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ARTICLE OPEN

Process optimization of osmotic membrane distillation for the
extraction of valuable resources from water streams
Matteo Morciano 1,2,4, Marco Malaguti 3,4, Francesco Ricceri2,3, Alberto Tiraferri 2,3✉ and Matteo Fasano 1,2✉

The rising demand for sustainable wastewater management and high-value resource recovery is pressing industries involved in,
e.g., textiles, metals, and food production, to adopt energy-efficient and flexible liquid separation methods. The current techniques
often fall short in achieving zero liquid discharge and enhancing socio-economic growth sustainably. Osmotic membrane
distillation (OMD) has emerged as a low-temperature separation process designed to concentrate valuable elements and
substances in dilute feed streams. The efficacy of OMD hinges on the solvent’s migration from the feed to the draw stream through
a hydrophobic membrane, driven by the vapor pressure difference induced by both temperature and concentration gradients.
However, the intricate interplay of heat and mass processes steering this mechanism is not yet fully comprehended or accurately
modeled. In this research, we conducted a combined theoretical and experimental study to explore the capabilities and
thermodynamic limitations of OMD. Under diverse operating conditions, the experimental campaign aimed to corroborate our
theoretical assertions. We derived a novel equation to govern water flux based on foundational principles and introduced a
streamlined version for more straightforward application. Our findings spotlight complex transport-limiting and self-adjusting
mechanisms linked with temperature and concentration polarization phenomena. Compared with traditional methods like
membrane distillation and osmotic dilution, which are driven by solely temperature or concentration gradients, OMD may provide
improved and flexible performance in target applications. For instance, we show that OMD—if properly optimized—can achieve
water vapor fluxes 50% higher than osmotic dilution. Notably, OMD operation at reduced feed temperatures can lead to energy
savings ranging between 5 and 95%, owing to the use of highly concentrated draw solutions. This study underscores the potential
of OMD in real-world applications, such as concentrating lithium in wastewater streams. By enhancing our fundamental
understanding of OMD’s potential and constraints, we aim to broaden its adoption as a pivotal liquid separation tool, with focus on
sustainable resource recovery.

npj Clean Water             (2024) 7:1 ; https://doi.org/10.1038/s41545-023-00294-2

INTRODUCTION
In recent years, increasingly energy-efficient techniques for water
and wastewater treatment, product separation/concentration, and
for valuable resource recovery from various liquid and waste
streams (e.g., from textile, pharmaceutical, metallurgical, food, and
beverage industries) have been receiving considerable interest to
help achieving zero liquid discharge (ZLD) and sustainable socio-
economic growth1. For instance, the demand for metals and other
critical raw materials is expected to increase sharply over the
coming years with developing countries experiencing substantial
economic expansion. A long-term sustainable and adequate metal
and mineral stock is therefore strongly required for proper techno-
economic development2. Conventional supply relies on intensive
mining, that is, an extremely costly action with impacts on
ecosystems3,4. Furthermore, in industries such as food, beverage,
nutraceuticals, and cosmetics, there is a critical need for controlled
separation and concentration of various high-value and highly
nutritious components, including proteins, vitamins, whey, anti-
oxidants, anti-inflammatory compounds, and herbal sub-
stances4–7. Traditional methods employed in commercial juice
treatment, for instance, often involve multi-stage vacuum
evaporation at high temperature, followed by the recovery of
volatile flavors, which are subsequently added to the concentrated
product8. However, these high temperature-based techniques are

not optimal at preserving the original quality of products8–10. Less
invasive techniques that provide superior quality are, for example,
cryoconcentration, an expensive (both from capital and opera-
tional cost perspectives) and energy intensive approach, as well as
membrane-based processes8.
In this rapidly evolving context, osmotically-assisted or "osmotic"

membrane distillation (OMD) represents an attractive low-
temperature4,11 process by which valuable non-volatile compo-
nents can be concentrated for subsequent easier recovery
through solvent extraction from various dilute streams4,12. In the
main instance of this process, an aqueous dilute feed stream (e.g.,
solution containing valuable materials or nutraceuticals) and a
concentrated draw solution (e.g., a hypertonic salt solution) are
separated by a hydrophobic and microporous membrane, which
allows the flow of water vapor only. The migration of water from
the feed to the draw stream is due to the vapor pressure gradient
between the two sides of the membrane, and it results in
increasing feed concentration while diluting the draw stream.
Inorganic salts, such as sodium chloride, calcium chloride, and
magnesium chloride are examples of interesting draw agents. It is
worth noting that the state-of-the-art mostly includes works
describing osmotic dilution/concentration processes in which the
driving force is generated solely by the different activity, being the
bulk temperature of the two streams equal8,13. However, due to
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the low transmembrane fluxes observed, temperature-enhanced
OMD processes have also been proposed, albeit in a limited
number, where a bulk temperature difference is synergically
imposed with a concentration difference, to enhance the vapor
pressure gradient and thus productivity11,14,15. In this scenario, the
bulk temperature of the feed stream, which may be heated by
low-grade thermal source11, is higher than the draw one. As flux
occurs by a vapor pressure gradient across the hydrophobic
membrane, one of the major strengths of OMD is the absence or
the negligible presence of reverse solute diffusion to the feed
stream, thus the ability to deploy highly concentrated and
effective draw streams, unlike forward osmosis whereby osmotic
pressure drives the flow across a hydrophilic membrane4,13,16,17.
While OMD holds considerable promise13,18–22, it remains

insufficiently explored by the scientific community, especially
concerning the fundamental transport mechanisms determining
its performance. Crucially, comprehensive experimental/theoreti-
cal studies addressing the intertwined heat and mass transfer
processes inherent to OMD are currently missing. Most existing
models adopt a simplified approach13,23, which, while beneficial
for specific applications, inherently possesses restrictions in
broader applicability. Some noteworthy works have touched upon
non-equilibrium thermodynamics, polarization effects, and
temperature-enhanced OMD. However, the current models often
involve approximations or focus on narrow conditions, leaving a
gap in understanding OMD’s full potential, versatility, and intrinsic
thermodynamic limitations.
Among the most relevant modeling works on OMD, Wang and

co-workers15 proposed a model based on non-equilibrium
thermodynamics, neglecting the convective heat and mass
transfer resistances on both sides of the membrane. Also, the
model directly relates the concentration and temperature
differences, which facilitates the heat and mass transfer analysis
at the cost of approximations. Raghavarao and co-workers24,25

investigated the effect of the concentration and temperature
polarization on the driving force, but through a linear model and
considering the activity as the only responsible variable governing
the transmembrane flux. Ahmad and co-workers26 proposed a
coupled and linear heat and mass transfer model of hollow fiber
membranes for salt recovery from brines via OMD, including
polarization effects. Recently, Wu and co-workers11 experimentally
investigated temperature-enhanced OMD, with the feed stream
heated by low-grade thermal sources (i.e., solar energy) for
agricultural fertilizers. Different high-salinity solutions in the
permeate or cold side were employed by the authors, namely,
1.0–4.0 M KCl solution, 3.0 M NH4Cl solution, 3.0 M KH2PO4

solution, and 3.0 M urea solution. Interestingly, the analysis also
involved a comparison with a more conventional process, namely,
forward osmosis. The results revealed how OMD is able to
guarantee comparable outlet water fluxes but negligible reverse
solute flux to the feed stream16, being therefore compatible with
unconventional water streams containing various fertilizers. A
similar work, authored by Zhang and co-workers14, focused on the
role of osmotic agent in water flux enhancement during
temperature-enhanced osmotic membrane distillation for the
treatment of highly saline brines. The authors investigated the
process behavior using MgCl2-based, K2CO3-based, and NaCl-
based solutions as draw. The feed compartment was heated to
always maintain an inlet temperature of 50 °C, while the permeate
compartment was connected to a cooling system to maintain a
constant temperature of 20 °C. Thus, the effect of different stream
temperatures was not evaluated. Another important work is that
discussed by Quist-Jensen and co-workers1, where comparative
experimental and theoretical analyses of membrane crystallization
in direct-contact membrane distillation, OMD, and vacuum
configurations were carried out with the aim to recover lithium
chloride from aqueous solutions. Finally, some of the authors of
this work published a recent experimental research work on the

