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cokes: the influence of thermogravimetric conditions

and some coke propertiesq
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Abstract

The reaction with air of a large number (22) of high-sulphur petroleum cokes was studied by temperature-ramped thermogravimetric

analysis. The kinetic parameters for each coke were established, based on BET surface areas. The oxidation rates (kgC m22 s21 atm21) were

found to vary with sample mass. This was a result of limitations on oxygen transfer, despite the small masses and low heating rates used.

Limitations were present both externally (from the crucible mouth to the bed surface) and internally (from the sample surface to the bed

interior). A method to take these effects into account was adopted, based on an analysis of the relevant diffusion rates. Application of this

method reconciled the rate data for four different sample masses, except at high temperatures. The formation of a partially fused ash crust is

believed to be the reason for this latter effect.

The activation energies of the cokes varied between 195 and 280 kJ mol21, and the absolute rates varied by a factor of 10. They were 
between 1000 and 10,000 times higher than the average reactivity of carbon as reported in the literature. The elevated apparent rates are

believed to have two causes, one in the combustion process and the other in the interpretation of the results. The first cause is the strong

catalytic effect of the inorganic components, although the ash contents ranged only from 0.3 to 1.5%. The most active metal is vanadium,

which is present in significant concentrations. The effectiveness of V2O5 as a gasifying catalyst is believed to be due to its low melting point.

Increasing sulphur content in the cokes produces no perceptible change in the combustion rates. The second cause for poor combustion

correlation is the inadequacy of BET surface area for expressing combustion rates.

Keywords: Oxidation; Petroleum coke; Catalysis

1. Background

Petroleum coke is used extensively as a fuel, particularly

in the cement industry. Its cost has fallen to virtually zero,

but at the same time, the quality has declined. In particular,

sulphur contents have risen to the order of 5–7% and the

mineral matter content has also increased. These changes

have led to modifications of the combustion systems of

plants using the fuels. The work described here was part of

an investigation into the use of petroleum cokes in the

precalciners of cement kilns.

The oxidation rate of petroleum cokes has been

extensively researched, both at lower temperatures in

fixed beds and at higher temperatures in entrainment flow

furnaces [1–9]. Results for the oxidation of a wide range of

carbons were collected by Smith [10], corrected for internal

mass transfer and oxygen concentration, and correlated as

intrinsic kinetic rates based on BET areas. In his

compilation of data, the petroleum cokes were somewhat

anomalous in that the three studies reported had reactivities

that were 2–50 times higher than his generalised corre-

lation. The petcoke studies covered the range from 450 to

1800 8C. On the other hand, the results for a number of

graphites were 2–100 times lower than the correlation.

This divergence of over three orders of magnitude

between the two extremes has been extensively discussed.q
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The lowest reactivities reported were for purified, dense

graphites. With these materials, the catalytic effect of

minerals was absent, and the highly ordered structure meant

that the oxygen encountered large areas of basal plane

material. Since the main source of attack is at the carbon

edges [11], the reactivities were understandably low.

The comparatively high reactivities exhibited by pet-

roleum cokes have not received a satisfactory explanation.

Two explanations are possible, the first dealing with the

likelihood of efficient catalysis. Since petroleum cokes have

passed through a liquid/plastic regime, it can be assumed

that any mineral matter will be finely divided and dispersed

throughout the solid. The catalytic metals will therefore be

very active, as their history in the fluid phase would ensure

intimate mixing and good catalyst/carbon contact.

The second explanation concerns the area specified for

reaction. A reason for the spread of the reactivity of carbons

with respect to nitric oxide NO has recently been proposed

[12], based on the inadequacy of BET area to describe the

active surface. When the BET areas were replaced by the

surface areas associated with pores greater than 20 nm

(called Hg20), the reactivity data for a number of widely

different carbons, including some of the petroleum cokes

tested here, collapsed onto the one Arrhenius plot. The same

may be true for reaction with oxygen.

In this project, the reaction rates towards oxygen of a

suite of 22 petroleum cokes used as precalciner fuel were

established by temperature-ramped thermogravimetry. The

reaction rates of some of them have previously been

measured at higher temperatures in an entrainment flow

furnace [13].

