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ABSTRACT

We present a series of polyamide membranes synthesized via molecular layer-by-layer (mLbL)
deposition of trimesoyl chloride (TMC) and 3,5-diaminobenzoic acid (BA). These membranes
exhibit superior NaCl rejection compared to previously reported TMC-BA membranes prepared
via interfacial polymerization, with the improved performance of the mLbL films attributable to
higher cross-link density facilitated by the stepwise deposition process in good solvents. We
compare the TMC-BA series with membranes synthesized from TMC and m-phenylenediamine
(MPD), a conventional reverse osmosis membrane chemistry. At the minimum thickness capable
of 90 % NacCl rejection, mLbL TMC-BA membranes exhibit 50 % greater water permeance than

mLbL TMC-MPD.
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Introduction

Commercial reverse osmosis (RO) membranes for water desalination are conventionally
prepared by interfacial polymerization (IP) of a triacid chloride and a diamine, atop a
macroporous support layer.) The properties of the resulting polyamide (PA) selective layer
depend strongly on the chemistry of the monomers?*-® and the details of the synthesis
method.*>” Variations in monomer chemistry and reaction conditions have large implications for
the network cross-link density, the type and concentration of polar functional groups at the
membrane surface and in the interior, and void size or free volume within the membrane that
facilitates transport.

The common PA chemistry for RO membranes targeting the removal of monovalent ions
consists of trimesoyl chloride (TMC) and m-phenylyenediamine (MPD). Still, there remains
active interest in developing new monomer chemistries that may offer superior performance.
According to the solution-diffusion model, the water permeance, A, of a membrane is
proportional to the thermodynamic sorption coefficient Kw,m, a measure of the membrane’s
capacity to swell in water at equilibrium. Permeance is defined as the water flux, Jw, normalized
by the difference between the applied and osmotic pressures, AP — Az, and is described by the

solution-diffusion model®® according to,

A Jw — Dy mKw,mCw,fow (1)
AP—ATC hmRT

where Dw m is the diffusion coefficient of water in the membrane, cw is the molar concentration
of water in the feed, vw is the molar volume of water, hy is the membrane thickness, R is the gas
constant, and T is the absolute temperature. As such, increasing Kw,m by controlling the
hydrophilicity of the PA layer may improve solution permeance.®*® One candidate chemistry

replaces MPD with 3,5-diaminobenzoic acid (BA); structural similarity between the two



diamines may promote similar reactivity and therefore similar cross-link density, while
substantially improving hydrophilicity via the pendant carboxylic acid. The chemical structures
of the monomers and the TMC-MPD and TMC-BA polymers are illustrated in Figure 1. In
TMC-MPD, the carboxylic acid content is entirely associated with incomplete cross-linking and

is therefore very low for highly cross-linked RO membranes.
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Figure 1. Chemical structures of TMC, MPD, and BA, and the polyamides from their respective
polymerization and subsequent conversion of unreacted acid chloride into carboxylic acid via
exposure to water. Subscripts x and y refer to the fractions of fully reacted and partially reacted
TMC in the network, respectively, such that x = 1 and y = 0 for a completely cross-linked

network. Polar carboxylic acid groups are circled for emphasis.

Several attempts have been reported to synthesize IP membranes from TMC and BA,

however these studies have generally shown poor rejection of monovalent salts. Roh and



colleagues reported an IP TMC-BA membrane exhibiting 24 % NaCl rejection, albeit with good
water permeance of 2.3 L m2 h'* bar?, compared to IP TMC-MPD with 98 % NaCl rejection and
water permeance of 0.25 L m2 h'! bar™ in the same study.® Saha and Joshi later reported an
improved IP TMC-BA membrane exhibiting 67 % NaCl rejection and water permeance of 5.6 L
m ht bar?,1% although this salt rejection still falls short of a high-performance RO membrane.
Other studies incorporated BA, but either with a different acid chloride or with the addition of a
third reactive species such that BA was a small minority component of the resulting polymer.
Gupta prepared linear polymers from isophthaloyl chloride (IPC) and BA as well as
terephthaloyl chloride (TPC) and BA, which were cast into thick membranes reported to exhibit
between 80 % and 98 % NaCl rejection with water permeance between 0.45 L m™ h! bar* and
0.95 L m?2 h* bart.! However, Gupta’s result is an outlier for this chemistry, with three more
recent studies of the same material indicating different performance. Aiba and colleagues also
synthesized linear IPC-BA polyamide, which was cast into membranes with 23 % NaCl rejection
and water permeance of 0.12 L m h' bar.1? Roh and colleagues prepared IP membranes from
IPC-BA and TPC-BA with 17 % and 7 % NaCl rejection, respectively, and water permeance of
2.7Lm?2htbar!and 3.0 L m?h?bar?, respectively.® Saha and Joshi likewise prepared IP
membranes from IPC-BA with 23 % NaCl rejection and water permeance of 13 L m h* bar™.1
It is therefore reasonable to conclude that linear BA-containing PA lacks the tight network
structure needed to restrict the passage of hydrated salt ions, presumably due to the high degree
of swelling in these films without cross-links to resist network expansion.