OMD process in 2023. In detail, Tiraferri and co-workers9 proposed
using OMD for the concentration of phycocyanin and coffee
extract solutions, with the goal to safeguard the quality of the
extracts, using CaCl2 as draw agent.
In this study, we present the development of two compre-

hensive models that encompass all the key phenomena involved
in the conjugate heat and mass transfer mechanisms of the OMD
process. Experimental campaigns, where the poorly
explored11,14,22 CaCl2 is employed as draw agent, are conducted
to validate the proposed modeling framework. These models,
derived from fundamental principles, provide different levels of
detail, accuracy, and ease of use. They are implemented to
qualitatively and quantitatively investigate the influence of
crucial OMD parameters, including the temperature and molarity
of feed and draw solutions, on productivity (i.e., transmembrane
water vapor flux) under known fluid-dynamic conditions and
channel geometry. We extensively examine concentration and
temperature polarization phenomena, exploring various scenar-
ios in detail. Moreover, we provide insights into the applicability
of the widely used linear model found in the literature,
highlighting its strengths and limitations. Finally, we evaluate
and discuss promising engineering applications in the field of
valuable metal and mineral recovery, specifically focusing on
lithium chloride (LiCl) concentration aimed at its extraction,
considering realistic scenarios.
The overall goal of this work is to provide a validated modeling

framework, at one time comprehensive and streamlined, in order
to accurately and expeditiously assess the optimal operating
conditions of the considered OMD process, as the application and
the resources available (e.g., recoverable metal/mineral in the feed
stream, draw agent, energy source) vary. The proposed model has
the potential to optimize and scale up the OMD process design in
diverse industries with high environmental impact.

RESULTS AND DISCUSSION
Theoretical background in brief
We developed a comprehensive modeling framework to accu-
rately encompass all the physical mechanisms in the OMD
process. This framework includes species transport, latent heat
transfer resulting from phase change, heat conduction across the
hydrophobic and insulating membrane, and the influences arising
from the formation of temperature and concentration boundary
layers at the interfaces between the aqueous solutions (both feed
and draw) and the membrane (Fig. 1). Here, unlike in the classical
membrane distillation process whereby freshwater typically flows
in the permeate channel, the mass transport boundary layer could
occur in both feed and draw channels. A counter-current direct
contact configuration was considered, without losing generality.
Moreover, it is worth commenting that the effect of the curvature
of the liquid-vapor interface, which can be estimated using the
well-known Kelvin equation, was assumed to be negligible at
equilibrium, as commonly stated in the literature27. Extensive
details on the development of the models are provided in the
“Methods” section.

Modeled performance
In Fig. 2, the modeled performance of the OMD process is
reported with the aim of exploring its potential and the impact of
key quantities. In detail, Fig. 2a shows the water vapor flux
through the membrane as predicted by the Maxwell-Stefan and
dusty-gas model (see surface labeled with I, obtained through
Eq. (4)) and by the linearized model based on Clausius-Clapeyron
equation (see surface labeled with II, obtained through Eq. (21)),
under varying values of the bulk temperature (i.e.,
20 °C ≤ Tb,f≤ 70 °C) and molarity (0 M ≤ cb,f≤ 4 M) of the feed
stream. For this specific calculation, the bulk temperature and
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molarity of the draw stream were fixed at 20 °C and 4 M,
respectively. For simplicity, both feed and draw streams were
considered as calcium chloride aqueous solutions, whose activity
was evaluated by the following exponential fitting (R2 ≈ 0.99) as
function of molality (m)28: aCaCl2 ¼ �0:05893m1:32 þ 1. Then,
without loss of generality, the Reynolds number was considered
equal to 1000 (i.e., laminar regime), Ω= 0.01, and the membrane
characterized by δm= 77 μm, ε= 0.83 and 2r= 0.17 μm, which are
common values for microporous hydrophobic membranes con-
sistent with those tested experimentally in this work29.
The impact of both molarity and temperature of the feed

stream on the water vapor flux can be appreciated in Fig. 2a. In
detail, an increase in the concentration and temperature of the
feed stream leads to an increase in productivity, though to
different extents. This observation is physically reasonable as

vapor pressure depends exponentially on temperature and
roughly linearly on concentration, respectively. When the tem-
perature of both streams is 20 °C, the full model (see Eq. (4))
reveals that a productivity of about 2.5 kg m−2 h−1 can be
accomplished by employing a isotonic (i.e., cb,f≤ 100mM) feed
stream and a concentrated (i.e., 4 M) draw stream. Under these
circumstances, the comprehensive model developed in this study
predicts the presence of a flux-induced temperature gradient
across the membrane, which hinders the vapor flux. As a result,
the draw solution becomes warmer than the feed solution,
creating an opposing temperature gradient to the concentration
gradient. This leads to an overall low driving force for water
transport, impacting the efficiency of the process. Then, when
Tb,f= 70 °C, a 120% higher productivity would be obtained with an
isotonic feed stream compared with a 4 M one.

a)

b)

..
MD OMD

TETC

 Pure water
 Diluted aqueous solution
 Concentrated aqueous solution

pv .
Fig. 1 Schematic diagram and working principle of counter-current direct contact osmotic membrane distillation (OMD). In (a), the
module, which includes the feed and draw channels and the hydrophobic and porous membrane, is qualitatively represented, together with
the typical temperature (T) and solute concentration (xS) profiles as well as the resulting vapor and heat fluxes. In (b), vapor pressure (pv) versus
temperature (T) is reported for varying activity (a) values. The different lines refer qualitatively to freshwater (uppermost, light blue, a= 1),
typical dilute (middle, blue, a= 0.9) and concentrated aqueous solutions (lowermost, black, a= 0.5). The double-headed arrows indicate the
driving forces (i.e., the difference between the partial pressures of the feed and draw solutions) in case of classical MD and OMD. In panel b),
the blue square qualitatively refers to thermodynamic and chemical conditions of the generic (i.e., for both MD and OMD modes) feed stream,
whilst the light blue and black squares refer to thermodynamic and chemical conditions of pure water (i.e., MD mode) and concentrated draw
stream (i.e., OMD mode), respectively. TE and TC are the evaporation and condensation temperature of the bulk fluids in the feed and draw
channel, respectively.

