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H I G H L I G H T S  

• No chemical potential gradient of water in osmotic membranes for diffusive transport. 
• Concentration difference manifests itself as negative hydraulic pressure in membrane. 
• Water in the membrane in FO/PRO is thermodynamically unstable and tends to cavitate. 
• Collapse of water continuity in membrane can reduce water significantly.  

A R T I C L E  I N F O   

Keywords: 
Osmotic membranes 
Water flux 
Chemical potential 
Negative pressure 
Water continuity 
Cavitation 

A B S T R A C T   

Diffusion cannot be a major water transport mechanism in osmotic membranes because of the lack of true water 
concentration gradient within the membrane. Due to the semipermeable property of osmotic membranes, water 
concentration in the membrane is virtually constant because of the absence of salts. The recently confirmed 
porous structure of the skin layer of osmotic membranes cannot support the basis to exclude bulk water flow in 
the membrane as assumed in the classic solution-diffusion model. Herein we demonstrate that the concentration 
difference of water at the membrane-solution interface manifests itself as a negative hydraulic pressure in the 
membrane. Hence, the only possible driving force for water movement in osmotic membranes is hydraulic 
pressure gradient. Osmotically driven membrane processes are characterized with negative pressure within the 
membrane below the water vapor pressure, inevitable leading to the formation of vapor or small bubbles within 
the membrane matrix. This phenomenon is expected to markedly reduce the effectiveness of osmotic pressure as 
a driving force for water transport. Delineation of the breakdown and possible restoration of water continuity 
under negative pressure is essential for proper understanding of the principles governing water transport in 
osmotic membranes.   

1. Introduction 

Osmotic membranes are membranes that reject ions, such as sodium 
and chlorine ions. Osmotic membranes differ from non-osmotic mem
branes in that osmotic pressure (an expression of chemical potential) is a 
major driving force for water transport, in addition to hydraulic pres
sure. Currently available osmotic membranes, which are widely used in 
the processes of reverse osmosis (RO), forward osmosis (FO), and pres
sure retarded osmosis (PRO), are mostly made of polyamide (PA) or 
cellulose acetate (CA) materials. These osmotic membranes are often 
called semipermeable or permselective membranes because of their high 
permeability for water and ultra-high rejection rate of salts. 

The high water-salt selectivity or separation efficiency of osmotic 
membranes is mainly attributed to the skin (active) layer of the mem
branes. The skin layer is commonly considered as a dense homogenous 
layer without voids or pores [1–3]. However, there were always oppo
site opinions that tiny pores exist in the skin layer of the membranes 
[4,5]. With advances in characterization techniques for the membrane 
structure over the years, it has become indisputable that the skin layer of 
both CA and PA osmotic membranes is porous in nature. The porous 
structures of skin layers were clearly captured in high-resolution TEM 
and SEM images [6–8]. The size and distribution of pores on the skin 
layer were analyzed and quantified with techniques such as small-angle 
neutron scattering (SANS) [6,9] and positron annihilation spectroscopy 
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(PALS) [10,11]. The voids of the PA layer of thin-film composite 
membranes were found to constitute 10–30% of the layer volume 
[11–13]. 

Of great interest is the calculation of water flux across osmotic 
membranes under various operating conditions. The mechanisms for 
water transport are believed to strongly relate to the structure and 
properties of the membranes and highly depend on the nature of the 
driving forces. Many theories and models were proposed to describe 
water transport in osmotic membranes [3,5,14]. Currently, diffusion is 
widely perceived and accepted as the predominant mechanism for water 
transport in these membranes. However, the theory or model of diffusive 
transport of water in membranes was conceptualized and developed 
over half century ago, at the early stage of osmotic membrane tech
nology. It is the time now to rigorously revisit the assumptions and 
derivations used in the development of the theory or model for water 
transport in osmotic membranes. Considering the tremendous progress 
in osmotic membrane technologies made over this period, a better 
description of the subtle features of water transport in osmotic mem
branes is of paramount importance. 

The objective of this paper is to refine and advance our under
standing of the principles for water transport in osmotic membranes 
with the newly acquired knowledge in this field. First, the possible 
driving forces for water transport in osmotic membranes are examined 
and scrutinized with fundamental principles. Second, a new feature of 
water transport in osmotically driven membrane processes and its 
possible impacts on water flux are elaborated and discussed. 

