
~ 1  III11 IIIII IIII IIII 0 

One Source. One Search. One Solution. 

APPLIED RESEARCH AND EVALUATION OF PROCESS 
CONCEPTS FOR LIQUEFACTION AND GASIFICATION 
OF WESTERN COALS. QUARTERLY PROGRESS 
REPORT, JANUARY--MARCH 1977 

UTAH UNIV., SALT LAKE CITY. DEPT. OF 
MINING, METALLURGICAL AND FUELS 
ENGINEERING 

OCT 1977 

U.S. Department of Commerce 
Nat ional Technica l  Informat ion Service 



One Source.  One  Search.  One Solut ion.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
to  U.S.  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

Search the NTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

\&;/  
U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



FE20067 
I IIIIlllllllllllllllllllllllllllllllllll]llll 

FE-2006-7 
Distribution C~,.c~,or~cs UC-90c, UC-90d 

Applied Research and Evaluation of 
Process Concepts for Liquefaction 
and Gasification of Western Coals 

Quarterly Progress Report 
for the Period Jan - Mar 1977 

Dr. Wendell H. Wiser 

Date Published - August 1977 

i 

U.'m~ Sm~ a~ ~c Urn'rod ~ D%~m1~mmt ot 

I lXO== d,ackn~, c~ =ln~:~n= thst Us tm ~ ~ot | 

Under Contract No E (49-18) - 2006 

Prepared for 

Energy Research and Development Administration 

University of Utah - Department of Mining 
Metallurgical and Fuels Engineering, 

Salt Lake City, Utah 84112 
% 

~T~ZBUTION OE ~HISDOCUME!~T. IS ~NL[MiTED~ 



I 

II 

III 

IV A-1 

A-2 

A-4 

A-6 

A-7 

A-8 

A-9 

B-1 

B-2 

V 

CONTENTS 

Cover Shee~ i 

Objective and Scope of Work 3 

Summary of Progress to Date 5 

Catalytic Gasification of Coal to High BTU Gas 6 

Dissolution of Coal in Hydrogen Donor Solvents 7 
with Application cf Catalysts and Energized 
Conditions to Produce Clean Fuels 

Steam Reforming of Aromatic Compounds 27 

Producticz of Hydrogen from Char Produced Inactive 
in Coal Hydrogenation Under High Pressure 

Study of Thermal and Vapor Phase Catalytic 36 
Upgrading of Coal Liquids 

Synthesis of Light Hydrocarbons from CO and H 2 40 

Development of an Inexpensive Recycle Pump Inactive 

Development of Optimum Catalysts and Supports 49 

The EffecSs of Poisoning on the Desulfurization 62 
Activity of Cobalt-Molybdate Catalysts 

B-3 Fundamental Studies on Hydrogen Transfer over 65 
Coal Conversion Catalysts 

B-4 M¢chanlsm of Catalytic Hydrogenation by 71 
Metal Halide Catalysts 

C-1 The Mechanism of Pyrolysis of Bituminous Coal 84 

C-2 Heat Transfer to Gas-Solids Suspension in 85 
Vertical Cecurrent Downflow 

D-1 Ccal Particle and Catalyst Characteristics for 93 
Kydrofenation Evaluation and Testing 

D-2 The Effezt of Structure on Coal Reactivity 99 

D-4 Pyrolyti~ Studies and Separation and 100 
.Characterization of Coal-Derived Liquids 

Projects Initiated Under Previous Contract 108 

Conclusion ll4 



iI. OBJECTIVE AND SCOPE OF WORK 

The research reported herein is all of fundamental impor- 
tance in support of either a process for development of lique- 
faction of coal, catalysis or some related research. The 
information which will be gained by research on this contract 
should materially assist the application of coal in the 
solution of the energy problems now facing the United States 
and the world. In particular, the projects reported herein 
are intended to apply the expertise developed by the coal 
research team at the University of Utah to problems in four 
general areas: 

a) Evaluation of process concepts in relation to liquefaction 
and gasification of coal, 

b) Catalysis studies of fundamental importance in lique- 
faction and gasification of coal, 

c) Studies of fundamental principles involved in processes 
for liquefaction and gasification of coal, 

d) Properties of coal and coal conversion products_~- 
significance in liquefaction and gasification of coal. 

A-1 Coal will be gasified by direct catalytic hydrogenation 
to produce a high-BTU gas. A liquid will be produced in 
a first stage reaction at 400-450°C. This product will 
be further hydrogenated to produce a high-BTU gas. 
Catalysts and reaction conditions for each stage will 
be studied. 

A-2 Kinetics, yields and optimum reaction conditions for 
extraction of coal will be determined. Hydrogen donor 
solvents, ultrasonic energy, hydrogen pressures and 
catalysts will be employed. Extraction products will 
be analyzed and characterized. 

A-4 Aromatic liquids derived from coal hydrogenation or 
extraction will be considered as feedstocks for steam 
reforming to make a high-BTU gas. Optimum conditions for 
the production of hydrogen or high-BTU gas, optimum 
catalysts, the effects of poisons and the degree of coke 
formation will be determined. 

A-6 The gasification of coal char will be studied at 20C0- 
300~ psi to produce hydrogen for coal hydrogenation. 
Steam and oxygen will be used for gasification. The 
thermal efficiency of producing hydrogen at the pressure 
atwhich it will be used will be studied. 

A-7 Thermal hydrogenolysis of coal slurried with recycle 
solvent will be studied as such or in the presence of 
a vapor-phase catalyst to determine the extent of upgrading. 



A-8 Fischer-Tropsch synthesis of C2-C 4 hydrocarbons will be 
studied. New catalysts will be developed and a continuous 
test unit for long-term catalyst testing will be constructed. 

A-9 The capacity and durability of a previously developed 
hlgh-pressure gas recycle pump will be increased. A goal 
of 3000 psi operating pressure at 500oc is desirable. 

B-1 Adsorption properties and penetration of aromatlc 
molecules on typical cracking catalysts ~Till be determined. 
These properties will be used to evaluate the ability 
of such catalysts to crack the large molecules present 
in coal-derived liquids. 

B-2 (alternate) The mechanism of deactivation of molybdera 
hydrodesulfurization catalysts by coal-derived liquids 
will be sSudied. Kinetic studies involving the model 
compound benzothiophene will be employed. 

B-3 Hydrogen transfer by metal halide catalysts during coal 
hydrogenation will be studied. Deuterium labled hydro- 
carbons will be used to elucidate reaction mechanisms. 

B-4 The mechanism of catalytic hydrogenation of coal oy metal 
halide catalysts will be investigated. The nature of 
active catalyst sigh~ will be studied. Changes in 
properties of the reacting coal will be determined and 
the nature of reaction products will be determined. 
Catalyst regeneration will also be studied. 

C-1 The mechanism of pyrolysis of coal will be studied by the 
use of isotopically labled model compounds. Products of 
pyrolysis will be examined to determine their precursors 
in coal. 

C-2 Fluid mechanics and heat transfer studies involving gas- 
solid suspensions in vertical downward cocurrent flow 
systems will be conducted to obtain information on the 
effect of these variables in ~he University o% Utah coal 
hydrogenation reactor. 

D-I The effect of coal and catalyst properties and pretreatment 
on the hydroEenation of western coals will be studied in 
the University of Utah short-residence-tlme, entrained- 
flow reactor. 

D-2 The effect of coal structure on reactivity to hydrogena- 
tion, pyroi~,sis and dissolution will be studied. Pre- 
treatment of the coal by specific reactions will be used 
to obtain samples with special structural features. 

D-4 Liquid products from coal hydrogenation in the University 
of Utah reactor will be separated and characterized. Coal 
pyrolysis and hydrogenation mechanisms and model compound 
reactions will be studied. 

4 



IiI Summary of Progress to Date 

Research Highlights 

Donor solvent extraction of coal shows an initial 
regime of rapid conversion with little hydrogen transfer 
from the solvent followed by a regime of more rapid hydrogen 
transfer but slower conversion. During the second regime 
methyl indan and indan are forme~ from the tetralin solvent. 
These reactions are confirmed by GC-MS analysis. 

Activities of CoCu/A1203 catalysts for the Fischer- 
Tropsch reaction correlate well with metal areas determined 
by 02 chemisorption. 

Adsorption rates of cbrysene in two different aluminas 
were the same within experimental error and corz,elated 
well with a contracting-sphere model for diffusion as the 
rate-controlling process. 

Multiring aromatic substances can be readily hydrogenated 
completely, while a mixture from a coal-liquld resists 
hydrogenation above about 65%. Experiments are continuing 
in an attempt to explain this result. Asphaltenes can be 
made soluble in cyclohexane by mild hydrogenation. 

Special Activities 

Papers were presented at the Rock7 Mountain Fuel 
Symposium in SaltLake City by S. Goyal, C. Yang, J. Lytle, 
Dr. S.W. Cowley, Dr. R. Belshline and Dr. W.H. Wiser. Dr. 
L.L. Anderson and C. Yang presented papers at the American 
Chemical Society Meeting in New Orleans. 



Project A-! 

Catalytic Gasifica=ion of Coal to High BTU Gas 

Single Stag~ Coal Gasification 

Faculty Advisor: Wendell H. Wiser 
Graduate Student: Stevan L. Weber 

!nzroduct~on 

The objective of this project is to develope a composite 
catalyst in optimum conditions for ~he single stage gasifica- 
tio~ process of coal that will produce a high BTU gas, 
predominantly methane. The coal will be dissolved in 
a hyGrogen-donor solvent such as tetralin~ 

Prc~ect Status 

An extensive literat~e search of single stage gasifica- 
tion processes, their working conditions and catalysts has ". 
been completed. The equipment set-up has been designed and 
the parts ordered. A continuous flow reactor will be used 
in a temperature range of 500-700oC at 1500 psi. The initial 
catalysts to be tested are 6-12% Ni-S on SiO2-A1203 az~d 0.5% 
Pd-S on Si02-AILO 3. 

Future Work 

After obtaining the necessary material, the catalyst will 
be made up in this laboratory. As the equipment arrives, 
it will be assembled and tested. 



Project A-2 

Dissolution of Coal in Hydrogen Donor Solvents 
with Ap9lication of Catalysts ~nd 

Energized Conditions to Produce Clean Fuels 

Solvent Extraction of Coal Utilizing Sonic Energy 

Faculty Advisor: L.L. AndErson 
Graduate Student: Doohee Eang 

Introduction 

This project involves the study of the dissolution of 
coal in a hydrogen donor solvent using a differential 
reaction system of the batch recycle type~ 

In previous reports the expanded time scale of con- 
versions clearly shows two different reaction regim.es during 
the dissolution process. In the first regime (the first 
several minutes) the reaction proceeds rapidly with a 
minimal transfer of hydrogen. The second regime is 
kinetically slower but hydrogen transfer is faster. The 
dissolution rate appears to be faster than had previously 
been reported by other investigators. At a particular 
temperature the data shows the ultimate conversion occurs 
within l0 minutes. 

Project Status 

Duplicate runs and runs of different temperature 
conditions have been conducted to supplement the previous 
data. Further characterization of product extracts also 
has begun by NMR analysis. GC-MS has been used to anal[-ze 
the various solvent derived compounds. 

Figures 1 and 2 show the data of conversion kinetics 
of coal and solvents at 400°C and 1500 psig hydrogen pressure. 
Da~a for residence times up to 35 min is included. In 
Figure 3, hydrogen consumption and benzene soluble plus gas 
conversions are correlated for runs of different reaction 
temperatures. Figure 4 is a typical mass chromatogram of 
total ion current for a liquid sample at a reaction period 
of 34 min at 400°C and 1500 psig H 2. To aid identification 
both electron impact and chemical Zonization (Varian 1400) 
sources were used in the mass spectrometer. 

As detailed in the previous reports, the initial 2 min 
of residence time show higher rates of reaction and lower 
H 2 consumption than later times. This initial reaction 
regime is shown, in Figure 1 by the steep slopes at residence 
times less than 2 min. Figure 3 also shows the amount of 
H 2 transferred to be minimal during this period. This trend 
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indicates that a thermal reaction is dominating during the 
initial stages of coal dissolution. Over one-third of the 
total extract produced is cyclohexane soluble in the first 
two minutes. The short contact time (-a sec oer pass) and 
rapid quench aids in preserving prlm~ry fragmentation 
products. WithoUt immediate quenching, these fragments 
would rearrange and recombine with other reactive free 
radicals present. Relatively large amounts of unsaturates 
in the gas produced is further evidence that the rapid 
quench effect preserves the highly reactive radicals. 

Fc!lowing the initial rapid thermal reaction (with 
little hydrogen consumption), there is a second regime 
characterized by a rapid increase in H 2 consumption. As 
shown in Figure 3, the hydroge~ transfer then levels off 
at conversions (benzene soluble plus gas) of 35 and 50% 
for runs conducted at 375°C and 400°C, respectively. 
Thus at about ten minutes of reaction t~e the amount of 
H 2 transfer reaches a pseudo-plateau and is momentarily 
constant, in the second regime it is probable that the 
higher H 2 consumption is due to stabilization of the primary 
fragments produced by thermal reaction. 

Figure 3 indicates the onset of a third reaction regime 
following the pseudo-plateau in H 2 transfer. Again the 
amount of H 2 consumption increases sharply but. as shown 
in Figure l, there is little chan~e in overall'converslon. 
Also shown by Figure 1 is a net decrease in the solid and 
liquid extract produced. (The benzene soluble curve and 
the gas curve approach each other in this regime.) The 
large consumption of H 2 is most likely contributing to 
regressive reactions (hydrocracking) of those products formed 
in the t~o previous regimes and subsequent production of gases. 
Also material balance showed a net decrease in the solid 
extract. The solvent analysis by GC-MS, shown in Figure 4, 
indicates a substantial amount of methyl indao, indan and 
butyl-benzene. These species are indicative of ring opening 
as the result of hydrocracking reactions and the same 
phenomena could apply to the coal-derlved products. 

Figure 3 demonstrates the increase in H 2 utilization 
efficiency at higher temperature conditions. Less H 2 is 
required tc give a specified conversion at higher temperatures, 
the balance apparantly coming from the coal itself. 

