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ABSTRACT

Research projects in Dr. White’s laboratory involve heterogeneous catalysis. 

Catalytic reaction studies include two types of analysis. First, surface analysis 

characterizes the reactant-catalyst interactions and may be able to identify the nature of 

intermediate species formed at the catalyst surface. Second, volatile product analysis 

allows for qualitative and quantitative determination o f the catalytic reaction products. A 

variable temperature difiuse reflectance Fourier transform infiared spectrophotometer 

and a thermal analyzer coupled with gas chromatography and mass spectroscopy were 

developed in the past for surface and volatile product analysis respectively. Reactants 

were either coated or adsorbed onto the catalyst at the beginning o f an experiment. These 

instruments gave us an insight to catalytic systems. However, our studies were limited 

because they did not readily allow for the use of flowing reactants.

The work presented here describes the development of a fixed bed catalytic 

microreactor capable o f repetitive injection gas chromatographic analysis o f microreactor 

effluent. The design o f our fixed bed microreactor incorporates new features that 

overcome common limitations. Short, heated lines ensure quick transfer o f reactor 

effluents to the GC/MS analyzer. The GC small size (8 in. x 6 in. x 6 in.) allows for 

rapid heating and cooling. Consequently, fast repetitive separations can be achieved even 

when using GC oven temperature ramps.
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The microreactor-GC/MS system was characterized by applying it to studies o f 

known catalytic systems. Consequently, flaws in the design became apparent and 

improvements were made. The microreactor system was then used to study nickel 

aluminate, NiAl204, a potential oxidation catalyst Results indicated that nickel 

aluminate has some activity for the oxidation o f cellulose and n-butane. However, kinetic 

studies showed that its activity was far less than that o f 1% Pt-Alumina.
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CHAPTER 1 : INTRODUCTION

[n an article from Chemical & Engineering News, McCoy describes catalysts as “high- 

performance specialty chemicals that are critical to many industries.”' It seems that almost no 

industrial process is functional without a catalyst to lower the reaction temperature or to favor 

the formation of a specific product. The catalyst market was worth $7.4 billion in sales in 1997 

and has projected sales of $8.9 billion in 2003.' Developing and characterizing new industrial 

catalysts are today’s catalytic chemist challenges. This task requires a better understanding of 

catalysts and how they work.

I. CATALYST DEFINITION

A catalyst is a “substance that increases the rate o f a reaction without being consumed 

in the overall reaction”.̂  The rate o f a reaction depends on the reaction rate constant and often 

on the reactant concentration. For a given chemical reaction, the reaction rate constant depends 

on several parameters, as shown by the Arrhenius equation:

^ = A e x p ^ - ^ j  (I)

where k is the rate constant, A is the pre-exponential factor (also called frequency factor), Em is 

the activation energy in Joules per mole, R is the gas constant with the value 8 J 14 J mol ' K ', 

and T is the absolute temperature in Kelvin. The rate constant and the rate of a reaction can be 

increased by reducing the activation energy. A catalyst changes the mechanism o f a  reaction to 

provide a  new reaction pathway that has a lower activation energy. This is graphically shown in 

Figure 1-1 fr)r a hypothetical exothermic reaction.

I



UncatalyzBd Pathwayn

Catalyzed Pathway

I
Reactants

Products
------------------------ Reaction Progress--------------------->-

Figure 1-1 : EnerQ' plots for catalyzed and uncatalyzed reaction pathways

Catalysts are often classified as homogeneous or heterogeneous, with the latter being the 

most commonly used in industry. A heterogeneous catalyst exists in a different phase from that 

of the reactant. Usually, the catalyst is a solid and the reactant is either a gas or a liquid. A 

typical heterogeneous catalysis reaction is illustrated in Figure 1-2. The reactant interacts with 

the catalyst to form an intermediate species at the catalyst surface. From this intermediate, 

products are generated and the unchanged catalyst is released. The question that remains is how 

to study a heterogeneous catalytic reaction?

Reactant

CATALYST
(SoUdl

Pcoduct(s)
(gasorliquh (gas or liquid)

Intermediate

Figure 1-2 : Heterogeneous Catalysis Reaction Scheme



n . HETEROGENEOUS CATALYTIC REACTION STUDIES

In a heterogeneous catalytic reaction, the reactant is a known substance that is usually 

commercially available. The catalyst may need to be characterized if it is a specifically 

synthesized substance and not a well known commercial product. Analysis o f the reaction 

products (often volatile products) provides information regarding the result of the reaction, 

whereas catalyst surface analysis provides information regarding reactant-catalyst interactions. 

Volatile product and surface analysis together can provide insight into the catalytic reaction 

mechanism.

Catalyst analyses attempt to characterize the solid catalyst bulk properties such as 

surface area, porosity, acidity, metal content, etc. These properties are important when 

comparing results from catalytic reactions because they characterize the number and strength of 

catalytic sites and how readily the reactant can reach them. Prior to the work described here, 

only catalyst acidity measurements could be done in Dr. White’s laboratory. Catalyst samples 

had to be sent elsewhere for other analyses.

Heterogeneous catalytic reactions often yield a mixture of products. Structure-specific 

volatile product analysis permits identification and quantification o f the individual mixture 

components. Depending on the instrumentation, product variations with time or another 

parameter (such as catalyst temperature) can be obtained from volatile product analysis. In 

Dr. White’s laboratory, a  Thermal Analysis-Gas Chromatography/Mass Spectrometry instrument 

(TA-GC/MS) was developed for analysis of volatile products evolved from mixtures of solid 

reactants and heterogeneous catalysts.^^

In-situ structure-specific surface analysis can provide qualitative and quantitative 

information regarding species present at the catalyst surface and may be able to determine the



nature of the intermediate species. Like volatile product analysis, surface analysis can be used to 

monitor changes as a function of time or catalyst temperature. In Dr. White’s laboratory, a 

Variable Temperature Diffuse Reflectance Infrared Fourier Transform Spectroscopy (VT- 

DRIFTS) instrument was developed for analysis of catalyst surfaces during heterogeneous 

catalytic reactions.^’̂

Although we were able to analyze volatile products and probe catalyst surfaces during 

heterogeneous catalytic reactions, our research studies were limited by our instrument 

capabilities. Volatile product analysis could only be performed for reactants that were mixed or 

coated on catalysts. We had no way of studying catalytic reactions involving flowing reactants. 

In order to extend our studies to such systems, it was necessary to develop a new research tool 

that was capable of accommodating reactant flows. Consequently, a microcatalytic reactor was 

constructed that would permit catalytic activity measurements and catalyst deactivation studies.

m . CATALYTIC REACTOR STUDIES

A wide range of catalytic reactors are used for heterogeneous catalytic reactions in 

industry.'^ They can be classified as fixed bed, fluidized bed, multitubular and batch reactors. 

The type o f reactor used in a reaction depends on the properties of reactants and products. For 

example, fixed bed, fluidized bed, and multitubular reactors are used with vapor phase reactants 

and products whereas batch reactors accommodate liquids. Figure 1-3 shows schematic 

diagrams of each reactor type. In a fixed bed reactor (Fig. I-3a), reactant gases flow over a 

catalyst bed, usually made of pellets. Products and excess reactant are collected at the end o f the 

bed. Fixed bed reactors are used for high conversion reactions, fi)r which there is usually little
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excess reactant. In a fluidized bed reactor (Fig. l-3b), reactant gases are introduced at high 

velocity through a catalyst bed consisting o f flne particles. The bed becomes a “turbulent fluid”* 

that facilitates transport o f the reactants to the catalyst and transport o f the products away from 

the catalyst, thus resolving possible diffusion limitations. Most catalyst particles are trapped in 

the reactor by a screen. Catalyst particles that pass through the screen are subsequently 

separated from the products and unreacted gases. Fluidized bed reactors are generally used when 

good mixing and good heat transfer with the reactor walls are required. Multitubular reactors 

(Fig. l-3c) consist of many small diameter tubes in a bundle. Each tube is packed with catalyst 

and surrounded by a heat exchange fluid (liquid coolant or heating gas such as steam). This type 

of reactor is used when extremely good heat conduction between the fluid and the catalyst bed is 

required. Batch reactors (Fig. l-3d) consist of a “stirred pof’, also known as a continuously 

stirred tank reactor (CSTR). The reactant and catalyst are mixed and stirred in the reactor. 

Products are separated at desired time intervals, and high conversion is obtained.

Industrial reactors employ very large amounts of catalyst (several tons). This makes 

industrial reactors inflexible and consequently unsuitable for catalyst testing. Instead, scaled 

down reactors are used for catalyst testing. Different reactor sizes exist : pilot plants (100kg of 

catalyst), large-scale reactors (1kg of catalyst) and microreactors (^ I g of catalyst). Catalyst 

development begins with microreactor studies. Potential new catalysts are further tested with 

increasing catalyst loadings using large-scale reactors and pilot plants. Microreactors of all 

reactor types (Fig. 1-3) can be made. However, fixed bed nucroreactors are the most commonly 

used in academia and industry for catalyst testing.



IV. RESEARCH FOCUS

The main objective of this research was to develop a fixed bed catalytic microreactor 

that incorporated the repetitive injection GC/MS apparatus that we built previously. The reactor 

was designed to be versatile so that it would allow for a wide variety of experiments, such as 

isothermal kinetic studies for catalytic activity determination and catalyst surface 

characterizations by temperature programmed desorption. In order to attain this goal, several 

features needed to be incorporated in the microreactor-GC/MS system:

- short transfer lines with small inside diameters to reduce dead volumes and analysis time.

- homogeneous heating of the transfer lines to avoid product condensation before detection.

- simultaneous detection with complementary detectors to provide qualitative and quantitative 

information regarding volatile products.

- minimal GC oven size to facilitate fast heating, fast cooling and cryogenic focusing in order to 

achieve short separation times and permit frequent repetitive injections.

- automatic injection and GC heating ramp control to facilitate reactor-GC/MS operation.

Once built, the instrument was characterized with well known catalytic systems and was then 

used to study nickel aluminate oxidation properties.

This dissertation is divided into four chapters. A general introduction to catalysts and 

reactor design is given in this chapter. Instruments other than the frxed bed catalytic reactor that 

were used for research are described in Chapter 2. Catalyst preparation methods are also given 

in Chapter 2. Chapter 3 describes the development and characterization of the fixed bed 

microreactor-GC/MS system. Finally, Chapter 4 describes the use of the microreactor system to 

characterize oxidation catalysts. The appendices contain descriptions of temperature controller 

electrical connections (Appendix A), the software used for data acquisition and treatment 

(Appendix B) and the details of kinetic experiments (Appendix Q .
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CHAPTER 2 : EXPERIMENTAL

I. INSTRUMENT OVERVIEW

In addition to the microreactor-GC/MS system described in Chapter 3, 

thermogravimetric analysis (TOA), thermal analysis - gas chromatography / mass spectrometry 

(TA-GC/MS), and variable temperature diffiise reflectance infrared Fourier transform 

spectroscopy (VT-DRIFTS) were employed in this work. The instrumentation used to perform 

these analyses are described in the following sections.

I.l Thermogravimetric Anafysis

Thermogravimetric analysis (TGA) is a technique known since the early 20* century in 

which sample mass changes are measured as a function of temperature.' A Dupont (Wilmington, 

DE) 951 thermogravimetric analyzer was used for studies described here. Figure 2-1 is a 

schematic of the thermogravimetric balance. It consists of an aluminum housing that contains 

the electronic balance meter movement On one side of this housing is fitted a quartz tube 

enclosed in a 500 W furnace that contains the sample holder and a thermocouple. A glass 

enclosure attached to the other side contains tare weights and a photosensitive null detector. The 

TGA had a temperature range from ambient to I200°C and accommodated sample sizes ranging 

from 0.020 to 400 mg. Catalyst samples were placed in 100 mg platinum sample pans and 

suspended on a horizontal quartz rod that was connected to the balance movement Sample 

temperatures were measured by a  thermocouple located next to the sample pan. Measurements 

made with empty sample pans revealed that detection limits were about 2.5 pg for mass loss
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measurements.^ Helium was used to purge evolved volatiles when samples were heated. The 

helium flow rate (^ ica lly  2SmL/min) was controlled by an Edwards High Vacuum (Grand 

Island, NY) type 825 mass flow controller and a Model 1605 controller unit with digital display. 

The TGA instrument was controlled by a DuPont Thermal Analyst 2000 data system.

1.2 Thermal Analysis - Gas Chromatography / Mass Spectrometry

Thermal analysis (TA) techniques, such as TGA, are well established techniques and 

have been used to characterize solid-state material bulk properties for over thirty years. Bulk 

property information derived from thermal analysis techniques in which decomposition volatiles 

are removed from heated samples by a purge gas can be augmented by evolved gas analysis 

(EGA). Mass spectrometry provides structural information regarding volatiles generated during 

thermal analysis and is commonly employed as an evolved gas analyzer.^^' However, structural 

information provided by mass spectrometry EGA usually pertains to mixtures. To facilitate 

species-specific analysis when evolved gases contain many components, gas chromatographic 

separations have been combined with thermal analysis.^'”  Gas chromatographic separations 

have typically been used to separate components that were cryogenically trapped from purge gas 

effluent during a thermal analysis. As a result, gas chromatographic peaks represent all species 

that evolved at the time of trapping during the thermal analysis measurement Species-specific 

evolution profiles cannot be obtained by this method because information regarding species 

concentration as a function of time or sample temperature is not available. Meuzelaar et al.̂  ̂

described an EGA system that incorporates automated TA effluent sampling and a short 

chromatographic column to provide both satisfactory gas chromatographic separations and 

species-specific evolution profiles. Isothermal chromatographic separations could be repeated at 

one minute intervals during thermal analyses hy using this system. Unfortunately, the system is 

limited to isothermal chromatographic separations, gas chromatographic column flow rates are

It



not easily varied, and sample injection is not readily adapted for retention time measurements of 

standards. We have developed an EGA system based on rapid gas chromatographic separation 

and mass spectrometric analysis that overcomes these problems and permits repetitive effluent 

mixture separations during a single thermal analysis. The thermal analysis - gas chromatography 

/ mass spectrometry (TA-GC/MS) system, examples of data, and data treatment methods have 

been described in the literature.^^^^ Some improvements to our original design were made and 

Figure 2-2 is a schematic of the current TA-GC/MS system. It consists o f a sample furnace 

connected to a Hewlett Packard (Palo Alto, CA) S98S mass spectrometer via a heated interface 

and a small volume gas chromatograph. When mass loss information was not desired, a 

Carbolite (Watertown, Wl) model MTF tube fiimace was employed to heat samples. The 400W 

furnace could be heated up to 1000"C. However, the furnace temperature was not 

homogeneous.^' In order to minimize temperature variations between experiments, temperatures 

were measured by using a thermocouple that was located in the center o f the Vycor* tube inside 

the furnace cavity. Samples were placed in 100 mg platinum sample pans that were suspended 

from the tip of the thermocouple. The tube furnace temperature controller (Eurotherm 902) was 

either manually operated or connected to a computer and operated via software provided with 

the apparatus (IPSC version 2.04 from Eurotherm). The purge gas (e.g. helium) was introduced 

through a 1/8 in. o.d. copper tube connected to a Swagelok (Solon, OH) 1/8 in. -1/4 in. reducer 

attached to a Swagelok 1/4 in. tee union. A Swagelok 1/8 in. -1/4 in. reducer was mounted on 

the tee union, through which a 1 2  in. long, 1 / 8  in. o.d. exposed junction type K thermocouple 

was passed. The end o f the thermocouple was placed near the middle of the tube furnace, where 

the temperature was found to be the most constant^' The other end o f the union tee was 

connected to an 8  in. lon& 3/4 in. o.d. Vycor* tube placed inside the tube furnace by a Swagelok 

1/4 in. - 3/4 in. reducing union and a Cajon (Macedonia, OH) 3/4 in. quick connecting union.
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0-rings in the Cajon quick connect fittings were used without grease. A l-'A in. lon& 1/4 in. o.d. 

quartz tube terminated the Vycor* tube and served as the mass spectrometer interface 

connection. The interface was contained in a 12 in. x 10 in. x 6  in. aluminum oven that was used 

to heat a Valeo Instruments, Inc. (Houston, IX ) 4C8T eight-port two-position manual gas- 

switching valve, and two SGE (Austin, TX) splitter valves, model MCVT-I-50 and MCV-l-50, 

to prevent condensation of TA effluent One-half in. thick ceramic insulator board from 

Cotronics (Brooklyn, NY) covered the interface inside walls. The interface oven could be heated 

to SOÔ C by two 3 in. x 1 0  in. 500W strip heaters (model 5-I0-3-500W-I20V from Thermal 

Corporation, Madison, AL) . The interface oven temperature was maintained by an Omega 

(Stamford, CT) CN76000 temperature controller. An SGE UNI-KIO on-column capillary gas 

chromatograph injector was mounted to the top of the interface oven and could be used to inject 

standards into the gas chromatograph column. All transfer lines were made from 0332 mm o.d. 

uncoated fused silica. The front and back walls o f the interface oven could be removed for 

access to the valves, heaters and GC injector.

TA effluent mixtures could be diverted to the mass spectrometer or injected into the 

capillary gas chromatograph. The capillary column was wrapped around a small cage and was 

contained in an 8  in. x 6  in. x 6  in. aluminum gas chromatograph oven placed beneath the 

interface oven. Ceramic blanket wrapped in insulation cloth was used to insulate the inside walls 

o f the GC oven. The gas chromatograph incorporated a nichrome wire heating element and a 

fan. A Grainger (Oklahoma City, OK) liquid nitrogen solenoid valve (not shown in Figure 2-2) 

was mounted to the chromatograph front door. The solenoid valve was attached to a 2SL liquid 

nitrogen dewar by insulated 1/4 in. o.d. copper tubing. The chromatograph oven temperature 

was maintained by using an Omega CN3202 heat/cool temperature controller, which varied the 

heating element current and energized the liquid nitrogen solenoid valve to heat/cool the oven to 

temperature setpoints.
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The capillary gas chromatography /  mass spectrometry interface flow diagram is 

illustrated in Figure 2-3. TA effluent can follow two different paths (at the point labeled “A”) 

depending on whether chromatographic separation is employed. TA effluent can directly enter 

the mass spectrometer by opening the splitter valve L to facilitate TA-MS experiments. For TA- 

GC/MS experiments, TA effluent enters the eight-port injection valve at port #7, passes through 

one of the two 1 0 0  pi stainless steel sample loops (attached to valve ports # 6  and #2 ), then exits 

the valve at port #3 to reach an outlet (mounted on the top o f the interface oven). The GC 

helium carrier gas from the injector entered the eight-port injection valve at port # 1 , passed 

through the other 100 pi stainless steel sample loop (attached to valve ports # 8  and #4), then 

exited the valve at port #5 to pass into the capillary column. The gas chromatograph capillary 

column exit was connected to the mass spectrometer through splitter valve T in the interface 

oven. GC/MS injections were obtained by manually rotating the eight-port valve. After rotation, 

the TA effluent trapped in one sample loop was swept into the GC column and TA effluent 

flowed into the other loop. The only difference between the two valve positions was which 

sample loop was loaded and which was injected.

U  Variable Temperature Diffuse Reflectance Infrared Fourier 

Transform Spectroscopy

Infrared spectroscopy is used in a wide range of applications for both qualitative and 

quantitative analysis. Initially, infrared spectroscopy was almost exclusively absorption 

spectroscopy, a technique in which the infrared beam passes through a sample and a 

transmission spectrum is recorded. By the late 1960s, when Fourier transform instruments with 

sensitive detectors were commercially introduced, techniques employing low energy throughput 

were possible. In 1978, Fuller and Griffltbs^'^" were the first to introduce diffuse reflectance
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infrared Fourier transform spectroscopy (DRIFTS). In DRIFTS, the IR beam is scattered by 

irregular solid samples (generally powders). DRIFTS can be used for quantitative analyses, '̂*^  ̂

based on the Kubelka-Munk (K-M) function, f

= = -  = — x c  (I)
2 R *  S S

where R . is the sample absolute reflectance at infinite thickness, k the sample absorption 

coefficient, s the sample scattering coefficient, a the absorptivity of the absorbing species and c 

its concentration. When the scattering coefficient is constant, there is a linear relationship 

between the K-M function and concentration.

DRIFTS measurements depend on the sample powder properties. As a general rule, the 

intensity of the reflected beam increases when the particle size decreases.^’̂  ̂Particles smaller 

than 20pm are recommended for quantitative analysis.^  ̂ The reflected intensity is also 

influenced by the powder density. Intensity decreases with increasing powder density.^ ̂ ' This 

effect is more pronounced for smaller particles.^' This is due to the fact that the pressure applied 

when packing samples affects the scattering coefficient,'*^^’ which is directly linked to the 

transmittance of a non-absorbing sample T=e*“ , where x is the sample thickness.^ As a result, 

grinding, sieving and sample packing are important steps in the preparation of samples and 

references.

In this study, variable temperature diffuse reflectance infrared Fourier transform (VT- 

DRIFT) spectra were acquired between SO and 500°C and were converted to apparent 

absorbance format (log [1 / R« ]).̂ * Kubelka-Munk units were not used because spectra acquired 

at high temperatures exhibited temperature-dependent baseline artifacts that severely distorted 

Kubelka-Munk spectra.^ Apparent absorbance is much less sensitive to temperature related 

offsets. Unlike the Kubelka-Munk function* apparent absorbance is not a linear function of
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concentration. As a result, it was not possible to obtain quantitative information regarding 

catalyst surface adsorbed species. Instead, semi-quantitative IR band intensity variations are 

reported here.

