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where the integration constant I (1114.5) is determined from the
known value of H° — H{ at 1183,16° K. The results are given
in Table IV, Within the accuracy of the values listed, Equation
1 is satisfied exactly. The free energy change for the transforma-
tion of v-iron to a-iron at a number of temperatures is given in
Table V. TFisher (12) compiled a similar table by taking values
(substautially the mean) from Johanson (14) and Zener (34).

Since nearly’ all reliable available data were used to establish
the tables, very few independent checks could be made. Kérber
and Olson (21) have determined the enthalpy of liquid iron at
1600° C. relative to a-iron at 20° C, as 18,800 == 200 calories per
gram atom. A slight extrapolation of Umino’s data of Table III
(subtracting 2.1 calories per gram to change the reference state
from 0° to 20° C.) gives 18,500 calories; Table 1V gives 18,350
calories. The enthalpy of iron at 1900° K. relative to its value
at 2098.16 given by Kelley (18) is 18,820 calories; Table IV
gives 18,611 calories. The agreement with the data of Umino
for y-iron in the temperature range 910° to 1400° C. has pre-
viously been mentioned (see Table II).
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Catalytic Isomerization of
Isomeric Hexanes

B. L. EVERING AND R. C. WAUGH!
Standard Oil Co. (Indiana), Whiting, Ind.

The only commercial hexane isomerization units in this
country were built by the Standard Oil Co. (Indiana) based
on its process, The present work was undertaken to deter-
mine the manner and rate of isomerization of the hexane
isomers to aid in establishing optimum conditions for
these units.

The results indicate that isomerization of n-hexane to
its isomers takes place in a stepwise fashion, but the steps
do not take place with equal ease. The methylpentanes are
first formed from n-hexane relatively slowly. The equilib-

ONSIDERABLE work has been reported on the isomeriza-
tion of alkanes (7). These investigations were concerned
primarily with determining the composition of the equilibrium
mixture of products that resulted under various reaction condi-
tions. More recently fundamental work has been done on the
mechanism of isomerization, particularly of butane (6-7, 9).
Little has been published to reveal the path of an isomerization
reaction when several products can be produced.

The five isomeric hexanes which coexist at equilibrium afford
the simplest system for investigating the sequence in which the
individual isomers are produced. Therefore, a systematic study
of the individual hexane isomers under carefully controlled condi-

1 Present address, Arapahoe Chemical Co., Boulder, Colo.

rium between 2-methylpentane and 3-methylpentane is
established rapidly. The rate of formation of 2,3~di~
methylbutane from the methylpentanes is moderate.
Neohexane (2,2-dimethylbutane) is difficult to form, but
once formed it is extremely stable under isomerization
conditions.

These data established that it was important to operate
at close to the equilibrium octane number to obtain the
maximum vyield of neohexane in the commercial neo=
hexane unit.

tions was undertaken wherein the conversion was varied over a
wide range. By plotting conversion against the hexane product
distribution and extrapolating back to zero per cent conversion
according to the method of Schneider and Frolich (8), an insight
into the initial reaction products should be obtained. From
these data it should be possible to deduce the path of hexane
isomerization. Portions of the present work have been cited (4)
and a complete presentation of the resuits is provided here,

EXPERIMENTAL

The hexanes used in this work were purchased from the Phillips
Petroleum Co. The n-hexane contained 969, n-hexane, 1% 3~
methylpentane, and 3% methylcyclopentane; the presence of
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T was at least 209, converted to other isomers. In
lower conversions it was necessary to rely mainly
on analyses by the mass spectrometer. The prod-
] ucts at conversion as low as 5% could be deter-
mined accurately by first concentrating the
isomerized materials by fractionation and then
analyzing the overhead cuts on the mass spec-
trometer.

The above standard procedure was followed
— in all except three cases. Two experiments on
the methylpentanes were made at /5% the
standard amount of catalyst and one experiment
was performed on 2,2-dimethylbutane at double
the amount. The results with more and less
catalyst were adjusted to the standard amount
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by proportion, thus making all results repre-
gented on the same plot comparable. Unpub-
lished work from this laboratory indicated the
rate of isomerization of paraffins to be almost di-
rectly proportional to the catalyst concentration.

