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Abstract
Advancing Membrane Technologies for Sustainable Production of Energy and Water
Xi Chen

Increasing global needs for clean water and renewable energy are key challenges in the 21st
century. Membrane-based technologies offer cost-effective separations and show great promise of
providing sustainable solutions to challenges in the water-energy nexus. This dissertation aims to
advance membrane technologies for sustainable production of energy and water. The work
advances the novel vapor pressure-driven osmosis (VPDO) technology for efficient energy
conversion from low-temperature heat resources, proposes and develops an innovative cascading
osmotically mediated reverse osmosis (COMRO) for energy-efficient desalination of high-salinity
brines, and provides a framework for better understanding of the permeability-selectivity tradeoff
relationship in thin-film composite polyamide (TFC-PA) membranes widely used in aqueous
separations.
Abundant low-temperature (< ≈100 °C) heat resources remain untapped in industries and
the natural environment. The emerging vapor pressure-driven osmosis (VPDO) membrane
technology enables direct conversion of the low-temperature heat to energy. However, enhanced
fundamental understanding of the process is still needed to bring the technology to practical
applications. Work in this dissertation presents a theoretical model to understand mass and heat

transfer in VPDO. The performance of two hydrophobic nanoporous membranes, polypropylene
(PP) and polytetrafluoroethylene (PTFE), of different chemical and structural properties were
evaluated. Knudsen diffusion was demonstrated to dominate the mass transfer in VPDO, and the
work showed that evaporative heat transfer is significantly greater than conductive heat losses.
A large amount of high-salinity brines (>≈70,000 ppm total dissolved solids, TDS,
approximately 2× seawater salt concentration) are generated from various industrial processes and
operations. Prevailing evaporation-based methods used to desalinate the hypersaline brines are
highly energy intensive. Reverse osmosis (RO) is the most efficient method for seawater
desalination, but is unsuitable for treating high salinities. This dissertation proposes and develops
an innovative cascading osmotically mediated reverse osmosis (COMRO) technology to achieve
energy-efficient desalination of high-salinity brines. Theoretical analysis in this work showed that
COMRO requires only 68.3 bar to desalinate hypersaline feed of 70,000 ppm TDS, whereas
conventional RO needs the exceedingly high pressure of 137 bar. Furthermore, up to »17% energy
saving can be attained by COMRO. To develop the COMRO technology, this dissertation presents
systematic investigations of transport and structural properties of osmotic membranes in COMRO
during high-salinity desalination. The impacts of hydraulic pressures and high salinities on water
and solute permeabilities of membranes were studied, and the membrane structural parameter was
demonstrated to be consistent at different salinities. Governing equations for water and salt fluxes
in COMRO were established and the transport model was validated with experimental results.
The solution-diffusion (S-D) theory is currently the most widely accepted transport
framework for salt-rejecting membranes. Importantly, it predicts a tradeoff relationship between
permeability and selectivity in membrane transport. This study presents a framework to better
understand the first principles governing the permeability-selectivity tradeoff in thin-film

composite polyamide (TFC-PA) membranes used in aqueous separations. Tradeoff trends
predicted by the conventional S-D was observed for nonelectrolyte solutes of different molecular
sizes, and the thesis identified a second transport regime which deviates from the current
understanding of S-D. The work showed that general principles of the S-D framework are
applicable to TFC-PA membranes, and solute size is a principal factor governing the conventional
S-D transport. Transition between the “deviation” regime and the conventional S-D transport was
demonstrated to be governed by the solute size, and transport features of the “deviation” regime
were also analyzed. Further, the dissertation elucidates the roles of structural properties of the
polyamide layer in the tradeoff. The work showed that the tradeoff cannot be completely explained
by the changes in free volume sizes of the PA layer, and the shortening of the effective transport
pathway also accounts for the permeability-selectivity behavior of permeants. The dissertation
proposes mechanisms to elaborate how the membrane structural properties affects the
permeability-selectivity behavior of permeant with a certain size.
Overall, this dissertation presents pioneering advancements of membrane technologies for
sustainable production of energy and water. Fundamental understanding of the heat and mass
transport in VPDO was advanced, and the study highlights future directions of developing the
technology for power generation. An innovative COMRO technology is proposed for hypersaline
desalination, and the work established foundations for understanding the transport phenomena of
the process. The dissertation sheds light on fundamental transport mechanisms of the thin-film
composite polyamide membranes, and serves to improve understanding of all the osmotic
membrane processes. Findings of the work provide important insights into future design and
development of high-performance membrane materials for water-energy application.
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Chapter 1: Introduction
1.1 Motivation
Challenges in the Water-Energy Nexus. Water is essential to human existence —
access to safe drinking water and sanitation is recognized by the United Nations as a human right
[1]. Water scarcity is one of the main challenges to human society in the 21st century. Today, over
two billion people are experiencing serious water shortage, 31 countries face water stress of 2570% (defined as the ratio of withdrawal to total renewable freshwater resources), and 22 countries
have severe waters stress above 70% [1]. The challenge is expected to continue increasing, driven
by the population growth, socio-economic development, and evolving consumptions by different
sectors. By 2050, global water demand is projected to rise by 53% compared with 2000, and 3.9
billion people (>40% of global population) are likely to live under severe water stress [2, 3] (Figure
1.1A). Water scarcity in 2050 will threaten 45% of the gross domestic product, and 40% of grain
production of the world [1].

Figure 1.1. A) Global water demand (left y-axis, blue) and population with water stress
(right y-axis, red) in 2000 and 2050 [2, 3]. B) Shares of renewable energies by different
technologies in total global energy production in 2000-2018, and required proportions to
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meet the International Energy Agency (IEA) Sustainable Development Scenario in 2024
and 2030. Data are obtained from IEA [4-6].

Another main challenge is energy. The excessive consumption of fossil fuels results in
significant influences on the Earth’s climate, spurring an energy revolution for more sustainable
power sources [7-9]. To meet the Sustainable Development Scenario proposed by International
Energy Agency, renewable energy generation is required to reach a share of 48.5% of the total
global energy production by 2030 [4, 5] (Figure 1.1B). Various technologies have been developed
in the past two decades that are contributing to the energy transition, but a big gap still exists
between our current structure of energy sources and a sustainable future. Novel sustainable energy
generation technologies are critically needed.
The two challenges are strongly interlinked and are often described by the concept of
“water-energy nexus” [10]. In 2014, global energy industries accounted for approximately 10%
and 3% of total water withdrawal and consumption, respectively; and in turn, the water sector
worldwide, including supply, desalination, and treatment, consumed 4% of the total electricity use
[3]. The United Nations has warned of the interlocking risks and uncertainties in the water-energy
nexus [11].
Development of Membrane Technologies for Sustainable Production of
Energy and Water. Modern membrane technologies provide cost-effective methods of
separation, and have been widely used in water-energy-environment applications. Specifically,
membrane-based separations have been utilized for the sustainable production of energy and water.
The rapid development of reverse osmosis (RO) technology is an outstanding example that
achieves seawater desalination with the unparalleled energy efficiency [12], and various
membrane-based technologies have progressed to harvest energy using natural or engineered
salinity gradients in water resources [13, 14].
2

However, critical gaps still exist in advancing membrane technologies to address the waterenergy challenges. Current pathways of membrane-based generation of water and energy are still
limited, and a large amount of potential water-energy resources have not been efficiently utilized.
High-performance membrane materials are desired to further reduce energy cost and improve
water quality [15], and this requires improving fundamental understanding of the transport
phenomena. Figure 1.2 illustrates different loci in membrane science and technology, namely,
development of membrane materials, system design, and transport studies. Developing membrane
technologies for addressing water-energy challenges requires a holistic strategy, and needs frommaterial-to-system understanding of the problemata.

System

Material

Transport

Figure 1.2. Schematic depicting different loci in developing membrane technologies:
development of membrane materials, system design, and transport studies.

Problem Statement #1: A Vast Amount of Accessible Low-Temperature Heat
Resources Remain Untapped. Accessible low-temperature (< ≈100 °C) heat resources
widely exist in industries and the natural environment. As much as 50% of industrial energy input
is lost in the U. S., [16], rejected as “waste heat” of ≈10.6 EJ each year [17]; in comparison, the
annual national energy consumption was 105.6 EJ in 2018 [18]. Abundant low-temperature heat
is also housed in the Earth’s crust. Heat up to 100 °C can be obtained from shallow wells at less
3

than 3.5 km beneath the ground nationwide in the United States [19, 20], with the total U.S.
geothermal energy estimated to be »14 ´ 106 EJ [20]. Current methods of utilizing low-temperature
heat typically suffer from poor energy efficiencies, and often require expensive, exotic materials,
making them not cost-effective. Advancing membrane technologies for efficient utilization of the
low-temperature heat is of great significance for addressing the energy crisis.
Problem Statement #2: Energy-Efficient Desalination of High-Salinity Brines
Is Critically Needed. High-salinity brines (>≈70,000 ppm total dissolved solids, TDS;
approximately 2× seawater salt concentration) are generated from multiple sources including the
oil and gas industry [21-23], minimum/zero-liquid discharge operations [24], inland desalination
[25], landfill leachate [26], and flue gas desulfurization [27]. In the U. S. alone, more than 11×106
m3 of high-salinity brines are produced per day [28]. These “waste” brines are potential water
resources, but have not been properly utilized. Meanwhile, the management and treatment of these
high-salinity brines has rapidly become an important global environmental challenge [29, 30].
Prevailing thermally-driven treatment processes are all based on liquid-vapor phase change of
water, which intrinsically requires intensive energy input (≈630 kWh/m3) [31, 32]. Reverse
osmosis (RO) is the most energy-efficient method for seawater and brackish water desalination
[12, 33, 34], but the current state-of-the-art of RO is unsuitable for desalination of high-salinity
brines. Developing energy-efficient membrane technologies to unlock hypersaline desalination is
critically needed.
Problem Statement #3: Development of More Selective Membranes Needs
Better Understanding of Transport Phenomena. Increasing solute selectivity has been
highlighted as a more important direction for aqueous separation membranes than raising water
permeability [35]. Advancing fundamental understanding of transport phenomena plays a key role
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to achieve the goal. The solution-diffusion (S-D) theory is currently the most widely accepted
transport framework for salt-rejecting membranes like RO and nanofiltration (NF). The S-D theory
predicts a tradeoff relationship between membrane permeability and selectivity: increasing water
permeability is inevitably accompanied by a decrease in selectivity [36]. This tradeoff has been
extensively observed in salt-rejecting membranes, e.g., RO and NF, in aqueous separations [37],
but fundamental understanding of the first principles governing the phenomenon is still
incomplete. Specifically, so far there is no cohesive theoretical framework for aqueous separation
membranes that relates this tradeoff behavior to properties of permeants and polymers structures,
significantly restricting the informed advancement of next-generation membranes.

1.2 Objectives and Scope of Dissertation
The overarching goal of this thesis is to advance membrane technologies, encompassing
system design, transport mechanism, and material properties, for the sustainable production of
energy and water.
Specific targets of this thesis are:
i.

Advance an emerging vapor pressure-driven osmosis (VPDO) technology for lowtemperature heat utilization, by investigating the impacts of membrane properties on
the mass and heat transfer in the process;

ii.

Develop a novel cascading osmotically mediated reverse osmosis (COMRO)
technology for energy-efficient desalination of hypersaline brines, by analyzing energy
and pressure requirement, and systematically studying impacts of transport and
structural properties of osmotic membranes in high-salinity desalination;

iii.

Provide a cohesive framework for better understanding the permeability-selectivity
tradeoff relationship in thin-film composite polyamide (TFC-PA) membranes widely
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used in aqueous separations, elucidating the roles of solute properties and structural
properties of the polyamide layer in the tradeoff.

1.3 Thesis Organization
The thesis advances membrane technologies for different energy-water applications, and
provides insights into membrane science from multiple loci. Chapter 2 presents work on advancing
an emerging vapor pressure-driven osmosis (VPDO) technology for efficient direct energy
conversion of low-temperature (< 100 °C) heat resources. Two nanoporous membranes with
different chemical and structural properties are evaluated in terms of the vapor flux and
evaporation thermal efficiencies, under a range of temperature-pressure conditions. The chapter
investigates the impacts of membrane chemistry and structure on the VPDO performance, and
presents a theoretical model to explain the mass and heat transfer. Implications are provided for
future directions of developing VPDO.
Chapters 3 and 4 propose and develop cascading osmotically mediated reverse osmosis
(COMRO), a novel technology enabling energy-efficient desalination of high-salinity brines.
Conventional reverse osmosis is unsuitable for treating high salinities, and Chapter 3 introduces
the working principles of COMRO, from the locus of system, to overcome these limitations. This
chapter presents a theoretical analysis of minimum specific energy consumption and hydraulic
pressure requirement for COMRO and alternative RO configurations. The energy savings and
reduced hydraulic pressure benefits of COMRO are highlighted for two different desalination
scenarios, and are elaborated from a thermodynamic perspective. Chapter 3 also provides capital
cost considerations on levelized cost of water production, and presents an example of feasible
COMRO implementation.
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Chapter 4 continues to advance the COMRO technology from the locus of transport, and
systematically investigates transport and structural properties of osmotic membranes in COMRO
operations. The chapter first establishes a framework describing water and salt transport across the
membrane in COMRO. The impacts of hydraulic pressure on membrane water and salt
permeabilities are examined, and are related to morphological changes of the membrane activesupport layer interface. This chapter then assesses the influences of high salinities on the
membrane structural parameter, as well as membrane permeabilities to water and salt. The
transport models are validated by bench-scale COMRO tests.
Chapters 5 and 6 delve deeper into fundamental understanding of membrane transport
mechanisms. The widely accepted solution-diffusion (S-D) transport theory predicts a tradeoff
relationship between permeability and selectivity, and the trend has been empirically demonstrated
for thin-film composite polyamide (TFC-PA) membranes, which are widely used in osmoticallydriven applications. Chapter 5 investigates the tradeoff by first examining permeabilities of
membranes, which are modified to yield different selectivities, to nonelectrolyte solutes with a
range of molecular sizes. The chapter proposes a set of characteristic elements to describe features
of different regimes of the permeability-selectivity trend, and relates these elements to solute size
to elucidate the underlying factors governing the S-D transport. A fundamentals-based approach
is proposed for describing solution-diffusion transport behavior in TFC-PA membranes, using
intrinsic physical properties of the solutes.
Chapter 6 approaches the underlying mechanisms of the tradeoff by elucidating the roles
of structural properties of the polyamide layer. Two key parameters, free volume size and transport
pathway, are analyzed. The permeability-selectivity tradeoff is first examined for TFC-PA
membranes with a range of NaCl selectivities. Chapter 6 experimentally studies size of the free
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volumes and the effective transport pathway of the membranes using different methods, and
analyzes the influences of each parameter by relating them to membrane transport performance.
Mechanisms are proposed in this chapter to elaborate how membrane structural properties
influence the permeability-selectivity behavior of the solute.
Lastly, Chapter 7 summarizes the main findings of this thesis and details the important
contributions of the work. The concluding remarks highlight the impact of these findings in
broader applications addressing water-energy-environment challenges, as well as in deeper
understanding of membrane science. Implications are also provided for future advancement in
VPDO and COMRO, and development of next-generation membranes.

1.4 Key Contributions
This section briefly describes broad contributions of this thesis, and more specific findings
with implications will be presented in the concluding Chapter 7. This work utilized different
membrane processes, driven by vapor pressure and osmosis, to advance technologies that
seek to address water-energy challenges. The findings in this dissertation provide important
new insights into the fundamental understanding of membrane transport phenomena, which
future development of membrane science can rely on.
The investigation of membrane performance in the emerging VPDO provides strong
evidence that mass transport is dominated by Knudsen diffusion. Operation at higher
pressurizations causes vapor flux decline that is attributed to the membrane morphological
deformation, underlining the importance of membrane mechanical robustness for VPDO.
Evaporative heat transfer is significantly greater than conductive losses, and the membrane with
higher water fluxes has better evaporation thermal efficiencies.
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COMRO provides an alternative method for energy-efficient hypersaline desalination
using only moderate pressures. Theoretical analysis shows that COMRO can achieve
desalination of 70,000 ppm TDS high-salinity brines using pressure under 68.3 bar, gaining
≈17% energy saving compared with conventional RO (if viable). The thesis systematically
investigates performance of osmotic membranes under different pressure scenarios, and identifies
the principal role of the active-support interlayer governing the transport properties under
hydraulic pressures. Impacts of high salinities on membrane transport are studied using a revised
method, and significant increase in membrane salt permeability is observed at high salinities.
A second transport regime deviated from the conventional understanding of solutiondiffusion mechanism is identified for the first time in the permeability-selectivity tradeoff
relationship of thin-film composite polyamide membranes. The thesis shows that the general
principles of the S-D framework are applicable to TFC-PA membranes, and quantifies the
principal role of solute size in governing RO transport. Mechanisms of the permeabilityselectivity tradeoff are elucidated from the perspective of structural properties of the polyamide
layer, and the effective transport pathway is demonstrated as a key parameter affecting the
tradeoff.
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Chapter 2: Impacts of Membrane Properties on Mass and Heat
Transfer in Vapor Pressure-Driven Osmosis for Low-Temperature
Heat Utilization
Chapter Abstract
The emerging vapor pressure-driven osmosis (VPDO) membrane technology enables
direct conversion of abundant low-temperature (< 100 °C) heat resources to useful work. In this
study, a theoretical model is established to understand mass and heat transfer of VPDO, and two
hydrophobic nanoporous membranes, polypropylene (PP) and polytetrafluoroethylene (PTFE), of
different chemistry and structural properties were evaluated. Although the PP membrane has a less
effective transport pathway, the considerably larger pore size yields a much higher Knudsen
diffusivity that results in consistently higher vapor fluxes across different temperature-pressure
conditions. This finding provides strong evidence that mass transfer in VPDO is dominated by
Knudsen diffusion. Additionally, we find that operation at higher pressurizations caused vapor
flux decline that is attributed to the membrane morphological deformation. However, the PP
membrane is less sensitive to the effects of compaction, underlining the importance of membrane
mechanical robustness for VPDO. Lastly, the study shows that evaporative heat transfer is
significantly greater than conductive losses and the PP membrane, with higher water fluxes, has
better evaporation thermal efficiencies. This study provides fundamental understanding on the
impacts of membrane properties on mass and heat transfer in VPDO, and highlights the centrality
of vapor permeability and mechanical robustness in developing high-performance membranes.
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2.1 Introduction
Low-temperature heat resources below 100 °C exist in vast amounts and are widely
accessible. As 50% of industrial energy input is reported to be lost as waste heat [1], of which 42%
is estimated as heat below 100 °C [2]. In the United States alone, around 10.6 EJ of waste heat is
generated each year [3]; in comparison, the annual national energy consumption is 105.6 EJ in
2018 [4]. Geothermal energy housed in Earth’s crust is another abundant source. Heat up to 100
°C can be obtained from shallow wells at less than 3.5 km beneath the ground nationwide in the
United States [5, 6], with the total U.S. geothermal energy estimated to be »14 ´ 106 EJ [6]. So
far, only a tiny proportion of these readily accessible low-temperature heat is utilized. As such,
low-grade heat offers promising opportunities for sustainable energy production.
Due to the relatively poor heat quality, currently there is a lack of technologies that can
efficiently utilize the low-temperature thermal energy. Solid-state thermoelectric devices can use
low-temperature heat, but oftentimes require expensive exotic materials and are, hence, not costeffective [7, 8]. Various thermo-electrochemical systems have been developed for power
generation with low-temperature heat utilizing metal complexation reactions [9-11], or
temperature-dependent electrochemical redox potentials [12-14]. However, these processes
typically suffer from poor energy efficiencies.
Recently, a vapor pressure-driven osmosis (VPDO) membrane technology, also termed
“thermo-osmotic energy conversion (TOEC)” [15-17] or “pressure-retarded membrane distillation
(PRMD)” [18], has been proposed to extract useful work from low-grade heat. Working principle
of VPDO is based on vapor transfer across a hydrophobic nanoporous channel as depicted in Fig.
1. The membrane separating the hot and cold streams is hydrophobic and, hence, the nanoscale
pores are not wetted. The temperature difference between the streams sets up a vapor pressure
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gradient, thus driving vapor flux across the membrane. Subsequent vapor condensation at the cold
side increases the cold stream volume, resulting in buildup of transmembrane hydraulic pressure
difference (∆P). This hydraulic pressure can be converted to useful work by depressurizing
through a hydroturbine, i.e., thermal energy ® mechanical energy ® electrical energy. The power
generation process can be described by W = ò∆PdV, where W is the useful work and dV is the
increase in cold stream volume. The product of vapor flux and hydraulic pressure yields the power
density (or, equivalently, W normalized by the effective membrane area). Hence, vapor flux and
∆P are important performance parameters for VPDO.

Figure 2.1. Schematic diagram of VPDO membrane technology. A) Working principles of
VPDO energy production, where two streams are separated by a hydrophobic, i.e., nonwetted, nanoporous membrane. The difference between hot- and cold-stream temperatures,
TH, and TC, drives vapor flux (white arrows) across the hydrophobic membrane. The
permeated vapor condenses and increases the cold stream volume, dV, setting up a
transmembrane hydraulic pressure difference, ∆P (represented by the green wavy arrow).
Therefore, useful work produced is W = ò∆PdV. B) Transport across the membrane
nanopores. The vapor flux driven by the difference between the hot- and cold-stream partial
pressures, Pv,H and Pv,C, respectively, transport through the hydrophobic nanopores of the
membrane matrix, and condenses at the pressurized cold stream.
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To advance the emerging VPDO membrane technology towards actual utilization of lowgrade heat for energy production, enhanced fundamental understand of the process is first needed.
While theoretical analyses have shed light on the performance-limiting effects of the VPDO
process and suggested desirable membrane properties [16, 18], experimental validations of these
analytical results are lacking. To date, there are no commercial membranes specifically designed
for VPDO and, so far, experimental tests on only one commercial ultrafiltration membrane and
one lab-fabricated asymmetric membrane have been reported [15, 19]. Understanding the role of
the membrane properties in the performance of the VPDO technology is vital for improving
process efficiency and for the development of high-performance membranes.
The objective of this study is to investigate the effects of membrane chemistry and structure
on the performance of VPDO. Vapor flux and evaporation thermal efficiency of two hydrophobic
nanoporous membranes with different chemical compositions and structural properties were
evaluated under a range of transmembrane temperature gradients and applied hydraulic pressures.
A model describing mass and heat transport is presented and employed to explain the experimental
membrane performance. Lastly, implications of the findings for converting low-grade heat to
useful work by VPDO are discussed.

2.2 Theory
Mass Transfer in VPDO. Mass transfer through the hydrophobic nanoporous membrane
can be described using a generalized form of the Maxwell-Stefan equation combined with the
dusty-gas model [20-22]. With reasonable simplifications, vapor mass flux across the membrane
in VPDO, Jv, can be derived [23, 24]:
-1
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Jv » ê
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(2.1)

where the difference between vapor pressures of the hot and cold streams, Pv,H and Pv,C
respectively, signifies the driving force for vapor flux. Mw is the molar mass of water, Rg is the gas
constant, T is the mean temperature in the membrane matrix, and Dwa and DK are coefficients of
Knudsen diffusion and molecular diffusion, respectively. Parameters that characterize the
membrane structure are porosity, e, thickness, d, and pore tortuosity, t. Aggregating these
membrane properties and physical constants together yields the membrane vapor permeability
coefficient, Bv, which describes an intrinsic vapor transport property of the hydrophobic
nanoporous membrane.
As indicated by Eq. 2.1, mass transport in the VPDO process is governed by the Knudsen
diffusion and molecular diffusion mechanisms. Knudsen diffusion coefficient, DK, describes
resistance to mass (vapor) transport based on collisions between vapor molecules and the pore wall
with an effective pore radii of reff and is given by eq. 2.2 [25-27].
DK =

4reff
3

2RgT

(2.2)

π Mw

The interaction between water vapor and air molecules, which describes the molecular diffusion
mechanism, is characterized by Dwa; an empirical correlation proposed by Fuller, Schettler, and Giddings
[28, 29].

T 1.75
Dwa =

Mw + Ma
MwMa

Pa (Vw1 3 + Va1 3 )

2

(2.3)

where Ma is the molar mass of air, Vw and Va are the molar volumes of water vapor and air,
respectively, and Pa indicates the pressure of air within the pore. Note that Bv varies within 1 %
between temperatures of 20-80 °C that are relevant in VPDO and, thus, can be considered
temperature-independent in this study.
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As shown in Eqs. 2.1-2.3, membrane porosity, thickness, and tortuosity determine an
effective pathway for vapor transport (dt/e in Eq. 2.1), whereas the ratio of effective membrane
pore size, reff, to the molecular mean free path, affects the relative contributions of Knudsen
diffusion and molecular diffusion to mass transfer resistance (Eqs. 2.2 and 2.3). For instance, vapor
transport through pores having small effective radii, reff, is dominated by Knudsen diffusion. Thus,
effective mass transfer is expected for membranes with high porosity, low tortuosity, and small
thickness, whereas large pore sizes are anticipated to be also desirable for high vapor flux.
Heat Transfer in VPDO. Heat transfer in VPDO is governed by both convection and
heat conduction. Total heat flux through the hydrophobic nanoporous membrane, Q! , can be
expressed as [22, 25, 30, 31]:

k
Q! = J v DH v + m (TH,m - TC,m )

d

(2.4)

where ∆Hv is the enthalpy of water vaporization, km is the membrane thermal conductivity, and
TH,m and TC,m are liquid-pore interfacial temperatures at the hot- and cold-stream sides,
respectively. The first term in Eq. 2.4, Jv∆Hv, denotes convective heat flux associated with the
latent heat of water vaporization, and the second term, km(TH,m − TC,m)/d, presents conductive heat
transfer across the membrane matrix.
Useful work is produced in VPDO by driving vapor flux across a hydrophobic nanoporous
membrane from a hot stream to a pressurized cold stream. The evaporation thermal efficiency,

aevp, is defined as the ratio of heat utilized for water vaporization to the total heat flux across the
membrane, Eq. 2.5. A higher aevp indicates a more efficient conversion of thermal energy to useful
work [16], with lesser conductive heat loss.
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a evp =

J v DH v
k
J v DH v + m (TH,m - TC,m )

(2.5)

d

We note that aevp is strongly affected by membrane properties since Jv is a function of
membrane pore size, porosity, and tortuosity (Eq. 2.1), and km is dependent on chemistry and
porosity of the membrane. As shown earlier in Eq. 2.1, vapor flux, Jv, is inversely proportional to
the membrane thickness, d. Hence, the influence of the membrane thickness on aevp (i.e., term 1/d)
cancels out in Eq. 2.5, indicating that the evaporation thermal efficiency is independent of
membrane thickness.

2.3 Materials and Methods
Hydrophobic Nanoporous Membranes. Two commercial hydrophobic nanoporous
membranes having different chemical and structural properties were investigated in this study.
Polypropylene (PP) membrane with nominal pore size of 100 nm was acquired from Membrana
GmbH (Wuppertal, Germany). Polytetrafluoroethylene (PTFE) membrane was obtained from Pall
Corporation (Westborough, MA) and comprises a thin hydrophobic PTFE layer with nominal 20nm pores supported by a polyester (PET) substrate.
Membrane Characterizations. Surface and cross-sectional morphologies of the PP and
PTFE membranes were investigated using scanning electron microscope (SEM, Zeiss Sigma VP,
Oberkochen, Germany). To obtain cross-sectional images, dry membranes were frozen in liquid
nitrogen and then fractured aided by a razor blade. All samples were sputter-coated with a 20-nm
gold layer (108 auto sputter, Cressington, UK) before imaging. Membrane surface roughness was
measured by atomic force microscopy (AFM, Bruker Dimension FastScan AFM, Bruker,
Germany) in tapping mode with a scan area of 2.0 ´ 2.0 µm. For each membrane coupon, three
different locations were scanned and the data were processed using Gwyddion software to obtain
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the average surface roughness. The membrane thickness was measured with a digital micrometer
and also determined from the cross-sectional SEM micrographs using ImageJ software.
Water contact angles were measured with a goniometer (ramé-hart Model 260, Succasunna,
NJ) using the static sessile drop method [32], and analyzed by a post-processing software
(DROPimage Advanced software). Surface free energies of both the PP and PTFE membranes
were calculated using the revised Young’s equation [33]:

cosθ in = −1+ 2

γs
2
exp ⎡⎢ − β (γ l − γ s ) ⎤⎥
⎣
⎦
γl

(2.6)

where qin indicates the intrinsic water contact angle on a perfectly smooth surface, γl is the surface
tension of the liquid, i.e., deionized (DI) water, γs is the surface free energy of the membrane, and
β is an empirical constant, 0.0001247 (m4 /mJ2) [33]. θin is calculated from the apparent contact
angle measured on the actual rough membrane surface, θapp, using the Wenzel model, cos θapp =
rrg cosθin, with rrg being the surface roughness factor, defined as the ratio of actual surface area to
the projected area. The surface roughness factor was obtained from AFM analysis [32, 34].
Liquid entry pressures, LEPs [35], were determined using a custom-built membrane test
cell (detailed later in section 3.3.1). DI water is circulated in the bottom channel of the membrane
cell and different hydraulic pressures were applied against the hydrophobic layer of the membranes
using a gear pump and a back-pressure regulator. The top cell channel was open to the atmosphere.
The bottom channel pressure was increased from 69 to 2070 kPa (10-300 psi) in increments of 69
kPa (10 psi), with each pressure maintained for 15 min. The pressure at which water leakage is
first observed was reported as the membrane LEP. Maximum effective pore size, dp,max, can be
calculated from the measured LEP value using the Laplace-Young equation [32]:

LEP = ΔPl,C = −

4γ l cosθ app
d p,max
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(2.7)

where ∆Pl,C is the pressure difference at the liquid-pore interface.
Membrane porosity was determined by a gravimetric method [36]. Membrane samples
were first completely wetted using isopropanol and then immersed in several DI water baths to
exchange the pore-filled isopropanol with DI water. The dry and water-wetted samples were
weighed using a microbalance and the sample porosity, e, was calculated by

e=

(m

wet

- mdry ) rp

(2.8)

mdry rw

where mwet and mdry are the weights of the wetted and dry membranes, respectively, and rp and rw
are the densities of membrane polymer and water, respectively. Because the PTFE layer peeled off
from the PET support crumbles up, porosity of the PTFE membrane was determined from the
properties of the integral membrane and PET support layer:

ε

PTFE

=

(

(m

int
wet

)

PET
PTFE
− mwet
− mdry
ρp

)

int
PET
PTFE
PTFE
mwet
− mwet
− mdry
ρ p + mdry
ρw

(2.9)

where superscripts “int”, “PTFE”, and “PET” denote properties of the integral membrane, PTFE
layer, and PET support, respectively.
Membrane pore size distributions were characterized by a custom-built capillary porometer
setup using the wet/dry flow method. Detailed methodology is described elsewhere [37, 38].
Briefly, flowrates of nitrogen gas across the dry and fully-wetted membranes were measured at the
same gas pressure increments. The pore size at a certain gas pressure can be calculated using the
Laplace-Young equation. The fraction of pores with the corresponding size is determined from the
difference in gas flowrates measured from wet and dry permeation tests [37, 38].
Experimental Set-up of Flux Tests. The bench-scale experimental VPDO setup is
illustrated in Fig. 2.2. Gear pumps were used to circulate the hot and cold streams as represented
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in red and blue, respectively. The hydraulic pressure and flowrate of the cold stream were adjusted
by a back-pressure regulator and a flow-control needle valve. Hot- and cold-stream temperatures
were controlled by a circulating bath and a refrigerated recirculating chiller, respectively
(PolyScience, Niles, IL). A custom-built crossflow membrane cell was used for VPDO
performance test. The length and width of the channel on both sides are 107 and 36 mm,
respectively, whereas channel depths of the hot and cold sides are 0.5 and 3.0 mm, respectively.
A customized two-layer woven tricot spacer was applied in the hot-stream channel to support the
membrane geometry and to enhance hydrodynamics. Effective membrane area of 19 cm2 (2.5 ´
7.6 cm) was exposed to the hot and cold streams. Entry and exit temperatures of the membrane
cell for both the hot and cold streams were measured by custom-made K-type thermocouples
(Omega Engineering, Norwalk, CT) and recorded with LabJack U6 data logger (Lakewood, CO).
The weight of a hot feed tank was continuously recorded by a digital scale and logged using
WinWedge software (TAL Technologies, Philadelphia, PA).
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Figure 2.2. Schematic diagram of the bench-scale experimental setup for the VPDO
membrane flux tests. Red and blue color represents the hot and cold steam, respectively.
Vapor flux is recorded by the rate of weight change of the hot feed tank.

