
PRODUCTION OF HYDROGEN FROM THE LOW-TEMPERATURE STEAM
REFORMING OF METHANOL 

A Thesis
Submitted to the College of Graduate Studies and Research

in Partial Fulfillment of the Requirements
. for the Degree of

Doctor of Philosophy
in the

Department of Chemical Engineering
University of Saskatchewan

by

RAPHAEL OYOM IDEM 

Copyright © 1995 Raphael O. Idem 

Spring 1995 

The University of Saskatchewan claims copyright in conjunction with the author. 
Use shall not be made of material contained herein without proper 
acknowledgement. 



COPYRIGHT

In presenting this thesis in partial fulfillment of the requirements for a 
Postgraduate degree from the University of Saskatchewan, I agree that the 
Libraries of this University may make it freely available for inspection. I further 
agree that permission for copying of this thesis in any manner, in whole or in part, 
for scholarly purposes may be granted by the professors who supervised my thesis 
work, or in their absence, by the Head of the Department or the Dean of the 
College of Graduate Studies and Research. It is understood that due recognition 
shall be given to me and to the University of Saskatchewan in any scholarly use 
which may be made of any material in my thesis. Copying or publication or any 
other use of this thesis or parts thereof without approval by the University of 
Saskatchewan and my permission is prohibited. 

Requests for permission to copy or to make other use of the material in this thesis 
in whole or in part should be addressed to: 

The Head of the Department of Chemical Engineering
University of Saskatchewan
Saskatoon, Saskatchewan
Canada S7N OWO



ABSTRACT

The purpose of this work was to design and develop a high performance catalyst 

for the production of hydrogen from the low-temperature steam reforming of methanol 

and, also, to develop the kinetics of the methanol-steam reforming process. Catalyst 

design and development utilized a five-phase program involving the identification and 

subsequent optimization of the catalyst characteristics responsible for high catalytic 

performance. Extensive catalyst characterization and performance evaluation were 

carried out in each phase to provide the tools required for optimization. 

The base for this program was the highly active coprecipitated Cu-AI catalyst. 

Subsequent phases involved improvement of this Cu-AI catalyst by optimizing copper 

concentration and calcination temperature, type and concentration of promoter, and 

catalyst activation technique. In each phase, methanol decomposition and steam 

reforming reactions were performed in a microreactor at atmospheric pressure over 

reaction temperatures ranging from 170-250
o
C and methanol space velocities (WHSV) 

of 26.4 and 16.7 h 
-1 

,respectively. 

Hydrogen production was a strong function of catalyst reducibility, copper 

concentration, type and concentration of promoter, reaction temperature, and type of 

1 0
feed. Also, hydrogen production efficiency depended strongly on the Cu ICu wt ratio 

in the activated catalyst. Maximum methanol conversions of 93 and 99 mol % and H2 

selectivities of 99 and 93 mol % were obtained from the Mn-promoted and vaporized 

methanol-steam activated catalyst at 200 and 250oC, respectively. Favorable catalyst 
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characteristics were such that the promoter, calcination temperature and the activation 

process not only conditioned the catalyst to produce optimum amounts of active CuD, 

Cu1 and Bronsted base sites but also ensured that these sites were maintained during the 

reaction. The performance of the catalyst developed (p-5CM2) was superior to those 

reported in the literature for both high and low reaction temperatures. 

Results from kinetic studies showed for the first time that the rate controlling 

0
mechanism for the methanol-steam reforming process depended strongly on the Cu _ 

CU20 redox ability of the catalyst which, in tum, was a strong function of activation and 

reaction temperatures. The rate controlling steps for the methanol-steam reforming 

process at low and high reaction temperatures were found to be methanol dissociation 

and methyl formate hydrolysis, respectively. 
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1 INTRODUCTION 

Strong efforts are being made to commercialize the use of proton exchange 

membrane (PEM) fuel cells for the generation of electric power for both electric 

vehicles and electric power plants (Birdsell and Vanderborgh, 1994; Vanderborgh et aI., 

1987; Dunnison and Wilson, 1994). This is because fuel cells are highly energy 

efficient. An overall energy efficiency of 85 % has been reported (Whitaker, 1994). 

Also, with an equally strong interest in the use of hydrogen as the fuel, PEM fuel cells 

are the most certain to meet future ultra low NO ' SOx' CO, CH4 and CO2 emissionx 

targets (Creveling, 1992). In the case of PEM fuel cell power generation for electric 

vehicles, the associated difficulties in on-board hydrogen storage and handling are 

usually circumvented by the use of methanol as a hydrogen carrier. Hydrogen can then 

be produced as needed by the fuel cell from the methanol-steam reforming reaction. 

However, the commercial catalysts currently used for the process only enable efficient 

operation at temperatures as high as 280 (lC (Amphlett et aI., 1991). On the other hand, a 

typical solid polymer (PEM) fuel cell which is the most suitable for electric vehicle 

application operates at much lower temperatures « 120 (lC). It is highly desirable to 

operate the reformer at low methanol-steam reforming temperatures because, in addition 

to the temperature mismatch between the reformer and the fuel cell, high reforming 

temperatures also result in the production of carbon monoxide which is a serious poison 



for the fuel cell anode side catalyst. Therefore, what is needed is a catalyst which can 

operate efficiently at low methanol-steam reforming temperatures. 

1.1 Problem Identification 

Extensive studies on hydrogen production from methanol have been reported in 

the literature in which catalysts such as Cu-ZnO/AI20 3, Cu/ZnO, Cu-Ni/AI20 3, 

CulAI20 3,CulCr20 3, Cu/Si02, Cu-Mn-Cr-Si, and Cu/AIP04 have been used(Cheng, 

1989; Amphlett et aI., 1991; Isogai et aI., 1989). However, only studies by Amphlett et 

aI. (1993, 1991, 1988) have focused on the production of hydrogen from methanol 

specifically for the development of the fuel cell technology. Also, it appears from the 

literature that there is very little research activity in the area of design and development 

of high performance catalysts for the methanol-steam reforming reaction. As such, most 

workers in this area of research (i.e. producing hydrogen from methanol for the fuel 

cell) employ already existing commercial catalysts in most of their works (Amphlett et 

aI., 1991). Thus, with limited research, success in the design of a catalyst with improved 

catalytic performance is not likely to be achieved. 

It is well known that physical and chemical properties exert a strong influence 

on the catalyst performance. These properties are controlled by independent variables 

such as catalyst constituents, composition, and preparation methods. In the case of the 

production of hydrogen from methanol, a number of studies have been carried out using 

copper-based catalysts to analyze the effects of some of these variables on catalysts 

performance (Amphlett et aI., 1990; Cheng, 1989; Isogai et aI., 1989; Matsukata et aI., 
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1988; Agaras et aI., 1988; Takezawa et aI., 1982; Minochi et aI., 1979; Kobayashi et aI., 

1976). However, information regarding the physical and chemical characteristics of 

these catalysts is scant. Consequently, the relationship between catalyst characteristics 

and catalyst performance in the production of hydrogen from methanol is not clearly 

understood. Under this condition, it is extremely difficult to design a catalyst with the 

objective of obtaining an improved catalytic performance. 

Hydrogen can be made either by catalytic decomposition or steam reforming of 

methanol. In the steam reforming process, it is known that more hydrogen can be 

produced than is available in methanol alone on account of the participation of water in 

the overall process. However, if one wishes to use methanol as hydrogen storage, then it 

is of interest to know the maximum hydrogen production efficiency and the conditions 

under which this would be obtained. Such information is not available in the literature. 

Also, in recent literature, Su and Rei (1991) have studied both chemisorptive and 

reaction products of the methanol-water system on NiO/Al 0 and CuO/ZnO catalysts in z 3 

order to develop a better understanding of the effects of catalysts constituents on 

reaction mechanism in the steam reforming reaction. However, it is still not clear how 

each metal species in each catalysts affects the catalyst activity. In addition, there are 

conflicting views regarding the oxidation state of the active metal species for the 

methanol-steam reforming reaction. 

A very important aspect for the actualization of the PEM fuel cell-powered 

electric vehicles is the proper design of both the methanol-steam reformer and the PEM 

fuel cell system. This research work focusses on the design of the reformer. In the 

literature, it is known that the simulation and design of any reactor requires information 
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on both the thermodynamic and kinetic properties of the reaction of interest. In the case 

of the methanol-steam reforming reaction, while there is adequate information on the 

thermodynamiC aspect (Amphlett et aI., 1981; Agaras et aI., 1988; Kobayashi et aI., 

1976), little is available on the kinetics. Consequently, kinetic data are scant. Also, there 

are conflicting views in the literature concerning the reaction mechanisms for the 

methanol-steam reforming process (Jiang et aI., 1993; Takezawa et aI., 1982; Su and 

Rei; 1991; Minachev et aI., 1989; Kobayashi et aI., 1976; Amphlett et aI., 1988). While 

Kobayashi et aI. (1976), Takezawa et aI. (1982), and Amphlett et aI. (1991, 1988) have 

suggested the involvement of the CO shift reaction in the methanol-steam reforming 

process, Takahashi et aI. (1982), Su and Rei (1991), Minachev et aI. (1989), and Jiang et 

aI. (1993) have shown that it is not possible for the CO shift reaction to take place under 

the methanol-steam reforming environment. 

In this research work, an attempt is made not only to design and develop a 

o
catalyst capable of efficient operation at low reaction temperatures (~200 C) but, also, 

to develop a reaction scheme which accurately represents the methanol-steam reforming 

process. In addition, an attempt is made to provide adequate kinetic data, and 

consequently, obtain an intrinsic kinetic model for the process. 

1.2 Research Objectives 

The main objectives of this research were (i) to design and develop a catalyst 

that is capable of efficiently catalyzing the production of hydrogen from methanol at 

low reaction temperatures (~ 200 0 C), and (ii) to develop intrinsic kinetics of the 
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methanol-steam reforming reaction. Within these overall objectives, various phases of 

the research were mapped out with each phase having set objectives. These are given 

below. 

1.2.1 Phase 1: Selection of Primary Components of Catalyst 

This involved the following schedules: 

(a) Study of the characteristic chemistry of the methanol-water system and the 

determination of the types of reactions that are possible. 

(b) Identification of desirable and undesirable reactions. 

(c) Using techniques such as activity patterns, geometric factors, chemisorption 

studies, and bulk solid properties to select active catalyst components with a 

view to promoting the desired reactions while inhibiting the undesired reactions. 

(d) Preliminary performance evaluation of catalysts prepared from various 

combinations of the active components in order to select the most active catalyst 

(primary) components. 

1.2.2 Phase 2: Preparation, Characterization and Performance Evaluation of 
Coprecipitated Cu-AI Catalysts 

The main objectives of this phase were to determine 

(a) the optimum preparation variables such as copper concentration, aluminum 

concentration, and catalyst calcination temperature. 

(b) the optimum operating conditions such as reaction temperature, and type of feed 
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(c) 

(d) 

(e) 

(f) 

the relationship between catalyst characteristics and catalyst performance 

the effects of each metal species on catalyst activity 

the oxidation state of the active metal species for the methanol-steam reforming 

reaction. 

the best catalysts and their maximum hydrogen production efficiencies 

1.2.3 Phase 3: Improvement of Performance of the Best Catalysts from Phase 2 
by Incorporation of Manganese, Chromium and Zinc Promoters. 

(a) 

(b) 

(c) 

(d) 

This phase involved the following tasks: 

Preparation, characterization and performance evaluation of promoted catalysts. 

Determination of role and promotion mechanism of each type of promoter 

Determination of optimum promoter concentration for each promoter 

Development of a novel in-situ catalyst characterization technique for the 

verification of the nature of species in activated promoted coprecipitated Cu-

Al catalysts. 

1.2.4 Phase 4: Improvement of Performance of Optimum Catalysts from Phase 3 
by the Use of a Novel Catalyst Activation Method. 

(a) 

(b) 

The following tasks were involved in this phase of the program: 

Thorough characterization of activated promoted Cu-AI catalysts. 

Elucidation of actual processes taking place for each catalyst activation 

technique. 
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(c) Evaluation of low temperature performance of the best catalyst at various 

operating conditions. 

(d) Studies of stability with respect to time of the performance of the best catalyst. 

1.2.5 Phase 5: Performance Comparison 

(a) Comparison of performance of catalysts reported in the literature with that 

obtained from the best catalyst from this work 

(b) Performance studies of a commercial CuO-ZnO/AI20 3 catalyst (Girdler, CCI 

and Houdry T-2107) and comparison of its low temperature performance with 

that obtained from the best catalyst from phase 4. 

1.2.6 Phase 6: Kinetic Modeling 

This phase involved the following tasks: 

(a) Derivation of reaction mechanisms 

(b) Derivation of rate equations using the LHHW approach, and estimation of the 

kinetic parameters. 

(c) Derivation of power law rate models and estimation of kinetic parameters 

(d) An attempt at unification of the two types of models. 
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2 LITERATURE REVIEW

2.1 Introduction 

A review of the production of hydrogen from methanol by the steam reforming 

of methanol is presented in this chapter. This review focuses on the types of commercial 

and non-commercial catalysts currently available for the production of hydrogen from 

methanol as well as on methods of their preparation and characterization. Also, 

emphasis in this review is placed on both the performance of these catalysts for 

hydrogen production from methanol, and the kinetics of the methanol-steam reforming 

process. 

Since the hydrogen produced by the low temperature methanol-steam reforming 

process is targeted for use as an energy vector in fuel cells, it is appropriate to review 

the fuel cell system, fuels used in fuel cells and the methods of their storage in fuel cell 

units. 

2.2 The Fuel Cell 

A fuel cell is an electrochemical device that transforms chemical energy stored 

in fuels directly into electrical energy (Austin, 1959; Creveling, 1992). According to 

these authors, this mode of energy conversion circumvents the limitations imposed by 

the inherent inefficiency in the Carnot cycle heat engine for producing work. Also, since 

there are no moving parts, no useful energy is lost due to friction (Dunnison and 
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Wilson, 1994; Vanderborgh et aI., 1987). Thus, fuel cells are highly energy efficient, 

and an overall energy efficiency of 85 % has been reported for PC25, a product of ONSI 

Corporation, USA (Whitaker, 1994). There are other attractive features such as: (i) the 

possibility of building a small-sized, large-capacity power unit suitable for an artificial 

satellite (Austin, 1959), a mobile vehicle (Vanderborgh et aI., 1987; Creveling, 1992), 

and stationary power plant applications (Dunnison and Wilson, 1994); (ii) its quiet 

operation (Dunnison and Wilson, 1994); and (iii) the absence of noxious gases 

(Creveling, 1992; Austin, 1959; Yokoyama and Ito, 1994). In the case of motor 

vehicles, fuel cell powered engines have the added advantages of higher speed and more 

rapid acceleration as compared to gasoline or diesel powered engines (Austin, 1959). 

Currently, there are strong efforts to commercialize the use of fuel cells for the 

generation of electric power for both stationary (power plants) and mobile engines 

(Creveling, 1992, Hirschenhofer, 1994; Williams et aI., 1994; O'Shea and Leo, 1994; 

Benjamin et aI., 1994; Maru et aI., 1994; Hsu et aI., 1994; Weisbrod and Vanderborgh, 

1994; Vanderborgh et aI., 1987; Dunnison and Wilson, 1994). 

Fuel cell engines are typically configured as stacks of individual cells 

(Creveling, 1992). A simplified schematic of a fuel cell engine is illustrated in Figure 

2.1. This figure shows that the fuel cell power plant consists of three basic sections: fuel 

processor, power section (fuel cell), and conditioner section (inverter). In addition to 

water and heat, the type of fuel used in the fuel cell determines whether any other fuel 

cell by-product(s) will be produced. For example, if hydrogen is used as the fuel, no 

other by-product will be obtained (Creveling, 1992). However, if natural gas (methane) 
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or gases from the gasification of coal is used, carbon dioxide will also be produced 

(Austin, 1959). 

Typically, the reactions that take place in the fuel cell are as follows: a catalyst 

(such as platinum or palladium) embedded in the anode dissociates the fuel (hydrogen 

gas molecules) into individual atoms (Equation 2.1). These H atoms then combine with 

the OH- in the electrolyte to form water according to Equation 2.2. 

Anode: => 2H (2.1) 

catalyst 

2H + 2H
2
0 + 2e- (2.2) 

This process yields electrons which flow through the circuit to the cathode (which 

contains catalysts such as cobalt oxide, platinum, and silver), where they combine with 

oxygen and water to form hydroxyl ions according to the overall cathode reaction 

(Equation 2.3). 

Cathode: (2.3) 

The OH- ions complete the circuit by migrating through the electrolyte to the anode. 

2.3 Types of Fuel Cells 

Fuel cells are classified according to the electrolyte used (McCann, 1991 ; 

Creveling, 1994; Hirschenhofer, 1994). These are: the alkaline fuel cell used in space 
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vehicle power systems, the phosphoric acid fuel cell (PAFC) used in both road 

transportation and stationary engines, the solid polymer fuel cell (SPFC) also used in 

both road transportation and stationary engines, the molten carbonate fuel cell (MCFC) 

used in stationary engines, and the solid oxide fuel cell (SOFC) used only in stationary 

engines. Further, these electrolytes and other fuel cell components are designed so as to 

withstand the operating fuel cell temperature which, itself, is dictated by the type of fuel 

used. 

2.3.1 Alkaline Fuel Cell 

The alkaline fuel cell uses alkalis such as aqueous potassium hydroxide and 

sodium hydroxide, as electrolytes, and hydrogen as the fuel. It operates at low 

temperatures and is, therefore, sensitive to hydrogen fuel impurities. The cell reactions 

are as given in Equations 2.1-2.3. The applicability of alkaline fuel cells has been 

proven in mini scale niche services such as in artificial space satellites (Austin, 1959; 

McCann, 1991). 

2.3.2 Molten Carbonate Fuel Cell (MCFC) 

The molten carbonate fuel cell (MCFC) employs a molten carbonate electrolyte 

which usually consists of K C0 or Na C0 mixed with Li C0 to lower the melting 2 3 2 3 2 3 

point (Austin, 1959). The MCFC operates at temperatures above 500°C. This high 

operating temperature enables the MCFC to use fuels such as natural gas, coal-derived 

gases, refinery gases, methanol, and process gas directly in the fuel cell section (Austin, 
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1959; Williams et aI., 1994). Also, at these high operating temperatures, the MCFC has 

the capacity to tolerate a high level of impurities in the fuel. As was mentioned earlier, 

the MCFC is used mainly for stationary engines. As reported by Hirschenhofer (1994), 

MCFC plants are in commercial use in Denmark, and in USA. 

2.3.3 Solid Oxide Fuel Cell (SOFC) 

As the name indicates, the solid oxide fuel cell (SaFC) uses a solid oxide such 

as zirconia as the electrolyte (Hsu et aI., 1994). This refractory electrolyte material 

enables the operation of the SaFC at temperatures as high as 1000 DC. At this high 

temperature, zirconia has the unique property of conducting oxygen ions instead of 

electrons, a property that is essential for the operation of the fuel cell. Basically, SaFC 

uses the same fuel as MCFC. However, because of the extremely high temperature, 

SaFC can also use liquid fuels such as gasoline, diesel and kerosene directly (Hsu et aI., 

1994). It can also tolerate high levels of impurities in the fuel. As reported by 

Hirschenhofer (1994), SaFC plants are in commercial use in Japan, and in USA. 

2.3.4 Phosphoric Acid Fuel Cell (PAFC) 

Phosphoric acid is the electrolyte in phosphoric acid fuel cells (Whitaker, 1994). 

The operating temperature is about 120°C. At this temperature, only hydrogen can be 

used directly as the fuel. The type of fuels usually supplied to the fuel cell power plant 

include natural gas, refinery gas, methanol or coal derived gases. However, these gases 

are usually processed in the gas processing section shown in Figure 2.1 to produce 
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hydrogen which then enters the fuel cell section. Because of the low operating 

temperature, the level of tolerance of PAFC to fuel impurity is low. A typical 

specification for maximum levels of impurities has been given by McCann (1991); [H2S 

=10 ppm, HCI =1 ppm, NH3 =1 ppm, H20 =7 %, CO =2 %, C1 hydrocarbons =50 

%, C2 hydrocarbons =2 % and C + hydrocarbons = 1000 ppm]. PAFC can be used in 3

road transportation as well as in stationary engines. PAFC plants are in commercial 

operation in Austria, Canada, Japan, and USA (Hirschenhofer, 1994). 

2.3.5 Solid Polymer Fuel Cell (SPFC) 

The solid polymer fuel cell (SPFC) or proton exchange membrane (PEM) fuel 

cell is considered to be the most efficient of all the fuel cells mentioned. However, as an 

emerging technology, its commercialization still requires several technical challenges to 

be addressed (Dunnison and Wilson, 1994; Creveling, 1992). These are in the areas of 

fuel processing, fuel cell hardware, and electric power processing. It uses a solid proton 

exchange membrane (PEM), such as polyperfluorosulfonic acid, as the electrolyte 

(Vanderborgh et aI., 1987). According to Dunnison and Wilson (1994), the solid 

polymer membrane is a high-efficiency, high-power-density, non-corrosive electrolyte 

that is capable of withstanding high pressure differentials. The operating temperature is 

lower than that of PAFC (about 80°C). This permits rapid start-up. Also, the ability of 

the SPFC to operate under high pressure, coupled with the high power density of the 

solid polymer membrane means a reduction in size and, consequently, a reduction in the 
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cost of the power plant (Dunnison and Wilson, 1994). The fuel used in SPFC is usually 

hydrogen. If other types of fuels such as natural gas or methanol are used, they are 

usually reformed in the fuel processing section into a hydrogen rich gas before being 

allowed to enter the fuel cell section (see Fig. 2.1). Because the operating temperature is 

lower than that of PAFC, the level of tolerance of SPFC to fuel impurity is 

correspondingly lower. Literature limits of tolerance are as follows: CO < 20 ppm, CO2 

< 25 mol %, CH30H < 1 mol % (Weisbrod and Vanderborgh, 1994). The SPFC is 

particularly suited for road transportation especially with regard to the tighter NOx 

emission limits anticipated in many states in the USA, and in other industrialized 

countries (Vanderborgh et aI., 1987). It is reported by Creveling (1992) that continuing 

work at Los Alamos National Laboratories by the Dow Chemical Co., Ballard Power 

Systems, and General Motors (GM) now indicates that material and component costs 

can be competitive with those of internal combustion engines. This puts the PEM fuel 

cell powered vehicles at an advantage since the latter engines will not perform well if 

subjected to the same extremely stringent future emission and fuel economy standards 

as the PEM fuel cell engines. General Motors Corporation has carried out research work 

to evaluate potential application of the PEM fuel cell in passenger cars, vans, and urban 

buses. Component research and development has been directed towards membrane 

improvements, use of low catalyst loadings (i.e. active anode side catalysts), and the 

design of advanced fuel cells (Creveling, 1992). The Dow Chemical Co., and Ballard 

Power Systems are also actively working together to commercialize proton exchange 
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membrane (PEM) fuel cell power plants for stationary power generation (Dunnison and 

Wilson, 1994). 

2.4 Fuel Cell Fuels: Advantages and Disadvantages 

A review of the materials usually employed as fuels for fuel cells, as well as 

their advantages and disadvantages is presented in this section. The common fuels for 

fuel cells are hydrogen, natural gas, methanol, gases obtained from the gasification of 

coal, gasoline vapor, refinery gases, process gas, kerosene and diesel. The choice of fuel 

depends on factors such as cost of the fuel, availability, as well as on ease of 

transportation and storage of the fuel. As pointed out previously, the type of fuel has a 

great impact on the fuel cell operating temperature and, consequently, on the type of 

electrolyte and other components used in the fuel cell unit. Details are given below. 

2.4.1 Hydrogen 

Hydrogen is generally used in fuel cells that operate at low temperatures. PAFC, 

SPFC, and alkaline fuel cells lend themselves to this type of low temperature 

application. According to Dunnison and Wilson (1994), low temperature application 

such as in PEM fuel cell powered engines provides a number of advantages: (i) the 

temperature of the entire unit can be maintained with a simple cooling water system 

since the fuel cell stack operates below the boiling point of water; (ii) since modest 

temperature differentials are easily maintained, sealing is easy and this makes the plant 

inherently reliable and inexpensive to build and operate; (iii) since the fuel cell stack 
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does not produce steam, the unit is safer and, also, the power plant does not require an 

expensive and troublesome boiler system to manage steam from the stack. This also 

obviates the need to use exotic materials to withstand high temperature operation and 

reduces the likelihood of corrosion, thus allowing low cost materials to be used; (iv) 

plant construction is simplified since non-corrosive liquids are involved. 

However, the low operating temperature can also be disadvantageous. For 

example, at low temperatures, the effects of the anode side catalyst poisoning by 

impurities such as carbon monoxide in the hydrogen fuel cannot easily be remedied 

(McCann, 1991, Birdsell and Vanderborgh, 1994; Amphlett et aI., 1991). Further, 

hydrogen is a costly fuel and it does not occur naturally in large quantities. In Western 

Canada for example, the use of hydrogen is highly competitive because of the presence 

of heavy industrial processes, such as those for fertilizer, chemicals, and petrochemicals 

manufacturing, petroleum refining, and oil sands and heavy oil upgrading, which 

require large quantities of hydrogen. Therefore, it does not appear that the use of 

hydrogen for the fuel cell will be favored in such regions. In addition, there are 

problems associated with the transportation and direct storage of hydrogen, especially 

with regard to safety, weight, and cost of necessary facilities (Weisbrod and 

Vanderborgh, 1994). In the case of motor vehicles, it is reported that the power-to

volume ratio is quite small because of the large volume required for direct storage of a 

gas as light as hydrogen (Austin, 1959). Similarly, there is a penalty in terms of the 

weight carried if storage on the vehicle is in the form of metal hydrides, ammonia, 

natural gas, or hydrogen absorbed in palladium because of the excessive weight of 

either the pressure vessels required (natural gas or ammonia storage) or that of metal in 
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which it absorbs (absorption in palladium) or with which it forms a compound (metal 

hydrides), as reviewed by Kester et al. (1975). 

2.4.2 Natural Gas 

As mentioned earlier, natural gas (methane) is used as fuel in SOFC, MCFC, 

PAFC, and SPFC. In the case of the latter two, the natural gas is initially reformed into 

a hydrogen rich gas in the fuel processing section of the fuel cell power unit (see Fig. 

2.1). This hydrogen then enters the anode side of the fuel cell. For these types of fuel 

cells, the net cell reactions are similar to the ones given in Equations 2.1-2.3. In SOFC 

and MCFC, the natural gas can be used directly in the fuel cell. Natural gas is relatively 

cheap compared to other fuels. However, the extraction of energy directly from natural 

gas requires operating temperatures of above 500 0 C, as was pointed out for SOFC and 

MCFC in section 2.2.1. This is because in these types of fuel cells, natural gas does not 

necessarily combine directly with oxygen in the same manner as in a H2-02 cell. 

Usually, the natural gas is "cracked" inside the fuel cell into hydrogen and carbon 

monoxide by reactions with steam and carbon dioxide which also happen to be the 

products for these types of fuel cell. In the case of MCFC, the current generating 

reactions are as follows: 

anode: H2 + (2.4) 
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cathode: 1120
2 

+ CO
2 

+ 2e- (2.5) 

Since aqueous electrolytes would boil away at these high operating temperatures, the 

electrolyte for natural gas-fueled fuel cells consists of a molten carbonate (as in MCFC) 

or refractory solid oxide (as in SOFC). At these high operating temperatures, the SOFC 

and MCFC have the advantage that impurities in the fuel are not detrimental to their 

operation. Also, high grade waste heat (at> 500 DC) can be recovered (Hsu et aI., 1994). 

Natural gas suffers from storage and transportation problems like other gaseous 

fuels. For example, it is costly to transport natural gas either by pipeline or as liquefied 

natural gas (LNG) for long distances (de Bokx et aI., 1988; Kliman, 1983; Othmer, 

1982). It is also costly to store natural gas in pressure vessels, even though this appears 

to offer the most convenient form of storage. 

2.4.3 Other Fuels 

Other fuels that have been used in fuel cells include coal derived gases, 

methanol, gasoline vapor, kerosene, diesel, petroleum refinery gas, and process gas. 

Apart from methanol, hydrocarbons (CxH ) form the major portion of each of these 
y

fuels. Also, each of these materials is cheaper than hydrogen. As previously reported in 

sections 2.3.1 and 2.3.2, these fuels can be used directly in fuel cells such as MCFC and 

SOFC with the attendant advantages and disadvantages of high temperature operation. 

Alternatively, the fuels can be reformed into a hydrogen rich gas suitable for use in low 

temperature fuel cells such as PAFC, SPFC, and alkaline fuel cells. Similarly, they will 
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be affected by the advantages and disadvantages of low temperature operation, as 

outlined in section 2.4.1. 

2.5 Methods of Production of Hydrogen for the Fuel Cell 

From the foregoing, it can be seen that hydrogen has advantages over other 

fuels, especially as it affects the cost of fuel processing, fuel cell hardware components, 

and operating conditions. It shares the same disadvantages with other gaseous fuels 

regarding storage and transportation though to different extents. However, hydrogen is 

costly compared with other fuels. Nevertheless, hydrogen continues to attract a strong 

interest for use as the predominant fuel for fuel cells since a hydrogen-fueled fuel cell 

arrangement for power generation is certain to meet future ultra low emission targets for 

the transportation sector (Vanderborgh et aI., 1987; Creveling, 1994; Leeper, 1994). 

As outlined in section 2.3.5, the PEM fuel cell is considered to be both the most 

efficient and most compact type of fuel cell even though it is still at its early stage of 

development. However, more work is still needed to address the problems of on-board 

production and storage of hydrogen for the fuel cell. In order to put the efforts made to 

address this problem in perspective, it becomes important to carry out a review of the 

methods currently used for hydrogen production and storage. Generally, hydrogen is 

produced by steam reforming of natural gas and other fossil fuels, as off-gases from 

petroleum refinery operations, and by steam reforming of methanol. How these methods 

are currently applied to fuel cell technology is presented below. 
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2.5.1 Steam Reforming of Natural Gas (Methane) 

Natural gas (methane) can be used as hydrogen storage. Hydrogen can then be 

produced by steam reforming of methane according to the overall equation 

(2.6)=> 

The component equations are usually written as 

reforming: co + (2.7) 

shift reaction: CO + H
2
0 (2.8) 

Commercially, this process is well established (Gary and Handwerk, 1984) and is 

usually carried out on nickel-silica catalysts at reaction temperatures in the range of 

o . ° 760-815 C. In recent lIterature, however, a lower temperature range (402-727 C) has 

been reported (Xu and Froment, 1989). Gary and Handwerk (1984) have reported that 

the shift reaction is usually carried out with the addition of more steam in a second 

reactor bed (containing chromium-iron oxide catalyst) at a temperature of about 343 °C. 

In the case of production of hydrogen from methane for the PEM fuel cell, not 

much information is available in the open literature concerning the operating conditions. 

However, using the currently available nickel-based catalysts for operation, it is clear 
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that the reaction temperature will still be in the range reported by Xu and Froment 

(1989) or higher. Since the PEM fuel cell (which is supposed to supply waste heat to the 

reforming unit) operates at a much lower temperature (Dunnison and Wilson, 1994), 

there exists a temperature mismatch between the fuel processing unit and the fuel cell 

unit and, consequently, a need for large utility heat supply to the reforming unit. 

Also, it does not appear that the CO shift reaction (Equation. 2.8) will go to 

completion (Gary and Handwerk, 1984). Usually, if it does not, it results in the 

production of carbon monoxide which is a serious poison for the anode side catalyst of 

the PEM fuel cell. Research work is underway to develop methods for CO removal, 

though not necessarily for the methane reforming reaction. One such method, called 

preferential oxidation (PROX) of CO has been reported by Birdsell and Vanderborgh 

(1994), Sutton and Vanderborgh (1992), and Vanderborgh et al. (1987). Briefly, this 

involves the preferential oxidization of CO over that of H2 during reactions over catalyst 

coated monoliths. 

It was pointed out earlier in section 2.4.2 that natural gas is not a convenient 

material for hydrogen storage for transportation application. Consequently, its use as 

hydrogen storage for the PEM fuel cell for transportation purposes is not considered 

attractive (Vanderborgh et aI., 1987). 

2.5.2 Off-Gases from Petroleum Refinery Operations 

In some refineries, a significant amount of hydrogen is present in gas streams 

vented from hydrocracking or hydrotreating operations. There is additional hydrogen 
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produced from the catalytic reforming unit (Gary and Handwerk, 1984). The hydrogen 

from these sources is always diluted because of the presence of large amounts of 

components such as methane and other hydrocarbons. Three industrial processes are 

currently available for the recovery of a concentrated hydrogen stream. These are: 

cryogenic phase separation, adsorption, and diffusion (Gary and Handwerk, 1984). 

Although hydrogen can be produced from the above source, there are serious 

drawbacks which make its application in fuel cell technology unattractive. Where 

refinery hydrogen is produced, there is serious competition for its consumption by 

major refinery and petrochemicals refining operations. Thus, its use for the fuel cell 

becomes secondary. In the case of PEM fuel cell for transportation purposes, there are 

serious problems of pure hydrogen storage either as a gas or liquid, as was pointed out 

earlier. The net result is that although this method of hydrogen production is feasible, its 

use in the PEM fuel cell has not been reported before in the open literature. 

2.5.3 Methanol Decomposition and Methanol-Steam Reforming Reactions 

Methanol provides a convenient method for storing hydrogen. Methanol is a 

liquid and can easily be transported and stored. It is manufactured largely from natural 

gas whose reserves worldwide are very large. Recently, low temperature/high yield 

processes for methanol manufacture from natural gas have been proposed (Periana et aI., 

1993; Hickman and Smith, 1993). Methanol can also be synthesized from coal. 

Hydrogen can then be produced from methanol either by methanol decomposition 

(Equation 2.9) 
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co + (2.9) 

or by methanol-steam reforming (Equation 2.10) 

+ (2.10)+ 

In the steam reforming reaction (Equation 2.10), 50 mol % more hydrogen can be 

produced than is available in methanol alone, the extra being obtained from water. This, 

coupled with the absence of CO as a major reaction product, makes the methanol-steam 

reforming process more attractive than the methanol decomposition process. According 

to Sutton and Vanderborgh (1992), the methanol-steam reforming process is best 

accomplished between 230-260 0 C. Although there is bound to be some degree of utility 

heating of the reformer unit, the level of temperature mismatch between the reformer 

and the PEM fuel cell is lower than in the case of methane reforming. On the other 

hand, some amount of CO is produced at this temperature range (Amphlett et aI., 1993), 

although Jiang et aI. (1993) has reported a CO free operation at temperatures as high as 

300 0 C. Nevertheless, Vanderborgh et aI. (1987) have shown that additional chemical 

steps are required to reduce both carbon monoxide and unreacted methanol 

concentrations. These can be accomplished by the use of extra reactors for CO shift 

conversion, residual methanol conversion, and preferential oxidation (PROX) of carbon 

monoxide. 
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As indicated in sections 2.5.1 and 2.5.2, other methods are available for 

hydrogen production from methanol for the PEM fuel cell. However, the use of the 

methanol-steam reforming process appears to be the most promising option, especially, 

because of the advantages derived from methanol storage, and also when viewed against 

the favorable economics of long distance transportation of methanol when compared 

with natural gas (de Bokx et aI., 1988; Kliman, 1983; Othmer, 1982). Thus, methanol 

can be manufactured cheaply where natural gas is abundant, transported over long 

distances economically, and stored conveniently in PEM fuel cells for the production of 

hydrogen. 

2.6 Catalysts for the Production of Hydrogen from Methanol 

Since methanol has been established as the most attractive means for hydrogen 

storage, and methanol-steam reforming as the most attractive process for hydrogen 

production for the PEM fuel cell, it becomes important to review the catalysts used. 

Generally, these catalysts are classified as commercial and non-commercial catalysts. In 

addition to this classification, other aspects of catalysts considered in this section are 

catalyst preparation, promoted and non-promoted catalysts, as well as catalyst 

characterization and activation methods. 

2.6.1 Commercial Catalysts 

Catalysts manufactured and used commercially for the production of hydrogen 

from methanol include BASF S3-85 and Cu-0203-T (Jiang et aI., 1993), Girdler G-66B 

25



(Kester et aI., 1975; Su and Rei, 1991), CCI-CI8HC, BASF K3-110, ICI K33-5, ICI 

K53-1 (Amphlett et aI., 1993), Girdler-CCI-Houdry T-2107 (used in phase 5 of the 

present work). Generally, these catalysts contain CuO, ZnO and Al20 3 phases. The 

preparation methods for these catalysts have not been reported in the open literature. 

