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ABSTRACT

A method of hydrocarbon structural group
analysis has been developed for application to pure com-
pounds in which three chemical and two physical proper-
ties have been expressed in terms of five structural groups
in a form which may be simultaneously solved by modern
high speed computing equipment. The chemical properties
in~inda tha rarhon and hydrogen content as well as the num-
ber of aromatic carbon atorns present per molecule. The
physical properties required for the analysis -are the molar
volume and molar refraction. This method has been tested
on a selected group of 114 hydrocarbons whose properties
have been determined by A.P. 1. Project 42. The results
of ;the application of this structural analysis system are des-
cribed in detail and the accuracies attained have been tab-
ulated.
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INTRODUCTION

The synthesis and systematic study of the physical properties of pure
hydrocarbons has been in progress for a number of;years to facilitate the
determination of the molecular structure of hydrocarbons directly or by
analogy, that is:by comparing certain properties of compounds of unknown
structure with those of compounds whose structures are known.

The value of studying physical properties of a series of compounds, as
a means of predicting' the properties of unknown compounds and affording a
means of checking the accuracy of the physical constants of compounds, has
also been repeatedly demonstrated. In general, the study of the physical prop-
erties of hydrocarbons has been undertaken by a number of independent invest-
igators and usually has been confined to hydrocarbons containing a limited num-
ber of types of structural groups, or, alternatively, only one physical property
of a large variety of compounds has been examined. 3

This paper describes a method of simultaneously analyzing certain phys-
ical and chemical properties of liquid hydrocarbons to secure structural informa-
tion. Although the system described is confined to specific classes of hydrocar-
bons, it is more general than any system so far proposed and involves the simul-
taneous consideration of three chemical and two physical properties to yield quan-
titative information concerning five structural groups. The investigation was
promoted by a desire to improve existing structural analysis systems for pure
hydrocarbons and to facilitate the study of naturally occurring hydrocarbons. The
new possibilities offered by modern high speed computing equipment provided an
additional incentive to re-examine and extend the earlier work in the field of struc-
tural analysis.

_The most extensively used structural analysis system applied to hydro-
carbon mixtures has been developed by Waterman and his school (13) beginning
with the classical Waterman Ring Analysis of 1932 (19, 20) and extending to the
n-d-M method of 1947 (14). van Krevelen employed some of the concepts of the
Waterman Ring Analysis to develop a system that was particularly suited to the
study of highly condensed aromatic structures which were assumed to be the major
constituents of coal (7, 8). The chief criticism of the various methods of struc-
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tural group analysis (15) of oil and coal is that when applied to pure compounds
poor results are obtained. These considerations made it desirable to attempt
to formulate a structural analysis system based on the physical properties of
known compounds, but of such a form that it could be used with rea.sbna,ble con-
fidence to analyze the structure of high molecular weight material. A

The method presented here was evolved from a method of carbon type
analysis published by van Krevelen (4) in 1952. In this method, van Krevelen
divided the carbon atoms.in a structure into four main types:-

- CH, -_CH CHaromatm = G aromatic;

where C in the denominator of each fraction represented the total number of
carbon atoms per molecule. He then set up the following four quantitative
relationships: :
(a) C1 + CZ + C3 + C4 =1 (carbon balance) .
(b) 2C; + C2 + C3 = H/C (hydrogen balance
2R/ C
(e} C, + C4 /

]

(ring balance)

{d) C3 + C4 = fa {aromatic carbon balance)

These equations were not independent, and hence could not be solved
simultaneously. van Krevelen solved these equations by giving an equation for
C; as a function of H/ C which represented the statistical probability of the oc-
currence of a CH, group in the molecule. The use of this e quation was open to
considerable question and consequently the method was never widely applied.
Equations (a), (b} and (d), above, are true by definition; however, equatiori’ (c)h
the ring balance equation, is only valid for high molecular weight hydrocarbons
where the factor 2/ C can be neglected and where two junctions are associated
with the formation of every ring. There are structures where this relation is
not valid, such as in spiro compounds, and in three-dimensional structures where
three rings possess a common side., van Krevelen's system was devised to eluci-
date the structure of coal and coal-like products where the proportion of saturated
carbon atoms was small or negligible. While this choice of carbon types was suit-
able for the study of coal, it was undesirable for the study of petroleum since it
failed to differentiate betwgen chain and cyclic CH, groups. Hence, a five-type
carbon classification was chosen which differed from that of van Krevelen by

dividing his C, into two types. The carbon linkages have therefore been divided
into the following five types.

C, = number per molecule of CHj, CHZ’ CH, and C groups in linear
and branched chaing.,

o .
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C2 = number per molecule of' CH, groups in saturated rings,
including the case where the hydrogen atoms may be
replaced by branched or linear chains.

C =- number per molecule of CH groups which are _junction‘s
" in fused saturated rings, as well as similarly situated
groups where the hydrogen is replaced by linear or branched

chains.

C4 = numer per molecule of CH groups in aromatic rings, includ-
ing the case where the hydrogen may be replaced by branched
or linear chains.

c5 = number per molecule C groupe..which are junctions in fused

aromatic rings, as well as junctions between saturated and
aromatic rings.

It is possible to rewrite the carbon balance, the hydrogen balance and the
aromatic carbon balance equations in terms of this new classification of struc-
tural groups. It should be especially noted that in the van Krevelen system the
molecular weight was unknown and hence the structure was described in terms of
fractions of the total number of carbon atoms. However, the present system was
designed for the case where the molecular weight{as well as % carbon, % hydro-
gen, density, refractive index, and aromatic carbon content) was either known or
could be determined. The carbon classification was therefore expressed in terms
of the actual numbers of the different carbon types C; - Cjy present in the molecule.
The Ring Balance Equation could not be used when analyzing an unknown hydrocarbon,
as there was no accurate method of estimating the number of rings in the molecule.
The fundamental basis of this structural analysis system, therefore, consisted in
finding two additional physical properties which could be accurately expressed in
terms of the above structural groups to give five independent equations which could
then be solved simultaneously.

Theoretically, any two physical properties would be suitable, provided it
were possible to express the:m as independent equations in terms of the struc-
tural types already defined. The two physical properties chosen were the molar
volume and the molar refraction (the Lorentz-Lorenz expression}). Both of these
physical properties of liquids can be approximately described in terms of a linear
combination of the atomic contributions, and both quantities have been extensively
used for the purposes of elucidating structure (7, 18, 5, 10). It was assumed that
the same functional form of the equation would apply to both physical properties,
and that both properties could be expressed in terms of the same groups of chemical
types. Owing to the intimate relation between these two quantities, it was felt that th:
loss in accuracy associated with grouping together so many different chemical linkags
might easily yield two expressions which were merely linear combinations of each
other. It remained for this investigation to demonstrate that the differences between
the expression derived for the molar volume and tha't for the molar refraction were

of such a magnitude that reliable structural information could be secured by the
simultaneous solution of these expressions. :
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It ‘ . DEVELOPMENT OF THE FIVE EQUATIONS

It should be emphasized at the outset that this method as presently con- .
stituted is applicable only to certain specific classes of compounds, In the
division of the carbon groups into the various types, care was taken that the
hydrogen balance equation should always be satisfied. It was recognized that
this equation was not strictly true as defined for the normal and branched
paraffins. This case will subsequently be discussed. The present system will
deal with monocyclic compounds and fused ring compounds, both saturated

aromatic, but will not include polycyclic non-fused structures. Spiro compounds

and three-dimensional ring systems are also excluded. -It can be shown that
the contributions to the molar volume and molar refraction of j,u.nction atoms
in pilycyclic non-fused compounds are not identical with any of the five types
dealt with here, but in fact, represent a 6th (saturated) and a 7th (aromatic)
type of linkage. Another class of cornpounds excluded are those containing
olefinic or acetylenic bonds. In this work only double bonds existing in aro-
matic rings have been considered. :

The method depends upon the ability to measure the density and refract-
ive index of hydrocarbons in the liquid state at 20°C. at one atmmosphere pres-
sure, or on the capacity to correct to this standard state measurements rmade
under other conditions. Except where otherwise specified, the coefficients of
the molar volume and molar refraction equations have been determined from
the properties of the hydrocarbons prepared by A. P.1. Project 42 (16).

The Carbon, Hy;drogen and Aromatic Carbon Balance Equations The carbon

balance,” hydrogen balance, and aromatic carbon balance can be written as fol-
lows, by definition:

+ + C, + =

Cp +C, +C, 4 ¥ C, = EC _ b

2C; +2C; +C3 + C, = €H (2)
Cy + C5 = €, 3

The total number of carbon atoms per molecule £C was calculated from
the ‘carbon analysis and the molecular weight. The total number of hydrogen
atoms per molecule €H, was similarly calculated from the hydrogen analysis
and the molecular weight. The total number of aromatic carbon atoms in the
molecule, £C,, was not quite so readily available, although it could be deter-
mined by spectroscopic means (1). For the purposes of the present investiga-
tion (testing the method on known compounds), direct measurement of this
quantitiy was not required.
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The Molar Volume Equation The following molar volume equation was
developed for the purpose of this structural analysis system:

M.V, = Cl(lf). 38 + 30.61) + CZ(13' 20 + 28.48 + (4)
at &C &C
20°C. :
latm.  C,(10.981 + 20.679)+ C,(12.406 + 14.042 - 1. 96 C | + 10.13C j)
press., &« - &C &C &
+ C_(5.124 - 5.238)
> £

A detailed account of this equation is in preparation. However to clarify
the basis of this method of structural analysis, a brief description of the manner
in which this equation was developed will now be given.

Initially, on the basis of Kurtz and Sankin's (9) work, the following general
form of the molar volume equation was assumed:

vZCz+vC+vc +VC + K (5)

M.V, = Vlc 373 4°4

1 F
A preliminary investigaticn to -evaluate the coefficients in this expression
indicated several difficulties with this functional form. No system of constant
coefficients v, to v. could be found for the five structural types covered by the
present classification. This work also revealed that k was not constant.

To overcome these difficulties, the following approach was adopted. From
the definition of &C, in Equation 1, the following expression was derived by mul--
tiplication by k:

€K + CK + G3K + CK 4 Csk = K (6)
- %€ € €C
When K in equation 5 was replaced by the value in equation 6, the following
equation was obtained:

M.V. = Cv, +K) + C, (v, *K) + C, (vg +K) (7
1" é.—c- 272 & 3
+ C4(v4+K) + C (v5+K)

£C 55 ¢c

To determine the coefficients of C to C_, use was made of the fact that
for a molecule containing only one speci&s of carbon atom (C;), Equation 7, as-
sumed the following form, as C; was equal toZC:

M.V, = viCi + K; (8)

When the molar volume was plotted against C, the resultant straight line had a
slope of v, and an intercept.of k;. Consequently, v; represented the contribution
to the molar volume of a C; group in the presence of an infinite number of C;
groups.
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It will subsequently be shown that the K's in each bracket are not identical,
these have hence been designated k1 to k5 respectively. The quantity K in

the above equation expresses the increase in the molar volume that takes place
on reducing the molecular weight of a particular species.

