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ABSTRACT

Layer-by-layer (LbL) assembly is a versatile and robust technique for preparing ultra-thin films. The
use of LbL methods for fabricating thin-film composite (TFC) polyamide (PA) membranes, termed
molecular LbL (mLbL), has increased over the last decade. Here, we apply spin-assisted mLbL
(SA-mLbL) assembly to fabricate a TFC PA membrane for water desalination. We selected SA-mLbL
assembly because of its versatility in rapidly producing ultra-thin films with highly controlled film
properties. We deposited two typical PA precursors, that is, m-phenylenediamine (MPD) and tri-
mesoyl chloride (TMC), in an alternating fashion on a polyethersulfone ultrafiltration substrate and
investigated the effects of monomer concentration and water rinsing between monomer deposition
steps on membrane performance. For a feed concentration of 2,000 ppm NaCl, pressure of 34.5 bar,
and temperature of 25°C, the resulting membrane achieved an NaCl rejection of 99.2% and water
permeability of 0.57 L-m*h"-bar? with only a single MPD/TMC layer. This result suggests that the
SA-mLbL method is promising and can produce TFC PA membranes suitable for pressure-driven
membrane applications.

Keywords: Molecular layer-by-layer assembly; Spin coating; Nanofiltration; Reverse osmosis;

Desalination; Polyamide

1. Introduction

Over the last few decades, access to fresh water has been
recognized as one of the most pervasive problems world-
wide. Unfortunately, a technical note published by the Water
Resources Institute indicates that this problem will worsen
within the next couple of decades, such that countries that
are currently considered safe will have limited access to
fresh water [1]. Water desalination provides a solution to
this issue, as it readily provides fresh water from seawater
or saline aquifers, which account for approximately 97% of
the world’s total water resources.

Among desalination technologies, membrane-based
desalination has increased its share in the desalination mar-
ket owing to developments over the last few decades that
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have rendered this method competitive with thermal-based
desalination techniques such as multistage flash or multi-ef-
fect distillation [2]. Reverse osmosis (RO) remains the most
common technique among membrane-based desalination
methods due to its mature technology. Typical RO mem-
branes consist of a thin layer of polyamide (PA) fabricated
via interfacial polymerization (IP) of m-phenylenediamine
(MPD) and trimesoyl chloride (TMC) on top of a support
layer, which usually consists of polysulfone and polyester
webbing [3].

TMC and MPD dissolve in different solvents: TMC is
typically dissolved in organic solvent while MPD is typically
dissolved in water. TMC has a very low partition coefficient,
which prevents its presence in an aqueous phase, while
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MPD, with its higher partition coefficient, can be present
in both aqueous and organic phases. Thus, for a PA layer
to form, MPD must diffuse in a water—solvent interface and
immediately react with TMC [4]. One can determine the
growth of a PA film from the extent of MPD diffusion in the
water—solvent interface as well as the level of diffusion in
the existing PA film. However, with this mechanism, it is dif-
ficult to control film properties such as thickness, morphol-
ogy, or composition. Thus, the IP method usually produces
relatively rough, thick PA layers.

Recently, researchers have adopted dip layer-by-layer
(LbL) assembly or so-called molecular LbL (mLbL) assembly
to fabricate thin layers of PA with fine-tuned layer proper-
ties, achieving control over the thickness, roughness, struc-
ture, and composition. LbL assembly is a bottom-up thin
film fabrication technique based on the alternating deposi-
tion of multilayers consisting of two or more complemen-
tary materials on top of a support layer [5]. The driving force
for the multilayer build-up is primarily based on electro-
static interactions, such as interactions between polyanions
and polycations. However, the driving force is no longer
limited to electrostatic interactions, as many other inter-
molecular interactions can be exploited, such as hydrogen
bonding [6,7], covalent bonding [8], biological interactions
[9], hydrophobic interactions [10], and coordination chem-
istry interactions [11]. As exemplified by conventional dip
LbL assembly, the application of LbL based on coordina-
tion chemistry offers advantages over typical electrostatic
interactions. By using LbL assembly based on coordination
chemistry, one can precisely tune and control the chemi-
cal composition, structure, film thickness, and conforma-
tion at the atomic or molecular level. Further details about
this technique can be found in an excellent review on LbL
assembly written by Borges and Mano [12]. Based on LbL
assembly via coordination chemistry, mLbL assembly can
be applied to synthesize PA [13]. In this case, two bifunc-
tional monomers such as MPD and TMC are assembled in
an LbL fashion, as shown in Fig. 1.