2. Chemical potential of water in the membranes 

Diffusion and convection are two possible forms of water transport in 
osmotic membranes. The classic solution-diffusion model treats diffu
sion as the sole mechanism of water transport in the membrane [3,15]. 
In this model, the membrane is deemed as a dense layer of homogeneous 
(continuous) medium. Water first dissolves as dispersed phase on one 
side of the membrane. Then, water molecules diffuse to the other side of 
the membrane and dissociate from the membrane. Though solution- 
diffusion model might be a suitable model for gas transport in thin 
films and has enjoyed tremendous success in gas separation, it is too 
primitive to describe water transport in osmotic membranes. As we 
show later, the assumptions and derivations for the model are ques
tionable or even inappropriate when they are rigorously scrutinized. 

2.1. Definitions of chemical potential 

The driving force for water diffusion is the gradient of water con
centration (or more accurately activity) in the membrane. The direction 
of water movement is from high concentration to low concentration 
(downgradient). The driving force for diffusion can also be expressed in 
term of the chemical potential of water, which is defined as 

μ =

(
∂G
∂n

)

T,P
(1)  

where μ is the chemical potential of water (J/mol), G is the Gibbs free 
energy (J), and n is the number of water molecules (mol). The chemical 
potential is the Gibbs free energy per mole of water. This strictly defined 
chemical potential is related to concentration by 

μ = μ0 +RTln
C
C0 = μ0 +RTlnX (2)  

where μ0 is the chemical potential of pure water, R is gas constant 
(8.314 J/mol⋅K), T is the absolute temperature (K), C and C0 are the 
water concentrations in solution and pure water (mol/m3), respectively, 
and X is the mole fraction of water. The strict chemical potential is a 
function of water concentration. 

For convenience, the chemical potential of water is sometime given 

in the “extended” form that includes free energy contribution from 
external fields. For example, in the membrane device shown in Fig. 1, 
the extended chemical potential of water is written as 

μ = μ0 +RTlnX + V̂ wP+ V̂ wρgh (3)  

where V̂w is the molar volume of water (m3/mol), P is the applied 
pressure on water (Pa), ρ is the density of water (kg/m3), g is the grav
itational acceleration (9.8 m/s2), and h is the height of water (m). The 
second and third terms on the righthand side of Eq. (3) account for the 
contributions to the free energy from the pressure field and gravity field, 
respectively. Hydraulic pressure and gravity force are external forces 
that cause bulk flow of the whole solution but do not contribute to 
diffusive movement of water. Usually, the gravity force is negligible 
compared to the pressure in most cases. 

2.2. A misstep in the solution-diffusion model 

In general, water flux in the direction perpendicular to a membrane 
can be written as 

J = − D
∂C
∂x

+ vC (4)  

where J is the water flux (mol/m2-s), D is the diffusion coefficient of 
water (m2/s), x is the coordinate perpendicular to the membrane surface 
(m), and v is the bulk velocity of water (m/s). The first term on the 
righthand side of Eq. (4) is the diffusive component due to concentration 
gradient while the second term is the convective component due to the 
external fields (mainly pressure gradient). The solution-diffusion model 
assumes no pressure gradient in the membrane and, therefore, no 
convective flow. The water flux equation then reduces to 

J = − D
dC
dx

(5) 

Eq. (5) is the well-known Fick's law, which means water transport is 
achieved by diffusion (random movement of water molecules) driven 
solely by concentration gradient. 

The original derivation of the solution-diffusion model [15] started 
with Fick's law, Eq. (5), with concentration gradient of water as the only 
driving force. The driving force was then replaced with the strict 
chemical potential defined by Eq. (2). However, later in the derivation, 

Fig. 1. Schematic of a membrane device with an osmotic membrane at the 
bottom to separate two solutions with different water concentration, hydraulic 
head, and pressure. 
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the extended chemical potential, as defined by Eq. (3) (without the 
gravity term), was erroneously substituted for the strict chemical po
tential in the derived equation. In this way, hydraulic pressure was 
introduced into the equation so that the well-established phenological 
equation for water flux in RO processes was reproduced: 

J = A(∆P − ∆π) (6)  

where A is the water permeability of membrane, and ∆P and ∆π are the 
hydraulic pressure difference and osmotic pressure difference across the 
membrane, respectively. Eq. (6) is a form of Darcy's law for water 
transport in porous media as applied to membrane filtration. 

