
Development of a Composite ion-exchange

membrane for PDMS-based microfluidic devices

by

Rio Vincenzo Festarini

A thesis submitted to the

Department of Chemical Engineering

in conformity with the requirements for

the degree of Master of Applied Science

Queen’s University

Kingston, Ontario, Canada

August 2016

Copyright c© Rio Vincenzo Festarini, 2016



Abstract

The purpose of this research is to investigate potential methods to produce an ion-

exchange membrane that can be integrated directly into a polydimethylsiloxane Lab-

on-a-Chip or Micro-Total-Analysis-System. The majority of microfluidic membranes

are based on creating microporous structures, because it allows flexibility in the choice

of material such that it can match the material of the microfluidic chip. This cohesion

between the material of the microfluidic chip and membrane is an important feature

to prevent bonding difficulties which can lead to leaking and other practical problems.

However, of the materials commonly used to manufacture microfluidic chips, there

are none that provide the ion-exchange capability.

The DuPont product NafionTM is chosen as the ion-exchange membrane, a copoly-

mer with high conductivity and selectivity to cations and suitable for many applica-

tions such as electrolysis of water and the chlor-alkali process. The use of such an

ion-exchange membrane in microfluidics could have multiple advantages, but there

is no reversible/irreversible bonding that occurs between PDMS and NafionTM. In

this project multiple methods of physical entrapment of the ion-exchange material

inside a film of PDMS are attempted. Through the use of the inherent properties of
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PDMS, very inexpensive sugar granulate can be used to make an inexpensive mem-

brane mould which does not interfere with the PDMS crosslinking process. After

dissolving away this sacrificial mould material, NafionTM is solidified in the irregular

granulate holes. NafionTM in this membrane is confined in the irregular shape of the

PDMS openings. The outer structure of the membrane is all PDMS and can be at-

tached easily and securely to any PDMS-based microfluidic device through reversible

or irreversible PDMS/PDMS bonding. Through impedance measurement, the effec-

tiveness of these integrated membranes are compared against plain NafionTM films in

simple sodium chloride solutions.
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Chapter 1

Introduction

In the first section of this chapter, an overview of the topic of microfluidics and some

potential benefits of this technological concept are given. Then, the subject of mem-

branes within the context of microfluidics is discussed. In the second section, selected

literature on membranes in microfluidics is summarized to show the general four im-

plementation methods for fabricating microfluidic chips with integrated membranes.

Finally, an area of focus in the discussion of membranes in microfluidics is taken for

this work. This leads to the motivation of the project: the fabrication of an inte-

grated composite membrane between NafionTM, a common ion-exchange copolymer,

and polydimethylsiloxane (PDMS), a common manufacturing material for microflu-

idic devices.

1.1 Overview of microfluidics and membranes

The miniaturization of unit operations for microfluidic projects is not a simple or

quickly completed exercise. Microfluidics is concerned with fluid flow in geometries
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1.1. OVERVIEW OF MICROFLUIDICS AND MEMBRANES

with a typical characteristic length scale of micrometers. Here, the relative impor-

tance of physical phenomena can change as a result. For example, the surface area

to volume is very high in microfluidics and therefore, surface-based phenomena are

much more prominent compared to macro-scale devices. As is clear when consid-

ering the literature behind microfluidics, there are many groups working on many

projects to provide examples of unit operations that can complete certain tasks on

the micro-scale. These are all steps toward the creation of a Lab-on-a-Chip (LOC)

or Miniaturised-Total-Analytical-System where all of the unit operations from start

to finish for a chemical process are performed on a single microfluidic chip.

There is an important difference between the potential of a LOC and a traditional

laboratory. Whereas a traditional laboratory can flexibly perform any task as long as

the technology and expertise are available, a LOC is designed in advance for a specific

process. The design must take into consideration how the raw materials are accepted,

modified, tested, and/or chemically altered. This limitation, is also a potential ben-

efit to having a LOC over that of a traditional laboratory. For a LOC, these process

steps are all part of the initial design, which means that the actual usage of the chip is

simplified to allowing the chip to properly work as it was intended [1]. Therefore, the

outside requirements in technology and expertise to perform the chemical operation

are lowered. This potentially allows for the benefits of flexibility of location, not re-

quiring the chip to be in a full laboratory, as well as flexibility of user, not necessarily

requiring a user with advanced chemical instrumentation knowledge to carry out the

process or analysis.
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

Separation is a unit operation used in many chemical processes and as such, in-

tegrating membranes into microfluidic chips is an important area of research. In

the literature concerned with membranes for microfluidics, the focus is not on the

transport properties of the membrane as these microfluidic membranes are reinter-

pretations of macro-scale membranes adapted for microfluidic chips. While the type

of transport is important, proving that a type of integration is possible in a microflu-

idic chip is often the primary conclusion. As such, it is more reasonable to outline

membranes in the field of microfluidics in terms of how they integrate into chips. This

way of differentiating membranes used in microfluidic capacities was done in review

articles such as de Jong et al. [5].

1.2 Literature review on microfluidic membranes

There are four general ways that membranes can be incorporated into microfluidic

chips: (1) commercially made membranes can be bonded or otherwise attached to

manufactured chip; (2) a membrane can be created in steps that are part of the man-

ufacturing process for the chip; (3) a chip can be constructed with the capacity to

form a membrane after chip fabrication; (4) the chip can be manufactured in such a

way and for such a purpose that the bulk material of the chip can act as a membrane

[5]. In all of these options, ‘membrane’ refers only to a substrate which acts as a

semi-permeable barrier.
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

1.2.1 Commercial membranes

Commercial membranes are advantageous because the membrane is created in a sep-

arate process that is not related to the microfluidic chip fabrication. Either the com-

pleted membrane or the materials for constructing the membrane can be purchased

from a specialized producer. This allows for relatively simple membrane production in

an independent ‘macroscopic’ manufacturing process without the potential difficulties

of microfabrication. The membranes once produced can also be tested apart from the

microfluidic device for uniformity with literature results of conductivity, selectivity,

stability, etc. The disadvantages of this method can be seen in some of the literature,

where a membrane material must be attached to the bulk of the microfluidic cell,

made of another material, through some type of glue or physical clamping [12] [21]

[10]. If such a design is realized, a comprehensive test for leakages at the interface of

the two different materials is required. This concern originates from the conditions

around the membrane, where channels on either side contain liquid flows.

There are many examples of this type of membrane design such as the work of

Hsieh et al., concerned with a microdialysis system. The system consists of in-line

electrodes embedded in microchannels to measure the electrical resistance of a solu-

tion of dialyzed phosphate buffered saline (PBS) [12]. The authors used a variety

of materials for the microfluidic system. The top of the microchannel was created

through prototyping of PDMS and sealed against a polycarbonate (PC) membrane

which served as the bottom side of the channel. The 100nm or 15nm pore size PC

membrane was then connected to a SU-8 photoresist channel made on a glass slide.

The chromium/gold electrodes required for resistance measurements were fabricated
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

on the glass surface by sputtering [12]. With such a microfluidic system of many dif-

ferent layers of different building materials it can be assumed that the overall system

is not as robust as a microfluidic system made of a single material and the authors

state that the fabrication protocol was revised until a non-leaking and reproducible

bond could be formed around the membrane layer [12]. As a benefit however, a

construction of this type allows for simple and quick prototyping using micro-scale

fabrication techniques and the authors were able to measure step-wise changes of liq-

uid resistance which showed the changes of PBS solution concentration were indeed

crossing the microporous membrane of the microdialysis system.

The importance of the reliable sealing between layers or different materials in a

microfluidic device is more specifically noted in the paper of Aran et al. [2]. This

work is specifically on the method and testing to chemically modify some specific

porous polymer membranes such as: polycarbonate, polyethersulfone, and polyethy-

lene terephthalate with 3-aminopropyltriethoxysilane as a crosslinking agent. Using

this crosslinker, a bond between the membrane and a microfluidic structure of PDMS

or glass was formed that was irreversible and stronger than a PDMS glue or two part

epoxy bonding. Bond strength testing was performed to test the pressure inside of

the microchannels that resulted in leaking in comparison to both PDMS glue and two

part epoxy. With a dry device, a device filled with water, and a device submerged in

water this specific chemical crosslinking bond was able to withstand at least 8 times

the pressure of the other tested methods.
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

1.2.2 Directly-fabricated membranes

Fabrication of a membrane directly on a microfluidic chip can allow for a higher degree

of integration between the bulk chip material and the membrane material. Although

having a more highly integrated chip is advantageous for controlling separation of

the materials and allows for more complex arrangements in chips, their creation usu-

ally involves more complex manufacturing methods. This usually means that the

chip and the membrane are inseparable once constructed, so separate testing of the

membrane is not possible. This also means that literature published on this type of

membrane-chip construction focuses on the device as a whole: an integration of both

microfluidic features and membrane transport features. Unfortunately, in this style

of manufacturing we can tell that the chip and membrane are completely linked and

so development of a production method is sure to be more complex than the com-

mercial membrane integration. This complexity during design and fabrication makes

this type of membrane classification the most diverse.

Foote et al. researched the use of a porous silica membrane to separate fluores-

cently labeled proteins from buffer ions and to increase the laser-induced signal by up

to 600 times [8]. The authors fabricated microchannels for the concentrator in silicate

glass substrates using photolithography and chemical wet etching. Then a cover of

silicate glass was attached by using a silicate adhesive that was spin-coated to a 5µm

thin layer [8]. This silicate adhesive is an integral part of the microfluidic chip as it

completes the channels by allowing the attachment of the top cover plate. However,

not only is the silicate adhesive a vital part of the formation of the microfluidic device,

in this situation it also acts as a microporous membrane which allows the transport
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

of small buffer ions while excluding proteins from one channel to the next [8]. This is

an example of integrating membranes as a part of the manufacturing of a microfluidic

chip.

Gielens et al. showed another technology where the membrane formation is inte-

grated into the manufacturing of the microfluidic chip. This group focused on the cre-

ation of a thin hydrogen-selective palladium (Pd) containing metal membrane made

on a silicon wafer using sputtering deposition [9]. This method of deposition using

Pd metal during the construction of the microfluidic chip is different from attaching

a film of Pd to a microfluidic channel, which would be under the characterization of

the first type of membrane construction discussed above. In this method, Pd was

deposited over a smooth surface of silicon wafer and then after deposition, the silicon

was etched away from the bottom to allow for hydrogen gas to reach the membrane

surface [9]. The membranes created were then compared to Pd or Pd alloy mem-

branes deposited on porous supports. The primary benefit of first being deposited on

a smooth layer of silicon wafer is the much lower occurrence of structural defects.

A more recent paper by Lëıchlé et al. showed the integrated creation of a lat-

eral porous membrane inside of a microfluidic channel [15]. This mesoporous silicon

membrane with 10µm long pores parallel to the flow was made by anodizing the solid

silicon in 1:1 ethanol:48% aqueous HF solution. Chromium and gold were sputtered

onto the sidewall of the silicon as one electrode and a platinum disk immersed in

the solution was the cathode. Anodic dissolution of the silicon was done for 2 min

at a current density of 200mAcm−2. This silicon membrane integrated into a simple
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

silicon chip was made for size exclusion filtering of beads, but could potentially be

tuned by use of current to control pore size and treatment for more selective mass-

transport. The direction of this work, is that the porous silicon is constructed inside

of a single microchannel with no need for a more complex multi-layer microfluidic

chip. However, this also means that buildup of filtered material will occur, so the

authors note that it could be a dead-end microfiltration.