MPD consists of a bifunctional group, that is, NH, (amine)
in the form of H,N-L-NH,, where L is an organic fragment.
TMC consists of CIOC (acyl chloride) in the form of CIOC-
M-CIOCI, where M is also an organic fragment. Fig. 2 illus-
trates the molecular structures of MPD and TMC. The amine
group of MPD and the acyl chloride group of TMC undergo
a surface reaction while another amine of MPD reacts with
a carbonyl (—-CO) or carboxyl (-COH) functional group on
a polyethersulfone (PES) support, induced by air plasma
treatment [15,16]. The two steps shown in Fig. 1 can then be
repeated to achieve the desired thickness.

Among the pioneers of this method for fabricating thin-
film composite (TFC) membranes, Lee et al. [17,18] reported
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membranes with promising results. By depositing 15 layers
of PA, they achieved a high NaCl rejection rate of approxi-
mately 98.7% and a permeability of 1.34 L-m=h™-bar™. The
reported water flux exceeded 75% of the flux achieved by
an IP-assembled PA counterpart. In addition, their mLbL PA
membrane had a smoother surface than their IP-assembled
PA counterpart [18,19] which is a desirable characteris-
tic for biofouling mitigation.

Notably, in some previous works, a polyelectrolyte inter-
layer was deposited prior to monomer deposition. The pur-
pose of the interlayer is to prevent the penetration of reactive
monomers into the support [17,18], which can produce defects
in the layer and jeopardize the membrane performance, par-
ticularly the rejection rate. Penetration within support pores
is difficult to avoid and likely occurs in the case of dip mLbL
because of the long duration of contact between the mono-
mer solution and the support. With interlayer, the likelihood
that penetration will occur depends on the pore size of the
interlayer, yet a tighter interlayer provides an additional bar-
rier that can reduce the water flux. Therefore, in our work, we
deposited the monomers directly onto the support to avoid
any additional barrier that would negatively affect the mem-
brane flux. The penetration of monomers within the sup-
port pores is marginal in the technique used herein, that is,
spin-assisted mLbL (SA-mLbL), because the very short con-
tact time between the monomers and support layer reduces
the possibility of monomer penetration into the pores.

Dip mLbL membranes have shown promising per-
formance. However, the preparation time may present a
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Fig. 1. Schematic of the molecular layer deposition
method. (A) A-L-A bifunctional monomers react with a sur-
face terminated with -B species (squares). (B) B-M-B bifunc-
tional monomers react with a surface terminated with -A
species (triangles). (Reprinted [adapted] with permission from
the study of Du and George [14].
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Fig. 2. Molecular structures of materials used to synthesize polyelectrolyte multilayer TFC membranes: (a) MPD, (b) TMC,

and (c) PES.
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drawback. The preparation of one membrane consisting of
15 MPD/TMC layers requires approximately 15 min [17,18].
This long deposition time is typical for dip LbL assembly
because the monomers are allowed to naturally absorb onto
the support or existing layers. To enhance the monomer
adsorption, we utilized SA-mLbL assembly instead. To the
best of our knowledge, SA-mLbL assembly has only recently
been adopted to fabricate PA TFC membranes, as reported
in 2021 by Kundu et al. [20] and Mulhearn and Stafford
[21]. The latter used diaminobenzoic acid (DBA) instead of
MPD.

Kundu et al. [20] reported that their membrane provided
loose RO, with an NaCl rejection rate below 90% for 30 lay-
ers of PA deposited on polyvinylidene fluoride (PVDEF).
The authors chemically modified the PVDF using levodopa
to enhance PA bonding to the support layer, that is, using
levodopa-coated PVDEF. Similarly, Mulhearn and Stafford
reported an NaCl rejection rate slightly greater than 90%
after depositing TMC/DBA layers to a thickness of approxi-
mately 20-30 nm and TMC/MPD counterparts to a thickness
of 10-15 nm. This thickness corresponds to approximately
40-50 deposition cycles. Of note, both studies reported
challenges in fabricating defect-free layers via SA-mLbL
assembly. Therefore, a greater number of layers is needed to
overcome these defects and achieve a higher rejection rate.
Increasing the layer number extends the membrane prepa-
ration time and requires more reagents. In this work, we
aimed to optimize the preparation conditions to fabricate
defect-free LbL. membranes by depositing as few layers as
possible.