The above derivation is obviously inappropriate. Eq. (5) states 
clearly that water transport is driven only by concentration gradient. If 
Fick's law is accepted as the starting point, there should be no room to 
include hydraulic pressure as the driving force in any fashion. In other 
words, the popular Darcy's law, Eq. (6), for water flux in membranes 
cannot be derived rigorously from Fick's law, Eq. (5). 

The change of chemical potential expressions introduces a dilemma 
in the solution-diffusion model about the hydraulic pressure. The basic 
assumption for the model is that water transport is solely driven by 
concentration gradient. However, hydraulic pressure difference ∆P ap
pears in the final expression for water flux as a driving force of the same 
importance as the osmotic pressure difference ∆π, which is an expres
sion for the chemical potential of water. Such a contradiction between 
the final conclusion and the initial assumption appears to be a result of 
erroneous steps in the derivation. 

A possible explanation for this misstep was the introduction of the 
concept of “pressure-induced diffusion” [3,16–18]. It was argued that 
the hydraulic pressure difference across the membrane would reduce 
water concentration on the low-pressure side of the membrane, such 
that the pressure difference between the membrane surfaces could be 
converted to concentration gradient of water within the membrane. This 
mechanism was invoked to justify the assumption that diffusion is the 
sole mechanism for water transport in the membrane. Pressure induced 
diffusion may not be a problem for gas transport in membranes because 
the concentration of a gas is directly related to pressure. However, there 
are no fundamental theories or principles to support the reduced water 
concentration at the lower pressure side of a membrane. 

2.3. State of water and chemical potential 

Instead of water concentration gradient, the gradient of water (or 
solvent) fraction in the membrane was often used as driving force for 
water (or solvent) diffusive transport, implying that chemical potential 
of water is proportional to water (or solvent) fraction in a membrane 
[2,15,19]. This can be misleading if the state of water in the membrane 
is not clearly specified. When water exists as a liquid phase (condensed 
state), water fraction is an extensive property that does not affect the 
chemical potential of water because the latter is a function of concen
tration, which is an intensive property. As shown schematically in Fig. 2, 
there are wedge-type pores with decreasing size from one side to the 
other side of a membrane. Although water fraction changes across the 
membrane thickness, there is no driving force for diffusive transport of 
water because the chemical potential of the water is equal throughout 
the membrane thickness. 

Water fraction in the membrane can be an intensive property when 
there is salt dissolved in water or if water dissolves as dispersed state in 
the membrane. Because osmotic membranes are an excellent barrier to 
salt, it is reasonable to assume negligible amount of salt in water inside 
the membranes. In the solution-diffusion model, water is considered to 
dissolve in the membrane as dispersed state so that it moves in the 
membrane through diffusion rather than viscous bulk flow. 

If water truly disperses as freely moving molecules when it enters the 
membrane, evaporation (latent) heat would be consumed. Therefore, 
the temperature would drop significantly when a piece of membrane is 

submerged in water in a thermally isolated container. The temperature 
change should be easily detected because of the large latent heat 
(2441.7 kJ/kg) and the relatively small (isobaric) specific heat capacity 
(4.18 kJ/kg⋅K) of water (e.g., at 25 ◦C), respectively. Of course, it is 
arguable if the dissolution of water in the membrane can be an 
isothermal or exothermic process, in which water molecules form strong 
bonds with sites of the membrane matrix that release equal or more heat 
than the evaporation heat. However, in that case, the molecules would 
not be freely movable as needed for water transport across the 
membrane. 