Determination of vy and kl

The molar volume for the 13 normal paraffins on the list of A. P. L.
Project 42 (16) was plotted against the number of carbon atoms in the molecule.
The equation of the resulting straight line was determined by the method of
least squares and found to be as follows:

M.V, = 16, 33c1 + 30,61 (9

Determination of v, and kz

These quantities were calculated in a manner similar to that used for the
calculation of v; and k;, using the physical properties given by Ward and Kurtz
(21) for cyclopentane, cyclohexane, cycloheptane and cyclooctane. The molar
volume of these compounds could be expressed by the following equation:

M.V. = 13.20C, + 28.48 (10)

Determination of V4 and k4

Some difficulties were encountered in obtaining suitable data for compounds
containing only C4's. The following compounds were used: benzene (properties
taken from Egloff (3), cyclooctatetraene (properties by Eccleston (2) et al), and
cyclopentadiene (Ward and Kurtz (21). A word of explanation about the use of the
cyclopentadiene is required. Since it contained one CZ group its use here is,
strictly speaking, not justified in view of the presence of two different types of
groups, CZ and. C4. Due to the scarcity of data, the observed molar volume of
the cyclopentadiene was taken and the contrbution of one CH, group was deducted.

This amounted to considering a hypothetical compound C4H, having four C,4 groups

and a molar volume of Lf/I.V. (cyclopentadiene) - 1{13.20 + 28.48)7 ., The result-

ing least squares equation of the straight line through these éu'ee compounds was
found to be:

M.V, = 12.406C4 + 14,042 (11)

Determination. of v, and k

A slightly different method had to be used to determine v, and k3, since
no compounds existed containing C, groups only. Compounds containing C

and C3 gl"oups had to be used, and }orlt‘nis reason the following prOCedure was

-

[

[ SR UR

v e

——

e AR e o

e




7

R e S ol e L B SV gy S AL o g

e

IR ST e R T

T T

TR

e T

- 9=

adopted. [(M.V. observed - C,(13.20 + 28. 48]/ C, was Plotted against

I/SC The result of this plot was a straight ?me whose slope was k, and
intercept.v Using the following compounds from the A.P.I. List (16):
bicyclooctane 543, decahydronaphthalene 569 and 570, perhydrofluorene 561,
perhydropyrene 578 and perhydrochrysene 575, v3 was determined to be

10. 981 and k, to be 20.679. The coefficient of C, was undoubtedly a function
of the ring size, but the values found for five- and six-membered rings were
almost identical.

Determination of vy and k5
These quantities were determined in exactly the same manner as that

used for the determination of v3 and k3. Some difficulties were experienced

in obtaining suitable liquid state molar volume data at 20°C for fused ring aro-

matic compounds that contained only C4 and Cg. Liquid molar volume data at 20°C.

have been determined by Ubbelohde (11, 12) for several fused ring aromatic com-

pounds. This author also determined the molar volume for the solid state at 20°C.

) By plotting (M. V.l - M.V, ) versus C5/ C4, it was possible to express this shrink-

age in volume as a function of the degree of condensation. By means of this rela-
tionship, the solid state molar volume data of van Krevelen (17) for fused ring
aromatic compounds was ''converted’ to the liquid state at 20°C. Using the data
obtained in this manner for anthracene, chrysene, phenanthrene (Ubbelohde), and
for dibenzanthracene, chrysene, pyrene and coronene (van Krevelen's data con-
verted to the’liquid state) vy was determined to be 5.124 and ks to be -5, 238.

The molar volume equation thus obtained was used to calculate the molar
velume for the appropriate classes of compounds on the A.P.I. List (16) and to
compare the results with the experimental values. The results of this compari-
son showed that a study of the interactions between various types of structural
groups had to be made. The most significant interactions were found when C, and
C, occurred in the same molecule and when C, and C, occurred together. In the
former case, data from Ward and Kurtz (21) were used to evaluate the magnitude
of the interaction, and in the latter case A.P.I. data (16) were employed. In brief,
the method of determining the functional form and magnitude of the interaction terms
consisted of obtaining the difference between observed and calculated molar volume
per C, group and plotting this difference against C./ £C in the first case and C /i_C
in the second. Two straight lines were obtained, from which were derived the two
terms in C; / £C and C_ /£C which were added to the C, term in Equation 4,

The accuracy with which this ¥ corrected" equation predicted the molar volume
of the A. P.I. (16) hydrocarbons is given in Table I,



-10 -
Table I - Accuracy of the Authors' Molar Volume .
Equation Applied to A.P.I. 42 Hydrocarbons o i
No. in Average Value of Standard H
Class of :Compound Class MVi.aic - MVobs x 100 Deviation
MVobs.
n-paraffins 13 -0.02 - 0.07
br. -paraffins 38 +0. 31 0.80 ¢
Monocyclic
saturates 27 +0.10 0.33
- Fused ring .
~ saturates 18 +0.66 0.80
- Momnocyclic )
aromatics 21 +0.03 0.19
Fused ring )
_aromatics 13 - .46 0.89

The Molar Refraction Equation The following molar refraction
equation was developed for the purpose of this analysis:

M.R. = C (4.63+2.314) + C,(4.468 +0.868 - 0.245C )
at £C £C o &C
20°C. ~ -
1 atm.
press. C3(3.693 +0.3395) +
€
(4.5445 - 1.021 - 0.396C _
Cq = icl 5. 70;&2) +

Cgls5.734-14.33%) L (12)
& -

In this equa.tion. M.R. referred to the Lorentz-Lorenz expression
for the molar refraction Q_ 115 where n was the refra.ctwe index for the

sodium D line at 20°C. Tﬁe+czogff1c1ents in this equation were determined in
exactly the same manner, and using the same compounds as in the molar volume :
equation. Attention is drawn to the fact that, in the determination of the Cg term,
the molar refraction data for the fused ring aromatic compounds of van Krevelen
(17) refer to measurements made of the compounds in benzene solution and have .
been referred to by van Krevelen (6) as " hypothetical liquid state data". The i
accuracy with which this equation predicts the molar refraction of the A. P. 1. 42 '
(16) hydrocarbons is indicated in Table II.
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METHODS OF SOLUTION OF THE SET OF FIVE EQUATIONS

Equations 1, 2, 3, 4 and 12 constitute the three chemical and two
physical property equations that, when solved simultaneously for Cy» CZ’ C3,
C4 and CS’ form the proposed system of analysis. The first three of these
equations are linear but equations 4 and 12 are gquadratic in C, and C_. This
set of linear and guadratic equations was initially solved in the following manner,
The solution was obtained by reducing the system to a linear form by substitut-
ing an initial value C; = C, = 0 in the non-linear terms. The resultant set of
linear equations was then solved by the standard methods of matrix algebra.

Table II - Accuracy of the Authors' Molar Refraction
Equation, Applied to A.P.I. 42 Hydrocarbons

No.in Average Value of Standard
Class of Compound Class MR .1c - MRobs x 100 Deviation
MRobs.

n-paraffins 9 +0.012 0.056
br. -paraffins 37 +0.19 0. 26
Monocyclic ;

saturates 26 -0.01 . 0. 20
Fused ring

saturates ' 19 -0.008 0.26
Monocyclic

aromatics 19 +0.16 0.51
Fused ring A

arcmatics 8 +0.17 0.64

The new values of C, and C_ from this solution were then substituted in the non-
linear terms and another so%u'tion was obtained. This iterative procedure was
repeated until two consecutive solutions were equal. The critical aspect of the
solution was whether or not the iterative procedure would. converge. From the
practical point of view the rate of convergence was impertant, The number of
iterations varied from three for the paraffins to thirty for some of the fused
ring aromatic compounds.

Since the . molar volume and the molar refraction equations were
quadratic in C, and C,, in general there would be four roots. Since it was
clear that the iterative procedure yielded only one root, it was desirable to
obtain a method of solution which would give all the roots. For this reason the
set of five equations was solved by a second’method. It was possible, by simple
algebraic re-arrangement of the three linear equations, to express C;, C4 and
C5 in terms of C1 and CZ. These values for C3, C4 and ‘C5 were then substituted
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_ in the molar volume and molar refraction equations and the following two
quadratic equations in C1 and C, resulted:

1. 96 c‘:‘ +(0.077£C - 1.96€C - 8.17C, - 1. 96&H - 9. 349) c

+ (13)
& ( , £C y !
. 2
(-15.193C, - 11.479C, +10.13C€C, + 10.13C,¢H - 10.13C2 +
3.6998C + 1.425&C_ + 7.282%H - 6.6375C, + 19.2808H +
ZC sC

1.399 - M.V.) = 0

and

2 T
Q%gé Cl +(2.516€C +5.852C, - 0.396€C, - 0.396€H - 11.338)C, (14)

£C )
+(1.666C, - 12.784C , - 5,70C£C, - 5.701C,€H + 5 70,2
C I £C £c?
+0.8526C_ -~ 1.3608C 4 - 1,190€H + 13.3128H + 4.883&C
a £C £C

-12.973 - M.R.) = 0

These two quadratics were solved graphically by .taking arbitrary
values of C2 and solving each equation for Cl‘ These values of C1 were plotted

against C, and the intersection of the molar volume and molar refraction curves
represented the roots of the system,

RESULTS

The iterative method of solution has been tested by application to
121 known compounds, of which 114 are from the list of properties of A.P. L.
Project 42 (16) and seven are fused ring aromatic compounds whose properties
were determined by van Krevelen (17). All calculations were made by the
International Business Machines Company on a Type 650 Magnetic Drum Proces-
sing Machine. The results are shown in Table IIl.. In this table, D, to Dg refer
to the differences between calculated and observed values of Cl to é5 (i. e.
[Ci(calc. - Ci(observed)] ).

