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ABSTRACT: Quantifying water and salt transport properties in
polyamide is of growing importance as the use of reverse
osmosis membranes grows in many industries. Here, using
solid-state nuclear magnetic resonance (NMR) spectroscopy,
we measure the translational diffusion coefficients using pulsed-
field gradient NMR, examine ion dynamics with NMR
relaxometry, and determine the activation energy barriers of
hydrogen and sodium ions in ion-exchanged polyamide using
variable-temperature NMR. We identify two predominant
diffusion components within the spectra associated with
bound and unbound hydrogen and sodium ions. We show
that the diffusion coefficient of the bound hydrogen ions
decreases by ~50% while the unbound hydrogen diffusion
coeflicient remains constant as the salinity of the mixture doubles. Conversely, the bound sodium diffusion coeflicient
remained constant while the unbound sodium diffusion coefficient decreased by ~40% as the salinity of the mixture doubled.
Through examining the spin—lattice relaxation time (T)) we also report the associated activation energy for sodium and
hydrogen. We believe these molecular-scale measurements can aid in extending physics-based models of salt and water

transport in high-pressure reverse osmosis applications.

he development of highly permeable thin film
I composite polyamide membranes with high salt
rejection has allowed reverse osmosis (RO) to become
the leading technology for seawater and industrial water
desalination.'~* Commercial RO membranes have an active
aromatic polyamide layer which is formed by interfacial
polymerization.”~” At a macroscale, commercial polyamide RO
membranes achieve near ideal salt rejection (>98%), high
water permeability (2—=20 L m™> h™" bar™), and low salt
permeability (0.1—0.4 L m™> h™").”*'? This high salt rejection
is largely ascribed to the unique nonporous and highly tortuous
nature of the polyamide layer.®
Water and salt transport properties through polyamide are
largely limited to physics extrapolated from the solution-
diffusion model."”!" For instance, bench-scale measurement of
water and salt permeability is commonly used to extract water
and salt diffusion coefficients.”'>"? While the solution-
diffusion model is well tested, the model assumes that
chemical and hydraulic gradients are constant, and that all
transport processes occur under equilibrium conditions.'>'*~'°
These core assumptions of the solution-diffusion model are
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becoming increasingly limiting as the field moves beyond
seawater as the primary feed stream.'*'” ™"

Advanced characterization techniques that aim to extrap-
olate water and salt transport in membranes include trans-
mission electron microscopy (TEM), quasielastic and inelastic
neutron scattering (QENS, INS), extended X-ray absorption
fine structure (EXAFS), full-field transmission X-ray micros-
copy 2D and 3D (TXM-CT and microCT), positron
annihilation lifetime spectroscopy (PALS), and nuclear
magnetic resonance (NMR) spectroscopy.”’"** TEM images
predict that the average water diffusion coefficient in
polyamide is 1.03 + 0.02—1.67 + 0.04 x 107 m?/s.”!

Quasielastic neutron scattering experiments suggest that the
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water diffusion coefficient is 1.9 + 04 X 107 m?/s.”’
Molecular dynamics simulations of a hydrated polyamide
membrane suggest the diffusion coeflicient of the bulk phase is
3.08 X 10™° m?/s, the interface region 0.58 X 107 m?/s, and
the polyamide membrane 0.24 X 10~ m?/s.*° Examining
sodium diffusion in polyamide is feasible through pulse field
gradient NMR, yet to date there are only a handful of
investigations which have been completed.”” ™"

Herein, we have prepared polyamide membranes which are
ion-exchanged with different salt mixtures and at different
levels of relative humidity (0%, 60%, and 98%). We applied
pulsed field gradient (PFG) NMR to examine the translational
diffusion coefficients of hydrogen and sodium ions in ion-
exchanged polyamide.””>® We also measured 'H and 2*Na
NMR spin—lattice relaxation time (T)) and extracted the
activation energy for salt and water transport for the various
conditions.

