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Tasre III. ViscosiTy oF AMMONIA IN THE LIQUID PHask

Pressure, 40° F, 70° F. 100° F. 130° F. 160° F. 190° F. 220° F.
Llf./iq.
ne.

Absolute  (73.32)2(128.8) (211.9) (330.3) (492.8) (708.9) (989.5)

Bubble

point  1880b 1592 1306 1028 748 488 [240]¢
200 1884 1595 e e
400 1892 1603 1316 1030 e
600 1898 1611 1324 1038 754 ... ...
800 1905 1618 1332 1044 762 492" ...,
1000 1911 1624 1338 1051 772 503 [243]¢
1500 1924 1641 1362 1070 795 527 [274]°
2000 1940 1656 1367 1088 822 55 304
2500 1954 1670 1380 1108 846 576 330
3000 1972 1684 1395 1127 870 600 355
3500 1987 1697 1410 1145 890 625 362
4000 3004 1712 1427 1163 910 650 390
5000 1460 1201 654 700 429
6000 ... 1000 750 468

pounds per square inch, X .
b Viscosity expressed in micropoises. Lo
¢ Figures in brackets involve added uncertainties.

(14) were used to establish the specific weight of ammonia at the
states in question. The effect of temperature upon the viscosity
of ammonia is relatively small in comparison to that for many
liquids and is shown in Figure 8. In Figure 9 the measurements
of Pinevich (16), Shatenshtein et al. (26), and Stakelbeck (27)
at bubble point have been compared with the present measure-
ments. It was possible to investigate the behavior of ammonia at
temperatures above that of the critical state for pressures high
enough to yield roll times of approximately 10 seconds. For
short roll times the flow may be turbulent as indicated in Figure 6
and the accuracy of measurement is markedly decreased. In
Table III is recorded the viscosity of ammonia in the liquid
phase as a function of pressure and temperature. These data
were smoothed from the experimental information submitted
in Figures 7 and 8
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NOMENCLATURE

dimensional coefficient of Equation 1
dimensional coeflicient

A
B

I
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n = absolute viscosity, micropoises

6 = roll time of ball, seconds

¢ = gtandard deviation, Figure 5
op = specific weight of ball, pounds per cubic foot
oy = specific weight of fluid, pounds per cubic foot
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Equilibria of Several Reactions
of Aromatic Amines

G. N. YRIENS AND A. G. HILL

Calco Chemical Division, American Cyanamid Co., Bound Brook, N. J.

N THE study of the variables of a chemical process, with the
object of improving the yield or conversion, the most impor-
tant basic consideration is the distinction between those effects
due to an equilibrium and those due to a rate process. Since
this distinction is not always easy to make without an extended
experimental investigation, it is of great practical interest to
be able to calculate both the rate of a reaction and its equilibrium
conversion from fundamental information. In the former case,
progress has been slow; however, the determination and correla-

tion of thermodynamic properties have proceeded to the point
where it is now possible to predict reaction equilibria with con-
siderable assurance. In this paper, previous calculations (19)
have been revised and extended to include the thermodynamic
properties of aniline, the N-methylanilines, the N-ethylanilines,
and diphenylamine., The values obtained are summarized in
Table I. The equilibrium conversions based on these data are
then compared with experimental results for a number of
reactions involving these compounds.
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for aniline (6), the alkyl-

THERMODYNAMIC PROPERTIES OF AROMATIC AMINES AT 208° K. anilines (12), and diphenyl-

Tasre 1.

Aniline Mas DMAD - EAc DEAd Dpae amine (I8) were extrapolated

Agg(l), keal./mole —~810.5 —97:’;.? —113(;?2, —1123,3} —1443.3 —153?,2 down to room temperature by
AHY(), keal./mole 7.1 . 3. . —-3. . X
AHYg), keal./mole 19.7 20.4 20.1 13.4 9.6 48.2 means of an equation of the
AHy, keal./mole 12.6 12.7 11.9 12.5 13.5 16.7 following form,
Vapor pressure, mm, 0.70 0.47 0.75 0.40 0.20 0.0027
8%(y), e.u./mole 45.8 53.6 61.2 57.2 63.5 67.5 Inp = A +B (1)
8@, e.u./mole 74.1 81.8 87.5 84.1 92.4 97.5 1P T — 43
a0, eu./mole —-94.5 —119.3 —144.3 ~148.3 ~207.1 —143 .4
a8¥g), e.n./mole —66.2 —91.3 —118.0 —121.4 —178.2 —113.4 The heat of vaporization may
AF}(D), keal./mole 35.3 43.3 g;: :g' é g;? 87;'5 then be obtained from the fol-

