrane in 

FO mode displayed the lowest amount of alginate adsorbed per litre of permeate. This suggests that 

fouling of the TFC membrane in FO mode is more significantly influenced by other factors such as 

membrane surface properties which will be explored further in the following sections. 
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Membrane 
orientation 

Membrane type 
Specific mass of alginate 

adsorbed (mg.L-1) 

FO mode 
CTA 75.1±0.3 

TFC 68.0±4.2 

PRO mode 
CTA 84.2±2.2 

TFC 105.1±6.6 

Table 4: Effect of membrane type and orientation on specific mass of alginate adsorbed 

during fouling. 

 Membrane Surface Properties  3.2.3.

3.2.3.1. Surface Roughness  

To elucidate the effect of surface roughness on the fouling behaviour of the membranes studied, AFM 

measurements were performed to quantify surface roughness. AFM images of the surfaces studied 

along with their root mean square (RMS) roughness values are shown in Figure 9. The procedure used 

to ensure roughness properties of the different surfaces were compared on the same basis, is explained 

in Section 3.0 of the ESI. 

 

The TFC active layer has a uniform ridge-and-valley structure across its entire surface (Figure 9 (a)) 

with an RMS of 57.4 nm, indicating a greater roughness than the CTA membrane, RMS= 3.8 nm. In 

actuality, its surface roughness could be even higher as the value measured by AFM across the 

scanned area is limited by the probe’s accessibility to the underlying polyamide surface (Figure S-11 

of the ESI).  The TFC’s rougher surface could explain the fouling behaviour results (Figure 5 (a)) 

whereby the extent of fouling was slightly greater on the TFC membrane compared to CTA in FO 

mode, as observed in the greater deviation in membrane permeance from the baseline during fouling. 

Moreover, the foulant used in this study, calcium alginate, has a measured average hydrodynamic 

diameter of 15±3 nm in the feed solution (Figure S-12 of the ESI). This means that on the nano scale, 

calcium alginate molecules are small enough to enter the valley depths of the TFC active layer and 

cause valley clogging, given that the peak-to-peak distance of the TFC active layer ranges from 20 nm 
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to distances greater than 200 nm (Figure S-7 (a) of the ESI). Additionally, the peak-to-valley depth of 

the TFC PA layer reduces shear effects within the ridge-and-valley structure and enhances valley 

clogging. It is postulated that the calcium alginate molecules will first aggregate in the valleys of the 

TFC membrane before forming a continuous gel layer across the membrane surface, as a result of the 

stable "egg-box" structure formed by calcium alginate links (Figure S-6 (c) of the ESI). This renders 

the TFC active surface more prone to fouling by calcium alginate. A study simulating the effect of 

membrane surface roughness on colloid-membrane Derjaguin-Landau-Verwey-Overbeek (DLVO) 

interactions [38] suggested that as particles approach closer to the membrane surface, they have a high 

probability of getting trapped in the valleys of the rough membrane surface. Once trapped, the particle 

may be shielded from cross-flow shear by the large positive asperities, resulting in enhanced initial 

particle deposition. The presence of an attractive energy well due to van der Waals forces of attraction 

surrounding each protruding asperity suggests a complex interaction between colloidal and physical 

(steric) interactions, which are absent on smooth surfaces [38].   

 

The smoother active surface of the CTA membrane results in alginate aggregating and forming a 

continuous gel layer on the membrane surface (Figure S-6 (a) of the ESI). The comparable fouling 

behaviour on the active and support surfaces of the CTA membrane (Figure 5 (a) and (b)), can be 

explained partly by the similar surface roughness of both surfaces. The average RMS of the CTA 

support surface is 3.6 nm which is comparable to the active surface, RMS = 3.8 nm. This is not 

surprising, given the homogeneity of the surfaces, as demonstrated in Section 3.1.2. Once an initial 

foulant layer is deposited, the effects of surface roughness become less prominent as subsequent 

fouling becomes more influenced by foulant-foulant interaction.   

 

Although the TFC support surface (RMS = 25.3 nm) is smoother than the active surface (RMS = 57.4 

nm), flux decline due to fouling is significantly greater in PRO mode due to pore clogging. Therefore, 

surface roughness is not a contributing factor to fouling in this orientation, which is more a function 

of the porous support structure.  
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3.2.3.2. Surface Hydrophilicity 

The CTA active and support layers had similar contact angles of 63.3±1° and 67.5±2 °, respectively. 

