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chitosan-zeolite composite membranes.
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CHAPTER I

THEORY ANM | r‘ ERATURE REVIEW

Fuel cell i - [ ¢ Rich, C ical power from the fuel

into electricity (direge . sFufelfcell I8 'ConsiStge, O™aBreus electrodes (anode and

natural gas o ' ich is fed | an ' tation takes place and
then electron wili X e C red to cathode where
reduction takés placgfresuffting iphgirdétic DE Gifgdles act as reaction sites for

the electrochemi de ” -"i Il can be classified based

Alkali ) so%n as electrolyte. This
fuel cell is &p priate—To! [ToonTte] mperature—and-yietds—the-hr potential difference
at the same Ceffre Gregel cells.

— | —
AIkaIineHv el cell works by feeding Aig! purity fuel thatuﬂ es not contain CO, into

the anode. The o@at n takes place as show ‘equation 2.1 and oxygen is fed into

ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂﬂﬂﬁ

Anode Reaction 12 HQi 40H —>4H O + 4e

ARIaNNIR %23 ﬂ'lﬂ d

Overall Net Reaction :2H,+ 0O, —» 2H,0 (2.3)



The schematic diagram of alkaline fuel cell is shown in figure 2.1. The power
production efficiency is as high as 70% and the life time of 10,000 - 15,000 hours. The

disadvantage of this fuel cell is th

\ rify hydrogen gas is required since CO, can
produce CO “

has to be conducted wiiie

2.1.2 MolteR JL:J)

’*‘, |-
Ibonate TUCTEE greor Li,CO, a@l@cg on LIAIO, as an

Molten ‘

electrolyte. CO, |sfwed from anode to cathode as shown in equation 2.4 and 2.5. The

AUYINYNINGIAT
Qmmﬁs' w*‘ﬁ‘nmﬂ

Cathode Reaction :CO,+ 120, + 2e- —» CO




Overall Cell Reaction : H,(g) + 20,(g) + CO, (cathode) —>
H,O(g) + CO, (anode) (2.6)

The schematic diagrat : ] fuel cell is shown in figure 2.2.
Different types of fuel sUek; . 1 s i#ane, and gas obtained from coal
- in the fuel needs to be
considered sinc \g temperature of this fuel
cell is approxima Bwalee is in the range of 10 kW

— 20 MW.

Carbon
Dicxide In

£ J

F|gure‘2 .2 Schematic diagram of molten carbonate fuel cell [9]

ﬂoum.mamwmm

Solid oxide fuel cells utilize !ectrodes and elect fabrlcated from cerM or

IRINNFUANIINEIR Y
temperature higher than 800 °C. The working temperature is approxmately 1,800 °F o
1,000 °C. At this high temperature, fuel such as natural gas and liquid fuel can be

converted to H, for the reaction at the anode as shown in equation 2.7. The schematic



diagram of solid oxide fuel cell is illustrated in figure 2.3. The electrical power generated

is as high as 100 kW.

Anode Reaction

praernidy|

P

m Fig oxuﬂﬂua cell [11]

2.1.4 Phosphoric ‘ul Cells (PAFC) [12]

) NENINEINT...

store in silicon carbide matrix. Tt‘ electrochemical %tlon takes place in

Qmﬂ*‘lﬁ"ﬁ’mﬂ‘iﬂ’nwmﬂ B

Anode Reaction 2H, —»4 H +4¢e (2.10)

Cathode Reaction ~ :0,(@)+4H +4e —»2H,0 (2.11)



Overall Cell Reaction :2H,+ 0O, —»2H,0 (2.12)

The working temperature isgi ' n 1ge of 170 — 200 °C. High temperature helps

stabilize phosphoric elect ' € jic from CO, which diminishes the
catalyst efficiency. The Mmatlc _ : foric acid fuel cells is shown in
Figure 2.4. The life ime_is as Ic Al _ er generated is as high as

40%. Moreover,W‘ Vapar ’ ing at high temperature.

At present, the ¢

— : e
111
FMe 2.4 Schematic diagram of phosphoric aoidﬂlel cell [13]

ﬂﬁﬂ ANYNINYINT

D|rect methanol fuel cell W?developed from proton exchange membrane fuel

q RIBINIUUNIINYINY

figure 2.5. Methanol is fed directly in to anode while O, is fed into cathode as shown in

equation 2.13 and 2.14:



Anode Reaction : CH,OH + H,0 —»CO,+ 6H + 6e’ (2.13)

Cathode Reaction ﬂ 7% 3H,0 (2.14)
Overall Cell Re \\ +2H20 (2.15)

—‘ —
The efﬂw’a tely 40% at a working

+

temperature ran iemperature, direct methanol

Flgu‘Z chematic diagram of t methanol fuel cell [

8 UHANYNINYINT

ol aﬁﬂmummmm

acid fuel cell as shown in equation 2.16 and 2.17. The exchange membranes are
sandwiched between the electrodes which are made of carbon with Pt coated on the

surface as shown in figure 2.6



Anode Reactions :2H, —» 4H + 4e’ (2.16)

Wy

Overall Cell R&ﬁ 0, % (2.18)

. § =
This WOFW this| fuel .:..;_g.'*w;,;ho Ore ely 175 °F or 80 °C which

can generate po

Cathode Reactions

3l cell can be operated at
moderate tempera many researchers have
been workin wiypoe Offuel cell which will be

discussed later.
L

2.2 Principle of

PEMFC is consisifd of pafetis cattiotiees @ imMmersed in electrolyte which
can be in either solidior lig f."f'?'@#‘ bturallgas or hydrogen gas which is

fed into anode where OXIg -t .Wy ben electron will be released while

oxidant W|I|«3tr e, pﬁe resulting in direct-

curren t : . Cleclirodes—aci-as-—reaction-—sites-—for-the-elec? Fochem | ca | an d re d oX

: em difference is required,
ﬂUEI’J?/IEJVﬁWEJ'Iﬂﬁ

QW’]Mﬂ’imﬂ‘Wﬂﬂmﬂﬂ

. F i
reactions of flelge

% |
several fuel cells have to be combined.



Phosphoric Acid and
PEM Fuel Cells

—> —>

Electron Flow

2.3 Components of protonre

i

| J i

PEMFC syste c‘é faii

y
JF
2.3.1 Current Collecto ",”E’E’E{,,_
J 4w L
_,./_ " -‘u g '

The current g ate i _ . It can be classified
into two typess plate and bi plate—These-plates-arasidde from a variety of
materials inCladin g’

st |
I}

2.3.2 Membrane E?ctrode Assembly (MEA) [17

A UYINY § WEANT--

ne sandwiched between two porous electrodes that have Pt coated on the

Qﬁﬁ MATUNRIINYINY

10



- Electrode

The electrodes consist of anode where the oxidation takes place giving positive

W

e the

ion and electrons, and cathode

e positive ion that passed through proton
exchange membrane. Ele ectrical conductivity, high porosity
and large surface ar es The electrodes should be
contacted directly internal resistance. Porous
carbon is usuall ctrical conductivity and

high melting tem ag eoated with Teflon in order

afion is usually made of
polymer that copi ity " S \ figéne. The membrane was
usually 't e ' !j e , .“‘\h «N"n tetrafluoroethylene.  After
polymerization, Polytetf uorog dene or [s ob \ )ied. The chemical structure of
PTFE is shown in figure 2.7 ‘.i'_-:..‘: emicalt ween fluorene and carbon in Nafion

are very strong yielding me ::r_j, anical strength.

F FgFFFF FaE FFFF

ARI1ANTT M IMTINYINY

Figure 2.7 Chemical structure of PTFE [18]

11



Sulfonate is added into PTFE by using sulfonic acid as shown in figure 2.8.
Sulfonic acid reacts at the end of PTFE chain forming 8032" groups which are

hydrophilic.

sulf ed PTFE [18]

Hydrophilic regions adSemywater.in olytes as shown in figure 2.9
which weakengfi : +£a ‘move easily.

