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APPENDICES
Appendix A Properties of polymers

The following polymers were tested to determine the permeability coefficients of hydrogen
and chlorine.

A.l Teflon

Common Names: Polgtetrafluoroethylene PTFE
Density = 2.280-2.290 2

V|3003| ty (at 25°C) = 3000 centipoises
Upper orkln%Tem erature = 260°c

L|m|t|n[q XYOEN Index = 95%
Molecular Weight = 99.96
A2 Viton

Common Name

Hexafluoropropylenewnylldenefluonde copolymer
Density = 2 g/crh3

Flammability = Self Extlngwshln(]]

Resistance t0 Ultra-violet —Excellent

Upper Working Temperature = 220 to 300°c

A.3 Derakane Resin
Common Name: Epoxy vinyl ester resins
VISCOSIty, cps at 25°¢ = 35
Specific rawt% 104
en3|Iesren Tp = 12,100
Heat Distortion emperature 99-104°C

Appendix B Properties of normal-hydrogen gas

Hydrogen gas was tested to determine the permeation of hydrogen to the test materials.

Normal- Hydrogen 0as

Physical properties

Formyla: H

Atomic number; Z=1
Molecular weight: 2.016 g/mole
lonization poténtial; 15.427 eV
Density S.T.P: 0.08989 kg/m3

Operational condition: 80°c and latm
ensity: 0.06956 kg/m3
Heat capacity at constant pressure (Cp): 3452 keallkg K
Heat capacity at constant volume (Cv): 2.463 keallkg'K
Viscosity: 9.92x10'5poise
Thermal conductivi (k) 49 1276x10"5callem sec K
Melting point: -259.1°
Boiling point: 2527c



Appendix C An example of current determination from electrochemical amperometric sensor

using heat conduction in solids method

Using 0.15 mm thick Teflon as a membrane in the am?erometric sensor in 5%H2gas

mixture at 25°c. Consider two situations which produce differen

¢.I Under steady state condition: the current is independent oftime =~
Two dimensional system as showed in Figure .| is considered.

amount of the current.

L Hl“z

Teflon

b um i ‘water

L Pt |

Figure c.I Twao dimensional Iefion-water sxstﬁln In an amperometric sensor.

The mass flux of Hj can be determined from Fick’s law.

J,=01Ch2.'~Ch2.2in Teflon

and

where:

Di = DnMeflon
2 D H2-wai
thickness of Teflon [pm]

a =

, b . = thickness of water layer | m].
Using the relationship of solute in gas and liquid phase at interface 2,
when CH2,2inTeflon = SPh2,2
then 21in Teflon

Ph22

Using Henry’s law, when: — pp2 9 A **H2 9 in water

Where: . .
Solubility of H2in Teflon.
H Henry’s Constant.
\Nhl'Ch s, Hj, 2inTeflon _ 1. 2in water
Thug’ A H2,2inTeflon - SHC H* 2 jn watel

t Steady State; ~ Jh=Jl=J.
ﬁereef%t)é, E%}‘EC.I) = £q(C.2) and becomes,

Substitute Eq(C.5) into Eq(C.6), Eq(C.6) becomes,

10



Hml SHCHZ,Zinwater D ¢, 22inater
a b

D Ch2:_P2CH; 2inwaer 1D ISHCH2,2in water
b

1 a ~
D gll\l :CH2,2in water pb2 1Q|'§H
H1 aD2 +hDjSH
ah

=C H2, 2 in water

C ab
Then, W 2inwaer =Dy ot
H 2,2 in water aD2+bDjSH

hD,CH1
H2,2 in water aD2 + %DJSH
Substitute Eq(C.7) into Eq(C.2) and Eq(C.2) then becomes, .

7/ bp ICHL
'~"b aD~ +bD,SH
PP2H,|
° D=aD.+bD,SH
At steady state, the response current, Is is given as,
1 s=2F))

Substitute J... in Eq(C.9)by J2in Eq(C.8) to get

g P»P2ChZi
5=2F 207 HOjEH

Evaluation of constants in EggC.IO)
1) F = Faraday’s constant = 96500 A sec mol'l

2) a = thickness of Teflon = [m]

3) b = thickness of water layer = [mg

4) D2= Diftusivity of H2in'water at 25°c (Perry’s Handbpak) = 58.5 m2sec'l

5) Di = Diffusivity of H2in Teflon at 25°¢ (Matsuyama €Ldl, 1982) = 14.711.54x10-8 cm2sec"1

