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Dear Reader, 

I would first review any departmental guidelines or examples before starting your 
prospectus. When I was outlining my prospectus, I first reviewed some successful 
proposals to get a sense of which elements I needed to include, and how each proposed 
project was structured. I completed the outline and background sections before moving 
onto the tasks that I was proposing. The first few tasks in my statement were based on 
some of the work that I had completed in my earlier part of my PhD, but my remaining 
tasks were tasks that I had not proposed previously. To further develop these ideas, I 
reviewed prior literature with my advisor and created mock-up diagrams and schematics 
with Illustrator before completing the writing for these sections. After editing each section 
individually, I reviewed the document in its entirety to see if the five tasks I proposed 
addressed the problem statement I introduced.

I would encourage graduate students to develop ideas first with their advisor before 
beginning with the writing. I had to edit a lot of my writing while preparing my prospectus, 
which could have been avoided if I spent more time thinking about the methodology and 
outcomes of my project.

-Kevin Pataroque
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Abstract

Approximately four billion people live in areas that experience severe water scarcity. 
Rapid industrialization and population growth, especially pronounced in developing 
nations, has overexerted freshwater resources. To meet economic and municipal 
demands for water while sustainably preserving freshwater resources, engineered 
processes such as desalination can be used to harness alternate water sources, 
ensuring water security. Desalination practices based on reverse osmosis technology 
utilize polyamide-based membranes to reject salts from saline waters and allow water 
passage through the semipermeable membrane matrix. A major cost driver for inland 
desalination and treatment of industrial wastewaters is the disposal of brine reject. 
Current brine disposal techniques incur high costs and raise severe environmental 
concerns, and thermal-based brine treatment processes are energetically unfavorable. 
Future membrane-based brine treatment processes are critical to reduce liquid volume 
in brine streams, lowering disposal costs and enabling the desalination of hypersaline 
brines.

In this work, we will develop a mechanistic understanding of salt and water transport 
through polyamide films by characterizing transport parameters in ultrahigh pressures 
and hypersaline environments. By quantifying salt partitioning and permeability 
parameters through time sensitive analytical instrumentation, physics-based modeling, 
and performance experiments, we will elucidate how compaction-related phenomena 
affects transport under high pressures. Transport across three commercial polyamide 
membranes of different crosslinking densities (SW30, BW30, and NF90 membranes) will 
be studied to investigate irreversible compaction in the active layer. Mechanisms from 
these studies will be used to develop technoeconomic modeling tools to assess energy 
consumption and predict future cost drivers for membrane-based brine treatment trains. 
The mechanistic framework developed in this study will guide further development of 
membrane-based brine management technologies, enabling future cost-effective brine 
disposal practices.

Problem Statement

Approximately four billion people live in areas that experience severe seasonal water 
scarcity, caused by rapid industrialization and urbanization. To preserve pre-existing 
freshwater resources while meeting economic demands for water, governments must 
implement effective water management strategies that draw upon diverse sources of 
water 1 .



Engineered desalination processes convert saline water to potable water by rejecting salts and 
are used to reclaim water from brackish groundwater or seawater or treat industrial 
wastewaters 2 . Due to strict governmental regulations, a major cost driver for inland 
desalination and the treatment of industrial wastewaters is the disposal of brine generated 
from desalination processes. Current brine disposal strategies, such as evaporation ponds, 
deep well disposal, and land application pose environmental concerns and are not scalable 3 . 
To reduce brine disposal costs, operators have adopted approaches such as Zero Liquid 
Discharge (ZLD) and Minimal Liquid Discharge (MLD). These approaches aim to eliminate or 
significantly reduce water volume in brine, increasing water recovery and significantly reducing 
brine volume, decreasing brine disposal
costs 4–6 . Currently, these approaches that utilize brine processing face high energetic 
penalties because most processes that dewater brines, such as mechanical vapor 
compression (MVC), are thermally powered, making them energy-intensive and expensive to 
operate. Major cost3 drivers of thermal-based brine treatment can lead to inland desalination 
being cost-prohibitive,
limiting its implementation. 7
Applying membrane-based processes in place of thermal technologies to treat hypersaline 
brines can increase the energy efficiency of brine treatment trains 8 . Conventional RO 
processes operating at 60 bar can treat saline streams up to 70000 mg L -1 due to osmotic 
pressure limitations. High Pressure Reverse Osmosis (HPRO) is a novel membrane-based 
process that applies hydraulic pressures exceeding 100 bars to overcome large osmotic 
pressures from concentrated brine. These processes can be used as a post-treatment step to 
treat brines from RO desalination processes. Compared with thermal-based processes, an 
HPRO-MVC hybrid approach with HPRO operating at 150 bar was predicted to reduce energy 
consumption by 50% compared to full thermal-based ZLD 9,10 .
A major challenge for advancing HPRO is compaction of conventional RO membranes at higher 
pressures. HPRO requires operating pressures exceeding those of RO operations to overcome 
large osmotic pressures of brine streams. When RO membranes were tested in high-pressure 
environments, macrovoids in the supporting layer for conventional RO membranes collapsed, 
leading to the compaction of the support layer 11,12 . Irreversible compaction has been linked 
to decreased water permeability in polyamide membranes. Other phenomena at high pressures 
and salinities, such as embossing 13 of the skin layer, can impact salt transport in the 
polyamide layer by introducing defects to the membrane, decreasing salt rejection. Finally, 
surface-based phenomena in conventional RO membranes, such as concentration polarization 
and mineral scaling, are expected to be especially pronounced at HPRO operating conditions 
9,14 . Changes in the membrane structure at high pressures and salinities can impact 
membrane performance parameters.



