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REACTION BETWEEN AMMONIA AND CARBON DIOXIDE
UNDER HIGH FRESSURE.

By Rvo Kivama and SmGErU MiNOMURA.

Introduction.

Generally a chemical reaction under high pressure is performed in the iron
vessel up to date and the reaction mechanism is explained by the changes of the
pressure, volume, temperature or yield, etc, and any consideration of the mechanism
contains the hypothesis.

The authors studied the reaction between ammonia and caibon dioxide in
the glass vessel under the conditions of the temperature —20~100°C, the total
pressure 1~20 cmHg and the temperature 50~200°C, the total pressure 1~300
atm. From the inflexion of the curve of the pressure-volume-temperature relation
obtiined ard the obseivation of the reaction process with the naked eye, the

process of the ieaction between ammonia and caiboa dioxide is discussed.

Experimentals.

(1) Materials.

The preperation of ammonia: Ammonia gas is evaporated fiom liquid am-
moaia in a bomb, dried by passing through calcium oxide, kalium hydroxide
and over metallic natrium, phosphorus pentoxide successively, finally distillated
and presserved on phosphorus pentoxide in a flask for aboat a month.

The preparation of carbon dioxide: Carbon dioxide is evaporated from
liquid caibon dioxide in a bomb, or prepared fiom heating scdium bicaibonate
in a Terex tube fitted with glass wool plug to catch solid particles, dried by
passing through sulphuric acid and over phosphorus pentoxide, finally distilled

and preserved as in the case of emmonia.

(2) The experimental apparatus and operation at low temperature and
pressure.

~The experimental apparatus is shown in Fig. 1. M,_; are mercury mano-
meters and B is a burette and the gas pressure can be controlled by M. V\ is
a reaction vessel and F,.. theimostats.

The gas mixture of ammoaia and carbon dioxide is led in B and the paitial

pressure ratio is dete.mined by M, and the volume change of the gas mixtire
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in B is measured at the total pressure

of 1~20 cmllg, at the tempeiatures
of 0, 10, 18, 30°C and at the inteival
of 30 minutes. On the other hard,
the gas mixture is led in V and the
partial pressure ratio is determined
by M, and the total pressure chauge
is measured by M; at —18~100°C

and at the inteival of 30 minutes.

Fig. 1

(3) The experimental apparatus and operation at high temperature and
pressure.

The apparatus” and the procedures® for sampling in the piezometer are the
same as the reports of this Journal. The total volume of the glass piezometer is
8~9 cc, in which the gas mixture of ammonia and caibon dioxide of the con-
stant paitial pressure ratio is sealed. The measured volume of. the capillary of
the piezometer is about 120 mm® the inner and outer diameter are about 0.8
and 8 mm respectively.  In the experiment two sets of furnace must be set on
. the capillary pait and the bomb containing the swelling part of the piezometer,
to keep a desired temperature of the reaction and to decompose ammonium car-
bamate peifectly before the compressing procedure begins. The total volume of
the gas mixture in the measured volume of the glass capillary is measured under

pressure 1~300 atm at the interval of 10 minutes.

Experimental results.

(1) The reaction at low temperature and pressure.

(a) The isotherms. The pressure x volume — pressure (PV —P) curves, under
the conditions of the temperature, 0~30°C, the total pressure 1~20 ecmHg and
the paitial pressure ratio NH;:CO,=2:1, are shown in Fig. 2. Every isotheim
has an inflexion point and the gas mixture does not react till it reaches the
point and after the point starts to react. White solid appears on the wall of the
- reaction vessel with increasing pressure after the point and disappears with

decreasing pressure. The position of the point shifts to the high pressure at high

1) R. Kiyama and K. Suzuki, 7% _Journal, 21, 50 (1951)
R. Kiyama and K. Tnoue, /., 21, 73 (1951)
R. Kiyama, T. Ikegami and K. Inoue, #4id., 21, 58 (1951)
2) R. Kiyama and H. Kinoshita, #dd., 19, 43 (1943)
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Fig. 2 NH;:C0,=2:1, Curve 1 is the case Fig. 3 NI;:CO»+==2:1. Curve 1 is the case
of the mixture dried by passing through and of the mixture dried Ly passing through and
preserving on the dryving maferials. Curve 2 is preserving on the drying malerials. Curve 2 is
the case of the mixture dried only by passing the case of the mixture dried only by passing
through the drying materials. through the drying materials,
temperature.

(b) The isocores. The reaction under the conditions of the temperature,
—20~100°C, the total pressure about 10 cmHg and the partial pressure ratio
NH;:CO,=2:1 is shown by the pressure—temperature (P—T) diagram in Fig.
3. The gas mixture does not react on curve A, but reacts on curve B, and the
pressure change of curve B is larger with decreasing temperature. The dissocia-
tion of the product is plotted on curve C. The crosses on curve A shown the
P- T relation of an innert gas, air.

