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ABSTRAOCT.

Employing the results obtained from the study of dehydrogenation equilibrium of the two very important
olefins, butene-1 and 3-methyl-butene-1 to the corresponding diolefins, butadiene-1,3 and isoprene (vide Parts
I and IV) in conjunction with the accurate data now available on the heat of formation, heat of hydrogenation,
entropy, free energy and specific heat for some of the lower paraffins and olefins, the various thermodynamic
functions involved in the dehydrogenation equilibrium of paraffin-olefin isomers-diolefin of the isopentane
and n-butane series have been calculated.

The application of thermodynamics to evaluate the free energy changes involved in various
equilibrium reactions and isomeric transformations in the field of hydrocarbons has been of
immense value in recent years. Most of these thermodynamic deductions are, however, based
upon calorimetric and spectroscopic data since direct experimental results are not available.
The study of dehydrogenation equilibrium of the two very important olefins, butene-1 and
3-methyl-butene-1 to the corresponding diolefins, butadiene-1,3 and isoprene (vide Parts II
and IV), in conjunction with the accurate data on the heats of formation obtained by Rossini,
heats of hydrogenation obtained by Kistiakowsky, entropy and free energy functions calculated
by Pitzer by statistical methods and specific heats given by Beeck, permits now to present a
reliable thermodynamlc treatment of the series of equilibria, existing among ‘paraffin-olefin
isomers-diolefin’ of the n-butane and isopentane series.

Theory: The formulae and methods emplox ed for the evaluation of various thermodynamic
functions of the above reactions are presented in brief:

The relation between the heat of reaction, A Hr and the equilibrium constant, Kp is given
by the van’t Hoff’s isochore:

aT = RI?

It is well known that A Hr depends upon the temperature and on the difference between the
heat capacities of the products and the reactants. This can be expressed as follows:

T
AHT=AH0+f ACST .. .. .. .. D
0

The heat capacity of a substance can be usually expressed by a parabolic equation of the type

Cp= Do+ I THIT? .. .. .. (IID)
where Iy, I'y and I'; are constants, and to express AC, ie., Cy, of products—-C of reactants,
we have

Combining (ITI) and (IV) one obtains
AHr = AHy4+ AT TH+3IATT243ATTS .. . .. (V)
The relation between the free energy change A Fr and A Hr is given by the expression
a(AF)
T _ —AH7r
= e . .. . . (VD)
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Combining (V) and (VI), the following equation is obtained:
AF = AHy— AT TInT —iADTE—L AT, T34 .. IT .. .. (VID
where I is the integration constant.

For the derivation of free energy equation, it will be observed that the knowledge of A H,,
I and the heat capacity equation (IV) are essential.

For the evaluation of the values A Hy and I the following methods have been used :—

(1) When the equilibrium data were available, the value of AH, was directly calculated
by employing the equation:

alnk AH0+AI‘0T+%AI‘1T2+§AI‘2T3
or RT2

(2) When the data for the heat of combustion for the products and reactants at standard
state were available, A H, was calculated from equation (V). In the case of the isomers like
butene-1 and butene-2 (cis and trans) the difference in the heats of formation was evaluated
from the hydrogenation data since the difference in the heats of hydrogenation, when the
reaction is clear cut and the hydrogenated product is the same for two or more unsaturated
hydrocarbons, gives the difference in the heats of formation for all these hydrocarbons.

(3) For the evaluation of I, when A H, was known, the value for AFr at one definite
temperature was required. This has been calculated by the following two methods :—

(i) From the knowledge of the equilibrium constant for the reaction, A Fr has been
calculated from the well-known equation:

AFr = —RTinKp .. e (IX)

(ii) When the entropy change, ASr and the heat of reaction, AHT could be obtained
from the calorimetric and spectroscopic data, the value of AFy was calculated
from the equation:

. (VIII)

AFr= AHr—TASr . (X

The Specific Heat Equation : To derive a satisfactory equation expressing the free energy
of reaction as a function of temperature, it is essential to know equations accurately representing
the specific heat of the reactants and the products over the temperature range considered.
Direct heat capacity measurements for these hydrocarbons are almost completely lacking.
The only data available for the derivation of the specific heat equation for some of the hydro-
carbons is the spectroscopic work of Beeck (1). Employing Beeck’s data, Thomas, Egloff and
Morrell (2) have calculated the specific equations for some of the lower paraffins and olefins.

