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Abstract    The  chain  length  and  hydrocarbon  type
significantly  affect  the  production  of  light  olefins  during
the  catalytic  pyrolysis  of  naphtha.  Herein,  for  a  better
catalyst design and operation parameters optimization, the
reaction  pathways  and  equilibrium yields  for  the  catalytic
pyrolysis  of  C5–8 n/iso/cyclo-paraffins  were  analyzed
thermodynamically.  The  results  revealed  that  the
thermodynamically  favorable  reaction  pathways  for n/iso-
paraffins  and  cyclo-paraffins  were  the  protolytic  and
hydrogen  transfer  cracking  pathways,  respectively.
However, the formation of light paraffin severely limits the
maximum  selectivity  toward  light  olefins.  The
dehydrogenation  cracking  pathway  of n/iso-paraffins  and
the  protolytic  cracking  pathway  of  cyclo-paraffins
demonstrated  significantly  improved  selectivity  for  light
olefins. The results are thus useful as a direction for future
catalyst  improvements,  facilitating  superior  reaction
pathways  to  enhance  light  olefins.  In  addition,  the
equilibrium yield of light olefins increased with increasing
the  chain  length,  and  the  introduction  of  cyclo-paraffin
inhibits  the  formation  of  light  olefins.  High  temperatures
and  low  pressures  favor  the  formation  of  ethylene,  and
moderate  temperatures  and  low  pressures  favor  the
formation  of  propylene. n-Hexane  and  cyclohexane
mixtures  gave  maximum  ethylene  and  propylene  yield  of
approximately  49.90% and  55.77%,  respectively.  This
work provides theoretical guidance for the development of
superior  catalysts  and  the  selection  of  proper  operation
parameters  for  the  catalytic  pyrolysis  of  C5–8 n/iso/cyclo-
paraffins from a thermodynamic point of view.

Keywords    naphtha, catalytic  pyrolysis, reaction
pathway, equilibrium yield

 

1    Introduction

Light  olefins,  such  as  ethylene,  and  propylene,  are
important  chemical  intermediates  in  the  field  of  organic
synthesis,  and  global  demand  for  them  is  large  and
demonstrates  an  increasing  trend  [1–3].  In  the  past
decades,  light  olefins  have usually been obtained via  the
steam  cracking  of  naphtha,  which  suffers  from  high
reaction temperatures (over 800 °C), high energy consum-
ption,  and  difficulty  in  adjusting  the  propylene/ethylene
ratio [4,5].  In contrast,  the catalytic  pyrolysis  of  naphtha
is  expected  to  improve  the  yield  of  light  olefins  in  the
future  owing  to  its  lower  reaction  temperature  and
adjustable  product  selectivity  [6,7].  Effective  shape-
selective catalysts are important for the catalytic pyrolysis
of naphtha, as they can accelerate the cracking reaction of
feedstocks  and  improve  the  yields  of  light  olefins  [8,9].
ZSM-5 and metal-containing ZSM-5 zeolite catalysts are
representative  catalysts  for  the  catalytic  pyrolysis  of
naphtha, and they have been widely studied [10,11].

It  is  well  known  that  the  catalytic  pyrolysis  of
hydrocarbons follows the carbenium ion mechanism over
HZSM-5  zeolites  [12–15].  Hydrocarbon  activation  is  an
important step in the catalytic pyrolysis of the naphtha to
produce  light  olefins,  this  step  is  primarily  catalyzed  by
Brønsted  acid  sites  over  HZSM-5  zeolites  [16,17].  The
activation  modes  of  hydrocarbons  are  divided  into
protolytic  cracking  (the  proton  attacks  the  C–C  bond),
dehydrogenation  (the  proton attacks  the  C–H bond),  and
hydride/hydrogen  transfer  activations  (the  conversion
between  paraffins  and  olefins).  Therefore,  the  cracking
process  is  divided  into  three  reaction  pathways:  the
protolytic  cracking  pathway,  the  dehydrogenation
cracking  pathway,  and  the  hydride/hydrogen  transfer
cracking  pathway  [18–20].  Hou  et  al.  [21]  analyzed  the
reaction pathways of n-pentane over HZSM-5 zeolites to
produce  light  olefins,  they  concluded  that  the  reaction
pathway  of n-pentane  significantly  affects  the  formation
of  light  olefins.  Therefore,  it  is  necessary  to  clarify  and

 

Received April 25, 2022; accepted June 2, 2022

E-mail: liangzhao@cup.edu.cn

Front. Chem. Sci. Eng. 2022, 16(12): 1700−1712
https://doi.org/10.1007/s11705-022-2207-6

RESEARCH ARTICLE

https://doi.org/10.1007/s11705-022-2207-6


promote  the  optimal  reaction  pathway  for  the  catalytic
pyrolysis of naphtha to enhance the yield of light olefins.

