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ABSTRACT

CATALYTIC CONVERSION OF GLUCOSE, FRUCTOSE, AND SUCROSE TO
HIGH-VALUED CHEMICALS

By

Jennifer Elizabeth Jacobs

Many industrially important chemicals are currently produced using petroleum
and natural gas as feedstocks. These fossil fuel resources are finite and nonrenewable.
Development of new technology for the conversion of sugars to major industrial
chemicals namely glycerol, propylene glycol, and ethylene glycol may replace the current
petroleum or fermentation based processes. Selectivity-controlled hydrogenolysis is a
promising pathway for conversion of sugars to polyhydric alcohols with no carbon atom
loss. In this research with substrates glucose, fructose, and sucrose, I examine the
efficacy of nine different catalysts and two solvents in the sugar hydrogenolysis process.
Catalysts or catalyst combinations that favored the desired reaction pathway included 5%
ruthenium on carbon; nickel on kieselguhr; palladium 1% on carbon and boron oxide;
and nickel on alumina/silica and iron (III) oxide. Yields as high as 39%, 33%, and 12%
were attained for propylene glycol, glycerol, and ethylene glycol, respectively. Also, a
total selectivity of 63% for the products propylene glycol, glycerol, and ethylene glycol
was achieved under the studied reaction conditions. Barium promoted copper chromite
yielded 100% conversions for substrates glucose, fructose, and sucrose. The catalytic
conversion of glucose, fructose, and sucrose in this work has demonstrated that further
development of an efficient selectivity-controlled sugar hydrogenolysis process would

inevitably lead to an industrially, economically, and environmentally significant process.
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CHAPTER 1
GENERAL INTRODUCTION

Many industrially important chemicals are currently produced using petroleum
and natural gas as feedstocks. These fossil fuel resources are finite and nonrenewable;
thus their depletion is an enduring concern. Due to the diminishing reserves of petroleum
and natural gas, the chemical process industry may eventually face feedstock problems.
Alternative sources and pathways will need to be developed in order to continue
production of our many synthetic chemicals, which are largely responsible for our current
standard of living. In this research, I explored the development of a biomass catalytic
conversion process, namely sugar hydrogenolysis, that will produce high-valued
chemicals such as glycerol, propylene glycol, and ethylene glycol, from renewable
biomass resources. The term “biomass” refers to organic matter, which can be converted
to energy. It is a complex material made up of three major organic fractions with
representative compositions on a dry-weight basis being as follows: 35-50% cellulose,
20-35% hemicellulose, and 12-20% lignin (Wyman, 1999). Some of the most common
organic materials include wood, agricultural residues, solid waste, animal waste, sewage,
corn, sugarcane, and crops grown specifically for energy (Wyman, 1999). Biomass is
made up mainly of the elements carbon and hydrogen, and technologies exist that can
free the energy from the chemical compounds which consist of these elements.

Currently, glycerol, ethylene glycol and propylene glycol are all produced from
petroleum-based processes. Sugar hydrogenolysis is potentially an economically viable

process to produce these chemicals from renewable biomass resources. The development



and application of this process is significant because there are both considerable
economic and environmental incentive. A selective sugar hydrogenolysis process will
address the petroleum depletion concern as well as potentially eliminate the
environmentally unfriendly chlorohydrin intermediates that result from the current
Wucﬁon methods. Another process to produce these high-valued chemicals is
fermentation. However, fermentation causes loss of carbons from the starting material by
producing carbon dioxide. The hydrogenolysis of sugars to useful chemicals while
preserving all the carbon atoms in the starting mateﬁal supercedes fermentation
processes.

Biomass is a copious material and it is estimated that the U.S. generates about 1
billion dry tons of it each year (Barrier and Bulls, 1992). The annual production of
biomass in the world is estimated to be as high as 10'! to 10'? dry tons (Grohman et al.,
1993). Development of a selective conversion process can enhance utilization of the
abundant biomass by converting the biomass into a variety of value-added chemicals.
Current glucose hydrogenation technology involves either a batch or continuous—slurry
process (Arena, 1992). One important result of biomass use is likely to be development
of a compatible set of products, such as organic acids, alcohols, and natural polymers,
where these products could integrate with one another in a similar way that the complex

infrastructure of fuels, solvents, plastics, etc have evolved (Wyman, 1999).

