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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: Polytetrafluoroethylene, PTFE 
Density = 2.280-2.290 2 g/cm3 
Viscosity (at 25°C) = 3000 centipoises 
Upper Working Temperature = 260°c 
Limiting Oxygen Index = 95%
Molecular Weight = 99.96

A.2 Viton
Common Name:
Hexafluoropropylenevinylidenefluoride copolymer
Density = 2 g/cm3
Flammability = Self Extinguishing
Resistance to Ultra-violet — Excellent
Upper Working Temperature = 220 to 300°c

A.3 Derakane Resin
Common Name: Epoxy vinyl ester resins 
Viscosity, cps at 25°c = 350 
Specific gravity = 1.045 
Tensile strength, psi = 12,100 
Heat Distortion Temperature = 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 gas 
Physical properties 
Formula: H2 
Atomic number: Z=1 
Molecular weight: 2.016 g/mole 
Ionization potential: 15.427 eV 
Density S.T.P: 0.08989 kg/m3
@ Operational condition: 80°c and latm 
Density: 0.06956 kg/m3
Heat capacity at constant pressure (Cp): 3.452 kcal/kg K 
Heat capacity at constant volume (Cv): 2.463 kcal/kg K 
Viscosity: 9.92x10'5 poises
Thermal conductivity (k): 49.1276xl0'5 cal/cm sec K 
Melting point: -259. l°c  
Boiling point: -252.7°c



70

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 amperometric sensor in 5%H2 gas 
mixture at 25°c. Consider two situations which produce different amount of the current.

c .l  Under steady state condition: the current is independent of time
Two dimensional system as showed in Figure c .l  is considered.

Figure c . l  Two dimensional Teflon-water system in an amperometric sensor.
The mass flux of Hj can be determined from Fick’s law.

J , = 01 Ch 2 . ' ~ Ch 2.2in Teflon (C.1)

and

where:
D i  =  D nM eflon
บ 2  =  D H2-waier
a = thickness of Teflon [pm]
b = thickness of water layer [pm].

Using the relationship of solute in gas and liquid phase at interface 2,
when C H2, 2 in Teflon = SP h 2, 2
then P h 2, 2

2 in Teflon 
ร ิ

(C.2)

(C.3)

(C.4)

Using Henry’s law, when: 
where: ร

H

P h2,2 — ^ ' ' H2, 2 in water
Solubility of H2 in Teflon. 
Henry’s Constant.

1 Ï n • 1 » Hj, 2 in Teflon  I J f -,Which IS, ~  — 2 in water

Thus’ ^  H 2, 2 in Teflon -  SH C  H ̂  2 jn wate1.
At Steady State: Jh2 = JI = J2

Therefore, Eq(C.l) = Eq(C.2) and becomes,
• =  D o

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

(C.5)

(C.6)



H„,l SHCH2, 2 in water D c „ 2,2inwater
a b

D C h2, 1 _  P 2 C H ; ,2inwa,er 1 D 1S H C H2 , 2 in water 
1 a ~ b a
Cji ID , - ^  = C D.SH

H2,1 = c

Then,

H 2, 2 in water 

H 2, 2 in water

c

p 2 1 ^1 
b a
aD2 + bDjSH

ab

'H 2, 2 in water = D, H „ 1 ab
a D 2  +  b D j S H

bD,CH2,1
H 2, 2 in water aD2 +  bDjSH 

Substitute Eq(C.7) into Eq(C.2) and Eq(C.2) then becomes,
J, = - bp iCH211

b aD~ +bD,SH
O r

P1 P2̂ H,, I
J2 = aD .+bD ,SH

At steady state, the response current, Is is given as,
■ s=2FJ J

Substitute JH 2 in Eq(C.9)’by J2 in Eq(C.8) to get
Is =2F P»P2Ch2,i

aD2 + bDjSH

(C

(C

(C
Evaluation of constants in Eq(C.lO)
1) F = Faraday’s constant = 96500 A sec mol'1
2) a = thickness of Teflon = [m]
3) b = thickness of water layer = [m]
4) D2 = Diffusivity of H2 in water at 25°c (Perry’s Handbook) = 58.5 m2 sec'1
5) Di = Diffusivity of H2 in Teflon at 25°c (Matsuyama et ai, 1982) = 14.711.54x10-8 cm2 sec"1 

D, = 14.711,54x 10-4 m2 sec 1U| = 14 ./± i .04xiu -4 m sec 
6) CH2, 1 = concentration of H2 ๒ gas feed 

