
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Titanium Oxide Characterization

The silver/silver-chloride (Ag/AgCl) reference electrode was constructed in 
a metal body to overcome the temperature restriction o f 250-300 °C for Teflon which 
is the material usually used for electrical insulation o f high temperature electrodes. 
Since titanium is well known for its excellent resistance to corrosion, primarily due 
to a passive oxide layer at the surface, it was chosen for this design to รณdy a passive 
film on the electrode body. When exposed to air at elevated temperatures, 300 °C or 
more, a thick oxide film is developed (Broumas e t  a l ,  2003). In order to avoid the 
electrical conductivity between the silver wire and metal electrode body, the titanium 
ณbe was oxidized to act as an electrical insulator. The experimental procedure is 
described in Section 3.2.

The oxide film formed was yellow in color and was observed to evenly coat 
both the inner and outer surfaces o f the titanium ณbe. A section o f the inner surface 
section of the ณbe was analyzed using Scaning Electron Microscopy (SEM), Energy 
Dispersive X-Ray Microanalysis (EDAX) and X-ray Diffraction (XRD). Figure 4.1 
shows the surface morphology of titanium oxide as revealed by the SEM technique. 
It was observed that the titanium oxide film is uniform and of an average crystal size 
of 1 IX m. Figure 4.2 shows the thickness of the oxide layer at the edge o f the ณbe 
approximately 60 i x m .  The XRD pattern, shown in Figure 4.3, demonstrates that 
T i02 (rutile phase) was identified as the major composition o f oxide film. The 
ED AX analysis also confirms the presence o f a predominant T i02 phase. Since there 
are no other peaks observed from ED AX spectrum, we confirmed that the oxide film 
composition had no impurity phase. The oxide film produced by this method 
showed durability in the static system experiments over extended periods.
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Figure 4.1 Oxidized titanium surface analysis by SEM technique.

Figure 4.2 Titanium oxide thickness on the titanium tube.
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Figure 4.3 XRD pattern of titanium oxide.

4.2 Stability of the Reference Electrode

It was first necessary to demonstrate that the silver/silver-chloride 
(Ag/AgCl) reference electrode could work reliably at ambient conditions and that its 
potential was constant over extended periods. The Ag/AgCl reference electrode was 
verified by measuring its potential against a standard calomel reference electrode 
(SCE). Filling solutions of 0.1 M, 1 M, 3.5 M and saturated KC1 were used to check 
the electrode‘s viability. The measured potentials are shown in Table 4.1 and 
compared to the theoretical values. The measured potential differences are
0.043 ±0.002 V, -0.005 ±0.001 V, -0.043 ±0.001 V and -0.047 ±0.002 V for filling 
solution concentrations of 0.1 M, 1 M, 3.5 M and saturated KC1 respectively. The 
results also demonstrate that the electrode potentials were consistent with a 
reproducibility o f ± 0.003 V achievable at room temperature.

Figure 4.4 shows the electrode’s potential converted to the SHE scale. 
The standard calomel reference electrode has a potential ±0.241 V versus NHE (Bard 
e t  a l . ,  2000). Comparing the experimental data with the theoretically calculated 
potential of Ag/AgCl reference electrode, a qualitative agreement was attained within 
± 0.005 V.
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Table 4.1 Silver/silver-chloride (Ag/AgCl) reference electrode potentials versus 
standard calomel electrode at room temperature

[KC1]
(M)

Measured potential (V, vs. SCE) Theoretical
(V .^ 'sC E )1 2 3 Avg.

0.1 0.045 0.042 0.042 0.043 ±0.002 0.047
1 -0.005 -0.006 -0.005 -0.005 ±0.001 -0.006

3.5 -0.044 -0.042 -0.043 -0.043 ±0.001 -0.039
Sat. -0.048 -0.048 0.045 -0.047 ±0.002 -0.045

Figure 4.4 Concentration dependence of Ag/AgCl electrode potential at room 
temperature.

The stabilities over time of the electrode with various fill-solution 
concentrations are shown in Figures 4.5- 4.8. After a short equilibrating period, the 
electrode potentials were essentially constant, showing good stability for up to 4 
hours. Stable potentials of the electrode within ± 0.005 V of the theoretical values 
were generally established after 20-40 minutes.
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4.5 Ag/AgCl electrode potential stability at 0.1 M KC1.