We successfully fabricated defect-free PA TFC mem-
branes using SA-mLDbL assembly, as confirmed by an NaCl
rejection rate exceeding 98% and a reasonable permeabil-
ity of approximately 0.8 L-m?h™-bar?. Surprisingly, these
results were achieved for only a single layer of PA. These
findings represent a substantial improvement for applying
this method to fabricate PA RO membranes. These results
suggest that the SA-mLbL method holds great potential for
rapidly fabricating such membranes while maintaining high
performance. The key for successful fabrication was precise
control over the deposition parameters, including the con-
centration, spin speed, injection flow rate, and pretreatment.
We investigated several fabrication protocols and assessed
the effect of rinsing the deposited monomer to obtain the
most suitable protocol for producing a defect-free layer. We
also studied the effect of monomer concentration on mem-
brane performance, based on our optimized protocol.

2. Materials and methods
2.1. Materials

For this work, we purchased MPD with 99% purity
and TMC with 98% purity from Sigma-Aldrich (USA). For
the support layer, we used TriSep UF5 ultrafiltration (UF)
membranes (Sterlitech Corporation) with a pore size corre-
sponding to a molecular weight cut-off of 5 kDa. We utilized
ASTM type 1 deionized water (i.e., resistivity >18.2 MW-cm
and conductivity <0.056 mS-cm™) for preparing the MPD
solution and for rinsing or storing the resulting membrane.
Fig. 2 presents the molecular structure of the materials.

2.2. Fabrication of PA SA-mLbL membranes

For the support layer, we used a PES TriSep UF mem-
brane pretreated in an air plasma cleaner (PDC-32-G-2,
Harrick Plasma, Inc). We employed two typical monomers
for PA membranes, that is, MPD and TMC. We deposited
MPD and TMC in one cycle using a POLOS SPIN150i® spin
coater from SPS, Inc. The spin coater was customized by the
manufacturer for dispensing multiple solutions. During the
deposition of MPD and TMC, the PES support was spun at
a rate of 3000 rpm while the MPD and TMC solutions were
injected at a rate of 0.4 mL-s™ for 10s.

As mentioned above, we investigated several protocols
for fabricating a defect-free layer, which is a critical step in
the application of SA-mLbL assembly. We based on investi-
gation on three protocols as follows. In the first protocol, we
performed SA-mLbL assembly with MPD and TMC deposi-
tion, without rinsing between the steps, similar to a typical IP
method. This first membrane is denoted as MT. For the sec-
ond protocol, we performed SA-mLbL assembly with MPD
and TMC deposition, with water rinsing between the two
deposition steps. This membrane is denoted as MWT. In the
third protocol, we fabricated an SA-mLbL membrane from
MPD and TMC with water rinsing prior to and after MPD
deposition. This third membrane is denoted as WMWT. For
the above investigation, we employed 2 wt.% MPD dissolved
in ASTM type 1 water and 1 wt.% TMC dissolved in toluene.
We used the most suitable protocol to further study the effect
of monomer concentration on membrane performance, with
a total of nine combinations based on 1, 1.5, and 2 wt.% MPD
solution with 0.1, 0.55, and 1 wt.% TMC solution.

2.3. Permeation tests

We performed permeation tests for 5 h after each mem-
brane equilibrated overnight under wet conditions. These
tests utilized a crossflow permeation cell (Innovator® CF016,
Sterlitech Corporation) with an active membrane surface area
of 20.6 cm?. The conditions for the permeation tests were as
follows: pressure of 34.5 bar, feed temperature of 25°C, cross
flow velocity (CFV) of 0.56 m-s™, and NaCl concentration of
2000 ppm. The pH of the feed solution remained stable at
approximately 6.6 without requiring any adjustments. We
calculated the salt rejection rate using the following equation:

R:P—Cl’}xloo% )
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where C, and C,are the concentrations of the permeate and
feed in ppm, respectively. We also calculated permeability
using the following equation

p-—"r )
" A, -AP

where P, is permeability in L-m™h™-bar”, v, is permeate
flowrate in L/h, A is active membrane area in m*> and DP
is operating pressure in bar.