II

I

I: MS-DG (eq.4)II: linear (eq.21)

Feed temperature (°C) Feed molarity
 (m

ol/L)
Feed temperature (°C) Feed molarity

 (m
ol/L)

Fig. 2 Productivity of the osmotic membrane distillation process. a The steady-state specific water vapor flow rate (Jw) as a function of the
bulk temperature (Tb,f) and molarity (cb,f) of the feed stream is reported, predicted by (I) the full analytical equation, Eq. (4), and by (II) the
simplified linearized version, Eq. (21). The bulk temperature and molarity of the draw stream were considered equal to 20 °C and 4 M,
respectively. b Percent error between the two models, evaluated as Δ% ¼ Jw;Eq:4�Jw;Eq:21

Jw;Eq:4
. The membrane characteristics used for the calculations

were those of the PTFE membrane deployed in the experiments.
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In Fig. 2b, the percent error between the results predicted by
the full (Eq. (4)) and the linearized (Eq. (21)) model is reported. The
percent error was evaluated as: Δ% ¼ Jw;Eq:4�Jw;Eq:21

Jw;Eq:4
. This compara-

tive study is relevant to explore the benefits and limits of the
simplified linear model. Indeed, the latter is widely preferred and
employed by the scientific community since it requires only
knowing two bulk quantities (i.e., molarity and temperature, more
experimentally accessible than vapor pressure and activity) and, at
most, reasonable values of the polarization coefficients (see
Eq. (21)) from experimental fitting. Interestingly, the linearized
model either overestimates or underestimates the productivity,
depending on operating conditions. Specifically, the linear activity
model (Eqs. (18) and (19)) increasingly overestimates activity values
in the feed stream as molarity increases. This effect results in an
overestimation of the driving force, hence an overestimation of
productivity, as a function of feed molarity. From the draw stream
perspective, on the other hand, employing the linear activity
model always implies underestimating the driving force, for the
same reasons. In the case study investigated here (i.e., 4 M CaCl2 as
draw stream), the underestimation of the activity amounts to 40%.
As a result, for feed streams with molarity lower than about 1.5 M,
the linear model underestimates the productivity obtained with
the full model for any value of bulk feed temperature (i.e., positive
Δ% values in Fig. 2b). However, Δ% values decrease as the bulk
temperature gradient between the feed and draw streams
increases. Indeed, the term introduced through the Clausius-
Clapeyron equation (i.e., dP

dT j ~TmðTm;f � Tm;dÞ) has a compensatory
effect, as it overestimates the net value of the vapor pressure
gradient to a gradually increasing extent as the bulk temperature
gradient increases. For ΔT greater than or equal to about 35 °C (i.e.,
bulk temperature of the feed solution equal to about 55 °C, being
Tb,d equal to 20 °C) and feed molarity greater than about 1.5 M, the
linear model always overestimates the values obtained with
the full model, at least for the considered operating conditions.
The two effects together result in overestimation of the

productivity (i.e., very negative Δ% values in Fig. 2b) for high feed
temperature and high feed molarity values.
It is worth noting that within a range of engineering-relevant

values, specifically for feed molarity between 0 M and 2.5 M, and
feed temperature between 40 °C and 70 °C, the discrepancy
between the two models remains reasonably limited. In fact, the
variation in Δ% ranges from −20% (approaching the upper feed
molarity values of the considered range) to +20% (approaching
the lower feed molarity values). Note that, for lower feed
temperatures and thus lower water vapor flux values, the absolute
error between the two models is obviously limited— although Δ%
may be larger than ±20%. Therefore, at a practical level and for
streamlined productivity assessments, the validity range of the
linear model may also be extended for all conditions yielding low
vapor flux values in addition to the ranges indicated above.

Experimental results and model validation
Experimental tests were conducted to robustly validate the
proposed model and to gain a deeper understanding of the
process. Specifically, the tests were performed in three modes:
osmotic distillation (OD) with a driving force provided by
concentration difference only; membrane distillation (MD) with a
driving force provided by temperature difference only; osmotic
membrane distillation (OMD) where the combined concentration
and temperature differences provide the driving force. The
experimental parameters were varied, including the bulk tem-
peratures of the feed and distillate streams and the concentration
of the draw solution on the distillate side. All the results discussed
herein are steady-state values obtained at a constant flux12.
Results of the OD tests are presented in Fig. 3. These results

were obtained by solely utilizing the driving force exerted by the
salinity difference, while maintaining an equal bulk temperature
on both the feed and draw sides. Note that, despite the bulk
temperature was the same at the two sides of membrane, its
absolute value had a substantial impact on water flux, which
increased monotonically in the range 25–55 °C. This effect has
been also observed in previous studies, being mainly due to the
decrease of mass transfer resistance (the higher the temperature,
the higher the diffusion coefficient), and to the increase of water
vapor pressure30–32. The measured increment in water flux is linear
or superlinear with temperature, with the largest relative increase
observed between 45 °C and 55 °C. Sodium chloride and calcium
chloride were both investigated as draw agents25. As expected,
the asymmetric solute—which formed three species in solution
(Ca2+, Cl−, Cl−)—leads to higher fluxes compared to NaCl, due to a
higher osmotic pressure and thus lower activity of the draw
solution, at the same solution molarity33.
The 4 M CaCl2 draw solution was then selected to perform

additional tests in OMD and MD mode. As a matter of fact,
hypersaline streams can ideally be used as draw solutions in OD
and OMD applications, since no reverse solute flux should occur
during the process34. Indeed, no or negligible reverse solute flux
from the draw to the feed side was recorded in any of the
experiments of this research, i.e., the electric conductivity of the
feed solution did not change appreciably.
Results presented in Fig. 4a, b illustrate the same data but

reported in two different ways to better unravel the phenomena
that regulate the process. Figure 4a shows how the OMD water
flux changed as a function of the temperature difference between
the warm feed and the cold draw side. The color of symbols is
associated with different draw solution temperatures, while empty
symbols refer to a condition with no draw solute on the distillate
side, i.e., pure MD mode. The arrows connecting the symbols were
added to visualize the gain in productivity obtained in the OMD
tests compared to each respective MD test. As expected, the water
flux was larger if a larger temperature difference was maintained
between the two membrane sides. However, contrary to the pure

25     35     45     55
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Fig. 3 Steady-state water vapor fluxes observed in osmotic
distillation mode (OD, different salinity at equal feed and draw
solution bulk temperatures) as a function of temperature and
draw solute. Gray-scale symbols refer to NaCl as draw agent, while
blue-scale symbols to CaCl2. The investigated draw solute concen-
trations were 3, 4, 5 M for both agents. Lines connecting the data
points are intended as a guide for the eye. All error bars represent
±1 s.d.
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MD case, this gain in productivity appeared to increase more than
linearly for the OMD case as a function of bulk temperature
difference. This effect can be also noticed in Fig. 4b, which shows
how—for any fixed temperature of the draw solution (data sitting
on the same column)—the distance between the pure MD and
the OMD productivity is larger for vertical triangles with respect to
squares and, in turn, to circles (bulk temperature difference of
30 °C, 20 °C, 10 °C, respectively). Also, for the same bulk
temperature difference in Fig. 4a (data sitting on the same
column), the increase in water flux is more pronounced for green
with respect to pink and, in turn, to blue data points (bulk draw
temperature of 40 °C, 30 °C, 20 °C, respectively).
The visualization in Fig. 4b allows for a comparison between the

effects on productivity achieved by varying the temperature
gradient alone and the productivity gained by including a draw
solute. Let us analyze, for example, a pure MD mode with a bulk
feed temperature of 40 °C and a bulk draw temperature of 20 °C,
corresponding to a bulk difference of 20 °C and represented by the
empty blue square. A higher increment in productivity can be
achieved by using 4 M CaCl2 in the draw side (solid blue square)
than increasing the bulk feed temperature of 10 °C (empty blue
triangle, corresponding to a bulk temperature difference of 30 °C).
In another scenario, almost the same water flux can be achieved by
operating in OMD mode with bulk feed and draw temperatures of
40°C and 30 °C, respectively (represented by the solid pink circle,
~11.5 kg m−2 h−1), compared to a pure MD situation with bulk
temperatures of 50 °C and 20 °C (indicated by the empty blue
triangle, ~13.5 kg m−2 h−1). This observation suggests the
possibility of reducing the energy required to heat the feed and/
or cool the distillate solution by harnessing the salinity gradient
between the streams in the OMD process.
In Fig. 5, the experimental results (marked with symbols) just

discussed are finally compared to the prediction of the Maxwell-
Stefan and dusty-gas theoretical model (Eq. (4), graphically
represented through shaded areas). Steady-state specific water
vapor flow rates were considered for two operating modes as a
function of the bulk temperature of the feed stream, under
different bulk temperature values of the draw stream. In detail,