The earliest report of a cross-linked three-component film containing BA is a patent by
Kim and colleagues, in which IP of an aqueous solution of 2 parts by mass of 4,4'-

dihydroxybiphenyl to 1 part by mass of BA, with a solution of TMC in n-hexane yields a



membrane exhibiting 94 % NacCl rejection and water permeance of 2.1 L m? h* bar?.16

However, the proportion of BA incorporated into the polymer was not quantified. Owing to the
very poor solubility of BA in the n-hexane organic phase to access the polymerization site,
located within the organic phase close to the interface,* 22 it is likely that this proportion is
extremely small, as elaborated below. Following Kim’s three-component approach, a series of
studies by Ahmad and colleagues'®® reported membranes prepared via IP of TMC in the
organic phase with a mixture of piperazine (PIP) and BA in the aqueous phase. The solution flux
and salt rejection of these membranes strongly depended on the ratio of PIP to BA. NaCl
rejection spanned 12 % to 62 %, and water permeance spanned 3.2 L m? h* bar!to 12 L m? h'!
bar?, where raising the BA proportion in the reaction mixture monotonically decreased the salt
rejection and either monotonically increased the water permeance®® or reached a local maximum
in water permeance at intermediate BA content.’®
Results and Discussion

Based on this survey, no pure TMC-BA membranes with consistently high NaCl
rejection have been prepared to date. Poor salt rejection is likely attributable to loose network
structure, a result either of the steric bulk of the BA or the poor solubility of BA in the nonpolar
organic solvents used for IP. In this work, we present TMC-BA membranes prepared via
molecular layer-by-layer (mLbL) assembly?3?4, We utilize an mLbL synthesis method because
the resulting membranes are expected to exhibit higher cross-link densities than IP membranes,
as the reactive species are not required to diffuse across the as-forming polyamide at the
interface to find available reactive sites, and mLbL films have been shown to exhibit very low
surface roughness relative to IP? that enables accurate and unambiguous characterization of the

active layer thickness. Furthermore, IP requires that the diamine monomer partition from the



aqueous phase into the organic phase, typically hexanes or Isopar, to reach and react with the
forming polymer. However, the solubility of many diamines in organic solvents is quite low.

Specifically, the measured solubilities of BA in various solvents are listed in Table 1.

Solvent BA Solubility (mg/mL)
Tetrahydrofuran 16.15
Water 8.65
Isopropanol 1.43
Toluene 0.06
Hexanes 0.00

Table 1. Solubility of BA in selected solvents at 23 °C. In all cases, the measurement uncertainty

is £0.01 mg/mL.

We detect no solubility of BA in hexanes, suggesting that many of the IP membranes described
above likely contain little BA or have low cross-link densities owing to very poor access of BA
to the polymerization site. In contrast, mLbL synthesis allows us to select solvents well suited to
the monomers. In our study here, TMC deposition and rinse steps are performed using toluene,
as reported for the conventional mLbL deposition process, while BA deposition and rinse steps
are performed using tetrahydrofuran to facilitate availability of BA monomer to the forming
mLbL film and subsequent removal of any unreacted monomer.

While some prior studies primed the support layer with a polyelectrolyte barrier layer
before synthesizing the mLbL active layer directly atop a macroporous support,>>2 we instead
synthesize our membranes on silicon wafers coated with a water-soluble poly(sodium 4-styrene

sulfonate) (PSS) release layer and subsequently transfer to a polyacrylonitrile (PAN) layer for



performance testing. We chose this two-step approach since it has not been definitively shown
that the barrier layer does not participate in the reaction. Furthermore, by eliminating the barrier
layer we can reliably measure the active layer thickness and provide absolute measurements of
the active layer permeance.

