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IT. OBJECTIVE AND SCOPE OF WORK

The research reported herein is all of fundamental impor-
tance 1n 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:

&) 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 of
significance in liquefaction and gasification of coal.

£-1 Coal will be gasified by direct catalytic hydrogenation
to produce & high-BTU gas. A liquid will be produced in
a first stage reaction at L00-450°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, yilelds 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 characterigzed.

A-L4 Aromatie 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 2000-
3000 psi to produce hydrogen for coal hydrogenation.
Steam and oxygen will be used for gasification. The
thermal efficiency of producing hydrogen at the pressure
at which it will be used will be studied.

A-T Tnermal hydrogenolysis of coal slurried with recycle

solvent will be studied as such or in the presence of
& vapor-phase catalyst to determine the extent of upgrading.
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A-8

A-9

B-1

B-3

B-4

D-2

D-4

Fischer-Tropsch synthesis of C,-Cy hydrocarbons will be
studied. New catalysts will be developed and a continuous

test unit for long-term catalyst testing will be constructed.

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

Adsorption properties and penetration of aromatic
molecules on typical cracking catalysts will be determined.
These properties will be used to evaluate the abllity

of such catalysts to crack the large molecules present

in coal-derived liquids.

(alternate) The mechanism of deactivation of molybdena
hydrodesulfurization catalysts by coal-derived ligquids
will be studied. Kinetic studies involving the model
compound benzothiophene will be employed.

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

The mechanism of catalytic hydrogenation of coal by metal
halide catalysts will be investigated. The nature of
active catalyst sight will be studled. Changes 1in
properties of the reacting coal will be determined and
the nature of reaction products will be determined.
Catalyst regeneration will also be studied.

The mechanism of pyrolysis of coal will be studied by the
use of isctopically labled model compounds. Products of

pyrolysis will be examined to determine their precursors

in coal.

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 the University ot Utah coal
hydrogenation reactor.

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

The effect of coal structure on reactivity to hydrogena-
tion, pyrolysis and dissolution will be studied. Pre-
treatment of the coal by specific reactions will be used
to obtaln samples with special structural features.

Liquid products from coal hydrogenation in the University
of Utah reactor will be separated and characterized. Coal

pyrolysls and hydrogenation mechanisms and model compound
reactions wlll be studiled.



ITT Summary of Progress to Date

Research Highlights

Students have completed work on projects A-1, A-2,
A-T7 and A-8 and are preparing theses. The Department of
Energy conducted a Project Review on August 15 and 16, 1978.
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L.L. Anderson, Program Chairman, Fuel Chemistry Division,
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Project A=~2

Solvent Treatment of Coal-Derived Liguids (CDL)

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

Introduction

The objective of this investigatilon is to separate CDL
into chemically different fractions of potential commercial
value. Major developments have included (1) the 1isolation
of paraffinic material, (2) the separation of CDL into highly
H-bonded and less H-bonded fractiocns, (3) the observation of
free -OH bonds in the infrared spectra of CDL fractilons in
dilute solutions, (4) a new activity expression in 1liquid
solutions and (5) a new procedure for molecular welght deter-
mination by vapor phase osmometry. Currently a new character-
ization scheme for CDL i1s belng developed.

Project Status

Additional analytical data on the fractions from the new
characterization scheme were obtained, such as elemental
composition, oxygen content by a direct determination and
proton NMR spectra. From these raw data, structural parameters
and functional group contents were estimated. These chemical
characteristics of the fractions were used to evaluate the
usefulness of the new scheme.

The NMR spectra of three representative fractions are shown
in Figure 1. Most spectral assignments have been discussed
in the literature except two. The behavior of the phenolic
hydroxyl group (¢$-OH) has been described 1n an earlier report.l
The protons at 6 2-2.3 ppm have been seldom mentioned and were
included in Hy, protons at & 2-4 ppm. According to extenslve
studles on model compounds and petroleum products,2 the protons
at 6§ 2-2.3 ppm are from (-CH3)y, methyl protons a to an
aromatic ring. Recently, Whltehurst et al.3 observed these
protons with model compounds and light fractions of a CDL. The
distinctive appearance of (-CH3)G deserves special attention.

From the three spectra, peaks for (-CHy), and ¢-OH are the
largest in the spectrum of "light", while t%ey are the smallest

in that of "resid". The position of H,, protons on aromatic
rings, changes with the fractions. Hp in "light" appear

between ¢ -8 ppm with a symmetrical distribution around its
Hp in "resid" spread themselves from

center at £ 6.9 popm.




§ 6~9.3 ppm showing an unsymmetrical distribution. The center
or highest point of the distribution is at 7.3 ppm with its
left side having convex shape and its right side concave side
concave shape. These spectral differences reveal qualitatively
different chemical characteristics among the fractions and

wlll be discussed later in detail.

The NMR spectra were examined quantitatively with the
other data as summarized in Table 1., Molecular weights and
yields are from the previous report.u Structural parameters

on an average molecule of each fraction were obtained from
the following formulae:9-11

Number of aromatic carbons
Cp=C =2 (Hoy + Hg) = % (Hay + H) (1)
A ) 2a g8 3 3¢ v

Total number of rings

. 2C -« H + 2 1l
R = 5 - 5 Cp (2)

Number of carbons on rings

Cg ¥ 2 + IR (3)
Fraction of aromatic carbons (aromaticity)

£h = = ()
Number of aromatic rings

A -
Ry ¥ 22 (5)

-

Number of naphthénic rings

Ratlo of the peripheral aromatic carbons to aromatic
carbons
1 1
rap = ap _ Hy 4 5 Hay 4 FH3g
A Ca Cy (7]



Accuracies of these parameters depend upon NMR spectr%l
assignments and the correctness of the formulae used.

The employment of thils type of structural analysis 1s based
on the excellent internal consistency among the parameters
as shown 1in Table 1. Further verification will be sought
as more experimental data are available.

The functional group contents are semi-quantitative
or tentative. The ¢-0H contents for all fractions have been
determined by the NMR method.l To check the values, a
silylation-NMR method® has been tried on the "light" fraction,
but it produced precipitation and distorted the NMR spectfrum
yielding a much lower ¢-OH value. The estimations of (-CH3)a
and (—CH3) were made from Hy, and HY in the NMR spectra,
but they the not been checked by other means.

The data in Table 1 reveal much information on the nature
of CDL. The distribution of molecular size as well as those of
other structural parameters 1s remarkable. Even though the
average molecular weight of a whole liquid, CDL-P, is 258,
the major fractions of CDL-P have molecular weights signifil-
cantly smaller or larger than that of CDL-P. Furthermore,
the fractions of smaller molecular weight, "light" and
"middle" fractions, account for nearly one-half of CDL-P 1n
terms of number of molecules. This large number of small
molecules needs to be taken into consideration in investigating
the nature of CDL as well as coal structure.

The structural parameters in Table 1 give detailed informa-
tion on the constituents of CDL-P. The number of aromatic
rings per molecule, Ry, reveals that there are one to filve
aromatic ring compounds, with the major fractions having one
to two or larger than four rings. There are also signifilcant
amounts of naphthenic rings as indicated by the parameter, R,.
More than 60% of the average molecules in "light" and "middlg"
have a naphthenic ring and every molecule in "heavy" and "resid"
had more than one naphthenic ring. This aromatic-naphthenic
structure gives three types of carbons: on the average 60%
of the carbons are aromatic, 20% are naphthenic and 20% are
acyclic aliphatic. The carbon-type distribution, e.g., fj,
remains relatively unchanged while other parameters, R, Ry
and Ry, change markedly from one fraction to another.

The ratio, rpp in Eq (8), can be used to determine
whether aromatic rings in a molecule form one cluster or more.
An aromatic cluster 1s defined as one or more aromatic rings
fused together, but not linked by any saturated bond. There
1s a good correlation® between rapp and Cp to estimate the
number of aromatic clusters per average molecule. The three
fractions (except "resid") conslst of components having one
aromatic cluster. Most components in "resid" have one aromatlc



cluster, but about 30% of them have two. This structural
feature 1is of fundamental importance in assessing the structure
of cozl and its derivatives, which will be discussed later.

The functional group analyses show that an average molecule
of each of the four fractions has a similar number of ¢-OH.
However, (-CHz), contents show that "resid" has the smallest
value among tﬁe four fractions. The (-CHi).. content varies
from the highest value for "heavy" to the lowest for "light."
Although the content of the three functional groups changes
from one fraction to another, the changes are not drastic and
the functional group content is mostly less than one. Signi-
ficance of this functional group distribution will be dis-
cussed in conjunction with the linkages in coal structure.

The above information on the nature of CDL-P is not
complete. The results obtained so far give valuable informa-
tion on the molecular size, structural characteristics and
functional group distribution of the coal-derived liguid.

This information can be utilized in further processing of CDL-P
or in elucidation of coal structure and the phenomena involved
in liguefaction of coal.

One of the most important structural features of CDL-P
is that almost 2ll components in each of the four fractilons
have one aromatic cluster. This indicates that CDL-P is a
completely depolymerized product from the University of Utah
coal liquefaction process since coal is considered as a
cross-linked polymer with numerous aromatic clusters connected
by weak vonds.! The completely depolymerized product, CDL-P
or its four fractions would not be further depolymerized under
usual coal liguefaction conditions. This point 1is also
supported by non-convertability of one fraction %o another in
CDL-P. For example, although the molecular weight of "resid"”
igs twice that of the "light" fraction, comparison of structural
parameters, R, Ry and Ry, for the two fractions suggests that
converting one "resid" molecule to two "light" molecules 1s
unlikely. ' '

The above mentioned differences and non-convertability
among the four fractions in CDL-P suggest that the four were
derived from four different building blocks or structural units
within the coal. Also the distribution of the four structural
units should be similar to that of the four fractions. If
this is true, the nature of CDL-P has much to do with coal
structure.

The characteristics of CDL-P indicate that two distinctive
component groups can be differentlated. One group consists of
two fractions, "light" and "middle," called Group A. The other
includes "heavy" and "resid," called Group B.



Group A contains smaller molecule welght components
which are fluid at room temperature, while Group B contains
larger molecular weight components, being solid at room
temperature.

Structural units A and B are therefore envisaged in coal
as precursors for Groups A and B, respectively. This recogni=
tion of two kinds of structural units in coal is of practical
importance in coal liquefaction. The quantization of two
structural units may indicate the yields of the two groups
even before liguefaction. Also any intermediate, i.e.,
partially depolymerized product, can be recognized in terms of
the structural units. The NMR spectral difference in the aromatilc
region, & 6-9.5 ppm, between Group A (includes mostly "light")
and Group B (includes mostly "resid") gives results that may
be used to elucidate the two types of structural units present

in coal. So far in the literature, a simple structural unit
nas been mentioned.l2,13

The functional group contents of the two component groups
give valuable information on weak bonds connecting the
structural units in coal. The weak bonds are proposed to
be etheric and alkyl linkages. The functional groups observed
in the compcnent groups are considered to be remnants of the
weak bonds in coal. The kinds, amounts and distributions of
the functional groups have much to do with those of the weak
bonds. The data from functional group analysis suggest that
no one type of weak bond prevails, but that two or three types
exist in significant amounts in coal. These bonds seem to

distribute themselves similarly in smaller structural unilts
as well as in larger ones.