Fig. 5a shows productivities when pure water flows in both
channels with the temperature being the only driving force (i.e.,
MD mode); whilst Fig. 5b shows the productivity of the OMD
process, where pure water and 4 M CaCl2 aqueous solution flow in
the feed and draw channels, respectively. Overall, Fig. 5a, b prove
the good agreement between the experimental and modeling
data for both the MD and the OMD modes.
The upper limit of the shaded areas was obtained by setting the

polarization coefficients (i.e., θT, θs,f, θs,d) equal to 1. This delineates
the maximum productivity that can be thermodynamically
achieved by these processes in the ideal situation where no
transport-limiting phenomena occur. Indeed, the ideal upper
boundary represents the theoretical maximum productivity
achievable by the process, which serves as a reference point for
optimizations. While improvements can be made to enhance the
efficiency of the process, the ideal upper boundary serves as a
limit that cannot be surpassed. On the other hand, the lower limit
describes the productivity achieved by setting all the polarization
coefficients equal to 0.4. This value was reasonably chosen as the
minimum threshold to be guaranteed during the module design
stage. This lower limit provides a practical reference for the
expected productivity while accounting for certain transport-
limiting phenomena. Note that, in the scenario described in
Fig. 5a, only temperature polarization (i.e., θT) would eventually be
observed. Furthermore, the experimental results were fitted to the
theoretical model using a non-linear least-squares solver, with the
polarization coefficients as the fitting parameters (θFITT and θFITs;d).
The fitting curves are depicted as solid lines in Fig. 5. In the MD
mode (Fig. 5a) with Tdraw at 20 °C and 30 °C, the fitting parameter
θFITT had values of 0.56 and 0.44, respectively. In the OMD process
(Fig. 5b), with Tdraw at 20 °C, θFITT and θFITs;d were 0.90 and 0.94,

respectively. For Tdraw at 30 °C, θFITT and θFITs;d were 0.80 and 0.99,
respectively. These fitted parameters allow for a closer alignment
between the experimental data and the theoretical model,
providing valuable insights into the process behavior.
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Productivity and effect of different driving forces
The OMD process holds promising applications in various fields.
For instance, it can be employed for dewatering wastewater or
brine to concentrate and then extract valuable metals effectively,
or the process can be utilized for the concentration of organic
substances in biological or beverage solutions34. In Fig. 6a, the
specific water vapor mass flow rates achieved by considering 4 M
LiCl-based and CaCl2-based aqueous solutions as feed and draw,
respectively, were calculated by Eq. (4) under a varying range of
both draw molarity and feed temperature. For the lithium chloride
aqueous solutions, activity values were determined as a function
of molality by the following fitting equation (R2 ≈ 0.99)28: aLiCl=
−0.0035m2− 0.0331m+ 1. The results indicate that, as the draw
molarity values decrease, the bulk temperature of the feed stream
should be increased to maintain constant productivity. The
limiting case, which is characterized by zero flux withdrawn from
the feed stream, occurs for draw molarity values approximately
equal to 2.46 M, assuming the bulk feed temperature equal to
20 °C. Then, for draw molarity values approaching zero, the

minimum bulk feed temperature needed to avoid negative flux
(i.e., water transport from the draw to the feed side) is about 25 °C.
The maximum productivity value achieved within the investigated
range was ~29.7 kg m−2 h−1. This value was computed for a feed
temperature of 70 °C and a draw molarity of 4 M.
Furthermore, it is important to emphasize that utilizing a high

draw solution molarity offers the advantage of potentially
reducing the bulk temperature of the feed stream while
maintaining productivity. This approach results in increased
energy savings, as less energy is required to heat the feed stream
to achieve the desired water vapor flux through the membrane.
Specifically, for a bulk temperature of the feed stream equal to
30 °C and draw molarity approaching zero, the achievable
productivity amounts to about 1.27 kg m−2 h−1. The same value
might instead be attained by exploiting the driving force exerted
by a 4 M draw solution and thus lowering the bulk temperature of
the feed stream to 20.5 °C, which would be equivalent to a 95%
energy saving, assuming the same feed flow rate, specific heat
capacity, and considering 20 °C as initial feed solution tempera-
ture. On the other hand, results highlight how the marginal utility
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of working with higher draw molarities diminishes when bulk feed
temperature values also increase. In other words, the benefits
gained from increasing the draw molarity become less important
when the feed stream is already at higher temperatures. For
instance, a productivity of 27.4 kg m−2 h−1 might be attained
either through operating with a bulk feed temperature of 70 °C
and about zero draw molarity or through operating with a 4 M
draw solution and only slightly lowering the bulk feed tempera-
ture, reducing only by 5% the energy required by the OMD
process.
For completeness and to explore the productivity of another

interesting exemplifying application of OMD, the specific water
vapor mass flow rates calculated considering a realistic isotonic
solution as feed stream are reported in Fig. 6b. Here, without loss
of generality, a 154 mM NaCl aqueous solution was considered.
The activity values as function of the molality were evaluated by
the following fitting equation (R2 ≈ 0.99)28: aNaCl=−0.0017m2−
0.0304m+ 1. In this scenario, negative specific water vapor mass
flow rates (i.e., dilution of the feed stream) were observed only for
120 mM draw solutions and bulk feed temperature equal to 20 °C.
The qualitative productivity trend is quite comparable to that
described in Fig. 6a, while higher productivity values were
observed. For bulk feed temperature equal to 70 °C and 4 M
draw solutions, 41.2 kg m−2 h−1 was achieved, namely, 38% more
than the best result in Fig. 6a.

Limitations and efficiency of the process
Finally, the effect of the polarization phenomena was explored in
Fig. 7 to gain additional insight into the potential, efficiency, and
thermodynamic limitations of the OMD process. The calculations
were performed for the same two scenarios described in Fig. 6. In
particular, the percentage water flux loss due to polarization,
defined as ζ% ¼ Jw;ideal�Jw

Jw;ideal
, was calculated using 4 M LiCl-based

(Fig. 7a) or 154 mM NaCl-based (Fig. 7c) aqueous solutions as feed
streams. Jw,ideal refers to the productivity computed by imposing
polarization coefficients equal to 1 (thermodynamic limit of the
water transport), whilst Jw refers to the actual productivity
calculated by the OMD model.
As feed temperature and/or draw molarity increase, the

absolute difference between Jw,ideal and Jw increases (see
Supplementary Note 1), although with a different magnitude.
This result is expected since polarization increases with flux,
resulting in larger relative losses when the absolute values of the
observed flux increase. From an engineering standpoint, this well-
known phenomenon results in the need of operating within a
reasonable range of driving force (i.e., not overly high), to avoid
using impractically high amounts of “external" (e.g., heat) or
“internal" (e.g., draw concentration) energy to obtain higher fluxes,
which could lead to increased costs and operational challenges.
Considering the parameter ζ%, instead, the trend of relative

losses helps understanding the OMD process from a thermo-
dynamic standpoint and deserves here to be deepened through a
comprehensive discussion. In Fig. 7a, ζ% is reported when
considering a 4 M LiCl aqueous solution as feed stream, which
is a relevant case study for the concentration of metals in brine or
high-salinity waste liquid streams. At low bulk feed temperature
values, Jw ranges from negative (not reported in Fig. 7a, see white
area) to positive values, as the draw molarity increases. At the
transition line, Jw is nearly zero, while Jw,ideal is only slightly higher,
which leads to ζ% values equal to roughly 100%. Moving toward
higher draw molarity values (from left to right in the color map),
the percentage increase of Jw,ideal− Jw is lower compared to the
percentage increase of Jw,ideal, thus ζ% decreases, suggesting that
the process becomes intrinsically more efficient in terms of
productivity from a thermodynamic standpoint. On the other
hand, at higher bulk feed temperature values (moving from
bottom to top in the color map), the impact of concentration-

related driving force on the productivity becomes negligible
compared to that of the driving force induced by the temperature
difference across the membrane. Consequently, the variation of ζ%
is less significant as draw molarity changes. That is not to say that
concentration polarization effects are negligible at high feed
temperature, but that flux values are governed mostly by
temperature-induced driving force; see next paragraph.
In Fig. 7b, the partial linearized contribution of temperature (i.e.,

