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THE STNTHESIS OF MEIAMTWE

SUMMARY

Yelamine is a crystalline organic compound of major industrial
importance. It is employed chiefly in the form of melamine formaldehyde
resins for the ireatment of paper, textiles, and leather, and for the
manufacture of baking ensmels, molded plastics, and adhesives, Except
for the relatively high cost of these resins, they would find even greater
use and importance in these and other apvlications. These costs are in
part due to the difficulty of the final step in manufzcture, the conver-
sion of dicyandiamide (also a erystalline organic commound) to melamine,
Present methods involve batch operations, high pressures, and the use of
liguid armonia at relatively high temperatures. The principel difficulty
apparently is the large heat of reaction, which makes it hard to control
the temperature of the process. Because of the excellent temperature
control which characterizes the fluidized bed technique so successfully
used in the petroleum industry, a study has been made of the possibility
of applying this technique to the production of melamine. The results
indicate reasonably good yields in a gas-solid system at lower pressures
than now used, A fluidized system alsc has advantages in simplicity of
aoperation.

An examination of the conversion of dicyandiamide (diecy) to
melamine in the solid state was made under ithree conditions: fluidized
beds at atmospheric pressure with nitrogen or nitrogen-ammonia mixtures
as the fluidizing gas, static beds at atmospheric pressure with nitrogen

or ammonia gas, and static beds under elevated pressures of ammonia.

At atmospheric pressure, conversions greater then 507 could not be




obtained under any conditions. The use of various cztalysts and ammonia
atmospheres to suppress deamination had relatively little effect in im-
proving yields.

In statie beds under elevated ammonia pressure, the yields of
melamine exceed 90% at pressures above 300 psig. At pressures below
200 vsig., there is no appreciable difference in the conversion from that
obtained at atmospheric pressure. At approximately 00 psig., there is a
sharp change in the general mechanism of the conversion and in the re-
sults obtained. Increased pressures above atmospherice reduce the forma-
tion of insoluble deamination products tn almost negligible quantities at
LOO psig. Within fairly wide limits, the particle size of the charge
uged has no appreciable effect on the conversion. As is the case when
dicy is pyrolyzed at atmospheric pressure, at elevated pressure there is
a critical temperature at which the conversion proceeds spontanesusly.
This critical temperature is decreased by increased pressure from a value
of about 209°C. at one atmosphere to approximately 1L5°C. at L50 psig.
Below these temperatwres, the conversion proceeds slowly,

The diluents used in the atmospheric operations to determine if
they exert any catalytic action had nc significant effect on the rate of
reaction. However, at elevated pressures, silica-gel gives poor ylelds
of melamine with large amounts of other products and is difficult to
handle because of its very high adsorvtion of ammonia, Alumina ylelds
the szne results as are obtained with dicy alone in the charge. There is
no positive evidence that any of the diluents tried provide any catalytic

action. However, they do prevent any sticking of the charge in both

atmospheric and elevated pressure operations,




In the light of the data obtained, the most probable mechanism of
the melamine synthesis appears to be a two-stage process involving first
the reaction of ammonia with dicy to form water soluble intermediate
compounds, and then the reaction of the intermediates with dicy to pro-
duce ammonia and melamine.

It is econcluded that the conversion of dicy to melamine can be
carried out in 2z solid-pas system with yields of melamine equal to or
better, and at pressures appreciably lower, than present commercial
processes, However, further study must be made to determine the optimun
ratios of diluent to organic necessary in the charge to provide for
proper fluidization. Since an equilibrium apparently'ekists for the con=~
version of dicy to melamine, a study of the effect of the presence of
deamination products in the charge should be made in order to determine
if the formation of these compounds can be suppressed by including some
of these compounds in the charge. An examination of the problem of

separation and purification of the products of the reaction should also

be made,




TITRODUCTION

Industrial Importance. I‘elamine is a white crystalline organic

compound which has a melting point of about 354°C. ard a density of
1.57 g./cc., a little above that of dicy, to which it is related,
Melamine sublimes readily at temperatures slightly below the melting
point at atmospheric pressure and at temperatures below 300°%C. at pres-
sures of about C.1 inch Hg.

‘elamine was first discovered by Justus von Liebig in 183, but,
except for a certain amount of academic attention, received no recogni-
tion for almost a century. It wés then discovered that melamine when
combined with formaldehyde produces a thermosetting resin with outstand-
ing resistance to heat, water, and chemical action, thus immediately giv-
ing it nmumerous importent industrial and commercial epplications.

Perhaps one of the most important of these aprlications is in the
treating of paper, producing paper with increased folding endurance,
tensile strength, and bursting strength. TIn addition, such paper has ex-
cellent water resistance, high wet strength, and is lint free. Other
sizing materials must be added after the paper sheet is formed and give
little but surface protection, or in the case oif urea formaldehyde
produce noxious fumes., Melamine formaldehyde can be incorporated
directly into the pulp mixture. The resinous particles in the pulp are
positively charged while the cellulose fibers are negatively charged,

thus giving complete protection and bonding of the fibers in the

finished paper sheet. Large amounts of melamine resins are therefore




used in maps, towels, tissues, paper hoard, bags, etc,

Another interesting use of melamine is in the tanning of leather,
where it has proved superior to chrome and vegetable tanning in all cases,
giving 2 soft, flexible, decay-proof leather with superior uniformity and
wear resistance due to the excellent penetration of the resins during
tanning,

Melamine treated textiles retain their shape, are crease resistant,
and resist shrinkage during lsundering. Melamine has also shown exe
cellent possibilities in improving the shrink resistsnce of wool fahrics
ag well as increasing wear resistance,

51111 another major application of melamine resins is in synthetie
baking enamels for household appliances and antomobiles. In addition to
being able to produce a pure white enamel, the resins shéw better heat,
wear, chemical, and scrateh resistance, and require less baking time than
previous synthetic finishes.

Melamine resins in molded plastics have broadened the scope and
application of plastics. Together with phenol formaldehyde and urea
formaldehyde resins, they constitute {ihe major part of the thermosetting
resin field. The melamine resins, however, show better resistance to
water and dilute acids and alkalies. They can be produced in all coliors
and show considerable compatibility with different fillers, They have
excellent dielectric strength, wear resistance, heat resistance, ard
stability. A recent application has been in adhesives, whereby plywood
can now be made water resistent as well as heat resistant, so that more

rigid standards of wood constraction can be met.

Melanine resins in general combine the best properties of the other




thermosetting resins, but with the disadvantage of a higher cost. If the
cost of melamine could be reduced by even a small amount, the scope and
application of melamine to industry would be correspcndingly greater.
Melamine (2, L, 6-triamino 1, 3, 5 triazine) can be described as
the cyclic trimer of cyanamide of which dicy is the dimer. BRriefly, the
steps in the production of melamine consist of first producing calciunm
carbide from limestone and coke in an electric are fvrnace. Then, nitro=-
gen digtilled from liquid air is passed over the hot calcium carbide to
form calcium cyanamide, Cyanamide is then liberated from the caleium
cyanamide by acid treatment and polymerized to dicy by heating. On
further polymerization of dicy, melamine is formed. 7Tt is with this
last and difficult step that this dissertation is concerned,

Methods 2£ Preparation. At present, the only commercial process

(American Cyanamide Co.) used in this country for converting dicy to
melamine is carried out by first taking the dicy in solution in liquid
ammonia and methyl alceohol and then heating the solution in a batch
antoclave, following very carefully a prescribed temperature-pressure-
time control template until the reaction is complete ai about 110 to
120°C. The resulting melamine is then crystallized and filtered with the
liguid armonia zand methyl alechol filtrate being recovered and sent to
underground storage tanks. The yields obtained range from 85 to 90 per-
cent melamine based on the dicy charged. The pressure reactors are
installed in "pillboxes" cutside the main working area and remote control
is used. No personnel are permitted in the reactor area during operations.

