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CHAPTER 1

INTRODUCTION

1.1 Introduction

Natural gas is an energy source often used for heating, transportation, and
electricity generation. The reservoir of natural gas increases rapidly higher than that
of crude oil and expected to ahead of by the 21st century [1]. The conversion of
methane, the main component of natural gas, into higher economic products is now
being interested in many industries. Most processes convert of methane into syngas
via steam reforming [2] and then consecutively convert to methanol, ammonia [3]
and also hydrocarbons [4]. However, the production are the indirect method
consuming more energy than direct method [3].

Directly converting methane into value added C, hydrocarbon products had
been developed since 1980s via oxidative coupling of methane (OCM) process[5].
The oxidative coupling of methane is exothermic reaction that coupling two
methanes into ethane by oxidizing agent as oxygen (Eqg. 1.1). As OCM is operated at
high temperature (600-1000°C) and simultaneously fed methane with oxygen as raw
material, side reactions such as combustion, shown in equation (1.2-1.3), could not
be avoided. Therefore, methane to oxygen feed ratio should be as high as possible

for promoting equation (1.1) rather than equation (1.2) and (1.3).

CH;+ 050, — C,Hg + H,O (1.1)
CH,+150, — CO + 2H,0 (1.2)

CH,+20, — CO, + 2 H,0 (1.3)
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Many catalysts had been developed to achieve higher yield of C,. Example of
some catalysts performance was showed in table 1.1. It showed performance of each
catalyst with reactor performances. Methane conversion (Xcue), C, hydrocarbon
selectivity (S¢p) and C, hydrocarbon yield (Y,) were detailed in the table at various

feed ratio of CHy/O, and temperature.

Table 1.1 Example of OCM Catalyst and their performance [6]

Catalyst CHy/O, TC0) Xcra Sco Yoo
La/Ca0 4 800 28 56 16
Ce/MgO 4 800 28 50 14
Sr/La,04 4 800 29 59 17
La,Os 54 800 24 65 15.6
Li/MgO 2 750 37.8 50.3 19
Pb/SiO, 6 750 13 58.2 7.6
Mn/Na,WO,/MgO 7.4 800 20 80 16
Li/Sn/MgO 9.6 680 14.3 84 12
Mn/Na,WO,/SiO, a4 820 30 68 21
** Xcra = Methane Conversion **Sc, = G, Selectivity **Yeo = G, Yield

In the table, Mn/Na,WO,/SiO, was one of the best catalysts[7] in OCM
reaction. Not only its performance in selectivity (S¢,) and methane conversion (Xcp)
but also its stability at high temperature was proven [8, 9]. So this catalyst was one

of the future catalysts in OCM reaction.

Because OCM was operated at high temperature (600-1000°C), many
competitive side reactions, mainly combustion reaction, made OCM system very
complex. Many literatures had studied kinetic of OCM reaction over a variety of types
of catalyst and proposed their reaction networks as shown in table 1.2. The most
acceptable and reliable was the reaction network proposed by Stranch et al [10].
The reaction network comprises of 9 reactions consisting of oxidative
dehydrogenation, water-gas shift and combustion reactions. The kinetic study of this
reaction network was further studied by Daneshpayeh et al [11] over

Mn/Na,WO4/SiO,. The results indicated that OCM reaction requires very short
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residence time to complete conversion of oxygen. After oxygen conversion reached

almost 100%, methane conversion, selectivity and yield were stable.

Table 1.2 Example of reported reaction network models

No. Reaction Stransch et al Hinsen et al  Olsbye et al
[10] [12] [13]
1 CHs+20,-> CO, + H,0 v v
2 2CH, + 0.50, -> C,H, + H,0 4 4 v
3  CHy+0O,->CO+H,0 +H, 4
4  CO +050,->CO, v
5 CHg + 0.50, > CH, + H,0 v v v
6  CH,+20,->2CO + 2H,0 4
7 CHg-> GHy + Hy v v
8  C,H,+ 2H,0 -> 2CO + aH, 4
9  CO+H,0->CO,+H, v v
10 C,H, + 30, -> 2CO, + 2H,0 4
11 CHg+150,-> CO + 2H,0 v

In general, the kinetic studies of chemical reaction provide the time
dependent results describing the concentration of components in reactor. However,
those attempts required a set of repeating laboratory experiments for the
mathematic regression processes. This research was aimed to simplify the method

predicting the effluence of OCM instead of kinetic approach.

The chemical equilibrium concept determines the composition of
components which were constant at the equilibration time which is a point of the
lowest Gibbs free energy of the system [14]. In OCM system, after the oxygen was
consumed in reactor and concentration of oxygen was very low, concentration of
others components were also stable. It could be compiled that this state was the
equilibrium of OCM reaction. Thus, concentration of components should be

explained by chemical equilibrium theory.

Then In this study, it is curious to use chemical equilibrium concept for

describing the fraction of components and determining the reaction performance of
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OCM reaction with the assistance of computer simulation. This research may extend

the feasibility of the chemical equilibrium concept.

1.2 Objective

To develop an appropriate equilibrium model for production of olefin from

methane with oxidative coupling of methane.

1.3 Scope of work

- Kinetic simulation for consideration of residence time and determine the
mole fraction of product at the chemical equilibrium state.

- OCM reaction was run over the three catalysts, Mn/Na,WO,/SiO,, La,0/CaO
and PbO/ALOs

- Develop the equilibrium model of OCM with the information of operating
condition and mole fraction of effluents from Literatures

- Studied OCM reaction at temperature 650-900°C and methane to oxygen feed
ratio at 3-10.

- Verify the precision of the developed model by comparing the studied factors
to that of equilibrium composition calculated by kinetic model at the
equilibration time

- Determine the error using RSS and AARD statistic

- Determine the validity region of the developed model

- Testing the extrapolated prediction of the developed model

1.4 Expected Outputs
The appropriate simulation model for the reaction network of oxidative

coupling of methane reaction.
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CHAPTER 2

THEORY

2.1 Oxidative Coupling of methane

Oxidative coupling of methane (OCM) was the value added reaction, Eq. 2.1,
which converted methane into ethane. The ethane formed by OCM could further
oxidize to form ethylene by oxidative dehydrogenation (ODH), Eq.2.2. However, there
were others competitive reactions that converted methane into carbon oxide (CO
and CO,) i.e. combustion reaction (Eq. 2.3-2.4). This competitive regime decreased

the selectivity of C, hydrocarbon in product stream.

CH, +050, —  CHg +H0 (2.1)
CHs +050, —  CH, +HO (2.2)
CHy +150, —  CO  +2H0 (2.3)
CHy + 20, —  CO, +2H,0 (2.4)

2.1.1 Catalyst for Oxidative Coupling of methane reaction

Since Keller and Bhasin [15] had pioneered oxidative coupling of methane
reaction in 1982, there were many researchers paid their attention to this reaction.
Most of literatures focused in catalytic development to raise C, selectivity and
methane conversion as high as possible. Until now, there were various types of
catalysts for OCM reaction that had been studied. Example of these catalysts and

their performances were presented in table 2.1.
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Table 2.1 Example of OCM Catalyst and their performance [6]

Catalyst CH,/0, T (0 Methane C, C, Yield
Conversion Selectivity
La/CaO q 800 28 56 16
Ce/MgO q 800 28 50 14
Sr/La,0, q 800 29 59 17
La,0, 5.4 800 24.0 65 15.6
Li/MgO 2 750 378 50.3 19.0
Pb/SiO, 6 750 13.0 58.2 76
Mn/Na,WO,/MgO 7.4 800 20.0 80 16.0
Li/Sn/MgO 9.6 680 14.3 84 12.0
Mn/Na,WO,/SiO, 4 820 30 68 21

Table 2.1 showed performance of each catalyst including the reactor
performances. Methane conversion (Xcpa), C, hydrocarbon selectivity (Sc,) and G,
hydrocarbon yield (Yc,) were detailed in the table at various feed ratio of CH,/O, and
temperature. In the table, methane conversions of all catalysts were around 13-40 %
with their selectivity in range of 50-85%. Mn/Na,WQO,/SiO, was one of the suitable
catalyst for practical application. Methane conversion was reasonably high at 30%

with 80% C, selectivity.
2.1.2 Reactor for Oxidative Coupling of methane reaction

As OCM was the heterogeneous reaction, the reactor should appropriate with
the fluid-solid application such as the fixed bed reactors and fluidized bed reactors.
To determine the appropriate type, their performance in products yield and heat
distribution in the reactor should be considered. The heat distribution was one of the
concern issues for OCM because it was the highly exothermic reaction. Thus, the
reactor should have capability to transfer heat out of reactor to avoid hot spot in

reactor.
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2.1.2.1 Fixed Bed Reactor (FBR)

The common configuration of fixed bed reactor (FBR) led researchers to apply
it in many developments. However, there was a problem for scaling up fixed bed

reactor due to hot spot in reactor.

Most of the researches experimented OCM in micro reactor which provided
enough heat transfer. However, J.Y. Lee et al [16] studied OCM reaction in different
size of fixed bed reactor and observed the hot spot in reactor that impact C,
selectivity. Hot spot in reactor led the gas phase combustion to react faster. Thus,
methane would convert into carbon oxide rather than C, hydrocarbon. In addition,
Lee as well as S. Jaso et al [17] suggested using dilution of feed by heat carrier inert
or added more methane to oxygen feed ratio to reduce the hot spot phenomena.
Except the heat transfer problem, FBR will beyond reasonable doubt for practical

application [18].

2.1.2.2 Fluidized Bed Reactor

Heat dispersion ability of fluidized bed reactor was interested by many OCM
researchers. In this reactor, isothermal operation could be obtained without any
dilute addition. Moreover, equal or higher yield of C, in fluidized bed reactor has
been investigated by S. Jaso et al [19]. Their experimental gave 19% vyield of G,

without any hot spot observed.
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2.2 Chemical Reaction Equilibrium
2.2.1 Reaction Equilibrium Calculation with specifying reactions.

Gibbs free energy minimization method for calculation of reaction equilibrium
is proved and expressed in Eq. 2.5. Equilibrium constant (K) can be calculated from
Gibbs free energy of chemical reaction divided by reference temperature (T) and gas
constant (R). Equilibrium constant (K) from this equation will be used to specify
equilibrium composition by Eq. 2.6. With assumption of ideal gas, equation 2.6 turns
into equation 2.7. Equation 2.7 can predict equilibrium mole fraction of each
component (y;) at specific pressure (P). The mole fraction (y;) in equation 2.7 could
be calculated with equation 2.8. For the abbreviation, v; is summarization of reaction
coefficient of each components in the reaction, € is the molar extension in reaction,

n; is the i component effluent mole flow, ny is the initial mole flow and n and ny is

the sum total of n; and ny, respectively [14].

—AG®°
K = 2.5
exp( - ) (2.5)
A
K= H(f—'o) ' (2.6)

K(gj =TT @)

n_ n,+ve
yi =it s S~ L

n n,+ve

However, K value obtain from Eqg. 2.5 was the value at standard temperature

and pressure. The real K value had to adjust to the operating condition by Eq. 2.8-

2.11 before calculate equilibrium compositions with Eq. 2.6 or Eqg. 2.7.

K =K KK, (2.9)

K, = eXp{ARi‘) (1—1—")} (2.10)
0
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1;AC, _ TAC
K, =exp ——I dT + dT (2.11)
T: R i RT

o]

In this research, Aspen Plus simulator will be wused for equilibrium
calculation. All equations mentioned above can be calculated with REquil model in

Aspen plus Program.
2.2.2 Reaction Equilibrium Reaction with specifying effluent components.

This model predicts the equilibrium conversion by defining components in
the reaction model instead of reaction involved. By specified what component could
be in product stream and combination with Gibbs free energy minimization, results of
equilibrium composition can be calculated by equation 2.12. In the equation, ay is
numbers of atoms element j in component i, y; is mole fraction of component i.
Solving Eqg. 2.12 together with 2.13 yields the equilibrium composition of each

component.

AG} +RT In(y,¢P/P)+> A2, =0 (2.12)
k

D nay, = A (2.13)

As well as calculation in previous section, this calculation procedure will use

Aspen plus program with RGibbs Model.
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CHAPTER 3

LITERATURE REVIEWS

Methane is the major component in natural gas and landfill gas [20]. It was
expected to be both clean energy and chemical raw material instead of crude oil in
future [1, 21]. Nowadays besides the utilization of methane as green energy, methane
converting into value-added products was also practical. Figure 3.1 represent these

days industrial application.

CH, —=— SYNGAS Hydrocarbons
E Methanol, DME
el Halocarbons
. Hydrocyanic acid
—"""_.  Acetylene
————  Carbon disulfide
e, Carbon black
Heating
. Combustion —E Power generation

Fig 3.1 Industrial Methane Utilization [3]

In the figure 3.1, methane could convert into syngas by reacting with H,0O
called “reforming reaction” or reacting with O, called “partial oxidation reaction”.
Moreover, methane could react with other reactants to form halocarbons,
hydrocyanic acid, acetylene, carbon disulfide and carbon black. Beside, methane
could be used as power generating agent or heating substance by using it as raw

material of combustion.

At this day, mostly deal of methane is reforming process to form syngas (both
steam reforming and partial oxidation [2, 22] ). Only less of methane convert into

hydrocyanic via Andrussow or Degussa processes[23]. In consecutively, most of
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syngas nowadays apply to produce methanol, ammonia [3] and also hydrocarbons

via Fischer-Tropsch synthetic [24].

Nevertheless, the methane reforming process, which nowadays dominating
utilization of methane, is 2 steps method. This process have to convert methane into
intermediate syngas and then others products. This two steps demand more energy
than direct converted method [3]. Oxidative coupling of methane (OCM) reaction is
one of the processes answer the issue because this reaction directly combines

methane into C, hydrocarbon (i.e. ethane and ethylene).

OCM intended to produce higher hydrocarbons from C; hydrocarbon as well
as Fischer-Tropsch process. However, there were many differences of both processes

as summary in table 3.1

Table 3.1 Comparison of Fischer-Tropsch process and oxidative coupling of methane

Issue Partial Oxidation of Fischer-Tropsch Oxidative Coupling of
Methane[25] Process [26] Methane [5]
Raw Material Methane Syngas Methane
Temperature ‘o) 800-1200 300-350 600-1000
Pressure (bar) 1 10-40 1
Conversion (%) >90 % 50-90% 10-40%
Selectivity
Gas
Methane £ 11 x*
Ethylene - 7tod3
Ethane - 10 to 55
Propylene 3 11 Small
Propane - Small
Butene - -
Carbon Oxide >99 x* 27 to 60
Liquid
Cs-C, - 8 -
Light Qils - 33 -
Heavy oils - 6 -
Alcohols - 9 -
Acids - 2 -

** indicate the raw material of the

process
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In table 3.1, oxidative coupling of methane was the reaction that converting
methane into C,-C; hydrocarbon directly with operating temperature 600-1000°C at
ambient pressure. But for Fischer-Tropsch process, methane had to initially convert
into syngas (CO and H,) via partial oxidation reaction. This reaction was operating at
high temperature as well as OCM. After obtained syngas, it was fed into Fischer-
Tropsch reactor. The reaction required mild temperature (300-350°C) but high
pressure (10-40 bar). The products obtained from this process were various from C;
hydrocarbon to heavy liquid oil. Moreover, alcohol and carboxylic acid were also
obtained in at the products. The difference of product distribution between OCM
and Fischer-Tropsch process was come from their dissimilarity in their mechanisms

which reviewed in latter section.

Since 1980s that Keller and Bhasin et al [15] pioneered oxidative coupling of
methane reaction, many researches were interested in this reaction. Most of them
were in catalytic development [3] because the selectivity of C, were low. So most of
the researches since then concentrated at increasing the C, selectivity by both
development of common catalysts and synthesis the new one [6]. But at this present
time, not only the catalysts development was now studied but also stability of
catalyst [8, 9]. In addition, there were various studies in kinetic modeling, reactor

configuration and process simulation as well.

Even many literatures attended the OCM, chemical equilibrium of this
reaction was not covered. This fact had motivated this research to analyze the OCM
reaction is aspect of chemical equilibrium. Literature in catalyst, kinetic, reactor
configuration and operating condition should be reviewed to analyze the equilibrium

of OCM.
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3.1 Reaction mechanism and kinetics
3.2.1 Reaction Mechanism

Initiation of OCM reaction was the activation of methane into methyl radical
on catalytic surface. Electron Spin Resonance (ESR) detected methyl radical
formation in reactor [27, 28]. Buyevskaya et al. [29] suggested the formation of
methyl radical were both on catalytic surface (Eq. 3.1-3.2) and gas phase. For the gas
phase mechanism, gas phase methane reacted with adsorbed oxygen on surface (Eq.

3.3). This gas phase mechanism was now more frequently accepted in scientific view.

CH,+ M™0?—> M"™CH, + O* H" (3.1)
M™CH, ——CH; (3.2)
CH,+ (0), > CH;+(OH), (3.3)

Subsequently, formed methyl radical could either coupling into ethane
(Eg.3.4) or react with gas phase oxygen (Eqg. 3.5) to form CH;O,e radical (detected by
ESR [30]). CH;0,+ was consecutively converted into carbon oxide (CO,) via whether
gas phase [31] or heterogeneous [32]. Since methyl radical could convert in many

routes, the competition of these reactions determined selectivity of the OCM.

CH;+ CH;— C,H, (3.0)
CH;+0,—>CH,0; (3.5)
C,H,—C,H,+H, (3.6)

Ethane also had two consecutively routes in further conversion. First route
was the gas phase dehydrogenation (Eqg. 3.6) and another was activated into ethyl
radical (C,Hse) on catalytic surface. Ethyl radical, which was also proved by ESR [33,
34], could afterward convert into ethylene or reacted with gas phase oxygen to form

C,HsO4¢ radical which latter go into both CO, or ethylene.
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In order to brief the formation of ethane and ethylene on catalytic surface,

The scheme mechanism of Lunsford et al [1] was depicted in figure 3.2.

Formation of ethane
by coupling of methyl radicals

Activation of meth
ctivation - Furmatiun of ethylene

uﬁ:ﬂm:};@:grﬁtﬂi:& CH-?' ': ZH & C .

/ 2 l 5
() Activation of ethane
Fig 3.2 Reaction mechanism for oxidative coupling of methane on catalytic surface [1]

Gas phase oxygen that fed into reactor was adsorbed on catalytic surface.
Afterward, methane was oxidized by adsorbed oxygen and form methyl radical. After
two methyl radicals were combined to form ethane, ethane component could
further activated by other adsorbed oxygen site to from ethyl radical. Then, ethylene
was produced by oxidized of ethyl radical on adsorbed oxygen site. Sun et al [35]

summarized all of reactions above into figure 3.3.

" C2H5‘ \\*

C;H, ’ — GH,

/ :

/ Y
CH, , CHg R Gals®

+ O: _____ » _!_HO:. ---------- > CO+ COz + Hgo
» Reactions m » Reactions on
gas phase catalyst surface

Fig 3.3 Oxidative Coupling of methane mechanism [35]

In the figure, dash line in the figure represented catalytic reaction while solid
line represented gas phase. The main substance of the reaction was the same as
mentioned above. But Sun added ethene activation into C,Hse radical and later to

CO into mechanism.
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As describe above, OCM converted C; hydrocarbon into higher order via
oxidative active of methane via adsorbed oxygen on catalytic surface. The small
amount of oxygen feed into reactor limited the growth of higher hydrocarbon to
more than C,. Unlike the Fischer-Tropsch synthetic, which its mechanism showed in
ficure 3.4, CO adsorption on catalytic surface could itself grow into higher
hydrocarbons without any limitation until lack of raw material. Thus, these
mechanisms indicated that OCM reaction was suitable for C, production due to high

selectivity of the components.

Catalyet ( W) H;
COg —————+C-0———»C+0 —» CHy + MOH
M I M M | (|
J H; lHB H;
H-C-0H + M CHy + M HaO + M
M
CH:OH + M
i
(;:1—[2_ + (;Hz— i. CH;-CHg= - —————w H_r_l:_
I M M M
R i H R
H-C-+ CO —— H-C-C=0 T, H-C-CH;- + H;,0
IVl M M
R Y, R
H-C-CHy- ——» H-C=CH;
M
R
i H
H-C- —— » R-CH,
i -
+ 2H;
i R-CHy-CH;OH
FF“ +H 1l
H-C-C=0 2 » R-CH;-CH
- —
+H,0 %
2 R-CH;-C-0OH
Y

Fig 3.4 Mechanism of Fischer-Tropsch synthetic [4]
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3.2.2 Reaction Kinetics

There were many literatures studied about kinetic of OCM reaction. Miro et al
[36] was studied OCM reaction and suggested basic power law for this reaction. After
that, Sohrabi et al [37] studied OCM with differential tubular reactor and defined

methyl radical as intermediate and suggested reaction network model for OCM.

In 1990s, Olsbye et al.[13], Lacombe et al.[38], Stansch et al [10] Hinsen et al
[12] and Traykova et al [39] were also studied OCM reaction mostly in micro reactor
and suggested their reaction networks which were also summarized in table 3.3. Rate

equation of Hinsen was shown in table 3.2.

Table 3.2 Rate equations over PbO/Al,O5 catalyst suggested by Hinsen et al [12]

Reaction Rate Law (mol/g s)
2CH+0.50,->C,Hs+H;0 r =1.2e"**RTptl pe!
CoHg + 0.50, -> CoHg + H,0 r =2.0x10™e®*®"Tpl pe)
CHa+20, -> CO, + H,0 r =1.5x10%e™ ™" pg pg;
CoHq+30, ->2C0O,+2H,0 r =2.0x107°e**®RTpaf pg?

Stransch et al [10] studied kinetic of OCM over La,0O5 catalytic and suggested
10-reaction network which expressed in table 3.4. The rate equation of each reaction

in table 3.4 was showed in equation 3.7-3.12.

kozefEZ/RT (0 23X10711 124,000/RT poz )"1 pfcn'iu

r, = 2
[1_'_ (. 23x1 011 g124.000/RT Po, )+ KocozeiAHad co j/RT p02:|
k —E;/RT _m;
[l"' Ko<302e e pcoz}
r, =Ko,€ " pe . (3.9)
Iy _ko € “RIRT pCZH4 H o (3.10)

fo =Koye€ =R pco2 pggz (3.11)
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—E,o/RT
lo :kO,lOe ? glg &Zo (3.12)

Later in 2009, Daneshpayeh et al [11] developed kinetic model for
Mn/Na,WO,/SiO, catalyst by regression their experimental data with previous
suggested reaction networks. 10-Step reaction network model of Stansch yielded the
least relative deviation at +9.1 % and were indicated as most suitable reaction
network for Mn/Na,WO,/SiO, catalyst. Daneshpayeh’s kinetic parameter, rate
equations were outlined in table 3.5 and Eq. 3.13 to 3.14 with Eq 3.9-1.12 which the

same equations as Stransch.

~ ~AHa o, /RT m;
ke 5T (Koo,® ™" Po,)™ Poti, (3.13)
1= ~AHaq 0, /RT ny 2
[1+(K002e " pg,) ]
—-E:/RT _m: _n;
rJ :koje j pCJ pOJ2 J = 2—6 (314)

In the same year, Shahri et al [40] experimented and suggested their 7-
heterogeneous reaction network for the same catalyst , Mn/Na,WO,/SiO, with
accuracy of +15 9%. Shahri reaction network, rate equations and kinetic parameters

were also shown in table 3.3, Eq. 3.15-3.18 and table 3.6 respectively.

—E,/RT
i = 1 (3.15)
e T —AHag10, i/ .
[1+ l<l,CH4e " pCHA +Klyoze Al 107 1RT po2 ]2
~E,;/RT _m; _ n
. Koj€ ™" Pc' Po, 25 (316
i _ . . —AH, i, /RT . =40 .
i [1+ Klvce AHgq jc /RT pgh +Kj,oze d,j.0p,j pgjz ]2
~E.6/RT mg N,
I =Koe€ ™" PcoPrio (3.17)
_ ~E.7/RT .m, n
I —ko,7e ' Pco, P, (3.18)
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No.

Reaction Stansch
(La203/CaO)

Sohrabi
(CaTIO3)

Lacombe
(La203)

Olsbye
(BaCO3)/LaOn(CO4)5.

Traykova
(La,05/MgO)

Shahri
(Mn/Na,WO,/SiO,)

Hinsen
(Pb,05)

Catalytic Reaction

10
11

12

13

14

Oxidative Coupling

2CH4+0.50,->C,Hg+H,0 v
2CH4+0,->C,Ha+2H,0

Partial Oxidation

CHg+ 0.50, -> CO + 2H,

C,Hg+0,->2C0O+3H,

CoHg+0,->2C0O+2H,

Steam Reforming

CHg+H,O -> CO + 3H,

C,Hg + 2H,0 -> 2CO + 5H,

C,Hg + 2H,0 -> 2CO + 4H, v
Carbon Dioxide Reforming

CHq + CO, -> 2CO + 2H,

C,Hg+ 2CO, -> 4CO + 3H,

C,Hq+2C0O, -> 4CO + 2H,

Oxidative Dehydrogenation

CoHg + 0.50, => CoHg + H,0 v
Dehydrogenation

CoHg => CoHg + H, v
Water-Gas Shift

CO, + H; = CO + H0 v

v
v

NN

v




Table 3.3 Stoichiometric equation of reaction network models (Con’t)
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No. Reaction Stansch Sohrabi Lacombe Olsbye Traykova Shahri Hinsen
(La,05/Ca0) (CaTiOy) (La,05) (BaCO3)/LaOn(CO»)s (La,05/MgO) (Mn/Na,WO,/SiO,) (Pb,05)
Non-Catalytic Reaction
Combustion

15 CHg + O, -> CO + H,0 + H, v v

16 CHg+1.50,->CO + 2H,0 v v v

17 CHgt20, -> CO, + H,0 v v v v v v
18 CO + 0.50, -> CO, v v

19 CHg+2.50,-5>2C0+3H,0 v

20 CoHg+3.50,->2C0O,+H,0 v v

21 CHg + 20, > 2CO + 2H,0 v v v

22 CHa+30, ->2C0,4+2H,0 v v




Table 3.4 Kinetic parameter of La,05/Ca0 by Stransch et al [10]

Step Reaction } kof . = ch_)lz AH, acoz m; n;
molg s Pa kJ/mol Pa kJ/mol

1 CH4+20, > CO, + H,0 02x10° 48 025x 10" 175 0.24 0.76
2 2CH, + 0.50, -> C,H, + H,0 232 182 0.82x 10" 186 1.0 0.40
3 CHy + O, > CO + H,0 + H, 0.52x10° 68 036x 10" 187 0.57 0.85
4 CO + 0.50, -> CO, 0.11x10° 104 0.40 x 10 168 1.0 0.55
5 CoHg + 0.50, > C,Hq + H,0 0.17 157 0.45x 10" 166 0.95 0.37
6 C,He + 20, -> 2CO + 2H,0 0.06 166 0.16 x 10 211 1.0 0.96
7 CHg > CHg + H, 12x10° 226

8 C,Hq + 2H,0 > 2CO + 4H, 9.3 10° 300 0.97 0
9 CO + H,0 -> CO, + H, 0.19x10° 173 1.0 1.0
10 CO, + H, > CO + H,0 026 x 10" 220 1.0 1.0

a . -1 -3 -1
Units are mol s " m ™~ Pa
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Table 3.5 Kinetic parameter of Mn/Na,WO,/SiO, by Daneshpayeh et al [11]

Step Reaction Ko; = Ko2 AH, 402 m; n;
mol g_1 s'pa ™™ kJ/mol Pa’ kJ/mol
1 CH4+20, > CO, + H,0 29.4 212.6 439 x 10" -121.9 1 0.75
2 2CH, + 0.50, > C,H, + H,0 3.07 x10" 98.54 0.85 0.5
3 CHy + O, > CO + H,0 + H, 6.65%10" 146.8 0.5 1.57
4 CO + 0.50, -> CO, 526x 10" 114.6 0.5 0.5
5 CyHg + 0.50, -> C,Hg + H,0 270%10° 153.5 0.91 0.5
6 C,He + 20, -> 2CO + 2H,0 1.81x 10" 174.4 0.72 0.40
7 CHg > CoHg + H, 4.61x 10° 394.2 1.62 0.71
8 CHe + 2H,0 > 2CO + 4H, 1.08x 10" 291.9 0.88 0
9 CO + H,0 > CO, + H, 577x10° 158.0 1 1
10 CO, + H, > CO + H,0 524x10° 131.3 1 1

a . -1 -3 -1
Units are mol s " m ™~ Pa



Table 3.6 Kinetic parameter of Mn/Na,WO,/SiO, by Shahri et al [40]
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No. of
Step Reaction 1 k0£ - E.; Kj,c1 AHad,C KO21 AHad,o2 o "
in table molg s Pa kJ/mol (Pa) kJ/mol Pa kJ/mol ’ '
3.3

1 1 1.07x 10" 133 550x 10" 126 196 x 10" 125 0.501 0.504
2 16 682x 10" 30 7.60x 10 93 1.10x 10" -156 0.604 0.297
3 17 136 x 10 245 254%x 10" 9938 379%x 10 175 0.875 0.047
4 12 126 x 10 23. 1.98x10" -147 786x10 99 1.295 1.22
5 21 478x 10" 110 346x 10" 167 687 x 10" -135 0.42 0.31
6 14 527%x 10" 53.8 05 05
7 14 39x10° 99 05 05
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Later, Mi Ran Lee et al [41] developed kinetic model for Mn/Na,WO,/SiO,
catalyst but in elementary reaction of gas phase radicals. The reaction network
divided into 7 surface reactions and 7 gas phase reactions with 2 adsorption
reactions. Table 3.7 showed details of those described reaction above. Simulation
result for this reaction network gave accuracy within +31%. This model were further
developed by Ahari et al [42] by adding more reactions. 11 surface reactions and 39

gas phase reactions were concluded with more accuracy at +13.6 %.