For both hot and cold streams, DI water was used as the working fluid, operated in a cocurrent mode at a flowrate of 0.4 L min-1. Vapor flux across the membrane was driven by the
temperature gradient of 20, 35, or 50 °C, achieved by varying the bulk-phase temperature in the
hot stream, TH, while maintaining the cold stream bulk-phase temperature, TC, at 20 °C. At each
temperature gradient, three different hydraulic pressures, Ph, were applied at the cold stream to
produce the transmembrane pressure difference, ∆P, for power generation. Because the hot stream
is effectively at ambient pressure, ∆P » Ph − 0 = Ph. Additionally, the hydrophobic nanoporous
membranes need to withstand Ph without wetting during VPDO operation. To evaluate the
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performance of the PP and PTFE membranes under identical VPDO operating conditions, the
hydraulic pressures were chosen based on the lower LEP of the two membranes. In this study, Ph
of 69, 207, and 414 kPa (10, 30, and 60 psi) were applied (LEP results discussed in section 4.1).
For each temperature-pressure condition pair, VPDO experiments were carried out in triplicates
using different fresh membrane coupons. Steady-state vapor flux was determined from the rate of
weight change of the hot-stream tank over 15 minutes, after the vapor flux had stabilized.
Additional weight loss attributed to water evaporation from the hot-stream tank was corrected by
baseline tests using nonpermeable aluminum foil coupons (i.e., no vapor flux from the hot to feed
stream side), and was monitored to be < 8% of the total vapor flux across the membrane in all the
tests.

2.4 Results and Discussion
Membrane Characteristics. Top, bottom, and cross-sectional SEM micrographs of the
PP and PTFE membranes are shown in Fig. 2.3. The top surface of the PP membrane features a
globular structure, which is typical of membranes prepared via phase separation (Fig. 2.3-A1) [39].
A similar form of polymer aggregation with a globular structure was observed for the bottom side
of the PP membrane (Fig. 2.3-A2) [40]. The PTFE membrane showed a highly fibrillated structure
on the top surface (Fig. 2.3-B1), whereas a non-woven polyester substrate was observed at the
bottom of the membrane (Fig. 2.3-B2). Average surface roughness of the PP and PTFE
membranes, Ravg, are 101.7 and 124.4 nm, respectively, as characterized by AFM (Table 2.1) [41].
The surface roughness factors, rrg, of the PP and PTFE membranes were calculated using the actual
and projected membrane surface area obtained from the AFM imaging to be 2.44 and 1.89,
respectively (Table 2.1).
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Figure 2.3. SEM micrographs of the membranes. A1) and A2) show planar views of the
top and bottom sides, respectively, and A3) is the cross-sectional view of the PP membrane.
B1) Top planar view of the PTFE active layer, B2) bottom planar view of the PET support
layer, and B3) cross section of the composite PTFE/PET membrane. Separate layers are
indicated by the red arrows.
Table 2.1. Properties of PP and PTFE membranes.
Membrane characteristics

PP

PTFE

101.7 ± 28.3

124.4 ± 13.4

Roughness factor, rrg

2.44 ± 0.61

1.89 ± 0.03

Water contact angle, qapp (°)

129.1 ± 3.1

137.4 ± 2.2

20.04

15.39

92.3 ± 3.31

55.3 ± 15.7

0

41.3

LEP (kPa)

510

1790

*

100

20

Surface roughness, Ravg (nm)

Surface free energy, gs (mJ m-2)
Membrane thickness, dm (µm)
Support thickness, dspt (µm)

Nominal pore size, dp,eff (nm)
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Maximum surface pore size, dp,max (nm)
Membrane porosity, e (%)
*

360.0

118.5

69.9 ± 0.3

83.6 ± 0.2

Manufactures’ specifications.

Apparent water contact angles of the PP and PTFE membranes are 129.1° and 137.4°, and
the surface free energies of these membranes, γs, were calculated to be 20.04 mJ m-2 and 15.39 mJ
m-2, respectively, using Eq. 2.6 (Table 2.1). The surface free energies are in good agreement with
reported literature values [42]. LEP of the PTFE membrane (1790 kPa) is higher than the PP
membrane (51 kPa). The higher LEP of the PTFE membrane is attributed to the smaller pore size,
lower surface energy, and rougher surface texture that provide better resistance to pore wetting
(Eq. 2.7) [32, 43]. Thickness of the PP and PTFE membranes obtained using a micrometer, 92.3

µm and 55.3 µm, are comparable to those determined from their cross-sectional SEM micrographs
(Figs. 2.3-A3 and 2.3-B3), 99.7 µm and 42.9 µm, respectively. Subsequent analysis utilized the
thickness values obtained by digital micrometer.
Porosity of the PTFE membrane (83.6%) is markedly higher compared to that of the PP
membrane (69.9%). Pore size distributions of the two membranes can be inferred from Fig. 2.4,
showing the occurrence of different pore sizes (dp) based on the wet/dry flow method [38, 44]. The
largest pores are » 420 and 350 nm for the PP and PTFE membranes, respectively. It is worthwhile
to note the largest pores measured using the capillary porometry directly determine the membrane
LEP. Because of the bilayer composition, the pore size distribution of Fig. 2.4B is effectively
governed by the top PTFE layer, whereas the PET support layer is the main contributor to the bulk
membrane porosity. The median pore size of the PP membrane is comparable to the manufacturers’
nominal pore size value of 100 nm. Due to measurement limitation of the wet/dry flow method,
smaller pore sizes down to manufacturers’ specifications of 20 nm are not characterized.
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Figure 2.4. Pore size distributions of A) PP and B) PTFE membranes determined by
capillary porometry, equivalent to the difference between dry and wet flow rates, ∆F.

Impact of Membrane Chemistry and Structure on Mass Transfer. Vapor fluxes
of the PP and PTFE membranes evaluated under different transmembrane temperature gradients
and hydraulic pressures, Ph, are presented in Fig. 2.5. An exponential increase in vapor flux, Jv,
with increasing temperature difference across the membrane was observed for both membranes
and for all Ph. Vapor pressure of the hot stream, Pv,H, in excess of the cold side vapor pressure,
Pv,C, provides the driving force for vapor flux. The exponential vapor flux-temperature relationship
can be explained by the Clausius-Clapeyron equation:
⎡ ΔH ⎛ 1
1 ⎞⎤
*
v
Pv,H = Pv,C
exp ⎢
⎜ *−
⎟⎥
⎢⎣ Rg ⎝ TC TH,m ⎠ ⎥⎦

(2.10)

*
where TH,m is temperature at the liquid-air interface, Pv,C
and TC* are the vapor pressure and

temperature at reference state (20 °C at atmospheric pressure), respectively. As Pv,C is effectively
maintained constant, Eq. 2.10 represents the effective driving force for vapor flux, which increases
exponentially with TH,m. This theoretical prediction corresponds well with the observed increase
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in vapor fluxes of the PP and PTFE membranes with increasing hot stream temperature as shown
in Fig. 2.5.

Figure 2.5. Vapor flux, Jv, as a function of bulk-phase temperatures of the hot stream, TH,
under different operating hydraulic pressures, Ph, for A) PP and B) PTFE membranes. The
cold-stream temperature, TC, was kept at 20 °C for all experiments. The red dashed line
denotes the predicted vapor flux at Ph = 69 kPa using the theoretical method described in
section 4.3.

The PP membrane achieved higher Jv than the PTFE membrane (Figs. 2.5A and B,
respectively) under the same pressurizations as expected from its higher vapor permeability, Bv
(4.31 ´ 10-7 and 3.37 ´ 10-7 s m-1 for PP and PTFE membranes, respectively), calculated using
Eqs. 2.1-2.3. Tortuosity is determined from porosity using the correlation t = e-1/2 [23, 45-47].
Analysis of specific terms in Eq. 2.1 further reveals the effects of structural parameters t, d, and ε
on VPDO vapor fluxes. The PTFE membrane has a more effective vapor transport pathway than
the PP membrane, as represented by the smaller td/ε of 72.4 µm compared to 186.7 µm. Based on
Eq. 2.1, the lower td/ε is more favorable for vapor flux. However, according to Eq. 2.2, the larger
pore size of the PP membrane leads to a much higher Knudsen diffusion coefficient, 0.20 cm2 s-1,
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than that of the PTFE membrane (0.04 cm2 s-1). Since molecular diffusion coefficient of both
membranes is identical (0.27 cm2 s-1, as calculated using Eq. 2.3), the observed higher Jv of the
PP membrane provides strong evidence that vapor flux through these nanoporous membranes in
VPDO is dominated by Knudsen diffusion.
Impact of Hydraulic Pressure on Mass Transfer. For the same transmembrane
temperature difference, vapor flux in VPDO decreases as the applied hydraulic pressure, Ph, is
increased. The effect of applied hydraulic pressure on Jv can be explained using the following
expression derived from the Kelvin equation:

æ PV ö
*
Pv,C = Pv,C
exp ç h m ÷
çRT ÷
è g C,m ø

(2.11)

*
where Pv,C is the vapor pressure at the cold stream meniscus, Pv,C
is the saturated vapor pressure

of the cold stream at the liquid-air interface, TC,m is the temperature of the cold stream, and Vm is
the molar volume of water. Eq. 2.11 indicates that higher Ph raises vapor pressure of the cold
stream meniscus, thereby lowering the transmembrane vapor pressure gradient, Pv,H − Pv,C, and
reducing the driving force for mass transfer.
Vapor fluxes of the PP and PTFE membranes are presented in Fig. 2.6 as a function of the
applied hydraulic pressure. As shown in Fig. 2.6, vapor fluxes of both PP and PTFE membranes
are detrimentally affected by the increasing hydraulic pressure, but Jv of the PP membrane are less
influenced compared to that of the PTFE membrane at all transmembrane temperature gradients
investigated in this study. We postulate that the applied hydraulic pressure caused compaction of
membrane coupons, leading to changes in membrane structural parameters including thickness,
porosity, tortuosity, and effective pore size, thereby affecting vapor fluxes. This explains the
substantial decrease in experimental Jv compared with the theoretical predictions using constant
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structural parameters (dashed lines in Fig. 2.6; details of the model are presented in the following
section) at a certain increased hydraulic pressure. Similar results have also been reported in
previous VPDO studies [15, 48].

Figure 2.6. Vapor flux, Jv, as a function of the applied hydraulic pressure, Ph, at different
transmembrane temperature gradients for A) PP and B) PTFE membranes. The cold-stream
temperature was kept at 20 °C in all experiments. Dashed lines denote the predicted vapor
flux at varying hydraulic pressures at different transmembrane temperature difference,
assuming constant membrane structural parameters, using the theoretical method described
in section 4.3.

The extent of membrane compaction and the resultant impact on vapor flux in VPDO
depends on intrinsic membrane properties. Specifically, with a higher porosity (Table 2.1) and
looser structure (Fig. 2.3), PTFE membrane is more likely to be compacted compared with PP
membrane, causing a more significant change in the effective transport pathway, td/ε, under
pressurization. Meanwhile, because PP membrane has a relatively lower diffusivity dominated by
its larger pores, a certain change in td/ε will have less significant impact on its overall vapor
permeability coefficient, Bv (Eq. 2.1), compared with PTFE membrane. While the two membranes
are exposed to the same transmembrane vapor pressure difference under the same pressure, change
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in Jv of PP membrane due to compaction is less sensitive than PTFE membrane. Compaction of
the PP membrane is minimal up to »210 kPa, but becomes noticeable at »410 kPa (Fig. 2.6A). On
the other hand, vapor flux of the PTFE membrane is already detrimentally affected at the moderate
pressure of » 210 kPa, suggesting the membrane structure altered significantly due to compaction
(Fig. 2.6B).
Impact of Membrane Chemistry and Structure on Heat Transfer. Due to
temperature polarization, the actual temperature difference across the membrane, TH,m − TC,m,
differs from the bulk-phase temperature difference, TH − TC. The effective driving force for vapor
flux is, therefore, reduced by temperature polarization [25, 30, 31]. At steady state, heat fluxes in
the boundary layers of both the hot and cold streams are equal to the heat flux across the membrane,

Q! . Temperatures at the liquid-air interface in Eq. 2.4 are expressed as TH,m = TH − Q! / hH and

TC,m = TC + Q! / hC , where hH and hC are heat transfer coefficients within the hot- and cold-stream
boundary layers, respectively [31]. hH and hC are calculated using the Nusselt number, Nu, the
boundary layer thermal conductivity, kw, and the hydraulic diameter of the membrane cell channel,
Dh, using the relation h = Nu(kw/Dh). Values of Nu are determined from empirical correlations
where flow in the hot-stream channel filled with woven tricot spacer is assumed to be turbulent
TF
[30] (denoted by NuH , Eq. 2.12) and the pressurized cold stream is considered to be laminar flow

[22, 30] (denoted by NuCLF , Eq. 2.13):
æ 6 Dh ö 0.8 1/3
NuHTF = 0.023 ç1 +
÷ Re Pr
l ø
è

NuCLF = 4.36 +

(2.12)

0.036 Re Pr ( Dh / l )
1 + 0.0011 éëRe Pr ( Dh / l )ùû

0.8

(2.13)

where l is the length of the channel, Re is the Reynolds number, and Pr is the Prandtl number.
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Heat flux through the PP and PTFE membranes, Q! , during steady-state VPDO is
numerically calculated using Eq. 2.4 with the experimental Jv. Thermal conductivity of the
membrane, km, is determined using the relation, km = (1 − e)kp + ekg, where kp and kg are the thermal
conductivities of the polymeric membrane material and gas (i.e., air), respectively. The values of
kp were adapted from properties of PP (0.16 W m−1 K−1) and PTFE (0.25 W m−1 K−1) polymer [49],
and kg of 0.022 W m−1 K−1 was taken from the literature [50]. Vapor fluxes of the PP and PTFE
membranes at varying temperature gradients and an applied hydraulic pressure of 68.9 kPa
calculated using Eqs. 2.1-2.3 and Eqs. 2.10-2.11 match the experimental data well (red dashed
lines in Fig. 2.5).
Evaporation thermal efficiencies, aevp, of the PP and PTFE membranes calculated using
Eq. 2.5 are presented in Fig. 7. Evaporation thermal efficiencies of both the PP and PTFE
membranes increase with higher temperature gradients across the membrane, but decrease with
larger applied hydraulic pressures. We note that the impact of heat transfer associated with
vaporization of water (Jv∆Hv in Eq. 2.5) on evaporation thermal efficiency is more significant than
conductive heat loss (km/d (TH,m-TC,m) in Eq. 2.5). This is because Jv and, hence, evaporative heat
transfer, is exponentially dependent on the temperature gradient (Clausius-Clapeyron relationship,
Eq. 2.10), whereas conductive heat transfer is linearly related. Therefore, aevp exhibits an
exponentially increasing tendency with transmembrane temperature difference. The highest aevp
of the PP and PTFE membranes achieved in this study were 51.8% and 41.7%, respectively, at the
same hot-stream temperature, TH, of 70 °C and applied pressure, Ph, of 68.9 kPa. Detrimental
effects of pressurization on αevp for both membranes are also observed and, similar to the
phenomenon in mass transfer (Figs. 2.5 and 2.6), PP is less affected. Again, this is because of the
dominance of vaporization of water (Jv∆Hv) in heat transfer, resulting in the performance of αevp
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being substantially affected by Jv.

Figure 2.7. Evaporation thermal efficiency, αevp, as a function of hot-stream temperature,
TH, under different operating pressures for A) PP and B) PTFE membranes. Cold-stream
temperature, TC, was set as 20 ºC.

In general, the PP membrane presents higher evaporation thermal efficiency than the PTFE
membrane. Since the evaporative heat is carried by vapor flux, membranes with chemical and
structural properties more favorable for mass transfer will, consequentially, also tend to have
higher αevp. As discussed in Section 4.2, chemical and structural properties of the PP membrane
yield a greater vapor permeability, which explains the higher evaporation thermal efficiency.
Similarly, the PP membrane is comparatively less affected under pressurization and exhibited less
decay in vapor flux, therefore resulting in smaller decrease in evaporation thermal efficiency under
rising hydraulic pressures. Thermal conductivity of the membrane matrix (0.16 and 0.22 W m−1
K−1 for PP and PTFE, respectively) does not significantly influence αevp because of the relatively
small contribution of conductive heat loss and the high porosity of the membranes.
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2.5 Implications
A theoretical model is established to understand mass and heat transfer of the emerging
VPDO technology for power generation using low-temperature heat resources. Two commercial
hydrophobic nanoporous membranes of different material chemistry, PP and PTFE, and structural
properties are evaluated for VPDO performance. Vapor flux and thermal evaporation efficiency
of the two membranes demonstrate good agreement with the model predictions. Vapor flux
increases exponentially with the transmembrane temperature difference, underscoring the unique
attribute of VPDO to advantageously leverage on the exponential dependence of vapor pressure
on temperature in the conversion of low-temperature heat sources to useful work.
Thinner membranes with greater porosity and lower tortuosity will yield larger vapor
permeabilities, Bv (Fig. 2.5 and Eq. 2.1), that improve vapor flux and, thus, generate better power
density performance for VPDO energy production. While membranes with larger pores can
facilitate vapor flux by enhancing the dominant transport mechanism of Knudsen diffusion (Eq.
2.2), as observed for the PP membranes, performance advancements based on this approach will
be constrained by the need to maintain unwetted pores (Eq. 2.7 and Fig. 2.4). For
superhydrophobic membrane materials, such as PTFE, chemical modifications to lower the surface
free energy [51-53], and tailored surface microstructures with special anti-wettability [54, 55] can
beneficially increase the LEP to enable greater pressurization of the cold stream, and allow
membranes with larger pores and higher vapor permeability coefficients to be utilized for VPDO.
Composite or asymmetric membranes can decouple the seemingly conflicting structural
requirements for anti-wettability and high vapor flux: having small pores at the membrane surface
fronting the pressurized stream will resist wetting and allow greater hydraulic pressures to be
utilized, and having high porosity and large non-tortuous void structures for the rest of the
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membranes will facilitate transport for high vapor flux. As the largest pores are the first to be
wetted, development of membranes with a narrow dispersion of pore sizes will also be
advantageous to enable utilization of higher transmembrane hydraulic pressures.
The study showed that decay in vapor flux because of changes in membrane morphology
caused by compaction under hydraulic pressurization is related to membrane structural properties.
The desired membrane structure for large Bv, i.e., high porosity, appears to be incompatible with
resistance to deformation. Therefore, efforts to improve vapor permeability by tuning the
membrane structure would also need to balance the mechanical robustness requirement. It is
worthwhile to note that the membranes evaluated in this investigation are not designed for the
specific operating conditions of VPDO and, hence, there is considerable room for advancement.
Here, unique scaffold architectures that are highly porous without sacrificing sturdiness offer
opportunities to depart from this apparent tradeoff [56, 57].
Evaporation thermal efficiencies improve at higher transmembrane temperature gradients
but decrease with larger applied hydraulic pressure, with evaporative heat transfer being
considerably more significant than conductive heat loss. While a lower thermal conductivity of the
membrane polymer material has been suggested to be beneficial for VPDO [16], its effects on both
improving evaporation thermal efficiency and maximizing power generation will be only
marginal. Our study indicates that membrane properties desirable for mass transfer, i.e., high vapor
permeability and resistance against deleterious compaction, are also key to efficient thermal
utilizations of the low-temperature heat resources and, thus, are the primary considerations in
developing membrane for high-performance VPDO.

2.6 Nomenclature
Acronyms
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LEP

liquid entry pressure

PP

polypropylene

PTFE

polytetrafluoroethylene

PRMD

pressure-retarded membrane distillation

TOEC

thermo-osmotic energy conversion

VPDO

vapor pressure-driven osmosis

Symbols
Bv

membrane vapor permeability (s m-1)

dp

pore diameter of the membrane (nm)

dp,eff

effective mean pore diameter of the membrane (nm)

dp,max

maximum pore diameter of the membrane (nm)

Dh

hydraulic diameter (m)

DK

Knudsen diffusion coefficient (cm2 s-1)

Dwa

molecular diffusion coefficient of the water-air system (cm2 s-1)

∆F

difference between gas flow rates of the dry and wet membrane (L
min-1)

hC

heat transfer coefficient of the boundary layer in the cold stream (W
m-2 K-1)

hH

heat transfer coefficient of the boundary layer in the hot stream (W m-2
K-1)

∆Hv

enthalpy of vaporization (kJ mol-1)

Jv

vapor flux (kg m-2 h-1)

kg

thermal conductivity of gas in membrane pores (W m-1 K-1)

km

integral thermal conductivity of the membrane (W m-1 K-1)

kp

thermal conductivity of the membrane polymer (W m-1 K-1)

kw

thermal conductivity of the boundary layer (mW m-1 K-1)

l

length of the water channel (m)

mdry

mass of the dry membrane sample (g)

mwet

mass of the wetted membrane sample (g)

Ma

molar mass of air molecule (g mol-1)
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Mw

molar mass of water (g mol-1)

p

bulk pressure in the membrane pore (kPa)

Pa

pressure of air in the membrane pore (kPa)

Ph

applied hydraulic pressure (kPa)

Pv,C

vapor pressure of the cold stream (Pa)

Pv,H

vapor pressure of the hot stream (Pa)

*
Pv,C

saturated vapor pressure of the reference state at 298 K (Pa)

∆P

hydraulic pressure difference across the membrane (kPa)

∆Pl,C

pressure difference across the liquid meniscus (kPa)

Q!

total heat flux across the membrane (W m-2)

reff

effective pore radius (nm)

Rg

gas constant (J mol-1 K-1)

Ravg

average surface roughness (nm)

T

temperature (°C)

TC

bulk phase temperature in the cold stream (°C)

TC *

temperature of the reference state (°C)

TH

bulk phase temperature in the hot stream (°C)

TC,m

membrane interfacial temperature in the cold stream (°C)

TH,m

membrane interfacial temperature in the hot stream (°C)

Va

molar volume of air (ml mol-1)

Vm

molar volume of liquid water (ml mol-1)

Vw

molar volume of water vapor (ml mol-1)

Greek letters
αevp

evaporation thermal efficiency (%)

β

constant coefficient for surface free energy (m2 mN-2)

γl

surface tension of liquid (mN m-1)

γs

surface free energy of membrane (mJ m-2)

dm

membrane thickness (µm)

dspt

thickness of membrane support (µm)
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e

membrane porosity (%)

θapp

apparent water contact angle on a rough membrane surface (°)

θin

intrinsic water contact angle on a smooth surface (°)

ρp

density of the membrane polymer (g cm-3)

ρw

density of water (g cm-1)

t

pore tortuosity

Dimensionless groups

NuCLF

Nusselt number for laminar flow in the cold stream

NuHTF

Nusselt number for turbulent flow in the hot stream

Pr

Prandtl number

rrg

roughness factor

Re

Reynolds number

Superscripts and subscripts
a

air

app

apparent

avg

average

C

cold stream side

d

diameter

g

gas

H

hot stream side

h

hydraulic

in

intrinsic

int

integral

K

Knudsen diffusion

l

liquid

LF

laminar flow

m

membrane/ membrane interfacial

max

maximum

p

polymer

rg

rough
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s

solid

spt

membrane support

TF

turbulent flow

w

water

*

reference condition
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Chapter 3: Energy and Pressure Analysis of Cascading Osmotically
Mediated Reverse Osmosis for High-Salinity Desalination
Chapter Abstract
Current practice of using thermally-driven methods to treat hypersaline brines is highly
energy-intensive and costly. While conventional reverse osmosis (RO) is the most efficient
desalination technique, it is confined to purifying seawater and lower salinity sources. Hydraulic
pressure restrictions and elevated energy demand render RO unsuitable for high-salinity streams.
Here, we propose an innovative cascading osmotically mediated reverse osmosis (COMRO)
technology to overcome the limitations of conventional RO. The innovation utilizes the novel
design of bilateral countercurrent reverse osmosis stages to depress the hydraulic pressure needed
by lessening the osmotic pressure difference across the membrane, and simultaneously achieve
energy savings. Instead of the 137 bar required by conventional RO to desalinate 70,000 ppm TDS
hypersaline feed, the highest operating pressure in COMRO is only 68.3 bar (-50%). Furthermore,
up to »17% energy saving is attained by COMRO (3.16 kWh/m3, compared to 3.79 kWh/m3 with
conventional RO). When COMRO is employed to boost the recovery of seawater desalination to
70% from the typical 35-50%, energy savings of up to »33% is achieved (2.11 kWh/m3, compared
to 3.16 kWh/m3 with conventional RO). Again, COMRO can operate at a moderate hydraulic
pressure of 80 bar (25% lower than 113 bar of conventional RO). This study highlights the
encouraging potential of energy-efficient COMRO to access unprecedented high recovery rates
and treat hypersaline brines at moderate hydraulic pressures, thus extending the capabilities of
membrane-based technologies for high-salinity desalination.
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3.1 Introduction
Management and treatment of high-salinity brines, such as produced water from oil and
gas industries and waste streams of minimum/zero liquid discharge (MLD/ZLD) operations, have
rapidly risen to be major environmental challenges [1-6]. Underground injection of produced
water, the predominant practice [7], is expensive, environmentally unsustainable, and not always
available [1, 3, 8, 9]. At the same time, rising costs and impending regulations on wastewater and
brine disposal, together with mounting strain on freshwater resources provide strong impetuses for
the development of MLD/ZLD technologies [4, 5, 10].
Very high total dissolved solids (TDS) concentrations (> »70,000 ppm) pose considerable
technical challenges in treatment. Currently, thermal separation methods of mechanical/thermal
vapor compression, multiple effect distillation, thermal brine concentrator, and evaporation pond
are the prevailing techniques to desalinate or dewater highly concentrated brines [1, 6, 11].
However, these thermally-driven processes are inherently inefficient and highly energy intensive
[12-14]. Membrane-based technologies, including membrane distillation (MD) and forward
osmosis (FO), have been advanced as alternatives [1, 5, 15-19]. But MD is ultimately still a heatdriven distillation process, while FO draw agents used in pilot demonstrations are also thermally
regenerated [15, 16]. Therefore, the overall energy efficiency of both MD and FO are still
constrained by unfavorable thermodynamic limitations governing all thermal separations [20-22].
Reverse osmosis (RO), an isothermal separation, is the most energy-efficient method for
seawater and brackish water desalination [23-26]. But, RO typically handles streams up to only
»70,000 ppm TDS (effluent salinity), approximately 2´ seawater concentration. Greater salinities
require higher hydraulic pressures to overcome the osmotic pressure that scales with TDS.
However, studies have reported severe deterioration of membrane transport properties under high
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pressurizations [27-30]. Furthermore, because the energy consumption of conventional singlestage RO increases with feed salinity and recovery yield, treating hypersaline brines and
desalinating to high recovery rates (i.e., produced water and MLD/ZLD applications, respectively)
will be substantially more energy intensive [26].
Alternative system configurations of serially staged RO and closed-circuit RO have been
proposed to reduce desalination energy [31, 32]. While analyses indicate that these configurations
can provide energy savings, both still need high hydraulic pressures that are not typically utilized
in conventional RO operation. The development of new membrane-based technologies capable of
treating high-salinity feed streams with moderate hydraulic pressure requirements will have
important impacts on desalination. Such innovations will supplant costly thermal processes for
treating hypersaline streams of, for example, produced water and MLD/ZLD brine.
In this study, we propose a novel cascading osmotically mediated reverse osmosis
(COMRO) technology to overcome the limitations of conventional RO and enable high-salinity
desalination. The technique utilizes the innovative design of bilateral countercurrent reverse
osmosis stages to substantially lower the hydraulic pressure needed for operation and
simultaneously achieve energy reductions. The working principles of COMRO first are introduced.
Analytical expressions for the minimum specific energy consumption and hydraulic pressure
requirement are derived for COMRO and alternative RO configurations. The study then quantifies
the energy savings and reduced hydraulic pressure benefits of COMRO for two scenarios of
hypersaline brine desalination and high recovery seawater desalination. Capital cost considerations
on levelized cost of water production are discussed and an example of rapid COMRO
implementation is presented.
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3.2 Cascading Osmotically Mediated Reverse Osmosis
Practical Limitations of Conventional Reverse Osmosis. While RO has emerged
as the most efficient seawater desalination technology [20, 24-26], there are practical constraints
limiting the range of RO operation. Figure 3.1A shows a schematic of a conventional single-stage
RO, where a high-pressure pump drives water permeation across the membrane module, yielding
freshwater as product. Energy embedded in the pressurized exiting brine stream is captured with
an energy recovery device (ERD), e.g., pressure exchanger. The constant hydraulic pressure
required for operation, ∆P, must be greater than the osmotic pressure of the brine effluent, which
scales with the TDS concentration.
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Figure 3.1. Schematics of A) conventional single-stage RO and B) direct pass RO (DPRO)
with N stages, where the retentate stream of each stage is further pressurized by a booster
pump and directed to the next stage as influent. The stepped increase in hydraulic pressure
along the series drives water permeation in each stage, cumulatively yielding product water
and concentrating the retentate stream into the brine effluent for discharge. Color intensity
of the streams and stages is representative of the salinity, while the white block arrows in
the membrane modules indicate direction of water permeation. Double and single lines
denote pressurized streams and ambient pressure streams, respectively.
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High hydraulic pressures have been reported to have detrimental and oftentimes
irreversible impacts on membrane transport properties, including water permeability loss and
compromised selectivity [27-30]. Thus, RO is traditionally restricted to pressures < 85 bar (»1200
psi) [33, 34], which imposes upper bounds on the brine effluent concentration and, in turn, the
recovery rate Y (defined as the ratio of the product water flowrate to feed water flowrate) [33].
Because of the vulnerability of membranes to diminished performance at high pressurizations,
conventional RO is, therefore, unsuitable for the desalination of high-salinity feed streams. For
seawater desalination, ∆P limitation is one of the factors restricting typical recovery rates to 3550% [23, 24, 35].
Even if the hydraulic pressure limitation can be overcome with advances in membrane
material and module design to substantially improve mechanical robustness, it will be challenging
to feasibly employ RO for the desalination of hypersaline feed or to achieve higher recoveries.
This is because RO energy requirement is directly proportional to the ∆P [26, 36]. Operating
conventional single-stage RO at ultrahigh hydraulic pressures will, thus, be penalized by
excessively large energy cost, severely weakening the economic favorability.
Working Principles of DPRO. With current state-of-the-art single-stage RO
approaching the thermodynamic limit in energy efficiency for seawater desalination [26, 37],
alternative system designs are being considered for reducing energy consumption. Analytical
studies indicate that multi-stage direct pass reverse osmosis (DPRO) is more energy efficient than
conventional single-stage RO [26, 32, 38]. In DPRO, N repeating RO stages are connected in series
(Figure 3.1B). The retentate stream of one stage is further pressurized by a booster pump and
directed to the next stage as feed. Water permeation across the membrane in each stage
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cumulatively yields the product water and gradually concentrates the retentate stream into brine
effluent that is eventually post-treated and discharged.
Progressing along the stages in DPRO, the retentate stream osmotic pressure of each stage
increases stepwise, raising the required ∆P correspondingly. The osmotic pressure before the last
stage will, hence, always be lower than that of the final brine effluent. Therefore, ∆P in all stages,
except the final stage, is lower than the applied hydraulic pressure in a single-stage RO with the
same overall Y. As the average applied pressure weighted by the permeate volume of each stage
in DPRO is reduced compared to single-stage RO operation, desalinating with a series of stages
can be more efficient than conventional single-stage RO. Nevertheless, in DPRO the highest
hydraulic pressure required, ∆Pmax, is still dictated by the osmotic pressure of final brine effluent
and, hence, remains the same as single-stage RO. Therefore, the constraints imposed by high
hydraulic pressures, discussed above, remain unresolved.
Working Principles of COMRO. To overcome the practical limitations of RO and
extend the technology to desalinate higher salinity feeds and/or achieve greater recovery rates, we
propose a novel cascading osmotically mediated reverse osmosis (COMRO). Working principles
of COMRO are illustrated by the schematic in Figure 3.2. The unpressurized saline feed is
introduced to the bilateral countercurrent (BCC) stages with a circulation pump. Unlike
conventional RO with feed/retentate on one side and permeate on the other, the BCC stages have
crossflow of saline streams on both sides in addition to the applied hydraulic pressure, ∆P. The
feed stream is sequentially diluted in the N repeating BCC stages by water permeating from the
opposite side. The diluted stream is then pressurized to moderate ∆P and desalinated in a terminal
RO stage, i.e., standard conventional RO module, to yield fresh product water. The retentate stream
exiting the terminal RO stage is cycled back to the cascading BCC stages in countercurrent flow,
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with booster pumps to incrementally ramp up the hydraulic pressure applied on the stream.
Because the osmotic pressure difference across the membrane, ∆π, is mediated by the dilute stream
on the other side, ∆P needed to drive water permeation from the retentate stream (lower half of
BCC stages), across the membrane to the upper half, is significantly lowered. The retentate stream
is progressively concentrated along the cascade due to water flux in the BCC stages. The eventual
hypersaline brine effluent generated is depressurized using an ERD prior to post-treatment and
discharge.
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Figure 3.2. Schematic diagram of COMRO with N units of BCC stages. The input feed is
diluted in a series of bilateral countercurrent (BCC) reverse osmosis stages before passing
through a terminal standard RO module to produce freshwater using only moderate
hydraulic pressures. The retentate stream is cycled back to the cascading BCC stages in
countercurrent flow, and the applied hydraulic pressure of each stage drives water
permeation across the membrane, concentrating the retentate stream to a hypersaline brine
for discharge. Color intensity of the streams and stages is representative of the salinity,
while the white block arrows in the membrane modules indicate direction of water
permeation. Double and single lines denote pressurized streams and ambient pressure
streams, respectively.