Etheric linkages may become hydroxyl groups (-0OH) upon
depolymerization. Many etheric linkages probably exlst as
aryl ethers since all of -OH appear as ¢~OH in CDL-P. There
has been no follow-up explanation on the breaking of -(CH2 )~
linkages, although such linkages have been consldered important.8
A large amount of -(CH3)a in CDL-P has been observed. This
functional group is most lilkely the result of thermal breakages
of -(CHp),~-attached to aromatic rings.

To clarify these implications on coal structure, coal or
partially depolymerized coal is being examined. There are
many difficulities in examining coal directly, but partially
successful proton NMR spectra on a treated coal showed quall-

tatively that the suggested relationships exist between CDL
and coal.

Tuture Work

Work on the direct examination of ccal or partially
treated coal will be continued to obtain a clearer structural
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relationship between coal and CDL. Also refinement on the
characterization scheme will be continued.
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12




ET

Table 1. Analytleal Data on CDL-P and Its Fractions

CDL-P Light Middle Heavy Resid
Welght, % 100%*1 19.2 15.7 17.6 40.0
Mole, % 100 27.1 19.3 16.7 26.1
Mol. Wt. 258 (268)%2 183 210 272 396
£ 0.63 (0.62) 0.55 0.58 0.59 0.68
R 3.2 (3.0) 1.8 2.3 3.7 5.6
Rp 2.0 (2.2) 1.2 1.6 2.4 4.l
RN 0.8 (0.8) 0.6 0.7 1.3 1.2
# Cluster 1.0 1.1 1.1 1.3
¢ - OH¥3 0.71 (0.65) 0.61 0.98 0.68 0.70
(-CH3),*3 0.74 (0.50) 0.70 0.54 0.64 0.38
(~CH3)y ™3 0.62 (0.72) 0.58 0.62 - 1.2h 0.89

#]1 Includes loss

®#2 Values in parentheses are calculated from those of the four fractions.
*¥3 Numer of each functlonal group per average molecule.

CDL~P = coal-derived l1liquid with paraffinic material r'emoved.ll

# Cluster = number of aromatic cluster per average moleéule




Project A-2

A Systematic Study of Coal Structure
by Extractive Liquefaction Under
Mild Reaction Conditions

Faculty Advisor: J. Shabtal
Graduate Student: H.B. Oblad

Introduction

This study is concerned with extractive coal liquefaction
under mild experimental conditions, using a variety of
solvents and homogeneous catalysts. Coal slurries will
be processed in a small integral flow reactor which will
be operated at temperatures of 100-300°C, hydrogen pressures
of 100-~1000 psig and very short residence times. The mild
conditions will be adjusted to obtaln very low coal conver-
sions, e.g., 2~5 percent to avold secondary reactions.

The slurry will be quenched, the liguids will be removed

and analyzed, and the washed solids will be reloaded into
the reactor with fresh solvent and catalyst. Repetition

of this procedure coupled with the application of selective
catalysts should yileld relatively simple primary products.
The information gathered should reveal the types of original

structural components and interconnecting functional groups
present in coal.

Present Status

Glassware and equipment have been collected for the pre-
liminary low temperature studies. A sample of Hiawatha coal
has been repeatedly extracted at room temperature with
cyclohexane (five times) and with hexane (one time) to remove
the resin. The coal to solvent ratio in each extraction was
approximately 50 grams of coal to 500 ml of solvent. Each
time the coal-solvent mixture was agitated with a magnetic
stirrer for about 6 hours and then allowed to stand over-
night. The first and last extracts were evaporated and
the solvent-free residue was subjected to infrared absorp-
tlon analysis. The spectra were taken from resin smears
on EKBr crystals. Examination of the absorption maxima
shows that the resin from the last extractlon contained
2 higher concentration of aromatic rings (1595 cm~l). Also
the last extract contained a higher concentration of phenyl-

conjugated ester groups (1735 cm—l, 1702 cm-1) as compared
with the first extract.
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Two samples of the deresinated coal were then extracted
with decane and dodecane at 130°C and 172°C, respectively.
The 10 g coal/l00ml solvent mixtures were heated to gentle
reflux, stirred constantly for five hours and then allowed
to stand overnight. These extracts are now being prepared
for IR analysis. :

The techniques for low temperature extraction are beling
tested for reproducibility and accuracy. Further, Infrared
analysis is being adapted for quantitative determination of
different functional groups present in the extracts.

Future Work

The Hiawatha coal samples will be progressively extracted
with & series of solvents with increasing solvent polaritY.
The extracts will be analyzed by infrared and proton and 13¢
NMR spectrometry. Kentucky coal will also undergo the same
series of extractions and analyses. Later homogeneous catalysts
will be added and any products of reaction will be scrutinized.
These low temperature extraction and catalytic coal-lique-
faction experiments are expected to provide information on
the original components present in the coal structure.

=
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Project A-4

Steam Reforming of Aromatic Compounds

Faculty Advisor: A.G. Cblad
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

For reforming of hydrocarbons various catalysts have been
studied, i.e., Pt, P4, Ir, Rh, Ru, Os, Ni, Co. Platinum, Pd,
Ir, Rh, Ru, Os, are precious metals and the cost per unit
activity of these catalysts 1s very high.l Nickel 1s the
most effective metaland is being used in all the commerical
catalysts. Cobalt can be used but it 1s less effectilve and
more expensive.l There have been a few investigations using
precious metals as steam reforming catalysts.2- The most
comprehensive study was done by Rostrup-Nielsen.3 He worked
on steam reforming of ethane using different noble metals
and found Rhodium to be the most active. Recent studies made
by Grenoble have supported the previous results that the
activity sequence for the. noble metals catalyzed steam
reforming reaction is

Rh > Ru > Pt > Pd > Ir

Nickel metal i1s the most effective catalyst for the
steam reforming process and has been studied extensively.3,8-20
Most of the research has been carried out for methane and
naphtha reforming.

The catalysts used 1n these studles _were prepared by
impregnation of N1(NO3)p on a-Al30 -18 y-Al,504 1%,
and other refractory materials mosgly containing éao and
Mg0 153. These components have an influence over physical
properties of the catalyst, such as strength and density.
The commercial catalysts have a total specific surface of
4o to 50 m2/g which decreases during the course of reactlon,
and the nickel metal area 1s less than 1 m</g of catalyst.




The steam hydrocarbon reaction 1s activated by nickel metal
and particularly by the nickel surface exposed for the
reaction. The nickel metal especially in the form of very small
crystals and at temperatures above one-~half of its melting
point (mp 14539C), will sinter very fast.l To keep the
nickel particles apart, nickel is impregnated on refractories
which act as "spacers" and stop the metal sintering. These
refractorlies have been called "stabilizers" or catalyst
support or carrier. The various functions and properties

of different carriers are given elsewhere.2l For the steam
reforming reaction, the carrier should be able to hold high
surface area at high temperatures and in the atmosphere of
steam and hydrogen.

Sintering of various vefractory materials have been studied
by Rostrup-N1elsen3 at different temperstures. The y-alumina
may hold up to 17 mZ/g in the Hp,0/H, atmosphere at 780°C even
after 170 hours. Alumina mlxed with magnesia did not hold
the surface arez of even 1 m /g under the same condifions
because of hydration effects on magnesia. Silica being
volatile at high temperatures and under high pressure steam
forms orthosilicic acid Si(0H)y.22-2% zirconia (Zr0p)
is also a2 high refractory materlal and has not been considered
exten51ve1y as a catalyst support because zirconia loses
its surface area at low temperatures.2® However, a sample
of arOz powder was heated at 7OOOC for one hour and the
specific surface area was 1.5 m /g by the BET method with
Ny adsorption. The commercial catalyst G56B (25% Ni) -
supplied by Chemitron Company was heated at 850°C for different
periods of time and the results are given in Table 1. The
G56B catalyst stabilized to approximately 10 m2/g when heated
in the atmosphere of steam.

A similar study of y-alumina supplied by Alpha Products
was carried out and the results are shown in Table 2. This
yY-alumina decreased its surface area to 7.0 m2/g at 900°C
after 50 hours.

Further F-l y-alumina and H-151 Alumina Gel supplied by
ALCOL were sintered at 900°C and the surface areas were
measured (Table 3 and plotted in Figure 1).

H=151 alumina was tentatively selected to study the effect
of steam on its sintering. The steam was passed on the H-151-
900~96 (already sintered at 900°C for 96 hr) at 800°C with the
water flow of 2 ce/min. The samples were taken out after
cooling the system at different times. The results of surface
area measurements are shown in Table 4, Since the surface
arez of H-151-900-96 stayed almost constant, it was chosen as
the catalyst support for this experimental work.
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The amount of NI salt solution absorbed on 200 g support
was 100 cc and 98 cc in the first and second dip, respectively.
The amount of nickel metal impregnated was calculated to

be 23.065% on weight basis. This catalyst prepared will be
designated as Ni-3.

Catalyst Ni-3 was reduced at 700°C for 2 hr in Hz (1000 cc/
min) and a sample was taken out. The reduced catalyst was
treated 1in steam (water flow 2 cc/min) for 2, 5, 10, 20 hr
and reduced in hydrogen. The surface areas of these samples
show (Table 5) that there is not an appreciable decrease in
surface area of the support. Nickel metal is often deposited
as small particles (crystallites} on the support. X-R%y
diffraction permitted determination of particle sizes?
through X-ray line broadening, and the results of X-ray
e€Xamination are shown in Table 5. Nickel surface area was
calculated assuming that the nickel is present as_cubes
and that one side is in contact with the alumina.2’ The
nickel particles probably do not become buried in the alumina

since the decrease in total surface area (Table 5) 1s not sig-
nificant.

Specific surface area of nickel as m2/g of catalyst is
plotted vs. time of steaming in Figure 2. X-Ray investigations
show that steaming after five hr has no appreciable effect on
total surface area and nickel particle size, i1.e., speciflc
surface area of nickel remains constant.

Further ¥X-ray diffraction patterns of H-151 had very
broad peaks of y-Alo0; indicating that H-151 1is a gel and
not a crystalline matérial. For H~151-900-96 support, y-
Algo% peaks were slightly higher showing the presence of
poorly crystalline Y—A1203. Reduced catalyst Ni-3 after
steam treatment contalned almost the same amount of vy-
A1203 as in H~151-900-96 and no a-A1203.

