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Abstract
Understanding how polymer backbone structure effects water and salt transport is an
essential part of designing efficient desalination membranes. Current commercialized ion
exchange membranes contribute to the high cost of desalination process through both expensive
synthesis processes and low energy efficiencies. Through the addition of selective fillers or fixed
charge groups to well understood polyamide (PA)-based thin-film composite reverse osmosis
membranes, we aim to take advantage of their low resistance while introducing Donnan
exclusion or size sieving to facilitate the selective removal of impurities. We aim to shift “layerby-layer” deposition of m-phenylenediamine and trimesoyl chloride onto microporous supports
for composite membrane formation by priming supports with polyvinyl alcohol to seal defects
formed in the PA layer as well as protect these polysulfone-based supports from continued
organic solvent exposure. The application of layer-by-layer synthesis of selective polyamide
layers will then be assessed for extension to both the incorporation of fixed charge groups, via
the addition of a sulfonated co- monomer, as well nanofillers, via the addition of UiO66-NH2, a
metal organic framework. Water and solute transport information for the various composite
membranes studied will be analyzed using a resistance in series model to elucidate key
structure/property relationships important for further optimization of the polyamide layer for
more efficient desalination.
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Chapter 1: Introduction
1.1.

Water/Energy Nexus
Approximately 2.3 billion people live without access to a consistent clean water supply. 1–
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Researchers anticipate that this issue is going to become more prevalent as the population

grows and subsequent economic development takes place. Though water scarcity is most
commonly expected in naturally water-stricken areas, like deserts, high population areas of
developing countries in Africa and the Middle East also fall into this category.1–3 As it is
predicted that 90% of the additional population will be in developing countries, the concern for
more efficient desalination becomes even more pressing.2,3
Large scale desalination techniques are typically divided into four categories:
precipitation and coagulation, distillation, adsorption, and membrane-based separations. Of
these, membrane-based separation tends to be preferred as it is energy efficient, has a small
environmental footprint and is cost-effective.1–3 However, it is hindered by membrane fouling, a
result of the interaction between the polymer membrane separator and common desalination
additives, and a permeability/selectivity tradeoff that results in difficulty maintaining high
impurity rejection as well as high water permeance.2,3
Within the membrane-based class of desalination processes, there are pressure-driven and
electrically driven processes, each defined by their driving force for transport.2,4 For pressuredriven desalination, membrane-based desalination techniques are classified based on the size of
solutes they are aimed to reject. Solutes of interest range greatly from monovalent/small divalent
ions (~ 10-4 𝜇𝑚) typically highly rejected by reverse osmosis membranes to bacteria and pollens
(~ 102 𝜇𝑚) typically rejected by conventional filtration membranes.2 More specifically, the most
common pressure-driven desalination techniques under this umbrella, reverse osmosis and
nanofiltration, filter out solutes range 1-2 orders of magnitude in size yet have the same leading

membrane technology, the polyamide thin film composite membrane (PA-TFC).4,5 The thin
selective polyamide layer atop a porous support allows for individual tuning of the layers based
on the specific water and solute transport needs of the application. Membrane separators used in
this class of desalination processes are thus designed to be high salt rejecting but also benefit
from low resistance to provide the opportunity at challenging the water permeability/selectivity
tradeoff.2–4,6 Understanding structure-property relationships of the polymer as they relate to the
water and salt transport, allows us to interrogate this permeability/selectivity tradeoff for our
desalination processes of interest as we make changes to the way the polymer is synthesized. 2,4,6
More specifically gaining insight on the polyamide layer specific contribution to these structureproperty relationships could provide a more specific tie between the synthesis and the
performance further streamlining optimization of the membrane towards is specific applications.
5

This research study focusses on applying a layer-by-layer synthesis to the well-known
polyamide thin film composite (PA-TFC) membrane to allow for easier incorporation of
additional reactants (i.e. nanofillers and fixed charge groups). Through greater control of the
growth of the polyamide layer, a more predictable incorporation of fixed charge groups and
metal organic frameworks can be performed to introduce more interesting ion transport pathways
for expansion of the PA-TFC membrane framework to other desalination applications.6–8
1.2.

Goals and Organization of the Dissertation
The goal of this work is to show how layer-by-layer (LbL) synthesis of an aromatic

polyamide for composite membrane formation allows for the incorporation of additional
reactants that provide more interesting ion transport pathways. As this process has been mostly
studied for the deposition of the polyamide layer to glass or silicon slides, we show how the use

of a polyvinyl alcohol (PVA) primer layer on a microporous support provides a reactive surface
for the synthesis to take place as well as seals defects present within the polyamide layer when
formed on a bare support. To ascertain the efficacy of this synthesis method, water permeance
and salt rejection for these LbL-made membranes is compared to that of commercial RO
membranes. Next, a sulfonated diamine is introduced to the reaction scheme using LbL and the
incorporation of fixed charge groups into the PA layer is assessed using in-plane conductivity
measurements. Finally, this procedure is applied in a “sandwich” reaction scheme to fully
incorporate UiO-66-NH2, a metal organic framework (MOF), into the polyamide layer and the
water, salt, and dye transport of the PA layer is determined. These performance metrics will be
used to determine how the addition of nanofillers, with fixed pore size, allows for a shift in the
water/solute selectivity regime of the membrane.
This dissertation is composed of seven total chapters. Chapter 1 provides the broader
impact context of this work for improved membrane design for enhanced desalination efficiency
to address global water shortage issues. Chapter 2 reviews key background on PA-TFC
membranes, our membrane system of interest, LbL synthesis of polymeric membranes, and the
knowledge gaps we aim address with this work. Chapter 3 covers solution-diffusion and
resistance-in-series, theoretical transport models that allow us to draw structure-property
relationships between our LbL-made PA layers and key water/salt transport metrics. Chapter 4
describes the LbL synthesis method used in this work for baseline aromatic PA layers, sulfonated
PA layers, and MOF-incorporated PA layers. Further, the characterization of the PA layers and
the MOF are presented and the water, salt and dye transport performance metrics are described.
In order to apply LbL synthesis to the synthesis of PA layers with fixed charge groups
and nanofillers, the method had to be successfully performed on microporous supports for

baseline aromatic PA layers. Chapter 5 evaluates the efficacy of this synthesis procedure for
composite membrane formation through determining the bare support and PVA-primed support
water and salt performance of LbL-made PA-TFC membranes. Further, the mass transfer
resistance of the PVA primer is determined to confirm that the PA layer dictates the water and
salt transport of the composite membrane. Finally, the incorporation of a sulfonated diamine is
confirmed using in-plane conductivity measurements.
Chapter 6 evaluates the use of a “sandwich” LbL-based synthesis method to ensure
incorporation of UiO66-NH2 into the PA layer as well as ascertain the effect of nanofillers on the
water, salt, and dye transport of the PA layer. This information qualitatively informs how the
addition of size-sieving by the MOFs to the solution-diffusion transport mechanism of PA layer
effects the membranes ability to selectivity remove larger solutes. Finally, Chapter 7 contains
overall conclusions and future recommendations for extending this work motivated by this
dissertation. Appendix A will cover the nomenclature used in this dissertation while Appendices
B and C will contain the supporting discussions for Chapters 5 and 6 respectively.
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Chapter 2: Background
2.1.

Polyamide Thin Film Composite Membranes in Reverse Osmosis
Polymer membranes for water purification and energy applications must be both thin and

selective to minimize mass transfer resistance and maximize separation efficiency. One of the
most commercially successful examples is the polyamide thin-film composite (PA-TFC)
membrane used for desalination.1–12 These membranes are manufactured to feature a thin (order
100 nm) dense polyamide (PA) film that promotes water transport while minimizing salt
transport.1,2,11,12,3–10 PA-TFC membranes are applied to both reverse osmosis and nanofiltration
desalination processes. Reverse osmosis (RO) based PA-TFCs are typically made with an
aromatic diamine, like m-phenylenediamine (MPD), and nanofiltration (NF) based PA-TFCs are
synthesized using a linear diamine, like piperazine. Coupled with an acyl chloride, both reaction
schemes yield polyamides with differing water permeance and salt rejection standards based on
requirements for their application.1,13–16
Though the performance of all desalination membranes is dictated by the ability to
transport water sufficiently and reject impurities well, the standards based on the application
differ and, as was mentioned earlier, an upper bound is reached for all membranes where at a
certain water permeance, water/salt selectivity ceases to increase. Yang and coworkers were able
to establish this upper bound for membrane permeability versus selectivity for desalination and
highlight the performance regimes for RO and NF. Modeled off Robeson’s inaugural upper
bound for gas separation membranes, a log-log comparison of the water/salt permeance
selectivity versus the water permeance for over three hundred RO and NF PA-TFC membranes,
both commercial and in-house made, was used to develop the upper bound for desalination
membranes. The upper bound for RO and NF desalination membranes acts as a standard

reference and guide for expected water and salt performance based on the application. With a
continued understanding of structure-property relationships for PA-TFCs, a path is created to
push against or even past this upper bound.
The RO-based PA layer typically is synthesized by interfacial polymerization (IP) of mphenylenediamine (MPD) and a tri-functional acid chloride, trimesoyl chloride (TMC) that is
dependent on fast reactivity of amines with acyl chlorides.17 The reaction is self-limiting, and the
structure of the PA layer is primarily dictated by the reactivity, solubility, and diffusivity of the
monomers.1,2,5–11 The IP reaction is fast, so solubility and diffusivity factors often control
diamine transport to the reaction zone.3,4,12 As such, co-monomers with lower solubility and/or
diffusivity compared to MPD may not incorporate in the PA layer prepared via IP.
2.2.

Layer-by-Layer Synthesis in Polymeric Membranes
The LbL process was adopted for PA layer formation based on layer-by-layer assembly

of polyelectrolytes. [9] In the context of polyamide desalination membranes, LbL can be used to
deposit monomers onto the surface where a polycondensation reaction occurs to form a crosslinked PA network (Figure 1).3,4,10,11 Since LbL PA layer formation does not require the liquidliquid interface that occurs in conventional IP, smoother membranes can be made compared to
those prepared via IP because the LbL process brings monomers to the surface in a controlled
manner. Smoother membranes often have advantages in applications due to, for example,
reduced fouling propensity.1,2,11,12,3–10
The inaugural work on molecular layer-by-layer deposition of PA layers by Johnson and
coworkers shows that through this spin coater-based deposition technique, PA layers can be
grown effectively monolayer by monolayer.10 With this level of controlled synthesis, the
thickness of the PA layer can be determined directly using tapping profilometry and the smooth,

highly-crosslinked polyamide structure can be obtained.10 In addition to an automation of the
molecular layer-by-layer process, Stafford and colleagues expanded this work to deposition onto
polyelectrolyte-coated microporous supports.3,11,18 As the PA layer thickness is known, a
resistance-in-series solution diffusion model was used to determine the PA layer specific water
and salt permeability.3,18 Overall, this preliminary highlights the ability to remove the
dependence of diffusion to the interface via a sequential deposition process as well as introduces
a greater control of the PA layer growth.3,4,11,12,18,19
2.3.

Knowledge Gaps
Several challenges exist in gaining greater control of PA layer formation in an effort to

introduce different ion transport properties. The first is that the most commonly used synthesis
technique for PA formation, interfacial polymerization (IP), depends on many reaction
parameters making it difficult to control. Further, the preliminary work on the more controlled
LbL PA layer synthesis is predominantly on nonporous supports providing few reference points
for the efficacy of this procedure for PA-TFC membrane production.
Shifting to the more controlled layer-by-layer sequential deposition process allows for the
removal of the dependence on diamine diffusion to the reaction zone for dense PA layer
formation. Previously to improve the efficacy of the IP reaction, researchers have varied the
porous support, post-synthesis processing (i.e. heat curing, additives etc.), and manipulated the
diamine concentration and/or reactivity.4,5,19–21 In Freger’s commonly referenced schematic of
the IP polycondensation reaction, the interface is located slightly more in the organic acyl
chloride solution, rather than directly at its meeting point with the aqueous diamine solution.2
Within this framework, the diffusion of the diamine is a key factor in determining the efficacy of
the IP reaction as it must travel further to the interface than the acyl chloride – this is why the

diamine is typically in excess during IP. Layer-by-layer synthesis circumvents this dependence
on the diamine diffusion by dissolving all monomers in the same dry organic solvent and
alternatively depositing them to the substrate of interest.3,4,11 As TMC and MPD are highly
reactive, the removal of this diffusion limitation allows for control of the chemistry of the PA
film at the monomer length scale.
The preliminary work on layer-by-layer synthesis of PA on glass and silicon substrates
has confirmed the ability to make smooth, defect free PA layers with known thickness.10,11
However, few papers have extended this same spin-coater based process to deposition on
microporous supports. Further, the work that extends a similar sequential deposition technique to
polyelectrolyte-coated supports, do not assess the contribution of the support coating to the
overall mass transfer resistance of the composite membrane.3,4 The deposition of MPD/TMCbased PA layers using a layer-by-layer sequential spin coater-based synthesis on PVA primed
supports discussed in this dissertation addresses this knowledge gap by assessing the
comparative performance of bare support and PVA-primed LbL synthesized PA-TFCs. Further,
the mass transfer resistance contribution of the PVA primer layer is assessed through a
resistance-in-series model.
Though, sequential deposition techniques have been used to deposit PA layers with both
linear and aromatic diamines, a second knowledge gap exists in the application of this spin
coater-based process with additional reactants (i.e. charged monomers and nanofillers) that could
provide more interesting ion transport pathways.4 Ion exchange membranes, polymer membranes
containing either fixed negative (CEMs) or fixed positive (AEM) charge groups, are used in a
variety of desalination applications. The presence of fixed charge groups allows them to take
advantage of Donnan exclusion, the electrostatic repulsion of fixed charge groups and solution

ions, for improved salt rejection for nanofiltration, or facilitate ionic current, for improved
efficiency and impurity removal for electrodialysis. Sulfonation of the PA layer has been
successfully performed previously using IP through the use of PIP as a co-monomer to a
sulfonated diamine or by replacing PIP or MPD with a bulky sulfonated diamine. However, there
is little discussion on the effect of sulfonation on the PA layer specific ionic conductivity, a key
parameter for electrically driven desalination applications.19,22–24 Through-plane analysis of
layer-by-layer grown sulfonated PA layers on PVA-coated commercial CEMs will help in
closing this knowledge gap as the known thickness of the PA layer and high ionic resistance of
the PVA coating allows for the direct determination of ionic conductivity due to sulfonation.
In addition to fixed charge groups, there is an opportunity to expand this layer-by-layer
sequential deposition process to the formation of thin-film nanocomposite membranes (TFNs).
The addition of nanocomposites to the composite membrane framework allows for additional
transport pathways to be introduced via the fixed pores within the MOF.25–31 A key shortcoming
lies in the complete incorporation of the MOF into the PA-TFN structure as the typical 100-300
nm size of most MOFs is larger than the desired ~100 nm thickness of the PA layer.25,26,28,31 This
is commonly addressed by either attempting to make smaller MOFs, incorporating MOFs into
the ~102 um thick microporous support, or incorporating an additional MOF sheet to the
composite membrane structure.25,26,28,30,31 A modified “sandwiched” layer-by-layer synthesis
procedure of PA-TFN membranes with UiO66-NH2 of significantly smaller size (~20-50 nm)
will address this knowledge gap by instituting MOF incorporation between two “layers” of PA.
MOF incorporation is also encouraged by the added reactivity and size tuning available with the
recently developed aqueous based UiO66-NH2 synthesis technique by our collaborators.32,33
Attempting to add a smaller MOF to a dense PA layer of controllable thickness provides the

opportunity to similarly understand the contribution of the modified PA layer itself through a
resistance in series model.25 Evidence of reasonably controlled PA-TFN membrane growth in
this way could therefore provide a framework for understanding how water, salt and other
impurities move through the MOF embedded in the dense PA film.17,25,34,35 The application of a
LbL “sandwiched” synthesis of a UiO66-NH2 incorporated PA layer on a PVA-primed support
address this knowledge gap by determining not only through the water and solute transport of
composite membranes made with varying MOF loading, but by assessing these results in the
context of a resistance in series model to ascertain the majority contribution of the PA layer to
the composite resistance to mass transfer. With this information, we are able to elucidate
important, PA layer specific structure/property relationships that inform further optimization of
this process for NF applications.
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Chapter 3: Theoretical Models
3.1. Solution-Diffusion Resistance-in-Series Model
Layer-by-layer deposition allows for controlled growth of both our polymer primer and
the PA layer. Since the thickness of both the PVA and PA layer is directly correlated with the
number of cycles of LbL performed, a modified solution-diffusion model, considering the
resistance of each layer, can be applied to understand the water and salt transport through the
composite membrane. The following two sections will outline the solution-diffusion resistancein-series model for water and salt transport through the generalized class of LbL-synthesized PA
layers on PVA-primed polyethersulfone (PES) microporous supports discussed in this
dissertation.
3.1.1. Water Transport
Water transport through the composite membranes prepared using the poly(vinyl alcohol)
(PVA) primer and the LbL process can be analyzed using a series resistance model. As it is
reasonable to assume that the microporous PES support does not contribute considerably to the
overall resistance to water transport, two resistances can be considered for this system: the
resistance to water transport through the PVA primed support and that of the polyamide (PA)
layer.1,2 The water flux through the PVA primed support, Jw,0, is related to the water permeance
through the PVA primed support, 𝐴0 , as:
𝐽𝑤,0 =

∆𝑝−∆𝜋
𝐴−1
0

(1)

where 𝐴−1
0 is the resistance to water transport through the PVA primed support. Accordingly, the
water flux through the PA layer, Jw,x, is related to the water permeance through the PA layer, 𝐴𝑥 ,
as:
𝐽𝑤,𝑥 =

∆𝑝−∆𝜋
𝐴−1
𝑥

(2)

1,2 Using the definitions in
where 𝐴−1
𝑥 is the resistance to water transport through the PA layer.

