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ABSTRACT: Water transport and swelling properties of an ultrathin, selective
polyamide layer with a hydrophilic polymer coating, i.e., a polymer bilayer, are
studied using quartz crystal microbalance with dissipation (QCM-D).
Specifically, QCM-D is used to measure the dynamic and equilibrium change
in mass in a series of differential sorption experiments to determine the
dependence of the apparent diffusion coefficient and equilibrium swelling of
the bilayer as a function of the water vapor activity. To determine transport
properties specific to the polyamide layer, sorption kinetics of the bilayer was
modeled with a bilayer mass transport model. The swelling and water diffusion
coefficients are interpreted according to the Painter—Shenoy polymer network -t

swelling model and the solution-diffusion model, respectively.
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1. INTRODUCTION

Water desalination via reverse osmosis (RO) is the most
efficient commercial technology for providing clean water
supplies and is expected to play an increasingly critical role in
the coming decades."”” Commercial RO membranes typically
consist of a thin, selective polyamide (PA) membrane
reinforced by a porous polysulfone layer and a nonwoven
polyester fabric, which are incorporated as mechanical support
against applied pressures during operation (schematically
shown in Figure la). The PA selective layer is fabricated via
interfacial polymerization (IP), which produces an ultrathin
membrane (~100—200 nm) with a very rough surface
morphology (root mean square roughness ~100 nm). Not
only is the film rough, the anterior side of the PA selective layer
is often coated with a hydrophilic folymer coating to improve
wettability and minimize fouling.>* These thin-film composite
(TFC) membranes are designed for efficient water desalination,
i.e, the highest water/salt selectivity and water flux with the
lowest energy footprint.

Understanding transport within the PA selective layer is
critical for developing next-generation water desalination
membranes, as this is the sole layer that discriminates salt
ions from water and serves as the bottleneck for total flux. The
solution-diffusion model, the most widely accepted model of
transport in RO membranes,” states that water flux () is related
to the water diffusion coefficient in the membrane (D),
membrane thickness (h), and volume fraction of water (¢) as
follows:

¢() - ¢h
h¢2/3
0

J
(1)
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The subscripts “0” and “h” refer to the feed and permeate sides
of the selective layer, respectively. The term (¢y — ¢y)/ho>>
describes the water concentration profile in the membrane.
From eq 1, it can be seen that the efficiency of a membrane can
be characterized by the swollen membrane thickness and
diffusion coeflicient.

A variety of techniques exist for measuring swelling and
transport in polymers, though few are suitable for the RO
membrane studied in this work. Swelling in polymers can be
measured via gravimetric,é’7 microscopy,s’9 scattering,w’11
reﬂectivity,é’12 and opticalm’]4 techniques. Several of these
same techniques, including §ravimetry—,15’16 impedance-,"’
optical-,”"® and spectroscopy'® >*-based measurements, have
been used for characterizing solvent diffusion in polymeric
materials. A recent review by Bernstein et al.** provides details
on experimental techniques that can be used to characterize
swelling and transport in membranes. However, the surface
roughness resulting from IP prohibits or complicates the use of
scattering, reflectivity, and optical techniques. Additionally, the
time scale of diffusion (~h*/D) for the ultrathin desalination
membrane studied in this work limits available characterization
methods to only certain gravimetric techniques (including the
one discussed in this paper).

Quartz crystal microbalance (QCM) has long been a popular
gravimetric technique for studying sorption in ultrathin layers
because of its nanogram sensitivity, high sampling rate, and
variety of atmospheres in which it can be used (including in
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Figure 1. (a) Schematic of the thin film composite reverse osmosis membrane. The selective bilayer consists of a polyamide selective layer (PA layer)
coated with a hydrophilic polymer coating (OH-coating). (b) Representative differential desorption data of the OH-coated PA bilayer measured by
QCM-D. (i) The change in resonance frequency (Af) versus time (¢) due to changes in relative humidity (RH). (ii) The calculated change in the
mass (Am) of the bilayer based on the Sauerbrey model. The multiple data sets correspond to the different resonance modes or overtones (n =3, S,
7) of the sensor. (c) The illustration shows the geometry of the sample environment of the water vapor desorption study. (d) Change in normalized
mass due to a steplike reduction in RH for four different initial relative humidity levels (26%, $1%, 76%, and 90% RH) versus the square root of time,

t1/2

. The inset shows the initial change in the mass where the water diffusion coefficients are extrapolated.

