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ABSTRACT .

The pyrolytic behaviour of a hydrocracked vacuum residuum was studied

in an inert atmosphere in the presence and absence of an alumina catalyst,
using thermogravimetric techniques. The non-catalysed pyrolysis proceeded
in two stages., The first half of the pyrolysis obeyed overall first order
kinetics while in the second half the kinetics became complex. When the
gamma alumina catalyst was used, the total yield of distillate products
increased. In addition the catalysed reaction was first order with respect
to the reactant throughout the entire pyrolysis. In the first-order regime
of both the catalytic and non-catalytic pyrolysis, the activation-energy
and the pre-exponential factor increased with increasing extent of
reaction, This was explained in terms of a compensation effect between the

two Arrhenius parameters.
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INTRODUCTION

The increasing demand for o0il and gas coupled with the predicted
decline in their supply, has in recent years stimulated research into the
development of means and techniques for better utilizing the raw materials
already available. For a number of years our laboratories (1) have been
engaged in developing processes for upgrading the bitumen recoverable from
the large oil-sands deposits of the Athabasca basin in northeastern Alberta,
Canada. The main objective of the upgrading process is to effect molecular
weight reduction and thereby convert the (50%) non-distillable residue to -
distillate hydrocarbons. Studies on hydrocracking processes (2) have shown
that it offers a significant improvement over conventional coking processeg
for upgrading the bitumen, with 10 to 15% higher yields of usable liquid
products. However, the hydrocracking process also produces 5 to 10% of non-
distillable pitch, boiling above 525°C. Optimum use of the oil sands
resource requires the utilization of this pitch by-product, in accordance

with environmmental constraints.

The pitch material contains sulfur, finely divided minerals and
organo-metallic varadium and nickel. Combustion of the pitch is one method
of making use of its energy content. Unfortunately combustion processes will
produce large quantities of sulphur dioxide which are environmentally
unacceptable. One alternate option for utilization of pitch may be to
gasify it to either a low-Btu gas or to hydrogen to supplement the energy

and hydrogen requirements of the upgrading process, respectively.

When considering gasification processes it became apparent that at
low temperatures pyrolysis of the pitch would occur. The pyrolytic reactions
would take place prior to or concurrent with other reactions in a gasifier.
It was therefore felt desirable to study and establish the behaviour of

pyrolysis before attempting to understand the gasification characteristics.
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EXPERIMENTAL

A schematic diagram of the equipment is shown in Figure 1. Samples
of pitch with or without added catalyst were placed in a cylindrical quartz
basket (15 x 40 mm) which was suspended from one arm of a Cahn RG electro-
balance. A stream of helium or nitrogen flowed through the reactor sweeping
away the products formed during the pyrolysis. The volatile products
carried by the inert carrierXWere condensed in traps maintained at dry ice
temperatures while the non~condensable gases were collected in sampling bulbs
for gas chromatographic analysis. The reactor was surrounded by a tubular,
furnace which could be operated either isothermally or in a temperature pro-
grammed mode. The sample temperature was monitored using a thermocouple
(Type K) positioned in close proximity to the sample basket. Both the weight
of the sample and its temperature were continuously monitored and recorded as

a function of time.

The pitch used in these experiments was the portion of the liquid
product boiling above 525°C, obtained by thermally hydrocracking Athabasca
bitumen in a pilot plant reactor. The Athabasca bitumen was obtained from
Great Canadian 0il Sands Ltd., Fort McMurray, Alberta. The properties of
the pitch used in this study are shown in Table 1. In the case of the non~
catalytic experiments, the pitch sample was used in lumps and the sample
sizes were in the 20-100 mg range. For the catalytic case, the catalyst
pellet (L=D=1.25 mm) was dipped in hot pitch (150°C) resulting in a thin
coating of the pitch around the pellet. The catalyst/pitch weight ratio in
these experiments varied from 1 to 4. The gamma alumina catalyst used in this

study, has been described previously (3).

Several experiments were performed with heating rates of 1, 2.5, 5,
10, 20°C per minute. Each experiment began at room temperature and the
furnace was heated at the desired rate to a final temperature of 850°C. 1In
the majority of cases, the run was terminated 10 to 15 minutes after reaching
the final temperature. Some experiments were also performed with non-linear
heating rates. The furnace temperature was set at the desired final level
and the furnace allowed to reach this temperature. The heating rate in these
experiments varied from a maximum of 50°C/min to essentially zero, as the

final temperature was reached. 1In all the experiments, the inert carrier gas



flow was malntained at 150 ml/min.