Future Work

The Ni-3 catalyst will be impregnated with different amounts
of sodium to obtain an optimum. The kinetic study of the
steam reforming of benzene will begin.
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Table 1
Sintering of G56B catalyst at 850°C

Time/hours 0 20 19 83
Surface Area mz/gm 68.69 26.17 21.44 21.27

Table 2

Sintering of Y-A1,0, (Alpha Products) at 800 C

Time/hours 0 2 4 8 21 30 52
Surface Area m>/gm 143.88 108.48 - 100.78 90.24 79.16 73.72 64.02

94
56.64
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Table 3

Sintering of F-1 and H-151 (ALCOA) at 900°C

Time/hours 0 6 18 28 45 69 96
Surface Area m2/gm F-~1 253.17 94.97 83.10 65.37 45.70 42.80 36.33
H-151 348.16 212.42 200.05 181.57 168. 37 164.49 156.53
Table 4
Steaming of H-151-900-96 at 800°C
Time/hours 0 1 5 10 20
149.50

Surface Area mz/gm 156.53 154.06 152.06 1650.00




€e

Table 5

Steaming of Reduced Ni-3 at 700°C

X~ray Examination

Total . ., © . . . o
. Particle Size A Ni area/gm.Ni Specific Surface Area
Time Surface Area : .
Hours m@,gm Ni area/gm.Cat.
(BET)
1M 200 111 200 111 200
0 122.6 187 233 30.0 24.0 7.17 5.74
2 124.2 252 286 22.2 19.6 5.31 4,69
5 117.3 232 317 24.2 17.7 5.79 4.23
10 108.6 312 286 18.0 19.6 4.29 4.69
20 107.9 278 325 20.2 17.3 4.82 4.12
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Figure 1. Sintering of F-1 and H-151 (ALCOA) at 900°C.
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Figure 2. Effect of steam on reduc_ed Ni-3 at 700°C.
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Project A-T

Catalytic Cracking of Hydrcgenated Coal
Ligquids and Related Polycyclic Naphthenes

Faculty Advisors: A.G. Oblad
J. Shabtail
Graduate Student: S. Sunder

Introduction

Hydrogenation followed by catalytic cracking provides a
feasible process sequence for conversion of coal liquids into
conventional fuels. Such a sequence has certain advantages
in comparison with a hydrocracking catalytic reforming scheme.

[

The present project is concerned with the following
interrelated subjects:

(1) Systematic catalytic cracking studies of model
polycyclic naphthenes found in hydrogenated coal liquids,
e.g., decaliln, perhydrophenanthrene and perhydroanthracene,
as a function of catalyst type and operating conditions.

(2) Systematic catalytic cracking studies of hydrogenated
coal-derived liquids (hydro-CDL) as a function of the
same variables.

Catalysts applied in the study include both conventional
zeolite-containing systems, e.g., Mobil Durabead, as well as
newly developed large pore molecular sieves. The latter are
prepared by cross-linking of layer silicates and are designated
as CLS catalysts.2’3 Strongly aclidic H-forms of CLS are
being tested as cracking catalysts. Such H-CDL systems have
an important advantage over conventional zeolites in possess-
ing sufficlently large pore sizes, e.g., 10-20 K, for
admission of polycyclic naphthenes 1in the catalyst intra-
crystalline channel system.

The equipment used and the methods of identification of
products have been previously reported.

Project Status

Results obtained with conventional cracking catalysts,
e.g., Mobil Durabead, show that polycyclic naphthenes or
hydrogenated coal liquids are excellent feedstocks for
catalytic cracking, ylelding primarily light liquid products.
Types of products obtained by cracking decalin were reported

last quarter. Similar studies on perhydrophenanthrene were
completed thils quarter.
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In the mild temperature range of 350—40000, perhydro-
phenanthrene yielded 70-80% by weight of light liquids, 20-
25% of gaseous products and about 2% of coke. The gaseous
product consisted mostly of saturated C3-Cy components. The
liquid products were analyzed at the molecular level by
combination of high efficiency gas chromatography and mass
spectrometry. The products contained significant amounts of
C5-Cg paraffins (mostly branched), Cg-Cg cyclopentanes,
Cg~-C8 cyclohexanes and Cy-Cg alkylbenzenes. In addltion
the products contained decalln, hexahydroindan, Ci1-Cih
decalins and small amounts of tricyeclic components. Part
of the monoeyclic and bicycelic products were olefiniec. The
depth of catalytic cracking was easily controllable by
variatlion in operating conditions.

The change in product composition as a function of tempera-
ture shows that the cleavage of the tricyclic system is a step-
wise process. Splitting of an end ring produces Cy1-Cil
alkyl decalin derivatives which on further cracking yield
monocyclic compounds and open-chain products. Cleavage of the
middle ring ylelds two single-ring compounds on further cracking.

Dehydrogenation by hydrogen transfer leads to the formation
of aromatics.

Future Work

The systematic catalytic cracking of polycyclic naphthenes
and hydrogenzted coal liguids and their variations with opera-~
ting variables will be continued.
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Project A-T7

Catalytlc Hydrodeoxygenation of Ccal-Derived Liquids
and Related Oxygen-Containing Compounds

Faculty Advisor: J. Shabtal
A.G. Oblad
Graduate Student: G. Haider

Introduction

Coal-derived ligquids contain a high proportion of oxygen-
containing compounds. Therefore, a systematlc catalytic hydro-
deoxygenation study of coal-derived liquids and related model
compounds is being carried out. The study provides also informa-
tion concerning the role of oxygen-containing compounds in
coal liquefactiocn.

Project Status

Some systematic hydrodeoxygenation experiments with a
model compound, i.e., isochroman ( @a:} } were carried out.

Under mild operating conditions (150-200°C, hydrogen
pressure 1000-1500 pslg) the above compound undergoes non-
eliminating hydrogenolysis to yield selectively unsaturated

alcohols.
E::I:CH:CHZ
CHoCH
_— CH2O0H 2m3
— H
2 — (::I:CH=CH0H 3
CH3

An increase in temperature and/or contact time results
in gradual hydrodeoxygenation of these alcohols to l-methyl-
2-ethylbenzene.

Experiments are presently being carrled out with other
ethers and ketones as feedstocks for identifying the inter-
medliate products of noneliminating hydrogenolysis as well as
the final products resulting from hydrodeoxygenation.

Future Work

The systematic hydrodeoxygenation studies of coal liquids
and related oxygen-contalning compounds will be continued.
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Project A=7
Catealytic Cracking of Coal-Derived Liquids

Faculty Advisor: F.V. Hanson
Graduate Student: Jay Dorius

Introduction

The catalytic cracking of coal-derived liquids may
provide a viable means of upgrading these liquids to a
marketable product. Previous studies have demonstrated
that short residence time, high temperature fluid catalytic
cracking of petroleum derived heavy gas oils to fuel oil
and/or gasoline is feasible. The objective of the present
investigation is to extend this work to coal-derived
liquids.

Project Status

The fabrication and assembly of the experimental apparatus
1s nearly complete. Temperature and pressure testing of the
apparatus and calibration of the flowmeters dnd the temperature
controllers are being carried out at the present time.

Future Work

The initial experiments will be conducted with a typical
heavy virgin gas oll feedstock to shake down the equipment.
Additional experiments will be made with a variety of cataly-
tic cracking feedstocks (derived from paraffinic and naph-
thenic crudes) of different boiling ranges to provide a
benchmark for the study of the catalytic cracking of coal-
derived liguids.

The reference set of experiments will be conducted at
temperagsures from 723-873°K, at catalyst-to-oil ratios of
2=5 wt/wt and at atmospheric pressure. Feedstocks for the
subsequent experiments will consist of coal-derived liquids
(5-25%) blended with typical catalytic cracking feedstocks.
The coal-derived liquids will be obtained from a subbituminous
coal, & high volatile bituminous coal and a medium volatile
bituminous coal. Commercially available amorphous (high
pore volume, high and low alumina silica-aluminas) and cry-
stalline (zeolites) alumino-silicate catalysts will be
utilized for this work.
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Project A=8

Synthesis of Light Hydrocarbons Prom CO and Hp
(Continued)

Catalyst Characterization Studies

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

Introduction

This phase of the project 1is intended to supplement
the high pressure reactor 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 pretreatment are examined to establish effects on
catalyst properties. Finally, in-situ adsorption and
activity are studied under modified reaction conditions
wlth a number of well-characterized catalysts to obtain
correlating relaticnships.

Work thus far has concentrated cn the CoCu/Alp03
catalyst which has shown some potential for producing low
molecular weight hydrocarbons from the CO and Hp. Hydrogen
pretreatment of the oven-dried catalyst was necessary to
achieve large metal areas. Furthermore, a low temperature
hold in H, during pretreatment gave even better metal
dispersions. Copper and cobalt seem to have a syner-
gistic relationship; cobalt helps to disperse the copper
while copper aids in reduction of cobalt to the active
state. Several catalysts which had been tested in the
pressure reactor were characterized. Analysils of these
data indicated that catalytic activity for CO conversion
was related to effective metal area as measured by Op
adsorption,.

Studies revealed that the nonreducible cobalt in the
Co/Alp02 catalyst is most likely combined with the alumina
as a CoAlp0y spinel phase. The presence of Cu in the
catalyst apparently hinders the formation of this phase
during catalyst prereduction.



Project Status

Work during this quarter has concentrated on infrared (IR)
and temperature programmed desorption (TPD) studies of CO-
adsorption on the mixed CoCu/AlZO catalysts. _The apparatus
and techniques have been previousiy described.l,2 A1l
samples were prereduced in Ho at 5009C. Infrared spectra
were rather poor because of the opaque nature of the reduced
samples (black). Some catalysts exhibited broad desorption
peaks, making interpretation difficult. Figure 1 shows some
typical TPD results. :

A summery of the results obtained in these studiles is
given in Table 1, together with reduction and catalyst
selectivity properties reported previously. The catalysts
are arranged in order of increasing copper content based
on the reduced catalyst composition. These values were
obtained from catalyst reduction measurements, assuming
complete reduction of the copper and incomplete reduction
of the cobalt. As the nominal copper composition increased,
the extent of cobalt reduction increased. An exception was
catalyst 18, which showed an extremely low degree cobalt
reducibllity for some unknown reason. The unreduced cobalt
1s combined with the alumina, probably as a cobalt aluminate
phase,2 and has no bearing on the metallic phases present
on the catalyst. : '

The IH results showed only two important absorption
peaks, one at 2100 cm~1 assigned to CO adsorption on a
Cu phese and one at 2030-2050 cm~l assigned to CO on an
alloy phase. A Co phase (2010 cm~l) was not detected in
any of the samples. These assignments were determined from
separate cobalt and copper catalyst samples and agree with
the values in the literature, except for the alloy which has
not been reported.

Assignments of phases present are more uncertain for
the TPD data due to broadened peaks and some overlap. However,
some significant differences between samples were observed as
seen in Figure 1. The 1009 peak is associated with a Cu phase,
whereas the 210° and 160° peaks most likely indicate an alloy
phase. Peaks and tailing of peaks above 250° are due to a
cobalt oxide-alumina phase.

