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ABSTRACT Independent control of the extrinsic and intrinsic properties of the polyamide (PA) selective

layer is essential for designing thin-film composite (TFC) membranes with performance characteristics required

for water purification applications besides seawater desalination. Current commercial TFC membranes

fabricated via the well-established interfacial polymerization (IP) approach yield materials that are far from

ideal because their layer thickness, surface roughness, polymer chemistry, and network structure cannot be

separately tailored. In this work, tailor-made PA-based desalination membranes based on molecular layer-by-

layer (mLbL) assembly are presented. The mLbL technique enables the construction of an ultrathin and highly

cross-linked PA seletive layer in a precisely and independently controlled manner. The mLbL-assembled TFC

membranes exhibit significant enhancements in performance compared to their IP-assembled counterparts. A
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maximum sodium chloride rejection of 98.2% is achieved along with over 2.5 times higher water flux than the IP-assembled counterpart. More importantly,

this work demonstrates the broad applicability of mLbL in fabricating a variety of PA-based TFC membranes with nanoscale control of the selective layer

thickness and roughness independent of the specific polyamide chemistry.
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everse osmosis (RO) is currently the
Rmost widely used technology for sea-

water desalination and water treat-
ment because it is the most energy-
efficient means for removing salt from
seawater."? As the name implies, RO is a
high pressure-driven separation process
where a pressure exceeding the osmotic
pressure between the salt ions and pure
water is applied to selectively permeate
water across a semipermeable membrane
while retaining the salt ions. The key com-
ponent of the RO process is the asymmetric
thin-film composite (TFC) membrane com-
prising of a highly cross-linked polyamide
(PA) selective layer on a hierarchical porous
polymeric support structure.® Separation or
screening of the salt ions and pure water
occurs within this PA selective layer. There-
fore, both the extrinsic (thickness, rough-
ness, surface functionality) and intrinsic
(chemistry, molecular topology, molecular
homogeneity) properties of this PA layer are
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critical to controlling the water flux, salt flux,
and selectivity between the salt ions and
water.

The PA selective layers of current state-
of-the-art TFC membranes are made by
variations of the interfacial polymerization
(IP) technique that was pioneered by
Cadotte in the late 1970s.* The typical IP
process involves impregnating a porous
polymeric support with an aqueous diamine
solution and subsequent exposure to an
organic triacid chloride solution. Polymeri-
zation reaction occurs at the organic phase
of the water—oil interface formed by two
immiscible solutions due to the negligible
solubility of acid chlorides in water and
moderate solubility of amines in organic
solvents. Amine monomers diffuse from
the aqueous phase to the organic phase to
rapidly react with the acid chloride, and the
IP reaction proceeds via a diffusion-limited
process.”~® Depending on the process vari-
ables such as reactivity, solubility, and
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Figure 1. Molecular layer-by-layer (mLbL) approach for fabricating polyamide (PA) thin film composite (TFC) membranes.
(1) Dipping the PEI/PAA polyelectrolyte bilayer-coated PAN membrane into a diamine solution in toluene. (2) Rinsing the
membrane with acetone to remove the unreacted diamine monomers. (3) Dipping the membrane into a triacid chloride
solution in toluene. (4) Rinsing with toluene to remove the unreacted triacid chloride. (5) Finishing one mLbL deposition cycle.
(6) Repeating the deposition steps 1—4 until the desired number of deposition cycles is obtained.

diffusivity of the specific monomers, surface tension,
and viscosity of solvents, etc., the IP process produces
an ultrathin PA layer with a unique surface morphol-
ogy and a film thickness ranging from ~20 nm to
~200 nm. IP satisfies many of the requirements for a
commercial TFC because it facilitates scalable manu-
facturing of a dense and ultrathin PA semipermeable
membrane. However, the IP-assembled TFCs are far
from ideal as both the extrinsic and intrinsic properties
of the PA layer are largely dictated by the process
variables mentioned above.®~'? In addition to film
thickness, properties including surface roughness,
homogeneity of the PA network structure, and chemi-
cal functionality are highly dependent on the process
variables. Since the process variables are convoluted
with one another in IP, it is not straightforward to
control one property without affecting another
property,'® which leads to difficulty in fabricating TFC
membranes with well-defined and deconvoluted in-
trinsic and extrinsic properties.

In an effort to overcome some of the limitations of IP
for fabricating TFC membranes, we have recently
devised an alternative approach termed molecular
layer-by-layer (mLbL)."*'* The mLbL approach is ana-
logous to atomic layer deposition and polymer layer-
by-layer (LbL), where the PA layer is constructed one
monomer layer at a time via alternate cross-linking of
the diamine and triacid chloride. We demonstrated
that mLbL can successfully fabricate PA TFC mem-
branes that exceed the RO performance of the IP-
assembled membranes.'* The performance enhance-
ments of these mLbL-assembled TFC membranes are
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associated with precise control over the PA layer
thickness, network structure, and surface roughness
facilitated by mLbL.