Equations 1 and 2 and the series resistance model, the water flux, 𝐽𝑤 , and overall resistance to
water transport, 𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 , of the entire composite structure are:
∆𝑝−∆𝜋

𝐽𝑤 = 𝐴−1

(3)

𝑜𝑣𝑒𝑟𝑎𝑙𝑙

−1
−1
𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = 𝐴0 + 𝐴𝑥

(4)

If each layer has a uniform thickness, each resistance to water transport can be expressed
in terms of an effective water permeability and layer thickness:
̅
𝑉

𝐴0 = 𝑅 𝑤𝑇
𝑔

̅
𝑉

𝐴𝑥 = 𝑅 𝑤𝑇
𝑔

𝑃𝑤,0

(5)

ℎ0
𝑃𝑤,𝑥

(6)

ℎ𝑥

where 𝑉̅𝑤 is the partial molar volume of water, Rg is the ideal gas constant, T is the absolute
temperature, ℎ𝑖 is the layer thickness and 𝑃𝑤,𝑖 is the effective water permeability of the layer. Here
𝑖 = 0 for the PVA primed support, and 𝑖 = 𝑥 for the PA layer.1,2 Equations 3-6 can be combined
to relate the overall water flux to the water flux through the PVA primed support, the effective
permeability values of the PVA primed support and the PA layer, the PVA primed support
thickness, the PA layer thickness per LbL cycle, 𝑟, and the number of LbL cycles, 𝑥, as:
𝐽𝑤 =

𝐽𝑤.0
𝑃

𝑟

1+𝑃𝑤,0 ℎ 𝑥
𝑤,𝑥 0

=

𝐽𝑤.0
1+𝑚1 𝑥

(7)

The effective permeability values, growth rate, and PVA primed support thickness terms can be
combined into 𝑚1 .2

3.1.2. Salt Transport

Similarly, the series resistance model can be applied to analyze salt transport. The overall
resistance to salt transport, (𝐵𝑜𝑣𝑒𝑟𝑎𝑙𝑙 )−1 , is:
(𝐵𝑜𝑣𝑒𝑟𝑎𝑙𝑙 )−1 = 𝐵0−1 + 𝐵𝑥−1

(8)

where i = 0 represents the contribution by the PVA layer and i = x represents the contribution by
the PA layer.1,2 Since the salt permeance, B, is typically calculated from the experimentally
obtained salt rejection, R, and water permeance, A, data, the salt rejection can be analyzed for each
layer of the composite membrane (i.e. PVA and PA layer) as the salt rejection of each layer
depends on the resistances to water and salt transport (A and B respectively) of each layer.
First, the salt rejection that corresponds to the PVA primed support, R0, is related to the
water and salt permeances of the PVA primed layer as:
100%

𝑅0 = 1+𝐵

−1
−1
0 𝐴0 (∆𝑝−∆𝜋)

(9)

where 𝐵0 is the salt permeance of the PVA primed support.2 Likewise, the salt rejection that
corresponds to the PA layer, 𝑅𝑠,𝑥 , is related to the water and salt permeances of the PA layer as:
𝑅𝑠,𝑥 = 1+𝐵

100%

−1
−1
𝑥 𝐴𝑥 (∆𝑝−∆𝜋)

(10)

where 𝐵𝑥 is the salt permeance of the PA layer.2 Finally, the salt rejection, 𝑅𝑠 , dependent on the
overall resistances to both salt and water transport of the entire composite membrane, can be
written as:
𝑅𝑠 =

100%
−1
1+𝐵𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (∆𝑝−∆𝜋)

(11)

For PA-TFC membranes, the salt permeance is typically calculated using Equation 11 and water
permeance and salt rejection data measured using a pressurized filtration experiment.

The salt permeance is equivalent to the salt permeability divided by the layer thickness. As
such, the relationships between the salt permeance and salt permeability for the two-layer system
considered here are:
𝐵0 =
𝐵𝑥 =

𝑃𝑠,𝑥
ℎ𝑥

𝑃𝑠,0

(12)

ℎ0

=

𝑃𝑠,𝑥
𝑟𝑥

(13)

where 𝑃𝑠,𝑖 is the salt permeability of the layer and hi is the layer thickness. Here 𝑖 = 0 for the PVA
primed support, and 𝑖 = 𝑥 for the PA layer. The PA layer thickness, hx, is the product of the growth
rate, r, and number of cycles, x.
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Chapter 4: Materials and Methods
4.1.

Materials

4.1.1. Composite Membranes
Monomers and solvents were used as received from Sigma Aldrich. Trimesoyl chloride
[98%] (TMC) and m-phenylenediamine [99%] (MPD) and were both dissolved in dry toluene
[≥99.5%] and used in Steps 1 and 5 (Figure 1), respectively, of the LbL PA preparation process.
Methanol [≥98%] was purchased from Sigma Aldrich and was used as the final rinse solvent in
Step 7 of Figure 1. All solvents were dried with 3 Å molecular sieves prior to use.
Polyethersulfone (PES) support membranes, with a nominal 0.03 m pore size, were purchased
from Sterlitech Corporation and were cut to pressurized cell specifications prior to use.
Poly(vinyl alcohol) (PVA, molecular weight of 146,000 to 186,000 g/mol) polymer beads were
purchased from Sigma Aldrich [catalog number: 363065].
4.1.2. UiO66-NH2
All reagents were used as received with no further purification. Zirconyl chloride octahydrate
(ZrOCl2 ∙8 H2O, 98% Alfa Aesar), acetic acid (Glacial Sigma Aldrich), sodium hydroxide pellets
(NaOH, 98% Sigma Aldrich), 2-aminoterephthalic acid (H2ATA, 99% Sigma Aldrich), and
deionized water were used for the rapid synthesis of UiO-66-NH2. Hydrochloric acid (37 wt%,
Alfa Aesar) was used to prepare an aqueous solution of 0.01 M HCl. Dimethyl sulfoxide
(DMSO, 99% Sigma Aldrich), ethanol (EtOH, 95% Koptec), and methanol (MeOH, 99.8%
Sigma Aldrich) were used for washing and activating MOFs.1
4.2.

UiO66-NH2 Synthesis
A metal solution was prepared following synthesis outlined by Szilagyi et al.2 Briefly, 1.2880

g ZrOCl2 ∙8H2O was dissolved in 5 mL Acetic acid and 12 mL of DI water, placed in a Teflon

lined 20 mL scintillation vial, heated at 70 ⁰C for two hours and allowed to cool to room
temperature. The linker solution was prepared by mixing 0.7240 g of H2ATA in a solution of 0.32
g NaOH in 20 mL DI water until dissolved. After centrifugation and drying, the solution was
washed with a 0.01 M HCl solution, 0.001 M NaOH solution, DMSO and methanol to remove
unreacted and soluble components of the precipitate. A solvent exchange with methanol was
performed overnight before additional centrifugation and drying at 70 ⁰C overnight.1 UiO66-NH2
solutions of varying concentration (0.2 mg/mL, 0.5 mg/mL, 1 mg/mL, and 1 mg/mL) were made
in dry toluene and sonicated for 25 minutes prior to PA-TFN synthesis.
4.3.

Layer-by-Layer Polymer Membranes

4.3.1. PVA-Primed Substrate Preparation
A layer of PVA was deposited onto either glass slide, microporous PES support, or
silicon (Si) wafer substrates. A 2 wt% solution of PVA in water was prepared by mixing PVA
with de-ionized (DI) water at 90oC until the PVA dissolved completely. For the glass slide
substrate, a 500 μL aliquot of 2 wt% PVA in water was spin coated onto the substrate, using a
spin rate of 3000 rpm for 30 sec. For PES support and Si wafer substrates, a 1.5 mL aliquot of 2
wt% PVA in water was spin coated at 3000 rpm for 30 sec, and this process was performed three
times to form a thicker PVA layer. The area of the PES support and Si wafer substrates was the
same, so the same deposition procedure was used for those two substrates. After deposition, all
PVA-primed substrates were dried under vacuum at 70oC for at least 12 hours to dry the PVA
layer.3
4.3.2. PA Selective Layer
4.3.2.1. MPD/TMC-based PA Synthesis

A layer-by-layer (LbL) sequential deposition method, similar to that of Johnson et al., was
used with the exception that dry methanol, not dry acetone, was used as the rinse solvent that
followed MPD deposition.4 Starting with either the bare (un-primed) or PVA-primed PES
support, 900 L of 1 wt% TMC in dry toluene was deposited on the substrate and left to rest for
10 sec (Figure 1, Step 1). The TMC monomer was used first so that reaction between the TMC
acyl chloride groups and the PVA hydroxyl groups (Figure 1) could enhance attachment of the
PA layer to the substrate when the PVA-primed microporous support was used. Then, the surface
was spun at 3000 rpm for 20 sec (Figure 1, Step 2) to remove excess TMC solution. Next, 900
L of dry toluene was deposited on the surface (Figure 1, Step 3) and immediately spun at 3000
rpm for 20 sec to further remove excess un-reacted TMC (Figure 1, Step 4). Subsequently, 900
L of 1 wt% MPD in dry toluene was deposited onto the surface and allowed to react with the
surface-bound TMC for 10 sec (Figure 1, Step 5). The substrate was then spun for 20 sec at 3000
rpm to remove excess solution (Figure 1, Step 6). The final rinse solvent, 900 L of dry
methanol, was deposited onto the surface (Figure 1, Step 7) and immediately spun at 3000 rpm

for 20 sec to remove excess un-reacted MPD (Figure 1, Step 8). Steps 1-8 symbolize one full
cycle of LbL deposition.3

Figure 1. a) The LbL process proceeds in steps where solution deposition (odd steps) alternates
with a spin-drying step at 3000 rpm (even steps). b) Schematic of LbL PA formation where TMC
is deposited first followed by MPD. c) Schematic of the composite membrane formation process;
PVA priming of the polyethersulfone, PES, support is followed by LbL to form the PA layer.
Adapted from Ref. 11, with the permission of AIP Publishing.

The growth rate was defined as the PA layer thickness deposited per cycle. This growth rate
was determined by characterizing PA layers deposited onto PVA-primed glass slide substrates,
which were prepared as described in Chapter 5. The solution volumes used to deposit the PA
layer onto the PVA-primed glass slide substrates were reduced from 900 L to 500 L to
account for the smaller area of the glass slide substrate compared to the PES support and Si
wafer substrates.3
4.3.2.2. Sulfonated PA Synthesis

A 0.4 wt/v% solution of 2,4-diaminobenzensulfonic acid (MPDSA) in deionized water was
made. An aliquot of 5 M potassium hydroxide was added to the MPDSA solution and mixed for
1 hour to neutralize the sulfonic acid groups on MPDSA resulting in potassium 2,4diaminobenzensulfonate (MPDSK). The volume of the aliquot was chosen to ensure complete
neutralization of the sulfonic acid groups. The potassium salt form of this sulfonated diamine
was used to increase the reactivity of the amine groups on the monomer. The resulting MPDSK
solution was dried overnight at 110oC to recover the solid MPDSK product. A 0.07 wt/v%
solution of MPDSK in dry tetrahydrofuran (THF) was mixed at 55oC until MPDSK completely
dissolved (~2 hours). Finally, the MPDSK in THF solution was diluted with dry toluene to make
the final 0.04 wt/v% MPDSK solution in 50:50 THF:toluene (by volume) used for sulfonated PA
layer deposition.
Deposition of the sulfonated PA layer was done according to the LbL PA formation protocol
described above with the following differences. The solution of MPDSK in THF:toluene was
applied to the surface between steps 4 and 5 in Figure 1a. The MPDSK solution was allowed to
contact the surface for 30 s before spinning off the excess solution. Then, the MPD solution was
allowed to contact the surface for 5 s before proceeding with step 6 in Figure 1a.
4.3.2.3. UiO66-NH2 Incorporated PA Synthesis
Deposition of the UiO66-NH2-incorporated PA layer was done according to the LbL PA
formation protocol described above with the following differences. After 15 cycles of LbL to
form a PA layer of ~48 nm thick, a solution of 1 wt% TMC in dry toluene was deposited onto
the surface and allowed to rest for 10 sec (Figure 2b, Step M1). Then, the surface was spun at
3000 rpm for 20 sec (Figure 2b, Step M2) to remove excess TMC solution. Next, UiO66-NH2 in
dry toluene of varied solution concentrations was deposited to the surface and allowed to react

with the surface-bound acyl chloride groups in TMC for 90 sec (Figure 2b, Step M3). The
substrate was then spun for 20 sec at 3000 rpm to remove excess solution (Figure 2b, Step M4).
Subsequently, 900 L of 1 wt% MPD in dry toluene was deposited onto the surface and allowed
to react with the surface-bound TMC for 10 sec (Figure 1, Step 5). The substrate was then spun
for 20 sec at 3000 rpm to remove excess solution (Figure 1, Step 6). The LbL PA formation
protocol was then continued as described in Section 4.2.1.2 for 15 cycles to cap off the
composite membrane with ~48 nm of PA.3

Figure 2. a) Schematic of LbL PA formation where TMC is deposited first followed by MPD
repetively to form ~48 nm thick PA layers that “sandwich” UiO66-NH2 for full incorporation. b)
Schematic of LbL PA formation amended for MOF incorporation where the LbL MPD/TMCbased PA formation process is performed for 15 cycles to “sandwich” the deposition of MOF via
a UiO66-NH2 solution in dry toluene. Adapted from Ref. 11, with the permission of AIP
Publishing.

4.4.

Electrolytes and Dyes
Divalent electrolytes commonly used in RO and NF applications were used in this study.

Sodium chloride (NaCl) was used as the salt of interest for membranes geared towards RO
whereas magnesium sulfonate (MgSO4) was used for membranes geared towards NF. Dyes of

different sizes were used as a metric for large impurity performance for membranes geared
towards NF applications. In order of increasing atomic size, the following dyes were used in this
study: methyl orange (MO), methylene blue (MB), and congo red (CR) . The molecular weight
and atomic size of all dyes will be presented and discussed in the subsequent chapters.
4.5.

Experimental Methods

4.5.1. Membrane and UiO66-NH2 Characterization
4.5.1.1.Profilometry
The PVA and PA layer thicknesses were characterized using tapping profilometry. This
method was chosen because it has been shown to be an accurate indicator of polyamide layer
thickness.5 Tapping profilometry (Briler DeltalXT Stylus Profiler) was performed using a 12.5
μm tip and a 2 mg stylus force. When measuring PVA layer thickness on PVA-primed glass
slide and Si wafer substrates, a 60 μm/sec scan speed was used. When measuring the thickness of
PA layers deposited on PVA-primed glass slide substrates, a 15-20 m/s scan rate was used.
4.5.1.2. Atomic Force Microscopy (AFM)
Atomic Force Microscopy (AFM) was used to characterize the root mean square (RMS)
roughness of the PVA and PA surfaces. Three samples were characterized using AFM: a PVAprimed glass slide, a PVA-primed glass slide with a PA layer deposited via LbL using acetone as
the final rinse solvent, and a PVA-primed glass slide with a PA layer deposited via LbL using
methanol as the final rinse solvent. The samples were prepared as described previously, and they
were equilibrated at atmospheric conditions prior to characterization.
AFM micrographs were obtained using a Solver Nano Scanning Probe Microscope
[Molecular Devices and Tools for NanoTechnology (MDT-NT)] placed on an isolation table
(TS-150, Herzan) to damp vibrations in the environment.6 Measurements were performed using a

silicon-based cantilever and ultra-fine mechanical tip in tapping “SemiContact” mode through
Nova software (ver. 1.0.26.1443). After the resonant frequency of the cantilever was found using
the auto-tune function, the drive amplitude was adjusted until an oscillation amplitude of 24 nA
was reached. The setpoint which dictates the average force between the probe tip and the sample,
was then set at 12 nA to maintain low force on the soft polymer surface during measurements.
Finally, 10 m x 10 m (1024 pixels x 1024 pixels) scans were made using a 1 Hz scan rate on
atmospherically-equilibrated samples at room temperature. The uncertainty in the RMS
roughness was taken to be one standard deviation of the RMS roughness values obtained from
six scans of each sample.
4.5.1.3. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) was used to cross-sectionally image the composite
membranes. Five samples were imaged using SEM: PA-TFN made with 0.2 mg/mL UiO66-NH2
solution, PA-TFN made with 0.5 mg/mL UiO66-NH2 solution, PA-TFN made with 1 mg/mL
UiO66-NH2 solution, PA-TFN made with 2 mg/mL UiO66-NH2 solution, and our baseline
MPD/TMC-based PA-TFC membrane .These samples were imaged using field emission SEM
after they were exposed to liquid nitrogen and cracked to form a clean cross-section for imaging.
Cross-sectional SEM images were obtained using a Quanta 650 Schtokky Field Emission SEM
with a Secondary Electron (SE) backscattering detector. All images were taken with either 2.5 or
3.0 spot size resulting in similar resolution of images.
4.5.1.4. BET Analysis – N2 Adsorption & Specific Surface Area
Nitrogen uptake isotherms were measured at 77 K with a Micromeritics ASAP 2020
Surface Area and Porisimetry analyzer. Data was analyzed using the ASAP 2020 V4.04
software. All gases used were high purity. Typically, 50-100 mg of MOF sample were dried