D| = 14.741,64xil0-4 m2sec 1
6) CH. = concentration of H2  gas feed

pn2,1=0.05 atm
Using Ideal Gas Law: H| Pfﬁi

Therefore, - 0.05 atm mol K
0.08206x1 O3mJatm
3 _ =2.044 mol m'3
I7:) = SolubllltFy of H2in Teflon at 25°¢
rom =PID

Where p = Permeability Coefficient = 3.347xI0' Dmol m'latm'lsec'l
D = Diffusivity Coefficient = 14.7X10"4m2sec'1

Thus, = 3.347x10"lomol Sec

m atm Sec 14.7X10-4 m2

298.15 K



= 2.277x1 O7mol m'3atm'"l
8) H = Henry’s constant of H2in water at 25° (Perry’s Handbook)
=7.07X10"4 atm (mol solution) (mol solute)''1

12

Assumption: For dilute solution when mole fraction of solute, x « 1 then mol solution = mol solvent.

Where: mol solute = mol H2and mol solution = mol HD)
Then H = 7.07x 10%atm (mol HA)) (mol H2)¢
7.07x10% atm mol HY) 1.8x1 02k m
mol H2 mol H 1000 kg
= 1.2726x108 atm m3mol'™
Substitute each constant into Eq}C. 10)and let =m=1pm=106m
Therefore, 5= 5.8xI0"8A m?2

0.0585
0.058
0.0575 |
0.057
0.0565
0.056 |
0.0555 }———
0.055 }——

0.0545 }—— —
0054 - S
0.0535

Current, I (A/m?)

0’0 20 % 4L N 6O 0 H N W
Thickness of water layer, b (micron)

Figure C.2 The relationship between current and thickness of water layer under steady state
condition when Teflon thickness is 100 pm.
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Figure C.3_The relationship between current and Teflon thickness under steady state condition when
thickness of water layer is 2 mm.

_ From the calculation of Teflon-water system in an amperometric sensor,
Fiqure C.2 and ¢.3 show the current at the steady state as a function of thickness of water layer when
Teflon thickness is constant at 100 pm and a function of Teflon thickness when thickness of water
|ayer is constant at 2 mm, resE)e_ctlvely. _ S

_ t is cledred that the response current is decreasing with an increasing in
thickness of the water layer and Teflon.

C.2 Under unsteadEstat_e condition; the current is a function of time y
L onsicler the diffusion of hydrogen into two-layer slab. Initially the
entire region is at zero. For >0, the outer boundary surfaces & x = 0 and x - L are kept at constant

concentration CADand zero respectively.

|;| Teflon 1r CAKD), . a

Water o Gk, 2

Figure C.4 Two-region of Teflon-water slab. o

Let C., represents hydrogen concentration in Teflon
CA2represents hydrogen congentration in water
D, represents diffusivity coefficient of hydrogen in Teflon
D2represents diffusivity coefficient of hiydrogen in water,
a 15 thickness of Teflon
b Is thickness of water layer =
L 15 total thickness as shown in Flﬁure c.4. _ _ _

When there i no reaction within the system, the mass transfer differential equations are

2 92Cal
N 9% o
2CA2 d2CA2
decz D2 0 (C12)
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The initial boundary conditions are
C..=0 inregion0<x<a, t=0 C.
C..=0 |nreg|ona<x<Lt 0 C
Since there is no contact resistance at the |nterface the hotindary condiitions are

=D, 38)@2 at X= B0 (C.15)
8 CAOatx a >0 8%%
Using Henry’s law to determine the reIatronshrp between ElAt and CAat the interface to obtain g

where His Henry S constant of hydrogen dissolved in water a 25 ¢, equals to 1.2726 atm m3 mo 'l
nd pA is partial pressure.of hydr é;en In ayer 1, which the value can be evaluated from the
reIatronshrp of hydrogen in gas and fiquid phase at interface

(C19
and is the solubility of hydrogen in Teflon at 25°c e%als AZ 767 mol atm""Lm'3,
Thus the relationship of C. . and CA2at x = acan bed ermined as
CA =kCAR (C.20)
where k is constant equals to - multiplied b¥ .
The general solution 0f the system is'in the Torm of
CA(x, ) =CA(xt)+ AnXjl(x)e-D* * (C2)
where j: for region 0<x<a
_ TJ: for re |on a<x<L
The eigenfunction Xjn(x) in cartesian co-ordinate system are o
asin'(p2x)+Croos(paw)] 50:233