Because there are strong attractive intermolecular forces between 
water molecules, vapor tends to condense to liquid water at a relatively 
very low concentration. Vapor pressure of water at 25 ◦C is 0.0317 bar. 
Assuming it follows ideal gas behavior, the volume fraction of water in 
vacuum or air is calculated by 

w =
Pv

RT
× V̂ w

=
0.0317bar

8.314 × 10− 5m3bar
/

mol⋅K × 298K
× 1.8 × 10− 5m3

/

mol = 2.30 × 10− 5

(7)  

where w is the water (volume) fraction and Pv is the vapor pressure of 
water. The result shows that the volume fraction of water in vacuum or 
air at most is only about 23 ppm in the dispersed state (vapor). Any 
excessive water molecules in air and vacuum must condense to liquid 
state due to the intermolecular forces between them. Considering a 
water fraction of 10% to 30% in osmotic membranes (based on typical 
membrane void fraction), there must be extremely strong forces in the 
membrane matrix opposing the intermolecular attractive forces between 
water molecules if such a large amount of water was maintained in 
dispersed state. Unless there is a strong support for the existence of such 
forces, it would be more reasonable not to treat water as dispersed state 
in osmotic membranes. 

3. The sole driving force for water transport 

It is argued in the previous section that water in the membrane 
mainly exists in continuous condensed (liquid) state. Furthermore, salt 
concentration in osmotic membranes is negligible because the mem
brane is an excellent barrier to salt. Therefore, there is no chemical 
potential gradient of water in the membrane. It can be seen from Eq. (4) 
that water transport in the membrane can only be in the form of bulk 
flow, driven by the gradient of hydraulic pressure. The recently 
confirmed porous structure of the skin layer of osmotic membranes 
[6–8] has removed the barrier for considering bulk flow of water in 
osmotic membranes. 

Fig. 2. Schematic of a membrane with wedge-type pores from one side to the 
other side. No chemical potential gradient of water exists across the mem
brane thickness. 
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The claim of hydraulic pressure gradient as the sole driving force for 
water transport in osmotic membranes is readily acceptable for RO 
because the net driving force is hydraulic pressure. But what is the 
mechanism of water transport in FO and PRO where the net driving 
force is osmotic pressure? This question is answered below. 

3.1. Thermodynamic equilibrium at the interface 

Concentration difference of water at the surface of a membrane 
cannot directly build up a concentration gradient within or across the 
membrane, but it can induce a hydraulic pressure gradient in the 
membrane. Taking an FO process as an example, in which a membrane 
separates pure water and a salt solution, with no hydraulic pressure 
applied on either side of the membrane, the extended chemical poten
tials of water in the membrane and in the solution at the interface can be 
written as [20,21]. 

μm = μ0 + V̂ wP (in membrane) (8)  

μs = μ0 +RTlnX = μ0 − V̂ wπ (in solution) (9)  

where μm and μs are the extended chemical potentials of water in the 
membrane and in the solution, respectively, and P and π are the hy
draulic pressure in the membrane and the osmotic pressure in the so
lution at the interface, respectively. Because the membrane is 
impermeable to salts, the molar concentration of water in the membrane 
is unity, and the concentration related term in Eq. (8) vanishes. More
over, the pressure term drops out of Eq. (9) because no hydraulic pres
sure is applied on the solution. Eq. (9) also shows that the existence of 
salt in the solution (X < 1) reduces the chemical potential of water by a 
value of V̂wπ. The gravity term does not appear in either equation 
because the same heights of water level are assumed so that they cancel 
each other. 

At equilibrium, the extended potentials of water in membrane and in 
solution are equal at the interface. Hence, a negative hydraulic pressure 
must be induced in membrane at the interface that is equal in magnitude 
to the osmotic pressure of the solution: 

P = − π (10) 

Because there is no pressure initially applied on the pure water in the 
FO process, a gradient of hydraulic pressure in the membrane toward the 
solution develops by the induced negative pressure at the interface with 
the solution. Water moves from the pure water to the solution under this 
pressure gradient. Similarly, it can be shown that a pressure gradient is 
developed in the membrane by a negative pressure at the interface in a 
PRO process. 

