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In this study,thermodynamic analysis of hexane
cracking was conducted by Gibbs free energy
minimization method and second law analysis of
overall reactions. By-products were divided into
three groups of methane, alkynes and aromatics
and their possible production paths were
discussed. Effect of operating conditions such as
temperature and steam-to-hexane ratio on the
cracking performance was also investigated. The
principal set of compounds considered in the
modelling was hydrogen, water, ethane, ethylene,
acetylene, propane, propylene, methyl acetylene,
butane, butylene and hexane. Results showed that
Hexane conversion increased with increase of
temperature and steam content. As temperature
increased, the equilibrium olefin yield showed a
volcano-shaped trend. In the presence of methane,
the maximum olefin yield declined and shifted to
lower temperatures. When aromatics were
considered in the product list, the light olefins yield
was negligible. Equilibrium predicted that adding
steam to the feed stream led to the decrease of
coke deposition  through  suppressing  of
aromatization reaction.
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1. Introduction

In cracking process, hydrocarbons are heated to high temperatures. It
leads to break the carbon-carbon bonds to give smaller fragments. This reaction
is at the heart of all commercial technologies for upgrading hydrocarbons.
Cracking of ethane and light liquid hydrocarbons including hexane and light
naphtha is the conventional technique for the production of light olefins [1-4].
Light olefins such as ethylene and propylene are important starting material in
petrochemical industries to produce polymers and various other petrochemicals
[5, 6].

The cracking of n-alkanes, including n-hexane, heptanes and octane are
often examined as a model feed for the naphtha catalytic cracking test to clarify
catalysts performance [7, 8]. Most works presented in the literature have
focused on the development of active and selective catalysts and the
optimization of operating conditions for hexane cracking process [9-12].
However, the basic parameters including feed composition and temperature
differ significantly among those researches and the results are hardly
comparable. Moreover, durability of the cracking catalyst is one of the key
factors in the development of catalytic cracking process. Coke deposition over
catalyst is known as the main reason for the deactivation [13, 14]. Operating the
cracking process at appropriate condition can inhibit such deactivation.

The thermodynamic analysis of hexane cracking provides the first step to
analyze the limits of operating conditions on equilibrium products distribution
and hexane conversions. Developing cracking reactors requires the
thermodynamic and kinetic knowledge of liquid hydrocarbons reactions and
product distributions. Despite the attention paid to the kinetic study of cracking,
there has been few studies on the thermodynamic of liquid hydrocarbons
cracking at severe operating conditions [15]. The ideal reaction pathway in
hexane cracking is obtaining high olefin yield. However, undesirable side
reactions including sequential dehydrogenation, aromatization and steam
reforming may occur during the cracking of hexane. The reaction network
depends on the operating conditions. Hence, thermodynamic studies are
necessary to understand the relationships between operating conditions and the
possible product distributions. The thermodynamic analysis makes it possible to
evaluate if a determined operating condition for a specific reaction is technically
viable or not, and to predict better operating conditions [16].

Chemical equilibrium calculations have been usually done using
equilibrium constants of known reactions. This technique is useful for simple
problems. Yan et al. [17] investigated thermodynamic properties of methane
autothermal reforming reaction with this method. Nevertheless, when the
composition of an equilibrium mixture is determined by a number of
simultaneous reactions, calculations based on equilibrium constants get
complicated. In these cases, using procedures which is based on the
minimization of the total Gibbs energy is suitable [18, 19]. The beneficial use of
Gibbs free energy minimization method is that a limited set of equations needs
to be solved. In fact, each component present in the system can be treated
independently without indicating sets of complicated reactions. Furthermore, the
method requires only knowledge of Gibbs free energies of the components in a
specified temperature and pressure.
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In recent years, thermodynamic analysis of various processes including
methanol steam reforming, dimethyl ether steam reforming, gasification process
and methane steam reforming have been done [20-24]. Zhang et al. [25]
investigated thermodynamically the effect of temperature and hydrocarbon
pressure on olefin products distribution using Gibbs free energy minimization.
However, effects of the steam-to-hydrocarbon ratio on products distribution
were not discussed. Moreover, hexane cracking process is a complicated
reaction which includes many side reactions. To the best of our knowledge, a
detailed theoretical analysis of olefin production overall reactions through
hexane cracking process has not been published yet.