1.2.3 In-situ fabricated membranes

Although the majority of the literature can be classified into the first 2 types of mem-

brane and microfluidic chip integration, there are also groups which are using some of

the unique features of microfluidic chips to create membranes in-situ. A good example

was performed by Song et al. who developed an integrated microdialysis membrane

in a microfluidic chip. In detail, a nanoporous membrane was integrated into a closed

fused silica microchip using a shaped UV laser to control phase separation photo-

polymerization [19]. First, a silica chip was created with two parallel channels which

are located side by side. Then, the separating wall between the two channels was

mainly removed over a length of about 5mm, whereas some of the substrate remains

as a membrane support. The double channel was filled with a monomer which was

then solidified by a focused UV laser which passed along the centre prompting poly-

merization. Some control of the polymerization allowed for changes in the porous

features so that the selectivity of the membrane could be adjusted with well-defined

and reproducible results [19] [18].
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1.2. LITERATURE REVIEW ON MICROFLUIDIC MEMBRANES

A more recent paper by Ding et al. shows that in-situ membrane preparation is

still under investigation with their fabrication of a carbon nanoparticle-chitosan com-

posite membrane [7]. Using a similar setup as Song et al. where there was originally

no wall separating two parallel channels, with a combined width of approximately

500µm, a flow of acidic chitosan solution was pumped through one microchannel and

a flow of basic buffer solution containing carbon nanoparticles was pumped through

the other. The deprotonation of the chitosan forms the membrane which tends to

solidify around the carbon nanoparticles which act as nucleating agents. This mem-

brane grows quickly at first, before the separation by the solidifying membrane causes

a much slower growth rate of the membrane. Afterwards, the effect of reactant flow

rates and the effect carbon nanoparticles on the fabrication, the permeability, and

the adsorption were investigated.

1.2.4 Microfluidic chip as membrane

In this last category of membrane – microfluidic chip integration there is no integra-

tion necessary. This is the clever category where the bulk properties of the material

used to make the microfluidic chip, allow it to also classify as a semi-permeable mem-

brane. The microfluidic chip can therefore be made with one material, but have

regions where there is permeability as in a membrane and other regions with mi-

crofluidic features to allow for other unit operations. A biomedical application was

the focus of Cabodi et al. and this group shows that a biomaterial can be used for

microfluidics that can assist with controlling the concentration of soluble species such
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1.3. PROJECT MOTIVATION

as metabolites, therapeutics, and anti-fouling agents [3]. Using a calcium alginate hy-

drogel Cabodi et al. were able to create 25µm× 25µm cross sectional-area channels

in a larger hydrogel microfluidic chip and show that the chip can be submerged into

a reservoir and the fluid passing through the channels can both extract and deliver

large and small fluorescent solutes through the hydrogel [3]. Materials such as this

hydrogel show a potential for moving solute in either direction for biomedical appli-

cations and provides more options than simply using the biomaterial as a membrane,

as in the first type of membranes discussed.

1.3 Project motivation

For simple tests of microfluidic setups which require membranes, the most appropriate

fabrication process is method (1): the integration of commercially made membranes

into microfluidic channels with the use of chemical adhesives and mechanical means.

However, for microfluidic chips where there is a higher level of integration, and also

for applications where simply adding a commercial membrane will not meet the re-

quired need, it is necessary to use method (2): a combination of the fabrication of

the chip with the fabrication of the membrane.

Although the membranes of methods (1), (2), (3), & (4) discussed above were of

varying materials for different applications, the method of separation which the mem-

branes employed was all exactly the same. This is one of the underlying similarities

in the majority of microfluidic membrane literature: that almost all membranes will

use pore size to concentrate the species of interest or remove unneeded products. This
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1.3. PROJECT MOTIVATION

focus on using pore size is likely because pore size is a geometrical feature and can be

often achieved independent of other material characteristics. If pores are a natural

feature of the material, or if a method can be devised that creates pores of the desired

size, any material can be a size exclusion membrane, which allows for better integra-

tion of membrane and chip. This likely has connections to the fact that microfluidics

uses a considerable number of methods from the semi-conductor industry, where the

fabrication method is the focus. However, the more specific ion-exchange membrane

separation is the focus feature of this work.

Ion-exchange membranes allow for the movement of certain dissolved ions through

an ion-conductive polymer while restricting the movement of oppositely charged dis-

solved ions. The ion-exchange membrane of focus in this project is NafionTM which

is a registered product of DuPont. NafionTM is an ion-exchange membrane conduc-

tive to small cations, which restricts the movement of anions and larger cations and

is not conductive to electrons. NafionTM is formed from the copolymerization of a

tetrafluoroethylene (TFE) backbone with perfluorinated vinyl ether, terminated with

sulfonate groups [16]. The basic chemical structure is shown in Figure 1.1.

The chemical structure of this copolymer has two regions with differing proper-

ties. 1) The repeating CF2 units create a non-polar structure which does not wet

with aqueous solution. 2) The SO3H units wet in aqueous solution even giving up

their proton to become acidic groups. The fluoropolymer will orient itself such that

the terminating sulfonate groups, which hold a negative charge, collect together into

clusters while the perfluorinated backbone gives stability to the membrane. In the
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1.3. PROJECT MOTIVATION

Figure 1.1: Chemical structure of NafionTM [public licence Wikimedia]

cluster-network model of Gierke et al. which is an early model of the transport

through NafionTM, the sulfonate groups come together to form clusters with about

40Å diameter that are organized as inverted micelles, with basic structure shown in

Figure 1.2 [16]. These clusters swell with water and enable the transport of small

cations which can pass through the spherical clusters and the interconnecting small

channels of diameter 10Å. This means that NafionTM is primarily a membrane for

the transport of hydronium cations (protons) and other small cations such as sodium

cations. Indeed, the most well-known applications of NafionTM membranes are as

proton exchange membrane (PEM), where hydronium ions are transported, and in

Chlor-alkali cells for the industrial production of NaOH and Cl2, where Na+ sodium

cations are transported.

This specific transport of small cations that is done by NafionTM is not some-

thing that membranes with fabricated mico-pores accomplish. This means that if

ion-exchange membrane capacity is required, a membrane material such as NafionTM

12



1.3. PROJECT MOTIVATION

Figure 1.2: Internal pores of NafionTM [16]

must be added to the microfluidic Lab-on-a-Chip. NafionTM is a polymeric mate-

rial which is best at forming thin films and does not, with the standard fabrication

method, have the ability to form well defined micro-channels. Furthermore, because

of its perfluorinated backbone which puts it in the same family of compounds with

TeflonTM, it is not a material which is good at forming non-leaking bonds directly

with other polymers or silicate materials [16]. Because of these features it is unlikely

that NafionTM could be used to form a microfluidic chip for method (4) of membrane

and microfluidic integration. Likewise, method (3) of in-situ preparation of the mem-

brane is a specialized application of polymerization which cannot be applied. This

leaves method (1): commercial membrane attachment and method (2): fabrication

of the membrane during fabrication of the chip. As discussed above, attachment of

a fully formed film of commercial membrane would require mechanical or adhesive

means and is usually a primary test phase before membranes begin to be more highly

integrated into the fabrication of the chip. However, in this case the membrane ma-

terial NafionTM cannot be switched out with another material as we are depending

on its ion-exchange properties and not the presence of holes which can be made in a
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1.3. PROJECT MOTIVATION

fabrication step. Therefore, the best solution is method (2), where the membrane is

still the commercially obtained NafionTM and is not modified, but is integrated into

the chip by fabricating the membrane along with the fabrication of the microfluidic

chip.

A paper by Slouka et al. summarizes some of the works which have been done on

ion selective membranes in this field [17]. The focus is on nanochannels where the

electrical double layers overlap and thus can become ion selective, which is similar

to the mechanisms in the NafionTM case. Slouka et al. report that one of the main

challenges for ion selective unit operations is device fabrication. As applications of

ion-selective units in literature they give examples of studying charged nanochannels,

implanting NafionTM as a plug connecting nanochannels as well as other methods to

implant NafionTM into a specific testing device. This again shows the valuable nature

of a more generic PDMS based ion-exchange membrane.

One of the most commonly used materials for creating microfluidic unit opera-

tions or prototyping microfluidic geometries is polydimethylsiloxane. This is because

PDMS is simple to use, quick to cure by crosslinking, can replicate micron-scale

structures with precision, all while being transparent in the UV-Visible light spectra,

flexible in its fully cured state, and chemically inert & non-toxic [14]. Additionally,

if a film of PDMS is pressed onto PDMS or a glass slide it will bond reversibly and

can be removed and reapplied multiple times, creating a connection that can with-

stand small pressures. If the PDMS surface is first cleaned and treated with corona

or plasma the bond formed will be irreversible and the PDMS will be mechanically

14



1.3. PROJECT MOTIVATION

destroyed before it releases the bonded PDMS or glass. This ability to seal reversibly

and irreversibly between PDMS and other silicates like glass allows for a larger range

of materials to be used during the construction of a microfluidic chip while main-

taining solid integration of all layers/components. The basic chemical structure of

PDMS is shown in Figure 1.3. These large chains of silicon based organic polymer

are crosslinked during the curing process to create the solidified PDMS.

Figure 1.3: Basic chemical structure of PDMS [public licence Wikimedia]

The prevalence of PDMS makes it one of the most important microfluidic chip

materials. Study of a method to integrate the ion-exchange membrane NafionTM with

PDMS would provide the most number of benefits to further unit operation investi-

gations for LOCs and other microfluidic systems.
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Chapter 2

Objectives, Methods, and Materials

This chapter first explains the core objective of the overall project: to create a scaf-

fold which can incorporate the ion-exchange membrane polymer. Afterwards, the

materials and instruments used in the developed procedures are described.

2.1 Objectives

The objective of this project is to create an ion-exchange membrane which can eas-

ily be integrated into a larger microfluidic chip. One of the advantages of using the

microfluidic chip material PDMS is its ability to reversibly or irreversibly bond with

other pieces of PDMS or other silicate materials like glass. However, the ion-exchange

membrane material NafionTM cannot be bonded with PDMS. Furthermore, NafionTM

can form films but not micron-sized three-dimensional (3D) features and it swells as

it uptakes water thereby changing in shape, whereas PDMS will not swell in contact

with aqueous solutions.

The integration procedure that we propose does not involve the chemical change
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of neither PDMS nor NafionTM. To chemically change the ion-exchange membrane

material for a better bonding connection with PDMS would add multiple process

steps. Primarily, chemical modification of the NafionTM would have to be thoroughly

tested to prevent potentially harming its selective conductivity of small cations. This

also narrows the applicability of the project results because any users would have to

have the facilities and knowledge to chemically alter NafionTM on top of microfab-

rication facilities and knowledge. However, this leaves the problem that PDMS and

NafionTM simply do not bond together during fabrication.

We propose physical entrapment as the solution to combine PDMS and NafionTM

into a membrane without changing either polymer and therefore maintaining all of

their necessary advantages. This generally involves creating a PDMS scaffold con-

taining a considerable void volume. This void volume can be created by solidifying

PDMS around a sacrificial material, which can be later removed or dissolved without

affecting the solidified PDMS. The PDMS scaffold can then be filled with NafionTM

dispersion, originally used to make films, which will solidify inside of the PDMS void

volume. The solidified NafionTM is then physically entrapped inside of the PDMS

scaffold.

It is important to note that the PDMS scaffold must be made with void vol-

ume which is continuous from one side of the film to the other in order to establish

working ion conductivity of the filling material NafionTM. Furthermore, the PDMS

scaffold must be made with an irregular or patterned structure to entrap the solidified

NafionTM. In other words, the PDMS structure should prevent the NafionTM from
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sliding out or being displaced. During the use of the integrated membrane, this design

takes advantage of the fact that NafionTM, but not PDMS, swells with water content,

increasing in size in the restraining PDMS scaffold and the integrated membrane is

therefore more physically stable.