vacuum, humidity, and liquid)."® QCM with dissipation
(QCM-D) is a derivative technique that independently
measures the rate of energy dissipation in a sample and can
be used to quantify the influence of membrane roughness on
sorption measurements.”> These attributes make QCM-D
suitable for measuring minute changes of water absorbed and
desorbed by thin polymer layers.** While QCM-D has been
utilized for studying polymer thin layers,""'>*” it has not been
used to measure the transport properties of RO membranes.
In this work, QCM-D is demonstrated as a measurement
technique for capturing the desired transport properties of the
selective PA layer. The water diffusion coefficient and swelling
of a coated commercial PA membrane is characterized by
measuring the time-dependent and equilibrium water sorption
of the membrane as a function of relative humidity. One
complication in measuring sorption and diffusion of water in
commercial membrane selective layers is the near-ubiquitous
presence of a hydrophilic polymer (OH) coating that is added
on top of the polyamide active layer to increase hydrophilicity
and to reduce fouling. To deconvolute water transport in the
OH-coating from the PA layer, we present a bilayer mass
transport model that provides insight into sorption kinetics
within individual layers of a bilayer system. The model is
material agnostic and can be used with other measurement
techniques that provide mass or concentration data, such as
infrared spectroscopy or ellipsometry. Finally, we consider the

implications of humidity-dependent diffusion coeflicients and
swelling in the context of the solution-diffusion model.

2. MATERIALS AND METHODS

Reverse Osmosis (RO) Membrane. The commercial RO
membrane studied in this work was kindly provided by Dow FilmTec
[sea water high rejection (SWHR) membrane, Dow FilmTec, Edina,
MN]. The selective PA layer is fully aromatic and is produced via IP of
trimesoyl chloride (TMC) and m-phenylenediamine (MPD). The
presence of an OH-coating was indicated by polarization modulation
infrared reflection adsorption spectroscopy (PM-IRRAS, Thermo-
Fisher) as well as with transmission electron microscopy (TEM,
Phillips EM400T) imaging. This is consistent with the findings of
Tang et al,® in which TEM and spectroscopy were used to characterize
several commercial membranes, including the SWHR membrane. The
results from PM-IRRAS and TEM are included in the Supporting
Information (SI).

A bilayer consisting of a selective PA membrane and an OH-coating
was separated from the two mechanical support layers [polyester and
polysulfone (PSF)] using a procedure described previously,”® which
we will only discuss briefly here. First, the thick polyester layer was
manually peeled off of a TFC coupon that was adhered to a glass
substrate. The remaining three-layer structure consisting of PSF, PA,
and the OH-coating was cut into a &1 cm diameter circle. This circular
sample was placed onto a cleaned quartz crystal sensor wetted with
dimethylformamide (DMF) such that the OH-coating is in contact
with the sensor and the PSF layer is exposed to atmosphere. Prior to
depositing the sample, the sensors were cleaned using ultraviolet
(UV)—ozone for 10 min; placed in a solution of hydrochloric acid,
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Figure 2. Extrapolation of the transport and swelling properties of the OH-coated PA bilayer as measured by QCM-D. (a) Average apparent water
diffusion coefficient of the bilayer as a function of water vapor activity (filled white circles). Error bars indicate the standard deviation from three
experiments on three samples. Also included in this plot is the water diffusion coeflicient of the bilayer measured by poroelastic relaxation
indentation (PRI) (filled gray circle). Note that the PRI experiment is done in liquid water. (b) Average swelling ratio of the bilayer as a function of
water vapor activity. Error bars indicate the standard deviation from three experiments on three samples.

ammonia, and deionized (DI) water at 75 °C for S min; and finally
UV—ozone cleaned for an additional 10 min. Prior to the DMF
evaporating, the PSF layer was dissolved off using dichloromethane,
leaving the PA—OH bilayer physisorbed to the sensor with the PA
layer exposed to atmosphere. Samples were dried overnight in a
vacuum. Prior to each experiment, samples were soaked in DI water
for 5 min and subsequently dried with dry nitrogen for 10 cycles to
minimize potential hysteresis. The thickness and morphology of the
PA—OH bilayer was characterized using AFM (Bruker Dimension
Icon), showing an average thickness of 164 +13 nm with a root-mean-
square (rms) roughness of 42 + 3 nm.

Quartz Crystal Microbalance with Dissipation. The QCM-D
experiments were conducted with a Q-sense E4 system with flow
modules (Biolin Scientific/Q-sense,Vistra Frolunda, Sweden) on AZ-
cut S MHz piezoelectric quartz crystal sensors with gold electrodes
(Biolin Scientific, QSX 301). An alternating current applied across the
gold electrodes forces the quartz crystal to oscillate in shear at its
resonance frequency, which is highly stable and precise due to the
material properties of the crystal. QCM-D has a 200 Hz time
resolution and nanogram mass sensitivity.