A Mattson Instruments (Madison, WI) Sirius 100 FTIR spectrophotometer equipped 

with a water-cooled Globar inAared source and a liquid nitrogen-cooled mercury-cadmium- 

telluride photoconducting detector were used for infrared measurements. A Harrick Scientific 

Inc. (Ossining, NY) “praying mantis” diffuse reflectance accessory and a modified Harrick 

Scientific Inc. environmental chamber were used for diffuse reflectance measurements.^ The 

original Harrick ScientiAc Inc. sample holder was replaced by a ceramic heater custom made by 

Hitachi Research Laboratory (Hitachi-shi, Japan). Figure 2-4 is a drawing of the ceramic sample 

heater and flange mount. A stainless steel cover was attached to the mounting flange and 

constituted the sample environmental chamber. Two zinc selenide windows mounted on this 

cover let the IR beam pass to and from the sample. A quartz viewport allows the operator to see 

the sample. The flange had two 1/8 in. Swagelok (Solon, OH) fittings and one 3/8 in. VCO 

(Cajon Co., Macedonia, OH) fitting. One of the Swagelok fittings served as an inlet for helium 

purge during VT-DRIFTS measurements. The VCO fltting was used to attach the environmental 

chamber to a vacuum system consisting of an E2 Edwards High Vacuum Inc. (Grand Island, 

NY) rough pump and a high vacuum diffusion pump. This vacuum feature was not used in this 

study and the VCO port served only as a purge outlet. The second Swagelok port was used to 

pass an Omega (Stamford, CT) CHAL-010 precision fine wire thermocouple into the 

environmental chamber. The thermocouple leads were sealed to prevent gas leakage by using 

epoxy cement. The tip of the ceramic heater had a small indentation that held approximately 

ISmg of catalyst sample. The thermocouple junction was placed in the powdered catalyst 

samples to measure temperatures. Sample temperatures were maintained by using a Eurotherm 

818p Controls, Inc. (Reston, VA) temperature controller. Copper feedthroughs provided
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electrical power and supported the ceramic heater. Silver electrodes connected the feedthroughs 

and the ceramic heater. These electrodes were customed made by the University Physics Shop.

During VT-DRIFTS measurements, the Eurotherm 818p temperature controller was 

programmed to heat catalyst samples at rates of 2°C/min. Infiared interferograms were acquired 

at 8  cm'^ resolution and averaged for 2.5 minutes resulting in 4000-800 cm ' infrared spectra at 

5°C intervals.

1.4 Mass Spectrometer

A Hewlett Packard (Palo Alto, CA) 5988A gas chromatography / mass spectrometry 

(GC/MS) system was used to provide structural information regarding evolved species formed 

during initial microreactor system studies. The mass spectrometer was equipped with an 

electron impact / chemical ionization source, a hyperbolic quadrupole mass filter consisting of 

four 203nun long rods, an ion gauge pressure controller and a Galileo channeltron electron 

multiplier detector. The HP 5988 A mass spectrometer had a mass range from 10 to 1000 atomic 

mass units (amu), a mass stability of ±0.13 amu per 8  hours, and an accuracy o f ±0.13 amu 

within the calibrated range. The ionization energy could be adjusted from 10 to 250 eV. The 

maximum scan speed was 2000 amu per second. The ion source temperature could be digitally 

controlled from 100 to 300°C at ±2°C steps. Two Edwards High Vacuum rough pumps and two 

Edwards High Vacuum diffusion pumps were used to attain background pressures as low as 

SxlC* Torr in the ion source. The mass spectrometer electronics employed linear amplification, 

providing a dynamic range of 2 x 1 0 .̂

Sample ionization was obtained by operating the ion source at 200°C in the electron 

impact mode at 70 eV. The mass spectrometer was operated using GC/MS software provided by 

a Teknivent (St. Louis, MO) Vector/One^ data acquisition module (Revised version 3.01)
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driven by an IBM compatible computer. The mass spectrometer was calibrated each morning by 

introducing perfluoro-tributylamine (PFTBA) into the ion source through a direct insertion 

probe. Selected ions in the PFTBA mass spectrum were checked for proper peak shape, width, 

and relative abundance. Mass spectral library searches employed a 38,000 spectra MBS library.

n . SAMPLE PREPARATION PROCEDURES

Sulfated zirconia, zeolites (ZSM-S and Y), MCM-41, and nickel aluminate catalysts 

were synthesized in our laboratory. Silica Alumina (Sirai 90) and 1% Platinum/Alumina were 

purchased from Condea (Hamburg, Germany) and Aldrich (Milwaukee, WI) respectively. Table 

2 - 1  lists the chemicals needed to make the catalysts.

n .l Unpromoted and 1% Fe Promoted Sulfated Zirconia

Sulfated zirconia (SZ) catalysts were synthesized from the zirconium hydroxide 

precursor obtained from Dr. Resasco's laboratory. It was prepared by precipitation from O.SM 

zirconium tetrachloride solution by dropwise addition of conc. NH4OH. Two methods can be 

used to add sulfate. In the “soak” method, described by Hino and coworkers," zirconium 

hydroxide is mixed with a sulfate solution and then the solid is separated &om the excess liquid. 

In the “incipient wetness” method, used by Hollstein et al.,^’ a predetermined amount o f sulfate 

solution is used to “wet” the zirconium hydroxide. Excess water is removed by evaporation after 

thorough mixing. Promoted catalysts are prepared by adding metal promoters prior to the 

sulfation step. The incipient wetness method was used to prepare catalysts for this work because 

metal promoter loadings were easier to control.
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Table 2-1: Chemical List

Name Formula Brand
Zirconium Hydroxide Zr(0 H) 4 obtained from DER*
Ammonium Sulfate (NH4)zS04 Aldrich
Iron Nitrate Nonahydrate Fe(N03)3 • 9HzO Aldrich
Tetrapropylammonium Bromide (C3H7 >4NBr Fluka
Sodium Hydroxide NaOH Mallinckrodt
Aluminum Sulfate Hydrated AU(S04)3 • I8 H2O Aldrich
LUDOX® LS colloidal silica (30% w t in water) SiOz Aldrich
Ammonium Nitrate NH4NO3 Aldrich
CopperChloride Dihydrate CuCl2 « 2 H2 0 EM Science
Sodium Aluminum Oxide AI2O3  •  NazO Alfa Aesar
18-crown 6 C 1 2H2 4O6 Aldrich
Tetraethylammonium Hydroxide Pentahydrate (CzH3)4N0H»5H20 Aldrich
Dodecyltrimethylammonium Bromide C,2 H2 sN(CHj),Br Aldrich
Silicon Oxide SiOz obtained from Hitachi
Aluminum Oxide AI2O3 Aldrich
Nickel Nitrate Hexahydrate Ni(N0 3 )2 « 6 H2 0 Aldrich
Aluminum Nitrate Nonahydrate A1(N03)3 • 9HaO Aldrich
Ammonium Hydroxide (>29% NH3) NH4OH Mallinckrodt

* DER - Professor Daniel E. Resasco, School o f Chemical Engineering

Unpromoted sulfated zirconia catalyst was prepared by adding 2.SmL of a IM 

(NH*)zS0 4  solution to 2 .8 g of dry Zr(0 H)4 . The resulting paste was thoroughly mixed in a 

rotoevaporator and then dried at 110°C. This procedure yielded ca. 8 % sulfate by weight prior to 

calcination. The solid was then calcined at 600°C for 4 hours. The 1% Fe promoted sul&ted 

zirconia was prepared by mixing 5mL of a 0.1 M Fe(N0 3 ) 3  solution with 2.8g o f Zr(0 H)4 . The 

mixture was stirred in a rotoevaporator for an hour and then dried at 110"C. Sulfation was then 

achieved as previously described for the unpromoted catalyst.
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n.2 ZSM-S ZeoUte

ZSM-S zeolite was synthesized by following the procedure &om the Mobil Oil 

U.S. Patent.** Two solutions were prepared. The first solution was made by dissolving 

31.2g o f  tetrapropylammonium bromide (TPA-Br) and 4.83g o f  sodium hydroxide in 

200mL o f  distilled water. Aluminum sulfate, Al2 (S0 4 )3 , (6.5g) and 1.56g o f  sodium 

hydroxide were dissolved in 20mL o f distilled water to make the second solution. The 

two solutions were combined and mixed for about 5 minutes. After mixing, 38.2g o f 

30% colloidal SiOi solution was added and the solution was mixed for another S 

minutes. The mixture was autoclaved at 1S0‘’C for 6  days in a  Parr 4842 pressure reactor. 

The resulting solid was filtered, rinsed with distilled water, dried at 110°C and then 

calcined at 630°C for 3.5 hours to eliminate the TPA-Br organic template. After 

calcination, the zeolite existed in the sodium form. HZSM-5 was obtained from the 

sodium form by exchanging sodium ions with ammonium ions. This was accomplished 

by flushing IM NH4 NO3  solution (about 1 liter) through the solid. The solid was then 

recalcined at 550°C for 3 hours. Ammonia was released when HZSM-5 was formed.

113 Y ZeoUte

The method used to prepare the Y zeolite was slightly different from that described by 

Mostad and coworkers.”  Sodium aluminum oxide (2.46g) and 4.40g o f  sodium hydroxide were 

dissolved in 30mL of distilled water. To this solution, 58.lg o f 30% colloidal SiOj solution was 

slowly added while stirring vigorously for I minute. Next, 7.93g o f l 8 -crown- 6  was added and 

the solution was mixed well. The solution was then allowed to age for 24 hours and was then 

autoclaved at 100*C for 2 weeks. The mbcture was then filtered and the solid was rinsed with

23



distilled water and dried at 110°C. The resulting Y zeolite was in the sodium form, NaY. 

Sodium ions were exchanged for ammonium ions by refluxing the NaY for I hour in IM 

NH4NO3 solution. The solid sample was then dried at 110°C and calcined at 600°C for 4 hours 

to obtain HY.

n.4 MCM-41

The method used to synthesize MCM-41 was found in the literature.^' Like the zeolite 

syntheses describe above, this method required the preparation of two solutions. The first 

solution was obtained my mixing 11.47g of 30% SiOj colloidal solution and lOg of 

tetraethylammonium hydroxide pentahydrate, in 16.4mL distilled water. The solution was aged 

for 2 days. Then, 20g of dodecyltrimethylammonium bromide and 0.296g of AI2 O3  were added. 

The second solution was prepared by dissolving 1.29g of sodium hydroxide in S.46mL distilled 

water and adding 2.Sg o f SiO%. The two solutions were combined and the resulting mixture was 

autoclaved at 140°C for 4 days in a Parr 4842 pressure reactor. The resulting solid was filtered, 

rinsed with distilled water for an hour to remove excess Br , dried at 110‘*C and calcined at 

600°C for 4 hours. The MCM-41 sodium form was ion-exchanged with IM NH4NO3  and finally 

recalcined at 600°C for 4 hours to form MCM-41. The expected aluminum loading was 8 %. 

However, analysis showed that there was only 5% aluminum because not all aluminum was 

incorporated during crystal formation.

n.5 Nickel Aluminate

Nickel aluminate, NiAliO^, was prepared by coprecipitation o f stochiometric amounts 

o f nickel and aluminum nitrate salts. Nickel nitrate hexahydrate (8.26^ was dissolved in ISmL 

of distilled water. Then, 21.2Sg of aluminum nitrate nonahydrate was added and the green
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solution was stirred until all solid was dissolved. Dropwise addition o f 20mL of concentrated 

ammonium hydroxide while strirring resulted in the formation of a blue precipitate. The final 

product was a very viscous blue (and green) mixture. Although excess ammonium hydroxide 

was used, the remaining green color suggested that all of the nickel nitrate did not react. 

However, vigourous stirring during the ammonium hydroxide addition reduced the residual 

green color. The viscous mixture was dried at lOS-110°C overnight resulting in a green brittle 

crystalline solid. Calcination at 1200"C for one hour yielded a blue crystalline solid.

Aluminum nitrate nonahydrate is very hygroscopic. Consequently, stoichiometric amounts were 

difficult to obtain by weight, resulting in excess nickel and the formation of nickel oxide, NiO, 

which was responsible for some of the green color of the final product
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CHAPTER 3 ; REACTOR DESIGN

I. INTRODUCTION

Our research laboratory was previously involved in the study of the effects of metal 

promoters on the catalytic activities o f sulfated zirconias.'^ This research was conducted in 

cooperation with Professor Daniel E. Resasco, Chemical Engineering Department, School of 

Engineering at the University o f Oklahoma. Catalyst characterization experiments, such as 

temperature programmed desorption (TPD), thermogravimetry-capillary gas chromatography / 

mass spectrometry (TG-GC/MS) studies and variable temperature diffuse reflectance Fourier 

transform infrared spectroscopy (VT-DRIFTS) measurements were performed in our laboratory. 

Catalyst activities were determined by catalytic reactor studies o f the isomerization o f n-butane 

to iso-butane in Dr. Resasco’s laboratory. In order to expand our catalysis research to new 

systems, it was necessary to build our own fixed bed catalytic reactor so that we could 

independently conduct catalytic activity measurements.

Catalytic activity studies often include attempts to obtain kinetic information regarding 

specific reactions. Under typical operating conditions, reactant concentrations decrease and 

product concentrations increase with increasing penetration into the catalyst bed. These 

concentration variations result in changes in reaction rates throughout the bed, which makes 

reaction kinetics difficult to sturfy. To minimize this problem, reactant concentrations must be 

kept nearly constant throughout the catalyst bed. This can only be achieved under low 

conversion reactor conditions.^ Furthermore, catalyst temperature must not vary significantly.
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This is best achieved by placing catalysts into small diameter tubes 1/4 in. o.d. or less^) which 

permits good heat transfer. Mass transfer (the physical process that transports reactants and 

products to and &om catalyst active sites) is also aided by the use o f small reactor tubes and 

small catalyst particle sizes.

Figure 3-1 shows a typical layout of a fixed bed microreactor. The points labeled A, B, 

C, and D on this figure represent bi-directional valves where gas flow can be switched between 

two paths. At least two gases are used in typical microreactor studies; a reactant and an inert gas 

(nitrogen or helium). The inert gas is used to vary the reactant concentration without changing 

the flow space velocity (i.e. the contact time between the reactant and the catalyst). Reactant and 

inert gas flows are controlled independently. Flow rates are measured by diverting the gas 

stream to a flow meter. This can be done before and after the reactor by using valves A and D 

respectively. The reactant mixture (reactant + inert gas) can either flow through the catalyst bed 

in the microreactor or bypass it depending on the positions of valves B and C. The reactor 

bypass is used to analyze the reactant mixture to assure that reactant concentrations are correct 

and stable prior to microreactor studies. Reactor effluent is separated by gas chromatography. 

Separated components are usually detected by a flame ionization detector. Other detection 

methods, such as mass spectrometry, have also been used.

One drawback of the fixed bed microreactor shown in Figure 3-1 is that the transfer line 

between the microreactor and effluent analysis is often long and unheated. Consequently, only 

products that are volatile at room temperature are detected. The transfer line often has a large 

inside volume because the tubing commonly employed is several feet long and has a diameter o f 

at least 1/8 in. This dead volume results in a time delay between when effluents leave the 

microreactor and when thQr are detected. The dead volume must be minimized to permit 

monitoring microreactor effluent composftion variations with time. In some cases, an mert gas 

flow is added to the microreactor effluent to increase the overall flow rate and more quickly

32



Flow Meter ^

Flow Meter ^

Flow Control

Reactant

Separation
(Chromatography)

Flow Control

REACTOR

Inert Gas

Detection

B
Y
P
A
S
S

F ^ r e  3-1 : Typical Fixed Bed Microreactor Layout

33



transfer species to the analyzer. However, this also dilutes microreactor effluent, which 

increases detection limits.

Microreactors are commonly limited to isothermal conditions. Because most catalytic 

applications employ isothermal conditions, microreactors are generally not designed to allow for 

heating ramps and microreactor temperature controllers may not permit heating ramp programs. 

Furthermore, the microreactor furnace may not be capable o f generating reproducible catalyst 

temperature ramps. As a result, the range of possible microreactor applications is restricted. For 

example, studies of probe reactant-catalyst interactions as a function of catalyst temperature 

(e g. ammonia temperature programmed desorption), cannot be carried out with ^ ic a l  fixed 

bed microreactors and require additional instrumentation.

The design of our general purpose fixed bed microreactor is similar to those commonly 

employed for catalyst testing, but incorporates new features to overcome some of the common 

limitations :

- short transfer lines with relatively small diameters (1/16 in. o.d. tubing) were used to minimize 

dead volume and the time required for reaction products to reach the detectors.

• the microreactor furnace and transfer lines were contained within a temperature controlled 

environment to eliminate cold spots before gas analysis.

One goal for the system design was to make it versatile, so that it could be used for isothermal 

catalytic activity determinations and temperature programmed catalyst characterization 

measurements. GC injections were automated to simplify operation of the system. To facilitate 

different experiments, connections to the reactor and gas chromatograph were incorporated that 

permitted them to be selectively bypassed. Thus, unnecessary separations could be avoided 

when microreactor effluent consisted of a single species.
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n . REACTOR DEVELOPMENT

A fixed bed microreactor was built in our laboratory to characterize solid acid catalysts. 

However, flaws in the initial design were apparent after a series of experimental tests and 

improvements were subsequently made. In this section, first the initial reactor design and then 

the improvements will be described.

n .l  Initial Reactor Design

Figure 3-2 is a drawing of our initial microreactor system. The GC/MS analyzer was a 

Hewlett Packard 5988A GC/MS system that included a 5890 series II gas chromatograph. Table

3-1 lists the components of the initial reactor system.

The main reactor components are labeled in Figure 3-2, but the connections between 

them have been excluded for clarity. Instead, numbers are used to indicate which fittings are 

connected. The numbering starts with the manual valve ports and then continues with the 

automatic valve ports. All transfer lines were made from 1/16 in. o.d. stainless steel tubing.

The catalyst sample was contained within a Vycor* tube that was placed inside a tube 

furnace. A six-port manual switching valve diverted gas flows so that reactants could be passed 

through the catalyst or bypass it. Reactor effluent flowed through a sample loop that was 

attached to a second six-port gas switching valve. GC/MS injections were made by 

automatically rotating this valve. Valve rotations were controlled by a  timer, which was used to 

sample reactor effluent at predetermined time intervals.
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Table 3-1 : Initial Reactor System Part List :

Part Manufacturer Part Number

15"x9"x9" Stainless Steel Box Customed made (University Machine Shop)
1/4" o.d. Vycor® Tube Thomas Scientific (Swedesboro, NJ) 5694-G16
Tubular Ceramic Radiant Heater Omega (Stamford, CT) CRFC-756-60-A
Two Position 6-Port Valve Valeo Instruments Co. (HoustoiuTX) 6C6UWT
Two Position 6-Port Valve Valeo Instruments Co. (Houston,TX) 6C6UWE
2 X 1/16" Plugs Valeo Instruments Co. (Houston,TX) ZPl
Micro-Electric Actuator Valeo Instruments Co. (HoustoiuTX) ETMA
Actuator Control Module Valeo Instruments Co. (HoustoruTX) ETCA
Digital Sequence Programmer Valeo Instruments Co. (Houston,TX) DVSP2
2 X Strip Heaters Thermal Corporation (Madison, AL) 5-10-3.500W-120V
Sample Loop ( I SuL) Alltech (Deerfield, IL) 91056
Sample Loop (~ 80uL) Laboratory made
Ceramic Blanket Cotronics (Brooklyn, NY) 370-1
Insulation Cloth Wale Apparatus (Hellertown, PA) 15-1420
Fan Motor Grainger (Oklahoma City, OK) 4M070
Fan Blade Grainger (Oklahoma City, OK) 2C953
Dual Input Temp. Controller Omega (Stamford, CT) CN3240
Solid State Relay Omega (Stamford, CT) SSR240DC10
Heat Sink Omega (Stamford, CT) FHS-2
Vfechanical Relay Grainger (Oklahoma City, OK) K10P-11A15-120
3 X 1/16" Steel Bulkhead Unions Swagelok (Solon, OH) SS-IOO-61
2 X 1/16" to 1/4" Reducers Swagelok (Solon, OH) SS-lOO-R-4
1/4" Union Tee Swagelok (Solon, OH) SS-400-3
Quartz Wool Alltech (Deerfield, IL) 4033
2 um Removable 1/4" o.d. Frits Alltech (Deerfield, IL) 716505
Thermocouple Omega (Stamford, CT) KMOSS-125U-6
1/4" Cross Swagelok (Solon, OH) SS-400-4
1/8" to 1/4" Reducer Swagelok (Solon, OH) SS-200-R-4

The catalyst sample (~0.2g capacity) was packed between two pieces of quartz wool 

inside a 1/4 in. o.d. x 9 in. long Vycor* quartz tube. The catalyst sample tube, the tube furnace, 

the two switching valves and the transfer lines were contained within a IS in. x 8 in. x 9 in. 

stainless steel oven. This oven could be uniformly heated to 225°C by two 10 in. x 3 in. 5G0W 

strip heaters. Ceramic blanket wrapped in insulation cloth was used to insulate the inside walls 

of the reactor oven. A fan circulated the heated air to prevent temperature gradients within the 

reactor oven. The tube furnace provided catalyst temperatures in excess of 7Q0"C. The tube
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furnace and the reactor oven temperatures were controlled by an Omega CN3240 dual input 

temperature controller. The electrical connections for this temperature controller are depicted in 

Appendix A.

The reactant gas inlet was a 1/16 in. Swagelok bulkhead union mounted on top of the 

microreactor system oven and connected to port #1 of the six-port manual gas switching valve. 

Ports #3 and #4 (not shown in Fig. 3-2) o f this manual valve were unused and sealed with 1/16 

in. plugs. Port #2 was connected to the catalyst sample tube via a I/I 6 in. to 1/4 in. Swagelok 

reducer attached to a 1/4 in. Swagelok union tee. A 1/4 in. o.d. 2pm Ait was placed between the 

union tee and the reducer to prevent sample catalyst particles from reaching and damaging the 

manual valve. A stainless steel standoff was inserted into the union tee so that it could be 

attached to the reactor oven wall. The other end of catalyst sample tube was attached to a 1/4 in. 