Some explanation is required concerning the application of this
method to the paraffins. For this class of compounds, Equation 2, the hydrec-

gen balance, is not strictly true as given but should be:

2 -
C, +2C,+ C3+C4=€H 2 _ (15)
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TABLE III,
APT Carpde Hoo ¢
Obsorved Cales
Group I = mparaffine
=8 12 12.07
529 1 13.c4
pxbs 14 13499
532 15 15.04
534 16 15.99
55 17 17.00
537 18 17.91
540 20 19.59
106 26 25.90
Greup IX ~ branched paraffinae
1 26 25.68
107 3 3397
109 26 25.40
33 36 36.22
163 3 22,90
166 34 38,19
188 28 28,34
191 32 32.10
2 26 25.78
22 26 25,27
23 26 28.62
25 25 2485
27 26 25.82
3 26 25.80
. 26 25.46
2 28 27.12
5c0 19 18.68
51 26 25.82
50 20 19434
m 0 19,05
512 ) 13.97
53 26 2491
545 16 15.68
546 13 12.66
549 0 966
55 26 25.17
558 21 20.86
556 114 10.79
551 18 17.29
[ 10 29.10
Q 28 21.79
& 6 25,94
1 PR X2
8 n 1092
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FIVE STRUCTURAL GROUP ANALYSIS SYSTEM

+0.07
*0.04
0.0
+0,04
=C.02
0.0
-0.09
=C.01

=0.10

-0.32
0403
=0, 60
0,22
~0.10
«0.19
0038
+0.10
-0.22
=0.73
-1.38
-0.15
=0.18
~0.20
=0.54
-0.28
-0.32
~0.18
~0.66
~0425
0,03
=1.09
~0.32
0,34
0,38
0,83
014
=3.21
0.7
0,30
—-0.21
0,06
=0.26
0408

Cboerved

o © o o o

o 0o 0 & 0o o o

o o o o

© 0 o 0o o oo © 0 6 06 o 0 © O

Calse

0,094
=0.070
0,016
~0.030
0,024
=0,0084
0,10
0,031
0.12

0,094
=0.070
=0.016
=0.030
40,024
~o.0084
+0,10
+0,011

0,12

*0.22
+0.03%
*0.69
~0.13
«0.11
-0.12
~0.47
-0.044
«0.16
+0.63
+1.33
+0.072
+0.097
+0,13
o
0,21
4031
*0.097
0,62
«0.27
+0.012
BW.
+0.30
*0.3¢
+0.29
*0,75
*0,15
+3.40
*0.14
+0.25
«.1z
+0.055
«0.18
40,032

Ohaerved

© © © 0 06 © © © & ®© © o © © o©o

a

.0 © © © © © 0 @

Culoe

0,025
0.030
0.026
=0.015
«0.016
0,0049
0,012
0,021

=0,020

0,099
«0.0098
=0,088
=0,092
~0.0030
-0.070

c.1s
-0.061
0,067
.10
0,053
0,075
0.080
0,073
0,098
0.077
0.0015
0,080
0.0¢0
-0.027
0,018
0.068
0,018
=3,000%
0,952
0,079
~0,011
«0,20
“0.023
0,042
0.096
0,12
0.077
0,052

Obasrved

0.5
+0.030
0,026
=0,015
=0.016
+0.0049
-C.012
-, 021

-0,020

+0.099
=C.C098
-0,088
=0.092
~0.0030
=0.070
.14
~0.061
+0.067
«0.10
+0.053
+0.075
+0.080
20,073
+0.098
20,077
+0,0016
+0.080.
+0.040
-0.a27
«0.018
+0,068
+0.018
~0.00030
*0,052
+0.079
~0.011
0,20
=0.023
+0,042
40,096
0,12
0, OTY
0,052

a o o o

s © @ a a

© a o o o
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‘At the outset, the effect of this comparatively small change was not known

and the original hydrogen balance equation was used. The results on the
n-paraffins are shown in Table IV, An examination of these results indicated
that, although in error, they followed a very recognizable pattern. Since
results for all the normal and branched paraffins on the A, P. 1, 42 (16} list
gave this same pattern, it was found possible to have the program for the Type
650 computer written in such a way that when this pattern occurred the revised
hydrogen balance equation 15, would be substituted in place of the original,

Table IV - Analysis of n-paraffins to Illustrate the Use
of Uncorrected Hydrogen Balance Equation

A.P.1.42 c C, Cy Cy Cs

Compd, # obs. calc. obs., calec. obs. cale. obs., cale, obs. calc,
528 12 10.14 0 3.75 0 -1,.89 0 0.11 0 -0.11
529 ' 13 11.13 0 3.75 ] -1.88 0 0.12 0 -0.12
531 14 12.09 0 3.78 0 -1.87 0 0.12 0 -0.12
532 15 13.15 0 3.73 0 -1.89 0 0.11 0 -0.11
534 16 14.12 0 3.77 0 -1.89 0 0.11 0 -0.11
535 17 15.15 0 3.72 0 -1.87 0 0.13 0 -0.13
537 18 16.05 0 3.82 0 -1.83 - 0 0.12 0 -0.1i2
540 20 18.17 0 3.7 0 -1.88 0 0.12 0 -0.12
106 26 24.12 0 3.74 0 -1.86 90 0.13 0. -0.13

For simplicity and also to illustrate that the use of the revised hydro-
gen balance equation led to accurate results, the revised hydrogen balance {equa-~
tion 15) was used in analyzing groups I and II (Paraffins} and the original hydro-
gen balance (equation 2) for the remainder. A summary of the accuracy of this
analysis is given in Table V.

The graphical method of solution which has been described was applied
to 17 representative compounds taken from the five major classes. The relatively

small number of compounds examined by this method was due to the fact that this

method was much more time-consuming than the iterative procedure., The nature

of the roots was essentially the same in all cases, they all possessed only one
real root less thanzC. There was one exception to this rule, A.P.I. compound
#133 possessed two real roots but one of these lay in the second quadrant, which
has no physical meaning. One representative example of the graphical method of

solution showing the intersection between the molar volume and molar refraction

curves which yields the single root less than3 C is given in Figure 1,
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DISCUSSION

Some additional information about the structure can be obtained
by a detailed examination of the ' pattern' of the results in Table III, within
each of the seven groups of compounds into which this table is divided. This
information can be.used as a valuable aid when applying the method to unknown
compounds. Before discussing the significance of the errors, it should be
pointed out that for a given composition in terms of the five characteristic
groups, there is a fixed relationship between the errors, If the error in G,
is taken as x and the error in C3 as y, then the error in C2 will be -{x + vy),
that in C4 will be y and that in CS will be -y.

. Considering, first of all, the branched paraffins, Group II, it will
be noted that whereas C_ should be zero, it is in fact positive and sometimes
as high as +3. There algpeared to be a direct relationship between the number
of branches and the magnitude of the error. On the average, the error in C,
per branch was +0. 42 C2 group, If, in the analysis of an unknown, C,, C3, C
and C. were less than 0.1, the compound could be predicted to be a normal paraf-
fin with a high degree of certainty. However, if C, were between +0.1 and +0. 4,
then the compound would probably have one branch., On the other hand, if C
were greater:than +0.4, the compound would probably have more than one branch.

The accuracy of.the analysis of Group III, monocyclic naphthenes,
was unusually high, due, no doubt, to the uniformity of :the structures within
the group. Little difficulty should be experienced in dlentifying this group in the
analysis of unknown structures, since C_ here must be greater than 3 (minimum
ring size). A few structural effects were noted in the errors in C; and C,. The
size of the ring and the number of branches on the ring would appear to be the
effects having the most influence, whereas branching on a single side chain did
not appreciably influence the results.

The accuracy of the results for Group IV, the monocyclic aromatics,
was practically the same as for Group III, and for essentially the same reasons.
The accuracy for compounds with a normal side chain was very high, as would-
be expected, since this was the type of compound upon which the interaction ef-
fect of Cy and:C, was based. Where one branched side chain was attached to the
ring, the error in C, was about -0.3 and in C, about +0.3. The largest error for
the entire group occurred for cases where there were more than one side chain
attached to the ring. As with Group III, there should be no difficulty in recogniz--
ing this class of compound when analyzing unknown compounds, since C, should
always be six in this class. At this level the errors were sufficiently small that
no doubt should exist as to the structure. '

Group V, the fused ring naphthenes, presented a much more difficult
case to interpret. Since there appeared to be many more structural factors which
could influence the analysis, and the examples available were very limited, no
regular pattern between structure and the errors in the analysis could be deter-

mined. However, several important aspects of the errors associated with this
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g}oup should be mentioned. The mean error and standard deviation were very
small for C3, so that there should be no difficulty in detecting the presence of
a relatively small number of C5 groups in a saturated compound. An examina- J
tion of the analysis of compounds 543, 561, 577 and 578 indicated that in cases
where C, was actually zero the analysis yielded small negative values for C, ;
when this occurred, if the value of C, was added to the value obtained for CZ’

the true value of C2 was obtained. This suggested that in the analyses of unknown Y
compounds, if a negative value of C, occurred, it should be replaced by zero and ,
the negative value of C; should be added to C, to give the correct amount of CZ !
present (#575 was an exception to this rule). Side chains and carbon atoms com-
mon to three rings appeared to have some influence on the accuracy of the ana.lysis:

Group VI consisted of the A,P.I. fused ring aromatics. The error
here was, of course, higher than for the preceding groups, but still small enough
to enable the structural analysis system to be used. In this class, where the
largest number of structural groups was present in a single compound, the largest’
number of interaction effects could be expected. The total number of compounds
available in this group was so small that it was not possible to make any general-
izations about the relationship between the errors in the predicted analysis and
the structure. Attention is drawn to the analysis of compound #179 which ex-
hibited the highest error in C, and C,. This result was not unexpected, as during '
the evaluation of the interaction effect of C, on C it was observed that #179 did
not fit the straightline relation on which this interaction factor was based,

Group VII consisted of fused ring aromatic compounds whose properties
had been determined by van Krevelen (17). The errors in the predicted values of
the structural groups in this class are considerably greater than in the other classe
It should be noted that the results for coronene and dodecahydrotriphenylene were
not unexpected. When the original coefficients for Cg; were calculated, the data
for coronene were not consistent with the other compounds and were therefore om-
itted. Consequently, it was expected that the accuracy of the analysis of this com-
pound would not be very high. Dodecahydrotriphenylene represented a type of
structure which the present system was not designed to treat. The unusual charac-
teristic of this structure was the presence of C, and o in the absence of C4. It
will be recalled that fused ring aromatics containing C, groups were not success-
fully dealt with my determining the interaction effect of C, on C4. Clearly, this
method of structural analysis was not applicable to the case where C, = 0 and C
and C5 = 0. As in Group V, use could be made of the fact that negative values of
Cl usually indicated a true value for C; of zero, and that if this negative value of
C; were added to the value obtained for C_ the resulting revised C., would be con-
siderably closer to the true value.. The r&ther high error for this group as a whole
was considered to be due to the general unreliability of the physical property data, :
which has already been discussed. The accuracy of the molar volume and the mola
refraction equations for this group was not as great as for all other classes. How-
€ver, it was considered necessary to include this group, because of the scarcity ,
of data for fused ring aromatic compounds. :
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The average accuracy for all A. P.I. hydrocarbons analyzed was
considerably less than one carbon group for each type. This was considered
adequate for determining the average number of the various structural groups.

