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Abstract 

Zwitterionic polymers have proven to be a promising non-fouling material that can be applied in 

the design of selective layers of thin film composite (TFC) membranes. Extending the permeability 

and usage of TFC membranes have attracted increasing interest in membrane-based desalination 

processes since water-flux reduction associated with biofouling persist nowadays as a common 

challenge. By virtue of its strong hydration, this polymer category is very useful to counteract 

biofouling in marine and biomedical systems, but the benefits from their application in membrane 

technology are still emerging. The efficacy of the non-fouling property as a function of the 

polymer’s molecular weight remains unknown. In pursuit of that vision, this study fosters new 

scientific insights via probing different molecular weights of poly(carboxybetain methacrylate) 

(PCBMA) coated on the surface as a selective layer for the prepared TFC membranes. The coated 

zwitterionic membranes (zM) exhibited excellent performance to prevent water flux decay in a 

bench scale forward osmosis system. The prepared zM membranes revealed enhanced hydrophilic 

properties and retained its operational water-flux when compared to the control. Our results 

suggest that using an intermediate size molecular weight (PCBMA Mn 50,000) will result in the 

best operational performance. The intermediate size resulted in the lowest flux decline rate (Rt) of 

0.01±0.001 (zM-50) when compared to the unmodified control membrane 0.56 ± 0.071 (M0) after 

using a model BSA foulant solution. Furthermore, all coated membranes exhibited similar trends 

in the observed reverse salt flux profiles as well. The constructed zM membranes will serve as a 

model to develop further selective layers in the construction of TFC membranes.  
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1. Introduction 

The design of zwitterion-based selective layers of thin-film composite (TFC) membranes is rapidly 

capturing the attention in desalination strategies as a way to gain biofouling control and thus 

improve the overall filtration strategy. Selective layers have been independently optimized to 

achieve target filtration functions using different zwitterion chemistries over recent years to tailor 

the interfacial morphology and wettability of TFC membranes.1-3 However, little attention has 

been given to the profound effect of polymers’ molecular weights on the properties and 

performance of such selective layers. 

The adhesion of organic matter tends to result in biofouling which becomes detrimental in keeping 

up operational efficiency in a treatment facility. In desalination treatment, operative expenses 

might increase up to an additional 50% due to biofouling difficulties which shortens membranes 

life.4 In this context, environmentally friendly polymer zwitterions5-7 are known to effectively 

counteract both bacterial and nonspecific protein adsorption that ultimately promotes biofouling 

at the surface of different materials.3, 8 In general, previous works have shown that devices made 

from hydrophobic polymers are more prone to the accumulation of proteins and bacteria on their 

surfaces when compared to their hydrophilic counterparts.9, 10 Despite, numerous TFC membranes 

having applied hydrophobic macromolecules to prevent the accretion of organic matter, the 

unconformity about membrane’s efficacy persists. Conversely, the application of zwitterionic 

polymers is emerging as an alternate new class of material to tackle this challenge. This polymer 

category may swell when in water which eventually acts as a conditioning layer at the interface to 

prevent the initial adhesion of organic matter thus minimizing the interactions of fouling organisms 

at the surface.  
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In this context, polyzwitterions have acquired significant attention as superhydrophilic polymers 

by virtue of their strong fouling resistance. Indeed, diverse polymer-structure relationships will 

result in different material behaviors. The molecular weight (MW) of polymers intrinsically affects 

the properties of the final product that will be made from it. In general, some of these affected 

properties of the material include mechanical, thermal, morphological, optical, electrical, 

solubility, and durability.11 In the field of water desalination, crafting selective layers by using 

specific polymeric characteristics such as molecular weight would tremendously help in tuning the 

target functionalities of its design. Previous molecular dynamics (MD) studies have established 

that the antifouling behavior of the polymer brushes is enhanced by increasing the grafting 

density.12, 13  

Interest has arisen in using zwitterions polymers to dictate antifouling properties in the 

construction of forward osmosis (FO) thin-film composite (TFC) membranes. Notably, recent 

works have made strides towards “grafting-from” zwitterion molecules to craft the selective layer. 

Despite the extensively studied “graft-from” approach (i.e. atom transfer radical polymerization 

also known as ATRP)1, 14-16 to anchor monomers of zwitterions might achieve controlled 

thickness17 with predictable size, they do not provide the feasibility to accurately measure the 

actual average molecular weight and polydispersity (PDI) of the grafted zwitterionic polymer. A 

recent study proposed the relationship between the inhibition of nonspecific protein adsorption via 

the application of different spacer lengths of a carboxybetaine copolymer that might translate into 

different molecular weights of the polymer.18 However, the study intended to promote the 

sensitivity of sensor devices but did not address the effect on TFC membrane performance. 

Another recent work studied the effect upon varying the concentration of the zwitterionic polymer 

on the FO performance using a constant MW.19 
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While recent experimental studies have proven the efficacy of the antifouling properties of 

different zwitterion chemistries12, 13 on the interfacial layer, there's no information regarding the 

effect of varying the molecular weight of the polymer against the performance of FO TFC 

membranes along with its biofouling resistance. The lack of experimentation details at the 

molecular level makes it difficult to further design zwitterionic selective layers. Herein, this study 

connects the influence of the average polymer molecular weight to the performance by using a 

model zwitterion polymer, namely Poly (carboxybetaine methacrylate). The experiment studied 

the membrane water transport and fouling resistance properties when applied to a bench scale 

forward osmosis setting.  

Poly(carboxybetaine methacrylate) also known as PCBMA is a zwitterionic polymer that has been 

widely studied and applied as an interfacial material in membrane based separation processes and 

biomedical applications.20 Its intrinsic hydrophilic properties had proven excellent resistance in 

preventing nonspecific protein adsorption leading to fouling.3, 21 Carboxybetaine was selected 

because it has been shown to have greater interaction in binding with water molecules (stronger 

and longer) when compared to other common zwitterions.22 Moreover, previous studies have 

reported various applications of the material in different areas such as biomedical applications23, 

24, sensor developing25, 26, and membrane separation technologies.27-29  However, this resistance 

feature has not been explored as a function of the polymer molecular weight. This study 

incorporated different molecular weights of PCBMA (Table 1) to prepare the active layer of 

different thin-film composite (TFC) membranes and thus investigate their fouling-resistance and 

desalination properties using a forward osmosis setting.  
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Moreover, different works have reported the unique and interesting feature of salt-responsiveness 

for zwitterionic polymers21. When in salt solution, the zwitterionic polymer chains display a 

stretched conformation as opposed to a collapsed state when in water.28, 30  

 

 

 

 

The growing interest of zwitterionic polymers applications has led to different grafting 

methodologies. Grafting-from and grafting-to methods have been employed to coat the surface of 

materials by using common zwitterionic moieties such as carboxybetaine, sulfobetaine, 

phosphatidylcholine, and phosphobetaine.8, 27, 31, 32  In general, zwitterionic polymers are known 

as “inner salts” and contain both positive and negative charged units within the polymeric structure 

that results in a neutral molecule. The hydrophilic layering will enable a high content of water 

molecules solvation at the interface that will function as a natural repellent to the organic matter, 

thus also inhibiting its attachment to the surface. 

A common problem encountered with materials used for membrane-based separation processes is 

their water-flux reduction associated with biofouling due to surface microorganism attachment. 

Moreover, this work also aims to investigate the non-biofouling (NB) features of PCBMA under 

a fouling environment.  The data from this study will serve as a model to further develop and 

design future zwitterionic selective layers applicable to TFC membranes. 