The dilute stream in the BCC stages, i.e., upper half of the cascade, is at low hydraulic
pressures for circulation (close to ambient), and is pressurized by the high-pressure pump of the
terminal RO stage. The retentate stream remains pressurized in the lower half of the cascading
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BCC stages, with ∆P increased stepwise by booster pumps (or, depending on operating condition,
lowered by an ERD going into the Nth stage). Because the salinity of the upper half stream
osmotically mediates the hydraulic pressure needed in the BCC stages, the retentate stream can,
hence, be concentrated to very high salinities without ∆P exceeding the operating pressure limit.
Likewise, the dilution of the influent stream by water permeation in the cascade of BCC stages
considerably lowers the hydraulic pressure needed for water production in the terminal RO stage.
Therefore, feed water of salinities substantially greater than seawater can be desalinated in
COMRO, and/or recovery rates >50% can be attained with seawater.
Working Principles of Counter Flow/Osmotically Assisted RO. Another design
that utilizes dilute saline streams to mediate ∆π was recently proposed, and is termed “counter flow
reverse osmosis (CFRO)” [39, 40] or “osmotically assisted reverse osmosis (OARO)” [41].
Working principles of CF/OARO are detailed elsewhere [40, 41], and are briefly explained here.
CF/OARO comprises N bilateral stages and a terminal RO stage connected by N recirculating
working solution loops (Figure 3.3). The pressurized saline feed is introduced to the 1st bilateral
stage, while an unpressurized low concentration working solution (e.g., NaCl solution) is
circulated on the opposite permeate side as the sweep stream. The osmotically mediated ∆P drives
water permeation across the membrane and the sweep stream is diluted, while the retentate is
concentrated and eventually discharged as brine effluent. The diluted 1st sweep stream is then
pressurized and cycled to the 2nd bilateral stage as the feed influent. A 2nd sweep stream of a more
dilute working solution flows unpressurized in the permeate side of the 2nd stage (i.e., similar to
1st stage operation). Water permeates across the 2nd stage due to the net driving force of ∆P-∆π.
The 1st sweep stream, now concentrated, is then depressurized and recycled back to the 1st stage
permeate side, while the diluted 2nd sweep stream is pressurized and directed to the 3rd stage.
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Figure 3.3. Schematic of CF/OARO with N bilateral stages and terminated with a standard
RO stage, connected by N recirculating loops of working solution with progressively lower
osmotic pressure. The streams within each loop are pressurized before being sent to the
next stage and then fully depressurized before being recirculated back. Freshwater is
produced in the terminal RO stage from a more dilute influent than the input feed stream,
hence requiring a lower applied hydraulic pressure. Color intensity of the streams and
stages is representative of the salinity, while the white block arrows in the membrane
modules indicate direction of water permeation. Double and single lines denote pressurized
streams and ambient pressure streams, respectively.

These configurations of looping stages and pressurization-depressurization operation of
working solutions are repeated down the process train (Figure 3.3), with the sweep stream
concentration gradually lowered along the stages and loops. The Nth sweep stream, after successive
dilution in the bilateral stages, is finally channeled to a terminal conventional RO stage to yield
fresh product water. Like COMRO where ∆π is mediated by a more dilute stream, the ∆P needed
to drive water permeation in the bilateral stages of CF/OARO is similarly reduced. In order to
achieve steady-state throughout the whole process, the permeation rate must be maintained
precisely identical in all stages, including the terminal RO stage, such that there is no net
accumulation or depletion of stream volume in any of the loops. Note that while the BCC stages
in COMRO are configured in cascading countercurrent flow, the CF/OARO stages are linked by
closed recirculating loops. Another critical difference is that working solutions are employed in
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the closed loops to achieve the necessary stepwise dilution in CF/OARO, but in COMRO the
diluted influent feed is cycled back down the stages to be the retentate stream (Figures 3.2 and
3.3).

3.3 Energy Requirement and Highest Operating Pressure
Minimum Energy of Desalination. Specific energy of desalination, E, is defined as the
energy needed to produce a unit volume of product water. The theoretical minimum specific
energy, Emin, is equivalent to the Gibbs free energy of separation, ∆Gsep, and can be simplified to
[26, 36]:

Emin = DGsep »

pf
Y

ln

1
1- Y

(3.14)

where πf is the feed stream osmotic pressure and Y is the recovery rate [26, 36]. Previous studies
showed that carrying out a hypothetical thermodynamically reversible RO desalination process
with perfectly selective membranes (i.e., 100% salt rejection and, thus, permeate TDS
concentration of zero) yields exactly the same expression as eq 3.14 [26, 36]. Because no entropy
is produced in a thermodynamically reversible process, the energy consumed is, thus, the
theoretical minimum.
Practical Specific Energy of Facility-Scale RO Desalination. Actual facility-scale
desalination processes are not thermodynamically reversible and, hence, the practical energy
requirement will be greater than Emin [26, 34, 36]. Here analytical expressions for the practical
specific energies of COMRO, DPRO, and CF/OARO are presented and briefly discussed, while
details on the derivation of E are in Appendix A. The energy consumption in a stage is the product
of the applied hydraulic pressure, ∆P, and permeate volume, ∆V. For an N-stage process, E is the
sum of the energy requirement along all the stages, divided by the overall permeate volume, Vp.
This is algebraically described as E = å(∆P∆V)/Vp. The practical specific energies to desalinate a
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saline feed of osmotic pressure πf to recovery Y with COMRO, DPRO, and CF/OARO can be
expressed by eqs 3.15, 3.16, and 3.17, respectively:
N
æ
ECOMRO = kp f ç1 + NY å éë N + Y ( N - i ) ùû ( N - iY )
i =1
è

{

}

æ N
-1 ö
EDPRO = kp f ç å ( N - iY ) ÷
è i =1
ø
ECF/OARO =

kp f
1- Y

-1

ö
÷
ø

(3.15)

(3.16)

(3.17)

where k, the operational over-pressurization factor, signifies the portion of hydraulic pressure
applied in excess of the maximum osmotic pressure difference within the stage to maintain
adequate water flux for practical operation (refer to Appendix A for further elaboration). N denotes
the number of BCC stages in COMRO and bilateral stages in CF/OARO (i.e., not counting the
terminal RO stage); while in DPRO, N includes all conventional RO stages in the series.
In practical desalination processes, operating parameters, such as ∆P and ∆V of each stage,
can be varied while still yielding the same Y overall. In this analysis, we consistently adopt a
constant permeate increment approach for the different technologies, where in COMRO and
DPRO the permeate volume is equally distributed among the BCC stages and conventional RO
stages, respectively. Note that the working principles of CF/OARO dictate that the same volume
of water permeates across each stage. Hence, the evaluation criteria are maintained the same
among the technologies compared. An alternative scheme for operating the stages to yield the same
Y, but by having a constant increment of ∆P between stages instead, is assessed in Appendix A.
Lower Operating Pressures Are Needed for COMRO Compared to
Conventional RO. The operating hydraulic pressures for the stages of cascading osmotically
mediated RO (COMRO), direct pass RO (DPRO), and counter flow/osmotically assisted RO
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(CF/OARO) are calculated using eqs A.9, A.11, and A.13 in Appendix A, respectively. Figure 3.4
(symbols, right vertical axis) shows the highest applied hydraulic pressure, ∆Pmax, required in
single-stage RO, COMRO, DPRO, and CF/OARO for two scenarios: A) desalinating hypersaline
feed at 70,000 ppm TDS to 50% recovery and B) high recovery seawater desalination with Y =
70% (feed salinity, cf, of 35,000 ppm TDS). Consideration for ∆Pmax in COMRO and CF/OARO
includes bilateral stages as well as terminal RO stage. Highest operating pressure for DPRO occurs
in the final stage of the series. Configurations with one to four stages, not counting the terminal
RO stage, are evaluated for COMRO and CF/OARO, while DPRO is assessed for N = 2-5 (N = 1
is equivalent to single-stage RO). I.e., for the same total number of stages, N of DPRO is one
greater than N of COMRO and CF/OARO. Horizontal grey dotted lines signify 85 bar, the
approximate upper ∆P operating range of typical membrane modules. The operating hydraulic
pressures and specific energy consumption for each stage are detailed in Tables A.1-6 of Appendix
A.
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Figure 3.4. Specific energy requirement, E (columns, left vertical axis), and highest
hydraulic pressure, ∆Pmax (symbols, right vertical axis), of conventional single-stage RO,
COMRO, DPRO, CF/OARO, and Emin for A) desalination of hypersaline feed at 70,000
ppm TDS to 50% recovery and B) desalinating seawater at 35,000 ppm TDS to high
recovery of 70%. Multi-staged processes COMRO and CF/OARO were evaluated for N =
1-4, while DPRO with 2-5 stages were assessed. Note that for the same total number of
stages (including terminal RO stage), NCOMRO/CF/OARO + 1 = NDPRO. Grey dotted lines denote
85 bar, the upper hydraulic pressure operating range of typical membrane modules.
Osmotic pressures are determined using the van’t Hoff equation with NaCl solutions at
temperature of 298 K, and the operational over-pressurization factor, k, is 1.15 for all
configurations. Pump and ERD inefficiencies, parasitic pressure drops along membrane
modules, pre- and post-treatment costs, and intake and outfall power consumption are not
factored into the energy requirement calculations.

Desalinating hypersaline feed at 70,000 ppm TDS to 50% recovery requires an applied
hydraulic pressure of 137 bar in single-stage RO (Figure 3.4A), substantially exceeding the typical
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operating ∆P of conventional RO membrane modules. DPRO also needs the equally high ∆Pmax
of 137 bar, regardless of the number of stages. This is because the exiting retentate stream of the
final stage in DPRO has identical salinity and, thus, osmotic pressure as the effluent brine of
conventional RO (Figure 3.1B). The technical limitations encountered at the very high
pressurizations, as discussed earlier, hence exclude single-stage RO and multi-stage DPRO from
treating very high salinity feeds.
In contrast, ∆P required in COMRO to desalinate hypersaline feed are well within the 85
bar operating pressure limit. For all configurations of N = 1-4, the most pressurized stage is at 68.3
bar (Figure 3.4A). Likewise, for CF/OARO, ∆Pmax is also 68.3 bar for the configurations evaluated.
Both COMRO and CF/OARO are able to operate at lower ∆Pmax than single-stage RO and DPRO,
because the BCC/bilateral stages utilize saline stream on the dilute side to reduce the osmotic
pressure difference that needs to be overcome (Figures 3.2 and 3.3). Further, the salinities handled
by the terminal RO stage is significantly lessened compared to single-stage RO (and the last stage
of DPRO) due to stepwise dilution in the preceding BCC/bilateral stages, thus markedly decreasing
∆P. Therefore, COMRO and CF/OARO innovatively avoid the high membrane pressurizations,
sidestepping the technical barrier to enable the potential desalination of hypersaline feeds.
COMRO Is More Energy Efficient for Desalinating Hypersaline Feed. The
practical specific energy requirement, E, for single-stage RO, COMRO, DPRO, and CF/OARO
are compared in Figure 3.4 (columns, left vertical axis). The same scenarios of A) hypersaline
desalination and B) high recovery seawater desalination, and stage configurations for the different
technologies are assessed using eqs 3.15, 3.16, and 3.17. Pump and ERD inefficiencies, parasitic
pressure drops along membrane modules, pre- and post-treatment costs, and intake and outfall

55

power consumption are not factored into the energy requirement calculations. The theoretical
minimum energy of desalination, Emin, calculated using eq 3.14, is also presented.
If single-stage RO is used to desalinate hypersaline feed of 70,000 ppm TDS to 50%
recovery, 3.79 kWh will be needed to produce 1 m3 of freshwater (Figure 3.4A, using eq 3.16 with
N = 1). The energy requirement is significantly greater than Emin of 2.29 kWh/m3. To achieve the
same desalination, COMRO requires 3.79, 3.35, 3.22, and 3.16 kWh/m3 with one, two, three, and
four BCC stages, respectively (eq 3.15). Therefore, utilizing COMRO with N = 2 attains 11.7%
reduction in E, while higher energy savings of up to 16.7% are achieved by increasing the number
of bilateral countercurrent stages to three and four (Figure 3.4A). In contrast, CF/OARO consumes
the same 3.79 kWh/m3 regardless of number of stages (eq 3.17 is independent of N) and has exactly
identical energy efficiency as single-stage RO (substituting N = 1 into eq 3.16 yields eq 3.17).
Provided the ∆P technical impediments described earlier are addressed, DPRO offers the largest
energy saving in hypersaline desalination compared to conventional single-stage RO, with 16.7%
reduction in E for two stages and further energy savings of up to 25.4% as N increases to five
(Figure 3.4A, using eq 3.16). The energy efficiencies of the different technologies are DPRO >
COMRO > CF/OARO = single-stage RO.
The enhanced energy efficiency of COMRO and DPRO in desalinating high-salinity feeds,
relative to single-stage RO and CF/OARO, can be graphically visualized using representative
pressure-volume plots, as depicted in Figure 3.5. For parity in comparison between the desalination
technologies, COMRO and CF/OARO are analyzed for N = 3, i.e., three BCC/bilateral stages plus
terminal RO stage for a total of four stages, the same number of stages considered in DPRO
configuration. The area of the patterned regions represents the energy required in each stage and
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thus the sum of the areas, å(∆P∆V), is proportional to E. The solid grey lines denote the osmotic
pressure of the retentate stream as a function of recovery, i.e., πf/(1-Y).

Figure 3.5. Energy requirement to desalinate hypersaline feed of cf = 70,000 ppm TDS to
50% recovery for A) 3-stage COMRO, B) 4-stage DPRO, and C) 3-stage CF/OARO
represented on hydraulic pressure-recovery rate plots, i.e., equivalently, pressure-volume
plots. The solid grey lines denote osmotic pressure of the retentate brine as a function of
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recovery. The area of the patterned regions represents the energy required in each stage,
while the area under the dotted red lines indicates the energy consumption of conventional
single-stage RO, E1°-RO. The operational over-pressurization factor, k, is 1.15.

To desalinate hypersaline feed of 70,000 ppm TDS to 50% recovery in single-stage RO,
∆P is 137 bar (horizontal red dashed lines in Figures 3.5A-C). Multiplying the pressure by the
permeate volume, or equivalently the recovery, yields the energy requirement and is represented
in Figure 3.5 as the area under the red dashed lines, E1°-RO. In COMRO, because the stream salinity
is sequentially lowered by the BCC stages (Figure 3.2), energy consumed in the terminal RO stage
(region labelled ET in Figure 3.5A) is significantly less than E1°-RO. To drive water flux from the
more saline retentate stream to the dilute side in the cascading stages, work is done by the applied
hydraulic pressure. However, the normalized permeate volume in each countercurrent stage (width
of patterned regions) is only a fraction of the overall recovery, and the ∆P required (height of
areas) is osmotically mediated by the dilute stream. Therefore, adding the energy consumed in the
three BCC stages (E1°, E2°, and E3° in Figure 3.5A) to ET still yields a lower energy requirement
than single-stage RO. This energy savings is signified by the difference between the area under
the red dashed line and the sum of the patterned areas.
DPRO employs a series of conventional RO stages with incrementally elevated hydraulic
pressures for stepwise recovery of freshwater (Figure 3.1B). The width of the patterned regions in
Figure 3.5B is representative of the permeate volume in each stage, while the stepped height
indicates ∆P progressively ramping up to 137 bar. DPRO consumes less energy than COMRO
because in the BCC stages of COMRO, essentially pure water that permeates across the membrane
is combined with the saline stream on the dilute side. This mixing is counter to the separation
objective of desalination, and the undesirable mixing entropy produced diminishes the net energy
efficiency. In contrast, water permeation in the DPRO stages directly constitute the final yield and,
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thus, avoid the unproductive generation of entropy due to mixing. Therefore, for the same number
of stages, DPRO is more energy efficient than COMRO (and also CF/OARO), irrespective of feed
salinity and recovery rate. However, the realization of this benefit is contingent on the
aforementioned high pressurization challenge being resolved.
Although CF/OARO utilizes bilateral stages to lessen the applied hydraulic pressure
required, the recirculating loop design necessitates a permeate volume equivalent to the final
product water volume to pass through all stages (Figure 3.3). This is graphically represented in
Figure 3.5C by the patterned regions with low height (i.e., low hydraulic pressure required in each
stage) but identically broad width equal to the process recovery rate of 50%. Summing up ∆P∆V
of the bilateral stages, 1-3°, and the terminal RO stage yields energy consumption exactly matching
conventional single-stage RO. An examination of eq 3.17 reveals that the energy consumption of
CF/OARO is independent of the number of bilateral stages and, furthermore, substituting N = 1
into eq 3.16 yields eq 3.17, i.e., ECF/OARO = E1°-RO. This somewhat counterintuitive finding on the
low energy efficiency of CF/OARO can be explained by the mixing entropy produced in the loops
when the permeated water mixes with the saline sweep streams. Because the bilateral stages are
linked by closed recirculating loops, the entire permeate volume has to pass through each of the N
loops, thus cumulatively producing an extensive amount of entropy. As work done in each stage
is the product of applied hydraulic pressure and permeate volume, potential energy efficiency gains
by lower ∆P requirements are offset by the large ∆V = Vp (Figure 3.5C). Hence, while CF/OARO
offers the advantage of reduced ∆Pmax, the process is disadvantaged by excessive energy demand.
COMRO Enables Enhanced Recovery of Seawater Desalination with
Moderate Pressures and Substantial Energy Savings. The specific energy requirement
and ∆Pmax to desalinate seawater to the high recovery rate of 70% are presented in Figure 3.4B.
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The same assessment method as scenario A) of hypersaline desalination is employed. For
conventional single-stage RO and DPRO, ∆Pmax is 114 bar, again surpassing the 85 bar pressure
limit. On the other hand, COMRO is able to achieve high recovery seawater desalination while
operating with moderate pressures below 79.6 bar (symbols in Figure 3.4B). The operating
pressure requirement among the technologies is lowest for CF/OARO, with ∆Pmax ranging between
34.1 and 79.6 bar, depending on N.
The trends in E for high recovery seawater desalination are similar to the earlier scenario
of hypersaline feed. Irrespective of number of stages, CF/OARO has the same E as single-stage
RO of 3.16 kWh/m3, 2.25 times the thermodynamic limit of 1.42 kWh/m3. Hypothetically setting
aside the anticipated technical problems at high pressurizations, DPRO attains the greatest energy
efficiencies (26.9-40.7% decrease in E, relative to single-stage RO). While not as efficient as
DPRO, substantial gains in energy savings are still achieved using COMRO: energy reductions
are enhanced from 23.0 to 32.9% as N increases from one to four (columns in Figure 3.4B). Thus,
among the desalination methods assessed in this study, COMRO is the only technology that
simultaneously offers the benefits of improved energy efficiency and moderate hydraulic pressure
requirements. Furthermore, the configuration of COMRO in this analysis is not optimized for
either largest energy saving or minimum ∆Pmax. In actual implementation, the flexibility of
COMRO enables the process to be extensively customized (e.g., number of cascading stages, water
permeation in each stage, and applied pressure in BCC and terminal stages) to meet specific
operational and performance objectives.

3.4 Capital Cost and Practical Considerations
Impact of Capital Expense on Levelized Cost of Water. The levelized cost of water
(LCOW) is defined as the constant price to produce a unit volume of freshwater to breakeven over
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the lifetime of the desalination facility. In addition to energy consumption, LCOW also depends
on the initial capital expenditure, expenses for chemicals, and other operational, financial, and
indirect costs [42]. Hence, LCOW is a compendious indicator that describes the economic
feasibility of desalination. Capital cost, which includes system components such as membrane
modules, high-pressure pumps, and ERDs, accounts for approximately 37-54% of LCOW in
conventional RO desalination plants and is, thus, a critical factor for process viability [24, 43, 44].
Increasing the number of stages reduces the specific energy demand for COMRO and
DPRO, but capital expense will also unavoidably rise and, in turn, negatively impact LCOW.
Firstly, total membrane area required increases with more stages, regardless of the technology.
However, the different technologies require different membrane transport properties. For the BCC
stages in COMRO, since the main objective is to dilute the feed stream rather than generate highquality product water, some leakage of salt across to the feed side is tolerable. Therefore, more
water permeable membranes with comparatively lower salt selectivity can be employed to
significantly lower the membrane area requirement. On the other hand, all stages in DPRO directly
yield product water and are, therefore, constrained to more selective but less permeable membranes
to maintain output water quality. Secondly, a greater number of stages also necessitates more
auxiliary engineering components. Each added stage in DPRO and COMRO needs an additional
booster pump to adjust the applied hydraulic pressure, while the capital equipment requirement for
another bilateral stage in CF/OARO is even higher, with a pair of high-pressure pump and ERD
needed, respectively, to pressurize and depressurize the sweep stream (Figures 3.1B, 3.2, and 3.3).
Therefore, the least LCOW is achieved by optimizing the number of stages to balance the tradeoff
between operating energy cost and initial capital expense.
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The steady state operation of CF/OARO requires a constant volumetric permeation rate to
be maintained throughout all stages, a process objective that will likely pose challenges in
execution. Further, because the membranes are not perfectly selective (i.e., salt rejection < 100%),
salts from the feed stream that leak across the bilateral stages will inevitably accumulate in the
closed recirculating loops of CF/OARO. The buildup of foreign salts and compounds in the
working solutions will upset the delicate osmotic pressure balance needed for proper process
function. The sweep stream is also anticipated to require periodic bleed and replenishment with
new working solutions. These CF/OARO operating and maintenance cost will unfavorably affect
LCOW.
Practical Implementation of COMRO to Extend Desalination Capabilities.
Rapid implementation of COMRO in practice can be realized by appending the technology to
existing desalination facilities for enhancement of overall recovery yields and, thus, augment water
production capacity. This is illustrated in Figure 3.6A, where a 1-stage COMRO is added-on to
conventional seawater RO (grey and blue shaded boxes, respectively). Note that other
desalinations methods, such as thermal distillation, can be integrated with COMRO as well.
Flowrate, salinity, and osmotic pressure of the streams are indicated in the schematic. Exiting brine
from the conventional RO, after depressurization, is directed to the COMRO bilateral
countercurrent stage for dilution and then to the terminal RO stage to produce more permeate.
Freshwater production of the integrated process is further increased by 50% and, thus, net Y is
improved to 75%.
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Figure 3.6. COMRO integrated with conventional single-stage RO to desalinate seawater
feed of cf = 35,000 ppm TDS to overall recovery, Y, of 75%. A) Schematic of a 1-stage
COMRO (blue shaded area) integrated with conventional RO (grey shaded area).
Volumetric flowrate (relative to input feed of 1.00 Vf), TDS concentration, and osmotic
pressure of the streams are indicated. B) Specific energy requirement of the integrated
process. The solid grey line denotes osmotic pressure of the retentate brine as a function of
recovery. The area of the shaded regions represents the energy required in each stage.
Difference between the area under the dotted red line and sum of shaded regions indicates
the energy cost avoided by not carrying out the desalination in a conventional single-stage
RO. Osmotic pressures are determined using the van’t Hoff equation with temperature at
298 K and the operational over-pressurization factor, k, is 1.15.

In the COMRO configuration depicted in Figure 3.6A, ∆P applied in the BCC and terminal
RO stages are both 68.3 bar, within the »85 bar constraint. The identical pressurization further
eliminates the need for an ERD for the retentate stream exiting the terminal RO stage (and before
entering the BCC stage), thus trimming capital expenditure. Specific energy requirements of the
stages are detailed in Figure 3.6B. The conventional single-stage RO requires E of 1.90 kWh/m3
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to attain 50% recovery yield (grey shaded area). Deploying the COMRO extension to increase
overall Y by 1.5´ raises the specific energy demand by only 1.33´ to 2.53 kWh/m3 (total shaded
area). In comparison, to achieve 75% recovery in one conventional RO stage would consume 2´
more energy (E = 3.79kWh/m3, area under dotted red lines) and require the prohibitively high ∆P
of 136.6 bar.
Additionally, COMRO affords great flexibility in configuration of the stages and can be
designed to treat challenging brines significantly more saline than the 70,000 ppm TDS scenario
examined earlier, without exceeding the technical constrain in ∆P. For example, 2-stage COMRO
can be utilized to concentrate hypersaline streams at 150,000 ppm TDS by 25% (i.e., equivalent to
Y of 20%, refer to Figure A.6 and discussion in Appendix A). Hence, COMRO shows great
promise to extend the capabilities of membrane-based technologies beyond seawater desalination.

3.5 Implications
The proposed cascading osmotically mediated reverse osmosis technology offers the dual
advantages of high energy efficiency desalination with only moderate hydraulic pressure
requirements. Presently, feed streams with salinity greater than seawater are beyond the reach of
membrane-based processes and have to be treated by energy-intensive thermal processes [1, 11].
COMRO can innovatively sidestep hydraulic pressure limitations imposed by the membrane
module and extend the capabilities of membrane-based techniques to desalinate hypersaline brines
and enhance recovery in seawater desalination. The technology has potential to treat ultrahigh
salinity streams of emerging importance, such as desalinating produced water from oil and gas
operations and dewatering brine from minimum/zero liquid discharge operations.
In the bilateral stages of COMRO, both the feed and permeate sides are saline, whereas
conventional RO only has saline solution on the feed side. Due to the radically different working
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principles, current commercial RO membranes are likely unsuitable for the BCC stages. Mass
transfer in the bilateral stages will be more similar to osmotically-driven processes of forward
osmosis and pressure retarded osmosis [45-47]. Furthermore, since the aim of the BCC stages is
to dilute the feed stream and not yield product water, the membrane active layer can be optimally
tuned the right balance of high water permeability while retaining adequate solute rejection.
Therefore, development of membranes with specifically tailored structural and transport properties
will be pivotal to enabling COMRO. Fouling is a pervasive problem plaguing all membrane
processes [33]. Membrane fouling, especially mineral scaling [48], will inescapably be a key issue
when treating high-salinity streams in COMRO as well.
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Chapter 4: Transport and Structural Properties of Osmotic
Membranes in High-Salinity Desalination Using Cascading
Osmotically Mediated Reverse Osmosis
Chapter Abstract
Management of high-salinity brines is a global environmental challenge. Recently, we
proposed a novel cascading osmotically mediated reverse osmosis (COMRO) technology for
energy-efficient hypersaline desalination. In this study, a transport model is established for
COMRO. We investigate the impacts of hydraulic pressure and salinity on transport and structural
properties of thin-film composite osmotic membranes in COMRO. Our results show that
membrane transport properties are not affected by transitory pressure changes on the order of
hours. But on longer timescales, on the order of days, the membrane undergoes
compaction/relaxation in response to pressurization/depressurization, with water and salt
permeabilities declining/recovering accordingly. Importantly, the water and salt permeabilities
change in the same proportion. We found that this is due to morphological changes of the activesupport interlayer altering the effective membrane area. The membrane structural parameter is
demonstrated to be consistent at different salinities. As salinity increases, both water and salt
permeabilities increase, but salt permeability rises substantially more than water permeability.
Lastly, the presented transport model is validated by good agreement between experimental and
predicted water fluxes. This study advances the understanding of membrane transport and
structural properties in the emerging COMRO technology, and provides insights into water and
salt transport for other osmotic membrane processes.
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4.1 Introduction
Treatment of high-salinity brines (>≈70,000 ppm total dissolved solids, TDS) has rapidly
become an important environmental challenge globally [1, 2]. A substantial amount of hypersaline
brines is generated from the oil and gas industry (several million cubic meters per day in the U.S.
alone) [3-5], minimum/zero-liquid discharge operations [6], inland desalination [7], landfill
leachate [8], and flue gas desulfurization [9]. Prevailing desalination methods are all thermallydriven processes based on liquid-vapor phase change of water, which intrinsically requires
intensive energy input (≈630 kWh/m3) [10, 11].
Reverse osmosis (RO) is the most energy-efficient method for seawater and brackish water
desalination [12-14], but the current state-of-the-art of RO is unsuitable for desalination of highsalinity brines. As the osmotic pressure scales with solute concentration, high-salinity RO
desalination requires exceedingly high hydraulic pressure to overcome the transmembrane osmotic
pressure difference. However, studies have reported severe deterioration of membrane
performance during such high-pressure operations [15-17]. Although “high-pressure RO” has
recently been proposed as an alternative to distillation-based methods for hypersaline brines [18],
it is likely not a trivial challenge to design suitable high-strength membrane materials without
compromising membrane transport properties. Additionally, implementation of mechanically
robust membrane modules and system components to the high pressurizations will also likely
require considerable capital cost. Even if high-pressure RO is realized, hypersaline desalination
using conventional single-stage RO will have lower energy efficiencies, because the specific
energy consumption increases proportionally with the higher pressures applied.
To overcome limitations of conventional RO, we proposed a novel “cascading osmotically
mediated reverse osmosis” (COMRO) membrane technology for energy-efficient desalination of
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hypersaline brines [19]. Working principles of COMRO can be found elsewhere and are briefly
explained here with Fig. 4.1A. COMRO utilizes the innovative design of bilateral countercurrent
(BCC) reverse osmosis stages to lessen the osmotic pressure difference across the membrane, thus
substantially depressing the hydraulic pressure needed and simultaneously achieve energy saving
in high-salinity desalination [19]. Membranes in COMRO are challenged by atypical working
environments, including high pressures and high salinities, under which transport and structural
properties of the membrane may alter from those in conventional osmotically-driven processes.
Understanding of fundamental water and salt transport properties in COMRO is necessary to
advance the nascent technology and inform the design of customized membranes for enhanced
performance.
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Figure 4.1. A) Schematic depicting an N-stage COMRO [19]. B) Concentration profile across
the membrane of the bilateral countercurrent (BCC) stages. Red and white arrows denote
directions of salt and water fluxes, respectively, and darker color intensity of the blue regions
represents higher concentration.

This study aims to systematically investigate transport and structural properties of
polyamide thin-film composite osmotic membranes in conditions representative of COMRO
operation. A framework describing water and salt transport across the membrane in COMRO is
first presented. Impacts of hydraulic pressure on membrane water and salt permeabilities are
examined and related to morphological changes of the membrane active-support layer interface.
The influence of bulk-solution salinity on membrane structural parameter is assessed. Effects of
high salinities on membrane water and salt permeabilities are also investigated, using a revised
method for simultaneous determination of transport and structural parameters. Lastly, the transport
models are validated by experimental data in bench-scale COMRO tests. Findings of this study
shed light on the effects of hydraulic pressure and salinity on key membrane properties that govern
transport in COMRO.

