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Abstract

Hydrolysis of cyanuric acid, melamine, melem, atrazine and melamine-formaldehyde resin was found to be catalyzed by an
Al,O; catalyst. The reactions occur irreversibly with cleavage of the s-triazine ring between 240 and 450°C. The s-triazine-ring
is hydrolyzed to ammonia and carbon dioxide, and the substituted groups to the corresponding molecules by addition of hydrogen.
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1. Introduction

The 1,3,5-triazine-based chemicals (usually
abbreviated as s-triazines) have found various
applications in manufacture of polymers, dyes,
pesticides and commodity chemicals. Atrazine
(2-chloro-4-ethylamino-6-isopropylamine-s-tria-
zine) and other chloro-s-triazines are widely used
as pesticides and the leakage during the manufac-
ture, transport and use of these and other s-tria-
zines lead to their deposition in the soil and in
water resources. Atrazine has been detected in
groundwater [1] and, although its concentration
was only in the parts per billion (ppb) range, it
has been increasing constantly because of its resis-
tance to biological degradation under natural con-
ditions. The potential impact of this to our
environment has been a cause of concern [2].

The aromatic rings of s-triazines are known for
their high thermal stability and lower reactivity.
For instance, heating melamine in vacuum leads

* Corresponding author.

0920-5861/96/$32.00 © 1996 Elsevier Science B.V. All rights reserved

SSDI0920-5861(95)00185-9

to its condensation to melam (CgN;;Hy), melem
(CeN,oHg) and melon (C¢NgH,) at 360, 400 and
500°C, respectively [3]. The cleavage of its aro-
matic ring occurs only above 600°C and results in
cyanamide [3,4]. Cyanuric acid decomposes to
isocyanic acid above 350°C [5]. The reactions of
s-triazines mainly involve only the substituted
groups, while the aromatic ring remains intact.
Hydrolysis of melamine [6], atrazine [7] and
some chloro-s-triazines [8,9] in aqueous acids
and bases were reported to occur stepwise with
the loss of one, two or all three substituted groups.
Usually cyanuric acid is the final product. Deg-
radation of atrazine by combined chemical and
biological oxidation, the most widely studied
approach for destruction of the compound
[10,11], can remove the alkyls and Cl from the
molecules, but leaves the aromatic ring
unaffected.

Recently, we observed that s-triazines could be
completely hydrolyzed with cleavage of the aro-
matic ring in the presence of an alumina catalyst
under relatively low temperatures. In this paper,
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the results of catalytic hydrolysis of cyanuric acid,
melamine, melem, atrazine and melamine-for-
maldehyde are presented. The reactions were
quantitatively studied by means of temperature-
programmed hydrolysis (tph) and, on the basis of
the results, their stoichiometric equations were
established. In addition, kinetic parameters of the
reactions were determined with selected com-
pounds under isothermal reaction conditions.

2. Experimental

Melamine, melem, atrazine and melamine-for-
maldehyde resin were obtained from Chemie
Linz, Austria and cyanuric acid from MERCK.
The purity of all these compounds was higher than
98%. Active Al,O; with specific surface area of
about 300 m* g~ ! (BET) from PROCATALYSE
was used as the catalyst for the hydrolysis. This
sample was calcined at 600°C for 3 h prior to use.

A flow micro-reactor system equipped with a
QMG?311 quadrupole mass spectrometer (MS) to
analyze the composition of the gaseous products
was employed. The reactor used was a quartz glass
tube with an inner diameter of 5 mm and was
heated by a tubular furnace equipped with a
EUROTHERM temperature programmer. The
gaseous samples were introduced from the reactor
to the MS by a stainless steel capillary sampling
system. A gas flow of high purity He was fed
through a water saturator (at room temperature)
prior to the reactor. The concentration of water in
this reactive gas flow was about 3.2 vol.-%. The
total flow rate was 30 ml/min.

The hydrolysis experiments were performed
isothermally at the desired temperatures and by
means of tph. After a short purging with the water-
containing He flow below 100°C, the sample was
heated quickly to the reaction temperatures for the
isothermal reaction. The composition of the tail
gas was recorded by mass spectroscopy each 30 s
until the reaction was completed. Tph measure-
ments were performed by heating the sample at a
rate of 10°C per min from 80 to 600°C. In these
experiments, the solid s-triazines were either

mixed mechanically with the catalysts prior to
loading into the reactor or were loaded before the
catalyst bed. In the latter case, the catalyst bed and
the sample bed were usually heated separately.
When the temperature of the sample bed was suf-
ficiently high, the s-triazine sublimed and the
vapor was brought to the catalyst bed by the carrier
gas.