P h 2,1= 0.05 atm
Using Ideal Gas Law: -H„l P h 2, i

RT

Therefore, ก II 0.05 atm mol K
0.08206x1 O'3 mJ atm 298.15 K

= 2.044 mol m'3
7) ร = Solubility of H2 in Teflon at 25°c  
From ร = P/D
Where p = Permeability Coefficient = 3.347xlO'10 mol m'1 atm'1 sec'1 

D = Diffusivity Coefficient = 14.7X10"4 m2 sec'1
Thus, ร = 3.347xl0'lomol sec

m atm sec 14.7X10-4 m2
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ร = 2.277x1 O'7 mol m'3 atm"1
8) H = Henry’s constant of H2 in water at 25°c (Perry’s Handbook)

= 7.07X10"4 atm (mol solution) (mol solute)"1
Assumption: For dilute solution when mole fraction of solute, X «  1 then mol solution =  mol solvent. 
Where: mol solute = mol H2 and mol solution = mol H20  
Then H = 7.07x 10"4 atm (mol H20 ) (mol H2 )•'

7.07x10"4 atm mol H20 1.8x1 O'2 kg 3m
mol H2 mol H20 1000 kg

= 1.2726x1 O'8 atm m3 mol"'
Substitute each constant into Eq(C. 10) and let ท = m = 1 pm = 10"6 m 
Therefore, Is = 5.8xl0"8 A m"2

0 ’ 10 20 30 40 50 60 70 80 90 100
Thickness of water layer, b (micron)

F ig u re  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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F ig u re  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, 
Figure C.2 and c.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 
layer is constant at 2 mm, respectively.

It is cleared that the response current is decreasing with an increasing in 
thickness of the water layer and Teflon.

C.2 Under unsteady state condition: the current is a function of time
Consider the diffusion of hydrogen into two-layer slab. Initially the 

entire region is at zero. For t>0, the outer boundary surfaces at X = 0 and X -  L are kept at constant 
concentration CA0 and zero respectively.

]เ Teflon 1r CA|(x,t), อ ,, a
----L

1
waterr '

Ca2(x,0, อ 2, b

F ig u re  C.4 Two-region of Teflon-water slab.
Let CA 1 represents hydrogen concentration in Teflon

CA2,represents hydrogen concentration in water 
D, represents diffusivity coefficient of hydrogen in Teflon 
D2 represents diffusivity coefficient of hydrogen in water, 
a IS thickness of Teflon 
b is thickness of water layer 
L is total thickness as shown in Figure c.4.

When there is no reaction within the system, the mass transfer differential equations are
d2CAl 

ax2 
52CA2 

d x 2

Dl

D2

92Ca 1
at

d2CA2
(C .ll)

at (C.12)
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The initial boundary conditions are
CA 1 = 0 in region 0<x<a, t = 0
CA 2 = 0 in region a<x<L, t = 0

Since there is no contact resistance at the interface the boundary conditions arescA1 = D, s c A2 at X = a, t>0

(C.13)
(C.14)

(C.15)ร X ÔX
CA 1 = CA0 at X = a, t>0 (C.16)
CA2 = 0 at X = L, t>0 (C.17)

Using Henry’s law to determine the relationship between pAI and CA2 at the interface to obtain
Pai-H C a2 (C l 8)

where H is Henry’s constant of hydrogen dissolved in water at 25°c, equals to 1.2726 atm m3 mol'1 
and pAi is partial pressure of hydrogen in layer i, which the value can be evaluated from the 
relationship of hydrogen in gas and liquid phase at interface

Pa'โ Aand ร is the solubility of hydrogen in Teflon at 25°c equals to 22.767 mol atm"1 m'3. 
Thus the relationship of CA 1 and CA2 at X = a can be determined as

CA1 = kCA2
where k is constant equals to ร multiplied by H.
The general solution of the system is in the form of

CAj(x, t) = CAj(x,t ) + AnXj 11 (x)e-D̂ ‘

(C.19)

(C.20)

(C.21)
where j = 1 for region 0<x<a 

j = 2 for region a<x<L
The eigenfunction Xjn(x) in cartesian co-ordinate system are

X2n(x) -  Basin'(p2nx)+Cncos(p2nx)]
Using the boundary condition at X = L, i.e., Eq. c.17 to evaluate the unknown coefficient c,

