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0.i CORROSIOIi RATE OF GRAPHIVE

by
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LSTRACT

This revort is intended to give a swamary of the work carried out within
Dragon, at Winfrith and wnder contract atv CIIR, (Cslo), on the catalysis
by different rietals of the corrosion of graphite in presence of water vapour,
carbon dioride or OXyuen.
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Te 11 (RCDUCTIOL

From the first experiients on the differont prades of graphite proposed
for the Resctor, soume scvere localised pitting had been noticed. Similor
observations have been reported by diiferent outhors [1, 2, 3, 4, 5, € r~nd 7]
who establisihed n rclalioashin between the locotion of corrosion pits and
the location of netallic impurities. This relationship lhas been conrirned
for the grades oi greoiite studiod al Winfrith aond the influence of the
impurities on ilh.c rotes and the activation energies of the reactions in water
vapour and carbon dioiide ling been Investipated.

The sccond giep has been to deliberately contaminate some graphite with
different netals in order lo asscss the part played by each of them and to
get a proper understaonding of the phenomenon. The different cetalysts
studied have bcon chosen, either because

(1) they are present in the reactor graphite in high concentrations
(iron, vanadiun, nickel)

(2) they can couiec into contact with graphite during operation of the
Reactor (fission products like berium, strontium, and iron, ond
nicikel dust blowvm awzy from metallic parts of the Reactor or from
sites where carbon deposition may occur) or

(3) they may be placed in contact with graphite (platinum and molybdenum,
likely to be used as thermocouple sheath material).

2e EXPiRI. i TAL

2.1 :laterials

Different grades of graphite have been investigated which can be
divided into two groupss the reactor grade graphites, and the pure
graphites used for more basic research on catalysis after contamination
with different metals.

2.1.1 Reactor Grade Graphites

A number of nuclear graphites heve been studied for their
catalytic behaviour during thermal oxidation. These graphites
include Pile Grede 'A' (UKAEA) and Dragon Grades, 1, 3, 9 and G5.



2.1.2

Pile Grade 'A!' is the well known coarse grained nuclear grade
graphite used in the "llagnox" reactors.

Dragon Grade graphites los. 1, 3 and 9 are fine grained
graphites made from the following mixs

Granulated HNuclear Graphite (0.1 to 0.5 mm mesh size) 30%

Qarbon Black 30%
Piteh 40%

. These tine grained graphites were developed specifically for
impregnation with furfuryl alcohol resin. Unfortunately the
presence of large amounts of carbon black results in severe
shrinkage of the graphite when subjected to fast neutron bombard-
mente.

. In order to overcome this problem Grade G5 graphite was
developed containing graphite powder only, plus enough coal tar
pitch to suit the extrusion conditions. The mix is approximately
67% graphite powder (60 mesh) and 33% micronised graphite powder.

Spectrographic analysis, carried out by the UKAFA at
Capenhurst, have shown that all these graphites contain similar
impurities although the actual concentrations vary widely.

Table 1 shows typical values for a number of graphite bars
analysed and it can be seen that the main impurities are iron,
aluminium, calciwn, nickel, silicon, titanium and vanadium. llost
of the other common metals are present in amounts less than 1 ppm.

The B.t.T. surface areas are approximately:

2
Pile Grade A 0.25 n" /g
2
Crade 1 0.7 m /g
2
Qrades 3 and 9 1.2 m /g
2
G5 0.5 m" /g

Pure Graphites

At CITR the investigation has been mostly carried out with
a spectroscopic pure powder called SP.1, from Hational Carbon Co.
(maximwn_impurity level 6 ppm). The densityzof this powder is
2.2 g/em? and the B.E.T. surface area is 3 m /g,

At Winfrith, most of the teste have been perforned with G5
graph.te purified in the laboratory at Pechiney. The analysis
after purification is given in Table 2. Some qualitative tests
have also been done on Grade % purified at 3000°C in argon.



Table 1

Typical Levels of Impurities Pregent in the lluclear Grade Graphite Investigated

(in parts ver million by weight

Grade O Grade 1 Grade 3 Grade 9 Grade 9 Grade G5
PuG.A. .
{
4
Ash 200-320 100-400 190-390 100-270 30C 50-750
Fe 3-7 15=70 5-34 1-43 8=30 2-20
Al 2-4 6=30 €1 <2 5100 1-10
[
Ca 40-80 30-80 2-30 1-15 25-5¢ | 15-200
AT <1 <z 5-10 < 3 <3
Si 20~170 5-50 30-60 2-60 2-15 50-150
Ti <2 <7 6—40 1-40 3=5 4-70
v 15-40 8-20 4060 30--60 20-2% 4-50

The following common metals are present in very low

less than 1 ppm)

concentration (usually

Cu, Ba, Be, Bi, Cr, Co, In, Pb, Li, Mg, Im, Yo, Ha, Sr, Sn, W, Zn.




NOTE |

2

e ——
m o
PP Pm S

}}6

B, AL, Ba, BL, Cr, Co, In, Pb, Mg, Mn, Mo, NL, Sr,8n, W,V 4 2n,

WERE PREBENT IN AMOUNTS LESS TWHAN { ppm

TABLE 2 ANALYSIS OF MPURITIES IN BAR No. Q286G GBS GRAPHITE
AFTER PURIFICATION.
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2,2

2.1.3

Contaminetion of Pure Craphite with Catalyst

"he catalyst was odded by three different processesst

(1) Inpregnation in vacuuwn with a solution of the salt
of tho metal in question.

(2) Sinple contact by deposition of catalyst powder on
tlhie suriace of a solid swaple or by mixing of graphite
tnd catalyst powders,

(3) Coating by evaporation of pure metal in vacuum,

Experimental fechnigues

Two types of experiments have been performed, one technologiocal,

ooncerning mainly the reactor grade graphites and one more basic on
contaninated pure graphites.

