CHAPTER Il
THERMODYNAMICS CONSIDERATIONS

It is known that all chemical reactions are governed by thermodynamics
(i.e., AG, AH, AS), properties associated with temperature, pressure, and
composition. Therefore, thermodynamics is a primary concept in studying the nature
of a chemical "reaction, such that the feasibility of reaction and equilibrium
conversion/yield can be estimated. The equilibrium conversion of a reaction is
sometimes a goal for accomplishing the reaction (e.g.,, WGS), although in many
cases one adjusts the relative rates of surface reactions so that the most
thermodynamically favored product is minimized (e.g., CH4). In this study, the
feasibility of the méthylation of benzene with methane was explored and, moreover,
the effects of reaction conditions, such as temperature, pressure, and initial
composition, on the equilibrium conversion were also calculated. Both non-oxidative
benzene méthylation and oxidative benzene méthylation reactions were
demonstrated. Furthermore, based on the literature, presumed side reactions such as
toluene disproportionation, methane coupling, and toluene méthylation, were also

taken into account in the calculations.
3.1 Definition of the Equilibrium Constant

The general equilibrium constant (Smith et ah, 2005):

Ko =11 [ﬂ]v“ (3.1)

I
Where Ka is the equilibrium constant, ;1and f° are the fugacity of a species at state
of interest and at standard state, respectively, and Vi is a stoichiometric coefficient of
each species in the interested reaction,

Atequilibrium, Ka is expressed by thermodynamic terms as following:

Ko = exp () (3.2

Suppose for gas-phase reaction at 1bar (f° —p = Lbar). .
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In gas-phase reaction at low pressure, gas mixture can be simplified as ideal solution,

ft5 = yiViP-
For gas-phase ideal solution, substitution yields,

(N(p?)(.nyp)plvi = exp[y | J== (3.4)
Note that if ideal gas, (Pi = 1 for all i, then
(1 yp)P v = exp( (3.5)

3.2 Gibbs Free Energy of Reaction

Gibbs free energy is the energy associated with a chemical reaction.
Therefore, it must be first evaluated in order to describe the behavior of any species
in the reaction at equilibrium condition. The free energy of a system is the sum of its
enthalpy (H) subtract the product of the temperature (Kelvin) and the entropy ( ) of
the system (Smith et ah, 2005):

G=H-TS (3.6)
Free energy change (AG) is the change in the enthalpy (AH) of the system minus the
product of the temperature (Kelvin) and the change in the entropy (AS) of the

system:

AG = AH - TAS (3.7)
And the free energy change at standard-state condition is defined by:

AG® = AHO —TASO (3r8)

The standard-state is based on the temperature and pressure, hence AG®, AH®, and
AS° can be varied with the conditions of interest.

The standard heat of reaction related to temperature:
A o= AHS+R jrd T (3.9)
where AH® and AH°o are standard enthalpy changes of reaction at temperature T and

at reference temperature To (normally at 25 °C, 1 bar), respectively.

The standard entropy of reaction related to temperature:

AS = Asq+RfTT0A%’O|TT (3.10)
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where ASoand AS°o are standard enthalpy changes of reaction at temperature T and
at reference temperature To respectively.
Combining eq. (3.8), (3.9), and (3.10) to yield:

AC» = A +R
However, A 1= -(A -

Finally, divided by RT yields:
_ AGS-AHI Lot AC£d7,_ o7 AcEdr 31n

RT - RTo Rt "r-'To ho R T Vo)
3.3 Calculation of Equilibrium Conversion

For méthylation of benzene with methane, there are 2 different reaction
routes, which are the méthylation of benzene with methane in the absence of oxygen
(non-oxidative benzene méthylation) and the méthylation of benzene with methane
in the presence of oxygen (oxidative benzene méthylation). The calculations were
conducted with the conditions (e.g., temperature, pressure, and feed molar ratio)
represented in the open literature, so that a comparison between the calculated values
and the experimental values could be. shown. Moreover, the effects of temperature,
pressure, and feed molar ratio on equilibrium constant and conversion were also

calculated.