As part of ~he characterization of extract products, 
proton ~ spectra were run on the various fractions. This 
data is shown in Figures 5-8 as proton distribution versus 
convemslon of the benzene soluble nlus gas fraction. 
Although each fraction shows an overall decrease in paraf- 
finicity, the ~, 8 and 7 protons, especially in the asphal- 
tone fraction& demonstrate the large changes in structural 
parameters between initial conversion and later regimes. 
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Future Work 

Further characterization of product structural informa- 
tion will be carried out to support the existing NMR data. 
Elemental analysis and molecular weight determinations will 
be acquired to aid in the structural characterization. 
Kentucky #1~ coal will be run in the dissolution system to 
provide a comparison with the work of other investigators 
using eastern coals. 



Figure !. Reactions of Hiawatha Coal wi~h Tetralln 
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Project A-2 

Solvent Extraction of Coal for Separation and 
Identification of Chemical Species in Coal 

Faculty Advisor: L.L. Anderson 
Graduate Student: S. Jackson 

Introduction 

Research in solvent extraction of coal can be divided into 
several areas: (1) ~he successive use of various solvents 
which dissolve ~he greatest amount cf coal, (2) the characteri- 
zation of the coal extracts to better understand the structure 
of coal and it3 chemistry and (3) the use of extraction to 
lower the ash and/or sulfur conZent of the coal or to improve 
i~s solubility. Variables such as pressure, coal types 
and extraction times and temperatures will be kept constant 
during extraction studies so that the effect of the various 
Solvents cn coal can be determined. 

The objective of this work is to (1) find similarities 
or differences in the extracts due to various solvents and/or 
ccal types, (2) correlate these similarities or differences to 
some Darzmeter of the solvent and (3) characterize an extract 
and its fractions with the possible identification of the 
compounds within the extract fractions. 

Past work has included a literature search and prelim.ln- 
ary extractions with anlsole, benzyl alcohol, benzaldehyde 
and benzene. Experiments using different eztract!on methods 
determined the most useful method for obtaining data relevant 
to this project. Also several coal samples have been tried. 
n~,_. r~ ........... ~-~.~ :~.~ =~v~._ ~e~e done to determine the usefulness 
and limitations of each of these analytical methods. Several 
solvents and their GC results have been reported. 

Project status 

During this quarter several more extractions of Clear 
Creek coal were done using benzaldehyde, aniline, chloro- 
benzene and nitrobenzene as solvents. A gas chromatogram 
was obtained for each of the extracts and the results com- 
pared. The extract from the chlorobenzene extraczlon was 
sent for GC-MS analysls. 

Table i shows the retention time of the various 
compounds removed by these solvents. Observation reveals 
that many of the same compounds are removed by the different 
solvents, but that these compounds are extra~ted in 
different relstlve amounts. Because there is no standard, 
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comparison between extracts from different solvents cannot 
be don~. The results of these ~xtractions also show that 
certain solvents are "selective" in the amount and type of 
material extracted. For instance in the nitrobenzene extrac- 
tion the amount of material extracted is concentrated within 
fewer compounds. Thus it may be possible to obtain certain 
compounds in sufficient amounts from the coal for better 
analysis. ." 

The extract of the chlorobenzene extraction was submitted 
for GC-MS analysis. Figure 1 shows a typical mass spectra 
obtained. In this spectra the peaks at m/e 56, 70 and 84 are 
evidence for a long chain alkyl group. The other peaks found 
within this spectra are not easily identifiable. There is 
the possibility of some extraneous peaks. However, further 
concentration of the sample before analysis will enable 
many of the spectra to be characterized. 

Future Work 

GC-MS work will be continued. More will be done to 
determine if there are any differences in the extracts of 
various coals. 

Table I 

Solvent Extraction Products Derived from Coal at 25°C. (Area %) 

Solvent Used 

R T ¢-CI ¢-COH C-NO 2 ¢-NH 2 
(min) 

0.82 . . . . . .  0.48 
0.97 -- o.oi -- 0.34 
l.O9 -- 0.89 -- -- 
i.17 . . . . . .  0.46 
1.28 -- 6.00 0.47 0.31 
1.41 . . . . . .  0.29 
1.61 -- 2.98 . . . .  
i. 71 . . . . . .  4.09 
1.80 . . . .  1.52 -- 
1.89 -- 7.09 . . . .  
1.97 . . . .  0.37 -- 
2.04 . . . . . .  o .  3 3  
2.21 -- !. 79 . . . .  
2.37 . . . .  3.14 -- 
2.44 -- 1!.8o . . . .  
4 -95 4.67 . . . . . .  
6.77 o. io 9.32 . . . .  
7.39 -- 9.85 . . . .  
7.87 O. 21 . . . . . .  
8.10 -- 7.64 . . . . .  
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R T 

8.50 
8.73 
9 .i! 
9.20 
9.49 
9.95 

io .43 
lO.77 
10.81 
10.99 
ll.ll 
11.28 
11.40 
i1.64 
12.01 
12.45 
12.79 
12.97 
13.01 
13.28 
13.45 
13.71 
13.85 
13.95 
i~ .20 
1~4.33 
14.42 
14.70 
14.80 
15.03 
15.25 
15.38 
15.46 
15.53 
15.69 
15.79 
15.96 
16.23 
16.38 
!6.57 
16.7i 
16.81 
16.95 
17.13 
17.22 
17.34 
17.49 
17.77 
18.co 
i8.22 
18.33 
i8.49 
18.76 

¢-CI 

0.24 
o .5~ 

0.65 

1.65 

o.89 

2.28 

0.93 

5.55 

6.64 

3 . 0 1  

8.86 
6.77 

9.38 

5.66 

7.32 

2.02 

0 . 1 6  
0.51 

2.12 

1.26 

¢-COH 

3.16 
5.57 
0.97 
3.08 

5.25 
O.4O 

1.82 

5.61 

0.67 

0.43 
0.33 

0.2~ 
0.52 

0.80 
0.44 
0.27 

0.35 

0.39 

0.91 

0.56 
0.48 

0.12 
o.15 

0.35 
0.52 
0.28 

0.33 
0.24 

C-NO 2 

!1.82 

~.55 
3.83 

1.62 
3.49 

10.46 

7.13 
7- 

6.32 

1.23 
2.49 

16.43 

15.85 

0,26 

3.20 
0.71 

J 

f 

¢-NH 2 

u ~  

O.27 
0.40 

C 64 
~ m  

1.75 
m-- 

0.29 
1.54 
2.27 
5.75 
1.39 

4.80 
2.02 

33.53 

2.81 

9.81 

6.27 

2.85 

o .54 

1.58 

O.75 

0.36 

~ o  

m ~ 
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RT 

18.85 
18.99 
19.17 
19.69 
19.93 
20.13 
20.23 
20.37 
20.57 
20.74 
21.07 
21.20 
21.75 
22.16 
22.27 
22.63 
23.i5 
23.31 
23.55 
24.03 
24.97 
25.19 
25.67 
27 .ll 
27.21 
27.78 
29.81 

¢-CI 

0.39 

1.o7 

1.66 

1.04 

0.66 

2.85 

2 . 7 5  
5.31 

1.18 

3.27 

¢ aCOH 

0.16 
0.95 
m ~  

0.17 
1.41 

i.I0 

1.41 

0.43 

m ~  

0.18 

0.01 

0,02 
0.0! 

¢-NO 2 

0.24 

1.05 

1.81 
m - -  

m ~  

1.49 

~ a  

1.34 
~ m  

2.18 
~ m  

¢ -NH 2 

O.59 

0.40 
0.35 
m ~  

~ m  

n m  

o.58 
0.54 

0.84 

0 .~3 

0.67 
3.28 

2.64 

3.21 
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Project A-2 

Solvent Treatment of Coal-Derived Liquids (CDL) 

Faculty Advisor: L.L. Anderson 
Graduate Student: Kwang Eun Chung 

Introduction 

The objective of this inves~igation is to separate CDL 
into chemically different fractions of potential industrial 
value. Major achievements have included (1) the isolation 
of paraffinic material, (2) the separation of CDL into highly 
H-bonded and less H-bonded fractions, (3) the observation 
of free OH-bonds in the infrared soectra of CDL fractions, 
and (4) a qualitative interaction study on the highly H- 
bonded fraction with some model compounds by infrared 
spectrophotometry. 

A new expression for activity in liquid solution has 
been formulated by analyzing the experimental data of two 
binary solutions. It is a more general form of Wilson's 
equation and complies with existing laws and thermodynamic 
reasoning. 

Project Status 

Traditionally the activity for component i in solution is 
expressed as Eq (1), wher~ Yi is the activity coefficient and 
Xi the mole fraction. 

ai -- ~ixi (1) 

In a binary mixture with components A and B, the activities 
of both components are related to free energy as shown by 
Zq (2). 

Agmixlng = RT (XAln aA + XBln aB) (2) 

In ideal cases activities are ~eplaced by mole fractions. 
For convenience excess free energy, gE, has been defined as 
Eq (3) which becomes Eq (4) using Eq (2). 

gE = Agmixing - Agidea I (3) 

gE = RT (XAIn a_A + xBIn aB) 
XA XB 

(4) 

Activity is such an important property of a component 
in solution that many attempts have been made to construct 
methods for predicting the activity or activity coefficents 1 
from pure-component data alone using the expression for gE. 

-. 
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However this report has outlined the use of an empirical 
equation for finding the activity. 

In the previous report ~he experiments with a vapor 
pressure osmometer su&gested a new kind of mole fraction, 
XA, for a binary mixture with components A and B as in Eq (5). 

XA = anA a aA (5) 
anA+ n B 

Since actlvlzy Is conceptually an effective or corrected 
concentration, it is necessary to determine if the new form 
of mole fraction is the same as the activity. In Eq (5) 
has been named the "interaction parameter." 

Vapor-llquld equillbrlumphenomena have been chosen for 
the testing of Eq (5). In general the partial pressure of 
a component in a binary solution is given in Eq (6) where 
PA o is the vapor pressure of pure A. 

PA = FA ° aA = FA ° YAXA (6) 

° an~ " ( 7 )  ~ PA a pA o XA = PA° ~nA+nB 

Similar equations can be written for component B. If Eq (5) 
is correct, the partial pressure will follow Eq (7). 
Activity and ~ can be calculated by Eq (6) or (7), respectively, 
using the partial pressuree at different mole fractions. 

Initially a was calculated from the partial pressure and 
mole fraction for one component and chert used as a constant 
to predict the partial pressures at different mole fractions. 
Figure 1 shows both the predicted values of dioxane-CHC13 
and the experimental data taken from McGlashan and Rastogi's 
work. 2 

~en using constant interaction parameters, the predic- 
tions are similar to the experimental data only in the 
region where a was determined. This was also observed with 
CS2-acetone. Although these predicted values are only use- 
ful in a limited range of concentrations, the results suggest 
that Eq (7) will still apply. 

Assuming that the concentration effects the parameters, 
the a's were calculated at different concentrations using 
Eq (7). Figure 2 shows a plot of ~s vsl the mole ratio 
of the two components. The parameters are introduced into 
the activity expression so that they will decrease with an 
increase in the mole ratio. The two interaction parameters 
of dloxane-CHC13 beD~ve in the same fashion. These trends 

X A in Eq (5) is slightly different from that in the last 
report. The difference will be explained in the next report. 
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suggest an equation of reversible reaction rate which is 
similar to Eq (8), 

drde _ kl~_k2Cao_~)~ (8) 

where a o is a at r=0. 

Solving Eq (8) resulted in Eq (9) which gives a in terms 
of mole ratio, r, two constants, k I and k2, and the initial 
value, ~o- 

-(k~+k~)r . k~ ao (9) 
a = k!+k2~O e ~ ~ ~ kl+k 2 

The last term in Eq (2) is similar to an equilibrium value in 
the reversible reaction rate expression since a approaches this 
value as the mole ratio r becomes large~ it will be called "final 
value" because of its association with mole ratio instead of time. 
The constants, k I and k2, can be calculated from a few initial 
and final values of a. For a binary system, two equations 
are needed. 

Eq (7) complemented with Eq (9) gave good predictions 
~ or dioxane-CHClq (Figure 1). The predicted values are within 
4% of the experimental ones. The same solution was studied 

~ McGlashan and Rastogi. Their results also showed good 
agreement with the experimental values but the deviation 
between the experimental and predicted values were not specified. 

Table I gives two sets of predicted vapor compositions 
for nitromethane-CC14, one using Wilsen's equation and the 
other using the new expression Eq (7) wi~h (9). Both the 
predictions in Table 1 are very close to the expert_mental data 
at higher mole fractions. However at lower ends, Wilson's 
equation predicted much higher values while the new expression 
reproduced the experimental values exactly. 

The good agreement with the experimental values is due 
to the simplicity of Eq (5) which gives the parameter a in 
terms of an exponential function. Eq (5) and Figure 2 des- 
cribe the activity behavior exactly. The exponential 
functions have been introduced to approximate the exact 
relationship between ~ and mole ratio. 

Although only two liquid solutions have been analyzed, 
they are good examples of non-ideal cases, one negatively 
and the other positively deviating from Eaoult's Law. The 
satisfactory results with these solutions indicate the 
capability of Eq (5) and (9) as an activity expression. 

Once the activity expression was formu!ated 
empirically, its validity was tested to see how the 
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expression complied in general with existing laws and related 
theories using binary liquid solutions with components A 
and B. Raoult's and Henry's Laws both describe the behavior 
of liquid solutions within limited concentration ranges.5 As 
the mole fraction of component i, i being either A or B, approaches 
unity, Raoult's Law holds ~ that is Yi=l and ai~xi in Eq (1). 
The new expression for the activity agrees with Raoult's Law 
since a s  X A ~ l, n A >> riB: 

a A = ~Im cnA an__~_~ = 1 ~ X A 
~ .  anB+nB £ an A .-. 

As the mole fractio~n of component i approaches zero (Henry's 
Law) Eq (1) becomes 

a i = 7iXi = lim mi~ 0 HXI 

where H is :he Henry's Law constant. Eq (5) will reduce to 

a A = Jim anA = ~ = a n--~ = aX A 
m_~ anA+n B n B nA+n B 
mB-~O 

Therefore it also satisfies Henry's Law. 

