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IT. OBJECTIVE AND SCOFPE OF WORK

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

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

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

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

d) Properties of coal and coal conversion products._of.
significance ir liguefaction and gasification of coal.

A-1 Coal will be gasifled by direct catalytic hydrogenation
to produce a high-BTU gas. A liquid will be produced in
a first stage reaction at 400-450°C. This product will
be further hydrogenated to produce a2 high-BTU gas.
Catalysts and reaction conditions for each stage willl
be studied.

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

A-L Aromatic liquids derived from coal hydrogenation or
extracticn will be conslidered as feedstocks for steam
reforming to make 2 high-BTU gas. Optimum conditions for
the production ¢f hydrogen or high-BTU gas, optimum
catalysts, the effects of poisons and the degree of coke
formation will be determined.

A-5 The gasification of coal char will be studied at 20C0-
3002 psi to produce hydrogen for coal hydrogenation.
Steam and oxygen will be used for gasification. The
thermal eificiency of producing hydrogen at the pressure
at which it will be used will be studiled.

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




A-8

£=9

B-1i

B-4

C-1

Cc-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 catzlyst testing wlll 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 peneiration of aromat>-2
molecules on typiczl cracking catalysts will be determined.
These properties will be used to evaluate +the z2bility

of such catalysts to crack the large molecules presen:
in coal~derived liquids.

(alternate) The mechanism of deactivation of molybdera
hydrodesulfurization catalysts by coal-derived liquids
will be studied. Kinetic studies involving the mcdel
compound benzothliophene 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 mechanlsms.

The mechanism of cat2lytic hydrogenation of coal by metal
halide catalysts will be investigated. The nature of
zctlve catalyst sight will be studied. Changes in
propertles of the reacting coal will be determined and
the nature of reaction products will be determined.
Catalyst regeneration will also be studied.

The mechanlism of pyrolysis of coal will be studied by the
use of isotoplcally labled model compounds. Products of

pyrolysis will be examined to determine their precursors
in coal.

Fluid mechanies and heat transfer studies involving gas-
solld suspensions in vertical cdownward cocurrent flow
systeas wlll be conducted to obtain information on the
effect of these variables in the University ot Utah coal
hydrogeration reactor.

The effect of coal and catalyst properties and pretreatment
on the hydrogenatior 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 hnydrogena-
tion, pyroliysls and dissolutiocn will be studied. Pre-
treatment of the coal by specific reactions will be used
to obtain samples with special structural features.

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

pyrolysis and hydrogenation mechanisms and model compound
reactions will be studied.



I1T Summary of Progress to Date

Research Highlights

Donor solvent extraction of ccal shows an Initial
regime of rapid conversion with little hydrogen transfer
from the solvent followed by a regime of more rapid hydrogen
transfer but slower conversion. During the second regime
methyl indan and indan are formed from the tetralin solvent.
These reactions are conflirmed by GC-MS analysis.

Activities of CoCu/Als03 catalysts for the Fischer—
Tropsch reaction correlate well with metal areas determined
by O> chemisorption.

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

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

Specizl Activities

Papers were presented at the Rocky Mountain Fuel
Symposium in Salt Lake City by S. Goyal, C. Yang, J. Lytle,
Dr. S.W. Cowley, Dr. R. Beishline and Dr. W.H. Wilser. Dr.
L.L. Anderson and C. Yang presented papers at the Amerilcan
Chemical Society Meeting In New Orleans.




Project A~1l

Catalytic Gasification of Coal to Hign BTU Gas

Single Stag> Coal Gasification

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

Introduction

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

Prciject Status

An extensive literature search of single stage gasifica-
tion processes, theilr working conditions and catalysts has
been comp_eted. The egulpment set-up has been designed and
the parts ordered. A continuous flow reactor will be used
1n a temperature range of 500-700°C at 1500 psi. The initizl
catalysts “o be tested are 5-12% Ni-S on SiOp-Al03 ard 0.5%
Fi-S on SiOg—A1203.

Future Work

After obtalning the necessary materlal, the catalyst wiil
be made up in thls iazboratory. As the equipment arrives,
it will be assembled and tested.



Project A-2
Dissolution of Coal in Hydrogen Donor Sclvents
with Application of Catalysts and
Energized Conditions to Produce Clean Fuels
Solvent Extraction of Coal Utilizing Sonic Energy
Faculty Advisor: L.L. Anderson
Graduate Student: Doohee Kang

Introduction

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

In previous reports the expanded time scale of con-
versions clearly shows two different reaction regimes durlng
the dissolution process. In the first regime (the first
several minutes) the reaction proceeds rapidly with a
minimal transfer of hydrogen. The second regime 1is
kinetically slower but hydregen transfer is faster. The
dissolution rate appears to be faster tlhan had previously
been reported by other investigators. At a particular
temperature the data shows the ultimate conversion occurs
within i0 minutes.

Project Status

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

Figures 1 and 2 show the data of cenversion kinetics
of coal znd solvents at 400°C and 1500 psig hydrogen pressure.
Daca for residence times up to 35 min is inciuded. In
Figure 3, hydrogen consumptlon and benzene soluble plus gas
conversions are correlated for runs of different reaction
temperatures. Figure 4 l1s a typical mass chromatogram of
total ion current for a liguid sample at a reactlon period
of 34 min a% 400°C and 1500 psig H,. To aid identification
both electron impact and chemical %onization (Varian 1400)
sources were used In the mass spectrometer.

As detailed in the previous reports, the initial 2 min
of residence time show higher rates of reaction and lower
Ho consumption than later times. This initial reaction
regime is shown in PFigure 1 by the steep slopes at residence
times less than 2 min. Figure 3 z2lso shows the amount of
Hy transferred to be minimal during this period. This trend



indicates that a thermal reazction is dominzting during the
initial stages of coal dissolution. Over one-third of the
total extract produced 1s cycioherane soluble in the first
two minutes. The short contact time (-4 sec per pass) and
rapid quench aids in preserving primary fragmentation
products. Without immediate quenching, these fragments
would rearrange and recombine with other reactive free
radicals present. Relatively large amounts of unsaturates
in the gas produced is further evidence that the rapid
quench effect preserves the highly reactive radicals.

Feliowing the initial rapid thermai reaction (with
little hydrogen consumption), there is a second regime
characterized by a rapld Zncrease in Hy consumption. As
shown in Figure 3, the hydroge: transfer then levels off
at conversions (benzene soluble plus gas) of 35 and 50%
for runs conducted at 375°C and 400°C, respectively.
Thus at about ten minutes of reaction time the zmount of
Ho transfer reaches a pseudo-plateat and is momentarily
constant. In the second regime it is probable that the
higher Hs consumption is due to statllization of the primary
fragments produced by thermal reaction.

Figure 3 indlcates the onset of a third reaction regime
followlng the pseudo-piateau in Hs transfer. Again the
amount of H, consumption increases sharply but, as shown
in Figure 1, there is little change in overall conversion.
Also shown by Figure 1 is a net cecrease in the sclid and
1iquid extract produced. (The benzene soluble curve and
the gas curve approach each other in this regime.) The
large consumption of Hp is most likely contributing to
regresslve reactions (hydrocracking) of those products formed
in the tiwo previous regimes and subsequent production cf gases.
Also material balance showed a net decrezse in the solia
extract. The solvent anralysis by GC~iS, shown in Pigure 4,
indicates a substantial amount of methyl indan, indan and
butyl-benzene. These species are indicative of ring opening
as the result of hydrocracking reactions and the same
phenomena could apply to the coal-dsrived products.

Filgure 3 demonstrates the increase in Hs utilization
erficiency at higher temperature conditions. Less Hp is
required tc give a snz2cified conversion at higher temperatures,
the balance apparsntly coming from the ccal itself.

As part of the characterization of extract products,
proton NMR spectra were run on the various fractions. This
data is shown in Figures 5-8 as proton distribution versus
conversion of the benzene soluble plus 2as fraction.
Although each fraction shows an overall decrease in paraf-
finicity, the o, B8 and vy prctons, especially in the asphal-
tene fractions demonstrate the large changes in structural
parameters between initiazl conversion and later reglmes.



Future Work

Further characterization of product structural informa-
tion will be carried out to support the existing NMR data.
Elemental analysis and molecular weight determinations wiil
be acguired tc aid in the structural characterization.
Kentuecky #14 coal will be run in the dissoluticn system to
provide a comparison with the work of other investigators
using eastern coals.
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Figure 5. Distribution of Proton vs.
Total Dissolution Extracts
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Project A-2

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

Faculty Advisor: L.L. Anderson
Graduate Student: 3. Jackson

Introcductlon

Research in solvent extractlon of coal can be divided into
several areas: (1) the successive use of various solvents
which dissolwrs= the greatest amount c¢f coal, (2) the characteri-
zation of the coal extracts to better understand the structure
of coal and its chemistry and (3) the use of extraction to
lower the ash and/or sulfur content of the coal or to improve

ts solubility. Variables such as pressure, coal types

2nd extractlon times and temperatures will be kept constant
during extraction studies so that the effect of the various
solvents cn coal can be determined.

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

Past work has included a literature search and prelimin-
ary extractlons with anisole, benzyl alcohol, benzaldenyde
and benzene. Experiments using different extracticn methods
determined the most useful method for obtaining datz relevant
to this project. Also several coal samples have been trled.
GC, IR zrd NMR analvsas vere done to determine the usefulness
and limitations of each of these analytical methods. Several
solvents and thelr GC results have been reported.

Project Status

During this quarter several more extractions of Clear
Creek coal were done using benzaldehyde, aniline, chloro-
benzene and nitrobenzane as solvants. A gas chromatogram
was obtained for each of the extracts and the results com-

pared. The extract from the chlorobenzene extraction was
sent for GC-MS analysis.

Table 1 shows the retention time of the various
compounds removed by these solvents. Observation reveals
that many of the same compounds are removed by the different
solvents, but that these compounds are extracted in

different relative amounts. Because there is nc standard,

1k



comparison between extracts from different solvents cannot

be done. The results of these zxtractlons also show that
certain solvents are "selective™ in the amount and type of
material extracted. For instance in the nitrobenzene extrac-
tion the amount of material extracted is concentrated within
fewer compounds. Thus it may be possible to obtain certain
compounds in sufficient amounts from the coal for better
analysis. -

The extract of the chlorobenzene extraction was submitted
for GC-MS analysis. Figure 1 shows a typical mass spectra
obtained. In this spectra the peaks a2t m/e 56, TC and B4 are
evidence for a long chain alkyl group. The other peaks found
within this spectra are not easily identifiable. There is
the possibility of some extraneous peaks. However, further
concentration of the sample before analysis will enable
many of the spectra to be characterlzed.