24201

Apparatus and Procedure -~ Basic Research

Silica spring technique was used to follow the reaction rate.
'he weirht logs of graphite was recorded as a function of time, by
means of a travellin; microzcope, The sumples of SP.1 povder
weighed approximately 750 mp and were supported in a wlatinun
container. ey were vsually iven a pretlreatiment in vacuum for
30 min at lemperatures between 900 and 1000°¢,

The samples of reactor graphites, purified or not, were
40 x 15 mm slabs., Their thiclmess was usually 2 mm and in some
cases 1 or 4 mm, They weighed approximately 2 g, 1 g, or 4 g
respectively. A hole was drilled at the top of the samples whioch
were suspended on silica hooks, ‘They were all degassed in vacuum
bofore the corrosion tests. 'he temperature was raised by steps
to 1000°C. This treatment lasted about 2 days. The corrosion by
HQO and CO2 was studied in two dilferent types of apparatus.

2.2.141 Corrosion by 4,0

Ho carrier gas was used., The water vapour flowed
over the graphite at a pressure and a flow rate
controlled by two capillaries, one at the inlet and the
other at the outlet of the reactor tube. When investigat-
ing the effect of hydrogen, it was added through another
capillary before the reaction tube. Fig. 1 shows the
arrangement used at CITR. The apparatus used at Winfrith
was similar except that five furnaces in parallel were
fed with the same flow of water vapour.

By changing the inlet or outlet capillaries, it was
possible to change the pressure and the flow rate, or the
pressure alone.



At CIIR the experiments were carried out over a
large range of pressures [ 8 ].
from 0,06 to 2.7 Torr the flow rate was 8.9 x 10_2
mole/h, at 0.03 Torr it gas 2.2 x 1072 mole/h, and at
0.02 Torr it was 1 x 107< mole/h.

The range of temperatures depended on the catalyst
used. At Winfrith, the pressure was generally 3.4 Torr
with a flow rate of 8 x 1072 mole/h in each furnace. The
temperature was varied between 800 and 1050°¢.

2.2.1.2 Corrosion by CO2

A scheme of the apparatus is given in Fig. 2.
Nitrogen was used as & carrier gas and CO, was added to
it in a pressurised mixing unit. ‘the mix¥ure was then
purified in the apparatus before reaching the six silica
spring thermo balances in parallel. The flow rate was
approximately 150 om /h. lfost of the experiments werse
carried out in 3,000 ,ypm +300 vpm CO and at temperatures
between 850 and 1250 Ce

2.2,2 Apparatus and Procedure - Engineering Loop

Graphite specimens in the form of cyliners (40 mm long,
12 mm o, diem. and 6 mm i. diam.) were heated to between 1000 and
1300°C in the presence of helium gas containing a regulated and
known amount of oxidising gas.

The furnace was based on the design described in
D.P. Report 37 in which the heat is generated in the graphite
itself by passing a heavy current through the specimens.,
(Fig. 3.) The seven specimens needed to form the heater were
held together by means of a strong compression spring, and good
electrical connections ensured by the use of oone and socket
joints between specimens.

A 3 inch diameter quartz tube acted as an envelope for the
helium gas and also enabled the graphite temperature to be
measured directly with the aid of an optical pyrometer. The
helium flowed over the graphite at a linear velocity of approxl-
mately 10 cm per s. (Reynolds' Fo. 100.) The gas was then
circulated at approximately 5 psig in a closed loop consisting
of heat exchanger, diaphragm pump and furnace. (Flg. .)

A simple purifier containing a bed of lMolecular Sieve 5A
granules, maintained at the temperature of liquid nitrogen, was
installed in a by-pass line. This purifier could be connected
to the circuit whenever it was necessary to reduce the amount
of excess oxidising impurities in the loop.

The oxidising gases used were carbon dioxide (10-200 vpm
range) and water wvapour (200—300 vpm range) In all the
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experiments the following additional impurities were presents

H2 >1,000 vpm

cc 3,000-6,000 vpm

O2 <1 vom

2.2.3 Surface Area  .easurementis

""me internal svrface areas were measured with the B.LE.Te.
metliod, by adsorption of methane, or lirypiton, at liquid nitrogen
temperature.

3. OXTIDATION OF REAC.OR GRAPIITE

3-1

The influence of impurities can be studied as followss

(1) qualitatively by visual and micrographic examination of the
scuples, and by radiography,

(2) quantitatively, by measurement of the reaction rates.

Presence of Pitting

The experiments done on an engineering scale concerning the
surface pitting and those done on a laboratory scale concerning the
internal attack are now considered.

3.1.1 Surince Pitting — Dhgineering Asnect

Oxidation experiwments on fine grained Dragon Heactor
granhhites, heated to temneratures in excess of 110¢°¢ in mildly
oxidising atmosnheres, (100-200 vpm 002) have shown thiat corrosion
of the graphite surface does not procesd at a uniform rate at all
points [ 5],  This non-uniform rate of attack results in severe
localised corrosion of the granhite with the formation of well
defined pits, or craters, randomly spread over the surface of the
specimen. (Figs. 5 and 6.)

A full descrintion of this phenomena has been given in
D.P. Report 294 [9].

In the case of Dragon grade graphites the nrincipal metal
catalytic impurity appears to be vanadiwn., This has been
confirmed by probing inside individuwal craters wiih a micro-—
electrode and analysing the discharge with a mass—specirometer
[10]. dHowever, other metals, e.ge., nickel and iron, which may
be present in the graphite in appreciable amounts, may have a
secondary catalytic effect on the oxidation.

In Fig. T are three radiographs showing clearly the size
and distribution of the metallic impurities in thin discs of

- 13 -



Grade 3, 9 and G5 graphite respectively.

The experimental results have shown that surface pitting
does not ococur belgw approximately 1000°¢ (even for "burn—off" as
high as 14.6 mg/bm ) but does occur above approximately 1050°C.
These results refer to Grade 9 graphite only, but from observa~
tions made during other experiments, it is believed that a similar
"threshold" temperature applies to Grade 3 graphite.

