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Abstract of CRADA Work:

Conventional compressor-based cooling has undergone incremental changes over the past 100
years. Further improvements in efficiency require evermore complex systems, especially under
humid conditions. Meso-porous membranes offer unique opportunities for efficient humidity
control in buildings using an absorbent desiccant solution, but membranes are not designed or
optimized for this purpose. This project will use molecular dynamic simulations to determine
optimal membrane properties for these air conditioning applications, focusing on the membrane
properties at the membrane/liquid/air interface. Optimal membrane designs will enable smaller,
more durable, and less expensive designs of these membrane air conditioning systems.

Summary of Research Results:

This section describes the completed work and outcomes of this project, including slight changes
to the original joint work statement (JWS). The work completed for each task of the JWS is
described under the headings below, while conclusions and outcomes from the work are
summarized in a separate section at the end.

This section starts with background and an explanation of the modeling approach.

Introduction & motivation:
Conventional compressor-based cooling has undergone incremental changes over the past 100
years. Further improvements in efficiency require evermore complex systems, especially under
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humid conditions. 7AC Technologies has developed an approach to liquid desiccant air
conditioning which has demonstrated improved thermodynamic performance, when coupled with
traditional compressor-based HVAC systems.

These porous membranes offer unique opportunities for efficient humidity control in buildings
using an absorbent desiccant solution, but membranes are not designed or optimized for this
purpose.

This project originated from a request from 7AC Technologies, who was interested in better
understanding the physics occurring at the membrane/desiccant/air interface. They requested
molecular dynamics simulation support to help understand this interface better and determine
better membrane properties for their application. 12

This project used molecular dynamic (MD) simulations to determine the effect of membrane
properties on important metrics for these air-conditioning applications, focusing on the
membrane properties at the membrane/liquid/air interface. Using improved membranes will
enable smaller, more durable, and less expensive designs of these membrane air conditioning
systems.

Problem description:

7AC’s interests align with the two key performance indicators of any liquid-to-air membrane
contactor: breakthrough pressure, and vapor transport through the membrane pores. They are
also interested in preventing crystallization of salt hydrates out of the desiccant solution.

Breakthrough pressure:

In these membrane contactor applications, liquid enters the pores, sometimes referred to as pore
breakthrough or pore wetting, when the force from the liquid pressure exceeds the surface
tension forces. This breakthrough pressure depends on the membrane material and the pore size,
as predicted by the Young-Laplace equation. For aqueous applications, the membrane material is
hydrophobic, with a low surface energy (e.g., polypropylene, PTFE). The breakthrough pressure
is also inversely proportional to pore size. The effect of pore shape is less understood, with many
researchers using an empirical coefficient to consider the deviation from cylindrical pores. A
model for breakthrough pressure of torus-shaped pores, representative of fibrous membranes,
was also developed by Purcell [1], and has been used by several membrane researchers.

Because of the importance of pore morphology on pore breakthrough, it is important to
understand how it influences breakthrough pressure.

The breakthrough of liquids into hydrophobic membranes is governed by the Young-Laplace
equation:

A ( ! + ! ) Q)
P=Y
Rcm‘v.l Rcurv.z

where Ap is the breakthrough pressure, y the liquid surface tension, and Recurv,1 and Rcurv,2 the two
principal radii of curvature of the liquid/gas interface (Figure 1).
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Figure 1: Curved liquid interface showing the two principal radii of curvature.

This equation governs not only liquid entry into a membrane pore, but also capillary rise, the
pressure inside water droplets in air, and the pressure of gas bubbles in water. This equation can
be put into more familiar terms for membrane researchers by calculating the radii of curvature
for a straight-through, cylindrical pore with sharp edges. Then this equation becomes:

_ —2ycost

Ap = )

rpor‘e
where rpore IS the membrane pore radius, and theta is the contact angle (Fig. 1). A pore
morphology, or pore geometry, coefficient (B) can be added to account for the effect of non-
cylindrical pores:

—2Bycost
Ap = ——— ©)
Jr-pc:lr'e
This was first introduced by Cotton [2] in 1981 for mercury porosimetry, and has been used
extensively since to model pore breakthrough.

