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ABSTRACT

Methane (CH4) has been recently focused as an alternative raw material to
produce fuels and chemical feedstocks. Oxidative coupling of methane (OCM) is a
promising route for converting methane to ethylene and ethane (C,). However,
implement of OCM process has limitation due to low selectivity and yield of C, of
catalysts. In this study, a pseudo homogeneous one-dimension model was established
for conventional reactor packed with single catalyst (SB) and reactor packed with two
consecutive bed of two catalysts (DB) to investigate feasibility of enhancing yield of C,
(Ye,) by distributing catalysts with different characters in different zones in a packed bed
reactor. La,0/CaO (LC) and Mn/Na,WO,/SiO, (MN) catalysts were selected as
representative catalysts due to high activity and high selectivity, respectively. Simulation

was performed for reactors operated under isothermal and adiabatic conditions at

identical contact time (7 = 1.25 kg-s*m™). The operating parameters i.e. inlet temperature
(Ty), feed composition (molar ratio of methane to oxygen: Ry, inet), and weight fraction of
LC in DB (W) were varied in ranges of Ty = 1,023 = 1,223 K, Ryo, inet = 2 — 10, and Wi =
0.2 - 0.8. Calculation results revealed that, under isothermal condition, use of DB had no
benefits to enhance Y, compared to SB. On the other hand, under adiabatic condition,
use of DB in which LC bed was loaded in front of MN bed (DB, ) with suitable weight
fractions of the two catalysts resulted in enhancing Y,, compared to SB. Application of
DB c.wn also decreased degree of unsatisfactory effect of heat accumulation inside the
adiabatic reactor. In addition, the utilization of methane to ethane and ethylene was

improved, less formation of undesired carbon oxide.
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Chapter 1

Introduction

1.1. Statement and Significant of The Problems

According to decrease of amount of crude oil and higher cost of oil-based
feedstocks, methane has been considered as an alternatively economical raw material
to produce fuel and chemical feedstocks [1-2]. The production of ethane and ethylene
(C,) from methane can be achieved via oxidative coupling of methane (OCM) which is
a highly exothermic catalytic process of direct conversion of methane [1-5]. High
operating temperatures around 900 - 1,200 K are required to activate the C-H bond of
methane before the formation of C, products [4]. Under these conditions, partial
oxidation of methane to produce ethane is achieved and ethane is consecutively
transformed to ethylene via catalytic partial oxidation and thermal dehydrogenation
routes [1, 3]. Despite of the feasibility of C, production through OCM process, yield of
ethylene and ethane (Y¢,) is still less than the economic expectation of 25 % [1]. This
low productivity results from formation of carbon oxides (CO,: CO and CO,) by-
products  via deep oxidations of methane, ethylene and ethane which are
thermodynamically and kinetically more favorable at high temperature. In addition,
the generated CO, is strongly adsorbed on active sites and subsequently inhibits the
production of valuable ethylene and ethane. Another inherent constraint of highly
exothermic OCM is short-term stability of catalyst.

To make OCM process become more economically reasonable, various
catalysts and reactor configurations have been developed [1, 6-13, 17-25]. Among the
developed metal oxide catalysts, there are two promising catalysts: La,05/CaO (LC)
exhibiting good activity and Mn/Na,WO,/SiO, (MN) with high stability and selectivity [1,
3-4]. Although both catalysts showed similar dependence of Sc, on CHy/O; ratio (Ryo,
intet), the higher Ryo, iniet, the higher selectivity to C, (Sc,) and the lower Y¢, [7-12], they
had different suitable operating temperatures [8, 9]. LC showed maximum Y, at 1,098
K whereas MN showed maximum Y, around 1,123 - 1,148 K. In order to improve
efficiency of the developed catalysts, several reactor types and novel configurations,
such as fluidized bed reactor and membrane reactor, have been proposed and

yinestigated [1].

= =
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Application of a novel reactor with complicated configuration may lead to high
capital cost and difficulty in operation. Therefore, improving efficiency of existing
catalysts in a simple reactor should be considered as an alternative way to enhance
efficiency of overall process. As an interesting strategy to improve ability of the exist
catalysts, distribution of catalysts with different characteristics in the different zones of
the reactor may enhance efficiency of a packed bed reactor in OCM process.

In this study, two OCM catalysts with different characteristics were selected.
Performance of a packed bed reactor containing single catalyst (SB) was investigated
to clarify different characteristics of the catalysts in identical range of operating
parameters under both isothermal and adiabatic conditions. In the next step,
performance of packed bed reactor containing both catalysts as double layer (DB) was
investigated at various fractions of catalyst. Finally, performances of SB and DB were

compared and benefits of application of double bed strategy was discussed.

1.2. Objectives of This Study
To investigate the feasibility of the application of double layer loading strategy
to enhance efficiency of C, production using La,0/CaO and Mn/Na,WO,/SiO,.

1.3. Scope of Study
The most commonly used LC and MN were selected as the representatives of
OCM catalysts with high activity and high selectivity to C,, respectively. Performances
of conventional packed bed reactor containing each catalyst loaded as single layer
(SB.c and SByy) and reactors packed with both catalysts as double-layer (DB ) were
numerically investigated. The simulation was performed based on a pseudo
homogeneous one-dimensional model. Rate equations and kinetics parameters with
the same reaction network proposed by Stansch et al. [7] and Daneshpayeh et al. [9]
were used for LC and MN, respectively. Performances of SB ¢ and SByy and double
layer loaded packed bed reactor (DB) without pressure drop were compared under
isothermal and adiabatic conditions. Feed stream was a mixture of methane, oxygen
and nitrogen as balance. The performance was evaluated in wide ranges of inlet
temperature (1,023 - 1,223 K) and ratio of methane to oxygen (Ryo, inet; 2 — 10). As for
DB, weight fraction of LC was varied in the range of 0.2 - 0.8.
Laﬂmsﬁrﬁmaﬂmiﬁ'mauﬁﬁm%’umsslst’fmw,ﬁaﬂﬁﬁﬂmm'zwﬁgu Lloywlmhlulgusglevdaunisen
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Chapter 2

Literature Review

2.1. Processes of Methane Conversion

Methane, the main component of natural gas and biogas, has been considered
as a promising raw material instead of crude oil for production of liquid fuel and
chemical [1]. Numerous processes of methane conversion into higher hydrocarbon
have been explored and achieved via directly converting methane into higher
hydrocarbon (direct method) and transformation of methane indirectly through the
production of synthesis gas (indirect method) [2]. As a result of energy requirement in
formation of the synthesis gas in the indirect method [14], the direct route of methane
conversion is a preferable route than the indirect method. One of the most effective
routes to directly convert methane to higher hydrocarbon is a production of ethylene

and ethane (Cy) via the oxidative coupling of methane [3].

2.2. Oxidative Coupling of Methane (OCM)

Oxidative coupling of methane is a highly exothermic process with a complex
series of heterogeneous and homogeneous reactions simultaneously [3]. High
operating temperatures around 900 - 1,220 K are generally conducted in OCM. Under
these operating conditions, methane is converted to methyl radicals (CH;*) on the
surface of the catalyst. Then, the methyl radicals desorbed from the catalyst surface
and couples into ethane as the primary product in gas-phase. After that, ethylene is
generated via dehydrogenation of ethane on the catalyst surface as well as via thermal
dehydrogenation of ethane in the gas-phase.

Although OCM is a promising route of methane utilization, operation of OCM is
particularly challenging owing to difficulty in activation of the methane C-H bond due
to stability of methane molecules [1-3]. Consequently, the high operating
temperatures are required in OCM in order to active the methane C-H bond. Despite
the C-H bond breaking to form the desired product C, at the high temperatures, the
C-H bond of desired product C, also break easily to form carbon dioxide (CO,) and

partial and total oxidations of methane to undesired product (i.e. carbon oxide (CO,))

dqj 3 dl Y o U ¥ dl = 1 gj 1 Y o ¥ ¢ Y 14
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are favored thermodynamically and kinetically in the high-temperature process causing

thermodynamically limited lower selectivity and yield of C,.