Reactor pressures during operation are relatively high (75 to 100 atmos-

pheres) due to the vapor pressure of the solution at the temperature




required for the reaction., It is interesting to note that the process
starts with a batch reaction and ends with a batch filtration.

Other methods of converting dicy to melamine cr preparing melamine
have been reported. Foster (1) reported smali yields (15 to 30%) of
melamine obtained by heating dicy in ethylene glycol in the presence of
zine chloride at 100 to 130°C. Christman and Foster (2) obtained con-
version by heating dicy to its melting point in contact with extensive
surfaces., Henkel and Cie (3) heated dicy in a closed vessel in the
presence of highly compressed nitrogen, hydrogen, or inert gaseous
hydrocarbons. Thurston (L) reported small yields obtained by heating
dicy to 160°C. with an acid condensing agent. Christman and Foster (5)
heated dicy in a rotary furnace at atmospheric pressure and obtained
small vields, Jayne and Day (6) obtained melamine by heating a2 mixture
of dicy and an alkali metal salt of & weak acid to fusion temperature
at atmospheric oressure.

Wintringham and King (7) obtained fair yields of melamine by
heating a solution of dicy and 1liquid ammonia in a rctating agitated
vessel, King, Mensing, and Felch (8) obtained good yields by heating a
solution of dicy, liquid ammonia, and methyl alcohol. Almost all other
references to the formation of melamine from dicy are contained in
patent literature, and the methods involve only slight variations in the
manner in which the dicy and liquid ammonia are handled,

As can be readily seen from the preceding paragraphs, most
processes used for the preparation of melamine are directed toward

eliminating or suppressing the formation of undesirable reaction products

by one or more of the following procedures:




(a) Py the use of high pressures in order to suppress the
deamination of the compounds and the resulting formation of ammonia,

(b) By the use of solvents which act as diluents thus affording
a preater heat capacity in the mixture and offering the possibility of
evaporation of the solvent to prevent excessive temperature rises., The use
of solvents alsc generally implies high pressures at the temperatures
involved,

{¢) By the use of catalysts which promote the desired reaction at
lower temperatures, thus decreasing the tendency toward deamination and
alsc providing some increase in heat capacity.

(d) By the use of inert diluents which inerease the heat capacity
of the mixture and therefore prevent an excessive temperature rise even
at high reaction temperatures,

The Fluidized Powder Technique, Padgett (9) obtained yields of

almost 50 percent melamine by fluidizing dicy with inorganic catalysts at
approximately 180°C. in a stream of nitrogen at atmospheric pressure,

Since the other methods of prepration of melamine recorded in the litera-
ture are batch operations, involving high pressures at relatively high
temperatures, or giving very poor yields, it seemed worth while to examine
the fluidized technique further. The advantages of a fluidized bed are
evident in the easier handling of materials, the better temperature control
than possible in a batch operation, and the possibility of developing a
continuous process, Considerable experience with the fluidized solids
method is already available as a result of its successful use on a large

scale in the petroleum industry (10},

Fluidization consists of supporting a bed of solid material in a




gas stream such that movement of the particles in the system closely
approximates that of a fluid in turbulent motion. With this éystem, the
possibility of the existence of any large temperature gradient, such as
that csused by an exothermic reaction, is remote because of the good heat
transfer coefficients obtained. Ry preventing local owverheating due to
the reaction, less pressure may be needed to prevent deamination. It is
also possible to transport the solid particles in the gas stream to and
from a reaction chamber without the nsual solids handling difficulties
and consequently achieve a continuous operation.

Tor the conversion of dicy to melamine, the process may be
visvalized as consisting of a container from which the diey would be
picked up by a stream of ammonia and fed to the reaction chamber, This
would consist of a vertical shell, jacketed and perhass with cooling coils
for temperature control. The solid-gas mixture would be carfied vertical-
1y through the reactor by proper control of the gas velocities. From the
reactor the material would be carried to a vessel and would be leached of
its melamine content for further processing., If dilusnts were used, they
would simply be mixed with the dicy charge and recirculated through the
apparatus after separation from the reaction products. If pressures
above atmospheric are necessary, it would only be necessary to provide
two raw material tanks and two product tanks. The charge would then be
fed intermittently from each storage vessel and the products removed
intermittently for leaching and separation, while the reactor would be
operated continuously. The fluidizing gas would of course be recirculated.

Chemistry of Dicy and Melamine. Melamine may »e obtained by simply

heating dicy at atmospheric pressure to approximately its melting point
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(2099C.), An exothermic reaction takes place with a considerable tempera-
ture rise. Yields of almost 50 percent may be obtained in this way, but
with the formation of almost 50 percent of other triazines and deamination
products,

Dicy, the dimer of cyanamide, can be represented by the following
structural formulas, of which the first best satisfies the many reactions

in which it may participate;

NEC—N—C< or M= ¢ =N -—c2
I MH, NH

Dicy may be described as a very fecund parent of almost innumerable
commercially important compounds of which melamine is perhaps the most
important and is the chief concern here.

The structural formuia of melamine is usually represented es an
amino form although the imino form is not disproved, and there is evidence
of a bond between the hydrogen of the amino proups and the nitrogen atoms
of the trlazine macleus even for the amino structure, Therefore, the struc-

ture of melamine is represented by the following:

"2 i
1
7N\ PN
1}1 IIG* oYy I;IH
|
HaM— C C—N1 or H = C -=VH
¢ Ny : Ny
¥

with the former being generally accepted and the one used here in any

further discussion,
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There is no definitely proven mechanism in the literature for the
formation of melamine from dicy. However, several mechanisms have been
postulated. One (11) is that dicy and ammonia react to give biguanide,
wh.iéh then dissociates to guanidine and cyanamide. Idcy and cyanamide or
dicy and guanidine may then react to give melamine. This mechanisam is at
least partially borne out by the fact that in ovyrolyzing dicy at atmos-
pheric pressure, enough amnonia is formed in the reaction by the de-
composition of dicy to allow the process to follow this mechanism and to
account for the further polymerized deamination products. Structurally

this mechanism may be represented as follows:

NH NH NH
HE | B O
WH3 + NSEC—N—C—WHp — HoN—C—N—C—NHp
|
E e 2 e
i
c c=nd c
| /N / Ty
} N N - HzN NH N NH
NH3 + | I _ il _ It
Holl — O Gy NSC GWHp  NSC G
Ny ‘N N
H H l
NH,
|
C
7"\
v
HoN — C C—NH
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Migridichian (12) suggests the following mechanism for the guanidine-dicy

reaction:
NHo fH
! I
C—N + == -
Y Ho HN q% //C NHo
HN N NHp

¢ —NH
N € / H
N N K
3 Hol é g HH
1 ' — T ——

The chief evidence in favor of the above mechz:nisms is that
cyanamide, guanidine, and biguanide have 21l been recovered from the
reaction mixtures,

Another suggested mechanism is shown on the following page.
This illustrates a possible mechanism which would not. postulate the
presence of guanidine as an intermediate, bot would offer cyanamide as

an intermediate and might be favored in the reaction proceeding at

different temperatures or pressures.
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NH NH
i !
G —NH, C —NHg
; }
HN N
1 !
C C
Y Y
o e
N=C  C—NHp HoM-C._ G -MHp
AN N,/
N N
H
HH
"
G-NH-Z
N
Hfll
¢
AN
Yy
HoN—C_ G—NHp
2 /
N
NHj THz
|
C c
/N 20N
™ MY - I|NI 4]
| i
N=C C-WNH, + HN-C C—1H,

Data on the heats of formation of the compounds involved in the
suggested méchanisms are scarce and not in too good agreement. The most
reliable measurements appear to be those of Salley and Gray (13) who
report the heats of formation of erystalline cyanamide, dicy, and
melaminé at 250C, as 14,65, 7,14, and -15.35 Kcal./mole, respectively, as
calculated from their heats of combustion obtained from bomb calorimeter

data. The heat of formation of guanidine is found to be ~30,.68 Keal./

mole (1h).
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Thus, for the over-all reaction, 3 CoNjH), —= 2 C3NgHg, the caleu-
lated heat of reaction would be 2(~15.35) - 3(7.1L) giving -52.12 Keal.
or 26.06 Keal./mole of melamine. The heate of reaction for the most
probable mechanism involving biguanide, guanidine, and eyanamide would be

as follows, using ~11.00 Kecal./mole for the heat of formation of ammonias

NH3 + DzNhHh — CNBHS + CNoHa
Hr = "30.68 - 1L¢65 - ?olll - (‘11.0) = "‘12.17 Keal,
CNBHS - CzNhHh—" C-3N6H6 + NHB

Hp = =15.35 ~ 11.00 - (-30.68) - 7,14 = ~2.81 Keal.