Time (Hr)

Figure 4.6 Ag/AgCl electrode potential stability at 1 M KC1.
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Figure 4.7 Ag/AgCl electrode potential stability at 3.5 M KC1.

Figure 4.8 Ag/AgCl electrode potential stability at saturated KC1.

Reference electrode potentials can naturally change over time due to the 
transport and depletion of ions and solvent across the junction. The rate o f change is 
a function of the difference in composition between the sample solution and the 
filling solution. In this case chloride anions and potassium cations continuously
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diffuse out to the test solution in order to complete the measurement circuit. A 
gradual dilution of the internal solution led to a drift in electrode potential. 
Therefore, it was recommended that the electrode be checked periodically for 
accuracy.

The Ag/AgCl, filled with saturated KC1, was continually monitored for one 
week to test for long-term accuracy. Results show that it can be used for at least a 
week with a minimal potential drift of 4 mV (Figure 4.9). The filling solution should 
also be recommended to be replenished as often as possible or as necessary for the 
required precision.
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Figure 4.9 Ag/AgCl electrode potential versus time (broken line is the initial 
electrode potential).

4.3 Temperature Dependence of Electrode Potential

To verify the high temperature electrode performance, the Ag/AgCl 
electrode was tested by measuring the potential difference against a platinum 
electrode under high temperature and high pressure conditions. The thermal cell is 
expressed as:
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T, T2 T,% IAgci]KaM แ//;,, \h 1(Pt) Ipt..1Pt
Potential differences between two electrodes were monitored continuously 

while the autoclave temperature was raised in steps to a maximum temperature of 
300 °c. The experimental results at three different KC1 fill solution concentrations 
(0.01 M, 0.1 M and 0.5 M KC1) are plotted in Figure 4.10. By recording the data in 
ascending and descending directions, the Ag/AgCl electrode showed reproducibility 
of 925 mV in the temperature range o f 25-300 °c.

Figure 4.10 Temperature dependence of AgCl reference electrode versus Pt 
electrode.

The Ag/AgCl electrode potential was checked versus a calomel reference 
electrode before and after the autoclave testing. Results are shown in Table 4.2. The 
electrode showed reproducibility by repeating the measured potential before and 
after a test within ± 30 mV. The KC1 filling solution was diluted during the test 
resulting in an increase in electrode potential after the high temperature test
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Table 4.2 Ag/AgCl reference electrode potential versus SCE before and after 
autoclave testing

KC1 Cone. 
(M)

Trial Potential (V)
Theoretical

value*
(V)before after

0.001 1 0.0809 0.1210 0.0964
2 0.1056 0.1154
3 0.9387 0.9530

0.1 1 0.0223 0.0599 0.0441
2 0.0403 0.0622
3 0.0411 0.0578

0.5 1i -0.0246 0.0152 -0.0038
2 -0.0107 0.0221

* Theoretical value calculated from Equation 2.3

The Ag/AgCl electrode serves as the working electrode and the platinum 
wire as reference electrode during the experiment (Figure 3.2). The Ag/AgCl 
electrode potential on SHE scale is based on the following equation;

E  AgCl (T ) ~  Æmeas +  E Pi (4 -1 )

where E AgC l = AgAgCl electrode potential on SHE scale
temperature T

E p t = platinum electrode potential on SHE scale
temperature T

^ ท,eos = measured potential difference

พ 1%Ç>°VÇÇ
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In order to relate the Ag/AgCl electrode potential onto the SHE scale the 
potential o f the platinum electrode is required. The reaction occurring on the 
platinum electrode is the reversible hydrogen reaction;

2 H + +  2 e  ~ H 2 (4.2)

The potential of the platinum electrode is given by the Nemst Equation;

E H+/H2 =  E °H+/H2
R T .  p .

n F
-ln- (4.3)

where
E h * / h 2

= Reversible hydrogen reaction potential on platinum 
electrode

E ° .H  1 H 2
=  standard potential of Reversible hydrogen reaction 

potential on platinum electrode at temperature 298 °K
a H  + = chloride ion activity

=  partial pressure of hydrogen gas

'  E °H*/H = 0 an'd p H  -  logaw, Equation 4.2 yield to;

2.303R T  p „ 2
E h */h  =  ------ F— log 2H /H 2 n f  a ^

2.303R T
E P , =  — ^ โ — (lo g ^ //2 + 2 p H )

(4.4)