Although the results indicate a Cu-like phase in these
catelysts, this is most likely a Cu surface rich alloy in
view of the low methanol produced by these catalysts (last
column of Fig 1) compared to the high yield of methanol
obtained with the Cu/Al,03 catalyst (86%). Apparently,

a small amount of Co in this phase is sufficient to moderate
the catalytic activity away from methanol production. The
catalyst richest in Cu (18) did exhibit increased methanol

Lo
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yield, and this may be attributed to a small amount of a
separate Cu phase.

The catalysts having highest C,-Ch selectivity (37 and
42) showed positive indication of an alloy phase, in addition
to the Cu surface rich alloy. Strangely, this did not show
up as a separate, low temperature desorption peak, indicating
similar desorption energetics of the two phases. Nevertheless,
the tentative conclusion is that this alloy is the one
primarily responsible for C,~Cy catalyst selectlvity,
since the Cu rich phase was present 1n all catalysts.

Future Work

Work on the CoCu/Al,03 catalyst has been completed and
a final report will be wriften. Work has been initiated on
iron based catalysts. Techniques similar to those developed

for the CoCu/Al2O3 catalysts will be used to characterize the
iron catalysts.
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Table 1. Data for mixed CuCo/Al-0, catalysts.

Cat. Cu  Co Red.  _Cu IR Peaks  TPD Peaks Metal Phases H.C. Sel., %

No. % % Co % Cu+Co‘Red. cm™ oc Deduced Co-Cy CH30H
19 1.3 7.4 36 0.31 - 100, 210 Cu + Ap 33 0
17 .9 7.5 61 0.50 2090 160 Cu(?)+A2(?) 37 3
37 8.1 9.8 62 0.55 2100, 2030 - Cu + A3 48 Iy
L2 15.5 5.5 59 0.81 2100, 2050 110, 270 Cu + A3 50 2
18 16.1 8.1 17 0.92 - 110, 270 Cu 38 21

A - represents possible alloy phase.
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Project A-8
Synthesis of Light Hydrocarbons from CO and Hy
Carbon Monoxide Hydrogenation in a Slurry Reactor

Faculty Advisor: F.V. Hanson
Graduate Student: Y.P.Tai

Introduction

The exothermic nature of the carbon monoxide hydrogenation
reazction severely limits the conversion level that can be
attained in a fixed-bed reactor. The "hot spot! observed in
fixed-bed operation accelerates the Boudouard reaction
(disproportionation of CO to CO2 and carbon) with the con-
comitant fouling of the catalyst and shifts the selectivity
in the direction of methane. Thus, it is imperative that
the heat of reaction be dissipated to prevent these undesir-
able side reactions. The objective of this investigation
is to explore the potential of the slurry reactor for the
dissipation of the heat of reaction, thereby maintaining
the catalyst activity and selectivity.

Project Status

The slurry reactor apparatus is in the design stage. Two
distinct reactor types, a fixed-bed reactor and a "Carberry"
or rotating basket reactor, are under active consideration for
use 1n this project. The feed iIntroduction system has been
degigned to achieve the mixing of the reactant gases (Hp and CO)
and the heat transfer medium ( a high molecular weight
normal parafiin or a nonreactive, temperature stable synthetic
0il) external to the reactor preheater. The gas-liquid mixture
will be brought to the reaction temperature in the preheater
(an internal spiral in the fixed-bed reactor and an external
heat exchanger for the rotating basket reactor) and contacted
with the active catalyst under isothermal conditions. Gaseous
regction products will be separated from the heat transfer
liguid and withdrawnfrom the system in a high pressure sepa-
rator. The heat transfer liquid will be recycled to the heat
exchanger/reactor inlet by means of a high pressure liquid

circulation pump. A schematic of the apparatus is presented
in Figure 1.
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Future Work

The slurry reactor apparatus will be fabricated, and
preliminary equipment testing and evaluation will be conducted.
The fixed-bed reactor will be fabricated and tested while
the rotating basket reactor is under construction. A
commercially available ammonia synthesis catalyst will be
tested initially, followed by unsupported iron-manganese
catalysts prepared in this laboratory. Process variables
such as temperature, pressure, catalyst-slurry ratio, H,/CO

ratio, gas hourly space velocity and heat transfer medium
will be studied.
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Figure 1. A schematic of the
slurry reactor.
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Project B-1
Development of Optimum Catalysts and Supports

Faculty Advisor: F.E. Massoth
Graduate Student: A. Chantong

Introduction

This project involves assessing diffusional resistances
within amorphous-type catalysts. Of primary concern is the
questlion of whether the larger, multiringed aromatics found
in coal-derived liguids will have adequate accessibility to
the active sites of typical processing catalysts. When
molecular dimensions approach pore size diameters, the
effectiveness of a particular catalyst is reduced owing
to significant mass transport resistance. An extreme case
occurs when molecular and pore sizes are equivalent, and
pores below this size are catalytically inactive.

The project objective can be achieved through a
systematic study of the effect of molecular size on sorptive
diffusion rates relative to pore geometry. Conceptually,
the diffusion of model aromatic compounds is carried out
using a stirred batch reactor. The preferential uptake
of the aromatic from the aliphatic solvent is measured using
a UV spectrometer. Adsorption isotherms are determined to
supplement the diffusion studies.

Initial work entailed development of a suitable reactor,
measurement techniques and methods of data analysis. These
studies, employing chrysene and two different alumina supports,
demonstrated that adsorption was diffusion-controlled.
Effective diffusivities were larger than predicted for pore
diffusion and a surface diffusion contribution was postulated.
Subsequent studies were extended to other multiaromatic
compounds and aluminas with similar results. The fractional
surface diffusion contribution was appreciable and about the
same in all cases. Because of this, restrictive diffusion
effects could not be properly evaluated. However, for the
largest size compound (208) and smallest average pore size
alumina (508) tested, a markedly lower diffusivity was
obtained, indicative of a restrictive diffusion effect.

ot

Project Etatus

Nork on thils project has been reinitiated with a new
student. Prior findings were reviewed tc determine the best




course of continued research on this project. Two areas have
been singled out for detailed. study and are discussed below.

The previous finding that measured diffusivities
exceeded predicted pore diffusivities led to the conclusion
that appreciable surface diffusion was occurring in these
systems.t However, the predicted pore diffusivity depends
on a value for bulk diffusivity. Since experimental values
of the latter Sre not available, an empirical correlation
is belng used. This correlation is based on data for
small molecules and extrapolation to the larger molecules
used in this study is tenuous. Therefore, it was deemed
prudent to experimentally determine bulk diffusivities for
the systems under study.

An apparatus for measuring bulk diffusivities has been
set up similar to one described by Ouano.3 A schematic
diagram 1s presented in Figure 1. The main features are
(1) & solvent pump, (2) an injection port for introducing
a pulse of solute-solvent solution, (3) a diffusion tube
and () a UV flow cell. The diffusion tube consists of
a colled length of 650 ft of stainless steel tubing having
2 0.020 inch ID, which was specially fabricated to give a
smooth inner bore. The basis of the method involves
measurement of the peak spreading of a pulse of solute-
solvent due to axial diffusion in the diffusion tube. The
peak, obtained on the UV recorder, is sensitive to the solute
(zromatic) and not the solvent (aliphatic). Analysis of
the peak allows calculation of the diffusivity of the solute-
solvent combination used. Preliminary tests showed good
response, and measurement of several known mixtures agreed
with the literature values.

The second area of investigation concerns restrictive
diffusion of large molecules in small catalyst pores. Due
to the apparently large surface diffusion rates obtained in
the prior studies, assessment of restrictive pore diffusion
is difficult. The contribution of surface diffusion depended
on adsorption in the following way:

De = DK, + KDg (1)

where Do 1s the overall measured diffusivity, D, is the
predicted pore diffusivity, Dg is the surface dgffusivity,

Ky 1s the restrictive drag coefficient and K is the equilibrium
adsorption constant. According to theory, the drag coefficient,
K., 1Is a measure of the reduction in diffusivity arising from
increased frictional drag on the solute close to the pore

walls and iﬁ only important for relatively large molecules in
small pores. In prior work, using naphthalene as the solute,
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K. 1Is essentially unlty since naphthalene 1s relatively small
compared to the pore dimensions of the catalysts used. By
altering the catalyst equllibrium adsorption (heating at
different temperatures), the relationship of Eq (1) with

Kp = 1 applied.

In some limited experiments using mesotetraphenyl-
porphine as solute and the smallest pore size catalyst, the
measured diffusivity was appreclably smaller than expected
according to Eq (1) with K, = 1. Sincg this system represents
the largest solute molecular size (~20A) and the smallest
catalyst average pore size (~50R), the low diffusion rate
obtalned may be due to a drag coefficient conslderably less
than unity. As the maln object of this project is to assess
the effect of molecular size vs. pore size on restrictive
flow, a more detailed study of this system is warranted.
Therefore the naphthalene study will be repeated using the
porphine compound in an attempt to extract meaningful values
of Ky by systematically decreasing the equilibrium adsorp-
tion constant of the catalyst.

Future Work

Measurements of bulk diffusivities of solute~solvent
comblnations employed in current and past studies will be
made to obtaln more reliable values than currently available.
Diffusion studies using porphine will be initiated.
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Figure 1. Schematic diagram of bulk
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Project B=2 (alternate)

The Effects of Poisoning on the Desulfurization
Activity of Cobalt-Molybdate Catalysts

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

Introduction

The importance of cobalt-molybdena catalysts for
hydrotreating and hydrodesulfurization of petroleum feed
stocks is well known. These catalysts are also being
studled for hydrodesulfurization and liquefaction of coal
slurries and coal-derived liquids. However, these complex
feed stocks result in rapid deactivation of the catalysts.
To gain an insight into the deactivation mechanism, detalled
kinetics of the hydrodesulfurization of the model com-
pound benzothiophene are compared before and after addition
of various polsons and coke presursors. The studies are
planned using a constant stirred microbalance reactor,

which enables simultaneous measurement of catalyst weight
change and activity.

Initial tests with the flow microbalance reactor showed
that perfect gas mixing was not achieved when injecting a
liquld feed (gaseous at reaction temperature) directly into
the reactor. Modifications were incorporated into a new
reactor design which have eliminated the problem and improved
the mechanical stabllity of the system.

Preliminary tests of the benzothlophene hydrodesulfuri-
zatlon reaction showed the rate to be proportional to benzo-
thiophene and hydrogen, and inhibited by benzothiophene
and H,3. Pyrldine and quinoline were found to be irreversible
polsons. Advantage of this finding was taken to develop

a technique for assaying active catalyst sites by successive
polsoning-activity measurements.