Two main methods are investigated in this thesis to create the PDMS scaffold

which is then filled with the NafionTM dispersion. The first method uses self-assembly

of sacrificial, spherical microparticles. This 3D microparticle structure is then cast

with PDMS to make a patterned scaffold shape. The second method uses sugar par-

ticles as sacrificial material to create the void volume in the PDMS.

2.2 Materials

This section comprises the list of material descriptions for the project.

The microfluidic chip material PDMS which serves as a membrane scaffold is pur-

chased as Sylgard 184 Silicone Encapsulant Clear from Dow Corning (Ellsworth Ad-

hesives, Toronto, ON). The PDMS chemicals are mixed in the recommended weight

ratio of 10 to 1.

The ion-exchange membrane material is purchased as 5mL bottles of NafionTM dis-

persion D2021 from Ion Power DE, USA. This is a polytetrafluoroethylene (PTFE)

copolymer with perfluorosulfonic acid (PFSA) dispersed in the acid form. The con-

centration of 1100EW NafionTM is 20% in this alcohol based dispersion containing

34% water, 44% 1-propanol, and the remainder of ethanol & mixed ethers.

Contact angle (CA) measurements are performed to infer the wettability of PDMS
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using NafionTM dispersion and, for the sake of comparison, deionized (DI) water and

1-propanol (Sigma Aldrich, Oakville, ON). During these contact angle measurements

some organic solvents are used in an attempt to extract soluble components from

crosslinked PDMS, including: toluene (ACP Chemicals, Montreal, Quebec), ethyl

acetate (ACP Chemicals), and acetone (Fisher Scientific). All of these solvents with

a purity of ≥ 99.5%.

PDMS films are fabricated on plain Fisherbrand 3inch × 1inch × 1.0mm glass

slides from Fisher Scientific. The glass slides are first cleaned according to an in-

house cleaning protocol using acetone, isopropanol with a purity ≥ 99.5% (ACP

Chemicals, Montreal, Quebec), and DI water.

Layers of polystyrene (PS) films are created with a home-made solution of Cogan

Styrofoam Cups dissolved into toluene.

Void volume is created using 10µm and 110µm PS spheres in water as a sacrificial

material, which are purchased from Microspheres-Nanospheres (Corpuscular com-

pany Cold Spring, New York, USA). The surfactant Hexadecyltrimethylammonium

bromide CTAB ≥ 99% (Sigma Aldrich, Oakville, ON) is used to modify the PS par-

ticle dispersion for some experiments.

Alternatively we used white, plain granulated sugar (Lantic Sugar Limited, Toronto,

Ontario) as a sacrificial material in another approach to fabricate a scaffold.

Wet etching of PDMS is performed with Sulfuric Acid 98% reagent grade (Fisher

Scientific).

Void volume is filled and supported during scaffold slicing with FisherfinestTM Histo-

plast Paraffin Wax (Fisher Scientific).
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Removal of paraffin wax is done with toluene or benzene, purity ≥ 99%(ACP Chem-

icals, Montreal, Quebec).

Conductivity measurements of the membranes are performed in simple salt solutions

made with sodium chloride, BioXtra ≥ 99.5% (Sigma Aldrich, Oakville, ON) in DI

water.

2.3 Instruments

Contact angle measurements are performed with a VCA goniometer (AST Products

Inc, Billerica, MA, USA).

All weight measurements are performed with the semi-micro balance CPA225D (Sar-

torius, Göttingen, Germany).

All liquid conductivity and pH measurements are performed by the SevenExcellence or

SevenMulti Multiparameter pH and conductivity probes (Mettler Toledo, Greifensee,

Switzerland).

Preparation of PDMS films are made with a Laurell WS-650-23 spin coater (Laurell

Technologies Corporation, PA, USA).

Curing of PDMS is performed at higher temperature using the Corning PC-420D hot

plate (Corning, New York, USA) and Cole Parmer StableTemp Programmable Oven

(Cole Parmer, Vernon Hills, IL, USA).

Cleaning and sample preparations are completed with the assistance of the Fisher-

brand FB11203 ultrasonic cleaner (Fisher Scientific, Pittsburgh, PA, USA).
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Microscopic viewing is done with a combination of: the Micromaster Premier Micro-

scope Cat# 12563532, with magnifications of 10 times to 100 times (Fisher Scien-

tific, Pittsburgh, PA, USA); Axio Imager A1m optical microscope (Carl Zeiss AG,

Oberkochen, Germany); and the Optical Gaging Products Avant ZIP 400 (OGP,

Rochester NY, USA). Pixel analysis of some microscopic images is performed with

ImageJ (A public domain software developed at the National Institutes of Health,

imagej.nih.gov)

Corona treatment utilizes the Model BD-20 Corona Producer (Electro-Technic Prod-

ucts Inc, Chicago, IL, USA). According to manufacturer specifications, the corona

produces an air plasma by outputting a voltage of 10, 000 to 50, 000volts at a fre-

quency of 4 to 5MHz. Based off of a used spark length of about 5mm, we estimate

the voltage to be approximately 10, 000volts for this work. The instrument as a whole

consumes a current of 0.35amps.

Slices of the PDMS scaffold are taken with the use of a Leica RM2255 Fully Auto-

mated Rotary Microtome (Leica Biosystems, Wetzlar, Germany).

Impedance measurement for conductivity of the membrane used the Autolab potentio-

stat/galvanostat PGSTAT302N (Metrohm Autolab B.V., Utrecht, The Netherlands).
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Chapter 3

The wettability of NafionTM dispersions on PDMS

The physical entrapment of a NafionTM membrane inside of a PDMS scaffold over-

comes the lack of cohesion between these two material surfaces. However, it is still

important to consider the surface interactions because during the fabrication, the

NafionTM dispersion needs to be able to penetrate into the small pores of the PDMS

scaffold.

NafionTM is a hydrophilic polymer and PDMS is a hydrophobic and non-polar

polymer, with an advancing water contact angle (WCA) in literature of 108◦ [14].

In detail, the NafionTM dispersion used to fill the scaffold consists of approximately

20% polymer, 34% water, 44% 1-propanol and 2% other VOCs, which makes the

dispersion more compatible with hydrophilic surfaces. Hence, we study contact angle

on smooth and roughened PDMS surfaces of NafionTM dispersion, and for the sake

of more complete understanding, water and 1-propanol. We first test the effect of

drop size on the contact angle with plain PDMS. Then we conduct a multi-faceted

study employing corona discharge as one efficient and facile treatment to enhance the

hydrophilic property of the PDMS surface [11].
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3.1. EFFECT OF DROP SIZE ON CONTACT ANGLE

3.1 Effect of drop size on contact angle

The effect of drop size on contact angle is examined using the syringe-control of the

VCA goniometer. The motivation for this investigation is twofold. 1) The instrument

has limitations in terms of picture size, lighting adjustment, and focus ability so it

is necessary to determine what range of droplet size measurements can be taken. 2)

Measured contact angle can be influenced by the size of the droplets, so it must be

determined if there is a significant change over the range of droplet sizes that may be

used in the following experiments. We use the Bond number (Bo) to determine the

relative importance of surface tension forces, which we intend to measure, compared

to the (negative) influence gravitational forces Bo = (∆ρgL2)/γ [4]. In the equation

for Bo, ρ is the density of the water droplet, g is the acceleration due to gravity, L is

the radius of the droplet, and γ is the surface tension of the gas-liquid interface. This

test of contact angles is not to compare against literature sources, but to examine the

range of variability with changing droplet size and prepare instrument understanding

for the test of corona discharge’s effect on PDMS films.

Figure 3.1 shows DI water droplets, with volumes of 0.5, 1, 2, 3, or 4µL placed onto

flat, thin films of PDMS supported on 1inch× 3inch glass slides. The corresponding

Bo numbers of the droplets are 0.27, 0.43, 0.62, 0.78, and 0.97 respectively. A Bond

number of more than 1 signifies that the droplet shapes are impacted by gravity.

For ratios where the surface tension forces are more dominant, the droplet features

a semi-spherical cap shape which is more useful for investigating contact angles. For
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3.1. EFFECT OF DROP SIZE ON CONTACT ANGLE

this reason, the droplet size should not be larger than 4µL. This plot shows that with

the increase of drop size, the water contact angle generally increases. The overlay

on the graph shows examples of the actual droplet images for the indicated points.

To compare the different droplet sizes, the crop width of the observation window

is equal for all the images. Note that the error bars represent a standard devia-

tion for two replicate measurements and connections between the data points are just

for the sake of a better visualization and do not represent a mathematical correlation.
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Figure 3.1: Contact angle of water on plain PDMS as a function of water drop size.

We see that the contact angle initially increases with increasing droplet size. This

trend changes when a droplet size of around 3µL is exceeded and for the largest

droplet size the contact angle actually lowers. The decline in contact angle for the

largest droplet, can be explained with the influence of gravity as expressed by the
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3.1. EFFECT OF DROP SIZE ON CONTACT ANGLE

Bond number. Another important observation is that with the lower droplet sizes

there is more error, caused by more inconsistency between tests. This is likely be-

cause at smaller droplet sizes it is more difficult to place the drop onto the PDMS

film. With larger drops there is more weight which allows it to pull away from the

dispensing needle more easily and consistently.

This same test is performed with 1-propanol, with the same drop volumes. How-

ever, with lower contact angle the spreading of the drop outside the scope of the video

becomes a significant problem. In fact, for this untreated PDMS only the lowest vol-

umes of 0.5µL and 1µL 1-propanol produce readable results.

The effect of drop size on contact angle suggests that drop volume be controlled

for all following experiments. For water 3µL is the most appropriate value for con-

sistency and even if the drop volume varies slightly it will remain in the consistent

region between 2µL and 4µL. For 1-propanol, 1µL is set as the fixed drop size as it

shows better consistency between contact angle. However, as the hydrophobic nature

of the PDMS films is changed with corona treatment and shows lower contact angles,

the drop width is too large for the observation window. For water, this means that at

lower contact angles it is necessary to use 0.5µL drops to obtain measurement results.

Similarly for 1-propanol it is necessary to use 0.5µL drops.

The results of this preliminary experiment also allows for an estimation of the

inherent error between measurements should drop size need to be changed mid ex-

periment. Assuming that any volume between 0.5µL and 3µL is used for contact
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3.1. EFFECT OF DROP SIZE ON CONTACT ANGLE

angle measurement we should expect that there is an error of less than 5%. More

accurate estimations of error with changing drop size are not possible with the present

equipment and sample size.

When using the NafionTM dispersion, which has a higher viscosity compared to

pure water or 1-propanol, it is not possible to dispense the desired amount of droplet

volume with the equipment of the VCA goniometer. Alternatively, an Eppendorf

pipette is used instead to manually create small volume drops of approximately 2µL,

3µL, and 4µL. Over 10 samples in this range are measured where we compare the

nominal with the dispensed droplet volume. In turns out that, the real drop volume

is always below the nominal but the deviation is rather random and can be down to

2/3 of the nominal. However, the contact angles of the differently sized drops are all

approximately the same.

This variability in actual dispensed droplet volume is because the viscous NafionTM

dispersion is more difficult to place on top of the PDMS glass slide without influenc-

ing its wetting area. To reduce the effect of drop size on the contact angle as much

as possible, we only considered those images whose drop is within a volume range of

2µL to 4µL for the NafionTM dispersion. In addition, throughout the contact angle

measurements, we capture the image at around 5 seconds after placing the droplet

on the sample, done at room temperature, to limit the time for evaporation or solid-

ification and to keep the results as consistent as possible.
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3.2 Effect of surface treatment on contact angle

The chemical structure of PDMS as shown in Figure 1.3 features repeating units of

-OSi(CH3)2- groups. This structure results in a hydrophobic surface of PDMS with

water contact angles above 90◦. Exposing this surface to air plasma or ‘corona’ con-

verts the methyl groups (Si− CH3) into silanol (Si− OH) groups which makes the

surface more hydrophilic [11]. However, over time the methyl groups recover and the

PDMS surface returns to a hydrophobic state.