Swagelok cross. Another standoff was used to attach the cross to the reactor oven wall. A 1/8 in. 

o.d. X 6 in. long thermocouple was inserted into the sample tube through the cross via a 1/8 in. 

to 1/4 in. Swagelok reducer. A 1/16 in. to 1/4 in. reducer was attached to the remaining arm of 

the cross to facilitate connection to port US o f the manual valve. A 1/4 in. o.d. 2pm frit was 

placed between the cross and the reducer to protect the manual valve from damage due to 

catalyst particles. Port #6 of the manual valve was connected to the six-port automatic gas 

switching valve. This automatic valve was equipped with a sample loop that was attached to the 

ports labeled #7 in Figure 3-2. Port #8 was connected to a 1/16 in. Sw a^lok bulkhead union 

mounted on top of the microreactor system oven that served as the reactor outlet. The GC carrier 

gas (helium) inlet was a 1/16 in. Swagelok bulkhead union mounted on top o f the microreactor 

system oven and connected to port #9 o f the automatic valve. The GC column was attached to 

port #10 o f the automatic valve.

38



The initial microreactor system flow paths and valve positions are illustrated in Figures 

3-3 and 3-4 respectively. The numbering schemes in both figures are the same as that used in 

Figure 3-2. The dashed rectangle in Figure 3-3 represents the microreactor system oven walls. 

The three connections on top of this oven correspond to the reactant inlet (labeled #1), GC 

carrier gas inlet (#9) and outlet line (#8). A maximum o f three gases could be combined for the 

reactant flow. These were; an inert gas (helium), an oxidizing gas (air), and a reactant that 

depended on the experiment. All three lines were equipped with a desiccant trap, labeled 

“dryer” on Figure 3-3, to remove water vapor. Each flow could be independently regulated. The 

air and helium flows were maintained by using Edwards (Wilmington, MA) 825 mass flow 

controllers connected to an Edwards (Wilmington, MA) 1605 control unit. The desired flow 

rates were set by the control unit and were supplied by the controller regardless of upstream or 

downstream pressure changes. The helium GC carrier gas flow was also set and maintained by 

using an Edwards (Wilmington, MA) 825 mass flow controller. The reactant flow was adjusted 

by using a Swagelok (Solon, OH) SS-SS2 metering valve and an SS-2P4T ON/OFF valve 

because some reactants could damage mass flow controller sensors. Another desiccant trap was 

added before the reactant inlet and a 2 pm removable fnt was inserted to prevent damage to the 

manual valve (M) by desiccant particles. This manual valve was used to direct reactants through 

the reactor or to the bypass. In the “Reactor Mode” (Fig. 3-4), port #1 was connected to port #2 

and reactant gas flowed through the reactor. Reactor effluent returned to the manual valve at 

port #5 and was directed to the automatic valve (A) through port #6. In the “Bypass Mode”, 

manual valve port #1 was connected to port #6. Consequently, the reactant gas flowed directly 

to the automatic valve, bypassing the reactor. In this valve position, gas was trapped in the 

reactor because ports #3 and #4 of the manual valve were plugged. The automatic valve 

permitted injection of reactor effluent into the GC/MS analyzer. In the “Load Mode”, port #6 of 

the automatic valve was connected to port #8 through the sample loop (ports #7). The GC carrier
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gas port #9 was connected to the GC/MS column port #10. In the “Inject Mode”, ports #6 and #8 

were connected and the GC carrier gas (port #9) swept the reactor effluent trapped in the sample 

loop into the GC column (port #10).

U2  Improvements to the Initial Design

After a series of experimental tests, flaws in the initial reactor design became apparent 

and improvements were made. Figure 3-5 is a drawing of the current version of the microreactor 

system, with modifications to the initial design labeled. Like Figure 3-2, connections are 

excluded for clarity and numbers indicate which components are connected. Note that due to the 

improvements, the numbering scheme was slightly altered.

Two gas inlets were added on top of the microreactor oven, namely a reactor purge (#3) 

and a make up gas (#11). Connecting the make up gas line inside the microreactor system oven 

required a 1/16 in. union tec. Indentations were made in the sample tube to improve catalyst 

positioning and a Vycor* protective tube was inserted inside the tube furnace cavity around the 

sample tube. The thermocouple located inside the sample tube was replaced by a fine wire 

thermocouple and another fine wire thermocouple was mounted on the surface o f the protective 

tube. Ceramic blanket was used to fill the tube furnace cavity to minimize convection. The 

modified reactor flow path is shown in Figure 3-6. The two additional helium flows (inlets 

labeled #3 and #11) were adjusted by using mass flow controllers. Table 3-2 lists the parts that 

were necessary to make the modifications.
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Table 3-2 : Reactor System Modification Part List :

Part Manufacturer Part Number

5/8" o.d. Vycor® Tube Thomas Scientific (Swedesboro, NJ)
2 X Fine Wire Thermocouples Omega (Stamford, CT) CHAL-OlO
Temperature Controller Omega (Stamford, CT) CN2011-K-D3
1/16" Steel Bulkhead Union Swagelok (Solon, OH) SS-100-61
2 Hole Round Insulator Omega (Stamford, CT) TRMI64I16
1/16" to 1/4" Reducer Swagelok (Solon, OH) SS-lOO-R-4
Two Position 8-Port Valve Valeo Instruments Co. (Houston,TX) 6C8UWT
2 X Sample Loop (ISpL) Valeo Instruments Co. (Houston,TX) SL15CUW

In most experiments, the catalyst must first be calcined in-situ in air, cooled to the 

reaction temperature, and finally flushed with helium. The manual valve is first placed in the 

"Bypass Mode” so that the reactant concentrations can be measured and adjusted. With the 

previous reactor design, helium would be trapped in the reactor when the manual valve was in 

the "Bypass Mode” position. If a leak was present, this helium could escape and contaminants 

such as water vapor could enter the catalyst sample tube. This was not acceptable because such 

contamination would affect the catalyst properties. To solve this problem, a reactor purge line 

was added so that helium continued to flow through the reactor when the manual valve was in 

the “Bypass Mode” position. The reactor purge gas inlet consisted of a 1/16 in. Swagelok 

bulkhead union mounted on top of the microreactor system oven and connected to port #3 (not 

shown in Fig. 3-S) o f the manual valve. The modified reactor valve positions are shown in 

Figure 3-7. In the "Reactor Mode”, port #3 is connected to port #4, which is connected to an 

outlet In the "Bypass Mode”, port #3 connects to port #2 and reactor purge gas flows through 

the reactor and returns to the manual valve at port #S, which is connected to the outlet port #4.
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Results from n-hexane cracking by lOOmg of HZSM-S zeolite showed that automatic 

injection into the GC was not reproducible with the initial reactor system. Figure 3-8 shows the 

successive chromatograms obtained during n-hexane cracking plotted versus catalyst 

temperature over the 4S0-600°C range. The y-axis denotes the mass spectrometer total ion 

current (TIC). Injections below S7S°C resulted in two peaks corresponding to propene and 

hexane. The highly variable signal obtained during this experiment did not result from MS ion 

source variations. By monitoring the reactor outlet (#8 in Figs. 3-S and 3-6), it was determined 

that the flow through the reactor was not constant. Flow through the reactor stopped when the 

automatic valve rotated between the “Load” and “Inject” positions and then resumed after the 

“Inject” position was reached. Furthermore, the equilibrium flow rate measured when the 

automatic valve was in the “Inject” position was more than when it was in the “Load” position. 

This was explained by the fact that the sample loop restricted the flow and also caused a 

pressure increase in the reactor. The change in pressure not only affected the hexane conversion 

but also the amount of reactor effluent injected (constant volume but different pressure) into the 

GC/MS analyzer. This resulted in irreproducible injection quantities. To reduce pressure 

changes in the reactor when the automatic valve rotated, a helium make up gas flow was added 

at the reactor exit. Consequently, reactor effluent was diluted and larger sample loops (~80pL) 

that provided less restriction could be used. The make up gas inlet (labeled #11 in Fig. 3-S) 

consisted of a 1/16 in. Swagelok bulkhead union connected to a I/I6 in. Swagelok union tee. 

The other ends of the tee were connected to port #6 of the manual valve and to port # 12 o f the 

automatic valve. The reactant gas that passed through or bypassed the reactor came from the 

manual valve, was diluted with make up helium, and was directed to the automatic valve for GC 

analysis. The 1/16 in. stainless steel tubing used to connect the tee and the manual valve had an 

inner diameter that was about 10 times smaller than the other transfer lines to ensure that the 

path o f least resistance was through the automatic valve and that the make up helium did not
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enter the reactor. Consequently, reactor effluent encountered different flow resistances when 

directed to the automatic valve (“Reactor Mode”, port #6 in Fig. 3-7) and the outlet (“Bypass 

Mode”, port #4). To solve this problem, a similar length piece of the same tubing used to 

connect port #6 of the manual valve to the tee union was employed to connect the outlet to port

#4.

Between experiments, the catalyst sample tube must be removed and replaced. To do 

this, the thermocouple must be removed first, then the nuts that secure the Vycor* tube to the 

union tee and cross must be loosened. The tube could then be pushed up through the top of the 

microreactor system oven. The tube furnace cavity was large enough (0.7S in. i.d.) for a 

Swagelok 1/4 in. nut (-0.65 in.) to pass through. This was unacceptable because the nut could 

damage the heating element or become stuck in the furnace. To avoid potential problems, a 5/8 

in. o.d. X 9 in. long Vycor* tube with one end flattened out to make a ca. 1 in. diameter ring, was 

inserted into the top o f the furnace. This tube not only prevented the nut from getting inside the 

furnace, but also protected the heating element. Because the tube shielded catalyst samples from 

the heating source, the temperature controller had to be retuned after the tube was installed.

As mentioned previously, in the initial reactor design, the thermocouple had to be 

removed to replace the sample tube. A black deposit was often observed on the thermocouple 

surface after experiments. The presence of the deposit suggested that reactions may have 

occurred on the thermocouple surface. Furthermore, incorrect sample temperature measurements 

can result when reactions are endo- or exothermic and the thermocouple is placed downstream 

from the sample. To prevent these problems, the thermocouple was moved so that it was placed 

upstream &om the sample. This was accomplished by switching the reactor inlet and outlet at
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the manual valve (Fig. 3-6). These changes made the fixed bed reactor a downflow reactor, 

because the reactant gases flowed through the reactor from top to bottom.

The buUqr 1/8 in. o.d. thermocouple was replaced with a fine wire thermocouple. 

Compared to the 1/8 in. o.d. thermocouple, the decreased thermocouple wire diameter resulted 

in a faster thermocouple response. This was important for temperature programmed 

measurements. The leads o f this thermocouple were supported by a 1/16 in. o.d. x 6 in. long 2 

hole ceramic insulator. The new thermocouple was inserted through the 1/4 in. cross via a 1/16 

in. to 1/4 in. reducer. The holes in the ceramic insulator through which the thermocouple wires 

passed were sealed with epoxy cement to prevent gas leakage. A second fine wire thermocouple 

was added to the reactor system to measure the furnace temperature. These two thermocouples 

will be referred to as “measurement” and “control” thermocouples respectively. The 

“measurement” thermocouple was placed inside the quartz tube near the catalyst sample to 

measure its temperature. The position o f the “measurement” thermocouple inside the catalyst 

sample tube could be adjusted so that it was in contact with the quartz wool that held the 

catalyst in place. Indentations were added to the quartz sample tubes to ensure that catalyst 

samples were repeatedly placed in the same position within the reactor fiimace. The 

“measurement” thermocouple was connected to an Omega CN2011-K-D3 temperature 

controller, which was equipped with an RS232 port so that sample temperatures could be read 

and stored by a computer. The measured catalyst temperature could be used to trigger the 

automatic injection valve rotation. As a result, GC injections could be programmed based on 

elapsed time or catalyst temperature. The “control” thermocouple was held in place inside the 

furnace by passing it through two holes made in the Vycor* protective tube. Between the two 

holes, the thermocouple lead could touch the heating coil. As a result, the Vycor* tube was 

purposely distorted to ensure that the thermocouple leads did not short to the heater coil. The 

“control” thermocouple was connected to an Omega CN3240 dual input temperature controller,
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which was used to maintain the furnace temperatures. Wiring schematics for both temperature 

controllers are given in Appendix A.

n.3 Temperature Characterization

The microreactor system has two different temperature zones : the reactor furnace and 

the reactor system oven. The temperatures o f these two zones can be independently controlled. 

The oven could be heated to temperatures as high as 22S°C. The reactor system oven 

temperature must be maintained at or below 22S°C to prevent damage to the manual 6-port 

valve rotor material. The reactor furnace could be heated to temperatures in excess o f 700"C. 

However, furnace temperature varies within the catalyst sample tube. To minimize temperature 

variations, indentations in the quartz tubes permitted samples to be loaded into the tubes at the 

same location. Consequently, catalysts could be reproducibly positioned at the same location in 

the furnace. Isothermal reactor furnace temperature profiles were characterized and reactor 

furnace heating ramps were tested.

n.3.a Isothermal Temperature Profiles

Figures 3-9a and 3-9b show temperature profiles measured by moving a thermocouple 

inside the quartz sample tube when the furnace was set to 100°C and SOO°C respectively while 

25mL/min helium was flowing through the tube. The x-axes in Figure 3-9 denotes the measured 

temperatures. The y-axes are the same in both plots and denote the distance between the 

“measurement’ thermocouple and the bottom of the furnace (y=0). The hatched rectangles 

denote the sample location in the tube. The height of the rectangle corresponds to the maximum 

tube length necessary to accommodate ~200mg of catalyst sample and was estimated to be ca.
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1 in. The actual catalyst location depends on the catalyst density and amount loaded. The 

vertical dotted line in each figure denotes the setpoint temperature. The *  symbols correspond 

to sample tube temperatures obtained when the microreactor system oven was not heated. Note 

that heating the reactor furnace to IOO°C and to SOO°C (setpoint based on the “control” 

thermocouple) also heated the reactor system oven. The oven temperature rose to 36°C and to 

63°C respectively. At both setpoints, the maximum temperature was not found at the tube 

furnace center (y=3), but slightly above it. This may be explained by convective heat rising. 

However, the maximum temperature was found at a different furnace position at each setpoint. 

The maximum temperature was found at a furnace position near 4.5-5 in. when the reactor 

furnace was heated to IOO*C and near 3.5-4 in. at 500"C. It is also interesting to note that the 

maximum temperature exceeded the setpoint when the reactor furnace was heated to IOO"C 

(Tnux=105°C) but was far below the setpoint when the reactor furnace was heated to 500°C 

(Tmax==468°C). The differences in the maximum temperature locations and deviations from the 

setpoints may be explained by the effects of the colder reactor system oven air. The larger 

deviation from the setpoint at 500°C can be explained by a greater cooling effect on the sample 

tube temperature. To test this hypothesis, ceramic insulation was used to plug both ends of the 

furnace to prevent reactor system oven air from passing through the furnace cavity. The #  

symbols correspond to sample tube temperatures measured under these conditions. At both 

setpoints, the maximum temperature was found near the center o f the furnace (y=3) and the 

temperature profile was much more symmetric. However, the maximum temperatures (98°C and 

49I°C ) were still below the setpoints. This can be explained by the fact that the “control” 

thermocouple was closer to the heating element than the “measurement” thermocouple.

Because the reactor system oven must be heated for many studies, the effect o f  the oven 

temperature on the catalyst temperature was assessed. The ▲ symbols in Figure 3-9 represent 

sample tube temperatures measured when the oven was maintained at IOO"C. Under these
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conditions, the temperature at the sample location was virtually constant when the reactor 

setpoint was 100“C (ranged between 99,6®C and 99.7®C). When the setpoint was 500“C, the 

temperature profile was less affected as the temperature span remained large (between 487°C 

and SOO°C at the sample location). However, the maximum temperature rose to the set point 

when the oven was heated (Fig. 3-9).

This study has shown that isothermal fiimace temperature can be obtained. However, 

“control” temperature setpoints must be manually adjusted to achieve the desired catalyst 

temperature at the “measurement” thermocouple.

U.3.b Temperatme Ramps

Temperature programmed desorption (TPD) measurements can be made by ramping the 

reactor fiimace temperature. Although other heating rates are possible, 10°CVmin was chosen for 

studies described here because it is the most commonly used heating rate employed in TPD 

experiments. The temperature ramp was programmed by the Omega CN3240 temperature 

controller used to maintain the reactor fiimace temperature. The accuracy and reproducibility o f 

heating the fiimace at 10°C/min are illustrated in Figures 3-10 and 3-11 respectively. Furnace 

temperatures were recorded at 10 second intervals. The solid lines in Figure 3-10 denote the 

temperature inside the sample tube plotted versus the programmed temperature (lower x-axis) 

and time (upper x-axis) when the fiimace temperature was raised from lOO'C to 650*C at 

tO°C/min. The dotted lines denote the programmed heating ramp. During most of the fiimace 

heating period, the fiimace temperature was below the programmed value. After about 46 

minutes, the fiimace temperature reached the programmed value (~S60°C) and then became 

slightly higher than the programmed value. The first five minutes of the heating ramp, 

corresponding to programmed temperatures o f IOO°C to 1S0*C, are expanded in Figure 3-lOb.
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For about 30 seconds, the furnace temperature (solid line) did not increase. This was likely due 

to the different locations o f the “control” and “measurement” thermocouples. The temperature 

controller maintained the programmed temperature based on the “control” thermocouple. The 

“measurement” thermocouple was further away from the heating element and was shielded by 

the Vycor* protective tube and sample tube. As a result, a delay was observed before the 

temperature measured inside the sample tube rose. For the same reason, it took about 3 minutes 

for the furnace heating rate to match the programmed 10°C/min rate. After 3 minutes, the 

temperature increased linearly to 6S0°C. However, the heating rate was not exactly 10°C/min. 

Least-squares regression for tube temperatures measured between Smin and SSmin yielded a 

sample heating rate o f 10.26°C/min. The slight difference between the furnace heating rate and 

the programmed rate is not a problem for TPD studies as long as the temperature ramp is 

reproducible.

The reproducibility of the ramp was tested by repeating the heating process 6 times for 

both empty tubes and tubes loaded with approximately lOOmg of silica. No significant change in 

the temperature ramp was observed when the silica was present. Figure 3-1 la shows differences 

in measured temperatures during repeated heating ramps plotted versus the programmed 

temperature and time. The solid line represents the absolute value of the largest difference 

between all six ramps. This value ranges from 0 to 2°C over the 100-6SO°C temperature range 

and clearly shows that the temperature ramp was reproducible to ±2°C. Figure 3-1 lb illustrates 

the difference between experimental and programmed temperature ramps. The solid line in 

Figure 3-1 lb represents tlie difference between the average temperature obtained for the six 

heating ramps and the programmed temperature. This difference increased to ca -10°C at 140°C 

during the first 4 minutes of the ramp due to the deky in heating the “measurement” 

thermocouple. After this delay, the temperature difference decreased as the average temperature
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approached the programmed temperature. As expected from Figure 3-lOa, this increase was 

linear from ISO to about 560°C. The average temperature was below the setpoint dining most of 

the heating process. At 560°C, the temperature difference was negligible. Above S60*C, the 

temperature difference was positive because the average temperature was higher than the 

programmed temperature.

Although the ramp heating rate was not exactly lO^C/min, the ±2°C reproducibility of 

the furnace temperature ramp was sufficient for TPD experiments. However, the measured 

temperature did not vary linearly over the entire temperature range. By measuring elapsed times 

along with temperatures and detector signals, catalyst temperatures at which each detector 

signals were measured could be correlated. The program TIC.EXE in Appendix B was used to 

combine detector signals, catalyst temperatures and elapsed times into a single data file.

n.4 Development of the GC and GC/MS Interface

The bulky commercial GC was replaced with a laboratory made GC that permitted fast 

repetitive injections and an interface that connected it to the Hewlett Packard Mass 

Spectrometer. Table 3-3 lists the parts that were needed to construct the GC and interface.

Figure 3-12 is a drawing of the GC and GC/MS interface. The GC consisted of a 6 in. x 

6 in. X 8 in. aluminum oven. The capillary column was wrapped around a 4.75 in. diameter cage 

constructed from two copper vacuum gaskets. One-half in. thick ceramic insulator board 

wrapped by insulating cloth covered the inside walls of the GC oven. The firont and back walls 

of the oven could be removed for access to the colunui, heaters, and fan. The heating element, 

fan and thermocouple were mounted on the back wall. The thermocouple (not shown in Fig, 3- 

12) was placed right behind the fan. The heating element consisted o f two 26 gauge nichrome 

wire coils connected in parallel. Each wire coil was wrapped around a 1/8 in. o.d., 6 in. long
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Table 3-3 : GC and GC/MS Interface Part List

Manufacturer P art Number
GC Parts

Fan Motor Grainger (Oklahoma City, OK) 4M078
Fan Blade Grainger (Oklahoma City, OK) 2C953
6 in Ceramic Tubes (l/8”od) Omega A-8S ORXU618
Heating Wire (Ni-Cr Alloy) Omega H-13
Heater Hook up Wire Omega H-4S/SI
1/16” bulkhead union Swagelok (Solon, OH) SS-100-61
2 holes ceramic tubes Omega (Stamford, CT) TRMI64116
Valves ; Solenoids coils Grainger (Oklahoma City, OK) 6X543
Insulation Cloth Wale Apparatus (Hellertown, PA) 15-1420
Insulation Board Cotronics (Brooklyn, NY) 360-2
Temperature Controller Omega (Stamford, CT) CN3202TC1-F1-8
Pulse Control Module Omega (Stamford. CT) PCMl
Solid State Relay Omega (Stamford, CT) SSR240DC25
Heat Sink Omega (Stamford, CT) FHS-2
2 X Bulkhead Union (1/16”) Swagelok (Solon, OH) SS-100-61

GC/MS Interface Parts
Insulation Cloth Wale Apparatus (Hellertown, PA) 15-1420
Insulation Board Cotronics (Brooklyn, NY) 360-2
Temperature Controller Omega (Stamford, CT) CN76020
Solid State Relay Omega (Stamford, CT) SSR240DC10
Heat Sink Omega (Stamford, CT) FHS-2
2 X Metering Valve SGE (Austin, TX) 1236032
4 X Brass Bulkhead Union Swagelok (Solon, OH)
Strip Heater Thermal Corporation (Madison, AL) 05-5-3-250W-120V
2 X OFHC Copper Gaskets MDC Vacuum Prod. (Hayward, CA) 191013

ceramic tube to achieve about 11 ohm resistance. The heating coils provided a maximum GC 

oven heating rate of300"C/min. In order to allow for repetitive injections when GC temperature 

ramps were used, the GC oven had to be rapidly cooled after separations. A solenoid valve (not 

shown in Fig. 3-12) was mounted on the GC oven ftont wall and connected to a 2SL liquid 

nitrogen dewar flask by 1/4 in. o.d. insulated copper tubing. The dewar flask was pressurized 

with dry air from a Balston (Lexington, MA) air dryer. When the pressure in the dewar flask 

was about 7 psi, the GC oven could be cooled ftom 280**C to -20°C in about 30 seconds 

(600*C/min). Introducing liquid nitrogen into the GC oven also flicilitated the use o f sub-ambient
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separation temperatures. However, it was easier to maintain isothermal cryogenic temperatures 

by flowing cool nitrogen gas from the dewar to the GC oven rather than spraying liquid 

nitrogen. Whether conducting isothermal or temperature ramp GC separations, the 

chromatograph oven temperature was controlled by using an Omega CN3202 heat/cool 

temperature controller, which varied the heating element current and energized the liquid 

nitrogen valve to maintain temperature setpoints (c.f. wiring in Appendix A).