CNoHp + CoNpH| — CqNgHg

Hp = =15.35 ~ 1he65 = 7,14 = =37.24 Keal,

The step for the reaction of ammonia with dicy to form bipuanide is
omitted here, since no data cculd be found for the heat of formation of
biguanide,

The deamination products already mentioned but not included
in the mechanisms of fered are melsm, melem, and melor, which are
presumed to be polymerization products with higher mclecular welights,

Melam is though to have the following structure and relation to melamine:

NH2 THQ THQ
- I
2N AN AN
v vy 7
HoN — C C~NHyp HoN—-C C-N-C. C-WNH
2 \N/ 2 2N \N/ 1 \\M/ 2

Melamine Melam
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Further polymerization then yields melem.

YH2 NH2 NH2
I I I
/C\ C\ /C\
R v
HgN—C\ C~N-GC C —NHp ¥ c -+ YMH3
7 N7 Y 7N
NyOH Ny Y Sy
HgN—C%N/C\\ /C —Niy
N
Melen

The suggested structure of melon is thoughtto be a condensed group
of melem molecules represented as the following; using the symbol, ZX,

to represent the rucleus of the melem molecule,

NHo

?\ \
HoN N NH,
H

These compounds are nearly insoluble in water even at elevated
temperature, and melon is apparently stable to temperatures in excess of
"1000°F., The sbove is not meant to indicate that melamine deaminates at
reaction temperature, but rather to indicate the relation of these com=
pounds to melamine and dicy. Even upon sublimation of melamine at above
300°C, at atmospheric pressure, the ammonia liberated due to deamination
amounts to only about 0,025 moles per hour per mole of melamine (15).

Experimental Program. In the light of the chenistry outlined above,

the relatively low yields of melamine obtained by Padgzett (9) in
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experiments with a fluidized bed at atmospheric pressure are undoubtedly
due to deamination of dicy or intermediate compounds in the reaction.
Hence, a logical first step in an experimental program would be to ex-
rlore the effect of itemperaturs, various possible catalysts, and the
partial pressure of ammonia on deamination. A preliminary orientation
may be secured most conveniently in the laboratory by experiments with
a fluidized bed at atmospheric pressure, At the same time, factors such
as particle size, degree of fluidization, etc., could readily be studied.

If, as the chemistry of the reaction indicates, ammonia pressure
in excess of one atmosphere is needed to suppress deamination completely,
further experiments could be made most conveniently with a static bed in
a pressure bomb. For this case, the effect of diluents and particle size
should also be determined.

To establish the relation between results obtained from fluidized

and static beds, the static runs should include some at atmospheric

pressure,
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EQUIPLENT

Fluidized Bed at Atmospheric Pressure. The equipment used in this

phase of the work is shown in Figure 19. It consisted of a fluidizing
chamber of 58 mm. pyrex glass, 30 inches long and tapered at the bottom
to 18 mm, To the bottom, 2 metal two-way stopcock was sealed, one posi-
tion providing for gas flow during fluidization and “he other providing
for sampling of the charge in the reactor. Copper tubing was used for
carrving all gases except from the reducing valves on the nitrogen and
ammonia cylinders to the equipment where rubber tubing was used,

The nitrogen gas was first run throvgh a drying chamber filled
with anhydrous calcium chloride and then through a calibrated rotameter
fitted with a small capillary at the inlet to suppress the usual bobbing
of the rotameter float during fluwidization., The gas was then passed
through.a heater consisting of 8 feet of 3/8 inch brass pipe wrapped
with 20 gauge nichrome wire insulated and sealed with sauereisen. The
outlet of the heater contained an insulated thermometer well and was
connected to the stopcock on the column.

The column itself was first wrapped with asbestos tape over which
was wound 2 nichrome wire heating element sealed in position with
sauereisen. Two iron-constantan thermocouples were mounted under the
ashestos tape at the top of the taper in the columm and about half-way up
the column. Over this was placed a section of two inch magnesia pipé

insulation. Another calibrated iron-constantan thermocouple was placed

in the center of the column at the top of the taper with the leads rumning
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out through sealed openings in the top and bottom of the column. At

the top of the column a short section of 20 mm. pyrex tubing was attach-
ed by means of a neoprene stopper and filled with glass wool to act as

a filter for any fine particles entrained by the fluidizing gas. Any
solid reaction materials were added at the top of the colurm after
removal of the stopper and filter.

Control of the temperature of the fluidizing zas and of the
reaction chamber in the earlier runs was done manually by means of vari-
able transformers, however, it was soon found desirable to control the
reaction bed temperature automatically. This was done by installing a
Theelco Capacitrol with high and low control connected throuch two
variable transformers set at slightly different output voltages so that
when proper temperatures were reached, the power to the heating coil
would be reduced to just less than would maintain proper temperature.
This prevented the rather large fluctuations in temperature inherent with
"on-off" control in small systems and permitted control to plus or minus
0.5, at 200°C,

For the runs in which ammonia was introduced with the nitrogen,

a tee was placed in the tubing from the rotameter to the heater and the
armonia introduced here. The ammonia was run from a standard 50 pound
cylinder of anhydrous liquid ammonia through a specizal reducing valve and
then through a calibrated flow meter, consisting of a mercury manometer
across a short section of pyrex capillary tubing and a second mercury
manometer for reading the downstream pressure. The ammonia line was also

fitted with a thermometer well and thermometer. The off-gas after pass-

ing through the filter was passed into dilute hydrochloric acid solution
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through a porous diffusion plate and then exhausted to the atmosphere.

Static Bed at Atmospheric Pressure. The reaction chamber for these

rons consisted simply of a pyrex suction flask fitted with a one-hole
neoprene stopper through which the nitrogen or ammonia gas could be
introduced. The exit gas was drawn off through the =side arm of the
flask, For the runs in which a pure ammonia aimosphere was used, the
exit gas was again run through a porous diffusion plzte into an absorp-
tion bottle filled with dilute hydrochloric acid solution. The flask was
placed in an electriecally heated resistance muffle furnace equipped with
an indicating=recording controeller and stepwise input contrel to reduce
temperature fluctuations,

Static Bed‘gg Klevated Pressure. The reaction chamber for these

runs (Figure 20) consisted of a pressure bomb 10 inches long, 1-1/L in.
0.0, and 3/l in. I.D., machined from stainless steel and with a thermo-
couple well of stainless steel silver-soldered into the bottom. To the
top, was attached an adapter section carrying a special ammonia pressure
gauge and fitted with a 1/8 inch ammonia needle valve. All gaskets

used were of "Teflon.,™ The bomb was heated in a combustion tube furnace,
the heat input of which was c¢ontrolled by a variable transformer. The
temperature of the reaction mixture in the bombd was read by means of a
Wheelco potentiometer attached to a calibrated iron-constantan thermo=-
couple., After entering the furnace, the thermocouple leads were shielded
by means of standard two-hole thermocouple insulators and asbestos tape.