Future Work

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

Table 1
Solvent Extraction Products Derived from Coal at 25°C. (Area %)

Solvent Used

RT ¢=Cl $~COH $=NO " ¢=NH,
{min) 2 <
0.82 - - - 0.48
0.67 - 0.01 - 0.34
1.09 —_— 0.89 — —
1.17 - - - 0.46
1.28 —_— 6.00 0.47 0.31
1.43 - — - 0.29
1.61 - 2.98 - -
1.71 — - -— 4.09
1.80 - -— 1.52 —
1.89 - 7.09 - -
l- 97 - ——— 0-37 _——
2.04 - - B : 0.33
2.21 - 1.79 - —
2- 37 - - 3-14 -
2.44 -_— 11.80 - -
4.95 4 67 - - -
6.77 0.10 g.32 - -
T7.39 — 9.85 - -
7.87 0.21 - - —-—
8.10 - 7.64 - . e
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RT

18.85
18.99
19.17
19‘69
19.93
20.13
20.23
20-37
20.57
20.74
21.07
21.20
21.75
22.16
22.27
22.63
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24,03
24.97
25.19
25.67
27.11
27.21
27.78
29.81
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Project A-2

Solvent Treatment of Coal=-Derived Ligquids (CDL)

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

Introduction

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

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

Project Status

Traditionally the activity for component i in solution is
expressed as Eq (1), where y; is the activity coefficient and
Xi the mole fraction.

aj = YviXi (1)

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

Ag = RT (xpln ap + xpln ag) (2)

mixing
In ideal cases activities are replaced by mole fractiions.
Tor convenience excess free energy, gE, has been defined as
Eq (3) which becomes Eq (4) using Eq (2).

gk = Agmixing = BBigeal (3)
gE = RT (x3ln ag + xgln ap) (4)
Xa XB

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

19




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

In the previous report the experiments with a vapor
pressure osmometer sucgested a new kind of mole fraction,
Xp, for a binary mixture with components A and B as in Eq (5).

- eny 2
T ampt ng | A 5)"

ol

A

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

Vapor-liquid equilibrium phenomena have been chosen for
the testing of Eq (5). 1In general the par<lal pressure of
a2 component in a binary solution is given in Ec (6) where
Pp0 is the vapor pressure of pure A.

Pp = Pp° ap = PA° vaxa (6)
L»]
2 PR0 X, = PO —4n !
Ba = Pa® Xn = Pa° gming )

Simllar eguations can be written for component B. If Eq (5)

is correct, the partial pressure will follow Eq (7).

Activity ané a can be calculated by Eq (6) or (7), respectively,
uslng the partial pressure:s at different mole fractions.

Inltially o was calculated from the partial pressure and
mole fractlon for one component and chen used as & constant
to predict the partial pressures at Gifferent mole fractions
Figure 1 shows both the predicted values of dioxane-CHC1l

and t%e experimental data taken from McGlashan and Rastogi's
work.

When using constant interac“ion parameters, the predic-
tions are simllar to the experimental datza only in the
region where a was determined. This was also observed with
CSp~acetone. Although these predicted values are only use-
ful 1In a2 limited range of concentrations, the results suggest:
that Eqg (7) will still apply.

Assuming that the concentration effects the parameters,
the a's were calculated at different concentrations using
Eg (7). Figure 2 shows a plot of ¢’s vs. the mole ratio
of the two components. The parameters are intrcduced into
the actlvity expressilon so that thev will decrease with an
increase in the mole ratio. The two interaction parameters
of dioxane-CHC13 behave in the same fashion. These trends

XA in Eq (5) 1s slightiy different from that in the last
report. The difference will be explained in the next report.

29



suggest an equation of reversible reaction rate which is
similar to Eq (8),

do _
- & = ko-k,(e -o) (8)
where o5 1s o at r=0.

Solving Eq (8) resulted in Eq (9) which gives a in terms
of mole ratio, r, two constants, kj and kp, and the initial
value, cg.

k ~(xq+ks)r . K
= el 1 iy~ N
0. k1+k2aoe 2 k1+k2 %o (9)

The last term in Eq (9) is similar to an eguilibrium value in
the reversiblie reaction rate expression since o approaches this
value as the mole ratio r becomes large; it will be called "final

value” pecause of its association with mole ratlio instead of time.

The constants, kj and kp, can be calculated trom a few initial
and final values of o. For a binary system, two equations
are needed.

Eq (7) complemented with Eq (9) gave good predictions
for dioxane-CHCly (Figure 1). The predictéd values are within
~4% of the experimental ones. The same solution was studied
by MeGlashan and Rastogi. Their results also showed good
agreerent with the experimental values but the deviation
petween the experimental and predicted values were not specified.

Table 1 gives two sets of predlcted vaper compositions
for nitromethane~CCly, one using Wilson's equation and the
other using the new expression Egq (7) witch (9). Both the
predictions 1n Table 1 are very close to the experimental data
at higher mole fractions. However at lower ends, Wilson's
equation predicted much higher values while the new expression
reproduced the experimental values exactly.

The good agreement with the experimental values is due
to the simplicity of Eq (5) which gives the parameter o in
terms of an exponential funetion. Eg (5) and Figure 2 des-
cribe the activity behavior exactly. The exponential
funetions have been.introduced to approximate the exact
relationship hetween ¢ and mole ratio.

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

Once the activity expression was formulated
empirically, its validity was tested to see how the
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expression complied in general with existing laws and related
theorles using binary liguid solutlons with components A

and B. Raoult's and Henry's Laws both describe the behavior

of liquid solutions within limited concentration ranges.> As

the mcie fraction of component i, I being either A or B, approaches
unity, Recult's Law holds , that is vi=l and ajzxy in Eq (1).

The rew expression for the activity agrees with Raoult's Law

since &s X3 =~ 1, ng >> ng:

1im SOA o BB o g x g

angtng T ang i )

E.A‘-‘
n*- .
As the mole fraction of component i approaches zero (Henry's
Law) Eq (1) becomes

3

3; % Yaxg =m0 Hxy

where H is the Henry's Law constant. Egq (5) will reduce to

= ana - @np = oY
2a %iﬂﬂ) anp+ng ng  Cnmp+ng
ug

= CLXA
Therefore it also satisfies Henry's Law.

For wider concentration ranges Wilson's equation, Eq (10),
has been used for numerous binary mixtures as well as multi-
component solutions.t Table 1 only compares Wilson's equation
with the new expression for a specific case. The application
of the rew expression to other systems will be discussed.

E = E E 4
£~ = Xpln ’AxA + Xpln X_BB (10)
Ep = local volume fraction = —2AXA (11)
A ' DpXp+bpis

In Eq (10) E; is defined as Eq (11) where %y and bg are
constants, changing only with tempersture. (EB i1s defined
in the same manner.) Eq (11) and {(5) are essentially the
same by substitutlng mole fractions in Eg (11) with the
numbers of moles and dividing the denominator and numerator
by bg. Wilson's equation Ec (10) is the same as Eq (4)
except that £'s replace a's. In the empirical derivation
Eq (4) itself was not altered in anyway. Thus in botn the
expressions, the form of the thermodynamic formula Eq (4)
has been conserved; only the activities have been replaced.

The good results reported with Wilson's equition may
be due to the ccrrect forms of Eq (10) and (11)." Heowever
the lack of the concentration dependency of by and bp in
Eq (11) resulted ir only approximate agreements with the
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experimental values (see Table). An improvement on Wilson's
equation has recently appeared in the literature.®- An
expression for gE has been formulated based on Wilson's
equation by adding more parameters. From that an activity
coeffilecient relationship was derived. However a more direct
approach seems possible by first measuring the actlvities
and then deriving the activity expresslion, hence the new
expression Eq (5) and (9).

Physically the activity can be considered as a . .
"eorrected" or "effective mole fraction" from Eq {(1). - Eg (5)
indicates that the "effective mole fraction" is to be
formulated from "effective number of moles."” The effective
number of moles could be different from a nominal number of
moles due to the interactions in solution. Using coefficients
2 and b to obtain effective values from nominal values ng
and ag, an activity expression 1is

as = 204 a/b ng _ _anp
A T Znptong  a/b nging | enp+ag

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

Future Work

Applications of the new activity expression will be
sought for the characterizatlon of the products as well as
the solvents, the selection of the soivents for ssparation
Operations and the reactivity studies on the separated
Products.

References

1. J.M. Prausnitz, "Molecular Thermodynamics of Filuid-Phase
Equilibria," Prentice-dall, Inc., Englewood Cliffs, New
Jersey, 1969, Chapters 6 and 7.

" 2. M.L. MeGlashan and R.P. Rastogl, Trans. Faraday Scec., 54,
496 (1953).

3. I. Brown and F. Smith, Aust. J. Chem., 8, 501 (1955).

4, J. M. Prausnitz, "Molecular Thermodynamics of Fluid-Phase
Equilibria," Prentice-Hall, Inec., Englewood Cliffs, New
Jersey, 1969, p 231.

5. TF. Daniel and R.A. Alberty, "Physical Chemistry," U4th ed,
John Wiley and Sons, Inc. New York, N.Y., 1975, Chapter 4.

6. D.S. Abrams and J.M. Prausnitz, A.I.C.H.E. (Amer. Inst.
Chem. Eng.) J., 21, 116 (1975).

7. T. Tsuboka and T. Katayama, J. Chem. Eng.(Jdapan), 3, 181(1975)
8. ibid, p Lo04.

1V
(FV]




Comparison of
Experimental3

XA P YA
0.0459 287.4 0.130
0.0918 297.2 »0.178
0.1954 302.9 0.222
0.2829 302.6 0.237
0.3656 301.4 o0.246
0.465¢ 298.3 0.253
0.53266 296.9 0.260
0.6065 293.3 0.266
0.6835 287.1 0.277
0.8042 264.7 0.31%

0.9029 214.6 0.408
0.9488 171.0 0.528
*XA _
Y, =
P =

Tacls

Predicted Vapor

i

Compositions cf Nitromethane (a)
- CCly (B) Solutiorn at 450C, :

Predicted Y,
Wilson's Eg (&4

YA
0.147
0.191
0.225
0.236
0.243
0.251
0.258
0.266
0.279
0.318
0.410

0.524

Error %
+13.1
+ 7.3
+ 1.4
- 0.4
- 1.2
-0.8
-0.8
0

+0.7
+1.3
+0.5
~-0.8

total vapor pressure in mmHg.

£
Calculated by the present author.
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;M

= mole fraction of A in vapor phase.

Ty

0.130
0.178
0.222
0.239
0.247
0.254
0.257
0.262
0.272
0.316
0.415
0.533

= mole fraction of A in liquid phase.

Eq (7) with (9)

Erccr %
0
0
0]
+0.8
+0.4
+0.4
-1.2
-1.5
-1.8
+0.6
+1.7

+G.9
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Interaction Parameters
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Project A-L

Steam Reforming of Aromatic Compounds

Faculty Adviscr: A.G. Oblad
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.

Prbject Status

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

Effect of Steam Ratio

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

Effect of Pressure

The effect of pressure on the equilibrium concentration
of the product gas is shown in Filgures 3 and 4. An increase
in pressure decreases CO ard Ho but increases COp and CHy.
The abscissa on Figure 4 is logarithmic (base 10). The
plots are straight lines showing that the pressure has
approximately & logarithmlc (base 10) effect on the equi-
librium concentration and the heating values of the gases
(2lso shown in Figures 1-6 in the previous report).

