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Abstract:
The production of polyols from agricultural products can be accomplished through hydrogenolysis.
One such process is the production of sorbitol from corn starch with subsequent hydrogenolysis to form
polyols such as glycerol, propylene glycol, and ethylene glycol. The amounts of these products
produced and their market demand essentially determines whether the process may be economically
feasible. Therefore, it was determined that an ideal hydrogenolysis process would allow for the
alteration of product distribution depending on market demand.

The focus of this research was to determine the effects of various co-catalysts on product distribution
for the hydrogenolysis of sorbitol while maintaining high to moderate conversion. Powdered forms of
metal co-catalysts substantially soluble in aqueous solutions of sorbitol were tested. The desired
products were glycerol, propylene glycol, and ethylene glycol. Other objectives were to determine gas
production and lower alcohol yields for all runs. The effect of temperature on gas production, sorbitol
conversion, product distribution, and product yields was also investigated.

The data collected provides evidence that maintaining high to moderate sorbitol conversion is probable
with the hydrogenolysis conditions tested. Catalyst HC-1 was used for determining the co-catalysts that
produced the best yields of the desired products. It was determined that co-catalyst CC-8 produced a
significantly greater amount of glycerol while co-catalysts CC-1 and CC-2 produced the highest yields
of propylene glycol. The greatest yields of ethylene glycol were achieved with co-catalyst CC-1 or
CC-4. Co-catalyst CC-4 produced moderate yields of glycerol while CC-1 and CC-2 produced low
glycerol yields.

Results show that gas production could be reduced with an alternate catalyst. Gas production was
decreased by a factor of ten with the HC-2 catalyst when compared to catalyst HC-1. Glycerol yields
were significantly increased with this catalyst, but conversion was decreased by a factor of 2.

Results also show that lower temperatures decreased gas production. Glycerol yields were increased at
lower temperatures when HC-1 was used as the catalyst, but were decreased with the HC-2 catalyst. . 
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ABSTRACT

The production of polyols from agricultural products can be accomplished 
through hydrogenolysis. One such process is the production of sorbitol from 
corn starch with subsequent hydrogenolysis to form polyols such as glycerol, 
propylene glycol, and ethylene glycol. The amounts of these products produced 
and their market demand essentially determines whether the process may be 
economically feasible. Therefore, it was determined that an ideal 
hydrogenolysis process would allow for the alteration of product distribution 
depending on market demand.

The focus of this research was to determine the effects of various 
co-catalysts on product distribution for the hydrogenolysis of sorbitol while 
maintaining high to moderate conversion. Powdered forms of metal co-catalysts 
substantially soluble in aqueous solutions of sorbitol were tested. The desired 
products were glycerol, propylene glycol, and ethylene glycol. Other objectives 
were to determine gas production and lower alcohol yields for all runs. The 
effect of temperature on gas production, sorbitol conversion, product 
distribution, and product yields was also investigated.

The data collected provides evidence that maintaining high to moderate 
sorbitol conversion is probable with the hydrogenolysis conditions tested. 
Catalyst HC-1 was used for determining the co-catalysts that produced the best 
yields of the desired products. It was determined that cb-catalyst CC-8 
produced a significantly greater amount of glycerol while co-catalysts CC-1 and 
CC-2 produced the highest yields of propylene glycol. The greatest yields of 
ethylene glycol were achieved with co-catalyst CC-1 or CC-4. Co-catalyst CC-4 
produced moderate yields of glycerol while CC-1 and CC-2 produced low 
glycerol yields.

Results show that gas production could be reduced with an alternate 
catalyst. Gas production was decreased by a factor of ten with the HC-2 catalyst 
when compared to catalyst HC-1. Glycerol yields were significantly increased 
with this catalyst, but conversion was decreased by a factor of 2.

Results also show that lower temperatures decreased gas production. 
Glycerol yields were increased at lower temperatures when HC-1 was used as 
the catalyst, but were decreased with the HC-2 catalyst. .
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CHAPTER 1
I

INTRODUCTION

The majority of polyols are currently produced from petroleum fractions, 

but with the present concern that petroleum is a non-renewable resource there is 

an increasing desire for an alternate method of production. Hydrogenolysis of 

sugars is one alternative that may be of interest. Agricultural manufacturing 

industries are continuously burdened with by-products, such as starches, that 

have no immediate economical value. Several of these by-products can be 

converted into sugars and then be used in the production of polyols.

Sorbitol is easily produced from corn starch making it an excellent choice 

for use in the production of polyols. Some of the known products formed during 

the hydrogenolysis of sorbitol are glycerol, propylene glycol, ethylene glycol, and 

low molecular weight alcohols. Other products suspected to form include 

butanediols, propanediols, isosorbide, and a tetrahydrofuran derivative. 

Glycerol is used in pharmaceuticals, cosmetics, polymer resins, and as a 

humectant in the tobacco industry. Propylene glycol is used in nontoxic 

antifreeze, solvents, and as an emulsifying agent in foods. Ethylene glycol is 

used primarily in antifreeze and solvents. Low molecular weight alcohols are 

used in solvents and medical applications.
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An economical overview is necessary to illustrate the relative value of the
. .  J

polyols and lower alcohols. Table 1 summarizes market values for the known 

products [1]. Glycerol is the most desired product based on the relative prices of 

the polyols. Propylene and ethylene glycol are also desirable based on their 

extensive use in antifreezes and their market values. The low molecular weight 

alcohols may be desirable products based on their market value, however the 

necessity of high purity levels could be too much of an opportunity cost.

Table I  Market values for known products.
Known Product Market Value ($/lb)

Glycerol 0.92-1.07
Propylene Glycol 0.48 -. 0.56
Ethylene Glycol 0.30-0.35
Lower Alcohols 0.4

Several reaction mechanisms, including both parallel and series 

reactions, are possible for the formation of these products. Figure 1 illustrates 

some of the possible series and parallel reactions. An example of a series 

reaction is sorbitol and hydrogen reacting to form propylene glycol and glycerol 

with glycerol further reacting to form more propylene glycol. The propylene 

glycol could then further react to form lower alcohols. Many parallel reactions 

are possible such as propylene glycol and ethylene glycol being produced from 

two separate sorbitol molecules. Other possible reactions include the formation 

of gasses such as methane and ethane from methanol and ethanol.
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C6H14O6 +
Sorbitol

-» C3H1O3 + C3H1O3 + H2O
Glycerol Propylene

Glycol

C4H10O2 + C,HsO, + 2H ,0
1,2 Butanediol

2 '  ' 6 V 2 
Ethylene 
Glycol

C3H8O2 + H2O
Propylene 

Glycol

C3H8OH + H2O
Propanol

CH3OH + H20
Methanol

C2H7OH + H2O
Ethanol

CH4 + H2O
Methane

C2H8 + H2O
Ethane

Figure 1 Possible series and parallel reactions.

Research relating to sorbitol hydrogenolysis began in the early 1900s 

with I. G. Farbenindustrie, A.-G., obtaining the first patent for the hydrogenation 

of sugar in 1927 [2]. The patent claimed the production of glycerol and 

propylene glycol from sugars, starches, cellulose, or other materials at 

temperatures above 150°C and pressure from 70 to 100 atm. In 1932 

Lautenschlager et al., obtained a patent on the hydrogenation of polyhydroxy 

compounds at temperatures from about 200°C to about 300°C [3], Zartmen and 

Adkins studied the hydrogenolysis of sugars to find the behavior of 

carbon-carbon and carbon-oxygen bonds when subjected to the action of 

hydrogen over a catalyst [4], Larchar investigated catalytic hydrogenation and 

dehydration of polyhydroxy alcohols, over a nickel-chromium oxide catalyst, to



4

form glycols in 1934 [5]. Rothrock obtained a patent in 1935 for producing 

polyhydric alcohols such as glycerol, ethylene glycol, and propylene glycol by 

hydrogenation of polyhydric alcohols with more hydroxyl groups [6].

