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Abstract  

Water scarcity represents a critical global challenge affecting over 2 billion people worldwide, with desalination emerging as a 

viable solution to augment freshwater supplies. Conventional desalination technologies such as reverse osmosis and multi-

effect distillation suffer from substantial energy consumption and operational costs. This study evaluates the desalination 

efficiency of novel nanoporous graphene (NPG) membranes synthesized through chemical vapor deposition followed by 

controlled ion bombardment. Membranes were characterized using transmission electron microscopy, atomic force 

microscopy, and Raman spectroscopy, confirming pore diameters ranging from 0.8 to 1.8 nanometers with uniform 

distribution. Desalination performance was assessed through reverse osmosis experiments using synthetic seawater solutions 

across a range of operating pressures (10–60 bar). Salt rejection efficiency was measured by inductively coupled plasma mass 

spectrometry, while water flux was quantified gravimetrically. At 40 bar operating pressure, NPG membranes achieved 98.7% 

salt rejection (95% confidence interval: 97.9–99.2%) with water flux of 42.3 liters per square meter per hour (L/m²/h), 

compared to commercial polyamide reverse osmosis membranes achieving 98.2% rejection and 28.6 L/m²/h flux. Energy 

consumption was reduced by 31% on a per-unit-volume basis compared to conventional membranes due to superior water 

transport kinetics. Fouling resistance testing demonstrated excellent anti-biofouling properties, with only 8% flux decline after 

720 hours of continuous operation using protein-rich feed solutions. NPG membranes exhibited superior long-term stability, 

maintaining 96.1% of initial performance after 1000 operating hours. The superior salt rejection, enhanced water flux, reduced 

energy requirements, and exceptional fouling resistance of nanoporous graphene membranes demonstrate significant potential 

for deployment in large-scale desalination facilities. This innovation could substantially reduce freshwater production costs by 

23–31% while decreasing environmental footprint through diminished energy consumption. Further development focusing on 

scaled manufacturing and operational optimization could accelerate commercialization timelines. 
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Introduction 

Global freshwater scarcity represents one of the most 

pressing challenges confronting contemporary civilization. 

The United Nations estimates that by 2025, approximately 

1.8 billion people will experience severe water scarcity, 

with this number projected to increase substantially by mid-

century due to population growth, urbanization, and climate 

change-induced precipitation pattern alterations. Coastal 

regions and arid zones depend critically on desalination 

technologies to meet potable water demands. Currently, 

approximately 25,000 desalination facilities operate 

worldwide, producing roughly 95 million cubic meters of 

freshwater daily. However, conventional desalination 

methodologies face formidable technical and economic 

limitations. Reverse osmosis, representing approximately 

60% of global desalination capacity, requires operating 

pressures of 40–80 bar and consumes 3.5–5.0 kilowatt-hours 

of electrical energy per cubic meter of potable water 

produced. This substantial energy requirement renders 

desalination economically unviable in energy-limited 

regions and contributes significantly to carbon emissions 

trajectories in coastal nations. 

Multi-effect distillation and thermal vapor compression 

processes, while achieving excellent salt rejection, demand 

even greater thermal energy inputs and produce substantial 

brine concentrates requiring costly disposal or further 

treatment. Emerging desalination technologies including 

forward osmosis, electrodialysis, and capacitive 

deionization show promise for specialized applications but 

remain uneconomical for large-scale seawater treatment. 

Membrane-based approaches offer superior potential due to 

their lower energy requirements, scalability, and operational 

flexibility. However, conventional polymeric membranes 

suffer from inherent limitations including concentration 

polarization effects, biofouling vulnerability, flux decline 

over extended operational periods, and moisture-induced 

performance degradation. 

Recent advances in nanomaterial science have generated 

substantial interest in carbon-based membrane systems. 

Single-walled and multi-walled carbon nanotubes 

demonstrate exceptional water transport properties, with 

theoretical water permeability values substantially 

exceeding polymeric membranes. However, carbon 

nanotube membranes face critical manufacturing challenges 

including cost, scalability, structural instability, and 

inconsistent pore architecture. Graphene, a single-layer 

carbon allotrope with exceptional mechanical strength, 

chemical stability, and tunable surface properties, represents 

an alternative platform for membrane development. While 

pristine graphene demonstrates minimal water transport due 

to absence of permeable pathways, deliberate introduction 

of nanopores through chemical or physical means creates 

high-permeability pathways while maintaining salt rejection 

capability. 

Several research groups have reported preliminary 

investigations of nanoporous graphene membranes. Mo et 
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al. conducted molecular dynamics simulations suggesting 

that graphene membranes with 1-2 nanometer pores could 

achieve superior water flux while rejecting ions. Park et al. 

synthesized few-layer graphene membranes demonstrating 

97% sodium chloride rejection. However, previous 

investigations have been limited by small-scale synthesis, 

insufficient characterization of pore uniformity, inadequate 

long-term stability testing, and incomplete quantification of 

energy requirements relative to conventional technologies. 

Additionally, fouling resistance and operational durability 

under practical seawater conditions remain inadequately 

investigated. 

This research addresses these critical gaps through 

comprehensive investigation of nanoporous graphene 

membranes synthesized via scalable methods with extensive 

characterization of both transport properties and operational 

stability. The primary objectives are to (1) synthesize 

nanoporous graphene membranes with controlled pore 

architecture through optimized chemical vapor deposition 

and ion bombardment protocols, (2) quantify desalination 

performance including salt rejection efficiency and water 

flux across a range of operating pressures, (3) characterize 

membrane fouling resistance and long-term operational 

stability, (4) establish energy consumption profiles and cost-

benefit analysis relative to conventional technologies, and 

(5) identify critical parameters controlling performance to 

guide future optimization efforts. 

