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CHAPTER |

INTRODUCTION

1.1 Introduction

At present, many countries in the world are concerning about global warming
because an increase in glebal temperjlture can=eause environmental changes and
increase frequency and_intensity.of extteme weather events such as rising sea level,
glacier retreat, hurricanes, heai waves, floods and droughts. Moreover, the other
possible consequences are specie_s e>l<.tir’1.0tions, decreased agricultural yields and
mutation of insects or microbes. Thé:maih lcause of global warming is an increase of
greenhouse gases suchsas carbén dio>I5fld(Jé- and methane in the atmosphere. The
greenhouse gases are created by burning_‘-_c-xf fossil fuels from power stations, industrial
processes, transportation and other'ﬁumanf;afé'pvities [1].

; el

There are many ways to reduce greenhouse gases emission; fuel cell is one of

many strategies [2]. Fuel ceII-i_s"—éh’electrocﬁe—rﬁi_c’al device that converts directly from

chemical energy to élféctrical energy. Polymer electrolyte ri‘f_w_émbrane fuel cell (PEMFC),
one type of fuel cells,;rjeacts hydrogen and oxygen to ’broduce electricity and water
without generating greenhouse gases [3]. Rolymer electrolyte membrane fuel cell can
be used for power generation in transpaortation.

The important part of PEMFC is electrolyte membrane, which the most
commergcially available,s Nafion | membrane [4]. Nafion | membrané is perfluorosulfonic
acid (PFSA) polymer membrane. The molecular structure of PFSA membrane consists of
Teflon-like backbone with sulfonic acid (-SO,H) side chain. Nafion” membrane shows
some excellent properties such as chemically inert, high proton conductivity and some
disadvantages such as high methanol permeability [4]. In previous works [4, 5, 7-11],
there were many attempts to reduce the methanol permeability and improve proton

conductivity of Nafion” membrane by preparing Nafion”/Montmorillonite composite



membrane. Nafion”/Montmorillonite composite membranes have not only reduced
methanol permeability, but still have the same conductivity of commercial membranes
[4]. Two methods have been employed to prepare composite membranes: (1) direct
addition of particles to a solution of Nafion®, followed by casting; (2) impregnation of

membranes with solutions of inorganic precursors and in situ sol-gel reaction to produce

the mechanical and the ' ement of Nafion®/Montmorillonite

composite membrane

1.2 Objective

This work aimed ified Montmorillonite clay (m-MMT)

loading on the mechanic of the Nafion”/m-MMT composite

membrane.

AU INENTNEINS
RINNTNUNINYAY



CHAPTER I

THEORY

2.1 Fuel Cell

Fuel cell is an electr ‘ at converts directly from chemical
energy to electrical energ ion of fuel. The schematic of fuel
cell is shown in Figure slectrolyte between two electrodes.
One electrode, calle trons from hydrogen by the
oxidation reaction. mal circuit, thus generating
e reduction reaction occurred by
A

electrons, protons and rodt f the reduction reaction is water.

Therefore, the fuel cell doe ¢ o] es or greenhouse gases [13].

Figure 2.1 Schematic of Fuel Cell [14]



2.2 Types of Fuel Cells

Fuel cells are classified by their kind of electrolyte, reactant, catalyst, operating
temperature range and others. The applications are affected by cell performance,
temperature range, products, etc. The followings are the examples of fuel cells currently

under development [15, 16].

2.2.1 Polymer Electrolyte Membrﬁajne Fuel Cells (PEMFCs)

Polymer electrolyte_membrane fuel cells (as.shown in Figure 2.2) are also called
proton exchange membiane fuel eells. P%MFCS use solid polymer as an electrolyte and
platinum catalyst on cambon electiodes. Olj|ydrogen and oxygen are fed as reactants at
anode and cathode, and then Water’.i§ pré_d'uced at cathode. Unfortunately, platinum is
extremely sensitive to carbon rmlofioxide GCO) poisoning; in case where hydrogen is
produced from hydrocarbon fuel,.CO mustl_t;e eliminated or reduced in fuel gas.

PEMFCs show high power’density,e'ffé_w yveight and volume. They are used for
transportation such as cars, bL-‘i'-sse-s and sté;f-"rgr_{ary applications, but their problem is

o

hydrogen storage. Hydrogen has low energy’! a-éﬁ_s,’ity; hence; to store enough hydrogen

onboard for vehicles'_ to travel as long as gasoline does bei‘i_)_l'ce refueling, hydrogen must
be stored in the press-prized tank. Higher density fuel such as methanol, gasoline,
natural gas and LPG canrbe used for fuel instead of pure hydrogen, but the reforming
apparatus must'be added to convert liquid_fuel'to hydrogen. This increases cost and

maintenance requirement for the car.

2.2.2 Direct Methanol Fuel Cells (DMFCs)

Direct methanol fuel cells use methanol as fuel. They use solid polymer
membrane, the same kind as PEMFCs, as electrolyte. Methanol is mixed with steam and
fed directly to the cells anode, and converted to hydrogen within the cells. Methanol has
a higher energy density than hydrogen but less than gasoline and diesel fuel, therefore

DMFCs do not have many storage problems. The major problems of DMFCs are high



methanol permeability rate and CO poisoning effect on electrode. These problems

cause loss of fuel efficiency and increase cost.

PEM FUEL CELL
Electrical Current
Excess - 81 ‘\Water and
Fuel Heat Out

I f A4\

4 Pd -

J/5e M

;:,_:, i

Figure 2.2 Pol %Qgﬁ:
ljgure Z. olyimer glectr B

9 Y J@Sﬂ';.

!1 '-, -

Haabad. .

2.2.3 Alkaline Fuel Cells (AFCs

Alkaline fuell\- s (as shown in Figure 2.3) are onelof the first types of fuel cells
technology developéd.- - : Iz e U.S. space program to

produce electrical en&y and water on space craft. Petassium hydroxide solution is
used as the elegctrolyte ‘ﬁ -Preci %( a s.a, catalyst at anode and
cathode. AFCqutﬂt Meﬂil majﬁj °C) and can also be
operated at low temperature ran e(2‘§—70 °C), i o

L LAND B N LN EAB B o

to reduced cells performance. Thus hydrogen and oxygen are necessary to be purified
before being fed to the cells. The purification process adds cost. The life time of AFCs
stacks before needed maintenance is 8,000 operating hours, but the needed operating

time for the large scale applications is at least 40,000 hours [15].



ALKALINE FUEL CELL
Elecfrical Current

=
Hydrogen In Ciygen In

Hz e 4 <=0,

2.2.4 Phosphori¢ Acid F ‘?J géﬂsﬁ 7
Phosphoric acid fuel ¢ IIs (a$*$ '_ '  igure 2.4) are the first of modern fuel

The platinum a . C " are extremely affected or
m

‘ oxide and carbon dioxide from impurities in the fossil fuels. The
[
efficiency of thi ﬁﬂiﬁe@ﬁﬂiﬂﬁﬁlﬂjwtaminated hydrogen
is used. PAFCs have efficiency | than othe cell cause of their high weight
R RS e
9

2.2.5 Molten Carbonate Fuel Cells (MCFCs)

poisoned by carbon

Molten carbonate fuel cells use a molten carbonate salt mixture suspended in a
porous chemically inert ceramic lithium aluminum oxide (LiAIO,) matrix as an electrolyte
(as shown in Figure 2.5). These fuel cells are developed for natural gas and coal-based

power plants for electrical utility, industrial and military applications.
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MCFCs can convert hydrocarbon fuel to hydrogen within the cells themselves,

called internal reforming, because they operate at high temperature (650 °C). The

advantage of these fuel cells is the waste heat from the process can be used. This

reason is why MCFCs have high efficiency and low cost.



Carbon monoxide and carbon dioxide are not poison on molten carbonate fuel
cells; instead these fuel cells can use carbon dioxide as fuel. They can even use gases
from reforming of coal because they are more resistant to impurities such as sulphur
and particulates. Disadvantage of MCFCs is short life time because of high operating

temperature and the corrosive electrolyte.

2.2.6 Solid Oxide Fuel Gells (SOFGs)’

Solid oxide fuel celis-use non—pggous Ceran’ﬂc compound as the electrolyte (as
shown in Figure 2.6). Theirefficiencies are around-560% — 60% for converting fuel to
electricity, and the efficienc rérould be 'Yp to 80% — 85% when used in applications
designed to capture andﬁ;e thee \f\/ast'_e peat l.e. co-generation power plant. SOFCs
operate at very high tem{r;ture (ar(;)u_nd 1600 °C). They can use various fuels and the
operation cost can be re c%c’l:by gd(_;iing r”f(;;rmer to the system.

SOFCs are sulfur-rjdéistant fE](ieI cell_iif_-,i‘aﬁd they can not be poisoned by carbon
monoxide. Thus, SOFCs can,usg_g;;“'s;es fro""ﬁ_‘il:f;;gal. However, solid oxide fuel cells have

e

disadvantages due to very high_— Z’)@rating ’gﬁﬁperature such as slow startup and they

require heat insulator: ;Fheir applications are suitable fomstationary supply but not for use

|

in vehicles. New membrane with low cost and high _tj_ufability materials must be

developed for SOFCs. _

SOFC FUEL CELL

Elegirical Curment

-
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Figure 2.6 Solid Oxide Fuel Cells (SOFCs) [15]



Table 2.1 listed some important characteristics of different types of fuel cells.

Table 2.1 Types of Fuel Cells and Their Characteristics [15-17]

Fuel Cell Proton Direct Alkaline | Phosphoric Molten Solid
Type Exchange | \ethanol (AFC) Acid Carbonate | Oxide
Membrane | pmFc) (PAFC) | (McFe) | (soFC)
(PEMFC) N,
Anode H,, H,.
Gas Methane | Methane
Cathode Air, O, Air, O,
Gas \\\
Mobile lon Ii/iﬁ Q&\\ co,” 0”
Efficiency 35-60 33 \ 50 40 - 55 45-60
(%) S\
Temp. 50 - 100 ‘ ~ 650 600 -
(°C) 4 1000
Power 3.8 - 01-15 | 1.5-26
Density
(KW/m?®)
Start-up sec —min | ﬂ: min hours hours hours
NENINEING
Electrolyte Solid ¢ Potassium =P‘hosphor|c él}ali Ceramic
§ WAANTTIEN RWI IR TRE |
q Wmembrane memprane




There are advantages and disadvantages of fuel cells [18]:

Advantages

® [uel cell, which uses hydrogen as fuel, emits non-pollution gases and no noise.
® (Operate at low temperature and require little warm up time.