The air plasma is generated by a hand held unit for corona discharge at room tem-

peratures. We investigate the influence of different corona treatment times: 0min,

0.5min, 1min, 3min, 6min, and 10min on the wettability. First, the contact an-

gle is measured shortly after the corona treatment. Secondly, the restoring of the

hydrophobicity of the PDMS surface is monitored over a time period of days with-

out reapplying the corona treatment. Thirdly, further treatments are investigated

for potential of modifying the contact angle or the recovery of the hydrophobicity of

PDMS. This includes washing the PDMS before corona treatment and storing the

PDMS under water between measurements. Finally, the VCA goniometer is used to

visually examine the influence of the surface roughness on drop shape and apparent

contact angle, as the PDMS scaffold will be an uneven and porous ‘surface’.

3.2.1 Influence of corona time on the immediate wettability

The water contact angle, propanol contact angle (PCA), and NafionTM contact angle

(NCA) on plain PDMS films are tested for the six different treatment times of corona
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discharge. The results are summarized in Figure 3.2, where again the connections

between data points are just for the sake of visualization. For these results, a mini-

mum of 3 replicate droplets are measured and both the left and right contact angle

triple points are included for each replicate. The result at corona time t = 0min cor-

responds to the untreated PDMS films. The overlay of images shows water droplets

on PDMS with 0, 1, 3, and 6min of corona treatment. For a corona treatment of

6min, the image shows the maximum observation window width.
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Figure 3.2: Contact angles of water, 1-propanol, and NafionTM dispersion on plain
PDMS after exposure to corona discharge for different times.

We observe that any corona treatment lowers the contact angle of the wetting

liquid compared to the untreated PDMS at 0min. It seems that there is a maximum
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corona discharge time where any further treatment does not improve the hydrophilic-

ity of the surface anymore. For water and 1-propanol there is a corona treatment

time between 3 and 6min where the contact angle becomes too low to measure with

the VCA goniometer. Even with the smallest drop size, the water and 1-propanol

drops will spread too thinly to mark triple points for fitting or spread outside of the

bounds of the viewing area. Based off of the smallest contact angles measured in

all experiments with the VCA goniometer, this means the contact angle should be

at or below 4◦. For the NafionTM dispersion there is a minimum contact angle at

approximately 1min. At 1min of corona discharge, the contact angle moves down to

29◦ and although it moves slightly lower at 3 and 6min they cannot be differentiated

with respect to a single standard deviation. The lack of change in contact angle even

with more treatment and the apparent increase in contact angle at 10min are both

interesting features of the NafionTM dispersion series.

Contact angle is a phenomenon where three phases are in balance: the solid PDMS

surface, the liquid drop, and the surrounding air as described by Young’s equation

γSG−γSL−γLGcos(θCA) = 0. In this equation, γSG represents the solid-gas interfacial

energy, γSL represents the solid-liquid interfacial energy, γLG represents the liquid-gas

interfacial energy, and θCA is the contact angle. As only the solid PDMS surface is

changed by corona treatment time, one could think that there is a similarity to the

relative change of contact angle for all three liquids. However, Young’s equation does

not show a linear relationship between a change in wettability of the PDMS and a

change in contact angle. With a change of the solid wettability, γSG and γSL will

change and it is dependant on the magnitude of this change, which depends on the
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liquid, as well as the magnitude of γLG, which also depends on the liquid, to determine

the change in θCA. For this reason, it is reasonable that there are some differences

between the plots for the 3 liquids even though they appear to have the same general

shape.

Compared to the 0min treated PDMS, at 0.5min the three liquids all have a sharp

decline, but for water and NafionTM dispersion this is to around 72% and 62% of the

initial value respectively whereas for 1-propanol this is to 38%. Then between 1 and

3min only water has a significant drop from 70% to 10% of initial contact angle. The

fact that these relative decreases in contact angle are not the same between water

and 1-propanol should be due to their liquid specific qualities. Based on the solvent

compatibility study by Lee et al., water has a swelling ratio of 1.00, without the abil-

ity to swell PDMS, whereas 1-propanol has a swelling ratio of 1.09 [14]. This does

not have a direct influence on the surface, but is one evidence that the solid-liquid

interaction when using water or 1-propanol is not the same and so it is not only the

PDMS which is important to consider. It is unlikely because of the small residence

time before taking a contact angle measurement, but it is possible the 1-propanol

and the NafionTM dispersion could act differently compared to water because of the

influence of PDMS beginning to swell in the drop wetting area.

And finally, it is important to identify that the NafionTM dispersion is not a pure

liquid, but a mixture of water, 1-propanol, and 20% by weight NafionTM. Because

this liquid is identified as a dispersion we should keep in mind that there should be

two phases in the dispersion, which separates it from a solution. It is possible that
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the NafionTM phase is separating out and influencing the contact angle measurement.

In the most extreme case, it is possible the NafionTM phase is collecting at the triple

point when the droplet wants to spread on the PDMS, which makes the triple point

not with the solid being PDMS but with the solid being partially NafionTM, which

has not been treated and is a potential reason for the consistent contact angle.

3.2.2 Influence of storage time and storage method on the contact angle

The decreasing wettability over time and the influence of the storage method is studied

by testing contact angle of PDMS films over a series of days. The motivation comes

from literature conclusions that after any kind of plasma treatment, the PDMS sur-

face groups rearrange and new hydrophobic groups are formed on the surface to lower

the surface free energy [14]. However, PDMS can be kept relatively hydrophilic by

keeping the surfaces in contact with water or polar organic solvents. Alternatively,

chemically extracting uncrosslinked PDMS residuals from the bulk polymer using

organic solvents has also been shown to decrease the rate of regeneration of the hy-

drophobic surface [14].

Hence, we design a comprehensive test to compare the contact angle of corona

treated PDMS surfaces which have been stored for a longer time in air or water. The

air stored, untreated samples serve as a control group. We also measure the contact

angle of PDMS surfaces which are first chemically-treated with organic solvents be-

fore corona treatment. By soaking in toluene (swelling ratio = 1.31) for 2 days at

25◦C, it should be possible to extract some of the uncrosslinked PDMS molecules
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inside of the swollen PDMS film that restore the surface hydrophobicity [14]. These

uncrosslinked PDMS molecules are those portions of the Sylgard 184 base which do

not crosslink after the introduction of the curing agent, but remain inside of the bulk

PDMS solid. Then toluene is removed from the PDMS by immersing the samples

in ethyl acetate (1 day) then acetone (2 days); then the sample is dried in a 90◦C

oven for 2 days. To summarize, we prepare samples for 6 different corona treatment

times in conjunction with three different pre-treatments: plain (unextreacted) PDMS

stored in air (control), plain PDMS stored in water between the tests, and chemically-

treated (extracted) PDMS stored in air.

Figure 3.3 below shows the change of contact angle over time for the control group.

The connections between the data points are only for the sake of better visualization

and again a minimum of 3 replicate droplets are measured. The change in contact

angle is shown for water contact angle in the first plot, then 1-propanol contact angle

in the second plot, and then NafionTM dispersion contact angle in the third plot.

It is generally observed in Figure 3.3 that for all plots the contact angle is the

lowest on day 0, as expected. Then the largest change in contact angle caused by

storage time occurs between day 0 and day 2 and is especially obvious in the plot of

WCA. The plots show that the lowered contact angle provided by corona treatment

begins to recover again as the PDMS film returns to its original hydrophobic nature.

It is important to note the consistency of the 0min corona treatment between all the

different days, which shows the surface contact angle is only changing because it has

once been changed by corona treatment.
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Figure 3.3: Contact angles of un-extracted PDMS grouped in terms of corona treat-
ment time as a function of days since treatment.
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For WCA, after day 0 the lowest contact angle is for the 6min treated PDMS,

which does not match with the greatest corona treatment time. For PCA after day

0, it is also clear that there is the lowest contact angle with PDMS treated for only

0.5min. For NCA the same trend is not clear because of the error in measurement,

but there appears to be essentially no consistent benefit to corona treatment of over

1min for the full test period of days 2, 4, & 8. These observations point to the fact

that there is an optimum corona treatment time to produce the lowest contact angle

and more contact angle will actually cause an increase in contact angle after day

0 compared to this optimum. One possible explanation for this is that the longer

corona time causes an etching effect that could result in rougher surfaces [11]. These

rougher surfaces could exhibit higher CA not due to the PDMS surface but due to air

pockets underneath. This is also why it is important to maintain a smooth surface

for contact angle measurements.

NCA is measured by making drops with a separate eppendorf pipette. This

pipette’s wider tip may impact the results because it forms a drop with a wider

diameter. When this wider diameter drop touches the surface it may spread the

wetted perimeter further than the final drop size would spontaneously form. This is

likely the reason for the increased error of the NCA plot and limits observations to

qualitative conclusions.

Figure 3.4 displays the results for the test of modified storage and modified pre-

treatment (extraction) as alternatives to maintain lower contact angle for WCA and
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PCA at 1 and 3min times. Again, the connections between the data points are only

for the sake of better visualization and a minimum of 3 replicate droplets are mea-

sured. It is shown that preservation in water keeps the excellent wetting property for a

long time period. Sometimes, it even appeared to promote the wettability over time

(W-1min, P-1min, P-3min). However, our attempt to extract the non-crosslinked

PDMS to maintain a lower contact angle shows no significant difference to the non-

extracted control samples in Figure 3.4. This is possibly because our method of

swelling utilizes toluene, which is not as effective as the extremely soluble solvent

diisopropylamine used by Lee et al. [14]. The results of our extracted samples are

even worse than those of the control. One possible explanation is that rather than

taking out the uncrosslinked oligomers, the toluene only make them aggregate near

the surface, which makes the CA slightly larger than the non-extracted one. PCA

shares a similar regular pattern with WCA on an identical surface.

The large error bars for PCA at 3min is especially noticeable. Six contact angle

numbers from different locations on a PDMS sample are collected and the contact

angle values are sometimes not consistent, perhaps due to the non-uniform distribu-

tion of corona amounts on surfaces.

3.2.3 Effect of roughness on contact angle

Utilizing even and smooth PDMS films allows for the most accurate contact angle

measurement. However, the eventual fabrication will involve PDMS scaffolds with

considerably uneven surfaces. Utilizing the VCA goniometer to capture pictures of
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Figure 3.4: Contact angles of water and 1-propanol for plain PDMS exposed to 1min
or 3min of corona discharges plotted versus time since exposure. On each
plot is a line representing: non-extracted PDMS kept in water, extracted
PDMS kept in air, non-extracted PDMS kept in air as control.

water, 1-propanol, and NafionTM drops on rough PDMS surfaces allows for examina-

tion of any interesting phenomena. Sandpaper with different grit acted as moulds to

create a series of rough defined PDMS surfaces: 320grit, 220grit, 150grit, 100grit,

and 60grit. The OGP Avant ZIP instrument is used to visualize the roughness and

profile the surface topology. The profilometry images in Figure 3.5 visually show the

roughness the different grits of sandpaper make on a PDMS surface. For each grit

there is the image of a water droplet on the rough PDMS surface before and after
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1min corona treatment. Contact angles are measured, but a rough surface makes it

hard to distinguish triple points, which decreases the accuracy of the CA measure-

ment.