Gibbs free energy is a suitable index to determine the reaction
spontaneity. In this paper, a set of reactions for hexane cracking was
considered and the effect of temperature on their Gibbs free energy was
determined. Then, thermodynamic equilibrium composition of hexane cracking
process was investigated. The influence of process variables such as
temperature and steam-to-hexane ratio on hexane conversion and product
distribution was also investigated to find out the optimal operating conditions for
the cracking of hexane process. In this paper, results are reported as hexane
conversion, olefin yield, aromatics and Hz selectivity.

2. Modeling and Methodology

1.2. Thermodynamically Feasible Products

There are many reactions which take place during hexane cracking.
Overall reactions for the formation of light olefins and by-products in hexane
cracking process are listed in Error! Reference source not found.. The
product set was expanded to consist of intermediate products or products from
side reactions. As can be observed in this table, the proposed reactions were
divided into five groups including formation reactions of light olefins, methane,
aromatics, alkynes and C2-Cs alkanes.

Thermodynamically feasible reactions in the operating conditions range
were predicted by the calculation of Gibbs free energy as a function of
temperature. It was calculated using the 15-coefficients NASA polynomial as
follows:

Ci
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Where ai-az are the numerical coefficients supplied by Burcat.[?8]
Furthermore, Cy’°, Ht’, St° and G’ represent specific heat capacity, standard
enthalpy, entropy and Gibbs free energy, respectively.
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Table 1. Overall reactions of n-hexane cracking

No. Reaction No. Reaction

Group A: light olefins formation reactions R24 C3He—C2H2+CH4

R1 CeH1a> 3C2Ha+H2 R25 CsH14+2CH4>CgH10+6H2
R2 CsH1452C3He+H2 Group C: aromatics formation reactions

R3 C2He—~C2Ha+H2 R26 CeéH14+CH4C7Hg+6H>
R4 C2Ha+C2He—C3He+CHa R27 CeH14-CsHe+4H:>

R5 CsHg—CaHe+H2 R28 C2Hs+C4Hs—CesHs+2H>
R6 CsHg«>C2Ha+CHa R29 C4He+C3Hs—~C7Hg+2H>
R7 2C3Hs«>3C2H4 R30 C4He+C4Hs—CgHsg+2H>
R8 C4H10>C3Hs+CHa R31 2C4He—>CsH10+H2

R9 CaH10C2H4+C2Hs R32 2C3H4eCeHs+H2
R10 C2Hz2+Hz2>C2Ha Group D: alkyne formation reactions

R11 C2H2+CH4>CsHs R33 CeH14>3C2H2+4H>
R12 CeH14>C3Hsg+C3He R34 CeH1452C3Hs+3H2
R13 CeH14>C2He+2C2H4 R35 CeH14>n-C4Hg+C2H2+2H:2
R14 CeH14>n-C4Hg+C2Ha+H> R36 C3He—C3HatH:2

R15 CéH14<> C2Ha+n-CaH1o R37 C2H4eCoH2+H2

R16 C3Hg+C2H4—C2Hs+CsHe R38 CsHge C4HetH2

R17 CsH1052C2Ha+H> R39 C2H4+C2H2-C4He
R18 CsH14+6H20-6C0O+13H2 Group E: alkane formation reactions

Group B: methane formation reactions R40 CeH14>N-C4Hs+C2Hs
R19 C4Hg—~C3Hs+CH4 R41 CeH14+H253C2Hs
R20 C2H4+2H252CHg4 R42 CeH14>N-CsHs+C2Hs
R21 CsHe+3H2—-3CHa4 R43 CeéH14+H2> C2Hs+N-CaH10
R22 2C2Hg—C3Hg+CHa R44 C4H105C4Hs+H:2

R23 CsHe+C2Hs>CsHg+CHa R45 C4Hg—H2+C4sHs

2.2. Gibbs Free Energy Minimization

For the sake of Gibbs Free Energy Minimization, the Lagrange multiplier
method was used. Gibbs energy of the system can be written as follows:

G=RT Z nk[(g_;) +In %] (5)

The material balance for a system comprised of w elements can be
expressed as Equation (6):