First, we examine the translational (Figure 1a) and rotational
(Figure 1b) motion of water ("H) in fully hydrated polyamide
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Figure 1. "H and **Na NMR for probing local environments and
diffusion coefficients. (a) "H NMR spectra, (b) D, and D, fitting of
"H PFG NMR decay for hydrogen translational motion (diffusion),
(c) »*Na NMR spectra, and (d) D, and D, fitting of *Na PFG
NMR decay detecting sodium translational motion(diffusion).

as salinity increased from 1 to 2 M using PFG NMR. As the
salinity doubled, there was a clear broadening of the 'H line-
width spectra (Figure la and Figures S1 and S3) indicating
that the rotational movements are hindered in the presence of
higher salt concentration. When examining chemically and
magnetically inequivalent components within the 'H spectra,
we identified four peaks. Two peaks follow a 2-component
distribution model (~S ppm). The diffusion coefficients

attributed to the peak ~1.3 ppm were unchanged under all
conditions and thus were assumed to be ascribed to the
polymer functional groups. The second two were ascribed to
bound and unbound hydrogen. The two bound and unbound
hydrogen diffusion coeflicients changed with salinity and were
attributed to the 'H resonance around S ppm.

When examining the rotational and translational motion of
water within polyamide, as the salinity increases from 1 to 2 M
(Figure 1a, green line), the unbound hydrogen decreases from
~15% to ~5%, and the amount of bound hydrogen increases
from ~82% to ~94% (as determined by deconvolution of line-
shapes as shown in Figure S1). When examining the
normalized intensity of the 'H as a function of different
gradient strengths, we observe a relaxation (Figure 1b) for
water at ~4.7 ppm. The Stejskal—Tanner equation allows for
the extraction of diffusion coefficients (S, eq 2). This equation
can be manipulated such that the diffusion coefficient is the
slope in plots of In(I/I;) vs b where b is a parameter that
depends on the experimental conditions and properties of the
nucleus under investigation [b = y*¢’6*(A — &/3)]. The
unbound hydrogen diffusion coefficient (D;) does not change
with salinity (Figure 1b, Table 1). The unbound hydrogen
diffusion coefficient is in the range of 4.7 X 107" to 4.9 X
1071° m?/s which is lower than the bulk water (self) diffusion
coefficient (2.3 X 107 m?/s) (Table 1).** The values for self-
diffusivity of water in polyamide in this work are also lower
than the value for self-diffusivity of bulk water (2.5 % 107° m?/
s at 300 K) reported by quasielastic neutron scattering.’
Diftusion of unbound hydrogen is not impacted by increases in
salinity. This is not surprising as the molar concentration of
water (approximately S5 M) is significantly higher than either
salt.

The diffusion coeflicient of the bound protons decreases
from 7.4 X 107" £ 7 x 107 t0 4.0 X 107" £ 0.1 X 10> m*/
s with the addition of 1 M KCI (Figure lc, Table 1). The
diffusion of bound protons decreases by ~50% with the
addition of 1 M KCl to a 1 M NaCl feed stream (Figure 1c and
Table 1). This is due to the increase of salt within the
polyamide, which acts to sterically block the motion of bound
protons.*® It should be noted that the self-diffusion coefficient
of water at room temperature is reported to be at 2.8 X 10~
m?/s." The presence of more than one diffusion coefficient for
'H could be due to strong hindrance of water mobility in the
dense polyamide network, as water molecules are diffusing
from a local to bulk diffusion pathway. Here, we assume that
the bound water is the molecules that are associated by
hydrogen bonding to surface functional groups. The binding of
water through hydrogen bonding impedes the transport. When
salt is added, the bound hydrogen-containing molecules are
hindered from interactions with water and/or carboxylic acid
functional groups due to the presence of salt. As salinity
increases, the space around the bound water region is tighter
leading to a decrease in the bound water diffusion coeflicient.