3.2.4 Other influences on contact angle

For the measurement of contact angle, it is important that the solid surface is flat and

free of any contaminating dust. Dust and dirt on the surface can have a significant

effect on contact angle, especially if it is at the interface of air, liquid, and solid to

disrupt the triple point. In order to clean the PDMS surfaces of any dust before the

initial corona treatment multiple methods are considered. A standard procedure of

utilizing liquid solvents, such as isopropanol and acetone, should not be used on a

PDMS surface before testing because of their ability to infiltrate and swell the PDMS.

Water, as an alternative which does not swell PDMS, is not able to remove dust from

the surface because of the rubbery texture of the PDMS. In order to remove these con-

taminants on the surface low stickiness scotch tape is used, which is the most effective

but could possibly leave some residues. After the use of the tape, the PDMS films are

visibly checked by eye and under the microscope to assure there is no remaining tape

residue, but the possibility of its influence remains. The presence of dirt and dust on

the PDMS surfaces is also the reason for any missing data points in the plots shown

above. After contamination with dust inadvertently the sample is not re-treated with

tape as that is most likely to change the surface and the data points are simply left out.
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Figure 3.5: Surface topologies for PDMS made by sandpaper with different granular-
ity (320grit, 220grit, 150grit, 100grit, and 60grit); and contact angle of
water on rough PDMS versus the granularity of sandpaper.
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3.2.5 Evaporation and penetration

1-propanol, which is tested individually and also makes up 44% of the NafionTM dis-

persion, is a volatile liquid. Water and 1-propanol also evaporate even more quickly

when the liquid spreads on the surface (shrinking of the wetted perimeter is visible

on the VCA goniometer video within seconds for CA less than 10◦). Time has to be

precisely controlled between the drop and snapshot especially for PCA.

NafionTM solution has a different appearance change during evaporation compared

to pure liquids, i.e., the drop on the surface becomes a basin and then solidifies into

a film due to the polymer in solution. This solidification through evaporation of the

dispersion liquid is shown in Figure 3.6. A degree of flexibility in the interpretation

of NCA result conclusions is necessary because this dispersion is not a pure liquid,

but has 20 weight % solids.
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10 min

10 min

10 min

Figure 3.6: The evaporation process of a NafionTM dispersion drop on plain PDMS.
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Chapter 4

Fabrication of PDMS scaffold based on

Polystyrene particles

This section first describes the fabrication procedure for a PDMS scaffold which uti-

lizes polystyrene (PS) spheres along with some process variations. Afterwards a

detailed analysis of the procedure brings up difficulties, potential solutions, and real-

izations important to the process.

4.1 Fabrication of a PDMS scaffold based on PS spheres

Plain PS spheres can be purchased at both nanosphere and microsphere sizes. The PS

spheres purchased from Microspheres-Nanospheres are dispersed in DI water. When

the continuous phase is removed by evaporation, the PS spheres assemble in a rel-

atively regular structure layer by layer. However, even with the most close-packing

of spheres, there is still void volume present. This self-assembly of the spheres can

be used as a 3D mould, where the void space is filled with liquid PDMS precursor.

Polystyrene is soluble in multiple organic solvents, whereas PDMS will only swell in
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these solvents [14]. After applying the organic solvent, the polystyrene dissolves away

and the PDMS swells but maintains its overall physical shape. The final result is a

PDMS scaffold contained inside a film. The process flow chart in Figure 4.1 outlines

the procedure which is described in more details below in this section.

glass slide PDMS layer PDMS ilm

PDMS ilm

with reservoir

on glass
Filling with PS spheres PDMS illing of PS mould Removal of PS to

leave scaffold

Figure 4.1: Process flow chart of PS sphere approach to create a PDMS scaffold.

4.1.1 Spin coating of a PDMS film

The first steps in the fabrication are shown in Figure 4.1 (A) through (D). Spin coat-

ing is used to create a PDMS film with constant thickness inside which the PDMS

scaffold will be framed. Glass slides, serving as substrate for spin coating, are first

washed with acetone then rinsed with isopropyl alcohol and deionized water, before

drying in the laminar flow hood with overhead HEPA filter.

Before spin coating of PDMS, a sacrificial layer of PS is deposited on the glass.

The motivation comes from the reversible bonding ability of PDMS films to attach

to glass. With lower thickness PDMS films created by spin coating, removal of the

PDMS film without damage from a state of bonding to glass is much more difficult
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than dissolving away a sacrificial sub-layer. Here, we use 20mL of toluene and dissolve

cut up pieces of PS foam cups to create a near saturated PS solution. This polymer

solution is poured on top of a 1inch × 3inch glass slide and then spun on the spin

coater at 500rpm for 30sec to create a very thin layer of PS solution on glass. After

5min, a thin PS layer is solidified on top of the glass slide.

Subsequently, a thick layer of PDMS precursor is applied to the PS coated top

side of the glass slide and it is spun in the spin coater at 500rpm for 30sec with an

acceleration of 100rpms−1. After removing the PDMS coated glass slide, it is placed

on an aluminum foil sheet on top of a 60◦C hot plate for 60min. After allowing

30min to cool down to room temperature, the thin layer of PDMS is cured and can

be transported out of the microfabrication lab. The typical film thickness is between

200 and 300µm.

To remove the PDMS film from the glass slide, first a scalpel is used to cut off

any overflow of PDMS that wraps around the side of the glass slide. Afterwards, the

entire slide is put into a toluene bath that dissolves the PS sacrificial layer and swells

the PDMS film. The PDMS film is removed from the toluene bath and allowed to

dry out under the fume hood for over 24hours.

4.1.2 Creating a PDMS reservoir and utilizing corona treatment

The PDMS film is then placed on a clean glass slide, resulting in a reversible bond

that keeps the film in place. A rectangular tracing pattern with sides of 7mm (up to
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10mm) is then placed under the glass slide, which is visible through both the PDMS

and glass transparent layers, and a scalpel is used to slice out a piece of PDMS. This

cut-out is the reservoir in which the PS particles are placed/injected to form the

mould, shown in Figure 4.1 (E). Figure 4.2 below shows the profilometry image for a

PS particle reservoir with corresponding dimensions. In this case, the height of the

reservoir is approximately 220µm while the area is roughly 7.0mm × 7.3mm. The

volume of the reservoir in Figure 4.2 is therefore 11.2µL.

Figure 4.2: Isometric mesh image of PDMS reservoir with scale (OGP Avant Zip).

The next step is filling the PDMS reservoir with PS spheres dispersed in DI water.

We expect that the hydrophobic nature of the reservoir walls affects the sphere stack-

ing. As such, corona discharge is used over the area of the reservoir for approximately

2min. Longer corona treatment times affect the surface of the PDMS film around

the reservoir and can cause over-spill of the dispersion media outside of the reservoir

due to too low of a contact angle.
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4.1.3 Filling the PDMS reservoir with polystyrene spheres

We employ 10µm and 110µm diameter PS particles in this work. First, the dispersions

are sonicated in an ultrasonic bath for at least 5min. An Eppendorf pipette is used

to fill the reservoir with the particle dispersion. During evaporation of the continous

phase (DI water) at room temperature, the PS spheres self-assemble in a relatively

regular pattern in the reservoir. Once the DI water has completely evaporated, the

PS spheres container is shaken by hand for 30sec and the Eppendorf pipette is used

to refill the reservoir with another portion. This filling, evaporation, and refilling

continues until the reservoir is filled with PS spheres which is shown in the overall

flow chart Figure 4.1 (F). Figure 4.3 below shows the 110µm PS spheres stacked at

the edge of the PDMS reservoir.

100

0

200
m

Figure 4.3: 110µm PS spheres next to the PDMS reservoir wall & stacked in the
centre of the reservoir (OGP Avant Zip image).

The time scale of the sedimentation of the 110µm PS spheres is much faster than

the time scale of the evaporation of the DI water. Hence, the PS particles assemble

layer by layer in the reservoir while the DI water slowly evaporates from above, then

around them. In contrast, for the 10µm PS spheres the evaporation of the DI water
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from the reservoir is faster than the sedimentation which causes an irregular distri-

bution of the PS particles especially at the boundaries.

4.1.4 Consolidation of the polystyrene spheres and filling with PDMS

The filling of the reservoir with the 110µm PS particles results in a fairly regular

and dense arrangement. Using stirring and drying it is also possible to create a semi-

regular arrangement with 10µm PS particles. However, this particle arrangement

lacks mechanical stability since there is no adhesion between neighbouring particles.

Hence, the next necessary step is to consolidate the spheres into a single intercon-

nected entity, which will be the 3D mould.

Hence, we place the reservoir filled with PS spheres in an oven at 100◦C in order

to approach the glass transition temperature and to bond the spheres [6]. Heating

under these conditions is tested for varying times of 5 to 60min. However, there is

no simple verification whether the particles are bonded or not, the procedure must

continue on to the next 2 steps for verification.

The PDMS reservoir is then filled with liquid PDMS precursor, which slowly flows

through the pores of the PS sphere 3D mould due to gravity and capillarity effects.

The PDMS precursor then bonds to the walls of the PDMS reservoir and connects it

to the larger PDMS film. The result is approximately the original shape after spin

coating, but the PDMS film now has a centre region which is filled with layers of PS

spheres. This film is then placed in a bath of toluene for the purpose of dissolving
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away the PS spheres to reach the final state shown in Figure 4.1 (H). During this pro-

cess, the PDMS swells by taking up the organic solvent, but will return to its original

size after it is removed from the toluene bath and the residual solvent is allowed to

evaporate in the fume hood.

4.2 Critical analysis of the polystyrene sphere approach

In this section, the benefits and deficiencies of the polystyrene sphere fabrication

method are examined based off of the procedure developed in Section 4.1. This ex-

amination is useful for understanding the potential of both the physical entrapment

method and the viability of using PS spheres in this method. Generally, the problems

that are identified can be put into two overarching categories: problems which are

related to the processing of the (1) PDMS or with the (2) PS particles.

4.2.1 PDMS processing

The PDMS film and its connection to the PDMS scaffold is an integral part of the

membrane. Monitoring its changes and problems during the fabrication procedure is

a necessary task. Generally we identify the following problems in the processing of

the PDMS:

Rupture of PDMS film

The major difficulty with handling thin PDMS films produced through spin coating

originates from reversible bonding of PDMS with surfaces used for creating the film.
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A complication during spin coating is that the excess PDMS liquid precursor spills

over the top surface and coats the sides of the glass slide. This coating of the sides

results in a thinning close to the edges of the film where it is likely to tear and thus

ruin the entire film. As a mitigation, the PS sacrificial layer between the glass slide

and the PDMS layer is introduced as described in Section 4.1.1. This thin PS layer

is deposited on the glass before the PDMS film deposition. Since it can be dissolved

with toluene it acts as a “release agent” which eliminates the problem of rupturing

the PDMS films when peeled of the glass substrate.

Connection between the PDMS scaffold and PDMS film

Another critical step is the connection between PDMS walls of the reservoir and the

PDMS precursor which fills the void volume of the PS particle 3D mould. The avail-

able contact area for the PDMS precursor to bond to is very small, which results in

a potential breaking point if mechanically stressed. Indeed, during the removal from

the glass slide and during the toluene bath where swelling takes place, this connection

often fails and a hole between the scaffold and surrounding PDMS film is observed.

Accessing the PDMS scaffold

When the liquid PDMS precursor is applied to the PS sphere 3D mould, it is necessary

to use some excess liquid to assure that all the void volume is filled. This results in

the PDMS scaffold being covered at both top and bottom with a film of pure PDMS

that completely covers the PS spheres. In order to remove the PS spheres, this layer
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of PDMS must first be removed previous to the toluene bath. This film cannot be

removed physically with slicing or grinding because of the small thickness & rubbery

quality of the PDMS and the potential to break the weak bond between the PDMS

scaffold and surrounding film as discussed above. We try wet etching with 98% sul-

furic acid to remove the unwanted PDMS films using various parameters of etching

time. However, it is very difficult to control the area subjected to etching as well as

to optimize the etching time. Hence, the PDMS scaffold and some of the surrounding

PDMS film also undergo etching which compromises their integrity. Furthermore, the

etching by-product is an opaque, white silicate that is even more hydrophobic than

PDMS. This by-product is difficult to remove and potentially causes problems during

the application of the NafionTM dispersion.