We also examined the bare support under the same con-
ditions and obtained a rejection rate of 18.75% + 1.21% and a
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permeability of 5.05 + 0.33 L m™ h™ bar™. These values pro-
vide a benchmark for assessing the performance of the PA
SA-mLbL membrane.

2.4. Film characterization
2.4.1. Hydrophilicity

We measured the membrane hydrophilicity using a
Biolin Theta Flex® optical tensiometer. A 10-L water drop-
let was dispensed on the membrane surface at 20°C while
a live-contact angle analysis of the water drop on the mem-
brane surface was conducted for 10 s.

2.4.2. Atomic force microscopy

We utilized an atomic force microscopy (AFM) system
(TOSCA from Anton Parr) in contact mode to investigate
the surface morphologies of the SA-mLbL-assembled films
formed on PES UF membranes. We employed silicon scan-
ning probes with spring constants of 0.2 N/m (AP-Arrow-
CONTR-10 model) during the characterization process.

2.4.3. Thickness

We measured the layer thickness using a KLA Tencor
AlphaStep® D-500 stylus profilometer, with a stylus speed of
0.05 mm-s™ and stylus force of 0.2 mg. We acquired thickness
measurements at three different locations on each sample.
We coated a glass slide with a thin layer of PES and scratched
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the PES layer to measure its thickness. After depositing
MPD/TMC on the PES-coated glass slide, we made another
scratch and measure its thickness again. We then measured
the MPD/TMC thickness by calculating the height difference
before and after deposition.

3. Results

We successfully fabricated PA TFC membranes using
SA-mLbL assembly employing TMC and MPD, with a TriSep
PES UF5 membrane used as a support. A pristine PES sup-
port showed an NaCl rejection rate of 18.75% + 1.21% and a
water flux of 173.93 + 11.46 L/h-m? at a pressure of 34.5 bar,
temperature of 24.4°C + 0.57°C, and NaCl concentration of
1981.5 + 3.54 ppm. Based on this test, we considered the sup-
port to be a tight UF membrane. The membrane performance
changed significantly after the deposition of the mLbL PA
layer, indicating a successful deposition of MPD/TMC. In
this work, we were able to fabricate a defect-free mLbL PA
membrane with only a single layer, representing a significant
improvement over similar works in the field, as shown in
Table 1. We investigated the effect of the number of deposited
MPD/TMC layers to confirm that a defect-free membrane
could be attained with only a single layer, as shown in Fig. 3.

Fig. 3 shows that increasing the layer number from 1 to
2-7 did not significantly increase the rejection rate, as a rel-
atively high rejection rate of 95% had already been obtained
with only a single layer. However, the permeability decreased
significantly because a thicker PA layer was formed by the

Table 1
Comparison of our mLbL PA membrane with various LbL membranes for RO applications
Membrane Support Method = Performance Testing condition References
NaCIR (%), P, C (ppm), P (bar),
(L'm>h™"bar™) permeation cell type
(Polyvinylamine/ Polyacrylonitrile/poly- Dip R=98.5; NaCl = 585; P = 40; [22]
poly(vinyl sulfate)),, ethylene terephthalate P =0.113 Dead-end
(Chitosan/sodium alginate), Electrospun Dip R=14; NaCl = 2,000; [23]
cellulose acetate flux =40 L-m2h™? P =vacuum; Dead-end
PEI (PSS/PAH) Polysulfone Spray R=94;P =075 NaCl=2,000; [24]
P =40; Crossflow
(PEI/PAA)-(MPD/TMC), PAN Dip R=98.7;P =132 NaCl=2,000; [17,18]
P =15.5; Crossflow
(Naphthalene-1,3,6-trisulfonyl- ~ PES Dip R=957;P =124 NaCl=2,000; [25]
chloride/piperazine) P =10; Crossflow
(MPD/TMC),, PVDF Spin R=87.3;P =529 NaCl=2,000; [20]
P =34.5; Dead-end
(DBA/TMC),, PAN Spin R=90; NacCl = 1,000; [21]
P =22 P =34.5; Dead-end
(MPD/TMC),, PAN Spin R=-~96; P =~15 NaCl=1,000; [26]
P =34.5; Dead-end
(MPD/TMC), PES UF Spin R=99.2; P, =057 NaCl=2,000; This work

