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ABSTRACT

Complexation-Induced Phase Separation: Preparation of Metal-Rich

Polymeric Membranes

The majority of state-of-the-art polymeric membranes for industrial or medical ap-

plications are fabricated by phase inversion. Complexation induced phase separation

(CIPS)—a surprising variation of this well-known process—allows direct fabrication

of hybrid membranes in existing facilities. In the CIPS process, a first step forms

the thin metal-rich selective layer of the membrane, and a succeeding step the porous

support. Precipitation of the selective layer takes place in the same solvent used to

dissolve the polymer and is induced by a small concentration of metal ions. These

ions form metal-coordination-based crosslinks leading to the formation of a solid skin

floating on top of the liquid polymer film. A subsequent precipitation in a nonsol-

vent bath leads to the formation of the porous support structure. Forming the dense

layer and porous support by di↵erent mechanisms while maintaining the simplicity

of a phase inversion process, results in unprecedented control over the final structure

of the membrane. The thickness and morphology of the dense layer as well as the

porosity of the support can be controlled over a wide range by manipulating simple

process parameters. CIPS facilitates control over (i) the thickness of the dense layer

throughout several orders of magnitude—from less than 15 nm to more than 6 µm,

(ii) the type and amount of metal ions loaded in the dense layer, (iii) the morphology

of the membrane surface, and (iv) the porosity and structure of the support.
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The nature of the CIPS process facilitates a precise loading of a high concentration

of metal ions that are located in only the top layer of the membrane. Moreover,

these metal ions can be converted—during the membrane fabrication process—to

nanoparticles or crystals. This simple method opens up fascinating possibilities for

the fabrication of metal-rich polymeric membranes with a new set of properties. This

dissertation describes the process in depth and explores promising applications: (i)

catalytic membranes containing palladium nanoparticles (PdNPs), (ii) antibiofouling

tight-UF membranes containing silver chloride (AgCl) crystals, and (iii) palladium-

rich PBI hollow fibers for H2 recovery.
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Chapter 1

Introduction and Dissertation Structure

1.1 Motivation

Membranes are the center of water treatment and desalination technologies, have

important presence in the food, fuel cell, and pharmaceutical industries, and are be-

coming the preferred option in several gas separations. However, there is no universal

membrane. Each of these applications requires an optimized membrane with particu-

lar structure and properties. For this reason, scalable membrane fabrication processes

that allow a high degree of tunability towards the final structure of the membrane

are desirable.

Asymmetric membranes, consisting of a thin selective layer resting over a porous

support, are the preferred structure for the vast majority of applications. These

membranes combine the high selectivity and high flux of a thin top selective layer

with mechanical support granted by the porous sublayer. If both the thin layer

and the porous support are made from the same material, these membranes are

known as integrally skinned membranes, and if they are made of di↵erent materials

as composite membranes. The advantage of composite membranes is that each layer

can be optimized independently because they are made in di↵erent steps. However,

this also makes the fabrication process more complicated and expensive. Additionally,

compatibility between the layers is not always great leading to delamination or defects.

The most successful membrane fabrication process is the nonsolvent induced phase
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separation (NIPS)1 or phase inversion process. NIPS can be easily scaled up, mem-

brane morphology is tunable and allows the fabrication of hollow fibers. The resulting

integrally skinned membranes are used in several applications like water desalination,

nanofiltration, ultrafiltration or gas separations depending on the properties of the

material and the quality of the dense layer. With this in mind, several groups have

proposed modifications to the NIPS process that extend the tunability of the final

structure but retain the scalability and simplicity of the process. Some of the pro-

posed modifications of the NIPS process are the dual bath precipitation,2 the dry/wet

method,3 the use of a solvent system comprising a lewis acid-base complex,4 and the

combination of NIPS with self-assembly of block copolymers.5 The objective of this

dissertation is to introduce another modification of the NIPS process that can pro-

duce composite-like membranes with a selective skin loaded with metal ions while

maintaining the simplicity and scalability inherent in the NIPS process.

Generally NIPS is the preferred fabrication method, however in some cases the

high cost of materials or the superior performance of a composite membrane justify the

production of membranes via more complex methods that involve several steps. Some

examples of these fabrication methods are interfacial polymerization, dip coating, spin

coating, spray coating, in-situ polymerization, plasma polymerization, or grafting. It

is important to mention that in most cases these methods require the use of the NIPS

process anyway, for fabricating the support. Therefore, the resulting fabrication of

the membrane becomes a multi-step, complicated and expensive process. The most

successful commercial application of composite membranes is the reverse osmosis

polyamide membranes for water desalination prepared via interfacial polymerization.

Polymeric membranes are limited by the capabilities of the organic materials and

for this reason the inclusion of inorganic fillers like zeolites, metal organic frame-

works (MOFs), carbon molecular sieves (CMS), carbon nanotubes, silica, graphene
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and graphene oxide, metal nanoparticles (MNPs) and metal ions to the membrane

matrix has become a promising area of research. The fillers are added to enhance

the mechanical properties of the membrane, to improve the selectivity and/or the

permeability, to reduce fouling or even to make the membrane catalytically active.

Ideally the fillers should be located only in the top thin layer and not in the

porous support. For most of the applications there is no use for the fillers outside

the top thin layer. It is a waste of expensive, and di�cult–to–make materials to

incorporate them throughout the entire structure of the membrane. This issue limits

the application of the preferred membrane fabrication method (i.e., NIPS) for the

production of membranes containing fillers. To date, there is no method available

that can concentrate the fillers in only the dense layer during the NIPS process.

The current state-of-the-art methods for concentrating fillers in the dense layer are

the preparation of composite membranes via interfacial polymerization, dip coating

or spin coating and including the desired filler in either the polymer solution to be

coated, or in one of the phases (organic or aqueous) of the interfacial polymerization

process. The agglomeration-free loadings achieved by these methods is quite low. A

simpler method, compatible with current NIPS facilities, and that is able to achieve

higher loadings is advantageous.

Complexation induced phase separation (CIPS) provides an approach to solving

this issue and opens a wider range of possibilities for the fabrication of membranes

with a new set of properties. All previously known phase separation techniques to

form membranes have one thing in common: they work by changing the conditions

around the polymer chains making them insoluble, therefore provoking a phase sep-

aration. Phase separation is induced by a change in temperature, a decrease in

solvent concentration or an addition of a nonsolvent to the system. CIPS on the con-

trary, works by modifying the polymer chains making them insoluble in the original
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conditions. Certain polymers able to coordinate with metal ions, become suddenly

insoluble once they form coordination complexes with metal ions.

CIPS consists on three simple general steps: (i) casting of a thin film with the

polymer solution (polymer + solvent A), (ii) immersing the polymer solution film

in the same solvent A containing a low concentration of polymer–complexing metal

ions, (iii) placing the resulting film in a nonsolvent bath. The key step is the second

one; during this step the polymer chains on the top layer of the viscous film form

complexes with the metal ions, crosslink and swiftly phase separate forming a dense

layer that floats over the viscous polymer solution film. Such dense layer acts as a

barrier delaying further di↵usion of metal ions to the polymer solution beneath it. By

changing the type of metal ion, metal concentration and contact time, the thickness

of the dense layer can be controlled. Finally in the third step the remaining polymer

solution below the dense layer is precipitated by solvent/nonsolvent exchange to form

a porous support.

Photograph showing a PTU palladium-rich membrane prepared by the CIPS process
and its corresponding cross-section SEM image. The two baths shown are the ones
described in steps ii and iii
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CIPS produces membranes in the boundary of integrally skinned and composite

membranes. They have a dense metal-rich top layer and a porous metal-free support

beneath it. Despite being made by a phase inversion process, they present a sharp and

well defined interface between these two regions—as seen in composite membranes

made by multi step procedures. The top dense layer consists of closely packed polymer

chains that form coordination complexes with metal ions (polymer-metal complexes)

and the porous support is formed by only polymer chains, there are no metal ions

present. The main advantages of the CIPS process are that the thickness of the

dense layer can be easily controlled, and that a high concentration of metal ions can

be precisely and homogeneously incorporated in only the dense layer, avoiding their

presence in the porous support. Further conversion of such metal ions to nanoparticles

or crystals is possible.

1.2 Organization of Chapters

This dissertation will introduce complexation-induced phase separation for the first

time, explain how it works and how the di↵erent experimental parameters a↵ect

the structure of the final membrane. Moreover, it will describe how to use CIPS for

the development of palladium-rich flat sheet catalytic membranes for low temperature

reactions, silver-rich ultrafiltration flat sheet membranes with antibacterial properties,

and palladium-rich PBI hollow fiber membranes for hydrogen recovery applications

at high temperatures. Finally, a variation of the process using crosslinker molecules

instead of metal ions will be introduced.

Chapters 2 and 3 present the reader with the necessary information to put into

context our contribution and have the necessary theoretical information to understand

the core phenomenon occurring in the proposed method: reactions between macro-

molecules and metal ions to form macromolecule-metal intermolecular complexes.
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Chapter 2 introduces the existing types of membranes, describes the most relevant

membrane fabrication methods, and discusses the current limitations in the fabrica-

tion of metal-loaded polymeric membranes. Chapter 3 presents the theory behind the

formation of macromolecule-metal complexes, the di↵erent types of complexes, and

the most important parameters a↵ecting their formation.

Chapter 4 describes the CIPS process in depth, identifies the most important

parameters of the process and their e↵ect in the final structure of the membrane.

Additionally, it describes how to control the thickness of the selective layer, the metal

loading in it, and the porosity and structure of the porous support beneath it. Finally,

it presents the fabrication and complete characterization of membranes made by the

CIPS process using two model polymers that form strong complexes with soft metal

ions ( i.e. PTSC and PTU) and several metal ions (e.g. silver, palladium, copper,

nickel, and gold)

Chapter 5 uses the theoretical and practical background presented in Chapter

4 for the development of catalytic membranes containing palladium nanoparticles

dispersed in only their top selective layer. An additional reduction step is explored

for in-situ formation of the nanoparticles. The Chapter describes the advantages of

using the CIPS process to make catalytic membranes and tests their activity with two

model reactions: reduction of 4-nitrophenol to 4-aminophenol, and the cross-coupling

of iodobenzene and phenylboronic acid. Moreover, it extends the CIPS process to

polysulfone—one of the most common polymers in the membrane field—by doing a

simple chemical modification to its structure to make it compatible with the CIPS

process. Finally, it presents for the first time the use of the CIPS process to produce

porous metal-rich selective layers instead of dense ones.

Chapter 6 introduces polytriazole (PTA)—a new polymer compatible with the

CIPS process—and uses it for the development of silver-rich ultrafiltration mem-
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branes. A synergistic approach is presented to fix the silver in the form of AgCl

crystals at the same time that the porous support is precipitated. Fixing the silver in

the form of silver chloride controls its leaching to maintain the antibacterial character

for longer periods of time.

Chapter 7 focuses on extending the CIPS process for the development of hollow

fibers—the preferred configuration for most of the applications. The development was

done using PBI, a high performance commercial polymer compatible with the CIPS

process. Approaches to fabricate the metal-rich selective layer in either the outer

or inner part of the fibers are explored. The optimized conditions produced fibers

with an outer selective layer loaded with palladium nanoparticles. Such fibers showed

promising performances for high-temperature hydrogen recovery applications.

Chapter 8 describes reaction-induced phase separation or RIPS, a variation of the

CIPS process that uses covalent bonds instead of coordination bonds to form the

crosslinked polymeric network that phase–separates to form the selective layer of the

membrane. In the case of CIPS the surface precipitation is induced by metal com-

plexation, leading to a top-layer highly loaded with metal ions. On the contrary, this

Chapter’s proposed variation is not limited to metal complexing polymers, avoids the

use of metal ions and facilitates the incorporation of desired organic functionalities in

only the top dense layer of membranes. The e↵ect of the crosslinker size in the mem-

brane’s performance was explored by using two di↵erent crosslinkers to precipitate

the dense layer: a small one and a bulky one.

Chapter 9 makes a summary of all the findings and suggests future directions for

this research. The suggestions are divided in two: broadening the understanding of

the CIPS process, and expanding the applications of metal-rich membranes prepared

using it. Finally, the materials used and a detailed explanation of the experimental

procedures and synthesis of the polymers can be found in the Appendix A.
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Chapter 2

Literature Review: Phase Inversion Process and

Metal-Containing Polymeric Membranes

The main types of synthetic membranes are depicted in Figure 2.1. They can be di-

vided into two big categories: isotropic and anisotropic membranes. Isotropic dense

membranes are useful to study the permeation properties of a material, and in some

barrier applications. However, successful implementation of membrane technology

requires the fabrication of anisotropic membranes—also referred as asymmetric mem-

branes. These membranes can achieve higher fluxes than isotropic ones, thanks to

their thin selective layer supported by an open porous support. Moreover, if fabri-

cated correctly they retain the selectivity. The development of techniques to produce

this kind of membranes was one of the major breakthroughs in membrane technology.

Asymmetric, integrally skinned membranes are prepared via NIPS and its variations,

and composite membranes are prepared via multi-step processes like interfacial poly-

merization, dip coating, and spin coating.

The basics to prepare asymmetric integrally skinned membranes were developed

in the earlier twentieth century,6 although the fundamentals of the NIPS process were

not well understood at that time. They prepared what they referred to as “graded”

nitrocellulose membranes and identified the importance of some parameters of the

fabrication process; such as the molecular weight of the polymer, the solvent used,

the presence and duration of a drying step, the nonsolvent used, and the addition
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of nonsolvent to the polymeric solution. However, the importance of asymmetric

membranes was not realized until the contributions of Loeb and Souriraja.1,7 Together

they developed the first high-flux reverse osmosis membrane by what is now know as

the Loeb–Sourirajan technique.

microporous 

integrally skined composite

2) Anisiotropic or asymmetrical membranes

1) Isotropic or symmetrical membranes
dense

Figure 2.1: Schematic diagrams of the cross-section of the principal types of mem-
branes

Integrally skinned membranes are conformed of a thin selective layer on the top

and a porous sublayer; both made from the same polymer. The characteristics of

the thin selective layer will determine the separation properties of the membranes.
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For gas separations it is necessary to have a dense and defect-free top layer to obtain

a good performance. In the case of liquid applications like reverse osmosis (RO),

ultrafiltration (UF) and nanofiltration (NF) some defects can be present and still

achieve good results.

The breakthrough development of Loeb and Sourirajan,1 done in the 1950s is

recognized as a special case of the phase inversion process. However, it was not

until the late 1980s and early 1990s that research groups developed variations of the

phase inversion process to achieve higher-quality dense layers. And more recently,

in 2007, one more variation of NIPS reported for the first time the fabrication of

isoporous ultrafiltration membranes by a phase inversion process.5 This was achieved

by combining block copolymer self-assembly with NIPS.

2.1 Nonsolvent-Induced Phase Separation or Phase Inversion

The phase inversion process consists of immersing a viscous polymer solution pre-

viously shaped in the form of a film (flat sheet membranes) or a fiber (hollow fiber

membranes) in a nonsolvent bath. The immersion causes solvent from the polymer

solution to di↵use out, and nonsolvent from the bath to di↵use in the polymer solu-

tion. The change in composition of the polymer solution eventually causes a phase

separation that fixes the structure and forms the membrane. In literature this process

is also known as nonsolvent induced phase separation (NIPS).

NIPS is a simple method to prepare membranes, however it is challenging to

predict the resulting morphology. It is a non-equilibrium process in which several

phenomena are occurring in the same time frame. Moreover, depending on the rel-

ative position of the polymer to the nonsolvent, they occur at di↵erent magnitudes

and moments in time. The phenomena that can occur during phase inversion are out-

flow di↵usion of solvent, inflow di↵usion of nonsolvent, crystallization, vitrification,
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gelation, and liquid-liquid phase separation by nucleation and growth or by spinodal

decomposition. The gelation during phase inversion is caused by physical associations,

and the nature of these associations is system specific.8,9 Gelation could be caused

by the formation of polymer-solvent complexes, by formation of microcrystallites,

or due to a combination of liquid-liquid demixing and vitrification. Crystallization

can only occur in semicrystalline polymers and both crystallization and formation of

polymer-solvent complexes are slow processes that are unlikely to happen in a usually

fast phase inversion process.8 For this reason, the gelation process occurring during

precipitation of the membranes is due to a combination of liquid-liquid demixing and

vitrification in most of the systems.

After immersing the polymer solution in the nonsolvent bath, di↵usion of solvent

out of the solution and di↵usion of nonsolvent in the solution change the composition

until a thermodynamically unstable state is reached, and separation into a polymer

rich and a polymer poor phase occurs. It occurs by nucleation and growth if the

average composition of the solution is located in the metastable region delimited by

the space in-between the binodal and spinodal curves in a three-phase diagram, or by

spinodal decomposition if it is located in the unstable region. The path (i.e., change

in composition) that each layer of the polymer solution follows is di↵erent, giving

rise to the asymmetry of the membranes prepared by this process. The di↵usion of

solvent out and nonsolvent in is hindered as one moves further away from the interface

between the polymer solution and the nonsolvent bath. At the interface there is a

fast exchange of solvent and nonsolvent giving rise to the denser top layer.

Depending on the thermodynamic interaction between the solvent and the non-

solvent, the liquid-liquid phase separation can occur in a delayed manner (type I

membranes) or by an instantaneous phase separation (type II membranes).10 A weak

interaction results in liquid-liquid demixing occurring after a certain time lag, in
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which a large amount of solvent escapes from the polymeric solution and only a small

amount of nonsolvent di↵uses in. The polymer concentration in the top layer in-

creases and the thickness of this high-polymer concentration gel-like skin increases

with t1/2 until finally phase separation occurs fixing the structure.10 The resulting

type I membranes are generally defect-free, however they present low permeance val-

ues due to a thick skin layer and a closed pore structure in the support. On the other

hand, when the thermodynamic interaction between the solvent and the nonsolvent

is strong, instantaneous (<1 s) demixing occurs. During this short period of time

some outflow of solvent and inflow of nonsolvent occurs, but the ratio is less extreme

as compared to type I membranes. As a result, a very thin layer with a high polymer

concentration is formed.2 The resulting membranes, referred to as type II, have a thin

layer with some defects resting over a very porous sublayer.

The determining factor causing the formation of the skin layer in all the variations

of the phase inversion process, is the presence of a much higher concentration of

polymer in the outermost region compared to the sublayers. This is caused by solvent

depletion in the top part of the polymer film, and small inflow of nonsolvent during

the first moments of the precipitation.

Membranes that are both defect-free and with thin skins are very di�cult to

obtain because the parameters that promote one are opposite to the ones promoting

the other.11,12 An ultrathin skin layer is favored by (i) a low polymer concentration,

(ii) a short evaporation period, (iii) addition of nonsolvent to the casting solution, and

(iv) a fast precipitation (type II membranes). The opposite conditions favor defect-

free membranes.12 In the upcoming sections, strategies to prepare high performance

thin layers will be described.



29

2.1.1 Dual bath precipitation

A group from the University of Twente developed a method that combines the dense

top layers of Type I membranes (delayed demixing) with the highly porous support

present in Type II membranes (instantaneous demixing).2 The method consists on

contacting the polymer solution with two successive nonsolvent baths. The first

bath is a nonsolvent that has low thermodynamic interaction with the solvent of the

polymer solution, initiating the formation of a dense top layer. The second one, is a

nonsolvent with a high thermodynamic interaction with the solvent of the polymer

solution, causing a fast precipitation that fixes the structure of the dense layer, and

forms a porous support beneath it. Changing the amount of time the polymer solution

is in contact with the first bath, serves as a way to control the thickness of the dense

layer. Hollow fibers made in one step by this new method, presented the intrinsic

selectivity of the polymeric material without the necessity of a coating. Optimizing

the preparation conditions could achieve high fluxes with a small decrease in the

selectivity.

2.1.2 Lewis acid-base complex as the solvent

A strategy to develop ultrathin and more permeable dense layers was developed by

a group of scientists from Permea, Inc.4 They noticed that the size of the solvent

molecules could a↵ect the free volume of the final membrane. Their hypothesis was

that bigger solvent molecules will lead to higher free volume in the final dense layer,

resulting in an increase of permeability. The only problem is that bigger solvent

molecules are also very di�cult to extract from the solid membrane at the end of

the fabrication process. To overcome this, their strategy consisted on dissolving the

polymer in a mixture of a solvent and a nonsolvent that together formed a stable
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Lewis acid-base complex in the polymer solution. These complexes should be unsta-

ble in water so they can be leached out easily once the phase inversion occurs. They

identified several pairs that meet these requirements: Any combination of an aprotic

solvent (e.g., DMF, NMP and DMAC) and a carboxylic acid (e.g., acetic acid, propi-

onic acid, butyric acid and 2-chloropropionic acid).13 The resulting integrally skinned

membranes, contained substantially thinner skin layers and presented up to a four-

fold increase in permeability without a decrease in selectivity. The authors explained

this increase in permeability by hypothesizing a higher free volume, due to the big

size of the lewis acid-base complex; and an anisotropy in the dense layer, due to the

enhanced coagulation kinetics produced by the rapid dissociation of the complex in

contact with water.13 It is important to mention that the membranes prepared by

this method contained some defects and needed to be coated with a very permeable

sealing layer before testing them.

2.1.3 Dry/wet precipitation

Including a drying step before immersing the membranes in the coagulation bath, was

a common practice since the first phase inversion membranes were developed,6 as well

as in the ones prepared by Loeb and Sourirajan.1 During the drying step some solvent

evaporates, particularly from the top layer, increasing the polymer concentration and

resulting in an improved denser top layer after immersion in the nonsolvent.

However, it was not until 1988 that the right conditions to induce a phase sepa-

ration during the drying step were found.3 Pinnau and Peinemann achieved this by

dissolving the polymer in a combination of a volatile solvent and high amounts of

nonsolvent. This produced a phase inversion of the top layer during the drying step

prior immersion in the nonsolvent. During the first few seconds of the drying step,

solvent evaporation from the top layer brings it to a thermodynamically unstable
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state, provoking a phase inversion that is clearly seen by a turbidity at the polymer

solution/air interface.14 Optimized conditions include the addition of a less volatile

cosolvent to the polymeric solution to slow down the overall solvent evaporation and

produce thinner dense layers. Optimum membranes prepared with this method are

defect free and can have layers in the order of 20 nm.15 The resulting membranes

prepared from this multicomponent casting dopes and using a dry/wet phase inver-

sion showed outstanding permeability without sacrificing the intrinsic selectivity of

the materials.

2.1.4 Self-assembly and nonsolvent-induced phase separation

Block copolymers consist of two or more chemically connected polymer chains. Each

of these segments have a di↵erent structure and properties. Such di↵erences cause

them to spontaneously form ordered nanostructures if the conditions are adequate.16

Some examples of these nanostructures are spheres, cylinders, and lamellae, whose

shape and dimensions depend on the molecular weight and composition of the poly-

mer.

Self-assembly in block copolymer systems is a well-studied phenomenon; to the

point that the resulting phase of a system can be predicted to a good degree of cer-

tainty if the parameters of the system are known.17 The system minimizes its energy

and reaches a thermodynamic equilibrium state; by choosing the right conditions such

equilibrium state can be one with cylindrical microdomains. This has been exploited

for the fabrication of membranes with beautifully ordered pores produced by etching

the cylindrical microdomains.18,19 However, this approach is far from being of indus-

trial relevance in the membrane field—it is very slow, costly, complicated and the

area that can be produced is limited.