REACTION PRODUCT OF ISOMERIC HEXANES

Sixteen experiments were made, the results
— of which are shown in Table II. When these
data are plotted as actual conversion against
the percentage of the various hexane isomers
in the product (based on 1009, converted), a
set of curves is obtained which may be extra-
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CONVERSION, VOL %

Figure 1. Product Curves for Isomeric Hexanes
= n-Hexane

= 2-Methylpentane

= 3-Methylpentane

= 2,3-Dimethylbutane

= 2,2-Dimethylbutane
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methylcyclopentane was not considered detrimental as it does not
adversely affect the isomerization of paraffins (3). The 2-methyl-
pentane after refractionation on a 100 theoretical plate column
to remove a small amount of 2,3-dimethylbutane was 999"
pure. The 3-methylpentane contained 3%, 2-methylpentane, and
was used without further purification. The 2,3-dimethylbutane
and 2,2-dimethylbutane were ¢.P. grade and used as received.
The aluminum chloride was a commercial grade obtained from
the Hooker Electrochemical Co. and was used without further
purification. The hydrogen chloride was commercial anhydrous
gas produced by the Harshaw Chemical Co. Linde commercial
hydrogen was used as received. :

The experiments were made in a 1490-ml. reactor (2) the con-
tents of which could be stirred under pressure at 1750 r.p.m. By
circulating steam through a surrounding jacket, the reactor could
be brought to reaction temperature in 5 minutes, and by circu-~
la%ting cold water it could be quenched in a corresponding length
of time.

A standard run was made as follows: 700 milliliters of the se-
lected hexane were placed in the reactor with 50 grams of alumi-
num chloride and 15 grams of hydrogen chloride, ' The reactor
was pressured with hydrogen to 1000 pounds per square inch at
the operating temperature of 100° C. in order to reduce side reac-
tions to & minimum (3). The hexane and catalyst were stirred
for the predetermined period of time at 100° C., then cooled and
allowed to settle at 10° to 20° C. for sampling. The samples for
analysis were withdrawn as liquid by means of a bleed-out tube
which dipped below the surface of the liquid in the reactor.

The product was fractionated on a column packed with glass
helices to remove any trace of butanes that may have been
formed. Actually the amount of cracking to light hydrocarbons
was negligible in all cases—19%, or less. After being washed with
ice water to remove any dissolved aluminum chloride, a 100-ml.
sample was fractionated at a reflux ratio of about 100 to.1, on a
60 theoretical plate column packed with wire gauze. The ac-
curacy obtaineg with this fractionation column is illustrated by
the analysis of a known mixture, as shown in Table I. The anal-
yses thus obtained were satisfactory when the original hexane

] polated to zero per cent conversion. This gives
an ingight into the initial reaction products which
may be arbitrarily referred to as primary and
secondary products depending on whether their
curve intersects the ordinate at a positive value
or passes through the origin,

n-Hexane. Figure 1 shows the curves obtained
for n-hexane, These indicate that 2-methyl-
pentane, 3-methylpentane, and 2,3-dimethyl-
butane are primary products and that 2,2-dimethylbutane
is a secondary product. The composition of the primary
products from the isomerization of n-hexane is: 51% 2-methyl-