3.3.1 Méthylation of Benzene with Methane in the Absence of Oxygen

(Non-oxidative Benzene Méthylation)

H5C

Condition: temperature = 370°c , pressure = 1 bar,

Reaction:

benzene/methane (B/M) feed molar ratio = 1:9

fax VO 56

lrol
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Table 31 Thermodynamic properties of all relevant species

Thermodynamic properties

@ 298 K Heat capacity of gas (Cp=A+BT+CT2-DT3+ETI)(J/mol-K)
Substance
AG°f AH°f AS°r
B C D E
(k./mol)  (kI/mol)  (I/mol-K)
Methane -50.84 -74.85 -80.53 3.49E+0I -3.99E-02 1.92E-04 -1.53E-07 3.93E-11

Benzene 129.66 82.93 -156.73 -3.14E+0lI 4.75E-01 -3.1 IE-04 8.52E-08 -5.05E-12
Toluene 122.01 50.00 -241.52 -2.41E+0I 5.22E-0l -2.98E-04 6.12E-08 1.26E-12

Hydrogen 0 0 0 2.54E+0I 2.02E-02 -3.86E-05 3.19E-08 -8.76E-12

Calculation:
Thermodynamics properties
AH® (J/mol) AS°0 (J/moiK) AG°0(J/mol)
43,190 4.260 41,920
Equilibrium conversions

Basis 1min of total molar flow rate of 2 mol/min.

Substance Mole in Mole react Mole out y
Methane 1.8 S 1.8 -8 (1.8- €)r2
Benzene 0.2 -8 0.2-8 <0.2 - B)/2
Toluene 0 8 £/2

h2 0 8 8 8/2

By assuming the reaction is gas phase ideal solution, recall eq.(3.5)

(7p £ = exp = K1
K, = (nyi9PZv’
where X vj = 0,
Then, Ka y tolueneyhydrogen

y benzeneymethane

2
Ka = (0.2—)(1.8—) o
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Calculating Ka from
Ka = exp( ")

For T =370 °c = 643 K. the term ~~~ is calculated by using eq.(3.11)

T s 19404
Hence, Ka = exp(—7.9404)
= 3.5608 x 104
Substituting Ka = 3.5608 x 10-4into eq.(*), so that
Y,
3.5608 x 10 - be)
£=0.01097
Thus, S0, % Benzeneconversion = %2102LXN00
= 5.487%
and % Methane conversion = 0.61 %

This reaction is highly endothermic and non-spontaneous at 25 °c. With the
given conditions, the equilibrium conversions of benzene and methane are quite low.
The calculation result is in good agreement with that of Lukyanov and Vazhnova,
who reported both equilibrium conversions and experimental conversions. Using
Pt/H-MFI as a catalyst, the reaction can be achieved vvith a benzene and methane
conversion of 4.5 mol% and 053 mol%. respectively, that are close to the
equilibrium values; 5.6 mol% and 0.62 mol% conversions of benzene and methane
respectively, under the same condition (Lukyanov et ah, 2009).

The effects of temperature and feed molar ratio of benzene to methane

on the equilibrium conversion of benzene.
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Figure 3.1 Conversion of benzene as a function of temperature at s different values

of methane to benzene (M/B) feed molar ratio.

Due to the highly endothermic nature of the reaction, the conversion of
benzene increases with increasing temperature as shown in Figure 3.1; however,
benzene conversion is still quite low at high temperature. Moreover, Figure 3.1
shows the effect of B/M feed molar ratio that the higher the M/B molar ratio, the
higher the benzene conversion. This result can be described by Le Chatelier's
principle.

Consideration of side reaction occurring with the méthylation of
benzene with methane to toluene.

Typically, the desired reaction doesn't take place as a single reaction but is
accompanied by other side reactions. However, selectivity to desired product can be
controlled by an appropriate catalyst. In the case of using ZSM-5 based catalyst, the
most currently appropriate catalyst reported, there are five possible side reactions:
toluene disproportionation, toluene méthylation, benzene méthylation to xylenes,
benzene méthylation to ethyl benzene, and methane coupling to ethane, as proposed
in the literature. In this part, the calculation relied on a couple of research works,
including (1) the reaction over Pt/H-MFI suggested by Lukyanov and Vazhnova
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(Lukyanov et al.. 2009) and (2) the reaction over Ag-exchanged ZSM-5 proposed by
Baba and Sawada (Baba et al., 2002).

First, the reaction routes consist of benzene méthylation to toluene, xylenes,
and ethylbenzene, and methane coupling to ethane, as shown below. These reactions

are proposed to occur over Pt/H-MFI catalyst (Lukyanov and Vazhnova).

- CH;
© + (o P —————— — ——— ©/ + H-
(rxn.1)
2CH, ——‘__—;__. C,H, - ”3 (anZ)
CH,
1l
© + 2CH, <—F77"— + 2H,
(rxn.3)
CHy
O + 2CH, =<d———— + 2H,
CH; (rxn.4)
CH,
O + 2CH I~ ———— = 2H
CHy (rxn.5)
C,Hg
© + 2CH, ——m— + 2H,

(rxn.e)
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Figure 3.2 Equilibrium constants of all ¢ reactions as a function of temperature.