4.2 Theory
Transport Phenomena in COMRO. In the bilateral countercurrent (BCC) stages of
COMRO, the retentate stream (higher concentration) is pressurized to drive water permeation
across the membrane, thus diluting the feed stream (lower concentration) [19]. The local water and
salt transport across a thin-film composite (TFC) membrane in a BCC stage are illustrated by the
schematic in Fig. 4.1B, where the active layer is facing the high-concentration (HC) stream, while
the support layer is in contact with the low-concentration (LC) stream. The hydraulic pressure is
applied at the HC side, driving water and salt fluxes across the membrane in the same direction
from the high- to low-concentration side.
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A mass transfer boundary layer with thickness of δ is formed on the HC-stream side, at the
solution-membrane active layer interface, with concentrative external concentration polarization
HC
HC
(ECP) raising the bulk-phase solute concentration cb to cm . On the LC-stream side, internal

concentration polarization (ICP) decreases the solute concentration across the support layer from

cbLC to cmLC at the active-support layer interface. Accordingly, the concentration difference across
HC
LC
the membrane interfaces is greater compared with that across the bulk phases, i.e., cm − cm >

cbHC − cbLC , thus increasing the transmembrane osmotic pressure difference to overcome. Although
there is likely to be ECP on the LC side, previous studies and also experimental results of this
work found the effect to be relatively small [20, 21], and was therefore not explicitly considered
in this analysis. Instead, ECP is effectively incorporated into mass transfer resistance of the
unstirred support layer.
Theoretical Models of Water and Salt Transport in COMRO. In the HC boundary
layer and porous support, the overall salt flux, Js, is the sum of the diffusive component, driven by
the salt concentration gradient, and the convective component, carried by the water flux, Jw [2224]:
J s = Deff

dc ( x )
dx

+ Jwc( x)

(4.18)

where the salt concentration c is expressed as a function of the position x (Fig. 4.1B) and Deff is
the effective diffusion coefficient of the solute in a certain layer. The steady-state salt flux across

(

the active layer is expressed as J s = B cmHC − cmLC

)

LC
HC
[24], where cm and cm are the solute

concentrations at the active layer interface on the LC and HC sides, respectively, and B is the salt
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permeability of the membrane. At steady state, salt flux across the HC boundary layer, porous
support, and membrane active layer are equivalent:

⎡ ECP dc ( x )
⎤
⎡ ICP dc ( x )
⎤
+ J w c ( x ) ⎥ = ⎢ Deff
+ J w c ( x ) ⎥ = B cmHC − cmLC
⎢ Deff
dx
dx
⎢⎣
⎥⎦ ECP ⎢⎣
⎥⎦ ICP

(

)

(4.19)

LC
LC
Corresponding boundary conditions of the support are c = cb at x = 0 and c = cm at x =
HC
HC
t; while c = cm at x = t + a and c = cb at x = t + a + δ for the HC boundary layer, where t, a, and

δ are thickness of the support layer, active layer, and the HC boundary layer, respectively (Fig.
1B). Integrating Eq. (4.19) across the HC-stream boundary layer and the support layer yields cmHC
LC
and cm , respectively. Deff of the HC boundary layer is identical to the bulk-phase diffusivity, D,

while the effective diffusivity of the porous support can be derived from D by accounting for the
porosity (ε) and tortuosity (τ) of the support layer: Deff = Dε/τ. Defining membrane structural
parameter, S ≡ tt/e, Deff can be substituted by Dt/S, and complete derivations of cmLC and cmHC are:

cmLC =

HC
m

c

B
Jw

( ) ( ) c + {1+ ⎡⎣exp( ) − 1⎤⎦}exp(− ) c
1+ ⎡exp ( ) − exp ( − ) ⎤
⎣
⎦

⎡1− exp − J w S ⎤ exp
D ⎦
⎣

1+
{
=

Jw
k

HC
b

Jw
k

B
Jw

B
Jw

B
Jw

( )} ( )
( )

Jw
k

Jw S
D

LC
b

Jw S
D

( )
( )

( )

⎡1− exp − J w S ⎤ exp J w c HC + B ⎡exp J w − 1⎤ exp − J w S c LC
D ⎦
k
Jw ⎣
k
D
b
b
⎣
⎦
J
J S
1+ JBw ⎡exp kw − exp − Dw ⎤
⎣
⎦

(4.20)

(4.21)

where k = D/δ is the mass transfer coefficient of the HC-stream boundary layer.
Here we note that because of the atypically high concentrations in COMRO operations, the
osmotic pressure is not linearly proportional to the concentration [25]. Hence, the widely adopted
assumption that ∆πm ∝ ∆cm may introduce significant inaccuracies [21, 26] and is, thus, not
suitable. Therefore, in this analysis, membrane interfacial osmotic pressures are determined using
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more accurate nonlinear functions of concentration, π(c). With Eqs. (4.20) and (4.21), water flux

{

( ) ( )}

HC
LC
can be further calculated as J w = A ΔP − ⎡⎣π cm − π cm ⎤⎦ , where A is the membrane water

permeability, and ∆P is the applied transmembrane hydralic pressure difference.

4.3 Materials and Methods
Osmotic Membranes and Chemicals. Flat sheets of commercial thin-film composite
(TFC) osmotic membranes from Toray Chemical (FO4040, Seoul, South Korea) were used for all
experiments. The TFC osmotic membrane comprises a polyamide active layer on top of a highly
porous polysulfone support with non-woven polyester fibers embedded for mechanical robustness
[27]. Membranes were prepared by soaking in 25 v/v% isopropanol to remove any protective
coatings, followed by washing with deionized (DI) water, and then kept in DI water at 4 °C. Unless
otherwise specified, all the experiments were carried out in duplicates using fresh membrane
coupons. The saline HC and LC streams were simulated by dissolving ACS grade sodium chloride
(NaCl, Fisher Scientific, Hanover Park, IL) or magnesium sulfate heptahydrate (MgSO4·6H2O,
Alfa Aesar, Haverhill, MA) in DI water.
Determination of Membrane Water and Salt Permeabilities under Different
Hydraulic Pressures. Water and salt permeabilities of the TFC osmotic membrane at different
hydraulic pressures were characterized in a custom-built COMRO unit that can also be operated
in RO and FO mode. Channel depths of the LC- and HC-stream sides are 0.5 and 3.0 mm,
respectively, and identical length and width of 107 and 36 mm are employed for the channels on
both sides. A and B values were evaluated in RO mode by pressurizing the feed solution on HC
side and employing the LC-stream as the permeate solution. Feed-stream hydraulic pressures were
generated by a Hydra-Cell diaphragm pump (Wanner Engineering Inc., Minneapolis, MN) and a
gear pump (Langer Instruments, Tucson, AZ) was used to circulate the permeate stream. The
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hydraulic pressure and flowrate of the feed (HC) stream were adjusted by a back-pressure regulator
and a flow-control needle valve. Effective membrane area of 19.0 cm2 (2.5 ´ 7.6 cm) was exposed
to both streams, and a customized two-layer woven tricot spacer was applied in the permeate (LC)
channel to support the membrane and enhance hydrodynamics. The direction of water and salt
fluxes, concentration profile across the membrane, and application of hydraulic pressure are
depicted in Figs. 4.2A, B, and C for RO, FO, and COMRO operation, respectively.

Js
Jw

Feed

cP
Permeate

COMRO mode
Js
Jw

Js
Jw

cF
P

C)

FO mode

RO mode

cF,b cF,m cD,m

cD,b

HC
cbHC cm

cmLC
P

Feed
solution

Draw
solution

HC
stream

cbLC
LC
stream

Figure 4.2. Schematics depicting water and salt transport, and concentration profile across the
membrane in A) RO, B) FO, and C) COMRO modes for membrane characterization
experiments. Red, blue, and white arrows denote directions of salt flux (Js), water flux (Jw), and
applied hydraulic pressure (∆P), respectively. The orientation of the membrane is kept the same
in all tests, i.e., left and right streams in all modes are in the HC-stream and LC-stream channels
of the membrane cell, respectively. A customized two-layer woven tricot spacer was used in the
LC channel.

To determine membrane water permeability, DI water was used as the feed and permeate
streams in co-current flow, at flowrates of 1 and 0.2 L/min, respectively. Steady-state water flux,

J wDI , under hydraulic pressure, ∆P, after operating over 12 h was obtained by monitoring the rate
of change in weight of the permeate tank. The corresponding water permeability, A, was
DI
determined as A = J w ΔP .
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Different ∆P were applied to systematically evaluate membrane water permeability (A)
under three different scenarios. First, A under “compaction” scenario was investigated by
determining the steady-state membrane water permeability after >12 h of hydraulic pressurization
at 6.9 bar (100 psi). ∆P is then raised to 13.8 bar (200 psi) and compacted over 12 h again before
characterizing A. The characterization is then repeated for 27.6 bar (400 psi). For “short-term
persistence” scenario, the membrane was first compacted for 12 h under 27.6 bar and A is
determined. Then ∆P was decreased to 13.8 and steady-state A was immediately measured within
two hours (i.e., no 12 h stabilization). Membrane water permeability was characterized with the
same protocol again after lowering ∆P to 6.9 bar. Lastly for “relaxation and re-compaction”
scenario, membranes were first compacted under 27.6 bar for over 12 h and steady-state A was
recorded. The membranes were then kept unpressurized for 20 days to allow for relaxation of the
polymeric material. Values of A were measured for 30 min in quick succession under hydraulic
pressures of 6.9 bar ® 13.8 bar ® 27.6 bar (i.e., before steady state is reached). Operating details
of the three scenarios are summarized in Table 4.1.
Table 4.1. Summary of operating conditions to determine water and salt permeability under
different hydraulic pressures using three pressurization scenarios.

Water permeability

Salt permeability
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compaction

Relaxation and re-

Relaxation (d)

no

Duration (min)

no

no

-

no

>720 120

120

-

>720 >720 >720 >720

Steady state

yes

yes

yes

-

yes

∆P (bar)

27.6

6.9

13.8

27.6

Relaxation (d)

no

20

no

no

Duration (min)

>720 30

30

30

Steady state

no

no

no

no

no

yes

no

yes

no

yes

Salt permeabilities under different hydraulic pressures were investigated under the
“compaction” and “short-term persistence” scenarios described earlier in the evaluation of A. In
the “compaction” scenario, membranes were compacted using DI water chronologically under ∆P
of 3.4 bar ® 6.9 bar ® 13.8 bar ® 27.6 bar (50, 100, 200, and 400 psi, respectively). For each
pressure after the DI water flux stabilized, i.e., >12 h, the feed stream was replaced with 25 mM
NaCl and the steady-state salt rejections were characterized. The feed side was then flushed and
replaced with DI water before characterization at the next ∆P. Membranes in the “short-term
persistence” scenario were first compacted by DI water under 27.6 bar (400 psi) over 12 h, and the
feed stream was then substituted with 25 mM NaCl. The hydraulic pressure is lowered stepwise
from 27.6 bar ® 20.7 bar ® 13.8 bar ® 6.9 bar (with >12 h stabilization each) and the stabilized
salt rejections at each ∆P were determined. Details of operating scenarios are summarized in Table
4.1.
NaCl concentration of the permeate tank was continuously tracked by a calibrated
conductivity meter (ThermoFisher Scientific, Waltham, MA). Observed NaCl rejection, R, was
determined from the difference in bulk-phase feed ( cF ) and permeate ( cP ) concentrations,
R = 1− cP cF . The membrane salt permeability, B, was calculated using:[24]
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⎛ J ⎞
⎛ 1− R ⎞
B = Jw ⎜
exp ⎜ − w ⎟
⎟
⎝ R ⎠
⎝ k ⎠

(4.22)

where k is the feed-stream mass transfer coefficient, calculated using film-theory model [28].
Membrane Characterization by Scanning Electronic Microscopy. Cross-section
of the TFC osmotic membranes before and after hydraulic compaction were characterized using
scanning electron microscopy (SEM, Zeiss Sigma VP, Oberkochen, Germany). Membranes were
compacted in the membrane cell using DI water as the feed stream at hydraulic pressure of 27.6
bar for >12 h, with stabilized water flux indicating steady state is attained. The compacted
membrane coupon was removed from the cell and immediately dehydrated by soaking into pure
ethanol several times. The sample was then further dried in a vacuum oven (Across International,
Livingston, NJ) for 15 min to remove residual ethanol. Both the pristine membrane (i.e., without
compaction) and the membrane after hydraulic compaction were frozen in liquid nitrogen and then
fractured, aided by light scoring with a razor blade. All samples were sputter-coated with a 20-nm
gold layer (108 auto sputter, Cressington, UK) before imaging. SEM imaging was completed
within 45 min after compaction to minimize potential recovery of membrane cross-sectional
morphology.
Determination of Membrane Parameters as a Function of Salinity. Structural
parameter, S, of the TFC osmotic membrane is described by the thickness (t), tortuosity (t), and
porosity (e) of the support layer as S = tt/e [29]. Three individual membrane coupons were soaked
into NaCl solution of salinities ranging from 0 to 5 M (292,500 ppm TDS) and equilibrated for
one hour. Change in S value at different salinities was determined from changes in t, t, and e.
Membrane thickness, ≈t, is measured by a digital micrometer. Membrane porosity, e, is determined
using a gravimetric method. Because density of the membrane matrix cannot be directly
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determined, here we utilize specific pore volume, vp, as a proxy for e, where vp is the ratio of pore
volume to mass of the dry integral membrane:

vp =

mw − md
md ρ NaCl

(4.23)

where mw and md are mass of the wetted and dry membranes, respectively, and ρNaCl is the density
of the NaCl solution. Therefore, porosity and specific pore volume are related by ε = vp/ρNaCl. Pore
tortuosity (t) can be determined from the porosity using t = e−0.5 [30-32], and thus t ∝ vp−0.5.
Here we define λ t , λε and λτ as the normalized t, ε, and t at different salinities,
−0.5
respectively. Specifically, λt ≡ t t0 , λε = λ v ≡ vp vp,0 , and λτ = λ v , where the subscripts “0”

denote the parameters of the membrane in DI water (i.e., zero salinity). Therefore, the normalized
change in S can be expressed as λS = λ t λτ λε = λ t λ v1.5 and the percentage change in the
structural parameter is ΔS = λS −1 .
Water permeabilities of the TFC osmotic membrane at different salinities are
simultaneously determined with the structural parameter using a revised method based on the
forward osmosis (FO) model [21]. The FO experiments were conducted by placing DI water feed
solution in contact with the active layer and MgSO4 draw solution in contact with the support layer
(Fig. 4.2B). The double-layer woven tricot spacer was applied in the draw-solution channel to
mechanically support the membrane and enhance hydrodynamics. In FO, water permeates from
the feed solution to the draw solution and the reverse salt flux, Js, is in the opposite direction, from
the draw solution to the feed solution.
The TFC osmotic membrane exhibits practically complete rejection of MgSO4 [24, 33],
hence salt permeability, B, for MgSO4 draw solution is assumed to be zero and Js ≈ 0. Substituting
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cbHC and cbLC with cF,b and cD,b , respectively, reduces Eqs. (4.20) and (4.21) to

(

)

cD,m = exp − J w S DMgSO cD,b
4

and

cF,m = exp ( J w k ) cF,b , the draw- and feed-solution

concentrations at the membrane interfaces ( DMgSO4 is the diffusion coefficient of MgSO4, and cD,b
and cF,b are bulk-phase concentrations of the draw and feed solutions, respectively). Once cD,m and
cF,m are determined, water flux can be calculated using Jw = A [π(cD,m) - π(cF,m)] by accounting for
the nonlinear ∆cm-∆πm relation, as mentioned earlier in Section 4.2. The draw-solution osmotic
pressure as a function of concentration is determined from the polynomial equation: π(c) = α1c3 +
α2c2 + α3c [34], with the virial coefficients α1, α2, and α3 obtained by fitting the polynomial
regression to osmotic pressure data across the range of MgSO4 solution concentrations obtained
from OLI Stream Analyzer. We note that actual diffusivity of MgSO4 varies in the investigated
salinity range but is within 8%. Using the extreme end values of DMgSO4 did not yield significant
differences for the membrane water permeabilities and is, thus, considered to be constant at 0.584
× 10–9 m2/s [35].
FO tests were carried out using different draw-solution concentrations, representing
medium (MD), high (HI), and ultrahigh (UH) salinities. For each salinity range, FO water fluxes,

J wEXP , were measured at three different draw-solution concentrations. Details of the concentration
and the corresponding ionic strength of draw solutions employed for the FO experiments are
summarized in Table. 4.2. Two parameters, A and S, can be simultaneously determined for each
EXP
CAL
salinity range by fitting the experimental water fluxes, J w , to the calculated water fluxes, J w ,

using Eqs. (4.20) and (4.21) and minimizing the residual sum of normalized squares, Rsw:
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⎛ J EXP − J CAL ⎞
Rsw = ∑ ⎜ w,i EXP w,i ⎟
Jw
i=1 ⎝
⎠
n

2

(4.24)

where J wEXP is the average of the experimental water flux, i is the order of the individual test in a
certain salinity range, and n is the total number of the tests in a salinity range (=3). The fitting
process was realized using a nonlinear least-square algorithm for Python, implemented by LMFIT
[36].
Table 4.2. Summary of draw-solution concentrations, cD, and ion strength, I, of FO tests using
MgSO4 and NaCl for determination of membrane properties at different salinities.

Salinity
I (M)
MgSO4

cD,b

(M)

NaCl
(M)
cD,b

Medium (MD)

High (HI)

Ultrahigh (UH)

0.3

0.6

0.9

0.9

1.4

1.9

1.9

2.9

3.9

0.075

0.15

0.225

0.225

0.35

0.475

0.475

0.725

0.975

0.3

0.6

0.9

0.9

1.4

1.9

1.9

2.9

3.9

Membrane salt permeabilities at different salinities were characterized by a method similar
to that described in section 4.3, but using NaCl draw solutions with concentration up to 3.9 M to
generate the same ionic strength as the MgSO4 draw solution. By substituting cbHC and cbLC with

cF,b and cD,b , respectively, membrane interfacial concentrations of the draw- and feed-solution can
be derived from Eqs (4.20) and (4.21) [21]. Here the diffusivity of NaCl, DNaCl , is taken to be
constant at 1.503 × 10–9 m2/s [35]. In addition to water flux, salt flux can be calculated by Js =
B(cD,m - cF,m). Three sets of water and salt flux measurements were taken at each salinity range of
MD, HI, and UH using the draw-solution concentrations listed in Table 4.2.
For every salinity range, B and S were simultaneously determined by fitting both
EXP

EXP

experimental water flux ( J w ) and salt flux ( J s
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CAL
) to the calculated J w and J sCAL , using the

corresponding A computed in section 4.3. That is, the membrane water permeability is assumed to
be independent of solute type and is a function of solution ionic strength. The concatenated residual
for both water and salt fluxes, Rs, is minimized to obtain the A-S combination that best fits the
experimental fluxes:
2

EXP
CAL
n ⎛ J EXP − J CAL ⎞
⎛ J w,i
⎞
− J w,i
s,i
s,i
Rs = Rsw + Rss = ∑ ⎜
⎟ + ∑⎜
⎟
EXP
EXP
Jw
Js
i=1 ⎝
i=1 ⎝
⎠
⎠
n

2

(4.25)

where J sEXP is the average of the experimental salt fluxes.
Validation of the COMRO Transport Models. Water flux in COMRO mode was
measured to validate the theoretical model developed in Section 4.2. One fresh membrane coupon
was first compacted under 27.6 bar over 12 h, and then tested in COMRO operation, as illustrated
in Fig. 4.2C. Hydraulic pressures of 27.6 bar ® 20.7 bar ® 13.8 bar ® 6.9 bar (400, 300, 200,
and 100 psi, respectively) were applied stepwise on the HC stream. Under each hydraulic pressure,
four representative salinities, low, medium, high, and ultrahigh (denoted by LW, MD, HI, and UH,
respectively) were examined, with the corresponding bulk-phase salinity combinations ( cbLC - cbHC )
being 0-25 mM, 0.4-0.6 M, 1.2-1.5 M, and 2.5-3.0 M. Steady-state water flux under each pressuresalinity condition was recorded and averaged over one hour.

4.4 Results and Discussion
Effects of Hydraulic Pressure on Membrane Transport Properties. The
behavior of membrane water permeability under different hydraulic pressure operations is
discussed here, while the underpinning mechanism is analyzed later in Section 4.4, after the
presentation of salt permeability trends (Section 4.4). Representative profiles of water
permeability, A, for a pristine TFC osmotic membrane as a function of time and under different
hydraulic pressures, Ph, are shown in Fig. 4.3A. Initially, when a low hydraulic pressure of 6.9 bar
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was applied, A quickly decreased within the first ≈30 min of the test, and then gradually stabilized
in 12 h (blue line). After the 12-h stabilization at 6.9 bar, the pressure was doubled to 13.8 bar,
resulting in a marked reduction of A (green line). However, after Ph was increased to 27.6 bar, the
water permeability held steady and did not drop further (red line).

Figure 4.3. A) Representative water permeability profiles of a TFC osmotic membrane
during compaction under different hydraulic pressures. B) Normalized water permeability
at different hydraulic pressures in the compaction, short-term persistence, and relaxation
and re-compaction scenarios. Water permeability is normalized by the final stabilized water
permeability under Ph of 27.6 bar (400 psi). Arrows indicate the chronological order of
hydraulic pressure change. Data of symbols connected by solid lines are generated in
continuous operations, and the dashed line represents a 20-day gap. Dot-centered symbols
represent stabilized water permeability, whereas cross-centered denotations of the right
panel are water permeabilities measured within 30 min after Ph adjustment (i.e., before
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stabilization). Data is mean of two membranes, where error bars indicate standard
deviation.

The steady-state water permeabilities under different hydraulic pressures for the
“compaction” operating scenario described above are presented in the left panel of Fig. 4.3B. Here
stabilized A was measured for 60 min for each pressure and normalized by the stabilized water
permeability at 27.6 bar, designated as Astb. A substantial drop in water permeability was observed
with increasing pressures from 6.9 to 13.8 bar, whereas the impact of further pressurization to 27.6
bar on A was effectively negligible. Once the membrane has stabilized at 27.6 bar (400 psi), A
remained relatively constant despite stepwise decreases of the pressure from 27.6 ® 13.8 ® 6.9
bar (middle panel of Fig. 4.3B). We term this behavior “short-term persistence”. After the
membrane is relaxed for 20 days from pressurization, water permeability was recovered to almost
the pristine value. We term this behavior as “relaxation”. Repressurizing the membrane stepwise
again decreased A with rising Ph, similar to the trend observed in “compaction”. This “relaxation
and re-compaction” scenario is depicted in the right panel of Fig. 4.3B. The mechanism causing
the observed behavior in response to the different pressurization scenarios is further elaborated in
the next two sections.
Steady-state salt and water permeabilities of the pristine membrane under stepwise increase
in hydraulic pressures (“compaction” scenario) are presented in Fig. 4.4A. Similar to the trend of
A in the “compaction” scenario (blue circle symbols), B also first declined with an initial increase
of hydraulic pressure from 6.9 to 13.8 bar, and then remained relatively constant at higher
hydraulic pressures of 20.7 and 27.6 bar (red square symbols). Critically, as shown in Fig. 4.4B,
the ratios of normalized water to salt permeability were very consistent over the range of Ph
investigated, indicating that selectivity of the membrane active layer for water transport over salt
permeation, i.e., A/B, is not substantially affected by the hydraulic pressure increase. The
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practically identical A/B trend strongly suggests that i) a common cause is responsible for the
change in transport properties under pressurization and ii) the magnitude of this effect is essentially
the same for both A and B. We hypothesize that this underlying mechanism is a decrease in
membrane effective area for transport, and is further investigated in the next section.
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Figure 4.4. A) Stabilized water and salt permeabilities normalized by parameter value at
27.6 bar (400 psi), A/Astb and B/Bstb (blue circle and red square symbols, respectively, for
right and left vertical axes), as a function of hydraulic pressure, Ph, in the compaction stage.
B) Corresponding ratio of normalized water permeability to normalized salt permeability,
(A/B)/(Astb/Bstb), under different hydraulic pressures. C) Normalized values of stabilized
salt permeability as a function of hydraulic pressure in the short-term persistence stage.
Arrows indicate the chronological order of hydraulic pressure change. Data is mean of two
membranes, whereas error bars indicate standard deviation.

As shown in Fig. 4.4C, after the membrane is compacted under 27.6 bar, salt permeability
also experienced the “short-term persistence” behavior exhibited by water permeability (Fig.
4.3B), where the membrane properties, A and B, maintained constant regardless of the stepwise
alleviations in hydraulic pressure. This result indicates that once the TFC osmotic membranes are
fully compacted and reached the “short-term persistence” state, both water and salt permeabilities
are not affected by short-term changes (on the order of hours) in the hydraulic pressure. From
section 4.4 onwards, transport properties of the TFC osmotic membranes reported are for the
“short-term persistence” state such that analyses of A and B are insulated from the influences of
Ph.
Cross-sectional SEM micrographs of Fig. 4.5A show morphological details of the layered
structures of the TFC osmotic membrane. The nonporous active layer comprises typical ridge-andvalley structure of polyamide networks [12, 37, 38]. The polysulfone support is highly porous but
gradually becomes denser at the top surface towards the active layer, consistent with the
nonsolvent-induced phase separation fabrication method [24, 37]. At the interface of the active
and support layers, the polyamide polymeric matrix interweaves into the polysulfone support layer.
We term this porous enmeshment the active-support “interlayer”. After compaction under 27.6 bar
(400 psi) hydraulic pressure for >12 h, the interfacial void space is compressed and the interlayer
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thickness is drastically decreased, as shown in Fig. 4.5B. Morphological change of the interlayer
under hydraulic pressure can be better illustrated by the schematic in Fig. 4.5C.

Figure 4.5. Cross-sectional SEM micrographs of A) pristine and B) compacted TFC
osmotic membranes at the active-support layer interface. C) Illustrations depicting the
morphological changes in the critical interlayer between the active and support layers of
the membrane before and after compaction.

The overall mass transfer resistance of the membrane is the sum of the individual
resistances from the contributing layers [39, 40], i.e., active layer, active-support interlayer, and
porous support. Water permeability of the highly porous support substrate is over two orders of
magnitude higher than the overall membrane [41]. Since mass transfer resistance contribution from
the support layer is negligible (only 0.5-1% of the total resistance), even though the porous
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substrate is deformed by Ph, the support layer compaction does not explain the initial quick decline
of A (Fig. 4.3A). The active layer is a principal contributor to overall mass transfer resistance.
However, selectivity of the layer is shown in Fig. 4.4B to be independent of Ph, signifying intrinsic
structure of the polyamide is fundamentally unaltered. Preservation of the polyamide structure is
further supported by a previous study which reported only marginal morphological change of the
active layer under mechanical compression of 40 bar [42].
Because water and salt transport across the membrane are not substantially influenced by
compaction of the active and support layers, we therefore postulate that the active-support
interlayer is critical to mass transfer of the overall membrane. Specifically, we posit that water and
salt transport are significantly hindered by morphological changes to the closed interlayer under
Ph that essentially reduces the membrane effective area. At relatively low pressures (<13.8 bar) of
the “compaction” state (Figs. 4.3B and 4.4A), the interlayer begins to be mechanically compressed
and becomes partially closed, thus blocking off a proportion of the membrane effective area and
causing the observed water and salt permeabilities decrease. Increasing Ph further compresses the
interlayer, closing off more effective area, as reflected in the continued decline of A and B.
Deformation of the interlayer is complete between 6.9 and 13.8 bar, and no further compaction
takes place with an increase of Ph to 27.6 bar. Hence, there is no additional drop in the membrane
permeabilities.
After being fully compacted, the closed portions of the interlayer persist over short
timeframes in the “short-term persistence” state despite the lessening of hydraulic pressure. That
is, recovery of the active-support interlayer structure is not instantaneous but, rather, occurs over
several hours. As a result, water and salt transport properties of the TFC osmotic membrane in
Figs. 4.3B and 4.4C are yet to be affected by the hydraulic pressure changes. Morphological
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changes to the interlayer due to mechanical compaction is reversible and the compressed interlayer
gradually recovers after the pressure is released. This is manifested in the high A measured after
the membrane is stored at ambient pressure for 20 days. Subsequent pressurization leads to recompaction and closing of interlayer voids again, as represented by the decreasing water
permeability in the “relaxation and re-compaction” state (right panel of Fig. 4.3B). These
behaviors are consistent with stress relaxation of polymers [43]. Because changes to the effective
membrane area affect the experimentally-measured A and B values by the same degree, the ratio
of water to salt permeability is always conserved (Fig. 4.4B) and is, thus, persuasive evidence in
support of the postulated explanation.
Influence of Salinity on Membrane Transport and Structural Parameters.
Membrane thickness, t, and specific pore volume, vp, were evaluated at different NaCl
concentrations to investigate the effect of salinity on the structural parameter, S, of the TFC
osmotic membrane (Fig. 4.6A). Across the salinities of 0 to 5 M NaCl (TDS of 292,500 ppm), t
and vp vary within ±1.8% and ±4.3%, respectively, with no obvious trends observed. Importantly,
the measured deviations are on the same order of magnitude as the variation between different
membrane samples. The resulting percentage change in the structural parameter, ΔS , deviates
within only ±5.0% in average, as presented in Fig. 4.6B. Again, ΔS did not exhibit a clear relation
with solution salinity, and the spread is within membrane sample variation. Therefore, the range
of salinities utilized in COMRO operation would practically have no influence on the structural
parameter of the porous support layer, S.
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Figure 4.6. A) Membrane thickness, t (red square symbols, left vertical axis), specific pore
volume, vp (blue circle symbols, right vertical axis), and B) percent change in membrane
structural parameter, ΔS , of the TFC osmotic membrane as a function of NaCl solution
concentrations, cNaCl. Ionic strength, I, corresponding to NaCl solution concentration is also
presented (top horizontal axis).

To examine the influence of solution salinity on A, water permeability and membrane
structural parameter are simultaneously determined, with B ≈ 0 (negligible MgSO4 permeation)
while S is set as a concentration-independent parameter. Water permeabilities at different salinities
are shown in Fig. 4.7 and summarized in Table 4.3. At medium (MD), high (HI), and ultrahigh
(UH) salinities, A is 2.99, 3.17, and 3.28 L m–2 h–1 bar–1, respectively. Note that removing the
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simplifying assumption of nil salt transport yielded practically identical A (<±1% difference),
indicating that the assumption of B ≈ 0 is justified.

Figure 4.7. Water permeability, A, at medium salinity (MD), high salinity (HI), and
ultrahigh salinity (UH) of different concentrations of MgSO4 draw solution. Ionic strength,
MgSO4

I, corresponding to the MgSO4 concentration, cD

, is presented in the top horizontal

axis. A and S are simultaneously determined by fitting experimental water flux to the
theoretical water flux using a least-square method, assuming B ≈ 0 and S is independent of
concentration.
Table 4.3. Membrane transport and structural properties at different salinities.

Salinity

Ionic strength, Water permeability,
I (M)
A (L m-2 h-1 bar-1)

NaCl
Structural
permeability, B
parameter, S
-2 -1
(L m h )
(µm)
Medium 0.55
2.99 ± 0.19
2.03 ± 0.08
High
1.36
3.17 ± 0.13
2.52 ± 0.08
394.53 ± 0.04
Ultrahigh 2.78
3.28 ± 0.10
2.88 ± 0.15
Overall, A increased by 9.8% from MD to UH salinity (specifically, +6.1% from MD to HI
salinity and +3.5% from HI to UH salinity). Although water permeability is considered as an
intrinsic property of the membrane which is independent of ionic strength [22, 24, 44], previous
studies have reported decreased A of cellulose acetate membranes at high ionic strengths in reverse
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osmosis [45, 46]. However, these studies did not exclude effects of changes in B at different ionic
strengths, which can, in turn, affect the calculation of A. The slight increase in A at high ionic
strength observed in this study is in potential conflict with these past studies and is reported for
the first time for COMRO. A previous study also indicated increased A in PRO at high salt
concentrations [47].
We note that the approximately 10% increase in A is relatively small in magnitude and can
be rendered statistically insignificant by unavoidable variability in experimental measurements.
Further, inaccuracies can also likely creep in from the necessary simplifications adopted by the
characterization method, e.g., the simplifying assumption of constant diffusivity of MgSO4 at the
membrane interface. Despite these uncertainties, the observed increase in A can, indeed, be a real
change of the membrane property and further investigations are needed to better understand the
phenomenon and underlying mechanisms.
Fig. 4.8A shows salt (NaCl) permeability, B, at different draw-solution concentrations. In
the simultaneous determination of B and S, values of A determined earlier in section 4.4 with
MgSO4 draw solutions are used, and S is set as a concentration-independent parameter. Although
membrane water permeability may be slightly different when different draw solutes are employed
[48, 49], the influence on the analysis of B is marginal and would not significantly alter the trends
of Fig. 4.8A. At medium, high, and ultrahigh salinities, B is 2.03, 2.52, and 2.88 L m–2 h–1,
respectively (Table 4.3). Overall, B at ultrahigh salinity is 41.9% higher than that at medium
salinity. Unlike the A and B trends under hydraulic pressurization, where the loss of effective
surface area of the active-support interlayer resulted in a constant A/B ratio, water and salt
permeabilities did not change in the same proportion with greater salinities (Fig. 4.8B). Even
though both A and B increase with rising salinities (Figs. 4.7 and 4.8A), A/B decreases 22.1%,
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indicating that B increases more considerably than A, thus substantiating the detrimental effect of
high salinity on membrane selectivity.

Figure 4.8. A) Salt permeability, B, at medium salinity (MD), high salinity (HI), and
ultrahigh salinity (UH) of different concentrations of NaCl draw solution. Ionic strength, I,
NaCl

corresponding to the NaCl concentrations, cD

, is presented in the top horizontal axis. B

and S are simultaneously determined by fitting experimental water and salt flux to the
calculated values, respectively, using a least-square method, with A values from the results
of section 4.2.2 and S considered to be independent of concentration. B) Ratio of water
permeability to salt permeability, A/B, at different salinities or, equivalently, ionic strength.

Increase of B at elevated salinities had been reported for another osmotically-driven
membrane process of pressure-retarded osmosis (PRO) [47]. A possible explanation for this faster
salt transport at high salinities is the decrease in the radius of hydrated ions. Previous studies have
suggested that hydration numbers of ions decrease at higher concentrations [50, 51]. The smaller
hydrated ions permeate more rapidly through water swollen polymers [22] and increased salt
permeabilities are, therefore, observed at high salinities. Another possible explanation for the
greater salt transport at higher salinities is the screening of membrane active layer charges at high
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ionic strengths [22, 24, 52]. In relatively low-concentration electrolyte solutions, because of the
deprotonation of non-crosslinked carboxyl groups in the polyamide, the membrane active layer is
negatively charged [22, 24]. The charged functional groups electrostatically repel co-ions (i.e.,
anions) and transport of the counterion is also hindered to maintain charge neutrality. Thus, the
electrolyte is better rejected by the charged active layer. However, as concentration increases, the
membrane charges are gradually saturated by the sorption of counterions, lowering the effective
charge density and electrolyte repulsion is therefore screened [53]. Overall, elevated salt transport
is observed at high salinities.
Validation of the Model for Water and Salt Transport in COMRO. To validate
the COMRO transport model established in the Theory section, experimental and calculated water
fluxes, J wEXP and J wCAL , respectively, are compared in Fig. 4.9. The steady-state A and B determined
by the method described in Section 4.3 and constant S value of 394.5 µm estimated in Sections 4.4
were used for prediction of water flux using Eqs. (4.20) and (4.21). We note that varying S within
±100 µm has only marginal influence on the calculated water fluxes.
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EXP

Figure 4.9. Comparison between experimental water flux, J w
CAL

Jw

, and calculated water flux,

(vertical and horizontal axes, respectively), using the COMRO model under different

hydraulic pressures at low salinity (LW, grey circle symbols), medium salinity (MD, red
square symbols), high salinity (HI, blue diamond symbols), and ultrahigh salinity (UH,
green hexagon symbols). The dashed 45º line denotes perfect agreement between
experimental and theoretical values.

