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| A novel high active catalyst for the decomposition of urea into cyanamide was developed by treating H-ZSM-5 zeolite with phosphoric |
acid solution. The catalytic activity of the phosphorous modified H-ZSM-5 was tested in a continuous flow fixed bed reactor at 823 K and

| atmospheric pressure. The acidity of catalysts, especially Brgnsted acid sites, is decreased by phosphorous modification. The selectivity

| for cyanamide of the catalysts is enhanced by the addition of phosphorus component. These results indicate that the Brgnsted acid sites |

| strength is a crucial factor for the selective production of cyanamide. |

|
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NH,CONH, — NH; + HNCO (1)

INTRODUCTI
NTRODUCTION HNCO + NH; — NH,CN + H;O 2)

Cyanamide [Z)N—CEN] was first obtained by Bineau'

from cyanogen chloride and ammonia in 1838. It is a very
important organic chemical intermediate in the production of
fertilizers, plant protection agents, pharmaceuticals, biocides,
dyestuffs and a number of other valuable fine chemicals*’.
Currently, cyanamide is being widely produced by the hydro-
lysis process from calcium cyanamide®. However, calcium
cyanamide is produced from limestone, coke and nitrogen
which leads to large amounts of energy consumption, also often
contains large number of impurities and copious waste. At the
same time, the calcium cyanamide hydrolysis process gene-
rates a large number of calcium carbonate which is environ-
mentally undesirable.

In the past decades, many green methods had been deve-
loped for producing cyanamide. Boatright and Mackay® prepared
cyanamide from ammonia and carbon dioxide at temperatures
of between 350 and 800 °C in the presence of a porous inorganic
oxide gel having a large surface area. A considerable amount
of undesired product, melamine, was formed by trimerization
of cyanamide in this process. Furthermore, Hardeveld et al.®
proposed a process for the preparation of cyanamide by passing
urea over catalyst at a temperature in the range of between
about 200 and 600 °C. Ammonia was used as fluidizing gas
and as entraining gas. At first, urea (NH,CONH,) decompose
to equimolar amounts of ammonia and isocyanic acid (HNCO)
(egn. 1). Then, isocyanic acid/cyanic acid reacts with ammonia
to form cyanamide (NH,CN) (eqn. 2).

A porous catalyst was utilized which has an intracrys-
talline pore diameter of at most 8 A in this process, whereby
the formation of melamine byproducts was substantially
reduced. However, only conversions of urea at most 36.3 % were
achieved. A similar process was also described by Weitkamp
et al.™®. Zeolites ZSM-5, Na-Y, H-Y and [ exchanged by
transition metal cations were used as catalysts. In recent years,
many researchers have been engaged in studying urea thermo-
lysis (eqn. 2) since urea is widely used in flue gas denitrification
as a reducing agent, especially in automobile diesel
applications’"*. ZSM-5 zeolite is one of the most well-known
solid acid catalysts which are found to be highly active for
urea thermolysis. However, there is little information available
in the literature about the production cyanamide from urea
over ZSM-5.

In the present work, influences of phosphorus modifi-
cation on the catalytic performance of modified H-ZSM-5
catalysts for the decomposition of urea to produce cyanamide
were investigated. To the best of our knowledge, this is the first
study about the production of cyanamide from urea decompo-
sition over phosphorus-modified H-ZSM-5 catalysts. The
catalysts were characterized by different techniques including
X-ray diffraction (XRD), nitrogen adsorption-desorption
isotherms, pyridine-adsorption FT-IR (Py-IR).

EXPERIMENTAL

Catalyst preparation: Phosphorus-modified commercial
H-ZSM-5 (Si0,/AlLO; = 38, Nankai University catalyst Co.,
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Ltd., China.) samples were treated by aqueous solution of
H;3PO,4. H-ZSM-5 powder (50 g) was dispersed in 500 mL of
aqueous solution of H;PO, (0.12-0.47 M) under stirring. The
mixture was heated to 353 K and kept at this temperature for
3 h and then the solid was filtrated, washed by deionized water
and dried at 393 K for 12 h. Then the samples were pelletized,
crushed and sieved to 20-40 mesh. Finally, the samples were
calcined at 823 K for 6 h in a current of nitrogen. The modified
samples were marked as "xP-ZSM-5", where x denotes the
concentration of the H;PO, solution using for phosphorus
modification.