Apart  from  the  reaction  pathway,  the  operation
parameters  also  significantly  affect  the  yields  of  light
olefins [22–24]. Wattanapaphawong et al. [2] investigated
the  effect  of  the  C5–8 n-paraffins  on  the  yield  of  light
olefin  by  catalytic  pyrolysis  at  923  K  and  873  K,  they
suggested  that  the  cracking  performance  at  high
temperatures  is  significantly  different  from  that  at  low
temperatures.  The  pressure  effects  on  pyrolysis  of n-
decane  were  investigated  by  Wang  et  al.  [25],  they
concluded  that  pressure  weakens  the  formation  of  light
olefins.  Most studies in the literature have focused on n-
paraffins  because  naphtha  is  a  mixture  of  hydrocarbons,
and  its  primary  components  are n-paraffins  [26–28].
Although  cyclo-paraffins  are  important  constituents  of
naphtha,  and  their  cracking  product  distribution  is  quite
different  from  that  of n-paraffin  cracking,  fewer  studies
on the cracking of cyclo-paraffin have been published.

However,  the  investigation  of  the  optimal  reaction
pathways and operation parameters for hydrocarbons with
different chain lengths and types remains a challenge via
the experimental method, owing to the complexity of the
naphtha  composition  [29–31].  The  thermodynamic
method  is  a  better  approach  to  studying  the  superior
pathway  of n/iso/cyclo-paraffin  catalytic  pyrolysis  to
enhance  the  yield  of  light  olefins  based  on  reaction
enthalpy  and  equilibrium  constant.  As  for  operating
parameters,  Zhu  et  al.  [32]  investigated  the  effects  of
operation  parameters  on  the  thermodynamic  equilibrium
yield,  and  the  results  showed  that  the  yields  of  light
olefins  were  restricted  by  operation  parameters.
Therefore,  it  is  feasible  to  establish  a  reasonable
thermodynamic  model  to  optimize  the  operation
parameters for enhancing light olefins. Stoichiometric and
non-stoichiometric  approaches  are  typically  applied  to
thermodynamic  equilibrium analysis  [33,34].  Because  of
the  complexity  of  the  reaction  system,  the  non-
stoichiometric  approach,  namely  the  Gibbs  free  energy
minimization  method,  is  more  suitable.  Moreover,  the
effects  of  the  chain length of  reactant  and cyclo-paraffin
content  on  the  production  of  light  olefins  have  not  yet
been studied in detail using the thermodynamic method.

Understanding  the  superior  reaction  pathway  and
thermodynamic  equilibrium  yield  of  C5–8 n/iso/cyclo-
paraffins  is  important  for  developing  the  catalytic

pyrolysis  process  of  naphtha.  In  this  study,  C5–8
n/iso/cyclo-paraffins were selected as model reactants for
an  analysis  of  the  catalytic  pyrolysis  process  and  the
effects of different reaction pathways on the formation of
light olefins. The Gibbs free energy minimization method
was used to study the thermodynamic equilibrium yield at
different  reaction  temperatures  and  total  hydrocarbon
pressures  using  the  Aspen  Plus  software.  The  effects  of
the  hydrocarbon  type,  chain  length,  and  hydrocarbon
content  are  also  considered  in  the  model.  Thus,  overall,
this  study  aims  to  provide  theoretical  guidance  for
enhancing the yield of light olefins.

 

2    Methodology

 2.1    Feedstocks and transformation pathways

C5–8 n/iso/cyclo-paraffins  are  important  and  represen-
tative  naphtha  compositions.  For  the  sake  of  brevity,
isomers  with  similar  structures  were  grouped  into  single
species  and  selected  as  the  object  of  thermodynamic
calculations,  because  the  physical  properties  of  the
respective isomers of  hydrocarbons are  relatively similar
[35]. The simplified feedstocks are listed in Table 1.

In  this  study,  the  protolytic,  dehydrogenation,  and
hydride  transfer  cracking  pathways  of n/iso-paraffins
were  considered  as  shown  in Scheme 1 [20].  (1)
Protolytic  cracking  pathway:  the  H+ proton  attacks  the
C–C bond to generate tricoordinated carbenium ions and
light  paraffins.  (2)  Dehydrogenation  cracking  pathway:
the  proton  attacks  the  C–H  bond,  producing
tricoordinated  carbenium  ions  and  H2.  (3)  Hydride
transfer cracking pathway: reactants and R1

+Z– carbenium
ions over HZSM-5 undergo a hydride transfer reaction to
form  tricoordinated  carbenium  ions  and  R1H  paraffin.
Subsequently,  the  tricoordinated  carbenium  ions  form
olefins  and  new  carbenium  ions  via β-scission.  The
desorption of tricoordinated carbenium ions in the above
three  pathways  from  the  active  site  of  catalysts
accompanies  the  regeneration  of  H+ proton  sites  and  the
formation of light olefins.