For wider concentration ranges Wilson's equation, Eq (I0), 
has been used for numerous binary mixtures as well as multi- 
component solutlons. 1 Table 1 only compares Wilson's equation 
with the new exoression for a specific case. The application 
of the new expresslon to other systems will be discussed. 

gE =AT XAIn ~X~A + XBIn ~BxB ( lo )  

~A = local volume fraction = bAXA 
bAXA+bBXB 

(ll) 

In Eq (i0) £A is defined as Eq (i!) where b A and b B are 
constants, changing on!y with temperature. (~B is defined 
in the same manner.) Eq (ii) and (5) are essentially the 
same by substituting mole fractions in Eq (~I) with the 
numbers of moles and dividing the denominator and numerator 
by b B. Wilson's equation Eq (i0) is the same as Eq (4) 
except that ~'s replace a's. In the empirical derivation 
Eq (4) itself was not altered in anyway. Thus in both the 
expressions, the form of the thermodynamic formula Eq (4) 
has been conserved~ only the activities have been replaced. 

The good results reported with Wilson's equ~tlon may 
be due to the correct forms of Eq (I0) and (iI). ~ However 
the lack of the concentration dependency of b A and b E in 
Eq (II) resulted in only approximate agreements with the 
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experimental values (see Table). An improvement on Wilson's 
equation has recently appeared in the literature. 6-8 An 
expression for gE has been formulated based on Wilson's 
equation by adding more parameters. From that an activity 
coefficient relationship was derived. However a more direct 
aoproach seems possible by first measuring the activities 
and then deriving the activity expression, hence the new 
expression Eq (5) and (9). 

Physically the activity can be considered as a 
"corrected" or "effective mole fraction '~ from Eq (1)." Eq (5) 
indicates that the "effective mole fraction" is to be 
formulated from "effective number of moles." The effective 
number of moles Could be different from a nominal number of 
moles due to the interactions in solution. Using coefficients 
a and b to obtain effective values from nominal values nA 
and riB, an activity expression is 

anA a/b nA = mn A 
aA = anA+bn B = a/b nA+n B anA+nB 

where a=a/b. A better understanding of the physical phenomenon 
provides a means to explore other unknowns. 

Future Work 

Applications of the new activity expression will be 
sought for the characterization of the products as well as 
the solvents~ the selection of the solvents for separation 
operations and the reactivity studies on the separated 
products. 

"" 2. 
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Table i 

Comparison of Predicted Vapor Compositions,cf Nitromethane (A) 
- CC14 (B) Solutlonat 45oc. 

Experimental 3 Predicted YA ~ Eq (7) with (9) 
Wilson's Ec(4) ~ 

XA P YA YA Error %** YA Error % 

0.0459 287.4 0.130 0.147 +13.1 0.130 0 

0.0918 297.2 0.178 O.191 + 7.3 0.178 0 

0.1954 302.9 0.222 0.225 + 1.4 0.222 0 

0.2829 302.6 0.237 0.236 - 0.4 0,239 +0.8 

0.3656 301.4 0.246 0.243 - 1.2 0.247 +0.4 

0.4659 298.9 0.253 0.251 -0.8 0.254 +0.4 

0.5366 296.9 0.260 0.258 -0.8 0.257 1.2 

0.6065 293.3 0.266 0.266 0 0.262 -1.5 

0.6835 287.1 0.277 0.279 +0.7 0.272 -1.8 

0~8043 264.7 0.314 0.318 +1.3 0.316 +0.6 

0.9039 214.6 0.408 0.410 +0.5 0.415 +1.7 

0.9488 171.0 0.528 0.524 -0.8 0.533 +0.9 

X A = mole fraction of A in liquid phase. 

YA = mole fraction of A in vapor phase. 

P = total vapor pressure in mmHg. 

Calculated by the present author, 
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Project A-4 

Steam Reforming of Aromatic Compounds 

Faculty Advisor: A.G. O~lad 
Graduate Student: Shri Goyal 

introduction 

The objective of this research is (1) to study the 
thermodynamics and kinetics of steam reforming and (2) to 
develop an appropriate catalyst for the steam reforming 
of aromatic compounds. The general reforming process and 
details of the equipment have been previously reported. 

Project Status 

The results of the thermodynamic simulation studies 
for benzene-steam reforming were reported in the previous 
report. The calculations for naphthalene and anthracene 
have been done and the results may be obtained upon request. 
Also the effects of various Parameters have been analyzed. 

Effect of Steam Ratlo 

Figures 1 and 2 show the equilibrium concentrations of 
CH4, CO, CO 2 and H 2 as a function of the steam ratio at 500°C 
and 400 psig and 800oc and 400 psig, respectively. An 
increase in the steam ratio decreases methane and carbon 
monoxide but increases the hydrogen. Also increased steam 
decreases CO 2 at lower temperatures but increases it at higher 
temperatures. 

Effect of Pressure 

The effect of pressure on the equilibrium concentration 
of the product gas is shown in Figures 3 and 4. An increase 
in pressure decreases CO arid H~ but increases C02 and CH 4. 
The abscissa on Figure 4 is lo~arithmi6 (base 10). The 
plots are straight lines showing that the pressure has 
approximately a logarithmic (base I0) effect on the equi- 
librium concentration and the heating values of the gases 
(also shown in Figures 1-6 in the previous report). 

Effect of Temperature 

The equilibrium constant values are sho~n in Figure 5 as 
a function of temperature for both the methane-steam and water- 
gas shift reactions. The methane-steam reaction is the most 
favorable. The equilibrium concentrations of CH 4 and C02 
decrease with an increase in temperature but the concentrations 
of H 2 and CO increase sharply (Figure 6). Since methane 
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decreases with a rise in temperature the heating values 
should decrease. 

Effect of H/C Ratio in Feed 

The H/C ratio of the feed Is the most important factor 
in operating a steam reformer to avoid coking ~he catalyst. 
The thermodynamic minimum steam ratio and operating steam 
ratio increase as the H/C ratio decreases in the f~ed at 
800°C and 400 psig as shown in Table 1. The equilibri,mn 
concentrations of CH~, C0~ CO 2 and H 2 and the heating values 
as a function of the H/C ratio in the feed at 800°C, ~00 pslg 
with a steam ratio of 5 are shown in Figure 7. The decreases 
in the H/C ratio causes equilibrium concentrations of CH 4 and 
H 2 to decrease and those of CO 2 and CO to increase. A higher 
thermodynamic minimum steam ratio with a decrease in the 
H/C ratio of the feed indicates that the methane-steam reaction 
is less favored. 

The results of steam reforming show the possibility of 
its practicality and will be used to define the activity and 
selectivity of the catalyst and their approach to equilibrium 
concentrations. 

Future Work 

Experimental work on the kinetic data and catalyst will 
begin. A set point of methane reforming will be obtained to 
check the activity of the catalyst while reforming other 
aromatic compounds. A gas chromatograph will be calibrated 
and the steam reforming of benzene will begin. 

Table 1 

Thermodynamic Minimum Steam Ratio 

Feed 

Methane (CH4) 

Naphtha (CH2-2) 

Toluene (CTH 8) 

Benzene (C6H ~) 

Naphthalene (C10Hs) 

Anthracene (C14H10) 

Thermodynamic 
Minimum Steam Operating 

H/C Ratio Ratio Steam Ratio 

4.00 0.80 3 

2.20 1.20 6 

i.I~ 1.39 

1.00 I.~i 

0.80 1.44 

0.71 I.~5 
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Project A-7 

Study of Thermal anC Vapor Phase Catalytic Upgrading 
to Coal Liquids 

Faculty Advisor: A.G. Oblad 
Graduate Student: R. R~makrishnan 

Introduction 

This project is concerned with high temperature free 
radical and catalytic hydrogenolysis of coal-derived 
liquids. Preferential rupture of condensed ring aromatics 
by these means could lead to improved yields of liquid 
hydrocarbons and decrease consumption of hydrogen as 
compared with conventional processes for upgrading these 
liquids. Accordingly experimental apparatus and procedures 
have been developed to carry out this program. 

The specific objective of this project is to study the 
reaction kinetics and product distribution of the hydrogeno- 
lysis o~ relevant pure compounds in a temperature range of 

v 

~00-700 C and a hydzogen pressure up to 2000 psi. 

Project Status 

The reactor surface was sulfided to obtain better results 
of thermal hydrogenolysls of coal-derived liquids. The fabri- 
cation of a 5001 gas holder was also necessary to obtain a 
good material balance. Hexadecane was the first compound to 
be studied. 

The effect of pressure on the conversion of hexadecane 
to gases and the composition of the gas products is shown in 
Figure 1. As reported earlier the concentration of olefins 
decreased with an increase in pressure. A plot of C1, 
and C 4 as a function of pressure is given in Figure 2. CTheC39- 
compositions are fairly constant indicating that the cracking 
mechanism does not change with pressure. Increased conversion 
of the feed to gas at higher pressures suggests that the 
hydrogen pressure aids in initiating the cracking of hexadecane. 

Major components in the liquid product other ~han 
hexadecane were C5, C6, C7 and C~ paraffins (the higher the 
paraffin number t~e 16wer-the concentration). 

To minimize plugging and coking of the reactor, air was 
passed through the reactor between every few experiments to 
remove any coke deposits. The gas was analyzed for CO and CO 2 
with no appreciable concentration of either in the combustion 
product. The reactor was sulfided before each batch of 
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experiment s. '.° 

Future Work 

More experiments are planned to study the effects of the 
temperature, reaction time and hydrogen/hexadecane ratio on 
hexadecane. 
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Project A-8 

Synthesis of Light Hydrocarbons from CO and H 2 

Faculty Advisor: A.G. 0blad 
Graduate Student: C.H. Yang 

Introduction 

The objective of this research is to develop suitable 
catalysts for hydrogenation of carbon monoxide to C2-C 4 
gaseous lower molecular weight compounds particularly ole- 
finic. Characterizations have been carried out intensively to 
different potential formulations. Catalytic stability, 
kinetics and mechanisms will be studied. 

Conversion of CO has been found to correlate best with 
total metal loadin~z for the Co/Cu A120 ~ catalyst system. 
Hydrocarbon selectZvZtles remained insensitive to the Co/Cu 
ratio and the C2-C 4 fract!on was at its maximum. Iron 
catalysts are more promising in the production of C2-C 4 
oleflnic hydrocarbons. 

Pro~ect Status 

The following cobalt/copper catalysts have been prepared 
by coprecipitatlon methods: 

CC #I Co : Cu : AI203 
4.8:5.2 : 90 

CC #2 Co : Cu : AlpO 3 
4.8:5.2 : 90- - 

The above catalysts used NH40H as the precipitation agent. 

CC #3 Co : Cu : A1203 
4.8:5.2 : 90 

CC #a Co : Cu : A!203 
4.8:5.2 : 90 

The above catalysts used NH~CO 3 as the precipitation agent. 
CC #1 and CC #3 were prepared by adding the respective bases 
to the boiling metal nitrate solution. CC #2 and CC #4 were 
prepared by slowly pouring the metal nitrate solution into the 
precipitation agent solution. All results are shown in Figure 1. 

The ~ifferent preparation methods gave different activity. 
CC #1 and CC #2 were lower in activity compared with CC #3 and 
CC #4. The adding of the metal nitrate solution to the 
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precipitation agent solution gave a higher activity than the 
catalysts that were prepared by adding the precipitation 
agent to the boiling metal nitrate solution even with the 
same final pH values. However, the data of these catalytic 
activities did not match with the previous catalytic activity 
when NaCO~ was used as the agent under similar conditions. 
Small amodnts of sodium are probably very critical to the 
activity of Co/Cu catalysts. 

The following iron catalysts have been prepared from 
metal nitrate solutions coprecipitated with ~UH4CO 3. The 
resulted precipitate had a pH of 9. 

Hematite iron ore 
Magnetite iron ore 

Fe #l Fe : Cu : K 
i00 : 20 : 2 

Fe #2 Fe : Cr : K 
100 : 20 : 2 

Fe #3 Fe : Zn : K 
100 : 20 : 2 

Fe #4 Fe 
I00 

Fe #5 Fe : K 
100 : 0.2 

Iron ore has been used in the Sasol Fischer-Tropsch process 
for the last 25 years in South Africa. Two iron ore samples 
were tested for their activity. They showed lower activity 
at 250°C, 500 psig, H2/CO of 6/4, and SP vel of 1.06 cc/g sec 
when compared with other iron catalysts previously tested 
and reported. Although product selectivity yielded 50% of 
the C2-C 4 fraction, the olefln/paraffin ratio was very low. 

The activity of Fe #4 was low even at 250°C. However 
product selectivity yielded around 50% of C2-C 4 and an 0/P of 
0.7. Fe #5 was a potassium promoted iron catalyst. Addition 

of K increased the activity of the catalyst to a high level 
of CO conversion (57% at 240oC, 500 psig, H2/C0 = 6/4, SP vel = 
1.06 cc/g sec). The O/P ratio in the C2-C 4 fraction was 
increased to 1.2. However, the selectivity to the C2-C 4 fraction 
dropped to 35% and the CO 2 fraction increased to 32%. 

Addition of Zn, Cr and Cu to the iron catalyst already 
promoted by K showed a high selectivity toward C02 pro- 
duction. However each metal had its own characteristic 
effect on the iron catalysts. 
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Fe #l showed the same results as the previously tested 
catalyst ZK #22. it had only a fair degree of CO conversion 
but was highly selective to CO 2 with a low O/P in the C2-C 4 
fraction. 

Chromium had a profound effect on both iron and cobalt 
catalysts. Fe #2 showed almost no activity even at 260°C, 
500 psig and a H2/CO of 6/4. 

Zinc promoted the iron catalyst to a v o~,.~y high O/P 
ratio in the C2-C 4 fraction. Catalyst Fe #3 showed a high 
activity for CO conversion, a high product selectivity to 
~S but only about 15% to C2-C 4. However this catalyst 

get the highest O/P ratio in the C2-C 4 fraction. 

Future Work 

The Co-Cu /AI20 q catalyst system will be continued 
for.optlmal metal lo~dings with the appropriate promoter. 
Kinetic studies will be applied to the optimum catalysts. 
Extensive screening of iron catalysts with different promoters 
and supports will be continued. 
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Figure I. Activity of CC#1, #2~ #3, #4 at 
Different Temperatures. 
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Project A-8 

Synthesis of Light Hydrocarbons from 
CO and H 2 (Continued) 

Catalyst Characterization Studies 

Faculty Advisor: F.E. Massoth 
Graduate Student: Brent Bailey 

Introduction 

This phase of the project is to supplement the high 
pressure reaczor studies by detailed examination of the 
catalyst properties which enhance catalyst activity and 
selectivity. This is accomplished by characterization 
studies performed on the same catalysts which have been 
run in the reactor. Of particular interest are metal areas, 
evidence for alloy formation, phase structures and catalyst 
stability. Also, variables in catalyst preparation and pre- 
treatment are examined to establish effects on catalyst 
properties. Finally, in-situ adsorption and activity are 
being studied under modified reaction conditions with a 
number of well-characterized catalysts to obtain correlating 
relationships. 