The equilibrium constants, Ka’s, of all six reactions were calculated at
different temperatures and the results are illustrated in Figure 3.2. The result shows
clearly that Ka of reaction 1 is much higher than those of other reactions and that
differences in values can be obviously seen at high temperature. This implies that
reaction 1, benzene méthylation to toluene, dominates in this reaction system, thus
toluene is expected to be a major product with ethane, xylenes, and ethylbenzene as
minor products. This is in good agreement with the experimental results of Lukyanov

and co-workers (Lukyanov et al., 2009).
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Second, the reaction routes consist of benzene méthylation to toluene,

toluene disproportionation, and toluene méthylation to xylenes, as shown below.

These reactions are suggested to occur over Ag-exchanged ZSM-5 (Baba and

Sawada).

-4

CHy

CH;

CH,

(rxn.l)

(rxn.2)

(rxn.3)

(rxn.4)

(rxn.5)

(rxn.s)

(rn.7)
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Figure 3.3 Equilibrium constant of all 7 reactions as a function of temperature.

The equilibrium constants, K;i's. of all seven reactions were calculated as a
function of temperature. Figure 3.3(A) shows a comparison between Kavalues of the
benzene méthylation to toluene reaction, and the toluene disproportionation
reactions. Figure 3.3(B) presents a comparison between the Kavalues of the benzene
méthylation to toluene reaction and the toluene méthylation to xylenes reactions. It
indicates that toluene disproportionation reactions (reactions 2, 3, and 4) are
thermodynamically favorable compared to other reactions, especially the reaction to

m-xylene. To achieve these reactions, reaction 1 must have first occurred as a source



of toluene; unfortunately, the reaction to toluene is quite difficult. However, as
xylenes can be obtained, Ag-exchanged ZSM-5 is still an interesting catalyst system
to stuay.

332 Meéthylation of Benzene with Methane in the Presence of Oxygen
(Oxidative Benzene Méthylation)

Reaction:

- ch3
@ -+ CH, —+ 1205 8SsF70 ©/ + h 20

Conditions: temperature = 370°c , pressure = 1 bar,
benzene/methane/oxygen(B/M/0)/ molar feed ratio = 1:1:0.5

Table 3.2 Thermodynamic properties of all relevant species:

Thermodynamic properties Ileal capacity of gas (C'p=A+BT ¢('4 * I)r'-FT4)

Substance G @Ailg"f « - (imol-K)

(kJniol) (k.I'mol) (J/mol-K) § ; ¢ P ;
Methane -50.84 -74.85 -80.53 34.94 -0.040 1.92E-04  -153E-07 3.93E-U
Benzene 129.66 82.93 -156.73 -31.37  0.47 -3.11E-04 8.52E-08 -5.05E-12
Toluene 12201 50.00 -241.52 -24.10 052 -2.98E-TI4  6.12E-08 1.26E-12
HjO -228.60  -241.80 -44.27 33.93 -0.0084 2.99E-05  -1.78E-08  3.69E-12
02 0 0 0 29.53 -0.0089 3.81E-05  -3.26E-08  B8.86E-12
Calculation:

Thermodynamics properties
AH°o(Imol)  ASo(JmolK) \G° (JImol)
-199880 -48.53 -185410
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Equilibrium conversions
Basis 1 min of total molar flow rate of 2.5 mol/min.
Substance Mole in Mole react Mole out

Methane 10 8 1.0-8 (L0 -e)/)(/2.5-0.58)
Benzene 10 8 1.0-8 (1.0- ¢)/(25-0.5¢)
Oxygen 05 -0.5 05058  (0.5-0.5¢)/(2.5-0.5¢)
Toluene 0 +8 8/(2.5-0.5¢)
Wiater 0 +3 8 8/(2.5-0.58)

The calculation algorithm is similar to that of previous part.

Finally, ORI
14 .
12026 10 - AR
£=0.9999
Thus, So, % Benzene conversion = 08I0
= 99.99%

Although this reaction route can theoretically provide benzene conversion
close to 100%, there is no experimental evidence to support such a conversion. The
most relevant work is that of Adebajo and co-workers (Adebajo et ah, 2005), who
devoted themselves to the study of oxidative benzene méthylation, but their results
are still not practical with high benzene conversion as well as toluene selectivity
corresponding to this equilibrium. Moreover, the formations of C02or CO can also
take place in a system containing methane and oxygen at high temperature (Miao et
ah, 2004).
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