2.6.2 Non-commercial catalysts 

In the literature, studies on hydrogen production from methanol have been 

carried out using copper containing catalysts such as Cu-ZnO/AI203' Cu/ZnO, Cu

Ni/AI203, Cu/AI203' Cu/Cr203, CU/Si02, Cu-Mn-Cr-Si, Cu-Ni/AIP04, Cu-Fe, Cu

Ti, Cu-Ca, Cu-Sn, and Cu-Co (Cheng, 1989; Amphlett et aI, 1991; Isogai et aI, 1989; 

Agaras et aI., 1988; Matsukata et aI., 1988; Amphlett et aI., 1990; Kobayashi et aI., 

1976; Jiang et aI., 1993). CulZnO and Cu-ZnO/AI
2
0 

3 
catalysts have been studied in 

great detail and it is interesting to note that they are also used commercially for low 

temperature methanol synthesis. According to Amphlett et ai. (1991), since the reverse 

reactions for methanol decomposition and reforming are those generally used for the 

overall synthesis of methanol, the forward and reverse reaction paths are likely to be 

similar. Consequently, Cu/ZnO and Cu-ZnO/Al
2
0 

3 
catalysts would have similar effects 

on both methanol decomposition and reforming as on methanol synthesis. However, 

there are conflicting views in the literature concerning this similarity in effects and, 

also, there is evidence that catalysts based on Cu-AI are more active for the steam 
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reforming of methanol than the Cu/ZnO catalysts (Takahashi et aI., 1982; Kobayashi et 

al., 1976; Matsukata et aI., 1988). 

2.6.3 Catalyst Preparation 

Various techniques have been explored for the laboratory preparation of 

catalysts used for the production of hydrogen from methanol. Such techniques include 

coprecipitation (Matsukata et aI., 1988; Jiang et aI., 1993), precipitation (Cheng, 1989), 

kneading (Kobayashi et aI., 1981), impregnation (Agaras et aI., 1988), leaching for 

raney copper/zinc catalyst (Jiang et aI., 1993), and ion exchange (Kobayashi et aI, 1980; 

Takahashi et aI., 1982). Combinations of some of these techniques have also been 

reported. These include precipitation and kneading (Isogai et aI., 1989; Minochi et aI., 

1979), and precipitation and impregnation (Amphlett et aI., 1990). The precipitation, 

coprecipitation, impregnation, ion exchange or kneading temperatures used vary widely, 

ranging from room temperature to 40 0 C for each method. The dryi~g step which 

follows is generally carried out at temperatures in the range 90-120 0 C. Catalyst 

calcination is generally performed at temperatures in the range 300-900 0 C under a 

variety of atmospheres. These include flowing air (Matsukata et aI., 1988; Cheng, 

1989), muffle furnace (Cheng, 1989), flowing nitrogen (Cheng et aI., 1989), and 

flowing CO2 (Cheng et aI., 1989). The actual preparation procedure selected will 

ultimately determine the catalyst characteristics obtained and, consequently, the catalyst 

performance. The other preparation variables that usually affect catalyst characteristics 
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are catalyst constituents and their concentrations. It has not been conclusively 

determined which preparation procedure produces the catalysts with the "desired" 

characteristics for the hydrogen production process. However, there are indications from 

studies concerning related reactions (methanol synthesis and the CO shift reactions) that 

catalysts prepared by coprecipitation techniques give superior performance (Ghiotti and 

Boccuzzi, 1987). 

2.6.4 Promoted Catalysts 

Not much information is available in the open literature concerning the 

improvement of catalyst performance for the production of hydrogen from methanol by 

promotion. The few available include the work of Cheng (1989) which reported the 

incorporation of Cr, Mn, and Si promoters in the preparation of methanol 

decomposition catalysts. Also, it includes the work of Amphlett et al. (1990) who 

studied the effects of incorporation of Mn, Cr and V promoters into CuO-MgO on 

catalyst performance for the methanol-steam reforming reaction. In the latter case, it 

appears that the promoted catalysts did not perform better than the non-promoted CuO

MgO catalysts or existing commercial catalysts. 

2.6.5 Catalyst Characterization 

The main reasons for characterizing catalysts are (i) to elucidate the processes 

taking place during each step of catalyst preparation, (ii) to determine the catalyst 

characteristics responsible for catalyst performance, and (iii) to use these 
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characterization as feedback during subsequent stages of design of catalyst for improved 

performance (Trimm, 1980). In the case of catalysts for the production of hydrogen 

from methanol, very little characterization has been made in relation to the reaction. 

This is because a large number of workers in the methanol-steam reforming research 

area use commercial catalysts for their studies and, as such, do not publish details 

concerning the characterization of the catalysts used (Amphlett et aI., 1991; Su and Rei, 

1991; Jiang et aI., 1993). However, few characteristics have been determined by some 

workers for laboratory prepared copper-based catalysts used for methanol-steam 

reforming and related reactions. These characteristics include BET surface area, pore 

volume, pore size, pore size distribution, elemental composition, copper surface area, 

copper crystallite size, copper dispersion, the types of catalyst species present in 

calcined catalysts and their distribution. Methods employed by these workers for 

catalyst characterization for methanol-steam reforming and methanol synthesis catalysts 

are presented below. 

2.6.5.1 BET Surface Area and Porosimetry 

The N2 adsorption/desorption procedure for the determination of BET surface 

area, pore volume, pore size, and pore size distribution are well established. Variations 

arise only in the level of sophistication of equipment used and, consequently, in the 

degree of accuracy obtained in the measurements. Usually, the adsorption and 

desorption isotherms used for evaluating BET surface area, pore volume, pore size and 

pore size distribution are obtained at the temperature of liquid nitrogen (78 K). 
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2.6.5.2 Elemental Composition 

The methods reported in the literature for the determination of elemental 

compositions of catalysts for the production of hydrogen from methanol include atomic 

absorption spectroscopy ((AAS), Agaras et aI., 1988), neutron activation analysis 

((NAA), Amphlettet aI., 1990), and atomic emission spectroscopy((AES), Kobayashi et 

aI., 1980). However, in various published articles (Cheng et aI., 1989; Isogai et aI., 

1989; Matsukata et aI., 1988), although the elemental compositions of the catalysts have 

been presented, detailed descriptions of the methods of their determination have not 

been given. 

2.6.5.3 Copper Surface Area, Crystallite Size and Dispersion 

In the literature, copper surface area, copper crystallite SIze and copper 

dispersion have been determined using low temperature 02 chemisorption (Klier et aI., 

1982; Vasilevich et aI., 1976), CO chemisorption (Paris and Klier, 1986), N20 

decomposition (Kobayashi et aI., 1980; Evans et aI., 1983). X-ray diffraction and 

scanning electron spectroscopy are techniques available in the literature for the 

determination of metal surface area, dispersion and crystallite size. However, to the best 

of our knowledge, their use for methanol-steam reforming catalysts have not been 

reported in the literature. In the case of chemisorption methods, it is necessary that the 

probing gas selectively chemisorbs only on the metal whose surface area it is meant to 

determine. Paris and Klier (1986) have performed an analysis of the errors involved in 

the use of CO and oxygen as the chemisorbing gases for copper surface area 

30 



determination. The merits and demerits of all techniques are well documented in the 

literature 

2.6.5.4 Species in Calcined Catalysts and their Distribution 

Usually, a combination of techniques is necessary in order to completely 

elucidate the nature of catalyst species. Techniques which have been used either alone 

or in conjunction with one another for species determination in copper-based catalysts 

include powder X-ray diffraction (XRD) (Matsukata et aI., 1988; Himelfarb et aI., 1985; 

Amphlett et aI., 1990; Sivaraj and Kanta Rao, 1988; Agaras et aI., 1988), X-ray 

photoelectron spectroscopy (XPS) (Kobayashi et aI., 1980; Ertl et aI., 1980; Kaushik et 

aI., 1991; Fleisch and Mieville, 1984), temperature programmed reduction (TPR) 

(Agaras et aI, 1988; Robinson and Mol, 1988), differential scanning calorimetry (DSC) 

or differential thermal analysis (DTA) (Minochi et aI., 1979). Information concerning 

the distribution of species in the catalyst can be obtained by the use of scanning electron 

spectroscopy (SEM) or electron probe microanalysis (EPMA). Agaras et al. (1988) used 

the latter technique to obtain qualitative information regarding the distribution of copper 

species along the radius of alumina pellets. Quantitative information arising from the 

use of this equipment was not reported. On the other hand, Amphlett et al. (1990) have 

performed a semi quantitative analysis using electron dispersive spectroscopy (EDS) on 

the scanning electron microscope for oxide species verification in methanol-steam 

reforming catalysts. 
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2.6.5.5 Other Characteristics 

Acidity is one of the important characteristics of a catalyst. However, 

information concerning acid sites and acid sites distribution for methanol-steam 

reforming catalysts has not been reported before in the literature. Existing methods of 

determination of acid sites and their distribution include temperature programmed 

desorption of ammonia, amine titration, and the use of Hammet indicators (Cvetanovic 

and Amenomiya, 1972). 

2.6.6 Catalyst Activation and Methods of Characterizatio~of Activated Catalysts 

A catalyst is usually activated in-situ prior to performance evaluation or kinetic 

studies. In the case of methanol-steam reforming catalysts, the method frequently used 

for activation by many workers (Matsukata et aI., 1988; Isogai et aI., 1989; Cheng, 

1989; Su and Rei, 1991) involves its reduction in a hydrogen atmosphere (typically 1-5 

% H2 in N2) at temperatures ranging from 200-300 0 C. However, Amphlett et aI. (1988) 

indicate that severe reduction with hydrogen at high temperatures is detrimental to the 

activity of the catalyst. These workers suggested the use of an activation technique 

consisting of a temperature programmed reduction of the catalyst with methanol-water 

vapor starting from a temperature of 150 to 200 0 C over a 10-15 h period. They 

indicated that this treatment was responsible for the high activity of their catalysts, even 

though details concerning the state of the catalysts following this activation method 

were not given. More recently, Amphlett et al (1990) also used a similar technique for 

o 
catalyst activation. However, in this case, their temperature range was 180 to 300 C. 
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An X-ray diffraction of the activated catalysts showed the presence of highly dispersed 

copper crystallites. It also showed the presence of copper oxides. However, the 

oxidation states of these copper oxides were not categorically stated. 

A fair amount of characterization work has been done to determine catalyst 

species for calcined methanol-steam reforming catalysts. (Agaras et aI., 1988; 

Matsukata et aI., 1988; Amphlett et aI., 1990). However, the characteristics of activated 

catalysts determined under actual reaction conditions are needed since these represent 

more accurately the conditions of the catalyst at the time of reaction. To the best of our 

knowledge, this type of information is not available in the open literature. 

Consequently, even though it is known that the performance of a catalyst depends on 

the amount and dispersion of active sites, the nature of these sites for the methanol

steam reforming reaction continues to be a subject of controversy even for the 

traditional CuOlZnO and CuO-ZnOIAl203 commercial catalysts. Attempts at in-situ 

characterization of copper-based catalysts for various reactions have been reported in 

the literature. However, none of them appears to be particularly suitable for in-situ 

characterization studies of methanol-steam reforming catalysts under actual reforming 

conditions. For example, the X-ray photoelectron spectroscopy (XPS) technique 

employed by Fleisch and Mieville (1984) for in-situ characterization studies of a 

commercial CuO-ZnOIAl203 catalyst used for methanol synthesis reaction (usually 

taken as the reverse of methanol-steam reforming reaction (Amphlett et aI., 1991)) is 

reported by Chinchen and Waugh (1986) to have a high detection limit (> 2 wt %) and, 

consequently, cannot detect low amounts of various species present in the activated 
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catalysts. In contrast, the use ofN20 decomposition by Chinchen and Waugh (1986) for 

in-situ characterization studies of similar catalysts used for the same type of reaction has 

shown clearly that in addition to metallic copper, the working catalyst contained oxides 

of copper whose amounts depended on the C02/CO ratio in the synthesis feed gas. 

However, the distribution of the oxidation states of copper in these traditional 

commercial catalysts as well as the nature of other species in actively promoted 

catalysts, such as CuO-ZnO/Cr203, CuO-MnO/AI203, and CuO-Cr203/AI203, cannot 

be determined by the N20 decomposition technique as it is based solely on the 

difference in metallic copper surface area measured before and after the methanol 

synthesis reaction. In the case of the methanol-steam reforming reaction, an attempt at 

determining the catalysts species of activated catalysts using the XRD technique has 

been reported by Amphlett et ai. (1990). However, the distribution of the positive 

oxidation states of copper was not indicated, as was previously pointed ~ut.

2.7 Evaluation of Catalyst Performance 

Performance evaluation of various catalysts (commercial and non-commercial) 

used for the production of hydrogen from methanol has been performed by many 

workers (Amphlett et aI., 1991; Matsukata et aI., 1988; Su and Rei, 1991; Cheng, 1989; 

Isogai et ai. 1989; Agaras et aI., 1988; Takezawa et aI., 1982; Minochi et aI., 1979; 

Kobayashi et aI., 1976). Catalyst performance depends on many factors, and these are: 

catalyst constituents, preparation variables, and activation methods. Also, as earlier 

stated, these variables determine the characteristics of both calcined and activated 
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catalysts and, consequently, their performance in terms of methanol conversion and 

hydrogen selectivity. A review of the application of these characteristics to the 

production of hydrogen from methanol is presented below. 

Kobayashi et al. (1980) conducted some methanol-steam reforming experiments 

using CulSi02 catalysts, and observed that the turnover frequency, activation energy 

and selectivity varied greatly with the specific surface area of copper. Also, Matsukata 

et al. (1988), working with coprecipitated Cu-AI catalysts, observed drastic variations in 

methanol conversion with both copper concentration and calcination temperature for the 

methanol-steam reforming reaction. For a similar reaction, Kobayashi et al. (1976) and 

Matsukata et al. (1988) also observed variations in catalyst performance with the type of 

catalyst components used. In a methanol decomposition reaction study, Cheng (1989) 

showed that the calcination atmosphere and the type of catalyst components used had 

tremendous effect on catalyst performance. Also, Klisurski (1970) has established a 

relationship between methanol oxidation to carbon dioxide and the minimum 

temperature at which the catalyst can be reduced in hydrogen. Also, in the case of 

methanol-steam reforming reaction, Amphlett et al. (1988) have reported that the use of 

a mild reduction procedure during catalyst activation resulted in a highly active catalyst. 

2.7.1 Active Sites for Various Reactions 

As pointed out earlier, hydrogen production from methanol has been performed 

mostly using copper containing commercial catalysts such as Cu-ZnO/AIz03 and 

Cu/ZnO. In the recent literature, Su and Rei (1991) have studied both the chemisorptive 
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and reaction products of the methanol-water system on NiOIAl203 and CuOIZnO 

catalysts in order to develop a better understanding of the effects of catalyst constituents 

on reaction mechanism in the steam reforming reaction. However, it is still not clear 

how each metal species in each catalyst affects the catalyst activity. 

Also, it is known that copper is the most active catalyst component for the 

methanol-steam reforming reaction (Chan and Griffin, 1986; Waugh, 1992). However, 

there are conflicting views regarding which of its oxidation states are active for the 

reaction. While Amphlett et al. (1991), Matsukata et al. (1988), and Takezawa et al. 

(1982) attributed catalyst activity to the presence of highly dispersed metallic copper 

crystallites, Agaras et al. (1988) indicate that catalyst activity is due to the presence of 

copper in the +1 and +2 oxidation states. Therefore, it becomes clear that the actual 

nature of the copper species can only be determined if a reliable in-situ characterization 

of the catalyst is performed under reaction conditions. 

2.7.2 Hydrogen Production Efficiencies for Various Catalysts 

If the objective of the methanol-steam reforming reaction IS to produce 

hydrogen, then it is necessary to know the quantity of hydrogen that can be produced 

from a given amount of methanol. This type of work has not been reported before. 

However, these quantities can readily be calculated for any catalyst where methanol 

conversion and the corresponding reaction (hydrogen) selectivity data are available. 
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2.7.3 Optimum Operating Conditions 

In addition to catalyst effects, various workers have shown that operating 

conditions have a tremendous impact on catalyst performance in terms of catalyst 

activity and selectivity. Thus, the targets of the earlier workers have been to determine 

the operating conditions for optimum catalyst performance. Published works include the 

effects of methanoVwater ratio on methanol conversion (Agaras et aI., 1988), the effects 

of type of feed on product distribution (Kobayashi et aI., 1976), and the effects of 

reaction temperature on CO and CH
4 

formation. Also, a theoretical analysis of the 

products that could be obtained under various operating conditions has been presented 

by Amphlett et aI. (1981). These results showed that efficient operation for the 

production of hydrogen from methanol is obtained with a feed consisting of a 1: 1.1 

molar mixture of methanol and water at temperatures as high as 260 0 C. Also, it has 

been shown that the amounts of CO and CH
4 

formed during the· methanol-steam 

reforming process increased with temperature (Amphlett et aI., 1988). Therefore, if the 

reformer (operating at this high temperature) is coupled to the PEM fuel cell, the CO 

produced will severely poison the anode side catalyst of the fuel cell. It also means, as 

previously stated, the existence of a temperature mismatch between the reformer and the 

fuel cell. 

2.7.4 Analysis of Reaction Products 

The most frequently reported method of analyzing reaction products is by the 

use of a gas chromatograph equipped with a suitable set of columns, carrier gas, and 
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detector. In the reported methanol-steam reforming reactions, the reaction product 

compositions have been determined using the gas chromatograph technique (Jiang et aI., 

1993; Su and Rei, 1991; Agaras et aI., 1988; Amphlett et aI., 1988; Matsukata et aI., 

1988). 

2.8 Catalyst Design 

Generally, the objective in catalyst design is to apply available information to 

the selection of a catalyst for a given reaction. According to Trimm (1980), catalyst 

design involves (i) having a fair knowledge of the possible reactions that can take place 

between any combinations of reactants, intermediate products, and final products, (ii) 

classifying these reactions as desired reactions or undesired reactions (iii) using various 

techniques such as activity patterns, chemisorption studies, geometric factors, and bulk 

properties of material to select components, such that, when formulated and used as 

catalysts, will catalyze only the desired reactions while inhibiting the undesired 

reactions, (iv) fine-tuning the performance of this catalyst by adding secondary 

components to improve either its activity or selectivity or both. Usually, more than one 

iteration or design cycle is required and, at each iteration or design stage, there is a 

constant feedback from the characteristics of the catalyst determined at the previous 

stage of catalyst design or development. The objective is to determine those 

characteristics that are responsible for high catalyst performance, and then attempt to 

improve them (catalyst characteristics) in subsequent stages of catalyst design and 
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development. Further details are given in the reference. This approach is consistent with 

that proposed by Schneider et al. (1986). 

Based on this overall concept, Amphlett et al. (1992) has reported the use of a 

fractional factorial method to optimize a catalyst formulation that is specific for steam 

reforming of methanol. However, it was not indicated whether the catalyst obtained 

performed better than existing catalysts for the methanol-steam reforming reaction. 

2.9 Kinetic Modeling of the Production of Hydrogen from Methanol 

As pointed out earlier, hydrogen used in the PEM fuel cell is produced by the 

steam reforming of methanol because of the obvious advantages derived in methanol 

storage. Thus, the model for the methanol-steam reforming reaction can be used to 

represent the model for the production of hydrogen from methanol. A few kinetic 

models for the methanol-steam reforming process are available in the literature. A 

review of these rate models, the' estimates of model parameters, and the reaction 

mechanisms involved in the methanol-steam reforming process is presented in this 

section. 

2.9.1 Reaction Mechanism 

In the literature, there are two conflicting views concerning the reaction pathway 

involved in the methanol-steam reforming process. Kobayashi et al. (1976) suggested 

that the methanol-steam reforming reaction proceeded according to the following 

reaction scheme 

39 



CH30H = HCHO + H2 
(2.11) 

2HCHO = HCOOCH (2.12)
3 

HCOOCH3 = CO + CH30H (2.13) 

CO + H2O = CO2 + H2 
(2.14) 

Equation 2.14 shows the involvement of the CO shift reaction in the process. This view 

is supported by Amphlett et al. (1991, 1988) whose rate models reflect the participation 

of the CO shift reaction in the methanol-steam reforming process. However, Takahashi 

et al. (1982), Su and Rei (1991), Minachev et al. (1989), and Jiang et al. (1993) have 

shown that the CO shift reaction is not involved. According to these authors, the methyl 

formate (HCOOCH3) intermediate obtained from reaction 2.12 undergoes hydrolysis to 

produce a formic acid intermediate and methanol according to Equation 2.15. 

HCOOCH3 = HCOOH + (2.15) 

This formic acid intermediate then decomposes to yield carbon dioxide and hydrogen 

(Equation 2.16) without the involvement of the CO shift reaction. 

HCOOH = (2.16) 
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It is not clear from the literature which elementary step controls the rate of 

reaction. Su and Rei (1991) have suggested that the rate determining step (RDS) is 

methanol dissociation by O-H bond cleavage. On the other hand, Kobayashi et al. 

(1976) have indicated the possibility of methyl formate hydrolysis being the RDS. 

Therefore, a more detailed kinetic study is needed to determine the actual controlling 

mechanism. 

2.9.2 Rate Models 

In an early approach, Santacesaria and Cara (1978), obtained a Langmuir type 

rate model by assuming a two-step reaction scheme consisting of decomposition of 

methanol to CO and hydrogen and a subsequent CO shift reaction. In the model by 

Amphlett et al. (1988), although the same two-step process was assumed, the kinetics of 

the CO shift reaction was obtained empirically. Similarly, although Jiang et al. (1993) 

assumed a reaction scheme based on the exclusion of the CO shift reaction, their model 

was a power law model which did not make use of any reaction mechanism. Su and Rei 

(1991) also reported a Langmuir type model (given earlier by Phillips et al. (1970» 

which also was not based on the mechanism they (Su and Rei, 1991) proposed. 

2.9.3 Estimates of Parameters 

The values of the parameters of any kinetic model are a function of both the 

types of model and catalyst used. Some values of paramaters are available in the 

literature for some of the models. For example, Santacesaria and Cara (1978) obtained 
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an activation energy of 119.1 kJlmol for the methanol-steam reforming reaction on 

commercial BASF K-3-10 catalysts. Also, Amphlett et ai. (1988) obtained an activation 

energy in the range 77 to 91 kJlmol for a series of commercial C18HC catalysts. In the 

case of the power law model used by Jiang et ai. (1993), the activation energy obtained 

for the methanol-steam reforming reaction over commercial BASF S3-85 catalyst was 

105.1 kJlmoi. 

4 
The pre-exponential constant for the Amphlett et al.(l988) model was 80.6 * 10 

3 . 12 -1 -1 -0 296
m /kg-cat-s while that for Jiang et ai. (1993) was 5.3 * 10 mmolkg s kPa· . Values 

of adsorption and other parameters are available in the literature in some cases (Jiang et 

aI., 1993; Amphlett et aI., 1988). However, comparison becomes unnecessary since 

these parameters were obtained from different types of rate models. 

2.9.4 Collection of Kinetic Data 

Collection of accurate kinetic data is an important step in kinetic modeling. 

There are a number of experimental microreactors used for the measurement of kinetic 

and catalyst performance evaluation data (Rase, 1980; Fogler, 1986). However, the most 

frequently used type for methanol decomposition and methanol-steam reforming 

reactions is the flow microreactor operating either in the differential or integral mode. 

According to Rase (1980), selection of a particular type of flow reactor depends on the 

type of reaction, the conversion range desired, availability of precise analytical 

techniques as well as conditions for obtaining reactor isotherms and plug flow behavior. 

Details are well documented in Rase (1980). 
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In developing the kinetics of a process over any catalyst, it is essential to specify 

whether global or intrinsic kinetics are involved. Rase (1980) has observed that intrinsic 

kinetics will be obtained only if internal and external diffusion effects, and the 

detrimental effects of conditions stated in the preceding paragraph are eliminated. This 

means that the Rase criteria requiring the ratio of the diameter of the reactor to catalyst 

particle size (DIDp) ~ 10, and the ratio of the height of catalyst bed to catalyst particle 

size (LIDp) ~ 40 must be fulfilled. In addition, the catalyst particle size that will exclude 

pore diffusion effects must be used for kinetic studies. To the best of our knowledge, 

only a few workers (Amphlett et aI., 1988; Su and Rei, 1991; Jiang et al., 1993) have 

attempted to apply the necessary criteria to obtain intrinsic kinetic data for the 

methanol-steam reforming process. 
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3 EXPERIMENTAL 

The preparation and characterization of coprecipitated Cu-AI catalyst precursors, 

calcined promoted and non-promoted Cu-AI catalysts, as well as activated promoted 

and non-promoted Cu-AI catalysts are described in this chapter. Also described are 

details concerning the procedures for the evaluation of catalyst performance at various 

phases of catalyst design as well as for a commercial catalyst (Girdler, CCI and Houdry 

T-2107), in both cases, for the production of hydrogen from methanol. In addition, the 

generation of kinetic data for the estimation of kinetic parameters of Langmuir

Hinshelwood and power law type rate models are also presented in this chapter. 

3.1 Catalyst Preparation 

3.1.1 Preparation of Dried Coprecipitated Cu-AI Catalyst Precursors 

Six catalyst precursors containing different proportions of copper and aluminum were 

prepared by coprecipitation techniques. These catalyst precursors formed the basis from 

which calcined, activated promoted and non-promoted coprecipitated Cu-AI catalysts 

were prepared. 

3.1.1.1 Materials 

The source of copper was copper nitrate trihydrate [Cu(N03)2.3H20; ACS 

grade, obtained from Johnson Mathey company, Ward Hill, MA, USA] while that for 

44 



aluminum was aluminum nitrate nonahydrate [AI(N03)3.9H20; > 99.5 % pure; 

obtained from BDH chemicals Ltd.; Toronto, Canada]. Sodium carbonate [Na2C03, > 

99.5 % pure, obtained from BDH chemicals Ltd., Toronto, Canada] was used to effect 

coprecipitation. 

3.1.1.2 Coprecipitation Procedure 

Six solutions containing copper nitrate trihydratelaluminum nitrate nonahydrate 

(CIA) weight ratios of 0.05, 0.17, 0.32, and 0.52, copper nitrate trihydrate only (C) and 

aluminum nitrate nonahydrate only (A); each with a concentration of 105 g (copper 

nitrate trihydrate + aluminum nitrate nonahydrate)/L of distilled water, were prepared. 

Precipitation of each precursor was effected by adding the aqueous solution containing 

the appropriate CIA weight ratio to 1.1 times its stoichiometric requirement of a well 

stirred 0.5 M aqueous solution of sodium carbonate (pH: 11.5) maintained at 40 °C in a 

3-L glass flask. Vigorous stirring of the resulting slurry (pH of about 7.5) continued for 

10 min. The precipitate was filtered and washed several times with warm water and 

finally with cold water, and then dried overnight in air at 110 °c. These dried 

coprecipitated Cu-AI catalyst precursors were designated as p-1, p-2, p-3, p-4, p-5, and 

p-6 in order of increasing copper content. 

3.1.2 Preparation of Calcined Coprecipitated Cu-AI Catalyst 

Each dried precipitate (catalyst precursor) was pelletized in a hydraulic press 

under a compacting pressure of 10,000 psig, crushed and sieved into particle size 
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ranging from -8 to + 10 mesh prior to calcination. Three calcination temperatures were 

used, namely; 300, 500, and 700 0C. This procedure resulted in 18 catalysts. 

Calcination was carried out by placing a 20-g sample of the catalyst (contained in a 

nickel crucible) in a muffle furnace maintained at the desired temperature. After 3 h, the 

sample was removed and allowed to cool at room temperature. These calcined non

promoted catalysts were designated as p-iA, p-iB and p-iC; where i = 1, 2, 3, 4, 5, and 6 

(indicating which catalyst precursor from section 3.1.1 was calcined); A =calcination at 

300°C; B = calcination at 500°C; and C = calcination at 700°C. 

3.1.3 Preparation of Promoted Coprecipitated Co-AI Catalysts 

The two dried coprecipitated Cu-AI catalyst precursors employed in the 

preparation of promoted coprecipitated Cu-AI catalysts contained 24.1 and 27.8 wt % 

copper (i.e. catalysts p-4 and p-5). Their preparation was described in detail earlier in 

section 3.1.1. As in the case for non-promoted catalysts, these dried Cu-AI catalyst 

precursors were pelletized in a hydraulic press under a compacting pressure of 10,000 

psig, crushed and then sieved into particle sizes ranging from -8 to +1°mesh. Mn, Cr 

and Zn were then incorporated into these dried coprecipitated Cu-AI catalyst particles 

by impregnation with incipient wetness techniques using aqueous solutions of 

manganous nitrate [Mn(N03)2, 50 wt % aqueous solution, obtained from Fisher 

Scientific company, Fair Lawn, NJ] and zinc nitrate hexahydrate [Zn(N03)2·6H20 , 

obtained from BDH Chemicals Ltd., Poole, England] for incorporating Mn and Zn, 

respectively, and chromium acetate monohydrate [Cr(C2H302)3.H20, obtained from 
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Alfa, Johnson Matthey Co., Ward Hill, MA, USA] for the incorporation of Cr. An 

impregnation time of 24 h together with the average catalyst particle size of 2 mm were 

used to ensure a uniform distribution of the promoter salt throughout the Cu-AI catalyst 

particles. Catalysts with four promoter concentration levels were prepared for each dried 

coprecipitated Cu-AI catalyst precursor using aqueous promoter salt concentrations in 

the range of 0-3.75 M. This procedure resulted in a total of 20 catalysts which were 

dried overnight at 110 0C in air and then calcined at 700 0C. 

As in the case of non-promoted Cu-AI catalysts, calcination was carried out by 

placing a 20-g sample of the catalyst (contained in a nickel crucible) in a muffle furnace 

maintained at 700 °C. After 3 h, the sample was removed and allowed to cool at room 

temperature. The calcined promoted catalysts were designated as p-iCJk; where i = 4 if 

catalyst precursor p-4 was used for promoter impregnation or 5 if catalyst precursor p-5 

was used; C = calcination at 700°C; J = M for Mn-promoted catalysts, C for Cr

promoted catalysts and Z for Zn-promoted catalysts; k = 0, 1, 2, 3 indicating the 

concentration level of the promoter in the catalysts (0 means the catalyst is non

promoted). 

3.1.4 Activation of Catalysts 

All the calcined promoted and non-promoted coprecipitated Cu-AI catalysts 

were activated in-situ prior to performance evaluation for the production of hydrogen 

from methanol. The actual activation technique employed depended on whether the 

catalyst was promoted or non-promoted. However, for the purpose of comparison with 
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promoted catalysts, catalysts p-4C and p-5C (non-promoted catalysts) were also 

activated in the same manner as promoted catalysts for both characterization and 

performance evaluation studies. 

3.1.4.1 Activation of Non-Promoted Coprecipitated Co-AI Catalysts 

Three catalyst activation techniques were tested for non-promoted coprecipitated 

Cu-AI catalysts for both characterization and performance evaluation studies. These 

were: (i) reduction of catalyst in hydrogen at 300°C for 2 h, (ii) reduction of catalyst in 

hydrogen at 300°C for 2 h followed by treatment with vaporized methanol at 250°C for 

1 h, and (iii) reduction of catalyst in hydrogen at 300°C followed by treatment in 

vaporized 1: 1 molar mixture of methanol and water at 250 °c for 1 h. The exact 

procedures involved are described in detail under the sections dealing with catalyst 

characterization and performance evaluation for non-promoted catalysts. 

3.1.4.2 Activation of Promoted Coprecipitated Co-AI Catalysts 

Three catalyst activation techniques were also tested for promoted coprecipitated 

Cu-AI catalysts both for characterization and performance studies. These were: (i) 

reduction of catalyst in hydrogen at 300°C for 2 h, (ii) reduction of catalyst in hydrogen 

at 300 DC for 2 h followed by treatment at 250°C with a vaporized 1: 1 molar mixture of 

methanol and water, and (iii) treatment of catalyst at 250 °c with a vaporized 1: 1 molar 

mixture of methanol and water. Also, as in the case of non-promoted catalysts, the exact 
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procedures involved are described in detail under sections dealing with catalyst 

characterization and performance evaluation for promoted catalysts. 

3.2 Catalyst Characterization 

Characterization of catalysts was performed at each phase and stage of catalyst 

design and preparation, respectively. This included catalyst precursors, calcined 

promoted and non-promoted catalysts, as well as activated promoted and non-promoted 

catalysts. The different techniques used for characterization at various phases/stages of 

catalyst design or preparation are summarized in Table 3.1. These include: inductively 

coupled plasma-atomic emission spectroscopy (lCP-AES), carbon-hydrogen-nitrogen 

(CHN) analysis, differential scanning calorimetry (DSC), Powder X-ray diffraction 

(XRD), scanning electron microscopy (SEM), electron probe micro-analysis (EPMA), 

temperature programmed reduction (TPR), temperature programmed desorption (TPD) 

of ammonia, BET surface area and porosimetry, and low temperature oxygen 

chemisorption. 
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Table 3.1: Summary of Techniques used for Characterization at various Stages of 
Catalyst Design and Preparation 

Catalyst characterization 

technique 

Stage of catalyst design and preparation for which the 

technique is used 

Elemental composition by 

ICP-AES and CHN analysis 

Differential scanning 

calorimetry (DSC) 

Dried coprecipitated Cu-AI catalyst precursors, calcined 

promoted and non-promoted coprecipitated Cu-AI 

catalysts (Phases 2 and 3) 

Dried coprecipitated Cu-AI catalyst precursors (Phase 2) 

Dried coprecipitated Cu-AI catalyst precursors, calcined 

promoted coprecipitated Cu-AI catalysts (Phases 2 and 3) 

Powder X-ray diffraction 

(XRD) 

Electron probe micro

analysis (EPMA) 

Scanning electron 

microscopy (SEM) 

Dried coprecipitated Cu-AI catalysts (Phase 2) 

Dried coprecipitated Cu-AI catalysts (Phase 2) 

Calcined promoted and non-promoted coprecipitated Cu-

Al catalyst, hydrogen reduced non-promoted Cu-AI 

catalysts (Phases 2 and 3) 

Calcined non-promoted coprecipitated Cu-AI catalysts 

(Phase 2) 

Calcined non-promoted coprecipitated Cu-AI catalysts, 

hydrogen reduced non-promoted Cu-AI catalysts (Phase 2) 

Temperature programmed 

reduction (TPR) 

Temperature programmed 

desorption (TPD) of 

ammonia 

BET surface area and 

porosimetry 

Low temperature oxygen Hydrogen reduced non-promoted coprecipitated Cu-AI 

chemisorption catalysts (Phase 2) 

In-situ temperature Activated promoted and non-promoted catalysts (Phases 2, 

programmed reduction 3 and 4) 

50



These techniques are described in detail below. 

3.2.1 Elemental Composition 

In the case of dried coprecipitated catalyst precursors, bulk copper, aluminum 

and sodium elemental compositions were determined by inductively coupled plasma

atomic emission spectroscopy (ICP-AES), and the amount of carbon was determined by 

combustion. Also, nitrogen, hydrogen and carbon analyses were performed with a CRN 

Perkin Elmer elemental analyzer (Model 2400). The amounts of carbon obtained from 

the two types of analyses for each sample were in good agreement. Oxygen was 

obtained by difference. 

In the case of calcined promoted and non-promoted catalysts, bulk copper, 

aluminum, chromium, manganese, zinc and sodium elemental compositions were also 

determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES). 

Nitrogen, hydrogen and carbon analyses were performed with a CRN Perkin Elmer 

elemental analyzer (Model 2400). Oxygen was also obtained by difference. The 

detection limit of the ICP-AES was less than 1000 ppm and the procedure was highly 

reproducible. 

3.2.2 Differential Scanning Calorimetry (DSC) 

Information on the thermal characteristics, minimum calcination temperature 

and species present in dried coprecipitated Cu-AI catalyst precursors were obtained 

using the differential scanning calorimetry (DSC) technique. The DSC analysis was 
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performed using a Mettler TA 4000 Thermal Analyzer with a plug-in Mettler DSC-20 

cell. At least two runs were conducted for each sample to ensure reproducibility. All the 

runs began at 30 0C and ended at 600 0C at a heating rate of 10 0C/min. The heat flow 

due to decomposition or phase change in the sample was recorded as a function of 

temperature. 