Deposition of the bilayer onto the sensor increases the impedance
to oscillation, thereby reducing its resonance frequency and potentially
increasing the dissipation (D). For a sample rigidly coupled to the
oscillator, the change in resonance frequency, Af, is directly
proportional to the change in the areal mass density, Am, according
to the Sauerbrey relationship given by*

Am = —%Af @)

where C is a proportionality constant (~17.7 Hz ng/cm?) that arises
from the material properties of the quartz crystal and # is the overtone
of the frequency. The validity of this relationship breaks down for
materials that are highly viscous or thick.*® The Sauerbrey relation is
valid for the dissipation values of the RO bilayer studied in this work
on the basis of a validity threshold of 5 X 107°. The actual change in
mass, AM, from the areal mass density is obtained by multiplying Am
by the lateral area of the bilayer.

Differential Desorption Experiments. The water diffusion
coeflicient and swelling ratio of the bilayer were characterized using
QCM-D as a function of relative humidity (RH) by means of
differential desorption experiments. Experiments were performed for
different initial RH ranging from 26% RH up to 90% RH using the
following procedure. The bilayer was first equilibrated to a desired
(initial) RH inside of a flow module with a 20 uL sample chamber at
25 °C via a 0.5 L/min steady stream of humidified nitrogen. Specific
relative humidities were obtained by flowing dry nitrogen through
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aqueous salt solutions. At ¢ = 0, the RH was reduced approximately
15% by switching to another humidified nitrogen stream using a right-
angle flow switching valve (IDEX Health & Science, Inc.,, Oak Harbor,
WA). Data were collected for each sorption experiment for at least 30
min. The initial and final RH values were measured during each
experiment using a humidity probe (Electro-Tech Systems, Inc,
Glenside, PA).

Poroelastic Relaxation Indentation (PRI). PRI was used to
validate the water diffusion coefficients measured by QCM-D.>' PRI is
also a gravimetric-based technique that measures transport of a
polymer layer submerged in a water reservoir by applying a mechanical
deformation to cause a time-dependent deswelling of the polymer. The
time scale of deswelling can be used to measure the water diffusion
coefficient in the PA bilayer. Details of the PRI approach can be found
elsewhere.>' 733

3. RESULTS AND DISCUSSION

The sorption and swelling can be approximated in the thickness
direction (z) for thin bilayers, such as the one studied in this
work, where the thickness (%) is much smaller than the in-plane
dimensions of the sample. For one-dimensional Fickian
diffusion, the change in solvent concentration (c) with respect
to time is related to the solvent flux density and diffusion
coefficient (D) by Fick’s second law of diffusion:>*

dac

o (3)

If D is independent of concentration, an analytical expression
for the change in sorbed mass, AM(t), due to a change in
concentration at the sample surface can be obtained from eq
3.%° The initial change in mass can be approximated as

AM(t) _ 2 \/E N
h\ = 4)

AM(c0)
where AM(o0) is the total change in mass once the sample has
equilibrated. This approximation is typically valid for AM(t)/
AM(0) < 0.5.

For the bilayer studied in this work, there are two
considerations for characterizing transport properties via
sorption experiments. First, the diffusion coeflicient in many
polymer—solvent systems is concentration-dependent because
of changes in the polymer network structure induced by the
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solvent, such as swelling.*® The OH-coating is expected to be
hydrophilic, and PA networks have also been shown to swell up
to 15%.*> To account for the concentration dependence of the
diffusion coeflicient, differential desorption experiments were
performed for a variety of initial RH values. In addition to
capturing the concentration dependence of the diffusion
coefficient, this helps to minimize the error in using eq 4 in
characterizing the initial transport behavior. A second issue is
that the transport predicted by eq 4 is for a homogeneous layer.
To gain insight into the sorption kinetics for a layered system,
we apply a bilayer mass transport model for the boundary
conditions present in the QCM-D experiments, which we use
to interpret our experimental results.

Representative data from the differential desorption experi-
ments are shown in Figure 1. Figure 1b shows the change in the
resonance frequency (Af) due to a change in the RH and the
corresponding change in areal mass density (Am) according to
eq 2. A schematic of the QCM-D sample environment is shown
in Figure 1c. Figure 1d shows typical results for the normalized
initial decrease in mass for four different initial RH’s ranging
from 26% to 90%. Using the sample’s initial swollen thickness
for h, we apply eq 4 to extract an apparent diffusion coeflicient
with a simple linear fit, the results of which are shown in Figure
2a. To validate the diffusion coefficients measured from QCM-
D, the diffusion coefficient of the bilayer in liquid water was
measured using poroelastic relaxation indentation (PRI)
experiments; this is also shown in Figure 2a at a, = 1 (a, =
% RH/100% RH).

The swelling ratio (S) at a given a,, can be obtained from the
ratio of the equilibrium swollen mass [M(0)] to the dry mass

(Mgy,)

M

o M()
Mdry (5)

M, is obtained from the change in the resonance frequency of

the sensor after the bilayer has been deposited at 0% RH.
Results for the apparent water diffusion coefficient and swelling
ratio versus water vapor activity are shown in parts a and b of
Figure 2, respectively.