® Fuel cell can be refueled, which is faster than charging battery.

® Fuel cell shows high perf ./Its efficiency is higher than other thermal

engines, and does n hen power plant size decreases as

ZISS

o “ydrogen F
v e
A . ! )

shown in Figure 2

70

60
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40

30 Steam and

Gas Turbines

Efficiency % LHV

FY']
| m | |

1,000 10 000 100,000

ﬂumwwﬁwmm
amaq'“m”‘ ikslobifaaf

Dlsadvantage

0

® Hydrogen fuel is difficult to manufacture and store.

® The contamination of fuel can reduce the fuel cell performance.

® The platinum catalyst which used in proton exchange membrane fuel cell is very
expensive.

® The hydrogen refueling station is not widely established.

10



2.3 Proton Exchange Membrane

Polymer electrolyte membrane or proton exchange membrane fuel cells
(PEMFCs) are one of several kinds of fuel cells but they are typically used in vehicles.
Single cell of proton exchange membrane consists of proton conducting membrane as
electrolyte, such as Nafion® (perfluorosulphonic acid) which has high proton
conductivity. The electrolyte is contained between two platinum-impregnated electrodes
(anode and cathode). Hydrogen is fec_jj at'the” anode side and oxidized to protons
(hydrogen ions) and electrons by platinum catalyst.. The cell operates at temperature
around 70 — 80 °C. Elegtronssmove pass through external circuit, to create electricity,

]
and protons diffuse thietighsthe' membrane. Protons and electrons react with oxygen

from air to produce wategat GAthode. E ;

Oxidation reacl_t;dn at the anode

f Zoag ot 26
i f it ety

Reduction reaction at the Gathode

.
502 + 24 _ + 2e — N HZO ) o

The technology of prfeton exchange ‘membranes was developed in 1940s [17].
The organic ion exchangel membranes ar ionomers 'arel believed to be suitable
membranes for general use. The development of fleerocarbon basedfionomers is one of
the most important’ researchesyin’ the field of gionomers. It ‘consists of a linear
perfluorinated backbone with side chains that are terminated with ionic groups.
Commercially available ionomer are Nafion® membrane (DuPont, USA), the Dow
membrane (Dow Chemicals, USA), Flemion® (Asahi Glass Co., Japan) and Aciplex—S®
(Asahi Chemical Industry Co., Japan).

Polymer electrolyte membrane (proton exchange membrane) is one of the

important parts of polymer electrolyte membrane fuel cell. The membrane must conduct

11



protons (hydrogen ions) but not electrons. The polymer electrolyte membrane separates
hydrogen and oxygen to different side to prevent the reaction to occur directly.
Electrons pass through external circuit only because polymer electrolyte membrane is
an electric insulator.

In fuel cell, the membrane may be contaminated by other metal ions which affect
the proton conductivity of the membrane. Metal ions compete with hydrogen ions to
move through the membrane. Therefore, the performance of the cell decreases.

Nafion” membrane (DuPont) hjs peen~widely used as proton exchange
membrane for fuel cellrappliealions.. This polymer membrane is based on a
polytetrafluoroethylene=(PTFE) backbonei and has perfluorovinyl ether pendant side
chains, with the sulfonate groups at the :_er),d. Nafion® has good ion selectivity, proton

conductivity and chemigal resistances=Fhe‘equivalent weight of Nafion” membrane has

lI ¥
A A5

been commercially available in 900; 110.6)_} 1200, and other equivalent weights. The

chemical structure of Nafion fis shown in Figure 2.8. Typical properties of Nafion”
i ?. F':

membrane are shown in Table 2.2.4'— J" .

: 5%

+e F/"*lk-"’“k _

*i' [m_m:2 I% e /CD/?(\

Fs

Figure 2.8 Structural Fermula of Nafion Rolymer {19]

Jalani [17] reported that Nafion® membranes are produced by forming the
sulfonyl fluoride polymer into sheets and then hydrolyzing to the sulfonate. Once the
sulfonate is formed, the membranes swell in various organic solvents, but the material is
extremely insoluble. Based on the insolubility and inertness of fluorocarbons, Nafion” is

normally thought to be a very stable and robust material. Under pressure and

12
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temperature, the sulfonate polymer can be suspended in mixed solvents; these
suspensions are used to modify electrodes and are often used in the formation of

membrane electrode assemblies of PEMFCs to control wetting.

Table 2.2 Typical Properties of Nafion” Membrane 115 [17]

Physical Properties Typical Value Test Method

Tensile Modulus (MPa)

50% RH, 23 °C 2 229 ASTM D882

Water soaked, 23 °C 114 ASTM D882
Tensile Strength, max (MPa) \

50% RH, 23 °C , L A, ASTM D882

Water soaked, 23 °C | - : 34 ASTM D882
Elongation at Break (%) {

50% RH, 23 °C = _";3'2*25 ASTM D882

Water soaked, 23 °C - J*2‘09 ASTM D882
Specific Gravity ) 798
Conductivity (S/cm) "} - 0.1 mlr;l'mum L) *
Total Acid Capacity (mea/g) 09510101 | o
Water Uptake (%) i 38 Iy o

Note: * Membrane conditiened in 100 *€ water for 1 hr. Measurement cell is
submerged in 25 °GD l..water during experiment. Membrane impedance (real) is taken
at zero imaginary impedance.

** A base titration proecedure measures the equivalents of sulfonic acid in the
polymer, and uses the measurement to calculate the acid capacity or equivalent weight
of the membrane.

*** Water uptake from dry membrane to water soaked at 100 °C for 1 hr (dry

weight basis).



The transfer of protons in solid polymer electrolyte membrane, e.g. Nafion®,
depends on water content of the membrane. Some of the water, which is tightly bound
to the sulfonate group, is called chemically bound water. These are less hydrogen
bonded than in the bulk water because of the less water-water contacts. The bulk water
is described as physically bound water. Away from the pore surface, in the central
region of the pore, the water is present as bulk water. Figure 2.9 shows the various
proton transport mechanisms; 1) proton hopping.along pore surface (Figure 2.9a), i.e.,
surface diffusion, in an interfacial-zone 9f roughly=the thickness of water molecule (3-5
A), the transfer of protonswotlld.iake place through the tightly bound water molecules
along the array of sulfenate group; 2) theistructural diffusion in pore bulk (Figure 2.9b),
the transfer of proton in‘the genter of the pqre would follow the transfer in bulk water; 3)
vehicular mechanism (Eigure2.9c), preton:r‘ides along with the diffusing H,O (or vehicle)
as H3O+. On the other hand, in st;u:cturalid;%fusion, the proton simply hops from one
solvent to the adjacent ong, without Vehicufé'r mechanism. As the membrane becomes

“
akd o |F Y
saturated, the size of pore in€reases-and this will increase the bulk-like portion of water,

il

leading bulk-like transfer that g-ive “high rate_:—ofﬁ-proton transfer in the middle of pores

'
ol B

[17]. However, absorbed water -als-o'affects the mechanical p_roperties of the membrane

by acting as a plasticiﬁer, lowering the T, and modulus of tﬁ_e membrane. Careful control
of water uptake is critical for reducing adverse effects of swelling and degradation of the
mechanical properties of the, membrane inthumid environments, as well as inducing

stresses between themembrane and the electrodes [19].
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2.4 Clay

In general the team.clay implies a natural, earthly, fine-grained material which

develops plasﬂyuw%J r@e%iﬂaﬂn@d%%}tq{ ﬂt%' Chemical analyses of
clays show therﬁ!"to be composed essentially of gca alumina, a&sﬂ water, frequently
AR FURANBE

ay minerals are a group of hydrous layered magnesium or alumino-silicates
(phyllosilicates). Each magnesium-phyllosilicate or alumino-phyllosilicate is essentially
composed of two types of sheet, octahedral and tetrahedral sheets. The tetrahedral
sheet is a continuous linkage of SiO, tetrahedrons; through sharing of three oxygen
atoms with three adjacent tetrahedrons that produces a sheet with a planar network in

the form of a hexagonal network. The octahedral layer is obtained through condensation

15



of single Mg(OH);' or AI(OH);" octahedron. Each oxygen atom is shared by three
octahedron, but two octahedrons can share only two neighboring O atoms that can be
arranged to form a hexagonal network [21]. The two major types of clay minerals are 1:1

and 2:1 type minerals [22].

1:1 type minerals

sheet. These two sheets ‘ i ick as shown in Figure 2.10. A

kaolinite mineral is one o

_ _ ¢ o o
AT INYNINYIDT e s
ARSI AL

examples of the 2:1 type clay. The properties of clay minerals are shown in Table 2.3.
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Tetrahedral Sheet

o Octahedral Sheet
Tetrahedral Sheet
v
erent Clay Type [22]
Type Cation Sorption
(um) il (o ing (nm) (meq/100g)
Kaolinite | 0.1-5.0 l Vol 4 . 5-15
Smectite | <1.0 _  500 478 0-2. 85— 100
Vermiculite | 0.1-5.0 “EU502¢ I oo 100 - 120
e | 0.1-20 | 50- 100 9. 15 - 40

2.4.1 Montmon nite

Montmorillonite h%s the widest acoe&ablllty for use in polymer. It is a type of

smectite clay ﬂ ﬁﬂarég %aﬂéﬂﬁ%ﬂ qﬁﬁn sandwiched between

two layers of sili¢on tetrahedron. Each layered sheet is slightly Iess than 1 nm thin, with

W ﬁﬁﬂ’i“fﬂﬂoﬂ VRN 1R R

1,000 tod and the surface area is in the range of 750 m /g The molecular structure of

2:1 layered silicate is shown in Figure 2.12.
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Montmorillonite has a [Qw_IEérmaI expansion coefficient and a high gas barrier

