


SUMMARY

Results of isothermal and temperature programmed pyrolysis
experiments in an inert atmosphere and at temperatures from 350°¢C to
1000°C are presented. Thermogravimetric techniques using a recording
microbalance were employed for following the weight changes occuring
during the pyrolysis. Several techniques including 130 n.m.r., gas
chromatography, mass spectrometry and standard ASTM methods were used
to analyze the decomposition products and the unreactive char. The
bulk of the weight loss, as much as 35% by weight of the original
sample, occurs at temperatures below SOOOC. The mechanism of pyrolysis
can be adequately described as proceeding in two stages. During the
first stage, when about 207 of the sample decomposes, the pyrolytic
reactions follow overall first order kinetiecs. During this stage the
activation energy and the pre-exponential factor both increase with
increasing extent of reaction and exhibit a kinetic compensation effect,
During the remainder of the pyrolysis, the activation energy decreases

with increasing extent of reaction and the kinetics become complex.



PYROLYSIS OF PITCH DERIVED I'ROM
HYDROCRACKED ATHABASCA BITUMEN

by

M.V. Chandra Sekhar and Marten Ternan

Energy Research Laboratories
Department of Energy, Mines and Resources,
Ottawa, Ontario, K1A 0Gl, Canada

When a hydrocracking process, rather than a coking process, is
used to perform molecular weight reduction of bitumen from the Athabasca 0il
Sands, the yield of usable liquid product is 10 to 15 per cent higher.
However, the hydrocracking process also produces 5 to 10 per cent pitch
boiling above 525°C. This pitch material contains high concentra-
tions of sulphur, nickel, vanadium and iron. If it were burmned large
quantities of sulphﬁr dioxide would be formed, probably necessitating
a.prohibitivc investment for stack gas scrubbing. If it were used
as a feedsitock for a coking process a high yield of coke would be
obtained. Coke containing large concentrations of sulphur and metals
is not a desirable commodity. A third possibility would be gasification of
the pitch. Unfortunately gasification processes are also capital intensive.

After some initial experiments at gasification conditions, it
became apparent that pyrolysis of the pitch occurred at low temperatures.
Both gaseous and liquid hydrocarbon products were formed. Therefore the
pyrolysis of the pitch was investigated prior to studies on pitch gasification.
By gaining an appreciation for pitch pyrolysis and gasification reactions it

might be possible to find a better method of pitch utilization.




Experimental

A batch reaction system was used to study the rate of the pyrolysis
reaction. Samples of pitch (100 mg) were placed in a cylindrical quartz
basket (15 x 40 mm) which was suspended from the weighing mechanism of a
Cahn RG electrobalance. A stream of helium (150 ml/min) flowed sequentially
through the chamber containing the weighing mechanism, into the top of the
hangdown tube containing the pitch sample and out of the bottom of the hang-
down tube, through a condenser and into a gas sampling system. Volatile
products from the pyrolysis reaction were carried by the helium stream
through the condenser where the heavier components accumulated. The hang-
down tube containing the pitch sample was surrounded by a tubular furnace.
It could be operated either isothermally or in a temperature programmed mode
using a Fisher Model 370 temperature programmer. Both the sample weight
and the temperature of the interior of the hangdown tube were monitored
continuously.

In order to obtain the quantities of product samples required for
all the analyses, some experiments were performed with approximately 5-gram
samples of the feedstock. These experiments were performed isothermally
without the electrobalance mechanism attached to the sample basket.

Attempts were made to investigate possible heat and mass transfer
limitations of the reaction rate. A series of experiments was performed in
which the basket containing the pitch sample was disconnected from the
electrobalance weighing mechanism so that a thermocouple could be placed
into the centre of the pitch sample. The difference in temperature recorded
by the thermocouple in the pitch and the one in the vapour space was always
less than 5°C regardless of the heating rate.jigalculations indicated that

the heat transfer rate sustained by thils temperature difference was an order




of magnitude smaller than the heat transfer rate required to sustain the
reaction rate. On this basis it was concluded that the rate of heat trans-
fer to the pitch sample had a minor effect on the rate of the endothermic
pyrolysis reactio?ZYAA second series of experiments was performed in which
the length of the basket containing the pitch samples was varied by a factor
of four. The purpose of these experiments was to increase the distance the
pyrolysis product molecules would have to travel from the surface of the
reaction mixture to the flowing helium carrier gas. WNo change in the rate
of pyrolysis was observed with varying length of the basket, indicating
that the reaction rate was not limited by bulk vapour phase mass transfer.
Other experiments were performed in which the height (and therefore the
quantity) of pitch in the quartz basket was varied. No change was observed
in the measured quantities shown in Figure 1. This indicated that the
reaction rate was not limited by diffusion of species within the reaction
mixture.