While some have argued that the Young-Laplace equation does not predict breakthrough
pressure well, this is misleading because they are arguing that Eq. (2) or Eq. (3) does not predict
breakthrough pressure well, but Eq. (1) is the Young-Laplace equation, which is still valid for
any pore size and shape.

Other models specific to different geometries have also been developed. For example, several
membrane researchers [3-8] have used an equation valid for torus-shaped pores, originally
developed by Purcell [1] for capillary flow through porous subsurface rocky soils:

where River is the radius of the torus cross section (formed by a hypothetical polymer fiber), and
a is the angular distance the liquid-gas interface progresses past the torus midline (Fig. 2). This
angle can be calculated with:

sin@

T 4)
1 + pore (
Rfiper

sin(f0 + a) =
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This model is still based on a circular cross-section but includes the effect of axial variation in
pore geometry, similar to a membrane with cylindrical fibers forming these torus-shaped pores.
This model is still based on the original Young-Laplace equation, Eg. (1), but the radii of
curvature change as the liquid/gas contact line moves axially within the pore. Eq (2) matches Eq.
(4) when o = 0 (rpore << Rfiber).

Thus, the only equation in the literature for calculating the impact of pore cross-sectional shape
is the B coefficient in Eq. (3), which is used extensively in the literature. However, only a few
papers have tried to link the actual pore geometry to the B coefficient, all of which have been
empirical, and thus likely has B and « lumped into one coefficient.

One final equation, suggested by Hereijgers et al. [7] is to include an empirical coefficient to
account for the effect of both cross sectional and axial shape:

—2Byycos(8 + ay)
Ap = )
Jrpc:nre
In general, Po is different than B. This equation can be thought of as a generalized equation for
pore breakthrough, whose parameters can be investigated with molecular dynamic simulations.

Evaporation/condensation rates:

Evaporation and condensation occur at the liquid/vapor interface, and are key drivers in the total
vapor transport through the membrane. 7AC Technologies is very interested in understanding
how membrane pores can impact evaporation or condensation of water vapor from the liquid
desiccant. Specifically, they want to know if there are any nanoscale effects that impact
condensation and evaporation processes differently. They have some experimental evidence that
evaporation is a lower rate than expected in their membrane modules, although there are many
other factors that could be contributing to this phenomenon. Part of the motivation of this project
is to determine if there are any microscopic effects that could contribute to this phenomenon, or
if it is likely from some other cause.

Prior to, and in parallel with, performing the molecular dynamics simulations, National
Renewable Energy Laboratory (NREL) also modeled the desiccant absorption and desorption
process for the design developed by 7AC. This included gas-diffusion-theory calculations for
transport of water vapor through the pores, and a finite-difference model of the water, air and
desiccant in their membrane module. The finite-difference model showed that regeneration of the
desiccant (i.e., evaporation) is much more sensitive to non-idealities in their process than the
absorption process (i.e., condensation). The non-infinite flow rates and non-zero temperature and
concentration gradients causes these non-idealities, and the performance of the regeneration
process is much more sensitive than the absorption process [9].

Even with these known differences between the regeneration and absorption processes, the
regeneration / evaporation process still showed lower performance than the model predicts,
whereas the absorption / condensation process was more in-line with the model predictions. Based
on standard mass transfer and diffusion calculations, including the non-zero velocity of airflow
through the pores in the 7AC design, the difference between the evaporation and condensation
rates were the same for the same driving potential. This motivated the molecular dynamics
simulations to better understand how the membrane may impact evaporation or condensation.
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The final area of interest to 7AC is the crystallization of the desiccant, which can damage the
membrane module, or prevent it from operating. This is often referred to as inorganic fouling or
scaling in the membrane distillation field (a process similar to the process used by 7AC).
Crystallization is caused when the concentration of salt ions exceeds the solubility limit of the
desiccant ions. Part of this research investigated the potential for crystallization at the membrane
surface (i.e., heterogeneous nucleation) versus crystallization in the bulk liquid (i.e., homogenous
nucleation).