Prevention of Pitting

Suppression of corrosion pitting can be achieved by lowering
the concentration level of the metallic impurities in the
graphite to a few parts per million.

Two methods of purification have been investigateds

(1) Chlorination

leating the graphite specimen to 1000°C for 1 h
in a stream of chlorine gas (Horsley [ 11]) resulted in
the removal of sulficient of the main catalytic
impurities, in the untreated graphites investigated, to
prevent pitting on subsequent oxidation. This method
was not successful when applied to furfuryl alcohol
impregnated graphites.

(2) Heat Treatment

Straightforward heat treatiment under vacuum to
temperatures in excess of 2000°C was found to be very
effective in lowering the impurity level to an accept-
able fTigure, provided that the squipment was clean and
free from other graphite components. An all silica
apparatus with an external R/F heating coil was found
to be best. Ieat treatment usually lasted 1 h and was
equally effective with furfuryl alcohol impregnated
sanples.

‘he efficiency of the two processes is shown in
Table 3 where impurity levels are quoted after purifica-
tion, for Grades 3 end 9 (impregnated) respectively.

3.1.2 Internal Attack — Basic Research

Apart from the surface pitting a localised preferential
attack occurs throughout the samples in CO, as well as in 0
as shown in the cross sections Fige. 8. This preferential attack
takes place even at temperatures as low as 950°C in 3.4 Torr
0 and after small burn-off (Fige 9). The relationship between
tfie holes and the impurities is demonstrated by X-ray radiography

(Fig. 10).
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Zable 3

Impurity Levels in Grade 9 Graphite after Purification

(in parts per million by weight)

Chlorination, 1 h at 1000°C ?eitafrggggggt
TImpurity Grade 9 Grade 9 (I) Grade 9 (I)
Before Affer Before After Before After
Ash - ~ 300 300 - 50
cl - 100 - - - -
Fe 1 1 30 8 10 2
Al 145 1 5 1.5 100 6
Cu 1 1 1 1 1 1
Ca 3 1.5 30 25 1.5 1
Si 30 30 10 10 15 15
v 50 1 20 20 25 1.5

Remaining common

metals less than 1 ppm




3¢1.2.1 DIffect of Heat Treatment

Purification of Grade 9 graphite was tried by
heating in vacuun at temperatures between 1800 and
2950°¢, Unfortunately in the method used the samples
were in contact with a graphite heater of doubtful
purity. This could explain why the results differ from
those obtained in Sectlon 3e1e1, purification could only
be achieved above 2400 C, as shown in Figs. 11 and 12,

3.2 Reaction Rates - Basic Research

The reactivities of Grade 3 and Grade 9 graphite were found to be
quite identical., The reaction rate of Grade 9 with H,0 and CO, is
shown in an Arrhsnius plot, Fig. 13. It can be noticed that tﬁe activa=
tion energies of the reactions are approximately the ones usually
reported for pure graphite in the chemical and in-pore diffusion
controlled zones [12 and 13]. The order of reaction is fractional in
CO, in the range of pressures investigated. Some short runs in HZO
seemed to indicate a half-order reaction,

3021 Influence of leat Treatment

The decrease of reactivity after purification by heat treat—
ment in vacuuwn is shown in Fig. 14. The corrosion rate per unit
of geometrical surface area is reduced by a factor 1.5 to 1.3,
dependlng on the temperature of heat treatment., A heat treatment
at 2000°C is efficient even though it does not remove all
impurities (Fige 11)e. The internal surface area after 5¢% burn—
off was 1.3 less than that of the untreated specimen.

3.2.2 Influence of Ilydrogen Added to Vater Vapour

It is well known that hydrogen inhibits the reaction between
pure carbon and water vapour [ 12,14, 15 and 16]. Iowever,
several experiments carried out with Grade 9 graphite in atlmospheres
of 3.4 Torr H20 plus 3.4 Torr H2, gave conflicting results.

These results have been presented in Fig. 15 as Arrhenius
curves. It will be seen that whilst one sample showed the
normal behaviour expected of pure graphite, the remaining samples
gave points lying on a different curve, This latter curve, which
cuts the Arrhenlus plot for the Grade 9/%ater reaction at approxi-
mately 925 C, gives a value of only 25 koal/hole for the activation
energy of the reaction. The activation energy of the uninhibited
reaction is approximately 76 kcal/hole.

Apparently, the addition of hydrogen to the water wvapour,
at these partial pressures, has the effect of 1noreasing the

reactivity of Grade 9 graphite below approximately 900 C,y whilst
decreasing its reaoctivity above this temperature.

3.3 Discussion

It can be concluded in agreement with other workers [ 2, 17 ] that

- 16 -



4.

the reactivity varies as a function of the concentration of impurities,
and Hittin 28 a funciion of the size of the impurities which are
unavenly distributed in the graphite.

“he chenmical nature of the impurities can also be important.
Vanadiwa and iron have already been reported as being responsible for
severe pitting and corrosion rates [ 1, 2 and 3]. Moreover, Lang [1]
reported that the joint presence of several metallic impurities can
result in an accelerated corrosion due to non-additive effect of
catalysts. At CIIR an important promoting effect on the catalysis of
iron by traces of notassium has also been observed [ 8].

Several authors have reported a change in the activation energy of
carbon with different oxidising gases in presence of impurities
[95, 17 and 18]. In this worlk, it seems that such an effect ocours only
in the reaction with water vapour in presencs of 50% hydrogen. Long
and Sykes [17] mention that the well known retarding effect of hydrogen
should be stronger in absence of impurities because the adsorption of
water vapour on carbon is affected much more than the adsorption of
hyarogen bg the presence of these impurities. It appears here that
above 1000°C, the reaction rate of Grade 9 graphite with water wvapour
is reduced by hydrogen in approximately the same ratio as it would be
for a pure graphite, and that the presence of impurities has an effect
only at lower temmeratures. fhe slightly higher reaction rate at 900°C
in presence of hydrogen could also snggesit a change of chemical state
of he Hapuriiies in presence of hydrogen which would bring about an
increase or catalytic elffect. It seems logical to assume a reduction of
oxide Lo metals. .lowever, most ol Llhe impurities contained in graphite
cannot be reduced by hydrogen, at the partial vressures of hydrogen and
water vapour used for these experiments. On the other hand they can be
reduced by carbon and in some cases be present as carbides. It is
possible there is competition between carbon and water vapour and that
in presence of hydrogen, the reduction rate by carbon prevails over the
oxidaticon rate b water vapour.