0 . . . N . . .
AF3 (@), keal./mole 89.4 47.6 ) : lowing relationship,

¢ N-Methylaniline. 4 N,N-Diethylaniline.

b N,N-Dimethylaniline. ¢ Diphenylamine, H, = RT* dinp _

¢ N—Ethylamlme AH, = 7 =

CALCULATED VALUES

Heats oF FormarioN. Heats of combustion of monometh-
ylaniline, dimethylaniline, and diethylaniline were taken from
the compilation by Kharasch (10) and corrected to 25°C. His
caleulated values were deemed to be more accurate than the early
experimental data, also given in his report, since more recent
determinations of the heats of combustion of aniline (2) and mono-
ethylaniline (9) have substantiated the calculated figures of
Kharasch for those compounds. A comparison of the calculated
and experimental heats of combustion is given in Table II. It
may be seen that although more recent experimental results
confirm the calculated values in the case of aniline and ethyl
aniline, the reverse is true for diphenylamine. Apparently
Kharasch’s value for the bond energy of the second nitrogen-
aromatic carbon bond is much less accurate than his values for
the first nitrogen—aromatic carbon bond and for the nitrogen-—
aliphatic carbon bond.

TapLe II. ComMPARISON OF CALCULATED AND EXPERIMENTAL
Heats or COMBUSTION
Calculated Early Exptl. Recent
AH, (10)e AHc (10) Exptl. AHc
Compound Keal,/mole
Aniline —810.7 —812.2 —810.5 (%)
N-Methylaniline —-973.5 —~973.5 Cee
N,N-Dimethylaniline -1136.3 —1142.7 L.
N Ethylaniline —1129.8 —1121.5 ~1129.1(9)
N,N-Diethylaniline —1449.0 —-1451.6 L
Dxphenylamlne —1543.2 -~ 1537 .20 —1535.9% (2)

@ Corrected to 298° K,
b Corrected to liquid state.

In the case of monoethylaniline, a sample was purified by:
fractionation of a material of 989 purity, acetylation, crystalliza-
tion of the acetyl derivative from petroleum ether to constant
freezing point, hydrolysis, and vacuum distillation. The product
assayed 99.5% and contained no aniline. Physical constants
were as follows: refractive index, n% = 1.5542, specific gravity
at 25°C. = 0.9587. The heat of combustion of this sample
was determined by H. M. Huffman to be 1129.1 keal. per mole
with a probable error of less than 1.0 keal.

The heat of combustion of solid diphenylamine, 1531 9 keal.
per mole (2), was corrected to the liquid state by making use of
the heat of fusion at the melting point and assuming a difference
between the specific heats of the solid and liquid of 10 calories
per mole degree, thus giving a value of 4.0 keal. per mole for the
heat of fusion of this compound at 298° K. The heats of forma-
tion of these various compounds in the liquid state were then
determined from the heats of combustion using the National
Bureau of Standards’ values (11) for the heats of formation of
carbon dioxide and water.

In order to obtain the heat of formation in the gaseous state,
it was necessary to have available the heat of vaporization of
each compound at 208° K. For this purpose vapor pressure data

The values calculated for the vapor pressure equation constants
of these amines are given in Table ITI and the heats of vaporiza-
tion and vapor pressures, in Table I.

TasLe ITI. ConsTANTS IN VAPOR PRESSURE EQUATION
Compound A X 103 B
Aniline —4.68 17.91
N-Methylaniline —4.69 17.63
N,N-Dimethylaniline —4.40 16,96
N-Ethylaniline —4.60 17.13
N,N-Diethylaniline —4.97 17.87
Diphenylamine —6.15 18.18

