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The reaction kinetics of the pyrolysis of heavy oil in the presence of supercritical water (SCW) and high pressure N2

were measured. At any reaction temperature applied, the pyrolysis under SCW environments is faster than that under
N2 environments. Meanwhile, at lower temperatures the pyrolysis under both environments is accelerated by the intro-
duction of coke into the feedstock. On the basis of a first-order four-lump reaction network consisting of the sequential
condensation of maltenes and asphaltenes, the pyrolysis in whichever medium can be preferably described either by the
lumped reaction kinetic model modified with autocatalysis and pseudoequilibrium or by the model modified solely with
pseudoequilibrium. Benefited from the reduced limitation of diffusion to reaction kinetics, the pyrolysis in the SCW
phase is more sensitive to the increase in reaction temperature than that in the oil phase, disengaging readily from the
dependence on autocatalysis at a lower temperature. VC 2015 American Institute of Chemical Engineers AIChE J, 62:

207–216, 2016
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Introduction

Some of the largest reserves in the world are heavy oil res-
ervoirs with oil in place equaling to the conventional oil fields
in the Middle East. The exploitation of heavy oil becomes
mature with the aid of steam assisted gravity drainage, in situ
combustion and other techniques.1–3 Nowadays, refineries
worldwide are facing challenges to process unconventional
heavy oil containing high contents of carbon residue and het-
eroatoms. Among the technologies available, pyrolysis, which
follows the mechanism of “carbon rejection,” is always an
alternative solution for processing inferior heavy oil.4,5

Since the 1990s, the pyrolysis, hydrocracking and extraction
of heavy oil in the presence of supercritical water (SCW,
Tc5647 K, Pc522.1 MPa) have received increasing attention
in academia.6–13 It was believed that the upgrading, desulfur-
ization, denitrification, and demetalization of heavy oil could
be accomplished simultaneously by the special properties of
SCW; that is, a nonpolar solvent with excellent solubility and
diffusivity, an effective acid/base catalyst and even a H-donor.
A considerable number of related studies have been reported
from different aspects. Erkey and coworker and Timko et al.
presented comprehensive reviews on recent findings in this
field.14,15 Based on theoretical calculation, Kida et al. deduced
that alkyl sulfides contained in heavy oil may decompose in

SCW with a free radical mechanism during which SCW acts

as a reactant and a catalyst.16 However, heterocyclic com-

pounds were reported to be rather stable in SCW.17,18 By

introducing the partial oxidation of hydrocarbons in SCW,

Adschiri et al. and Yuan et al. found that heterocyclic com-

pounds were partly removed through the in situ water-gas shift

and the subsequent hydrogenation on sulfided NiMo and

CoMo catalysts in series.19–21 Many a research now consid-

ered SCW as an inert reaction medium for the pyrolysis of

heavy oil, a process participated mainly by carbon radicals on

polycyclic aromatics and substitutes.13,22 According to the

degradation of polyethylene in SCW using D2O as a tracer,

SCW can only participate in the pyrolysis of hydrocarbons

through the hydration with alkene products in the ionic mecha-

nism.23,24 The quantum mechanism based calculation also

denies the possibility of the direct H-abstraction of carbon rad-

icals from water.25

Despite of some common understandings achieved, there,

however, exist a serious disagreement over the essential issues

of the pyrolysis of heavy oil in SCW; that is, whether the yield

of light oil fractions could be increased and the formation of

coke could be suppressed.13,22,26–28 The contradictory conclu-

sions reported in the literature were caused largely by the fact

that the knowledge about the phase structure and the reaction

kinetics of the upgrading of heavy oil in the presence of SCW

is far from sufficient.
According to the definition of van Konynenburg and Scott,

the mixture of heavy oil and water follows the type IIIb phase
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behavior.29,30 The LLV three-phase equilibrium curve of the
mixture extends from low temperature up to the vicinity of the
critical point of water, intersected by the liquid-vapor critical
locus extending from the critical point of water. Above the
upper critical point temperature of the LLV curve, the water-
rich liquid phase and the vapor phase become identical. With
the oil/water two-phase structure, the nonpolar fraction of mal-
tenes is extracted substantially into the SCW phase, leaving
asphaltenes highly concentrated in the oil phase.28 Meanwhile,
a limited amount of water is solubilized into the oil phase.31

Once the pyrolysis network is initiated at a high enough tem-
perature, the reaction occurs simultaneously in the oil and
SCW phases.