Effect of .Temperature

The equillibrium constant values are shown in Figure 5 as
a function of temperature for both the methane-steam and water-
gas shlft reactions. The methane-steam reaction is the most
favorable. The equilibrium concentrations of CHy and CO2
decrease wlth an increase in temperature but the concentrations
of Hp and CO increase sharply (Figure 6). Since methane
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decreases wlth a rise in temperature the heating values
should decrease.

Effect of H/C Ratio in Feed

Tre E/C ratio of the feed 1is the most important factor
in operating a steam reformer to avoid coking the catalyst.
The thermodynamilc minimum steam ratio and operating steam
ratio increase as the H/C ratio decreases in the feed at
800°C and 400 psig as snown in Table 1. The equilibrium
concentratlions of CHy, CO, COo and Hp and the heating values
as a function of the H/C ratio in the feed at 800°C, L0O psig
with a steam ratio of 5 are shown in Figure 7. The decreases
iln the H/C ratio causes equilibrium concentrations of CHy and
Hp to decrease and those of CO; and CO to increase. A higher
thermodynamic minimum steam ratio with a decrease in the
H/C ratlo of the feed indicates that the methane-steam reaction
is less favorec.

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

Future Work

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

Table 1

Thermodynamic Minimum Steam Ratio

Thermcdynamic

Minimum Steam Operating
Feed - H/C Ratio Ratio Steam Ratio
Methane (CHy) 4.00 0.80 3
Naphtha (CHZ'Z) 2.20 1.20 6
Toluene (C7Hg) 1.14 1.39
Benzene (CgHg) 1.00 1.41 ?
Naphthalere (CqgHg) c.80 1.L44 2
Arnthracene (CjgHig) 0.71 1.45 ?
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Figure.l. Equilibrium concentrat'ions of product gas as

a function of steam ratio at 500°C, 400 psig
and for naphthalene.
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800°C, 400psig, CjoHg
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Figure 2. Equilibrium ccncentrations of product gas as a
function of steam ratio at 800°C, 400 psig and
for naphthalene.
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700°C, Stearn Ratio 5,C,H,
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O Co & H, © Heating value of dry gas CO_ free

100 1000
80 800 1o
: 3
> ~
D
=
52 i )
=
£ b0 : O
= 40 — 4C0 >
5 ?/;/ @ F
é g — i H §
20 200

o) G
200 400 600 800 10C0

Pressure (psig)

Figure 3.

5 and for naphthalene.
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Figure 4. Equilibrium concentrations of product gas as a
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Project A-7

Study of Thermal anc Vapor Phase Catalytic Upgrading
to Coal Liquids

Faculty Advisor: A.G. Oblad
Gracduate Student: R. Ramakrishnan

Introduction

This project 1is concerred with high temperature free
radical and catalytic hydrogenolysis of cozli-derived
ligquids. Preferential rupture of condensed ring aromatics
by these means could lead to lmproved yields of 1liquid
hydrocarbons and decrease consumption of hydrogen as
compared with conventional prccesses for upgrading these
liquids. Accordingly experimental apparatus and procedures
have obeen developed ta carry out this program.

The specifiec cbjectlive of this project is to study the
reaction kinetices and product distribution of the hydrogeno-
lysis og relevant pure compcunds in a temperature range of
500-700°C and a2 hydrogen pressure up to 2000 psi.

Project Status

The reactor surface was sulfided to obtair better results
of thermal hydrogenoiysis of coal-derived liguids. The fabri-
cation of a 500 1 gas holder was also necessary to obtain a

good material balance. Hexadecane was the first compcund to
e studied.

The effect cf pressure on the conversion of hexadecane
to gases and the composltiion of the gas products is shown in
Figure 1. As reportad earlier the conecentration of olefins
decreased with an increase in pressure. A plot of Cq, Ca, C3
and Cy as a function of pressure is given in Figure %. The
compositions are falrly constant indicating that the cracking
mechanism does not change with pressure. Increased conversion
of the feed to gas at higher pressures suggests that the
hydrogen pressure aids in initiating the cracking of hexadecane.

Major componernts in the 1igquid product cther than

hexadecane were Cg, Cgs C7 and CS paraffins (the higher the
paraffin number the lower the concentra<ion).

To minimize plugging and coking of the reactor, ailr was
passa2d through the reactor between every few experiments to
remove any coke deposits. The gas was analyzed for CO and CO»
with no appreclable concentration of either in the combustion
product. The reactor was sulfided before each batch of
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experiments.

Tuture Work

More experiments are planned teo study the effects of the
temperature, reaction time and hydrogen/hexadecane raztio on
hexadecane.
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Project A=S

Syntnesis of Light Hydrocarbons from CO and H2

Faculty Advisor: A.G. Oblad
Graduate Student: C.H. Yang

Introducticn

The oblective of tnls research is to develop sultable
catalysts for hydrogenation of carbon monoxide to C2-Cy
gaseous lower mclecular weight compounds particularly ole-
finic. Craracterizations have been carried out intensively to
different potential formulations. Catalytic stabillty,
kinetics z2nd mechanisms will be studied.

Conversion c¢f 20 has been found to correlate best with
total metal loadings for the Co/Cu Als04 catalyst system.
Hydrocarbon selectivities remalned insehsitive to the Co/Cu
ratio and the C-C; fraction was at its maximum. Iron
catalysts are more promlsing in the production of Cpy=-Cy
olefinlc hydrocarlcns.

Project Status

The following cobzalt/copper catalysts have been prepared
by coprecipitation methods:

CC #1 Co : Cu : Alz03
.8 :5.2 : 90

CC #2 Co : Cu : A12O3
4.8 +5.2 + 90

The above catalysts used NHyCH as the precipitation agent.

CC #3 Co : Cu : A1203
.8 :5.2 : 90

CC #t Coc - Cu A1203
L.8 .3.2 90

The above catalysts used NH;CO3 as the preclpitation agent.
CC #1 and CC #3 were prepared by adding the respective bases
to the bolling metval nitraste solution. CC #2 and CC #4 were
prepared hy slowly pouring the metal nitrate solution into the
precipitation agent solution. All results zre shown in Figure 1.

The different preparation methods gave different activity.

CC #1 and CC #2 were lower in activity compared with CC #3 and
CC #4. Tne adding of the metal nitrate solution to the
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Frecipitation agent solution gave a higher activity than the
catalysts that were prepared by adding the precipitation
agent to the boiling metal nitrate solution even with the
same final pH values. However, the dzta of these catalytic
activities 4id not match with the previous catalytic activity
when NaCCz: was used as the agent under similar conditions.
Small amolints of sodium are provably very critical to the
activity of Co/Cu catalysts.

The following iron catalysts have been prepared from
metal nitrate solutions coprecipitated with NHqCO3. The
resulted precipitate had a pH of 9.

Henatite lron ore
Magnetite iron ore

Fe #§1 Te : Cu : K
100 : 20 : 2
e #2 Fe : Cr : K
100 : 20 : 2
Fe #3 Pe : Zn : K
100 : 20 : 2
Fe #§ TFe
100

Fe #5 Fe : K
100 : 0.2

Iron ore has been used in the Sasol Fischer-Tropsch process
for the last 25 years in South Afrieca. Two iron ore samples
were tested for their activity. They showed lower activity
at 250°C, 500 psig, Ho/CO of 6/4, and SP vel of 1.06 cc/g sec
when compared with other iron catalysts previously tested

and reported. Although product selectivity yielded 50% of
the C,-Cy fraction, the olefin/paraffin ratio was very low.

The activity of Fe #4 was low even at 250°C. However

product selectivity yielded around 50% of Cy-Cy and an O/P of

0.7. Fe #5 was a potassium promoted iron catalyst. Addition
of K Increased the activity of the catalyst to a high level
of CO conversion (57% at 240°C, 500 psig, Hp/CO = 6/4, SP vel =
1.06 ce/g sec). The O/P ratio in the Co-Cy fraction was
increased to 1.2. However, the selectivity to the C»-Cj fraction
dropped to 35% and the CO, fraction increased to 32%.

Addition of Zn, Cr and Cu to the iron catalyst already
promoted by K showed a high selectivity toward CO2 pro-
duction. However each metal had its cwn characteristic
effect on the iron catalysts.

'
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Fe #1 showad the same results as the prevliously tested
catalyst ZK #22. It had only a fair degree c¢f CO conversion
but was highly selective to COp with a low O/P in the Cy-Cy
fraction.

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

ratlio in the C»-Cy, fraction. Caftalyst Fe #3 showed a high
activity for CC conversion, a high product seiectivity to
CO» but only about 15% to Cy-Cy. However this cataliyst
dig get the highest O/P ratlio in the Cp-Cy fraction.

Zinc promoted the iron catalyst to a very high O/P

Future Work

The Co-Cu /Al O3 catalyst system will be continued
for .optimal metal andings with the approprizte promoter.
Kinetle studies will be applied to the optimum catalysts.
Extensive screening of iron catalysts with different promoters
and supports will ke contlinued.
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Project A4-8

Synthesis of Light Hydrccarbons from
CO and H2 (Continued)

Catalyst Characterization Studies

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

Introduction

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

Work has thus far concentrated on the CoCu/A12O catalyst,
which has shown some potential for producing low molécular
welght hydrocarbons from the CO + Hp Fischer-Tropsch reaction.
Hydrogen pretreatment of the oven-dried catalyst was necessary
to achieve large metal areas. Furthermore, a low temperature
hold in Ho during pretreatment gave even better metal

- dispersions. Cobalt helped to disperse the copper. The
-catalyst should not be calecined ir air or No prior to reduc-
tion. BSEM studies indicated a possible alloy in the reduced
statce.

Project Status

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

Adscerption measurements were made on five additional
catalysts which had been run in the high-pressure reactor.
These were pretreated in Ho at 520°C to similate the treat-
ment given in the reactor prior to running the CO + Hp
reaction. To relate the adsorption values to catalytic
activity for the various catalysts, a reaction rate order
must be known. Thils has not been determined yet, but the
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aralopous methanation reaction cver cobzlt has beer. shown
to obey a2 rate approximately of the form:1l

-1/2

r = kapCO (1)

where r 1is the rate of formation of methazne, k is the rate
constant, py ard pcpo are the partial pressures of Hp and

CO. Assuming this rate form also applles to our reaction,
and since H, is i/ excess, the integrated equation becomes

Xp :
H _ . c +3/2 p
57 -1 - U-pg) 2)

wnere SV is the space velocity and ¢ the conversion.
Since py/SV 1is constant in all runs, changes in ¢ reflect
changes in k for various catalysts.

The results, together with previous values, are
presentad in Fiegure 1 in which the function of equation (2}
is plotted against the weight of 0, adsorbed (proportioral
to the metal surface area of the reduced catalyst). A
fairly good correlation is obtained showing that reacti-
vity is proportional to metal area for this catalyst. The
adsorption values above about 9 mg/g are ineffective in
that no additional converslon can be obtained. This may
not hold at Zower reactlon temperatures where conversions
will be lower.