Figure 2 shows that both the swelling and the apparent water
diffusion coefficient of the bilayer increase with increasing water
activity, which has been observed in several other solvent—
polymer systems.>’ > Equilibrium swelling is most often
described with the Flory—Rehner theory,** which describes
equilibrium swelling as a balance between the resistance to
swelling due to polymer chain stretching and the drivin§ force
for swelling according to the Flory—Huggins theory.***" The
scaling relationship between the swelling ratio and the activity
of the water vapor is commonly used to extrapolate
thermodynamic parameters, including the solvent—polymer
interaction parameter and the cross-link density of the polymer
network.>>**#!

The logarithmic increase of the diffusion coefficient with
water activity suggests that transport in the polymer—solvent
system can be interpreted by the free volume theory of
diffusion.**~** Generally, the free volume theory states that the
diffusion coeflicient can be expressed as

k
Vi,o

14

D ~ exp| —
(6)
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where Vi, is a characteristic volume required by a water

molecule to “jump” or diffuse and V7 is the total “free volume”
per unit volume of the solvent—polymer system. Free volume
(V) can be understood as spaces created by fluctuations in the
solvent—polymer system that are available to solvent molecules
for diffusion. The dependence of the diffusion coeflicient on
concentration was first formalized by Yasuda et al.,** who stated
that the free volume is proportional to the volume fraction of
water (¢) in the solvent—polymer system. Assuming molecular
compressibility, the volume fraction of water is related to
swelling as

1 —

¢ ?)

|+~

suggesting that the scaling relationship between diffusion and
swelling can be used to extrapolate the characteristic volume
ratio critical to solvent transport through the polymer.*
Characterizing this volume ratio is of particular interest for the
dense PA layer, as commercial PA membranes are designed to
permit the greatest water flux (as predicted by eq 1) while
remaining highly selective against salt ions.

For the PA—OH bilayer, extrapolating these fundamental
parameters requires first accounting for the effect of the OH-
coating on the sorption data. To do so, we present a Fickian
bilayer mass transport model that predicts the time-dependent
contribution of each layer to the overall change in mass as a
function of the material properties and thickness of each layer.
By characterizing the role of each layer in the total sorption, we
identify instances where eq 4 can be used to approximate the
apparent water diffusion coeflicient in the PA layer.

Bilayer Mass Transport Model. The bilayer mass
transport model presented here has been used to describe the
diffusion of gas and solvent in polymer bilayers.***” Figure 3a
shows a schematic of the bilayer configuration in our QCM-D
experiments illustrating that the OH-coating is in contact with
the impermeable sensor while the PA layer is exposed to the
water vapor environment. Cross-sectional TEM images (Figure
3b) indicate that the coating is conformal with the PA selective

OH coating

Figure 3. (a) Schematic of the bilayer mass transport model. C, D,
and K; represent the initial concentration, diffusion coeflicient, and
solubility within each layer, where i = 1 for the OH rich layer and i = 2
for the PA selective layer. (b) Transmission electron micrograph
(TEM) of the commercial reverse osmosis membrane illustrating the
hydroxyl (OH) coating, the polyamide (PA) selective layer, and the
polysulfone (PSF) porous support. A thin coat of carbon was used to
delineate the OH-coating from the epoxy resin in which the thin-film
composite membrane was embedded for TEM sectioning.
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layer, which is backed by the PSF support (an additional image
in Figure 2 of the SI indicates the contrast between the PA layer
and the PSF support). Recent scanning and transmission
electron micrography studies of fully aromatic RO membranes
formed via an IP technique show that their precise structure
consists of a dense core as well as polyamide bubblelike
structures,”*® which, for the commercial bilayer studied in this
work, likely protrude into the OH-coating. We assume that the
roughness and inhomogeneities are negligible relative to the
length-scale of diffusion and approximate the PA membrane
and OH-coating as smooth layers with a constant thickness.
The thickness value for each layer is approximated as
proportional to the area fraction of each layer in the cross-
sectional TEM images.*” The area fractions were multiplied by
the total thickness measured by AFM (=164 nm) to obtain
representative layer thicknesses 241 and =123 nm for the OH-
coating and PA layer, respectively.

The change in water concentration with time in each layer is
assumed to obey Fick’s second law

Jc, D Ozcl P 0<z<l

— = — r z

o L o0 TEEsm (32)
oc, d’c,

—2=D, —2 for L <z<L

o o o mmEsh (8b)

where subscript “1” refers to the OH-rich layer, which has
thickness L, and subscript “2” refers to the PA layer, which has
thickness L, — L,.