CATALYSTS OF GRAP:IME OXIDATION BY iIETALS

jauch work lias been done at CIIR,(Oslo) during the last two years on the
catalysis by different metals and has already been reported in annual reports
[16, 8 and 19]. The metals investigated were barium, strontium and the
transition metalss iron, vanadium, nickel, cobalt, molybdenum, platinum. HIore
recently their efforts have been concentrated on iron impregnated SP.1 powder.
We will report here only the main results.

At Winfrith most of the research has conoerned the catalysis by iron
and the effect of the method of contamination, Solid samples of purified
G5 have been used for this investigation.

4.1 Catalysis by Barium and Strontium

Barium and strontium were usually introduced in SP.1 powder as
hydroxides. In some experiments, Ba was introduced from a barium °
acetate solution. The range of temgeratures investigated was 700-850°C
for Ba~contaminated SP,1 and 800-915 ¢ for Sr-contaminated SP.1.
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The experiments were carried out in water vapour at pressures
between 1.2 and 4 'Jorr.

luch difficuliy arose from uptake of silica during the oxidation
tests., When using a silica container, this uptake could reach
0.01-0.2% silica [16]. This resulted in reaction rates decreasing with
time in the case of Ba-samples. Sr—impregnated samples were less
sensitive to silica. Even when using a platinum container, the samples
underwent an uptake of silica from the mullite tube, which could falsify
the real catalytic effect.

4.1.1 Activation Inergy and Order of the Reaction

In 2,7 Torr 1,0 the activation energies in the range of
temperature studied was 75 koal/hole for 0.05% Sr—graphite and
59 kcal/bole for 0.05ﬂ Ba-grophite canple.  (See Fig. 1)

0 . . .
At 8007°C a zero order reaction was obtalnedofor Be~impreo~
nated sample between 1.2 and 4 Torr 17,0. AL CT0°C the catalyiic
. . -t - ' s . N B
factor of 0.05¢% Ba was 1,000 and the Cetalytic iocior of 0.05¢% Sr
was 130,

"hese results can be compared with the ones of R. D. Burnette
and L. 2. Zwavalt [20]., Between 700 and 1000°C, they obtained an
activation energy of 51 kcal/hole for Ba~graphite 0 reaction

wnd 25 kcal/hole for Sr-graphite H,0 reaction to be compared with
an activaticn energy of 48 kcal/ho e for non-catalysed graphite,
which would indicate that the reactions were in-pore diffusion
controlled.

At 100000, and between 2.5 and 39% HéO in helium, the order
of the reaction varied from 0,5 to 1 depending on the flow rate
of heliunm,

At 800°C, the catalytic factor of 0.057¢ Ba was 200 and the
catalytic factor of 0.036% Sr was 10.

4.1.2 Bffect of Pretreatment and Catalyst Concentration

Pretreatment above 1000°¢C reduced. the reaction rates. "his
effect is probably due to losgs of catalyst and uptake of silica.

The effect of the catalyst concentration is shovm in Figs. 17
and 16, “he rates increase with the concentrations. At 912°C
and 2.7 Torr HI,0 the reaction rates of Sr-graphite increase with
burn—off in the range of conocentrations investigated (80-1200 ppm)
while at 850°C end 2,7 Torr, the reaction rates of Ba—graphite
increase with burn-off for concentrations higher than 0,04% and
decrease at lower concentrations.

Re D. Burnette and L. R. Zumwalt [20] have found rates
increasing linearly with Ba or Sr concentrations from
0 to 14 x 10" mole fractions. The rates were always increasing
with time., It must be noted that their specimen was inserted
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in a graphite holder which was supposed to preclude any poison-
ing by the mullite furnace tube.

It is thought that the decrease of reaction at low concen-—
tration of barium can be dus to uptake of silica.

4,1,3 Inhibitors of the Ba and Sr-Catalysis

Ag it was noticed that silica decreases the catalytic effeoct
of barium, some quantitative tests were performed with silica,
alumina and girconia, The results are shown in Table 4. The
three oxides seem inhibitors, at least if they are added at the
same concentrations as barium and strontium. A heat treatment
at 1000°C for 1 h is also effective for reducing the reaction rate.
No loss of barium was revealed after this heat treatment, but there
is still the possibility of uptake of silica.

4.1.4 Bffect of Hydrogen Added to Water Vapour

The effect was very small. Twenty-seven mole % reduced
the rate by 15%, whereas the same amount reduces the reaction
rate of pure graphite by a factor of 3.

4.1.5 Reaction Rate with CO2

Preliminary tests indicated approximately the same catalytio
factor in 4 Torr 002 as in 2,7 Torr HQO.

Some tests carried out at Wlnfrlth on cylinders of Grade 9
impregnated vith Ba (wo )2 or Sr JO ),y oxidised in 50 vpm co,
in helium at 1000° during 40 h, gave t e following resultss

i
Concentration ppm | Catalytic factor

Ba 70. 42

Sr 40 20

Catalysis by Iron

From the numerous experiments carried out in Oslo as well as in
Winfrith, it appears with certainty that the experimental conditions can
change completely the picture of the catalysis.

The results obtained at CIIR and at Dragon will therefore be
reported separately. The standard experimental conditions were reported
in Seotion 2, Vhen some change has been introduced it will be mentioned
in this Section.