The GC/MS interface was contained within a 6 in. x 6 in. x 9 in. aluminum oven. One- 

half in. thick ceramic board wrapped by insulating cloth covered the inside walls o f the interface 

oven. The front and top walls of the interface oven could be removed. One side wall was cut to 

fit the mass spectrometer vacuum chamber inlet. A 3 in. x S in., 2S0W strip heater was used to 

heat the interface oven as high as 300*C. The interface oven temperature was maintained by an 

Omega CN76020 temperature controller (c.f. wiring in Appendix A). Two splitter valves were 

used to control the flow of gases into the mass spectrometer ionization chamber. One was 

connected to port #4 of the manual valve in the reactor oven (labeled “outlet” in Figs. 3-6 and 3- 

7) and facilitated Reactor-MS experiments. The 1/16 in. stainless steel tube connecting port #4 

o f the manual valve and this splitter valve passed through the GC oven. The end of the capillary 

GC column was connected to the other splitter valve to facilitate Reactor-GC/MS experiments.

n.5 Addition of a Flame Ionization Detector

The flame ionization detector (FID) is a mass-sensitive detector that is rugged and easy 

to use. It has a IO'"’g limit of detection, high sensitivity ~10'"g/s, and large dynamic range (from 

10*‘° to lO'^g). Its drawbacks are the facts that it is a bulk property detector and it destroys the 

sample. FID is the GC detector o f  choice for quantitative analysis o f hydrocarbons. When 

pyrolyzed in the detector flame, hydrocarbons produce ions and electrons that conduct
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electricity through the flame. “The number o f ions produced is roughly proportional to the 

number of reduced carbons"/ Although mass spectrometric detection is as sensitive as FID, it 

has a lower limit of detection (10'"g), and provides structure specific information, its use for 

quantitative analysis is limited by its smaller dynamic range (10^ , from 10’*̂ to 10'*g). 

Furthermore, mass spectrometer signal reproducibility strongly depends on the stability o f the 

ion source. For these reasons, it was decided to add an FID to the reactor system to facilitate 

better quantitative measurements of hydrocarbons. A ca. 3 foot long piece of uncoated fused 

silica was used to connect the outlet of the GC/MS splitter valve (Fig. 3-12) to the inlet o f an 

FID mounted to an HP 5980 Series II gas chromatograph. It is important to note that this line 

was at room temperature, which means that only hydrocarbons that are volatile at room 

temperature could be detected by the FID. Also, the dead volume between the splitter valve and 

the FID inlet resulted in a loss of chromatographic resolution. Initially, FID chromatograms 

were recorded by a chart recorder. However, this was unacceptable because data could neither 

be saved nor integrated. A 12 bit A/D converter was built to digitize the 0-1 V analog FID 

signal. Only one-fifth o f the converter range was initially used, as it accepted input signals in a 

0-5V range. The FID signal was subsequently amplified by a factor of five to match the A/D 

dynamic range. Figure 3-13 shows the amplifier and analog/digital converter circuit diagram. 

The A/D is based on a MAXI 87 chip bought from Digi-Key Corporation (Thief River Falls, 

MN). The amplification was achieved by using a TLC2262 dual operational amplifier firom 

Texas Instruments (Dallas, TX). The amplifier gain was determined by the ratio of R2/R1. We 

used R1=200C2 and R2=lkO to obtain a 5 fold amplification. Digitized signal values were sent 

to the parallel port o f an IBM compatible computer. The software used for data acquisition 

(Appendix B) also permitted signal averaging and integration. Figure 3-14a shows 

chromatographic peaks digitized with and without amplification. Figure 3-14b shows expansion
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of Figure 3-14a at the base of the peaks. Without signal amplification, the tailing portion of the 

peak was truncated. Peak definition was clearly improved by amplifying the FID signal prior to 

digitization. The peak heights of 800 and 4000 in Figure 3-l4a correspond to 20 and 98% of the 

12 bit A/D converter maximum range of 2'^ = 4096.

n.6 Current Microreactor-GC/MS-FID Design

Figure 3-1S is a drawing of the current microreactor-GC/MS-FID system that was used 

for studies described here. This figure is similar to Figures 3-5 and 3-12 that show the 

microreactor system and the GC and GC/MS interface. The GC column and the line used for 

reactor-MS studies are shown in Figure 3-15. All other connections have been excluded for 

clarity, but numbers indicate which parts were connected. The FID connection is also denoted 

on this figure. Figure 3-16 is the current microreactor-GC/MS-FID system flow diagram. The 

microreactor system flow diagram is identical to that shown in Figure 3-6. In addition, the GC 

and GC/MS interface flows are depicted in this figure. One of the splitter valves located in the 

GC/MS interface oven was connected to port #4 of the manual valve (M) and Acilitated 

Reactor-MS experiments. The other valve split the GC effluent between the mass spectrometer 

and the FID.

Future modifications will include the incorporation of an FID in the interface oven, the 

addition of a Jade™ injector on the GC purge line in the reactor oven to allow for the injection 

of standards, and addition of a similar injector on the reactant line to permit pulse addition of 

reactants.
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m . BENCHMARK STUDIES

Before applying the microreactor system to study new catalytic systems, the various 

operating modes of the system were evaluated with well characterized catalytic reactions. The 

following benchmark studies were used for this purpose :

- cracking of n-hexane by HZSM-5 zeolite catalyst, to test reactor-GC/MS*FID reproducibility 

and quantitative analysis capabilities.

- ammonia temperature programmed desorption (TPD), to test reactor-MS reproducibility and 

quantitative analysis capabilities.

- 1-butene oligomer desorption/decomposition, to characterize the repetitive chromatographic 

separation performance o f the gas chromatograph.

m  i  n-Hexane cracking

The cracking of n-hexane by HZSM-S zeolite has been extensively studied and was 

chosen to characterize our reactor GC/MS feature.^'^ The ability o f a solid acid to crack n- 

hexane is commonly employed to assess hydrocarbon cracking activity and is designated as 

the a  test."* Two mechanisms have been proposed for paraffin (e.g. n-hexane) cracking by 

aluminosilicate (e.g. HZSM-S) zeolites

Mechanism A :  Initiation:**'® C„H2 * ,2  + S H  > CmHin ẑ + C^„H^2(iwn>n S'

RH R,+

RH + R,-*-------- > R+ + R.H

then R^  ► Reaction products

Mechanism B  : RH + S H -------- > S‘ +  RH2 ^

then RH2 ^  > Reaction products
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where SH is a catalyst Brensted acid site, RH is the paraffin, R^ is a carbénium ion derived

from the paraffin, and RH;^ is a carbonium ion. In mechanism A, the first step after initiation is

a hydride transfer that results in a carbénium ion (R ^ . Subsequent beta-scission generates 

reaction products. In mechanism B, the paraffin reacts first with a catalyst Bronsted acid site to

form a carbonium ion (RHz^. Decomposition of this relatively unstable ion forms the reaction 

products. The cracking of n-hexane by the medium pore HZSM-S zeolite is believed to occur 

almost exclusively by mechanism B:"

n-CéH,2 + S H --------> S- + C6H.3+-----> SH + 2 CjHe

Hydrogen transfer between n-hexane and the intermediate ion (CaHn^, oligomerization, and 

further cracking of the light olefins can also occur, but are insignificant under typical reaction 

conditions. The cracking of n-hexane by HZSM-5 is first order with respect to hexane 

concentration. The protolytic first step is rate limiting. A recent publication gives a value for the 

n-hexane cracking by HZSM-5 apparent activation energy of 108 kJ/mol,'^ and others report 

apparent activation energy values ranging from 105 to 149 kJ/mol.'^ An advantage of the use of 

this catalytic system as a benchmark for our microreactor system is that n-hexane cracking can 

be achieved without significant catalyst deactivation or residue formation when low conversion 

conditions (i.e. short contact times) are employed.'^ This permits the use of a single catalyst 

sample for long periods of time, which is particularly helpful for assessing the long term 

stability of our detection methods.

One goal o f the n-hexane cracking study was to measure the activation energy for this 

reaction and compare it to literature values. To do so, n-hexane cracking activity must be 

measured at different temperatures. For a single catalytic process, activity is often given in terms 

o f conversion. Both fractional and percent conversion can be used. Here, n-hexane conversions 

were calculated as follows :
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fn -  hexane], - f n  -  hexane]
Fractional Conversion = ---------=------— -̂---------   (I)

[n -  hexanej^

Percent Conversion = Fractional Conversion x 100% (2)

where [n-hexane]o is the initial n-hexane concentration and [n-hexane] is the instantaneous 

concentration of unreacted n-hexane. Apparent activation energies were obtained by application 

of the Arrhenius method.

lUA.a Expérimentai Conditions

Because n-hexane cracking by HZSM-S exhibits no significant catalyst deactivation 

when performed at low conversion (i.e. less than 30% conversion'^), the initial goal o f  this study 

was to find the temperature range over which this condition was satisfied. n-Hexane was 

introduced into the reactor gas flow by passing 60mL/min helium through a bubbler filled with 

99.9% n-hexane obtained from Sigma (Saint-Louis, MO) and maintained at room temperature. 

The resulting gas mixture entered the reactor through the reactant inlet and passed through lOmg 

of HZSM-5 previously calcined in-situ in 25mL/min air for 2 hours at 550*C. Calcination 

removed species (mainly water) adsorbed on the HZSM-5 surface. After calcination, the catalyst 

temperature was ramped from 300*C to 700°C at 2*’C/min, while in contact with the n-hexane 

reactant Reactor effluent ( -  80pL) was automatically injected every 4"C (2 min) into a 10 meter 

DB-5 capillary gas chromatographic column maintained at 50"C. The GC carrier gas was 

3mL/min helium. After separation, the GC flow was split in the 200°C interface by opening the 

reactor-GC/MS splitter valve so that the mass spectrometer ion source pressure reached IxlO^ 

Torr. The remaining GC flow was directed through the interface outlet to the external FID. The 

MS detector sampling rate was dictated by the mass spectrometer scan rate. To maximize the 

MS scan rate in order to provide the best possible GC/MS peak definition, only selected ions 

were scanned (m/z=26-30,37-45,55-58,69-71,78,86, and 91). These ions were determined to

70



be representative hexane and hexane derived hydrocarbons based on previous studies in which 

all ions in the m/z 20-180 mass range were detected. By restricting the number of ions scanned, 

the mass spectrometer sampling rate was increased by a factor of 6 (from 1.02 to 6.13 

scans/second) compared to scanning the entire m/z 20-180 mass range. Figure 3-17 shows 62 

successive chromatograms obtained during n-hexane cracking plotted versus catalyst 

temperature over the 4S0-700°C range derived from the MS (a) and the FID (b). The y-axes 

denote the respective detector signals: MS total ion current (TIC) and relative FID current. 

Below 450°C, chromatograms contained a single peak of constant area corresponding to 

uncracked n-hexane. As the catalyst temperature increased firom 4S0"C to 700*’C, the n-hexane 

peak diminished and a peak corresponding to propene grew. This was expected, because 

conversion increased with temperature. However, the relative peak heights for the n-hexane and 

propene peaks were different for the two detectors. Relative to n-hexane, the propene TIC peaks 

were much smaller than the FID derived peaks. Figure 3-18 shows TIC (a) and FID (b) 

chromatograms obtained at catalyst temperatures of 4S2°C, S96°C and 692*’C. X-axes represent 

retention time firom 0 to 1.75 minutes. Comparison of each chromatogram pair shows that FID 

chromatographic peaks were narrower than TIC chromatographic peaks. This was unexpected, 

because the FID connection included additional dead volume that should cause a reduction in 

peak resolution. Instead, peak resolution calculated for chromatograms obtained at catalyst 

temperatures of 596°C indicated that the resolution was almost a factor o f two better for the FID 

(R=9.7) than for the MS (R=5.4) chromatographic peaks. This can be explained by the 

difference in the detection methods. In the FID, hydrocarbons pass rapidly through a flame, 

whereas hydrocarbons entering the ion source must diffuse out The time required for diffusion 

results in peak broadening.
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At 4S2*C, the largest peak in both chromatograms corresponded to n-hexane and a small peak 

corresponding to propene can be observed. At S96°C, the FID chromatogram consisted of two 

peaks of similar intensity corresponding to propene and n-hexane. The TIC chromatogram 

obtained at the same catalyst temperature consisted of two peaks with significantly different 

intensities. The propene peak was much shorter than the n-hexane peak. At 692°C, the largest 

peak in both chromatograms corresponded to propene. The small n-hexane peak indicated that 

conversion was not complete. In addition to peaks for propene and n-hexane, the 692°C 

chromatogram contained an additional peak. The mass spectrum obtained during elution of this 

substance contained ions at m/z 78 and 91, which are characteristic o f all^l aromatics. Thus, at 

high temperatures, n-hexane cracking by HZSM-S occurred with high conversion and formation 

of volatile alkyl aromatics in addition to significant amounts of residue. This residue is the 

source of catalyst deactivation.'*’̂ ” The n-hexane peak height decreased with catalyst 

temperature similarly in both chromatograms (Fig. 3-17). However, the propene relative peak 

height was larger for the FID than for the MS. This was caused by the intrinsic properties o f 

each detector. The FID response depended on the number of reduced carbons. When an n- 

hexane molecule is transformed into two propene molecules, the total number of carbons is 

unchanged. Thus, the sum of the FID signals for n-hexane and propene remained relatively 

constant throughout the cracking temperature range. The n-hexane and propene FID peaks were 

of nearly equal height when the catalyst temperature reached about S96"C, denoting a 

conversion of about 50%. The MS detector response depends on the ionization properties of the 

substances when they are bombarded by electrons. n-Hexane and propene molecules have 

significantly different sizes and chemical functionalities, resulting in different ionization 

properties.
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Figure 3-19 shows (a) TIC and (b) FID peak areas for n-hexane (solid line) and cracking 

products (dotted line) plotted versus catalyst temperature over the 4S0-700°C range. The peak 

area of every eighth injection is marked with #  or ▲ to denote MS and FID results 

respectively.

Interestingly, although the MS and FID propene relative peak heights were significantly 

different (Fig. 3-17), relative peak areas were similar. The relative propene peak height 

differences for the FID and MS results evident in Figure 3-17 were attributed to peak shape 

variations. In fact, the chromatograms obtained at the S96°C catalyst temperature (Fig. 3-18) 

show that the propene TIC peak (a) was wider than the corresponding FID peak (b). Figure 3-19 

shows that the temperature corresponding to 30% conversion is approximately SSO°C. As a 

result, catalyst temperatures below SSO°C must be used for the kinetic studies to avoid catalyst 

deactivation effects. The temperature range for which conversion is below 30% can be 

determined more precisely by calculating the percent conversion, X, for each injection :

X = % Conversion = f  ~ AreaHm .̂'j ^ jqq p)
V AreaHcxuw/No Omvanan '  

where AreaHmne is the n-hexane peak area for each injection and AreaHcxmcMo convcnwii is the n- 

hexane peak area obtained when no conversion was observed. Peaks obtained at low catalyst 

temperatures or when the reactor was bypassed were used to determine the zero conversion peak 

area. Figure 3-20 shows percent conversion obtained for each injection plotted versus catalyst 

temperature over the 450-700"C range. The #  and A symbols represent every eighth injection 

and denote MS and FID data respectively. Figure 3-20 shows a very good correlation between 

the MS and FID data. The horizontal line at 30% conversion represents the maximum 

conversion that can be used to crack n-hexane without significant catalyst deactivation. This 

graph shows that the catalyst temperature must be maintained below S40°C to avoid 

deactivation and above 480°C to have significant conversion.
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Uld.b Kinetic Stiufy

For a given chemical reaction, the reaction rate constant is related to the activation 

energy and temperature, and can be calculated from the Arrhenius equation (defined in 

Chapter I);

t  = A e x p ^ - ^  (4)

where k is the rate constant, A is the pre-exponential factor (also called frequency factor), E, is 

the activation energy in Joules per mole, R is the gas constant with the value 8.314 J mol ' K ',

and T is the temperature in Kelvin. n-Hexane cracking by HZSM-S is a first order process. The

activation energy can be determined fiom the slope, -E^R, o f the straight line obtained by 

plotting the natural logarithm of the rate constant against the reciprocal absolute temperature :

In^ = — — hInA (5)
R  T

Conversion is directly proportional to and can therefore be substituted for the rate constant k 

(c.f. Appendix C). Consequently, the activation energy can be obtained from the slope, -E,/R, of 

the straight line obtained by plotting the natural logarithm o f the fractional conversion (X) 

versus the reciprocal absolute temperature :

lnX = - ^ x i  + inA' (6)
R I

Isothermal n-hexane conversions were measured at catalyst temperatures of 480°C, SOO°C, 

S20°C, and 540"C. However, plots o f InX versus 1/T were not linear for the MS or the FID data. 

By collecting n-hexane chromatograms overnight while bypassing the reactor, it was determined 

that the amount o f n-hexane present in the gas flow varied with time. n-Hexane was introduced 

to the reactor gas flow by allowing helium to bubble through liquid n-hexane maintained at 

room temperature. Thus, the amount o f  n-hexane in the gas flow depended on the n-hexane 

vapor pressure, which varied with the ambient temperature. Room temperature variations were
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sufficient to change the amount of n-hexane present in the gas flow during isothermal catalytic 

reaction measurements. As a result, the bubbler temperature was regulated by using a 

refrigerated water recirculator (model CFT-7S from Neslab, Portsmouth, NH). The bubbler was 

maintained at a temperature below room temperature to avoid n-hexane condensation in 

unheated transfer lines. The effect of bubbler temperature on the relative amount of n-hexane 

present in the reactant gas flow is illustrated by Figure 3-21, which shows n-hexane MS and FID 

peak areas plotted as a function of the bubbler temperature. Peak areas derived from each 

detector were directly proportional to the bubbler temperature. Peak areas (relative n-hexane 

concentrations) nearly doubled when the bubbler temperature was increased from 10.6°C to 

21.6“C.

In a second attempt to measure the n-hexane cracking activation energy, n-hexane 

chromatogram peaks (injections at 2 minute intervals) were collected for ten minutes in the 

bypass mode, then for ten minutes under isothermal reactor conditions at 480°C, SOO°C, S20"C 

and S40°C. Fractional conversions at each catalyst temperature, T, were calculated by equation 

7. Five chromatogram peak areas obtained in bypass mode. Area»—  Bypuo and at each 

isothermal temperature, AreanexucT» were averaged.

A re a H c x a a e  B ypm  ~  A f C a  Hexane T
Fractional Conversion j  =

A re a H e x a n e  Bypaat

(7)

The natural logarithm of the fractional conversion was plotted versus the reciprocal temperature. 

Figure 3-22 shows the plots generated flom FID and MS data. Both detectors yielded straight 

lines. However, the slopes o f these lines were significantly different The activation energies 

calculated from these slopes were consequently different also. This should not be possible 

because the detection method should not affect the n-hexane cracking kinetics. During 

subsequent experiments, n-hexane peak areas obtained in the bypass mode were recorded both at
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the start and the end (i.e. after all isothermal temperature data were collected) o f the experiment. 

FID n-hexane peak areas were essentially identical, whereas the TIC peak areas obtained after 

isothermal measurements were significantly smaller than those obtained before reaction. The n- 

hexane signal obtained through the bypass at each detector was recorded for over 4 hours. 

Figure 3-23 shows the chromatographic detector signal and n-hexane peaks areas ot>tained by 

using the FID (a) and the MS (b) detectors. FID peak heights and areas were constant with time 

whereas MS peak heights and areas clearly decreased with time. The large amount of n-hexane 

that entered the mass spectrometer on each injection may have contaminated the ion source, 

which would reduce the MS signal. This effect seems to be reversible because no significant 

signal loss was observed when the experiment was repeated after allowing the MS to pump 

down overnight. This MS signal decrease during chromatographic measurements was a 

significant problem. Although we were unable to avoid this problem, acceptable data were 

obtained by changing the experimental procedure. Figure 3-24 shows a flowchart representing 

the new data collection procedure. After the catalyst was calcined in situ, n-hexane was first 

introduced via the bypass mode. When the n-hexane partial pressure was constant and the 

catalyst temperature was stable at 480°C, data collection began. GC injections were made at 2 

minute intervals. During the first 10 minutes, chromatograms were obtained while n-hexane 

flowed through the reactor bypass. The manual valve was then switched and n-hexane was 

cracked in the reactor at 480°C. After 10 minutes, the manual valve was switched back to bypass 

and the catalyst was heated to the next temperature, in this case, 490°C. At the same time, 

chromatograms were collected in the bypass mode for 10 minutes (from 20 to 30 minutes in Fig. 

