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The Role of KOH in the Low Temperature Steam Gasification of Graphite: 

Identification of the Reaction Steps 

By F. [alannay*, W. T. Tysoe, H. Heinemann and G.A. sanorjai 

Materials and Mblecular Research Division, Lawrence Berkeley Laboratory, 
and 

[apartment of Chemistry, University of California, Berkeley, CA 94720 

Abstract 

The reaction of a KOH loaded graphite powder with atmospheric pressure 
of steam in the temperature range 700-900K proceeds via two successive stages. 
OJring stage I, hydrogen and hydrocarbons are evolved at a high rate but 
no CO or ~. This stage ceases after the equivalent bf 0.5 rrolecules of H2 per 
potassium in the sample are produced. Il1ring stage II gasification proceeds 
catalytically at a much reduced rate with the production of one 00 rrolecule 
per equivalent H2 rrolecule. The absence of CO or ~ evolution during 
stage I indicates the formation of a stable oxygen containing compound. This 
oampound may be decomposed thermally by heating the sample up to l300K. CO 
evolves almost exclusively during this high temperature treatment. These results 
suggest a step reaction mechanism involving (1) the dissociative adsorption 
of water forming C-H and C-oH (phenol) groups, (2) the formation of a K-~C 
entity (phenolate), fram the reaction of KOH with the phenol groups, (3) the 
deccmposition of these K-o-C entities to give 00, K20 and perhaps metallic 
potassium and (4) the formation of KOH fran reaction of K~ with water. The 
transition fran stage I to stage II is due to the consumption of KOH to form 
K-o-C species. The rate of the catalytic reaction (stage II) is controlled by 
the slowest step (3). 

*on leave fram the Groupe de Physico-Chimie Miner-ale et de Catalyse, 
Universite' Catholique de wuvain, Belgium 
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1. INTRODUCTION 

Steam gasification of ca~bon to 'produce hyd~ogen and c~bon monoxide 

is usually conducted at a tempe~ature h1ghe~ than 1000K. The need fo~ 

such high a tempe~ature is a consequence of the highly endother.mic 

nature of the ~eaction. 

C + H20~ H2 + CO (1) 
~H300K = + 31.4 kcal/mole 

Hydroc~bons can subsequently be synthesized fran H2 and CO by methanation 

or F1sche~-Tropsch reactions on suitable catalysts. These ~eactions ~e 

exother.mic and ~e car~ied out at ~elatively low tempe~atures (500~00K). 

The di~ect production of methane according to the ~eaction 

2C + 2H2D--tCH4 + ~ (2) 
AH300K = 3.65 kcal/mole-

is virtually thennoneutral. This has pranpted the se~ch fo~ catalysts 

able to .activate this reaction at low tempe~ature. Low tempe~ature 

operation is also necessa~y to avoid decomposition of othe~ hyd~oc~bons 

that might be fonned. 

Alkalis ~e known to catalyse ~eaction (1) [1,2,J, and the p~esence 

of alkali pydroxides has been ~eported to b~lng about the fonnation of 

methane f~an the ~eaction of graphite with wate~ vapo~ in the tempe~ature , 

range 500~00K[3, 4]. These expe~iments used small pices ( .... lcm2) 

highly o~iented pyrolytic g~aph1te (Union Ca~bide) which was exposed to 20 
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TOrr of water vapor in a recirculation type reactor. At 500K, surface 

carbon atans were shown to be converted into CH4 with an apparent 

turnover frequency of 1 to 5xlO-4 s-l. 

The influence of KOH on the low temperature reaction of carbon with 

water vapor has now been studied on larger surface area powder graphite 

samples exposed to atmospheric pressure of steam. It was found that KOH 

indeed prarotes the production of hydrogen, methane and other hydrocarbons 

at temperatures below 800K but that this reaction is ptoichiametric rather 

than catalytic. The present paper studies the stoich1ometric versus 

catalytic behaviors observed in the temperature range 60o-1000K. It is 

shown that both behaviors can be rationalized within the framework of 

the same reaction mechanism. A subsequent paper [5] will deal with the 

influence of exper~ntal conditions on the distribution of the hydrogen 

and hydrocarbon reaction products. 

2. EXPERI l£NTAL 

The carbon used in these expertments was spectroscopic grade 

graphite powder (Ultra Carbon Corp., '!Ype UCP-2, 325 mesh) having a BET 

surface area of 30 rfI.~ 1. Incipient wetness impregnation was performed 

by mixing equal weights of graphite powder and of a solution of KOH or K2CO) 

(M!llinckrodt, analytical grade) in distilled water. The potassium/carbon 

loading was varied by changing the solution concentration. The sample 

was then dried at 375K for about 30 minutes. 