3.2.3 Powder X-ray Diffraction (XRD) Measurements 

Powder XRD analysis was performed in order to further verify the species 

present in the catalyst precursors as well as determine their degree of crystallinity. Also, 

as illustrated in Table 3.1, powder XRD experiments were performed on calcined 

promoted coprecipitated Cu-Al catalysts in order to determine the species they 

contained. 

In the case of catalysts precursors, the XRD measurements were made with a 

Phillips diffractometer using Fe Ka radiation in the scanning angle (2e) range of 10-900 

at a scanning speed of 2 deg/min. On the other hand, the XRD measurements for 

promoted catalysts were made with a Rigaku diffractometer using Cu Ka radiation in 

the scanning angle (28) range of 10-800 at a scanning speed of 10 deg/min. 

3.2.4 Scanning Electron Microscopy (SEM) and Electron Probe Microanalysis 
(EPMA) 

Both scanning electron microscopy (SEM) and electron probe microanalysis 

(EPMA) were performed on catalyst precursors using a JEOL super probe (Model JXA
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8600) with an accelerating voltage of 15 KV and a probe current of 10 nA. An energy 

dispersive spectrometer (EDS) was used to initially verify the presence of copper, 

aluminum and sodium at various areas of each precursor sample. Local concentrations 

of copper and aluminum were measured at various points using lithium fluoride (LiF) 

and thallium acid phthalate (TAP) wavelength dispersive spectrometers (WDS), 

respectively. The detection limit of this technique was less than 100 ppm and the 

procedure is very highly reproducible with the completely computerized Model JXA

8600 superprobe used. 

3.2.5 Temperature Programmed Reduction (TPR) 

The reduction of a reducible material with hydrogen is a topochemical reaction 

capable of supplying a great deal of information about the material (Voge and Atkins, 

1962). Consequently, the temperature programmed reduction technique was employed 

for the verification of the nature of the species present in the catalysts. 

The analyses were performed at atmospheric pressure in a conventional flow 

system. The equipment and procedure used were similar to the ones described by Varma 

et al. (1984). This is illustrated in Figure 3.1. TPR analysis was conducted for all 

unreduced but calcined catalysts as well as all the hydrogen reduced non-promoted 

catalysts. That of unreduced but calcined catalysts consisted of placing about 0.15 g of 

the sample in the reactor and heating it in the reducing gas stream (3 % H2 in N2; flow 

rate of 30 mL/min) at a linearly programmed rate of 4 0C/min from 25 to 700 °C. 
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Figure 3.1: Conventional TPRlTPD system
[1, thermal conductivity cell; 2.1, reduction valves; 2.2, deoxygenation
catalyst; 2.3, dehydration catalyst; 2.4, cold trap; 2.5, gas flow switch; 2.6,
vent; 3; quartz reactor; 4, furnace; 5, temperature programmer; 6,
recorder; 7, thermocouple]
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TPR analysis of catalysts reduced isothermally at 300 °C consisted of placing 

about 0.2 g of the calcined sample in the reactor, reducing it in-situ at 300 °C in 3 % 

hydrogen in nitrogen at a flow rate of 60 rnL/min for 2 h, allowing it to cool down to 

room temperature in flowing nitrogen and then starting the TPR program. 

Hydrogen consumption during the TPR experiments was measured with a 

thermal conductivity detector (TCD). Because of the large difference in thermal 

conductivities between hydrogen and nitrogen, it was possible to detect hydrogen 

consumption as low as 1 J,1mol (Hurst et aI., 1982). This ensured a high detection 

sensitivity and consequently, a low detection limit for the TPR technique (Hurst et aI., 

1982). The signal sensitivity and sample size were optimized in order to minimize the 

noise to signal ratio while maintaining a low detection limit. The error in reproducibility 

obtained in this TPR technique was less than ± 2 wt %. 

3.2.6 Temperature Programmed Desorption (TPD) of NH3 

This analysis was performed in order to obtain information about the acidity of 

the calcined non-promoted coprecipitated Cu-AI catalysts. 

The equipment and procedure used were similar to those described by Hidalgo et 

al. (1983). This is also illustrated using Figure 3.1. The carrier gas used was N2 [99.995 

% purity, obtained from Linde] at a flow rate of 60 rnL/min, while a mixture of 1 vol % 

NH3 in N2 [high purity; also obtained from Linde] was used as the adsorbing gas. 

About 0.5 g of the calcined sample was used for each experiment. Adsorption was 
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performed at 120 °C to eliminate the effects of physically adsorbed NH3. All TPD runs 

began at 120 °C and ended at 700 0C at a program rate of 8 0C/min. 

3.2.7 BET Surface Area and Porosimetry Measurements 

BET measurements were performed to determine the BET surface area, pore 

volume, pore size, and pore size distribution of calcined non-promoted catalysts. The 

analyses were conducted using a Micromeritics gas adsorption equipment (Model 

ASAP 2000) with nitrogen [99.995 % purity; obtained from Linde] as the analysis gas. 

BET surface area measurements and pore structure analyses were made for both reduced 

and unreduced catalysts. In the case of reduced catalysts, reduction was effected in the 

chemisorption arm of the Micromeritics equipment at 300 0C using hydrogen [99.995 

% purity; obtained from Linde] at a flow rate of 100 mL/min for 2 h. 

Prior to BET analyses, each catalyst was evacuated at 290 0C to a vacuum of 3 

/lm Hg. Evacuation continued for a minimum of 10 h for unreduced catalysts, and for 2 

h for reduced catalysts. The error in reproducibility of BET surface area was less than ± 

2
0.2 m /g. 

3.2.8 Low Temperature 02 Chemisorption Analyses 

Copper metal areas for the hydrogen reduced non-promoted coprecipitated Cu-

Al catalysts were determined using the low temperature 02 chemisorption technique 

proposed by Vasilevich et al. (1976). Chemisorption experiments were conducted in the 
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chemisorption arm of the adsorption equipment [Model ASAP 2000] using oxygen 

[99.995 % purity; obtained from Linde] as the analysis gas at a temperature of 78 K 

(Klier et aI., 1982). Before chemisorption measurements, each catalyst was reduced at 

300 °C for 2 h in hydrogen (flow rate: 100 mL/min) and evacuated at this temperature 

for 1 h. This was followed by evacuation at room temperature for 30 min, and at the 

analysis temperature (78 K) for 30 min. Corrections were made for the effects of 

physical adsorption on the catalysts using the method reported by Fierro (1990). Briefly, 

this involved performing the oxygen chemisorption runs two times for each sample. In 

the first run, oxygen adsorbed on the sample both physically and chemically. Therefore, 

both chemisorbed and physisorbed oxygen were measured. However, after the 

completion of the first run, the sample was evacuated at high vacuum for 30 min to 

remove the physically adsorbed oxygen before commencing the second run. Because 

the chemisorbed oxygen was still intact on the sample after the 30 min evacuation, it 

was only possible for oxygen to physically adsorb on the sample surface in the second 

run, thereby enabling the measurement of the physically adsorbed oxygen. The 

difference between the volume adsorbed in the first and second runs for each sample 

was taken as the volume of chemisorbed oxygen from which the copper surface area 

was calculated. Copper dispersion and average crystallite size were then calculated 

according to the method reported by Bhatia et al. (1978). The error incurred in 

reproducing these chemisorption experiments in terms of the volume of oxygen 

chemisorbed was estimated to be ± 0.25 vol %. 
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3.2.9 In-Situ Temperature Programmed Reduction for Activated Catalysts 

In-situ characterization studies of activated promoted and non promoted 

catalysts under methanol decomposition and methanol-steam reforming conditions were 

performed at 1 atm in a conventional flow system described earlier (Varma et aI., 1984) 

which was modified by including a methanol/methanol-water bubbler and two 

additional 3-way valves (B and C) for the switching of flows as illustrated in Figure 3.2. 

These studies were performed on promoted and non-promoted catalysts which 

were activated using various techniques. As was mentioned previously in section 3.1.4, 

these activation techniques depended on whether the catalysts were promoted or non

promoted. 

3.2.9.1 Activated Non-Promoted Catalysts 

Activated non-promoted coprecipitated Cu-AI catalysts were characterized 

mainly for the identification and quantification of the oxidation state of copper during 

both methanol decomposition and steam reforming reactions. As stated in section 3.1.4, 

the activation procedures were: reduction of catalyst in H2 at 300 0C for 2 h followed 

by treatment at 250 °C with either vaporized methanol or vaporized 1: 1 molar mixture 

of methanol and water for 1 h. 

3.2.9.2 Activated Promoted Catalysts 

Activated promoted coprecipitated Cu-AI catalysts were characterized for the 

identification and quantification of all reducible species present in the activated catalyst. 
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Figure 3.2: Modified TPR System for In-Situ Characterization of 
Promoted and Non-Promoted Catalysts [1, thermal conductivity 
detector, 2, methanol-water bubbler; 3, electrically heated furnace; 4, quartz 
tube reactor; 5, dehydration/deoxygenation catalyst; 6, cold trap/adsorbent 

for CO/dehydration catalyst; 7, vent; 8, mixture of methanol and water (1:1 

molar ratio); A, B, C, 3-way valves; ii, flow of H2-N2 gas mixture (3 % "2); 

IF; flow of methanol-water mixture in a stream of N2 gas] 

5
I 

1 
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In this case, the methods of activation were: (i) reduction at 300 °C for 2 h in a H2-N2 

mixture (3 % H2; high purity and obtained from Linde) flowing at the rate of 100 

mL/min, (ii) reduction at 300 0C for 2 h in the H2-N2 mixture (3 % H2) flowing at the 

rate of 100 mL/min followed by treatment at 250 0C with a vaporized 1: 1 molar mixture 

of methanol and water for 4 h, and (iii) treatment at 250 0C with vaporized 1: 1 molar 

mixture of methanol and water alone for 4 h. 

For the two activation methods described for non-promoted catalysts, and for 

methods (ii) and (iii) in the case of promoted catalysts, the methanol or methanol-water 

mixture entered the quartz tube reactor in a stream of nitrogen gas. This was achieved 

by bubbling the nitrogen gas (flow rate of 120 mL/min) through a methanol/methanol

water bubbler. A typical experimental run was performed as follows: about 0.35 g of the 

calcined catalyst was activated in-situ in the quartz tube reactor using the desired 

activation method. The activated catalyst was then cooled down to room temperature in 

flowing nitrogen (99.995 % purity; obtained from Linde) which performed the dual 

functions of providing the inert environment necessary to prevent catalyst reoxidation 

with atmospheric air and sweeping away the activation reaction products from the TPR 

system before starting the TPR program. Each TPR program started at 25 0C and ended 

at 700 °C at a program rate of 4 0C/min. 

A H2-N2 mixture (3 % H2; high purity and obtained from Linde) flowing at the 

rate of 60 mL/min was used as the reducing gas. As in the case of calcined catalysts, 

hydrogen consumption during the TPR experiment was measured with a thermal 

conductivity detector (TCD). Also, because of the large difference in thermal 
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conductivities between hydrogen and nitrogen, it was possible to detect hydrogen 

consumption as low as 1 JlmoI. This ensured a high detection sensitivity and 

consequently, a low detection limit for the TPR technique (Hurst et aI., 1982). In 

addition, the signal sensitivity and sample size were optimized in order to minimize the 

noise to signal ratio while maintaining a low detection limit. The error in reproducing 

these in-situ TPR experiments was less than ±2 wt %. 

3.3 Catalyst Performance Evaluation 

Catalyst performance evaluation was carried out for promoted and non-promoted 

coprecipitated Cu-AI catalysts at various stages of design. Prior to catalyst performance 

studies, each catalyst was activated using the desired activation technique. Descriptions 

of catalyst performance evaluation procedures, reaction operating conditions, and the 

equipment involved in the production of hydrogen from methanol for both promoted 

and non-promoted catalysts are presented in this section. Also, the description of the 

performance evaluation of a commercial catalyst (Girdler, cel and Houdry T-2107, 

supplied by United Catalyst Inc., Louisville, KY, USA) for the production of hydrogen 

from methanol conducted under conditions similar to those of promoted catalysts are 

given in this section as well. 

3.3.1 Experimental Rig for the Production of Hydrogen from Methanol 

Figure 3.3 shows the schematic diagram of the experimental rig used for catalyst 

performance evaluation at all stages of catalyst design. 
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Figure 3.3: Schematic Diagram of Experimental Rig for the 
Production of Hydrogen from Methanol 

[1- N2, 2- 5 % "2 in N2' 3- pressure gauge, 4- on/off valves, 5- feed reservoir, 6

syringe pump, 7- deoxygenation/dehydration catalyst, 8- needle valve, 9- vaporizer, 
10- temperature indicator, 11- temperature controller, 12- fixed bed reactor, 13
catalyst bed, 14- heating block, 15- electrically heated furnace, 16- insulator, 17
water cooled condenser, 18- gaslliquid separator, 19- gaseous products, 20- liquid 
products, 21- gas chromatograph, 22- fume hood]. 
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The rig consisted of a stainless steel (SS-316), microreactor (l0 mm inside diameter, 

and 460 mm overall length) placed in an electrically heated furnace. The furnace 

temperature was controlled by a Series SR22 microprocessor-based auto-tuning PID 

temperature controller (supplied by Shimaden Co. Ltd., Tokyo, Japan) through a K-type 

thermocouple inserted into a heating block placed concentrically within the furnace. A 

separate thermocouple was used to monitor the temperature of the catalyst bed. This 

arrangement was capable of ensuring an accuracy of ± 1 0C for the catalyst bed 

temperature. Other components of the experimental rig were: a reservoir for methanol or 

1: 1 molar mixture of methanol and water, feed vaporizer, water cooled condenser, gas-

liquid separator, needle and on/off valves, and a syringe pump. 

3.3.2 Operating Procedures and Conditions for Performance Evaluation of Non
Promoted Coprecipitated Cu-AI Catalysts (Phase 2) 

A total of 15 non-promoted coprecipitated Cu-AI catalysts were used in this 

study. These were catalysts p-iA, p-iB and p-iC where i = 1, 2, 3, 4 and 5. Details 

concerning their preparation were given earlier in section 3.1.2. 

All experimental runs (methanol decomposition and methanol-steam reforming) 

were conducted in the rig given in Figure 3.3 at atmospheric pressure and reaction 

temperatures of 170, 200, and 250 0C. Each run was performed using 2 g of calcined 

catalyst mixed with 3 g of Pyrex glass all in the size range of -8 to +10 mesh. This 

mixture was loaded on a stainless steel grid positioned centrally within the reactor. This 

arrangement produced a catalyst bed height to particle diameter ratio (LlDp) greater 
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than 40. This was done to ensure a condition as close as possible to plug flow. The flow 

rate of the liquid feed was regulated by a syringe pump [Eldex model B 100 S]. 

A typical run for both methanol decomposition (methanol weight hourly space 

velocity (WHSV) of 26.4 h-l) and methanol-steam reforming (methanol WHSV of 

16.7 h- 1 and feed consisting of a 1:1 molar mixture of methanol and water) was 

performed as follows: the catalyst was loaded in the reactor and reduced in-situ at 300 

°C with 5 % H2 in N2 at a flow rate of 100 mL/min for 2 h. The feed was then pumped 

at the desired methanol space velocity to the vaporizer maintained at about 250 °C in a 

stream of inert N2 gas [99.995 % purity, obtained from Linde]. The vaporized feed from 

the vaporizer together with the inert N2 gas then entered the reactor where the various 

reactions took place. 

Methanol decomposition is an endothermic reaction. Therefore, it was necessary 

to stabilize the reactor temperature before actual reaction data were taken. For example, 

in order to make a test run at 250 0C the reactor was initially heated to a higher 

temperature and then allowed to stabilize at 250 0C. This stabilization procedure took 1 

h. The initial part of this stabilization period was the time necessary for the reduced 

catalysts to undergo mild reoxidation (induction period). This took about 20 min. All 

reaction data in this study were taken after the reactor was stabilized at the desired 

reaction temperature. The product mixture during actual reaction was condensed with 

chilled water to separate gaseous and liquid products for analysis. 
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3.3.3 Operating Procedures and Conditions for Performance Evaluation of 
Promoted Coprecipitated Cu-AI Catalysts (Phases 3 and 4) 

A total of 18 promoted coprecipitated Cu-AI catalysts were involved in studies 

in phases 3 and 4. These were all the p-4CJk and p-5CJk catalysts. As mentioned in 

section 3.1.3, J = M for Mn-promoted catalysts, C for Cr-promoted catalysts and Z for 

Zn-promoted catalysts; C =catalyst calcination at 700°C; k = 1, 2, 3, indicating the 

concentration level of the promoter. Two additional non-promoted catalysts prepared 

from similar starting precursors (p-4 and p-5) and calcined at the same temperature as 

the promoted catalysts were also studied for comparison. Each catalyst was activated in-

situ prior 'to performance evaluation in the experimental rig given in Figure 3.3. In 

contrast to the non-promoted catalysts, catalyst activity was tested for methanol-steam 

reforming reaction alone at a methanol space velocity (WHSV) of 16.7 h- 1. However, 

as in the case of non-promoted catalysts, all runs were conducted. at atmospheric 

pressure using reaction temperatures of 170, 200, and 250 oC. Also, as in the case of 

non-promoted catalysts, each run was performed using 2 g of calcined catalyst mixed 

with 3 g of Pyrex glass all in the same size range of -8 to +10 mesh. This mixture was 

loaded on a stainless steel grid positioned centrally within the reactor. This arrangement 

produced a catalyst bed height to particle size ratio (LlDp) greater than 40. This was 

done to ensure a condition as close as possible to plug flow. The flow rate of the liquid 

feed was also regulated by a syringe pump (Eldex model B100 S). 

As mentioned previously, each catalyst was activated in-situ prior to an actual 

test run. Two types of catalyst activation methods were tested. These were: method (ii), 
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reduction of the catalyst in a H2-N2 mixture (5 % H2) at 300 °C at a flow rate of 100 

mL/min for 2 h followed by treatment at 250 0C with a vaporized 1: 1 molar mixture of 

methanol and water for 1 h, and method (iii), treatment at 250 0C with a vaporized 1: 1 

molar mixture of methanol and. water for 1 h. In phase 3 of this research program, 

catalyst activation was carried out by method (ii) and was applied to the 2 non-promoted 

catalysts (p-4C and p-5C) as well as all the promoted catalysts. On the other hand, 

catalyst activation in phase 4 was carried out by methods (ii) and (iii). These were 

applied only to the optimum promoted catalysts (i.e. Mn, Cr, Zn-promoted catalysts 

with promoter concentration yielding the maximum methanol conversion for each 

promoter) as well as the 2 non-promoted catalysts, p-4C and p-5C. 

Catalyst loading, performance evaluation procedure, reaction temperature 

stabilization and separation of gaseous and liquid products for analysis were similar to 

those performed for non-promoted catalysts in section 3.3.2. 

Catalyst Activity and Stability Studies (Phase 4 continued) 

Activity and stability versus time studies were conducted on the best catalyst at 

three reaction temperatures (170, 200, 250°C). The methanol-steam reforming reaction 

was performed continuously at the desired temperature for 8 h each day over the 

catalyst under the conditions described earlier for phase 4 (i.e. section 3.3.3). This 

procedure was repeated for a total of 5 days. The entire operation was carried out for 

each desired reaction temperature. 
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3.3.4 Operating Procedures and Conditions for Performance Evaluation of a 
Commercial Catalyst, Girdler T-2107 (Phase 5) 

The commercial catalyst used for experiments in this section was the Girdler T

2107 methanol-steam reforming catalyst (supplied by United catalyst Inc.). The catalyst 

was supplied in the form of large pellets. It was crushed and sieved into particle sizes 

ranging from -8 to +10 mesh before being used for performance evaluation for the 

production of hydrogen from methanol at reaction temperatures of 250, 200, and 170°C. 

Each run was performed using 2 g of catalyst mixed with 3 g of Pyrex glass in the 

same particle size range as the catalyst. Prior to a test run in the experimental rig shown 

in Figure 3.3, the catalyst was activated in-situ using the same method which at the time 

had already been identified as the superior activation technique; i.e., the method of 

treating the catalyst at 250°C in the vaporized methanol-water feed. 

As in other cases, catalyst loading, performance evaluation procedure, reactor 

temperature stabilization and separation of gaseous and liquid products were similar to 

those performed for non-promoted catalysts in section 3.3.2. 

3.3.5 Analysis of Products 

The gaseous products of the reactions with promoted and non-promoted 

catalysts were analyzed on-line with a gas chromatogragh [Model HP 5880] using a 

Porapak Q column in series with a Porapak R column (both columns supplied by 

Supelco, Inc., Bellefonte, PA) as suggested in the literature (Wilhite and Hollis, 1968), a 

thermal conductivity detector (TCD), and helium [99.995 % purity; obtained from 
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Linde] as the carrier gas. The liquid product from these reactions was analyzed by 

manual injection into the same set of columns using the same gas chromatogragh and 

analysis conditions as in the gaseous products. The raw gas chromatograph (OC) results 

which were in volume fractions were normalized with the TCD response factors of the 

respective species in the product stream analyzed to obtain the actual results in mole 

fractions. The RF were determined experimentally, and were consistent with those 

reported in the literature (Dietz, 1967; Messner et aI., 1959). The detection limit of the 

OC analysis was 0.001 vol %. In terms of methanol conversion and product distribution, 

the reproducibility of the overall catalyst performance evaluation procedure was within 

± 1 mol %. 

3.4 Kinetic Modeling Experiments (Phase 6) 

The set of experiments described in this section were performed to generate 

intrinsic kinetic data for modeling the methanol-steam reforming process over catalyst 

p-5CM2 which was identified as the best catalyst in this work. Since the objective was 

to obtain intrinsic kinetics, some of the experiments were performed to determine the 

catalyst particle size and methanol residence time necessary to obtain this type of 

kinetic data. 

All experiments were performed at atmospheric pressure and reaction 

temperatures ranging from 170 -250°C in the microreactor (Fig. 3.3) described earlier 

in section 3.3.1. 
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3.4.1 Experiments to Determine the Optimum Catalyst Particle Size 

The purpose of the experiments described in this subsection was to determine 

the maximum catalyst particle size that will exclude pore diffusion limitations during 

the methanol-steam reforming reaction. Reaction temperatures of 250, 200 and 170°C, 

and catalysts of 2.2, 1.6, 1.1,0.8,0.55,0.20 and < 0.15 mm average particle size were 

used for these experiments. The exact catalyst particle size range used in each case is 

given in Table 3.2. Each test run was performed using 2 g of catalyst of the desired 

average particle size mixed with about 3 g of Pyrex glass in the same particle size range. 

The exact amount of Pyrex glass used in each case was such that the height of catalyst 

bed (L) was 85 mm. Also, the ratio of weight of catalyst/methanol molar flow rate 

(WIFAO) was fixed at 115.6 g-cat min/mol CH30H. These two preceding conditions 

imply that the experiments in this section were performed at a constant residence time 

for methanol through the catalyst bed. 

Catalyst loading in the reactor, reactor operating procedure, reactor temperature 

stabilization, and analysis of reaction products were performed as previously described 

in section 3.3.2. Each catalyst was activated prior to a test run by treatment of the 

catalyst at 250°C with a vaporized 1: 1 molar mixture of methanol and water for 1 h 

because it was identified by then to be the superior activation technique. 
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Table 3.2: Size Range of Catalyst Particles used for Kinetic Studies 

Mesh number size range, mm average catalyst size, mm 

- 8 + 10 2.0 - 2.36 2.2 

-12 + 14 1.7-1.41 1.55 

-16 + 18 1.0-119 1.1 

- 20 + 25 0.71 - 0.84 0.78 

- 30 + 35 0.5 - 0.6 0.55 

-70 + 80 0.21-0.18 0.2 

-100 <0.15 <0.15 
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3.4.2 Experiments to Determine the Optimum Methanol Residence Time for 
Optimum Product Distribution 

Catalysts with 0.55 mm average particle size were used for the set of 

experiments performed in this section. This was the optimum size obtained from the 

results of experiments in section 3.4.1. Each run was performed using 2 g of catalyst at 

a constant (WIFAO) ratio of 115.6 g-cat min/mol CH30H and reaction temperatures of 

250, 200 and 170°C. The residence time of methanol through the catalyst bed at 

constant (WIFAO) ratio was varied by varying the amount of Pyrex glass (0.55 mm 

average particle size) added to the catalyst loaded onto the reactor. Five levels of 

catalyst bed height were tested, and the amounts of Pyrex glass added to obtain these 

heights were 4.5, 4.0, 3.5, 3.0, and 2.5 g. The actual catalyst bed height (L) produced 

and the corresponding methanol residence times are given in Table 3.3. 

As in section 3.4.1 for catalyst particle size experiments, each catalyst was 

activated prior to reaction studies only by the superior activation technique, i.e., 

treatment of catalyst at 250°C with the vaporized methanol-water mixture for 1 h. Also, 

reactor loading with catalyst, reactor operating procedure, and reaction products 

analysis were performed as were described in section 3.3.2 for catalyst performance 

evaluation. 
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Table 3.3: Variation of Methanol Residence Time and Catalyst Bed Height 
with Amount of Pyrex Glass added to Catalyst 

Amount 

4.5 

4.0 

3.5 

3.0 

2.5 

of Pyrex glass 

added to catalyst, g 

Catalyst bed height, mm 

107 

103 

99 

85 

81 

Residence time (based on 

liquid methanol at 27°C), 

mIn 

119 

115 

110 

95 

90 
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3.4.3 Experiments to Generate Methanol Conversion (X) - Ratio of Catalyst 

WeighUMethanol Molar Flow Rate (WIFAO) Data 

All the experiments described in this section were performed at the optimum 

methanol residence time of 95 min over reaction temperatures of 250, 230, 200, 190, 

180 and 170°C, and for (WIFAO) ratios of 2.4, 1.9, 1.5, 0.95, 0.67, 0.38, and 0.10 g-cat 

hlmol CH30H. This optimum residence time was achieved by the addition of pre

determined amounts of Pyrex glass to the catalyst to obtain a catalyst bed height (L) of 

85 mm. Dilution of catalysts with Pyrex glass (inert), as well as using a ratio of height 

of catalyst bed to catalyst particle size (LID ) of 155 and a ratio of internal diameter of p 

reactor to catalyst particle size (DID) of 18, in all the kinetic experiments were to 
p 

satisfy the Rase (1977) criteria for isothermal reactor operation, elimination of 

backmixing and minimization of channeling, respectively. 

As in the case of particle size and residence time studies, the catalysts were 

activated only by the superior activation method (i.e., treatment at 250°C with the 

vaporized mixture of methanol and water for 1 h). Also, reactor loading with catalyst, 

reactor operating procedure, reactor temperature stabilization and reaction product 

analysis were performed as described in section 3.3.2 for catalyst performance 

evaluation. 
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3.5 Experiments to Examine the Potential of Using the Best Catalyst from this 
Work for the Catalytic Reduction of NO 

This work was not originally part of my research program. However, it has been 

included in the thesis to report the interesting results obtained in the preliminary 

performance evaluation of the best catalyst from this work for nitric oxide (NO) 

reduction. Thus, this section describes experiments to explore the potential of using the 

best catalyst (p-5CM2) and the production of hydrogen from methanol process for NO 

reduction. These experiments were conducted in the eXPerimental rig shown in Figure 

3.4. As illustrated in the figure, this rig was similar to the one described in Figure 3.3 

except for the following modifications: (i) the syringe pump was replaced with a 

bubbler to achieve low flow rates, and (ii) there were 2 additional gas cylinders; an air 

cylinder as source of O2 and a NO/N
2 

cylinder (1100 ppm NO) as source of NO. NO 

reduction was performed simultaneously with the production of hydrogen from 

methanol in the presence and absence of oxygen over catalyst p-5CM2 at atmospheric 

pressure and reaction temperatures of 200, 250 and 300°C. Each run was performed 

with 1 g of catalyst of 2 mm average particle size mixed with 4 g of Pyrex glass of the 

same average particle size. 

The catalyst was activated in-situ by reduction in 5 % H2 in N2 at 300°C for 2 h 

prior to a test run. In the absence of oxygen, the influent NO concentration and NO/N2 

flow rate were 950 ppm and 200 mL/min, respectively. 
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Figure 3.4: Schematic Diagram of Experimental Rig for the Reduction 
of Nitric Oxide 

[1- NO in N2' 2- 5 % H2 in N2' 3- pressure gauge, 4- on/off valves, 5- bubbler, 6

air, 7- deoxygenation/dehydration catalyst, 8- needle valve, 9- vaporizer, 10
temperature indicator, 11- temperature controller, 12- fixed bed reactor, 13
catalyst bed, 14- heating block, 15- electrically heated furnace, 16- insulator, 17
water cooled condenser, 18- gaslliquid separator, 19- gaseous products, 20- liquid 
products, 21- gas chromatograph, 22- fume hood]. 

75 



On the other hand, NO influent concentration of 875 ppm, NOIN2 flow rate of 200 

mL/min, O2 influent concentration of 5 mol % and air flow rate of 30 mL/min were 

used for experiments in the presence of oxygen. In each case, the reductants or reductant 

precursors used were methanol-water mixtures with molar ratios of 1:0, 1: 1 and 1:3 at a 

constant flow rate of 0.05 mL/min. 

A typical test run was performed as follows: the catalyst mixed with Pyrex glass 

was loaded in the reactor and reduced in place. The hydrogen production from methanol 

reaction was started by introducing the methanol-water mixture of the desired molar 

ratio through the vaporizer (maintained at about 250 DC) into the reactor by bubbling N2 

gas through the bubbler at the same flow rate as the NOIN2 gas, as shown in Figure 3.4. 

When the reactor had stabilized at the desired reaction temperature, the N2 gas flow was 

stopped and quickly replaced with the NOIN
2 

gas flow alone at the rate of 200 mL/min 

(for experiments in the absence of oxygen). For experiments in the presence of oxygen, 

air (source of O2) was also introduced at the flow rate specified earlier (30 mL/min) into 

the reactor in addition to the NOIN
2 

gas flow, as shown in Figure 3.4. 

The reaction products were analyzed on-line using a gas chromatograph (Model 

HP 5890) with a Porapak Q column in series with a Porapak R column, a thermal 

conductivity detector (TCD) equipped with a high/low sensitivity switch, and with 

nitrogen as the carrier gas. Because of its low concentration, NO was analyzed with the 
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TCD switched to the high sensitivity mode whereas other components were analyzed 

with the TCD in the low sensitivity mode. The detection limit of NO was 0.005 vol %. 
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4 RESULTS AND DISCUSSION 

The results obtained for each phase of the research project are presented and discussed 

in this chapter. 

4.1 Phase 1: Selection of Primary Components of Catalyst 

In this phase of the project, primary catalyst components used for catalyst 

formulation were selected. The objective was to obtain the most active binary

component catalyst for the production of hydrogen by low temperature steam reforming 

of methanol. This binary system was then used as the basis of design of catalysts with 

improved performance for the methanol-steam reforming process. The selection of these 

components involved the evaluation of the "characteristic chemistry" of the methanol

water system, the determination of types of reactions involved, and their classification 

into desired and undesired reactions. Subsequently, catalyst components were selected 

such that when formulated and used as a catalyst, only the desired reactions would be 

promoted while the undesired ones would be inhibited. These are discussed below. 

4.1.1 Types of Reactions involved in the Methanol-Water System 

All the reactions that can take place within the methanol-water system were 

determined, and then classified according to the type of reactant(s). These reactions 

were eventually grouped into major reaction types (indicated in parenthesis) as follows: 
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Target Reaction 

+ CO
2 

(methanol-steam reforming) (4.1) 

Primitive Processes 

This reaction involves the breakdown of a single reactant molecule. 

= + CO (dehydrogenation) (4.2) 

= + HCHO (dehydrogenation) (4.3) 

Self Interactions

These reactions involve two molecules of the same reactant.

2CH30H = (dehydrogenation) (4.4)

2CH30H = + H20 (dehydration) (4.5)

Cross Interactions

These are reactions between two reactant molecules. In the present work, this reaction

represents the target reaction.

+ CO (methanol reforming) (4.1)
2 

Derived Primitive Processes

This reaction involves the breakdown of single product molecules.
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HCOOCH3 = co + CH 0H (decarbonylation) (4.6)
3

HCOOCH = CO2 + CH (decarboxylation) (4.7)
3 4 

HCHO = CO + H2 (dehydrogenation) (4.8) 

HCOOCH = 2C + 2H2O (carbon formation) (4.9)
3 

Derived Self Interactions 

This involves reactions between two of the same product molecules. 

2HCHO HCOOCH (Aldol condensation) (4.10)= 3 

2CO = C + (disproportionation) (4.11) 

Derived Cross Interactions 

These involve reactions between any two product molecules.

HCOOCH + O = HCOOH + CH 0H (hydrolysis) (4.12)
3 H2 3

CO + H2O = CO2 + H2 (water-gas shift reaction) (4.13) 

CO + H2O = HCOOH (hydration) (4.14) 

CO + 3H2 = CH + H2O (hydrogenation) (4.15)
4 

CO + H2 = H2O + C (hydrogenolysis) (4.16) 

CO + H2 = HCHO (hydrogenation) (4.17) 

80 



Sequential Primitive Interactions 

These reactions involve the breaking down of single molecules of products of derived

processes.

HCOOH = + (decarboxylation) (4.18)

Sequential Self Interactions 

These reactions involve two molecules of products of derived processes. 

2HCOOH = OCHOCHO + H 0 (dehydration) (4.19)
2

Sequential Cross Interactions 

These reactions occur between reactants and products of primitive processes, self

interactions or cross interactions.

HCOOH + = HCHO + H 0 (hydrogenolysis) (4.20)
2

As can be seen, the following reaction types were involved: methanol-steam reforming, 

dehydrogenation, decarboxylation, decarbonylation, dehydration, carbon formation, 

condensation, disproportionation, hydrolysis, water-gas shift reaction, hydration, 

hydrogenation, and hydrogenolysis. 

4.1.2 Desired and Undesired Reactions 

The above reactions were classified into desired or undesired reactions. As 

discussed previously, desired reactions were those that formed part of the reaction 
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network that led to the formation of the desired product (hydrogen). These were: all 

dehydrogenation reactions (Equations 4.2-4.4, and 4.8), methyl formate decarbonylation 

(Equation 4.6), Aldol condensation (Equation 4.10), methyl formate hydrolysis 

(Equation 4.12), water-gas shift reaction (Equation 4.13), and formic acid 

decarboxylation (4.18). On the other hand, the undesired reactions were those that either 

produced undesired products (examples; dimethyl ether, carbon monoxide), or 

consumed desired intermediates (example; methyl formate) to produce undesired 

products (examples; carbon, methane), or consumed the desired product (hydrogen). 

The undesired reaction tyPes were methyl formate decarboxylation (Equation 4.7), 

carbon formation (Equation 4.9), disproportionation (Equation 4.11), hydration 

(Equation 4.14), dehydration (Equations 4.5, and 4.19), hydrogenation (Equations 4.15, 

and 4.17), and hydrogenolysis (Equations 4.16, and 4.20). 

4.1.3 Primary Catalyst Components 

Catalyst components were selected such that only the desired reactions would be 

promoted while the undesired reactions would be inhibited. Selection was based on a 

combination· of techniques such as activity patterns, geometric factors, chemisorption 

studies and bulk catalyst properties as suggested in the literature (Trimm, 1980). 

Information concerning these techniques (for these reactions) was obtained from the 

works of Klisurski et al. (1970), Kobayashi et al. (1976), Krylov (1970), Biswas et al. 

(1988), Bowker and Madix (1980), Chan and Griffin (1986), Ghiotti and Boccuzzi 

(1987), Minachev et al. (1989), Rase (1977), Trimm (1980), Wacks and Madix (1978), 
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Waugh (1992), Cheng (1989), Isogai et al. (1989), Amphlett et al. (1990), and Bart and 

Sneeden (1987). These authors indicated that the desired reactions listed in section 4.1.2 

could be catalyzed by catalysts composed of oxides or other compounds of copper, zinc, 

aluminum, manganese, zinc, silicon, nickel, cobalt, tin and phosphorus. Out of these 

components, the available literature indicates that the most active and selective catalysts 

for the methanol-steam reforming process consist of copper, zinc, chromium, 

manganese and aluminum. Thus, these elements were selected as the components used 

for the catalyst design reported in this work. 