4.2.1 0slo Results

The SP.1 graphite powder samples were usually contaminated
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Table 4

Effects of Inhibitors on
Catalytic Factor of Barium (0.054 Ba)

k .
{Catalytic Factor = 81‘3-131111{’56 + catalyst
sraphite
Before 1T fter HT
Inhibitor S
850°¢ 1060°¢
Hone 1200 12
0.02 < 11,04 50 3.8
0.02 % Zr0, 80 2.6
0.05 ‘fo 50 2.3
0.005% 510, 1300
0.02 < 50 3.3
0,05 < 10 1.1

ILffect of Inhibitors on
Catalytic Factor of Strontium (0.05% Sr)

Before HT After HT
Tnhibitor S S =
912°¢ 1060°¢C | 912°¢
one 100 (high) 60

0.02 % A1,0, 50 3.5 4
0.05 ¢ 30 13 12
0.02 % Zr0, 130 (22) 28
0.05 % 100 545 6
0.065% 810, 120 (17) 16
0.02 ? 45 3.3 4
0.05 » 40 2.1
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by impregnation with iron nitrate.

4.2,1.1

4.2.1.2

4.2.1.3

4.2.1.4

Effect of Pretreatment

Several temperatures of pretreatment gn vacuumn for

30 min, were tried Dbefore corrosion at 050°C in 0.3 Torr

O. The results are shown in Fig. 19. It seems that
a pretreatment at 900°C is necossary to get constant
reaction rates from the beginning of the experiment,
At lower temperatures, the rates increase until they
reach appnroximately the same value. In oonsideration
of this result, the samples have always been pretreated
at 9OOOU for 30 wmin, except whon mentionoed differontly in
the Sections below.

The Tiifect of Concentration of Catulyst

The increase of reaction rate with the concentration
of iron at 850°C in 0.3 Torr IL,O is shown in Fig. 20,
"he reaction rates decrease slighitly with time at the
lower concentrations.

The Efi'ect of Temperature

The variation of the reaction rates as a functign
of temperature has been studied between 750 and 10007 ¢
at Oe1 and 0.3 Torr water vapour pressure.

''he results obtained at 0.3 Torr are given in
"ige 21, They were quite similar at 0.1 Torr. A
maximum of reactivity occurs at 825-850°C. At 1000°¢
the reaction is low.

lowever, it must be pointed out that this temperature
offect is dependent on the pressure. TIor instance in
1 'forr 1,0, the reaction started like an explosion at
1000°¢ with sputtering of graphite and the rate could
not be measured.

The liffect of HZO Pressure

Likewise, the effect of the pressure depends on the
temperature., Several experiments have been carried out
at 800, 825, 850 and 1000°¢. Typical results are shown
in "ig. 22. The initial reactivity increases with the
pressure. ‘the rates of reaction decrease with time, the
decrease being most pronounced at the highest pressures.
lHlowever, it seems there is a threshold pressure above
which tho reaction becomes very violent at the start.
This threshold seems to be 1 Torr at 1000°C. Some
similar explosion-~like reactions have been obtained in
2,7 Torr at 850-900°C [8]a
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4.2,2

4.,2,1,5 Reactivation of the Catalyst

]

When a decrease of reactivity has occurred, a heat
treatment in vacuum or hydrogen can reactivate the
catalyst. The rates measured after heat treatment are
even higher than they were at any time before., It is
not clear whether this is due to insufficient previous
pretreatment or to iron becoming more active.

4.,2,1.6 Effect of Hydrogen Added to Water Vapour

Reactivation of the catalyst can also occur when
hydrogen is added during the oxidation. Iig. 23 shows
the effect of adding 0.7 Worr L, to O. 6 Torr K0 at
780°C in the presence of SP.1 powder containing 600 ppm
iron. A similar effect has been observed at 1000°C.

4.2.1.7 Inhibition of the Catalysis

Some experiments have been done to try to reduce
the iron catalysis by adding silica or alumina., Until
now the results are not reproducible. It can just be
mentioned that the rates are more or less decreased and
alumina has a somewhat greater effect.

4.2,1.8 Catalytic Bffect on Purified G5 Cylinders

Cylinders, 1 mm thick,were impregnated with 500 and
800 ppm Fe. It can be noticed Fige. 24) that the rates
are increasging with time at 50 ¢ in 0.3 Torr H20°

4.2.1.9 Contamination by iixture of Powders

One per cent Fe was added to SP.1 powder, as pure
metal and as oxide. The reaction rates are considerably
less_in the latter case. (Fig. 25.) A pretreatment at
10007°C for 15 L improves the catalytic effect of the oxide.

At 800°C the rates are increasing with Ii,0 pressure
between 0.3 and 0.8 Torr. In this range they are also
increasing with time.

Winfrith Results

Several methods of contamination were used as reported in
Section 2,1.3. All the tests were done on 40 x 15 x 2 mm slabs
of purified G5. ‘Vhen the method by impregnation was chosen the
samples, after having been degassed at 300°C, were %oakedeor

s

1T 1
30 min in vacuum in a solution of HH4Fe(SO4)2 40, 75 °T 105’

kept slightly acid in order to prevent formation of colloidal
Fe203 aq which could block the pores.
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By several tests, it was demonstrated that after 15 min the
samples do not absorb any more liquid. The weight gain was about
100 mg after a quick drying of the surface, dones in order to
avoid a higher concentration of impurity on the surface.. Even
so it is possible that a concentration gradient of iron is
established through the thickness of the sample. The samples
still wet, wers exposed in an atmosphsere of ammonia in order to
convert the sulphate to the oxide hydrates, afterwards they were
dried in wvacuunm.

The concentration of iron in each sample was determined
after the corrosion test by a specirophotometiric method.

The results are shown in Figs. 26 and 27. They are given
in an Arrheniug plot in weight loss per unit of geometrical
surface area, per h., For comparison with C}IR results, the
conversion factor is: 1 mg/h cm® = 2 x 107~ m/g s.

The reactivity of G5 is increasing with burn-off until a
high burn-off (more than 10%). It seems to follow a similar
increage in the internal surface area. The same applies to
iron-contaminated samples. The results in the Arrhenius plots
have been given after 7% burn-off. It can be mentioned that
the catalytic effect as a function of time would be much greater.