ExTtrOPIES OF FORMATION. The molar entropy of liquid ani-
line has been determined by Parks and Huffman (13) to be 45.8
=+ 0.7 e.u. From this value, along with the heat of vaporization
and vapor pressure obtained from Equations 1 and 2, the entropy
in the perfect gas state at 1 atmosphere may be calculated to
be 74.1 e.u. per mole. Since no entropy data for the alkylani-
lines were available, an approximate method had to be used to
estimate this information. Aston et al. (8-5) have measured
accurately the entropies of methylamine, dimethylamine, and
trimethylamine in the perfect gas state at 1 atmosphere and found
them to be 57.73, 65.24, and 68. 91 e.u. (by extrapolation), respec-
tively. 1If it is assumed that the changes in entropy on substitut-
ing the second and third methyl groups in the methylamines are
the same as those on substituting the first and second methyl
groups in the methylanilines, then the difference between the
entropies of aniline and methylaniline and those of methylaniline
and dimethylaniline in the perfect gas state at 1 atmosphere
‘might be estimated to be 7.5 and 3.7 e.u., respectively. How-
ever, the rigid trimethylamine molecule has a symmetry number
of 3, whereas that of the other molecules involved is 1. Hence,
its entropy is lower than would otherwise be expected by the
quantity B In 3, or 2.2 eu. Therefore, it is believed that 5.9
e.u. is a better value for the change in entropy on substituting a
second methyl group in methylaniline, and this figure was used in
estimating the entropies given in Table I. This procedure
represents an application of the principle of group contributions
(1), the accuracy of which depends on the number of steps and
the quality of the data. Since the experimental values used are
of a high order of accuracy and only one step wak required, the
results are believed to be correct to within 1 e.u.

A further approximation was necessary in order to obtain the
entropies of the ethylanilines. Perry (16) gives the heat and free
energy of formation of gaseous ethylamine as —12.24 and 10.01
keal., respectively, from which the absolute entropy may be
calculated as 60.18 e.u. Thus, the entropy change on substitut-
ing a methyl group for a hydrogen attached to the carbon of
methylamine is 2.45 e.u. This quantity was added to the en-
tropy of methylaniline to obtain the value for ethylaniline and was
doubled and added to the entropy of dimethylaniline to get the
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figure given for the entropy of diethylaniline. Since the original
source of the ethylamine data is not given in the reference cited,
its accuracy cannot be judged and the correctness of the entropies
calculated for the ethylanilines cannot be estimated. The
liquid phase entropies of the alkylanilines were calculated from
the perfect gas values using the vapor pressures and heats of
vaporization given in Table I.

In order to obtain the entropy of diphenylamine, use was made
of a different type of approximation. The entropy of solid
aniline at 298° K. was first calculated by extrapolation of the
specific heat data of Parks and Huffman (13), giving a figure of
35.1 = 0.7 e.u. Since the entropy of solid triphenylamine is
given as 73.0 e.u. (15), that of solid diphenylamine may be esti-
mated at 54.1 e.u. by splitting the difference between solid ani-
line and triphenylamine. This type of assumption may be
observed to be valid within experimental error in the case of the
di-, tri-, and tetraphenylmethanes (74). In view of the accuracy
of the aniline and triphenylamine values, it is believed that
the entropy of diphenylamine is correct to within 1 e.u. The
liquid and vapor state entropies of diphenylamine were calcu-
lated from the solid state value using the heats of fusion and
vaporization and vapor pressure previously discussed. The
National Bureau of Standards’ values (11) for the entropies of
the elements were used in calculating the entropies of formation
of the compounds in Table L.

The methods of approximation employed in these calculations
were chosen so as to make the best use of the available experi-
mentally determined information. Any other methods would of
necessity have been more empirical in nature and, hence, not
to be preferred.

TaBLE IV. SrtaNparp ENERGY CHANGES OF SEVERAL
REACTIONS OF AROMATIC AMINES AT 208° K.

Reaction 1@ 20 3¢ 4d 5¢
AHM), keal, ~10.7 —~10.8 —8.2 —6.8 ..
AHO(g) keal. —9.0 -10.0 —-7.9 —5.4 -2.2
ASO() e.u. -5.8 —6.0 -10.3 -~15.4 ..
AS8%(g), € ~4.2 —5.8 —~12.3 —14.0 —4.7
AFU(Z),kcal —-8.9 -9.0 —-5.1 -2.2 ..
AF9{g), keal. -7.7 -8.2 —4.1 —-1.2 —~0.8

e CgHsNH, + CHsOH —> CeH:NHCH; 4 H.0

b CHsNHCH; + CH:0H —> CH:N(CHs)e + Hzo

¢ CeHsNH; + CoHsOH —> CHsNHC:Hs + H

d CeH;NHCH; 4+ CoH;:0H ——> CaHs\ (CoHs)a + H O.
e 2CsH;NH: —> (CeHs):NH + N

TaBLE V. Liquip Puase ETHYLATION OF ANILINE
Alcohol/aniline ratio 2.5 3.0 3.5
Composition of amine portion of produet,

mole %
Aniline 2.7 0.9 0.8
Ethylaniline 34.2 28.7 24.1
Diethylaniline 48.1 60.2 70.5
High boilers 15.0 10.2 4.6
Equilibrium constants, K¢
Ethylation of aniline 23 | 42 30
Ethylation of ethylaniline 2.5 2.7 2.9