In order to obtain product samples required for all the analyses,
some experiments were performed with approximately 5 g of pitch. These
experiments were carried out under isothermal conditions without the

electrobalance attached to the sample basket.

The pyrolysis products were analysed by several techniques. The

gas-ggaﬂiés_éollected were analysed by gas chromatography and mass spectro-
metry. Elemental analysis and proton n.m.r. and 13¢ n.m.r. analysis were

performed on the initial reactant and the final distillable liquid products.
RESULTS

Since pitch 1s a multi-component material, it is difficult to
identify and study the various pyrolytic reactions separately. One simple

representation of the overall pyrolysis process is

PITCH ~~~) GAS + LIQUID + CHAR (1)

The products of the pyrolysis are grouped under three categories:

a gas phase material, distillable liquid and a non-distillable char, all at
ambient conditions. At any time during the course of the reaction, the
material in the microbalance reactor would be a combination of the incomple-
tely reacted piltch and the char reaction product, which combination will be

referred to as the residue.

Typical experimental data from the microbalance reactor are shown
in Figures 2 and 3. As is evident from Figure 2, very little reaction
resulting in weight loss occurred up to approximately 400°C.  Above SOOOC,
the rate of weight loss 1s small but relatively constant., In Figure 3, the
welght of the residue is shown as a function of time for both the catalysed

and ;Bn-catalysed cases. The furnace temperature, in both of these two cases,
increased non-linearly, reaching 500°C in about 20 minutes and 850°C in about
120 minutes remaining constant thereafter. The difference in the shape
between the curves in Fig. 2A and 3 are due to the widely different heating
rate . As can be seen from Figure 3, the weight-~loss pattern with and without
added catalyst is identical up to about 28% total weight loss. The catalytic

effects come 1nto force thereafter and the rate of weight loss in the presence




“of the catalyst is sighzfzéantly higher than in the case when no catalyst was

present.

Yalues illustrating product yilelds and gas compositions from iso-
thermal experiments are shown in Table 2. The yield data shown were obtained
éfter a reaction period of two hours at a reaction temperature of 450°C. The
gas and liquid yields are higher and the residue yield lower when a catalyst
1s present. ng gas compositions with and without catalyst are fairly simi-
lar. However C n.m.r. analyses showed that the liquid products obtalned
in the catalysed experiment have a higher aromatic content than those formed

in the absence of the catalyst.

The effect of the heating rate on the cumulative weight loss with
and without added catalyst is shown in Table 3. The wéight loss in both
cases increases with decreasing rate of heating. Similar behaviour has been
observed with decompositions of petroleum residuum. Other workers (4) have
concluded that decreasing extent of reaction with increasing rate of heating
1s characteristic of decomposition reactions, which are the ones occurring in

this system.

DISCUSSION

The results can be interpreted in terms of standard kinetic:
expressions. A simple nth order equation which describes the rate of loss

of pitch would be given by

dWp B

-~ kW (2)

where Wp refers to the weilght of the reactive portion of the residue |
expressed as a percentage of the original sample and k 1s the rate constant.

The Arrhenius equation
can be substltuted in Equation 2 after taking logarithms to give
In (-dWP/dt) = I1nA + n 1In Wy - E,/RT (4

In the above equation, A is the Arrhenius constant, E 6 is the overall activa-

tion energy for the pyrnlysis process and R is the gas constant.




N

A method of relating the extent of reaction to the amount of
residue remaining in a microbalance reactor was described previously (5).
An important part of that method involved the calculation of Wp from WR,
the weight of the residue expressed as a percentage of the original sample .
Briefly it involved relating the magnitude of Wp to the hydrogen content of
the residue, assigning the char a hydrogen content of zero, and performing
materlal balance calculations. The same procedure was followed for this

work,

In Figure 4 are shown the rates of change in Wp as a function of
the total residue welght Wg, for three different heating rates. The h
faster heating rates produced higher temperatures and greater reaction rates
for any given amount of residue. With this representation it i1s easy to
compare reaction rates at constant amount of residue. Each unique value of
the amount of residue has been equated to a unique reactant composition.

A comparison at a specific value of the amount of residue is then equivalent
to a comparison at a speclfic reactant composition. An inspection of
Equation 4 shows that the first two terms on the right hand side would be

a constant for a specific reactant composition. Therefore a plot of the
rate of weight loss, (ndWp/dt) versus the inverse of the corresponding
temperature, (1/T) should result in a straight line whose slope 1s related

to the activation energy, E,.

In Figure 5 are shown four such stralght lines corresponding to
two different reactant compositions with and without added catalyst. It
1s immedilately apparent from Figure 5 that the activation energy variles as a

function of the reactant composition.