The difference in behaviour of the samples as a function of
the method of contamination used, is shown in Fig. 28.

4.2.2.1 Catalysis by Impregnation

The samples contaminated by impregnation showed
& very high reactivity in COp as well as in H,0 or
Hy0 + Hy, with iron concentrations as low as 20 ppm Fe.

(1) CO, Reaction

It seems (Fig. 26) that the catalytic effect
increcases with the concentration of iron. It can
be noticed that the results are a littls scattered.
Due to this dispersion the decrease of activation
energy noted in Fig. 26 with increase of iron
concentration is perhaps not significant. However,
it can be established that the activation energy
is very low (around 10 kcal/mole), in the range
of temperature investigated. The effect of
decrease of activation energy in the presence of
iron regults in a catalytic gactor of agout 50
at 1000 C and only 3 at 1150 C. At 850 C this
catalytic factor would be about 5,000,

The internal surface area after burn—off
is greater in presence of iron, by a factor 2
at 12% burn=-off with 21 ppm Fe and by a factor
3 at 15% burn-off with 70 ppm Fe.
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402'.2.2

4.2.2.3

(i) EEO Reaction
The reaction with water vapour proceeds
very rapidly (3 mg/h cm ) above 700°C, and
appears to be independent of temperature between
700 and 1000°C. (Fig. 27.)

Below 700°C there ig a rapid fall in the
reaction rate and at 600 °C the reaction is too
slow to be measured by weight loss techniques.

(i1i) H, O - H_ Reaction

The hydrogen added to water vapour in a
ratio of 70o has no effect or a very small
inhibiting one. It must be pointed out that at
these high reaction rates which reach 3 mg/cm h
the conversion of water into products can reach 50%.

A variation of iron concentration between 10
and 30 ppm does not seem to change the catalytic
effect,

The internal surface area after burn—off is
the same as for pure G5 graphite. Microscopic
examination shows a very high corrosion on the
surface.

Catalysis by Iron Powder

Thirteen ppm of powder were dispersed on the surface
of samples which were tested in H,0 and H,O + H,. The
story of the samples can be followed in Fig, 28, During
a short time a catalysed reaction took place in

H

HO + H, in a ratio E—g 1. Afterwards the reaction

2 2 PHPO
stopped at 900 C. It could be started again by
increasing the temperature at 1000 C. The catalytic
factor was about 13. (Fig. 27.) Stopping the supply
of hydrogen reduced the rate down to approximately the
rate measured on pure G5 graphite., The effect was the
same at 950 C It can be noticed that probably the
reactivation of the catalyst at 1000°C is only partial,
as the reactlon rate at 950 C after 3% burn-off is the
game as at 900 °c during the first hours,

Coated Samples

The behaviour of the samples contaminated by
evaporation of iron in vacuum was more surprising.

(1) CO, Reaction

No catalysed reaction was observed at any
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moment between 1000 and 1200°C with samples
containing about 30 ppm Fe. The rates measured
during the test were exactly the same as for
pure G5 graphite.

(ii) H,0 and H 0 + H,  Reaction

In the saumz way as for the samples contaminated
with powder, a catalytic effect appears during
the first hours of the test and then stops

pH
completely in H20 as well as in a ratio —ﬁgb = 1.5
at 1000°C. P2

It was thought after consideration of the
results obtained in Oslo and on powder contaminated
samples that the interruption of catalysis could
be due to an oxidation of iron. However, after
treatment in pureohydrogen and subsequent
oxidation at 1050°C, with a mixture of hydrogen
pH
'1-)7&—0 = 2.3 high

enoush to prevent any oxidatio% of iron the
reactivity was about the same as the one of pure
G5 graphite. Repeated efforts to reactivate the
catalyst have been ineffectual.

and water vapour in a ratio

The internal surface areas before and after
corrosion tests of the samples were not affected
by coating.

4.3 Catalysis by Other Transition !'ztals

The influence of some other transition metals has also been briefly
investigated at CIIR [8]., It is interestins to see whether some
correlation can be established between their behaviour and the one of
iron.

4.3.1 Catalysis by vanadium

Vanadium was added to SP.1 from a solution of wvanadyl
sulphate or ammonium vanadate, No difference between these
impregnations was observed in the reaction with H2O.

A pretreatment in vacuum at 1100°C for 30 min increased
the initial reactivity. After a certain time, which depended on
the temperature and the concentration of catalyst, the rates
were decreasing with burn-off in the range of temperatures and
pressure investigated (0.1% V from 1010 to 109700 in 0.06 Torr
and from 0.02 to 2.7 Torr at 1060°C). However some tests
with an impregnated rod of graphite gave rates increasing with
time.

As with iron catalysis, the effect of temperature is probably
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4.3.2

4.3.3

4.3.4

highly pressure dependent. At 1060°C, a decrease in pressure
results in greatly increased reactivity, at least down to 0.3 Torr
(Fig. 29). 1In 0.06 Torr, the rates increased with increasing
temperature.

Li%e iron, the catalyst could be reactivated by heat treatment
at 1100~ in vacuum,

Some experiments in CO, showed the same effect of increased
rates by decreasing pressure between 4 and 0.1 Torr.

Catalysis by Nickel

Nickel was introduced from Ni(NO;), solutions at concentrations
of 0.05%. It is a very strong catalyst at temperatures as low
as 600°C. TFig. 30 shows the effect of burn—off at different
pressures of water vapour at 640°C, It appears that there is
almost no effect by changing the pressure from 0.3 to 2.7 Torr.

The catalyst can be reactivated by heat treatment in vacuum,

Comparative experiments with impregnated rods gave rate
curves decreasing with time but much less sharply than with powder.

The same catalytic factor was obtained in 4 Torr CO, as in
2.7 Torr H0, at 700°C.