Scheme 2 illustrates  the  reaction  pathways  for  the
cyclo-paraffins  considered  in  this  study.  As  can  be
observed,  H+ attacks  cyclo-paraffins,  resulting  in  the
formation  of  pentacoordinated  carbonium  ion,  which

   
Table 1    Feedstocks composition after simplification
C5–8 n-paraffin Species C5–8 iso-paraffin Species C5–8 cyclo-paraffin

Formula Species Formula Species Formula Species

C5H12 n-Pentane C5H12 2-Methylbutane C5H10 Cyclopentane
C6H14 n-Hexane C6H14 2-Methylpentane C6H12 Cyclohexane
C7H16 n-Heptane C7H16 2-Methylhexane C7H14 Methylcyclohexane
C8H18 n-Octane C8H18 2-Methylheptane C8H16 Ethylcyclohexane
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undergoes  three  reaction  pathways:  (1)  dehydrogenation
cracking  pathway:  the  cleaved  of  C–H  bonds  in
pentacoordinated  carbocations  to  form  hydrogen  and
cycloolefins; (2) protolytic cracking pathway: C–C bonds
in pentacoordinated carbonium ion is cleaved to form two
olefin molecules; (3) hydrogen transfer cracking pathway:
hydrogen  transfer  between  carbocations  and  olefins,
leading  to  the  formation  of  small  paraffins  and
cycloolefins.

Accordingly,  the  chemical  reactions  of  different
reaction  pathways  for n/iso/cyclo-paraffin  with  different
carbon  numbers  and  types  were  established.  The
stoichiometric  coefficients  of  the  reactant  molecules  in
the relevant  equations are all  one.  It  is  worth noting that
light olefins are all derived from the deprotonation and β-
cracking  of  stable  carbenium  ions,  the  paraffins  and
olefins  in  the  product  are  considered n-paraffins,  2-
methyl-paraffins, and alpha-olefins. The detailed reaction
classes  and chemical  reactions  included in  this  study are

provided  in  Table  S1  (cf.  Electronic  Supplementary
Material, ESM).

 2.2    Calculation of thermodynamic properties

Based on the chemical reactions of reaction pathways for
n/iso/cyclo-paraffin  with  different  carbon  numbers  and
types.  The  standard  molar  formation  enthalpy  and  the
standard  molar  formation  entropy  for  reaction
temperature T can  be  calculated  using  the  following
equations:
 

∆f Hθ
m = ∆f Hθ

m(298.15 K)+
w T

298.15
Cp,mdT, (1)

 

∆fS θ
m = ∆fS θ

m(298.15 K)+
w T

298.15

Cp,m

T
dT. (2)

Cp,m,i

Cp,m

The contribution value ( ) of each group to the heat
capacity at constant pressure for the standard state ( )
at  different  temperatures  can  be  obtained  using  the

 

 
Scheme 1    Reaction pathways of n-paraffins and iso-paraffins.

 

 

 
Scheme 2    Reaction pathways of cyclo-paraffins.
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Cp,mBenson  group  contribution  method  [36,37],  and  the 
of each species at different temperatures can be calculated
using Eq. (3):
 

Cp,m =
∑

i
NiCp,m,i. (3)

The Cp,m for  the  standard  state  was  formulated  as  a
polynomial  equation  of  order  four  (five  constants)  using
the regression of Cp,m against temperature.
 

Cp,m = a1+a2T +a3T 2+a4T 3+a5T 4. (4)
According to  Eqs.  (1)–(4),  the  standard molar  reaction

enthalpy,  standard  molar  reaction  entropy,  and  standard
molar reaction Gibbs free energy at reaction temperatures
T can be obtained and represented as Eqs. (5)–(7).
 

∆rHθ
m(T ) =

∑
Product
∆fHθ

m(T )−
∑

Reactant
∆fHθ

m(T ), (5)
 

∆rS θ
m(T ) =

∑
Product
∆fS θ

m(T )−
∑

Reactant
∆fS θ

m(T ), (6)
 

∆rGθ
m(T ) = ∆rHθ

m(T )−T∆rS θ
m(T ). (7)

In  addition,  the  standard  equilibrium  constant  can  be
expressed as Eq. (8).
 

Kθ (T ) = exp
−∆rGθ

m

RT
. (8)

 2.3    Thermodynamic equilibrium analysis

The  non-stoichiometric  Gibbs  free  energy  minimization
method  was  used  to  calculate  the  thermodynamic
equilibrium  yield  of  the  catalytic  pyrolysis  of  naphtha.
The total Gibbs free energy of the system can be defined
as follows [38,39]:
 

Gt =

M∑
i=1

niµi. (9)

In the thermochemical equilibrium state, the total Gibbs
free  energy  of  the  system  is  minimum;  thus,  the
calculation of the thermodynamic equilibrium yield is an
optimization  problem,  wherein  the  constraint  is  the

element  equilibrium  [40].  The  most  commonly  used
optimization  algorithm  is  the  Lagrange  multiplier
approach, which can be performed as follows [41]:
 

F =Gt+

l∑
k=1

λk(
k∑

i=1

βkini−bk). (10)

The partial derivatives of Eq. (10) for every species are
set to zero to obtain the extremum point.
 

∆Gθ
i,f+RT ln

P
Pθ
+RT ln

ni∑
ni
+

L∑
l=0

λkβki = 0. (11)

Equation (11) is a system of equations containing n + l
unknown variables, for which the amount of species ni (i =
1, 2, ..., n) and Lagrange multipliers λk (k = 1, 2, …, l) can
be obtained.

The Aspen Plus V12 software was applied to calculate
the  equilibrium  yield  of  catalytic  pyrolysis.  The  IDEAL
property  method  (Ideal  gas  and  Raoult’s  Law)  was  used
in  this  simulation  because  the  process  involves
conventional low-pressure species.