θs equal to 1) and concentration (i.e., θT equal to 1) polarization
phenomena to the full polarization loss is reported through the

parameter R, which is defined as R ¼ JθT¼1�Jwð Þ� Jθs¼1�Jwð Þ
Jw;ideal�Jwð Þ . R ranges

from −1, when Jθs¼1 and JθT¼1 tend to Jw,ideal and Jw, respectively,
to 1, when JθT¼1 and Jθs¼1 tend to Jw,ideal and Jw, respectively. As a
result, the parameter R encompasses a range of conditions, from
cases where losses due to concentration polarization dominate to
situations where temperature polarization effects are primarily
responsible for flux reduction. The variation of R reflects the
interplay between these two phenomena and their relative impact
on the effective water vapor flux in the OMD process.
Overall, within the investigated range of feed temperature and

draw molarity values, losses due to temperature polarization
phenomena are found to be dominant compared to those related
to the concentration-based driving force, i.e., the shade of the
color map is mostly blue and values of R are always positive.
However, when the driving force is increased, regardless of its
nature, the relative contribution of concentration polarization
becomes gradually more important and R decreases in value
approaching zero for high draw molarity both at low and at high
feed temperature values, i.e., the color map becomes gradually
lighter as we move from left to right and from bottom to top.
Interestingly, there is a region, corresponding to bulk feed
temperatures between roughly 25 °C and 45 °C, for which the
magnitude of temperature polarization is always highly dominant
compared to that of concentration polarization, even at high draw
molarity. Also interestingly, the temperature-dependent polariza-
tion coefficient is high under conditions whereby the driving force
is only exerted by the molarity difference (i.e., for
Tb,f= Tb,d= 20 °C), and draw molarity values are around 2.46, i.e.,
the threshold which generates positive flux when the feed and
draw bulk temperature solutions are equal. Indeed, despite the
absence of a bulk temperature difference between the two sides
of the membrane, for low bulk feed temperature and high draw
molarity values, an evaporative cooling phenomenon35 is
established due to the phase change of water, therefore leading
to an increase in the draw temperature and a decrease in the feed
temperature caused by water flux (see Supplementary Note 1).
The results presented in Fig. 7a, b, combined with the expected

flux values, suggest that there may be a region of higher efficiency
for medium values of the bulk feed temperatures and high draw
molarity values when dewatering feed solutions of high concen-
tration. In that region, flux losses due to polarization are relatively
low and the use of a draw agent is justified by increased
productivity not accompanied by a substantial relative contribu-
tion of the concentration polarization effect to flux loss. On the
other hand, using a draw agent may not be worthwhile when the
driving force is already high due to large values of the bulk feed
temperature. Indeed, these observations precisely support the
synergistic combination of temperature and concentration-related
driving forces with the goal to minimize the temperature gradient,
hence the use of thermal energy, in the OMD process. Ultimately,
operating conditions should be chosen based also on engineering
and practical considerations, but the thermodynamic aspects
discussed above may be highly relevant to design an efficient
system.
In Fig. 7c, ζ% is reported considering a 154 mM NaCl aqueous

solutions as feed stream, that is a case study relevant for solutions
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at or close to isotonicity, e.g., human plasma, beverages, and other
biological solutions. Compared to the former case, negative water
flux values are limited to draw molarity below 120 mM and a bulk
feed temperature of 20 °C. Also, flux loss due to polarization
effects are generally smaller compared to the case discussed in
Fig. 7a, given the lower magnitude of concentration polarization
on the feed side. That being said, the trends are comparable to
those of the former case, with relative losses increasing
predominantly at larger values of bulk feed temperatures (moving
from bottom to top) being the driving force dominated by the
temperature gradient in the uppermost part of the graph. While
trends of relative total losses due to polarization are not too
dissimilar in the case of a concentrated (Fig. 7a) and a more
diluted (Fig. 7c) feed stream, the relative contribution of
temperature and concentration polarization is strikingly different
in the two cases. In Fig. 7d, the corresponding R is reported for the
case of 154 mM NaCl aqueous solutions as feed stream. Also in
this case, temperature polarization effects are dominant all across
the color map, but this dominance is even more pronounced: due

to the reduced concentration polarization phenomena in the feed
channel, R assumes higher values (it is closer to 1) with respect to
the previous case. The contribution of concentration polarization
becomes large only for low values of bulk feed temperature and
high values of draw molarity at the same time, with R gradually
decreasing and becoming equal to 0.32 at the bottom right corner
of the graph.
Therefore, in the case of a feed stream with low concentration,

the optimization of thermodynamic efficiency is less obvious
compared to the former case. The results presented in Fig. 7c, d,
combined with the expected flux values, suggest that the region
of higher efficiency may correspond to low-medium bulk feed
temperatures and medium-high draw agent concentrations.
However, in this range, expected fluxes would be relatively low.
As a result, engineering and practical considerations, e.g., related
to the required total system productivity or the nature of the feed
mixture, would likely control the operating conditions.
To assess the potential and the challenges of OMD, long-term

membrane behavior and process optimization should be carefully
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Jw,ideal was obtained imposing θT and θs equal to 1. Panels (b) and (d) quantify, through the parameter− 1 ≤ R ≤ 1, the partial linearized
contribution of temperature (i.e., θs equal to 1) and concentration (i.e., θT equal to 1) polarization phenomena to the full polarization loss. This

parameter is defined as R ¼ JθT¼1�Jwð Þ� Jθs¼1�Jwð Þ
Jw;ideal�Jwð Þ . The results were obtained by considering a CaCl2 aqueous solution as draw at bulk temperature

of 20 °C. The membrane characteristics used for the calculations were those of the PTFE membrane deployed in the experiments. See
Supplementary Note 1 for detailed trends of the polarization coefficients, the temperature difference across the hydrophobic membrane
(ΔTm), and the ideal (Jw,ideal) and effective (Jw) yields, in the two considered case studies.
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investigated in each specific, possible application. Although
fouling, scaling, and wetting phenomena have not yet been
adequately investigated, well-known mechanisms in direct con-
tact membrane distillation may be considered relevant in OMD as
well. Therefore, hydrophobic substances are more likely to interact
with the hydrophobic membranes, potentially causing fouling. In
addition, the presence of surfactants and any other phenomena
that would induce pore wetting in membrane distillation would
also impair the separation capabilities of the OMD membrane,
including the formation of crystals within its pores. Additional
issues may arise in OMD due to scaling and crystallization of the
draw agent on the distillate side of the membrane, which differs
from typical membrane distillation processes. The use of an
antiscalant may thus be required, especially in cases when the
draw solution is highly concentrated. On the other hand, working
at lower temperature on the evaporator side would reduce the
probability of scaling of the feed stream compared with a typical
membrane distillation operation, and this potential advantage
may be critical for complex solutions for which scaling control is
problematic. With respect to process optimization, the presence of
the draw agent in OMD may provide more flexibility in the
management of the thermal energy on the feed side, while
simultaneously creating issues of draw solution selection, manage-
ment, and possible reconcentration. These issues should be
studied in more detail with the support of sustained research
efforts around OMD.
In this study, we investigate the potential, efficiency, and