Table 3.7 OCM mechanism of Mi Ran Lee

Reaction Type Reaction
Adsorption A : 0, + 25 <> 20(s)
A, ; 20H(s) €<> H,O + O(s) + s
Catalytic Surface Reaction R, . CH, + O(s) —> CHse + OH(s)
R, : CoHg + O(s) —> C,Hge + OH(s)
R, : CoHse + O(s) —> C,Hq + OH(s)
R, ; CHae + 30(s) = CHO(s) + 20H(s)
Rs : CHO(s) + O(s) —> CO + OH(s) + s
Re ; CO +O(s) > CO, + s
R, 5 CoHg + O(s) —> C,Hze + OH(s)
Gas-Phase Reaction Rs : 2CH;e —> C,H,
Ro 7 CHsze + O, = CHO- + H,O
Rio : C,Hye + O, + OHe —> 2CHO- + H,O
Ris : CHO» + O, = CO + HO,e
Ris : CO + HO,» — CO, + OHs
Ris : C,Hg —> C,Hye + He

Ria G CoHse + He —> CHy + H,
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3.2 Analytical study of OCM in various aspect
3.2.1 Oxidative Coupling of Methane Process Variables Effect

Effect of process variables in OCM were consisted of temperature, pressure,

contact time, feed composition and also dilute addition.

3.2.1.1 Effect of Temperature

Deneshpayeh et al [11] studied effect of reactor temperature on OCM by
increasing reactor temperature at constant contact time and feed ratio. The results of

experiment were depicted in figure 3.5.

QL ~&~Ethylene Selecuvity
I —+Ethanc Sclectivity
=2 Selectivity L 9g
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Fig 3.5 Effect of Temperature on conversion and selectivity of Daneshpayeh et al [11]

It was found that increasing reactor temperature was also raised methane
conversion. Moreover, increased in temperature would raise C, selectivity. However,
if the temperature was too high, the selectivity of C, was dropped because

combustion dominated system at high temperature.
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3.2.1.2 Effect of Pressure
Pressure effect of OCM was studied by Ahari et al [43] which vary operating

pressure from 0.2 MPa - 0.4 MPa as shown in figure 3.6.
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Fig 3.6 Effect of operating pressure on conversion and selectivity
Methane Conversion (Left) and Ethylene Selectivity (Right)

In the figure, it required temperature of 750°C to acquire 30 % conversion
and 48 % selectivity of ethane at 0.2 MPa. But at 0.4 MPa, It required only 670°C.
Thus, it could be concluded that increasing in pressure reduced temperature

required to reach the same conversion or selectivity compared to lower pressure.

3.2.1.3 Effect of Methane to Oxygen Feed Ratio
Effect of variation of methane to oxygen feed ratio displayed in figure 3.7

which from various researches [11, 18, 44].
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Fig 3.7 Effect of Methane to Oxygen Feed ratio on conversion

and selectivity by Liu et al [17]

Increasing in CHy/O, ratio reduced methane conversion due to lower amount
of oxygen but selectivity of C, would increase. These results were also consisted with

experiment of Ahari et al [43].

3.2.1.4 Effect of Contact Time

Effect of contact time experimented by Daneshpayeh et al [9] was depicted
in fisure 3.8. In the figure, conversion of methane and C, selectivity were plot as a

function of space time.
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Fig 3.8 Effect of Contact Time on conversion and selectivity by Deneshpayeh et al [9]
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Reducing contact time (Increase GHSV) would reduce gas phase oxidation in
reactor which converted hydrocarbon in to CO,. So C, selectivity should be higher
than larger contact time but also reduced in methane conversion. This result was

also confirmed by many researches [9, 12, 48, 51].

3.2.1.5 Effect of inert addition

Dilute addition stimulated selectivity for C, due to reduce combustion
reaction in gas phase. However, adding too much inert also slow down OCM reaction.
Ahari et al [43] used Nitrogen as inert at 0-20% mole at feed and found that in this
range of inert addition raised selectivity of C, but also decreased in methane
conversion. As well as Liu et al [18] experiment which utilized steam as inert and

found the result consisted with Ahari.

3.2.2 Simulation of OCM

3.2.2.1 Simulation of Fixed bed Reactor

Except heat transfer problem in fixed bed reactor (FBR), Yan San Su [45]
simulated oxidative coupling of methane reaction in many conditions and indicated
that the highest yield for C, in fixed bed reactor were 28 %. Although this yield may
be enough for industrial application, a lot of literature still worked for raise these
yield up as high as possible. Y. Lu et al [46] simulated feed policy of OCM and found
that distribution of oxygen into series of reactors slightly improve selectivity of C,
hydrocarbon. As well as loannis et al [47] simulated OCM in the same configuration
but also separate product out of unreacted reagent in each stage. Outcome of this
procedure yielded 87 % of C, in 20 stage of FBR. From the concepts mentioned
above, concept of membrane reactor and counter current moving bed reactor were
generated. Membrane reactor which was suggested as the suitable configuration for
OCM [46, 48] . Not only its methane conversion and C, selectivity that were higher
than FBR but also their feed policy that fed CHy/O, at very low ratio led the heat

generation in reactor very less than FBR.

Separation of products in each stage of reactor motivated the idea of
Counter-Current Moving Bed Reactor (CCMBR) [49] as well. Its performance was very

good at 75 % methane conversion with 55 % C, yield. However, using this reactor
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type in industrial application still too far out because it effected the economic viable

of the process[5].

3.2.2.2 Simulation of Fluidized Bed Reactor

Simulation of fluidized bed reactor initiated by Pannek and Mleczko [50] using
bubble assemblage model in fluidized bed. Their result fitted the lab scale reactor
within 20 % accuracy but did not fit industrial scale because the industrial scale mass
transfer coefficient was lower than in lab scale. Extra contact time had to be added
in industrial application allow more gas phase oxidation reaction to more active. So
Pennek and Mleczko indicated the flow pattern in reactor was important for the

complex reaction like OCM [51].

3.3 Equilibrium Modeling

In process simulation literatures, computer aid simulations were viral to use
as representative of real process. Simulation could predict outcome of the process
with reliable results. The simulation for chemical reactor was divided into two

categories; kinetic model and chemical equilibrium model.

Generally, kinetic model was commonly used in process simulation due to its
reliability in prediction. However, equilibrium model was also used in many process
simulation. Most of the processes were equilibrium limit reactions or reaction with

easily reached equilibrium.

Process literature which used equilibrium model to represent reactor were
summarized in table 3.7. In table, there were gasification, pyrolysis, reforming and
others reactions. One of advantages for simulation with equilibrium model was ease

in utilization. It did not require much parameter as kinetic to represent the model.
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Table 3.8 Equilibrium model in process simulation

System Reactions Reference
Gasification RGibbs [52, 53]
Partial Oxidation CH, + 1.50, — CO + 2H,0 [54]
Reforming CH4 + H,O — CO + 3H,0 [55-57]
Fischer-Tropsch nCO + (2n + 1)H, «=> C Hypip + NH,O (58-60]

nCO + 2nH, <> C.H,, + nH,0O
DME Synthesis 3CO + 3H, <> CH;0CH; + CO, (58, 61, 62]
Water Gas Shift CO + H,O — CO, + H, (52]

Methanol Synthesis CO + 2H, <> CH;0OH
CO, + 3H, <> CH;0H + H,O

(52]

However, there was a limitation for equilibrium model. This model could not
predict outcome of reactor that did not reach equilibrium. However, OCM reaction
reached equilibrium very fast within milliseconds (Described in section 3.4) It would

not be impossible to predict OCM effluent with equilibrium model.

3.4 Extension from literature

Adding residence time in reactor led compositions in reactor more
approached to almost 100% conversion of oxygen. After the oxygen concentration
was very low, concentration of others components were also stable. The stable
concentration of each component compiled that the OCM reaction was reach
equilibrium state. Moreover, the simulation result of Mn/Na,WO,/SiO, by kinetic of
Daneshpayeh et al [11] indicated that OCM reaction needs only short residence time

(19-123 millisecond) in reactor to reach equilibrium.

As OCM reaction simply reached equilibrium, it fulfilled concept of chemical
equilibrium that could predict reactor effluence composition at equilibrium time. So
this research intended to model the OCM reaction in chemical equilibrium aspect
which expected to give the same result as experiment at complete conversion of

oxygen as show in figure 3.9.
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Fig 3.9 Concept of OCM modeling by chemical equilibrium

However, competitive of gas phase reaction and catalytic reaction in OCM led
modeling for equilibrium very complex. Integration chemical equilibrium with reactor
configuration in modeling such as catalytic density, void fraction etc. was an idea for
this modeling which shall be verified the result of developed model with

experiment.
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CHAPTER 4
SIMULATION

This chapter described methodology to develop appropriate equilibrium
model of OCM reaction starting with specifying elementary inputs of model. Then,
the equilibrium models were explained. After that the validation methodology were

discussed and followed by utilization of the models.

4.1 Concept of Chemical Equilibrium Modeling

Oxidative Coupling of Methane (OCM) was the reaction that co-feed methane
and oxygen into reactor to form C, hydrocarbon product (Eq.4.1). With the operating
condition at very high temperature (650-1000°C), the reaction rate was very fast.
Therefore, the concentration of reactant i.e. oxygen in reactor decreased very rapidly
and remained only small amount. After the concentration of oxygen was very low,
the concentrations of all components were stable. It could be compiled that the
very small amount of oxygen left in effluence was in equilibrium with concentration
of others products i.e. CHg, CHg, CoHg, CO, CO,, H, and H,O. Thus, concentration of

components should be explained by chemical equilibrium theory.

Therefore, this research intended to simulate and predict the OCM reaction
results with chemical equilibrium theory. The simulation results were then compared

to the previous literatures.

4.2 Elementary parameters for beginning of simulation

Simulations of OCM in this research were done with Aspen Plus program. In
order to start simulation, there were many elementary parameters were required

before calculation.
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4.2.1 Influent components

Components that fed into reactor were consisted of methane (CH4) and
oxygen (O,). Purity of both methane and oxygen were at ultrapure condition because
it would be easy to analyze the effluence of reactor. The ultrapure feed condition

was taken from the laboratory literatures [6, 10, 11, 41].
4.2.2 Reactions in OCM

Specifying the reactions available for the system was one of the important
input parameters for simulation. The available reactions were depending on type of
catalyst used in reactor. In this research, there were three types of catalysts
Mn/Na,WO4/SiO,, La,0s/Ca0 and PbO/Al,Os. The properties of each catalyst were

shown in table 4.1.

Table 4.1 Some properties of catalysts studied in this research.

Catalyst Properties Operating Condition
Model Catalyst Void Temp
Density . 0 CH,/0O,
fraction o)
Danashpayeh et al [11] ~ Mn/Na,WO,/SIiO, 1,100 0.4 700-875 3-10
Stransch et al [10] La,04/Ca0 3,600 0.8 700-875 3-10
Hinsen et al [12] PbO/AL,O;4 2,000 0.7 650-750 5-10

From the various literatures [6, 10-13, 38, 40, 44], there were many proposed
reactions in the system which was shown in table 4.1. They were classified into three

groups; catalytic reactions, non-catalytic reactions and both of them.

Catalytic reactions were the heterogeneous reaction reacted at the surface of
catalyst ie. OCM, oxidative dehydrogenation (ODH), partial oxidation, steam
reforming, carbon dioxide reforming and hydrocracking. Non-catalytic reaction was
spontaneous reaction reacted in gas phase i.e. combustion. Some reactions i.e.
ethane dehydrogenation and water-gas shift reaction could be functioned as both

catalytic and non-catalytic.
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No. Reaction K equilibrium K equilibrium K equilibrium
600 C 700 C 800 C
Catalytic Reaction
Oxidative Coupling
1 2CH+0.50, — CHgtH,0 4.41x10' 373 x10° 5.00 x10°
Oxidative Dehydrogenation
2 CHg+ 050, = CHg + H,0 2.60 x10" 597 x10° 1.79 x10°
Partial Oxidation
CHg+ 0.50, — CO + 2H, 4.49 x10"" 323 x10"" 249 x10"
4 CHgtO, — 2CO+3H, 3.98 x10°' 7.36 x10°° 1.87 x10°
5 CHetO, — 2CO+2H, 1.33 x10” 3.24 x10° 1.58 x10°°
Steam Reforming
6 CHgtH,0 <> CO + 3H, 515x10" 1.23 x10' 1.64 x10°
7 CHe + 2H,0 — 2CO + 5H, 5.25 x10° 1.07 x10° 8.19 x10
8  CHg+ 2H,0 — 2CO + aH, 1.75 x10° 4.69 x10° 6.89 x10'
Carbon Dioxide Reforming
9 CHg +CO, <> 2CO + 2H, 1.92x10" 7.59 1.51 x10°
10 CHgt 2CO, —> 4CO + 3H, 7.29 x10° 4.06 x10° 6.92 x10
11 CHg+2C0,— 4CO + 2H, 2.44 x10° 1.79 x10° 5.84 x10
Hydrocracking
12 CHg + H, = 2CH, 1.98 x10° 7.05 x10° 3.02 x10°
13 CH, + 2H2 — 2CH, 6.61 x10° 311 x10" 2.55 x10°
Non-Catalytic Reaction
Combustion
14 CHg+1.50,—> CO + 2H,0 3.41 x10” 2.23 x10” 5.69 x10°
15  CHg+20, — CO, + H,0 7.95 x10" 9.51x10% 9.35x10"
16 CO +0.50, — CO, 234 x10" 4.26 x10" 1.64 x10°
17 CHg+2.50, — 2CO+3H,0 263 x10% 1.34x10™ 6.47 x10”
18 CHg+3.50, — 2CO,+H,0 1.43 x10™ 243 x10" 1.75x10"
19 CH, + 20, — 2CO + 2H,0 1.01 x10” 224 x10" 3.60 x10™
20 CHg+30, — 2C0,+2H,0 551 x10"" 4.06 x10” 9.73 x10%
Both Catalytic and Non-Catalytic Reaction
Dehydrogenation
21 GHe > GHg+H, 2.99 x10” 227 x10" 1.19
Water-Gas Shift
22 CO+H,0 <> CO, + H, 2.68 1.62 1.09

Note: Reaction 1-11 and 14-21 were referenced from literatures [6, 10-13, 38, 40, 44] , reaction 12-13 were new

proposed in our work. Equilibrium Constants (K) were simulated with Aspen Plus.

Table 4.2 showed the possible reactions in OCM summarized from many

published literatures. The Eqg. 1 and 2 were the main catalytic reactions of OCM and

oxidative dehydrogenation of ethane (ODH) [35, 41], respectively. The partial

oxidations (Eq. 3-5) were the oxygen consumed reactions which performed as the

side reactions in the process. The stream and carbon dioxide reforming (Eq. 6-11)

functioned as the side reactions which consumed water and carbon dioxide
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respectively. For Non-catalytic reactions which were the homogeneous reaction,
there were many oxygen consumptions of combustion reactions (Eq.14-20) which
must be avoided in OCM. Dehydrogenation and water gas (Eq.21-22) shift were able

to react in both the catalytic and non-catalytic process.

To complete the reaction in OCM, this research proposed the hydrocracking
reaction (Eq.12-13) into possible reactions because some metal in OCM catalyst was

used in hydrocracking reaction i.e. Lead (Pb) and Tungsten (W) [63, 64].
4.2.3 Effluent Components

From various OCM literatures [1, 10, 42, 65], the effluence of reactors were
consisted of hydrogen (H,), carbon oxide (CO and CO,), ethane (C,Hy), ethylene
(C,Hg), water vapor (H,0) and also unreacted methane (CHy) and oxygen (O,). These
components were the same as the products from the possible reactions mentioned

in previous section.
4.2.4 Operating Conditions

Temperature reactor and amount of feed were the important input
parameters. From OCM experiments, most OCM reactors were operating isothermally
in the range of 650-900°C while the feed of methane to oxygen ratio was around 3-

10 [10-12].
4.2.5 Thermodynamic property calculation method

Thermodynamic property calculation method was one of input factors in
calculation. This method calculated the component properties and their interaction
with each other at given temperature and pressure. The selection of thermodynamic
property calculation method was based on two guidelines, Aspen plus components

guideline [66] shown in figure 4.1 and industrial guideline.
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Fig 4.1 Selection guideline of the thermodynamic property calculation method [66]

Most components in both influence and effluence of this simulation were
non-polar hydrocarbon except water. However, operating temperature in the
simulation was more than 650°C and all components were in gas state including
water. So, the polarity of water had no effect for the calculations since it was not in
liquid state. Then, the system was nonpolar. Moreover, because all products were
known, pathway for real components was selected. Therefore, with respect to the
Aspen plus suideline, the suggestions for suitable thermodynamic properties were

PENG-ROB, RK-Soave, PR-BM, LK-PLOCK and RKS-BM.

The others industrial guideline [66] for petrochemical process recommended
CHAO-SEA, Grayson, PENG-ROB, RK-Soave, NRTL, UNIQUAC and REFPROP. It should be
noticed that NRTL and UNIQUAC were liquid activity prediction which were not

suitable in this research because all components state were gas phase.

From the two guidelines, the coincident suggestion methods were PENG-ROB
and RK-Soave. To select the appropriate method, the simulation at temperature
800°C and pressure 1 atm of mixture of H,, CHg, CHg, CoHy, CO, CO, and H,O were
simulated and expressed in table 4.3. In the table, volume, enthalpy and other
properties were calculated with RK-Soave and PENG-ROB and compared the results.
It could be clearly seen that difference between the calculation methods was less
than 0.01%. Thus, both methods could be used in this work without any insignificant

difference. For the simulation in this work, RK-Soave was selected.
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Table 4.3 Difference of property calculation using RK-Soave and PENG-ROB*

Property RK-Soave PENG-ROB Difference (%)
Vapor Frac 1.00 1.00 0.000
Total Flow Vhr 11473900.00 11472900.00 0.009
Enthalpy cal/mol -23674.02 -23674.31 -0.001
Entropy calV/mol-K 2.86 2.85 0.004
Density gm/cc 0.00 0.00 -0.008
Average MW 19.76 19.76 0.000
Lig Vol 60F Vhr 5858.44 5858.44 0.000

*Calculation with Aspen Plus program

4.3 Proposed models

After the elementary parameters were selected, the construction of
simulation model was then figured out. For mathematic calculation, it could split
calculation in the reactor into many sections. For example in figure 4.2, one real

reactor could be split into three sub-reactors and calculated the efflux result.

Reactor

Real Configuration

Reaction Model Calculation

:"’ ‘ , ('- Sub ‘} “-.
{1\ Reactor 1 | - - ]
I | Sub }_
| : || Reactor 3
I Sub |

Reactor 2

Fig 4.2 Reaction model calculation scheme

In this work, there were three models to be proposed; uni-equilibrium

reaction model, duo-equilibrium reaction model and trio-equilibrium reaction model.
4.3.1 Uni-equilibrium reaction model

Uni-equilibrium reaction model, figure 4.3, was the simplest model imitated

real configuration of reactor. Simulation was run under the assumption that all
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reactions were reacted in the same phase and the equilibrium of every reaction was

reached.

In this model, there were three trials to be simulated. First, all possible 22
reactions in table 4.2 were available. Second, some reactions were selective with
respected to the literature corresponding to type of catalysts. Finally, the reactions

selective to catalysts were chosen by researcher.

Feed Product
> Reactor >

Fig 4.3 Single Equilibirum Reactor model
4.3.2 Duo-equilibrium reaction model

Duo-equilibrium reaction model was developed under the assumption that
catalytic reaction (main reaction) took place at the catalyst surface while non-
catalytic reaction (side reaction) occurred in the gas phase of void space among
catalyst particle. The effluents from both parts were the end products. This model

was shown in figure 4.4.

Reaction of O3
(Plus DH)

Feed Product

_| Combustion + WGS

Fig 4.4 Duo-equilibrium reaction model

In the catalytic reactor, the simulation was run with the catalytic reactions in
table 4.1, i.e. OCM, oxidative dehydrogenation, partial oxidation, steam reforming,
dehydrogenation (DH) and hydrocracking. While, the non-catalytic reactions i.e.

combustion and water-gas shift (WGS) was calculated in the gas phase reactor. Both
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reactors were assumed to run at the same temperature and pressure until getting

the equilibrium. Ratio of catalytic and gas phase was dependent on type of catalyst.
4.3.3 Trio-equilibrium reaction model

The trio-equilibrium reaction model was modified from previous model under
the assumption that products from both catalytic and gas phase reaction would
react further in the consequent reaction by some others non-oxidized reactions.
Then, model consisted of three sub-reactors, shown in figure 4.5, first two sub-
reactors were similar to that of the previous model. Another reactor was connected
allowing the combined effluents other reactions before the products were final

yielded.

Reaction of 0,
(Plus DH)

Product
Others Reactions [—*

Feed

Combustion + WG5S

Fig 4.5 Trio-equilibrium reaction model

4.4 Verification of models using statistics

After simulating with the same influents, product components and
concentrations from each model were compared to the previous OCM literatures.
However, the effluent data reported from literatures were different in two styles.
Some reported all components efflux in system and the other described only the
reactor performance, such as percent conversion. In this work, both information were

utilized to validate the proposed model.
4.4.1 Verification using components in effluence.

For literature reporting all effluent component data, model validation utilizing
Residue Sum Square (RSS) shown in equation 4.1 was chosen. RSS value was the
value of deviations calculated from summation of square difference between

effluent mole flow of chemical equilibrium model (Moqe) and the experiment (Mey)
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divided by the experiment mole flow. The small RSS value indicated accuracy of

model of all components.

2
NT(M —M
RSS =) Mo ~ My (4.1)
i=1 M exp

4.4.2 Verification using reactor performance

For literatures reporting the reactor performance in OCM system, the accuracy
of model was tested with respected to variety information such as methane
conversion (Xcua), ethane yield (C,Hg), ethylene vyield (C,Hg) and selectivity (S). The
description of those varieties was defined in equation 4.2-4.5. Yields of C,
components were used equivalent in carbon components. Otherwise, maximum

yield of C, would be limited at only 50% and led to misunderstanding in process.

M., . —M
XCH L CHy,in CHA,OUtJ X].OO (42)
! I\/|CH4,in
2XM
Yo =| ——— 22 1100 (@.3)
7 IVICH4,in
2XIVIC H, out
=| ——=*— |x100
' |\/ICH‘, in (4.4)
Y.
Si=—— (4.5)
X(:H4

Average absolute relative deviation (AARD) were statistics calculated from
summation of differentiate between the variable (P) from model and experiment

divided by number of iterations as shown in equation 4.6.

AARD == i

=1

exp model )

P

exp

(4.6)

Variables used in the equation 4.6 for this work were methane conversion,

ethylene selectivity, ethane selectivity and carbon oxide selectivity. It should be
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notice that deviations of all variables could be totally shown in value of AARD. Small

value of AARD suggested the validity of model.

After statistic variable showed precision of each model, the best model could
be selected. The selected model would be validated further at others operating
condition to ensure that the model could be predict the outcome at various

conditions.

4.5 Advantage of developed models

After developing the appropriate model for OCM reaction, the model would
be utilized in process simulation. The used of equilibrium model would be an

optional for the simulation of OCM reaction.
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CHAPTER 5
RESULT AND DISCUSSION

This chapter consisted of 5 categories: Equilibrium of oxidative coupling of
methane, chemical Equilibrium modeling, model manipulation, model validation and
advantage of developed model. The first category explained the OCM system at the
equilibrium. Chemical Equilibrium modeling reported the construction and
development of each model. Model manipulation was to modify the model to get
more accuracy. Model Validation discussed and analyzed the accuracy of models via

statistics. Finally, model advantages were implied.

5.1 Equilibrium of Oxidative Coupling of methane

In this research, with the help of Aspen Plus, methane and oxygen were fed
into reactor at the variety conditions based on the condition published in the
literatures. In the reactor, oxygen was consumed by various reactions (e.g. OCM
combustion etc.). The consumed oxygen was reacted with methane to form ethane,
ethylene and carbon oxide. After oxygen concentration was very low, concentration
of others components were also stable. Thus, it could be compiled that the very
small amount of oxygen (mole fraction = 10_24) left in effluence was in equilibrium

with concentration of others products i.e. CHg, C,Hg, CoHq, CO, CO,, H, and H,0.

Most kinetic works were generally studied OCM by varying the principle
factors such as flow rate, reactor temperature and fraction of catalysts followed by
determining the effects of the factors on the effluent components. However, the
observing conditions were at the point that O, was still too much and not the point

reaching the equilibrium.

However, aim of this research is to study OCM using chemical equilibrium
principle, then, operating space time must reach equilibrium. Thus, the kinetic
studied were simulated further extending the residence time till the system got the
equilibrium and the results were used as a reference data (the expected data). The
comparison between the reference data and the results calculated from the

proposed equilibrium model would suggest the precision of model.
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To demonstrate, simulation was set with the condition employed in the
previous work of Daneshpayeh et al [9] using Mn/Na,WQ4/SiO, as a catalyst. Methane
to oxygen feed was at 5 and reactor temperature was 850°C. Both of the results from
kinetic model and the experimental data were plotted and shown in part | of figure
5.1. The simulation was allowed to run further till the concentration of each
components got equilibrium. The percent conversion of oxygen and methane as well

as yield of C, products were shown in figure 5.1 part Il.

Partl: Laborat.ory_ex!)erlme.ntalr:esults (dot) Part Il : Extended Simulation
and Kinetic simulation (line) H
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Fig 5.1 Percent conversions of effluents simulated by kinetic model
with respect to the space time

(Catalyst =Mn/Na,WQ,/SiO,, CHs/O, = 5, temperature = 850°C)

In figure 5.1 part |, results from laboratory experiments (dots) and kinetic
model (lines) were plotted versus the space time up to 46 kg s/m’ (41.8
milliseconds). After extending the residence time further with kinetic simulation, it
showed the system was reach the equilibrium at the space time of 56 kg s/m’ (50.9
milliseconds). It should be noticed that the system got equilibrium at the point of
almost 100% conversion of O,. It was shown the very short times of 9.1 milliseconds
where the products yield between experiment and kinetic simulation at equilibrium
was not significantly different. Thus, data from experiment was reasonable assumed

as the reference data. Moreover, this research used kinetic simulation with the
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extend time at equilibrium to calculate the reference data which was not only the
precious effluents, such as CH; CHy CH; and CO,, but also other available

components which were not reported in the laboratory such as H, and H,0.

5.2 Chemical equilibrium modeling

Chemical equilibrium modeling procedure was constructed as described in
chapter 4. In this research, there were three catalysts to be studied: Mn/Na,WQ,/SiO,,
La,05/Ca0 and PbO/AL,Os. Some properties of catalysts used in this research were
listed in table 4.1

Three models mentioned in chapter 4 were consecutively studied for each
catalyst, starting from uni-reactor to trio-equilibrium reaction model. The precision of
models (difference between data from the proposed model and the data from the
reference data) were determined to verify the best model. The chosen model was

then validated to find the validation regions.
5.2.1 Uni-equilibrium reaction model

The uni-equilibrium reaction model detailed in chapter 4.2.1 was tested with
three types of catalysts, Mn/Na,WO,/SiO,, La,0s/Ca0 and PbO/AlL,Os. Operating
conditions were the picked up from the corresponding literatures which was listed in
table 4.1. The results were compared to the reference data which was called “the

equilibrium composition” to verify the capability of models.

5.2.1.1 The test of OCM reaction over Mn/Na,WO,/SiO, catalyst

Simulations were run with the feed conditions taken from Daneshpayeh et al
[11] who study OCM reaction over Mn/Na,WQO,4/SiO, catalyst. All reactions presented
in table 4.2 were input for the competition in the reactor. Simulations were tested
with the temperatures, 700, 750, 800, 825 and 850°C. Feed ratios of CH,/O, at a given
temperature were varied from 3 to 10. Reaction pressure was fixed at ambient
pressure. After the simulation was complete at equilibrium, the effluent yield in
mole fractions were plotted against the feed ratio of CHy/O, compared shown in
ficure 5.2. Dots were the equilibrium composition (the reference data) and line

represented the data from the proposed uni-equilibrium reaction model.
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Fig. 5.2 Simulation results from the uni-equilibrium reaction model and equilibrium
composition versus the feed ratio of CHy/O, for Mn/Na,WO,/SiO, catalyst at a variety
given temperatures
--- Data from uni-equilibrium reaction model ® Equilibrium composition

From figure 5.2, red plot of dots and line represented the methane in
equilibrium. It could be described that the higher the feed ratio of CH,/O,, the more
methane left in the effluent while the other effluents (other colors data) showed
conversely. For temperature effect, it was clearly shown that the higher temperature,
the closer between two calculated data of methane (red dots versus red line) which

suggested the better precision of the proposed model at high temperature. The plots
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at 850 or 875 "C were both determine as the best fit for this case. To magnify and
show the comparison clearly, data at 850 °C and CH4/O, = 5 was drawn in bar chart

and shown in figure 5.3.
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Fig 5.3 Simulation results from uni-equilibrium reaction model and equilibrium
composition at equilibrium for Mn/Na,WO,/SiO, catalyst.
(Conditions:, T = 850°C and CH¢/O, = 5)

From figure 5.3, the blue and red bars represented the equilibrium
composition and the uni-equilibrium reaction model, respectively. The results
showed the far difference between those two calculation methods. It suggested the
low precision of this proposed model. One important point was that effluents of
equilibrium composition consisted of ethylene (C,H,), ethane (C,Hg), carbon
monoxide (CO), carbon dioxide (CO,), water (H,0) and unreacted methane (CH,).
Dissimilarly, data from proposed model consisted only CO and H, including
unreacted CH, which suggested that only the partial oxidation of CH4(Eq.5.1) reacted

in the model.
CH;+0.50, — CO + 2H, (5.1)

The absent of C, products including the low precision of these results

allowed to conclude that the uni-equilibrium reaction model could not explain the
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behavior of the OCM reaction. It should be notified here that the bar plots at other

temperatures were ignored according to their similar results to figure 5.3.

5.2.1.2 The test of OCM reaction over La,O/CaO catalyst

This section, simulations using uni-equilibrium reaction model were tested in
the same way to section 5.2.1.1. The operating conditions were substituted with the
Stransch etaal. [10] model studied over the catalytic of La,0:/Ca0O. After the
simulation was completed at equilibrium, the effluent yield in mole fractions were

plotted against the feed ratio of CHy/O, compared shown in figure 5.4.
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4 Simulation results from the uni-equilibrium reaction model and equilibrium

composition versus the feed ratio of CHy/O, for La,05/Ca0 catalyst at a variety given

temperatures

--- Data from uni-equilibrium reaction model ® Equilibrium composition

From figure 5.4, deviations between two calculation methods were still as

high as that of the previous catalyst. The result at 850°C was chosen to plot with

bars of effluents mole. The result was depicted in figure 5.5.
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Fig 5.5 Simulation results from uni-equilibrium reaction model and
equilibrium composition for La,0s/Ca0 catalyst.