-
L

property. Stacking @‘\-ihis structure leads to a regularwé& dipolar or van der Waals

interaction between ﬁw’ell,ayers. Isomorphic substitution in €ach layer generates negative
charges that are counte%balanced by hydrated sodium o‘f—potassium ions residing in the
interlayer spaces. »Due, to -this, special ,characteristic,-montmorillonite can be easily
dispersed in water resulting“in a 'stable’ colloid Typically, the natural montmorillonite is
too hydrophilic to disperse. in_an_organic matrix.“its dispersibility_¢an be improved to
make it 'useful bytion ‘exchange! withi'an forganictcation=molecule, lsuch as cationic
surfactant, onto its surface [22]. In addition, the interlayer ions can be exchanged with
ions in surrounding aqueous solution. Large organic molecules can be adsorbed. When
water or molecules are adsorbed, the structure swells. This process is reversible and, in
a dry atmosphere or during heating, both water and hydrated cation leave the structure

of montmorillonites, causing the crystals to decrease in volume [25].
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2.5 Nanocomposites

Nanocomposite refers to the two phases in system, one phase is polymer or
matrix, and another phase is filler that has nanometer size (1079 m) at least in one
dimension. Generally, layered silicates have layer thickness about 1 nm and a very high
aspect ratio (e.g. 10 — 1,000). A few weight percent of layered silicates that are properly
dispersed throughout the polymer matrix thus create much higher surface area for
polymer/filler interaction as..compared jo coaventional composites [24]. In addition,
nanocomposites can improve - several 7properties such as mechanical, barrier and
thermal properties because ofstheir uniqtfe phase morphology and improved interfacial
properties [21]. Three different types o#‘ polymer layered silicate are achievable as

shown in Figure 2.13 [21422];

=
i

i) Conventional compg@site 50mpo§@sj;of silicate tactoids with the silicate layers
aggregated in the unintercalated dorm:. Cl_iémgequently, discrete phases usually take
place because of no penetration of faolyme;‘:-f;ialecules into layer silicate phase resulting
in poor mechanical properties of Comp03|te mﬂ’fenals

i) Intercalated nanocomp05|te ConS|sts of a regular insertion of polymer in

between silicate Iaye__rg The intercalated type of polymer—cjrg_y hybrid has been touted to
have highly extended sihgle chains confined between the-clay sheets, within the gallery
regions. The clay sheets retain a well ordered, periodic, stacked structure.

i) Exfoliated orrdelaminated nanocomposite which is farmed when the silicate
nanolayers are ‘individually dispersed in the continuous polymer matrix and exhibit
greatergphase homaegeneity, than“intercalated nanocompasite. In“this-case the sheets
have lost! their stacked orientation, so that the exfoliated nanolayers contribute fully to

interfacial interactions with the polymer matrix.
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POLYMER NANOCOMPOSITES

Conventional
/ Composite

:‘L:E_-'-:;! Nanocomposite

o

Exfoliated
Nanocomposite

Direct mixing I, ablished polymer processing

techniques. Nanocomposites can be sufficiently rapidly processed in a twin-screw
‘o

L7
extruder. The ﬁt EJO?&WEFW ?WET&TTT rﬁanosilicates in order to

optimize the polymer/layered silicate interaction.

TN INOAL. e

the nanoparticles are dissolved or dispersed in solution. This allows modification of the

particle surface without drying, which reduces particle agglomeration. The
nanoparticle/polymer solution can then be cast into a solid, or the nanoparticle/polymer
can be isolated from solution by solvent evaporation or precipitation. After evaporation

of solvent, an intercalated nanocomposite is obtained.
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iii) In-Situ Polymerization

Another method is in-situ polymerization. Here, nanoscale particles are
dispersed in the monomer or monomer solution, and the resulting mixture is polymerized
by standard polymerization methods.

In addition to the effect of size in particle properties, the small size of the fillers
leads to an exceptionally large interfacial area in the composites. The interface controls
the degree of interaction between the filler .and the polymer and thus controls the
properties. Therefore, the greaiest challenge in=developing polymer nanocomposites
may be learning to contrelithe interface. Once the organoclay is swollen in the monomer,
the curing agent is added; indaverable calses exfloliation'occurs.

i

2.6 Mechanical Property:

-
i
&
4
o . -

The tensile test is popular since t_h:é' properties obtained could be applied to

- 41
design different components. The tefisile te'sf‘fneasures the resistance of a material to a
static or slowly applied force. —

Figure 2.14 shows quélifétiVély the stress (o )=strain (&) curves for a typical (a)

metal, (b) thermoplésjic material, (c) elastomer, and (d) i‘cg__e-ramic (or glass), all under
relatively small strain rafes. The scales'in thisfigure are qgélitative and different for each
material. In practice, the @ctual magnitude of stresses and strains will be very different.
The thermoplastic material is;assumed to be.above(its glass transition temperature (Tg).
Metallic materials are assumed to be at room temperature. Metallic ,and thermoplastic
materials show an iinitiall elastic. region followed by’ a non-lingar plastic region. A
separate ‘curve for elastomers (e.g. rubber or silicones) is also included since the
behavior of these materials is different from other polymeric materials. For elastomers, a
large portion of the deformation is elastic and non-linear. On the other hand, ceramics
and glasses show only a linear elastic region and almost no plastic deformation at room

temperature [27].
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(a) Metal (b) Thermoplastic material above T,

Ll—» e } L —

Figure 2.14 ,_e,';:-.-,_---_--ﬁ-i_____,-‘;...-_____,-,.____.-‘ different materials [27]
o —

y; Y )
) — )

2.6.1 Stress

The external forodé.mplied to a companent result in stresses within the material.

A stross s 2 ﬂau Bt i) Abrabo kb o the cross-sectional area

over which the force is applied. Stress is measured,in force per unitiarea, for example,

ot syiira R A TINE R

O =

F
T (2.1)

Where o is the stress, F is the force, and A is the area.



2.6.2 Strain

Stress usually causes material to deform in length. The change in length as it

relates to the original length is call strain. Hence, strain is denoted as L] [28].

(2.2)

material is pulled by f

In terms of stri

(2.3)

Where E is a constant of p ality referree s Young's modulus or the elastic
modulus. The modulus of elasjmﬁ,ﬁ'; cial. importance in materials selection. It

determines the elastlg?}jeﬂectlon of a str 21 load. Polymers often have

2.6.3 Tensile Test

o i B VHEIAE TR LR e i ot

is fixed to the %Iase of the testinggmachine, and, the other is affixed to a movable
crosshadwg}saﬁtﬂsﬁ @'Idum%yqamwhgo’r%a E&’ original cross-
sectionalqarea. The strain is calculated by dividing the change in length of the sample by
the original length. Instrumentation such as a computer then calculates a stress-strain
graph. Typical stress-strain curve of material is shown in Figure 2.15.

During the early stages of the test, the sample will behave elastically. That is, if
the crosshead were stopped, the sample will return to its original length. As the test

continues, the stress in the sample increases, and the length of the sample within the
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gauge region becomes longer. The stress-strain curve is approximately linear, and the
slope of that curve is the elastic modulus. Materials that exhibit a linear stress-strain

curve in the elastic range are said to be Hookean [28].

=S5

e e

igure 2.15 Stress@raln Curve [29]

ﬂ‘UEl’J“fIEWﬁWEHﬂ‘i

The mocﬂlus of elasticity is éhe slope of the linear portlon of the stress-strain
RIS R IR R ) 6 8

Astress

E=—"—
Astrain @4

where Astress and Astrain are the respective increments in stress and strain on the

linear portion of the stress-strain curve as shown in Figure 2.16.
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Figure 2.16 Example oisStressStrain Curve for Determining Modulus of Elasticity

.

Over a range of stresses, the stresg—sl_rain curve begins to deviate from linearity,
even though it is still in the elastic range: T-flh_is transition to nonlinearity occurs at a point
referred to as the proportional Ii-mif. BeIO\%/;tr;.is point, the material exhibits Hookean
elastic behavior. In some instancesy Vthe mate'r'ié,l;amay still behave elastically for a small

increment of strain above the proportional ;Iri;njt;al_though in a nonlinear, non-Hookean

manner.

As the stress”continues to increase in the sample, the sample continues to
elongate until it finally“reaches a point where some pérmanent plastic deformation
occurs. If the sample were unloaded atrthispoint; the specimen=would be slightly longer
than its original, length:"This permanent” inCrease™in length is referred to as plastic
deformation..IThe point.at.which the, deformation ‘of the, material changes from elastic
deformation to plastic deformation’is referred to as the'elastic' limit or'the yield point.
Because the yield point is difficult to determine precisely, engineers often consider the
yield point to occur at an offset strain of 0.2% (for metallic materials). Testing standards,
such as ASTM, also designate the stress at 0.2% offset strain as the yield stress or yield
strength of the material. Yield strength is typically measured in psi or Pa.

As the crosshead in the tensile tester continues to elongate the sample, the

tensile force in the sample continues to increase in a nonlinear manner as shown in
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Figure 2.15. Simultaneously, the cross-sectional area of reduced section of the test
sample begins to decrease as the sample length increases. Initially, this reduction in
cross-sectional area occurs uniformly over the reduced section of the sample. As the
tester continues to pull the sample, two competing effects occur. The material continues
to harden and gets stronger; however, at the same time the cross-sectional area of the
sample begins to rapidly decrease, reducing the load-carrying capacity of the test
specimen. The force curve reaches a peak.and then begins to drop off with continued
extension. The stress calculated at this peak loadis Called the ultimate tensile strength
of the material. Before thewultimaie iensile stress is reached, the rate of work hardening
the material increases+fasterthan the reqlluction in cross-sectional area. At the ultimate
tensile stress, the rate‘of cross-sect__iona‘l_ area reduction occurs faster than the work
hardening rate, so the l@ad-earpying capa;l}ity of the specimen decreases and the curve
begins to drop off. Typically,/at the-.ultimat':'fsl ténsile stress point, the reduction in cross-
sectional area occurs in a pronounced, Iocé;-ﬁ'ze’d spot on the test sample. This localized
reduction in area is known as‘ne’c'_Ring. A.s‘r.?:_th?,ﬂtest proceeds, ultimately the sample

fractures into two halves. _ =

Once the sample fractufeé, it is removed from theltensile testing machine and

two measurements a.re_'made:

a) The fractured sample is reassembled as best as possible and the final length

of the gauge areasis measured.

b) The finalg diameter ‘of the necked down portian of the sample is also

measured.