Bn[sin2((pX2nL)+C cos (p2l)] = 0 c„= -tan (P2nL)
Since there is no mass storage at the interface, the time behavior of concentration should be 

the same on either side of the interface. This condition is satisfied when
DiPi„2 = D2p2ท2

Id

(C.22)
(C.23)

(C.24)

Then Pin =. -p2n (C.25)
The unknown coefficient B„ is determined using the boundary condition at the interface, i.e., Eq. c.15,

SXln(x) = D a x 211 (X)
Sx dx at X = a

D1 sin( lnx) - 02 Bntsin( 2nx) + c nC0S( 2n*)] 3t;e , 3
D,plncos(plnx) = D2Bnp2n[cos(p2nx) - c„sin(p2nx)]

B„ = D, pIn COS(PlnX)
D2 p2n cos(p2nx)-C n sin(P2nx)

at X = a 
at X = a

So, B„ = Pi Pin cos(Plna) (C.26)D2 p2n cos(P2na)-C nsin(p2na)
Using the boundary condition at the interface, i.e., Eq. c.20, to determine the eigenvalues pln and p21

Xin(x) = kX2n(x) at X = a
sin(Plnx) = kBn[sin(P2nx) + cn cos(P2nx)] at X = a
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sin(Pm'a) = kBn [sin(p2na) + Cn cos(P2na)] 
Substitue value of Bn and c„ into Eq. C.27, then Eq. C.27, becomes, 

D, Pj cos(Plna)sin(Plna) = k- [sin(p2n a) - tan(P2n L) cos(P2n a)]D2 p2n cos(P2n a) + tan(P211L) sin(P2n a)
After that substitue Pin from Eq. C.25 into Eq. C.28, Eq. C.28 becomes,

I d ,C0S(1 ^"P2na)
si< f c l p2na) = k1 D2 cos(p2na) + tan(p2ทL)sin(p211 a)

(C.27)

(C.28)

(C.29)
x[sin(p2na) - tan(P2nL)cos(P 2ท a)]

Evaluation of p2n can be made from Eq. c.29, by trial and error method.
A„ is an arbitrary constant determined by

พ,2 J F,(x)Xln(x)w(x)dx+ พ 22 J f 2 ( x ) X 211 (x)w(x)dx
An = ----- l -----— --------------------4 ------------------------  (C.30)

พ,2 [ x 2„ (x)w(x)dx + พ 2 [x 2n(x)w(x)dx
0 a

where, for two-layer slab problem:
พ  1, พ 2 are the discontinuous-weighting function, equals to 1
พ(x) is the Sturm-Liouville weighting fonction for the cartesian co-ordinate system, equals 1 
Fi(x) and F2(x) are the expanded function in an infinite series of eigenfunctions at t = 0 and 

are determined by substituting CAj(x,t) 11=0 = 0 for j = 1,2 in the general solution, i.e., Eq. C.21.
For j = 1, CA1(x, t)|(=0 - CA1 (x, t) = AnXln(x)e'D|̂ nt

-CA 1 (x, t) = A nX เท (x)e'D|̂ '"' in 0<x<a (C.31)
For j = 2, CA 2 (X, t)|t=0 -C A2(X, t) = A11 x 211 (x)e-D̂ " '

-CA2(x, t) = A nx 211 (x)e‘D;PL' in a<x<L (C.32)
Then F|(x) = -CA|(x,oo) (C.33)

F 2(X) = -CA2(x,co) (C.34)
where CA|(x,oo) and CA2(x,oo) are the steady-state solutions defined from boundary conditions Eq. 
C.16 and C.17, to get CAi(x,oo) and CA2(x,oo) are CA0 and zero repectively.
Eq. C.33 and c.34, then, have a form of,

F,(x) = -CA0 (C.35)
Substitute Wi(x), พ 2(x), พ(x), F|(x), F2(x), Xi„(x) and X2n(x) into Eq. c.30,

A„
J-CAOsin(p 11, x)dx

___________ 0______________________
fsin2 (P111 x)dx + f{Bn [sin((3 21, x) + c  1, cos(p 21, x)]}2 dx

0 a

A„
-C A0 Jsin(Pi„x)dx

______________ 0__________________
[sin 2 (P 11, x)dx + B2 [[sin(p 21, x) + c  1, cos(p 21, x)]2 dx

0 a
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(C.37)

R = Jsin2( 1 nx)dx = l [ a - sm^ ln^ ] 