3-24). During that time, the reactor furnace reached 490°C. The manual valve was switched 

again and n-hexane was cracked for 10 minutes at 490°C. This process was repeated so that each 

isothermal n-hexane cracking measurement was performed between two zero conversion bypass
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mode measurements. Fractional conversion was calculated in such a way that the effect o f the 

MS signal decrease was minimized :

Fractional Conversion ^ =
A re& H ex iM  » Before A fC aH ex a n c , AAer>

(8)

where AreaHexne. t was the n-hexane average peak area obtained while cracking n-hexane at 

temperature T, and Areanexue. before and AreaHexane. after were the average n-hexane peaks areas 

obtained at zero conversion (bypass mode) just before and after collection of chromatograms 

representing cracking at temperature T. Arrhenius plots obtained by using this procedure are 

shown in Figure 3-2Sa. FID and TIC plots overlap. Activation energies for n-hexane cracking by 

HZSM-S derived from the slopes o f these lines were calculated to be 1 lOkJ/mol. The fact that 

the activation energies calculated from FID and TIC data gave the same exact numerical value 

(I lOkJ/mol) was only a coincidence. The uncertainty associated with this value, calculated ûom 

peak area reproducibility, was found to be ±2kJ/mol.

When cracking n-hexane, both n-hexane and propene peaks were detected. The amount 

of propene formed was directly related to the amount of n-hexane lost. Thus, the activation 

energy for the first order process can also be determined from changes in the propene peak area. 

Figure 3-2Sb shows Arrhenius plots obtained by using propene peak areas. The FID and TIC 

data produced relatively straight lines with similar slopes, but they did not overlap. However, 

these lines were not expected to overlap. The natural logarithms o f the absolute detector signals 

used to make these plots are different for the FID and MS signals. The propene peak areas were 

much smaller than the hexane peak areas because of the required low conversion conditions. 

The relative propene peak area uncertainQf was consequently higher, as was the uncertainty in 

the activation energy. The FID and TTC derived values (11 IkJ/mol and 106kJ/mol respectively) 

were nevertheless very close to those derived from factional n-hmcane conversion.
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m.2 Ammonia Temperature Programmed Desorption

Ammonia temperature programmed desorption (TPD) is commonly used to characterize 

catalyst acidities and was chosen to characterize our reactor-MS feature/'"^ Unlike n-hexane 

cracking, the FID could not be used to confirm MS results because ammonia provides no FID 

signal. Instead, reactor-MS ammonia TPD results were compared to those obtained by 

thermogravimetry and VT-DRIFTS.

Active site acidities of catalysts are often characterized by studying the interactions 

between these sites and basic probe molecules such as ammonia and pyridine. However, water 

readily adsorbs onto these sites at room temperature. As illustrated by Figure 3-26, adsorbed 

water can be removed by heating the catalyst. Figure 3-26a shows VT-DRIFTS spectra 

measured while heating HY zeolite from SO to SOO*C at 2*C/min. IR apparent absorbance (y- 

axis) is plotted against wavenumber (x-axis) for the 4000-800 cm ' range. Although spectra were 

acquired at 5°C intervals, only 4 spectra corresponding to catalyst temperatures o f 50°C, 125°C, 

200°C, and 400"C are shown in this figure. Figure 3-26b shows expansions o f Figure 3-26a in 

the 3600-3200 and 1800-1400 cm*' ranges. At SO"C, water adsorbed on the HY surfaces resulted 

in a broad absorbance feature (3700-2500cm*') and a sharp absorbance band (1650cm*'). As the 

catalyst temperature increased, water desorbed revealing the IR bands of the Bronsted acid sites 

(3650 and 3550cm*'). Water was completely desorbed by 400°C. After water desorption, the 

catalyst must be cooled in a dry environment to avoid re-adsorbtion of water on catalyst surfaces 

prior to ammonia exposure.

Qualitative acid strength profiles can be obtained by monitoring the temperature 

dependence of ammonia desorption. Temperatures at which ammonia desorbs ftom catalyst 

surfaces depend on the strengths of interactions between the adsorbed base and the acid sites. 

Under conditions for which ammonia does not re-adsorb (i.e. efficient purge) and readity
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difïlises through the catalyst pores, desorption temperature profiles represent measures of 

catalyst site acidity distributions. Figure 3-27 shows ammonia desorption from 30 mg o f HY 

zeolite monitored by thermogravimetry. The lefty-axis in Figure 3-27 represents percent weight 

loss and the right y-axis represents the first derivative o f the weight loss. The percent weight 

loss (solid line) and its first derivative (dotted line) are plotted against the catalyst temperature 

(x-axis) over the I00-550‘’C range. The HY sample was heated to 650°C in air (2SmL/min) to 

remove adsorbed water, then cooled to lOCC and flushed with helium before it was exposed to 

ammonia. After ammonia exposure, the sample was purged for 30 minutes and finally heated in 

25mL/min helium from 100 to 6S0°C at IO°C/min to desorb ammonia. Most of the sample 

weight loss occurred below SSO°C. The weight loss first derivative profile represents the HY 

acid strength distribution. Unfortunately, because thermogravimetric analysis provides only 

sample weight change information, this technique provides only the overall (combined Lewis 

and Bronsted) acid strength distribution. Furthermore, effects fi-om water re-adsorption prior to 

or after ammonia exposure cannot be discerned by thermogravimetry. Bagnasco reported that 

water can replace ammonia bound to Lewis acid sites.^ In fact, this can be used to distinguish 

Lewis and Bronsted acid sites by comparing thermogravimetry TPD results obtained with and 

without water vapor addition.

Ammonia interacts with Lewis and Bransted acid sites differently, resulting in distinct 

and well separated infrared bands.^^^ Figure 3-28a shows DRIFTS spectra measured in the 

4000-800 cm ' range when HY and NaY zeolite samples were exposed to ammonia. Both zeolite 

samples were heated to SOO°C in flowing helium to remove adsorbed water and then cooled to 

100°C before they were exposed to ammonia. Figure 3-28b shows expansions of Figure 3-28a in 

the 3800-3100 and 1800-1300 cm ' ranges. In both figures, apparent IR absorbance ty-axis) is 

plotted against wavenumber (x-axis). Y-axes are not shown in these figures because the HY
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spectra were artificially offset to permit comparisons to the NaY spectra. Ammonia adsorbed on 

NaY Lewis acid sites yielded absorbance bands between 3400 and 3300 cm ' due to N-H 

stretching vibrations and a band at 1640 cm ' characteristic of ammonia bending vibrations. In 

contrast, ammonia adsorbed on HY Bronsted acid sites yielded broad N-H stretching vibration 

absorptions and a band at 1450 cm ' assigned to the NH<* bending vibration. The HY zeolite 

also showed weak absorbance at 1640cm ' suggesting that the ion exchange was not complete 

and that some Lewis sites remained.

Figure 3-29 shows ammonia TPD from HY (a) Bransted and (b) Lewis acid sites 

monitored by VT-DRIFTS. Ammonia was completely removed from the HY Lewis acid sites 

(1640cm*') by heating to 275**C, whereas ammonia adsorbed on HY Bransted acid sites 

(1450cm*') did not desorb until the temperature reached 200'C and continued to desorb until 

400°C. Clearly, interactions between ammonia and Bransted acid sites were much stronger than 

interactions between ammonia and Lewis acid sites.

The microcatalytic reactor was used to generate ammonia TPD curves for different solid 

acid catalysts, namely HY, HZSM-5, MCM-41, silica alumina, and unpromoted and 1% Fe 

promoted sulfated zirconia. When available, TPD curves were compared with published results. 

The reproducibility of the ammonia TPD curves was also tested.

About lOOmg of catalysts were calcined in-situ at 600"C (550°C for HZSM-5) in 

25mL/min air for 2 hours. During calcination, the microreactor system oven was heated to 

100°C to facilitate water removal from all transfer lines. After calcination, the catalyst sample 

was allowed to cool to 100°C and was then flushed with 25mL/min helium. Anhydrous 

ammonia from Airgas (Radnor, PA) was added either as a very low flow (2mL/min for a couple 

o f minutes) or as a 10 psi pulse. In both cases, excess ammonia was added and catalyst samples 

were flushed with 25mL/min helium through the reactor purge line until ammonia could no
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longer be detected in the reactor effluent by the mass spectrometer. The mass spectrometer ion 

source pressure was adjusted depending on how much ammonia adsorbed onto each catalyst. Ion 

source pressures ranging from 1x10^ to 2x10'^ Torr (for HY and silica alumina, respectively) 

were used for TPD experiments. Ammonia was desorbed by heating the reactor furnace from 

100°C to 700°C at 10°C/min. The mass spectrometer was set to detect ions in the 12-150 m/z 

range. This wide range permitted detection of ammonia desorption as well as possible 

contaminants or catalyst decomposition. MS scans were signal averaged to record 2 to 3 spectra 

per minute. Figure 3-30a shows results from HY zeolite ammonia TPD. The x-axes denote 

catalyst temperatures and the y-axes represent the mass spectrometer signal, which was either 

total ion current (left axis) or selected ion current (right axis). The total ion current (solid line) 

and the ammonia molecular ion m/z 17 selected ion profile (dashed line) exhibited similar 

shapes, indicating that ammonia was the primary evolved product. However, the water 

molecular ion at m/z 18 (dotted line) also had significant intensity. This means that water also 

desorbed from the catalyst surface. Although dessicant traps were used on gas cylinders and the 

microreactor system oven was heated to 100°C during TPD experiments, it was not possible to 

completely remove water. The water mass spectrum contains a  signal at m/z 17 that is about one 

third of the intensity of the m/z 18 molecular ion. Consequently, the TPD ion signal at m/z 17 

did not solely result from ammonia. The ammonia ion at m/z 14 (hT) could be used to represent 

ammonia evolution without water interference. However, the m/z 14 ion signal is about 6 times 

smaller than m/z 17 in the ammonia mass spectrum. Instead, a signal representative o f ammonia 

was obtained by subtracting the water contribution &om the m/z 17 ion signal. This was done by 

subtracting one third of the m/z 18 ion signal from the measured m/z 17 ion signal:

Ammonia Signal = Signalm/t it - ( 1/3 x Signalm^i:) (9)
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Figure 3-30b shows the HY acid strength distribution corrected for water desorption. The solid 

line in Figure 3-30b corresponds to the “anunonia signal” calculated by using equation 9. The 

dashed line in this figure represents the m/z 17 signal before correction. Ammonia temperature 

programmed desorption from HY resulted in a characteristic assymetric peak previously 

reported by Hidalgo and coworkers.^' Ammonia started to desorb around 120**C and continued 

to desorb until 5S0°C. This temperature range is different from that determined by using VT- 

DRIFTS. In that study, the start of ammonia evolution occurred just above 100‘*C, the 

temperature at which ammonia adsorbed on Lewis acid sites began to desorb. VT-DRIFTS 

measurements showed that ammonia was completely removed from Bransted acid sites at 

400*’C. The discrepancy between VT-DRIFTS and Reactor-MS results may be due to the higher 

sensitivity of the mass spectrometer compared to the FTIR. The FTIR may not be able to detect 

the last 9% of ammonia evolution (area of TPD profile above 400°C in Fig. 3-30b).

The reproducibility o f ammonia TPD experiments was verified by repeating the 

measurement for each catalyst type. In order to compare ammonia TPD curves, MS signals were 

normalized so that TPD curves could be superimposed. The “Normalized MS Signal” was 

calculated by dividing the “Ammonia Signal” calculated by equation 10 by the maximum signal 

for each data set ;

Normalized MS Signal = ( 1 0 )
(lon«/îl7 -[IOOir/îll/3])̂

This calculation normalized the MS data to a 0-1 range. Figures 3-31 to 3-33 represent replicate 

ammonia TPD curves for HY, HZSM-S, MCM-41, silica-alumina, unpromoted and \%  Fe 

promoted sulfated zirconia catalysts. In these figures, the normalized MS signal corrected for 

water evolution is plotted against the catalyst temperature. For all six catalysts, ammonia TPD 

curves obtained for replicate samples were very similar. The two ammonia TPD curves obtained 

for HY shown in Figure 3-3 la  are almost completely superimposed. One o f  the curves is the 

same as that presented in Figure 3-30b. Of all six catalysts, HY adsorbed ammonia the most
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The ammonia TPD curves obtained for HZSM-S (Fig. 3-3 lb) consisted o f two 

characteristic peaks, as described in the literature.'^^^ The low temperature peak was 

attributed to desorption from Lewis acid sites based on the fact that ammonia liberated at these 

temperatures could be displaced by water, whereas ammonia responsible for the high 

temperature peak could not be displaced by water.^ The low temperature peak maximized at 

225°C, whereas the high temperature peak maximum occurred near 415°C. Ammonia desorption 

was nearly complete by 550°C.

Figure 3-32a shows ammonia TPD curves for MCM-41. They consist of a broad tailing 

peak that maximizes at about 200°C. Unlike the zeolites, ammonia desorption was not complete 

by SSO°C. These results are consistent with previous studies of the acid properties of 

mesoporous MCM-41 using ammonia as a probe molecule that showed that MCM-41 has a 

broad acid strength distribution. '̂*^"

Silica-alumina TPD curves (Fig. 3-32b) consisted of a sharp peak that maximized at 

about 20S°C. Ammonia desorption was complete by 4S0*’C, which is consistent with the low 

acidity reported for silica-alumina. '̂*^^

Unpromoted and 1% Fe promoted sulfated zirconia ammonia TPD curves (Figs. 3-33a 

and 3-33b) are similar and consist o f broad peaks. When iron was present, the curve shifted to 

lower temperature. In addition to ammonia desorption, mass spectrometric analysis indicated 

that sulfated zirconia catalysts decomposed. Ions at m/z 64 and m/z 32, characteristic o f SO2, 

were observed when the reactor furnace temperature reached 4S0*C for the 1% Fe promoted 

sulfated zirconia and SOO°C for the unpromoted sulfated zirconia catalyst SO2  evolution 

maximized at S2S°C and 600°C for the 1% Fe promoted and the unpromoted sulfated zirconia 

catalysts respectively. These results are consistent with previously published results.''
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n i J  I'Btttene Temperature Programmed Desorption

In the past, we used l-butene TPD to characterize metal promoted sulfated zirconias.^’ 

Olefins react with Bransted acid sites on inorganic oxide catalyst surfaces to form carbénium 

ions. Volatile species detected during TPD studies Qrpically include oligomers and oligomer 

cracking products. As a result, a large range of products are evolved during l-butene TPD 

experiments. We previously used l-butene TPD to test the chromatographic separations 

capabilities of our repetitive injection gas chromatography-mass spectrometry apparatus.^*"^  ̂

Similar studies were conducted to assess the performance of the GC built for use with our 

microreactor system.

Sulfated zirconia has attracted considerable attention as a catalyst for skeletal 

isomerization o f alkanes at low temperatures.^* Oligomerization reactions such as those that 

have been proposed to form Cg intermediates in the isomerization of n-butane involve reactions 

of carbénium ions.^’ We investigated the reactivities of carbénium ions on unpromoted sulfated 

zirconia catalyst by using reactor-GC/MS to analyze volatiles produced during TPD of surface 

species resulting from l-butene adsorption. About lOOmg of sulfated zirconia was calcined in 

situ at 600°C in lOmL/min air for 2 hours. During calcination, the microreactor system oven was 

heated to IOO°C. The catalyst sample was then allowed to cool to SO°C. When the catalyst 

temperature reached SO°C, the air flow was replaced by lOmL/min helium. A pulse of l-butene 

from Specialty Products & Equipment (Houston, TX) was introduced to the catalyst. This was 

accomplished by opening the l-butene lecture bottle until the pressure gauge read lOpsi and 

then immediately closing it. A lOmL/min helium flow was used to remove the excess l-butene. 

When hydrocarbons could no longer be detected in the reactor effluent by the mass 

spectrometer, the microreactor oven was set to 60°C. At that point, the reactor-GC/MS splitter 

valve was opened so that the pressure in the mass spectrometer ion source reached 4.8x10^ 

Torr. The sulfated zirconia catalyst was heated from SO to 300°C at 2"C/min, while the
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microreactor oven was heated fiom 60 to 200°C at 2°C/mln and held at 200°C until the catalyst 

temperature ramp was completed. Volatile products evolved during the heating ramp where 

analyzed by GC/MS every IS°C from 70 to 280°C. The capillary column employed was a  10m x 

25mm x 25pm AT^-1 fiom Alltech (Deefield, IL). A 2mL/min helium GC carrier gas flow was 

employed. The GC/MS interface was maintained at 200°C during the experiment The catalyst 

temperature range was selected based on a separate thermogravimetry experiment in which 1- 

butene oligomerization products were desorbed from 30mg of sulfated zirconia over the 50 to 

400°C temperature range. Figure 3-34a shows the results from the thermogravimetry and 

microreactor-GC/MS experiments. The x-axis in Figure 3-34a represents the catalyst 

temperature. The tick marks on this axis denote the GC/MS injections. The right y-axis denotes 

the percent weight loss for adsorbed hydrocarbons. The left y-axis represents the mass 

spectrometer total ion current for the 15-200 mass range. The dotted line in Figure 3-34a is the 

thermogravimetry percent weight loss. It clearly indicates that most o f the weight loss (>90%) 

occurred below 300°C. The solid line represents GC/MS total ion current chromatograms 

measured when reactor effluent was injected into the mass spectrometer. The GC/MS total ion 

current represents 15 successive capillary gas chromatograms obtained over the 70-280°C 

catalyst temperature range. The numerous peaks in the reactor-GC/MS chromatograms suggest 

that 50°C was sufficient for l-butene oli^merization on sulfated zirconia catalyst. Figure 3-34b 

shows the gas chromatogram obtained by injecting reactor effluent into the gas chromatographic 

column when the catalyst temperature reached 175°C. The mass spectrometer total ion current 

(left y-axis) and the GC oven temperature (right y-axis) are plotted against the retention time (x- 

axis). The dotted line in Figure 3-34b represents the gas chromatographic oven temperature 

program employed to separate volatile products. Subambient temperatures were required at the 

beginning o f the temperature program to separate low boiling point hydrocarbons such as
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propene and butenes. After a 30 second isothermal period at -20°C, the GC temperature was 

increased to 125°C at a rate of 40*C/min and then to 220"C at a rate of SC’C/min. The gas 

chromatograph temperature program required about 6  minutes. Cooling the GC oven back to 

-20°C required approximately 30 seconds. By allowing one minute equilibration at -20*C before 

the next injection, chromatograms were obtained at 7.5 minute intervals, which corresponded to 

15°C catalyst temperature intervals. The chromatogram (solid line) in Figure 3-34b contains 

more than 50 eluent peaks, many of which are baseline resolved. Mass spectra obtained during 

reactor-GC/MS analyses confirmed that most evolved products were hydrocarbons in the Cs-Cia 

range. Although the majority of the volatile products were saturated hydrocarbon isomers, 

unsaturated species and aromatics were also detected. The volatile products detected during 

reactor-GC/MS analysis of the sulfated zirconia catalyst containing adsorbed l-butene are 

consistent with the following reaction scheme;^^

C4HS ♦ HS — ► C4 H9* ♦ S 

Jc4H,

C#H„ ♦ HS   C,Hi7* ♦ S'-S^^^hlglMroHgonwra

P-SCiSSiOIV rearr .H*

Rafunsifd) ♦ R /+  S~ « CsHit* ♦ S — ^CaHi a ♦ S

Ji'

Ri(unsatd) *  HS Ri(iafd) * S C,Hi, + HS

In this reaction scheme, C4 H, represents butene and HS denotes a Bransted acid site on the 

catalyst surface. Butenes detected by reactor-GC/MS analysis may have resulted from 

deprotonation o f CJdC  species when the thermal energy due to sample heating exceeded the 

interaction energy between the carbénium ion and the catalyst surface. Reactions o f l-butene 

with C*H,  ̂carbénium ions to form C^H,?^ must have occurred to form the volatile products that
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were larger than Q . Initially formed CgHi?  ̂carbénium ions may rearrange, react with l-butene 

to form larger carbénium ions, or may be converted to volatile products by : deprotonation to 

regenerate HS Bronsted acid sites and form CgH|6 species, hydride abstraction from neighboring 

adsorbates to form C,Ht; species, or P-scission to produce unsaturated products and smaller 

carbénium ions. Small carbénium ions may desorb as olefins or abstract hydrides and desorb as 

saturated hydrocarbons. Many o f the hydrocarbons detected by reactor-GC/MS likely resulted 

from P-scission of large oligomeric carbénium ions. Apparently, most unsaturated p-scission 

products were too large to be volatile at the temperature at which scission occurred. The small 

carbénium ions formed by these scissions subsequently reacted by hydride abstraction to form 

saturated hydrocarbon products.