A Cenco "“presso-vac! pump was used to evacuate the boab prior to loading

it with ammonia from the standard anhydrous ammonia cylinder.
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TXPTRIITNTAL PROCEDURE

Fluidized Ped at Atmospheric Pressure. All solid reaction materials

used in this work were carefully screened on a standard Ro-Tap machine
using standard close series Tyler screens in order to obtain narrow size
fractions, These materials were then stored in a dryving oven until
needed, since all exhibit a tendency to pick up moisture, Upon starting
a ruin, the heaters for the gas and fluidizing chamber were turned on
vwith air being introduced instead of nitrogen. The diluent material,
such as silica gel or alumina, was removed from the oven, cooled in a
dessicator, and weighed, and then returned to the oven. “hen the re-
action chamber reached approximately the desired temperature, a shift to
nitrogen gas was made, Then the diluent was added at the top of the re-~
actor.s The amount of dicy to be used was then removed from the oven,
cooled in a dessicator, and weiphed, and returned to the oven. When the
desired reactor temperature was again reached and remained constant at
the nreset value, the dicy was added quickly to the ciluent bed through
a pyrex glass tube introduced through the top of the reactor. After
guickly removing this tube and replacing the filter, the timer was started.
If ammonia gas were being introduced with the nitrogen, it was turned on
and regulated before the addition of dicy was made.

Readings of temperature, nitrogen flow rate, ammonia flow rate,
and ammonia pressure were taken frequently during the runs, although the

main eflorts were directed toward maintaining all control factors con-

stant during any run. Several samples of the mixture in the reactor were
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taken during some of the runs to determine the progress of the reaction.
This was done by withdrawing aoproximately the amount desired through
the two-way stopcock at the bottom of the ecolum into a tared weighing
bottle, which was then cooled and weighed. A sample was always taken at
the end of a run. During the runs with ammonia in the nitrogen stream,
samples of the absorbing hydrochloric acid solution were withdrawn by
pipette and titrated with sodium carbonate solution standardized against
standard 0.1 N hydrochloric acid using a methyl orange indicator. Hav-
ing withdrawn the last sample at the end of the run, the heaters and
gases were turned off, and the remainins charge was withdrawn and weighed
to permit checking of the over-all material balance.

Static Bed at Atmospheric Pressure. Tor these runs, the materials,

either dicy and silieca gel or dicy and alumina, were withdrawn from the
drying oven, cocled in a dessicator, weighed, and mixad carefully before
placing them in the reaction flask, which was preheated in the drying
oven, The gas connections were then quickly made and the flask placed in
the heating furnace. The furnace and the gas were then turned on, allow=-
ing enough time for any air in the system to be purged before reaction
temperature was reached. No attempt was made to take samples during these
runs, due to the possibility of the formaticn of ammeline and ammelide
when dicy is exposed to moist air at the temperatures involved. Samples
were taken at the end of the run simply to compare the over-all conver-
sion with that obtained in the fluidized bed at similar temperatures.
These samples were taken after allowing the flask and its contents to

cool with normal gas flow to well below any temperature at which any

reaction of dicy might occur., The gas flow was then stopped and the
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sample taken in a tared weighing bottle.

Static nfed at Zlevated Pressure. For these runs, the bomb was

placed in the drying oven for several hours prior to use. The materials
used, either vure dicy, dicy and silica gel, or dicy and alumina, were
withdrawn from the drying oven, cooled in a dessicator and weighed., If
a diluent was used, the dicy and diluent were thorouphly mixed. They
were then charged carefully into the preheated bomb, which was immediate-
ly attached to the Cenco "presso-vac' pump and a mercury vacuum gauge.
The bomb was evacuated very slowly by regulating the gas flow with a
serew clamp in the rubber vacuum line to prevent any particles of the
charge from being carried out of the chamber. After evacuation to a
pressure of 25 microns, the valve on the bomb was closed and the unit
disconnected from the vacuum line., It was then attached to the ammonia
tank after purging the line on the tank, ard ammonia was bled wvery slowly
through the needle wvalve into the bomb, It was necessary to allow con-
siderable time for completely charging the bomb, particularly for the
high pressure runs, since dicy adsorbs ammcnia to some extent and silica
gel very strongly adsorbs it. If silica gel were used, the pressure in
the bomb would return to almost atmospheric, that is, after charging

once to a pressure corresponding to the vapor pressure of liquid ammonia
at the temperature of the surroundings (uwsually 140 4o 150 psig.). Also,
upon charging quickly, the outside of the bomb would become almost too
hot to touch due to the heat of adsorption. It is also interesting to
note that dicy alone showed an equilibrium adsorption pressure of from

80 to 85 psig. when saturated with ammonia at approximately 32°C.

After the bomb was charged with ammonia to the desired pressure,
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it was closed off, wrapped with asbestos tape, and placed in the combus-
tion furnace. The pressure and temperature in the bomb were recorded,
and the run was immediately begun at the moment the power was turned on.
Readings were taken very frequently during These runs, often every one-
half mimute during the reaction. The power input to the heater was
maintained constant by controlling the inpuf voltage by a2 variable trans-
former, No attempis were made to take samples during a run, the chief
purpose being to determine reaction characteristics under different con-
ditions.

After a run was completed, the furnace was turzed off and the
whole system allowed to cocl to a safe ltemperature, usually below 100°C.,
before opening the bomb, Samples were taken and placsd in the drying
oven to remove any adsorbed ammonia. They were then removed from the
oven, placed in a tared weighing bottle, cocled in a dessicator, and
weighed. The bomb was thoroughly cleaned with ammonium hydroxide and

distilled water before being returned to the drying oven in preparation

for ancther run.
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ANATLYTICAL PROCEDURE

The analytical procedures for determining melamine and dicy in
mixtures which might contain several other like compcunds are tedious and
troublesome and generally cannol be expected to give better than plus or
minus one percent accuracy. The procedwres used in this work are based
on methods reported by Zavarov (16) and Korinfskii (17) and used by
Padgett (9) for the determination of melamine and dicy in similar re-
action mixtures. The procedure was thoroughly checked on prepared known
mixtures of melamine and dicy before any attempts were made to analyze
reaction mixtures,

All semples, whether containing just organics or organics and
diluents, were treated in the same manner. Thg weighed sample containing
approximately 0.5 pgram of organic material was leached in 200 ml, of
distilled water in a constant temperature bath at 50°C, for a minimum of
two hours. The suspension was then filtered through a weighed Gooch
crucible using filtering asbestes in the usual mammer, The cruéible vas
then dried over night, cooled in a dessicator, and weighed to determine
the amount of insoluble deamination products formed. If the sample conw
tained diluents, the weight of insoluble products was taken as the
difference between the amount of undissolved solids and the calculated
amount of diluvent present based on the proportion of diluent‘to'organic
charged. This, of course, assumed a guantitatively representative sample

and neglected any ammonia loss,

The melamine content of the filtrate was determined by converting
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a sample portion to melamine picrate which is insoluble and which can be
separated, dried, and weighed. The solution obtained from the filtration
of the suspension in the determination of the inscluble product was then
diluted with distilled water to 250 ml. in a volumetric flask. A 50 ml.
portion of this solution was then transferred by pipette to a LOO ml,
beaker. To this solution, 50 mi. of glacial acetic acid was added, and
the mixture was heated to 90°C. One hundred milliliters of cold saturated
aqueous picric acid was then added with strong stirring, and the stirring
was continued until precipitation of the melamine picrate appeared almost
conplete. This step was perhaps the most troublesome, because an interw-
ruption in the stirring or failure to stir sufficienily frequently yielded
very low amounts of precipitate or almost none., The mixture was allowed to
cool to room temperature and then was placed in a refrigerator over night,
It was then filtered through a Gooch crucible and the precipitate washed
thoroughly with cold saturated aqueous melamine picrate solution, dried to
constant weight, and weighed. The amount of melamine in the sample was

calculated by means of the following formulas

Weight melamine == 0,356 (weight precipitate) 4 0,001
in which the 0,356 is the factor for converting the weight of melamine pic-
rate (M.W.=355,2) to melamine (M.W.=126,1) and the 0,001 is a solubility
correction factor for melamine dissolvéd in the solution as melamine picrate.
The calculated weight of melamine was then divided by one~fifth of
the calculated amount of organic material in the sample to obtain the
percent yield of melamine,