We hypothesize that nanoporous graphene membranes will 

achieve salt rejection efficiency exceeding 98% while 

demonstrating water flux values at least 40% superior to 

conventional polyamide membranes, with substantially 

reduced fouling susceptibility and energy requirements. The 

remaining sections of this article are organized as follows: 

Section 2 presents detailed methodology including 

membrane synthesis, characterization, and experimental 

testing protocols. Section 3 reports quantitative results from 

desalination testing, fouling studies, and stability 

assessments. Section 4 provides interpretation of findings, 

comparison with existing literature, theoretical implications, 

and practical implementation considerations. Section 5 

concludes with summary of major discoveries and 

recommendations for future investigation. 

 

Methods 

1. Research Design and Experimental Framework 

This study employed an experimental research design 

combining membrane synthesis, physicochemical 

characterization, and systematic performance evaluation. A 

factorial experimental design evaluated the effects of 

synthesis parameters (precursor gas composition, deposition 

temperature, ion bombardment dose) on resulting membrane 

properties (pore size distribution, defect density, surface 

chemistry). Subsequently, desalination performance was 

assessed through controlled laboratory experiments under 

standardized conditions with systematic variation of 

independent variables (operating pressure, feed solution 

salinity, temperature). 

 

2. Nanoporous Graphene Membrane Synthesis 

Nanoporous graphene membranes were synthesized through 

a two-stage process combining chemical vapor deposition 

with controlled ion bombardment. Chemical vapor 

deposition was performed in a tubular furnace system 

(Lindberg Blue M, Watertown, WI, USA) maintained at 

850°C under reduced pressure (0.5 Torr). Methane gas 

(99.99% purity) was used as the carbon precursor, with 

hydrogen gas serving as a reducing agent. Copper foil (25 

micrometers thickness, 99.99% purity) served as the 

catalytic substrate. Deposition was conducted for 45 

minutes at 50 standard cubic centimeters per minute gas 

flow rate, producing continuous graphene films 

approximately 2–4 atomic layers in thickness. 

Subsequent to chemical vapor deposition, synthesized 

graphene films were transferred onto polyethersulfone 

support membranes using the poly(methyl methacrylate) 

assistance method. Polyethersulfone support membranes 

(Whatman, Maidstone, UK) with 0.2 micrometer pores and 

molecular weight cut-off of 100 kilodaltons served as the 

structural backing layer. Nanoporous architecture was 

introduced through argon ion bombardment using an ion 

implanter system (Implantation Services, Hudson, MA, 

USA) at 30 kiloelectronvolts acceleration voltage and 

2×10¹⁶ ions per square centimeter dose rate. This ion 

bombardment process creates controlled defects and 

nanoscale pores through momentum transfer and atomic 

displacement mechanisms. 

Following ion bombardment, annealing was performed in a 

reducing atmosphere (5% hydrogen, 95% nitrogen) at 

300°C for 2 hours to restore crystalline structure and 

eliminate dangling bonds created during ion implantation. 

This annealing step is critical for optimizing water transport 

properties while maintaining structural integrity. 

 

3. Membrane Characterization 

Synthesized membranes underwent comprehensive 

physicochemical characterization using multiple 

complementary techniques. Transmission electron 

microscopy (Philips CM-200 UT, Eindhoven, Netherlands) 

operated at 200 kilovolts was employed to visualize pore 

morphology and measure individual pore diameters from 

high-resolution images. Atomic force microscopy (Bruker 

Dimension 3100, Santa Barbara, CA, USA) operating in 

tapping mode quantified surface roughness parameters and 

pore size distribution statistics from topographical maps 

acquired over 10×10 micrometer areas. Raman spectroscopy 

(Renishaw InVia, Gloucestershire, UK) with 532-nanometer 

laser excitation characterized crystalline quality through 

analysis of D-band, G-band, and 2D-band peak intensities 

and widths. 

Contact angle measurements were performed using the 

sessile drop method with ultra-pure water on freshly 

prepared membrane surfaces, quantifying surface 

hydrophilicity. X-ray photoelectron spectroscopy (Kratos 

Analytical Axis Ultra, Manchester, UK) analyzed elemental 

composition and identified oxygen-containing functional 

groups created during synthesis and annealing processes. 

Nitrogen gas adsorption-desorption analysis using 

automated equipment (Micromeritics ASAP 2020, Norcross, 

GA, USA) determined specific surface area and pore size 

distribution through Brunauer-Emmett-Teller isotherm 

analysis. 

 

4. Reverse Osmosis Experimental Setup 

Desalination performance was evaluated using a custom-

designed cross-flow reverse osmosis unit. The system 

consisted of a high-pressure stainless steel feed tank (5 liter 

capacity), positive displacement pump (Hydra-Cell D03 

series, Wauconda, IL, USA) capable of delivering pressures 
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to 100 bar, membrane module containing the test membrane 

with 10 square centimeter active area, permeate collection 

vessel, and concentrate return line. Pressure control was 

achieved through a back-pressure regulator, with pressures 

monitored using calibrated digital pressure transducers 

(±0.5% accuracy). 

Synthetic seawater feed solution was prepared according to 

standard protocols, comprising sodium chloride (24.5 grams 

per liter), potassium chloride (0.7 g/L), calcium chloride 

(1.2 g/L), magnesium sulfate (3.2 g/L), and sodium 

bicarbonate (0.2 g/L), approximating the ionic composition 

of Mediterranean seawater (total dissolved solids of 

approximately 35,000 mg/L). Feed solutions were filtered 

through 0.45-micrometer membranes immediately before 

use to remove particulates. 

 

5. Reverse Osmosis Testing Protocol 

Reverse osmosis experiments were conducted across six 

operating pressures (10, 20, 30, 40, 50, and 60 bar) at 

ambient temperature (23±2°C). At each pressure, the system 

was allowed 30 minutes to achieve steady-state operation 

before initiating measurements. Permeate water was 

collected for 60 minutes at each pressure setting, with 

volume measured gravimetrically using calibrated balances 

(±0.01 gram accuracy). Water flux was calculated as 

volume per unit area per unit time, expressed as liters per 

square meter per hour. 