ร = B ท j[sin(p 2n x) + c  ท C0s(p 2n x)]2 dx
a

= B ^ {l[(L -a)+ S๒ ^ ๒^ 2nL)] + ̂ [ s i n 2(P2 nL)-sin2(P2 na)] 
cl... . sin($2nL)-sin(^2na)+ “~[(L-a)+- 2{เ2„Summarizing, the concentration distribution in the two-layer Teflon-water slab from Eq. C.21, is 

shown as,
DiP?„t

or,

, CA1(x,t) = CA0+ A nXln(x)e 
CA2(x,t) = AnX2n(x)e-D̂ "'

(C.38)

Using CA1 (x,t) and CA2 (x,t) obtained from Eq. c.38 to determine the 
mass flux of hydrogen from Fick’s law, l.e., Eq. c .l  and C.2. Under the unsteady state condition,

Jtotai = J] + J2 (C.39)
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Time (second)
F i g u r e  C.5 The relationship between the response current of Teflon-water system of an 
aniperometric sensor under unsteady state as a function of time when the Teflon thickness is constant 
at 100 pm where ♦ , ■ , 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 coating on an electrical amperometric sensor on the Breakthrough Time (B/T) as 
shown ๒ Figure C.4 and c.5.

F i g u r e  C . 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, ■ , ♦  represent 0.1 mm 0.3 mm and 0.5 mm, thick of water layer, 
respectively.

From Figure c.4 and c.5, the response currents increase with an 
increasing distance from the Teflon surface to the platinum surface that detected the hydrogen 
concentration in a form of an electron. In addition, the Breakthrough Time (B/T) of each thickness is 
concluded in Table c .l .
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Table c . l  The Breakthrough Time (B/T) of hydrogen concentration of Teflon-water system in an 
amperometric sensor under unsteady state condition.
Teflon thickness (mm) Thickness of water layer 

(mm)
Hydrogen Breakthrough Time 
(B/T), (second)

0.1 0.05 2
0.1 0.50 40
0.1 2.00 75
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 is not dependent upon the absorption of hydrogen. However, it is believed that the 
amperometric sensor may require periodic recalibration or regeneration of the platinum anode due to 
the progressive loss of the electrochemical sensor.
Appendix D Theoretical Analysis for gas diffusion through solids
In the case where
1. The slab region is -L<X<L
2. Initial concentration -  f(x) = 0
3. The ends are kept at constant concentration c  
In the region -L<X<L
The diffusion equation is

9ic _ d 2 c
St = dX2

c = c  when X = -L and X = L
(D.l)

and c = f(x) at t = 0
The solution of this differential equation has the following form (Carslaw, and Jaeger, 1959, ch.3);

c = C -  —  Y  e -°<2"+1 >Vt/4L2 cos Ê E ± lk L  (D.2), ^ 2 n  + l 2L

Introducing the dimensionless parameters
^ Dt 1  ̂ xT = ——■ and E = — (D .3)

The solution becomes,
,2n + 1

6 -T (2n  + ท 2 " 2 /4 c 05 (2n + l)tE (D.4)

-  = 1 - i yc ท ิ^ 0
(-I)n
2n + 1

T(2n + 1)+ 1) 2 * 2 /4 cos (2n + 1)1lE (D.5)



Or
When ท = 1 ;

-0 .25  ท2T 3 7I7t ~c
c cos ï ï E  1 2.25

~ 2 ~ ~  3
h2T

COS

Nomenclature
c = concentration of permeant H2 through the membrane at any time, t. 
ท = number of the slabs.
L = thickness of the slab.
D = Diffusivity coefficient of hydrogen to the membrane.
Assumption:

DH2-Derakane resin = 4.31 X1 O'12 m2/sec 
DH2-viton= 5.60x10'" m2/sec

E
Figure D.l The concentration distribution at various thickness of epoxy vinyl ester resin at t = 
minute, * = 0.05mm, ■  = L is 0.1 mm and ▲  = L is 0.25 mm.
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Figure D.2 The concentration distribution at various thickness of Fluorodyn solution at t = 10 minute, 
♦  -  L is 0.1 mm, •  = L is 0.25 mm, ■  = L is 0.5 mm.

Figure D.3 The center concentration at various thickness of epoxy vinyl ester resin slab as a function 
of time, •  = L is 0.075, ♦  = L is 0.1 mm, ■  = L is 0.25 mm.
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T
Figure D.4 The center concentration at various thickness of Fluorodyn solution slab as a function of 
time, ■  = 0.075 mm, •  = 0.1 mm, ♦  = L is 0.25 mm.
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