Fundamental work elucidating salt and water transport through polyamide membranes 
at ultrahigh pressures and hypersaline environments is needed to guide HPRO 
membrane development. Pre-existing frameworks in membrane science can be 
expanded to incorporate phenomena at these conditions. The solution-friction (SF) 
model, a framework used in membrane science, has gained increasing popularity to 
predict membrane performance at conventional conditions. The SF model establishes 
a force balance between ion species, water, and the membrane pore surface, and 
considers a pressure-driven gradient as the primary driving force for transport in the RO 
membrane15–17. As the SF model does not consider structural changes phenomena 
induced by large transmembrane pressures, the SF model must be expanded to predict 
membrane performance in HPRO. Fundamental insights gained by quantifying 
transport parameters through analytical instrumentation, high-pressure RO cells, and 
the SF model can be used to develop a framework to guide future development of 
HPRO technologies. 
The proposed research will elucidate transport phenomena at ultrahigh pressures and 
hypersaline environments using an extended SF model, guiding future membrane 
technology development operating in these conditions. Transport behavior beyond 
conventional operations is critically understudied, yet increasingly relevant to brine 
management applications as ZLD and MLD are emerging as competitive water 
management strategies. Our proposed approach will expand the framework of the 
solution-friction model to develop a mechanistic understanding of water and salt 
transport into and through polyamide membranes at these conditions. By 
quantitatively investigating these phenomena, these studies can inform the future 
development of novel membrane materials and membrane processes, overcoming 
economic and engineering challenges around global water scarcity by enabling the 
adoption of energy-efficient brine management practices.

Relevant Background and Research Needs
Current transport models are limited to conventional pressures and salinities for 
desalination. The adoption of the polyamide membrane in industrial-scale desalination 
facilities allowed for membrane-based desalination to overtake thermal-based 
desalination18. In comparison to its predecessors, polyamide membranes made by 
interfacial polymerization exhibit high water permeabilities and excellent salt 
selectivities due to their ultrathin and highly thin structure19. These advancements in 
membrane development, the commercialization of a thin-film composite using a 
polyester backing layer and polysulfone support layer to provide support for the 
polyamide active layer, enabled the rapid implementation of membrane-based 
desalination in the 1980s18,19. Since the development of the polyamide membrane, 
different transport models based off experimental findings have utilized classical 
transport equations to predict salt and water transport through membranes. Two 
dominant theories, the pore-flow model and the solution-diffusion model, have been 
widely used to explain transport in RO membranes. Both models develop frameworks 
from classical transport equations, such as Fick’s Law of Diffusion, and assume that 
transport is driven by a chemical potential gradient. 



These frameworks that attempt to incorporate transport-based phenomena in 
numerical modeling have been used to predict membrane performance parameters, 
such as saltwater flux, salt permeability, or salt rejection, at conventional pressures 
and salinities 15,20,21. Furthermore, when paired with experimental tests in RO cells, 
these models have been used to investigate foundational mechanisms for salt 
exclusion in RO membranes22,23. Because these transport models derived from 
pore-flow or solution-diffusion based frameworks were designed for conventional 
operating conditions, these models are limited to predicting membrane performance 
operating up to 60 bar and salinities of 1000-40000 mg/L24–26.
 