 

Table 1. Summary of the different PCBMA molecular weights applied 

Membrane ID 

(zM-n) 

Polymer ID Mn Mw Mw/Mn 

zM-10 PCBMA(10K) 10,000 18,000 1.80 

zM-50 PCBMA(50K) 50,000 51,000 1.02 

zM-100 PCBMA(100K) 98,000 134,000 1.38 
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Figure 1. Illustration of the construction steps for the zwitterionic thin-film composite 

membrane (zM-n) and composition of each layer along the process.  

 

2. Materials and Methods: 

2.1 Materials.  Polyacrylonitrile (PAN, Mw ∼ 150,000), polyethyleneimine branched (PEI, Mw 

∼ 25,000), sodium chloride (NaCl, ACS reagent > 99%), piperazine (PIP, 99.5%), 1,3,5-

benzene tricarbonyl trichloride (TMC, 98%), n-hexane (97%, anhydrous), and dimethyl 

sulfoxide (purity = 99.5%) were used as received from Sigma-Aldrich (Saint Louis, USA). 
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Zwitterionic polymer, poly(carboxybetaine methacrylate) were sourced from Polymer Source 

(Montreal, Quebec, Canada) custom synthesized at different molecular weights (Mn:10,000, 

50,000, and 98,000). Bovine serum albumim labelled with CF 594 (BSA-CF594) was 

purchased from Biotium Inc. (Fremont, CA). Pseudomona Aeruginosa (PA01) with a plasmid 

expressing a green fluorescent protein (GFP) was purchased from ATCC (ATCC, 10145GFP). 

Nutrient broth (BD 234000) and ampicillin were purchased from Bio-Rad laboratories 

(Hercules, CA, USA). A polyester (PE) woven mesh (105 μm, 52% open area) was purchased 

from Elko Filtering Co. Nano pure water (18.2 MΩ-cm2, Milli Q Direct 16) was used during 

all experiments and cleanings. 

2.2 Fabrication of the support and zwitterion coated thin-film composite (zTFC) 

membranes. Initially, we prepared the support membrane (control membrane labeled as M0) 

using a casting solution of 12.5% (w/v) polyacrylonitrile (PAN) in DMSO dope with 2% (w/v) 

LiCl, as reported elsewhere with some adjustments.31, 33 Briefly, the dope solution was left 

stirring overnight at room temperature. Then, a polyester woven mesh was fixed over a clean 

glass surface to add mechanical strength. Thereafter, the PAN solution was blade casted at 120 

µm thickness over the polyester mesh and subjected to the nonsolvent induced phase separation 

(NIPS) process. Then, the support membrane (M0) was left for at least 30 minutes in the water 

bath and rinsed with nano pure water prior to further modifications to remove any residual 

solvent. 

Afterward, a polymeric solution of PEI-PCBMA was synthesized similar to previous works34, 

35 using the corresponding molecular weight (Mn:10,000, 50,000 or 98,000) of PCBMA into 

an aqueous 2% (w/v) PEI solution. The solution was stirred and heated in an oil bath for 7 

hours at a temperature of 85°C. The resultant reaction product was purified by using a 5 kDa 
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dialysis tube for at least 72 hours. Subsequently, the solution was frozen at -20°C prior 

lyophilization.  

Thereafter, the zwitterion coated membranes were fabricated via a conventional interfacial 

polymerization (IP) method as shown in Figure 1.27, 36-38  Briefly, a 0.3 wt % PIP aqueous 

solution was poured over the membrane surface for 5 min30. A less dense polyamide layer is 

usually formed when using a PIP/TMC system when compared to MPD/TMC because an 

amine monomer such as PIP usually produces a thin semi-aromatic layer.39 The excess of PIP 

solution was removed from the membrane surface using a rubber roller and then a TMC 

organic solution in n-hexane (0.15 wt %) was quickly poured on top for 1 min to produce a 

polyamide film. The residual -COOCl groups37, 38 at the surface of the polyamide layer were 

used to react with aqueous PEI-PCBMA solution (1 wt %) of each molecular weight for at 

least 5 minutes. The final membranes were annealed at 70°C in an oven for 5 minutes. This 

procedure was repeated for a total of three membrane replicates. The prepared membranes 

were stored at refrigeration temperature of 4°C – 8°C. The prepared zwitterion coated TFC 

membranes were washed and stored in nano pure water until further use. The thin film 

composite membranes were denoted as zTFC-n, where n represents the abbreviated numbering 

of the molecular weight (labeled as zM-10, zM-50, and zM-100 indicating the corresponding 

molecular weights of Mn:10,000; 50,000; and 98,000, respectively). For example, zTFC-10 

membrane was prepared using PCBMA with a molecular weight of Mn 10,000.   

2.3 Characterization Techniques. The physico-chemical characteristics of the constructed 

zwitterionic membranes of different molecular weights were verified to confirm the deposition 

of the polymer and expected functionalization. The employed characterization techniques are 

described below. 
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2.3.1 Fourier-Transform Infrared Attenuated Total Reflectance (FTIR - ATR) Spectroscopy  

The functional groups for the used materials were characterized by means of Fourier-

transform infrared (FTIR) spectroscopy (Bruker Tensor 27 attenuated total reflectance 

(ATR) spectrometer, Billerica, MA, USA). Infrared spectra were collected in the range 

from 400 to 4000 cm-14 cm-1resolution, and accumulation of 64 scans. 

2.3.2 X-ray Photoelectron Spectroscopy (XPS). XPS examination was completed using an 

ultrahigh vacuum (UHV) system (~2 × 10−9 Torr) equipped with a hemispherical electron 

energy analyzer (SPECS, PHOIBOS 100, MCD-5) and twin anode X-ray source (SPECS, 

XR50). A non monochromatized Al Kα (hν = 1486.6 eV) X-ray source at an accelerating 

voltage of 15 kV, and 20 mA current was used for the analysis. The angle between the 

analyzer and X-ray source is 45 degree and photoelectrons were collected along the sample 

surface normal. The XPS analysis regions measured were 280−295 eV for C 1s, 525−540 

eV for O 1s, 395−410 eV for N 1s. To measure each individual region, we employed a step 

size of 0.05 eV and scan number of 15. Charge correction for the data was done by 

adjusting the adventitious carbon C 1s binding energy located at 284.6 eV. XPS data was 

analyzed using Casa XPS and Origin softwares.  

2.3.3 Differential scanning calorimetry (DSC). The thermal responses of the modified polymers 

were studied by DSC using a PerkinElmer Diamond DSC. Samples with masses of 

approximately 15 mg were dispensed in aluminum crucibles with pierced lids and helium 

was applied as purge gas. Thermograms were obtained in two cycles between -40°C and 

100 °C with heating at 10°C min-1 and cooling at 40 °C min-1. Only the curves for the 

second heating cycle were considered to eliminate thermal history artifacts. The DSC 

thermograms were inspected for glass transition (Tg) or melting temperatures. 
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2.3.4 Thermogravimetry analysis (TGA). Polymers (before and after the conjugation) were 

evaluated using TGA (PerkinElmer Diamond TG/DTA). The measurements were 

performed by heating approximately 10 mg of solid polymer under argon gas purging from 

room temperature to 550°C at a rate of 10 °C min-1. 

2.3.5 Scanning Electron Microscopy (SEM)  

The morphology of the membranes was inspected using scanning electron microscopy 

(SEM/SEI, JEOL 6480LV) with an electron beam energy of 20.0 kV accelerating voltage 

in the secondary electron imaging (SEI) mode. Pelco ® Auto Sputter Coater SC-7 (Ted 

Pella Inc., Redding, CA) was used to coat the samples using platinum at a current of 40 

mA. 