The inltially prepared catalysts using copper
chiloride in the preparation were less active than later
catalysts using copper nitrate. This may be due to a
lower metal area cobtained in the presence of chloride.

The data given in Table 1 demonstrate this effect for
catalysts having approximately the same .netal compositions.
It is nct known why the aznion in the preparation affects
the firial metal dispersion at present.

Scanning eiectron microscope studies were done on
AH-5, ZK-38 and ZK-42. Results at 12,000X cn the ZK-42
catalyst showed a close reiationship in the dispersion
patterns of ccpper and cobalt on the surface. This is
consistent with but rot procf of alley formation 1n the
reduced catalyst.

Future Work

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

Future areas of study are ESCA examination of raduced
catalyst and IR studies of metallic surface components.
In the IR study, peaks for CO adsorption on corper alone
and cobalt alone on the support will be compared against
copper-cobalt peaks in an attempt to confirm alloy formation.
References
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Table 1.

Effect of Copper Salt on Catalyst
Propertizss and Activities

Catalyst 6 7 38
Cu salt used Cl Tl N03
O, adsorption, mg/g 6.3 5.6 7.6
CO conversion, % 6€ 58 89
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Project B-1

Development of Optimum Catalysts and Suppcrts
I. Development of Tecanigue
Faculty Advisor: F.E. Massoth

Graduate Student: M. Moora

Introduction

This project involves assessing diffusional resistances
withln amorphous—type catalysts. Cf primary concern is the
question of whether the larger multiringed aromatizs found
in coal-derived liguids will have adequate accessibility to
the active sites of typical hydrocracking catalysts. When
molecular dimensions approach pore size diameters, the
effectiveness of a partlcular support is reduced owing to
significant mass transfer resistance. A window effect, )
also known as configurational resistance, may even result
when adsorbate molecules are of the same order of magnitude
as the micropore dimensions.

The project objective can be achieved through a systematic
study of the effect of molecular size on sorptive diffusion
kinetics relative to pore geometry. Conceptually, the
diffusion of model aromatic compounds 1s carried out using
a stirred batch reactecr. The preferential uptake of the
aromatics from the aliphatic solvent is measured using a
UV spectrometer. Although the adsorbate molecules utilized
thus far do not approach catalyst pore diameters, a sub-
stantial amount of ground work is needed before more
advanced studies involving larger molecules can be attempted.

Previous work has involved design, fabricatlion and
performance testing of 2 stirred batch recycle reacter to
study diffusional kineties. Early tests showed bulk trans-
fer resistance to be negligible at stirring speeds
exceeding 300 rpm. Inital runs using chrysene as the adsor-
bate on an alumina catalyst shcwed an unexpected siow desorp-
tion following a rapid adsorption. The majority of this
desorption was caused by moisture present in the solvent
(or alr above the solvent) displacing chrysene from the
catalyst surface. However, recent tests using grzater
spectrometer sensitivity indicated that some desocrptlon was
still actually occurring, which was undetected using the
previous analytical sensitivity. This subject will be
discuscsed in more detail.

Adsorptlion rates showed a particle size effect, suggesting
diffusicn~controlled adsorption. Further work with mathematical
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modeling of the data showed trat a snrinking-core or shell-
progressive phenomenon could adequately describe the diffusicnal
vrocess. The solutinn to Flexk's Law in spherical coordinatez
correlated with the experlimental data poorly.

The effect of solvent upon rete was also observed.
Chrysene adsorbed from cyclohexane scolvent showed somewhat
slower kinetics and rsduced fractional uptake compared to
identical tests using n-heptene. The lower diffusivity of
chrysene in cvclohexane coutld be reiated to the decreaese
in sorption kinetlcs.

Project Status

The major investigative effort during this guzrter was
directed towards iow depletion adscorption. 2revious tests
used to study the kinetics of chrysene adsorption on alumina
utilized relatively lazrge reductions in bulk concentration,
cn the order of 50 to 70%. The tests reported here were
carrled out using the same initial concentration (25 mg/1l)
of chrysere, but fractional depletion was held below 10%.
The cor.cept of using minimum depletion in studying che
kinetics is based upon equiliorium considerz2tions. For
examrle, where high soluticn depletion occurs ani adsorption
is irreversible (strong), it may be possitle to achieve
nonequilibrium adsorption. A concentratlon profile could
exlst in the catalyst pellet crcss—-section, with the greatest
concentration being at the outside edge. With time, this
maldistribution of adsorbate would tend to adjusi towards an
eguiliibrium if slow desorption cccurred. A low depletion
of adsorbate from the bulk solution would mirnimlize non-
equilibrium adsorption and would be better suited to the
study of kineties. ‘

Figure 1 is a plot of bulk c¢hrysene concentration vs.
time for a low depletion run. Note the slow desorption
which immediately follows the uptake. Despite treatment of
the solvent to remove moisture and flushing of the reactor
with dry Np. the desorption was noted on every low depletion
test conducted. Although the rete of desorption is small
compared to adsorption, in total magnitude it is a2s much as
65-70% of the adsorbed amount. Previously, no desorpticn was
thought to occur following a high depletion uptake run.
Therefore, a high depletion run was repeated and thne de-
sorption process was indeed observed using the more sensitive
instrument setting. Further work is underway to determine
if impurities present in the clrysene might be causing the
desorption.

In spilte of the effect of the competing desorption process,
the adsorption kinetic data were still treated in the previous
manrier using the contrzeting sphere model. Figure 2 represents



the fractional uptake vs. time for the data presented in
Figure 1, when desorption was ignored. As detailed in
earlier reports, data may be handled to generate a parameter
fg- A linear relationship of fy and time will result if
the diffusion-controlled contracting sphere model applies.
The data presented in Figure 2 is plotted as f3 vs. t in
Figure 3. A good linear fit is observed.

Tabie 1 1is a cormpilation of several low depletion
runs carried out on two different catalysts and using
three different particle sizes. The Harshaw alumina used
previously had a mean pore diameter of about 703. The Kaiser
type C 2lumina had 2_substantially higher mean pore diameter
of approximately 1503.

Four runs are given for each catalyst in Takle 1; three
low depletion tests and one high depletior.. The high
depletion %est was carried out using particles of 18 x 24
mesh size while the three low depletion runs were conducted
on 18 x 24, 24 x 3% and 35 x 50 mesh. Reported also are:
values of £, fractional uptake; the ratalyst weight in grams;
the slope of the £, vs. t plot; the final uptake in mg
chrysene per g catalyst and the final bulk concentration in
mg/l. All tests were conducted using an initial chrysene
concentration of 25 mg/l.

In run C~17 the highk depletlon run on the Harshaw
alumina had a slope of 5.94 x 1077, while run CC-1 the
hign depletion run on Kaiser C type alumina showed a2 slope
of 5.40 x 10-5. Similar agreement is noted for the other
three low depletion runs. All of these show that the effec-
tive diffusivity of chrysene is virtually identical in the
two catalysts. Since the critical molecular diameter of
chrysene is between 9 and 10R§ g negligible amount of drag
from the pore walls may be encountered by the molecules &s
they diffuse towards the particle interior. Therefore the
diffusivities in both catalysts would be identical since the
mean pore diameter is many times greater than molecular
dimensicns.

As demonstrated In earlier reports, the contracting
sphere model should shew zn inverse relationship of rate to
the square of the particle radius Tfor pore-diffusion control.
The particles of catalyst used in each of three mesh sizes
were measured -using a 60-power magnifier equipped with a
measuring scale. Twenty measurements were made for each
cut size and an average value calculated. Figures 4 and 5
show the six low depletion runs reported in Table 1 plotted
as slope of the £, vs. © plot against the inverse of r2. A
reascnable linear fit can be made for beth sets of tests, thus
providing good evldence for the shrinking core model.

'
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Menticn was made 1n the previcus report of attempts to
measure the concentratlion profile of adsorbate on the
catalyst pellet cross-section. Such guantitative data would
be extremely valuable evidence in suppert of the maldistri-
bution theory presented above. Unfortunately, the low
adsorbate concentrations were beyond the detectable limit

of the scanning electron microscope or the electron micro-
probe.

Tuture Work

Further testling of chrysene impurities as the cause of
the unexpected desorption wlll be done. Several runs using
a2 smaller adsorbate, naphthalene, will also be made. Following
the completion of experimental work, the data will be
analyzed and correlated for publication as a technlcal report.




Summary of Low Depletlon Tests

Table 1

Run No. Catalyst Mesh £ Wt Slope of Uptake c

Size (8)  rqvs, v (mg/e)  (mg/1)
_ (x107)

LD-9 Horshaw-Al,0, | 18x24 | 0.098 | 0.1782 | 1,10 3,44 22,55
LD-14 " 24x35 | 0.100 | 0.1501 | 1.87 4,16 22,50
o LD-16 " 35x50 | 0.048 | 0.0999 6.3é 3.00 23,80
C~-17 f' 18x24 | 0.859 | 0.9925 | 0.59 5,41 3.53
LDC-1 Kaiser C-Al,0, | 18x24 | 0.078 | 0.1812 | 1.09 2.66 23.06
LDG=5 " 29x35 | 0.062 | 0.1490 | 2.5k 2.61 23.45
LDC-7 " 35x50 | 0.107 | 0.1460 | 5.97 4,59 22,32
cc-1 " 18x24 | 0.641 | 0.9939 | 0.54 4,03 8.98
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Project B=-1

Development of Optimum Catalysts and Supports
II. Application to Large Molecules

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

Tntroduction

Since coal liquids may contain rather large molecules,
this phase of project B-1 extents the research to large
molecules. The primary emphasis in this study 1s tc assess
the diffusicnal characteristics of macromolecules in
realistic catalyst supports. Findings from previous work
will be compared to the present results to determine if
simple extension of principles derived therefrom will
apply to the large molecules. Similar experimental tech-
nigques developed in the first phase are employed here,
although experiments may have to be run at higher temperatures
to achleve adequate solubillity and diffusion rates.

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

Project Status

Adsorption mezsurements were made at low solution
depletions (5-10%) to check whether nonuniform adsorption
was occurring withia the catalyst partiecles during high
depletion runs. At low solution depletion, such effects
shoulé bpe minimized. Tests with chrysene on catalyst C
alumina still gave considerable scatter even at low
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depletions. The results of two tect series are shown in
Figure 1 wlth estlmated error limits. Scatter was more
prcnounced at the higher concentrations. A flat region
of adscrption i1s suggested in the range of 1C-40 ppm
chrysene, but ever: here large scatter was obtained.
Possible sources of error zre (1) moisture pickup during
handling and stcrage of samples, (2) impurities in the
chrysene and (3) random errors in measuring the "V absor-
bance, especially in the smaller solution deplztion runs.
Obviously, the adsorption problem remains unresolved and
better experimental procedures are needed.