Zakj N, =b; (6)
k=1

Where k is a particular atom and axj is the number of atoms of the k¥
element in a molecule of the j substance in the system. Moreover, bj
represents the amount of jth element in the system. Gibbs energy minimization
was done by the Lagrange multiplier method. With this method, the minimum of
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Gibbs energy is subjected to the mass balance relations. The new objective
function to be minimized in terms of the amounts of matter nk is written as:[27]

L:F—zj(kZakjnk—bj) 7)
=1

Where Ai are the Lagrange undefined multipliers. The minimum of L gives
the minimum of F while the mass balance condition Equation (6) holds. The
respective partial derivatives in terms of the amounts (nk) must be zero.
Therefore the eqguation to be solved is as follows:

]Tpnk 2,1 a,=0  (k=1,2, ..., m) (8)

J

The first term on the left is the definition of the chemical potential;

+ > dja,; =0
Hi Z )3y (9)

Therefore, for gas-phase reactions at P, this equation can be written as
follows:

= AG; +RT |n3’kp—<{kF) (k=1,2, ......, N) (10)

Combination with Equation (9) gives:

AG?k+RT|nykPLfP+Z/1jakj=0 (k=1,2, ......, N) (11)
i

where AG° is the standard Gibbs function of formation of species i, R is
the molar gas constant, T is the processing temperature, P is the processing
pressure, yi is the gas phase mole fraction of species i and Piis the fugacity
coefficient of species i. There are N equilibrium equations in Equation (11), one
for each chemical species. Moreover, there are w Material balances in Equation
(6). Therefore, the number of total equations is N +w.

This method is based on minimizing the total Gibbs free energy in the
system without the specification of the plausible reactions taking place.
However, this requires the identification of the plausible products. In this paper,
possible products were classified into three cases as follows:

e Case 1. Hydrogen, water, ethane, ethylene, acetylene, propane,
propylene, methyl acetylene, butane, butylene and hexane

e Case 2: Hydrogen, water, methane, ethane, ethylene, acetylene,
propane, propylene, methyl acetylene, butane, butylene and hexane

e Case 3: Hydrogen, water, methane, ethane, ethylene, acetylene,
propane, propylene, methyl acetylene, butane, butylene, hexane,
benzene, xylene and toluene

As can be seen above, methane was added to product set in the second
case. In the third case, in addition to methane, aromatics such as benzene,
xylene and toluene were considered in the predicted products. The modelling



Journal of Oil, Gas and Petrochemical Technology Vol. 4, No. 1, pp. 18-39 m 23

methodology was conducted through a sequential procedure. At first, the
reactants and their relative proportions were chosen. Then, products were
chosen. In the third step, operating conditions such as temperature and steam-
to-hexane ratio were chosen and minimization was performed. Next, the
calculated results were consecutively analyzed for an optimal condition of the
cracking process.

The steam-to-hexane weight ratio and reaction temperature were varied
in the range of 0—1 and 500-1300K, respectively. It should be noted that the
Peng—Robinson equation was used as the equation of state.

Hexane conversion, light olefins yield, propylene, ethylene, aromatics
and hydrogen selectivity were calculated as follows:

Frex, —F (12)
X ey (WE%) = (————="21) x 100
HEX,
F 13
Yield ¢ ,(wt%) = (—=F-)x100 (13)
HEX
F 14
Sethylene(\Nt%) = (M) =x100 ( )
products
F 15
S propylene(Wt%) = (M) =x100 ( )
products
F . 16
Saromatics(WtO/o) = (M) x100 ( )
products
(17)

)

Sy, (Wt%) = ( )x100

products

”

Where 1 I:HEXIn 1”“ FHEXOU‘ ’1, “FE,P”’ “Fethylene”, “Fpropylene” “Faromatlcsﬂ’ [ l:H2 are

the mass flow rates of hexane in feed and product streams, olefins, ethylene,
propylene, aromatics and hydrogen, respectively.