Peinemann et al. developed an ingenious approach to overcome these limitations
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in 2007.5 They combined the self-assembly of amphiphilic block copolymers with

nonsolvent induced phase separation to produce isoporous membranes in a scalable

way. The key of the novel process is to prevent the block copolymer system from

reaching its equilibrium state and freeze it in an ordered non-equilibrium state. This

is achieved by the nonsolvent induced phase separation process. If the conditions

are right, it can trap the block copolymer system in a non-equilibrium but ordered

state that serendipitously presents the desired morphology: High density of ordered

cylindrical channels of uniform pore size, aligned perpendicular to the surface and a

non-ordered sponge-like layer beneath.20

2.2 Polymeric Membranes Containing Metal Ions and Metal Nanoparti-

cles

The performance of polymeric membranes is limited by the material properties.21 Ad-

dition of metal nanoparticles and metal ions can help to overcome these limitations

and give rise to new properties. Polymeric membranes containing metal ions and

metal nanoparticles can have synergistic benefits like tailored transport of molecules

through the membrane, enhanced mechanical stability, modified electronic and optical

responses, lower agglomeration and corrosion of the MNPs, and controlled nanopar-

ticle size due to steric e↵ects and interactions between polymer and nanoparticles.

For this reasons scientists have investigated membrane-supported nanoparticles and

membranes containing metal ions for applications such as catalysis,22–24 facilitated

transport,25–27 and fouling resistance.28–30

2.2.1 Fabrication methods

To incorporate metal ions or MNPs supported in a polymeric matrix two general

routes can be followed: (i) mixing the metal ions or MNPs with a polymeric solu-
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tion for future processing into the final structure, or (ii) loading the metal ions in

an already formed membrane and in-situ forming the MNPs inside the membrane’s

structure. The latter is done by using polymers capable of adsorbing metal ions to

make the membrane, or by grafting metal-complexing groups to an already made

membrane. First, an adsorption step loads the membrane with metal ions and a fur-

ther reduction step forms the metal nanoparticles. For the second route, the ability

to trap metal ions can be an intrinsic property of the polymer or be introduced by

the incorporation of an external agent able to trap metal ions. Some examples in

the membrane field are the incorporation of a liquid anion exchanger in a plasticized

polymeric membrane,31 layer-by-layer adsorption of polyelectrolytes on the surface

of the membrane or inside the pores,23 and in situ polymerization of polyelectrolytes

inside the membrane pores.32

The two routes presented above a can be used in the fabrication of integrally

skinned membranes by phase inversion or for the fabrication of composite membranes

by dip coating, spray coating, spin coating or interfacial polymerization. The phase

inversion approach results in a polymeric membrane with nanoparticles or metal ions

dispersed all over its structure. On the other hand, methods to fabricate composite

membranes are able to incorporate the nanoparticles or metal ions in only the dense

top layer. Both approaches have advantages: the phase inversion approach is simpler

and scalable and the fabrication of composite membranes achieves a more e�cient

use of the frequently expensive metals.

From the two general approaches, in-situ forming the MNPs can achieve higher

metal loading with less agglomeration. This is acomplished because the precursors

(i.e., metal ions) are dispersed homogeneously before the reduction step. The final

loading is proportional to the number of adsorption sites that are capable of binding

with the precursors. The highest possible number of such sites is present when the
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starting material (i.e., the polymer used) contains the metal-complexing groups within

its structure.

With this in mind, we developed membranes out of polythiosemicarbazide

(PTSC)—a polymer containing one chelate site per monomeric unit.33 The result-

ing membranes were able to e�ciently recover metal ions from tap water and sea

water samples (Figure 2.3), and to recover gold from electronics from a simulated

e✏uent of a hydrometallurgical process (Figure 2.2). The PTSC membrane adsorber

was capable of capturing an impressive amount of gold (more than 5.4 mmol Au/g).

unused PTSC PTSC/Au3+after one cycle

Au3+

SC(NH2)2Au(SC(NH2)2)2+

H2O

Figure 2.2: Photos of the polythiosemicarbazide membrane before and after the ad-
sorption process to recover gold from a simulated e✏uent of a hydrometallurgical
process
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Permeation 
of tap water
for 100 days

Figure 2.3: Photos of a polythiosemicarbazide membrane before and after the con-
tinuous permeation of tap water for 100 days

The membrane’s high gold loadings motivated us to fabricate catalytic membranes

with it. A similar PTSC membrane was submitted to a controlled adsorption step

to load it with gold ions and a subsequent reduction step to reduce the ions to gold

nanoparticles (AuNPs) using NaBH4 (Figure 2.4). The resulting PTSC/AuNPs mem-

brane had high loadings (33.5 wt.%) of well dispersed, non-agglomerated nanoparti-

cles with a narrow size distribution24 (Figure 2.5).

chelate site

gold ion

gold 
nanoparticle

adsorption reduction

a)

b)

Figure 2.4: Growth of gold nanoparticles in a PTSC membrane. a) Schematic diagram
showing the gold ions adsorption and Au nanoparticles formation in the membrane;
b) Real-life pictures of the membrane going through this process.
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Figure 2.5: HRTEM images of the AuNPs present in the PTSC/AuNPs membrane

The membrane demonstrated catalytic activity for the reduction of 4-nitrophenol

to 4-aminophenol. However, we realized that several nanoparticles where not con-

tributing to the overall catalytic activity. The loading was very high but the catalytic

activity was not in line with such high loading. AuNPs located in the porous support,

away from the path of least resistance followed by the fluid, rarely encountered the

reactants. The most e↵ective nanoparticles were the ones located in the selective layer

where a close encounter with the reactants is forced during permeation. Moreover,

membranes with a high loading of well-dispersed nanoparticles in only the selective

layer are preferred due to the elevated cost of precious metals.

The method proposed in this dissertation provides an approach to load metal ions,

nanoparticle or crystals in only the selective layer of a membrane. It combines the

simplicity of a phase inversion technique with the e�cient use of materials achieved

when making composite membranes. Moreover, it follows the preferred route to

incorporate metal ions and metal nanoparticles in favor of achieving higher loadings

and a homogeneous distribution.
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Chapter 3

Theory and Background: Macromolecule-metal Complexes

Macromolecule-metal complexes are found and exploited in nature in very di↵erent

ways. For example, a site-specific and inhomogeneous distribution of metal complexes

in the fangs of the wandering spider Cupiennius salei and the mussel byssus cuticles

provide an e↵ective crosslinking that enhances their mechanical properties.34,35 Other

examples include the high selectivity and activity of hemoglobin (gas transport), the

photosynthesis (energy conversion), and the metalloenzymes (catalysis). E↵orts to

mimic nature and incorporate macromolecule-metal complexes to synthetic materials

could lead to interesting results.

3.1 Classification and Thermodynamics

Macromolecule-metal complexes can be classified in four categories: (i) Macromolec-

ular metal complexes or MMC where a metal ion, metal complex or metal bounds to

a chain of organic or inorganic macromolecules via a covalent, coordinative or ionic

bond; (ii) Ligand macromolecular complexes where a ligand of a metal complex is part

of a macromolecular chain or network; (iii) Metal macromolecular complexes where

a metal or metal derivative forms part of a macromolecular chain or network; and

(iv) Macromolecule incorporated metal complexes and metals where metal clusters

(nanoparticles) or metal complexes are physically incorporated in macromolecules.36

The best matches with membrane technology are type i and type iv. The basic

principle of the method proposed in this work (i.e., CIPS), is based on the ability of
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certain polymers to form type i complexes. Polymers suitable to form this type of

complexes should have appropriate complex forming chemical groups, either in their

backbone or as side chains. These groups must contain ligand donor atoms. Such

atoms are mainly non-metallic elements of groups V and VI, among which N, O and

S are the most common. Figure 3.1 presents some complex-forming groups.

OH

CONH2

NH2

SH

COOH

NO

NH

S

CHO

NO2

NH

S

O

PH(OH)

N OH

COSH SCN

O

PO(OH)2

CSSH

N

Figure 3.1: Typical complex-forming groups

The selectivity of polymers towards complexing with certain metal ions depends

mainly on the type of ligands present, and to a lesser extent on the structure of

the polymer backbone.37 The interaction of metal ions with ligands that are part

of a polymer is a very fast process with rates comparable to those of low molecular

weight compounds.38,39 Quite commonly these reactions proceed in a few seconds or

even less. For a MMC to form, the system must have a lower free energy after its

formation. This change in free energy can be expressed in terms of the entropy and

enthalpy.

�G = �H � T�S

To understand this phenomenon easily, it is useful to divide the environment

around MMCs in three levels:40 (i) the local level encompassing the metal ion and

the functional groups involved in the complex, (ii) the molecular level determined by

the structure of the polymer chain (length, elemental composition, shape and confor-
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mation), and (iii) the supramolecular level reflecting the nature of the intermolecular

interactions between polymer chains. Considering these three levels of spatial orga-

nization, the energy of formation of a MMC can be represented as the changes in free

energy in the local, molecular and supramolecular environments.

�G = �G1 +�G2 +�G3

In dilute polymer solutions the supramolecular level can be ignored (�G3 ! 0)

and further simplifications can be done if the assumption of infinitely long chains or

low degrees of complexation can be applied (�G2 ! 0). In such cases the MMC will

behave like its low molecular weight analogue.40

However in the case of concentrated polymer solutions, which are necessary for the

method described in this work, the system behaves di↵erently than its low molecular

weight analogues. There is a strong contribution of the molecular and supramolecular

levels, which in most of the cases leads to greater free energy changes during the

process due to entropic contributions.

The possible interactions present in a MMC are depicted in Figure 3.2
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Figure 3.2: Diagram of di↵erent interaction between polymers containing ligands
either as side chains or in its backbone and metal ions
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As concentration increases in a polymeric solution the chances for intermolecu-

lar interactions increase because the polymer chains begin to entangle (Figure 3.3).

With a high concentration of polymers (i.e., macroligands) there is an appreciable

increase in the probability of forming intermolecular complexes versus intramolecular

ones. The reason for this is that in such case the functional groups from di↵erent

macromolecules are likely closer to each other, than the ones from the same macro-

molecule. Position of the ligand donor atom can also have a strong e↵ect on the

formation of intermolecular or intramolecular complexes due to steric reasons.38 The

polymer molecular weight and intrinsic intermolecular interactions between its chains

also play a role in the association of chains due to metal-complex formation.

c < c0 c = c0 c > c0

Figure 3.3: Intermolecular interactions at di↵erent polymer concentrations.36

The formation of intermolecular complexes (crosslinks) is accompanied, depending

on the amount of crosslinked sites, by an increase in the viscosity of the solution, the

formation of a gel, or the precipitation of the crosslinked network of polymer chains.

On the contrary, if intramolecular complexes are present the decrease of the volume

occupied by the free macromolecules will manifest macroscopically as a decrease in

viscosity. In the vast majority of cases, an excess of metal ions will promote the

precipitation of the MMC due to intermolecular complexes. However, it is important

to mention that in some cases an excess of metal ions can lead to the rupture of the
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crosslinks or intramolecular complexes due to a preferred formation of [L]:[M]=1:1

complexes instead of the higher ratio ones.41

3.2 Hard Soft Acid Base Principle (HSAB) Principle

This principle is an oversimplified concept, and although its accuracy to predict some

organic reactions is not the best, it has proven to be useful for rationalizing stability

constants of metal complexes.42 It is a powerful tool to predict complexes between

metal ions and organic ligands qualitatively.

Pearson suggested that acids and bases could be classified according to their ab-

solute hardness into soft acids, hard acids, soft bases, hard bases and borderline bases

and acids.43 Moreover, he proposed two rules governing acid-base interactions:

1. Regarding equilibrium: hard acids prefer to coordinate to hard bases and soft

acids to soft bases. Hard acids form more stable complexes with hard bases and soft

acids with soft bases.

2. Regarding kinetics: Hard acids react readily with hard bases and soft acids

with soft bases.

The following rules must be followed in order to classify an acid or base:

• Hard bases are characterized by small ionic radii, strongly solvated, highly elec-

tronegative, weakly polarizable and with high energy HOMOs.

• Soft bases are characterized by large ionic radii, intermediate electronegativity,

highly polarizable and with low energy HOMOs.

• Hard acids are characterized by small ionic radii, high positive charge, strongly

solvated, empty orbitals in the valence shell and with high energy LUMOs.

• Soft acids are characterized by large ionic radii, low positive charge, completely

filled atomic orbitals and with low energy LUMOs.

• The borderline acids and bases have intermediate properties.
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The large electronegativity di↵erences between hard acids and hard bases give rise

to strong ionic interactions. The electronegativities of soft acids and soft bases are

close to each other and hence have less ionic interactions; the interactions between

them are more covalent.

Table 3.2 and 3.1 present a classification of the metal ions, molecules and func-

tional groups used in Chapter 4 to develop the basis of the CIPS process. PTSC

and PTU, the two model polymers used to develop the CIPS method include sulfur-

containing functional groups that belong to the soft bases group. They will form

stronger and faster complexes with soft metal ions.

Table 3.1: Classification of bases used in this work.

Soft Bases Borderline Bases Hard Bases

*
H2N

N
H

S

NH2 *
H2N

S

NH2

S-N
*

Cl�
N+

-O

O

O-

O

O-

* bonded through S atom

Table 3.2: Classification of metal ions used in Chapter 4.

Soft Acids Borderline Acids Hard Acids

Pd2+ Au3+ Ag+ Hg2+ Bi3+ Fe2+ Co2+ Ni2+

Cu2+
Fe3+ Ce3+

To di↵erentiate between the broad number of metal ions belonging to the bor-

derline classification, it is useful to resort to the Irving-Williams series.44 This series

refers to the relative stabilities of complexes formed by several borderline metal ions.

The stability of the formed complexes follows the subsequent order: Mn(II) <Fe(II)

<Co(II) <Ni(II) <Cu(II).

There are several explanations often quoted to describe the series, such as the

decrease in ionic radius. However none of them can satisfactorily explain the broad
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scope of validity of the Irving-Williams series. It is out of the scope of this work to try

to explain this, however it is useful to relay in the strong experimental data provided,

and include the series in the analysis done in Chapter 4.



44

Chapter 4

Complexation Induced Phase Separation Process

Abstract

Metal ion
Polymer chain

Development of a facile phase-

inversion method for forming

asymmetric membranes with a

precise high metal ion loading

capacity in only the dense layer.

The approach combines the use

of macromolecule-metal inter-

molecular complexes to form the

dense layer of asymmetric mem-

branes with nonsolvent-induced phase separation to form the porous support. This

allows the independent optimization of both the dense layer and porous support while

maintaining the simplicity of a phase-inversion process. Moreover, it facilitates con-

trol over (i) the thickness of the dense layer throughout several orders of magnitude

from less than 15 nm to more than 6 µm, (ii) the type and amount of metal ions

loaded in the dense layer, (iii) the morphology of the membrane surface, and (iv)

the porosity and structure of the support. This simple and scalable process pro-

vides a new platform for building multifunctional membranes with a high loading of

well-dispersed metal ions in the dense layer.
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This Chapter was published as:

Villalobos, L. F., Karunakaran, M., and Peinemann, K.-V., Complexation- induced

phase separation: Preparation of composite membranes with a nanometer-thin dense

skin loaded with metal ions, Nano Letters 2015, (15), 31663171.†

4.1 Introduction

Membranes fabricated via phase inversion dominate the current market due to the

simplicity and scalability of the process.45–48 In some cases, composite membranes

with complex fabrication processes, where the porous support and dense layer must

be made in di↵erent steps, are justified (e.g., when the raw materials are expen-

sive49 or when such membranes have superior performance50). Nonetheless, most

high-performance membranes found in scientific literature have not succeeded com-

mercially because of the complexity of their fabrication processes or the ine�cient

use of expensive materials. Therefore, simple ways to make complex membranes

are highly desirable to close the gap between lab-scale and commercially successful

membranes.

4.2 Description of the CIPS Process

Complexation-induced phase separation (CIPS) is a new and simple approach to fabri-

cate complex membranes with a di↵erent set of properties. All prior phase-separation

techniques used to form membranes have one thing in common: they work by chang-

ing the conditions around the polymer chains, making them insoluble, and provoking

a phase separation.51,52 Phase separation is induced by a change in temperature,53 a

†Reprinted with permission from Villalobos, L. F., Karunakaran, M., and Peinemann, K.-V.,
Complexation- induced phase separation: Preparation of composite membranes with a nanometer-
thin dense skin loaded with metal ions, Nano Letters 2015, (15), 31663171. Copyright © 2015
American Chemical Society.
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decrease in solvent concentration,54 or the addition of a nonsolvent to the system.7

Alternatively, complexation-induced phase separation works by crossinking polymer

chains via the intermolecular complexation of polymer chains with metal ions, making

them insoluble in the original solvent.

It is well established that phase separation in a polymer solution can occur if

su�cient crosslinks are formed.55 crosslinks form when metal ions form stable inter-

molecular complexes with polymer chains. In this case, the coordination of several

polymer chains to the same metal ion causes a phase separation.56 So far, this tech-

nique has been used to produce reversible gels57,58 but not yet to precipitate a desired

solid polymer structure out of solution. CIPS uses this approach to precipitate out a

dense layer of an asymmetric membrane from a polymer solution. The precipitation

is site-specific, fast, smooth, and easy to control, hence there is great flexibility for

tailoring the final product. The combination of CIPS with nonsolvent-induced phase

separation (NIPS) to form the porous support of a membrane is the first method

capable of fabricating thin-film composite membranes by a phase-inversion process.

1 μm100 000 x 10 μm10 000 x

Figure 4.1: Cross sections of a PTU membrane prepared by CIPS. The dense layer
contains 27 wt % of palladium and has a thickness of 186 ± 4 nm.
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CIPS produces asymmetric membranes with a well-defined interface between the

dense layer and the porous support beneath it (Figure 4.1). The top dense layer

consists of densely packed polymer chains that form coordination complexes with

metal ions (polymermetal complexes); the porous support is formed by only polymer

chains (there are no metal ions present). CIPS is advantageous because the thickness

of the dense layer can easily be controlled and a high concentration of metal ions can

be precisely and homogeneously incorporated in it, preventing them from entering

the porous support. The thickness of the dense layer can be controlled over several

orders of magnitude from less than 15 nm to a few micrometers (Figure 4.2). The

incorporation of such a large number of well-dispersed metal ions into the dense

membrane layer is inspiring for application in areas such as facilitated transport,

fouling control, or catalysis.

500 nm240 000 x 5 μm20 000 x

Figure 4.2: Cross section images of PTSC membranes with a silver-rich dense layer of
approximately 14 nm (left), and cobalt-rich dense layer of 6.5 µm prepared by CIPS
using a 10 mM solution of AgNO3 and Co(OAc)2 for the first bath.

CIPS consists of three simple steps: (i) a thin film is cast with the polymer

solution (polymer + solvent A); (ii) the polymer solution film is immersed in solvent

A, which contains a low concentration of polymer-complexing metal ions; and (iii)
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the skinned film is transferred to a nonsolvent bath. The second step is the key

step, where the polymer chains on the top layer of the viscous polymer solution film

form intermolecular complexes with the metal ions (crosslinks) that swiftly phase

separate to form a dense layer that floats on top of the remaining viscous polymer

solution film. This dense layer acts as a barrier, delaying the di↵usion of metal ions

to the remaining polymer solution beneath it, resulting in the rapid formation of a

dense film (less than one second) that thickens more slowly. By changing the type of

metal ion, metal concentration, and contact time, the metal loading and thickness of

the dense layer can be controlled. Finally, in the third step the remaining polymer

solution below the dense layer is precipitated by solvent/nonsolvent exchange to form

a porous support.

Gelation by physical associations has proven to be a key phase in the formation

of the thin dense top layer present in asymmetric membranes prepared by phase

inversion.8,52,59,60 During gelation, several connections between polymeric chains oc-

cur, forming a three-dimensional network that becomes the dense layer later in the

process. CIPS is the first technique to use chemical associations instead of physical

associations to form the dense top layer of asymmetric membranes prepared via phase

inversion. Chemical associations are stronger and they o↵er more options to tune the

morphology and final properties of the membrane (e.g., reaction time, nature, and

concentration of reactant). Moreover, the fabrication of the dense layer is completely

separated from the development of the porous support, during which the simplicity

of a phase-inversion process is maintained.

4.3 Requirements of the CIPS Process

The CIPS process requires (i) a polymer able to form complexes with metal ions and

(ii) a solvent for the first bath (the second step of the process) that does not cause
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phase separation of the polymer solution and that can dissolve the desired metal salt.

The obvious choice is to use the same solvent used to prepare the polymer solution if

that solvent can dissolve the desired metal salts.

So far CIPS has been tested successfully with six polymers. Three of them were

synthesized in the lab (i.e., PTSC, PTU, and PTA), two are obtained by simple

modifications made to commercially available polymers (ie., PSU-TrN, and PVT-co-

PAN), and one of them is a commercially available polymer used as received (i.e.,

PBI). Their structures are depicted in Figure 4.3 and the synthesis procedure and

characterization is presented in Appendix A. All of these polymers can form strong

complexes with several transition metal ions through the metal-complexing groups

present either in their backbone or as side groups. This Chapter will focus on PTSC

and PTU polymers. Both of them have sulfur-containing groups in their backbones

(thiosemicarbazide and thiourea groups, respectively) that can form strong complexes

with soft metal ions.24,61,62

Polymer solutions of 15 wt % in dimethyl sulfoxide (DMSO) were used to prepare

the membranes (unless otherwise specified). All casting solutions were sonicated

prior to being used to eliminate gas bubbles. The polymer solutions were cast either

on a polyester nonwoven support or on a glass plate using a doctor blade with a

200 µm gap. Next, the films were immersed for certain time in a bath of a metal

salt dissolved in DMSO. Finally, the resulting viscous polymer solution film with a

solid dense layer floating on top of it was carefully transferred to a nonsolvent bath

consisting of water, isopropanol (iPrOH), or a mixture of both. Water was used for

this step unless otherwise specified.
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Figure 4.3: Chemical structures of the polymers used in this dissertation.
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4.4 Variables of the CIPS Process and Their E↵ect on the Final Mem-

brane

4.4.1 Interaction between the metal ions and the functional groups of the

polymer

PTSC contains two thiosemicarbazide groups in each monomeric unit that can form

quite stable chelates with a variety of metal ions.62 In the case of PTU, the two

thiourea groups present in each monomeric unit contain two nitrogen and one sul-

fur atoms all of which provide potential coordination sites. However, coordination

through sulfur is favored.63–65 Contrary to PTSC, where chelates are formed upon

complexation with metal ions, thiourea groups in PTU act as unidentate ligands.

Both of the functional groups, thiourea and thiosemicarbazide, belong to the soft

bases category of Pearsons hard soft acids bases (HSAB) principle.43 These func-

tional groups react faster and form more stable complexes with soft acids than with

hard acids. For this reason, the use of metal ions classified as soft acids was expected

to enhance the formation of the dense layer during the second step. True to our pre-

diction, soft metal ions like Ag+ and Pd2+ produced thinner dense layers compared

with borderline metal ions like Co2+, Ni2+, and Cu2+. Meanwhile, the use of metal

salts containing hard metal ions that react weakly and slowly with the functional

groups of the polymer did not form a dense layer. Figure 4.4 illustrates that for

the same experimental conditions using metal salts with the same counter ion, the

HSAB principle helps to predict the trend in dense layer thickness for both polymers.

Pd2+, the softer metal ion of these series, generated the thinnest dense layers with a

thickness of 186 ± 4 and 250 ± 5 nm for PTU and PTSC, respectively. Thicker dense

layers were obtained using harder metal ions to the point that no dense layer formed

at all using Fe2+, the hardest metal ion investigated, nor did it for many of the hard



52

metal ions tested. Interestingly, Co2+, the hardest of the borderline acids tested, did

not form a dense layer with the PTU polymer.

Fe2+ Co2+ Ni2+ Cu2+ Pd2+

Softness of metal ions
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Figure 4.4: E↵ect of metal salt type on dense layer thickness. PTU and PTSC solution
films immersed for 5 s in 10 mM solutions of metal acetate salts in DMSO.