(Conditions: T = 825°C and CH,/O, = 5)

Form figure 5.5, the calculated effluent components showed large deviation
from the expected results as the same as that of the previous test using
Mn/Na,WO4/SiO,. The products components were H, and CO and unreacted CHq4

without C, products indicated that main reaction in the system was partial oxidation.

5.2.1.3 The test of OCM reaction over PbO/Al,O5 catalyst.

The simulation method was repeated with the information from Hinsen et
al’s work [12] tested over PbO/Al,O5 catalyst. Reaction temperature range was 650 —
750 °C. Four plots of effluent yields as the functions of feed ratio of CH,/O, at 650,
700, 725 and 750 "C were illustrated in figure 5.6.
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Fig. 5.6 Simulation results from the uni-equilibrium reaction model and equilibrium
composition versus the feed ratio of CH,/O, for PbO/Al,05 catalyst

at a variety given temperatures

--- Data from uni-equilibrium reaction model ® Equilibrium composition

There were large deviations found in this simulation too. The result at 725°C

was chosen to represent the comparison with bar plot and shown in figure 5.7.
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Fig 5.7 Simulation results from uni-equilibrium reaction model and
equilibrium composition for PbO/Al,O5 catalyst.
(Conditions: T = 725°C and CH,/O, = 8)

Again, with the PbO/ALO; catalyst, the effluences were the partial
combustion products. It should be mentioned here that bar of mole fraction of H,
was not shown because there was no information of H, concentration in the
literature. Bar of H, mole found from the simulation could make the
misunderstanding without the comparative quantity from equilibrium composition.
Moreover, CO and CO, components were summarized reported in carbon oxide (CO,)
form in literature. Therefore, the model results were also reported in the same

pattern.

According to the large deviations from uni-equilibrium reaction model over
the three catalysts, Mn/Na,WO,/SiO,, La,0s/Ca0, PbO/AL,Os, It can be concluded that
this simulation model could not explain the behaviors of the OCM reaction. It was
attributed to the limitation of feed oxygen concentration that led partial oxidation to
dominate the other reactions such as oxidative coupling of methane, combustion

etc.
CHi+0.50, — CO + 2H,  Kegaooc= 249 x 10" (5.1)

CHi+1.50, — CO + H,0  Kegaooc= 568 x 10° (5.2)
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CHq+20, — CO, + H,0 Keqaooc = 9.35 x 10°° (5.3)

By stoichiometric determination, partial oxidation reaction (Eq. 5.1) consumed
oxygen per methane at ratio of 0.5 while incomplete combustion (Eg. 5.2) and
complete combustion (Eq. 5.3) were 1.5 and 2.0, respectively. To accomplish the
lowest Gibbs free energy at limited oxygen, the reaction with the smallest fraction of
O, paid majority role and directed to the partial oxidation reaction. This was the
same reason of combustion at low oxygen concentration would lead to form CO

rather than CO, even the completed combustion had higher equilibrium constant.

To prove that only the partial oxidation reaction reacted in the system while
other reactions were inactive, new simulation was set with the same feed condition
but selecting only the partial reaction to be the available reaction computing in the
system. This test was run under the hypothesis that the system was run with the
solely partial oxidation reaction if the amount of products were identical to that

done with all available reaction. The results were shown in figure 5.8.
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Fig 5.8 Simulation results from uni-equilibrium reaction model
with all 22 reactions and solely partial reaction.

(Conditions: catalyst=Mn/Na,WQ,/SiO,, T =850°C and CHy/O, = 5)
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From figure 5.8, it was clearly shown the identity of all effluents produced
from both simulations. It proved that uni-equilibrium reaction model support only for

the partial combustion reaction which produced the mixture of H, and CO.

More attempts were tested on the uni-equilibrium reaction model. One was
based on the postulate that catalyst selected the occurring reactions. The selectivity
of catalysts led to the limitation of available reactions in the process. The
summarizations of the catalyst selectivity were based on literatures published and

the conclusions were listed in table 5.1.

Table 5.1 The summarization of the catalyst selectivity.

No. Reaction Mn/Na,W0,/SiO, La,0,/Ca0 PbO/AL0O,
[11] [10] [12]
1 CHg+20,-> CO, + H,0 4 v v
2 2CH, + 0.50, > C,H, + H,0 v v v
3 CHy+0,>CO+HO+H, v v
4  CO+050,->CO, 4 v
5  C,Hg + 0.50, -> C,H, + H,0 v v v
6  C,Hg+20,->2CO + 2H,0 v v
7 CHg->CHy+H, v v
8  C,H, + 2H,0 -> 2CO + aH, v v
9  CO+H,0->CO,+H, 4 v
10 C,H, + 30, -> 2CO, + 2H,0 4

This conceptual system led to ignore the partial oxidation reaction which was
solely reaction in the system above. New simulations were tested with the limited
reactions in table 5.1. It was noted that the selective reactions using Mn/Na,WO,/SiO,
and La,0s/Ca0 catalysts were identical, the reaction number 1-9 (table 5.1). Other
conditions such as feed ratio, temperature and pressure were controlled to compare
with the result shown in figure 5.3 and 5.5 respectively. The comparison of bar plots
resulted from the uni-equilibrium reactions between the different available reactions

(all 22 reaction and 9 limit reactions) were depicted in figure 5.9 and 5.10.
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Fig 5.10 Comparison of the simulation results from
the uni-equilibrium reaction model for La,03/Ca0 catalyst.
(a) all 22 reactions available (b) 9 limited reactions
(Conditions: T =825°C and CH,/O; = 5)

Figure 5.9 and 5.10 showed the comparison of the simulation results from
the uni-equilibrium reaction model for Mn/Na,WQO4/SiO, and La,0s/Ca0 catalyst,
respectively.

Surprisingly, two different simulations with limited reaction using
Mn/Na,WO4/SiO, and La,0,/Ca0 catalyst showed the identical bars comparing to
those with the partial oxidation reaction solely. The persistence of H,, CO without
partial oxidation reaction in the running process was must be described.

For describing this mechanism, the proposed scheme of elementary reactions

for mechanism was written in figure 5.11.
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Route 1 2CHﬂ + 0_502 — CzHe + HZO Ke:. = 5.00 x10°
\

CHg <> CH, + H, Keg = 119

e

NA

- 7
CH, + 2H,0 — 2CO + 4H, K, =6.89x10

Route 2 CH, + 0, — CO + H,0 + H, Keq = 376 x10%

Total Reaction CH,+0.50, — CO + 2H, Keq =249 x 10"

Fig 5.11 the proposed scheme of reaction mechanism in the uni-equilibrium reaction

model

However, products from the simulation did not match to equilibrium
compositions. Those suggested that the uni-equilibrium reaction model was the

unsatisfactory model for describing the results.

Another attempt was run for PbO/Al,05 catalyst. The selective reactions were
reaction number 1, 2, 5 and 10 (table 5.2). The comparison of the simulation results

between the unequal reactions used in the calculation were shown in figure 5.12.
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Fig 5.12 Comparison of the simulation results from
the uni-equilibrium reaction model for PbO/Al,O5 catalyst.
(a) all 22 reactions available (b) 4 limited reactions
(Conditions: T =725°C and CHy/O; = 8)

From figure 5.12, the limitation of available reactions input in the simulation
impacted the products composition. However, main products i.e. C,;Hs and C,Hg were
not found. Those confirmed that the uni-equilibrium reaction model with limited

selective reactions was not an appropriate model for describing the OCM reaction.
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However, this result suggested the good point that the limitation of reactions

helped to get better fit.

Deviation of simulation results from uni-equilibrium reaction model was
discussed. It was responsible to some inactive reactions which reacted slowly and
would not reached equilibrium (i.e. ethylene steam reforming). In fact, ethylene
steam reforming was a selective catalytic reaction which suitable with specific
catalyst as listed in table 5.2. The steam reforming reaction was selective to the
noble metal catalyst like Ni, Pd, Rh, Ru, Pt, or Co while OCM was for Ba, Ca, W, Sn, Sr,
Mn, Pb or La. Therefore, steam reforming reaction could be claimed as the inactive
reaction which would not function in the OCM catalyst. Thus, the rate of reaction
compared to OCM would be very slow and could be neglected from calculation.
Moreover, there were others catalytic reactions which were selective to another
catalysts as well i.e. partial oxidation, carbon dioxide reforming, dehydrogenation and
water gas shift reaction. Thus, these reactions could be neglected from simulation in
catalytic part. Moreover, it should be noticed that catalysts for hydrocracking were
overlapped with that of the OCM and ODH reactions, Tungsten (W) and lead (Pb).
Thus, this research proposed this reaction to be possibly reacted in simulation

system.

Table 5.2 Common catalysts for each reaction type

Reaction Catalyst Reference
Oxidative Coupling of Methane Ba, Ca, W, Sn, Sr, Mn, Pb, La [5]
Oxidative Dehydrogenation of Ethane Ba, Ca, W, Sn, Sr, Mn, Pb, La [67]
Partial Oxidation V, Mo, Pr [5]
Steam Reforming Ni, Pd, Rh, Ru, Pt, Co [68]
Carbon Dioxide Reforming Ni, Pd, Rh, Ru, Pt, Co [68]

Hydrocracking Co, Ni, Mo, W and Pb [63, 64]

Dehydrogenation Pt, Sn [5]
Water-Gas-Shift Reaction Fe, Cu, Cr, Zn, Ni, Pt, Rh [69]

After confining the reactions for OCM, the remaining reactions on catalytic
part were OCM, ODH and hydrocracking. Ethane dehydrogenation and water-gas shift
which could react only in gas phase because the OCM catalysts contained different

element. Moreover, gas phase combustion was included all possible hydrocarbon
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combustion reactions. The remaining reactions were listed in table 5.3. The numbers

of reactions were referred in the next sections.

Table 5.3 Proposed reactions in OCM simulation

No. Reaction K equilibrium K equilibrium K equilibrium
600 C 700 C 800 C

Catalytic Reaction
Oxidative Coupling

Cl  2CH4+0.50, — C,HgtH,0 4.41x10 3.73 x10° 5.00 x10°
Oxidative Dehydrogenation

C2  CoHg + 0.50, — CyHy + H,0 2.60 x10" 5.97 x10° 1.79 x10°
Hydrocracking 2

C3  CHg +H, = 2CH, 1.98 x10° 7.05 x10° 3.02 x10°

C4  CHy+ 2H, — 2CH, 6.61 x10° 3.11 x10" 2.55 x10°

Non-Catalytic Reaction

Thermal Dehydrogenation

Gl CHg¢> CHy+H, 2.99 x10° 227 x10" 1.19
Thermal Water-Gas Shift

G2 CO+H0 <> CO, + H, 2.68 1.62 1.09
Combustion ¢

G3  CHe+1.50,— CO + 2H,0 3.41 x10” 2.23 x10” 5.69 x10°

G4 CHu+20, — CO, + H,0 7.95 x10" 9.51 x10" 9.35 x10™°

G5  CO+050,— CO, 234 x10" 4.26 x10"° 1.64 x10°

G6  CHg+2.50, —> 2CO+3H,0 263 x10% 1.3 x10™ 6.47 x10™

GT  CHg+3.50, — 2CO,+H,0 1.43 x10™ 243 x10" 1.75x10"

G8  CyHy + 20, — 2CO + 2H,0 1.01 x10” 2.24 x10" 3.60 x10™

G  CHg+30, —> 2C0O,+2H,0 551 x10"" 4.06 x10” 9.73 x10%

° Additional reactions proposed in this research
° Reversible reactions of combination of reaction C3 and G1

© Combustion reactions were cover all incomplete and complete of all components

After scoping the feasible reactions in OCM, new simulations with three

catalysts were shown separately in figure 5.13 to 5.15.
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Fig 5.15 Effluents simulated by the uni-equilibrium reaction model
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(Conditions: T =725°C and CH,/O, = 8)

New simulation results were slightly better than previous prediction. As seen
in figure 5.13 to 5.15, not only CO, and H,O were formed but also more reasonable
effluent composition. Nevertheless, there was still major deviation of no C,H, and

C,H,.

This deviation was attributed to the competition between reactions. In this
case, OCM reaction (C1) and combustion reactions (G3-G10) were competed in
reactor. Because combustion reaction have the higher equilibrium constant (K) than
that of OCM reaction, the combustion reaction will react mostly in completion. Thus,
in figures, there were only CO and CO, formed. So the uni-equilibrium calculation

could not predict the reactions to competition for non-equilibrium reactions.
5.2.2 Duo-equilibrium reaction model

From previous section, the single equilibrium calculation could not predict
competitive reactions between non-equilibrium reactions. Then, model was
developed to allow the competition between the reactions. From one single reactor
that all reactions were calculated in the same stage, it was split the calculation to
two different parts, catalytic and gas phase, total products of those two parts were

the output of the simulation. Each spitted part was specified the reaction to
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competition. The fraction volume input in catalytic and non-catalytic reactor was
assumed to be equal to the void and solid fraction of catalyst which was a specific

property of catalyst as shown in table 4.1.

The duo-equilibrium reaction model was studied with two different specified

reactions as described below.
5.2.2.1 The duo-equilibrium reaction model A

In this model, the first simulation part, the reactions reacted at catalytic
surface were oxidative coupling of methane (OCM) and oxidative dehydrogenation
(ODH) of ethane to ethylene. The other simulation part allowed the spontaneous
possible gas phase reactions (the non-catalytic reaction) such as combustion and
water-gas shift reactions (WGS). The duo-equilibrium reaction model was drawn and
shown in figure 5.16. Table 5.6 summarized the equations used in both two parts. It
should be noticed that the combustion reactions in gas phase were consisted of
both complete and incomplete combustion of CH,, C,Hg and C,Hs. Although the
combustion of C,Hg and C,H, were included in calculation, these two reactions did
not affect the effluent composition in this research. It was responsible for the pure
feed of methane with no C,Hg and C,Hy impurity. Thus, there was no C, reactant to

react with the combustion reactions.

¥ OCM + ODH

Product

Feed

,| Combustion + WGS

Fig 5.16 The duo-equilibrium reaction model A

It should be noted that fraction volume between reactors of catalytic and
non-catalytic reactor was assumed to be equal to void and solid fraction of catalyst

which was specified to a type of catalyst.
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Table 5.4 Suggested reactions in each calculation phase.

Catalytic Phase Gas Phase
CH; + 0.5 O, — CHg + H,0 CHq + 1.50, — CO + 2H,0
CoHg + 0.5 O, — CoHg + H,O CHq+ 20, — CO, + H,O

CO + H,O — CO, + H,
CO + 0.50, = CO,
*CoHg+2.50, — 2CO+3H,0
*CoHg+3.50, — 2CO,+H,0O
*CoHq + 20, — 2CO + 2H,0
*CoHg+30, — 2C0O,+2H,0

* Required when impurity in feed were consisted of C, hydrocarbon and if there was another

hydrocarbon in feed combustion of the hydrocarbon should be included.

Table 5.4 listed the reaction calculated in catalytic and gas phase for the
duo-equilibrium reaction model A. Simulation was succeeded by feeding the CHy/O,
ratio in gas phase per catalytic phase with the void to solid fraction of catalyst. This
provided the different amount of reactants in both calculation parts and led to the

different products formed in the different catalyst.

The simulation results from duo-equilibrium reaction model for
Mn/Na,WO,/SiO, catalyst at six different reaction temperatures were shown in figure

5.17. Data from the duo-equilibrium reaction model were shown in line pattern ( --)

and Data from equilibrium composition were dots (®).
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Fig 5.17 Simulation results from duo-equilibrium reaction model versus feed ratio for

Mn/Na,WO,/SiO, catalyst at variety of reaction temperature

--- Data from the duo-equilibrium reaction model ® Equilibrium composition

From figure 5.17, the amount of most effluents was got closer to the
expected results. Carbon monoxide and carbon dioxide components were
reasonably closed at high temperature. As well as methane and water vapor that

gave less deviate from previous model. Moreover, there were C, components formed
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in this model. As seen in the figure that ethylene (green line) was formed in the

system.

Simulation results from duo-equilibrium reaction model versus for La,0s/Ca0

catalyst at variety of reaction temperatures were shown in figure 5.18.
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Fig 5.18 Simulation results from duo-equilibrium reaction model versus feed ratio for

La,04/Ca0 catalyst at variety of reaction temperature

--- Data from the duo-equilibrium reaction model ® Equilibrium composition
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The results found that the simulation over the catalyst of La,0/CaO showed
the better fit as the same as Mn/Na,WO,/SiO, catalyst. Temperature effect was in
agreement with the previous catalyst which could be concluded that the higher the
temperature, the better the prediction results obtained. The deviation of each

component would be shown with bar curve in figure 5.21.

Simulation results from duo-equilibrium reaction model versus feed ratio for

PbO/ALL,O4 catalyst at variety of reaction temperature were shown in figure 5.19.
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Fig 5.19 Simulation results from duo-equilibrium reaction model versus feed ratio for

PbO/AL,O5 catalyst at variety of reaction temperature

--- Data from the duo-equilibrium reaction model ® Equilibrium composition

The results showed the better fit compared to those run with the uni-

equilibrium reaction model as well as two previous catalysts. It should be noted that
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this simulation was varied with the narrow range of temperature because it was
within the scope studying for this catalyst.

The bar charts plotted from a set of data simulated with the duo-equilibrium

reaction model condition were shown bar charts as in figure 5.20 to 5.22.
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Fig 5.20 Effluent mole fraction simulated by the duo-equilibrium reaction model A for
Mn/Na,WO,/SiO,
(Conditions: T =875°C and CH,/O, = 5)
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(Conditions: T =875°C and CH,/O, = 5)
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From figure 520 - 5.22, the simulation results from the duo-equilibrium
reaction model A were much better than the uni-equilibrium reactors model. As
seen in figure 5.20 to 5.22, there were C,H; components formed in the simulation.
Moreover, the others components mole fraction were less deviated from equilibrium
composition. This indicated that the splitting calculation supported the methodology
for OCM system. However, C,Hs components were still missed. It was reported at
the nearly zero fraction of C,Hg (Xcoe = 0.0017) which was much far from the
expected amount (xcng =~ 0.014 — 0.04). This error was taken in account and

discussed for finding the method to reduce this deviation.
5.2.2.1 The duo-equilibrium reaction model B

The duo-equilibrium reaction model B model was designed to compete with
model A. The difference between model A and B was only on the substitution of
ODH with dehydrogenation (DH) reaction and the model scheme was shown in figure

523

Dehydrogenation : C,Hy ~—— C,Hy + H, (5.4)
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This dehydrogenation reaction in the catalytic phase was expected to adjust
the yield of C,, C,Hg and C,Hy. The simulations were expected to yield more C,Hg at

the output.

Because the equilibrium constants of the dehydrogenation reaction were 2.99
><1072, 2.27 ><1071, and 1.19 at 600, 700 and 800 °C, respectively, it suggested that at
the reactor temperature lower than 800 °C, the equilibrium shifted to the left while
at the temperature higher than 800°C, the equilibrium shifted to the right. Then, at
the low temperature, the reaction trend to go back and yielded C,Hg. Conversely,

the reaction consumed C,Hq at the high temperature and produced C;Hj.

OCM + DH

k. 4

Product

—

Feed

.| Combustion + WGS

Fig 5.23 The duo-equilibrium reaction model of B

Figure 5.24-5.26 showed the compaison of bar graphs of components

calculated from two different duo-equilibrium model A and B over three catalysts.
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Fig 5.24 Comparison between simulation results from
the duo-equilibrium reaction model A and B for Mn/Na,WQO,/SiO,

(Conditions: T = 850°C and CHy/O, = 5)
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From figure 5.24 to 5.26, using DH instead of ODH provided worse results for
all catalysts. Despite ethane was formed in reactor, ethylene and hydrogen
composition was too high as well as methane was over-consumed. This was
attributed to the OCM reaction in the catalytic reactor. Instead of sharing O, for OCM
and ODH, O, was consumed solely by OCM at which CHy was simultaneously spent
out in such a high ratio. Moreover, production of C,H, was exceed than C,Hg at 850°C
because the DH reaction would slightly forward at the equilibrium constant exceed
than 1. From this model, it could be concluded that the formation of ethylene in

catalyst phase should be from by ODH reaction rather than DH.
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5.2.3 Trio-equilibrium reaction model

This model was developed from the duo-equilibrium reaction model A which
the catalytic part composed of OCM and ODH whilst the gas phase reactor
composed of the combustion and water gas shift reaction. The simulation results
were lack of C,Hg and a higher yield of C,Hy. Therefore, the model was developed by
adding a new calculation for adjusting the ethane vyield by adding one more
calculation just after the duo-equilibrium reaction model. The additional reactor was

trial between two reactions, the results were detailed in next section.

5.2.3.1 Trio-equilibrium reaction model A

Since the results from the duo-equilibrium reaction model A showed much
deviation from equilibrium composition. Amount of produced H, and C,H, were too

high (figure 5.24-5.26), which required the reduction by any consuming reaction.

Then, the dehydrogenation reaction; C,H¢ === C,Hs + H,, was a choice for this
objective. It was expected that the amount of H, form in gas phase would shifted
dehydrogenation backward and ethane would form by reverse dehydrogenation. The
scheme of the developed model was looked like the series connection between the
duo-equilibrium reactions model connected to the DH reactor as shown in figure

5.27.

OCM + ODH

Feed o _Eroduct

Combustion + WG5S

Fig 5.27 Scheme of Trio-equilibrium reaction model A

The comparison of simulation results between duo-equilibrium model and
the trio-equilibrium reactors model were shown in figure 5.28 to 5.30 for the three

catalysts.
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Fig 5.29 Comparison of results from the duo-equilibrium reaction model A and
the Trio-equilibrium reaction model A for La,0,/CaO
(Conditions: T = 825°C and CH,/O, = 5)

(a) The duo-equilibrium reaction model A

(b) The Trio-equilibrium reaction model A
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(Conditions: T = 750°C and CH,/O, = 8)

(a) The duo-equilibrium reaction model A

(b) The Trio-equilibrium reaction model A

The results from figure 5.28 to 5.30 showed that the DH reaction at the end
of simulation provided non-significantly changes of effluents. The results from both
catalysts, Mn/Na,WQ,/SiO, and La,05/Ca0 (figure 5.28 and 5.29) showed very slightly
backward of dehydrogenation reaction. The hydrogen concentration was slightly
decreased while ethane was increased. However, with the PbO/Al,O5 catalyst the
small increase of C,Hg was found. It should be reminded again that in PbO/Al,Os
literature, there was no report about H, components. Thus, only decreasing of
ethylene and increasing of ethane were noticed. These changes were attributable to
the reactor temperature used in the calculation. As mentioned above, the
equilibrium constant of DH was lower than 1 at the temperature lower than 800°C.
Therefore, the system of PbO/Al,O; catalyst that the DH was calculated at 750°C
could got the equilibrium with some backward reaction of DH which gave C,Hq.
However, overall considered from the results, this model was still be unsatisfied to

explain the behavior of OCM.

5.2.3.2 Trio-equilibrium reaction model B

This model was also developed from the duo-equilibrium reaction model A
which OCM and ODH were run at the catalytic part and the combustion with water

gas shift reactions were competitive at the gas phase reactor. In this model the
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output from the duo-equilibrium reaction model was calculated by the ethylene
hydrocracking reaction; C,Hg + H, — 2 CHg. This reaction was expected to consume
the excess of C,H4 and H, and compensated of CH,. The ethylene hydrocracking was
the combination reactions between ethane cracking (Eg.5.5) and reverse
dehydrogenation of ethane (Eq. 5.6). The used of the combination reactions was due

to no ethane exit in simulation system.

Reverse dehydrogenation of ethane: C,Hq + Hy, —> CoHg (5.5)
Ethane hydrocracking: C,Hg + H, ™ 2 CH, (5.6)
Ethylene Hydrocracking reaction: C,Hq + 2H, — 2 CH, (5.7)

The flow scheme of this model was depicted in figure 5.31.

OCM + ODH

Product
Feﬂp Hydrocracking —

Combustion + WGS

Fig 5.31 Scheme of Trio-equilibrium reaction model B

Afterward, simulations were run with the corresponding operating condition,
the results of the trio-equilibrium reactors model were shown for Mn/Na,WQO,/SiO,,
La,04/Ca0 and PbO/AL,O5 catalyst in figure 5.32 to 5.34, respectively ( in comparison

with the duo-equilibrium reactors model).
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Fig 5.33 Comparison of results from the the duo-equilibrium reaction model A and
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(Conditions: T = 850°C and CH,/O, = 5)

(a) The duo-equilibrium reaction model A

(b) The Trio-equilibrium reaction model B
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Figure 5.32-5.34, the calculation gave better results for both Mn/Na,WO,/SiO,
and PbO/Al,O5 catalyst. As seen in figure 5.32, H, mole fraction from this model was
nearly identical to the equilibrium composition. This indicated that the addition of
hydrocracking reaction after the duo-equilibrium reaction model was appropriated for
Mn/Na,WO,/SiO, and PbO/AlL,O; catalyst. However, C,Hs mole fraction in both

catalysts were still nearly zero which required the manipulation further in section 5.3.

For La,05/Ca0 catalyst, the addition of hydrocracking caused more deviation.
Figure 5.33 showed the results that C,H; as well as H, component were consumed
and left at a small amount. Moreover, C,Hgs mole fraction was still nearly zero. Thus,
it could be concluded that the duo-equilibrium reaction model connecting with

hydrocracking was the unsatisfactory model for La,05/Ca0O catalyst.

These results conformed to type of catalyst used in OCM that The lanthanum
element did not support with hydrocracking reaction to occur in system. Thus, it
could be recapitulated that the appropriate reaction model was OCM and ODH in
parallel with combustion and water-gas shift reaction while the hydrocracking
reaction was required if there were element in catalyst that supported the reaction

to react.

In conclusion, the development of the proposed model got better and better

results from the uni-equilibrium reaction model through the Trio-equilibrium reaction
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model. The best fit model was selective to the catalyst types, i.e. the trio-equilibrium
reaction model B was suit to both Mn/Na,WQO,/SiO, and PbO/Al,O5 catalysts while the
duo-equilibrium reaction model A was the best for La,05/Ca0O catalyst. However, the
persistence problem was the too small amount of C,Hs components. Neither the DH
reaction nor the hydrocracking reaction could not use to adjust the fraction of C,Hg
at the equilibrium. Thus, this research proposed the methodology to manipulate
equilibrium model by adding the parameter into the model. This parameter was

acquired from experiment data.

5.3 Model manipulation

Before the explanation of the manipulation of model, the discussion on C,Hg

component must be clearified for understanding the role of C,Hy in OCM reaction.
5.3.1 Discussion on the role of C,Hg in OCM

In simulation process, C,Hg was the product of the oxidative coupling reaction
(OCM); 2CH4 + 0.50, — C,Hg + H,O. Produced C,Hg was then consumed by the
oxidative dehydrogenation reaction (ODH); C,Hys + 0.50, — C,Hys + H,O as shown in

figure 5.35.

OCM ODH
2CH, + 0.50, CHg + 0.50,
+ H,0.

C,Hq + H,0.

Fig 5.35 Scheme of ethane formation and consumption

At the equilibrium, all components must be in equilibrium and left in the
reactor. The absence of C,Hy in the calculation under the equilibrium concept might
be explained as followed. The pathway of the C,H; production was formed via two

elementary reactions OCM and ODH as followed.

OCM: 2CH; + 0.50, =—== C,H¢ + H,0O. K,
ODH: C2H6 + 0502 S C2H4 + Hzo K2

Overall reaction: 2CH, +0, =— (CH; + 2H,0. Koverall = Ki.Ky
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Because C,Hg functioned as the intermediate in the process, theoretically of
chemical equilibrium, intermediate would not exist in the final products because the
reactions were already combined to form the overall reaction. The calculation of
products at equilibrium could be done with the overall reaction. Simulations in this

pathway led to the nearly zero of C,Hg at the end.

In fact, C,Hg should still remain with a substantial amount to maintain the the
production of C,Hy via oxidative dehydrogenation reaction. This concept was
respected to the method calculating the amount of intermediate at steady state

which published elsewhere. [70]

There were many reports for ethane yield of OCM which was summarized in
table 5.5 for variety of catalysts. Moreover, there was an interested issue that yield of
ethane were almost constant with small standard deviation at any range of operating

condition (i.e. temperature and CH4/O, feed ratio).

Table 5.5 Yield of ethane for each catalyst [10, 11, 71-74]

Temperature Average ethane yield Standard
Catalyst ° 5
(O (%mole) deviation
Mn/Na,WO,/SiO, 775-875 4-10 9.07 0.41
La,04/Ca0 750-875 5-10 4.16 0.60
PbO/ALO, 700-750 5-10 3.22 0.62
La/MgO 750-850 4 7.75 0.48
Li/MgO 700-820 al 4.14 0.54
Sn-Ba-TiO, 725-775 2-4.5 5.32 0.60

As the fraction of C,Hs must remain in the system, thus, it was possible to
specify yield of ethane to be constant. The value was specified as published in the
literatures. They were 9.07, 4.16 and 3.22 % mole for Mn/Na,WO,/SiO,, La,0,/Ca0
and PbO/AL,0O5 catalyst, respectively.

5.3.2 Manipulation of Duo-equilibrium reaction model

As mention in previous section, the existence of intermediate of the chemical

reaction was accepted and the chemical equilibrium concept could not describe the
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intermediate behavior because the combination reaction did not suggest the
existence of intermediate. In this section, the manipulation for running the program

was described and verified the results.

Up to this section, the best fit model of the simulation for Mn/Na,WQ,/SiO,
and PbO/ALO; was the Trio-equilibrium reaction model type B which was the
connection between the parallel set of OCM/ODH and combustion/WGS series with
the hydrocracking reaction. The model shown best fit for La,0s/Ca0O was the duo-
equilibrium reaction model which was the set of parallel between OCM/ODH and
combustion/WGS

With respect to the C,Hy yield found in the experimental research [10, 11, 71-
74], the first manipulation for upgrading the results was decided to appoint the C,Hg
constant molar extension at the equilibration. The constant molar of C,Hyg was taken

from the average ethane yield listed in table 5.5.