The pyrolysis products were analyzed by several techniques. The
Carle 8-111-H gas chromatograph used for gas analysis contained four
different columns in serles. It included a palladium hydrogen transfer
tube which permitted the hydrogen in the helium carrier gas to diffuse
through a palladium membrane into a nitrogen stream. The hydrogen was then
analyzed in the nitrogen carrier gas by a thermal conductivity detector.
The other components remained 1n the helium carrier gas and were analyzed
by a different thermal conductivity detector.

Elemental analysis, C13 n-m-r analysis, and chromatographic dist-
illations were performed on the liquid phase pyrolysis products. The
chromatographic distillation equipment included a Carlo Erba chromatograph

and a Model SP4000 Spectra Physics data analyzer. The n-m-r analysis was



performed using a Varian model CFT-20 instrument. Elemental analyses were
performed using standard ASTM methods.

The pitch used in these experiments was the portion of the liquid
product boiling above SZSOC, obtained by thermally hydrocracking Athabasca
bitumen in a pilot-plant reactor. The Athabasca bitumen was obtained from
Great Canadian 0il Sands Ltd., at Fort McMurray, Alberta. Properties of the
hydrocracked pitch feedstock are shown in Table 1.

Results and Discussion

Typical experimental data from the microbalance reactor are shown
in Figure 1. Each of the experiments was performed at a different heating
rate. An example is shown in Figure 1C.

One simple representation of the pitch pyrolysis reaction is:

PITCH —> GAS + LIQUID + CHAR ) 1)

The products can be classified at ambient conditions as gas phase
material, distillable liquid, and non-distillable char. At any time during
the course of the reaction the material in the microbalance reactor would be

1y
a combination of the incompletely reactedThydrocarbon originating from the
pitch and the char reaction product. Belinko, Ciavaglia and Nandi (1) have
recently obtained experimental evidence for the co-existence of these two
substances at similar reaction conditions. This combination of incompletely
reacted materlal and char will be referred to as the residue.

The weight of the residue is shown as a function of both time and
temperature in Figure 1A. The temperature abscissa at the top of the figure
has a linear scale above 250°C. Very little reaction occurred up tQ approx-
imafely 400°C.  The greatest change in residue welght occurred between 400°¢
and 500°C. Above 500°C the rate of change in weight was small but relatively

constant. In one experiment the sample was held at 9000C for 80 hours.




The residue weight was still changing at about 0.003 weight per cent per
minute, even though the weight loss was approximately 65 per cent of the
original sample.

The rate of change in weight of the residue with time is shown in
Figure 1B. The initial low rate of the pyrolysis reaction was probably
caused by the low temperature. As the temperature increased the reaction
rate went through a maximum near 450°C and then declined. Eventually the
reaction rate became quite small. This was probably caused by the increasing
proportion of char and the decreasing proportion of reactive hydrocarbon in
the residue.

When pyrolysis or volatilization experiments have been performed
on other materials, curves having similar shapes have been observed. Flynn
and Wall (2) analyzed polymeric materials extensively. Oil shales have been
investigated by Granoff and Nuttall (3). Several studies (4,5,6) have been
reported on coals.

Values illustrating product yields and gas composition from
isothermal experiments are shown in Table 2. The yield data shown were
obtained after a reaction time of 2 hours. The amount of liquid formed was
approximately three times greater than the amount of gas formed. Although
some of the material was not accounted for, the closure of the mass balance
was acceptable for present purposes. It is interesting to compare the yield
data in Table 2 with yields that might be anticipated from a coking process.
Fuqua and Lahn (7) have reported yields from a commercial coking process for
three feedstocks with Conradson Carbon Residue (CCR) values ranging from
13 to 34 wt %. Extrapolation to a CCR value of 65 might correspond to the
pitch used in these studies. On this basis their gas yields would be higher

and their liquid yields would be lower than those reported in Table 2.



The composition of the gas phase was virtually the same when iso-
thermal experiments were performed at both 450 and 550°C. One surprising
feature was the absence of any significant amount of olefinic material in
the gas phase. Several chromatographic peaks corresponding to olefin gases
were observed. However the amounts of these gases were minute. It is
possible that any olefinic products formed could have been hydrogenated
after reacting with hydrogen donor species. Alternatively the gas phase
products could have originated as paraffinic side chains attached to larger
structures, perhaps condensed aromatic or naphthenic rings.

