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Influence of the nitridation parameters on the
stoichiometry, structure and specific surface area
of zirconium phosphate oxynitride catalysts

N. FRIPIAT, P. GRANGE*
Laboratoire de catalyse et chimie des matériaux divisés, Place Croix du Sud 2/17,
B-1348 Louvain-la-Neuve, Belgium

Oxygen can be exchanged by nitrogen atom in high surface specific and amorphous
zirconium phosphate solids thank to nitridation process. Various nitridation parameters
influence the O/N substitution. A minimum temperature of 550 °C is required for efficient
nitridation whereas temperature higher than 850 and 1300 °C induces reduction of
phosphorus and zirconium atoms respectively. In intermediate temperature range, O/N
exchange increases with temperature as well as with time of nitridation. In these conditions,
the ZrPON solids obtained are X-ray amorphous and a slight decrease of precursor specific
surface area is observed (110-210 m? g~ '). © 1999 Kluwer Academic Publishers

1. Introduction according to a temperature programmed activation un-
An approach to the development of high strength mader ammonia stream of metallophosphate precursors
terials is to replace all or a part of the oxygen contenf24]. Nitrogen atoms deeply influence the structural
of suitable ceramics by a non-oxide element such asharacteristics as well as the surface properties of the
nitrogen or carbon. The incorporation of nitrogen into phosphate compounds. Indeed, nitrogen incorporation
glasses for example, influences their properties signifiis an effective way to modify the acid-base properties
cantly, essentially as a result of the nitrogen producingf the surface and particularly to increase the num-
a more highly bonded glass structure [1, 2]. Densityber of basic sites. Such activation of the oxide pre-
viscosity, glass transition temperature, refractive indexgursor has been previously reported in the preparation
microhardness and Young's modules all increase wittand characterisation of silicon oxynitrides [7, 8], ti-
increasing nitrogen content [3-5], whereas the thermaanium oxynitrides [25] and molybdenum oxynitrides
expansion of the glass decreases [6]. [16]. Various original catalytic systems have been

Until recently, non-oxide materials received rela- prepared by nitridation processes: (i) aluminophos-
tively little attention in heterogeneous catalysis, al-phate oxynitrides or “AIPON” [18, 26], (ii) alumino-
though the properties of these materials compared tgallophosphate oxynitride systems called “AlGaPON”
oxides or metals may lead to catalytic performances ndl9, 27, 28], (iii) zirconophosphate oxynitrides, the
attained with the latter. During the last decade, manyZrPON” solids [20-22] and (iv) aluminium vana-
papers have been published on the subject. Lednatate oxynitrides “AIVON” [29, 30]. The composition
et al. [7] have used high area silicon oxynitrides as ba-of these solids is laid down during the synthetic step,
sic catalysts in the Knoevenagel condensation. Thegs the control of the nitridation parameters allows the
have also tested the silicon oxynitrides in the isomerituning of the O/N ratio.
sation reactions of butene-1 [8]. Oyaretaal. [9] have The present study relates to the synthesis of ZrPON
also described the use of molybdenum nitridesNlim  oxynitrides obtained by nitridation of high surface area
the synthesis of ammonia (described earlier by other atamorphous zirconium phosphate precursors. The ef-
thors[10, 11], inthe hydrogenation of carbon monoxidefects of various operating conditions on the stoichiom-
and in the processing of coal liquids. Mdmay alsobe etry, the specific surface area and the structure of the
used as a hydrodenitrogenation catalyst [12—-15]. Volpgroducts are presented.
and Boudart prepared MN and W,N with surface ar-
eas of 220 and 91 fig—2, respectively, for the synthesis
of ammonia [16, 17]. 2. Experimental

Recently, it has been shown that progressive subst2.1. Materials
tution of nitrogen for oxygen in the anionic network The synthesis of the zirconophosphate used as precur-
of metal phosphate materials leads to the formation oor for the preparation of oxynitrides has already been
a new family of catalysts: the oxynitride phosphatesdescribed in a previous paper [22]. Two chemical meth-
[18-23]. These high area oxynitrides are prepareds were used to establish the nitrogen content of the
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samples. (i) The total nitrogen content was determine@. Results and discussion
by displacement reaction of nitride ionsNinduced  3.1. Nitridation generalities
by an excess of strong solid base which leads to th&he nitridation of the zirconophosphate oxynitrides was
formation of ammonia [31]: carried out under ammonia flow in a large temperature
s 5 range (500—130QC). During the thermal treatment, the

N3~ + 3KOH — NH3 + 3/2K,0+3/20°~ (1)  oxygen atoms in the anionic network of the phosphate
precursor are replaced by nitrogen atoms of the ammo-
| A nia (Equation 2). The oxygen for nitrogen substitutioniis
sium hydroxide) is heated to 40C. The released am- .,nirolled by the nitridation parameters: ammonia flow,
monia, which is carried away by a nitrogen flow, is 455 of precursor to be nitrided, temperature and nitri-
neutralised by 0.01 N sulphuric acid. (ii) The surface yation time. The adjustment of these parameters allows
nitrogen (NH) species concentration was measured by 1ning of the O/N exchange and thus the synthesis of
a Kjeldahl type method: The ZrPON sample (75 m@)zpoN with various nitrogen contents. For each com-
was suspended in 10 ml of saturated KOH solution tq,qition, the wt % nitrogen content was determined by
which 30 ml of distilled water were added. The liber- 4 chemical quantitative determinations as described
ated ammonia was then carried to a receiving flask by, ihe experimental section. The first one allows to mea-