However, some experiments carried out at Winfrith on Grade 9
graphite impregnaged with Ni(NO3)2 and reacted in 50 vpm in COo
in helium at 1000 C for 40 h revealed a small catalytic factor
of 5, for a concentration of 200 ppm nickel. This apparent
disagreement could quite easily come from the different
experimental conditions,

Catalysis by Cobalt

0.05% cobalt was introduced from a cobalt nitrate solution.

At 76000, the rate increase with time at the lower pressures
(<0.3 Torr) and decrease with time at higher pressures. However,
as with the other transition metals, it seems that the effect of
pressure is temperature dependent. For instance, at 810°C, the
rate increases with time even in 2.7 Torr HZO'

Catalysis by llolybdenum

Some experiments carried out on SP.1 impregnated with 0.05% Mo,
from a dilute NH, - solution of MoO3, have showed a great drop of
reactivity when %he temperature was decreased from 912 to 870°C
in 2.7 Yorr H,0, corresponding to an activation energy higher
than 75 kcal/mole. At 91200, the rate was increasing with time.
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4.3.5 Catalysis by Platinum

Samples impregnated with PtCl, showed a great rea.c‘civit;y(,J
comparable to the one of strontium impregnated samples at 912 C
and in 2.7 Torr H,0. However the catalysis was very small when
the graphite was in contact with platinum metal (wire or crucible).

Some experiments were carried out at Winfrith on Grade 3
graphite slabs in contact with platinum wires in 2,000 vpm CO,y oF
on crushed Grade 3 in a platinum container 3.4 Torr H,0. With the
platinum wire, the results did not have good reproduc%bility.
However, sgme catalytic effect appeared when the temperature was
below 1050 °C.

In the case ofocrushed graphite, a catalytic factor of 2.5
was obtained at 900 C, whereas at 1000 C no effect could be
detected.

It is obvious that the degree of contact is the limiting
factor.

4,3.6 Catalysis in Oxygen

It may be of interest to mention here the results obtained
at Winfrith for some tests carried out in oxygen. Discs of
Grade 9 graphite, approximately 2 mm thick and 25 mm in diameter,
were socaked in concentrated solutions of vanadyl, nickel and silver
nitrate saltsorespectively. After drying and decomposing the
salts at 1000°C the discs were oxidised in an atmosphere of 5%
oxygen in argon at various temperatures. Their Arrhenius plots
are given in Pig. 31.

It would appear from the slope of the curves that their
activation energies differ greatly. After making allowances for
the fact that the impurity levels were not equal (approximately
V = 600 ppm, Ni = 1,000 ppm and Ag = 2,000 ppm) the relative
strength of the catalyst appears to be V, Ag6 Ni in descending
order of magnitude at temBeratures below 700°C and Ni, V, Ag
at temperatures above 800 C.

Discussion

It is likely that the mechanism of catalysis for barium and strontium,
and for the transition metals is different. All the effects noticed with
iron, which have been confirmed to a certain extent with other transition

metals investigated, do not appear with barium and strontium.

Catalysis by Barium and Strontium

Trom the work carried out at CIIR, Oslo it appears that the
barium and strontium oxides are strong catalysts. The only result of
pretreatment is to reduce the reactivity by loss of catalyst and uptake
of gilica which is proved to inhibit the catalysis. The decrease of
activation energy (more pronounced for barium which is a stronger
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catalyst than strontium) is in agreement with the findings of different
authors [18]. An interpretation of the smaller inhibitive effect of
hydrogen on the reaction with water vapour has been given by Long and
Sykes (Section 3.3). R. D. Burnette and L. R. Zumwalt [20] have proposed
an attractive theory based on the fact that caesium is not a catalyst

of the reaction which seems to preclude the electronic theory of Long and
Sykes [17] and on the observation that the reactivity varies approximately
linearly with the catalyst concentration which suggests a direct
involvement of Ba and Sr. These metals would be able to modify the
reaction steps which involve first the chemisorption of CH and II groups.
The formation of groups having Ba or Sr attached as HOKO—Cf? would bring
about a different scheme in the further steps of the reaction.

Catalysis by Iron and Other Transitions lietals

The consequence of the way of contamination on the catalytic effect
has already been pointed out by different authors. Ior instance
J. R. Arthur and J. R. Bowring [21] obtained increased reactivites by
impregnating graphite with alkali salts at concentrations which were
small in relation to the original impurity content of the graphite used.

Sykes and Thomas [22] and J., F. Rakszawski, et al. [23] found a much
greater catalysis by iron with impregnated samples than with a powder
mixture., The catalytic effect decreased as the particle size of iron
was increased.

The very low activation energies found at Winfrith for the reaction
with CO, are in agreement with the data published by Sykes and Thomas
[22] Rakszawski, et al. [23]. Sykes and Thomas obtained an activation
energy of 25 kcal/mgle with impregnated graphite (0.0, TFe) in 10™2 um 002
between 750 and 900 C. Rakszawski, et al. found an activation energy of
gero for impregnated samples (0.05% Fe) in 1 atm CO, between 1050

0 2
and 1100°C,

Phe work done at ClIR and the experiments with powder contaminated
G5 sraphitc seems to prove that iron in the reduced form is the strong
catalyst whereas the oxide is a vory weak one.

Phis is demonstrated by the eflfect of pretreatment, of regeneration
of catalysis by heat treatment in vacuum or in hydrogen, by increase of
reactivity when hydrogen is added to water vapour and by the decrease
of the reaction rates as a function of time which is wmore pronounced at
the higher pressures ci water vapour,

Some of these effects had previously been pointed out by other
investigators. Sykes and Thomas [22] mention that powdered ferric oxide
is a catalyst provided the mixture has been degassed for at least 24 h
at 1000°¢. Gulbransen and Andrew [24 ] report a catalytic factor of 530
for graphite containing 0.079j¢ Fe introduced by impregnation with ferrous
nitrate solution prov%ded a pretreatment in vacuum at 850°C for 1 h.

A pretreatment at 700°C for 15 h had no effect.