Amongst other factors, the similarity in surface hydrophilicity may also contribute to the comparable 

fouling behaviour observed on the CTA membrane (Figure 5 (a) and (b)). The TFC active layer has a 

lower contact angle of 27.4±1°, suggesting that it is more hydrophilic than CTA and other high 

performance FO membranes [39]. However, the improved hydrophilicity of the TFC active layer is 

not reflected in its propensity for fouling which is greater than the CTA membrane (Figure 5 (a)). This 

Figure 9: AFM images of the active and support layer surfaces of HTI-TFC (a,b) and CTA (c,d) 

membranes. For the TFC membrane, four locations each measuring 2x2 µm in size were selected from 

the 5x5 µm scan size. For the CTA membrane, four locations each measuring 0.5x0.5 µm in size were 

selected from the 2x2 µm scan size. An average value for roughness was taken from the four 

measurements. 

(b) TFC Support Layer (d) CTA Support Layer 

Am= 
2.0x2.0 µm 

  

Am= 
0.5x0.5 µm 

(a) TFC Active Layer (c) CTA Active Layer 

 

Am= 
2.0x2.0 µm 

 

RMS = 3.8 ± 0.7 nm 

Am= 
0.5x0.5 µm 

RMS = 3.6 ± 0.4 nm 

RMS = 57.4 ± 2.5 nm 

RMS = 25.3 ± 1.4 nm 
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suggests that surface roughness had a greater influence on alginate fouling than membrane 

hydrophilicity.  The contact angle of the TFC support layer was not measurable as the water droplet 

was absorbed during measurement by the porous support.  

3.2.3.3. Surface Charge  

The electrostatic interaction between the foulant and membrane surface at different pH can be 

described using zeta potential. At the ambient pH of the fouling solution i.e. pH 6.8, the carboxylic 

acid groups of sodium alginate alone would have been almost completely deprotonated, leading to an 

increase in electrostatic repulsion. However, the complexation of alginate with divalent ions such as 

Ca2+ results in charge minimisation and intermolecular bridging, causing agglomeration of the 

alginate molecules and forming a structured gel upon deposition on the membrane surface [40].  

 

At the fouling solution pH (pH 6.8), the surface charge of calcium alginate was -20±2 mV, resulting 

in electrostatic repulsion between the negatively charged foulant and membrane surface. Despite the 

repulsive forces, foulant deposition occurred due to interactions such as hydrogen bonding and van 

der Waals forces of attraction in the short range (0-0.5 nm), ionic bonds in the long range (0.5-2 nm) 

and hydrophobic interactions [41, 42]. Ionic bonds are likely formed with the membrane surface 

despite repulsive forces as they form at distances larger than the Debye length, where the repulsive 

energy is most prominent. Additionally, higher NaCl concentrations in the actual fouling feed solution 

may result in the compression of the electrochemical double layer, resulting in a reduction of the 

repulsive energy barrier [43] and an increase in net attractive forces. The soft and flexible nature of 

the calcium alginate gel provides a further explanation for foulant deposition as it is continuously 

adsorbed on the membrane surface owing to a gain in conformational entropy.  

 

From Figure 10 (a), it can be observed that the CTA surface was more negatively charged than TFC in 

the presence of Na+ and Ca2+, resulting in greater electrostatic repulsion with alginate. This could be a 

contributing factor towards its lower fouling propensity compared to TFC in FO mode as seen in 

Figure 5 (a). The zeta potential of the CTA top and bottom surfaces (Figure 10 (b)) are very similar, 
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owing to the same polymeric material used, which corresponds well to the comparable fouling 

propensities of these surfaces (Figure 5 (a) and (b)). 

 

Following the adsorption of foulant onto the membrane surface, subsequent fouling is likely governed 

by the free energy of cohesion between approaching alginate molecules and those already deposited 

on the membrane surface, contributing to the onset of foulant-foulant interaction [44]. It can be seen 

that once the foulant layer had been adsorbed onto the membrane surface, the zeta potential of all the 

surfaces were comparable at the ambient pH of the fouling solution (pH 6.8), i.e. they approached the 

surface charge of calcium alginate (-20±2 mV). This indicates that a foulant layer had been adsorbed 

onto the membrane surface. Further, the similar surface charge post-foulant adhesion, infers that 

fouling on these membranes are governed primarily by the initial interaction between the foulant and 

membrane surface.  
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Figure 10: Zeta potential on (a) CTA and TFC top surface; (b) CTA top and bottom surfaces, as 

a function of pH with solutions representing baseline conditions (0.5 mM NaCl), feed solution 

before (0.5 mM NaCl, 0.5 mM CaCl2) and after foulant addition (0.5 mM NaCl, 0.5 mM CaCl2, 

2.0 mM Alginate). 

3.2.3.4. Surface Chemical Heterogeneity  

A study by Kim et al. has shown that surface chemical heterogeneity influences foulant deposition by 

introducing a higher area of favourable sites or patches for foulant adhesion [45]. The extent of 

chemical heterogeneity is related to the distribution of the atomic (or molecular) species and 

functional groups present on the membrane surface, which in turn affect surface composition and 

interactions between foulant and the surface.  