Task 1: Model development for desiccant, air, membrane interface

Our approach focused on molecular dynamic (MD) simulations of the interactions between
water/desiccant solutions with polymer membranes. In general, we used Amber molecular
dynamics packages to perform simulations with a time step of 2 fs and periodic boundary
conditions. The polypropylene (PP) (010) surface (Figure 2A) was adapted from PP crystalline
structure, in which the parallel PP fiber forms a smooth surface. The PP fibers were fixed during
simulations to retain this smoothness. The force field parameters for atoms were from established
OPLS-AA force field for the membrane and the widely-used TIP3P water model. Long-range
electrostatics (charge-charge) interaction was treated with particle mesh Ewald summation using
mesh density of ~ 1 point/A in each cell direction. The system was first equilibrated at targeted
temperature. Calculations were performed on the NREL’s Peregrine high-performance computer
system.

Contact angle:

In the contact angle simulations, a water (or desiccant) droplet with a diameter of 5nm was put
on a PP surface at 298K (Figure 2). We ran one simulation for 6ns and then calculated the
average profile of the droplet using the simulation trajectory. The calculated profile curve was
then fitted to a circle to obtain the contact angle at the PP surface.

(A) (B)

Figure 2. (A) A snapshot from MD simulation: One 5 nm water droplet on the PP membrane (010)
surface. (B) Experimental measurement for the contact angle.
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We designed a steady state simulation of evaporation process by moving evaporated water
molecule from the gas phase and putting them back to the liquid phase. Figure 3A illustrates
such a system for evaporation and a similar method can be used to create a steady state of
condensation by moving water molecules form liquid phase to the gas phase. We also created
transient state simulations by suddenly change the RH to 120% or 80% and measure the speed
for the system goes back to the equilibrium (Figure 4A).

To simulate a breakthrough process, we applied an external force on every water molecule to
force it passing through a slit or pore formed by parallel PP fibers. We run simulations at many
different pressure parallelly and the lowest pressure to make the water breaking through the
slit/pore is defined as the breakthrough pressure. We found that the breakthrough time is depend
on the size of the slit/pore and the thickness of the membrane and generally are between 2ns and
20ns. We have made sure that our simulation time is long enough to make a breakthrough to
occur.

K4 llization:
MD simulations were performed at 298K on the system of Figure 8A and the trajectory was used
to generate maps of Li+ and CI- concentrations by calculating number of ions inside each grid
bin. The simulation of formation of LiCl crystal was performed by removing water molecules in
the gas phase at 600K. In this way, we created a chemical potential bias to prevent the system
from reaching equilibrium, and this continuous evaporation leads to crystallization of LiCl salt.

Task 2: Simulations for Evaporation/Condensation on the desiccant/air interface

In this section, we focus on the evaporation and condensation process and the influence of the
pores. We first focused on the equilibration property and tried to calculate the vapor pressure of
desiccant at different concentration using three different method: direct simulation, umbrella
sampling, and thermodynamic integration.

The first method is to directly measure the vapor pressure by calculating the concentration of
water in the gas phase above the liquid desiccant phase. This approach resulted in a linear
relationship with the concentration of desiccant, which is not consistent with the non-linear
relationship of experimental measurement. We then used umbrella sampling method, in which
one water molecule was gradually pulled up from the liquid phase to the gas phase by an external
force. By measuring the force applied during the simulation, we can calculate the free energy
used to evaporate one water molecule, and then the vapor pressure. However, pulling different
water molecules results in dramatically different results, leading to unacceptable uncertainty. The
third method is thermodynamic integration, where we artificially removed a water molecule from
the liquid phase and then artificially added it to the gas phase. Again, the change in free energy
was measured, and used to calculate vapor pressure. However, our result shows little change in
the free energy when desiccant concentration is increasing. As a result, we didn’t find any
effective method to calculate the vapor pressure of the desiccant.