A(x
Using the boundary condition at X=L, i.e, Eq 221%0 eva uate the unknown coefficient C,
B srn2 )+C cos =0
ey o ()] - -

Sincg there is no mass storage a the Interface, the time behavior of concentration shoufd be
the same on either side of the interface. ThB E)onzdrtrg%g gatrsfred when
IFl,,

Then Fin = -pN (C.25)

The unknown coefficient B, is determined using the boundary condition at the interface, i.e., Eq. ¢.15,
SXIn(x) =D ax2L(X) o
S dx

DL sin( Inx) - 02 Bntsin( 2nx)+cnQX 2n*)] 3te, 3

D,plrcos(pln) = DBrpacos(pax) - ¢, sin(p2x)]  atX=a

_ D, pn A _
B.= 1) P2 cos(p2nx)- r?g?n(PZro() Ax=a

- S(Plna)
0, B, = D2 pm cos(P2na Cnsrn(p2na) ()
Using the boundary condition at the interface, i.e., Eg. C.2U, to determine the eigenvalues phand p2l
Xin(>8 = kX2(x) aX=a
sin(PInx) = kBn[sin(P2nx) + Clcos(P2)]  at X=a
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sin(Pm'a) = anésm 2na) + Cncos P2na%]
Substitue value of Bnand c,, into q 21, then Eq, ECOMes,

sin(Plng) = kEy - f?;npé?ﬂ) sn(pae) 02 P cosP )] (C28)

After that substitue Pin from Eq C.25 into Eq. C.28, Eq. C.28 becomes,

QRLA"P2ng)

STl p28)=KL by oo + tanpe Lysingpa)
x[sin(p2na) - tan(P2nL)cos(P2 a)]
Evaluation of pncan be made from Eq. ¢.29, by trial and error method.

A, s an arbitrary constant determined by
2 J F(x)XIn(x)w(x)dx+ 2 3¢2(x)x 2L(x)w(x)dx
YT — 4 (C30)
2[x2() (x)ax+ 2 [x(x)w(x)dx
where, for two-layer slab problem |
2are the discontinuous- weut;htm function, equals to 1

X) is the Sturm-Liouville welgh Ing fonction for the cartesian co-ordinate system, equals 1
Fi(X) and FZ(XZ are the expanded function in an infinite series ofel%enfunctlons att=0and

c21)

(C29)

are determined by substituting CA(x.t) Lo = 0 forj = 1,2 in the general solution, i.¢., Eq. C.2L.
Forj=1 CAL(x, t)|=0 - CAL(x, t) = AnXIn(x)e'D{\rt
-Co(x, ) =AnX (x)e'D™ in 0<x<a (C31)
Forj =2, CA(X, t)|t=0 CA2( f) = Alx 2(x)e- D"
Anx A(x 8e‘DPL‘ in a<x<L C32
Then X,00 C. 333
)
where CA(x,00) and C Azg:oo are the steady state solutlons defined from boundary conditions
C.16.and C.17, to get CA(x00) and CAZ(xoo are CA)and zero repectively.
Eq. C.33 and ¢.34, then, have a form of,
F,(x) = -CA) (C.35)
Substitute Wi(x),  2x), (x), F|(x), FAX), Xi,(X) and X2(x) into Eq. ¢.30,
J-CABin(p 1 x)dx
A 0

fsin2(Px)dx + H{Bn[sin(32x) + ¢ 1cos(p2 x)]}2dx
0 a

-CA 6sin(Pi,,x)dx
AH

[sin2(PLX)clx + B2 [[sin(p2 ) + ¢ Jcos(p2 x)]2cx
0 a
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0

_[sin(p,,,x)dx
A
C,:o = . (C37)
J.sinz (8, X)dx + B2 I[sin(an x)+C, cos(B,, x)]? dx
0 a

0 '
Let Q= |sin(B;,x)dx = %

a In
R=Jsin2( Inx)dx =I[a-sm" In"]

=B aj\[sin(pznx)+c (s(p2nx)]2dx

=BMI[(L-a)+S A A 2]+~ [sin2(P.nL)-sin2(P.na)]
+dHLﬁﬁjm@musm@ )
gﬁwvrrqagsizing, the concentration dist%{ozu’tion In the two-layer Teflon-water slab from Eq. C.21, is
, CAl(x,t) = CAO+AnXIn(x)e D%t