2.3.6 Atomic Force Microscopy (AFM)  

The surface roughness of the top layer was inspected using a FastScan ScanAsyst atomic 

force microscope (AFM Park NX-20) in noncontact mode (NC) at the Center for 

Functional Nanomaterials in Brookhaven National Laboratory. The ScanAsyst-Air Bruker 

tips used have a silicon tip on a nitride lever (Bruker AFM Probes, Camarillo, CA) with a 

spring constant of 0.4 N/m. Measurements were taken in air with square sections of 2 µm 

x 2 µm, an aspect ratio of 1, scan angle of 0◦, and no X or Y offset. Thereafter, analysis of 

the images and the root-mean-square surface roughness were completed using XEI 

software. Three arbitrary locations of the samples were used to measure the root-mean-

squared roughness (Rq) and the average roughness (Ra). 

2.3.7 Surface Contact Angle and Underwater Contact Angle Characterizations 

To examine the hydrophilicity of the prepared membranes, contact angle was conducted 

using a Krüss drop shape analyzer DSA25S (Krüss Optronic, Hamburg, Germany) at 
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ambient conditions. The contact angle of the deposited zwitterion coated layers were 

measured using the sessile drop experiment (water-in-air). Membranes coupons size of 

2.25 cm2 area, a 25-gauge flat needle, and a water droplet of 4.50 µL DI water were used 

during the measurements. Then, images of the drop at the air/polymer interface were 

recorded timewise up to 120 seconds (using intervals of 0.5 seconds). Contact angle data 

were analyzed in real time using Advance software (version 1.8). Uncoated PAN 

membrane (M0) was also measured as the control. Three sessile drop measurements were 

made on each membrane and the average values were reported. 

Thereafter, captive bubble contact angles (underwater contact angle) images were recorded 

using  a sessile method involving a digital microscope equipped with a custom-made cell 

filled with nano pure water (ρ >18.2 MΩ·cm), and U-shape micro syringe, and immiscible 

fluids (oil and air) as reported elsewhere.30, 40 A ‘J’-hook needle was used to dispense an 

air bubble 4 μL of mineral oil or air bubble from beneath the membrane sample. The 

experiments were made at room temperature (22°C) and the cell was placed on a granite 

base to minimize any vibration effect.41 The images were captured using a digital 

microscope (Dino-Lite Pro AM4113T) with a high quality image sensor through 

transparent glass windows. The setup was placed on a stable table.42 The resulting contact 

angle (oil/air) at the polymer-water interface was digitally measured using NIH ImageJ 

program with a contact angle plugin function as published elsewhere.43, 44 The average of 

three measurements of each contact angle on each individual surface is reported. Hereafter, 

to understand the modulation of the surface energy (estimation of the Interfacial Surface 

Energy), we employed the derivations of the equations as reported elsewhere.21In brief, the 

measured underwater contact angles of both immiscible liquids (oil/air) were used in the 
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combined equation form of Young’s equation and Wu’s estimate of interfacial tension45   

to calculate the Interfacial Energy (IFE) at the zwitterion/water interface.  

2.3.8 Surface Zeta Potential 

The surface charge of the zwitterion-coated membranes was measured with an Anton Paar 

SurPASS 3 using an adjustable gap cell. Membrane coupons sizes 20 mm × 10 mm were 

used. The system was initially rinsed with DI water. A background electrolyte solution 

consisting of 0.1 mM potassium chloride was employed.46The pH was adjusted to values 

ranging from 3 to 10 using aliquots of 0.1 M hydrochloric acid and 0.1 M potassium 

hydroxide. All measurements were collected in triplicate at each pH. 

2.4 Forward osmosis (FO) membrane performance. The separation performance of the 

zwitterion coated membranes were evaluated on a bench-scale forward osmosis (FO) system. 

The forward osmosis (FO) cell used during all experiments did not promote any turbulence in 

the feed or draw solution sides. A membrane coupon with an exposed area of 4.25 cm2 was 

used for all FO experiments. The membranes were evaluated under the AL-FS (active layer 

facing the feed solution) operational mode at 22.0 ± 0.5°C and 0.2 L/min cross-flow rate. The 

water transport was recorded using a digital balance, and the solute reverse flux was monitored 

by using a conductivity meter (Cond 3310, WTW, Germany). The osmotic performance was 

assessed after one hour of operating the system at room temperature and atmospheric pressure. 

Nanopure water (18.2 MΩ-cm2) was used on the feed side and a 0.5 M sodium chloride (NaCl) 

solution was used at the draw side during all experiments. Thereafter, a 100 ppm BSA foulant 

solution was also used to investigate the antifouling behavior of membranes in a FO setup. 

Initially, the membranes were tested against nanopure water for 60 minutes to assay the water 

transport property, and then the feed solution was replaced with the BSA foulant solution to 
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conduct the fouling test for an additional 60 min. Subsequently, water cleaning was conducted 

three times before repeating the experiment. The collected permeated water from the feed to 

the draw side was calculated by using the following equation: Jw = ΔV /(Am x t), where the V 

corresponds to the difference of the final and initial recorded volume (L), Am corresponds to 

the area of the membrane (m2), t corresponds to the experiment running time (h), and Jw is the 

water flux in LMH (L m-2 h-1). Similarly, the reverse salt flux (Js) in mMH (mol m-2 h-1) was 

calculated by using the equation: Js = (ΔCV) / (Am x t), where ΔCV corresponds to the 

difference between initial and final salt concentrations times the feed side volume. Then, the 

flux decline ratio (Rt) and the flux recovery ratio (FRR) were  calculated as follow: Rt = (Jo-

Js)/Jo and FRR = (Jr/Jo)x100, where Jo correspond to  the initial flux, Js to the steady water flux 

using fouling conditions, and Jr to the recovered water flux after washing.47 Three replicates 

were performed for each membrane. Data indicates the mean +/- standard deviation, n=9. 

2.5 Protein (BSA) adsorption experiment. The static fouling resistance attribute of the 

hydrophilic membranes was tested by employing a fluorescence protein adsorption 

experiment. Bovine serum albumin with fluorescent dye conjugates (BSA-CF594) was used 

as a model protein to assess the extent of protein adsorption over the deposited zwitterion 

coating as a function of the polymer molecular weight. Membrane coupons with an effective 

area of 2.25 cm2 were initially submerged in nano pure water for at least 24 hours. Then, the 

protein fouling experiment began by removing the excess water of the coupons and immersing 

the membranes in a 50 ppm BSA-CF594 solution for 3 hours of contact time. After completing 

the fouling test, the membrane coupons were removed from the BSA solution and rinsed three 

times with PBS before mounting them in a glass slide. Thereafter, the photographs of 

representative fields of view were taken with the DS-Qi2 digital camera attached to the 
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Fluorescence microscope (Nikon Eclipse, Ni-U) at a wavelength of 593 nm (exposure time = 

3.3 ms; analog gain=11.4) and further analyzed with Nikon NIS-Elements (Basic Research 

Version 5.30.03) software. Recorded images have a resolution of 1068 x1068 (14 bit). The 

fluorescent intensity measurements across the images were performed by subtracting the 

intensity of a background image from the intensity of the entire region of interest (ROI) across 

the membrane. 

2.6 Bacteria resistance performance. The bacterial resistance capability on the membrane’s 

surface was evaluated by the extent of adhered cells after 3 hours of contact with a bacterial 

culture. Pseudomonas aeruginosa PA01 with a green fluorescent protein reporter gene was 

used as a model organism because of its ability to thrive in highly saline environments. The 

substratum coverage was determined by the mean fluorescence intensity of the coupons. We 

used a Nikon A1R laser scanning confocal system at a magnification of 1000x to carry out 

these observations. 