thermodynamic limitations of the OMD process by means of
extensive theoretical and experimental analyses. OMD is an
extension or variant of the more conventional and well-known
MD process, where a temperature gradient is imposed between
two solutions to generate a water vapor flow from a concentrated
solution to a freshwater solution. In contrast, in the OMD process,
concentration and temperature gradients are synergically
exploited to generate a water vapor flow from a feed dilute
stream to a draw concentrated stream, through a hydrophobic
membrane. Therefore, OMD is particularly suitable for applications
that do not require draw solution regeneration, such as in the
separation, concentration, and dewatering of liquid streams to
concentrate valuable elements and compounds. Despite the
potentially beneficial impact of this process in pursuing zero
liquid discharge, resource recovery, and sustainable socio-
economic growth, the available literature has theoretical gaps
regarding OMD, particularly concerning the intertwined heat and
mass transfer processes.
In response to this gap, here we have developed two new OMD

models, each offering a distinct level of detail, flexibility, and
applicability range. These models have been designed to cater to
different research needs and practical applications, providing
researchers and engineers with a range of options to explore and
analyze the OMD process comprehensively. In detail, we propose for
the first time, to the best of our knowledge, a comprehensive model
of the OMD process, directly derived from the Maxwell-Stefan and
Dusty-gas equations, which does not include simplifications. Subse-
quently, a simplified, linear model based on the Clausius-Clapeyron
equation is developed discussing its strengths and limits. The latter,
although requiring knowledge only of bulk quantities (i.e., molarity
and temperature) and polarization coefficients, exhibits varying
discrepancies from the predictions of the full model as concentration
and temperature vary. Discrepancies were thus discussed to identify
the ranges of applicability of the simplified model. In addition,
experimental water vapor fluxes were measured under varying
operating conditions, with the purpose of validating the model. The
model adequately predicted the experimental fluxes and identified
the highest possible fluxes at the thermodynamic limits. The
theoretical and experimental analyses were further used to explore
and reveal the influence of process parameters, such as bulk
temperature and molarity of the two streams, on the transmembrane

water vapor flux. Finally, we examined the effects of concentration
and temperature polarization on driving force reduction (flux loss)
under various operating conditions. The complex nature of conjugate
heat and mass transfer leads to non-trivial trends, necessitating
detailed investigations for a comprehensive understanding and
optimization of the OMD process. In detail, the model interestingly
predicts temperature polarization coefficients higher than one or
negative under some operating modes, the latter being induced by
evaporative cooling phenomena. Note that the membrane deployed
in this study, whose characteristics were also used as model
parameters to perform sensitivity analyses and OMD flux evaluations,
was designed for traditional membrane distillation and may not be
ideal for an OMD process. Indeed, improvements in membrane
properties, specifically tailored for OMD, may increase the efficiency
and reduce some of the limitations of this innovative process,
compared to what exemplified in this work.
The major strengths and prospected applications of OMD based

on our findings are as follows:

1. Ability to produce higher water vapor fluxes compared to
conventional processes like osmotic dilution and forward
osmosis. For instance, considering pure water and 4 M CaCl2
aqueous solution flowing in the feed and draw channels,
respectively, with a draw temperature of 20 °C, OMD can
ideally produce about 3.7 kg m−2 h−1, while osmotic
dilution mode yields only 2.5 kg m−2 h−1. This represents a
50% productivity increase in OMD with a minor 3 °C increase
in feed temperature while keeping other conditions fixed.

2. Ability to utilize lower feed temperatures, resulting in
significant energy savings, ranging from 5 to 95%, depend-
ing on the operating conditions. This feature is especially
relevant when managing temperature-sensitive high-value
compounds, as found in the food and beverage, nutraceu-
tical, and cosmetics industries.

3. Ability to employ draw solutions with extraordinarily high
concentrations. As flux occurs via a vapor pressure gradient
across a hydrophobic membrane, OMD is not susceptible to
reverse solute diffusion to the feed stream, unlike forward
osmosis, where osmotic pressure drives flow across a
hydrophilic membrane. Management of the diluted draw
solution may be a complex issue in some instances, and this
topic is not investigated here. However, OMD may be an
advantageous process especially when draw solution
regeneration is not needed (e.g., use of a sacrificial draw
solution, achievement of minimal dilution) or when it can be
accomplished by simple means (e.g., replenishment of
inexpensive draw agent into solution).

Overall, these strengths highlight the potential of OMD in entering
the portfolio of liquid separation processes that are likely to offer
enhanced efficiency, reduced energy consumption, and improved
resource recovery toward the sustainable target of zero liquid
discharge water treatments.
That being said, outstanding challenges for OMD implementa-

tion exist, for example, (i) the need for a comprehensive and
effective investigation of fouling, scaling, and wetting mechanisms
with specific, relevant feed streams, (ii) the intrinsically low
rejection of volatile compounds that would translate into draw
solution contamination and potential cross-contamination of the
feed streams, (iii) selection, management, and possible reconcen-
tration of the draw solution, (iv) the need for process optimization
via combined modeling and experimental testing, ideally at pilot
scale, (v) the necessity for currently lacking techno-economic
evaluations based on wide-ranging and robust data, which should
suggest feasible implementations of OMD as well as those that are
likely to be unsuccessful from an economic standpoint. OMD costs
may be envisioned as not too dissimilar to those of membrane
distillation installations, with additional expenses around draw
solution utilization and simultaneous savings in terms of thermal
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energy needs, which should be evaluated on a case-by-case basis.
While some of the issues highlighted above, as well their potential
solutions, are common among all thermally driven membrane-
based separation processes or among all osmotically driven ones,
others are unique to OMD and necessitate targeted investigation.

METHODS
Naming convention
The transport behavior in the OMD process is discussed in this
work through a combination of modeling and experimental
analyses. Since literature studies use different naming conven-
tions, a brief explanation of the process is reported here together
with the adopted terminology. In OMD, two solutions are in
contact with a hydrophobic membrane. The warmer feed solution
is separated from the colder draw solution of higher salinity by the
membrane. In this study, the investigated feed solution is
aqueous. Specifically, pure water was used in the experiments
while different aqueous mixtures were assessed by means of the
developed model. Therefore, in the relevant instance of this study,
the draw solution is enriched by the condensation of water vapor
during the OMD process. Pure water vapor passes through the
membrane due to the vapor pressure gradient created by
temperature and salinity differences between the two sides of
the membrane.

Bench-scale OMD setup
The OMD process was investigated experimentally utilizing a bench-
scale membrane distillation cell of the following dimensions: length
75 mm, width 28 mm, and height of the flow channels 2 mm. The
module hosted a rectangular hydrophobic polytetrafluoroethylene
(PTFE) membrane with a thickness of 77 μm, nominal pore size of
0.17 μm, and a total active area of 21 cm2. The membrane used in
the experiments was manufactured for membrane distillation
processes and did not necessarily have the best characteristics to
maximize the output in an osmotic membrane distillation process.
Ideal OMD membranes may likely be characterized by smaller
thickness and different porosity compared to materials designed for
traditional membrane distillation. The experimental setup was also
composed by two heat exchangers, which allowed heating up and
cooling down to the target temperatures the feed and the draw
solution, respectively. The system worked under atmospheric
pressure with negligible pressure losses due to friction. The feed
and draw solution tanks were sealed with lids to prevent water vapor
from escaping, while also ensuring a continuous air inlet to avoid
pressurization. A constant cross-flow rate was maintained during the
tests utilizing two volumetric pumps controlled by inverters. The
water vapor flux through the membrane was determined by
measuring the time-dependent weight change of the draw tank
using a computer-interfaced balance. The initial feed and draw
solution volumes were both equal to 1 L.