Figure 2.9 PEMFC with absorbed water molecules [18]

12



13

The requirements of proton exchange membranes are [1]:

1) Good proton condu@tiyi b t low electron conductivity

)

Hted with. 6

- Catalyst

Precious suall ' sed as catalysts. Pt is the most

-
widely used catalyst #or PEMEC d chemical resistance yielding the
electrodes that have good.stabilifyzand.gr iBhochemical reactivity when compared

LN ¢
with other gls

figure 2.10.

| cell are shown in

rl

AUINENINGINS
RIAINTUURIINYIAY



1 ®
-+—— Electrolyte \ "I
\ r“'i‘ > 0
i
Anode — | H"‘“*-;_f_
| e |
[ |
H.D
"--._\_l_.ll \x‘
— End plate

\
purrent collector

' r twol 2) individual cells

Figure @0 e fuel cell [19]

k. Y
2.4 Chitin and Chifosan 0]

Chitosan is an insoluble-défivative - liimvhich can be distracted from shrimp
Ll J .
a"'/i._" )
and prawn lls [24 nical r a0 is Rely- B—(1,4)-2—amino -

2 - deoxy —P #GlUCOSE-aRA-AELO Al E Sl TNl E-CAGTS [@akstructure of chitosan

is shown in | !
I

aoi‘ﬂ

H g _ 1"
Ci,0H

‘ o

ARIANATAINIING NN Y

14



Chitosan is obtained through deacetylation of chitin in which single molecule of
chitin (N-acetyl glucosamine) is converted into glucosamine. Deacetylation enables

chitosan to be very active and ¢

<

obtained product is chi Y r
Chitin is n i aﬁe concentrated alcohol or
m_—-':&-"“

: ? ith secondary amine and secondary alcohol
t

[22]. Chitosan is categori % of chitin was deacetylzed, the

solvent but will ic, phosphoric or formic
acids. Solubility depef o me i+ densitie K gtfunctional groups.

7 /g0t but can be dissolved in
all organic acit®hceild i acidsiere ) lly, USgg. SOTfe inorganic acids such
as nitric, hydrqc pric, ge ." '. 0. be used if the mixtures
are stirred at moder, . . CHite r 3 / _. ous clear liquid shows non-
newtonian behayl®r. VISCos| fic » veral factors such as %
deacetylation, mol perature. The viscosity is

generally decreased
2.5 Zeolite [23]

ez Eofite<Contains Si or Al and
4 atoms of ’ Gen (&
Te

[.ad- 3T°or Al is located in the
centered surroyjed by oxygen atom N a

| .
our corners. OXygen is shared between

each molecule res‘tig& a larger structure with goregs in the molecules. Zeolite can range

' ' it W 10D d €5 &y y packed
AUEINNINEINT.C

structlire of zeolite is shown in equa'?n 2.19.

RINTUURIININY

where n is valence of cation (M) usually equals to 1 or 2

x is mole of SiO, (generally = 2)

15



16

y is mole of water in zeolite pores

Morphology of zeolite A

i figure 2.12. Crystal structure of zeolite A

pore volume of zeolite A is 0.47

= |
prolite A I

ﬂuﬂ?%ﬁﬁﬁwmﬂﬁ
QW’Imﬂ’ifUSJW]'mEI’]ﬂEJ



L

The cataly Soly ongan n.é?‘,?,f pither gas diffdsion layer or on membrane
“ f g A :
by spraying, painting (55" -i ;"#‘- f‘.- c@étionk n%this study, the electroless
A 4/ Ao\ /o
deposition is select ? e pre h,;;
. l'i--d--ﬂ'
*‘L;.' PN

2.6.1 Gas diffusion layer/Cataly -

y- J“"

follows:
- Spraying
mgagege i _ sity of the
ﬂ Ejdju rd % needs to
|dered The mixture should have low V|so03|ty for good dlsper_sm-n of the oatalyst

on the carbon electrodes

QW’]Mﬂ’imﬂ‘Wﬂﬂmﬂﬂ

17



Painting
Painting is used with a higher viscosity mixture. The mixture is painted on the

support such as carbon paper or ¢lotlh . i . upport can be used as electrodes in order

to enhance the permeabilit\ i , in the fuel cell.

- Electroless depositione 228

Electro d

ical reaction on carbon
paper which is ir lectricity is applied to. After
that, carbon paper isg aaining metal and dried.
2.6.2 Membrane/Q# alygfa '

Membrane/ taly ? embly;C2 ,m
P {,’, fd‘
- Spraying 4 ._.:.: A

The catalyst o‘}-"}’:-{;’a‘gf- ’ 8 the membranes before hot

pressing. 2T :
- Painting @

This rli owever, when thin

o | § —
membrane an(H‘ ‘igh concentratio are used, the gﬂpersion might be poor
resulting in the mqia of the internal re3|stan oreover, drying temperature should

ﬁ‘ﬁﬂ’?’ﬂﬂﬂiﬂﬂ’lﬂ?

- Ele less deposition

ARIAGNT NN INYTEY

further discussed.

18



2.7 Electroless deposition [5]

electrons on g+ | ey Wi | VMg clectrons resulting in
cathodically redu ioh @& shown K20 aR@he.21. Both reactions take
place almost s sl afidl & ¢ e Tntermediate products.

ubstrate:

(2.20)

The electr@s&position process oande’/aried yielding different intermediates

PrUE IR NI

reaction rate and coating efﬂmency?ve to be con5|dere

q RARIAIUNNIINYINY

The important ingredients are metal ions and appropriate reducing agent. The
metal should be stable, water soluble, and easily reduced. It can be in the form of

complex ions or ion salts. The general metal used for this process are Cu, Ni, Au, Ag, Pd

19



or Pt, etc. Some chemicals such as complexing agent, stabilizer, pH buffer and

brightener are sometimes added.

- Reducing agent

Reduction of m ' in's ‘ ﬁ specific reducing agent which
@ toxic gas. The amount of

ppropriate selection of
Y88 with a variety of metals.

\ \ : the reducing agent can be

- Stability of plating solufion
The solution c@htai ,': -r,. 54 r€ gentidadditives. The solution stability
decrease when the concepire e are increased resulting in metal

precipitation~gnd ckness. S8se therstability, the starting

concentratigr “oulc-be-suiabiemth ple 1 BilieeTsstiould be added. Two

types of add as sulfur or cyanide

ol i X

| g Sucr

| - e apti

compounds. Aﬁher type is electron acceptor where app‘j](

imately 1-100 mg/l is

appropriate. In sc‘e sess, Stabilizer can | r ase the reaction rate; however, the

ﬁummm:mmm

1. No electrical curre‘ is required

ARIANTT UNIANBINY

process.
3. The metal layer should be homogenous. The thickness of this metal

layer depends on the compositions of the solution.

20



4. Strong adhesion between the substrate and the coating metal

5. Not complicate and can be directly applied on the substrate.

follows
2.8.1 Effect o
The perform o fugl Gell dey " exchange capability which
, Y | : \
require water in t (- : BIforme Sed When the amount of water is

Generally, hydrogen iON=IS=CarriecH water molecule [27]. This process is

A e ¥
LRI,

dryness onigt ‘ —————————————————————————————— : gentaling temperature higher

called electro-osmotie plicd, this process can cause

than 60°C, teBeing generated from
- e
cathode [26]. M lorder to soO r and oxygﬂ are humidified before

passing into fuel ?II However, this method is c mpllcated increase the weight and

AU gINNIWYINT

F|gure 2.14 shows how water is produced in PEMFC. On the right corner of this

RIABINT bk mlab L jiaF k]

humidity on both electrodes. Humidifier will reduce this problem.

21



lectrolyt
o Electrolyte

cathode

Water may back diffuse

Water will be dragged from

from the cathode to the the anode to the cathode

sides by protons moving

: J through the electrolyte.