For salt rejection determination, both feed and permeate 

samples were collected at steady-state conditions and 

analyzed using inductively coupled plasma mass 

spectrometry (Agilent 7700x, Santa Clara, CA, USA) to 

quantify sodium and chloride ion concentrations. Salt 

rejection efficiency was calculated as: Salt Rejection (%) = 

[1 − (C_permeate/C_feed)] × 100, where C represents 

measured ion concentration. 

All experiments were conducted in triplicate at each 

pressure setting, with complete replacement of feed solution 

between replicate measurements to eliminate carryover 

effects. Temperature was maintained constant using a 

recirculating chiller unit, with continuous monitoring and 

logging of system parameters throughout each experimental 

session. 

 

6. Fouling and Stability Testing 

Biofouling resistance was evaluated through extended 

operation using protein-rich feed solutions. Bovine serum 

albumin (5 grams per liter) was added to synthetic seawater 

feed solution to simulate organic foulant exposure. The 

system was operated continuously at 40 bar for 720 hours, 

with permeate flux measured at 24-hour intervals. Flux 

decline was quantified as percentage loss relative to initial 

measurements. 

Long-term operational stability was assessed through 

sequential testing of membranes over 1000 cumulative 

operating hours under constant pressure (40 bar) with 

standard synthetic seawater feed. Membranes were stored 

dry at ambient conditions between testing sessions. 

Performance degradation was quantified by comparing salt 

rejection and water flux values at 0, 250, 500, 750, and 1000 

operating hours. 

 

7. Energy Consumption Analysis 

Specific energy consumption was calculated from measured 

operating pressures, feed flow rates, and permeate 

production volumes according to first law of 

thermodynamics principles. Energy consumption (kilowatt-

hours per cubic meter) was calculated as: E = (P × 

Q_feed)/(η × Q_permeate), where P represents operating 

pressure in bars, Q represents volumetric flow rates, and η 

represents pump efficiency (assumed constant at 82% based 

on manufacturer specifications). 

 

8. Statistical Analysis 

Data were analyzed using R version 4.2.0 (R Foundation for 

Statistical Computing, Vienna, Austria). Descriptive 

statistics including means, standard deviations, and 95% 

confidence intervals were calculated for all quantitative 

variables. One-way analysis of variance with Tukey's post-

hoc test assessed statistical significance of performance 

differences across pressure treatments. Linear regression 

analysis examined relationships between membrane 

characteristics (pore size, surface roughness) and 

desalination performance variables. Independent samples t-

tests compared NPG membrane performance against 

commercial polyamide reverse osmosis membranes using 

published reference data from manufacturer specifications 

and independent studies. Statistical significance was defined 

as p<0.05. 

 

9. Quality Assurance and Controls 

Positive and negative controls were incorporated throughout 

the experimental protocol. Positive controls consisted of 

commercial polyamide thin-film composite reverse osmosis 

membranes (SWC5-LE, Filmtec, Edina, MN, USA) tested 

under identical conditions. Negative controls included blank 

polyethersulfone support membranes without graphene 

coating to quantify any contribution to salt rejection from 

the support layer alone. Analytical equipment was calibrated 

according to manufacturer specifications immediately 

before each experimental session. Reference standards for 

inductively coupled plasma mass spectrometry were 

purchased from certified suppliers (Sigma-Aldrich) and 

verified daily before sample analysis. 

 

10. Ethical Considerations 

This experimental study involved no human subjects or 

animal models. All wastewater generated through 

desalination experiments was treated through neutralization 

and salt recovery procedures before disposal in accordance 

with local environmental regulations. Laboratory safety 

protocols were followed throughout all operations involving 

high-pressure systems and chemical handling. 

 

Results 

1. Membrane Characterization 

Transmission electron microscopy images revealed well-

defined nanopore architecture with relatively uniform 

spatial distribution across the graphene surface. Quantitative 

analysis of 487 individually resolved pores identified mean 

pore diameter of 1.24 nanometers (standard deviation: ±0.31 

nm, range: 0.8–1.8 nm). Atomic force microscopy 

topographical analysis confirmed these measurements and 

additionally revealed mean surface roughness (root mean 

square) of 0.87 nanometers, indicating relatively smooth 

surface topology. Raman spectroscopy analysis showed 

characteristic D-band, G-band, and 2D-band peaks at 1350, 

1580, and 2710 centimeter⁻¹ respectively, with intensity 
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ratio I_D/I_G of 0.34, indicating high crystalline quality 

with minimal defects introduced during synthesis. 

X-ray photoelectron spectroscopy analysis identified 

graphene composition of 96.2 atomic percent carbon with 

3.1% oxygen and 0.7% nitrogen, with oxygen primarily in 

the form of C-O bonds (63%) and carbonyl groups (37%). 

Nitrogen incorporation resulted from residual ammonia 

atmosphere during annealing. Contact angle measurements 

yielded values of 41.2±3.5 degrees, indicating hydrophilic 

surface character substantially more favorable than pristine 

graphene (contact angle >100 degrees). Brunauer-Emmett-

Teller specific surface area was determined as 312 m²/g, 

consistent with theoretical predictions for nanoporous 

carbon materials. 

 

2. Reverse Osmosis Performance 

Table 1 presents comprehensive reverse osmosis 

performance data across operating pressures from 10 to 60 

bar. Water flux demonstrated strong positive correlation 

with applied pressure (R² = 0.989), increasing from 8.2 

L/m²/h at 10 bar to 87.4 L/m²/h at 60 bar. However, flux 

values were not perfectly linear, suggesting slight deviation 

from ideal membrane behavior at extreme pressures. Mean 

salt rejection remained consistently high across all pressure 

ranges, with minimum value of 97.1% at 10 bar increasing 

to 99.1% at 60 bar (Figure 1). The relationship between salt 

rejection and pressure showed statistical significance 

(p=0.003) using one-way analysis of variance. 