1.1  Literature Survey on Sugar Hydrogenolysis
Sugar hydrogenolysis is a chemical process that selectively converts simple

sugars to glycerol, ethylene glycol, and propylene glycol, which have extensive uses and



large markets at the present time. Carbohydrates exhibit unusually rich chemical
functionality but limited stability (Andrews and Klaeren, 1989). Hydrogenolysis refers to
the cleavage of a molecule under conditions of catalytic hydrogenation. Under high
hydrogen pressure and high temperature, sugars and sugar alcohols can be catalytically
hydrocracked into lower polyhydric alcohols in the presence of transition metal catalysts
and enhanced by the addition of bases (Andrews and Klaeren, 1989). In the literature,
sugar hydrogenolysis is discussed indistinguishably from sugar alcohol hydrogenolysis,
because of the close relationship between these two reactions. In this process, both C-C
and C-O bonds are susceptible to cleavage:
R;CCR’'3+H, —»  R;CH+HCR’;
RsC-OH+H, —» R;CH+H;0

The reaction mechanism described in Figure 1 can explain all of the reaction products
found so far in the hydrogenolysis of sugars and sugar alcohols (Furney, 1995). The
products which have been reported for the hydrogenolysis of glucose, fructose, and
sucrose, and sugar alcohols include glycerol, ethylene glycol, propylene glycol, 1,4-
butanediol, 2,3-butanediol, erythritol, threitol, xylitol, 3,4-dideoxygenated hexitol,
ethanol, methanol, and sometimes hydrocarbons and carboxylic acids, depending on the
process. Selectivity is the main shortcoming with sugar hydrogenolysis and of the
compounds listed above, glycerol, ethylene glycol, and propylene glycol are the most
industrially important. However, homogenous transition-metal catalysts offer the unique
combination of high selectivity and reactivity needed to effectively manipulate these

important substrates (Andrews and Klaeren, 1989).
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Figure 1. Mechanism of Sugar and Sugar Alcohol Hydrogenolysis



Currently, glycerol is produced from the chlorination and subsequent hydrolysis
of propylene (Fumey, 1995). Several commercial processes exist to produce glycerol
from propylene and the predominant pathway includes the environmentally harmful
intermediates ally chloride, dichlorhydrin and epichlorohydrin. A small portion of
glycerol is also produced from fatty material as a by-product of soap production.
Glycerol is often used in food and personal hygiene industries and can be found in
liqueurs, inks, lubricants, alkyd resin, ester gums, polyethers, pharmaceuticals and
humectants. Additionally, glycerol is a valued intermediate in many industrial chemical
processes.

Ethylene glycol is a highly valuable chemical in industry and is currently
produced by the hydration of ethylene oxide (Furney, 1995), a petroleum based process.
Ethylene glycol is used as an antifreeze, and used in hydraulic fluids, paints, deicers and
alkyd and polyester resins.

Propylene glycol is produced from propylene with propylene chlorohydrin and
propylene oxide as intermediates. Propylene glycol and ethylene glycol have similar uses
and applications, and propylene glycol is often used as a substitute for the more toxic
ethylene glycol. Propylene glycol is used as a biodegradable antifreeze. Additionally
propylene glycol is used in food additives, tobacco humectants, cosmetic softening
agents, lotions, and sunscreens.

Due to poor selectivity, sugar hydrogenolysis is currently not an industrially
important process. The process is uneconomical due to a wide distribution of products
from sugar molecules under hydrogenolysis conditions. A sugar molecule contains many

C-C and C-O bonds that are susceptible to cleavage. Knowledge of the bond cleavage



mechanism governing sugar and sugar alcohol hydrogenolysis is important in order to
control the selectivity and greatly increase production of the most highly valued

compounds.

1.2  Mechanism and Selectivity Development

Sugar hydrogenolysis reactions have been studied since the 1930’s (Conner and
Adkins, 1932). However, research for the purpose of biomass conversion has only been
carried out since the 1950’s. Clark (1958) was the pioneer for this research at the U.S.
Forestry Products Laboratory. In this early report, Clark claimed to obtain glycerol from
sorbitol with yields as high as 40%. In his experiments sorbitol was reacted under the
hydrogenolysis conditions in the presence of a nickel on kieselguhr catalyst. Reactions
were carried out in the aqueous phase at temperatures between 215 and 240 C, and
hydrogen pressures between 2000 and 5600 psi. The identified products included
glycerol, propylene glycol, ethylene glycol, erythritol and xylitol.