Work has thus far concentrated on the CoCu/A120 ~ catalysh, 
which has shown some potential for producing low molecular 
weight hydrocarbons from the CO + H 2 Fischer-Tropsch reaction. 
Hydrogen pretreatment of the oven-dried catalyst was necessary 
to achieve large metal areas. Furthermore, a low temperature 
hold in H 2 during pretreatment gave even better metal 
dispersions. Cobalt helped to disperse the copper. The 
catalyst should not be calcined in air or N 2 prior to reduc- 
tion. SEM studies indicated a possible alloy in the reduced 
state. 

Project Status 

A ~ new TGA system has been set-up. A reactor has been 
built to fit an existing microbalance and furnace. A new 
gas flow system was also designed and built. The TGA system 
was tested and the results were essentially identical to 
those of the previous system. 

Adsorption measurements were made on five additional 
catalysts which had been run in the hlgh-pressure reactor. 
These were pretreated in H 2 at 520°C to similate the treat- 
ment given in the reactor prior to running the CO + H2 
reaction. To relate the adsorption values to catalytic 
activity for the various catalysts, a reaction rate order 
must be known. This has not been determined yet, but the 
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analogous methanat~on reaction over cobalt has been shown 
to obey a rate approximately of the form:l 

-1/2 
r = kPHPc 0 (I) 

where r is the rate of formation of methane, k is the rate 
constant, PH and PC0 are the partial pressures of H 2 and 
CO. Assuming this rate form also applies to our reaction, 
and since H 2 is i~ excess, the integrated equation becomes 

kPH ; c 3/2 s--q--- i l-  (i-<--o- ~) (2) 

where SV is the space velocity and c the conversion. 
Since PH/SV is constant in all runs, changes in c reflect 
changes in k for variDus catalysts. 

The results, toge%her with previous values, are 
presented in Figure 1 in which the function of equation (2) 
is plotted against the weight of 0 2 adsorbed (proportional 
to the metal surface area of the reduced catalyst). A 
fairly good correlation is obtained showing that reacti- 
vity is proportional to metal area for this catalyst. The 
adsorption values above about 9 mg/g are ineffective in 
that no additional conversion can be obtained. This may 
not hold at ~ower reaction temperatures where conversions 
will be lower. 

The initially prepared catalysts using copper 
chlorlde in the preparation were less active than later 
catalysts using copper nitrate. This may be due to a 
lower metal area obtained in the presence of chloride. 
The data given in Table 1 demonstrate this effect for 
catalysts having approximately the same metal compositions. 
it is not known why the anion in the preparation affects 
the final metal dispersion at present. 

Scanning electron microscope studies were done on 
AH-5, ZK-38 and ZK-42. Results at 12,000X on the ZK--~2 
catalyst showed a close relationship in the dispersion 
patterns of copper and cobalt on the surface. This is 
consistent with but not proof of alloy formation in the 
reduced catalyst. 

Future Work 

The present area of study will be continued. The 
characterization data will then be compared to catalyst 
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conversions obtained in the high pressure reaction to 
develop correlations between catalyst properties and 
activities. 

Future areas of study are ESCA examination of reduced 
catalyst and IR studies of metallic surface components. 
in the IR study, peaks for CO adsorption on co,per alone 
and cobalt alone on the support will be compared against 
copper-cobalt peaks in an attempt to confirm alloy formation. 

Reference~ 

1. M.A. Vannice, J. Catal., 3_~7, 462 (1975). 

Table i. 

Effect of Copper Salt on Catalyst 
Properties and Activities 

Catalyst ~ L 

Cu salt used C1 C1 

02 adsorption, mg/g 6.3 5.6 

CO conversion, % 66 58 

3__8 

NO 3 

7.6 

89 

~7 
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Project B-1 

Development of Optimum Catalysts ~d Supports 

!. Development of Technique 

Faculty Ad'tisor: F.E. Massoth 
Graduate S~udent: M. Moora 

Introduction 

This project involves assessing diffusional resistances 
within amorphous-type catalysts. Of primary concern is the 
question of whether the larger multiringed aromatios found 
In coal-derived liquids will have adequate accessibility to 
the active slte~ of typica3, hydrocracking catalysts. When 
molecular dimensions approach pore size diameters, the 
effectiveness of a particular support is reduced owing to 
significant mass transfer resistance. A window effect, 
also known as configurational resistance, may even result 
when adsorbate molecules are of the same order of magnitude 
as the micropore dimensions. 

The project objective can be achieved through a systematic 
study of the effect of molecular size on sorptive diffusion 
kinetics relative to pore geometry. Conceptually, the 
diffusion of model aromatic compounds is carried out using 
a stirred batch reactor. The preferential uptake of the 
aromatics from the aliphatic solvent is measured using a 
O~ spectrometer. Although the adsorbate molecules utilized 
thus far do not approach catalyst pore diameters, a sub- 
stantial amount of ground work is needed before more 
advanced studies involving larger molecules can be attempted. 

Previous work has involved design, fabrication and 
performance testing of a stirred batch recycle reactor to 
study diffusional kinetics. Early testsshowed bulk trans- 
fer resistance to be negligible at stirring speeds 
exceeding 300 rpm. Inital runs using chrysene as the adsor- 
bate on an alumina catalyst showed an unexpected slow desorp- 
tion following a rapid adsorption. The majority of this 
desorption was caused by moisture present in the solvent 
(or air above the solvent) displacing chrysene from the 
catalyst surface. However, recent tests using greater 
spectrometer sensitivity indicated that some desorption was 
still actually occurring, which was undetected using the 
previous analytical sensitivity. This subject will be 
discussed in more detail. 

Adsorption rates showed a particle size effect, suggesting 
diffusion-controlled adsorption. Further work with mathematical 
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modeling of the data showed that a shrinking-core or shell- 
progressive phenomenon could adequately describe the diffusicnal 
process. The solution ~o FicK's Law in spherical coordinate~ 
correlated with the experimental data poorly. 

The effect of solvent upon rate was also observed. 
Chrysene adsorbed from cyclohexane solvent showed somewhat 
slower kinetics and reduced fractional uptake compared to 
identical tests using n-heptane. The lower dlffusivi~y of 
chrysene in cyclohexane could be related to the decrease 
in sorption klnetics. 

Pro~ect Status 

The major investigative effort during this auarter waz 
directed towards low depletion adsorption. Previous tests 
used to study the kinetics of chrysene adsorption on alumina 
utilized relatively large reductions in bulk concentration, 
on the order of 50 to 70%. The ~ests reported here were 
carried out usin~ the same initial concentration (25 mg/1) 
of c~mysene, but fractional depletion was held below 10%. 
The concept of using minimum depletion in ~tudyiug the 
kinetics is based upon equilibrium consider~tionz. For 
example, where high solution depletion occurs and adsorption 
is irreversible (strong), it may be ~ossible to achieve 
nonequillbrium adsorption. A concentration profile could 
exis~ in the catalyst pellet cross-section, with the greatest 
concentration being at the outside edge. With time, this 
maldistributlon of adsorbate would tend to adjust towards an 
equilibrium if slow desorptlon occurred. A low depletion 
of adsorbate from the bulk solution would minimize non- 
equilibrium adsorption and would be better suited to the 
study of kinetics. 

Figure i is a plot of bulk chrysene concentration vs. 
time for a low depletion run. Note the slow desorption 
which immediately follows the uptake. Despite treatment of 
the solvent to remove moisture and flushing of the reactor 
with dry N2= the desorption was noted on every low depletion 
test zonducted. Although the rate of desorption is small 
compared to adsorption, in total magnitude it is as much as 
65-70% of the adsorbed amount. Previously, no desorption was 
thought to occur following a high depletion uptake run. 
Therefore, a high depletion run was repeated and the de- 
sorptlon process was i~d4ed observed using the more sensitive 
instrument setting. Further work is underway to determine 
if impurities present in the chrysene might be causing the 
desorption. 

In spite of the effect of the competing desorption process, 
the adsorption kinetic data were still treated in the previous 
manner using the contracting sphere model. Figure 2 represents 
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the fractional uptake vs. time for the data presented in 
Figure l, when desorpbion was ignored. As detailed in 
earlier reports, data may be handled to generate a parameter 
fd" A linear relationship of fd and time will result if 
the dlffusion-controlled contracting sphere model applies. 
The data presented in Figure 2 is plotted as fd vs. t in 
Figure 3. A good linear fit is observed. 

~a~±~ 1 is a compilation of several low depletion 
runs carried out on two different catalysts and using 
three different particle sizes. The Harshaw alumina used 
previously had a mean pore diameter of about 70~. The Kaiser 
type C alumina had a^substantially higher mean pore diameter 
of approximately 150~. 

Four runs are given for each catalyst in Tab].e l; three 
low depletion tests and one high depletion. The high 
depletion test was carried out using particles of 18 x 24 
mesh size while the three low depletion runs were conducted 
on 18 x 2~, 24 x 35 and B5 x 50 mesh. Reported also are: 
values of f, fractional uptake; the catalyst weight in grams; 
the slope of the fd vs. t plot; the final uptake in mg 
chrysene per g catalyst and the final bulk concentration in 
mg/1. All tests were conducted using an initial chrysene 
concentration of 25 mg/1. 

In run C-17 the high depletion run on the Harshaw 
alumina had a slope of 5.94 x l0 -~, while run CC-1 the 
high depletion run on Kaiser C type alumina showed a slope 
of 5.40 x 10-5. Similar agreement is noted for the other 
three low depletion runs. All of these show that the effec- 
tive diffusivity of ch~ysene is virtually identical in the 
two catalysts. Since the critical molecular diameter of 
chrysene is between 9 and 10~, a negligible amount of drag 
from ~he pore walls may be encountered by the molecules as 
they diffuse towards the particle interior. Therefore the 
diffusivities in both catalysts would be identical since the 
mean pore diameter is many times greater than molecular 
dimensions. 

As demonsSrated in earlier reports, the contracting 
sphere model should sho~ an inverse relationship of rate to 
the square of the particle radius for pore-diffusion control. 
The particles of catalyst used in each of t.hree mesh sizes 
were measured using a 60-po~er magnifier equipped with a 
measuring scale. Twenty meas~wements were made for each 
cut size and an average value calculated. Figures 4 and 5 
show the six low depletion runs reported in Table 1 plgtted 
as slooe of the fd vs. t plot against the inverse of r 2. A 
reasonable linear fit can be made for both sets of tests, thus 
providing good evidence for the shrinking core model. 
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Mention was made in the previous report of attempts to 
measure the concentration profile of adsorbate on the 
catalyst pellet cross-section. Such quantitative data would 
be extremely valuable evidence in support of the maldistri- 
butlon theory presented above. Unfortunately, the low 
adsorbate concentrations were beyond the detectable limit 
of the scanning electron microscope or the electron micro- 
probe. 

FutureWork 

Further testing of chrysene impurities as the cause of 
the unexpected desorptlon will be done. Several runs using 
a s~aller adsorbate, naphthalene, will also be made. Following 
the completion of experimental work, the data will be 
analyzed and correlated for publication as a tec~ulcal report. 
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Table 1 

Summar~ 9£ Low De_epletlon Tests 

Hun No. Catalyst Mesh f Wt 
Size (g) 

Slope o£ 
fd vs. t 
(xlO 4 ) 

Uptake 
(rag/g) 

C 
(rag#l) 

Ct) 

LD-9 

LD-14 

LD-16 

0-17 

LDC-I 

LDO-5 

LDC-7 

CC-I 

Harshaw-Al203 

It 

Kaiser C-AI203 

l! 

18x24 

24x35 

35x50 

18x24 

18x24 

29x35 

35x5O 

18x24 

O. 098 

0.i00 

0.048 

0.859 

O. 078 

0.062 

0.107 

0.641 

0.1782 

0.1501 

0.0999 

0.9925 

0.1812 

0.1490 

0.1460 

0.9939 

i.i0 

1.87 

6.32 

0.59 

1.09 

2.54 

5.97 

O. 54 

3.44 

4.16 

3.00 

5.41 

2.66 

2.61 

4.59 

4.03 

22.55 

22.50 

23.80 

3.53 

23.06 

23.45 

22.32 

8.98 
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Project B-I 

Development of Optimum Catalysts and Supports 

if. Application to Large Molecules 

Faculty Advisor: F.E. Massoth 
Graduate Student: C.S. Kim 

~ntroduction 

Since coal liquids may contain rather large molecules~ 
this phase of project B-I extents the research to large 
molecules. The primary emphasis in this study is to assess 
the dlffusional characteristics of macromolecules in 
realistic catalyst supports. Findings from previous work 
will be compared to the present results to determine if 
simple extension of principles derived therefrom will 
apply to the large molecules. Similar experimental tech- 
niques developed in the first phase are employed here, 
although experiments may have to be run at higher temperatures 
to achieve adequate solubility and diffusion rates. 

Previous work involved the determination of adsorption 
isotherms at room temperature for polyaromatic compounds 
such as rubrene, meso-tetraporphine and chrysene with 
several aluminas. Isotherm data for rubrene and porphlne 
correlated reasonably well with Langmuir isotherms. However, 
adsorption isotherm measurements on chrysene showed serious 
data scattering. Desorption tests showed that these aro- 
matic compounds desorbed very little which suggests that 
adsorption is quite strong and irreversible. Mathematical 
formulation of the amount of adsorbed aromatics has been 
tried taking into account the effect of possible non- 
uniform adsorption along the radius of the catalyst particle 
based on irreversible adsorption. Adsorption data for 
chrysene and alumina C showed good correlation by using 
the formula. Different adsorption isotherms may be obtained 
at different levels of concentration depletion. 

Project Status 

Adsorption measurements were made at low solution 
depletions (5-10%) to check whether nonuniform adsorption 
was occurring within the catalyst particles during high 
depletion runs. At low solution depletion, such effects 
shoul~ be minimized. Tests with chrysene on catalyst C 
alumina still gave considerable scatter even at low 
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depletions. The resul:s of two tent series are shown in 
Figure 1 with estimated error limits. Scatter was more 
prcnounced at the higher concentrations. A flat region 
of adsorption is suggested in the range of 10-40 ppm 
chrysene, but even here large scatter was obtained. 
Possible sources of error are (1) moisture pickup during 
handling and stcrage cf samples, (2) impurities in the 
chrysene and (3) random errors in measuring the [~' absor- 
bance, especially in the smaller solution depletion runs. 
Obviously, the adsorption problem remains unresolved and 
better experimental procedures are needed. 