2.3. OCM Catalysts

As a result of high reaction temperature and catalytic process of OCM, highly
selective and stable catalysts are required in order to increase conversion of methane
and yield of the desired product C, and deferment of catalyst deactivation. Galadima
et al. [4] reported that oxide catalysts are generally applied in the OCM process and
catalyst activity and selectivity are dependent on the catalyst modification i.e. doping
oxide catalyst with transition metals or promoted with the group IA and IIA elements.
Correspondingly to Aseem et al. [13], the experiment showed that the performances
of OCM and catalyst stability are significantly improved by doping the metal oxide
catalyst with alkali metal. Adding the transition metal or group IA and IIA elements into
the oxide catalysts leads to increase of basicity of catalyst, subsequently increasing
formation of desired C, product. Performance of metal oxide catalysts that generally
used in OCM i.e. Li/MgO, La,0s/Ca0, Mn/Na,WO,/SiO,, Fe,Os, and SrTiO; had been

summarized as shown in Table 2.1

Table 2.1. Summary of performances of the OCM catalysts

Li/MgO La,05/Ca0 | Mn/Na,WOyq Fe,0s SrTiO;
/Si0,
To K] 983 - 1,023 | 973 - 1,223 1,023 - > 973 1,173 -
1,148 1,223
Ruo, intet [-] N/A 2-16 4-75 N/A N/A
Xcra [%] a5 a5 32 55-60 N/A
Sca [9%] a4 N/A a5 N/A 66
Yeo [%] 12 19 18.3 <5 25
Metal loss Li loss - - - -
Phase change - - - 4 4
Inhibition - v - - -
effect of CO,
Reference 1,6 1, 7-8 1,9 1 4
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2.3.1. Li/MgO Catalyst

Li/MgO has been considered as one of the promoting catalysts for OCM since
incorporation of Li with Mg¢O enhances surface basicity of the catalyst and
subsequently causing the high activity and selectivity. Vatani et al. [6] revealed that
when OCM was operated at 1,073 K with methane to oxygen ratio of 2 and GHSV higher
than 35 h't with 16 step reactions, 45 % of methane conversion and 44 % of selectivity
of C, were achieved. Despite the positive effect of Li/MgO on the performances of
OCM, this catalyst was not practical use for OCM due to low catalyst stability associated
with Li migration and evaporation from the oxide catalyst surface under the operating

condition of OCM [1, 3]

2.3.2. La,0,/Ca0 Catalyst

Another promising catalyst for OCM is La,0s/CaO which is one of the strongest
bases and the most reactive with methane. Chu et al. [15] revealed that the La,Os-
based catalyst has a high catalyst activity at the modest temperature and provides
significant yield and selectivity of C, since the effective activation of methane can be
achieved at the La** -O* pair site of La,05-based catalyst. Stansch et al [7] studied the
kinetics of OCM over La,0/Ca0 with 10-step reactions in a packed bed reactor and
reported the suitable range of operation of OCM is under temperature of 973 - 1,223
K, pressure of 100 — 130 kPa and methane to oxysgen ratio of 2 - 16. However, stability
of this catalyst must be particularly concered when the temperature increased since
at temperature above 923 K, the presence of CO, led to a competitive adsorption of
oxygen and carbon dioxide on the same active site and subsequently led to catalyst

deactivation and decrease of methane activation.

2.3.3. Mn/Na,W0O,/SiO, Catalyst

Mn/Na,WO,/SiO, catalyst is recently considered as the most effective and
practically industrial catalysts of OCM under the high operating temperature in terms
of good activity, selectivity and stability [1-4]. The excellent catalytic performances
resulted from the modification of the oxide catalyst with Mn, Na, W and SiO,. The Mn
active site enhanced the activation of gas-phase oxygen and phase of SiO, from
amorphous to cristobalite was prohibited via the presence of Mn/SiO, the
incorporation of Na played an important role of increasing surface basicity causing
increase of active interaction of methane as well as preventing the total oxidation of

methane into CO, . while stability is monitored,by W active
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Mn/Na,WO,/SiO, catalyst can be applied in OCM under the operating
temperature of 1,023 — 1,148 K, at 87.6 kPa with methane to oxygen ratio of 4 - 7.5

and space time between 30 and 160 kg*s-m™ [9].

2.3.4. Fe,0O; Catalyst
Karakaya et al. [1] revealed that despite high catalytic activity (55 — 60 % of
methane conversion) and stability via using Fe,O5; catalyst at temperature higher than

973 K, only 5 % vyield of C, was achieved since the total oxidation of methane is
enhanced by forming active Ol-Fe,O; phase.

2.3.5. SrTiO; Catalyst
Galadima et al. [4] reported that performances of SrTiOs catalyst modified with
metal such as group IIA element under at the temperature of 1,173 — 1,223 K was not

effective due to double-phase catalysts between SrTiO; and SrTiOq4

2.4. Reactor Designs for the OCM

2.4.1. Packed Bed Reactor (PBR)

Most of OCM researches have been focused on packed bed reactor where
catalyst particles were packed inside the reactor with small-inside diameter (< 20 mm).
According to high temperature in OCM process, using small diameter was an excellent
approach for radial temperature controlling. Due to high exothermic process of OCM,
increase of temperature were obtained causing elevation of temperature in some zone
of the reactor and subsequently causing hot spot and catalyst deactivation.

Ruo, inet Played an important role in the packed bed reactor. Tye et al. [8]
simulated the PBR packed with LC under isothermal and non-isothermal conditions at
inlet temperature of 973 — 1,223 K and Ryo, inet ©f 2 = 6. The results showed similar
dependence of selectivity to ethylene and ethane (S¢,) on CHy/O, ratio, the higher
CH4/O, ratio, the higher Sc,; however, lower Xcyqa and Yeo.

2.4.2. Membrane Reactor

Several researches [1,3, 8-9, 18] reported that excellent performances of OCM
can be achieved when oxygen concentration available in the reaction zone is low.
Karakaya et al [1] reported that sustaining low quantity of oxygen leads to minimize

_the occurrence of the complete oxidation of methane which generate undesired CO,
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products and high heat in the process. Consequently, oxygen permeable membrane
reactors have been considered as a potential reactor limiting the amount of oxygen
available in the reactor tube that enhance the performance of OCM and improve
thermal stability.

Typical configuration of the membrane reactors for the catalytic OCM process
is a packed bed membrane reactor (PBMR) which is a co-annular tube packed with
catalyst and membrane attached on the tube reactor [1]. Methane is fed into the
catalytic bed side of the reactor. Oxygen is spatially distributed along with length of
the catalytic bed and permeates to the membrane and reacts with methane at the
frontier contact line near the edge of the membrane in the catalytic side.

Common type of membranes used to distribute oxygen can be categorized in
to two types including permselective dense membranes and non-permselective

porous membranes.

2.5. Improving Performance of PBR by Arrangement of Catalyst

A fixed-bed reactor loaded with double layer catalysts (Ce/TiO, and Cu/CeQ,)
was used for enhancing performance of a combustion of dichloromethane (DCM) [26].
Ce/TiO, catalyst exhibited good activity due to its abundant acid sites and good redox
property. However, high amount of CO was obtained which was not a satisfied result.
For Cu/CeO, catalyst, none of CO was found. In-addition, CuO has a high resistance to
Cl toxicity. Consequently, the strategy of using double layer catalysts which introduce
Ce/TiO, catalyst in front of Cu/CeO,. The results showed that higher Yo, was obtained
via using a fixed-bed reactor loaded with double layer catalysts by introduce Ce/TiO,
catalyst in front of Cu/CeO, catalyst by using same loading weight for each catalyst,
compared with Ce/TiO, catalyst and (Ce + Cu)/TiO, catalyst, but less than Cu/CeO,
catalyst. Although Y, of double layer catalysts was less than Cu/CeO, catalyst, the
drop of acid site on (Ce + Cu)/TiO, catalyst and chlorine poisoning of TiO, were

prevented and led to maintain catalytic stability.
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Chapter 3

Research Methodology

Performances of single- (SB) and double-(DB) bed reactor were simulated. In
this chapter, kinetics model, reactor model, reactor configuration and operating

condition, and model validation are summarized.

3.1. Kinetic Model

Reaction network based on ten stoichiometric reactions established by Stansch
et al. [10] was used in this simulation. The ten OCM reactions, Eqgs. (3.1) - (3.10),
consisted of nine heterogeneous catalytic reactions and one gas-phase reaction Eg.

(3.7), and were classified as primary, Egs. (3.1) - (3.3), and consecutive reaction steps,

Egs. (3.4) - (3.10).

gep. 1) FEmmms A D Rt ol ey & (3.1)
Step2:  2CH, | +0.50; —> 11 RRRORNAR (3.2)
Step 3: CH, + O, — CO + HO +H, (3.3)
Step 4: CcO + 0.50, — CcoO, (3.4)
Step5:.  GHs  +050, — CHi 4+ H,0 (3.5)
Step 6« GHs 42 0, = 2C0 £ 2 H,0 (3.6)
Step 7: P — C,Hq + A (3.7)
Step 8:  CoH, +2H,0 — 2CO + 4 H, (3.8)
Step 9: CcO + H0O —> CO, + H, (3.9)
Step 10:  CO, + H, — CcO + H,O (3.10)

Methane (CHy) is converted via three parallel oxidative reactions, Egs. (3.1) -
(3.3). Ethane (C,Hg) is formed via partial oxidation of CH, through Eg. (3.2), while
oxidations of CH, through Egs. (3.1) and (3.3) produce CO, and CO, respectively.
Ethylene (C,Hy) is consecutively formed by partial oxidation of C,Hg through Eq. (3.5)
and thermal gas-phase dehydrogenation of C,Hg through Eq. (3.7), while it is consumed

through Egs. (3.6) and (3.8).
dﬁl 3 dl Y o U ¥ dl = 1 gj 1 Y o ¥ ¢ Y 14
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Kinetics parameters, as shown in Table 3.1 and Table 3.2, and rate equations
reported by Stansch et al. [10] and Daneshpayeh et al. [7] are used for La,05/Ca0O (LC)
and Mn/Na,WO,/SiO, (MN), respectively. Rate of partial oxidation of CH, through Eq.
(3.2) is expressed via a Hougen-Watson type of rate equation with consideration of
inhibiting effects of O, and CO,. As for other oxidative reactions through Egs. (3.1) and
(3.3) - (3.6), rates are expressed by Eq. (3.12). In case of MN catalyst, no inhibiting effect
of CO; is detected in the oxidative reactions, Eq. (3.1) to Eq. (3.6). Consequently, term
of inhibiting effect of CO, is neglected from Eq. (3.11) and Eq. (3.12). Rates of non-
oxidative reactions through Egs. (3.7) - (3.10) for both catalysts are expressed via

power-law rate equations as shown in Eq. (3.13) - (3.16).