4.2.2 Polystyrene spheres processing

The complications with the process steps involving the PS microspheres are analysed

in this section. This includes the difficulties with handling the PS spheres as well as

the connection between the PS spheres and the PDMS structure.

Examination of the sphere stacking structure

The larger 110µm PS spheres sediment from the dispersion liquid and settle more

quickly than the DI water can evaporate, which results in a relatively regular stack-

ing structure. In contrast, the 10µm PS spheres float in the dispersion while the DI
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water evaporates. During the initial planning stage, this second situation is the de-

sired outcome in order to create gradual stacking as the dispersion liquid evaporates.

However, the square reservoir that is cut into the PDMS film does not exhibit a ho-

mogenous water level as it dries from a reservoir with an area of square millimetres.

Instead, the water level takes on a concave form like a meniscus and the 10µm PS

spheres follow this movement of water into a concave shape and accumulate in the

edges of the reservoir rather than the centre. Figure 4.4 below shows the progression

of filling; however, the OGP Avant Zip profiling laser is not able to resolve the de-

tailed structure of a single particle.
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Figure 4.4: Filling irregularities of the smaller 10µm particles.

Figure 4.4 (A) shows the first batch of spheres filling the reservoir at the edges. In

some places at the bottom of the reservoir there are only a few layers of PS spheres,

but by the sides of the reservoir the PS spheres stack to a level just below the PDMS

thickness. Figure 4.4 (B) shows that this effect does not stop with more refilling

and evaporation, even to the point that the PS spheres stack to a height above that

of the reservoir edges while leaving the centre with minimal filling. Figure 4.4 (C)
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shows that the PS sphere stacking eventually becomes a more unstable pattern as

more refillings take place. Finally, in order to create a more even pattern, DI water

is added to the reservoir shown in Figure 4.4 (C) and then the reservoir is mixed

physically with the point of a pin. Figure 4.4 (D) shows the PS sphere pattern after

evaporation of the water in this case and it is clearly more regularly distributed, but

the centre is still avoided by the particles.

Different tests are performed to find a solution for this behaviour. First, the

PDMS reservoir is treated with varying degrees of corona discharge before filling with

dispersion to change the wettability of the reservoir. Second, we attempt to accel-

erate the evaporation rate of the dispersion liquid under heat or vacuum. However,

none of these methods are able to satisfactorily change the uneven stacking method

for the smaller PS spheres. The only method to achieve more regular structures is

therefore to agitate the reservoir with a pin point when it is filled with PS spheres

and a minimal amount of DI water. This limits the possible sphere movement as the

liquid evaporates, but at the same time allows for more tight stacking which is not

possible when the PS sphere are physically agitated in the dry state.

Bonding of the spheres

Using heat to bond the PS spheres is important to create a mechanically stable and

continuous 3D mould. Otherwise, the liquid PDMS precursor can encapsulate indi-

vidual PS spheres during filling, which disconnects it from the other void volume and

prevents it from being filled with NafionTM. A significant difficulty in this process
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stage is to bring the PS spheres to the glass transition temperature with delicate

heating and control. This will allow the spheres to join where they are touching be-

cause of the influence of gravity, but without melting the spheres fully or eliminating

the pores between PS spheres.

However, during the fabrication step to melt together the PS spheres, it is only

possible to view the structure from the top by microscope. Hence, slight melting be-

tween layers of spheres is essentially impossible to observe. Only after the 3D mould

is filled with PDMS precursor, solidified, and the PS spheres are removed is it pos-

sible to check for interconnected pores, at least from the surface of the transparent

PDMS scaffold. If the fabrication procedure requires wet-etching, it is even more dif-

ficult to obtain sample results because of the inaccurate wet etching control and the

opaque-ness of the by-product. Figure 4.5 shows a microscope image of the PDMS

film just moments after it is removed from soaking in toluene to examine the swollen

PDMS structure. In this case there is no wet-etching performed on the visible surface.

In detail, this image in Figure 4.5 shows that (1) the PDMS is swelling, (2) the

110µm PS particles do not appear to be dissolving even after hours of soaking in the

toluene bath, and (3) the PS spheres are separated. Two explanations are possible

for this third observation: there is no actual bonding of the spheres into a single 3D

mould or the bonds are small and weak enough to be broken by the swelling PDMS.

The heating step is a very delicate balance where not enough heat results in

anywhere from no interconnections to only some interconnections between spheres.
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Figure 4.5: 110µm particles in PDMS swollen with toluene.

Likewise, too much heating results in the elimination of the pores between the spheres

that allows the liquid PDMS precursor to enter the mould. Compared to the initial

understanding of the fabrication method, it turns out that this small heating step

is actually one of the most difficult. Every layer of PS spheres stacked from top to

bottom in the PDMS reservoir must be connected to its neighbour on top and below

or a layer of PDMS interposes between them and make this channel ineffective. This

means the smaller the PS sphere, the more connections and the more difficult to

create even a single channel. Secondly, the larger PS spheres have larger interparticle

pores which provide more margin for error of melting degree before the pores are too

small to allow in the viscous PDMS precursor. These two reasons essentially force

the use of larger PS spheres such as 110µm spheres, where a stacking of 3 or 4 layers

will fill the PDMS reservoir.
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Dissolving the polystyrene spheres

After the creation of multiple samples with PDMS-filled PS moulds and after multiple

soaking tests in toluene, ethyl acetate, or benzene, it is found that the PS spheres

remain unchanged without dissolving. It is discovered that the company supplies PS

spheres that are crosslinked at both the 10µm and 110µm diameter sizes. This is to

ensure that the PS spheres maintain their shape during polymerization, but results in

enhanced stability against organic solvents. In fact, from the major suppliers only the

smallest PS spheres at the microsphere size are not crosslinked. In order to continue

to use PS spheres as a sacrificial 3D mould to make the PDMS scaffold, it is necessary

to use smaller diameters down below 10µm.

4.3 Conclusion of PS particle approach

Many of the difficulties in the fabrication process of the PS sphere approach could

potentially be mitigated or overcome through further extensive experiments. How-

ever, some of the problems identified indicate an absolute change of the strategy and

the most obvious is that the PS spheres cannot be dissolved if crosslinked. Because

it is out of the scope and objective of this project to make PS spheres in house, it is

necessary to use commercially available smaller diameter PS spheres which are not

crosslinked.

However, it has been observed through experimentation that using smaller PS
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spheres makes the following stages much more difficult: PDMS reservoir filling with

PS spheres, melting of the PS spheres together to make a 3D mould, & filling with

the viscous PDMS precursor through the smaller pores. These three stages have all

presented difficulties for this overall approach when using the 10µm PS spheres and

by themselves would have pushed the project towards only using larger size 110µm

PS spheres. However, now that the PS spheres need to be even smaller than 10µm, it

is likely that the difficulties with each of these three stages of fabrication will increase.

These competing interests which push the project in contradictory directions are

able to stall project improvement. Solving an individual issue with the fabrication at

this point is not a useful development. Therefore, focus is switched to use sugar as

sacrificial material.
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Chapter 5

Fabrication of a composite NafionTM-PDMS

ion-exchange membrane

This section describes an alternative procedure to fabricating a scaffold along with

the NafionTM integration to form a composite NafionTM-PDMS ion-exchange mem-

brane. Since there are difficulties to dissolve the PS particle, we use instead sugar

granulates as sacrificial material. However, we explain below why a simple exchange

of the sacrificial material is not sufficient. As a consequence, large parts of the previ-

ous fabrication process are revised, which is also discussed in this section.

5.1 Revision of the PS sphere method by using (large) sugar granules

For the fabrication of the PDMS scaffold, any sacrificial material which can form a

proper mould and be removed without damaging the PDMS structure has potential.

Sugar granules are a cheap and easy to obtain alternative and can be sized by sifting

through screens. We mainly follow the previous approach and create a PDMS film
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through spin coating, after which we cut out a reservoir. Instead of filling this reser-

voir with PS particles, it is filled with a single layer of relatively large sugar granules.

In order to obtain sized sugar, there has to be an active step to screen them. This

creates bands of sugar granule size and three are tested: 45 to 150µm, 150 to 250µm,

and 250 to 500µm. Because of the difficulty of binding particles together inside of

the PDMS reservoir, the first tests are done with the largest range of particles; i.e.

larger than the thickness of the PDMS film. Here, a continuous connection between

neighbouring granules is not necessary as the individual sugar granules create con-

duits (void volume) which reach throughout the entire film thickness. These conduits

can be filled with NafionTM and allow for continuous ion transfer. However, this pro-

cess has the crucial disadvantage that it is not possible to completely fill the mould

void volume with PDMS precursor without covering the entire surface of the sugar

granulates with substrate. Figure 5.1 below shows a microscope picture of 3 sugar

granules completely encompassed in PDMS.

Figure 5.1: Sugar Particles completely encompassed and visible underneath a layer
of PDMS.
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In order to give access to the sugar it is necessary to remove this thin PDMS

covering on top of the film. With larger sacrificial material, it is more possible to

remove the cover layer of PDMS with a physical removal method to avoid the com-

plications of wet etching. Figure 5.2 shows the result of a test where sandpaper is

used to scrape away the thin layer of PDMS above sugar granules. Because of the

flexibility and rubbery-quality of the PDMS, only the area that is supported by the

solid sugar granule is removed.

Figure 5.2: Top of PDMS film where physical sanding has opened a hole to a sugar
granule, which is then dissolved away with water.

The sugar granule in Figure 5.2 has been removed by dissolving it away in 60◦C

water in an ultrasonic bath for 1 hour. In this case the PDMS does not swell as only
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the sugar is soluble in aqueous solution. However, there is considerable disadvantage

of this approach. Sugar granules naturally take a rectangular shape, as seen in Figures

5.1 and 5.2. In a single layer, this means that there is very little form change in the

PDMS scaffold which allows for the physical entrapment of the NafionTM. We find

that the connection between NafionTM and PDMS film is very delicate and therefore

we conclude that further revisions to the process of producing scaffolds from sugar

granules are required.

5.2 Revised fabrication process for a PDMS scaffold based off of sugar

granulate

We fundamentally revise the fabrication procedure for the construction of the 3D

sacrificial mould compared to the PS particle approach. Instead of building a mould

in the PDMS film, we here make a mould which is much larger than the film thickness

and then resize it. Figure 5.3 shows the flow chart of the revised process.

The first step uses standard supermarket sugar that is sized with screens of 45

to 150µm or 150 to 250µm pore size as indicated in Figure 5.3 (A). In the next

step (B), the bottom of a large glass container is then filled with a small layer of

water and is closed to sit overnight. The sized sugar is spread to cover a large

glass petri dish and placed on a stand in the closed glass container to absorb mois-

ture from the room temperature air that is present in the vessel. After 2hours, the

sugar is taken out of the petri dish and lightly packed into a 50mL beaker. The

beaker with sugar is placed in an oven at 60◦C for at least 2hours to dry, forming a
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Figure 5.3: Process flow chart of sugar cube approach to create a PDMS scaffold.

large sugar block. The sugar block is then carved with a scalpel to approximately a

1cm× 1cm× 1cm cube as sketched in Figure 5.3 (B). Next, a square container of ap-

proximately 2.5cm× 2.5cm× 3cm is made with cardboard coated with aluminum foil

and PDMS precursor is poured around the sugar cube inside. By applying vacuum

then releasing to ambient pressure and then repeating 2 to 3 times, the liquid PDMS

precursor will penetrate uniformly into the void space of the sugar cube. After curing

at room temperature for over 1 day, the resulting cube of sugar-PDMS (cf. Figure

5.3 (C)), is removed and the top and bottom layers are cut off with a scalpel. This

grants access to the sugar cube within the PDMS, as seen in Figure 5.3 (D), and the

whole cube is placed in a 60◦C ultrasonic bath for at least 3 hours to remove the

sugar, changing the water at least every hour. Afterwards, the cube is sliced on one

or both sides to create a 0.5cm thick extra size PDMS scaffold and dried overnight.