under vacuum at 80°C overnight before initiating previously reported degassing procedures for
each MOF.1
4.5.1.5. X-Ray Diffraction (XRD)
Powder x-ray diffraction (PXRD) patterns were collected using a PANalytical Empyrean
X-ray Diffractometer (Malvern Panalytical, Egham, UK) with Cu K-α radiation. Scans were
taken from 2θ = 5⁰- 20⁰ for UiO-66-NH2 and 2θ = 5⁰- 30⁰ for UiO-66, HKUST-1, and ZIF-L.
Diffraction patterns were analyzed using HighScore Plus X-ray Diffraction analysis software. 1
4.5.1.6.Theromogravimetric Analysis (TGA)
MOF loading of the membranes were determined using thermogravimetric analysis (TGA)
[TA Instruments, Q50].7 Samples of PA layer coated PVA substrates synthesized with varying
UiO66-NH2 solution concentrations (0.2 mg/mL, 0.5 mg/mL, 1 mg/mL, and 2 mg/mL) were
tested and compared a baseline membrane without UiO66-NH2 as well as UiO66-NH2 alone.
Samples of membrane, sized 2.5 – 9 mg, were heated from room temperature to 1000C at a rate
of 10C/min in a nitrogen atmosphere. As all organic components were expected to burn off prior
to 1000C, the remaining mass fraction of material was assumed to be only UiO66-NH2 providing
the intrinsic MOF loading of the membrane in wt%.
4.5.1.7.Fourier Transform Infrared Spectroscopy (FTIR)
To confirm the polyamide structure of our membranes, PA layers of varying MOF
loading deposited on PVA substrates were tested using Fourier Transform Infrared Spectroscopy
(FTIR) [Perkin Elmer Frontier MIR/NIR].8 Samples were scanned with a total reflectance mode
on a diamond/ZnSe crystal. After software normalization, a scan range of 4000 cm-1 – 650 cm-1
was applied to determine the transmittance of the PVA substrate baseline and PA-coated PVA

substrates made with varying MOF solution concentration (0 mg/mL, 0.2 mg/mL, 0.5 mg/mL, 1
mg/mL, 2 mg/mL).
4.5.2. Performance Tests
4.5.2.1. Water and Salt Transport
Water and salt transport properties were determined using a pressurized dead-end stainlesssteel permeation cell (HP4750 stirred cell, Sterlitech Corp., Kent, WA). 9–12 The LbL PA-TFCs
were soaked in DI water for at least 24 hr before testing. Each sample was placed onto a porous
stainless-steel support and secured within the permeation cell. For both water and salt transport
tests, approximately 250 mL of solution (DI water or 2000 mg/L NaCl solution, respectively)
was used to fill the cell. The cell subsequently was sealed and pressurized with nitrogen gas at
either 350 psi (24.1 bar) for PA-TFC tests or 50 psi (3.4 bar) for PVA-primed support tests.
To measure water permeance, 𝐴, the permeate flow rate was measured after stabilization
(roughly an hour after the start of the measurement) using a 25 mL graduated cylinder to track
the collected volume as a function of time. This flow rate information was normalized by the
membrane area available for transport (𝑆𝐴 = 0.00146 m2) to obtain the water flux, 𝐽𝑤 . This flux
was normalized further by the applied pressure difference, ∆𝑝, minus the osmotic pressure
difference, ∆𝜋, which was taken to be zero for pure water permeance measurements, to
determine the water permeance as:13
𝐴=

𝐽𝑤
(∆𝑝−∆𝜋)

(1)

Salt permeance was determined from measured water permeance and salt rejection data. A feed
solution of 2000 mg/L salt solution was used in place of DI water to measure the permeance of
the membrane exposed to salt solution. The osmotic pressure for each binary salt solution was
calculated using the van’t Hoff equation (i = 2; T = 298 K; R = 0.0821 𝑖 = 2; 𝑇 = 298𝐾; 𝑅 =

0.0821

𝐿−𝑎𝑡𝑚
𝐾−𝑚𝑜𝑙

) and scaled by the respective salt molecular weight (NaCl = 58.44 g/mol; MgSO 4

= 120.37 g/mol).14 Salt rejection, 𝑅, was determined, using measured feed, Cf, and permeate, Cp,
concentrations as:15
Π = 𝑖𝑀𝑅𝑇
𝑅=

𝐶𝑓 −𝐶𝑝
𝐶𝑓

(2)

× 100%

(3)

Salt concentrations were measured, using a Mettler Toledo S470-Basic SevenExcellence
conductivity meter, after 2 hr of stabilized permeation. Salt permeance, B, was calculated from
water permeance and salt rejection data as:16
𝑅=

𝐴
(∆𝑝−∆𝜋)
𝐵
𝐴
1+𝐵(∆𝑝−∆𝜋)

× 100%

(4)

4.5.2.2. Ionic Conductivity
Four probe in-plane conductivity measurements17 were made using a membrane conductivity
clamp (Scribner Associates Inc., North Carolina). The bottom plate of this clamp contains 4
platinum electrodes and a platinum gauze that contact the membrane in a manner that facilitates
the in-plane conductivity measurement when the membrane is secured by the top clamp. Direct
current (DC) chronopotentiometry measurements were performed using a potentiostat and the
associated automation and analysis software (SP-150 Potentiostat and EC-Lab Software,
Biologic, France). The range of current used in the experiment was fixed at either 0.1 – 1.1 nA
(for the PVA and MPD-based PA layers) or 0.1 mA – 1.1 mA (for the MPDSK-MPD-based PA
layer). The potentiostat was used to set four different currents (within the ranges described
above) between the outermost platinum electrodes. Each current was maintained for 120 s to
ensure a pseudo steady state measurement. The corresponding voltage was measured, at each
current, across the innermost platinum electrodes.

The data were analyzed using an IV curve, and the Ohmic resistance, was determined, in
units of Ohms, as the slope of the voltage versus current data, and the conductivity was taken as
the inverse of the resistance (in units of siemens). Samples were tested three times, and the cell
was dissembled and reassembled between each measurement. The uncertainty in the
measurement was taken as one standard deviation from the mean of these three conductivity
measurements.
4.5.2.3. Dye Rejection
Dye permeance was determined from measured water permeance and dye rejection data.
A feed solution of 10 mg/L dye solutions (Methyl Orange, Methylene Blue, and Congo Red) was
used in place of DI water to measure the permeance of the membrane exposed to dye solution.18
The osmotic pressure for each dye solution was calculated using the van’t Hoff equation (Eq 2) [i
= 1; T = 298 K; R = 0.0821 𝑖 = 1; 𝑇 = 298𝐾; 𝑅 = 0.0821

𝐿−𝑎𝑡𝑚
𝐾−𝑚𝑜𝑙

] and scaled by the respective

dye molecular weight (Methyl Orange = 327.33 g/mol; Methylene Blue = 319.85 g/mol; Congo
Red = 696.67 g/mol). 14,18 Dye rejection, 𝑅𝑑𝑦𝑒 , was determined, using measured feed, Cf,dye, and
permeate, Cp,dye, concentrations as:15
𝑅𝑑𝑦𝑒 =

𝐶𝑓,𝑑𝑦𝑒−𝐶𝑝,𝑑𝑦𝑒
𝐶𝑓,𝑑𝑦𝑒

× 100%

(5)

Dye absorbances were measured, using a BioMate3S UV-Vis Spectrometer [ThermoFisher],
after 2 hr of stabilized permeation. Concentration was calculated from the absorbance based on
the Beer-Lambert law direct correlation. Dye permeance, Bdye, was calculated from water
permeance and dye rejection data as:16,18
𝑅𝑑𝑦𝑒 =

𝐴
(∆𝑝−∆𝜋)
𝐵𝑑𝑦𝑒

1+𝐵

𝐴

𝑑𝑦𝑒
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Chapter 5: Layer-by-Layer Approach to Enable Polyamide Formation on
Microporous Supports for Thin-Film Composite Membranes
This study investigates the application of a spin-coater based layer-by-layer synthesis of a
polyamide selective layer on microporous supports. The main objective of this study is to assess
the shift of this polyamide deposition process to PA-TFC membrane formation through RObased water and salt transport tests. In addition, we assess the expansion of this polyamide
synthesis technique for the incorporation of fixed charge groups to the PA layer via a sulfonated
co-monomer.
5.1.

Introduction
Polymer membranes for water purification and energy applications must be both thin and

selective to minimize mass transfer resistance and maximize separation efficiency. One of the
most commercially successful examples is the polyamide thin-film composite (PA-TFC) reverse
osmosis membrane.1,2,11,12,3–10 These membranes are manufactured to feature a thin (order 100
nm) dense cross-linked aromatic polyamide (PA) film that promotes water transport while
minimizing salt transport.1,2,11,12,3–10 The PA layer typically is synthesized by interfacial
polymerization (IP) of m-phenylenediamine (MPD) and a tri-functional acid chloride, trimesoyl
chloride (TMC).13
The reaction is self-limiting, and the structure of the PA layer is primarily dictated by the
reactivity, solubility, and diffusivity of the monomers.1–9 This characteristic of the IP process,
which is central to the commercial success of PA-TFC membranes, also limits the use of other
co-monomers. The IP reaction is fast, so solubility and diffusivity factors often control diamine
transport to the reaction zone.10–12 As such, co-monomers with lower solubility and/or diffusivity
compared to MPD may not incorporate in the PA layer prepared via IP.

This limitation could hinder the use of IP to access unique combinations of PA-TFC
transport properties by controlling the chemical composition of the PA layer.10–12 Polyamide
formation via a sequential deposition (or layer-by-layer, LbL) technique could circumvent this
limitation by reducing the significance of the thermodynamic and kinetic factors that control film
formation in the IP process.9,11,12 Therefore, LbL could facilitate the incorporation of multiple
co-monomers (of varying composition) into the PA layer. By doing so, LbL could enable access
to unique PA-TFC membrane transport properties.
The LbL process was adopted for PA layer formation based on layer-by-layer assembly
of polyelectrolytes.9 In the context of polyamide desalination membranes, LbL can be used to
deposit monomers onto the surface where a polycondensation reaction occurs to form a crosslinked PA network (Figure 1 in Chapter 4).8,9,11,12 Since LbL PA layer formation does not
require the liquid-liquid interface that occurs in conventional IP, smoother membranes can be
made compared to those prepared via IP because the LbL process brings monomers to the
surface in a controlled manner. Smoother membranes often have advantages in applications due
to, for example, reduced fouling propensity.1,2,11,12,3–10
Additionally, by removing the diamine diffusion limitation and controlling the placement
of co-monomers on the surface, LbL enables control over the chemistry of the PA film at the
monomer length scale. This level of molecular control generally is not accessible using the IP
process.8,9 Control over the PA film chemistry is facilitated by the LbL deposition process
because reactions are limited to surface bound reactive sites. Since films can be grown via
sequential deposition, monomer concentration and reactivity limitations (inherent to IP) may be
overcome. Thus, LbL could allow for nanometer control over film thickness and local chemical
and polymer composition.8,9

The LbL approach to making PA layers, within the context of desalination membranes,
largely has been studied using silicon or glass substrates.8,9 To be viable for separations, the
selective membrane must be formed upon a microporous support. Doing so can be challenging
because LbL deposition onto a microporous support can lead to defects in the selective
membrane that compromise performance properties.11,12
Here, we report an approach for priming the microporous support using poly(vinyl
alcohol) (PVA), similar in principle to approaches that use a polyelectrolyte primer,11,12 to
mitigate defect formation in LbL PA layers. The PVA layer was chosen because PVA adheres
well to the support membrane surface, protects the microporous support (by reducing exposure to
organic solvents during the polyamide deposition process), and provides a reactive surface to
facilitate PA layer formation (the hydroxyl groups on the PVA surface can react with acid
chloride functionality of the monomer used to start the PA layer deposition process).8
Importantly, the PVA layer appears to contribute negligibly to the overall mass transfer
resistance of the membrane. Additionally, a sulfonated diamine monomer was incorporated into
the polyamide layer suggesting that the LbL process could provide a viable pathway for
incorporating a range of functional monomers into thin, defect free PA layers. As such, the
combination of a primed support and the LbL process may enable access to an array of
functional thin polymer films with unique separation properties.
5.2.

Results and Discussion

5.2.1. Growth Rate and Surface Roughness
The growth rate of the PA layer was determined for PA layers deposited on a ~40 nm
thick PVA layer that had been deposited onto a glass slide. As the number of LbL cycles
increased, the PA layer thickness grew at an approximate rate of 3.2 nm/cycle and became more

variable (Figure 1). To put the growth rate into context, a theoretical minimum thickness for a
single cycle can be estimated by assuming each monomer stacks orthogonally to the substrate (as
suggested in Figure 1b in Chapter 4). The van der Waals volumes of each monomer, calculated
using a group contribution method, suggest that a single LbL cycle (Figure 1a in Chapter 4)
could cause the membrane thickness to increase by approximately 1.4 nm if a monolayer of acid
chloride were to react with a monolayer of diamine in a manner that caused the molecules to
stack orthogonally to the substrate. This group contribution value closely agrees with a
comparable estimate of approximately 1.5 nm obtained using molar volumes determined from
monomer density properties.14,15 Johnson et al. reported a growth rate of approximately 1
nm/cycle,8 and this result suggests that, in their process, the PA layer may not grow strictly
orthogonally to the substrate, which would lead to a smaller increase in thickness per cycle
compared to the estimated theoretical minimum thickness values.

Figure 1. The PA layer thickness increased as the number of LbL cycles increased. All PA
layers were deposited on PVA coated glass slides. The growth rate of approximately 3.2
nm/cycle was obtained via linear regression of the PA layer thickness data measured when 10,
15, or 20 LbL cycles were used. For comparison, a line is provided to illustrate a 1.5 nm/cycle
growth rate starting from zero thickness in the absence of a PA layer (i.e., zero LbL cycles).

In this study, the observed growth rate of 3.2 nm/cycle, for PA layers prepared with 10,
15, or 20 LbL cycles (i.e., LbL10, LbL15, or LbL20), was larger than the theoretical minimum and
the work of Johnson et al.8 It was, however, comparable to the ~3 nm/pass growth rate reported
for a monomer-by-monomer spray-coating PA layer formation technique.10 Interestingly, the
thickness of the LbL10 PA layer is consistent with a growth rate of 1.5 nm/cycle (Figure 1),
which is the theoretical growth rate calculated using molar volume properties of the monomers
(see discussion above).

Potential acceleration in the growth rate and increased variability as the number of LbL
cycles increases (Figure 1) could stem from a number of factors. Film deposition processes are
often highly sensitive to variability in processing parameters, so subtle changes in processing
parameters can result in a wide range of coating thicknesses for a given material.16 Here we
focus the discussion on the potential contributions from the rinse solvent. As discussed in
Section 5.2.2, we used dry methanol as the final rinse solvent because acetone could dissolve the
microporous PES support. As discussed in more detail in the Supporting Information, methanol
and acetone appear to be comparable final rinse solvents from a miscibility and surface
roughness perspective. Therefore, differences in the rinse solution volumes used and potential
swelling of the polyamide may drive the increase in variability and growth rate acceleration
observed as the number of LbL cycles increased from 10 to 20 cycles.
Sequential deposition techniques that do not depend on a spin coating or drying process,
e.g., spray and dip coating, do not use a wash solvent between cycles.16 One such monomer by
monomer spray-coating PA layer formation technique yielded a ~3 nm/pass growth rate.10 This
reported growth rate is similar to the growth rate observed in this study between 10 and 20 LbL
cycles. This similarity is reasonable given the relatively small volume of rinse solvent that was
used in the deposition process in this study. In both this study and the spray coating report,
residual monomer on the surface (due to the nature of the deposition process) could lead to a
higher growth rate compared to the theoretical values based on monolayer monomer deposition.
Furthermore, continuous exposure to organic solvents can swell polymers, e.g., PA and
PVA.17,18 Figure 1 shows the theoretically determined growth rate of 1.5 nm/cycle (blue line with
the y-intercept set at the origin to indicate that at no growth had occurred at 0 cycles. Based on
this trajectory, the growth of our PA layer via LbL with methanol as the final rinse solvent

produces the theoretically expected ~15 nm PA layer after 10 cycles. However, the growth rate
accelerates as 10 to 20 LbL cycles are completed. Continued exposure to methanol, in addition to
residual monomer on the surface (as discussed above) may contribute both to the accelerated
growth rate and the additional variability in the thickness as the number of LbL cycles increases.
PA layers are known to swell when exposed to methanol, and this process, known as “polyamide
activation”, also affects the membrane’s water-salt permselectivity properties.17 Swelling of the
PA layer, much like the PVA layer, is expected to occur predominantly in the direction
perpendicular to the membrane surface due to the high surface area to volume ratio of the thin
layers, and as such, lateral swelling is unlikely to be significant in these membranes. 19,20
The observation that PA layer thickness may follow the 1.5 nm/cycle theoretical
prediction for 10 LbL cycles or less may be a result of the initial formation of the PA layer; the
effects of swelling and residual monomer may become more pronounced as a more swollen PA
layer forms on the surface. This can be understood in the context of Freger’s description of PA
layer growth consisting of the initial rapid formation of a dense PA core layer surrounded by a
looser polymer structure.2 Though monomer diffusion factors should be minimized with LbL, the
accelerated PA growth rate suggests that this swelling could lead to a similar slow-down of the
initial reactivity profile and therefore a “fluffier” PA layer as the number of cycles increases. 2
The methanol final rinse solvent is similarly capable of removing excess MPD compared
to acetone. Therefore, acceleration of the PA layer growth rate, compared to the theoretical value
(Figure 1), is most likely a result of the combined effects of PA layer swelling and residual
monomer on the surface due to the rinse protocol used in this study.17 These factors appear to
become more influential as the number of LbL cycles increases and greater exposure to methanol
has occurred.8,17

5.2.2. Water Transport
When the LbL approach is used to deposit a polyamide layer directly onto the
microporous support, the water flux decreases as the number of LbL cycles increases (Figure 2),
which is consistent with increased resistance to water transport as the PA layer thickness
increases. Additionally, the water flux was approximately 1 to 2 orders of magnitude larger than
that of a commercially available control membrane (DuPont FilmTecTM SW30XLE). Both the
magnitude of the water flux and the functional relationship between water flux and the number
of LbL cycles suggest that the PA layer, deposited on the bare (un-primed) support, is likely
defective (i.e., the surface is not covered with a continuous layer of polyamide material). These
results are discussed subsequently using a series resistance model.11,12

Figure 2. Water flux (Jw) as a function of the number of LbL cycles used to prepare the
composite membranes ( ). The LbL-prepared membranes are compared to water flux data for a
commercially available membrane (DuPont FilmTec TM SW30XLE, ), which is positioned, on
the horizontal axis, to reflect a typical ~150 nm thick PA layer and the reported LbL growth rate
of 3.2 nm/cycle observed in this work. The water flux data were collected, at room temperature,
using a pressurized dead-end cell method where the pressure applied to the DI water feed for all
membranes was 24.1 bar (350 psi).