- —AH RT n2
Torc = ko.ze Ea/RT(KO'Z'Oze ad 0,/ poz) PCHy (3.11)
2,LC — n 2 .
, —AH RT 2 —AH RT
[1+(Ko,2, 0,€ ad,05/ poz) +Ko,2,c0,€ ad,co;/ Pcoz]
m; nj;
o—Eq/RT, ™ 1]
y kO,]e a/ pc poz L (3 12)
Tjuc = THag oL /RT zs 1)3-6 )
[1+K0,j,6029 -l & pcoz]
i | —E4/RT.,M7
7 = ko e Ea/ Pe,i, (3.13)
. —E4/RT.,Msg ng
g = koge a/ Pc,u,PHy0 (3.14)
— —E,/RT.,M9o_ N9
T9 = kggo€ a/ Pco Pu,0 (3.15)
— —E4/RT.,M10,,M10
110 = ko106 "R p gy py! (3.16)
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Table 3.1. Kinetic parameters of LC [7]

Ko E, Ko, coz AHag coz Ko, 02 AHag 02
step m; [ n [
[mol-gT1-st-patmm] [kJ-mol™] [Pa] [kJ-mol '] [Pa’] [kJ-mol™]
1 2.00 X 10° 48 | 2.50 X 10" 175 0 0 0.24 0.76
2 2.32 X 10 182 | 830 X 10 -186 | 2.30 X 10" -124 1.00 0.40
3 5.20 X 107 68 | 3.60 X 10" -187 0 0 0.57 0.85
4 1.10 X 10 104 | 4.00 X 10" -168 0 0 1.00 0.55
5 1.70 X 10! 15l 50-X el 0 13 -166 0 0 0.95 0.37
6 6.00 X 107 166 | 1.60 X 1073 211 0 0 1.00 0.96
7 1.20 X 10’ 226 0 0 0 0 1.00 0
8 9.30 X 10° 300 0 0 0 0 0.97 0
9 1.90 X 10* 173 0 0 0 0 1.00 1.00
10 2.60 X 1072 220 0 0 0 0 1.00 1.00

01



Table 3.2. Kinetic parameters of MN [9]

Ko E, Ko, coz AHag co2 Ko, 02 AHag 02
step m; [ n; [
[mol-gt-st-Pa ] [kJ-mol ] [Pa] [kJ-mol!] [Pa’] [kJ-mol™]
1 3.07 X 107 98.54 0 0 0 0.85 0.5
2 2.94 X 10! 212.6 0| 439 % 10" -121.9 1.00 0.75
3 6.65 X 10°° 146.8 0 0 0 0.5 1.57
4 5.26 X 10 114.6 0 0 0 0.5 0.5
5 2.70 X 107 1535 0 0 0 0.91 0.5
6 1.81 X 10! 174.4 0 0 0 0.72 0.4
7 1.08 X 107 394.2 0 0 0 0.88 0
8 4.61 X 10 291.9 0 0 0 1.62 0.71
9 5.24 X 10 158.0 0 0 0 1.00 1.00
10 5.77 X 107 131.3 0 0 0 1.00 1.00

17
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3.2. Reactor Model

The performances of SB and DB under isothermal and adiabatic reactors were
numerically evaluated based on a pseudo homogeneous one-dimension model with
assumptions of steady state, ideal gas behavior, isobaric, and no diffusion in both axial

and radial directions. Mole and energy balances are expressed in Eq. (3.17) and (3.18),

respectively.
dF;
Mole balance: — = R; (3.17)
av
ar
Energy balance: ), Cp,iFi WiT /7 Y H;r; (3.18)

where i is species: CHg, O,, CoHg, CHg, CO,, CO, H,O, Hy, and N,

3.3. Reactor Configuration and Operating Conditions

Performances of SB (Figure 3.1(a)) and DB (Figure 3.1(b)) were simulated at
identical contact time (7 = 1.25 kg-s'm~) where overall weight of catalyst (M) was
5 X 10°® kg. The reactor used was assumed as a cylindrical tube reactor with the inner
diameter (dye) Of 6 x 10 m. A mixture of methane, oxygen, and nitrogen was fed into
the reactor with a flow rate at STP. (Usrp, inier) Of & x 10° m?+s. Methane was feed with
a constant mole fraction of 0.30. Mole fraction of oxygen was varied according to

methane to oxygen ratio (Ryo inet) @and nitrogen was used as balance.

Feed — Outlet

(a)

A
Feed = LC MN Outlet

(b)
Figure 3.1. Reactor configuration: (a) SB and (DB)
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The following operating parameters; inlet temperature (T,), feed compositions
(ratio of CHg to Oy Ruyo, intet), @and weight fraction of LC in the double layer (W, ¢); were
varied in the ranges of Ty = 1,023 - 1,223 K| Ry, intet = 2 — 10, and Wi = 0.2 - 0.8.

3.4. Evaluation of Reactor Performance

The performances of SB and DB in terms of conversions of reactants (Xcy4 and
Xoy), overall selectivities of C, products (S¢,) and by-product CO, (Sc,), and yield of C,
products (Y¢,) were evaluated through Egs. (3.19) — (3.20), respectively.

Foi— Fj

Xi = Fo; (3.19)
St/= 2(Feptig tFogha) (3.20)
4 Fo,cHs— FcH,
Fco+F
SCO - w (3.21)
X Fo,cu,— Fcuy
Yo = 2(Feptg*Feyny) (3.22)
2 FO,CH4

3.5. Solution Approach

The model was used to simulate performances of SB and DB under isothermal
and adiabatic conditions. Under isothermal condition, only equation expressing mole
balance of each species, Eq. (3.17) was considered. Under adiabatic condition, both
equation expressing mole balance of each species, Eq. (3.17), and energy balance, Eq.
(3.18), was considered. The systems of differential equations were solved using Runge-
Kutta method compiling with MATLAB.

At the inlet of reactor (V = 0 m?), molar flow rates of all species were calculated
from their mole fractions. Inlet temperature (T,) was additionally used as initial

condition for calculation under adiabatic condition only.

3.6. Model Validation

Model validations for LC and MN were performed based on the experimental

results of isothermal PBR reported by Tye et al. [7] and Deneshpayeh et al. [9],
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case of LC, Xcyg at the reactor outlet from the simulated results were compared to
the experimental results, while in case of MN, Xy at any mea/0 were used for the

comparison.

Table 3.3. Conditions used in model validations for LC and MN

Catalyst Meatal Ustp, intet Mole fraction [-] To
[ke] [m3-s1] CHq 0, N, (K]
LC 1.48 x 10° 4x10° 0.612 0.051 0.337 1,023
1.48 x 10” 4 x 10 0.612 0.051 0.337 1,073
1.48 x 107 4 x 10° 0.612 0.051 0.337 1,103
1.48 x 10° 4.x10° 0.699 0.095 0.206 973
1.48 x 10° 4x10° 0.699 0.095 0.206 1,023
1.48 x 107 4x10° 0.699 0.095 0.206 1,103
MN 1.00 x 10%| 263 x 107 0.882 0.118 0 1,048
1.00 x 10*| 2.45x 107 0.833 0.167 0 1,223
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Chapter 4

Results and Discussion

4.1. Model Validation

Figures 4.1(a) and (b) show satisfactory correlation of conversion of methane
(Xcha) between the experimental and simulated results of isothermal SB ¢ and SByy,
respectively. The data points randomly distributed around diagonal line with deviations
between experimental and simulated results within the ranges of + 20 % and + 14 %
for SB.c and SByy, respectively. This established model will be used for further
investigation to predict the performances of packed bed reactors loaded with single

catalyst and loaded with both catalyst as double layer.

15 30 %
[ [(a) AN "
S) ‘ 2
5 10 E 20 4
K 5 I y
2 5 g 10
n » n

0 0 .
0 5 10 15 0 10 20 30
Experimental [%)] Experimental [%]

Figure 4.1. Parity plots of Xcy4: (@) LC and (b) MN

4.2. Performance of Isothermal Single Bed PBR

Performances of SB ¢ and SBy, were simulated under isothermal condition to
understand the characteristic of each catalyst. Effects of inlet temperature (T;) and
feed compositions (ratio of CHy to Oz Ruo, inet) ON the reactor performances were
investigated in ranges of 1,023 - 1,223 K and 2 - 10, respectively. Since the isothermal
performances of SB ¢ and SByy at various operating conditions showed similar trends
at all operating conditions, the results at Ry, inet = 6 and Ty = 1,123 K were selected

as representatives to clarify the effects of Ty and Ry, iniet, respectively.

dy 3 d’ Y o U £ lﬂ' = 1 gj 1 Y o ¥ ¢ Y 14
wnanstiluenasnanulidmiunisldnuienisfinewinu eugrelnhluldusslevimunisén

Lidnsdllag viedu Bnnsudlidaudadilen uagdesdndisdiveaenaisynasaninisluly



16

4.2.1. Isothermal SB,

Figure 4.2 shows the changes of conversion of reactants, selectivity of each
product, and yield of desired products along the bed of catalyst. At any temperature,
both Xchs and Xo, gradually increased with almost constant rate through the reactor,
as shown in Figure 4.2(a). This behavior indicated that the catalyst in the whole bed
was effective with almost constant activity. The higher activity was obtained at higher
temperature. On the other hand, in Figures 4.2(b) and (c), profiles of Sc, and Sco, were
dependent on temperature. At the lowest T, (1,023 K), Sc, and Scox were nearly
constant through the bed while, at higher Ty, Sc, decreased and Sco, increased along
the bed and the changes were more remarkable at higher temperature. Figure 4.2(d)
shows that profile of Y, was dependent on temperature. In range of low T, (< 1,123
K), Y, constantly increased through the bed whereas, at the highest T, (1,223 K),
increase of Y, around the inlet of reactor was steeper than the increase around the

outlet of reactor.