Adsorption of H,S on the sulfided catalyst was reversible
and could be correlaged with the Langmuir adsorption isotherm.
Chemisorption of pyridine lowered HpS adsorption, indicating

2 competition for adsorption sites. Studies on benzothlophene
coking tendencies showed little coking (mostly reversible) in
Hy but massive, irreversible coking in Np. The catalyst alu-
mina carrier by 1tself gave appreciable coke in Hp, showing
that the actlive components of the catalyst serve to 1inhibilt
coking tendencles of “he carrier.




Project Status

While awaiting fabrication of the new metal reactor for
kinetic studies, temperature programmed desorption (TPD)
studies were continued. These involved measurement of desorp-
tion profiles for thiophene adsorbed on freshly sulfided and
subsequently poisoned catalysts. The apparatus and
procedure has been described eariier.l

In the initlal runs, the thiophene was adsorbed at room
temperature. Desorption resulted in a large broad pezak
around 100°C and a much smaller one at about 150°C, which
often merged with the larger peak. The activation energy
of the larger peak corresponded to 5 kecal/mole for all
catalysts tested. Since this value seemed low for chemisorp-
tion and the same value was obtained for pure alumina and
silica, it was concluded that this adsorption was predominately
physical. Therefore, to avoid overlap of this larger physical
adsorption with the smaller chemisorption peak, the experiments
were repeated using a starting thiophene adsorption tempera-~
ture of 1000C. Now, only the second peak, attributable to
chemisorption, was obtained and its peak temperature could be
accurately determined. Followling tests on the freshly
sulfided catalysts, quinoline was added to poison active sites
and the TPD sequence repeated to ascertain the effect of the
polson on the catalyst chemisorptive properties.

To determine if the desorption peak being measureéd was
associzted with the active catalyst sites and not the alumina
phase of the catalyst, pure MoSs was run. The peak observed
occurred at the same positlon as that for the sulfided Mo/Al03
catalyst, confirming that the chemisorption was on the MoSs
phase of the catalyst.

Table 1 presents the results obtained on the Mo/Al;03 and
CoMo/A1703 catalysts before and after poisoning. The Mo/Al503
catalyst chemisorbed considerably less thiophene indicating less
adsorptlon sites than the CoMo/Al,0; catalyst. After poisoning,
about one-half of these sites were §till active for chemisorp-
tion. 111 desorption peaks were rather sharp indicating a
uniformity in the adsorption sites. The activation energy for
desorption was about the same for both fresh catalysts showing
that the strength of the adsorption sites were essentizlly iden-~
tlcel In the two catalysts. The activation energy was only
slightly higher for the poisoned CoMo/Al20 atalyst, whereas
a large increase was obtained for the Mo/Aigo catalyst. In
either case, the poisoned catalyst showed only one well-defined
peak, precluding the possibility that some of the thiophene
may have adsorbed on the quinoline. These results for the
MO/A1203 catalyst imply that adsorbed gquinoline not only blocks
active Eites, but it significantly alters the adsorption
characteristics of the remaining sites, i.e., it increases
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their adsorptive strengths. The presence of cobalt somehow
moderates thils effect.

Previous studies of pyridine poisoning on reaction of
benzothiophene2 showed that this technique could be used to
assess the number of active sites on the catalyst. The basis
of this method involved simultaneous measurement of the
weight of pyridine added and benzothiophene conversion under
reaction conditions using the flow microbalance reactor. A
possible source of error could arise if some of the pyridine
adsorbed on 1lnactive sites, e.g., the alumina, giving rise to
a high estimate in the number of active sites. To check this
possibility, adsorption of pyridine on the y—A1203 support
alone was measured under reaction conditions. AdSorption on
Al>03 was small, in the order of 5-10% of that obtained on
the catalyst. Thus, the pyridine adsorption takes place
predominantly on the active catalyst component, and the tech-
nique appears to be valid.

Future Work

Temperature programmed desorption tests will be carried
out on coked catalysts to ascertain what effect coke has on
catalyst adsorption properties. When the new metal reactor
is available, trial runs of reactor performance will be

conducted prior to kinetic runs on benzothiophene hydrode-
sulfurization.
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Table 1. TPD Results on Catalysts.

Catalyst Relatlve Amount Activation Energy
Desorbed Kecal/mole
CoMo/A1203 1.0 11.8
+ Polson 0.5 14.8
MO/A1203 0.6 12.7
+ Polson 0.25 25.2




Project B-l4

Mechanism of Catalytic Hydrogenation by
Metal Halide Catalysts

IR Studies of Coal Metal Salts Interactions

Faculty Advisor: R.E. Wood
Graduate Student: Doug Stuart

Introduction

Coal catalyst interactions are being investigated as a
function of temperature, pressure and catalyst using Infrared
Spectroscopy. Other parameters for possible consideration are
atmosphere, residence time and type of coal.

Friedel et al. have associated various coal structures
with peaks in its IR spectrum. These peaks have been inves-
tigated at the University of Utah as a function of reaction
temperature, catalyst and atmosphere. Results of this study
have been published.2 Further experiments will Include
reactions under pressure.

Project Status

Work this quarter has been to establish procedures which
will give reliable quantitative results. The coal char samples
will be prepared in a micro reactor in Project D-1. Two
variables have been identified this quarter affecting the
reproducability of the IR spectrum. The first is particle
size which will affect both the apparent absorbtivity of the
sample and the amount of radiation scattering. Extensive
grinding of the sample controls the particle size but intro-
duces contamination peaks into the spectrum. The second
variable is the amount of contamination introduced in sample
preparation.

Eauipment being used include a Perkin-Elmer Auto Balance
Model AD-2, a Wig-L-Bug with a stainless steel vial and pestle,
a hydraulic press and dye for pellet preparation and a Perkin-
Elmer Infrzred Spectrometer Model 283.

Future Work

Several alternatives are being evaluated in the sample
preparation procedure. Among those tried so far are heating
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the sample to remove moisture contamination peaks, and grinding
in a solvent to avoid moisture reactions with the potsssium
bromide. Work will begin on the next phase of the project

once the procedure has been perfected.
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Project B-l

Mechanism of Catalytic Hydrogenation
by Metal Halide Catalysts

The Initial Stage of Coal Hydrogenation in the Presence of
Catalysts '

Faculty Advisor: D.M. Bodily
Postdoctoral Fellow: R. Yoshida

Introduction

Studies of the treatment of coal with hydrogen under
mild reaction conditions indicate that the benzene-soluble
products from the initial stages of the reaction are struc-
turally different from the products obtained at longer
reaction times. These products may originate from struc-
turally different portions of the original coal. Kinetic
studies of coal hydrogenation show that the reaction may
be divided into two stages, an initial stage where the
rate of reaction is rapid and a second stage where the
reaction rate is comparatively slower.

The reaction rate of the initial stage is related to
coal parameters such as volatile matter and fixed carbon
content. These parameters are related to the thermal
reactions which occur upon heating. The soluble products
of the first stage are of relatively low molecular weight
and could be attributed to the thermal reactions occurring
in the initial stages of the reaction. The reaction rate
of the second step is independent of coal rank. These
results could also be interpreted in terms of a dual struc-
tural system in coal.

Hydrogasification of coal also occurs in two stages.
The initial stage is very rapid while the second stage is
much slower. Rate constants for the initial stage are
proportional to the volatile matter of the feed coal, dbut
at higher conversions the rate constants for all coals
zpproach one another. Optimum conditlions for the formation
of organic liquid products during the initial stage have been
determined.

Pyrolysis and dissolution of a high-volatile Utah coal
have heen discussed and compared with hydrogenation. These
reazctlons involve an initial rapid process followed by
a slower process. The original coal may contain considerable
quantities of nonaromatlc and low molecular weight aromatic
constituents which can be liberated through purely thermal
rupture and internal stabllization of bonds during the initisl
stage. A recent study on flash heating of high volatile
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coal indicates that coal 1s composed of at least two very
different structures, and the result of flash heating is
the evolution of smaller molecules less tightly bound.
The yield of these molecules is proportional to volatile
matter content.

The postulate of a dual structure in coal 1s consistent
with results of mass spectrometry and solvent extraction
experiments on coal.

When coal hydrogenation is considered in terms of a
dual structure model, the initial stage of the reaction 1s
of great importance in the design of a hydrogenation process.
The initial stages of coal hydrogenation will be studied
using several catalyst systems.

Project Status

Clear Creek, Utah coal (0.83% Hy0, 6.50% ash, 45.42%
VM and U47.25% FC) was hydrogenated in a short-residence,
coiled-tube reactor. Zinc chloride, Co-Mo/Al,03, red-mud
plus sulfer and presulfided red-mud were used as catalysts.
The particle size was -100, +200 mesh and the catalyst
ranged from 6.4% for ZnClp, to 10.7% for the others. Coal
was also hydrogenated without catalyst. The temperature
ranged from 4009C to 500°C and the hydrogen pressure was 1800
psi. Residence time (8 - 372 sec) was varied by cholce of the
tube length (40 - 120 ft).

Products were separated by stepwise extraction using
hexane, toluene and pyridine, The extractlon scheme is
shown in Figure 1. Part of the results are shown in Table 1.
Results of hydrogenation at 920°F for 8~12 sec in the presence
of different catalysts and without catalyst are compared in
Figure 2., The conversions are all about 20%. The catalytic
effect on conversion and product distribution 1s not apparent.
This indicates that at least up to 20% of Clear Creek, Utah
coal converts noncatalytically into liquid and gas. This
is similar to the results on Japanese coals.l,

In Figure 3 the effect of temperature and time at 920°F
on conversion and product distribution using ZnClp catalyst
are shown. The effect of temperature during short residence
times of 8 to 13 sec 1is observed, however, it 1s not large.
Conversions increase from ca. 6 to ca. 18% with the increase
of temperature from 750 to 920°F. However, the effect of
time at 920°F is great, for example, conversions increase
from ca. 18 to ca. 35% during the period from 8 to 21 sec.

These results indicate that in this reactor the reaction
up to 920°F and 12 sec proceeds noncatalytically. About 20%




of the coal takes part in the reaction, After 920°F and 12 sec,
the reaction proceeds catalytically and is greatly affected by
residence time.

Future Work

Toluene-insolubles will be separated from the products
with pyridine and liquid products extracted with hexanes.
Structural analysis of the various products will be performed.

References

1. R. Yoshida, T. Ishii, G. Takeya, Nippon-Kagaku Kaishi, 1972
(10), 1892. S

2. R. Yoshida, Y. Maekawa, G. Takeya, J. Fuel Soc. (Japan), 51,
1225 (1972).

g



Table 1,

Catalyst

ZnC]2

Co-Mo

Presul fided
red-mud

Red-mud plus
sulfur

No

Yield of products from hydrogenation

Temp.

(°F)

750
840
920

920

920

920

920

Tube length
(ft.)

120
120
40
60
80
120

120

120

120

120

Time
(sec.)