2. Experimental

The 22 petcokes were sampled at different industrial

sites. The ultimate and proximate analyses of the five

selected later to span a range of reaction rate are given in

Table 1. Also shown are the elemental analyses for metals

and a BET area as measured by nitrogen adsorption. The

ashes were obtained by calcination overnight at 500 8C to

avoid metal vaporisation. The metals were analysed by

induction coupled plasma. The particle sizes were in the

range 2100 to 30 mm.

The thermogravimetric analyser used was a Seteram

Model 92-16.18. The samples were weighed into a platinum

crucible and a stream of air of 17 ml min21 at STP was

passed across the top. The temperature was increased at a

rate of 3 K min21 from ambient to burnout (around 550 8C

for the smallest sample and over 700 8C for the largest). As

the geometry of the crucible is important for the discussion

of mass transfer which follows, a dimensioned sketch is

given in Fig. 1.

The internal diameter of the crucible was 4.85 mm and

the depth from the top to a large concave dimple in the base

was 4.95 mm. The purpose of the dimple was to house

the system thermocouple, but it meant that a small (3 mg)

sample occupied only the annular space surrounding it. The

bed depth is given as e (m) and the freeboard i.e. the

distance from the top of the bed to the mouth of the crucible

as l (m). Then e þ l ¼ 6.46 mm.

Four sample masses were used in an initial oxidation

study of one coke, namely 3, 6, 12 and 24 mg. The

approximate location of the bed surface for each mass is

given in Fig. 1. As a result of these preliminary tests, an

investigation was undertaken to influence the transfer of

oxygen from the air stream to the interior of the bed. A

technique was adopted to compensate for oxygen transfer

limitations, both within the bed and to its surface.

Using the technique developed in this way, the reaction

rates of 22 petcokes were measured and compared.

3. Results and discussion

The thermograms (mass versus time) for the four masses

are shown in normalised form in Fig. 2. After an initial

Fig. 1. Geometrical arrangement of the platinum crucible.

Table 1

Properties of some petroleum cokes

Sample 1 2 3 4 5

Proximate analysis (% dry)

Volatile matter 5.17 10.48 10.96 11.09 10.14

Ash 0.5 0.33 0.12 3.35 0.47

Ultimate analysis (% daf)

Carbon 88.5 87.9 88.4 85.8 89.4

Hydrogen 1.94 3.51 3.70 3.5 3.60

Sulphur 6.00 7.47 6.16 5.85 4.02

Nitrogen 1.63 1.61 1.56 1.70 1.88

BET area (m2 g21) 6.3 4.5 6.2 4.8 5.3

Hg20 (m2 g21) 1.3 1.8 2.0 1.8 1.8

Metal (% on coke)

Copper ( £ 1024) 6.05 9.05 3.81 3.10 1.89

Iron ( £ 1022) 17.4 6.15 2.02 3.81 0.93

Manganese ( £ 1024) 17.1 5.10 2.55 6.06 0.44

Molybdenum ( £ 1023) 2.63 0.70 1.73 1.66 1.40

Potassium ( £ 1023) 1.49 4.50 1.75 5.75 1.04

Vanadium ( £ 1021) 0.90 0.51 1.39 1.83 2.57



increase in mass due to the adsorption of oxygen, the masses

fall to zero. There is a distinct effect of sample size on

burnout, which indicates that mass transfer limitations are in

operation. Such effects are not found with coal chars, but

appear with soot or carbon black [16].

The apparent reaction rate, assuming first order kinetics,

was calculated from

2
dm

dt
ðkg s21Þ ¼ kmSpPO2

ð1Þ

where m is the sample mass (g), t is time (s), k is the

instantaneous isothermal reaction rate (kg m22 s21 atm21),

Sp is the active area of the particles (m2 kg21) and PO2
is the

partial pressure of oxygen (atm). This formulation assumes

that the internal surface area is unchanged during burnout.

The instantaneous oxidation rate was calculated over the

burnout range from 0.05 to 0.85.