120 120 T
- (a) L (b) T, [K]
100 + 100 +
: - 1023 —
_E T K ~ I U <L
— 80 £{o K cH o, ». A\ vy [
=X 1023 — == )7 X, e T
~N60 1123 =4 -4 b ~ 60 T el ———
>< i -~ US') L U] e \ = eBecciiiiiensd
40
20 +
0‘....11.. ll..lnunniu...

0 0,25 5 J045 1 1.25

r [kg-s-m9]

Yeo [%]

Figure 4.2. Profiles of (a) Xcns and Xop, (b) Sca, (€) Scox and (d) Y, along isothermal
SBic at Ruo, intet = 6
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As shown in Figure 4.3(a), increase of T, resulted in increase of conversion of
reactants obtained at the reactor outlet, X4 and Xo,, indicating that the activity of
catalyst continuously increased with temperature. On the other hand, the selectivities
of desired (Sc,) and undesired (Sco,) products had the maximum value of 57.4 % and
the minimum value of 47.2 % at 1,123 K, respectively, as shown in Figures 4.3(b) and
(c). The presence of Scy max @and Scox, max Was considered as a result of the different
influences of T, on selectivities in the different ranges of T, as observed in Figures
4.2(b) and (c). There are two important characteristics observed from the results: deep
oxidations of methane to carbon monoxide and carbon dioxide were more favorable
at high temperature and the production of ethane was much more favorable than that
of ethylene in the investigated range. This behavior agreed well with the ones reported

in literature [6].

120 120
(@) — CH, (D) = CoH,y
100 + A 100 $ e,
s —
80 T // 80 ': =
- A ‘d s
§_ 60 <! é_ 60 T
X P ]
40 + //// 40 :
20 + g 20 _E
0 o P ' m 0 ,.,,,,,I.
N026= 1073 gnllpe" W3\ | 1223 1023 - 1073 1123 1173 1223
Ty [K] Ty [K]
120 12
(c) = CO (d) s CoH,
106 ¢ 50, 10+ - = CH,
= €O,
80 -
= 60 £ 2,
(28 \_/’/ N
40 +
20 4= = e —
| AP A AP S A - T3 S— B s
1023 1073 1123 1173 1223 1023 1073 1123 1173 1223
Ty [K] T, K]

Figure 4.3. Influence of T, on (a) conversion of reactants, (b) selectivity of C,
products, (c) selectivity of CO, products, and (d) yield of C, products

of isothermal SB,c at Ryo, intet = 6
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Figure 4.4 shows the changes of conversion of reactants, Sc,, Scox, and Y, along
the length of reactor. At any Ryo, inet, Xcna @and Xo, constantly increased through the
reactor as shown in Figure 4.4 (a). As for selectivities, Sc, gradually decreased while Sco,
gradually increased with almost constant rate through the reactor as shown in Figures
4.4(b) and (c). Figure 4.4 (d) shows that change of Y, was dependent on Ryo, inet-
At the lowest Ry, intet (Ruo, intet = 2), the steep of increase of Y, at around reactor inlet
was slightly higher than the steep at around reactor outlet while at higher Ryo, intet, Y2

constantly increased through the bed.

120 20,
—-— (a) Ruo,inet FICH, O, - _E (b) Ruo, inter []
C 2 —
., 80 . 80 -
g\°~ o\c-. i R LR, T, R Tyl
= 60 P SR — g N—————
X 05‘3 _\_\\_
40 40 +
20 20 f
0 B —— - S W L :
0 0.25 0.5 0.75 1 1.25
r[kg-s:m?]
120 T 12 1
E (e Ruo, et [F] ) Ruo, intet [1]
100 1 AEA 104 L
L G PR 5 6 -
? 80 -: 10 ...... '“6-' 8 -: 10 ......
>~ B S~
= W\[2 Oy N+ = 61
5]
- > C
5 40 N S — O Lo A\ #q e
20 + e -5 ,_.1::__/_..1.’.? .......
r T
T e e S 0+ ey
0 0.25 0.5 0.75 1 1.25 0 0.25 0.5 0.75 1 1.25
r [kg-s:m3] r[kg-s-m3]

Figure 4.4. Profiles of (a) Xchs and Xoz, (b) Scy, (€) Scox and (d) Y, along isothermal
SBLC at TO = 1,123 K
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Figure 4.5 shows that when the amount of oxygen in feed stream was
decreased (high Ryo, inet), l€ss oxygen existing in the reactor, less amount of methane
was consumed while larger fraction of methane was converted to the desired C,
compared to the undesired CO,. As shown in Figure 4.5(b), ethylene was insignificantly
produced compared with ethane in the whole range of Ryo, inet. On the other hand,
CO and CO2 were produced in comparable amounts and Ryo, iniet Slightly affected the
relative amounts of carbon monoxide to carbon dioxide, Figure 4.5(c). At the lowest
Ruo, intet (Rmo, intet = 2), the amounts of methane converted to carbon monoxide and to
carbon dioxide were nearly equal and the ratio of these amounts increased with
Ruvo, inet @and reached the value of 1.6 at Ryo, inet = 10. This behavior indicated that

methane tended to convert to C, and CO under condition of insufficient oxygen.
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Figure 4.5. Influence of Ryo inet ON () conversion of reactants, (b) selectivity of
C, products, (c) selectivity of CO, products, and (d) yield of C,
products of isothermal SB - at T, = 1,123 K
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4.2.2. Isothermal SByy

Figure 4.6 shows the changes of conversion of reactants, Sc,, Scox, and Y, along
the bed. At any temperature, slight increase of both Xc4 and X, were obtained with
constant steepness through the bed as shown in Figure 4.6(a). This behavior implied
that the activity of catalyst was low. 5S¢, and Sco, remained constant through the bed
as shown in Figures 4.6(b) and (c). Figure 4.6(d) shows that Y, slightly increased with
almost constant rate through the bed of catalyst.

Figure 4.7(a) shows that Xy, and Xp, obtained at outlet of reactor slightly
increased with temperature, indicating that the activity of catalyst was insignificantly
influenced by temperature. As for the selectivities, temperature affected on Sc, and
Scox In the different manners; eradual increase of Sc, and gradual decrease of Sco, as
shown in Figures 4.7(b) and (c) since partial oxidation of methane to ethane was more
favorable at high temperature. In the investigated range, the production of C,Hs was
negligible compared to the production of C,Hg. In addition, selectivity to CO unchanged

with temperature while selectivity to CO, eradually decreased with temperature.
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Figure 4.6 Profiles of (a) Xchs and Xoy, (b) Scy, (€) Scox and (d) Y, along isothermal
SBun at Ruo, intet = 6
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Figure 4.7 Influence of T, on (a) conversion of reactants, (b) selectivity of C,
products, (c) selectivity of CO, products, and (d) yield of C, products

of isothermal SByy at Ryo, intet = 6

Figure 4.8 shows the changes of conversion of reactants, Sc,, Sco,, and Y, along
the length of reactor. At any Rio, inet, Xcha and Xg, constantly increased through the
reactor. On the other hand, both Sc; and S, unchanged along the bed of catalyst.
Yo, slightly increased with almost constant rate along the reactor.

Figure 4.9 shows that when the amount of oxygen in feed stream was
decreased (high Ryo, inet), less oxygen existing in the reactor resulted in lower
consumption of methane and fraction of methane converted to C, was larger than
fraction of methane converted to CO,. As shown in Figure 4.9(b), S¢, gradually increased
with increase of Ryo, inet from 2 to 6 and then it reached plateau at around 87.0 % at
Rvo, inet = 6. The fraction of methane to ethylene was much less than fraction of
methane converted to ethane. Therefore, Scoa Was negligible. Figure 4.9(c) shows that
Scox gradually decreased with increase of Ryo inet from 2 to 6 and reached a trough at

around 13.0 % at Ryo, inet = 6. At the lowest Ryo et (Rwo, iniet = 2), the amounts of
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methane converted to carbon monoxide was almost equal to the amount of methane

to carbon dioxide. When Ryo inet Was further increased, Sco decreased.
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Figure 4.8. Profiles of (a) Xcus and Xop, (b) Sca, (€) Scox, and (d) Y, along isothermal
SBMN at TO = 1,123 K

dy 3 d’ Y o U £ lﬂ' = 1 gj 1 Y o ¥ ¢ Y 14
wnanstiluenasnanulidmiunisldnuienisfinewinu eugrelnhluldusslevimunisén

Lidnsdllag viedu Bnnsudlidaudadilen uagdesdndisdiveaenaisynasaninisluly



23

5 120
a —CH b
1@ — o, 100 F®
2
3 80 —=——__
= = 60
X 2 2
40+ e C,H,
L --C,H
1+ - 20 + _ Ci 6
L_-—__;
0 1 L 1 1 1 L 1 1 L O (XX et 1 1 b
2 4 6 8 10 2 4 6 8 10
RMO, inlet ['] RMO, inlet [']
120 5 T
100 £ g (@) CH,
gk V@ 4 + == C,H;4
80 OO i .
= T 3t
= 60 + = C
%) > o1
40 +
20 f—0 &1
0 ..“""'.": """""" fryrrpryeepenes pracersees 0 [ i ; " —— :
2 4 6 8 10 2 4 6 8 10
RMO. inlet 0 ['] RMO. inlet ["]

Figure 4.9 Influence of Ry, inet ON (a) conversion of reactants, (b) selectivity of
C, products, (c) selectivity of CO, products, and (d) yield of C,
products of isothermal SByy at 7o = 1,123 K

4.3. Performance of Adiabatic Single Bed PBR

In this section, performances of SB,¢ and SBy, were simulated to understand
characteristic of each catalyst under adiabatic condition. Effects of inlet temperature
(To) and feed compositions (ratio of CHg to O,: Ry, iniet) ON performance of reactor were
investigated in ranges of 1,023 — 1,223 K and 2 - 10, respectively. Since the adiabatic
performances of SB|c and SByy at various operating conditions showed similar trends
at all operating conditions, the results at Ryo et = 4 and Ty = 1,123 K were selected

as representatives to clarify the effects of Ty and Ry, inet, respectively.