Water may be |

supplied by Water will be removed by the
externally ' ~ air leaving the fuel
humidifying

the hydrogen

supply.

2 ‘ Whicr may be supplied by

e xtcthally humidifying the

Water may be remov@o "

%

\ O, supply.

by circulating hyd ge”"

in PEMFC [26]

2.8.2 Ef‘fectt@
' il

i

et : |
1
When témiperature is increased, chemical polarization"@hecreased and the rate

of reaction mcreawﬂﬂtlng in better perfor e. However, if the temperature is too

11el mmm:mm;zi:fﬁz

applg in the system or membrane‘sed has good water absorbablhty

W'mmmmm"mmw
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2.9 Polarization [30]

(2.22)

th standard hydrogen

resistance in fuel cell

ent density is shown in figure 2.15.

AUINENINGINS
RIAINTUURIINYIAY
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Opan-circull vollags & lower than thesmodyramic woliage dus
148 0 pas crossover

all Patential (V)

obtained potential

called open-circuit

anode through proton

potential whic e ‘u

e
|
UL | i
:B;ne When gas crossed over from cathode, ﬁdation took place while

exchange me

at cathode, oxyge‘@d reduction at the s@liaé cathode resulting in internal current

AULINEATHEART

Three types of poIanzanr‘can take place i dmg Chemical Pola

A RIRIIITH SIINYINY
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2.9.1 Activation Polarization or Chemical Polarization [32]

jcal reaction and physical chemistry of the

molecules absorbed on thegl ifagilo @ctivation energy in which the rate of

reaction is controlled. TRE Glio e ){ the energy generated from the
reaction is higher than -.x.-».km,; ion e‘rgy i energy is high, the rate of

reaction is low W‘ i .;, OrshliS pioblem can be solved by

j 'y ¥ r 1
This type @ pp izatio ._:.'{;.ﬁ.: Oy the resi iceWof the electron mobility on

electrodes and currenf*collg |*~.f,. un dc ke 90QU electrical conductivity or the
resistance of proton moblllt athode since water is required to carry
proton thro

L1 - -
L;ithe e ’ _
potential is e-resistance of slectrolyte in fuel cell

which is relateé o

Ov

g .88ahtion:
o | § —

M L

=JjA (2.23)

AU H3NeNITNeINS...

t|V|ty k where x is thickness o electrolyte

qmmmmwnﬂmaﬂ
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Replacing the value obtained from equation 2.24 into equation 2.23:

(2.25)

that has good

eleE| a ;caﬁ [ ‘ ' € che the electron resistance.
Electrolyte layer should I gr fo de """'-.,1_ tance of the proton mobility or

=

increasing the-efidi , , Bteyhat™e8n absorb water.

This type Q poI décrease of oxidizing agent.

Usually, this pr‘ em giin b Yaoxygen gas. When air is used
as oxidizing agent,ifle g8 i baih-n 10 be deBighell to allow air to contact with

the catalyst.

ater vapor mass in

air or gas to mﬂb
Relativ W

'
111
midity is the humidity in air or gas in which dﬂ. be calculated from the

ratio of real water *‘pﬂ air or gas to mass of irated water vapor in air or gas in one

£ ummm WEANA.....

vapour pressure. At this condltlc‘, water cannot p trate into gas resu in

RIANN TRUANIINYIAY

increase, the evaporation rate increase higher than the condensation rate. The opposite

phenomena takes place when the temperature decreased. [26]

26



2.11 Related works

Pitsanu (1983) [30] used Pt coated stainless steel electrode and found that the

performance was improved wh

: ’l okmg temperature was increased. When

dh e Mbrane through electroless

deposition usin Soluti ‘: ag et {6 ever, they found that the
prepared membranglfshc e ore -perforn 1 1 %compared with commercial
Prapoj (2005) ite A'which had the ratio of silica to

alumina equaled to 1:1 itp ﬁ;‘;}}] i : acid doped chitosan membrane and

found that of oIit@he tensile strength,
’a:} = = o

hydrogen jmductivity at room

temperature Wagi53:
0.6x10-3 Siem m, respectively.

Watanabe ‘nﬁworkers (1996) [38] ared fuel cell that did not required

AUNINUNINYINT

Buchi and Srinivasan ( 1997‘39] studied the eff of temperature and h

Qi

(3 Mmeq/g and 5.1x10-2 +

ARIRNN IUUNTINGINY

Andreaus and coworkers (2001) [40] found that when thick membrane was used,

the internal resistance was increased while the water permeability from cathode (o

27



anode decreased resulting in cell flooding at cathode. Moreover, water was required to
transfer proton in order to reduce the chemical polarization.

Mukoma and coworkers .
membrane to study the t / ption and proton conductivity for
PEMFC. They found that*eR membran ;&sd at 300 °C and 60 wt.% water
. afio!hat hm-% water absorption. When

on, Nafion and chitosan

prepared sulfuric crosslinked chitosan

absorption which i
running the fue
membranes sho
0.12 and 0.02 Qie 8

Sun et al. (% v : red! cor ',SiteNafion membrane by
electroless platj : in Or¢ ' e ' ) Yo : )“;» and increase proton
- | of Nafion and increased

conductivity. They:

power generate@F W .Can.sf "memBrane defect.

-**"-1797,

ﬂuEJ’JVIEJVIﬁWEJ'Iﬂﬁ

RIAINTUURIINYIAY
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CHAPTER llI

—

a0, Ltd.

2. Fomigiaai Silicate, Ltd.
3.

4.

5.

6.

7.

8. N,H,"H,Q 1:

9. Na,ED A (A grads

10. PtCl, (pur 609 REE -

11. H,, 99.99% purit f-a",—:é?v‘

12, M\
13 ,. %

—_
>

e | |
15. Mer ‘rane electrode assembly (MEA) from Electro‘ em. Inc., USA

ﬁ‘Nﬂ’JVIEJVIiWEJ’Iﬂﬁ

Ultrasonic water bath, G? model 1083

q RTINS Y

3. Analytical balance, Mettler Toledo model PB 3002-S
4. Hot air oven, Binder model ED 115

5. Glass plates



Micrometer

Constant pressure gas permeability test unit

Four-point probes protan

© o N o

+JFigure 3.1 Fue station

gle cell 1 -I?%)from Electro Chem.
i %

ﬂamber, water supply
|

= . ‘
il d

chamber, and sensor chamber

c) "eﬁrature controller: moUSRW from Shimaden for controlling

AULINERTHENT -

QRA9RTRIMTING Y

Pressure regulator



3.3 Analytical Instruments

SM-6400 (Scientific and
T g gbrgh Egui C of . agkorn University)
‘ § o Tosttoy UL Thootl SM-6400 (Scientific and
lalongkorn University

3.4 Methodology

3.4.1 Membra

anl -
c) ﬁving t re for eluﬂrating the air bubbles.

POL?FIQ 10 g. of solution and spreadlng uniformly on a 15X15 cm’ glass

ﬂﬂﬂ%%&lﬂﬁﬂﬂﬂﬂﬁ

Immersing the glass plate with membrane sheet in 4 wt.% of ‘NaOH

R ﬁ\m SANNIINYINY

hours.

2) 10-30 wt.% Chitosan-zeolite composite membrane

31



a) Adding 10-30 wt.% of zeolite in 3% acetic acid solution and stirring to be

clear solution.

posite membrane in 4
ing at room temperature.

5) Doped membra ﬁ’; 7

2ﬁ?acid solution for 24

h membrane surface.
i)
3.4.2 TedBiigerength Test

ﬂuﬂ’mﬂﬂﬁﬂﬂ’lﬂi

Determining the membr@ thickness with a rometer

R AATUUNIINYS Y



Figuse 3. 200l ghsal testin gl hOX Dliostlin R 5K

3.4.3 " lon EXC

1) Weighinghe e

2) Immersfhg t". E 18 if - OO N (N.) NaOH solution until
equilibrium

3) Pipetting the Na E-"---':'-- ,,-' giitrating with 0.005 N (N,) of HCI acid

4) € ulating the ion exchanae capa - @tion (3.1).