3. Results and Discussion

3.1. Effect of Temperature on Gibbs free energy of Hexane Cracking
Reactions

Gibbs free energy of hexane pyrolysis reactions was calculated. As
Figure 1 shows the direct conversion of hexane to ethane and ethylene (R13)
begins at temperature higher than 340K. Furthermore, ethylene and propylene
formation through hexane dehydrogenation reactions (R1, R2) do not become
favourable until temperature reaches beyond 800K. On the other hand, the
hexane dehydrogenation reaction for the production of butylene and ethylene
(R14) is not favourable in the studied temperature range. Furthermore, it can be
observed that acetylene and methyl acetylene formation reactions (R33, R34)
are favourable at temperatures higher than 1100K. It should be noted that
Gibbs free energy of other reactions declined with increasing of reaction
temperature.
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The effect of temperature on Gibbs free energy of light olefins formation
reactions are shown in Figure 2. At first glance, it can be observed that
reactions (R4) and (R16) are independent of temperature. They can be done all
over the reaction temperature range. However, their magnitude of AG is
relatively low, meaning that the presence of either the product or reactant
species could drive the reaction in either direction. Furthermore, it can be seen
that increasing temperature has got a retarding effect on the proceeding
acetylene hydrogenation reaction (R10) and combination reaction of methane
and acetylene (R11). Gibbs energy of the other listed reactions shows a
descending trend. It means that by increasing the reaction temperature, their
spontaneity gradually increases.

Formation of many by-products is one of the main drawbacks of cracking
liquid hydrocarbons process. These by-products can be divided into three
groups of methane, alkynes and aromatics. In this section, their possible
production paths are discussed.

Methane is one of the important by-products in the cracking of hexane.
The effect of temperature on Gibbs free energy of methane production reactions
is depicted in Figure 3. As can be seen in this figure, whole of reactions take
place above 775 K spontaneity. The decomposition of butylene to methyl
acetylene and methane (R19) is spontaneity above 750K. Because of lower
Gibbs energy of ethylene and propylene hydrogenation reactions (R20, R21),
the possibility of methane formation via these reactions is higher than the other
reactions. Furthermore, results showed that as temperature increased, Gibbs
free energy of propane and butane pyrolysis (R6, R8) got lower. Therefore,
increasing temperature led to increasing methane formation through these
paths. In addition, results indicated that other reactions are invariant under
changes in the temperature.

Figure 4 provides details about Gibbs free energy of alkynes formation
reactions. As can be seen in this figure, methyl acetylene can be produced
through butylene pyrolysis (R19) at greater than 775K. In addition, propylene
pyrolysis (R24) can be done spontaneously at temperature higher than 975K.
The high temperature was benefited to conduct the direct conversion of hexane
to alkynes reactions (R33, R34). It can be observed that they begin at higher
than 1100K. Furthermore, dehydrogenation of ethylene and butylene for the
production of acetylene and butyne (R37, R38) need to consume much energy.
They can proceed at temperatures above 1300K and 1400K, respectively. On
the other hand, butyne can be formed through the combination of ethylene and
acetylene (R39) up to 970K. As reaction temperature exceeds 970K, this
reaction suppresses.

Aromatics are the most undesirable by-products in the cracking of
hexane. These components aggregate and deposit as coke on the reactor wall
or catalyst surface. This phenomenon not only increases energy consumption,
but also decreases product yield significantly [4]. The aromatization of hexane
occurs in various paths. As mentioned above, hexane may transform to alkenes
in two routes of cracking and dehydrogenation reactions. However, alkenes
may convert to aromatics through oligomerization, cyclization and
dehydrogenation reactions [28]. Furthermore, reactions which occur between
byproducts such as alkynes and methane cause the formation of aromatics.
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Figure 5 depicts Gibbs free energy of aromatic reaction formation.
According to this figure, most of assumed reaction can proceed spontaneously
in the studied temperature range. Xylene, toluene and benzene formation
through reactions R25, R26 and R27 become spontaneity at 450, 550 and
600K, respectively. The increasing reaction temperature facilitates the
aromatization reactions.

3.2. Effect of Temperature and Steam Content on Hexane Conversion

The equilibrium conversion of hexane as a function of reaction temperature and
steam-to-hexane ratio is shown in Figure 6. In the absence of aromatic
compounds (Figure 6.a-b), hexane conversion depended on temperature and
steam content. In the absence of methane (case 1), when temperature
increased from 500 to 700K, hexane conversion increased from 82 to 100%.
After that, hexane conversion remained 100% until 1300K. It can be attributed
to endothermic nature of the hexane cracking reaction. When methane was
added to product list (case 2), the minimum of hexane conversion increased
from 82 to 91%. In addition, increase of steam content in the feed stream led to
increase the hexane conversion. For instance in case 1, at constant
temperature of 500K, as steam-to-hexane ratio increased from 0 to 0.4, hexane
conversion increased from 82 to 100%. However, in temperature range higher
than 600K, hexane conversion was independent of steam content.
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Increased conversion of hexane along with increase in temperature was
experimentally observed by Mochizuki et al.[29] during the catalytic cracking of
n-hexane.