The appearance of this sample is that of a PDMS scaffold surrounded by a frame of
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pure PDMS. The 0.5cm thick sample is then prepared for microtome thin film slicing

by filling with paraffin wax to support the scaffold structure. The microtome cuts

slices off the PDMS scaffold which are roughly 200µm thick as indicated in Figure

5.3 (E). In the final step (F) of the scaffold preparation, the scaffold is embedded in

a larger PDMS frame for the sake of better handling and to adapt to the test unit.

Figure 5.4 below shows a finished PDMS scaffold slice from this method, after the

paraffin wax is removed by washing in toluene. In this figure, the PDMS scaffold of

approximately 1cm× 1cm is surrounded by a frame of plain PDMS which is used to

embed it into larger PDMS films as indicated in Figure 5.3 (F).

50 10mm

Figure 5.4: A framed PDMS scaffold sliced at 200µm utilizing the microtome.
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(A) (B)

(C) (D)

200 400 m0

200 400 m0

Figure 5.5: Microscope images of irregular holes created by the same sugar cube ap-
proach and their counterparts with pores highlighted.

A typical irregular structure of the PDMS scaffold created by this sugar cube

method is shown in Figure 5.5 (A) & (C). In this figure, PDMS connections between

the sugar particles makes irregular holes with irregular edges which should be suitable

to physically entrap the NafionTM. However, there are visible differences between the

physical structures of image (A) where the holes are wider than (C). This difference

in structure is a result of the uncontrolled stacking of sugar particles. A visual calcu-

lation of porosity is performed by calculating pixel area of the holes from microscope

pictures using the software imageJ. In detail, the evaluation of Figure 5.5 (B) gives a

porosity of around 32% while Figure 5.5 (D) features around 17%.

Porosity is also measured by weight of the stabilizing paraffin wax removed after
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microtome slicing. With a wax density of 0.9g/cm3, there is a porosity of between

15% and 25% for typical PDMS scaffolds fabricated with the sugar cube approach.

The lack of accuracy in this weight measurement largely comes from the difficulty

in determining true thickness of the scaffold because of the desired uneven scaffold

shape and the rubbery character of the substrate.

5.3 Critical analysis of the sugar cube approach

In this section, we critically analyse the benefits and deficiencies of the sugar granule

fabrication methods. This examination is useful for understanding the potential of a

sugar granule method for the physical entrapment of membrane material.

Sugar granules have some practical advantages over PS spheres to create a PDMS

scaffold. Firstly, sugar granules are a cheap material. Secondly, sugar dissolves into

water or other aqueous solutions which do not dissolve or swell the PDMS scaffold.

Because there is no chemical nor physical effect on the PDMS, there is no opportunity

to damage the scaffold structure. The size of the sugar grains can also be changed as

desired with the appropriate sifting screens, or potentially grinding of sugar particles

to obtain even smaller sugar granulate sizes.

The revised process for the construction of a PDMS scaffold starts with the con-

struction of the oversized mould. This mitigates the difficulty of forming the mould

inside of a reservoir in the very thin PDMS film by making it an independent process

step. Sugar cubes are made with all 3 bands of sugar granule size: 45 to 150µm,
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150 to 250µm, and 250 to 500µm. The granule size of 45 to 150µm should allow for

a more complex PDMS scaffold shape as the size of all the particles are below the

thickness of the final membrane. However, with the smaller sugar granule size there

is difficulty in forming a sugar cube with the appropriate structure. There must be

balance between open pores to allow penetration of the PDMS precursor and con-

tact between neighbouring particles to avoid encapsulating individual granules with

PDMS. This balance could not be achieved consistently with the 45 to 150µm gran-

ules as the mould filled with PDMS would often have areas of PDMS encapsulating

sugar particles, so focus is placed onto the 150 to 250µm sugar.

The 150 to 250µm particles, are at a similar size to the thickness of the final

PDMS film. However, this produces a different result from the single layer sugar

granules because the PDMS scaffold, that is shown as a microtome slice in Figure 5.3

(E), is taken out of a much larger PDMS scaffold that is based on an irregular sugar

cube. This results in a thin film PDMS scaffold with a much more complex structure

in comparison with the fabrication where the PDMS film is created first.

Attempts are made to prepare scaffolds with varying thicknesses by microtome

slicing. However, very thin slicing of the PDMS scaffold causes damage to the in-

ternal scaffold structure. The thin, delicate PDMS scaffold with its rubbery texture

is pulled by the metal blade of the microtome and ruptures. It might be possible

to overcome this by slicing below the glass transition temperature. However, firstly

this requires different and complex freezing with liquid nitrogen. Secondly, a thinner

PDMS scaffold has less space for the physical entrapment of the NafionTM.
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We find that a microtome slice of 200µm maintains the structural integrity of the

PDMS scaffold. To further improve the mechanical features of the scaffold we embed

it in a frame of pure PDMS. This not only improves the stability of the scaffold but

also simplifies the bonding into a larger film of PDMS as shown in Figure 5.3 (F).

5.4 NafionTM integration & testing of the composite membrane

After the production of the PDMS scaffold, it needs to be filled with the ion-exchange

membrane material NafionTM. This section describes the method to fill the scaffold

with NafionTM dispersion and to create a completed PDMS based composite mem-

brane. After a description of the procedure, the conductivity testing of the membrane

is discussed. Figure 5.6 shows a simplified diagram of the separated membrane com-

ponents in an exploded view. The NafionTM is physically entrapped inside of the

pores of the PDMS scaffold which has a PDMS border. This PDMS border is used to

connect the scaffold to a test cell support for later conductivity measurement. The

right side of Figure 5.6 shows a diagram of the combined composite membrane as

it could be used in a microfluidic chip. On both sides of the PDMS scaffold is a

wandering microchannel which maximizes area use of the composite membrane.

5.4.1 NafionTM integration

The sugar cube approach creates a stable and relatively consistent PDMS scaffold

which can then be filled with the ion-exchange membrane material. To reduce the
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PDMS test cell support

Figure 5.6: Diagram of the separate components of the final composite membrane.

deformation of the membrane which occurs as the NafionTM dispersion dries, and

to allow for easier testing later, a larger circular film of PDMS is created with an

opening that matches the scaffold area as indicated in Figure 5.6. After applying

corona treatment to the circular piece as well as the frame around the PDMS scaffold

for approximately 1min, the two parts are bonded together irreversibly. In order to

improve filling of void volume with NafionTM, corona treatment is then applied for

1min on the actual scaffold area of the PDMS.

The 20% by weight NafionTM dispersion is dropped with a plastic pipette until

the scaffold void volume is filled. Care is taken that the liquid does not start to

spread outside of the scaffold area. After 10min in the fume hood, the NafionTM

dispersion has dried partially and shrunk in volume so the scaffold is again filled with

the dispersion. This process is repeated 4 to 6 times until the scaffold is completely

filled with NafionTM.

As the NafionTM dispersion is drying, it begins to deform the PDMS scaffold which

is unfavourable in terms of subsequent membrane integration in a microfluidic device.

After the NafionTM dispersion is dried, it is placed between 2 thin Teflon sheets and
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pressed between two heavy metal plates in an oven heated to 100◦C. This elevated

temperature and long duration ‘hot-pressing’ is used to flatten the membrane and

stick the multiple layers of NafionTM dispersion solidly together if there has been any

separation. Figure 5.7 below shows the same type of PDMS scaffold shown in Figure

5.5 (A) & (C), but after filling and pressing the NafionTM. The picture shows that

there are clearly no more pores which pass through the thickness of the now com-

posite membrane. However, with the semitransparent nature of both the PDMS and

NafionTM it is difficult to see where they differentiate.

Figure 5.7: Top microscope view of NafionTM filled PDMS scaffold.

One important observation is that the solidified NafionTM on the surface is not

uniform and is not only formed in separate pores, which is sketched in Figure 5.6.

There is also a layer of NafionTM which solidifies covering both sides of the composite
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membrane where it has solidified from dispersion. For a potential ion moving through

the composite membrane, it must first pass into the NafionTM cover film on one side,

then pass through one of the pores through the PDMS scaffold where the NafionTM

is continuous before exiting from the NafionTM cover film on the other side. In addi-

tion, Figure 5.7 shows that there are many boundaries between the different solidified

portions of the NafionTM. The filling of the PDMS scaffold with 4 to 6 liquid doses of

the NafionTM dispersion is likely the cause. Here, the question arises whether these

boundaries resulting from layer-by-layer filling impedes the ion transfer through the

ion-exchange membrane. Nevertheless, a solution for filling the PDMS scaffold with-

out multiple treatments of the dispersion is not possible with the maximum 20 %

weight NafionTM solids dispersion.

5.4.2 Testing of the composite membrane

The effectiveness of the composite PDMS/NafionTM membrane produced in this work

needs to be examined. The testing setup for determining the conductivity (resistance)

of the PDMS based ion-exchange membrane is based on conductivity of sodium

cations through the membrane. In detail, we use electrochemical impedance spec-

troscopy to measure the conductivity of the composite membrane. On either side

of the membrane is a reservoir of aqueous solution, with a platinum wire electrode

immersed, both of which are connected to a combined potentiostat–frequency gener-

ator/analyzer.

Electrochemical impedance spectroscopy (EIS) is a measuring method where an
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alternating potential is applied to a sample, with varying frequencies, and the re-

sulting alternating current is measured [13]. It is also possible to apply currents as

electrical signal and measure voltage. The electrochemical impedance is the mea-

sure of the opposition that a sample presents to a current when a voltage is applied.

In other words, it is the ratio of the time-dependent voltage to the time-dependent

current Z = V/I. The impedance of a (electrochemical) sample is usually a com-

bination of time-independent (linear) and time-dependent (non-linear) elements and

can be expressed in a complex form according to Z = R + jX. Here, R represents

the (linear) ohmic resistor, j the imaginary unit, and X is the (non-linear) reactance

which can be interpreted as the resistance to a change of current or voltage. The

resulting data is often plotted in form of a Nyquist diagram, where the real part of

the impedance is plotted on the x-axis and the imaginary part on the y-axis. This

allows for identification and fitting of equivalent circuits consisting of linear ohmic re-

sistors and non-linear elements such as capacitors to get insight into the tested sample.

Sodium chloride (NaCl) solutions are tested in a frequency range of 1MHz to

10Hz using two configurations. First, the cell is filled with NaCl solution and tested

without any membrane present to measure the resistance of the setup. Second, the

cell is tested with the composite ion-exchange membrane in the centre of the two

halves. Figure 5.8 below shows the diagram of the test setup described above along

with the equivalent circuit for the impedance fit. The equivalent circuit for this rather

simple test setup shows that the Pt electrode can be simulated by a resistor and ca-

pacitor in parallel, which will ideally create a semicircle on the right hand side of

the figure. The NaCl solution, in case of low concentrations, can also be simulated
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by a resistor and capacitor in parallel, which will ideally create a semicircle on the

left hand side of the figure. When the membrane is inserted in the cell it is taken as

an ohmic resistor and will influence the placement on the x-axis that the minimum

occurs in the figure.