(4.5)

The potential o f platinum electrode is fixed by purging the test 
solution with a known concentration of dissolved hydrogen at a known pH. 
Since the autoclave was purged with pure hydrogen gas for several hours prior 
to the experiment, it was assumed that hydrogen was present at a pressure o f 1 
atm in the static system. The potential o f the platinum electrode is defined as:



37

2.303R T
E n  ( T ) =  -  F  ( p H )  (4.6)

The ionization product of water is necessary in order to calculate the pH of 
the solution at each temperature. The Marshall and Franck correlation was employed 
to estimate the dissociation equilibrium constant of water (Kw) as a function of 
temperature (Marshall and Frank, 1981).

Pure water undergoes autopyrolysis to yield equal numbers of hydrogen and 
hydroxide ions;

H 2 O ^ H + + O H  (4.7)

The equilibrium constant is expressed as;

K w =  [ H + ] [ O H  ] = 10 14 at 25 °c  (4.8)

The Marshall and Frank correlation for log Kw as a function of temperature
is;

\ o g K w =  A  +  B T  +  C T 2 + D T 3 + E T 4 (4.9)

values of the parameters are;
A = -14.9378 
B = 4.2404 X 1 O'2 
c  = -2.1025 X 1 0 ^
D = 6.2203 X 10'7 
E = -8.7383 X 10‘10

The pH of pure water from 25-300 °c is shown in Table 4.3. The pH of 
water decreased with temperature resulting in a decrease of the platinum electrode 
potential with temperature as shown in Fig 4.11.
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Table 4.3 Test solution pH as a function of temperature

Temperature (°C) log Kw [H+] pH
25 -14.000 1.000E-07 7.0000
50 -13.271 2.315E-07 6.6355
100 -12.265 7.369E-07 6.1326
150 -11.651 1.495E-06 5.8254
200 -11.289 2.267E-06 5.6445
250 -11.172 2.595E-06 5.5858
300 -11.422 1.944E-06 5.7112
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Figure 4.11 Pt electrode potential as a function of temperature and pH of solution.

Once the Pt electrode potential is known, the Ag/AgCl electrode potential 
versus the Pt electrode was converted onto the SHE scale by Equation 4.1. Results 
are shown in Figure 4.12.
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Figure 4.12 Ag/AgCl electrode potential on SHE scale as a function of temperature.

The Nemstain potentials of the Ag/AgCl reaction at elevated temperatures 
were calculated in order to compare the measured Ag/AgCl electrode potential with 
the theoretical value. Due to the instability of the AgCl layer at high temperature, the 
cooling system was designed to maintain the AgCl at a low temperature, ideally 
below 70 °c. where AgCl is known to quickly dissolve. The cooling system used 
cooling water at approximately 5 °c flowing through a cross fitting as shown in the 
electrode configuration diagram (Figure 3.1). With a maximum cooling flow rate of
0.13 liter/hour, the AgCl could be maintained at room temperature for operating 
temperatures up to 100 °c.

Hence, the electrolyte in which AgCl was placed was slightly heated due to 
the limitation o f the cooling efficiency. It was assumed that the temperature of the 
fill solution at the Ag/AgCl element was equal to the tube surface temperature above 
the cross. The temperature at this position was recorded by a surface thermocouple 
at each step change of temperature during the experiment.

The theoretical Ag/AgCl electrode potentials were calculated from Equation
2.3 with the activity coefficients at elevated temperatures shown in Figure 2.2. The 
observed tube surface temperature above the cross and the corresponding Ag/AgCl



40

electrode p o ten tia ls  are g iven  in  Table 4.4. It can  be seen tha t the  A g/A gC l electrode 
po ten tia l increases w ith  tem perature.

Table 4.4 T em peratu re  dependence o f  A g/A gC l electrode po ten tia l

T em peratu re  (°C) E lectrode po ten tia l at KC1 conconcen tration  (V)

O perating A bove the cross 0.01 M 0.1 M 0.5 M

25 25.0 0.3404 0.2881 0.2402
50 25.0 0.3404 0.2881 0.2402
100 25.0 0.3404 0.2881 0.2402
150 26.3 0.3444 0.2890 0.2513
200 31.1 0.3464 0.2901 0.2517
250 37.5 0.3490 0.2916 0.2524
300 45.0 0.3521 0.2932 0.2532