Figure 6 shows the varilation in activation energy wilth extent of
reaction. In the case of the non-catalysed experiment, the actlvation energy
incréases initially as the extent of reaction increases and approaches a‘
maximum when about 207 of the sample has decomposed. During the course of
the remainder of the pyrolysils the activation energy was found to decrease
with increasing reaction. In the presence of the catalyst on the other hand,
there 1s a continual increase in the activation energy with increasing extent
of reactlon. The apparent activation energles from the temperature-programmed
data shown in Figure 6 varies from 80 to 170 kJ/mol for the uncatalysed ex-

periments and 120 to 300 kJ/mol for the catalysed experiments.




According to Equation 4, the intercept, I, from Figure 5 is given by

I=1nA+n 1n W, (5)

It was found that the intercept, I, also varied with the extent of reaction
in an analogous manner to the activation energy. Both the catalytic and non-
catalytic results formed curves for I which were similar in shape to those

curves for Eg shown in Figure 6.

Since the intercept, I, which includes the Arrhenius constant A
and the apparent activation energy Ea exhibit a similar pattern of variat{?n
as a function of the extent of reaction, it was decided to explore the
exlistence of a compensation effect between A and E . Such compensation
effects have been observed with many solid state decomposition reactions

(6,7,8).
The compensation effect is usually expressed as

B
R W
R

1n A = Ink
Tiso (6)

iso
where kiso'is the iso-kinetic rate constant and Tiso is the iso-kinetic
temperature., Introduction of Equation 6 into Equation 5 followed by
rearrangement gives
E
- - A=
I lnk‘iSO RTiSO n 1n WP (7)
A multiple linear regression was performed on Equation 7 to obtain values of

kiso’ Tiso and n.

Pyrolysis in the presence of catalyst produced a value of n close
to 1.0, indicating a first order reaction. No variation in order of reaction
was apparent as a function of WR. Non-catalytic pyrolysis produced a value
of n close to 1.0, for 100% < Wy < 80%. For smaller values of W

R
4,1 for n fitted the data. The values for kigo and Tyg, corresponding to a

» a value of

first order reaction are shown in Table 4,

Figure 7 shows the relationship between the left hand side of
Equation 7 and 1n WP. The straight lines in this figure have been drawn with a
sdope of n=1, It 1s apparent that the data can be represented by first ofder

kinktics although there is some scatter,
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The compensation effect is normally observed when different cata-

lysts are used. The reaction data for a single catalyst are usually plotted
w}nmghe form of the Arrhenius equation, Equation 3, to obtain a value for E,

and a value for A. When a number of catalysts with widely varying proper-

tles are tested they can produce different activation energies Ea (2)19)£l)

which lead to the compensation effect.

If the expression for 1ln A in Equation 6 is substituted into

Equation 3, the following expression is obtained

E E
= —a . =Aa 8
. In k = 1n k; + RT, . I (8)

Equation 8 is a modified Arrhenius equation with two variables
Ea and T. Ea is a variable which will only be constant for a specific cata-

lyst and a specifilic reactant molecule.

In the present study the compensation effects were observed both with
a single catalyst and without a catalyst. These compensation effects may be
attributed to differences in Ea associated with different reactant molecules,
As WR, the residue weight, changed the reantant composition also changed. Ini-
tial pyrolysis of the reactive specles was followed by the pyrolysis of less
‘reactive species, with increasing reaction temperature. The less reactive
species have higher activation energies as may be seen from the data in
Figure 6, for all the catalytic results and for the non-catalytic results at
values of Wy greater than 80%. These changes in E,, when considered in
conjunction with Equation 6, completely explain the observed compensation

effect.




CONCLUSION

In summary, it was observed that the alumina catalyst increased
the extent of pitch pyrolysis at long reaction times, accompanied
by some changes in the product distribution. The pyrolysis reaction was
found to be first order with respect to the pitch reactant. A compensation
effect was observed in which the Arrhenius parameters E, and A were found
to vary with the residue weight, W. This effect was explained in terms of
a modified Arrhenius equation and the increasing activation energy Ea

associated with the less reactive molecular species.
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CAPTIONS AND FIGURES

Schematic Diagram of the Microbalance Reactor.

Amount of Residue (wt. %), Time Derivative of the amount of
pitch, - AWP/At(wt. %/min), and Temperature (°C) versus Time
(Min).

Amount of Residue (wt. %) versus Time (Min).
Final Temperature, 850°C,in 120 minutes

Solid Line: no catalyst; dotted line: YA1203
Catalyst, Catalyst/Pitch = 3,5

Rate of change of Amount of Pitch - AWP/At, (weight percent
per Min) versus Amount of Residue, WR (Weight Percent) for
Catalytic Pyrolysis. Heating rates were 1, 5, 20°C per minute

for cuves 1, 2 and 3 respectively.