One more manipulation was a change of input in catalytic reactor.

OCM : 2CH4 + 0.50, — C,H¢ + H,O (5.6)
ODH . C2H6 + 0502 — C2H4 + Hzo (57)
Overall reaction : 2CH; + O, — CHy + H,0 (5.8)

Instead of inputting the OCM and ODH in the catalytic reactor, the ODH was

substituted with the overall reaction (equation 5.8).

Then, two important points for manipulating the model was (1) fix the
extension molar of C,Hg equal to specific yield (2) substitute the ODH reaction in the
catalytic reactor with the overall reaction of OCM. The comparison results between
the duo-equilibrium reaction model with/ without the specific ethane yield for

La,05/Ca0 was shown in figure 5.36.
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Fig 5.36 Comparison of results from the duo-equilibrium reaction model with/without
specific ethane yield for La,0,/Ca0 catalyst
(Conditions: T = 825°C and CH,/O, = 5)
(a) The duo-equilibrium reaction model A

(b) The duo-equilibrium reaction model A with specified ethane yield at 4.16

From figure 5.36, it is clearly shown that after the manipulation, the

ction results from the duo-equilibrium reaction model showed almost identical

to the expected results. Thus, this model was appropriate for the OCM for La,05/Ca0O

catalyst.

The comparison of results from the duo-equilibrium reaction model

with/without specific ethane yield for Mn/Na,WO,/SiO, and PbO/Al,O5 catalyst were

shown in figure 5.37 and 5.38, respectively.
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Fig 5.37 Comparison of results from the duo-equilibrium reaction model with/without
specific ethane yield for Mn/Na,WQ,/SiO, catalyst
(Conditions: T = 850°C and CH,/O, = 5)
(a) The duo-equilibrium reaction model A

(b) The duo-equilibrium reaction model A with specified ethane yield at 9.07
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Fig 5.38 Comparison of results from the duo-equilibrium reaction model with/without
specific ethane yield for PbO/Al,O5 catalyst
(Conditions: T = 750°C and CH,/O, = 8)
(a) The duo-equilibrium reaction model A

(b) The duo-equilibrium reaction model A with specified ethane yield at 3.22

From figure 5.37 and 5.38, the manipulated duo-equilibrium reaction model
could provide better outcome of effluents for Mn/Na,WO,/SiO, and PbO/AL,Os. The
C,Hg components were closed to equilibrium composition. However, there were still
deviation of H, and C,H,. Hence, the manipulation technique used in duo-equilibrium
reactors model did not suit for Mn/Na,WQO,/SiO, and PbO/ALL,O;. More tests were

tried with the trio-equilibrium reactions model.
5.3.3 Manipulation of Trio-equilibrium reaction model

This model was developed from the trio-equilibrium reaction model B
mentioned in section 5.2.3.2. This model gave good result for Mn/Na,WQO,/SiO, and
PbO/AL,O5 After the model was manipulated as mentioned above, the simulations
were tested and the results were shown in figure 5.39 for Mn/Na,WQO,/SiO, catalyst
and figure 5.40 for PbO/AL,Os.
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Fig 5.39 Comparison of results from the Trio-equilibrium reaction model
with/without specific ethane yield for Mn/Na,WQO,/SiO, catalyst
(Conditions: T = 850°C and CH,/O, = 5)

(a) The Trio-equilibrium reaction model B

(b) The Trio-equilibrium reaction model B with specified ethane yield at 9.07
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Fig 5.40 Comparison of results from the Trio-equilibrium reaction model
with/without specific ethane yield for PbO/AL,O; catalyst
(Conditions: T = 725°C and CH,/O, = 8)

(a) The Trio-equilibrium reaction model B

(b) The Trio-equilibrium reaction model B with specified ethane yield at 3.22

Figure 5.39 showed the comparison results of the trio-equilibrium reaction
model with/without specific ethane yield for Mn/Na,WO,/SiO, catalyst and figure 5.40
was for PbO/AL,O5. The results from the manipulating techniques were shown that
both simulations for Mn/Na,WO,/SiO, and PbO/Al,O; were best fit. Concentrations of
all components were matched to the expected results. The deviations of H,, C,Hg as
well as CHg from the previous trio-equilibrium model were diminished with the

manipulation technique. It could be concluded that the suitable model for both
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Mn/Na,WO,/SiO, and PbO/Al,O5 catalyst was the trio-equilibrium reaction model with

specific ethane yield.

For La,03/Ca0 catalyst, simulation in the trio equilibrium model manipulated
with specific yield of ethane was tested. The results showed in figure 5.41 were

different from that of the previous two catalysts.
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Fig 5.41 Comparison of results from the duo-equilibrium and Trio-equilibrium reaction model
with specific ethane yield for La,0,/CaO catalyst
(Conditions: T = 825°C and CH,/O, = 5)
(a) The duo-equilibrium reaction model with specific yield at 4.16

(b) The trio-equilibrium reaction model with specified ethane yield at 4.16

From the figure 5.41, hydrogen, ethylene and some other components
fractions were deviated more than the previous model which was suggesting the
unsatisfactory model for the La,0s/Ca0 catalyst. However from section 5.3.2, the
simulation from the duo-equilibrium reaction model with specific ethane yield gave
the best fit. Therefore, the model of the most appropriate for La,05/Ca0 catalyst was

the duo-equilibrium reaction model with specific ethane yield model.

In summary, the best fit equilibrium model gave better results by
specification of ethane yield. By manipulating the duo-equilibrium model A, methane
component as well as ethylene and ethane were reasonably matched with
equilibrium composition. Then, for the La,05/Ca0 catalyst, the best model was the
duo-equilibrium model where the catalytic reaction were composed with OCM and
ODH while the das phase reactor were composed of the combustion and the water
gas shift reactions. For the catalysts of Mn/Na,WO,/SiO, and PbO/Al,0Os, the best fit

was the trio-equilibrium reactors model with hydrocracking reaction.
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Moreover, these manipulation models could fit the equilibrium composition
at various temperature and methane to oxygen feed ratio. The validation was then

described in next section.
5.3.4 Verification and Validation of Manipulation Model

In this section, the verification and validations of the best fit models were
accessed. The best fit developed models were simulated with the operating
condition similar to equilibrium composition of the same catalyst. For
Mn/Na,WO4/SiO, and PbO/Al,0s, the temperature range of 700 — 875 °C and feed
CHy/O, of 3 — 10. The temperature of 650 — 750 °C and feed CHy/O, of 5 = 10 were
for the PbO/AL,O5 catalyst.

Plots for effluent fractions at the six temperatures with respect to the feed
ratio of CHy/O, were shown in figure 542 — 5.44. It should be mentioned here that

results from other temperatures were not plotted.
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Fig 5.44 Simulation results from the best fit developed model (line) and the

equilibrium composition (dots) for PbO/ALO; catalyst

From figure 5.42-5.44 showed the simulation results from the best fit
developed model (line) and the equilibrium composition (dots) for three catalysts.
All components showed the good agreement of simulation data between dot and
line of the same color. The model showed the accurately predict the variation of
methane to oxygen feed ratio with small deviation. However, It should be noticed
that the accuracy of the model were depended on temperature. The higher the

temperature, the closer the prediction of results.

In conclusion, the manipulated models could predict the OCM reaction at
various operating conditions. The validity range of the models would be discussed

further in section 5.4.2.2.
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5.4 Verification of models
5.4.1 Verification of models using statistics RSS

In this chapter, the statistic of RSS was used to verify the precision of
simulation. The verification was done by running the OCM reaction in the suitable
developed models with the condition similar to that of literatures. The RSS of the
differences between data from developed model and the reference data were
calculated. Table 5.6 summarized the RSS value of studied model for all three
catalysts. Because the tight fit of the model to the data was suggested with the small
value of RSS, then models with best fit for a catalyst were labeled with superscript of

alphabet “A” for normal equilibrium models and “B” for manipulated models.

Table 5.6 RSS of the developed models for three catalysts

RSS

Model
Mn/Na,WO,/Si0, | La,0/Ca0 | PbO/ALO,

Equilibrium Models

Uni-equilibrium reaction model 171.10 124.75 8.84
Uni-equilibrium reaction model with 10
) . 171.69 125.47 5.01
literature reactions
Uni-equilibrium reaction model with selected
) 8.34 4.23 3.80
reactions
Duo-equilibrium reaction model with A
1.24 0.95 12.04
oxidative dehydrogenation
Duo-equilibrium reaction model with
4.79 3.31 32.90
dehydrogenation
Trio-equilibrium reaction model with
oxidative dehydrogenation and a.17 3.71 14.67
dehydrogenation
Trio-equilibrium reaction model with A A
1.09 2.23 1.50
hydrocracking
Manipulated Equilibrium Models
Manipulated Duo-equilibrium reaction model B
0.14 0.03 6.67
with ethane vyield specifying
Manipulated Trio-equilibrium reaction model B B
0.09 1.46 0.01
with ethane vyield specifying

* Best fit model for equilibrium model

® Best fit model for manipulated model
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As seen in the table 5.6, the best models over PbO/ALO; and
Mn/Na,WO,/SiO, were the trio-equilibrium reaction model. While the OCM reaction
over the catalyst of La,05/CaO was used to predict well with the duo-equilibrium
reaction model. Thus, it could be concluded that the base reactions in OCM system
were the same pattern in any types of catalysts. The catalytic reactions were OCM
and ODH while gas phase reactions were combustion and water-gas shift (WGS).
However, the difference between types of catalysts depended on the composition of
the catalyst. The catalysts which contained element that supported hydrocracking

reaction, such as Pb and W, were selective to hydrocracking reaction in OCM as well.

However, the equilibrium model could not predict the ethane composition
correctly. Thus, this research proposed the manipulation for equilibrium model by
specifying ethane yield at constant. The specified ethane yield was counted as one
parameter of manipulated model which required experiment. The results for
manipulated models gave the better results comparing to normal equilibrium
models. Table 5.7 showed the conclusion of catalysts properties and the best model

for predicting the behavior of OCM reaction including its parameters.

Table 5.7 Catalyst properties and its appropriate proposed models

Catalyst
Category
Mn/Na,WO,/SiO, La,04/Ca0 PbO/ALO;
Type of catalyst Transition Rare Earth Metal  Post-Transition
Void fraction 0.4 0.78 0.7
Catalyst Density (kg/m’) 1100 3600 2000

Best fit Model

Trio-equilibrium

reaction model

Duo-equilibrium

reaction model

Trio-equilibrium

reaction model

Number of Reactions 5 a4 5

Catalytic Reactions OCM,ODH OCM,ODH OCM,ODH

Gas Phase Reactions Combustion, Combustion, Combustion,
WGS WGS WGS

Post Gas Phase Reactions Hydrocracking - Hydrocracking

Manipulating Parameters

Specific ethane yield 9.07 4.16 3.22
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5.4.2 Validation of the developed models by reactor performance

In this section, the precision of the models were determined by comparing
results with reactor performances reported from literatures. Reactor performances to
be compared in this section were methane conversion (Xcy4), ethane selectivity
(Scane), ethylene selectivity (Scpna), ethane yield (Yeous) and ethylene yield (Yong). The

definitions of these variables were expressed in section 4.4.

5.4.2.1 Validation by comparing with laboratory experiment

The trio-equilibrium reaction model was run with/without the specific ethane
yield over Mn/Na,WQ,/SiO, catalyst with the conditions used in Daneshpayeh et al
[9]. Methane conversion and C, selectivity from both trials were calculated and
compared to the reactor performances reported from laboratory experimental
results. The simulations were tested at both 800°C and 850°C for confirmation of

results. The results were shown in figure 5.45 (a) and (b), respectively.
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Fig 5.45 The performance plots with respect to feed ratio (CH4/O,) for
Mn/Na,WO,/SiO, catalyst (a) 800°C  (b) 850°C
(Dot) experimental results
(Dash) the trio-equilibrium reaction model

(Solid) the manipulated trio-equilibrium model

From figure 5.45, the reactor performances to be compared were methane
conversion (Blue), ethane selectivity (Red) and ethylene selectivity (Green). In figure
5.45 (a), it was clearly shown all performance calculated from the trio-equilibrium
reaction model with specific ethane yield (solid line) were close to that of the

experimental results (dots). While the calculations from the trio-equilibrium reaction
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model without specific ethane yield (dash line) showed quite far from the expected
results (dots). The same results for all performances were shown at 850°C of
simulation test (figure 5.45 (b)). Thus, the equilibrium reaction model without

manipulation could not accurately predict the outcome of OCM reaction.

Take a closer look to the trio-equilibrium reaction model which was
manipulated by specifying the ethane vyield, it could be a promising tool for
predicting reactor performances at a variety of temperature and methane feed ratio.
However, it should be noticed that methane conversion of the models were fit to
the experiment but C, selectivity were lower than the expected results. This
indicated that there was another reaction that converted methane into others
component which didn’t reported in any literatures. The reaction was supposed to
be the decomposition of methane which converted methane into carbon and
hydrogen (Eq. 5.9). This reaction was the side reaction occurred at high temperature

and caused the formation of coke [75].
CH, = C + 2H, (5.9)

It was believed that this side reaction brought about the deviation occurring
for both kinetic model and the equilibrium model. Since, the product of this reaction
was solid of coke, it could not be put as the available reaction in the simulation
program. However, the percentage error caused by this side reaction was in the

acceptable range which could be ignored.

For La,05/Ca0 catalyst, the duo-equilibrium reaction model was used for
simulation. Conditions were imitated from Stransch et al [8]. The results compared

with that from the experiments were expressed in figure 5.46
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(Dot) experimental results
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The reported reactor performances over La,05/Ca0 catalyst of Stransch et al
[8] were methane conversion and yield of C, hydrocarbon. The blue line showed
methane conversion of model which was considerable close to experiment. The
green line showed vyield of C, which acceptable deviate from experiment. Thus, the
manipulated duo-equilibrium reaction model could predict the results that fit with
the experiment. It should be notice that the dash line of equilibrium model without
manipulation showed the same trend as the experimental results but with large
deviation. Thus, without manipulation, the duo-equilibrium reaction model could

roughly predict the outcome of OCM for ethane and ethylene components.

In summary, the equilibrium model without manipulation could roughly
predict reactor performance while the manipulation of the model could predict with
better accuracy. However, the model had some limitation in prediction of

decomposition reaction which did not including in calculation system.

5.4.2.2 Validity region of developed model at variety of operating conditions

The comparisons of reactor performance calculated from best manipulated
model and equilibrium composition at various operating conditions were shown in
this section. It was aimed to find the validity region based on the performance of

OCM process within 20% deviation. The interest performances were methane
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conversion, selectivity of ethane and selectivity of ethylene. The studied operating
conditions for Mn/Na,WO,/SiO, and La,0s/Ca0 were at temperature 700-925°C and
methane to oxygen feed ratio 3-12 while PbO/AL,O; was at 650-850°C and feed ratio
5-16.

The validity region was determined using the AARD. The validity of the
developed model was strong accepted at the 15% lower of AARD and accepted

under the considerable at 20% lower of AARD.

The best fit developed models were written again below; the trio equilibrium
model with specific ethane yield for Mn/Na,WO,/SiO, and PbO/Al,Os, the duo-

equilibrium reaction model with specific ethane yield for La,05/CaO catalyst

Table 5.8 indicated operating conditions of Mn/Na,WO,/SiO, catalyst which
provided the AARD lower than 10% (+), AARD between 10-15% (-), AARD between 15
- 20% (0) and AARD more than 20% (x).

Table 5.8 AARD with respect to CHy/O, feed ratios at variety of reaction
temperatures for Mn/Na,WQO,/SiO,.

CH,/O, Feed Ratio Temperature (°C )
700 725 750 775 800 825 850 875 900 925
3 X X X X 0 . N N X X
3.5 X X X 0 + + + X X
4 X X X ¢) + + + X X
4.5 X X X o) + + + + X X
5 X X X + + + + X X
5.5 X X 0 + + + + X X
6 X X 0 + + + + X X
6.5 X X 0 + + + + + X X
7 X X 0 + + + + + X X
7.5 X X + + + + + X X
8 X X + + + + + X X
85 X X + + + + + X X
9 X X + + + + + X X
9.5 X X + + + + + X X
10 X X + + + X X
11 X X X X X X X X
12 X X X X X X X X X X

+ AARD less than 10% « AARD between 10-15% O AARD between 15-20% X AARD more than 20%
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As seen in the table, the operating conditions which the manipulated trio-
equilibrium reaction model could predict effluence of Mn/Na,WO,/SiO, catalyst with
the AARD less than 15% were at temperature 775-875°C and methane to oxygen
feed ratio were 4-10. It should be noticed that at higher temperature than 875°C or
methane to oxygen ratio more than 10, all of the AARD values were excess than
20%. The deviations were caused by the reference value that simulated from kinetic
were deviated. The kinetic model of Daneshpayeh et al [9] was confirmed their

accuracy only at temperature 700-875°C and methane to oxygen feed ratio 3-10.

With respect to AARD calculation, for La,O; catalyst, the accuracy of the
developed model at the variety of temperature and feed ratio of CHy/O, were shown

in table 5.9.

Table 5.9 AARD with respect to CHy/O, feed ratios at variety of reaction

temperatures for La,05/Ca0.

CH,/0O, Feed Ratio Temperature c)
700 725 750 775 800 825 850 875 900 925
3 X X X X 0 X X X
3.5 X X X + + ¢) X X
4 X X X + + 0 X X
4.5 X X X + + ¢) X X
5 X X 0 + + 0 X X
5.5 X X 0 + + 0 X X
6 X X + + + 0 X X
6.5 X X = + + o) X X
7 X X + + + + 0 X X
75 X X + + + o) X X
8 X X + + + 0 X X
8.5 X X + + + 0 X X
9 X X + + + + 0 X X
9.5 X + + + 0 X X
10 X 0 + . . + + 0 X X
11 X X X X X X X X X X
12 X X X X X X X X X X
+ AARD less than 10% « AARD between 10-15% O AARD between 15-20% X AARD more than 20%

As seen in the table, the operating conditions which the manipulated duo-
equilibrium reaction model could predict effluence of La,05/Ca0 with the AARD less

than 15% was at temperature 750-850°C and methane to oxygen feed ratio were 5-
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10. Again, the values of AARD for temperature more than 875°C or methane to
oxygen feed ratio more than 10 were deviated more than 20%. It was also caused by

deviation of kinetic model which simulated out of literature ranges.

PbO/ALL,O; could be predicted by the trio equilibrium model with specifying
the ethane yield. Table 5.10 indicated operating condition which had AARD lower
than 15%.

Table 5.10 AARD with respect to CHy /O, feed ratios at variety of reaction
temperatures for PbO/ALOs.

CH,/O, Feed Ratio Temperature (°C )

650 675 700 725 750 775 800 825 850

5 X X O O X X X X X

5.5 X X O (@] X X X X X

6 X X O X X X X

6.5 X X (@] X X X X

7 X X + + X X X X

7.5 X X + + X X X X

8 X X + + X X X X

8.5 X X + + (@] X X X

9 X X + + (@] X X X

9.5 X X ©) + + X X X

10 X X (@) + + X X X

11 X X X + O X X

12 X X X X X

14 X X X X O O (0] (0] X

16 X X X X X (@] X O O
+ AARD less than 10% * AARD between 10-15% O AARD between 15-20% X AARD more than 20%

As seen in the table, the operating conditions which the manipulated trio-
equilibrium reaction model could predict outcome of PbO/Al,O5 with the AARD less
than 15% was at temperature 700-750°C and methane to oxygen feed ratio were 6-
10. This type of catalyst also reported AARD value over than 20% at temperature
more than 750°C or methane to oxygen feed ratio more than 10. It was
corresponding to reference data which simulated by kinetic simulation were out of

range suggested by literature.
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In summary, each model had its individual accuracy range. Table 5.11
concluded ranges of operations for each model and catalyst. It should be noticed

that, for all models, the best conditions were at high temperature.

Table 5.11 The validity for the developed equilibrium model.

Catalyst Mn/Na,WQO,/SiO, La,0,/Ca0 PbO/AL,O4
Pressure (atm) 1 1 1
Temperature ("0 775-875 750-850 700-750
CH4/O, mole ratio 4-10 5-10 6-10

5.5 The advantage of the proposed model

According to the results explained previously, this research succeeded to
construct and develop the competitive model for predicting the OCM reaction. The
models were able to predict the components composition and performances
correctly. The models were proposed with confidence to be an alternative tool for
predicting the outcomes as required. This section described the advantages of the
proposed models which were two categories, the ease in prediction and

extrapolated prediction.
5.5.1 Ease in prediction

The comparison of some utility responses was summarized in table 5.12.

Table 5.12 Comparison between kinetic model and the proposed model.

Topic Kinetic Model Equilibrium Model
Number of Parameters a lot small
Accuracy High Moderate

L within regression range of o
Limitation : only at the equilibrium
experiments

Iteration time fast Very fast
Data required for : :
. a lot of data from experiment A few data from experiment
Construction
Reactor Design
Yes No

Availability
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As kinetic model was developed from regression of the experiment data into
rate law equations, a lot of experiment data were required to construct the model.

The accuracy of the kinetic model within the range of regression was high.

For the equilibrium model, it was developed from theory with some
manipulations which required only a few data to determine the parameters. The
calculation procedure for equilibrium was simple. Nevertheless, equilibrium model
had the limitation to predict only at equilibrium time while kinetic model could

predict the effluence as a function of time and able to use for reactor design.

Table 5.13 summarized the comparison of parameters of both models, kinetic
model and equilibrium model (EB) for three catalyst. It was obviously seen that
equilibrium model have lower parameters than that of kinetic model with average
error slightly more than kinetic model but still less than 20%. Thus, the use of
equilibrium model was more convenient because it required less parameter than

kinetic model with the same level of accuracy.

Table 5.13 Parameters comparison between kinetic and equilibrium model

Catalyst Mn/Na,W0O,/SiO, La,05/Ca0 PbO/ALO,
Kinetic EB Kinetic EB Kinetic EB
Number of Reactions 10 5 10 a4 a4 5
Number of Parameters 42 2 54 2 16
Number of reactors 1 3 1 2 1
AARD (%) 915 974 14 1556 - 15.17

*Range of operating conditions in table 5.11

In conclusion, the ease of use was the advantage of the proposed equilibrium
model. To predict the OCM reaction, only two parameters were required to input for
simulation. The results would be obtained in a few seconds. However, this model
could not be used in reactor design and was limited to predict only at the
equilibrium. However, OCM reaction model reached equilibrium in very short time
(milliseconds). Therefore, these equilibrium models could be defined an alternative

in process simulation.
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5.5.2 The extrapolated prediction of OCM reaction

One of the interesting of the equilibrium model was its capable to
extrapolate the results for another OCM reaction catalyzed by the other catalysts.
Generally, the simulation of the OCM reaction was obtained after the kinetic study
which must take many laboratory experiments. Therefore, a new prediction method

with much more convenient would be valued for OCM reaction simulation.

The beginning information was only the information from one experiment of
that catalyst (feed condition and reactor performance). These information were used
to calculate the equilibrium model parameters, split fraction and specific ethane
yield. Concept for calculating the void fraction was illustrated in the figure 5.47.

Specific yield of Ethane

-:I \ C, Reactor I" Ca

VAR

CH,+ O, | Split by void fraction

> Effluence

CO,
Reactor CO,

Calculation Process

Void fraction Calculation = Specific yield of Ethane

i Backward
i Calculation
N | Yield of C, <
4 | C, Reactor | ;
ey | Backward
! Calculation

void fraction 1
CHs+ O, | > Effluence
| Backward '

- Calculation Backward

C.Ox | Calculation
Reactor Yield of CO, - |

Fig 5.47 Scheme of calculation process and void fraction calculation

Because the calculation pathway of equilibrium model was flowed as the
calculation process shown in figure 5.47. Beginning with the given CHy/O, feed, the
calculation was split into two parts with the function of the constant void fraction.
The first fraction was consumed and produced the stoichiometric yield of C,. The
other fraction of CH; was reacted and produced CO, with permanent stoichiometric

ratio.
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To calculate the void fraction of catalyst, the backward of flow was
explained. Known effluent fractions from the experiment provided ratio of C, and
COx of product which could be converted stoichiometric to fraction of CH, spent in
each reactor. The ratio of CH4 from both calculation parts would similar to the void
fraction of catalyst. Therefore, split fraction was developed mathematically from
oxygen and carbon balance and expressed in term of CO, yield (Yco,) in equation

5.10.

: CH
Split fraction = (1 SYeox ) 4, Feed (5.10)
100 OZ,Feed

Another parameter for equilibrium model was ethane yield which generally
reported in literatures. The calculation of ethane yield was expressed again in

equation 5.11.

SpecificEthaneYield = Ehanemole Rl (5.11)

2 x Methane mole Feed

After the split fraction and ethane yield was obtained, the selection of
appropriate model for calculation was required. In this research, there were two best
fit models available, the duo-equilibrium reaction model with specific ethane yield
and the trio-equilibrium reaction model with specific ethane yield. It was suggested
that the catalyst composed of element that support hydrocracking, for example Co,
Ni, Mo, W and Pb, would accelerate the hydrocracking reaction at the surface. Thus,
the model of trio-equilibrium reaction model with specific ethane yield should be
selected. In contrast, catalysts that did not contain element supporting hydrocracking
reaction were suggested to use the model of duo-equilibrium reaction model with

specific ethane yield.

Example of extrapolated prediction with La/MgO[74], SrO/Nd,O4[74] and
SnBaTiO; catalyst [73] were studied. The beginning information were CH,/O, = 4 over
La/MgO at 800°C, CH4/O, = 4 over StO/Nd,05 at 850 C and CH,/O, = 3 over SnBaTiO,
at 750°C. The split fraction and specific ethane yield over La/MgO, SrO/Nd,05; and
SnBaTiO; were calculated with equation 5.10 and 5.11. The values of split fraction
and ethane yield were 0.734, 0.752, 0.683 and 7.8, 6.4, 4.8 for La/MgO, SrO/Nd,05
and SnBaTiO; catalyst respectively. Moreover, these three types of catalysts did not
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compose of hydrocracking catalyst element. Thus, the duo-equilibrium reaction
model with specific ethane yield was selected. Table 5.14 showed the reported data

from literature and calculated parameters for equilibrium models.

Table 5.14 Calculated parameter with extrapolated equations

Calculated Model
Reported Reactor Performance
Parameters
Temp
Catalyst CH,/O, ® . Specific
o) Methane Ethane Ethylene Void
. . . . ethane
Conversion | Selectivity | Selectivity | fraction .
yield
La/MgO 800 29.3 26.7 32.1 0.734 7.8
SrO/Nd,04 850 30.0 21#5 30.5 0.752 6.4
SnBaTiO, 750 40.3 12.0 46.5 0.683 4.8

After obtained the model parameters, the models were test at other
operating conditions over the same catalyst. The results were plotted in bar chart
comparing with experiment at 700, 750, 800, and 850°C. Methane conversion, ethane
and ethylene selectivity were the comparing reactor performances. Comparison

charts were shown in figure 5.48 to 550 for La/MgO, SrO/Nd,O; and SnBaTiOs

respectively.
100 - 100
90 700°C B Experiment 9 1750°C B Experiment
50 CH,/0,=4 = Model Result g0 | CH/0,=4 ® Model Result
70 70
260 £60
£ £
g 50 § 50
540 T 40
a a
30 30
20 20
10 10
0 - T T 0

Methane Conversion Ethane Selectivity ~ Ethylene Selectivity Methane Conversion Ethane Selectivity ~Ethylene Selectivity

100 100
90 800°C B Experiment a0 850°C M Experiment
= ] =
20 CH,/0,=4 Model Result 20 CH,/0,=4 ® Model Result
70 70
£60 £60
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g 0 550
o =
g 40 3 40
a a
30 + 30 |
20 + 20 |
10 10 |
0 - " " 0

Methane Conversion Ethane Selectivity Ethylene Selectivity Methane Conversion Ethane Selectivity ~Ethylene Selectivity

Fig 5.48 Comparative results of experiment and extrapolated results of equilibrium

model at variety of operating condition over La/MgO catalyst
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The extrapolation results over La/MgO catalyst were very close to the
experiment. As seen in figure 5.48, methane conversion and C, selectivity results for
750-850°C at feed ratio equal to 4 were very acceptable with slightly deviation.
However, at lower temperature than reference point (750°C), methane conversion
from extrapolation was higher than experiment. As Choudhary et al [74] studied
these operating condition at the same space time, lower temperature system would
reach equilibrium slower than higher temperature. Thus, this deviation was attributed

to the comparison of the model with experiment that did not reach equilibrium.

100 100
%0 750°C M Experiment 90 800°C M Experiment
20 CH,/0,=4 m Model Result 80 CH,/0,=4 ® Model Result
70 70
£60 60
€ =
g 50 550
o o
o 40 o 40
o (-9
30 30
20 20
10 10
0 - T T 0
Methane Conversion Ethane Selectivity Ethylene Selectivity Methane Conversion Ethane Selectivity Ethylene Selectivity
100
90 850°C B Experiment
0 CH,/0,=4 = Model Result
70
£60
s
550
o
o 40
30
20
10
0

Methane Conversion Ethane Selectivity Ethylene Selectivity

Fig 5.49 Comparative results of experiment and extrapolated results of equilibrium

model at variety of operating condition over SrO/Nd,0 catalyst

The results over StO/Nd,05; were the same tendency with previous catalyst.
The model could predict the outcome at operating condition nearby the reference
point. However, at the temperature much lower than reference point (850°C), the
precision was very low. As seen in the comparison at 750°C and methane to oxygen
feed ratio equal to 4, the equilibrium model predicted very higher methane
conversion and much deviation of ethane and ethylene selectivity. This deviation
was caused by the same reason as previous catalyst. It was attributed to the

comparison of the model with experiment that did not reach equilibrium.
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Fig 5.50 Comparative results of experiment and extrapolated results of equilibrium

model at variety of operating condition over SnBaTiO; catalyst

From figure 5.50, it showed that the model could predict the results at the
variation of methane to oxygen feed ratio (CH,/O,) well. As seen in the figure, there

were small deviations occurred in the system.