Modeling at high pressures and salinities is critical to advancing membrane 
technologies. Utilizing membrane-based technologies for desalinating high-saline 
streams, such as brine rejects, can decrease energy costs significantly compared with 
thermal-based approaches. Emerging membrane-based technologies for brine 
management may include high-pressure reverse osmosis (HPRO), low-salt rejection 
reverse osmosis, electrodialysis, and forward osmosis. However, all membrane-
based processes must be modified to ensure adequate rejection and water 
permeability with feed streams above 70000 mg/L. HPRO pressures. Furthermore, in 
HPRO, pressures exceeding 60 bar are required to overcome large osmotic pressures. 
Conventional membranes operating above standard pressures have been observed to 
compact, significantly decreasing membrane performance by reducing water 
permeability12. Novel membranes that overcome these limitations are needed to 
advance membrane-based brine treatment. 

Fig. 1. Schematic of RO membrane before and after compaction under high pressures. 
The diffusive pathlength of water increases, leading to lower water permeance under 
compaction.Models developed from prior transport frameworks that capture 
phenomena at high pressures and salinities can inform future fabrication of 
membranes for brine management applications. The pore-flow model and solution-
diffusion model do not consider structural changes at ultrahigh pressures, and 
therefore overpredict membrane performance if applied at these conditions. At higher 
salinities, osmotically driven swelling and deswelling can affect the crosslinking 
density of active layers, affecting water and salt transport27. 

Measuring transport parameters through experimental
 and modelling work can elucidate how parameters 
related to membrane free volume may change in 
these conditions. 
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The framework of the Solution-Friction model can be used for identifying new phenomena at 
high pressures and salinities. Incorporating accurate transport mechanisms in models is 
critical to optimize RO-based desalination processes such as HPRO. The solution-diffusion (SD) 
model, proposed over half a century ago, is a widely used framework to model water and salt 
transport across a polyamide membrane28. Both the SD model and the pore-flow model, another 
prominent model, state that gradients in driving forces such as concentration, pressure, or 
electromotive force can be reduced to chemical potential. However, in the SD model, solvents 
and solutes permeate into the polymer matrix, and diffuse into the permeate side. These species 
are driven by a concentration gradient throughout the membrane, and pressure is kept constant 
at a high value. In this model, solvent and solute transport through the polymer matrix are 
independent of each other. In other words, the high water permeability and salt selectivity arise 
from the differences in the solubility and diffusivity of water and salt28. In contrast, pore-flow 
models assume that concentration is constant, and pressure is gradually decreasing throughout 
the pores of the membrane. The pore-flow model states that the chemical potential gradient is 
contributed by pressure gradients, while the solution-diffusion model states that concentration 
gradients are the major driving force28,29.
The SD model, which has been widely used due to its simplified assumptions, has several failings 
that limit its applicability towards aqueous membranes. Recent simulations and experimental 
work have shown evidence for a linear pressure gradient within the membrane when hydraulic 
pressure is applied30. Furthermore, these simulations suggested the absence of a concentration 
gradient within the membrane, disproving that the chemical potential gradient is dependent 
solely on a gradient in solvent concentration. Simulations in this study showed that the SD model 
significantly underpredicts water permeability at higher pressures30. Other studies have 
demonstrated that modeled salt rejection values deviate from experimental values at higher feed 
salinities because the model fails to account for complex interactions between ions, the 
membrane matrix, and solvent15. These findings support a pore-flow mechanism, in which water 
and salt molecules are instead transported across nanosized transient pores within the 
membrane matrix. 
Other models that recognize convective flow and hydrodynamic conditions in addition to solvent 
and solute diffusion may provide a more comprehensive understanding of membrane 
performance at high salinities and feed concentrations. Models such as the Donnan-Steric-Pore 
(DSP) model have been used to predict membrane performance under these considerations. 
Prior studies have shown success with the DSP model for estimating performance for NF 
membranes31. However, the DSP model was primarily used to quantitatively identify salt 
rejection, and was not used to investigate the effects of membrane properties on species32. 
These prior studies highlight the importance of future studies focused on elucidating transport 
mechanisms.
The solution-friction (SF) model is derived from forces acting on solute and solvent molecules 
within the membrane matrix33. Water molecules experience “frictional forces” between the pore 
walls and water molecules, as well as salt ions and water molecules, which balance the 
hydrostatic pressure of the system. Input parameters may include feed concentration or 
operating pressure. In the SF model, frictional coefficients are used as fitting parameters 
between different pressures or membrane types to accurately predict performance 
parameters15. In other words, ions may experience different “frictions” for highly-charged or 
more porous membranes. Prior studies have shown agreeability between experimental and



modeled parameters at salinities expected in HPRO11, providing evidence that the solution-
friction model offers a more realistic depiction of transport mechanisms in the polymer 
matrix compared to the solution-diffusion model. Compared with other models, the SF 
model considers convective flow in its assumptions and utilizes frictional coefficients as a 
basis for physics-based mechanisms. 