As the pyrolysis proceeds, polycyclic aromatics in the boil-
ing point ranges of diesel and gasoline are produced. The mix-

ture of polycyclic aromatics and water follows the type II

phase behavior in which the critical points of water and hydro-
carbons are connected by a vapor-liquid critical line.32 Under

the commonly adopted upgrading conditions, that is, tempera-

tures higher than 663 K and pressures higher than 22.1 MPa,
the mixture of liquid pyrolysis products and SCW should exist

in the single phase structure. At that time, the pyrolysis occurs

exclusively in the SCW phase. One may reasonably deduce
that a transition from the oil/water two-phase structure to the

single-phase structure can be observed sooner or later during
the pyrolysis of heavy oil in SCW. Such a deduction was con-

firmed by Vilcaez et al. who observed the disappearance of the

phase boundary between the oil and water phases in the
upgrading of bitumen in SCW at the mass ratio of water to oil

of 2.5:1 and the temperature of 713 K.33

The introduction of SCW into the upgrading of heavy oil

makes it possible that the pyrolysis occurs not only in the oil
phase but also in the SCW phase. The resulted differences in

fraction distribution and diffusion thus may exert influence on

the reaction kinetics of those free radical reactions involved.
An analysis from the reaction kinetic point of view should be

helpful to an in-depth understanding of the upgrading of heavy
oil in the presence of SCW. There is no doubt that an appropri-

ate reaction kinetic model is the prerequisite for the investiga-

tion on reaction kinetics. Unfortunately, the reaction kinetic
models available, mostly based on lumping approaches, were

developed according to the pyrolysis under N2 environments

without exception. Whether these lumped models can be
applied to the pyrolysis under SCW environments has not

been strictly verified so far.
On the basis of the preceding study on the pyrolysis of

heavy oil in the presence of dense SCW and high pressure N2,
the corresponding kinetic data were re-examined and supple-

mented further.34 Also, the autocatalytic characteristic of
pyrolysis was experimentally examined. With a four-lump

reaction network, the traditional first-order reaction kinetic

model was modified with different hypotheses. The kinetic
parameters of the models suggested were then estimated, fol-

lowed by an evaluation on their adaptability to the pyrolysis

occurring in the SCW and oil phases. Finally, the effect of
reaction media on the reaction kinetics of the pyrolysis of

heavy oil was discussed.

Experimental

A Parr 4598-HPHT autoclave with a capacity of 0.1 L was

used in the pyrolysis of heavy oil under SCW and N2 environ-

ments. The raw heavy oil whose properties are listed in Table

1 was obtained from Sinopec Shanghai Petrochemical Com-

pany. According to thermogravimetric analysis, the heavy oil

starts cracking at the temperature around 623 K but the maxi-

mum rate of weight loss occurs at the temperature of 720 K.
For the pyrolysis under SCW environments, the reactor was

charged with heavy oil of 10 g and water of 25 g. For the

pyrolysis under N2 environments, the reactor was charged

with 20 g of heavy oil and N2 of 8.0–9.0 MPa. The sealed

reactor was heated from the ambient temperature to the reac-

tion temperature at a slope of 15 K/min, during which the stir-

ring rate was kept at 200 rpm. Once the reaction temperature

reached a preset value between 663 and 703 K, the stirring

rate was adjusted to 800 rpm immediately. Finally, the reac-

tion lasting 15 min to 12 h was terminated by subjecting the

reactor in forced air cooling. To examine the autocatalytic

characteristic of pyrolysis, coke, which was collected in pyrol-

ysis and grinded to a size distribution between 50 and 75 lm,

was added as the catalyst into the feedstock. The mass ratio of

coke to heavy oil varied from 1:100 to 1:20. Other operating

procedures were just the same with the pyrolysis without the

addition of coke. To ensure that the maximum error of product

distribution falls within a reasonable range of 65%, all the

experimental runs mentioned above were repeated three times.
After pyrolysis, the autoclave was washed thoroughly with

toluene. Following the Industrial Standard of Chinese Petro-

chemical NB/SH/T 0509-2010, the collected pyrolysis product

was separated into gas, coke, asphaltenes, and maltenes. The

weight fractions of each component in the product were eval-

uated by

Yi5
miX

mi

3100% (1)

where mi represents the weight of the component collected.

The subscript i5As, M, C, and G represents asphaltenes, mal-

tenes, coke, and gas. For the reaction concerning autocatalysis,

the weight of the coke added into the feedstock was subtracted

from that of the coke collected in the product.
The mass balance of experimental runs was determined by

MB5

X
mi

mraw

3100% (2)

where mraw is the weight of the loaded heavy oil. Normally,

the values of MB varied between 92 and 96%.

Results and Discussion

Pyrolysis behavior under SCW and N2 environments

The reaction kinetics of the pyrolysis of heavy oil in the

presence of SCW were measured at a fixed water density of

0.25 g/cm3 and three temperatures of 663, 683, and 703 K.

During the reaction, the pressure varied between 23 and

Table 1. Properties of the Raw Heavy Oil

Molecular Weight
(kg/kmol) API Gravity (8)

Dynamic Viscosity
(353 K, Pa s3103) H/C Ratio Maltenes (wt %) Asphaltenes (wt %)