Across the entire salinity range, experimental water fluxes matched the predicted values
very well, with the exception of larger deviations between J wEXP and J wCAL for higher hydraulic
pressures, where calculated Jw underpredict actual fluxes. We found that a better J wEXP - J wCAL
agreement can be attained if a higher B value is introduced to the model, whereas adjusting values
of A and/or S did not yield significant effects. This suggests that actual salt transport across the
active layer at larger ∆P is likely to be substantially higher than theoretical prediction, thus
mitigating the detrimental effect of ICP in the support layer and resulting in higher actual Jw. As
shown in Section 4.4, the effect of increasing ∆P on membrane salt permeability in the “short-term
persistence” state of RO is insignificant (Fig. 4.4C). Therefore, the deviations between
experimental and calculated fluxes are likely due to an inherent limitation of the characterization
method used in this study to accurately determine B. Specifically, B was analyzed with only one
side of the membrane exposed to the high salinities (depicted by Fig. 4.2B and detailed in Section
4.3), whereas both interfaces of the membrane experience high salinities in COMRO (Fig. 4.2C).
This substantially increased B cannot be adequately described by the classic solutiondiffusion transport model widely accepted to explain transport phenomena in salt-rejecting
membranes (i.e., RO and FO membranes), due to the atypical operating conditions of COMRO.
Rather, the underlying assumptions of the solution-diffusion framework can limit accurate
prediction of water and salt transport in COMRO [22-24, 54, 55]. First, the solution-diffusion
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model assumes that solute transport across a membrane matrix is purely driven by the chemical
potential gradient (approximately equivalent to the solute concentration gradient), neglecting a
possible variation of pressure within the nonporous active layer. However, significantly enhanced
salt leakage through the TFC membrane has been observed in pressure-retarded osmosis (PRO),
where ∆P is applied down the salt transport concentration gradient [47, 56], i.e., similar operation
to COMRO. The unexpectedly high salt leakage indicates that the pressure gradient across the
active layer could be assisting salt transport by convection, hence resulting in elevated salt
permeation. This can also explain the larger J wEXP - J wCAL deviations at higher ∆P in COMRO.
Second, solvent-solute interactions are not considered in the classical solution-diffusion model,
with water and salt transport being treated as independent components in osmotically-driven
membrane processes. However, significant solvent-solute coupling effects have been reported in
FO [57], where diffusive salt transport is hindered by convective water flow in the opposite
direction. In COMRO, salt transport can therefore be enhanced by water flux since Jw and Js are
in the same direction.

4.5 Implications
In this study, a theoretical model is established to understand water and salt transport in
COMRO hypersaline desalination. Transport and structural properties of the TFC osmotic
membrane are experimentally characterized to elucidate the influence of different pressure and
salinity conditions representative of COMRO operation. While the study is motivated by COMRO,
the implications revealed are also applicable on a broader perspective to all osmotic membrane
processes, i.e., reverse osmosis (RO), forward osmosis (FO), and pressure-retarded osmosis
(PRO).
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In the systematic investigation of membrane water and salt permeabilities under different
hydraulic pressures, the TFC osmotic membrane experienced reversible decline in both A and B
as ∆P increases, while maintaining the same selectivity of the active layer, A/B. In the “short-term
persistence” state, the TFC osmotic membrane exhibits constant A and B regardless of transitory
pressure change (on the order of hours), indicating that water and salt transport in this regime are
not sensitive to ∆P. However, on longer timescales, i.e., the order of days, the polymeric membrane
compacts/relaxes under pressurization/depressurization, hence altering A and B. These findings
have important implications for osmotic membrane characterizations, as well as actual operation.
For accurate determination of transport properties, TFC osmotic membranes should be first
compacted up to the “short-term persistence” state and maintained at the same ∆P to attain stable
parameters, before initiating characterization protocols. For applications with temporal variability
in hydraulic pressure, such as reverse osmosis desalination powered by the fluctuating input of
solar photovoltaics [58-60], membrane water and salt permeabilities are effectively constant for
short-duration fluctuations, e.g., due to cloud cover, but will be altered for longer term changes,
for example, diurnal variations in solar irradiance.
Morphological change of the active-support interlayer under hydraulic pressure was found
to be a principle factor governing A and B. The reversible reductions of A and B under increasing
hydraulic pressures are attributed to deformation of the interlayer that leads to partial blockage of
the active layer effective area. Intrinsic water and salt transport of the active layer are unchanged
and, thus, A/B is preserved. This finding provides insights into the membrane transport phenomena
and also has implications for the development of high-performance membranes. The design and
fabrication of composite membranes with highly porous and mechanically robust active-support
interlayer is critical to achieve high water permeability and stable salt rejection for COMRO and
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other osmotic membrane processes that employ hydraulic pressurization, including RO, PRO, and
osmotically assisted RO [61].
In the investigation of the influences of salinity on membrane structural and transport
properties, the membrane structural parameter, S, is shown to be independent of salt concentration.
As salinity increases, both water and salt permeabilities are elevated, with B increasing
disproportionally larger than A. These findings highlight the significance of the strong influence
of high salinities on salt permeability in membrane processes employing solutions of high ionic
strength. In applications such as COMRO, FO, PRO, and high-pressure RO, the hypersaline
conditions will lower salt selectivity and consequently cause higher-than-expected salt flux across
the membrane. Further studies are needed to better understand the underlying mechanisms and
inform the development of salinity-insensitive membranes.
Validity of the presented transport model is assessed with results from COMRO
experiments. The good agreement between experimental and predicted water fluxes validates the
COMRO model, as well as substantiate the accuracy of the membrane properties determined from
the characterization approaches employed here. The poorer predictability of the model at higher
∆P is likely due to substantially elevated B in COMRO, underlining possible deficiencies in the
classical solution-diffusion mechanism. More rigorous models are, therefore, needed for better
understanding of transmembrane mass transfer in COMRO and other processes that utilize
elevated pressurization, such as high-pressure RO.
Although the performance of all osmotically-driven membrane processes, including
COMRO, are limited by internal concentration polarization (ICP) [19, 62, 63], this study reveals
that the detrimental effects of ICP in COMRO are mitigated by salt transport, which is in the same
direction of water permeation (in contrast to FO where salt and water permeation are in opposite
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directions). Since the aim of bilateral countercurrent stages in COMRO is to dilute the influent
feed stream (instead of rejecting salt to produce high-quality water), the forward salt transport can
be beneficial for increasing water permeation to dilute the high-salinity feed. Hence,
counterintuitively, salt permeation which is typically deleterious is taken advantage of to enhance
performance of high-salinity desalination in COMRO. Further, while developing membranes with
smaller S is vital for osmotically-driven membrane processes, i.e., PRO and FO [62, 64-66],
findings of this study indicate that tailoring membrane active layer properties, A and B, is more
important for optimizing COMRO performance. This study sheds light on transport in COMRO
and provides important implications for advancement of the emerging desalination technology.

4.6 Nomenclature
Acronyms
BCC

bilateral countercurrent

COMRO

cascading osmotically mediated reverse osmosis

ECP

external concentration polarization

FO

forward osmosis

HI

high salinity

ICP

internal concentration polarization

LW

low salinity

MD

medium salinity

PRO

pressure-retarded osmosis

TFC

thin-film composite

UH

ultrahigh salinity

Symbols
a

thickness of the active layer of membrane composite (µm)

A

membrane water permeability (L m-2 h-1 bar-1)

Astb

stabilized water permeability (L m-2 h-1 bar-1)

B

membrane salt permeability (L m-2 h-1)
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Bstb

stabilized salt permeability (L m-2 h-1)

c

concentration (M)

cbHC

bulk-phase solute concentration of the high-concentration stream (M)

cbLC

bulk-phase solute concentration of the low-concentration stream (M)

cD,b

bulk-phase solute concentration of the draw solution (M)

cD,m

membrane interfacial solute concentration of the draw solution (M)

cF,b

bulk-phase solute concentration of the feed solution (M)

cF,m

membrane interfacial solute concentration of the feed solution (M)

cmHC

membrane interfacial solute concentration of the high-concentration
stream (M)

cmLC

membrane interfacial solute concentration of the low-concentration
stream (M)

D

bulk-phase diffusion coefficient of electrolyte solute (m2 s–1)

ECP
Deff

effective diffusion coefficient in the ECP region (m2 s–1)

ICP
Deff

effective diffusion coefficient in the ICP region (m2 s–1)

I

ionic strength (M)

Js

salt flux (mmol m-2 h-1)

Jw

water flux (L m-2 h-1)

J sEXP

experimental salt flux (mmol m-2 h-1)

J sCAL

calculated salt flux (mmol m-2 h-1)

J wEXP

experimental water flux (L m-2 h-1)

J wCAL

calculated water flux (L m-2 h-1)

k

mass transfer coefficient of the ECP boundary layer (L m-2 h-1)

md

weight of the dry membrane

mw

weight of the wetted membrane

Ph

applied hydraulic pressure (bar)

∆P

transmembrane hydraulic pressure difference (bar)
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R

observed salt rejection (%)

Rs

concatenated residual of both water and salt fluxes

Rss

residual sum of normalized squares of salt flux

Rsw

residual sum of normalized squares of water flux

S

structural parameter of the membrane support

ΔS

percentage change in membrane structural parameter (%)

t

thickness of the support layer of membrane composite (µm)

vp

specific pore volume (cm3 g-1)

x

position across the membrane (µm)

Greek letters
α

virial coefficients for the osmotic pressure function

d

thickness of the ECP boundary layer (µm)

e

porosity of the membrane support (%)

π

osmotic pressure (bar)

ρNaCl

density of the NaCl solution (g cm-3)

t

pore tortuosity of the membrane support

Dimensionless groups
λS

normalized membrane structural parameter

λt

normalized thickness of the membrane support

λv

normalized specific pore volume

λε

normalized porosity

λτ

normalized tortuosity

Superscripts and subscripts
b

bulk phase

CAL

calculated using theoretical models

d

dry

D

draw-solution side

eff

effective

EXP

experimental data
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F

Feed-solution side

HC

high-concentration side

h

hydraulic

LC

low-concentration side

m

membrane interfacial

P

permeate-solution side

s

salt

stb

stabilized

w

water/wetted

0

zero salinity
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Chapter 5: New Insights into Permeability-Selectivity Tradeoff of
Thin-Film Composite Polyamide Membranes
Chapter Abstract
The solution-diffusion (S-D) theory predicts a tradeoff relationship between permeability
and selectivity in membrane transport. This tradeoff trend was recently reported for reverse
osmosis (RO), but the first principles governing the relationship are not well understood for
aqueous separation membranes. This study presents a framework to elucidate the underlying
factors of the permeability-selectivity tradeoff relationship in thin-film composite polyamide
(TFC-PA) membranes. Water and solute permeabilities of membranes with a range of selectivities
are examined using six nonelectrolyte solutes of various sizes and dimensions. The permeabilityselectivity tradeoff trend, as defined by S-D, was observed for all six solutes. Crucially, the slopes
of the tradeoff lines, l, are found to be related to the solute and solvent (i.e., water) diameters, ds
and dw, respectively, by l = (ds/dw)2 – 1, consistent with the S-D framework established for gas
separation membranes. Additionally, the intercepts of the tradeoff lines are shown to be also
influenced by ds. Furthermore, a second transport regime, where the permeability-selectivity trend
deviates from the conventional S-D, is identified for the first time. We demonstrate that the
boundary delineating the two transport regimes can be determined by the solute diameter. The
relationship between characteristic features of the “deviation” regime and solute dimensions are
analyzed. The study shows that the general principles of the S-D framework are applicable to TFCPA membranes and the analysis quantified the principal role of solute size in governing RO
transport. Findings of this investigation provide new insights for understanding the transport
mechanisms in osmotic membrane processes.

107

5.1 Introduction
Polymeric membranes are widely used in separations for water, energy, and environmental
applications, including desalination, water purification and reuse, gas separations, and carbon
capture [1-5]. Thin-film composite polyamide (TFC-PA) membranes are widely considered to be
the gold standard in productivity and selectivity performance for tight membranes capable of
rejecting salts and low molecular weight solutes in aqueous separations [2, 6]. The membrane
comprises an aromatic polyamide selective layer on top of a highly porous polysulfone support
with nonwoven polyester fibers embedded for mechanical robustness. Currently, TFC-PA
membranes are extensively applied in reverse osmosis (RO) and nanofiltration (NF), and are also
investigated for emerging osmotic membrane technologies, such as forward osmosis, pressure
retarded osmosis, and cascading osmotically mediated reverse osmosis [7-10].
Fundamental understanding of the membrane transport phenomena is crucial to advance
membrane-based technologies. The solution-diffusion (S-D) model is currently the most widely
accepted theoretical framework for polymeric salt-rejecting membranes (i.e., RO and tight NF) [3,
11, 12]. In S-D, the membrane selective layer is considered nonporous. Permeants sorb (also
termed solubilize, hence solution, and partition) into the membrane, diffuse across the polymer
film (hence diffusion), and desorb downstream [3, 13]. Importantly, the S-D model predicts a
tradeoff between permeability and selectivity: increasing permeation rates is inevitably
accompanied by a diminished ability of the membrane to differentiate between penetrants [1]. The
permeability-selectivity tradeoff was first reported in gas separation membranes and is, at present,
a well-established concept for the field [4, 14, 15]. Recently, this tradeoff trend was also observed
in TFC-PA RO and NF membranes for aqueous separations [16-18].
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Although the tradeoff trend in aqueous separation membranes fits within the general
construct of S-D theory, fundamental understanding of the first principles governing the
permeability and selectivity relationship of TFC-PA membranes is still lacking. Specifically, there
is no cohesive theoretical framework relating the transport phenomena to permeant and polymer
properties. In contrast, for gas-separation membranes, the slope of the permeability-selectivity
trend lines has been shown to be determined by intrinsic properties of the gas pair (ratio of kinetic
diameters), whereas the intercept is related to polymer-specific parameters [4, 14, 15]. Accurate a
priori modeling of solute passage (or rejection) is a critical need for quantifying the fate of
contaminants in RO and NF [19-21], but there are currently no theoretically-rigorous tools to
predict transport in TFC-PA membranes because of the incomplete fundamental understanding.
Crucially, the informed advancement of next-generation membranes with superior permeability
and selectivity is frustrated by the absence of insights into the underlying mechanisms [1, 2].
In this study, we advance a framework for better understanding of the permeabilityselectivity tradeoff relationship in thin-film composite polyamide membranes. TFC-PA
membranes are chemically modified to yield different selectivities and the water and solute
permeabilities are examined using nonelectrolyte solutes with a range of molecular sizes.
Transport characteristic elements are proposed to describe the principal features of different
regimes of the permeability-selectivity trend. The underlying factors governing transport are
elucidated by relating the characteristic elements to solute size. Lastly, we reconcile the empirical
evidence with theoretical principles to propose a fundamentals-based approach for describing
solution-diffusion transport behavior in TFC-PA membranes, using intrinsic physical properties
of the solute. This study provides insights for further understanding of the transport mechanisms
in TFC-PA membranes.
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5.2 Solution-Diffusion Transport Theory
Water and Solute Transport Governing Equations. Water permeability
coefficient, A, and solute permeability coefficient, B, eqs. 5.26 and 5.27, respectively, are intrinsic
transport properties of osmotic membranes [3].

A=

Jw
( ΔP − Δπ )

(5.26)

Js
Δc

(5.27)

B=

Here, Jw and Js are the water and solute fluxes, respectively, ∆P is the applied hydraulic pressure,
and ∆π and ∆c are the transmembrane differences in osmotic pressure and concentration,
respectively. Note that A and B are proportionality coefficients that relate driving forces (i.e., ∆P
− ∆π and ∆c, respectively) to fluxes, and can be empirically determined in filtration experiments.
As explication of the underlying transport mechanism is not necessary to characterize A and B, the
permeability coefficients are, thus, phenomenological descriptors of the membrane process.
In the classical solution-diffusion transport mechanism, the permeants (water or solute)
partition into the non-porous membrane matrix, diffuse through the polymeric network, and desorb
downstream [3, 13]. Permeance of the penetrant component i (water or solute), Pi, thus can be
expressed as the product of the sorption (also termed partition and solubility) coefficient, Ki, and
the diffusivity, Di, in the membrane phase, i.e., Pi = KiDi. Through the S-D transport framework,
permeability coefficients, A and B, can be related to effective permeances of water (Pw) and solute
(Ps), respectively [17]:
A=
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Pw vw
L RT

(5.28)

B=

Ps
L

(5.29)

where L is the thickness of the membrane selective layer, vw is the molar volume of water, R is the
gas constant, and T is the absolute temperature. Detailed derivations can be found in a recent study
[17] and are also presented in the Supporting Information. The solution-diffusion mechanism
provides the theoretical underpinnings for the water and solute transport phenomena through eqs.
5.28 and 5.29. This classical framework of S-D transport theory had been further modified to yield
variant models, including solution-diffusion imperfection [22, 23], extended solution-diffusion
[24], and solution-diffusion-convection [25]. However, these alternative versions are not
employed in this study as the conventional S-D theory is adequate to explain the experimental
findings.
Tradeoff between Water Permeability and Solute Selectivity. Permeabilityselectivity tradeoff has been empirically demonstrated for thin-film composite polyamide
membranes [2, 16-18]. Accordingly, an empirical relationship was proposed to relate the effective
water permeance, Pw, and the water/solute selectivity, Pw/Ps, of the tradeoff [17]:

Pw
β
= λ
Ps Pw

(5.30)

where β and λ are empirical fitting parameters. Substituting eqs. 5.28 and 5.29 into eq. 5.30 yields
[18]:

æ 360 Ll ö æ RT ö
B=ç
÷
÷ç
è b øè vw ø

l +1

Al +1

(5.31)

Here, the units of A and B are L m−2 h−1 bar−1 and L m−2 h−1, respectively, which are the most
widely used in aqueous separations, while the factor of 360 accounts for the units conversion
between permeances, Pw and Ps (cm2/s), and water and solute permeability coefficients. Eq. 5.31
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indicates that, under the S-D transport framework, the permeability coefficients are intrinsically
linked, specifically, B ∝ Al+1. Conversely, empirical observation of a linear relationship between
B and Al+1 would reciprocally support solution-diffusion as the principal transport mechanism.
Indeed, a previous study reported good agreement of experimental data of water and solute (NaCl
salt) permeability coefficients for TFC-PA membranes with eq. 5.31 [18], thus providing initial
evidence that transport is governed by the solution-diffusion mechanism.

5.3 Materials and Methods
Materials and Chemicals. Flat-sheet seawater reverse osmosis (RO) desalination
membranes from DOW Filmtec (SW30-HR, Midland, MI) were used for all experiments. The
thin-film composite (TFC) RO membrane comprises a polyamide selective layer supported by a
highly porous polysulfone layer for mechanical integrity. To remove possible coatings applied by
the manufacturer for surface protection and preservation, the membrane was soaked in 25 v/v%
isopropanol, followed by thorough rinsing with deionized (DI) water. The cleaned membrane
coupons were stored in DI water at 4 ºC before chemical modification of the polyamide layer to
alter permeability and selectivity. The oxidizing reagent for membrane modification was prepared
by diluting 5.0 w/w% (0.67 M) aqueous sodium hypochlorite solution (Fisher Scientific, PA) in
DI water. Six nonelectrolyte solutes, ethylene glycol (Eg), 1,3,5-trioxane (Tr), erythritol (Er), Dxylose (Xy), a-glucose (Gl), and a-lactose (La), used for characterization of membrane solute
permeability were obtained from FisherScientific (Hanover Park, IL) and are of ACS analytical
grade. Pertinent properties of the solutes and solvent (i.e., water) are listed in Table 5.1. All other
chemicals used in this study are of ACS analytical grade.
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Table 5.1. Chemical formula, structure, molecular weight, van der Waals diameter, minimal projection diameter, and Stokes
diameter of the solvent (i.e., water) and feed solutes.
Solute

Abbreviation Chemical
Formula

Water

N/A

H2O

Ethylene
glycol
Trioxane

Eg

C2H6O2

Tr

C3H6O3

Chemical Structure

HO

Er

OH

O
O

Erythritol

Xy

C4H10O4

OH

Glucose

Gl

C5H10O5

C6H12O6

OH
OH OH
OH OH

La

4.92

5.12

3.60

90

5.31

6.44

3.82

122

6.01

6.72

5.26

150

6.26

7.30

5.80

180

6.66

8.02

6.14

342

8.20

10.02

9.05

O

HO

Lactose

62

OH
OH
OH

O

Stokes
diameter,
dS (Å)
2.76

O

HO

Xylose

Molecular van der Waals Minimal
Weight
diameter,
projection
(g/mol)
dv (Å)
diameter, dp (Å)
18
3.34
3.50

OH OH
OH

C12H22O11
O
HO

OH

OH

O

OH

O
OH

OH

HO
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Polyamide Layer Modification. Water and solute permeabilities of the polyamide
membrane layer can be thoughtfully altered using a chlorine-alkaline chemical modification
technique by careful control of the reaction conditions, specifically the chlorine concentration and
reactant exposure times [18, 26-29]. In general, higher chlorine concentrations or longer treatment
durations yield greater elevations in A and B, i.e., larger increase in permeability but also more
pronounced reduction in selectivity. The alcohol-washed membranes were immersed in aqueous
NaOCl solution with concentrations of 100-10,000 ppm for 1-2 h. pH of the hypochlorite solution
was adjusted to 7.0 by dosing with 6 M HCl. The chlorine-treated membranes were washed twice
with DI water and then stored in 0.1 M NaOH for 16 h. Membranes were then rinsed with DI water
three times to remove residual NaOH and stored in DI water at 4 ºC before test. Reaction conditions
of the modification treatment are summarized in Table S1 of the Supporting Information.
Determination of Membrane Water and Solute Permeabilities. Membrane
transport properties were characterized using a custom-built crossflow RO setup with effective
membrane area of 19.5 cm2. Water permeability coefficient, A, was determined using DI water as
DI

the feed stream, i.e., no solutes. Steady-state pure water flux, J w , under hydraulic pressure, ∆P,
of 27.6 bar (400 psi) was obtained by measuring the rate of change in the permeate weight and
water permeability coefficient is calculated using A = J w DP (i.e., eq. 5.26 with ∆π = 0).
DI

Solute permeabilities of the different nonelectrolyte solutes were characterized by
recording permeate water flux, Jw, and solute concentration, cp, of RO tests at steady state. Feed
solutions were prepared by dissolving each solute in DI water to yield total organic carbon (TOC)
concentration of 40 mg-C/L. Hydraulic pressure, ∆P, of 27.6 bar (400 psi) and crossflow velocity
of 25.4 cm/s were applied to all tests. Solute permeability coefficient, B, is determined using eqs.
5.26 and 5.27, and the modified van’t Hoff relation [3]:
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B=

cp J w
cf,m - cp

=

cp J w (fn RT )
DP - ( J w A)

(5.32)

where cf,m is solute concentration at the solution-membrane interface, ϕ is the solute osmotic
coefficient, and ν is the number of species each solute molecule dissociates into [30]. For the
relatively low concentration of all the nonelectrolyte (i.e., neutral) solutes investigated in this
study, both ϕ and ν are taken to be unity [30-34]. Permeate concentration, cp, is determined by
evaluating the TOC concentration using a Hach TOC analyzer (Loveland, CO). All the RO
experiments were carried out at 25 ºC and pH of the feed solution at the end of the experimental
run was recorded.

5.4 Results and Discussion
Identification of Solution-Diffusion Transport and a Second Regime.
Commercial RO membranes were chemically modified to yield a range of different permeabilities
and selectivities, and the water and solute permeabilities for six different nonelectrolyte solutes
were carefully characterized. Feed solution pHs at the end of the experiments (≈5.76-6.23) are
considerably lower than the pKa values (11.25-14.83, Table B.2 of Appendix B) and, thus, all
solutes remain as neutral species (i.e., not deprotonated) throughout the experiment. Because the
feed solution concentrations were all lower than 1.8 mM, solute-membrane interactions are
assumed to be negligible [35]. Solute permeability coefficient, B, as a function of water
permeability coefficient, A, on log-log scales are shown in Figure 5.1 for the six solutes. The A
and B obtained correspond to permeabilities/selectivities of membranes from seawater reverse
osmosis to tight nanofiltration [3, 36]. The potential impacts of convective transport are examined
in Appendix B and are shown to be marginal, indicating that S-D is the dominant transport
mechanism for all membranes investigated in this study.
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Figure 5.1. Solute permeability coefficient, B, of membranes with different water
permeability coefficient, A, to six nonelectrolyte solutes of ethylene glycol (Eg), trioxane
(Tr), erythritol (Er), xylose (Xy), glucose (Gl), and lactose (La). Both horizontal and
vertical axes are on logarithmic scale. Vertical dashed lines approximately demarcate the
different transport regimes.

Figure 5.1 shows the two smallest solutes of ethylene glycol, Eg, and trioxane, Tr,
(molecular weight of 62 and 90 g/mol, respectively, Table 5.1), exhibiting linear relationship over
the entire A-B range. As discussed earlier, solution-diffusion transport predicts that logB is directly
proportional to logA (eq. 5.31), with l+1 being the proportionality factor, i.e., slope of line. The
experimental data, thus, supports the hypothesis that transport of these nonelectrolyte solutes is
governed by the solution-diffusion mechanism. For the relatively larger solutes of erythritol (Er),
xylose (Xy), glucose (Gl), and lactose (La) with molecule weight of 122-342 g/mol, the same linear
trends are also clearly observed above a certain A (right side of vertical dashed lines in Figure 5.1).
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This result implies that S-D is, again, the governing transport mechanism for sufficiently
permeable membranes.
However, for Er, Xy, Gl, and La transport below the threshold A (left of the vertical dashed
lines), the relationship between B and A appears to be fundamentally different as inclusion of these
points in the data set yielded significantly poorer linear regression fittings. This suggests that the
overall transport in this regime deviates from the conventional understanding of S-D mechanism
governing the membrane at higher permeabilities. A similar phenomenon was also empirically
observed in a collated dataset for electrolyte solute (NaCl) transport across TFC-PA membranes
[16]. We term this second transport the “deviation” regime. In the following subsections,
discussion is focused on the conventional solution-diffusion, the main governing transport
mechanism for the nonelectrolyte solutes investigated (when A is adequately high); and then
analysis of the deviation transport regime, which emerges to be the primary phenomenon for
solutes with higher molecular weights at relatively low membrane permeabilities, is presented.
Transport Characteristic Elements of the Regimes. Relationship between solute
and water transport presented in Figure 5.1 can be generalized by Figure 5.2. We propose that
transport is divided into two regimes (left and right panels of Figure 5.2), delineated by a threshold
water permeability (boundary separating the two panels). Above the threshold permeability, in the
high-A regime, transport is consistent with the classic solution-diffusion framework, and a linear
logB-logA relationship is clearly seen for all six solutes investigated. Whereas below the threshold,
B is only very weakly influenced by A, as denoted by the almost flat line of the left panel. We
postulate that transport in this regime is different from the conventional solution-diffusion of the
right panel, and identify this as the “deviation” regime. For the TFC-PA membranes used in this
study, this second transport mechanism was only observed for the four larger solutes.
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Figure 5.2. Schematic depicting the generalized relationship between logB and logA under
different transport regimes of the thin-film composite polyamide membranes. Transport is
delimited into the conventional solution-diffusion mechanism (right green shaded area) and
the “deviation” regime (left blue shaded area). Transport characteristic elements (indicated
by red font labels) of slope (l+1) and intercept θ are assigned to the S-D regime, whereas
ω and κ describes the trend-line of the deviation transport regime. Element σ denotes the
logA threshold demarcating the two regimes.

Features of the transport regimes can be described by graphical elements of the logA-logB
lines, which we term “transport characteristic elements” (indicated as red font labels in Figure 5.2).
Based on the solution-diffusion framework of eq. 5.31, the slope and intercept of the logA-logB
line for the S-D regime are l+1 and q = ( l + 1) log ( RT vw ) + l log ( 360L ) - log b , respectively.
The logA threshold delineating the two transports mechanisms is represented by σ. The exact trend
between logB and logA in the deviation regime, however, is more difficult to conclusively identify
due to limited experimental data points (only four of the six solutes investigated displayed the
deviation transport regime, and the smaller solutes of Er and Xy exhibited the behavior in relatively
narrow logA ranges). As such, we postulate that either logA-logB is governed by a linear relation,
albeit possessing a smaller slope, κ, relative to S-D regime, or logB is constant at ω as logA varies
(i.e., horizontal line indicating water permeability increases without solute permeability rising).
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Values of the transport characteristic elements are obtained from linear regressions of the
data presented in Figure 5.1 and are summarized in Table 5.2. Very good fits were obtained for
the conventional S-D regime, as indicated by the high coefficients of determination, R2, of at least
0.824 (above 0.95 for four of the six solutes). On the other hand, R2 for the linear regressions of
the regime are comparatively lower (< 0.60 for three of the four solutes). However, the coefficients
of variation (ratio of standard deviation to mean) are relatively small (7.1-18.1%), thus, lending
support to the conjecture that water permeability is practically independent of solute permeability
in the deviation regime. For analysis, elements of the conventional S-D regime, l+1 and θ, for the
solvent, i.e., water, are also included (derivations detailed in the Supporting Information). The l
of 0 and β of 1 (equivalently, θ = logRT/vw) reflect that the membranes do not exhibit selectivity
when the feed is pure water. Next, the relationship of the transport characteristic elements to
intrinsic solute properties are analyzed and discussed.
Table 5.2. Transport characteristic elements of the six solutes, calculated from linear
regressions of the data presented in Figure 5.1, and the solvent, water, derived from
theoretical transport equations (detailed in the Appendix B).
Solute

Water
Ethylene glycol (Eg)
Trioxane (Tr)
Erythritol
Xylose
Glucose
Lactose

Conventional
Regime
θ
R2
l+1
1.00
3.14
2.22 −1.04 0.824
2.54 −2.11 0.984
3.95 −3.84 0.980
4.52 −5.01 0.969
5.10 −5.68 0.958
6.34 −8.22 0.862

σ

0.365±0.006
0.529±0.039
0.688±0.027
0.985±0.003

Deviation
Regime
ω
κ
Not applicable
Not observed
Not observed
−2.55±0.03 0.836
−2.75±0.02 0.396
−2.83±0.11 0.704
−2.82±0.04 0.997

R2

0.418
0.069
0.566
0.828

Solute Size is a Principal Factor Governing Transport in the Conventional
Solution-Diffusion Regime. For polymeric membranes separating a binary mixture of gas A
and B, the conventional solution-diffusion model establishes that the permeability-selectivity
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tradeoff slope, lA/B, is related to the gas molecule kinetic diameters, d, by lA/B = (dB/dA)2 − 1 [15,
37, 38]. Underlying basis of the relationship is detailed in literature [15, 39], and the main
derivation steps and equations are summarized in Appendix B. We extend this principle to
aqueous-separation membranes for the tradeoff slope between solvent (water) and solute: l =
(ds/dw)2 − 1, where ds and dw are diameters of the solute and water molecules, respectively.
Relationships between l and (ds/dw)2 – 1 for the six solutes are shown in Figure 5.3. Three different
molecular diameters are evaluated, namely, van der Waals diameter (dv), minimal projection
diameter (dp), and Stokes diameter (dS). The van der Waals diameter represents the equivalent
spherical diameter of the unbonded bare molecule [40], the minimal projection diameter is derived
from the projected area of the structural conformation (unbounded bare molecule) [41], and the
Stokes diameter characterizes the hydrodynamic size of the solute in bulk-phase solution [3, 30,
42]. The diameters are summarized in Table 5.1 (details on determination of the diameters are
presented in Appendix B) and differ by 0.7-9.7%. The 45° lines denote perfect fits whereas the
coefficients of determination, R2, are representative of the accuracy of using molecular diameters
to predict permeability-selectivity tradeoff slopes.
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Figure 5.3. Correlations between experimentally determined permeability-selectivity tradeoff
slopes, l, and theoretical prediction, (ds/dw)2 − 1, calculated using A) van der Waals diameter,
B) minimal projection diameter, and C) Stokes diameter. The 45º lines signify perfect
agreement between experimental values and theoretical predictions. Subscripts “s” and “w”
represent “solute” and “water”, respectively, and superscripts “v”, “p”, and “S” denote “van der
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Waals”, “minimal projection”, and “Stokes”, respectively. Note the axis breaks for plot C. l
values can be obtained from Table 5.2, whereas the molecular diameters are summarized in
Table 5.1.