We then investigated the kinetics of evaporation and condensation by simulating evaporation
and condensation from liquid/vapor interfaces, including with membrane pores. We used two
different methods: a steady-state simulation method, and a transient method.
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Steady-state evaporation/condensation: Figure 3B shows the normalized evaporation rate at
500K as a function of humidity bias to the equilibration in relative humidity (RH). These results
are based on the simulation setup shown in Figure 3A, where the driving force was maintained
constant by removing ions from the vapor above the membrane. The results indicate that pore
size has little impact on the evaporation/condensation rates. The condensation rate is always
larger than the evaporation rate at the same humidity bias (driving force). To investigate this
further, we also used a transient simulation method, where the concentration of vapor above the
liquid slowly changed towards equilibrium.
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Figure 3. (A) Steady state simulation of evaporation process and (B) evaporation/condensation
rate as a function of driving force.

Transient evaporation/condensation simulations:

In these transient simulations, the humidity above liquid water started either 20% above or below
the saturation vapor pressure, to simulate evaporation from the liquid (vapor below saturation) or
condensation (vapor above saturation). We ran these simulations both with only water vapor in
the space above the liquid, and with N2 molecules (N2: H20 ratio is 7:1).

Both sets of simulations showed similar results. Figure 4 shows the results of the transient
simulations with no N2, with Figure 4B showing the number of water molecules in the region
between 7.5nm and 20.0nm. The number of water molecules in the vapor phase decreases during
condensation and increases during evaporation. Figure 4C takes an average of the two curves in
Figure 4B and calculates the difference, which shows that the average values were smaller than
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the equilibration value for most of time, confirming that the overall condensation rate is faster
than the evaporation rate. However, we also made these same average plots for two sub-regions:
7.5-12nm (Figure 4D) and 12-20nm (Figure 4E). The plot for the 7.5-12nm shows that this
region is closer to the equilibration values. This suggests that in the region close to the liquid
water, condensation and evaporation rates are roughly equal. In other words, the rate of water
molecule transport from the 12-20nm region, and to the 7.5-12nm region, is higher during
condensation. But that these molecules move from the 7.5-12nm region into the liquid water (or
vice versa during condensation) at roughly the same speed regardless of direction.

A final simulation introduced the membrane (with a pore) above the gas-liquid phase (similar to
the slit in Figure 3A). The transient simulations were again started with water vapor either 20%
above or below the saturation vapor pressure. The results aligned with the case without a
membrane: the condensation and evaporation rates in the region near the liquid/vapor interface
are nearly the same, but the diffusion rates further from the interface were higher for
condensation than for evaporation. This implies that although the actual rate of liquid-vapor
phase change at the liquid/vapor interface is the same, regardless of whether it is evaporation or
condensation, the water molecule diffusion in the regions far from the interface plays an
important role in determining the overall condensation and evaporation rates.
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Figure 4. (A) Transient state simulation system; (B) Condensation and evaporation plots as a
function of simulation time; (C) The average plot of condensation and evaporation; (D) The
average plots for regions between 7.5-12nm and (E) 12-20nm.
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Task 3: Simulations for vapor transport through membrane pores

During the project, it was decided to stay focused on the membrane/liquid interface, including
how it impacts evaporation and condensation, as well as breakthrough pressure through the
membrane pores. While we did explore some methods for modeling this vapor transport, this
task was omitted from this current project.

Task 4: Simulations for the desiccant/membrane/air interface

Contact Angle:

Since this project focuses on the interactions between the membrane and desiccant solution, it’s
important to choose parameters with accurate descriptions of the surface tension. When we
started this project, there were multiple sets of MD force fields available for the membrane,
desiccant (LiCl), and water. In order to identify the optimal force field parameters, we have run
tens of simulations to study contact angles of pure water and desiccant on the polypropylene (PP)
with different force field parameters and compared with experimental measurements. The
contact angles determined by MD simulations on the (010) PP surface are 115° for pure water
and 126° for 30% LiCl using TIP3P water model. For SPC water model, they are 118° and 127°,
respectively. Our experimental measurements of contact angles for pure water and 30% LiCl on
PP membrane are 108° and 114°, respectively. Thus, TIP3P water model results are closer to the
experimental measurement and we used this model in the following simulations.