It was realized, initially, that the molar volume and the molar
refraction were very intimately related properties and that the equations dev-
eloped in terms of the five structural groups might not be independent. However,
this investigation revealed that these two equations were in fact independent, and
that the differences between them were of such a magnitude that the solutions ob-
tained were in substantial agreement with the known values of the grdups Present.
Consequently, it was established that it was possible to deduce a considerable
amount of structural information from these two closely related properties.

The results of the application of this method indicated the merits and
some of the deficiencies-of this type of structural analysis. As physical prop-
erties become available on "new' types of structures, the scope of this method
may be extended. This approach could be applied to types of structures not al-
ready covered, by developing analogous equations for other physical properties
and also by considering additional interaction effects. One of the merits of this
system lay in the manner in which the coefficients in the molar volume and molar
refraction equations were determined. This gave confidence in extrapolating be-
yord the molecular weight range of the known compounds that were used to es--
tablish the system.
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PRODUCTION OF PIPELINE GAS BY BATCH
HYDROGENQLYSIS OF OIL SHALIE
, by
E. B. Shultz, Jr. and H. R. ILinden
Institute of Gas Technology
Chicago, Illinois

ABSTRACT

The conversion of oil shale to high heating value
gases by direct hydrogenation was investigated to deter-
mine if the production of pipeline .gas by this method

" was feasible and if it offered potential advantages over

alternate methods for utilization of the large reserves

of this fossil fuel. Data on the batch hydrogenolysis

of a 22.9 gal. per ton Fischer agsay Colorado oil shale
were obtalned at a meximum reactor temperature of 1300°F.,
maximum pressures of 1200 to 5700 p.s.i.g., hydrogen-shale
ratios equivalent to 50 to 200 per cent of stoichiometric
requirements for complete conversion of the organic carbon
plus hydrogen content to methane, and for three particle
size ranges. Nearly complete conversion of organic carbon
and hydrogen to a fuel gas with a heating value of over
800 B.t.u. per standard cubic foot was obtained in re-
lativelg short residence times at temperatures of 1200°

to .1300°F., with only little formation of carbon oxides
from mineral carbonate decomposition. In view of the
relatively low material costs, these results indicate

that serious consideration can be given to supplementing
the future supply of natural gas with synthetic high
heating value gas from oll shale, particularly in areas
served by long-distance transmission lines passing in

the vicinity of the Colorado deposits.
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PRODUCTION OF PIPELINE GAS BY BATCH HYDROGENOLYSIS OF OIL SHALE

E. B. Shultz, Jr. and H. R. Linden
Institute of Gas Technology
Chicago, Illinois

An exploratory investigation has been made of the dry, high-pres-
sure hydrogenolysis (hydrogasification) of oil shale as part of a con-
tinuing program concerned with the production of natural gas supple-
ments and substitutes from liquid and solid fossil fuels.

Previous publications in this series have dealt with the high-
pressure hydrogasification of petroleum oil, bituminous coal and
lignites, and pure compounds related to petroleum oils.%’1321%  The
purpose of the present work was to determine if the recovery of the
organic constituents of oil shale In the'form of high heating value
gas would provide an attractive alternative to the conventional ap-
proach of maximizing liquid products recovery. Results indicated that
rapid, and nearly complete conversion of the organic carbon plus hydro-
gen content of oil shale to a high methane and ethane content gas of
over 800 B.t.u./SCF (standard cubic foot at 60°F., 30 inches of mercury
pressure, saturated with water vapor) heating value can be obtained at
relatively moderate temperatures and pressures.

A Colorado oil shale of 22.9 gal. per ton Flscher assay was used
throughout the study, since this materlal appeared representative of
the Green River formation deposit of Northwestern Colorado estimated
to contain about 1260 billion barrels of o0il.®

An indication of the need for development of economical methods
for the production of pipeline gas from the large reserves of solid
fossll fuels can be obtalned from a recent study of factors influencing
United States crude oil and natural gas production.® The results of
this study show that on the basis of an estimate of average drilling
return (ratio of established reserves to footage drilled), domestic
crude oil prices would have to reach $6 per barrel to achleve an ulti-
mate recovery of 160 billion barrels, and that at a maximum price of
$4 per barrel only 140 billion barrels would be ultimately recovered.
These crude oil prices were computed after allowing for natural gas
revenues ranging from 50 cents per barrel at present, to over $1 per
barrel at the time ultimate crude oil recovery reaches 160 billion
barrels. Since 88 billion barrels of domestic crude oill had already
been discovered at the end of 1957, this would correspond to additional
discoveries of only 52 billion barrels at a maximum price of $4% per
barrel, or 72 billion barrels at a maximum price of §6 per barrel,
assuming average drllling return. At an expected average future recov-
ery of 6000 cubic feet of natural gas per barrel of crude oil,5’16
the total additional gas supply, including present reserves of 247
trillion cubic feet,! would then be about 560 and 680 trillion cubic
feet, respectively. This is substantially less than a recent estimate
of 1200 trillion cubic feet (corresponding to an ultimate crude oil
recovery of 250 billion barrels), based on geological factors without
consideration of economic limitations on exploration and drilling.7’3e

Thus, 1f increased importation of relatively low-cost foreign
crude 1s permitted, lack of economic incentives may retard development
of a major portion of potential domestlc crude oil reserves. 0il
shale would correspondingly gain in importance as an alternate source
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of pipel;ne gas in view of the large and well-known proved reserves,
approaching in ma%nitude the thermal value-of economically recoverable -
coal reserves,ll-I2

APPARATUS AND PROCEDURE:

The one-liter Autoclave Engineers high-temperature, high-pressure
reactor used in previous batch hydrogenolysis studies was used in this
work.3714 The procedure was essentially the same as described in
the pure compound study.* The reactor was charged at room temperatures
and placed in the rocking furnace, which was also at room temperature.
Heating at full input (4.5 kw.) was maintained throughout the rising
temperature portion of the run, with temperature rising at about 9°F.
per minute, Simultaneous temperature and pressure measurements were
taken, and gas samples were obtained at intervals throughout the
course of each run which consisted of a 128 to 152 minute period re-
quired to reach the nominal temperature of 1300°F., and an additional
30 minute period at 1300°F. In all cases reaction was initiated well
below 1300°F.; the initiation of rapid gasification appeared to corre-
late with the appearance of a well-developed temperature dip at 1025°F,
In accordance wilth previous practice, thils was designated the initial
gasification temperature for oll shale and was arbltrarily used as a
zero time base for the space-time yield calculatlons. TFeed and residue
shale samples were subjected to sieve analysis, and to ultimate
analysis for total carbon and hydrogen. Mineral carbon was determined
gravimetrically from the carbon dioxlde evolved with acid, in a
technique employed by the Bureau of Mines Experiment Station, Ieramie,
Wyoming; organic carbon was obtained by difference.!” C(Carbon dioxide
liberation values determined from residue shale analyses were found to
be uniformly greater than values obtained from gas analysis dats, be-
cause of continued evolution of carbon dioxide after runs were ter-
minated; conclusilons concerning carbon oxides formation were drawn from
product gas ylelds and compositions.

Product gas samples were analyzed wlth a Consolidated Engineering
Co. Model 21-103 mass spectrometer; heating values and specific gravi-
ties were calculated from the analyses. Product gas volumes and heat-
ing values were calculated at 60°F., 30 inches of mercury absoluts

) pregsure, and saturation with water vapor,assuming the ideal gas law.

Specific gravitles were calculated on a dry basis from the average
molecular welght of the gas referred to alr of molecular weight 28.972.°
Tnitial hydrogen volumes were obtained by direct measurement; the re-
actor was charged with shale and hydrogen to the desired pressure,

and the hydrogen was slowly vented through a wet test meter. TUse of
compressibility data at room temperature permitted the calculation

~ of reactor free space when charged wvith shale. Product gas volumes

during the course of the run at temperatures of 350°F. and above were
calculated from observed temperatures and pressures and the initial
reactor free space, assumlng ideal gas behavior. Previous work with
coal has shown that gas volumes calculated by this method agree with
values measured by wet test meter, with a deviation of about 3 per
cent.*?® Purther, the reasonably close agreement of reported organic
carbon and hydrogen conversions based on camputed product gas volumes,
and organic carbon conversions based on residue ultimate analyses,
supports the use of pressure-temperature-reactor volume measurements
with assumption of ideal gas behavior. The feed shale analysis is
given in Table 1, and the effects of process variables are shown in
Tables 2, 3, and 4, and Figures 1 and 2.
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Table 1.-ASSAY AND ANALYSIS OF U.S. BUREAU
: OF MINES OIL SHALE. SBRS8-40X

Fischer Assaz

0il, wt. % 8.8
Water, wt. % : 1.2
Spent  shale, wt. % 88.0
Gas + loss, wt. 4 2.0
Total 100.0
0il, gal./ton . 22.9
Water, gal ./ton 3.0
Sg ravity of oil,
O°§60°F 0.917-0.918
Sieve Analysisc
40-100 Mesh Sample
Runs 3, 4, 5, 10, 11
U.5.5. Sieve Wt. %
+40 . 0.8
40-50 25.3
50-60 20.0
_60-70 19.1
70-80 16.7
80-100 13.6
-100 4.5

Total 100.0

Sleve Analysise
140-325 Mesh Sample

Run 9

U.S.5. Sieve WC. %
+140 3.2
140-170 24,5
170-200 0.4
200-230 32.8
230-270 11.2
270-325 0.2
-325 27.7
Total 100.0

Carbon-Hydrogen Analy51s

Carbon, wt. % o
Mineral 4.88

Organic 10.52
Total 15740
Hydrogen, wt. % 1.59
Ash, wt..% €8.98
Mineral COs, wt. % 17.88

Sieve analysis?
5-20 Mesh Sample
Run 8

U.3.3. Sleve Wt. %
+5 4.6
5-8 41.3
8-10 L7
10-12 8.4
12-14 8.1
14-16 13.4
16-18 0.6
18-20 13.2
-20 5.7

Total 100.

, O

&) Average of U. S. Bureau
of Mines-Runs 53456 and
53457.17

Average of U. S. Bureau
of Mines Runs 10291 and
lo292.17

) 1.G.7. 1ab. No. 3910.
I.G.T. Lab. No. 4012.
I.G.T. Iab. No. 4013
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EFFECTS OF PRESSURE

At all three pressure levels studled, 340, 735 and 1710 p.s.i.g.
Anitial pressure (1215, 2430 and 5540 p.s.1l.g., respectively, upon
attainment of 1300°F.), the results showed that high heating value pro-
duct gases were obtailned at high organic carbon-plus-hydrogen conver-
sions as the nominal run temperature of 1300°F, was approached; pro-
duct gas dilution with carbon oxldes was not excesslve and practically
no liquid products were formed (Table 2). The spent shale was free ¢
flowing and had virtually the same sieve analysls as the charge.