Initially, the water concentration in each layer is constant, as
represented by ¢); and ¢,; and defined as

c(t=0) = ¢, 6, (t=0) = ¢, )

For the configuration shown in Figure 3, we have the following
boundary conditions. At z = 0 the OH-coating is in contact
with the impermeable sensor, so there is zero flux at that
interface. At the interface of the two polymers, the flux is equal
and the chemical potential of water in the two layers is in
equilibrium. The latter requires that the ratio of concentration
(cy ¢,) to solubility (k;, k,) within each layer is equal. Similarly,
water in the PA layer at z = L, is in equilibrium with the water
vapor above the PA layer (c*). In summary, for t > 0, the
boundary conditions are

0
b . 0 at z=0
0z (10a)
0 0
D, =p, 22 a z=1,
0z 0z (10b)
a-2 at z=1,
k, kK, (10¢)
2ok at oz= L,
ky (10d)

The bilayer mass transport problem can be solved by using a
method based on the separation of variables originally
developed for the analogous problem of heat transfer across
two slabs with different material properties.** Using this
approach we derive the solution for the initial and boundary
conditions in eqs 9 and 10, which is provided in full in the
Appendix. From this solution, the time-dependent concen-
tration profiles in layers 1 and 2 are given by

3496

N L D
oz, t) = Z A, sin[ln(l - —I)J cos[ ! lnz)
n=1 L, D,L,

D
exp(—AnZL—zzt] for 0<z<L

2 (112)
. DL
oz, t) = ZAn sin[(l - i]ﬂn] cos( ! 1/1")
n=1 L, D,L,
D.
exp. —/1”2—2218 for L, <z<ZL,
L, (11b)

where A, and A, are constants that depend on the solubility,
diffusion coeflicient, and thickness of each layer and are
determined by solving eqs A.1S and A.16, respectively. The
sorbed mass in each layer is obtained by integrating eqs 11a and
11b as follows:

M) = [ ate ) de

(12a)

L,
My(r) = fL a0 d -

While we are primarily concerned with characterizing
transport in the selective PA layer, this model can also provide
a qualitative understanding of how the OH-coating affects
transport. Because of the proprietary nature of composite
desalination membranes, we are unable to characterize the
material properties of the individual layers required to solve eqs
11a and 11b. However, we can utilize this model to (1) gain
insight into activity-dependent mass transport in a bilayer using
heuristic material property values in the limits of low and high
RH and (2) identify conditions in which sorption behavior (i.e.,
effective diffusion coefficients) can be evaluated for individual
layers.

The solubility and thickness can be obtained from the
activity-dependent swelling ratio of each layer. The one-
dimensional swelling ratio is approximately equal to the
thickness ratio (neglecting the difference in densities between
the two layers results in an error of less than 2% at the highest
RH), and the solubility is determined simply as the ratio of the
sorbed mass to the dry mass. Due to the underdetermined
nature of the QCM-D sorption data for the bilayer, we use a
thermodynamic swelling model to estimate the contribution of
the PA selective layer to the total swelling ratio. For a model PA
membrane with the same network chemistry as the selective PA
membrane layer, it has been shown that one-dimensional
swellin§ can be described by the Painter—Shenoy swelling

model® as
lnazln(l - l) + l(1 + l)+ i(i - i)

N N S N\N 6§ (13)
where y = 0.67 + 0.68/S + 0.71/S> is the Flory—Huggins
interaction parameter and N 2 3.6 is the number of monomer
units between cross-link junctions for this particular PA
network. The swelling ratio of the OH-coating is assumed to
be the difference between the swelling ratio from eq 13 and the
total swelling ratio of the bilayer from QCM-D.

To approximate diffusion coefficients for each layer, we first
consider the qualitative behavior of water diffusion within each
layer. From the time-dependent portion of eq 11la, it can be
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seen that the onset of desorption in layer 1 (OH-coating) due
to a change in a,, at z = L, depends on the diffusion coefhicient
and thickness of layer 2. For example, decreasing D, delays the
onset of desorption in layer 1. As an upper limit, we use the
diffusion coefficients in Figure 2 for the PA layer. For the
hydrophilic OH-coating, we expect the diffusion coefficient to
be higher. Because the PA layer is a bottleneck for flux, the
water diffusion coefficient of layer 1 (the OH-coating) only
influences the rate of equilibration within the OH-coating. For
simplicity, we assume a constant (and high) value for the
diffusion coefficient in layer 1, D = 5 X 107'° m?/s, on the basis
of reported diffusion coefficients of highly hydrated materials
with similar chemical compositions (provided in the SI).

The predicted normalized change in mass in each layer due
to a 15% decrease in the RH is shown in Figure 4 for high
(0.90) and low (0.20) initial a,,. In both cases, the OH-coating
contributes more to the total change in mass due to the high
solubility of water in this layer. This suggests that the coating
serves as a getter layer or water sink during membrane
operation by increasing the water concentration at the PA—OH
interface as compared to an uncoated PA surface.