Breakthrough pressure:

We then focused on the breakthrough phenomenon at the liquid/membrane interfaces, as the
most important function of the membrane used in liquid desiccant air conditioners is to prevent
liquid from breaking through. The Young-Laplace equation describes the relationship between
the breakthrough pressure Ap and the curvature of the pores, as discussed in the problem
description.

When the pore is a circle, Ri=R2=r/cos0, where r is the radius of the pore. For an infinite long
slit, R1= d/cosb and R2=co, where d is the width of the slit. However, for non-axisymmetric
pores, there is no universal relationship between the R1/R2 and pore’s size. The results presented
here can be used to generalize the results to different pore shapes.

Figure 5 shows the five different slit shapes that have the same minimum gap width (d). The
thickness of PP slab is 4nm. We found that for the same shape, breakthrough pressure has a
linear relationship with 1/d (Figure 7). The ratios between intercept and slope are all < 1%. This
is consistent with the Young-Laplace equation where breakthrough pressure Ap=ycosé/d.
However, the converging gap shape (10000) has the lowest slope, i.e. the lowest breakthrough
pressure, and its breakthrough pressure is only ~80% of diverging gap shape (00001). This result
indicate that the breakthrough pressure not only depends on the gap size of a slit, but also
depends on the cross-section. This is consistent with the effect of the angle a from the Purcell
model mentioned above [1].
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Figure 5. Break-though pressure for ‘slit’ pores with different through-pore shapes

We also performed MD simulations on different pore cross-sectional shapes and measured
breakthrough pressures (Figure 6). The breakthrough pressure is still proportional to 1/a with
different slopes for different shapes, where a is the size of the pore. We defined an effective d. A
circle with this d will have the same area of a certain shape. For example, for a square shape pore
with length of a, its area is: S = a2 = zd2/4, so d = 2a/~/m. By plotting the breaking through
pressure as a function of 1/d (Figure 7), we have found that the slopes become very similar for
different shapes. The largest slope is 112% of the smallest slope. This is useful to estimate
breakthrough pressure for pores with different shapes with an error < 15%.
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Figure 6. Breaking though pressure for different shapes of pores.
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Use MD simulations to investigate the ion distribution in LiCl interface to investigate its
equilibrium property at 298K. Figure 8B is the net charge map calculated by [Li+] — [CI-]. The
water/air interface shows a light-orange color, indicating a positively charged interface. The
water/PP interface has showing discontinuous yellow colors, indicating that the Li+ is closer to
the PP surface than the CI-.. Considering that both experimental and computational
measurements show the diffusion rate coefficient of Li+ is smaller than Cl-‘s, the higher
concentration of Li+ and slow diffusion rate imply that Li+ plays an more important role in
crystallization than ClI-.

We also simulated the crystallization of LiCl by removing water molecules in the gas phase at
600K. After 24ns, we observed the formation of highly ordered LiCl crystal (Figure 9A).
However, there is still ~4% water molecules left, mainly locating between the salt crystal and the
membrane. This implies that the water-PP interaction is preferred instead of the LiCI-PP
interaction. Thus, the membrane itself is not a good candidate for the crystallization site and the
crystallization may arise from the local ion concentration fluctuations in the bulk solution as
shown in Figure 8B or charged foulants on the surface. This means that clean membranes should
resist crystallization better than membranes that have fouling from contaminants in the air or
liquid streams.
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Figure 8. (A) 30% LiCl in a gap formed by PP membranes and (B) net charge maps.
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Figure 9. (A) Crystal formed after the simulation and (B) remaining water molecules without
showing LiCl crystal.