A series resistance model (described in more detail in Chapter 3 and Appendix B)
suggests that, if the intrinsic water permeability of the polyamide is independent of thickness, the
logarithm of the water permeance should decrease as the logarithm of the membrane thickness
increases with a scaling relationship of –1 (Equation B2). This result is attributed simply to the
fact that a thicker membrane provides higher resistance to mass transfer. Given the constant
growth rate reported in Figure 1, water permeance data would be expected to exhibit this same
scaling behavior with the number of LbL cycles.

The data, however, deviate from this scaling relationship (Figure B2). The interpretation shown
in Figure B2 suggests that the membrane with the largest number of LbL cycles may be the most
likely to be defect free. Then, as the number of LbL cycles is reduced, the water permeance
increases to a greater extent than predicted by the series resistance model. This result suggests
that membranes prepared using lower numbers of LbL cycles inherently may be more
defective.8,10,12
It is important to note that it is assumed (for the resistance in series model) that the PES
microporous support does not contribute significantly to the overall resistance to transport (and
thus is not included explicitly when considering the individual layers of the composite structure).
This assumption is based on the PES support water permeance, which is two to four orders of
magnitude greater (~103 L⁄m2 h − bar) than that of the PA-TFC membranes (10–1 to 101

L⁄m2 h − bar, Table B2). Therefore, if the expression for the overall mass transfer resistance,
𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (Equation 4 in Chapter 3), contained a contribution for the PES support, it would be
small compared to that of the other layers.
Furthermore, the deviation from the –1 scaling relationship (Equation B2) suggests that,
even with an increased growth rate, r, the water permeance and the estimated intrinsic water
permeability of the LbL membranes would still be substantially greater than that of the control
membrane. The deviation from the scaling relationship may also be a result of support membrane
degradation due to the use of organic solvents during the LbL deposition process. Though PES is
more chemically resistance to degradation by methanol as opposed to acetone (used in other LbL
reports), increased exposure to toluene (the solvent for both monomers) as the number of LbL
cycles increases, could contribute to degradation of the PES support membrane, which could
lead to greater defect formation in the PA layer.8,9
The discussion above points to a situation where the PA layer formed directly on a
microporous support is likely defective and not suitable for use as a desalination membrane.
Using a primer layer could help address these issues by providing a more uniform and
chemically favorable surface at the beginning of the LbL process and/or by further protecting the
PES support from potential degradation due to contact with organic solvents, as has been
successfully demonstrated by the use of ceramic ultrafiltration supports for organic solvent
nanofiltration applications.21 Next, we consider the use of a primer to facilitate LbL polyamide
formation.
Using an approximately 288 nm layer of poly(vinyl alcohol) (PVA) to prime the support
membrane before performing the LbL process causes an order of magnitude decrease in the
water permeance relative to the membranes prepared on the bare (un-primed) support (Figure 3).

The water permeance, for example, of the LbL30 membrane is reduced by approximately two
orders of magnitude when the PVA primer layer is used, and the water permeance of this
membrane is more consistent with that of the commercial SW30XLE membrane (Figure 3).
These results are consistent with the idea that the PVA primer layer may address defect
formation or other issues facing PA layer formation using LbL deposition on bare (un-primed)
microporous supports.

Figure 3. Water permeance data as a function of the number of LbL cycles used to prepare the
membrane. Results are shown for PA-TFCs made on un-primed PES supports (♦), and the bar
graph compares samples of similar thickness (30 LbL cycles = ~96 nm PA layer) formed on
PVA-primed and bare (un-primed) PES supports. A measured water permeance of
0.7 L⁄m2 h − bar for a commercially available membrane (DuPont FilmTecTM SW30XLE,
and dotted line) is plotted for comparison.

Since an additional layer has been introduced to the typical two-layer PA-TFC structure,
the series resistance model can be modified and used to deconvolute the contribution of each
layer to the overall resistance to water transport, 𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 (Equation 4 in Chapter 3). By
understanding the mass transfer contribution of each layer, we can determine whether the PVA
primer facilitates defect-free PA formation without incurring a significant mass transfer penalty.
Furthermore, the analysis could provide insight into how thick the PVA primer layer could be
without introducing a significant mass transfer resistance. This insight would be particularly
useful to efforts to extend this approach to different co-monomers.
The series resistance model (Chapter 3), applied to the PVA-primed PA-TFC system, can
be used to isolate the contribution of each layer to the overall membrane water permeance,
Aoverall. The model accounts for mass transfer resistances due to the PVA-primed support, A0, and
the PA layer, Ax.11,12 The explicit mass transfer resistance contribution of the PES support is
neglected since, as discussed previously, the water permeance of the PES support membrane is at
least an order of magnitude larger than that of the other membranes considered (Table B2)
suggesting a negligible mass transfer resistance contribution in comparison to that of the
membranes prepared with PVA and PA. Using expressions for water transport through the twolayered system of both the PVA-primed support and the PA layer (Equation 1, 2, 4-6 in Chapter
3), the contribution of the PVA-primed support was ascertained by determining the deviation of
Ax/Aoverall (i.e., the fraction of the overall water permeance that results from the PA layer) from
unity (Table B3). If reasonably close to unity, this ratio indicates that the majority of the
resistance to water transport is provided by the PA layer, and this information can be used to
determine how thick the PVA layer could be without significantly affecting mass transfer (e.g., a
threshold of ≤ 5% could be set to determine how thick the PVA layer could be before it

contributed more than 5% of the overall resistance to water transport). Context for calculations
relating to the mass transfer contribution of the PVA layer can be found in Section B3 and B4.
The value of Ax/Aoverall for our LbL30 PA layer on PVA-primed PES deviates from 1 by
only 0.3% (Table B3). These results suggest that the ~288 nm thick PVA layer used to prime the
microporous PES support does not contribute significantly to the overall resistance to water
transport through the composite structure. Furthermore, this ratio indicates that a roughly 4 m
thick PVA layer may be able to be used without contributing more than a 5% loss in the overall
resistance to water transport. With a PVA thickness of approximately 4 m, a water permeance
of 35 L⁄m2 h − bar would be expected for the composite membrane. This value is an order of
magnitude less than the experimentally determined PVA-primed support water permeance of
496 L⁄m2 h − bar. The wide range of thicknesses possible for the primer PVA layer allows for
flexibility when considering membrane applications that require a thinner selective layer, where
thicker PVA would prove useful for thinner defect free PA layers (< 100 nm) and the expansion
to unique ion transport pathways by incorporating charged monomers into the polyamide. It is
important to note that though the overall water permeance of LbL30 on a PVA-primed support is
less than that of the commercial SW30XLE membrane, additives and further LbL process
optimization may provide opportunities to access water permeance values of a similar order of
magnitude.
From a water transport perspective, the PVA primer layer may address defects that form
during LbL and/or other issues that result when LbL is performed on a bare (un-primed)
microporous support. The significant observed decrease in Aoverall from 18 L⁄m2 h − bar to 0.2
L⁄m2 h − bar after the addition of the PVA primer layer, provides evidence to support this
physical picture. By providing both a reactive surface to facilitate PA layer growth and

microporous support membrane protection from the organic solvents used in the LbL process,
the PVA primer facilitated preparation of LbL composite membranes without introducing a
significant additional mass transfer resistance. Furthermore, we did not see evidence of
dimensional stability issues associated with excessive swelling of PVA (at the room temperature
conditions of our experiments). If dimensional stability because a concern, the PVA primer layer
could be crosslinked using glutaraldehyde or bicarboxylic acids.22,23 A series resistance model
analysis suggested that PVA layers of up to 4 m in thickness could be used without increasing
the resistance to water transport by more than 5%. Ultimately, the addition of the PVA layer
could provide insight into the relationship between water transport and the number of LbL cycles
(Figure S3), insight into the intrinsic membrane water permeability, and a pathway for preparing
polyamides containing different monomer building blocks.
5.2.3. Salt Transport and Water/Salt Selectivity
A similar approach can be used to analyze salt transport properties (Chapter 3 and
Section B6). The series resistance model can be applied to salt transport and salt rejection
(Equation 8-13 in Chapter 3). As salt rejection depends on the relative rates of water and salt
transport, salt rejection trends can be related to both water (A) and salt (B) permeance
parameters. In the absence of the PVA primer layer, the overall resistance to salt transport is
solely due to the PA layer (Boverall = Bx).
Salt rejection values for bare (un-primed) support LbL PA-TFCs are well below half that
of the commercial SW30XLE membrane (Figure 4b). This result is consistent with the water
permeance results that, for the bare (un-primed) support membranes, were much greater than that
of the commercial SW30XLE membrane and suggested the defect formation. Figure 4a shows an
expected negative correlation between salt permeance, B, and number of LbL cycles, and these

values all are at least 3 orders of magnitude greater than that of the commercial SW30XLE
membrane. As water and salt transport are linked, the combined effect of the increased water (A)
and salt (B) permeance values of these bare (un-primed) support PA-TFCs translates into lower
salt rejection values (Figure 4b). These low salt rejections are an indicator of defects in the PA
layer due to poor membrane formation without the presence of a support primer.

Figure 4. a) Salt permeance of un-primed support PA-TFCs a function of the number of LbL
cycles calculated based on salt rejection experiments using a 2000 ppm NaCl feed solution at
24.1 bar (350 psi) ( ). b) Salt rejection as a function of the number of LbL cycles performed
using a 2000 ppm NaCl feed solution at 24.1 bar (350 psi) (♦). The diamond markers indicate
results for PA-TFCs made on un-primed PES supports while the bar graph compares samples of
similar thickness (30 LbL cycles results in an approximately 96 nm PA layer) formed on PVAprimed and bare (un-primed) PES supports. A salt rejection of 93% was measured for a
commercially available membrane (DuPont FilmTec TM SW30XLE, and dotted line) and is
plotted for comparison.

Using the PVA primer drove an increase in the salt rejection to within 6% of the
commercial PA-TFC salt rejection (Figure 4b). Similar to the situation observed for water
transport, this result suggests that the use of the PVA primer helps to mitigate defect formation
and/or support degradation that may occur when LbL is performed on a bare (un-primed)
microporous support. The LbL30 on the PVA-primed support did not exhibit ≥ 95% salt rejection

like the commercial PA-TFCs, but this observation may be related to specifics (e.g., use of
additives or reaction conditions) of the industrial process.10,12 Further, continued methanol
exposure during deposition may cause the polyamide to swell, which would result in a reduction
in salt rejection.17 While additional data at lower cycles would inform the minimum number of
cycles needed to form defect free membranes, 30 cycles deposited on the PVA layer may
promote defect free PA layer formation.
From a practical perspective, increasing the resistance to salt transport is beneficial for
desalination membrane development. Therefore, analyzing the contribution of the PVA layer to
the resistance to salt transport is less critical compared to the situation for water transport. The
small deviation between overall water permeance and PA layer water permeance noted
previously (Table B3) likely would translate into a similar, if not smaller, situation with regard to
salt transport because hydrated ions are larger than water molecules.
The use of a PVA primer when preparing LbL PA-TFC membranes may facilitate the PA
layer formation process in a manner that is favorable to the separation properties of the
membrane. In desalination, the combination of (or tradeoff between) water/salt selectivity (often
taken to be the ratio of the water permeance to the salt permeance or A/B) and water permeance
characteristics are important for the overall performance of the membrane. When the A and B
values for the membranes considered here were analyzed, the water/salt (A/B) selectivity
increased from ~10-3 (LbL membranes prepared on the bare (un-primed) support) to 100-101 for
LbL membranes prepared on PVA-primed supports. The selectivity values for the membranes
made using the PVA primer were comparable to that of the commercially available SW30XLE
membrane (~101). With access to water/salt selectivity values that are more comparable to that of
commercial membranes, the use of PVA-primed supports could provide an opportunity for

further investigation of structure-property relationships for PA-TFCs, and this approach could be
critical for expanding such studies to incorporate different co-monomers as illustrated
subsequently.
5.2.4. Charged Co-Monomer Incorporation
A potential benefit of LbL sequential deposition is that the approach may circumvent
some of the thermodynamic and/or kinetic limitations that are inherent to the conventional
interfacial polymerization process. These limitations may restrict options for incorporating
different monomers or mixtures of co-monomers into the PA selective layer.24 For example, a
sulfonated polyamide, in principle, could be prepared via interfacial polymerization using a
mixture of MPD and MPDSK diamines in the aqueous phase along with TMC in the organic
phase.
Such an approach, however, could be subject to competition between the diamine comonomers. The polyamide formation reaction occurs as amine- and acid chloride-containing
molecules reach the reaction zone.2 Therefore, the process is sensitive to mass transfer of comonomers to the phase boundary, the solubility properties of the co-monomers, and the relative
reactivity of the amine-containing co-monomers. The sulfonated diamine (MPDSK) is bulkier
(i.e., mass transfer is slower), less soluble in organic solvent, and less reactive than MPD. Thus,
by changing the diamine recipe, competition between the diamines could be introduced. These
factors suggest that an attempt to use a mixture of MPDSK and MPD co-monomers along with
TMC in a conventional interfacial polymerization process will likely result in a membrane
containing few, if any, sulfonated co-monomers. Alternatively, the LbL sequential deposition
process may alleviate some of the competition between the diamine co-monomers due to the fact
that monomers are brought directly into contact with the reactive surface. Further, control over

the exposure time of each “layer” to the respective diamines (i.e. MPDSK or MPD) could allow
the sulfonated diamine the appropriate time to interact with the exposed TMC contained primed
support for higher likelihood of sulfonate group incorporation. To investigate this possibility, we
prepared a sulfonated polyamide layer on a PVA surface by using both MPD and MPDSK
diamines in the aqueous phase during the LbL polyamide sequential deposition process.
The choice to prepare a sulfonated polyamide layer was made because the incorporation
of sulfonate groups in the membrane will drive an increase in the conductivity of the layer.
Therefore, the presence of sulfonate groups in the polyamide layer can be verified via an in-plane
conductivity measurement made on the membrane made using a mixture of MPD and MPDSK
diamines. As PVA has a high ionic resistance (Table 1), the measured ionic resistance properties
of the polyamide layers can be attributed solely to ion transport through the polyamide layer.

Table 1. In-plane ionic resistance and conductivity properties of membrane surfaces. The PVA
layer has a very low conductivity, so conductivity increases (relative to that of PVA) following
deposition of a polyamide layer on top of PVA can be attributed to the properties of the
polyamide layer, as a negligible amount of current is expected to be pass through PVA.
Membrane Surface

Ionic Resistance []

Ionic Conductivity [mS]

6.4 ( 0.2) x108

1.56 ( 0.05) x10–6

MPD-TMC Polyamide

1700  49

0.59  0.02

MPDSK-MPD-TMC Polyamide

902  33

1.11  0.04

PVA

The ionic conductivity of the MPD-TMC polyamide layer was orders of magnitude
greater than that of the PVA layer (Table 1). When the LbL sequential deposition process was
used with a mixture of MPDSK and MPD in the aqueous phase, the ionic conductivity of the
polyamide layer increased (and the resistance decreased) relative to that of the un-sulfonated
MPD-TMC polyamide membrane (Table 1). This proof-of-concept result suggests that the

sulfonated co-monomer (MPDSK) successfully incorporated into the polyamide layer prepared
on PVA via the LbL sequential deposition process.

The viability of membranes made using different co-monomers (such as the example
shown here for the sulfonated co-monomer) may depend on an ability to prepare a defect free
selective layer on a support membrane. The use of LbL sequential deposition combined with the
use of a PVA primer could be one approach to reaching that goal. Furthermore, it complements
other studies where, for example, polyelectrolytes have been used as a primer layer for sequential
deposition of polyamide selective layers.
5.3.