 

3    Results and discussion

 3.1    Thermodynamic analysis of reaction pathways

Based  on  the  acid-catalyzed  carbonium  mechanism  and
previously  mentioned  hydrocarbon  cracking  pathway
(Section  2.1),  possible  reaction  pathways  for  C5–8
n/iso/cyclo-paraffins in naphtha were proposed (Table S1).
The  detailed  thermodynamic  data  for  different  reaction
pathways were calculated based on Eqs. (5)–(8).

 3.1.1    Reaction pathway of C5–8 n-paraffins

Figures 1(a) and 1(b) depict the relationship of log K with
reaction  temperature  for  the  removal  of  light  olefins
(ethylene, propylene, butene) and light paraffins (methane,
ethane,  propane,  and  butane)  from  C5–8 n-paraffins  by

 

 
Fig. 1    Equilibrium constants for the protolytic cracking pathway of C5–8 n-paraffins to form (a) light olefins and (b) light paraffins.
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protolytic cracking pathway. The equilibrium constant for
the  cracking  pathway  of n-paraffins  increases  with
increasing  reaction  temperature,  owing  to  the  endother-
mic  nature  of  these  reactions.  The  endothermic  heat  of
protolytic  cracking  is  approximately  60–100  kJ·mol–1.
For  the  cracking  pathway,  long-chain n-paraffins  are
more  easily  form  light  olefins  by  comparing  the
equilibrium  constants  of  C5–8 n-paraffins  to  form  the
same olefins.  For  example,  the  equilibrium constants  for
protolytic cracking of n-pentane to form ethylene at 900 K
is  44.68,  while  the n-octane  is  60.62.  Moreover,  butene
exhibits  the  highest  equilibrium  constant  of  formation,
followed  by  propylene,  and  ethylene,  indicating  that
butene is more easily formed than propylene and ethylene
in the cracking pathway of n-paraffins.

The  equilibrium  constants  of  protolytic  cracking
pathway  of  C5–8 n-paraffins  is  less  than  one  at  550  K,
implying that  the  low conversion for  the  protolytic  crac-
king  pathway  of n-paraffins  at  low  temperatures.  High
temperature can promote the protolytic cracking pathway
of  C5–8 alkanes,  but  the  formation  of  light  olefins  is
accompanied by the formation of light paraffins. A compa-
rison of the equilibrium constants for the cracking of C5–8
n-paraffins to form light paraffins (Fig. 1(b)), reveals that
methane  is  easily  formed  during  the  cracking  of  C5–8 n-
paraffins  because  the  equilibrium  constants  for  the
cracking of the same reactants to methane are higher than
those  to  other  light  paraffins  (ethane,  propane,  and
butane).  Momayez  et  al.  [42]  also  got  similar  results,
where methane had the highest yield, followed by ethane,
and  propane  in  succession  in  their  naphtha  catalytic
cracking  experiments.  Therefore,  the  formation  of  meth-
ane and other olefins molecular is more likely to occur for
the protolytic cracking pathway of C5–8 n-paraffins.

Figure 2(a)  presents  the  equilibrium constants  for  C5–8
n-paraffins  undergoing  C–H  bond  cleavage  at  different
reaction  temperatures.  The  endothermic  heat  of  the
dehydrogenation  cracking  pathway  is  approximately
130  kJ·mol–1.  The  equilibrium  constants  for  dehydroge-
nation  cracking  reactions  of  C5–8 n-paraffins  are  also

similar,  and the equilibrium constant is  much lower than
one  at  reaction  temperatures  is  lower  than  950  K.  This
indicates that the dehydrogenation cracking pathway of n-
paraffins  is  extremely  thermodynamically  unfavorable.
However, the dehydrogenation cracking step of n-paraffin
does not produce light paraffin by-products, it is an ideal
pathway for the catalytic pyrolysis of n-paraffins to form
light olefins.

In  addition  to  the  protolytic  cracking  pathways  of n-
paraffins,  the  hydride  transfer  cracking  pathway  of  C5–8
n-paraffins  can  also  yield  light  paraffins. Figure 2(b)
depicts the dependency of log K on the reaction tempera-
ture  for  hydride  transfer  cracking  pathways  of  C5–8 n-
paraffins.  The  equilibrium  constants  of  hydride  transfer
between  C5–8 n-paraffins  and  ethylene  are  relatively
similar:  they  decrease  with  increasing  temperature
because  all  such  reactions  are  exothermic  reactions  (the
reaction  enthalpy  is  about –13  kJ·mol–1).  The  hydride
transfer  between  C5–8 n-paraffins  and  propylene  are  all
slightly  endothermic  reactions  (the  reaction  enthalpy  is
about 0–2 kJ·mol–1), and the equilibrium constants are all
less than the equilibrium constants of C5–8 n-paraffins and
ethylene within the calculated reaction temperature range.
This  indicates  that  the  hydride  transfer  between  C5–8 n-
paraffins  and  propylene  is  more  difficult  than  that
between  C5–8 n-paraffins  and  ethylene  from  the
perspective of thermodynamics.

For  the  protolytic  cracking  pathways  of n-paraffins,
their  equilibrium  constants  are  higher  than  those  of  the
dehydrogenation  cracking  pathway  and  the  hydride
transfer  cracking  pathway.  Thus,  the  protolytic  cracking
pathway of n-paraffins is thermodynamically favorable.