4.4.2 Polymer concentration

Figure 4.5 illustrates that polymer concentration in the casting solution had a neg-

ligible e↵ect on the thickness of the dense layer. However, it is important to use a

polymer concentration high enough to favor the formation of intermolecular complexes

(crosslinks).66 A concentrated polymer solution with a high density of entanglements

will increase the chances of forming intermolecular complexes over intramolecular

ones. This is because of the higher probability that functional groups from di↵erent

chains will be closer together than those from the same macromolecule. Steric e↵ects

(i.e., the position of the donor atom) can also strongly influence the formation of

intermolecular versus intramolecular complexes.38
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Figure 4.5: E↵ect of polymer concentration on dense layer thickness. PTU solution
films with di↵erent polymer concentrations immersed for 5 s in a 10 mM solutions of
Pd(OAc)2 in DMSO

4.4.3 Immersion time

The amount of time the film spent in the solution containing the metal ions had a

strong influence on the thickness of the dense layer; shorter contact times resulted in

thinner dense layers. Figure 4.6 gives a summary of the change in layer thickness as

a function of immersion time for di↵erent metal salts; an example of the SEM images

obtained for PTSC and Pd(OAc)2 is depicted in Figure 4.7.

Curiously, a minimal increase in dense layer thickness was observed between 5 and

20 s for all metals. We propose a time lag exists between the formation of the dense

layer and its growth, during which the metal ions di↵use through the newly formed

barrier and continue crossinking with more polymer chains beneath it.



54

Time (s)
0 10 20 30 40 290 300 310

1000

10000

100

Th
ic

kn
es

s 
(n

m
)

Co2+

Ni2+

Cu2+

Pd2+

Figure 4.6: E↵ect of immersion time on dense layer thickness. PTSC solution films
immersed for di↵erent times in 10 mM solutions of metal salts in DMSO.
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Figure 4.7: Cross-section SEM images of membranes prepared by CIPS from a 15 wt
% PTSC in DMSO solution and immersed in a 10 mM Pd(OAc)2 in DMSO solution
for: (a) 1 s; (b) 5 s; (c) 20 s (d) 45 s; and (e) 300 s.
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4.4.4 Concentration of metal ions

Concentration of metal ions strongly influenced the formation of the dense layer such

that lower concentrations produced thinner dense layers: an extremely low concentra-

tion of metal ions failed to form any dense layer. Figure 4.8 shows how PTU solution

films immersed in di↵erent concentrations of two di↵erent metals only formed a dense

layer at the lowest Pd(OAc)2 concentration (2.5 mM); this is the metal salt with the

softest metal ion. Copper metal salt did not form a dense layer because the interac-

tion between copper ions and the functional groups of the polymer was not strong or

fast enough at such low concentrations.
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Figure 4.8: E↵ect of metal salt concentration on dense layer thickness. PTU solution
films immersed for 5 s in di↵erent concentrations of Pd(OAc)2 and Cu(OAc)2 in
DMSO

A comprehensive series of SEM images that show the e↵ect of immersion time

and metal salt concentration on dense layer thickness are presented in Figure 4.9.

Any desired thickness within the range presented can easily be obtained by choosing

a suitable combination of these two parameters.
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Figure 4.9: SEM cross sections of membranes prepared via CIPS from a 15 wt % PTSC
in DMSO solution. Solutions of Cu(OAc)2 in DMSO were used for the first bath for
all treatments. The values on the arrows correspond to the metal salt concentration
and immersion time used to prepare the imaged membrane. Scale bar represents 1
µm.
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4.4.5 E↵ect on surface morphology

The kinetics of the complexation reaction and the stability of the complexes formed

also a↵ected the morphology of the membranes surface. High concentrations of softer

metal ions resulted in faster reactions and more stable complexes that ended up

producing smoother surfaces (Figure 4.10c,d). On the other hand, harder metal ions

or a low concentration of soft metal ions result in slower reactions that produce rough

surfaces consisting of a layer of interlinked nodules and an underlying dense layer. A

plausible explanation for this is the presence of a transition zone, where competition

exists between polymer chains that are trying to escape to the bulk of the bath and

metal ions that are forming crosslinks to secure them. The result is the appearance of

an interconnected nodular structure that is observed with harder metal ions (Figure

4.10a,b) or a low concentration of soft metal ions (Figure 4.10e).

500 nm 150 000 x150 000 x 150 000 x500 nm 500 nm 500 nm 500 nm150 000 x 150 000 x

a) b) c) d) e)

Figure 4.10: Surface SEM images of membranes prepared by CIPS from a 15 wt %
PTU in DMSO solution and treated for their first bath by immersed for 5 s in (a) a
10 mM solution of Ni(OAc)2 in DMSO, (b) a 10 mM solution of Cu(OAc)2 in DMSO,
(c) a 10 mM solution of Pd(OAc)2 in DMSO, (d) a 5 mM solution of Pd(OAc)2 in
DMSO, and (e) a 2.5 mM solution of Pd(OAc)2 in DMSO.

4.5 Characterization of Dense Layers Made by CIPS

The dense layer of membranes prepared using CIPS is solvent-stable due to the abun-

dance of crosslinks. Submerging the membranes in a good solvent for the polymer

(i.e., DMSO) caused the porous support to dissolve readily and the solvent-stable

dense layer to float alone in the solution. In fact, even after one month of immersion

in DMSO the dense layer failed to dissolve. A significant amount of palladium-rich
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dense layer was collected by dissolving the support of several PTU membranes con-

taining 23 wt % loading of palladium (by XPS) in its dense layer. The dense layer

was washed with ethanol to remove the remaining solvent and dried before being

studied. DSC analysis on a portion of the isolated dense layer evidenced the pres-

ence of crosslinks by showing the disappearance of thermodynamic transitions that

are present in the unmodified polymer before its degradation temperature at around

200 �C (Figure 4.11). Another portion of the isolated palladium-rich dense layer was

digested in aqua regia with a microwave digestion system, diluted to 20 mL, and ana-

lyzed with an ICP-OES. The palladium loading measured was 20 wt %, corroborating

the information obtained by XPS.

Figure 4.11: DSC analysis of pristine PTU polymer and of the palladium-rich dense
layer of PTU membranes made by the CIPS process.

Membranes produced by CIPS had a homogeneous distribution of metal ions only

in their dense layer. To verify this, the dense layer was carefully peeled o↵ and the

exposed porous support was analyzed by XPS, revealing absolutely no metal ions

(Figure 4.12). Additionally, XPS analyses in 10 di↵erent locations of the membranes

dense layer confirmed the homogeneous distribution of metal ions throughout.



59

27 wt.% of Pd

10 μm10 000 x

Figure 4.12: X-ray photoelectron spectra of the palladium-rich dense layer and of the
porous support beneath it of a PTU membrane prepared by CIPS using an immersion
time of 5 s in a 10 mM Pd(OAc)2 in DMSO solution for the first bath.

The loading of metal ions in the dense layer varied depending on the metal salt

used and its concentration in the DMSO solution. As expected, the use of softer metal

ions, which interact strongly with the functional groups of the polymer, gave higher

metal ion loadings. PTU membranes prepared using Pd2+, Cu2+, and Ni2+ under

the same experimental conditions (10 mM metal acetate in DMSO and an immersion

time of 5 s) yielded metal loadings of 27, 10, and 4 wt %, respectively. Moreover,

when the concentration of Pd(OAc)2 was reduced from 10 to 5 and then to 2.5 mM

the loading of metal ions in the dense layer decreased accordingly from 27 to 23 and

14 wt %, respectively. Control over the amount of metal loaded in the dense layer is

possible by choosing the appropriate concentration of metal salt in the first bath.

4.6 Independent Optimization of the Porous Support of Membranes Pre-

pared with the CIPS Process

This work demonstrates that by choosing suitable conditions for the first bath of the

CIPS process, control over the loading of metal ions and the roughness and thick-

ness of the dense layer of asymmetric membranes can be achieved. Additionally, by

adjusting the conditions in the second bath, the nonsolvent bath, it is possible to
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have control over the structure of the support. When water was used as the nonsol-

vent, a very porous support with finger-like macrovoids was produced that covered

the entire structure. By changing the nonsolvent to iPrOH for which DMSO has less

a�nity a support with a close-pore structure and an additional dense layer below

the metal-rich one was produced. Moreover, intermediate structures were obtained

from di↵erent ratios of these two nonsolvents. For example, increasing iPrOH concen-

tration caused the macrovoids to decrease in size until a sponge-like macrovoid-free

porous support was achieved at 95 wt % iPrOH. SEM images of PTU membranes

with a palladium-rich dense layer and di↵erent support morphologies are depicted

in Figure 4.13. Previous works report on techniques for controlling the structure of

polymers precipitated via NIPS.51,52 However, because the dense layer and the porous

support are made in di↵erent steps using CIPS, each can be independently optimized.

These tools allow the structure of the support to be constructed with characteristics

that are optimal for a desired application.

a) b) c) d) e) f)

Figure 4.13: Cross-section SEM images of palladium-rich PTU membranes prepared
by CIPS with di↵erent porous support morphologies. The conditions of the first bath
were the same for all treatments: 5 s in a 10 mM solution of Pd(OAc)2 in DMSO.
The second bath consisted of a mixture of water and isopropanol with the following
weight ratios (H2O:IPrOH): (a) 100:0, (b) 30:70, (c) 20:80, (d) 10:90, (e) 5:95, and
(f) 0:100. Insets show high-magnification images of each palladium-rich dense layer.
The scale bars represent 1 µm in the main images and 200 nm in the insets.



61

4.7 Performance of PTU Metal-Rich Membranes Prepared via CIPS

The selectivity and flux of membranes prepared via CIPS were evaluated to verify

that a large and continuous area of metal-rich layer could be achieved. Using a

dead-end pressurized stirred cell, the water flux, toluene flux, and dyes rejection was

determined for several membranes. PTU membranes with a nickel-rich dense layer of

482 ± 12 nm and a copper-rich dense layer of 436 ± 10 nm had water permeances of

0.005 ± 0.001 and 0.010 ± 0.002 Lm�2 h�1 bar�1 , respectively, with rejections greater

than 99% for safranine (MW = 350.84, positive charge) and brilliant blue R250 (MW

= 825.99, negative charge). Expected results were obtained when the copper-rich

membrane was further tested with toluene and protoporphyrin IX dimethyl ester

(MW = 590.71, neutral charge); toluene permeance was higher than that of water

because the hydrophobic nature of the material, reached a value of 0.033± 0.004 Lm�2

h�1 bar�1 with a rejection of 88 ± 3%. Membranes with thinner dense layers achieved

higher fluxes but small molecule rejection was compromised. A PTU membrane with

a 186 ± 4 nm palladium-rich dense layer yielded a water permeance of 0.09 ± 0.01

Lm�2 h�1 bar�1 and rejections of 87 ± 3 and 98 ± 1% for safranine and brilliant blue

R250, respectively. The dense layer of this type of handmade membrane created using

CIPS has variable behavior because it has an insu�cient number of defects (pores)

to achieve high fluxes in liquid applications, yet it has enough defects to limit gas

applications, unless an additional treatment is performed to plug the defects. Fine-

tuning the preparation conditions can optimize the performance of such membranes.

For example, the addition of 10 wt % polyethylene glycol 400, a water-soluble (pore

former) molecule,67,68 to the casting solution caused a 90-fold increase in the water

permeance of PTU membranes with a copper-rich dense layer, from 0.010 ± 0.002

to 0.9 ± 0.2 Lm�2 h�1 bar�1 . Aforesaid membranes retained a high brilliant blue
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R250 rejection (99%) of the unmodified membranes but lost some of the rejection for

safranine (80 ± 1%). Further investigations in this direction, those to increase the

number of defects (pores) or to completely eliminate them, are necessary to develop

the ideal membrane for a particular application.

4.8 Conclusions

In this Chapter we have validated the CIPS process for two polymers, one with

thiourea units and another with thiosemicarbazide units as the active functional

groups for coordinating to metal ions. However, in principle the process shown here

should be general and could be extended to other polymers containing functional

groups able to form stable complexes with metal ions. Extension of the process to

other materials should be done by carefully selecting the process conditions to pro-

mote a strong and fast complexation reaction. An easy approach to test a set of

conditions (i.e., polymer, solvent, metal salt, metal salt concentration, and immer-

sion time) and optimize them is presented in Appendix A.2.8. Initial screening from

our part identified as promising candidates for the CIPS process polymers containing

azole functional units either in the polymers backbone or in its branches. The next

three chapters will introduce the use of CIPS with di↵erent azole-containing polymers

and di↵erent metals to produce highly active catalytic membranes, e�cient antifoul-

ing ultrafiltration membranes, and palladium-rich hollow fibers for H2 recovery.

This Chapter illustrates a new method to prepare composite membranes using

CIPS, which uses macromolecule–metal intermolecular complexes to form the dense

layer of asymmetric membranes and nonsolvent-induced phase separation to form the

porous support. Because the dense layer and the porous support are formed inde-

pendently, while maintaining the simplicity of a phase-inversion process, the result is

unprecedented control over the final structure of the membrane. Furthermore, CIPS
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allows for metal ions to be concentrated in only the dense layer and with the desired

loading. The thickness and morphology of the dense layer as well as the porosity

of the support can be closely controlled by manipulating simple parameters of the

process. This facile method opens up fascinating possibilities for the fabrication of

metal-rich polymeric membranes with di↵erent properties.
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Chapter 5

CIPS for the Fabrication of Catalytic Membranes

Abstract

Catalytically active asymmetric

membranes have been developed

with high loadings of palladium

nanoparticles located solely in

the membrane’s ultrathin skin

layer. The manufacturing of

these membranes was possible

thanks to the CIPS method.

The main requirement for using

this method is to work with polymers containing metal-complexing functional groups,

which can form insoluble complexes with palladium ions. Three polymers have been

synthesized for this purpose and a complexation/nonsolvent induced phase separation

followed by a palladium reduction step is carried out to prepare catalytic membranes.

Parameters to optimize the skin layer thickness and porosity, the palladium loading

in this layer, and the palladium nanoparticles size are determined. The catalytic

activity of the membranes is verified with the reduction of a nitro-compound and

with a liquid phase Suzuki–Miyaura coupling reaction. Very low reaction times are

observed.
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This Chapter was published as:

Villalobos, L. F., Xie, Y., Nunes, S. P., and Peinemann, K.-V., Polymer and Mem-

brane Design for Low Temperature Catalytic Reactions, Macromolecular Rapid Com-

munications, 2016, (37), 700-704.†

5.1 Introduction

Embedding a catalyst in a membrane’s matrix has proven to be advantageous.69 The

catalyst recovery step is avoided, di↵usion limitations could be reduced,70 and se-

lective removal of products could shift the chemical equilibrium of the reaction or

avoid unwanted side reactions. Such membranes, referred to as catalytic membranes

(CMs), are an elegant approach to intensify a process. They couple separation and

reaction in a single step, with potential energy savings and a lower environmental

impact. Methods to fabricate CMs have to be in line with such advantages to be

considered as realistic options. They need to be as simple and green as possible, and

they should achieve an e�cient use of the frequently expensive catalyst. The catalyst

should be concentrated in large quantities, well distributed and avoiding or minimiz-

ing its agglomeration. Moreover, its presence in areas of the membrane where contact

with the reactants is not favored should be avoided. This is particularly important

for asymmetric membranes because they have a high degree of pore heterogeneity in

which the fluid travels through the least resistance paths available and catalysts not

located somewhere along these paths will not contribute much to the overall activity

of the CM. In such cases a more e�cient use of the catalyst is achieved by concentrat-

ing it in the top active layer where the pore structure, if any, is more homogeneous.

Although a number of methods have been developed for producing CMs,22,24,71–73 it

†Reproduced with permission from Villalobos, L. F., Xie, Y., Nunes, S. P., and Peinemann, K.-
V., Polymer and Membrane Design for Low Temperature Catalytic Reactions Macromolecular Rapid

Communications, 2016, (37), 700-704. Copyright © 2016 John Wiley & Sons, Inc.
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still remains challenging to concentrate the catalyst in only the top active layer of the

membrane. A common approach is to mix the catalyst with a polymeric solution to

be coated on top of a support membrane.74 Although the process seems simple and

straightforward, it is di�cult to find a polymer that has a good binding with both the

catalyst and the porous support. Moreover the catalyst has to be dispersed in a poly-

meric solution by physical means, which limits the agglomerate-free region to very

low catalyst concentrations. Emin et al. successfully loaded palladium nanoparticles

in the top layer of commercially available polyethersulfone hollow fiber membranes

by a photografting polymerization and intermatrix synthesis technique.75 Catalytic

activity was demonstrated by the reduction of 4-nitrophenol (4-NP) to 4-aminophenol

(4-AP) in filtration mode. A similar technique was used by Gu et al. to incorporate

inside a commercial polyethersulfone membrane an imidazolium-based ionic liquid as

the stabilizing and immobilizing agent for a palladium catalyst.76 The resulting mem-

brane had most of the catalyst distributed near the surface. A remarkable catalytic

performance on the C–C cross-coupling in a flow-through configuration is achieved by

these CMs. However, scale-up might be a challenge considering the numerous steps

of the fabrication process. The process outlined in this work is simpler, but one has

to take into consideration that specific polymers with metal complexing functional

groups are required.

5.2 Advantages of Using CIPS in the Fabrication of CMs

Recently, our group reported a facile phase inversion method for forming asym-

metric membranes with a precise high metal ion loading capacity in only the top

layer. The method, referred as complexation-induced phase separation (CIPS), uses

macromolecule–metal intermolecular complexes to form the dense layer of asymmetric

membranes and nonsolvent-induced phase separation to form the porous support.77
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The CIPS process uses polymers with functional groups able to interact strongly with

metal ions and assures a uniform distribution of such ions in only the top layer re-

sulting in an ideal environment for growing and stabilizing metal nanoparticles. The

homogeneous distribution of precursors promotes small nanoparticle size and nar-

row size distribution; the polymer chains help to stabilize them. Furthermore the

nanoparticles will be located only where the precursors are, in the top active layer of

the membrane.

5.3 Fabrication of CMs with the CIPS Process and Their Performance

in Low Temperature Catalytic Reactions

The growth of palladium nanoparticles (PdNPs) inside membranes prepared via CIPS

is achieved by a simple reduction step with sodium borohydride (NaBH4). The

nanoparticle loading and distribution could be easily controlled, along with the mor-

phology of the membrane’s nanoparticle rich active layer. The process achieves an

e�cient use of the catalyst constituents and the resulting membranes exhibit a high

catalytic activity. We chose palladium because it is one of the most e�cient metals

in catalysis,78 however the process presented here can be extended to other metals

as well. We envision the use of this process for the fabrication of di↵erent CMs, each

one with a targeted morphology and metal catalyst type for a certain application.

Kinetically hindered reactions would benefit from a dense active top layer, where

the reactants di↵use slowly and have more chance to interact with the catalyst; fast

reactions benefit from a more open nanoparticle-rich top layer that minimizes mass

transfer limitations. Previously, our group reported the use of CIPS for the formation

of metal-rich dense layers by using polymers with sulfur-containing ligands in their

backbones like polythiosemicarbazide (PTSC) or polythiourea (PTU).77 Such ligands

interact strongly with transition metal ions promoting the formation of a dense layer
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in the second step. Here, we report the use of CIPS for the preparation of not only

dense metal-rich layers but porous ones as well. Using a polymer with (i) the complex

forming groups in its side chains instead of in the backbone, and (ii) functional groups

that do not interact so strongly with the metal ions, produced a porous metal-rich

layer in the second step.

To obtain such polymer, we modified polysulfone (PSU) with a click reaction

to graft 1,2,3-triazole ring substituents containing OH groups.79 The 1,2,3-triazolyl

ligands can e↵ectively coordinate to Pd ions80,81 and the OH groups will help to

enhance the water flux and reduce fouling due to an increase in the hydrophilicity of

the polymer. Structures of the modified PSU bearing 1,2,3-triazole groups (PSU-TrN)

along with the rest of polymers used in this Chapter are depicted in Figure 5.1.
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Figure 5.1: Structures of the polymers used in this Chapter.

All the membranes presented in this Chapter were fabricated using complexation-

induced phase separation (CIPS) technique plus an additional reduction step to form

the nanoparticles. The overall process consisted in casting a thin film of polymer

solution over a non-woven polyester support followed by immersion of it in three

consecutive baths (Figure 5.2). The first bath forms a solid layer of polymer chains
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that are crosslinked by metal ions. The second bath forms a metal-free porous support

beneath the metal-rich layer by nonsolvent induced phase separation. And finally the

third bath reduces the metal ions to nanoparticles. The third bath consisted of a 0.05

M NaBH4 aqueous solution for all the cases presented in this work. The volume was

always su�ciently large to easily cover the film. NaBH4 baths were prepared minutes

before the experiment and were used up to three times before replacing them. The

time spent in this last bath was 2 minutes for all the membranes presented in this

work.

air water
Pd(OAc)2

in solvent A

polymer + solvent A polymer + solvent A

a) b) c) d)

solid polymer
palladium ion
palladium nanoparticle

NaBH4 in water

Figure 5.2: Fabrication process for catalytic membranes containing PdNPs: a)Casting
of polymer solution and b-d) immersion in three consecutive baths.

The choice of polymer, metal salt, and experimental conditions for the second

step of the process, immersion of the polymer solution film in a solvent containing

metal ions, determines the final morphology of the membrane, metal ion loading, and

thickness of metal-rich top layer. Using PTSC and PTU as the starting materials and

5 s inside a 5 x 10�3 M Pd(OAc)2 in DMSO solution as the experimental conditions

for the second step produced dense palladium-rich top layers for both of the polymers

(Figure 5.3a,c). After immersing them in a 0.05 M NaBH4 solution for 2 min, the
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palladium ions were reduced to nanoparticles, generating a top layer fully loaded with

PdNPs as can be observed in Figure 5.3b,d. The thickness of the layers was 65 nm

for PTSC and 80 nm for PTU, and the average nanoparticle diameter was 2.7 nm (s

= 0.7 nm) and 3.1 nm (s = 0.9 nm) respectively. A model pollutant, 4-nitrophenol

(listed on the US Environmental Protection Agency’s Priority Pollutants List), was

used to characterize the activity of our membranes. The reduction of 4-nitrophenol

to 4-aminophenol in the presence of NaBH4 does not occur in the absence of the

nanoparticles, it occurs at room temperature, in aqueous systems, and can be easily

monitored by UV-vis.82 The conversion can be determined from the reduction of the

UV-vis absorbance at 400 nm, which corresponds to the absorbance maximum of the

4-nitrophenolate ion.

2 μm

2 μm

50 nm

50 nm

a) b)

c) d)

Figure 5.3: Cross-section SEM images of a) PTSC/PdNPs and c) PTU/PdNPS mem-
branes. TEM images of the nanoparticle-rich top layer of b) PTSC/PdNPs and d)
PTU/PdNPS membranes.



71

PTSC/PdNPs and PTU/PdNPs membranes can catalyze > 99.9% reduction of 4-

NP to 4-AP in a permeation setup with one pass at water fluxes of 0.75 and 0.9 Lm�2

h�1, respectively (driving force of 5 bar). The hydrophobicity of these polymers and

the presence of a very dense layer compromise the throughput in aqueous systems.

To overcome this, we used PSU-TrN as the starting material instead. PSU-TrN is

more hydrophilic and allows fabrication of porous palladium-rich layers via CIPS.

Choice of the right conditions (palladium concentration and immersion time) for

the first bath of the CIPS process is essential to achieve the desired membrane struc-

ture. Lower palladium concentrations and shorter immersion times yield more open

(porous) and thinner PSU-TrN palladium-rich top layers. However, too low concen-

trations fail to form the layer at all.