The bacterial adhesion on the membrane’s experiments were adapted from elsewhere with 

some modifications. In brief, a bacterial suspension with a cell concentration of 10-6 to 10-7 

CFU/mL was prepared in 0.9% NaCl. Three replicas of each membrane using a coupon size 

of 2.25 cm2 were individually immersed in a well of a 9-well plate previously filled with 2 mL 

of the standardized bacterial suspension (top surface of the coupon exposed to the suspension). 

The samples were incubated at 37°C and shaken at 100 rpm for 3 hours. Next the bacterial 

suspensions were removed from each well and the membrane coupons were washed three times 

with 2 mL 0.9% NaCl solution. Then, bacteria attached to the membrane were fixed using a 

4% PFA solution. Afterwards, the mounting media was added, the images of the coupons were 

acquired by a Nikon A1R Laser confocal system using a 100x/1.45 oil immersion objective.  
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To collect the images, cells were excited at 488 nm and a band pass filter 505-550 nm was 

used to visualize GFP. At least three images of each biological triplicate were collected. The 

acquired images were analyzed using NIS-Elements AR analysis Version 5.2 to determine the 

mean fluorescence intensity of each coupon. To conduct the statistical analysis, a software 

GraphPad Prism 7.0 was used to analyze the collected data. An unpaired t test was used to 

determine statistical significance, where***p< 0.001 and*p< 0.033. Data are shown as mean 

± standard deviation. 

3. Results and Discussion: 

Our aim in this work was to investigate the effect of varying the molecular weight of PCBMA on 

the active layer of a thin film composite (TFC) membrane to study the biofouling resistance of the 

material and thus improve the operational water flux against biofoulants during desalination. It 

might be thought of a higher molecular weight of the zwitterion polymer will contain a denser 

brush composition thus providing a tighter layer of solvation that could better prevent adhesions 

of organic matter at the water-polymer interface of the membrane. In the context of the underneath 

support layer, polyacrylonitrile (PAN) based materials had been widely studied for different 

applications including biomedical applications, process filtrations, and water treatment 

membranes9, 48, 49 PAN is a common inexpensive polymer that is relatively more hydrophilic 

compared to other polymeric materials such as Polysulfone (PSF), Polyethersulfone (PES), and 

Polyvinylidene difluoride (PVDF).47. However, the selective layer has a significant role in the 

membrane separation process as it acts as the initial interfacial barrier against contaminants. It has 

been widely studied how the life span of membranes is shortened under biofouling conditions.21  

The initial organic matter adsorption to the surface of the material has an irreversible effect that 

affects the membrane performance within a treatment operation. Therefore, researchers have been 
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questing for different physical and chemical modifications of material’s interface that counteract 

this detrimental effect and thus extend the membrane operation. The introduction of zwitterionic 

polymers as part of the selective layer of TFC membranes has been recently studied by multiples 

groups23, 50  which lead us to the question how the molecular weight could tune the membrane 

hydrophilicity and its biofouling resistance properties. 

In this work, the surface of a PAN based membrane was modified with PCBMA by employing a 

fast second interfacial polymerization (SIP) method12, 41  instead of growing polymer brushes on 

the surface. Interfacial polymerization is considered an efficient and fast preparation method to 

fabricate thin-film composite (TFC) membranes.51 Briefly, the PAN support membrane is 

subjected to interfacial polymerization by initially forming a polyamide layer upon contact of a 

PIP solution followed by a TMC solution. Thereafter, the residual amounts of -OCl groups are 

used to attach PEI-PCBMA of different molecular weights. By varying only the molecular weight 

variable in the preparation of the selective layer, the interfacial properties also change as discussed 

in the following sections.  

X-ray photoelectron spectroscopy results. The individual layers of the zwitterionic membranes 

were chemically characterized on the surface to confirm material deposition after the preparation 

process. X-ray photoelectron spectroscopy (XPS) was employed to inspect the elemental 

compositions and chemical states (C1s, O1s, N1s) of the deposited zwitterion layer. Figure 2a 

shows the results for the surface examination of the constructed membranes by varying the 

molecular weight. The survey scan spectra for the M0 (PAN) and polyamide membranes are 

included in the supporting information, Figure S1. The general XPS spectrum indicates the 

existence of the expected elemental composition namely carbon, nitrogen, and oxygen in all three 
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modified membranes. Both bands for N1s peak at 400.0 eV and O1S peak at 531 eV confirm the 

successful deposition of the PCBMA layer on the top of the membrane’s surface.  

Moreover, the quantification of atomic composition of each sample was estimated for the survey 

data and summarized in Table 2. The increase in atomic percentage of the relative Nitrogen 

confirms the increase of PCBMA molecular weight.  

 Table 2. Relative atomic composition of the different zwitterion coating molecular weights. 

 Relative Atomic Percentage (%) 

Sample ID C (%) N (%) O (%) 

zM-10 70.0 10.9 19.1 

zM-50 67.4 13.7 18.9 

zM-100 72.6 18.8 8.7 
 

In addition to the survey scan, it was of interest to inspect the C1s binding energy of each molecular 

weight of the zwitterionic polymer. To this end, a C1s high-resolution deconvolution spectra was 

completed for all samples. The de-convoluted C1s spectrum for zM-10, zM-50, and zM-100 

 

 
 

Figure 2 (a-d). X-ray photoelectron spectroscopy (XPS) results. a) survey scan and b – d) C1s high 

resolution spectra for the three different molecular weight of the zwitterion coated membranes. 
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samples (Figure 2, b - d) were completed using four dominant Gaussian–Lorentzian peaks at 

different resolved binding energies (BE). Table S1 (supporting information) summarizes all the 

binding energies and compositions obtained for this analysis. It is worth noting the signals near 

286 eV (C – N / C – O) and 288 eV (C=O) are related to the zwitterion polymer coating. These 

binding energies are associated to the amine bonds corresponding to the amino group as well as to 

the carboxylic bonds present in the zwitterion moiety.  We confirmed an increasing trend for the 

area percentage of the C – N / C – O band for the samples with higher molecular weights. The area 

percentages of the bands were 16.2% (zM-10), 22.2%(zM-50), and 47.4% (zM-100). Therefore, 

our results for the surface characterization with XPS confirm that the membranes were successfully 

constructed with the different molecular weights of PCBMA adlayer.  

In an effort to conduct a holistic characterization of the material, infrared spectroscopy was also 

employed in order to inspect the functional groups at the surface.  

As shown in Figure 3a, the absorption peaks corresponding to the C=O stretching vibrations in the 

ester group of the grafted PCBMA at 1724 cm-1 and the C-N bending attributed to the amine group 

 

 
 

Figure 3 (a–c). Physico-chemical characterization of the membranes surface. a) infrared spectroscopy, 

b) surface zeta potential (ζ), and c) contact angle. 
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at 1143 cm-1 were identified.52 Both XPS and infrared data confirm the successful grafting of 

PCBMA on the membranes’ surface. 