A preliminary performance evaluation of coprecipitated catalysts consisting of 

binary combinations of oxides of copper, zinc, aluminum, manganese and chromium 

o
(25 and 50 wt % of each oxide component, and calcined at 300 and 500 C) was 

performed using the experimental rig illustrated in Figure 3.3 in order to select the 

active primary catalyst components. Results (see Appendix A) showt?d that the most 

active catalyst for the methanol-steam reforming reaction was the formulation 

containing the oxides of copper and aluminum. These results are consistent with those 

reported by Matsukata et al. (1988) and Kobayashi et al. (1976) for the methanol-steam 

reforming reaction. Thus copper-aluminum catalysts were used as the basis for the 

design of catalysts with improved low temperature performance for the production of 

hydrogen from methanol. 
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4.2 Phase 2: Characteristics and Performance of Coprecipitated Cu-AI 
Catalysts 

A clear understanding of the relationship between catalyst characteristics and 

catalyst performance is necessary for the efficient design of a catalyst with improved 

performance for any reaction. As was discussed previously, this understanding is 

lacking for catalysts used for the production of hydrogen from methanol largely because 

information regarding their characteristics is scant. In this phase of the research project, 

an attempt was made to obtain these characteristics for coprecipitated eu-AI catalysts 

and, subsequently, obtain a correlation between these characteristics and catalyst 

performance for the production of hydrogen from methanol. This is discussed below. 

4.2.1 Catalyst Characteristics at Different Stages of Cu-AI Catalyst Preparation 

Characteristics of the coprecipitated Cu-AI catalysts were determined at various 

stages of preparation in order to elucidate the processes taking place during catalyst 

preparation, as was discussed previously. These characteristics were obtained for dried 

catalyst precursors, unreduced but calcined catalysts, as well as for reduced catalysts. 

4.2.1.1 Catalyst Precursors 

A combination of various characterization techniques, namely; XRD, SEM, 

EPMA, DSC and elemental composition were used to elucidate the nature of the dried 

Cu-AI catalyst precipitates (i.e. catalyst precursors). As mentioned previously in the 

experimental section, these catalyst precursors were designated as p-l, p-2, p-3, p-4, p-5 
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and p-6, in order of increasing copper content. Their elemental compositions are given 

in Table 4.1. 

X-Ray Diffraction (XRD) Measurements 

XRD measurements were performed to identify the component phases as well as 

to determine the degree of crystallinity of catalyst precursors as a function of copper 

concentration. The XRD spectra of the catalyst precursor containing copper only 

(catalyst p-6) IS given in Figure 4.1. The peaks' scanning angles (28) and the 

corresponding species are given in Table B1 in Appendix B. From the figure, major and 

minor peaks were observed at scanning angles characteristic of copper 

hydroxycarbonate and copper hydroxide, respectively. For precursors of other 

compositions, the XRD spectra showed only trace peaks superimposed on a high 

background. Only patterns characteristic of copper hydroxycarbonate were identified 

with intensities diminishing as the copper concentrations decreased, showing that the 

species were X-ray amorphous (noncrystalline) and that their degree of crystallinity 

decreased with copper concentration. Amphlett et al. (1990), working on a mixture of 

nitrates of copper, manganese, magnesium and chromium, observed very broad peaks 

superimposed on a very high background and only copper hydroxycarbonate was 

identified in some of the samples. This occurrence was attributed by these authors to the 

formation of precipitates with crystallite size less than 50 nm. 
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Table 4.1: Elemental Composition of Coprecipitated Cu-AI Catalyst Precursors 

CIA Catalyst Elemental composition (weight percent) 

ratio identity Copper Aluminum Carbon Hydrogen Oxygen 

A 

0.05 

0.17 

0.32 

0.52 

C 

P-l 

P-2 

P-3 

P-4 

P-5 

P-6 

0.00 

5.79 

15.30 

24.10 

27.80 

57.33 

27.04 

16.40 

14.00 

13.70 

12.80 

0.00 

2.11 . 

2.50 

2.74 

2.93 

3.18 

5.36 

2.68 

2.08 

2.14 

2.60 

2.71 

1.10 

68.17 

73.22 

65.82 

54.67 

53.51 

36.21 

[CIA, copper nitrate trihydrate/aluminum nitrate nonahydrate weight ratio; C, copper nitrate 

trihydrate only; A, aluminum nitrate nonahydrate only] 
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Figure 4.1: XRD Pattern·of Catalyst Precursor p-6 
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Since all catalysts (except p-1) contained copper species with concentrations 

capable of being detected by XRD analysis, it was necessary to determine how the 

copper species were distributed in the aluminum species using SEM and EPMA in order 

to account for this apparent amorphous behavior. This is discussed below. 

SEMandEPMA 

A typical electron micrograph obtained from the back scattered electron (BSE) 

image is given in Figure 4.2 for catalyst p-5,containing 27.8 wt % copper. In the figure, 

copper species are seen as the bright patches of size 3-9 Jlm distributed throughout a 

dark background which, from BSE images, varied in darkness from light gray to dark 

indicating an increasing concentration of aluminum species. The grain sizes in the dark 

region were not detectable up to the nanometer level. Electron probe microanalysis 

using a wavelength dispersive spectrometer (WDS) showed that the bright patches 

contained only copper species while the copper/aluminum atomic ratio decreased from 

1.07 in the light gray areas to 0.31 in the dark region. These results (see Fig. 4.2) show 

the existence of two main areas in the catalyst precursor. These are: a large dark region 

with a high degree of interdiffusion between copper and aluminum species which is 

noncrystalline and a small overall bright area containing copper species (Cu2(OH)2C03 

and Cu(OH)2) capable of diffracting X-rays. Similar distribution of bright patches (i.e. 

crystalline copper species), though smaller in amount and size, was observed for 

catalyst p-4 (containing 24.1 wt % copper). 
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Figure 4.2: Electron Micrograph of Catalyst Precursor Containing 
27.8 wt % Copper 

89 



In the case of catalysts p-2 and p-3 which contained 5.79 and 15.3 wt % copper, 

respectively, there were no observable bright areas. A complete interdiffusion of copper 

and aluminum species was obtained. Although the CulZn atomic ratios were different, 

Himelfarb et al. (1985) in a characterization study of CulZnO catalyst precursors, also 

observed drastic compositional variations. These authors used a variety of techniques to 

show that the distribution and structures of species depended on copper concentration. 

Additional characterization of the coprecipitated Cu-AI catalyst precursors was 

achieved using elemental composition and DSC techniques. 

Elemental Composition 

Practically no nitrogen was observed in any of the precipitates and, as such, was 

not included in Table 4.1. The absence of nitrogen indicates the absence of nitrates in 

the precipitates. This can be attributed to the high solubility of nitrate salts in water and 

the large probability of being washed away during filtration as well as to high pH of the 

medium during precipitation. Minochi et al. (1979) have shown that a high pH during 

precipitation resulted in the exclusion of the anions of the source materials from the 

precipitates. Similarly, since both ICP-AES and EPMA did not detect any sodium, its 

concentration was not included in Table 4.1. 

Table 4.1 shows that the precursors contain significant amounts of carbon and 

hydrogen. These results are consistent with those from XRD measurements in which 

copper hydroxycarbonate was identified. The presence of hydroxycarbonates could be 

attributed to the use of Na2C03 for precipitation (Ghiotti and Boccuzzi, 1987). Table 
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4.1 also shows a monotonic increase In the proportion of carbon with copper 

concentration. Comparison of the carbon compositions of the precursors with zero 

copper concentration and zero aluminum concentration (catalysts p-l and p-6, 

respectively), shows that the hydroxycarbonate was formed mostly with copper. 

Consequently, carbon requirement increased with copper concentration. However, not 

all the copper present resulted in the formation of the hydroxycarbonate especially, for 

samples with higher copper concentration. The remaining copper was present in the 

form of Cu(OH)2 as was verified from XRD analysis (Fig. 4.1). 

Calculations, based on the stoichiometric requirements of AI, 0, and H for the C 

available, showed that only a small fraction of Al was present in the form of aluminum 

hydroxycarbonate for catalyst p-l. 

Differential Scanning Calorimetry (DSC) Analysis 

DSC was performed in order to provide further evidence for the presence of the 

various species, evaluate their thermal behavior and consequently, determine the 

minimum temperature suitable for calcination. The DSC spectra for all dried catalyst 

precursors are presented in Figure 4.3. Peaks, peak temperatures and the corresponding 

characteristic species are derived from DSC spectra, and the results are summarized in 

Table 4.2. 

91 



30 . --,...-------------------, 

,.... 
~ 20a 
'-" 

«)
bD
c:s 
as 

..c 
tJ 

~
g.. 10-as 

..c... 
c:I 
~

~

0 

...«) 
0 as 

=: 

4 

100 200 300 400 

Temperature (C) 
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Table 4.2: Summary· of DSC Analysis of Copreclpitated Cu-AI Catalyst 

Precursors 

Copper conc'n 

wt% 

Number of peaks Peak temperatures 

(OC) 

Species 

0.00 1 190 Al(OH)3' (n); 

Al(OH)C03. (n) 

5.79 2 160, 200 Al(OH)3, (n); 

Al(OH)C03, (n); 

CU2(OH)2C03. (n) 

15.3 2 150, 200 Al(OH)3, (n); 

Al(OH)C03, (n); 

CU2(OH)2C03. (n) 

24.0 3 160,200,300 Al(OH)3, (n); 

Al(OH)COJ, (n); 

Cu(OH)2, ( c); 

CU2(OH)2C03. (b) 

27.8 3 150,200,300 Al(OH)3' (n); 

Al(OH)C03, (n); 

Cu(OH)2, (c); 

CU2(OH)2C03. (b) 

57.33** 2 180, 300 Cu(OH)2, (c); 

CU2(OH)2C03. (c) 

[c, crystalline; n, noncrystalline; b, both crystalline and noncrystalline phases present, **, prepared 

without aluminum] 
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For the sample with zero copper concentration (curve 1), the endothermic peak 

around 190 0C represents the abstraction of water from aluminum hydroxide and the 

decomposition of the small amount of aluminum hydroxycarbonate present in the 

precursor. 

For other catalysts of varying copper concentrations, the endothermic peak at ca. 

160 °C represents the removal of the physically adsorbed water from the material, while 

the endothermic peak at ca. 200 0C represents the abstraction of chemically bound 

water from aluminum hydroxide, copper hydroxide and copper hydroxycarbonate and 

the decomposition of the small amount of aluminum hydroxycarbonate that might be 

present. 

The endothermic peak at ca. 300 0C observed in the DSC spectra of precursors 

with higher copper concentration represents solely the decomposition of the crystalline 

copper hydroxycarbonate. This is because the DSC spectra of the bright green colored 

catalyst precursor p-6 (containing copper only), which was identified by powder XRD 

to contain copper hydroxycarbonate as the major component and copper hydroxide as 

the minor component, gave major and minor DSC peaks at 300 and 200 oC, 

respectively (curve 6). 

The absence of the 300 0C peak in the DSC spectra of catalysts with low copper 

concentration confirms the absence of crystalline CU2(OH)2C03 species in precursors 

p-2 and p-3 containing 5.73 and 15.3 wt % copper, respectively. This seems to suggest 

that noncrystalline copper species are more stable than the crystalline copper species 

which are present only in catalysts with high copper concentration. Thermal stability 
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under this condition is characteristic of the dissolution of the species in the support 

(Ghiotti and Boccuzzi, 1987). These results are consistent with those from XRD, SEM 

and EPMA measurements. 

It is often assumed that all the copper hydroxy-salts present in dried catalyst 

precursors would decompose on calcination at about 500 K (Ghiotti and Boccuzzi, 

1987). However, the DSC results from the present investigation show that higher 

temperatures are necessary (> 500 0 C) for the decomposition of these species, especially 

in the X-ray amorphous area for coprecipitated Cu-AI catalysts. It also shows clearly 

that thermal stability of these species depends strongly on copper concentration. 

Thus, the DSC analysis shows that the minimum temperature for calcination is 

300 °C. Details of the species still present in the catalysts after calcination at various 

temperatures are given in Table 4.3. 

4.2.1.2 Calcined Catalysts 

Temperature Programmed Reduction of Unreduced Catalysts 

The TPR spectra of unreduced but calcined catalysts given in Figure 4.4 were 

used in identifying the reducible species present. The peak temperatures and the 

corresponding species are summarized in Table 4.3. 
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Table 4.3: Summary for TPR Analyses for Calcined Coprecipitated Cu-AI Catalysts 

No.or Peak Redudble species EOR Reducible species In 
CATALYST peaks temp In unreduced reduced samples 

OC samples '*'Copper 
conc'n 
wt,*, 

Calc'n 
Temp 
(Oe) 

0.00 300 0 . None 0 None 

500 0 - None 0 None 

700 0 . None 0 None 
5.79 300 1 411 Cu"(OH),,C0:l 0 Cu1(OH)1C0:l 

500 1 389 CU,,(OH)1C0:l 
CuAI104 

0 Cu1(OH)1C0:l 
CuAI104 

700 2 343 CU"(OH),,C0:l 40 Cu1(OH)"C0:l 
280 CuO. CuAl.,Ott CuAJ.,O& 

15.30 300 1 36J Cu1(OH)1C0:l 80 Cu1(OH)"C0:l 

500 1 345 Cu1(OH)1C0:l 
CuAI,,04 

90 Cu1(OH)1C0:l 
CuAI104 

700 1 275 CuO. CuAJ.,Ott 100 None 

24.00 300 2 243 

359 

CuO 

Cu,,(OH)1C0:l 

100 None 

500 2 264 

355 

CuO, CuAI104 

Cu,,(OH)1C0:l 

100 None 

700 2 211 

264 

Cu"O,CuO 

CuAJ.,Ott 

100 None 

27.8 300 2 263 CuO 100 None 
350 CU1(OH)1C0:l 

500 2 263 CuO, CuAI104 100 None 
341 CU,,(OH)1C0:l 

700 2 211 Cu10,CUO 100 None 
277 CuAJ.,Ott 

CuO57.33·· 300 1 258 100 None 

500 1 262 CuO 100 None 

700 1 264 CuO 100 None 
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Figure 4.4: TPR Spectra of Calcined Coprecipitated Cu-AI 
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The sharp peaks at ca. 200 0C in Figure 4.4 represent CU20. In this study, this 

species was observed for catalysts with copper concentration greater than or equal to 24 

wt % and calcined at ca. 700 oC. Although Sivaraj and Kanta Rao (1988) have reported 

the presence of the CU20 speci~s in catalysts prepared by deposition-precipitation and 

containing a high concentration of copper, the effects of calcination temperature were 

not reflected since their investigation was conducted for catalysts calcined only at 400 

°C. The present results show that the presence of this sPecies is a function of both 

copper concentration and calcination temperature. 

The sharp peaks at ca. 262 0C represent CuO. This was observed in catalysts 

with copper concentrations greater than 24 wt % and calcined at or above the 

determined minimum temperature, and for lower copper concentrations of 15.3 and 5.79 

wt % but calcined at or above 700 0C. However, the peak width in the latter catalysts is 

an indication of an interaction of the species with the support. 

The TPR peaks at ca. 360 oC represent noncrystalline copPer hydroxycarbonate. 

The sharp peaks in this category represent the noncrystalline hydroxycarbonate 

exclusively. This was observed in all catalyst compositions calcined at 300 °c. 

However, no CuO peak was observed for catalyst precursors p-2 and p-3 calcined at 300 

°C. The absence of the CuO peak in the TPR spectra of these calcined catalysts 

confirms the absence of both crystalline CU2(OH)2C03 and Cu(OH)2 in their 

precursors. 
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The wide peaks at ca. 360 oC observed for all catalyst compositions calcined at 

500 °C indicate that, in addition to the noncrystalline copper hydroxycarbonate, there 

was also some degree of either interdiffusion of this sPecies and the support, or 

interaction between Al2D3 and the CuD obtained from the decomposition of the 

noncrystalline copper hydroxycarbonate. This interaction would lead to the formation of 

the spinel CuA1204. In general, it was observed that the higher the copper 

concentration, the more this peak approached the CuD peak. This shift could be taken as 

a measure of the progress in the decomposition of the noncrystalline copper 

hydroxycarbonate to CuD. As mentioned previously, this shows the effects of copper 

concentration on the thermal stability of noncrystalline copper hydroxycarbonate. 

Also, the broadness of the peaks with decreasing copPer concentration shows 

that species-support interaction or interdiffusion was greater at lower copper loading. 

Higher copper concentration appeared to favor bulk CuD formation. 

The broad peaks observed after ca. 350 oC represent the spinel CuAI2D4. This 

species was found to be present in catalysts of all compositions calcined at ca. 700 °C. 

Also, it was noticed from Figure 4.4 that the fraction of CuAl2D4 present in catalysts 

increased with decreasing copper concentration. 

The TPR spectra of catalyst p-6 (copper only) calcined at 300 °c gave only one 

peak around 262 °C, which is characteristic of CuD, showing that all the crystalline 

copper hydroxycarbonate had decomposed into CuD even at a calcination temperature 

as low as 300 °C. This is consistent with the results from DSC experiments. 
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The TPR results show that irrespective of copper concentration, all the 

CU2(OH)2C03 decomposed into CuO upon calcination at 700 0C. However, at this 

temperature, part of the CuO was found to combine with Al203 to form CuA1204. 

Using the TPR technique for sPecies identification in impregnated CuO/A120 3 

catalysts, Agaras et al. (1988), and Robinson and Mol (1988) have separately observed 

CuO and CuAl204 as the only reducible species for various catalyst copper loadings 

and catalyst calcination temperatures. Species in coprecipitated Cu-AI catalysts have not 

been previously fully identified. Thus, an attempt is being made in this work to provide 

an exhaustive identification of the species present in these catalysts. 

In this study, the evaluation of reducibility was based on the lowest TPR peak 

temperature. This is consistent with the initial reduction temperature suggested by 

Klisurski (1970). All the TPR peak temperatures are given in Table 4.3. However, 

considering the lowest peak temperature alone for each catalyst, it was observed that 

reducibility increased with copper concentration and calcination temperature. This 

relationship is due to the presence of different types and proportions of reducible copper 

species as well as their varying degrees of interaction or interdiffusion with aluminum 

species. These characteristics are controlled by catalyst composition and calcination 

temperature. 

For similar reasons, catalysts with low copper concentrations exhibited a greater 

increase in reducibility with calcination temperature than those with high copper 

concentration. Table 4.3 shows that catalysts with low copper concentrations and 

calcined at 300 0C contain noncrystalline CU2(OH)2C03 as the reducible species with 
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the lowest reduction temperature. On the other hand, in similar catalysts calcined at 700 

oC, the copper species with the lowest reduction temperature is CuO. Thus, the 

difference in catalyst reducibility between calcinations at 300 0C and those at 700 °C 

for catalysts with low copper concentration is essentially the difference between the 

reduction temperatures of these two copper species. Similarly, the difference for the 

catalysts with high copper concentration reflects the difference between the reduction 

temperature of CuO obtained from crystalline CU2(OH)2C03 and Cu(OH)2 

decomposition by calcination at 300 0C and that of CU20 obtained by calcination at 700 

°C. Clearly, the difference is greater with catalysts of low copper concentration. 

Temperature Programmed Reduction of Reduced Catalysts 

TPR spectra were also obtained for reduced catalysts in order to verify the 

species still present as well as to determine the extent of reduction. The extent of 

reduction (EOR) was calculated as follows: 

(4.21) 

where EOR = Extent of reduction 

CUD = reducible copper species in unreduced catalyst 

CUR = reducible copper species in reduced catalyst 

= type of reducible copper species 

Xi = weight fraction of i copper species 
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The reducible copper species was calculated from hydrogen consumption 

obtained in the TPR experiments. The reduction stoichiometry of the species was taken 

into consideration in the calculation as described by Varma et al (1984). These results 

are summarized in Table 4.3. It was observed that the extent of reduction increased with 

copPer concentration and calcination temperature. 

The EOR results provide further evidence that there was an increasing degree of 

interdiffusion of reducible species and Al203 with decreasing copper concentration. 

BET Surface Area and Porosimetry for Reduced and Unreduced Catalysts 

BET surface area, pore volume and average diameter were measured for reduced 

and unreduced catalysts. The results for BET surface area are given in Table 4.4. 

It was observed that while the BET surface area of unreduced catalysts 

decreased with increasing copper concentration and calcination temperature, that of 

reduced catalysts with high copper concentration exhibited a minimum with calcination 

temperature. The average pore diameters measured for both reduced and unreduced 

catalysts were between 13.3 and 18.8 nm. This shows that the pores were mostly in the 

mesopore size range. The pore sizes considered to be in the mesopore size range in this 

work were from 2-50 nm. 

Pore size distribution was evaluated in terms of the percent contribution of 

mesopores to pore volume. The results are also presented in Table 4.4 for reduced and 

unreduced catalysts. It is observed from the Table that mesopore contribution to pore 

volume is greater in reduced than in unreduced catalysts. 
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Table 4.4: Summary orBET Analyses orReduced and Unreduced Cu-AI Catalysts 

CATALYST BET surface area Contribution of mesopore 
to pore volume 

m2/2 % 
copper Calc'n Reduced 
cone' 

Unreduced Reduced Unreduced 
Temp. 

n wt oC 
% 
0.00 300 144 89+ * 

SOO 133 90+ * 
700 111 88+ * 

5.79 300 133 141 97 
500 

90 
129 98 

700 
129 90 

106 99102 90 
15.3 300 121 99 

500 
115 90 

116 97 
. 700 

109 90 
93 98105 90 

24.0 ·300 98 97 
500 

93 84 
93 98 

700 
90 8S 

9884 107 87 
27.8 300 99 

500 
93 .89 86 

99 
700 

92 .88 84 
9576 96 88 

57.33 300 0.8 9846 • 
500.* 10 •* * 
700 2 • ** 

[+, not reducible; *t not perfonned; ** t prepared without aluminum] 
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Reported BET data for Cu-AI catalysts have been few and quite limited in scoPe. 

They have also been restricted to unreduced but calcined catalysts (Sivaraj and Kanta 

Rao, 1988; Stephanopoulus et al., 1987; Friedman et aI., 1978). In this study, extensive 

BET data have been collected and used to show more clearly the effects of copper 

concentration, calcination temperature and isothermal reduction on the BET surface area 

and pore structure of coprecipitated Cu-AI catalysts. 

Temperature Programmed Desorption (TPD) of NH3 

Coprecipitated Cu-AI catalysts have not been previously characterized for 

acidity. Consequently, even though alumina supported catalysts have been used for the 

methanol-steam reforming process, the influence of the acid sites present in the alumina 

support on this reaction has not been discussed before in the literature. It was decided to 

study the acid site distribution for these catalysts using the TPD technique. Effects of 

catalyst composition and calcination temperature on acid site distribution were 

investigated. Typical TPD spectra are shown in Figures 4.5a, and b for catalysts p-2 and 

p-3, respectively (i.e. catalysts with low copper concentration); and also in Figures 4.5c 

and d for catalysts p-4, and p-5, respectively (i.e. catalysts with high copper 

concentration). Two types of desorption peaks were identified; the low temperature 

peaks indicating the weak acid sites and the high temperature peaks indicating the 

strong acid sites. 
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Figure 4.5: TPD Spectra of Calcined Coprecipitated Cu-AI 
Catalysts [Calcination temperature (C): A, 300; B, 500; C, 700] 
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Also, it was observed that the peak temperatures for both the weak and strong 

acid sites decreased with increase in copper concentration. It was interesting to observe 

that the high temperature desorption peak (strong acid site) was practically absent for 

catalysts containing 24.1 wt % copper or more and calcined at or above 500 °C (see Fig. 

4.5c, d). Apparently, the high temperature desorption peaks disappeared for those 

calcined at 500 °C but reappeared for those calcined at 700 0C in the case of catalysts 

containing less than 24.1 wt % copper (see Fig. 4.5a, and b). At this time, this behavior 

is not fully understood. 

Similar type of work with alumina and silica-alumina has been performed by 

Amenomiya and Cvetanovic (1970) who observed drastic variations in acid site 

distribution with heating temperature, evacuation temperature and catalyst composition. 

Although the mechanism is still unclear, these workers attributed this behavior to the 

variation in growth rates of the two types of acid sites with differing catalyst treatments. 

Low-Temperature 02 Chemisorption Analysis 

Results of copper surface area, dispersion and average crystallite size of the reduced 

catalysts measured by the 02 chemisorption technique are presented in Table 4.5. It was 

observed that the copper surface area exhibited a maximum with copper concentration 

at 24.1 wt % copper for all three calcination temperatures. For each calcination 

temperature however, the difference between the maximum and minimum copper 

surface area increased with calcination temperature. 
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Table 4.5: Summary of 02 Chemisorption Analyses of Reduced Cu-AI Catalysts 

CATALYST Copper surface 
area 

(m2/g) 

Percent copper 
dispersion 

CalcIn 
Temp 
(OC) 

Copper 
conc'n 

wt% 
300 5.79 0 NA 

15.3 30.8 11.6 
24.1 36.5 9.9 
27.8 33.0 9.5 

500 5.79 0 NA 
15.3 33.4 20.4 
24.1 40.2 10.7 
27.8 34.5 10.0 

700 5.79 16.0 39.5 
15.3 69.7 29.5 
24.1 79.0 25.2 
27.8 47.2 13.7 

Average copper 
crystallite size 

(nm) 

NA 
6.4 
8.8 
10.9 
NA 
6.6 
8.0 
10.4 
2.6 
3.5 
4.1 
7.6 

[NA~ not applicable] 

107 



Kaushik et al. (1991) have measured the copper surface areas of Cu/Al203 catalysts 

prepared by deposition-precipitation and have also reported a maximum with copper 

concentration. However, their results were limited to catalysts calcined at 400 0C. Table 

4.5 shows that the copper surface area increased with calcination temperature. These 

results for copper surface area are consistent with those of Matsukata et ale (1988) also 

for coprecipitated Cu-AI catalysts. 

It was interesting to observe that for the range of copper concentrations of 5.79

27.8 wt %, the relationship between BET surface area of calcined catalysts and metallic 

copper area reflected opposing responses of these characteristics to calcination 

temperatute. As mentioned previously, the large extent of decomposition of various 

species when the catalyst is calcined at a high temperature results in a net increase in 

average pore size and a consequent decrease in BET surface area. On the other hand, 

high calcination temperature results in a large extent of catalyst reduction and greater 

interaction between copper and aluminum species to form larger fraction of CuA1204. 

Both effects will lead to an increase in metallic copper area. 

In general, copper dispersion increased with decreasing copper concentration 

and increasing calcination temperature. Conversely, the average crystallite size was 

observed to decrease with decreasing copper concentration and increasing calcination 

temperature (Table 4.5). Apparently, this average crystallite size will depend on what 

fraction of the total metallic copper obtained after reduction at 300 0C comes from the 

noncrystalline CU2(OH)2C03. As was shown previously, this fraction increased with 

increasing calcination temperature and decreasing copper concentration. Matsukata et 
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al. (1988), working with coprecipitated Cu-AI catalysts have reported an increasing 

degree of dispersion of copper with calcination temperature for catalysts containing up 

to 30 wt % copper. According to these authors, the variation of copper dispersion with 

calcination temperature exhibited a maximum at 500 0C for catalysts of higher copper 

concentrations. These results, together with those from the SEM, EPMA, TPR and 02 

chemisorption studies in this work show that an increase in calcination temperature 

leads to increased dispersion of the noncrystalline copper species on account of the 

formation of larger amounts of CuA1204. Also, the results show that the crystalline 

copper species undergo agglomeration because of the absence of Al203 support where 

the crystalline copper species are located. Since the opposing effect of the latter 

phenomenon increases with increasing copper concentration, the difference in average 

copper crystallite sizes at high and low calcination temperatures will be larger in 

catalysts with low copper concentrations. 

4.2.2 Relationship Between Characteristics and Performance of Coprecipitated 
Co-AI Catalyst 

Each of the 15 calcined coprecipitated copper-aluminum catalysts (p-iA, p-iB, p

iC; where i = 1, 2, 3, 4, and 5) was tested in the microreactor for both methanol 

decomposition and steam reforming reactions in order to obtain a better understanding 

of the relationship between catalyst performance and catalyst characteristics. Catalyst 

performance was evaluated in terms of hydrogen production which is made up of two 

components. These are: methanol conversion and hydrogen concentration in the 

product. Methanol conversion is a measure of how active the catalyst is without taking 
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into consideration what the products are. On the other hand, hydrogen concentration in 

the product indicates how selective this catalyst was to catalyze only the desired 

reactions. These are discussed below. 

4.2.2.1 Catalyst Activity 

Catalyst performance in terms of catalyst activity (methanol conversion, mol %) 

was evaluated for both methanol decomposition and steam reforming reactions. 

Characteristics of coprecipitated Cu-AI catalysts together with the corresponding 

methanol conversions at three reaction temperatures (170, 200 and 250 0C) are given in 

Table 4.6. 

Figure 4.6 shows a typical behavior of methanol conversion with catalyst copper 

concentration. The conversions in the figure were obtained using catalysts calcined at 

700 °C. It is seen that initially at 250 and 200 oC, both methanol decomposition and 

steam reforming reactions showed an increase in methanol conversion with catalyst 

copper concentration. Beyond 24.1 wt % copper, the increase in methanol conversion 

was not significant and a plateau was reached in the methanol decomposition reaction. 

At 170 oC, both reactions showed a slight increase in methanol conversion with 

copper concentration in the range of 5.79-15.3 wt % copper. However, a more 

significant increase in methanol conversion with increasing copper concentration was 

obtained between 15.3 and 27.8 wt % copper for methanol decomposition reaction, and 

between 24.1 and 27.8 wt % copper in the steam reforming reaction. 
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Table 4.6: Methanol Conversion as a Function of Catalyst Characteristics for 
Copreclpitated Cu-AI Catalysts 

Copper 
Conc'n 

wt% 

Calc'n 
Temp 

OC 

Lowest 
reduction 
Temp 
°C 

Copper 
Dispersion 

% 

Reaction 
Temp 

OC 

Xmd 

mol % 

Xsr 

mol % 
5.79 300 410.7 NA 250 

200 
170 

47 
13 
3 

49 
10 
2 

500 389.3 NA 250 49 61 
200 16 16 
170 6 3 

700 280.1 39.5 250 52 61 
200 20 23 
170 8 8.3 

15.3 300 362.5 11.6 250 75 63 
200 30 38 
170 10 8.3 

500 344.6 20.4 250 79 70 
200 33 38 
170 12 12 

700 275.0 29.5 250 80 72 
200 36 40 
170 13 13 

24.1 300. 242.9 9.9 250 w9 70 
200 34 53 
170 11 15 

500 264.3 10.7 250 82 80 
200 36 54 
170 13 15 

700 210.7 25.2 250 
200 
170 

88 
40 
23 

81 
55 
15 

27.8 300 262.5 9.5 250 HI 79 
200 36 56 
170 12 15 

500 262.5 10.0 250 83 80 
200 38 57 
170 16 16 

700 210.5 13.7 250 88 83 
200 40 59 
170 26 19 

[md, methanol decomposition; sr, methanol-steam refonning; NA, not applicable] 

III 



100 

md (250°C) 
sr (250°C)~

80,.... 

a= 

.-==
~

60 sr (200°C) 
I'IJ 
I-l 
~

~

md (200°C)= = 40CJ 
,.... 
= = ~md(1700C)co 
~... 20 sr (170°C) 
~

-~ ga:::z 

0 
0 10 20 30 40 

Catalyst copper concentration, wt % 

Figure 4.6: Variation of Methanol Conversion with Catalyst Copper 
Concentration [md, methanol decomposition; sr, steam reforming 

reaction; catalysts calcined at 700 0 C] 
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These results are in general agreement with those of Matsukata et al. (1988) who 

observed a maximum in the variation of methanol conversion with copper concentration 

at about 38 wt % copper in the steam reforming reaction conducted at 250 0C. However, 

it is not clear from their work whether the copper concentrations were based on dried 

catalyst precursors or calcined catalysts. They did not study the methanol decomposition 

reaction by itself. 

Dispersion of the catalytically active metal also appeared to affect the methanol 

conversion. A typical relationship between methanol conversion and copper dispersion 

using catalysts containing 15.3 wt % copper and calcined at 300, 500 and 700 °C is 

shown in Figure 4.7. These results alone indicate that the increase in methanol 

conversion with copper dispersion was not very significant. Matsukata et al. (1988) who 

examined the relationship between methanol conversion and calcination temperature of 

the catalysts observed a significant increase. According to these authors, the higher the 

calcination temperature, the greater the dispersion of copper even though they did not 

determine any copper dispersion. 

Calcination at a high temperature produces catalysts having highly dispersed 

copper crystallites and a large metallic copper area. The results for copper dispersion 

(Fig. 4.7) indicate that not all the available copper area is utilized effectively as active 

sites for the reactions. This can be seen clearly in Figure 4.8 which shows a typical 

relationship between turnover number (TON) for methanol conversion and copper 

dispersion for catalysts containing 15.3 wt % copper and calcined at 300, 500 and 700 

°C. 
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Figure 4.8 shows that TON for methanol conversion decreased as the copper dispersion 

increased. This may be explained on the basis of earlier characterization results which 

showed that the increase in copper area and dispersion obtained by calcination at high 

temperatures is attributed to the formation of large amounts of CuA1204, and the 

metallic copper obtained from its reduction will still be retained in the spinel structure. 

The TON results show that this metallic copper is less efficient for methanol conversion 

than the metallic copper obtained from the reduction of other species such as CuO, 

CU20 and CU2(OH)2C03. 

Table 4.7 shows the variation of TON for methanol conversion with copper 

dispersion for catalysts containing 5.79, 15.3, 24.1 and 27.8 wt % Cu. These catalysts 

were calcined at 700 0C. It is seen from the Table that TON decreased rapidly as the 

copper dispersion decreased from 39.5% (i.e., 5.79 wt % Cu) to 29.5 % (i.e., 15.3 wt % 

Cu). At lower copper dispersions (i.e., higher copper concentrations), the decrease in 

TON was not very significant and a minimum was reached at a copper dispersion of 

25.2 % (i.e., 24.1 wt % Cu). 

Also, it is seen in Table 4.6 that methanol conversion increased with available 

copper area (i.e., copper concentration) up to the catalyst containing 24.1 wt % copper, 

which also had the highest copper area. Although a higher copper concentration (27.8 

wt % Cu) resulted in a reduction in copper area, methanol conversion obtained from this 

catalyst was higher. 
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Table 4.7:Turnover Number for methanol Conversion as a Function of 
Copper Dispersion 

Copper conc'n 
wt % 

Copper dispersion 
% 

TON 
+23 

[(mol % / Cu atom)xl0 ] 

methanol 
decomposition 
reaction 

methanol-steam 
reforming reaction 

5.79 
15.3 
24.1 
27.8 

39.5 
29.5 
25.2 
13.7 

5.98 
1.79 
1.53 
2.13 

7.24 
1.61 
1.39 
2.01 

o 
[TON, turnover number for methanol conversion; reaction temperature =250 C] 
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These results show that even though the available copper area and copper dispersion 

play important roles in the reactions, the controlling factors are the amount of copper in 

the catalyst and the calcination temperature which control the type of copper species 

that will be present in the calcined catalyst. 

It was interesting to observe that catalyst reducibility also affected methanol 

conversion. The minimum temperature at which the reduction of a catalyst can 

commence in a reducing atmosphere is usually taken as a measure of the catalyst 

reducibility (Klisurski, 1970). The lower this temperature, the greater the catalyst 

reducibility. In this study, reducibility was evaluated in terms of lowest TPR peak 

temperature. Such typical behavior between methanol conversion and catalyst 

reducibility is illustrated using Figure~ 4.6 and 4.9. Figure 4.6 shows the relationship 

between methanol conversion and catalyst copPer concentration for catalysts calcined at 

700 °C while Figure 4.9 shows the variation of catalyst reducibility with copper 

concentration. It is seen that methanol conversion increased as catalyst reducibility 

increased. Catalyst reducibility seems to provide a more useful parameter than copper 

concentration alone because it takes into account the effects of both copper 

concentration and calcination temperature. Klisurski (1970) has reported a similar 

relationship between methanol conversion and catalyst reducibility. However, this 

worker used only single oxide catalysts such as CuO, Mn203, C0304 and Ti02. 
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4.2.2.2 Oxidation State of Copper in Non-Promoted Catalysts during Reaction 

A TPR analysis of all activated non-promoted catalysts was performed to 

determine the oxidation state of the active species during methanol decomposition and 

reforming. Typical results are presented in Figure 4.10 for the coprecipitated Cu-AI 

catalysts system. Only a single characteristic peak of CU20 was observed at about 210 

°C. The amount of copper reoxidized to CU20 was calculated from H2 consumption in 

the TPR experiments (i.e., area under each curve). On the other hand, the amount of 

total metallic copper present on the catalyst was determined earlier (section 4.2.1.2) by 

isothermal reduction in hydrogen at 300 0C. The results showed that only a fraction of 

the reduced copper was reoxidized to CU20 for all catalysts. The balance was metallic 

copper. These results show that the activated catalysts contained both CuO and Cu1 

species. It is extremely important to know the composition of CuO and Cu1 in the 

catalyst because catalyst activity depended on this characteristic. Methanol conversion 

increased with the amount of CU20 species in the catalyst. This can be seen in Figure 

4.11 which shows a typical relationship between methanol conversion and the amount 

of CU20 in the activated catalyst using catalysts p-2C, p-3A, p-4C and p-5C for the 

steam reforming reaction for all three reaction temperatures. This type of information 

has not been reported previously in the literature. However, similar work concerning 

Cu/ZnO catalysts for methanol synthesis has been reported by Chinchen and Waugh 

(1986). The role of Cu1 and CuOspecies in methanol decomposition is discussed below. 
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Figure 4.10: TPR Spectra of Activated Coprecipitated Cn-AI Catalysts 
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4.2.2.3 Active Sites for various Reactions 

Methanol decomposition may occur according to two parallel reactions: i.e. H2 

production (methanol dehydrogenation, Equation. 4.22) and water production (methanol 

dehydration, Equation 4.23). 