Tasre [. FracTioNarn ANALysis oF KNowN MIXTURE
’ Composition, Vol. %

Found Known
2,2-Dimsthylbutane 5.3 5.6
2,3-Dimethylbutane 16.1 16.1
2-Methylpentane 49.5 48.4
3-Methylpentane 22.8 24.2
n-Hexane 6.3 5.6
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Figure 2. Conversion Rates of Isomeric Hexanes
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Tasre II. IsoMmeRizATION OF IsoMERIC HExaNEes aT 100° C.
Hexane used 2-Methyl- 3-Methyl~ Methyl- 2,2-Dimethyl- 2,3-Dimethyl-
n-Hexane pentane pentane pentanes?® butane butane
AlCls, wt. % of hexane 10. 9 11.0 0.21 10.8 10.8 0.2 10.9 11.0 22.0 10.8 10.8
HCl,wt.%of hgxane 3.3 3.3 1.1 3.2 3.2 1.1 3.3 3.8 6.6 3.3 3.8
Contact time, min, 9 5 20 54 99 284 5 8 5 58 5 57 83 411 5 20
Composition of reaction product
Butane,yvt. 0 0.0 0.1 0.4 0.2 o . 1.8 1.1 0.0 0.5 0.1 0.5
Debutanized liquid, vol. %
Pentanes L. L. .. . . L. L. . . .. L. 0.7 .. 0.8 L. 0.2
2,2-Dimethylbutane 0.5 0.7 1.3 3.0 2.9 8.4 0.3 0.0 2.5 8.0 0.0 5.1 96.0 62.6 2.3 4.4
2,3-Dimethylbutane 1.6 2.0 2.7 4.5 6.1 8.8 7.9 2.2 11.5 14.5 0.6 15.7 0.9 5.7 76.1 46.9
2-Methylpentane 5.1 5.8 8.5 15.4 17.0 28.6 62.7 79.4 52.8 47.0 9.6 50.0 2.0 18.0 14.9 31.6
3-Methylpentane 2.2 2.8 4.2 7.5 83 13.2 29.3 18.3 31.4 23.4 89.8 25.1 0.9 8.3 6.7 16.6
n-Hexane -+ residue 90.6 88.7 83.3 69.6 65.7 41.0 0.0 0.0 1.8 5.6 0.0 3.9 0.2 4.6 0.0 0.3
Conversion, liquid vol. % 9.4 11.3 16.7 30.4 34.3 59.0 8.06 2.2b 15.85 28.1% 0.6% 24.7% 4.0 36.6 23.9 53.1
Hexane product distribution, )
mole
2,2-Dime(t>hy1butane 5.3 6.0 7.7 9.8 8.4 14.1 3.4 . 15.6 28.1 0 20.6 . .. 9.5 8.4
2,3-Dimethylbutane 17.1 17.8 16.3 15.0 18.0 15.1 96.6 100 73.0 51.9 100 63.5 23.5 15.7 .. ..
2-Methylpentane 54.0 51.0 50.5 50.5 49.4 48.2 . .. .. . . . 48.9 48.9 62,1 58.8
3-Methylpentane 23.6 25.2 25.5 24.7 24.2 22.6 .. .. .. .. . 22.4 22.8 28.4 32.2
n-Hexane . . .. .. o .. 0 0 11.4 20.0 0 15.9 5.2 12.6 0.0 0.6

@ Mixture of 67% 2-methylpentane and 339% 3-methylpentane.
b Conversion to products other than 2+ and 3-methylpentanes.

pentane, 259, 3-methylpentane, and 189, 2,3-dimethylbutane.
This is essentially the equilibrium proportion of these isomers
found experimentally, calculated on a 2,2-dimethylbutane-free
basis—namely, 55% 2-methylpentane, 259, 3-methylpentane,
and 209% 2,3-dimethylbutane. The amounts of the primary
products remain essentially unchanged to about 409, conversion,
then begin to fall off slowly. The high conversion portions of
the curves are drawn as broken lines because the experimental
points are extrapolated to the equilibrium values (2), and the
authors believed that there were not sufficient data in this region
to fix adequately the sharp break, particularly in the 2,2-dimethyl-
butane curve.

It is not surprising that 2-methylpentane and 3-methylpentane
are found as the primary products in about equilibrium concen-
trations, since these curves are extrapolated to zero from about
109, conversion. Figure 2 shows that 10% conversion of n-
hexane corresponds to a contact time of 10 minutes whereas only
2 or 3 minutes are required to establish the equilibrium between
2-methylpentane and 3-methylpentane. Analysis of the produet
from a n-hexane run, in which only 2 or 3% is converted, would
be required to show other than the equilibrium ratio. The
accurate analysis of such a small amount of isomerized product is
extremely difficult since, in order to obtain an accuracy of 5% on
the product curves in the region of 2 or 39, converted, it is neces-
sary to know the composition of the isomer in the total product
with an accuracy of +0.02%.