W W  Il brought a particular need for an alternate source of glycerol for the 

production of nitroglycerine. The I. G. Farbenindustrie, A.-G., started the first 

commercial plant in 1938 [2], The plant was designed to produce 250 tons per 

month, but production only reached 2000 tons per year due to separation 

difficulties. The product was called "glycerogen" and was reported as no more 

than a substitute for glycerine. Lenth and Dupuis carried out a pilot plant study 

where a glycerol substitute was produced, but an economical source of pure 

glycerol was not achieved [7]. The process was carried out in a methanol 

suspension of sucrose or dextrose at a temperature of 240°C and a pressure of 

1500 psig. A 60 to 65% yield of distillable polyhydric alcohols was obtained. 

The product contained 60% propylene glycol and 40% glycerol with other 

polyhydric alcohols of higher molecular weight.

In the early 1950s the USDA took an interest in the production of 

polyhydric alcohols from wood molasses [8], This was due to a 35% decrease in 

the production of glycerol as a by-product of the soap manufacturing and various 

fat-splitting industries and a corresponding increase in demand for its use in 

resins, explosives, and food products. The hydrogenolysis process was 

conducted with a nickel catalyst impregnated on kieselguhr. Reactions were run 

at a temperature of 215°C to 220°C and pressures from 1500 psi to 3100 psi.
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No data was presented on the yield of polyols or the conversion that was 

achieved.
‘

Clark claimed 40% yield of glycerol from sorbitol in a batch process in 

1958 [9]. Reaction temperatures were between 215°C and 245°C with

pressures ranging from 2000 psi to 5600 psi. Sorbitol feed concentrations in the 

range of 40 to 90 wt.% were introduced to a stirred batch reactor. Kinetic data 

published showed hydrogenolysis of sorbitol to be first order in most instances.

In the late 1950s and early 1960s, Boelhouwer et al., demonstrated that 

yields up to 75% of distillable polyalcohols could be obtained by the 

hydrogenation of aqueous sucrose in a batch reactor [10]. Reaction 

temperatures of 200°C to 250°C and the use of a copper-chromite catalyst 

produced mainly glycerol and propylene glycol. Yields of 70% were also 

obtained by hydrogenating a solution of sucrose in methanol with a 

nickel-on-kieselguhr catalyst at 195°C for 105 minutes.

Van Ling investigated the hydrogenolysis of saccharides by using 

cleavage selectivity (CS), hydrogenation selectivity (HS), and cleavage 

percentage (CP) as parameters to optimize the reaction conditions [11]. 

Experiments were carried out in a 250 ml autoclave with a saccharide feed,

CuO-CeO2-SiO2 catalyst, and a methanol-water solution. Reaction temperatures
\

of 200°C to 250°C and pressures from 100 atm to 300 atm were applied for a 10 

to 120 minute duration. Van Ling determined that an optimum combination of 

HS and CR must be achieved to give a maximum yield of glycerol.
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Wright developed and patented a process for the production of polyhydric 

alcohols from carbohydrates with a nickel or tungsten oxide catalyst in a stirred 

autoclave [12]. The reactor was operated at a temperature of 230°C and a 

pressure Of 500 psig. The resulting product from a sugar and 

nickel-tungsten-oxide catalyst feed, after 15 minutes, contained 18.7% glycerine, 

13.8% propylene glycol, and 4.1% ethylene glycol.

Arena obtained a patent in 1985 for hydrocracking carbohydrates 

including glucose, fructose, and sorbitol, in a batch reactor, to obtain lower 

polyols such as glycerol, ethylene glycol, and propylene glycol [13]. Total 

conversion was reported up to 57.6% when reacting a 50% aqueous solution of 

sorbitol in the presence of hydrogen and a ruthenium catalyst on a titanited 

gamma-alumina support. Reactor temperatures were from 150°C to 250°C and 

pressures of 500 psig to 5000 psig were applied. The product was composed of 

21.5% glycerol, 18.3% propylene glycol, and 3.1% ethylene glycol.

Extensive research has been conducted on batch hydrogenolysis of 

sorbitol, but this has not produced an economically feasible process for 

commercial applications. Based on the literature survey conducted it appears 

that an economical process for producing polyols will require continuous 

hydrogenolysis. Hellwig acquired a patent on a continuous process including an 

ebulated bed containing a dual function hydrogenation catalyst and a second 

ebulated bed containing a single function catalyst [14]. The dual function 

catalyst, which promotes hydrogenation and cracking, was cobalt on silica
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alumina. The single function catalyst was selected from nickel on kieselguhr, 

copper-chromite, or nickel on alumina. The hydrogen partial pressure for the 

first reactor was 700 psia to 3500 psia and the temperature was 200°F to about 

400°F. The second reactor hydrogen partial pressure was from 1000 psia to 

3500 psia and the temperature was from 300°F to 550°F. Glycerol yields were 

reported at 50% when using a corn-starch feed containing mostly amylose 

polymer.

Van Ling et a I.-, designed and built a pilot plant that consisted of two 

CSTRs in cascade [15]. Sucrose in a methanol-water solution, hydrogen, and a 

CuO-CeO2-SiO2 catalyst were used in the reactors. The operating conditions for 

the first reactor were a temperature of 225°C, pressure of 200 atm,_ and a liquid 

hourly space velocity (LHSV) of 1. The second reactor was operated at a 

temperature of 200°C, pressure of 200 atm, and a LHSV of 2.5. Glycerol yields 

of 30% were achieved with this process. Based on the low selectivity for 

glycerol formation the process was considered not economically feasible unless 

the market value of glycerol and other polyols increased.

Sirkar and HRI obtained a patent for the continuous hydrogenolysis of 

sorbitol and other alditols in a fixed bed catalytic reactor in 1982 [16]. Aqueous 

solutions of sorbitol from 15 to 40 wt.% were fed to the reactor with a LHSV from 

1.5 to 3.0, a temperature from 400°F to 500°F, and a hydrogen partial pressure 

from 1200 psig to 2000 psig. A nickel catalyst was used to produce at least 30 

wt.% conversion to glycerol and other glycol products. The catalyst was
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regenerated within the 20 to 200 hour operating period to maintain conversion 

and product yield. Distillation followed by recycle of unconverted alditols 

allowed for production of 80 to 90 wt.% glycerol.

Currie studied the hydrogenolysis of sorbitol to produce polyhydric 

alcohols in 1991 [17]. Testing commercially available catalysts, co-catalysts, 

and inert packing while monitoring the product pH and varying the co-catalyst 

concentration was included in the scope of this research. United Catalyst 

C46-8-03 1/16" was found to be the best catalyst and sodium hydroxide was the 

best co-catalyst tested. . No difference was found between the two types of 

alumina packing. Yields were reported up to 40% for glycerol, 55% for 

propylene glycol, and 25% for ethylene glycol. Sorbitol conversion was reported 

up to 90% with NaOH as a co-catalyst.

From previous experiments it appears that a successful continuous 

hydrogenolysis process cannot be achieved without the aide of a co-catalyst or, 

promoter. Promoters have been used in hydrogenolysis reactions since 1935 

when Rothrock used a weakly alkaline buffer (CaCO3) to obtain higher yields of 

polyhydric alcohols, increase the purity of glycerol, and to achieve higher activity 

of the catalyst [6],

The USDA tested the effect of promoters on the hydrogenolysis of sorbitol 

in 1958 [8]. The study included calcium, barium, and sodium hydroxides, 

calcium carboriate, and calcium sulfate. Calcium and barium hydroxides 

produced the best results with calcium yielding the highest amount of glycerol.
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Propylene glycol formation from glycerol was increased by the addition of 

sodium hydroxide.