= + (4.22) 

= + (4.23) 

Even though it is indicated (Amphlett et aI., 1991; Su and Rei, 1991; Isogai et aI., 1989) 

that in the case of copper-based catalysts, copper species are responsible for methanol 

dehydrogenation, however, no information is available in the literature on the 

distribution of copper oxidation states for this reaction. In this work, an attempt was 

made to determine these oxidation states. 

It was mentioned earlier (section 3.3.2) that an induction period of about 20 min 

was needed before the catalysts became active. This observation suggests that the CuO 

species present at the start of the reaction has a low activity. However, during the 

induction period, a fraction of CuOwas oxidized to CU20 as was indicated earlier by the 

TPR analysis of activated catalysts (Figure 4.10). The initial reaction of methanol and 

steam on the catalyst produced C02 which was responsible for the oxidation of CuOto 

Cu 1. It would appear therefore that the catalysts became active only when both CuOand 

Cu1 were present. Therefore, the induction period could be taken as the time required to 
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produce an appropriate CUO-CU20 combination that is active for the reaction. Klier et 

al. (1982), during the methanol synthesis. reaction from synthesis gas on CuO/ZnO 

catalysts, have made a similar observation that an induction period of about 20 min was 

necessary for CuOand Cu1 species to be formed in order for this reaction to take place. 

Similarly, Petrini et al. (1983) observed an induction period in the CO shift reaction to 

H2 and C02 using CuO/ZnO catalysts. 

In order to determine the species responsible for methanol dehydration 

(Equation 4.23), test runs were carried out with feeds consisting of methanol alone and a 

1: 1 molar mixture of methanol and water over catalysts p-1B (0 wt % copper) and p-5B 

(27.8 wt % copper). These runs were conducted at 250 0C with the catalysts calcined at 

500 °C. When methanol alone was passed over catalyst p-1B (i.e. Al203 only), only 

dehydration products, dimethyl ether (CH30CH3) and H20, were obtained. This shows 

that catalyst p-1B possessed active sites responsible for methanol dehydration. It also 

indicates that these sites do not promote methanol dehydrogenation. 

On the other hand, when a 1: 1 molar mixture of methanol and water was passed 

over this catalyst, no measurable methanol conversion was observed indicating that the 

active sites on A1203, which are responsible for methanol dehydration, are deactivated 

due to the presence of water in the feed. This catalyst did not yield any dehydrogenation 

products. 

Similar tests were conducted on catalyst p-5B (27.8 wt % copper). In this case, 

the catalyst contained copper. When methanol alone was passed over this catalyst, 

dehydrogenation products (Le. H2' CO, etc.) were most predominant (See Table 4.8). 
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Table 4.8: Product Distribution as a Function of Copper Concentration and 
Calcination Temperature for Methanol Decomposition Reaction 

Cu 
cone'll 
wt% 

Calc'n 
Temp 
OC 

Rxn 
Temp 
OC H2 

Product distribution (mole percent) 

CO CO2 CH4 CH3OCH3 HCOOCH3 
5.79 300 25U 

200 
170 

67.3 
67.4 
51.3 

13.U 
3.5 
3.6 

3.1 
1.0 
0 

0.3 
0 
0 

2.8 
0.1 
0 

13.5 
28.9 
45.1 

500 250 
200 
170 

67.6 
68.6 
55.4 

13.2 
4.1 
3.0 

3.1 
0 
0 

0.7 
0 
0 

2.4 
0 
0 

13.0 
27.3 
41.6 

700 250 
200 
170 

68.7 
70.0 
65.3 

13.7 
2.9 
0.3 

2.9 
0 
0 

0.8 
0 
0 

2.1 
0 
0 

11.8 
27.1 
34.4 

15.3 300 250 64.1 19.0 6.2 0.9 5.3 4.5 
200 
170 

69.7 
64.4 

2.6 
0.2 

0.1 
0 

0.1 
0 

0 
0 

27.5 
35.4 

500 250 
200 
170 

65.2 
70.8 
60.5 

18.4 
2.6 
2.0 

5.6 
0.1 
0 

0.9 
0.1 
0 

4.7 
0 
0 

5.2 
27.4 
37.5 

700 250 
200 
170 

65.4 
69.7 
57.9 

23.4 
2.4 
2.3 

.5•.5 
0.1 
0 

1.4 
0.1 
0 

4.1 
0 
0 

0.2 
27.7 
39.8 

24.1 300 250 64.7 17.2 8.3 0.6 7.7 1.5 
200 69.2 2.5 0.1 0.1 0 28.1 
170 60.9 2.0 0 0 0 37.1 

500 250 65.3 17.0 8.1 0.6 7.5 1.5 
200 70.0 2.i 0 0 0 27.9 
170 62.2 2.0 0 0 0 35.8 

700 250 65.9 17.3 8.0 0.7 7.3 0.8 
200 70.3 6.1 0.1 0.1 0 23.4 
170 68.2 1.1 0 0 0 30.7 

27.8 300 250 63.7 16.6 8.2 0.6 7.6 3.3 
200 72.9 2.8 0 0 0 24.3 
170 62.7 2.1 0 0 0 35.2 

500 250 66.6 15.6 8.2 0.5 7.7 1.4 
200 72.9 2.4 0 0 0 24.7 
170 64.0 0.3 0 0 0 35.7 

700 250 66.2 17.0 8.3 0.7 7.6 0.2 
200 75.0 5.5 0 0 0 19.5 
170 73.8 1.7 0 0 0 24.5 
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However, with a feed consisting of a 1: 1 molar mixture of methanol and water, 

dehydration products dimethyl ether and water were totally absent (Table 4.9). 

These results show that methanol dehydration reaction was catalyzed by active 

sites on alumina alone, whereas methanol dehydrogenation reaction was catalyzed by 

copper species. Also, water in the feed poisoned the active sites on alumina. Thus, no 

methanol dehydration reaction took place. A similar poisoning effect by water was 

observed by Figoli et al. (1971) who studied the poisoning actions of acids and bases on 

the activity of alumina for methanol dehydration. According to these authors, water 

poisoned the active sites on alumina responsible for methanol dehydration thereby 

rendering them inactive for reactions in which water was formed as a reaction product. 

4.2.2.4 Hydrogen Concentration in the Product 

As was discussed earlier, the concentration of hydrogen in the product is an 

indication of the level of selectivity of the catalyst for the desired reactions. A 

stoichiometric concentration of hydrogen would mean that the catalyst was 100 mol % 

selective. In the actual experiments using coprecipitated Cu-AI catalysts, the products 

obtained for the methanol decomposition reaction were H2, CO, CH4, C02, dimethyl 

ether (CH30CH3), and methyl formate (HCOOCH3) whereas using similar catalysts 

for the methanol-steam reforming reaction, only H2' CO, C02, and methyl formate 

were obtained. This shows that both methanol decomposition and methanol-steam 

reforming reactions were not 100 mol % selective. 
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Table 4.9: Product Distribution as a Function of Copper Concentration and 
Calcination Temperature for Methanol-Steam Reforming Reaction 

Copper 
conc'n 
wt% 

Calc'n Temp 

oC 

Reaction 
Temp 

OC H2 

Product Distribution 
mol % 

CO2 CO HCOOCH3 
5.79 . 300 250 74.2 24.8 1.0 0 

200 74.6 24.9 0.3 0.2 
170 63.0 21.0 0 16.0 

500 250 74.1 24.7 1.2 0 
200 74.9 25.0 0.1 0 
170 74.1 24.7 0 1.2 

700 250 74.4 24.8 0.8 0 
200 74.9 25.0 0.1 0 
170 72.0 24.0 0 4.0 

15.3 300 250 73.9 24.6 1.5 0 
200 75.0 25.0 0 0 
170 74.2 24.7 0 1.1 

50U 250 74.1 24.7 1.2 0 
200 74.9 24.9 0.2 0 
170 75.0 25.0 0 0 

700 250 73.6 24.5 1.9 0 
200 74.9 24.9 0.2 0 
170 75.0 25.0 0 0 

24.1 300 250 73.9 24.6 1.5 0 
200 74.9 24.9 0.2 0 
170 75.0 25.0 0 0 

500 250 74.1 24.7 1.2 0 
200 74.9 24.9 0.2 0 
170 75.0 25.0 0 0 

700 250 74.0 24.7 1.3 0 
200 74.9 24.9 0.2 0 
170 75.0 25.0 0 0 

27.8 300 250 73.7 24.6 1.7 0 
200 75.0 25.0 0 0 
170 75.0 25.0 0 0 

500 250 74.1 24.7 1.2 0 
200 74.6 24.9 0.5 0 
170 75.0 25.0 0 0 

700 250 73.9 24.6 1.5 0 
200 74.9 24.9 0.1 0 
170 75.0 25.0 0 0 
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Consequently, it was important to study the product distributions for both processes as 

well as the operating conditions that affect them since these will provide an 

understanding of the types of undesired reactions that took place. 

The following system of reactions was formulated to account for these products: 

2CH30H = HCOOCH3 + 2H2 (4.22) 

2CH30H = CH30CH3 + H2O (4.23) 

HCOOCH3 = CO + CH30H (4.24) 

HCOOCH3 = CO2 + CH4 (4.25) 

CO + H2O = CO2 + H2 (4.26) 

This system is in general agreement with the one proposed by Kobayashi et aI. 

(1976). However, the methanol dehydration reaction (Equation 4.23) was not included 

by these workers. In the present work, the effects of catalyst characteristics and reaction 

temperature on product distribution have been evaluated using these reactions. The 

product distribution results are presented in Tables 4.8 and 4.9 as a function of reaction 

temperature and copper concentration for methanol decomposition and steam reforming 

reactions, respectively. 

Even though catalyst characteristics play an important role in bringing about any 

reaction, the effects of such characteristics on methanol decomposition and steam 

reforming reactions have not been discussed in the literature. In this work, catalyst 

characteristics showed important effects on some of the products formed during 
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methanol decomposition and steam reforming reactions, and consequently, on the 

hydrogen concentrations in the product streams of the respective reactions. These are 

discussed below. 

Effects of Catalyst Characteristics on Methanol Decomposition 

One of the major reaction products namely, dimethyl ether (CH30CH3), 

obtained from Equation 4.23 was strongly influenced by the acidity of the active sites of 

the catalyst. Two types of ammonia TPD peaks were identified earlier (section 4.2.1.2) 

for each coprecipitated Cu-AI catalysts; the low temperature peak representing the weak 

acid sites and the high temperature peak representing the strong acid sites. Also, it wa~

shown that the low ammonia desorption peak temperature (weak acid site) decreased 

with increasing copper concentration. 

Figure 4.12 shows the low ammonia desorption peak temperatures (weak acid 

site) for catalysts p-2B, p-3B, p-4B and p-5B and the corresponding concentration of 

dimethyl ether (CH30CH3) in the overall product when these catalysts were used in the 

methanol decomposition reaction. It is seen that dimethyl ether concentration increased 

with a decreasing strength of the acid sites. This is typical of the relationship between 

the concentration of dimethyl ether in the overall product and the low ammonia 

desorption temperature. At the relatively low reaction temperatures used in this study, 

methanol, which chemisorbs strongly on strong acid sites, cannot desorb to permit the 

formation of dehydration products. Figoli et al. (1971) have attributed methanol 

dehydration (Equation 4.23) to weak alumina acid sites. 
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Equation 4.23 shows that water is formed under the conditions where dimethyl 

ether is formed. This water then reacts with CO according to reaction 4.26 to give more 

C02 and H This explains why the relationship between the concentration of C02 inr 

the product and catalyst copper concentration follow a trend similar to that exhibited by 

dimethyl ether product (Table 4.8). On the other hand, the concentration of methyl 

formate in the product generally decreased with increasing catalyst copper concentration 

and copper dispersion (Table 4.8). 

Effects of Catalyst Characteristics on Steam Reforming Reaction 

Since the objective is to maximize H2 production, it is important to determine what 

catalyst characteristics will minimize the formation of undesired products. Table 4.9 

shows that the main undesired product in the steam reforming reaction, methyl formate, 

was produced only with catalysts p-2A, p-2B, and p-2C which contained very low 

amounts of copper (5.79 wt %), and catalyst p-3A containing a relatively high amount 

of copper (15.3 wt %) but calcined at a low temperature (300 0C). Methyl formate was 

not produced with catalysts such as p-3B and p-3C which contained the same amount of 

copper as catalyst p-3A (15.3 wt %) but calcined at higher temperatures, and the other 

catalysts containing higher amounts of copper. As was observed earlier, an increase in 

catalyst calcination temperature results in an increase in copper dispersion. Also, an 

increase in both copper concentration and calcination temperature results in an increase 

in catalyst reducibility (Figure 4.9). These results show that larger H2 production is 
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favored by catalysts of high copper concentration and calcination temperature (i.e. 

catalyst with high reducibility and copper dispersion). 

4.2.3 Effects of Reaction Conditions on Hydrogen Product Concentration 

A theoretical examination of thermodynamic equilibria involved in the catalytic 

steam reforming of methanol has been carried out by Amphlett et al. (1981). However, 

experimental study involving catalysts at various reaction conditions is necessary in 

order to determine the actual production of H2. The product distributions for methanol 

decomposition and steam reforming reactions have been determined experimentally 

over 15 coprecipitated Cu-AI catalysts at various operating conditions (see Tables 4.8 

and 4.9). This is discussed below. 

Effects of Reaction Temperature on Methanol Decomposition Reaction 

Although hydrogen is the desired product, it was important to evaluate the 

effects of reaction temperature on other products as well since their presence or absence 

determined the purity of the hydrogen obtained. 

Table 4.8 shows that with coprecipitated Cu-AI catalysts, dimethyl ether product 

was obtained only at the highest reaction temperature used (250 0C). Yakerson et al. 

(1967) studied the TPD of methanol on alumina and found major peaks at 135 oC, 190 

°C and 3700C, respectively. These workers observed that methanol desorbed 

unchanged in the 135 0C peak whereas dehydration products were responsible for the 
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higher temperature peaks. These results indicate that temperature has a strong effect on 

the formation of dimethyl ether and, consequently, on H2 selectivity. 

Also, Table 4.8 shows that CO, C02 and methane concentrations in the overall 

product increased with increasing reaction temperature. This behavior is typical of 

products from endothermic reactions (Equations 4.24 and 4.25). This, therefore, 

suggests an increasing rate of methyl formate decomposition with reaction temperature 

and, consequently, a decrease in the concentration of methyl formate in the product with 

increasing reaction temperature. In addition, it is seen from Table 4.8 that in the case of 

methanol decomposition reaction, the amount of CO formed was greater than the 

corresponding amount of methane at any reaction temperature, with methane being 

formed only at 250 0C. These results can be attributed to the presence of copper species 

in the catalysts and the relatively low reaction temperatures, both of which favor 

reaction 4.24 in preference to reaction 4.25 (de Bokx et aI., 1988; Agaras et aI., 1988; 

Isogai et aI., 1989; Su and Rei, 1991). 

On the other hand, the behavior of the concentration of H2 in the overall product 

with reaction temperature shows that a maximum exists. This may be explained as 

follows: although high reaction temperature is favorable for high H2 yield (endothermic 

reaction), it has a detrimental effect on H2 concentration (purity) because of the 

formation of increased amounts of dimethyl ether, carbon monoxide, carbon dioxide 

and methane at high reaction temperatures (Equations 4.23 4.24 and 4.25). Such typical 

relationship between H2 concentration in the product and reaction temperature is shown 
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in Figure 4.13. The net result is that the maximum H2 concentration in the product is 

obtained at the intermediate reaction temperature of 200 °C. 

Effects of Reaction Temperature on the Steam Reforming Reaction 

For similar reasons as in the case of the methanol decomposition reaction, the 

effects of reaction temperature on other products were evaluated alongside those of 

hydrogen. 

Table 4.9 shows that C02 and H2 concentrations in the product exhibited an 

apparent maximum with reaction temperature for the catalysts 'on which methyl formate 

was also produced. These were catalysts p-2A, p-2B, and p-2C which contained low 

copper concentration (5.79 wt %) and catalyst p-3A which contained a relatively high 

copper concentration (15.3 wt %) but calcined at a low temperature as was discussed 

previously. The formation of methyl formate product at low reaction temperature (170 

OC), especially for catalyst p-2A, was responsible for the low C02 and H2 

concentrations whereas the low C02 and H2 concentrations at high temperature could 

be attributed to the formation of the CO product. For these catalysts, maximum H2 

concentration in the overall product is obtained at the intermediate reaction temperature 

(200 0 C). 
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On the other hand, catalysts p-3B and p-3C containing 15.3 wt % copper and calcined at 

500 and 700 oC, respectively, and the other catalysts with higher copper concentration 

showed a decrease in the concentrations of C02 and H2 in the product with increasing 

reaction temperature. This decrease in C02 and H2 concentrations resulted from the 

formation of larger amounts of CO at higher reaction temperatures. At 170 oC, no CO 

was produced, presumably on account of it being consumed in the CO shift reaction 

(exothermic reaction). No methyl formate was produced at 250 0C for all catalysts. 

Compared with the H2 selectivity (5) of 35-84 mol % obtained from these latter 

catalysts in the methanol decomposition reaction, an extremely high selectivity (5 > 90 

mol %) was obtained in the steam reforming reaction at the three reaction temperatures 

used in this study (see Table 4.10). These results indicate that within this temperature 

range and using these latter catalysts, maximum H2 production is not affected 

significantly by H2 selectivity in the steam reforming reaction. 

It is seen from Tables 4.8 and 4.9 that while larger amounts of methyl formate 

were formed in the methanol decomposition reaction, practically no methyl formate was 

formed under corresponding reaction conditions in the steam reforming reaction. 

Kobayashi et al. (1976) made similar observations. Also, these Tables shows that 

methane and dimethyl ether products were obtained only in the methanol decomposition 

reaction. As was discussed earlier, these results were attributed to a shift in 

thermodynamic equilibrium of reaction 4.25 and the poisoning effects of water on 

alumina active sites, respectively. These results show clearly that the presence of water 

in the feed is necessary for maximum H2 selectivity. 
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Table 4.10: Hydrogen Production Emclencles of Copreclpitated Cu-AI Catalysts 

Copper Calc'-n Rxn Reaction YIElD SELECTIVITY 
Cone'n Temp Temp Efficiency 

wt% °C °C 
RE 

mol%H2 
m~IH2/mol

C$30H mol % H2 

REmd REsr YJJ1d Ysr Smd Ssr 

5.79 300 250 35 47 0.~9 1.41 73.50 96.1 
200 7 10 0.14 0.29 54.71 97.3 
170 1 1 0.~2 0.02 27.35 39.6 

500 250 37 58 0.73 1.75 66.94 95.4 
200 7 16 0.13 0.48 40.56 99.6 
170 2 3 OJ~4 0.08 32.13 91.1 

700 250 40 59 o. 9 1.77 76.00 96.9 
200 17 23 0.:S4 0.69 83.77 99.6 
170 4 6 OJD8 0.19 47.25 75.0 

15.3 300 250 53 59 I.lP5 1.78 70.13 94.3 
200 18 38 0.~6 1.'14 60.29 100.0 
170 5 7 0.$9 0.22 45.35 91.8 

500 250 58 67 1.15 2.00 72.93 95.4 
200 25 38 0.49 1.13 74.40 99.2 
170 5 12 0.~9 0.36 39.29 100.0 

700 250 67 67 1.~4 2.01 84.06 93.0 
200 22 40 0.43 1.19 60.09 99.6 
170 5 13 0.@9 0.39 35.35 100.0 

24.1 300 250 58 66 1.15 1.98 72.70 94.3 
200 20 S3 0.40 1.58 58.74 99.2 
170 5 13 0.~9 0.45 39.96 100.0 

500 250 62 76 1.~3 2.29 74.71 95.4 
200 22 54 0.43 1.61 60.45 99.2 
170 6 15 0.11 0.45 42.26 100.0 

700 250 69 77 1.37 2.31 78.08 95.0 
200 27 55 0.$3 1.64 66.20 99.2 
170 13 15 0.~5 0.45 54.56 100.0 

27.8 300 250 55 74 1.09 2.22 67.48 93.5 
200 26 56 0.51 1.68 70.91 100.0 
170 5 15 O.to 0.45 43.24 100.0 

500 250 65 76 1.30 2.29 78.35 95.4 
200 27 56 0.$3 1.68 70.37 98.0 
170 7 16 0.14 0.48 44.63 100.0 

700 250 70 78 1.40 2.35 79.56 94.3 
200 34 59 0.67 1.76 84.27 99.6 
170 19 19 0.~8 0.57 72.78 100.0 

[md9 methanol decomposition reaction; sr, methanol-stearn refonning reaction] 
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These experimental results (on the effects of reaction conditions on product distribution) 

are in general agreement with the theoretical work of Amphlett et al. (1981). However, 

products such as methyl fonnate and dimethyl ether were not included in their analysis. 

On the other hand, coke, which was indicated as a possible reaction product at high 

pressures and temperatures by these investigators, was not produced as a reaction 

product in the present investigation probably due to the relatively low reaction pressure 

and temperatures used in this study. 

4.2.4 Hydrogen Production Efficiency and Optimum Hydrogen Production 
Conditions 

If we desire to use methanol as H2 storage, it will be desirable to know the 

maximum amount of H2 that can be made by a catalyst under various operating 

conditions. This has been designated as "hydrogen production efficiency". This type of 

information for both methanol decomposition and steam reforming reactions has not 

been discussed previously in the literature. Hydrogen production efficiency was 

evaluated in terms of H2 yield (Y) and selectivity (8) to account, respectively, for the 

quantity and quality of H2 produced. In addition, hydrogen production efficiency was 

evaluated in terms of reaction efficiency (RE) in order to account for catalyst activity as 

well. Therefore, reaction efficiency provides an excellent method of expressing 

hydrogen production. It is defined in this work as the product of methanol conversion 

(X) and hydrogen selectivity (8). 
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H2 production efficiencies for various catalysts are given in Table 4.10. As can 

be seen, hydrogen yields obtained from steam reforming reaction were larger than those 

from methanol decomposition reaction. 

Also, all the catalysts showed superior H2 selectivity for the steam reforming 

reaction than for methanol decomposition reaction. As was discussed previously for the 

steam reforming reaction, unwanted reactions such as methanol dehydration and 

methane formation were suppressed due to acid site poisoning and thermodynamic shift, 

respectively, whereas desired reactions such as methyl formate decomposition and CO 

shift reactions were facilitated. 

Also, Table 4.10 shows that reaction efficiency was superior in the steam 

reforming reaction than in methanol decomposition reaction. Reaction efficiency is a 

more useful parameter than H2 selectivity alone, since it takes into account the effect of 

catalyst activity also. Superior catalyst activity in the steam reform~ng process was 

attributed to the formation of an optimum CUO-CU20 combination on the catalysts as 

discussed below. 

As was shown earlier, activated catalysts contained both CuO and CU20 species 

suggesting that for methanol dehydrogenation to occur, a mixture of CuD and Cu1 was 

needed. Interestingly, Klier et al. (1982), Chinchen and Waugh (1986), and Ghiotti and 

Boccuzzi (1987) also observed a similar type of behavior for CuO/ZnO catalysts 

although the reaction under study was the formation of methanol from CO, H2 and 

C02. While Klier et al. (1982) observed that a maximum existed in the variation of the 
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rate of methanol synthesis with the C02/CO ratio used in the reaction, Chinchen and 

Waugh (1986) and Ghiotti and Boccuzzi (1987) showed that the proportion of CU20 

formed by reoxidation of metallic copper increased with both C02/CO and H201H2 

ratios. 

In this study, the amount of metallic copper oxidized to CU20 by activation of 

catalyst p-5C (27.8 wt % copper and calcined at 700 OC) with methanol alone (Figure 

4.10, curve d1) was 0.035 gig of activated catalyst while the amount of CU20 obtained 

from the same catalyst using a 1: 1 molar mixture of methanol and water (Figure 4.10, 

curve d2) was 0.08 gig of activated catalyst. This increase in the amount of CU20 

produced is responsible for the increase in reaction efficiency (RE) in the steam 

reforming reaction (see Table 4.10). It is known that an extra 50 mol % H2 can be 

produced for the steam reforming reaction when compared to the methanol 

decomposition reaction alone. However, the Cu-AI catalyst must be present in its active 

form. These results show that water provided the extra H2 product. Also, because of its 

involvement in C02 formation, water participated in conditioning the copper species 

into an optimum Cu I_CuOcombination appropriate for the desired reactions. 

In the present work, extensive data concerning the production of H2 from 

methanol under various conditions have been provided. It is therefore possible to 

determine the optimum conditions for maximum H2 production. Table 4.10 shows that 

maximum H2 production was obtained in the steam reforming reaction at 250 °C with 

the catalyst containing 27.8 wt % copper and calcined at 700 °C. 
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Catalyst Activity Versus Time Studies 

Catalyst activity versus time studies were conducted on the best catalyst (i.e. 

27.8 wt % copper and calcined at 700 OC) operating at optimum reaction conditions 

(feed consisting of a 1: 1 molar mixture of methanol and water and a reaction 

temperature of 200 °C). The catalyst activity remained stable at an average methanol 

conversion of 59 mol % and no decrease in methanol conversion was observed over an 

8 h period. 

After these studies, the catalyst was then characterized for BET surface area, 

pore structure and copper species present. These characteristics were found to be similar 

for the fresh and used catalysts (see Table 4.4 and Figure 4.10). 

4.3 Phase 3: Coprecipitated Cu-AI Catalyst Performance Improvement by 
Promotion 

In this phase of the project, the objective was to improve the performance of the 

best catalysts from phase 2 by incorporating some promoters. As can be seen in Table 

4.10, the best catalyst from phase 2 (in terms of hydrogen production efficiency) was p

5C (obtained by calcining the catalyst precursor containing 27.8 wt % copper at 700 DC) 

while the second best was catalyst p-4C (obtained by calcining the catalyst precursor 

containing 24.1 wt % copper at 700 DC). The promoters selected were manganese, 

chromium and zinc. These were the catalyst components selected in phase 1 but not 

used as primary components in phase 2. This implies that manganese, chromium and 

zinc were incorporated into the coprecipitated Cu-AI catalysts as secondary 
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components. As in the case of non-promoted catalysts, improvement of catalyst 

performance involving the promoted catalysts required that the relationship between 

catalyst characteristics and catalyst performance be clearly understood. In order to 

achieve this, the characteristics of these promoted catalysts were determined and, 

subsequently, their relationships with catalysts performances were evaluated. 

4.3.1 Characteristics of Mn, Cr, and Zn-Promoted Catalysts 

As in the case of non-promoted catalysts, the characteristics of promoted 

catalysts were determined at different stages of catalyst preparation. These were after 

calcination, and after activation. The characteristics of catalyst precursors were 

presented and discussed earlier in phase 2 of the research project. 

4.3.1.1 Calcined Catalysts 

Chemical analysis, X-ray diffraction (XRD) and temperature programmed 

reduction (TPR) techniques were used for the characterization of the 18 promoted and 2 

non-promoted catalysts. The identities of these catalysts are given in Table 4.11. 

Elemental Composition 

The bulk elemental compositions of all calcined promoted catalysts (determined 

by chemical analysis) are also given in Table 4.11. Practically, no carbon, nitrogen or 

hydrogen was detected in the catalysts and so were not included in the table. These 

results are explained as follows. 
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Table 4.11: Identities and Elemental Compositions of Promoted·and Non-promoted 
Coprecipitated Co-AI Catalysts 

CATALYST Elemental Composition, wt % 

Promoter Cu-AI catalyst 
precursor wt 
%Cu 

Conc'n of 
impreg'n 
sol'n,M 

Cat.id Cu AI t 0 

None 27.8 0 p-5C 46.6 23.1 0 30.3 

24.1 0 p-4C 38.0 29.4 0 32.6 

Mn 27.8 0.24 p-5CMl 44.6 22.1 2.96 30.3 

0.71 p-5CM2 39.1 19.4 7.25 34.3 

1.97 p-5CM3 33.2 16.3 20.2 30.3 

24.1 0.24 p-4CMl 36.5 28.3 2.58 32.6

0.71 p-4CM2 30.5 23.6 7.6 38.3 

1.97 p-4CM3 26.5 20.5 20.9 32.1 

Cr 27.8 _0.18 p-5CCI 40.7 18.0 3.56 37.7 

0.59 p-5CC2 40.7 18.0 11.4 29.9 

3.70 p-5CC3 25.3 11.2 32.2 31.4 

24.1 0.18 p-4CCI 30.9 25.7 3.58 39.8 

0.59 p-4CC2 30.4 25.3 11.5 32.8 

3.70 p-4CC3 18.2 15.1 33.4 33.3 

Zn 27.8 0.28 p-5CZl 45.5 22.2 3.74 28.6 

0.99 p-5CZ2 36.7 17.9 13.4 32.0 

1.99 p-5CZ3 31.2 15.2 27.0 26.6 

24.1 0.28 p-4CZl 35.2 28.6 4.08 32.1 

0.99 p-4CZ2 27.2 22.1 14.8 35.9 

1.99 p-4CZ3 24.0 19.5 28.1 28.4 

* J =Promoter 
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Dried coprecipitated Cu-AI catalyst precursors contain copper hydroxycarbonate and 

copper hydroxide, as was shown earlier in section 4.2. Therefore, their impregnation 

with manganous nitrate, chromium acetate, and zinc nitrate salts would result in the 

presence of nitrogen, hydrogen and carbon in the impregnated catalysts. However, it can 

be seen that these elements are constituents of salts which are known to be unstable at 

high temperatures (Ghiotti and Boccuzzi, 1987). The decomposition of these salts at the 

high calcination temperature used in this study (700°C) is responsible for the absence of 

hydrogen, carbon, and nitrogen in the calcined promoted catalysts. These results are 

consistent with those obtained for non-promoted catalysts (section 4.2.1.1). 

The component phases (catalyst species) which resulted from the observed 

elemental compositions of the various promoted and non-promoted calcined catalysts 

are discussed below. 

Powder X-ray Diffraction (XRD) Measurements 

Species Present 

XRD measurements were performed to identify the component phases present in 

calcined catalysts. Typical XRD spectra are given in Figure 4.14 for catalysts p-5CM2, 

p-5CC2 and p-5CZ1 representing catalysts containing Mn, Cr and Zn promoters, 

respectively. The peaks scanning angles and the corresponding species are given in 

Table B2 in Appendix B. In the case of catalyst p-5CM2 (Figure 4.14a), XRD peaks 

were observed at scanning angles characteristic of CU20, CuO, CuA1204, A1203, 

CuMn02 and Mn203. 
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Figure 4.14: XRD Patterns of Calcined Promoted 
Coprecipitated Cu-AI Catalysts [a, catalyst p-5CM2; 
b, catalyst p-5CC2; c, catalyst p-5CZl] 
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Similarly, in the case of catalyst p-5CC2, the XRD spectra (Figure 4. 14b) showed peaks 

at scanning angles characteristic of CU20, CuO, A1203, CuA1204, CU2Cr204 and 

Cr203. Also, the XRD spectra of catalyst p-5CZl (Figure 4.14c) showed peaks at 

scanning angles characteristic of CU20, CuO, ZnO, CuAl204 and A1203. 

As was discussed previously for non-promoted Cu-AI catalysts, species such as 

CU20, CuO, CuAl204 and Al203 have been identified by various workers (Agaras et 

aI., 1988; Robinson and Mol, 1988; Kaushiket aI., 1991; Sivaraj and Kanta Rao, 1988) 

using characterization techniques such as ESCA, TPR and XRD. 

Temperature Programmed Reduction (TPR) Analysis 

Species Present 

The temperature programmed reduction technique was used to further verify the 

species present in calcined catalysts. Since TPR and XRD were used as parallel 

characterization techniques, it was possible to determine the TPR peak temperatures 

corresponding to all reducible species which were identified by XRD measurements. 

Typical TPR spectra of the Mn, Cr, Zn, and non-promoted catalysts are given in Figure 

4.15(a) for catalysts p-4C, p-5C, p-5CM2, p-5CC1, and p-5CZ2 which contain high 

amounts of copper (low promoter concentration) and in Figure 4.15(b) for catalysts p

5CC3 and p-4CC3 which contain low amounts of copper (high promoter concentration). 

The peak temperatures and the species derived for these typical catalysts are 

summarized in Table 4.12. 
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Figure 4.15: TPR Spectra of Promoted Coprecipitated Cu-AI Catalysts 
[a, contains high amount of copper; b, contains low amount of copper] 
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Table 4.12: Species in Calcined Promoted Co-AI Catalysts 

Catalyst TPRpeak 
temperature, nC 

Species in calcined catalysts 

Promoter Catalyst 
Identity 

None p-5C 211,277,360 Cu20, Cuo, CuAlZ0 4, AIz0 3 

p-4C 211,264,357 C~O,Cuo, CuAlz0 4, AlZ0 3 

Mn p-5CMl 211',281,401,560 C~O, Cuo, AlZ0 3, CuMnOz' Mnz0 3 

p-5CM2 220,296,400,562 CuzO, Cuo, Al~!03' CuMnOz ' MnZ0 3 

p-5CM3 221,295,402,561 CUz0' Cuo, AlZ0 3, CuMn02, MnZ0 3 

Cr p-5CCI 214,298,410,590 CUz0' Cuo, AlZ0 3, CUzCrZ0 4, CrZ0 3 

p-5CC2 212,296,411,590 CUz0' Cuo, Al20 3, CUZCrZ0 4, CrZ0 4 

p-5CC3 277,410,590 Cuo, Alz0 3, CUZCr20 4, CrZ0 3 

Zn p-5CZl 213,300,360 C~O,Cuo, CuAlZ0 4, AlZ0 4, ZnO 

p-5CZ2 215,310,360 CUz0' Cuo, CuAlz0 4, AlZ0 3, ZnO 

p-5CZ3 220,310,360 CUz0' Cuo, CuA120 4, Al20 3, ZnO 
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The TPR peaks at ca. 210 0C in Figure 4.15 represent CU20. In this study, 

CU20 species was observed for all promoted and non-promoted catalysts except p

5CC3 and p-4CC3 which contain low amounts of copper (i.e. high Cr concentration). 

These results are consistent with those from XRD measurements for promoted catalysts 

as well as those from earlier TPR measurements for non-promoted catalysts. They are 

also consistent with those of Kaushik et al. (1991) who used ESCA techniques to show 

that CU20 species were present in copper-alumina catalysts of high copper 

concentration, as was previously discussed. 

The peaks at ca. 280 0C represent CuO. TPR analysis and the earlier XRD 

measurements showed that this species was present in all catalysts irrespective of type 

of promoter or promoter concentration. 

In these catalysts, CuO resulted from thermal decomposition (during catalyst 

calcination at 700 OC) of crystalline copper hydroxide and both crystalline and 

noncrystalline copper hydroxycarbonate which were present in uncalcined dried 

coprecipitated Cu-AI catalysts (section 4.2.1.1). The presence of CuO species for 

copper-based catalysts is consistent with the results of Kaushik et al. (1991) and Sivaraj 

and Kanta Rao (1988) for copper/alumina catalysts prepared by deposition

precipitation, and those of Matsukata et al. (1988) for coprecipitated Cu-AI catalysts 

containing high amounts of copper. The results are also consistent with those of 

Robinson and Mol (1988) and Agaras et al. (1988) for copper/alumina catalysts 

prepared solely by impregnation techniques. 
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The wide peaks at ca. 360 0C observed in the TPR spectra of the non-promoted 

and Zn-promoted catalysts represent the spinel CuA1204. This species was formed 

during calcination at high temperatures by the interaction between Al203 and the CuO 

obtained mainly from the decomposition of the noncrystalline copper hydroxycarbonate. 