P =34.5; Crossflow Fig. 4 WMWT)

PAA: polyacrylic acid; PAN: polyacrylonitrile; PAH: poly(allylamine hydrochloride);

4-styrenesulfonate).
C: concentration; P: pressure; Perm.: permeability; R: rejection.

PEI: polyethylenimine; PSS: poly(sodium
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higher number of layers. This result demonstrates that the
membrane is defect free in the first layer.

In 2022, Krizak et al. [20] reported an SA-mLbL mem-
brane with a permeability of 52.9 L-m?h™-bar”, which was
considered extremely high and uncharacteristic for a typical
RO membrane. In 2021, Mulhearn and Stafford [21] reported
a more reasonable permeability—rejection relation for an RO
membrane, which is comparable to our results. However,
they only achieved typical RO membrane performance after
40-50 deposition cycles.

3.1. Effect of rinsing on membrane performance

In typical LbL assembly, particularly for polyelectrolyte
multilayer deposition, a rinsing step is needed to stabilize
weakly bound polyelectrolytes, remove unreacted molecules,
and avoid contamination for deposition of a subsequent layer
[12]. In contrast, the conventional IP method does not include
a rinsing step after monomer deposition. As our technique
is a combination of these two methods, it was imperative to
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determine whether a rinsing step is required. Thus, we inves-
tigated the effect of rinsing after MPD and TMC deposition.

Here, we investigated three procedures, including the
MT (without water rinsing between MPD and TMC depo-
sition), MWT (with water rinsing after MPD deposition),
and WMWT (with rinsing before and after MPD deposition)
protocols. As depicted in Fig. 4, rinsing played a crucial role
in determining the membrane performance. In the MT mem-
brane, the presence of excess and weakly bound MPD pro-
duced a loose layer. We also observed the presence of whitish
debris in the deionized water during overnight precondi-
tioning of the membrane prior to the permeation test. This
debris may come from excess MPD and TMC that diffuse
out from the resulting film and react with each other outside
of the film. Thus, the loss of excess MPD and TMC after the
membrane fabrication process creates voids and results in a
loose film.

In contrast, for the films constructed with rinsing after
MPD deposition (i.e., MWT and WMWT membranes), the
excess and weakly bound monomers were washed away
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Fig. 3. Effect of the number of deposited MPD/TMC layers on membrane performance. The layers were prepared by injecting
0.2 mL-s™ MPD and TMC for 10 s with water rinsing between MPD and TMC deposition.
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Fig. 4. Effect of water rinsing on the performance of a polyelectrolyte multilayer consisting of MPD and TMC. Testing conditions:
pressure = 34.5 bar; temperature = 24.21°C + 0.6°C; CFV = 0.56 m's™, NaCl concentration = 2,058.03 + 19.10 ppm; pH = 6.57 + 0.07.
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Fig. 5. AFM image of SA-mLbL PA membranes: (a) MWT and (b) MT.

prior to TMC deposition. This method resulted in a more
compact film with a more entangled polymer chain, which
in turn exhibited a much higher rejection rate and lower
permeability.

Moreover, the surface wetting step prior to MPD depo-
sition, that is, for the WMWT membrane, enhanced the
adsorption of MPD. In this case, MPD was readily adsorbed
onto the support surface owing to the compatibility between
the wet surface and aqueous MPD solution. Therefore, for a
given injection duration and amount of injected MPD solu-
tion, more MPD was adsorbed for the WMWT membrane
than for the MWT membrane. This process thus generated
a more compact film, as displayed by a higher rejection rate
and lower permeability.