3.2. Demonstration of the negative hydraulic pressure 

The induced negative pressure in the membrane at the interface with 
solution is not only a theoretical deduction from thermodynamics 
principles, but also can be determined with a simple filtration experi
ment, as demonstrated in the classic work of Mauro [22]. The device, 
shown in Fig. 3, is made of a cylinder with a membrane fixed somewhere 
in the middle. The cylinder is filled with pure water on the left side and 
salt solution on the right side, sealed with freely moveable pistons on 
both ends. A spring is attached to the piston on the pure water end. No 
other forces are added on the pistons. After the start of filtration, water 
moves from the pure water side to the solution side of the membrane. 
The piston on the pure water end moves rightward and the spring is 
expanded. The spring exerts a force on the piston to resist its movement. 
It is obvious that the pure water in this case is under tension and the 
pressure on it is therefore negative. Equilibrium is achieved when water 
movement stops, indicating that the force exerted by the piston on the 
pure water is equal to the drawing force from solution on the other side 
of the membrane, which is equivalent to the osmotic pressure of the 

solution. This idea, based on the classic experiment of Mauro [22], 
presents an alternative method for the measurement of osmotic pres
sure. Notably, the more common method for osmotic pressure mea
surement is to measure the positive pressure added on the solution side 
of the membrane at equilibrium. 

If salt concentration in the solution is maintained constant (e.g., by 
adding salt accordingly or circulating solution from a large reservoir), 
the hydraulic pressure profile across the membrane thickness at 
different times is schematically presented in Fig. 4. The profiles show a 
pressure gradient in the membrane toward the solution, which drives 
water from pure water to solution. The pressure gradient decreases with 
time as the negative pressure is built up on the pure water side. At 
equilibrium (no water flow), the pressure on the pure water is equal to 
the pressure in the membrane at the interface with solution, and the 
pressure gradient in the membrane vanishes. The invariant salt con
centration in solution is used in the discussion only for convenience to 

Fig. 3. Schematic of a membrane device to demonstrate the negative hydraulic 
pressure induced by water concentration difference at the interface of a 
membrane with solution. (a) At the start and (b) at equilibrium. 

Fig. 4. Pressure profiles across a membrane in contact with a salt solution at 
different times of filtration. Peq indicates equilibrium state when the pressure on 
the pure water is equal to the pressure in membrane at the interface with so
lution, which is equivalent to the osmotic pressure of the solution. 
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construct the pressure profiles in Fig. 4. It is always true that the 
negative pressure on the pure water at equilibrium is equal to the 
pressure in the membrane at the interface with solution. 

3.3. Operation modes of osmotic membranes 

An osmotic membrane can be operated in two different modes ac
cording to positive or negative hydraulic pressure in the membrane. The 
RO mode is characterized with a positive hydraulic pressure in the 
membrane, when the hydraulic pressure difference is greater than the 
osmotic pressure difference (∆P > ∆π). The PRO mode is characterized 
with a negative hydraulic pressure in the membrane, when the osmotic 
pressure difference is greater than the hydraulic pressure difference (∆π 
> ∆P). Pure water filtration (∆π = 0) and forward osmosis (∆P = 0) are 
the extreme cases of RO and PRO modes, respectively. 

The linearity between water flux and net driving force as given by Eq. 
(6) has been satisfactorily verified in RO mode with experiments except 
for very high salt concentration (when the impact of concentration po
larization may become significant) [23]. However, a strong nonlinearity 
between water flux and the net driving force appears when the mem
brane is operated in FO/PRO mode [24]. Water flux in PRO mode is 
usually much lower than that in RO mode under the same magnitude of 
net driving force. 

This discrepancy between water fluxes in RO and PRO modes cannot 
be explained by different membrane permeabilities when the same 
membrane is being used. Internal concentration polarization (ICP) in the 
porous support layer of the membranes is commonly used to explain the 
low water flux and nonlinearity in PRO mode. However, the apparent 
paramount role of ICP on water flux might be substantially over
estimated [25,26]. ICP can be minimized when the skin layer faces draw 
solution [24]. Furthermore, ICP can be completely eliminated with some 
FO membranes that are made without porous support layer. Neverthe
less, water flux in FO remains low. 

4. Controlling mechanism for water transport in FO/PRO mode 

Depending on salt concentration in solution, the negative hydraulic 
pressure in the membrane operated in FO/PRO mode can be up to 
several tens of bars. Water under such conditions is thermodynamically 
unstable and tends to evaporate. A new phenomenon, cavitation, that is 
never encountered in RO mode could occur in the membrane under 
negative pressure. Water transport in FO/PRO mode is expected to be 
significantly affected by this phenomenon. 