Rapld attalnment of high conversions of the organic matter to gas ,
(primerily methane, ethane and propane) at temperatures of only 1200° '
to 1300°F was primarily responsible for the low evolutlon of mineral
carbon oxides®; this differs significantly from the results obtailned
in high-temperature retorting at low pressures and in the absence of
hydrogen.®’ 18 Although higher pressure would be expected to suppress
carbon dloxlde evolution, the apparent yleld and mole per cent of car-
bon dioxide was not affected significantly by pressure level (Figure 1).
However, total ylelds of carbon oxides were decreased at the higher
pressures, reflecting the decrease 1n carbon dioxlde conversion to car-:
bon monoxlde by the reaction CO; + Hp — CO + H20, a3 the hydrogen con-
tent of the product gas decreased. Even at the lowest pressure level,
total carbon oxides content was only 22.4 mole %. (The reported ~
N2 + CO contents were primarily carbon momoxide.) . .7 _ .

. The hydrocarbon hydrogenolysis reactlons, and the sequence of
appearance of the stable intermediates in methane production from high-'
er molecular welght carbon-containing materials (such as oll shale
kerogen), corresponded closely to those observed in hydrogenolysis of
petroleum o0l1ls!® and pure compounds related to petroleum olls.*4
Propane and higher paraffin hydrocarbons formed in earlier portions of
each run were soon hydrogenolyzed wilth increasing sppearance of ethane
and methane. Ethane ylelds and concentrations 1n turn passed through
maxima with increases In time and temperature, as methane, the stable
final product, contimued to increase. Maximum ethane yields were ob-
served at attaimment of 1200°F. at all pressures (Figure 1). The
effect of pressure increase was to increase the rate of ethane produc-
tion below 1200°F. and the rate of ethane dlsappearance to methane
above 1200°F. Methane ylelds were conslderably increased above 1200°F.
with increases 1n pressure, accompanied by increases in conversions
and space-time ylelds. Increased hydrogen consumptions at higher pres-
sures, together wlth lower carbon oxlde ylelds and higher methane yilelds
resulted in considerable increases in product gas heating values. For
example, heating values of 792, 871 and 908 B.t.u./SCF were observed
at attalnment of 1300°F. as pressure was increased from 1215 to 2430
to 5540 p.s.l.g., respectively (Table 2). i -

At the two higher pressures studied, as well as in other runs
“carried out at 100% of stoichiometric feed ratio, the gasification of

- organic carbon-plus-hydrogen decreased slightly at temperatures of
1200° to' 1300°F., accompanied by a decline in gas heating value in

excess of that corresponding to increased carbon oxide formation. This

Indicates that insufflclent hydrogen may have been present in the

later portlons of these runs to prevent a small amount of carbon form-

ation from product hydrocarbons. Thils effect appeared to be greater

at higher pressures, due to decreased hydrogen concentrations brought

about by the higher hydrogen consumptions characteristic of higher

’

pressure operation.
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EFFECTS COF HYDRCGEN-SHAIE FEED RATIO

Figure 2 presents gas yield data at hydrogen-shale feed ratios of
50% (Run 11), 100% (Run 10) and 200% (Run 5) of stoichiometric reguire-
ments for conversion to methane; .complete results for Runs 11 and 5
are given in Table 3, and for the key test, Run .10, in Table 2. 4t
temperatures below 1200°F., the extent of gasification at 50% of
stoichlometric hydrogen-shale feed ratio was approximately the same
as at the higher feed ratios so that, in the absence of excess hydro-
gen dilution, earlier formation of high heating value product gas
occurred. However, at the higher temperaturss, conversions wers re-
duced substantially by decreases in hydrogen supply, but not vropor-
tionally to reductions in feed ratio. For instance, at 1300°F.,
gasification of organic carbon and hydrogen was 77 weight % at 507 of
stoichiometric, 90 weight % at 100% of stoichiometric, and complabe
at 200% of stoichiometric feed ratio. Considerable vapor-pnase car-
bon formation was indicated during the later portion of the run at 504
of stoichlometric, and none at 200% of stoichiometric. This compares
with evidence of only limited vapor-phase carbon formation, indicated
by a gradual decline in conversion and product gas heating value, late
in the course of the run at 100% of stoichiometric feed ratio.

Pressure levels for Runs 10 and 5 at 100% and 200% of stoichicmetric
feed ratio, respectively, were quite comparable, permitting & direct
evaluation of the effect .of hydrogen concentration on carbon oxides
formation. Total carbon oxide yields were about the same for thess
two runs, but increased hydrogen concentration at 2007 of stoicniometric
feed ratio caused much greater conversion of evolved carbon dioxide %o
carbon moncxide.

Ethane yields were increased by increases in feed ratio from 507
to 200% of stoichiometric; however, ethane contents were greatest at
100% of stolchiometric feed ratio. Dilution of the product ges with
excess hydrogen reduced the ethane content at 20094 of stoichicmetric,
and pyrolysis reactions favoring methane over ethane formation reduced
the ethane content at 50% of stoichiometric.

EFFECTS OF PARTICLE SIZE RANGE

In view of the substantial cost of oil shale size reduction,®
1t would be desirable to utilize relatively large particle sizes if a
practical hydrogenolysis process can be developed for moving- or fixasd-
bed operation. In Table 4, 1t can be seen that insignificant effects
on gas ylelds and composition resulted from a variation in particle
size range from 5-20 mesh to 1407325 mesh.

COMMERCIAL POSSIBILITIES

Production of pipeline gas from oil shale may be preferable to
liguid fuel production because of higher conversion of organic matter
(90-100 welght % for hydrogasification, compared to about 80 weight %
converslon to liquid and gaseous products in conventional retorting?)
and elimination of costly liquid preoduct refining operations. Hydro-
gasification, In addition to producing a free-flowing residue con-
talning 1ittle organic matter, also yields only negligible quantities
of 1liquid products. This differs from oil hydrogasification*3’:4
and pyrolysis of crude shale o0il,® where substantial gquantities of
liquid byproducts are formed. Absence of agglomeration probleums
should permit the Gavelopment of continuous moving- or fluid-bed oil
shale hydrogasification processes. Fixed-bed operation would have the
advantege of reduced feed preparatioa costs. Hydrogen requirements
could be met with conventlonal catalytic steam reforming and carbon
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oxide removal processes, utilizing a portion of the purified product
gas for feed and fuel. : P
On the basis of the results with 22.9 gal. per ton shale at 50 p
to 100% of stoichiometric feed ratios, about 4900 to 6600 SCF/ton of
1000 B.t.u./SCF equilvalent gas can be produced with 3800 to 7600 ‘
SCF/ton of hydrogen feed. Total product gas requirements for hydrogen
production, including all fuel requirements, will be about 1900 to ;
. 3800 SCF/ton, leaving a net 1000 B.t.u./SCF equivalent gas yield of |
2800 to 3000 SCF/ton. - Heat requilrements for the shale processing step'
estimated from gas combustion retort data®, will be about 500,000 «
B.t.u./ton, so that if product gas is used as a source of heat, a net
gas yleld of 2300 to 2500 SCF/ton would finallY be obtained. At 50 ceni
ton mining cost and 25 cent/ton crushing cost,*® this would result in
a raw material cost of 30 to 33 cents/1000 SCF of 1000 B.t.u./SCF gas -
equivalent for 22.9 gal. per ton shale. Iarge deposits of shale :
~average 30 gal. per ton or more?® so that raw material cost could be
‘reduced to less than 30 cents/MCF with the richer shale. -
© . Existing pipellne systems and requested extensions could supply
the major West Coast and Middle West marketing areas with pipeline gas
produced 1n Colorado. With adequate storage, already under considera- :
tion by Congress, the flow of the Colorado river is adequate to pro-
vide water for a 2 mlllion barrel per day oil shale industry, which is ,
equivalent to about 8 billion cubic feet per day of net pipeline gas
production.® :

CONCLUSIONS

Nearly complete conversion of the organic matter of a typical
Colorado oil shale to high methane and ethane content, high heating :
value fuel gases has been achleved in batch hydrogenolysis at 1200° to-
1300°F. in the presence of sufficient hydrogen to convert the organic -
carbon and hydrogen to methane. Liberation of mineral carbon dioxide -
wvas kept at a low level by operation at these relatively low tempera-
tures. Particle size range varlations from 5-20 mesh to 140-325 mesh
had no significant effect on gasification rates and yields. Increases’
in pressure to 5500 p.s.i.g. resulted in more rapid formation of high
heating value gas, higher gas ylelds and lower total yields of carbon
oxldes. However, pressure lncreases above 2000 to 2500 p.s.i.g. did
not appear to afford advantages commensurate with the cost increases
that would be involved in a commercial application. Hydrogen feed of
twice the stolchlometrlic requirements for methane formation resulted
in complete conversion of organic carbon content, but excess hydrogen
diluted the product gas. Hydrogen feed of one-half of the stoichlo-
metric requirements resulted in lower conversions and some vapor-phase
carbon deposition, but pyrolysis reactions brought about high yields
of high heating value gases at 1200°F. before appreciable carbon de-
position appeared to begin. Low hydrogen concentrations in the pro-

- duct gas slowed conversion of carbon dioxide to carbon monoxide, -
an undesirable reaction which consumes feed hydrogen. Although fuel
gases of pipeline guallty were produced in thils study without further
treatment, 1t would probably be economic to remove carbon dioxide -
before high-pressure transmission. On the basis of these results,
high heating value gas production by hydrogasification of oil shale
with hydrogen produced from a portion of the product gas appears both .
technlcally and economically feasible. In view of the large reserves
of c1l shale, vastly exceeding estimated ultimate crude oil reserves
and approaching in magnitude the thermasl value of economically re-
coverable coal reserves, serlous consideration to this alternate source
of pipeline gas should be given in studles of future gas supply.
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PERFORMANCE OF SUPPORTED NICKEL CATALYSTS IN CYCLIC
STEAM REFORMING OF NATURAL GAS
by
J. M. Reid and D. M. Mason
Institute of Gas Technology
Chicago, Illinois

ABSTRACT

Comparatively little data are availlable regarding the perform-
ance of catalysts in the cyclic steam-hydrocarbon reforming process
used by the utility gas industry on the Eastern Seaboard, and more
extensively in Europe and Asia. In this study, several commercial
types of supported nickel catalysts having either alumina or
magnesia as the base material were subjected to cyclic process con-
diticns in & laboratory reforming apparatus. Catalyst performance
and catalyst life were signifiicantly affected by the oxygen which
was present during the heating portion of the cycle. Unlike the
continuous steam-hydrocarbon reforming process used extensively by
the chemical industry for production of hydrogen and ammonia syn-
thesis gas, performance of the cyclic process was not found to be
singularly dependent-on the activity of the catalyst for the steam-
hydrocarbon reaction, but rather under certain conditions to be con-
trolled by the rates of oxidation and reduction of the nickel. In
these tests, 1ife of alumina-supported catalyst was related to the
formation of an unreactive compound between nickel oxide and the
support. Life of the magnesia-supported catalyst was related to
solid solution formation between nickel oxide and the support. The
Inadequacy of present manufacturing specifications and testing pro-
cedures for nickel catalyst for cyclic reforming is illustrated by
these results. )
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PERFORMANCE OF SUPPORTED NICKEL CATALYSTS IN CYCLIC ,
STEAM REFORMING OF NATURAL GAS ,

J. M. Reid and D. M. Mason
Institute of Gas Technology
Chicago, Illinois

INTRODUCTION

Catalytic steam reforming of natural gas and other low molecular °
welght hydrocarbons is a well established process.®’29:32,33,40541 \
It has been applied extensively in the chemical industry where large
quantities of hydrogen are required, as in the case of ammonia syn-
thesis. A few installations have also appeared in the utility gas
Industry for the production of low heating value fuel gases,l’8:21

The process is carried out 1n a tube furnace in which preheated
steam and hydrocarbon are passed through externally heated catalyst-
filled tubes. The hydrocarbon and steam react to produce hydrogen,
carbon monoxide and some carbon dioxide. This reaction is highl
~endothermic. Reaction temperatures range from about 1200°F.to lgOO°F.
and pressures from atmospheric to several atmospheres. The most
commonly employed catalyst is reduced nickel oxide supported by a high
surface area refractory material; nickel concentrations range  from
several welght percent to more than 30.