Conclusions
In the absence of the PVA primer, LbL deposition of a PA layer on microporous supports

likely leads to defective membranes. By priming the support using PVA, we demonstrate a
promising method for controlled PA-TFC membrane formation. Priming the microporous
support with PVA both protects the microporous support from the organic solvents used in the
process and provides a reactive surface for PA layer growth. Furthermore, the PVA priming
process could enable the use of polyamide barrier layers with a range of different supports
because the presence of PVA could make the polyamide deposition process less sensitive to the
specific underlying support membrane. A series resistance model suggests that the contribution
of the PVA primer to the overall mass transfer resistance of the composite membrane is
relatively small. Therefore, a combination of the LbL sequential deposition process and PVAprimed microporous supports may enable co-monomer incorporation into the PA layer that
would otherwise not be feasible using the traditional IP process because of solubility, diffusivity,
and/or reactivity limitations.
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Chapter 6: Layer-by-Layer “Sandwiched” Synthesis of UiO66-NH2containing Polyamide Thin-Film Nanocomposite Membranes for
Nanofiltration Applications
In the previous project, the extension of LbL synthesis of the PA on microporous
supports was assessed via RO-based water and salt transport as well as through a series
resistance model analysis of the individual layer the resistances to mass transfer. This study
assesses the application of a similar spin-coater based sequential deposition technique for the full
encapsulation of UiO66-NH2 into the PA layer through water, salt, and dye transport
measurements. Further, a similar series resistance model is applied to draw PA layer specific
structure/property relationships geared towards NF applications.
6.1.

Introduction
Nanofiltration is a pressure-driven membrane-based separation and purification technique

used for drinking water treatment, dye separation, pharmaceuticals, and heavy removal and
organic solute removal.1–6 Polyamide thin-film composite (PA-TFC) membranes are the leading
membrane technology for nanofiltration (NF) as the thin selective polyamide layer can be tuned
individually to optimize membrane performance for high water transport and solute rejection. 2–
4,7,8

This is particularly useful in combatting the well-known selectivity/permeability tradeoff for

water and solute transport observed for polymer membranes in this space.1,4,5,7,9,10 The
development of polyamide thin film nanocomposite (PA-TFN) membranes via the incorporation
of metal organic frameworks (MOFs) has progressed significantly over the past decade years to
combat the selectivity/permeability tradeoff observed for commercial PA-TFC membranes used
in NF. The interruption of an originally highly cross-linked polyamide structure with an
organometal compound facilitates increased water transport through interrupting the polymer
matrix, creating increased polyamide free volume as well as instituting distinct pores, through

the metal node, that provide additional water transport pathways.1,4,5,7–9 Further, the introduction
of the MOF to the polymer matrix, provides an opportunity to expand diffusion/sorption based
solute rejection to distinct size-sieving through the well-defined pores of the metal node,
maintaining, if not exceeding, current standards for NF solute rejection. 1,4,5,7–9 Researchers have
successfully incorporated a number of porous nanomaterials such as ZIF-8 and UiO-66 and
shown that with these MOFs in the composite structure an increase in water permeance with
comparable, if not higher, large solute rejection can obtained.1,3–5,7–13
However, there are two key obstacles for the optimization of PA-TFN membrane
synthesis for NF: aggregation of the MOF particles within the polyamide layer and particle
leaching.1–4,7–10,14 PA-TFN membranes are typically synthesized via interfacial polymerization of
m-phenylene diamine (MPD) and trimesoyl chloride (TMC) with the zeolite-based nanoparticle
suspended in either the organic or aqueous solution phase. Poor dispersion of the MOF particles
in the respective reaction phase can result in high surface energy induced particle-particle
aggregation. Further, poor chemical compatibility between the MOF and the polymer backbone
can also promote aggregation resulting in decreased separation performance.4,7,8 MOF leaching is
typically a result of both poor compatibility between the MOF and the polymer backbone as well
as size-matching between the MOF and the PA layer.1,3,4,7–10,14 Interfacial polymerization
typically requires the removal of excess monomer solution to maintain a consistent PA layer so
in addition to poor chemical attachment of the MOF particles into the composite structure, MOF
particles that are too large can also contribute to a reduction in separation performance due to
poor MOF incorporation in the PA layer.4
Besides the introduction of additional pre-synthesis MOF solution processing, researchers
have explored functionalized versions of typical MOFs, like UiO66-NH2, to address aggregation

and leaching through improving the reactivity of the MOF itself. The amino-functional group
acts an anchor for the MOF to the greater polyamide structure by covalently bonding to it
creating a preference for MOF-polymer interaction rather than the MOF-MOF interaction.3,4,7–
10,12–14

Researchers have been successful in incorporating UiO66-NH2 in both the polyamide

layer itself as well as anchored to the support and subsequently observed increased water
transport as well as superior multivalent ion and organic dye rejection. 3,4,7–10,12–14 However, the
use of interfacial polymerization for PA-TFN synthesis of UiO66-NH2 membranes restricts the
ability speak to the structure/property relationships of the PA layer specifically. Further, the
larger body of work in this area works with MOF particles ~ 100 nm in size, making sizematching for good particle embedding more difficult.7,9,10
Here, we discuss the synthesis of a UiO66-NH2-containing PA-TFN membrane via a
controlled spin-coater based layer-by-layer “sandwiched” synthesis on a PVA-primed support to
assess the PA layer specific performance as a result of incorporating the MOF. Through this
sequential deposition process, assessed for RO-made PA layers in Chapter 5, we take advantage
of the known high reactivity of UiO66-NH2 and known thickness per cycle growth pattern of the
PA layer to ensure full encapsulation of these 20-50 nm MOF particles.15 The NF performance is
assessed through pressure-driven water permeance, multivalent rejection (i.e. MgSO4) and dye
rejection (i.e. congo red, methylene blue, methyl orange). This analysis is extended, similar to
prior to work, through the application of a resistance in series model to determine the
contribution to mass transfer resistance of each composite layer and elucidate meaningful
structure/property relationships for the PA layer.15
6.2.

Results and Discussion

6.2.1. UiO66-NH2 Characterization

UiO66-NH2 particles were characterized through scanning electron microscopy (SEM),
X-ray Diffraction (XRD), and Brunauer-Emmett-Teller (BET) surface area and N2 adsorption
analysis. MOF particles were synthesized via an optimized aqueous UiO66- NH2 synthesis
procedure, described elsewhere.16 Figure 1A shows a similar XRD pattern to that of previous
literature where peaks at 7, 8, and 25 degrees were observed representing the (111), (002) and
(006) planes of UiO66-NH2.4,7,10,12,13,16–18 SEM imaging of UiO66-NH2 (Figure 1B) show
crystalline particles of approximately 20-50 nm suggesting full encapsulation in the
“sandwiched” PA layer is possible between PA layers of known thickness’ of ~48 nm each. It is
important to note that the range of particle sizes could be due to aggregation of MOF common at
high membrane loadings.1,7,17,19,20 These small crystalline particles are able to maintain a large
surface area of 870.46 m2/g with a pore size of 5.9 Å (Figure 1C) suitable for transport of water
molecules (2.7 Å) as well as selective to dye transport (11.84 Å – 23.13 Å) while sustaining a
comparable N2 adsorption of 328 cm3/g STP (Figure 1D).10,13,17

Figure 1: UiO66-NH2 characterization a) XRD scans of UiO66-NH2; b) SEM imaging of
synthesized UiO66-NH2; c) Pore Size distribution obtained via BET highlighting 5.9 Å pore size
of MOF particles; specific surface area of UiO66-NH2 = 870 ± 1.1 𝑚2 ⁄𝑔; d) N2 adsorption
trend with relative pressure for UiO66-NH2
6.2.2. PA-TFN Membrane Characterization
After “sandwiched” LbL synthesis (Figure 2 in Chapter 4), thermogravimetric analysis
(TGA) and Fourier-transform infrared spectroscopy (FTIR) were used to respectively determine
the MOF loading and confirm the formation of the polyamide.7,21 As only Zr from the MOF
should remain after 800C, the final weight percent of material was assumed to represent the
MOF loading in the membrane and related to the MOF solution concentration (Table 1).21 The
MOF loadings represented in Table 1 suggest that between the MOF solution concentration (in

mg/mL) does not scale directly to the MOF loading in the membrane (wt%) suggesting that as
the MOF solution concentration increases, the way the MOF incorporates into the PA layer
changes. This is observed similarly through the slight decrease in MOF loading from 0.5 mg/mL
MOF solution concentration to 1 mg/mL suggesting a difference in the mechanism in which the
MOF incorporates into the PA layer.
MOF Solution Concentration
(mg/mL)

Measured MOF Loading via TGA
(wt%)

0.2 mg/mL

0.058 ± 0.006 wt%

0.5 mg/mL

0.41 ± 0.004 wt%

1.0 mg/mL

0.36 ± 0.003 wt%

2.0 mg/mL

1.1 ± 0.002 wt%

Table 1: MOF solution concentration in mg/mL with corresponding measured MOF loading
determined using TGA scans shown in Figure C.1.
The formation of the PA layer in the presence of UiO66-NH2 was confirmed using FTIR
(Figure 2).7 Figure 2A shows that in comparison to the baseline PVA substrate, key peaks
between 1680 cm-1-1630 cm-1, consistent with Amide I, C=O stretching for the secondary amine,
1640 cm-1- 1600 cm-1, representing the hydrogen-bonded C=O bond, and between 1570 cm-11515 cm-1, representing amide II, N-H in-plane bending consistent with NH2 deformation are
present, consistent with the formation of the aromatic polyamide. A suppression of the PA peaks
is observed after the addition of UiO66-NH2 (Figure 2B), however the subtle return in the amide
II peak (1570 cm-1 – 1515 cm-1) could suggest the incorporation of the NH2 functionalized MOF
into the PA layer.7

(a)

(b)

Figure 2: FTIR scans for a) baseline PVA substrate, used for characterization, and the PA coated
PVA substrates made with varying MOF solution concentration; b) just the PA coated PVA
substrates made with varying MOF solution concentrations zoomed in to highlight key
polyamide peaks.
Finally, cross-sectional SEM images of PA-TFC and PA-TFN membranes were used to
observe the changes in the PA layer as the MOF solution concentration increases (Figure 3).
7,14,20,22,23

Overall, after the addition of UiO66-NH2, that yields to less uniformly dense PA

layer.1,7,10,17,19,24 This is a reasonable observation as the increased addition of the NH 2functionalized MOF is expected to interfere with the polyamide chain packing, opening the pore
structure of the selective layer.7 However, the “openness” of the PA layer does not scale directly
with the MOF solution concentration. More specifically, at 1 mg/mL (Figure 3D) there seems to
be a more open pore structure than at 2 mg/mL (Figure 3E). Further, a densely packed PA layer
is observed at 0.5 mg/mL (Figure 3C) while at a similar MOF loading, Figure 3D shows an
almost 30 nm pore structure in the PA layer of the PA-TFN with 1 mg/mL MOF solution
concentration. These observations suggests that as the MOF is incorporated into the PA layer, the

structure of the PA layer itself changes and is most settled at very low or very high MOF
loadings. This observation could be a result of the initial interference in the polyamide chain
packing that results in inconsistent PA layer growth at low to moderate MOF loadings.7

Figure 3: SEM imaging for the UiO66-NH2 containing PA-TFN of varying MOF solution
concentration a) 0 mg/mL; b) 0.2 mg/mL; c) 0.5 mg/mL; d) 1 mg/mL; e) 2 mg/mL
In addition to confirming the formation of UiO66-NH2-containing PA-TFN membranes
with varying loadings, the above characterization implies that the PA layer structure is changing
both chemically and visually. With the changing PA layer structure it would be reasonable to
expect a change in the composite membrane performance as the MOF loading increases.
Further, the indirect scaling relationship between MOF solution concentration (mg/mL) and
loading (wt%), Table 1, paired with varied opening of the PA pore structure as the solution
concentration increases suggests greater variability in the incorporation of the MOF at low to
moderate MOF loadings. This suggests that there may be a settling point for MOF loading where
a more consistent incorporation of the MOF, similar to that observed in Figure 3E, and therefore
more consistent composite membrane performance.

The water and salt transport of the LbL-made PA-TFN membranes were assessed via the
water permeance (Figure 4) and the MgSO4 rejection (Figure 5A). The water permeance data and
additional NaCl permeance data were then used to determine the water/salt selectivity, A/B,
(Figure 5B). These preliminary results suggest that not only does the water permeance of all
LbL-based PA-TFN membranes exceed that of the baseline LbL-made PA-TFC membrane, but,
this synthesis has allowed us to shift the performance of our previously studied reverse osmosis
composite membrane (Figure 6B – star) to the nanofiltration regime performance.15
6.2.3. Water Transport
Figure 4A shows the increasing water permeance for LbL-made PA composite
membranes of as MOF loading increasing. It is important to note that as TGA confirmed a higher
MOF loading at 0.5 mg/mL MOF solution concentration, it is been represented as such in the
graph. To more accurately compare the membrane synthesized without the MOF and our
“sandwiched” PA-TFN synthesis reported here, PA-TFN membrane water permeance values
normalized to the baseline PA-TFC membrane, discussed in Chapter 5.15 In alignment with our
initial hypothesis, a significant increase in water permeance is observed for all composite
membranes containing MOF when compared to the baseline PA-TFC membrane. This is
consistent with previous literature of both general nanoparticle incorporation via interfacial
polymerization as well as previous work specifically with UiO66-NH2.19,24,13,17 Figure 4B shows
that for MOF loadings above 0.4 wt%, the water permeance is increased by at least four times
the baseline LbL-made PA-TFC membrane, exceeded the approximate two-fold increase in
water permeance observed by Zhang et al. with their UiO66-NH2 coated substrate-based PATFN membranes.25

(a)

Figure 4: a) Pure water permeance versus MOF loading in wt% b) pure water permeance for
PA-TFN samples normalized by 0 mg/mL PA-TFC membrane sample versus MOF loading in
wt%
The increase in water permeance after the addition of UiO66-NH2 can be attributed to the
incorporation of additional water channels through the MOF coupled with the more open pore
structure of the PA layer due to a disruption of polymer chain packing during synthesis.1,7,14,17,20
This is reasonable as the known UiO66-NH2 particle 5.9 Å pore size will facilitate transport of
water molecules (2.76 Å) while selectively transport multivalent salt and organic impurities (>
5.9 Å).17 However, the addition of increased transport channels resulting in increased water
permeance seems to plateau as more MOF is added, evidenced by its logarithmic trajectory with
MOF loading. Further, at the highest MOF loading of 1.12 wt%, the water permeance drops from
1.86 L⁄m2 h − bar to 0.64 L⁄m2h − bar suggesting particle-particle affinity driven aggregation
blocking the MOF pores could be taking place.20

(b)

It has been shown that the distribution of the MOF in the PA layer can contribute to the
institution of these transport channels and therefore the mass transport of the composite
membrane. More specifically, MOF that is more well-distributed within the PA layer has been
shown to result in higher membrane water permeance and multivalent salt rejection. 25 Though
LbL is a spin coater-based process known for even distribution of deposited solutions and the
dependence on diffusion of the MOF to a reaction interface is circumvented via use of the same
organic solvents for all reactants, increased MOF loading can nevertheless result in poor
distribution of the MOF with the PA layer resulting in aggregation. These trends imply that there
is an initial MOF loading regime where the performance improves significantly, followed by a
range of loadings of similar performance suggesting a sort of “settling” of the modified PA layer
and finally a drop in performance at relatively high loadings due to aggregation.20 However,
within all MOF loading regimes, full incorporation of the MOF into the composite structure is
paramount as it allows for the specific effect of MOF addition to the PA layer to be elucidated.
Full incorporation of the MOF into the composite membrane structure results in both a
less wasteful synthesis process and minimized particle-particle aggregation responsible for the
reduction of water transport pathways.13,20,25,26 Further, PA-TFN membranes containing well
embedded MOFs provide the ability to more readily tie the membrane synthesis conditions (i.e.
MOF solution concentration in mg/mL) to the membrane structure characteristics (i.e. MOF
loading in wt%) to derive meaningful trends in performance (water and solute transport). The
amine functional group in UiO66-NH2 increases the reactivity of the MOF with the acyl
chlorides present during PA layer synthesis resulting in better incorporation within the PA layer,
when compared with UiO66, evidenced in a greater increase in water transport for composite
membranes.13,20,25,26 However, prior work with UiO66-NH2-containing PA-TFN membranes

suggest that a similar drop in water permeance at relatively high MOF loading could be the result
of particle-particle aggregation previously observed with non-functionalized MOF-containing
composite membranes.13,20,25,26
Researchers have combatted UiO66-NH2 aggregation in IP-based synthesis techniques
through sonication of the MOF solution, to initially minimize particle-particle interactions, and
direct deposition of the MOF to a modified porous support prior to IP.13,20,25,26 Though these
methods have been shown to minimize aggregation and show promising NF performance,
sonication alone only delays aggregation and the modification of the porous support with MOF
particles hinders the capability to deconvolute the effect on composite membrane performance of
the modified PA layer itself, making it difficult to derive meaningful structure-property
relationships. LbL “sandwiched” deposition employs sonication of the MOF solution prior to
synthesis while allowing for full “sandwich” incorporation of the MOFs between PA layers of
known thickness through a centrifugal force-driven deposition process. By leveraging the
consistent radial outflow of the spin coater-based process, LbL “sandwiched” deposition evenly
distributes the MOF solution on a reactive PA-coated primed support, reducing the likelihood of
particle-particle aggregation at moderate MOF loadings. [dip vs. spin coater process source]
Though the drop in water permeance at 1.12 wt% suggests particle-particle aggregation
could be blocking the additional water transport pathways within the porous MOF particles,
further optimization of the LbL “sandwiched” synthesis procedure for higher MOF loadings
could provide the opportunity to further expand the range of loadings in which aggregation is
minimized. More specifically, the application of multiple MOF cycles separated by PA “buffer”
layers could provide additional distance between MOF particles while allowing for higher MOF
loadings to be obtained with lower MOF solution concentration. With a known MOF-containing

PA layer thickness, we can derive PA layer specific structure/property relationships for further
minimization of particle-particle aggregation within the PA layer. This information can then be
used to consider the tradeoff between improved water transport due to increased MOF loading
and the reduction in water transport due to increased PA layer thickness.
6.2.4. Salt Transport and Permeability/Selectivity Tradeoff
Figure 5A shows the MgSO4 rejection of ranging MOF loading (0 – 1.12 wt%) as
compared to commercial NF PA-TFC membrane standard (Synder NFG). These results show
that with the addition of UiO66-NH2 to the PA layer a similar mass permeance trend is observed:
an initial spike in mass permeance (drop in solute rejection) followed by a plateau and finally
drop in mass permeance (increase in solute rejection). All PA-TFN membrane samples
maintained values of MgSO4 rejection comparable to the commercial NF standard. Figure 5B
shows the water/NaCl permeance selectivity versus water permeance for the baseline LbL-made
PA-TFC membrane and all PA-TFN membranes. These points are plotted on a log-log scale to
compare to the well-defined “upper-bound” of PA-TFC membrane performance divided into
regimes based on specific membrane-based separation process.27 The significant shift in
water/salt selectivity observed for PA-TFN membranes tested coupled with their comparable
MgSO4 rejection to an NF standard suggests that this LbL “sandwiched” synthesis process has
enabled the shift of an RO PA layer to that fitting with water/salt selectivity metrics of NF.