Desalination performance testing was carried out on each of the TMC-BA and TMC-
MPD membranes by challenging with <1000 mg/L NaCl aqueous solutions in a stirred dead-end
filtration cell at an applied pressure of AP = 34.5 bar (500 psi, or 3.45 MPa). The measured water
flux is divided by the difference between the applied pressure and the osmotic pressure across
the membrane at the time of collection, Az = (0.80 to 0.95) bar, to give the water permeance. The

solute rejection is defined as,
R=< —C—”)x100% )
cf

where cr and ¢, are the NaCl concentrations of the feed and of the permeate, respectively. The
feed NaCl concentration and osmotic pressure are recalculated at each time of collection, based
on the total volumes and concentrations of the collected permeate solution. The results of the
desalination performance tests are shown in Figure 2. For comparison, a control measurement on
a DuPont pilot-scale brackish water membrane in the same dead-end apparatus at AP = 34.5 bar
displayed a water permeance of 3.6 L m h! bar! with NaCl rejection of 97.5 %, and a bare

macroporous PAN layer had a water permeance of 620 L m? h bar! measured at AP = 6.9 bar.



-
o

100

Dry Thickness (nm)

y =]

- By L
§ g NAn 80
- 9
s (a) TMC-BA <
i 61 = _ 160§
@ B Rejection S
2 i B Permeance o
g 41 40
5 .. 3
> rd
5 24 L
g L 20
= - 1

Od L) T T Ll 1 T 1 O

0 10 20 30 40 50 60 70 80
Dry Thickness (nm)
10 100
T L4
T | e
8 84 80
'l-:: L 3
i (b) TMC-MPD <
E 6{e L60 §
o 1 e ¢ Rejection ‘g
e ¢ Permeance T
g 41 ¢ 40
: 3
& ] . z
5 24 L
§ “’ 20
o 4
O- T T I'_.-'b'[ T "'l I 0
0 10 20 30 40 50 60 70 80

Figure 2. Water permeance and NaCl rejection vs. PA membrane thickness for (a) TMC-BA and
(b) TMC-MPD. Applied pressure AP = 34.5 bar, and initial feed concentration cto ~ 1000 mg/L
NaCl. The error bars represent one standard deviation of the data (n = 3 to 5), which is taken as

the experimental uncertainty of the measurement. Some error bars are smaller than the symbols.

The water permeance and NaCl rejection curves are qualitatively similar between the
TMC-BA series and the TMC-MPD series. In both cases, water permeance smoothly decreases
with film thickness, and NaCl rejection increases rapidly at low film thickness before stabilizing

above a critical thickness. Plots of water permeance vs. reciprocal dry thickness are provided in



the Supporting Information for both membrane chemistries. Both TMC-BA and TMC-MPD

exhibit deviations from the solution-diffusion model prediction, permeance o<1/ h, for the

thinnest films in both sets, suggesting that the mLbL polyamide material properties evolve as the
film grows, stabilizing at intermediate film thicknesses of (10 to 20) nm.

Two quantitative differences between the data sets are that the water permeance of TMC-
BA is approximately 2.5 times that of TMC-MPD with the same dry thickness, and the turnover
to a high NaCl rejection of 90 % occurs at a larger thickness for TMC-BA (roughly 20 nm to 30
nm) compared to TMC-MPD (roughly 10 nm to 15 nm). Selecting 90 % NaCl rejection as a
performance benchmark, the optimal TMC-MPD film thickness is about 15 nm, corresponding to
water permeance slightly greater than 1.5 L m? h' bar™. In comparison, for that same
performance benchmark the optimal TMC-BA film thickness is about 25 nm, corresponding to
water permeance of slightly greater than 2.2 L m h! bar. Thus, the TMC-BA chemistry offers
a 47 % increase in permeance relative to TMC-MPD when both films are prepared at a thickness
consistent with the benchmark performance.

The enhanced transport of TMC-BA membranes is associated with an increase in the
hydrophilicity of the membrane, as indicated by a decrease in the static water contact angle from
67° £ 2° for TMC-MPD to 43° + 2° for TMC-BA, in addition to the swelling ratio in water. The
equilibrium swelling ratios of TMC-BA membranes are shown in Figure 3 for a range of dry film
thicknesses. In each case, the swelling ratio is calculated as the equilibrated thickness in
saturated water vapor (>99 % relative humidity) divided by the thickness equilibrated in dry air
(0 % relative humidity), measured by spectroscopic ellipsometry. For comparison, swelling
ratios vs. film thickness are provided for TMC-MPD using the data series reported by Chan and