The comparison chart of experiment and extrapolation results over the three
catalysts were then calculated the statistic variable AARD to confirm the accuracy of

the models. The AARD of each catalyst at various operating conditions were showed

in table 5.15.
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Table 5.15 AARD of extrapolation results at various operating conditions.

Catalyst CH,/0O, Temp (°C) AARD (%)
La/MgO i 700 15.82
La/MgO i 750 2.03
La/MgO” 4 800 2.24
La/MgO i 850 3.33
SrO/Nd,0; i 750 283.59
SrO/Nd,0; i 800 8.54
SrO/Nd,0, q 850 6.35
SnBaTiO, 2 750 23.32
SnBaTiO, 3 750 3.85
SnBaTiO, i 750 13.95

* First Information used to find the void fraction and ethane specific yield

In the table, extrapolation results showed good capable of prediction
according to the lower than 15% of AARD. It revealed that most of the extrapolated
predictions from the proposed model were acceptable with low percent error. It
should be noticed that the large deviation was the prediction at low temperature or
low methane fraction. This deviation was attributed to the comparison of equilibrium
model and experiment that did not reach equilibrium (too short residence time or

too high fraction of oxygen which required more space time).

There were 11 more catalysts which were subjected to study the accuracy of
extrapolated prediction. Detail for extrapolation results were summarized in

Appendix C.

In order to increase extrapolation accuracy, it was suggested to use average
split fraction as well as specific ethane yield for each catalyst. However, this research
was used one-point extrapolation because the others operating conditions were kept

for validation with the results calculated from the reference point.

In summary, equilibrium model had capability in extrapolation prediction of
OCM reactions. After determine model parameters from experiment, the model

could predict outcome of reactor within AARD less than 20%.
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CHAPTER 6

Conclusion

6.1 Conclusion

1. Equilibrium model could predict Oxidative Coupling of Methane reaction
model with concept of split calculation between catalytic surface reactions and

spontaneous gas phase reactions.

2. Major catalytic reactions were Oxidative coupling of methane (OCM) and
Oxidative Dehydrogenation of ethane (ODH) while major gas phase reaction were

combustion of methane and water-gas shift reaction.

Oxidative Coupling of methane: CHy + 0.5 0, = CHg + H,O

Oxidative Dehydrogenation of ethane:  C,Hg + 0.5 O, = C,Hg + H,O

Complete Combustion of methane: CHy + 20O, = CO, + 2 H,0
Incomplete Combustion of methane: CH; +1.50, = CO + 2 H,0
Water Gas Shift: CO + H,0O <> CO, + H,

3. For catalysts which contained element that supported hydrocracking
reaction, for example tungsten (W) and lead (Pb), hydrocracking reaction was also

reacted on catalytic surface.

Ethane hydrocracking reaction C,Hg + H, =™ 2 CH,

4. For typical catalyst, the duo-equilibrium reaction model which parallel

calculated gas phase and catalytic reaction was appropriate while catalyst contained
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metal used in hydrocracking reaction ,for example Lead (Pb) and Tungsten (W), was
appropriate for trio-equilibrium reaction model which add hydrocracking reaction

following parallel reactors of the duo-equilibrium reaction model.

5. Equilibrium models had two parameters, split fraction and specific ethane

yield, which represented catalyst characteristic.

- Split fraction showed maximum capacity of catalyst activity which occurred

at high temperature. This value was equal to void fraction in reactor.

- Specific ethane vyield represented activity of catalyst to catalyze OCM

compared with ODH. This value was almost constant in each catalyst.

5. Equilibrium model had limitation in prediction only at high temperature

and oxygen conversion reached almost 100 percent.

6. Advantage of equilibrium model compared to kinetic was its ease in
utilization due to much lower amount of parameters and equations in equilibrium

model. However, the equilibrium model could not be used to design the reactor.

7. Equilibrium model could extrapolation predict by fitting methane
conversion, ethane and ethylene of one experiment that reached equilibrium with

the model.

6.2 Recommendation

This model could be further developed to predict outcome of OCM reactor
by specified only catalyst type and properties. Unfortunately, without experiment,

the data obtained from literature was not sufficed
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Appendix A: Kinetic Model Validation

Before invention of equilibrium model, reactor effluent data such as
conversion and selectivity was required for verification of the model. Unfortunately,
effluent data at equilibrium times (very small amount of oxygen left) was lacked.
However, this data could be simulated by kinetic model which also represented the
system. Nevertheless, kinetic models need to be validated to ensure their precise

and accuracy.

In this research, there were three catalysts being studied, PbO/Al,O,
La,05/Ca0 and Mn/Na,WO./SiO,. Kinetic model for La,0s/Ca0O of Stranch et al [10]
was validated with the experiment result from Ching Thian Tye et al [76]. Table A.1
showed the validation for methane conversion, C, selectivity and yield which had

slightly deviation from experimental.

Table A.1 Kinetic Model Validation for La,05/CaO

Runs
1(1023K) 2 (1073K) 3 (1103K) 4 (973 K) 5 (1023K) 6 (1103K)

Feed Mole Ratio

CH, 0.612 0.612 0.612 0.699 0.699 0.699
0, 0.051 0.051 0.051 0.095 0.095 0.095
N, 0.337 0.337 0.337 0.206 0.206 0.206
CH, Conversion (%)

Experiment* 4.9 7.9 9.9 4.1 7.1 14.4
Simulated 7.1 11.4 12.2 a7 8.9 17.3
C, Selectivity (%)

Experiment* 55.6 69.2 72.5 35.6 53.7 69.6
Simulated 56.5 67.2 68.1 32.2 ar.7 62.2
C, Yield (%)

Experiment* 2.7 55 7.2 15 3.8 10
Simulated 4.0 7.7 8.3 1.5 4.2 10.8

* At mcat/\/g'rp =37 kg S m73

Validation of Mn/Na,WO,/SiO, catalyst [11] was depicted in figure A.1 which
plot the data from experimental at x-axis and then simulated the result at the same

condition by kinetic equations and parameters obtained from Daneshpayeh et al[11].
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The figure indicated that at range of operations in table 4.2, methane conversion,

ethane and ethylene selectivity from simulation were closed to experimental.

# Methane Conversion t Ethane Selectivity

Ethylene Selectivity

Simulated

0 10 20 30 40 50

Experimental

60 70

Fig A.1 Kinetic Validation for Mn/Na,WQO,/SiO,

For PbO/AL,O5 catalyst, validation was compared with experiment as showed

in table A.2. In the table, conversion and selectivity were compared and found

slightly deviation. Thus, kinetic model could be used as

experiments.

Table A.2 Kinetic Validation for PbO/Al,O;

representative of

Runs CH,/O, CH, Conversion (%) C, Selectivity (%)

C, Yield (%)

Ratio Experiment  Simulated Experiment  Simulated

Experiment  Simulated

1(750°C) 1 66 63.5 20 27.1 13.5 17.2
2 (750°C) 3 25 247 37 39.5 9 9.7
3 (750°C) 10 8 8.9 50 52.2 4 4.6
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Table B.1 Trio-equilibrium reaction model calculation result for Mn/Na,WO,/SiO, catalyst
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, o, H,O

700 3 0.0005 | 0.3735 | 0.1105 | 0.0016 | 0.0072 | 0.0479 | 0.0000 | 0.3322 | 4.88
700 35 0.0004 | 0.4342 | 0.0987 | 0.0020 | 0.0067 | 0.0431 | 0.0000 | 0.2988 | 4.65
700 a4 0.0004 | 0.4838 | 0.0892 | 0.0024 | 0.0063 | 0.0393 | 0.0000 | 0.2715 | 4.60
700 a.5 0.0004 | 0.5251 | 0.0814 | 0.0026 | 0.0058 | 0.0360 | 0.0000 | 0.2487 | 4.66
700 5 0.0004 | 0.5601 | 0.0748 | 0.0027 | 0.0055 | 0.0333 | 0.0000 | 0.2294 | 4.80
700 5.5 0.0003 | 0.5900 | 0.0691 | 0.0028 | 0.0052 | 0.0309 | 0.0000 | 0.2130 | 5.04
700 6 0.0003 | 0.6159 | 0.0643 | 0.0029 | 0.0049 | 0.0289 | 0.0000 | 0.1987 | 5.35
700 6.5 0.0003 | 0.6385 | 0.0600 | 0.0030 | 0.0046 | 0.0271 | 0.0000 | 0.1862 | 5.75
700 7 0.0003 | 0.6585 | 0.0563 | 0.0030 | 0.0044 | 0.0255 | 0.0000 | 0.1752 | 6.22
700 7.5 0.0003 | 0.6762 | 0.0530 | 0.0030 | 0.0042 | 0.0241 | 0.0000 | 0.1654 | 6.73
700 8 0.0003 | 0.6921 | 0.0501 | 0.0030 | 0.0040 | 0.0228 | 0.0000 | 0.1566 | 7.22
700 8.5 0.0003 | 0.7064 | 0.0475 | 0.0030 | 0.0038 | 0.0217 | 0.0000 | 0.1488 | 7.82
700 9 0.0002 | 0.7193 | 0.0451 | 0.0030 | 0.0036 | 0.0207 | 0.0000 | 0.1416 | 8.50
700 9.5 0.0002 | 0.7310 | 0.0429 | 0.0030 | 0.0035 | 0.0197 | 0.0000 | 0.1352 | 9.34
700 10 0.0002 | 0.7417 | 0.0410 | 0.0030 | 0.0034 | 0.0189 | 0.0000 | 0.1293 | 10.02
725 3 0.0007 | 0.3740 | 0.1100 | 0.0014 | 0.0086 | 0.0471 | 0.0000 | 0.3321 | 2.56
725 35 0.0006 | 0.4345 | 0.0984 | 0.0018 | 0.0079 | 0.0425 | 0.0000 | 0.2988 | 2.43
725 a4 0.0006 | 0.4840 | 0.0890 | 0.0021 | 0.0073 | 0.0386 | 0.0000 | 0.2715 | 2.40
725 4.5 0.0006 | 0.5252 | 0.0812 | 0.0023 | 0.0068 | 0.0354 | 0.0000 | 0.2488 | 2.43
725 5 0.0005 | 0.5600 | 0.0747 | 0.0024 | 0.0064 | 0.0327 | 0.0000 | 0.2295 | 2.52
725 5.5 0.0005 | 0.5899 | 0.0691 | 0.0025 | 0.0060 | 0.0304 | 0.0000 | 0.2131 | 2.66
725 6 0.0005 | 0.6157 | 0.0643 | 0.0026 | 0.0056 | 0.0284 | 0.0000 | 0.1988 | 2.84
725 6.5 0.0004 | 0.6384 | 0.0601 | 0.0027 | 0.0053 | 0.0266 | 0.0000 | 0.1863 | 3.06
725 7 0.0004 | 0.6583 | 0.0564 | 0.0027 | 0.0050 | 0.0251 | 0.0000 | 0.1753 | 3.31
725 7.5 0.0004 | 0.6760 | 0.0531 | 0.0027 | 0.0048 | 0.0237 | 0.0000 | 0.1655 | 3.62
725 8 0.0004 | 0.6919 | 0.0502 | 0.0027 | 0.0046 | 0.0224 | 0.0000 | 0.1568 | 3.97
725 8.5 0.0004 | 0.7062 | 0.0476 | 0.0027 | 0.0044 | 0.0213 | 0.0000 | 0.1489 | 4.36
725 9 0.0003 | 0.7191 | 0.0452 | 0.0027 | 0.0042 | 0.0203 | 0.0000 | 0.1418 | 4.75
725 9.5 0.0003 | 0.7308 | 0.0431 | 0.0027 | 0.0040 | 0.0194 | 0.0000 | 0.1353 | 5.21
725 10 0.0003 | 0.7415 | 0.0411 | 0.0027 | 0.0038 | 0.0185 | 0.0000 | 0.1294 | 5.71
750 3 0.0010 | 0.3738 | 0.1097 | 0.0013 | 0.0099 | 0.0463 | 0.0000 | 0.3322 | 1.70
750 35 0.0009 | 0.4342 | 0.0983 | 0.0017 | 0.0091 | 0.0417 | 0.0000 | 0.2989 | 1.61
750 a4 0.0008 | 0.4837 | 0.0890 | 0.0019 | 0.0084 | 0.0379 | 0.0000 | 0.2716 | 1.57
750 4.5 0.0008 | 0.5248 | 0.0813 | 0.0021 | 0.0078 | 0.0348 | 0.0000 | 0.2489 | 1.57
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, o, H,O

750 5 0.0007 | 0.5596 | 0.0748 | 0.0022 | 0.0072 | 0.0321 | 0.0000 | 0.2297 | 1.61
750 5.5 0.0007 | 0.5895 | 0.0692 | 0.0023 | 0.0068 | 0.0298 | 0.0000 | 0.2133 | 1.68
750 6 0.0006 | 0.6153 | 0.0644 | 0.0024 | 0.0064 | 0.0278 | 0.0000 | 0.1990 | 1.78
750 6.5 0.0006 | 0.6379 | 0.0603 | 0.0024 | 0.0060 | 0.0261 | 0.0000 | 0.1865 | 1.91
750 7 0.0006 | 0.6579 | 0.0566 | 0.0024 | 0.0057 | 0.0246 | 0.0000 | 0.1755 | 2.07
750 7.5 0.0005 | 0.6756 | 0.0533 | 0.0025 | 0.0054 | 0.0232 | 0.0000 | 0.1657 | 2.26
750 8 0.0005 | 0.6914 | 0.0504 | 0.0025 | 0.0051 | 0.0220 | 0.0000 | 0.1570 | 2.47
750 8.5 0.0005 | 0.7057 | 0.0478 | 0.0025 | 0.0049 | 0.0209 | 0.0000 | 0.1491 | 2.71
750 9 0.0005 | 0.7186 | 0.0454 | 0.0025 | 0.0047 | 0.0199 | 0.0000 | 0.1420 | 2.97
750 9.5 0.0004 | 0.7303 | 0.0433 | 0.0025 | 0.0045 | 0.0190 | 0.0000 | 0.1355 | 3.28
750 10 0.0004 | 0.7410 | 0.0414 | 0.0024 | 0.0043 | 0.0182 | 0.0000 | 0.1296 | 3.61
775 3 0.0013 | 0.3732 | 0.1097 | 0.0012 | 0.0112 | 0.0454 | 0.0000 | 0.3324 | 1.39
775 35 0.0012 | 0.4336 | 0.0983 | 0.0015 | 0.0102 | 0.0409 | 0.0000 | 0.2991 | 1.30
775 a4 0.0011 | 0.4829 | 0.0891 | 0.0017 | 0.0094 | 0.0371 | 0.0000 | 0.2719 | 1.25
775 a.5 0.0010 | 0.5241 | 0.0814 | 0.0019 | 0.0087 | 0.0341 | 0.0000 | 0.2492 | 1.23
775 5 0.0010 | 0.5589 | 0.0750 | 0.0020 | 0.0081 | 0.0314 | 0.0000 | 0.2300 | 1.23
775 5.5 0.0009 | 0.5887 | 0.0694 | 0.0021 | 0.0075 | 0.0292 | 0.0000 | 0.2135 | 1.26
775 6 0.0008 | 0.6146 | 0.0647 | 0.0021 | 0.0071 | 0.0273 | 0.0000 | 0.1993 | 1.31
775 6.5 0.0008 | 0.6372 | 0.0605 | 0.0022 | 0.0067 | 0.0256 | 0.0000 | 0.1868 | 1.38
775 7 0.0007 | 0.6572 | 0.0568 | 0.0022 | 0.0063 | 0.0240 | 0.0000 | 0.1758 | 1.48
775 7.5 0.0007 | 0.6749 | 0.0536 | 0.0022 | 0.0060 | 0.0227 | 0.0000 | 0.1660 | 1.58
775 8 0.0007 | 0.6908 | 0.0507 | 0.0022 | 0.0057 | 0.0215 | 0.0000 | 0.1572 | 1.72
775 8.5 0.0006 | 0.7051 | 0.0481 | 0.0022 | 0.0054 | 0.0204 | 0.0000 | 0.1494 | 1.86
775 9 0.0006 | 0.7180 | 0.0457 | 0.0022 | 0.0051 | 0.0195 | 0.0000 | 0.1422 | 2.04
775 9.5 0.0006 | 0.7297 | 0.0436 | 0.0022 | 0.0049 | 0.0186 | 0.0000 | 0.1358 | 2.22
775 10 0.0006 | 0.7405 | 0.0416 | 0.0022 | 0.0047 | 0.0178 | 0.0000 | 0.1299 | 2.45
800 3 0.0017 | 0.3722 | 0.1098 | 0.0011 | 0.0124 | 0.0444 | 0.0000 | 0.3326 | 1.28
800 35 0.0016 | 0.4325 | 0.0985 | 0.0014 | 0.0113 | 0.0400 | 0.0000 | 0.2994 | 1.19
800 4 0.0015 | 0.4819 | 0.0893 | 0.0016 | 0.0103 | 0.0364 | 0.0000 | 0.2721 | 1.14
800 4.5 0.0013 | 0.5231 | 0.0817 | 0.0017 | 0.0095 | 0.0333 | 0.0000 | 0.2495 | 1.10
800 5 0.0012 | 0.5579 | 0.0752 | 0.0018 | 0.0088 | 0.0308 | 0.0000 | 0.2303 | 1.08
800 5.5 0.0012 | 0.5878 | 0.0697 | 0.0019 | 0.0082 | 0.0286 | 0.0000 | 0.2138 | 1.08
800 6 0.0011 | 0.6137 | 0.0649 | 0.0020 | 0.0077 | 0.0267 | 0.0000 | 0.1995 | 1.09
800 6.5 0.0010 | 0.6363 | 0.0608 | 0.0020 | 0.0073 | 0.0250 | 0.0000 | 0.1871 | 1.12
800 7 0.0010 | 0.6563 | 0.0571 | 0.0020 | 0.0069 | 0.0235 | 0.0000 | 0.1761 | 1.17
800 7.5 0.0009 | 0.6741 | 0.0539 | 0.0020 | 0.0065 | 0.0222 | 0.0000 | 0.1663 | 1.23
800 8 0.0009 | 0.6900 | 0.0509 | 0.0020 | 0.0062 | 0.0211 | 0.0000 | 0.1575 | 1.31
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, o, H,O

800 8.5 0.0008 | 0.7043 | 0.0483 | 0.0020 | 0.0059 | 0.0200 | 0.0000 | 0.1496 | 1.41
800 9 0.0008 | 0.7172 | 0.0460 | 0.0020 | 0.0056 | 0.0191 | 0.0000 | 0.1425 | 1.51
800 9.5 0.0008 | 0.7290 | 0.0438 | 0.0020 | 0.0054 | 0.0182 | 0.0000 | 0.1360 | 1.64
800 10 0.0007 | 0.7398 | 0.0419 | 0.0020 | 0.0051 | 0.0174 | 0.0000 | 0.1301 | 1.77
825 3 0.0023 | 0.3709 | 0.1101 | 0.0010 | 0.0135 | 0.0435 | 0.0000 | 0.3329 | 1.29
825 35 0.0020 | 0.4312 | 0.0988 | 0.0013 | 0.0123 | 0.0391 | 0.0000 | 0.2996 | 1.20
825 a4 0.0019 | 0.4807 | 0.0896 | 0.0014 | 0.0112 | 0.0356 | 0.0000 | 0.2724 | 1.13
825 a.5 0.0017 | 0.5219 | 0.0820 | 0.0016 | 0.0103 | 0.0326 | 0.0000 | 0.2498 | 1.08
825 5 0.0016 | 0.5568 | 0.0756 | 0.0017 | 0.0096 | 0.0301 | 0.0000 | 0.2306 | 1.05
825 5.5 0.0015 | 0.5867 | 0.0700 | 0.0017 | 0.0089 | 0.0280 | 0.0000 | 0.2141 | 1.02
825 6 0.0014 | 0.6126 | 0.0653 | 0.0018 | 0.0083 | 0.0261 | 0.0000 | 0.1998 | 1.01
825 6.5 0.0013 | 0.6353 | 0.0611 | 0.0018 | 0.0078 | 0.0245 | 0.0000 | 0.1873 | 1.01
825 7 0.0012 | 0.6553 | 0.0574 | 0.0018 | 0.0074 | 0.0230 | 0.0000 | 0.1763 | 1.03
825 7.5 0.0012 | 0.6731 | 0.0542 | 0.0019 | 0.0070 | 0.0218 | 0.0000 | 0.1665 | 1.05
825 8 0.0011 | 0.6891 | 0.0513 | 0.0019 | 0.0066 | 0.0206 | 0.0000 | 0.1578 | 1.09
825 8.5 0.0011 | 0.7034 | 0.0486 | 0.0019 | 0.0063 | 0.0196 | 0.0000 | 0.1499 | 1.14
825 9 0.0010 | 0.7164 | 0.0463 | 0.0019 | 0.0060 | 0.0186 | 0.0000 | 0.1427 | 1.21
825 9.5 0.0010 | 0.7282 | 0.0441 | 0.0019 | 0.0058 | 0.0178 | 0.0000 | 0.1363 | 1.27
825 10 0.0009 | 0.7390 | 0.0422 | 0.0019 | 0.0055 | 0.0170 | 0.0000 | 0.1303 | 1.34
850 3 0.0029 | 0.3693 | 0.1105 | 0.0009 | 0.0145 | 0.0425 | 0.0000 | 0.3331 | 1.35
850 35 0.0026 | 0.4297 | 0.0992 | 0.0012 | 0.0132 | 0.0383 | 0.0000 | 0.2999 | 1.26
850 a4 0.0024 | 0.4792 | 0.0900 | 0.0013 | 0.0120 | 0.0348 | 0.0000 | 0.2727 | 1.20
850 4.5 0.0022 | 0.5205 | 0.0824 | 0.0014 | 0.0111 | 0.0319 | 0.0000 | 0.2500 | 1.14
850 5 0.0020 | 0.5554 | 0.0759 | 0.0015 | 0.0103 | 0.0295 | 0.0000 | 0.2309 | 1.09
850 5.5 0.0019 | 0.5854 | 0.0704 | 0.0016 | 0.0096 | 0.0274 | 0.0000 | 0.2144 | 1.05
850 6 0.0018 | 0.6114 | 0.0656 | 0.0016 | 0.0089 | 0.0255 | 0.0000 | 0.2001 | 1.02
850 6.5 0.0017 | 0.6341 | 0.0615 | 0.0017 | 0.0084 | 0.0240 | 0.0000 | 0.1876 | 1.00
850 7 0.0016 | 0.6542 | 0.0578 | 0.0017 | 0.0079 | 0.0225 | 0.0000 | 0.1766 | 0.99
850 7.5 0.0015 | 0.6721 | 0.0545 | 0.0017 | 0.0075 | 0.0213 | 0.0000 | 0.1668 | 0.99
850 8 0.0014 | 0.6880 | 0.0516 | 0.0017 | 0.0071 | 0.0202 | 0.0000 | 0.1580 | 1.00
850 8.5 0.0013 | 0.7024 | 0.0490 | 0.0017 | 0.0068 | 0.0192 | 0.0000 | 0.1501 | 1.02
850 9 0.0013 | 0.7154 | 0.0466 | 0.0017 | 0.0064 | 0.0183 | 0.0000 | 0.1430 | 1.04
850 9.5 0.0012 | 0.7273 | 0.0444 | 0.0017 | 0.0062 | 0.0174 | 0.0000 | 0.1365 | 1.07
850 10 0.0012 | 0.7381 | 0.0425 | 0.0017 | 0.0059 | 0.0167 | 0.0000 | 0.1306 | 1.12
875 3 0.0036 | 0.3675 | 0.1109 | 0.0008 | 0.0155 | 0.0416 | 0.0000 | 0.3334 | 1.54
875 35 0.0032 | 0.4280 | 0.0997 | 0.0011 | 0.0140 | 0.0375 | 0.0000 | 0.3002 | 1.45
875 a4 0.0029 | 0.4776 | 0.0905 | 0.0012 | 0.0128 | 0.0341 | 0.0000 | 0.2730 | 1.38
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, o, H,O

875 a.5 0.0027 | 0.5190 | 0.0828 | 0.0013 | 0.0118 | 0.0312 | 0.0000 | 0.2503 | 1.30
875 5 0.0025 | 0.5540 | 0.0764 | 0.0014 | 0.0109 | 0.0288 | 0.0000 | 0.2311 | 1.22
875 5.5 0.0023 | 0.5840 | 0.0708 | 0.0015 | 0.0101 | 0.0268 | 0.0000 | 0.2147 | 1.17
875 6 0.0022 | 0.6101 | 0.0660 | 0.0015 | 0.0095 | 0.0250 | 0.0000 | 0.2004 | 1.13
875 6.5 0.0021 | 0.6329 | 0.0619 | 0.0015 | 0.0089 | 0.0234 | 0.0000 | 0.1879 | 1.08
875 7 0.0019 | 0.6530 | 0.0582 | 0.0016 | 0.0084 | 0.0221 | 0.0000 | 0.1769 | 1.05
875 7.5 0.0018 | 0.6709 | 0.0549 | 0.0016 | 0.0079 | 0.0208 | 0.0000 | 0.1671 | 1.03
875 8 0.0017 | 0.6869 | 0.0519 | 0.0016 | 0.0075 | 0.0197 | 0.0000 | 0.1583 | 1.01
875 8.5 0.0017 | 0.7013 | 0.0493 | 0.0016 | 0.0072 | 0.0188 | 0.0000 | 0.1504 | 1.00
875 9 0.0016 | 0.7144 | 0.0469 | 0.0016 | 0.0068 | 0.0179 | 0.0000 | 0.1432 | 1.00
875 9.5 0.0015 | 0.7263 | 0.0448 | 0.0016 | 0.0065 | 0.0171 | 0.0000 | 0.1367 | 1.00
875 10 0.0014 | 0.7371 | 0.0428 | 0.0016 | 0.0062 | 0.0163 | 0.0000 | 0.1308 | 1.01
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, 0, H,O

700 3 0.0785 | 0.4628 | 0.0490 | 0.0006 | 0.0145 | 0.0962 | 0.0000 | 0.2416 | 1.94
700 3.5 0.0721 | 0.5152 | 0.0439 | 0.0008 | 0.0134 | 0.0864 | 0.0000 | 0.2162 | 1.65
700 il 0.0666 | 0.5579 | 0.0397 | 0.0009 | 0.0125 | 0.0785 | 0.0000 | 0.1956 | 1.55
700 4.5 0.0619 | 0.5936 | 0.0363 | 0.0010 | 0.0117 | 0.0719 | 0.0000 | 0.1786 | 1.52
700 5 0.0578 | 0.6237 | 0.0334 | 0.0010 | 0.0109 | 0.0663 | 0.0000 | 0.1644 | 1.45
700 55 0.0542 | 0.6495 | 0.0309 | 0.0011 | 0.0103 | 0.0615 | 0.0000 | 0.1522 | 1.49
700 6 0.0510 | 0.6719 | 0.0287 | 0.0011 | 0.0097 | 0.0574 | 0.0000 | 0.1417 | 1.50
700 6.5 0.0481 | 0.6915 | 0.0269 | 0.0011 | 0.0092 | 0.0538 | 0.0000 | 0.1326 | 1.56
700 7 0.0456 | 0.7087 | 0.0252 | 0.0011 | 0.0087 | 0.0506 | 0.0000 | 0.1246 | 1.71
700 7.5 0.0433 | 0.7241 | 0.0238 | 0.0011 | 0.0083 | 0.0478 | 0.0000 | 0.1175 | 1.57
700 8 0.0412 | 0.7378 | 0.0225 | 0.0011 | 0.0079 | 0.0452 | 0.0000 | 0.1112 | 1.82
700 8.5 0.0393 | 0.7502 | 0.0213 | 0.0011 | 0.0075 | 0.0430 | 0.0000 | 0.1055 | 1.70
700 9 0.0376 | 0.7613 | 0.0203 | 0.0011 | 0.0072 | 0.0409 | 0.0000 | 0.1003 | 1.83
700 9.5 0.0360 | 0.7715 | 0.0193 | 0.0011 | 0.0069 | 0.0391 | 0.0000 | 0.0957 | 2.05
700 10 0.0346 | 0.7808 | 0.0184 | 0.0011 | 0.0067 | 0.0373 | 0.0000 | 0.0914 | 1.93
725 3 0.0809 | 0.4603 | 0.0489 | 0.0005 | 0.0173 | 0.0945 | 0.0000 | 0.2410 | 1.41
725 3.5 0.0740 | 0.5129 | 0.0438 | 0.0007 | 0.0159 | 0.0849 | 0.0000 | 0.2159 | 1.30
725 4 0.0681 | 0.5559 | 0.0397 | 0.0008 | 0.0147 | 0.0771 | 0.0000 | 0.1955 | 1.26
725 4.5 0.0630 | 0.5917 | 0.0362 | 0.0009 | 0.0136 | 0.0706 | 0.0000 | 0.1787 | 1.22
725 5 0.0587 | 0.6220 | 0.0333 | 0.0009 | 0.0127 | 0.0651 | 0.0000 | 0.1645 | 1.24
725 5.5 0.0549 | 0.6480 | 0.0309 | 0.0010 | 0.0119 | 0.0604 | 0.0000 | 0.1524 | 1.24
725 6 0.0515 | 0.6705 | 0.0288 | 0.0010 | 0.0112 | 0.0563 | 0.0000 | 0.1420 | 1.17
725 6.5 0.0486 | 0.6901 | 0.0269 | 0.0010 | 0.0106 | 0.0528 | 0.0000 | 0.1329 | 1.25
725 7 0.0459 | 0.7075 | 0.0253 | 0.0010 | 0.0100 | 0.0496 | 0.0000 | 0.1249 | 1.20
725 7.5 0.0435 | 0.7229 | 0.0238 | 0.0010 | 0.0095 | 0.0469 | 0.0000 | 0.1178 | 1.34
725 8 0.0414 | 0.7367 | 0.0225 | 0.0010 | 0.0090 | 0.0444 | 0.0000 | 0.1115 | 1.30
725 8.5 0.0395 | 0.7491 | 0.0214 | 0.0010 | 0.0086 | 0.0421 | 0.0000 | 0.1058 | 1.27
725 9 0.0377 | 0.7603 | 0.0203 | 0.0010 | 0.0082 | 0.0401 | 0.0000 | 0.1007 | 1.25
725 9.5 0.0361 | 0.7705 | 0.0194 | 0.0010 | 0.0079 | 0.0383 | 0.0000 | 0.0960 | 1.49
725 10 0.0346 | 0.7798 | 0.0185 | 0.0010 | 0.0076 | 0.0366 | 0.0000 | 0.0918 | 1.45
750 3 0.0822 | 0.4582 | 0.0489 | 0.0005 | 0.0199 | 0.0927 | 0.0000 | 0.2411 | 1.10
750 35 0.0749 | 0.5111 | 0.0438 | 0.0006 | 0.0182 | 0.0832 | 0.0000 | 0.2161 | 1.08
750 a4 0.0687 | 0.5543 | 0.0396 | 0.0007 | 0.0167 | 0.0755 | 0.0000 | 0.1958 | 1.06
750 4.5 0.0635 | 0.5903 | 0.0362 | 0.0008 | 0.0155 | 0.0692 | 0.0000 | 0.1791 | 1.06
750 5 0.0590 | 0.6207 | 0.0333 | 0.0008 | 0.0144 | 0.0638 | 0.0000 | 0.1649 | 1.06
750 55 0.0550 | 0.6468 | 0.0309 | 0.0009 | 0.0135 | 0.0592 | 0.0000 | 0.1529 | 1.06
750 6 0.0516 | 0.6693 | 0.0288 | 0.0009 | 0.0126 | 0.0552 | 0.0000 | 0.1425 | 1.08
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, 0, H,O