C om paring  the  m easured  and calcu lated  A g /A g  C l e lectrode potentials, 
the deviation  from  theory , E*, is show n in F igure 4 .13. It w as observed  tha t a  greater 
deviation  o f  the A g/A gC l electrode potential occurred  w ith  increasing  tem perature. 
In o rder to validate  the accuracy  o f  the A g/A gC l reference e lectrode, a correction 
factor needed  to b e  form ulated  to com pensate for th is p o ten tia l deviation . A  potential 
correction  w as em pirically  m odelled  in  w hich  the con tribu tions o f  po ten tia ls possib ly  
generated  in the  system  w ere considered. T he liqu id  ju n c tio n  po ten tia l (LJP), 
therm al liquid  ju n c tio n  po ten tia l (TLJP) as w ell as all o f  po ten tia ls  generated  due to 
tem perture effects need  to be accounted for in co rrecting  the  m easured  poten tial to 
the theoretical value.
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Figure 4.13 C om parison o f  m easured and calculated A g/A gC l electrode poten tial as 
a function  o f  tem perature.

4.4 Electrode Potential Modelling

4,4.1 Potential C orrelation
It can be seen in Figure 4.13 that the A g/A gC l electrode potentials 

deviated  from  their theoretical values. The potential correlation  is a tool for 
correcting  the observed potential to its theoretical potential by  accounting for all 
in terfering potentials in the experim ents.

The correlation  w as m odeled assum ing that the m easured potential is 
the sum  o f  all potentials generated in system . Therefore, all o f  the therm al diffusion 
phenom ena w ere taken into account and determ ined as a function  o f  tem perature. 
The first o f  w hich is a liquid junction  potential (LJP), generated due to the 
concentration  gradient o f  filling solution across the plug. A lso, the tem perature



42

gradient along th e  leng th  o f  the electrode bo d y  is genera ted  and  p roduces a therm al 
liquid ju n c tio n  p o ten tia l (TLJP).

O ne reaction  that m ay  occur on the ox id ized  titan ium  tube  is

T i 0 2(s) +  4 H (aq) + 4 e  T i(s) +  2 H 2 0 (/i9) ( 4 .1 0 )

A s stated  above, to m easure the e lectrochem ical po ten tia l there  m ust be 
an  electro ly te b ridge  to  com plete the circuit be tw een  th e  tw o  electrodes. A t room  
tem perature, Cl" anions diffuse out through the bo ttom  p lu g  to  create  the electro ly te 
bridge. T here has b een  considerab le debate in  the  litera tu re  regard ing  oxygen 
vacancy  versus titan ium  interstitia l m odels for se lf-d iffu sion  in  ru tile  TiC>2 

(H andersan, 1999). T herefore, at h igher tem peratures, species self-d iffusion  in 
titan ium /titan ium  oxide could  be  considered as ano ther cu rren t pathw ay, sim ilar to 
zirconium  m etal.

V arious m ethods have been used to รณdy  oxygen  self-d iffusion  in 
oxides such as the  resonance capture technique (D erry  e t  a l . ,  1971). H ow ever, 
increased rates o f  d iffusion  in  Ti in terstitials have been  p o in ted  out by  use o f  nuclear 
reaction  analysis (N R A ) (E rickson and R ogers, 1988). T here  has also been 
num erous รณdies i f  d iffusion in rutile TiC>2 that do no t re ly  on only  oxygen  or 
titanium  diffusion. F o r exam ple, Sasaki e t  a l ,  suggested  that the  oxygen  d iffusion  in 
TiC>2 is linked to cooperative d iffusion o f  im purity  cations.

T he idea o f  tw o current path  w ays during  h igh  tem perature 
m easurem ent are depicted  in F igure 4.14. F igure  4 .14  a) show s the exchange o f  K + 
cations and c r  anions w ith  the test solution through the cap illa ry  (threads) to  provide 
the connection  path. T he m easured  potential is sim ply  expressed  as;

= E AgC1 E p1 +  U P  +  T U P  (4.11)

w here E mea =  m easured poten tial d ifference  betw een  the A g/A gC l
electrode and the p la tinum  electrode 

E Agci =  theoretical A g/A gC l e lectrode po ten tia l
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E p t =  potential o f  H +/H 2 reaction  at P t electrode versus SH E
U P  =  liquid  junction  potential
T U P  =  therm al liquid jun c tio n  poten tial