 3.1.2    Reaction pathway of C5–8 iso-paraffin

Figure 3 depicts  the  plot  of  log K against  reaction
temperatures  for  the  C–C  bond  cleavage  in  C5–8 iso-
paraffins. Similar to the protolytic cracking pathway of n-
paraffins,  long-chain  olefins  are  more  likely  to  form  in
the  protolytic  cracking  pathway  of iso-paraffins,  and  the

 

 
Fig. 2    Equilibrium constants for (a) dehydrogenation and (b) hydride transfer cracking pathways of C5–8 n-paraffins.
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equilibrium constant decreases in the order of removal of
methane,  ethane,  propane,  and  butane.  The  endothermic
heat  for  protolytic  cracking  of iso-paraffin  to  form  light
paraffins is smaller than that of n-paraffins. For example,
the endothermic heat for protolytic cracking of n-pentane
to  form  methane  at  900  K  is  66.69  kJ·mol–1,  while  the
endothermic heat of iso-pentane is 56.95 kJ·mol–1. On the
other  hand,  the  equilibrium  constants  demonstrate  the
opposite.  For  instance,  the  equilibrium  constant  of
protolytic  cracking  of iso-pentane  to  form  methane  at
900  K  is  around  1.45  times  greater  than  the  equilibrium
constant  for  the  cracking  of n-pentane  to  form  methane.
Moreover,  the  equilibrium  constant  for  the  formation  of
the  same  light  olefins  or  light  paraffins  gradually
increases  as  the  chain  length  increases,  indicating  that
long-chain iso-paraffins  are  more  prone  to  protolytic
cracking pathways.

The  log K for  the  dehydrogenation  cracking  pathways
of  C5–8 iso-paraffins  are  illustrated  in Fig. 4(a).  The
dehydrogenation  cracking  of iso-paraffins  is  strongly
endothermic,  and  the  reaction  enthalpy  is  approximately
120  kJ·mol–1.  Consistent  with  the  dehydrogenation
cracking  pathways  of n-paraffins,  the  dehydrogenation

cracking  pathways  of iso-paraffins  are  also  thermodyna-
mically unfavorable.

Figure 4(b)  depicts  the  graph  of  log K versus  reaction
temperatures  for  hydride  transfer  cracking  pathways  of
ethylene  and  propylene  with  C5–8 iso-paraffins.  The
equilibrium  constant  for  the  hydride  transfer  cracking
pathway  of iso-paraffins  decreases  with  increasing
reaction temperature because the hydride transfer of C5–8
iso-paraffins  with  ethylene  and  propylene  is  exothermic.
The  equilibrium  constants  for  these  reactions  are  also
much larger than those for the dehydrogenation reactions.
In  comparison  with  the  protolytic  cracking  pathway  of
iso-paraffins,  the  hydride  transfer  pathway  dominates  at
low temperatures, while the cracking pathway dominates
at  high  temperatures  (>  600  K).  Moreover,  the  equili-
brium  constants  for  hydride  transfer  between  C5–8 iso-
paraffins  and  ethylene  are  higher  than  those  for
propylene,  indicating  that  the  hydride  transfer  between
ethylene  and iso-paraffins  is  more  thermodynamically
favorable.

Among  the  protolytic,  dehydrogenation,  and  hydride
transfer  cracking  pathways  of  C5–8 n/iso-paraffins,  the
protolytic  and  hydride  transfer  cracking  pathways  yield

 

 
Fig. 3    Equilibrium constants for the protolytic cracking pathway of C5–8 iso-paraffins to form (a) light olefins and (b) light paraffins.

 

 

 
Fig. 4    Equilibrium constants for (a) dehydrogenation and (b) hydride transfer cracking pathways of C5–8 iso-paraffins.
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light  paraffins,  resulting  in  a  lower  selectivity  for  light
olefins.  While  the  dehydrogenation  cracking  pathways
generate  hydrogen  without  other  light  paraffins.
Unfortunately,  the  protolytic  and  hydride  transfer
cracking  pathways  of n/iso-paraffins  are  more
thermodynamically  favorable  over  HZSM-5  zeolites.
Thus,  a conversion of the protolytic and hydride transfer
cracking pathways to dehydrogenation cracking pathways
would  result  in  the  formation  of  larger  amounts  of  light
olefins,  which  are  thus  useful  as  a  direction  for  future
catalyst  improvements,  facilitating  superior  reaction
pathways to enhance light olefins.

 3.1.3    Reaction pathway of C5–8 cyclo-paraffins

The  protolytic  cracking  of  cyclo-paraffins  results  in  the
formation of two molecular olefins. Figure 5(a) illustrates
the dependency of  log K on the reaction temperature  for
the  protolytic  cracking  pathway  of  C5–8 cyclo-paraffins.
High  carbon  number  cyclo-paraffins  are  more  prone  to
protolytic cracking, and the equilibrium constants for the
formation of two olefins with similar carbon numbers are
higher.  Moreover,  the  protolytic  cracking  pathway  of
cyclo-paraffin  requires  a  higher  reaction  heat  than n/iso-
paraffin, approximately 130–180 kJ·mol–1.