Figure 5: a) MgSO4 rejection (%) [black squares] and permeance (cm/sec) [red open diamond]
versus MOF loading in wt%; b) water/NaCl selectivity (1/bar) versus water permeance
(L⁄m2 h − bar) for the baseline PA-TFC membrane without MOF [blue star] and MOFcontaining PA-TFN membranes [black squares]
NF-based desalination is used for multivalent brackish water desalination, water softening,
and heavy-metal/organic matter removal and as such the rejection of divalent salts is an
important metric of efficiency.7,12,13,26 Figure 5A shows that after the addition of MOF to the PA
layer, the MgSO4 rejection of the composite membrane drops from 89% to 44% - 55%). This
observation is reasonable as the interruption of polymer chain packing as a result of the MOF
addition creates a more open pore structure and, similar to water transport, increases solute
transport, subsequently decreasing solute rejection.7 Also similar to water transport, after the
initial increase in solute permeance (decrease in solute rejection) a plateau reached where, as
described above, the MOF seems to “settle” into the PA layer. Finally, an order of magnitude
drop in MgSO4 permeance from 21 L⁄m2h to 9.6 L⁄m2 h is observed due to aggregation in
higher MOF loadings. It is important to note that though aggregation improves the salt rejection
performance, it is also most likely contributing to the higher variability in salt rejection at higher

MOF loading suggesting less controlled MOF incorporation is taking place.17 An LbL
“sandwiched” synthesis procedure involving multiple low MOF solution concentration cycles
and possible PA ‘buffer’ layers could separate MOF particles, delaying aggregation, yet take
advantage of their moderate loading size sieving capabilities.
The intrinsic water transport properties of PA-TFC membranes are evaluated using a
“performance trade-off” plot comparing the water/NaCl permeance-selectivity (A/B) and the
water permeance (A).5 Using performance data for both reverse osmosis and nanofiltration PATFC membranes, Yang et al defined an “upper-bound” for this trade-off relationship and divided
it into regimes specific to the membrane-based desalination process. Figure 5B shows an order of
magnitude shift in A/B selectivity from 0.43 1⁄bar to 0.03-0.09 1⁄bar after the addition of
MOF to the PA layer. These results suggest that with the addition of MOF to the PA layer the
initially RO composite membrane has been tuned to the NF regime.
A drop in A/B selectivity for NF membranes overall is reasonable as they are designed
with a more open PA pore structure. The open polymer pore structure facilitates greater water
transport, and thus PA-TFC membranes made for NF are expected to have a lower threshold of
monovalent salt rejection (~90% NaCl rejection) when compared to PA-TFC membranes
designed for RO (~99% NaCl rejection).27 Further, as A/B selectivity is directly related to salt
rejection, the lower monovalent salt rejection threshold for NF membranes corresponds to a
lower regime of expected A/B selectivity. Within each separation process regime, a higher A/B
selectivity is directly correlated with a higher salt rejection and thus suggests a more efficient
purification process will take place as the monovalent salt rejection threshold is approached. 27
Water/salt permeance selectivity is typically improved by amending polymer synthesis to either
increase water permeance or reduce salt permeance.27 However, the upper-bound curve for PA-

TFC membranes highlights the tradeoff between these two goals as the addition of transport
pathways yielding to higher water permeance directly counters the need for a dense and highlycrosslinked polymer structure for reduced salt permeance.27
The addition of size selective MOFs like UiO66-NH2 provides the opportunity to tune
within this tradeoff relationship as the fixed pores within the MOF are designed to be large
enough to allow water molecules through (> 2.76 Å) but small enough to keep multivalent ions
and organic pollutants out. Within PA-TFN membrane results shown, a greater percentage
change in A/B selectivity of 308% is observed when compared to the percentage change in water
permeance of 178% over MOF loadings tested (Figure 5B). These results suggest a greater
change in NaCl transport than water transport is occurring over the range of MOF loadings
tested. The ability to conceivably control the solute transport with MOF loading, further
emphasizes our ability to tune the PA layer to the NF regime. Additionally, as the PA-TFN
membranes tested have been shown to be within the NF regime, it is reasonable to expect an
even greater difference in percent change of A/B selectivity when compared to water permeance
when larger organic pollutants, like dyes are considered.
In summary, the NF-range MgSO4 rejection and A/B selectivity values of the all MOF
loadings tested suggest that the addition of MOF via LbL “sandwiched” synthesis of the
polyamide results in a shift in the originally RO geared PA layer to the NF regime. More
specifically, a greater percentage change in water/NaCl permeance-selectivity than water
permeance suggesting the ability to maintain high water transport while tuning for improved
solute removal. With this pattern observed for NaCl, a monovalent salt with a significantly
smaller hydrated diameter than organic pollutant dyes, a greater difference between A/B
selectivity and water permeance change with increasing MOF loading is expected. With the

greater ability to size sieve for large organic pollutants as MOF loading increases, A/B
selectivity can be optimized via both high water permeance and low solute permeance.
6.2.5. Dye Rejection
Nanofiltration is an important step in the removal of organic components for large
organic water purification and pharmaceutical production.18,28 Rejection of dyes [Methyl Orange
(MO), Methylene Blue (MB), and Congo Red (CR)] is a preliminary indicator of nanofiltration
performance as they are a safer experimental alternative to harmful organic endocrine disrupters
and pharmaceuticals of comparable molecular size.28 Figure 6 shows that the addition of MOF
results in both higher solute rejection for dyes than multivalent ions as well as more efficient
large organic impurity removal, when compared to a lab-made PA-TFC membrane baseline,
when incorporated via LbL “sandwiched” synthesis.

𝑯𝟐 𝑶
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Figure 6: Water permeance (L⁄m2 h − bar) [black bars] and Dye rejection (%) [blue squares]
for PA-TFN- 1.12 wt% UiO66-NH2 [filled symbols] and the baseline PA-TFC membrane
without MOF [open symbols]
Figure 6 shows the water permeance for both pure water and all dyes of interest for the
highest MOF loading tested (1.12 wt%). These results show that with the addition of MOF to the
PA structure high large impurity rejection can be obtained while maintain high water permeance.
This suggests that, as was similarly shown for NaCl, solute removal of organic solutes may be
able to be tuned while maintaining high water permeance. Figure 6 shows higher rejection
values for all dyes tested at 1.12 wt% MOF loading than that of MgSO4 rejection. This is a
reasonable observation as methyl orange (11.84 Å), methylene blue (12.26 Å) and congo red
(23.13 Å) all have significantly higher molecular sizes than the reported hydrated diameter of
Mg2+ (8.6 Å) resulting in better molecular size-based exclusion.19,24,29 However, it is interesting
to note that the dye rejection does not directly increase with increasing molecular size and in fact
drops from methyl orange to methylene blue and subsequently spikes at congo red. The Ushaped dye rejection trend from methyl orange to congo red can mostly likely be attributed to a
combined effect of molecular weight driven exclusion and electrostatic interactions with the
polyamide surface.
The initial drop from methyl orange to methylene blue can most likely be attributed to the
difference in charge between methyl orange (negative) and methylene blue (positive). 24 Prior
work with ZIF-8 incorporated PA-TFNs have shown that in addition to higher molecular weight,
negatively charged dyes tend to have higher rejection due to electrostatic repulsion with the
slightly negatively charged polyamide surface.24 In this work, the comparison of methylene blue
(373.9 g/mol – negative) and methyl orange (327.3 g/mol – positive), dyes of similar size but

different charge, highlights a similar conclusion as the significant drop in dye rejection [and
subsequent jump in solute permeance (Table C1)] suggests that both size-sieving and
electrostatic charge effects are important for rejection analysis.14,24 The following spike in dye
rejection for congo red can thus be attributed to the combined presence of MOF with its distinct
5.9 Å, negative dye charge, and the known aggregation of Congo Red to itself resulting in
molecular sizes larger than the reported 23.13 Å, further promoting dye rejection. As the
mechanism in which the MOF incorporates into the PA layer is still unknown, it is important to
note that the ~50 nm UiO66-NH2 and known total PA layer thickness of ~ 96 nm suggests
complete incorporation of the MOF into the PA layer takes place via the LbL “sandwiched”
synthesis procedure. As pressure-driven rejection methods such as this are known to be
dependent on procedural characteristics (applied pressure, solution concentration etc.) it useful to
have more intrinsic polymer property information, such as water and solute permeance, to
elucidate structure/property relationships that can inform future design of these membranes. 18
At 1.12 wt% UiO66-NH2 loading, little change in water permeance between pure water
and the dyes of interest can be observed (Figure 6) over a range of highly varying dye rejections.
As trends with water and salt transport as pressure increases have been well studied previously
for PA-TFN membranes, it would be reasonable to initially assume the relatively stable water
permeance after the introduction of different dyes to solution could be a result of the high
pressure applied during testing.7 As membranes in this study were tested at 7-10 bar (higher than
the typical NF range of 2-6 bar), the formation of voids at the PA/nanoparticle interface at high
pressures, shown to previously be responsible for a slight increase in solute water permeance
(and therefore a decrease in rejection), could also be responsible for the consistently high water
permeances observed.7,26 However, the unusually high dye water permeances observed, when

compared to the pure water permeance, rather point to a similar “settling” of the PA structure as
observed with the plateauing trend in pure water permeance and MgSO4 rejection.
It has been shown for normal PA-TFC membranes that though the salt rejection tends to
continually increase as the applied pressure increases, the water flux reaches a cap as the applied
pressure continues to increase.30 In this case, the addition of the MOF institutes additional water
transport channels through distinct pores and the strategic interruption of the polyamide matrix
resulting in the higher normalized pure water permeance values reported in Figure 4B. With the
water flux cap at high applied pressure in mind, the plateaued pure water permeance (Figure 4B)
coupled with stabilized water permeance after the introduction of all dyes, suggests that we may
have reached this applied pressure cap as a result of a more settled polyamide matrix at the
highest MOF loading. More specifically, the 96% change in solute permeance from smallest
(Methyl Orange) to largest (Congo Red) dye compared to the water permeance change, 23%,
highlights that the water transport is significantly less dependent on polymer structure than the
solute transport.5 This means that with a greater impact of polymer structure on solute transport
than water transport, we are able to tune the solute transport for the organic pollutant of interest
while maintaining high water permeance.
6.2.6. Water/Solute Selectivity
Though the mechanism of the addition of the MOF to the PA layer is not fully
understood, the above results imply that at the highest loading tested, a stable PA layer
containing UiO66-NH2 is formed. The stable water permeance coupled with variable solute
permeance suggest that a high water permeance can be maintained while providing the
opportunity to tune the solute transport. As the water permeance was shown to plateau after 0.4
wt% (Figure 4), this suggests the solute transport can be tuned at or above a MOF loading of 0.4

wt% if dispersion in the PA layer can be maintained. To gain further insight on how the water
and dye transport results translate to the efficiency of the NF process in removing these large
organic impurities, the water/solute selectivity information is needed.
As described above, dye rejection can depend on both the experimental conditions and
the solute characteristics (charge, size, hydrophilicity etc.) so the water/solute permeance-based
selectivity is used as a fundamental polymer property-based efficiency metric.27,28,30 Similar to
A/B selectivity derived for NaCl transport, the dye solution water permeance (A) and dye
rejection, obtained experimentally, can be used to determine the solute permeance (B) and thus
A/B selectivity for the dyes of interest.5,15,22 Figure 7 shows the A/B selectivity with changing
water permeance for our baseline LbL-made PA-TFC membrane (open symbols) and the highest
MOF loading tested (1.12 wt%) PA-TFN membrane (filled symbols). For the PA-TFN
membrane sample, A/B selectivity for increases directly with solute size while remaining within
the same order of magnitude for water permeance (Figure 7). Further, the hugest A/B selectivity
is obtained for our PA-TFN sample for Congo Red (23.13A) suggesting superior removal of
large organic impurities when the MOF is present in the PA layer.

Figure 7: Water/solute selectivity (1/bar) versus water permeance (L⁄m2 h − bar) for PA-TFN1.12 wt% UiO66-NH2 [filled symbols] and the baseline PA-TFC membrane without MOF [open
symbols] for varying solutes: MgSO4 [black triangle], methyl orange [orange square], methylene
blue [blue diamond], and congo red [red hexagon]. Points above the shaded regime highlight the
points where the MOF-containing composite membrane performance surpasses that of the PATFC membrane without the MOF.
Water/solute permeance-based selectivity provides an efficiency metric for nanofiltration
performance through speaking to the tradeoff between water and solute transport. 27,30 Further, it
allows for direct comparison of water permeance (A) and solute permeance (B) for different
membranes as these transport values are normalized to the polymer thickness allowing for easy
comparison between different polymer types if their individual trends can be deconvoluted.27
A/B selectivity versus A results shown in Figure 8 highlight the greater percentage change in

A/B selectivity (214%) than water permeance (98%) for all solutes presented suggesting a
greater dependence on polymer structure for solute transport than water transport, as observed
above. In fact, this gap widens when only the dyes are considered where the A/B percentage
change (95%) is approximately three times that of the percentage change in water permeance
(31%). These results suggest a greater level of control is accessible for solute transport as the
solute of interest increases in molecular size which aligns with NF high retention of solutes from
200 – 1000 g/mol.1,6 Further, LbL “sandwiched” synthesis allows for control of MOF loading
through both solution concentration and number cycles providing a vehicle in which to control
polymer structure and therefore tune to specific large solute transport.
Though useful for continued NF membrane development, water/solute permeance-based
selectivity information for solutes other than NaCl is not readily available in literature. However,
it is reasonable to predict that for larger solutes, A/B will be lower than the expected ~100 order
of magnitude upper-bound for the NF PA-TFC NaCl-based regime as the solubility of many of
these organic molecules in synthetic polymers tends to be higher than highly hydrophilic ions
resulting in lower sorption selectivity and thus a lower A/B selectivity (< 100).28 This trend
aligns with the observation that both the baseline PA-TFC membrane and the MOF-containing
PA-TFN membrane have A/B values below ~100 for all solutes other than congo red (Figure 7).
More specifically, for all solutes other than congo red, the A/B selectivity for the MOFcontaining sample was lower than that of the baseline PA-TFC membrane.
However, congo red A/B selectivity data shows a higher A/B selectivity for the MOFcontaining PA-TFN when compared to the baseline LbL-made PA-TFC membrane. This
suggests that not only does the dominance of the increased interaction between the dye and the
polymer reduce for congo red, but that with the addition of the MOF, superior A/B selectivity can

be obtained. Since the solute permeance has been shown to change ~3 times more over the range
of dye solutes tested, than the water permeance, for our PA-TFN membrane, this suggests that
the presence of the MOF enhances the composite membranes’ ability to restrict large solute
permeance, like congo red. Further, the presence of the MOF results in a 95% drop in dye
permeance (B) from methyl orange to congo red over only a 23% change in water permeance
which suggests that UiO66-NH2 has been well embedded into the polyamide matrix and at 1.12
wt% consistent distribution of the MOF within the PA layer has taken place. These results mirror
the previously observed plateau trend observed for pure water permeance and MgSO4 rejection
suggesting a similar “settling” of the PA structure at or above 0.4 wt% MOF loading. This
successful formation of a dense polyamide with UiO66-NH2 allows for both the size-sieving
nature of the MOF and the high water/solute selectivity of the polyamide to be leveraged for
highly efficient removal of large organic pollutants via NF.
Overall, the above results imply that the addition of UiO66-NH2 to the composite
structure, allows for high water permeance to be maintained while increasing the efficiency of
solute removal as solute size increases. The flip in the A/B selectivity trend between the baseline
PA-TFC membrane and the MOF-incorporated PA-TFN membrane for congo red further
suggests that at higher MOF loading, LbL “sandwiched”-made PA-TFN membranes can
maintain relatively little change in water permeance while providing the opportunity to tune
solute transport for very large organic pollutants. As this synthesis technique ensures full
embedding of the MOF into the PA layer through a sequential spin-coater based process, it is
necessary to both assess the contribution of the addition of the MOF to the specific PA layer
performance as well as ensure the performance of the composite membrane discussed above is
majorly due to the altered PA layer through a PVA primer layer contribution analysis. Through

setting a 5% resistance-to-mass-transfer cap on the allotted contribution of the PVA primer layer,
a similar resistance-in-series model as discussed elsewhere can be applied to determine where
the PVA primer layer’s percentage contribution to overall mass transfer resistance falls for all
MOF loadings and solutes of interest.
6.3.5. Application of Resistance in Series Model and PVA Primer Layer Contribution to
Mass Transfer of Water
To ascertain the majority contribution of the PA layer to the overall resistance to mass
transfer for water, a resistance-in-series model was applied to our 1.12 wt% UiO66-NH2 PATFN membrane system to determine the individual PA layer water transport performance
(Section C3).15,23 This information was then compared to the previously discussed water
permeance data for the composite membrane (Figure C2 and C3) to determine if the
experimentally determined water permeance accurately represents the performance of the PA
layer (i.e. is 𝐴𝑃𝐴−𝑇𝐹𝑁 ≈ 𝐴𝑃𝐴 ). Finally, a comparison of the PA layer specific resistance to mass
−1
transfer (𝐴−1
𝑃𝐴 ) and the composite membrane resistance to mass transfer (𝐴𝑃𝐴−𝑇𝐹𝑁 ) was used to

determine the percentage contribution of the PVA primer layer to the overall mass transfer
𝐴−1

resistance (Figure C4). A previously set cap of 5% PVA primer layer contribution (i.e. 𝐴−1 𝑃𝐴