The carbon 13 n-m-r spectra for the pitch feedstock and the liquid
product are shown in Figure 3. The broad peak on the left between 100 and
200 represents aromatic carbon atoms. The sharp peaks on the extreme right
represent non-aromatic atoms. The three sharp peaks in the centre were caused
by the CDCl3 solvent. The feedstock contained 67 per cent aromatic carbon
atoms, compared to 38 per cent in the liquid product.

The liquid product analyses are shown in Figure 2 and in Table 1.
Figure 2 shows the results of a chromatographic distillation. It is apparent
that the distribution of material as a function of boiling point is almost
linear up to 500°¢c. It is possible that the liquid sample may have contained
some very high molecular weight material which would have remained on the
chromatographic column and would not have been detected. The elemental
analyses in Table 1 indicated that the liquid product contains less sulphur
and nitrogen than the feedstock. Furthermore the hydrogen-to-carbon ratio
in the product (1.3) is significantly higher than that in the feedstock (1.0).

The hydrogen-to-carbon atomic ratio in the residue was found to be
a linear function of the residue weight, as shown in Figure 4A. The weight
per cent hydrogen in the residue, obtained on an ash free basis is related

to the residue weight in Figure 4B. The data points were obtained at

different temperatures and different reaction timeg. These data clearly




indicate that as the reaction proceeds the residuc becomes progressively more
depleted in hydrogen. This is consistent with the gaseous product and the
liquid product having hydrogen—-to-carbon ratios greater than the feedstock.
The pyrolysis reaction can therefore be considered to have gone to completion
when the hydrogen content of the residue reaches zero.

In analyzing the reaction rate data, it is important to consider
the composition of the reactant. The initial reactant, pitch, is a complex
mixture of many molecular species. In a batch reaction system like the one
used in this study, the composition of the reactant will change continuously.
Figure 4 provides evidence for this statement. The reaction rate can be
expected to change as the composition of the reactant changes. To eliminate
this variable, the reaction rate data were analyzed at specific values of
reactant composition.

The amount of residue in the reaction system is an indication of
the reactant composition as shown in Figure 4. Therefore the rate of change
in residue weilght and the temperature are shown as functions of the amount
of residue in Figure 5. The data are shown for four of the eight different
heating rates used. The faster heating rates produced higher temperatures
and greater reaction rates for any given amount of residue. With this
representation it is easy to compare reaction rates at constant amount of
residue (constant reactant composition).

The reaction rate data have been analyzed in terms of Equation 1.
The char was assigned a hydrogen-to-carbon ratio of zero and the pitch was
assigned the value of the intercept (1.013) in Figure 4A. In order to simp-
lify the analysis the residue was assumed to consist of two components,
unreactive char and reactive pitch. Therefore, as the reaction proceeded
along the abscissa in Figure 4, the amount of char would increase and the

amount of pitch would decrease. This assumption accounts for the decreasing




reactivity of the residue as the reaction proceeds. Although this assumption

is convenient, it may be somewhat inaccurate, in that the reactive portion

of the residue is a mixture which differs from the initial pitch composition.
Proceeding with the above assumption and being as general as

possible, the pyrolysis of pitch can be written as a nth order reaction

—-dw
P _ T
—_ ka 2)

where WP is the weight of pitch present in the reaction system expressed as
a percentage of the original sample weight, and k is the rate constant.
The Arrhenius equation,

k = A exp (—Ea/RT) 3)
where A is the Arrhenius constant, Ea is the activation energy, R is the gas
constant and T is the temperature, can be substituted in Equation 2 and

logarithms taken to obtain

-dw E

Py - . _a
In( dt) = 1n A =T + n ln WP 4

W, can be expressed in terms of W

p the weight of residue in the reaction

R’
system expressed as a percentage of the original sample weight, by solving
the following three equations in three unknowns. The total material balance

is

= W_ +
W = W, W, 5)

where WC is the weight of char in the reaction system expressed as a percent-—
age of the original sample weight.
The hydrogen component material balance can be written as

Wo ¥ = WYy, + WY 6)

R PP ¢cC

where YR, Y_ and YC are the weight per cent hydrogen on an ash-free basis

P
in the residue, the unreacted pitch and the char respectively. The

experimentally determined relationship between WR and YR represented by the

straight line in Figure 4B yields the equation,




= - 7
Yo 0.106 wR 3.36 )

Values for YP = 7,24 and YC = 0.0 were obtained from the intercepts in
Figure 4B. Substitution of Equation 7 and the values of YP and YC into

Equation 6 produces,

2
a - 4
WP 0.0146 WR 0.464 WR 8)
This can be differentiated to obtain
aw
= (0.0293 Wy - 0.464 ) TR 9)
t R Fra

Equations 8 and 9 can now be used to obtain dwp/dt from the experimentally
determined weight loss rates, This has been done in Figure 5 where both
de/dt and T are shown as a function of WR. The four curves shown in

Tigure 5 are typical of the eight sets of experimental results.