Performance of these catalysts has been extensively investigated.-
$s30-31 1n addition to process conditions, the major factors influ- -
encing the catalyst behavior have been shown to be poisons such as
sulfur compounds contained in the feed streams, and physical proper-
ties of the catalyst such as surface area, poroslty and crystallite
size. With proper control of process variables, the catalyst appears
to have essentially unlimited life in commercial operation.

Cyclic Reforming

Prior to World War II, the utility gas industry in the United
States was based almost entirely on carburetted water gas produced
from coke, steam and oil in cyclic apparatus. The availability of low-
cost natural gas to major population centers through long distance
plpe lines constructed in the post-war era made processes based on
solid fuel economically unfavorable. Where conditions warranted the
continued distributlion of low heating value gas, it was necessary to
find some means for converting natural gas. The catalytic steam re-
forming process was ideally suited for this purpose. However, the
process as developed by the chemical industry is carried out in con-
tinuous tube furnaces. To adapt this process to the gas industry
would require the capitalization of entire new manufacturing plants to
replace the existing carburetted water gas plants. A more attractive
scheme for the utilities was made possible by the United Gas Improve-
‘ment Company, which piloneered the development of the cyclic reforming
process 1n the United States,®0:28-34,35,42,44 The cyclic process K
could be carried out by a relatively low-cost modification of the {
exlsting carburetted water gas equipment. As a result, 17 cyclic pro-
cess installations are in use in the eastern part of the United
States.*3’25 T
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The Cyclic Catalytic Reforming (CCR) process differs from the
conventional continuous process, basically, only in the manner in
which the heat requirements are supplied. Flrst, the catalyst bed -
located in one of the refractory-lined shells from the carburetted
water gas apparatus is heated to reaction temperature by the passage
of hot products of combustion supplied by elther oil or gas burners.
This is followed by a reforming step in which steam and hydrocarbon |
are passed through the catalyst bed. The heat stored in the refracto-
ry shapes used for process steam preheat and in the catalyst bed
during the heating step 1s used during the reforming step. Steam
purges are normally used to separate the heating and reforming steps.
The entire cycle sequence is generally completed in less thean five
minutes.

The catalyst employed in the cyclic reforming process is similar
to continuous reforming catalyst in that it is metallic nickel support-
ed by a refractory material. Properties of the refractory surctcrt
are necessarily more stringent for the cyclic process beceuse of the
thermal shock associated with cyclic heating and cooling of the cata-
lyst bed and because of a tendency for the bed to 1lift or move .
slightly with cyclic flow changes. The meterial used almost univer-
sally in commerclal operation consists of fused spherss 1/2 to 1 inch
in diameter, of impure alumina (90%) having medium porosity (30-40%).
The catalyst is prepared by impregnating the spherical surpcort with a
nickel salt solution and then decomposing thé nickel salt to nickel
oxlide by heating in air to about 600°C.

Performance of the catalyst has been commercially acceptable for
utllity operation, but the catalyst has decidedly short life compared
to catalysts used in the continuous reforming process.2®5 Ordinarily
mcére than 50% of the original catalyst activity is lost after 2000 to
4000 hours of operation with one inch diameter catalyst. For 1/2-
Inch dlameter catalyst,where relative light catalyst loading 1s used,
somewhat longer life is obtained. Plant capacity is obviously affect-
ed by loss in catalyst activity,and replacement of at least part of
the catalyst i1s required annually.

Efforts to improve catalyst performance in the cyclic process
have recently become of considerable interest to utility companies
uging the CCR process.2®5 In addition, extension of the CCR process
to liquid hydrocarbon operation and the development of several new
gas manufacturing processes which incorporate in some form the
principles of cyclic catalytic steam reforming of hydrccarbons have
focused attention on the performance of catalyst under cyclic condi-
tions,32%1:22,28:43 Tp a3 pecent study at the Institute of Gas
Technology, the cyclic performance of several supported nickel
catalysts was Investigated under closely controlled conditions in the
laboratory. It was the object of this study to determine the factors
unique to the cyclic process which governed catalyst performance and
were responsible for relatively short catalyst life. Significant re-
sults of this study are presented here.

EXPERIMENTAL

This study was limited to commercial catalysts containing approx-
imately 5 weight per cent nickel. Support materlals were either fused
alumina (@ -A1203§ or fused periclase (Mg0). All of the catalyst
pellets were in the form of nominal 1-inch diameter spheres except for
one sample with high-purity alumina support which consisted of irreg-
ularly shaped, l-inch lumps. Only the lover purity alumina
base catalyst contained magnesium oxide promoter. Properties of the
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unused catalysts are shown below.
Catalyst Designation A B o] D
Acid Soluble Nickel, wt. % 5.1% . 4 48 k.99 5.16
Magnesium Oxide Promoter, wt. % 1.81 - None None None
Support Composition, wt. %
Al505 - 86.85 99+ —_ 0.3 ———
MgO- ' -~ -- — 95.5 ——
5102 12,90 -— 30 ——
Ccao -- - — 1.0
Fe 0.25 -- 0.2
Pellet Shape ] Sphere Irregular Sphere  Sphere

Catalyst nickel concentration data appearing throughout thils
paper refer to that nickel portion of the catalyst which was soluble
in nitric acid. The nickel content was determined by boiling a ground
(minus-100 mesh) sample with concentrated nitric acid until the disap-
pearance of brown fumes, followed by filtration and gravimetric deter-
mination by a standard dimethylglyoxime method.

X-ray diffraction patterns of the catalysts were obtained by the
Debye-Scherrer powder camera method.

Reforming tests were conducted in the apparatus shown in Figure 1.
The reactor consisted of a 3.125-inch I.D. x 102-inch long, Type 310
stainless steel tube with a centrally located 0.675-inch 0.D. thermo-
well of the same alloy inserted through the bottom. The reactor tube

.was suspended in a Smith alloy wound electric furnace with four inde-
pendently controlled heating zones. The temperature in each zone was
regulated by potentiometric temperature indicator-controllers in com-
bination with chromel-alumel thermocouples. The control thermocouple
was welded to the outside skin of the reactor tube at the center of
each heating zone. Additional chromel-alumel thermocouples located in
the internal thermowell were used to measure the catalyst temperature
at three points within the bed and the feed gas stream temperature
immediately before entering the bed.

Provision was made to weigh distilled water, which was fed by a
chemical proportioning pump through an electrically heated steam gen-
erator to the top of the reactor tube. Natural gas was fed from high-
pressure cylinders through a pressure regulator and gas meter to the top
of the reactor tube,vhere it was mixed with the steam feed. Product
gas was wlthdrawn from the bottom of the reactor tube through a water-
cooled tube and shell condenser,where excess steam was removed. The
cooled product gas stream was measured with a second gas meter before
being discharged through a back-pressure regulator to the sampling
system. All measured gas volumes were corrected to standard cubic
feet (SCF) at 60°F., 30 inches of mercury pressure, and saturated with
water vapor. A side stream of the product gas was collected for a
recording calorimeter and for Orsat and mass spectrometer analyses.

For each reforming test a 0.1 cubic foot sample of catalyst was
placed in the lower two heating zones of the reactor furnace and
formed a 24-inch deep bed. Inert periclase spheres were used below
the catalyst to properly space the bed in the reactor tube.

The apparatus as described was suitable for conducting the con-
tinuous reforming process. For cyclic operation, additional equipment
was required. Provisions were made for supplying and metering both
nitrogen (for purging) and air in a manner similar to the natural gas
feed system. The natural gas, nitrogen and air feed lines were equipped
with electrically operated sclenoid valves which were opened and
closed by & repeat cycle sequence timer. The gteam feed system,
reactor and product gas handling system were identical for cyclic _
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operation as for continuous reforming tests. A simple switching system
made it possible to change from contimuous operation to cyclic opera-
tion without interruption. ) . s

Reforming tests were long enough to insure attalnment of equili-
brium. The test period was normally about three to four hours after
steady state was reached.

»FACTORS INFLUENCING CATALYST ACTIVITY IN CYCLIC REFORMING

In the continuous reforming process the catalyst is at all times
in the reduced state and at a constant temperature. The major reac-
tion which 1s affected by the condition of the catalyst. is that be-
tween the hydrocarbon and steam:

- Cply, + nH20 — nCoO + (n + m/2)Hs ' (1) 1

Subsequent reaction between part of the product carbon monoxlde and
steam has little influence on reaction (1) or on the ability of the
catalyst to promote reaction (1):

CO + HaO — COz + Ha (2)

The overall catalyst performance is therefore governed by the ability
of the catalyst to promote the steam-hydrocarbon reaction at the tem-
perature maintained in the catalyst bed.

Cyclic reforming is an exceedingly complex process by comparison.
Neither catalyst temperature nor composition of the atmosphere remain
constant. 1In & single cycle the catalyst is first heated,then cool- -
ed; oxidized, then reduced. The extent of these changes varies widely
in actual practice. In some cases, combustion is controlled during
the heating portion of the cycle so that the combustion products
contacting the catalyst are essentially neutral. The quantity of
catalyst which 1is oxidized in this instance is small. Another method
of operation employs a certaln amount of excess air in the combustion
products to take advantage of the heat released in the catalyst bed
by combustion of nickel metal.” Other forms of cyclic reforming re-
quire the passage of undiluted air through the catalyst during the
heating cycle.?2 In all methods of operation, process heat is stored
in the massive catalyst bed during the heating period for use during
the meke period. The catalyst, therefore, undergoes a significant
chenge in temperature throughout the cycle.