𝑃𝐴−𝑇𝐹𝑁

≤

5%) was used to determine if the PA layer dominates the resistance to mass transfer for the
solutes of interest (MgSO4, Methyl Orange, Methylene Blue, and Congo Red).15 It is important
to note that the data for the highest MOF loading was chosen as it is expected that agreement
between individual PA layer and composite membrane values using a resistance-in-series model
will be more likely at lower MOF loadings due to their proximity in water permeance
performance to the baseline LbL made PA-TFC membrane. This means that if high agreement

can be achieved at high MOF loadings the trends discussed below will persist at lower MOF
loadings.
Figure C2 shows good agreement between the experimentally-obtained PA-TFN membrane
water permeance results and the calculated individual PA layer water permeance. Figure C3
shows similar agreement between the composite and individual layer water permeance values
when extended to the dye solutions. These results suggest that at a known PA layer thickness of
~96 nm and a maximum additional thickness of 50 nm from the MOF (assuming incomplete
embedding into the PA layer), the experimentally obtained water permeance for the composite
can provide preliminary information about the PA layer itself, as was similarly observed in
previous work with our baseline LbL-made PA-TFC membrane. [30] However, even though all
calculated PA layer values (𝐴𝑃𝐴 ) fall into the standard deviation of the experimentally obtained
composite membrane values (𝐴𝑃𝐴−𝑇𝐹𝑁 ), the higher water permeance observed for the MOFincorporated PA layers when compared to the baseline LbL-made PA suggests a reduction in its
contribution to the overall mass transfer resistance. More specifically, as the same ~288 nm thick
PVA primer layer is instituted, the increase in water permeance (and therefore decrease in
resistance to mass transfer for water) observed for the MOF-containing PA layers would suggest
a larger percentage contribution to the overall resistance to mass transfer by the PVA primer
layer than previously reported.
When employing a primed porous support, its contribution to overall mass transfer
resistance is often not completely insignificant relative to the active layer. 28 By determining the
mass transfer contribution of the PVA layer to the overall mass transfer resistance to water, we
can observe how it changes with both our polymer structure (through MOF loading) and our
solute of interest.15 Figure C4 shows the PVA layer percentage contribution for varying solutes

of interest as MOF loading is increased. These results show a PVA layer percentage contribution
to mass transfer for water less than 5% for all points suggesting that the PA layer maintains a
majority mass transfer resistance contribution within this range of MOF loadings. In fact,
spanning the order of magnitude change in MOF loading and solute size, a PVA layer percentage
contribution of at or below 3% is obtained suggesting that there is a lot of room for structure
tuning within a regime that still maintains a majority mass transfer resistance contribution of the
PA layer.
More specifically, the PVA layer percentage contribution increases with both solute size
and MOF loading. The direct relationship between PVA layer percentage contribution and MOF
loading can be tied directly to the increasing water permeance with MOF loading observed in
Figure 4. As the composite water permeance (𝐴𝑃𝐴−𝑇𝐹𝑁 ) increases, the resistance to mass transfer
for water (𝐴−1
𝑃𝐴−𝑇𝐹𝑁 ) decreases suggesting that the same resistance to mass transfer for the PVA
layer (𝐴−1
0 ) would thus represent a larger percentage of the overall mass transfer resistance for
the PA-TFN membrane than the baseline LbL-made PA-TFC membrane. On the contrary, the
increase in PVA layer percentage contribution for water with increase solute size cannot be tied
directly to experimentally obtained values and is instead a result of the greater change in solute
permeance than water permeance over the MOF loadings tested.
Preliminarily, an increase in the contribution to resistance to mass transfer by the PVA layer
with solute size can be predicted through the experimentally obtained congo red rejection
comparison of the PVA-primed support (93%) and the 1.12 wt% PA-TFN membrane (99%). The
close dye rejections of the primed support and the composite membrane suggest that the PVA
layer has a similar ability to reject congo red as the PA layer itself, as we have shown we are able
to reasonably equate the performance of the composite membrane with the individual MOF-

incorporated PA layer. However, the ~102 magnitude difference in the calculated intrinsic congo
red permeance for the PVA primed support (𝐵 = 3.21 × 10−4𝑐𝑚/𝑠) and the composite
membrane (𝐵 = 2.48 × 10−6𝑐𝑚/𝑠), approximately equal to that of the MOF-incorporated PA
layer, shown in Table S1, more readily yields to the ~3% contribution of the PVA layer to the
overall mass transfer resistance to water. This further emphasizes the value of intrinsic
membrane values, specifically for PA layer, to elucidate structure/property relationships needed
to tune for more efficient desalination processes.
The agreement between the calculated PA layer and experimentally obtained PA-TFN
composite membrane water permeance implies that the resistance-in-series model, reported
previously for LbL-made PA-TFC membranes can similar be applied for membranes made via
LbL “sandwiched” synthesis for UiO66-NH2 incorporation. Further, though higher water
permeance values for the PA-TFN membranes tested reasonably results in a reductio in mass
transfer resistance to water, the PVA layer contribution to mass transfer resistance remains at or
below 3% suggesting a majority contribution by the MOF-incorporated PA layer is maintained.
When expanding studies to higher MOF loadings and larger solutes, the change in calculated
solute permeance (B) between the PVA primed support and the composite membrane will need
to be considered as this has been shown to more closely tie to the change in PVA layer
percentage contribution than the experimentally obtained dye rejection.
6.3.

Conclusion
Through an LbL “sandwiched” synthesis of the selective PA layer, a PA-TFN membrane

containing varying loadings of UiO66-NH2 was successfully formed. With a known PA layer
thickness and full encapsulation of the UiO66-NH2 during synthesis, we were able to not only
gain insight about the composite membrane performance as it compares to key baseline

membranes, but similarly obtain PA layer specific transport data and assess the relative
contributions to mass transfer resistance of each layer as reported previously. More specifically,
the water/solute selectivity trends discussed above suggest the ability to shift the previously
studied RO-designed PA layer to the NF performance regime by improving water transport and
increasing congo red rejection. The controlled growth of the PA layer coupled with the
intentional “sandwiching” of the MOF particles provides an avenue for expansion of this process
to both other similarly sized MOFs as well as the introduction of additional PA binder layers of
known thickness to tune water and solute transport.
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Chapter 7: Conclusions and Recommendations
This dissertation has provided knowledge on the application of a layer-by-layer
sequential deposition synthesis for polyamide thin film composite membranes. The verification
of this procedure for both MPD/TMC-based and UiO66-NH2-containing PA layers has been
confirmed using key water and solute transport metrics for RO-driven and NF-driven
applications, respectively. Further, a resistance in series model has been applied to assess the
individual composite layer contributions to mass transfer resistance and thus provide unique
insight on the specific effects of altered PA layer synthesis on the intrinsic PA layer
performance. This chapter summarizes the results of Chapters 5 and 6 and provides
recommendations for future research.
7.1.

Conclusions
In Chapter 5, the application of layer-by-layer sequential deposition of MPD/TMC-based

polyamides was assessed via synthesis onto a PVA primed support. The formation of a smooth
polyamide layer of known thickness was confirmed by determining the polyamide growth rate
with cycle number (3.2 nm/cycle) and confirming a comparable surface roughness can be
obtained after the replacement of the final wash solvent with methanol. Water and NaCl
transport tests on composite membranes made with and without the PVA primer layer showed
that the presence of the PVA primer ensures a defect free PA layer is synthesized while
protecting the porous support from organic solvent degradation. Further, comparable water
permeance and salt rejection to a commercial RO PA-TFC membrane standard can be obtained
after 30 cycles on the PVA-primed support. Analysis of these composite membranes was
extending using a series resistance model to assess the contribution of PA layers to the overall
resistance to mass transfer for water and NaCl. A deviation of less than 5% between the

composite membrane and PA layer specific water and salt permeance showed that not only does
the PA layer maintain a majority contribution to mass transfer resistance after 30 cycles on the
PVA-primed support but the PVA primer layer does not incur significant mass transfer resistance
to the system. Finally, successful application of LbL synthesis to the addition of co-monomers
was confirmed through an order of magnitude drop in ionic resistance (i.e. increase in ionic
conductivity) of sulfonated PA layer deposited on a commercial CEM.
In Chapter 6, the extension of the LbL sequential deposition process to incorporate MOFs
was assessed via a “sandwiched” synthesis of the PA layer with UiO66-NH2. The synthesis of a
PA layer containing UiO66-NH2 was confirmed using TGA scans, spanning from room
temperature to 1000C, to obtain the intrinsic membrane MOF loading in wt% and relate it to the
experimentally used MOF solution concentration (mg/mL). Water transport tests of these LbL
“sandwiched” -made PA-TFNs further confirmed the presence of MOF in the composite
membrane up to ~10 times the water permeance was obtained with increasing MOF loading as a
result of the fixed pores and resultant open polyamide pore structure attributed to the addition of
UiO66-NH2 to the PA layer. Comparable MgSO4 rejection to a commercial NF PA-TFC
membrane and water/NaCl selectivity data show that all MOF-incorporated samples fall into the
NF regime suggested the ability to shift an RO PA layer to an NF one. Though the mechanism in
which the MOF incorporates into the PA layer is still unknown, complete encapsulation of the
nanoparticles this synthesis method aims toward through the “sandwiching” of small MOF
between PA layers of known thickness, is further confirmed through the log-shaped trend of both
pure water permeance and water permeance in dye solutions. More specifically, little change in
water permeance of dye solutions coupled with higher dye rejection than salt rejection suggests
an ability to tune the solute transport via MOF loading without sacrificing the improved water

permeance. This is further confirmed through water/solute selectivity data at the highest loading
where the highest selectivity was obtained for the congo red, the largest solute while little change
water permeance was observed over the solutes tested. Finally, an application of the series
resistance model yielded a less than 3% contribution to mass transfer by the PVA layer for all
solutes tested suggesting that, similar to the baseline LbL-made PA-TFC membrane,
experimentally obtained composite membrane transport data can reasonably predict the
individual PA layer performance.
7.2.

Significance
In addition to the extension of synthesis of LbL-made PA layers onto PVA-primed

supports through characterization and preliminary water and salt transport tests, our study in
Chapter 5 addressed the knowledge gap of the effect of the primer layer on the performance and
overall resistance to mass transfer of the composite membrane. Further, it confirmed the ability
to expand this technique for the addition of fixed charge groups to the PA layer, for the first time,
highlighting the opportunities LbL offers for both expanded PA layer synthesis and the
development of PA layer specific structure/property relationships. The expansion of this
sequential deposition process from PA-TFC membrane formation to PA-TFN membrane
formation, discussed in Chapter 6, addressed the typical PA-TFN drawback of MOF leaching
after synthesis through “sandwiching” an allotted amount of UiO66-NH2 between PA layers of
known thickness. In addition to being able to obtain water and solute transport performance
comparable to NF standards, this work employed a resistance in series-based analysis to show
that through growing the modified PA layer in this way, we can directly compare the PA layer
specific water and solute permeance for samples with or without the MOF. By addressing the
knowledge gaps highlighted in Chapter 2 through this dissertation, we have allowed for more PA

layer specific structure/property relationships to be drawn for both typically studied MPD/TMCbased PA layers as well as modified (i.e. fixed charge groups and nanofillers) PA layers allowing
for more informed membrane design.
7.3.

Recommendations for Future Work

7.3.1. Expansion of Sulfonated PA-TFC Study to Sulfonated Monomers with Greater
Distance from Benzene Ring
The research in Chapter 5 set the state for the application of LbL synthesis for sulfonated
PA layers made for a functionalized MPD-based monomer.1 However, there is an opportunity to
gain greater control of the ionic conductivity of the sulfonated PA layer not only through
changing monomer concentration but through changing the monomer structure and in turn
reactivity of the monomer. Prior work by Nsegiyumva et al. showed that for polyester-based
polymers, the yield of charge group incorporation increases with the distance between the
charged monomer functional group from the aromatic ring due to a shift in its steric nature.2 An
extension of the proof-of-concept study on sulfonated MPD (i.e. MPDSK) can be done through
an evaluation of sulfonated PA layers made with similarly oriented monomers with differing
distance between the MPD-benzene ring and the sulfonate group. The prior work with the
functionalization of polyester-based polymers suggests that the ability to add sulfonate groups at
the same monomer concentration and reaction time will change with the distance between the
sulfonated group and the benzene. The application of LbL synthesis for these varied sulfonated
PA layers will provide a unique opportunity to obtain PA layer specific structure/property
relationships geared towards electrodialysis applications.3
7.3.2. Development of Counter-ion/Counter-ion Selectivity in Mixed Electrolytes for
Expansion to Electrodialysis

Counter-ion/Counter-ion selectivity is an important metric for electrodialysis as, similar
to water/solute selectivity for pressure-driven desalination, it acts as a performance efficiency
metric for electrically-driven desalination techniques.4,5 However, to perform this electricallydriven measurement for PA-TFC membranes, a large current density would need to be applied to
overcome the relatively low degree of sulfonation currently accessible using IP-based synthesis.
The research in chapter 5 shows successful sulfonated of the PA layer via LbL and through the
extension of this work to varied sulfonated monomers and monomer concentrations, access to
higher degree of sulfonation could be possible with the removal of the oil-water reaction
interface of IP. In addition, the ion flux-based counter-ion/counter-ion selectivity can be obtained
for the PA layer specifically through the application of a mixed electrolyte three-chamber
microfluidic system as has been previously reported.5 This work would allow us to extend the
structure/property relationships we have previously derived for the sulfonated PA layer to a
direct metric of electrodialysis efficiency.
7.3.3. Expansion of MOF-incorporated PA-TFN to tuning Solute/Solute Selectivity
Procedure
The research in Chapter 6 sets the stage for the application of LbL synthesis for the
incorporation of MOFs into the PA layer. As this work is the first effort in applying this type of
“sandwiching” sequential deposition to the incorporation of MOF into the PA layer, there is an
opportunity to further tune the synthesis to assess the prior conclusion that high solute transport
tunability is accessible. Through the incorporation of additional MOF cycles alone or possibly
PA buffer layers between additional MOF cycles, work can be done to evaluate the A/B
selectivity for a greater range of MOF loadings and solutes of interest to pressure test the
previous observation of consistently high water permeance with greater change in solute
permeance. Further, this data can then be extended to compare solute/solute selectivity (B1/B2) to

more specifically interrogate the structure/property relationships driving the ability to control
solute transport for NF applications.
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Appendix A: List of Symbols
Table A.1.

Nomenclature

PA-TFC
LbL
PVA
RO
MOF
PA
MPD
NF
TMC
IP
IEM
CEM
AEM
PIP
PA-TFN
Jw,0
𝐴0
𝐴−1
0
Jw,x
𝐴𝑥
𝐴−1
𝑥
𝐽𝑤
𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝑉̅𝑤
Rg
T
ℎ𝑖
𝑃𝑤,𝑖
𝐵𝑜𝑣𝑒𝑟𝑎𝑙𝑙
𝐵0−1
𝐵𝑥−1
R0
𝑅𝑠,𝑥
𝑅𝑠
𝑃𝑠,𝑖
PES
MPDSA
MPDSK
THF
𝑅𝑑𝑦𝑒

Polyamide thin-film composite membrane
Layer-by-layer
Poly-vinyl alcohol
Reverse osmosis
Metal organic framework
Polyamide
M-phenylenediamine
Nanofiltration
Trimesoyl chloride
Interfacial polymerization
Ion exchange membrane
Cation exchange membrane
Anion exchange membrane
Piperazine
Polyamide thin-film nanocomposite membrane
Water flux for the PVA-primed support
Water permeance for the PVA-primed support
Resistance to mass transfer for water for the PVA-primed support
Water flux for the PA layer
Water permeance for the PA layer
Resistance to mass transfer for water for the PA layer
Water flux for the composite layer
Water permeance for the composite membrane
Partial molar volume of water
Ideal gas constant
Absolute temperature
Layer thickness
Effective water permeability of the layer
Salt permeance for the composite membrane
Resistance to mass transfer for salt for the PVA-primed support
Resistance to mass transfer for salt for the PA layer
Salt rejection of the PVA-primed support
Salt rejection of the PA layer
Salt rejection of the composite membrane
Effective salt permeability of the layer
Polyethersulfone
2,4-diaminobenzensulfonic acid
potassium 2,4-diaminobenzensulfonate
Tetrahydrofuran
Dye rejection

𝐶𝑓,𝑑𝑦𝑒
𝐶𝑖,𝑑𝑦𝑒
𝐵𝑑𝑦𝑒
LbLx

Final dye concentration
Initial dye concentration
Dye permeance
PA layer made via LbL with x cycles

Appendix B: Supporting Information for Chapter 5
B.1.