The weight of dicy was determined by converting the dicy to the

silver diey picrate compound which is insoluble and may be treated




gravimetrically. For the determinstion of dicy, a separate 50 ml., por-
tion of the solution in the volumetric flask was transferred to a LOO ml,
beaker. To this was added 50 ml. of glacial acetic acid. After heating
to 90°C., 100 ml. of cold saturated agueous picric acid and 20 ml, of 2

S percent aqueous solution of silver nitrate were added with stirring,
Stirring was again continued until precipitation of the silver dicy
picrate seemed to be complete. The mixture was allowed to cool to room
temperature, stored in a refrigerator over night, filtered through a

Gooch crucible, washed with saturated silver-dicy-picrate solution, and
the precipitate dried and weighed. The weight of dicy was then caleunlated

by means of the following formmula:

Weight dicy == 0,2001 (a = b) + V/100 (0.01L49) (= - 0.0022)
in which a is the weight of precipitate from the dicy determination,

b is the weight of melamine picrate precipitate, 0,2001 is the factor for
the conversion of the weight of silver-dicy-picrate (¥.W.= 420.1) to the
weight of dicy (M.W. = 8L.1), send the second term on the right hand side
is the correction factor for the solubility of the precipitates in V ml.
of fiitrate. The calculations for percentapges were made in the same
manner as for melamine,

In the later runs (No. 30 through 61), a simplified dicy determina-
tion was mede by simply reheating the filtrate from a melamine determina-
tion to 90°C., adding 20 mi, of five percent aqueous silver nitrate
solution, and stirring until precipitation seemed complete, This mixture

was then cooled to room temperature, stored in a refriserator over night,

filtered, washed, and the precipitate dried and weighed in the same
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manner. The weight of dicy was calculated by means of the following

formilaz

Weight dicy = 0,2001 (weight precipitate) 4 C.00L1)
where 0.0041 is the solubility correction factor for dicy in solution in
the filtrate as silver-dicy-picrate. The results obtained with this
procedure checked within the limits of accuracy of the procedures used,
conserved the sample solution permitting more check snalyses, and offer-
ed less trouble during precipitation.

An effort was made to determine whether absorption spectra in the
ultra-violet range could be used as an analytical procedure, However,
since the absorption bands of melamine and dicy are close to each other

and other similar compounds interfere, only a qualitative agreement with

the gravimetric procedure could be obtained,
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RESULTS

The results obtained during the course of this work are shown in
Tables T fhrough IV in the Appendix., The significant results obtained
from these data are presented in graphical form in Figures 1 through 18,
The results of the atmospheric pressure runs are shown in Figures 1
through 8, which include primarily data from the fluidized bed system.
However, in order to show the relation of the static system to the
fluidized system, data points obtained from the static bed runs are
included on these figures where appropriate. The resalts obtained using
static beds with ammonia pressures above atmospheric are shown in
Pigures 9 throuch 18,

The progress of the reactions involved during the conversion of
dicy to melamine utilizing silica gel as a diluent is shown in Figures 1
through L. A plot of the weigat percent of melamine yield based on dicy
charged versus time is shown in Figure 1, The data shown are for runs in
which the reaction temperature was between 178 and 132°C. Also included
are two data points obtained from statie bed runs using a nitrogen or
ammonia atmosphere, The weight percent of dicy present versus time is
plotted in Figure 2 for runs in which the reaction temperature was main~
tained at 180°C, A plot of the weight percent of insoluble deamination
products formed versus time is shown in Fipure 3 for reaction bed tem-
peratures between 178 and 182°C. The weight percent of soluble inter-

mediate compounds is plotted versus time in Figure L. The points through

which this curve is plotted, were obtained by calculating the percent of
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solubles as the difference between 100 and the sum of the percent of
melamine, dicy, and insolubles read from the curves of Figures 1, 2, and
3.

The weight percents of melamine versus time are plotted on
Figure 5 for runs in which the temperatures wsre maintained above and
below 180°C. and include some data points obtained by Padpett (9) on a
similar system. The weight percent of dicy versus time is plotted on
Figure 6 for reaction temperatures other than 180°C. In order to show
the relationship between results obtained at different temperatures, the
curves of Figures 1 and 2 are also plotted on these figures, as solid
lines, while the data points are shown and designated for other tempera-
tures. The data points indicating the weight perceni of insoluble com-
pounds formed at temperatures other than 160°C. are plotted versus time
on Figure 7, which includes the curve of Tigure 3 as a solid time. Two
data peints obtained from static runs usineg nitrogen and ammonia atmos-
pheres, at reaction temperatures of 180°C., are also included for com-
parison. Data points indicating the weight percent of melamine yields,
when diluents other than silica gel were used, were plotted against time
on Tigure 8, which includes the curves of Tigure 5 for comparison,

The results obtained from runs using pure dicy as the charge are
shown in Figures 9 through 1lh. Two typical heating curves for static
systems under pressures of ammonia above atmospheric are plotted as tem-
perature versus time on Figure 9. Two typical curves showing the re-
lation of pressure to temperature during runs carried out under elevated

ammonia pressure are plotted on Figure 10. The temperature at which the

reaction oroceeds spontaneously, and referred to as the reaction tempera-
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ture, is designated on these two figures, The vressure corresponding to
the reaction temperature, and referred to as the reaction pressure, is
obtained from curves like Wicure 10.

The weight percent of melamine yield is plotted against reaction
pressures on Fipure 11, Mowever, the averare of the melamine yields for
the process carried out in static beds at atmospheric pressure with
alumina as a2 diluent z2nd using an ammonia atmosphere is plotted as a
data point on this figure. The weight percent of dicy remaining after
reaction was complete is plotied versus reaction pressure in Fisure 12,
The percent of inscluble deamination products formed during the reaction
is plotted against reaction pressure in Figure 13 and includes one data
point showing the average yield of insoluble products for the process
carried out in an ammonia atmosphere using aiumina as a diluent, The
weipht percent of soluble intermediate compounds formed is plotted versus
reaction pressure in Figure 1L,

The results obtained ir runs in which diluents were used in the
reaction mixture are shown in Fipures 15, 16, and 17. The data points
showing the yields of melamine plotted against reaction pressure are
shown in Figure 15, For comparison, the curve of Fipure 11 obtained
uging a pure dicy charge is shown as a solid line on this figure. The
weight percent of dicy remaining after reaction is plotted against
reaction pressure in Figure 16, The curve of ¥igure 12 is included as a
solid line for comparison. The yields of insoluble compounds versus
reaction pressure are plotted on Fisure 17 which includes the curve of

Figure 13,

The reaction temperaturse is plotted versus reaction pressure on
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Tigure 13. The data points included in this fipure zre designated as to
whether the charge consisted of pure dicy, dicy and alumina, or dicy and
silica gel., A data point is also included for the temperature at which
dicy spontaneously is converted te melamine and other compounds at
atmospheric vressure when pyrolyzed.

Qualitative Observations, The following information, is not re-

corded as actual data, but is inciuded here as significant or important
observations made during the course of this study:

(a) In the fluidized bed runs at atmospheric pressure, the
ammonia evolution due to deamination of reactants approaches a value of
onc mole of ammonia per mole of dicy charged.

{b} TIn 211 cases al atmospheric pressure, whether in a fluidized
or static system, some cakinp of the charge occurs at ratios of diluent
to orpganie of two to one. At higher ratios, there is no noticeable
ecaking, |

(¢} In operations under elevated pressares of ammonia, the
charge shows a slight crust, tut is not caked, at ratios of diluent to
organic of two to cne,

(d) Upon loading of the bomb with ammonia using a pure dicy
charge, there is a noticeable heat effect due to adsorption amounting to
some 5 to 10°C. at the bomb surface. With silica gel in the charge,
the effect is considerably greater.