13
13

21

372

12

12

12

10

Product distribution(%.d.a.f.)
11quid qas residue
aqueous Jiquid  total toluene-  toluene-
phase solubles insolubles
1.7 1.9 3.6 2.0 0.6 93.8
4.0 5.7 9.7 3.2 2.5 84.6
4.2 7.8 12.0 2.0 3.7 82.3
4.9 19.1 24.0 3.5 8.0 64.5
3.9 9.6 13.5 2.9 2.3 81.3
7.4 38.8 46.2 11.0 17.0 25.8
3.3 10.4 13.7 2.6 2.9 80.8
4.5 11.8 16.3 4. 2.5 77.1
4.3 12.0 16.3 3.3 2.5 77.9
2.9 10.7 13.6 3.4 3.0 80.0

Conversion
(%,d.a.f.)

15.
17.
35.
18.
74.

19.

22.

22.

20.
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Filgure 1. Flow diagram for the processing of
products from the hydrogenation by coiled tube

reactor.
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Project C-1

The Mechanism of Pyrolysis of Bituminous Coal

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

Introduction

Under conditions of coal liquefaction by either solvent
extractlion or catalytic hydrogenation techniques the pyroly-
tic reactions would also be in progress and may possibly
play an important role relative to product ylelds. The
mechanism of the pyrolytic reactions is therefore of
considerable importance and interest. If one would maximize
coal liquefaction processes one would do well to understand
the kinetics and mechanisms of the processes.

Pyrolytic studies of coal using a linear temperature
increase have usually reported the kinetics to be first
order with respect to unreacted but potentially reacting
coal. Isothermal pyrolytic studies at the University of
Utah and in other laboratories have consistently reported
second order kinetilcs with respect to unreacted but poten-
tlally reacting coal. Lahiri and co-workers in India
observed that hydroaromatic structures in coal are essential
in the production of tar during coal pyrolysis. Present
studies at the University of Utah are designed to galn
information concerning the role of the hydroaromatic
structures in tar production during coal pyrolysis and to
discern, if possible, the mechanism leading to first order
or second order kinetics 1In cocal pyrolysis.

Project Status

Five sets of pyrolysis runs were conducted and repeated
at 380, 400, 425, U450 and 470°C (#20C) in a fluidized sand
bath. During each set, a reactlion tube was withdrawn évery
3-5 min and quenched with liquid N,. All samples were
analyzed by GC, 12 ft 1/8 inch stainless steel column packed
with SP-2250 on Chromosorb 100/120. The GC-MS analyses
confirmed the presence of benzene, toluene, bibenzyl, 1,2,3,4-
tetrahydrocarbazole, carbazole, 9-benzyl, 1,2,3,4-tetra-
hydrocarbazole and 9-benzyl carbazole and a very small amount
of methyl indole.

The data points obtailned from the runs at 380 and 470°C
were scattered. The data reduction for the runs at other
temperatures are being done. The reasons for the scatter
may be due to the loss of benzene and toluene vapors when

the reaction tubes were opened and/or the degradation of the
column performance.
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Pyrolysis of 1,2,3,4~tetrahydrocarbazole (THC) was
done at 380 and 470°C for 10, 20 and 40 min durations.
Duplication of the runs showed close agreement with the
original experiments. These results indicate that the
predominate reactions do not involve thermal dehydrogena-
tion or splitting of THC (indole derivatives). This
confirms that once THC is formed from the pyrolysis of
9-benzyl, 1,2,3,4~-tetrahydrocarbazole, further dehydro-
genation (to carbazole) of the THC is negligible. The
presence of carbazole was not evident in the IR spectra
of pyrolvzed THC further confirming this conclusion.

Future Work

The datza will be studled in detail to explain the
scatter of the data points. Some runs will be repesated.
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Project C-2

Heat Transfer to Gas-Solld Suspensions in
Vertical Cocurrent Downflow

Faculty Advisor: J.D. Seader
Graduate Students: J.M. Kim
B. Scott Brewster

Introduction

Experiments are being conducted both with glass beads and
with coal particles to investigate the momentum and heat
transfer mechanisms in a two-phase, gas-solids mixture flowing
downward through a vertical tube. An understanding of the
fundamental mechanisms will lead to design correlations that
will have general applicability in the field of two-phase,
gas-solids transport, particularly for the continuous coal
hydrogenation reactor wherein coal particles and hydrogen gas
flow together downward through a vertical, heated tube. The
glass bead experiments are nearing completion and the experiments
with actual coal particles are in progress.

Project Status

Particle velocity and pressure drop measurements for coal
particles (-28/+U8 mesh) flowing downward through a vertical
tube (ID 0.497") were obtailned using the equipment described
in a previous report. The total pressure drop, as measured
at the lowest pressure tap interval (L/D=U483), was fairly
independent of solids loading ratio, R, for the range of
Investigation shown in Figure 1. The data are comparable
to the pressure drop obtained with the glass beads (329 micron)
at a gas Reynolds number, Re, of 10000. Data for Re greater
than 10000 have not been taken because of fluctuations and
instabilities in the system, which are present at the higher
gas flow rates. As described in a previous progress report,
the total pressure drop consists of acceleration, hydrostatic,
and frictional components. If the acceleration pressure drop
1s negligible, then the total pressure drop, APp, is given
for vertical downflow by

APy = APp - [ppEp+pg(1-Ep) Jel (1)

where APe 1s the frictional pressure drop, Ep i1s the in situ
fractional volume occupied by solids, pp and pg are the solld
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and gas densities, respectively, and L is the distance between
pressure taps. Thus the insensitivity of total pressure drop
to loading ratio can be explained as follows: The magnitudes
of both the frictional and hydrostatic tomponents increase
with loading ratio, but their effects on the total pressure
drop partially cancel because they are of opposite sign.

Direct particle velocity measurements, made by the tagged-
sample injection technique described previously, indicate no
slip between the gas and the coal particles at the location of
measurement. Particles injected into a flowing mixture with
a soldids loading ratio of 17 had the same average velocity
(equal to the gas velocity) as particles injected into gas
alone (R=0). Glass beads (329 micron) were previously Ffound
to have a particle velocity (calculated indirectly from holdup
data) equal to approximately 70 percent of the gas velocity
when R was greater than one. For R less than one, the cal-
culated particle velocity exceeded the gas veloeity. It is
not yet known whether the coal particles or glass beads are
fully accelerated or why the particle velocity of the glass
beads shows a dependence on loading whereas the coal particles
do not. The calculated frictional pressure drop for the coal-
air suspension based on no slip is also shown in Figure 1.

The air and coal inlet section was modified to reduce the
pressure fluctuations which occur at higher gas flow rates.
Due to a pressure tap problem, it is not yet known whether
the modification was successful. The cause of the apparent
feeder instability is also not yet known.

After initial checking of the system operation with gas
alone, heat transfer experiments for the air-glass bead sus-
pension flow have been conducted this past quarteér. The
experimental range covers the gas Reyrolds number of 10000 to
30000 with solids loading ratios up to 20.

In the previous report, the continuity and momentum
equations of a suspension flow were formulated by assuming
each phase as a continuum. In the same manner, the suspension
energy =2quation can be obtained as follows.

Gas Phase Energy Equation:

"

S0 (1-5p) Fg+510512)1 = -S-lpg(1-Ep)Ug (Tg+E|Ug| )]

13
~Y g;[(l—Ep)qu,yl-Qg-p

3
""37{'[ (l'Ep ) PUg]

]
Y E?EY(l—Ep)TYx,gUg]
+(1-Ep)pgUgs (2)
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Particle Phase Energy Equation:
d nol 24q__39 I
selopEp (Up+51Up | 9) 1=-55LppEpUp (Up*5 [ Up | £) ]
[EpYQp,Y]+Qg -D

Y 3Y

9

Sy

3
ﬁ[YEpTyX ,pUp]
+Eppngp + FDUp (3)

From the total energy Equations (2) and (3), thermal energy
equations can be obtained by neglecting viscous dissipation
terms and using specific heat of the gas and particle at
constant pressure in place of internal energy.

Gas Phase Thermal Energy Equation:

g (1Ep)Cp, g (Bro+Ugdi8) =2 ol (1-Bp vkghrel- (CREER) (7-Tp) (1)

Particle Phase Thermal Energy Equation:

PpEpCp,p (352 * Upgy®) = (égggn)(Tg'Tp) (3)

Based on the established solution techniquel»2 of the
single phase analog of Equation (4), Tien3 and Depew“
proposed analytical solutions of the above equations for the
constant wall temperature and constant heat flux boundary
conditlons, respectively. They defined the suspension Nusselt
number based on a suspension mixed mean temperature as

h4D _ qiD

Nusm = g = TTu-Tsm)Kg (6)

Both analyses predict an increase in the entrance length
due to the solids, which agrees with the experimental results.
However, Nusselt numbers calculated from their model do not
agree wilth experimental data due to the assumptions that were
required to make the problem mathematically tractable.




Typlcal curves of the Nusselt number ratio along the
axlal distance are shown in Figure 2, which clearly shows
a trend of increasing thermal entry length with solids loading
ratio. For loading ratios greater than about 3 to L, however,
the profiles become almost invariant. This phenomena might
be due to the compensating nature of the following two effects:

(1) The length scale of the thermal entrance region is

increased due to the increased thermal capacity of the gas
by the addition of the solids.

(2) Although the particles may increase the thermal capacity
of the gas, they may also increase the radial turbulent
transfer of heat, which will act to reduce the entrance length.

Figure 3 shows the effect of solids loading ratio on
asymptotic Nusselt numbers as defined by Equation (6). A
gradual decrezse in the Nusselt number occurs aecording to
the increase in the loading ratio. For the lower air flow
rate, the curves stop decreasing at a loading ratio of about
3, and the Nusselt number begins to increase,

In spite of the decreasing Nusselt numbers with the
solids loading ratio, the heat flux required to keep the same
well temperature was always larger with solids than without
solids. From this observation, the decreasing trend of
Nusselt numbers may be more or less exaggerated due to the
very definition of the Nusselt number based on the suspension
mized mean temperature which assumes that the gas and
varticle temperatures are the same. If direct radiation from
the wall to the particle is negligible when compared to the
convectlive heat transfer from the gas, the actual gas
temperature will be higher than the particle temperature.
dusselt numbers based on the gas mean temperature using Eq
(7) will therefore be higher than those indicated in Figure
3

qiD
(Ty-Tgm) kg (7

Nugy =

The temperature difference between the two phases can be
estimated by salving the macroscopic energy balances equi-
valent to Equations (3) and (4).