These data were used to obtain values for both the activation

energy and the pre—exponential factor. Equation 4 can be rearranged to

obtain
»dWP Ea
In (- el I- RT 10)
where
I=1n A+ n In WP 11)

The value of T will be a constant provided WP is constant.
According to Equation 8, WP will be a constant when WR is constant.

Therefore Equation 10 can be used to analyze the rate data if WR is held

constant. This was.accomplished by taking specific values of dWP/dt and T

corresponding to a specific value of W

R in Figure 5 and plotting them in

Figure 6. The data for each value of WR produced a different straight line,
from which values for Ea and I were obtained. Each of the three lines shown
as examples in Figure 6 represents respectively a value for W_ where the

R

rate was increasing (98.5%) approaching i1ts maximum (80%) and decreasing (65%).
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Alternatively it is possible to hypothesize that the compensation effect
observed in these studies may have been related to the varying compositicn of

the hydrocarbons in the pitch. It is reasomnable to presume that the lowvest

strength bonds would be broken first and that they would correspond to the
lowest activation emergy. On this basis the activation energy would be
expected to increase continuously as the reaction proceeds (that is as WR
decreases). This could explain the upper compensation line. No really
satisfactory explanations for the lower compensation line are obvious at the
present time.

The compensation effect has also been observed during coal char
gasification reactions (9). In principle pyrolysis reactions could occur
at typical commercial gasification conditionms. However if pyrolysis products
were formed they would probably react very quickly with the oxygen, steam
or carbon dioxide present. It is tempting to suggest that the compensation
effect in coal char gasification may be related to the compemnsation effect
we have observed during pyrolysis of pitch.

Pulsifer and co-workers (10) have suggested that the amount and
nature of coal ash may be responsible for the compensation effect in coal
char gasification in the same way that varying catalyst properties are
responsible for the compensation effect in other reactioms. While this is
undoubtedly correct, differences in the hydrocarbon composition (coal
macerals) may also have had some influence on the compensation effect in
coal char, similar to the one we have observed for pyrolysis of pitch.

The compensation effect is usually expressed as

ln A = a + bE (12)
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where a = 1ln kiso’ b = l/RTiso’ kiso is the iso-kinetic rate constant and
Tiso is the iso-kinetic temperature. As a result both a and b are constants.
Equation 12 was substituted into Equation 11 to give

I =a+bE+n In WP 13)

A multiple linear regression on Equation 13 was then performed to obtain
values of a, b and n. Such an analysis for the upper line in Figure 7
produced values of a = 4.307, b = 0.742 and n = 1.050. This suggests that
this portion of the pyrolysis can be best explained by first order kinetics.
The iso-kinetic temperature under these conditions corresponds to 6800K.
These results are graphically shown in Figure 8.

A similar regression analysis on the lower compensation line

of Figure 7 yields results that cannot be explained on physical grounds.

The value obtained for n, the reaction order did not appear to represent

any imaginable process. When the data were analyzed in terms of several
diffusion models (11) no satisfactory correlations were obtained. It may be
that the postulated reaction, Equation 1, is too simple. During the course

of the pyrolysis reaction, the residue undoubtedly contains many species in
addition to the reactant (pitch) and solid product (char). It may be necessary
to account for the reaction intermediates in order to explain the lower line

in Figure 7.