- (¢) The influence of the partial pressure. The apparent yield derived

from the piessure change at —18°C of the gas mixtures of three kinds of the

: i D € i ™ ':‘ 3 i «l o ] . h
paitial pressure ratios is shown in Table 1. The Table 1
excess of ammonia gives the higher yield than in the r——
case of the paitial pressure ratio NH3:CO2_=2: 1, Partliﬂal,lfrefsué%:mo Y;i}d
. though the excess of carboa dioxide indicates the 205 : 1.00 .
same yield at the constant intervals of time.
10.15 : 1.00 90
(d) The influence of the water vapour.
1.00 : 772 55

The staiting points of the reaction in the case of

the gases dried only by passing through the drying materials are shown on curve
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2 in Fig. 2. The position of curve 2 is lower by several centimeters at the
same temperature than in the case of the gases dried by passing through the
drying materials and preserving on phosphorus pentoxide, curve I.  Similarly
in Fig. 3, in the case of the gases dried only by passing through the drying
materials, curve 2, the pressure change is obseived even at higher temperature
by 20~30°C than in the case of the gases dried by passing through and pre-

serving on the drying materials, curve 1.

(2) The reaction at high temperature and pressure.

(a) The isotherms, The PV —P curves, urder the conditions of the tem-

perature 0~200°C, the total piessure 1.8
I~100 atm and the partial pressure
ratio NH,:CO,=2:1, are shown in 1.7
Fig. 4. Every isotherm has an in-
flexion point which indicates the re- 16
action starts and the position of
the point appears at high pressure .5
with increasing temperature. At 120C =
. W lé
the cutve is nearly monotonous. 3
2077 . . a
Below 129°C the white solid phase £,
begins to appear at the conditions of S
S~
the temperatme and pressure of the & 4
. . . . e
inflexion point and disappear when ~
e ' >
the pressure is decreased at the same Q /!
temperature.  Above 129°C the whole
space of the reaction vessel is occupi- Lo |
ed only with the gas phase and the
_ seced o accar 09 | Joe°
reaction does not p.ocecd ro accura- c
tely 1cversible at the con:tint inter-
. . 0. -
vals of time as in the case below 8
120°C. 0.7 4 1 1
The PV—P curves, under the [ 20 40 60 8 /oo
conditions of the temperataies 129, P atm
150 and 165°C, the totil pressure 1 Fig. 4 Nily: C0p=2:1.

~ 160 atm and the partial pressure ratios NHy: CO,=3:1, 2:1 and 1:1, are
shown in Figs, b, 6 and 7. Eveiy isotherm has two inflexion points cxcept in

Fig. 7, in which the second inflexion point is found ouly at 129°C and not found
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Fig. & NI;: CO.=3: L. Fig. 6 Curves 1, £ and 35 Nll;: CO,=2:1,
Fig. 7 Curves 4, 5 and 6; NIL;: C0.=1:1,

The ordinates of Figs, 6 and 7 are shown by the
right and left respectively,
at 150 and 165°C until 300 atm and the points shift to the side of high pressure
with increasing temperature.

The whole spacc of the vessel is occupicd only with the gas phase till the
second inflexion point and after that produces a fog. The fog becomes droplets
and the droplets enlarge with increasing pressure and finally the column of
lfqujd appears on the head of mercuny.

Fiom the isotherms of Figs. o, 6 and 7, in the case of excess ammonia,
the first intlexion point is found to appear at somewhat lower pressure and the
sccond point at considerably lower pressure. and the production velocity of the
liquid phase is larger. ‘ -

(b) The influence of the pressure. The relation between the reaction
time aad the apparent yield detived from the volume change under the conditions
of the temperature 150°C, the total pressure 90 ~200 atm and the paitial pressure
ratios NI1,:CO,=2:1 and 3:1, is shown in Fig. 8. The apparent yicld becomes
larger such as about 8, 12 and 169 respectively in 60 minutes and the time
taken to reach equilibiium becomes shoiter- with increasing pressurc from 110 to
150 and 200 atm in the case of the paitial pressure ratio NH;:CO,=2:1. On

the other hand, the apparent yield becomes about 5595 in 60 minutes at 90 atm
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in the case of the paitial pressure ratio 40 :
NH;:CO.,=3:1 and reaches ecquilibiium ol / 2

within about. § minctes at 150 atm and
indicates the bigher vadue than at 90 atm

and the velocity-of the volvme change is

too fast to draw the guantitative change of 7 2
the diagram of the yield. 0 _/———-——5

(¢) The influcnce of the water vapour. %0 6 20 3o s0 3o 4o 70 o
The PV-P curves, when the gas mixture Time oma

Fig. 8,

contains slightly the water vapour as mcn- Curve 13 NHCO= %1, 1509C, 150 atmn,

tioned in Exp. (1); (d). under the condi- Curve 3 NHCO, =1, 150°C, 90 atm,
. . Curve 3, NHzCO.=2:1, 150°C, 200 atm.
tions of the temperature 165°C, the total Curve 4; NH;CO,=21, 150°C, 150 atm,