= dT- I g3 6hnE

7 }:m — = - DD (T -T ) (.8)
= 4T 6h
Up—=28 = s (Tgm=Tpm) (9)

59



Equations (8) and (9) were solved using the relations
obtained from the fluid mechanical study and the particle
Nusselt number relation

0.5 0.3
Nup =2 + 0.6 NRe’p Npr (10)

In Figure 4 the temperature variation along the length
of the heated tube for a single particle at a gas Reynolds
number of 30000 are shown. Although the temperature difference
decreases with the solids loading ratio, 1t is generally of
the same order of magnitude as shown in this figure. For
329 micron glass beads which are used in this research, a
substantial temperature difference exlsts between the gas and
particle temperatures. From this result, the Nusselt number
based on the gas-phase mean temperature represents a more
realistic choice for the air-coarse particle system considered
in this research. Calculations are now being made to

recalculate Nusselt numbers based on the gas-phase mean tem-
perature.

Future Work

Analysis of the air-glass bead heat transfer data will
be continued. This will involve comparison of these data
with the upflow results reported in the literature. A better
understanding of the basic problems In defining the two-

phase flow friction factors and Nusselt numbers will be
sought.

For the air-coal particle studies, plans for the next
quarter include solving the problems of instability and
fluctuation and then obtaining data at the higher gas flow
rates. This data will be compared to that obtained with
glass beads. Particular attentlon will be given to the
apparent discrepancy between particle velocity for the coal

and glass beads and the dependence of this velocity on
loading ratio.
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Nomenclature

Ap Surface area of a particlé, ft2

Cp Specific heat, BTU/lbm °F

Ep Holdup

g Gravitational constant, 32.2 ft/sec2
hy Wall heat transfer coefficient, BTU/ft2 hr °F

p Particle heat transfer coefficlent, BTU/ft° hr °F
n  Number of particles per unit volume

P Pressure, 1bf/ft°

ai Wall heat flux, BTU/ft° hr

Y Radial distance

t Time, sec

T Temperature, OF

G Internal energy, BTU/lbm

U  Actual velocity, ft/sec

U Average actual velocity, ft/sec

b Axial distance, ft

o Density, lbm/ft3

Shezr stress, lbf/f‘t2

-1

Subscripts
g Gas phase

D Particle phase
s Suspension

m Mixed mean
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Fleure 2. Ii'fect ot sollds loading ratlo on thermal-
entry length,
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Figure 3. Effect of solids loading ratio an
the asymptotic Nusselt number.
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Project D-1

Coal Particle and Catalyst Characteristics for
Hydrogenation Evaluation and Testing

aculty Advisor: R.E. Wood
raduate Student: J.M. Lytle

¥
r
(91

Introduction

This effort is related to the effects of coal particle
size and temperature on the rate of coal hydrogenation in
a coiled tube reactor and also a microreactor. The existing
hydrogenation equipment was used with OCR (Office of Coal
Research) Project, FE(49-18)-1200 and with ERDA-DOE Project,
FE(LG=18)=2006. The reaction vessel consists of a series of
coiled tubes, each approximately 20 ft long and may be
divided into two zones, preheater and reactor. The pre-
heater consists of two coils each 20 ft long and 3/16 inch
ID. The reactor consists of 1 to 4 coils, 20 ft long and
1/4 inch ID.

The residence time of coal and residual solids is
measured in the reaction vessel of the coiled tube reactor
using powdered 1ircn as a tracer.l-3 The detection device ednsists
of a coil of copper wire placed coaxially with the reactor
tubing such that the ID of the copper coll 1s the same as
that of the tubing. For residence time detection and measure-
ment, one coll is placed at the beginning of the preheat
section and a second at the end of the reactor sectilon.

The microreactor 1s a small batch reactor which may
be heated rapidly to reaction temperature by a flame and
cooled by water quench. Reactions normally may be considered
nearly isothermal. The small size of the reactor also
makes it convenient to weigh the whole system on a 5 place
balance. This device will be used to study coal charac-=
teristics and coal-catalyst interactions.

Project Status

Measurements with Clear Creek, Utah coal with widely
different residence times in the colled tube reactor and
consquently different conversion levels have led to the data
of Figure 1. As shown the Volatile matter 1s initially
reduced at a more rapid rate than is fixed carbon. As
conversion becomes greater the rate of consumption of fixed
carbon increases and that of volatile matter decreases. This
indicates a mechanism which includes a reaction whereby fixed
carbon 1s transformed to volatile matter and hence to liquilds
and gases. A similar effect has been observed with a variety
of coals.k Other workers have obsarved that the volatile
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o ccal is directly proportional to the hydroaromatic hydro-
gen content of the coal.b As the hydroaromatic content of
a given coal is increased by reduction so also is the volatile

metter of that coal. The mechanism of this change will be
investigated further.

The details of the microreactor are shown in Figure 2.
Together the reactor and filter weigh about 125 g. They,
therefore, may be weighed along with reactants on a 5 place
balance. Those items normally obtained with this reactor
with 4 place accuracy are Hy consumed, and Hpo0, light liquids,
0il, asphaltene, asphaltols and residue produced. Temperature,
pressure, type of gas, residence time, catalyst type, catalyst

precent, coal type, particle size and sample size are easily
monitored. ’ '

The total volume of the reactor system is 1.26 cm3. This
has been determined by weighing a gas added to the reactor
to a glven pressure and calculating the volume by use of
the idezl gas law. The pressure reported 1s the pressure of
the reactor while at a specific reaction temperature. This
value has been determined experimentally. The reactor is
weighed while containing alr at atmospheric pressure. The
reactor 1is then heated with the valve open to a given temper-
gture and then closed. It is reweighed after cooling and
the difference 1s the air displaced on heating. Air is
readmitted to the reactor so that it is again in equilibrium
with the atmosphere as a check. By use of the ideal gas law,
the fraction of air remaining after heating to a specific
temperature can be determined. The inverse of that fraction
iz the pressure factor. Figure 3 shows experimentally deter-
mined pressure factors (F) as a function of reactor temperature.
If Pq I1s the initial pressure at room temperature, then Pp = FPy
and is the pressure reported for a reaction at a specific

temperature. Figure 4 shows Py vs. Pp for various pressure
factors.

Considerable care must be taken to obtain accuracy to the
bth decimal place on each weigh. The first problem encountered
wzs the hygroscoplc nature of plastic parts and filter paper.
The plastic parts were eliminated and the filter paper size

was restricted and covered with a brass cap. Parts are stored
in a dessicator.

Welghts of heated parts may differ by more than 0.00200 g.
Even when parts are permitted to cool according to touch to
room temperature, lnaccuracles of as much as 0.00075 g are
observed. Therefore, a 0-5 millivolt meter has been Installed
in each dessicator. The meter is considered a room temperdture
junction. A thermocouple 1s inserted into the valve opening of
the coollng reactor. The meter then indicates by a millivolt
reading the reactors approach to equilibrium with room temp.
Room temp 1s attained only after very long cooling perilods.
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Therefore, parts are weighed before actually reaching room temp
and a correction is made based or the milliivolt reading

at the time. To reference approximate temperature, a

millivolt reading of about U4 is indicated if the part is

100°C. Figure 5 shows the basls for the weight correction.
After making this correction the 4th decimal place could

be as much as 3 off.

Weight measurements are further complicated by a
solvent extraction procedure. Cyclohexane, benzene and
pyridine are used to determine oil, asphaltene and asphaltols,
respectively. These solvents may not be completely vaporized
from the residual without destroying part of the products.
Therefore, the extraction procedure has been standardized and
a correction is made for the remaining solvent. The correction
is small for cyclohexane and benzene but large for pyridine.
The correction for pyridine may be made smaller by a sub-
sequent cyclohexane rinse. The correctlion for cyclohexane is
sc small that it 1s assumed to be zero, for benzene it 1is
0.00003 g per mg char and for pyridine 0.00010g per mg char.
If the pyridine correction is reduced by a cyclohexane rinse,
the correction becomes 0.00006 g per mg char.

The material balance includes H,, Hy0, light liquids and
gases. The H2-consumed 1s measured éy conslidering the weight
of Hy added to the reactor and the volume of H2 remaining after
the reaction. The volume of H, after the reaction is
determined by venting reactor gases through a ligquid N trap.
The volume of the gases passing the liquid N, trap is measured
by water displacement. A correction based on gas chromatography
is made for H20 and CHy in the gas. The remaining gas 1s H,.
The amount of Hp retalned in the liquid N, trap due to 1its
greater density is added to the volume reading. The weight
of hydrogen remalning is calculated from the volume and
subtracted from the original Ho for a figure representing welght
of Hp consumed.

The gases cgondensed by the liquid N» are introduced to
sllica gel and SR molecular sieve traps in series. The weight
change in these traps indicates H,0 and light liquids, respec-
tively. That material which i1s not collected by the sllica
gel or 58 molecular sieve is defined as gases. For a closed
material balance,the material collected in the liquid Np trap
may also be welghed. The gases are then this welght minus
the H»0 and light liquids. Gas chromatographic analysis 1s
also performed on each of these gaseous components.

Future Work

Work will continue on the microreactor. A series of 24
Utah coals will be run on a comparative basis to determine the
effect on conversion of various physical and chemical analyses.
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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
cozl to produce hexane-soluble oils. Recent reports have
showri 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
cleazvage and polymerization reactions. Work in this
laboratory (Project B-L4) has shown that asphaltenes and oils
from catalytic hydrogenation of coal are similar in structure,
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 bond rupture to determine -
the types of bonding between structural units.

Project 3tatus

An asphaltene sample (7.5 g) was dissolved in benzene,
and hydrogen chlaride gas (HClg) was bubbled through the
solution for 5 hours. A soluable (acidic/neutral) portion
and a precipitate (basic) were formed. The acidic/neutral
portion recovered was 63.3% of the original sample and the
base recovered was 35.8% with about 1% losses. The base
was washed with 0.3 N NaOH to remove the HC1l adduct and dried.
Approximately 1.276 g of the base was recovered. Products
from the HC1l reaction were separated using GPC. Elution

curves for these samples and for dehydrogenated asphaltene
are shown in Figures 1-14.

A CHIN. #nalysis was performed on the asphaltene portion
and the GPC fractions from the dehydrogenation reaction. A
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regression analysis was performed on the C/H ratios from the
ultimate analysis (Figure 5). The majority of molecular
hydrogen evolved from the higher molecular weight fractions
(low elution volume).

Future Work

Samples from selected reactions will be characterized
as to types of hydrogen (aromatic, aliphatic, etc.) by HNMR,
molecular weight by vapor pressure osmometry, carbon to
hydrogen ratios by untimate analysis and the presence of
certain functional groups by infrared analysis.

Reference

1. W.H. Wiser et al., DOE Contract No. E(49-18) - 2006,

Quarterly Progress Report, Salt Lake City, Utah, Jan-
Mar 1978.
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Flution curve for acid/neutral fractlon.
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Project D-U

Pyrolytic Studies and Separation and Characterization
of Coal-Derived Liguids

The Separation and Characterization of Coal-Derived Liquids

Faculty Advisor: R.R. Beilshline

Introduction

This project deals with the investigation of promising
methods for analyzing and identifying the lighter fraction of
coal hydrogenation liquids. A spinning band (SB) distilla-
tion column (> 200 theoretical plates at atm press) is being
used to determine whether fractionation can separate pure
components directly from complex coal-derived liguids. Also
SE distilllation in combination with preparative gas chroma-
tography (PGC) is being tested.