811 14 2931.58 1.41 95.0 5.0
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31 MPa. Typical product distributions at extended reaction

times are illustrated in Figures 1 and 2.
Along with the extension of reaction time, the fraction of

maltenes in the product decreases consistently and the frac-

tions of coke and gas increase oppositely. The fraction of
asphaltenes in the product varies differently with respect to the

reaction temperature applied. At the temperature of 663 K, the
value of YAs increases from the initial value of 5.0 wt % to a

maximum value of 7.1 wt % at the reaction time of 30 min,
maintaining at that level for nearly 90 min. Then, it falls to

zero within the following 60 min’s reaction. At the tempera-
ture of 703 K, the value of YAs decreases monotonically,

approaching zero merely at the reaction time of 30 min. After
pyrolysis, liquid products containing polycyclic aromatics

could be obtained. Over the temperature range applied, the
reactivity of these light oil fractions is much lower than that of

the raw heavy oil. No more abrupt change in the product dis-
tribution can be observed once the value of YC reaches a value

around 31.0 wt %. Provided that the pyrolysis is terminated at
a limited reaction time, a pseudoequilibrium among maltenes,

coke and gas is supposed to be established.
Although the fractions of maltenes, coke, and gas in the

product all change monotonically during pyrolysis, their way

of approaching equilibrium actually differs greatly at increas-

ing temperatures. At the temperature of 663 K, the values of

YM, YC, and YG vary smoothly at the start of the reaction. The

variation becomes remarkable at the reaction time of 30 min

but slows down again at the reaction time of 180 min. Conse-

quently, the yields of these components all present a typical

sigmoid pattern. At the temperature of 703 K, the value of YM

decreases drastically along a concave downward curve and it

is balanced mostly by the simultaneous increase in the values

of YC and YG along convex upward curves.
To have a full picture of pyrolysis, the reaction kinetics of

the pyrolysis of heavy oil in the presence of N2 were also

measured at the same temperatures, during which the reaction

pressure varied between 19 and 20 MPa. Typical product dis-

tributions at extended reaction times are illustrated in Figures

3 and 4. The time axes in Figures 3 and 4 range from 0 to

720 min, which are more than 2 times those in Figures 1 and 2.
The reaction behavior of the pyrolysis under N2 environ-

ments is similar to that under SCW environments; still, there

are some delicate differences between them. At three tempera-

tures, the fractions of coke and gas in the product always vary

along sigmoid curves. During the reaction, the fraction of

asphaltenes in the product could be up to 16.0 wt %, which is

Figure 1. Product distribution of pyrolysis of heavy oil
in the presence of SCW; reaction tempera-
ture of 663 K.

Figure 2. Product distribution of pyrolysis of heavy oil
in the presence of SCW; reaction tempera-
ture of 703 K.

Figure 3. Product distribution of pyrolysis of heavy oil
in the presence of N2; reaction temperature
of 663 K.

Figure 4. Product distribution of pyrolysis of heavy oil
in the presence of N2; reaction temperature
of 703 K.

AIChE Journal January 2016 Vol. 62, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 209



much higher than the corresponding value observed under
SCW environments.

Comparing the kinetic data presented in Figures 1–4, one
may find that the pyrolysis of heavy oil under SCW environ-
ments is significantly accelerated. Take the pyrolysis at the
temperature of 703 K as an example. Only after 15 min’s reac-
tion under SCW environments, the fraction of maltenes in the
product has already decreased from its initial value of 95.0 to
47.0 wt %. Also, a high fraction of coke of 23.7 wt % could be
observed. Under the same operating condition, the value of YM

under N2 environments remains at a high level of 73.1 wt %.
Meanwhile, the formation of coke, whose fraction in the prod-
uct is merely 1.5 wt %, can nearly be neglected.

Characteristic of autocatalysis of pyrolysis

No matter the pyrolysis of heavy oil is run under SCW or N2

environments, the fractions of maltenes, coke, and gas in the
products could vary along sigmoid curves, indicating the possi-
ble autocatalytic characteristic of pyrolysis. By this considera-
tion, a small amount of coke was added into the feedstock.

According to the data presented in Figure 5, the formation
of coke during the pyrolysis of heavy oil under SCW environ-
ments is accelerated by the introduction of coke in the feed-
stock. At the reaction temperature of 663 K, it takes about 180
min for the pyrolysis to approach pseudoequilibrium. The cor-
responding time is drastically reduced to 120 and 90 min
when coke is added with the increasing mass ratios of coke to
heavy oil from 1:100 to 1:20. Since coke is the ultimate prod-
uct of the sequential condensation of maltenes and asphal-
tenes, the pyrolysis of heavy oil appears to be accelerated by
the coke formed.

With a fixed coke addition at the mass ratio of coke to
heavy oil of 1:100, the pyrolysis was further applied at
increasing temperatures, with the results illustrated in Figure
6. For comparison, the data of the pyrolysis without the addi-
tion of coke are also included. At the temperature of 663 K the
formation of coke during the pyrolysis with coke addition is
much faster than that without coke addition, although they
both vary along sigmoid curves. At the reaction time of 120
min, a pseudoequilibrium has almost been established for the
pyrolysis with coke addition, while the pyrolysis without coke
addition is still far away from pseudoequilibrium. When the

reaction temperature is increased to 683 K, the yield of coke

with coke addition varies along a convex upward curve rather

than the original sigmoid curve. At that time, only a difference

in the initial rate of coke formation could be identified. At the

reaction temperature of 703 K, one can hardly tell the essential

difference in the rate of coke formation between the pyrolysis

with and without coke addition.
Similar phenomena can also be observed for the pyrolysis

run under N2 environments, but the acceleration to the pyroly-

sis resulted from coke addition in the feedstock is just less

effective. Based on the data presented, the autocatalytic char-

acteristic of the pyrolysis of heavy oil can be confirmed. In

addition, such a characteristic is weakened with the increase in

reaction temperature.