Figure 4b,d shows the initial normalized change in mass at
low and high initial water activity, a,. In both cases, layer 2
determines the initial sorption kinetics up to some normalized
change in mass, AM(t)/AM,,. This is of interest because
before the OH-coating begins contributing to the sorption
kinetics, eq 4 can be used to extract the diffusion coeflicient of
the PA selective layer; beyond this, the apparent diftusion
coefficient will be influenced by the transport characteristics of
layer 1. At a,, = 0.9, layer 2 determines the sorption kinetics up
to AM(t)/AM,., ~ 0.1, while at a,, = 0.2, this is only true up to
AM(t)/AM,,, ~ 0.0S. This is due to the increased thickness of
the top layer due to swelling. However, due to the increase in
the diffusion coefficient of layer 2 at high a,, the time scale of
this regime is significantly shorter. This may explain the
deviation of the diffusion coefficients from the logarithmic
dependence on water activity below a,, = 0.5 in Figure 2a. Thus,
we limit the data over which we fit eq 4 to AM(t)/AM,,, < 0.1
and extrapolate from high a, to estimate the diffusion
coefficients for low a,,. We then estimate the activity-dependent
diffusion coefficients of the OH-coating by fitting the bilayer
mass transport model to the QCM-D data for each differential
desorption experiment. The corrected values are presented in
Figure Sb.

While we cannot easily measure the properties of the
individual layers in the bilayer, we can compare our results with
reported values of water diffusion coefficients in homogeneous
PA membranes. A spectroscopic study of liquid water diftusivity
in PA membranes fabricated via IP of TMC and MPD (i.e., the
same chemistry as the PA membrane in the SWHR membrane)
reported effective diffusion coeflicients of water between D =
0.33 X 107'? and 2.20 X 107"* m*/s, depending on the amount
of carboxylic acid groups present in the membrane >
Additionally, a PRI study of water transport in PA membranes
fabricated with TMC and MPD via molecular layer-by-layer
assembly regorted a water diffusion coeflicient of D = 3.76 X
1072 m?/s.>" At the highest water activity in our study (a,, =
0.9) the effective water diffusion coefficient in the PA layer is D
= 528 X 1072 m?/s, which is comparable to the reported
values from spectroscopy and PRI

In Figure Sb, we note that the diffusion coeflicients for the
OH-coating are low, which may be counterintuitive given the
high affinity of hydroxyl-rich polymers toward water. This is
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primarily due to the fact that the diffusion coefficient is
obtained from the short-time solution (eq 4), i.e., over a period
during which sorption is occurring predominantly within the
PA layer and the sorption kinetics of the OH-coating are low.
We also note that the two layers do not generally experience
the same a,,. It is intuitive that layer 2 equilibrates to the activity
of water in the humidified nitrogen at its surface (ie., a, at z =
L,). However, the water activity that layer 1 “experiences” is the
water content at the interface between layers 1 and 2, which is
limited to the solubility of water in layer 2. So, while a,, ranges
from 0.26 to 0.90 at z = L,, the range of a,, at z = L, is only 0.01
to 0.08.

From the intrinsic water permeability (K) of each layer (i.e.,
the product of the diffusion coefficient and solubility of each
layer) it can be seen that the OH-coating is significantly more
permeable than the PA membrane. For example, at a,, = 0.90,
the OH-coating permeability is approximately an order of
magnitude greater than the PA layer permeability. This
confirms the role of the OH-coating as a getter layer for
enhancing the overall water flux of the membrane.

Lastly, we look at the implications of the free volume
interpretation of diffusion. Namely, how does network swelling
affect the free volume and, in turn, the transport behavior of the
PA selective layer? In the dry state, the PA selective layer is a
dense, nonporous polymer network with a characteristic free
volume, V¥ = Vips. As mentioned earlier, Yasuda et al.® first
suggested that the free volume is proportional to the volume
fraction of water (¢) in a solvent-swollen polymer. As a first
approximation, the total free volume of the solvent—polymer
system is assumed to be the sum of the free volume
contribution of each component™

Ve=¢Viuot+ (1= @)Vipa (14)

where Vi o is the free volume of pure water.

In solution-diffusion theory, water diffusion through the PA
layer is based on the probability that the free volume is
sufficiently large for passage of water molecules. The diffusion
coefficient of water in the swollen PA layer at a given
temperature is related to the characteristic jump diffusion
volume of a water molecule (Vl’i‘lzo),sz

] (15)

Substituting eqs 7 and 14 into eq 15 yields the following
relationship between the water diffusion coeflicient and the
swelling ratio

-1
D =D, exp(—a((l _ L + é) - 1]]
S S (16)

where a = Vi o/Viy,0 and f = Vipa/Viy o are volumetric and

1 1
Vi Viuo

D = D, exp —Vf;zo[

free volume ratios, respectively. A best-fit of eq 16 to the water
diffusion results for the PA selective layer yields the following
fitting parameters: @ = V{i o/Viy o = 048 and f = Vipa/Viyo =
0.03 (Figure Sb).