SB fractionation of crude material boiling up to 150°¢C
(atm) did not give distilllates consisting of pure components,
but did effectively cut the pot charges into smaller 1less
complex fractlons.

Using SB distillation in combination with PGC, the
components in an 80-100°C (atm press) coal liquid fraction
have been separated and 1solated, and compounds representing
about 70 volume % of the fraction have been spectroscopically

identified (MS, IR, NMR). (Identification by GC-MS is more
time economical.)

S The development of a scheme for the analyses of the ambilent
80°C (A-80) fraction of coal liquids is nearly completed.

Project Status

As part of the development of the analysis scheme for the
A-80 coal liquid fraction, the reproducibility of the SB
distillation and GC analysis of the A-80 fraction has been deter-
mined. Three identical distillations were carried out to obtain
three samples of ambient-80° distillate which, theoretically,
should be 1ldentical (see Table 1). Three samples of each
distillate were subjected to GC analyses and electronic
integration of the GC peak areas. The mean area percent and
standard devlation of each peak in the three chromatograms of
the respective three distillates were calculated. This
evaluated the reproducibility of the GC analysis of each separate
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distillate. A typical set of results (for distillate #1) is
sheown in Table 2,

The ¥ test was applied to the mean data for the three
separate distlllations. This test calculates the statistical
probability that the three distillates are really three
samples of the same mixture, where the degree of "sameness"
1s based on the degree to which the analyses of the separate
distillates show the same statistical variances. The F
test was significant at the 1% level, i.e., there is a 99%
chance, based on the above criteria, that the three distillates
are of essentially identical composition.

The pot charges for the distillations (Table 1) were
aliquots of a single coal liquid sample (crude ambient-150°C
fraction from liquefaction of Clear Creek, Utah coal produced
in the University of Utah coal reactor). The apparent loss
of lower bolling components indicated by the increasing
initial bolling points of distillates 1,2 and 3 is not real,
since the lighter components (first peaks to elute) are

present in almost equal amounts in distillates 1,2 and 3
(see Table 2).

The average of the standard deviations for distillates 1,
2 and 3 was 0.74%. Examination of the data indicates that
larger integration errors are associated with the area percents
of peaks that are merged (see peaks 4, 5 and 6; 9 and 10; and
1k, 15 and 16 in Table 2). The average standard deviation
of nonmerged peaks in distillates 1, 2 and 3 is 0.53. The

mean dataz for distillates 1, 2 and 3 and the calculated F values
are shown in Table 3.

Future Work

The separztion of the A-80 coal fraction on a capillary
GC column heas been scheduled to be done at the Flammability
Research Center at the University of Utah. This work will be
reported once 1t has been completed. An overall analysis scheme

For the A-80 coal liquid fraction will be formulated and
reported. ’
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Table 1.

of a Single Coal Liquid.

Reproducibility of the SB Distlillation of Aliquots

Distillation # Pot Charge Reflux Bolling Range Volume
(ml) Ratio of Distillate of
(oc) Distillate
(ml)
1 25 200:1 51-80 1.25
2 25 200:1 53-=80 1.38
3 25 200:1 57-80 1.21
Table 2. GC Analysis of Distillate #1.
Peak # Chromatograph # Mean Standard
2 3 Deviation
1 2.90 2.59 2.72 2.74 0.15
2 1.40 1.23 1.23 1.29 0.10
3 2.20 1.81 1.89 1.97 0.21
4, S}merged 14.12 11.32 11.71 12.38 1.52
6 18.37 18.10 19.05 18.51 0.49
7 16.57 14,99 16.71 16.09 0.96
8 1.90 1.72 1.72 1.78 0.11
9,10 merged 17.79 17.54 15.78 17.04 1.10
11 4,55 4.99 5.95 5.16 0.72
12 2.39 1.31 1.94 1.88 0.54
13 10.06 8.21 9.43 §.23 0.94
14,15,16merge5.08 6.67 6.12 5.96 0.81
17 1.14 0.93 0.59 0.89 0.28
18 2.08 2.15 1.94 2.06 0.11
19 0.69 2.98 2.53 2.08 1.22
ave. std. dev. = 0.62
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Table 3. Mean Data and F Values for GC Analysis of Diatillates
1, 2 and 3.

Distillate F

Peak # Distillate .Mean Data
# 1 Distillate # 3
# 2

1 2.74 2.78 2.75 9.00
2 1.29 1.42 1.34 g.01
3 1.97 2.81 . 2.07 9.00
b, 5}merged 12.38 12.12 18.16 9.00
6 18.51 17.13 11.05 9.00
7 16.09 14,40 13.10 9.00
8 1.78 1.74 . 2.63 9.00
9, 10 merged 17.0L 17.81 12.16 9.00 -
11 5.16 3.98 9,08 9.00
12 1.88 1.52 2.74 9.00
13 9.23 7.41 7.14 9.00
14, 15, 16 merged 5.96 8.14 8.59 9.00
17 0.89 0.78 0.42 9.01
18 2.06 1.78 1.43 9.00
19 2.08 2.01 2.09 9.00
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Project D-4

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

Faculty Advisor: R.R. Beilshline

Introduction

This project deals with the pyrolysis and hydrogenation
of coal and coal-related model compounds both in the presence
and absence of catalysts.

Since coal hydrogenations are normally carried out at
thermolytic temperatures, reactions other than hydrogenation
likely occur concurrently, e.g., pyrolysis and reactions
that can be catalytically initiated at subthermolytlc
temperatures and that would proceed at accelerated rates at
thermolytic temperatures. A knowledge of these latter
reactions 1s a necessary background to the understanding of
the hydrogenation chemistry. To elucidate some of this
background, the subthermolytic (1659C) zinc chloride-catalyzed
decomposition of the model compound 1,2-dihydronaphthalene
(1,2-DHN) has been studied.

The decomposition occurs by a mechanism in which hydrated
zinec chloride donates a proton to the double bond of 1,2-DHN
to form a carbonium ion. This carbonium ion adds to 1,2-DHN
to give two dimers and abstracts hydride from 1,2-DHN to
produce tetralin and naphthalene.

A study of the pyrolysls of 1,2-DHN has been initiated,
and preliminary kinetic results suggest the following scheme
of simultaneous first and second order reactions is operative.

1,2-DEN —KLl > naphthalene + Ho (1)

2(1,2=DHN) —X2 5 tetralin + naphthalene (II)

The 1,2-DHN 1s an intermediate in the hydrolique-
factlon of coal when tetralin is used as the hydrogen donor
solvent.l Reactions (I) and (II) are thus part of the overall
hydrogen donor scheme,

coal + tetralin heat, hydrogenated coal + naphthalene

and are of considerable interest.



Project Status

Additional kinetic data for reactions (I) and (II) are
being obtained with the objectives of determining activation
energies and working out a scheme to kinetically handle side
reactions. A report of these results will be made after
collection of the data.

The synthesis of 1,2-dihydrophenanthrene, 3,4~dihydro-
phenanthrene and 1,2,3, M—tetrahydrophenanthrene is now being
carried out, using standard literature procedures. These
compounds will be used in a study to determine whether or
not the reaction

2 dihydroawomatlc —— aromatlc + tetrahydroaromatlc

occurs in the phenanthrene system as Well as in the naphthalene
System.

Future YWork

The kinetic study of reactions (I) and (II) will be -
continued, and the sysnthesis of the di~ and tetrahydrophenan—
threnes w111 be completed.

Reference

IR L.L. Anderson, D. Kang and W.H. Wiser, DOE Contract No.
(49-18) - 2006, Quarterly Progress Report Salt Lake Clty,
Utzah, July—Sept 1977.
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Hydrodesulfurization of Heavy Hydrocarbon
Liquids in a Fluidized Bed Reactor
with Hydrogen as the Continuous Phase

Faculty Advisor: A.G. Oblad
Graduate Student: Hsiang-Yun Kung

Introduction

The hydrocatalytic desulphurization of partly vaporized gas
0oils in a fixed bed using small diameter pellets of cobalt
molybdena alumina 1s an established commercial process which
is operated with once-through up or downflow of liquid
through the reactor. Hydrogen rich gas flows cocurrently
and is recycled. Reaction temperatures are 680-780°F and
reaction pressures are between 600 and 1000 psig. Heavier
feedstocks are very difficult to process with this process
scheme.

More efficient processes are needed to desulphurilze
higher molecular weight coal-derived liquids, residual petro-
leum feedstocks, native bitumens and black oils. The more
important chemical engineering problems facing the designer
of any new process will be

1) A higher proportion of sulphur will be present in the
feedstock with relatively more of it locked within large
polycyclic molecules. Each ton of oil will therefore need

to react with more hydrogen and the intrinsic chemical
reaction rate might be restricted by the permissible rates

of molecular diffusion of reacting molecules to and from the
active catalyst sites. Any such tendency would be accentuated
by the simultaneous demand for hydrogen for hydrocracking,

denitrogenation, and partial saturation of polycyclic aroma-
tics.

2) Carbon laydown during processing will be conslderable

and contaminants originally present in residual feedstocks
will also give rise to deposits of nickel, vanadium and salts
of sodium on the catalyst. These deposits will result in a
decline of catalytic activity and iIn a progressive increase
in pressure drop across a fixed bed reactor and might
necessitate the use of other reaction techniques.

Anticipating this need, the objective of this project
is to study the diffusional effects of the hydrodesulphuriza-
tion of stralght run gas oil and coal-derived oils, wilth

various sizes of catalyst in a vapor phase fluidized bed
reactor.
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Project Status

In the beginning work, the feedstock will be in the
vapor phase under HDS reaction conditions and Ho/0il feed
ratios. Dew points were theoretically estimated for the
high pressure Ho/HC system. The dew point for a Ho/o0il
feed ratio of 4000 std cc/ce at 1500 psig is T775°F. Later,
studies will be made to determine the extent the operation
is possible in mixed liquid-vapor phase.

The equipment has been assembled and pressure tested
at 1700 psi and 249C with nitrogen. The parameters to be
studied have been tentatively set as follows:

Temperature: 400 - 500°C

Pressure: 1000 -~ 1500 psig
The catalyst to be used is a cobalt molybdenum alumina selected
for proper pore sigze. Pressure drop across the distributor
and top solids retaining plate was determined for the velocity

range studied. Figure 1 shows the pressure drop across the
distributor and top solids retaining plate was negligible.

Future Waork

The catalyst will be ground to the required mesh size
and sulfided. The system will be tested as a whole, and
experimental runs will begin.
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V., LConclusion

Twelve
A-6 and A-
completed,
degrees,

projects were active during the quarter. Projects
9 have not been initiated and Project B-3 has been

Students on Project A-1 have completed their
New students will continue these projects.
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