Calcium hydroxide has been tested extensively as a co-catalyst and was 

found to increase glycerol yield, but a decrease in the yield was observed when 

concentrations were increased to levels higher than approximately 0.05 mol/mol 

of feedstock [9, 10, 11, 15, 16]. Sirkar stated that the addition of Ca(OH)2 from

0.1 to 1.0 wt.% could control the feed stream pH and prevent nickel leaching
;

from the catalyst [16]. However, Currie showed that Ca(OH)2 was unsuitable for 

continuous flow tubular reactors due to plugging in the catalyst bed [17]. The 

use of barium hydroxide as a promoter has also been investigated with results 

consistent to those for Ca(OH)2, including reactor plugging after short run times 

[8,17].

Several hydrogenolysis studies have used sodium hydroxide as a means 

for increasing conversion. Although conversion was increased, it was 

determined that NaOH promotes the yield of propylene glycol rather than 

glycerol [11, 16, 17].

Although several co-catalysts have been investigated a 

comprehensive study has not been performed. With varying parameters such as 

catalyst and reactor type, along with different conditions such as temperature 

and pressure it is impossible to directly compare results from separate research 

and determine the best co-catalysts for the hydrogenolysis of sorbitol.



1.0

The hydrogenolysis of sorbitol and other sugars has been studied 

extensively. However, much investigation is still required to develop a 

continuous hydrogenolysis process that is economically feasible with the

continuous market changes that are faced today. The major concern is the
)

effects of various co-catalysts on product distribution and yield.

\
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CHAPTER 2

RESEARCH OBJECTIVES

The objective of this research was to study the effects of various 

co-catalysts on product distribution for the hydrogenolysis of sorbitol while using 

the "normal" hydrogenolysis catalyst. The intent was to identify co-catalysts that 

would produce high levels of glycerol, propylene glycol, or ethylene glycol. An 

attempt was made to maximize the production of glycerol while maintaining high 

to moderate conversion. Minor objectives were to monitor the production of gas 

and lower alcohols.

To achieve these objectives it was planned to:

1. ) test co-catalysts that have been reported as effective promoters for

the production of polyols,

2. ) test co-catalysts that have not been studied according to the literature

survey conducted,

3. ) test a catalyst suggested by the catalyst manufacturer, that could

reduce gas production,

4. ) and determine the optimum concentration of co-catalyst for the

desired product distribution and minimum gas production.
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CHAPTER 3 

EXPERIMENTAL

Outline of Research

The main priority of this research was to study the effects of co-catalysts 

on product distribution for the hydrogenolysis of sorbitol while using the "normal" 

hydrogenolysis catalyst (HC-1). A co-catalyst concentration study was also 

conducted. Powdered forms of metal co-catalysts substantially soluble in water 

were tested. Glycerol was chosen as the desired product for the co-catalyst
i '

concentration study due to its current market value compared to propylene glycol 

and ethylene glycol. After a co-catalyst was chosen for the best production of 

glycerol it was tested at various concentrations. Temperature effects were also 

briefly investigated. Liquid and gas samples were obtained for all runs. The 

catalyst bed was washed between each run to hopefully remove any co-catalyst 

that may have been deposited on the catalyst surface from previous runs. Two 

alternate solid catalysts (HC-2 and HC-3) were tested with the co-catalyst (CC-8) 

that skewed the product distribution towards glycerol. Catalysts HC-1 and HC-2 

were composed of the same catalytic metal impregnated on different high 

surface area supports. Catalyst HC-3 was composed of the same material as 

the support for HC-1.

\



. i
Testing of Cd-Catalvsts and Concentration Effects

Co-catalysts of type A (CC-2, CC-3, CC-5, CC-6, CC-7, CC-8, and CC-9) 

and type B (CC-1, CC-4, CC-10, and CC-11) were tested at a concentration of 

about 0.01 mol/mol relative to sorbitol in the 25 wt.% aqueous sorbitol feed. 

CC-8 was used for testing the effects of co-catalyst concentration on product 

distribution, sorbitol conversion, yield, and gas production. Runs were made 

with catalyst HC-1 and approximately 0.005 mol/mol, 0.01 mol/mol, and 0.03 

mol/mol concentrations of co-catalyst. A summary of all experimental runs is 

contained in table 2.
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Table 2 Summary of all experimental runs.
Run # Catalyst Co-Catalyst Concentration 

~ mol/mol *
Duration

hours
1 HC-1 CC-1 0.01 53.5
2 Ii none Il 30.0
3 CC-2 29.0
4 Ii CC-3 32.5
5 H CC-4 Il 28.0
6 11 CC-5 Il 29.0
7 CC-6 11 30.5
8 M CC-7 Il '29.0
9 M CC-8 30.0
10 M CC-9 Il 23.0
11 H CC-1 11 52.0
12 Ii CC-10 Il 29.0
13 11 CC-11 23.5
14 Ii CC-8 0.005 54.5
15 11 0.03 35.5
16 Ii 0.01 47.0
17 HC-3 6.5
18 HC-2 55.0

* moles of co-catalyst per mole of sorbitol.
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Temperature Effects

Run 16 with catalyst HC-1 and a 0.01 mol/mol concentration of CC-8 

co-catalyst was used to examine the effects of temperature on product 

distribution, sorbitol conversion, product yields, and gas production. The 

temperature was decreased by approximately 5°C from the normal operating 

temperature (250°C).

Testing Alternate Catalysts

Catalyst HCr2 was tested using a 0.01 mol/mol concentration of 

co-catalyst CC-8 to determine the product distribution and gas production 

differences from the results when HC-1 was used. Catalyst HC-3 was tested to 

examine any effects it rendered on the product distribution and sorbitol 

conversion.

Operating Conditions

The operating conditions for this research were standard hydrogenolysis 

conditions as determined from the literature [16]. These conditions are given in 

table 3. Before each change of co-catalyst the catalyst was washed to minimize 

lagging effects from previous runs. Wash cycle conditions are listed in table 4.



15 I

Table 3 Standard operating conditions for hydrogenolysis.
Nominal Operating Conditions

Aqueous Feed 25 wt.% Sorbitol
Feed Flow Rate (SCCM) 1.0
LHSV (ml/hr/cm3) 2.0
Co-Catalyst Concentration (mol/mol) * -0 .01
Hydrogen Pressure (psig) 1800 ± 5 0
Hydrogen Flow Rate (SCCM) 185 ± 10
Reactor Temperature (0C) 250 ± 5
* moles of co-catalyst per mole of sorbitol.

Table 4 Reactor wash cycle conditions._____________________
Nominal Conditions for Wash Cycles 

Wash Solution Deionized Water
Wash Volume (ml) 1500 ±100
Wash Solution Feed Rate (SCCM) 2 ± 0.5 

LHSV (ml/hr/cm3) 4 ± 1
Hydrogen Pressure (psig) 1800 ± 50
Hydrogen Flow Rate (SCCM) 95 ± 10
Temperature (0C) 135 ± 5 ______

Hydrogenolysis Equipment

The hydrogenolysis of sorbitol was conducted in a 24 inch long trickle bed 

reactor made of 1/2" schedule 40 type 304 stainless steel seamless pipe. 