Incorporating phenomena at ultrahigh pressures and hypersaline conditions into 
models can expand the applications of membrane technologies.
By assessing salt transport parameters alongside an extended solution-friction model, we 
can quantitatively understand how transport phenomena is affected by solution chemistry 
and membrane structural changes. Membrane parameters, such as membrane thickness, 
porosity, or charge density, are obtained through characterization techniques and used as 
inputs in the SF model. For conventional RO operations, these parameters are assumed to 
be constant throughout membrane operation and homogenous throughout the membrane 
layer. However, as interfacial polymerization is an uncontrolled and rapid reaction, the 
polyamide structure is observed to have an amorphous structure34. Furthermore, selective 
layers compact irreversibly during membrane operations, altering porosity, tortuosity, and 
thickness11,12,27. Due to the Donnan effect, ion partitioning due to charge effects may vary 
between lower and higher feed salinities, as the membrane charge is screened at higher 
salinities16. 
This work will elucidate transport phenomena beyond conventional pressures and salinities 
to expand the application of membrane processes in industrial settings. Unravelling complex 
mechanisms at these conditions is critically understudied but will be highly relevant to 
informing future membrane development such as low-compaction RO membranes. Prior 
work has shown that dominant models, such as the SD model, have failed to incorporate 
solute rejection mechanisms and have not accurately depicted water and salt transport at 
nonideal settings30. Membrane compaction and the Donnan effect are two phenomena that 
the SF model does not currently account for and must be further expanded upon to model 
the membrane performance of pressure-driven membrane systems operating at high 
pressure. Our approach of expanding and validating this model through in situ experiments 
will lead to a robust investigation of these membrane phenomena. Relating fundamental 
frictional coefficients to variations in steric or charged ion-membrane interactions will 
enable the accurate prediction of membrane performance parameters such as salt and 
water permeabilities at these conditions. Mechanistic frameworks, paired with full-scale 
process models and technoeconomic assessments, can lead to the expansion of 
membrane-driven brine treatment trains into relevant industries, significantly reducing 
energy consumption and operating costs for these processes. 



Graduate Writing Lab 
Yale 
Poon111 Cclltcr 

Objectives and Scope
The overall goal of this research is to investigate water and salt transport mechanisms in 
RO membranes under salt and pressure environments relevant to HPRO membranes. 
Specific objectives include (i) assessing how ultrahigh pressures and hypersaline 
environments affect water and salt transport through the polyamide selective layer, (ii) 
quantifying frictional coefficients used in the solution-friction model to elucidate 
transport mechanisms in HPRO membranes, and (iii) developing and applying a modified 
solution-friction model to predict membrane performance in hypersaline and ultrahigh 
pressure operating conditions.
This proposed work will present a mechanistic model that can provide new insights for 
salt transport in HPRO. This research will be the first study to 1) quantify how pressures 
and feed salinities beyond conventional RO environments impact solute partitioning and 
frictional parameters, 2) model the performance of conventional and compaction-
resistant RO membranes using a framework derived from the solution-friction model, 
and 3) assess the economic feasibility of HPRO technology through energy and techno-
economic analysis. Advances in modeling the performance of polyamide-based 
membranes can elucidate salt transport under hypersaline and ultrahigh pressures in 
conventional polyamide-based RO membranes. Insights from the model can inform 
efficient design of membrane modules for brine management technologies such as 
HPRO, which may make the reuse of industrial wastewaters more economically feasible.

Overview of Planned Work 
The proposed research is subdivided into the following tasks, which are described in 
greater detail in the subsequent section.
Task 1. Developing an in-situ method for studying salt partitioning into polyamide active 
layers of RO membranes.
Task 2. Assessing co-ion and total salt partitioning at ultrahigh pressures and high feed 
salinities using QCM-D.
Task 3. Modeling salt and water permeabilities using the extended solution-friction 
model.
Task 4. Assessing RO membrane structural changes by quantifying membrane frictional 
parameters for salt and water transport.
Task 5. Full-scale process modelling and TEA analysis for HPRO.

Intellectual Merit and Description of Planned Work
Task 1. Developing an in-situ method for studying salt partitioning into polyamide 
active layers of RO membranes.