Because of the changes in atmosphere throughout the cycle, other
reactions besides reaction (1) occur in the cyclic process and are
dependent upon the catalyst. Although the cyclic process is not fully
understood, at least two other reactions of importance are those betweer
metallic nickel and oxygen and between nickel oxide and a reducing
agent. '

2NL + Op —2Ni0 (3)

(2n + 7) Ni0 + Crflm —(2n + 3) Fi + nCOz + 5 Ha0 (%)
Reaction (4) represents only the most probable stoichlometric rela- !
tionship,and is not intended to indicate the actual mechanism of re- ’
duction in the process. :
Other constituents of the reacting gases, such as sulfur compounds
In the hydrocarbon feed, and nitric oxide in the combustion products 1
used for heating,affect the process. '
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It 1is apparent that the overall catalyst performance in the
cyclic process is governed by the behavior of the catalyst in all of
the significant reactions which occur during the cycle, together with
the change in catalyst temperature over the course of & cyele. The
rates of one or more of these reactlons may be controlling for a se-
lected cycle so that the process is not singularly dependent on
reaction (1) as in the case of continuous reforming.

To determine the extent to which the overall catalyst Derformapce
in c¢yclic operation differs from continuous reforming a series of
cyclic tests were made in the laboratory reforming apparatus at reac-
tor tube wall temperatures from 1400°F. to 190C°F. (Tsble 1l). The
catalyst samples used were first determined to have approx1mately
equal activity for continuous reforming at a set of standard activity
test conditions in the same apparatus (see Table 2). The cycle simu-
lated conditions for a process presently under development at the
Institute.2® After each cyclic test, the activity of the catalyst
was again checked at continuous conditions to ascertain that no per-
manent change in the catalyst had occurred during the course of the
tests. Overall catalyst performance 1s illustrated by Figure 2, in
which the percentage of hydrocarbon conversion is plotted against re-
actor tube wall temperature. It can be seen that although the activ-
i1ty of all of the catalyst samples was considered equivalent for the
continuous process, under cyclic conditions their performance differed
widely. Not only were the levels of hydrocarbon conversion different
for each catalyst, but the effect of temperature on conversion varied
significantly for the different catalysts.

Several general characteristics of catalyst behavior under cyclic
conditions can be observed from the data in Table 1 and Figure 2.

The magnesia-supported catalysts used in this study were less =ffec-
tive Tfor cyclic reforming than were the alumina-supported catalysts.
Not only did the magnesia-supported catalysts (curves C(b) and D, .
Figure 2) give lower conversion at equivalent température and natural
gas feed space velocity than did the alumina supported catalysts
{(curves A and B), but the decrease in conversion with reduction in
temperature was also much more severe.

There was also considerabie evidence that the portion of nickel
entering into oxidation and reduction reactions during the cycle was
greater for the alumina supported catalysts. This was indicated by
the catalyst temperature, carbon dioxide-carbon monoxide ratio in the
product gas, and agreement between the quantities of water decomposition
calculated from hydrogen and oxygen balances. In several instances

- with the alumina-supported catalyst, especially at high reactor tem-

peratures (see Runs 19, 20, 28 and 29, Table 1), the catalyst bed
temperature approached or exceeded the reactor tube wall temperature
indicating a sizable release of exothermic reaction heat from oxida-
tion of metallic nickel. In these same instances, the ratio of carbon
dioxide to carbon monoxide in the product gas was considerably higher
than the carbon oxides ratio normaily resulting from water-gss shift
reaction (2). This is due to carbon dioxide formation at the begin-
ning of the cycle by reaction (4) in which nickel oxide is reduced to
metallic nickel. The quantity of water decomposition for the process
calculated from both hydrogen and oxygen balances should agree if

only reactions (1) and (2) were significanth In the runs where oxygen
was transferred by the catalyst, the calculated quantity of steam de-
composition based on &. hydrogen balance appears lower than actual.
Conversely, the oxygen content of carbon dloxide formed by reaction
(4%) will make the calculated quantity of steam decomposition based on
an oxygen balance appear hlgher than actual. These observations in
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the case of the alumina-supported catalyst seem to indicate higher
rates of oxidation and reduction of nickel than occurred with the
magnesia-supported. catalyst. ' ’

It can also be noted -that the general level of hydrocarbon con-
version and the apparent quantities of nickel cyclically undergoin
oxlidation and reduction were higher for the high purity, unpromote%
alumina-base catalyst (B) than for the lower purity alumina-supported,
magnesia-promoted catalyst (A). It is not possible to draw conclu-
sions regarding the effect of base impurities and pramoter from these
data, however. ' ) ’ ,

Overall catalyst performance as shown in Figure 2 does not indi-
cate the-specific effect of individual catalyst properties, but rather
reflects the cumulative effect of the complex factors influencing
cyclic reforming operation which are not readily apparent from charac-
teristics. of the catalyst under continuous reforming conditions. Qne
might conclude from these data that high catalyst performance under
cyclic conditions is closely related to the susceptibility of the
catalyst to oxidation and reduction of its nickel content. This con-,
clusion would seem logical, since it 1s evident that thé steam-hydro-
carbon reaction (1) is primarily dependent upon the presence of some
form of metallic nickel as the catalytic agent.

Recent work in the field of solld state physics dealing with the
relationships between the electronic properties of semiconductor metal
oxides and their catalytic behavior has shed additional light on the
factors which influence the oxidation and reduction reactions of

nickel,4>10s12,38,37,45,46:47 Thege factors can be summarized as
follows: -

a) Source of nickel oxide. Nickel oxide prepared from different
nicke% gglts can differ significantly in chemical proper-
ties.=”

b) Treatment of nickel oxide. Temperature, pressure and

- atmospheric exposure have been demonstrated experimentally
to change the suscegtibility of nickel oxide to reduction
by hydrogen.2’9,18:27 Tt has been found that the combina-
tion, sequence, duration and rate of change of treatment
conditions are all important in determining its behavior
during subsequent reduction.*® Thus the treatment of
nickel oxide during preparation of the catalyst,and the
treatment received in operation in the cyclic process,are
both important in determining its behavior. .

c) Promoters or impurities In the nickel oxide. :Studies have
shown that the inclusion of foreign metal lons in the .
crystal lattice of nickel oxide has a pronounced effect
on its chemical reactivity, including reduction to metallic
nickel.a’ls’s-’

d) Support material. The susceptibility of nickel oxide to
reduction by hydrogen 1s influenced by the electronic
nature of an adjacent material,even though there is no
chemical reaction or solid soclutlon between the two
materials,14-38,38

Tt should be noted that the foregoing factors are all related
to changes in, or varlations of, the crystal structure of nickel oxide.
Present-day considerations in the manufacture of supported nickel
reforming catalysts. include nickel concentration and distribution,
support porosity, surface area and the mechanical properties of the
support. The selecticn of promoters 1s based largely on initial
actlvity considerations. Little attention, however, is given to
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conditions controlling the crystal structure of the nickel and nickel
oxide. 1In view of the significance of the oxidation-reduction re-
actions in the cyclic process, these factors should not be overlooked.

A combined effort is presently under way by members of the utility gas

industry, equipment constructors and catalyst manufactures to develop
suitable standards for catalyst specifications and to improve the per-
formance and life of the catalyst. In this connection Milbourne has
recently suggested an oxidation rate determination test as a method of
evaluating cyclic reforming catalysts.®5 This approach seems to have
merit in view of the data shown here.

PERMANENT LOSS OF CATALYST ACTIVITY

In the continuous reforming process the catalyst, as long as it
is not poisoned by sulfur or similar impurities in the feed stream,
apparently has unlimited 1ife. Since this has not been the case in
commercial operation of the cyclic reforming process 1t was suspected
that loss of catalyst activity in cyclic use was related to the oper-
ating differences in the two processes already cited. These are
cyclic variation in atmosphere and catalyst temperature which are not
encountered in continuous reforming. All types of catalyst employed
in the cyclic process have been subject to permanent loss in activity,
although not necessarily at the same rate. For example, l-inch diam-
eter alumina-base promoted catalyst,and 1l-inch diameter magnesia-
base unpromoted catalyst have been observed to lose a major part of
their activity after 2000 to 4000 hours of operation. On the other
hand, some 1/2-inch alumina base . unpromoted catalyst has been
reported to have given essentially constant performance for about
20,000 hours.2s

Effect of Oxygen

Since the atmosphere in the continuous reforming process 1is
always reducing, an investigation was made of the effect of an
oxidizing atmosphere on the catalyst. A series of tests was made in
the laboratory reforming apparatus with both magnesia-supported and
alumina-supported catalyst. ZEach catalyst was treated for 4 to 6.5
hours in a stream of air at 1700° and 1900°F. reactor tube wall tem-
perature. Before and after each exposure, an activity test was made
at comparable continuous reforming conditions. Results of these tests
are shown in Table 2.

With the alumina-supported catalyst (4, .Tests 4, 5 and 6),
little change in reforming activity was observed even after exposure
at 1900°F. Chemical analysis of the catalyst following final exposure
indicated a nitric acid soluble nickel concentration of 4.08 weight
per cent,compared to 5.1% weight per cent before exposure. An x-ray
diffraction pattern of the catalyst after exposure contained lines
corresponding to nickel aluminate (spinel) which were not present in
the pattern of the new catalyst. It appeared that some of the nickel
content of the catalyst had formed an insoluble spinel compound with
the support material during the period of exposure, but that the re-
duction in concentration of available nickel was not sufficient to

gignificantly affect the reforming activity. ,

’ With the magnesia-supported catalyst (C, Tests 1, 2 and 3), no
reduction in reforming activity was observed after exposure at 1700°F,,
but following exposure at 1900°F. the veforming activity was approx-
imately 2/3 fthat of the original catalyst. Chemical analysis indi-
cated a nitric acid soluble nickel concentration of 4.63 weight per
cent following final exposure compared to 4.99 weight per cent in the
new catalyst. The x-ray diffraction pattern of the exposed catalyst
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contained only lines corresponding to periclase (Mg0). With the mag-
nesla-supported catalyst, exposure in air at elevated temperature had
a more serious effect on reforming activity than in the case of the
alumina-supported catalyst, although the reduction in nitric acid
soluble nickel content was less, and no compound formation was detected
for the magnesia catalyst. An examination of the phase diagram for the
nickel cxide-magnesium oxide system®3’24 does not indicate the exist-
ence of a compound; however, Holgersson and Karlsson confirmed the .
existence of a completely miscible system of solid solutions between
these two materials.'S Since both nickel oxide and magnesium oxide
have face-centered cubic lattices with nearly the same unit cell
length, low concentrations of solid solution, if present, would pro-
bably not be detectable in the x-ray diffraction pattern.