Ammonia, carbon dioxide (main products) and
water in the gas flow were quantitatively deter-
mined by mass spectroscopy based on the mass
peaks with m/e 16,44 and 18, respectively. Quan-
titative analysis of these gases were carried out
according to their integrated peak areas in each
measurement. The calibration for ammonia was
achieved by temperature-programmed desorption
of ammonia from H-ZSM-5 under He flow in the
reaction system [12]. The calibration for carbon
dioxide and water were based on quantitatively
thermal decomposition of KHCO; [13].

3. Results and discussion

3.1. General feature of catalytic hydrolysis of s-
triazines

Fig. 1 shows the results of the tph of the
mixtures of s-triazines and the AlL,O; catalyst.
Hydrolysis of cyanuric acid, melamine and melem
produced only ammonia and carbon dioxide. In
addition to these products, hydrolysis of atrazine
produced also fragments of the substituted groups
(see Section 3.2).

The reaction of these compounds occurred at
different temperatures. The maxima of the hydrol-
ysis peaks appeared at 300, 410, 425 and 440°C
for cyanuric acid, melamine, melem and atrazine,
respectively. The formation of all gaseous prod-
ucts and the consumption of water occurred in
parallel with the temperature increase. This indi-
cates that the hydrolysis of these compounds pro-
ceeds apparently in one step under the
experimental conditions employed.

When the content of s-triazines in the mixed
samples was relatively high, some solids were
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Fig. L. Tph of mixed 5% melamine/Al,O; (a), 10% melem/AlLO; (b), 5% cyanuric acid/Al,O; (¢) and 5% atrazine/Al,O; (d).

found on the exit of the reactor after tph. Analysis
of these solids by IR spectroscopy showed that
they were unreacted s-triazines. This suggests that
concentration limitations of these s-triazines in the
mixtures for a complete hydrolysis exist. For
cyanuric acid and melamine, this limitation was
found to be about 5 wt.-%. It was about 20 wt.-%
for melem and about only 1 wt.-% for atrazine.
The sublimation temperatures of these s-tria-
zines are lower than their hydrolysis temperatures.
For example, the difference for atrazine is as large
as 205°C. Due to the fact that only s-triazine
adsorbed on the catalyst will be hydrolyzed at
higher temperatures, the concentration limitations
indicated above are speculated to be connected to
the maximum amount of these compounds that
will adsorb on the catalyst, the sorption constant
and the concentration in the gas phase. These

seems to be a complex interplay of these functions
and we attribute the large value of the concentra-
tion limitation for melem to its slow sublimation
during tph. Further evidence to this is seen in the
kinetic measurements and shown below.
Catalytic hydrolysis of these s-triazines is
essentially thermodynamically irreversible and,
therefore, there is no thermodynamic limitation to
the conversion. The concentration limitations of
the hydrolysis observed with mixed samples are
due to the existence of kinetic limitation, i.e., the
rate of the chemical steps (e.g., chemisorption of
s-triazine molecules on the active sites of the cat-
alyst and their surface transformation) are slower
than that of sublimation (or evaporation) of s-
triazines in the case of the mixed samples. This
leads to the escape of a fraction of unreacted s-
triazine from the catalyst during the heating of the
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Fig. 2. Tph of mixed 10% melamine-formaldehyde resin/ AL, O;.

samples and therefore an incomplete conversion
is obtained. If we could lower the sublimation rate
of s-triazines and/or enhance the reaction rate of
the hydrolysis, a complete conversion could be
always obtained. This was proved with all s-tria-
zines studied under the condition of separately
heating the s-triazines (at lower temperatures)
and the catalyst bed (at higher temperatures). For
instance, when atrazine was evaporated at 180°C
and the vapor passed through the catalyst bed
which was kept at or above 440°C in He flow, the
hydrolysis of atrazine was complete.

Melamine-formaldehyde resin (MF) was also
hydrolyzed over Al,O; catalysts under the same
condition. The tph of a mixed 10% MF/Al,0; is
shown in Fig. 2. It can be seen that the hydrolysis
started at 350°C and continued slowly up to 420°C.
Above 420°C, the reaction rate increased rapidly
and reached the maximum at 435°C. The reaction
continued until 600°C which was significantly
higher than that of non-condensed s-triazines.
This result suggests that the hydrolysis of mela-
mine-formaldehyde resin over Al,O; proceeds via
a multi-step process.