The salt partitioning coefficient is a crucial transport parameter closely linked to salt 
permeability. Related studies have observed that the salt permeability is highly dependent 
on solution chemistry due to the Donnan effect16. For this reason, it is critical to develop a 
mechanistic understanding of solute partitioning to inform future models described in 
Task 3 and Task 4. Due to the structural orientation of the thin-film composite membrane, 
when the polyamide layer was isolated for characterization in previous studies, the 
permeate-facing side was analyzed16,35. In this Task, we will develop a method to study 
solute partitioning into an RO membrane using quartz crystal microbalance (QCM). Our 
approach will examine the feed-facing side of the PA layer, correcting these differences. 
This method will be used to reveal insights into ion-membrane interactions by expanding 
relationships between feed concentration and total and co-ion partitioning. Specifically, 
characterization techniques will be used to investigate how membrane structural 
properties, such as roughness and charge density, affect different surface-based 
phenomena.
In this method, circular membrane coupons with a diameter of 14 mm will be taken from 
commercial SW400ES RO membrane flat sheets. The nonwoven fabric will be peeled off 
from the membrane composite, exposing the polysulfone layer. After mounting the 
composite onto 14MHz gold QCM sensors in the feed-facing forward orientation, we will 
apply chloroform in dropwise addition to dissolve the polysulfone layer, isolating the 
polyamide layer onto the substrate (Fig. 4). This will be repeated until the QCM sensor has 
a translucent coating, indicating that polysulfone has been removed. DMF will be added to 
remove residual polysulfone, and the resulting layer will be air-dried overnight prior to 
experiments36.
0.1 to 1.2 M NaCl solutions will be created and adjusted to a pH of 6. These solutions will 
be flown through the QCM microbalance with dissipation (QCM-D) flow module to 
investigate the dependence of partitioning coefficients on feed salinity. At a pH below the 
polyamide pKa of 6.5, interior carboxylic groups are deprotonated, inducing a slight 
negative charge to the entire PA layer25. Two feed-facing samples and two permeate-
facing samples will be tested simultaneously in four parallel flow chambers in the QCM-D 
system. Saline solutions will be flown at a flowrate of 0.05 mL/min in increasing salinity to 
study total ion partitioning.
Fundamental and harmonic overtones, as well as dissipation curves, will be collected 
throughout the experiment. The f5 signal will be selected to analyze solute partitioning, 
while other signals will be used to verify the rigid film assumption. Solute partitioning will 
be calculated using the relationship below:

Where  is the concentration of solute in the polyamide membrane pores and  is the feed 
concentration. In QCM-D, changes in resonance frequency can be correlated to time-
resolved mass uptake. Prior studies have developed a relationship that relates mass 
changes to solute partitioning from the feed solution into polyamide coating35,35.  



(2)

Here,  is the mass change obtained through QCM measurements and  is the thickness of 
the PA layer, obtained by measuring the QCM frequency change between the PA-coated 
and uncoated sensor. All other variables, including the void space,  the unhydrated 
molecular weight, and the hydrated molecular weight, , are constants that have been 
previously studied23,27.
Co-ion partitioning values will also be determined from total ion partitioning coefficients 
in this Task. Recent related work determined that co-ion transport through the polyamide 
matrix governs overall salt transport behavior16. Therefore, it is crucial to quantify these 
values alongside total partitioning coefficients. Classical Donnan theory states that ions 
with the opposite charge (counter-ions) preferentially partition into the membrane over 
those with the same charge (co-ions). The Donnan partitioning coefficient, , can thereby 
be determined by the Donnan potential, the difference in potential in the boundary layer 
and the membrane matrix, and ion properties.

where  is the valency of the ion of interest and  is the dimensionless Donnan potential. To 
assume steady state, electroneutrality at the membrane surface is assumed.

where  and  are the concentrations of counter-ions and co-ions inside the membrane, 
and X is the charge density of the PA layer.
In the study above, Eq. 3 and 4 were used with a dimensionless non-steric partitioning 
coefficient, , to determine the Donnan potential from the total partitioning coefficient 
described in eq. 1.
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Finally, the co-ion partitioning can be calculated after determining  from eq. 5.

Here,  is the co-ion partitioning coefficient. We will obtain  across a range of salinities in Task 1, and 
expand upon these values by determining the effect of pressure on  in Task 2.
To further investigate the relationship between polymer structure and RO performance, a range of 
characterization techniques will be used, such as atomic force microscopy and scanning electron 
microscopy to investigate morphological differences between the top and bottom layer. As 
polyamide is nonconductive, the substrate will be coated with a thin film of gold to make samples 
electrically conductive before imaging37. Confirmation and distribution of chemical functional 
groups, such as carboxyl and amine groups, will be assessed through X-ray photoelectric 
spectroscopy. Finally, to assess differences in hydrophobicity, contact angle measurements will be 
used in conjunction with the techniques above.