We identified 36 x 10�3 M as the lower concentration of palladium acetate

(Pd(OAc)2) required for CIPS to work with PSU-TrN when using DMAc for both:

Dissolving the palladium salt and preparing a 20 wt% polymer solution. Three mem-

branes were made using 36 x 10�3 M Pd(OAc)2 and di↵erent immersion times: 1, 5,

and 30 s. One more was made using a 100 x 10�3 M Pd(OAc)2 solution and 30 s

of immersion time. For all of them water was used as the nonsolvent in the second

bath to form the porous support. For the last step a 0.05 M NaBH4 bath to reduce

the Pd2+ ions to PdNPs was used for two minutes. Changing the concentration of

the palladium salt and the immersion time strongly influenced the characteristics of

the final catalytic membrane. The porosity decreased with increasing immersion time

and Pd(OAc)2 concentration (Figure 5.4).
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Immersion time, and Pd(OAc)2 concentration

Porosity

Permance

PdNPs Loading

Thickness of active nanoparticle-rich top layer

b)a) c) d) e)

Figure 5.4: E↵ect of first bath Pd(OAc)2 concentration and immersion time on PSU-
TrN/PdNPs membranes surface morphology, permeance, and nanoparticle loading
and distribution. a) SEM of a blank PSU-TrN membrane precipitated directly in
water avoiding the first bath. SEM images of PSU-TrN/PdNPs membranes prepared
using a Pd(OAc)2 concentration and immersion time of a) 36 x 10�3 M and 1 s, b)
36 x 10�3 M and 5 s, c) 36 x 10�3 M and 30 s, and d) 100 x 10�3 M and 30 s.

The permeance follows the expected trend and decreases from 142 Lm�2 h�1 bar�1

for the most porous membrane to 6 Lm�2 h�1 bar�1 for the denser one. The color

changed as well, from light brown to dark brown, almost black color. Darker tones are

an indication of a higher loading of PdNPs. The area-normalized palladium content

increased from 0.032 to 0.143 mg cm�2 (inductively coupled plasma optical emission

spectroscopy (ICP-OES) analysis of digested membranes) throughout the presented

series of membranes. The thickness of the active nanoparticle loaded top layer also
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increased through the presented series from 1 µm to more than 2 µm (Figure 5.5c and

Figure 5.6f). All of these membranes were able to catalyze > 99.9% reduction of 4-NP

to 4-AP in a flow-through configuration. However the most promising candidate, the

one o↵ering a higher potential throughput (higher flux) with a more e�cient use of

the expensive precursors, is the membrane prepared with an immersion time of 1 s

in a 36 x 10�3 M Pd(OAC)2 solution. This membrane, referred as PSU-TrN/PdNPs

(1, 36), was further characterized in more detail.

200 nm 2 μm

500 nm

surface

20 nm

a) b)

c) d)

Figure 5.5: SEM and TEM images of PSU-TrN/PdNPs (1, 36). a) SEM image of the
membrane’s surface, b) cross-section SEM image, c) cross-section TEM image of the
top active layer after background subtraction to show only the PdNP, d) cross-section
TEM image
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a) b)

c) d)

e) f)

100 nm 100 nm

Figure 5.6: TEM images of membranes cross-sections near the surface showing the
location and distribution of PdNPs: a) PTSC/PdNPs; b) PTU/PdNPs; c) PSU-
TrN/PdNPs(1,36); e) PSU-TrN/PdNPs(30,100). Figures d) and f) are TEM images
after background subtraction to visualize only the PdNPs. They correspond to PSU-
TrN/PdNPs(1,36) and PSU-TrN/PdNPs(30,100) respectively.
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5.4 Comprehensive Characterization of PSU-TrN/PdNPs (1,36) CM

5.4.1 Pore size and porosity

The PSU-TrN/PdNPs (1, 36) membrane has an average pore size of 44.5 nm measured

by gas–liquid displacement capillary flow porometer (Figure 5.7a). Pores of such

size range are correspondingly observed in high magnification SEM images of the

membrane’s surface (Figure 5.5a). Analyzing eight of surface SEM images like the

ones shown in Figure 5.7b with the ImageJ software approximates the porosity of the

top nanoparticle loaded layer to 17%.
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Figure 5.7: a) PSU-TrN/PdNPs(1,36) pore-diameter distribution; b)SEM images of
PSU-TrN/PdNPs(1,36) surface

5.4.2 PdNPs size and size distribution

The average diameter of the palladium nanoparticles inside this top layer was 3.2 nm

(s = 1 nm) as determined from analyzing three TEM images from di↵erent sections of

the layer. The nanoparticle size distribution was narrow (Figure 5.8a), and no signs of

agglomerations were observed (Figure 5.5d and Figure 5.8b). To further confirm that

the nanoparticles were located in only the top part of the membrane, the amount
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of palladium in the surface was measured by XPS (15 wt%) and compared with

the amount measured by digesting the entire membrane and using ICP-OES (0.032

mg cm�2). The di↵erence was less than 5%. To make the comparison possible, we

determined the weight of top layer per area of membrane by isolating the top layer of

a defined area and measuring its weight. Isolation of the top layer is feasible because

the palladium-rich top layer of the membranes is not soluble in DMAc whereas the

support dissolves.
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Figure 5.8: a) Size distribution of PdNPs inside PSU-TrN/PdNPs(1,36) top layer; b)
Cross-section TEM images of PSU-TrN/PdNPs(1,36) membrane dense layer

5.4.3 Catalytic activity

Batch mode

The catalytic membrane, PSU-TrN/PdNPs(1,36), was immersed in 10 ml of a freshly

prepared solution of 0.4 mM 4-NP and 20 mM NaBH4, under constant stirring and

at room temperature. Samples of 2 µl (one drop) were taken at di↵erent times and

analyzed in a NanoDrop 2000c UV–vis spectrophotometer for absorption in the 200–

800 nm range. The volume taken for each measurement was negligible compared to
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the total volume of the reactor. When an excess concentration of sodium borohydride

is used, the reduction reaction behaves as a pseudo-first order reaction:

�dC
t

dt
= k

app

C
t

where C
t

(mol L�1) is the concentration of 4-nitrophenol at time t (s) and k
app

(s�1)

is the apparent rate constant of the reaction. The fit of the experimental data to the

pseudo-first order model (Figure 5.9) is excellent and yields a first order apparent

rate constant (k
app

) of 8.4 x 10�4 s�1 for PSUTrN/PdNPs(1,36).
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Figure 5.9: Plot of ln(C
t

/C0) vs. time for the reaction of 4-NP with NaBH4 in the
presence of PSU-TrN/PdNPs(1,36) in a batch mode. Initial conditions: [4-NP] = 0.4
x 10�3 M, [NaBH4] = 20 x 10�3 M.

Flow through filtration mode

The catalytic membrane to be tested (2.54 cm of diameter) was fixed in a permeation

cell and 10 ml of a freshly prepared solution of 0.4 mM 4-NP and 20 mM NaBH4 were

permeated through it at a certain flux. By changing the applied pressure we could

control the flux rate. Higher pressures lead to higher fluxes and shorter residence

times. For each residence time (⌧) tested we determined the concentration of 4-NP



78

in the permeate (C
⌧

) by UV-vis. The conversion related to each residence time can

be calculated with the following equation:

Conversion(%) = (1� C
⌧

C0
)x100

where C0 is the concentration of 4-NP in the feed. Furthermore, the membrane can

be modeled by treating the catalytic active top layer as a plug flow reactor. The

following equation describes first-order kinetics for a solution flowing through the

catalytic active layer of PSU-TrN/PdNPs(1,36):

�dC
x

dx
=

k
app

C
x

⌫

where C
x

is the concentration of 4-NP at a distance x into the catalytic active top

layer of the membrane, k
app

(s�1) is the apparent rate constant, and ⌫ is the linear

velocity of the solution inside the nanoparticle-rich top layer. Integration of this

equation across the length l of the membranes active layer yields:

C1 = C0exp(
�k

app

l

⌫
) = C0exp(�k

app

⌧)

where C0 and Cl are the concentrations of 4-NP entering and exiting the membrane

respectively, and ⌧ is the residence time. Assuming that all the nanoparticles are

concentrated in the first micrometer (refer to Figure 5.6c and 5.6d) yields an apparent

rate constant (k
app

) of 944 s�1. A more conservative assumption, active layer of 2.2

µm, yields a kapp of 429 s�1.

The catalytic membrane PSU-TrN/PdNPs (1, 36) is a good candidate for water

depollution. It can combine two processes in one step: (i) Rejection of large particles,

and (ii) reduction of small pollutants. It achieves rejections of more than 90% for

solutes with a Stokes diameter of 51 nm (poly(ethylene oxide) PEO600k) and 34 nm
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(PEO300k) while only 10% for a solute with a Stokes diameter of 18 nm (PEO100k).

Additionally, this CM shows remarkable conversions of 4-NP to 4-AP at high fluxes.

Permeating a solution containing 0.4 x 10�3 M 4-NP and 20 x 10�3 M NaBH4 through

PSU-TrN/PdNPs (1, 36) at a rate of 72 Lm�2 h�1 (residence time of 8.5 ms) resulted

in a reduction of 4-NP greater than 99%. Doubling the flux (residence time of 4.2

ms) still converts more than 97% of the 4-NP.
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Figure 5.10: a) Plot of ln(C
t

/C0) vs. residence time for the reaction of 4-NP with
NaBH4 using PSU-TrN/PdNPs(1,36) in a filtration mode; b) plot of 4-NP conversion
percentage vs. flow rate for PSU-TrN/PdNPs(1,36) in a filtration mode. The curves
represent a first-order reaction model with a rate constant (k

app

) of 944 s�1. Feed
conditions: [4-NP] = 0.4 x 10�3 M, [NaBH4] = 20 x 10�3 M. Active nanoparticle rich
thickness of 1 µm used for the calculation.

The excellent results in the reduction of 4-NP motivated further testing PSU-

TrN/PdNPs (1, 36) with other systems. Interestingly, it was also possible to catalyze

the liquid-phase Suzuki coupling reaction. The reaction was carried out at 70 �C with

a 1:1 (vol/vol) water:ethanol mixture as the solvent, and NaOH as the base. The batch

reaction was done by immersing 5 cm2 of catalytic membrane (0.16 mg of PdNPs) in

50 ml of a solution containing iodobenzene (510 mg, 2.5 mmol), phenylboronic acid

(366 mg, 3 mmol), and sodium hydroxide (400 mg, 2.6 mmol). Samples of 1 ml were
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taken from the reaction mixture every certain time, diluted with 9 ml of methanol and

analyzed in a GC (DB-1 column (30 m x 0.25 mm x 0.25 µm) and a 7890A GC-FID

System from Agilent). The membrane achieved conversions of 90%-95% in only 3 h

for two consecutive runs (Figure 5.11). Even though the membrane swelled due to

the presence of ethanol and operation at an elevated temperature, no leaching of the

nanoparticles into the solution was detected. The palladium content in solution after

both Suzuki cross-coupling runs was measured using ICP-OES. The concentration of

palladium was below the detection limit of the equipment for both cases.

The swelling along with the fact that biphenyl, the product of the reaction, pre-

cipitates in the solvent mixture made it impossible to test the performance of the

membrane in a flow through filtration mode. More research is necessary to make

temperature and solvent resistant CM to tackle challenging systems. Chapter 9.2.2

presents initial findings in this direction proposing the use of a thermally stable poly-

mer compatible with CIPS and the introduction of an additional crosslinking step to

increase the temperature and solvent stability of the CM.
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Figure 5.11: Plot of conversion vs. time for the cross-coupling of iodobenzene and
phenylboronic acid using PSUTrN/PdNPs(1,36) membrane as the catalyst in a batch
mode. The red markers correspond to the first run and the blue ones to the second.
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5.5 Conclusions

This Chapter illustrates a facile approach, compatible with current industrial mem-

brane manufacturing processes, to concentrate a large amount of metal nanoparticles

in only the top layer of a catalytic membrane. An e�cient use of expensive metals

and the possibility to tailor design catalytic membranes make this strategy very pow-

erful. As an experimental proof of concept several membranes containing palladium

nanoparticles were fabricated using this novel approach. Tuning the conditions of

the first bath allowed control over (i) the thickness of the nanoparticle-rich top layer,

(ii) the morphology of such layer, and (iii) the loading of the nanoparticles. The

catalytic activity of the as-prepared membranes was verified with the reduction of

4-nitrophenol, a model pollutant, and with a liquid phase Suzuki coupling reaction.

This strategy may be extended to other metals and polymers in order to tackle the

demands of di↵erent reaction systems.
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Chapter 6

CIPS for the Fabrication of Biofouling Resistant Membranes

Abstract

AgCl crystal

Ag+ ion

bacteria
5 μm

Scalable fabrication strategies

to concentrate biocidal materi-

als in only the surface of mem-

branes are highly desirable. In

this Chapter, tight-UF polytria-

zole membranes with a high con-

centration of biocide silver chlo-

ride (AgCl) crystals dispersed in

only their top layer are presented. They were made following a simple dual-bath pro-

cess that is compatible with current commercial membrane casting facilities. The

top selective layer is formed and loaded with silver ions in the first bath. The sec-

ond bath converts the silver ions to AgCl crystals and precipitates a porous silver-free

support beneath the selective layer. These membranes can achieve a 150-fold increase

in their antimicrobial character compared to their silver-free counterpart. Moreover,

fine-tuning of their properties is straightforward. A change in the silver concentra-

tion in one of the baths is su�cient to tune the permeance, molecular weight cut-o↵

(MWCO) and silver loading of the final membrane.
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This Chapter was published as:

Villalobos, L. F., Chisca, S., Cheng, H., Hong, P.-Y., Nunes, S., and Peinemann, K.-

V., In situ growth of biocidal AgCl crystals in the top layer of asymmetric polytriazole

membranes, RSC Advances, 2016, (6), 46696-46701.†

6.1 Introduction

Ultrafiltration (UF) is a promising technology for producing safe water in developing

countries. It can disinfect water and remove its turbidity at relatively low pressures.

UF systems have been successfully used in short-term humanitarian and emergency

disaster relief missions. However, its wider implementation faces several challenges.83

The principal obstacle is membrane fouling,84,85 and among all the fouling types,

biofouling—the “Achilles heel” of membrane processes—is the most challenging one

to control.86 Only a small number of microorganisms that manage to survive the pre-

treatment processes are enough to foul a membrane. They will feed on biodegradable

substances present in the water, multiply and colonize the surface of the membrane in

the form of a biofilm. This additional layer produces an extra resistance to mass trans-

fer that causes a substantial increase in operational and maintenance costs.87 E↵ective

and e�cient methods to control and minimize biofouling are needed. A well-known

and powerful strategy to reduce membrane biofouling is the incorporation of bioci-

dal nano- and micromaterials such as metal/metal oxide nanoparticles (e.g., TiO2

nanoparticles,88 ZnO nanoparticles,89 copper nanoparticles,90 and silver nanoparti-

cles,91–100) and carbon-based materials (e.g., graphene oxide nanosheets,101–103 and

†Reproduced from Villalobos, L. F., Chisca, S., Cheng, H., Hong, P.-Y., Nunes, S., and Peine-
mann, K.-V., In situ growth of biocidal AgCl crystals in the top layer of asymmetric polytriazole
membranes, RSC Advances, 2016, (6), 46696-46701 with permission from The Royal Society of
Chemistry.
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carbon nanotubes104) into the membrane. The most common and straightforward

approach for making such loaded membranes is to disperse the desired material in

the membrane casting dope solution.105,106 This strategy o↵ers poor control over the

location of the material—it ends up distributed all over the membrane. Biocide mate-

rials located far away from the surface will not contribute to the overall antimicrobial

character of the membrane, because biofouling formation is a phenomenon that occurs

on the surface of the membrane. Development of fabrication strategies to concentrate

high amounts of well-dispersed biocidal materials near the surface of the membranes

are highly desired. With this in mind, several methods that allow concentration of

biocidal materials on or near the surface have been developed.107 While most of them

succeed in achieving an e�cient control of biofouling, they often relay on multistep

modifications to already fabricated membranes. This limits the scalability. Kim et al.

reported an approach able to concentrate biocide silver containing polymers on the

surface of membranes while maintaining the fabrication simplicity of a phase inversion

process.108 Silver incorporated surface modifying macromolecules (SMMs) designed

to concentrate at the air interface were added to the membrane casting dope solu-

tion. During fabrication of the membranes by nonsolvent induced phase separation

(NIPS), SMMs migrated to the surface enhancing the resulting membrane antibac-

terial character. With the fabrication conditions reported by the authors, the silver

concentration in the surface was at most 3.4 times higher than in the middle of the

membrane. Further improvements to reduce the amount of biocide SMMs in the bulk

of the membranes would be of great interest.

We describe a simple process that for the first time incorporates a biocide material

in only the top layer of a membrane during the phase inversion process. We synthe-

sized a polytriazole (PTA) containing 1,2,4-triazole groups in its backbone (Figure

6.1, synthesis procedure available in Appendix A.3). Triazole is capable of forming
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complexes with several metal ions and has showed great coordination diversity.109,110

The metal-complexing ability of the synthesized polymer, PTA, allowed us to fabricate

membranes via a precipitation process published recently by our group: complexation-

induced phase separation (CIPS).77,111 CIPS uses macromolecule-metal intermolec-

ular complexes (coordination-based crosslinks), which precipitate at the surface of

a polymer solution film as a thin solid layer made of polymer chains crosslinked by

metal ions. Using Ag+ ions to precipitate the top layer and tap water (that contains

Cl� ions) to precipitate the porous support made possible the direct fabrication of

polytriazole membranes with a high concentration of AgCl crystals in only their top

layer. The membranes are ready to use and loaded with AgCl crystals after a sim-

ple casting and dual-bath precipitation process. In the first bath the selective top

layer is precipitated and loaded with Ag+ ions, and in the second bath a support is

formed beneath it, and Ag+ ions react with Cl�ions to precipitate AgCl crystals. High

flux (permeances from 3.4 to 24.4 Lm�2 h�1 bar�1 ), tight-UF polytriazole membranes

(MWCO of 1400-2600 Da) with a high concentration of biocide silver chloride crystals

dispersed in only their top layer are presented. The low dissolution of these crystals

slowly releases Ag+ ions—potent antibacterial agents.112 The membranes containing

AgCl crystals showed a great enhancement in the antimicrobial activity compared to

silver-free polytriazole membranes.

CF3

CF3

OH

N

N N

Figure 6.1: Structure of polytriazole (PTA).
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6.2 PTA/Ag Membranes Fabrication Process

The membranes were prepared by casting a 200 µm film of a polymer solution (20

wt% polytriazole in dimethylacetamide (DMAc)) on a non-woven polyester support

and immersing it in two consecutive baths. The first bath consisted of 100-500 mM

AgNO3 dissolved in DMAc; all membranes were immersed 5 seconds in this bath.

The second bath consisted of either tap water or Milli-Q water; all membranes were

immersed for at least 12 hours in this bath. All membranes were coded in the following

way: PTA/Ag(“AgNO3 concentration in first bath”, “type of water used in the second

bath”). For example, a membrane labeled PTA/Ag(100, tap) refers to a membrane

prepared by immersing the polymer solution film for 5 seconds in a 100 mM AgNO3

bath and then soaking it for at least 12 hours in tap water.

The dense active layer of the membrane is formed in the first bath at the interface

of the polymer solution film and the silver-containing DMAc bath. Such dense layer

precipitates when su�cient PTA chains are crosslinked by the Ag+ ions present in

the DMAc bath. The crosslinking reaction is very fast, the silver-rich layer is formed

in less than one second. Once formed, it acts as a barrier delaying further di↵usion

of Ag+ ions into the bulk of the polymer solution film. Short immersion times, in the

order of seconds, guarantee the distribution of silver ions in only the top layer of the

membrane. The intermediate product obtained after the first bath is a thin dense

silver-rich solid layer floating over the viscous silver-free polymer solution. Careful

transition of this intermediary to the second bath, where the porous support is formed,

finalizes the fabrication of the membrane. In the second bath, the nonsolvent bath,

a phase inversion process forms the porous support. Figure 6.2 depicts the evolution

of the membrane structure throughout the di↵erent fabrication steps.
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air

AgNO
3

in DMAc

PTA + DMAc PTA + DMAc

a) b) c)

silver ionsolid polymer AgCl crystal

MilliQ Water

Tap Water

Figure 6.2: Schematic diagram of the membrane fabrication process (top) and the
evolution of the membrane structure in each step (bottom). (a) Casting of polymer
solution film. (b) Immersion in a bath of AgNO3 in DMAc. (c) Immersion in either
a Milli-Q water bath or a tap water bath.

6.3 Characterization Methodology for PTA/Ag Membranes

Fabricated PTA/Ag membranes were thoroughly characterized. The morphology

of the surface and cross-section, distribution of AgCl crystals on its surface, and

the presence of bacteria on the surface of the membranes were examined via SEM.

Presence and distribution of AgCl crystals in the top layer were verified by TEM. The

total silver content of the samples was measured by measuring the solution obtained

from digesting the samples in nitric acid in an ICP-OES. The silver content in its top

layer was analyzed via XPS. The presence of AgCl crystals was verified by obtaining

the X-ray di↵raction (XRD) patterns of the membrane’s surface. The static leaching

of silver was determined by measuring the concentration of silver (ICP-OES) in 20 mL

of Milli-Q water after 5.07 cm2 of a membrane were immersed in it and remained there

for 30 days. The dynamic leaching was determined right after the static leaching test
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by permeating Milli-Q water through the membrane and measuring the concentration

of silver in the permeate (ICP-OES) at di↵erent permeate volumes. The MWCO of

the membranes was determined from PEO rejection experiments of di↵erent molecular

weights. The antimicrobial character of the membranes was evaluated by immersing

them in a culture of Pseudomonas aeruginosa PAO1, incubate it for one day, and

analyzing the bacterias suspended in the solution and attached to the membranes.

Details on the characterization methods used are available in Appendix A.2.9.