X-ray diffraction (XRD) patterns were measured by a
Bruker D8-Focus X-ray diffractometer at a scanning speed of
4°/min, with CuK, radiation operated at 40 kV and 40 mA.
The 2-theta value was scanned in the range of 5-50°. Nitrogen
adsorption-desorption isotherms were measured at 77 K with
a Quantachrome autosorb iQ apparatus. Specific surface areas
were calculated following the Brunauer-Emmett-Teller (BET)
and pore volume were obtained from the amount of nitrogen
adsorbed by the samples at p/po=0.995. The acid sites (Brgnsted
and Lewis) were determined by the pyridine-adsorption FT-
IR spectrometry. Self-supporting wafers (12 mm diameter)
were made from 20 mg of zeolite. The wafers were pre-heated
at 673 K for 1 h in the cell at 0.1 Pa and then, after cooling to
333 K, the pyridine vapor was introduced. After degassing the
excess pyridine, IR spectra of absorbed pyridine of the samples
were recorded with Bruker VERTEX 70 spectrometer at 423
K and 573 K.

Catalytic test: The experiments were carried out in a
fixed-bed continuous flow quartz reactor at atmospheric
pressure. The electric furnace provided required temperature
(823 K) and 15 mL catalyst was loaded into the quartz tube
reactor. A desired amount of urea (5 g/h) was continuously
fed into the reactor using a trace feeder and then the urea
evaporates and thereby decomposes to a mixture of isocyanic
acid. The gas mixture produced in this way was passed through
the bed of catalyst. The main products including cyanamide,
dicyandiamide and melamine were condensed out at 253 K in
a condenser directly behind the reactor. Urea, dicyandiamide
and melamine were analyzed off-line by HPLC (Lab Alliance
Model 5250) using Kromasil C18 column (5 pm x 250 mm X
4.6 mm) and detector UV 200nm, the eluent was 0.25 wt. %
ammonia aqueous solution. Cyanamide was determined by
titration method™.

RESULTS AND DISCUSSION

X-ray diffraction patterns of parent and phosphorous
modified H-ZSM-5 samples are given in Fig. 1. It can be seen
that the well-crystalline MFI structure is preserved in phos-
phorous modified samples. It is suggested that modification
by phosphorus has no effect on the basic phase structure of
the H-ZSM-5 zeolites. However, the relative crystallinity
(Table-1) decreases with increasing concentration of H;PO,
solution, probably due to partial dealumination of H-ZSM-5
without intensively destroying the lattice structure'>"’.

N, physisorption results of parent and phosphorous modi-
fied H-ZSM-5 catalysts are presented in Table-1. The BET
surface area of the phosphorous modified H-ZSM-5 samples

is continuously decreased as the incorporation of phosphorus.
But the pore volume is increased first and then decreased with
H;3PO, treatment. This may be explained by the fact that the
treatment with dilute H;PO, only clears the amorphous particles
in the pores leading to the pore volume slight increase. However,
higher concentration of H;PO, treatment dissolves a part of
pore walls resulting in the formation of wider pores. Besides,
the higher concentration of H;PO, concentration treatment may
also form polymeric phosphates species, especially at the
entrance of pore channels". Thus the surface areas and pore
volume decrease obviously.
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Fig. 1. XRD patterns of parent H-ZSM-5 and phosphorous modified H
ZSM-5
TABLE-1

PHYSICAL PROPERTIES OF PARENT HZSM-5
AND PHOSPHOROUS MODIFIED HZSM-5

Surface area Pore volume

Sample (/e (cm/e) XRD (%)
H-ZSM-5 411 0.2006 100
0.12P-ZSM-5 402 0.2113 91
0.26P-ZSM-5 381 0.1991 74
0.33P-ZSM-5 332 0.1639 73
0.40P-ZSM-5 307 0.1580 70
0.47P-ZSM-5 304 0.1531 57

* The relative crystallinity

The variations of the acidic properties of phosphorus
modified H-ZSM-5 samples were characterized by Py-IR at
423 K and 573 K, as shown in Fig. 2. The spectra at 423 K and
573 K represent the properties of the total and strong acid
sites, respectively. The band at 1545 cm™ that is usually assigned
to pyridine molecules adsorbed on Brgnsted acid sites, as well
as the band at 1450 cm™ that is usually assigned to pyridine
molecules adsorbed on and Lewis acid sites. The amounts of
Brgnsted and Lewis acid sites were determined from the inte-
grated areas of the bands at 1545 cm™ and 1450 cm™, respec-
tively, using the method reported by Emeis® and presented in
Table-2. Most of the acid sites among both total (weak and
strong) and strong acid sites in both parent H-ZSM-5 and
phosphorus modified H-ZSM-5 samples are of the Brgnsted
type (the minimum of the ratio of Brgnsted acidic sites to Lewis
acidic sites (B/L) is 9 (Table-2)). For the properties of total
acid sites, the intensity of both Brgnsted and Lewis acid sites
decrease with the increasing H;PO4 concentration when the
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TABLE-2