Figure 1 presents a diagram of the expertmental setup. The reactor 

was a 3.7 Inn IO alumina tube in which 0.5 g of sample was deposited 
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between two alumina wool plugs. Quartz or stainless steel were avoided 

because, under reaction conditions, these materials were -found to react 

with KOH and/or affect the rate and product distribution ~f the reaction~ 

The reactor furnace temperature could be adjusted fram 300K to l300K. 

The sample could be exposed to either pure argon or pure stearn. 

Steam was produced by pressurizing a distilled water reservoir with argon 

so as to force water through a heated tube (steamer) ~ere it was vaporized. 

The stearn pressure in the reactor was thus equal to the argon pressure. 

Usually, a pressure slightly in excess of atmospheric pressure yielded a 

flow rate of about SOcc of gas min-i. This produced a sufficiently high 

water vapor space velocity that the reaction was far fram equilibrium over 

the whole temperature range. 

At- the outlet of the reactor, stearn was condensed in an open ended 

U-shaped tube inrnersed in water. The gas products which bubbled out of the 

tube were collected in a 3cc graduated burette filled with water. This 

allowed a precise measurement of the rate of gas evolution. The whole 

collecting system contained less than 40 ml of water so as to minimize the 

possibili ty of dissolution of the gas products. At the top end of the 

burette, a septum allowed sampling of the gases for inmediate analysis. 

The products could also be stored in a vacuum container for later analysis 

after completion of the reaction. 

The products were analysed by gas chranatography and mass spectranetry 
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A thermal conductivity detector with a column consisting of six feet 

Chramosorb 102 + six feet Chromosorb 101 with argon carrier was used 

for the analysis of H2, CO, CO2, and CH4. A name ionization detector 

with a six feet long Chramosorb 102 column and argon carrier was used 

for the analysis of the hydrocarbons. Mass spectrometry of the products 

was performed by leaking the gas stored in the vacuum container into an 

ultra high vacuum chamber equipped with a EAI quadrupole mass spectrometer 

[3]. Mass spectrometry was ma.1nly used to assess whe):;her Ar, 02 or air 

were present in the products. A small amount of argon was usually found 

due to solution in the water. In some experiments involving low gas production 

rates, this amount of argon had to be subtracted in order to determine the 

volume of gas products accurately. 

3. RFBULTS 

'lbree types of experiments were conducted: isothermal reactions 

in the presence of steam; temperature prograrrmed reactions with steam, and 

temperature programmed heating in an argon atmosphere. 

a) Isothermal Reactions 

In these experiments, the sample was first exposed to steam at 

about 400K. 'Ihe temperature of the reactor was then raised quickly 

(~ 160K min-I) up to a reaction temperature in the range 700-900K. 

Figure 2 shows the amount of gas collected as a function of time at 

BOOK for a sample having a KOH/carbon molecular ratio of 0.043 (corresponding 

to 20% of KOH by weight). The shape of this plot is typical of all reactions 
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in this temperature range (700-900K) for KOHIC ratios varying fran 

0.01 to 0.065. The amount of gas produced has been norntalized to the 

number of KOH molecules in the sample. After an initial burst of gas, a first steady 

state production was observed for a few hours. During this first steady state, 

the products were only hydrogen and hydrocarbons with Virtually no detectable 

CO and CO2. The hydrocarbon/hydrogen molecular ratio during this phase ranges 

fran O. 5xlo-2 to 5xlo-2, the largest hydrocarbon ccmponent being methane. However, 

higher hydrocarbons up to C6 are easily detectable irt the product gas. 

Their proportions depend on reaction time and temperature and alkali loading.[5J 

The reactivity of the sample then decreased usually over a fairly short 

period. mus phenanenon always occurred as soon as the equivalent of 0.5 H2 

molecule per potassium atan in the sample had been collected. 'Ihe gas production 

subsequently proceeded with a much reduced rate. CO was found in the products 

during this second steady state, as indicated by the dashed line in Figure 2. 'Ihe 

rates of production of CO and H2 during this low rate were approximately equal as 

expected fran reaction (1). A few of percent of ~ could also be detected. 

The first and second steady states exhibited in Figure 2 may for the present 

be assumed to be due to two different reactions. 'lliese reactions will be 

referred to in the following as reactions I and II respectively. 