This seminal work was limited to studying
the mLbL-assembled TFC membranes fabricated using
m-phenylenediamine (MPD) and trimesoyl chloride
(TMC) as the diamine and triacid chloride monomers,
respectively. Because the work did not apply mLbL to the
fabrication of TFC membranes using other PA mono-
mer chemistries, it did not address the primary limita-
tion of IP, which is the inability to decouple the extrinsic
and intrinsic properties of the PA layer. Independent
control over the extrinsic and intrinsic properties of the
PA is vitally important in designing membranes with
performance characteristics required for water purifi-
cation applications besides just seawater desalination.
In this contribution, we address these questions by
applying mLbL to fabricate TFC membranes using
other PA monomer chemistries. We measure the water
and salt permeation of these mLbL-assembled mem-
branes and compare them with their IP counterparts
to show that the performance of the mLbL-assembled
membranes is not only superior but can be tailored
because the selective layer thickness, roughness,
and polyamide chemistry can be independently con-
trolled.

RESULTS AND DISCUSSION

We apply both mLbL (see the Methods and Figure 1)
and IP (see the Methods) approaches to fabricate TFC
membranes with four different aromatic PA chemis-
tries (one semiaromatic and three fully aromatic PAs
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Figure 2. Four PAs investigated in this work: poly(diethylenediamine trisamide) (P(DDTA)), poly(p-phenylenediamine
trisamide) (P(pPDTA)), poly(m-phenylenediamine trisamide) (P(mPDTA)), and poly(o-phenylenediamine trisamide) (P(oPDTA)).

with differentisomeric positions of amine moieties).
The chemical structures of the four PAs were de-
signed by varying the type of diamines while using
the same triacid chloride (trimesoyl chloride, TMC)
as shown in Figure 2. We were interested in inves-
tigating the effect of aromaticity and isomerism
of these PAs on the membrane performance be-
cause they are commonly used as the selective
layers of TFC membranes for RO or nanofiltration
(NF) applications.

To fabricate a mLbL-assembled PA TFC membrane,
we begin by hydrolyzing a commercial poly-
(acrylonitrile) (PAN) ultrafiltration porous support with
NaOH (HPAN) and then coating it with a single bilayer
of polyelectrolyte layer-by-layer (LbL) assembly as an
interlayer. The hydrolysis treament enhances the neg-
ative charge density and hydrophilicity of the PAN
surface."” The two polyions used are branched poly-
(ethylenimine) (PEl) and poly(acrylic acid) (PAA).
Branched PEI was selected because (1) it is positively
charged, thus facilitaing adsorption onto the nega-
tively charged PAN surface, and (2) its large molecular
size can effectively block the pores of the PAN, thus
allowing the fabrication of a uniform and defect-free PA
selective layer via subsequent mLbL."* PAA was selected
since it contains a high density of negatively charged
carboxylic acid groups that facilitate electrostatic inter-
action and/or hydrogen bonding with the positively
charged diamine monomer in the first mLbL deposition.
Next, the polyelectrolyte LbL-coated PAN support was
alternatively dipped into the two monomer solutions
and rinsed with the appropriate rinse solvents after each
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dipping step to yield the cross-linked PA selective layer.
For the poly(m-phenylenediamine trisamide) (P(mPDTA))
system, the diamine and triacid chloride monomers are
m-phenylenediamine (MPD) and TMC, respectively.
This mLbL deposition procedure was repeated until
the desired cycle number was obtained with one cycle
represented by the reaction between the diamine and
triacid chloride as illustrated in Figure 1. Each PA
system was fabricated by mLbL with the cycle numbers
of 0, 1, 5, 10, and 15. We also fabricated IP-assembled
PA TFC membranes for comparison purposes. For IP,
the PAN support was first impregnated with a diamine
aqueous solution and then exposed to a TMC solution
in n-hexane to produce the cross-linked PA layers.
Process parameters such as monomer concentrations,
reaction time, and drying conditions were optimized to
show the best sodium chloride (NaCl) rejection of the
resultant TFC membrane for P(mPDTA). Then, the same
process parameters were applied to the fabrication of
other PAs. In addition, the IP-assembled TFC mem-
branes were prepared either on the pristine PAN or on
HPAN to evaluate the effects of the support type on
membrane performance.