These twol-measurements ‘are. .used to assess the dudtility”of the material.
Ductility, a measure of ability of a material to be stretched or drawn, is typically reported
as percent elongation or percent reduction in area. The percent elongation is a ratio of
the increase in length incurred in the sample up to the point of fracture relative to the

initial length of the sample. Percent elongation is calculated by the following equation,
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Percent elongation = final length — initial length x 100 (2.5)

initial length

The higher the percent elongation, the material is more ductile and formable.
When comparing the ductility of materials, always verify that the percent elongation data

are based on the same gauge length

Percent reduction in ar ” comparing the cross-sectional areas

of the test specimen befd‘lé;fterjracmally done with cylindrical tensile
— i e —

specimens). To measur SSPETET mple, the fractured sample is

assembled as best a the necked-down region is

measured (the initial e testing). Percent reduction

in area is calculated b

— final area x 100 (2.6)

According tp}STM D 882 for ik thin plastic sheeting, ten

rectangular specim five for no : with the principal axis of
anisotropy, are tested.Egure 2.1 andard s@ae and the dimensions of the
test specimen. The speed efitesting is calculated from the required initial strain rate as

speied Taﬁi 34 1ok e Vottd Lhomed gy od debrainea for the purpose of

those test methods from the initial strain rate as follows,

ARIANN I R1INYA Y

A=BC (2.7)

Where: A = rate of grip separation, mm (or in.)/min,
B = initial distance between grips, mm (orin.), and

C = initial strain rate, mm/mm « min (or in./in. * min)
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Table 2.4 Speed of testing

Percent Elongation at Break Initial Strain Rate,

mm/mm < min (or in./in. * min)

Modulus of Elasticity Determination

0.1

20 to 100

Greater than 1 10.0

N

25 mm 25 mm

“"J

A
A 4

ﬁ ure Z‘iﬁlmensmn of Test'Specimen (ASTM D 882)

MENINGNT
N

¢

ARIAINTUNRIIN

10 mm
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2.7 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is the most commonly used technique to characterize
the degree of expansion of interlayer spacing of MMT organoclay in a specific polymer.

XRD measures the spacing between the ordered crystalline layers of the organoclay by

using Bragg'’s law [30,31], ’,
in 49 (2.8)

where d is the spaci rystalline phase

A is the x-ray

@ is the reflecti

n is the order of

Bragg's Law can iy b ived: »:\ ing the conditions necessary to
make the phases of the beams ceincide w the incident angle equals the reflecting

| 3 |

angle. The rays of the incident 1are always in phase and parallel up to the point at

which the top beam trl e 2.18). The second beam

continues to the ne 7—— uj The second beam must

travel the extra dlstan@ AB + BC Deams areMJ continue traveling adjacent

and parallel. This extra d,ptigce must be arw;;tegral ) multiple of the wavelength (A)

s %Wﬁ WEINT
q RIAINTUURIINYIA Y



Figure 2.18 Deriving:Bragg's | Jsing the Re Geometry and Applying

(2.9)
Recognizing d as the hypotentise of the. ric e.ABz, the distance AB is opposite
0 so, v, Y
] ]
AB =d sm 0 (2.10)

AUYANINTNYINT

Because AB = BC, eq. (3.9) beoomes

ﬂﬁ?ﬂﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ

Substituting eq. (3.10) in eq. (3.11) gives

2dsin@d=nA (2.8)
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The intensity of the diffracted X-ray is measured as a function of the diffraction
angle 26 and the crystalline phases of the specimen. XRD is nondestructive and does
not require elaborate sample preparation which partly explains the wide usage of this
technique in materials characterization. Spacing change (increase or decrease)
information can be used to determine the type of polymer nanocomposite formed, such
as

- Immiscible (no d-spacing change)

- Decomposed/deinterealated (d-spacing decrease)

- Intercalated (d*spacing.increase)

- Exfoliated (d-spa€ing outsidela of x-ray diffraction, or so expansive and

disordered‘as to/give a signal)‘;
However, XRD ean be affec;t_ed by rlnapy parameters:
- Sampling (powder vs. solids, alfg_n;nent of clay platelets)
- Experimental parametérsf (slit wi:éﬁb,lé:ount time, angle step rate)
I v ol

- Layered silicate order_r(djsordereq/@,ﬁr;prphous materials exhibit no pattern by

XRD) 23 T

 ay
i el

- XRD mea_ét_qres d-spacing, not overall (global)clay, dispersion in the sample

2.8 Differential Scanning Calorimetry (DSC)

There are several different modes of thermal analysis described as DSC. DSC is
a technique of nonequilibrium calorimetry in which.the heat flow into or away from the
polymefis measured “as |a function of temperature or time. Presently available DSC
equipment measures the heat flow by maintaining a thermal balance between the
reference and sample by changing a current passing through the heaters under the two
chambers. For instance, the heating of a sample and reference proceeds at a
predetermined rate until heat is emitted or consumed by the sample. If an endothermic
occurrence takes place, the temperature of the sample will be less than that of the

reference. The circuitry is programmed to give a constant temperature for both the
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reference and the sample compartments. Excess current is fed into the sample
compartment to raise the temperature to that of the reference. The current necessary to
maintain a constant temperature between the sample and reference is recorded. The
area under the resulting curve is a direct measure of the heat of the transition.

The advantages of DSC over a good adiabatic calorimeter include speed, low
cost, and the ability to use small samples.;Sample size can range from 0.5 mg to 10 g.
Since the temperature difference is directly propoitional to the heat capacity, the curves
resemble inverted specific heateurves.

Possible determinations_fromn DSC measurements include the following: (1) heat
of transition, (2) heat of'reaction,(3) samrile purity, (4) phase diagram, (5) specific heat,
(6) sample identification; (7 )#percentage ihqorporation of a substance, (8) reaction rate,

(9) rate of crystallization or melting, (40) solvent retention, and (11) activation energy.

lI ¥
A A5

Thus, thermocalorimetricsanalysis can'be :é, useful tool in describing the chemical and
physical relationship of a polymef'i/vith respéét to temperature [33].
For example, as a salid sample melts to a liquid it will require more heat flowing

to the sample to increase its temperature at the same rate as the reference. This is due

-] =l -

to the absorption of heat by the sample as it undergoes the endothermic phase

transition from solid tQ hqwd Likewise, as the sample undergoes exothermic processes
(such as crystallization) less heat is required to raise the sample temperature. By
observing the differencefin=heat flow betwéen the sample and reference, differential
scanning calofimeters @are able to measuresthe amount of heat absorbed or released
during such transitions. DSC may also be used to.ebserve more subtle phase change,
such asiglass transition: DSC s widely. used in' industrial settings'as™a quality control
instrument due to its applicability in evaluating sample purity and for studying polymer

curing [33].
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CHAPTER IlI
LITERATURE REVIEWS

The incorporation of Montmorillonite (MMT) clay into Nafion" matrix were
expected to improve the desired properties of proton exchange membrane such as
increased mechanical strength, higher / theemal stability, decreased methanol
permeability, and improved water retention of thesmembrane.

In 2005, Thomassin et.al."[5] studied the effect of dispersion of modified
Montmorillonite (m-MMT)" with .6 “wi% ‘JI\Iafion® by solvent mixing method to form
composite membrane«The Contents’__of rT‘w_—l\j.II\/IT in the mixture were 1, 2, 3 and 4 wt%

based on Nafion”. The.fativé sodium zl\/loq’t’morillonite and H-substituted Montmorillonite

clay were modified by exchanging the inte?gai counter-ions with behenyl betaine (BHB),
6-aminocaproic acid (ACA), 'énd dirriéat;h)‘/ioctadecyl (3-sulfopropyl) ammonium
hydroxide (DMOSPA), respecti\_‘/(_aly!/:_nThey fgg.aq,‘that Montmorillonite clay modified by
BHB (Cloisite BHB) could be dis})er_sed in Na?ronO matrix better than others, although the

i el

nanoclays were not completely exfoliated. In order to improve methanol permeability

and ionic conductivit-y:a_ 4 wt% Cloisite BHB was the most,r‘éffective additive into Nafion”
membrane. The permeability was decreased by 51% which was almost as high as the
60% decrease observed- forscompletely exfoliated MMT. Moreover, Cloisite BHB was
suspected to [impreve . the twater retentions and, the mechanical stability of Nafion”
membrane at high temperature.

In 2006, Rheevet al. [7] prepared| nanocomposite membranes of surface-
sulfonated titanate and Nafion® membrane. They compared the tensile properties of
pristine Nafion” 115 membrane and Nafion” composite membrane with additions of 3
wt% of Montmorillonite, TiO, P25 and surface-sulfonated titanate, respectively. The
results showed that all composite membranes exhibited a large increase in the tensile
properties as shown in Figure 3.1. The extent of the improvement of the modulus

depended directly upon the morphology and the aspect ratio of the dispersed inorganic
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fillers. MMT had a large particle size of micrometer scale and its aspect ratio was over
100:1. TiO, P25 has no layered structure and is difficult to be homogeneously dispersed
in a nanocomposite membrane. Its impact on the mechanical property of membrane
was similar to that of MMT. However, surface-sulfonated titanates with a nanosheet-like
morphology showed a more enhanced mechanical strength than MMT or TiO, P25

because sulfanated titanate with ca. Oi'pmterlayer spacing can be easily exfoliated

in Nafion® matrix. \&

(4]
LA

Stress [MN/m?2]
2 s 3

L]

0.0 2 } ; ST ion115° MMT  Tio2 P25 HSO3-titnate
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Fig Jre 3.1 Effect of mﬂrpholog

In 2006, Thomassin-et al. [8] prepared composite membrane by melt mixing

method betweﬂNum%ngS%@iﬁqﬁJ Iﬁdnﬁﬂaﬁe with required amount
of MMT at 1, 2,1;% and 4 wt% based'on Nafion®.&e native MMTt\yas modified using
ammoﬂﬁﬁ@ﬂ%riﬁ %f@id)aﬂdl %’u}» @ow) E‘ré]a%r&}aroether group
(quatern&ed ammonium perfluoropolyether, PFPE-NR,). They suggested that it was
much easier for the organo-modified MMT to interact with the side-chains than with the
backbone of the Nafion” matrix; therefore, the ammonium that contains a
perfluoropolyether segment (MMT-PFPE-NR,) similar to the short side-chains of Nafion”
has beneficial effect on the filler dispersion. Beyond 2 wt% of addition of MMT-PFPE-NR,

resulted in a decrease of the methanol permeability by approximately 20%. Although the
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decrease in ionic conductivity upon addition of native MMT was relatively small, it was
significantly larger when MMT was modified by voluminous ammonium cations. The
PFPE-NR, cations were an exception possibly because the compatibility of the cation
and the matrix alleviated the problem of the ionic transport. Accordingly, the addition of
MMT-PFPE-NR, is well suited to improve the performance of the Nafion” membranes in
line with a decrease of the methanol permeability without deleterious effect on the ionic
conductivity.