The rinsing step also improved the layer smoothness, as
shown in Fig. 5. The MWT membrane showed a root-mean-
square (RMS) roughness of 27.30 + 4.20 nm, while the MT
membrane displayed an RMS roughness of 73.04 + 4.90 nm.
This result is consistent with our surface hydrophilicity mea-
surements. A rougher surface typically results in a higher
hydrophobicity, as indicated by a greater contact angle. In
this case, the smoother MWT membrane had a contact angle
of 43.36° + 0.11° while the MT membrane had a contact angle
of 52.02° + 1.29°. Importantly, the contact angle increased
drastically from 21.29° + 4.97° for the pretreated bare support
to the above contact angles. The MT and MWT membranes
had film thicknesses of 13.08 + 1.67 nm and 10.32 + 0.98 nm,
respectively. All of the above measurements indicate success-
ful coating, in addition to the change in performance between
the bare support and the mLbL PA membrane.

3.2. Effect of monomer concentration

We studied the effect of monomer concentration within
the range of 1-2 wt.% MPD and 0.1-1 wt.% TMC. We
chose this range based on numerous previous publications
that have reported concentrations within the above range.
Monomer concentration plays an important role in mem-
brane performance, as shown in Table 2. The rejection rate
decreased when the membrane was prepared from a lower
TMC concentration. The rejection rate was stable at a value
above 96% when the TMC concentration was higher, that

19
350
(b)
300
250
3657 200
nm
150
100
50
0
Table 2
Effect of monomer concentration on permeability (P) and
rejection (R)
Experiment Concentration P R (%)
(wt. %) (L'm=2-h™-bar™)
MPD ™C
1 1 0.1 2.11+0.11 53.35+7.71
2 1 0.55 0.85+0.10 98.36 +0.54
3 1 1 0.86 +0.01 98.86+ 0.01
4 1.5 0.1 2.04 +0.09 67.53 +3.87
5 1.5 0.55 0.70£0.16 97.86 +1.92
6 1.5 1 0.69 +0.01 98.85 +0.44
7 2 0.1 1.86+0.12 84.88 + 1.06
8 2 0.55 0.69 +0.01 95.37 + 0.54
9 2 1 0.66 +0.10 98.65 + 0.30

is, 0.55 and 1 wt.%. In contrast, for a TMC concentration of
0.1 wt.%, the rejection rate dropped below 90% and decreased
further when coupled with a lower MPD concentration. For
example, for an MPD concentration of 1 wt.%, the rejection
rate was approximately 53% only the higher concentrations
promoted the reaction and resulted in a more entangled and
crosslinked layer.

The extent of the reaction also affects the surface topol-
ogy of the membrane. A more entangled and highly cross-
linked layer will have a “valley and mountain” structure
and a higher surface roughness. For the samples shown in
Fig. 6, the roughness decreased from 27.30 + 4.20 nm (a) to
26.56 = 2.57 nm (b) to 21.05 + 2.54 nm (c). Similarly, as the
surface becomes smoother, the contact angle also decreases,
as shown by the decrease in contact angle from 52.02° + 1.29°
(a) to 44.75° + 0.17° (b) to 41.93° + 1.45° (c).

4. Conclusions

In summary, we successfully fabricated TFC PA mem-
branes utilizing SA-mLbL assembly. Our results showed
that the rinsing step after monomer deposition plays an
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Fig. 6. AFM image of SA-mLbL MWT PA membranes prepared with (a) 2 wt.% MPD + 1 wt.% TMC, (b) 1.5 wt.% MPD + 0.55 wt.%

TMC, and (c) 1 wt.% MPD + 0.1 wt.% TMC.

important role in the fabrication process. The membrane
prepared without rinsing showed poor performance due to
defects within the deposited PA layer. The defects were most
likely caused by weakly bound monomers that were washed
away during the equilibration stage and permeation testing.
By controlling the preparation parameters, such as the amount
of injected solution, support pretreatment, rinsing, and spin
speed, we were able to fabricate high-quality TFC PA mem-
branes using SA-mLbL assembly with only a single layer.

We also thoroughly investigated the effect of monomer
concentration on membrane performance within the typical
concentration range of 1-2 wt.% MPD and 0.1-1 wt.% TMC.
We found that the TMC concentration significantly affects
the membrane performance, including the permeability and
rejection rate, while the MPD concentration had an weaker
effect.
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