The surface structures of the IP- and mLbL-
assembled PA selective layers for the four PA systems
are shown in Figure 3. The scanning electron micro-
scope (SEM) images presented in Figure 3a illustrate
the vast difference in the surface morphologies of
the IP-assembled PAs using the same triacid chloride
but slightly different structures of diamine, which is
in good agreement with the observation by other
researchers.'® Keeping the other process variables
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Figure 3. (a) SEM micrographs of the PA-selective layer surfaces fabricated via IP. (b) SEM micrographs of the PA selective
layer surfaces fabricated via mLbL with the deposition cycle number of 15. The scale bar for all the micrographs is 1 um.

fixed, even a small change in the amine monomer
structure results in a dramatic variation in the surface
morphology. This stems from the difference in the
reactivity, solubility, and diffusivity depending on the
monomer structure that significantly alters the IP
mechanism,'®'®'” which has profound impacts on
the membrane performance including water flux, salt
rejection, and fouling.'® In contrast, the surfaces of
the four mLbL-assembled PAs with chemistries iden-
tical to the ones made by IP are significantly smoother
because mLbL is much less dependent on the reactiv-
ity, solubility, and diffusivity of the monomer species
(Figure 3b).

Table 1 summarizes the XPS atomic contents of the
PA selective layers prepared by IP and mLbL. Chemical
compositions represented by the O/N ratio are nearly
identical regardless of PA chemistry for the mLbL-
assembled PAs. However, the O/N ratios for the IP-
assembled PAs vary quite significantly depending on
the PA chemistry.'® Combined with the morphological
analysis, these results demonstrate the uniqueness
of mLbL, which is the ability to consistently fabri-
cate PAs with polymer network structure and surface
roughness that are independent of the specific PA
chemistry.

To compare the TFC membrane performance be-
tween the two assembly approaches, we evaluated
their performance via crossflow filtration using a NaCl
(2000 ppm) aqueous solution. Figure 4 is a summary of
the water flux (J,,) and NaCl rejection (R;) of the mLbL-
assembled TFC membranes as a function of the mLbL
cycle number (x). The results show that membrane
performance is controlled by the mLbL cycle num-
ber for the fully aromatic P(pPDTA), P(mPDTA), and
P(oPDTA) systems. Using P(mPDTA) as an example,
increasing the mLbL cycle number leads to a progres-
sive decrease in the water flux and a progressive
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TABLE 1. Atomic Compositions of the IP- and mLbL-
Assembled PA selective Layers As Measured by XPS®

process PA C (%) 0 (%) N (%) O/N ratio
IP P(DDTA) 71.0 171 1.9 143
P(pPDTA) 739 144 1.7 1.23
P(mPDTA) 74.0 14.0 12.0 1.16
P(oPDTA) 75.2 1.5 133 0.86
mLbL P(DDTA) 75 15.5 13.0 1.20
P(pPDTA) 75.6 13.5 10.9 1.24
P(mPDTA) 74.7 13.9 114 1.22
P(oPDTA) 737 14.2 121 1.7

“Each of the mLbL-assembled PA selective layers is made with 15 deposition cycles.

increase in the NaCl rejection. Both of these trends with
the mLbL cycle number are consistent with our pre-
vious work on the mLbL-assembled P(mPDTA) TFC
membranes.'*

The observed performance trends with the mLbL
cycle number can be quantitatively explained with
a modified form of mass transport equations used
to describe TFC membranes used in RO applica-
tions. For an applied pressure (Ap) exceeding the
osmotic pressure (Am) of the NaCl solution, the water
flux of the polyelectrolyte LbL interlayer (o)
and mLbL (J,,x) TFC membranes can be described
by a simplified resistance-in-series water permeation
model'*?°

Ap — Ar
Jw,0 = 4/‘61 (1a)

Ap — A
Iy, p —Aan

~— 1b
)X AT AT (1b)

where the subscript x denotes the mLbL cycle num-
ber. The apparent water permeability coefficients of
the LbL (Ap) and mLbL (A,) TFC membranes are
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Figure 4. Water flux and NaCl rejection of the mLbL-
assembled PA TFC membranes as a function of the mLbL
cycle number. The closed symbols correspond to the water
flux and the open symbols correspond to the salt rejection.
The larger circles are the TFCs without the mLbL PA layer.
The curves are fits to the water flux and NaCl rejection data
using eq 3 and eq 6, respectively.

related to the layer thicknesses (hy, h,) and water

permeabilities (P, o, Pu,)>"
Vw P
Ao = R_V; ;7“'0 (2a)
0
P,
A = ZL o (2b)
X

where v,, is the molar volume of water, R is the gas
constant, and T is the temperature. Substituting
eqs 1a, 2a, and 2b into eq 1b yields the following
expression for J,, ,:

-1
PW Ohx
Jw,x = J, 1+ ——= 3
W, X w,0< + Pw,xh0> ( )
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The resistance-in-series model also describes the
NaCl rejection because it is a function of the water
flux.>?> The NaCl rejection values of the LbL (Ry)
and mLbL (R;,) TFC membranes are defined as