The parameters o and f presented here are considered
simply as fitting constants; their physical significance is linked
to real free volume parameters that are nontrivial to measure
and quantify. Nonetheless, these parameters can be utilized to
obtain additional insight into membrane performance. Namely,

DOI: 10.1021/am507091s
ACS Appl. Mater. Interfaces 2015, 7, 3492—3502


http://dx.doi.org/10.1021/am507091s

ACS Applied Materials & Interfaces

Research Article

in solution-diffusion theory, the volumetric ratio V3 o/V¢ from

eq 6 can be considered a characteristic of the membrane.>> By
rearranging f3 for Vip, and plugging it into eq 14, the total free
volume can be rewritten as

VP = Vo + (1 — daViy o

= Vf(,)HZO(¢ + a(l - ¢)) (17)
Thus, the total free volume of a swollen membrane can be
described by Viyo, @ and ¢, which are known®*** or

measurable quantities. Similarly, Vi{io = aVPyo, so the

volumetric ratio from eq 6 can be rewritten as

Vio . a
Ve ¢+ a(l —¢) (18)

Thus, the fitting parameters from eq 16 can be used to
facilitate comparison of membranes that can be described
according to the solution-diffusion model. Measuring these
fundamental PA network properties, which determine water
swelling and water diffusion, is critical to the understanding of
water transport in these materials and the design of next-
generation water desalination membranes. Work is currently
underway to apply this approach to investigate the relationship
between these free volume parameters and various aromatic PA
network chemistries that are relevant to desalination mem-
branes.

4. CONCLUSION

In this work, the use of QCM-D for characterizing the transport
behavior of the PA selective layer of a commercial RO TFC
membrane was demonstrated for water vapor activities ranging
from a,, = 0.26 to 0.90.

To account for the effect of the OH-coating on the total
mass sorption measured by QCM-D, we implemented a Fickian
bilayer mass transport model that identifies the concentration
profile in each layer as a function of time. Conclusions from the
bilayer mass transport model relevant to the experimental work
performed in this study include the following:

(1) The normalized change in mass due to a change in the
water vapor activity above the bilayer initially occurs solely
within the PA selective layer.

(2) Increasing the thickness or reducing the water diffusion
coefficient of the top layer (layer 2) increases the amount of the
initial normalized mass uptake, AM(t)/AM,,, that can be
attributed primarily to the top layer.

(3) Equation 4 can be used to extrapolate the diffusion
coeflicient of water in the PA selective layer when the change in
mass due to the OH-coating is negligible.

(4) When the top layer of the bilayer geometry is the flux
bottleneck, sorption experiments can be used to approximate
steady-state diffusion in layer 2. Namely, as layer 2 equilibrates,
the rate of change of mass of the bilayer is determined by the
steady-state diffusion of water through layer 2. This can be
appreciated in Figure 4, where, as layer 2 equilibrates, the slope
of the normalized change in mass of layer 1 becomes parallel to
the slope of the initial change in mass of layer 2. Thus, provided
that the equilibration time of layer 1 is sufficiently long relative
to the equilibration time of layer 2, traditional sorption
techniques can be used to investigate steady-state diffusion in
membranes.
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We note that the bilayer mass transport model is applicable
for any bilayer that can be described by Fickian diffusion and
can be applied to concentration-based data (e.g., IR spectros-
copy, ellipsometry) as well.

Finally, the solution-diftusion theory for swelling-dependent
diffusion yields two volume ratios, @ = Vi o/Viy,o and f =
Vipa/ Vim0, which were obtained from fitting the swelling-
dependent diffusion expression from solution-diffusion theory
to the experimental diffusion data for the PA selective layer.
While the physical significance of these volume ratios requires
further investigation, they can be used to experimentally
characterize V§{ o/V} in a tractable manner.