Using the TPR characterization technique, CuAl204 species was identified by 

Robinson and Mol (1988) and Agaras et aI. (1988) for impregnated copper/alumina 

catalysts. Also, these results are consistent with the ESCA characterization results of 

Kaushik et aI. (1991) and the X-ray diffraction (XRD) characterization results of Sivaraj 

and Kanta Rao (1988) and Matsukata et aI. (1988) for copper/alumina catalysts, as was 

discussed earlier for non-promoted catalysts. 

The TPR peaks at ca. 560 and 590 0C represent Mn203 and Cr203 present in 

Mn and Cr-promoted catalysts, respectively, as observed previously for catalysts p

5CM2 and p-5CC2 from XRD measurements. Mn203 and Cr203 species were formed 

by the decomposition during calcination of manganous nitrate and chromium acetate, 

respectively. It has been reported (Varma et aI., 1984) that Mn203 is the only oxide of 

Mn formed by calcination of manganese compounds at elevated temperatures. 

Similarly, Cr203 is the stable oxide of chromium formed by the decomposition of 

chromium salts at elevated temperatures. 

The TPR peaks at ca. 400 and 410 0C represent the reduction of CuMn02 and 

CU2Cr204 species which were observed earlier by XRD analysis (Fig. 4.14a and 4.14b) 

to be present in Mn and Cr-promoted catalysts, respectively. It appears that CuMn02 
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species was formed during catalyst calcination at 700 0C by Mn203-Cu20 interaction 

according to the equation 

= 2CuMn02 (4.27) 

Similarly, CU2Cr204 was formed by CU20-Cr203 interaction according to the equation 

= (4.28) 

Amounts ofSpecies 

The amount of each species was calculated from hydrogen consumption during 

the TPR experiments. Also, the TPR peaks were deconvoluted where necessary to 

enable the calculation of the hydrogen consumed for each TPR peak. The reduction 

stoichiometry of the various species was taken into account in the calculations as 

follows: 

CU20 + H2 = 2Cu + H2O (4.29) 

CuO + H2 = Cu + H2O (4.30) 

CuAl204 + H2 = Cu + Al203 + H2O (4.31) 

CuMn02 + H2 Cu + MnO + H2O (4.32)= 

CU2Cr204 + 2H2 = 2Cu + 2CrO + 2H20 (4.33) 

Mn203 + H2 = 2MnO + H2O (4.34) 
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+ H2 = 2CrO + (4.35) 

The molar amount of hydrogen required for the reduction of each species was 

calibrated against the amount required for that of a known amount (0.0382 g) of a 

standard CuO sample obtained by decomposition of copper nitrate trihydrate 

[Cu(N03)2.3H20; ACS grade, obtained from Johnson Matthey company, Ward Hill, 

MA] by calcination for 4 h at 300 0C. This lower temperature was used since it was 

capable of decomposing the copper nitrate trihydrate into CuO (Ghiotti and Boccuzzi, 

1987). A higher temperature would have resulted in catalyst sintering. The amounts of 

ZnO and Al20 3 were calculated based on the respective concentrations of Zn and Al 

obtained in the ICP-AES analysis. The amounts of the various species for all calcined 

catalysts are given in Table 4.13. 

It is seen from Table 4.13 that for all types of promoters, the amounts of CU20 

and CuO species varied with promoter concentration in a non-discernible manner even 

though it is known that their concentrations are controlled by variables such as promoter 

type, promoter concentration, and copper concentration of the dried Cu-AI catalyst 

precursor. On the other hand, the table shows that the combined amounts of CU20 and 

CuO species decreased with increasing promoter concentration for all the three types of 

promoters and two types of dried Cu-AI catalyst precursors. These results can be 

explained on the basis that an increase in promoter concentration results in a decrease in 

the overall bulk copper concentration and, consequently, a decrease in the amount of 

CU20 and CuO species formed. 
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Table 4.13: Amounts of Various Species in Calcined Promoted Co-AI Catalysts 

Catalyst Amount of species 
(wt % calcined catalyst) 

Promoter Catalyst 
Identity 

C~o Cuo Al20 3 ZnO CUxKv°z· J:03•• 

None p-5C 17.4 39.1 40.6 0 2.9 0 

p-4C 19.7 22.0 52.3 0 5.9 0 

Mn p-5CMl 
p-5CM2 
p-5CM3 

16.9 
22.0 
15.8 

35.8 
21.4 
17.8 

41.0 
36.7 
30.8 

0 
0 
0 

6.4 
13.6 
21.1 

0 
6.4 
15.0 

p-4CMl 
p-4CM2 
p-4CM3 

26.1 
21.0 
16.1 

14.8 
14.8 
12.2 

53.5 
48.6 
36.5 

0 
0 
0 

5.6 
8.4 
15.4 

0 
6.8 
19.8 

Cr p-5CCI 
p-5CC2 
p-5CC3 

19.3 
13.8 
0 

32.6 
31.1 
26.7 

40.5 
34.0 
21.2 

0 
0 
0 

6.6 
13.8 
14.6 

0.9 
7.6 
37.5 

p-4CCI 
p-4CC2 
p-4CC3 

19.8 
20.1 
0 

16.9 
11.0 
18.1 

55.5 
47.8 
26.5 

0 
0 
0 

6.3 
13.7 
13.9 

1.1 
7.8 
39.6 

Zn p-5CZl 
p-5CZ2 
p-5CZ3 

31.8 
21.2 
10.2 

20.3 
28.8 
26.8 

40.2 
32.4 
27.4 

4.7 
16.7 
33.6 

3.0 
2.4 
2.0 

0 
0 
0 

p-4CZl 
p-4CZ2 
p-4CZ3 

29.7 
21.5 
17.7 

8.6 
13.8 
8.8 

50.9 
41.8 
34.6 

5.1 
18.4 
35.0 

5.8 
4.5 
3.9 

0 
0 
0 

[*X = 1 for Mn and non-promoted catalysts, 2 for Cr-promoted catalysts; Y = 1 for Mn-promoted 
catalysts, 2 for Cr and non-promoted catalysts; Z = 2 for Mn-promoted catalysts, 4 for Cr and 
non-promoted catalysts; K = Mn for Mn-promoted catalysts, Cr for Cr-promoted catalysts, Al for 
non-promoted catalysts; **J = Mn or Cr] 
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For methanol decomposition and methanol-steam reforming catalysts, it is 

important to know the conditions under which maximum amounts of CU20 and CuO 

would be formed in the catalysts since the reducibility and extents of reduction of 

calcined catalysts are determined by these amounts (see section 4.2.2). Also in section 

4.2.2, it was shown that the presence of large amounts of CU20 and CuO species in 

coprecipitated Cu-AI catalysts did not only ensure high reducibility, but also resulted in 

large extents of reduction of the catalysts. An increase in both characteristics was shown 

in section 4.2.2 (Figures 4.6 and 4.9) to enhance catalyst performance for the methanol

steam reforming reaction. 

Also, it is seen from Table 4.13 that the amounts of CuMn02 and CU2Cr204 

species in the Mn and Cr-promoted catalysts increased with increase in the respective 

promoter concentration. It was mentioned earlier that CuMn02 and CU2Cr204 sPecies 

were formed by the interaction of CU20 with Mn203 and Cr203, respectively. An 

increase in Mn and Cr concentrations will, therefore, result in the availability for 

interaction with CU20 of increased amounts of Mn203 and Cr203, which, in turn, will 

result in an increase in the respective amounts of CuMn02 and CU2Cr204 formed. 

However, not all the Mn203 and Cr203 available in the catalysts were involved in the 

interaction to produce CuMn02 and CU2Cr204, respectively. This can be seen in Table 

4.13 where the amounts of Mn203 and Cr203 in the Mn and Cr-promoted catalysts 

also increased with an increase in the respective promoter concentration. Incomplete 

interactions such as the ones under discussion are typical of reactions involving solid 
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reactants. On the other hand, Table 4.13 shows that the amount of ZnO species formed 

in Zn-promoted catalysts increased with increasing Zn concentration. 

4.3.1.1 Activated Catalysts 

In-situ TPR technique 

It is known in the literature that catalyst performance depends on the amount and 

dispersion of active sites in the catalyst and that the characteristics of activated catalysts, 

compared with those of calcined catalysts, are the ones that represent more accurately 

the conditions of the catalyst at the time of reaction. However, in the case of methanol

steam reforming catalysts, there are conflicting views concerning the characteristics and 

active sites in the activated catalyst (Matsukata et aI., 1988; Takezawa et aI., 1982; 

Agaras et aI., 1988) largely because the techniques currently employed for in-situ 

characterization under reaction conditions are inadequate. For example, the X-ray 

photoelectron spectroscopy (XPS) technique employed by Fleisch and Mieville (1984) 

for in-situ characterization studies of a commercial CuO/ZnO/Al20 3 catalyst for 

methanol synthesis reaction (usually taken as the reverse of methanol-steam reforming; 

Amphlett et aI., 1991) is reported by Chinchen and Waugh (1986) to have a high 

detection limit (> 2 wt %) and, consequently, cannot detect low amounts of various 

species present in the activated catalyst. In contrast, the use of N20 decomposition by 

Chinchen and Waugh (1986) for in-situ characterization studies of similar catalysts for 

methanol synthesis has shown that in addition to metallic copper, the working catalyst 

contained oxides of copper whose amounts depended on the CO/CO ratio in the 
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synthesis feed gas. However, the distribution of the oxidation states of copper in these 

traditional commercial catalysts as well as the nature of other species in actively 

promoted catalysts (such as the ones under consideration in this phase of the project) 

cannot be determined by the N20 decomposition technique as it is based solely on the 

difference in metallic copper area measured before and after the methanol synthesis 

reaction. To the best of our knowledge, characterization of the oxidation state of copper 

in activated catalysts (whether promoted or non-promoted) has not been reported before 

in the open literature, under methanol-steam reforming conditions. 

In this research project, an in-situ temperature programmed reduction (TPR) 

technique has been developed which, used in parallel with another technique such as 

(XRD) for characterization of the calcined catalyst, is capable of quantitative 

determination of the different oxidation states of copper and various other species in 

activated promoted and non-promoted catalysts. Details concerning the in-situ TPR 

procedure were given in section 3.2.10. 

In phase 2 of the project, this in-situ TPR technique was used in conjunction 

with catalyst performance studies to show that the characteristics of the activated 

catalysts (especially the oxidation states of copper, Fig. 4.11) had the greatest influence 

on catalyst performance. In this phase, the characteristics of activated promoted 

catalysts were determined also using the in-situ TPR technique. The characteristic peak 

temperatures of the various catalyst species determined earlier for calcined promoted 

catalysts were used in the verification of the nature of species in activated promoted 

catalysts. Typical TPR spectra for the promoted and non-promoted catalysts activated 
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by various activation methods are shown in Figures 4.16 and 4.17. The catalyst 

activation methods considered in this phase were (i) isothermal reduction of catalyst in 

hydrogen and (ii) isothermal reduction of catalyst in hydrogen followed by treatment 

with vaporized methanol-water mixture. 

Isothermal Reduction in a Hydrogen Atmosphere (method i) 

By comparing the TPR spectra of calcined promoted and non-promoted catalysts 

(Figure 4.15) with those of the corresponding catalysts reduced in hydrogen atmosphere 

at 300 °C (Figure 4.16), it is seen that under the reduction conditions used, only CU20, 

CuO, and CuAl204 species were reduced. As shown in Equations 4.29-4.31, reduction 

of these species resulted in the presence of metallic copper in all hydrogen-reduced 

catalysts. On the other hand, it is seen in Figure 4.16 that TPR peaks characteristic of 

CuMn02 and Mn203, and CU2Cr204 and Cr203 are still present in the hydrogen 

reduced Mn and Cr-promoted catalysts, respectively. The amounts of these Mn and Cr 

species in hydrogen reduced catalysts (see Table 4.14) did not change from those in the 

unreduced catalysts (Table 4.13), thus, indicating that they were not affected by 

isothermal catalyst reduction with 3 % H2 in N2 at 300 °C. This result can be explained 

as follows: 

Under the TPR conditions used, Figures 4.15 and 4.16 show that maximum 

reduction rates of CuMn02, Mn203, CU2Cr204 and Cr203 occurred at ca. 400, 560, 

410, 590 oC, respectively. 
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Figure 4.16: TPR Spectra of Hydrogen Reduced Catalysts 
[1, catalyst p-5C; 2, catalyst p-5CC1; 3, catalyst p-SCZ2; 4, 
catalyst p-5CM2] 
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Table 4.14: Amounts of Various Species in Activated Promoted·Coprecipitated Cu-AI 
Catalysts 

Catalyst Amount of species in activated catalysts, 
gig activated catalysts 

Promoter Catalyst C~O Cu" ~03 Zno CUxKxOy· JO •• 
2 3 

identity 

None p-5C 0.095 0.441 0.464 0 0 0 

p-4C 0.072 0.339 0.589 0 0 0 

Mn p-5CMI 0.078 0.402 0.450 0 0.070 0 

p-5CM2 0.066 0.324 0.395 0 0.146 0.069 

p-5CM3 0.017 0.277 0.325 0 0.223 0.158 

p-4CM2 0.051 0.260 0.462 0 0.075 0.073 

Cr p-5CCI 0.081 0.371 0.462 0 0.075 0.010 

p-4CCI 0.061 0.260 0.599 0 0.068 0.012 

Zn p-5CZ2 0.052 0.372 0.385 0.190 0 0 

p-4CZ2 0.055 0.355 0.590 0.020 0 0 

[*X = 1 for Mn, 2 for Cr; Y = 2 for Mn, 4 for Cr; K = Mn for Mn-promoted catalysts, Cr for Cr
promoted catalysts, Al for non-promoted catalysts; **J = Mn or Cr; catalysts activated by 
reduction in hydrogen followed by treatment with vaporized methanol-steam mixture; apart from 

o 
eu and Cu20 species, amount of other species are similar to those in hydrogen reduced 
catalysts] 
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These temperatures are indications of the relative ease with which these species can be 

reduced with hydrogen; the higher the temperature, the more difficult it is for the 

species to be reduced. They also give indications whether the species will undergo 

reduction under the prevailing isothermal reduction temperatures used during catalyst 

activation. Consistent with the thermodynamic requirement of sufficient activation 

energy (Hurst et aI., 1982), species with reduction temperatures higher than the 

prevailing isothermal reduction temperature (300 0C in the present method of 

activation) do not undergo reduction. The results for Cr-promoted catalysts are 

consistent with those of Apai et aI. (1986) for Cu-Cr catalysts. These workers observed 

that calcined Cu-Cr catalysts contained surface Cu 1 species such as CuCr02 which was 

irreducible in H2 at 270 0C. 

Isothermal Reduction in Hydrogen Atmosphere Followed by Treatment in 
Vaporized Methanol-Water Mixture (method ii) 

Figure 4.17 shows that isothermal catalyst reduction at 300 0C followed by 

treatment at 250 °C in vaporized methanol-water mixture resulted in the reappearance 

of the CU20 peak in the TPR spectra of both promoted and non-promoted catalysts, 

irrespective of promoter type and concentration. However, the amount of CU20 species 

(seen in Figure 4.17 as the peak at ca. 190 OC) decreased with increasing promoter 

concentration of the promoted catalysts and decreasing copper concentration of the 

dried Cu-Al catalyst precursor. 
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Figure 4.17: TPR Spectra of Catalysts Activated by Reduction in 

H2 Followed by Treatment with vaporized Methanol
Steam Mixture [1, catalyst p-5C; 2, catalyst p-5CC1; 3, catalyst 
p-5CZ2; 4,catalyst p-5CM2] 
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Typical results are given in Table 4.14 for Mn-promoted catalysts. This CU20 species 

was re-formed by mild oxidation with C02 of metallic copper which was obtained by 

isothermal reduction of the catalysts in hydrogen atmosphere. The C02 available for 

oxidation was produced from the reaction of the vaporized methanol and water mixture 

on the catalyst surface during activation. The re-formation of CU20 SPecies is similar to 

the earlier observations in section 4.2.2.2 for non-promoted catalysts used for both the 

methanol decomposition and methanol-steam reforming reactions. The results are 

consistent with those of Klier et al. (1982), and Ghiotti and Boccuzzi (1987) for the 

methanol synthesis reaction. In addition, Okamoto et al. (1984) using both TPR and 

XPS techniques have demonstrated that metallic copper could be oxidized by C02 to 

CU20. 

As mentioned previously, the total amount of copper in each sample was 

determined by ICP-AES. The metallic copper present in each activated catalyst was 

calculated according to the equation. 

(4.36) 

where Cum = amount of metallic copper in activated catalyst, gIg calcined catalyst. 

CUt = total amount of copper in calcined catalyst, gIg calcined catalyst. 

CUr = amount of copper in reducible copper species in activated catalysts, gIg 

calcined catalyst. 

= type of copper species 
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Calculations based on the amount of copper oxidized to CU20 shows that not all 

the metallic copper obtained after the initial reduction in hydrogen was reoxidized, as 

was observed in phase 2 for non-promoted catalysts. Typical amounts of CuD, CU20 

and the various other species present in the catalysts activated by method (ii) for 

catalysts p-5C, p-4C, p-5CM2, p-5CC 1, p-5CZ2, p-4CM2, p-4CC 1, and p-4CZ2 are 

also given in Table 4.14. 

Also, typical effects of promoter concentration on the amounts of these species 

for the Mn-promoted catalysts activated by isothermal reduction at 300 oC followed by 

treatment in vaporized methanol-water mixture (method ii) are given in Table 4.14. The 

species present in significant amounts in these Mn-promoted catalysts were metallic 

copper, CU20, A1203, Mn203 and CuMn02. Table 4.14 shows that the amount of 

CuMn02 increased with increasing Mn concentration whereas the amounts of both the 

CU20 re-formed and metallic copper decreased with increasing Mn concentration. 

These results can be explained as follows: increase in Mn concentration means a 

decrease in the bulk copper concentration in the catalyst as well as an increase in the 

copper requirement for the formation of an increased amount of CuMn02. However, as 

mentioned previously, CuMn0
2 

did not undergo reduction under the activation 

conditions used. This means that the amount of copper species that was reduced to 

metallic copper decreased with increasing Mn concentration. The net result is therefore 

the decrease of the amount of metallic copper in the activated promoted catalyst with 

increasing promoter concentration. In the case of Cu20 species, it was shown earlier for 
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non-promoted catalysts (Fig. 4.10) that the amount of this species that could be re

formed by reoxidation increased with the bulk copper concentration in the catalyst. 

Earlier results for non-promoted catalysts (Fig. 4.11) showed that catalyst 

activity in the methanol-steam reforming reaction depended on the CU20/CuOratio. On 

the other hand, Agaras et al. (1988) have attributed the methanol-steam reforming 

activity of the catalysts to the presence of both Cu1 and Cu2 species although they did 

not determine any species in the activated catalysts. Since various types of Cu1 species 

have been observed in the activated promoted catalysts (see Fig. 4.17), it appears that 

catalyst activity may be related to the Cu l/CuO wt ratio in promoted catalysts. Typical 

variation of this ratio (which represents the electron accepting ability of the active 

copper species in the catalyst) with promoter concentration for the Mn and Cr promoted 

O 
catalysts is shown in Figure 4.18. Figure 4.18 indicates that a maximum Cul/CU wt 

ratio exists at some promoter concentration. The maximum CUI/CU
0 

. wt ratios for the 

Mn and Cr-promoted catalysts occurred at 7.25 and 3.56 wt % of Mn and Cr, 

respectively. As observed previously, an increase in Mn and Cr concentrations in the 

catalysts results in a decrease in the amounts of CuO and CU20, and a corresponding 

increase in the amounts of CuMn02 and CU2Cr204, respectively. However, it was 

observed that the CU20 species decreased with increasing promoter concentration at a 

rate faster than either the rate of decrease of CuO or the rate of increase of Cu1 (from 

either CuMn02 or CU2Cr204 species), both with increasing promoter concentration. 
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The combined effect of these phenomena was responsible for the observed maximum 

C I/C 0 . I 0 . d Iu u wt ratIo. The relationship between this Cu ICu wt ratio an cata yst 

performance for the methanol-steam reforming reaction is discussed below. 

4.3.2 Relationship between Characteristics and Performance of Promoted 
Coprecipitated Co-AI Catalysts 

It was observed for non-promoted catalysts that catalyst activity for the 

methanol-steam reforming reaction depended on the amount of Cu20 species present in 

the activated catalyst (Fig. 4.11). Consequently, the relationship between catalyst 

characteristics and catalyst performance was evaluated only for characteristics obtained 

for activated catalysts in this phase of the research project. 

Also, results from phase 2 showed that the type of feed had a tremendous impact 

on the hydrogen production. As was shown in Table 4.10, a 1: 1 molar mixture of 

methanol and water (for methanol-steam reforming reaction) was a much better feed 

than methanol alone (for methanol decomposition reaction). Consequently, catalyst 

performance for the promoted and non-promoted catalysts used in this phase of the 

project was evaluated only for the methanol-steam reforming reaction. 

Studies were conducted for each of the 18 promoted (p-4CJk and p-5CJk) and 

the two non-promoted (p-4C and p-5C) coprecipitated Cu-AI catalysts to evaluate the 

effects of promoter type and promoter concentration on their low temperature methanol-

steam reforming performance. As in the case of non-promoted catalysts, catalyst 

performance was evaluated in terms of hydrogen production made up of methanol 
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conversion (catalyst activity) and hydrogen concentration (reaction selectivity). These 

are discussed below. 

4.3.2.1 Catalyst Activity 

The catalyst activities (methanol conversions, mol %) obtained for the methanol

steam reforming reaction over the 20 promoted and non-promoted catalysts used in this 

phase of the project are given in Table 4.15 as a function of reaction temperature. 

Effects of Promoter Incorporation 

Table 4.15 shows that at some promoter concentration for each promoter, the 

activities of the various promoted catalysts in terms of methanol conversion were 

superior to that of the non-promoted coprecipitated Cu-AI catalysts. For example, for 

the methanol-steam reforming reaction at 250 oC, methanol convers~on for the non

promoted coprecipitated Cu-AI catalyst (p-5C) was 83 mol % whereas the conversions 

for Mn, Cr and Zn-promoted catalysts (i.e. catalysts p-5CM2, p-5CC1 and p-5CZ2) 

were 94, 90 and 92 mol %, respectively. 

This synergistic behavior in promoted catalysts was attributed to the presence of 

certain additional species such as CuMn02, CU2Cr204 and ZnO in these catalysts 

resulting in the net enhancement of their catalytic potentials. 
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Table 4.15: Methanol Conversions for Promoted and Non-Promoted Catalysts as a 
Function of Reaction Temperature 

Catalyst Rxn Methanol Conversion*, mol % 
Temp 
°C 

Promoter Cu-AI p-lC p-lCJl p-lCJ2 p-ICJ3 Optimum 
catalyst catalysts 
precursor p-ICJO 
wt%Cu 

(ii) (iii) 
Mn 27.8 250 83 90 94 92 94 99 

200 59 77 81 74 81 93 
170 19 24 27 20 27 32 

24.1 250 81 85 90 89 90 96 
200 55 71 79 75 79 90 
170 15 22 24 16 24 27 

Cr 27.8 250 83 90 89 87 90 95 
200 59 64 62 29 64 87 
170 19 20 13 7 20 26 

24.1 250 81 87 82 38 87 94 
200 55 61 60 9 61 88 
170 15 17 10 4 17 18 

Zn 27.8 250 83 89 92 90 92 96 
200 59 73 79 28 79 86 
170 19 20 22 10 22 23 

24.1 250 81 87 90 89 90 94 
200 55 58 60 25 60 70 
170 15 16 17 9 17 20 

*[1 =4, 5 for precursors containing 24.1 and 27.8 wt % Cu, respectively; J =M, C, Z for 

Mn, Cr, and Zn-promoted catalysts, respectively; ii: catalyst activated by reduction in H2 

followed by treatment in vaporized methanol-water mixture, iii: vaporized methanol
water mixture activated catalyst; 0 = 2, 1, 2 for Mn, Cr, and Zn-promoted catalysts 
containing the respective optimum promoter concentration] 
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This is discussed below using Equations 4.22, 4.24, 4.26, 4.37 and 4.38 (which describe 

various reaction steps usually employed to describe the methanol-steam reforming 

process) in conjunction with the results of the earlier characterization studies on 

activated promoted Cu-Al catalysts (section 4.3.1). 

Reaction scheme 

Equation 4.37 represents the overall equation for the methanol-steam reforming 

process (Amphlett et aI., 1991). It is seen from Equation 4.37 that while methanol is 

oxidized to C02 by a net loss of electrons, water is reduced to H2 by a net gain of 

electrons. 

(4.37) 

On the other hand, Equations 4.22, 4.38, 4.24, and 4.26 represent a typical but more 

detailed reaction scheme employed by various workers (Su and Rei, 1991; Kobayashi et 

aI., 1976) to account for the products obtained in the methanol-steam reforming process. 

HCHO + HCHO = HCOOCH3 (4.38) 

Also, these equations (4.22, 4.38, 4.24 and 4.26) show a decrease in the electron cloud 

density around the carbon (C) atom as one proceeds from methanol in Equation 4.22 to 

carbon dioxide in Equation 4.26 through Equations 4.38 and 4.24. This is evident by 
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considering the structural formulae of the species involved. Thus, it appears that catalyst 

activity would be enhanced if the electron transfer potential of the catalyst could be 

improved. It is known that catalyst activity can be influenced by the environment of the 

active site, especially, the chemical nature of its nearest neighbors (Biswas et aI., 1988; 

Trimm, 1980). However, improvement in catalyst performance due to such type of 

influence has not been reported previously in the open literature for the methanol-steam 

reforming reaction. In this study, the tremendous improvement in the activity of 

promoted coprecipitated Cu-AI catalyst was attributed to the ligand effect introduced 

into the catalyst by the incorporation of Mn, Cr and Zn. As was discussed earlier, the 

species present in activated non-promoted coprecipitated catalysts were CU20, CuOand 

Al203 whereas promotion with Mn, Cr and Zn introduced CuMn02 and Mn203, 

Cu2Cr204 and Cr203, and ZnO species, respectively, into the activated promoted 

catalysts. The ligand roles of these species in the methanol-steam reforming reaction are 

discussed below. 

Mn and Cr promoters 

The presence of CuMn02 and Cu2Cr204 species is responsible for the increased 

amount of copper in the Cu I oxidation state. This means an increase in the electron 

accepting potential of copper and, consequently, an increase in catalyst activity in Mn 

and Cr-promoted catalysts. 
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In section 4.2.2.2 (Fig. 4.11), it was established that methanol conversion in the 

methanol-steam reforming reaction increased with increasing Cu I/CuO wt ratio in the 

activated catalysts, although this work was limited to activated non-promoted catalysts 

0
containing only Cu20 and Cu copper species. The amount of Cu1 from CU20 species 

represents the contribution to methanol conversion from catalyst redox ability, 

especially in the O-H bond cleavage (Wacks and Madix, 1978; Bowker and Madix, 

1980; Chan and Griffin, 1986). In the case of CuO species, Matsukata et aI. (1988), 

Amphlett et aI. (1991) and Takezawa et al. (1982) have shown that a large amount of 

highly dispersed CuO (i.e., high copper surface area) may result in high methanol 

conversions. However, in contrast to the role of CU20 species, it appears that the major 

function of small copper crystallites alone is the C-H bond scission (Biswas et aI., 

1988). 

On the other hand, Agaras et aI. (1988) have attributed the methanol-steam 

reforming activity of copper containing catalysts to the presence of both Cu 1 and Cu2 

species although they did not determine the species in the activated catalysts. However, 

as was shown earlier by the characterization results for promoted catalysts, various other 

Cu 1 species were present in the activated promoted catalysts indicating that catalyst 

activity may be correlated with the Cu I/CuOwt ratio of species in the activated catalyst. 

In addition to the specific roles of Cu1 and CuO mentioned earlier, Cu I/CuO wt ratio 

represents the electron accepting potential of the activated catalysts under steady state 

methanol-steam reforming conditions. This potential can be maintained because it is 
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possible for Mn3 and Cr3 ions to alternate between a number of other oxidation states. 

This property enhances their ligand role of apparent acceptance of electrons from 

methanol and back donation of these electrons to water on behalf of Cu1 during the 

reaction. That is why Mn and Cr-promoted catalysts with promoter concentrations 

yielding Cu l/CuO wt ratios larger than those in the non-promoted catalysts exhibited 

correspondingly larger methanol conversions. 

Znpromoter 

In the case of Zn-promoted catalysts where the Zn2 ions in ZnO species are 

incapable of changing their oxidation state, the increase in catalyst activity was 

attributed to the behavior of ZnO as a Bronsted base. According to Chan and Griffin 

(1986), the function of ZnO is for its surface 0 2- anions to stabilize the adsorbed 

methoxy species (CH30(a» by accepting the spillover proton (H(a» obtained from the 

dissociative adsorption of methanol (CH30H) on metallic copper. This role of ZnO 

prevents the re-formation of methanol by combination of the adsorbed methoxy species 

with its dissociated H(a) partner. Thus, apart from the role of CU20 species mentioned 

previously, this process provides an additional route for the O-H bond cleavage during 

the methanol-steam reforming reaction. Based on chemisorption/desorption studies as 

well as on reaction experiments, Su and Rei (1991) have shown that the O-H bond 

cleavage is the rate controlling step in the steam reforming of methanol. Their result is 

consistent with the report of Krylov (1970) that generally, the O-H bond cleavage is the 

rate controlling step in the decomposition of alcohols. Therefore, it would appear that 

172 



the enhancement of the rate controlling step with the additional role played by surface 

0 2- anions present in ZnO is responsible for the increased methanol conversions 

observed in Zn-promoted catalysts. 

4.3.2.2 Specific Effects of Promoter Type 

It is seen from Table 4.15 that the optimum Mn-promoted catalysts yielded a 

maximum methanol conversion of 94 mol % in the methanol-steam reforming reaction 

at 250 °C when activated by initial reduction in a hydrogen atmosphere followed by 

treatment in the vaporized methanol-water feed. A corresponding activation treatment 

used for the optimum Cr and Zn-promoted catalyst yielded maximum methanol 

conversions of 90 and 92 mol %, respectively. These results' indicate that the net effects 

of promoter incorporation into the coprecipitated Cu-AI catalysts on methanol 

conversion were different for Mn, Cr and Zn. 

As was discussed earlier, the promotion effects of Mn and Cr incorporation are 

due to their ability to keep large amounts of copper in its CUI state. Also, Rase (1977), 

Krylov (1970) and Trimm (1980) have reported that oxides or other compounds of 

transition metals in which the metal ions exist in an electron configuration of d1 to d4 or 

d6 to d9 are active for hydrogenation/dehydrogenation as well as for 

oxidation/reduction reactions. According to these authors, CU2Cr204 is expected to 

show a greater promotion effect than CuMn02 on account of theCr3 ion existing in the 

d3 electron configuration compared with that of d4 exhibited by the Mn3 ions in the 
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latter species. On the other hand, Klisurski (1970), Kobayashi et al. (1976) and 

Matsukata et al. (1988) have shown that between the oxides of Mn and Cr, Mn203 is 

the more active in the methanol-steam reforming reaction. The presence of two types of 

respectively) implies that the overall result of Mn or Cr incorporation into the catalyst is 

the combined effects of their behavior both as promoter and as catalyst. The methanol 

conversion results (Table 4.15) show that these composite effects produced a more 

favorable net result for the optimum Mn-promoted catalysts for both methods of 

activation than for the Cr-promoted catalysts. 

In the case of Zn-promoted catalysts, Zn2 ions exist in the d10 electron 

configuration which IS not known to possess high activity for 

hydrogenation/dehydrogenation and oxidation/reduction reactions (Rase, 1977). 

However, as was discussed previously, the effect of ZnO in Zn-promoted catalysts 

appears to be due to the stabilizing effect of its surface 02-anions on the adsorbed 

methoxy species with the net result of facilitating the O-H bond cleavage during the 

dissociative adsorption of methanol on metallic copper. Also, as in the case of the Cr

promoted catalyst, the maximum methanol conversion obtained from the optimum Zn

promoted catalyst was not as high as the corresponding Mn-promoted catalyst, 

especially at the reaction temperature of 200 0C. 
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4.3.2.3 Effects of Promoter Concentration 

Figures 4.19, 4.20 and 4.21 show the relationships between methanol conversion 

and promoter concentration for the Mn, Cr and Zn-promoted catalysts, respectively. It is 

seen from these figures that a maximum exists for all three promoters. In the case of 

Mn-promoted catalysts, the maximum occurred at ca. 7.25 wt % Mn whereas Cr and 

Zn-promoted catalysts had maximum methanol conversions at ca. 3.56 and 13.4 wt % 

Cr and Zn, respectively. The existence of a maximum in the relationship between 

methanol conversion and the respective promoter concentration in the catalyst is 

explained below. 

Studies of in-situ characterization of activated promoted catalysts showed the 

presence of various Cu1 sPecies (see section 4.3.1.1). The relationships between 

Cu1fCuO wt ratio and promoter concentration for Mn and Cr-promoted catalysts were 

shown in earlier Figure 4.18. This Cu IfCuO wt ratio represents the electron accepting 

potential of the activated catalyst. A comparison of Figure 4.18 with Figures 4.19, 4.20, 

and 4.21 (for Mn, Cr, and Zn-promoted catalysts, respectively) shows that methanol 

conversion increases as the Cu IfCuOwt ratio (electron accepting ability) in the activated 

catalyst increases. 

This shows that in order to maximize methanol conversion, the amount of Cu1 

species in the catalyst must be maximized. However, as was observed in Figure 4.18, as 

well as in Figures 4.19, 4.20, and 4.21, there is a limit to the amount of each promoter 

that should be incorporated into the catalyst. As is shown in Figure 4.18, beyond these 

concentration limits, the Cu1fCuOwt ratio decreases. 
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This, therefore, implies that beyond the concentration limit for each promoter, its ligand 

effect starts decreasing while its role as an active site for methanol reforming becomes 

significant as was demonstrated by the increase in the total amounts of Mn203 and 

Cr203 species with the respective promoter concentration (Table 4.14). In comparison 

with copper sPecies, Klisurski (1970), Kobayashi et al. (1976) and Matsukata et al. 

(1988) have shown that these metal oxide species are less active if used solely as 

catalysts. This superior activity of copper species over Mn and Cr sPecies can also be 

seen in Figures 4.19 and 4.20. These figures show that methanol conversions from 

catalysts prepared by promoter impregnation into the coprecipitated Cu-AI catalyst 

precursor containing 27.8 wt % copper were larger than those from corresponding 

promoted catalysts prepared by promoter impregnation into the precursor containing 

24.1 % copper for all promoter concentrations. 

In the case of Zn-promoted catalysts, it is expected that a large amount of ZnO 

will ensure a significant contribution towards the O-H bond cleavage. However, this 

will mean a reduction in the amount of copper species in the catalyst and, consequently, 

a reduction in the catalyst roles that require catalyst redox ability and adsorbate C-H 

bond scission. Thus, beyond a certain Zn concentration, the increase in the potential for 

the stabilization of adsorbed CH30(a) species on metallic copper does not compensate 

for the decrease in the amount of this CH30(a) species produced from CU20. Thus, as 

in the case of Mn and Cr-promoted catalysts, beyond the optimum Zn concentration, the 

promotion effects starts decreasing while its role as an active site for methanol 

reforming becomes significant. Again, in comparison with copper species, ZnO species 
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are less active if used solely as a catalyst (Waugh, 1992; Chan and Griffin, 1986). This 

can also be seen in Figure 4.21 which shows that methanol conversions from catalysts 

prepared by impregnation of Zn into the dried Cu-AI catalyst precursor containing 27.8 

wt % copper were larger than those from catalysts prepared by impregnation into the 

precursor containing 24.1 wt % copper. 