 

The XPS results (Table 3) provide a good indication of the various functional groups present on the 

membrane surface which contribute to surface chemical heterogeneity. These results illustrate the 

presence of O-C=O groups on the TFC membrane surface (5.5 % of the C1s spectra) which is 
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characteristic of highly polar carboxylate groups available for ionic bonding with the foulant, thus 

enhancing the number of favourable sites for foulant adhesion. For the CTA membrane, the O-C=O 

group (24.9 % of the C1s spectra) is associated with the acetate functional group and hence, exhibits a 

weaker ion-dipole interaction with the foulant at the fouling solution pH of 6.8. This further explains 

the greater fouling propensity on the TFC active surface compared to CTA. Additionally, the presence 

of excess unreacted amine groups on the TFC membrane (5 % of the N1s spectra) could generate 

favourable sites for foulant adhesion via electrostatic forces of attraction between the positively 

charged sites and negatively charged foulant.  A molecular dynamic study on the interaction between 

a hydrated polyamide membrane and calcium alginate [42] showed that the probability of forming 

long-range (0.5-2 nm) ionic bridges between the negatively charged carboxylate ions on the alginate 

and the PA surface is over 80 %. The rest of the binding sites involve direct PA-alginate interactions 

without metal ions. These include short-range (0-0.5 nm) hydrogen bonds between the hydroxyl group 

of the alginate molecule and carboxylate group of the PA layer, van der Waals forces of attraction and 

hydrophobic interactions.  

3.3. Cleaning and Fouling Reversibility  

Physical and chemical cleaning is a significant step in any membrane process to minimise fouling and 

extend the performance lifetime of a membrane. Investigating the cleaning behaviour of FO 

membranes enables the quantification of fouling reversibility, which subsequently provides 

information on the fouling propensity of these membranes.  

 

The results for normalised flux decline after fouling and flux recovery after cleaning are presented in 

Figure 11. The CTA membrane in FO and PRO mode had high cleaning efficiencies and flux 

recoveries of 96 % and 95 % respectively. These results suggest a physical removal of the fouling 

layer as a result of the shear force generated by increased cross-flow. They also suggest that fouling 

by calcium alginate was mainly a result of adsorption on the active and support surfaces of the CTA 

membrane rather than a pore clogging mechanism.  
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The flux recovery of the TFC membrane after cleaning in FO mode was 85 %, i.e. 10 % lower 

compared to CTA. This suggests a greater adhesion of foulant on the TFC active surface, which can 

be attributed to factors such as surface roughness, surface charge, surface chemical heterogeneity and 

hydrodynamic effects i.e. the lack of shear in the ridge-and-valley structure of the PA layer, rendering 

cross-flow less effective on foulant removal in this region. A previous study [42] suggested that due to 

the flexible gel-like behaviour of calcium alginate, the alginate gel may tend to adapt to the 

morphology of the polyamide surface, thus increasing the contact area with the membrane. The 

packing density of the gel is distance dependent from the membrane surface, with a more compact gel 

formed adjacent to the surface due to the strong attraction between the foulant and the membrane. As 

suggested by this study, this “distance-dependent” density contributed to the weaker effects of cross-

flow cleaning in removing the alginate from the PA surface.   

 

Cleaning with cross-flow was not effective on the TFC membrane in PRO mode due to pore clogging. 

The reduced effects of cross-flow in the porous support renders shear force ineffective as a cleaning 

mechanism in this orientation with a flux recovery of only 37 %. Hence, a more effective physical 

cleaning method had to be adopted which is presented in the following section.  

 

 
 

 

 

Figure 11: Flux recovery of fouled CTA and TFC membranes in FO and PRO mode, after cleaning with 

DI water at 60 L.h-1 for 15 minutes. Flux after fouling is normalised by the initial flux of the fouling 

experiments, while flux after cleaning is normalised by the initial baseline flux of a pristine membrane. 
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 Relating TFC Membrane Structural Properties with Fouling and 3.3.1.

Cleaning Behaviour in PRO mode 

As illustrated in the previous section, physical cleaning with increased cross-flow in PRO mode was 

ineffective in removing the foulant layer deposited in the porous support of the TFC membrane. 

Hence, backwashing was employed as an alternative cleaning method to improve flux recovery of the 

fouled membrane. Figure 12 (a-d) shows four fouling tests, each conducted over a period of 2 h, 5 h, 

16 h and 27 h, respectively. Backwashing was performed after each fouling experiment. Results 

indicate that the amount of alginate accumulated in the porous support increased significantly in the 

first 10 hours of fouling and approached a steady state thereafter (Figure 12 (e)). The higher initial 

fluxes coupled with lack of shear in the porous support induced greater initial fouling. Interestingly, 

the onset of steady state flux observed after 10 hours of fouling (Figure 12 (d)) corresponds to the 

insignificant increase in the amount of foulant adsorbed within the support layer between 10 h and 27 

h (Figure 12 (e)), suggesting that further fouling of the membrane had occurred minimally during this 

period.  