Satterfield et al. [34] measuredf the--mechanical properties of Nafion” and
Nafion®/Titania compositesmembrane in constrained environments. As functions of the
temperature and waterfcontent, they fot,lrnd that the membranes that were placed in
water at 100 °C for 1«h absopbed almoi_st,_twice the amount of water as membranes
placed in water at 25 @ for24./h. The elaefnc modulus of both types of the membranes
decreased with increasing temperature Af room temperature, the elastic modulus was
around 300 MPa, and it decreased* to around 100 MPa at 80 °C. The elastic modulus
dropped precipitously to less than =40 I\/IPa above 100 °C. Nafion"/Titania composite

membranes had slightly hlgher elasttc modulr The composite membranes exhibited less

-

strain hardening thah Nafion" . They concluded that the decrease in elastic modulus

coincided with T, Wthh has been reported to be 110 °C Moreover, absorbed water
also reduced the elastic modulus; the elastic modulus at 25 °C decreased from 300 to
50 MPa as the water contentin the membraneé.increased.

Corti et al [35] charagterized low temperature thermal transitions of Nafion® 117
membranes in water and methanol-water mixtures=Ihey concluded that the desorption
of wateri fram the igniccluster-occutred inthe temperature range’ofi100-150 °C, and
most of the previous authors called it the glass transition temperature of the ionic cluster.
However, they preferred to attribute this peak to the desorption of water from the ionic
cluster. The energy involved in this process depends on the interaction energy of water
with the ionic species; the temperature of the peak would change with the type of
counterions and the water content in the membrane. In the dry Nafion® (acid form)

samples, a glass transition temperature was observed at -108 °C. When increasing the
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relative humidity to which the samples were exposed, this thermal transition shifted to
lower temperature, indicating that water had a slight plasticizing effect on the Nafion”
membrane. The freezing of water in Nafion” membrane containing water-methanol take
place at temperatures in range of -10 to -20 °C, being relevant to the operation of direct
methanol fuel cells in low temperature environments.

In the same year, Kim et al. [9] reported a new type of sulfonated Montmorillonite
(HSO,-MMT) functionalized with perfluorinated ssulfonic acid groups. The organic
species bearing the perflucrinated sulfonic acid-functional group were grafted on MMT
to make filler for organiesinorganic composite proten-conducting membranes. The
composite membrane was pgepared by slolution mixing method by addition of a 5 wt%
m-MMT based on Nafieh iato & W% Naiﬂon® solution. The surface functionalization of
H-MMT was performed by dehydratlon w+th 1 4-butane sultone (1,4-BS), 1,3-propane
sultone (1,3-PS) and 1,242-tri- ﬂuoro hydroiy L -trifluomethylethane sulfonic acid sultone
(FMES) as sulfonic acid precursors Their resu1ts showed that FMES and 1,3-PS were
more efficiently grafted on t@ the surface of I\/JI\/IT than 1,4-BS. The HSO,-MMT (FMES)

has a lower pH and a higher |on—exchahge capaC|ty (IEC) (mmol of sulfonic acid per g

-

of HSO,-MMT) than the others. The proton conductm’ues Off comp05|te membranes were

slightly lower than that of Nafion® and the ionic conductmty of Nafion/5 wt% HSO,-MMT
(FMES) composite membranes were higher than those of the other composite
membranes; in particularytheswvalue was arodnd 98% of Nafion” at 303 K. The difference
became more significant! aty823 K. Mareover, all composite membranes containing 5
wt% inorganic fillers reduced methanol crossover by 40%g while maintaining
comparable’ionic conductivity relative to.pristine Nafion” membrarie!

Kim et al. [36] prepared Nafion”/S-MMT composite membranes in 2006. The K-
10 H-MMT was treated with 1,3-propane sultone through refluxing H -MMT in toluene to
obtain S-MMT. The contents of S-MMT that were loaded in Nafion” matrix were 0, 2, 5, 7,
and 10 wt%. Their results showed that as the content of S-MMT increased up to 5 wt%,
the composite membranes had higher tensile strength value than that of pure Nafion®

membrane. Then, the tensile strength values decreased with the S-MMT amount over 5
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wt%. The elongation at break had the same results. The XRD data indicated that the
interfacial area between S-MMT and Nafion® matrix did not increase with S-MMT
amount. Therefore, S-MMT aggregation particles would become defects in the
elongation of samples and deter the expansion of samples. They concluded that the
Nafion”/S-MMT composite membrane with 5 wt% S-MMT loading amount had a
maximum tensile strength and elongation.

In 2007, Lin et al. [10] characterized.5 wt% Nafion"/modified Montmorillonite (m-
MMT) composite membranes by solution,mixing-method. The m-MMT was prepared by
using poly(oxypropylene)=backbened quaternary ammonium salts (POP) of various
molecular weights (M, =2304400 and 2?00) as the interealating agents for MMT. They
found that the modified MMT, /-7 vvt% ‘based on Nafion®, was dispersed in Nafion®
membrane better than unmodmed MMT $he XRD patterns of pristine Nafion” and the
composite membranes indicated that thé sizes Of ion channel were changed by
introducing m-MMT. It was also sUg’gested';_tha‘r the size of ionic channel were reduced
with increasing molecular weight of i”ntercal'é‘rtti:ﬁg agent derived on MMT. However, they

observed that MMT-POP 2000 was poorly dlspersed in Nafion” because MMT-POP 2000

-

was highly organophmc and had poor |nteract|on with Nafron The proton conductivity

of Nafion”/m-MMT c_omposﬂe membrane was lower than that of pristine Nafion”
membrane due to the proton conductivity of the membrane tended to decrease by
adding of MMT. However, they found that 5wt% MMT-POP 400 could be the optimum
level of inorganic in.the composite electralyte memprane. The methanol permeability of
the composite membrane decreasedidramatically with increasing ecomntent of MMT-POP-
diaminéyin ithe composite membrane;.The laddition [of MMT-POR 400 resulted in a
decreasing of methanol permeability by approximately 40%. Although the proton
conductivity of Nafion®/5 wt% MMT-POP 400 composite membrane was still slightly low
but this composite membrane exhibited substantially improved performance by
reducing the methanol crossover drastically compared with the pristine Nafion”

membrane.
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In 2007, Zhang et al. [11] studied the interactions between 5 wt% Nafion® and
Montmorillonite which was modified with protonated dodecylamine. The composite
membranes were prepared by solution mixing method, and the contents of m-MMT in
the mixture were 3, 5, 8 and 10 wt% based on Nafion”. The results showed that all the
Nafion”/m-MMT nanocomposite membranes had some moderate thermal stability
improvement compared with pristine Nefion” and the thermal stability of the composite
appeared to be positively correlated with the m-MMT contents as shown in Figure 3.2.
The XRD patterns indicated that the side chainsgrotps of Nafion” were probably not
intercalated into the interlayer of .m-MMT; in other hand, the Nafion” was probably
located outside of the=@allery of m—MMT,I. FT-IR and Si"MAS NMR results showed no
significant alteration te"theglatiice struotiur}e_ of m-MMT."The proton conductivities of
Nafion"/m-MMT nanocempesite membrénes were  still. lower than pure Nafion”
membrane. The overall proton cor{ductivi?)_/ éecrease for the composite material was
moderate (around 4-10%). !

In the same vyear, Mura"gé't al. ['.éir]?_.‘_g}tﬂjdied on the proton conductivity of

Nafion”/Montmorillonite and Nazﬂon_®/TiO2 Cﬁbosite membranes by recasting PFSA

dispersions. The resulis showecj that the adaition of 1 wt% MMT or 1 wt% TiO, to the

recast membranes dE not drastically _aécréase thé;,,conductivity of composite
membranes, but increased their water contents. Accordingly, the additives showed a
positive effect with respectsto the water capacity under dehydration conditions of a
proton exchange membranesfuel cell.

Jun et al. [37] prepared Nafigh“/silicon oxide composite membranes via sol-gel
reactiofiyof tetraethylorthasilicate ,(TEQS) in Nafion membranes, | andl compared the
physical properties with Nafion” 1135 membrane. The results in Fig. 3.2 showed that the
silicon oxide was compatible with the Nafion” membrane and the thermal stability of
Nafion/silicon oxide composite membrane was higher than that of Nafion” membrane.
They found that the silicon oxide of Nafion” 1135/silicon oxide composite membrane can
absorb water and this part of water mainly existed in the form of structure water and

layer water. The tensile strength of Nafion®/silicon oxide composite membrane was
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almost the same as that of Nafion® 1135 membrane. They suggested that the silicon

oxide was enhancement function and did not reduce the tensile strength.
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Figure 3.2 Thermal Stability o N N- ith Various Content of m-MMT [11]
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CHAPTER IV
EXPERIMENTALS

4.1 Materials

4.1.1 Nafion® perfluorin : ”M
Nafion” perfluorinated [ @oncentration of 5 wt% in lower

T ——

aliphatic alcohol and w. drich® Co. Density of Nafion”

perfluorinated resin soli d its equivalent weight was

1,100.

4.1.2 Modified Montm
Modified Montmoril ly. was Bentone SD®-1 as provided
by Connell Bros. Co., Ltd. of Bentone SD°-1 was shown in

Table 4.1.

emalﬁs Inc.]

Organic dqi_yanve of a bentonite clay

ColotfFo E] p /ﬂ%'c}%ﬂﬂlﬂni"ceﬁpowder

Denyt 1 4} g/om

ARTANMIMTATITIEA Y

4.2 Expe'iimental Procedures

4.2.1 Preparation of Composite Membrane

The composite membranes of Nafion® resin with contents of m-MMT at 0, 3, 6,
and 10 phr were prepared. The preparation method was based on the works of Kim, Y.
et al. [9] and Lin, Y. — F. et al. [10]. The typical steps for preparing Nafion” composite

membranes at 3 phr m-MMT were the following. The 0.187 grams of modified-



Montmorillonite (m-MMT) clay was added into 142.72 ml of 5 wt% Nafion” perfluorinated
resin solution, then stirred mechanically for 3 h and degassed by ultrasonication for 2 h.
The prepared mixture was then poured into 15-cm diameter Petri dish and dried in
vacuum oven by slowly increasing the temperature from room temperature to 85 °C
within 3.5 h to prevent the crevice to form in the composite membrane and held at 85 °C
for another 20.5 h. Finally, the compesite membrane was pre-treated in a standard
manner: boiled in 5% H,O, solution at 80 “Cfer lh, boiled in 1 M H,SO, solution at 80
°C for at least 2 h, and boiled in-deionized waterat80 °C for 1 h. The thickness of final
membrane was expected o be.around 0.0178 cm or 0.007 in. The total weight was
around 6.424 g. and the'weight of Nafion®,| in the membrane was 6.237 g.