750 6.5 0.0486 | 0.6891 | 0.0269 | 0.0009 | 0.0119 | 0.0517 | 0.0000 | 0.1334 | 1.10
750 7 0.0458 | 0.7065 | 0.0253 | 0.0009 | 0.0113 | 0.0486 | 0.0000 | 0.1254 | 1.11
750 7.5 0.0434 | 0.7219 | 0.0238 | 0.0009 | 0.0107 | 0.0459 | 0.0000 | 0.1183 | 1.13
750 8 0.0413 | 0.7357 | 0.0225 | 0.0009 | 0.0101 | 0.0435 | 0.0000 | 0.1120 | 1.15
750 8.5 0.0393 | 0.7481 | 0.0214 | 0.0009 | 0.0097 | 0.0413 | 0.0000 | 0.1063 | 1.15
750 9 0.0375 | 0.7594 | 0.0203 | 0.0009 | 0.0092 | 0.0393 | 0.0000 | 0.1011 | 1.18
750 9.5 0.0359 | 0.7696 | 0.0194 | 0.0009 | 0.0088 | 0.0375 | 0.0000 | 0.0965 | 1.18
750 10 0.0343 | 0.7789 | 0.0185 | 0.0009 | 0.0085 | 0.0359 | 0.0000 | 0.0922 | 1.22
775 3 0.0827 | 0.4567 | 0.0488 | 0.0004 | 0.0224 | 0.0908 | 0.0000 | 0.2416 | 1.00
775 35 0.0751 | 0.5097 | 0.0437 | 0.0006 | 0.0204 | 0.0815 | 0.0000 | 0.2167 | 0.98
775 4 0.0688 | 0.5531 | 0.0396 | 0.0006 | 0.0187 | 0.0740 | 0.0000 | 0.1965 | 0.98
775 4.5 0.0634 | 0.5892 | 0.0362 | 0.0007 | 0.0173 | 0.0677 | 0.0000 | 0.1797 | 0.97
775 5 0.0588 | 0.6197 | 0.0333 | 0.0007 | 0.0160 | 0.0625 | 0.0000 | 0.1656 | 0.99
775 55 0.0548 | 0.6458 | 0.0309 | 0.0008 | 0.0150 | 0.0579 | 0.0000 | 0.1535 | 1.00
775 6 0.0513 | 0.6684 | 0.0288 | 0.0008 | 0.0140 | 0.0540 | 0.0000 | 0.1431 | 1.01
775 6.5 0.0482 | 0.6881 | 0.0269 | 0.0008 | 0.0132 | 0.0506 | 0.0000 | 0.1340 | 1.02
775 7 0.0455 | 0.7055 | 0.0253 | 0.0008 | 0.0124 | 0.0476 | 0.0000 | 0.1260 | 1.04
775 7.5 0.0431 | 0.7210 | 0.0238 | 0.0008 | 0.0118 | 0.0449 | 0.0000 | 0.1189 | 1.06
775 8 0.0409 | 0.7348 | 0.0226 | 0.0008 | 0.0112 | 0.0425 | 0.0000 | 0.1125 | 1.08
775 8.5 0.0389 | 0.7472 | 0.0214 | 0.0008 | 0.0107 | 0.0404 | 0.0000 | 0.1068 | 1.10
775 9 0.0371 | 0.7585 | 0.0203 | 0.0008 | 0.0102 | 0.0385 | 0.0000 | 0.1017 | 1.12
775 9.5 0.0355 | 0.7687 | 0.0194 | 0.0008 | 0.0097 | 0.0367 | 0.0000 | 0.0970 | 1.13
775 10 0.0340 | 0.7780 | 0.0185 | 0.0008 | 0.0093 | 0.0351 | 0.0000 | 0.0927 | 1.16
800 3 0.0827 | 0.4555 | 0.0487 | 0.0004 | 0.0248 | 0.0888 | 0.0000 | 0.2425 | 0.97
800 3.5 0.0749 | 0.5087 | 0.0437 | 0.0005 | 0.0225 | 0.0798 | 0.0000 | 0.2176 | 0.97
800 a4 0.0684 | 0.5521 | 0.0396 | 0.0006 | 0.0206 | 0.0724 | 0.0000 | 0.1973 | 0.97
800 4.5 0.0630 | 0.5882 | 0.0362 | 0.0006 | 0.0189 | 0.0663 | 0.0000 | 0.1805 | 0.98
800 5 0.0583 | 0.6187 | 0.0333 | 0.0007 | 0.0176 | 0.0611 | 0.0000 | 0.1664 | 0.98
800 55 0.0543 | 0.6449 | 0.0309 | 0.0007 | 0.0164 | 0.0567 | 0.0000 | 0.1543 | 0.99
800 6 0.0508 | 0.6675 | 0.0288 | 0.0007 | 0.0153 | 0.0529 | 0.0000 | 0.1438 | 1.00
800 6.5 0.0477 | 0.6872 | 0.0269 | 0.0007 | 0.0144 | 0.0495 | 0.0000 | 0.1347 | 1.02
800 7 0.0450 | 0.7046 | 0.0253 | 0.0007 | 0.0136 | 0.0466 | 0.0000 | 0.1267 | 1.04
800 7.5 0.0426 | 0.7201 | 0.0239 | 0.0008 | 0.0128 | 0.0440 | 0.0000 | 0.1195 | 1.06
800 8 0.0404 | 0.7339 | 0.0226 | 0.0008 | 0.0122 | 0.0416 | 0.0000 | 0.1131 | 1.09
800 8.5 0.0384 | 0.7463 | 0.0214 | 0.0008 | 0.0116 | 0.0395 | 0.0000 | 0.1074 | 1.11
800 9 0.0366 | 0.7575 | 0.0204 | 0.0008 | 0.0111 | 0.0376 | 0.0000 | 0.1022 | 1.13
800 9.5 0.0350 | 0.7677 | 0.0194 | 0.0008 | 0.0106 | 0.0359 | 0.0000 | 0.0975 | 1.16
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, 0, H,O

800 10 0.0335 | 0.7770 | 0.0185 | 0.0008 | 0.0101 | 0.0343 | 0.0000 | 0.0932 | 1.18
825 3 0.0822 | 0.4545 | 0.0487 | 0.0004 | 0.0270 | 0.0869 | 0.0000 | 0.2435 | 0.99
825 3.5 0.0743 | 0.5078 | 0.0437 | 0.0005 | 0.0244 | 0.0781 | 0.0000 | 0.2186 | 0.97
825 il 0.0678 | 0.5512 | 0.0396 | 0.0005 | 0.0223 | 0.0709 | 0.0000 | 0.1983 | 0.97
825 4.5 0.0623 | 0.5874 | 0.0362 | 0.0006 | 0.0205 | 0.0649 | 0.0000 | 0.1815 | 0.96
825 5 0.0577 | 0.6179 | 0.0333 | 0.0006 | 0.0190 | 0.0598 | 0.0000 | 0.1672 | 0.97
825 55 0.0536 | 0.6440 | 0.0309 | 0.0006 | 0.0177 | 0.0555 | 0.0000 | 0.1551 | 0.99
825 6 0.0501 | 0.6666 | 0.0288 | 0.0007 | 0.0165 | 0.0517 | 0.0000 | 0.1446 | 1.01
825 6.5 0.0471 | 0.6864 | 0.0269 | 0.0007 | 0.0155 | 0.0485 | 0.0000 | 0.1354 | 1.03
825 7 0.0444 | 0.7038 | 0.0253 | 0.0007 | 0.0146 | 0.0456 | 0.0000 | 0.1273 | 1.06
825 7.5 0.0419 | 0.7192 | 0.0239 | 0.0007 | 0.0138 | 0.0430 | 0.0000 | 0.1202 | 1.08
825 8 0.0398 | 0.7330 | 0.0226 | 0.0007 | 0.0131 | 0.0407 | 0.0000 | 0.1138 | 1.12
825 8.5 0.0378 | 0.7454 | 0.0214 | 0.0007 | 0.0125 | 0.0387 | 0.0000 | 0.1080 | 1.15
825 9 0.0360 | 0.7565 | 0.0204 | 0.0007 | 0.0119 | 0.0368 | 0.0000 | 0.1028 | 1.18
825 9.5 0.0344 | 0.7667 | 0.0194 | 0.0007 | 0.0114 | 0.0351 | 0.0000 | 0.0981 | 1.22
825 10 0.0329 | 0.7760 | 0.0186 | 0.0007 | 0.0109 | 0.0336 | 0.0000 | 0.0938 | 1.25
850 3 0.0814 | 0.4538 | 0.0487 | 0.0003 | 0.0291 | 0.0851 | 0.0000 | 0.2447 | 1.02
850 3.5 0.0735 | 0.5070 | 0.0437 | 0.0004 | 0.0263 | 0.0764 | 0.0000 | 0.2197 | 0.98
850 4 0.0670 | 0.5505 | 0.0396 | 0.0005 | 0.0240 | 0.0693 | 0.0000 | 0.1993 | 0.99
850 4.5 0.0615 | 0.5866 | 0.0362 | 0.0005 | 0.0220 | 0.0635 | 0.0000 | 0.1824 | 0.99
850 5 0.0569 | 0.6172 | 0.0333 | 0.0006 | 0.0204 | 0.0585 | 0.0000 | 0.1681 | 1.00
850 5.5 0.0529 | 0.6432 | 0.0309 | 0.0006 | 0.0189 | 0.0543 | 0.0000 | 0.1559 | 1.03
850 6 0.0494 | 0.6658 | 0.0288 | 0.0006 | 0.0177 | 0.0506 | 0.0000 | 0.1454 | 1.06
850 6.5 0.0463 | 0.6855 | 0.0269 | 0.0006 | 0.0166 | 0.0474 | 0.0000 | 0.1362 | 1.10
850 7 0.0436 | 0.7028 | 0.0253 | 0.0006 | 0.0156 | 0.0446 | 0.0000 | 0.1280 | 1.12
850 7.5 0.0412 | 0.7182 | 0.0239 | 0.0006 | 0.0148 | 0.0421 | 0.0000 | 0.1208 | 1.17
850 8 0.0391 | 0.7320 | 0.0226 | 0.0006 | 0.0140 | 0.0398 | 0.0000 | 0.1144 | 1.20
850 8.5 0.0371 | 0.7443 | 0.0214 | 0.0006 | 0.0133 | 0.0378 | 0.0000 | 0.1086 | 1.27
850 9 0.0354 | 0.7555 | 0.0204 | 0.0006 | 0.0127 | 0.0360 | 0.0000 | 0.1034 | 1.29
850 9.5 0.0338 | 0.7656 | 0.0194 | 0.0006 | 0.0121 | 0.0343 | 0.0000 | 0.0986 | 1.32
850 10 0.0323 | 0.7749 | 0.0186 | 0.0006 | 0.0116 | 0.0328 | 0.0000 | 0.0943 | 1.41
875 3 0.0804 | 0.4531 | 0.0486 | 0.0003 | 0.0311 | 0.0833 | 0.0000 | 0.2459 | 1.25
875 35 0.0725 | 0.5064 | 0.0436 | 0.0004 | 0.0280 | 0.0748 | 0.0000 | 0.2208 | 1.22
875 a4 0.0660 | 0.5498 | 0.0396 | 0.0005 | 0.0255 | 0.0679 | 0.0000 | 0.2004 | 1.22
875 4.5 0.0606 | 0.5859 | 0.0362 | 0.0005 | 0.0234 | 0.0621 | 0.0000 | 0.1834 | 1.23
875 5 0.0560 | 0.6164 | 0.0333 | 0.0005 | 0.0217 | 0.0573 | 0.0000 | 0.1690 | 1.25
875 55 0.0520 | 0.6424 | 0.0309 | 0.0005 | 0.0201 | 0.0531 | 0.0000 | 0.1567 | 1.28
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co co, 0, H,O

875 6 0.0486 | 0.6649 | 0.0288 | 0.0006 | 0.0188 | 0.0495 | 0.0000 | 0.1461 | 1.34
875 6.5 0.0455 | 0.6846 | 0.0269 | 0.0006 | 0.0176 | 0.0464 | 0.0000 | 0.1369 | 1.36
875 7 0.0429 | 0.7019 | 0.0253 | 0.0006 | 0.0166 | 0.0436 | 0.0000 | 0.1287 | 1.40
875 7.5 0.0405 | 0.7172 | 0.0238 | 0.0006 | 0.0157 | 0.0412 | 0.0000 | 0.1215 | 1.44
875 8 0.0384 | 0.7309 | 0.0226 | 0.0006 | 0.0149 | 0.0390 | 0.0000 | 0.1150 | 1.50
875 8.5 0.0365 | 0.7432 | 0.0214 | 0.0006 | 0.0141 | 0.0370 | 0.0000 | 0.1092 | 1.58
875 9 0.0347 | 0.7544 | 0.0204 | 0.0006 | 0.0135 | 0.0352 | 0.0000 | 0.1039 | 1.62
875 9.5 0.0332 | 0.7644 | 0.0194 | 0.0006 | 0.0128 | 0.0336 | 0.0000 | 0.0991 | 1.66
875 10 0.0317 | 0.7736 | 0.0185 | 0.0006 | 0.0123 | 0.0321 | 0.0000 | 0.0948 | 1.72
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

650 5 0.0010 | 0.7311 | 0.0077 | 0.0014 | 0.0078 | 0.0732 | 0.0000 | 0.1778 | 1.86
650 5.5 0.0010 | 0.7521 | 0.0065 | 0.0014 | 0.0074 | 0.0677 | 0.0000 | 0.1638 | 1.26
650 6 0.0010 | 0.7701 | 0.0056 | 0.0015 | 0.0070 | 0.0630 | 0.0000 | 0.1518 | 1.29
650 6.5 0.0009 | 0.7857 | 0.0049 | 0.0015 | 0.0066 | 0.0589 | 0.0000 | 0.1414 | 1.41
650 7 0.0009 | 0.7993 | 0.0043 | 0.0015 | 0.0063 | 0.0553 | 0.0000 | 0.1324 | 1.50
650 7.5 0.0009 | 0.8113 | 0.0038 | 0.0015 | 0.0061 | 0.0521 | 0.0000 | 0.1244 | 1.61
650 8 0.0009 | 0.8219 | 0.0033 | 0.0015 | 0.0058 | 0.0493 | 0.0000 | 0.1174 | 1.69
650 8.5 0.0009 | 0.8313 | 0.0030 | 0.0015 | 0.0056 | 0.0467 | 0.0000 | 0.1110 | 1.76
650 9 0.0009 | 0.8399 | 0.0026 | 0.0015 | 0.0053 | 0.0444 | 0.0000 | 0.1054 | 1.84
650 9.5 0.0009 | 0.8475 | 0.0024 | 0.0015 | 0.0051 | 0.0423 | 0.0000 | 0.1003 | 1.85
650 10 0.0009 | 0.8545 | 0.0021 | 0.0015 | 0.0049 | 0.0404 | 0.0000 | 0.0956 | 1.92
675 5 0.0017 | 0.7314 | 0.0065 | 0.0012 | 0.0098 | 0.0724 | 0.0000 | 0.1770 | 2.20
675 5.5 0.0016 | 0.7522 | 0.0056 | 0.0013 | 0.0092 | 0.0669 | 0.0000 | 0.1632 | 2.15
675 6 0.0016 | 0.7701 | 0.0049 | 0.0013 | 0.0087 | 0.0622 | 0.0000 | 0.1513 | 2.12
675 6.5 0.0015 | 0.7855 | 0.0043 | 0.0013 | 0.0082 | 0.0582 | 0.0000 | 0.1410 | 2.10
675 7 0.0015 | 0.7990 | 0.0038 | 0.0013 | 0.0078 | 0.0546 | 0.0000 | 0.1321 | 2.21
675 7.5 0.0014 | 0.8109 | 0.0033 | 0.0013 | 0.0074 | 0.0514 | 0.0000 | 0.1242 | 2.22
675 8 0.0014 | 0.8214 | 0.0030 | 0.0013 | 0.0071 | 0.0486 | 0.0000 | 0.1172 | 2.24
675 8.5 0.0014 | 0.8308 | 0.0027 | 0.0013 | 0.0068 | 0.0461 | 0.0000 | 0.1109 | 2.24
675 9 0.0014 | 0.8393 | 0.0024 | 0.0013 | 0.0065 | 0.0438 | 0.0000 | 0.1053 | 2.25
675 9.5 0.0013 | 0.8470 | 0.0022 | 0.0013 | 0.0062 | 0.0417 | 0.0000 | 0.1002 | 2.26
675 10 0.0013 | 0.8539 | 0.0020 | 0.0013 | 0.0060 | 0.0398 | 0.0000 | 0.0956 | 2.23
700 5 0.0025 | 0.7305 | 0.0060 | 0.0011 | 0.0117 | 0.0713 | 0.0000 | 0.1768 | 1.62
700 5.5 0.0024 | 0.7513 | 0.0053 | 0.0011 | 0.0110 | 0.0659 | 0.0000 | 0.1630 | 1.65
700 6 0.0023 | 0.7691 | 0.0046 | 0.0012 | 0.0103 | 0.0612 | 0.0000 | 0.1513 | 1.70
700 6.5 0.0022 | 0.7845 | 0.0041 | 0.0012 | 0.0097 | 0.0572 | 0.0000 | 0.1411 | 1.73
700 7 0.0022 | 0.7979 | 0.0037 | 0.0012 | 0.0092 | 0.0537 | 0.0000 | 0.1322 | 1.77
700 7.5 0.0021 | 0.8098 | 0.0033 | 0.0012 | 0.0088 | 0.0505 | 0.0000 | 0.1243 | 1.80
700 8 0.0020 | 0.8204 | 0.0030 | 0.0012 | 0.0083 | 0.0478 | 0.0000 | 0.1173 | 1.85
700 8.5 0.0020 | 0.8298 | 0.0027 | 0.0012 | 0.0079 | 0.0453 | 0.0000 | 0.1111 | 1.88
700 9 0.0019 | 0.8383 | 0.0025 | 0.0012 | 0.0076 | 0.0430 | 0.0000 | 0.1055 | 3.06
700 9.5 0.0019 | 0.8459 | 0.0023 | 0.0012 | 0.0073 | 0.0410 | 0.0000 | 0.1005 | 2.93
700 10 0.0018 | 0.8529 | 0.0021 | 0.0012 | 0.0070 | 0.0391 | 0.0000 | 0.0959 | 2.83
725 5 0.0035 | 0.7288 | 0.0061 | 0.0010 | 0.0137 | 0.0700 | 0.0000 | 0.1770 | 1.59
725 5.5 0.0033 | 0.7496 | 0.0054 | 0.0010 | 0.0127 | 0.0647 | 0.0000 | 0.1633 | 1.63
725 6 0.0032 | 0.7674 | 0.0048 | 0.0010 | 0.0119 | 0.0601 | 0.0000 | 0.1515 | 1.66
725 6.5 0.0030 | 0.7828 | 0.0043 | 0.0011 | 0.0112 | 0.0561 | 0.0000 | 0.1414 | 1.70
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Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

725 7 0.0029 | 0.7963 | 0.0039 | 0.0011 | 0.0106 | 0.0527 | 0.0000 | 0.1325 | 1.73
725 7.5 0.0028 | 0.8083 | 0.0036 | 0.0011 | 0.0101 | 0.0496 | 0.0000 | 0.1247 | 1.76
725 8 0.0027 | 0.8189 | 0.0033 | 0.0011 | 0.0095 | 0.0469 | 0.0000 | 0.1177 | 1.79
725 8.5 0.0026 | 0.8283 | 0.0030 | 0.0011 | 0.0091 | 0.0444 | 0.0000 | 0.1115 | 1.82
725 9 0.0025 | 0.8369 | 0.0028 | 0.0011 | 0.0087 | 0.0422 | 0.0000 | 0.1059 | 1.85
725 9.5 0.0024 | 0.8446 | 0.0026 | 0.0011 | 0.0083 | 0.0402 | 0.0000 | 0.1008 | 1.88
725 10 0.0023 | 0.8516 | 0.0024 | 0.0011 | 0.0079 | 0.0384 | 0.0000 | 0.0962 | 1.90
750 5 0.0046 | 0.7265 | 0.0065 | 0.0009 | 0.0155 | 0.0686 | 0.0000 | 0.1774 | 3.31
750 5.5 0.0043 | 0.7474 | 0.0058 | 0.0009 | 0.0144 | 0.0634 | 0.0000 | 0.1638 | 2.25
750 6 0.0041 | 0.7653 | 0.0052 | 0.0009 | 0.0135 | 0.0589 | 0.0000 | 0.1521 | 2.14
750 6.5 0.0039 | 0.7808 | 0.0048 | 0.0010 | 0.0127 | 0.0550 | 0.0000 | 0.1419 | 2.08
750 7 0.0037 | 0.7944 | 0.0044 | 0.0010 | 0.0119 | 0.0516 | 0.0000 | 0.1330 | 2.04
750 7.5 0.0036 | 0.8064 | 0.0040 | 0.0010 | 0.0113 | 0.0486 | 0.0000 | 0.1252 | 2.02
750 8 0.0034 | 0.8171 | 0.0037 | 0.0010 | 0.0107 | 0.0459 | 0.0000 | 0.1182 | 2.01
750 8.5 0.0033 | 0.8266 | 0.0035 | 0.0010 | 0.0102 | 0.0435 | 0.0000 | 0.1120 | 2.00
750 9 0.0031 | 0.8352 | 0.0032 | 0.0010 | 0.0097 | 0.0413 | 0.0000 | 0.1064 | 2.00
750 9.5 0.0030 | 0.8430 | 0.0030 | 0.0010 | 0.0093 | 0.0394 | 0.0000 | 0.1013 | 2.00
750 10 0.0029 | 0.8501 | 0.0029 | 0.0010 | 0.0089 | 0.0376 | 0.0000 | 0.0967 | 2.00
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Appendix C: Manipulated Equilibrium Model Results and Validation

Table C.1 Manipulated Trio-equilibrium reaction model calculation result for Mn/Na,W0O,/SiO,

catalyst
Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

700 3 0.0005 | 0.3495 | 0.0974 | 0.0311 | 0.0073 | 0.0486 | 0.0000 | 0.3371 | 4.37
700 35 0.0005 | 0.4102 | 0.0850 | 0.0327 | 0.0068 | 0.0438 | 0.0000 | 0.3034 | 3.81
700 a4 0.0005 | 0.4598 | 0.0749 | 0.0340 | 0.0063 | 0.0399 | 0.0000 | 0.2757 | 3.52
700 4.5 0.0004 | 0.5011 | 0.0665 | 0.0351 | 0.0059 | 0.0366 | 0.0000 | 0.2527 | 3.36
700 5 0.0004 | 0.5360 | 0.0594 | 0.0360 | 0.0056 | 0.0338 | 0.0000 | 0.2333 | 3.32
700 55 0.0004 | 0.5660 | 0.0534 | 0.0368 | 0.0052 | 0.0315 | 0.0000 | 0.2166 | 3.38
700 6 0.0004 | 0.5919 | 0.0482 | 0.0375 | 0.0050 | 0.0294 | 0.0000 | 0.2021 | 3.53
700 6.5 0.0004 | 0.6146 | 0.0436 | 0.0381 | 0.0047 | 0.0276 | 0.0000 | 0.1894 | 3.77
700 7 0.0004 | 0.6345 | 0.0396 | 0.0386 | 0.0045 | 0.0260 | 0.0000 | 0.1783 | 4.09
700 7.5 0.0004 | 0.6523 | 0.0360 | 0.0391 | 0.0043 | 0.0245 | 0.0000 | 0.1683 | 4.45
700 8 0.0003 | 0.6682 | 0.0328 | 0.0395 | 0.0041 | 0.0233 | 0.0000 | 0.1595 | 4.74
700 8.5 0.0003 | 0.6825 | 0.0300 | 0.0399 | 0.0039 | 0.0221 | 0.0000 | 0.1515 | 5.19
700 9 0.0003 | 0.6954 | 0.0274 | 0.0402 | 0.0037 | 0.0211 | 0.0000 | 0.1443 | 5.70
700 9.5 0.0003 | 0.7072 | 0.0251 | 0.0405 | 0.0036 | 0.0201 | 0.0000 | 0.1377 | 6.42
700 10 0.0003 | 0.7179 | 0.0229 | 0.0408 | 0.0034 | 0.0192 | 0.0000 | 0.1317 | 6.88
725 3 0.0008 | 0.3498 | 0.0968 | 0.0311 | 0.0087 | 0.0478 | 0.0000 | 0.3371 | 1.73
725 3.5 0.0007 | 0.4103 | 0.0845 | 0.0327 | 0.0081 | 0.0431 | 0.0000 | 0.3034 | 1.48
725 a4 0.0007 | 0.4597 | 0.0745 | 0.0340 | 0.0075 | 0.0392 | 0.0000 | 0.2758 | 1.35
725 4.5 0.0006 | 0.5009 | 0.0662 | 0.0351 | 0.0069 | 0.0360 | 0.0000 | 0.2528 | 1.30
725 5 0.0006 | 0.5358 | 0.0592 | 0.0360 | 0.0065 | 0.0333 | 0.0000 | 0.2334 | 1.31
725 5.5 0.0006 | 0.5657 | 0.0532 | 0.0368 | 0.0061 | 0.0309 | 0.0000 | 0.2167 | 1.38
725 6 0.0006 | 0.5915 | 0.0481 | 0.0375 | 0.0057 | 0.0289 | 0.0000 | 0.2022 | 1.50
725 6.5 0.0005 | 0.6142 | 0.0435 | 0.0381 | 0.0054 | 0.0271 | 0.0000 | 0.1896 | 1.66
725 7 0.0005 | 0.6341 | 0.0395 | 0.0386 | 0.0051 | 0.0255 | 0.0000 | 0.1784 | 1.84
725 7.5 0.0005 | 0.6519 | 0.0360 | 0.0391 | 0.0049 | 0.0241 | 0.0000 | 0.1685 | 2.08
725 8 0.0005 | 0.6677 | 0.0328 | 0.0395 | 0.0047 | 0.0228 | 0.0000 | 0.1597 | 2.36
725 8.5 0.0005 | 0.6820 | 0.0300 | 0.0398 | 0.0044 | 0.0217 | 0.0000 | 0.1517 | 2.69
725 9 0.0005 | 0.6949 | 0.0274 | 0.0402 | 0.0042 | 0.0207 | 0.0000 | 0.1444 | 3.01
725 9.5 0.0005 | 0.7067 | 0.0251 | 0.0405 | 0.0041 | 0.0197 | 0.0000 | 0.1379 | 3.40
725 10 0.0004 | 0.7174 | 0.0230 | 0.0408 | 0.0039 | 0.0189 | 0.0000 | 0.1319 | 3.83
750 3 0.0011 | 0.3495 | 0.0965 | 0.0311 | 0.0101 | 0.0470 | 0.0000 | 0.3372 | 0.74
750 35 0.0010 | 0.4099 | 0.0843 | 0.0327 | 0.0092 | 0.0423 | 0.0000 | 0.3035 | 0.59
750 a4 0.0009 | 0.4592 | 0.0744 | 0.0340 | 0.0085 | 0.0385 | 0.0000 | 0.2760 | 0.52
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Table C.1 Manipulated Trio-equilibrium reaction model calculation result for Mn/Na,W0O,/SiO,