Simplified diagrams of the reactor system can be seen in Figures 2 and 3. The 

reactor inlet was connected to a stainless steel pipe cross. A mounting system 

for a thermowell running axially through the reactor was connected to the top of 

the cross. Inlet valves for the hydrogen and sorbitol feed were connected to the
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Pressure
Gauge

Nitrogen Tank

Temperature
Controller

Main Reactor

Feed Resevoir 
Burette On-Off and 

Check Valves

Gas Flow Meter 

Hydrogen Tank

To Fume 
Hood

Metering Pump

Product Resevoir collectionPort 
Back Pressure Regulator

Figure 2 Experimental apparatus.

Thermowell

Figure 3 Main reactor.
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sides of the cross. A Maxisafe pressure gauge, connected by a stainless steel 

pipe T between the cross and hydrogen inlet valve, was used to measure the 

pressure at the top of the reactor. A 1" O.D. aluminum sleeve was used to fill 

void space between the reactor and furnace, and to help distribute heat 

uniformly to the reactor. A Lindberg Furnace type 54031 A was used to heat the 

reactor. The furnace temperature was maintained with an OMEGA CN-380-TC 

temperature controller. A thermocouple placed roughly at the center of the 

furnace and connected to the temperature controller allowed for monitoring and 

control of the furnace temperature. Three additional thermocouples were placed 

inside the thermowell running through the reactor. They were placed at 

approximately the top, center, and bottom of the catalyst bed. The aqueous 

sorbitol feed was pumped from a glass reservoir to the reactor through 1/16" 

stainless steel tubing by and Eldex model A-60-S metering pump. An in-line 

burette between the feed reservoir and pump was used for measuring the 

aqueous sorbitol flow rate. The flow rate of the pump was adjusted with a 

microdial.

Analytical grade hydrogen was fed to the reactor head through a pressure 

regulator, 1/8" stainless steel tubing, a Brose model 5875 flow meter, a safety 

check valve, and an on-off valve.

Analytical grade nitrogen was fed through 1/8" stainless steel tubing, a 

pressure regulator, and an on-off valve to maintain an inert atmosphere in the 

feed reservoir. A Brooks rotometer was used to regulate the nitrogen flow rate.
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The exit of the reactor was connected to a water cooled heat exchanger 

that condensed as much product as was possible. A Grove back pressure 

regulator maintained pressure in the reactor. The product was collected in a 

reservoir and gasses were vented to a fume hood after passing a gas sample 

collection port.

Procedure

The hydrogenolysis feed for this reaction was made with liquid sorbitol 

(25 wt.%) and deionized water. The co-catalysts tested were powdered forms of 

metals substantially soluble in water. The co-catalysts were added to the 

sorbitol feed at the desired concentrations and allowed ample time to dissolve 

before the solution was fed to the reactor.

Catalyst in the reactor was changed a minimum number of times. The 

first nine co-catalysts were tested with the same batch of catalyst (HC-1). The 

remaining co-catalysts were tested with a second batch of the same catalyst. 

After all the co-catalysts had been tested the reactor was charged with HC-3 for 

one run and HC-2 for a final run.

Prior to each charge of fresh catalyst the reactor was thoroughly cleaned. 

Glass wool was packed into the void spaces of the pipe cross. Loading of the 

reactor proceeded from top to bottom after the reactor tube was attached to the 

reactor head assembly. The reactor was loaded with approximately 30 cc of
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inert packing (NORTEC DENSTONE® 57 1/8" x 1/8" pellets) followed by 30 cc 

of catalyst and enough inert packing to fill the tube to within one half inch from 

the bottom end. The bottom one half inch of the reactor tube and a pipe elbow 

were packed with glass wool to ensure minimal movement of the catalyst and 

inert packing material after the elbow was attached. The aluminum sleeve was 

placed over the reactor tube and the pipe elbow was tightened into place on the 

bottom of the reactor. All threaded ends of pipe were wrapped with Teflon tape 

and coated with Jet Lube SS-30 to prevent leakage and galling.

The reactor assembly was then placed in the furnace and connected to 

the condenser. The pressure gauge and hydrogen lines were then connected. 

The back pressure regulator was then set to the desired pressure. Leaving the 

sorbitol inlet valve shut, the system was pressured with hydrogen. The system 

was checked for leaks with Snoop® and all leaks were fixed before proceeding. 

The sorbitol feed reservoir was then filled. A nitrogen atmosphere was 

maintained in the feed reservoir when necessary to prevent the co-catalysts from 

adsorbing CO2 from the air.

The pump was turned on before connecting the sorbitol feed line to the 

reactor. Feed was pumped into a beaker to purge air bubbles from the feed line 

and pump. While the pump was running the feed line was connected to the 

reactor and the inlet valve was opened and then closed so any remaining air 

could be purged by loosening the feed line. This procedure was repeated two or 

three times and then the inlet valve was opened completely.
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The feed rate was monitored by closing the feed reservoir valve and 

measuring the time for a known amount of feed to be pumped from the in-line 

burette. This procedure was repeated several times to ensure a steady flow of 

feed solution.

Product samples were collected at intervals varying from 2 to 12 hours. 

Gas samples were collected previous to removing the product reservoir cap to 

ensure minimal contamination of the product gas. These samples were 

collected with a 0.5 ml gas syringe from the gas sample collection port. The 

samples were immediately injected into a gas chromatograph. Liquid samples 

were then collected by diverting the product into a beaker. The pH level of the 

product was checked and the temperatures at the three thermocouples of the 

reactor and the pressure were recorded.

Analytical

The gas samples were analyzed for quantitative comparison of gas 

production using a gas chromatograph (GC). A Shimadzu 14-A GC with a Flame 

Ionization Detector (FID) was used. The GC was equipped with an Altech 30M x 

0.53MM Bonded FSOT Superox Il column. The liquid samples were also 

analyzed with this GC for quantitative determination of the product composition. 

The parameters used for testing gas and liquid samples with the GC are listed in 

tables 5 and 6 respectively.
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Table 5 Gas chromatograph parameters for gas samples.
Approximate Run Time 8 minutes
Temperature 35°C
Sample Size 500 microliters
Carrier Gas Helium

Table 6 Gas chromatograph parameters for liquid samples.
Run Time Rate Temperature Sample Size Carrier Gas
(minutes) (0CZminute) (0C). (microliters)

7.5 — 35 0.02 Helium
2.1 40 —

9.5 — 120
2.0 40 —

17 — 200

Quantitative analysis

t X

of the product and feed solution for the

determination of conversion was accomplished with a high performance liquid 

chromatograph (HPLC). A Shimadzu HPLC was used, with a refractive index 

detector (RID-6a), a column oven (CTO-6A), a liquid chromatography delivery 

module (LC-600), and a Phenomenex Rezex Column. The parameters used for 

testing all samples with the HPLC are listed in table 7.

Table 7 High performance liquid chromatograph parameters. 
Run Time 50 minutes
Temperature 55°C
Flow Rate 0.4 SCCM
Mobile Phase Deionized/De-aired H2O
(mobile phase de-aired by bubbling helium through it)
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The data presented in the following chapters for gas production, product 

distribution, yield, and sorbitol conversion are based on area percents from the 

GC and HPLC. The gas production reported for each run was normalized to that 

of run number 1. Therefore, the data presented on gas production does not 

represent actual volumetric quantities. Sorbitol conversion was calculated by 

dividing the HPLC sorbitol peak area from a product sample by the HPLC 

sorbitol peak area from a feed sample. Sorbitol conversion represents the total 

disappearance of sorbitol. Glycerol, propylene glycol, ethylene glycol, and lower 

alcohols were used as the basis for determining product distribution 

compositions. The values presented for product distribution are GC area 

percents. However, based on the results from testing a sample with known 

amounts of glycerol, propylene glycol, and ethylene glycol, it appears that these 

numbers do correspond fairly well to actual weight percents as shown in table 8.