 

The increase in the amount of foulant adsorbed over time had an effect on the degree of backwash 

flux required for fouling reversibility. As observed in the 2 h and 5 h fouling experiments, the 

efficiency of backwashing using the original fouling FS and DI water on the draw side decreased with 

time as more foulant was adsorbed within the porous support layer. This is quantitatively shown by 

the 87 % flux recovery achieved after the 2 h fouling test but only 65 % recovered after 5 hours of 

fouling under the same cleaning conditions. However, when backwashing was conducted with 1 M 

NaCl as the FS, a higher backwash flux was achieved, resulting in almost 100 % flux recovery. Using 

the same cleaning solution conditions, similar flux recoveries were observed for membranes fouled 

over 16 and 27 hours. For the membrane fouled over 27 hours, backwashing was conducted at a 

higher cross-flow rate of 60 L.h-1 to ensure that foulant removed from the porous support was 

effectively cleaned off the membrane surface.  
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4.0. Conclusion    

Two FO membranes with varying chemical and structural properties were studied. The HTI-TFC 

membrane was found to exhibit superior permeance and rejection performance compared to the HTI-

CTA due to its favourable surface and structural properties, implying that thin film composite 

membranes with ideal structures are a step forward in the development of high performance FO 

membranes. However, this observation does not account for performance under fouling conditions. 

  

The HTI-TFC membrane performed poorly compared to HTI-CTA under fouling conditions in the 

presence of calcium alginate, in both orientations. The TFC active layer had a higher surface 

roughness and a lower negative charge resulting in greater fouling propensity in FO mode. 

Additionally, the presence of carboxylate functional groups enhanced the number of favourable sites 

for foulant adhesion through ionic bonding. Surface hydrophilicity and fouling density did not have a 

significant effect on the fouling propensity of these membranes. Comparable fouling densities on the 

CTA and TFC active surfaces suggest that stronger interactions between the foulant and the TFC 

active surface do not necessarily lead to increased fouling density, which is likely a greater function of 

applied hydraulic forces such as in the case of RO.  

 

In PRO mode, membrane surface properties played a less significant role compared to membrane 

structural properties in determining fouling behaviour. The highly asymmetric and open structure of 

the TFC support caused severe fouling as a result of pore clogging, exacerbated by the reduced effects 

of cross-flow within the porous support. Alginate fouling occurred as a surface phenomenon on the 

support layer of the CTA membrane due to its dense structure coupled with the highly cross-linked 

gel network formed by calcium alginate upon aggregation. This implies that fouling mechanisms on 

FO membranes are specific to the foulant size and aggregation structure in relation to the support pore 

size. Hence, FO supports of different structures and pore sizes may be selected for use depending on 

the type of foulant present in the feed water, in order to achieve a balance between superior flux 

performance and reduced fouling propensity in PRO mode. If smaller and weakly aggregating 
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foulants are used, a trade-off between membrane performance and fouling mitigation will occur as the 

use of integrally asymmetric or double-skinned membranes with improved fouling resistance will be 

limited by their denser structures and enhanced ICP effects. Unless significant improvement is made 

to improve their structure and reduce ICP in these membranes, fouling mitigation will be at the 

expense of flux performance.   

   

Due to the lower fouling propensity of the CTA membrane, physical cleaning with DI water and an 

increased cross-flow velocity was sufficient to achieve an almost complete flux recovery. The TFC 

membrane however, had poorer fouling reversibility and required backflushing with a sufficiently 

high driving force in PRO mode to achieve comparable flux recoveries to CTA. 

  

The fouling results imply that the successful application of FO would involve a diversification of 

membrane designs tailored to the type of feed solution used. The compromise between membrane 

performance and membrane fouling propensity would have to be addressed by innovating improved 

structural properties of FO membranes such that ICP effects are mitigated. Alternatively, the 

successful reengineering of the polyamide surface on a highly open support can result in superior 

performance and minimal fouling in FO mode, which would be highly beneficial for treatment of raw 

feeds with high fouling potential. 

  

Despite different mechanisms of fouling and quantities of foulant adsorbed on the FO membranes, FO 

is undoubtedly a resilient process with high cleaning efficiencies and fouling reversibility. Hence, 

although most FO hybrid processes may not be competitive from an energetic perspective compared 

to RO, their high fouling reversibility may reduce or eliminate the need for chemical cleaning and 

pretreatment, which makes them an attractive prospect for use with challenging feeds. 
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