4.3.1. Adiabatic SB,

Figure 4.10 shows the changes of conversion of reactants, temperature,
selectivity of each product and yield of desired products along the bed of catalyst
under adiabatic condition. As observed in Figure 4.10(a), at the lowest T,, 1,023 K,

conversions of both reactants were gradually increased along the bed, both reactants
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were partially consumed and catalyst in the whole bed was effective to oxidative
coupling of methane whereas at higher inlet temperature, 7, > 1,123 K, oxygen was
completely consumed before reaching the reactor outlet and left some amounts of
methane unreacted. The corresponding changes of temperature along the bed are
shown in Figure 4.10(b). Temperature gradually increased at the lowest operating

temperature, T, = 1,023 K, while at the higher operating temperatures, T, = 1,123 and

1,223 K, temperature remarkably increased and reached their maximum values at 7 of
0.8 and 0.3 kg.s.m™, respectively. Beyond these points, temperature slightly decreased
along the bed.

Figures 4.10(c) and (d) shows changes of selectivities to desired C, and to
undesired COy along the adiabatic bed, respectively. At the lowest T, (1,023 K), Sc,
gradually increased from 38 % at the inlet to 47 % at the outlet whereas Sco, gradually
decreased from 62 % at the inlet to 53 % at the outlet, indicating that oxidative
coupling of methane was more favorable than deep oxidations of methane throughout
the reactor. In contrast, at the highest T, (1,223 K), S, decreased remarkably from 76%
at the inlet to 12 % at the outlet while Sco, increased remarkably from 24% at the

inlet to 88 % at the outlet. In addition, under the condition of coexisting of methane

and oxygen (7= 0-0.3 kg.s.m>), the decrease of S¢, and the increase of Sco, were more
pronounce when the amount of oxygen left in the reactor was less. After oxygen was
completely consumed around 0.3 ke.s.m™, the slopes of the decrease of Sc, and the
increase of Scoy became smaller. This behavior implied that oxidative coupling of
methane was more favorable than deep oxidations of methane only at the zone near
to the inlet of reactor, deep oxidations of methane became more significant while the

amount of oxygen was getting less and after oxygen was completely consumed in the

bed (7T 2 0.3 kg.s.m™), reverse water gas shift reaction played significant role on the
reactor performance. At the middle T, (1,123 K), Sc, was nearly constant around 60%
from the inlet to the point around 0.5 kg.s.m™. This behavior should be resulted from
compensation of the increase of S¢, due to oxidative coupling of methane and the

decrease of S, due to deep oxidations of methane. When small amount of oxygen

coexisted with methane (7 = 0.5-0.8 kg.s.m™), steep decrease of S¢, and steep increase

of Scox were observed. This behavior indicated significant effect of deep oxidations of
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Figure 4.10 Profiles of (a) Xcya and Xop, (b) T, (€) Scp, (d) Scox and (e) Y, along
adiabatic SBic at Ryo, inet = 6

methane. Under the condition of no oxygen (7> 0.8 kg.s.m?), only reverse water gas
shift proceeded towards its equilibrium. Therefore, Sc, slishtly decreased and Sco,
slightly increased along the bed.

Figure 4.10(e) shows that Y¢, continuously increased through the reactor under
the condition of coexisting of methane and oxygen where oxidative coupling of
methane played significant role, Ty = 1,023 K. At high Ty, 1,123 and 1,223 K, profiles of

Y, showed their maximum values inside the reactor since the performance in the front
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part of the bed was dominated by oxidative coupling of methane whereas the
performance in the back part of the bed was dominated by reverse water gas shift.

Figure 4.11 shows reactor performance at various T,. When T, was increased,
Xcna and X, slightly increased from 5 % and 18 % at 1,023 Kto 8 % and 25 % at 1,043
K. The increases became remarkable at T, 1,043-1,073 K and X4 and Xg, reached
constant values of 21.4 % and 100 % at T, = 1,073 K| respectively. This result indicated
that LC was highly active and there were some amounts of LC in the back part of SB| ¢
that were not effective in reaction between methane and oxygen at T, > 1,073 K due
to the absence of oxygen in the back part of bed, similarly to Figure 4.11(a). Influence
of Ty on AT, illustrated in Figure 4.11(b) also shows remarkable increment at 1,043-
1,073 K. The maximum value of AT, (5650 K) appeared at Ty = 1,073 K and AT,y
slightly decreased at higher Ty. The increase of AT,., should be expected under the
condition that oxygen still remained in the reactor because oxidative coupling of
methane is highly exothermic, large quantity of heat released and remained in the
adiabatic reactor. At Ty > 1,073 K, by considering the decreases of Xc4 and X, in Figure
4.11(a), the slight decrease of AT,., should be expected because after oxygen was
completely consumed, endothermic reverse water gas shift reaction can go further
and absorbed more heat and caused the decrease of adiabatic temperature. It should
be noted that another highly endothermic reaction, conversion of ethylene to carbon
monoxide, simultaneously occurred but the simulation results revealed that the heat
effect from this reaction was negligible since its rate was extremely slow

As shown in Figures 4.11(c) and (d), profiles of Sc, and Scox had the maximum
value of 49.7 % and the minimum value of 50.3 % at 1,043 K, respectively. Figure
4.11(c) shows that Sc, gradually increased when T, was increased from 1,023 to 1,043
K and further increase of T, from 1,043 to 1,073 K resulted in rapid decrease of Sc,. At
To 2 1,073 K, Sc, gradually decreased with increase of T,. In the investigated range
(To = 1,023 - 1,223 K), production of C,Hs was negligible compared to production of
CoHg. In comparison with Scy, Scox showed opposite effect; slight decrease at 1,023-
1,043 K, steep increase at 1,043-1,073 K and gradual increase at Ty > 1,073 K, Figure
4.11(d). In addition, the amounts of CO and CO, produced from the reaction were
comparable. At Ty < 1,073 K, trends of CO and CO, profiles were similar, however,
under condition of Ty > 1,073 K, the trends of CO and CO, were different; at higher

~temperature, higher selectivity to CO but lower sglectivity to CO, were obtained. Undey
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Figure 4.11 Influence of T, on (a) conversion of reactants, (b) AT,,..,, (c) selectivity
of C, products, (d) selectivity of CO, products, and (e) yield of C,
products of adiabatic SBic at Ryo inet = 4

the condition that methane and oxygen coexisted through the catalyst bed, T, < 1,073
K, effects of T, on Sc, and Sco, Were similar to the ones observed in isothermal SB,,
Figures 4.2 and 4.3. This result indicated that oxidative coupling of methane had
significant effect on the reactor performance. The behavior observed at higher Ty (>
1,073 K), where some amounts of catalyst in the bed were ineffective to oxidative
coupling of methane, agreed well with the explanation of the decrease of AT, in the

range of high T,, Figure 4.11(b), the more extent of reverse water gas shift reaction
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results in higher selectivity to CO and lower selectivity to CO,. Figure 4.11(e) shows
that under the condition of excess oxygen, Y, increased with Ty while under the
condition that oxygen was completely consumed in the front part of catalyst bed Y,
decreased with T,. Therefore, an appropriate space time should be determined in
order to obtain high yield of the desired C,.

Figure 4.12 shows change of reactor performance along the bed of catalyst at
various feed compositions. As shown in Figure 4.12(a), at the highest Ryo, intet (Ruo, intet
= 10), Xcua increased gradually along the catalyst bed to 12 % at the outlet while the
change of X, was more significant and slope of the profile was steeper at the longer
length of the bed. At this condition, both reactants coexisted in the whole bed. Figure
4.12(b) shows that temperature gradually increased under this condition. At lower
Ruvio, intets Ruo, inlet = 6 and 2, oxygen was totally consumed in the front part of the bed
and steep increase of temperature along the bed before complete consumption was
also observed. In addition, the slight decrease of temperature in the back part of the
bed should be considered as a result from significant effect of reverse water gas shift,
as previously discussed in Figure 4.10(b). Fisures 4.12(c) and (d) shows that at this
moderate temperature (1,123 K), at all Ry, iniets Scz and Sco, were nearly constant when
both methane and oxygen presented in the reaction zone with comparable amounts.