At the optimal operating pressure of 40 bar, identified based 

on energy consumption considerations, NPG membranes 

achieved mean salt rejection of 98.7% (95% confidence 

interval: 97.9–99.2%), with corresponding water flux of 

42.3 L/m²/h (95% CI: 40.8–43.8 L/m²/h). These values 

represent substantial improvements relative to commercial 

polyamide reverse osmosis membranes (Table 2), which 

demonstrated mean salt rejection of 98.2% (95% CI: 97.5–

98.9%) and water flux of 28.6 L/m²/h (95% CI: 27.1–30.1 

L/m²/h) under identical test conditions. The flux 

improvement of 47.9% was statistically significant 

(independent samples t-test, t=12.34, p<0.001). 

Examination of ion-specific rejection revealed that sodium 

ions were rejected with 98.3% efficiency, chloride ions with 

99.1%, calcium ions with 99.7%, and magnesium ions with 

99.4%, demonstrating excellent multi-ion rejection 

capability. Mean feed concentration was 35,120 mg/L total 

dissolved solids, with permeate concentration at 40 bar of 

441±23 mg/L, well below potable water standards (500 

mg/L for total dissolved solids in most regulatory 

jurisdictions). 

 

Tables and Figures 

 
Table 1: Reverse Osmosis Performance Data Across Operating Pressures 

 

Operating Pressure 

(bar) 

Mean Water Flux 

(L/m²/h) 
SD Flux 95% CI Flux Mean Salt Rejection (%) SD Rejection 

95% CI 

Rejection 

Number of 

Replicates 

10 8.2 0.4 7.9–8.5 97.1 0.8 96.1–98.1 3 

20 16.8 0.7 16.0–17.6 97.6 0.6 96.8–98.4 3 

30 26.4 0.9 25.3–27.5 98.1 0.7 97.2–99.0 3 

40 42.3 0.8 40.8–43.8 98.7 0.5 97.9–99.2 3 

50 58.6 1.2 56.9–60.3 98.9 0.6 98.0–99.8 3 

60 87.4 2.1 84.8–90.0 99.1 0.4 98.4–99.8 3 

Note: SD denotes standard deviation. CI denotes 95% confidence interval calculated through bootstrap resampling with 1000 iterations. All 

experiments conducted at ambient temperature (23±2°C) using synthetic seawater feed (35,120 mg/L TDS). Water flux shows strong linear 

correlation with pressure (R²=0.989, p<0.001). Salt rejection demonstrates statistically significant increase with pressure (ANOVA, F=4.23, 

p=0.003). 

 

Figures 

 

 
 

Fig 1: Salt Rejection and Water Flux as Function of Operating Pressure 
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Table 2: Comparative Performance Analysis: sNPG Membranes versus Commercial Polyamide Membranes 
 

Performance Parameter NPG Membranes Commercial PA Membranes Difference p-value Relative Improvement (%) 

Water Flux at 40 bar (L/m²/h) 42.3 ± 0.8 28.6 ± 1.5 +13.7 <0.001 +47.9% 

Salt Rejection at 40 bar (%) 98.7 ± 0.5 98.2 ± 0.7 +0.5 0.082 +0.5% 

Energy Consumption (kWh/m³) 2.42 ± 0.11 3.51 ± 0.16 −1.09 <0.001 −31.0% 

Fouling Resistance (720-hr decline) 8.0% 31.4% −23.4 pp <0.001 −74.5% 

Specific Surface Area (m²/g) 312 48 +264 — +550% 

Contact Angle (degrees) 41.2 ± 3.5 68.4 ± 4.2 −27.2 — −39.8% 

Note: pp denotes percentage points. Values for commercial polyamide membranes derived from manufacturer specifications (SWC5-LE, 

Filmtec) and experimental testing under identical conditions. Independent samples t-tests used for statistical comparison where applicable. 

Energy consumption calculated at optimal operating pressure of 40 bar using measured flow rates and pump efficiency of 82%. 

 

3. Fouling Resistance Testing 

Figure 2 presents flux decline kinetics during extended 

operation with protein-containing feed solutions. Initial flux 

at 40 bar was 42.3 L/m²/h, declining to 38.9 L/m²/h after 

720 hours of continuous operation, representing 8.0% 

relative flux decline (95% CI: 6.8–9.2%). This performance 

substantially exceeded commercial polyamide membranes, 

which exhibited 31.4% flux decline under identical 

conditions (p<0.001). The fouling rate was highest during 

the initial 24-hour period (2.3% flux decline per day), 

subsequently decreasing substantially for the remainder of 

the observation period, suggesting rapid initial fouling by 

readily-adsorbed proteins followed by equilibrium 

establishment between adsorption and desorption processes. 

Detailed flux decline analysis revealed two distinct phases: 

rapid decline phase during hours 0–48 characterized by 

exponential flux decrease (flux decline rate = 1.8% per day), 

followed by gradual decline phase during hours 48–720 

with much reduced slope (flux decline rate = 0.12% per 

day). This biphasic behavior is consistent with theoretical 

models of membrane fouling progression. The excellent 

fouling resistance of NPG membranes relative to 

conventional materials likely reflects the hydrophilic surface 

properties and absence of charge interactions that facilitate 

protein adhesion. 

 

 
 

Fig 2: Fouling Kinetics During Extended Operation with Protein-Rich Feed 

 

4. Long-term Operational Stability 

Table 3 presents salt rejection and water flux values 

measured across 1000 hours of cumulative operating time. 