Table 1. Diffusion Coefficient Measurements Derived from a PFG Experiment for Fully Hydrated Ion-Exchanged Polyamide

diffusion PFG experiments

multi-ionic mixture nucleus D, (unbound) (m?s™") D, (bounded) (m?s™")
1 M NaCl Na 9.4 X 1072 + 0.5 x 1072 2% 10712+ 02 x 10712
1 M NaCl + 1 M KCl *Na 5.8 X 107 + 0.5 x 107" 2%x 1072 + 01 x 107"
1 M NaCl 'H 49 x 1071 + 0.4 x 1072 74 x 107" £ 7 x 10712
1 M NaCl + 1 M KCl 'H 47 % 107 + 0.8 x 1072 40 x 107 + 0.1 x 1072
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Figure 2. (a) 'H and (b) »*Na MAS NMR spectra of ion-exchanged polyamide at different levels of humidity and ionic mixtures. MAS rate:

10 kHz.

The bound hydrogen diffusion behavior in polyamide is
dependent upon interactions with dipoles of carboxylates of
polyamide, water—water, water—polymer, water—sodium—
potassium, and electrostatic interactions.

Next, we examine the translational (Figure 1d) and
rotational (Figure 1c) motion of salt (**Na) in polyamide as
salinity increases from 1 to 2 M using PFG NMR. As the
salinity doubled, like the 'H spectra, there is a clear broadening
of the **Na line-width spectra (Figure 1c and Figure S2). This
indicates that the rotational and translational movements are
hindered in the presence of higher salt concentrations. When
examining the components within the **Na spectra, we
identified two peaks. The two peaks were ascribed to bound
and unbound sodium (Figure lc and Figure S2). When
examining the rotational and translational motion of sodium
within the membrane, as the salinity increases from 1 to 2 M,
(Figure lc, green line) the unbound sodium decreases from
90% to 75%, and the amount of bound ions increases from
10% to 25% (as determined by deconvolution of line-shapes as
shown in Figure S2). Thus, the hindrance in sodium ion
movement is due to the increase in the amount of sodium that
exists in the bound state in the presence of high salinity.

When examining the normalized intensity of the **Na as a
function of different gradient strengths, we observe a signal
relaxation (Figure 1d). The unbound sodium diffusion
decreases by 40% from 9 X 1072 + 05 X 1072 to 6 X
107" + 0.5 X 107"* m?/s (Figure 1d and Table 1). The
decrease in the unbound diffusion coefficient of sodium may
be due to the competitive diffusion between sodium and
potassium as salinity increases. The bound diffusion coefficient
(D,) does not change as the ionic strength increases and
remains around 2 X 1072 + 0.2 X 107> m*/s (Figure 1d and
Table 1). Our results show that the bound and unbound
diffusion coefficients of sodium ions in ion-exchanged
polyamide are less than the sodium ion diffusion reported in
water (Dy,c; = 1.6 X 107° m?/s) by approximately a factor of
100.”7* This is due to the fact that there are most likely low
concentrations of sodium physiochemically interacting with
the polymer as sodium is able to freely move within the free
space of the polymer. We deduce that, with an increase in
salinity, the translational movements of the unbound sodium
ions passing through polyamide are hindered. For unbound
sodium ions, the high salinity reduces Brownian motion and
provides accessible open space for the translational motions of
sodium ijons. In this case, sodium ions with a large
hydrodynamic radius may encounter more boundaries and
thereby travel smaller distances. The ion transport in polymeric
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membranes is also usually governed by Donnan exclusion,
dielectric exclusion, and size exclusion. Since the ion-
exchanged polyamide membrane contains the same functional
groups with similar charge properties in different ionic
mixtures, the PFG NMR diffusometry results suggest that a
size-exclusion mechanism dominates the ion translational
motions resulting from the dense structure of the polyamide
network.” Compared to the water diffusion coefficient values
obtained by other advanced characterization techniques
reported elsewhere,”*™>* our diffusion coefficient values for
hydrogen are approximately 10 times smaller (for unbound
hydrogen). We hypothesize that the lower diffusion coefficient
value obtained in our study is due to measurements for bulk
polyamide and not a thin film.