6.4 E↵ect of First Bath’s AgNO3 Concentration in the Permeance,

MWCO, and Silver Loading of the Resulting Membranes

The top selective layer of the membranes is formed by crosslinking via formation of in-

termolecular complexes with silver ions. A higher concentration of Ag+ ions produces

thicker selective layers with a higher loading of silver. Thicker selective layers result

in membranes with a lower permeance and a lower MWCO. Hence, the permeance

and MWCO of the membranes can be tuned—within a certain range—for a desired

application by changing this parameter. Figure 6.3 summarize the characteristics of

membranes prepared by using three di↵erent concentrations of AgNO3 in the first

bath. Tap water was used in the second bath for membranes presented in Figure 6.3a

and Milli-Q water for membranes presented in Figure 6.3b. A promising candidate

for production of safe water is PTA/Ag(100, tap), a membrane prepared by using 100

mM AgNO3 in the first bath and tap water in the second bath. It presented a high

permeance (24.4 Lm�2 h�1 bar�1 ), a MWCO (2600 Da) low enough to reject viruses

and bacteria and a large reservoir of silver (28 µg cm�2) in the form of AgCl crystals

that can mitigate the formation of a biofilm.
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AgNO3 concentration in first bath (mM)

MWCO (Da)

Permeance (Lm-2h-1bar-1)

Dense layer thickness (μm)

Silver loading (μg/cm2)

5 μm 5 μm 5 μm

PTA/Ag(100,tap) PTA/Ag(300,tap) PTA/Ag(500,tap) 

2600 2000 1400

24.4 5.5 3.4

4.2 5.6 9.4

28 45 66

100 300 500

5 μm 5 μm 5 μm

AgNO3 concentration in first bath (mM)

MWCO (Da)

Permeance (Lm-2h-1bar-1)

Dense layer thickness (μm)

Silver loading (μg/cm2)

PTA/Ag(100,MilliQ) PTA/Ag(300,MilliQ) PTA/Ag(500,MilliQ) 

1400 1200 1000

7.3 3.4 2.5

5.1 7.5 10

100 300 500

Silver leaches out on contact with Milli-Q water

a)

b)

Figure 6.3: Characteristics and performance of PTA/Ag membranes made using
AgNO3 in DMAc for the first bath and either a) tap water or b) Milli-Q water for
the second bath.
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6.5 Silver Ions, Crystals or Nanoparticles in the Membrane’s Selective

Layer

After several experiments using Milli-Q water for the second precipitation bath, it was

evident that the polytriazole-silver complexes are not stable in water. No reproducible

loading of silver could be obtained, and the silver content decreased rapidly with

the amount of time the membranes spent inside the Milli-Q water bath. To avoid

the uncontrolled leaching of the silver ions we used tap water instead of Milli-Q

water for the second precipitation bath. The Cl�ions (63.5 mg L�1) in the tap water

readily formed complexes with the Ag+ ions and precipitated AgCl crystals in only

the top layer of the membrane. Such crystals are stabilized by the polytriazole chains,

and become a reservoir of biocidal silver ions to control biofouling during membrane

operation. Membranes without the AgCl crystals (Figure 6.3b) presented a lower

permeance and MWCO than their AgCl-containing counterparts (Figure 6.3a). We

postulate that the growth of AgCl crystals inside the selective layer produces extra

spaces for the molecules to travel, enhancing the flux and shifting the MWCO to

a higher value. SEM and TEM images (Figure 6.4) verified the presence of AgCl

crystals in only the surface and top layer of the membranes. When Milli-Q water

was used no crystals could be observed in either SEM or TEM. X-ray di↵raction

patterns of the surface of a membrane prepared using tap water (Figure 6.5) further

corroborated the presence of AgCl crystals. Moreover, XPS analysis on the surface

of PTA/Ag(100, tap), and PTA/Ag(500, tap) showed in each case the same atomic

wt% of Cl and Ag suggesting that the silver in the membranes is predominantly in

the form of AgCl crystals (Figure 6.6).
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20 μm 500 nm

a) b) c)

d) e) f)

20 μm

AgCl crystal

500 nm

AgCl crystal

3 μm

AgCl crystal

3 μm

AgCl crystal

Figure 6.4: Surface SEM image (a) and cross-section TEM image (b) of PTA/Ag(100,
Milli-Q). Surface SEM image (c) and three cross-section TEM images at di↵erent mag-
nifications (d,e,f) of PTA/Ag(100, tap). PTA/Ag(100, Milli-Q) and PTA/Ag(100,
tap) were prepared with a 100 mM concentration of AgNO3 in the first bath and
Milli-Q water and tap water respectively in the second bath. AgCl crystals are only
present when tap water is used.
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Figure 6.5: a) X-ray di↵raction pattern of: a) Ag0 (JCPDS 65-2871), b) AgCl (JCPDS
31-1238), c) surface of PTA/Ag(100,Milli-Q), d) surface of PTA/Ag(100,tap).
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a) b)

c) d)

Figure 6.6: XPS spectra of the surface of: a) blank PTA membrane, b)
PTA/Ag(100,tap), c) PTA/Ag(500,tap), and d) PTA/Ag(500,Milli-Q).

When the polymer solution film is taken out of the first bath and transported to

the second bath, a thin layer of solvent with uncomplexed silver ions is carried on

top of it. This excess of Ag+ ions near the surface of the membrane produces much

larger AgCl crystals on top of the surface compared to the ones located inside the

selective layer matrix. PTA/Ag(100, tap) had crystals with a broad size distribution

and an average diameter of 390 ± 80 nm in the surface and 60 ± 30 nm inside

the matrix (Figure 6.7). The membranes’ surface had a high loading of silver; the

surface of PTA/Ag(100, tap) and PTA/Ag(500, tap) had a 3.7 and 11.4 wt% of silver

respectively (measured by XPS).

It is also possible to fix the silver ions loaded in the first bath in the form of silver

nanoparticles (AgNPs) by using an aqueous 0.05 M sodium borohydride (NaBH4 )
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solution instead of tap water for the second bath. NaBH4 e↵ectively reduced the

silver ions present in the top dense layer to AgNPs. The silver nanoparticles ended

up being homogeneously distributed throughout the top selective layer of the final

membranes (Figure 6.8a). A drawback of this approach is the formation of defects in

the selective layer during the reduction process. The violent release of hydrogen gas

during the reduction invariably created defects in the top selective layer (Figure 6.8b).

Such defects decreased the performance (primarily the selectivity) of the membranes

to unacceptable levels. Future work in this direction could involve the use of milder

reducing agents/processes to avoid the formation of defects.
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Figure 6.7: Size distribution histograms of AgCl crystals on the surface (a) and inside
the top selective layer (b) of PTA/Ag(100,tap).
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Figure 6.8: TEM images of a membrane prepared using 100 mM AgNO3 in the first
bath and a 0.05 M NaBH4 aqueous solution for the second bath.
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6.6 Antibacterial Activity of AgCl Crystals Grown in the Membrane’s

Top Layer

Triazole has well-known antimicrobial properties;113,114 and recently reported mem-

branes made of polytriazole-co-polyoxadiazole showed a good antibiofouling charac-

ter.115 A further—orders of magnitude—improvement in the antibiofouling character

is possible by adding biocide AgCl crystals. The antimicrobial activity test results de-

picted in Figure 6.9a show such enhancement. PTA/Ag(100, tap) and PTA/Ag(500,

tap) inactivated, respectively, 90 and 150 times more suspended cells than a PTA

membrane without the AgCl crystals. Additionally, after the antimicrobial activity

test, surface SEM images could not reveal a single bacterial cell attached to the sur-

face of PTA/Ag(100, tap) and PTA/Ag(500, tap) membranes, whereas SEM images

of the blank (PTA membrane) reveled that a high amount of cells attached to it (Fig-

ure 6.10). Using tap water to fix the silver in the form of AgCl crystals is necessary to

achieve a substantial enhancement in the antibiofouling character of the membranes.

The membranes prepared using Milli-Q water showed only a small enhancement in

its antimicrobial character as can be observed in Figure 6.9b.
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Figure 6.9: Growth inhibition of suspended bacteria after exposing the membranes
to Pseudomonas aeruginosa PAO1 for 24 h: a) membranes made with tap water, and
(b) membranes made with Milli-Q water.
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Figure 6.10: Images of the surface of membranes after exposing them to Pseudomonas
aeruginosa PAO1 cells for 24 h. (a) Blank PTA membrane. (b) PTA/Ag(100, Milli-
Q). (c) PTA/Ag(100, tap). The scale bars in the insets represent 1 µm.

Enough silver is present in the membranes to maintain the antibacterial activity

for a long time. PTA/Ag(100, tap) and PTA/Ag(500, tap) only released 1.3 and

2.3 wt% of its silver content in a 30 days static test. A further dynamic test for

PTA/Ag(100, tap), depicted in Figure 6.11, shows that initial permeation releases

weakly bound silver species followed by a steady release of silver ions. The total loss

of silver from both tests combined was less than 4.5 wt% of its content and most of it

comes from weakly bound species. A conservative calculation using the steady state

leach rate of Ag+ ions and the membrane’s silver reservoir forecasts enough silver in

the membrane for operating at least 15 years (using a flux of 24.4 Lm�2 h�1).
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Figure 6.11: Leaching of silver from the PTA/Ag(100, tap) membrane: silver concen-
tration in the permeate (right) and percentage of silver lost by the membrane (left).
The initial value corresponds to the silver lost in the static experiment after 30 days.

6.7 Conclusions

This chapter shows how a synergistic combination of materials and phenomena allow

a straightforward fabrication of tight-UF membranes with a high loading of biocide

AgCl crystals in only its top selective layer. CIPS forms the top selective layer and

loads it with silver ions, and the right choice of the nonsolvent bath simultaneously

precipitates AgCl crystals and the porous support beneath the selective layer. The

presented polytriazole-AgCl membranes have a good combination of permeance and

MWCO and an excellent antibiofouling character.
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Chapter 7

Hollow Fiber spinning using CIPS: PBI/PdNPs membranes

for H2 recovery

Abstract

A novel scheme to fabricate PBI

hollow fiber membranes with a

thin skin loaded with fully dis-

persed palladium nanoparticles

is proposed for the first time.

Palladium is added to the mem-

brane during the spinning pro-

cess in the form of ions that co-

ordinate to the imidazole groups

of the polymer. This is attrac-

tive for membrane production because agglomeration of nanoparticles is minimized

and the high-cost metal is incorporated in only the selective layer—where it is re-

quired. Pd-containing membranes achieved three orders of magnitude higher H2 per-

meances and a two-fold improvement in H2/CO2 selectivity compared to pure PBI

hollow fiber membranes.
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This Chapter was published as:

Villalobos, L. F., Hilke, R., Akhtar, F. H., and Peinemann, K.-V., Fabrication of

Polybenzimidazole/Palladium Nanoparticles Hollow Fiber Membranes for Hydrogen

Purification, Advanced Energy Materials, In press.†

7.1 Introduction

Hydrogen, a carbon-neutral alternative for fossil fuels, has the potential to play a

dominant role in a sustainable energy future.116 H2 is a high-quality and clean en-

ergy carrier that produces only water as a by-product. However, e↵orts to reduce

the energy for its production, and to minimize the associated environmental foot-

print are needed to make this a reality. Currently, hydrogen is primarily produced

from methane using a combination of steam reforming and water-gas shift reaction.

The main by-product of this process is carbon dioxide, which needs to be e�ciently

separated and captured. The separation is done, in an industrial scale, by mature

technologies like cryogenic distillation, pressure swing adsorption, and amine-based

methods.117 All these processes are highly energy-intensive, they operate at ambient,

sub-ambient, or near-ambient temperature, they produce a low pressure CO2 stream,

and they require a substantial capital investment.118

Using membranes for the recovery of H2 is an attractive alternative because it

does not involve a phase change, and the gas coming from the water gas shift reactor

can be treated directly. Contrary to cryogenic or adsorption processes, there is no

need to decrease the temperature of the stream and the CO2 is kept under pressure—

facilitating its sequestration. However, fabrication of a permeable, hydrogen-selective

†Reproduced with permission from Villalobos, L. F., Hilke, R., Akhtar, F. H., and Peinemann,
K.-V., Fabrication of Polybenzimidazole/Palladium Nanoparticles Hollow Fiber Membranes for Hy-
drogen Purification Advanced Energy Materials, In press. Copyright © 2017 John Wiley & Sons,
Inc.



99

membrane that is stable under the required harsh operation conditions has proven to

be challenging.

Palladium membranes, under ideal testing conditions, are extremely e↵ective in

separating H2 from CO2. Since Graham discovered palladium’s ability to adsorb hy-

drogen,119 there have been important advancements in the fabrication of palladium-

based membranes.120 Palladium layers are exclusively selective to hydrogen, and if

made su�ciently thin they obtain high hydrogen fluxes. However, they su↵er from se-

rious mechanical instability due to hydrogen embrittlement, its rigid inorganic nature,

and the volume expansion that occurs during transition from ↵ to � phase. Strate-

gies to improve palladium membranes’ mechanical stability include alloying palladium

with other metallic elements,121 or using nanometer-sized palladium grains.122

Polymeric membranes, despite not being as selective as their inorganic counter

parts, o↵er many advantages that are important for a successful implementation in

an industrial scale (i.e., processability, cost, and mechanical stability). However, few

polymers can be successfully used to make H2-selective membranes that can operate at

high temperatures. The targeted gas pair presents an unfavorable solution-selectivity;

CO2 is more condensable than hydrogen and is prone to plasticize the membrane ma-

trix.117 Moreover, the kinetic diameter of both molecules is small, and similar (2.9

and 3.3 Å for H2 and CO2 respectively) making the contribution of the di↵usion-

selectivity crucial but not very large. Rigid, plasticization resistant glassy polymers

that are stable at high temperatures are attractive candidates. Polybenzimidazole

(PBI), a commercially available specialty polymer that fulfills these requirements,

has been proposed for this separation.123 It is stable at high temperatures (Tg =

425-435 �C124), has a good H2/CO2 selectivity,123,125 and it is anticipated to resist

plasticization due to its extremely rigid structure and dense chain packing.125 How-

ever, the same properties that make it resistant to plasticization cause molecules to
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permeate slowly through it. E↵orts to enhance its permeability include blending it

with a more permeable polymer,126,127 modification of its chemical structure,128–130

and addition of fillers to the matrix.131–133

We envisioned a synergistic e↵ect between palladium and PBI. Dispersing

nanometer-sized palladium nanoparticles (PdNPs) in a PBI’s matrix could improve

the inherent problems of both materials: the mechanical instability of palladium and

the low permeance of PBI. PdNPs would su↵er less stress associated to the ↵-� phase

transition thanks to their nanometer size134,135 and to the bu↵ering of small volume

expansions by the polymer matrix. Additionally, PdNPs a�nity for hydrogen could

increase selectively the membrane’s permeance of H2. Hydrogen is able to dissociate

and transport through PdNPs while CO2 cannot; as a result the e↵ective path for

CO2 increases while the transport of H2 is not hindered but favored. Moreover, both

materials perform better at high temperatures; the transport of H2 through palla-

dium stops being desorption-limited136 and the transport of H2 through PBI su↵ers

a steeper increase resulting in enhanced selectivity.123

This Chapter describes a method to incorporate palladium to a PBI membrane

during the spinning process in the form of ions that coordinate to the imidazole groups

of PBI. This approach directs the palladium to the selective layer of the hollow fiber

without the need of additional steps and guarantees a homogeneous distribution of

the fillers. Moreover, it could be easily implemented in current industrial manufactur-

ing facilities. The proposed method is depicted in Figure 7.1. It uses a triple-orifice

spinneret where the PBI dope solution is extruded through the second orifice (middle

one). The moment it comes out, it encounters a nonsolvent from one side (inner

orifice) and a good solvent with a small amount of palladium ions from the other

side (outer orifice). Two processes occur simultaneously: the inner part of the dope

solution is precipitated via nonsolvent induced phase separation (NIPS) forming a
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porous structure, and the outer part is precipitated via complexation-induced phase

separation (CIPS) forming a dense structure loaded with palladium ions. CIPS is a

process in which a polymer containing metal-complexing functional groups is precip-

itated by contacting it with a solution of a metal salt dissolved in a good-solvent for

the polymer.77 When the metal ions form su�cient intermolecular complexes (i.e.,

crosslinks), a newly formed 3-D polymer network phase-separates. This is the first

time CIPS is used to spin hollow fibers—the preferred membrane configuration for

many applications. Contrary to flat sheets, where two consecutive steps are required

to form the top dense layer via CIPS and the support via NIPS, in hollow fiber

spinning it is possible to do it simultaneously by using a triple-orifice spinneret.

PBI in 

DMAc
Water

Air gap

Non-solvent bath

a) b)

5 mm

NIPS

CIPS

Pd-loaded 

dense layer

Porous 

support

Pd(OAc)
2
 

in DMAc

(Water )

Figure 7.1: Spinning process developed to make hollow fibers with a palladium-rich
selective dense layer. a) Diagram of the triple-orifice spinneret showing the orifice
used for each solution and the two precipitation processes that take place (i.e., CIPS
and NIPS), b) Photograph of the PBI/PdNPs (50) hollow fiber before (left) and after
(right) the reduction step to convert the Pd ions to PdNPs.
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7.2 Optimization of Spinning Conditions

Successful application of CIPS in the spinning of hollow fibers with defect-free se-

lective layers required numerous optimization steps. To minimize costs, most of the

steps of the spinning process optimization were done using a copper salt instead of

the targeted palladium salt; Cu2+ ions also form stable complexes with the imida-

zole groups of PBI. Initial trials were done using a normal spinneret (two-orifice)137

with the PBI dope solution in the outer ring and the metal-containing solution in

the bore (Figure 7.2a). The expected structure was a hollow fiber with a metal-rich

dense layer in the inside (formed by CIPS the moment the polymer solution leaves the

spinneret and meets the metal-containing solution) and a metal-free porous support

in the outside (formed by NIPS once it reaches the water bath). Unfortunately, the

expected structure could not be obtained with the tested conditions; only droplets of

polymer solution came out of the spinneret with the occasional defective fiber piece

of no more than 10 cm. The thin dense metal-rich PBI layer formed by contacting

both solutions outside the spinneret was not su�cient to hold the cylindrical shape

until the polymer solution reached the water bath.
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Figure 7.2: Diagrams of spinning configurations. a) Single spinneret with the metal-
containing solution in the bore. b) Triple-orifice spinneret with the metal-containing
solution in the bore and water in the outer orifice. c) Triple-orifice spinneret with
water in the bore and the metal-containing solution in the outer orifice.

The next optimization step consisted on using a triple-orifice spinneret. This

type of spinnerets had been used to fabricate hollow fibers containing two layers

of di↵erent polymers (i.e., dual layer hollow fibers),138–140 and to contact the outer

layer of the polymer solution prior immersion in the coagulation bath with either
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a good solvent141 to open the selective layer or a nonsolvent di↵erent to the one

used in the coagulation bath to tune the structure.142,143 Similarly, we used water

on the outer orifice to precipitate the porous structure by NIPS at the same time as

the dense metal-rich layer was formed by CIPS from the inside (Figure 7.2b). This

configuration successfully produced a continuous open fiber however SEM analysis

revealed a serious delamination of the metal-rich dense layer from the porous support

(Table 7.1, entries 5-8). The delamination was due to a higher shrinkage rate of

the dense metal-rich layer compared to the porous support. Increasing the bore flow

and decreasing the air gap countered, to some extent, the shrinkage and diminished

considerably the delamination (Figure 7.3, Table 7.1 entry 9). However, the same

conditions did not work for a more concentrated dope solution (Table 7.1, entries 10

and 11) or when a palladium salt was used instead of a copper one (Table 7.1, entry

12). This strategy has to be optimized in a case-by-case basis.

100 μm

Figure 7.3: Cross-section SEM image of a PBI hollow fiber with a copper-rich dense
layer in the inside (Exp. 9, Table 7.1).

A more general solution was attained by taking advantage of the higher shrinkage

rate of the metal-rich dense layer. The metal-containing solution was pumped through
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the outer orifice to form the metal-rich dense layer in the outer part of the hollow fiber

and water was pumped in the bore to form a porous inner structure (Figure 7.2c).

In this way, the metal-rich dense layer tightened around the inner porous structure

avoiding delamination. In addition, the contact time between the metal salt and

the nascent PBI fiber can be exactly controlled by the air gap between spinneret and

precipitation bath, when the metal salt is in the outer solution. Such approach worked

indistinctively of the concentration of polymer used in the dope solution (Table 7.1,

entries 13-16), the type of metal salt (Table S1, entry 18), or the concentration of it

(Table 7.1, entry 17).

PBI concentration

15 wt.% 21 wt.%19 wt.%17 wt.%

500 μm 500 μm500 μm500 μm

50 μm 50 μm50 μm50 μm

5 μm 5 μm5 μm5 μm

Figure 7.4: Cross-section SEM images of PBI hollow fibers with a copper-rich dense
layer in the outside prepared using di↵erent PBI concentrations in the dope solution
(Exp. 13-16, Table 7.1). The PBI concentration used in the dope is specified at the
top of each column.
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Table 7.1: Spinning conditions and resulting hollow fibers.

Exp.

PBI 

concnetration 

(wt.%)

Metal salt

Metal salt 

concnetration 

(mM)

Type of 

spinnerate
Bore

Middle 

ring
Outer ring

Air gap 

(cm)

Bore flow 
(ml/min)

Polymer 

flow 
(ml/min)

Outer ring 

flow 
(ml/min)

SEM image

1-4

5 15 50 triple
Metal salt 

in DMAc

PBI in 

DMAc
Water 20 3 6 1

6 17 50 triple
Metal salt 

in DMAc

PBI in 

DMAc
Water 20 3 6 1

7 18 50 triple
Metal salt 

in DMAc

PBI in 

DMAc
Water 10 3 6 1

8 19 50 triple
Metal salt 

in DMAc

PBI in 

DMAc
Water 20 3 6 2

9 19 Cu(NO
3
)

2
50 triple

Metal salt 

in DMAc

PBI in 

DMAc
Water 3 8 6 2

10 20 8 6 2Cu(NO
3
)

2
50 triple

Metal salt 

in DMAc

PBI in 

DMAc
Water 3

11 21 Cu(NO
3
)

2
50 triple

Metal salt 

in DMAc

PBI in 

DMAc
Water

13 21 Cu(NO
3
)

2
50 triple Water

PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 2

Experiements with conventional single-bore spinnerate using the copper-containing solution in the bore side and the PBI solution in the outer ring. We obtained only 

droplets or very short hollow fiber pieces.

3 6 6 2 Spinnerate was plugged

Cu(NO
3
)

2

Cu(NO
3
)

2

Cu(NO
3
)

2

Cu(NO
3
)

2

12 19 Pd(OAc)2 100 triple
Metal salt 

in DMAc

PBI in 

DMAc
Water 3 8 6 2
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Exp.

PBI 

concnetration 

(wt.%)

Metal salt

Metal salt 

concnetration 

(mM)

Type of 

spinnerate
Bore

Middle 

ring
Outer ring

Air gap 

(cm)

Bore flow 
(ml/min)

Polymer 

flow 
(ml/min)

Outer ring 

flow 
(ml/min)

SEM image

15 17 Cu(NO
3
)

2
50 triple Water

PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 2

16 15 Cu(NO
3
)

2
50 triple Water

PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 2

17 19 Pd(OAc)2 100 triple Water
PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 2

18 19 Pd(OAc)2 50 triple Water
PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 2

The scale bar is 500 μm in all the SEM images

Pd(OAc)2 50 triple Water
PBI in 

DMAc

Metal salt 

in DMAc

19 Cu(NO
3
)

2
50 triple Water

PBI in 

DMAc

Metal salt 

in DMAc
20 3 6 214

Membranes prepared using 15-19 wt.% PBI in DMAc and 50 mM Cu(NO3)2 in

DMAc presented an open substructure, and a continuous, delamination-free and well

interconnected Cu-rich dense layer (Figure 7.4). When the concentration of PBI was

increased to 21 wt.% the substructure porosity drastically decreased and crumples

appeared in the Cu-rich layer (Figure 7.4). The membrane made with 19 wt.% PBI

was selected as the best candidate due to its higher mechanical stability; identical

spinning conditions were used to prepare membranes with the targeted palladium salt.

Two concentrations of Pd(OAc)2 were tested: 50 and 100 mM (Table 7.1, entries 17

and 18). Hereafter, we will refer to them as PBI/PdNPs(50) and PBI/PdNPs(100)

respectively.
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7.3 Post-Treatment Processes

As-spun PBI/PdNPs(50) and PBI/PdNPs(100) fibers were submitted to post-

treatment processes to in-situ form PdNPs in the dense layer and to avoid the collapse

of the pores during drying. Reduction of the palladium ions that are crosslinking the

PBI polymer chains of the dense selective layer was done by immersing the hollow

fiber for 20 minutes in a 0.05 M sodium borohydride aqueous solution. Methods in

which the fillers are added to the dope solution prior membrane formation su↵er from

agglomeration problems, especially at high loadings. Using the CIPS process to load

the precursors (Pd ions) and in-situ form PdNPs with a reduction step guarantees a

homogeneous distribution of the fillers.111 In-situ reduction of Pd ions to nanopar-

ticles forces the polymer chains to rearrange in order to leave space for the newly

formed nanoparticles and produces H2 inside the PBI matrix. These two phenomena

could generate free-volume inside the tight PBI matrix. Following the reduction step

the membranes were washed with water and submitted to a solvent exchange treat-

ment prior drying. This step was crucial to maintain the pores of the support; drying

them directly resulted in the collapse of most of the pores and a drastic shrinkage

of the fiber (Figure 7.5a). The solvent exchange procedure was adapted from the

one reported by Yang et al.131 PBI/PdNPs hollow fibers were immersed for at least

30 minutes in three consecutive baths of isopropanol following two baths of hexane.