4.3.2.4 Hydrogen Concentration in the Product 

The concentrations of hydrogen in the product for promoted catalysts were 

similar to those reported earlier for non-promoted catalysts for the three reaction 

temperatures used. It is known that the stoichiometric concentration of hydrogen in the 

product (on a methanol/water free basis) for the methanol-steam reforming reaction is 

75 mol %. Also, it is known that the undesired reactions for this process lead to the 

production of carbon monoxide as a side-product. At the reaction temperature of 170 

o 
C, the analytical technique used in this study (with a detection limit of 0.001 mol %) 

did not detect any carbon monoxide in the product and, hence, the methanol-steam 

reforming reaction yielded a hydrogen selectivity of 100 mol % (i.e., the stoichiometric 

proportion of hydrogen). On the other hand, about 4 mol % carbon monoxide was 

produced for reactions at 250 0 C. Thus, hydrogen selectivity decreased with increasing 

reaction temperature. However, as in the case of non-promoted catalysts, an extremely 

high hydrogen selectivity (S > 93 mol %) was obtained for all promoted catalysts at the 

three reaction temperatures used. Therefore, within this range of reaction temperature, 

H2 production is not limited significantly by H2 selectivity. 
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4.4 Phase 4: Performance Improvement of Optimum Promoted Catalyst by 
Activation 

In phase 2 of the project, it was established that catalyst performance depended on the 

amount of CUzO species present in the activated non-promoted coprecipitated Cu-AI 

catalysts (Fig. 4.11). For the promoted coprecipitated Cu-AI catalyst in phase 3, a 

tremendous improvement in catalyst performance was obtained which was attributed to 

the incorporation of the promoters. It was shown that this improvement in catalyst 

performance was due to the ability of the promoters to keep large amounts of copPer in 

1 
the Cu oxidation state in the case of Mn and Cr promoters (Figs. 4.18-4.21), whereas in 

the case of Zn promoter, it was due to the ability of the O-z anion in ZnO to act as a 

Bronsted base. All these results suggest that catalyst performance could be improved 

1 0
further if the Cu ICu ratio could be improved. As was discussed previously, this 

1 0 
Cu ICu ratio represents the electron accepting potential of the activated catalysts. 

During the course of this project, various activation techniques were developed and 

tested. One of these techniques was capable of improving the Cu
1 
ICu 

0 
wt ratio in the 

activated catalyst. As was described previously in the experimental section, this 

technique was: treatment of calcined catalysts at 250 0 C with vaporized 1: 1 molar 

mixture of methanol and water (method iii) without the severe isothermal catalyst pre-

reduction in hydrogen at 300 DC, as was done in method (ii). As in the case for both 

phases 2 and 3, the characteristics of the catalysts activated by method (iii) were 
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determined and then correlated with catalyst performance for the production of 

hydrogen from methanol. However, unlike the non-promoted catalysts, catalyst 

performance was evaluated only for the methanol-steam reforming reaction. 

As shown in phases 2 and 3, the characteristics of activated catalysts exerted the 

strongest influence on catalyst performance. Consequently, only the characteristics of 

activated catalysts were evaluated in this phase. Those for calcined promoted catalysts 

were discussed in detail in phase 3 while those for the dried coprecipitated catalyst 

precursors used for promoter impregnation (p-4 and p-5) were discussed earlier in phase 

2. In addition to catalyst p-5C (non-promoted catalyst), a total of seven catalysts were 

involved in studies in this phase of the project. The remaining six catalysts were the 

promoted catalysts containing the optimum promoter concentration (i.e. promoter 

concentration which gave the maximum catalyst activity, see Figs. 4.17 and 4.18) for all 

three promoters and the two dried coprecipitated Cu-AI precursors used (i.e., p-4 and p

5). The identities of the catalysts were p-4CM2, p-5CM2, p-4CC 1, p-5CC1, p-4CZ2, p

5CZ2 and p-5C. Both the characteristics and performance of these catalysts when 

activated simply by treatment with vaporized methanol-water mixture were compared 

with those of corresponding catalysts when activated by isothermal reduction in 

hydrogen atmosphere followed by treatment in vaporized methanol-water mixture. This 

helped to evaluate the actual influence of the activation method on catalyst performance 

for the methanol-steam reforming reaction. These are discussed below. 
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4.4.1 Characteristics of Activated Promoted Catalysts as a Function of Activation 
Method 

The in-situ TPR technique was used for the characterization of catalysts activated by 

method (iii). Figure 4.17 showed that species common to all catalysts activated by 

reduction in hydrogen followed by treatment with vaporized mixture of methanol and 

water were Cu0, Cu20, and A1 0 
3

. The other species present in the method (ii) activated 2

Cr-promoted catalysts; and ZnO for Zn-promoted catalysts. Figure 4.22 shows that 

species obtained in the vaporized methanol-water activated catalysts (method (iii)) were 

similar to the ones obtained in corresponding catalysts activated by isothermal reduction 

in hydrogen atmosphere followed by treatment with vaporized methanol-water mixture 

(method (ii); Figure 4.17). As shown in Figure 4.22, the CU20 species was present in all 

the activated catalysts irrespective of the type of promoter. Also, as was discussed 

previously for the catalysts activated by method (ii), the CU20 was re-formed by 

oxidation of metallic copper with C02. In the case of catalyst activation by method (iii), 

both the H2 and C02 present in the system were produced from the reaction of 

vaporized methanol and water on the catalyst surface during activation. However, 

according to Klier et al. (1982), the net result of the presence of C02 together with H2 

(as in the activation process (iii) under consideration) is the retardation of the reducible 

copper species against over-reduction to metallic copper. Thus, this role by CO2 

stabilizes the catalyst at the appropriate copper redox potential. 
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Calculations, based on H2 consumption for CU20 characteristic peak, showed 

that for all catalysts, the CU20/CuOratios were larger in the vaporized methanol-water 

activated catalysts (method iii) than those in corresponding catalysts activated by pre

reduction in a hydrogen atmosphere (method ii). Typical results are given in Table 4.16. 

These results show that redox equilibrium of copper is a strong function of reduction 

temperature and activation method. Also, these results suggest that the metallic copper 

produced from the reduction of copper species under severe reduction conditions 

(method (ii)) are more difficult to reoxidize than those reduced under milder conditions 

(method (iii)). 

Also, it is believed by many workers that activation of a typical methanol-steam 

reforming catalyst by reduction in hydrogen atmosphere results only in the formation of 

copper crystallites which are assumed to be the only active species for the methanol

steam reforming reaction (Matsukata et aI., 1988; Amphlett et aI., 1988; Takezawa, et 

aI., 1982). However, the results from this study (phases 3 and 4) show that additional 

processes take place during catalyst activation under actual reaction conditions resulting 

in the formation of significant quantities of CU20 species. This CU20 species together 

with various other species produced from calcination at high temperatures of promoted 

catalysts have been shown (Figures 4.18-4.21) to be responsible for the high 

performance of promoted coprecipitated eu-AI catalysts for the methanol-steam 

reforming reaction. 
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Table 4.16: Cul/CUO Weight Ratio in Activated Catalysts as a Function of Activation 
Method 

Catalyst Cu,.OICuo wt ratio in activated catalysts 

Promoter Catalyst Identity Activation by method 
(ii) 

Activation by method 
(iii) 

None p-5C 0.215 0.283 

p-4C 0.213 0.225 

Mn p-5CM2 0.203 0.233 

p-4CM2 0.196 0.220 

Cr p-5CCI 0.218 0.322 

p-4CCI 0.237 0.261 

Zn p-5CZ2 0.141 0.165 

p-4CZ2 0.165 0.190 

[Method ii = reduction with hydrogen followed by treatment with vaporized methanol-steam 
mixture; method iii = treatment with vaporizC?d methanol-steam mixture alone] 
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4.4.2 Performance of Activated Catalysts as a Function of Activation Method 

As in phases 2 and 3, catalyst performance in this phase was evaluated in terms 

of hydrogen production which is made up of methanol conversion (catalyst activity) and 

hydrogen concentration in the product (reaction selectivity). These are discussed below. 

4.4.2.1 Catalyst Activity 

Figure 4.23 shows the maximum methanol conversions obtained from the 

optimum Mn, Cr and Zn-promoted catalysts for the two types of activation techniques 

used in this phase (i.e. methods (ii) and (iii)). It is seen from the figure that methanol 

conversions obtained from vaporized methanol-water feed activated catalysts are higher 

than those from catalysts initially reduced in a H2 atmosphere. 

This can be explained on the basis of the results of the earlier characterization 

studies which showed that the Cu I/Cu°wt ratios in the vaporized metI:tanol-water feed 

activated catalysts were larger than corresponding catalysts activated by initial reduction 

o
in a H2 atmosphere. As was discussed previously, the Cul/Cu wt ratio in activated 

catalysts represents the extent of methanol conversion that depends on catalyst redox 

ability. A large Cu I ICu°wt ratio in the activated catalyst means a strong redox ability of 

the catalyst and consequently, a large contribution from this role of the catalyst to the 

overall methanol conversion (Chan and Griffin, 1986; Bowker and Madix, 1980; Wacks 

and Madix, 1978; Klisurski, 1970). 
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Effects of Reaction Temperature 

Table 4.15 shows the variation of methanol conversion as a function of reaction 

temperature for the various optimum promoted catalysts activated by the two activation 

methods used. The methanol conversion increased with increasing reaction temperature. 

This behavior is typical of the relationship between methanol conversion and reaction 

temperature and is consistent with the well known effects of temperature on reaction 

rates. However, it can be seen from Table 4.15 that the difference between methanol 

conversions obtained at low reaction temperatures (170 and 200 OC) are higher than 

those obtained at higher temperatures (200 and 250 OC), indicating a thermodynamic 

limitation in some of the roles of the catalyst in the methanol-steam reforming reaction 

at low reaction temperatures. This can be explained as follows. 

So far, it has been shown in this work that the activity of a copper based catalyst 

in the methanol-steam reforming reaction is a composite of three roles. These are: 

metallic copper area and dispersion (principally for C-H bond scission), redox ability 

(involved mainly in the O-H bond cleavage) and promoters (responsible for the ligand 

effects). While the effects of temperature on the role of copper area and dispersion are 

mainly kinetic, those on redox ability which is involved in the rate controlling step 

appear to be thermodynamically controlled. This is because there exists a minimum 

temperature below which catalyst reduction and reoxidation may not take place. The 

methanol conversion results show that below the reaction temperature of 200 oC, the 

catalytic role involving the direct participation of the catalyst in the redox cycle during 

reaction is thermodynamically inhibited. As was discussed previously, methanol O-H 
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bond cleavage is the rate controlling step. Therefore, it means that any reaction 

condition (such as low reaction temperature) that is detrimental to this rate controlling 

step will result in unusually low methanol conversions such as were observed in the 

present studies. 

4.4.2.2 Hydrogen Concentration in the Product 

As in the case of promoted and non-promoted catalysts (phases 3 and 2, 

respectively), the concentrations of hydrogen and the other reaction products from the 

methanol-steam reforming process were evaluated since hydrogen selectivity for the 

process was controlled by the presence of the latter products. 

The major products obtained from the methanol-steam reforming reaction using 

both promoted and non-promoted catalysts were H2' CO and C02. Methyl formate 

(HCOOCH3) was obtained only in trace quantities (~ 0.001 mol %) at low reaction 

o
temperatures (170 C). Generally, the reaction scheme given in Equations 4.22, 4.38, 

4.24, and 4.26 can be used to account for these products. However, Takahashi et al. 

(1982), Su and Rei (1991), Jiang et al. (1993), and Minachev et al. (1989) have shown 

that the CO shift reaction may not be involved in the steam reforming of methanol. 

According to these authors, the methyl formate (HCOOCR3) intermediate obtained in 

Equation 4.38 undergoes hydrolysis to produce a formic acid intermediate and methanol 

as given in Equation 4.39. This formic acid intermediate then decomposes to yield 

carbon dioxide and hydrogen (Equation 4.40) without the involvement of the CO shift 

reaction. 
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(4.39)

HCOOH = C02 + H2 (4.40) 

However, the presence of CO in the product distribution given in Table 4.17 implies 

that either the decomposition of HCOOCH3 according to Equation 4.24 is also involved 

in the methanol-steam reforming reaction over our promoted and non-promoted 

catalysts or CO is produced from the reaction between C02 and metallic copper (Eq. 

4.41) during the CuOreoxidation process (Okamoto et aI., 1984) or both. 

(4.41) 

The presence of CU20 species in the activated catalysts (see Figs. 4.10, 4.17 and 4.22) 

confirms the formation of CO according to Equation 4.41. The formation of CO by 

Equation 4.24 was not verified in the present work. Since CO is the undesired product, 

it was important to study how its concentration in the product could be minimized. 

Therefore, it was necessary to determine how the formation of this CO product would 

be affected by various operating variables. This is discussed below. 

Effects of Type of Promoter 

Table 4.17 shows that the CO concentration in the product stream was low « 5 

mol %) for all catalysts. Previous work (Rase, 1977; Ghiotti and Boccuzzi, 1987; 
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Table 4.17: Product Distribution for Optimum Promoted and Non-Promoted 

Coprecipitated Cu-AI Catalysts 

Catalyst Reaction Product Distribution 

Temp 

°c 

mol % 

Promoter Catalyst 

identity 

H2 CO2 
CO HCOOCH3 

None p-5C 250 73.9 24.6 1.5 0 

200 74.9 24.9 0.1 0 

170 75 25 0 0 

Mn p-5CM2 250 73.6 21.5 4.9 0 

200 74.8 24.4 0.8 0 

170 75 25 0 0 

Cr p-5CCI 250 

200 

74.5 

74.9 

23.4 

24.8 

2.1 

0.3 

0 

0 

170 75 25 0 0 

Zn p-5CZ2 250 74.1 22.4 3.5 0 

200 74.8 24.8 0.4 0 

170 75 25 0 0 

[Vaporized methanol-steam activated catalysts] 
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Amphlett et al. ,1988) indicates that the CO shift reaction may be enhanced over Zn

promoted catalysts. However, it was observed that the concentrations of CO from the 

methanol-steam reforming reaction over Mn, Cr and Zn-promoted catalysts were all 

similar to the ones over the non-promoted coprecipitated Cu-AI catalysts. This shows 

that the CO shift reaction was not enhanced on any of the promoted catalysts. 

Effects of Reaction Temperature 

Table 4.17 shows that CO concentration in the product increased with increasing 

reaction temperature. No measurable amount of CO was observed at the reaction 

temperature of 170 0C. This may be attributed to the typical behavior of products from 

the exothermic CO shift reaction, if at all it takes place. .However, if the CO shift 

reaction was not involved in the methanol-steam reforming reaction as indicated earlier, 

the result shows more explicitly that either reaction 4.24 or the copper redox cycle or 

both did not proceed to an appreciable extent at low reaction temperatures over all types 

of catalysts. 

It is seen from Table 4.18 that an extremely high H2 selectivity (5 > 93 mol %) 

was obtained for both promoted and non-promoted catalysts in the methanol-steam 

reforming reactions at the three reaction temperatures used in this study. Again, these 

results indicate that within this temperature range and using the catalysts under 

consideration, maximum H2 production is not affected significantly by H2 selectivity. 
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Table 4.18: Hydrogen Production Efficiencies of Optimum Promoted and Non
Promoted Coprecipitated Cn-AI Catalysts as a Function of Reaction Temperature 
and Catalyst Activation Method 

Catalyst Hydrogen Production Efficiency Reaction 

Temp mol % 

°c 

Promoter Catalyst Reaction Efficiency H2 Selectivity 

Identity mol % 

RE(jj) S(jjj)S(ij)RE(jjj) 

None p-5C 250 94.194.378 83 

99.7200 99.659 68 

170 10010019 21 

Mn p-5CM2 250 93.793.588 93 

200 98.980 98.492 

170 10010027 32 

Cr p-5CCI 250 96.197.688 91 

200 99.564 10087 

170 10010020 26 

Zn p-5CZ2 250 93.895.588 90 

200 99.198.278 85 

170 10010022 23 

[ii, catalysts activated by reduction in H
2 

followed by treatment in vaporized methanol

steam mixture; iii, vaporized methanol-steam activated catalysts] 
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co Shift Reaction Equilibrium 

As was discussed previously, results from the present work indicate that the 

presence of CO in the product stream is due to reaction 4.41. It may also be attributed to 

reaction 4.24. Nevertheless, it should be possible to eliminate this CO product if the CO 

shift reaction (Equation 4.26) can be driven to completion. However, there seems to be 

an unfavorable equilibrium for CO consumption. This is because of the presence of high 

concentrations of C02 and H2 (about 24 and 74 mol %, respectively) as against the 

extremely small concentration of CO (about 2 mol %) in the catalyst bed thereby 

shifting the equilibrium of reaction 4.26 to the left. The concentrations of the various 

products can be seen in the product distribution given in Table 4.17. 

Jiang et al. (1993) have also shown that it is unlikely for the CO shift reaction to 

take place during the methanol-steam reforming reaction. These authors attribute this to 

active site blockage because methanol and other reaction intermediates adsorb more 

strongly on copper than CO. Thus, CO formed by whatever process will be incapable of 

participating in any shift reaction. 

The unpreventable production of CO from reaction 4.41 coupled with the 

unfavorable shift in equilibrium of reaction 4.26 as well as the occurrence of active site 

blockage for CO imply that it is not possible to completely get rid of CO in the product 

stream during the methanol-steam reforming reaction within the same reactor. For 

example, Amphlett et al. (1993) have reported the presence of CO in the dry product 

stream for a wide range of reactor conditions (including reaction temperatures as low as 

150 OC) using various types of copper based catalysts. 
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4.4.3 Hydrogen Production Efficiency 

As was previously discussed, if methanol is to be used as H2 storage, it is 

desirable to know the maximum amount of H2 that can be made by a catalyst under 

various operating conditions. This type of work called "hydrogen production 

efficiency", was reported earlier (phase 2) for non-promoted coprecipitated Cu-AI 

catalysts to study the effects of operating conditions such as type of feed, reaction 

temperature, catalyst copper concentration and catalyst calcination temperature. In this 

phase, studies were focussed on the effects of catalyst activation methods of promoted 

coprecipitated Cu-AI catalysts on "hydrogen production efficiency". Hydrogen 

production efficiency was evaluated in terms of H2 selectivity (S) to account for the 

quality of H2 production. In addition, hydrogen production efficiency was evaluated in 

terms of reaction efficiency (RE) or hydrogen production, as was defined previously, in 

order to account for both catalyst activity and reaction selectivity. 

Typical H2 production efficiencies are given in Table 4.18 for promoted 

vaporized methanol-water activated catalysts as well as for corresponding promoted 

catalysts activated by pre-reduction in H2 atmosphere. Table 4.18 shows that H2 

selectivities (S) for the vaporized feed catalysts were similar to those from 

corresponding catalysts activated by reduction in a H2 atmosphere followed by 

treatment in a vaporized methanol-water mixture. In contrast, the table shows that 

reaction efficiency (RE) from the vaporized feed catalysts were superior to those from 

corresponding catalysts activated by initial H2 reduction. Superior reaction efficiency in 

the former catalysts was attributed to greater catalyst activity. This is discussed below. 
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As was shown earlier, the amount of CU20 was larger in the vaporized feed 

activated catalysts than in corresponding catalysts activated by initial H2 reduction. This 

resulted in a larger Cu1/CuOwt ratio in the catalysts activated using the former mode of 

activation. This increase in Cu1/CuOwt ratio is responsible for the increase in methanol 

conversion and the consequent increase in reaction efficiency in the vaporized feed 

activated catalysts. These results for promoted catalysts are consistent with those 

reported earlier for non-promoted catalysts. 

The results obtained so far from phases 2, 3 and 4 have shown that the catalyst 

which gives the best performance at the three reaction temperatures used is catalyst p

5CM2. Its elemental composition is given in Table 4.11. The catalyst was calcined at 

o 
700 C. Out of the various activation methods tested, superior performance was 

obtained by using the activation method consisting of treatment of the catalyst with 

vaporized 1: 1 molar mixtu~e of methanol and water. 

4.4.4 Catalyst Activity and Stability Studies of the Best Catalyst 

As was described earlier (section 3.3.3), activity and stability versus time on 

stream studies were conducted on the best catalyst (i.e., p-5CM2) at three reaction 

temperatures (170, 200 and 250 OC). Methanol-steam reforming reaction at 250 °C was 

performed continuously for 8 h each day over the catalyst. This procedure was repeated 

for a total of five days. The entire operation was carried out for each reaction 

temperature. Results obtained showed that at the three reaction temperatures used in the 
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study (i.e., 170. 200. 250 
o
C), the catalyst activity remained stable at average methanol 

conversions of 99, 93 and 32 mol %, respectively, throughout the entire five day period. 

After these studies, the catalyst used at each temperature was characterized using 

the in-situ TPR characterization method. The TPR spectra (see Figure 4.22, curve 4) 

were similar for the used and fresh activated catalysts. 

4.5 Phase 5: Performance Comparisons of the Best Catalyst with Existing 
Catalysts 

In this phase, the performance of the best catalyst from this study was compared 

with those of existing commercial and non-commercial catalysts. Comparison was made 

with results of performance studies of various catalysts reported in the literature for the 

production of hydrogen from methanol. In addition, comparison was made with the 

performance of a commercial catalyst (Girdler, CCI and Houdry T-~107) under the 

same operating conditions and using the same experimental system that was used for 

catalyst p-5CM2. 

4.5.1 Comparison of Performance of Catalyst p-5CM2 with those reported in the 
Literature 

It is well known that various factors, such as catalyst constituents and 

preparation variables, affect catalyst performance. However, comparison of different 

catalysts used by different workers for H2 production from methanol is not available in 

the open literature either for the methanol decomposition reaction or the methanol-

steam reforming reaction. In order to put the performance of the best catalyst from this 
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work (i.e. catalyst p-5CM2) into perspective, it was decided to compare the performance 

of this best catalyst (p-5CM2) for hydrogen production from methanol with those of 

other catalysts reported in the literature (Amphlett et aI., 1991; Cheng et aI., 1989; 

Matsukata et aI., 1988; Su and Rei, 1991). These results are given in Table 4.19 for both 

methanol decomposition and methanol-steam reforming reactions. Although different 

reaction conditions have been used by different workers, Table 4.19 shows that the best 

catalyst from the present study (p-5CM2) provides the best performance at high and low 

temperatures. 

4.5.2 Comparison of Performance of Catalyst p-5CM2 with that of Girdler, CCI 
and Houdry T-2107 Commercial Catalyst 

Even though the performance of the best catalyst from this study was superior to 

the ones reported in the literature, it was still necessary to make the performance 

comparison with a commercial catalyst (Girdler, CCI and Houdry T-2107) operating 

under the same conditions, and tested with the same experimental system as the best 

catalyst (p-5CM2). The results are given in Table 4.20. 

Table 4.20 shows that at all reaction temperatures used, the performance of 

catalyst p-5CM2 in terms of hydrogen production (i.e., methanol conversion and 

hydrogen selectivity) was superior to the commercial catalyst. 
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Table 4.19: Performance Comparison of Catalysts used by Various Workers for 
the Methanol-Steam Reforming Reaction . 

Reference Catalyst WIFAO 

g-cat
min/mol 

CH~OH

Reaction 
Temperature 

°c 

Methanol 
Conversion 

mol % 

Hydrogen 
Selectivity 

mol % 

Present 
study 

p-5CM2 115.6 250 99 93 

Present 
study 

p-5CM2 115.6 200 93 99 

Amphlett et 
al. (1991) 

C18HC 
(ICI) 
catalyst 

146.2 250 80* 100** 

Su and Rei 
(1991) 

CuO/ZnO 51.84 280 58 100 

Matsukata et 
al. (1988) 

Cu/AI20 1 
120 250 65 NA 

[*calculated from approximate rate equation given in reference; **, assumed; all 
reactions performed at atmospheric pressure] 
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Table 4.20: Comparison between Performance of Catalyst p.5CM2 and that of a 
Commercial Catalyst (Girdler T·2107) for the Methanol-Steam Reforming 
Reaction 

Reaction Methanol Conversion, mol 0/0 Hydrogen Selectivity, mol % 
Temperature, 
°c 

p-5CM2 Girdler T-2107 p-5CM2 Girdler T-2107 
250 99 89 93 95 
200 93 61 99 99 
170 32 26 100 100 

[p-5CM2~ best catalyst from the present study] 
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4.6 Kinetic Modeling of the Production of Hydrogen by the Methanol-Steam 
Reforming Process 

Kinetic modeling of the methanol-steam reforming process was necessary for 

the accurate design of the methanol-steam reformer. In the present work, kinetic 

modeling was performed using catalyst p-5CM2 which was identified previously as the 

catalyst with the best performance. Since the objective was to obtain an intrinsic rate 

equation, the methods of experimentation and analysis used in this phase of the work 

were based on fundamental kinetic studies. This was done because a rate equation 

obtained from such studies could readily be combined with generalized equations for 

rates of physical transport processes to produce a reactor model capable of extrapolation 

over a wide range of reactor operating conditions. The derivation of this intrinsic rate 

equation was based on a mechanistic description of the methanol-steam reforming 

process together with extensive kinetic measurements. Kinetic data were obtained in a 

kinetic regime under isothermal conditions in which the effects of mass and heat 

transport as well as residence time distribution (RID) were eliminated. -Also, an attempt 

was made to fit the experimental data to a power law type rate model. Results of these 

derivations, measurements and analyses (involving reaction mechanism, intrinsic and 

empirical rate expressions, and kinetic data) are discussed below. 

4.6.1 Reaction Mechanism 

Studies of reaction mechanism was carried out so as to obtain an understading of 

the reaction pathway involved in the methanol-steam reforming process. Information 

202 



which is well established in the literature as well as the results obtained from the earlier 

sections of the present work were used in the derivation. 

Results from the works of Chan and Griffin (1986), Wacks and Madix (1978), 

Bowker and Madix (1980), Su and Rei (199l), Waugh (1992), and Clark et al. (1994) 

which involved infrared spectroscopy (IRS), temperature programmed desorption 

spectroscopy (TPDS), temperature prgrammed reaction spectroscopy (TPRS), ultra 

violet photoelectron spectroscopy (UPS), and X-ray photoelectron spectroscopy (XPS) 

have shown that the first step in the methanol-steam reforming process is the adsorption 

of methanol on an active site (Equation 4.42). Using these sPectroscopic techniques, it 

has also been shown that the methanol adsorption step is followed by dissociation of the 

adsorbed methanol into adsorbed methoxy (CH 0 )) and hydrogen (HCa)) species by 0
3 Ca

H bond scission (Equation 4.43). 

+ (a) = (4.42) 

= + (4.43)CH30 Cal ) 

where (a), (al) and (a2) are active sites, and (a) = (al) + (a2) 

According to Chan and Griffin (1986), Wacks and Madix (1978), and Bowker and 

Madix (1980) an oxidized copper surface or a Bronsted base is necessary for methanol 

dissociation by O-H bond scission since this oxidized surface or Bronsted base will 

stabilize the dissociated proton (HCa2)) and prevent its re-combination with the methoxy 
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group. In the case of catalyst p-5CM2, results from section 4.2.2.1 and 4.4.2 (see 

1 
Figures 4.11, 4.17 and 4.18)·showed that Cu

2
0 and other Cu (oxidized copper) species 

were the active sites responsible for high catalyst activity in the methanol 

decomposition and methanol-steam reforming reactions. These results show that the 

active sites for methanol dissociation by O-H bond scission for catalyst p-5CM2 are 

1 
these Cu20 and other Cu species (example, CuMn02). The methanol adsorption-

dissociation steps can also be accomplished using a metallic copper (Cu )-Mn° 20 3 pair 

(Kobayashi et aI., 1976). This type of synergy was also demonstrated by Chan and 

o
Griffin (1986) for Cu-ZnO catalysts. In the case of the Cu -Mn20 3 pair, Mn20 3 supplies 

the Bronsted base which stabilizes the dissociated proton by preventing its re

combination with the methoxy species. The involvement of these species in methanol 

adsorption and dissociation is illustrated using the Cu20 species as given in Equations 

4.44 and 4.45 for adsorption and dissociation, respectively. 

+ Cu-O-Cu = CH O------H (4.44) 
3 I . I 

Cu----O-Cu 

CH O------H = CH30 + H (4.45) 
3 I I I I 

Cu----O-Cu Cu-----o-Cu 
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Thus, from Equations 4.42, 4.43, 4.44, and 4.45, the active sites can be assigned as 

follows: (a) =Cu-o-Cu, (al) =Cu and (a2) =O-Cu. In the case of CuMn02, (a) =Cu

o
Mn02, (a1) = Cu, and (a2) = Mn0

2
, whereas in the case of Cu -Mn20 3 combination, (a) 

o 0 .=Cu -Mn20 3, (al) =Cu , and (a2) =Mn
2
0 

3
• It can also be seen that In each case, the 

methanol dissociation step does not require any additional active site(s). Only the site(s) 

on which the methanol originally adsorbed are necessary for dissociation. 

Water also adsorbs on an active site in the same manner as methanol (Su and 

Rei, 1991). Results from the earlier sections of the present work also showed that Cu20, 

other Cu 
I 

species, and Cu°-Mn 0 pair are the active sites on which H could be 
2 3 

obtained by dissociation of water. This is consistent with the observations of Cybulski 

(1994). According to this author, the presence of oxidized active sites (such as Cu20, 

CuMn02, and Cu°-Mn 0 pair in catalyst p-5CM2) promotes the dissociation of2 3 

adsorbed water (H20 Ca)) into OHCal) and HCa2)" These reactions are given in Equations 

4.46 and 4.47 where (a), (al) and (a2) are as defined in Equations 4.44 and 4.45. 

HOH + (a) = HOHCa) 
(4.46) 

HOHCa) 
(4.47)= + 
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Because of the presence of dispersed metallic copper crystallites, adsorbed methoxy 

species will undergo dehydrogenation to produce adsorbed hydrogen (H(a3») and 

formaldehyde (HCHO(al)) according to Equation 4.48 (Biswas et aI., 1988). 

+ (a3) = HCHO(al) + (4.48) 

o 
where (a3) is metallic copper (Cu ) 

This is consistent with the experimental observations of Chan and Griffin (1986), 

Bowker and Madix (1980), Clarke et ai. (1994) as well as the proposals of Su and Rei 

(199l), and Kobayashi et ai. (1976). These workers also observed that any two adjacent 

adsorbed formaldehyde species will quickly condense to form adsorbed methyl formate 

(HCOOCH3(al)). However, there are other routes through which the methyl formate 

intermediate could be formed (Kobayashi et aI., 1976; Su and Rei, 1991). These are 

given in Equations 4.49 and 4.50 

HCHO(al) + = HCOOCH3(al) + H(al) (4.49) 

+ (ai) = HCOOCH3(al) + 2H(al) (4.50) 

where (ai) = (al), (a2) or metallic copper 
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It is well known in the literature that methyl formate is a reaction intermediate in the 

methanol decomposition and methanol-steam reforming reactions. In this work, 

evidence for the formation of the methyl formate intermediate was obtained from the 

results of section 4.2.2.4 which showed the presence of methyl formate as a product for 

both the methanol decomposition and methanol-steam reforming reactions (see Tables 

4.8 and 4.9). 

Minachev et al. (1989) have shown that the step which follows methyl formate 

formation in the methanol-steam reforming process is the hydrolysis of the adsorbed 

methyl formate. This hydrolysis which involves adjacent adsorbed OH and methyl 

formate species yields adsorbed formic acid and methoxy species. This is given in 

Equation 4.51. 

HCOOCH3Cal) + OHCal) = (4.51) 

This is consistent with the experimental results of Takahashi et al. (1982) and Su and 

Rei (1991). Also, Takahashi et al. (1982), Su and Rei (1991), and Chan and Griffin 

(1986) have shown experimentally that adsorbed formic acid will readily decompose 

into adsorbed carbon dioxide (C02Cal)) and hydrogen (HCai)). Formic acid decomposition 

is represented in Equation 4.52. 
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HCOOH(al) + 2(ai) = CO2(al) + (4.52) 

In Equation 4.52, (ai) represents (al), (a2) or (a3) since all the three tyPes of catalyst 

species are present in the activated catalyst. The steps that follow formic acid 

decomposition are: CO2(al) desorption, combination of any two adjacent H(ai) to form 

adsorbed molecular hydrogen, and, finally, the desorption of adsorbed molecular 

hydrogen. These are given in Equations 4.53, 4.54 and 4.55. 

+ (al) (4.53) 

+ 3(ai) (4.54)= 

+ (4.55)3H2(ai) = 3(ai) 

Su and Rei (1991) have suggested that the rate determining step in the sequence 

of steps outlined above is methanol dissociation by O-H bond scission (Equation 4.43). 

On the other hand, Kobayashi et aI. (1976) have indicated that the rate determining step 

involved methyl formate hydrolysis. However, it is well known that the other reaction 

steps are extremely fast compared with methanol and water dissociation, and methyl 

formate hydrolysis (Su and Rei, 1991; Kobayashi et aI., 1976; Waugh, 1992). 

The foregoing analysis provides a complete reaction pathway involved in the 

methanol-steam reforming reaction. However, a simplified reaction scheme was used in 
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the derivation of the rate equation. This simplification, which did not result in any 

significant loss in detail and accuracy, was achieved by condensing reactions 4.48-4.52 

(very fast reactions except reaction 4.31) to obtain an overall reaction (Equation 4.56). 

Therefore, in terms of rate of reaction, Equation 4.56 was considered to be equivalent to 

reaction 4.51. 

+ 2(ai) = CO2(al) + 4HCai) (4.56) 

The above simplification derives from results in the earlier sections of the present work 

which showed that, apart from methyl formate, methanol-steam reforming reaction over 

catalyst p-5CM2 did not produce as actual reaction products the reactants indicated in 

the elementary steps 4.48-4.51. The reactants involved were HCHO, and HCOOH. 

What was derived from these results was that only the sequence of reaction steps given 

in Equations 4.42, 4.43, 4.46, 4.47, 4.56,4.53, 4.54, and 4.55 was neccessary for 

derivation of the mechanistic rate expressions. 

4.6.2 Gathering of Kinetic Data 

4.6.2.1 Optimum Catalyst Particle Size 

Experiments were conducted to determine the maximum catalyst particle size 

with which the influence of internal or pore diffusion would be excluded. Methanol

steam reforming runs were conducted to determine the variation of methanol conversion 

as a function of catalyst particle size at constant ratio of weight of catalyst to molar flow 
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rate of methanol (WIFAO) and methanol residence time (t). The results are shown in 

Figure 4.24. This figure shows an increase in methanol conversion with decreasing 

catalyst particle size up to about 0.55 mm for all the three reaction temperatures. 

Beyond this size, further decrease in catalyst particle size did not result in any increase 

in methanol conversion. These results show that the maximum catalyst size where pore 

diffusion was absent was 0.55 mm. Thus, catalysts of 0.55 mm average size were 

selected and used in subsequent experiments. 

4.6.2.2 Optimum Methanol Residence Time 

Another set of experiments was performed to determine the optimum residence 

time which will not affect catalyst performance. Methanol-steam reforming test runs 

were conducted using 0.55 mm catalyst to study the variation of product distribution 

and methanol conversion with methanol residence time. The methanol residence times 

(based on liquid methanol in the feed at 27 0 C) were in the range 90-119 min. Within 

this range, the results obtained did not show any adverse affects on both methanol 

conversion and product distribution for all the three temperatures. It was decided to 

select 95 min as the methanol residence time for the remaining experiments. 
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Figure 4.24: Variation of Methanol Conversion with Catalyst 
Particle Size for Catalyst p-5CM2 
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4~6.2.3 Kinetic Data for Rate Expressions 

The optimum catalyst particle size and the methanol residence time selected 

earlier were now used in experiments to determine the variation of methanol conversion 

(X) with WIFAO ratio as well as the corresponding partial pressures of CH30H, HzO, 

COz' and Hz (see Appendix C) for six reaction temperatures: 170, 180, 190, 200, 230, 

and 250 
o
C. The results for the variation of X with WIFAO ratio are presented in Figure 

4.25 and they show that methanol conversion increased with increase in WIFAO ratio. 

Also, it can be seen froni the figure that the rate of increase of methanol conversion 

decreased . with increasing WIFAO ratio for methanol-steam reforming reactions 

performed at temperatures ~ 200 0C whereas the reverse trend was observed at lower 

reaction temperatures. These results show the existence of two temperature-dependent 

kinetic regimes indicating that the reaction involving the rate determining step for the 

methanol-steam reforming reaction behaves thermodynamically differently at high and 

low temperatures, as was discussed earlier in section 4.4.2. 

Two temperature regimes were therefore defined for further kinetic analysis as 

follows: the low temperature range (170, 180, and 190 0 C) and the high temperature 

range (200, 230, and 250 0 C). Consequently, two different rate expressions were derived 

for these two temperature regimes. These derivations are discussed below. 
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4.6.3 Derivation of Rate Expressions 

In the literature, rate expressions for the methanol-steam reforming reaction are 

usually expressed in terms of methanol conversion. However, since one of the main 

objectives of this work was the production of hydrogen by the methanol-steam 

reforming reaction, it became important to obtain a rate expression which reflected 

hydrogen production. This was achieved by incorporating the definition of hydrogen 

production given earlier in sections 4.2.2.2, 4.3.2.4 and 4.4.2.2 into the derivation of the 

rate expression. Hydrogen production was defined as the product of methanol 

conversion (X) and hydr gen selectivity (8). 