(e) Using a pure dicy charge, so long as the bomb is loaded
with a sufficient amount of ammonia, the ammacnia pressure remains con-

stant at from 80 to 85 psig. at approximately 329C. This pressure may

be exceeded only with difficulty by loading with considerably more




32

ammonia.

(f) There is a noticeable difference in the character of the
melamine picrate precipitate on analysis when the melamine yileld is low
and the amount of insoluble compounds is high. However, this apparently
does not affect the accuracy of the analysis,

(g) Durine the reaction carried out under elevated ammonia
pressure in a static bed at the lowest reaction pressure used, the pre-
sure increased to well above normal soon after the initial heat effect
of the exothermic reaction was noted,

(h) Durineg two of the runs using elevated ammonia pressure,
small leais developed in the valve on the reaction bocmb allowing amnonia
to escape very slowly and tending tc maintain the pressure constant dur-
ing temperature increases and also producing a cooling effect due to

ammonia expansion. Even though no reaction temperature or pressure data

could be obtained, yields of melamine in both runs are above 90¢.
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DISCUSSION OF RESULTS

Runs at Atmospheric Pressure

Bffect of Time. The progress of the reactions at atmospheric

pressure durine the conversion of dicy to melamine may be seen by refer-
ence to Figures 1 through L. As shown in Figure 1, the formation of
melamine is a relatively slow process at 180°%. At this temperature,
approximately 100 minutes are reguired for the ultimate yield of about
50 percent to be approached. By contrast, the disappearance of dicy
itself from the reaction mixture is relatively rapid, As is seen in
Figure 2, the disappearance is almost complete after only ten or fifteen
minutes, Figure 3 shows that the formation of insoludle products is,
like the formation of melamine, a relatively slow process.

Clearly, the rapid disappearance of dicy and the relatively slow
formation of melamine and insoluble products must indicate that the major
initial products of the reaction are neither melamine nor insoluble com-
pounds, but soluble compounds of some kind. The amount of soluble pro-
ducts at any time may be readily calculated by difference between the
weight of the dicy charge and the weight of melamine, unreacted dicy,
and insoluble products. The results of such a calculztion are shown in
Pigure L., This figure emphasizes that a largze amount of some inter-
mediate compound or compounds, soluble in water, is formed in the early
stages of the process. In succeeding stages, this material is converted
relatively slowly to melamine and compounds insoluble in water.

Static Versus Fluidized FRed, There is no definite difference
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indicated in the results obtained in either static or fluidized beds
when using a nitrogen atmosphere, as shown in Tigures 1 and 3. However,
there is a slight caking of the-charge in either case when the ratio of
solid diluent to oreanic is two to one.

Effect of Temperature., Figure 5 indicates that the maximum yield

of melamine obtainable at atmospheric pressure occurs at a temperaturé
of approximately 180°C. At lower temperature, the formation of melamine
is not only slower as might be expected, but the apparent ultimate yield
is also lower. Whether this is due to 2 shift in the equilibrium of the
reaction or to competing side reactions is not known., At temperatures
above 18000., the formation of deaminated compounds is presumsably
favored at a sacrifice of the conversion to melamine.

The fact that the disappearance of the dicy is éo rapid makes it
difficult exverimentally to get complete and accurate data on the rate
of the reaction. The experimeatal data presented in Tigure 6 show that
the rate is extremely sensitive to temperature.

The forwmation of insoluscle compounds at different temperatures is
shown in Figure 7. There is no definite indication of any relation be-
tween the rate of formation of these compounds ard temperature, However,
the data are quite scattered, a fact which may well obscure any tempera-
ture effect. As will be shown later in the discussion of the accuracy of
the data, the results of the determination of insolubles are particularly
subject to errors becauge of the difficulty of obtaining truly representa-
tive samples of the diluent-organic mixtures,

Effect of Ammonia. The effect of pure ammonia simospheres (used

only with static beds) on the dicy to melamine reacticns is shown in
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Figures 1, 7, and 8, The yields of melamins are greater than those
obtained using nitrogen aimospheres or low partial pressures of ammonia,
except when using alumina as z diluent ai low reaction temperatures.
The increase in yield, however, is relatively slight.

As noted in the qualitstive observations, measurements of the am-
monia evolved in the atmospheric pressure runs using nitrogen or dilute
armonia-nitrogen mixtures indicate that the amount approaches the order
of magnitude of one mole of ammonia per mole of dicy charged. Since
there are one and one-third equivalent moles of ammonia in the dicy
molecule, the deamination is evidently almost complete at atmospheric
pressure and at low partial pressures of ammonia. Figure 1 shows that a
relatively slight increase in yield of melamine occurs when pure ammonia
is used, and this indicates that a pressure of one atmosphere of ammonia
has little effect on deamination,

Accuracy of Data. As mentioned in the section on analytical proce-

dure, the methods‘of analysis for melamine and dicy are accurate to
about one percent as determined by comparison with known samples. For
example, the analysis of a mixture containing 90% melamine ranges from
89 to 91%, while the determinations on a sample containing 20% melamine
range from 19 to 21%. Hence, the analytical technique is quite depend-
able.

The accuracy of the data is also dependent on the methods of
sarpling the mixture of diluent and organic material. A clue to the
extent of the inaccuracy introduced by sampling is the degree of scatter

of the data points on Figures 3 and 7. One can see that the scatter is

somewhat greater than can he explained by errors in aralysis, but it is
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not excessive. A relative measure of the accuracy of sampling and analy-
sis is provided by comparison with the results of Padzett plotted on
Figures 1 and 5. The acreement is obviously rood.

A point worth noting is that relatively slight errors in sampling
have a greater effect on the determination of insolubles than on measure-
ment of melamine or dicy. Tor example, consider a run in which the
charge consists of 100 grams of diluent and 20 grams of dicy, and the
true analysis of the reaction products is 39% melamine, 35% insolubles,
and 1.5% dicy. If the sample taken is 12 grams and contains 10.5 grams
of diluent and 1.5 grams of organic material instead of the proper
proportions of 10 and 2, the analysis would show 29% nelamine, 51% in=-
solubles, and 1.19 dicy. One should remember then, that the figures on
insolubles and alsc on solubles are inherently somewhat less accurate
than the other data. The accuracy of the data is also affected to some
extent by the loss of ammonia which occurs during the reactions and
which was not measured except during a few rums.

Probable Mechanism of the Dicy-Melemine Reactions. As indicated

in Figure L, which shows the percent of soluble compounds formed versus
time, the data show that there must be some sort of irtermediate compound
or compounds involved in the formation of melamine freom dicy, and that
most or all of the intermediate material is soluble ir. water. The inter-
mediates suggested by lcClellar (15) and Migridichian (12) are biguanide,
guanidine, and cyanamide. All three of these compounds are soluble in
water. Hence, the data of this work at atmospheric pressure lend support

to the conjecture that the compounds listed aove are the ones involved

as intermediates in the formation of melamine.
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Although not absolutely conclusive, Wigure 3 indicates that some
formation of insolubles occurs at the expense of dicy. If this were not
the case, the curve of Figure 3 would approach the origin with zero slope,
instead of the positive slope which it appears to have. Presumably dicy
deaminates to form compounds such as melam, melem, and melon already men-
tioned, A comparison of *igures 1, 2, and 3 reveals that some insolubles
are formed at the expense of the soluble intermediates, presumably also
by deamination. The fact that most of the formation of melamine occurs
after the dicy has almost completely disappeared indicates that at
atmospheric pressure and low temoeratures (below the spontaneous re-
action temperature) the final step in the reactions which produce melamine

does not include dicy as a reactant.