Overall, experimental l exhibits very good agreement with (ds/dw)2 − 1 for the three
molecular diameters examined, with strong linear correlations: R2 of 0.887, 0.851, and 0.820 for
van der Waals diameter, minimal projection diameter, and Stokes diameter, respectively. The
excellent predictions of the permeability-selectivity tradeoff slopes with molecular diameters
strongly indicate that solute size is the principal factor governing conventional S-D transport of
the nonelectrolyte solutes investigated here. This finding is supported by a recent study that
reported molecular size as being more suitable for evaluating rejection of small uncharged
compounds in RO than molecular weight [43], which has conventionally been utilized as the
primary characteristic to relate transport of organic molecules across membranes [44].
Specifically, the study observed that RO rejection of uncharged solutes is highly correlated with
minimal projection area of the molecule, which is linearly proportional to the term (ds/dw)2 – 1
[43], thus corroborating our finding.
Figure 5.3 shows that the permeability-selectivity tradeoff slope, l, or, equivalently, the
power law factor relating water and solute permeabilities, l + 1, can be directly derived from the
intrinsic molecular diameters. Because l increases with the square of solute diameter, the
permeability of a larger molecule rises more substantially (i.e., greater deterioration in selectivity)
with higher water permeability of the TFC-PA membrane compared to smaller solutes. While l
can be predicted with comparatively greater accuracy using van der Waals and minimal projection
diameters across the whole range of molecular size investigated (Figures 5.3A and 5.3B,
respectively), (ds/dw)2 − 1 based on Stokes diameter better match experimental l for all but the
largest solute of La (Figure 5.3C). Stokes diameters incorporate solvation effects, i.e., hydration
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shell around molecule, and are, thus, generally larger than dv and dp. The significant overprediction
of l using Stokes diameter for La suggests that the solute partially loses solvating water molecules
for transport across the TFC-PA membrane. Lastly, we note that while van der Waals diameter
yielded the best fit, it would be premature to conclude that dv is the elementary dimension
governing conventional S-D transport as the sample size is relatively small (six) and more rigorous
investigations are needed.
Underlying Principles of Solution-Diffusion Framework Are Applicable to
TFC-PA Membranes. Figure 5.4 shows the relationship between the two conventional S-D
transport elements, θ and l for the six solutes and water (data from Figure 5.1, as summarized in
Table 5.2). Because of the strong correlation between l and (ds/dw)2 – 1, the analysis is equivalent
to examining the influence of solute molecular size on θ (presented in Figure B.3 of Appendix B).
Linear regression of θ on l yielded excellent fit, with R2 of 0.988 (red dashed line of Figure 5.4).
This result is consistent with the conventional solution-diffusion theoretical framework. The first
and

second

terms

that

constitute

the

transport

element,

q = ( l + 1) log ( RT vw ) + l log (360L ) - log b , are explicitly dependent on l. In the S-D
framework for polymeric gas separation membranes, the permeability-selectivity fitting parameter
β can be modeled as [15]:
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û
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(5.33)

where a is a constant that describes diffusion transport, b and f are polymer-dependent variables,
and Kw and Ks are sorption coefficients of water and solute in the polymer, respectively. Therefore,
the vertical axis intercept of the θ-l fitting is log ( RT vw ) - log e ´ ( K w Ks ) . The close proximity
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of the intercept (0.82) to log(RT/vw) = 3.14 (i.e., data point for H2O), even though the six solutes
have different Ks, signifies that the intercept is dominated by the log(RT/vw) term and the
contribution of the ln(Ks/Kw) term is comparatively small. Constraining the intercept to log(RT/vw)
lowers the goodness of fit for the θ-l linear regression (black dotted line, R2 = 0.815), indicating
that influence of sorption coefficients, Kw and Ks, on β and θ, though relatively small, are still nonnegligible.

Figure 5.4. Correlation between S-D transport characteristic elements, θ and λ. Red dashed
and black dotted lines denote fitting results from linear regressions, without fixed intercept and
with fixed intercept of log(RT/vw), respectively.

Importantly, the analyses of l (Fig. 5.3) and θ (Fig. 5.4) indicate that the theoretical
framework of gas transport across dense polymeric membrane is also applicable to elucidate
conventional solution-diffusion transport of nonelectrolyte solutes in TFC-PA membranes for
aqueous separations. Knowing the molecular diameter, the permeability-selectivity behavior of a
solute (i.e., l and θ can be a priori predicted using membrane thickness (L), polymer
characteristics (b and f), and permeant affinities for the polymer (Kw and Ks). Further, we note that
the correlation between l and (ds/dw)2 – 1 spans a substantially wider range of values (0.7-9.7)
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than typical penetrant pairs examined in gas separation membranes (around 0.1-1.2) [14, 15],
signifying that the solution-diffusion mechanism is still valid for describing the transport of
permeant pairs with considerably greater size difference, i.e., water and small neutral organic
molecules.
While b is an established constant denoting glassy or rubbery polymers (−ln(10−5 cm2/s)
and −ln(10−4 cm2/s), respectively) [15], the physical significance of f in eq 5.33 is currently not
fully understood beyond the general acceptance that it is polymer-dependent and is influenced by
interchain spacing (f is typically determined by empirical fitting) [15]. Sorption coefficient, K, is
defined as the concentration ratio of the component (water or solute) in the membrane polymer
matrix to the bulk phase solution. Although there are several studies to characterize K using
different experimental approaches [45-49], efforts thus far have yet to converge on a common
agreement for water uptake and solute concentration profile in the selective layer of TFC-PA
membranes. Thickness of the polyamide layer of TFC membranes, L, is typically characterized as
≈60-200 nm using various microscopy techniques [1, 10, 50, 51], but recent studies utilizing
alternative methods suggest that the effective L (sometimes termed the “dense layer”) is much
thinner, <10 nm, than the whole polyamide layer [52-56]. Further work is necessary to accurately
determine polymer properties f and L, and permeant-polymer interactions Kw and Ks to understand
their influence on β.
Analysis of Transport Characteristic Elements in the Deviation Regime.
Elements of the transition and deviation regime, σ, ω and κ, as a function of van der Waals diameter
for the four larger solutes of Er, Xy, Gl, and La are shown in Figure 5.5A-C, respectively (the
correlations as a function of minimal projection and Stokes diameters are presented in Figure Β.4
of the Appendix B). The water permeability coefficient demarcating the two transport regimes,
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10σ, monotonically increases with molecular diameter (Figure 5.5A). That is, the transition to
conventional S-D transport, as depicted in Figure 5.2, shifts toward the right as solute size increase,
extending the range of the deviation regime. Linear regression of 10σ on dv for the four larger
solutes, Er, Xy, Gl, and La, yields excellent fit (R2 = 0.9996), suggesting that the boundary between
the two regimes can be predicted using the solute van der Waals diameter. The other two diameters
analyzed here gave linear regressions with equally good fits (R2 of 0.9997 and 0.9985 for the
minimal projection and Stokes diameters, respectively, Figure B.4A). Good correlation is also
observed between 10σ and the S-D element l (R2 = 0.997, Figure B.5A of the Appendix B).
Although the results here suggest that the boundary between the two transport regimes is
determined by the solute size, we hesitate to draw any definitive conclusions on the principal factor
governing the threshold σ with data of only four solutes.
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. Transport characteristic elements A) σ, presented as 10σ, B) ω, and C) κ of the transition and
deviation regime as a function of the van der Waals diameter, dv, for the four larger solutes of
erythritol (Er), D-xylose (Xy), a-glucose (Gl), and a-lactose (La).

Using the van der Waals diameters of the two smaller solutes, the threshold water
permeability coefficients, 10σ, calculated using the regression equation yielded negative values for
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Eg and Tr (−1.32 and −0.02 L m−2 h−1 bar−1, respectively). That is, the correlation of Figure 5.5A
predicts that the smaller solutes of ethylene glycol and 1,3,5-trioxane should not have deviation
regimes, in agreement with the observed experimental results (Figure 5.1). Alternatively, the
horizontal intercept of the 10σ-dv fitting, 5.32 Å, represents the minimal van der Waals diameter
for a solute to exhibit the deviation regime. However, both Eg and Tr possess smaller dv of 4.92
and 5.31 Å, respectively. We further conjecture that the 10σ-dv horizontal intercept of 5.32 Å is of
physical significance and is related to the structure of the hydrated polyamide selective layer.
Specifically, this dimension is very similar to the diameter of the free volume element of wet
polyamide in TFC seawater RO membranes, 5.56 Å [45], determined by positron annihilation
lifetime spectroscopy (PALS), and is slightly larger than the dry state PALS characterizations of
4.46-5.18 Å [57-59]. The horizontal intercepts of 10σ-dv using minimal projection and Stokes
diameters are 5.68 and 4.06 Å, respectively (Figure B.4A of the Appendix B).
Because the deviation regime is observed in relatively narrow windows for only four of the
six solutes, experimental data is limited and the logA-logB trend is not readily apparent. As such,
two characteristic elements are examined: logB at the lowest measured water permeability
coefficient, denoted by ω (transport in the region to σ is considered as gradually shifting to the SD regime), or constant logB-logA slope of κ. Figure 5.5B shows a monotonic decrease in ω as the
solute size increases, sharply declining from Er to Gl but then effectively maintaining constant
between Gl and La. This implies that size-based selectivity of solute is a significant mechanism
influencing transport in the deviation regime of the unmodified TFC-PA: the membrane is less
permeable (i.e., lower ω) to larger solutes but the lowered permeability levels off beyond a certain
solute size. However, we note that the solute permeability coefficients at the lowest A, 10ω, are
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very low, ranging from 0.0015 to 0.0028 L m−2 h−1 and, hence, inherently have relatively greater
experimental variability, which confounds the precise identification of ω.
The alternative analysis of logB-logA slope, κ, as a function of the van der Waals diameter,
dv is presented in Figure 5.5C. Overall, no clear trend relating κ and dv is observed. From the
limited data, all four solutes exhibited κ below 1 (i.e., slope for water), signifying that the
membrane water permeability is increasing faster than the increase in solute permeability, which
contradicts the general understanding of conventional solution-diffusion transport (rise in B is
always greater than gains in A). We, thus, postulate a counter explanation: logB-logA slopes in the
deviation regime are actually ≈1. With the exception of Xy, κ of the other solutes are relatively
close to unity (within the constraint of limited data points); for La, which has the widest
“deviation” regime range, κ is practically 1.0. In other words, solute and water transport in the
deviation regime change at the same rate. When A increases beyond the threshold σ, transport
transitions into conventional S-D transport. Consequently, the logB-logA slope, l+1, ramps up to
> 1 and solute permeability increases faster than water permeability. Similar ω and κ trends are
observed for minimal projection diameter, Stokes diameter, and l (Figures B.4 and B.5 of the
Appendix B). It is worthwhile to note that while this observed trend of logB-logA slope ≤ 1 in the
deviation regime is a departure from the established understanding of permeability-selectivity
tradeoff as described by the classic S-D framework (i.e., l+1 > 1), the solution-diffusion
mechanism is not precluded from being the transport phenomenon. Rather, we posit that the
underlying factors governing S-D transport in the “deviation” regime are different from the
conventional solution-diffusion regime, which gives rise to the distinctly dissimilar permeabilityselectivity tradeoff trends in the two regimes.
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5.5 Implications
This study establishes a framework for better understanding of the transport phenomena in
TFC-PA membranes for aqueous separations. The transport of nonelectrolyte solutes with different
sizes across TFC-PA membranes with a range of permeabilities and selectivities is examined and
the transport behavior is established to be consistent with the solution-diffusion mechanism.
Additionally, a second transport regime that is not fully explained by the current understanding of
the conventional S-D model is identified. A set of transport characteristic elements that describes
the water permeability-solute selectivity relationship is proposed and elements are shown to be
principally dependent on solute size. Further, we put forth the notion that this unique set of
transport characteristic elements can be determined for any nonelectrolyte solutes to predict the
permeability-selectivity transport trend of the solute.
In the S-D framework for gas separation membranes, the diffusion of light gas molecules
in the membrane polymer is modeled as an activated process, with activation energy of the gas
penetrant proportional to the square of molecular diameter [15, 37, 39, 60]. This study finds that
the S-D element, l, exhibits good agreement with the predictive term, (ds/dw)2 – 1, which is derived
from classic diffusion theory. This strong correlation suggests that the relationship between
activation energy and penetrant property in the activated diffusion model is also likely applicable
to the transport of water and neutral molecules in TFC-PA membranes. Additional studies can
elucidate the role of activated diffusion in transport for aqueous separation membranes. Similarly,
while this study analyzed the relationships of l with van der Waals diameter, minimal projection
diameter, and Stokes diameter, further investigations are necessary to concisely pinpoint the most
appropriate molecular dimension to represent the penetrant size.
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The other transport element in the S-D regime, β, is influenced by polymer properties of
the selective layer. Advancing the characterization of β requires systematic understanding of the
aromatic polyamide polymer, specifically, the interchain spacing parameter, f. Analogous to the
plasticization of polymeric membrane materials by gas penetrants [61-64], the impacts of water
hydration on TFC-PA membrane properties, i.e., b and f, in aqueous separations are worth deeper
examination.
Findings of this study can provide important insights for the development of nextgeneration membrane materials with enhanced selectivity. The S-D model indicates that l is
independent of selective layer properties, i.e., for a certain solute, the slope of the logB-logA profile
remains unchanged regardless of selective layer chemistry. Instead, membrane selectivities can be
rationally enhanced by lowering θ. This can be achieved by decreasing the selective layer
thickness, L. Alternatively, altering the selective layer chemistry can increase β, which is a function
of f and K (eq. 5.33). Enlarging the polymer interchain spacing can lead to a greater f, as shown in
previous studies that demonstrated the influence of PA selective layer crosslinking densities on
transport across the membrane [65-68]. Water sorption (partitioning) coefficient, Kw, can also be
raised through increasing hydrophilicity of the selective layer polymer.
Improving solute selectivity has been identified as a more critical focus for aqueous
separation membranes than raising water permeability [69]. Results of this study indicate that
solute permeability is relatively independent of or only weakly related to water permeability in the
regime, a feature that can be exploited to optimize the balance between permeability and
selectivity. For separations requiring high rejection of a specific solute, membranes with water
permeability just below the threshold σ should be utilized, i.e., operate in the deviation regime just
before the transition to the S-D regime, to achieve high water permeability without drastic sacrifice
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in selectivity. Precise determination of σ is, therefore, important, and further investigations with a
wider range of solutes are necessary to establish the principal factors governing σ. Thorough
characterization and analysis can reveal the impacts of selective layer structural properties on ω
and κ. Crucially, further work is needed to shed light on the genesis of the deviation regime and
elucidate the principal factors differentiating transport in this regime from the current
understanding of conventional solution-diffusion.
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Chapter 6: Elucidating the Roles of Polyamide Layer Structural
Properties in Permeability-Selectivity Tradeoff
Chapter Abstract
A permeability-selectivity tradeoff relationship is predicted by the conventional solutiondiffusion (S-D) transport model, and has been widely observed for thin-film composite polyamide
membranes (TFC-PA) used in reverse osmosis (RO) and nanofiltration (NF). This study
investigates the roles of structural properties of the polyamide layer in the tradeoff relationship in
TFC-PA membranes. The tradeoff trend is first examined for membranes with a range of
selectivities in rejecting NaCl from aqueous solutions. Two key structural parameters, free volume
element sizes and the effective transport pathway, are studied using the positron annihilation
lifetime spectroscopy (PALS) and the hindered transport model. Changes in free volume element
sizes at rising membrane water permeabilities are found to be insignificant, and do not completely
account for the permeability-selectivity tradeoff. Our analysis showed that the substantial
shortening of the effective transport pathway principally contributes to the tradeoff relationship.
We propose a mechanistic framework to describe how structural properties of the polyamide layer
influence the permeability-selectivity tradeoff behavior. Lastly, this paper provides implications
to future studies and insights into the design and development of next-generation membranes.

6.1 Introduction
Modern membrane technologies provide efficient separations, and have been extensively
applied in addressing water, energy, and environmental challenges. Good examples can be found
in desalination, water treatment, gas separations, carbon capture, etc [1-5]. Thin-film composite
polyamide (TFC-PA) membranes have been developed for four decades, and have become the
gold-standard materials in aqueous separations due to the superior performance of permeability
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and selectivity [1, 6]. In TFC-PA membranes, a thin film of aromatic polyamide functions as the
selective layer, and a highly porous polysulfone layer with embedded polyester fibers supports it
to enhance the mechanical robustness. TFC-PA membranes are now widely used in salt-rejecting
applications like reverse osmosis (RO) and nanofiltration (NF) [2, 6], and also serve other
osmotically-driven processes, including forward osmosis, pressure retarded osmosis, and
cascading osmotically mediated reverse osmosis [7-9].
Improved selectivity has been identified as a principal direction for future advancement of
membrane technologies [10], and this requires better fundamental understanding of the membrane
transport phenomena. Currently the most widely accepted transport theory for polymeric saltrejecting membranes (RO and tight NF) is the solution-diffusion (S-D) model. In S-D, permeants
first absorb into the nonporous membrane matrix, then diffuse across the polymeric film, and lastly
desorb downstream to the bulk solution [1, 11].
An important permeability-selectivity tradeoff relationship is predicted by the conventional
S-D, and has been extensively observed in thin-film composite polyamide (TFC-PA) membranes:
the improved water permeability is unavoidably accompanied by a decline in selectivity [12].
While it is widely accepted that structural properties of the membrane matrix influence the
permeance and selectivity, the impacts of individual structural parameters of the polyamide layer
on the permeability-selectivity tradeoff are still not completely understood for TFC membranes.
Our recent study reveals that the S-D transport of a solute is principally governed by the solute
size (Chapter 5), however, the mechanisms of how the structural properties of the membrane
influence the tradeoff still remain unclear.
This study investigates the roles of structural properties of the polyamide layer in the
permeability-selectivity tradeoff of TFC-PA membranes. TFC-PA membrane with different
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selectivities are obtained from chemical modifications. The free volume elements of the polyamide
layer of membranes are characterized using positron annihilation lifetime spectroscopy. Effective
pore size and transport pathway of membranes with different selectivities are analyzed using the
pore hindrance transport model, and the influence of the two structural properties on membrane
transport are examined. Lastly, we propose the mechanisms of how membrane structural properties
influence the permeability-selectivity tradeoff.

6.2 Materials and Methods
Materials and Chemicals. Flat-sheet seawater reverse osmosis (RO) desalination
membranes used for all experiments were obtained from DOW Filmtec (SW30-HR, Midland, MI).
The thin-film composite (TFC) RO membrane comprises a polyamide selective layer supported
by a highly porous polysulfone layer. The membranes were soaked in 25 v/v% isopropanol to
remove surface coatings by the manufacturer, followed by rinsing with deionized (DI) water, and
were stored in DI water at 4 ºC before any chemical treatment. The oxidizing reagent for altering
membrane permeabilities was prepared by diluting 5.0 w/w% (0.67 M) aqueous sodium
hypochlorite solution (FisherScientific, PA) in DI water. NaCl of ACS analytical grade were
obtained from FisherScientific to characterize selectivities of membranes, and neutral organic
solutes, ethylene glycol (Eg) and 1,3,5-trioxane (Tr), of ACS analytical grade (FisherScientific,
PA) were used for analysis of the hindered transport model.
Polyamide Layer Modification. Polyamide selective layer of membranes were
modified by a chlorine-alkaline chemical treatment to obtain different water and solute
permeabilities through carefully control of the reaction conditions [13-16]. The alcohol-washed
membranes were immersed in aqueous NaOCl solution with concentrations of 100-10,000 ppm
for one hour. pH of the hypochlorite solution was adjusted to 7.0 by dosing with 6 M HCl. The
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chlorine-treated membranes were washed twice with DI water and then stored in 0.1 M NaOH for
16 h. Membranes were then rinsed with DI water three times to remove residual NaOH and stored
in DI water at 4 ºC before test. Treatment conditions are detailed in Table 6.1.
Determination of Membrane Water and Solute Permeabilities. Membrane
transport properties were characterized using a custom-built crossflow RO setup with effective
membrane area of 19.5 cm2. Water permeability coefficient, A, was determined using DI water as
the feed stream under the hydraulic pressure ∆P of 27.6 bar (400 psi). Steady-state pure water flux,
J wDI , was obtained by measuring the rate of change in the permeate weight, and the water

permeability coefficient is calculated as A = J wDI DP .
Membrane solute permeabilities to NaCl were characterized using 0.1 M NaCl as the feed
solution in RO tests, applying hydraulic pressure 27.6 bar (400 psi) and crossflow velocity of 25.4
cm/s. Steady-state permeate water fluxes, Jw, were recorded, and permeate concentrations, cp, were
characterized by a calibrated Orion Star conductivity meter (FisherScientific, PA). The solute
permeability coefficient, B, is determined using the modified van’t Hoff relation [1]:

B=

cp J w
cf,m - cp

=

cp J w (fn RT )
DP - ( J w A)

(6.34)

where cf,m is the solute concentration at the solution-membrane interface, ϕ is the solute osmotic
coefficient, and ν is the number of species each solute molecule dissociates into. For NaCl, ϕ is
taken as 0.932 and ν = 2 [17]. All the RO experiments were carried out at 25 ºC, and pH values of
the Eg and Tr feed solutions were recorded at the end of the experimental runs.
Characterization of Free Volume Elements with Positron Annihilation
Lifetime Spectroscopy. Positron annihilation lifetime spectroscopy (PALS) is an advanced
technique to characterize free volume cavities in polymeric membranes. The instrument generates
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positrons, which binds with electrons to form positroniums of different states. When trapped in
free volume cavities of the polymer, positrons in the ortho-positronium, which is a spin-triplet
state, annihilates with the surrounding electrons, within a pick-off lifetime, τo. Assuming the free
volume elements to be spherical, the diameter, dFVE, is related to τo by the Tao-Eldrup model [23,
24]:

æ 2p d FVE ö ù
d FVE
1é
1
t o = ê1 + sin ç
÷ú
2 ë d FVE + 2Dre 2p
è d FVE + 2Dre ø û

-1

(6.35)

where ∆re is the thickness of the electron layer surrounding the free volume hole, and is assumed
to be 0.166 nm. τo is either detected or fixed at a reasonable constant under a good fit.
10 TFC-PA membranes of different selectivities from chemical modifications (detailed in
Table 6.1) were characterized by PALS in the dry state with an adjustable monoenergetic positron
beam. The instrument used a pulsed low-energy positron beam system operated at the neutron
induced positron source Munich [25, 26]. The implantation energy, Ein, at 1 keV was applied for
all measurements, with three different locations measured in each sample. The mean depth of the
free volume elements characterized from the surface of the polyamide selective layer, z , is
calculated as [27]:

z =

29.9 Ein1.71
r pol

(6.36)

where ρpol is the density of the polymer. 4 million counts were collected with a count rate of about
10,000 Hz and a time resolution of ≈250 ps for the result spectra, which are analyzed by the
software PALSfit3 [28]. The resolution function was determined by measuring p-doped SiC with
known lifetimes, and the spectra were deconvoluted into four lifetime components, i.e., parapositronium, free electron, and two ortho-positroniums, leading to overall fit variances below 1.2.
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Analysis of Membrane Structural Properties with the Hindered Transport
Model. Structural properties of the selective layer, i.e., pore size and transport pathway, are
analyzed using the hindered transport model, which has been previously used in the of
characterization of osmotic membranes [18, 19]. The approach models the membrane matrix as a
bundle of capillary pores, and transport of nonelectrolyte solutes is corrected for hindered
convection and diffusion due to solute-membrane interactions [20, 21]. With only steric interaction
considered, the water-solute partition coefficient, Φ, is related to the ratio of the diameter of the
solute to the effective pore size, α (0< α <1), by Φ = (1 − α)2. In RO, the real rejection of membrane
to the solute, Rr, is related to Φ, the convective hindrance factor, Kc, and the membrane Peclet
number, Pe [18]:
Rr = 1 -

FKc
1 - exp ( - Pe )(1 - FKc )

(6.37)

Pe is described by eq. 6.38, where Kd is the hydrodynamic hindrance coefficient for diffusion, Dsaq
is the solute diffusivity in the aqueous phase, and L is the effective transport pathway, which
accounts for thickness (l), tortuosity (τ), and porosity (ε) of the selective layer. Coefficients Kc and
Kd are functions of α and, therefore, Rr is formulated as a function of the effective pore size,
represented by α, and transport pathway by the hindered transport model.

Pe =

Kc J w ( lt m e ) Kc J w L
=
Kd Dsaq
Kd Dsaq

(6.38)

Two organic neutral solutes, ethylene glycol (Eg) and trioxane (Tr), were used as tracer
permeants in RO tests to analyze membrane structural properties of effective pore size and
effective transport pathway. Feed solutions were prepared by dissolving tracer solutes in DI water
to yield total organic carbon (TOC) concentration of 40 mg-C/L. Membranes of different
selectivities were pressurized by hydraulic pressures from 27.6 bar (400 psi) → 20.7 bar (300 psi)
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→ 13.8 bar (200 psi) → 6.9 bar (100 psi). At each ∆P, steady-state water fluxes were recorded,
and permeate concentrations, cp, were determined by evaluating the TOC concentrations using a
Hach TOC analyzer (Loveland, CO). Calculating solute permeability coefficient B with eq. 5.32
gives the real rejection:

Rr = 1 -

cp
cf,m

= 1-

Js J w
Jw
=
Js B + Js J w J w + B

(6.39)

where cf,m is the feed concentration at the membrane interface, and Js is the solute flux.
The two structural parameters, α, and L, were simultaneously determined by fitting the
experimental Rr to the calculated values using eqs. 6.37 and 6.38, using a least-square method [7].
The process is realized using the algorithm for Python implemented by LMFIT [22]. Calculations
of Dsaq , Kc, and Kd are detailed in Appendix C.

6.3 Results and Discussion
Permeability-Selectivity

Tradeoff

of

Thin-Film

Composite

Polyamide

Membranes. Membranes of different permeabilities and selectivities were attained from careful
chemical modifications, with reaction conditions and resultant permeabilities summarized in Table
6.1. Solute permeability coefficient to NaCl salt, B, as a function of water permeability coefficient,
A, is presented on log-log scales in Figure. 6.1. Values of A and B correspond to
permeabilities/selectivities of membranes from seawater reverse osmosis to tight nanofiltration
membranes [1, 29].
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Figure 6.1. Solute permeability coefficient, B, of membranes with different water permeability
coefficient, A, to NaCl. Both horizontal and vertical axes are on logarithmic scale. The
“deviation” and “conventional” solution-diffusion transport regimes, identified in Chapter 5,
are demarcated by the vertical dotted line, and the black dashed line denotes the linear fit
between log A and log B.

Two different transport regimes are observed in Figure 6.1, as identified and discussed in
the previous study (Chapter 5) on transport of nonelectrolyte solutes. The right side is the
“conventional” S-D regime, where the solute permeability increases rapidly as water permeability
rises, and are related by an empirical relationship [16, 30]:

æ 360Ll ö æ RT ö
B=ç
÷
÷ç
è b øè vw ø

l +1

Al +1

(6.40)

where l and β are fitting parameters, vw is the molar volume of the solvent (water), and L is the
effective thickness of the membrane selective layer. Units of A and B are L m−2 h−1 bar−1 and L
m−2 h−1, respectively, which are the most widely used in aqueous separations, while the factor of
360 accounts for the units conversion. On the left side is the “deviation” regime, where the solute
permeability is relatively independent of the water permeability, and the permeability-selectivity
relationship deviates from conventional understanding of the established solution-diffusion
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transport framework. Discussions in the following subsections of this study focus on the
conventional transport regime.
Fitting logB to logA in the conventional S-D regime through linear regressions gives a good
correlation, R2 = 0.872, indicating a permeability-selectivity tradeoff relationship that has been
widely observed in TFC-PA membranes and is consistent with the S-D theory [2, 16, 31]. Our
previous study demonstrated that transport of solvent and solute in the membranes, treated by the
same protocol, is dominated by the solution-diffusion mechanism, whereas impacts of the
convective transport are only marginal (Chapter 5 and Appendix B). The fitted slope of the logBlogA regression in the linear regime, l + 1, is 5.4, indicating that the membrane permeability to
the solute, i.e., NaCl, increases much more substantially than that the permeability to solvent, i.e.,
water (l > 0).
Table 6.1. Summary of chlorine-alkaline reaction conditions on membrane polyamide
layers, the resultant water permeability coefficients, A, solute permeability coefficients to
NaCl, BNaCl, and the diameters of the free volume elements measured by PALS. The
membrane samples in Figure 6.1 are not entirely identical to those in the PALS
characterizations, and either BNaCl or dFVE may be not available, denoted by “N/A”, for
certain water permeability coefficients.
#
1
2
3
4
5
6
7
8
9
10
11
12

cNaOCl
(ppm)
0
0
200
100
1,500
8,000
1,500
3,000
3,000
5,000
10,000
10,000

NaOH
treatment
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

A
(L m h−1 bar−1)
0.817
1.43
2.30
3.22
3.79
6.09
6.32
7.63
9.50
10.7
11.9
12.2
−2
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BNaCl
(L m−2 h−1)
0.0980
0.0761
0.401
1.91
2.49
N/A
11.7
422
N/A
N/A
1045
895

dFVE
(Å)
4.71
4.72
4.04
4.28
4.92
5.14
5.36
4.95
5.34
5.39
N/A
N/A

Changes in Free Volume Element Size Do Not Completely Account for the
Tradeoff Trend. Diameters of the free volume elements (FVE) of membranes of different
permeabilities (derived from eq. 6.35) measured by PALS are presented in Figure 6.2 (with fitted
τo). Mean depth of detection in the selective layer, z , is determined as 23.7 nm from eq. 6.36,
which lies within the dense skin layer of the polyamide [32, 33]. dFVE of pristine membranes is
4.72 Å, which is comparable to results of previous studies [34-36]. As membranes become more
water permeable (A increases), dFVE first declines by up to 11.8% at A = 2.30-3.22 L m−2 h−1 bar−1,
and substantially recovers to 4.92 Å as A increases to 3.79 L m−2 h−1 bar−1. As the membrane
becomes even more permeable, the diameter of FVEs only slightly increases by 9.5%. While
previous studies reported growing surface breaches of the PA layer exposed to chlorine [37, 38],
we observed no significant size change in FVE morphology inside the PA layer. dFVE calculated
at a fixed τo exhibits similar results, and is shown in Figure C.1 in Appendix C.

Figure 6.2. Diameters of the free volume elements, dFVE, of membranes with different water
permeability coefficient, A. dFVE is determined by PALS in the dry state with unconstrained τo.
Relationship between the dFVE and A by linear regressions is also presented.
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Water permeability coefficient of porous membrane is related to the pore diameter, dp, and
the effective transport pathway, L, by the Kozeny-Carman equation: A µ dp 2 L [1, 39]. From the
pristine membrane to the most permeable sample, dFVE enlarges 14.5%, i.e., dFVE2 increases by
1.31 times. While this change in dFVE alone can only elevate water permeability by 1.31 times, the
experimental A for the membranes presented in Figure 6.2 is enhanced by 13.0 times, and,
correspondingly, the NaCl permeability increases much more significantly by 940-fold (Figure
6.1). Therefore, the change in free volume element size of the selective layer does not completely
account for the permeability-selectivity tradeoff trend in TFC-PA membranes. In other words, the
PALS characterization indicates that other mechanisms are responsible for the tradeoff trend.
Shortening of Effective Transport Pathway Is a Principal Factor Governing
Permeability-Selectivity Tradeoff. The influence of structural properties of effective pore
diameter, dp, and effective transport pathway, L, on membrane transport are analyzed using the
hindered transport model. Relationships between the experimental real rejection, Rr, and water
flux, Jw, of tracers Eg and Tr are shown for membranes of different representative water
permeabilities in Figure 6.3A and 6.3B, respectively. Rr is a function of Jw according to the
hindered transport model, with dp and L as the key parameters (eqs. 6.37-6.38). In Figure 6.3,
symbols of the same color connected by a single line represent Rr and Jw experimental results of
the same membrane, with the corresponding water permeability coefficient, A, in units of L m−2
h−1 bar−1 indicated in the legend. At a certain water permeability, Rr is sharply enhanced as water
flux increases, and approaches 100% when Jw is sufficiently high (∆P at 20.7-27.6 bar), which
matches the predictions of the hindered transport model. As the membrane becomes more
permeable, following the arrow direction where A increases from 1.66 to 9.86 L m−2 h−1 bar−1, Rr
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increases more slowly as Jw becomes greater, and the rejections of more permeable membranes
are generally lower than those with smaller A under the same water fluxes.