On the other hand, when aromatics were considered in the product list,
the conversion of hexane was not limited by equilibrium. It can be observed that
the complete conversion of hexane is achieved throughout the operating
condition range. According to Figure 5, Gibbs free energy of hexane to
aromatics reactions are negative even at low temperatures. Therefore, when
aromatics are considered in product set, hexane conversion reaches 100% due
to the aromatization of hexane reactions.

3.3. Effect of Temperature and Steam Content on the Olefin Yield

Effect of operating conditions on the equilibrium olefins yield has been
shown in Figure 7. Temperature has a significant effect on the olefin yield.
According to Figure 7.a (case 1), as temperature increases, the equilibrium
olefin yield shows a volcano trend. The highest equilibrium olefins yield is 81%
which can be obtained at 1100K. However, in the presence of methane (case 2)
the temperature, in which the maximum olefin produced, shifted to lower
temperature (800K). Moreover, the highest obtained olefin yield decreased to
64%. The descending trend of olefins yield at higher temperatures can be
attributed to the decrease of propylene yield.
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The effect of temperature on propylene and ethylene selectivity in the
absence of steam are calculated and shown in Figure 8. Results show that in
case 1 and 2, propylene yield increases by increasing temperature and goes
through a maximum value at 750K and 775K, respectively and then decreases
at higher temperatures. However, the ethylene vyield increases with
enhancement of reaction temperature and falls at above 1025K and 1150K in
case 1 and 2, respectively. The decline of propylene yield may be attributed to
the conversion of propylene to ethylene reaction through reaction (R7).The
more decline of propylene yield in case 2 may be attributed to the conversion of
propylene to acetylene reaction (R24). Mochizuki et al.[30] studying hexane
cracking over ZSM-5 catalysts, observed a similar behaviour during their
experiments. As can be seen in Figure 4, Gibbs free energy of propylene
conversion to acetylene reaction (R24) shows a descending trend and at 970K,
it reaches zero. Therefore, at temperatures higher than 900K this reaction can
take place spontaneously. Results from equilibrium calculation show that as
temperature increases from 900K to 1300K, the acetylene selectivity also
increases from 2.5% to 38%. Enhancement of steam content in the feed stream
led to decline the olefins yield. As mentioned in Figure 1, Gibbs free energy of
hexane reforming reaction is less than the other hydrogenation reaction. When
the steam content increased, the reforming reaction competed with cracking
reaction to consume hexane. Therefore, the olefin yield decreased significantly.

On the other hand, in case 3 the olefins yield decreased remarkably. It
can be seen that the highest obtained olefins yield is about 1.3%. The
equilibrium selectivity of aromatics in case 3 is shown in Figure 9. At first
glance, it can be observed that in lower steam content and higher temperature,
the aromatics are the main products. For instance, in steam free feed stream
condition, the obtained aromatics selectivity is more than 50%. As steam
content increased, the aromatics selectivity decreased due to the expedition of
hexane reforming reaction. It can be concluded that when aromatics are
considered in the product set, most of hexane converted to the aromatics
instead of olefins. In equilibrium analysis, the kinetic limits dose is not
considered and the obtained results is ascribed to the high contact time
conditions. Therefore, the low obtained olefin yield in case 3 can be ascribed to
the complete transformation of ethylene and propylene into aromatics through
sequential reactions in long contact time.