.:.l '

11
N1V1 - Vl]Nz

I‘ qQhange capacity =

ﬂUﬂ?ﬂmjﬂﬂJﬂﬁ

= conc‘tratlon of HCI aC|d rmal)

9 mmmmﬂmma d

= volume of NaOH used for titration (

weight of membrane (g)

3
I



3.4.4 Constant Pressure Gas Permeability Test

1) Cutting the membrane jnt a’l'i le with diameter 4 cm.
2) Assembling the ngerf \ t@ the Per gability cell as shown in Figure 3.3.

cefl 0 °c.

)
Cd

Mgwrmeability cell at 14.7 psi

ass

effigie m )*cm)/(s*cm *cmHg)

eated

¢ o o/

QRIANNIWARTING 1A E
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3.4.5 Membrane Proton Conductivity by Four Probe Method

cm’ strip and immersing in distilled water

"_M}s shown in figure 3.4.
@ds of the membranes.

1) Cutting the membrane,j

6) 80, 60 or 90°C
7) ate and measuring the
8) he proton conductivity

-
distance vetween the platinum dH.:trodes (cm)

— cross section are membrane cm

ﬂuﬂ’mﬂﬂﬁwmﬂﬁ
QW’Imﬂ’ifUSJW]'mEI’]ﬂEJ



ent by four probes

PWBlectroless Plating

th racige as shown in table 3.1.

N,H, (99.5 %w/w)

otal volume

keeping as stock sol‘on

ARIANNIUUN MINYINY

a) Dropping the catalyst solution into the 7X7 cm’ teflon mold having the

reservoir area same as MEA size (2.3X2.3 sz) as shown in figure 3.5.

36
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b) Placing a 7X7 cm’ membrane sheet on the teflon mold and covering with a

glass plate.

c) Controlling the tefl for 90 min as previously reported [5].

- e@ther side of membrane.

Awater and drying at room

d) Following

-,c\* s plating

o

3.4.7 Characterizz :‘_,, f'ift/ '

1) spersion of platinum particle on the mem %rface by Scanning
e : '| :
Electipn et
iE | |
2) Analyzing the platinum amount on membran l y Energy Dispersive
Spectr‘c (EDS).

ﬂﬁﬂ”’?‘ﬁ”ﬁmﬁ‘ﬁﬂ*’lﬂﬁ

3 4.8 Preparation of Memt?ne/Electrode Assembly (MEA)

qARIaNT M URIINYIAY

used as electrodes of MEA.

2) Coupling the carbon papers on both sides of the plated membrane.



3) Covering the outer part of the MEA with high thermally stable polymer sheets

and metal plates.

4) Pressing by a Com lder at a pressure of 30 kg/cm and in the
temperature ra % prewously reported [5].

-

|n @lngl

o thianO88sidle of the fuel cell.

-

4) . F ; - L ‘ ‘\ ’ '.\\\: _-"n,l“
. ] iy % N Y (@)
5) “ ambeé \. 30, 60301 90~ C.

6) : stivitySih, the fle! ' nc calculating the proton

\

c i geording te quafion 2.3 \

\ L)
N

11
Figure 3.6 Single fuel cell unit M

AU HANENI NN

) Assembling the MEA |nto e single cell unlt

99 mmfumm’mma d

Following the procedures as stated in the manual.

4) Measuring the polarization using GPES program.



ﬂumwamwmm
Qmmnsmnmmmaﬂ
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CHAPTER IV

meilis, cesearch are shown in table
4.1. The molecular v ) j ioh, 0 ' __ were 9.5X10°dalton and
90.045.0, respegifely.. Al rati "1 Wals\bf Zec - pore size, surface area,

and pore volume ¥ A, m/g, ° 4306 O /Ggespectively.

Zeolite A (**)

Molecular weight ( Ito ,’ s ,ﬂ .

Weight % Deacetylahor} "‘-’-’W '

e

Counter og Na

SiOQ/AIZ 1.1
= 4 N

Pore size ! 6.7

(T |
|

Surface ar ’I9)

Pore volume O‘Wh

522.98

qmmnfmlumﬁwma” 1
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Table 4.2 Thickness of membranes

Type of membranes Thickness (mm)

0.199+0.005

Nafion
0.061+0.007

Uncrosslinked membraa g ’ ;.‘;:"
‘ —

Crosslinked membralliSSm———s

—

Doped membra 3+0.006

_

e

4.2 Tensile strengthy 4

The tensilé” streffgthffof ro Inkeg @posite and sulfuric acid

doped crosslinked m. ilt. & o*fg_” e'shov ir Use 4.1. It was found out that
the tensile strendth o r@r ';;;’;_ |t 8cOMigOsT, membranes decreased
from 62.5+0.86 to 4 Jﬂd" ! 7'-.-.", er cO i ased from 0% to 30%. This
showed that zeolite pa " = MRheriat he ¢ & on chains. (Too high of zeolite

=
= s

§
content, the tensile st ngth Was-depreciat ). However, all crosslinked chitosan-

zeolite composite membrang; ;’,,:"W 2”117 membrane (28.4+2.3 MPa).

i emb anes worsened the
o
i l{dmembrane

(29.6+1.15 M

Pﬂiﬂ'wa
ﬂUEI’J?/IEJVﬁWEJ'Iﬂﬁ

QW’]Mﬂ’imﬂ‘Wﬂﬂmﬂﬂ
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~
o

[6)] D
o o

tensile strength (MPa)
N
o

30
20
10 i
0 !
30
pped
Figure 4.1 Tensilgg 7 ' 05 .‘“ ;_‘ Dilosan-zealiteMilembrane and sulfuric acid

e idron bonds of Si, Al

and 4 atoms !T xXygen. group' j/in crosslinked chitosan

membrane were ConS|sted of —-OH, H, " and SO groups. The ion exchange

TG (et Tt

mcrﬂed from 0 to 30% by Welght Whereas the Nafion117 membrane contained only

—SO.H group showed the ion exc ange capacity of &o 11 meqg/g. The h
q AU URAVINES

proton exchange membranes. Nevertheless, the ion exchange capacity was onIy a

“ion

preliminary indicator; the better parameter, proton conductivity, should be investigated.
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5 -
=)
g
S 47 —
~ P
2
8 3 1
o
@
(S]
S 2
C
@
<
=
o 1 1
c
2

0 a 1

0 30
Figure 4.2ffon gkchfinde ity o €ros ARed'Ghijosan membrane
4.4 Gas permeabilityy /
/ 4'-.

The high pernfeabilify ‘ = i{g-. ' puse explosion in the fuel cell on the
fire triangle principle. Ace ﬁ’f"'y"'ﬁy' diffusion, it was believed that the
smallerthe@ C fias. Phly the H, permeability

. e —— 2 J

ity at 30, 60 and 90°C

of uncrossllnkej:rn |te Mmbranes comparing to
|

that of Nafion=#7 membrane. It was found that the H, co permeate through the

chitosan based H‘nﬂwes much less than uon 117 membrane The addition of

' d o‘naII the fl XI‘ n freE volu e olymer chains were

reduced The H, permeability was ‘ssened with the i nergase in zeolite conte

q magmm mﬁflﬂ’mﬂ

effect could be explained that the increased temperature caused higher kinetic energy

of the gas molecules and larger free volume of the polymer chains.