In the  case  th e  bo ttom  o f  the tube is plugged, and no electro ly te bridge 
is installed  (F igure 4 .14 b). A t high tem peratures, the po ten tia l d ifference  betw een 
the p latinum  electrode and A g/A gC l electrode could  be  m easu red  due to  oxygen 
d iffusion  through the T i/T i0 2. The correlation generates a m easu red  po ten tia l w hich  
equation  is given b y  the follow ing

A K  =  E  . - 1 Ep, +  T U P  +  2 E t;ทme as AgCl Pt T i0 2 (4.11)

w here AE meas

E AgCl
ÊP t

T U P  -

E Ti02

=  m easured potential d ifference (V )

=  theoretically  calculated  A g/A gC l reference  e lectrode (V)
=  p latinum  electrode potential 
=  therm al liquid ju n c tio n  potential

=  titanium  dioxide reaction  poten tial

N otice  that the potential o f  the T i0 2 reaction  is doub led  to account for 
the reaction  occurring  on bo th  the outer and inner surfaces o f  the  titan ium  tube.

O nce paralle l e lectrolyte bridges exist, one could  be m ore dom inant 
than the other. The fo llow ing equation is purposed to estim ate the  potential 
dev iation  o f  A g/A gC l electrode, E*, from  its theoretical value. T he term  <5 is added 
to com pensate for the parallel paths.

meas ~  E AgCl E pt +  E * (4 .1 2 )

E '  =  f ra c tio n  th ro u g h  c a p illa ry  +  fra c tio n  d if fu se d

E '  = Ô ( U P  + T U P ) + (1 ô )(2 E  7102 + T U P ) (4.13)
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a)

b)
Figure 4.14 T he idea o f  tw o current pa thw ays at A g/A gC l e lectrode during 

po ten tia l m easurem ent; a) Low  tem perature  cond itions and 
b) H igh tem perature conditions and the bo ttom  end  is plugged.
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W here AE meas =  m easured potential d ifference betw een  the A g/A gC l 
electrode and the p latinum  electrode

p A g C l = theoretical A g/A gC l electrode po ten tia l
E pt =  potential o f  H +/H 2 reaction  at P t electrode versus SHE
U P =  liquid junction  poten tial
T U P =  therm al liquid ju n c tio n  potential
É * = C orrection potential

E-no, = TiC>2 reaction potential

<5 =  com pensating term  for parallel e lectro ly te conduction  
paths

4 .4 .1 .1  L iq u id  J u n c tio n  P o te n t ia l
T he m agnitude o f  the liquid  ju n c tio n  po ten tia l (L JP) depends on 

ions p resent in the system , together w ith  the ir relative concentration , valencies, 
m obilities and tem perature  across the junction . Potassium  chlo ride w as chosen as the 
filling  solu tion  in  th is w ork  w ith  the purpose o f  m in im izing  the  liquid junction  
poten tial. The m obilities o f  potassium  ion and ch loride ion  are nearly  equal, 
therefore; bo th  o f  the ions m ove at the sam e rate  across the ju nction , no charge 
accum ulates on e ither side o f  the solution.

T he com parison o f  experim ental and theoretical values o f  
A g/A gC l electrode poten tial from  the bench tests are in  excellen t agreem ent, thus, it 
w as deducted  that there w as no liquid jun c tio n  potential effect at room  tem perature 
for this electrode configuration . H ow ever, liquid jun c tio n  po ten tia l is a tem perature 
dependent phenom enon  and can not be ignored  in h igh tem perature  conditions. 
N eg lecting  the in fluence o f  LJP at room  tem perature, T able  4.5 sum m arizes the 
liquid  ju n c tio n  po ten tia l calculaled  b y  E quations 2.4 and 2.5 from  the operating 
tem perature range o f  50-300 ° c . The LJP values are sligh tly  d ifferent am ong the 
three concentra tions o f  KC1.
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Table 4.5 T em perature and KC1 concentration dependence o f  liquid ju n c tio n  
potential

T em perature
(°C)

L iquid ju n c tio n  po ten tia l (V)
0.01 M 0.1 M 0.5 M

50 -0.0110 -0.0122 -0.0130
100 -0.0127 -0.0141 -0.0150
150 -0.0144 -0.0160 -0.0171
200 -0.0161 -0.0179 -0.0191
250 -0.0178 -0.0197 -0.0211
300 -0.0195 -0.0216 -0.0231

4 .4 .1 .2  T h e rm a l l iq u id  ju n c t io n  p o te n t i a l
T he therm al liquid jun c tio n  poten tial (T U P )  calculated  using 

E quation  2.7 are tabulated  in Table 4.6 as a function o f  tem perature. T hese values 
are in reasonable agreem ent w ith  the estim ate o f  ± 0 .3  m V  K '1 given b y  D e 
B enthune e t  a l ,  1959. A s the tem perature differences becom e greater, the T U P  is 
found to increase rap id ly  in the positive direction.