Table 8 Comparison of area percents and weight percents.
PRODUCT WEIGHT % AREA %

Glycerol 15.0 11.5
Propylene Glycol 50.0 57.0
Ethylene Glycol 35.0 31.5
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CHAPTER 4

RESULTS AND DISCUSSION 

Co-Catalyst Effects on Product Distribution

The main purpose of this -research was to study the effects of various 

co-catalysts on product distribution for the hydrogenolysis of sorbitol. Eleven 

co-catalysts were investigated at consistent nominal reactor conditions. 

Glycerol, propylene glycol, and ethylene glycol were determined to be the 

desired products for this process based on the economical overview given 

previously. Lower alcohol production was also studied.

A summary of the initial co-catalyst testing begins with CC-1 in run 

number 1. The normal time duration for each run was approximately 30 hours, 

however the time for this run was extended to more than 50 hours to allow for 

catalyst activity to settle to a pseudo-steady state before taking samples. 

Co-catalyst CC-1 was found to produce substantial quantities of propylene glycol 

and moderately high quantities of ethylene glycol. The sorbitol conversion for 

run number 1 was moderately high (72%) as shown in Figure 4, but the glycerol 

yield was low. Figure 5 illustrates the product distribution obtained when 

co-catalyst CC-1 was applied. It should be noted that the desired products are
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abbreviated as follows in most figures; glycerol as GLY, propylene glycol as PG, 

ethylene glycol as EG, and lower alcohols as LA.

CC-5 cc-e

CC-IO

Run Number

Figure 4 Sorbitol conversion with various co-catalysts for runs 1 through 13, 
excluding runs 10 and 11.

CC-I Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 5 Product distribution for run number I with co-catalyst CC-1.
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One run was conducted with no co-catalyst present to determine if any 

product could be produced in substantial quantity without the addition of a 

promoter. The high sorbitol conversion (85%) for run number 2 can be seen in 

Figure 4. Figure 6 shows evidence of substantial production of propylene glycol, 

high production of lower alcohols, and low glycerol yield.

No Co-Catalyst

o 20-

Reaction Time on Catalyst (hours)

Figure 6 Product distribution for run number 2 with no co-catalyst.

Run number 3 was conducted with CC-2 as the co-catalyst. High sorbitol 

conversion and substantial production of propylene glycol were achieved. The 

lower alcohol yield was high, but the glycerol yield was low. These trends can 

be seen in Figures 4 and 7.
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PG - B -  EG

CC 2 Co-Catalyst

o 20-

Reaction Time on Catalyst (hours)

Figure 7 Product distribution for run number 3 with co-catalyst CC-2.

CC-3 and CC-4 were used as the co-catalysts in runs 4 and 5. 

Moderately high sorbitol conversion was achieved in both runs with CC-3 

producing slightly higher conversion than CC-4. Figure 4 illustrates the sorbitol 

conversion for runs 4 and 5. The product contained high quantities of propylene 

glycol as well as moderate amounts of glycerol and lower alcohols when 

co-catalyst CC-3 was used. Glycerol and ethylene glycol production was 

increased when co-catalyst CC-4 was used while propylene glycol and lower 

alcohol production was consistent with the results for run number 4 with 

co-catalyst CC-3. Figures 8 and 9 show the product distribution for runs 4 and 5 

respectively.
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CC-3 Co-Catalyst

130 135 140
Reaction Time on Catalyst (hours)

Figure 8 Product distribution for run number 4 with co-catalyst CC-3.

CC-4 Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 9 Product distribution for run number 5 with co-catalyst CC-4.
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The fifth co-catalyst, CC-5, was tested in run number 6. Co-catalyst CC-5 

produced moderately high sorbitol conversion as can be seen in Figure 4. 

Relatively high quantities of propylene glycol as well as moderate amounts of 

glycerol and lower alcohols were produced in run number 6. These trends can 

be seen in Figure 10.

CC-5 Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 10 Product distribution for run number 6 with co-catalyst CC-5.

Run number 7 was conducted with CC-6 as the co-catalyst. Once again 

moderately high sorbitol conversion was achieved as shown in Figure 4. The 

yield of propylene glycol was moderately high, glycerol yield was moderate, and 

lower alcohols were produced at high levels. Figure 11 illustrates the product

distribution for run number 7.
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GLY LA

CC-6 Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 11 Product distribution for run number 7 with co-catalyst CC-6.

Co-catalyst CC-7 was used in run number 8 and produced moderately 

high sorbitol conversion as shown in Figure 4. Figure 12 shows evidence of 

high production of propylene glycol, moderate production of glycerol and lower 

alcohols, and relatively high production of ethylene glycol.

Co-catalyst CC-8 was used in run number 9. Figure 4 shows moderately 

high sorbitol conversion for run number 9. Figure 13 shows moderately high 

production of propylene glycol and significantly higher quantities of glycerol. 

The yield of ethylene glycol was also relatively high.
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Figure 12 Product distribution for run number 8 with co-catalyst CC-7.

PG - B -  EG

CC-8 Co-Catalyst

a* 50 -

o 20-' O

85 2 9 0  2£

Reaction Time on Catalyst (hours)

Figure 13 Product distribution for run number 9 with co-catalyst CC-8.
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Co-catalyst CC-9 was tested in run number 10, but no results were 

obtained on the sorbitol conversion or product distribution due to a leak in the 

reactor. It appears the leak was caused by a co-catalyst decomposition product. 

Two other co-catalysts similar to CC-9 were also scheduled for testing, however 

they were not tested based on the results from run number 10.

Co-catalyst CC-1 was used again for run number 11 to create similar start 

up conditions for the catalyst before running any more new co-catalysts. It 

should also be noted that the used catalyst was replaced with a fresh batch of 

HC-1. The results of this run were similar to run number 1 except that glycerol % 

was obtained at slightly higher levels and the ethylene glycol yield was slightly 

lower.

Run number 12 was conducted with CC-10 as the co-catalyst. Figure 4 

illustrates the moderately high sorbitol conversion obtained. Figure 14 shows 

high levels of propylene glycol and glycerol. A minor pressure drop across the 

reactor was noticed towards the end of this run indicating the possibility of 

reactor plugging.

CC-11 had a significantly lower solubility in water than the other 

co-catalysts tested, therefore it was the last one to be tested. The sorbitol 

conversion dropped substantially with the use of CC-11 probably due to reactor 

plugging from the formation of a co-catalyst decomposition product. The sorbitol 

conversion for run 13 can be seen in Figure 4. High levels of propylene glycol 

and moderate production of glycerol were achieved. The duration of this run
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was shorter than the previous runs as a result of the reactor plugging. The 

product distribution obtained with co-catalyst CC-11 is shown in Figure 15.

GLY - X -  LA

CC-IO Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 14 Product distribution for run number 12 with co-catalyst CC-10.

CC-11 Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 15 Product distribution for run number 13 with co-catalyst CC-11.
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Relative gas production was determined for all of the runs. Exactly the 

same size gas sample was used for each determination of relative gas 

production. Therefore, the measurements of gas peak area from the GC should 

give a good indication of the relative amounts of gaseous product being formed. 

Peak areas ranged from 0.5 million pV up to approximately 3.5 million pV. The 

gas production for run number 1 with co-catalyst CC-1 (1.8 million pV) was used 

as a basis for the normalization of the other co-catalysts. The highest gas 

production occurred when no co-catalyst was used. CC-11 and CC-10 caused 

the greatest decreases in gas production. These observations are illustrated in 

Figure 16.