Prepictep EquiniBria. The free energies of formation of
the six aromatic amines at 298° K. were calculated from the
heats and entropies of formation given in Table I and are also
listed in Table I. Although these values are given as calculated
to 0.1 keal., they are probably only accurate to within 2 keal.
in most cases. The reactions of interest involving these com-
pounds are the methylation of aniline and methylaniline with
methanol, the ethylation of aniline and ethylaniline with ethyl
alcohol, and the preparation of diphenylamine by the deamination
of aniline. These reactions are tabulated in Table IV along with
the standard enthalpy, entropy, and free energy changes at 298° K.
for both the liquid and gas phases. The thermodynamic proper-
ties used for methanol, ethyl alcohol, water, and ammonia were
taken from the selected values of the National Bureau of Stand-
ards (11).
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Since the temperatures of interest in these reactions are con-
siderably above 208° K., it was necessary to estimate the varia-
tion of these thermodynamic properties with temperature. The
available specific heat data for both liquids and gases were exam-
ined, and the conclusion was reached that the difference in speci-
fic heat between the products and the reactants in each of these
equations was zero, within the error of the data or of the best
approximations when experimental results were not available.
This conclusion is not unexpected when it is realized that in
each case there is an equal number of molecules, with similar
type bonds, on each side of the equation. Hence, the standard
enthalpy and entropy changes of the reactions are essentially
independent of temperature and the equilibrium constants may
be represented by the equation.

— AH 0

In Kr = ——‘%ﬂ + %ﬁ (3)
According to Equation 3, then, the equilibrium constant for any
of these reactions at any temperature may be caleulated directly
from the enthalpy and entropy values given in Table IV, Quali-
tatively speaking, it may be predicted from the standard free
energy changes of Table IV that the methylation of aniline and
methylaniline would be highly favored thermodynamically,
that the ethylation of aniline would be somewhat less favorable,
and that the remaining two reactions, the ethylation of ethylani-
line and the preparation of diphenylamine, would be definitely
limited by equilibrium considerations. The great difference in
the thermodynamic completeness of the methylation of aniline
as contrasted with its ethylation may largely be traced to the
considerable difference in the entropy of methanol and ethyl
aleohol (8 to 10 e.u.) as compared with the small difference
found between the entropies of methyl- and ethylamine and
ascribed to the alkylanilines,

EXPERIMENTAL EQUILIBRIA

MBTHYLATION OF METHYLANILINE. The equilibrium con-
stant for the methylation of methylaniline in the liquid
phase at 200° C. may be calculated to be about 5000 from the
data of Table IV, An experimental study of the liquid phase
reaction by Shreve et al. (17) showed conversions of over 999,
to be readily attainable. The equilibrium constant was too high
to be measured accurately but was reported to be about 200.
It may have been considerably higher than this figure if the
impurity in the product were not entirely methylaniline as was
assumed.

A study of the vapor phase preparation of dimethylaniline
at higher temperatures by Hill et al. (7) indicated that conver-
sions of over 929, to tertiary amine were possible. Since the
remaining primary and secondary amines were shown to be largely
ring-alkylated materials, rather than methylaniline, the equilib-
rium of reaction in the vapor phase is also found to be very
favorable, in accordance with the predicted result.

Erayration or ANILINE AND EruvraniniNe. Caleulations
made from the data of Table IV indicate that the liquid phase
ethylations of aniline and of ethylaniline at 200° C. have equilib-
rium constants of about 35 and 0.6, respectively. The results
of a study of this reaction using varying ratios of alcohol to ani-
line, under conditions such that the reactions were essentially
carried to completion, are shown in Table V. The reaction prod-
ucts were analyzed by fractional distillation. The quantities of
water and alcohol present at the end of the reaction were calculated
from the initial alcohol/aniline ratio and the composition of the
amine product, assuming that the high boiling ring-alklyated
amines contained 2 ethyl groups per molecule. The wide vari-
ance of the equilibrium constant for the ethylation of aniline is
undoubtedly due to the difficulty in determining accurately small
quantities of aniline. It is apparent that the ethylation of aniline
is much more favorable thermodynamically than that of ethyl-
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TaBLE VI. PREPARATION OF DIPHENYLAMINE
Feed Rate,
Grams/Hour/100 M1 Conversion,
Catalyst % of Aniline Converted to DPA
16.0 19.4
8.8 20.1
4.4 33.5
4.4 57.4%
20.0 85.7b

@ At beginning of run. .
b Starting with diphenylamine and ammonia in mole ratio of 2 to 3.

