
1

3 Modeling and optimization of the mixed reforming of methane:
4 Maximizing CO2 utilization for non-equilibrated reaction

5

6

7 Nonam Park a,b
Q1 , Myung-June Park a,b,⇑, Seung-Chan Baek c, Kyoung-Su Ha c, Yun-Jo Lee c, Geunjae Kwak c,

8 Hae-Gu Park c, Ki-Won Jun c,⇑
9 a Department of Chemical Engineering, Ajou University, Suwon 443-749, Republic of Korea

10 b Department of Energy Systems Research, Ajou University, Suwon 443-749, Republic of Korea
11 c Research Center for Green Catalysis, Korea Research Institute of Chemical Technology (KRICT), Daejeon 305-600, Republic of Korea

12
13

1 5
h i g h l i g h t s

16
17 � Dry and mixed reforming of methane were conducted under non-equilibrium conditions.
18 � Kinetic model was developed with kinetic parameters estimated using experimental data.
19 � Effects of operating conditions on CO2 conversion were evaluated using the model.
20 � A reactor with three sections was considered for optimization study.
21 � Optimization was performed to maximize CO2 utilization using the genetic algorithm.
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38In the present study, a reactor model for mixed reforming over Ni-based catalyst was developed to inves-
39tigate non-equilibrium behavior and reactions. Kinetic parameters were estimated by fitting experimen-
40tal data for CH4 and CO2 conversions and H2/CO ratios under a variety of conditions, and the CO2

41consumption rate was shown to be significantly affected by operating conditions due to the different
42characteristics of each reaction: dry reforming (DRM), steam reforming for the production of CO
43(SRM1) and CO2 (SRM2), and the water–gas shift (WGS) reaction. For optimization study, a reactor com-
44posed of three sections with different inert fractions and wall temperatures was considered, and optimi-
45zation was conducted using various weighting factors on the CO productivity and the CO2 consumption
46per unit CO productivity; when maximum CO2 consumption per CO productivity was achieved, inert frac-
47tion of the first part of the reactor was lowered and wall temperature for the third part of the reactor was
48decreased, compared to maximum CO productivity case. Further analysis of instantaneous reaction rates
49showed that, in the case of maximum CO2 consumption, one third of the later part of the reactor could be
50obviated, resulting in an increase in CO productivity per unit volume, that is, the efficiency of the reactor.
51As a result, the strategy in the present study was successfully applied in the design of a mixed reforming
52reaction process providing maximum CO2 conversion as well as minimum CO2 emissions while reducing
53energy costs.
54� 2013 Published by Elsevier Ltd.

55

5657 1. Introduction

58 Synthesis gas (syngas), a mixture of hydrogen and carbon monox-
59 ide, has received significant research and industrial interest as a
60 source of hydrogen, and has been used for highly selective syntheses
61 of a wide range of chemicals and fuels. One of the most widely used
62 methods for syngas production is the steam methane reforming

63(SMR) process [1]. However, the syngas generated by SMR has a high-
64er H2/CO ratio than that which is normally required for the produc-
65tion of fuels such as Fischer–Tropsch liquids [2]. Although the
66excess H2 in syngas can be separated using a polymer membrane or
67a pressure swing adsorption unit [3], the additional units increase
68both capital and operating costs. As an alternative way to decrease
69H2/CO ratios as well as to reduce the energy requirements, the endo-
70thermic SMR process can be coupled with the exothermic partial oxi-
71dation of methane (POM) [4]. POM has disadvantages in that it
72usually requires additional instrumentation such as air-separation
73units (ASU) to remove nitrogen from air; furthermore, SMR in con-
74junction with POM produces syngas with H2/CO ratios higher than
75two [5]. The dry reforming of methane (DRM), which uses carbon
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76 dioxide instead of steam, results in a H2/CO ratio closer to unity [1];
77 thus, mixed reforming (incorporating both steam and dry condi-
78 tions) is considered an ideal method to manipulate the H2/CO ratio
79 without incorporation of additional process units, such as those for
80 the WGS reaction, prior to the reforming process unit [5]. By carrying
81 out CO2 reforming simultaneously with steam reforming, carbon
82 depositionrate,which isvery rapid in CO2 reforming, is drasticallyre-
83 duced [6]. The information about the catalysts for the mixed reform-
84 ing of methane can be referred to some previous studies [7–9].
85 Previous studies concerning optimization of the methane
86 reforming process have focused on the optimization (i.e., maximi-
87 zation) of syngas production rates [10–12]. Hagh [10] maximized
88 hydrogen yields at the highest possible steam-to-carbon ratio
89 and inlet feed temperature while minimizing heat loss and reactor
90 pressures in an autothermal reactor. Rajesh et al. [13] conducted a
91 multi-objective optimization study to simultaneously minimize
92 the methane feed rate and maximize the carbon monoxide flow
93 rate in syngas to yield a fixed hydrogen production rate from the
94 unit. Chattanathan et al. [14] maximized CH4 conversion and min-
95 imized coke formation in the mixed reforming process. In addition
96 to the strategies developed to improve the hydrogen yields and re-
97 duce CO2 emissions using the mixed reforming process, the sorp-
98 tion enhanced steam methane reforming process has also been
99 found as a promising method [15–17].