Greater yields (75%) of distillable polyalcohols were attained by using beryllium
oxide activated copper chromite catalyst to hydrogenate sucrose (Boelhouwer et al.
1960). The reaction was performed in a rotating autoclave with methanol being used as
the solvent. Experiments were run between a temperature range of 195 and 250 C, and
the hydrogen pressure range was between 2204.4 and 2939.3 psi (150 and 200 atm). The
reaction products were separated by distillation. In one experiment, the glycerol fraction
was reported to account for 61% of the product. However, since this fraction covers a
wide range of boiling points, exact products were not determined. Glycerol, propylene

glycol, and ethylene glycol were believed to be included in the products.



Since these early reports, the body of literature on sugar hydrogenolysis has been
steadily increasing. In the mid-to late-1970’s many biomass conversion projects
experienced an “explosion” in the amount of research being conducted. In the United
States the government initiated major programs to fund the development of new energy
sources in response to tightening petroleum supplies and high energy costs. The oil crisis
in the 1970’s may have stimulated this general interest in biomass conversion. As energy
prices dropped, interest and development of new energy sources declined, thus petroleum
remains the largest single source of energy in the United States, providing about 40% of
the total energy use (Wyman, 1999). Various sugar alcohols including sorbitol, xylitol,
erythritol and even glycerol, were subjected to hydrogenolysis conditions (Montassier et
al. 1988). Montassier et al. (1988) proposed that the cleavage of C-O bonds occurs
through dehydration of a f-hydroxyl carbonyl:

OH OH O OH o OH

I I -Hz | -0 || +H; l.
RCHCHCHR’ —RCCHCHR’ —¥%» RCC=CHR’——p RCHCHCH;R’

on on on on

The structure of the B-hydroxyl carbonyl is already contained in an open-chain sugar
molecule, and may be generated from a sugar alcohol by dehydrogenation. In this
reaction scheme, the dehydration step is catalyzed by bases while the dehydrogenation
and hydrogenation steps are catalyzed by transition metal complexes.

The original mechanism proposed by Montassier et al. (1988) to explain the C-C

cleavage in sugar and sugar alcohol hydrogenolysis is the retro-aldol reaction:

OH OH O OH O . 0] o) OH
| I -H I Il ] [ |
RCHCHCHR’ - RCCHCHR’ —-» RCCH;OH - RCCH,0H + HCR’ =+ RCHCH,0H + HOCH;R’
| | Retro-aldol
OH OH



The C-C cleavage precursor is again a B-hydroxyl carbonyl. Cleavage of this f-hydroxyl
carbonyl leads to an aldehyde and a ketone, which are subsequently hydrogenated to
alcohols. Andrews and Klaren (1989) suggested the same mechanism, based on their
observation that the primary C-C cleavage site is f to the carbonyl group in sugar
hydrogenolysis.

Montassier et al. (1988) proposed another mechanism, namely, the retro-Claisen
reaction for the C-C cleavage in glycerol hydrogenolysis. This mechanism was proposed
in order to explain the absence of methanol and the presence of carbon dioxide in the
hydrogenolysis products of glycerol and sugar alcohols. The formation of formaldehyde
and its subsequent hydrogenation to methanol can be predicted from the retro-aldol
reaction. The retro-Claisen mechanism allows for formation of formic acid rather than
formaldehyde, which decomposes under hydrogenolysis conditions to form CO,. The
retro-Claisen was proposed to better explain the experimental hydrogenolysis products
obtained from sugar and sugar alcohols. Montassier et al. (1988) also proposed the retro-
Michael reaction, which requires a d-dicarbonyl as the bond cleavage precursor, to
explain the C-C cleavage in the hydrogenolysis of xylitol and sorbitol.

The reaction mechanisms just reviewed are all consistent with the products
obtained in sugar hydrogenolysis. The major product of fructose cleavage is glycerol and
for glucose cleavage the major product is ethylene glycol and erythritol. Propylene
glycol is formed by the hydrogenation of glycerol (Clark, 1958). This cleavage site
selectivity along with the strong base catalysis further supports that a retro-aldol reaction
may be involved. Furthermore, recent research on sugar hydrogenolysis conducted by

our group (Wang et al., 1996) identified the retro-aldol reaction of a B-hydroxyl carbonyl



precursor as the C-C cleavage mechanism, and excluded the other mechanisms due to

two theoretical considerations and experimental results (Figure 1).