Development of lumped reaction kinetic models

The condensation of polycyclic aromatics and the dealkyla-

tion of substituents of polycyclic aromatics occur simultane-

ously during the pyrolysis of heavy oil.35 Usually, the former

has a dominant role on the product distribution observed. The

decomposition of alkyl sulfides in SCW may partly contribute

to the dealkylation.16 However, its influence on the condensa-

tion of polycyclic aromatics is just marginal. Accordingly,

only the reactions participated by hydrocarbons were consid-

ered here. Nevertheless, the structural isomer number of petro-

leum molecules grows exponentially with boiling point. As a

compromise, lumping approaches are applied in the reaction

kinetic models for the pyrolysis of heavy oil. It should be

stressed that the reaction kinetic models based on the lumping

approach actually are phenomenological models. Even the

same model is used, the kinetic parameters vary substantially

due to the difference in the properties of the raw heavy oil.
Although prominent progress has been made in structure

oriented lumping, the lumping based on the traditional SARS

separation has the advantages of the simple form and the clear

definition of transformation.36 According to the reaction net-

work recommended by Yasar et al., a simplified network

involving the condensation of maltenes to asphaltenes and the

condensation of asphaltenes to coke and gas as illustrated in

Figure 7 was adopted.37 The traditional first-order lumped

kinetic model, commonly used for the pyrolysis under N2

Figure 5. Rate of coke formation at varied coke addi-
tions as catalyst in pyrolysis of heavy oil in
the presence of SCW; reaction temperature
of 663 K.

Figure 6. Rate of coke formation at varied reaction
temperatures in pyrolysis of heavy oil with-
out or with coke addition as catalyst; mass
ratio of coke to heavy oil of 1:100.
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environments, then was modified. The development of the tra-

ditional and three modified models is sketched as follows.
Model I (First-Order Reaction Network). Many a

research considered the transformation of lumped components

involved in the pyrolysis of heavy oil as a pseudo first-order
reaction, although there are huge differences in the molecular

weight, chemical structure and physical properties between

lumped components.38–42 The traditional first-order kinetic
model I is expressed by

2dCAs=dt5ðk11k2ÞCAs2k3CM (3)

2dCM=dt5k3CM (4)

2dCC=dt52k1CAs (5)

2dCG=dt52k2CAs (6)

where CAs, CM, CC, and CG in units of kg/L are the weight
concentrations of the lumped component in the reaction

system.
Model II (Autocatalysis of Condensation). The experi-

mental results have confirmed that the pyrolysis of heavy oil
can be accelerated by the coke formed. Model II with the mod-

ification of autocatalysis is expressed by

2dCAs=dt5ðk11k2ÞCAsCC
a2k3CMCC

b (7)

2dCM=dt5k3CMCC
b (8)

2dCC=dt52k1CAsCC
a (9)

2dCG=dt52k2CAsCC
a (10)

where parameters a and b are the reaction orders with respect

to the weight concentration of coke in the reaction system.
Model III (Constraint of Pseudoequilibrium). Over the

temperature range applied, a pseudoequilibrium among mal-
tenes, coke and gas can be established within limited reaction

time. The condensation of maltenes and asphaltenes is driven

by the difference in the concentration with respect to their
pseudoequilibrium values. The closer the reaction approaches

equilibrium, the lower the driving force is. Model III with the
consideration of pseudoequilibrium is expressed by

2dCAs=dt5ðk11k2ÞðCAs2CAs:eqÞ2k3ðCM2CM:eqÞ (11)

2dCM=dt5k3ðCM2CM:eqÞ (12)

2dCC=dt52k1ðCAs2CAs:eqÞ (13)

2dCG=dt52k2ðCAs2CAs:eqÞ (14)

where CM.eq and CAs.eq in units of kg/L are the pseudoequili-
brium weight concentrations of maltenes and asphaltenes in

the reaction system.
Model IV (Autocatalysis of Condensation and Constraint

of Pseudoequilibrium). It is assumed that the reaction

kinetics of pyrolysis are influenced simultaneously by autoca-

talysis and pseudoequilibrium. Model IV with both modifica-

tions is expressed by

2dCAs=dt5ðk11k2ÞðCAs2CAs:eqÞCC
a2k3ðCM2CM:eqÞCC

b

(15)

2dCM=dt5k3ðCM2CM:eqÞCC
b (16)

2dCC=dt52k1ðCAs2CAs:eqÞCC
a (17)

2dCG=dt52k2ðCAs2CAs:eqÞCC
a (18)

The parameters to be determined in Eqs. 3–18 are rate con-

stants k1, k2, and k3 as well as reaction orders a and b. Parame-

ter identification relies on solving the nonlinear least-squares

problem U by minimizing the weighted residual sum of

squares (RSS) criterion.