ACID DENSITY OF PARENT HZSM-5 AND PHOSPHOROUS MODIFIED HZSM-5

Density of acid sites (Lmol/g)

Sample 423 K-desorption 573 K-desorption B573/B423
Total® B* L’ B/L Total® B* L’ B/L
H-ZSM-5 39 36 3 12 5.1 5 0.1 50 0.14
0.12P-ZSM-5 20 18 2 9 4.03 4 0.03 133 0.22
0.26P-ZSM-5 14 13 1 13 3.02 3 0.02 150 0.23
0.33P-ZSM-5 9.3 9 0.3 31 2.008 2 0.008 250 0.22
0.40P-ZSM-5 38 36 2 18 4.02 4 0.2 200 0.11
0.47P-ZSM-5 42 40 2 20 4.03 4 0.03 133 0.1

“B: Brgnsted; "L: Lewis; “Total = B + L; The number after B and L refers to pyridine desorption temperature (in K)

H;PO, concentration is lower than 0.33 M, while it begin to
increases with further increasing H;PO, concentration (Fig. 2
(a)). The change of in both Brgnsted and Lewis acid sites
presents same trends depending on H;PO, treatment for the
properties of the strong acid sites as that of total acid sites.
The weakening in acid sites may be attributed to be the results
of dealumination of ZSM-5 framework during low concen-
tration H;PO, treatment'>'* %>, With the increasing concen-
tration of H;PO,, new acid sites may be formed due to the
formation of polymeric phosphates species which enhances
acid intensity of phosphorus modified H-ZSM-5 samples'®?'.
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Fig. 2. Pyridine-absorbed FTIR spectra of parent HZSM-5 and phosphorous
modified HZSM-5, (a) 423 K, (b) 573K

There is only Brgnsted acid sites among strong acid sites in
phosphorus modified H-ZSM-5 samples, because Lewis acid
sites almost completely disappear [Fig. 2 (b)]. Furthermore,
the most of the Brgnsted acid sites exist in the form of weak
acid type as inferred from the respective B573/B423 ratios
shown in Table-2.

Catalytic activity: Fig. 3 shows the dependence of urea
conversion and selectivity towards cyanamide on parent H-
ZSM-5 catalyst and various phosphorus modified H-ZSM-5
catalysts at 823 K. As shown in Fig. 3(a), phosphorus modifi-
cation has no effect on the conversion of urea. About 90 %
conversion of urea is achieved on parent H-ZSM-5 and all
phosphorus modified H-ZSM-5 catalysts. Urea decomposition
on the H-ZSM-5 catalyst at 823 K shows main products
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including cyanamide, dicyandiamide and melamine. In Fig. 3
(b) the selectivity towards cyanamide on phosphorus modified
H-ZSM-5 catalysts is higher than that of parent H-ZSM-5
catalyst and increased significantly with the increasing H;PO,
concentration when the H;PO, concentration was lower than
0.33 M and then decreased gradually with further increasing
H;PO, concentration. Obviously, the change of surface acidity,
especially Brgnsted acid site, plays an important role on increase
of selectivity towards cyanamide. The increase in cyanamide
selectivity can be ascribed mainly to the decreased Brgnsted
acid site strength and density due to HsPO, treatment [Fig. 3
(b)]. In contrast, the increase of Brgnsted acid sites strength
and density results in the decrease in cyanamide selectivity
since more Brgnsted acid sites will promote the urea decompo-
sition to form carbon dioxide and ammonia'’. Both selectivity
of dicyandiamide and melamine are slightly reduced due to
the decrease of surface area and pore volume®. Seemingly, the
sum of the products selectivity is less than 100 %. It is due to
hydrolysis intermediate of urea, isocyanic acid and cyanic acid,
which are quite stable in the gas phase but easily react with
gas phase water to produce large amounts of carbon dioxide
and ammonia’.

Conclusion

Phosphorus modified H-ZSM-5 catalysts prepared by
H;POy solution treatment show higher activity in urea decom-
position to produce cyanamide. Phosphorus modification leads
to decrease in both surface and pore volume and does not bring
about destroying the framework structure of H-ZSM-5. The
intensity and density of Brgnsted acid sites among both total
and strong acid sites is decreased by relative dilute H;PO, treat-
ment. The change in the acidity has great influences on the
catalytic performance of phosphorus modified H-ZSM-5
samples. The selectivity for cyanamide increases with the
decrease in the intensity and density of Brgnsted acid sites,
while urea conversion is irrelative to the acidity of catalysts.
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