The data presented in this paper indicate the importance of the
pyrolytic reactions, the bulk of which occur at temperatures below SOOOC. As
much as 35% by weight of the original sample was found to decompose into volatile
liquid and gaseous products at these temperatures. The liquid products are
richer in hydrogen and low in aromatic content compared to the unreacted
pitch. Above SOOOC, the rate of decomposition is slower and gradually

decreases with time. There appears to be at least two stages in the overall
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decompositlion. During the flrst stage the activatlon energy is increasing
with the extent of reaction, approaching a maximum when about 20% of the
sample has decomposed. Under these conditions, the pyrolysis was found to
follow first order kinetics with respect to the unreacted pitch., The
activation energy and the pre-exponential factor, which were found to be
functions of the extent of decomposition, exhibit a well defined compensation
effect. During the second stage the activation energy decreases with
increasing extent of reaction. The kinetlcs of the pyrolysis under these

conditions become more complex and are not well understood.
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CAPTIONS FOR FIGURES

Amount of Residue (Wt %), —AWR/At (Wt % Residue per Min),
and Temperature (OC) versus Time (Min)

Cumulative Volume Percent Liquid Distilled

versus Boiling Point °c).

Carbon 13 n-m-r Spectra for the Pitch

Feedstock (bottom) and for the Liquid

Product (top).

Hydrogen—-to~Carbon Atomic Ratio and Hydrogen Weight Per cent (daf)
versus Amount of Residue (Weight Per cent).

Rate of Change of Amount of Pitch —AWP/At

(Weight Per cent per Min), and

Temperature (OC) versus Amount of Residue, WR,

(Weight Percent). Heating rates were

2.5, 5, 10 and ZOOC per minute for curves

1,2,3 and 4 respectively.

Natural Logarithm of —AWP/At versus

Inverse Temperature (OK_l). Squares, circles and triangles
represent values for WR of 98.5, 80

and 65 Per cent respectively.

I (Intercept) versus Activation

Energy (kJ/mole).

In A versus Activation Energy (kJ/mole).




TABLE I

FEEDSTOCK AND PRODUCT PROPERTIES

Pitch Liquid Product
Proximate Analysis, wt %
Moisture nil
Ash 5.2
Volatile Matter ho h
Fixed Carbon (by diff.) 52.4
Ultimate Analysis, wt %
Carbon 79.6 81.9
Hydrogen 6.8 9.0
Sulphur 5.4 L.s
Nitrogen 1.5 0.6
Ash 5.2 nil
Oxygen (by aiff.) 1.5
Pentane Insolubles, wt % 70.1
Benzene Insolubles, wt % 27.1
Conradson Carbon Residue, wt % 63.5
Tetrahydrofuran Insolubles, wt % 10.h
Ash Analysis, wt %
510p 43.3
A1203 24,7
F6203 11.h
Mn30h 0.3
Ti0, 6.6
PO, 0.3
Cal 2.8
Mg0 1.6
S0 1.2
3
0.
NaEO 2
KEO 1.7
V205 3.1
NiO 0.8




TABLE 2

PRODUCT DISTRIBUTION AND GAS ANALYSIS

Reaction Temperature, _C 450 550
Residue, wt % 73 66
Liquid, wt % 17 21
Gas, wt % 6 6
Unaccounted, wt % 4 7

Gas Analysis (vol %)

H
2

HQS
methane
ce

C3

ch

C5

c6

21
11

20
23
17




TEMPERATURE (°C)

T 1 T | I i I
o)
nOHvl
o)
—3S
o}
o
O L
o o
40O
o
®)
%i
o)
—19
O |
21
< m O
I _ ! _ 1 P | |
S L 3 e & S 8 8 8
- O ® © < o
(% LMD INAIS3Y Z_E\m_:o_wmmmu\o.r?_ﬁoov dHN1VH3IdWNIL

w/ -

TIME (MIN)



1

|
o)
Q

S
09

O
(o)

ainoi1 IN2Z0H3d IWNTOA

ANTLYION

500

300

100

BOILING POINT (°C)

T egant 2



'Y 2

LIQUID PRODUCT

~,;Mﬁ_ﬂw,waf\¥WVW~,Jl~ﬁ-,/J

FEED STOCK

o)

200 100
PPM FROM TMS

/’ P
“j;ijxwhiz _5




H/C ATOMIC RATIO

WT% HYDROGEN (dafy

Y

R

=

0.106 WR-3.36




60

|
70
RESIDUE (WEIGHT .PERCENT)

80

l _
O © N 30 <

(NIW/3NAISAH 9% 1M) 19/ 9y

o 800

_
@)
o
©

200

O
O
4

o) FENLYHIdNIL



‘b

ln ('AWp/At)

{
1.4 1.6
105/T (K

44LA?@,«U\.Q, ({,3
('

1.8




30F

25¢

= INTERCEPT

15

20}

1

80 100 120 140 160
ACTIVATION ENERGY (kJ./ MOLE)

92%7%(2/ 7

180



251

'lnA

10 -

80 120 | 40
E (kJ/MOLE)