The large number of eluent peaks in Figure 3-34a illustrates the magnitude of the 

repetitive injection GC/MS data reduction problem. The data for this typical repetitive injection 

experiment consisted of 17,558 mass spectra and 15 chromatograms. The first step in creating 

species-specific evolution profiles from repetitive injection GC/MS data is to identify the 

substances responsible for selected chromatographic peaks. This is usually accomplished by 

comparing retention times and mass spectra of known materials with those associated with 

unknown chromatographic eluents. After the substance responsible for a chromatographic peak 

is identified, information regarding the concentration of this species in the reactor effluent can 

be obtained by computing the total ion current (TIC) chromatographic peak area. To generate 

species-specific evolution temperature profiles, chromatographic peaks representing the same 

substance in successive reactor-GC/MS gas chromatograms must be integrated. A profile is 

generated by plotting TIC peak areas for a particular substance against the sample temperatures 

at which the chromatographic injections were made. Commercially available GC/MS software is 

designed for manipulating single chromatograms. Therefore, each species-specific reactor-
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GC/MS peak must be located and integrated manually when these data reduction tools are 

employed. Consequently, the task of generating species-specific evolution profiles using 

commercially available GC/MS data reduction software can be very time consuming. To 

simplify reactor-GC/MS data reduction procedures, a filtering algorithm that compares 

structure-specific mass spectral patterns to determine which chromatographic peaks represent 

selected eluents was employed.

The chromatogram peak extraction algorithm compares all reactor-GC/MS mass spectra 

with a target mass spectrum and extracts chromatogram segments from the data set when the 

mass spectra match the target spectrum. After isolating the chromatogram peaks representing a 

selected eluent, their areas are computed and plotted as a function of the sample temperature at 

the time of the chromatographic injection. The mass spectrum filter employs a spectral 

comparison method that has been used for library searching and is supplied with many MS 

data systems. In this method, mass spectra are represented as multidimensional vectors. Vector 

dimensionality is determined by the number o f ions scanned to obtain the spectrum (i.e. the 

mass range). The orientation o f a mass spectral vector in multidimensional space is determined 

by relative ion signal abundances and is therefore dependent on the structure of the substance 

that produced the mass spectrum. Angles between vectors derived from reactor-GC/MS mass 

spectra and a target mass spectrum are obtained by computing vector dot products. Small angles 

are obtained when mass spectra are very similar, whereas large angles result when poor matches 

are obtained. An operator-specified threshold angle is employed to determine which 

chromatogram segments are extracted from the original set. With the appropriate choice of 

threshold angle value, the chromatogram peaks derived from mass spectra that closely resemble 

the target mass spectrum are selected from the reactor-GC/MS data set
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Figure 3-3 S shows how a species-specifîc temperature profile was generated from the 

entire data set in Figure 3-34a by using the mass spectrum filtering algorithm. Figure 3-3Sa 

shows the gas chromatogram obtained by injecting reactor effluent when the catalyst 

temperature reached 175°C. The mass spectrum corresponding to the maximum o f a 

chromatographic peak marked with an asterisk in Figure 3-3 5a was selected as the target mass 

spectrum and is shown in Figure 3-35b. Library search indicated that this mass spectrum 

corresponded to that of 2-methylbutane. Figure 3-35c shows the chromatographic peaks that 

were extracted from the entire data set. Figure 3-34a, by using the mass spectrum filtering 

algorithm and the 2-methylbutane target mass spectrum. Chromatogram peaks are plotted 

against the injection temperature. With appropriate choice of a vector angle threshold value, 

these peaks could be attributed solely to 2-methylbutane elutions. The 2-methylbutane species- 

specific evolution temperature profile, shown in Figure 3-3 5d, was obtained by plotting the 

integrated peak areas of the chromatographic peaks extracted by the filtering algorithm (Figure 

3-3 5c) against the injection temperature.

Species-specific temperature profiles can be generated for each chromatographic eluent 

by repeating the process described for the 2-methylbutane. Figure 3-36 shows another example 

o f species-specific profile generation. A different chromatographic peak (marked with an 

asterisk in Figure 3-36a) was selected from the gas chromatogram obtained by injecting reactor 

effluent when the catalyst temperature reached 17S°C. The corresponding mass spectrum is 

shown in Figure 3-36b. Library search provided no match for this mass spectrum. However, the 

ion at m/z 134 and the presence of an ion at m/z 91 (tropylium ion) suggested that the target 

mass spectrum corresponded to a C^benzene. Although a single mass spectrum was selected as 

the target, more than one chromatogram peak was extracted from some chromatograms (Figure 

3-36c). Because mass spectra representing the Cfbeneze isomers are virtually indistinguishable.
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it was not possible to restrict mass spectrum filtering to a single component. The peaks 

corresponding to each C4-benzene isomer were manually separated based on their retention 

times in each chromatogram. Then, the evolution temperature profile representing a selected C4- 

benzene isomer was be obtained (solid line in Figure 3-36d). Alternatively, the peak area of both 

C4 benzene isomers can be added to generate a C4-benzene specific temperature profile (dotted 

line on Figure 3-36d).

Comparing figures 3-3Sd and 3-36d shows that evolution profiles may vary for different 

substances. 2-Methylbutane evolution occurred over catalyst temperatures in the 70-2S0°C 

range and maximized when the catalyst reached 17S°C. In contrast, C4-benzene evolution was 

not detected before the catalyst temperature reached 160"C. The C4-benzene evolution 

maximized between 190 and 20S*’C and continued until the reactor effluent was no longer 

monitored (last injection at 280°C). Products that exhibit similar evolution temperature profiles 

may be formed by the same pathway, whereas different evolution temperature profiles often 

denote products that are formed by different mechanisms. The difference in the 2-methylbutane 

and C4-benzene temperature profiles clearly indicates that these products originated from 

different pathways. This was expected, because aromatic compounds likely originated from the 

decomposition of polyene segments that were formed at lower temperatures.
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IV. n-BUTANE ISOMERIZATION

n-Butane isomerization by 1% Fe promoted sulfated zirconia was studied because this 

was the original application for which the reactor was built. Unlike the benchmark studies, these 

experiments were not expected to provide information regarding specific aspects of the 

apparatus. Instead, results were compared to previous catalytic reactor studies o f the 

isomerization of n-butane to iso-butane conducted in Dr. Resasco’s laboratory.^

A few years ago, Hsu and coworkers were the first to report that sulhited zirconia 

promoted with Fe and Mn exhibited significantly higher activity for n-butane isomerization. 

Since then, sulfated zirconia has attracted considerable attention as a catalyst for alkane 

isomerization. A comprehensive review was subsequently published by Song and Sayari.^' 

Although several theories have been proposed, the cause o f the enhanced catalytic activity o f 

metal promoted sulfated zirconia is still unknown. One explanation is that metal promoters 

increase the catalyst acidity. Most proposed mechanisms involve reactions of carbénium ions 

formed at sulfated zirconia acid sites. However, initial carbénium ion formation is a poorly 

understood process. Carbénium ions can be formed by abstraction of hydrides from n-butane by 

a strong Lewis acid site. A:

n-C^Hio + A  ► C4H,+ + HA*

However, this requires an extremely strong Lewis acid site. Another hypothesis is that strong 

Brensted acid sites, HS, can abstract hydrides from n-butane:

n-C4H,o + S H  > C4H9 + S’ + H:

However, hydrogen gas has not been detected. Alternatively, carbénium ions were thought to be 

generated by reaction of an olefin, which was present as an impurity in the feed or formed by 

thermal cracking and a Bransted acid site, HS:
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n-C^Hg + H S  ► C4H9 + + S-

This proposal was not really convincing and more recently it was suggested that carbonium ions 

can be formed by reaction with a Bronsted acid site, HS:

n-C^Hio + SH C4H„+S* QHzM + C4.iH%44) S" 
parrafin carbénium ioncarbonium ion

It is now widely believed that protolysis (dissociation of an intermediate carbonium ion into a 

paraffin and a carbénium ion) of the n-butane feed molecule by a strong Brensted acid site is 

responsible for the initial formation of carbénium ions, such as € 4 % ^. Then, intramolecular or 

intermolecular isomerization can take place:̂ **̂ ^

Intramolecular k —  A
QH,+ Primary Carbénium Ion

+ +

A
i-C^Hio

Intermolecular

C4H9+ Butene CgH,7+

Secondary Carbénium Ion Tertiary Carbénium Ion

A
i-C^Hio

reacts with 
carbénium 

ion

The intermolecular pathway, involving a C# intermediate, is energetically favored because it is 

expected to include secondary and tertiary carbénium ions which are more stable than the 

primary carbénium ions in the intramolecular model. However, the intermolecular pathway is 

based on the hypothesis that the butene formed reacts with the C4  carbénium ion.^^
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In previous studies, metals (such as Cr, Fe, and Mn) were incorporated into sulfated 

zirconias and their promoting effects were evaluated for n-butane isomerization by using Dr. 

Resasco’s catalytic reactor.^^'^ Catalytic activity measurements were made and deactivation 

rates were determined from plots of n-butane conversion against time on stream. n-Butane 

percent conversion was calculated by using equation (II)  :

n-Butane Percent Conversion = ----------------------  x 100 (11)
^^^^i-buttne ^  ̂ ^^n-huttne

Catalysts were calcined in-situ by heating them in dry air at 600°C for 2 hours. They were then 

cooled in air to 100°C, flushed with helium, and finally exposed to a mixture of lOmL/min n- 

butane and 20mL/min helium. Figure 3-37 shows results o f n-butane isomerization by 1% metal 

(Fe, Cr, and Mn) promoted sulfated zirconia at 100°C. n-Butane conversion for each of the 

metal promoted sulfated zirconia samples increased to a maximum and then decreased with time 

on stream. The induction period was attributed to the formation and accumulation o f 

intermediate species at the catalyst surface.^ Fe promoted sulfated zirconia, represented by the 

solid line in Figure 3-37, exhibited the highest overall activity, and all catalysts had similar 

deactivation rates.

n-Butane isomerization studies were similar to n-hexane cracking in the sense that the 

hydrocarbon reactant flowed through a catalyst sample. However, the amount o f n-butane (33% 

vol.) was much greater that of n-hexane (0.0026% vol. or 17 mg/L). Even after make up helium 

dilution, the high n-butane concentration resulted in a large pressure pulse (-100 fold) when the 

peak eluted into the mass spectrometer. As a result, the large sample loop (~80pL) could no 

longer be used. Instead, a ISpL sample loop was employed for n-butane isomerization studies.
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Initial results from n-butane isomerization by 1% Fe promoted sulfated zirconia showed 

that automatic injections into the GC were not reproducible. Figure 3-38 shows successive 

chromatograms obtained while measuring n-butane concentrations in the “Bypass Mode” prior 

to reactor experiments. The y-axis denotes mass spectrometer total ion current (TIC). The 

variable peak heights are similar to those that were obtained in n-hexane cracking studies prior 

to adding the make up gas at the reactor exit (Fig. 3-8). Although the addition of make up gas 

allowed for reproducible n-hexane injections, the irreproducible n-butane injections likely 

resulted from pressure variations. The ISpL sample loop restricted gas flow and may have 

caused pressure variations when the automatic valve was rotated. One way to solve this problem 

would be to ensure that flow paths were identical regardless o f the automatic valve position 

(Fig. 3-7). However, this could not be achieved with a 6-port valve, because the sample loop can 

only be part o f one flow path. As a result, the 6-port gas switching valve was replaced with an 8- 

port gas switching valve that could accommodate two ISpL sample loops. Figure 3-39 shows 

the 8-port valve connections. The numbers on this flgure correspond to those used for the 

current microreactor-GC/MS-FID design (Fig. 3-IS) and current reactor flow diagram (Fig. 3- 

16). In position 1, port #12 was connected to the outlet (port #8) through sample loop 1. The GC 

carrier gas (port #9) was connected to the GC/MS column (port #10) through sample loop 2. In 

position 2, ports #12 and #8 were connected through sample loop 2 and the GC carrier gas (port 

#9) swept the reactor effluent trapped in sample loop 1 into the GC column (port #10). The only 

difference between the two valve positions was which sample loop was being loaded and which 

was being injected. It is however important to note that each 8-port valve rotation resulted in an 

injection while every other 6-port valve rotation produced an injection. Thus, the programmed 

time intervals at which the 8-port valve rotated had to be doubled to maintain the same injection 

time intervals.
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n-Butane isomerization by 1% Fe promoted sulfated zirconia was characterized by using 

our microreactor GC/MS system. About lOOmg of a freshly synthesized 1% Fe promoted 

sulfated zirconia was calcined in situ at 600°C in 20mL/min air for 2 hours. During calcination, 

the microreactor system oven was heated to IOO°C. The catalyst sample was then allowed to 

cool to IOO°C. When the catalyst temperature reached IOO°C, the air flow was replaced by 

20mL/min helium and 2SmL/min make up helium was added at the microreactor exit. The 

manual valve was placed in the Bypass Mode and lOmL/min n-butane was added. The reactor- 

GC/MS splitter valve was then opened so that the pressure in the mass spectrometer ion source 

reached 2.8x10'^ Torr. GC/MS injections were used to determine when the n-butane partial 

pressure (chromatographic peak height) reached equilibrium. The catalyst was maintained at 

IOO°C during isomerization measurements. The manual valve was switched to the Reactor Mode 

to admit n-butane to the catalyst (time on stream=0) and the automatic valve began to inject 

effluent into the GC/MS at one minute intervals. The GC oven temperature was maintained at - 

IO°C for separations. A lOm x 25mm x 25pm A T ^-I capillary column from Alltech (Deefield, 

IL) was employed. A 2mL/min helium GC carrier gas flow was employed. The GC/MS interface 

was maintained at room temperature during studies. Figure 3-40 compares the results from this 

study and those from previous studies with Dr. Resasco’s reactor. In this figure, the x-axes 

denote the time on stream in minutes but have different scales. The curve in Figure 3-40a is 

identical to the solid line in Figure 3-37 and represents the time dependence o f n-butane 

isomerization by 1% Fe promoted sulfated zirconias motinored by using Dr. Resasco’s reactor. 

As previously described, conversion increased to a maximum (about 32% after 13 minutes on 

stream) and then slowly decreased due to catalyst deactivation. After more than one hour on 

stream, n-butane conversion was still higher than 10%. Figure 3-40b shows the results obtained 

by using the microreactor-GC/MS system to monitor n-butane isomerization by a fieshly 

prepared 1% Fe promoted sulfated zirconia catalyst. Maximum conversion was obtained for the
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second injection (time on stream = 2 minutes) and no induction period was observed. n-Butane 

conversion did not exceed 15% and fast deactivation occurred (conversion dropped below 5% 

after 6 min on stream).

Catalytic activity and catalyst deactivation are known to be related and to depend on the 

n-butane partial pressure and catalyst temperature.^ An increase in n-butane partial pressure or 

in temperature results in an increase in activity and a faster catalyst deactivation. This may 

explain why some authors report an induction period,^^^ but others do not. '̂ n-Butane 

isomerization experiments with the microreactor-GC/MS system were repeated with lower n- 

butane partial pressures and lower catalyst temperatures. However, results from these 

experiments were similar to those depicted in Figure 3-40b. Again, no induction period was 

observed and catalyst deactivation was very fast.

Differences in the Figure 3-40 curves may have resulted from different catalysts, 

different reactants (i.e. impurities in the reactant stream) or differences in the properties o f the 

reactor system (e.g. increased pressure due to the smaller lines used in our microreactor system). 

To find out, it would have been useful to compare results with the same catalyst and reactant 

streams on both microreactor systems. However, this was not possible because the reactor in Dr. 

Resasco’s laboratory was no longer available.

Although sulfated zirconia showed great promise for catalyzing the skeletal 

isomerization of alkanes, academic and industrial researchers were unable to avoid rapid 

catalyst deactivation. Consequently, this catalyst is no longer pursued and our research project 

was discontinued. As a result, minimal effort was made to find the cause of the discrepanqr in 

the n-butane isomerization results.
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V CONCLUSION

A microreactor-GC/MS-FID system was developed in our laboratory. This system is 

very versatile and was used for isothermal catalytic activity determinations and temperature 

programmed catalyst characterization measurements. Its design made it easy to bypass the 

microreactor furnace or the gas chromatograph.

The microreactor-GC/MS-FID system was able to provide accurate activation energies 

for n-hexane cracking by HZSM-S. A very good correlation between the MS and FID data was 

also obtained, which indicates that MS information alone may be able to give both structural and 

quantitative information for most applications. Catalyst acid site distributions were 

characterized by ammonia temperature programmed desorption. Results from I-butene 

oligomerization product desorption / decomposition showed the high performance of the GC 

built for this system.

The microreactor-GC/MS-FID system is now well characterized and will be used to 

study unknown catalytic systems.
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CHAPTER 4 : NICKEL ALUMINATE 
OXIDATION STUDIES

I. INTRODUCTION

Dr. White’s laboratory has interests in the study of biomass conversion by catalytic 

cracking. Currently, about 97% of all transportation energy in the U.S. is derived from 

petroleum, which is a non-renewable feedstock. Foreign oil accounts for about one-half of the 

oil used in the United States. The fact that oil is a non renewable energy feedstock and that the 

U S. is currently heavily reliant on foreign sources of energy are excellent incentives for 

developing renewable energy sources. In addition, the burning of fossil fuels has serious 

environmental consequences. In contrast, the use o f biomass for energy provides significant 

environmental advantages. For example, plant growth needed to generate biomass feedstocks 

will deplete atmospheric carbon dioxide and offset the increase in atmospheric carbon dioxide 

resulting from biomass fuel combustion. There is currently no way to offset the carbon dioxide 

added to the atmosphere (and the resultant greenhouse effect) that results from fossil fuel 

(diesel, gasoline, and natural gas) combustion. Biomass renewable energy sources can be 

converted to o^qr^nated fuels and are therefore logical choices for replacing oil.'

The kinetics and thermal decomposition mechanisms of biomass and biomass 

constituents have been extensively studied. In contrast, few studies have focused on the use o f 

catalysts for direct biomass cracking. Examples of biomass catalytic cracking studies include 

Arauzo e t  al.,^ who reported that nickel aluminate, NiAlzO*, could effectively convert biomass 

to CO and COj. Prelimmaiy studies in our laboratory  ̂showed that nickel aluminate catalyzes 

the conversion of cellulose, the nujor natural polymer in biomass, to primarily CO2 . The fact
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that nickel aluminate promotes the formation o f CO2  in an inert atmosphere suggests that nickel 

aluminate has potential as an oxidation catalyst.

An oxidation catalyst is a substance that activates the oxidant (usually ô Q̂ gen present in 

the air), the substrate, or both.* Oxidation catalysts should not oxidize the reaction products.* 

This is only important in partial oxidations, because complete hydrocarbon oxidation yields 

carbon dioxide and water that cannot be easily oxidized. Goiodets proposed two possible forms 

o f intermediates in catalytic heterogeneous reactions involving molecular oxygen.^ The initial 

reactant (Reac) or substrate can form an activated complex with oxygen at the catalyst (Cat) 

surface to form the products (Prod) and a “deformation” mechanism occurs;

Reac + O2  + C a t  ► (Reac O2  C at)*  > Prod + Cat

This mechanism requires the simultaneous adsorption o f both oxygen and reactant, which makes 

it particularly difficult (high negative entropy). Alternatively, in the step-wise mechanism 

molecular oxygen is activated by the catalyst prior to reaction with the reactant:

Cat + O z ► (CatOz)*

(Cat O2)* + Reac ► Prod + Cat

The stepwise mechanism is now accepted by most scientists. However, the nature o f the 

activated complex still remains a point of discussion and depends on the catalyst employed.

The objectives of the study described here were first to verify the activity o f nickel 

aluminate for production of CO2  from cellulose and second to evaluate its potential as an 

oxidation catalyst Kinetic studies similar to those for n-hexane cracking described in Chapter 3 

were performed to compare the nickel aluminate activity for n-butane oxidation to that o f 1% 

platinum on alumina, a known oxidation catalyst used in automotive three-way catalytic 

converters.^'®
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n . THERMAL DECOMPOSITION OF CELLULOSE

Cellulose Is the primary biopolymer in plants. It forms the basis for grasses, leaves, and 

stems and comprises about 50% of dry biomass. Cellulose consists of a linear chain o f glucose 

units. Glucose molecules are joined together by l,4-P-linkages.

CHiOH CH,OH

I)—OH H i>—OH H

HO OH 
Glucose

CH2OH HO OH

HO. OH

0 -  -

HO HO OHOH

CHjOHCH2OH

Cellulose

Cellulose and cellulose derivative thermal degradation processes have been extensively 

studied. Interest in cellulose decompositions arise from potential fuel production and for 

improving the fire retardancy of cotton and wool. The role o f o^qfgen in enhancing cellulose 

degradation is well known." Oxidative decomposition generates carbon dioxide as the major 

product. In inert atmospheres, a large number of products are formed,'^ ranging from 

hydrocarbons (methane, ethane, etc.) to small and large ojQ'genated species (fiiran, furan 

derivatives, I,6-anhydro-P-D-glucose or levoglucosan, etc.). Carbon dioxide is produced in inert 

environments, but the yield can be dramatically increased by mixing cellulose with a catalyst
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n i  Thermogravimetric Analysis

Thermogravimetric analysis o f neat cellulose and cellulose-catalyst samples was used to 

assess the effect of nickel aluminate on cellulose thermal decomposition. Cellulose powder 

(-20pm particles) was purchased from Aldrich (Milwaukee, WI). Cellulose-catalyst samples 

were prepared by mixing 10% by weight cellulose with sieved catalyst having particles sizes in 

the 63-1 SOpm range.

Figure 4-1 shows the weight loss curves for neat cellulose (solid line), cellulose- 

NiAlzO^ (dashed line), and cellulose-l%Pt/Al2 0 3  (dotted line) obtained by heating samples from 

2S°C to 600°C at 10°C/min in 2SmL/min helium. The x-axis in Figure 4-1 denotes sample 

temperature. The left y-axis denotes neat cellulose weight loss and the right y-axis denotes 

cellulose-catalyst sample weight loss. For easier comparisons, weight loss curves were 

normalized. Sample weights at 100°C corresponded to 0% weight loss and sample weights 

measured at 600°C was scaled to 100% weight loss for neat cellulose and 10% weight loss for 

the cellulose-catalyst samples.