2 .0 -

1.8 -

1.6 -

S 1.4-

io 1.2- 0)
CL

IS 1.0- 
o
?  0 .8 -|
tr 0.6- 

0.4- 

0 .2 -  

0 .0 -

Figure 16 Gas production for runs 1 through 13, excluding runs 10 and 11, with 
co-catalyst concentrations at about 0.01 mol/mol.

4  5 6  7

Run Number
12 13
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Due to economical considerations glycerol was determined to be the most 

desired product. Therefore, the co-catalyst that produced the greatest amount of 

glycerol (CC-8) was used in the concentration study. Concentrations of 

approximately 0.005 mol/mol, 0.03 mol/mol, and 0.01 mol/mol CC-8 were applied 

in runs 14, 15 and 16-1 to determine the effect of co-catalyst concentrations on 

glycerol yield and gas production. The trends of glycerol production for these 

runs are shown in Figure 17. Run number 9 was not included in this comparison 

because it was conducted with a different batch of catalyst HC-1. Glycerol 

production was higher for the 0.01 mol/mol concentration of CC-8 than for the 

0.005 mol/mol or 0.03 mol/mol concentrations. The gas production decreased 

with increasing co-catalyst concentration as shown in Figure 18.

1.0 mol % 
CC-8 Co-Catalyst

0.5 mol % 
CC-8 Co-Catalyst

3.0 mol % 
CC-8 Co-Catalyst

Run Number

Figure 17 Glycerol production for various concentrations of co-catalyst CC-8.
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CC-8 Co-Catalyst Concentration (mol %)

Figure 18 Gas production with various concentrations of co-catalyst CC-8.

Temperature Investigation

Run number 16-2 with approximately 0.01 mol/mol CC-8 was used to 

study the effect of lower reactor temperatures. The normal reactor temperature 

in the previous runs was 250 ± 5°C. The temperature was decreased for the 

second half of run 16 to approximately 244°C. When the temperature was 

decreased the yields of ethylene glycol and glycerol increased while the 

production of lower alcohols and gas decreased. Figure 19 shows the decrease 

in gas production as a result of the temperature drop and Figure 20 illustrates 

the effect of the temperature drop on the sorbitol conversion. The effect of
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temperature drop on the production of glycerol and other polyols is shown in 

Figure 21.

6 Degree Temperature Drop

10 115 120 125 13
Reaction Time on Catalyst (hours)

Figure 19 Effects of temperature drop on gas production with co-catalyst CC-8.

6 Degree Temperature Drop

10 115 120 125 13
Reaction Time on Catalyst (hours)

Figure 20 Effects of temperature drop on sorbitol conversion with co-catalyst 
CC-8.
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PG - B -  EG

CC-8 Co-Catalyst

6 Degree Tem perature DropJ= 30 -

o 20 -

10 115 120  125 12

Reaction Time on Catalyst (hours)

Figure 21 Effects of temperature drop on product distribution with co-catalyst 
CC-8.

Alternate Catalyst Results

Runs 17 and 18 tested catalysts HC-3 and HC-2 respectively at 

approximately 245°C with a 0.01 mol/mol concentration of co-catalyst CC-8. 

Catalyst HC-3 was composed of the same type of material as the support for 

catalyst HC-1. Catalyst HC-3 was used to determine what extent the HC-1 

support material contributed to catalyzing the hydrogenolysis reaction. A second 

reason for testing catalyst HC-3 was to see if the impregnated metal on catalyst 

HC-1 could be eliminated. No product was formed using catalyst HC-3 and

therefore the idea was discarded.
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Catalyst HC-2 was suggested by the catalyst manufacturer as a possible 

solution to eliminating excessive gas production. The support material for this 

catalyst was different than for HC-1. The sorbitol conversion for this run was 

only moderate as shown in Figure 22 and the gas production was substantially 

lower than previous runs. The comparison of gas production with catalyst HC-1 

in run 16-2 and catalyst HC-2 in run 18 is shown in Figure 23. Run 16-2 instead 

of run 9 was used for this comparison because run 9 was conducted at 250°C 

rather than 245°C as in run 18. The product compositions when catalysts HC-1 

and HC-2 were used are shown in Figure 24. The yields of propylene glycol, 

ethylene glycol, and glycerol were significantly increased with catalyst HC-2 

while lower alcohol production decreased.

HC-2 Catalyst
CC 8 Co-Catalyst

Reaction Time on Catalyst (hours)

Figure 22 Sorbitol conversion for run number 18 with catalyst HC-2 and a 0.01 
mol/mol concentration of co-catalyst CC-8.
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Figure 23 Gas production for run 16-2 with catalyst HC-1 and run 18 with 
catalyst HC-2.
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Figure 24 Product distribution for runs 16-2 and 18 with HC-1 and HC-2 as the 
respective catalysts.
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General Discussion

The main purpose of this research was to study the effects of various 

co-catalysts on product distribution for the hydrogenolysis of sorbitol. Glycerol, 

propylene glycol, ethylene glycol, and lower alcohols were the main concerns. It 

appears that co-catalyst CC-8 promotes the greatest production of glycerol. The 

production of propylene glycol was high with many co-catalysts, but the results 

show that CC-1 and CC-2 produced the best yields. The results suggest that 

ethylene glycol yields are highest when co-catalysts CC-1 or CC-4 are used. It 

appears that CC-1 would be the best co-catalyst for producing propylene and 

ethylene glycols. Table 9 shows a summary of the results for runs 1 through 18.

Runs 7, 8, and 9 used co-catalysts CC-6, CC-7, and CC-8. In each case 

the first sample was much higher in glycerol concentration than subsequent 

samples. This trend is illustrated in Figure 25. The first samples were taken 

after relatively the same, elapsed time interval for each run (11 hours). The 

remaining samples were also taken at relatively the same time intervals for each

run. This phenomenon could have occurred as a result of the catalyst wash
)

cycle. The wash cycle may have effectively regenerated the catalyst enough to 

allow for higher glycerol production during the initial stages of the reaction. 

However, more research would be needed to determine the exact cause of this 

phenomenon which is beyond the scope of this project.



Table 9 Summary of results for runs 1 through 18.______________________________________________________
Product Distribution Relative to Sum of Desired Relative Gas

Desired Products (area %) Products (area %) Production

Run
#

Catalyst Co-Catalyst Concentration Run Temp.
(mol/mol) * (0C)

Sorbitol
Conversion

Glycerol Propylene
Glycol

Ethylene
Glycol

Lower
Alcohols

Relative to Total 
Liquid Product

Normalized to 
Run #1

1 HC-1 CC-1 0.01 250.0 71.8 8.5 48.7 23.1 19.7 72.7 1.0,

2 " None " " 85.4 8.0 ■ 48.4 18.5 25.0 56.9 1.8

3 " CC-2 " 82.4 . 6 .6 " . 48,7 18.2 . 26.5 62.0 1.3

4 " ' CC-3 V- " 75.0 12.7 47.3 18.5 21.5 61.5 0.7

5 " CC-4 " 69.7 17.7 44.7 23.2 14.3 72.0 0.8

6 " CCS " 73.7 14.9 43.7 19.6 21.8 61.0 ' 1.0

7 " CC-6 " 74.0 15.6 39.2 19.1 26.1 48.8 0.9

8 " CC-7 " " 75.9 15.4 41.9 21.7 21.0 54.2 ' 0.8

9 " CC-8 69.9 21.8 39.4 20.3 18.5 55.1 0.7

10 " CC-9 Run terminated due to reactor leak.