To assess the acidlc properties of the aluminas
being used for the adsorption and later diffusion studies,
acldity measurements were undertaken using the Benesi
method.Ll;2This involves observing color changes of various
Hammett indicators after titrating the sample with n-
butylamine. Indicators were reagent grade and used with-
out further purification. The n-butylamine was purified
by simple distillation. Catalysts were ground into fine
particles to remove any diffusional effects on the acidity
value. Particle sizes ranged from 150 to 200 mesh.
Ground catzlysts were calcined at 500° overnight in a muffile
furnace, and then about 1 gram of catalyst was put into
several screw-capped vials, weighed, sealed and stored in
a dry dessicator until use. About 10 ml of dry cyclohexune
was added to the catalyst and titrated with an appropriate
amount of 0.05 N of n-butylamine in cyclohexane. The
catalyst suspension was divided into five fractions and
each was subjected to the color test with five different

Hammett indicators. Final results are summarized in Table
1.

The results of Table 1 show that most of the acidity
resides 1ln strong acld sites of pKy; <-5.6. This is contrary
to the results of Ratnasamy et al. who found no acidity in
this range but appreciable %cidity in the range -5.6<pKz<3
Tor their alumina catalyst. Also, their adsorpticn
amounts are less than ours. They may have had some adsorbved
water on thelr catalyst, since exposure of our catalyst to
laboratory air resulted in a loss in strong acigity. A
similar effect was observed by Hirschler et al.5 Catalyst
C has a higher intrinsic acidity (surface area basis)
compared with the others. When comparing the number of
active sltes used for aromatic adsorption, which was
calculated from the adsorpticn isotherm data for rubrens
and perphine, only less than 10% of the strong acid sites
may be utllized for aromatic adsorption.

7Future Work

Future work will involve adsorption isotherm tests
for chrysene with 2 constant-stirred reactor, by injecting
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a concentrated solution of the aromatic into the reactor
contalining catalyst and solvent. Solute will be injected
step-wise to get a range of concentration and adsorption
isotherms will be determined. Technigues obtained from

the filrst phase of this project will be utilized for

this purpose. Also kinetiec studies on diffusion of these
large aromatic compounds into catalyst pores will be started.
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Table 1

Acidity of Alumina Catalysts

n-butylamine titre, mmol/g

pK,_ rangea

~8.2 to =5.6 -5.6 Lo -3.0 ~3.0 to 1.5 1.5 to 3.3 mmol/m

Strong ﬁc%géby
X

&1293 Area, m?/g

C 200
D 245
L 350
CK-300P 183

0.48 0
0.27 0.06
0.22 0
0.17 -

0

0

0 2.4
0 1.1
0 0.6
- 0.9

Brndicators used: Chalcone (pKy » -5.6), Dicinnamalacetone (-3
and Butter Yellow (+3.3).

I\

A pure Y-A1203 from Ketjen.

.0), Benzeneazodiphenylamine (+1.5)



Figure 1. Adsorption Isotherm of Chrysene
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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

Introduection

The importance of cobalt molybdena catalysts for
hydrotreating arid hydrodesulfurization of petroleum feed
stocks is well known. These catalysts are also being
studied in the hydrodesulfurization and liquefaction of
coal slurries and cosal-derived liquids. However, these
complex feed stocks result in rapid deactivation of the
catalysts. To galn an insight into the deactivation
mechanlsm, detaliled kinetic studies on the model compound,
terzotnlophene, is planned to assess the effect of poisons
and coke precursors. The studies are planned using a
constant stirred microbalance reactor enabling
simultaneous measurerent of catalyst weight change and
activitv.

Initial runs on benzothiophene hydrodesulfurization
revealed the following:

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

2) An increase in benzothiophene partial pressure
decreased conversion.

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

4) An increase in hydrogen partia’ pressure increased
conversion.

5) Cnanges in ethylbenzene partial pressure had no
effect on conversion.

6) The presence of water had a negligible effect.

7) The presence of pyridine decreased conversion to a
large extent. Also benzothiophene and ethylbenzene formed
coke in the absence of hydrogen.
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The kinetic data obteined con penzothlophene hydro-
desulfurization showed considerable scatter. To cnsck
the reactor performance, benzene hydrogenation studies
were carried out.

Project Status

Previous tests with benzene hydrogenation showed
that the micrcbalance reactoi verformed as a constant
stirred tank reactor (CSTR). However, these tests had
been made using a gaseous benzene-hydrogen feed to the
reactor, which was accomplished by passing the Hp stream
through benzene in a bubbler. To introduce the high-
boiling benzothiophene, a side arm capillary was attached
to the bottom of the reactor (see Fig 1 of reference 2)
and a mixture of benzothiophene in heptane was introduced
into this side arm by means of a Sage pump. Since the
initial kinetic data showed considerable scatter, it was
decided to check the effectiveness of this new reactor
arrangement with the benzene-hydrogen reaction, but
now introducing the benzene into the side arm as liguid.
The same catalyst (Ni on Alp0O3) was used as before.t
The hydrogen flow wss spiit intc two parts, one entering
the main shaft and the other the side arm; benzene was
. pumped into the side arm with the Sage pump. The benzene
flcw rate affected the degree of conversion indlecating
that imperfect mixing was occurring. Changes in stirrer
speed also had an effect on conversion. At lower benzene
concentrations, the variations in benzene flow rate had
little effect on conversion compared with variations at
higher benzene concentrations. At higher benzene con-
centrations, the effectiveness of mixing in the reactor is
poor. - Since the range of concentrations where the reactor
performance approached the ideal CSTR was low for kinetic
studies with bengzothiophen=, it was decided to modify the
reactor design %o improve the mixing characteristics. This
entalled changes in the reactor configuration to allow
better liquid vaporization and mixing prior to entering
the reactor. The new reactor is currently undergolng fabri-
catlion in the glass shop.

Meanwhlle, experiments are under way to study the
reversible hydrogen sulfide adsorption characteristics on
Co-Mo and Mo catalysts. The evalution of egquilibrium
constants from these experiments will be useful in the kinetic
studies on benzothiophene later. The adsorption experiments
are carried ocut in the microbzlance on the presulfided catalyst.
The extent and reversibility are determined from weight changes
at various HQS/HZ ratios under flow conditions. Buoyancy
corrections for gas density of the various mixtures have been

’
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made using an inert charge. Preliminary results showed

the expected ircrease in adsorption with increase 1in

H5S partlal pressure; however, a hysteresis in the isotherm
was observed.

Fiture Work

Sulfiding studies on the Co-Mo catalyst will be fcllowed
by that o1 a Mo catalyst. The effect of thiophene, water,
anmonia and pyridine on the nydrogen sulfide adsorption will
be studied. Tais is expected to give an idea of the nature
of poisoning on the adsorption equilibrium of hydrogen
sulflde on the catalysts.

The mediflied reactor will be fabricated and initial
trizl runs will be made with the benzene-hydrogen prior
to running benzothiophene.
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Project B-3
Fundamental Studies on Hydrogen Transfer
Faculty Advisor: S.W. Cowley
Graduate Student: D.S. Moulton

~ntroduction

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

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

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

Project Status

The materials afdzcatalysts were from the same stock as
previously reported.”—? The gamma alumina was given the
catalyst pretreatment previously described.l It was also
evacuated (10-3 torr) at 549°C overnight. '

. A sample of the solid phosphoric acid catzliyst was
deuterated at 300°C by exposure to D0 vapor and then
evacuated for one hour. A mixture of 2-methylbutane (60
torr) and inert gas was circulated over the catalyst at
300°C for 24 hours without exchange. However surface ex-
change did occur when 2-methylpropene (£ torr) was added
to the circulating mixture.
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Figures 1 and 2 show the mass spectra before and afier
exchange. The parent peak of the 2-methylprorene is at m/e
5€¢ and the peaks at m/e 57 through 64 are partly due to
exchanged olefin. Breakdown fragments from the 2-methylbutane
also contribute. The parent peak of 2-methylbutane is at
m/e 72, and the peaks at m/e 73 to 83 are entirely due %o
the exchanged paraffin except for the natural isotcne abun-
dance at m/e 73. Exchange cccurred ir beth the olefin and the
paraffin; the m/e 59-54 peaks would have been smaller if
olefin exchange had not cccurred.

Deuterium i1s incorporated into the olefin by combining
with a surface deuteron which produces an adsorbed carbonium
ion. Loss of a proton returns the ion to an olefin with
the deuterium incerporated in the molecule. This process
may repeat several times resulting in multiple exchange of
hydrogen for deuteriumn.

c ot c —ut z
c—Lt=c 22 c—{—C) Z» c—<=C(D)

(adsorbed)

The first peaks to appear after olefin addition were in
the m/e 60-53 range indicating that the mcst rapid reaction
was exchange with the olefin. Exchange peaks inr the m/e 73-
83 range appeared later indicating that the reaction producing
carbonium lons from the 2-methylbutane occurred more slowly.

The Cy carbonium ion formed in the above reaction may
abstract a hydride lon from the tertiary position of 2-methyl-
butane resulting in a Cg5 carvonium ion. Loss of a proton to
the surface would result in Ce olefin formaticn and would
exchange in the same fashion as the Cj olefin. However, a
separate test 1rdicated that a hydride ilon was not abstracted,
but that a small amount of Cs olefin was produced at the
expense of the Cj; olefin by some other route. The Cr olefin
may have exchanged with the surface in the same way as did the
Cy olefin. The C5 olefin formation may be induced thermally,
and an experiment i1s planned to test this possibility.

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

Changes in the m/e 70 and 73 peaks are shown in Figure 3.

The m/e 73 peak 1s due to the 2-methylbutane containing a
single deuterium. The m/e 70 peak is the parent peak of Cs
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olefins., There was no significant increase in the m/e 73

peak other than from the natural isotope abundance indicating
that no hydride transfer occurred before or after olefin
addition. The increase in the m/e 70 peak following addition
of the Cy olefin indicates that some Cx ovlefin was produced.
The iInitial slight decrease in the m/é 70 peak was probably
due to polymerization of some impurities on the fresh catalyst.

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

A number cf changes occurred in the mass spectrum. The
m/e 72 peak 1s the parent peak of 2-methylbutane. The peaks
at m/e 73 and 74 result from the 41 and dp exchanged moliecules.
Changes in these peaks are shown in Figure 4.

Exchange occurred only when the temperature was suificient
to induce cracking. This was evidenced by the formation of
significant amounts of methane and hydrogen, accompanied by
a decrease in the total amount of Cc hydrocarbon. It is
possible that deuteride (hydride) tPansfer dié ocecur under
these conditions along with some deuterium scrambling.

Some products may have been produced thermally in the
gamma-alumina test. HKowever, when the products of the scliid
phosphoric acid test were compared with the gamma-alumina test
under similar conditions, nc cracking occurred in the former
test. Thereforg the gamma alumina reaction must be catalytic.

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

Future Work

These reactions will be tried.on zinc chloride and zinec
chloride/coal combinations. A suitzble inert and water-Iree
support for zinc chloride must be selected. Following the
tests on anhydrous ZnCl,, different amounts of water will be
added tc the ZnCl, and the tests repeated. Tests on metallic
zinc and zinc chloride/coal combinations will follow.