100 Most of previously reported studies related to the optimization of
101 reforming processes have focused on productivity maximization.
102 However, because of recent interest in the development of environ-
103 mentallyfriendlyprocesses,especiallythosewithlowCO2 emissions,
104 one of the aims in the present study is to suggest a reforming process
105 with maximum CO2 conversion, that is, to determine the optimal
106 operating conditions for maximum CO2 utilization in steam reform-
107 ing combined with dry (CO2) reforming. Previous approaches to pro-
108 cess design have concentrated primarily on optimal equilibrium
109 conditions, since high reaction rates guarantee that the reaction
110 reaches equilibrium prior to exiting the unit. However, this approach
111 is not environmentally or economically feasible with respect to the
112 waste of catalytic materials and heating energy; thus, a further aim
113 of the present study is to reduce CO2 emissions in by investigating
114 operations under non-equilibrium conditions in order to utilize the
115 entirecatalytic loadingwithinthereactorandminimizeenergycosts.

116 2. Experimental

117 2.1. Catalyst preparation

118 The catalyst was prepared by a co-impregnation method using
119 metal precursors of Ni(NO3)2�6H2O (98%, Samchun) and Ce(CH3-

120COO)3�xH2O (99.9%, Aldrich) in an aqueous solution. The weight ra-
121tio of Ni/Ce/support (Sasol Pural MG30 with weight ratio of MgO/
122Al2O3 = 3/7) was fixed at 12/4/84 based on the metallic composi-
123tion of Ni and Ce metals. The prepared catalyst was dried overnight
124at 120 �C and pelletized. The pellets were subsequently calcined at
125850 �C for 6 h in air. More details about catalyst preparation can be
126found in our previous work [8].

1272.2. Test runs for kinetic studies

128The fresh catalyst pellet was crushed into more suitably sized
129granules of 16–20 mesh. The prepared catalyst was charged in a
130micro fixed-bed reactor with an outer diameter of 12.7 mm. The
131amount of catalyst in the bed was 50 mg; 1 g of diluents (a-
132Al2O3 ball) was added to the bed. Prior to activity tests, the catalyst
133was pre-reduced at 750 �C for 3 h under a flow of 5 vol% H2 bal-
134anced with N2. The experimental conditions under investigation
135were as follows: gas hourly space velocities (GHSV) in the range
136of 90,000–250000 mL-CH4/(gcat h); temperatures between 700
137and 900 �C; pressures of 0.5–1.2 MPa; CO2/CH4 ratios of 0.3–1.2.
138Table 1 shows the experimental conditions considered in the pres-
139ent study. In some cases, the value of GHSV was slightly different
140from the value of comparable experiments due to the replacement
141and re-calibration of the mass flow controller (MFC) during the
142tests. It is worth noting that, since syngas in the present study
143was assumed to originate from natural gas, H2S with poisonous ef-
144fects on nickel catalysts as well as fine particulates causing deacti-
145vation was not considered in the feed composition. In addition, CO2

146was assumed to be fed separately for various CO2/CH4 ratio in the
147feed, while gasification of woody biomass with oxygen results in
148CO2/CH4 ratio of 3–5 which is beyond the range used in the exper-
149iments. Product gases were analyzed by an online gas chromato-
150graph (GC) (Younglin ACME 6100) equipped with a TCD
151connected to a carbosphere-packed column.

1523. Results and discussion

1533.1. Mathematical modeling

154In our previous work [5], a kinetic model for the mixed reform-
155ing of methane over a Ni–CeO2/MgAl2O4 catalyst (prepared by Kor-
156ea Research Institute of Chemical Technolgoy) was developed by
157applying a Langmuir–Hinshelwood-type expression. The use of
158catalysts with different shape (pellet type) in the present study
159necessitated the modification of the kinetic parameters in the pre-
160vious report by employing new experimental conditions with
161greatly increased space velocities for the non-equilibrium reaction.

Nomenclature

ci concentration of the species (mol/m3)
Cp heat capacity (J/(g K))
DRM dry reforming reaction
De effective diffusivity (cm2/s)
Dt tube diameter (m)
Ej activation energy (J/mol)
fi partial fugacity of species i (Pa)
GHSV gas hourly space velocity (mL-CH4/(gcat h))
4H heat of reaction (J/mol)
kjapp apparent rate constant
Ki adsorption equilibrium constant of species i
Kp,j equilibrium reaction rate constant
L length of reactor (m)
NR number of reaction

Ri,j reaction rate (mol/(gcat h))
SRM steam reforming reaction
us gas velocity (m/h)
U overall heat transfer coefficient (W/(m2 K))
w weighting factor
WGS water–gas shift reaction

Greek letters
h inert reaction
qB bulk pellet density (kg/m3)
qg bulk gas density (kg/m3)

2 N. Park et al. / Fuel xxx (2013) xxx–xxx

JFUE 7263 No. of Pages 9, Model 5G

25 July 2013

Please cite this article in press as: Park N et al. Modeling and optimization of the mixed reforming of methane: Maximizing CO2 utilization for non-equil-
ibrated reaction. Fuel (2013), http://dx.doi.org/10.1016/j.fuel.2013.07.035

http://dx.doi.org/10.1016/j.fuel.2013.07.035


Download English Version:

https://daneshyari.com/en/article/6639365

Download Persian Version:

https://daneshyari.com/article/6639365

Daneshyari.com

https://daneshyari.com/en/article/6639365
https://daneshyari.com/article/6639365
https://daneshyari.com