11 " CC-1 " " 77.7 15.1 46.3 19.0 19.7 74.3 0.5

12 " ' CC-10 " " 68.9 20.2 43.0 . 18.2 18.6 .76.3 . 0.4

13 " CC-11 " " 37.7 16.9 15.7 17.9 19.5 81.1 0.3

14 " CC-8 0.005 " 92.7 12.9 42.8 17.0 27.3 69.9 1.9

15 " " 0.03 " 91.3 12.9 48.5 .16.6 22.0 65.5 1.0

16-1 " " 0.01 " 91.7 15.6 43.5 17.5 23.4 62.7 1.4

16-2 " " " 244.0 84.8 22.5 43.3 20.9 13.2 66.8 0.5

17 HC-3 " " 245.0 — No Product Formation — —

18 HC-2 " " " 45.2 24.0 51.8 19.0 5.2 68.4 0.07

* moles of co-catalyst per mole of sorbitol.
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I I CC-6 Co-Catalyst [TX l CC-7 Co-Catalyst CC-8 Co-Catalyst 
Run Number 7 Run Number 8 Run Number 9

Sample Number

Figure 25 Glycerol production for runs 7, 8, and 9 with co-catalysts CC-6, CC-7, 
and CC-8.

Runs 14, 15, and 16-1 were used to test the effects of co-catalyst 

concentration on product distribution. Due to the high demand for glycerol and 

its current market value, CC-8 was used to study the effects of co-catalyst 

concentration on glycerol yield. Co-catalyst CC-8 was applied at 0.005 mol/mol, 

0.03 mol/mol, and 0.01 mol/mol concentrations in runs 14, 15 and 16-1 

respectively. It would appear that the highest glycerol production occurs 

between 0.005 mol/mol and 0.03 mol/mol concentrations of CC-8. Glycerol 

production decreased with increasing concentrations of CC-8 which may 

suggest that the co-catalyst acts as a poison. However, the production of
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glycerol also decreased when the concentration of CC-8 was dropped below 

0.01 mol/mol suggesting the reverse behavior. This might be explained by 

looking at the relative production of propylene glycol.

Propylene glycol production appears to steadily increase with increasing 

co-catalyst CC-8 concentrations. A linear regression analysis of propylene 

glycol concentration and co-catalyst concentration provides a very good 

correlation for this phenomenon. Figure 26 shows the linear fit of this data. 

Based on the previous analysis, it is possible that a concentration of CC-8 

greater than 0.01 mol/mol not only promotes the formation of more glycerol, but 

also promotes the reduction of glycerol to propylene glycol, a known reaction in 

the hydrogenolysis process.

Actual D a ta -------  Linear Fit

CC-8 Co-Catalyst

C o e f f i c i e n t  o f  D e t e r m i n a t i o n  =  0 . 9 9 4

Co-Catalyst Concentration (mol %)

Figure 26 Linear fit for propylene glycol concentration and co-catalyst CC-8 
concentration.
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As previously stated co-catalyst CC-8 promotes the best production of 

glycerol. A standard wet chemistry test was conducted to determine if the CC-8 

co-catalyst was present in the product stream or if it was retained in the reactor. 

Product and feed samples were tested to determine the percentage of CC-8 

present in the product stream. Two separate tests were conducted. In both 

tests it was determined that 100% of the CC-8 present in the feed was also 

present in the product.

In run 16-2 the effects of temperature on product distribution were 

investigated. The production of glycerol and ethylene glycol both increased 

when the temperature was decreased. A 6°C decrease from the base 

temperature of 250°C resulted in approximately a 3% increase of ethylene glycol 

yield and a 7% increase of glycerol yield. The decrease in temperature caused 

a substantial decrease in production of lower alcohols. The levels of propylene 

glycol remained relatively steady. These trends can be seen in Figure 21 on 

page 37.

Hydrogenolysis reactions have been conducted at many temperatures,
<

but most of the data in the literature indicates that lower temperatures promote 

the production of glycerol [7, 9, 16, 18]. Based on the results from run 16-2 and 

the literature review it appears that lower temperatures should be used if the 

desired product is glycerol or ethylene glycol. These observations suggest that 

the temperature could be optimized for the production of various products.
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Run 18 was conducted using catalyst HC-2 in place of HC-1 and a 0.01 

mol/mol concentration of co-catalyst CC-8. The temperature for this run was 

lower than for the initial co-catalyst testing as a result of the temperature effects 

observed in run 16. This catalyst was suggested by the catalyst manufacturer 

as one that might result in less formation of gaseous products during the 

hydrogenolysis reaction.

The catalyst did significantly reduce gas formation compared with HC-1 at 

the same temperature, as illustrated in Figure 23 on page 39. The yields of 

glycerol and propylene glycol were significantly increased. The production of 

ethylene glycol remained relatively constant and the production of lower alcohols 

was decreased. However, sorbitol conversion for this run was approximately 

half the conversion when catalyst HC-1 was used. Figure 24 on page 39 

illustrates the trends of the product distribution for run 18 and Figure 22 on page 

38 shows the sorbitol conversion. An economic analysis would have to be 

conducted to determine if low sorbitol conversion, high glycerol yields, and low 

gas production with catalyst HC-2 would be more desirable than high sorbitol 

conversion, Iow glycerol yields, and high gas production with catalyst HC-1.

The temperature for run 18 fluctuated between 244°C and 2490C. As 

stated previously in most situations lower temperatures are preferable for 

glycerol production. However, it appears that when catalyst HC-2 is used, 

glycerol might be produced in greater concentrations at temperatures close to 

250°C rather than 244°C. This observation is illustrated in Figure 27. Based on



46

these results it is conceivable that glycerol could be obtained at 30% 

concentrations with catalyst HC-2.

I I HC-2 Catalyst gTT] HC-I Catalyst

245.0
Average Reaction Temperature

Figure 27 Glycerol production with catalysts HC-2 and HC-1 at different 
temperatures.

The production of lower alcohols was investigated because of the 

possible economic effects as stated previously (refer to table 1 for market 

values). The results seem to show that lower alcohol yields are higher for the 

type A (CC-2, CC-3, CC-5, CC-6, CC-7, CC-8) co-catalysts than for the type B 

(CC-1, CC-4, CC-10, CC-11) co-catalysts. Type A co-catalysts produced an 

average of 22.6% while the type B co-catalysts produced an average of 18.4% 

lower alcohols. Co-catalyst CC-2 appears to promote the highest production of
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lower alcohols, but substantial quantities were also produced when co-catalyst 

CC-6 and no co-catalyst were used. A summary of lower alcohol production with 

the co-catalysts tested is given in table 10.

Table 10 Lower alcohol yields.
Co-Catalyst Lower Alcohol 

Concentration (area %)
Averages for Type B and 

Type A Co-Catalysts

None 25.0
CC-1 19.7
CC-4 14.3
CC-10 18.6 Type B
CC-11 19.5 18.4 %
CC-2 26.5
CC-3 21.5
CC-5 21.8
CC-6 26.1
CC-7 21.0 Type A
CC-8 18.5 22.6 %

Lower alcohol production decreased slightly with an increase in the 

co-catalyst concentration, but decreased significantly with the temperature drop 

in run 16. The lower temperature most likely decreases the breakdown of the 

desired polyols leading to less formation of lower alcohols.
r

The literature survey conducted revealed no information on gas 

production, and since there appears to be.significant gas present in the product 

stream, this investigation was necessary. Gas samples were examined in runs 1
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through 13, excluding run 10, to determine the effects of various co-catalysts on 

gas production. The amount of gas produced in all of these runs was significant. 

The most substantial reduction of gas production occurred when co-catalyst 

CC-2 or no co-catalyst was used. Refer to Figure 16 on page 33 for the trends 

of gas production with various co-catalysts.