The calculation™of the jactual ar;qoynt of m-MMT for making Nafion®/m-MMT

composite membrane ai'S, 67and 40 phr were shown in Appendix A.

4.2.2 Characterization =
' i
4.2.2.1 X-Ray Diffraction (Xle)_f- '
J i e s -’_,J"_.l

Inter-layer spacing between clay pl;t@!éts of m-MMT in the membranes were

measured by X-ray diffractionz (S(RD) meéthod 'V\;iqth‘Bruker AXS Model D8 Discover (as

shown in Figure 4.1) WW] CuK[ ] radiation. The machine Was located at the Scientific

and Technological Resﬁé_arch Equipment Centre, Chulalorjgkorn University. The voltage

and the current of X-ray#eams were 40 kVhand 40 mA, respectively. XRD data were

collected between 1.and 20°%by a step of 0.025% with'a scah speed of 1 second/step.
4.2.2.2 lon Exchange €apacity (IEC)

IEC (mmol of proton péeridry weight of membrane) iwas imeasured by titration
method. The dried acid-form membranes were weighed and then soaked in 1 M NaCl
solution for 24 h to fully exchange sodium ions for the protons in the membranes. The
exchanged protons which contained in NaCl solution were titrated with 0.0125 M NaOH
solution using phenolphthalein as indicator. The titrations were repeated 3 times and the

average |[EC was reported. The IEC was calculated by the following equation,
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IEC:M 4.1)

dry

where C,,, and V,,,, are molar concentration and titration volume of NaOH solution,

respectively, and W, is dry weight of membrane.

- — — ﬂf .;j
'.‘._;‘: ._1.;_J
_Figure 4.1 X-Ray Diffraction Spectrometer

* GAl O 1

42?_}3 Waterbptake : N ¢ . | ! o

] |
The composite membranes were dried in vacuum oven at 100 °C for 24 h and

The watéf uptake of membranes was calculated using the following equation,

Wwet _Wdry
WaterUptake = ——— x100% (4.2)

dry

where W, —and W, are weight of membranes in dried and soaked conditions,

respectively.



4.2.2.4 Tensile Properties Measurement
The Nafion” membranes and Nafion /m-MMT composite membranes were cut
into the rectangular specimens (1 cm x 10 cm), as shown in section 2.6.3, Figure 2.17,
according to ASTM D882 for tensile properties measurement of thin plastic sheeting.
The prepared test specimens were tested by Universal Testing Machine (Instron®
Instrument, Model 5567), as shown in Figure 4.2, with the initial distance between grips
of 5 cm and the rate of grips separation of 5 mfrermin. The 1 kN load cell was used.
4.2.2.5 Determinalion of Thermak-Fropéties
Thermal properties of Nafion"/m-MMT compeosite membranes were tested by
Differential Scanning Ca‘r'o’rrif-; gr (DSC),"ETA Instruments 2910, as shown in Figure 4.3.
The samples were cut Kall pie_pes '_ar]?l weighed in‘range of 5 - 10 mg and then
placed in aluminum pay{z’ample éan;nd reference pan were placed in the furnace
and burned under nitrongil o_n'(.:li-{;op 4 -J;temperature range of 25 — 300 °C with

scanning rate of 10 °C/ming® & © =

Figure 4.2 Universal Testing Machine
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CHAPTER V
RESULTS AND DISCUSSIONS

The pristine Nafion” membrane and Nafion"/m-MMT composite membranes

Wess ca. 0.0178 cm. The pictures of all

prepared in this study had the unifor

membranes were shown in Fi

(c) (d)

Figure 5.1 Pictures of (a) Pristine Nafion” Membrane and

Nafion”/m-MMT Composite Membranes at (b) 3 phr, (c) 6 phr, and (d) 10 phr



From Figure 5.1, the pristine Nafion” was a translucent film but all the composite
membranes were not as clear because of m-MMT in the films. The composite
membranes were more brownish with increasing amount of m-MMT in Nafion”

membrane. The composite membranes were clearer after boiled in H,O,.

5.1 X-Ray Diffraction Patterns of Nafion® jand Nafion®/m-MMT Composite Membranes

The XRD patterns of pristine Nafion” membrane, modified Montmorillonite (m-
MMT) clay and Nafion®/m-MMF composiie membranes with various contents of m-MMT
were determined as deseribed in Chaptt—?r V. The XRD patterns were shown in Figure
5.2. The calculation gifinterlayer Spaci%’)g between clay platelets according to the
Bragg's law (2dsind =4") was shoWn ih:_Appendix B, and the results were shown in
Table 5.1. ’ )4

From Figure 5.2, the pristine Nafioné:'me’mbrane showed no distinct peak. The m-
MMT showed the diffraction peak'ét 26 —:‘j2t38° hence, the interlayer spacing of m-
MMT was 3.71 nm. This result Was ConS|sterﬁjN|tF1 result obtained by Pirotesak [21]. The

Nafion"/m-MMT composﬂe membranes with ’[he Contents of-m-MMT of 3, 6, and 10 phr

showed the dlffractlo_n' ‘peaks at 26 =6.30°, 6.45°, and':6.31°, respectively. These
peaks were clearly fromr_the m-MMT added into Nafion” matrix. The interlayer spacing of
m-MMT in these composite. membranes were 1.40, 1.3%, and 1.40 nm, respectively.
These results lindicated that the interlayer spacing of m:MMT was decreased when
incorporated into Nafion” matrix.

It' should [beyvneted thati thie diffraction peaks of m=MMT in/the Nafion”/m-MMT
composite membranes occurred nearly in the same position
(approximately 260 = 6.35°). The average d-spacing of interlayer of m-MMT in the
composite membranes was 1.39 nm. According to the previous studies, the d-spacing
of unmodified MMT clay was around 1.24 - 1.39 nm [9, 10]. This d-spacing was very
close to the d-spacing of m-MMT in the Nafion"/m-MMT composite membranes obtained
in this work. Hence, the decrease in d-spacing of m-MMT in the composite membranes

prepared in this work may be due to partial leaching out of the modified functional
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groups of m-MMT during membrane preparation steps. This average d-spacing of 1.39
nm also suggested that the Nafion” matrix did not intercalate into the interlayer spacing
of m-MMT clay. Therefore, the prepared Nafion"/m-MMT composite membranes should

be of the conventional composite type.

Table 5.1 The Interlayer SpacL MMT Clay and of m-MMT clay in the
Nafionf 7 Membranes
Samples : -theta ’ d-spacing (nm)
m-MMT I — 3.71
Nafion”/3 phr m-M W 1.40

Nafion®/6 phr m-M 1.37

Nafion/10 phr m-M | wed \%\\"' 1.40
) 08

o

Naffion® 10 phr m-MMT]

Relative Intensity (a.u.)

SNV .o
2-Theta Degree

Figure 5.2 XRD Patterns of m-MMT, Pristine Nafion” Membrane and Nafion”/m-MMT

Composite Membranes containing m-MMT at 3 phr, 6 phr, and 10 phr.
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5.2 Water Uptake and lon Exchange Capacity (IEC)

The water uptake and IEC of pristine Nafion” membrane and Nafion"/m-MMT
composite membranes were measured by the procedures described in Chapter V. The

values of the water uptake and IEC were shown in Table 5.2.

Table 5.2 Water Uptake and IECValues of Pristine Nafion” and

Nafion /m-MMT Compesite Membranes
|

Samples Water Uptake 7Water Uptake | IEC (mmol/g | IEC (mmol/g
at rogmrcondition gt 100 °C (%) membrane) Nafion®)
(%) :
pristine Nafion” 2034 A= %46.63 0.89 0.89
Nafion”/3 phr o562 [ | 6233 0.79 0.82
m-MMT W
Nafion”/6 phr Bof L "3';69!.43 0.76 0.81
m-MMT e T’
Nafion®10 phr | 2778~ Up 78 _ 073 0.81
m-MMT & 44

From Table 55 the water uptake after 24 h‘at room temperature of the
composite mempranes'was increased with increasing contents of m-MMT in the Nafion”
matrix. For example, the water uptake of pristine Nafion” was 20.31% and Nafion®/m-
MMT (10 ‘phr) camposite | membranel was: 27.73%. /The Nafieh /t-MMT (10 phr)
composite membrane showed an increase of 36.53% from the pristine Nafion”
membrane. This increase in water uptake should be due to the water uptake of m-MMT.
Although, m-MMT was hydrophobic filler but the m-MMT in Nafion” matrix in this study
was more of hydrophilic type because the modified function on m-MMT surface was
likely to be partially leached out during membrane preparation (as noted in section 5.1

above).



After submerged in water at 100 °C for 1 h, the water uptake of the composite
membranes also generally increased with increasing contents of m-MMT in the Nafion”
matrix. For example, the water uptake of pristine Nafion” was 46.63% and Nafion"/m-
MMT (6 phr) composite membrane was 60.43%. It should be noted that the water
uptake of Nafion”/m-MMT (10 phr) composite membrane was only 48.78%. This might
be an error due to poor choice of sample used.

When the water uptakes of all membran€ssat room temperature were compared
with the values at 100 °C, it'could be seen thatin-general the water uptakes at 100 °C
were about 2 times of thewalues at room temperature: This result was consistent with
the work of Satterfield et'al. [34].who alsqI suggested that the water sorption of Nation®-
type membrane might™ begcaontrolled k;_y’,kinetics and water sorption was not in
thermodynamic equilibrigm at reom tempe;ature within 24 h.