Results obtained uring kinetic data collection in section 4.6.2.3 showed that 8 

did AO but was, however, a strong function of the reaction 

temperature. With results, it was possible to define the rate of hydrogen 

production as 

= (4.57) 

where rH2 = rate of hydr gen production 

rA = rate of meth nol conversion 

Because of the wide ran e of methanol conversions involved in this work, an integral 

microreactor was used to gather experimental data (which were devoid of mass and heat 

transport influences). T e design equation for a plug flow reactor was therefore 
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applicable for data analysis. This was used in the differential form given in Equation 

4.58. 

(4.58) 

Also, data analysis was performed for the two temperature regimes identified earlier, 

and for two types of rate expressions: the power law type model and the mechanistic 

model based on the Langmuir-Hinshelwood approach. 

The purpose of the investigations in this subsection was fourfold: first, to obtain 

accurate results for the rate equation using a more rigorous mechanistic approach; 

second, to evaluate the regions and limits of applicability of a simplified power law 

model using the mechanistic model as a basis for evaluation; third, to explain the 

phenomenon of opposing trends in the variation of reaction rates with "WIFAO at high and 

low reaction temperatures, a phenomenon which has not been considered before in the 

literature; and four, to determine the rate controlling step for each reaction temperature 

regIme. 

4.6.3.1 Rate Equation Based on Langmuir-Hinshelwood Mechanism 

After eliminating the influence of film and pore diffusion, only three basics steps 

were involved in the derivation of the Langmuir-Hinshelwood type rate equation: 

adsorption of reactants on to the catalyst surface, surface reaction, and desorption of 

products. As discussed in section 4.6.1, a simplified version of the reaction mechanism 
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for the methanol-steam reforming process was used for the derivation of the rate 

equations. These involved Equations 4.42, 4.43, 4.46, 4.47, 4.56, 4.53, 4.54, and 4.55. 

Two rate expressions, representing the two rate controlling steps assumed, were derived. 

These are given in Equations 4.59 and 4.60 for mechanisms in which the rate 

determining steps (RDS) were assumed to be methanol dissociation and methyl formate 

hydrolysis, respectively. 

(4.59) 

(4.60) 

-1 -1 
where rA =rate of methanol conversion (kmol g h), k =pre-exponential constant o 

-1 -1 .-1 -1 
(kmol g h), E =activation energy (kcal mol ), R =gas constant (kcal K mol ), T = 

absolute temperature (K), K p =equilibrium constant, A = methanol, B = water, C = 

carbon dioxide, D =hydrogen, ki =coefficient of term i in the denominator, i =term in 

the denomonator. Details concerning these derivations are given in Appendix D. 
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4.6.3.2 Power Law Rate Equation 

The well known power law model was also used to fit the experimental data. 

This model was of the form given in Equation 4.61 

(4.61)= 

where a, b, c, and d are orders of reaction with respect to methanol, water, carbon 

dioxide and hydrogen, respectively. Other symbols are as defined previouly. 

4.6.4 Estimation of Parameters of Rate Models 

Parameters were estimated for the three types of rate models for the two 

temperature regimes using the partial pressures of CH 0H, H20, CO2, and H2 species3

given in Appendix C for various values of reaction temperature (T), methanol 

conversion (X), and WIFAD ratio. A SAS/STAT non-linear regression program which 

computes weighted least squares estimates of the parameters of non-linear models using 

multivariate secant or false position (DUD) method was used for parameter estimation. 

In the mechanistic rate analysis, only the rate expression given by Equation 4.59 

(assumption of methanol dissociation as the RDS) perfectly fitted kinetic data from the 

low reaction temperature regime. On the other hand, data for the high temperature 

regime could only be fitted well using Equation 4.60 (assumption of methyl formate as 

the RDS). Estimates of the values of the parameters obtained at 95 % confidence level 
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are given in Table 4.21. The activation energy for the high temperature model (20.4 ± 

3.6 kcal/mol) was higher than that for the low temperature model (15.7 ± 1.7 kcal/mol) 

showing that there was a change in the RDS from one elementary reaction step to 

another for different temperature regimes. These observations confirm the assumption 

of a switch in RDS from methanol dissociation at low reaction temperatures to methyl 

formate hydrolysis at high temperatures. These results are explained below. At low 

0
reaction temperatures, the redox activity involving Cu -Cu20 species is low, and 

consequently, its participation in the O-H bond cleavage is also minimal, as was 

discussed in section 4.4.2.1. Thus, methanol dissociation becomes slow in comparison 

with methyl formate hydrolysis at low reaction temperatures. On the hand, there is high 

0
redox activity involving Cu -CuzO species at high temperatures, and this facilitates O-H 

bond scission, as was discussed in section 4.4.2.1. Thus, methanol dissociation becomes 

fast in comparison with methyl formate hydrolysis. 

This type of analysis involving the determiation of the true RDS for various 

temperature regimes for the methanol-steam reforming process has not been reported 

before in the literature. Thus, this work represents the first attempt at elucidating the 

roles that reaction temperature and the active sites in the catalyst play in determining 

which elementary reaction step becomes the RDS. 

A comparison was made between the calculated reaction rates and those 

predicted from the models. These are given in Table 4.22. These results show that there 

was a good match between predicted and calculated rates for both rate models. 
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Table 4.21: Estimates of Parameters for the Langmuir-Hinshelwood Rate 

Expression 

Parameter Estimates of Parameters 

Low Temperature Regime High Temperature Regime 

ko (mol /g-cat-h) 1.83*10 
8 

± 0 9.31*10 
5 

±O 

KA 
167.7 ± 0 -9.66±O 

KB 
-153 ± 0 8.65 ± 14.1 

Kc -20±0 6.8 ± 11.2 

Kn 8.4 ± 1.6 -3.4 ± 3.5 

KE 
1.1 ± 0.16 -0.01 ± 0.007 

KF 
o± 0.01 -0.38 ± 0.83 

E (kcallmol) 15.709 ± 1.67 20.427 ± 3.64 
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Table 4.22: Comparison between Calculated Rates and those predicted by
Langmuir-Hinshehvood Rate Expressions for Low and High Temperature
Regimes 

Rates for low temperature regime, Rates for high temperature regime, 
mol/g-cat-h mol/g-cat-h 

CalculatedCalculatedWIFAO, RateReaction Rate ReactionWIFAO, 

rates rateg-cat predictedtemp, K temp, K predicted g-cat
h1mol byEqbyEq h1mol 

4.604.59 
2.39 443 0.010.21 0.070.19 4732.39 
1.91 443 0.19 0.010.120.19 5031.91 
1.53 443 0.18 0.070.18 0.094731.91 
1.24 443 0.17 0.310.17 0.155031.53 
0.96 443 0.15 0.060.17 0.114731.53 
0.67 443 0.14 0.270.14 0.195031.24 
0.38 443 0.13 0.230.14 0.144731.24 
0.10 443 0.12 0.360.250.13 0.96 503 
2.39 463 0.31 0.270.31 473 0.170.96 
1.91 463 0.34 0.420.35 0.355030.67 
1.53 463 0.36 0.380.39 0~250.67 473 
1.24 463 0.39 1.060.40 0.620.38 503 
0.96 463 0.41 0.41 0.67473 0.440.38 
0.67 463 0.42 0.41 2.020.10 2.47503 
0.38 463 0.44 0.41 1.930.10 473 1.77 
0.10 463 0.46 0.000.37 1.91 0.13523 
2.39 453 0.33 0.020.29 1.53 0.16523 
1.91 453 0.31 0.030.30 1.24 523 0.19 
1.53 453 0.29 0.270.30 0.96 523 0.25 
1.24 453 0.28 0.370.30 0.67 523 0.36 
0.96 453 0.27 0.480.31 0.38 523 0.63 
0.67 453 0.26 2.500.30 0.10 523 2.52 
0.38 453 0.24 0.28 
0.10 453 0.23 0.25 
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However, Table 4.22 shows that the high temperature model could not predict the rates 

at high methanol conversions (X > 90 mol %) very satisfactorily. This was attributed to 

the effects of operating close to the equilibrium conversion (98 mol %, Amphlett et aI., 

1991). 

The empirical model given in Equation 4.61 was also fitted to both the low 

temperature and high temperature kinetic data. The estimates of the values of the 

parameters obtained at 95 % confidence level are given in Table 4.23. In this case also, 

the activation energy for the high temperature regime (18 ± 2.2 kcal/mol) was higher 

than that for the low temperature regime (15.9 ± 1.6 kcal/mol) indicating a switch in 

RDS from O-H bond cleavage for the low temperature process to methyl formate 

hydrolysis for the high temperature process. 

The calculated and predicted rates of methanol conversion for the low and high 

temperature regimes are given in Table 4.24. There was a good match between the 

predicted and calculated rates for the two temperature regimes. However, performance 

at very high methanol conversions (X > 90 mol %) was not very satisfactory. This was 

attributed to the closeness of X to equilibrium conversion (X = 98 mol %), as eq 

discussed previously. 

The performance of the empirical rate models in predicting the rates of reaction 

at the two temperature regimes was comparable to those of mechanistic models. Thus, 

within the range of conditions used for analysis, and provided the appropriate 

temperature model is used, these empirical rate expressions will perform well in 

predicting methanol conversions. 
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Table 4.23: Estimates of Parameters for the Power Law Models for Low and High 
Temperature Regimes 

Parameters Estimates of Parameters 

Low Temperature Regime High Temperature Regime 

ko ' mol/g-cat-h 17.2±1.7 26.7 ± 6.3 

a -6.6 ± 8.5 -1.0 ± 1.8 

b 6.8 ± 8.6 1.4±1.8 

c 0.18 ± 0.06 8.9 ± 4.7 

d -0.02 ± 0.05 -9.9 ±4.7 

E, kcal/mol 15.9 ± 1.6 18.08 ± 2.18 
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Table 4.24: Comparison between Calculated Rates and those Predicted by the 
Power Law Model for Low and High Temperature Regimes 

Rates for low temperature regime, Rates for high temperature regime, 
mollg-cat-h mollg-cat-h 

In (rA)WIFAO, In (rA)Reaction In (fA) ReactionIn (rA) WIFAo, 
CalculatedCalculated predictedg-cat temp, K temp, K predicted g-cat

byEq.hlmol byEq. hlmol 
4.614.61 

2.39 443 -3.07-2.64-1.54 -1.68 4732.39 
1.91 -1.97443 -1.64 -2.09-1.70 5031.91 
1.53 443 -2.81-1.72 -2.42-1.78 1.91 473 
1.24 443 -1.44-1.79 -1.86-1.81 5031.53 
0.96 443 -2.42-1.87 -2.20-1.82 4731.53 
0.67 443 -1.95 -1.39-1.66-1.95 1.24 503 
0.38 443 -2.04 -1.94-1.99-2.00 1.24 473 
0.10 443 -1.31-2.14 -1.40-2.05 0.96 503 
2.39 463 -1.16 -1.47-1.73-1.17 0.96 473 
1.91 463 -1.07 -1.13-1.04-1.03 0.67 503 
1.53 463 -1.00 -1.13-0.93 -1.370.67 473 
1.24 463 -0.95 -0.02-0.48-0.88 0.38 503 
0.96 463 -0.90 -0.53-0.86 -0.810.38 473 
0.67 463 -0.86 0.50-0.86 0.900.10 503 
0.38 463 -0.82 0.45-0.88 0.570.10 473 
0.10 463 -0.78 -2.23-1.03 -2.071.91 523 
2.39 453 -1.10 -1.61-1.85-1.26 1.53 523 
1.91 453 -1.17 -1.35-1.22 -1.631.24 523 
1.53 453 -1.22 -1.16-1.21 -1.370.96 523 
1.24 453 -1.26 0.98-1.02-1.21 0.67 523 
0.96 453 -0.66-1.31 -0.46-1.20 0.38 523 
0.67 453 -0.03-1.36 -1.23 0.930.10 523 
0.38 453 -1.41 -1.29 
0.10 453 -1.46 -1.43 
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Jiang et al. (1993) have used a power law model to fit methanol-steam reforming 

reaction data over a wide temperature range (170-260 °C). However, their models were 

applicable only to low methanol conversions. Also, the range of activation energies 

obtained from this work (15-20 kcal/mol) is comparable to those reported in the 

literature (see section 2.8.3). However, the relatively low activation energies from the 

present work indicate a low energy barrier for the reaction and, consequently, a 

reflection of the higher activity of catalyst p-5CM2. 

4.6.5 Rate of Hydrogen Production 

Figure 4.26 shows the relationship between hydrogen selectivity (5) and reaction 

temperature (T). It is seen from the figure that hydrogen selectivity decreases with 

increasing reaction temperature. This relationship can be represented mathematically as 

s = - 162.577 + 1.163T - 0.001T
2 

(4.62) 

Thus, the rate of hydrogen production (rH) can now be given as follows 

2 
= (-162.577 + 1. 163T - 0.001 T )rA (4.63) 

where rA can be represented by Equation 4.59, 4.60 or 4.61. 
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Figure 4.26: Variation of Hydrogen Selectivity with Reaction Temperature 
for Catalyst p-5CM2 for the Methanol-Steam Reforming 
Process 
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4.7 Potential of Catalyst p-5CM2 for NOx Removal from Flue Gases 

It was shown earlier in section 4.5 that catalyst p-5CM2 is the most efficient and 

most effective catalyst for the production of hydrogen by the low temperature methanol-

steam reforming reaction. On the other hand, there is an on-going research program in 

our laboratory concerning the removal of NOx (oxides of nitrogen) from flue gases. NOx 

are major pollutants which are responsible for photochemical smog formation and acid 

rain. Currently, there are a number of NO control techniques involving catalytic NOxx 

conversion (reduction). Usually, these are performed in the presence of reductants such 

as ammonia (NH3), hydrocarbons (CxH
y
)' oxygenated CxH 

y
' hydrogen (H2), and carbon 

monoxide (CO) for higher efficiency (Montreuil and Shelef, 1992; Grzybek and Papp, 

1992; Li and Armor, 1992; Jones et aI., 1971; Petunchi et aI., 1993). However, it is 

important that these reductants are effective in NOx reduction in an qxygen (02) rich 

environment since 02 is always present where NOx is produced. It is also desirable that 

they do not pose any storage, transportation or handling problems. 

There are conflicting reports in the literature concerning the effectiveness 

of reductants such as H2 and CH 0H in the reduction of NO (Montreuil and Shelef, 
3 x 

1992; Jones et aI, 1971). This situation can be attributed to both the difference in types 

of catalyst used by various workers and the little information available in the literature 

on the nature of these reductants at the time of NO reduction. Some of the catalysts x 

which have been effective for NO reduction contain catalyst components such as x 
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copper sPecies (as in Cu-ZSM-5, CulA120 3, Cu-Y zeolite), manganese sPecies (as in 

Mn-ZSM-5), a~d aluminum species (as in Fe20/AI20 3, CuO/AI20 3, V20/AI203) (Li 

and Armor, 1992; Petunchi et aI., 1993). Since catalyst p-5CM2 was effective for 

hydrogen production from methanol, and also contained various forms of Cu, Mn, and 

Al species, it was decided to perform a preliminary evaluation of its performance for 

NO reduction. This reduction was carried out simultaneously with either the methanol x 

decomposition or methanol-steam reforming process so that they could supply the 

reductants such as H2, CH30H, CH
4

, and CO (either in the ~ascent form or molecular 

form) needed for NO reduction. These species were shown in earlier sections to be x 

produced as reaction intermediates or products during the production of hydrogen from 

methanol. Thus, methanol acted as their chemical storage, in addition to a possible role 

as reductant. As previously mentioned, NO reduction experiments were conducted in x 

the presence and absence of 02' and methanol/water molar ratios of 1/0, 111, and 1/3. 

Nitric oxide (NO) was used in all the experiments to represent NO since it constitutes x 

the major proportion of the NO ' x 

Tables 4.25 and 4.26 show the NO conversions obtained as a function of 

reaction temperature and methanol/water ratio for test runs conducted in the presence 

and absence of 02' respectively. 
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Table 4.25: Nitric Oxide Reduction in the.Absence of Oxygen 

Nitric oxide Reduction, mol % 

Reaction Temperature 

Reductant 

CH 0HlH20 molar 

300°C 250°C 200°Cratio 

571:0 100 98 

381:1 100 98 

291:3 100 100 

Table 4.26: Nitric Oxide Reduction in the Presence of Oxygen 

Reductant Nitric oxide Reduction, mol % 

Reaction Temperature CH30HlH20 molar 

300°C 250 °c 200°Cratio 

1:0 100 98 * 
1: 1 57 19 * 
1:3 ** * 

[*, not performed] 
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In Table 4.25 it is seen that in the absence of 02' NO conversion decreased with 

decrease in reaction temperature, especially at low methanoVwater ratio. NO conversion 

also decreased with decrease in methanoVwater ratio, especially at low reaction 

temperatures. At the reaction temperature of 300 0 C and for all three methanoVwater 

ratios, NO was reduced completely to nitrogen. To the best of our knowledge, this is the 

first time methanol has been used to successfully reduce NO to nitrogen. The overall 

reduction can be represented by Equation 4.64 

6NO + = + 2C02 (4.64) 

At 250 
o 
C, Table 4.25 shows that NO conversion was 100 mol % or nearly 100 mol %. 

However, at 200 
o
C, NO conversion decreased with decreasing meth~noVwater ratio. x 

Low conversions at low methanol/water ratios and reduction temperatures can be 

explained as follows. It was mentioned earlier that the methanoVwater mixture was fed 

into the reactor at the same volumetric feed rate for all experiments. This implies that 

the lower the methanoVwater ratio, the lower the actual amount of methanol that is fed 

to the reactor. This situation becomes critical at low reaction temperatures for two 

reasons. First, the amounts of reductants (such as H
2

, CO, and CH4) available for NO 

reduction may be less than what is stoichiometrically needed, since methanol 

conversion is low at low reaction temperatures (endothermic reaction). Second, NO
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reduction is an endothermic reaction and, hence, will be affected by low temperature in 

the same manner as methanol conversion. 

A comparison of the results from Tables 4.8 and 4.9, with those from Table 4.25 

shows that the conditions for H2, CO, and CH4 production from methanol are similar to 

those for NO reduction. Thus, it appears that H
2

, CO, and CH4 species were directly 

responsible for NO reduction. 

In the case of experiments performed in the presence of O2, Table 4.26 shows 

that NO conversion decreased drastically with decrease in both reduction temperature 

and methanoVwater ratio. As in the case of experiments in the absence of O2, low NO 

conversion at low reduction temperature and methanoVwater ratio was attributed to the 

effect of low temperature on methanol and NO conversions, and the small amounts of 

methanol actually fed to the reactor at low methanol/water ratios. Results from Tables 

4.25 and 4.26 show that there was a deterioration in the NO conversions in experiments 

conducted in the presence of O2 when compared with those of experiments conducted in 

the absence of O2 at corresponding temperatures and methanol/water ratios. This 

deterioration in performance indicates that using catalyst p-5CM2 in conjunction with 

the methanol decomposition or methanol-steam reforming process, the reductants 

generated (i.e., H2, CO, and CH4) are not selective for NO reduction alone. NO has to 

compete for these reductants with 02" These results show that with catalyst p-5CM2, the 
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reductants appear to be more reactive for 02 than for NO, thus resulting in a low NO 

conversion. 
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5 CONCLUSIONS

5.1 Phase 1: Primary Catalyst Components 

(a) The catalyst components which were active for methanol-steam reforming 

reaction included copper, aluminum, zinc, manganese, and chromium. The most active 

binary component catalyst was the coprecipitated copper-aluminum system. 

(b) The primary catalyst components for the methanol-steam reforming reaction 

were copper and aluminum. 

5.2 Phase 2: Preparation, Characterization and Performance Evaluation of 
Coprecipitated Cu-AI Catalysts 

(a) The species contained in coprecipitated Cu-AI catalysts using Na2C03 for 

precipitation were crystalline Cu(OH)2 and CU2(OH)2C03, and non-crystalline 

CU2(OH)2C03, AI(OH)3 and AI(OH)C03. Their proportions and thermal stabilities 

depended on copper concentration. 

(b) Calcining these catalysts resulted in the formation of CU20, CuO, 

CU2(OH)2C03 and CuAl204 as the reducible species. The reducibility and extent of 

reduction with hydrogen of the calcined catalysts were strong functions of copper 

concentration and calcination temperature. 
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(c) The acid site distribution on calcined catalysts varied drastically with copper 

concentration and calcination temperature. 

(d) BET surface area and pore structure depended on copper concentration and 

calcination temperature, and also, on whether the catalyst was reduced or unreduced. 

(e) Copper dispersion increased with calcination temperature and decreasing copper 

concentration. 

(f) Coprecipitated Cu-AI catalyst activation resulted in the formation of CU20 and 

CuOspecies which were active in methanol dehydrogenation. 

(g) Methanol conversion increased with both catalyst copper concentration and 

catalyst reducibility. 

(h) Reaction efficiency was found to be a strong function of the amount of CU20 

formed in the activated catalyst and this amount depended on both copPer concentration 

and type of feed. 

(i) Reaction temperature and catalyst characteristics had tremendous effect on H2 

yield and selectivity in both methanol decomposition and steam reforming reactions. 

(j) Maximum hydrogen production efficiency was obtained in the steam reforming 

reaction with the coprecipitated Cu-AI catalyst containing 27.8 wt % copper and 

calcined at 700 °C. 
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5.3 Phase 3: Improvement of Performance of the Best Catalysts from Phase 2 
by Incorporation of Manganese, Chromium and Zinc Promoters 

(a) Species in Mn-promoted coprecipitated Cu-AI catalysts calcined at 700 0C were 

CU20, Cuo, CuMn02, Mn203, and A1203. Those in Zn-promoted catalysts were 

CU20, ZnO, CuO, A1203, and CuAl204 while those in Cr-promoted catalysts were 

CU20 , CU2Cr204, Cr203, A1203, and CuO. The amounts of these species depended 

on both copper and the promoter concentrations. 

(b) Activation of promoted catalysts by reduction in hydrogen alone resulted in the 

complete reduction to metallic copper of only the highly reducible copper species such 

as CU20, CuO and CuA1204. Subsequent treatment of the hydrogen reduced catalysts 

with vaporized methanol-water mixture resulted in the reoxidation of part of the 

metallic copper to CU20. 

(c) The in-situ TPR characterization technique used in conjlinction with XRD for 

the characterization of calcined catalysts was particularly suitable for the verification of 

the nature of catalyst species in activated promoted and non-promoted coprecipitated 

Cu-AI catalysts. 

(d) Promotion of coprecipitated Cu-AI catalysts with Mn, Cr and Zn resulted in the 

introduction of CuMn204, CuCr204 and ZnO species, respectively, into these 

catalysts. These species were responsible for the enhancement of the performance of the 

respective catalysts for methanol-steam reforming reaction. 
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(d) While the incorporation of Mn and Cr in the respective metal-promoted catalysts 

1
enhanced catalyst activity by maintaining large amounts of Cu , that of Zn functioned 

through 0 2- anions in ZnO acting as a Bronsted base. 

5.4 Phase 4: Improvement of Performance of Optimum Catalysts from Phase 3 
by the use of a Novel Catalyst Activation Technique. 

(a) Treatment of calcined catalysts with vaporized methanol-water mixture alone 

resulted in the presence of species similar to those obtained from activation by hydrogen 

reduction and a subsequent treatment in vaporized methanol-water mixture. However, 

the redox equilibrium of copper during activation depended strongly on both the 

reduction temperature and activation method. 

(b) Methanol conversions obtained from catalysts activated by treatment in 

vaporized methanol-water feed were higher than those from corresponding catalysts 

activated by pre-reduction in a H2 atmosphere and a subsequent treatment in vaporized 

methanol-water mixture. 

(c) Maximum methanol conversions of 93 and 99 mol % and hydrogen selectivities 

of 99 and 93 mol % were obtained in the Mn-promoted, vaporized methanol-water 

activated, coprecipitated Cu-AI catalyst at reaction temperatures of 200 and 250 oC, 

respectively. 

(d) At low reaction temperatures, there was a thermodynamic constraint in the rate 

controlling mechanism of the methanol-steam reforming reaction resulting in unusually 

low methanol conversions at low reaction temperature. 
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5.5 Phase 5: Performance Comparison 

(a) The best catalyst from this design program was catalyst p-5CM2, the Mn

promoted coprecipitated eu-AI catalyst. 

(b) The performance of this catalyst was superior to those reported in the existing 

literature and that of a commercial Girdler T-2107 catalyst. 

5.6 Phase 6: Kinetic Modeling 

(a) There were two temperature dependent kinetic regimes in the methanol-steam 

reforming process, the high temperature regime and the low temperature regime. 

(b) The rate determining step switched from methanol dissociation at low reaction 

temperatures to methyl formate hydrolysis at high reaction temperatures. 

(c) Langmuir-Hinshelwood rate expressions have been derived for the methanol-

steam reforming process for the low and high temperature regimes. 

(d) The power law model fitted the experimental data well. 
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6 RECOMMENDATIONS 

(a) It has been shown that during the methanol-steam reforming process, there is a 

reaction between carbon dioxide and metallic copper to produce cuprous oxide and 

carbon monoxide. 

o 
2Cu + co + (6.1) 

In some other way, this is a very useful reaction because it converts carbon dioxide 

which does not have much value to carbon monoxide which can be used for the 

synthesis of a variety of products. It is recommended that this process be studied in 

detail so that its viability will be assessed. 

(b) Although wide ranges of copper and promoter concentrations of the respective 

promoters were covered in this work in relation to catalyst performance, there is still 

room for further studies within these ranges. It is recommended that more concentration 

points be studied in order to determine whether a better optimum catalyst exists. 

(c) The best catalyst from this work performed very well in nitric oxide reduction 

using methanoVwater mixture as the reductant in the absence of oxygen, but did not do 

quite well in the presence of oxygen. It is recommended that more work be done in 

elucidating the mechanism of nitric oxide reduction in the presence and absence of 
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oxygen. Knowledge of the mechanisms involved will help in modifying catalyst p

5CM2 to obtain a better performance for NO reduction in the presence of oxygen.x 

(d) An induction period of about 20 min was required for the activation of the 

catalysts reported in this work. The practical implications of this requirement as it 

affects the waiting time necessary to use a fresh catalyst for the production of hydrogen 

from methanol for the cold starting of a fuel cell powered mobile vehicle should be 

studied in detail. Studies should also be conducted to determine the various methods 

that could be used to circumvent any possible drawbacks. 

(e) At relatively low reformer temperatures such as 200 and 170°C, the catalysts 

used in this work were efficient for the production of hydrogen from the methanol

steam reforming reaction. However, these reformer temperatures are still higher than the 

typical fuel cell temperature (ca. 100°C). This implies that the reformer will require 

some utility heating. However, it may be possible to design a fuel cell-reformer system' 

that will require negligible external heating. It is recommended that a detailed process 

analysis of the system be carried out in order to obtain such a design configuration. 
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8 APPENDICES 

Appendix A: Data for Preliminary Screening of Binary-Oxide Catalyst Systems 

Table At: Methanol Conversions for the Methanol-Steam Reforming Reaction 

Using CuO/Al20 3 Catalysts 

Catalyst Reaction Methanol 
Copper calcination Temperature Conversion 

Content Temperature °c mol % 

wt% °c 

25 300 170 22 
25 300 200 64 
25 300 250 81 
25 500 170 34 
25 500 200 73 
25 500 250 82 
50 300 170 34 
50 300 200 82 
50 300 250 84 
50 500 170 1 
50 500 200 9 
50 500 250 71 
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Table A2: Methanol Conversions for the Methanol-Steam Reforming Reaction 

Using ZnO/Alz0 3 Catalysts 

Catalyst Reaction Methanol 
Zinc calcination Temperature Conversion 

Content Temperature °c mol % 

wt% °c 

25 300 170 0 
25 300 200 0 
25 300 250 7 
25 500 170 0 
25 500 200 3 
25 500 250 7 
50 300 170 0 
50 300 200 11 
50 300 250 23 
50 500 170 0 
50 500 200 5 
50 500 250 16 
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APPENDIXB 
Table Bl: XRD Scanning Angle and Corresponding Species for Catalyst p-6 

Scanning Angle (28) for Fe Ka radiation, 
deg 

Corresponding Species 

39.5, 30.4, 22.1 CU2(OH)2CO~

Table B2: XRD Scanning Angle and Corresponding Species for Promoted 
Catalysts 

Corresponding species inScanning Angle (28) forPromoter/Catalyst 

Mn/p-5CM2 

Cr/p-5CC2 

Zn/p-5CZl 

Cu Ka radiation, deg 
36.4, 42.2, 61.4 
35.6, 38.9, 35.5 

43.3,35.2,57.6
33.1,37.2,31.4
32.9, 55.3, 23.1
65.8, 37.0, 59.7

as given above
as given above

as given above
as given above
31.4,36.4,55.7
33.6, 36.2, 55

as given above
as given above
as given above
as given above

36.2, 31.7, 34.5

36.8, 31.3, 65.2

Promoted Cu-AI Catalysts 

Cu20 
CuO 

A120~

CuMn02 
Mn20~

CuAl,OLl 

Cu20 
CuO 

A120~

CuAl20 4 

Cu2Cr20 4 

Cr20~

CuO 

Cu20 

A120~

CuAl20 4 

ZnO 

ZnAl,OA 
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APPENDIX C: Kinetic Data 

W(g) X(mol %) PA PB Pc PD T(K) 

2.5 95 0.045 0.051 0.223 0.681 473 
2.5 40 0.374 0.374 0.063 0.188 443 
2.0 93 0.062 0.080 0.205 0.653 503 
2.0 90 0.091 0.094 0.202 0.613 473 
2.0 34 0.398 0.398 0.051 0.115 443 
1.6 85 0.130 0.134 0.182 0.553 503 
1.6 66 0.254 0.266 0.114 0.366 473 
1.6 21 0.441 0.441 0.030 0.089 443 
1.3 75 0.200 0.210 0.142 0.448 503 
1.3 64 0.261 0.263 0.118 0.358 473 
1.3 18 0.452 0.452 0.024 0.072 443 
1.0 72 0.219 0.228 0.133 0.420 503 
1.0 51 0.329 0.330 0.085 0.256 473 
1.0 17 0.454 0.454 0.022 0.068 443 
0.7 69 0.237 0.244 0.126 0.393 503 
0.7 40 0.375 0.375 0.062 0.187 473 
0.7 9 0.477 0.477 0.012 0.034 443 
0.4 39 0.380 0.382 0.059 0.180 503 
0.4 23 0.437 0.437 0.031 0.095 473 
0.4 6 0.485 0.485 0.007 0.022 443 
0.1 24 0.434 0.435 0.032 0.099 503 
0.1 9 0.478 0.478 0.011 0.034 473 
0.1 3 0.491 0.491 0.005 0.013 443 
2.5 92 0.021 0.021 0.239 0.718 463 
2.0 81 0.052 0.052 0.224 0.671 463 
2.0 99 0.003 0.003 0.249 0.746 523 
1.6 65 0.106 0.106 0.197 0.591 463 
1.6 93 0.018 0.018 0.241 0.723 523 
1.3 53 0.153 0.153 0.173 0.520 463 
1.3 90 0.027 0.029 0.236 0.708 523 
1.0 41 0.209 0.209 0.145 0.436 463 
1.0 82 0.052 0.054 0.224 0.671 523 
0.7 39 0.219 0.219 0.140 0.421 463 
0.7 75 0.072 0.073 0.214 0.641 523 
0.4 17 0.355 0.355 0.073 0.218 463 
0.4 60 0.126 0.129 0.186 0.558 523 
0.1 5 0.452 0.452 0.023 0.071 463 
0.1 33 0.256 0.258 0.122 0.366 523 
2.5 68 0.095 0.096 0.202 0.607 453 
2.0 54 0.149 0.150 0.175 0.526 453 
1.6 42 0.204 0.205 0.148 0.444 453 
1.3 33 0.252 0.253 0.124 0.372 453 
1.0 25 0.300 0.302 0.100 0.300 453 
0.7 17 0.355 0.357 0.072 0.218 453 
0.4 11 0.400 0.401 0.050 0.149 453 
0.1 4 0.462 0.462 0.02 0.058 453 
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3

Appendix D : Derivation of Langmuir-Hinshelwood Rate Expressions For Low 
and High Temperature Regimes 

Reaction Mechanism 

CH 0H + (a) = CH3OH(a) (8.l) 

(8.2)CH3OH(a) = CH3O(al) + H(a2)

H2O + (a) = H2O(a) (8.3)

(8.4)H2O(a) = OH(al) + H(a2)

CH3O(al) + OH(al) + 2(a) = 4H(ai) + CO2(ai) (8.5)

(8.6)6H(ai) = 3H2(ai)

3H2(ai) = 3H2 + 3(ai) (8.7)

CO2(ai) = CO2 + (ai) (8.8)

where (al), (a2), (a), (ai) = active sites, (ai) = (al), (a2) or (a), and (al) + (a2) = (a)

Let CH 0H = A, H20 = B, CO2 = C, CH 0 = E, OH = F,"H = G, and H2 = D. The3 3

equilibrium relations for the steps listed above are given respectively as follows: 

(8.9) 

(8.10) 

(8.ll) 
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(8.12) 

(8.13) 

(8.14) 

(8.15) 

(8.16) 

where Ci(a) = concentration of intermediate species, i, adsorbed on active sites, C(a) = 

concentration of unoccupied active sites, and Pi = partial pressure of actual gaseous 

reactant or product i. Also, in reaction step 8.5, the most probable maximum number of 

active sites needed is four even though it appears from the equation that five sites may 

be necessary. Four sites would be adequate because the relation (al)+(a2)=(a) shown 

earlier in section 4.6.1 implies that sites such as (a) can play the role of two sites (such 

as a1 or a2) for CO2 and H adsorption. On the other hand, three sites would be 

inadequate. 

Low Temperature Regime 

Assuming that the rate determining step (RDS) is Equation 8.2 (methanol dissociation), 

the rate Equation can be written as follows: 

(8.17) 
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Note that k2'/k2 =K2 =the equilibrium constant for reaction 8.10 (8.18) 

*~*K3*K4*K *K *~ = K = the overall equilibrium constant for the process with K1 s 6 p 

respect to the partial pressure of the species. (8.19) 

Ki =equilibrium constant of reaction step i. 

The unmeasurable concentrations Ci in Equation 8.17 can be eliminated by using 

the equilibrium relations given in Equations 8.9-8.16, 8.18 and 8.19. Equation 8.10 

cannot, however, be used because the reaction step it is representing (Equation 8.2) is 

not in equilibrium (RDS). These substitutions and simplification will result in the 

following equation: 

(8.20) 

The only unmeasurable quantity at this point is C(ar This can be eliminated as follows: 

Let L = total number of sites available on the catalyst whether occupied by adsorbed 

species or not. Thus, 

(8.21)L = C(a) + C A(a) + CB(a) + C qa) + CD(a) + CE(a) + CF(a) 

where Ci(a) =site occupied by species i 

C(a) =unoccupied sites 
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Also, substituting for the unmeasurable concentrations, Ci' in Equation 8.21 from 

Equations 8.9-8.16, 8.18, and 8.19 (noting that Equation 8.10 cannot be used), putting 

the resulting expression into Equation 8.20, and simplifying, we have the following rate 

equation 

(8.22) 

. -1 -1 
where rA =rate of methanol conversion (kmol g h), k =pre-exponential constant o 

-1 -1 -1 -1 
(kmol g h), E =activation energy (kcal mol ), R = gas constant (kcal K mol ), T = 

absolute temperature (K), K = equilibrium constant, A = methanol, .B = water, C = p 

carbon dioxide, and D = hydrogen, Ki = coefficient of term i in the denominator. 

High Temperature regime 

In this case, it is assumed that the rate determining step is methyl formate hydrolysis 

represented by Equation 8.5. The rate expression can be written as : 

(8.23) 

The unmeasurable quantities can also be substituted for using Equations 8.9-8.16 

(noting that Equation 8.13 cannot be used because the reaction step it is representing 
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(Equation 8.5) is not in equilibrium), 8.19, and the relation k5'/k5 = K5. Also, Cca) can be 

eliminated by using the above relevant equations in Equation 8.21. The resulting 

equation, on simplification, yields the rate expression given below: 

(8.24) 

where the symbols are as defined previously. 
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