The high gas production when no co-catalyst is present and the decrease 

in production when co-catalysts are added would suggest that the co-catalysts 

are acting as inhibitors with respect to gas production. The addition of 

co-catalysts may decrease the overall rate of reaction, decreasing the 

volatilization of the products which could be beneficial.

Gas production appears to increase with increasing sorbitol conversion, 

as illustrated in Figure 28. This would indicate that high sorbitol conversion may 

not be desirable if much of the sorbitol is being converted into gaseous products 

rather than the desired liquid products.

Runs 14, 15, and 16 were used to investigate the effects of co-catalyst 

concentration on gas production and the results are illustrated in Figure 19 on 

page 36. It appears that the gas production decreases substantially with 

increased concentrations of co-catalyst. This corresponds directly to the idea 

that the co-catalysts act as inhibitors for gas" production by decreasing the 

intensity of the reaction.
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Run Num ber

Figure 28 Relationship between sorbitol conversion and gas production.

Temperature effects on sorbitol conversion are illustrated in Figure 20 on 

page 36. The lower temperature caused a decrease in catalyst activity that lead 

to lower sorbitol conversion. As stated previously, gas production corresponds 

with sorbitol conversion, therefore the amount of gaseous product produced with 

lower temperatures was substantially decreased.

Run 18 tested HC-2 as an alternate hydrogenolysis catalyst. The gas 

production with this catalyst was decreased by nearly a factor of ten compared 

with catalyst HC-1 in run 16-2. This trend is shown in Figure 23 on page 39.
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There are many products produced in the hydrogenolysis process 

besides the main products (glycerol, propylene glycol, ethylene glycol, and lower 

alcohols). An attempt was made to identify some of these products by injecting 

known materials into the GC and comparing their retention times with those of 

various "unknowns" in several product samples. Figure 29 shows a typical GC 

chromatogram for the hydrogenolysis product. Many peaks on the

chromatograms are very close together making the exact determination of 

retention times for each product difficult. All retention times listed for the known 

and "unknown" products are approximate. The corresponding retention times for 

the known and "unknown" samples do not provide proof that certain materials 

are present, they only indicate the possibility of their presence. The chemicals 

that were used for this investigation and their respective retention times are 

listed in table 11.

The determination of "unknown" products included the group of lower 

alcohols. Based on the results from the investigation of known samples, it 

appears that the lower alcohols product could consist of methanol, ethanol, 

n-propanol, isopropanal, 2-butanol, and isobutanol. These chemicals all had 

retention times between 2 and 7 minutes. Several peaks did occur between 

these times as can be seen in Figure 29.
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Figure 29 Typical GC chromatogram for hydrogenolysis product.
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Table 11 Summary of chemicals tested and compared with product peaks.
Known Sample Retention Time 

(minutes)
Known Sample Retention Time 

(minutes)

Pentane -1.4 Propylen Glycol 15.0
Hexane 1.4 Ethylene Glycol 16.0
Methanol 2.7 1,2-Butanediol 17.5
Ethanol 2.7 1,3-Butanediol 20.1
Isopropanol 2.7 1,3-Propanediol 20.6
n-Propanol 4.9 1,4-Butanediol 21.9
2-Butanol 4.9 1,5-Pentanediol 22.9
Isobutanol 6.5 Lactic Acid 24.8
ri-Pentanol 9.7 2,5-Bis(hydroxymethyl) 25.8
n-Hexanol 10.6 tetrahydrofuran
Gluconic Acid 11.2 Glycerol 27.2
2,3-Butanediol 14.4 Isosorbide 34.5

Three peaks in addition to the main products were present in almost all 

the runs. The retention times were approximately 17.5, 25.8, and 34.5 minutes. 

The peak at 17.8 minutes appears to be 1,2-butanediol, however there could be 

other possibilities that have not been investigated. The results from the study of 

known samples suggest that the peak at 25.8 minutes is consistent with 

2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTHF) and the peak at 34.5 minutes 

is consistent with that of isosorbide.

Assuming that the above is true, then run number 4 with CC-3 as the 

co-catalyst produced 6% 1,2-butanediol based on the total hydrogenolysis 

product (total GC peak area for liquid product). Significant quantities of the 

BHMTHF were produced in runs 7, 8, and 9 with CC-6, CC-7, and CC-8 as the
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respective co-catalysts. Product levels reached 8% based on the total 

hydrogenolysis product present. Run number 2 with no co-catalyst and run 

number 12 with co-catalyst CC-11 produced the greatest quantities of isosorbide 

with concentrations at approximately 3%.

Several other peaks were present on the chromatograms for various runs.
I

Many diols have retention times between 19 and 23 minutes which could 

constitute several small percentage peaks as can be seen in Figure 29 on page 

51. Another region where peaks occurred frequently was between 9 and 13 

minutes. Gluconic acid, n-pentanol, and n-hexanol are three possible products 

falling within this time frame. The chemicals indicated as likely products are not 

necessarily the only possibilities. Testing of all these possibilities was beyond 

the scope of this research, therefore only the most likely chemicals were tested.

53
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CHAPTER 5

(

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions N

Based on the results from runs 1 through 13 with catalyst HC-1, 

co-catalyst CC-8 produced the best glycerol yield at 21.8% of the desired 

products. Co-catalysts CC-1 and CC-2 produced the best yields of propylene 

glycol at 48.7% while co-catalysts CC-4 and CC-1 produced the greatest yields 

of ethylene glycol at 23.2 and 23.1%. Sorbitol conversion was maintained at 

moderately high levels (70 to 80%) with catalyst HC-1, however the sorbitol
v

conversion decreased by a factor of 2 with catalyst HC-2 under the same 

conditions. Co-catalysts CC-10 and CC-11 decreased the relative gas 

production considerably compared to the other co-catalysts tested at the same 

conditions. Gas production was decreased by a factor of 10 when the alternate 

catalyst HC-2 was used. Lower temperatures (244°C) increased glycerol yields 

by 30% when catalyst HC-1 was used while higher temperatures (248.5°C) 

increased the glycerol yield by 40% when HC-2 was used.
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Recommendations

1. ) Runs comparing catalysts HC-1 and HC-2 suggest that solid catalysts can

have a significant effect on gas production and product yields, indicating 

that more solid catalysts should be investigated.

2. ) The results from the temperature investigation conducted suggest that

product yields can be optimized at various temperatures depending on 

the type of catalyst and co-catalyst used, indicating the need for further 

temperature studies.

3. ) The temperature investigation also suggests that the hydrogenolysis of

sorbitol is extremely temperature dependent indicating the need for more 

accurate temperature control during the reaction. Studies should be 

conducted with a furnace that allows temperature control at several points 

along the reactor. j

4. ) Positive identification of the product "unknowns" should be investigated

further with the use of a GC-MassSpec or other appropriate equipment:

5. ) The possibility of increasing sorbitol conversion without increasing gas

production should be considered for future research. This could possibly 

be accomplished by recycling the unconverted sorbitol.
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CONFIDENTIAL
Do Not Disclose Due to Pending Patent Applications 

Key to Co-Catalysts and Catalysts for the Hvdrogenolvsis of Sorbitol

Catalysts

HC-1 United Catalyst UC C46-8-03, 1/16" extrusions

HC-2 United Catalyst UC C46-7-03, 1/16" extrusions

HC-3 Alcoa F-110, 1/8" extrusions (catalytic alumina)

Co-Catalysts

CC-1 NaOH

CC-2 NaCI

CC-3 KCI

CC-4 KOH

CC-5 CaCI2

CC-6 MgCI2

CC-7 SrCI2

CC-8 BaCI2

CC-9 CuCI2

CC-10 Sr(OH)2 -

CC-11 Ba(OH)2
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