Surface Zeta potential (ζ) results. Furthermore, the membrane’s surface charge was also 

inspected using surface Zeta potential (ζ). The results for streaming surface potential profiles as a 

function pH is shown in Figure 3a. The monotonically reduction in zeta potential values with 

increasing pH for zM-10, zM-50, and zM-100, as opposed to the negatively charged trend of M0, 

confirms the successful layer deposition as well. The control M0 trending is in agreement with 

previous works found in the literature.53, 54 Compared to the control, the zwitterion coated 

membranes revealed its IEP at pH 8 (zM-10), 9 (zM-50), and 5 (zM-100). It is interesting to 

observe that the intermediate molecular weight used in zM-50 revealed the most neutral surface 

charge near neutral pH values. Moreover, at neutral pH 7 the membrane with the lowest zwitterion 

MW (zM-10) revealed a positive surface charge while the highest employed MW (zM-100) was 

predominantly negative. This property could help tune the membrane surface charge as a function 

of the molecular weight and this can further help to mitigate the adhesion of organic matter due to 

columbic interactions. The separation distance of the zwitterionic moieties is affected by the 

molecular weight size, despite the zwitterion unit containing an equal amount of cationic and 

anionic groups. The higher the molecular weight, the denser brushes distribution, and thus the 

shorter the separation distance. A previous study reported that such zwitterion groups are able to 

undertake electrostatic interactions between their own moieties with the capacity to internally self-

associate in charge combination.32 The charge density of the anionic carboxyl group is more 

negatively richer when compared to the low positive charge density of the quaternary amine 

group.32 It is expected that at the higher molecular weight of the zwitterion polymer, the surface 

charge will be richer in negative charges due to the more presence of carboxyl groups. Therefore, 
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the protons available in the acid medium can interact with the anionic group thus resulting in a 

positive surface charge at acid pH ranges. In the other hand, a predominant negative charge is 

expected at higher pH values due to the absence of available protons to neutralize the denser charge 

of the carboxyl groups, which explains the zM-100 trend in Figure 3b. The zwitterion coated 

membranes did not present a neutral surface charge at neutral pH 7 as expected, ascribing to the 

following reason. The positively charged quaternary amine groups of both the zwitterion and BPEI 

linker predominates the overall charge density at the surface of the membrane when compared to 

the negative charge contribution of the carboxyl groups. Consequently, the positive charges 

predominate at less dense polymer brushes used at lower molecular weights which shift the IEP to 

higher pH values. Therefore, we determine a successful deposition of PEI-PCBMA at the 

membrane interface at the different molecular weights. 

Contact angle results. To evaluate the effect of increasing the molecular weight of PCBMA on 

the hydrophilicity of the membranes, water contact angle (WCA) was employed using the sessile 

drop method at ambient temperature. A material with a smaller water contact angle will indicate a 

more hydrophilic surface. As shown in Figure 3c, zwitterion coated membrane resulted in much 

less water contact angles when compared to the unmodified support PAN membrane (M0). The 

water contact angle of the prepared membranes significantly decreased from 41° (M0) to 15° (zM-

10), 3.4° (zM-50), and 10.1° (zM-100). Interestingly, the WCA for zM-50 revealed the smallest 

angle for the studied molecular weights. We hypothesized that this significant reduction in the 

angles can be attributed to the large number of amines groups grafted at the surface with PCBMA 

increase the hydrophilicity holistically. The observed results confirm our strategy to increase the 

affinity of water molecules to the membrane surface by introducing zwitterion based functional 

groups that display strong hydrophilicity properties at the interface of the designed material. 
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Furthermore, we also verified the underwater contact angle (oil-water/captive air) of the 

membranes. Underwater contact angle measurements provide useful information about how the 

zwitterion functional groups interact when in a complete water environment. In this experiment, 

the angles were measured using two different probing bubbles. Mineral oil and air were used to 

make the bubble at the membrane’s solid surface immersed inside a water tank. The images were 

captured using a digital microscope for each probing substance. Thereafter, the resulting angles 

were estimated using the NIH ImageJ open software.46 

In this method, a larger internal angle of the probing bubble indicates an increase in the surface 

hydrophilicity. Likewise, more hydrophilic material corresponds to an increase of membrane 

wettability. A summary of the underwater contact angles is included below in Table 3.  

The results obtained revealed a marked increase in the inner contact angles when measured in 

underwater conditions. The angles values were used to calculate an estimation of the interfacial 

energy (IFE) at the polymer-water interface using equations21  and thus compare the result for the 

different molecular weights. 

Table 3. Summary of underwater contact angle for the support and zwitterionic membranes of 

different molecular weights 

 

Membrane 

Underwater 

Contact Angle, oil 

bubble (ϕ°) 

Underwater 

Contact Angle, air 

bubble (θ°) 

Interfacial 

Energy (IFE) 

 

M0 120 ± 1.7 102.4 ± 1.8 1558.0 

zM-10 127.3 ± 1.3 140.1 ± 0.2 1509.3 

zM-50 148.8 ± 0.9 150.1 ± 0.3 1273.2 

zM-100 136.7 ± 0.1 146.6 ± 0.2 1545.4 
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Where,  

 

The lower the IFE, the better anti-fouling properties should be observed at the interfacial layer. 

The estimation for the IFE revealed a higher wettability of the membrane after the zwitterionic 

polymer deposition. In fact, zM-50 obtained the lowest IFE value for all three molecular weights, 

suggesting better anti-fouling resistance for this molecular weight. The obtained results confirm 

the effectiveness of the method of deposition used. 

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) results. SEM and 

AFM were employed to characterize the surface morphologies of the different TFC membranes 

before and after using the zwitterion coating. Despite no visible organized pores were detected in 

the selective PCBMA layer of the SEM micrographs (Front view row in Figure 4) at the observed 

magnification (x45,000), there is a subtle change in the physical aspect. The grainy surface 

structure of the control membrane M0 was further smoothened after attaching the zwitterionic 

layer in zM-10, zM-50, and zM-100. Thereafter, the surface characteristics were scanned at 2-

micron scale using AFM technique (Figure 4). The support membrane revealed a nodular pattern 

at the top side (Figure 4, AFM micrographs), while the zwitterion coated are smoother with no 

visible pore or ridge-and-valley patterns thus revealing a dense deposition of the zwitterion coating 

𝐼𝐹𝐸 = 𝛾𝑝𝑎
𝑇𝑜𝑡 + 𝛾𝑊𝐴 − 4

𝛾𝑝𝑎
𝑑 𝛾𝑤𝑎

𝑑

𝛾𝑝𝑎
𝑑 + 𝛾𝑤𝑎

𝑑 − 4
𝛾𝑝𝑎

𝑝 𝛾𝑤𝑎
𝑝

𝛾𝑝𝑎
𝑝 + 𝛾𝑝𝑎

𝑝   
 
(1.1) 

𝛾𝑝𝑎
𝑝 =

𝛾𝑤𝑎
𝑝 (𝛾𝑤𝑎(1 + 𝑐𝑜𝑠𝜃) − 4

𝛾𝑝𝑎
𝑑 𝛾𝑤𝑎

𝑑

𝛾𝑝𝑎
𝑑 + 𝛾𝑤𝑎

𝑑 )

4𝛾𝑤𝑎
𝑝 + 4

𝛾𝑝𝑎
𝑑 𝛾𝑤𝑎

𝑑

𝛾𝑝𝑎
𝑑 + 𝛾𝑤𝑎

𝑑 − 𝛾𝑤𝑎(1 + 𝑐𝑜𝑠𝜃)

 

 
 
(1.2) 

 

𝛾𝑝𝑎
𝑑 =

𝛾𝑂𝐴(𝛾𝑤𝑎𝑐𝑜𝑠𝜃 − 𝛾𝑊𝑂𝑐𝑜𝑠𝜑) + 𝛾𝑂𝐴
2

𝛾𝑊𝑂𝑐𝑜𝑠𝜑 − 𝛾𝑤𝑎𝑐𝑜𝑠𝜃 + 3𝛾𝑂𝐴
 

 
 
(1.3) 



Page 25 of 49 

 

at the top layer. This was confirmed with the average roughness measurements (Ra) obtained by 

means of AFM (Figure 4). The Ra values obtained after the zwitterion coating were lower resulting 

in 6.0 nm (zM-10), 4.0 (zM-50), and 5.3 (zM-100) when compared to the control membrane M0 

(7.2 nm). The cross-section SEM images revealed an initial finger like structure that predominates 

at M0 and then a thin layer is observed upon increasing the molecular weight (Figure 4, cross 

section). The thickness increase (Figure S2 and Table S2 of supporting information) also confirms 

the effectiveness of the deposition method. The backside micrographs showed the modified 

membranes kept the open pores similar to the unmodified membrane used as the control.  