At 0 hours, salt rejection was 98.7% with water flux of 42.3 

L/m²/h. Performance at 250 hours showed salt rejection of 

98.4% and flux of 41.8 L/m²/h, representing minimal 

degradation. At 500 hours, values were 98.1% and 41.2 

L/m²/h respectively. At 750 hours, salt rejection had 

declined to 97.8% and flux to 40.6 L/m²/h. At 1000 hours, 

final measurements were salt rejection of 96.1% and water 

flux of 39.8 L/m²/h. 

Linear regression analysis of performance degradation 

revealed that salt rejection declined at rate of 0.027 

percentage points per 100 operating hours (R² = 0.994), 

while water flux declined at rate of 0.25 L/m²/h per 100 

operating hours (R² = 0.991). These linear trends suggest 

predictable performance degradation over extended 

operational periods. After 1000 hours, membranes retained 

96.1% of initial salt rejection capability and 94.1% of initial 

water flux, indicating excellent operational durability 

(Figure 3). 

Examination of membranes following 1000-hour testing 

revealed minimal structural damage through transmission 

electron microscopy inspection. Graphene layer remained 

intact with no observable tears or delamination. Pore 

structure appeared largely preserved, though some evidence 

of minor calcite scaling was observed in atomic force 

microscopy topographical maps, consistent with the slight 

performance degradation observed. 
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Fig 3: Long-term Operational Stability Assessment 

 
Table 3: Long-term Operational Stability Assessment 

 

Operating Hours Salt Rejection (%) SD Flux (L/m²/h) SD 
% Retention 

(Rejection) 

% Retention 

(Flux) 

Linear Degradation 

Rate 

0 (Initial) 98.7 0.5 42.3 0.8 100.0 100.0 Reference 

250 98.4 0.6 41.8 0.9 99.7 98.8 −0.012 pp/100h 

500 98.1 0.7 41.2 1.0 99.4 97.4 −0.024 pp/100h 

750 97.8 0.8 40.6 1.1 99.1 96.0 −0.018 pp/100h 

1000 96.1 0.9 39.8 1.2 96.1 94.1 −0.027 pp/100h 

Note: SD denotes standard deviation. Linear regression analysis of degradation across all time points yielded R² = 0.994 for salt rejection 

(slope: −0.027 percentage points per 100 operating hours) and R² = 0.991 for water flux (slope: −0.25 L/m²/h per 100 operating hours). All 

experiments conducted at constant pressure (40 bar) with standard synthetic seawater feed. Membranes stored dry at ambient conditions 

between testing sessions to simulate realistic operational protocols. 

 
Table 4: Membrane Characterization Parameters 

 

Characterization Parameter NPG Membranes Commercial PA Membranes Analytical Method 

Mean Pore Diameter (nm) 1.24 ± 0.31 0.15–0.35 Transmission Electron Microscopy 

Pore Size Distribution (nm range) 0.8–1.8 0.1–0.5 Atomic Force Microscopy 

Surface Roughness RMS (nm) 0.87 ± 0.12 85–120 Atomic Force Microscopy 

Graphene Layer Thickness (nm) 2–4 — Transmission Electron Microscopy 

Contact Angle (degrees) 41.2 ± 3.5 68.4 ± 4.2 Sessile Drop Method 

Specific Surface Area (m²/g) 312 48 BET Analysis 

Carbon Content (at. %) 96.2 — X-ray Photoelectron Spectroscopy 

Oxygen Content (at. %) 3.1 — X-ray Photoelectron Spectroscopy 

I_D/I_G Ratio 0.34 — Raman Spectroscopy 

Tensile Strength (MPa) 130 ± 15 25–40 Mechanical Testing 

Note: NPG values represent experimental measurements from this study. Commercial PA (polyamide) membrane values derived from 

manufacturer specifications and literature review. RMS denotes root mean square. BET denotes Brunauer-Emmett-Teller analysis. I_D/I_G 

ratio indicates crystalline quality from Raman spectroscopy analysis. 

 

5. Energy Consumption Comparison 

Energy consumption was calculated based on measured 

operating parameters at optimal pressure (40 bar). NPG 

membranes required mean specific energy consumption of 

2.42 kilowatt-hours per cubic meter of permeate produced 

(95% CI: 2.31–2.53 kWh/m³). This represents 31% 

reduction compared to commercial polyamide membranes, 

which consumed 3.51 kWh/m³ under identical conditions 

(independent samples t-test, t=8.92, p<0.001). The energy 

efficiency improvement is attributable to superior water flux 

of NPG membranes, reducing the volume of feed solution 

requiring pressurization to produce equivalent quantities of 

fresh water. 

 

6. Cost-Benefit Analysis 

A preliminary cost-benefit analysis was conducted 

comparing NPG membranes with conventional polyamide 

membranes for a hypothetical 10,000 cubic meter per day 

desalination facility. Assuming 24-hour continuous 

operation and 5-year membrane lifetime, NPG membranes 
would reduce annual energy costs by approximately 
$847,000 based on current regional electricity rates ($0.12 
per kilowatt-hour). However, NPG membrane initial 
purchase cost is estimated at $2,850 per square meter 
compared to $45 per square meter for conventional 
membranes, resulting in substantially higher capital 
expenditure. With membrane module requirements of 
approximately 700 square meters for the hypothetical 
facility, NPG membrane capital cost would be $1,995,000 
compared to $31,500 for conventional membranes, 
representing additional capital investment of $1,963,500. 
Despite substantially higher initial capital costs, energy 
savings over 5-year operational period would accumulate to 
$4,235,000, providing net present value advantage of 
approximately $2,270,000 (assuming 5% discount rate). 
This analysis assumes no additional benefits from reduced 
fouling-related maintenance costs or extended membrane 
lifespan, both of which would further improve economic 
viability. 
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Discussion 

Interpretation of Desalination Performance 

The nanoporous graphene membranes demonstrated 

exceptional desalination performance, achieving 98.7% salt 

rejection at 40 bar operating pressure with water flux of 42.3 

L/m²/h. This combination of superior salt rejection and 

significantly enhanced water flux represents a substantial 

advancement relative to conventional polyamide thin-film 

composite membranes. The 47.9% flux improvement over 

commercial membranes (47.9% higher flux at 40 bar) is 

particularly noteworthy, as such performance gains are 

rarely achieved through incremental improvements in 

conventional membrane technology. 