Significant drop of S¢, and increase of Sco, were observed just before total
consumption of oxygen, 0.45 < T < 0.53 kg.sm™ at Rvo, intet = 2 and 0.65 < 7 < 0.78

kg.s.m™ at Ruvo, inet = 6. As. T was further increased, Sc, was slightly decreased whereas
Scox Was slightly increased. This behavior was similar to the one observed in Figures
4.10(c) and (d) at T = 1,123 K'and Ry, inet = 4. It can be seen from Figure 4.12(e), the
highest Y, was obtained just before oxygen was completely consumed.

Figure 4.13 shows performance of reactor operated at 1,123 K for various
Rvo, intet- As shown in Figure 4.13(a), except for Ryo, inet > 8, the reaction was limited by
oxygen under these conditions and conversion of methane continuously decreased
with Ryo, inet- As expected, adiabatic temperature decreased in the similar pattern of
the decrease of Xcys, as shown in Figure 4.13(b). Figures 4.13(c) and (d) indicated that
conversion of methane to C, was more preferable than the conversion to CO, under
the condition that methane and oxygen were partially consumed, Ryo, inet > 8. The

highest efficiency of SB¢ for production of C, obtained at Ryg, inet = 8, as shown in
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4.3.2. Adiabatic SByy

Figure 4.14 shows the changes of conversion of reactants, temperature,
selectivity of each product, and yield of desired products along the reactor under
adiabatic condition. As shown in Figure 4.14(a), at any Ty, Xcya and Xo, slightly increased
with constant increment through the bed of catalyst, indicating that the catalyst in the
reactor was effective with constant activity. The higher activity was achieved at higher
temperature. Figure 4.14(b) shows that temperature slightly increased along the bed
of catalyst. This behavior indicated that the performance tended to be similar to the
performance under isothermal condition. As shown in Figures 4.15(c) and (d), Sc,
slightly increased and Sco, slightly decreased along the bed of catalyst. Figure 4.14(d)
shows that Y, slightly increased through the bed of catalyst.

Figure 4.15(a) shows that X4 and Xg, slightly increased from 0.1 % to 1.6 %
and from 0.2 % to 3.0 % at 1,223 K with temperature, indicating that the activity of
catalyst was low. The increment of conversion of both reactants in the high range of
To (1123 — 1223 K) was more remarkable than the increment in the low range of T,
(1023 - 1123 K). This behavior indicated that the higher activity of catalyst was achieved
with temperature. As shown in Figure 4.15(b), AT, gradually increased from 1.3 K to
17 K at 1,223 K. In the investigated range of T, (1,023 - 1,223 K), the increase of AT, .«
was small (<17 K) and it can be said that, in this range of T,, the behavior was similar
to the behavior under isothermal condition. The influence of T, on both S¢, and Scoy
was corresponded to the influence of Ty in isothermal SByy: slight increase of Sc, from
75 % to 82 % and slisht decrease of Scp, from 22 % to 18 % were obtained with
temperature, as shown in Figures 4.15(c) and (d). The production of ethylene was
neglect compared to the production of ethane. In addition, the amounts of methane
converted to carbon monoxide and carbon dioxide were comparable at the highest T,
(1,223 K). The ratio of these amounts decreased with temperature and reached the
lowest value of 0.4 at 1,223 K. This behavior indicated that methane tended to produce
C, more than carbon monoxide and carbon dioxide Figure 4.15(d) shows that Y,
slightly increased with temperature.

Figure 4.16 shows change of reactor performance along the bed of catalyst
operated at Ty = 1,123 K and various Ryg inet- Figure 4.16(a) shows that the increments
of Xcna and Xo, were constant along the bed. The conversions of both reactants

gggbtained at the reactor outlet were Low:dthe maximum Xca ar;q’ Xog were less than 0.7
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% and 1.3 %. Due to low consumption of both reactants, adiabatic temperature slight
increased with constant increment through the bed of catalyst and corresponded to
the increase of Xy, as shown in Figure 4.16(b). This behavior indicated that the
performance tended to be similar to the performance under isothermal condition. As
for selectivity, both S, and Sco, remained constant along the bed, as shown in Figures

4.16(c) and (d). Figure 4.16(d) shows that Y, slightly increased through the bed of

catalyst.
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Figure 4.16. Profiles of (a) Xcua and Xg,, (b) T, (c) Scy, (d) Scox and (e) Y, along
adiabatic SByy at Ty = 1,123 K

Figure 4.17 shows performance of reactor operated at 1,123 K for various
Ruvo, inlet- Figure 4.17(a) shows that Xcy, gradually decreased from 0.7 % to 0.3 % at
Rvo, net = 10 due to insufficient oxygen. As shown in Figure 4.17(b), adiabatic
temperature decreased with Ryo, inet- The influence of Ry, inet ©n both S, and Scoy
was corresponded to the influence of Ry, inet IN isothermal SByy: slight increase of S,
from 79 % to 87 % and slight decrease of Sco, from 11.6 % to 11.0 % were obtained

with temperature, as shown in Figures 4.17(c) and (d). This behavior indicated that
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methane tended to convert to C, products than CO, products at less amount of

oxygen. Figure 4.17(e) shows that Y, slightly decreased along the bed.
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Figure 4.17. Influence of Ryo, inet ON (a) conversion of reactants, (b) AT
(c) selectivity of C, products, (d) selectivity of CO, products, and
(e) yield of C, products of adiabatic SByy at T, = 1,123 K
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4.4. Performance of DBy

To investigate possibility of enhancing yield of desired C, using a packed bed
reactor loaded with two catalysts as double layer, performance of a PBR loaded with
LC in the first layer and subsequently MN in the second layer (DB ) was simulated

for various weight fractions of LC (W = 0.2, 0.4, 0.6 and 0.8) at identical contact time

(T = 1.25 kg*s*m™). Important operating parameters (T, and Ry, iniet), Were varied in the
range of 1,023 — 1,223 K and 2 - 10, respectively. Since effect of W - on performance
of DB cuny had similar trends at various Ty and Ry, inet In the investigated range, result
obtained at one particular condition was selected for discussion on improvement of
Y, according to double layer packed bed strategy.

In isothermal case, simulation result at Ty = 1,123 K and Ry, inet = 6 was
selected. Figure 4.18 shows Y, obtained from isothermal DBy at various W,
compared with isothermal SB ¢ (W, = 1) and isothermal SByy (W c = 0). The result
revealed that the highest Y, was obtained from isothermal SB .. Therefore, it was
concluded that using DBy had no benefits to enhance Y, under isothermal

operating condition.

10 7

Yeo [%]

0 0.2 04 0.6 0.8 1
Wic -]
Figure 4.18. Influence of W, - on Y, of isothermal DB,y at T, = 1,123 K and

RMO, inlet = 6

Since oxidative coupling of methane is extremely highly exothermic reaction, it
is difficult to operate OCM reactor isothermally and heat accumulated in the reactor
should affect performance of the reactor. Comparison of DB ¢y with SB ¢ and SByy
was considered under adiabatic condition in order to show the possibility of

improvement of Y¢, by application of DB .y for the most significant heat effect. Figure
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4.19 shows simulation result at Ty = 1,123 Kand Ryo, intet = 4. As shown in Figure 4.19(a),
the highest Y, (7.3%) was obtained from DB,y with W ¢ = 0.6. This result indicated
the possibility of enhance Y¢, in a packed bed reactor by application of DB. Use of
DBy resulted in 1.5 times of improvement over SB ¢ (Y, = 4.8 %) and 18.3 times of

improvement over SByy (Yo, = 0.4 %).
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e
<1200 -
0 P —— e e 0 B e
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Figure 4.19 Influence of W, on performance of adiabatic DB,y at Tp = 1,123 K

and Ryo, intet = 4

To find the highest Y, possibly obtained from each adiabatic reactor (SB, ¢, SByn
and DBicyn), simulation was further performed in the whole range of operating
condition (T, = 1,023 = 1,223 K, Ryo, niet = 2-10). As presented in Table 4.1, using DB
un With Wi = 0.6 resulted in the highest Y, (8.3 %), which was 1.3 and 3.5 times
superior to SB ¢ and SByy, respectively. Other benefits should be expected from the
application of DB« are the decrease of degree of unsatisfactory effect from heat
accumulation inside the adiabatic reactor and less consumption of methane to
undesired CO,. The adiabatic temperature of DB,y Was about 169 K lower than the
adiabatic temperature of SB, - and S¢, obtained from DB ¢y (45.5%) was higher than
Sco from SBy ¢ (31%). This result indicated that use of DB . led to less unsatisfactory

effect from heat accumulation and more utilization of methane to the desired C,.
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Table 4.1. Performance of each adiabatic reactor obtained at the highest Y, max

PBR To Rmo, intet T Sc2 Yc2, max T

(K] [-] [kg's*m™] [%] [%] (K]
DB 1,073 2 1.25 45.5 8.3 1,463
SBic 1,073 4 1.25 31.0 6.6 1,632
SBun 1,223 2 1.25 82.5 2.4 1,253
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Chapter 5

Conclusion

A pseudo homogeneous one-dimensional model was used for simulation in
order to predict the performances, in terms of conversion of reactants, selectivity of
ethane and ethylene (S¢,), and yield of ethane and ethylene (Y,) of packed bed
reactors loaded with single catalyst (SB): La,0s/CaO (SB, ) and Mn/Na,WO,/SiO, (SByy)
and dual bed loaded with La,0s/Ca0 in the first layer and Mn/Na,WO,/SiO, in the

second layer (DB cyn) The performance of DB ey Was compared with SB ¢ and SByy

at identical contact time (7 = 1.25 kg*s*m™) and various condition (T, = 1,023 - 1,223
K, Rvo, intet = 2 = 10) under isothermal and adiabatic condition.