B APPENDIX A. MATHEMATICAL DERIVATION OF
THE SOLUTION TO THE BILAYER MASS
TRANSPORT MODEL

We nondimensionalize eqs 8—10 in the following manner:

D L D, k

z=2 1=2¢ 1= p=_2 k=2

L, L, L, D, k,
(A1)

The nondimensionalized concentrations in each layer (i = 1,
2) are
G
C=1-

kic* (A2)

The governing equations and the associated boundary
conditions and initial conditions may be rewritten in a
dimensionless form as

aC o’C
— = 1l for 0<Z<L and T>0
oT 0Z
(A.33)

ac, dC
-2 = 22 for L<Z<1 and T>0
oT 0Z (A.3b)
oC,
— =0 at Z=0 for T>0
07z (A.4a)

C=6C

aC, ac, at Z=L for T>0
DK — = 2

0z 0z (A.4b, A.4c)
C,=0 at Z=1 for T>0 (A.44d)
C=6C

at T=0 foralZ

C,=0Cy (A.5a, A.5b)

The bilayer mass transport problem is analogous to that of
transient heat conduction between two slabs with different
thermal properties, for which several analytical treatments
exist.”® A standard approach to solving the heat equation is to
use the method of separation of variables. We begin by looking
for solutions with the following form:

C(z, T)=(2)5(T) i=12 (A.6)

By substituting eq A.6 into eqs A.3a and A.3b and rearranging
them to separate the variables Z and T, it can be seen that both
sides must be equal to an arbitrary separation constant, which
we denote —A%:
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(2 _ w1
R

Equation A.7 can also be given as two ordinary differential
equations (ODE):

—)?
(A7)

l Zi(z) — )2

n Z!(z) (A.82)
G(7) Y

G/(7) (A.8b)

The solution to the time-dependent ODE for i = 1, 2 is

o(T) =Ae ™7 (A9)

where A, are as-yet undetermined coefficients and 4, are the
corresponding eigenvalues.

We can arrange eqs A.8a and A.4a—A.4d to get the following
position-dependent Sturm—Liouville eigenvalue system:

E(Z) = 226/ (2) forall Z (A.10)
/=0 at Z=0 (A.11)
DK / — ’
b= at Z=1
4=4 (A.12a, A.12b)

Generally, solutions to Sturm—Liouville problems can be
represented by a Fourier series, which describes the solution
as the superposition of an infinite set of eigensolutions. Thus,
to obtain the complete solution (eq A.6), we need to determine
the eigenfunctions ({;), the corresponding eigenvalues (4,), and
finally, the associated Fourier coefficients (A,).

By applying the boundary and interface conditions in eqs
A.11—-A.13 to eq A.10, we get the following position-dependent
eigenfunctions:

§(Z) =sin((1 = L)4,) for 0<Z<L
cos(DZA,)
Hi,n(Z) =
6(2) = sin((1 — Z)4,) for L<Z<1
cos(DA,L)
(A.14)

As discussed by Pontrelli and de Monte,*” the presence of the
concentration discontinuity at the polymer interface (eqs A.4b,
A.4c) necessitates the use of quasi-orthogonal functions.*® The
eigenfunctions in eq A.14 form an eigenset, H,,(Z), that is not
orthogonal from Z € (0,1). However, a quasi-orthogonal set
can be constructed from H,,(Z) by multiplying each layer’s
eigenfunction by an orthogonality factor, B, specific to that
layer. It has been shown that B, can be defined as unity without
loss of generality by giving the coefficient for the second
eigenfunction, B,, a ratio of material properties of the two
layers.>> For our problem, this is the ratio of the partition
coeflicients, K. Once the quasi-orthogonal set has been defined,
it can be applied to find the Fourier series coeflicients, A,.

We begin by finding the eigenvalues 4,, which, as usual, are
determined by the real solutions to the determinant of the
coeflicient matrix resulting from the two boundary conditions
and two interface conditions:

3500

DK cot((1 — L)A,) — tan(DL4,) = 0 (A.15)

The roots of eq A.15 are infinite, real, and distinct. Due to the
interface condition, however, they are not monotonic and the
roots are not generally located exactly between any two
adjacent asymptotes. Additionally, the function has an infinite
number of singularity points. We determined the eigenvalues
using the RootSearch.m package in Mathematica,>® which
utilizes Brent’s method for finding roots (and avoiding poles).”’

Tittle showed that the Fourier coefficients could be found by
solving the following equation:*®

L 1
J 605 dZ + K [ &8, dz
Ay L, 1,
L &dz+k [ ¢ dz

where {;, and {,, represent the (normalized) constant
concentration in layers 1 and 2 at T = 0, respectively. From
eq A.16, we can get the Fourier coeflicient, A,, corresponding
to each eigenvalue, 4,

With A, and 4,, we can now obtain the solution to the bilayer
mass transport problem, originally presented in eq A.6, from
the sum of solutions for n = 1, ..., co:

(A.16)

C(z,T) = Z A, sin((1 — L)4,) cos(DZln)e_'l”zT
n=1

(A.17a)

(9]
Cy(Z, T) = Y A, sin((1 = 2)2,) cos(D2,z)e ™ T
n=1
(A.17b)
As with any Fourier series representation of a solution, it is
impossible to include an infinite number of terms in practice. In
this work, we included 20 terms in the series solution.
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