4.1. Cavitation in the membranes 

Knowledge of two important properties of water is essential to un
derstand the thermodynamic stability of water and the cavitation phe
nomenon in water. The first property of water is its ability to hold a 
certain amount of dissolved air in it. The amount of dissolved air in 
water at equilibrium (air solubility) under 1 atm pressure [27,28] is 
presented as a function of temperature in Fig. 5. The figure shows that 
air solubility decreases as temperature increases and significant amount 
of dissolved air exists in water at ambient temperature. It can be seen 
from Fig. 5 that there is about 17 l of dissolved air per cubic meter water 
at 25 ◦C. According to Henry's law, air solubility in water is proportional 
to the pressure applied on it. When the pressure decreases, the excess 
dissolved air will be released to form small bubbles in water. Applica
tions of this principle can be found in canned carbonated beverages in 
the food industry and dissolved air flotation (DAF) operation for par
ticulate removal in water and wastewater treatment. 

Another important property of water is vapor pressure. If water does 
not fully occupy a closed space, there is always vapor (gas phase of 
water) to fill the rest of the space. The vapor pressure of water is the 
pressure at which the gas phase is in equilibrium with the liquid phase. 
Water will evaporate into vapor when the pressure is below the vapor 

pressure while vapor will condense back to water when the pressure is 
above the vapor pressure. Vapor pressure of water as a function of 
temperature [29] is also presented in Fig. 5. Vapor pressure of water is 
relatively low at ambient temperature (only 0.0313 atm at 25 ◦C). 

When pressure on water within the membrane drops to zero and 
below in FO/PRO mode, all the dissolved air must be released from 
water according to Henry's law. As a result, tiny bubbles form in water. 
The bubbles grow subsequently as water evaporates because the pres
sure on water within the membrane is lower than the water vapor 
pressure. This process is called cavitation. Cavitation is thermodynam
ically inevitable when the pressure is below the water vapor pressure. 
The initiation of cavitation is a dynamically difficult step that usually 
needs cavitation nuclei to start with. The tiny bubbles formed by the 
release of dissolved air provide the needed nuclei in this case. 

4.2. Molecular dynamics simulations of bubble nucleation 

A molecular dynamics (MD) simulation has been performed to 
investigate the possibility of bubble formation inside an osmotic mem
brane at the interface in contact with a high salt concentration solution. 
A 5 nm-long carbon nanotube (CNT) with a carbon center-to-center 
diameter of 1.08 nm (water accessible diameter of ~0.74 nm) was 
employed to simulate the pores in an osmotic membrane. The diameter 
of the pore is small enough so that no ions pass through the CNT. The 
simulation box consists of the CNT, two graphene sheets at the ends of 
the CNT, water molecules, and ions, as detailed in Fig. 6a. A nanopore 
with a diameter similar to that of the CNT is drilled in each graphene 
sheet. Details about the simulation methods and underlying principles 
are described in Appendix A. 

The osmotic water transport is studied by calculating the variation of 
the number of water molecules in each reservoir. In our simulations, the 
salt (NaCl) concentrations at the high- and low-salt concentration res
ervoirs were 2 M and 0.1 M, respectively. As shown in Fig. 6b, water 
molecules are drawn to the high salt-concentration reservoir, as ex
pected for an osmotic membrane. 

During the simulation, no stable bubbles are observed for a long 
period of time. Therefore, we studied the probability of formation of 
nano-bubble nucleation (vapor phase) sites inside the CNT at its inter
face with the salt solution reservoirs. In Fig. 6c, the number of water 
molecules in small regions (σ) within 2 Å of each graphene wall is 
investigated. Here, vapor nucleation site is defined when the number of 
water molecules is less than the average number of water molecules 
within σ. The average number of water molecules within σ is 2.65. In 
Fig. 1c, the percentage of the simulation time for the observation of no 

Fig. 5. Air solubility in water at 1 atm pressure and water vapor pressure at 
saturation as a function of temperature. 
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water molecules as well as the observation of a single water molecule 
within each σ region is calculated. No water is observed for 4.53% and 
6.04% of the time within σ near the low- and high-salt concentration 
interfaces, respectively. It is noted that over one-million-time frames are 
considered to obtain statistically reliable time percentages. The results 
show that although the membrane is structurally symmetric, the prob
ability of formation of a vapor nucleation site near the high salt- 
concentration interface (where the negative pressure is induced) is 
higher than that of a nucleation site forming near the low salt- 
concentration interface. Hence, the MD simulation supports our mech
anism of bubble formation outlined in the previous subsection. 