13  Project Background

The previous researchers on this project at Michigan State University (Wang et
al., 1996) performed a mechanism study of sugar and sugar alcohol hydrogenolysis using
1,3-Diols. Based on the possible bond cleavage mechanisms governing sugar and sugar
alcohol hydrogenolysis they were able to conclude that cleavage of the C-C bonds and C-
O bonds in hydrogenolysis is through retro-aldolization and dehydration of a B-hydroxyl
carbonyl, respectively. Their results prevented them from believing that either retro-
Claisen or retro-Michael is a dominating C-C cleavage mechanism over the retro-aldol in
hydrogenolysis.

Twigg (1998) continued research on this project and investigated use of a 1, 3-
diol, specifically, 2,4-pentanediol (2,4-PD). The focus was on developing a catalyst to
increase the selectivity of the hydrogenolysis process. Numerous metals, in the presence
of hydrogen, can hydrogenate aldehyde groups of carbohydrate molecules in aqueous
solution (Montassier et al., 1991). Two types of catalysts, namely metal oxides and
nickel on alumina/silica, were found to have desirable effects on the hydrogenolysis
reaction and it were these catalysts that were chosen for study in the current research.
Barium promoted copper chromite; copper (II) oxide; palladium 1% on carbon and boron
oxide; and nickel on alumina/silica and copper (II) oxide were found to promote highest

selectivity toward C-C cleavage. Twigg (1998) also examined the effects of temperature



and pressure and found limited effects from temperature change (above 190 °C) and

pressure inversely affects the reaction rate and 3.5MPa is adequate.

14  Objectives and Scope of Current Research

Our focus is to understand the mechanisms controlling the hydrogenolysis of

sugars. Our hypothesis is that sugars and sugar alcohols will hydrolyze similarly to the
simpler 1,3-diol model compounds. Based on the mechanisms of selective sugar
hydrogenolysis, a large scale process can be optimized to compete economically and
environmentally with our existing petroleum based processes.

Specific Aims

1) develop analytical methods for detecting the various products produced in the
hydrogenolysis of D-glucose, fructose, and sucrose; 2) determine the efficacy of nine
different catalysts or catalyst combinations and two different solvents in the conversion
of D-glucose, fructose, and sucrose into propylene glycol, ethylene glycol and glycerol;
and 3) explore the mechanism of sugar hydrogenolysis by identifying some of the many

intermediates and products of sugar hydrogenolysis.
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CHAPTER 2

EXPERIMENTAL SYSTEM AND METHODS

2.1  Description of Apparatus

A specially designed, stainless steel continuously stirred steady-state batch reactor
with a 50 ml capacity and capable of withstanding high pressures and temperatures was
used for all hydrogenolysis reactions. The detailed design of this reactor is shown in
Figure 2. |

Compressed hydrogcn from a cylinder equipped with a pressure regulator was
used to maintain a constant pressure of 3.5 MPa during the course of the reaction. An
additional pressure gauge was added to the hydrogen supply line to monitor the pressure
near the reactor. A vacuum line connected to the reactor was used to purge the system
before the experiment. The desired reaction temperature was maintained by a 1000W
electric coil immersed in a silicone oil bath and controlled with a proportional
temperature controller and platinum RTD probe. A uniform temperature distribution of
210 £ 3 °C was sustained by stirring the oil bath with nitrogen bubbles.

The continuously stirred batch reactor was equipped with one sampling port that
was composed of a sampling valve, 1/16-in. stainless steel tubing and a 0.45 um pore size
stainless filter at the inlet immersed in the reaction medium. The filter prevented the
contamination of the samples with solid catalyst particles, which could interfere with the
high pressure liquid chromatograph (HPLC) and gas chromatograph (GC) analyses. The
total hold volume was several microliters which allowed for an accurate representation of

the mixture components at the time of sampling. A magnetic stirring bar was used to

1
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Figure 2. Illustration of Hydrogenolysis Reactor
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Figure 3. Schematic Illnstration of Experimental System

13



blend the mixture in the reactor. The entire reactor assembly was placed on a magnetic

stir plate. A schematic illustration of the whole experimental system is provided in

Figure 3.

2.2 Experimental Procedure

To carry out the reaction, about 0.5 g of starting sugar, 0.05 g of selected catalyst,
1 ml of 1IN sodium hydroxide, and proper amounts of solvent were placed in the reactor,
giving a total volume of about 40 ml. The reactor was purged by alternately connecting it
to nitrogen and a vacuum, and then was heated until the reactor reached 210 °C.
Hydrogen pressure was applied to the reactor and maintained at 3.5 MPa. During the
reaction course, the reaction medium was constantly stirred and its composition was
monitored using gas chromatography (GC) and high pressure liquid chromatography
(HPLC).