To assess the acidic properties of the aluminas 
being used for the adsorption and later diffusion studies, 
acidity measurements were undertaken using the Benesi 
method.l,2Thls involves observing color changes of various 
Hammett indicators after titratlng the sample with n- 
butylamine. Indicators were reagent grade and used with- 
out further purification. The n-butylamlne was purified 
by simple distillation. Catalysts were ground into fine 
particles to remove any diffusional effects on the acidity 
value. Particle sizes ranged from 150 to 200 mesh. 
Ground catalysts were calcined at 500 ° overnight in a muffle 
furnace, and then about 1 gram of catalyst was put into 
several screw-capped vials, weighed, sealed and stored in 
a dry dessicator until use. About l0 ml of dry cyclohexane 
was added to the catalyst and tltrated with an appropriate 
amount of 0.05 N of n-butylamine in cyclohexane. The 
catalyst suspension was divided into five fractions and 
each was subjected to the color Zest with five different 
Hammett indicators. Final results are summarized in Table 
I. 

The results of Table i show that most of the acidity 
resides in strong acid sites of pK a <-5.6. This is contrary 
to the results of Ratnasamy et al. who found no acidity in 
~his range but appreciable ~cldlty in the range -5.6<PKa<3 
~or their alumina catalyst.~ Also, their adsorption 
amounts are less than ours. They may have had some adsorbed 
water on their catalyst, since exposure of our catalyst to 
laboratory air resulted in a loss in strong acidity. A 
similar effect was observed by Hirschler et al.* Catalyst 
C has a higher intrinsic acidity (surface area basis) 
compared with the others. When comparing the number of 
active sites used for aromatic adsorption, which was 
calculated from the adsorption isotherm data for rubrene 
and porphine, only less than 10% of the strong acid sites 
may be utilized for aromatic adsorption. 

Future Work 

Future work will involve adsorption isotherm tests 
for chrysene with a constant-stirred reactor, by injecting 
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a concentrated solution of the aromatic into the reactor 
containing catalyst and solvent. Solute will be injected 
step-wlse to get a range of concentration and adsorption 
isotherms will be determined. Techniques obtained from 
the first phase of this project will be utilized for 
this purpose. Also kinetic studies on diffusion of these 
large aromatic compounds into catalyst pores will be started, 

References 
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Table 1 

Acidity of Alumina Catalysts 

O 

n-butylamfne tltre, ~llol/g 

pK a ranse a 

Strong Acidity 
Sur face 

AI203 Area, m2/g -8.2 to -5.6 T5.6 to-3,O -3.0 to 1.5 1_.5 to 3.3 mmol/mcxl03 

c 200 0.48 0 o o 2.4 

D 245 0.27 0.06 0 0 1.1 

L 350 0.22 0 0 0 0.6 

_ - 0.9 
OK-300 b 183 0.17 - 

alndicators used: Chalcone (pK a " -5.6), Dlclnnamalacetone (-3.0), Benzeneazodtpher,y!amlne (~1.5) 
and Butter Yellow (+3.3). 

hA pure y-AI203 from KetJen. 



Figure i. Adsorption Isothern] of Chrysene 
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Project B-2 (alternate) 

The Effects of Poisoning on the Desu!furlzatlon 
Activity of Cobalt-MolybdaSe Catalysts 

Faculty Advisor: F.E. Massoth 
sraduate Student: R. Ramachandran 

Introduction 

The importance of cobalt molybdena catalysts for 
hydrotreating an5 hydrodesulfurization of petroleum feed 
stocks is well known. These catalysts are also being 
studied in the hydrodesulfurization and liquefaction of 
coal slurries and cDal-derived liquids. However, these 
complex feed stocks result in rapid deactivation of the 
catalysts. To gain an insight into the deactivation 
mechanism, detailed kinetic studies on the model compound, 
benzothiophene~ is planned to assess the effect of poisons 
and coke precursors. The studies are planned using a 
constant stirred microbalance reactor enabling 
simultaneous measurement of catalyst weight change and 
activitF. 

Initial runs on benzothiophene hydrodesulfurization 
revealed the following: 

I) An increase in temperature increased conversion 
only to a small extent. 

2) An increase in benzothiophene partial pressure 
decreased conversion. 

3) An increase in hydrogen sulfide partial pressure 
decreased conversion. 

4) An increase in hydrogen partial pressure increased 
conversion. 

5) Changes in ethyibenzene partial pressure had no 
effect on conversion. 

6) The presence of water had a neEligible effect. 

7) The presence of pyridine decreased conversion to a 
large extent. Also benzothiophene and ethylbenzene formed 
coke in the absence of hydrogen. 
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The kinetic da~a obtalned on be~othiophene hydro- 
desulfurizstion showed considerable scatter. To ch~ck 
the reactor performance, benzene hydrogenation studies 
werc carried out. 

Project status 

Previous tests with benzene hydrogenation showed 
that the microbalance reacto R performed as a constant 
stirred tank reactor (CSTR)o ~ However, these tests had 
been made using a gaseous benzene-hydrogen feed to the 
reactor, which was accomplished by passing the H 2 stream 

• t~.~ high- through benzene in a bubbler To introduce ~ 
boiling benzothiophene, a side arm capillary was attached 
to the bottom of the reactor (see Fig 1 of reference 2) 
and a mixture of benzothiophene in heptane was introduced 
into this side arm by means of a Sage pump. 2 Since the 
initial kinetic data showed considerable scatter, it was 
decided to check the effectiveness of this new reactor 
arrangement vrith the benzene-hydrogen reaction, but 
now introducing the benzene into the side arm as liquid. 

The same catalyst (Ni on A120~) was used as before. 1 
The hydrogen flow ,~s split into t~o parts, one entering 
the main shaft and the other the side arm; benzene was 

pumped into the side arm with the Sage pump. The benzene 
flow rate affected the degree of conversion indicating 
that imperfect mixing was occurring• Changes in stirrer 
speed also had an effect on conversion• At lower benzene 
concentrations, the variations in benzene flow rate had 
little effect on conversion compared with variations at 
higher benzene concentrations. At higher benzene con- 
centrations, the effectiveness of mixing in the reactor is 
poor. Since the range of concentrations where the reactor 
perfcrmance approached the ideal CSTR was low for kinetic 
studies with benzothiophen~, it was decided to modify the 
reactor design to improve the mixing characteristics. This 
entailed chan~es in the reactor configuration to allow 
better liquid vaporization and mixing prior to entering 
the reactor. The new reactor is currently undergoing fabri- 
cation in the glass shop. 

Meanwhile, experiments are under way to study the 
reversible hydrogen sulfide adsorption characteristics on 
Co-Mo and Mo catalysts. The evalution of equilibri~Am 
constants from these experiments will be useful in the kinetic 
studies on benzothiophene later. The adsorption experiments 
are carried out in the microbalance on the presulfided catalyst. 
The extent and reversibility are determined from weight changes 
at various H2S/H 2 ratios under flow conditions. Buoyancy 
corrections for gas density of the various mixtures have been 
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made using an inert charge. Preliminary results showed 
She expected increase in adsorption with increase in 
H2S partial prassure; however, a hysteresis in the isotherm 
was observed. 

Future Work 

Sulflding studies on the Co-Mo catalyst wile be fcllowed 
b~ ,~ that on a Mo catalyst. The effect of thiophene, water, 
an=onia and pyridlne on the hydrogen sulfide adsorption will 
he studied. This is expec=ed to give an idea of the nature 
of poisoning on the adsorption equilibrium of hydrogen 
sulfide on the catalysts. 

The modified reactor will be fabricated and initial 
~rial runs will be made with the benzene-hydrogen prior 
to running benzothiophene. 
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Project B-3 

Fundamental Studies on Hydrogen Transfer 

Faculty Advisor: S.W. Cowley 
Graduate Student: D.S. Moulton 

Introduction 

Coal liquids can be produced by the high temperature 
hydrogenation of coal impregnated with zinc chloride or 
similar substances. Zinc chloride catalyzes the reaction, 
but its role is not fully understood. The kinds of hydro- 
gen transfer which take place on zinc chloride may be 
important factors in its catalytic activity. Comparing 
the types of hydrogen transfer promoted by zinc chloride 
with the types promoted by other catalysts will help deter- 
mine the hydrogen transfer mechanism. 

Hydrogen-deuterium exchange reactions are used to 
determine the types of hydrogen transfer. Model reactions~ 
characteristic of particular catalytic functions, can be 
studied on well-known catalysts° The same reactions can 
then be used to establish the catalytic functions which 
are active on zinc chloride. The reactions take place in'the 
gas phase. Reactant gases are circulated around a closed 
loop, glass vacuum system and through the catalyst bed. 
Continuous analysis of the gas phase with a mass spectrometer 
gives the extent of exchange. 

The glass vacuum system has been constructed with a 
closed loop and an inert pump to circulate the reactant 
gases. A quadrupole mass spectrometer (Varian VGA 100) has 
been assembled on a heavy duty cart. A capillary tube 
connecting the glass vacuum system to the mass spectrometer 
inlet allows continuous analysis of the gas stream. Tests 
have been made on several catalysts of known acid function. 

ProSect Status_s 

The materials a~d2catalysts were from the same stock as 
previously reported, k" The gamma alumina was given the 
catalyst pretreatment previously described. 1 It was also 
evacuated (10-3 tort) at 5~0OC overnight. 

A sample of the solid phosphoric acid catalyst was 
deuterated at 300oc by exposure to D20 vapor and then 
evacuated for one hour. A mixture of 2-methylbutane (60 
tort) and inert gas was circulated over the catalyst at 
300°C for 24 hours without exchange. However surface ex- 
change did occur when 2-methylpropene (6 tort)was added 
to the circulating mixture. 
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Figures 1 and 2 show the mass spectra before and after 
exchange. The parent peak of the 2-methylpropene is a~ m/e 
56 and the peaks at m/e 57 through 64 are partly due to 
exchanged olefin. Breakdown fra~nents from the 2-methylbutane 
also contribute. The parent peak of 2-methylbutane is at 
m/e 72, and the peaks at m/e 73 to 83 are entirely due to 
the exchanged paraffin except for the natural isobcDe abun- 
dance at m/e 73. Exchange occurred in both the olefln and the 
paraffin; the m/e 59-84 peaks would have been smaller if 
o!efln exchange had not occurred 

Deuterium is incorporated into the olefin by combining 
with a surface deuteron which produces an adsorbed carbonium 
ion. Loss of a proton returns the ion to an olefin with 
the deuterium incorporated in the molecule. This process 
may repeat several times resultin~ in multiple exchange of 
hydrogen for deuterium. 

C D + C _H + 3 
C--~=C ~ C-~---C(D)~ C--~=C(D) 

(adsorbed) 

The first peaks to appear after olefin addition were in 
the m/e 60-63 range indicating that the mcst rapid reaction 
was exchange with the olefin. Exchange peaks in the m/e 73- 
83 range appeared later indicating that the reaction producing 
carbonium ions from the 2-methylbutane occurred more slowly. 

The C 4 carbonium ion formed in the above reaction may 
abstract a hydride ion from the tertiary position of 2-methyl- 
butane resulting in a C 5 carbonium ion. Loss of a proton to 
the surface would result in C~ olefin formation and would 
exchange in the same fashion as the C4 olefin. However, a 
separate test indicated that a hydride ion was not abstracted, 
but that a small amount of C 5 olefin was produced at the 
expense of the C 4 olefin by some other route. The C 5 olefin 
may have exchanged with the surface in the same way as did the 
C~ olefln. The C 5 olefln formation may be induced thermally, 
and an experiment is planned to test this possibility. 

A separate sample of the solid phosphoric acid catalyst 
was hydrated at 300uC by exposure to H20 vapor and then 
evacuated for one hour. A mixture con~aining 2-methylpropane- 
2d (120 tort), 2-methylbutane (40 torr) and an inert gas was 
circulated through the reactor at 300°C. No exchange was 
observed. Then a small amount of 2-methylpropene (15 torr) 
was added to the circulating mixture. 

Changes in the m/e 70 and 73 Deaks are shown in Figure 3. 
The m/e 73 peak is due to the 2-methylbutane containing a 
single deuterium. The m/e 70 peak is the parent peak of C 5 
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olefins. There was no significant increase in the m/e 73 
peak other than from the natural isotope abundance indicating 
that no hydride transfer occurred before or after olefin 
addition. The increase in the m/e 70 peak following addition 
of the C 4 olefin indicates that some C 5 olefin was oroduced. 
The initial' slight decrease in the m/~ 70 peak was'probably 
due to polymerization of some impurities on the fresh catalyst. 

A sampl~ of the gamma-alumina from the same stock 
used in earlier tests was pretreated and evacuated as 
already described. A mixture of 2-methylpropane-2d (120 torr)j 
2-methylbutane (40 torr) and an inert gas was circulated over 
the catalyst at~295oC. After 21 hours the temoerature was 
increased to 320°C and remained there for 160 hours. 

A number cf changes occurred in the mass spectrum. The 
m/e 72 peak is the parent peak of 2-methylbutane. The peaks 
at m/e 73 and 74 result from the d I and d 2 exchanged molecules. 
Changes inthese peaks are shown in Figure 4. 

Exchange occurred only when the temperature was sufficient 
to induce cracking. This was evidenced by the formation of 
significant amounts of methane and hydrogen, accompanied by 
a decrease in the total amount of C 5 hydrocarbon. It is 

~° possible that de~eride (hyd~!de~ transfer did occur under 
these conditions along with some deuterium scrambling. 

Some products may have been produced thermally in the 
gamma-alumina test. However, when the products of the sclid 
phosphoric acid test were compared with the gamma-alumina test 
under similar conditions, no cracking occurred in the former 
test. Therefore the gamma alumina reaction must be catalytic. 

Various types of acidity can now be characterized in 
terms of the hydrogen transfer reactions which have been 
observed. The reactions are (1) transfer of hydrogen between 
the catalyst surface and primary positions on the hydrocarbon, 
(2) transfer of hydrogen between a tertiary position and a 
tertiary position in another molecule, and (3) transfer of 
hydrogen between tertiary positions and other positions in 
other molecules~ Table ! summarizes the reactions observed. 