If, therefore, one assumes that the metal is the strong catalyst
and that the different shepes of curves obtained can be explained by a
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transformation from metal to oxide or vice versa, some points etill
remain to be clarified.

-For instance, reduction of the iron oxide by hydrogen will not occur

H
unless the ratio of ﬁgb ig favourable. This is shown so in the reversible
equation: 2
Fe + H20 === Fel + H2
H2
In cases whers the~ﬁ—0 ratio is too low for the above reaction to
2

move to tho left and yet high catalytic effects have been observed
(i.e., impregnated SP.1 powder and powder contaminated G5 graphite)
other factors must be responsible.

It seems that the reduction of the iron oxide is due to carbon and
the only effect of hydrogen is to inhibit the oxidation of iron by water
vapour when it is present in a high enough percentage. In the experiments
carried out at Vinfrith, hydrogen produced by the reaction of graphite
with water vapour is always present in a rather high ratio because the
flow rate is ten times lower than at CIIR. This could explain why the
addition of hydrogen has no effect and that the reaction rates are
always increasing with time. However, experiments done in Oslo with
impregnated rods also gave increasing rate curves, whereas in the game
conditions, powder gave decreasing rate curves. This could be dus to
an unhomogeneous distribution of the catalyst through the rod with a
higher concentration on the surface, as rate curves increasing with time
were also observed with samples containing higher concentration of iron.
It is also possible that because the surface energies of impregnated
powder and solid are diflferent the total changes of energies of the
various reactions which can take place in the system C-Fe-Hy0~H, are
different for powder and solid. This wouwld lead to one rsaction or
another occurring preferentially.,

lhen hydrogen is present at a very low concentration, it seems
there is competition between the rates of the three different reactions:

2 2 (1)

C + Fe0 —> CO + Fe (2)

Fe + H.O €«<—= Fe0 + H

and the catalysed reaction

C +H,0 —> CO + H, (3)

Depending on the temperature and pressure, one reaction or another
will be faster at the start of the experiment. So, in 0.3 Torr H,0 it
seems that the oxidation of iron is very fast at 1000°C, while in 1 Torr
H.O the catalysed reaction (3) of oxidation of the graphite is so violent
at the start that the oxidation of iron has no time to take place. The
rates of the three reactions should increase with temperature and the
rates of the reaction (1) and (3) should increase with H,0 pressure but
with different coefficients.
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Some contradiction to this theory appears when we consider the
cage of nickel or cobalt, although these elements also gave decreasing
rate curves with respect to time it does not seem thermodynamically
possible to form NiO and CoO in the system studied.

This leads one to think that the stoichiometric oxide may not be
needed to poison the catalysis by the metal. The transition metals can
form non-stoichiometric oxides which have lower free energies of
formation [25]. However, more information on the catalysis by nickel
is needed to confima this.

Finally, the case of the coated samples has been examined carefully
and has not received any very satisfactory explanation. A bad contact
between graphite and the evaporated iron film could be ‘the causc of the
lack of catalysis. Illowever, according to L. Ilolland [26] tho deposits
are usually in an aggrogated structure. Therefore it seems that many
points of contact should be available between graphite and iron,
Presland and Iledley [7], who have studied the catalytic effect of
platinum introduced by evaporation as a thin film, on the corrosion of
graphite by air at low pressure, also report a coagulation of the film
during the oxidation tosts and they were able to follow the catalysis
with an electron microscope.

It is worth noting that when a catalytic rcaction took place at
the start of a test and stopped, the atmosphere was oxidising for iron,
Inactive iron oxide could be formed. However, one concludes that it
should have been reduced by further heat treatments, llore tests will
have to be done in order to elucidate the phenomenon.

CONCLUSIONS

From the numerous studies on the catalytic properties of iron, and the

more limited studics on bariwn, strontiwa and the transitional metals, the
following tontative conclusionsg have been reached.

1.

2.

3

4.

In the case of iron, and possibly in the case of other transitional
metals, the frce metal is the active catalyst. The oxides appear to be
relatively wack catalysts.

The more finely divided the metal, the more active it is as a
catalyst.

310,, A120 and Zr0. have the propoerty of strongly inhibiting the
oatalytig actlvéty of bagium, and to a lesser degree that of strontium.
From the limited evidence available A1203 appear to have a slightly

inhibiting effect on iron.

lost of the catalytic oxidation experiments have been performed
using low partial pressures of water vapour. However, some work has
been carried out using carbon dioxide and oxygen, and it would appear
that no significant difference in behaviour occurs with these oxidants
apart from the obvious change in activation energy.
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5. The addition of hydrogen to the II O/C reaction strongly inhibits the
reaction when the carbon is pure and free of catalytic impurities.
However, when the system contains traces of Fe, Ni or Co as impurities,
conflicting secondary reactiong conpletely alter the picture. C{ertain
conditions will favour the oxidation of the metal to an inactive oxide
whilst another set of conditions will favour reduction of the oxide to
the catalytic {ree metal.

It ia obvioug, thorefore, that the overall reaction rate will be
1

influenced by gas pressure, ratio E—B-and temperature, making it

impossible to predict the behaviour<of a particular contaminated graphite,
unless thosge conditions are known with a fair degree of accuracy.

6. he presence of discretle particles of catalytic metals within the
graphite causes severe localised corrosion in the vicinity of these
particles, resulting in the characteristic pitting corrosion observed
in many Dragon grade graphites. Removal of these impurities either by
neat treatment or chlorination completely suppresses the pitting.
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FIG. 6o SECTION THROUGH A CORROSION PIT, GRADE 9 GRAPHITE.
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FIG. 8. SECTICN OF GRADE 9 GRAPHITE AFTER 4% BURN-OFF IN 002
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FIG. 10, MICRORADIOGRAPH OF GRADE 9 GRAPHITE AFTER 9% BURN-OFF IN H20
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FIG. 12, MICRORADIOGRAPH OF GRADE 9 GRAPHITE (HEAT TREATED AT 2950°¢)
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