4.3. Water flux in FO/PRO mode 

Because membrane processes in FO/PRO mode are characterized 
concurrently with low water flux and inevitable cavitation, it is 
reasonable to wonder if there are fundamental connections between 
these two phenomena. In FO/PRO mode, water on the feed side is 
“drawn” by a solution from the draw side of the membrane. Water 
continuity in the membrane is critical for the drawing force to be 
effective. As schematically shown in Fig. 7, water continuity may break 
in some pores of the membrane due to the formation of air/vapor bub
bles. As a result, less pores may be available for water transport in FO/ 
PRO mode compared to RO mode. This mechanism contributes to the 
lower water flux in FO/PRO mode than that observed in RO mode. The 
collapse of water continuity in the membrane was not realized and 
postulated as a possible cause for low water flux in FO/PRO mode until 
very recently [21,30,31]. 

Water transport in FO/PRO mode is obviously controlled by more 
complex mechanisms than in RO mode. Cavitation starts when negative 
pressure on water builds up within the membrane. Then cavitation stops 
at a point and the process reverses when the negative pressure 

disappears due to the collapse of water continuity, which is a conse
quence of cavitation. Bubbles may also move out of the membrane with 
water flow and accumulate at the interface of the support layer of 
asymmetric or thin-film composite membranes. The dynamics of alter
nating breakage and restoration of water continuity is postulated to play 
an important role in water transport in osmotically driven membrane 
processes. 

As a newly realized phenomenon, to date, there is lack of knowledge 
about cavitation dynamics in membranes. At this moment, it is reason
able to suggest intuitively that a factor should be added in Eq. (6) to 
account for the impact of cavitation on water flux [21]: 

J = A(1 − λ)(∆π − ∆P) (11)  

where λ is the fraction of the membrane (pore) area that is unavailable 
for water transport due to cavitation or bubble formation. The positions 
of hydraulic pressure ∆P and osmotic pressure ∆π is exchanged in Eq. 
(11) to produce a positive water flux in PRO mode (or FO mode when 

Fig. 6. (a) Snapshot of the simulation 
consisting of water (oxygen atoms in 
red and hydrogen atoms in white), 
sodium ions (in yellow), chloride ions 
(in blue), a CNT (carbon atoms in 
green), and graphene sheets (carbon 
atoms in green). Cut-through presen
tation of the CNT and graphene sheets 
is used to show the water molecules 
inside the membrane tube. (b) Varia
tion of the number of water molecules 
in the two reservoirs with time, 
demonstrating the osmotically-driven 
flow of water molecules from the left 
reservoir to the right reservoir. (c) 
Percentage of the simulation time that 
the number of water molecules within 
2 Å of the graphene sheets is less than 
1 (i.e., zero) or equal to 1. The average 
number of water molecules within σ is 
2.65. (For interpretation of the refer
ences to colour in this figure legend, 
the reader is referred to the web 
version of this article.)   

Fig. 7. Water transport under negative pressure may be hindered by the for
mation of air/vapor bubbles in the pores. Bubbles may form preferably in a 
region close to solution due to higher negative pressure. 
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∆P = 0). The extent of cavitation is expected to be affected by membrane 
properties, water chemistry, and operating conditions. Note that the 
pressure ∆P in Eq. (11) is the hydraulic pressure applied on the draw 
solution, which retards the water flux. The hydraulic pressure is much 
more effective to drive water through the membrane when it is applied 
on the feed water, like in RO, because water transport is not affected by 
cavitation [30]. 