Runs at Ammonia Pressure above Atmospheric

Heating Effects. As shown in Figure &, the typical heating rate

curves (obtained while maintaining constant power input to the heater)
are quite similar for either high pressures (rear 350 psig.) or low
pressures (near 100 psig.). 1In both cases, the temperature increases
slowly during the first few minutes, partly because o7 a lag in the heat-
ing of the bomb just after the vower is turned on and partly because of
the heat required for the desorption of the ammonia adsorbed on the dicy
charge, PBoth curves also show that at elevated pressure the reactions
during the formation of melamine occur very rapidly. However, the tem-
perature increase after reaction starts is smaller for the runs at higher

pressures. This may be attiributed partly to the higher heat capacity of

the system having the greater ammonia charge at higher pressure. It may
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also be due partly to the fact that at higher pressures the reaction
begins at lower temperatures with the consequence that the reaction
probably proceeds at a slower rate. The heat capacity effect may be
noted in the lower heating rate during the high pressure run. For pur-—
poses of subsequent discussion, the temperature at which an abrupt rise
begins on the temperature-time curve will be called the reaction tempera-
ture,

The typical curves of pressure versus temperature, plotted on
Figure 10, show considerable differences between runc at high or low
pressures, The initial break in each curve in all probability is due to
the end of the desorption of ammonia from the charge., After this, up to
tiwe next deviation in the curve, the low pressure run shows a close
correlation with the calculated pressure-temperature relations at con-
stant volume, taking into consideration the bomb expansion with heat and
the slight dissociation of ammonia at higher temperatures. At the dip in
the low pressure curve, it is important to note that the pressure de-
creases prior to any substantial temperature rise, iﬁdicating a two step
reaction, After the heat of reaction effects begin to zppear, the
ammonia pressure returns quickly towards normal values and may possibly
go above these values, as indicated by still lower pressure runs and by
the lag in pressure rise in the bomb during ranid temperature rises,
The number of moles of ammonia adsorbed or evolved by the solid during
each of the stapges can be estimated from Fipure 10 with the aid of
pressure-volume-temperature data on pure ammonia.

The changes in pressure and temperature as reaction takes place

agree with the sugpested mechanisms of the conversion of dicy to
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melamine, First, in the low pressure runs, as indicated by the lower
curve of Fipure 10, there is a pressure decrease indicating that ammonia
is being used up by some reaction, probably in the formation of biguanide
from dicy and ammonia, without any noticeable heat effect. Then there is
a strong heat effect with a rapid return of the ammonia pressure, cor-
responding with the strongly exothermic resction of the decomposition
products of biguanide with dicy to form melamine and ammonia. The ten-
dency of the pressure to exceed the normal value after the dip in the
curve of Figure 10 indicates that the exothermic reaction is accompanied
by some deamination of the reactants due to the considerable temperature
inerease. The heat effects, indicated by Figures ¢ and 10, which take
place during the conversion of dicy to melamine compars favorably with
the heats of reaction calculated from the heats of formation of the com-
pounds oresent, with only about 12 Kecal. evolved during the first stage
of the reaction and approximately L0 Kcal. evolved durine the second
stapge.

At higher pressures (the upper curve of Figure 10}, after the
first break in the pressure~temnperature corve due to desorption, the
curve tends at first toward reasonable agreement with caleulated
pressure-temperature values, However, there is an appreciable upward
deviation of the pressure as the temperature is incressed. Apparently,
at the start of a run at high pressure, ammonia is adsorbed in two ways;
one, & simple adsorption of ammonia on diey, and the cther, a chemi~
sorption of ammenia by dicy. The adsorbed ammonia is gquite easily

driven off at reiatively low temperatures, while the other requires quite

high temperatures to release the ammonia-dicy bond. If reference is made
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to the structure of dicy and higuanide, it is quite apparent that the
=CN group of the dicy molecule should very readily accept ammonia. Tt
is believed, then, that this tond still exists at least to some extent as
the melamine reaction temperature is reached, This is alse in agreement
with the fact that there is no pressure drop prior to the temperature
effect upon reaction to melamine. It is to be noted that the pressure
rises more slowly after the exothermic reaction begins, and this is
attributed again to the lag in pressures with very ravid terperature in-
creases in the bomb. Agreement is also found with the mechanism sup-
gested for the conversion of dicy to melamine, however, with the forma-
tion of biguanide at lower temperatures due to the hisher pressure of
ammonia.

Effect of Pressure. The effect of pressuwre on the dicy-melamine

reactions, when pure dicy charges are used, is shown in Figures 11

through 1L, in which the yields of melamine, dicy, insolubles, and solubles
are plotted against the pressure at the reaction temperature. At pres-
sures up to 200 psig., there is no noticeable change in the ultimate yield
of melsmine obtained during the reaction from that obtained at atmospheric
pressure. However, at about 200 psig., there is an abrupt increase in

the yield of melamine obtained., The yields above 200 psip. are generally
above 80 percent and increase further with still hisher pressure. This
contrasts with yields nearly constant at about 50 percent below 200 psig.
It is presumed that this phenomenon is caused by the difference in am-
moniz adsorption characteristics of dicy at low and high pressures.

Adsorption of this type, previocusly discussed, characteristically shows

sharp changes in the degree of adsorption at certain pressures., This
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pressure is presumably at about 200 psig. for the dicy-ammonia system in
the rather narrow range of reaction temperatures involved, This would
result in the whole charge remaining as dicy almost t» the reaction tem-
perature at low pressure, while at higher pressure, mich of the dicy
would already have become essentially bigunanide due to the chemisorption
of ammonia prior to reaching reaction temperature.

Tuarther light is thrown on the mechanisms involved by a considera-
tion of the effect of pressure on the amount of dicy remaining after the
reaction, which is shown in Figure 12. Despite the fact that Figure 10
indicates a reaction between ammonla and dicy in runs at low pressure,
Figure 12 reveals the presence of large amounts of unreacted dicy after
the dip is passed, The most probable explanation of this fact seems to
be that in the low pressure runs the dip in the curve in Figure 10 is
caused by reaction between ammonia vapor and the dicy molecules st the
surface of the particles of solid. Once the surface molecules react,
further reaction between ammonia vapor and dicy proceeds at a vastly
reduced rate because of the necessiiy for diffusion of ammonia through
the solid phase to reach the unreacted dicy in the interior of the
particles.,

Turning to the high pressure region of TFigure 12, one finds that
the amount of dicy remaining after the reaction is quite low., Evidently,
reaction of the dicy with the ammonia is completed very rapidly if an
adequate amount of ammopia is adsorbed throughout the solid phase at the
time when reaction tewperature is reached. One can say that the key to

success in achieving high rates of reaction and high uwltimate yields of

melamine in the synthesis of melamine in the solid phase is to pretreat
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the charge with‘ammonia before reaction temperature is reached, employ-
ing sufficient pressure and time to insure the adsorption of an adequate
amount of ammoniz and its thorough diffusion inte the solid,

The fact that the percentages of melamine and Jdicy remaining in
the product are substantially independent of pressure above 300 psig., as
indicated by Figures 11 and 12, sugpests the existence of an equilibriom
conversion of dicy to melamine, when an adequate supply of ammonia in the
solid phase is assured.

The effect of pressure on the formation of insnlubles is shown in
Figure 13. There is a contimied decrease irn the percent of insolubles
formed as the reaction pressure is increased. This effect is as to be
expected, with the higher pressures suppressing the deamination of the
reactants., Figure 1, shows that the percent of soluble compounds pro-
duced changes only slightly at pressures up to about 200 psig., snd that
above this pressure there is a gradual decrease in the amount of these
compounds. However, since the amount of solubles is calculated by dif-
ference, it is not thoupht that there are ary sigmificant trends in
these data except possibly at the higher pressures.