Experimental protocol
The filtration experiments were performed at a circulation flow rate
of the feed and draw solutions equal to 20 L h−1, which
corresponded to a cross-flow velocity of roughly 0.065 m s−1. The
reported water flux data are taken as the average value obtained
with individual measurements performed every 10 min for 1 h, at
steady-state. Firstly, six osmotic distillation experiments were
performed, whereby only the difference in salinity between the feed
and draw solution was exploited as driving force, i.e., the two
solutions had the same temperature. Specifically, temperatures were
kept equal to 25 °C, 35 °C, 45 °C, or 55 °C, while the tested draw
agents were 3 mol L−1, 4 mol L−1, and 5 mol L−1 sodium chloride or
calcium chloride. High purity sodium chloride and calcium chloride
salts were purchased from Carlo Erba, Italy, and used to prepare the

draw solutions. Secondly, six membrane distillation experiments
were performed, whereby only the temperature difference across the
membrane was exploited as driving force. Temperature differences in
the bulk of the solutions equal to 10 °C, 20 °C, and 30 °C were
assessed, achieving a feed water temperature up to 50 °C. Lastly,
three OMD experiments were performed with the same temperature
ranges exploited for the second set of tests and using as draw agents
those that provided the highest water fluxes according to the first set
of experiments. Prior to each test, pure water was employed as the
draw agent, and the same temperature was applied to both sides of
the membrane to ensure that no water flux was observed in the
absence of temperature or osmotic-driven forces. This step also
facilitated the establishment of hydrodynamic equilibrium within the
testing membrane cell36. This protocol was conducted again at the
end of each experiment to ensure that irreversible membrane
wetting did not occur during the test. Furthermore, since pure water
was always utilized as feed solution, feed side electrical conductivity
was monitored over time using an immersed probe (COND 7+, XS
Instruments, Italy) to verify the absence (or negligible occurrence) of
reverse salt flux from the draw to the feed solution.

Mass transport through the membrane
The Maxwell-Stefan and dusty-gas models were combined to
evaluate the specific vapor mass flow rate through the membrane
(Jw [kg m−2h−1])37–41. The Maxwell-Stefan model accounts for the
external driving force, including the concentration effect (i.e., the
chemical potential) and the molecular diffusion, which details the
interaction between gas molecules. The dusty-gas model con-
siders the interaction between gas molecules and the porous
membrane (i.e., the collision between gas molecules and
membrane pore walls). As a result of the combination of the
aforementioned models, species transport through the porous
membrane can be modeled as:

� xi
RT

dμi
dz

¼
Xn
j¼1;j≠i

xjNi � xiNj
PϵmDij

RTτ

 !
þ Ni

PϵmDi;K

RTτ

(1)

where xi and μi are the mole fraction and chemical potential of
species i, respectively. Moreover, R is the molar gas constant; T and
P are the absolute temperature and the total pressure of the
mixture; z is the vertical coordinate (Fig. 1). At the second member
of the equation, the two terms represent the contributions of
molecular diffusion and Knudsen diffusion, respectively. In detail,
Dij is the diffusion coefficient of species i in species j and Di,K is the
Knudsen diffusion coefficient for species i. The latter can be

written as Di;K ¼ 8r
3

ffiffiffiffiffiffiffiffi
RT
2πMi

q
, being r the average pore radius of the

porous membrane and Mi the molar mass of species i.
Furthermore, Ni is the molar flux of species i. The parameters ϵm
and τ are characteristic of the membrane and represent its
porosity and tortuosity. The two parameters may be empirically
correlated by considering the Mackie-Meares equation42,43,

namely, τ ¼ 2�ϵmð Þ2
ϵm

. It is worth noting that the viscous contribution
to vapor transport was not considered in this model because of
the absence of a total pressure gradient across the porous
membrane. Furthermore, hydrophobicity prevents pore penetra-
tion and thus the establishment of viscous flow.
As proposed in the literature37–41,44, Eq. (1) can be simplified by

relying on reasonable assumptions. In detail, it may be assumed that:
(i) the ternary mixture of water vapor, nitrogen, and oxygen is an
ideal binary mixture of water vapor and air; and (ii) the air molecules
occupying the membrane pores are static, as a consequence of the
low solubility of air in water. Then, the chemical potential of water
vapor, being considered ideal, may be expressed as
μw ¼ μw;pure þ RT ln xw, where the subscript w refers to water vapor.
Following these assumptions, Eq. (1), circumscribed to the process
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under consideration, is re-written as follows:

� dxw
dz

¼ 1� xwð ÞNw
PϵmDw;a

RTτ

þ Nw
PϵmDw;K

RTτ

(2)

where Dw,a and Dw,K are the molecular diffusion of water vapor in
air and the Knudsen diffusion of water vapor through the pores of
the membrane, respectively. Considering the subscripts f, d, and m
denoting feed, draw, and membrane, respectively, Eq. (2) can be
integrated across the membrane:

�
Z zm;d

zm;f

dxw
1� xw þ α

¼
Z zm;d

zm;f

Nwdz
PϵmDw;a

RTτ

(3)

whereby α ¼ Dw;a

Dw;K
. In Eq. (3), xw;m;f ¼ aðxs;m;f ÞpvðTm;fÞ

P at z= zm,f and

xw;m;d ¼ aðxs;m;dÞpvðTm;dÞ
P at z= zm,d were the chosen boundary condi-

tions, being a and pv the activity and the partial water vapor pressure
of the solution under consideration, respectively. The activity strongly
depends on the mole fraction of the solute in the aqueous solution
xs, whilst the pv depends on the temperature of solutions. Therefore,
the non-volatile solute mole fractions and the temperature at the
interfaces between the feed/draw aqueous solutions and the
membrane (i.e., xs,m,f, xs,m,d and Tm,f, Tm,d, respectively) were appro-
priately estimated to assess the net driving force of the process.
Indeed, the values in the proximity of the membrane are different
from the corresponding bulk values (hereafter denoted with
subscript b) because of the formation of boundary layers.
The resulting analytical formulation governing the molar flux of

water vapor through the membrane was subsequently derived
after solving Eq. (3):

Jw ¼ ψ ln
1þ α� xw;m;d

1þ α� xw;m;f

� �
(4)

where Jw ¼ NwMH2O, being MH2O the molar mass of water,

ψ ¼ MH2OPϵmDw;a

RTτδm
, and δm the thickness of the membrane. ψ is the

integration constant which encompasses all membrane character-
istics as well as the absolute temperature and total pressure of the
mixture.

Heat transfer through membrane and boundary layers
The total heat flux through the membrane is due to both the
latent heat transfer related to the water vapor flux Jw and the heat
conduction through the porous membrane. The thermal con-
ductivity of the membrane can be estimated by a weighted mean,
namely km= kairϵm+ k(1− ϵm), being kair and k the thermal
conductivity of the air trapped in the pores and of the material
of the membrane, respectively. Thus, the steady-state heat transfer
across the whole module, including the feed and draw channels,
can be summarized as:

hfðTb;f � Tm;fÞ ¼ km
δm

ðTm;f � Tm;dÞ þ JwΔHð ~TmÞ ¼ hdðTm;d � Tb;dÞ (5)

where hf and hd are the convective heat transfer coefficients in the
boundary layers of the feed and draw channels, and ΔHð ~TmÞ the
latent heat of vaporization evaluated considering the average
temperature in the membrane (i.e., ~Tm). By manipulating Eq. (5),
the temperature at the feed/membrane and membrane/draw
interfaces are derived:

Tm;f ¼
km
δm

Tb;d þ hf
hd
Tb;f

� �
þ hfTb;f � JwΔHð ~TmÞ

km
δm

þ hf 1þ km
δmhd

� � (6)