Eq. (11) suggests a general approach to account for the effect of 
cavitation on water flux in PRO and FO modes. To accurately calculate 
the water flux, the effects of internal and external concentration polar
ization should also be included. The support layer of osmotic mem
branes induces internal concentration polarization which is much more 
severe than external concentration polarization because of the lack of 
mixing within the support layer. Based on our discussion above, bubbles 
forming the active later may be carried with the convective flow and 
accumulate in the support layer region near to the active layer, thus 
exacerbating internal concentration polarization due to the reduction of 
support layer effective porosity and water continuity. Studies on support 
layer chemical medications have shown that water flux in FO signifi
cantly increases when the support layer becomes more hydrophilic 
[32,33]. It is likely that the hydrophilic support layers can more effec
tively displace the accumulated bubbles (which are hydrophobic) by the 
convective flow than hydrophobic support layers. 

5. Conclusion 

Water transport in osmotic membranes cannot be achieved by 
diffusion because water in the membrane cannot constitute a true con
centration gradient across the membrane. Instead, the concentration 
difference of water at the membrane interface manifests itself as a 
negative pressure in the membrane that is able to generate a gradient of 
hydraulic pressure in the membrane. Therefore, water movement in the 
membrane is driven solely by a hydraulic pressure gradient, regardless 
whether the original driving force is chemical potential (concentration) 
or hydraulic pressure. 

Water flux under net hydraulic pressure (RO mode) is reasonably 
well described by Darcy's law. However, water transport under net os
motic pressure (FO/PRO mode) is controlled by more complex mecha
nisms. In FO/PRO mode, water in the membrane is thermodynamically 
unstable and tends to evaporate because of the negative pressure. With 
the ubiquitous dissolved air in water, cavitation is virtually inevitable in 
the membrane, resulting in breakage of the continuity of water across 
the membrane. The effectiveness of osmotic pressure for water transport 
can be substantially weakened by cavitation. 

The collapse of water continuity due to cavitation in osmotically 
driven membrane processes is a newly recognized mechanism to affect 
water transport in membranes, which is most likely a major cause for the 
low water flux and nonlinearity in these processes, in addition to the 
extensively investigated phenomenon of internal concentration polari
zation. More research efforts are needed to delineate the features of the 
collapse and possible restoration of water continuity under negative 
pressure in osmotic membranes. A thorough understanding of this 
mechanism is of crucial importance to the construction of sound 
fundamental theories for water transport in osmotic membranes and for 
the development of osmotically-driven membrane processes with much 
higher efficiencies. 

CRediT authorship contribution statement 

Lianfa Song: Conceptualization, Methodology, Writing – Original 
Draft. Mohammad Heiranian: Formal analysis, Investigation. Menac
hem Elimelech: Writing- Reviewing and Editing. 

Declaration of competing interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Appendix A. Simulations methods 

MD simulations were performed using the LAMMPS package [34]. 
The simulation box in Fig. 1 contains 7052 water molecules, 458 ions, 
and 2576 carbon atoms. The system dimensions are 5 nm, 5 nm, and 15 
nm in x, y, and z, respectively. The z axis is along the axis of the CNT. 
Periodic boundary conditions were applied in the x and y directions. The 
water reservoirs are ionized by Na+ and Cl− ions with a concentration of 
0.1 M and 2 M. The SPC/E water model was used and the SHAKE al
gorithm was employed to maintain the rigidity of the water molecule. 
The interactions between carbon atoms and water molecules were 
modeled by the force-field parameters given in Wu et al. [35]. The effect 
of membrane flexibility was ignored for simplicity and the carbon atoms 
of the CNT and graphene sheets were fixed. For the ion-ion interactions 
and the interactions of ions with water and carbon atoms, the mixing 
rule was employed [36]. The Lennard-jones cutoff distance was set to 12 
Å. The long range electrostatic interactions were computed by the 
Particle-Particle-Particle-Mesh (PPPM) method [37]. The energy of the 
system was minimized for 10,000 steps. Each solution next to a non- 
porous graphene sheet was equilibrated using NPT ensemble for 1 ns 
at a pressure of 1 atm and a temperature of 300 K with a time-step of 1 fs. 
Temperature was maintained at 300 K by using the Nosè-Hoover ther
mostat with a time constant of 0.1 ps [38,39]. Water was allowed to 
reach its equilibrium density (1 g/cm3) in the NPT simulation. NVT 
simulation was then performed for 1 ns to further equilibrate the system. 
The final production simulation was performed in NVT ensemble for 
~13.5 ns. To collect adequate statistics, the trajectories of the atoms 
were dumped every 20 femtoseconds. 
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