Effect of Possible Catalysts, The effect of diluents in the charge

is shown in Fipures 15, 16, and 17. The presence of alumina shows es-
sentially no effect on the reaction under any conditions. However, silica
gel shows an adverse effect on melamine formation, with yields no better
at 250 psig. than are obtained at atmospheric pressure. This may be ex-
plained by the fact that two of the intermediates, suanidine and bi-

puanide, are strong bases with which silica gel would almost certainly

act as an acid, formine a2 complex and preventing further reactions in the
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formation of melamine. This also may account for the rather large
amounts of soluble products formed.

Effect of Pressure on Reaction Temperature. The reaction tempera-

ture is obtained by noting the first sharp upward deviation from the
normal heating curve durineg a run. Consequently, these temperatures
coincide with the start of the first major exothermic reaction or re-
actions and not necessarily with the very start of ths intermediate re-
actions, particularly at the lower pressures,

The effect of pressure on this reaction temperature is shown in
Tipure 13. The reaction temperature is decreased by increased pressure
from a value of about 210%C. at atmospheric pressure to about 1L45°C. at
L50 psig. This effect seems to agree with the proposed mechanisnms,
since these mechanisms sugcest that the first step in the conversion of
dicy to melamine involves a reaction of dicy with ammonia, which would
certainly be favored at lower temperatures under higher pressures of

ammonia. The diluents used in these runs show no significant effect on

these reaction temperatures.
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17h
1h1
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Table I.
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Charge

FMmS .
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20,0
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2140
2045
20.8
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20.0
20.0
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Charge

pmS o
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100
100
100
100

80

-

LU
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Data of Fluidized Bed Runs at Atmospheric Pressure.

Type of
Atmosphere

No=lH

No=NH3
Ho=NH

No=1TH13
No-NH3
No-NH3
No=NH3

Diluent
Used

S5ils gel
5il. gel
S5il, cel
Filtrol "SR"
Sil. gel
Sil. gel
Sil. gel

Alumina
Sil. cel

S5il. cel
Sil, gel
5i1. eel
Sil. gel
§il. gel
Sil. gel
Sil, gel



Table IT. Data of Static Bed Runs at Atmospheric Pressure

Run Time  Tenp. Dicy Diluent. Products Type of Diluent
No. Charge Charge Weight % of Dicy Charge Atmosphere Used
min, . oms, grs. Melamine Dicy Insoluble Soluble
2l 110 180 10.0 20.0 Ls.5 T 40.0 1h.5 Np Sil.gel
25 110 130 10.0 19.0 55.1 8.1 25.1 11.7 NH3 Sil.gel
26 110 180 10.0 20,5 58.2 6.1 32.4 3.3 NH3 Alumina
27 110 200 12,0 24,6 548 T 34.h 10.8 NH3 Alumina
28 110 160 10.1 21.9 12,k 85.7 T 1.9 NH73 Alumins
T Trace

K




Table I7T. Data of Static Ped Runs at Elevated Ammonia
Pressure Using Pure Dicy Charges.

Run No. Niecy Reaction Reaction Products
Charge Temp. Press. Weight % of Dicy Charge Remarks
ams, % p3ig. Melamine Dicy Insoluble Soluble

33 B3t 180 228 81.2 6.1 Le2 8.5

3l . 5.02 184 205 56.1 28.6 T 1553

35 3.05 181 263 88.0 3.6 6.3 2.1

36 5,00 19 140 553 33.3 1.5 3.7

37 5.00 133 208 T7.1 6,2 9.3 7.l

38 5.00 182 197 78.9 Bed 945 5.8 80 - 100 mesh charge
39 5.00 187 205 81.0 3.3 1.k l1e 3 l'el. in charge - 5 aoms.
40 5400 198 9l 5he7  25.1  15.0y .8

L5 5.00 166 309 91.0 3.6 o[ 1.9

L6 5400 168 304 82.7 8ol Lol Lie5

7 5.00 163 302 8641 BT T 8.2

L9 5.00 168 302 87.0 5l 157 hat

56 10,00 171 299 84.7 7.8 3.9 3.6

5T 10,00 163 360 92,0 L8 2.9 0.3

58 10,00 146 1450 - 89.7 9.1 T 1.2

61 13.11 180 290 85.6 ST 5.0 BT 80 - 100 mesh charge

T Trace



Table TV, Data of Static Bed Runs at Elevated Ammonia
Pressure Using Alumina or Silica Gel Diluents

Run Dicy Diluent Reaction Reaction Products Diluent
No. Charge Charge Termp o Press, Weight € of Dicy Charge Used
ons . gms. °c. psig, Melamine Dicy Insoluble Soluble

29 5.00 10,00 3#* * 68.1 23.1 T 8.5 Alumina
30 5.00 10,00 #* ) b Se5 1.7 2.2 Alumina
31 5400 10,00 " % 5.1 12,2 31.8 10.9 Alumina
el 5.00 10.00 187 20 81.7 L8 8.8 b7 Alumina
12 £.00 10,00 1853+ 2093 £0.8 11,1 0.6 37.5 Alumina
L3 5.00 10,00 * 3 916 3.7 2.8 1.8 Alwnina
50 5400 10.00 170 287 78.0 5.5  12.7 3.8 Alumina
o1 5.00 10.00 190 195 83.8 5.2 3k 7.6 Alumina
52 5.00 10.37 177 196 50,2 5.2 1h.5 30.1 Sil. pel
53 5.00 9.69 175 243 L8.7 6.1 2.2 43,2 Sil. gel
ch 5400 10.96 173 252 Uh.9 6.2 1.0 47.9 Sil, gel
59 5.99 11,08 173 180 L9.6 5.6 5.7 39.1 $il, gel
60 500 10,92 176 236 £l.3 b.9 be3 39.5 8il. gel

% No reaction temperature or pressure data taken
s Maximum temperature and pressure reached during run

T Trace

O
-3
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Table V. Typical Datz for Static Bed Runs under
Elevated Ammonis Pressure

Run Mo. 36
Time Pressure Terperature
rin. psig. oc.
0 83 32
2 8l 33
N 90 35
6 90 38
7 105 Lo
8 110 43
10 116 cl
12 121 58
1k 12l 67
1% 126 75
18 128 83
20 131 91
22 13) 99
2l 135 107
26 138 11l
28 140 121
30 142 129
32 1hl 135
34 145 11
36 147 147
38 1he 152
Lo 150 158
L2 152 163
Ll 154 168
L6 155 172
L8 156 177
50 158 181
52 158 185
5L 157 187
56 152 190
58 15 191
50 1ho 193
61, - 140 196
62 16l 205
63 180 otl
&4 184 240
&5 192 234

68 189 202
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Table VI. Typical Data for Static Red Rurs under
Flevated Ammonia Pressure

Fun No. 36
Tine Pressure Tencerature
min., psip. .
0 67 29
2 67 29
b 71 31
6 Th 3l
8 77 Lo
11 81 50
12 82 5L
1) 83 62
16 85 70
18 87 72
20 88 87
22 90 95
2k 91 102
26 93 109
28 9l S
30 96 123
32 97 129
34 98 13
36 99 139
38 101 8
40 102 150
142 103 155
Lk 104 160
L6 105 164
L8 106 169
50 107 _ 173
c2 108 176
gl 109 180
56 109 183
c8 110 186
59 109 188
60 109 190
62 106 192
6l 101 194
66 06 195
68 93 198
69 106 . 203
70 137 227
71 143 236
72 156 252
73 160 250
7] 161 23hL

78 165 212
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Table VIT., Typical Data for Static Bed Puns under
Blevated Ammonia Pressure

Run No. L6

Time Pressure Temperature
mirie psig. .

o 102 32
5 109 36
10 1438 49
15 173 59
20 183 7h
25 197 93
30 208 108
35 223 122
Lo 210 135
45 259 15
50 275 15k
55 292 162
60 310 171
62 318 177
6l 327 188
65 330 205
70 342 180

75 352 172
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