Figure 6.3. Experimental real rejections, Rr, of membranes with different water permeability
coefficients, to tracers A) ethylene glycol (Eg) and B) trioxane (Tr), at different water fluxes,
Jw. The gray arrows indicate increasing permeability of different chemically-modified
membranes, with labels denoting the water permeability, A, in units of L m−2 h−1 bar−1. Dashed
lines denote predicted Rr by the hindered transport model for the pristine membrane (red) and
the most permeable membrane (blue).

Effective transport pathways, L, as well as the α parameter (defined as the ratio of diameters
of the solute to effective pore) are determined by simultaneously fitting the predicted rejections to
the experimental Rr for pristine membranes and the most permeable membranes (red circle and
blue diamond symbols, respectively). From the pristine to the most permeable membranes, the
change in α is calculated from the change in water permeability coefficient, A, using the
relationship between dFVE and A in Figure 6.2 through linear regressions. The change in L from

148

the upper to lower bounds is calculated by the Kozeny-Carman equation A µ dp 2 L . Note that the
anlysis assumes Eg and Tr have the same effective transport pathways in the fitting.
Between the least and most permeable membranes, water permeability coefficient, A,
increases from 1.66 to 9.86 L m−2 h−1 bar−1 (×5.9 times). While the corresponding effective pore
diameter only increases by 1.12 times, i.e., α (= ds/dp) decreases by 1.12 times, the effective
transport pathway, L, is found to change from 124 nm to 26 nm, significantly shortening by 4.8
times. The morphological thickness of the polyamide layer of TFC membranes is typically
characterized as ≈60-200 nm using various electron microscopy techniques [6, 12, 40, 41], but
recent studies utilizing alternative methods suggest that the effective L (sometimes termed the
“dense skin layer”) is much thinner, ≈10 nm, than the whole polyamide layer [42-46]. The effective
transport pathways fall in this these reasonable ranges, but the L of the pristine membrane (124
nm) is greater than the thickness of the dense skin layer, indicating that the impacts of the porosity
of the selective layer and the tortuosity of the pathway are not negligible on the transport of solutes.
Overall, the analysis using the hindered transport model shows that the experimental Rr-Jw trend
is explained by both a slight increase in the effective pore size and a more substantial decrease in
L. Because the enlarged free volume sizes do not properly account for the permeability-selectivity
behaviors, we identify the membrane structural property L as a principal factor governing the
permeability-selectivity tradeoff relationship: a shortened effective transport pathway of the
selective layer substantially elevates the water permeability of the membrane, and increases the
solute permeability more substantially, i.e., decreasing the selectivity.
Elucidating the Permeability-Selectivity Tradeoff Phenomenon in Terms of
Membrane Structural Properties. The schematics of Figure 6.4 illustrate the mechanism by
which the permeability-selectivity tradeoff is related to the structural properties of the selective
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layer. Free volume elements are heterogeneously distributed across the selective layer, among the
dense polymer regions[42, 47]. Solution-diffusion transport of permeants is affected by structural
properties of the polymer matrix, specifically by the free volumes and mobility of polymer chains
[48]. Permeants transfer across the selective layer through both the open free volume elements and
the dense polymer network. However, diffusive transport in the free volume elements is faster than
that through the dense polymer phase [1, 49], and the overall membrane permeability to the
permeants is governed by the latter process. This transport framework is analogous to a “random
resistor network” model proposed by previous studies [44, 50]: free volume elements (also termed
as “voids”) are randomly distributed in the membrane matrix, and are separated by dense polymers,
which function as the critical resistance to transport.

Figure 6.4. Schematics depicting the impacts of structural properties on the permeant transport
across membranes with a A) lower permeability and a B) higher permeability. Dashed lines
represent transport channels in the polymer network (green area) linking free volume elements
(white voids). The membrane obtains more polymer transport channels after chlorination (B),
thus shaping a shorter transport pathway for the permeants, while maintaining relatively
consistent effective pore sizes.

150

Free volume elements, stochastically located within the membrane active layer, are
connected by transport channels in the dense polymer region, where the stiff polyamide chains are
highly crosslinked. Sparse polymer-region channels are available in membranes of relatively low
permeabilities (Figure 6.4A), and permeants transfer tortuously across the membrane, passing a
relatively long effective transport pathway, L. After the chlorine treatment, the polyamide network
hydrolyzes and the density of crosslink decreases [51-53]. Sizes of free volume elements are not
significantly affected by the process (Figure 6.2), however, lowered crosslink density enhances the
mobilities of the polymer chains [48, 54, 55]. We postulate that this contributes additional transport
channels to the polymer region to connect free volume elements that are available to permeant
transport. Permeants therefore transfer across the membrane following a less tortuous route, i.e.,
through a shortened effective transport pathway, L (Figure 6.4B), and hence, the membrane
exhibits a higher permeability. Further, because activation energy barrier of diffusive transport is
related to the size of the permeant [56], the shortening of L has more notable influences on transport
of the solute than that of the solvent water, explaining the more substantial increase in B at rising
A (the conventional regime in Figure 6.1), i.e., l > 0 in eq. 5.31.

6.4 Implications
This study examines the roles of structural properties of the polyamide layer of thin-film
composite membranes in the permeability-selectivity tradeoff. The tradeoff, with both the
deviation and conventional regimes, is examined for NaCl across membranes with a range of
permeabilities and selectivities. Structural parameters, free volume element size and effective
transport pathway, of the polyamide layer are characterized with different methods. As membrane
water permeability increases, changes in free volume sizes are found to be relatively small, and do
not completely account for the tradeoff trend. Analysis reveals that the substantial shortening of
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the effective transport pathway is a principal factor explaining the enhanced membrane
permeabilities to water and solutes, and is identified as a key structural parameter influencing the
tradeoff relationship. We reconcile experimental evidence and theory to propose a mechanistic
description of how the structural parameters affect the permeability-selectivity tradeoff behavior.
Diameters of the free volume elements are shown to be relatively consistent by PALS
characterization. However, a non-negligible decrease in dFVE was observed by PALS (Figure 6.2)
for membranes treated with low dosage of NaOCl (100-200 ppm). The underlying cause for this
dip is not fully understood. Previous studies indicate that the amide groups in the polyamide layer
experiences reversible chlorination-dechlorination during the chlorine-alkali treatment [51-53,
57], but the impact of these reactions under specific conditions on the microstructures of polyamide
are still not well understood.
Our analysis identifies the effective transport pathway, L, as a key parameter affecting the
permeability-selectivity tradeoff. Further investigations of properties in the dense polymer regions
are required to advance understanding of this transport pathway. Chapter 5 of this thesis indicated
that the S-D transport of nonelectrolyte solutes in the conventional regime is affected by the
parameter β in eq. 5.31, which is related to polymer properties of aromatic polyamide, e.g., the
interchain spacing factor f. Linking these polymer property factors to the transport pathway in the
dense polymer region can potentially shed more light on the understanding of the permeabilityselectivity tradeoff.
Future studies are necessary to validate the proposed mechanisms relating the tradeoff
behavior to membrane structural properties. Whereas an advanced molecular-level understanding
of the transport pathway has been established for the transport of gas permeants across polymeric
membranes [58, 59], the formation of the polymer-region transport pathway in TFC-PA membrane
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in aqueous separations is poorly understood. A recent study characterized transport dynamics of
water molecules in polyamide with neutron scattering [60] and further investigations of the solute
transport dynamics can shed light on the validity of the proposed mechanism presented in this
study.
The findings of this study also provides important insights into the design and development
of next-generation membranes. Improving membrane solute selectivity has been identified as a
more critical focus for aqueous separation membranes than raising water permeability [10]. While
it is widely accepted that the decreased membrane thickness benefits high water flux in
desalination membranes, our results indicate that the shortening of the effective transport pathway
L facilitates solute transport in the conventional S-D regime more substantially, thus sacrificing
selectivity. However, our previous study (Chapter 5) showed that solute permeability is only
weakly influenced by the rising water permeability in the “deviation” regime, which can be
exploited for the goal of improving selectivity. We postulate that by carefully tuning structural
properties of the polymer region, a suitable L can be obtained to achieve the A within the deviation
regime: wherein the L is short enough for water (high water permeability), but is still substantially
long for the solute (low salt permeability).
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Chapter 7: Conclusions
7.1 Summary
The work presented in this dissertation advanced membrane-based technologies for
sustainable energy and water production. The thesis advanced the emerging vapor pressure-driven
osmosis (VPDO) for low-temperature heat utilization, proposed and developed an cascading
osmotically mediated reverse osmosis (COMRO) for energy-efficient desalination of high-salinity
brines, and also provided in-depth studies of transport mechanisms in thin-film composite
polyamide (TFC-PA) membranes widely used in aqueous separations. Work in this dissertation
holistically advanced membrane technologies at the different loci: investigations of material
properties, understanding transport mechanisms, and system design.
The impacts of membrane properties on mass and heat transfer in VPDO were studied in
Chapter 2. Vapor fluxes and evaporation thermal efficiencies of two hydrophobic nanoporous
membranes with different chemical compositions and structural properties were evaluated under a
range of transmembrane temperature gradients and applied hydraulic pressures. The chapter
presented a model to describe mass and heat transport, and employed it to explain the experimental
membrane performance. The study showed that Knudsen diffusion dominates mass transport in
VPDO and evaporative heat transfer is significantly greater than conductive losses. The
importance of membrane mechanical robustness was also underlined for VPDO.
Chapter 3 presents the COMRO technology for energy-efficient desalination of highsalinity brines. Thermodynamic analysis showed that among alternative RO configurations,
COMRO is the only process that simultaneously lowers the pressure requirement and reduces
energy consumption. The study showed that COMRO enables desalination of 70,000 ppm TDS
hypersaline feed using hydraulic pressures (68.3 bar) well within common operating limitation,
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and reduces energy consumption up to 17% compared to conventional RO, which requires
exceeding high pressure of 137 bar. In the application of seawater desalination, COMRO improves
recovery to 70% with a ≈33% energy saving using only moderate hydraulic pressure.
The transport and structural properties of osmotic membranes in COMRO were
investigated in Chapter 4. A theoretical model was established to understand water and salt
transport in COMRO. Transport and structural properties of the TFC osmotic membrane were
experimentally characterized to elucidate the influence of the different pressure and salinity
conditions representative of COMRO operation.
Chapter 5 established a framework for better understanding the permeability-selectivity
tradeoff relationship in TFC-PA membranes for aqueous separations. The transport of
nonelectrolyte solutes with different molecular sizes across TFC-PA membranes with a range of
permeabilities and selectivities was examined, and transport was demonstrated to be governed by
the solution-diffusion mechanism. A second transport regime that could not be explained by the
conventional solution-diffusion (S-D) model was identified. The chapter proposed a set of
transport characteristic elements to describe the permeability-selectivity relationship, and showed
that these elements are principally dependent on solute size.
Chapter 6 further elucidated the roles of structural properties of the polyamide layer in the
permeability-selectivity tradeoff. The tradeoff trend of TFC-PA membranes was examined using
the common electrolyte solute, NaCl. Free volume sizes and the effective transport pathway were
analyzed using the hindered transport model and positron annihilation lifetime spectroscopy. The
study found that free element sizes remain relatively consistent for membranes of different
selectivities, and the permeability-selectivity is principally explained by the shortening of the
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effective transport pathway. The chapter also proposed mechanisms for how membrane structural
properties influence the permeability-selectivity of a solute with a certain molecular size.

7.2 Novel Contributions
Investigation of membrane performance in the emerging VPDO provided strong evidence
that mass transport is dominated by Knudsen diffusion [1]. Operation at higher pressurizations
causes vapor flux decline that is attributed to the membrane morphological deformation,
underlining the importance of membrane mechanical robustness for VPDO. Evaporative heat
transfer is significantly greater than conductive losses, and membranes with higher water fluxes
have better evaporation thermal efficiencies.
This work presented the cascading osmotically mediated reverse osmosis (COMRO)
technology [2], enabling energy-efficient hypersaline desalination. Reverse osmosis is energyefficient for seawater desalination, but needs exceedingly high pressures to desalinate high-salinity
brines, and will cost intensive energy input. COMRO offers the dual advantages of high energyefficiency desalination using only moderate hydraulic pressure requirements. The thesis
provided the analytical method to determine minimum specific energy consumption and the
highest pressure required for alternative RO configurations to realize high-salinity
desalination. The findings of this study lay the foundations for developing COMRO, and the
methodology presented can be used in future work to analyze other membrane-based technologies.
COMRO technology was further advanced in this work by systematic investigations of the
transport and structural properties of osmotic membranes in high-salinity desalination [3]. The
thesis presented a theoretical transport model that determines governing equations for water
and salt fluxes in COMRO. Further, the model was experimentally validated by bench-scale
COMRO tests. The impacts of hydraulic pressures on membrane transport properties have been
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examined by previous studies, but the phenomena had not been explained well. This work provided
systematic understanding of the reversible reduction of membrane water and salt
permeabilities under hydraulic pressures, and showed that membrane selectivity, A/B, is not
substantially affected by the hydraulic pressure increases. The study found that water and salt
transport under hydraulic pressures is governed by the morphological changes of the activesupport interlayer, which alter the effective membrane area. The membrane structural parameter
is shown to be consistent across different salinities. This study optimized a characterization
method that simultaneously determines membrane transport and structural parameters, and
showed that as salinity increases, both water and salt permeability increases, but salt permeability
rises more substantially. The work established an effective transport framework for COMRO,
and the findings provide insights into membrane transport and characterizations for all the other
osmotically-driven membrane processes.
This thesis advanced fundamental understanding of the membrane transport phenomena.
A framework was presented to elucidate the underlying factors of the permeability-selectivity
tradeoff relationship in thin-film composite polyamide membranes (Resulting Publication 4). The
permeability-selectivity tradeoff trend defined by conventional solution-diffusion theory was
observed for six nonelectrolyte solutes, and crucially, the slopes of the tradeoff lines, l, were
found to be related to the solute and solvent (i.e., water) diameters, ds and dw, respectively, by

l = (ds/dw)2 – 1. Additionally, the intercepts of tradeoff lines were also shown to be influenced by
ds. These results showed that the general principles of the conventional S-D framework are
applicable to TFC-PA membranes. Furthermore, this work identified, for the first time, a
second transport regime that deviates from the current understanding of S-D transport. The
boundary delineating the two transport regimes was demonstrated to be governed by the solute
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size. The relationship between characteristic features of the “deviation regime” and solute
dimensions were analyzed. Using the framework provided by the study, permeability-selectivity
behavior of a certain solute can be a priori predicted, using only intrinsic solute properties.
In addition to the effects of solute, the roles of polyamide layer structural properties in the
tradeoff were also elucidated by this work (Resulting Publication 5). The permeability-selectivity
tradeoff containing both the conventional and deviation transport regimes was observed for the
electrolyte solute NaCl in the TFC-PA membranes. Conventionally, membranes with higher
permeabilities are considered “looser”. However, this work showed that as membrane water
permeability increases, size changes in effective pores and free volumes are not significant,
and thus do not completely explain the permeability-selectivity tradeoff behavior. Careful
analysis using the hindered transport model demonstrated that the shortening of the effective
transport pathway in the membrane is a principal contributor to enhanced water transport.
The work proposed mechanisms to elaborate how the polyamide layer structures influence the
tradeoff of solute with a certain size. These findings provide important insights into structureproperty-performance relations in the TFC-PA membranes used in reverse osmosis and
nanofiltration applications, and can guide the development of next-generation membranes.

7.3 Resulting Publications
The following publications are associated with work presented in this dissertation:
1) X. Chen, C. Boo, N.Y. Yip, Low-temperature heat utilization with vapor pressure-driven osmosis:
Impact of membrane properties on mass and heat transfer, Journal of Membrane Science, 588 (2019)
117181.
2) X. Chen, N.Y. Yip, Unlocking high-salinity desalination with cascading osmotically mediated reverse
osmosis: Energy and operating pressure analysis, Environmental Science & Technology, 52 (2018)
2242-2250.
3) X. Chen, C. Boo, N.Y. Yip, Transport and structural properties of osmotic membranes in high-salinity
desalination using cascading osmotically mediated reverse osmosis, Desalination, 479 (2020) 114335.
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4) X. Chen, C. Boo, N.Y. Yip, New insights into permeability-selectivity tradeoff of thin-film composite
polyamide membranes. To be submitted to Water Research, (2020)
5) X. Chen, R. Verbeke, C. Boo, M. Dickmann, W. Egger, I.F.J. Vankelecom, N.Y. Yip, Elucidating roles
of structural properties of the polyamide layer in permeability-selectivity tradeoff. To be submitted to
Environmental Science & Technology., (2020)

7.4 Implications and Future Directions
Studies on impacts of membrane properties on mass and heat transfer in VPDO reveal
primary considerations for developing high-performance membrane materials. While an elevated
liquid entry pressure (LEP) against greater pressurization is required, a higher vapor permeability
is also necessary. Composite or asymmetric membranes can provide a solution: a composite
membrane could have small pores on the cold side to increase the LEP, and large void structures
on the hot side, to facilitate mass transfer. This work showed that decay in vapor flux under
pressure is related to membrane structural properties, and therefore, developing VPDO membrane
structure would need to balance the vapor permeability and mechanical robustness. Evaporative
heat transfer was demonstrated to be much more significant than conductive heat loss. Lowering
membrane thermal conductivity will only have a marginal effect on VPDO performance.
Studies of membrane transport and structural properties of COMRO provides important
implications to characterizations of TFC osmotic membranes. For accurate determination of
transport properties, TFC osmotic membranes should be first compacted up to the “short-term
persistence” state and maintained at the same ∆P to attain stable parameters. Membrane salt
permeability, B, was found substantially elevated by the high salinities. Further studies are needed
to better understand the underlying mechanisms. The relatively poor predictability of the COMRO
model at higher ∆P is likely due to the underestimation of B using the classic solution-diffusion
theory. More rigorous models are needed to properly characterize this effects of ∆P on salt
transport at high salinities.
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The findings of this work also guide the future design and development of membrane
materials for high-performance COMRO desalination of hypersaline brines. Morphological
change of the active-support interlayer was found to be the principal factor governing membrane
transport under hydraulic pressures. This indicates that the design and fabrication of composite
membranes with a highly porous and mechanically robust active-support interlayer is critical to
COMRO. Although the performance of all osmotically-driven membrane processes, including
COMRO, is limited by internal concentration polarization (ICP) [2, 4, 5], this study reveals that
the detrimental effects of ICP in COMRO are mitigated by the increased salt transport at high
salinities, which can be exploited to improve desalination performance in COMRO. While
developing membranes with smaller S is vital for osmotically-driven membrane processes, i.e.,
PRO and FO [4, 6-8], tailoring membrane active layer properties, A and B, is more important for
optimizing COMRO performance.
The studies on the permeability-selectivity tradeoff yielded important insights into the
transport mechanisms and structure-property-performance relations in TFC-PA membranes. The
good agreement between the conventional S-D element, l, and the predictive term, (ds/dw)2 – 1,
indicates that relationship between activation energy and penetrant property is also likely
applicable to TFC-PA membranes. Additional studies are necessary to elucidate the role of
activated diffusion in transport in aqueous separation membranes, and concisely pinpoint the most
appropriate measure to represent the penetrant size. Advancing characterizations of the other
conventional S-D element, β, requires systematic understanding of the polymer properties,
specifically, the interchain spacing parameter, f. The effective transport pathway, L, was identified
as a key parameter affecting the transport. Future work is needed to precisely determine L, and
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investigations clarifying the relationship between L and parameters l and β will significantly
improve fundamental understanding of the transport phenomena.
The knowledge gained from this framework implies that membrane selectivities in the
conventional S-D regime can be rationally enhanced by lowering θ. This can be achieved by
decreasing the effective transport pathway, L. Alternatively, enlarging the polymer interchain
spacing and improving hydrophilicity of the polyamide layer, which effectively increase β, would
also be good strategies. Membranes with water permeabilities just below the threshold demarcating
the two transport regimes can be utilized for separations requiring high rejection of a specific
solute, i.e., operated in the deviation regime, to achieve high water flux without drastic sacrifice
in selectivity. Crucially, further work is needed to shed light on the cause of the deviation regime.
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Appendix A: Supporting Information for Chapter 3
A.1 Energy Requirement and Operating Pressures
Practical Specific Energy of Desalination with N-stage Configurations.
Product of the applied hydraulic pressure, ∆Pi, and permeate volume, ∆Vi, gives the energy
consumption in the ith stage of a multi-stage desalination process. The practical specific energy, E,
for an N-stage process is determined by summing the energy requirement along all the stages and
dividing by the overall permeate volume (i.e., overall recovery yield, Y, multiplied by influent feed
volume, Vf):
E=

å (DPDV ) = å éëDP ( Dn V )ùû = k å éDp (n
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where ∆ni is the permeate volume of the ith stage normalized by the input feed volume (∆ni =
∆Vi/Vf) and can be considered as the “yield” in stage i. By corollary, ni is the cumulative permeate
“yield rate” up to the ith stage, ni = ni-1+∆ni.
To maintain adequate water flux across the entire length of the membrane module for
practical operation, the hydraulic pressure applied is in excess of the maximum osmotic pressure
difference across the membrane within the stage, Dp. In this study, over-pressurization applied in
all stages and for all configurations is 1.15 and is denoted by k (i.e., ∆P = kDp = 1.15Dp, expressed
in eq A.41). The membranes in this analysis are assumed to be perfectly selective, i.e., rejecting
100% of the salt and only allowing water to permeate across. Osmotic pressures are determined
using the van’t Hoff equation with NaCl solutions at temperature of 298 K.
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Specific Energy of Desalination with N-stage COMRO. Figure S1 shows an Nstage cascading osmotically mediated RO (COMRO), comprising N bilateral countercurrent
(BCC) stages and terminated with a conventional RO stage. Stream parameter of osmotic pressure,

p, and stage operating condition of applied hydraulic pressure, DP, are indicated in the schematic.
In this analysis, the permeate volume across the terminal RO stage, i.e., product water, is set to be
equivalent to the cumulative permeation attained across the N BCC stages. And because the
membranes are assumed to be perfectly selective, the retentate exiting the terminal RO stage, thus,
has the same osmotic pressure and flowrate as the input feed stream. Due to water permeation, the
salinity and p along the membrane within each BCC stage are changing and, therefore, the osmotic
pressure difference is also varying. For all BCC stages along the process, the highest osmotic
pressure difference across the membrane invariably occurs on the left side of the stage (further
elaborated in the later subsection on operating hydraulic pressure). Accordingly, the hydraulic
pressure applied at the ith BCC stage is

DPi = k Dp i = k (p iH - p iL ) , where pi is the osmotic pressure

on the left side of stage i and superscripts H and L denote high and low concentration streams
(bottom retentate and top dilute streams, respectively). Thus, p i is the osmotic pressure of the
H

high concentration retentate flow leaving the lower half of the ith BCC stage, and p i is the osmotic
L

pressure of the low concentration dilute flow entering the upper half of the stage (Figure A.1).
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Figure A.1. Schematic diagram of an N-stage COMRO. The osmotic pressure of the
streams, p, and the applied hydraulic pressure of the stages, DP, are indicated. Color
intensities of the streams and stages are representative of the salinities. Auxiliary
components like energy recovery devices (ERDs) and circulation pumps are omitted for
clarity of presentation.

To obtain a specific overall recovery, COMRO can be operated under different schemes,
where the permeate volume of each BCC stage is altered but the sum across all the stages remains
constant. An example of a stage operating scheme is to have equal permeate volume across all N
BCC stages. Note that this stage operating scheme for COMRO is used for the results and
discussions presented in the main manuscript, and is also employed for DPRO (working principles
of CF/OARO dictate DVi to be constant in all stages and equal to YVf). Alternative schemes are
presented and discussed in a later section. The operating scheme prescribes the permeate volume
of each BCC stage to be constant, which means ∆νi = νi-νi-1 = Y/N in COMRO. The cumulative
permeation up to the ith stage is, hence, νi = iY/N (i.e., at the Nth BCC stage, νN = Y). The osmotic
pressure of high concentration retentate stream leaving and low concentration dilute stream
entering the ith BCC stage are expressed by eqs SA.42 and SA.43, respectively:

p iH =
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p iL =

=
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(A.42)

(A.43)

The specific energy for COMRO is the sum of the energy requirement along all the BCC stages
and the terminal RO stage. Using DPi = k Dp i = k (p iH - p iL ) and substituting eqs SA.42 and SA.43
into eq SA.41 yields:
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where ∆PT is the applied pressure in the terminal RO stage (∆PT = kπf, because retentate exiting
the terminal RO stage has same osmotic pressure as the input feed stream). In eq SA.44, the BCC
stages are numbered from the influent feed end (i.e., from left side). However, the stages can also
be numbered in the opposite direction, starting from the terminal RO end (i.e., from right side).
This enables the substitution of i = N- i+1 into eq SA.44, to give eq 2 of the main manuscript:
N
æ
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Specific Energy of Desalination with N-stage DPRO. Figure S2 shows an N-stage
direct pass RO (DPRO), made up of N conventional RO stages connected in series. Stream
parameter of osmotic pressure, p, and stage operating condition of applied hydraulic pressure, DP,
along the process are indicated in the schematic. For consistency of assessment, the permeate
volume across each stage is set to be VfY/N (i.e., similar to the stage operating scheme of COMRO).
Hence yi = iY/N, where yi is the cumulative recovery rate up to the ith stage and is defined as the
ratio of the cumulative permeate volume to the input feed volume (i.e., yN = Y). Note that yi is
differentiated from νi of COMRO (and also CF/OARO) because permeate from all DPRO stages
directly contribute to the overall product water. Because the membranes are assumed to have 100%
salt rejection, the osmotic pressure of the retentate leaving the ith stage is, thus, πi = πf/(1-yi) and
can be further expressed as:

pi =

pf N
N - iY

Substituting eq SA.41 with eq SA.45 and ∆y = yi-yi-1 = Y/N yields:
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which further simplifies to give eq 3 of the main manuscript:
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Figure A.2. Schematic diagram of an N-stage DPRO. The osmotic pressure of the stream,
π, and the applied hydraulic pressure of the stage, DP, are indicated. Color intensities of
the streams and stages are representative of the salinities. Auxiliary components like ERDs
and circulation pumps are omitted for clarity of presentation.

Specific Energy of Desalination with N-stage CF/OARO. Figure S3 shows an Nstage counter flow/osmotically assisted RO (CF/OARO), consisting of N bilateral stages
terminated with a conventional RO stage. Note that this analysis considered countercurrent flow
for the bilateral stages, although the system can also be configured to have co-current flow (i.e.,
flow on both sides are in the same direction). Stream parameter of osmotic pressure, p, and stage
operating condition of applied hydraulic pressure, DP, along the process are similarly indicated in
the schematic. Osmotic pressure of the stream leaving stage i and entering the preceding (i-1)th
stage is denoted by

p ii -1 (i.e., subscript signify the stage exited from and superscript indicates the

stage entered into). Based on the working principles of CF/OARO,[1, 2] the permeate volume at
each stage along the process is constant, thus ν1 = ∆ν1 = ∆ν2 = … = ∆νi = … = ∆νN = Y.
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Figure A.3. Schematic diagram of an N-stage CF/OARO. The osmotic pressure of the
stream, π, and the applied hydraulic pressure of the stage, DP, are indicated. Color
intensities of the streams and stages are representative of the salinities. Auxiliary
components like ERDs and circulation pumps are omitted for clarity of presentation.
For all bilateral stages, the highest osmotic pressure difference across the membrane occurs on the side
where the stream of the (i-1)th loop leaves the ith stage and is circulated back to the preceding (i-1)th stage
(or, alternatively, the side on the ith stage where the ith loop sweep stream enters). For instance, the highest
osmotic pressure across the ith stage is Dp i = p ii -1 - p ii+1 and the osmotic pressure across the terminal RO
stage is Dp T = p TN (exiting retentate osmotic pressure), while Dp 1 = p 1b - p 21 ( p 1b is the osmotic pressure
of the brine effluent). Substituting the osmotic pressures of the streams into eq SA.41 yields:

ECF/OARO =

k
éY (p1b - p 21 + p 21 - p 32 + ! + p ii -1 - p ii+1 + ! + p NN -1 - p TN ) + Y p TN ù
û
Yë

(A.47)

which simplifies to eq 4 of the main manuscript:

ECF/OARO =

kp f
1- Y

(4)

Eq 4 indicates that the specific energy requirement of desalination with CF/OARO is independent of the
number of bilateral stages, N, and is only determined by the initial feed salinity and the overall recovery
rate.
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Operating Hydraulic Pressures in N-stage COMRO, DPRO, and CF/OARO.
The maximum pressurization required for COMRO and CF/OARO operation is the greater of the
∆P between the bilateral stages and the terminal conventional RO stage. The applied hydraulic
pressure in the ith bilateral stage, ∆Pi, is the highest osmotic pressure difference within the stage,
∆πi, multiplied by the operational over-pressurization factor, k (∆Pi = k∆πi). While for the terminal
RO stage, the applied hydraulic pressure, ∆PT, is determined by the osmotic pressure of the exiting
retentate, which is set to be identical to the influent feed stream in this analysis, i.e., ∆PT = kπf.
The largest osmotic pressure difference within the ith BCC stage of COMRO, as discussed
in the earlier subsection, is Dp i = p iH - p iL . Substituting in eqs SA.42 and SA.43 and incorporating
the over-pressurization factor, k, gives the applied hydraulic pressure of the ith BCC stage:

DPi ,BCC-COMRO = k Dp i = k (p iH - p iL ) = kp f N 2Y {[ N + Y (i - 1)][ N - ( N - i + 1)Y ]}

-1

(A.48)

Note that the stages are numbered from the influent feed end, i.e., as depicted in Figure S1 (unlike
for eq 2). Eq SA.48 indicates ∆Pi,BCC-COMRO is lower when i increases. Thus, the applied hydraulic
pressure among the BCC stages is greatest at the 1st stage, i = 1, and is ∆P1,BCC-COMRO = kπfY/(1-Y).
The applied hydraulic pressure of the terminal RO stage is ∆PT-COMRO = kπf. The highest applied
hydraulic pressure of an N-stage COMRO, ∆Pmax,COMRO, is the higher of the two:

DPmax,COMRO

kp f Y
ì
ïDP1,BCC-COMRO =
=í
1- Y
ïDPT-COMRO = kp f
î

Y Î [ 0.5,1)
Y Î ( 0, 0.5 )

(A.49)

For DPRO, the expression for ∆Pi,DPRO, eq SA.50, is derived using yi = iY/N and πi = πf/(1-yi):

DPi ,DPRO =

kp f N
N - iY

The applied hydraulic pressure increases with i and is greatest at the Nth stage:
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(A.50)

DPmax,DPRO =

kp f
1- Y

(A.51)

In the CF/OARO analysis, the sweep stream of all the recirculating loops entering a
bilateral stage to be concentrated is set to have the same volumetric flowrate as the input feed
stream (or, alternatively, the sweep stream leaving a bilateral stage after dilution has the same
flowrate as the input feed). Because of water flux across the membrane in the bilateral stage, the
sweep stream is concentrated and the volumetric flowrate shrinks by the factor 1-Y, while on the
other side the volumetric flowrate of the diluted sweep stream swells by the factor 1/(1-Y). Like
COMRO, the osmotic pressure of the retentate exiting the terminal RO stage is also πf. Thus, the
difference in osmotic pressure between the feed influent and the retentate of the terminal RO stage
is πf/(1-Y)-πf = πfY/(1-Y). This overall difference is set to evenly distribute among the N bilateral
stages. Hence the highest osmotic pressure difference experienced with each bilateral stage is
identical for all stages and, consequently, the applied hydraulic pressure, ∆Pi,CF/OARO, is constant:

DPi ,CF/OARO =

kp f Y
N (1 - Y )

(A.52)

The maximum applied hydraulic pressure in CF/OARO is the higher of ∆Pi,CF/OARO and the applied
hydraulic pressure in the terminal RO stage, ∆PT-CF/OARO = kπf:

DPmax,CF/OARO

ì
kp f Y
ïDPi ,CF/OARO = N 1 - Y
( )
ï
=í
ïDP
= kp f
ïî T-CF/OARO
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(A.53)

A.2 Analysis Results of Operating Hydraulic Pressures and Specific Energy
Consumption
Desalination of Hypersaline Brine. The specific energy consumption, Ei, and
operating hydraulic pressure, DPi, of the individual stages to desalinate hypersaline feed of cf =
70,000 ppm TDS to Y = 50% for COMRO, DPRO, and CF/OARO are presented in Tables S1, S2,
and S3, respectively. Total specific energy requirement, E, and overall highest hydraulic pressure,
DPmax, are also shown. For COMRO and CF/OARO, N = 1-4 bilateral stages are examined, while
“Terminal” denotes the terminal conventional RO stage. I.e., N = 4 indicates 4 bilateral stages and
one terminal RO stage, yielding 5 stages in total. For DPRO, N = 2-5 stages are considered (note
that N = 1 is equivalent to conventional single-stage RO). The values presented in Tables S1-3
correspond to Figure 4A.
Table A.1. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
COMRO to desalinate cf = 70,000 ppm TDS hypersaline feed to Y = 50%.
Hypersaline desalination: cf = 70,000 ppm TDS, Y = 50%
COMRO