catalyst
Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

750 4.5 0.0009 | 0.5004 | 0.0662 | 0.0351 | 0.0079 | 0.0353 | 0.0000 | 0.2530 | 0.50
750 5 0.0008 | 0.5352 | 0.0592 | 0.0360 | 0.0074 | 0.0326 | 0.0000 | 0.2336 | 0.51
750 55 0.0008 | 0.5650 | 0.0533 | 0.0368 | 0.0069 | 0.0303 | 0.0000 | 0.2169 | 0.56
750 6 0.0008 | 0.5909 | 0.0481 | 0.0374 | 0.0065 | 0.0283 | 0.0000 | 0.2025 | 0.64
750 6.5 0.0007 | 0.6135 | 0.0436 | 0.0380 | 0.0061 | 0.0266 | 0.0000 | 0.1898 | 0.74
750 7 0.0007 | 0.6335 | 0.0396 | 0.0386 | 0.0058 | 0.0250 | 0.0000 | 0.1787 | 0.88
750 7.5 0.0007 | 0.6512 | 0.0361 | 0.0390 | 0.0055 | 0.0236 | 0.0000 | 0.1688 | 1.04
750 8 0.0007 | 0.6671 | 0.0329 | 0.0395 | 0.0052 | 0.0224 | 0.0000 | 0.1599 | 1.22
750 8.5 0.0006 | 0.6813 | 0.0301 | 0.0398 | 0.0050 | 0.0213 | 0.0000 | 0.1519 | 1.43
750 9 0.0006 | 0.6943 | 0.0275 | 0.0402 | 0.0048 | 0.0203 | 0.0000 | 0.1447 | 1.66
750 9.5 0.0006 | 0.7060 | 0.0252 | 0.0405 | 0.0046 | 0.0193 | 0.0000 | 0.1381 | 1.96
750 10 0.0006 | 0.7167 | 0.0231 | 0.0408 | 0.0044 | 0.0185 | 0.0000 | 0.1321 | 2.26
775 3 0.0015 | 0.3488 | 0.0964 | 0.0311 | 0.0114 | 0.0460 | 0.0000 | 0.3373 | 0.36
775 35 0.0013 | 0.4090 | 0.0844 | 0.0327 | 0.0104 | 0.0415 | 0.0000 | 0.3037 | 0.25
775 a4 0.0013 | 0.4584 | 0.0745 | 0.0340 | 0.0095 | 0.0377 | 0.0000 | 0.2762 | 0.20
775 4.5 0.0012 | 0.4995 | 0.0663 | 0.0350 | 0.0088 | 0.0346 | 0.0000 | 0.2533 | 0.17
775 5 0.0011 | 0.5343 | 0.0593 | 0.0360 | 0.0082 | 0.0320 | 0.0000 | 0.2339 | 0.18
775 5.5 0.0011 | 0.5641 | 0.0534 | 0.0367 | 0.0077 | 0.0297 | 0.0000 | 0.2172 | 0.20
775 6 0.0010 | 0.5900 | 0.0482 | 0.0374 | 0.0072 | 0.0277 | 0.0000 | 0.2028 | 0.24
775 6.5 0.0010 | 0.6126 | 0.0438 | 0.0380 | 0.0068 | 0.0260 | 0.0000 | 0.1901 | 0.31
775 7 0.0009 | 0.6326 | 0.0398 | 0.0385 | 0.0064 | 0.0245 | 0.0000 | 0.1790 | 0.40
775 7.5 0.0009 | 0.6503 | 0.0363 | 0.0390 | 0.0061 | 0.0231 | 0.0000 | 0.1690 | 0.49
775 8 0.0009 | 0.6662 | 0.0331 | 0.0394 | 0.0058 | 0.0219 | 0.0000 | 0.1601 | 0.63
775 8.5 0.0008 | 0.6805 | 0.0303 | 0.0398 | 0.0055 | 0.0208 | 0.0000 | 0.1522 | 0.77
775 9 0.0008 | 0.6934 | 0.0277 | 0.0401 | 0.0052 | 0.0198 | 0.0000 | 0.1449 | 0.94
775 9.5 0.0008 | 0.7052 | 0.0254 | 0.0405 | 0.0050 | 0.018%9 | 0.0000 | 0.1383 | 1.11
775 10 0.0008 | 0.7159 | 0.0233 | 0.0407 | 0.0048 | 0.0181 | 0.0000 | 0.1323 | 1.33
800 3 0.0019 | 0.3476 | 0.0966 | 0.0310 | 0.0126 | 0.0451 | 0.0000 | 0.3376 | 0.23
800 35 0.0018 | 0.4079 | 0.0845 | 0.0326 | 0.0114 | 0.0406 | 0.0000 | 0.3040 | 0.14
800 4 0.0016 | 0.4572 | 0.0747 | 0.0339 | 0.0105 | 0.0370 | 0.0000 | 0.2765 | 0.09
800 4.5 0.0015 | 0.4983 | 0.0665 | 0.0350 | 0.0097 | 0.0339 | 0.0000 | 0.2536 | 0.05
800 5 0.0015 | 0.5331 | 0.0596 | 0.0359 | 0.0090 | 0.0313 | 0.0000 | 0.2342 | 0.04
800 55 0.0014 | 0.5630 | 0.0536 | 0.0367 | 0.0084 | 0.0291 | 0.0000 | 0.2175 | 0.04
800 6 0.0013 | 0.5889 | 0.0485 | 0.0374 | 0.0079 | 0.0271 | 0.0000 | 0.2031 | 0.07
800 6.5 0.0013 | 0.6115 | 0.0440 | 0.0380 | 0.0074 | 0.0255 | 0.0000 | 0.1904 | 0.10
800 7 0.0012 | 0.6315 | 0.0400 | 0.0385 | 0.0070 | 0.0240 | 0.0000 | 0.1792 | 0.15
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Table C.1 Manipulated Trio-equilibrium reaction model calculation result for Mn/Na,W0O,/SiO,

catalyst
Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

800 7.5 0.0012 | 0.6493 | 0.0365 | 0.0390 | 0.0066 | 0.0226 | 0.0000 | 0.1693 | 0.21
800 8 0.0011 | 0.6652 | 0.0333 | 0.0394 | 0.0063 | 0.0215 | 0.0000 | 0.1604 | 0.30
800 8.5 0.0011 | 0.6795 | 0.0305 | 0.0398 | 0.0060 | 0.0204 | 0.0000 | 0.1524 | 0.40
800 9 0.0011 | 0.6925 | 0.0279 | 0.0401 | 0.0057 | 0.0194 | 0.0000 | 0.1452 | 0.50
800 9.5 0.0010 | 0.7043 | 0.0256 | 0.0404 | 0.0055 | 0.0185 | 0.0000 | 0.1386 | 0.63
800 10 0.0010 | 0.7150 | 0.0235 | 0.0407 | 0.0052 | 0.0177 | 0.0000 | 0.1326 | 0.77
825 3 0.0025 | 0.3462 | 0.0968 | 0.0310 | 0.0137 | 0.0441 | 0.0000 | 0.3378 | 0.24
825 35 0.0023 | 0.4064 | 0.0848 | 0.0326 | 0.0124 | 0.0397 | 0.0000 | 0.3043 | 0.15
825 a4 0.0021 | 0.4558 | 0.0750 | 0.0339 | 0.0114 | 0.0362 | 0.0000 | 0.2768 | 0.09
825 4.5 0.0020 | 0.4969 | 0.0668 | 0.0350 | 0.0105 | 0.0332 | 0.0000 | 0.2539 | 0.05
825 5 0.0019 | 0.5318 | 0.0599 | 0.0359 | 0.0097 | 0.0306 | 0.0000 | 0.2345 | 0.02
825 55 0.0018 | 0.5617 | 0.0539 | 0.0367 | 0.0091 | 0.0285 | 0.0000 | 0.2178 | 0.01
825 6 0.0017 | 0.5876 | 0.0488 | 0.0374 | 0.0085 | 0.0266 | 0.0000 | 0.2034 | 0.00
825 6.5 0.0016 | 0.6103 | 0.0443 | 0.0380 | 0.0080 | 0.0249 | 0.0000 | 0.1907 | 0.01
825 7 0.0015 | 0.6303 | 0.0403 | 0.0385 | 0.0075 | 0.0235 | 0.0000 | 0.1795 | 0.03
825 7.5 0.0015 | 0.6481 | 0.0368 | 0.0390 | 0.0071 | 0.0222 | 0.0000 | 0.1696 | 0.06
825 8 0.0014 | 0.6641 | 0.0336 | 0.0394 | 0.0068 | 0.0210 | 0.0000 | 0.1607 | 0.11
825 8.5 0.0014 | 0.6784 | 0.0308 | 0.0398 | 0.0064 | 0.0199 | 0.0000 | 0.1527 | 0.16
825 9 0.0014 | 0.6914 | 0.0282 | 0.0401 | 0.0061 | 0.0190 | 0.0000 | 0.1455 | 0.24
825 9.5 0.0013 | 0.7032 | 0.0259 | 0.0404 | 0.0059 | 0.0181 | 0.0000 | 0.1389 | 0.31
825 10 0.0013 | 0.7140 | 0.0237 | 0.0407 | 0.0056 | 0.0174 | 0.0000 | 0.1328 | 0.39
850 3 0.0031 | 0.3445 | 0.0972 | 0.0310 | 0.0148 | 0.0432 | 0.0000 | 0.3381 | 0.35
850 35 0.0029 | 0.4048 | 0.0852 | 0.0325 | 0.0134 | 0.0389 | 0.0000 | 0.3046 | 0.25
850 a4 0.0027 | 0.4542 | 0.0754 | 0.0338 | 0.0122 | 0.0354 | 0.0000 | 0.2771 | 0.19
850 4.5 0.0025 | 0.4954 | 0.0672 | 0.0349 | 0.0113 | 0.0325 | 0.0000 | 0.2542 | 0.13
850 5 0.0024 | 0.5303 | 0.0602 | 0.0359 | 0.0104 | 0.0300 | 0.0000 | 0.2348 | 0.09
850 55 0.0022 | 0.5602 | 0.0543 | 0.0366 | 0.0097 | 0.0278 | 0.0000 | 0.2181 | 0.06
850 6 0.0021 | 0.5862 | 0.0491 | 0.0373 | 0.0091 | 0.0260 | 0.0000 | 0.2037 | 0.03
850 6.5 0.0020 | 0.6090 | 0.0446 | 0.0379 | 0.0085 | 0.0244 | 0.0000 | 0.1910 | 0.02
850 7 0.0019 | 0.6290 | 0.0406 | 0.0385 | 0.0081 | 0.0230 | 0.0000 | 0.1798 | 0.01
850 7.5 0.0019 | 0.6469 | 0.0371 | 0.0389 | 0.0076 | 0.0217 | 0.0000 | 0.1699 | 0.02
850 8 0.0018 | 0.6629 | 0.0339 | 0.0393 | 0.0072 | 0.0205 | 0.0000 | 0.1610 | 0.03
850 8.5 0.0017 | 0.6773 | 0.0311 | 0.0397 | 0.0069 | 0.0195 | 0.0000 | 0.1530 | 0.06
850 9 0.0017 | 0.6903 | 0.0285 | 0.0401 | 0.0066 | 0.0186 | 0.0000 | 0.1457 | 0.09
850 9.5 0.0017 | 0.7021 | 0.0262 | 0.0404 | 0.0063 | 0.0178 | 0.0000 | 0.1391 | 0.14
850 10 0.0016 | 0.7129 | 0.0240 | 0.0407 | 0.0060 | 0.0170 | 0.0000 | 0.1331 | 0.19
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Table C.1 Manipulated Trio-equilibrium reaction model calculation result for Mn/Na,W0O,/SiO,

catalyst

Temp Effluent Composition
o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O
875 3 0.0039 | 0.3426 | 0.0977 | 0.0309 | 0.0157 | 0.0422 | 0.0000 | 0.3383 | 0.67
875 3.5 0.0036 | 0.4030 | 0.0857 | 0.0325 | 0.0143 | 0.0380 | 0.0000 | 0.3048 | 0.55
875 a4 0.0033 | 0.4524 | 0.0758 | 0.0338 | 0.0130 | 0.0346 | 0.0000 | 0.2774 | 0.45
875 4.5 0.0031 | 0.4937 | 0.0676 | 0.0349 | 0.0120 | 0.0318 | 0.0000 | 0.2545 | 0.36
875 5 0.0029 | 0.5287 | 0.0607 | 0.0358 | 0.0111 | 0.0293 | 0.0000 | 0.2351 | 0.28
875 55 0.0027 | 0.5587 | 0.0547 | 0.0366 | 0.0103 | 0.0272 | 0.0000 | 0.2184 | 0.22
875 6 0.0026 | 0.5847 | 0.0495 | 0.0373 | 0.0097 | 0.0254 | 0.0000 | 0.2039 | 0.18
875 6.5 0.0025 | 0.6075 | 0.0450 | 0.0379 | 0.0091 | 0.0239 | 0.0000 | 0.1913 | 0.13
875 7 0.0024 | 0.6276 | 0.0410 | 0.0384 | 0.0086 | 0.0225 | 0.0000 | 0.1801 | 0.10
875 7.5 0.0023 | 0.6455 | 0.0375 | 0.0389 | 0.0081 | 0.0212 | 0.0000 | 0.1701 | 0.08
875 8 0.0022 | 0.6616 | 0.0343 | 0.0393 | 0.0077 | 0.0201 | 0.0000 | 0.1612 | 0.07
875 8.5 0.0021 | 0.6760 | 0.0314 | 0.0397 | 0.0073 | 0.0191 | 0.0000 | 0.1532 | 0.07
875 9 0.0021 | 0.6890 | 0.0288 | 0.0400 | 0.0070 | 0.0182 | 0.0000 | 0.1460 | 0.07
875 9.5 0.0020 | 0.7009 | 0.0265 | 0.0404 | 0.0066 | 0.0174 | 0.0000 | 0.1394 | 0.09
875 10 0.0020 | 0.7117 | 0.0243 | 0.0406 | 0.0064 | 0.0166 | 0.0000 | 0.1333 | 0.11
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Table C.2 Manipulated Duo-equilibrium reaction model calculation result for La,0,/Ca0 catalyst

Temp

Effluent Composition

o CHy/O; RSS
(0 H, CH, | GH, | CH¢ co co, 0, H,O

700 3 0.0762 | 0.4518 | 0.0428 | 0.0142 | 0.0179 | 0.0936 | 0.0000 | 0.2465 | 299.26
700 3.5 | 0.0703 | 0.5038 | 0.0375 | 0.0149 | 0.0165 | 0.0840 | 0.0000 | 0.2206 | 113.80
700 4 0.0652 | 0.5463 | 0.0332 | 0.0154 | 0.0154 | 0.0762 | 0.0000 | 0.1997 | 50.27
700 4.5 | 0.0608 | 0.5816 | 0.0296 | 0.0159 | 0.0144 | 0.0697 | 0.0000 | 0.1825 | 25.51
700 5 0.0570 | 0.6115 | 0.0266 | 0.0163 | 0.0135 | 0.0643 | 0.0000 | 0.1680 | 16.96
700 55 | 0.0537 | 0.6370 | 0.0241 | 0.0166 | 0.0127 | 0.0596 | 0.0000 | 0.1556 | 9.90
700 6 0.0508 | 0.6591 | 0.0219 | 0.0169 | 0.0120 | 0.0555 | 0.0000 | 0.1450 | 6.88
700 6.5 | 0.0482 | 0.6784 | 0.0200 | 0.0171 | 0.0114 | 0.0520 | 0.0000 | 0.1357 | 4.50
700 7 0.0459 | 0.6954 | 0.0183 | 0.0174 | 0.0109 | 0.0489 | 0.0000 | 0.1276 | 2.82
700 7.5 | 0.0438 | 0.7105 | 0.0169 | 0.0176 | 0.0104 | 0.0461 | 0.0000 | 0.1204 | 3.06
700 8 0.0420 | 0.7240 | 0.0156 | 0.0177 | 0.0099 | 0.0436 | 0.0000 | 0.1139 | 1.80
700 85 | 0.0403 | 0.7361 | 0.0144 | 0.0179 | 0.0095 | 0.0414 | 0.0000 | 0.1081 | 1.90
700 9 0.0388 | 0.7470 | 0.0134 | 0.0180 | 0.0092 | 0.0393 | 0.0000 | 0.1029 | 1.46
700 9.5 | 0.0374 | 0.7570 | 0.0124 | 0.0182 | 0.0088 | 0.0375 | 0.0000 | 0.0982 | 1.15
700 10 | 0.0361 | 0.7660 | 0.0116 | 0.0183 | 0.0085 | 0.0358 | 0.0000 | 0.0939 | 1.16
725 3 0.0790 | 0.4490 | 0.0427 | 0.0142 | 0.0204 | 0.0921 | 0.0000 | 0.2456 | 31.43
725 35 | 0.0726 | 0.5012 | 0.0375 | 0.0149 | 0.0188 | 0.0827 | 0.0000 | 0.2201 | 13.35
725 il 0.0671 | 0.5438 | 0.0333 | 0.0154 | 0.0174 | 0.0750 | 0.0000 | 0.1994 | 6.43
725 45 | 0.0625 | 0.5792 | 0.0298 | 0.0159 | 0.0162 | 0.0686 | 0.0000 | 0.1823 | 4.06
725 5 0.0585 | 0.6091 | 0.0268 | 0.0162 | 0.0151 | 0.0631 | 0.0000 | 0.1680 | 2.28
725 55 | 0.0550 | 0.6347 | 0.0243 | 0.0166 | 0.0142 | 0.0585 | 0.0000 | 0.1557 | 1.58
725 6 0.0520 | 0.6568 | 0.0222 | 0.0169 | 0.0135 | 0.0545 | 0.0000 | 0.1451 | 1.80
725 6.5 | 0.0494 | 0.6761 | 0.0203 | 0.0171 | 0.0128 | 0.0510 | 0.0000 | 0.1359 | 0.95
725 7 0.0470 | 0.6931 | 0.0187 | 0.0173 | 0.0121 | 0.0479 | 0.0000 | 0.1278 | 1.04
725 7.5 | 0.0449 | 0.7082 | 0.0173 | 0.0175 | 0.0116 | 0.0452 | 0.0000 | 0.1206 | 0.52
725 8 0.0430 | 0.7216 | 0.0160 | 0.0177 | 0.0111 | 0.0427 | 0.0000 | 0.1142 | 0.55
725 85 | 0.0413 | 0.7337 | 0.0149 | 0.0179 | 0.0106 | 0.0405 | 0.0000 | 0.1085 | 0.60
725 9 0.0398 | 0.7446 | 0.0138 | 0.0180 | 0.0102 | 0.0385 | 0.0000 | 0.1033 | 0.64
725 9.5 | 0.0384 | 0.7544 | 0.0129 | 0.0181 | 0.0098 | 0.0367 | 0.0000 | 0.0985 | 0.32
725 10 | 0.0372 | 0.7634 | 0.0121 | 0.0182 | 0.0095 | 0.0350 | 0.0000 | 0.0943 | 0.33
750 3 0.0808 | 0.4467 | 0.0427 | 0.0141 | 0.0228 | 0.0905 | 0.0000 | 0.2454 | 6.44
750 3.5 | 0.0741 | 0.4990 | 0.0376 | 0.0148 | 0.0209 | 0.0812 | 0.0000 | 0.2201 | 2.32
750 il 0.0684 | 0.5416 | 0.0334 | 0.0154 | 0.0193 | 0.0736 | 0.0000 | 0.1995 | 1.12
750 45 | 0.0636 | 0.5770 | 0.0300 | 0.0158 | 0.0179 | 0.0673 | 0.0000 | 0.1825 | 0.64
750 5 0.0596 | 0.6069 | 0.0271 | 0.0162 | 0.0167 | 0.0620 | 0.0000 | 0.1682 | 0.40
750 55 | 0.0560 | 0.6324 | 0.0247 | 0.0165 | 0.0157 | 0.0574 | 0.0000 | 0.1560 | 0.30
750 6 0.0530 | 0.6545 | 0.0226 | 0.0168 | 0.0148 | 0.0534 | 0.0000 | 0.1455 | 0.21
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Table C.2 Manipulated Duo-equilibrium reaction model calculation result for La,0,/Ca0 catalyst

Temp

Effluent Composition

o CHy/O; RSS
(0 H, CH, | GH, | CH¢ co co, 0, H,O

750 6.5 | 0.0503 | 0.6737 | 0.0207 | 0.0171 | 0.0141 | 0.0500 | 0.0000 | 0.1363 | 0.15
750 7 0.0479 | 0.6907 | 0.0192 | 0.0173 | 0.0134 | 0.0469 | 0.0000 | 0.1282 | 0.14
750 7.5 ] 0.0458 | 0.7057 | 0.0178 | 0.0175 | 0.0128 | 0.0442 | 0.0000 | 0.1211 | 0.13
750 8 0.0440 | 0.7190 | 0.0165 | 0.0177 | 0.0122 | 0.0417 | 0.0000 | 0.1147 | 0.12
750 85 | 0.0423 | 0.7310 | 0.0154 | 0.0178 | 0.0117 | 0.0395 | 0.0000 | 0.1089 | 0.14
750 9 0.0408 | 0.7418 | 0.0145 | 0.0180 | 0.0113 | 0.0376 | 0.0000 | 0.1037 | 0.14
750 9.5 | 0.0394 | 0.7516 | 0.0136 | 0.0181 | 0.0109 | 0.0357 | 0.0000 | 0.0990 | 0.16
750 10 | 0.0382 | 0.7605 | 0.0128 | 0.0182 | 0.0105 | 0.0341 | 0.0000 | 0.0947 | 0.15
775 3 0.0819 | 0.4448 | 0.0428 | 0.0141 | 0.0249 | 0.0889 | 0.0000 | 0.2455 | 1.21
775 3.5 | 0.0750 | 0.4970 | 0.0377 | 0.0148 | 0.0228 | 0.0797 | 0.0000 | 0.2204 | 0.56
775 il 0.0692 | 0.5396 | 0.0336 | 0.0153 | 0.0210 | 0.0722 | 0.0000 | 0.1999 | 0.31
775 45 | 0.0644 | 0.5749 | 0.0303 | 0.0158 | 0.0195 | 0.0660 | 0.0000 | 0.1830 | 0.25
775 5 0.0603 | 0.6047 | 0.0275 | 0.0162 | 0.0182 | 0.0607 | 0.0000 | 0.1687 | 0.11
775 55 | 0.0568 | 0.6302 | 0.0251 | 0.0165 | 0.0171 | 0.0562 | 0.0000 | 0.1565 | 0.09
775 6 0.0537 | 0.6521 | 0.0230 | 0.0168 | 0.0162 | 0.0523 | 0.0000 | 0.1460 | 0.07
775 6.5 | 0.0511 | 0.6712 | 0.0213 | 0.0171 | 0.0153 | 0.0488 | 0.0000 | 0.1368 | 0.08
775 7 0.0488 | 0.6881 | 0.0197 | 0.0173 | 0.0146 | 0.0458 | 0.0000 | 0.1288 | 0.08
775 7.5 | 0.0467 | 0.7029 | 0.0184 | 0.0175 | 0.0139 | 0.0431 | 0.0000 | 0.1216 | 0.09
775 8 0.0449 | 0.7162 | 0.0172 | 0.0176 | 0.0133 | 0.0407 | 0.0000 | 0.1152 | 0.10
775 85 | 0.0432 | 0.7281 | 0.0161 | 0.0178 | 0.0128 | 0.0385 | 0.0000 | 0.1095 | 0.11
775 9 0.0418 | 0.7388 | 0.0152 | 0.0179 | 0.0123 | 0.0366 | 0.0000 | 0.1043 | 0.12
775 9.5 | 0.0405 | 0.7484 | 0.0144 | 0.0181 | 0.0119 | 0.0348 | 0.0000 | 0.0996 | 0.14
775 10 | 0.0393 | 0.7572 | 0.0136 | 0.0182 | 0.0115 | 0.0331 | 0.0000 | 0.0953 | 0.15
800 3 0.0825 | 0.4432 | 0.0429 | 0.0141 | 0.0270 | 0.0873 | 0.0000 | 0.2460 | 0.51
800 3.5 | 0.0755 | 0.4953 | 0.0379 | 0.0148 | 0.0246 | 0.0783 | 0.0000 | 0.2209 | 0.25
800 il 0.0698 | 0.5377 | 0.0339 | 0.0153 | 0.0227 | 0.0708 | 0.0000 | 0.2005 | 0.14
800 45 | 0.0650 | 0.5728 | 0.0307 | 0.0158 | 0.0211 | 0.0647 | 0.0000 | 0.1836 | 0.10
800 5 0.0609 | 0.6025 | 0.0279 | 0.0162 | 0.0197 | 0.0594 | 0.0000 | 0.1693 | 0.07
800 55 | 0.0574 | 0.6277 | 0.0256 | 0.0165 | 0.0185 | 0.0550 | 0.0000 | 0.1572 | 0.07
800 6 0.0545 | 0.6495 | 0.0236 | 0.0168 | 0.0175 | 0.0511 | 0.0000 | 0.1467 | 0.07
800 6.5 | 0.0519 | 0.6685 | 0.0219 | 0.0170 | 0.0166 | 0.0477 | 0.0000 | 0.1375 | 0.08
800 7 0.0496 | 0.6851 | 0.0204 | 0.0172 | 0.0158 | 0.0447 | 0.0000 | 0.1294 | 0.09
800 75 | 0.0476 | 0.6999 | 0.0192 | 0.0174 | 0.0151 | 0.0420 | 0.0000 | 0.1223 | 0.10
800 8 0.0459 | 0.7130 | 0.0180 | 0.0176 | 0.0144 | 0.0396 | 0.0000 | 0.1159 | 0.12
800 85 | 0.0443 | 0.7247 | 0.0170 | 0.0178 | 0.0139 | 0.0375 | 0.0000 | 0.1101 | 0.13
800 9 0.0429 | 0.7353 | 0.0161 | 0.0179 | 0.0134 | 0.0355 | 0.0000 | 0.1050 | 0.15
800 9.5 | 0.0417 | 0.7448 | 0.0153 | 0.0180 | 0.0129 | 0.0337 | 0.0000 | 0.1002 | 0.17
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Table C.2 Manipulated Duo-equilibrium reaction model calculation result for La,0,/Ca0 catalyst

Temp

Effluent Composition

o CHy/O; RSS
(0 H, CH, | GH, | CH¢ co co, 0, H,O

800 10 | 0.0405 | 0.7535 | 0.0146 | 0.0181 | 0.0125 | 0.0321 | 0.0000 | 0.0960 | 0.18
825 3 0.0828 | 0.4417 | 0.0430 | 0.0141 | 0.0289 | 0.0857 | 0.0000 | 0.2467 | 0.25
825 3.5 | 0.0758 | 0.4935 | 0.0382 | 0.0148 | 0.0264 | 0.0768 | 0.0000 | 0.2216 | 0.12
825 4 0.0701 | 0.5357 | 0.0343 | 0.0153 | 0.0243 | 0.0694 | 0.0000 | 0.2012 | 0.06
825 45 | 0.0654 | 0.5706 | 0.0311 | 0.0158 | 0.0226 | 0.0633 | 0.0000 | 0.1843 | 0.04
825 5 0.0615 | 0.6000 | 0.0285 | 0.0161 | 0.0211 | 0.0581 | 0.0000 | 0.1701 | 0.03
825 55 | 0.0581 | 0.6250 | 0.0263 | 0.0165 | 0.0198 | 0.0537 | 0.0000 | 0.1579 | 0.03
825 6 0.0552 | 0.6466 | 0.0244 | 0.0167 | 0.0187 | 0.0498 | 0.0000 | 0.1474 | 0.04
825 6.5 | 0.0527 | 0.6654 | 0.0227 | 0.0170 | 0.0178 | 0.0465 | 0.0000 | 0.1382 | 0.06
825 7 0.0506 | 0.6818 | 0.0213 | 0.0172 | 0.0170 | 0.0435 | 0.0000 | 0.1301 | 0.07
825 7.5 | 0.0487 | 0.6964 | 0.0201 | 0.0174 | 0.0162 | 0.0408 | 0.0000 | 0.1230 | 0.09
825 8 0.0470 | 0.7093 | 0.0190 | 0.0176 | 0.0156 | 0.0385 | 0.0000 | 0.1166 | 0.11
825 8.5 | 0.0455 | 0.7209 | 0.0180 | 0.0177 | 0.0150 | 0.0363 | 0.0000 | 0.1108 | 0.14
825 9 0.0442 | 0.7313 | 0.0171 | 0.0179 | 0.0144 | 0.0344 | 0.0000 | 0.1057 | 0.16
825 9.5 | 0.0430 | 0.7407 | 0.0164 | 0.0180 | 0.0140 | 0.0327 | 0.0000 | 0.1009 | 0.20
825 10 | 0.0419 | 0.7493 | 0.0157 | 0.0181 | 0.0135 | 0.0311 | 0.0000 | 0.0967 | 0.22
850 3 0.0827 | 0.4403 | 0.0433 | 0.0141 | 0.0307 | 0.0842 | 0.0000 | 0.2475 | 0.14
850 3.5 | 0.0759 | 0.4918 | 0.0386 | 0.0147 | 0.0280 | 0.0753 | 0.0000 | 0.2224 | 0.06
850 il 0.0704 | 0.5336 | 0.0348 | 0.0153 | 0.0258 | 0.0680 | 0.0000 | 0.2020 | 0.01
850 45 | 0.0658 | 0.5682 | 0.0317 | 0.0157 | 0.0240 | 0.0619 | 0.0000 | 0.1851 | 0.00
850 5 0.0620 | 0.5973 | 0.0292 | 0.0161 | 0.0225 | 0.0568 | 0.0000 | 0.1709 | 0.01
850 55 | 0.0588 | 0.6221 | 0.0270 | 0.0164 | 0.0212 | 0.0524 | 0.0000 | 0.1587 | 0.02
850 6 0.0561 | 0.6434 | 0.0252 | 0.0167 | 0.0200 | 0.0485 | 0.0000 | 0.1482 | 0.04
850 6.5 | 0.0537 | 0.6619 | 0.0236 | 0.0170 | 0.0190 | 0.0452 | 0.0000 | 0.1390 | 0.08
850 7 0.0517 | 0.6781 | 0.0223 | 0.0172 | 0.0182 | 0.0422 | 0.0000 | 0.1309 | 0.09
850 7.5 | 0.0499 | 0.6925 | 0.0211 | 0.0174 | 0.0174 | 0.0396 | 0.0000 | 0.1237 | 0.14
850 8 0.0483 | 0.7052 | 0.0201 | 0.0175 | 0.0167 | 0.0373 | 0.0000 | 0.1173 | 0.16
850 85 | 0.0469 | 0.7166 | 0.0192 | 0.0177 | 0.0161 | 0.0352 | 0.0000 | 0.1116 | 0.24
850 9 0.0457 | 0.7269 | 0.0183 | 0.0178 | 0.0155 | 0.0332 | 0.0000 | 0.1064 | 0.26
850 9.5 | 0.0446 | 0.7361 | 0.0176 | 0.0179 | 0.0150 | 0.0315 | 0.0000 | 0.1017 | 0.28
850 10 | 0.0436 | 0.7446 | 0.0170 | 0.0180 | 0.0146 | 0.0299 | 0.0000 | 0.0974 | 0.40
875 3 0.0826 | 0.4389 | 0.0435 | 0.0140 | 0.0324 | 0.0826 | 0.0000 | 0.2484 | 0.28
875 3.5 | 0.0760 | 0.4900 | 0.0390 | 0.0147 | 0.0296 | 0.0737 | 0.0000 | 0.2233 | 0.19
875 il 0.0707 | 0.5314 | 0.0354 | 0.0153 | 0.0273 | 0.0665 | 0.0000 | 0.2029 | 0.17
875 45 | 0.0663 | 0.5656 | 0.0324 | 0.0157 | 0.0254 | 0.0605 | 0.0000 | 0.1860 | 0.18
875 5 0.0627 | 0.5943 | 0.0300 | 0.0161 | 0.0238 | 0.0554 | 0.0000 | 0.1717 | 0.19
875 55 | 0.0596 | 0.6188 | 0.0279 | 0.0164 | 0.0225 | 0.0510 | 0.0000 | 0.1595 | 0.23
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Table C.2 Manipulated Duo-equilibrium reaction model calculation result for La,0,/Ca0 catalyst