Future Work 

These reactions will be tried, ou zinc chloride and zinc 
chloride/coal combinations. A suitable inert and water-free 
support for zinc chloride must be selected. Following the 
tests on anhydrous ZnC12, different amounts of water will be 
added to the ZnClp and the tests repeated. Tests on metallic 
zinc and zinc chl6ride/coal combinations will follow. 
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Refeuences 

. F.E. Massoth and D.S. Moulton, ERDA Contracz No. E(49-18)- 
2006. Quarterly Progress Report, Salt Lake City, Utah, 
July-Sept 1976, pp 65, 69. 

2. S.W. Cowley and D.S. Moulton, ibid., Oct-Dec 1976. 

Table 1 

Reactions Occurring over Catalysts of Known Acid Type 

Reaction 1 

Acid Type 

Bronstead only no 

Lewis + Bronstead ~es 

Lewis + base yes 

,a~ 2 2 a 3 

yes no no 

yes 

no 

a2-methylpropene (i0~) added to reactants. 

no 

no 

yes 
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Figure 3. M/E Peaks of 2-methylbutane dl, (73) and 
Pentene(70) During Reaction Over Phosphoric Acid 
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Project B-4 

Mechanism of Catalytic Hydrogenation 
by Metal Halide Catalysts 

Chemical Structure of Heavy Oils Derived by Coal Hydrogenation 

Faculty Advisor: D.M. Bodily 
Postdoctoral Fellow: H. Itoh 

Introduction 

The chemical structure of the heavy oil fraction of coal 
is analyzed by structural analysis techniques to determine 
the properties of the oil and to follow the reactions. 
The oll is first separated on the basis of solubility and 
then on the basis of size. The heavy oils are produced 
by hydrogenating a high-volatile bituminous coal in an 
entrained-flow reactor usin~ ZnC12 as a catalyst. No 
vehicle oil is used. The heavy oil is defined as the oil 
collected in the first cond~nsor of the system. The amount 
of ZnC12 catalyst used during hydrogenation has a strong 
effect on the y~eld of products in the heavy oil, even 
when the total conversion is held constant. As the 
percentage of catalyst is increased from 1.5 to 6 percent 
by weight of zinc to coal, the yield of asphaltenes 
decreases significantly and the molecular weight of the 
asphaltene and hexane-soluble oil fractions decreases. 
Structural analysis of the products confirms that the 
type of products are the same, even though the yields change. 

Average molecular structures of fractions derived from 
coal hydrogenation heavy oils have been reported in 
previous reports. The asphaltene, saturate, one-ring 
aromatic, two-ring aromatic, three to four-ring aromatic and 
polar-poly ring aromatic fractions have been studied. 

pro~ect status 

The structural parameters obtained by Brown and 
Ladner's technique have been reported for the asphaltene 
and aromatic oil sub-fractions. These results were based 
on the elemental analysis and the hydrogen types as deter- 
mined by nuclear magnetic resonance, NMR. The hydrogens 
were divided into those that are a to aromatic rings and 
those that are 6 or further from aromatic rings. These 
results have been improved by introducing a third type of 
proton, the protons attached to methyl groups. The ratio of 
carbon to hydrogen is assumed to be 2 except in the methyl 
groups where it is three. The significant structural 
parameters are compared in Figures 1 and 2 for the asphaltenes 
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and Figures 3 and 4 for the aromatic oils. Structural 
parameters are plotted versus the gel permeation elution 
volume for the different sub-fractions. 

A computer was used to determine optimum values for 
the average structural parameters, in addition to elemental 
analysis and proton distributions, molecular weight and 
density are also used. The optimum values for the para- 
meters are also shown in Figures 1-4. The fraction of 
aromatic carbons, fa, and the length of aliphatic side 
chains, Ho/Ha+l , show reasonable agreement. The degree 
of substitution, ~, and the hydrogen to carbon ratio of 
the hypothetical unsubstituted aromatic ring unit, Hau/Ca, 
show wide fluctuations. The computer results suggest a 
more condensed system. 

The computer program was modified and the parameters 
were recomputed. The modification involved the method in 
which the aromatic rings were calculated. Results from 
the two methods of calculation are shown in Figures 5 and 
6, their greatest difference being in the degree of 
polymerization of structural units. The second method gives 
more reasonable results. The computer results are quite 
sensitive to the assumptions involved in the calculations 
and the methods of calculation. 

Future Work 

The structural analysis of two solvent refined coals and 
the oll from coal hydrogenation will be compared with the 
results previously reported. 
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Project B-4 

Mechanism of Catalytic Hydrogenation 
by Metal Halide Catalysts 

Faculty Advisor: R.E. Wood 
Graduate Student: Doug Stua_~ 

Introduction 

The reZatively new techniques of ESCA (Electron 
Spectroscopj for Chemical Analysis) and Auger Electron 
Spectroscopy are being used to investigate the catalytic 
hydrogenation of coal by metal halide catalysts. Data 
obtained from Auger Electron Spectroscopy studies are 
evidence that zinc chloride participates wi~h coal- 
derive~ f~ee radicals in the hydrogenation process. Attempts 
to find such interactions in a stannous chloride impregnated 
coal sample and a cuprous chloride impregnated coal sample 
were not successful. A possible explanation is the difference 
between the two ESCA units used. Work this quarter has been 
to evaluate these differences. 

Project Status 

The DuPont ESCA unit has been replaced by the Hewlett 
Packard (HP) ESCA unit. Selected samples similar to those 
analyzed with the DuPont unit are being prepared by the 
previously described method. However, there is a minor 
change after drying. The samples are now placed in a 65 
millitorr vacuum overnight and sample mounting is accom- 
plished in an inert atmosphere. 

Table 1 is a brief comparison of the two ESCA units 
used. The X-ray source of the DuPont unit is closer to the 
sample for maximum X-ray flux. In the HP unit, the X-ray 
beam is about 100-fold less intense at the sample surface 
because of the monochromator. However, the monochromatic 
radiation improves the spectral resolution and eliminates 
interference from satellite peaks. Both instruments are 
calibrated to record intensity vs. binding energy of the 
photoelectron peaks. Because of this and the photoelectron 
peaks which are dependent on the energy of the incident 
X-rays and the Auger peaks which are independent of X-ray 
energy, the Auger electron peaks shift from one instrument 
to the other'in binding energy by an amount equal to the 
difference in X-ray energies. Sample temperature also 
varies from one instrument to the Other. The vacuum in the 
HP unit is at least two orders of magnitude better, in the 
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insulators in the HP unit, a stream of low energy electrons 
from the "flood gun" prevents the surface of the sample 
f~'om becoming electrically charged. To compensate for 
the loss of X-ray flux, an electron lens and multiple 
channe~ detection system are used. All these differences 
between instruments may affect each sample and its spectrum. 

The specta in Figure ! were obtained from sample~ used 
in the original investigation. Curve A is for a 12 w~ 
zinc chloride (maf coal basis) impregnated Kaiparowitz, Utah 
coal samp3.e prepared from a zinc chloride solution and 
dehydrated without the use of heat. Curves B and C are 
from similar samples dehydrated at ll0°C overnight and 
heated ~o 450oc in a slow flow of hydrogen, respectively. 
These spectra were from the DuPont unit. 

The srectra in Figure 2 were obtained during the past 
quarter using the HP unit. Curves A and B are from the 
same samples as Curves A and C in Figure l, respectively. 
Curve C in Figure 2 is from a 12 wt % (maf coal basis) 
zinc chloride impregnated Kaiparowitz coal sample prepared 
similarly to the sample of Curve B in Figure 1. Curve D 
is obtained from the same sample as Curve C and has been 
heated in hydrogen to ~50°C similarly to Curve C in Figure 1. 
Curve E is the same data as Curve D but has been mathematically 
smoothed using a device built into the HP unit. 

In Figure I the spectra are drawn as recorded by the 
DuPont unit. The numbers are corrected binding energies 
since the entire spectrum is shifted by a constant correc- 
tion factor. In Figure 2 the numbers are instrumental 
binding energies of the specific labled dot. The numbers 
in parenthesies are corrected binding energies. 

Figure 1 ilius~ra~es the specified change originally 
observed. The peaks at 355 eV and 346 eV disappear and the 
peaks at 353 eV and 350 eV appear as a function of the 
temperature to which the sample has been heated. The two 
samples still available from the original study (Fig 1 Curves 
A and C) appear quite differently when analyzed with the HP 
unit (Fig 2 Curves A and B). Most noticeable is the 232 eV 
difference in binding energy as explained before. Also 
a peak corresponding to 349 eV in Figure 1A does not appear 
in Figure 2A. The impregnated coal sample heated to 450°C 
shows a distinct decrease in splitting between the Dwo 
peaks (from 9 eV to 3.7 eV) in Figure 1C, but in Figure 2B 
the spli~ting is so nearly buried in the background that 
the data is questionable. Figure 2C is from a sample prepared 
similarly to the sample shown in Figure lB. Again the 
sample spectra obtained from the DuPont unit showed some 
change with the 350 eV peak larger than the 348 eV peak. 
Hcwever, the H? unit showed no change in splitting from a 
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pure zinc chloride sample. When the sample of Figure 2C was 
heated zo 450°C in hydrogen, Figure 2D resulted. The 
splitting is again buried in the background. Figure 2E is 
a smooth curve of the data in Figure 2D. A splitting of 
4.5 eV between peaks can be seen, how2ver, the data is quan- 
titatively unreliable. 

9cause the change in splitting is still present, the 
~ ~s need to be prepared more carefully so that the 

~__.ting can be measured precisely. The HP unit has 
improved spectral resolution over the DuPont unit but has 
decreased sensitivity. An alternate explanation for the low 
signal is that the improved vacuum causes a loss of zinc 
chloride. 

Future Work 

More work is needed to obtain optimum results with 
the zinc chloride impregnated coal sample before unknown 
samples can be trusted. 

Item 

X-Ray source 

Sample temp 

Vacuum 

Table i 

DuPont ~50B 
Electron Spectrometer 

1254 eV Mg K~ 
polychromati~ 

~50°C 

l0 -6 to l0 -7 torr 

Hewleut Packard 5950B 

1486eV AI K a 
mono.hromatic 

<50oc 
cold probe: -50°0 

10 -8 to 10 -9 tort 

Charging 
compensation 

Method of data 
accumulation 

Detector 

None 

Single scan at 
variable rate 

Single energy 

Electron flood gun 

Multiple scans at 
constant rate 

Multiple channel 
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Scan Rate 

A 0.01 eV/sec 

B 0.05 eV/sec 

C 0.05 eV/sec 
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Figure i. DuFont 650B Electron Spectrometer 
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Project C-I 

The Mechanism of Pyrolysis of Bituminous Coal 

Faculty Advisor: W.H. Wiser 
Graduate Student: R. Muthiah 

Introduction 

The mechanism of coal pyrolysis to yield liquid fuels 
has been of interest for a long time. Studies at this 
university have indicated that coal pyrolysis at constant 
temperature is second order with respect to the amount 
of unreacted coal. Lahiri has shown that hydroaromatic 
structures are essential for the production of tar during 
coal py~-olysis. Studies will be done to discern the actual 
role of nydroaromatic structures in bituminous coal in the 
production of volatile matter. 

Project Status 

The equipment components have been ordered. Effcrts 
to find a supplier for the model compounds have been 
fruitless. These syntheses will be attempted in this 
laboratory; at the same time the search for a laboratory 
to synthesize the compounds will continue. 

Future Work 

Once the model compounds are obtained, they will be 
pyrolyzed and the volatile matter evolved examined to see 
if stabilization of therr~lly produced fragments from the 
model compound, such as benzene rings, has occurred 
involving transfer of She hydrogen from the hydroaromatic 
structure. 
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Project C-2 

Heat Transfer to Gas-Solid Suspensions in 
Vertical Cocurrent Downflow 

Faculty Advisor: J.D. Seader 
Graduate Students: J.M. Kim 

B. Scott Brewster 

Introduction 

The purpose of this study is to investigate the heat 
and momentum transport mechanisms for cocurrent downward, 
two-phase flow of gas and solids in a vertical tube. The 
application of such a flow mode to the Unlverslty of Utah 
continuous hydrogenation reactor may be desirable. Coal 
particles 8nd hydrogen would flow together through a heated 
tube such that the rate of heat transfer to the two-phase 
m~xture could be the controlling factor in the reaction rate. 
Initial data on fluid mechanical phenomena, such as holdup 
and pressure drop, have been obtained for test glass beads at 
flow rates to 300 Ib/hr carried by air at Reynolds numbers 
to 30~000. Apparatus is beinK constructed and assembled for 
subsequent experiments with coal particles. 

Project Status 

During the past quarter holdup and pressure drop data 
were obtained for various solids-to-gas loading ratios with 
the glass bead-air system at ambient conditions. A computer 
program was developed and used to process the raw data 
obtained. Two hundred pounds of newly obtained glass beads 
(Potters Industries, inc, technical quality glass beads "P" 
serles) were screened to obtain I00 ib of the -45/+50 mesh 
portion for the experiment. The average diameter and the 
sphere count percentage of the screened beads were determined 
to be 329 microns and 93.8 percent, respectively. New sets of 
regulators and a four-way pneumatic valve were added to 
the existing slide-valve actuating mechanisms to control each 
valve independently. 

After about three months of test runs, several samples 
of the beads were examined under the microscope. Their 
breaking or attrition caused by pneumatic transport was not 
slznificant. 

As a theoretical basis for the analysis of the data, the 
equation of particle motion (Eq l) was solved together with 
the continuity equations for the gas and solids phase (Eq 2 
and 3). 
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3P C~ 
(I) 

!-Ep 
(2) 

~p : 

Ep 
(3) 

where, 

Usg , Usp : superficial velocities of gas and solids phase 

Ug, Up = actual velocities of gas and solids phase 

C D = drag =oefficient, f(NRe) 

V = sllp velocity, U -U 
s g p 

Ep = solids holdup 

It was assumed that no heat or mass transfer occurs and that 
the only body force acting on the mixture is gravity. Also 
particle interactions are not taken into account. Sub- 
stituting Eq (2) and (3) into (1) and rearranging gives, 

where, 

Vs : Us_~ _ Usp 
I-E E 

P P 

24 
C D = (NRo < 0 3) 

NRe,p -,P - • 

18.5 
CD = 0.6 (0.3 < < I000) NRe,p NRe,p - 

C D = 0.44 (I000 < NRe,p ~ 20,000). 