The H, permeability of 30% crosslinked chitosan-zeolite composite membrane at

30, 60 and 90°C was 650+0.65, 790+0.64 and 987+0.60 Barreres, respectively. That of

Nafion117 membrane at respecti ajure was 6100167, 6902184, and 73051128
Barreres, respectively. \

8000 + -—‘ -ﬁ'

2000 - / % %
6000 - .
o =
e il E
é‘i 5000 - E
2 4000 - |
fo] =
8 =
2 3000 { Vi =
: /[ =
o 2000 - : .
© | = |
Q , =

1000 - | : g; : % 5

0 i = X \ E LR
> 90
_ ¢
- ]

71 Chitosan 0%: W 20% Chitosan-zeolite
¥ 30%Chitosan-zeolite P \ J O Crosslinked chitosan

O/f% linked chitosan-zeolite

i

s 10%cross@ chi
d

Figure 4.3 H, mme stan—zeolite composite
i 111
| i L]
/ membranes at various temperature -

was obtalned This indicated that w‘mg the chitosan b membranes elther

“of fer@Sslinke® chitosan-

ze ' iIncrease in H, permeability

qmmﬂm HMINNAY

Nafion“117 membrane at all range of temperatures. The H, permeability of 30% doped

44



45

crosslinked chitosan-zeolite composite membrane at 30, 60 and 90°C was 1033+0.35,

1230+0.32 and 1340+0.34 Barreres, respectively.

- W

S 6000 - =
< - ' =
@ 5000 - == - =
Py ' =
= 4000 + =
Qo [
S 3000 | =
£ =
2 2000 ~ , = .
%) L
© i N
& 1000 o 3 %E
0 - - N=
/ 90
r j '% m ra®C
2 Doped crossligied ¢ ols" v/ [ Doped S d chitosan
i@ Doped crossfinked ghitos@n: ; ' linked chitosan
E Nafion ‘ ' "' . doped slinked chitosan
B Undoped10%crg#&linkgh chitos Y 4 Und 20%e€rosslinked chitosan-zeolite
B Undoped30%crosslinkéd chit
Figure 4.4 Effect of sulfi b “ ability of crosslinked chitosan-

Since tﬂ?!hy r ' excﬂge membrane fuel cell

i
must be hydr as hydronium (H O ) transportation; the H™permeability in the 30%
crosslinked Chltognahte comEosV[e memMe at various gas and membrane

AUsINem

mo ﬂes carried by the hydrated gas were sufﬂment for expand|hg the free volume of

e y It thall the water

polymer chains due to high hydro;‘lllmty of the mempBRe causing the increalied H,

ARIRNARURIINEIRY

crosslinked chitosan-zeolite composite membrane whilst the gas molecule size was not

changed much. It was found out that the H, permeability of 30% doped crosslinked
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chitosan-zeolite composite membrane (1033+1.22 Barreres, respectively) was closed to
the condition using hydrated gas but dry membrane (980+1.29 Barreres, respectively)

than the condition using hydr.

and hydrated membrane at all range of

temperatures (1450+1.32 could be stated that the chitosan

membranes poss \ /ht take an advantage of this
property on self ifi ] Eﬁal humidifier and/or high
temperature opw —

1800

>
= 1600
-Q —_
g g 1400 ’
oS 1200
o~
» 1000
S —i
O 800
600 |
90

—i—wet gas_dry membrane

=gpegd'membrane

F
e B

Figure 4.5 H, ﬁme c Iitﬁmposite membrane at
111
” various conditions ' l

ﬁ%ﬁf@"ﬂﬂﬂiﬂﬂﬂﬂi

F|gure 4.6 shows the me‘brane proton conﬂtwlty of uncrossllnk

q RIRIAIUUNIINIAY

membranes. This could be explained that the SO “groups in crosslinked membranes
facilitated the proton transport same as the phenomena at SOS' groups in Nafion

membrane. It was observed that the proton conductivity of both uncrosslinked and



crosslinked chitosan-zeolite membrane increased with zeolite contents. The increased

net negative charges of zeolites might play this role.

proton conductivity (S/cm)

30

u osslinked

Figure 4.6 Proton ' iV *"’* ed and osélinked chitosan-zeolite

mperature (30°C)

h& in Figure 4.7. The
s

pg@site membranes or

proton contu

Nafion 117 mewrane mpe' re according to kinetic
energy princip!e¥ The proton conductivity of Nafion“117 mem ne at 30, 60, and 90°C

shown in e was 0.057+0. 005, @69+0.004 and 0.072+0.002 Sicm,

AuEINENTHEN 5

opﬂcrossllnked chitosan-zeolite composite membranes could enhance the proton

conductivity over that of Nafion 117‘1embrane as shovyfisin Flgure 4.8. This wa to

0.070+0.011 S/cm to 0.105+£0.010 S/cm when the zeolite content was increased from 0%

to 30%.
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It should be noted that the membrane proton conductivity measured by four

probes method in this section was on the membrane surface plane. Although the proton

¥alreonductivity (S/cm)

+0.005

WBeo+0.004
NA0.072+0.002

0.080 ~
0.070 -
0.060 -
0.050 -

0.040 -

o.osp{ ‘ N

Proton conductivity (S/cm)

A

72272

0.02
0.01;‘ = =
0.000 }5é||||||::::::im_—_.-,,,....m = NN
- 30 60 90
; ‘ =% Tem Mre (°C)
AUBINEYITHEINS
- “ ro ked 20% Chitbsan-zeolite ~ rosSlinked”30% chitosan-zeoli

= Nafion
Q/
o

QR8N IBANINEAE

membrane at various temperatures




0.120

0.100

0.080

0.060

0.040

0.020

proton conductivity (S/cm)

30

1SS ked-dope

g Unliop8@ crosslinked chitosan-

LF

To prove that the obie; values w oton Conductivity indeed, N, instead

)!‘l

-1 . . . ®
of H, gas was fed. The, ?, % ¥ gd chitosan-zeolite and Nafion 117
n to paratively in Figure

membrane@ e At ;

4.9. It showt . : l‘}all membranes in N,

atmosphere wzﬁ u re.ﬂe obtained conductivity
Al

measured in tmosphere might be the electron conductivigg. It could be explained

from two hypotheS‘hthe platinum could dulate specn‘lcally only the H, molecule

FUEIMMBRINUINT -

the real membrane proton conduct‘ty However, the ejis was small enough t

ARIRIN I AT 1NELIAY

atmosphere at 30, 60 and 90°C was 0.00530.002, 0.00620.006 and 0.00820.006 S/cm,

respectively. That of Nafion“117 membrane was 0.006£0.0050, 0.00840.004 and

49



0.0097£0.002 S/cm, respectively. It could be stated that the crosslinked chitosan-zeolite

. . ®
membranes were electron conductive less than Nafion 117 membrane.

0.080 -
0.070 -
0.060 -
0.050 -
0.040 -
0.030 -
0.020 -
0.010 -
0.000 —=

Proton conductivity (S/cm)

B 0%crosslinked EF0%c ; ed M, B 30%crosslinked H.
@NafionH, & 0%crogshiaked N 4 10%croSslimked N, [ 20%crosslinked N,

\

B 30%crosslinked 2]

Figure iis)mp ison = AN od bfurprobes method

feeding frogen-gas and hydrogen gas of various membranes and temperatures

LN .
il

AugInensweing::

automalytlc reaction as shown in e uation 4.1 through the reduction-oxidation reaction

qma“ﬁﬂ*iwwﬁ%mw

2Pt + NH, + 40H 2Pt" + N, + 4H,0




4.6.1 Morphology and Platinum Loading

membrane before and aftersic ‘ jmmutes is shown in Figure 4.10. It

%n the membrane surface. From

membrane surfa

various chitosan i Studyidis Show  in table 4.4. The lower

platinum loading anes indicated that the
catalytic sites s ould be only at nitrogen
atom in amine gro#ibs die tgfitsielect on 10ge pa iieL hand, the catalytic sites

in crosslinked chitosgh bagedinen bl& esishol ' S\having negative charge; e.g.,

~OH", -S0,” groug® angfteti@hedronksonds

?\‘m ¢ ‘I_:

18MHm . i
BB 1Gmm

U INENINYTNT..

membrane at a magmﬂcahc‘of 3,000 (a) before Iatlng ) after platlng

ammmmummmaﬂ
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Counts

Energy (ke
Figure 4.11 ED ' -ec y 30§ crosS8linke {chitoSan-zee omposite membrane
Farteglafin ass.platine 61 904 utes
‘ .
Table 4.4 Platinumy
i
Type of membray %P1t
Crosslinked chitosan 0.70
zeolite composite membrap SEAT - 1.02
.'j’f
,) 1.1
; 1.80
'S
Uncrosslinked tO 0.15
i “
zeolite Composﬂgmembrane ! 0.28

‘A ZOu 0 46

4.6.2 Proton Conductivity of Platlrv‘n plated Membrane

ARIANNSEU BIANYIAY

increased even much higher than that of Nafion®117 membrane at all range of
temperatures as shown in Figure 4.12. As seen in Figure 4.13 that the proton

conductivity in sequence at all ranges of temperatures were as follows: plated doped



chitosan > plated crosslinked chitosan > plated uncrosslinked chitosan > Nafion“117 >

nonplated crosslinked chitosan. This confirmed that the platinum plating on membranes

Wy
p— &P —

0.200 o N///] | NN N

was successful.