.
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Table 1

Reactions Occurrling over Catalysts of Known Acid Type

Reaction 1 12 2 22 3
Acid ype

Bronstead oaly no yes no no no
Lewlis + Broanstead yes ves no
Lewls + base yes no yes

a2-methylpropene (10%) added to_réactants.
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Project B-4
Mechanism of Catalytic Hydrogenation
by Metal Halide Catalysts
Chemical Structure of Heavy 0ils Derived by Coal Hydrogenation

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

Intrcduction

The chemical structure of the heavy oil fraction of coal
1s analyzed by structural analysis techniques to determine
the proyerties of the oil and to follow the reactions.

The oll is first separated on the basis of solubility and
then on the basis of size. The heavy olls are produced

by hydrcgenating a high-volatile bituminous coal in an
entrained-Ilow reactor using ZnCls as a catalyst. No
vehicle o0il is used. The heavy oil is defined as the oil
collected in the first condsnsor of the system. The amount
of ZnCly catalyst used during hydrogenation has a strong
effect on the yield of products in the heavy oil, even

when the total conversion 1s held constant. As the
percentage of catalyst is increased from 1.5 to 6 percent
by weight ol zinc to coal, the yield of asphaltenes
decreases significantly and the molecular weight of the
asphaltene and hexane-soluble cil fractions decreases.
Structural analysis of the products cenfirms that the

type of products are the same, even though the yields change.

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

Project Status

The structural parameters obtained by Brown and
Ladner's technique have been reported for the asphaltene
and aromatic oll sub-fractions. These results were based
on the elemental analysis and the hydrogen types as deter-
mined by nuclear magnetic resonance, NMR. The hydrogens
were divided into those that are a to aromatic rings and
those that are B or further from aromatic rings. These
results have been improved by introducing a third type of
proton, the protons attached to methyl groups. The ratio of
carbon to hydrogen 1s assumed to be 2 except in the methyl
groups where it 1s three. The significant structural

parameters are compared in Figures 1 and 2 for the asphaltenes

71




and Figures 3 and 4 for the aromatic oils. Structural
parameters are plotted versus the gel permeation elution
volume for the different sub-fractions.

A computer was used to determine optimum values for
the average structural parameters. In addition to elemental
analysis and proton distributions, mclecular weight and
density are also used. The optimum values for the para-
meters are also shown in Figures 1-4. The fraction ol
aromatic carbons, fz, and the length of aliphatic side
chains, Hy/Hq+l, show reasonable agreement. The degree
of substitution, 5, and the hydrogen to carbon ratio of
the hypothetical unsubstituted aromatic ring unit, Hay/Cy,
show wide fluctuations. The computer results suggest a
more condensed system. '

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

Future Work

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

Mechanism of Catalytic Hydrogenation
by Metal Hallde Catalysts

Faeulty Advisor: R.E. Wood
Graduate Student: Doug Stua-*

Introduction

The relatively new technigues of ESCA (Electron
Spectroscopy for Chemical Analysis) and Auger Electron
Spectroscopy are being used to investigate the catalytic
hydrogenation of coal by metal halide catalysts. Data
obtalned rrom Auger Electron Spectroscopy studies are
evidence tunat zinc chloride participates with coal-
derived rree radicals in the hydrogenation process. Attempts
to find such interactions in a stannous chloride impregnated
coal zample and a cuprous chloride impregnated coal sample
were not successful. A possible explanation is the difference
between the two ESCA units used. Work this quarter has been
to evaiuate these differences.

Project Status

The DuPont ESCA unit has been replaced by the Hewlett
Packard (HP) ESCA unit. Selected samples similar to those
analyzed witk the DuPont unit are being prepzared by the
previously described method. However, thers is 2 minor
change after drying. The samples are now placed in a 65
miliitorr vacuum overnight and sample mounting is accom-
plished in an inert atmospherse.

Table 1 is 2 brief comparison of the two ESCA units
used. The X-ray source of the DuPont unit is closer to the
sample for maximum X-ray flux. In the HP unit, the X-ray
beam is about 100-fold less intense at the sample surface
because of the monochromator. However, the monochromatic
radiation improves the spectral resolution and eliminates
interference from satellite peaks. Both instruments are
calibrated to record intensity vs. binding energy of the
photoelectron peaks. Because of this and the photoelectron
peaks which are dependent on the energy of the incident
X-rays and the Auger peaks which are irdependent of X-ray
energy, the Auger electron peaks shift from one instrument
to the other-in binding energy by an amount equal to the
difference in X-ray energles. Sample temperature also
varies from one instrument to the other. The vacuum in the
HP unit is at least two orders of magnitude better. In the
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insuiaters in the HP unit, a2 streamr of low energy electrons
from the "flood gun" prevents the surface of the sample
from becoming electrically charged. To compensate for

the loss ol X-ray flux, an electron lens and multiple
channe. detection system are used. All these differences
between instruments mey affect each sample ana its spectrum.

The specta in Figure 1 were obtained from samples used
in the original investigation. Curve A is for a 12 wt %
zinc chloride (maf coal basis) impregnated Kaiparowitz, Utah
coal sample prepared from a zinc chloride solution and
dehydrated without the use of heat. Curves B and C are
from similar samples dehydrated at 110°C overnignt and
heated to L4509C in a slow flow of hydrogen, respectively.
These spectra were from the DuPont unit.

The sprectra iIn Figure 2 were obtained during the past
guarter using the HP unit. Curves A and B are from the
same samples as Curves A and C in Figure 1, respectively.
Curve C in Figure 2 is from a 12 wt % (maf coal basis)
zine chloride impregnated Xaiparowitz coal sample pregpared
similarly to the sample of Curve B in Figure 1. Curve D
is obtained from the same sample as Curve C and has been
heated in hydrogen to 450°C similarly to Curve C in Figure 1.
Curve E 1s the same data as Curve D but has been mathematically
smoothed using a device bullt into the HP unit.

In Figure 1 the spectra are drawn as recoréed by the
DuPont unit. The numbers zre corrected binding energies
since the entire spectrum is shifted by a constant correc-
tion factor. In Figure 2 the numbers are instrumental
binding energies of the specific labled dot. The numbers
in parenthesies are corrected binding energies.

Figure 1 illustrates the specified change originally
observed. The peaks at 355 eV and 346 eV disaprear and the
peaks at 353 eV and 350 eV cppear as a function of the
temperature to which the sample nas beern heated. The two
samples still available from the original study (Fig 1 Curves
A and C) appear quite differently when analyzed with the HP
unit (Fig 2 Curves A and B). Most noticeable is the 232 eV
difference in binding energy as explained before. Also
a peak corresponding to 349 eV in Figure 1A does not appear
in Figure 2A. The impregnated coal sample heated to 450°C
shows a distinct decrease in splitting between the two
peaks (from 9 eV to 3.7 eV) in Figure 1C, but in Figure 2B
the splitting 1s so nearly buried in the background that
the data 1s guestionable. Figure 2C is from a sample prepares
similarly to the sample shown in Figure 1B. Again the
sample spectra obtained from the DuPont unit showed some
change with the 350 eV peak larger than the 348 eV peak.
Hewever, the HP unit showed no change in splitting from a
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pure zinc chloride sample. When the sample of Figure 2C was
heated <o U450°C in hydrogen, Figure 2D resulted. The
splitsing is again buried in the background. Figure 2E is

a smootn curve of the data 1n Figure 2D. A splitting of

4.5 eV between peaks can be seen, howaver, the data 1s gquan-
titatively unreliable.

2cause the change in splitting is still present, the
8 need to Le prepared more carefully so that the
op ~—-ting can ve measured prezisely. The HP unit has
improved spectral resolution ovsr the DuPont unit but has
decreaced sensitivity. An alternate explanation fer the low
signal is that the improved vacuum causes a2 loss of zinc
chloride.

Future Work

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

Table 1 .

Item DuPont &50B Hewlett Packard 5950B

Electron Spectrometer
X-Ray source 1254 eV Mg K, 1486 eV Al X

polychromatic monochromatic
Sample temp ~50°C <50°C o

‘ cold probe: =507C

Vacuum 1070 o 1077 torr 1078 to0 1079 torr
Charging None Electron flood gun
compensation
Method of data 3Single scan at Multiple scans at
accumulstion variable rate constant rate
Detector Single energy Multiple channel
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Figure 1. DuPont 650B Electron Spectrometer
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rroject C-1

The Mechanism of Pyrolysis of Bituminous Coal

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

Introduction

The mechanism of coal pyrolysis to yield liguid fuels
has been of interest for a long time. Studies at this
university have indicated that coal pyrolysis at constant
temperature is second crder with respect to the amount
of unreacted coal. Lahiri has shown that hydroarcmatic
structures are essential for the production of tar during
coal pyrolysis. Studies will be done to discern the actual

role of nydroaromatic structures in bituminous cozl in the
production of wvolatile matter.

Project Status

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

Future Work

Once the mecdel compounds are obtained, they will be
pyrolyzed and the volatile matter evolved examined to see
if stabilization of therrzlly produced fragments from the
model compound, such as benzsne rings, has occurred

involving transfer of the hydrogen from the htydroaromatic
structure.
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Project C-2

Heat Transfer to Gas-S0lid Suspensions in
Vertical Cocurrent Downflow

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

Introduction

The purpose of this study 1s to investlgate the heat
and momentum transport mechanisms for cocurrent downward,
two~-phase Tlow of gas and solids in a vertical tube. The
application of such a flow mode to the University of Utah
continuous hydrogenatlon reactor may be desirable. Coal
particles and hydrogen would flow together through a heated
tube such that the rate of heat transfer to the two-phase
mixture could be the controlling factor in the reaction rate.
Initial data on fluid mechanical phenomena, such as holdup
and pressure drop, have been obtained for test glass beads at
flow rates to 300 lb/hr carried by air at Reynolds numbers
to 30,000. Apparatus is belng constructed and assembled for
subsequent experiments with coal particles. .

Project Status

During the past quarter holdup and pressure drop data
were obtained for various solids-to-gas loading ratics with
the plass bead-alr system at amblent conditlons. A computer
program was developed and used to process the raw data
obtained. Two hundred pounds of newly cbtailned glass beads.
(Potters Industries, Inc, technical quality glass beads "P"
series) were screzned to obtain 100 1b of the -4#5/+50 mesh
portion for the experiment. The average diameter and the
sphere count percentage of the screened beads were determined
to be 329 microns and 93.8 percent, respectively. New sets of
repulators and a four-way pneumztic valve were added to
the existing slide-valve actuating mechanisms to control each
valve indepenrndently.

ifter about three months of test runs, several samples
of the beads were examined under the mlceroscope. Their
breaking or attrition caused by pneumatlc transport was not
significant. '

As a thecretical basis for the analysis of the data, the
equatlion of particle motion (Eg 1) was solved together with
the cgntinuity equations for the gas and sollds phase (Eq 2
and 3). .
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Usg’ Usp = superficial velocltles of gas and solids phase
US’ Up = actual veloclties of gas and sollds phase

CD = drag cgefficient, f(NRe)

Vs = slip velocity, Ug-Up

Ep = soilds holdup

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

3
dE p_ o 3p
2 = 4%2;%9g;+ =2 Cp VoIVl c?l:) (4)
dz Pp ppdp D "s!'’s Usp

where,
_ U 3]
VS = " Sg _ S
1-E E
P P
24

Cph = (N._ .. < 0.3)

D NRe,p R"’p -

C. = 1325 (0.3 < N < 1000)

D NRe 0.6 = " "Re,p -
. »P

CD = 0.44 (1000 < NRe,p < 20,000).
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Solutions of EZq (4) for gas Reynolds numbers of 1500 (laminar
flow) and 7930 {(transition or turbulent flow) are shown as
curves in Fig 1 and 2 together with experimental data.
Results from Fig 1 indicate that experimental holdup values
are always higher than predicted by Eq 4. The dirfferences
might come from a velocity gradient in the tube. In the
transition or turbulent region, however, better agreement
between experimental and calculated holdup values were
obtalned as are seen in Fig 2, especially in the low solids
flow rate region where particle-to-particle interactions are
thought to be insignificant. Increasing deviations at
higher solids feed rates may be due to increasing particle
interaction effects.