Finally, the membranes were dried at room temperature for at least four days inside

a glass tube to keep them straight.
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b)a)

20 μm500 μm20 μm500 μm

Figure 7.5: Cross-section SEM images of PBI/PdNPs(50) hollow fibers. a) Dried
directly after the reduction step. b) Submitted to the following post-treatment before
drying: immersion for at least 30 minutes in three consecutive baths of isopropanol
following two baths of hexane.

7.4 Characterization of PBI/PdNPs Hollow Fibers

The resulting membranes were characterized using scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) to investigate their morphology,

the thickness and nature of the selective layer, the palladium content and distribution,

and the size of the nanoparticles. Both, PBI/PdNPs(50) and PBI/PdNPs(100) had a

symmetrical cylindrical structure (Figure 7.6a and 7.7a) with an open porous support

and a defined dense selective layer on the shell side of the hollow fibers (Figure 7.6b

and 7.7b). Energy dispersive X-ray (EDX) line analysis of the cross-section of the

fibers revealed that, as expected for membranes made with the CIPS process, the pal-

ladium was concentrated in the selective layer (Figure 7.6b and 7.7d). The palladium

content was measured by EDX analysis of the outer surface of the fibers and resulted

in 23 wt.% for PBI/PdNPs(50) and 34 wt.% for PBI/PdNPs(100). No palladium was

detected in the inner surface of either membrane. The thickness of the dense layer

was estimated from SEM images to be 2.2 ± 0.1 µm for PBI/PdNPs(50) and 4.4 ±
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0.2 µm for PBI/PdNPs(100). TEM images revealed similar values for the thickness

of the dense layers (2.3 ± 0.1 µm and 4.2 ± 0.04 µm respectively) and exposed the

distribution of the PdNPs within them (Figure 7.6c and 7.7e). In both cases the

nanoparticles were well distributed with no signs of agglomeration and concentrated

towards the top surface of the dense layer.

b)a)

d)c)

200 μm 20 μm

5 μm

5 nm

100 nm1 μm

Figure 7.6: SEM and TEM characterization of PBI/PdNPs(50) hollow fiber. a) Cross-
section SEM of the entire fiber, b) Cross-section SEM showing the dense layer and
porous support of the hollow fiber. The area where the horizontal EDX line analysis
was done is enclosed in dotted lines. The inset shows the palladium-rich dense layer.
c) Cross-section TEM of the dense palladium-rich layer. d) Cross-section TEM of the
area close to the outer surface of the fiber. Inset shows a high-resolution image of the
PdNPs.

The dense layer of these membranes can be roughly divided into three sections:

(i) a nanoparticle-rich section close the surface, (ii) an intermediate zone with a

medium loading of nanoparticles, and (iii) a nanoparticle-poor section close to the
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porous support. The approximate thickness and the PdNPs area coverage percentage

of each of the sections of the PBI/PdNPs(50) dense layer are 1.1 µm and 21 %

PdNPs for the nanoparticle-rich section, 0.7 µm and 7 % PdNPs for the intermediate

zone, and 0.6 µm and 1 % PdNPs for the nanoparticle-poor section. In the case

of PBI/PdNPs(100) the values are 2 µm and 24 % PdNPs for the nanoparticle-rich

section, 1.1 µm and 10 % PdNPs for the intermediate zone, and 1.1 µm and 1 %

PdNPs for the nanoparticle-poor section. The average size of the nanoparticles was

7.3 ± 2.1 nm for PBI/PdNPs(50) and 6.3 ± 1.7 nm for PBI/PdNPs(100). High-

resolution TEM images of the PdNPs are available in the inset of Figure 7.6d and

Figure 7.7f.

b)a) c)

d)

200 μm 100 μm

5 μm

5 nm

100 nm500 nm10 μm

200 nm

f)e)

Figure 7.7: SEM and TEM characterization of PBI/PdNPs(100) hollow fiber. a)
Cross-section SEM of the entire fiber, b) Cross-section SEM showing the dense layer
and porous support of the hollow fiber. The inset shows the palladium-rich dense
layer. c) SEM image of the surface of the palladium-rich outer layer of the hollow
fiber. d) EDX line analysis done for palladium in the area close to the outer surface
of the hollow fiber. e) Cross-section TEM of the dense palladium-rich layer. e)
Cross-section TEM of the area close to the outer surface of the fiber. Inset shows a
high-resolution image of the PdNPs.
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7.5 Performance of PBI/PdNPs Hollow Fibers for H2 Recovery

The performance of PBI hollow fibers was greatly enhanced by the addition of PdNPs

to their selective dense layer. Figures 7.8, 7.9a, and 7.9b summarizes the single gas

permeances and H2/CO2 ideal selectivities obtained for a blank PBI hollow fiber,

PBI/PdNPs(50) hollow fiber, and PBI/PdNPs(100) hollow fiber respectively. The

measurements were done in a constant-volume variable-pressure equipment modified

to fit a hollow fiber module and placed inside an oven to regulate the temperature of

the measurements. The results obtained for the blank PBI hollow fiber are in good

agreement with Kumbharkar et al. measurements.125 They observed a sharp increase

in H2/CO2 selectivity and H2 permeance with temperature and reported a selectivity

of 7.9 and a permeance of 0.3 GPU at 100 �C—the lowest temperature they tested.

The same trend but at lower temperatures is observed for the blank PBI membrane

of this work (Figure 7.8) and the performance at 60 �C is close to Kumbharkar’s PBI

hollow fiber performance at 100 �C.
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Figure 7.8: Single gas permeation results from ambient temperature (21 �C) to 60 �C
for a pure PBI hollow fiber (no PdNPs).
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Tuning the dense layer via the incorporation of PdNPs with a combination of the

CIPS process and a reduction step increased the H2/CO2 selectivity at 60 �C from

5.2 for the blank PBI hollow fiber to 10.1 for PBI/PdNPs(50) and the H2 permeance

from 0.086 to 80 GPU (Figure 7.9). Such dramatic increase in permeability with a

two-fold improvement in selectivity could be attributed to a combination of a higher

solubility of H2 in the membrane thanks to the PdNPs, an increase in the e↵ective path

CO2 molecules have to travel, and the creation of small free-volume elements in the

PBI matrix during the formation of the nanoparticles. Porous fillers are also able to

improve the performance of PBI membranes. Yang et al. studied the e↵ect of adding

nanosized ZIF-7 and ZIF-8 particles to the matrix of PBI’s dense films.131,132 In both

cases the permeability increased substantially upon addition of the fillers. The largest

increase in H2 permeability without a significant deduction in selectivity was as high

as one hundred times.131 Such promising results obtained for dense films encouraged

them to explore the feasibility of fabricating hollow fibers out of this nanocomposite.

Their optimized fiber consisted on a dual-layer hollow fiber membrane of Matrimid

and PBI/ZIF-8. When loaded with 10 wt.% ZIF-8 they achieved a H2 permeance

of 8.9 GPU with an H2/CO2 ideal selectivity of 9.5 at 25 �C, and when loaded with

33 wt.% a H2 permeance of 34.9 GPU with an H2/CO2 ideal selectivity of 4 at 25

�C.131 When tested at a high temperature (180 �C) and using a 50:50 (v/v) H2/CO2

gas mixture at 7 atm in the feed, ZIF-loaded hollow fibers presented a H2 permeance

of 64.5 GPU with a separation factor of 12.3 (10 wt.% ZIF-8 loading), and a H2

permeance of 202 GPU with a separation factor of 7.7 (33 wt.% ZIF-8 loading).

For comparison, our PBI/PdNPs(50) hollow fiber presented a H2 permeance of 28

GPU with an ideal selectivity of 6.9 at 21 �C, and both increased sharply with small

changes in temperature. At 60 �C, the temperature limit of our set-up, it showed a

H2 permeance of 80 GPU with an ideal selectivity of 10.
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Figure 7.9: Single gas permeation results from ambient temperature (21 �C) to 60 �C
for a) PBI/PdNPs(50) hollow fiber, and b) for PBI/PdNPs(100) hollow fiber.

Incorporation of more PdNPs (i.e., PBI/PdNPs(100) hollow fiber, Figure 7.9b) did

not result in a performance improvement compared to PBI/PdNPs(50). The CIPS

process allows certain control over the thickness of the selective dense layer and the

concentration of metal in it.77 However, independent optimization is not possible—a

higher metal concentration comes along with thicker dense layers. PBI/PdNPs(100)

higher palladium loading was overshadowed by the increase in the selective layer thick-

ness. Particularly by the increase in the thickness of the nanoparticle-poor section of

the dense layer that increased from 0.6 to 1.1 µm.

PBI/PdNPs hollow fiber membranes performed remarkably at temperatures up

to 60 �C. Further improvement in permeance and selectivity is expected at the high

temperatures required for potential applications like separating H2 from syngas or

steam reforming products. TGA analysis of PBI/PdNPs(50) under air showed that

the membrane was stable up to 450 �C (Figure 7.10), however when the membrane was

heated to 400 �C and kept at that temperature for a long time the dense palladium-

rich layer cracked and peeled o↵ (Figure 7.11). Nonetheless, when it was heated
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to 300 �C and kept at that temperature for 240 minutes there was no damage to

either the dense palladium-rich layer or the porous support. Future research will test

the performance of PBI hollow fibers loaded with PdNPs at high temperatures with

H2/CO2 mixtures in the feed.
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Figure 7.10: Thermogravimetric analysis (TGA) curve for PBI/PdNPs(50) hollow
fiber.

b)a)

100 μm 20 μm  25 μm

Figure 7.11: SEM images of the outer surface (palladium-rich) of PBI/PdNPs(50)
hollow fiber after heating it to 400 �C for 240 minutes. The samples were imaged
without any metal coating because the palladium-rich layer is conductive. Image b)
present signs of charging in the exposed porous support because it does not contain
palladium nanoparticles.
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7.6 Conclusions

This Chaper describes for the first time a fabrication process to load metal ions in

only the selective layer of hollow fibers during the spinning process. The process guar-

antees a homogeneous distribution of metal ions right where they are needed and an

e�cient use of the expensive metal precursor. Moreover, it can be easily implemented

in existing hollow fiber industrial fabrication facilities and permits more control over

the final structure of the membrane. Prove of principle was done using Cu(NO3)2,

Pd(OAc)2 and a commercially available high performance polymer (i.e., PBI). The

same approach can be extended to other combinations of a polymer containing metal-

complexing groups and the appropriate metal salt (e.g., Figure 7.12 shows a hollow

fiber made using PTU instead of PBI). The fabricated PBI/PdNPs hollow fibers are

defect-free and can be e↵ectively used for gas separations without the aid of a sil-

icon rubber coating or a post-annealing step—a feat not usual in polymeric hollow

fibers. Reducing the Pd ions to nanoparticles produced membranes with a synergistic

e↵ect between PdNPs and the PBI matrix. Pd nanoparticles dispersed in the poly-

mer matrix do not su↵er from the inherent mechanical instability of pure palladium

membranes, and the PdNPs-containing PBI membranes easily overcame the low per-

meability limitation of PBI membranes. They achieved three orders of magnitude

higher H2 permeances and a two-fold improvement in H2/CO2 selectivity compared

to pure PBI hollow fiber membranes. PBI/PdNPs(50) hollow fiber performed re-

markably even at low temperatures; it presented a H2 permeance of 80 GPU (2.68 x

10�8 mol m�2 s�1 Pa�1) with an ideal H2/CO2 selectivity of 10 at 60 �C.
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b)a)

d)c)

200 μm 10 μm

1 μm 50 μm

Figure 7.12: SEM images of PTU hollow fiber membrane with a dense outer layer
loaded with Pd ions. The spinning was done using a triple-orifice spinneret with
water in the bore, 20 wt.% PTU in DMSO solution in the middle, and a 10 mM
Bis(benzonitrile) palladium(II) chloride in DMSO solution in the outer orifice. Cross-
section SEM of the: a) entire fiber, b) area close to the outer surface, c) Pd-rich dense
layer, d) porous support beneath the Pd-rich dense layer exposed during fracturing.
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Chapter 8

Reaction Induced Phase Separation (RIPS): A Variation of

the CIPS Process

Abstract

polymer 
in solution

thin layer of crosslinked polymer

crosslinker
dissolved in good solvent

CIPS forms the selective layer

of membranes by crosslinking

polymer chains via formation

of macromolecule-metal com-

plexes. This Chapter shows that

the same goal can be achieved

using covalent bonds instead.

Crosslinker molecules are used

instead of metal ions for the same purpose: swift formation of a 3-D network of

polymer chains that phase separates and becomes the selective layer of the mem-

brane. Similarly to membranes prepared via CIPS, the variation presented in this

Chapter forms skinned asymmetric membranes with two distinctive layers: a top

layer composed of chemically crosslinked polymer chains (dense layer), and a bottom

layer of non-crosslinked polymer chains (porous substructure). The method consists

of two simple steps that are compatible with industrial membrane fabrication fa-

cilities. Unlike conventional processes to prepare asymmetric membranes, with this

approach it is possible to finely control the structure and functionalities of the final
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membrane. The thickness of the dense layer can be easily controlled over several

orders of magnitude and targeted functional groups can be readily incorporated in it.

This Chapter was published as:

Aburabie, J. H., Villalobos, L. F., and Peinemann, K.-V., Composite Membrane

Formation by Combination of Reaction-Induced and Nonsolvent Induced Phase Sep-

aration, Macromolecular Materials and Engineering, 2017, (302), 1700131.†‡

8.1 Introduction

The most common fabrication method for preparing membranes is nonsolvent in-

duced phase separation (NIPS). The simplicity and scalability of this process makes

it the workhorse of the membrane manufacturing industry.45–48 When dealing with

expensive membrane materials or with polymers that are not compatible with NIPS,

the preparation of composite membranes is the method of choice. An inexpensive

support prepared by NIPS is used, and a thin dense selective layer is applied on top

of it by coating or interfacial polymerization.

This letter describes a new way of composite membrane formation, applicable

to crosslinkable polymers. We named this process reaction-induced phase separa-

tion (RIPS). It consists of a combination of reaction- and nonsolvent induced phase

separation made in two simple subsequent steps. A film of a concentrated poly-

mer solution is immersed in a good solvent for the polymer containing crosslinker

molecules. The crosslinking agent present in the solvent induces a surface precip-

itation, and the fact that a good solvent for the polymer is used ensures that the

†Reproduced with permission from Aburabie, J. H., Villalobos, L. F., and Peinemann, K.-V.,
Composite Membrane Formation by Combination of Reaction-Induced and Nonsolvent Induced
Phase Separation, Macromolecular Materials and Engineering, 2017, (302), 1700131. Copyright
© 2017 John Wiley & Sons, Inc.

‡Also published as Chapter 6, Aburabie, J. H. New Polymeric Membranes for Organic Solvent
Nanofiltration. PhD Dissertation, King Abdullah University of Science and Technology, 2017
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precipitation is due to the crosslinking reaction. The crosslinking reaction is then

stopped by a subsequent immersion in a nonsolvent bath without crosslinker. The

resulting membrane is a composite-like asymmetric membrane that has a dense top

layer consisting of chemically crosslinked polymer chains and a well-defined interface

with a porous non-crosslinked support (Figure 8.1). We described recently a similar

process—complexation induced phase separation, or CIPS—that uses the intermolec-

ular complexation of metal ions by polymer chains to form the dense top layer of

membranes.77 In CIPS the surface precipitation was induced by metal complexation,

leading to a top-layer highly loaded with metal ions. RIPS is not limited to metal

complexing polymers, avoids the use of metal ions and facilitates the incorporation

of desired organic functionalities in only the top dense layer of membranes.

a) c)b)

Figure 8.1: Cross section of a PTSC membranes prepared by RIPS. a) Dense layer
prepared with 2% DBX crosslinker for 20 sec (top-layer thickness: 370 nm). b) Dense
layer prepared with 10% DBX crosslinker for 20 sec (top-layer thickness: 2000 nm).
c) Dense layer prepared with 5% Tr-X crosslinker for 20 sec (top-layer thickness: 250
nm). Scale bars represent 10 µm in the main images and 1 µm in the inset.

The concept of phase separation, or phase inversion covers a range of di↵erent

techniques in which a solidification process is initiated and eventually, the polymer

precipitates.46,144 Precipitation can be achieved by shifting the homogenous polymer
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solution to a non homogenous state by processes such as decreasing the solvent con-

centration through solvent evaporation,6,145 changing the temperature of the solution,

referred as thermally induced phase separation (TIPS),146 or the introduction of non-

solvent to the polymer-solvent system, referred as NIPS.7 In the case of RIPS, the

phase separation is induced by chemical crosslinking of the polymer chains via cova-

lent bonds. A high degree of crosslinking causes the polymer to precipitate out of

the solvent (a good solvent for the polymer). A fast crosslinking reaction is essential.

It should be faster than the dissolution reaction, otherwise the polymer chains will

escape into the bulk of the solution before the crosslinker molecules are able to form

a continuous 3-D network of them. Crosslinking of the polymer chains that form a

membrane is a common practice to increase stability or add certain functionality to

a membrane. Contrary to the RIPS process, the crosslinking approaches reported so

far have been applied as a post treatment to already made polymeric membranes.

Once made, membranes are immersed in a crosslinking bath for a specific time and at

a certain temperature to ensure a crosslinking reaction.147,148 Recently, Hendrix et al.

aimed to reduce the fabrication steps and use of materials by adding the crosslinker

directly into the nonsolvent bath.149 The crosslinking occurred in the entire mem-

brane because the factor causing the precipitation was the nonsolvent and not the

crosslinking reaction. In the RIPS process the bath is made of a good solvent for the

polymer directing the precipitation to the interface between the polymer solution film

and the bath containing the crosslinker molecules. Making the dense layer and porous

support in di↵erent steps allows more control in the final structure of the membrane

and independent optimization of both. The thickness of the dense layer can be easily

controlled. Changing the immersion time and the concentration of the crosslinker in

the first bath can lead to an increase or decrease in the thickness.
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8.2 Description of RIPS

The three general steps to prepare membranes using the RIPS process are: (i) casting

of a thin film with the polymer solution; (ii) immersing the polymer film in a first bath

of a good solvent for the polymer containing a certain concentration of crosslinker;

(iii) placing the resulting film in a nonsolvent bath. The second step is the key

step, where the polymer chains at the top layer of the casted film are chemically

crosslinked creating a thin insoluble solid layer. The formation of this dense layer

delays the di↵usion of the crosslinker to the rest of the polymer film. The third

step is responsible for the formation of a porous support by conventional nonsolvent

induced phase separation.

The most important parameters a↵ecting the formation of the dense layer during

the second step are the crosslinker concentration, the immersion time in the first bath,

and the choice of crosslinker type. Longer immersion times and higher concentrations

produced thicker layers. The thickness of the dense layer could be controlled over

several orders of magnitude, from less than 100 nm to a few micrometers. Moreover,

it was possible to add desired functional groups to the active layer of the membrane

by choosing the appropriate crosslinker molecules. The size and chemical nature of

these molecules had a strong influence on the performance of the final membrane.

The formation of the top layer of asymmetric membranes happens by a phe-

nomenon called gelation. Gelation can be defined as the formation of a three-

dimensional network that creates junctions between polymer chains either by chemical

crosslinking or physical associations.46,60,150 Asymmetric membranes which relay on

physical associations to form, experience two di↵erent types of phase separation: one

is gelation induced by crystallization for the skin layer formation and the other is

liquid-liquid demixing followed by gelation of the polymer rich phase to form the

porous support. Gelation via chemical crosslinking, i.e., covalent binding of polymer
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chains by means of a chemical reaction, was reported to be unlikely to occur during

formation of phase inversion membranes.60 This Chapter shows how by careful choice

of the experimental parameters it is possible to precipitate the skin layer of a mem-

brane using gelation via chemical crosslinking. The RIPS method is the first method

to use covalent bonds to form the dense top layer of asymmetric membranes prepared

by phase inversion. Chemical crosslinking gelation o↵ers options to optimize the

morphology of the resulting skin layer independently from the porous support—an

unlikely feat when physical associations are responsible to form the skin layer.

We developed the RIPS method with the polymer polythiosemicarbazide

(PTSC),61 the structure is shown in Figure 8.2a, and the synthesis procedure and

characterization are presented in the supporting information. The crosslinkers used

are ↵, ↵ dibromo-p-xylene (DBX) from Sigma-Aldrich and (2,3,6,7,14,15-Hexakis

(bromomethyl)-9,10-dihydro-9, 10- [1, 2] benzenoanthracene) (Tr-X), which was syn-

thesized in our lab following a procedure reported by Bonaccorsi et al.151 Details of

the Tr-X crosslinker synthesis procedure are presented in the supporting information.

Structures of both crosslinkers are shown in Figure 8.2b and 8.2c.
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Figure 8.2: Chemical structure of a) PTSC polymer, b) DBX , and c) Tr-X crosslinkers
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Recently, PTSC was introduced by our group as a promising material for the

preparation of organic solvent nanofiltration membranes through post crosslinking

of the polymer chains with DBX crosslinker.152 Such membranes showed superior

resistance to harsh solvents. Here we report a new approach for preparing asym-

metric membranes that uses the same components but does the crosslinking before

the membrane is completely formed to have more tunability of the final product and

a more e�cient fabrication process. The crosslinking reaction between PTSC and

the type of crosslinkers used in this study is a neucleophilic bimolecular S
N

2 reaction

called Menshutkin reaction153,154 where quarternization of the tertiary amine by alkyl

halide takes place. This type of reaction is ideal to test the RIPS process because

under the right conditions (i.e. nature of the nucleophile, nature of the leaving group,

solvent used, and nature of the substituents bonded to the leaving group155) the re-

action kinetics can be very fast—faster than the dissolution kinetics of the polymer

in the solvent used. Su�cient amount of crosslinks causes phase separation of the

three dimensional network of polymer chains. The phase separation happens due to

a chemical reaction; consequently the top layer thickness is dependent on variables

that a↵ect the reaction rate such as concentration and time.156

8.3 Fabrication Conditions

All the membranes presented in this Chapter where made by dissolving PTSC (15

wt%) in dimethyl sulfoxide (DMSO) under heat (65 �C) and stirring for at least 4

hours. Once a homogenous solution was obtained it was left aside to eliminate air

bubbles. The polymer solution was then cast on a polyester nonwoven support or a

glass plate using a casting knife with 250 µm air gap. The polymer film was then

immersed in a bath of crosslinker (DBX or Tr-X) dissolved in DMSO for a certain

time. Finally, the film was carefully removed from this bath and immersed in a water



125

bath. The residence time in the crosslinking solution had a strong influence on the

thickness of the top layer; longer contact time resulted in thicker dense layers. Figure

8.3 illustrates the change in top layer thickness as a function of immersion time for two

crosslinkers (DBX and Tr-X) and also highlights the thickness change with di↵erent

concentrations of the DBX crosslinker.
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Figure 8.3: E↵ect of the crosslinker concentration and immersion time in the dense
layer thickness for two di↵erent crosslinkers: DBX and Tr-X.

As soon as the film gets exposed to the crosslinker bath a dense film forms in

less than one second. However, larger immersion times were needed to obtain stable

(i.e. thicker) dense layers. The extra time after the appearance of the thin solid

layer is the time needed for the crosslinker molecules to di↵use through the newly

formed dense barrier and continue to crosslink polymer chains beneath it, growing

the layer as a result. Figure 8.4 shows a matrix of SEM images illustrating the

e↵ect of immersion time and DBX crosslinker concentration on the dense top layer

thickness, which ranges between 100 nm and 2.5 µm. The top layer thickness can

be tuned easily, within this range, by choosing suitable combination of crosslinker

concentration and reaction time.
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Figure 8.4: SEM cross section images of membranes prepared by the RIPS method
from 15 wt% PTSC polymer, with di↵erent concentrations of DBX crosslinker in
DMSO as first bath (values on the left side), the values on the top represent immersion
time in crosslinker bath. Scale bars represent 10 µm.