Tasre VII. CompaRISON OF CALCULATED AND EXPERIMENTAL
EQUILIBRIA
Temp., Caled. Exptl
Reaction Phase °C. Kr Ke
Methylation of methylaniline Liquid 200 5000 >200
Ethylation of aniline Liquid 200 35 30
Ethylation of ethylaniline Liquid 200 0.6 2.7
Deamination of aniline to
diphenylamine Gas 450 0.44 0.5

aniline, in agreement with the predictions based on the thermo-
dynamiec properties.

In their experiments on the vapor phase ethylation of aniline,
Hill et al. (7) also found the conversion to tertiary amine to be
very much limited.

PREPARATION OF DIpHENYLAMINE, The equilibrium conver-
sion of aniline to diphenylamine at 450° C. may be calculated
as 57% of theory from the data of Table IV. An experimental
investigation of this reaction over an alumina catalyst at 450° C.
has confirmed its reversible nature by the approach of the equi-
librium position from both directions. The data, shown in Table
VI, indicate an equilibrium conversion in the neighborhood of
60%. It is believed that the value of 57%, obtained during the
first hour of a 40-hour run with the lowest space velocity, is very
close to the equilibrium figure. Since the feed rate in the experi-
ment starting with diphenylamine and ammonia was compara-
tively high, it seems certain that only a partial approach to
equilibrium was attained in this run., The object of this experi-
ment was merely to establish that an equilibrium existed, not to
determine its exact position. In the case of this reaction, the
agreement of theory and experiment is practically quantitative.

In a recent paper and correction (8) Hoelscher and Chamber-
lain reported a study of the vapor phase condensation of aniline
to diphenylamine. Their thermodynamic calculations, made by
a highly empirical method, at first indicated a favorable equi-
librium but later were corrected to give a result very similar to
that reported here. However, this agreement is somewhat for-
tuitous since their heats and entropies of reaction differ greatly
from those of Table IV, It is felt that the values listed in Tables
I and IV are accurate since they are based to the maximum extent
on recent experimental data rather than on highly empirical
methods of approximation.

COMPARISON OF PREDICTED AND EXPERIMENTAL EQUILIBRIA

A comparative summary of the predicted and experimental
equilibria of the reactions which have been discussed is given in
Table VII. In general, the agreement of prediction and experi-
ment is surprisingly good and indicates that the thermodynamic
properties of Table I are well within the stated error of X2
keal. This follows from the fact that a 2-kcal. change in the
free energy will cause a several-fold change in the equilibrium
constant.

In the case of the liquid phase reactions, it is to be expected
that the activity coefficients of the components may differ signifi-
cantly from unity and, hence, the thermodynamic equilibrium
constant, based on activities, will differ from that based on con-
centrations, In the complete absence of data on activity coeffi-
cients under such conditions of temperature and pressure, it
may best be assumed that the activity coefficients of the several
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amines are equal and those of the lower aleohols and water are
similar, in which case they will tend to cancel out. In any event,
deviations between calculated and experimental values from this
cause will likely be much smaller than those caused by errors in
the thermodynamic properties.

NOMENCLATURE

A, B = constants in vapor pressure equation

AFY(g) = free energy of formation in the standard gas state
(unit fugacity)

AF)I) = free energy of formation in the standard liquid state

AF%g) = standard free energy change of reaction referred to
the gas state

AFY(l) = standard free energy change of reaction referred to
the liquid state

AH(l) = heat of combustion in the liquid state

AHYg) = heat of formation in the standard gas state

AHYI) = heat of formation in the standard liquid state

AHYg) = standard enthalpy change of reaction referred to the
gas state

AHY(1l) = standard enthalpy change of reaction referred to the
liquid state

AH, = heat of vaporization

K, = equilibrium constant in concentration units

Kr = thermodynamic equilibrium constant of reaction at
temperature 7'

P = vapor pressure, in millimeters of mercury

R = Universal gas constant

ASHg) = entropy of formation in the standard gas state

ASXNi) = entropy of formation in the standard liquid state

8%g)" = absolute entropy in the standard gas state

AS8%g) = standard entropy change of reaetion referred to the
gas state

81) = absolute entropy in the standard liquid state

AS8°(l) = standard entropy change of reaction referred to the
liquid state

T = absolute temperature, in ° K.
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