Also from Table® 5.2, the |on E'xchange Capacities (IECs) of composite
membranes were slightly decreased with mcreasmg amount of m-MMT. For example,

the IEC of pristine Nafion” was O 89 mmol/g membrane and Nafion”/m-MMT (10 phr)

composite membrane was 073 mmol/g membrane The IEC of 10 phr composite

membrane showed a decrease of 17.98% from the prrstrne Nafion” membrane. This

decrease in IEC was com‘ormed to the previous study of LLn et al. [10]. This decrease
could be due to lower amount of Nafion® in the composite membrane than in the pristine
Nafion” membrane when compared at equalftotal weight. When compared IEC values of
the membranes by gram of Nafion”, the results showed that thedEC values of 3 types of
composite membranes were closely#qual (arounds0.81 mmol/g Nafion®) but still lower
than that of the pristine Nafion.| membrane (at 0.89.mmol/g Nafion®). [t was suggested
that there were no counter ions located between the interlayer spacing of m-MMT clay
[10].

The transfer of protons in Nafion” membrane depends on water content of the
membrane and there are various proton transport mechanisms as suggested in Figure
2.9 [17]. Although the IEC values of Nafion”/m-MMT composite membranes prepared in

this work decreased with increasing amount of m-MMT but the water uptake of
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Nafion®/m-MMT composite membrane increased with increasing amount of m-MMT.
Hence, as the membrane becomes more saturated, it may give rise to the bulk-like
portion of water leading to bulk-like transfer that gives high rate of proton transfer in the
middle of pores [17]. Therefore, it was speculated in this work that the effects of higher
water uptake and lower |IEC values on proton transfer of the Nafion”/m-MMT composite
membranes prepared in this work would balance each other out and, hence, the proton
conductivity of Nafion"/m-MMT. composite membranes prepared in this work would not
differ from the pristine Nafion membrane

)

5.3 Effect on Thermal Properiies of Nafion" Membrane and Nafion”/m-MMT Composite

Membranes |

— =

The DSC scanning results-for thel'}sé‘mples were shown in Figure 5.3. All the
samples were placed in room conditjén befdr@ scanning.

Temperature (degree celcius)

adp = L 120 130 140 150 160

=== Pristine Nafion

=Nafion 3 phr m-MMT

Heat Flow

-15
=—Nafion,6 phr m-MMT

==Nafion*10 phr m- MMT

-20

-25

Figure 5.3 DSC Curves of Nafion” Membrane and

Nafion”/m-MMT Composite Membranes
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It was observed that the Nafion” membrane showed a peak at 103 °C, while the
peaks of Nafion”/m-MMT composite membranes were at higher temperature. From
Figure 5.3, the peaks of the composite membranes increased with increasing amount of
m-MMT. From the previous study, Corti et al. [35] implied that the peak in the range of
100 — 150 °C corresponds to the desorption of the water from the membrane. Hence, it
could be said that the higher peak, suggested that the water in the membrane was
harder to remove from the composite membrane..In another words, the water retention
of Nafion” membrane was improved by incoiperating m-MMT into Nafion” matrix to
fabricate the composite membrane.

|
5.4 Effects on Mechanicals Properties of. Nafion" Membrane and Nafion"/m-MMT

Composite Membranes -
-';. 4

According to ASTMD882; the spe&f—neﬂs of Nafion” membrane and Nafion”/m-
MMT composite membranes were’preparéd'_;':as_ described in Chapter IV. The elastic
modulus and elongation at break déta Were%ﬁﬁfﬂmarized in Table 5.3 and in Figure 5.4
and Figure 5.5, respectively. fﬁ'é—'hydrated égéafﬁens were-soaked in deionized water
for 24 h before tested.fAIl the samples were also tested at 'rogjm temperature.

From Table 5.3 and Figure 5.4, the elastic /modulus of soaked Nafion”
membrane was remarkably.different from Nafion” membrane at room condition. The
elastic modulus’ef Nafion” membrane was decreased fram 198116 MPa to 121.22 MPa
when Nafion” membrane was fully hydrated. This was a decrease of about 38.83%. This
result was in the same direction”of | Satterfield et al.[[34): This suggested that water
absorption reduced the elastic modulus of Nafion” membrane by acting as a plasticizer.

When the moduli of fully hydrated Nafion” membrane and Nafion"/m-MMT
composite membranes were compared, the results in Table 5.3 showed that the elastic
modulus of all types of the composite membranes were not much different from the
pristine Nafion” membrane. The elastic moduli of all soaked membranes were on
average around 118-120 MPa as can be seen in Figure 5.4. It was also noted that the

elastic modulus of the soaked Nafion"/m-MMT composite membranes did not
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decreased with increasing amount of m-MMT. Although the water uptake of Nafion®/m-
MMT composite membranes increased with increasing m-MMT as shown in Table 5.2
and it might be expected that the elastic modulus of Nafion”/m-MMT composite
membranes should decrease with increasing water content as water acted as plasticizer
[34], the result in this work showed that the incorporation of m-MMT in composite can at
chanical property of the Nafion”/m-MMT

@s reinforcing filler in the composite.

least helped reduce the decay of .t

composite membranes. Henc

anical Properties o e Nafion” and

A NN
Nafio ’/f (1{.{%,\‘\- anes

\

Table

gation at Break (%)

Samples 171?? \ ﬂ‘ﬁﬁ“‘ Elon
7 E € NN

2 )

(room condition)

Pristine Nafion” 0 \\\m 277.40 + 27.97

185.00 + 51.34

Pristine Nafion”

(soaked)

Nafion”/3 phr m-MMT 58.60 + 33.80

(soaked)

e —

= >4
Nafion’/6 phr m-MMEZ | ) 114.80 + 26 50

(soaked)

Nafion”/10 phr m-MMT ¢ 122.91 +185.05 71.00 + 5.83

(soaked) a}uﬂ qﬂﬂﬂi“ilﬂﬂ‘j
AN TUNN NN Y
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Regarding the elongation at break of the membranes (Table 5.3 and Figure 5.5),
the pristine Nafion” membrane that was placed at room condition had higher percent
elongation at break (277.40%) than that of soaked pristine Nafion” membrane (185.0%).
That was a 33.31% reduction.

The elongation at break of soaked Nafion”/m-MMT composite membranes were
significantly decreased by addition of m-MMT into Nafion” membranes but the effect of
m-MMT content was not clear. The elongation at break of soaked composite
membranes was reduced from-185.0% of pristine Nafion” membrane to around 81.50%
on average for soaked Nafion “/m=MMT composite membranes with m-MMT contents in
range of 3-10 phr. From this result; it ,Ican be concluded that the Nafion”/m-MMT
composite membranes‘prepared in this V\ZOI:K were more brittle than the pristine Nafion”
membrane. —-

According to the results in SéCtiOﬂ éﬂfthe Nafion” membrane did not intercalate
into the interlayer spacing 0f m-MMT and the composite membranes were expected to
be of conventional type. And as th'e'_’éontenri.éfm—l\/lMT in composites was low (up to 10

Lo
lll-"

phr only), hence, there should not be much improvement effect of m-MMT on

mechanical propertiesiof the corhposite mem‘b-ranes.

The contenttof water in the membrahe showéd significant effect on the

mechanical properties_of the membrane. The Nafion” membrane became more flexible
after absorption of water*assshown in Tablel5.3. From the literature reviews [17, 34], it
could be predicted .that thegelastic modulusiandielongatian jatgboreak of the composite
membranes would be decreased when the composite membrapnes were hydrated.
Moreover, the mechanical properties of Nafion” membrane depended on temperature
[17, 34]. The elastic modulus of the membrane was also decreased with increasing
temperature.

According to the chemical structure of Nafion® membrane, the
polytetrafluoroethylene (PTFE) backbone is an extreme hydrophobic domain and the
terminal sulfonated groups are extreme hydrophilic domain. In the presence of water,

the sulfonated groups are hydrated to maintain the proton conductivity, while the
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polytetrafluoroethylene (PTFE) backbone provides mechanical strength. In addition,
high proton conductivity can be obtained at high sulfonate groups, but high sulfonate
groups results in high water uptake.

It was concluded in this work that the elastic moduli of soaked Nafion"/m-MMT
composite membranes were about equal to the soaked pristine Nafion” membrane, and

the elongation at break of the soakee ion”/m-MMT composite membranes were

lower than that of soaked pristi afion” ne ane. Therefore, the incorporation of this

m-MMT clay type (Bentone ix did not improve the mechanical

properties of Nafion” at least helped reduce the decay of the these

s

mechanical propertie \ creasing water uptake in the

composite membran

9
U
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CHAPTER VI

CONCLUSIONS & RECOMMENDATIONS

6.1 Conclusions

From the results obtained in this work; the foellowing conclusions can be made.

1. The typical properties of pristiﬂe N&fioh.membrane prepared in this work by
solution mixing method was-eonformed té that of the-.ecemmercial Nafion” membrane.

2. The XRD patterns showed the ,Idecrease of interlayer spacing of m-MMT clay
after incorporated into Nafion” matrix._Thié o!gacrease might be due to partial leach out of
the modified function of m-MMT cléy dJLiﬁg membrane. preparation. The d-spacing
reduction also indicated jthat Nafié'h@)/m—l\/li;}_\/lf composite membranes prepared in this
work were of the conventional composite.

3. The water uptake ofNaﬁbn@/m—?l'\ﬁ?&_ﬂ!composite membrane increased with
increasing amount of m-MMT éiéy '-in Nafio?—é;rjf?‘atrix but the IEC values of Nafion"/m-

MMT composite membranes decreased. These effébts, would balance each other out

and, hence, the prot@ﬁ%conductivity of Nafion“/m-MMT Corﬁpbsite membranes prepared
in this work would not dif_fer from the pristine Nafion® mem?rane.

4. Nafion”/m-MMT. composite membranes could retain water better than pristine
Nafion” membréne at high temperature.

5. The elastic moduli of soaked Nafion"/m-MMT composite ,membranes were
about equaliio thesoaked pristine Nafion” membrane, and the elongation at break of
the soaked Nafion /m-MMT composite membranes were lower than that of soaked
pristine Nafion” membrane. Therefore, the incorporation of this m-MMT clay type
(Bentone sD” 1) into Nafion” matrix did not improve the mechanical properties of
Nafion” membrane but at least helped reduce the decay of the these mechanical
properties by counteracting the effects of increasing water uptake in the composite

membranes.
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6.2 Recommendations

To further the understanding the usefulness of Nafion”/m-MMT composite
membranes, the following recommendations were made.
1. To obtain intercalated or exfoliated nanocomposite, the filler should be more

compatible with the polymer and ShOLﬂ ve more tightly bond between the modified

function and clay platelet, henc hould be studied.