Task 2. Assessing co-ion and total salt partitioning at ultrahigh pressures and high feed 
salinities using QCM-D.
Current studies with QCM have only assessed solute partitioning under ambient pressure due to 
limitations with the QCM Analyzer system. Under pressure, the membrane structure is expected to 
compact, irreversibly altering membrane morphology and potentially impacting solute and solvent 
transport12. Determining the relationship between pressure and salt partitioning will aid in 
understanding complex transport phenomena at pressures relevant to HPRO. In Task 2, we will use 
a novel High-Temperature High-Pressure (HTHP) add-on module with QCM-D to evaluate the effect 
of pressure on solute partitioning. From co-ion partitioning coefficients, the Good Co-ion (GCE) 
model will be employed to relate pressure and concentration to salt permeability. 



This task will utilize a novel HTHP module, as seen in Fig. 6. Ultrapure DI water from a 
Milli-Q system will be flown through the HPLC pump to contact the pistons in the 
cylinder, pressurizing the feed solution. By varying the HPLC pump flow rate from 
0.001mL/min to 0.1mL/min, the pressure can be altered to a specified setpoint. 
Saltwater solutions ranging from 0.1 to 1.2M NaCl at pH 6 will be used as test solutions 
in the three cylinders. Data will be collected from pressures ranging from 60 to 120 bar, 
the expected pressure for HPRO operation9. Time-resolved data at higher pressures, as 
well as total ion and co-ion partitioning coefficients, will be determined from the 
methodology described in Task 1. 
Different membranes will be tested to compare co-ion and total ion partitioning with 
respect to pore size distribution and charge. In comparison to SW30 membranes, BW30 
and NF90 membranes have different pore sizes and will be later used in Task 4. 
Furthermore, NF90 membranes have larger charge densities than SW30 membranes38, 
and can be used to investigate the effects of membrane charge on the fit of the GCE 
model described in Task 3. Coupons from commercial BW30 and NF90 membranes 
with a diameter of 14mm will be isolated in the procedure described in Task 1. In this 
Task, partitioning coefficients across salinities and pressures will be collected.
Based on preliminary data in Fig. 5, we theorize that pressure does not impact salt 
partitioning significantly. As seen in Fig. 5, when SW30 membrane coupons were tested, 
partitioning values were observed to decrease with feed concentration due to the 
Donnan effect. At lower concentrations, counter-ions can partition into the negatively 
charged membranes, allowing for greater salt passage. Conversely, at higher 
concentrations, the surface charge is screened by ions in the feed solution, reducing 
this effect. While partitioning coefficients changed with concentration, these 
preliminary results indicate that salt partitioning does not change significantly with 
increasing pressure. 
Although salt partitioning for SW30 membranes 
is unaffected by pressure, we hypothesize that 
partitioning for membranes with lower 
crosslinking densities, such as BW30 or NF90 
membranes, may experience greater irreversible 
compaction, and therefore have changes in salt 
partitioning with pressure. Because these 
membranes have lower crosslinking densities, 
these membranes may have more pronounced 
reversible compaction under pressure, leading 
to partitioning changes with pressure. 



Diffusion coefficients in the polyamide layer cannot be easily quantified through 
experimental work. MD simulations developed in collaboration with the University of 
Wisconsin will be used to investigate salt transport through the membrane. 
Advancements in MD simulations have enabled for higher computing power, allowing 
simulations to run at a higher timescale and similar pressures to experimental conditions. 
These studies will also be further contextualized with collaborations with the University of 
Los Angeles, California, in which a high-pressure dead-end cell will be used to 
characterize salt permeability coefficients to understand salt transport through the entire 
membrane composite.

Task 3. Modelling salt and water permeabilities using the extended solution-friction 
model.
A physics-based framework based on the solution-friction (SF) model will be used to 
predict membrane performances at salinities and pressures expected in HPRO. In these 
environments, complex transport phenomena at nonideal conditions, including ion-ion 
interactions or changes to the membrane morphology, may cause the model to deviate 
from experimental results. Current pore-flow models do not account for these 
phenomena under high pressure and high salinities. In collaboration with UCLA, 
experimental data at identical conditions from a high-pressure dead-end cell will be used 
for fitting the model. Salt permeabilities (B), water permeabilities (A), and intrinsic 
rejection values (Rin) will serve as performance parameters to assess the validity of the 
model. Experimental data over three membrane types (SW30, BW30, and NF90) will be 
used in fitting the extended SF model and a simplified version known as the good co-ion 
exclusion model (GCE)16, which uses the partitioning parameters in Task 2 as input 
parameters.