In order to assess whether reaction I is due to the mere dehydrogenation 

of KOH, the sample was heated under an argon abmosphere instead of flowing 

steam. No gas was produced, indicating that water is required for the reaction. 
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The.activation energy of reaction I was measured on samples with 

a KOHiC ratio of 0.043 (corresponding to a C/KOH ratio of "'-23) in the 

tenperature range B50-l000K. 'll1e determination was made after the collection of 

about 0.15 to 0.2 gas molecules per potassium. As shown by the Arrhenius plot of 

Figure 3, these rates yield an accurate activation energy of 44.B kcal/mole. 

As shown on the semilog plot of Figure 4, the r.ate of reaction I at 

BOOK (expressed as number of gas molecules per potassium per unit time) 

increased drastically when increasing the KOHIC ratio fran 0.01 to 0.04 

(corresponding to a decrease in C/KOH ratio· fran 100 to 25). No marked change 

was observed fran 0.04 to 0.065. 

In order to check whether the behavior of potassium carbonate was 

identical to that of potassium hydroxide, an isothermal reaction was conducted 

at BOOK on a sample with a K2~/C molecular ratio of 0.0215 (so that it 

contains the same number of potassium atans as an alkali hydroxide loaded 

sample with KOHlC=0.043). Apart fran a burst of gas which corresponds to the formation 

of about 0.01 gas molecule, per potassium atan, no type I reaction was observed, 

merely a much slower type II reaction • 

b) Temperature Programned Reaction 

In these experiments, the sample was exposed to steam at 500K (ie. before 

significant reaction had commenced) and the temperature of the reactor was 

.increased at a constant rate of 5K mirrl. The open circles in Figure 5 show the 

resulting rate of gas production as a function of temperature for a sample 

with a KOHiC ratio of 0.043. A maximum is observed at a temperature of about 
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900K. The decrease in rate after this maxlinum reflects the same 

phenomenon as the transition fram reaction I to reaction II in isothermal 

reactions (Figure 2). The total gas produced at the end of this decrease 

corresponds again to about 0.5 equivalent hydrogen molecules per potassium. 

When the temperature is increased further, the reaction rate once again starts 

to increase exponentially with increasing temperature. This stage of the 

reaction apparently corresponds to reaction II in isothermal 

experilDents. (Extrapolating this steeply increasing plot down to 800K 

would yield a rate corresponding approximately to the slope of the plot 

in region II of Figure 2). 

The solid points in Figure 5 are the rates of production for a slinilar 

experilDent for a sample containing K2~ instead of KOH (K2~/C=0.02l5). 

Only the high temperature type II reaction is observed. This rate is 

however lower than for the KOH loaded sample. 

A blank experiment with a sample of pure graphite powder in the absence of 

KOH exhibited a gas production which was too low to allow an accurate measurement 

of its temperature dependence. At l050K, the gas production rate in the 

absence of alkali was about 40 tilDes lower than for the sample with KOH/C=O.043. ~ . 

Figure 6 replots the data of Figure 5, in Arrhenius form. In the 

case of a KOH loaded sample, the rates at temperatures below the maxlinum (reaction 

I) do not follow a single straight line. 
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For reaction above 900K (reaction II), the KOH loaded sample exhibits 

an apparent activation energy that is 10 kcal/mole lower than that for a K2CO) 

loaded sample. 

c. Temperature programmed Heating Under Argon 

If all the hydrogen produced during reaction I comes from the steam alone, 

the corresponding amount of oxygen should be accumulated in the sample in the 

foon of an oxygen containing compound. we have attempted to thennally decompose 

this compound. A sample with a KoH/e ratio of 0.043 was reacted isothennally 

with steam at 800K up to the completion of reaction 1. After flowing argon for 

about 1 hour at the reaction temperature in order to remove all remaining water, 

the argon flow was turned off and the sample heated at a linear rate of 15K min-l 

without gas flow. Gas desorption caused gas to issue from the reactor into 

the collecting burette, allowing an accurate measurement of the rate of desorp

tion (after correction for the thennal expansion of gas in the reactor). 

Fig. 7 shows plots of the tllne dependence of reactor temperature and gas 

desorption rate. The temperature of the reactor could not be increased 

above 1300K so that the position of the maxUnum desorption rate has little 

kinetic meaning as it merely coincides with the start of the isothennal 

period. Figure 8 presents an Arrhenius plot of the rate of desorption 

at the beginning of the temperature treatment (up to the desorption of 10% of the 

total). This yields an apparent activation energy of 35.4 kcal/mole. 