CA(x,t) = AnX2n(x)e- D™
or,

(€39)

Lsing CAL(x,t) and CA2(x.t) obtained from Eq. ¢.38 to determine the
mass flux of hydrogen from Fick’s law, I.e., Eq. ¢.l and C.2. Under the unsteady state condition,

M=) + (€39)
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Figure C.5 The relationship between the response (qurrent)of Teflon-water system ofan
aniperometric sensor under unsteady state as a function of time when the Teflon thickness is constant
at 100 pmwhere v 1, A represent 50 pm, 0.5 mm and 2 mm thick of water layer, respectively.

_ Then the response currents under unsteady state condition at various
thickness of water layer and Teflon were plotted as a function of time to study the effect of the
thickness of polymer coatmg on an electrical amperometric sensor on the Bréakthrough Time (B/T) as
shown  Figuré C4 and c.5.

XTI ARG . ————————————————————— ¢ Ve
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0038 o o o g o
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Figure .6 _The relationship between the response current of Teflon-water system of an _
amperometric sensor under unsteady state as a function of time when the thickness of water layer is
constant at 2 mm where A, 1 ,+ répresent 0.1 mm 0.3 mmand 0.5 mm, thick of water layer,

respectively. . : :

_ o From Figure C.4 and .5, the response currents increase with an
increasing distance from the Teflon surface to the platinum surface that detected the hydrogen
conciznéraclj ion T|n g} forrP of an electron. In addition, the Breakthrough Time (B/T) of each thickness is
concluded in Table c.I.
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Table .| The Breakthrough Time (B/Tg of hydrogen concentration of Teflon-water system in an

amperometric sensor under Unsteady staté condition.
Teflon thickness (mm) Thickness of water layer HE?/dro en Breakthrough Time
(mm) ( /T),%second)

01 0.05 2
0.1 0.50 40
0.1 2.00 5
0.3 2.00 560
0.5 2.00 600

_ . The advantage of an amperometric sensor relative to the Pd/H electrical resistance
Is the relative rapidly of response to a change of hydrogen pressure. It follows from the fact that the
detection principle 5 not dependent upon the ahsorption of hydrogen. However, it is believed that the
amperometric sensor may require periodic recalibration or régeneration of the platinum anode due to
the progressive loss of the electrochemical sensor.

Appendix D Theoretical Analysis for gas diffusion through solids

Inthe case where

1 The slab region is -L<X<L

2. Initial concéntration - f(x) =0 _
3. The ends are kept at constant concentration ¢
In the region -L<X<L

The diffusion equation is

90_ d2c (D|)

= dx2
c=c whenx=-Land X=L

and =f(x)att=
The solution of this differential equation has th((e ?ollowing form (Carslaw, and Jaeger, 1959, ch.3);

c=C- _,"YZ e <2HMIAL2cos EE%ll_kL (D.2)
Introducing the dimensionless parameters
T=Dp od E=X (0.3)
6-T(n + 27 2kcos (20 I)E |
2n +1 (B4)
The solution becomes,

_C =1 J, mnl o #§2*24008 (n +)1E (D5)



Or

When =1,
C ]-i[e'o-% Mog € 1 25 W 3
c x .3
Nomenclature. .
¢ = concentration of permeant H2through the membrane at any time, t.
= number of the slabs,

L = thickness of the slab.
D = Diffusivity coefficient of hydrogen to the membrane.
Assumption: _

DH:Draaeren= 4.31 X102masec

DH.viton= 5.60x10™* masec

1 Py ° ° P ®
< * s -+ >

049 e s 1/ 7 .

0.8

0.7

0.6 i - Ll el 2) - N (——

Ca

0 0.2 0.4 0.6 0.8 1

E

Figure D.I' The concentration distribution at variqus thickness of epoxy vinyl ester resin att =
minute, *=0.05mm, 1 =Lis0.1 mmandi =Lis0.25 mm.



80

Ca

04

03

0.2

0.1

0

0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 1
E

Figure D.2 The concentration distribution at various thickness of Fluorodyn solution at t = 10 minute,
¢ = Lis0Llmme =Lis0.25mm 1 =Lis05mm.
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Fi%ure D.3 The center concentration at various thickness of epoxy vinyl ester resin slab as a function
oftime,» =Lis0.075,+ =Lis0.L mm1 =Lis0.25 mm.
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