127

8.4 Performance of PTSC Membranes Prepared Using RIPS

8.4.1 Quality of the selective layers and performance in water

The performance of PTSC membranes prepared with RIPS using di↵erent DBX con-

centrations and immersion times was evaluated by filtering 0.1% polyethylene glycol

(PEG) aqueous solutions in a dead end pressurized stirred filtration cell and mea-

suring the rejection. The results for di↵erent molecular weight PEGs is summarized

in Figure 8.5. The membranes showed increased rejection performance depending

on the crosslinker concentration and immersion time in the crosslinker bath. For

example using 1% DBX/DMSO as first bath for 20 sec showed no rejection for any

of the PEGs. With increasing concentration of the crosslinker to 2% and a short

immersion time of one second, the membrane was able to reject only 10% of the 35K

PEG. We observed no defects in the dense layer of these two membranes during the

SEM analysis, however the low rejections suggest a significant presence of defects in

the selective layer. We believe that these defects are cracks produced during transfer

of the delicate support-free thin layers from one bath to the other. Defect-free lay-

ers could be obtained for fabrication conditions that produced thicker layers during

the first step. Such membranes, prepared with 2% or 5% DBX/DMSO and 20 sec,

showed more than 91% rejection of the smallest PEG tested (400 Da) and rejected

completely (>99%) rose Bengal (RB, molecular weight 1017 g/mol, negative charge)

in water.

8.4.2 Performance in harsh solvents

To test their performance in harsh environments we submitted the membrane pre-

pared using 5% DBX/DMSO and 20 sec to an extra step (immersion in 2% DBX/ace-

tone for two hours) to crosslink the porous support and make it solvent-stable. The
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membrane was not able to reject successfully RB in DMSO and DMF, probably due

to swelling of the selective layer in these solvents. Nevertheless, successful rejections

were obtain for slightly larger molecules: >99% rejection of direct red (DR, molecular

weight 1373 g/mol, negative charge) in both solvents, and 93% and 91% rejections

of vitamin B12 (molecular weight 1355 g/mol, neutral charge) in DMSO and DMF

respectively.

Figure 8.5: Rejection performance (PEG of di↵erent molecular weights in water) of
membranes made by RIPS.

8.4.3 Performance of membranes prepared using a bulky crosslinker

Good rejection results were obtained with membranes prepared using the DBX

crosslinker, however the permeances were low. The membranes prepared using 2%

DBX/DMSO (20 sec) and 5% DBX/DMSO (20 sec) presented a water permeance of

0.65, and 0.06 Lm�2 h�1 bar�1 respectively (Table 8.1). We hypothesized that using a

bulkier crosslinker would create more interconnected voids (i.e channels) in the matrix

of the top selective layer. True to our predictions, a membrane prepared using 5% of

Tr-X—a bulky, rigid brominated triptycene157—as the crosslinker showed a perme-

ance increase of more than two orders of magnitude in comparison with a membrane

made with the same conditions but using DBX—a linear and small crosslinker. The
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water permeance of the membrane prepared with Tr-X was 7.7 Lm�2 h�1 bar�1 and

the rejection of RB was as high as its DBX counterpart (>99%). The increase in

flux can be attributed partially to the thinner dense top layer formed when using

Tr-X (250 nm) compared to the layer obtained with DBX for the same fabrication

conditions (950 nm). However, the thickness is not the principal factor. Membranes

prepared using DBX and fabrication conditions to obtain a layer of similar thickness

(370 nm) still present a permeance more than an order of magnitude lower than the

membrane prepared with Tr-X. For any fixed set of fabrication conditions, Tr-X pro-

duced thinner layers than DBX (Figure 8.3). It di↵uses slower due to its larger size,

resulting in a lower rate of crosslinking.

8.4.4 Performance of freestanding selective layers

The top dense layer of membranes prepared via RIPS should be very stable because it

is made of crosslinked polymer chains. To test to which extent, a piece of a membrane

prepared using a 5% DBX/DMSO solution and an immersion time of 20 sec was

submerged in DMSO for 10 days. After some minutes, a transparent layer detached

form the nonwoven support and floated on the surface, whereas the non-crosslinked

support dissolved completely as for the rest of the time, the layer was maintained.

Such thin, transparent layer was stable for the entire duration of the test. Overnight

immersion of such membrane in DMSO was repeated and the isolated thin layer was

transferred via a glass slide to a water bath for better spreading and carefully placed

on top of an inorganic porous alumina support (Anodisc 25, Whatman Ltd, 200 nm

pore size). Water was permeated through it using di↵erent pressures up to 21 bars;

the pressure limit of our set-up. The flux increased linearly with the increase in

pressure indicating that the layer did not su↵er any compaction or rupture. Further

verification of both, the mechanical integrity of the membrane and its stability in
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harsh solvents was done by permeating solutions of DR in DMSO and DMF and

measuring its rejection. More than 99% rejection was obtain in DMSO and 93%

rejection in DMF. The permeance of the isolated layer was much higher than the

same layer on top of its original polymeric support (i.e. before isolation) for both

solvents: 3.8 and 8.7 times higher for DMSO and DMF respectively.

Table 8.1: Permeances for membranes prepared using di↵erent parameters

Membrane 
Permeance 

(L m2 h-1 bar-1) 
Solvent Structure 

NIPS 650 Water Porous surface 

RIPS, 1% DBX, 20 s 191 Water 
Dense top layer with many 

defects 

RIPS, 2% DBX, 1 s 10.5 Water 
Dense top layer with few 

defects 

RIPS, 2% DBX, 20 s 0.65 Water Defect-free top layer 

RIPS, 5% DBX, 20 s 0.06 Water Defect-free top layer 

RIPS, 5% Tr-X, 20 s 7.7 Water Defect-free top layer 

RIPS, 5% DBX, 20 s + 

additional crosslinking step 
0.48 DMSO 

Defect-free top layer in 

crosslinked support 

RIPS, 5% DBX, 20 s + 

additional crosslinking step 
0.52 DMF 

Defect-free top layer in 

crosslinked support 

Isolated layer in alumina 

support (RIPS, 5% DBX, 20 s) 
1.8 DMSO 

Isolated defect-free top 

layer 

Isolated layer in alumina 

support (RIPS, 5% DBX, 20 s) 
4.5 DMF 

Isolated defect-free top 

layer 
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8.5 Conclusions

In conclusion, a new method called RIPS was successfully added to the family of phase

inversion techniques to prepare composite-like asymmetric membranes. It relies on

fast crosslinking reaction rates of polymer chains to form the skin dense layer of the

membrane. The RIPS method was developed using the PTSC, a polymer which can be

crosslinked with a su�ciently high reaction rate to favor the crosslinking reaction and

no the dissolution reaction. Future studies will extend this method to other polymers.

The two main advantages of RIPS are the tunability of the membrane structure and

the possibility to incorporate specific functionalities in the top dense selective layer

only. It was demonstrated how a bulky crosslinker can enhance dramatically the

performance of the prepared membranes compared to a small one. Besides increasing

the interchain spaces inside the dense layer by using a bulky crosslinker, we envision

the use of RIPS to incorporate functionalities to help mitigate biofouling, enhance

the transport of specific molecules, or capture a compound selectively.
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Chapter 9

Summary and Future Directions

9.1 Summary

A modification to the well-known phase inversion membrane fabrication process was

developed. The novel process is capable of forming metal-rich polymeric membranes

in a simple and e�cient way. It was named complexation-induced phase separation

or CIPS because it relies on the formation of intermolecular coordination complexes

between macromolecules and metal ions to form the selective layer of the membrane.

CIPS is a realistic strategy for the fabrication of multicomponent membranes. It can

be scaled-up with slight modifications to existing membrane manufacturing facilities.

CIPS incorporates metal ions in only the selective layer of the membrane and

completely isolates the formation of such layer from the formation of the porous

support. Fabrication of the selective layer and porous support in di↵erent steps allows

independent optimization of both, and results in an unprecedented control over the

structure of the membrane. The incorporation of metal ions in only the top selective

layer is the most e�cient use of such costly and limited resource. Moreover, metal ions

can serve as precursors for the formation of metal nanoparticles and crystals inside the

selective layer. The nature of the CIPS process guarantees a good dispersion of the

precursors, which grants access to higher loadings (10–35 wt.%) of agglomeration-

free metal nanoparticles or crystals into the membrane’s matrix. For comparison,

conventional mix and cast processes tend to face agglomeration problems at loadings

as low as 2-3 wt.%.
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The main limitation of the CIPS process is that it requires a polymer that contains

functional groups capable of forming complexes with metal ions. One approach is to

tailor–make a polymer with such groups either in its backbone or as side groups.

Such approach is not justified on an industrial scale unless the performance of the

newly synthesized polymer is exceptional. It is unlikely that manufacturers will move

away from the conventional, commercially available membrane formation polymers

without a big incentive. A more realistic approach is to find commercially available

polymers that meet the requirements of the CIPS process, or modify them by adding

the appropriate metal-complexing functional groups. With this in mind, commercial

polymers were screened and the results show that PBI is compatible with the CIPS

process without any modification; and that a simple modification to PSU or PAN,

two of the most common membrane fabrication polymers used in industry, is enough

to make them compatible as well.

Complexation-induced phase separation precipitates a thin film of crosslinked

polymer chains at the interface of a viscous polymer solution and a solution con-

taining the crosslinker (i.e., the metal ions) dissolved in a good solvent for the

polymer. The crosslinks made by intermolecular complexes between polymer chains

and metal ions give rise to a highly interconnected 3–D network. When su�cient

crosslinks are formed a solid film swiftly phase separates. The interplay between the

macromolecule–metal reaction rate and the di↵usivity of the metal ions determines

the thickness of the selective layer and the metal loading. For a fixed combination of

polymer and metal salt, the concentration of the salt in the solvent and the contact

time between the polymer solution and metal salt solution define the thickness and

metal loading in the resulting selective layer. Longer contact times and higher con-

centrations produce thicker layers with higher loadings of metal ions. If a polymer

and a metal ion that interact strongly are used, the thickness can be controlled over
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several orders of magnitude—from around 10 nanometers to several micrometers—by

changing the contact time and concentration. When dealing with a pair that does not

interact as strongly it is di�cult to form very thin layers; however it is still possible to

control the thickness from around 500 nm to several micrometers. The advantage of

working with a pair that does not interact as strongly, is that it allows the fabrication

of porous metal-rich layers—a feat not possible with a pair that interact strongly with

each other.

It is also possible to make hollow fibers using the CIPS process. The fabrication

of hollow fibers via CIPS requires the use of a triple-orifice spinneret to put the

polymer solution in contact with the solution containing the metal ions from one side

(formation of dense layer); and with the nonsolvent from the other side (formation

of porous support). Contrary to flat sheet membranes where two steps are required,

in hollow fiber spinning both processes occur at the same time. This avoids the most

sensitive step present in the fabrication of flat sheet membranes via CIPS: the transfer

of a delicate thin-film floating over a viscous polymer solution from the first bath to

the nonsolvent bath. Additionally, the contact time between the polymer solution and

the metal ions can be precisely regulated by changing the air gap and the polymer

solution flow. This is advantageous because the thickness of the dense layer is highly

dependent on the contact time. These advantages along with the inherent benefit

of hollow fibers over flat sheets (i.e., higher surface area to volume ratios) make the

fabrication of hollow fibers via CIPS a promising alternative.

The metal ions used in the CIPS process can be replaced by crosslinker molecules.

In this variation the crosslinks that form the 3-D network of polymer chains that

precipitates at the interface of the polymer solution and the good solvent bath are

due to covalent bonds instead of coordination bonds. However, the same principles

used in the CIPS process can be applied (i.e., higher crosslinker concentrations and



135

longer contact times produce thicker layers). The choice of an appropriate crosslinker

is crucial. It must react fast enough with the functional groups of the polymer chains

to avoid their dissolution in the good solvent bath. Di↵erent functionalities can be

incorporated in only the selective layer by choosing a crosslinker with the desired func-

tionality. Moreover, using bulky crosslinkers can be an attractive strategy to increase

the free–volume of the selective layer, resulting in highly permeable membranes. This

variation of the CIPS process was named reaction-induced phase separation or RIPS.

CIPS is a promising strategy to fabricate membranes for applications that require

or benefit by the presence of metal ions, nanoparticles or crystals in the membrane’s

selective layer. Three membranes for such applications were explored in depth: a

biofouling resistant ultrafiltration membrane with AgCl crystals, a catalytic mem-

brane with PdNPs, and a hollow fiber with PdNPs for hydrogen recovery. In the first

case, the CIPS process was used to load silver ions in the dense layer and a NIPS

process using tap water containing chlorine ions was used to simultaneously form the

porous support and precipitate the AgCl crystals. The resulting membranes showed

a tremendous enhancement in their antibiofouling character compared to membranes

without the AgCl crystals. Moreover, it was possible to tune the MWCO and flux

of the membranes by changing the conditions of the CIPS process. In the second

case, CIPS was used to load a high amount of palladium ions in the selective layer

and a further reduction process using NaBH4 converted the ions to nanoparticles.

A high loading of nanoparticles without agglomeration was possible thanks to the

good dispersion of precursors obtained with the CIPS process. It was shown that the

morphology of the resulting selective layer could be either porous or dense depending

of the structure of the polymer, and the type and location of the metal-complexing

functional groups. Dense selective layers are preferred for slow reactions and open

porous layers for reactions with fast kinetics. The catalytic activity of the as-prepared
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membranes was verified with the reduction of 4-nitrophenol, a model pollutant, and

with a liquid phase Suzuki coupling reaction. This strategy may be extended to

other metals and polymers in order to tackle the demands of di↵erent reaction sys-

tems. In the third case, the CIPS process was used for the first time for the spinning

of metal-rich hollow fibers. Moreover, it was done using polybenzimidazole—a high

performance commercial polymer—without any modification to its structure. Pal-

ladium was added to the membrane during a hollow fiber spinning process in the

form of ions that coordinate to the imidazole groups of the polymers, and the same

strategy as in the previous case was used to reduce the ions to nanoparticles. This

innovative spinning process produced hollow fibers, which contain a high concentra-

tion of Pd-nanoparticles in a 1 µm top layer on the fiber shell side; the bulk of the

fiber material was Pd free. The Pd-nanoparticles hindered the transport of carbon

dioxide and facilitated the hydrogen transport. As a consequence, the Pd-containing

membranes achieved three orders of magnitude higher H2 permeances and a two-fold

improvement in H2/CO2 selectivity compared to pure PBI hollow fiber membranes.

9.2 Future Directions

We have presented a novel membrane fabrication process and demonstrated some of

the exciting applications of this process for the fabrication of multicomponent metal-

rich polymeric membranes. However, there are still many aspects of the process that

could be researched in more depth, and many applications that remain to be explored.



137

9.2.1 CIPS process

Development of a quantitative theoretical framework

The formation and growth of the metal-rich selective layer formed at the interface

of the polymer solution and the solution containing the metal ions depends on the

reaction rate (defined by the interactions of the metal ions with the functional groups

of the polymer) and the di↵usion rate of the metal ions in the polymer solution.

The interplay of these two phenomena define the thickness, morphology, and metal

loading of the selective layer. Fast reaction kinetics lead to the formation of thin

films because the 3-D network forms rapidly. On the other hand, fast di↵usion rates

lead to thicker layers because the metal ions travel further into the polymer solution

before the 3-D network form and hinders its transport.

In the chemical engineering field there is a dimensionless number called Damköhler

number (Da), that relates the chemical reaction rate to the transport phenomena rate

occurring in a system. It would be very interesting to build up a quantitative theo-

retical framework to estimate the reaction rate and transport rate occurring during

the CIPS process and calculate the corresponding Da number. Da numbers much

larger than one (transport–limited) should lead to very thin selective layers, and Da

numbers much smaller than one (kinetic–limited) should produce thicker layers with

a marked asymmetry in the metal loading throughout the cross–section of the layer.

However, the development of such theoretical background is not trivial. It has to take

into account that the complexation reaction a↵ects the transport of ions in two ways:

by fixing them in a certain position, and by hindering their passage once a su�ciently

interconnected network is formed.
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Extend the library of CIPS-compatible polymers (e.g., polyvinyltetrazole-

co-polyacrylonitrile (PVT-co-PAN))

Chapter 5 showed that a simple modification to PSU was su�cient to make it com-

patible with the CIPS process. We hypothesized that a similar modification done

to other polymers could also make it compatible with the CIPS process. To prove

this point PAN was modified by adding tetrazole groups as side chains to some of its

monomeric units (details on the modification are available in Appendix A.3.5). True

to our predictions, such modification was enough to make it compatible with the

CIPS process. It was possible to make copper-rich, silver-rich, and nickel-rich mem-

branes out of PVT-co-PAN using the CIPS process. SEM images of the resulting

membranes showing a defined interface between the dense metal-rich selective layer

and the porous support are available in Figure 9.1. Such defined interface is char-

acteristic of membranes prepared via CIPS. Similar modifications could be done to

other membrane–forming polymers to make them compatible with the CIPS process.
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5 μm5 μm

5 μm5 μm

Figure 9.1: Membranes made out of PVT-co-PAN using the CIPS process. (a) blank
PVT-co-PAN membrane prepared by the NIPS process, (b) PVT-co-PAN membrane
with a Ag-rich dense layer, (c) PVT-co-PAN membrane with a Cu-rich dense layer,
(d) PVT-co-PAN membrane with a Zn-rich dense layer. All the membranes were
made from a 12 wt.% solution of PVT-co-PAN in DMSO. (a) was directly immersed
in a water bath and (b-d) membranes were immersed in a 100 mM bath of either
AgNO3, Cu(OAc)2, or Zn(OAc)2 in DMSO for 5 seconds prior immersing them in a
water bath.

CIPS process using polymers of intrinsic microporosity

Polymers of intrinsic microporosity (PIMs) are a novel class of polymers that have

an unusually high free–volume and surface area.158 They are attractive materials for

making membranes because molecules can transport fast through the free–volume

elements. Their superior performance in gas separations (i.e., gas permeability data
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located around the Robeson upper bound for the separation of important gas pairs),

along with their good processability (i.e., soluble in numerous solvents and easily

processed into membranes or films) position them as promising candidates for the

next generation of gas separation membranes. However, they su↵er from issues like

plasticization and aging that need to be tackled. One powerful strategy to minimize

such problems is to chemically crosslink the polymer chains.159

CIPS could be used to fabricate PIM membranes with a crosslinked selective layer.

The metal ions holding the polymer chains of the selective layer together could help

mitigate aging and plasticization. There are some PIMs available in literature that are

promising candidates for the CIPS process. For example, PIM-7 and a modified PIM-

1 (post-polymerization modification to include tetrazole groups in its structure).160

Tetrazole groups are good candidates for the CIPS process as shown in Section 9.2.1 ,

and the phenazine subunits present in PIM-7 have exhibited the ability to form stable

complexes with metal ions.161 Figure 9.2 shows a photograph of a PIM-7 membrane

crosslinked with palldium ions published by McKeown et al.162 The crosslinked part

is insoluble in all solvents and contains over 20 wt.% of Pd2+ ions.

Pd

Cl

Cl

Pd

Cl

Cl

Pd

Cl

Cl

Pd

Cl

Cl

Figure 9.2: PIM-7 membrane before (left) and after (right) crosslinking it with Pd
ions.162
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CIPS using bulky linkers

We showed in Chapter 8.4.3 that using a bulky crosslinker during the RIPS process

led to an improvement in the permeance of the membrane compared to using a small

linear crosslinker. Bulky crosslinkers can create more interconnected voids (i.e chan-

nels) in the matrix of the top selective layer. A similar strategy could be explored for

the CIPS process. Some potential bulky linkers compatible with CIPS are: structure–

building units for the construction of MOFs such as Cobalt(II) oxo pivalate, and a

common catalyst like Bis(triphenylphosphine)palladium(II) dichloride which is used

for palladium-catalyzed coupling reactions. Both of them contain metal ions with free

coordination sites to form the necessary crosslinks required in the CIPS process. Two

potential issues of using this type of crosslinkers are the lower di↵usion rate compared

to small metal ions and the lower reactivity.

9.2.2 Applications of membranes prepared using CIPS

Stable catalytic membranes

Catalytic membranes prepared via CIPS are promising. As described in Chapter 5

such membranes have a high loading of metal nanoparticles concentrated where they

are needed, without signs of agglomeration, and achieve a good catalytic performance.

The next step in this line of research would be to make catalytic membranes that

can withstand harsh conditions (i.e., high temperatures and aggressive solvents). A

promising polymer to use for this is PTA, the polymer used in Chapter 6 for the

fabrication of biofouling resistant membranes. PTA is stable up to 450 �C, and can

be easily crosslinked to make it stable in harsh solvents.163 As a proof of principle we

fabricated a PTA crosslinked membrane loaded with PdNPs using the CIPS process.

The SEM image of such membrane is shown in Figure 9.3. The same procedure used



142

in Chapter 5 was followed to make the PTA/PdNPs membrane and the crosslinking

step was similar to the one reported by Chisca et al.163 A piece of this membrane was

immersed in DMSO and another in DMF, kept there for two months and examined

afterwards. No evident leaching of palladium or polymer was noticed in either case.

palladium-rich selective layer

palladium-free porous support

10 μm

Figure 9.3: Crosslinked PTA membrane with a selective layer loaded with PdNPs.

Test PBI/PdNPs hollow fibers at high temperatures

The PBI hollow fiber membranes with a thin skin loaded with fully dispersed palla-

dium nanoparticles described in Chapter 7 performed remarkably. Their H2 perme-

ability and H2/CO2 selectivity is comparable to state-of-the-art polymer-based hollow

fibers available in literature.131 The performance of the PBI/PdNPs(50) membrane

improved steadily with increasing temperatures (Figure 7.9). The temperature limit

of the equipment we used to measure the performance of the hollow fibers was 60 �C.

We expect an increase of both permeability and selectivity at higher temperatures—

especially close to 300 �C where the transport of hydrogen in palladium stops being

desorption limited.136 Additionally, at higher temperatures the H2/CO2 selectivity of

PBI su↵ers a steep increase because the contribution of the solubility term decreases

substantially.123 It would be interesting to test PBI/PdNPs membranes prepared us-

ing the CIPS process at high temperatures and with gas mixtures.
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Conductive layers in membranes prepared via CIPS

The CIPS process can fabricate membranes with a top layer fully loaded with metal

nanoparticles. A high enough loading of metal nanoparticles can make the layer

conductive. Evidence of this is shown in Figure 7.11 where it was possible to image the

polymeric-based material in the SEM without any metal coating. The conductivity

of the palladium-rich layer of this membrane was enough to transport the electrons

and avoid charging during imaging (10 keV beam).

A membrane with a thin metal–rich conductive layer can be interesting when a

combination of electrocatalysis and microfiltration is required. Krishna et al. used

polymeric hollow fibers coated with a metal catalyst as electrodes in a promising

process to simultaneously recover energy and water.164 They prepared the membranes

from a regular non-conductive polymer (PTA), and coated it with a thin electron-

conductive layer of metal catalyst using atomic-layer deposition (ALD). The main

limitation to upscale this kind of membranes is the complicated and energy intensive

process used to load the catalyst in the surface of the hollow fiber. Fabricating the

membranes using the CIPS process could be a realistic alternative.

Composite materials have been widely used for the fabrication of sensors. When

the composite material is exposed to the analyte, it interacts with it and changes

its conductivity depending on the concentration of analyte. Metal nanoparticles sta-

bilized inside a polymer matrix is one example for such composite materials. This

type of composite has been successfully used in the fabrication of molecular recog-

nition devices such as sensors and biosensors.165–167 The ability of CIPS to confine

the nanoparticles in a very thin film could enhance the sensitivity of such devices.