N
1
2
3
4

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
1.89
68.2
0.95
68.2
0.63
68.2
0.47
68.2

i=2
—
—
0.51
36.4
0.41
43.8
0.34
51.7

Stage
i=3
i=4
—
—
—
—
—
—
—
—
0.28
—
30.7
—
0.25
0.20
40.6
32.8
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Terminal
1.89
68.2
1.89
68.2
1.89
68.2
1.89
27.1

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

3.79
68.2
3.35
68.2
3.22
68.2
3.15
68.2

Table A.2. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
DPRO to desalinate cf = 70,000 ppm TDS hypersaline feed to Y = 50%.
Hypersaline desalination: cf = 70,000 ppm TDS, Y = 50%
DPRO

N
2
3
4
5

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
1.26
90.9
0.76
81.8
0.54
77.9
0.42
75.8

i=2
1.89
136.4
0.95
102.3
0.63
90.9
0.47
85.2

Stage
i=3
—
—
1.26
136.4
0.76
109.1
0.54
97.4

i=4
—
—
—
—
0.95
136.4
0.63
113.6

i=5
—
—
—
—
—
—
0.76
136.4

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

3.16
136.4
2.97
136.4
2.88
136.4
2.82
136.4

Table A.3. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
CF/OARO to desalinate cf = 70,000 ppm TDS hypersaline feed to Y = 50%.
Hypersaline desalination: cf = 70,000 ppm TDS, Y = 50%
CF/OARO

N
1
2
3
4

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
1.89
68.2
0.95
34.1
0.63
22.7
0.47
17.0

i=2
—
—
0.95
34.1
0.63
22.7
0.47
17.0

Stage
i=3
i=4
—
—
—
—
—
—
—
—
0.63
—
22.7
—
0.47
0.47
17.0
17.0

Terminal
1.89
68.2
1.89
68.2
1.89
68.2
1.89
68.2

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

3.79
68.2
3.79
68.2
3.79
68.2
3.79
68.2

High Recovery Seawater Desalination. The specific energy consumption, Ei, and
operating hydraulic pressure, DPi, of the individual stages to desalinate seawater feed of 35,000
ppm TDS to enhanced recovery rate of Y = 70% for COMRO, DPRO, and CF/OARO are presented
in Tables S4, S5, and S6, respectively. Total specific energy requirement, E, and overall highest
hydraulic pressure, DPmax, are also shown. The number of stages assessed are the same as the
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earlier hypersaline desalination scenario. The values presented in Tables S4-6 correspond to Figure
4B.
Table A.4. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
COMRO to desalinate cf = 35,000 ppm TDS seawater feed to Y = 70%.
Hypersaline desalination: cf = 35,000 ppm TDS, Y = 70%
COMRO

N
1
2
3
4

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
2.21
79.6
1.10
79.6
0.74
79.6
0.55
79.6

i=2
—
—
0.38
27.2
0.34
36.3
0.30
42.8

Stage
i=3
i=4
—
—
—
—
—
—
—
—
0.20
—
21.2
—
0.19
0.13
27.2
19.0

Terminal
0.95
34.1
0.95
34.1
0.95
34.1
0.95
34.1

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

3.16
79.6
2.43
79.6
2.22
79.6
2.12
79.6

Table A.5. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
DPRO to desalinate cf = 35,000 ppm TDS seawater feed to Y = 70%.
Hypersaline desalination: cf = 35,000 ppm TDS, Y = 70%
DPRO

N
2
3
4
5

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
0.73
52.5
0.41
44.5
0.29
41.3
0.22
39.6

i=2
1.58
113.6
0.59
63.9
0.36
52.5
0.26
47.4

Stage
i=3
—
—
1.05
113.6
0.50
71.8
0.33
58.8

176

i=4
—
—
—
—
0.79
113.6
0.43
77.5

i=5
—
—
—
—
—
—
0.63
113.6

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

2.31
113.6
2.06
113.6
1.94
113.6
1.87
113.6

Table A.6. Specific energy consumption, Ei, and operating hydraulic pressure, DPi, of
CF/OARO to desalinate cf = 35,000 ppm TDS seawater feed to Y = 70%.
Hypersaline desalination: cf = 35,000 ppm TDS, Y = 70%
CF/OARO

N
1
2
3
4

Individual
stage
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)
Ei (kWh/m3)
DPi (bar)

i=1
2.21
79.6
1.10
39.8
0.74
26.5
0.55
19.9

i=2
—
—
1.10
39.8
0.74
26.5
0.55
19.9

Stage
i=3
i=4
—
—
—
—
—
—
—
—
0.74
—
26.5
—
0.55
0.55
19.9
19.9

Terminal
0.95
34.1
0.95
34.1
0.95
34.1
0.95
34.1

Overall
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)
E (kWh/m3)
DPmax (bar)

3.16
79.6
3.16
39.8
3.16
34.1
3.16
34.1

A.3 Stage Operating Schemes of COMRO and DPRO
Stage Operating Schemes of Multi-stage Desalination. To achieve the same
overall recovery rate, Y, in a multi-stage desalination process, different operating parameters and
objectives of ∆Pi and ∆Vi, respectively, for the stages can be selected. We term these different
approaches “stage operating schemes”. The analysis presented in the main manuscript adopted a
stage operating scheme of constant permeate volume at each bilateral stage in COMRO and
CF/OARO, and at each conventional RO stages in DPRO. This operating scheme yields ∆ν = νi-νi1

= Y/N and νi = iY/N for COMRO and CF/OARO (equivalently ∆y = yi-yi-1 = Y/N and yi = iY/N

for DPRO).
An alternative stage operating scheme is to obtain a constant increment in the applied
hydraulic pressure along the stages, i.e., the difference in the applied hydraulic pressure between
the ith stage and the preceding (i-1)th stage, ∆πi-∆πi-1 = (∆πN-∆π1)/N. Since CF/OARO is strictly
confined by the requirement of constant permeation in all stages along the process, this operating
scheme is only applicable to COMRO and DPRO. The stage operating scheme adopted in the main
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manuscript and discussed in the earlier section is termed “constant permeate increment” and the
operation mode elaborated here in this section is termed “constant pressure increment”. The
specific energy requirements under these two stage operating schemes are E∆ν and E∆P,
respectively.
Specific Energy of N-stage COMRO with Alternative Stage Operating
Scheme. For the constant pressure increment scheme, the largest pressurization among the BCC
stages still occurs in the 1st stage (as with the constant permeate increment scheme). The osmotic
pressure difference across the membrane in the Nth BCC stage is set as ∆π1/N. Thus, the constant
stage-wise increment in applied hydraulic pressure is -∆π1/N. According to this stepped change,
the osmotic pressure difference in the (i+1)th stage is:
Dp i +1 =

p Y ( N - i)
Dp 1
éë N - ( i + 1) + 1ùû = f
N
N (1 - Y )

(A.54)

Meanwhile, ∆πi+1 is also defined as (eqs SA.42 and SA.43):

Dp i +1 = p iH+1 - p iL+1 =

pfY
(1 - Y +n i )(1 +n i )

(A.55)

Equating eqs SA.54 and SA.55, and solving for νi yields:

ni =

( N - i ) Y 2 + 4 N (1 - Y ) - 2 - Y
4( N - i)
2

i Î [1, N )

(A.56)

Note that the water flux can be negative for certain N, i, and Y, i.e., water permeates from the more
dilute feed stream in the top half to the more concentrated stream in the lower half of the BCC
stage (further discussed in a later section). This is an artifact of the externally imposed constant
pressure increment scheme and not an inherent operating regime of COMRO. Such modes of
operation are counterproductive to the overall desalination objective and, hence, are not included
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for further assessment. The specific energy under the constant pressure increment operating
DP
scheme, ECOMRO
, is:

N

DP

ECOMRO =

DPTY + å éë DPi (n i -n i -1 ) ùû
i =1

Y

N
-1
ì
ü
= kp f í1 + éë N (1 - Y ) ùû å éë( N - i + 1)(n i -n i -1 )ùû ý (A.57)
i =1
î
þ

Specific Energy of N-stage DPRO with Alternative Stage Operating Scheme.
N-stage DPRO can similarly be operated under constant pressure increment scheme.[3] The
constant osmotic pressure increment between stages is πi-πi-1 = πfY/[(1-Y)N]. Therefore, the
retentate osmotic pressure of the ith stage, πi, is:

p i = p f + i(p i - p i -1 ) =

p f éëiY + N (1 - Y ) ùû

(A.58)

N (1 - Y )

As discussed in the previous section, yi = 1-πf/πi. Substituting πi with eq SA.58 and incorporating
into ∆yi = yi-yi-1 yields the recovery rate of the ith stage, ∆yi:

Dyi = yi - yi -1 =

p f (p i - p i -1 )
p ip i -1

(A.59)

Further substituting eqs SA.58 and SA.59 into eq SA.41 gives the specific energy consumption
under constant pressure increment scheme:
N

DP

E DPRO =

å ( DPDV )
i

i =1

YVf

=

kp f
Y

N

å
i =1

(p i - p i -1 ) = kp
p i -1
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N

f

å éë( i - 1) Y + N (1 - Y )ùû
i =1

-1

(A.60)

A.4 Impacts of Stage Operating Schemes on Specific Energy Requirement
Impacts of Stage Operating Schemes on N-stage COMRO. An inspection of eq
SA.56 reveals that the constant pressure increment operating scheme may not always result in
positive water flux throughout all stages. For instance, while desalinating a 70,000 ppm TDS feed
stream to 50% recovery (i.e., scenario discussed in the main manuscript), ν2 turns out to be equal
to Y at N = 3, which means there is no net permeation in the 3rd stage, ∆ν3 = 0. Adding more BCC
stages such that N > 3 results in νi > Y in some stages for certain range of recovery rates, indicating
negative water flux in some BCC stages, i.e., permeation from the low concentration half to the
high concentration half (∆ν < 0). Negative water flux in any of the BCC stages is counterproductive
to the intended objective of diluting the feed stream and is, hence, not desirable. Therefore, the
constant pressure increment scheme is only valid when N = 1 and 2 at Y = 50%. The applicability
of the constant pressure increment operating scheme is, hence, confined by this water flux
limitation.
Figure S4 presents a comparison of specific energy requirement between the two operating
Dn
DP
schemes of constant permeate increment and constant pressure increment, ECOMRO
and ECOMRO
,

respectively. To desalinate an influent feed at 70,000 ppm TDS to 50% recovery (i.e., first scenario
DP
Dn
discussed in the main manuscript), ECOMRO
is exactly identical to ECOMRO
for N = 1, but is 0.8%

higher for N = 2 (Figure S4A). In the second scenario discussed in the main manuscript, where an
input feed stream at 35,000 ppm TDS is desalinated to a high recovery of 70%, the specific energy
requirement difference between the two schemes is within ±3% for N = 1-5 (Figure S4B). This
comparison reveals the specific energy requirements of the two operating schemes for COMRO
desalination are only marginally different. Because the constant permeate increment operating
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scheme is not complicated by possible negative water flux under some conditions, it is used for
the main analyses in this study.

Figure A.4. Specific energy requirement, E, with constant permeate increment and
constant pressure increment stage operating schemes (red and blue column, respectively)
for A) desalinating a feed at 70,000 ppm TDS to Y = 50% and B) desalinating a feed at
35,000 ppm TDS to Y = 70%. COMRO configurations with 1-5 BCC stages are evaluated.
Osmotic pressures were determined using the van’t Hoff equation with NaCl solutions at
temperature of 298 K, and the operational over-pressurization factor, k, is 1.15.

Impacts of Stage Operating Schemes on N-stage DPRO. Substituting i = N-i+1
into the expression for specific energy requirement with constant pressure increment stage
operating scheme in DPRO, eq SA.60, recovers eq 3 of the main manuscript. (The substitution is
equivalent to numbering the stages from the opposite direction.) This signifies that the two stage
operating schemes of constant permeate increment and constant pressure increment result in
exactly the same specific energy of desalination in N-stage DPRO. However, neither of these two
schemes attains the lowest possible practical specific energy in DPRO. This is illustrated in Figure
181

S5, which shows the specific energy requirement profiles of a 2-stage DPRO process as a function
of the 1st stage recovery rate, y1. In this example, input feed at 70,000 ppm TDS is desalinated to
overall recoveries of 40%, 50%, and 60%.

Figure A.5. Specific energy requirement, E, of the 2-stage DPRO for desalination of
hypersaline feed at 70,000 ppm TDS to recovery, Y, of 40%, 50%, and 60% (green, blue
and red lines, respectively) as a function of 1st stage recovery rate, y1. Black circle symbols
denote the minimum E of each profile. Green, blue, and red symbols represent E attained
by the constant permeate increment scheme and the constant pressure increment scheme,
labelled E|∆ν and E|∆P, respectively. Osmotic pressures were determined using the van’t
Hoff equation with NaCl solutions at temperature of 298 K, and the operational overpressurization factor, k, is 1.15.

To attain overall recovery of Y in 2-stage DPRO, the recovery rate of the individual stages
can be adjusted while maintaining Y = y1+y2. Note that the process is not operating in either
constant permeate increment and constant pressure increment scheme, except at the points denoted
by the symbols. Figure S5 shows that as y1 increases, the overall specific energy reduces to a
minimum and then increases. This minimum occurs when the derivative of E with respect to y1 is
equal to zero:
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dE2°- DPRO kp f é
1
1 ù
=
ê
ú
2
dy1
Y êë (1 - y1 ) 1 - Y úû

(A.61)

For each E profile with a certain Y, the specific energy requirements with the two stage operating
schemes investigated here are always on either side of the minimum E (Figure S5). Therefore,
neither the constant permeate increment nor the constant pressure increment operating scheme
minimizes the desalination energy requirement. Nonetheless, these two stage operating schemes
are able to achieve E that are relatively close to the minimum, as visually represented in Figure
S5. Note that for N ≥ 3, it is less straightforward to optimize for minimum E.

A.5 Application of COMRO to Treat Ultrahigh-Salinity Brines
COMRO offers great flexibility in stage configurations and operating schemes, and can be
employed to treat hypersaline brines >>70,000 ppm TDS without exceeding the ≈85 bar hydraulic
pressure upper limit in any of the BCC stages or the terminal RO stage. Figure S6 shows a 2-stage
COMRO operation designed to desalinate hypersaline feed at 150,000 ppm TDS to 20% recovery
(or, equivalently, dewater the stream by 25%). In this operation, the applied hydraulic pressure of
the terminal RO stage is set to the RO operating upper limit of 85 bar (previously discussed
operating schemes had the concentration and volumetric flowrate of the terminal RO stage
retentate equivalent to the input feed stream), and the two BCC stages are operated under the
constant permeate increment scheme (∆ν1 = ∆ν2). Volumetric flowrate, TDS concentration, and
osmotic pressure of the streams are indicated in the Figure. The applied hydraulic pressure along
the BCC stages are ∆P1 = 36.5 bar and ∆P2 = 15.9 bar, far below the ≈85 bar limit.
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Hypersaline
feed
Vf
150,000 ppm
= 127.1 bar
1

Product
water

0.20 Vf
1.92 Vf
< 500 ppm
78,200 ppm
bar
= 66.2 bar

1.46 Vf
102,800 ppm
= 87.1 bar

= 0.46

0.80 Vf
197,500 ppm
= 158.8 bar

2

= 0.46

1.26 Vf
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36.5 bar 119,100 ppm
= 100.9 bar

PT =
85.0 bar
P2 =
15.9 bar

1.72 Vf
87,300 ppm
= 73.9 bar

Brine
effluent
Figure A.6. Desalination of hypersaline feed at 150,000 ppm to 20% recovery with 2-stage
COMRO. Volumetric flowrate, TDS concentration, and osmotic pressure, p, of each
stream are indicated. Operating pressures of booster pumps and high-pressure pumps are
also labeled. Osmotic pressures are determined using the van’t Hoff equation with NaCl
solutions at temperature of 298 K, and the operational over-pressurization factor, k, is 1.15.
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Appendix B: Supporting Information for Chapter 5
B.1 Solution-Diffusion Transport Theory
Solution-Diffusion

Transport

Model

for

Pressure-Driven

Osmosis

Processes. Development of the solution-diffusion (S-D) framework can be found in literature
[1-4]; the principal equations are presented here for ease of reference. Concentration profiles of
the solvent (water) and solute in a pressure-driven osmotic membrane process, i.e., reverse
osmosis, are shown in Figure S1. Base on S-D, the integrated mass flux of the component i across
the membrane selective layer is J i = Di ( cim,F - cim,P ) L , where Di is the diffusion coefficient, L is
the membrane selective layer thickness, and cim,F and cim,P are membrane-phase concentrations of
the component at the feed and permeate side, respectively. Factoring in the hydraulic pressure of
the feed, membrane, and permeate phases and osmotic pressure of the feed and permeate streams
yield the water and solute fluxes, Jw and Js:
m
Dw cw,F
vw 2
Jw =
( DP - Dp )
L RT

Js =

Ds m m
( cs,F - cs,P )
L

(B.62)

(B.63)

where ∆P is the applied hydraulic pressure difference, ∆π is the osmotic pressure difference across
the membrane, and vw is the molar volume of water. Note that an additional vw is introduced in eq.
SB.62 to convert the units of Jw to molar to volumetric flux. Subscripts “w” and “s” denote
component water and solute, respectively.
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P
Jw

Permeate

Feed

L

Solvent
Solute

Js
Figure B.1. Schematic depicting concentration profiles of solvent (water) and solute across
the membrane in a pressure-driven osmotic process, from the classic solution-diffusion
perspective. The feed and membrane phases are pressurized at ∆P, while the permeate
phase is not pressurized.

Sorption coefficient, K, of a component is defined as the ratio of the interfacial
concentration in the membrane to aqueous phase (denoted by superscripts “m” and “aq”) and is
aq

m
aq
m
m
expressed as K w = cw,F
cw,F
» cw,F
´ vw and Ks = cs,F
c s,P for water and solute, respectively.

Permeance of i is Pi = KiDi, i.e., the solution and diffusion components of S-D, respectively.
Substituting these terms into eqs. B.62 and B.63 yields:

Jw =

Dw K w vw 2
P v
( DP - Dp ) = w w ( DP - Dp )
Lvw RT
L RT

(B.64)

Ds K s aq aq Ps aq aq
( cs,F - cs,P ) = L ( cs,F - cs,P )
L

(B.65)

Js =

Water and solute fluxes in aqueous separations are commonly expressed with phenomenological
aq
aq
permeability coefficients, A and B, as J w = A ( DP - Dp ) and J s = B ( cs,F
- cs,P
) , respectively. Eqs.

3 and 4 in the main manuscript can be obtained by equating the phenomenological flux equations
with eqs. B.64 and B.65:
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A=

Pw vw
L RT

(3)

Ps
L

(4)

B=

Solution-Diffusion Model for Gas Separations. In the solution-diffusion
framework, the membrane selectivity of gas A over gas B can resolved into the ratios of sorption
coefficients and diffusivities as αA/B ≡ PA/PB = (KA/KB) × (DA/DB). Diffusive transport across the
membrane in gas separation is described by the activation energy model, with diffusivity
proportional to the square of the gas molecule kinetic diameter. The natural logarithm of the
selectivity can, thus, be expressed as [5, 6]:

æ K ö æ 1- a ö
2
2
ln a A B = ln ç A ÷ + ç
÷ c ( dB - dA )
è K B ø è RT ø

(B.66)

where a is an independent constant, c is a polymer-dependent variable, and d is the gas molecule
kinetic diameter. Applying the principles of activated diffusion to the permeance, Pi = KiDi, gives:

æ 1- a ö 2
ln PA = - ç
÷ cd A +
è RT ø

æ 1- a ö
fç
÷ - b + ln K A
è RT ø

(B.67)

The empirical permeability-selectivity tradeoff relationship is PA/PB = β/PAλ (eq. 5 of the main
manuscript), where l and β are fitting parameters. Combining eq. SB.66 and eq. SB.67, and
rearranging the terms yields [6]:

ìï æ K ö éæ d ö2 ù é
éæ d ö 2 ù
ù üï
æ 1- a ö
B
A
B
ê
ú
ê
ú
ln a A B = - ç ÷ - 1 ln PA + íln ç
÷ - ç ÷ - 1 êb - f ç
÷ - ln K A ú ý (B.68)
è RT ø
êëè d A ø
úû
úû ë
û ïþ
ïî è K B ø êëè d A ø
Correspondingly, expressions for the fitting parameters l and β can be obtained by comparing eq.
B.68 with the natural logarithmic of the tradeoff relationship, lnαA/B = −λlnPA + lnβ. Aqueous
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separations can be considered as the selection of water over solute, and lA/B is, thus, replaced with

lw/s. Therefore, l = (ds/dw)2 − 1, and logβ is (eq. 8 in the main manuscript):

ìï é
æ K w öüï
ù
æ 1- a ö
log b = log e ´ í-l êb - f ç
÷ý
÷ - ln K w ú + ln ç
è RT ø
û
è Ks øþï
îï ë

(8)

Relative Insignificance of Convective Transport Compared with SolutionDiffusion Transport. The relative significance of the convective transport can be analyzed by
the Kedem-Katchalsky equation, where the total solute flux (Js) of a RO process is sum of fluxes
driven by solution-diffusion ( J sSD ) and convective transport ( J scv ) [7]:
aq
aq
Js = JsSD + Jscv = B ( cs,F
- cs,P
) + (1- s ) J w cs,maq

(B.69)

aq
Here σ is the reflection coefficient, and cs,m
is the average concentration inside the membrane

pores. A widely accepted simplification assumes a linear concentration profile inside the
aq
aq
aq
membrane, giving cs,m
= ( cs,F
+ cs,P
) 2 [7, 8]. Rearranging eq. B.69 yields:

aq
J w cs,p
aq
aq
cs,F
- cs,P

aq
Define Y = J w cs,p

(c

aq
s,F

=

aq
aq
J w æ cs,F + cs,P ö
ç aq aq ÷÷ (1 - s ) + B
2 çè cs,F
- cs,P ø

(B.70)

aq
- cs,P
) and X = J w ( cs,Faq + cs,Paq ) éë2 ( cs,Faq - cs,Paq )ùû , and the coefficient 1 − σ is

the slope from Y-X linear regression.
Terms Y and X of membranes with the highest water permeabilities in the study, A = 10.04
± 0.25 L m−2 h−1 bar−1, were obtained from the related data (eq. B.70) of organic solutes Eg and
Tr under different operating pressure, ∆P, at 6.9 bar (100 psi), 13.8 (200 psi), 20.7 (300 psi), and
aq
27.6 (400 psi). Jw and cs,P
are characterized using the same methods as described in the main
aq
aq
aq
manuscript, and cs,F
= J w B + cs,P
= cs,P
( J w B +1) . Figure B.2. shows that for both Eg and Tr, Y

slightly increases as X rises, and drops at the highest ∆P. Fitting the increasing data give 1 − σ ≤
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0.017, and convection accounts for <5.7% in total transport of Eg and Tr. Meanwhile, values of 1
– σ of TFC-PA membranes with A of 4.8-5.5 L m−2 h−1 bar−1, are reported by the previous research
as <0.003 [8]. Overall, for membranes with the range of permeability-selectivity properties in this
study, contributions of convection to the total transport are only marginal, and the solutiondiffusion mechanism dominates transport phenomena in this study.

aq
Figure B.2. Terms Y = J w cs,p

(c

aq
s,F

aq
- cs,P
) and

aq
aq
X = J w ( cs,F
+ cs,P
) éë2 ( cs,Faq - cs,Paq )ùû of

membranes with water permeability coefficient, A = 10.04 ± 0.25 L m−2 h−1 bar−1, to
nonelectrolyte solutes Eg and Tr.

B.2 Transport Characteristic Elements and Physicochemical Properties of the
Solvent and Solutes
Transport Characteristic Elements of Water. Water permeability coefficient, A,
describes the transport of water in osmotic processes (eq. 5.1 of the main manuscript). The driving
force can be a transmembrane pressure difference, i.e., reverse osmosis, or a concentration gradient,
i.e., conventional osmosis. In the absence of hydraulic pressurization in conventional osmosis, the
water permeability can be equivalently converted to the solute permeability coefficient, B (eq. 2
of the main manuscript), except the permeant in this specific case is solvent instead of solute.
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Permeability coefficients for the solvent, water, under the two scenarios, A and Bw, can be related
by equating the permeance, Pw = Ps (eqs. 5.3 and 5.4):

B=

RT
A
vw

(B.71)

Rearranged to logB = logA + log(RT/vw), the slope is, thus, l + 1 = 1 (l = 0 as the membrane is
not selective between solvent and the solute, which is water in this analysis), and the vertical
intercept, θ, is log(RT/vw) = 3.14. logβ is thus 0, giving β = 1.
Physical Properties of Nonelectrolyte Solutes. Different representations of solute
size are summarized in Table S3. Van der Waals diameters (dv) and minimal projection diameters
(dP) of the six nonelectrolyte solutes are obtained from MarvinSketch software [9], and the Stokes
diameter (dS) is calculated using eq. B.72, where k is the Boltzmann constant, T is absolute
temperature, µw is viscosity of the solvent, and D is the diffusion coefficient of the solute in bulk
solution [10]. Diffusivity can be estimated using the Wilke-Chang equation (eq. B.73), where φ is
the association parameter (2.6 for water), Mw is the molar weight of water, and Vs is the molar
volume of the solute [11, 12].

dS = 2´

kT
6pµ w D

D = 1.173 ´10-16

T jM w
µwVs 0.6

B.3 Supplementary Data
Table B.1. Summary of chlorine-alkaline reaction conditions on membrane polyamide
layers and the resultant water permeability coefficients. Alkaline immersion involves
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(B.72)

(B.73)

soaking the post-chlorine-treated membranes in 0.1 M NaOH for 16 h. Multiple samples
were treated under each reaction condition.
#

NaOCl

Treatment

Alkaline

Water Permeability Coefficient,

Concentration (ppm)

Duration (h)

−2 −1
−1
Immersion A (L m h bar )

1*

0

0

No

0.88 ± 0.08

2*

0

0

No

1.29 ± 0.16

3

0

0

Yes

2.31 ± 0.18

4

100

1

Yes

2.66 ± 0.40

5

200

1

Yes

2.84 ± 0.45

6

500

1

Yes

2.83 ± 0.11

7

1,500

1

Yes

4.34 ± 1.81

8

3,000

1

Yes

8.08 ± 4.42

9

8,000

1

Yes

11.81 ± 4.33

10

10,000

1

Yes

12.38 ± 4.19

11

10,000

2

Yes

13.53 ± 2.09

*

Samples No. 1 and No. 2-11 are from two different membrane rolls of the same product. Hence,

unmodified Samples No. 1 and 2 have dissimilar A.
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Table B.2. pH of the feed solution and water, and pKa values of the solutes at 25 °C. Note
that trioxane does not deprotonate in aqueous solutions. pKas of Eg, Xy, and Gl are obtained
from references [13], and Er and La are analyzed using MarvinSketch software [9].
Solute

Abbreviation

Feed Solution pH

pKa

Water

N/A

5.76 ± 0.06

14.00

Ethylene glycol

Eg

5.87 ± 0.18

15.10

Trioxane

Tr

6.23 ± 0.37

N/A

Erythritol

Er

5.97 ± 0.32

13.04

Xylose

Xy

5.93 ± 0.41

12.14

Glucose

Gl

5.87 ± 0.06

12.46

Lactose

La

5.85 ± 0.12

11.25
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Figure B.3. Correlations between experimentally determined permeability-selectivity tradeoff
intercept, θ, and theoretical prediction, (ds/dw)2 − 1, calculated using A) van der Waals diameter,
B) minimal projection diameter, and C) Stokes diameter. Red dashed and black dotted lines
denote fitting results from linear regressions, without fixed intercept and with fixed intercept
of log(RT/vw), respectively.
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Figure B.4. Transport characteristic elements Α) σ, presented as 10σ, Β) ω, and C) κ of the
deviation transport regime as a function of the minimal projection diameter, dp (upper panels),
and the Stokes diameter, dS (lower panels), for the four larger solutes of erythritol (Er), Dxylose (Xy), a-glucose (Gl), and a-lactose (La).
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Figure B.5. Correlations between transport element in the deviation regime A) σ, presented as
10σ, B) ω, and C) κ, and the S-D transport characteristic element l.
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Appendix C: Supporting Information for Chapter 6
C.1 Hindered Transport Model
Hindrance Coefficients. The water-solute partition coefficient, Φ, is related to the ratio
of the diameter of the solute to the effective pore size, α (0< α <1), as Φ = (1 − α)2. In the RO
process, the real rejection of membrane to the solute, Rr, is related to Φ, the convective hinderance
factor, Kc, and the membrane Peclet number, Pe:
Rr = 1 -

FKc
1 - exp ( - Pe )(1 - FKc )

(6.1)

aq
Pe is described by eq. 6.2, where Kd is the hydrodynamic hindrance coefficient for diffusion, Ds

is the solute diffusivity in the aqueous phase, and L is the effective transport pathway,
comprehensively accounting thickness (l), tortuosity (τ), and porosity (ε) of the selective layer.

Pe =

Kc J w ( lt m e ) Kc J w L
=
K d Dsaq
K d Dsaq

(6.2)

Hindrance coefficients, Kc and Kd, are functions of the parameter α, can be calculated with terms
Ks and Kt [1]:

ì
( 2 - F ) Ks
ï Kc =
2Kt
ï
í
ï K = 6p
d
ï
Kt
î
where:
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(B.74)

2
4
ì
9 2
-2.5 ì
n ü
é
ù
K
=
p
2
1
a
1
+
a
1
a
+
(
)
(
)
( an+3a n )
í
ý
å
å
n
ï t
ë
û
4
ï
î n =1
þ n =0
í
2
4
n
ï K = 9 p 2 2 (1 - a )-2.5 ì1 + éb (1 - a )n ù ü +
í åë n
ý å ( bn +3a )
û
ïî s 4
î n =1
þ n =0

(B.75)

Coefficients an and bn are summarized below:
n=
an
bn

1
−73/60
7/60

2
3
77293/50400 −22.5083
−2227/50400 4.0180

4
−5.6117
−3.9788

5
−0.3363
−1.9215

6
−1.216
4.392

7
1.647
5.006

Physical Properties of Nonelectrolyte Solutes. Aqueous-phase diffusion
coefficients, Dsaq , is estimated using the Wilke-Chang equation):

Dsaq = 1.173 ´10-16

T kM w
µwVs 0.6

(B.76)

where k is the association parameter (2.6 for water), Mw is the molar weight of water, and Vs is the
molar volume of the solute [2, 3]. Effective pore diameter is calculated as dp = dsv/α, where dsv is
the van der Waals diameter of the nonelectrolyte solute tracer. Data of dsv are obtained from
MarvinSketch software [4], and are summarized in Table C.1.

C.2 Supplementary Data
Table C.1. van der Waals diameters of solutes and solvent, pH of the feed solution and
water, and pKa values of the solutes at 25 °C. Data of van der Waals diameters, dsv, are
analyzed using software MarvinSketch [4]. Note that NaCl completely dissociates, and
trioxane does not deprotonate in aqueous solutions. pKas of Eg is obtained from reference
[5].
Solute
Water
NaCl
Ethylene glycol
Trioxane

Abbreviation
N/A
N/A
Eg
Tr

van der Waals Feed Solution pH
diameter, dsv (Å)
3.34
5.76 ± 0.06
N/A
5.47 ± 0.03
4.92
5.87 ± 0.18
5.31
6.23 ± 0.37
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pKa
14.00
N/A
15.10
N/A

Table C.2. Diameters of free volume elements of membranes of different water
permeabilities, with unconstrained (τo and dFVE), and fixed (τoF and dFFVE) pick-off lifetime
of the ortho-positronium, using PALS.
#
1
2
3
4
5
6
7
8
9
10

cNaOCl
(ppm)
0
0
200
100
1,500
8,000
1,500
3,000
3,000
5,000

NaOH
treatment
No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

A
(L m h−1 bar−1)
0.82
1.43
2.30
3.22
3.79
6.09
6.32
7.63
9.50
10.65
−2

τo
(ns)
1.51
1.52
1.24
1.33
1.60
1.68
1.82
1.62
1.81
1.83

τoF
(ns)
1.50
1.50
1.30
1.30
1.70
1.70
1.70
1.70
1.70
1.70

dFVE
(Å)
4.71
4.72
4.04
4.28
4.92
5.14
5.36
4.95
5.34
5.39

dFFVE
(Å)
4.68
4.68
4.20
4.20
5.12
5.12
5.12
5.12
5.12
5.12

Figure C.1. Diameter of the free volume element, dFVE, of membranes of different water
permeability coefficient, A, by PALS characterizations with A) unconstrained and B) fixed
pick-off lifetime of the ortho-positronium, τo. Data are summarized in Table C.2.
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