3.2. Products and stoichiometric equations of
the hydrolysis

The yields of the products (NH; and CO,) of
hydrolysis from melamine and melem and the
amounts of water consumed were determined with

mixed samples under tph conditions. The results
are shown in Fig. 3 and Fig. 4.

The hydrolysis of melamine and melem pro-
duced only ammonia and carbon dioxide, hence,
the reactions can be described by Eqgs. (1) and
(2). According to these stoichiometric equations,
the theoretical yields of the products and the con-
sumption amounts of water were calculated and
the values are included in Fig.3 and Fig. 4

.(dashed lines). It can be seen that the measured

values are well in accordance with the theoretical
values. The measured ratios of NH;/CO, are also
close to the theoretical values, i.e., 2 and 1.67 for
melamine and melem, respectively. Hence, it can
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Fig. 3. The amounts of NH; and CO, produced and H,O consumed
in hydrolysis of melamine over ALLO; (points: measured; dashed
lines: theoretical).
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Fig. 4. The amounts of NH; and CO, produced and H,O consumed
in hydrolysis of melem over Al,O; (points: measured; dashed lines:
theoretical).
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be concluded that hydrolysis of melamine and
melem over Al,O; is quantitative as described by
Eqs. (1) and (2). The reactions are irreversible
and are without formation of any by-products.

HZNY/N\irNHZ
N\
%

+6H0 ——> 6NH,+3CO,
(1)

Hlex//N Y’NYNH’
Y\[\(N +12H0 —» 10NH,+6CO,
N@

NH,
(2)

HO- _AN\_OH
N1 +3H0 ——» 3NH,+3CO,
b4
H

(3)

Like melamine and melem, hydrolysis of
cyanuric acid over Al,O; is also quantitative and
irreversible. The reaction can be described stoi-
chiometrically by Eq. (3). The molar ratio of
NH,/CO, was confirmed to be unity by
experiments.

Hydrolysis of atrazine over Al,0; produced
NH;, CO, and the products from reaction of the
substituted groups of the molecule, but there were
no Cl-containing compounds in the gas phase
products. In addition to these gaseous products,
some soluble white solids were found at the exit
of the reactor and were confirmed to be NH,Cl by
infrared spectroscopy. Fig. 5 shows the distribu-
tions of the products of atrazine hydrolysis at 440
and 500°C. Because only NH; and CO, were
quantitatively determined, the data for the other
products in the figure represent only relative
yields. But, this does not obstruct us to examine
roughly the influence of the reaction temperature
on the product distribution. It can be seen from
Fig. 5 that at 440°C, except for NH, and CO,, the
gaseous products contained C,H;NH,, C,H,,

100
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Yield,%

NH: CO: C:HsNH:z C:Hs CsHs CHsCN Hz

100
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Fig. 5. A comparison of product distributions of atrazine hydrolysis
over Al,O; at 440 and 500°C (shaded: relative values).

C;Hg and small amounts of H,. At 500°C,
C,Hs;NH, disappeared, but CH,CN was formed
together with the release of relatively large
amounts of H,. The product distribution of the
reaction at 600°C was similar to that at 500°C,
except for the formation of a small amount of CO.

Assuming the reaction proceeds via a similar
pathway as observed for melamine and cyanuric
acid hydrolysis, the substituted groups of the mol-
ecule should be transformed to HC], C,H;NH, and
i-C3H,NH, as primary products. However, only
ethylamine was found in the products at 440°C.
Koubek et al. [14] reported that amines under-
went disproportionation and deamination to form
secondary amines and olefins on alumina catalysts
at 400°C. In our case, secondary amines were not
present, but olefins (ethylene and propylene)
were found in the products. This indicates that
deamination of amines occurs on the catalyst.
Acetonitrile is believed to be produced by dehy-
drogenation of ethylamine, because its amount
increased with H, as the reaction temperature



172 Z. Zhan et al. / Catalysis Today 27 (1996) 167~173

increased. In addition, the amounts of solid prod-
uct NH,CI collected from the exit of the reactor
(238 + 10 mg per gram of atrazine) are in accor-
dance with the theoretical yield of NH,Cl (i.e.,
248 mg per gram of atrazine) according to the
molar content of chlorine in the atrazine molecule.
This result suggests that all of the HCI formed in
the primary reaction of atrazine hydrolysis was
transformed to NH,CI. The overall reactions of
atrazine hydrolysis over Al,O; catalysts can be
described by Eqgs. (4)~(8).