 

 

Figure 4. SEM and AFM micrographs of the unmodified (M0) and zwitterionic membranes for the 

different molecular weights (zM-10, zM-50, and zM-100).  
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The resulting images of the top layer revealed differences in average roughness as a function of 

the polymer molecular weight as mentioned earlier. The zwitterion coating notably improves the 

surface roughness of the top selective layer. A smoother top layer is expected to improve the 

biofouling resistance by reducing the potential ridges and valleys on the membrane surface that 

could promote foulant deposition.47 The difference in surface morphology is mainly ascribed to 

the increase in the molecular weight of PCBMA were the impact of zwitterion attachment on 

surface morphologies was more prominent when using the mid-size molecular weight (zM-50). 

The effect of using mid-size polymer molecular weights also impacted on the hydrophilicity 

properties of the top selective layer as observed in Figure 3c in which lowest contact angles were 

also observed for the zM-50 membrane. Undoubtedly, the SEM and AFM results confirm the 

expected morphology of the membrane after the polymer zwitterion coating. Moreover, the 

aforementioned physical and chemical characterizations confirm the presence of the expected 

functional groups of interest regarding the PCBMA architecture that will impart the zwitterionic 

properties to the membrane performance. 

Operational Performance of Zwitterionic Membranes 

Water Transport Performance. The water (Jw) and reverse solute (Js) fluxes were measured 

using a cross flow forward osmosis (FO) apparatus with the zwitterion coating (active layer) facing 

the feed side. To study the effect of varying the molecular weight on the selective layer, we initially 

conducted experiments using nano pure water (18.2 MΩ·cm) in the feed side to measure the water 

transport properties. Thereafter, we introduced a 100 ppm BSA solution in the feed side as a model 

protein foulant to conduct experiments. BSA was selected as a foulant protein model because most 

soils constituents found in water sources that act as membrane foulants usually exhibit an overall 

negative surface charge. A 0.5 M NaCl solution was used on the draw side. The detailed results of 
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Jw and Js are shown in Table 4 and graphed results in Figure 5 (a – c). When tested against pristine 

water the obtained averages Jw for all zwitterion coated membranes slightly increased when 

compared to the unmodified control M0.  

Table 4. Summary of the water transport properties for the different molecular weight’s membrane 

    Water                    BSA 

Membrane Jw (LMH) Js (mMH) Js / Jw (mol/L) Jw (LMH) Js (mMH) 

M0 7.6 ± 1.6 0.28 ± 0.06 0.037 ± 0.009 2.7 ± 1.2 0.40 ± 0.07 

zM-10 8.8 ± 1.5 0.27 ± 0.09 0.031 ± 0.003 7.8 ± 1.4 0.26 ± 0.01 

zM-50 10.5 ± 1.6 0.27 ± 0.08 0.026 ± 0.005 9.9 ± 1.5 0.23 ± 0.01 

zM-100 8.7 ± 1.3 0.29 ± 0.06 0.033 ± 0.006 8.1 ± 1.3 0.27 ± 0.05 
 

Certainly, the increase effect of Jw was not proportional to the increment of the molecular weights. 

Permeance governs the main mechanism for the transport of water molecules across the 

constructed zTFC membranes. Zwitterionic polymers greatly enhance water permeability by 

increasing the hydrophilicity of the membrane. Despite its overall neutral charge, zwitterionic 

polymers contain moieties of high charge densities which vary upon increasing their molecular 

weight that will eventually affect the water binding properties. Previous studies on PCBMA 

molecular simulations have revealed that the packing structure of a polymer brush is intrinsically 

related to the chain orientation, where longer pendant sidechains energetically preferred to adopt 

larger unit cells orientation.22  Therefore, Jw is directly related to the effect of the electrostatic 

interactions of polymer brushes with the binding interaction to water molecules. 
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We hypothesized that the low molecular weight such as zM-10 might not bind enough number of 

water molecules strong enough to significantly increase its permeability due to a sparse packing 

density at the interface. On the other hand, at high molecular weights similar to zM-100 would 

also represent a weak water binding interaction. Presumably, the numerous numbers of brushes 

would be tightly packed at the selective layer thus zwitterion charges might interact with each 

other stronger rather than to water molecules. Additional computational simulation studies would 

be beneficial to elucidate the charges interactions as a function of incrementing PCBMA molecular 

weight.  Our results revealed that the average size used to prepare zM-50 would translate in a 

membrane with the highest hydrophilicity as supported by the contact angle test (Figure 3c) 

showing the lowest angle of all prepared membranes. A greater hydrophilicity at this molecular 

 
 

Figure 5. Water transport performance results of unmodified and zwitterion coated membranes. a) Water 

flux (Jw,) of the different molecular weight’s membranes. Water flux results indicate Jw (LMH) and b) JS 

(mMH) operated in FO mode with different feed side solutions. The experimental conditions as feed 

contaminant for FO runs included: nanopure water and 100 ppm BSA solution. All experiments used a 

draw side solution of 0.5 M NaCl. The membrane's performances were evaluated at room temperature 

for a run time of 60 minutes. Data indicates the mean +/- standard deviation, n=9. c) Calculated flux 

decline rate (Rt) for the different zwitterion coated membranes. 
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weight is achieved presumably because the hydrogen bonding between water and carboxylate 

group is facilitated at this polymer size which would enhance the chain distributions at the selective 

layer. Overall, the increased hydrophilicity along with the peculiarities of the resulting 

morphologies at the different molecular weights resulted in an enhanced water flux after the 

incorporation of PCBMA. Moreover, the stretching of the polymer brushes in presence of salt ions 

promotes tighter bonds of water molecules due to electrostatic interactions, hence producing a 

solvated selective layer with enhanced mass water transport (Jw) across the membrane.55, 56 

Furthermore, an additional experiment for zM-10 (supporting information, Figure S3) proved that 

the modified membrane retains stable after repeating the FO experiment 90 days of post storage 

conditions in deionized water at refrigerated temperature (2-8°C). 

In terms of the reverse salt flux, our results show a similar Js trend for all three zwitterionic coated 

membranes. The observed values of Js for zM-10 (0.27 ± 0.09 mMH), zM-50 (0.27 ± 0.08 mMH), 

and zM-100 (0.29 ± 0.06 mMH) did not change notably when compared to the unmodified 

membrane M0 (0.28 ± 0.06 mMH). The experimental behavior suggests that increasing the 

PCBMA molecular weight on the selective layer has no direct reduction effect on the reverse salt 

flux when tested against nanopure water. It is hypothesized that the diffusion of salt ions from the 

draw side solution is influenced by migrating towards the feed side due to the presence of charged 

groups constituting the PCBMA chemical structure (Figure 1). Despite typical FO membranes 

normally rejects salt ions, previous works on thin films containing zwitterions had resulted in 

greater salt sorption when compared to uncharged polymers coatings.57  In presence of charged 

moieties, small cations and anions will bound to the charged sites on the zwitterion. Similar effect 

had been observed in additional studies2, 58 where an increase of water sorption at the zwitterionic 

layer results in higher salt permeability. Thereafter, the specific reverse salt flux Js/Jw (Table 4) 
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was found to be slightly higher when compared to uncharged TFC membranes.51, 59, 60 However, 

when compared to previous zwitterionic TFC membranes, Js/Jw behaves similar as found in the 

literature.2, 19 

Moving on to further fouling experiments, the average water flux Jw notably declined for the 

control membrane M0 from 7.6 LMH versus 2.7 LMH when using the simulant BSA foulant 

solution (Table 4). This represents nearly 95% of difference of water flux decline for M0 (Figure 

5) when compared to using water at the feed side. Interestingly, the reduction of the water flux on 

the modified membranes were notably less with approximately 12% (zM-10, 8.8 ± 1.5 LMH), 6% 

(zM-50, 10.5 ± 1.6 LMH), and 7% (zM-100, 8.7 ± 1.3 LMH). The best water recovery was 

obtained when using the intermediate molecular weight of PCBMA applied to zM-50. Certainly, 

the addition of PCBMA molecules inhibits a prominent reduction of the water flux in the presence 

of BSA foulant molecules. However, the results do not suggest a direct correlation between 

increasing the PCBMA molecular weight and the reduction of Jw (Figure 5a). Surface roughness 

plays a significant role when foulant molecules such as BSA are present. Moreover, a surface with 

higher roughness accelerates the tendency of foulants to adhere. From our AFM characterization 

(Figure 4), zM-50 resulted with the least average surface roughness of all prepared membranes, 

hence contributing to the lower flux decline of Jw. 