RSS ~k; a; b
� �

5
Xn

i51

Xm

j51

wj Cij2Cij

� �2Þ=n

~k5fk1; k2; k3g � 0; a;b � 0

8>><
>>:

(19)

where Cij is the concentration of the j th lumped component

from the i th experimental run in the kinetic data set P5{Pi,

i 5 1, n; Pi �<n}, and the bar stands for the model predicted

values. wj 5{5,1,1,1} is the optimized weight of asphaltenes,

maltenes, coke, and gas adopted in minimization.
With the software package of MATLAB R2012, the kinetic

parameters were estimated by a multivariable nonlinear mini-

mization combined with a Runge-Kutta integration algorithm.

The adaptability of reaction kinetic models for the pyrolysis in

both reaction media was evaluated according to the RSS anal-

ysis and the F-test at the 5% significance level.

Adaptability of lumped reaction kinetic models

for pyrolysis

Initially the mixture of heavy oil and SCW exists with an

oil/SCW two-phase structure. By the difference in polarity,

maltenes and asphaltenes are distributed between the oil and

SCW phases spontaneously. Ideally, the pyrolysis at that time

can be divided into the condensation of maltenes in the SCW

phase and the condensation of asphaltenes in the oil phase.

The total fraction of coke and gas in the ultimate pyrolysis

product can be up to about 70.0 wt %, which is much higher

than the initial fraction of asphaltenes detained in the oil

phase. Provided that maltenes are mostly dissolved into the

SCW phase, there is a good chance that the sequential conden-

sation of maltenes and asphaltenes transferred into the SCW

phase plays a vital role on the pyrolysis under SCW environ-

ments. To this end, a high water density and a high water to

oil ratio were adopted. Also, the rate of the dissolution of mal-

tenes into the SCW phase was guaranteed by vigorous agita-

tion. On the contrary, the pyrolysis under N2 environments

occurs either in the continuous oil phase under static condition

or in the dispersed oil droplets under vigorous stirring. With

the operating conditions applied in this work, the pyrolysis

under SCW and N2 environments therefore reflects approxi-

mately the characteristics of the reaction occurring in the

SCW phase and in the oil phase. Based on models I to IV, the

corresponding kinetic parameters of the pyrolysis of heavy oil

in the SCW and oil phases were estimated, with the results

listed in Tables 2–5. The results of RSS analysis and F-test are

also attached in these tables.

Figure 7. Four-lump reaction network for pyrolysis of
heavy oil.
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Reaction in the SCW phase

Model I. At the temperatures ranging from 663 to 703 K,

the RSS values given by model I always maintain at a high

level. What is worse, the model predicted product distributions

all fail to pass the following F-test. For ordinary differential

Eqs. 3–6, actually there exists an analytical solution as follows.

CAs5CAs:0exp 2 k11k2ð Þtð Þ

1
k3CM:0½exp 2k3tð Þ2expð2 k11k2ð ÞtÞ�

k11k22k3

(20)

CM5CM:0expð2k3tÞ (21)

CC5
k1

k11k2

CT

2
k1CAs:02 k1k3

k11k2
CT

h i
exp 2 k11k2ð Þtð Þ2k1CM:0exp 2k3tð Þ

k11k22k3

(22)

CG5
k2

k11k2

CT

2
k1CAs:02 k2k3

k11k2
CT

h i
exp 2 k11k2ð Þtð Þ2k1CM:0exp 2k3tð Þ

k11k22k3

(23)

where CAs.0 and CM.0 in units of kg/L are the initial weight

concentrations of asphaltenes and maltenes in the reaction sys-

tem. CT, the sum of CAs.0 and CM.0, is the initial weight con-

centration of the raw heavy oil loaded.
Coke and gas are produced synchronously during pyrolysis.

The values of k1 and k2 usually are close to each other, larger

than that of k3 by nearly one order of magnitude. Besides, CT

equals approximately to CM.0 since the value of CAs.0 is only

5.0 wt %. By these considerations, Eqs. 22 and 23 can be sim-

plified and take the form of

Cc � CG �
1

2
CT½12expð2k3tÞ� (24)

Within the framework of the first-order reaction network,

the variation of the yields of maltenes, coke, and gas can only

follow exponential functions, which is out of accord with the

sigmoid pattern appearing at lower reaction temperatures. At

the temperature of 663 K, the predicted values of YC and YG

are inevitably higher than measured values at the early reac-

tion stage but lower than measured values at the middle and

later reaction stages. Even the yields of these lumped compo-

nents do vary in accordance with exponential functions as

expected at the temperature of 703 K, the drastic changes of

YM, YC, and YG at the initial reaction stage as well as the

smooth variation in the following process of approaching

pseudoequilibrium deviate widely from the model predicted

product distribution.
Models II and III. In view of the limitation of the first-

order reaction network, model I was modified with autocatalysis

Table 2. Kinetic Parameters of Pyrolysis of Heavy Oil in SCW Phase with Kinetic Models I and III

Model Temperature (K) k1 (min21) k2 (min21) k3 (min21) RSS3103 F-test (5%)