100%
- 4
50 1 +Bko;’10 (4a)
100%
Rs,x = J701 (4b)
1+ w, X
BO_] +BX—1

The apparent NaCl permeability coefficients of
the LbL (Bg) and mLbL (B,) TFC membranes are
related to the layer thicknesses and NaCl permeabil-
ities (Ps,0, Ps )

By = h—o (5a)
o Ps,x
By = h, (5b)

Substituting eqs 3, 4a, 5a, and 5b into eq 4b yields
the following expression for R;,.
Juoho) "
+ w, 0110
Ps,O >

(6)

Jw,0h 1+ Py, 0hx/Pw, xh
RS,X_RSIO<1+W,O 0)( +w,0 x/ w, x!10

Ps,() 1 +Ps,ohx/Ps,xh0

We use eqgs 3 and 6 to describe the changes in the
water flux and NaCl rejection of the mLbL-assembled
TFC membranes with the mLbL cycle number. To fit
these expressions with the results presented in
Figure 4, we reduced the number of fitting parameters
by assuming that Jy, o, Rs .0, Pw,0: Pw,xs Ps,0r Ps e @and hg are
constants and are independent of the mLbL cycle
number (see the Supporting Information, S1). Thus,
the mLbL layer thickness is the only variable that scales
with the cycle number because it increases at a con-
stant rate (h, = rx, where r is thickness increment
per mLbL cycle).'" Except for the semiaromatic
P(DDTA) that did not follow the solution-diffusion
model, the close agreement between the fits with
the experimental water flux data for the fully aromatic
P(pPDTA), P(mPDTA), and P(oPDTA) suggests that our
assumptions of the fitting parameters for describing
water permeation are reasonable. The poor fits of the
salt rejection data for the fully aromatic P(pPDTA),
P(mPDTA), and P(oPDTA) at short mLbL cycle numbers
suggest that P, cannot be treated as a constant. The
cause of this cycle number dependent salt permeabil-
ity at short cycle numbers will be discussed later
on. These results show that mLbL can independently
control the intrinsic properties via changing the poly-
mer network chemistry and the extrinsic properties via
changing the selective layer thickness while minimiz-
ing roughness, which is not achievable by conven-
tional IP.
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Figure 5. Plot of NaCl rejection versus water flux for all the
TFC membranes investigated. Closed symbols correspond
to the mLbL-assembled PA TFCs. The arrow indicates the
change in the performance of the mLbL-assembled PAs
with increasing mLbL cycle number. Filled symbols corre-
spond to the IP-assembled PA TFCs prepared on PAN
(smaller symbols) and HPAN (larger symbols) supports.

The exceptional water flux behavior of P(DDTA) with
respect to the mLbL cycle number can be explained by
the diamine monomer structure (piperazine, PIP) be-
cause the reactivity of this monomer affects its network
structure and hence the layer growth rate. Compared
with the other stiff aromatic diamine monomers, the
higher chain flexibility of aliphatic PIP increases the
propensity to form macrocycles that hinder the sub-
sequent cross-linking reaction between PIP and TMC,
making the mLbL film growth unfavorable.”® This
hypothesis is consistent with the membrane perfor-
mance results where the water flux and NaCl rejection
remain essentially unchanged beyond x = 1. In addi-
tion, the unfavorable mLbL film formation of P(DDTA)
was further confirmed by no discernible difference in
the selective layer thickness between the P(DDTA)
membranes prepared with different mLbL cycle num-
bers (see the Supporting Information, S2).

Figure 5 is a summary of the NaCl rejection versus
water flux for all the TFC membranes investigated. The
results show an inverse relationship between the NaCl
rejection and water flux. This trend is commonly ob-
served in water desalination membranes and is often
referred to as “performance trade-off”, where an in-
crease in the water flux results in a decrease in salt
rejection.”’** Evaluating only the IP-assembled TFC
membranes, the results show that the membrane
performance strongly depends on the support type
(pristine  PAN/HPAN) as well as monomer chem-
istry 819112326 The fylly aromatic P(oPDTA) exhibited
higher rejection than the semiaromatic P(DDTA) with
the same isomeric position of the diamine, which
is consistent with the previous report showing that
higher aromaticity and thus increased chain stiffness
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imparts better selectivity.”” Among the fully aromatic
PAs, the P(mPDTA) exhibited the highest NaCl rejec-
tion, suggesting that the same isomeric positions
(meta) of the reactive groups of diamine and the triacid
chloride on aromatic rings result in a more selective PA
structure.'>?728

Regarding the effect of the support type, IP on a
HPAN support typically resulted in lower salt rejection
while exhibiting higher water flux than that on a PAN
support. This result agrees with previous studies that
showed IP on a more hydrophilic support often pro-
duces a TFC membrane with higher flux but lower
rejection due to the difficulty in creating a defect-free
PA selective layer.'®"! We found that the IP-assembled
P(DDTA) on a HPAN has the lowest NaCl rejection (R =
3.8 & 2.1%) and the highest water flux (J,, = 720.5 £+
59.4 L m~2 h™"), whereas the IP-assembled P(mPDTA)
on a PAN has the one of the highest NaCl rejection rates
(R =96.0 & 0.7%) but the lowest water flux (J,, =9.0 &
0.6 L m™2 h™"). The performances of the other IP-
assembled TFC membranes span between these two
limits, which clearly illustrates that the IP-assembled
TFC membranes have widely varying performance
without any systematic trends with either the PA
chemistry or support structure. These results are con-
sistent with other IP-assembled TFC membranes where
there is very little control over membrane performance
because of the difficulty in controlling the various PA
properties separately.