Table 4.6 Tem perature and KC1 concentration dependence o f  therm al liquid 
jun c tio n  potential

Tem perature
(°C)

Therm al liquid jun c tio n  poten tial (V)
0.01 M 0.1 M 0.5 M

25 0.0000 0.0000 0.0000
50 0.0036 0.0038 0.0035
100 0.0193 0.0189 0.0192
150 0.0510 0.0458 0.0476
200 0.1038 0.0864 0.0902
250 0.1833 0.1428 0.1482
300 0.2949 0.2168 0.2231
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4 .4 .1 .3  T ita n iu m  O x id e  R e a c tio n
The titan ium  oxide reaction  po ten tia l can be calculated 

according to  e lectrochem istry  princip les th rough the change in  free energy  o f  
reaction  ( A G r ), as it is related  to the change in the energy  o f  a charge as it passes 
th rough the po ten tial d ifference ( E r ) at the m etal/so lu tion  interface. The correlation  
is defined as;

A G r =  n F E r (4.14)

w here AGr

E r
ท
F

= reaction  free energy  at tem perature  T  (J/m ol)
=  reversible potential d ifference across the interface (V)
=  num ber of electrons transferred  in the reaction  
=  F araday  num ber (96485 c/mol)

The reaction  free energy  can b e  estim ated through the standard 
free energy  o f  form ation o f  each com ponent at tem perature  T  from  the fundam ental 
relationship;

AG, = S c ; ^ „ ( D  Sc;„„„„(r) (4.15)

w here Q °  =  standard free energy o f  form ation  o f  each com ponent at
tem perature T (Jol/m ol)

The standard free energies o f  form ation o f  com ponents, those 
w hich  are required  for the evaluation  o f  AG r in E quation  4 .10, are listed  in Table 
4.7. T he calcu lated  AGr as a function o f  tem perature is p lo tted  in Figure 4.15 and 
the corresponding calculated  £ ’7702 at each test tem perature  is show n in T able 4.8.



AG
r (

J/m
ol'

1)

48

Table 4.7 Standard  free energy  o f  form ation o f  titan ium  d iox ide  reaction  
com ponents (B arin  and K nacke, 1973; B am er and Scheuerm an, 1987)

T em perature G° (kcal m o l '1)
(K) T i0 2 H + Ti h 20 "
298 -229.39 0 -2 .184 -73.305
300 -229.41 0 -2.198 -73.339
400 -230.83 0 -3 .026 -75.292
500 -232.61 0 -4.013 -77.695
600 -234.71 0 -5.131 -80.474

* R utile  phase T itanium  dioxide 
** L iquid  phase

Figure 4.15 T itanium  dioxide reaction free energy  as a function  o f  tem perature.
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Table 4.8 C alculated  titanium  dioxide reaction  poten tial , £ 7702,as a function  o f  
tem perature

T em perature ( °c  ) E ( V )
25 -0.8765
50 -0.8665
100 -0.8465
150 -0.8265
200 -0.8065
250 -0.7865
300 -0.7665

Substitu ting  the data and the know n param eters, LJP, TLJP and £ 7702 ,

in to  E quation  4 .12 and 4.13, the com pensating  term , ร , w as determ ined  and given in 
T able  4 .9  as a function  o f  KC1 concentration  and tem perature. It can  be seen that the 
com pensating  term  decreases w ith  tem perature for all KC1 concentrations. 
A ccord ing  to E quation  4.13, the cap illary  fraction, d iffusing  out th rough the threads, 
is in terpreted  to be less significant at h igher tem perature. O n the o ther hand, the 
w eighting  term , 1 -(ร, for the self-diffusion though the T i/T i02  is m ore dom inant due 
to the acceleration  o f  species m ovem ent at h igh tem peratures.