In the present case, the comparatively high reaction rates

of the coke leads to significant oxygen depletion in

the system. This is clearly seen in Fig. 3 where the four

reaction rates are plotted in Arrhenius form, based on BET

areas. There is an apparent decrease in reaction rate k and

activation energy as the sample size increases. The smallest

sample, which is least likely to be affected by diffusion

limitations, shows the highest rate and closest agreement in

activation energy to the generalised correlation of Smith

[10] (also shown on the figure). Repeatability has been

tested by running five identical tests. The maximum

difference on reaction rate values was less than 10%.

3.1. Application of a method to eliminate mass

transfer effects

In order to correct the calculated reaction rates, it was

necessary to estimate the extent of oxygen penetration into

the bed, i.e. to calculate an effectiveness factor. This was

derived from a monodimensional model involving the

Thiele modulus of the bed [14]. The expression for oxygen

flux at the bed surface in terms of displacement from the

surface z (m) in an isothermal bed of depth e (m) is

NO2
ðkgO2

m22 s21Þ ¼ KC
ðe

0
xO2

dz ð2Þ

where K is the rate of consumption of oxygen (s21), C is the

total gas concentration (kg m23) and XO2
is the local mass

fraction of oxygen. The rate constant, based on carbon

removal used in Eq. (1), k (kg m22 s21 atm21) is related to

that based on oxygen consumption K (s21) by

K ðs21Þ ¼
bSprbP

CxbO2

k ð3Þ

where b is the stoichiometric coefficient (kg O2 per kg

carbon), rb is the bed density (kg m23) and xbO2
is the

oxygen mass fraction in the bulk gas. In this case, carbon

dioxide is assumed to be the oxidation product and b is

therefore 8/3. The oxygen concentration at any position z

within the bed in relation to that at the surface xsO2
is given

by Ref. [14]

xO2
¼

xsO2

1 þ expð22uÞ

� expð22uÞexp

ffiffiffiffiffi
K

De

s
z

 !
þ exp 2

ffiffiffiffiffi
K

De

s
z

 !" #
ð4Þ

where u ¼ e
p
ðK=DeÞ; the bed Thiele modulus. The values

of u and K (and hence k ) can be found from the measured

oxygen flux NO2
, which is calculated from the rate of carbon

loss

NO2

CxsO2

ðm s21Þ ¼
ffiffiffiffiffiffi
KDe

p 1 2 expð22uÞ

1 þ expð22uÞ

	 

ð5Þ

Since K appears in u, an iterative data fitting is required. The

effective diffusion coefficient De was found by the method

of Satterfield [15] with tortuosity equal to 2.8. With this

Fig. 2. Thermograms of the four sample masses; 17 ml min21 at STP of air,

3 K min21; (—) 3 mg; (- - -) 6 mg; (-·-·-) 12 mg; (· · ·) 24 mg.

Fig. 3. Apparent reaction rates of the four sample masses, 0.05–0.85

burnout; ( 2 ) Smith correlation. Symbols as for Fig. 2.



value, the reaction rate data for the different masses

coincided. The effectiveness is then given by

h ¼
1 2 expð22uÞ

uð1 þ expð22uÞÞ
ð6Þ

The values found for the effectiveness in the thermogravi-

metric tests are shown in Fig. 4, and the values of k in Fig. 5.

There is almost complete penetration of oxygen into the bed

for the 3 mg sample (h < 1.0 in Fig. 4). In contrast, the

effectiveness of oxygen utilisation in the 24 mg sample falls

below 0.2 at higher temperatures. The effect on the

Arrhenius plot with a correction for bed effectiveness, Fig.

5 shows that the plots for the larger samples now approach

that of the smallest.

There is an apparent anomaly in Fig. 5 between the 12

and 24 mg samples, where the rate calculated for the larger

sample is higher than that of the smaller when 1/

T . 1.23 £ 1023 K21. In general, there is still a systematic

effect of size on reaction rate. It was postulated that, this

results from a lowered oxygen concentration at the bed

surface. It has been shown that molecular diffusion limits

transport from the bulk flow [14]. Accordingly, allowance

was made for any fall in oxygen concentration at the surface

of the bed by application of a monodimensional diffusion

equation for oxygen in the freeboard. The normalised

concentration gradient of oxygen in the vertical (z )