With the exception of semiaromatic P(DDTA),
the mLbL-assembled TFC membranes clearly show a
systematic change in the performance by simply vary-
ing the mLbL cycle number for each PA system. The
results for the fully aromatic P(pPDTA), P(mPDTA), and
P(oPDTA) show consistent “performance trade-offs”
with the mLbL cycle number. The increase in NaCl
rejection results in a progressive decrease in water flux
(Figure 4), which is primarily attributed to the increase
in the thickness and cross-linking density of the PA
layer with increasing the mLbL cycle number. The key
distinction between these PAs is the maximum attain-
able NaCl rejection, which is ultimately linked to the
materials properties of the specific PA.">~'7?72° The
full aromaticity and meta-positioning of the functional
groups of P(mPDTA) results in the highest NaCl rejec-
tion among the mLbL-assembled PAs, similar to the
results for the IP-assembled PAs. Importantly, all the
fully aromatic mLbL-assembled PAs show higher NaCl
rejection values than the IP-assembled PAs, which
strongly suggests that mLbL facilitates the formation
of PA selective layers with higher average cross-link
densities. Not only does the mLbL-assembled
P(mPDTA) have a higher NaCl rejection (R = 98.2 +
0.6%), the water flux (J, =23.0 £ 48L m>h™ ") is over
2.5 times greater than the IP-assembled P(mPDTA)
(Rs = 96.0 &+ 0.7%, J,, = 9.0 = 0.6 L m~2 h™"). This
improvement is significant as it equates to a 2.5 times
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increase in energy reduction because of the direct
relationship between the water flux and applied pres-
sure. Another interesting result is that the maximum
attainable NaCl rejection of the mLbL-assembled
P(oPDTA) is 73.2 & 0.2%, which is over 4 times higher
than that of the IP-assembled counterpart (16.8 +
2.8%) and further highlights the advantageous attri-
butes of mLbL. The superior separation performance of
the mLbL-assembled membrane is attributed to thin-
ner and more densely cross-linked structure of the PA
selective layer realized via mLbL."* Compared with a
commercial RO membrane (SWC4+, Nitto Denko),
the mLbL-assembled P(mPDTA) membrane achieved
slightly lower rejection than SWC4+ (Rs = 98.7 & 0.9%)
but comparable to or slightly higher water flux than
SWC4+ (J,, =213 £1.5L m 2 h™"). However, the salt
rejection of the mLbL-assembled membrane is ex-
pected to be further improved by optimizing fabrica-
tion parameters, using additional additives and
applying additional treaments similarly to commercial
membranes.

The mLbL-assembled P(mPDTA) shows the upper
limit of NaCl rejection and the lower limit of water flux
(the highest NaCl rejection and lowest water flux) in the
performance trade-off plot, although the upper NaCl
rejection limit could be further enhanced by increas-
ing the mLbL cycle number. The lower limit of NaCl
rejection and upper limit of water flux of the mLbL-
assembled membranes are determined by the sub-
strate (the interlayer-coated support) structure as well
as PA chemistry. Hence, the lower rejection (upper flux)
limit is expected to be expanded by altering the
interlayer and support structures and PA chemistry.

While Figure 5 is useful for evaluating the perfor-
mance between the various membranes, it is difficult
to understand the role of PA chemistry and structure
on membrane transport because water flux and NaCl
rejection are the industry-defined descriptors of mem-
brane performance that depend on the particular
measurement conditions. Instead, material properties
including water permeability, salt permeability, and
permselectivity are more appropriate descriptors of
membrane transport because these properties are
intrinsic to the particular PA.'°

The water permeability of dense TFC membranes is
related to the water flux as defined by eqgs 1 and 2.

Jw RTh
Py=——2 _—— 7
(Ap — Am) vy, @)

The salt permeability of dense water desalination
membranes is related to the salt flux (Js = P;AC/h),
which can be calculated from the measured values of
water flux and NaCl rejection (Js = J,Acs((100%/R;) — 1)).