Likewise, Js decreased for all modified membranes (Figure 5b) when using the BSA foulant 

solution. Contrary to the control M0 (0.40 ± 0.07 mMH), which Js augmented nearly 35%, the 

modified membranes lowered their values (Figure 5b) achieving about 4% reduction for zM-10 

(0.26 ± 0.01 mMH), 16% for zM-50 (0.23 ± 0.01 mMH), and 7% for zM-100 (0.27 ± 0.05 mMH). 

Despite the slight reduction of Js after the incorporation of PCBMA in the selective layer, there is 

still no identifiable direct correlation between increasing the PCBMA molecular weight versus a 
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reduction on the reverse salt flux. Literature shows that zwitterionic polymers have been identified 

as highly salt sensitive molecules.3 Henceforth, the electrostatic interactions mechanism between 

the salt ions and charged groups of PCBMA still play a significant role on the reverse salt flux 

performance as mentioned earlier in this section. 

Thereafter, the fouling behavior was quantified using the flux decline rate (Rt) equation as 

described in the methodology section. The obtained Rt values revealed outstanding performances 

for the modified membranes (Figure 5c). This Rt value serves as an indicator to evaluate the 

resistance of the membrane against fouling.61 The mid-size molecular weight zM-50 membrane 

obtained the lowest average Rt resulting in 0.01 ± 0.001, followed by zM-100 (0.05 ± 0.008), and 

zM-10 (0.13 ± 0.019).  The unmodified membrane M0 obtained the highest average decline rate 

of 0.56 ± 0.071. In a related analysis, the flux recovery ratio (FRR) was calculated for each 

membrane to assess the capacity of water flux recovery after exposure to BSA foulant solution. 

Similarly to the Rt trend, the intermediate molecular weight zM-50 resulted with the best 

performance with FRR values of 96.8 ± 10.4 %, followed by zM-100 (96.5 ± 7.1%), and zM-10 

(88.0 ± 0.7%). The unmodified M0 membrane resulted in 50.4 ± 0.5%.  

Bacteria and Protein Resistance Results. Different studies have reported that zwitterionic 

polymers significantly increase the resistance to the attachment of bacteria cells.62, 63 Living 

bacteria have the ability to attach on the surface of polymeric material before initiating the 

biofouling process. In order to mitigate this bacterium-induced biofouling effect, the polymeric 

coating should provide the conditions to prevent the initial attachment on the surface. 

Pseudomonas aeruginosa PA01 is an opportunistic human pathogen that can withstand various 

environmental stresses including conditions of elevated salt.64 Therefore, this bacterium strain 

serves as a suitable model for our membrane application intended to desalinate brackish water. To 
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evaluate the zwitterion coating resistance to bacteria adsorption, we conducted an experiment in 

which membrane coupons of different molecular weights were incubated for 3 hours with P. 

aeruginosa PA01 expressing a green fluorescent protein to evaluate the effect of using a living 

organism in a dynamic fouling experiment (Figure 6a). Thereafter, the effect of bacteria adsorption 

of the different membranes were inspected by measuring the fluorescence intensity (Figure 6b) 

using a confocal microscope. The acquired images were analyzed using the NIS Elements AR 

Analysis software Version 5.2.  

The results shown in Figure 6a, includes the images of the worst-case scenario in which the most 

intense fluorescence was observed. The detailed values are summarized in the supporting 

information Table S3.  Interestingly, when normalized against the control M0 PAN membrane, the 

coating with molecular weight that resulted in the least bacteria adsorption percentage was zM-50 

(37.6% ± 10.4). Both PAN surfaces used as the control M0 and zM-10 membranes showed 

appreciable cell attachment on the surface (M0 = 100% and zM-10 = 32.8 % ±6.2). Moreover, the 

coating comprising the highest molecular weight, namely zM-100, revealed a relatively higher 

percentage of bacteria adsorption (61.2 % ± 11.1) when compared to the other two membranes. It 

is interesting to observe how the molecular weight plays a significant role in preventing the 

attachment of bacterial cells to the surface. Our results show that using a denser coating of the 

zwitterionic polymer (zM-100) does not provide adequate bacteria resistance to the membrane.  
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Figure 6. Bacteria and Protein Adsorption Results. a) Fluorescence images of the zwitterion 

coated TFC membranes after 3h incubation using PA01-GFP and BSA-CF594 solutions. The 

results are shown in b) the fluorescent intensity graph for the bacteria adsorption experiment and 

c) the fluorescent intensity graph for the protein adsorption test. 

 

In this case, using a dense or to sparse coating increases the surface roughness that can lead to 

bacteria adsorption. As discussed earlier, our AFM results (Figure 4) showed that zM-50 obtained 

the lowest Ra value (4.0 nm) when compared to zM-10 (6.0 nm), zM-100 (5.3 nm), and M0 (7.2 

nm). Previous works have recognized how surface roughness also has a negative role on the protein 

interaction at the surface.65, 66Another important aspect is that these experiments were performed 

at pH 7, where the zM-50 membrane showed the best neutrality of all three. 
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Continuing with further experiments, the zwitterion coating on the membranes was also tested to 

measure its resistance to protein adsorption under fixed conditions (Figure 6a, BSA-CF594 and 

Figure 6c). We conducted this fouling experiment with a BSA bulk solution concentration of 50 

ppm and 3 hours of contact time in which the predominant mechanism was protein diffusion. 

Figure 6a illustrates the images of the fluorescence confocal microscopy with the results for M0, 

zM-10, zM-50, and zM-100 membranes. In this technique a brighter color in the image indicates 

a strong fluorescence intensity as a result of the attachment of BSA containing a fluorescent probe 

(CF594). The resistance of the adsorption onto the polymer’s surface was compared against the 

control membrane (M0) after measuring the fluorescence intensity of adsorbed BSA (Figure 6c). 

It is important to highlight that the isoelectric point (IEP) of BSA ranges from pH 5.1 to 5.567  

Despite of the material hydrophilic nature, the membranes’ surfaces revealed different IEP in 

which the surface charge at neutral pH was positive for zM-10, neutral for zM-50, and negative 

for zM-100. The surface charge for the M0 control membrane remained neutral along the tested 

pH range. Contrary to the bacterial experiments, the lowest applied molecular weight zM-10 

revealed the highest protein adsorption (zM-10 = 81.8% ± 5.8). This high BSA adsorption in the 

low molecular weight presumably occurs because of the intrinsic polymer hydrophilicity along 

with the positive charge which easily attracts the negative surface charge of the protein in aqueous 

media. Our results suggest that using an intermediate size molecular weight of PCBMA leads to a 

neutral overall charge at pH 7 which enhances the resistance of protein adhesion on the material’s 

surface with significant difference (zM-50 = 24.4% ± 2.3) against the control membrane. A larger 

molecular weight also displayed a significant reduction of BSA attachment (zM-100 = 56.9% ± 

9.4) against M0 despite the membrane’s negative surface charge. Here it is observed that a larger 
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molecular weight of the polymer promotes material adhesion presumably because the surface 

roughness of the interface increases thus providing attaching zones for BSA-like proteins. 