Specific heat equation for the Dehydrogenation of paraffins to olefins :
Using the following heat capacity equations of hydrogen, carbon, n-butane and butene-1,

Hydrogen: Cp = 6-890-0-000,1147 +0-000,000,4447 O ¢ SN &3
Carbon (graphite): Op = 1-140-00487-0-000,001,2T"2 Y ¢ R )
n-Butane: Cp = 4-64+0-05587T N P
Butene-1: Cp = 4-614+0-0513T O (A N T4

we obtain the following ACp equation for the formation of n-butane and butene-1, from the
elements: o

n-Butane: ACp = — 34:2140-03727 +0-000,002472 .. . . . .. (8)
Butene-1: ACp = — 27-35+0-03267"-+0-000,0037'2 .. . - .. (6)

By subtracting equation (5) from (6), we obtain the following spemﬁc heat equation for the
dehydrogenation of n-butane to butene-1.

ACp = 6:86—-0-00461"+0-000,000,67", - .. (XI)

Specific Heat. Equation for the Dehydrogenation of Mono-olefins to Diolefins: Thomas,
Egloff and Morrell (2) have computed the specific heat equation for butadiene-1,3 by the
following scheme :—

Cp = 3R (translation)+3R (external rotation)+ 4R (internal rotation)+vibration
and have arrived at the equation:

Butadiene-1,3: Cp = 11-64+0-04487,
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The above equation as will be seen, represents unusually high value for Cp and it is iniprobable
that a molecule of butadiene-1,3 which is formed through the dissociation of & molecule of
hydrogen from butene, should have such high heat capacity. If we however assume the above
Cp equation for butadiene-1,3, the following A Cp equation for the dehydrogenation of butene-1
to butadiene is obtained:

ACp = 13-88~0-00367"40-000,00057'2 .. .o {(XI)

On comparing the equation (XII) with the corresponding equation (XI) for the dehydro-
genation of n-butane to butene-1, a large difference will be observed, which is unlikely because
both the equations are for the dehydrogenation process involving dissociation of a molecule of
hydrogen in each of the two successive reaction steps. In the absence of any other data the
equation (XI) based upon comparatively reliable spectroscopic data, has been assumed as a
general specific heat equation for the dehydrogenation processes involved in the formation of
olefins from paraffins and diolefins from olefins of the n-hutane and isopentane series.

Heat of formation from Calorimetric Data: The values for the heats of formation from
solid carbon (graphite) and gaseous hydrogen of the following paraffins, olefins and the diolefin
butadiene-1,3 (Table I), calculated by Rossini (5), have been employed in the present cal-
culations,

TasrLe 1.

Heats of formation of gaseous hydrocarbons from solid carbon (graphite) and gaseous hydrogen at 25°C.

Hydrocarbons. Forr:g;lbaé.and AH®2981 cal. per mole.

Paraffins :

n-Butane . o CaHyg (9) —29,7154 153

Iso-pentane .. .. CsHyz (9) —36,671+153
Olefins :

Butene-1 .. . CyHg (9) 383+ 180

Cis-butene-2 .. .. CsHg (9) — 1,388+ 180

Trans-butene-2 .. .. CyHg () — 2,338+ 180

2-Mothyl-butone-1 ol CgHye (9) ~8.424F 200

3-Methyl-butene-1 .. CsHio (9) — 6,578+ 180

2-Methyl-butene-2 .. CsHyo (9) —9,995+ 180
Diolefins :

1,3-Butadiene .. . CHe (9) 26,865 + 240

1,3-Methyl-butadiene or Isoprene} CzHjy (9) No data available,

Entropy from Calorimetric and Spectroscopic data: Entropy of only a small number of
hydrocarbons have been so far determined by direct heat capacity measurements. The entropy
of n-butane, in liquid state at 25°C. was determined by Parks and co-workers (7) by the third
law but their heat capacity measurements are limited only to liquid air temperatures. Ewell
(8) has converted liquid entropy of n-butane to standard state vapour entropy

n-butane: S°gs; = 74-5.

Among the olefins, the entropies of cis-butene-2 and trans-butene-2 have been measured
by Todd and Parks (9). For butene-1, their measurements were unsuccessful since butene-1
did not get crystallised even at the liquid air temperature. The experimental values are:

Cis-butene-2:. Spps; = 74-2
Trans-butene-2: Spgg; = 72-2.

Recently Pitzer (10) has evaluated entropies of n-butane, iso-pentane and butenes by employing
the statistical method of calculation. These values are given in Table 11,
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TasLE II.
Molal Entropy and Entropy of Formation from elements at 26°C.