This result is in line with obtained results from Figure 5. According to this
figure, most of the aromatization reactions are favourable thermodynamically.
The larger negative values of their Gibbs free energy show further proceeding
of aromatization reaction to the right-hand side. For this reason, a great effort
take place to the development of catalysts that can minimize residence time of
feed in the catalysts pores. Konno et al.[31] showed that reduction of crystallite
size of the ZSM-5 catalysts inhibited the formation of coke on in the pore during
the catalytic cracking of hexane. Furthermore, Tago et al.[32] showed that using
catalysis with moderate catalyst acidity led to control the sequential reactions.
Therefore, the aromatics selectivity decreased significantly.
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3.4. Effect of Temperature and Steam Content on the Hydrogen Selectivity

Figure 10 illustrates equilibrium hydrogen selectivity as a function of
operating conditions. Results show that there was a similar trend in hydrogen
selectivity in all cases. In case 1 and 2, at low steam content conditions,
hydrogen could be produced through alkanes dehydrogenation reactions (e.qg.
R1, R2, R3, R5, R17 and so on). However, the obtained hydrogen in case 3
could be attributed to aromatization reactions (R25-R32). The most of
considered aromatization reactions in this study can be classified into the
dehydrogenation reaction group.

According to this figure, when the steam content increased, the hydrogen
selectivity increased remarkably. Increasing the steam-to-hexane ratio more
than 0.4 introduced more steam than required for cracking; therefore, a
transitioning from hexane cracking to hexane reforming occurred above steam-
to-carbon ratio of 0.4. Furthermore, the increase of reaction temperature led to
increase the amount of hydrogen production. It may be due to the endothermic
nature of hexane cracking and reforming reactions. Similar trend has been
reported in the literature by Al-Musa et al.[33] for steam reforming of liquid
hydrocarbons.

4. Conclusion

A comprehensive thermodynamic analysis of hexane cracking overall
reactions was carried out to investigate the light olefins production routs. By-
products were divided into three groups of methane, alkynes and aromatics and
their possible production paths were discussed. In addition, a thermodynamic
chemical equilibrium of hexane cracking process was investigated using Gibbs
free energy minimization method. The principal set of compounds considered in
the modelling included hydrogen, water, ethane, ethylene, acetylene, propane,
propylene, methyl acetylene, butane, butylene and hexane. When temperature
increased from 500 to 700K, hexane conversion increased from 82 to 100%.
After that, hexane conversion remained 100% until 1300K. Increase of steam
content in the feed stream led to increase the hexane conversion. As
temperature increased, the equilibrium olefin yield showed a volcano trend. The
maximum olefin yield was obtained at steam free conditions. Enhancement of
the steam content in the feed stream led to decline the olefins yield due to the
competition between hexane cracking and reforming reaction in the hexane
consumption. When aromatics were taken into account, the conversion of
hexane was not limited by equilibrium. Furthermore, the increase of steam
content in feed mixture caused the decrease of aromatics selectivity. When the
steam content increased, the hydrogen selectivity increased remarkably.

Furthermore, the increase of reaction temperature led to increase the
amount of hydrogen production. Equilibrium predicted that adding steam to the
feed stream would lead to the decrease of coke deposition through suppressing
of the aromatization reaction. Assuming that all kinetic restrictions could be
overcome, results indicated that at high contact times, the steam-to-hexane
ratios of 0.1-0.2 would be suitable to perform hexane cracking by considering a
balance between the advantages and disadvantages.
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It should be noted that in order to provide a full description of hexane
cracking process, kinetic limitation should be studied as a future line of
research.
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Figure 10. Effect of temperature and steam to hexane ratio on the equilibrium hydrogen
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Nomenclature

number of species in

N
the reaction system
number of atoms of the ki element - standard-state pressure
axj
: present in each molecule of species i of 101.3 kPa
ai,.., ar NASA polynomial coefficients R molar gas constant
bj amount of jt" element in the system Saromatics Aromatics selectivity
Cp specific heat capacity Sethylene ethylene selectivity
mass flow rate of aromatics in product o
Faromatics Sk, hydrogen selectivity
stream
mass flow rate of ethylene in product o
Fethylene Shpropylene propylene selectivity
stream
. mass flow rate of light olefins in product g standard entropy of
EP ;
stream ! species i
E mass flow rate of hydrogen in product temperature of system
"2 stream (K)
FHExin mass flow rate of hexane in feed stream Vi gas phase mole fraction
mass flow rate of hexane in product ) _ ] )
FHEX o0 Yieldp e Light olefins yield
stream
mass flow rate of propylene in product
Fpropylene Greek sym bols
stream
Fproducts mass flow rate of product stream @i fugacity coefficient of species i
G/ standard Gibbs free energy of species i A« Lagrange multiplier
. standard Gibbs function of formation of ) ) o
AG f, o 4 chemical potential of species i
species i
H’ standard enthalpy of species i
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