I 663 2.70 E 202 2.72 E 202 3.50 E 203 1.00 E 101 Failed
683 7.91 E 202 8.52 E 202 1.11 E 202 1.90 E 101 Failed
703 3.36 E 201 3.80 E 201 2.12 E 202 1.70 E 101 Failed

III 663 2.44 E 202 2.48 E 202 7.90 E 203 1.02 E 101 Pass
683 7.03 E 202 7.50 E 202 2.99 E 202 8.60 E 100 Pass
703 2.83 E 201 3.32 E 201 6.25 E 202 6.40 E 100 Pass

Table 3. Kinetic Parameters of Pyrolysis of Heavy Oil in SCW Phase with Kinetic Models II and IV

Model
Temperature

(K)
k1

(kg L21)2amin21
k2

(kg L21)2amin21
k3

(kg L21)2bmin21 a b RSS3103 F-test (5%)

II 663 5.09 E 201 5.11E 201 1.15E 202 5.73E 201 2.37 E 201 7.28 E 100 Pass
683 4.22 E 201 4.53 E 201 1.11 E 202 4.01 E 201 0.00 E 100 1.65 E 101 Pass
703 4.87 E 201 5.52 E 201 2.11 E 202 1.09 E 201 0.00 E 100 1.69 E 101 Pass

IV 663 8.51 E 201 8.67 E 201 3.10 E 201 6.45 E 201 6.80 E 201 4.75 E 100 pass
683 1.09 E 201 1.16 E 201 3.00 E 202 1.16 E 201 0.00 E 100 8.06 E 100 Pass
703 2.83 E 201 3.32 E 201 6.25 E 202 0.00E 100 0.00 E 100 6.40 E 100 Pass

Table 4. Kinetic Parameters of Pyrolysis of Heavy Oil in Oil Phase with Kinetic Model I

Model Temperature (K) k1 (min21) k2 (min21) k3 (min21) RSS3103 F-test (5%)

I 663 4.40 E 203 4.90 E 203 1.50 E 203 1.45 E 101 Pass
683 1.80 E 202 2.08 E 202 5.70 E 203 1.28 E 101 Pass
703 5.29 E 202 6.28 E 202 1.94 E 202 1.37 E 101 Pass

Table 5. Kinetic Parameters of Pyrolysis of Heavy Oil in Oil Phase with Kinetic Model IV

Model
Temperature

(K)
k1

(kg L21)2amin21
k2

(kg L21)2amin21
k3

(kg L21)2bmin21 a b RSS3103 F-test (5%)

IV 663 9.85 E 202 1.11 E 201 1.95 E 202 6.42 E 201 3.64 E 201 6.89 E 100 Pass
683 2.31 E 201 2.72 E 201 6.95 E 202 5.70 E 201 4.04 E 201 4.81 E 100 Pass
703 3.74 E 201 4.47 E 201 5.93 E 202 4.60 E 201 1.55 E 201 4.42 E 100 Pass
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and pseudoequilibrium, respectively. The fitting accuracy of

models II and III to the product distribution measured depends

strongly on the reaction temperature applied.
At the temperature of 663 K, the yields of maltenes, coke,

and gas vary along sigmoid curves at the early and middle

reaction stages, showing no evident variation approaching

pseudoequilibrium. It can be deduced that the pyrolysis is gov-

erned successively by the autocatalysis of condensation and

by the constraint of pseudoequilibrium. According to the data

listed in Tables 2 and 3, the product distributions predicted by

models II and III with a sole modification all pass the F-test.

However, the RSS values given by these two models actually

are at the same level with that given by model I.
The initiation of the pyrolysis network through the CAC

cleavage of alkyl substitutes of polycyclic aromatics, a process

driven by entropy change, has an extremely high reaction bar-

rier. Of all operating parameters, the reaction temperature thus

has the most prominent influence on the reaction kinetics of

pyrolysis.38,43,44 As the data presented in Figures 1 and 2 sug-

gest, the pyrolysis in the SCW phase is significantly acceler-

ated with the increase in reaction temperature. At the

temperature of 703 K, the yields of maltenes, coke, and gas all

vary along concave downward or convex upward curves rather

than the sigmoid curves at the lower temperature of 663 K,

suggesting the disappearance of the characteristic of autocatal-

ysis. Such a tendency is in accordance with the data presented

in Figure 6 in which the promotion to the pyrolysis with

coke addition in the feedstock is weakened at increasing

temperatures.
It is not surprising that at higher temperatures the fitting

accuracy of model II with the sole modification of autocataly-

sis to pyrolysis remains poor. Even though, the reduced influ-

ence of autocatalysis on pyrolysis can be partly reflected by

the estimated parameters a and b. At the temperatures of

683 K and higher, the value of b becomes zero. In the mean-

time, the value of a decreases from 0.57 to 0.11 along with the

increase in reaction temperature from 663 to 703 K. By con-

trast, model III with the sole modification of pseudoequili-

brium is capable of predicting the product distributions at the

temperature of 683 and 703 K precisely since the reaction at

that time is driven primarily by the difference with respect to

pseudoequilibrium.