Task 5: Publications and reporting

Under this task, we provided quarterly progress reports to the primary sponsor (US DOE
Advanced Manufacturing Office, AMO), as well as a final report to AMO and to the CRADA

partner.

A draft journal article will be submitted soon for publication.
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Conclusions and Outcomes

The MD simulations from this research focused on breakthrough pressure, and
evaporation/condensation rates.

The results showed that pore shape can influence the breakthrough pressure, from both through-
pore shape variations and cross-sectional pore shape variations. We showed that the impact of
cross-sectional pore shape can be simplified into an effective pore size, which is proportional to
the pore area. This is significant; the membrane literature for several decades has been describing
the effect of pore shape on an empirical pore morphology coefficient. This research starts to
define this effect in a theoretical way (instead of an empirical value that has been difficult to

quantify).

For evaporation and condensation, the steady-state and transient simulations showed that
evaporation and condensation rates at the liquid interface are equivalent, implying a negligible
impact of the membrane structure on the liquid/vapor phase change. These micro-level results
confirm our macrolevel understanding of liquid/vapor phase change at interfaces.1

However, water vapor diffusion rates in the region far away from the interface during
condensation were higher than during evaporation. This implies that diffusion can dominate the
transport in these processes, and that any difference between evaporation and condensation could
be related to diffusion.

From the results and accumulation of knowledge from this project, we can conclude the
following:

e The effect of pore shape on breakthrough pressure trends with pore area, and thus one
pore shape does not have an advantage over another in preventing pore breakthrough
(equal area means approximately equal vapor transport)

e Because of this, the best pore shape is more related to how to get the most open area
(highest porosity) for a given pore area. For example, an optimal structure could be a
honeycomb-like structure, which provides a high packing density.

e In general, larger pore sizes lead to higher transport through membrane pores, but also
can cause breakthrough of liquid into the pores. Therefore, the ideal pores are just smaller
than the pore that will cause breakthrough at the expected max operating pressure. This
means that membranes with a very tight pore size distribution (e.g., largest pore is very
similar in size to the smallest pore).

e Future research could be used to explore diffusion of vapor through porous membranes of
different porosity, tortuosity, and pore size/shape. While there are general models that

1 Note: The effect of very small pores (~10 nm or smaller) will affect evaporation and condensation by changing the
equilibrium vapor pressure of the liquid, due to the Kelvin effect (small radii of curvature increase the vapor
pressure; this effect causes small water droplets to evaporate more easily than large droplets). This effect was not
included in our simulation since there was no pressure forcing the liquid to form a curved meniscus into the
membrane pore.
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attempt to predict the transport through these membranes, MD simulations could help
elucidate the detailed effects of this pore structure, which is especially important given
the findings from this research on the importance of diffusion near the liquid/vapor
interface.

Implementation:

The results presented in this report can be used to better understand the physics occurring at the
membrane/desiccant interface, particularly as it relates to breakthrough pressure and liquid/vapor
phase change.

The bullet points in the above Summary show how these results can be implemented by the
company to (1) better understand how membrane pore structure impacts pore breakthrough
pressure, and (2) provide guidance on membrane structures to pursue when selecting or
designing a new membrane for these processes.

Future work:

The key future work on diffusion through the membrane was highlighted in the last bullet in the
Summary above. Another area of potential future research is to investigate further the calculation
of water vapor pressure of a desiccant. Many researchers have tried to find a good way to
calculate the water vapor pressure of the desiccant, but the only to date have been too specific
(i.e., only work for one ion pair), or too inaccurate. We spent some time investigating this, and
while our approach could predict the relative vapor pressure of salt solutions for lower
concentrations (<10% mass fraction), it overpredicted vapor pressure for higher mass fractions.
This task needs more investment, and if successful, this research could have large impact on the
development of liquid desiccants for dehumidification.

Experimentally, it would also be valuable to validate the relationship between the pore shape and
the breakthrough pressure, and to use experiments to explore condensation and evaporation,
including the diffusion near the interface.
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