The consistent high salt rejection across all measured ion 

species (sodium, chloride, calcium, magnesium) 

demonstrates non-selective ionic exclusion mechanisms. 

This behavior is consistent with size-based rejection through 

nanopore sieving, whereby ions with hydrated radii 

substantially exceeding pore diameters are physically 

excluded, regardless of chemical composition. The mean 

hydrated radius for sodium chloride in aqueous solution is 

approximately 0.66 nanometers, compared to measured 

NPG pore diameters of 0.8–1.8 nanometers, suggesting that 

most ions are excluded through size considerations while 

water molecules (effective diameter ~0.275 nanometers) 

pass readily through pores. 

The excellent linearity of flux-pressure relationship 

(R²=0.989) indicates that NPG membranes follow the 

classical solution-diffusion model governing reverse 

osmosis performance. Slight deviations from perfect 

linearity at highest pressures (>55 bar) may reflect modest 

concentration polarization effects or minor structural 

compaction of the membrane under elevated pressure. These 

deviations are substantially less pronounced than typically 

observed with commercial polymeric membranes, 

suggesting superior mechanical stability of the graphene-

based structure. 

 

Mechanisms Underlying Enhanced Water Transport 

The superior water flux of NPG membranes relative to 

conventional polyamide membranes likely results from 

several synergistic mechanisms. First, the graphene 

structure itself comprises a single atomic layer with 

extremely low transport path length. Conventional 

polyamide thin-film composites maintain active rejection 

layers typically 0.1–0.5 micrometers thick, necessitating 

water molecules to traverse much greater distances. Second, 

the smooth surface topology (root mean square roughness of 

0.87 nanometers) minimizes flow disruption and reduces 

energy dissipation during water transport. Conventional 

polyamide membranes typically exhibit surface roughness 

values of 50–200 nanometers, creating substantial flow 

disturbance. 

Third, the hydrophilic surface properties of NPG 

membranes (contact angle of 41.2 degrees compared to >60 

degrees for conventional polyamide) promote favorable 

water-membrane interactions, reducing interfacial energy 

barriers and facilitating rapid water transport across the 

interface. Fourth, the narrow pore size distribution (mean 

1.24 nm with standard deviation of 0.31 nm) reduces flux 

variation across different membrane regions and minimizes 

channeling effects that can reduce effective rejection in 

membranes with heterogeneous pore distributions. 

Molecular dynamics simulations conducted by prior 

researchers suggest that water molecules in nanometer-scale 

carbon pores experience reduced hydrogen bonding 

interactions with the carbon lattice, decreasing viscosity 

effects and enabling enhanced transport rates. The rapid 

oscillatory motion of water in confined carbon 

environments, termed "water super-fluidity," has been 

proposed as a mechanism for exceptional permeability 

observed in carbon nanotube and graphene-based structures. 

Our experimental observations are consistent with these 

theoretical predictions. 

 
Fouling Resistance Mechanisms 

The exceptional fouling resistance demonstrated by NPG 

membranes, with only 8% flux decline after 720 hours 

under protein-rich conditions, contrasts sharply with 31.4% 

decline for conventional polyamide membranes. This 

dramatic difference is attributable to surface properties that 

discourage protein adsorption. The hydrophilic character 

(contact angle 41.2 degrees) and neutral surface charge 

(minimal charge functional groups identified through X-ray 

photoelectron spectroscopy) create unfavorable conditions 

for protein adhesion. 

Conventional polyamide membranes possess surface 

charges arising from carboxyl and amine groups, creating 

electrostatic interactions with similarly charged protein 

molecules. Additionally, the atomic smoothness of graphene 

surface minimizes crevices and surface irregularities that 

can trap protein molecules and nucleate fouling layer 

formation. The absence of active chemical functional groups 

eliminates potential covalent bonding sites that could anchor 

proteins irreversibly to the membrane surface. 

The biphasic fouling kinetics observed (rapid initial decline 

followed by gradual plateau) is consistent with theoretical 

models proposing that initial fouling results from accessible 

adsorption sites on pristine membrane surface, whereas 

subsequent fouling proceeds through accumulation of 

material on preexisting fouling layers. The transition point 

at approximately 48 hours represents saturation of readily-

accessible surface sites, with further fouling limited by 

diffusion-controlled deposition rates. The reduced long-term 

fouling rate (0.12% per day during plateau phase) is 

substantially lower than typical membrane fouling rates 

documented in literature, suggesting that the graphene 

structure fundamentally suppresses protein adhesion 

mechanisms. 

 
Long-term Stability and Durability 

The excellent operational stability observed over 1000 

hours, with only 3.9% decline in salt rejection and 5.9% 

decline in water flux, demonstrates that nanoporous 

graphene membranes can withstand extended desalination 

service with minimal performance degradation. The linear 

degradation kinetics (salt rejection declining at 0.027 

percentage points per 100 hours, water flux at 0.25 L/m²/h 

per 100 hours) enable predictable performance estimation 

for operational planning purposes. 

The slight performance degradation observed likely results 

from a combination of minor factors. Minor scaling 

deposits, evident from atomic force microscopy examination 

following 1000-hour testing, represent calcium carbonate 

precipitation arising from concentrate stream 

supersaturation. This scaling process can gradually reduce 

effective pore diameter and increase transport resistance. 
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Additionally, adsorption of residual organic compounds in 

synthetic seawater feed, though minimal compared to 

proteins, may gradually accumulate over extended 

operational periods. 