Tm;d ¼
km
δm

Tb;f þ hd
hf
Tb;d

� �
þ hdTb;d þ JwΔHð ~TmÞ

km
δm

þ hd 1þ km
δmhf

� � (7)

The resulting temperature polarization coefficient can be thus
evaluated as θT ¼ Tm;f�Tm;d

Tb;f�Tb;d
¼ ΔTm

ΔT . In case of hf= hp= h, the latter

expression is simplified as θT ¼ h�2JwΔH
ΔT

2kmδmþh
, thus Tm;f ¼ Tb;f �

ΔT
2 1� θTð Þ and Tm;d ¼ Tb;d þ ΔT

2 1� θTð Þ. The latter temperatures
can be used to evaluate the effective vapor pressure at the
membrane interfaces through the Antoine equation:

log10 pvðTm;f=dÞ
� � ¼ A� B

C þ Tm;f=d½�C� (8)

Relationships between the temperature in the bulk and at the
feed/draw aqueous solutions-membrane interfaces can be
obtained using heat transfer empirical correlations, such as
Nu ¼ hdh

k ¼ f Re; Pr; dhL
	 


, where Nu, Re, and Pr are Nusselt, Reynolds
and Prandtl numbers, respectively, while dh and L are the
hydraulic diameter and the length of the module. To generalize
the problem, the aspect ratio parameter Ω ¼ dh

L was introduced to
account for the geometry of the module. The following
correlations suggested by the literature were used for laminar
and turbulent flow45:

Nu ¼ 1:86ðRe PrΩÞ0:33; if Re � 2100 (9)

Nu ¼ 0:023 1þ 6Ωð ÞRe0:8 Pr0:33; if Re>2100 (10)

Moreover, due to the transport of water vapor through the
membrane pores, the non-volatile components accumulate/dilute
in the feed/draw channels in proximity of the membrane surface.
As a consequence, a concentration gradient between the feed/
draw-membrane interface and the bulk of the solution is
generated, and a diffusive flow of solutes induced. At steady
state, a concentration profile resulting from the convective
transport of solutes towards the membrane surface (in the feed
channel, or in the opposite direction for the draw channel) and the
diffusive flux of retained compounds towards the bulk solution (in
the feed channel, or in the opposite direction for the draw
channel) is established, as depicted in Fig. 1a. The Nernst film
model, which neglects eddy and thermal diffusion, is extensively
exploited in the literature45,46 to evaluate the ratio between the
solute concentration at the membrane surface and in the bulk. For
the feed and draw channels, the following equations can be
written, respectively:

xs;m;f ¼ xs;b;f exp
Jw
ks;f

� �
(11)

xs;m;d ¼ xs;b;d exp
�Jw
ks;d

� �
(12)

where ks;f=d ¼ Ds;wρf=d
δboundary

is the mass transfer coefficient, being Ds,w, ρ

and δboundary the solute diffusion in water, the density of the
solution in the boundary layer, and the thickness of the boundary
layer, respectively. A concentrative concentration polarization
coefficient can be defined in the feed solution as θs;f ¼ xs;m;f

xs;b;f
.

Contrarily, in the draw solution, a dilutive concentration polariza-
tion coefficient defined as θs;d ¼ xs;m;d

xs;b;d
results. Hence, the activity of

the solutions at the membrane interfaces is:

a xs;m;f
	 
 ¼ a xs;b;f exp

Jw
ks;f

� �� �
(13)

a xs;m;d
	 
 ¼ a xs;b;d exp

�Jw
ks;d

� �� �
(14)

It is worth noting that this is valid if the non-volatile components
are retained by the membrane, which is the case for the process
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under consideration. The activity values of the solutions were
calculated from the Idaho Database of Solution Thermodynamics
(IDST)28. To estimate δboundary, mass transfer empirical correlations
were exploited45:

Sh ¼ 1:62ðRe ScΩÞ0:33; if Re � 2100 (15)

Sh ¼ 0:023 Re0:8 Sc0:33; if Re>2100 (16)

where Sh, Sc are the Sherwood and Schmidt numbers, and
δboundary ¼ dh

Sh.
To summarize, Eq. (4) represents a model that incorporates

the heat and mass transfer mechanisms occurring both across
the membrane and in the feed and draw channels, where
boundary layers are induced by thermofluid-dynamic condi-
tions. Therefore, to accurately determine the effective water
vapor flux through the membrane, the polarization phenomena,
and consequently the effective concentration and temperature
values at the interfaces between the aqueous solutions (both
feed and draw) and the membrane, shall be taken into
consideration.

Simplified, linearized model
The implicit non-linear Eq. (4) outlines the logarithmic depen-
dence of water vapor flux on its mole fraction, computed at the
interface between the aqueous solutions (both feed and draw)
and the membrane. Calculating the latter variable requires
knowledge of the relationship between activity and molarity of
the solution (see Eqs. (13) and (14)) and semi-empirical heat and
mass transfer correlations (see Eqs. (9), (10) and Eqs. (15) and (16))
for the boundary layers. Clearly, the implicit nature of Eq. (4) and
the need for various correlations imply a number of cumbersome
calculations, which may limit the exploitation of this OMD model
by the community.
For practical purposes, a streamlined linearized version of Eq. (4)

is derived and described below, making it simpler to use, albeit
with some necessary approximations. Typically, as a result of the
low transmembrane bulk temperature difference, the permeate
water vapor flux can be linearly related to its partial pressure
difference across the membrane pores:

Jw ¼ KΔpv ¼
1

2MH2Oϵmr
3RTδmτ

ffiffiffiffiffiffiffiffiffiffi
8RT

πMH2O

q þ 1
ϵmPDw;aMH2O

paτRTδm

0
B@

1
CA

�1

Δpv (17)

where K is the permeability coefficient and pa the arithmetic mean
of the partial pressures of air in the pores. Then, in case of diluted
conditions, the activity of the solution can be assumed as linearly
dependent on the molar fraction of the non-volatile solute27,
namely a(xs)= 1− xs, resulting in the following equations for the
activity of the solutions:

am;f ¼ 1� xs;m;f ¼ 1� xs;b;f exp
Jw
ks;f

� �
(18)

am;d ¼ 1� xs;m;d ¼ 1� xs;b;d exp
�Jw
ks;d

� �
(19)

Furthermore, as measuring the temperature at the feed and
draw sides is more feasible than determining the partial pressure,
the water vapor flux can be evaluated using the well-known
Clausius-Clapeyron equation27,46:

Δpv ¼
dpv
dT

����
~Tm

ðTm;f � Tm;dÞ 1� ~xð Þ þ pvð ~TmÞ ð1� xf;mÞ � ð1� xd;mÞ
� �

(20)

where dpv
dT j ~Tm ¼ ΔH

RT2

� �
pvð~TÞ represents the variation of vapor

pressure at the vapor-water equilibrium interface at constant

temperature. The final linearized expression is therefore written as:

Jw ¼ Kð~TÞpvð~TÞ
ΔHð~TÞ
R~T

2 θTΔT 1� θs;d xs;b;d þ θs;f xs;b;f
2

� �
þ θs;d xs;b;d � θs;f xs;b;f
	 
� 

(21)

Typically, the permeability coefficient K can be easily estimated
by experiments. Therefore, with knowledge of the bulk solute
mole fractions and temperatures of both feed and draw streams
(i.e., xs,b,f, xs,b,d, Tb,f, Tb,d), the water vapor flux through the
membrane can be explicitly and easily estimated. This estimation
relies on assuming or fitting the temperature and concentration
polarization coefficients to experimental data. Indeed, with the
knowledge of Tb,f and Tb,d, calculating the values of ~T and ΔT in Eq.
(21) becomes straightforward as well.
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