We will model these performance parameters over a range of pressures and salinities by 
adjusting the frictional fitting coefficient. In the SF model, frictional forces between 
solutes and solvent molecules, or solutes and the membrane matrix, arise from 
differences in convective flowrates between species. As stated by the SF model, the 
driving force for species transport can be simplified into a chemical potential gradient, 
which can be rewritten to incorporate the frictional fitting factors.

where    is the chemical potential of ions in the system, , a  and .        are the velocities of 
ions, fluid, and the membrane, respectively, R is the ideal gas constant, and T is the 
temperature of the system,             ar    are the frictional coefficients representing the 
molecular friction experienced by solutes when interacting with fluids or the membrane 
barrier.



(10) 

where C
pore is the concentration inside the membrane pores � k is the mass transfer 

coefficient. k, obtained normally through hydrodynamic relationships between the Schmidt, 
Sherwood, and Reynolds numbers, will be obtained from collaborators using a high-pressure 
stir cell . C

pore is obtained by using partitioning equations that relate the feed concentration to 
pore concentration. 

In this model, performance metrics - salt rejection, salt permeability, and water permeability15 -
will be obtained across a range of specified salinities and pressures. 
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Here, Jw is the permeate water flux. Other parameters used in eqs. 7 through 13, such as£ and 
X, can be obtained from literature. K

f
,i will be determined by fitting the modelled data to the 

experimental data. Through this approach, the SF model can be used to predict membrane 
performance for high-saline brines at high pressures. 

It is notable that the current SF model has been developed for pressure-driven systems at 
conventional pressures and salinities. Therefore, the SF model does not consider changes in 
membrane structure, such as irreversible compaction to the active layer. Therefore, in this Task, 
we will employ a loose-fitting parameter approach to align experimental the SF model to 
experimental results by tuning input parameters. By investigating how these parameters 
respond to operating parameters, such as salinity and pressure, observing relationships with 
resi:1ect to salinity or pressure may provide valuable insights to osmotic deswelling and 
compaction in the active layer. Future MD simulations assessing changes in free volume space 
or performance metrics under pressure and salinity can also be used to supplement these 
studies. 

Along with the SF model, simplified models derived from pore-flow models, such as the good 
co-ion model, will be assessed for goodness of fit. The GCE model is a simplified model derived 
from the SF model that assumes that co-ion partitioning is directly correlated to salt 
permeability16,33 _ 

(10)



Here, Kr.co is the frictional parameter for co-ions, Lm, co is the transmembrane mass transfer 
coefficient, and Keo is the partitioning coefficients obtained from the experiments in Task 2. The 
frictional parameter, as seen in Task 3, will be used as a fitting parameter to align partitioning 
values with experimental data collected by collaborators at UCLA. The GCE model has been 
employed previously to investigate the effect of membrane charge on Donnan exclusion 
mechanisms16. By applying the GCE model to commercial membranes of different porosities 
and charge densities (SW30, BW30, and NF30), we can investigate how Donnan exclusion 
mechanisms affect salt transport through different commercial membranes. T hese models will 
be fitted to experimental data collected at different feed salinities and pressures in high-pressure 
RO cells at Yale. 

Task 4. Assessing membrane frictional parameters for salt and water transport under 

compaction. 

In this Task, we will apply the SF model for a mechanistic investigation of structure-performance 
relationships in commercial RO membranes. Prior studies have shown the collapse of 
macrovoids in the supporting layer, reducing water permeability by 50%11. When selective 
layers were imaged, the polyamide layers were not observed to compact irreversibly, but are 
suspected to compact in operation, affecting membrane performance12 • In this Task, we will 
investigate changes in porosity by testing three membrane types (NF90, BW30, and SW3O). 
BW30 and NF90 membranes have larger pore sizes than SW30 membranes and are used at 
lower pressures for brackish water desalination42 and organic removal38, respectively. 

To determine pore size distributions for these membranes, nonionic organic solutes will be flown 
through each membrane in a filtration unit. The relative mass distributions of organic solvent 
that permeate through the membrane can be correlated to a pore size distribution for each 
membrane type. As the membrane is charged, uncharged solutes are rejected from each 
membrane solely due to size sieving. Membranes with smaller pore sizes will reject more 
solutes than those with larger [±]pore sizes. Similarly, solutes that are larger will be rejected
more than those that are smaller. + Fitting coefficients such as hinderance factors in the 
extended Nernst-Planck equation can be modified to incorporate these relationships between 
pore size and solute size. By fitting models to experimental data using pore size as a loose 
parameter, the pore sizes of these membrane can be obtained.43,44