The present study revealed that using DB,y under isothermal condition has
no benefits to enhance Y, compared to SB,c and SBy. As for adiabatic condition, Y,
was more enhanced by the application of DB - compared to SB¢ and SBy. The
highest Y, (8.3 %) was achieved at Wic = 0.6, Ty = 1,073 K, and Ry, inet = 2. At this
operating condition, the highest Y, of adiabatic DB cyy Was 1.3 and 3.5 superior to Y,
with SBycand SBy, respectively. DB ¢y did not only enhance Yc,, but also reduced
degree of unsatisfactory effect from heat accumulation inside the adiabatic reactor

and the utilization of methane to desired C, was improved.
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Performances of La203/Ca0 (LC) and Mn/Na2WO4/SiO2 (MN) for production of ethylene and ethane (Cz)
through oxidative coupling of methane (OCM) in packed bed reactors with single and double layer catalytic
bed were investigated. Performances of single layer loaded PBR were evaluated in terms of selectivity to
Cz, yield of C2 and product composition (H2/CO) under isothermal, adiabatic and non-adiabatic/non-
isothermal conditions. Using isothermal reactor, MN showed better performance in OCM reaction
compared with LC over all the range of inlet temperature (973 - 1,223 K) and methane to oxygen ratio
(CH4/O2; 2 - 16). The maximum yield of C2 obtained from LC under adiabatic condition were at 973 K and
CHa4/O2 of 10 whereas MN exhibited the maximum yield at 973 K and CH4/O2 of 12. Performances of
double layer loading of LC-MN and MN-LC in a packed bed reactor operated under adiabatic condition at
CH4/O2 of 10 and mcat/ Vstp (1.25 kg-s‘m®) were compared. It was found that performance of PBR was
improved by using double layer loading LC-MN and the maximum yield of C2 was obtained at 1,173 K
with weight fraction of LC of 0.3.

1. Introduction

Methane has been considered as a promising raw material in production of liquid fuel and chemical
feedstocks (Karakaya and Kee, 2016). Production of ethylene and ethane (C2) via oxidative coupling of
methane (OCM) is one of the most important routes for methane utilization. Kinetics of OCM has been
extensively investigated over various catalysts (Gambo et al., 2017). La20s/CaO (LC) and
Mn/Naz2W0a4/SiO2 (MN) are representatives of effective OCM catalysts which could be used in wide range
of operating conditions. Their performances are significantly depended on temperature and feed
composition, especially CH4/Oz ratio. In a packed bed reactor (PBR), the maximum yield of ethylene and
ethane (Yc2) was obtained at 1,098 K for LC (Tye et al., 2002), whereas it was found around 1,123 - 1,148
K'in the case of MN (Daneshpayeh et al., 2009). Both catalysts showed similar dependence of selectivity
to ethylene and ethane (Sc2) on CH4/O2 ratio, the higher CH4/O2 ratio, the higher Sc2. Although the
production of C2 from methane is an economical feasible process even for a small-scale process using
biomethane as raw material (Penteado et al., 2017), it is necessarily to enhance the efficiency of this
process for implementation of commercial scale production. Efficiency of PBR in C2 production was
experimentally improved by loading two catalysts with different catalytic properties as a double layer bed
(Liang et al., 2018). Compared with the reactor packed with a single layer of Mn-Na2WO4/SiOz, the reactor
packed with double layer of the more active Ag-Mn-Na2WO4/SiO2 followed by the more selective Ce-Mn-
Na2WO.4/SiO2 decreased reaction temperature, increased selectivity and broadened the temperature
range in which high selectivity could be achieved. In this present work, performances of two important
OCM catalysts for C2 production, La203/CaO (LC) and Mn/NazWQ4/SiO2 (MN), were mainly focused. A
pseudo homogeneous one-dimensional model was applied to simulate performance of an isothermal, an
adiabatic and a non-adiabatic/non-isothermal PBRs. with single layer loading of LC and MN. Finally, the
feasibility of the application of double layer loading strategy to enhance C: production efficiency in a

onansi AREieR BadsRpeRTER vEsTgsteth wion sAnuwinty Tleugalvh Ul Use lomifunsdn

Lidnsdllag viedu Bnnsudlidaudadilen uagdesdndisdiveaenaisynasaninisluly



45

2. Mathematical model
2.1 Kinetics model

Kinetics of OCM based on 10 stoichiometric reactions and kinetics parameters reported by Stansch et al.
(1997) and Daneshpayeh et al. (2009) were used for La203/Ca0O (LC) and Mn/Na2WOQO4/SiO2 (MN). The
OCM reactions, Eq(1) to Eq(10), consisted of nine heterogeneous catalytic reactions and one gas-phase
reaction, Eq(7), and could be classified as primary, Eq(1) to (3), and consecutive reaction steps, Eq(4) to

Eq(10).
Step 1: CH4 + 202 — CO2 + 2H20 (1) Step 6: C2H4 + 202 — 2CO + 2H20  (6)
Step 2: 2CH4 + 0.502 — C2He + H20 (2) Step 7: C2Hs — C2H4 + H2 (7)
Step 3: CH4 + O2 — CO + H20 + H2 3) Step 8: CoH4 + 2H20 — 2CO +4Hz2  (8)
Step 4: CO + 0.502 — CO2 (4) Step 9: CO + H20 — CO2 + H2 9)
Step 5: C2Hs + 0.502 — C2H4 + H20 (5) Step 10: CO2 + H2 — CO + H20 (10)

Over LC catalyst, the rate of oxidation of methane to ethane was Hougen-Watson type where inhibiting
effects of carbon dioxide and oxygen were considered and was expressed as Eq(11). For other oxidation
steps, Eq(1) and Eq(3) to Eq(6), the inhibiting effect of oxygen was ignored and the rates were expressed
as Eq(12). For remained reactions, Eq(7) to Eq(10), the power-law type rate equations were used. For
OCM over MN catalyst, similar set of rate equations were used. However, no inhibiting effect of carbon
monoxide was considered in the oxidation reactions, Eq(1) to Eq(6). As a result, the last term in
denominator was neglected from Eq(11) and Eq(12).

_E./RT —AH /RT n2
ko e~ Fa/ (Ko,z,oze ad02" po, ) “Pen,

2uc = n 2 (1)
, —AH RT 2 —AH RT
[1+(Ko,z,026‘ ad,07/ Poz) +Ko,2,co,€ ad,co,/ Pcoz]
. »—Eq/REed Pl
VYl i=1,3%6
TjLc = —8Hgq,c0,/RT B (12)
[1+K0,j,C029 et~ Pcoz]
2 —E,/RT.,,M7
7 = k0,7e o/ pcsz (13)
R —E4/RT.,Mg Mg
Ty = koge e/ Pc,n,Pu,0 (14)
B —Eq/RT ,,M9_ N9
Ty = koge~"/"pgg Pu,0 (15)
. —Eq/RT ,,M10.,M10
T10 = kO,lOe af Pco, PH, (16)

2.2 Reactor model

A pseudo homogeneous one-dimensional model was used to investigate the performance of a packed
bed reactor operated at steady-state. The calculation was performed for three modes of operation;
isothermal, adiabatic and non-adiabatic/non-isothermal. Only mole balance, Eq(17), was used for the
isothermal reactor while both mole and energy balances, Eq(17) and Eq(18), were used in the cases of
adiabatic and non-adiabatic/non-isothermal reactors. In addition, the last term in Eq(18) was omitted in
the case of adiabatic reactor.

dF;

d—V’= R; (17)
dT 4U

ZCp, iFigy, = —ZHiRiﬁL@(Tex—T) (18)

2.3 Reactor configuration and operating conditions

The reactor was a cylindrical tube with an inner diameter of 6 X 10 m. The feed was a mixture of methane

and air and its flow rate was set at 4x10® m3.s' at STP. The simulation was performed with various

methane to oxygen ratios 2 to 16 and inlet temperatures (973 - 1,223 K). For the comparison of
characteristics of LC and MN, the calculation was performed at the condition of total consumption of

oxygen, Xo2 = 1. To investigate the feasibility of enhancing reactor performance of C2 production,
performances of single layer of LC and MN loadings and double layer loadings of LC-MN and MN-LC with

various weight fractions of LC (Wic) and MN (WMN) were simulated at identical overall catalyst weight of

25X10° kg (mea/Vgip = 1,25 kg-ssm?). ,The performance of the reagtor was evaluated based op
BNATULUULDNANTNENUNEUTUN T IV UNBNITANYUNUU HBULYR i lUlrUseleannun1sen
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conversions of methane and oxygen, Eq(21), overall selectivity to ethylene and ethane (Sc2; Eq(22)) and
overall yield of ethylene and ethane (Ycz; Eq(23)).

_fhi—F

X.
' Fo, ¢

(21)

2(F, + F,
SCZ _ ( C2He CzH4) (22)
Fo, cu, — Fen,

Z(Fcsz + FCZH4)

YC =
FO, CH,

2

(23)

3. Results and discussion
3.1 Model validation

Model validations were performed based on the experimental results reported by Tye et al. (2002) for LC
and Daneshpayeh et al. (2009) for MN. Conditions used in LC case were summarized in Table 1 and MN
case was validated at 1,048 and 1,223 K. As shown in Figure 1, the data points distributed in both sides
of the diagonal line of the parity plot. The errors were within the acceptable range reported in literature. In
other words, the model reasonably well predicted the performances of LC and MN.
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Figure 1. Parity plots of methane conversion for (a) LC and (b) MN.