Figure 3 shows the effect of superficial gas velocity on
pressure drop at various solids unoldups (or solids concentra-
tion). A negative pressure drop occurs below gas velocities
of 10 f+/sec. The presence of -oth negative and positive
pressure drops 1s characteristic of the downflow system. More
data are needed to fully explain the existence of a limiting
gas veloclty for the negative pressure drop.

During the past quarter the vibratory feeder arrived.
Coal samples were obtained and screened, an appropriate
phosphor was .obtained for tagging the coal samples to be
used 1in the velocity measurements, and preliminary experiments
were conducted to determine whether the tagging technigue
would yield an accurzcte measurement of particle velocity.

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

4 small sample of phosphorescent pigment Grade 100/A-F
was obtained from United Mineral and Chemical Corporation for
tagging the coal, The pigment which is ZnS:Cu is in the
form of a powder with a particle size of about 25 microns.
The powder can be exclted by daylight, artificial white light
or UV causing the emission of a strong green peak decaying
over several hours. Cozl particles with arn approximate size
of 400 microns have been tagged by the following method:

The coal particles are washed with acetone to wet their sur-
faces and then rinsed in a solution of technical grade sodium
silicate solution diluted with water. After removing the
excess solution with paper toweling, the particles are mixed
with the powder and stirred until dry to prevent agglomeration.

+
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A light detector for detecting the injected coal samples
1s being fabricated. The detector which will be tested
first is an RCA S531-A photomultiplier tube. It is inexpensive,
rugged, has high gain and fast response, and is sensitive in
the range of enission of the phosphor.

The system for injecting the tagged ccal samples is
shown in Figure 4, The injector utilizes a short pulse of
compressed gas to blow the sample from the loading tee into
the tube. The characteristics of the pulse can be varied
by changing the injecticn pressure and volure of the
compressed gas chamber. Two ball valves permit easy loading
of the sample into the loading tee.

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

A study was conducted to determine the explosion hazards
cf using air as the *transporting gas in the experiments.
Because coal dust explosions occur when coal particles less
than 1000 microns are transported by gas with an oxygen

content greater than approximately 15 percent by volume, an
inert gas is being considered.

Future Work

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

be slightly modified to insure smooth introduction of the
air.

Pians for the coal-gas system include completing the
screening of the coal samples, installation of the feeder
and testing of the detector. The gas flow system will be
planned and equipment ordered. If the phosphor tagging ..
technigue proves successful, larger quantities of the phosphor
will be ordered and a second detector z2nd a timing mechanism
for the particle velocity measurement will be constructed.
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Project D-1

Coal Particle and Catalyst Characteristics for
Hydrogenaticn Evaluation and Testing

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

Introducticn

This effort is related to the effects ¢ coal particle
sige on coal hydrogenation. The existing hydrogenation
equipment from ERDA Project FE(49-18) -~ 1200 is being used.
The reaction vessel consists of z series of colled tubes,
each approximately 20 feet long. The reaction zone consists
of a preheat and a reactcr section. The preheat section
contains two coiled tubes in series containing 44 feet of
3/16 inch ID tubing. The reactor section is in series with
the preheat section and contains three tubes with a total
length of 64 feet of 1/4 inch ID Subing.

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

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

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

Project Status

The pyrolysis of coal is only slightlylendothermic or
exothermic depending on the carbon content. However, upon
hydrogenation the reaction becomes highly exothermic. Fig
1 shews the relative heat of reaction of coal hydrogenation
vs. converslion. Relative heat of reaction is evaluated
by determining the amovnt of cooling necessary to keep the
reactor temperature from rising abeve the set point. The
scale from 0 to 10 refers to the amount of air blown onto
the reactor for cooling. Very little heat is evolved below
60% conversion when using coal from Clear Creek, Utah.
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However, the heat evolved incrz2ases rapidly at conversion
levels above 60%. The proximate analysis of the cozl used
is shown in Table 1. The volatile matter is 45.63 percent.

Table 1

Clear Creek, Utah Coal
Proximate Analysis

20 % 6.73 MAF®
Ash % 8.19

Volatile matter % 38.82 45.63
Fixed Carbon % L6.26 54.37

aMAF - moisture.ésh free basis.

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

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

The effects of particle size have been studied during
this quarter. 1In Figure 3 the conversion is plotted against
the residence time of the coal 1n the reuctor at various
particle sizes. The rate of conversion of coal to liquids
and gases increases as the particle size decreases. The
particle size effect diminishes as the conversion irareases
and disappears above 80%. This is probably because of
the agglomeration or massing of particles. A viscous liguid
made up of agglomerated coal particles results and is
“~-sferred through the reactor tube in the shape of an
a2 alar ring along the wall.

On the basis of increasing the reactor space rate
utiiization factor and decreasing hydrogen consumption
the conversion snould be 60-70%. The residence time should
be less than 150 seconds and the p- rticle size should be
the smallest possible when consider:.ng grinding costs and
feeding capability.

The reactor temperature has also been studied. Figure
L shows an increase in residence time with an increase in
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tenperature. The residence time increases rapidly above
962°F indicating a2 plugged reactor at higher temperatures.
The preduct distribution of these tests is shown in Figure

5. At a conversion level of 60-70% total hydrocarbon liguids
would be in the range of U45-53% with gases at 5-6%.

Increases in conversion at higher temperatures are pri-
marily in the form of increased heavy iiquids.

Future Work

In Figure 3 the present curves will be extended and
other particle sizes will be included. More complete
material balznces will be made by the newly obtained C,

H, N analyser. The hydrogen consumption will be monitored
andé more closely correlated with the relative heat of
reaction and conversion. A& material balance on zinc

will be performed. The purchase of an X-ray fluorescence
analyser whichk would permit a material balance on chlorine
is being considered.

References
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Project D-2
The Effect of Structure on Coal Reactivity
Structure of Coal Asphaltenes

Faculty Adviscr: D.M. Bodily
Graduate, Student: D. Roylance

Introduction

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

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

Project Status

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

Future Work

Asphaltene samples will be treated and analyzed by
gel periceation chromatography to determine structural changes.

References
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Project D-U

Pyrolytic Studles and Separation and Charzcterization
of Cozl-Derived Liquids

The Separation and Characterization of Coal-Derived Liquids

Faculty Advisor: R.R. Beishline

Tntroduction

This project deals with the investigation of promising
methods for analyzing and identifying the lighter fractions
of coal hydrogenation liquids. A spinning band (SB) dis-
tillation column 1s being used to determine whether frac-
tionation can separate pure components directly from complex
coal-derived liquids. Also S3 distillation in combination
with preparative gas chromatograrhy (PGC) is being tested.

The long range objective is to formulate a reasonable
analytical schem= for characterization of coal-derived liguids.

A procedure has been developed to remove tar bases and
acids from ecrude coal hydrogenation liguids via distillation
and extraction with aqueous acid and sase, respectively.

No organic solvents are used, thus avociding contamination
of the hydrogenation products.

The bromine numbers for five course neutral hydrocarbon
cuts boiling from room temperature (atm) to 9&°C (10 torr)
have been determined.

SB fractionation of crude material boiling up to 100°C
(atm) d4id not give distillates consisting of pure components,
but did effectively cut the pot charges into smaller less
complex fractions.

SB distillation in combiration wlth PGT is an effective
method for separating the light coal hydrcgenation liquids
boiling up to 100°C (atm) where identification by GC-MS is
not available. (Identification by GC-MS is more time econo-
mical.) The information obtained in tnis research will be
directly applicable to GC-MS identification and the column
packings that give the btest separaticns for PGC and GC-MS.

Using SB distillation plus PGC, the components in the
" 80-100°C (atm) ccal fraction have been separated and isolated,
and compounds representing about 7C volume % of the fraction
have been spectroscopically identified (MS,IR, NMR).
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Project Status

A general analytical scheme for light coal-derived
hydrocarbon mixtures is being developed. A low boiling
coal liquid was cut into standard fractions having sharply
defined boiling ranges. This coal liquid was prepared in
the University of Utah coal reactor by hydrogenation of
Clear Creek, Utah coal. The light materials were steam
distilled from the total coal hydrogenation liguid to 150°C.
This distillate, which comprised 2-3 weight % of the original
coal, was collected from several different runs in which the
percent conversion ranged from 60-90%. Six weight % ZnClp
was used as a catalyst in all the runs. The crude distillate
was extracted with 6N NaOH and 6N HpSOy to remove tar acids
and bases, respectively, and then washed with water and
dried over anhydrous MgS0)y. The extractions reduced the
volume of the coal liquid from 368 ml to 275 ml. The neutral
sample was then rough cut (1 x 16 em distillation column
packed with 6 mm glass helicies) into three fractions (Table 1).

Table 1

Coarse Distillation of Light, Neutrzl Coal Hydrogenatior Liquid

Rough Cut Boilling Range Pressure (torr) Volume (ml)
(¢c)
1 65-103 atm L6
2 50-100 97 75
3 34-100 T 117

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

Table 2
SB Distillation of Rough Cut 1 , 200:1 Reflux Ratio, Atm Press.
Fraction Boiling Range (°C) Volume (ml)
1 30-40 1.5
2 40-50 1.0
3 50-60 3.2
4 60-70 10.2
5 70-80 5.8
6 80-90 12.5
T 90-100- 10.2
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Previcus work has shown that coal-derived hydrocarbons
boiling below B80CC are effectively separated (GC) on Carbo-
pack C/0.19% picric acid, less well separated on SP2100
and poorly separated on Carbowax 20M, Apiezon L and TCEP
columns. GC analysis of Fractions 1-5 (Table 2) shcws the
same trend. A combined fraction was made by mixing small
gquantities of Fractions 1-% in amounts proportional to
their volumes. The best GC seperation of this ccmbined
fraction which has thus far been achieved (1/8" x 6' stain-
less steel column packed with Carbopack C/0.19% pieric acid,
60ml/min He, initial temperature 559C, programmed 1.5°/min
to an upper limit of 120°C) Is showa in Figure 1.