Although the specific relation between catalyst changes and re-
Torming activity was not defined in these tests, the indications fit
the circumstances. In the case of the alumina-supported catalyst,

* combination of the nickel content with the alumina support to form

spinel would be expected to reduce reforming activity,since spinel com-
pounds are very unreactive, and reduction to metallic nickel with
hydrogen or hydrocarbons would be unlikely. In the case of the mag-
nesia-supported catalyst, solution of the nickel content in the un-
reactive magnesium oxide lattice could easily make the nickel unavail-
able for reduction by hydrogen or hydrocarbons. Both cases would be
unique to the cyclic reforming process since either would proceed only
with nickel present as nickel oxide.

Spinel

Additional tests were conducted to determine 1f the rate of spinel
formation was rapid enough to contribute materially to loss of cata-
lyst activity at conditions of the cyclic reforming process. Samples
of both the high purity alumins-base: unpromoted catalyst (B), and the
lower purity alumina-base magnesia-promoted catalyst (A4), were crushed
to pass 100 mesh. Each catalyst was heated to 1800°F.in an electric
furnaece for an extended period in contact with air. At intervals,
samples were withdrawn for determination of nitric acid soluble nickel
concentration. The change in nitric acid soluble nickel content with
time of exposure is shown in Figure 3.

After 96 hours at the test conditions both catalysts showed a
marked decrease in the concentratlon of acld soluble nickel. It is
Interesting to note the difference in rate of decrease for these two
catalysts. In curve B for the high-purity alumina support the rate of
decrease was almost a linear function of time. Since only nickel
oxide and alumina were present in this catalyst, nickel aluminate
would be the only suspected compound which would lower the concentra-
tion of acid soluble nickel. This was confirmed by the x-ray diffrac-
tion pattern of the catalyst after exposure for 96 hours. Only lines
corresponding to a-alumina, nickel oxide and spinel were detected. DNo
spinel lines were observed in the pattern for.the new catalyst. Curve
A for the lower purity alumina base catalyst shows a different times
nickel concentration relationship. The decrease in acid soluble
nickel content was very rapid initially, but approached the rate in
curve B after about 30 hours. The major materials present in this
catalyst in addition to alumina and nickel oxide were 12.90 weight
per cent silica-in the support, and 1.8 weight per cent magnesia added
as promoter by colmpregnation as nitrate with the nickel. An x-ray
diffraction pattern of this catalyst indicated that the silica was 1n
the form of aluminmum silicate (3A1503-23i02). In addition to spinel
lines, the pattern of the catalyst after 96 hours of exposure contain-
ed unidentified linss corresponding to 5.4, 4.7 and 1.8%A.. These do
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not correspond to any nickel compound for which x-ray data are readily
available. The difference between curves A and B could be attributed
either to the formation of insoluble nickel compounds in addition to 1
nickel aluminate,or to an increased rate of formation of nickel ’
aluminate due to the presence of silica or magnesia. “

So0lid Solutions
To determine the relationship between catalyst activity and the {
possible formation of solid solutions between nickel oxide and the
magnesia catalyst support as indicated by the atmosphere tests describ--
ed above, a number of samples of the same magnesia-supported catalyst .
C having various operating histories and showing different levels of
activity under comparable continuous reforming conditions were sub-
jected to milcroscopic analysis. Descriptive data for the samples sel-
ected are itemized below: ‘

IGT Sample No. 23623 3664 3635 3665
Acid Soluble Nickel, wt % .99 4 47 4,63 4.0l
Approximate Relative Continuous

Reforming Activity, % 100 120 70 15
History New 29 hours Oxidlzed 29 hours

Pilot Plant in Tube Pilot
Operation TFurnace Plant
at 1400- for 9.5 Operatic

1660°F, hours at at 1830-
1700- 1890°F.
1900°F.

For each sample the catalyst pellet was impregnated with Canada
balsam,after which a thin section through the center was prepared.
Photographs of the sections made with transmitted light are shown in
Figures 4, 5, 6 and 7. The original pore structure of the support
material was preserved and shows as white areas in these photographs.

In Figure 4, the new catalyst, two distinct phases are apparent;
a colorless isotropic phase having an index of refraction slightly be-
low that of a 1.74 immersion medium (refractive index of periclase:
1.734-1.737) and a black opaque phase (nickel oxide). The nickel
oxide 1s concentrated near the surface of the pellet and especially
around the perimeter of the larger pores. Particle size of the peri-
clase ranged from a maximum of approximately 50 microns down to a very
fine dust. The nickel oxide particle size wastoo small to be
determined.

Figure 5 shows a section of the catalyst after brief cyclic opera-
tion in & pilot plant at relatively low temperature. The activity
under continuous reforming conditions in the laboratory apparatus was
found to be noticeably higher than that of the new catalyst. Two
phases are apparent, as in the new catalyst. However, the nickel oxide
seems to be more uniformly distributed throughout the pellet, and in-
stead of being concentrated around the pore perimeters it appears to
have diffused into a thin layer in the grain boundary surrounding each
periclase crystallite. Some grains have a refractive index slightly
above 1.74, whereas others have & refractive index lower than 1.74.
3ince nickel oxide has a refractive index of 2,37, the grains with a
refractive index higher than 1.74 undoubtedly contain nickel oxide in
solid solution. Solld solution formation in this sample is evidently
in initial stages and far from complete.

Figure 6 shows a section of the catalyst following air treatment
in the laboratory reforming apparatus at 1900°F. reactor tube wall
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RELATIVE ACTIVITY = 15%




-Sh-

temperature (Test 3, Table 2). This sample was found to have approxi-
mately 2/3 of the activity of the new catalyst. Two phases can be
detected in this sample,although the amount of black opaque phase has
greatly diminished. Only a few grains were observed with an index of
refraction less than 1.74 indicating a substantial amount of solid
solution formation.

Pligure 7 shows a sample of catalyst which was subjected to high
temperatures in cyclic pilot plant operation. The activity of this
material under continuous reforming conditions was very low, estimated
" at about 15% of the new catalyst. Only one phase can be detected in
this sample, the nickel oxide phase having completely disappeared. Re-
fractive indices of all grains were well above 1.74 indicating that
s0lld solutlon of the nickel oxide in magnesia was essentially complete.
No grains with an index of refraction greater than 1.78 were observed,
indicating that the solutions formed were always dilute 1n nickel
oxlde. The largest particle size in the sample was approximately four
times that in the new catalyst, indicating that some recrystallization ;
may have occurred.

Thls series of analyses seems to indicate the path of the change
which occurs in the magneslia-supported catalyst with use. It is in-
teresting to note that the early changes in structure corresponding
to nickel oxide migration throughout the pellet,and incomplete solid
solution formation, are accompanied by an increase in reforming activity,
rather than a decrease. This result agrees with the findings of
Huttig with mixtures of metal oxlde catalyst.l?” Huttig describes a f
series of states that occur during the formation of a solid solution
from a mixture of metal oxides. The initial states constltute diffu-
slon of the more moblle lattice over and around the less mobile ”
lattice. Huttig relates the highly disordered condition which is
created to increased catalytic activity. The final state,constituting .
the complete solution and filling in of lattice defects, he relates to
diminishing catalytic activity. '

CONCLUSIONS

It appears from the results of this study that the factors which
influence overall perflormance of the catalyst in the cyclic reforming
process,as well as catalyst 1life, are quite different from significant
factors for the continuous reforming process. For thils reason, cata-
lyst properties which have generally been considered desirable in con-
tinuous reforming catalysts may not be satisfactory for the cyclic
process. Likewlse, the methods commonly used to evaluate catalyst
performance for continuous reforming do not appear adequate to predict
the behavior of catalysts under cyclic conditilons.

Although the cyclic process is extremely complex, the data from
this study lead to several general conclusions regarding performance
of supported nickel catalysts of the type employed in commercial
practice. First, the susceptibility of the nickel content of the
catalyst to rapid oxidation and reduction appears to be closely re-
lated to good overall reforming efficlency in cycllic operation. Second,
catalyst activity 1s decreased by any changes which result in decreas-
ing the amount of nickel available for oxidation and reduction. For
alumina-supported catalysts a major factor contributing to loss in
activity appears to be the formation of spinel by reaction between
nickel oxide and the support. For magnesia-supported catalysts a
similar effect appears to result from solution of nickel oxide in the
support. In both instances, the undesirable changes must occur during
the heating portion of the cycle, when all or part of the nickel is
present as the oxide.
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Many other factors may contribute to short catalyst life in ths
cyclic reforming process. One for which very little specific data
are available is the effect of coatings built up on the surface of
the catalyst with use, from dust constituents in the combustion air,
or from ash content of oil feed or fuel. Additional studies will te
necessary to define these effects,as well as to determine methods for
improving catalyst performance and life.
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ABSTRACT

APPLYTING FUNDAMENTAL CCHNCEPTS
TO THE ENGINEERING DESIGN CF APPLIANCE BURNERS

by Walter B. Kirk and James C. Griffiths
American Gas Association Laboratories
Cleveland, Ohio

Pundamental concepts relating burner design factors and gas ccmpositicn
to the conventional flame characteristics of lifting, yellow tipping, and flash-
back are discussed.

Design relationships are developed from the basic critical boundary
velocity gradient theory with respect to lifting flames. Such burrer design
factors as port size, depth, and spacing; port loading and primary =zeration;
and gas composition are taken into account.
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APPLYING FUNDAMENTAI CONCEPTS
TO TEE ENGINEERING DESIGN OF APPLIANCE BURNERS

by Walter B. Kirk and James C. Griffiths
American Gas Association Laboratories
Cleveland, Chio

There are many areas in the gas industry where there is a definite need
to bridge the gap between fundamental concepts and engineering applicetion. As
an example, the design of atmospheric gas burners for domestic appliances requires
a Jjudicious balance of oovposing characteristics. A design directed toward elim-
inating any provensity for lifting flames might introduce a tendency for yellow
tipping flames, or a design for high primary air injection could be liable to
flashback. ‘A knowledge of the quantitative effects of all pertinent variables is,
therefore, necessary to echieve a desired balance in design. The following 1s an
attempt to interpret fundamental concepts in such a manner that they might be
easily applied in the engineering design of burner port arezs.

The nature of the port area for any given application is dictated by
limiting conditions which produce critical flame characteristics such as lifting,
yellow tipping, and flashback. A typical flame characteristic diagram is shown
in Fisure 1, which describes limiting conditions in terms of primary aeration,
expressed as a per cent of the air required in a stoichlometric mixture and port
loading in Btu per hour per square inch of port area. Any change in variables
such as port size, depth, or spacing will displace these limit curves so as to
either increase or decrease the area of the stable, blue flame zone. Ideally, of
course, 