. Curve 3; NH;:CO.=2:1, 150°C, 110 atm,
pressure 1~ 160 atm ard the paitial pressurc T

ratios NH;: CO,=3:1, 2:1 and 1:1, show the sam: first and second inflexion

[
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Fig. 9 Curves 1 and 2; NHiCO.=3:l, 165°C, Fig. 11 Curves 1 and 2; NHzCOe=1:1, 165°C,
Fig. 10 Curves 3 and 45 NHz(CO0,=2:1, 165°C, Fig. 12 Curves 3, 4 and H; NIMzCO.=1:1, 150°C,
Curves 1 and 3 are the cases of the mixtures dried Curves 1 and 3 are the cases of the mistures dried
by passing throvgh and preservirg on the drying DY passing through and preserving on the drying
materials. Curves 2 and 4 are the cases of the materials. Curve 2 is the case of the mixture dried

only by passing throrgh the drying ma'erials,
Curves 4 and 5 are the cases of the mixtures added
the waler vapour 0.8 and 3¢5 respectively, The
shown by the left and right respectively. ordinates of Figs. 11 and 12 are shown by the left
and right respectively.

mixtures dried only by passing through the drying
malerinls, The ordinates of Figs. 9 and 10 are
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points at about 60 and 110 atm. The comparison between the PV-P curves of
the gas mixture dried peifectly and the above mentioned cuives is shown by
Figs. 9, 10 and II.

difference between perfect and impeifect dryness till the first inflexion point

In the curves of the gas mixtures are not found the

appears, b t the gas dried impeifectly indicites the first inflexion point at
somzwhat lower pressure and the second inflexion point at considerably lower
pressure, ‘and after the points larger volume change occurs than the gas dried
petfectly except in the case of the partial pressuie ratio Ni1;: CO.=3:1, Fig. 9.

The PV-P relation, in the cases of the addition of 0.8 and 335 water vapour
to the gas mixture of the partial pressme ratio NH;:CO,=1:1 at 150°C, is
shown in Fig. 12. The liquid phase is not foind at 2350 atm in the cases of
the diy gas mixtwre and the addition of 0.8¢95 water vapour, but found at 110

wtm in the case of 39 water vapour.

Consideration.’

When the monctonous cuive is inflected in the PV-P diagram of the gas mix-
ture, the mixture begins either to teact, or to condense under the condition of
the inflexion point in the course of the compression. As shown in Fig. 4, it is
considered that the white solid phase produced from the gas mixture under the
condition of the inflexion point below 129°C is ammonium caibamate. The yield
of ammonium caibamite becomes small with incieasing temperatue and in the
case of 129°C the solid phase is scarcely found even after the inflexion point
appears and the PV-I curve is aimost monotonous. At the condition of the in-
flexion point above 129°C it is considered that the gas mixtare produces urea
and water in the gas state until it reaches saturation.

The compaiison between the pressures, at which the mixtuares produce the

liguid phase as shown in Figs.  and 6, and the calculated vapour pressures of

ammonium carbamate® at the same tem-
perature is shown in Table 2. The pres-

sures of the second inflexion point are

Table 2

Pressure atm

. Cm;g:[lfg(), According to | Accord,
independent of the calculated vapour - ‘}“l“”"'fg . to {f&;ﬂ"
. erat ol H3 & &
pressures of ammonium carbamate.  Ac- perature 2C
. . . 129 TS 93 29
cordingly, it can be conside.ed that the
. 150 86 110 61
gas mixture does not start to produce —| -
. - . - D] 23
oaly the liquid phase of ammonium car 165 10 133 104

3) F. P. Egan, ]. ¥, Potts and G. D), Potts, /ud, Eng, Chem., 38, 454 (1946)

l
!
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bamate at the second inflexion point, but the urca and water in the gas state
produced from the gas mixture after the first inflexion point zbove 129°C, reach

seturation and start to condense.

Conclusion.

Below the normnal temperature and pressure, the PV-P diagram of the gas
mixture of ammonia and carbon dioxide indicates an inflexion point and the
position shifts to the side of high pressure with increasing temperature and after
the point the mixture produces ammonium carbamate. The lower the tempesa-
tare and the more excessive ammonia is, the large: the yield is at the con:tant
intcrvals of time. The reaction is remarkably iafluenced by the water vapour
slightly contained.

At high temperatare and pressure, the PV-I curve of the gas mixture shows
an inflexion point below 120°C and two inflexion poirts above 127°C and the
position shifts to the side of high presstre with increasing temperature.  Below
129°C the gas mixture prodices cmmonivm carbamate and above 120°C ctaits
the urea formation in the gas state at the first inflexion point. This indicates
that the gas phase exist till the seccoad inflexion point and begins to coundense
at the sccond point. The position of the condensation in the PV-P diagram is
remarkably inflienced by the total pressurc, partial pressure ratio ard water

vapour.
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