Py = th(1(;?0% — 1) (8)

S
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Figure 6. Plot of permselectivity versus water permeability,
which is commonly referred to as a “performance trade-off”
plot, for all TFC membranes investigated. The arrow indi-
cates the change in the performance with increasing mLbL
cycle number. Filled symbols correspond to the IP-
assembled PA TFCs prepared on PAN (smaller symbols)
and HPAN (larger symbols) supports.

Permselectivity () is a dimensionless quantity that is
defined as the ratio of the water permeability to the salt
permeability.?’

o

il (9)

a=—
Ps

Calculating these intrinsic properties requires infor-
mation about the PA layer thickness. Determining the
thickness of the mLbL-assembled PAs is straight-
forward since these materials have minimal surface
roughness,’>'*3%31 and the thickness of these layers
was calculated on the basis of our previous works on
the growth rate of the particular PA as a function of
the mLbL cycle number (see the Supporting Informa-
tion, $3)."*3%3! In contrast, there is a significant degree
of uncertainty in determining the thickness of the IP-
assembled PAs due to their high surface roughness. As
a first order approximation, the thickness of the IP-
assembled PAs was determined by analyzing the
average sample cross-section via transmission electron
microscopy (see the Supporting Information, S3 and S4).
The water permeabilities, salt permeabilities, and
permselectivities for all the TFC membranes are then
calculated using eqs 7, 8, and 9, respectively.

We evaluate the intrinsic transport properties of the
TFC membranes in the form of a “performance trade-
off” plot by comparing the permselectivity versus the
water permeability (Figure 6). The results illustrate the
vast and random variation in the transport properties
of the IP-assembled TFC membranes with PA chemistry
and support type. Importantly, the fully aromatic IP-
assembled PAs exhibited inferior permselectivity to
the mLbL-assembled counterparts.
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The “performance trade-off” plot sheds several in-
sights of the mLbL-assembled TFC membranes. First,
the performance trade-off trend is also observed for all
three fully aromatic PAs. We see that an increase in
permselectivity leads to a decrease in water perme-
ability and vice versa. This observation is consistent
with the performance trade-off trend observed for
other membranes.?’ The interesting result is that per-
formance trade-off trend with the mLbL cycle number
is very steep. In other words, the decrease in the salt
permeability with the cycle number being significantly
greater than that of the water permeability for a
particular fully aromatic PA. Since the water and salt
permeabilities are intrinsic properties that are directly
related to the diffusion and solubility coefficients for a
particular PA network chemistry, these results imply
that the fully aromatic PA network structure can be
controlled indirectly via the mLbL cycle number. We
speculate that the polymer network structure is in-
complete at short mLbL cycle numbers and becomes
fully cross-linked at higher cycle numbers. The fact that
the water permeability does not change significantly
with the mLbL cycle number suggests that the water
permeability (the product of water diffusion coefficient
and solubility) is less dependent on the cross-link
density compared with the salt permeability. This
assumption of approximately invariant water perme-
ability with the mLbL cycle number is supported by
the good agreement between the water flux results
(Figure 4) and the data fits using eq 3 where we have
assumed a constant water permeability coefficient for
a particular PA. This assumption is not true in the case
of the salt permeability. Here we find that the salt
permeability decreases quite significantly and spans
up to 2 orders in magnitude depending on the parti-
cular PA. The poor fits of the salt rejection results
(Figure 4) using eq 6 confirm the strong dependence
of salt permeability with the mLbL cycle number and
suggests that cross-linking density of the PA have large
impacts to the separation of salt ions. This control of
the intrinsic properties has not been explored pre-
viously for a particular PA because of the inherent
limitation of IP in controlling the network structure of
the PA. While we will study the effects of the mLbL
cycle number on the cross-linking density of the PA
network in detail in the future, the current results
indicate that the cross-linking density increases with
the mLbL cycle number, which leads to the observed
performance trade-off trends. Based on performance
trade-off results from commercial TFC membranes,*'
we speculate that the permselectivity could increase
by another order of magnitude (~10° to 10°) by further
increasing cross-linking density (increasing the mLbL
cycle number) until it reaches a constant value.

Second, the permselectivity of P(mPDTA) is intrinsi-
cally superior when compared to the other three mLbL-
assembled PAs, further confirming that the aromatic
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monomer pairs with the same isomeric position (meta-
positioned) of the functional groups result in the
optimum molecular structure that exhibits the best
permselectivity.'>?”?® We suggest that cross-linking of
the same meta-positioned functional groups facilitates
the formation of a PA network structure that best
optimizes performance trade-off between water flux
and permselectivity. This argument is supported by a
previous study on the swelling of the mLbL-assembled
PA thin films showing that the water swelling ratio for
P(mPDTA) is intermediate to the more swollen
P(pPDTA) and the less swollen P(oPDTA).3" According
to the solution-diffusion model, a membrane that
swells more is expected to have higher water perme-
ability because it is directly related to the water
solubility. Combined with the performance trade-off
argument of higher water permeability resulting in
lower permselectivity, these results would indicate
that P(mPDTA) has permselectivity that is superior to
P(pPDTA) and water permeability that is superior to
P(oPDTA). All these results reinforce the notion that
P(mPDTA)-based TFC membranes are the state-of-the-
art selective layers for seawater desalination.??