direction is

7zO2
ðm21Þ ¼

NO2
2 xO2

ðNO2
þ NCO2

Þ

CDO2 –CO2

ð7Þ

Here NO2
and NCO2

are the vertical fluxes (kg m22 s21) of

oxygen and carbon dioxide, respectively, and DO2 –CO2
is the

molecular diffusion coefficient of oxygen in carbon dioxide

(m2 s21). The diffusion coefficient was calculated from

DO2 –CO2
¼ 1:7 £ 1025ðT=273Þ1:5 m2 s21: The concentration

gradient so derived was applied over the diffusion path

length l as shown in Fig. 2 to find the instantaneous surface

concentration of oxygen xsO2
:

The oxygen concentrations (mol fraction) estimated in

this way are given in Fig. 6. There is significant oxygen

depletion in all samples, with a minimum concentration for

each occurring around 450–500 8C. The minimum value of

surface O2 concentration for the 24 mg sample is found to be

higher than that for the 12 mg sample, because its surface is

closer to the mouth of the crucible.

The reaction rates corrected for surface oxygen concen-

tration are shown in Fig. 7. The anomaly between the 12 and

24 mg samples is removed by the inversion in oxygen

values. The 3 mg sample line is now almost straight, with an

activation energy of 170 kJ mol21. At low temperatures, the

other plots fall together with this line, but they diverge at

progressively higher temperatures. In many cokes, there is a

fall in reaction rate before a burnout of 0.85 is attained,

probably produced by fused ash.

The points of divergence occur at burnouts of about

0.75 for the 3 mg sample, 0.5 for the 12 mg and 0.3 for

Fig. 4. Effectiveness factor in the bed of the four sample masses.

Fig. 5. Reaction rates of the four sample masses corrected for diffusion

limitation inside the bed.

Fig. 6. Mole fraction of oxygen at the bed surface calculated with the

monodimensional diffusion equation in the freeboard of the crucible.



the 24 mg. This indicates that changes brought about by

combustion produce the effects. The most obvious is the

formation of an ash layer on the surface of the beds. It was

noticed that the ash remaining after total burnout was grey

in colour and formed a thin skin, which adhered to the

bottom of the crucible. Some ash fusion had obviously taken

place. Such a crust on the surface during oxidation would

prevent the access of oxygen, and appear at lower burnouts

with larger samples. The ash analyses in Table 1 indicate

that the high sulphur content can act as a flux for the system,

producing low melting point salts, and the slow heating

would give time for reaction.

3.2. Comparison of the reaction rates of 22 petcokes

The results for all 22 petcokes are presented in Fig. 8.

The range of activation energies is from 195 to

280 kJ mol21; the statistical error is ^30 kJ mol21. There

is a spread of reaction rate of over one order of magnitude

and the rate data so obtained are of the order of 1000–

10,000 times higher than the correlation of Smith, with

activation energies generally higher. It is of interest to note

that there is an autocorrelation between the activation

energies and the pre-exponential factors of the samples,

similar to that found by Essenhigh [16] and Cuesta et al.

[17]. The pre-exponential factors increase as the activation

energies increase (R 2 ¼ 0.96).

In order to check that the equipment and technique give

reliable results, an activated carbon of high BET area

(890 m2 g21) was also burned. The result, which is also

shown in Fig. 8 falls close to the line of the Smith

correlation, thus indicating that the technique gives results

consistent with conventional values.

The petcokes thus represent a separate set of data with

high apparent reaction rates. Two explanations are devel-

oped here to explain the excessively high reaction rate. The

first concerns catalysis by the metals present, particularly by

vanadium which is acknowledged as a good catalyst for low

temperature carbon oxidation [18]. Vanadium and iron are

present in concentrations in an order of magnitude greater

than the other metals analysed, see Table 1.

Fig. 9 plots the reaction rate towards oxygen at 700 8C

against the V2O5 content for five cokes, which span the

range of reaction rate. The correlation coefficient is high at

0.93. Vanadium pentoxide is thought to be active by virtue

of its low melting point of 670 8C [19], giving a Tammann

temperature of around 490 K. The Tammann temperature is

the temperature above which the oxide will begin to be

mobile on the surface of the carbon, and thus be effective as

a catalyst [11]. Other potential catalytic metals such as

copper, iron, molybdenum, manganese, and potassium

showed a zero or negative influence.