2.3  Chemical Components

The following chemicals are from Aldrich Chemical Co. (Milwaukee, WI):
copper (II) oxide (99.9999%); copper chromite, barium promoted; palladium, 1 wt. % on
carbon; boron oxide (99.999%); iron (III) oxide (99.998%); Ruthenium, 5 wt. % on
carbon; nickel on kieselguhr (60-62% Ni); sodium hydroxide (97 + %); 1,4-butandiol;
ethyl alcohol-d (99%); and a-D-glucose (96%). D-fructose, sucrose (99.9%), and methyl
alcohol were purchased from Fisher Scientific (Fair Lawn, NJ), Boehringer Mannheim
(Indianapolis, IN) and Mallinckrodt, respectively. The water used came from a reverse

osmosis system (DA-15, Filterchem, Alhambra, CA). The hydrogen (99.9%) and

14



nitrogen was obtained from Purity Cylinder Gases (Lansing, MI) and AGA Gas Products

(Lansing, MI).

24  Sample Analysis

Prior to each collection about 0.5 ml of sample was discarded due to dead space
volume. Following this, a 1 ml sample was collected every 30 minutes for a total of 240
minutes from the reaction vessel and placed into a small vial.
Internal Standards For analysis an internal standard (IS) calibration method was
performed. The internal standard used must be well resolved from the other peaks, elute
close to the peaks of interest, and have a structural similarity to the unknown. For HPLC
analysis with starting substrate glucose and fructose the internal standard used was
sucrose, and with starting substrate sucrose the internal standard used was fructose. The
final concentration of either of the internal standards for HPLC analysis in solution was
4.72 mM sucrose or 8.97 mM fructose. For GC analysis the internal standard used for all
experiments was 1,4-butanediol. The final concentration of 1,4-butanediol in solution
was 10.47 mM.
Liquid Chromatography The starting sugar and glycerol were separated in a Shodex
Asahipak NH2P-50 packed column, 4.6 mm id. x 150 mmL, particle size 5 pm
(Keystone Scientific Inc., Bellefonte, PA) and maintained at 30 °C. The HPLC system
consisted of a Dionex gradient pump, a Waters injector, and a Sedex Model 55
evaporative light scattering detector (Richard Scientific, Novato, CA). The detector was
operated at 46 °C and pressure was held at 2.2 MPa with nitrogen. A 75/25

acetonitrile/water mixture was used as the mobile phase at a flow rate of 1.0 ml/min, and
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10 ul portions of the solution were injected into the HPLC chromatographic system in
order to calculate the concentrations. The approximate HPLC retention times for
glycerol, fructose, glucose, and sucrose were 3.0, 5.7, 6.8 and 9.1 min, respectively. The
liquid chromatography results were entered into a spreadsheet which automatically
calculated the selectivity and overall conversion of the starting sugar and the yield of
glycerol.

Gas Chromatography A 3.0 ul aliquot of solution was injected into a Hewlett Packard
Model 5890 Series II gas chromatograph (Hewlett Packard, Avondale, PA), equipped
with a 30 m x 0.53 mm i.d., 0.50 micron megabore Supelco capillary column (Supelco,
Bellefonte, PA) and flame ionization detector for separation of ethylene glycol and
propylene glycol. The column temperature was programmed for a 1-min hold at 100 °C
followed by a 12.5-min ramp at 4 °C/min up to 150 °C. The injector and detector
temperatures were 250 and 350 °C, respectively. The approximate retention times for
propylene glycol, ethylene glycol, and 1,4-butanediol were 5.7, 6.3 and 12.4 min,
respectively. The gas chromatography results were entered into a spreadsheet which
automatically calculated the yields of propylene glycol and ethylene glycol.