The gas desorbed during this heat treatment was almost exclusively CO, 

containing only a few percent~. The total co accumulated after 3 hours 
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of treatment at 1300K corresponded to a OO/K ratio of about O.B. A small 

amotnlt of gas production continued after this period. However, even after 

overnight heating the total OO/K ratio never reached 1. 

No gas was collected during a similar heat treatment of a pure graphite 

sample. 

If the sample was again exposed to steam at 10\'1 temperature after this 

heat treatment, it recovered part of its original reactivity. Figure 9 

compares the gas production at BOOK for a freshly prepared sample and for 

the same sample after heat treatment and reexposureto atmospheric pressure 

of steam at 400K. In this case, no linear steady state region was observed, 

merely a continuous decrease of reaction rate with time. Depending on the 

duration of the high temperature (1300K) treatment, the amount of hydrogen 

collected during a 2 hour period corresponded to a H2/K ratio of O.OB to 0.15. 

4. DISCUSSION 

The high gasification rate referred to as reaction I is a specific 

property of the hydroxide loaded graphite sample. 'Ibis reaction is 

evidently not catalytic: water reacts With carbon and potassium hydroxide 

to produce hydrogen and hydrocarbons whereas oxygen remains in the sample 

in the form of an tmknown oxygenated species. '!he accumulation of this 

species eventually results in the deactivation of the sample. As this 

deactivation always occurs after the production of the same H2/K ratio, 

whatever the KOH loading, it -appears that this species is associated with 

potassium in a fixed stoichiometric ratio. 
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One potential reaction scheme is the conversion of potasSium hydroxide into 

a carbonate according to the equation 

(3) 

This reaction has been proposed in a patent by Shalit et ale [6]. It 

is only slightly endothenn1c (6G800K= + 11.2 kcal/mole). However, our 

results do not seem to be in accord with such a reaction since it involves 

the production of one H2 per potassium on the sample, whereas only half this 

amount is evolved. In addition, if KOH had, in fact, been canpletely 

converted into K2C03 after canpletion of reaction I, it should subsequently 

behave like a K2C0:3 loaded sample. Figure 6 indicates, however, that the two samples 

exhibit a 10 kcal/mole difference in apparent activation ene~ for reaction II. 

An alternative reaction scheme is presented in Figure 10. llie first 

step would be the dissociative adsorption of a water molecule on the prismatic 

planes of graphite to fonn a phenolic and a C-H group. Such a dissociative 

adsorption with high sticking probability has been inferred by Olander 

et ale [7] fran molecular beam scattering experiments. In the absence of 

alkali, these groups rapidly recanbine to yield a water molecule once 

.~ again. A etrong base such as KOH would, however, neutralize the weakly 

acidic phenol group to give a potassium phenolate salt and a water molecule 

(step 2). In this case, the hydrogen rerna1n1ng adsorbed on the carbon 

surface may either desorb as H2 or sequentially fonn C-H bonds to yield a 

hydrocarbon. rrhe ratio of hydrogen to potassium predicted by this reaction 

scheme (0.5) corresponds to that observed experimentally. 
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Moreover, the existance of such phenolate groups as intennediates 

in the catalytic gasification of carbon has been previously postulated by 

M:1ms and Pabst [8,9JG It should, however, be noted that, in the present case, 

the number of potassium atans in the sample is much larger than the number 

of accessible edge sites on the graphite surface. 'll1us it is necessary to 

assume that the interaction of potassium with the carbon surface induce 

weakening and, eventually, scission of t.he C-C bond so as to create new 

surface sites for reaction. Such a fragmentation of the aromatic rings due to the 

interaction with potassium has, for example, been suggested by Sancier 

[lOJ on the basis of the e.s.r. analysis of a heat treated K2CC3-carbon 

mixture. '!he chemical nature of the canpotmd containing the K-O-C groups is 

unknown. It might be suggested that these groups end up as potassium 

carbonyl entities stabilized by sane interaction (eg. intercalation) 

with graphite. 

Heat treatment of the sample after canplete conversion of the KOH 

induces the decanposition of these K-O-C groups to yield, either metallic 

potasSium and CO, or K20, CO and carbon (step 3 in Figure 10). Metallic 

·potassium evaporates at a high rate at 1050K, so that much of the metallic potasSium 

could sublime fran the sample during heat treatment at 1300K. 