Although 2,3-dimethylbutane is indicated as a primary product,
this is difficult to understand. The formation of the methyl-
pentanes as primary products and of 2,2-dimethylbutane as a
secondary product would lead one to believe that the isomeriza-
tion of n-hexane proceeds in a stepwise fashion. Further studies
at conversions less than 109% are needed to resolve this question.

2-Methylpentane and 3-Methylpentane. The methylpentanes
are treated as a class because, as pointed out previously, 2-
methylpentane and 8-methylpentane isomerize to one another
so readily that it is impossible to determine the primary products
from either one individually. Figure 1 shows the primary isom-
erization product of the methylpentanes to be 100% 2,3-
dimethylbutane and 2,2-dimethylbutane as a secondary product.
The 2,3-dimethylbutane curve decreases almost linearly with in-
crease in conversion, whereas that for 2,2-dimethylbutane in-
creases in the same fashion.

n-Hexane is indicated as a secondary product of the isomeriza-
tion of methylpentane, although it would be expected as a minor
primary product. The shape of the n-hexane curve is highly
influenced by the one experimental point at low conversion, and
this indicated the absence of n-hexane. It would require the

presence of only a trace of n-hexane to indicate n-hexane as a
minor primary product.

2,3-Dimethylbutane. As shown in Figure 1, the primary reac-
tion products for 2,3-dimethylbutane are: 65% 2-methylpen-
tane, 329, 3-methylpentane, and only 5% 2,2-dimethylbutane.
n-Hexane is indicated as a secondary product. Although the
amount is small, this is the only instance where 2,2-dimethyl-
butane is indicated as a primary isomerization product. The
2,2-dimethylbutane concentration increases as the conversion
increases and reaches the equilibrium value of 429 at 100° C.

2,2-Dimethylbutane. Although 2,2-dimethylbutane is not
readily formed, it is even less readily isomerized once it is formed.
This makes it impossible to determine its primary isomerization
products, because these products are isomerized to an equilibrium
mixture of all the hexanes as quickly as they are formed. Never-
theless, the slope of the curve for 2,3-dimethylbutane in Figure 1
suggests that this isomer is the primary product.

ISOMERIZATION RATES OF ISOMERIC HEXANES

The various hexane isomers do not isomerize with equal ease.
This is shown in Figure 2 where the per cent conversion of the
various hexanes is plotted against the reaction time.

TasrLe ITI. ArproxiMATE IsoMERIZATION RATES oF IsoMERIC
Hexanes
Isomerization Velocity
Hr, -t

n-Hexane — 2. and 3-methylpentanes 1.8
2-Methylpentane — n-hexane N
2-Methylpentane — 3-methylpentane 150
3-Methyipentane — 2-methylpentane 65
2-Methylpentane — 2,3-dimethylbutane 6.0
2,3-Dimethylbutane —» 2-methylpentane 3.9
2,3-Dimethylbutane — 2,2-dimethylbutane 0.8
2,2-Dimethylbutane —» 2,3-dimethyibutane 0.04

The rates of conversion of 2-methylpentane and 3-methyl-
pentane to their equilibrium mixture are both rapid. The
equilibrium mixture at 100° C. contains 68% 2-methylpentane
and 329% 3-methylpentane. The isomerization of 2,3-dimethyl-
butane is the next most rapid reaction, followed by that of n-
hexane. Neohexane (2,2-dimethylbutane) is characterized by
extreme stability, as it shows only about 3% conversion after a
reaction time of 1 hour.