2. The Nafion” me Nafio composite membranes should be

—

tested by Thermal Gravi i er (TGA) to obtain more information on the thermal

stability of the membra
3. To observe morillonite clay in the Nafion®

matrix and to gain \ norphology of the composite

. should be used to study the

4. All membranes sh sedtested he methanol permeability to study their
applicability as membrane for the thanol Fuel Cell.
5. All membranes on seonductivity to study their

applicability as me iy—_—— 7 xJ

] 3
AU INENINYINS
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Appendix A

The Calculation of m-MMT amount

The volume of membrane with thickness of 7 mil or 0.0178 cm that cast in the

Petri dish with diameter of 15 cm wa

The density of I

Then the weigh

The desired volu solution (5 wt% in lower aliphatic

alcohol and water) g;,f lensity of ( : ..:t;': by

'lil , J
AUt
PIAINTUNMINENA Y

From the weight of Nafion® resin (6.237 g), the amount of m-MMT clay, which

was mixed into Nafion® solution, was shown in Table A-1.
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Table A-1 Amount of Modified-Montmorillonite Clay in the Composite Membrane

Part per Hundred Resin

Weight of Nafion® resin (g)

Weight of m-MMT Clay (g)

3 phr 6.237 0.187
6 phr 6.237 0.374
10 phr 6.237 0.624

AULINENINYINS
AR TN TN
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Appendix B

D-spacing Calculation

The d-spacing of organo-clay in the polymer composite was calculated by

Bragg’s law equation as shown below,

he crystalline phase

Diffraction angle of orga fg‘j vas measured by XRD. The peak was at

20 = 2.38°, hence, the d-spacing an . powder was

3 -
el
X
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Appendix C

Water Uptake and IEC

Table C-1 Raw Data for Water Uptake at Room Temperature of Pristine Nafion”

Membrane and Nafion /m-MMT Composite Membranes

pristine Nafion® Specimen | Dry WéLgh_t (9) Wet weight (g) | % water uptake
il Qo | 0.55 32.64
2 J 045 0.49 8.60
) 0.50 0.60 20.21
] O3 0.64 20.17
o 5 | .053 0.63 19.96
4 Niad ] 20.31
V) eY 8.50
Nafion®/3 phr m-MMT j’gp.ecimen “Dry weight (g9) Wet weight (g) | % water uptake
JVy. . 0.50 0.62 25.30
' iV 7 ¥ 0.49 0.61 26.08
4V F —0.49 0.62 26.50
¥y B . 0.46 0.57 25.32
5 aix 045 0.56 24.90
Mean. . T 25.62
S.0= = 0.65
Nafion®/6 phr m-MMT | Speciimen | Dry weight(g) | Wet weight (g) | % water uptake
A 1 0.49 L. 062 25.91
ffj = 0.46 ~ | 0.58 26.02
= 3 0.49 7 061 25.73
_ 4 0.50 0.63 25.91
N 5 0.50 063 26.52
Mean 26.02
SD. 0.30
Nafion®/10 phr.m-MMT=| Specimen*| 'Dry weight (g) Wet weight (g) | % water uptake
1 0.44 0.56 27.12
2 0.47 0.60 27.79
3 0.49 0.62 26.54
4 0.50 0.63 26.93
5 0.51 0.66 30.25
Mean 27.73
S.D. 1.48




Table C-2 Raw Data for Water Uptake of Pristine Nafion” Membrane and Nafion”/m-

MMT Composite Membranes Boiled in Water at 100 °C for 1 hr

pristine Nafion® Specimen | Dry weight () Wet weight (g) | % water uptake
1 0.126 0.184 46.03
2 0.104 0.154 48.08
3 0.083 0.121 45.78
Mean 46.63
S.D. 1.26
Nafion®/3 phr m-MMT | Specimen | Dry weight (9) Wet weight (g) | % water uptake
1 0.292 0.478 63.70
2 0205 0.331 61.46
=4 < 0.186 0.301 61.83
Mean 62.33
SHPT 0.91
Nafion®/6 phr m-MMT Specimen | Dry weight (g) | Wet weight (g) | % water uptake
A 4 0.261 0.424 62.45
2 1 497230 0.369 60.43
3 "~ 0.262 0.415 58.40
Méan -, A 4 60.43
S.D. Y, 1.35
Nafion®/10 phr m-MMT SJ)ecim__en_i Dry weight (g) | Wet weight (g) | % water uptake
Aa 0.282 0.413 46.45
2 Al 1 0.166 0.247 48.80
3L 0.231 0.349 51.08
Mean S 48.78
SB:- YN 1.55
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Table C-3 Raw Data for IEC Values of Pristine Nafion” Membrane and Nafion®/m—M|\/IT

Composite Membranes

pristine IEC
Nafion® Dry Weight NaOH 0.05M H* IEC (mmol/g (mmoll@g
Specimen (9) (ml) (mmol) membrane) Nafion™)
1 0.2211 4.0000 0.2000 0.9046
2 0.1268 2.2000 0.1100 0.8675
3 0.1687 3.0000 0.1500 0.8892
Mean 0.8871
S.D. 0.0186
Nafion®/ IEC
3 phr Dry Weight NaOH 0.025M H* IEC (mmol/g (mmol/@q
m-MMT | Specimen (9) _u(ml) (mmol) membrane) Nafion™)
1 0.1339 4.4000 0.1100 0.8094 0.8345
2 0.1346 4.2000 0.1050 0.7801 0.8042
3 071082 3.4000 0.0850 0.7856 0.8099
Mean | 0.7917 0.8162
S.D. . 0.0156 0.0161
Nafion®/ = IEC
6 phr Dry Weight NaOH0.025M H IEC (mmol/g (mmoll@g
m-MMT | Specimen (@) ()& (mmol) membrane) | Nafion®)
1 01171 3.7@00 0.0925 0.7899 0.8403
2 0.1265 3.9000 . 0.0975 0.7708 0.8199
3 0/023 3.0000 0.0750 0.7331 0.7799
Mean -~ - 0.7646 0.8134
S.D. 22 0.0289 0.0307
Nafion®/ — - IEC
10 phr Dry Weight-~}*~-NaOH 0.025M- - H* IEC (mmol/g | (mmol/g
m-MMT | Specimen | (9) (ml) (mmol) membrane) Nafion™)
1 - 02162 6.2000 0.1550+ 0.7169 0.7878
2 Y ; 0.1641 4.8000 0.12@0' 0.7313 0.8035
3 0.2243 6.7000 0.1675 0.7468 0.8206
Mean il - 0.7317 0.8040
S.D. 0.0149 0.0111




Table D-1 Tensile Prope

minimum minim
specimens | thickness Crg
section,
(mm) are
(mm?)
1 0.300 3.00
2 0.267 2.67
3 0.238 2.38
4 0.167 1.67
5 0.193 g
AV.
S.D.

OO (

der Room Condition

initial slope

elongation at

E-modulus break
(MPa) (%)
214.00 327.00
150.00 264.00
175.00 271.00
237.50 264.00
214.29 261.00
198.16 277.40

35.05 27.97
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Table D-2 Tensile Properties of Pristine Nafion® Membrane under Hydrated Condition

minimum minimum maximum
specimens | thickness cross load 2 load-atyield initial slope elongation at
sectional
(mm) area (N) point (N) E-modulus break
(Mmm?)e \ (MPa) (%)

1 0.314 3.14 & BF 85 Ti 5.59 140.00 146.00
2 0.259 259 38.90 ! 4124, 130.00 212.00
3 0.325 3.25 4 5538 = 5.08 121.43 243.00
4 0.347 3.48 13.99—+ 10.07 111.11 118.00
5 0.353 3.53 54.98 5| 7 959 103.57 206.00
AV. 121.22 185.00
S.D 14 4 14.52 51.34

i
. £
YR vl

Table D-3 Tensile Properties of Nafion/3 ph%‘ﬁ—Ml\/lT Ci?rrfp{bsite Membrane under Hydrated Condition

minimum minimum _.‘r_n_axi'mum =
specimens | thickness CFOSS load load at yield | ~initial slope elongation at
sectional o
(mm) arga (N) point (N) [ ' E-modulus break
(mm?) | (vPa) (%)

1 0.330 3.30 20.70 484 | 131.25 21.00
2 0.333 3.33 23.96 5.20 110.00 49.00
3 0.337 3.3¢ 27.45 4.84 133.33 94.00
4 0.320 3.20 25.30 4.67 115.38 94.00
5 0.338 3.38 18.22 4.62 107.14 35.00
AV. 11942 58.60
S.D 1214 33.80

¢l

cL



Table D-4 Tensile Properties of Nafion”/ 6 phr m-MMT Composite Membrane under Hydrated Condition

minimum minimum maximum
specimens | thickness cross load 2 load-atyield initial slope elongation at
sectional
(mm) area (N\) point (N) E-modulus break
(mm?)e \ (MPa) (%)
1 0.327 3.27 2889 Ti 4.43 125.00 123.00
2 0.320 3.20° 23.66 ! 6.98 110.00 125.00
3 0.330 3.30 & p oyt 4.81 100.00 107.00
4 0.327 3.27 26.62 (5, o) 106.25 145.00
5 0.309 3.09 23.32 N4 Y622 116.67 74.00
AV. il 111.58 114.80
S.D v 9.63 26.50
’ o
ald’ S

Table D-5 Tensile Properties of Nafion/ 10 riﬁrﬁ—l\/ll\/lT éi%osite Membrane under Hydrated Condition

minimum minimum _.‘r_n_axi'mum =
specimens | thickness CFOSS load load at yield | ~initial slope elongation at
sectional o
(mm) arga (N) point (N) [ ' E-modulus break
(mm?) | (vPa) (%)

1 0.324 3.24 27.44 510 -} 125.00 79.00
2 0.334 3.34 25.95 4.12 130.00 69.00
3 0.330 3.30 23.13 4.28 114.29 65.00
4 0.322 3.22 26.60 4.66 131.25 67.00
5 0.341 3.41 23.98 4.30 114.00 75.00
AV. 12291 71.00
S.D 8,33 5.83
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Appendix E

Publication

The Pure and Applied Chemistry International Conference 2009 was taken place

on 14 - 16 January 2009 at Naresuan University, Phitsanulok, Thailand. Part of this thesis

was published on the “PACCO 2009 gedings”, in the section of “Material Science

and Nanotechnology” on o.._‘_;_, - . Iow.
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EFFECTS OF MODIFIED ORGANO-CLAY ON THE MECHANICAL
PREOPERTIES OF FUEL CELL MEMBEANE
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