Neat cellulose weight loss consisted o f a single step that began near 300°C and was 

complete by 400°C. This temperature range for cellulose thermal decomposition in an inert 

atmosphere is consistent with results published in the literature.Cellulose-catalyst sample 

weight losses exhibited a main step that occurred in the same temperature range as the neat 

cellulose. However, weight loss began at a lower temperature (near 100°C and 22S°C for 

cellulose samples mixed with I%Pt/Al2 0 ; and NiAlzO^, respectively) and continued until the 

temperature reached 600°C. The weight lost between 400°C and 600"C was larger for the 

l%Pt/Alz0 3  catalyst (about 2%) than for the NiAlzO^ catalyst (less than 1%).

The fact that cellulose weight loss began at lower temperature when l%Pt/Ali0 3  and 

NiAliO* were present suggested that both substances catalyze cellulose thermal decomposition
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Figure 4-1 : Thermogravimetric Analysis o f Cellulose Thermal Decomposition
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in an inert atmosphere. However, the low temperature weight loss (<300°C) could have been 

due to water desorption from the catalyst rather than from cellulose decomposition. This cannot 

be determined by thermogravimetric analysis. Thermal Analysis-Mass Spectrometry was 

employed to characterize volatile thermal degradation products in order to discriminate between 

weight loss due to desorption of species adsorbed on catalysts and that due to cellulose 

decomposition.

n.2 Thermal Analysis - Mass Spectrometry

Volatiles formed during cellulose thermal decomposition were analyzed by thermal 

analysis-mass spectrometry (TA-MS). Results from simultaneous thermal analysis-mass 

spectrometric studies of cellulose decomposition have been published in the literature.^^^ Non- 

oxidative cellulose thermal decomposition is known to produce large amounts of relatively non

volatile species such as levoglucosan.'^ To avoid clogging our interface with non-volatile 

products, TA-MS analysis was restricted to low temperature (<300°C) measurements.

About 30mg cellulose-catalyst samples were heated from 2S°C to 300°C at 10*’C/min in 

2SmL/min helium. The interface between the sample furnace and the mass spectrometer was 

maintained at 300*C to improve transport o f volatile products to the mass spectrometer 

ionization chamber. In the temperature range over which weight loss was observed (i.e. starting 

at 100*C for the l%Pt/Al2 0 3  sample and 200°C for the NiAlz0 4 ), the TA-MS splitter valve was 

opened so that the mass spectrometer ion source pressure reached 1 x 10 '  Torr. Signal 

averaging and integration parameters were set so that one data point (mass spectrum) was 

recorded every IS seconds covering the 15-150 amu mass range.

Figure 4-2 shows results from TA-MS analysis of cellulose-NIAlzO^ Q îg. 4-2a) and 

cellulose-l%Pt/Alz0 3  (Fig. 4-2b) samples. In both figures, the x-axes represent sample
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temperature. The y-axes denote either total ion current (left y-axis) or selected ion current (right 

y-axis). In Figure 4-2a, the total ion current (solid line), and ion currents for m/z 44 (dashed 

line) and m/z 98 (dotted line) are plotted versus the cellu!ose-NiAl2 0 4  sample temperature in the 

200-300°C range. The total ion current and m/z 44 ion current began to increase about 220°C 

and continued to rise to about 300°C. The total ion current and the m/z 44 ion current increased 

at about the same rate until the sample temperature reached about 260°C. Between 260"C and 

300°C, the total ion current almost tripled whereas that for m/z 44 barely doubled. An ion at m/z 

98 became noticeable in mass spectra when the sample reached 240°C. The intensity o f the m/z 

98 ion increased with sample temperature but was always much less than that for m/z 44. In 

Figure 4-2b, the total ion current (solid line) and m/z 44 ion current (dashed line) are plotted 

versus cellulose-l%Pt/Al2 0 3  sample temperature in the 200-300°C range. Both the total ion 

current and m/z 44 ion current increased with the sample temperature. Both curves exhibited 

similar shapes. No ions at m/z values larger than 44 were detected during the thermal 

decomposition of the cellulose-l%Pt/Al2 0 3 .

Volatile products generated from cellulose thermal decomposition were monitored by 

TA-MS at the start of the decomposition only. The presence of m/z 44 ion (and m/z 28, which 

was present but not profiled) is characteristic of carbon dioxide. The similarity o f the TIC and 

m/z 44 profiles for the cellulose-l%Pt/Al2 0 3  sample suggests that CO2  was by far the main 

product of decomposition. The intensity o f m/z 44 and the similarity o f the shapes o f the TIC 

and m/z 44 profiles below 260°C for the cellulose N1A1 2 0 4  sample suggest that carbon dioxide 

was a major product of the low temperature thermal decomposition o f this sample. The presence 

o f the ion at m/z 98 during cellulose-NiAl2 0 4  sample decomposition and the differences 

between the TIC and m/z 44 profiles above 260°C confirm that carbon dioxide was not the only 

volatile product Recent s tu d ie s^  using mass spectrometry to analyze cellulose decomposition
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products have reported that m/z 98 is one o f the most abundant ions detected. Evans and 

coworkers^ have assigned m/z 98 to anhydrosugars such as levoglucosan formed during 

uncatalyzed cellulose thermal decomposition. The formation of this non catalytic product 

suggests that some cellulose was not in contact with NiAI^O  ̂catalytic sites. This may have been 

due to poor mixing o f the cellulose-catalyst blend prior to thermal analysis. It may also suggest 

that access to NiAIzO  ̂ catalytic sites is difficult or that NiAIzO  ̂ has fewer sites than 

l%Pt/Alz0 3 .

TA-MS results revealed that the low temperature weight loss observed during cellulose 

thermal decomposition in an inert atmosphere when it was mixed with NiAIzO* and l%Pt/AlzC>3 

(Figure 4-1) corresponded solely to cellulose degradation and that the major product was carbon 

dioxide. The presence of either NiAlzO< or l%Pt/Alz03 lowered the temperature at which 

cellulose decomposed. This indicates that both substances catalyzed cellulose decomposition. 

Furthermore, the major product of this decomposition was carbon dioxide, which is a product o f 

complete oxidation. Platinum on alumina is a known oxidation catalyst. As a result, one can 

assume that both NiAlz0 4  and l%Pt/Alz0 3  catalyze the thermal decomposition of cellulose by 

favoring an oxidation mechanism involving the o^grgen present in cellulose (-50% wt ). The 

first step would likely be a weakening of the carbon-oxygen bond in cellulose due to the 

interactions between the nickel in nickel aluminate and oxygen from cellulose as shown in the 

following arrangement:

CHzOH

—o ~ iir  
,0

O'
N‘ 0 -
o
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In nickel aluminate, Nî "̂  ions occupy octahedral sites surrounded by ions in a cubic spinel 

structure/' At the catalyst surface, oxygen deficiencies can result in electrophilic attack on 

cellulose o^grgen atoms. Attack on oxygen atoms that are part o f the 6-membered ring or that 

form the 1,4-P-linkages would result in the most significant cellulose chain rupture.

The results from cellulose thermal decomposition in the presence of nickel aluminate 

suggests that nickel aluminate may have oxidation catalyst properties. The ability to selectively 

remove oxygen from cellulose as carbon dioxide might be a useful means o f creating a high C/H 

ratio residue. This residue may be used as a solid fuel (i.e. charcoal), or as pigment (i.e. carbon 

black).

ra . n-BUTANE OXIDATION

The potential of nickel aluminate as an oxidation catalyst was evaluated by comparing 

its activity for the complete oxidation of n butane to that o f 1% platinum on alumina by using 

the new fixed bed catalytic microreactor-GC/MS system.

n-Butane + O^tygen-------> Carbon Dioxide + Water

n-C^H^Q + 13/2 O2 -------► 4 CO2  + 5 H2 O

A mixture of lOmL/min dry air from Airgas (Radnor, PA) and O.ImL/min n-butane 

from Airgas (Radnor, PA) entered the reactor through the reactant inlet and passed through 

lOOmg of catalyst previously calcined in-situ in lOmL/min air for 2 hours at 600*’C. After 

calcination, the catalyst temperature was ramped at 4°C/min from 100°C to a temperature at 

which all n-butane was converted to carbon dioxide. Reactor effluent (ISpL) was automatically 

injected every 4°C (1 min) into a 10 meter AT™-1 capillary gas chromatographic column 

maintained at ambient temperature. The thermocouple located inside the gas chromatograph
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oven read 29°C due to the proximity of heated components (interface and reactor system ovens). 

An 8-port valve equipped with two sample loops was used. Therefore, each valve rotation 

resulted in one GC/MS injection. Injections were made after 2°C sample temperature increases 

(30 seconds). Helium was used for the GC carrier gas (2mL/min) and for the make-up gas 

(2SmL/min). After separation, the GC flow was split in the 100°C interface by opening the 

reactor-GC/MS splitter valve so that the mass spectrometer ion source pressure reached 1x10^ 

Torr. To maximize scan rates, no signal averaging was employed, resulting in about 8 scans per 

second for the mass range 28,35-78 amu.

Figure 4-3 shows 250 successive gas chromatograms obtained during n-butane oxidation 

by NiAlzO^ plotted versus catalyst temperature (x-axis) over the 100-600°C range. The y-axis 

denotes the mass spectrometer total ion current (for the 35-78 amu mass range only). This data 

set contains more than 65,000 mass spectra. As the catalyst temperature increased, the n-butane 

peak diminished and a peak corresponding to carbon dioxide grew. The n-butane and carbon 

dioxide peak heights are about equal, denoting about 50% conversion, when the NiAl2 0 4  

catalyst temperature reached 475°C. Figure 4-4a shows TIC chromatograms obtained at catalyst 

temperatures of 473°C and 475°C. The x-axis denotes retention time. Two peaks, eluting within 

about 6 seconds, resulted from each injection. The fîrst peak corresponded to carbon dioxide, 

with the mass spectrum conatining the characteristic m/z 44 ion. The second peak was n-butane, 

having a mass spectral base peak at m/z 43. Figures 4-4b and 4-4c depict the same 

chromatograms except that ion currents at m/z 43 and m/z 44 are plotted rather than the total ion 

current Figure 4-4a clearly shows that the two TIC peaks were not baseline resolved. This is 

due to the tailing of the carbon dioxide peak (Fig. 4-4c). Because o f the incomplete resolution, 

TIC chromatographic peaks were not used for peak area integrations. Instead, n-butane 

concentration variations in the reactor effluent were determined by integrating m/z 43 selected 

ion chromatographic peaks (Fig. 4-4b). The n-butane mass spectrum contains a small peak at
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137



w
00

m/z 44 Ion C urrent

§ IsO
t

o

I
n

I
I
I

"  so  **>5

I 00

s
O

m/z 43 Ion Current Total Ion Current p

o o>

o

lo

CO p
O

00

p
b

o
k)

o

o
O)
o
o

a>
o
o

o
o
o

CO o
^ b )
S '

p
b

Carbon Dioxide

n-Butane

Carbon Dioxide

n-Butane

lo



m/z 44. The n-butane contribution to the m/z 44 selected ion chromatographic peaks is a small 

peak on the tailing side of the carbon dioxide peak (Figure 4-4c). As a result, m/z 44 

chromatographic peaks could not be directly integrated to monitor carbon dioxide formation. 

The n-butane contribution was removed by subtracting one eighth of the m/z 43 signal (the 

contribution from n-butane only) from the m/z 44 signal, as shown in equation 1.

Carbon Dioxide Signal = SignalnA*#-(1/8 x Signalm^a) (I)

Figure 4-S shows the resulting integrated peak areas representative o f a) n-butane (m/z 

43) and b) carbon dioxide (corrected m/z 44) plotted versus catalyst temperature in the 100- 

600°C range. The n-butane peak area (Fig. 4-Sa) was constant at about 6,S00 counts from 100°C 

to about 2S0°C, at which temperature it began to decrease because n-butane was converted to 

carbon dioxide. The n-butane peak area continued to decrease with increasing catalyst 

temperature up to S80°C, at which n-butane was barely detectable. A small amount of carbon 

dioxide in the mass spectrum background was responsible for a small chromatographic peak 

with an area o f about 200 counts from 100°C to 300*C (Fig. 4-Sb). The carbon dioxide peak 

area began to increase above 300°C and continued to increase up to 600*’C.

The n-butane oxidation experiment was repeated with the I^Pt/AljOs catalyst and with 

the sample tube filled with quartz wool instead of catalyst. The experiment with quartz wool 

was designed to determine the temperature range at which uncatalyzed n-butane thermal 

oxidation occurred. The quartz wool was placed inside the sample tube to compensate for 

catalyst sample effects on linear flow and pressure inside the reactor. Integrated peak areas 

representing n-butane and carbon dioxide for the three measurements were normalized by using 

equation 2. Normalized areas ranged from 0 to 100.

Normalized A r e a s = ^ ^ — x 100 (2)
Area„„
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Figure 4-6 shows the results of n-butane oxidation by a) NiAlzO^, b) l%Pt/Alz0 3  and c) 

from thermal oxidation. In these three figures, n-butane (solid line) and carbon dioxide (dashed 

line) normalized peak areas are plotted versus the reactor fiimace temperature. For comparison, 

all three graphs were plotted for the same temperature range (i.e. from 100°C to 850°C). Figure 

4-6a shows the effect of the catalyst temperature on the NiAlz0 4  activity for n-butane oxidation. 

n-Butane oxidation by NiAI% 0 4  began at about 250“C and was complete by 600“C. The point at 

which both lines crossed represents 50% conversion and occurred at about 450°C. Figure 4-6b 

shows the temperature dependant n-butane oxidation activi^ for the l%Pt/Alz0 3  catalyst, n- 

Butane oxidation by l%Pt/Alz0 3  began at about 120°C, reached 50% conversion just below 

200°C, and was complete by 2S0"C. Uncatalyzed n-butane oxidation is illustrated in Figure 4- 

6c. n-Butane oxidation began when the temperature rose above 500X. n-Butane conversion to 

carbon dioxide reached about 50% when the reactor temperature was near 675°C. n-Butane was 

completely oxidized when the temperature reached 820°C.

Figure 4-6 clearly shows that NiAli0 4  catalyzed the oxidation of n-butane, because it 

lowered the reaction temperature by about 225°C (for 50% conversion) compared to 

uncatalyzed oxidation. However, the NiAI% 0 4  activity for n-butane oxidation was not as good as 

that of the l%Pt/Al2 0 3  catalyst. These results suggest that nickel aluminate is an oxidation 

catalyst, but not as good as platinum on alumina.

Using the same experimental conditions, kinetic studies similar to those described in 

Chapter 3 for n-hexane cracking were used to determine activation energies for n-butane 

oxidation by NiAlz0 4  and l%Pt/Ali0 3 . n-Butane conversions determined from isothermal 

oxidations in the 320-420°C range fbrNiAlz0 4  and in the 11Q-170°C range for I%Pt/Alz0 3  were 

used to generate Arrhenius plots. Conversion was calculated at each temperature (T) by using 

equation 3;
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Conversion ^ =
^ ^ n = 5  ^ « « 5  ''

/  g ArCÛni/r43 Bypm ,^Lnw| A rC âZm /z43T

A r e a r o / z  43 B ypm

(3)

where Areag^ 4 3  Bypm corresponds to the n-butane peak area derived from m/z 43 selected ion 

chromatograms when the microreactor manual valve was in the bypass mode and Areamb» t  

represents the n-butane peak areas derived from m/z 43 selected ion chromatograms when the 

microreactor manual valve was in the reactor mode and the reactor furnace was at temperature 

T. All peak areas were averages of five injections.

The Arrhenius plots shown in Rgure 4-7 were generated by plotting the natural 

logarithm of conversion versus the reciprocal absolute temperature. Both plots yielded straight 

lines, from which activation energies were calculated. Peak area reproducibility resulted in a 

±2kJ/mol uncertainty on the activation energy values. n-Butane oxidation occurred at higher 

temperature for NiAlzO* than for l%Pt/Al2 0 3 . However, the activation energy found for n- 

butane oxidation by NiAl2 0 4  (2 0 kJ/mol) was significantly lower than that of l%Pt/Al2 0 3  

(36kJ/mol). This may be explained by the fact that the pre-exponential factor was much lower 

for NIAI2O4. Because the natural logarithm of conversion instead of rate constant was used to 

generate the Arrhenius plots, the y-intercept is not equal to the pre-exponential factor. A, in the 

Arrhenius equation. However, the intercepts provide relative information regarding the pre

exponential factor. The intercept for the line obtained finm the n-butane oxidation by 

l%Pt/Al2 0 3  was 9.3 whereas that from oxidation by NiAl2 0 4  was only 2.8. These values 

correspond to relative pre-exponential factors of 10S09 and 15.5 respectively. This suggests that 

although NiAl2 0 4  sites may be more effective for oxidation (lower activation energy), it is more 

difficult for reactants to get to the sites or to get into the proper orientation at the sites.
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IV. CONCLUSION

Results from this study have shown that nickel aluminate is an oxidation catalyst. It 

lowered the temperature of cellulose thermal decomposition in an inert atmosphere and for n- 

butane oxidation. However, nickel aluminate does not appear to be as good an oxidation catalyst 

as platinum on alumina because the temperature shift is much less.

The lower activation energy obtained for n-butane oxidation by nickel aluminate may 

indicate that individual nickel aluminate sites are more effective than those of platinum on 

alumina. However, this higher efficiency is effectively offset by a low probability for the 

reaction to occur. The data presented here is insufficient for a prediction o f the structure o f the 

active sites in nickel aluminate or the mechanism of oxidation. Future studies such as surface 

analysis or volatile product analysis from thermal decomposition o f smaller sugars (glucose, 

saccharose, etc.) when mixed with nickel aluminate might provide information regarding the 

mechanism of oxidation by nickel aluminate.
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APPENDIX A

TEMPERATURE CONTROLLER WIRING

A.I. MICROREACTOR SYSTEM

Thermocouple
Microreactor

Furnace

Thermocouple 
Microreactor 
System Oven

Ground

Heaters 
Microreactor 
System Oven

CN3240 l20Vac
Common

SSR

Heaters
Microreactor

Furnace

An Omega CN3240 dual input temperature controller was used to control the microreactor 

system oven and furnace temperatures. The 120V ac power line was connected to terminals 17 

(high), 18 (common) and 14 (ground). The microreactor furnace power was controlled by a solid 

state relay (Omega SSR240DC10) connected to terminals 23 (+) and 24 (-). The tube furnace 

"^control" thermocouple was a type K fine wire thermocouple (Omega CHAL-OlO) and was 

coimected to terminals 1 (+) and 2 (-).

ISO



Power to the microreactor system oven strip heaters was controlled by a mechanical relay 

(Grainger KlOP-l lAlS-120) connected to terminals 18 (-) and 20 (+). The microreactor system 

oven thermocouple was a type K glass braid insulated thermocouple (Omega STC-GG-K-24-36) 

connected to terminals 6 (+) and 7 (-).

A.2. REACTOR FURNACE

Thermocouple

CN2011-K-D3

R
S
2
3
2

10

11

12 

J3_ 

14

11.

16

120Vac

Common

Ground

Computer 
(Serial Port)

An Omega CN2011-K-D3 temperature controller was used to read the catalyst sample 

temperature. This temperature controller was wired for 120V ac operation. The ac power line 

was connected to terminals 13 (high), 14 (common) and IS (ground). The tube furnace 

“measurement” thermocouple was a type K fine wire thermocouple (Omega CHAL-010) and 

was connected to terminals 6 (•) and 8 (+) of the temperature controller. The temperature 

controller was equipped with an RS232 port so that sample temperatures could be stored by a 

computer. The computer employed to read temperatures was also connected to the gas
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chromatograph temperature controller, and was used to start GC oven temperature ramps and to 

engage the automatic valve actuator for GC injections.

A 3. GAS CHROMATOGRAPH

PowerCN3202TC1-F1-8
~  Fuse \

PCMl SSR
120 Vac

SnubberCommon

Fuse-Solenoid__
Valve

Alarm
Thcnnocouple Heaters

(GQRS232
Ground

An Omega CN3202TCI-F1-8 heat/cool temperature controller was used to control the gas 

chromatograph oven temperature. It varied the GC oven heating element current and energized 

the liquid nitrogen valve to maintain temperature setpoints. The 120V ac power line was 

connected to terminals 2 (high), 3 (low) and 16 (ground). Power to the GC oven nichrome wire 

heaters was controlled by a solid state relay (Omega SSR240DC2S) and a pulse converter 

module (Omega PCMl) connected to terminals 9 (+) and 10 (-). The pulse converter module 

was mounted on the solid state relay terminals. The pulse converter module transformed the 

ON/OFF solid state relay to a proportional power regulator and was used with a 4>20mA ouput 

from the temperature controller. The 4-20mA control output was protected with a 1A fuse. The 

GC oven thermocouple was a type K fine wire thermocouple (Omega CHAL-010) connected to 

terminals 6 (+) and 7 (-). The liquid nitrogen delivering solenoid valve was connected to rear
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terminals 3 and 12. When the internal switch between terminals 11 and 12 was closed, the valve 

was energized by the jumper connecting terminals 2 and 11. A IA fuse protected the solenoid 

valve. A snubber circuit was placed across the solenoid to neutralize its inductance. The alarm 

switch, terminals 13 and 14, was used to trigger the six-port valve sequence programmer to 

intitiate GC/MS injections.

A 4. GC/MS INTERFACE

Thermocouple

CN76020

I I I I

1)1 M

-o o-
SSR

Fuse

l20Vac Common „
Heater

An Omega CN76020 temperature controller was used to maintain the GC/MS interface oven 

temperature. The 120V ac power line was connected to rear terminals 13 (high) and 14 

(common). Power to the interface strip heaters was controlled by a solid state relay (Omega 

SSR240DC10) connected to terminals 7 (-) and 8 (+). A lA fuse protected the relay. The 

temperature sensor was a type K glass braid insulated thermocouple (Omega STC-GG-K-24-36) 

that was located in the interface and connected to terminals I (+) and 2 (-).
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APPENDIX B

DATA ACQUISITION/TREATMENT PROGRAMS

Five programs (ADC.BAS, TIC.EXE, TIC I.EXE, MS-INT.EXE, and MSINTÆXE) are 

described here. The first one is written in QBASIC, all the other are written in C++. These 

programs were initially written by Dr. Robert L. White, University of Oklahoma, Norman 

Oklahoma. I modified some of the C++ programs to manipulate FID and mass spectrometric 

TIC data. Comments describing program features are in italics.