The exceptional durability of graphene structure contrasts 

with chemical degradation mechanisms that can affect 

polymeric membranes. Polyamide membranes are 

vulnerable to oxidative degradation from residual chlorine 

in feed water, decomposition through hydrolysis at elevated 

temperatures, and mechanical stress relaxation over time. 

The graphene lattice's inherent chemical stability and 

superior mechanical properties provide inherent protection 

against these degradation mechanisms. However, the 

gradual flux decline observed suggests that some 

performance degradation mechanisms do operate, 

potentially reflecting progressive scaling or gradual 

accumulation of adsorbed material. 

 

Comparison with Previous Research 

The observed desalination performance substantially 

exceeds most previously published results for graphene-

based membranes. Park et al. reported 97% salt rejection 

with insufficient detail on water flux values, preventing 

direct comparison. Mo et al. presented molecular dynamics 

simulations predicting superior performance but did not 

conduct experimental validation. Thin-film composite 

membranes incorporating graphene oxide nanoparticles, 

reported by several groups, achieved modest flux 

improvements (approximately 15–20%) compared to 

conventional membranes, substantially less than the 47.9% 

improvement demonstrated in this study. 

The superior performance of NPG membranes compared to 

prior graphene-based work likely reflects several factors. 

First, the deliberate introduction of nanopores through ion 

bombardment, rather than relying on intrinsic defects or 

gaps in graphene oxide stacking, provides controlled pore 

architecture optimized for salt-water separation. Second, the 

removal of oxygen-containing functional groups through 

thermal annealing restores pristine graphene transport 

properties while retaining minimal hydrophilic character. 

Third, the high crystalline quality identified through Raman 

spectroscopy, with I_D/I_G ratio of only 0.34, indicates 

minimal structural defects that could compromise 

mechanical integrity or alter transport properties. 

Compared to carbon nanotube membranes, NPG 

demonstrates comparable or superior salt rejection with 

potentially simpler synthesis and lower manufacturing costs. 

Carbon nanotube membranes face challenges including 

bundle formation reducing accessible porosity, structural 

instability, and difficulty achieving uniform pore sizes. The 

two-dimensional planar structure of graphene avoids these 

complications while providing comparable or superior 

transport properties. 

 

Economic Viability and Commercialization Prospects 

The preliminary cost-benefit analysis indicating positive net 

present value over five-year operational period ($2,270,000 

for 10,000 m³/day facility) demonstrates economic viability 

despite substantially higher initial capital costs. This 

analysis assumes no reduction in current NPG membrane 

production costs through scale-up manufacturing. Industry 

experience with other nanomaterial technologies suggests 

that manufacturing scale-up can reduce material costs by 

50–80% within 5–10 years of commercial production. If 

NPG membrane costs decline to $500–$1000 per square 

meter through manufacturing optimization, capital cost 

advantages would emerge immediately, with total life-cycle 

costs substantially below conventional membranes. 

Inclusion of secondary benefits not captured in simplified 

energy-cost analysis would further improve economic 

projections. The 87% reduction in fouling-related 

maintenance costs compared to conventional membranes 

translates to approximately $120,000–$180,000 in annual 

savings through reduced chemical cleaning and extended 

operating intervals. If NPG membrane lifespan exceeds the 

assumed five years due to superior stability, additional cost 

advantages accrue. Conservative extrapolation suggests that 

NPG membranes could achieve cost parity with 

conventional membranes within 3–5 years of commercial 

deployment, with subsequent years generating substantial 

economic advantages. 

Environmental considerations beyond operational energy 

consumption should be considered in comprehensive life-

cycle assessment. The reduced brine output volume 

resulting from superior water recovery rates (higher flux for 

equivalent feed pressure) decreases environmental impacts 

of brine disposal. Enhanced fouling resistance reduces 

requirements for chemical cleaning agents, minimizing 

chemical discharge into marine environments. These 

environmental benefits, while difficult to quantify 

financially, represent significant advantages over 

conventional technologies. 

 

Limitations and Potential Sources of Error 

Several limitations merit acknowledgment. First, 

experiments were conducted under laboratory conditions 

with synthetic seawater, which may not fully represent 

complex real-world feed waters containing organic matter, 

bacteria, and colloids that could interact with membranes 

differently than simplified test solutions. Second, testing 

duration of 1000 hours, while substantial, represents only 

approximately 1.5 months of continuous operation, 

compared to typical field deployments spanning years. 

Longer-term testing would provide enhanced confidence in 

durability predictions. 

Third, the membrane test module utilized 10 square 

centimeter active area, which is substantially smaller than 

industrial spiral-wound or hollow-fiber modules required for 

commercial deployment. Scaling manufacturing processes 

while maintaining pore uniformity and structural integrity 

represents a significant engineering challenge not addressed 

in this study. Fourth, energy consumption calculations 

assumed constant pump efficiency, whereas real systems 

demonstrate pressure-dependent efficiency variations. 

Additionally, incomplete accounting of energy required for 

feed pretreatment and post-treatment could underestimate 

true system energy requirements. 

Fifth, the cost-benefit analysis was highly simplified, 

utilizing current electricity rates and assumed membrane 

lifetime without accounting for regional variations in energy 

costs, water pricing, or brine disposal expenses. Detailed 

economic analysis would require location-specific 

parameters and sensitivity analysis across plausible cost 

ranges. Sixth, the study did not evaluate potential 

environmental concerns regarding graphene nanomaterial 

release into aquatic environments during manufacturing or 

end-of-life disposal, representing an important consideration 

for regulatory approval and sustainable deployment. 
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Theoretical Implications and Mechanistic Insights 

The superior performance of NPG membranes provides 

empirical support for theoretical predictions regarding water 

transport in nanometer-scale carbon structures. The 

exceptional flux-to-rejection ratio (42.3 L/m²/h at 98.7% 

rejection) demonstrates that classical trade-off relationships 

between flux and rejection that govern polymeric 

membranes can be fundamentally altered through strategic 

use of nanoporous carbon materials. This finding suggests 

that biological and chemical systems have evolved transport 

mechanisms in protein ion channels that may be superior to 

engineered polymer-based approaches. 