Natural logarithm of - AWP/At versus Inverse Temperature (Kfl),
Solid line: no catalyst; dotted line: YA1203 catalyst. Squares
and triangles represent a value for WR of 66.5 weight percent
and solid circles and open circles a value for WR of 87.5 weight

percent,

Activation Energy as a function of weight of Residue, Solid and
open circles represent non-catalytic and catalytic data

respectively.

(I - Ea/RTiso) versus 1n WP. The straight lines have a slope of
n =1, Solid and open circles represent non-catalytic and

catalytic data respectively.
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TABLE 1

Feedstock Properties

L/

Proximate Analysis, wt. 7%
Moisture
© Ash
Volatile Matter
Fixed Carbon (by diff.)
Ultimate Analysis, wt. 7%
Carbon
Hydrogen
Sulphur
Nitrogen
Ash
Oxygen (by diff.)

*Pentane Insolubles, wt. 7%

: ?Benzene Insolubles, wt. %

*Tetrahydrofuran Insolubles, wt. %
Conradson Carbon Residue, wt. %

Percent aromatic carbon

Ash Analysis, wt. %
5§10,
A1203

: Fe203
Mn304

- .Ti0,
P,05
Ca0
Mg0
504
NaZO
K20
V205
NiO

Nil
5.2

42.4

52.4

79.6
6.8
5.4
1.5
5.2
1.5

70.1

27.1

10.4

63.5

67

43.3
24,7
11.4
0.3
6.6
0.3
2.8
1.6
1.2
0.2
1.7
3.1
0.8

* on ash-included ‘basis
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TABLE 2

Product Distribution and Gas and Liquid Analysis

Reaction Temperature 450°C

Reaction Time 2 hours

Catalysed
Uncatalysed catalyst _ 0.6
pitch
Residue, wt. % 70.8 61.2
Liquid, wt. % 22.0 25.8
Gas, wt. 7% 6.0 12.0
Unaccounted, wt. % 1.2 1.0
% Reacted 29,2 38.8
Gas Analysis (Vol. %)
Hy 60 66
HZS . 16 12
Cl 10 12
C2 7 5
Cq 4 4
Liquid Product Analysis
Hydrogen, wt. % - 8. 84 9,18
Carbon, wt. % 84.0 84.9
% saturate carbon 62 52
%Z aromatic carbon 38 48

olefins trace trace
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TABLE 3

Effect of Heating Rates on the Cumulative Weight Loss
Final Temperature 500°C

Heating Rate Uncatalysed Catalysed

(°C/min) (Percent weight of
original sample)

1 - 39

2.5 43 . -

5 43 39.5
10 40 ' -
15 - 35.5

20 32 36
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TABLE 4

Kinetic Parameters from Equation 7

Catalytic Non~Catalytic
Parameter Pyrolysis Pyrolysis
wR>66 Wp>80 WR<72
n 1.05 1.05 4,10
k1500 gt 3.2 x 1072 | 2.9 x 107* | 2.0 x 1077
TISO’ K 805 679 805




/ MICROBALANCE

THEGe et
& F'\_
INERT ' /‘ aW/a g vst,
GAS —>e¢—>— Tvst ..
INLET
¥~~ QUARTZ REACTOR
VENT
TO GAS
| k//FURNACE
C HROMATOGRAPH ll[l 22337 Ez;;—_
commms:rn;ﬁ:;j ::::::
TRAP / /
/ =1
> §AMPLE

AN
N

SCHEMATIC DIAGRAM OF THE MICROBALANCE REACTOR



TEMPERATURE, °C

800

600

400

250

]
300

I
200

TIME , min

|
100

< 18] &

_ _

© O

o O

({o] <

%M ‘3NAISIY  UiW/ JTdWVS%IM - Do“dW3IL
v/ 9Mv-

I |
o o
(o)} r~ 0 -_ o (@) O
@ o




100

80
3
o
;., 60
Wi
>
Q
/)]
w 40
o

20




15—

I
o o)

UIW/3TdNYS % ¢M * +979mv -

70 60 50
RESIDUE,Wt%

80

90




(4v/79M7-) u1

1.6

K-l

10°/7T,



|
O
©
N

low/ry ‘AO¥INI NOILVAILOV

RESIDUE, Wt %



dmu

g'e

o'v

S'b

(I-Ea/805R)

o
o

— GG

(I-Ea/679R )"