Herein, we used magic angle spinning (MAS) to produce
high-resolution NMR spectra to to obtain structural
information in the polyamide. MAS NMR spins the sample
at the magic angle (54.74°) with respect to the direction of the
magnetic field. Using MAS, we can obtain high-resolution data
where line-shapes are narrowed due to elimination of dipolar
(for 1H) and quadrupolar (for 23Na) interactions.. However,
since the MAS in this work is in the range of 10 kHz, we
hypothesized that there exists some remaining 1H-1H dipolar
and quadrupolar interactions. MAS is a powerful method for
analyzing chemical environments at the atomic level.

The peak positions and the line width of the 'H signal vary
with changes in relative humidity and salinity (Figure 2a). At
low relative humidity (RH = 0%), the physics examined is due
only to the properties of the polymer. Ideally, enhanced
transport within the polymer itself can allow enhanced
transport within the hydrated polymer, which is important to
examine. Without hydration, the (H,0/OH~) motion is
ascribed to hindered movements within the pores, at the
membrane interface, and outside the pores (Figure 2a). At low
relative humidity, when salinity increases, the peak positions of
'H shift toward lower values (ppm). As 'H shifts toward lower
ppm values, we hypothesize that hydrogen peaks are attributed
to the bonding of water (hydrogen) with amide functional
groups. On the contrary, as the 'H peak shifts toward higher
ppm, we hypothesize that water molecules (hydrogen) bond
with the carboxylic acid functional groups of polyamide.*’ This
is because polyamide is more decorated with linear chains at
the interface (carboxylic acid functional groups) and more fully
cross-linked aggregates (amide functional groups) in the core
part of the polymer."" Thus, these interactions can provide
some insight on whether water is within the interphase or
within a pore.
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Figure 3. T,_, (component 1, left y-axis, black lines with square symbols) and T,_, (component 2, right y-axis, red lines with star symbols)
for (a) 'H and (b) **Na NMR of samples with varied concentrations of KCl solution in the ionic mixture. The legend in each graph indicates

the relative humidity (RH, %).

At high relative humidity (RH= ~98%), the physics
examined is largely due to polymer—water interactions. With
hydration, we observed a sharp peak in the 'H spectra,
indicating fast rotational motions of water molecules. Increased
molecular mobility is expected because water hydrates the
polymer. This phenomenon results in an increased effective
magnetic field (higher ppm values), and this effect can be
caused by the presence of specific functional groups that
withdraw electron density from hydrogen ions, such as amide
functional groups in polyamide. This gives us information that
the hydrogen ions are closer to amide functional groups as the
relative humidity of the membranes increases. However, with
high relative humidity, when salinity increases, the "H spectra
shift toward lower ppm by 2.4 ppm (Figure 2a). Furthermore,
the signal indicates that the water within the pores vanishes.
Therefore, since salt infiltrates the pores, water is displaced to
the polyamide interface (Figure S1).

The peak positions (chemical changes) of the sodium signal
and the line width of »*Na also vary with changes in relative
humidity and salinity (Figure 2b). Without hydration, the Na*
movement is attributed to hindered movements outside the
pores (Figure 2b). At low relative humidity, when salinity
increases, the **Na shift or line-width does not change
significantly.