Third, the solution-diffusion model does not appear
to be the appropriate model in describing the perfor-
mance of P(DDTA). The permselectivity results from the
performance trade-off plot (Figure 5), along with NaCl
rejection versus the water flux data (Figure 4), suggest
that the performance of P(DDTA) does not scale
with the mLbL cycle number. The aforementioned
inefficient mLbL film growth for P(DDTA) could ac-
count for the deviation from prediction according to
the solution-diffusion model. Our result is not too
surprising given the literature precedence suggesting
that the transport mechanism of NF-grade P(DDTA)-
based TFC membranes involves both solution-diffu-
sion and pore flow models.>?

Fourth, the mLbL approach enables more accurate
evaluation of performance trade-off for water desali-
nation membranes. The IP-assembled membranes
have significantly higher surface roughness than
the mLbL analogues. The high surface roughness of
the IP-assembled membranes originates from the un-
controlled reaction at multiple interfaces by the mono-
mer diffusion-controlled mechanism,® while the
smooth surface of the mLbL-assembled membranes
is attributed to the controlled reaction at a single in-
terface by the stoichiometry-limiting mechanism.'***
This morphological feature (roughness) can affect
permeation in two ways. An increase in surface
area for water permeation will increase the total
water flux, which is the reason for commercial mem-
branes to adopt the spiral wound membrane module
design versus flat-sheet membrane design. Our cal-
culations (see Supporting Information, S5) show that
a rough membrane whose surface is densely packed
with high-aspect ratio roughness features can increase
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the surface area by 10—100 times that of a smooth
membrane. Another effect of surface roughness is that
the local properties such as thickness and permeability
coefficients of the membrane may be different than
smooth regions of the membrane, which would raise
the question whether the entire membrane has the
same transport properties. These uncertainties for
rough membranes will affect the calculated water
and salt permeability coefficients required to construct
the performance trade-off plot, which also limits the
development of structure—property relationships for
these materials.

CONCLUSION

We have demonstrated that mLbL enables fabrica-
tion of various PA-based water desalination membranes
with well-defined and deconvoluted intrinsic and ex-
trinsic properties. Our results verify that controlling the
selective layer thickness, roughness, and chemical com-
position is critical for water desalination performance.
The mLbL approach provides a rational and tailor-made
approach to designing water desalination membranes
that can satisfy the performance requirements for a
particular application. From a fundamental perspec-
tive, mLbL enables fabrication of model materials that
allow one to gain insights into the transport mechanism

METHODS

General Methods. Certain commercial equipment, instru-
ments, or materials are identified in this paper in order to
specify the experimental procedure adequately. Such identifi-
cation is not intended to imply recommendation or endorse-
ment by the National Institute of Standards and Technology, nor
isitintended to imply that the materials or equipment identified
are necessarily the best available for the purpose. The error bars
represent one standard deviation of the data, which is taken as
the uncertainty of the measurement.

Materials. The following chemicals were used as received:
branched polyethylenimine (PEI, M,, = 750,000 g mol~", Sigma-
Aldrich), poly(acrylic acid) (PAA, M,, = 100,000 g mol~’, Sigma-
Aldrich), diethylenediamine (commonly called piperazine, PIP,
Sigma-Aldrich), p-phenylenediamine (PPD, Sigma-Aldrich), m-
phenylenediamine (MPD, Sigma-Aldrich), o-phenylenediamine
(OPD, Sigma-Aldrich), trimesoyl chloride (TMC, Sigma-Aldrich),
sodium chloride (NaCl, Junsei Chemical Co.), sodium hydroxide
(NaOH, Daejung Chemical Co.), toluene (>95%, J.T. Baker),
n-hexane (>95%, J.T. Baker), and acetone (>95%, J.T. Baker).
Deionized (DI) water (18.2 Q) was prepared in a Millipore Milli-Q
purification system. Polyacrylonitrile (PAN) ultrafiltration mem-
branes (PAN 50) and a seawater RO membrane (SWC4+) were
obtained from Sepro Membranes, Inc, and Nitto Denko,
respectively.