3 \
< 0.160 | \
=
g 0.120 - \
©
2 0080 - \ )
= 0.040 - \
g N
£ 0.000 -
90
Crosslinked chisan el ‘ s sslinked 10% chitosan- zeolite
& Crosslinked 20% chito -.J-a- LCrosslinked 30% chitosan-zeolite

E Nafion

;l',

=

AUINENINGINS
QRN TUNRINYINY
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Figure 4.13 Co ari,_él~ of m

various membran€ typeg'e

#,

90

0) S : d chitosan

inked_non plating

ond ity ‘at 30% zeolite contents in

r plaing at 60°C for 90 minutes
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m 30%crosslinkglf N, 1 P " 10%crosslinked N, _Pt
0 20%crosshhked il ed \ t %% Nafion N,
4
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Figure 4.14 Electrogitonduet In| and \._ ed membranes in nitrogen
peratures

phefe of plated crosslinked
eeeeeee ()

chitosan Coﬁd J:rosslinked chitosan
%

composite mem ; n ﬁigure 4.14. It could be
11
stated that i) the’electron conductivity of Nafion®117 membr" showed highest at all

ranges of temper‘uﬂ i) the higher the z”e contents, the higher the electron

Coﬂuun ) e% tﬁﬂwﬁ sﬂﬁh tﬂg W) the
ele‘cw conductivity of plated™ Crosslinked “chitosan "CoOmposite” membranes was

comparable to that of unplated me‘branes at 30°C buﬁ difference was biggull

QRIRINIAUNTINEID

electron transport might cause a short circuit in the fuel cell that should be avoided. It

was thus a required membrane property for the proton exchange membrane fuel cell.
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4.6.3 H, Permeability

The effect of Pt plating on t ermeability is shown in Figure 4.15. The H,
permeability of plated 30%y » “
than that of unplated 'e gas path blocking of platinum
particles. Neverthel L e H, permeability could be
affected significan ing conditions except the

lower gas permeabilify :

1700
o e o N e TR N W N - - - - - - - R 3
G:’ 1500
s
~— 1300
2 4‘%
211001 # iy oS A A .-
£
5 900 ‘—i
o ] F Il s R .. - - e e m =
< 700
(@)
500 - ‘
90
Adry meémbrane
fy*gas_dry membrane
= E%e_Plating _\wetkgads_wet membrane

0 ]

Figure 4.15 Comyrison in H, permeability at various conditions and temperatures of

AUTINENING NS

on Conductivity in a Single Cell

AR INATAURIINEIRD

perpendicular to the membrane surface through the membrane thickness. The
membrane electrode assembly (MEA) of 30% uncrosslinked chitosan-zeolite, 30%

crosslinked chitosan-zeolite, and 30% doped crosslinked chitosan-zeolite membranes



was assembled in a single cell and tested by four probes technique for proton
conductivity as shown in Figure 4.16. Whilst the proton conductivity of commercial MEA

from Electrochem Inc. (having Pt Iga

F 045 mg/cmz) at 60°C was 0.048+0.006 S/cm,
those of MEA from above “ branes at the same temperature
were 0.013+0.002, O.' 5 0%, ar . respectlvely It was found that
only the MEA preparedafrom. :' an-zeolite membrane was

comparable to Tmergie”MEA. The . of MEA prepared from

that the proto _ i Crgss sectiongvie \was R [OWE kthan that in the planar
view. It was int

planar view was noifmugh hifH A t/Of colprmeclalMEA in the cross sectional

o Aot AR
view. This might, : .g,‘f".: Agiloading 8l aS¥he good compactness of
1'.".' N -I' I".
the commercial MEA P‘T"‘E’ 1CtIVity 0 Ay in the cross sectional view
7 ’ '
was due to the 'inc sed resistal .,_' Anect l'“. between graphite plate and

I
membrane and of .-*:_..:':_..‘.-.;i‘ dF conductivity was only a screening

parameter; the polarizatior

performan@
.\

eptable for determining fuel cell

ﬂﬂﬂ?ﬂﬂﬂiﬂﬂ’lﬂﬁ

QW’]Mﬂ’imﬂ‘Wﬂﬂmﬂﬂ
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Figure 4.17 Comp rlso f proton.ce T-ﬁ: npla A vieW and of MEA in fuel cell of

ed r*. 1O .-ntﬁ»,' pne @l various temperatures

i

AN
4.8 Effect o,f,ﬁlativ "":— W

The

wola!
30% zeolite chants of u

zeolite membrane shown in Figure 4.18, 4. 19 and 4.20, respectively. It was found that

EmET IvenIngang. -

ance was obtained at fully hydration in both sides (RH 100%-100%). The

q TRTID T 1L lala (TG Pt]

crosslinked chitosan-zeolite membrane was the best corresponding to the proton

doped cross i

Lyt EA prepared from
o
and do@i crosslinked chitosan-

conductivity results. The current density at 0.5 V of those three MEA was 1.9+0.1,

5.1£0.1, and 9.5+0.01 mA/cmz, respectively.



0.7

—8—RH100%-100%
RH100%-0%
—+—RH 0%-100%
—=—RH 50%-50%
——RH 0%-0%

0.6

0.5

Voltage (V)

F \
Figure 4.18 Pdlariza n._r 0% Uncrosslinked chitosan-

zeolite memi@Fang 'tvarl ”,,'*“ ymidity Olen@de and cathode sides
' i '

—o—RH100%-100%

H1 -0%
' 3‘00%

RF15096/50%

,, -
A "mam

0.0 - !

Voltage (V)
O

QW’]ﬂﬁTﬂﬁ'mﬂWl'mmﬂﬂ

Figure 4.19 Polarization at 30°C of MEA prepared from 30% crosslinked chitosan-zeolite

membrane at various relative humidity of anode and cathode sides
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Figure 4.20 Polarjgétiongét 38" C of MEAR 10 '88¢- Agped crosslinked chitosan-
zeolite membgine &t vaHddSelaiivei 1§yl 2Nt and cathode sides
1.0 : ’
09 : - : -uncrosslinked chitosan-zeolite

inked chitosan-zeolite

te

Voltage (V)

QW’]ﬂﬁﬂ’imﬁmﬂ')ﬂmﬂﬂ

Figure 4.21 Polarization at 30°C of MEA prepared from 30% zeolite contents of
uncrosslinked, crosslinked and doped crosslinked chitosan membrane at zero hydration

in both anode and cathode sides
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The polarization from commercial MEA is shown in Figure 4.22. It showed the

opposite sequence to the chitosan based MEA in which the less the humidity of the feed

@ration (RH 0%-0%) in both sides to
_ ' twas not surprising because it

seen that the p e Jmimert |aI ter than that of chitosan

based MEA evengePtd gafSsifKed ct ol &l EARRtewever, it could be stated
that we might takeg#® ag A \ lieuchitos p_based MEA for the self

humidification*fel cellr faf hi@

100%-100%
RH100%-0%
RH 50%-50%

0.7 .
S 06 - RH 0%-100%
> RH 0%-0%
8
°
>

1000 1200
F|g .22 Polarization at 30 °C of commercial MEA at various relative humldlty of anode

Jd cathode S|des

The effect oi zeollte oontents on performance IS shown in Lgure 4.2!! for !ope

crosslinked chitosan-zeolite MEA at 30°C and zero hydration in both sides. The current

density at 0.5 V was increased from 7.1£0.1 to 9.5+0.01 mA/cm’ when the zeolite



content was increased from 0 to 30 wt%. The better performance with zeolite contents

was also corresponding to the proton conductivity results.