With hydration (RH = ~98%), we observed a sharp peak in
the *Na spectra, and a shift in the peak position from ~7.3 to
~0. This shows that sodium ions move toward polyamide
pores with increasing humidity (Figure 2b). As the sodium
peak changes to higher values, the sodium ions interact with
the carboxylic acid of polyamide on the surface, since the
higher chemical changes for the sodium peaks are usually
related to the interaction of sodium with an acidic environment
(Figure SS). At higher RH, sodium ions become on average
more hydrated, and the distance between sodium ions
increases, thus reducin§ the asymmetry in the surrounding
electronic environment.”” This results in a decrease in electric
field gradients (EFGs) in the **Na nuclei, leading to a reduced
quadrupolar broadening.**

The parameters of the nuclear spin—lattice relaxation rate
(T,), which accounts for the longitudinal relaxation time,
depend on the fluctuation of the nuclear spins of the ions in
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the range of the larmor frequency (MHz). Therefore,
measuring nuclear spin—lattice relaxation rates can provide
information on the interaction of molecules with their
chemical environments.* In an effort to examine the rotational
movement of hydrogen and sodium, we performed spin—
lattice relaxation experiments.

We observed that spin—lattice relaxation times (T;) follow a
bimodal distribution of ions attributed to the presence of two
different environments (biexponential relaxation, two compo-
nents). This is consistent with our PFG NMR experiments and
further confirms that the two-site model for bound and
unbound ions is appropriate for the polyamide—salt mixture.
Bound ions are located in regions of strong confinement, along
with regions where unbound ions coordinate with other
hydrated nuclei.

The T, relaxation time for the unbound site is indicated as
T,_, whereas the T, relaxation time for the bound state is
indicated as T,_, (Figure 3). For rigid cross-linked polymers,
most of the ionic molecular motion near room temperature is
in the slow motion region, which means that a longer T
suggests slower motion (T;_, > T;_,).” When we plotted the
magnetization intensity as a function of the recovery time for
sodium and hydrogen ions in polyamide (Figure S7 and Tables
S1 and S2), we observed that the T, relaxation for both
hydrogen (Figure 3a) and sodium ions (Figure 3b) (bound
and unbound) continued to increase with salinity (all levels of
RH), suggesting that sodium and hydrogen ionic motions are
hindered as the feed stream becomes more concentrated.

For the same salt mixture, as the relative humidity of the
polyamide membrane increases, the spin—lattice relaxation
time for sodium/hydrogen ions (both bound and unbound)
becomes shorter, meaning that the overall motion of the fluid-
lattice surrounding the ions increases (Figure 3a,b). It should
be noted that the T, values for **Na in polyamide are still
higher compared to the relaxation times of »*Na in a dilute
NaCl solution (T; = 49.6 ms, T, = 34.0 ms).**** In summary,
the results of relaxation rates for rotational motions of ions
follow the same trend as those observed in the study of
translational motions derived from diffusion coefficients with
respect to varying RH and salinity.
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We have measured the energy barrier (E,) of protons and
sodium ions due to rotational motions by detecting relaxation
times as a function of temperature. The T, values were
measured at four temperatures of 25, 35, 50, and 70 °C to
determine the energy barrier using Arrhenius plots (at RH =
0). Without hydration, the energy barrier is expected to be
high because it is the polymer, not the hydrated polymer.

As salinity increases, the activation energy barrier of bound
sodium rotational motions in ion-exchanged polyamide
increases by 4.8% from 14.6 kJ/mol (1 M) to 15.3 kJ/mol
(2 M) (Figure 4. Meanwhile, the unbound sodium ion
activation energy barrier shows a 13% decrease with the
changes in the ionic mixture. At the molecular level, we know
from the PFG experiments that the unbound sodium shifts
toward the bound state with increasing salinity. Thus, the
observed energy change with the bound state may be due to
the relatively higher amount of bound sodium under
conditions of low relative humidity (Figure S8).
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For hydrogen nuclei, we observe that the relationship for T1
relaxation time versus temperature does not necessarily follow
a linear trend (R* < 0.9) (Figures S7 and S9). Therefore, we
assumed that the dynamics of water in the polyamide remains
bound at a very low level of relative humidity (0 RH) and in
the presence of other ions (Na*, K*, and CI7). Therefore, an
increase in the temperature of the polyamide environment
does not overcome the energy barrier for rotational motions
without hydration. We hypothesize that water has more affinity
to bind to small ions tightly than binding to other water
neighboring molecules,*® contributing to the bound water
remaining bound at higher temperatures or higher concen-
trations of KCIL