Discussion of Methanol and Acetone as Final Rinse Solvents
The rinse solvents used in the LbL deposition process influence film growth by removing

excess unreacted monomer at the end of each cycle,1 and removal of excess MPD from the surface
is key to obtaining a consistent PA thickness.2–5 The final rinse solvent is primarily responsible for
removing excess unreacted MPD at the end of each deposition cycle. Critical considerations for
choosing a rinse solvent are solubility/miscibility and volatility properties, and these
considerations are even more important when performing the LbL process on a microporous
support because it can dictate the quality of the PA layer formed atop the support. 1 The volatility
of the rinse solvent must be balanced: sufficiently volatile to allow excess rinse solvent to
evaporate from the surface after the spin-drying step but not so volatile that the rinse solvent
evaporates before removing unreacted monomers from the surface.
Acetone has been used as a suitable final rinse solvent previously.1,5,6 In our LbL process,
using acetone as the final rinse solvent could dissolve the PES microporous support. Chan et al.
found that methanol could be used as the final rinse solvent to produce PA membranes that were
comparable, in terms of consistent growth rate and minimal roughness, to those membranes
prepared using acetone as the final rinse solvent.1 Methanol is expected to be significantly less
detrimental to the PES microporous support, so we used methanol as the final rinse solvent in this
study.
One potential disadvantage to using methanol as the final rinse solvent is that methanol
may not be as good of a solvent for toluene compared to acetone. The difference in the solubility
parameters of methanol and toluene (approximately 10 mPa) is larger than that of acetone and
toluene (approximately 1 mPa). Therefore, using methanol as the final rinse solvent (to protect the

PES microporous support) may be less effective, compared to acetone, at removing unreacted
monomers from the surface at the end of each cycle.
Other sequential PA formation techniques such as dip coating and spray coating correlate
low surface roughness with thickness control.7,8 As such, low surface roughness can be an indicator
of good removal of excess MPD, as the ridge-and-valley surface structure and resultant high
surface roughness of IP-made PA layers is typically attributed to greater excess MPD remaining
on the surface.9 To investigate further the influence of the final rinse solvent on surface roughness,
AFM was used to characterize the surface roughness of a control PVA layer (coated on a glass
slide) and PA layers formed using 30 LbL cycles (LbL30) on a PVA coated glass slide and either
methanol or acetone as the final rinse solvent. The micrographs and surface roughness values are
reported as Figure B1 and Table B1, respectively.

Figure B.1.: AFM images (10 μm x 10 μm area) of a PVA coated glass slide (a), a LbL30 PA layer
deposited, on a PVA coated glass slide, using acetone as the final wash solvent (b), and a LbL30
PA layer deposited, on a PVA coated glass slide, using methanol as the final wash solvent (c).

Table B.1.: Surface roughness data, obtained via AFM, for the samples reported in Figure S1.
The LbL30 PA layers were formed on a PVA coated glass slide.
Sample

RMS Roughness [nm]

PVA coated glass slide

0.91 ± 0.25

LbL30 (acetone as final rinse solvent)

17 ± 1

LbL30 (methanol as final rinse solvent)

9.5 ± 0.8

The RMS roughness values, determined using the analysis software, indicate that lower
surface roughness of LbL30 was achieved by using methanol as the final rinse solvent compared to
that when acetone was used (Table B1). Low LbL PA layer surface roughness, afforded by the
methanol final rinse solvent, partnered with predictable PA layer growth (Figure 2 in the Chapter
5) suggests comparable removal of excess unreacted MPD by both final rinse solvents. This result
is consistent with the prior reports suggesting that methanol and acetone are comparable final rinse
solvents.1
B.2.

Data Summary
Water and salt transport data are summarized in Table B2. Water permeance, A, and salt

rejection, R, data were measured as described in Chapter 4. Salt permeance, B, data were calculated
from the measured A and R data using Equation 3 in Chapter 5.
Table B2: Water and salt transport data summary.
LbL PA Layer on Bare Support

PVA-Primed
Support

LbL10

LbL30

LbL50

LbL30 on PVAprimed Support

Water Permeance
[𝐋⁄𝐦𝟐 𝐡 − 𝐛𝐚𝐫]

497

150

19

9

0.23

Salt Permeance
[𝐦⁄𝐬]

2.4x10–3

1.3x10–2

6.9x10–4

5.5x10–5

1.6x10–7

Salt Rejection
[%]

9.3

5

10

44

88.3

B.3.

Dependence of the Overall Water Permeance on the Number of LbL Cycles
An overview of the series resistance model for water has been done in Chapter 3 and

following section with discuss the analysis for determining the dependence of overall water
permeance on the number of LbL cycles. If no primer is applied (i.e., the PA layer is deposited
directly onto the microporous support), then it may be reasonable to set Aoverall = Ax provided that
the resistance to water transport through the microporous support is negligible compared to that of
the PA layer. The water permeance, 𝐴𝑥 , of the PA layer depends on the number of LbL cycles, the
PA layer growth rate, and the effective water permeability of the PA layer as:11
̅𝑤
𝑉

𝐴𝑥 = (𝑅

𝑔 𝑇𝑟

𝑃𝑤,𝑥 ) 𝑥 −1

(B1)

Equation B1 can be linearized as:
̅𝑤
𝑉

log[𝐴𝑥 ] = log [𝑅

𝑔 𝑇𝑟

𝑃𝑤,𝑥 ] − log[𝑥]

(B2)

Equation B2 is based on the constitutive equation for water flux through the PA layer
(Equation 2 in Chapter 3) and the relationship between the PA layer water permeance and the
thickness of the PA layer (Equation 6 in Chapter 3). Therefore, if the effective water permeability
of the PA layer is a constant (i.e., is intrinsic to the polymer structure of the layer), the water
permeance should scale according to Equation B2. Alternatively, deviations from the scaling
relationship in Equation B2 could suggest defect formation in the PA layer for membranes
prepared without the PVA primer (Figure B2). In Figure B2, the red line (slope = –1) was
extrapolated from the LbL membrane prepared using 50 cycles (LbL50) on the bare support (i.e.,
no PVA primer was used).

Figure B2: Overall water permeance data, as a function of the number of LbL cycles, for LbL
membranes prepared without using the PVA primer ( ) and an LbL membrane prepared by
completing 30 PA deposition cycles on a PVA-primed support (LbL30). The horizontal position of
the commercially available SW30XLE membrane was determined by estimating the PA layer
thickness of the membrane and calculating an equivalent number of LbL cycles using the growth
rate data reported in Figure 2 of Chapter 5.
To perform a similar analysis on the PVA-primed support PA-TFCs, Equations 3-6 from
Chapter 3 were combined to obtain an expression for the dependence of (𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 )−1 on the
number of LbL cycles:
𝐴0
𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙

=1+

𝑃𝑤,0 𝑟
𝑃𝑤,𝑥 ℎ0

𝑥 = 1 + 𝑚1 𝑥

(B3)

which can be linearized as:
log(𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ) = log (

𝐴0
𝑃𝑤,0 𝑟
1+
𝑥
𝑃𝑤,𝑥 ℎ0

𝐴

) = log (1+𝑚0 𝑥)
1

(B4)

Equation B4 can be used to predict the dependence of Aoverall on the number of LbL cycles, which
is useful for determining the contribution of the PVA layer to the overall resistance to water
transport.
B.4.

Analysis of Relative Mass Transfer Resistances (Water Transport)
To better understand the relationship between the overall resistance to water transport,

Aoverall, and that of the LbL formed PA layer, the contribution of the additional PVA primer layer
to the overall water permeance must be determined. By employing the resistance in series model
outlined above, we can use the deviation between the PA layer water permeance, Ax, and the overall
water permeance, Aoverall, to determine the contribution of the PVA primer to the overall mass
transfer resistance of the membrane (i.e., if Aoverall = Ax then the PVA primer layer does not
contribute meaningfully to the overall resistance to water transport). Using LbL 30 PA-TFC water
permeance data, 𝑚1 (Equation B4) was determined and used to predict Jw and subsequent Aoverall
values for varied LbL cycle numbers. The predicted PVA-primed PA-TFC data were fit to both
Equation B2 (bare support/limiting case PA-TFC model) and Equation B4 (PVA-primed PA-TFC
model) to confirm that Aoverall is mostly dictated by the dependence on LbL cycles rather than the
PVA primer layer (Figure B3).

Figure B3: Water permeance versus the number of LbL cycles predicted for PVA-primed LbL
PA-TFCs using the full resistance-in-series model (Aoverall) and the limiting case (Ax). Aoverall and
Ax are used to respectively define the appropriate water permeance indicator for the membrane
system where, in the limiting case, the two are equal and the entire resistance to water transport is
assumed to be due to the PA layer.
To determine the contribution of the PVA layer to Aoverall, the metric Ax/Aoverall was
determined for the LbL30 PA-TFC membrane. If Ax/Aoverall equals unity, then the overall water
permeance of the composite membrane is equivalent to that of the PA layer. In other words,
deviations from Ax/Aoverall = 1 suggest that the PVA primer layer contributes non-negligible mass
transfer resistance to the overall composite membrane.11 The water permeance of the 288 nm spin
coated layer of PVA primer layer was measured to be A0 = 497 L⁄m2 h − bar. When x = 30
cycles of the LbL process was used to deposit a PA layer on the surface of a PVA-primed support
membrane (i.e. LbL30 on the PVA-primed support), the water permeance of the composite

membrane was measured to be Aoverall = 0.23 L⁄m2 h − bar. Using these values in Equation B4
results in A30 =0.23 L⁄m2 h − bar. As these values are equal it is reasonable to state that in this
system the PA layer mass transfer resistance dominates that of the overall composite membrane.
This analysis suggests that it is reasonable to apply the limiting case PA-TFC model to PVAprimed PA-TFCs made using LbL as the PVA primer layer does not contribute significantly to the
overall resistance to water transport.
Using this framework and the experimentally measured Aoverall value, the water permeance
corresponding to a PVA layer that would contribute no more than 5% to the overall water
permeance (i.e. the ratio Ax/Aoverall would not exceed 1.05) was determined. This value is called
A0,min. To determine the corresponding maximum PVA layer thickness to obtain A0,min, Equation
B5 was solved using A0,min. As there is an indirect relationship between A0 and h0 (Equation 5 from
Chapter 3), the fixed product of A0h0 and known A0,min can be used to solve for h0,max as:
𝐴0 ℎ0 =

𝑉𝑤 𝑃𝑤,0
𝑅𝑇

≈ 𝐴0,𝑚𝑖𝑛 ℎ0,𝑚𝑎𝑥

(B5)

where Pw,0 is assumed to be constant. The calculated values are summarized in Table B3.
Table B3: Analysis of the contribution of the PVA layer to the overall resistance to water transport
using a LbL30 on PVA-primed support membrane.

B.5.

PVA Layer Thickness

𝑨𝟎 [𝐋⁄𝐦𝟐 𝐡 − 𝐛𝐚𝐫]

𝑨𝒙
⁄𝑨
𝒐𝒗𝒆𝒓𝒂𝒍𝒍

288 nm (𝒉𝟎 )

497

1.003

4000 nm (𝒉𝟎,𝒎𝒂𝒙 )

35

1.05

Analysis of Relative Mass Transfer Resistances (Salt Transport)
Similar to water transport, the resistance in series model for salt transport is outlined in

Chapter 3. As the salt rejection depends on both the resistance to water transport and salt transport,
B0 can be calculated based on experimentally measured salt rejection (R0 = 9.3%) and water

permeance (A0 = 497 L⁄m2 h − bar) data for the 288 nm PVA-primed PES support using
Equation B5 as 2.4 × 10−3 m/s. This value is approximately 4 orders of magnitude larger than
the expected ~10-7 m/s value for commercial PA-TFCs. A similar PVA layer resistance
contribution analysis was not performed for salt transport as it is reasonable to assume that a
similar, if not smaller, contribution to the overall resistance to transport for the PVA layer would
be observed for salt due to the larger size of hydrated ions as compared to water molecules.
Experimentally measured Aoverall and Rs data were used to calculate Boverall using Equation
11 in Chapter 3. Similarly, B0 was determined from data measured using the PVA-primed support.
These salt permeance values were used to calculate the salt permeance of the PA layer, Bx (or B30
for 30 LbL cycles), using the series resistance model (Equation 8 in Chapter 3).
The calculated value of B30 was used along with the measured value of A30 to calculate a
salt rejection value, Rs,30, using Equation B15 that results solely from PA layer permeance values.
This salt rejection value was calculated to be Rs,30 = 90.4%. Notably, this value is within nearly
2% of the experimentally measured salt rejection value for the entire membrane (Rs = 88.3%). This
comparison suggests that nearly all of the mass transfer resistance to salt transport occurs in the
PA layer, which is consistent with the use of PA layers as the selective salt rejecting layer in
desalination membranes.
B.6.
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Appendix C: Supporting Information for Chapter 6

C.1.

Determining the MOF Loading in wt% via TGA

Figure C1 shows the raw TGA scan for our PA coated PVA membranes made from varying
MOF solution concentration. Samples of PA-coated PVA were used in place of the PA-TFN
membranes discussed later to better isolate the MOF-containing PA layer from the greater
composite membrane structure.

Figure C.1: TGA scans for UiO66-NH2-containing PA layers deposited to PVA supports.
Samples of ranging MOF solution concentration (0.2 mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL)
were tested from 25 C – 1000 C.
Since all organics are expected to have decomposed by the final scan temperature (1000 C),
the final amount sample mass was used to determine the MOF loading at each MOF solution
concentration using the relationship in Equation C1.
𝑥 [𝑚𝑔] × 0.32

𝑀𝑂𝐹 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 [𝑤𝑡%] = 𝑇𝑜𝑡𝑎𝑙 𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑎𝑠𝑠 [𝑚𝑔] × 100

(C1)

The final weight of the sample at 1000 C is represented as x is and assumed to correspond to
zinc present in UiO66-NH2. It is important to note that the final sample weight is scaled by the
final weight % of a UiO66-NH2 TGA scan (32 wt%) to ensure we are similarly considering only
the remaining zinc in the MOF as an indicator of the loading in the PA layer. The corresponding
MOF loadings (wt%) at each MOF solution concentration (mg/mL) are shown in Table 1 in
Chapter 6.
C.2.

Data Summary

Water and solute transport data are summarized in Table C1. Water permeance, A, and solute
rejection, R, data were measured as described in the materials and methods section of in Chapter
4. Solute permeance, B, data were calculated from the measured A and R data using Equation 4
and 6, for salt and dyes respectively, in Chapter 4.
Table C.1: Water and solute transport data summary for PA-TFN- 1.12 wt% UiO66-NH2

C.3.

Series Resistance Model for Water Transport

The series resistance model for water transport in LbL-made composite membranes is described
in Chapter 4 (Equations 1-7). To determine if it can be applied to PA-TFN membranes made via
LbL “sandwiched” synthesis, the PA layer specific resistance to water transport, 𝐴−1
𝑥 , is
calculated via Equation 4 in Chapter 3 and known water permeance values for the PVA primed

support (𝐴0 = 497 L⁄m2 h − bar), shown in Table C1, and the PA-TFN membrane (𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 )
shown in Figure 4 in Chapter 6. The corresponding PA layer specific water permeance (𝐴𝑥 ) is
then plotted and compared to the experimentally obtained PA-TFN membrane water permeance
for varying MOF loading (Figure C1).

Figure C.2: Water permeance versus MOF loading (wt%) for composite membrane (filled black
square) and PA layer (open black square) calculated using the resistance in series model
described in Section C.3.
Figure C2 shows strong agreement between the PA layer specific water permeance (𝐴𝑥 ) and
the composite membrane water permeance (𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ) suggested the experimentally obtained
results provide a reasonable estimation of the PA layer specific water transport. This analysis
was extended to dye solution water permeance for the highest MOF loading tested to ascertain if
a similar agreement could be observed. Figure C3 shows that even in the dye solution system, the
water permeance observed experimentally for the composite membrane is approximately equal
to that of the individual PA layer. It is important to note that the resistance to mass transfer of

water is the only system explored in this study. This is because it has been shown in prior
literature that the small deviation between PA layer and composite membrane resistances to mass
transfer would translate into similar, if not smaller, situation with regard to salt and dye transport
as hydrated ions and organic dyes are much larger than water molecules.1

Figure C.3: Water permeance data for PA-TFN- 1.12 wt% UiO66-NH2 for different solutes
for the composite membrane (red bars) and PA layer (open black squares) calculated using the
resistance in series model described in Section C.3
C.4.

Determination of PVA Layer Contribution to Resistance to Water Transport

The contribution of the PVA layer to the overall mass transfer resistance to water was
determined by comparing resistance to water transport of the PVA layer (𝐴−1
0 ) to the resistance
to water transport for the composite membrane (𝐴−1
𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ). Using the experimentally determined
water permeance for the composite membranes (Figure 4 in Chapter 6) and PVA-primed support
(Table C1) the ratio of the resistances to mass transfer of the PVA layer and the composite
−1
membrane ( 𝐴−1
0 ⁄𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ) were plotted in terms of percentage contribution to the overall

resistance to water transport (Figure C4). These values were the compared to a cap of 5%
−1
contribution (i.e. the ratio 𝐴−1
0 ⁄𝐴𝑜𝑣𝑒𝑟𝑎𝑙𝑙 would not exceed 0.05) corresponding to a framework

discussed elsewhere.1

Figure C.4: PVA layer contribution to resistance to mass transport for water with varying
MOF loading in weight%, calculated from the resistance in series model as described in
Section C.4. Values for different solutes of interest are as follows: MgSO 4 (black triangles),
methyl orange (orange square), methylene blue (blue diamond), congo red (red hexagon).
C.5.
(1)
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