Voltage (V)

18

"“‘ o6%d@ped chitosan-zeolite
0% dofed chitosan-zeolite

Figure 4.23 Polarization a arecl from doped crosslinked chitosan-

S ; i e ndfhode sides

i

As

h |
Chitosan-zeolitel , ‘embrane

at zero hydration Wboth anode and cathode sj e are shown together in Figure 4.26, it

AU HANENINGINT

mlgh e due to the biomaterial ef ct in notwithstanding the high temperature The

RIEINT MURTINYIEY

respectively.

"0f£80% doped crosslinked

§ —
was similar @rat of 30°C. The results
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Figure 4.24 Polarizgfion ;
i

h {
zeolite membrdhe g

RH100%-100%

RH100%-0%
RH 0%-100%

19

QW’]Mﬂ?mNW’l?ﬂfJ’]ﬂﬂ

Figure 4.25 Polarization at 90°C of MEA prepared from 30% doped crosslinked chitosan-

zeolite membrane at various relative humidity of anode and cathode sides
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Figure 4.26 Polérizatig g8 crosslinked chitosan-zeolite

membrane at zero/| sidés and various temperatures
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Figure 4.27 Polarization of commercial MEA for zero hydration in both anode and

cathode sides at various temperatures



Contrary to the performance from commercial MEA shown in Figure 4.27, the
current density was increased with temperature respectively. This was because the

tr fluoroethylene (PTFE) structures. At zero

Nafion membrane was consiste
hydration of both sides, whegh f creased from 30 to 60 and 90°C,
the current density was¥ageaSediin ’}&( 3+.1.4 and 643.2+1.4 mA/cm’,

iy that i per

n 30% doped crosslinked

chitosan-zeolite ete with commercial MEA

made from Nafi d membranes and their
corresponding ME. ' S 1o B&sioMal®ecrson but the commercial

Nafion membréfie ang¥ gonding v EAWAS, M BliefesSOhal personnel and from

‘,F

mC
A
P T o h, *

LTRIIN
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CHAPTER V

NCLUSION

e Q@

an, uncrosslinked chitosan-

ed crosslinked chitosan

Bioton conductivity was
increased, whilst t othea 3O ifvas decreased with zeolite

content. In singl€ cell {@sting current densi AN CréaseFwith zeolite.

- Effect of temp "
It was found that the erme: and proton conductivity was increased

o A5 v ¥
with temperature. The_ini fff"‘,.-_,uv aced the chemical reactivity and

reducing t@l ization tremendou » : ﬁfnance.

- Effect oﬁping

Although t? gas permeability mcrwd in doped membranes, the proton

ﬁﬂﬂ?ﬂﬁﬁ?ﬂﬂﬁﬂ?m“
RIANT MANYIA

increased from 2.9+0.1 mA/cm” at fully hydration (RH 100%-100%) to 5.1+0.1 mA/cm”

for zero hydration (RH 0%-0%) in both sides and it was increased to 9.5+0.01 mA/cm” in
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30% doped crosslinked chitosan-zeolite MEA. Its current density at 60 °C and 90 °C was
9.8£0.01 and 10.1£0.01 mA/cm2 respectively.

5.2 Suggestion for the fu \‘ //

a) Modifying th

b) i _ ink ::- moranesRiL e ectroless plating technique

solution on  polarization

AuEInEmingng
AN TN INGA Y



Table 5.1 Properties of 30%crosslinked chitosan-zeolite membrane

Parameter

Non-plated 30% crosslinked

| |
i

Plated 30% crosslinked

chitosan zeolite

Proton Conductivity
(S/cm)
H, Permeability

(barrer)

Tensile Strength
(MPa) |

lon Exchange

Capacity (meag/g) ‘

(mA/cm2) at0.5V
zero hydration

and 30°C

Current density /i

20002 | § 105 016

Current density
(mA/cmz) @

and 60°C t FA

==t
Current densityl ; \
(mA/c:m2) ‘
an 3

AN TUAMINYAE

undoped doped
2+0.020 | 0.299+0.005
+44 987+13
51+0.1 9.5+0.01
{ % 9.8+0.01
f
|
5.8+0.2 10.140.01
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APPENDIX A
Data

Table A-1 Tensile strength

Type of membranes

Uncrosslinked chitgbﬂ

Uncrosslinked CW

Doped chitosan 29.6+1.15

Doped chitosan-zeolite' #8% ' N 15.7:0.47

Doped chitosan-zeolité 20%44 "f’;', ;._ : ' 13.8+0.95

Doped chitosan-zeolite 30% 2 T 11.6+0.95
p‘ff/

Nafion

AUEINEN NGNS
AN TN INGA Y
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Table A-2. Gas permeability at 30 °C

Type of membranes Hydrogen permeability (Barrer)

1300+1.66

/ 1100+1.02
/} 1000+1.50

@ - 800+1.25

Uncrosslinked chitosan

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Uncrosslinked chit

1033+0.35

Nafion 6100£0.20

AUEINEN NGNS
AN TN INGA Y



Table A-3. Gas permeability at 60 °C

Type of membranes Hydrogen permeability (Barrer)

1450£1.62

/ 1400+1.00
/} 1290+1.31

9 e 900:1.22

Uncrosslinked chitosan

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Uncrosslinked chit

1230+0.32

Nafion 6900£0.22

AUEINEN NGNS
AN TN INGA Y
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Table A-4 Gas permeability at 90 °C

Type of membranes Hydrogen permeability (Barrer)

1670£1.32

| / 1780+1.19
’/l 1340+1.03
@ 1000125

%50450.50

Uncrosslinked chitosan

Uncrosslinked chitosan-ze

Uncrosslinked chitosan®
Uncrosslinked c:y/o

Crosslinked chitosa

Crosslinked chit

W 1340+0.34
7300+0.69

' eé apacity (meqg/g)

Crosslinked cman 364+0.
Crosslinked ¢ : an-zeolite 20% «68+0.10

Crosslinked chitosﬁ“te 30% u 7 3.71+0.05

QRIAN TN INAE



Table A-6 Proton conductivity at 30 °C in planar view

Type of membranes Proton conductivity (S/cm)

Uncrosslinked chitosan 0.007+0.001

f J

/// 0.010%0.001
/} 0.013£0.002

Uncrosslinked chit ‘ —— 017+0.004

Crossnnkedohitm?—-__"’.d b | %1&0.003

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Crosslinked ¢

Doped chitosan-ze 309 LN oy D.105+0.010
Nafion ' i N 0.057:0.005

ﬂ‘L!EJ’J'VlEJVIﬁWEJ']ﬂ?

AN TN INGA Y
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Table A-7 Proton conductivity at 60 °C

Type of membranes Proton conductivity (S/cm)

0.010+£0.002

/ 0.015+0.004
/} 0.0180.002
Uncrosslinked chit ‘ — 021+0.003

Crosslinked ohitqnﬁa' N %1&0.004

Uncrosslinked chitosan

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Crosslinked ¢

Doped chitosan-ze 309 LN oy D.123+0.024
Nafion ' i N 0.069:0.004

ﬂ‘L!EJ’J'VlEJVIﬁWEJ']ﬂ?