Lee extrapolated to water activity 1.2” The swelling ratio of TMC-BA is consistently 7 % to 10 %

10



higher than that of TMC-MPD with the same dry thickness. The TMC-BA membranes exhibit
the same thickness-dependent swelling behavior as the TMC-MPD membranes, likely
attributable to backfilling of the growing films via diffusion of fresh monomer into the
membrane interior during the mLbL process, causing the membranes to not only become thicker

but also more tightly cross-linked.
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Figure 3. Swelling ratio of TMC-BA and TMC-MPD mLbL membranes in saturated water
vapor vs. membrane dry thickness. In all cases the error bars are smaller than the symbols. The

TMC-MPD series is reproduced from Chan and Lee, extrapolated to water activity 1.2’

The thickness-dependent swelling of the mLbL membranes is paralleled by thickness-
dependent transport behavior. The water permeance data shown in Figure 2 can be converted via
eqn. 1 into the product of the water diffusion coefficient and the water sorption coefficient, Dwm

Kw,m. The product of these two material parameters describes the combined effects of water

11



mobility and water partition in the membrane, and thus provides an intensive metric of water
permeance. Similarly, the transport of salt can also be modeled using the solution-diffusion
model. Here, owing to the large molar volume of the salt ions, the flux of salt, Js, depends very

weakly on pressure and can be well approximated by,®
DS,TTL KS,TTL
Is= T (Cs,f - Cs,p) (3)

The subscript s on the quantities in egn. 3 denotes the NaCl salt, in contrast to the subscript w
denoting water in egn. 1. The feed NaCl concentration, cs, is recalculated at each time of
collection, based on the total volumes and concentrations of the collected permeate solution, Csp.
Both derived data sets, Dwm Kwm Vs. film thickness and Dsm Ksm Vvs. film thickness, as well as the
ratio of the salt transport constants to the water transport constants, (Dsm Ksm) / (Dw,m Kw,m), are

shown in Figure 4.
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Figure 4. Products of the diffusion coefficient, D, and sorption coefficient, K, within a TMC-BA
or TMC-MPD mLbL membrane vs. membrane dry thickness for (a) water, and (b) NaCl. The
ratio of the NaCl transport constant product and the water transport constant product is also

shown (c). The error bars represent one standard deviation of the data (n = 3 to 5), which is taken
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as the experimental uncertainty of the measurement. Some error bars are smaller than the

symbols.

At all membrane thicknesses, TMC-BA exhibits higher water and salt partitioning and
mobility than TMC-MPD. Furthermore, both membrane chemistries exhibit evolution of
intensive transport properties with film thickness. For TMC-MPD, Dw,m Kwm and Dsm Ksm
stabilize above a critical film thickness, approximately 30 nm for water and 20 nm for salt. This
trend suggests that the network initially becomes more tightly cross-linked with an increasing
number of deposition cycles due to backfilling and reaction of residual functional groups in the
membrane interior, until a saturated barrier layer forms at intermediate thicknesses and property
evolution slows or stops. For TMC-BA, stabilization is more gradual, but the series converges to
constant Dwm Kw,m and Dsm Ksm values above approximately 50 nm. The lack of a sharp
transition from a lightly cross-linked regime to a densely cross-linked regime likely reflects the
inaccessibility of residual functional groups in the membrane interior, owing to poor reactivity or
steric bulk of the BA monomer relative to MPD. If BA monomer cannot easily diffuse into the
growing PA network but is restricted to reaction at the free surface, the film will continue to
grow but will be slower to form a tightly cross-linked network. This observation is consistent
with the tendency of IP TMC-BA membranes to exhibit very high water permeance per thickness
but poor NaCl rejection; the severe kinetic limitations of this system require a stepwise process
like mLbL, using good solvents that swell the network, to provide monomer accessibility to the
interior in order to form any densely cross-linked material. An IP process is not conducive to

dense network formation with the TMC-BA chemistry.

13



Conclusion

In conclusion, mLbL deposition of TMC and BA enables the formation of tightly cross-
linked network structures inaccessible by other synthesis methods, and a sufficiently dense
network is necessary to facilitate exclusion of monovalent salts in RO. Using this mLbL
approach, we have presented the first PA membranes based exclusively on the TMC-BA
chemistry capable of greater than 90 % NaCl rejection. At the minimum thicknesses compatible
with RO performance membranes composed of TMC-BA exhibit nearly 50 % higher water

permeance than their TMC-MPD counterparts.
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