Substances. S°%g98.1 AS°98.1
n-Butane .. .. 741 —87-5
Iso-pentane - .. 82-0 —112-2
Butene-1 .. .. 75-3 —b5-1
Cis-butene-2 .. 73-5 —56-9
Trans-butene-2 .. 72-9 —57-8

In the absence of any other data, the work of Ewell (8) has been found very useful for the
present calculations. From a critical review of the available data on entropies of hydrocarbons,
he has deduced certain simple rules which permit evaluation of entropies of many straight
chain and branched chain paraffins and olefins. Thus from the estimated entropies of methyl-
butenes by Ewell, the following values of ASr have been calculated and tabulated in
Table IIT :—

Tasre III.

Substances. S°208:1 AS°208.1
2-Methyl-butene-1 80-3 —82:7
3-Methyl-butene-1 80-3 —82-7
2.-Methyl-butene-2 785 —84-5

0

Data from Equilibrium Measurements : Inthe present calculations the only equilibrium data
used, are from the studies on the formation of butadiene-1,3 from butene-1 and isoprene from
3-methyl-butene-1, reported in Parts I and IV. Frey and Huppky (6) have determined the
equilibrium constants for the formation of butene-1, cis-butene-2 and trans-butene-2 from #-
butane. These data have not been used because the free energy equations for these reactions,
derived from the recent calorimetric and spectroscapic data have been found to yield much
more accurate values than those available from their equilibrium data:

Calculations.

Dehydrogenation Equilibrium in the n-butane series.
Paraffin-olefin isomers.
The following derivations are based upon calorimetric and spectroscopic data :—
(1) n-Butane = Butene-1+H, ”
From Table I, n-Butane: AHgygq = — 29715 cals.

Butene-1: A Hypqq = 383 cals.
Therefore A Hygg for the reaction = 30,098 cals.

Using the specific heat equation (XI) and substituting the value of A Hagg in equation (V),
we have A Hy = 28,252 cals. -

Hence, A Hy = 28,252+ 6-867 —0-00237"24-0-000,000,27'3

From Table II, ASsgg for the reaction = 32-4 E.U.

Employing the relation, AFr = AHr—T ASr, we have A Fggg = 20,442 cals,

Substituting the values of A Fagg and A Hy in equation (VII) one obtains, I = 12-21.

Hence the general equation for standard free energy of the reaction may be expressed as:
A Fogg = 28,252 —6-86TInT 4-0-002372—0-000 0001T3+12 217,

The temperature of neutral equilibrium for the reaction is:

Ty = Agm 656°C.
298
(2) n-Butane<®cis-Butene.2+4-H,
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From Table I, we derive A Hqgs = 28,327 cals. and A Hy = 26,481 cals.
Hence the equation for the heat of reaction is:
AHr = 26,481 4-6-861"'—0-00237"2 4-0-000,000,27'3
From Table IT, we have ASz9g = 306 EU.
Using equation (X), we evaluate A Fagg = 19,207 cals.
This permits derivation of the following free energy equation :—
AFy = 26,481 —6-86 T'inT +4-0-002372~—0-000,0001734-14-017

The temperature of neutral equilibrium = 653°C.

(3) n-Butane = Trans-Butene-2-+H,
Following the above procedure of calculation, we derive the following thermodynamic functions
for this reaction :—

AH298 = 27,377 Cals., ASggg = 30-0 E.U. and AF298 = 18,437 cals.
These data permit derivation of the equation:

AFr. = 25,531 —6-86TInT +0-00237'2—0-000,000173 4-14-6T',
The temperature of neutral equilibriumm = 639-6°C.

Olefin isomers—Driolefins.

(4) Butene-1 = Butadiene-1,34H,.

Equilibrium data for this reaction is given in Part I. Assuming the specific heat equation
(XT), and substituting the following two values of the equilibrium constants,

Kp = 0-000,82 at 683°K ; Kp = 0-004,70 at 743°K, in the equation (VIII), we evaluate
AHy = 25496 cals. .
After appropriate substitutions in equation (VII), we have

AF = 25496 —6-86T1nT 4 0-002372—0-000,00017'8-}-17

In order to evaluate the value of I, we have used AF7 = 7811 cals. at 743°K. from the equili-
brium data. This gives, I = 20-03. Hence, the standard free energy equation for the reaction
is given by A Fr = 25,496 —6-867InT +0-002372—0-000,00017'34-20-037".
As a check upon the validity of the above free energy equation, the five values of AFr,
corresponding to the temperatures at which the equilibrium constants were determined, have
been calculated [Part I]. These on comparing with the values of A Fr (Table IV), directly
calculated from the equilibrium data, show a close agreement.