Model IV. With the combination of both modifications,
the capability of model IV to describe the pyrolysis of heavy

oil in the SCW phase is improved on the whole. On the one

hand, the values of RSS are always controlled within a reason-

able range. On the other hand, the model predicted product

distributions all pass the F-test. A comparison between model

predicted and experimentally measured product distributions

at the temperature of 663 K is illustrated in Figure 8.
At the temperature of 663 K, the parameters a and b of

model IV are 0.65 and 0.68, confirming the autocatalytic char-

acteristic of condensation. Essentially, the condensation of

maltenes is the two-dimensional extension of aromatic seg-

ments. The reaction barrier of the growth of coke-inducing

components, mostly lower alkenes, on aromatic segments

decreases with the increase in the aromaticity of condensed

segments.45,46 As for the condensation of asphaltenes, it is the

subsequent three-dimensional stacking of aromatic segments.

The coke formed during pyrolysis or the coke added in the

feedstock can be templates for the stacking of aromatic seg-

ments. By the reaction mechanism involved, the condensation

of maltenes and the condensation of asphaltenes both share the

inherent characteristic of autocatalysis. It is interesting that the

condensation of maltenes can benefit directly from the forma-
tion of coke.

At increasing reaction temperatures, the reaction kinetics of

pyrolysis depend more on the promotion from the Arrhenius

effect rather than on autocatalysis. As a result, the estimated

parameters a and b of model IV decrease simultaneously. At

the temperature of 683 K, the value of a is 0.12 and that of b
reduces to zero. After a further increase in reaction tempera-

ture to 703 K, both parameters become zero. With the only

characteristic of the constraint of pseudoequilibrium, model

IV transforms into model III and the rate constants estimated

by these two models become identical.

Reaction in the oil phase

Models I and IV. Despite of the change of reaction tem-

perature, the product distribution of the pyrolysis in the oil

phase always presents a similar variation tendency. According

to the data listed in Table 4, the product distributions predicted

by model I can pass the F-test. However, the corresponding

RSS values maintain at a high level, a similar situation for the

pyrolysis in the SCW phase.
With the modifications of autocatalysis and pseudoequili-

brium, model IV is capable of describing the pyrolysis of

heavy oil in the oil phase with satisfied accuracy. Based on the

data listed in Table 5, the RSS value given by model IV at any

reaction temperature is significantly lower than that given by

model I by about 50 to 70%. Besides, the product distributions

predicted all pass the following F-test. Typical results of the

comparisons between model predicted and experimentally
measured product distributions are illustrated in Figures 9 and

10.
At three temperatures, the estimated parameters a and b of

model IV keep nonzero, which means the influence of autoca-

talysis should be considered. Similar to the reaction in the

SCW phase, the estimated value of a is consistently higher

than that of b, suggesting that the condensation of asphaltenes

relies more on coke formation than the condensation of mal-

tenes does. At increasing reaction temperatures, these two

parameters both present a monotonically decreasing tendency.

It is certain that the condensation of maltenes and the conden-

sation of asphaltenes in the oil phase will disengage from the

Figure 8. Model predicted vs. experimentally measured
product distributions of pyrolysis in the pres-
ence of SCW; reaction temperature of 663 K;
model IV.
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influence of autocatalysis one after the other with a further
increase in reaction temperature.

Effect of reaction media on reaction kinetics of
pyrolysis

The pyrolysis of heavy oil in the presence of SCW may
occur as an oil/water two-phase structure or as a single-phase.
To make sure that maltenes were transferred into the SCW
phase as much as possible, experiments were performed at a
density of 0.25 g/cm3 as this density has been shown to pro-
mote single-phase conditions in bitumen-SCW mixtures at
temperatures similar to those used in this work.29 With the fur-
ther aid of a high water to oil ratio and vigorous agitation, the
pyrolysis in the SCW phase could play a dominant role on the
reaction behavior of the pyrolysis under SCW environments.

The pyrolysis of heavy oil is accomplished by condensation
and dealkylation, involving a large number of bimolecular reac-
tions, such as the H-abstraction from alkyl substitutes of polycy-
clic aromatics and the addition of alkenes to carbon radicals on
polycyclic aromatics. These bimolecular reactions with a reac-
tion barrier ranging from 30 to 60 kJ/mol are essential to the
propagation of the pyrolysis network.45–49 Reaction barriers of
organic reactions usually varies from 40 to 400 kJ/mol. A lower
reaction barrier indicates that the reaction kinetics of those ele-
mentary radical reactions involved in pyrolysis could be
retarded by the presence of solvent molecules even when the
reaction is run in the presence of a SCW phase.