Membrane Preparation. A series of TFC membranes were pre-
pared via the mLbL approach using TMC and different diamines
(PIP, OPD, MPD, and PPD). First, a PAN support was hydrolyzed
in a NaOH (2.0 M) aqueous solution at 50 °C for 2 h to increase
the surface negative charge and hydrophilicity. Then, a single
bilayer of polyelectrolyte layer-by-layer assembly (LbL) was
prepared on the hydrolyzed PAN (HPAN) as an interlayer.
The negatively charged HPAN was first soaked into a cationic
PEI (0.1 wt %) aqueous solution containing NaCl (0.5 M, pH =
10.6) for 15 min and then rinsed twice with DI water. Subse-
quently, the PEl-coated HPAN was dipped into an anionic PAA
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as well as the key polymer properties that control trans-
port in water desalination membranes. For exam-
ple, mLbL enables deconvolution of the effect of charge
density and cross-link density because we can system-
atically vary these properties by incorporation of mono-
mers with different degrees of functionality (difunc-
tional versus trifunctional) and chemistry. One other
subtle but important attribute of mLbL is that it is an
all organic solvent synthesis, which implies that mLbL is
not limited to the current set of triacid chloride and
diamine monomer chemistries. Scalability remains the
primary drawback for mLbL since the slow growth rate
of the selective layer is not practical for commercial
implementation. Work is currently underway to explore
the use of multifunctional monomers that can signifi-
cantly expedite the growth rate of the selective layer
while maintaining the key attributes of mLbL. The
membrane stability is another critical issue to be re-
solved since the structural deformation and delamina-
tion of the polyelectrolyte bilayer used as an interlayer
could occur at high ionic strengths (i.e,, NaCl > 10000
ppm) or extreme pH conditions (i.e.,, pH < 3 or pH > 10).
We are evaluating the membrane stabilty at various
solution chemistries (ionic strengths and pHs) along
with exploring the strategy to improve the membrane
stability.

(0.1 wt %) aqueous solution containing NaCl (0.5 M, pH = 3.5) for
10 min, followed by rinsing twice with DI water. Next, the PA
selective layer was created on the PEI/PAA-coated PAN support
by alternatively depositing diamine and TMC monomers.
The membrane support was soaked in the diamine monomer
(1.0 wt %) solution in toluene for 30 s and subsequently rinsed
with acetone to remove the unreacted amine. PIP, MPD, and OPD
monomer solutions were prepared by dissolving the diamine
monomer in toluene, while PPD was dissolved in a mixture
of toluene and acetone (80/20 wt %) owing to its limited solu-
bility in toluene. Then, the membranes were dipped into a TMC
(1.0 wt %) solution in toluene for 30 s, followed by rinsing with
toluene to complete one mLbL deposition cycle. This process
was repeated to obtain the desired number of deposition
cycles. After completion of the mLbL deposition, the prepared
membranes were dried at 70 °C for 2 min and stored in DI water
prior to test. TFC membranes were also prepared on pristine
PAN and HPAN supports by conventional interfacial polymeri-
zation (IP) as controls. A diamine (2.0 wt %) aqueous solution
was poured onto a PAN support and then drained off after
3 min. The excess amine solution was removed with an air knife.
Then, a TMC (0.05 wt %) solution in n-hexane was poured onto
the membrane and allowed to react for 1T min. The polymeriza-
tion reaction was terminated by rinsing the membrane with
pure n-hexane. The prepared membranes were dried at 70 °C
for 2 min and stored in DI water prior to test.

Membrane Characterization. X-ray photoelectron spectroscopy
(XPS) was used to characterize the chemical structures of
the mLbL- and IP-assembled PA selective layers. XPS spectra
were collected on a PHI-5000 Versaprobe spectrometer using
monochromatic Al K, radiation at 1.49 keV. The surface mor-
phologies of the PA layers were examined using scanning
electron microscopy (SEM, FEI Inspect F50), and SEM micro-
graphs were obtained at an accelerating voltage of 10 kV. Cross-
sectional images of TFC membranes were obtained using
transmission electron microscopy (TEM, FEI Titan TM 80—300).
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To prepare TEM samples, the TFC membranes were embedded
in Epon resin (EMbed 812) and then cured at 60 °C for 24 h.
Ultrathin membrane slices were cut on an ultramicrotome
(Reichert Ultracut S) and mounted onto copper grids. The cross
sections were imaged at an accelerating voltage of 300 kV.

Membrane Performance. Membrane performance (water flux
and salt rejection) was measured by permeating a NaCl solution
(2,000 ppm) at pH 5.8 in a cross-flow filtration apparatus with an
effective permeation area (A = 14.5 cm?). All performance
measurements were carried out at an operating pressure of
15.5 bar, a flow rate of 1 Lmin~", and an operating temperature
of 25 °C. Performance data were collected after the system had
reached steady-state conditions. Water flux (J,, Lm~2h™") was
calculated from the amount of the collected permeate (V) for a
fixed period of time (t) as given by J,, = V/At. NaCl rejection
(R, %) was determined from the salt concentrations of the feed
(C) and permeate (C) solutions, which were measured with a
conductivity meter (Ultrameter I, Myron L. Co.) using the
equation R, = 100% x (1 — C,/Cy).
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