To further explain it is understood that interfacial thermodynamic21 governs the molecular 

interactions at the initial step of the biofouling process that result in the adsorption of organic 

molecules. Above the interface of a solid/liquid system the molecules will tend to minimize its 

free energy. Because of being in a condensed state of matter, liquids and solids will have the 

property of cohesive energy between their molecules.68 For example when in liquid bulk, water 

molecules itself will tend to make hydrogen bonds and van der Waals interactions with the nearest 

neighbor-atoms. However, when there is an interface such as liquid/solid, such molecules are 

unable to fully form the same bonding dynamics and interactions as when in pure liquid. Non-

polar (hydrophobic) molecules that are suspended in water will be repelled because it is difficult 

to develop polar and hydrogen bonds. In this competition between non-polar and water molecules, 

the resulting interaction is related to the free energy (ΔG) of the system.21 Gibbs free energy is a 

measurement of the system stability and equilibria with respect to a process undertaken at a 

constant pressure and temperature.68 Gibbs free energy function is given by the following 

equation69: ΔGsfe= ΔHsfe+ TΔSsfe, where the terms ΔGsfe corresponds to the free energy, ΔHsfe to 

the enthalpy, T to the absolute system temperature, and ΔSsfe the free entropy of adsorption at the 

interface surface (sfe) of the system. Upon adsorption of non-polar molecules to the water/solid 

interface, structured water is released within the same aquatic medium which causes also a large 

increase in entropy (ΔSsfe). The free energy of adsorption would become large and negative 

(ΔG<0), favoring the process, because of the large entropic term that is associated with the system 

re-structuring. By employing zwitterions such as PCBMA, it is possible to provide a solvated layer 

with water molecules that helps in keeping the interfacial energy minimal. Our data in Table 3 for 
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the interfacial energy validate the fouling resistance behavior of zM-50 by reflecting the lowest 

IFE value among the modified membranes. 

From our results, we are confident to confirm that a higher deposition of living organisms or 

protein adsorption on the surface will occur in the absence of the zwitterion coating. Indeed, the 

brush density of the zwitterion coating has a significant role in the cell resistance capacity of the 

material. 

Additional considerations. In order to create a selective thin layer of the thin-film composite 

(TFC) membranes, it was necessary to prepare a dilute solution of the PEI-PCBMA conjugate. 

The thermal properties of the conjugated polymers were examined by means of differential 

scanning calorimetry (DSC) and thermogravimetric analysis (TGA) to confirm no thermal 

degradation occurred during the heating step of the conjugation synthesis. The resulting curves 

with increasing temperature of the freeze-dried polymers using the different molecular weights 

correspond to the second thermal cycle.  

The changes in the weight of PCBMA were inspected by thermogravimetric analysis (TGA). The 

samples were heated from ambient temperature to 550°C at a scan rate of 10 °C/min under argon 

purging. The TGA thermograms in Figure 7a show the results for the PCBMA modified by PEI 

grafting to the zwitterion polymer. The modified PCBMA showed two steps of weight loss change 

before complete decomposition. After an initial weight loss before 100 °C attributable to moisture 

loss, there is additional weight loss (∼32 wt% total) between 100 °C to 300 °C, attributed to an 

initial partial degradation of the material. Then, an abrupt decay of the curves above 300°C 

corresponds to severe material decomposition with a weight reduction of ~85.3 wt%. A complete 

decomposition of the material was observed above 450°C. Our results indicate that major 

degradation starts to occur at a temperature over 100°C for the different molecular weights of the 
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conjugated polymers. Moreover, we observed a temperature shift for the thermal degradation 

above 100°C. This suggests that the final zwitterion coating to be further applied to the membrane 

surface will be temperature sensitive and may undergo thermal degradation above 100°C. 

 

DSC experiments were conducted to gain quantitative insight into the thermophysical behavior of 

the polymers as a function of the molecular weight after the macromolecular modification. The 

effect of heating the different molecular weight of PEI-PCBMA conjugates resulted in a slight 

endothermic peak of the DSC signal at temperatures in the vicinity of 0 °C (Figure 7b).  The peaks 

while heating the PEI-PCBMA samples occurred at dissimilar temperatures for the different 

molecular weights. The observed peak shifts presumably are associated to the loss of non-freezing 

water molecules that are known to bind strongly with zwitterionic molecules like PCBMA via 

electrostatic interactions.20 Results from the obtained thermograms indicate that the conjugated 

polymers were amorphous, since no melting transitions were observed within the studied range in 

all cases (Supporting information, Figure S4). Nonetheless, the observed endothermic shifts in the 

 

 
 

Figure 7. Effect of temperature on the different molecular weights of lyophilized PEI-PCBMA.  The 

results are shown in a) TGA and b) DSC. 
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DSC curves confirm the retained properties of the zwitterion polymer after the conjugation 

synthesis and are in agreement with previous studies.70 The polymer was unaffected by the 

conjugation step and the material is suitable to be further used to construct the zwitterion coated 

membranes. The application of this technique helps to elucidate the thermal behavior and stability 

of the conjugated polymers.  

Conclusion 

In this work, we studied the effect on the forward osmosis performance after applying different 

molecular weights of PCBMA to coat the surface of various TFC membranes. We aimed to 

understand the biofouling resistance of the material which will ultimately improve the operational 

water flux against biofoulants during FO desalination process. Indeed, adding PCBMA to the 

construction of TFC membranes notably improves the water flux and biofouling resistance 

properties of the material. In the context of our research quest to probe which molecular weight of 

the polymer offers the best properties, we concluded that the intermediate size zM-50 of PCBMA 

has an overall remarkable performance. When using zM-50, higher water permeation was 

observed. Moreover, the water flux notably improved resulting in an Rt value of 0.01 ± 0.001 (zM-

50) upon using a model BSA foulant solution. In contrast, the unmodified control membrane (M0) 

showed an Rt value of 0.56 ± 0.071 (M0). The data collected for the protein and bacteria 

experiments revealed that using larger molecular weight does not linearly correlate to higher 

filtration performance. In terms of resistance to bacteria adhesion, the molecular weight that 

resulted in the least bacteria adsorption percentage was zM-50 (37.6% ± 10.4). Our results also 

suggest that using an intermediate size molecular weight of PCBMA leads to a neutral overall 

charge at pH 7 which enhances the resistance to protein adhesion on the material’s surface. 

Furthermore, this study also revealed that using a denser coating of the zwitterionic polymer (zM-
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100) does not provide an adequate bacteria resistance to the membrane, but instead increases the 

surface roughness that can lead to docking of bacteria into the surface. The improved water flux 

performance as well as the surface’s biofouling resistance feature is attributed to the increased 

surface hydrophilicity as confirmed by contact angle experiments. Moreover, the specific reverse 

salt flux Js/Jw behaves similarly as found to previous works in the literature for zwitterionic 

membranes. Therefore, it is recommended to conduct further assessment of draw agents that can 

mitigate the effect of relatively high reverse salt flux (Js) observed during the FO filtration process. 

There are still additional physical and chemical properties to continue learning about zwitterionic 

materials as well as many new membrane-based applications that may benefit from their use. The 

success of future novel zwitterionic TFC membrane designs stems from its basis on learning and 

understanding more of these outstanding properties at the molecular level conducted via 

fundamental research. 
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