For a fast reaction occurring in a solvent, the diffusion-
limited rate constant kd is directly proportional to the diffusivity
of the solute.50 Dabiri et al. recommended that the diffusion
coefficient of a solute in SCW can be evaluated by the Tracer
Liu–Silva–Macedo equation.51–53 According to the measure-
ment of molecular diffusivities using nuclear magnetic reso-
nance, Kutney found that the diffusion coefficient of
hydrocarbon species in dense SCW can be as high as 1023 cm2

s21.54 Unfortunately, at high temperatures the corresponding
data in heavy oil can hardly be found in the literature. Still, it is
possible to evaluate approximately the influence of diffusivity
on kd since the diffusion coefficient of a solute in a solvent is
inversely proportional to the viscosity of the solvent. Based on
the temperature-viscosity correlation suggested by Alomair
et al., the dynamic viscosity of heavy oil at the temperatures

from 663 to 703 K varies around 1.0 3 1023 Pa s.55 During
pyrolysis, the viscosity of the oil phase may decrease slightly
because of the production of light oil fractions. By the IAPWS-

95 formulation, the viscosity of water over the same tempera-
ture range varies merely from 3.3 3 1025 to 3.7 3 1025 Pa s.
Provided that the bimolecular radical reaction occurring in the
oil and SCW phases is both limited by diffusion, the value of kd

in the SCW phase therefore is supposed to be higher than that in

the oil phase by 1 or 2 orders of magnitude.
The viscosity-based estimation of diffusion limitations is

strictly an order of magnitude estimate and several additional
factors need to be considered. In the near-critical and super-
critical region of a solvent, dynamic solvent clusters surround-

ing solutes can be formed due to the interaction between the
solute and the solvent.56–58 The temperature range where sig-
nificant clustering occurs in SCW is quite limited (Tr< 1.05)
in contrast to the temperature dependence of the solvation in

supercritical CF3H and CO2.59 In terms of the scale of the
cluster, the formation of solvent clusters can suppress the dif-
fusion of solutes in the solvent to varying degrees.60 Besides,
the substantial dissolution of solutes into the SCW phase

might result in a decrease in the diffusivity of the solute in
SCW.61 Despite these mitigating factors, the experimental
data illustrated in Figures 1–4 are consistent with the conclu-
sion that more rapid diffusion rates in the SCW phase acceler-
ate pyrolysis reaction rates.

Benefited from the improved diffusion, the pyrolysis in the
SCW phase is determined simultaneously by the diffusivity of
hydrocarbon species and by the intrinsic reaction kinetics of
the reactions involved. Accordingly, the pyrolysis occurring in
the SCW phase responses more sensitively to the promotion

from the Arrhenius effect than that in the oil phase does. At
increasing temperatures, both the condensation of maltenes
and the condensation of asphaltenes in the SCW phase may
readily disengage from the dependence on autocatalysis.

Within a narrow temperature range, the applicable kinetic
model for the pyrolysis in the SCW phase transforms rapidly
from model IV to model III with the sole modification of the
constraint of pseudoequilibrium. By contrast, the pyrolysis in

the oil phase is retarded by poor diffusion. Even at the temper-
ature of 703 K, the reliance on autocatalysis is still responsible
partly for the pyrolysis behavior under N2 environments.

Figure 9. Model predicted vs. experimentally measured
product distributions of pyrolysis in the pres-
ence of N2; reaction temperature of 663 K;
model IV.

Figure 10. Model predicted vs. experimentally meas-
ured product distributions of pyrolysis in
the presence of N2; reaction temperature of
703 K; model IV.
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Conclusions

By introducing SCW into the pyrolysis of heavy oil, the

condensation of maltenes and asphaltenes can be partly or
completely transferred from the oil phase into the SCW phase.

The condensation occurring in the SCW phase was observed

to be much faster than that in the oil phase. No matter the
pyrolysis occurs in the oil or SCW phase, at lower tempera-

tures the characteristics of the autocatalysis of condensation
and the constraint of pseudoequilibrium appear successively.

At that time, the pyrolysis in both phases can be accurately
described by the first-order lumped reaction kinetic model

modified with both characteristics. With the increase in reac-
tion temperature, the characteristic of autocatalysis disappears.

Accordingly, the pyrolysis can be described by the first-order

lumped kinetic model modified with the sole constraint of
pseudoequilibrium. Due to the significantly improved diffu-

sion, the pyrolysis in the SCW phase is more sensitive to the
variation of reaction temperature than the pyrolysis in the oil

phase is. At increasing reaction temperatures, the pyrolysis in
the SCW phase disengages rapidly from the influence of

autocatalysis.
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Notation

CAs.eq = pseudoequilibrium weight concentration of asphaltenes in the
reaction system, kg L21

CAs.0 = initial weight concentration of asphaltenes in the reaction sys-
tem, kg L21

Ci = weight concentration of lumped components in the reaction sys-
tem, kg L21

CM.eq = pseudoequilibrium weight concentration of maltenes in the reac-
tion system, kg L21

CM.0 = initial weight concentration of maltenes in the reaction system,
kg L21

CT = initial weight concentration of the raw heavy oil in the reaction
system, kg L21

ki = rate constant of the transformation between lumped compo-
nents, min21, (kg L21)2amin21 or (kg L21)2bmin21

kd = diffusion-limited rate constant, L mol21 s21

mi = weight of the lumped components collected, kg
mraw = weight of the raw heavy oil loaded, kg

t = reaction time, min
Yi = weight fraction of lumped components in the pyrolysis product

Greek letters

a = reaction order with respect to the concentration of coke in the con-
densation of asphaltenes

b = reaction order with respect to the concentration of coke in the con-
densation of maltenes
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