Future Work

Rough Cuts 2 and 3 will be distilled into 10° fractions
through the SB column. GC examination of the 108° fracticns
will be continued to find the combinations of hydrocarbon

boilling range and GC column packing that would give optirum
separations.
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Intensivy

Figure 1

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

1 1 [] k 1 1 i ? 1 1 A i ] 1

Retention Time

1/8' x 6' stainless steel column

Column packing: Carbopack C/0.19% picric acid

Flow rate: 60 ml/min He

Temp Prog: 55°C initizl, programmed 1.5°/min to an
upper limit of 120°C.
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Project D~-&

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

raculty Advisor: X.R Beishline

Introduction

The overall objective of this work is to study the urrcliysis
and hydrogenation of coal znd coal-relzzed model comoounds

both in the presence and absence of zatalysts The modeil
ccmpound work is presently being pursued with the following
objectives:

1. To study the catalytic sifect of zinc chleride on the
decompesition of model ccdpounds a2t low temperatures, i.e., at
temperatures below those required for thermal bornd rupture.
These studles will elucidate the zinc chloride-initiated car-
benium lon reactions that tzke place in the absence of bond
thermolysis.

2. To study the pyrolysls of model compounds in the absence

of zinc chioride. These studies will elucidate the thermolysis
reactions (free radical r=actions) that take place in the
absence of zinc chloride.

3. To study the pyrolysis of model compounds in the presence
of zinc chloride. These studies should determine what happens
when the catalyst-induc24 carborium ion chemistry is super-
imposed on the thermally initiated free racdical chemistry.

Reaction (1) has been shown to occur pyrolytically in the
absence of zinc chloride and to ocdcur at sub- thermolytlc
temperatures in t¢he oresence of zinec chloride.

@ZnCl 1820 & dimers of 1,2- DHN+@ (j@

1,2-DHN (Tet) (Nap)

The following mecharndsm for reaction (1) a2t sub-thermolytic
temperatures (1659C) is consistent with the structures of tha
products and with information obtained from ZnCl, hydration
studies and deutrerium tracer experiments:<o

A Hy0 + ZnClp ——> H'+ EOZnCl,~

B 1,2-DEN + H _— . (defined as I)

C I + 1.2-DHN ——= 3 different dimers of 1,2-DHN + ﬂ
- - HY t

D I + 1,2-DHN S > Tet + Nap + H

from 1,2
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Project Status

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

Dimer 1, a yellow liquid, constitutes about 55 % of the
total dimers produced in reaction (1) and
is balieved to have the structure shown at the f
right. The small letters represent hydrogens
having different NMR chemical shifts (see
description of NMR spectrum below).

Spectral Data for Dimer 1

Hish Resolution Mass Spectrum

molecular weight 260.1580
formula 020H20

Infrared Spectrum

Absorption frequencies are in em <
intensities: s = strong, m = medium,

\ weak
Aromatic C-H stretch 3075m
Aromatic ring stretch . 1606w, 1579w, 1493s, 1457s
Aromatic ring C-H wag for o~-disub. benzene T49s
Double bond C-H stretch 3030s
C=C stretch : 1648w
=C<§ bend for trisub. double bond 808m

NMR Spectrum

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

Q
a 1.%9 CM LH
b 1.92 CM 2K
e 2.59 T 48
d 3.45 T 1H
e 6.0l S 1H
£ 6.86 cM 8H

Eight different 020H2 isomers can be drawn by changing
the points of attachment og the two ring systems and the

108



position of the double bond. The IR spectrum verifies the
presence of an ortho disubstituted aromztic ring and a
trisubstituted double bond. The resolution and integrations
in the NMR speetrum are not as good as they should be due to
small sample size. IFowever, the observec NMR spectrum 1is
consistent only with the particular structure proposed to

be dimer 1, since it is the only one of the eight possible
which would have one tertiary hydrcgen (hydrogen d) appearing
as a triplet at § = 3.45 and one alkene hydrcgen (hydrogen e)
appearing as a singlet at 6§ = 6.04,

e

Dimer 2, a white erystalline scliq,
mp 88-89°C, constitutes about 30% of the
totzl dimers produced in reaction (1) and e
is belleved to have the structure shown
at the right. The small letters
represent hydrogens having different
NMR chemical shifts (see description of
NMR spectrum below).

Spectral Data for Dimer 2

High Resclution Mass Spectrum c c.

molecular weight 260:1559

fermula C2OH20

Infrared Spectrum

Absorption frequencies are in cm'l;
intensities: s = strong, m = medium,

W = Weak

Aromaztic C-H stretch 3070m

Aromatic ring stretch 1603m, 1573w, 1421s, 1453s

Aromatic ring C-H wag for o-disub benzene + ? 759s, 750s, 7lils
T32s

hNote: There is ne C=C stretch near 1650.

NMR Spectrum

6 = Chemlcal shift (HZ), S =.singlet, D = doublet, T = triplet,
CM=" complex multiplet

5 R
a l.2 CcM 2H
b 1.8 CM EH
c 2.6 CM 54 There is no NMR evidence for
é 3.9 D 1E a double bond.
e 6.9 CM 5H
b 7.15 CM 24



The IR spectrum verifies the presence of an ortho disub-
stituted aromatic ring and shows no C=C stretch. As in the
case of dimer 1, the NMR spectrum of dimer 2 shows poor
resolution and integrations due to small sample size but still
furnishes much evidence for the proposed structure. The
- coupling constant for the tertiary d hydrogen (J = 7.4HZ)
indicates th%t the hydrogens at the b-d ring fusion are cis to
one anothexr. The zbsence of alkene hydrogens together with
the tertialry d hydrogen appearing as a doublet at 6 = 3.9
and the presence of two kinds of aromatic hydrogen (5 ¢ hydrogens
at § = 6.9 and 2 £ hydrogens at 6§ = 7.15) is compelling
evidence in suppor:t of the proposed structure.

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

No attempt has yet been made to identify dimer 3.

Future Work

Larger quantities of the dimers will be isolited to
confirm the identities of dimers 1 and 2 and hopefully
2llow identification of dimer 3. A kinetic study of reaction
12) will be initiated. Also the apparatus reguired for high
temperature studies of reaction (1) will begin being constructed.

References
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Hydrotreating of Heavy Coal-Derived Licuids

Faculty Advisor: A.G. Oblad
Graduate Student: L. Veluswamy

Introduction

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

The chemical composition of cozl-derived oils is
2complex and these o0ils are known to contain condensed poly-
aromatic compounds, compounds of sulfur, nitrogen and metals
which are detrimental tc the cataliytic cracking process
(coke formation, poisoning of catalyst). Hydrogenatior of
this coal oil will convert the polyaromatics to saturated
analogs which greatly improve the material as a catalytic
ceracking feedstock. Most of the S, N and metal impurities
present in the o1l will be removed thereby decreasing the
coke formation and poiscning of the cracking catalyst.

The hydrogenation of relevant pclyaromatic hydro-
carbons (phenanthrene, pyrene, anthracene) and heterocyclics
(7,8-benzoquinoline, 5,6-benzoguinoline and dibenzothiophene)
were systematically investiaged as a function of different
variables in & semi-tatch reactor. The mechanism of the
hydrogenation of these polyaromatics and heterocyclics will
be suggested in the next report. Tne objective of the study
of these model compounds is to contribute to the understanding
¢’ the behavior of these types of compounds present in the
¢oal liquids.

Project Status

Hydrogenation of Fhenanthrene over Sulfided Ni—W/Al2O3
Catalyst.

Temperature: Figures 1 and 2 show the change ir product
compositlon (g/100 g converted phenanthrene (P)) from the
hydrogegation of P as a function of temperature ‘between
200-4007°C) using a sulfided Ni-W/A12O3 catalyst at 2900 psig
and a reaction time of 2 hours. Extrépolation to temperaturcs
below 200°C (Figure 1) clearly indicated that 1,2,3,4-tetra-
hydro P were the mair product Icrmed in the first nydrogena-
tion step. The formation of 9,10-dihydro P , the other
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primary product, reached a maximum at about 250°C ard then
decreased as the temperature inecreased. The gradual con-
version of 1,2,3,4-tetranydro P with an inecrsase in tempera-
ture was accompanied by a corresponding increase in the yield
of 1,2,3,4,5,6,7,8~0octahydro P (56% at 299°C), the expected
second step hydrogenation product. However, the gradual
disapprearance of 9,10-dihydrc P with a temperature increase
was not accompanied by any significant formation of the
expected second step hydrogenation product indicating that
9,10-dihydro P was not an important intermediate in the
cverall hydrogenation process. The stepwise hydrogenation

of the intermediate 1,2,3,4,5,6,7,8-0ctahydro P (via deca
and dodecanydro P) into perhydro P is clearly indicated

in Figure 2. )

ressure: FPigures 3 and 4 show the change in product
compositiocn (g/100 g converted P) from the hydrogenation
of P as a function of pressure (between 500 and 2900 psig)
using the same sulfided Ni-W/Al,03 catalyst at 341°C ang
a reaction time of 3 hours. The Product composition again
indicated that 1,2,3,4-tetrahyéro P was the major primary
product when compared with 9,10-dihydre P at 500 psig. With
the increase in pressures, the 1,2,3,4-tetrahydro P and to
some extent the 9,10-dihydro F were hydrogenated to the
expected octahydro P derivatives (Figure 3). Beyond 1000
psig the intermediate 1,2,3,4,5.6,7,8-octahydro(P), 1,2,3,4,
5,6,7,8,9,10-decahydro P and 1,2,3.4,5,6,7,8,9,10,11,14-
dodecahydro P were gradually converted into the final
hydrogenation product, perhydro P . The yleld of perhydro P
converted P reached approximately 100% around 2600 psig
(Figure 4).

Catalyst/Phenanthrens Ratio: Figures 5 and 6 show the
change in product composition (g/100 g converted P) from
the hydrogenation of P as a function of catalyst tc hydro-
carbon ratio using the same sulfided Ni-W/A1,03 catalyst
(pressure 1500 psig, temperature 341°C, reacticn period 2 hours).
Lt very low catalyst/phenanthrene ratios, e.g., 0.05 (Figure 5),
the yield of 1,2,3,4-tetrahydro P was again markedly higher
than that of 9,10-dyhydro P ana the yield of 1,2,3,4,5,6,7,8-
octahydro P was much higher than that of 1,2,3,4,9,10,11,12-
octahydro P (Figure 5). As the catalyst/phenanthrene ratio
increased, the yield of 1,2,3,4-tetrahydro P and 1,2,3,4,5,
6,7,83=-cctahydro P gradually decreased while the yield cf the
final hydrogenation product, perhydro P , gradually increased
and reached approximately 70% at a catalyst/phenanthrene ratio
of 0.04 (Figure 6).

Future Work

The results on the nydrogenation of pyrene, 5,6-benzoquino-~
iine and 7,8-benzoguinoline will be reperted in the next report.
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V. Conclusions

Fourteen projects and one continuation project are
active. Work is progressing satisfactorily on each of
these prejects. Projecis A-6 and A-9 are inactive at
Dresent. ‘
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