Dehydrogenation  of  cyclo-paraffins  results  in  the

formation  of  cyclo-olefins,  which  reduces  the  selectivity
toward  light  olefins  compared  with  the  protolytic
cracking  pathway  of  cyclo-paraffins.  Moreover,  cyclo-
olefins are precursors for the formation of aromatics, thus
the dehydrogenation cracking pathways of cyclo-paraffins
could  result  in  the  formation  of  aromatics.  The
endothermic  heat  of  the  dehydrogenation  cracking
pathway  is  similar  to  the  dehydrogenation  cracking
pathways  of  C5–8 n/iso-paraffins,  at  approximately
120  kJ·mol–1. Figure 5(b)  depicts  the  log K for  the
dehydrogenation  cracking  of  C5–8 cyclo-paraffins.  The
dehydrogenation  cracking  pathways  of  C5–8 cyclo-
paraffins  have  a  similar  equilibrium  constant  over  the
calculated  temperature  range,  and  it  is  lower  than  those
for  the  protolytic  cracking  pathway;  hence,  the
dehydrogenation  cracking  pathway  of  cyclo-paraffins  is
less thermodynamically favorable.

Hydrogen  transfer  cracking  pathways  of  ethylene  and
propylene with C5–8 cyclo-paraffins not only do not form
light  olefins,  but  also  consume  light  olefin  molecules.
Figure 5(c)  illustrates  the  dependency  of  log K on  the
reaction  temperature  for  hydrogen  transfer  cracking
pathways  of  ethylene  and  propylene  with  C5–8 cyclo-
paraffins.  The  equilibrium  constants  for  the  hydrogen
transfer  cracking  pathways  of  cyclo-paraffins  are  larger
than  those  for  the  protolytic  and  dehydrogenation

 

 
Fig. 5    Equilibrium constants for (a) protolytic, (b) dehydrogenation and (c) hydrogen transfer cracking pathways of C5–8 cyclo-paraffins.
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cracking  pathways  at  low temperature  (<  800  K),  which
indicates  that  hydrogen  transfer  cracking  pathways  are
more  thermodynamically  favorable  for  cyclo-paraffins
(<  800  K).  However,  hydrogen  transfer  cracking  path-
ways of ethylene and propylene with C5–8 cyclo-paraffins
results  in  the  formation  of  cyclo-olefins  and  light
paraffins,  which  greatly  reduces  the  selectivity  of  light
olefins.  Therefore,  it  is  necessary  to  promote  the
protolytic  cracking  pathways  of  cyclo-paraffins,  a
conversion  of  the  dehydrogenation  and  hydrogen
transfer  cracking  pathways  to  protolytic  cracking
pathways would result in the formation of larger amounts
of light olefins.

Based on the discussions above, the cracking pathways
of n/iso-paraffins  follow  the  same  thermodynamic
principle,  whereas  those  of  cyclo-paraffins  are  different.
The  protolytic  cracking  pathways  of n/iso-paraffins  on
solid  acid  catalysts  are  the  most  thermodynamically
favorable,  followed  by  the  hydride  transfer  and
dehydrogenation  cracking  pathways.  The  hydrogen
transfer  cracking  pathways  of  cyclo-paraffins  on  solid
acid catalysts is most favorable thermodynamically as the
temperature  is  less  than  800  K,  and  the  protolytic  and
dehydrogenation cracking pathways of cyclo-paraffins on
solid  acid  catalysts  are  more  difficult.  However,  the
dehydrogenation cracking pathways of n/iso-paraffins and
protolytic  cracking  pathways  of  cyclo-paraffins  increase

the  selectivity  for  light  olefins  because  no  other  by-
products  are  produced.  Therefore,  it  is  important  to
develop  catalysts  that  promote  the  dehydrogenation
cracking  pathways  of n/iso-paraffins  and  the  protolytic
cracking pathways of cyclo-paraffins.

 3.2    Thermodynamic analysis of equilibrium distributions

To clarify the reactivity and the effect of the coexistence
of  other  hydrocarbons,  the  effects  of  thermodynamic
factors on the equilibrium yields of C5–8 n/cyclo-paraffins
systems were investigated in this section.

 3.2.1    Equilibrium yield of C5–8 n-paraffin systems

The  effect  of  reaction  temperature  on  the  equilibrium
distribution  of  the  catalytic  pyrolysis  of  C5–8 n-paraffins
is depicted in Fig. 6. The equilibrium yield increases with
an  increase  in  the  carbon  number  due  to  their  ability  to
remove more light hydrocarbons by scissions of chemical
bonds.  However,  the  equilibrium  yield  of  pyrolysis
products demonstrates a similar trend for n-paraffins with
different  carbon  numbers.  This  indicates  that  the
thermodynamic  equilibrium rule  of  pyrolysis  products  is
similar  for  different  systems  of  C5–8 n-paraffins.  The
cracking  and  hydrogen  transfer  pathways  of n-paraffins
lead  to  high  equilibrium  yields  of  light  paraffins,

 

 
Fig. 6    Effects of temperature on thermodynamic equilibrium yield for (a) n-pentane, (b) n-hexane, (c) n-heptane and (d) n-octane at
0.1 MPa.
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approximately  20  wt %.  The  ethylene  equilibrium  yield
notably  increases  from  ~0.02% at  500  K  to  45.12% at
1000  K.  C3–8 olefins  demonstrate  a  maximum  yield
within  the  temperature  range  of  600  K–800  K,  which  is
consistent with their role as an intermediate fraction in the
reaction  at  high  temperatures.  The  temperature
corresponding to the maximum equilibrium yield of C3–8
olefins decreases with increasing carbon number.