B.I. “ADC.BAS”

The ADC.BAS QBASIC program records digitized FID signals and integrates 

chromatographic peaks (e.g. when the FID value>0). If the “zero” on the HP 5890 Serie II gas 

chromatograph is not properly adjusted, the FID signal can subsequently be integrated by using 

a threshold value to define peaks (by a program similar to “ms-int.exe” described in a 

subsequent section).

The amplifier - analog /  digital converter was connected to the parallel port of an IBM 

compatible computer. The ADC.BAS program uses printer codes (e g. paper out) to express 

numerical values. Strings o f 12 bits were collected (one bit at a time) and then transformed into 

a number. This data collection method was fast enough that signal averaging was needed to 

reduce the digitization rate. The digitization rate depended on the computer processing speed. 

Consequently, the signal averaging parameter was adjusted for each computer employed.
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The ADC3AS program saves two data files. The “chromatogram” file contains the FID 

chromatographic data (time, signal), and the “integration” file contains the FID chromatographic 

peak areas (time, area). The program uses a loop to save FID signals and calculate the FID peak 

areas. In this loop, the program uses two successive data points, each defined by a  time and a 

signal value (“time” and “sig” for the current data point ; “prevtime” and “prevsig” for the 

previous data point). A second loop saves the FID peak area and time only if the area is larger 

than a threshold. At the end, the current data point becomes the previous data point.

B.2. “TIC.EXE”

The TIC.EXE C++ program adds catalyst temperature information to a mass 

spectrometer TIC data file generated during a reactor-MS experiment. A similar program was 

used to add temperature data to an FID data file.

The “TIC.EXE” program reads the furnace temperature file (fumfile.tfu) to get time in 

seconds, “fùm_t_*” and temperature in ®C, “temp_*”. The asterisk can represent either “low” or 

“high”, because two sets of variables are used by the program. As long as the TIC data time 

“tic_time” (initially set to 0) is less than “fum_t_high”, the program reads the TIC data file 

(ticfile.tic) for time in minutes, “tic_time” and TIC signal, “val”. The program then calculates 

the heating rate “slope” between the two temperature data points and interpolates the catalyst 

temperature “temp” for each TIC data point. Finally, the time in minutes “ticjtime”, calculated 

temperature in °C, “temp”, and the TIC signal, “val”, are saved in a new data file (outfile ti). 

The program also uses an integer variable, “count”, to end the program when the end of file for 

the temperature or TIC data files are reached.
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B.3. “TIC1.EXE”

The TIC 1.EXE C++ program adds catalyst temperature information and injection marks 

to a repetitive injection TIC data file generated during a reactor-GC/MS experiment. A similar 

program was used to add temperature data and injection marks to FID data files.

The “TICl.EXE” program reads the furnace temperature file (fumfile.tfU) to obtain time 

in seconds, “fum_t_*”, temperature in “C, “temp_*”, and injection marks “mark_*”. The 

asterisk can represent either “low” or “high”, because two sets of variables are used by the 

program. Because the furnace heating ramp is not linear over an entire experiment, heating rates 

between two successive injections are calculated (i.e. slope between the points). Then, the 

program reads the TIC data file (ticfile.tic) for time in minutes, “tic_min”, and TIC signal, “val”. 

Calculated heating rates are used with the TIC file times to interpolate catalyst temperatures, 

“temp” for each TIC data file signal. Finally, time in minutes, “tic_min”, calculated temperature 

in ®C, “temp”, TIC signal, “val”, and injection marks, “mark_high” are saved in a new data file 

(outfile ti). The program also uses an integer variable, “count”, to end the program when end of 

file for either temperature or TTC data files is encountered.

B.4. “MS-INT.EXE”

The MS-INTÆXE C++ program integrates TTC peaks by using a threshold to define a 

baseline. This program uses TTC data files that contain temperature data and injection mark. 

Another program (not shown here) was used to integrate TTC peaks before addition o f 

temperature information and injection marks. Variations o f both programs were used to 

integrate FID peaks.

The “MS-INT.EXE” program reads the processed data file (tifile ti) for time m minutes, 

“time”, temperature in °C, “temp”, TTC signal, “signal” and injection marks, “marl^’. The
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chromatographic peak area, “area”, is initially set to zero. Two variables, “sjtime” and 

“s_temp”, hold the chromatographic peak start time and corresponding furnace temperature. The 

program compares the TIC signal to a threshold value, “thres”, previously set by the operator. 

As long as the TIC signal is larger that the thershold value, the area is increased by the TIC 

signal value. When the TIC signal drops below the threshold value and if  the chromatographic 

area is considered significant (i.e. the area value must be larger than 100), the initial 

chromatographic peak retention time “s_time”, the corresponding furnace temperature, 

“sjtemp”, and the chromatographic peak area, “area” are saved in a new data file (outfile). The 

program also uses an integer variable, “count”, to end the program when TIC data file end-of- 

file is reached.

B.5. “MSINT.EXE”

The MSINT.EXE C++ program integrates TIC chromatographic peaks by using the 

injection time (from the furnace temperature data file) and a specified retention time range to 

define peak locations. A similar program was used to integrate repetitive injection FID peaks.

The retention time range to integrate is defined in the “MSINT.EXE” program by two 

times in minute “tstart” and “tend” set by the operator. The chromatographic peak area, “sum”, 

is initially set to zero. The program reads the furnace temperature data file (fum tfii) to retrieve 

time in seconds, “itime”, temperature in "C, “temp”, and injection marks, “mark”. The program 

finds an injection mark and converts its corresponding time into “mtime” (time in minutes). 

Then, the program reads the initial TIC data file (msfile.tic) for time in minutes, “time”, and TIC 

signal, “val”. As long as the TIC data file “time” is less than the sum of the furnace temperature 

data file “mtime” and “tstart”, the program jumps to the next TIC data. When “time” is finally 

greater than the sum of “mtime” and “tstart” and as long as “time” is less than the sum o f the
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furnace temperature data file “mtime” and “tend”, the program increases the “sum” by the TIC 

signal, “val”. Finally, the program saves the injection time, “mtime”, the corresponding furnace 

temperature in °C, “temp”, and the chromatographic peak area, “sum”, in a new data file 

(outfile). The program also uses an integer variable, “count”, to end the program when the TIC 

data file end is reached.
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ADC.BAS
DIM BIT»/o(l 1)
INPUT "CHROMATOGRAM FILENAME:", OUTFILES 
OPEN OUTFILES FOR OUTPUT AS #l 
INPUT "INTEGRATION FILENAME:". OUTINTS 
OPEN OUTINTS FOR OUTPUT AS #2

NAVE% = 500 
AREA! = 0 
TIMEAREA!=0 
START* = TIMER 
PREVSIGî = 0 
PREVTIME!=0 
PRINT "0,0"
PRINT #1. "0,0"

WHILE INKEYS o  "e"

SIG! = 0
FORj% =lTONAVE%

OUT&H378, 1 
OUT&H378,0

set a string o f 12 characters 
operator selects the chromatogram filename 
define chromatogram file as “output #/ " 
operator selects the integration filename 
d^ne integration file as “output #2 "

set signal average variable “nave" to 500
set peak area variable “area " to 0
set timearea variable to 0
set stcart variable to the internal clock value
set prevsig variable to 0
set prevtime variable to 0
print first point (0,0) to screen
print first point (0,0) in chromatogram file

WHILE loop will run until "e " is pressed

set the sig variable to 0
FOR loop collecs for variable nave times

FOR loop receives the string of 12 charactav
one by one

FORi% = OTO 11 
OUT&H378.2 
OUT&H378,0
IF (INP(&H379) AND &H20) THEN IF loop sets each character to 0 or I 

BIT%(i%) = I
ELSE

BIT%(i%) = 0 
END IF end o f IF loop

NEXT i% end o f FOR loop

NUM% = BIT%(I I) + BIT%(IO) • 2 + BIT%(9) * 4 + BIT»/o(8) • 8 + BIT%(7) #16 + 
BIT»/o(6) #32 + BIT%(5) #64 + BIT%(4) # 128 + BIT%(3) # 256 + BIT%(2) # 512 + 
BIT%(1) # 1024 + BIT^O) # 2048 transform tlmstrmg o f 12 bits into a mmber
SIG! = SIG! + NUM% add number to variable sig
TIME! = (TIMER - START*) /  60 set time variable in minute

NEXTj% end o f FOR loop

SIG! = INT(SIG! /NAVE%)

IF (PREVSIG! = 0) AND (SIG! o  0) THEN

set variable sig to its avâ age over nave times

IF loop prints chromatographic peaks value 
to screen and in cluomatogram file 

PRINT USING " # # .# # , #####"; PREVTIME!; PREVSIG!
PRINT USING "##.###, ######"; TIME!; SIG!
PRINT #1, USING "###.###, #####"; PREVTIME!; PREVSIG!
PRINT #1, USING mm»”; t im e !; SIG!
TIMEAREA! = TIME!
AREA! = SIG!

ELSEIF (PREVSIG! o  0) THEN
PRINT USING ”mjm, # # # # " ;  TIME!; SIG!
PRINT #1. USING ”m .m ,  #####"; TIME!; SIG!
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AREA! = AREA!+ SIG1

END IF end o f IF loop

IF (PREVSIG! o  0) AND (SIG! = 0) AND (AREA! > 50) THEN
IF loop prints peaks area in integration file 

PRINT #2, USING "###.###, # #####"; TIMEAREA!; AREA!
END IF end o f IF loop

PREVSIG! = SIG! set prevsig variable to sig variable
PREVTIME! = TIME! set prevtime variable to time variable

WEND end o f WHILE loop

CLOSE #I close chromatogram file
CLOSE W1 close integration file
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TIC.EXE
înclude <stdio.h>
înclude <matb.h>

charroot[2S], fiirnf!le[25], ticfile[2S], outfiIe[25];

mainO
{
int count;
float fiim jjow , fiim_t_high, tcmpjow, temp_high; 
float tic_time, val;
float mtimcjow, mtim«_high, slope, temp;
FILE *tic, ‘out, *fopenQ;

printf("Repetitive Injection Rootname: ");
scanH"%s", root);
strcpy(fiimfl!e, root);
strcpy(ticflle, root);
strcpy(outfile, root);
strcat(flimflle, ".tfu");
strcat(ticflle, ".tic");
strcat(outfl!e, ".ti");

out = fopen(outfiIe, "wt"); 
film = fopen(fiumflle, "rt"); 
tic = fopen(ticfi!e, "rt");

variable use to find end of file 
varieties from temperature data file 
variablesfrom TIC data file 
variables used in calculations

ask for file rootnamename 
read file rootname (enter by operator) 
copy the file rootname in “jurrfile" 
copy the file rootname in “ticfile " 
copy the file rootname in “outfile " 
add extension “.tfu" to “fitrnfile" 
add extension “.tic" to “ticfile" 
add extension “.ti“ to “outfile"

open “outfile" to write text 
open “fiimfile " to read text 
open “ticfile" to read text

set variable ticjim e to 0
readsfirst furnace temperature data

ticjim e = 0;
6canflfiim, "%f, %f, %fin", &fiimJjow, &tempJow); 
white ((count = (scanfi[fiim, "%f, %fin", &fiumj_high, &temp_high)) >= 1)

WHILE loop will run until end o f furnace 
{ temperature file
while(tic time < (fiimj_high/60)) WHILE loop selects TIC data points to treat

{
count = fscanf(tic, "%f, %f\n", &ticjime, Aval);
if (count 1= 2) IF loop indicates end ofdatafile “*.tic"file

{
printf("ERROR, count incorrect"); 
exit(0);
}

mtime_high = (fiim J_high /  60); tranrform time from second to minute
mtime low = (fiim jJow  /  60); transform time from second to minute
if (film t jo w  != film J j i ig h )  IF loop calculate slope and TIC data points

{ temperature
slope =(tempjugh - tempJow)/(mtimeJiigh - mtime Jow); 
temp = ((ticjime - mtime Jow ) * slope + temp Jow ); 
fprintf(out, "%f, %.2f, %.Ofin", ticjime, temp, val);
}

}
f iim jJo w  = film J ju g h ;  set high time variable to law
temp low = tempJugb; set high temperature variable to law
}

retum;
}
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TIC1.EXE
înclude <stdio.h>

^include <mathJi>

char root[2S], fumfile[25], ticfile[25], outfile[2S];

mainO
{
int count; variable use to find end o f file
float fumjtjow, fiimjtjiigh, tempjow, temp_high, markjow, mark_high;

variables from temperature data file 
float tictime, val; variables from TIC data file
float mthnejow, mtlme_high, slope, temp; variables used in calculations
FILE ‘tie, *out, *fopenO;

printf("Repetitlve Injection Rootname: "); ask forfile rootnamename
scanH"%s", root); readfile rootname (enter by operator)
strcpy(fiimfl!e, root); copy the file rootname in "fitrnfile "
strcpy(ticfile. root); copy the file rootname in “ticfile "
strcpy(outflle, root); copy the file rootname in "outfile "
strcat(fiimfile, "tfü"); add extension ".tfu" to "fitrnfile"
strcat(ticflle, ".tic"); add extension ".tic " to "ticfile "
strcat(outflle, "ti"); add extension ".ti" to "outfile"

out = fopen(outflIe, "wt"); open "outfile " to write text
film = fopen(fiirafi!e, "rt"); open "fitrrtfile " to read text
tic = fopen(ticfUe, "rt"); open "ticfile " to read text

fscanfl[fiim, "%L %C %fin", &fiim_t_low, &temp_low, &mark_low);
readfiimace temperature file

fscanf(tic, "%f, %f\n", &tic_time, &val);
read TIC data file

fprintlCout, "%f, %2f, %.0f, %.Of\n", ticjime, temp Jow, val, markjow);
save starting point (first injection) 

while ((count = fscanf(fiira, "%f, %f, %f\n", &fiimj_high, &tempjiigh, ftmarkjiigh)) >= 2)
WHILE loop will run until end o f furnace 

{ temperature file
if(count == 3)

{
while(tic_time < fiimj_high/60)

{
count = fscanfl(tic, "%f, %fin", Aticjime, &val); 
if (count != 2) IF loop indicates end o f TIC data file

{
printfi["ERROR, count incorrect"); 
exit(0);
}

mtime_high = (fiim JJugh / 60); tranrform time from second to minute
mtime Jo w = (fiimJJow / 60); transfi)rm timefrom second to minute
if (filmJjow != filmJjiigh) IF loop calculates heating rate, temperature

{ and save data points
slope =(tempjiigh - tempJow)/(mtimeJiigh - mthnejow); 
temp = ((ticjime - mthnejow) • slope+ temp Jow); 
fprintfi[out, ”%(, %.2f, %.Ofin", ticjime, temp, val);
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}
>

return;
}

}
}

6canf(tic, "%f, %f\n", &tic_time, &val); read next injection TIC data
fprintf(out, ''%f, %2f, %.0f, %.Of\n", tic time, temp, val, mark high);

save next injection data point 
fiimJJow = fiim_t_high; set high time variable to law
temp low = temp_high; set high temperature variable to law
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MS-INT.EXE
înclude <stdio.h>

#include <math.h>

char tifile [25], outfiIe[25];

mainO
{
int count; 
int thres;
float time, temp, signal, mark; 
float s time, s temp, area;
FILE *ti, *out, "fbpenO;

printfCInput ti Roomame: "); 
scanf["%s", tifile); 
strcat(tiflle, ".ti");

printf("Specify Threshold Value: "); 
scanf("%d", &thres);

printf(”Specify Filename for Integration Results: "); 
scanfl["%s", outfile);

out = fopen(outfile, "wt"); 
ti = fopen(tifile, "rt");

variable use to find end affile 
variable use to define base o f peak 
variables from initial datafile “*.tifile" 
variables used in calculation

ask forfile rootname
read file rootname (enter by operator)
add extension “.ti" to “ticfile"

ask for integration threshold value 
read threshold value (enter by operator)

ask for output integration filename 
read output filename (enter by operator)

open “oufile" to write text 
open “tifile" to read text

whiIe((count = 6canf[ti, “%(, %f, %f, %f\n", &tüne, &temp, Asignal, &mark)) > 2)
WHILE loop will run until end o f initial 

{ drnm c"*. tifile"
area = 0; set variable area to 0
s_time = time; set sjime variable to time
s temp = temp; set sjemp variable to temp
while(signal > (float) thres) WHILE loop to calculate peak area

{
count = (6canf(ti, "%f, %f, %(, %f\n", &time, &temp, &signal, &mark)); 
if[count^) IF loop indicates end o f datafile “\ t i “ file

{
printf("ERROR, count incorrect"); 
exit(0);
)

area += signal; add signal to area
}

if(area>= 100) IF loop neglects small peaks (area< 100)
fprintf[out, "%3.2f, %3.2f, %.Of\n", s time, sjtemp, area);

}
retum;
}

}
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MSINT.EXE
#include <stdio Jp'
înclude <math.h>

charroot[2S], furnfiie[2S], msfile[25], outfile[2S]; 

tnainO
{
int count;
int itime, temp, mark; 
int val; 
float time;
float tstart, tend, mtime, sum;
FILE *ms, *out, *fopenO:

printf("Repetitive Injection Roomame: ");
scanf("%s", root
strcpy(fümflle, root);
strcpy(msflle, root);
strcaKfumflle, ".tfu");
strcat(msfUe, " tic");

variable use to find end affile 
variables from temperature data file  
variable from TIC data file 
variable from TIC data file 
variables used in calculation

ask forfile rootname 
read file rootname (enter by operator) 
copy the file rootname in "fiimfile" 
copy the file rootname in "m ^le  " 
add extension ".tfu" to "fitrnfile" 
add extension ".tic" to "m ^le"

printf(” Input start and end times (min) for integration (start, end): ");
ask for retention time range to integrate 

scanf(""'%fi %f ", &tstart, &tend); read time range (enter by operator)

printf(""Specify Filename for Integration Results: '"); ask for output integration filename 
scanf("%s"', outfile); read output filename (enter by operator)

out = fopenCoutfile, "wt""); 
film = fopen(fiimfiIe, "rt"); 
ms = fbpen(msflle, "rt"");

open "oufile"  to write text 
open "fiimfile" to read text 
open "nufile" to read text

time=0; set variable time to 0
while ((count = fscanf(fiim, "%d, %d, %d\n", Aitime, Atemp, Amark)) >= 2)

WHlLEloop will run until end o f temperature
{
i^count =  3)

{
sum = 0;
mtnne = (float) itùne/60;

datafile fit file"
IF loop find injection mark

set variable sum to 0 
save injection time in minute

while(time < (mtime + tstart))
{

WHILE loop skips top beginning o f  
retention time range to integrate 

count = 6canf(ms, ""%f, %d\n", Atime, Aval); 
if(count 1= 2) IF loop indicates end ofdatafile "*.tic"file

{
printf[""ERROR, count mcorrect"'); 
exit(0);
}

}
while(time < (mtime + tend))

{
count= 6can1fl[ms, "%f, %d\n", Atime, Aval);

WHILE loop imegjrates retention time range

165



}
return;

if(count!=2) IF loop indicates end of data file “*.tic“file
{
printf("ERROR, count incorrect”); 
exlt(0);
}

sum += (float) val; add val to sum
)

if(count —  2) IF loop saves integrated value
fprintf[out, "%f, %d, %f\n”, mtime, temp, sum);

}
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APPENDIX C

Validation of the Use of Conversion for Kinetic Studies

The rate of a chemical reaction can be expressed as a function of reactant and product 

concentrations as shown by equation I:

Rate =  k  [Reactant]*[Product]^ (1)

where k  is the reaction rate constant, and x and y are coefHcients that depend on the reaction 

mechanism and the order of the reaction. Under steady-state catalytic reactor conditions, 

reactant and product concentrations are constant and the reaction rate is directly proportional to 

the rate constant (regardless of reaction order):

Rate a k  (2)

The rate of a catalytic reaction is proportional to conversion, X, (defîned as the fraction of 

reactant converted to products) and the proportionality constant includes the amount of catalyst 

used, W, and the reactant flow space velocity, F, as shown by equation 3:

W
Rate a  — X (3)

F

Note that equation 3 Is only valid at low conversion conditions, for which reactant and products 

concentrations are nearly constant throughout the catalyst bed. Combining equations 2 and 3 

gives:

W
to r  Rate or— X (4)

F

Equation 4 clearly Indicates that under low conversion steady-state conditions, the rate constant 

for a reaction Is directly proportional to conversion.
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The rate constant for a reaction is temperature dependent, as first shown by Arrhenius :

where k  is the rate constant, A is the pre-exponential factor (also called frequency factor), E, is 

the activation energy in Joules per mole, R is the gas constant with the value 8.314 J mol'  ̂

and T is the temperature in Kelvin. Activation energies are often used to characterize catalyst 

effectiveness for a specific reaction. The activation energy can be determined from the slope, 

-Ei/R, of the straight line obtained by plotting the natural logarithm of the rate constant against 

the reciprocal absolute temperature :

lnJk =  - ^ x -  +  lnA (6)
R T

Because conversion and rate constant are directly proportional, X can be substituted for k  in 

equation 6:

lnX =  — —X—+I 11A ’ (7)
R T

Thus, activation energy can be obtained from the slope, - E ^ ,  of the straight line obtained by 

plotting the natural logarithm of conversion versus the reciprocal absolute temperature. The 

proportionality constant between conversion and rate constant does not affect the slope (i.e. E J, 

but is included in the intercept, (In A%
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