Temp

Effluent Composition

. CH,/0, RSS
o H, CH, | CH, | CH, | co | co, | O, H,0

875 6 | 00571 | 0.6398 | 0.0262 | 0.0167 | 0.0213 | 0.0472 | 0.0000 | 0.1490 | 0.30
875 65 | 0.0548 | 0.6580 | 0.0247 | 0.0169 | 0.0203 | 0.0439 | 0.0000 | 0.1398 | 0.33
875 7 10.0529 | 0.6740 | 0.0234 | 0.0171 | 0.0194 | 0.0409 | 0.0000 | 0.1317 | 0.38
875 75 | 0.0512 | 0.6881 | 0.0223 | 0.0173 | 0.0186 | 0.0383 | 0.0000 | 0.1245 | 0.44
875 8 | 0.0498 | 0.7006 | 0.0213 | 0.0175 | 0.0179 | 0.0360 | 0.0000 | 0.1181 | 0.51
875 85 | 0.0485 | 0.7118 | 0.0205 | 0.0176 | 0.0172 | 0.0339 | 0.0000 | 0.1124 | 0.63
875 9 100473 | 0.7219 | 0.0197 | 0.0178 | 0.0167 | 0.0320 | 0.0000 | 0.1072 | 0.69
875 9.5 | 0.0463 | 0.7310 | 0.0190 | 0.0179 | 0.0161 | 0.0303 | 0.0000 | 0.1025 | 0.76
875 10 | 0.0454 | 0.7393 | 0.0184 | 0.0180 | 0.0157 | 0.0287 | 0.0000 | 0.0981 | 0.84
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Table C.3 Manipulated Trio-equilibrium reaction model calculation result for PbO/Al,0; catalyst

Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

650 5 0.0006 | 0.7006 | 0.0183 | 0.0125 | 0.0070 | 0.0661 | 0.0000 | 0.1948 | 1.23
650 5.5 0.0006 | 0.7234 | 0.0159 | 0.0127 | 0.0067 | 0.0612 | 0.0000 | 0.1795 | 1.12
650 6 0.0006 | 0.7430 | 0.0139 | 0.0129 | 0.0063 | 0.0569 | 0.0000 | 0.1665 | 1.05
650 6.5 0.0006 | 0.7599 | 0.0122 | 0.0130 | 0.0060 | 0.0532 | 0.0000 | 0.1552 | 1.01
650 7 0.0006 | 0.7747 | 0.0107 | 0.0132 | 0.0057 | 0.0499 | 0.0000 | 0.1453 | 1.01
650 7.5 0.0005 | 0.7877 | 0.0094 | 0.0133 | 0.0055 | 0.0470 | 0.0000 | 0.1366 | 1.02
650 8 0.0005 | 0.7992 | 0.0083 | 0.0134 | 0.0052 | 0.0445 | 0.0000 | 0.1289 | 1.06
650 8.5 0.0005 | 0.8095 | 0.0073 | 0.0135 | 0.0050 | 0.0422 | 0.0000 | 0.1220 | 1.12
650 9 0.0005 | 0.8187 | 0.0065 | 0.0136 | 0.0048 | 0.0401 | 0.0000 | 0.1158 | 1.20
650 9.5 0.0005 | 0.8271 | 0.0057 | 0.0136 | 0.0046 | 0.0382 | 0.0000 | 0.1102 | 1.28
650 10 0.0005 | 0.8347 | 0.0050 | 0.0137 | 0.0045 | 0.0365 | 0.0000 | 0.1051 | 1.38
675 5 0.0010 | 0.7011 | 0.0171 | 0.0125 | 0.0088 | 0.0654 | 0.0000 | 0.1941 | 0.47
675 5.5 0.0009 | 0.7238 | 0.0148 | 0.0127 | 0.0083 | 0.0605 | 0.0000 | 0.1790 | 0.38
675 6 0.0009 | 0.7431 | 0.0130 | 0.0129 | 0.0078 | 0.0562 | 0.0000 | 0.1660 | 0.32
675 6.5 0.0009 | 0.7599 | 0.0114 | 0.0130 | 0.0074 | 0.0525 | 0.0000 | 0.1548 | 0.29
675 7 0.0009 | 0.7746 | 0.0100 | 0.0132 | 0.0070 | 0.0493 | 0.0000 | 0.1450 | 0.27
675 7.5 0.0008 | 0.7875 | 0.0089 | 0.0133 | 0.0067 | 0.0464 | 0.0000 | 0.1364 | 0.27
675 8 0.0008 | 0.7990 | 0.0078 | 0.0134 | 0.0064 | 0.0439 | 0.0000 | 0.1287 | 0.29
675 8.5 0.0008 | 0.8092 | 0.0069 | 0.0135 | 0.0061 | 0.0416 | 0.0000 | 0.1219 | 0.32
675 9 0.0008 | 0.8184 | 0.0061 | 0.0135 | 0.0058 | 0.0396 | 0.0000 | 0.1157 | 0.36
675 9.5 0.0008 | 0.8267 | 0.0054 | 0.0136 | 0.0056 | 0.0377 | 0.0000 | 0.1102 | 0.42
675 10 0.0008 | 0.8343 | 0.0047 | 0.0137 | 0.0054 | 0.0360 | 0.0000 | 0.1051 | 0.48
700 5 0.0014 | 0.7007 | 0.0164 | 0.0125 | 0.0106 | 0.0644 | 0.0000 | 0.1939 | 0.27
700 5.5 0.0014 | 0.7232 | 0.0143 | 0.0127 | 0.0099 | 0.0595 | 0.0000 | 0.1789 | 0.19
700 6 0.0013 | 0.7425 | 0.0126 | 0.0129 | 0.0093 | 0.0553 | 0.0000 | 0.1660 | 0.13
700 6.5 0.0013 | 0.7593 | 0.0111 | 0.0130 | 0.0088 | 0.0517 | 0.0000 | 0.1549 | 0.08
700 7 0.0013 | 0.7739 | 0.0098 | 0.0131 | 0.0083 | 0.0485 | 0.0000 | 0.1451 | 0.06
700 7.5 0.0012 | 0.7867 | 0.0087 | 0.0133 | 0.0079 | 0.0457 | 0.0000 | 0.1365 | 0.05
700 8 0.0012 | 0.7982 | 0.0077 | 0.0134 | 0.0075 | 0.0432 | 0.0000 | 0.1289 | 0.05
700 8.5 0.0012 | 0.8084 | 0.0068 | 0.0135 | 0.0072 | 0.0409 | 0.0000 | 0.1221 | 0.06
700 9 0.0012 | 0.8176 | 0.0060 | 0.0135 | 0.0069 | 0.0389 | 0.0000 | 0.1159 | 0.08
700 9.5 0.0012 | 0.8259 | 0.0053 | 0.0136 | 0.0066 | 0.0370 | 0.0000 | 0.1104 | 0.11
700 10 0.0012 | 0.8334 | 0.0047 | 0.0137 | 0.0063 | 0.0354 | 0.0000 | 0.1053 | 0.15
725 5 0.0020 | 0.6995 | 0.0162 | 0.0125 | 0.0123 | 0.0633 | 0.0000 | 0.1941 | 0.28
725 5.5 0.0020 | 0.7220 | 0.0142 | 0.0127 | 0.0115 | 0.0585 | 0.0000 | 0.1791 | 0.20
725 6 0.0019 | 0.7413 | 0.0125 | 0.0129 | 0.0108 | 0.0543 | 0.0000 | 0.1663 | 0.14
725 6.5 0.0018 | 0.7580 | 0.0111 | 0.0130 | 0.0102 | 0.0507 | 0.0000 | 0.1552 | 0.08
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Table C.3 Manipulated Trio-equilibrium reaction model calculation result for PbO/Al,0; catalyst

Temp Effluent Composition

o CH,/0, RSS
@) H, CH, C,H, C,Hg co Co, 0, H,O

725 7 0.0018 | 0.7727 | 0.0098 | 0.0131 | 0.0096 | 0.0476 | 0.0000 | 0.1454 | 0.05
725 7.5 0.0017 | 0.7855 | 0.0087 | 0.0133 | 0.0091 | 0.0448 | 0.0000 | 0.1369 | 0.02
725 8 0.0017 | 0.7970 | 0.0078 | 0.0134 | 0.0086 | 0.0424 | 0.0000 | 0.1292 | 0.01
725 8.5 0.0016 | 0.8072 | 0.0069 | 0.0134 | 0.0082 | 0.0401 | 0.0000 | 0.1224 | 0.00
725 9 0.0016 | 0.8164 | 0.0062 | 0.0135 | 0.0078 | 0.0381 | 0.0000 | 0.1163 | 0.01
725 9.5 0.0016 | 0.8247 | 0.0055 | 0.0136 | 0.0075 | 0.0363 | 0.0000 | 0.1107 | 0.02
725 10 0.0016 | 0.8323 | 0.0049 | 0.0137 | 0.0072 | 0.0347 | 0.0000 | 0.1057 | 0.04
750 5 0.0028 | 0.6978 | 0.0164 | 0.0125 | 0.0140 | 0.0620 | 0.0000 | 0.1945 | 0.38
750 5.5 0.0026 | 0.7203 | 0.0144 | 0.0127 | 0.0130 | 0.0573 | 0.0000 | 0.1796 | 0.30
750 6 0.0025 | 0.7397 | 0.0128 | 0.0128 | 0.0122 | 0.0533 | 0.0000 | 0.1667 | 0.23
750 6.5 0.0024 | 0.7564 | 0.0114 | 0.0130 | 0.0115 | 0.0497 | 0.0000 | 0.1556 | 0.17
750 7 0.0023 | 0.7710 | 0.0101 | 0.0131 | 0.0108 | 0.0466 | 0.0000 | 0.1459 | 0.13
750 7.5 0.0023 | 0.7840 | 0.0091 | 0.0132 | 0.0102 | 0.0439 | 0.0000 | 0.1373 | 0.09
750 8 0.0022 | 0.7955 | 0.0081 | 0.0133 | 0.0097 | 0.0415 | 0.0000 | 0.1297 | 0.06
750 8.5 0.0022 | 0.8057 | 0.0073 | 0.0134 | 0.0092 | 0.0393 | 0.0000 | 0.1229 | 0.04
750 9 0.0021 | 0.8150 | 0.0065 | 0.0135 | 0.0088 | 0.0374 | 0.0000 | 0.1167 | 0.03
750 9.5 0.0021 | 0.8233 | 0.0058 | 0.0136 | 0.0084 | 0.0356 | 0.0000 | 0.1112 | 0.03
750 10 0.0021 | 0.8309 | 0.0052 | 0.0137 | 0.0080 | 0.0340 | 0.0000 | 0.1061 | 0.03




Appendix D: Experiment Extrapolation Results

Table D.1 Experiment Extrapolations results

147

Model Result

Catalyst CH,/O, Temp (°C) Equilibrium Model AARD (%)
X cHa S cone S cona Yo
La/MgO 4 700 DMSE 29.1 26.8 328 17.3 15.82
La/MgO 4 750 DMSE 29.4 26.5 328 17.5 2.03
La/MgO” 4 800 DMSE 29.7 263 331 17.6 2.24
La/MgO 4 850 DMSE 30.1 25.9 337 17.9 333
Li/MgO 4 700 DMSE 24.2 19.0 24.7 10.6 45.69
Li/MgO 4 740 DMSE 24.4 18.8 24.9 10.7 2331
Li/MgO” 4 780 DMSE 24.6 18.7 252 10.8 4.68
Li/MgO 4 820 DMSE 24.9 18.5 25.7 11.0 12.74
Li/MgO 4 860 DMSE 25.1 18.3 26.4 11.2 80.68
Sn/BaTiO3 1 775 DMSE 715 5.0 266 | 226 18.69
Sn/BaTiO3" 2 775 DMSE 47.6 7.6 399 | 226 5.69
Sn/BaTiO3 4 775 DMSE 26.1 13.8 377 13.4 5.99
K/BaCO3 4 780 DMSE 23.0 9.6 29.3 8.9 68.46
K/BaCO3" 4 820 DMSE 23.2 9.5 29.8 9.1 14.75
K/BaCO, 4 860 DMSE 235 9.4 30.5 9.4 22.38
Li/CaO 4 700 DMSE 26.4 23.5 28.7 13.8 113.30
Li/CaO” 4 750 DMSE 26.7 23.2 28.7 13.9 13.96
Li/CaO 8 750 DMSE 15.4 40.3 17.6 8.9 16.14
Na/CaO 4 700 DMSE 24.6 23.6 22.1 11.2 126.43
Na/CaO’ 4 750 DMSE 24.9 23.3 22.1 11.3 23.64
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Model Result

Catalyst CH,/O, Temp (°C) Equilibrium Model AARD (%)
X cHa S cons S cona Yo

Na/CaO 8 750 DMSE 14.3 40.5 11.7 7.5 24.54
K/CaO 4 700 DMSE 25.7 22.6 276 12.9 190.03
K/CaO" 4 750 DMSE 26.0 223 276 13.0 4.62

K/CaO 8 750 DMSE 14.9 38.8 17.1 8.4 16.46
Rb/Ca0 4 700 DMSE 24.8 20.2 27.0 11.7 150.02
Rb/Ca0” 4 750 DMSE 25.1 19.9 27.0 11.8 533

Rb/Ca0 8 750 DMSE 14.2 35.1 17.6 7.5 14.39
Cs/Ca0 4 700 DMSE 22.0 218 13.4 7.7 257.77
Cs/Ca0’ 4 750 DMSE 223 21.5 13.4 7.8 51.00
Cs/Ca0 8 750 DMSE 12.7 37.7 4.7 5.4 48.36
Sr0/La,0, 4 750 DMSE 34.4 20.4 522 | 24.9 262.41
Sr0/La,0, 4 800 DMSE 34.8 20.1 525 | 253 38.18
Sr0/La,0, 4 850 DMSE 35.4 19.8 53.1 2538 44.24
Sr0/La,0, 8 850 DMSE 215 32.6 45.1 16.7 15.58
S10/La,0, 16 850 DMSE 15.1 463 378 12.7 29.92
S10/La,0, 20 850 DMSE 13.9 50.2 35.9 12.0 27.44
SrO/Nd,0, 4 750 DMSE 28.1 228 33.6 15.8 283.59
SrO/Nd,0, 800 DMSE 28.4 22,5 33.9 16.0 8.54

SrO/Nd,0,” 850 DMSE 28.7 223 34.5 16.3 6.35

SrO/Nd,0, 850 DMSE 17.2 37.1 26.7 11.0 19.66
SrO/Nd,0, 16 850 DMSE 11.9 53.6 20.3 8.8 12.33
SrO/Nd,0, 20 850 DMSE 11.0 58.4 18.8 8.5 15.01
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Model Result

Catalyst CH,/O, Temp (°C) Equilibrium Model AARD (%)
X cHa S cons S cona Yo

Sr0/La,05-Nd20, 4 750 DMSE 36.2 23.7 516 | 273 528.15
Sr0/La,05-Nd20;, 4 800 DMSE 36.7 23.4 520 | 277 181.91
Sr0/La,05-Nd20, 4 850 DMSE 373 23.1 526 | 28.2 38.65
Sr0/La,0,-Nd20,” 8 850 DMSE 23.0 374 42.9 18.5 17.73
Sr0/La,05-Nd20;, 16 850 DMSE 16.5 52.0 34.2 14.3 21.81
Sr0/La,05-Nd20;, 20 850 DMSE 15.4 56.0 321 13.5 21.35
SnBaTiO, 2 725 DMSE 533 9.0 50.5 31.7 48.97
SnBaTiO, 725 DMSE 383 12.5 493 | 237 35.69
SnBaTiO, 4 725 DMSE 29.5 16.3 46.4 18.5 50.87
SnBaTiO, 4.5 725 DMSE 26.6 18.0 45.0 16.8 71.58
SnBaTiO, 2 750 DMSE 53.6 9.0 502 | 317 23.32
SnBaTiO,” 750 DMSE 38.4 12.5 492 | 237 3.85

SnBaTiO, 4 750 DMSE 29.7 16.2 46.4 18.6 13.95
SnBaTiO; 4.5 750 DMSE 26.8 17.9 45.1 16.9 18.37
SnBaTiO; 2 775 DMSE 53.8 8.9 500 | 317 33.21
SnBaTiO; 775 DMSE 38.6 12.4 492 | 238 17.63
SnBaTiO; 4 775 DMSE 29.9 16.1 46.5 18.7 23.54
SnBaTiO; 4.5 775 DMSE 27.0 17.8 453 17.0 24.43

* Reference value for extrapolation

*DMSE = the duo-equilibrium reaction model with specific ethane yield
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Abstract: Oxidative Coupling of Methane (OCM) for production of ethane is now being interested in many
research works. It is one of the great challenges for conversion of methane to more useful chemicals and
fuels. In this process, methane is oxidized directly by oxygen and coupled up to form ethane and ethylene. In
addition, OCM is operated at high temperature (600-1000°C) and formed many side reactions, mainly
combustion competing with OCM reaction, making OCM system very complex. Many kinetic studies have
been published and described the rate of reaction of OCM which required very short residence time to
complete conversion of oxygen. In this work, since the process get in the equilibrium within the milliseconds
which suggests that not only kinetic but also chemical equilibrium theory could be explained these complex
reactions. With computer simulation at the equilibrium time for parameters of temperature, pressure, gas
feed rate, OCM could be modeled with two continuous steps. The first step was the oxidative reaction which
methane was oxidized in both heterogeneous (solid fraction) and homogeneous (gas fraction) phases. The
prior mixture products such as ethylene, ethane, COx and water were then reacted further by the non-
oxidative reaction such as the hydrocracking and water gas shift. Comparing the production results with
the kinetic simulation, the small deviation of methane conversion (+3.19%), ethane selectivity (+4.44%), and
ethylene selectivity (+7.84%), were obtained. Therefore, chemical equilibria can be used to predict the
product distribution of multiple reaction model.

1. Introduction

Natural gas production is currently higher than crude oil and expected to compensate in the 21st
century [1]. Converting methane, the main component of natural gas, into more economic products is
now being interested in many industries. Most processes are converting methane into syngas via steam
reforming [2] and consecutively convert into methanol, ammonia [3] and also hydrocarbons [4] but
these routes are 2 steps conversion of methane that require more energy than direct method [3].

Directly converting methane into value added C, hydrocarbon products has been developed since
1980s via oxidative coupling of methane (OCM) process[5]. The oxidative coupling of methane is
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exothermic reaction that coupling two methanes into ethane by oxidizing agent as oxygen (Eq. 1). As
OCM is operated at high temperature (600-1000°C) and simultaneously fed methane with oxygen as
raw material, side reactions such as combustion, shown in equation (2-3), could not be avoided.
Therefore, methane to oxygen feed ratio should be as high as possible for promoting equation (1) rather
than equation (2) and (3).

CH,+050, =C,Hs +H,0 (1)
CH,+150, =CO +2H,0 )
CH4 +2 02 = C02 +2 Hzo (3)

In addition, many catalysts have been developed to achieve higher yield of C,. Summary of catalyst
performance shows in table 1. In the table, Mn/Na,WQ,/SiO, is one of the best catalysts [6] in OCM
reaction. Not only its performance in selectivity (Sc,) and methane conversion (Xcns) but also its
stability at high temperature is proven. So this catalyst is one of the future catalysts in OCM reaction.

Table 1: OCM Catalyst and their performance [7]

Catalyst CH4/02 T(OC) XCH4 SCZ Ycz
Unsupport
La/CaO 4 800 28 56 16
Ce/MgO 4 800 28 50 14
Sr/La,04 4 800 29 59 17
La,05 54 800 24 65 15.6
Support
Li/MgO 2 750 37.8 50.3 19
Pb/SiO, 6 750 13 58.2 7.6
Mn/Na,WO,/MgO 74 800 20 80 16
Li/Sn/MgO 9.6 680 14.3 84 12
Mn/Na,WQO,/SiO, 4 820 30 68 21

** Xcha = Methane Conversion
** Scp = C, Selectivity
*x Ycz = C2 Yield

Kinetic literatures were reported OCM reaction in many types of catalyst and suggested their
reactions as shown in table 2. Stranch et al [8] model was one of the most accepted models and was
further used in Daneshpayeh et al [9] kinetic study over Mn/Na,WO,/SiO,. Moreover, literatures
indicated that OCM reaction required very short residence time to complete conversion of oxygen.
After oxygen conversion reached 100%, methane conversion, selectivity and yield were stable.

Generally, chemical reaction could be explained in two theories, kinetic and chemical equilibrium.
Chemical equilibrium can determine equilibrium composition at equilibrium time [10] with only
defining initial point and reaction condition. This advantage overcame kinetic model which required
many data to identify its parameters.

As mentioned above, most of OCM were studied with kinetics but not chemical equilibrium. In
addition, since the OCM process got in the equilibrium within the milliseconds which suggested that
not only kinetic but also chemical equilibrium theory could explain these complex reactions. Thus, it
was curious to work with the chemical equilibrium to prove the feasibility of reaction equilibrium
explanation for these complex reactions with computational simulation.

2. Simulation

2.1 Assumption

All Chemical Equilibrium Modeling assumptions were as follow. Mn/Na,W0O,/SiO, was selected as
catalyst. Effluent components in this study were H,, CO, CO,, H,0, C,Hg, C,H,4 and C3Hg. Method for
thermodynamic property calculation was RK-Soave. Fixed-bed reactor was chosen in this study.
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In mathematic modeling of a reactor, calculation may be split the reactor into many sections. In this

research, three types of models were studied and detailed as follow.

Table 2: Stoichiometric equation of reaction models

No. Reaction Stansch Sohrabi Lacombe Olsbye Traykova Shahri Hinsen
[8] [11] [12] [13] [14] [15] [16]
(La203/Ca (CaT|03) (La203) (BaCO3)/ (La203/M (Mn/Naz (szOg)
0) LaOn(CO4 go) WO,/SiO,
)an )
Catalytic Reaction
Oxidative Coupling
1 2CH4+0.50; — CyHg+H,0 4 4 v v v v v
2 2CH4+0; — C,H4+2H,0 '
Partial Oxidation
3 CH4+ 0502 — CO + 2H2
4 C2H6+Oz g 2CO+3H2 v
5 C2H4+02 i 2CO+2H2 v
Steam Reforming
6 CH4+H20 — CO + 3H2
7 Csz + 2H20 and 2CO + 5Hz
8 C2H4 + 2H20 g 2CO + 4Hz 4
Carbon Dioxide Reforming
9 CH4 + COZ —2CO + 2Hz
10 C2H5+ ZCOZ g 4CO + 3Hz
11 C2H4+2C02—> 4CO + 2H2
Oxidative Dehydrogenation
12 Csz + 0502 g C2H4 + Hzo 4 v v v v
Dehydrogenation
13 CoHe — CoHa+ Hy v v v
Water-Gas Shift
14 COQ + Hz > CO + Hzo v v v
Non-Catalytic Reaction
Combustion
15 CH;+ 0, - CO+H,0+H, v v
16 CH4+1502—>CO + ZHZO ' v v
17 CH4+202 i COZ + HZO ' v v v v v
18 CO+0.50,— CO; v v
19 CzH6+2.502—>2C0+3H20 v
20 C2H5+3.502—>2C02+H20 v v
21 CZHA + 202 d ZCO + ZHZO v v v
22 CzH4+302 — 2C02+2H20 v v

Model | imitated real configuration of reactor by assembled all calculations in one section as shown

in figure 1.

Eeed Product
> Reactor >

Figurel. Model I.

Model Il (Fig. 2) was developed from competitive reactions between main reactions and side
reactions occurring in different phases. Main reaction, OCM, reacted on catalytic surface but side
reactions, mainly combustions, reacted in gas phase. Calculations in both phases were done with the
assumption that void volume in reactor was the volume which allowed gas phase reactions to react

while the residue volume allowed catalytic reactions.
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Catalytic Reaction
Section

Product
—

Feed

Gas Phase Reaction
Section |

A4

Figure2. Model II.

However, including another calculation section after those two sections in model 1l might gave
better result. Effluent from both sections could further react together via some others gas phase
reactions. Therefore, model 111 (Fig. 3) was then developed to support these consequently reactions by
adding another sections after previous sections.

Catalytic Reaction
Section

Feed Gas Phase Reaction |  Product
Section Il

Gas Phase Reaction
Section |

Figure3. Model I1l.

In those three separately parts of calculations, possible reactions in each part were determined.
Arranging different sequence of each reaction yielded dissimilar effluent composition results which
were subjected to validate with Residue Sum Square (RSS) method.

2.3 Model Validation

Validation of chemical equilibrium model would utilize Residue Sum Square (RSS) of each
component which showed in equation 4. The model which gave lowest RSS would be appropriate
model for OCM.

2
NI (M, —M
RSS = Z M (4)
i1 M

exp

The effluent mole results of chemical equilibrium model (M,g) Would compare with experiment
(Mexp). Nevertheless, experimental didn’t cover all operating condition at equilibrium time. Simulated
results with rate law and parameters from literature were used as supporting data for validation. Ranges
of operating conditions to be compared were shown in table 3.
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Parameter Value
CH4/O, Feed ratio 3-10
Temperature (°C) 700-875

Pressure (Mpa) 0.1 MPa

Including with RSS, component error and weight average error of each component were also
utilized to verify the calculation. Components error was the differential of effluent mole computed by
kinetic and chemical equilibrium. The equation was shown in equation (5). Weight average error
(WAE) was the summation of mole fraction (y;) and component error which shown in equation 6.
Moreover, yield of component i was calculated based on inlet mole of methane as shown in equation 7.

ComponentError =

WAE = i Y,

i=1

(MGX

-M

exp

M

-M
M

exp

exp

model )

model )

Effluent mole of component i

Yield =

inlet mole of methane

3. Results and Discussion
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Figure 4 illustrated the yields from model | compared with kinetic simulation. It was clearly shown
that there were no matching between those two models for each component particularly H, and CO
components. The deviations were attributed to the steam reforming reactions (Eq. 6-8 in table 2) which
syngas was formed by methane, ethylene and ethane. These suggested that this model could not explain

OCM reaction.

With the separately calculation of catalytic phase (Eq. 1-2 in table 2) and gas phase (Eq. 14, 16-17
in table 2), the result for model 11, shown in figure 5, was much better than model 1. It was found that
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ethane yield at equilibrium was 4.7 at all range of operations. This indicated that spilt calculations into
two parts were appropriate for OCM reaction. It should be noticed that the higher the methane ratio, the
closer expected results to that of kinetic model. However, H, component showed significantly deviate
for every ratio of methane. This implied that some other reactions were simultaneously occurred in
system. Then, some corrections were developed in model I1I.

20 90

Temp=850C
18 PR S . 1 %0
. *
16 . * * CH4 EB @2 Vield
. 70
* M Ethane Yield

14 A Ethylene Yield

‘ . €O Yield 60
12 } ¥ CO2 Yield

T A chae + Methane Yield 50

+H20 Yield

@
Yield (Methane,H20)

C2H6 EB

Yield (Ethane,Ethylene,C0,C02,H2)
=
o =1

N

C6H4/02 Ratio
Figure5. Result of Model 11 calculation.
(Solid Line — Equilibrium Model, Dot — Kinetic Model)

In model I11, correction for the previous deviation was applied. Combining H, with two other
deviation components, CH4 and C,H,, the reaction was found to be ethylene cracking (Eg. 8).

C,H, + H, -> 2CH, (8)

It was also clarified that the cracking reacted after the catalytic and gas section in model II. This
calculation result, similar to model 11l, was depicted in figure 6 which indicated the best fit in
prediction for OCM reaction than model I and II.

Table 4 and 5 showed all deviations for all models at 700-775°C and 775-875°C, respectively. Both
tables revealed that the errors decreased from model I through model 111. However, at the temperature
lower than 775°C showed in table 4, the limitation for utilizing model I11 in OCM was found because
the errors were higher than 10%.

Table 4: Deviation of each Model at 700-775°C

Model RSS X cha S coHs S coma S cox WAE
1 3,708,311 57.73 99.72 99.37 288.44 127.88
2 9,372 40.49 15.33 49.42 42.56 18.60
3 3.54 25.12 6.74 31.56 35.54 11.52

Table 5: Deviation of each Model at 775-875°C

Model RSS X cHa S coHs S comHa S cox WAE
1 280,179 31.49 99.39 95.85 475.04 129.36
2 612 13.78 9.17 1041 13.13 8.77
3 1.03 3.19 4.44 7.87 9.57 2.86

** Xcna =Methane Conversion, S; = Component i Selectivity
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Chemical equilibrium model was studied to explain the OCM reaction with respected to kinetic
model. Simulation was run in fixed bed reactor and Mn/Na,WO,/SiO, catalyst. The studies were tested
with three different models. It was found that model 111 which was run under the assumption that OCM
reaction occurred at the surface of catalyst and the combustion side reaction occur at the gas phase.
Cracking reaction was simultaneous reacted just after the previous OCM reaction. The results showed
the best fit with kinetic model with less than 10% error for each component error with 1.03 and 2.86 in
RSS and WAE, respectively. Therefore, chemical equilibrium model could describe OCM reaction as
well as kinetic model. Furthermore, this work proposed an alternative methodology to explain chemical
reactions and exposed the usage of chemical equilibrium in another point of view.
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