Table 2: Conditions used in validation of LC model (Tye et al., 2002)
Feed molarratio 1(1,023K) 2(1,073K) 3 (1,103 K) 4 (973 K) 5(1,023K) 6 (1,103 K)

CHa 0.612 0.612 0.612 0.699 0.699 0.699
02 0.051 0.051 0.051 0.095 0.095 0.095
N2 0.337 0.337 0.337 0.206 0.206 0.206

3.2 Performance of packed bed reactor with single catalyst
3.2.1 La20s/Ca0 catalyst (LC)

Figures 2a — 2¢ show the performance of LC, in terms of selectivity to C2 (Sc2), yield of C2 (Ycz2) and by-
product composition (H2/CO), obtained at oxygen conversion of 100 % under isothermal condition. As
shown in Figures 2a and 2b, when inlet temperature (To) was increased from 973 to 1,273 K, both Sc2
and Ycz increased to the maximum values of 72.3 and 16.2 at To around 1,080 K. Beyond this temperature,
both Sc2 and Yc2 decreased with the increase of To due to consumption of C2Hs through Eq(8) and
consecutive reactions of CzHe through Eqs(7) and (8). Figure 2c shows that H2/CO monotonically
decreased with the increase of To. Feed composition (CH4/O2) affected on Sc2 and Ycz2 in different
manners; higher Sc2 and lower Yc2were obtained at higher CH4/O2 due to insufficiency of oxygen at higher
CHa4/O2. Effect of feed composition on H2/CO depended on the range of operating temperature. Increasing
CHa4/O2 from 2 to 16 resulted in decrease of H2/CO in low range of To (973 K to 1,080 K), while the increase
of CH4/O2 from 2 to 12 decreased H2/CO to the minimum values and further increase of CH4/O2 to Eq(16)
resulted in increase of H2/CO in the high range of To (1,080 K to 1,273 K).

Figure 2d — 2f show the performance of LC in the adiabatic reactor at various operating conditions. As
shown in Figure 2d, Sc2 was significantly influenced by CH4/O2 but insignificantly influenced by To. In
addition, the effect of CH4/O2 ratio on Scz observed in the adiabatic reactor was similar to the effects
observed in the isothermal reactor. Figure 2e shows that Ycz was insignificantly affected by To whereas
varying CH4/Oz in the range of 2 to 16 resulted the maximum value of Yc2 at around CH4/O2 of 10 at all
To in the investigated range. As shown in Figure 2f, at low To, H2/CO increased with increasing of CH4/Ox.
At high To, on the contrary, higher CH4/Oz, lower H2/CO was obtained. The increase of CO in the product

dﬁl 3 dl Y o U ¥ dl = 1 gj 1 Y o ¥ ¢ Y 14
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should be resulted from acceleration of steam reforming of ethylene, Eq(8), and consecutively produced
carbon monoxide.
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Figure 2. Influence of operating parameters on performance of single layer LC in PBR under (a) — (c)
isothermal and (d) — (f) adiabatic conditions; Xo2 = 100 %.

Figure 3a shows temperature profiles inside PBR with single layer of LC operated under non-
isothermal/non-adiabatic condition with various overall heat transfer coefficients (U). Although
temperature decreased due to heat removal from the reactor, the temperature inside the reactor was in
range of the suitable temperature of OCM reaction. As a result, Xo2 = 100 % could be achieved and
insignificant effect of U on the performance of reactor was observed, as shown in Figure 3b.
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Figure 3. Effect of overall heat transfer coefficient on (a) temperature profile and (b) performance of single
LC layer loaded non-adiabatic/non-isothermal reactor: (X) Xcha, (+) Xozand (O) Ycz; CH4/O2=
10, To=973 K.

3.2.2 Mn/Na2WO4/SiO: catalyst (MN)

Figures 4a and 4b show that effects of To and CH4/O2 on Yc2 under isothermal in the case of MN was
similar to those observed in LC catalyst. It should be noted that the optimum To was at around 1,123 K in
MN case while it was around 1,080 K in LC case. The minimum value of H2/CO (c.a. 0.07) was obtained
at the lowest To and CH4/Oz in the investigated range (973 K and 2). At any To, the maximum value of
H2/CO was obtained at CH4/O2 of 12. Figure 4d and Figure 4e show the effects of To and CH4/O2 on Yc2
for MN under adiabatic conditions. It should be noted that To and CH4/O2 affected on Yc2 of MN in the
same manner with previously mentioned LC case. Figure 4f illustrates that using higher To and lower
CH4/Oz2 resulted in higher H2/CO.

Figure 5a shows that temperature inside the single MN layer loaded PBR operated under non-
isothermal/non-adiabatic condition decreased rapidly around the inlet. This significant drop of temperature
should be considered as a result of the larger amount of heat was removed from the reactor through
conduction, compared with insignificant amount of heat generated from the OCM reactions. The profiles
shown in Figure 5b agreed reasonably well with those observed in Figure 5a. The reactor with high heat
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shift reaction dominated the reactor performance and carbon dioxide, carbon monoxide and water were

largely produced.
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Figure 4. Influence of operating parameters on performance of single layer MN in PBR under (a) — (c)
isothermal and (d) — (f) adiabatic conditions; Xo2 = 100 %.
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Figure 5. Effect of overall heat transfer coefficient on (a) temperature profile and (b) performance of single
MN layer loaded non-adiabatic/non-isothermal reactor: (X) Xcwa, (+) Xozand (O) Ycz; CH4/O2 =
10, To = 973 K.

3.3 Comparison of LC and MN performances in single layer loaded PBR

With operating under isothermal condition, higher selectivity and yield of C> was achieved from MN,
compared with LC, in all the range of temperature from 973 to 1,223 K and methane to oxygen ratio from
2 to 16. In adiabatic model, the maximum yields of C2 of both catalysts were found at 973 K. At low
methane to oxygen ratio (2 - 6), Cz yield from the OCM reaction over LC was higher than MN in all the
range of temperature. However, when the methane to oxygen ratio was greater than 6, the performance
of OCM over MN exhibited the higher yield of Cz in all the range of temperature. In addition, low hydrogen
to carbon monoxide from OCM reaction over MN was obtained at higher methane to oxygen ratio.
Consequently, using double layer loading by loading LC in front of MN under adiabatic condition should
be enhanced the performance of OCM.

3.4 Double-layer bed

Performance of LC-MN loaded PBR operated under adiabatic condition was simulated at mcat/Vstp = 1.25
kg-s-m and CH4/O2 = 10 for various Wi.c. As shown in Figure 6a, high Sc2 was achieved at Wic of 0, only
MN. This result corresponded well with the results in section 3.2, MN gave Sc2 higher than LC. Figure 6b
shows that in the range of low To, 973 — 1,023 K, Yc2 gradually increased when Wic was increased from
0 to 1 while at higher To, in the lower fraction of LC, Yc2 significantly increased with Wic and reached the
maximum value of Ycz, i.e. Yc2, max= 5.8 at To = 1,223 K, and then slightly decreased with further increase
»0f Wic. In all the range investigated in this,study, the maximum of Yc2 (6.7 %) was qbtained at Tp = 1,173

v
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K and Wic = 0.3. Figure 6¢c shows that H2/CO obtained from double layer loaded PBR was much lower
than those obtained from single layer loading of MN or LC, especially when To was high (1,073 — 1,223

K).
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Figure 6. Influence of LC fraction on performance of double layered LC-MN adiabatic PBR at various To,
Meav/Vstp = 1.25 kg-s-m™.

4. Conclusions

A pseudo homogeneous one-dimensional model was used to predict catalytic performance of La20O3/CaO
(LC) and Mn/Na2WO4/SiO2 (MN) for oxidative coupling of methane in a packed bed reactor. Under
isothermal condition, yields of ethylene and ethane (Ycz2) for LC and MN were improved by decreasing
CH4/O2 and the maximum Yc2 were obtained at 1,080 K and 1,123 K for LC and MN, respectively. At the
optimum condition, Yc2, max of MN was about 1.1 times of LC and H2/CO of MN was about 5.6 times of
LC. Under adiabatic condition, Yc2 was improved by decreasing temperature at the reactor inlet and Yco,
max of LC and MN were obtained at CH4/O2 of 10 and 12. At the optimum condition, Yc2, max of MN was
about 1.3 times higher than Yc2, max of LC and H2/CO of MN was about 0.87 times of LC. At the same
meat VsTp (1.25 kg-s:m2), Ycz of adiabatic reactor with single loading of LC was higher than MN and it was
improved by using double layer loading of LC followed by MN. Ycz, max of LC-MN was obtained at CH4/O2
=10, TO = 1,173 K and weight fraction of LC = 0.3. In addition, it was 1.1 and 8.25 times of Yc2max, LC
and YC2,max, MN.

Nomenclature

Fo, ¢ molar flow rate of reactant “i" at reactor inlet [mol/s]

F; molar flow rate of reactant “i" at reactor outlet [mol/s]

Sea overall selectivity to ethylene and ethane [-]

w weight fraction in double layer loading [-]

X; conversion of reactant “i" at reactor outlet [-]

Yoo overall yield of ethylene and ethane [-]
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