Figure 7 indicates  the  preferential  generation  of  C5+
olefins  up  to  approximately  550  K,  while  ethylene  and
propylene  become  the  dominant  species  at  higher

temperatures.  The  equilibrium  yield  of  high-carbon-
number  olefins  gradually  decreases  and  approaches  zero
at reaction temperatures above 850 K. It  can be deduced
that  olefins  with  high  carbon  numbers  can  be  almost
completely  converted  when  the  system  attains
thermodynamic equilibrium at a temperature above 850 K
because the cracking reaction predominates at such a high
temperature.  This  behavior  stems  from  the  trends
followed  by  the  Gibbs  energy  of  formation.  Lehmann
et  al.  [33]  studied  the  effects  of  temperature  on  Gibbs
energies  of  formation  of  light  olefins.  It  was  found  that
C5+ olefins  exhibit  higher  thermodynamic  stability
(smaller values of Gibbs energies of formation) compared
with  that  exhibited  by  ethylene  and  propylene  at  lower
temperatures,  this  relation  is  reversed  at  higher
temperatures,  which  was  consistent  with  the  calculated
results in the present work.

According  to  LeChatelier’s  principle,  high  pressure
favors the formation of liquid products, and low pressure
favors  the  formation  of  gaseous  products  [43]. Figure 8
illustrates the effects of the total hydrocarbon pressure on
the  equilibrium  yields  for  the  catalytic  pyrolysis  of  C5–8
n-paraffins.  The  equilibrium  yields  of  the  pyrolysis
products are similar for C5–8 n-paraffin systems. With an
increasing  total  hydrocarbon  pressure,  the  equilibrium
yield  of  ethylene  decreases  while  that  of  propylene
reaches a maximum within the total hydrocarbon pressure

 

 
Fig. 7    Equilibrated olefin groups of C2–8 olefin systems at 0.1 MPa.

 

 

 
Fig. 8    Effects of total hydrocarbon pressure on thermodynamic equilibrium yield for (a) n-pentane, (b) n-hexane, (c) n-heptane, and
(d) n-octane at 800 K.
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at  0.1  MPa,  increasing  the  equilibrium  yield  of  C4+
pyrolysis products. Thus, cracking reactions are limited to
a  certain  extent  under  high-pressure  conditions.  A  total
hydrocarbon  pressure  below  0.2  MPa  is  appropriate  for
improving  the  equilibrium  yields  of  ethylene  and
propylene.  For  C5–8 n-paraffin  systems,  the  equilibrium
yields  of  ethylene  and  propylene  from  high-carbon-
number n-paraffins  are  higher  than  those  from  low-
carbon-number n-paraffins  under  the  same  total
hydrocarbon pressure.

Based  on  the  results  obtained  from  thermodynamic
calculations,  a  relatively  high  reaction  temperature  and
low  total  hydrocarbon  pressure  are  recommended  to
increase  the  equilibrium  yield  of  light  olefins.  At  high
reaction  temperatures  and  low  total  hydrocarbon
pressures, high-carbon-number hydrocarbons have higher
Gibbs free energies  than the Gibbs free energies  of  low-
carbon-number  hydrocarbons,  facilitating  the  occurrence
of cracking reactions.

 3.2.2    Equilibrium yield of C5–8 n-paraffin and cyclo-
paraffin mixture systems

C5–8 n-paraffins  and  cyclo-paraffins  mixtures  were
employed  to  explore  the  effects  of  the  cyclo-paraffin
content on equilibrium yields, as illustrated in Fig. 9. The
products vary greatly after introducing the cyclo-paraffin
into n-paraffin,  an  essential  reason  is  that  the  cyclo-

olefins  could  exhibit  higher  thermodynamic  stability
compared  to  light  olefins.  The  introduction  of  cyclo-
alkanes  promotes  the  formation  of  the  corresponding
cyclo-olefins,  this  behavior  stems  from  the  hydrogen
transfer cracking pathway of cyclo-paraffins. On the other
hand,  the  introduction  of  cyclo-paraffin  suppresses  the
formation  of  light  olefins.  In  addition,  the  yield  of  light
olefins for the mixture of high-carbon-number n-paraffins
and cyclo-paraffins is higher than that for the mixture of
low-carbon-number n-paraffins  and  cyclo-paraffins,  and
the difference in the yields of light olefins decreases with
an increase in the carbon number.