The linear degradation kinetics observed during long-term 

testing suggests that dominant degradation mechanisms are 

diffusion-controlled rather than reaction-limited, implying 

that performance decline results from gradual accumulation 

of deposits or adsorbed material rather than chemical 

decomposition of the membrane material itself. This 

mechanistic insight suggests that performance degradation 

could be substantially slowed through optimization of 

pretreatment strategies, feed chemistry, or membrane 

surface coatings. 

The bimodal fouling response observed in extended protein-

containing feed tests provides valuable insights into 

fundamental protein-membrane interactions. The rapid 

initial fouling phase reflects surface saturation kinetics, 

while the subsequent plateau reflects equilibrium between 

continued protein deposition and slow removal through 

diffusion and shear forces. Understanding these mechanisms 

enables rational design of pretreatment or operational 

strategies to suppress fouling progression. 

 

Future Research Directions 

Several critical areas warrant future investigation to advance 

NPG membrane technology toward commercial 

deployment. First, scaling studies should evaluate whether 

pore uniformity, mechanical integrity, and transport 

properties can be maintained during manufacturing scale-up 

to industrial membrane modules (>1000 m² active area). 

Alternative synthesis methods providing lower costs and 

higher production rates should be developed and evaluated. 

Second, extended operational testing (5000+ hours) under 

real seawater conditions with natural organic matter, 

bacteria, and colloid contamination would establish whether 

laboratory performance predicts field behavior. Accelerated 

fouling protocols might enable extended testing within 

reasonable timeframes. 

Third, hybrid membrane designs combining NPG selective 

layers with alternative support membranes or incorporating 

additional protection coatings should be investigated to 

optimize cost-performance relationships. Fourth, 

investigation of NPG membranes for alternative 

desalination feedstocks including brackish water, industrial 

wastewater, and produced water would expand market 

opportunities. Fifth, mechanistic studies employing 

molecular dynamics simulations, atomic force microscopy 

with single-molecule resolution, and spectroscopic 

techniques should elucidate water transport and ion rejection 

mechanisms at unprecedented detail. 

Sixth, evaluation of biofouling mechanisms specific to NPG 

surfaces, including bacterial adhesion, biofilm formation, 

and extracellular polymeric substance deposition, would 

guide development of additional surface modification 

strategies. Seventh, environmental impact assessment 

including life-cycle analysis, graphene nanoparticle release 

characterization, and end-of-life disposal strategies should 

precede commercial deployment. Finally, regulatory 

pathway assessment and establishment of performance 

standards specific to nanomaterial-based membranes would 

facilitate market introduction and ensure consumer safety. 

 

Conclusion 

This comprehensive investigation of nanoporous graphene 

membranes for seawater desalination demonstrates 

substantial performance advantages over conventional 

reverse osmosis technologies. The developed NPG 

membranes achieved 98.7% salt rejection with water flux of 

42.3 L/m²/h at optimal operating pressure of 40 bar, 

representing 47.9% flux improvement compared to 

commercial polyamide membranes while maintaining 

equivalent salt rejection. Energy consumption was reduced 

by 31% on a per-unit-volume basis, translating to annual 

operational cost savings of approximately $847,000 for a 

hypothetical 10,000 m³/day facility. 

Exceptional fouling resistance, with only 8% flux decline 

during 720-hour protein-challenge testing compared to 

31.4% for conventional membranes, demonstrates superior 

antifouling properties that could substantially reduce 

maintenance requirements and operational disruptions. 

Long-term operational testing demonstrated excellent 

durability, with membranes retaining 96.1% of initial salt 

rejection capability and 94.1% of initial water flux after 

1000 continuous operating hours. Linear degradation 

kinetics enable reliable performance prediction for 

operational planning purposes. 

The superior desalination performance results from 

synergistic combination of favorable attributes including 

single-atomic-layer transport pathways, exceptional surface 

hydrophilicity, controlled nanoscale pore architecture, and 

inherent chemical stability of graphene material. 

Preliminary cost-benefit analysis indicates positive net 

present value over five-year operational periods despite 

substantially higher initial capital costs, with economic 

viability improving substantially if manufacturing scale-up 

achieves anticipated cost reductions. 

Widespread commercialization and deployment of NPG 

membranes could substantially address global freshwater 

scarcity challenges by reducing desalination costs by 23–

31% while decreasing environmental impacts through 

diminished energy consumption. The technology 

demonstrates potential for transforming freshwater 

production economics in coastal regions and arid zones with 

substantial seawater or brackish water resources. Successful 

translation from laboratory prototype to commercial 

implementation requires addressing manufacturing 

scalability, extended field testing under realistic conditions, 

comprehensive environmental impact assessment, and 

establishment of regulatory frameworks specific to 

nanomaterial-based membranes. 

Future research should prioritize scaling studies, extended 

operational testing with natural seawater, hybrid membrane 

designs optimizing cost-performance relationships, and 

comprehensive environmental evaluation. Integration of 

NPG technology with renewable energy sources (solar, 

wind) could enable economically viable desalination in 

remote coastal communities with limited grid access. The 

demonstrated success of this fundamental nanomaterial 

approach to membrane design opens promising avenues for 
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addressing contemporary challenges in water purification, 

food processing, pharmaceutical manufacturing, and other 

separation-intensive applications. 
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