4.4 ,2  M odel A pplication
T he m easured potential o f  any electrode o f  in terest versus the 

A g/A gC l reference electrode can be  related  to the SH E scale b y  the correlation;

SHE ~  A£'mem + E AgCi + £  (4.16)

w here A£ 577£ = potential o f  electrode o f  in terest on  SH E  scale (V)
AE mea5 =  m easured potential d ifference (V )
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Table 4.9 Compensating term for parallel electrolyte conduction paths

T em perature
(°C)

Ô ( at KC1 concentration)
0.01 M 0.1 M 0.5 M

25 0.8877 0.9293 0.9266
50 0.8817 0.9169 0.9163
100 0.7826 0.8066 0.8196
150 0.6778 0.7012 0.6710
200 0.5339 0.5504 0.5692
250 0.4099 0.4269 0.4441
300 0.2356 0.2929 0.2830

E AgCi -  theoretically  ca lcu lated  A g/A gC l re fe rence  e lectrode (V)

E*  =  correction potential

Substitu ting  E* from  E quation  4 .12, then  E quation  4.15 yields,

^ - '  SHE ^ - ' meas +  E AgC1 +  2 E r102 +  b ( U P  2 E n02) + T U P  (4.17)

E TiO2

U P
T U P
b

= titanium  dioxide reaction  po ten tia l (V)

=  L iquid junction  po ten tia l (V)
=  Therm al liquid ju n c tio n  po ten tia l (V)
=  com pensating term

To validate the accuracy o f  the  correction  term s, the  po ten tia l o f  
a carbon steel coupon w as m easured using  the  A g/A gC l e lectrode as a reference. 
T he corrected  carbon steel potentials w ere com pared  fo r th e  m easu red  potentials 
versus the A g/A gC l reference electrode w ith  electro ly te  0.1 and 0.5 M  KC1. The 
m easured  poten tial d ifferences, the correction  p o ten tia ls  and the co rrected  potential 
o f  carbon steel are show n in T able 4.10. R esu lts show  that th e  em pirical correction  
gives corrected  poten tia ls that are in  good agreem ent, w ith in  17 m V  o f  each other.
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C om pared to da ta  b y  o ther researchers, the corrected  carbon  steel po ten tia l is w ell 
w ith in  the range o f  the carbon  steel EC P, -700 m V  to -400 m V , observed  at 142 ๐c  
in  a flow ing system  ( Shao, U N B  N uclear; P rivate  com m unication , 2004).

Table 4.10 M easured  and corrected  carbon steel co rrosion  po ten tia l against 
A g/A gC l reference electrode (KC1 filling solution)

T (°C ) 25 50 100 150 200 250 300
0.1 M
A Emeas -0 .1846 -0.2055 -0.2571 -0.3429 -0 .3940 -0.2742 -0.1619
E AgC. 0.2881 0.2881 0.2881 0.2890 0.2901 0.2916 0.2932
Eii02 -0.8765 -0.8665 -0.8465 -0.8265 -0.8065 -0.7865 -0.7665
LJP 0.0000 -0.0122 -0.0141 -0 .0160 -0 .0179 0.0197 -0.0216

TLJP 0.0000 0.0038 0.0189 0.0458 0.0864 0.1428 0.2168
Ô 0.9293 0.9169 0.8066 0.7012 0.5504 0.4269 0.2929

A E she -0.0205 -0.0688 -0.2889 -0.5132 -0.7525 -0 .7499 -0.7422
0.5 M
Emeas -0.1403 -0.1708 -0.2171 -0.2729 -0 .3940 -0.2822 -0.1179
EAgci 0.2402 0.2402 0.2402 0.2513 0.2517 0.2524 0.2532
E-Ti02 -0.8765 -0.8665 -0.8465 -0.8265 -0.8065 0.7865 -0.7665
LJP 0.0000 -0.0130 -0.0150 -0.0171 -0.0191 -0.0211 -0.0231

TLJP 0.0000 0.0035 0.0192 0.0476 0.0902 0.1482 0.2231
Ô 0.9266 0.9163 0.8196 0.6710 0.5695 0.4441 0.2830

A Eshe -0 .0287 -0.0840 -0.2754 -0.5293 -0 .7574 -0 .7654 -0.7473

Error 0.0082 0.0153 0.0134 0.0161 0.0049 0.0155 0.0050

SHE SHEN ote: E rror =  A£,
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