The  protolytic  cracking  pathways  of  cyclo-paraffins
significantly enhance the yields of light olefins,  because,
stoichiometrically,  cyclo-paraffins  decompose  into  two
olefins.  To  determine  the  corresponding  limiting  values
of  pyrolysis  products  considering  the  protolytic  cracking
pathway of cyclo-paraffin for paraffin and cyclo-paraffin
system. n-Hexane  and  cyclohexane  mixtures  (50%:50%)
were  used  to  explore  the  effects  of  reaction  temperature
and  total  hydrocarbon  pressure  on  the  pyrolysis  of n-
paraffin  and  cyclo-paraffin  mixtures  because  the  content
is  similar  for n-paraffins  and  cyclo-paraffins  in  naphtha,
approximately  30%. Figures 10(a)  and 10(b)  display  the
joint  effect  of  the  reaction  temperature  and  total
hydrocarbon  pressure  on  the  equilibrium  yields  of
ethylene  and  propylene  for  the  catalytic  pyrolysis  of  a
mixture  of  C6 n-paraffin  and  cyclo-paraffin.  The  effects

 

 
Fig. 9    Effect of cyclo-paraffin content on pyrolysis product of (a) n-pentane, (b) n-hexane, (c) n-heptane, and (d) n-octane.
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of  temperature  and  total  hydrocarbon  pressure  on  the
product distribution for the cracking of the n-paraffin and
cyclo-paraffin  mixtures  are  similar  to  those  in  single n-
paraffins.  The  maximum  ethylene  and  propylene  yields
are 49.90% and 55.77% at  total  hydrocarbon pressure of
0.1  MPa.  Optimal  reaction  temperatures  were  found  at
1000 K (ethylene) and 800 K (propylene), respectively.

To  guide  the  selection  of  operation  parameters  for
catalytic  pyrolysis  of n-paraffins  and  cyclo-paraffins
mixtures,  the  operating  maps  (Figs. 10(c)  and 10(d))  of
ethylene  and  propylene  for  the  reaction  temperature  and
total  hydrocarbon  pressure  were  constructed  and
analyzed.  Contour  maps  were  plotted  using  the
equilibrium yields  of  ethylene  and  propylene.  As  can  be
inferred,  the  temperature  is  the  most  important  factor
affecting product distribution. High temperatures and low
pressures  favor  the  formation  of  ethylene,  and  moderate
temperatures  and  low  pressures  favor  the  formation  of
propylene.  To  achieve  ethylene  yields  above  20%,
temperatures above 800 K are required. At the same time,
an optimum propylene yield (approximately 50%) can be
observed at 750–900 K.

 

4    Conclusions

In  this  work,  C5–8 n/iso/cyclo-paraffins,  the  primary
species  of  naphtha,  were  selected  to  investigate  the
thermodynamic properties of reaction pathways occurring
over  solid  acid  catalysts,  including  protolytic,
dehydrogenation, and hydride/hydrogen transfer cracking
pathways. Based on the analysis, it can be concluded that
n/iso-paraffins  are  ideal  feedstocks  for  the  catalytic
cracking  of  naphtha  to  produce  light  olefins,  whereas
cyclo-paraffins are non-ideal feedstocks. It is necessary to
develop  catalysts  that  promote  the  dehydrogenation
cracking  pathways  of n/iso-paraffins  and  protolytic
cracking pathways of cyclo-paraffins to enhance the yield
of  light  olefins.  However,  the  protolytic  cracking
pathways  of n/iso-alkanes  and  the  hydrogen  transfer
cracking  pathways  of  cyclo-alkanes  are  unavoidable.
Therefore, there are two issues worth considering: (1) the
comprehensive  utilization  of  light  paraffin  by-products;
(2) the content of cyclo-paraffins in pyrolysis feedstocks.
The  effects  of  thermodynamic  factors  on  the
thermodynamic  equilibrium  yield  demonstrated  similar

 

 
Fig. 10    The joint effect of temperature and pressure on the equilibrium yields of (a) ethylene and (b) propylene as well as contour
maps of (c) ethylene and (d) propylene.
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trends for C5–8 n-paraffin and cyclo-paraffin systems, and
the  increase  of  chain  length  could  promote  the
equilibrium  yield  of  pyrolysis  products.  The  optimum
reaction  conditions  that  maximize  the  yields  of  light
olefins are reaction temperatures between 750 and 900 K
and total hydrocarbon pressure is 0.1 MPa.
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Nomenclature

∆fHθ
m Standard molar formation enthalpy, kJ

T Reaction temperature, K

Cp,m Molar heat capacity at constant pressure, J·mol–1·K–1

∆fS θ
m Standard molar formation entropy, J·K–1

Cp,m,i Contribution value of each group to the Cp,m

Ni The number of groups

∆rHθ
m Standard molar reaction enthalpy, kJ

∆rS θ
m Standard molar reaction entropy, J·K–1

∆rGθ
m Standard molar reaction Gibbs free energy, kJ

Kθ Standard equilibrium constant

R Molar gas constant, J·mol–1·K–1

Gt Total Gibbs free energy of mixed system, kJ

ni Numbers of moles of species i
µi Chemical potential of species i
λk Lagrange multiplier of the kth element
βki Number of atoms of the kth element in a mole of the ith species

bk Total moles of the kth element, mol

∆Gθ
i,f Standard mole generation Gibbs free energy of species i, kJ·mol–1

P Total hydrocarbon pressure, MPa

Pθ Standard pressure, MPa
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