Tapre IV.
No. AFT; cals. AFT = —BTInKp| Temperature °C.
1 10,620 10,770 643
2 9,642 . 9,637 683
3 8,748 8,779 713
4 7,911 7,905 743
5 7,294 7,044 73

From the general equations for A Hr and A Fr, we obtain
AHZQS = 27,34:2 C&lS., AFzgg = 20,015 cals., and ASggg = 246 E.U.

In order to evaluate the corresponding free energy equations for the dehydrogenation of the two
other isomers of butene-1 namely, cis-butene-2 and trans-butene-2 the additional data necessary
are: (1) the knowledge of the. differences in the heats of formation among the isomers and
(2) the free energy of formation of butadiene-1,3.
The differences in the heats of formation among the isomers can be readily obtained from the
data given in Table 1.
For the calculation of A Fagg for butadiene-1,3 the following procedure has been adopted. From
equilibrium data, AFagg for the dehydrogenation of butene-1 to butadiene-1,3 = 20,015 cals.
From calorimetric data,

A Fyyg for the formation of butene-1 from the elements = 16,810 cals.
Now, by adding up the above two values, the free energy for the formation of butadiene-1,3 is
obtained: A Fggg = 36,825 cals.
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(5) Cis-butene-2 = Butadiene-1,3+H,
The difference in the heats of formation between butene-1 and cis-butene-2 = 1771 cals. at
25°C. (Table I).
From equilibrium data, A Hggg for the dehydrogenation of butene-1 to butadiene = 27,342 cals.
These gives, A Hogg for the reaction = 29,113 cals.
Using, cis-butene-2: A Fegg = 15,570 cals.

Butadiene-1,3: A Fogg = 36,825 cals.
one obtains, A Fagg for the reaction = 21,255 cals.
Now by the usual method of derivation, we obtain the following free energy equation:

AFr = 27267—6-86T1nT +0-00237'2 —0-000,000,178418-257".
Using the equation (X), we have A Sy = 26:47 E.U.

(6) Trans-Butene-2 = Butadiene-1,3+H,
The difference in the heats of formation between butene-1 and trans-butene-2 = 2763 cals.
Therefore, A Hqgg == 30,105 cals.
From, Trans-butene-2: AF = 14,800 cals.

Butadiene-1,3: AF = 36,825 cals.
we have A Fags = 22,025 cals and I = 17-5.
Hence, the free energy equation:

AFr = 28,259—6-867nT +0-002372 4-0-000,000173 4+17-57".

and entropy value for the reaction: A Sggs = 27-12 E.U.

Dehydrogenation Equilibrium in the Isopentane Series.

Paraffin-olefin isomers,
(7) Isopentane == 3-methyl-butene-1+4-H,
No equilibrium data are available.
Calorimetric data : From Table I, A Hsgg for the reaction = 30,093 cals. Employing the
specific heat equation (XI), one obtams
AHr = 28,247+6-86T —0-0023724-0-000,000,27'3

From Tables IT and ITI, A Ssgg for the reaction = 29-5 E.U.

And using the equation (X), we have A Fogs = 21,303 cals.

These data permit derivation of the following equation for free energy of the reaction:—
AFr = 28,247—6-86T1nT +0-002372 —0-000,0001 73 4+15-127.

The temperature of neutral equilibrium, 7'y = 743°C.
(8) Isopentane = 2-Methyl-butene-14-H,
From Table I, A Hygg for the reaction = 28,247 cals.
From Tables 8 and I1I, A 8,94 for the reactlon = 295 E. U
Calculating in the usual way, we have

A Fagg = 19,457 cals. and I = 15:12,
Hence the general free energy equation may be expressed as follows:—
AFr = 26401 —6-86T1nT 40-002372—0-000,00017'8 4-15-127'.
The temperature of neutral equilibrium, 7 = 685°C.

(9) Isopentane = 2-Methyl-butene-2+4H,
The heats of reaction are (Table I)

AHggg = 26,676 cals. and A Hj, = 24,830 cals.
From Tables IT and IIT, A Sy = 277 E.U.
Employing the equations (X), (XI) and (VII), we have
AFqg9g = 18,422 cals, I = 16-91

and AFr = 24,830—6-86TInT +0-00237'2 —0-000,00017'34-16-917.
The temper&tm"e of neutral equilibrium = 690°C.
Olefin isomers—Diolefins.