We illustrate a representative computational model in which
Na* and CI~ ions are distributed with water (Figure Sa). Our
molecular dynamics (MD) simulations were performed using
three-dimensional cross-linked polyamide (PA) membrane
structures rather than two-dimensional sandwiched PA slab
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structures’’ to investigate ion diffusion through the water
phase in the PA membrane instead of interfacial ion transport
between bulk water and the PA membrane. We carried out all
simulations in an isothermal—isobaric (NPT) ensemble under
atmospheric pressure conditions of 298.15 K and 1 atm until
they reached equilibrium states in terms of density and
potential energy fluctuations, as indicated in Figure S11.

The density of the bulk PA structure is determined to be
1.16 and 1.22 g/cm’ at the dry and hydrated states,
respectively. Systems containing ions are found to have slightly
higher density. Table S3 summarizes the average density values
obtained from the MD simulations for the three systems. It
should be noted that all hydrophilic polar functional groups,
such as carboxyl and amino groups, and charged species such
as Na" and Cl™ are solvated by water molecules in the PA
membrane. Therefore, we expect the dynamics of ions to be
coupled with that of water molecules. Here, we investigate the
self-diffusion (D) of ions and water molecules by analyzing the
mean square displacement (MSD) calculated as a function of
time (t) using eq 1.

1.1 5
D= Liim 2(() - 0’ "
Here, r(0) and r(t) denote the position of the particle at the
beginning and at time t, respectively, and [(r(t) — 7(0))*] is
the mean square displacement (MSD).

We have shown (Figure Sb,c, MSD plots for water) that, for
Na* and CI~, the MSD decreases as the concentration of KCI
increases to 1 M, and the slope of the linear segment taken
from each MSD curve is found to decrease accordingly. These
results indicate that the diffusivities of water and ions are
reduced with increasing KCl concentration, as summarized in
Table S3. The diftusivity of CI” is found to be higher than that
of Na“, which is attributed to the more electrostrict character
of water molecules adjacent to the cation compared to the
anion of the same charge.48 Overall, the diffusion of water is on
is an order of magnitude higher than the diffusion of ions,
because the ions in weakly solvated states tend to be associated
with surrounding chemical species of PA such as functional
groups or neighboring ions via clustering or aggregation for
further stabilization, which diminishes the mobility of ions.
Therefore, lower diffusion coefficients are expected, especially
for the Na* ion.

In this paper, we implement pair-correlation analysis
between the Na' ijons and solvating water molecules. We
show that the correlation of Na* with water molecules
decreases as the KCl concentration increases (Figure Sd).
Thus, it is evident that the presence of KCl weakens the
solvation state of the Na* ion and thereby decreases the Na*
diffusivity, which emphasizes the sensitivity of the ion mobility
in the PA membrane to the local solvation environment.

Here, we used solid-state nuclear magnetic resonance
(NMR) spectroscopy to examine the transport of water and
salt in polyamide. We investigated the dynamics of H" and Na*
ions at different levels of relative humidity in various high-
salinity environments. We identified that water and sodium
exist in both “bound” and “unbound” states within the
polyamide. These species are attributed to highly immobile
“bound” sodium/hydrogen and a more mobile “unbound”
sodium/hydrogen. These states are confirmed in both PFG
and nuclear spin—lattice relaxation NMR experiments, and
with molecular dynamics simulations. In addition, we report
the diffusion coeflicients for both bound and unbound sodium
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and water states in the polyamide. NMR spin—lattice
relaxation T, showed that T decreases with temperature,
concluding that spin—lattice relaxation obeys the Arrhenius
relation. The activation energy for sodium also showed an
increase in the unhydrated polymer with increasing salinity,
which was consistent with the PFG diffusion experiments.
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