The isomerization rates for the various hexanes to the specific
isomers have been calculated in terms of the specific reaction
velocity, %k, based on the assumption that the isomerizations
follow a first-order reaction Jaw using the equation:
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where a is composition of starting material, a. the composition at
equilibrium, and e, the quantity converted after time, ¢, in hours.
Since there was considerable drift in the & values, the results are
not exact but are of the right order of magnitude. These values
are shown in Table III,

L CONCLUSION

From the experimental data it is postulated that the hexanes
isomerize in a stepwise manner:

n-Hexane
2-Methylpentane == 3-Methylpentane
2,3-Dimethylbutane
2,2-Dimethylbutane

The methylpentanes are rapidly interconverted; this prohibits
deducing whether only one or both of the methylpentanes are
intermeﬁiates in the transformation of n-hexane to 2,3-dimethyl-
butane. The rate-determining step in the formation of 2,2-
dimethylbutane from n-hexane is the slow isomerization of 2,3-
dimethylbutane to 2,2-dimethylbutane. In the isomerization of
n-hexane to 2,3-dimethylbutane, the rate-determining step is the
isomerization of n-hexane to the methylpentanes.
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Construction of Three-
Dimensional Nomographs

W. H. BURROWS

State Engineering Experiment Station, Georgia Institute of Technology, Atlanta, Ga.

Use of three-dimensional nomographs for engineering
formulas has not been tested in practical application, be-
cause nomographs of this type have been virtually non-
existent.

This article presents comparatively simple methods for
construction of three-dimensional nomographs. .

Although they present a convenient means of handling
formulas with a proportionately larger number of vari-
ables than those handled by the more familiar two-dimen-
sional nomographs, three~-dimensional nomographs are
more difficult to construct and to read. Nevertheless, in
addition to the role they play as aids in computation, they
provide a method of graphic representation which, as an
aid to visualization, is difficult to achieve by three-dimen-
sional graphs or two-dimensional nomographs.

HE construction of three-dimensional nomographs for cer-

tain types of formulas was described by d’Ocagne (§) as
early as 1921. Virtually no application has been made of the
methods which he presented; the reasons are apparently two-
fold: first, the theoretical discussion provided no simple means of
adjusting the moduli of the several scales to accommodate varia-
tions in the ranges of the variables; and secondly, the method
was applicable only to polynomials.

This article presents a simple theoretical approach to the
construction of three-dimensional nomographs for all formulas
capable of representation in a nomograph with a planar index
surface. The hyperbolic coordinate system on which the con-
struction is made may be modified to accommodate desirable
variations in moduli and positions of the scales of the nomograph.

3

THREE-DIMENSIONAL HYPERBOLIC COORDINATES

XY-PraNe. The XY-plane is identical with the plane hyper-
bolic coordinate system described previously (2). Both prin-
cipal axes are hyperbolic—i.e., they are of finite length—with
points on the axes defined in terms of p’s for which the corre-’
sponding distance of the point from the origin is p/(p + r); risan
arbitrary constant. The hyperbolic constants of the two prin-
cipal axes, 7. and r,, are independent.

Points in the plane are located with respect to points p, and p,
on these axes by means of coordinate lines drawn to these points
from the termini of the Y- and X-axes, cespectively (Figure 1),
Points with infinite abscissa and ordinate are located on an
auxiliary Z-axis passing through the termini of the X- and Y-
axes, its origin on the X-axis and its terminus on the Y-axis.
Points on this axis have the values of p;; the hyperbolic con-
stant is v, where r,- = ry/r,.

Verrical Axes. The principal vertical axis is the Z-axis on
the origin of the X- and V-axes. Auxiliary vertical axes are the
Y-axis on the terminus of the X-axis, and the X-axis on the ter-
minus of the Y-axis (Figure 2). These axes are linear; their
moduli have the relationships, m; = r.m. and m; = rym..
Points on these axes have the values ¢., ¢;, and ¢z, respectively.

VeRTICAL Pranms. The vertical axes and the axes of the
XY plane together determine three vertical planes; the XZ
plane, the ¥YZ-plane, and the ZY-plane. Each of these planes is
identical with the semihyperbolic planar coordinate system pre-
viously described (1), consisting of a single hyperbolic axis and
two linear axes. Points in these planes are located in the manner
shown in Figure 3: abscissas, by vertical coordinate lines; and