Additionally, it would o↵er a scalable platform for their fabrication.
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Appendix A

Materials and Methods

A.1 Materials

Celazole S26 polybenzimidazole (PBI) solution was purchased PBI Performance Prod-

ucts, Inc. (USA). S26 solution contains 26.2 wt.% PBI, and 1.5 wt.% lithium chlo-

ride (LiCl) dissolved in dimethylacetamide (DMAc). LiCl is used as stabilizer to

prevent aggregation of polymer chains. The metal salts used were Ag(OAc) from

Sigma-Aldrich, and Fe(OAc)2), Co(OAc)2), Ni(OAc)2), Cu(OAc)2), and Pd(OAc)2)

from Acros Organics. Chloroform, DMF, NMP, DMAc, dimethylsulfoxide (DMSO),

isopropanol (IPrOH), hexane, methanol, paraformaldehyde, chlorotrimethylsilane,

SnCl4, sodium borohydride (NaBH4), sodium azide, polyphosphoric acid, 4-

aminophenol, 4,4’-oxydianiline, 4,4’-Methylenebis(phenyl isothiocyanate), and all the

dye and PEG molecules used for rejection experiments were purchased from Sigma-

Aldrich. PAN polymer with molecular weight larger 100,000 g mol�1 was supplied

by Kelheim Fibers GmbH, Germany, and 1,4-diaminopiperazine was from Ramidus.

Polyester support was purchased from Sojitz Europe, Germany. All chemicals were

used as received.
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A.2 Characterization Methods

A.2.1 Scanning electron microscopy (SEM)

SEM images of the membrane surface and cross-section were taken with a FEI Nova

Nano, FEI Quanta 200, or FEI Quanta 600. Cross-section samples were prepared by

fracturing the membranes right after having been exposed to liquid nitrogen for about

2 min. Surface and cross-section samples were attached to an aluminum support with

a conductive aluminum tape and coated with a thin film of iridium or gold/platinum

to reduce charging during imaging.

A.2.2 Transmission electron microscopy (TEM)

Small pieces of the membranes were embedded in a low viscosity resin and sectioned

in a Leica EM UC6 ultramicrotome. The sections were imaged in a Tecnai G2 12

TWIN FEI transmission electron microscope at 120 kV or in a FEI Titan 80-300 CT

operated at 300 kV.

A.2.3 Thermogravimetric (TGA) and di↵erential scanning calorimetry

(DSC) analysis

DSC analysis were run in a Netsch STA 449 F1 Jupiter Thermal Analyzer.

A.2.4 X-ray powder di↵raction (XRD)

The X-ray di↵raction (XRD) patterns of the membranes surface was measured with

a Bruker D8 Advance di↵ractometer (Cu radiation, 40 kV, 40 mA scan range 10-40�).

The samples were mounted on top of a modified holder that contained a silicon wafer

to mount films over it.
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A.2.5 X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out in a Kratos Axis Ultra DLD spectrometer

equipped with a monochromatic Al K↵ X-ray source (h⌫ = 1486.6 eV) operating

at 150 W.

A.2.6 Inductively coupled plasma optical emission spectrometry (ICP-

OES)

Measurements were done in an Agilent Varian 720-ES inductively coupled plasma

optical emission spectrometer equipped with an auto-sampler. The equipment was

calibrated with three solutions of di↵erent concentrations of the targeted metal made

using a certified standard solution. The calibration was checked with an standard

from a di↵erent company prior measuring the samples.

Sample digestion

The digestion procedure varied depending of the metal incorporated in the membrane.

For palladium and gold, the membranes were digested in 8 ml of aqua regia (6 ml of

concentrated hydrochloric acid and 2 ml of concentrated nitric acid) using a microwave

oven (ETHOS One, Milestone Microwave Systems) at 230 �C for 20 min. And for

silver, membranes were digested in 8 ml of concentrated nitric acid using a the same

microwave at 230 �C for 20 min. The resulting solutions were diluted to 20 ml with

MilliQ water and analyzed with an ICP–OES to quantify the concentration of metal.

Because the metals are located only in the top layer of the membranes the metal

content was normalized by area of membrane instead of by mass.
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A.2.7 Gas-liquid displacement capillary flow porosimetry

A POROLUX 1000 gas-liquid displacement capillary flow porometer was used to

measure the pore size distribution of some membranes. Porefill (perfluorether with a

surface tension of 16 mN m�1) was used as the wetting liquid. The maximum nitrogen

pressure used during the measurements was 34.5 bar.

A.2.8 Membrane fabrication process

Flat sheet

The three general steps of the process are: (i) casting of a thin film with the polymer

solution (polymer + solvent A), (ii) immersing the polymer solution film in the same

solvent A containing a low concentration of polymer complexing metal ions, (iii)

transfer it to a non-solvent bath. More details of the process are available in Chapter

4.

All the membranes where cast with Gardco wet film applicators using a gap of

200 µm in a nonwoven polyester support or a glass plate. The volume of the bath

containing the metal salt dissolved in solvent A was always enough to easily cover the

polymer solution film casted in the first step. The whole process was done by hand.

The baths containing the dissolved metal salts where used up to ten times before

replacing them. The nonsolvent bath consisted of water, unless stated otherwise.

The nonsolvent baths where replaced more often, a maximum of three membranes

where precipitated before replacement.

Notes for each step.

Step (i): Details of the polymers used are available in section A.3. All the experi-

ments were done using a 15 wt% polymeric solution unless otherwise specified. PTU,

PSU-TrN, PTA, and PVT-co-PAN solutions were prepared by stirring for at least 3
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hours at room temperature. PTSC solutions on the other hand had to be heated to

65 �C under constant stirring for PTSC to dissolve. After 3 hours of stirring at 65

�C they were taken out of the hot bath and allow to equilibrate their temperature

with the environment prior casting the membranes. PTSC solutions had to be used

the same day they where prepared because after one day a gel starts to form. The

rest of the polymeric solutions where stable for at least two weeks. All the polymeric

solutions where sonicated for 60 minutes before use.

Step (ii): The solutions for the second bath were prepared by dissolving the cor-

responding metal salt in DMSO or DMAc at room temperature.

Step(iii): The non-solvent bath used was water treated by MilliQ system unless

otherwise specified. In some experiments IPrOH was used alone or mixed with water

as the non-solvent bath.

Hollow fibers

The dope solutions were prepared by diluting the S26 PBI solution from PBI Perfor-

mance Products with DMAc to the targeted concentration and stirring for at least

48 hours at room temperature. Metal-containing solutions were prepared the day

before the spinning experiment by dissolving the targeted amount of Cu(NO3)2 or

Pd(OAc)2 in DMAc and stirring for at least 12 hours at room temperature. The

spinning equipment used was custom-built in our laboratory to minimize the amount

of materials needed (i.e., polymer solution and metal-containing solution) to spin a

hollow fiber. The spinnerets used were purchased from SepraTek Inc., Korea. The

bore fluid (water, or metal salt in DMAc) flow rate was controlled by an HPLC pump

(Knauer Scientific Instruments, Germany), and the PBI dope solution by a syringe

pump (Cole Parmer, USA). When using the triple-orifice spinneret, the flow rate of

the liquid (water, or metal salt in DMAc) pumped through the outer orifice was reg-
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ulated by a nitrogen-pressure induced flow controlled by a digital thermal mass flow

meter (Bronkhorst, EL-flow, Germany). All the spinning experiments were done at

an average temperature of 22 �C and relative humidity of 55%. The hollow fibers

were rinsed with water for at least three days before submitting them to any post-

treatment. Reduction of Pd ions to nanoparticles was done by immersing the hollow

fibers in a freshly prepared solution of NaBH4 (0.05 M) for 20 minutes. The volume

of the solution was enough to easily cover the fibers. During the reduction step the

color of the shell of the fibers changes from brown to black due to the formation of

the PdNPs. Following the reduction step the membranes were rinsed with water and

immersed in a IPrOH bath that fully covered them for 30 minutes. This was re-

peated two more times using new IPROH baths to ensure complete removal of water.

Subsequently, the membranes were immersed in a hexane bath for 30 minutes. This

step was repeated one more time using a new hexane bath. Finally, the hollow fibers

were dried at room temperature for at least four days inside a glass tube to keep the

straight. During the drying step we observed that the hollow fibers shrank an average

of 18 ± 3 % when using the post-treatment compared to 40 ± 5 % without it (dried

directly after rinsing with water).

Drop test to optimize conditions

The objective of the drop test is to easily identify if a polymer can form complexes

strong-enough and fast-enough with a certain metal ion for the CIPS process to work.

It can also help to identify the minimum metal salt concentration needed for the CIPS

process to work without wasting too much material. Lower metal ion concentrations

will not promote the formation of enough intermolecular complexes to materialize a

solid layer of crosslinked polymer chains in the first bath, the polymer chains will

dissolve to the bulk of the bath or form a gel.
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The test consists of pouring a droplet of polymer solution inside a small amount of

solvent with certain content of metal ions, waiting a few seconds and then examining

the droplet. The result is then classified into one of these three categories: (i) Polymer

solution droplet completely looses its shape and starts to dissolve. It is impossible

to take it out of the bath using tweezers; (ii) Shape is maintained to some extent,

however it looses its shape when it is taken out of the bath. The droplet looks like

a gel; (iii) Droplet keeps its shape completely and it is possible to easily take it out

of the bath. The surface is solid and shinny and if punctured with a needle liquid

polymer solution comes out from inside of the drop. Conditions producing a result

in category number iii are ideal for CIPS to work.

As an example Table A.1 shows the results of the drop test made to a 20 wt% PSU-

TrN solution in DMAc (test made to identify the optimum conditions for Chapter 5.

The solvent used for dissolving the palladium salt was DMAc as well.

Table A.1: Drop test conditions and results for a 20 wt% PSU-TrN solution in DMAc.

Concentration of Pd(OAc)2 (mM) Result (case i, ii, or iii)

100 iii
67 iii
57 iii
50 iii
44 iii
40 iii
36 iii
33 ii
20 i

Isolation of dense layer

Submerging membranes prepared by CIPS in a good solvent for the polymer caused

the dissolution of the porous support resulting in a dense metal-rich layer floating

over the solvent bath. The isolated dense layers were transferred to a new solvent
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bath to make sure all the polymer from the porous metal-free support is dissolved.

Lastly, the dense metal-rich layers were washed with methanol or ethanol and dried

in a vacuum oven at 60 �C. Isolation of such films is advantageous because it allows

analysis of the top layer without the influence of the metal-free porous support.

A.2.9 Liquid permeation

Circular membranes with a diameter of 2.54 cm were mounted in a stirred cell with a

capacity of 10 ml (Amicon 8010, Millipore Co.) and a hold up volume of 0.2 ml. The

active membrane area in this setup is of 4.1 cm2. Nitrogen gas was used to pressurize

the cell in all the measurements. A typical measurement consisted on collecting

the solvent that passed through the membrane for certain time (1-30 min) at a set

�p (0.5-5 bar). The permeance (Lm�2 h�1 bar�1) was calculated by dividing the

permeate volume by the active membrane area, pressure and time. Each membrane

was measured at least 3 times and the average is reported.

Rejection of small molecules

Polyethylene oxide (PEO) and dyes rejection measurements were made using a Mil-

lipore Amicon 8010 cell (active membrane area of 4.1 cm2), which was connected to

a 400 mL feed reservoir. All measurements were made at 4 bar and with an initial

feed volume of 10 mL. The measurement procedure for all the membranes was the

following: (i) at least 20 mL of water was permeated, (ii) pure water flux was de-

termined, (iii) aqueous solutions containing 0.1 wt% of PEO with a viscosity-average

molecular weight (Mv) of either 400, 1000, 1500, 3000, 10000, or 35000 were perme-

ated through the membrane. In the case of dyes a concnetration of 10-20 ppm was

used. In-between each rejection experiment 10 mL of water was filtered. Rejections

were calculated from the concentrations of the particular solute in the feed and per-



170

meate. The concentration of PEO was determined using an Agilent 1200 GPC with

two columns in series: PL aquagel-OH 60 and PL aquagel-OH 40. The concentra-

tion of dyes was determined using a Nanodrop 2000c UV-vis spectrophotometer. The

MWCO was approximated by plotting the rejection of solutes versus their molecular

weight and interpolating the data to find the molecular weight corresponding to 90%

rejection.

Leaching tests for silver and palladium containing membranes

The static leaching of silver was determined by measuring the concentration of silver

(ICP-OES) in 20 mL of Milli–Q water after 5.07 cm2 of a PTA/Ag membrane was

immersed in it and remained there for 30 days. The dynamic leaching was determined

right after the static leaching test by permeating Milli-Q water through the membrane

and measuring the concentration of silver in the permeate (ICP–OES) at di↵erent

permeate volumes.

The test done to the palladium-containing catalytic membranes prepared in Chap-

ter 5 was the following: permeate at least 50 ml of Milli-Q water and measure the

palladium content in the permeate using ICP-OES. The test was done three times.

The concentration of palladium was below the detection limit of the equipment (2

ppb) for the three cases.

Catalytic activity

The reduction of 4-nitrophenol to 4-aminophenol in the presence of NaBH4 is a good

candidate to test the activity of metal nanoparticles. The reduction does not occur in

the absence of the nanoparticles, it occurs at room temperature, in aqueous systems,

and can be easily monitored by UV–vis. The conversion was determined from the

reduction of the UV-vis absorbance at 400 nm, which corresponds to the absorbance
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maximum of the 4-nitrophenolate ion. Detailed description of the experiments and

how the rate constant was calculated is available in Chapter 5.

Antimicrobial Activity Test

The tests were made using cultures of Pseudomonas aeruginosa PAO1 grown in Luria

broth medium for 16 h, and diluted with a 0.85% (w/v) NaCl solution to an OD600nm

of 0.06 (cell concentration of approximately 1 x108 cell per mL). The test consisted

of immersing a circle of membrane (diameter of 1.27 cm) in 10 mL of diluted Pseu-

domonas aeruginosa PAO1 cell suspension, and the suspension was incubated at 37

�C in an orbital incubator shaker for 24 h. After incubation, the cell suspension was

diluted 2000 times with a 0.85% (w/v) NaCl solution and stained with an equal vol-

ume of 2x LIVE/DEAD BacLight bacterial viability stains for 10 min at 35 �C. The

resulting solution was analyzed by flow cytometry on Accuri C6 (BD Biosciences).

The membranes were taken out of the solution, treated with a paraformaldehyde so-

lution to fix the cells and imaged using a SEM to look for bacteria adhered to its

surface. Each membrane was tested three times. Prior to submitting membranes to

this test they were kept for at least three days in Milli-Q water and subjected to a

permeation experiment of one liter of Milli-Q water to get rid of weakly bound silver

species.

A.2.10 Gas permeation

Gas permeation tests were made only to the hollow fibers presented in Chapter 7.

The hollow fibers where made into modules by embedding one fiber in a 1/4 in.

stainless steel port connector supplied by Swagelok using a two-part potting epoxy

(GC Electronics, USA). Each module consisted on a hollow fiber with an approximate

length of 2 cm. All the tests where made with the outer part of the fibers facing
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the feed. The outer part is where the dense, palladium-rich layer is. Single gas

permeation experiments were done using a constant volume/variable pressure method.

The permeability of a gas through the membranes was measured using a pressure

increase time-lag apparatus with a feed pressure of one bar. The apparatus was placed

inside a forced convection oven (Binder, Germany) to regulate the temperature. The

permeance values were calculated using the following equation:

J =
22.4 V

R T A t
ln

p
F

� p0
p
F

� p
P (t)

where V is the permeate gas volume (L), R is the ideal gas constant (0.0831 bar

L mol�1 K�1), T is the temperature (K), A is the membrane area (m2) and t is the

measurement time (s). p
F

, p0, and p
P (t) (bar) are the pressures at the feed, permeate

side at beginning, and permeate side after the end of the measurement. The hollow

fiber selectivity was determined from ratio of the permeance of each component.

A.3 Synthesis and Characterization of the Polymers Used in this Disser-

tation

A.3.1 Polythiosemicarbazide (PTSC) and polythiourea (PTU)

The polymers were synthesized following procedures described in literature with slight

modifications.61 Both polymers were prepared by a reaction of equimolar quantities

of their respective monomers in DMSO at 50 �C for two days. Followed by precip-

itation in hot water for two days and a drying step in the vacuum oven at 60 �C

for another two days. The monomers are 4,4’-Methylenebis(phenyl isothiocyanate)

and 4,4’-oxydianiline for PTU; and 4,4’-Methylenebis(phenyl isothiocyanate) and 1,4-

diaminopiperazine for PTSC. The average molecular weights and polydispersities of

the polymers were determined using an Agilent GPC with Wyatt modules for Triple
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Detection (Optilab T-rEX, DAWN HELEOS II and Viscostar II) and are presented

in Table A.2.

Table A.2: Number average molecular weight (M
n

), Weight average molecular weight
(M

w

) and polydispersity index (PDI) for PTSC and PTU.

Polymer M
n

(kg mol�1) M
w

(kg mol�1) PDI

PTSC 15.9 53.1 3.3
PTU 21.1 54.5 2.6

The resulting polymers were characterized by 1H NMR in a Bruker AVANCE III 700

MHz liquid NMR instrument equipped with a TCI Cryoprobe.

PTSC: 1H NMR (700 MHz, 298K, DMSO-d6, ppm) �: 9.52 (s, 2H, e protons), 9.30

(s, 2H, d protons), 7.45 (d, 2H, b protons), 7.18 (d, 2H, c protons), 3.89 (s, 2H, a

protons), 2.97-2.90 (m, 2H, f protons).

PTU: 1H NMR (700 MHz, 298K, DMSO-d6, ppm) �: 9.68-9.65 (m, 4H, d protons),

7.44-7.43 (m, 2H, e protons), 7.36-7.35 (m, 2H, c protons), 7.20-7.17 (m, 2H, f pro-

tons), 6.99-6.96 (m, 2H, b protons), 3.87 (s, 2H, a protons).
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Figure A.1: Numbering of 1H for NMR chemical shifts of PTSC and PTU.
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A.3.2 Polysulfone bearing 1,2,3-triazole groups (PSU-TrN)

PSU-TrN was synthesized following a recently published procedure.79 First polysul-

fone PSU (22 g, corresponding to 49.71 mmol of repeating unit) was dissolved in 750

mL of CHCl3 (2 wt% PSU) under a nitrogen atmosphere. Paraformaldehyde (15 g,

499.5 mmol) was added to the flask and the solution was mixed while raising the tem-

perature to 52 �C. Then chlorotrimethylsilane (63 mL, 497.14 mmol) and SnCl4 (0.22

mL, 1.91 mmol) as catalyst were added. After 84 hours, the reaction mixture was

filtered, concentrated and precipitated in methanol. The polymer was subsequently

dissolved in chloroform and reprecipitated in methanol, then filtered and dried un-

der vacuum overnight at 60 �C yielding chloromethylated polysulfone PSU-CH2Cl

with a 94% degree of functionalization (determined by 1H NMR, Figure A.2). In

the next step, PSU-CH2Cl (10 g, 19.26 mmol chloromethyl group) was mixed with

sodium azide (3.92 g, 57.78 mmol) in 200 mL of DMF. The mixture was stirred at

60 �C under nitrogen for 24h. At the end of the experiment, the resulting product

was precipitated into methanol and washed three times with water to remove the

excess sodium azide. After filtration, the obtained azidated polymer (PSU-CH2N3)

was dissolved in chloroform and reprecipitated in methanol, then filtered and dried

under vacuum for 24 h at 60 �C. Finally, polysulfone bearing 1,2,3-triazole func-

tions (PSU-TrN) was synthesized by click reaction as follows. PSU-CH2N3 (7.0 g,

13.3 mmol azidomethyl group) was dissolved in DMF (140 mL) in a round bottom

schlenk flask. Degassed PMDETA (8.3 mL, 39.9 mmol) and propargyl alcohol (0.8

mL, 14.6 mmol) were added to the flask via syringe under nitrogen. The mixture

was degassed by one freeze-pump-thaw cycle. Then CuBr (5.72 g, 39.9 mmol) was

added quickly in the frozen state. Immediately after that, the flask was subjected

to three additional freeze-pump-thaw cycles to remove oxygen, prior to being placed
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in a constant-temperature oil bath at 60 �C and stirred for 24 h. The reaction was

quenched by exposing to air and precipitating in 0.5 % aqueous ammonia solution.

The polymer was solubilized in DMF, precipitated in ammonia solution and washed

with methanol thrice. The purified PSU-TrN was dried in vacuum oven at 60 �C for

24 h. The M
w

and PDI of the starting material, PSU, is 50 kg mol�1 and 1.7 respec-

tively (determined by GPC). No significant change in M
w

and PDI is expected in the

polymer after the modification steps to obtain PSU-TrN with a 94% functionalization.

!

Figure A.2: 1H NMR spectrum of PSU-TrN0.94 recorded in d6-DMSO.

A.3.3 Polytriazole (PTA)

The polytriazole polymer with OH groups was synthesized following a method de-

scribed before168 with slight modifications to convert most of the oxadiazole to triazole

rings (95-98% conversion). Briefly, 2 g of polyphosphoric acid and 37 g (0.3378 mol)

of 4-aminophenol were added to 50 g (0.135 mol) of polyoxadiazole precursor169,170



176

previously dissolved in 333 mL NMP. The reaction mixture was heated to 195 �C in

a nitrogen atmosphere for 15 h under constant stirring. The resulting solution was

precipitated in a water-methanol mixture at 60 �C and purified by re-precipitation

from NMP. The polymer was dried in a vacuum oven at 110 �C and stored. FTIR

spectra of the resulting polymer are available in (Figure A.3). The conversion of

oxadiazole rings into triazole rings is confirmed by the presence of a new intense peak

at 1514 cm�1, which is characteristic for triazole,171 while the characteristic peaks for

oxadiazole, at 1070 and 1018 cm�1, almost disappear.169,170 The presence of grafted

OH groups is proved by the presence of the broad peak in the range 3000 3500 cm�1.

The sharp peak at 1496 cm�1 in the polyoxadiazole spectrum is characteristic for C =

C linkages of aromatic rings,172 while in the polytriazole spectrum this peak is shifted

to 1476 cm�1 and is more broad, due to overlap with the triazole peak.

Figure A.3: FTIR spectra of polyoxadiazole precursor and polytriazole.
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A.3.4 Polybenzimidazole (PBI)

PBI was purchased from PBI Performance Products, Inc. in the form of a polymer

solution (S26) with a composition of 26.2 wt% PBI, 72.3 wt% DMAc, and 1.5 wt%

lithium chloride (LiCl). The S26 solution was diluted with DMAc to obtained the

desired PBI concentration for each experiment. The structure of PBI is depicted in

Figure A.4.
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Figure A.4: Structure of polybenzimidazole.

A.3.5 Polyvinyltetrazole-co-polyacrylonitrile (PVT-co-PAN)

Polyvinyltetrazole-grafted PAN (PVT-co-PAN) polymer was synthesized following a

method described before.173,174 Briefly, 5 g of PAN powder were added to a round

bottom flask with 120 ml of DMF. The solution was stirred at 60 �C until PAN is

completely dissolved and then cooled to room temperature. Next, 6.5 g of NaN3 and

5.36 g of NH4Cl were added to the polymer solution. The solution was heated again

to 60 �C and allow to react for 12 hours. Then, it was cooled to room temperature and

precipitated in 500 ml of a 0.25 M HCl aqueous solution. After 4 hours the obtained

light yellow polymer was collected via vacuum filtration. Finally, it was washed with

distilled water until pH was 7 and dried. The resulting polymer is depicted in Figure

A.5
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Figure A.5: Structure of polyvinyltetrazole-co-polyacrylonitrile.
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