Pt electrode Pt electrode

NaCl solution NaCl solution

Membrane

Diagram of impedance test setup

Equivalent circuit

Figure 5.8: Diagram of the test apparatus and basic equivalent circuit for potential
fitting.

This testing method which employs an empty cell and then a cell with the compos-

ite membrane for every NaCl solution is used to improve the accuracy of the method.

Usually in this situation, a calibration would be employed and a cell constant would

be calculated to correct for in-homogeneous electrical field lines that are related to

the geometry. However this cell constant can still depend on the conductivity of the

liquid. For this reason it is much simpler to form a direct comparison between the
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test setup before and after adding the composite membrane instead of deciding on a

single cell constant. Based on this fit and simulation understanding, the contribution

of the membrane can be directly taken from the difference between the two tests, the

resistor circled in red in Figure 5.8.

A result of impedance of the test cell with and without the composite membrane

in the form of Nyquist plots is shown in Figure 5.9 for the concentrations of 0.025M ,

0.05M and 0.1M sodium chloride. These three solutions were tested in the order

of increasing concentration with the same composite membrane for this figure. In

detail, Figure 5.9 as a Nyquist plot shows the imaginary impedance component (Z”)

against the real impedance component (Z’). The left most data points for every series

represent the highest frequency of 1MHz. In an ideal Nyquist plot, the series will

often form a complete semicircle. However, in this specific case the first semicircle

cannot be formed without testing at much higher frequencies, which are outside of

the range of common impedance instruments, and the second semicircle instead takes

a much larger scale and appears as a straight line which will not ideally close down

to complete the semicircle. This first semicircle represents the capacitance and re-

sistance of the solution inside the system and the second semicircle represents the

capacitance and resistance of the Pt electrodes. The position of the minimum be-

tween the two partial circles is the area of interest which is related to resistance of

the solution. For impedance tests of only NaCl solutions with no membrane in the

test cell (sol) there is very good reproducibility of the experiments. For impedance

tests where the membrane is present (mem), there is also very good reproducibility

for subsequent measurements with constant parameters. However, if the solution is
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changed or membrane replaced or re-inserted in the cell there is a chance that the

impedance changes for the mem series.
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Figure 5.9: Impedance tests with (mem) and without (sol) the composite membrane
present. Frequencies from 1MHz to 50Hz are shown with the ideal shape
representing a partial circle for bulk capacitance, a minimum representing
ohmic resistance of electrolyte (and membrane), and a much larger circle
which appears only as a straight line to represent electrode capacitance.

A full simulation and fit of the impedance results from Figure 5.9 is associated

with considerable errors, mainly due to the fact that there is only a very little part

of the semicircle caused by the electrodes. To obtain more data for this semicircle,

electrochemical reactions at the electrodes are required which can change the com-

position of the solution. Hence, it is more accurate to just read the resistance of the

composite membrane closest to the in x-axis in Figure 5.9. The change in resistance

due to the composite membrane is then calculated and summarized in Table 5.1. For
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Conc. NaCl /M 0.025 0.05 0.1
sol /Ω 1037 589 315

sol + mem/Ω 1227 667 331
mem/Ω 190 78 16

Table 5.1: Impedance tests with (mem) and without (sol) the PDMS membrane
present

the test cell with only solution, there is a standard deviation of at most 2Ω after at

least four replicate impedance measurements. After inserting the membrane, there

is a larger standard deviation which is different for each concentration tested: 29Ω

for 0.025M after 13 measurements, 3Ω for 0.05M after 3 measurements, and 4Ω for

0.1M after 7 measurements. This standard deviation is up to 25% of the membrane

resistance.

Using a relationship between resistivity and resistance it is possible to compare the

impedance results with literature tests of NafionTM-117 to determine the ion conduc-

tivity that is being achieved. We use an approach where we assume that only the void

volume of the scaffold contributes to the ion conductivity according to ρ = (ARφ)/l.

The base area of the membrane or PDMS scaffold (not surface area) is represented

by A, the resistance calculated by impedance results by R, the porosity is repre-

sented by φ, the thickness of the membrane by l, and the resistivity by ρ. Note that

the resistivity is the inverse conductivity; i.e. σ = 1/ρ. The conductivity of plain

NafionTM-117 membranes with regard to sodium cations at the concentrations 0.025,

0.05, and 0.1M is approximately 0.0092, 0.0093, and 0.0094S/cm [20]. For this set

of tests the thickness of the composite membrane is around 0.27mm with an area of

198.8mm2. With a porosity of around 20% it is possible to calculate the conductivity
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of the composite membrane created and compare this to literature. This calculates

to conductivities of 0.0004, 0.0009, and 0.0042S/cm for 0.025M , 0.05M , and 0.1M

respectively which is around 4 to 45% of the literature conductivity. Taking into

consideration the standard deviation of the impedance resistances, the conductivity

can be up to 60% of the literature value for the 0.1M tests.

There are several possible explanations for the discrepancy. Firstly, our correla-

tion to infer the conductivities inherently assumes that the void volumes consists of

“straight pores”. In reality these pores are curved and the real ion path is longer

as expressed by the tortuosity τ . We modify the equation for resistivity to include

tortuosity according to ρ = (ARφ)/(lτ 2). Determining the actual tortuosity experi-

enced for the composite membrane is difficult and inaccurate. However, even a small

increase in tortuosity will increase the calculated conductivity and bring the value

closer to the literature comparison. For a tortuosity of only 1.5, the conductivity

increases to 0.0008, 0.0020, and 0.0095S/cm for the three respective concentrations

of NaCl.

Other potential reasons for the mismatch are the fact that the composite mem-

brane is made by physically entrapping NafionTM and so this ion-exchange membrane

material is clearly in a 3D-like shape when compared to a NafionTM film. The com-

posite membrane is also thicker than the films. Additionally, the NafionTM is not only

in the shape of pores, but has solidified on the top and the bottom of the membrane as

an additional layer. Furthermore, we use a layer by layer approach to fill the scaffold
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with NafionTM which is contrary to a casted Nafion foil. Finally, the composite mem-

brane for this experiment is only washed with deionized water and then soaked in the

appropriate NaCl solution and not treated with other procedures (such as treating

in sulfuric acid and H2O2) that are often used to refresh NafionTM purchased as a

film. This is because of concerns with the delicate connection between NafionTM and

PDMS which is prone to leaks. Given all these differences, the conductivity of the

NafionTM in the composite membrane is in reasonable agreement compared to the

literature.

75



Chapter 6

Summary and future work

In this section, we summarize the work done in order to develop a composite ion-

exchange membrane for microfluidic devices. Additionally, some recommendations

for further work are given.

6.1 Summary

The final goal of this research is to create a fabrication method for the integration of

an ion-exchange polymer, NafionTM, into a PDMS based substrate. With this com-

posite membrane, there is a bonding flexibility to integrate ion-exchange capacity into

PDMS and glass based microfluidic devices such as Lab-on-a-Chip or Micro-Total-

Analysis-Systems. The chosen fabrication direction is to utilize a sacrificial material

to create a 3D mould. Liquid PDMS precursor is then poured into this mould void

volume to form a PDMS scaffold. This PDMS scaffold is filled with NafionTM disper-

sion to create a composite ion-exchange membrane.

A study on the contact angle of droplets on PDMS films is performed. With
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corona discharge to create air plasma, it is possible to decrease the contact angle of

polar liquids such as water and 1-propanol on PDMS films. These two liquids are

the main components of the 20% weight NafionTM dispersion. The results provide

evidence that varying corona treatment time varies the resulting contact angle and

this decreased contact angle on PDMS will recover over a time of days.

Initial fabrication procedures are based around the use of PS spheres as a sacrifi-

cial material to form a 3D mould. This 3D mould is created inside of a PDMS film

with the same film thickness. However, complications with the method arise from the

inability to dissolve away larger-crosslinked PS spheres. This limits the fabrication

method to only use small PS spheres, but the use of smaller spheres complicates the

unification into a single 3D mould and stops the penetration of PDMS into the void

volume.

In order to circumvent the problem with undissolved PS spheres while keeping a

large particle size, an alternative approach is taken which utilizes sugar granulate in

the same procedure. However, when a PDMS scaffold is created at approximately the

thickness of the desired finished membrane, it is necessary to employ controlled wet

etching to open the top and bottom of the film to NafionTM dispersion. Complications

with wet etching control and by-products, as well as a deficient finished pore shape

for physical entrapment, limit the effectiveness of this approach.

An alternative procedure starts from forming a 3D mould with sugar granulate in

a cube shape. Once the void volume is filled with liquid PDMS precursor which is
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solidified, the sugar can be removed from the extra large sized PDMS scaffold which

is then sliced to the appropriate size with a microtome. These PDMS scaffold slices

have irregular pores and a thickness of about 250µm. After combining the PDMS

scaffold with a larger film of PDMS, filling and solidifying NafionTM dispersion into

the pores, and physically pressing the membrane to maintain its shape, the composite

membrane is created.

Through electrochemical impedance spectroscopy the conductivity of the compos-

ite membrane is compared to conductivities of NafionTM-117 films. The composite

membrane is tested in multiple concentrations of NaCl solution. Taking into consid-

eration the physical shape of the NafionTM, the final sodium cation conductivity is

less than that of a film but on the same order of magnitude. This shows that the

realization of this ion-exchange composite membrane has been achieved, at least to

the degree of a prototype. This composite membrane allows for simple reversible

bonding to a larger PDMS or glass based microfluidic chip for ion-exchange capa-

bility. It is only necessary to note that this composite membrane cannot transport

the same quantity of sodium cations at the same rate as a similar in area film of

NafionTM because this composite membrane only has a certain porosity and a larger

thickness than a film. If this composite membrane were to replace a NafionTM film

in a microfluidic device, the membrane area would need to be enlarged to take into

account the slightly lower conductivity and 20% active conductive NafionTM area in

the composite membrane.

78



6.2. POTENTIAL FUTURE WORK

More generally, this method of physical entrapment in and around a PDMS scaf-

fold can be expanded to other membrane materials. The PDMS scaffold fabricated in

this work can be seen as an intermediary between a PDMS microfluidic chip and any

stable membrane material which would require glueing or clamping to attach. Most

closely related, it should be possible to introduce other ion-exchange membranes into

PDMS based microfluidic devices through this method.

6.2 Potential future work

It should be possible to improve the current production process for the composite

membrane by varying certain key points in the fabrication. For example, different

sacrificial materials create different PDMS scaffold shapes. The initial fabrication

utilizing PS spheres would have in theory created a PDMS scaffold with repeating

regular shapes (like a beehive) that might have advantages over the purely irregular

sugar structure. Or in the opposite direction of the current fabrication method: it

may be possible to create NafionTM plugs that are then embedded inside of liquid

PDMS which is then solidified. Then opening the surface with slicing might provide

a pore of NafionTM through the PDMS film.

This project is undertaken with the rationalized concept that physical entrapment,

should be able to combine the PDMS and NafionTM into a composite membrane with-

out changing either chemical composition. However, modification of either polymer

to bond with the other would have potential advantages: a bond between components

to promote physical stability and potentially more flexibility in PDMS and NafionTM
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shape in the composite membrane. As long as modification in this way does not sig-

nificantly impact the PDMS-PDMS bonding and beneficial microfabrication features

or the ion-exchange conductivity of the two respective polymers there is potential in

this approach.

Another alternative to the fabrication procedure in this work is to design pores for

NafionTM entrapment using microfabrication methods. Initially, it is considered that

a more irregular pore will provide more physical stability for NafionTM than a regular

pore. However, microfabrication and layering of thin PDMS layers with regular holes

created by multiple lithography processes has the potential to create pores that can

effectively hold NafionTM just due its geometry.
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