(4) 
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Solutions of Eq (4) for gas Reynolds numbers of 1500 (laminar 
flow) and 7930 (transition or turbulent flow) are shown as 
curves in Fig 1 and 2 together with experimental data. 
Results from Fig 1 indicate that experimental holdup values 
are always higher than predicted by Eq 4. The differences 
might come from a velocity gradient in the tube. in the 
transition or turbulent region, however~ better agreement 
between experimental and calculated holdup values were 
obtained as are seen in Fig 2, especially in the low solids 
flow rate region where particle-to-particle interactions are 
thought to be insignificant. Increasing deviations at 
higher solids feed rates may be due to increasing particle 
interaction effects. 

Figure 3 shows the effect of superficial gas velocity on 
pressure drop at various solids holdups (or solids concentra- 
tion). A negative pressure drop occurs below gas velocities 
of l0 ft/sec. The presence of both negative and positive 
pressure drops is characteristic of the downflow system. More 
data are needed to fully explain the existence of a limiting 
gas velocity ~ ,.r the negative pressure drop. 

During the past quarter the vibratory feeder arrived. 
Coal samples were obtained and screened, an appropriate 
phosphor was.obtained for tagging the coal samples to be 
used in the velocity measurements, and preliminary experiments 
were conducted to determine whether the tagging technique 
would yield an accurate measurement of particle velocity. 

The vibratory feeder (Syntral Model F-TOIA) has a two- 
inch diameter tubular trough and solid-state regulating 
control (Model RSAC-2B). The RSAC control has a feedback 
signal which is designed to keep the trough stroke constant 
regardless of a change or fluctuation in the llne voltage. 
A stand for the control box was constructed and electrical 
wiring fox the feeder was installed. The mechanism for 
feeding the coal particles from the hopper into the feeder 
is being fabricated. 

A small sample of phosphorescent pigment Grade 100/A-F 
was obtained from United Mineral and Chemical Corporation for 
tagging the coal. The pigment which is ZnS:Cu is in the 
form of a powder with a particle size of about 25 microns. 
The powder can be excited by daylight, artificial white light 
or UV causing the emission of a strong green peak decaying 
over several hours. Coal particles with a~ approximate size 
of 400 microns have been tagged by the following method: 
The coal particles are washed with acetone to wet their sur- 
faces and then rinsed in a solution of technical grade sodium 
silicate solution diluted with water. After removing the 
excess solution with paper toweling, the particles are mixed 
with the powder and stirred until dry to prevent agglomeration. 

a 
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A light detector for detecting the injected coal samples 
is being fabricated. The detector which will be tested 
first is an RCA 931-A photomultiplier tube. It is ~nexpenslve, 
rugged, has high gain and fast response, and is sensitive in 
the range of emission of the phosphor. 

The system for injecting the tagged coal s~mples is 
shown in Figure ~. The injector u~ilizes a short pulse of 
compressed gas to blow the sample from the loading tee into 
the tube. The characteristics of the pulse can be varied 
by changing the injection pressure and volute of the 
compressed gas chamber. Two ball valves permit easy loading 
of the sample into the loading tee. 

One ton of pulverized Sea Coal was obtained from Asbury 
Graphite Znc in Rodeo, California. The coal is a typical 
western grade bituminous coal and is used in the foundry 
industry for core and molding sand. No composition analysis 
has been performed. Several screenings are being done on 
a Tyler Ro-Tap sieve shaker to ensure minus 40/plus 80 mesh 
(US series) coal samples. 

A study was conducted to determine the explosion hazards 
of using air as the transporting gas in the experiments. 
Because coal dust explosions occur when coal particles less 
than 1000 microns are transported by gas with an oxygen 
content greater than approximately 15 percent by volume, an 
inert gas is being considered. 

Future Work 

Future work with the glass bead-air system to assess the 
reliability and reproducibility of the obtained da=a will be 
performed. Theoretical study of the experimental data will 
be further developed to account for the more complex factors 
such as a two-dimensional velocity profile and particle 
interactions. The gas inlet section of the test tube will 
be slightly modified to insure smooth introduction of the 
air. 

Plans for the coal-gas system include completing the 
screening of the coal samples, installation of the feeder 
and testing of the detector. The gas flow system will be 
planned and equipment ordered, if the phosphor tagging .- 
technique proves successful, larger quantities of the Dhosphor 
will be ordered and a second detector and a timing mechanism 
for the particle velocity measurement will be constructed. 
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Figure I. Holdup Measurements at NRe = 1500 
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Figure 3. Effect of Superficial Velocity on Pressure Drop 
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Figure 4. Air-Pulse Injector 
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Project D-1 

Coal Particle and Catalyst Characteristics for 
Hydrogenation Evaluation and Testing 

Faculty Advisor: R.E. Wood 
Graduate Student: J.M. Lytle 

Introduction 

This effort is related to the effects of coal particle 
size on coal hydrogenation. The existing hydrogenation 
equipment from ERDA Project FE(~9-18) - 1200 is being used. 
The reaction vessel consists of a series of coiled tubes, 
each approximately 20 feet long. The reaction zone consists 
of a preheat and a reactor section. The preheat section 
contains two coiled tubes in series containing 44 feet of 
B/16 inch iD tubing. The reactor section is in series with 
the preheat section and contains three tubes with a total 
length of 64 feet of 1/4 inch ID tubing. 

The residence time of the coal in the reaction area is 
of major importance. For this reason a magnetic detection 
device has been developed. Using this device, iron powder 
may be detected by a coil of copper wire which is placed 
inside the reactor tubing. For residence time detection 
and measurement, one coil is placed at the b~Einning of the 
preheat section and a second at the end of the reactor 
section. 

The residence time measurement will be used to help 
determine reactor stability or resistance to plugging with 
respect to the coal particle size, gas velocity, temperature 
and percent of catalyst applied. 

With a continuous feed of coal the effect of residence 
time on coal conversion will be studied. This study will 
also include an examination of variables such as coal parti- 
cle size, catalyst percentage~ temperature and pressure. 

Project Status 

The pyrolysis of coal is only slightly~endothermic or 
exothermic depending on the carbon content. ~ However, upon 
hydrogenation the reaction becomes highly exothermic. Fig 
1 shows the relative heat of reaction of coal hydrogenation 
vs. conversion. Relative heat of reaction is evaluated 
by determining the amornt of cooling necessary to keep the 
reactor temperature from rising above the set point. The 
scale from 0 to l0 refers to the amount of air blown onto 
the reactor for cooling. Very little heat is evolved below 
60% conversion when using coal from Clear Creek, Utah. 
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However, ~he heat evolved increases rapidly at conversion 
levels above 60%. The proximate analysis of the coal used 
i~ shown in Table 1. The volatile matter is 45.63 percent. 

Table i 

Clear Creek, Utah Coal 
Proximate Analysis 

H20 % 6.73 

Ash % 8.19 

Volatile ma~ter % 38.82 

Fixed Carbon % 46.26 

aMAF - molsture ash free basis. 

MAF a 

45.63 

54.37 

Therefore, the pyrolysis reaction is probably predominant at 
conversion levels below 60% and only mildly exothermic. 
However, the highly exothermic hydrogenation reaction is 
predominant at higher conversion levels. 

To minimize the consumption of hydroge~ an ideal con- 
version would be in the range of 60-70%. Figure 2 shows 
that the heat of reaction increaseE substantially at a 
residence time of 150 seconds. For hydrogen conservation 
the residence time should be less than 150 seconds. 

The effects of particle size have been studied during 
this quarter, in Figure 3 the conversion is plotted against 
the residence time of the coal in the reactor at various 
particle sizes. The rate of conversion of coal to liquids 
and gases increases as the particle size decreases. The 
particle size effect diminishes as the conversion izcreases 
and disappears above 80%. This is orobably because of 
the agglomeration or massing of particles. A viscous liquid 
made up of agglomerated coal particles results and is 
.... ~ sferred through the reactor tube in the shape of an 
.~ ~lar ring along the wall. 

On the basis of increasing the reactor space rate 
utilization factor and decreasing hydrogen consumption 
the conversion should be 60-70%. The residence time should 
be less than 150 seconds and the p~rtlcle size should be 
the smallest posslble when considering grinding costs and 
feeding capability. 

The reactor temperature has also been studied. Figure 
4 shows an increase in residence time with an increase in 
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t emoerature. The residence time increases rapidly above 
962°F indicating a plugged reactor at higher temperatures. 
The product distribution of these tests is shown in Figure 
5. At a conversion level of 60-70% total hydrocarbon liquids 
would be in ~he r~nge of 45-53% with gases at 5-6%. 
increases in conversion at higher temperatures are pri- 
marily in the form of increase5 heavy liquids. 

Future Work 

In Figure 3 the present curves will be extended and 
other particle sizes will be included. More complete 
material balances will be made by the newly obtained C, 
He N analyser. The hydrogen consumption will be monitored 
and more closely correlated with the relative heat of 
reaction and conversion. A material balance on zinc 
will be performed. The purchase of an X-ray fluorescence 
analyser which would permit a material balance on chlorine 
is bein~ considered. 

References 

1. O.P Mahajan, A.Tomita and P.L. Walker Jr.~ Fuel (London)~ 
55, 63 (1976). 
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Project D-2 

The Effect of Structure on Coal Reactivity 

Structure of Coal Asphaltenes 

Faculty Advisor: D.M. Bodily 
Graduate~Student: D. Roylance 

Introduction 

Asphaltenes have been thought by many investigators 
to be intermediates in the stepwise hydrogenation of coal 
to produce hexane-soluble oils. Rec~nt reports have 
shown that coal can be liquified at very short reaction 
times and that asphaltenes and oils are produced by parallel 
reactions that can be interconverted by bond cleavage 
and polymerization reactions.l,2 Work in this laboratory 
(Project B-4) has shown that asphaltenes and oils from 
catalytic hydrogenation of coal are similar in structures 
the major difference being size. Hexane-soluble oils 
appear to be composed of structural units comprised of 
condensed aromatic ring systems with alkyl groups and 
hydroaromatic rings attached. Asphaltenes appear to be 
polymers of these basic structural units. The nature of 
the bonds which hold these units together is of interest 
in this research. 

The asphaltenes will be separated from the heavy oil 
fraction obtained by coal hydrogenation and reacted in 
various ways to break specific bonds. Changes in the 
molecular weight will be determined by gel permeation. 
Structural analysis will be carried out on those s~mples 
which show extensive bond ruptureto determine the types 
of bonding between structural units. 

Project Status 

Gel permeation columns were prepared using crosslinked 
polystyrene as a pcrous gel packing (Biobead SX-1 and SX-2, 
BioRad Laboratories). Benzene was used as a solvent and 
a pressure of 400 psi was applied during packing of the 
columns. Equipment for treating coal asphaltenes was 
prepared. 

Future Work 

Asphaltene samples will be treated and analyzed by 
gel peri~:eation chromatograph2 to determine structural changes. 

References 

!. R.C. Neavel, Fuel, 55, 237 (1976). 

2. A.M. Squires, 1976, unpublished manuscript. 
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Project D-4 

Pyrolytic Studies and Separation and Characterization 
of Coal-Derived Liquids 

The Separation and Characterization of Coal-Derived Liquids 

Faculty Advisor: R.R. Beishline 

Introduction 

This project deals with the investigation of promising 
methods for analyzing and identifying the lighter fractions 
of coal hydrogenation liquids. A spinning band CSB) dis- 
tillation column is being used to determine whether frac- 
tionation can separate pure components directly from complex 
coal-derived liquids. Also SB distillation in combination 
with preparative gas chromatography ~PGC) is being tested. 

The long range objective is to formulate a reasonable 
analytical scheme for characterization of coal-derived liquids. 

A procedure has been developed to remove tar bases and 
acids from crude coal hydrogenation liwuids via distillation 
and extraction with aqueous acid and ba~e, respectively. 
No organic solvents are used, thus avoiding contamination 
of the hydrogenation products. 

The bromine numbers for five course neutral hydrocarbon 
cuts boiling from room temperature (atm) to 94°C (10 tort) 
have been determined. 

SB fractionation of crude material boiling up to 100°C 
(arm) did not give distillates consisting of pure components, 
but did effectively cut the pot charges into smaller less 
complex fractions. 

SB distillation in combination with PGC is an effective 
method for separating the light coal hydrogenation liquids 
boiling up to 100oc (arm) where identification by GC-MS is 
not available. (Identification by GC-MS is more time econo- 
mical.) The information obtained in tnis research will be 
directly applicable to GC-MS identification and the column 
packings that give the test separations for PGC and GC-MS. 

Using SB distillation plus PGC, the components in the 
80-100°C (arm) coal fraction have been separated and isolated, 
and compounds representing about 70 volume % of the fraction 
have been spectroscopically identified (MS,IR, NMR). 
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Project Status 

A general analytical scheme for light coal-derived 
hydrocarbon mixtures is being developed. A low boiling 
coal liquid was cut into standard fractions having sharply 
defined boiling ranges. This coal liquid was prepared in 
the University of Utah coal reactor by hydrogenation of 
Clear Creek, Utah coal. The light materials were steam 
distilled from the total coal hydrogenation liquid to 150°C. 
This distillate, which comprised 2-3 weight % of the original 
coal, was collected from several different runs in which the 
percent conversion ranged from 60-90%. Six weight % ZnC12 
was used as a catalyst in all the runs. The crude distillate 
was extracted with 6N NaOH and 6N H2SO 4 to remove tar acids 
and bases, respectively, and then washed with water and 
dried over anhydrous MgSO 4. The extractions reduced the 
volume of the coal liquid from 360 ml to 275 ml. The neutral 
sample was then rough cut (1 x 16 cm distillation column 
packed with 6 mm glass helicies) into three fractions (Table 1). 

Table 1 

Coarse Distillation of Light, Neutral Coal Hydrogenation Liquid 

Rough Cut Boiling Range 
(oc) 

Pressure (torr) Volume'(ml) 

! 65-103 atm 46 

2 50-106 97 75 

3 34-100 7 llT 

Rough Cut 1 (Table l) was distilled through the SB 
column (200:1 reflux ratio) into the standard fractions shown 
in Table 2. SB distillation of Rough Cuts 2 and 3 (Table l) 
has not been completed. 

Table 2 

SB Distillation of Rough Cut I , 200:1 Reflux Ratio, Atm Press. 