(Sane intercalation might also occur [llJ). K20 remains in the .sample and 

converts into KOH under subsequent exposure to steam so as to restore part 

of the activity of the sample (step 4). If the ratio m = COIK collected 

during heat treatment equals 0.85, 30% of the original KOHloading is then 

.. 
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available for reaction. When the sample is reexposed to steam, the 

resulting gas production should yield an amount of H2 corresponding to H2IK=O.15 

(with respect to the original. KOH loading) which corresponds to that observed 

experimentally. 

It is worth noting that the amounts of gas collected during the 

first- reaction, high temperature treatment and subsequent reaction, all rule 

out the conversion of KOH into K2C0:3 during reaction 1. 'Ihis is because 

the collection of ~ ratio CO/K , 1 would imply the decomposition of K2C03 

into KcP, and, in such a case, the original activity of the sample should 

be completely restored under reexposure to steam. 'Ihis did not occur, 

as shown on Figure 9. 

The various stages of reaction may thus be rationalized as 

follows. The initial burst may correspond to the fast reaction of KOH already 

in contact with prismatic edges of the graphite. The subsequent steady state 

(reaction I) is controlled by transport of the remaining KOH to these 

edges and presumably also by the breaking of the C-C bond~ necessary to 

provide enoUgh reaction sites. According to F1.gure 3, these phenomena have 

.~ an activation energy of about 45 kcal/mole. (The slopes of the Arrhenius 

'. plots for reaction I reported in Figure 6 cannot be taken as accurate 

activation energies as, in this experiment, one of the reactant phases 

(KOH) progressively disappears.) 

After completion of reaction I, the gas production is controlled by 

the decomposition of the K-O-C groups (step 3 in Figure 10). The mechanism 

of reaction II (which is obviously catalytic) involves the whole set of sequential 
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steps as proposed in Figure 10, step 3 being the rate limiting one. 

The apparent activation energy measured on the Arrhenius plot in 

Figure 8 is probably fairly close to the true activation energy for 

the decanposition of the K-O-C groups (as less than 10% of these groups 

have been consumed during this experiment so that their coverage 

remains constant). It is str1.ldng that this value corresponds nicely to 

the activation energy of reaction II measured in Figure 6. 

Several authors [12,13] have proposed that the decanposition of 

alkali carbonate in the presence of carbon to give metallic alkali and 

co was the rate limiting step in the alkali carbonate catalyzed steam 

gasification of carbon. Our conclusions concerning the role of KOH 

are s1milar ~ except that the oxygen containing intermediate appears not to be 

K2D03. The activation energy for the KOH catalyzed reaction (reaction II) 

is 10 kcal/mole lower than in the case of K2~. 

5. CONCLUSION 

The high rate of carbon gasification pranoted by KOH at temperatures 

even lower than 800K is a striking phenanenon. As discussed in the subsequent 

paper [5]; significant amounts of hydrocarbons are produced under such reaction 

conditions. This reaction cannot be sustained in a catalytic 

way, due to the high stability of the oxygen containing potassium canpound 

(K-O-C) that is formed. If' a canpound can be found that plays the same role 

as potassium hydroxide while yielding a less stable oxygen containing 
I 

intermediate it would allow the attainment of catalytic gasification without 

requiring. high temperature operation. 

," 
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FIGURE CAPl'IONS 

Fig. 1: Diagram of experimental apparatus. 

Fig. 2: 

Fig. 3: 

Fig. 4: 

Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 

Fig. 9: 

plot of gas production as a function of reaction time at SOOK 
for a sample with a KOH/C loading equal to 0.043 (molecular ratio). 

Arrhenius plot of the temperature dependence of gasification rate 
after the collection of 0.15 to 0.2 gas molecule per potassium in 
the sample. 

Plot of dependence of the rate of reaction I on the KOH/C loading. 

Plot of the temperature dependence of the gas production rate 
during a temperature programmed reaction at a heating rate of 5K min-I. 
The open circles and full dots correspond to KOB and K~03 loaded samples 
respectively. The K/C ratio equals 0.043 in both cases. 

Arrhenius plots of the temperature dependence of the gas production 
rate displayed in Figure 5. 

Plot of the temperature dependence of the CO desorption rate during 
high temperature treatment of a sample with KOH/C=0.043 after 
completion of reaction I. 

Arrhenius plot of the temperature dependence of the CO desorption rate 
at the beginning of the linear heating of a sample during the same 
experiment as displayed in Figure 7. 

Plot of a comparison of the gas production as a function of tline 
for a freshly prepared KOH loaded sample (a) and for the same sample 
after high temperature treatment (b). 

Fig. 10: Mechanistic model for the reaction of water with graphite in the 
presence of KOB. 

' .. 
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