These membranes will be tested using a novel cross-flow RO tester cell capable of withstanding 
pressures up to 200 bar. The RO cell has been used in prior studies to assess membrane 
compaction in commercial RO membranes and investigate solute transport phenomena12,45 • In 
comparison to the dead-end tester cell used in Task 3, the cross-flow cell is a more realistic 
membrane setup widely used in industrial settings. In this Task, experiments with the cross-flow 
and dead-end tester cells at Yale and UCLA will be conducted in parallel. Prior to operation, 
membranes are pre-compacted with DI water at various hydraulic pressures (60, 100, 120 bar). 
NaCl will be added to reach feed salinities ranging from 100 to 1200mM, and the tester cell will 
run until reaching steady state, indicated by constant readings in a conductivity meter on the 
permeate side. Throughout the experiment, water flux, salt permeabilities, and salt rejection for 
these three membrane types will be collected. 

Experimental data from the cross-flow tester cell will be used with the SF model to provide 
mechanistic insights on how membrane porosity may affect compaction in the active layer. 
Modeled data will be fit with experimental data using the K

1 
frictional factor. These frictional 

values will be determined for individual salinities and pressures. By plotting these K
1 

values 
alongside pressure and salinities, frictional parameters for each membrane type can be used to 



elucidate transport phenomena studied in Tasks 1-3. Furthermore, by comparing the pore size 
distribution of each membrane to performance parameters, such as water and salt permeability, 
these studies can reveal fundamentally on how porosity in the active layer affects reversible 
membrane compaction. MD simulations described in Task 3 can be used to further contextualize 
K

1 
terms by relating these parameters to energetic interactions in simulations. 

Finally, as a subset of this Task, we will further investigate the effect of membrane surface 
charge on salt transport. These studies with BW30 and NF90 membranes will be used to 
expand the mechanisms developed with the SW30 membrane in Task 2-3. In comparison to 
SW30 membranes, NF90 membranes are highly charged to separate divalent ions from 
monovalent species29. Comparing NF90 performance to SW30 membranes could provide 
fundamental insights to the relative surface charge of the SW30 membrane, and how charge­
based interactions affect solute transport in high-salinity desalination processes. 

In the final part of this task, we will re-investigate the relationship between charge density and 
membrane performance. Recent work has demonstrated that, assuming the polyamide active 
layer is negatively charged, salt permeability decreases with increasing concentration due to the 
Donnan Effect15,16,33. However, other studies have instead suggested that the polyamide
membrane is uncharged, and instead notes that this phenomenon is due to nano-scale defects 
on the membrane interface46--4B_ We wmTn"v estigate the membrane charge by using a streaming 
potential to compare the relative zeta potential between the three membrane types and a bind­
and-elute method using silver ion probes with QCM-D to quantitatively measure carboxyl group 
density49-51_ Active layers of each membrane type will be isolated using the procedure in Task 1, 
and charge density will be assessed by measuring mass deposition when flowing silver particles 
saturate the top layer. By assessing the binding of silver particles to the film, a charge density 
from carboxylic groups can be determined. 

Performance metrics from the three membrane types will be collected in the cross-flow tester 
cell above with three different pHs. We will measure salt permeability across a range of pHs and 
salinities and model these values conjunctively with the SF model. In this model, the membrane 
charge density will be used as a fitting parameter to evaluate a theoretical charge of each 
membrane type. By comparing theoretical to experimental charge densities obtained by QCM, 
we can quantitatively assess the role of surface charge on salt transport, affecting salt rejection 
and permeability throughout commercial membranes. 

Task 5. Full-scale process modelling and TEA analysis for HPRO. 

The final Task will involve a comprehensive technoeconomic analysis to compare energy 
consumption and operational costs of HPRO to leading brine management technologies. Water­
Technoeconomic Assessment Pipe-Parity Platform (Water TAP3) is a modelling platform 
developed by NAWI to compare the levelized costs of water (LCOW) of membrane-based 
technologies by incorporating energy, environmental, and resiliency tradeoffs52_ Using this 
parameter, different technologies for brine management applications, such as HPRO and 
thermal-based processes, can be compared. Unlike other technoeconomic tools, Water TAP 3 
uses industrial data from NAWl's data repository, Water Data and Analysis Management 
Systems (Water DAMS), which contains data for feed compositions, salinities, and 
specifications for different industries. LCOW can be obtained across different flowrates and feed 
salinities, allowing for analysis to be tailored to specific industries53 . 

We will utilize TAP3 to evaluate the feasibility of HPRO compared with other brine management 
technologies and identify future advances for membrane technologies in brine management 
applications. In the model, the feed composition of brine and flowrates will be informed by 
