(10) 3-Methyl-butene-1 <= Isoprene+H,
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Equ_ilibrium Date: Equilibrium constants for this reaction are given in Part IV.  Assuming
the specific heat equation (XI) and using the following two values of the equilibrium constants,

Kp = 0-00102 at 643°K.
Kp = 00111 at 723°K..,

we derive the following equation for heat of reaction:
AHr = 23,884 46-86T —0-00237240-000,00027'3.
Substituting A Fr = 6,465 cals, at 723°K.., in equation (VII}, we evaluate I = 19-44.
Hence, the standard free energy equation is:
AFr= 23,884 —6-86TInT +0-002372 —0-000,0001 73+ 19-447.
The validity of this free energy equation may be seen from the close agreement between the

values of A F'r (Table VI) calculated directly from the equilibrium data and those obtained from
the above equation. .

TasLeE VI.
v Temperature . -
No. (ablsolute) AFT = —RETinKp. | AF°T; cals.
1 603 9,908 9,938
2 643 - 8.800 - 8,788
3 683 7,580 7,615
4 723 6,465 6,467

From the equations for the heat of reaction and free energy, we obtain
A Hagg = 25,750 cals., AFogg == 18,228 cals. and A Sg95 = 25-18 E.U.

In order to derive the free energy equations for the dehydrogenation equilibrium of the two
other isomers of 3-methyl-butene-1, it is now necessary to determine values of A Hgpg and A Fagg

for the formation of isoprene.
From Table 1, 3-methyl-butene-1: A Hjgg = 6,578 cals and A Hygg for the dehydrogenation

process = 25,750 cals.
Therefore, A Hygg for the formation of isoprene from the elements = 19,172 cals.
From the calorimetric and spectroscopic data:
3-Methyl-butene-1: A Fagg = 18,062 cals, and from the equilibrium data for the dehydro-

genation reaction
AFzgg == 18,228 ca/ls.

Therefore, A Fagq for the formation of isoprene = 36,290 cals.

(11) 2-Methyl-butene-1 = Isoprene4-H, _
From the data given in Table I, the heat of reaction is: A Hggg = 27,596 cals.
Assuming the specific heat equation (XI), we derive

AHrp = 25,7504-6-867 —0-002372 4-0-000,00027'3,
Using, 2-Methyl-butene-1: A Faeg = 16,216 cals.
Isoprene: AFggg = 36,290 cals.
We calculate, A Fagg = 20,074 cals.
These data permit derivation of the following equation:
AFp = 25,750—6-86TInT +0-00231'2 —0-000,0001734-19-377.
and A Sg9g for the reaction = 25-2 E.U.
(12) 2-Methyl-butene-2 = Isoprene+H,
From the data on the heat of formation and free energy we calculate:
A Hypg = 29,167 cals., AHy = 27,321 cals,
AF298 = 21,095 G&]S., and ASzgg =271 E.U.
Making use of the above values, the following standard free energy equation is obtained:
AFr = 27,321 —6-86T1nT +0-0002372 —0-000,0001734-17-53T",
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A summary of the more tmportant derivations are given in the following table :—

Equations for standard free | AH gpg | AF 295 | AS°00g 70
E.U. :

Reactions. energies of the reactions cals. cals.
n-Butane == Butene-1+H, AFT = 28,252 +2*+12:217 | 30,098 | 20,442 324 656
n-Butane = cis-butene-2 4 Hg AFT = 26,481 +2+14-01T | 28,327 | 19,207 306 653
n-Butane = Trans-butene-2 4 H, AFT 25,531 4-2+14-6T 27,377 | 18,437 30:0 640
Butene-1 = Butadiene-1,3+H, AFT 25,496 42+ 20-037 27,342 | 20,015 24-6 744
Cis-butepe-2 = Butadiene-1,3 -+ H, AFT 7,267 +2+18-257 | 29,113 | 21,255 26-5 .

2
Trens-butene-2 = Butadiene-1,3+-Hy, | AFT = 28,2690+ 24-17-5T 30,105 | 22,025 | -27-1
2

8.247 415127 | 30,093 | 21,303 | 295 743

1 I T O R T

Iso-pentane == 3-Methyl-butene-14-H, | AFT

Iso-pentane = 2-Methyl-butene-14-H, | AFT 26,401 +24-15.127 28,247 19,457 29-5 685
Iso-pentane == 2-Methyl-butene-2+H, | AFT = 24,830 +2-16-91T | 26,676 | 18,422 27-7 690
3-Methyl-butene-1 = Isoprene + H, AFT = 23,884 +2+19-44T 25,750 | 18,228 252 672
2-Methyl-butene-1 = Isoprene+ Hy AFr 25,780 4+2 419377 27,596 | 20,074 25-2 ..
2-Methyl-butene-1 = Isoprene-+Hjy AFT = 27,3214+2+4-17-537 | 29,167 | 21,095 27-1

* g e —6-86TInT 40-002372 10773
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