AN TN INGA Y
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Table A-8 Proton conductivity at 90 °C

Type of membranes Proton conductivity (S/cm)

0.013£0.002

/ 0.020+0.007
/} 0.022+0.004
Uncrosslinked chit ‘ —— 025+0.003

Crosslinked ohitms'—-__’"'.d e | %1&0.008

Uncrosslinked chitosan

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Crosslinked ¢

Doped chitosan-ze 309 LN oy D.130+0.020
Nafion ' i N 00720002

ﬂ‘L!EJ’J'VlEJVIﬁWEJ']ﬂ?

AN TN INGA Y
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Table A-9 Proton conductivity at 30°C after Pt plating by electroless technique at 60°C

for 90 min in planar view

Type of membranes Proton conductivity (S/cm)

Uncrosslinked chitosan

| - / 0.028+0.009
Uncrosslinked chitosan- ' //; 0.041+0.009
Uncrosslinked chit$ ' ‘ — 070+0.009

Uncrosslinked chi

Crosslinked chit

Crosslinked ¢

Doped chitosan-ze 209 LN oy p.281+0.012
Doped chitosan-zeolit i B 0.299+0.005

AUEINEN NGNS
QRIANTUNNING Y



Table A-10 Proton conductivity at 60°C after Pt plating by electroless technique

Type of membranes Proton conductivity (S/cm)

. 0.093+0.005
/ 0.105+0.023
/} 0.130+0.009

2 E@ 150+0.006

Uncrosslinked chitosan

Uncrosslinked chitosan-z
Uncrosslinked chitosan-

Uncrosslinked chit

Crosslinked ¢

AUEINEN NGNS
AN TN INGA Y
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Table A-11 Proton conductivity at 90°C after Pt plating by electroless technique

Type of membranes Proton conductivity (S/cm)

/ 0.097+0.010
// 0.129+0.010
/} 0.152+0.003

Uncrosslinked chit % ‘ a 184+0.008

Crosslinked ohitqnﬁa' %%0_001

Uncrosslinked chitosan

Uncrosslinked chitosan-z

Uncrosslinked chitosan-

Crosslinked ¢

AUEINEN NGNS
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Table A-12 Gas permeability of 30% crosslinked chitosan-zeolite membranes after Pt

plating by electroless technique in condition dry gas and membranes

Temperature (°C

\ 7, o

@ ‘ —==rgoo+1 08

Hydrogen permeability (Barrer)

Table A-13 Gas

Temp '

llﬂ _‘\\\ permeability (Barrer)

0 .- 1.29
%60+1.00
1200+1.56

Table A-14 Gas per Bat l' W RE elhbranes

w pen permeability (Barrer)

1450£1.32

1600£1.19

ﬂuEJ’JVlEJVIﬁ‘WEJ'Iﬂﬁ
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Table A-15 Proton conductivity of MEA at 30 °C in cross section view

Type of membranes Proton conductivity (S/cm)

Uncrosslinked chitosan 0.001+£0.004

I,
/// 0.002+0.001
/} ~0.003+0.002

@  a6.005:0.004

Uncrosslinked chitosan-z
Uncrosslinked chitosan-

Uncrosslinked chit

AUEINEN NGNS
AN TN INGA Y
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Table A-16 Proton conductivity of MEA at 60 °C

Type of membranes Proton conductivity (S/cm)

Uncrosslinked chitosan 0.003+0.003

I,
/// 0.006+0.007
/} ~0.009+0.002

@ $6.01340.002

Uncrosslinked chitosan-z
Uncrosslinked chitosan-

Uncrosslinked chit

AUEINEN NGNS
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Table A-17 Proton conductivity of MEA at 90 °C

Type of membranes Proton conductivity (S/cm)

Uncrosslinked chitosan 0.005+0.002

I,
/// 0.008+0.003
/} 0.014+0.006

@ a$6.018+0.004

Uncrosslinked chitosan-z
Uncrosslinked chitosan-

Uncrosslinked chit

AUEINEN NGNS
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Table A-18 The current density at 0.5 V of 30% uncrosslinked chitosan-zeolite

membranes, cell temperature 30°C

% Relative humidity (anode-ca

Current density (mA/cmz)
100-100

\ \ / 1.00040.070
%‘ ‘ a 300+0.080

0+0 282

0£0.141

Table A-19 The curreg ; l itosan-zeolite membranes
A v

% Relative h |ty ‘\\w sity mA/cm)

1007100 ﬂf" % W& 000:0.141
: ' "' | 00+0.070
WiB.300+0.101
3.800+0.282

5.100£0.141

Table A-20{ThgG ‘ ' —g@, membranes

% Relatit A‘ sity (mA/cm?)

B O+O 007

100-0 6. +0.141

ﬂﬂﬂ%ﬂﬂﬂ?ﬂﬂ ik

qmmnsmum'mma” ¢)
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Table A-21 The current density at 0.5 V of doped chitosan-zeolite membranes at zero

hydration of anode and cathode sides

% Zeolite by weight of chito Current density (mA/cm?)

\' | / 7.100£0.141
10" \ ’/l 7.200+0.282
@ ‘ -ﬂ 200£0.282

, R 0+0.009

-

Table A-22 The cui ZouNe Sslinkediebitosan-zeolite

membranes, Cell ten

Wil.800+0.287

%00+0.070
L. 100+0.070
2.200+0.075
2.900£0.141

Table A-23(Th§c ) ﬁ eolite membranes

%Relatit : ]y (mA/cm’)

v, e
ﬂumwamwﬁ“ﬁﬁ

R AINTI NI

=

Y18 Y
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Table A-24 The current density at 0.5 V of 30% doped chitosan-zeolite membranes

% Relative humidity (anode—cathode) Current density (mA/cmz)

100-100 _ 6.700+0.004
100-0 \\ // 7.5000.141
0-101 i..‘i\. | 1::::52'7 8.000+0.141
%— ‘ __-:s 300+0.424

‘ s 0+0.007

Table A-25 The cugy 9% e O8sli Welhehitosan-zeolite

membranes, Cell ten

. 000+0.287
00+0.070
LR.300+0.070
2.400+0.075
3.100£0.141

Table A-26(Th§c ‘ ) ﬁ eolite membranes
% Relatit [ ]y (mA/cm?)
; _0+0 141
100-0 4.500+0.149
4.900i0.149
| I 3@

=

qmmnsmum'mma” ¢)
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Table A-27 The current density at 0.5 V of 30% doped chitosan-zeolite membranes

% Relative humidity (anode-cathode) Current density (mA/cm )

100-100 6.900£0.004

100-0 \\‘// 7.800+0.141
/ 8.400+0.141

m ‘ ;ﬂ500+0424

S 00+0.007

AuEInEmingng
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APPENDIX B

Example calculation

1. Gas permeability \\‘V///
Flow & @ = 0.0156 (Sccs)

ted h dro

%—3 20cm
K \019 (cm)
AN = 77.0070 (cmHg)

457 cm’

\Y TP)*Cm)/(s*sz*cmHg)
Q : W A-'-p-.“ } cated droden gas (Sccs)

cm)™

smHQ)

£
0457

ﬂumwﬂﬂi WEANS

=4899.

RIAINTUURIINYIAY

1 Barrer= 10" (cm3 (STP)*cm)/(s*cmz*Hg)
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2. lon exchange capacity

Concentration of N

Concentratio

"
1
L)

n exchange capacity =

ﬂUEJ’JVIEWI?WEJ'Iﬂﬁ
RIAINTUURIINYIA Y
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3. Proton conductivity in planar view

=0.0020 cm

=1cm

= 20,056 (Ohm)

electrodes (cm)

e ecm%

AUINENINGINS

AN TUAMINYAE
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4. Proton conductivity in cross section view

MEA thickness (cm = 0.0520
MEA W|dth // = 0.0520 cm

Re3|st|v 63 (Ohm

0 lemens/c

AUEINEN NGNS
AN TN INGA Y
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