Fraction BoilingRange (°C) Volume (ml) 

1 30-4o 1.5 

2 40-50 1.0 

3 50-60 3.2 

4 60-70 10.2 

5 70-80 5,8 

6 80-90 12.5 

7 90-100 . I0.2 
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Previcus work has shown that coal-derived hydrocarbons 
boiling below 80oc are effectively separated (GC) on Carbo- 
pack C/0.19% picric acid, less well separated on SP2100 
and poorly separated on Carbowax 20M, Apiezon L and TCEF 
columns. GC analysis of Fractions 1-5 (Table 2) shows the 
same trend. A combined fraction was made by mixing small 
quantities of Fractions 1-5 in amounts proportional to 
their volumes. The best GC separa%ion of this ccmbined 
fraction which has thus far been achieved (1/8" x 6' stain- 
less steel col~&mn packed with Carbopack C/0.19% picric acid, 
60ml/min He~ initial temwerature 55oc, programmed 1.5°/min 
to an upper limit of l~0°C) is shown in Figure 1. 

Future Work 

Rough Cuts 2 and 3 will be distilled into l0 ° fractions 
through the SB column. GC examination of the l0 ° fractions 
will be continued to find the combinations of hydrocarbon 
boiling range and GC column packing that would give optizum 
separations. 
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Figure 1 

Gas Chromatogram of Combined Fractions 1-5 (Table 2). 
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Project D-~ 

A Pyrolysis-Gas Chromatography Study of Coals and 
Related Model Ccmpounds 

Faculty kdvisor: R.R Beishline 

Introduction 

The overall objective of this work is to study the pyrolysis 
and hydrogenation of coal ~nd coal-re!a~ed model compounds 
both in the presence and absence of catalysts. The model 
compound work is presently being pursued with ~he followln~ 
objectives: 

1. To study the cataly$ic ~ffect of zinc chloriCe on the 
decomposition of model ceupounds at low temperatures, i.e., at 
temperatures below those required for thermal bond rupture. 
These studies will elucidate the zinc chloride-inltiated car- 
bcnlum ion reactions that take place in the absence of bond 
thermolysis. 

2. To study the pyrolysis of model compounds in the absence 
of zinc cbloride. These studles will elucidate the thermolys!s 
reactions (free radical reactions) that take place in the 
absence of zinc chloride. 

3. To study the pyrolysis of model compounds in the presence 
of zinc chloride. These studies should determine what happens 
when the catalyst-inducsd carbonium ion chemistry is super- 
imposed on the thermally initiated free radical chemistry. 

Reaction (1) has been shown to occur pyrolytically in the 
absence of zinc chloride and to occur at sub-thermolytic 
temperatures in the presence of zinc chloride. 1 

1,2-DHN (Tot) (Nap) 

The following mechanism for reaction (i) at sub-thermolytic 
temperatures (165oc) is consistent with the structures of the 
products and with information obtained from ZnC12 hydration 
studies and deuterium tracer experlments:2,3 

A H20 + ZnCl 2 ~ H++ HOZnC! 2- 

1,2-DHN + H+-----~ ~O~ +] (defined as I) B 

V ~ + 
C ! + 1,2-DHN ~ 3 different dimers of 1,2-DHN + H 

D i ~ 1,2-DHN HY trans 
• from 1,2_DHN> Tet+ Nap + 
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Project Status 

Additional quantities of the three dimer products of 
step C in the above mechanism have been isolated, and two have 
been tentatively identified. 

Dimer i~ a yellow liquid, constitutes about 55 % of the 
total dimers produced in reaction (!) and 
is believed to have the structure shown at the 
right. The small letters represent hydrogens 
having different NMR chemical shifts (see 
description of NMR spectrum below). 

Spectral Data for Dimer 1 

Hish Resolution Mass Spectrum 

molecular weight 260.1580 
formula C20H20 

infrared Spectrum 

-I Absorption frequencies are in cm 
intensities: s = strong, m = medium, 

w = weak 

f 

f c 

b 

f 

a 

f 

CC 

Aromatic C-H stretch 3075m 
Aromatic ring stretch 1606w~ 1579w, 1493s, 1457s 
Aromatic ring C-H wag for o-disub, benzene 749s 

Double bond C-H stretch 
C=C stretch 

=C<~ bend for trisub, double bond 

3030s 
1648w 

808m 

NMR Spectrum 

~= chemical shift (HZ), S = singlet, D = doublet, T = triplet, 
CM= complex multiplet 

a L-~"  CM 4H 
b 1.92 CM 2H 
c 2.59 T 4H 
d 3.45 T IH 
e 6.04 S IH 
f 6.86 CM 8H 

Eight different G 2 H isomers can be drawn by changing 
the points of attachment 0 o2~ the two ring systems and the 



position of the double bond. The !R spectrum verifies the 
presence of an ortho disubstituted aromatic ring and a 
trisubstituted double bond. The resolution and integrations 
in the NMR spectrum are not as good as they should be due to 
small sample size. However, the observed NMR spectrum is 
consistent only with the particular structure proposed to 
be dimer i, since it is the only one of the eight possible 
which would have one tertiary hydrogen (hydrogen d) appearing 
as a triplet at ~ = 3.45 and one alkene hydrogen (hydrogen e) 
appearing as a singlet at ~ = 6.04. 

Dimer 2, a white crystalline solid, 
mp 88-89°C, constitutes about 30% of the 
total dimers produced in reaction (1) and 
is believed to have the structure sho~n 
at the right. The small letters 
represent hydrogens having different 
NMR chemical shifts (zee description of 
NMR spectrum below). 

Spectral Data for Dimer 2 

High Resolution MassSpectrum 

molecular weight 260.1559 
formula C20H20 

e 

f e ~ a b  

e c/~c o 

Infrared Spectrum 

Absorption frequencies are in cm -1- 
intensities: s = strong, m = medium, 

w = weak 

Aromatic C-H stretch 3070m 
Aromatic ring stretch 1603m. 1573w, 1491s, 1453s 
Aromatic ring C-H wag foz o-disub benzene + ? 759s, 750s, 7als 

732s 

,luce: There is nc C=C stretch near 1650. 

NMR Spectrum 

6 = Chemical shift (HZ), S = singlet, D = doublet, T = triplet, 
CM='complex mult!plet 

a 1.2 CM 2H 
b 1.8 CM 5H 
c 2.6 CM 5H 
d 3'9 D 1H 
e 6.9 CM 5H 
f ? .15 CM 2H 

There is no NME evidence for 
a double bond. 



The IR spectrum verifies the presence of an ortho disub- 
stituted aromatic ring and shows no C=C stretch. As in the 
case of dimer l, the NMR spectrum of dimer 2 shows poor 
resolution and integrations due to small sample size but still 
furnishes much evidence for the proposed structure. The 
coupling constant for the tertiary d hydrogen (J = 7.4HZ) 
indicates that the hydrogens at the b-d ring fusion are cis to 
one another." The absence of alkene hydrogens together with 
the tertiaa.y d hydrogen appearing as a doublet at ~ = 3.9 
and the presence of two kinds of aromatic hydrogen (5 c hydrogens 
at 6 = 6.9 and 2 f hydrogens at ~ = 7.15) is compelling 
evidence in support of the proposed structure. 

The structures of dimers 1 and 2 suggest that I (steps B, 
C and D in the mechanism of reaction (1)) attacks a molecule 
of 1,2-DHN to form carbonium ion II shown at the 
right. Part of II eliminates a 
proton to formal dimer l, and 
part forms dimer 2 by an electrophilic 
aromatic substitution (EAS) mechanism 
in which the positive charge attacks 
the bottom aromatic ring to form a 
new five membered ring. Models show 
that EAS cyclization of ii can only 
give the particular structure proposed for 
d!mer 2. (if) 

No attempt has yet been made to identify dimer 3. 

Future Work 

Larger quantities of the dimers will be isol&ted to 
confirm the identities of dimers 1 and 2 and hopefully 
allow identification of dimer 3. A kinetic study of reaction 
<l) will be initiated. Also the apps_batus required for high 
Semperature studies of reaction (I) will begin being constructed. 
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Hydrotreating of Heavy Coal-Derived Liquids 

Faculty Advisor: A.G. Oblad 
Orad~iate Student: L. Veluswamy 

Introduction 

Recent studies have indicated that high grade gasolines 
and jet fuels can be obtained in high yields by hydrotreatlng 
recycle stocks from catalyzlc cracking followed by catalytic 
cracking of the treated stock using zeolite catalysts. The 
effectiveness of this combination of processing steps depends 
on the degree to which hydrogen is added to the contained 
aromatics and the extent of removal of contained nitrogen 
and sulfur compounds. 

The chemical composition of coal-derlved oils is 
complex and these oils are known to contain condensed poly- 
aromatic compounds, compounds of sulfur, nitrogen and metals 
which are detrimental to the catalytic cracking process 
(coke formation, poisoning of catalyst). Hydrogenation of 
this coal oil will convert whe polyaromazics to saturated 
analogs which great ~-~J improve the material as a catalytic 
cracking feedstock. Most of the S, N and metal impurities 
present in the oil will be removed thereby decreasing the 
coke forma$ion and poisoning of the cracking catalyst. 

The hydrogenation of relevant polyaromatic hydro- 
carbons (phenanthrene, pyrene, anthracene) and heterocyclics 
(7,8-benzoquinoline, 5,6-benzoquinoline and dibenzothiophene) 
were systematically investiaged as a function of different 
variables in a semi-batch reactor. The mechanism of the 
hydrogenation of these polyaromatics and heterocycl~cs will 
be suggested in the next report. The objective of the study 
of these model compounds is to contribute to the understanding 
of the behavior of these types of compounds present in the 
coal liquids. 

Project Status 

Hydrogenation of Phenanthrene over Sulfided Ni-W/A1203 
Catalyst. 

Temperature: Figures 1 and 2 show the change in product 
composition (g/10G E converted phenanthrene (P)) from the 
hydrogenation of P as a function of temperatur~ ~'between 
200-400~C) using a sulflded Ni-W/A1203 catalyst at 2900 psig 
and a reaction time of ~ hours. Extrapolation to temperatures 
below 200°C (Figure l) clearly indicated that 1,2,3,4-tetra- 
hydro P were the main product formed in the first hydrogena- 
tion step. The Pormation of 9,10-dihydro P , the other 
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primary product, reached a maximum at about 250°C and then 
decreased as the temperature increased. The gradual con- 
version of 1,2~3,4-tetrahydro P with an increase in tempera- 
ture was accompanied by a corresponding increase in the yield 
of 1,2,3,4,5,6,7~8-octahydro P (56% at 299°C), the expected 
second step hydrogenation product. However, the gradual 
disappearance of 9,10-dihydro P with a temperature increase 
was not accompanied by any significant formation of the 
expected second step hydrogenation product indicating that 
9,1O-dihydro P was not an important intermediate in the 
overall hydrogenation process. The stepwise hydrogenation 
of the intermediate 1,2,3,4,5,6o7,8-octahydro P (via deca 
and dodecahydro P) into perhydro P is clearly indicated 
in Figure 2. 

Pressure: Figures 3 and 4 show the change in product 
composition (g/100 g converted P) from the hydrogenation 
of P as a function of pressure (between 500 and 3900 psig) 
using the same sulfided Ni-W/A120 q catalyst at 341~C and 
a reaction time of 3 hours. Th~ product composition again 
indicated that 1,2,3,4-tetrahydro P was the major primary 
product when compared with 9,10-dihydro P at 500 psig. With 
the increase in pressures, the 1,2,3,4-tetrahydro P and to 
some extent the 9,10-dihydro P were hydrogenated to the 
expected octahydro P derivatives (Figure 3). Beyond 1000 
psig the intermediate 1,2,3,4,5,6,7,8-octahydro(F), 1,2,3,4, 
5,6,7,8,9,10-decahydro P and 1,2,3~4,5,6,7,8,9,10~ll,14- 
dodecahydro P were gradually converted into the final 
hydrogenation product, perhydro P The yield of perhydro P 
converted P reached approximately 100% around 2600 psig 
(Figure 4). 

Catalyst/Phenanthrene Ratio: Figures 5 and 6 show the 
change in product composition (g/100 g converted P) from 
the hydrogenation of P as a function of catalyst to hydro- 
carbon ratio using the same sulfided^Ni-W/Al~03 catalyst 
(pressure 1500 psig, temperature 341~C, reaction period 2 hours). 
At very low catalyst/phenanthrene ratios, e.g., 0.05 (Figure 5), 
the yield of 1,2,3,4-tetrahydro P was again markedly higher 
than that of 9,10-dyhydro P ana zhe yield of 1,2,3,4,5,6,7,8- 
octahydro P was much higher than that of 1,2,3,4,9,10,11,12- 
octahydro P (Figure 5). As the catalyst/phenanthrene ratio 
increased, the yield of 1,2,3,4-tetrahydro P and 1,2,3,4,5, 
6,7,8-octahydro P gradually decreased while the yield of the 
final hydrogenation product= perhydro P , gradually increased 
and reached approximately 70% at a catalyst/phenanthrene ratio 
of 0.04 (Figure 6). 

Future Work 

The results on the hydrogenation of pyrene, 5,6-benzoquino- 
line and 7,8-benzoquinoline will be reported in the next report. 
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Fig, 1. Change in Product Composition 
from Hydrogenation of Phenanthrene (J-) 
as a Function of Tempcrature (Step A) 

Catalyst: Sulfided Ni--W on Alumina 
(Spherlcat 550) 
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Fig. 2. Change In Product Composition 
from Hydrogenation of Phenanthrene (J.) 
as a Function of Te~llperaLure (Step B) 

Catalyst: Sulfided Ni-W o~I Alumina 
(Sphericat 550) 

Pressure: 2900 PSIG 

Reaction Time: 2 hr 
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Fig. 3. Change in Product Composition from 
Hydrogenation of Phenanthrene ~L} as a 

Function of Pressure (Step A) 

Catalyst: Sulfided Ni-lq on Alumina 
(Sphericat 550} 

Reaction Temperature: 3¢1°C 

Reaction Time: 3 hr 
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Fig. 4. Change in Product Composition from 
Hydrogenation of Phenanthrene (.L) as a Function 

of Pressure (Step B) 

Catalyst: Sulfided Ni-W on Alumina 
(Sphericat 550) 
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Reaction Time:"3 hr 
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Fig. 6, Change in Product Composition 
from Hydrogenation of Phenanthrene: (~) 
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V. Conclusions 

Fourteen projects and one con%inuation project are 
active. Work is progressing satisfactorily on each of 
these projects. Projects A-6 and A-9 are inactive at 
oresent. 
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