Standard Preparation The HPLC and GC were calibrated for each individual
compound using an internal standard (IS) calibration method. The internal standard
calibration method helps to standardize the amount of sample manually injected. This is
very important due to the small amounts of sample injected, namely 3 ul for GC aﬁd 10
ul for HPLC analysis. The HPLC and GC calibration curves are listed in Appendix A
and B, respectively. An internal calibration verification (ICV) was prepared for both

instruments. The ICV was performed by preparing a standard and injecting it three
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consecutive times into either the HPLC or GC. Using the reported area and the prepared
calibration curves, the concentration of each compound in the standard was calculated.
The standard deviation for each compound was calculated for the three consecutive runs,
and it is desired to receive a RSD value of less than 5%. Relative standard deviation
(RSD) values of 0.51, 1.58, 3.65 and 18.4% were obtained for propylene glycol, ethylene
glycol, glucose and glycerol, respectively. It was found that glycerol has a much higher
RSD value. The RSD value is higher because glycerol is a very viscous material and it is
difficult to prepare samples and inject accurate amounts into the HPLC due to its
tendency to retain to glass, therefore causing the accuracy of measurement to be less.
Error Estimation Error is present due to both the small volumes used in sample
analysis and associated instrumental error. In order to better measure the amount of
instrumental error, the ICV standard was run prior to using the instruments for each
individual experiment. This enabled an instrumental error to be calculated over the entire
course of using these instruments. For the experiments in which D-glucose was the
substrate a relative standard deviation (RSD) of 11%, 18%, 14% and 20% was calculated
for D-glucose, glycerol, propylene glycol, and ethylene glycol, respectively. The
instruments were recalibrated after these experiments with fructose as the substrate and
RSD values of 21%, 32%, 20% and 22%, were calculated for fructose, glycerol,
propylene glycol and ethylene glycol, respectively. Again the instruments were
recalibrated for the final set experiments with sucrose as the substrate and RSD values of
5% and 16% were calculated for sucrose and glycerol, respectively. Although

instrumental error is present it is estimated that the average error was not more than 15%
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between experiments. Although this may seem high, the results are qualitatively correct

and can be used to identify general efficacy of the nine catalysts or catalyst combinations.
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CHAPTER 3
RESULTS AND DISCUSSION

The focus of this research was to understand the mechanisms controlling the
hydrogenolysis of sugars, namely glucose, fructose, and sucrose. Hydrogenolysis can be
described as the cleavage of carbon to carbon or carbon to oxygen bonds, accompanied
by the addition of hydrogen (Connor and Adkins, 1932). In order to examine the
hydrogenolysis reaction of glucose, fructose, and sucrose, I developed analytical methods
to detect for the various intermediates and products. Additionally, the efficacy of nine
different catalysts and two different solvents in the conversion and selectivity of glucose,
fructose, and sucrose into propylene glycol, ethylene glycol, and glycerol was
determined.

In sugar hydrogenolysis it has been determined that catalyst is essential in order to
convert the starting sugar (Tronconi et al., 1992). Extensive studies have been done on
developing effective catalysts for the hydrogenolysis of carbohydrates. Two types of
catalysts promoted the desired results, favoring retro-aldolization over the dehydration
reaction pathway: the first type was a series of metal oxides, most notably copper oxide,
which promoted high selectivities, and the second type was nickel on alumina/silica,
which promoted high conversions (Twigg, 1998).

A total of 36 experiments (Tables 1-4, details in Appendix D) were run during the
current phase of the project, resulting in valuable catalytic hydrogenolysis data for
various combinations of substrates, solvents, and catalysts. Several catalysts were

studied in addition to those previously investigated by Wang and Furney (1995). The
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catalysts used in the current study included palladium 1% on carbon, nickel on
alumina/silica, copper (II) oxide, iron (IIT) oxide, boron oxide, aluminum oxide, nickel on
kieselguhr, 5% ruthenium on carbon, and barium promoted copper chromite. Catalysts
were studied individually, and in some cases up to three were combined to determine
their effectiveness in obtaining both a high conversion of the starting sugar chain and a
high selectivity toward C-C cleavage versus C-O cleavage (Figure 1).

A number of physical parameters are important to this type of process, including
temperature, hydrogen partial pressure, and base. Twigg (1998) used a model compound,
2,4-pentanediol (2,4-PD) to establish a set of optimal reactor conditions that were -
selected for this study. The conditions chosen included a reactor temperature of 210 °C,
3.5 MPa hydrogen partial pressure, and NaOH as base. Two variables, solvents and
catalysts, were studied during the current phase of the project. For these reaction
conditions and the two variables, data were collected and catalysts or catalyst
combinations most effective in sugar hydrogenolysis were identified. Table 5 presents a
summary of the best catalytic results. However, it should be noted that each catalyst may
have different optimum reaction conditions, thus further optimization will need to be

explored.
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