i-C,H,HN\I\I(/NYCl 610
N

NHC,H,
— 3 NH, + 3 CO, + C;H\NH, + i-C,H,NH, + HCI

(4)

C,H,NH, - C,H, + NH, (5)
i-C,H,NH, —i-C,Hs + NH, (6)
C,HsNH, - CH,CN + 2H, (7
HCI + NH, - NH,CI(s) (8)

According to this reaction pathway, CO, and
HCI are produced only by the primary reaction
(Eq. (4)) of the hydrolysis. From the yields of
CO, (see Fig.5) and NH,C], it was concluded
that the primary reaction was complete when the
temperature was at or above 440°C. The yield of
ammonia and the ratio of NH;/CO, depended on
the secondary reactions (5)—(7). Theoretically,
the ratio of NH;/CO, must be between 0.67 and
1.33. The measured value of NH;/CO,, for exam-
ple, was 1.16 for the reaction at 440°C. From this
value, the selectivity to deamination of amines
(ethylamine and iso-propylamine) to ammonia
and olefins was determined, i.e., 73% at 440°C,
increasing with the reaction temperature. Further
estimation of selectivity of secondary reactions
was not attempted.

Based on these results, a general stoichiometric
equation of the primary reaction of hydrolysis of
mono-ring s-triazines can be described by Eq. (9).
The ring atoms, N and C, are hydrolyzed to ammo-
nia and carbon dioxide, respectively. The substi-
tuted groups are transformed to the corresponding

molecules by addition of protons. Secondary reac-
tions of the primary products depend on their
chemical nature and the reaction conditions.

R
RJI/NY | 46HO
NS

\l(N €

2
— 3NH,+3CO,+HR, +HR,+HR,
3.3. Kinetic measurements

The kinetic measurements of the hydrolysis
were carried out with mixed melamine/Al,O; and
melem/Al,O; at constant temperatures between
345 and 410°C. After a short period of purging
with H,O/He flow at 200°C, the sample was rap-
idly brought to the reaction temperatures and kept
at the same temperatures until the end of the
hydrolysis.

As shown in Fig. 6 and Fig. 7, the reaction rates
of hydrolysis of melamine and melem over Al,O;
fit first and zero order kinetic equations, respec-
tively. The rate constants of the reactions were
derived from the plots of In(Cy— C,) vs. time and
« (the reaction fraction) vs. time. These data and
the activation energies which were estimated from
Arrhenius plots are listed in Table 1.

The mixed samples were prepared by mechan-
ically dispersing the s-triazine solid among the
catalyst particles at room temperature. This oper-
ation is not sufficient to cause a significant chem-

Time, min
Fig. 6. Plot of In(C,— C,) vs. reaction time of melamine hydrolysis
over Al,O, at various temperatures.
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Fig. 7. Plot of the reaction fraction («) vs. reaction time of melem
hydrolysis over Al,O; at various temperatures.

Table 1
Kinetic parameters of the hydrolysis of melamine and melem over
AlLO,

compound reaction kX 10° [min~'], at [°C] E,
order [k¥mol 1]
345 360 375 390 410

melamine | 48 73 101 133 - 76.2
melem 0 - - 1.3 24 44 1220

ical interaction between the compound and the
catalyst. As the sample is heated to a certain tem-
perature, the s-triazine in the samples starts to melt
(or sublime) and then to diffuse towards the sur-
face of the catalyst. These physical processes
occur before the chemisorption and the reaction
and might be the rate-controlling step if they take
place at relatively high temperatures compared to
the hydrolysis. Sublimation of melem occurs at a
temperature close to that of its hydrolysis. Hence,
we prefer to attribute the zero order kinetics of
melem hydrolysis to the case that the reaction rate
is controlled by the melting-diffusion step. Under
this mechanism, the Arrhenius activation energy
obtained will correspond to the sublimation heat
of melem, i.e., AH%,, =122 kI/mol.

4. Conclusions

Hydrolysis of mono- and multi-ring s-triazines
and melamine-formaldehyde resin with ring-
opening was catalyzed by active alumina. The
reactions occur between 240 and 450°C and are
irreversible. The aromatic ring of s-triazines is
hydrolyzed to ammonia and carbon dioxide. The
substituted groups are transformed to correspond-
ing molecules by addition of hydrogen. This cat-
alytic hydrolysis of s-triazines decreases
dramatically the temperature needed for the cleav-
age of the s-triazine-ring.
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