Fig. 7. Reaction rates corrected for diffusion both within and above the bed.

Fig. 8. Reaction rates of carbons; (· · ·) activated carbon, BET area; (-·-·-)

activated carbon, Hg20 area; (—) petcoke [5]; (- - -) diesel soot, uncatalysed

[18]; ( ) diesel soot, catalysed [18].

Fig. 9. Influence of vanadium on the corrected reaction rates of five

petcokes at 700 K.



A plot of reaction rate versus sulphur content showed a

slight negative trend (R 2 , 0.2). Vanadium mixed with

diesel soot is not subject to poisoning by sulphur [20], which

is similar to the behaviour found here with petroleum coke.

The second explanation offered for the comparatively

high reaction rate of the petroleum cokes relates to the

conversion of the experimental mass loss data to a surface

area basis. It has been demonstrated by Aarna and Suuberg

with coal char [21] that micropores do not appear to

participate in the oxidation reaction, which is consistent

with the porosimetry results of Tyler for petcoke [5]. It has

recently been shown by the authors [12] that when some C–

NO reactivity data were plotted not on the basis of BET

area, but of Hg20 area, i.e. the area associated with pores

above 20 nm in size as measured by mercury porosimetry

and given in Table 1, a better correlation was obtained.

The reactive areas for soot (or carbon black) and petcoke

are relatively easy to define, as with the former it is close to

the geometric external area of the component spheres, and

with the latter the Hg20 and BET areas are similar because

micropores are virtually absent [5,12]. With coal chars, an

extensive system of micropores contributes most to the BET

surface areas. As a guide to the inherent reactivity of

uncatalysed petroleum coke, the results of Tyler [5] are

shown in Fig. 8. They lie well above the generalised

correlation of Smith.

Some rates measured by Ahlström and Odenbrand [18]

for the oxidation of diesel soot in the absence and presence

of a vanadium pentoxide catalyst were calculated from their

data, assuming a soot surface area of 100 m2 g21 (the

geometric external area of the soot spherules). The initial

BET area of this soot was 35 m2 g21 but rose to 270 m2 g21

during burnout. For uncatalysed soot, the rates are below

those of the least reactives of our cokes, see Fig. 8, but

similar to the petcoke data of Tyler. They are also similar to

value measured by us here for activated carbon, when the

results are replotted on the Hg20 area basis of 12.9 m2 g21.

The reactivities of some uncatalysed carbons such as soot

and carbon black lie in this region when correlated on the

basis of BET (and hence Hg20) areas [22]. However, others

are lower and lie near the Smith correlation [23].

The catalysed rates for soot reported by Ahlström and

Odenbrand are similar to the least reactive petroleum coke

in our tests Fig. 8. The catalyst they used was adsorbed as

vanadate onto a substrate of g-alumina, which was then

calcined and intimately mixed with the soot. Their rates

depended on the inverse of the particle size of the alumina,

which indicates that when V2O5 is intimately mixed in the

sample, such as a petcoke which has been through a plastic

stage, the catalytic effect should be even greater.

We therefore conclude that the petcokes are apparently

more reactive than most carbons for the two reasons

specified above, namely the manner in which reactive

surface area is specified and catalysis by vanadium. The

uncatalysed rates should fall around the data of Tyler, which

is approximately 70 times higher than the Smith correlation.

Catalysis by vanadium then increases the rates by a further

factor of 10- to 100-fold.

4. Conclusion

The apparent oxidation rates of 22 high sulphur

petroleum cokes in air were measured by temperature-

ramped thermogravimetry. In order to extract accurate

results from the DTG measurements, corrections for mass

transfer limitations had to be introduced. The samples show

elevated apparent rates for oxidation in the temperature

range 300–500 8C. The high rates are believed to be the

result of two effects: (i) the catalytic effect of the vanadium

present in the samples, and (ii) the method of specifying the

active surface area. We found that the surface of the pores

larger than 20 nm was a better surface area for comparative

purposes than BET. Sulphur content appears to have little

effect on the rates.
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