steam distillation, condensed and collected in a borlc‘Sure the total of nitrogen amountfNwhich consist in
acid solution (10 g dm®) with mix indicator methylene. nitrided anions in bulk solids (k) as well as NH

blue-methyl red. This solution was titrated by sulphunc(l < x < 4) surface species [31]. The second method
acid 0.01 N. . gives only access to these Midpecies, namedNfor
The nitrogen content may also be indirectly deter-yq kieldahl principle on which it is based.
mined by measuring the weight variation of the precur- - Taying into consideration the large possible compo-
sor sample which has been transformed into oxynitrid&;ition field of ZrPON oxynitrides, Equation 2 can be
by heating under ammonia flow. If it is assumed that 3 itten as
oxygen atoms are exchanged for 2 nitrogen following
ZrogPOy 3+ XNH3 — Zr0.9P04,3_3X/2NX + 3X/2H20
307" 4 2NH; — 3H,0 + 2N*~ ) ©)

The reaction mixture (20 mg sample a6 g of potas-

dn this equation, the possible modifications in the
cationic network are not considered. Nevertheless, the
ammonia, in addition to being a good nitriding agent,
can also act as a reductor. Indeed in the preparation of
zirconium nitrides, ZrN, it has been reported that at very
2.2. Powder X-ray diffraction high temperaturex2000°C) the oxidation stage of the
Structural characterisation of the precursor and oxynizirconium is reduced from IV to Ill under ammonia
trides was done by X-ray diffraction (XRD). Patterns flow [32]:

\l/jv\%zgtitgined with a g, radiation on a Philips model 710y + 4/3NH;s — ZIN + 2H,0+ 1/6N,  (4)

the production of a mole of water corresponds to th
fixation of 2/3 mol of nitrogen. As a result, there is a
weight loss of about 7 g/mol of released water.

The ammonia is also able to reduce the phosphoYus P
in P' during the nitridation. In this case, volatile phos-

2.3. Surface measurements _phine species with a typical orange colour are observed

The specific surface areas were measured by the sify the end of the reactor when nitridation is carried out
gle point BET method|f/ po = 0.3) in a Micromeritics  5p0ve 800C.

Flowsorb 11 2300 apparatus. Samples were degassed
for 1 h at120, 220 and 300C (20 minutes at each tem-
perature) under helium/nitrogen flow before analysis a
liquid nitrogen temperature.

.2. Nitridation parameters

s already explained, four parameters influence the ni-
tridation rate of the oxide precursor (coefficienin
Equation 3): (i) the ammonia flow, (ii) the mass of pre-
2.4. Nitridation process cursor to be nitrided, (iii) the temperature and (iv) the
Reactions with ammonia were carried out in an aly-Nitridation time. Their control is of crucial importance
mina tube containing an alumina boat with precursodn the synthesis of ZrPON catalysts as it allows the ad-
powder. The tube was heated by an electric tubulalustment of their acid-base properties. Indeed, it has
furnace whose temperature was monitored with a proPeen shown that the acidity and the basicity of ZrPON,
grammable linear rate temperature controller. The ex@S for AIPON solids [26], are directly correlated to the
tremities of the system were cooled down with water. O/N ratio [21].

During an experiment, 0.88 g ofzirconophosphate
were nitrided at atmospheric pressure in a3¢4m  3.2.1. The ammonia flow
ammonia stream. The gases employed for the activatiom the following study, the ammonia flow has been
of the oxide precursors were NHAIr Liquide, indus-  fixed at 30 dm h~. This high value ensures a rapid
trial grade) and M (Air Liquide, custom grade, 99.5%). kinetic of nitridation and allows the elimination of wa-
Different temperatures and nitriding times were usedter vapour produced during the reaction. In a study on
After the heat treatment, the reactor was cooled in flow-aluminophosphate nitridation, it has been established
ing No. that higher flows are not required as no further increase
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TABLE | Influence of the mass of the precursor to be nitrided ontheTABLE 11 Influence of the nitridation temperature on the composi-
composition of ZrPON oxynitride powders (temperature of nitridation tion of ZrPON oxynitride powders (precursor loadiag0.3 g, time of

=780°C, ammonia flow= 30 dn? h1) nitridation= 15 h, ammonia flow= 30 dn? h™1)
Test ZrPO weight Nitridation Total N content  Test Nitridation Total N content Oxynitride
no. (9) time (h) (wt %) no. temperature’C) (Wt %) formulation
1 3.049 16 8.1 3 550 3.1 Z59PO37No.a
2 0.304 15 13.7 4 700 8.1 Z59PO.8N1 0
2 780 13.7 Z59PO19oN16
5 850 17.4 Z59PO1L3N20
6 900 19.2 Z59PO1oN2.2
of the nitrogen content is observed when increasing the 1000 17.0 Z§9Po7008N 1.8
ammonia flow [33]. Indeed, the larger flow results in the® 1300 18 ZrQ+Zr7N4Os

cooling of the reaction media and, the nitridation being
an endothermic process, the Equation 3 is not favoured

any more. At temperature lower than 55C, there is no forma-
tion of oxynitride phases, as the values of total and

3.2.2. The mass of precursor Kjeldhal quantitative nitrogen determ_lnatlon are the_
same: all the nitrogen atoms are confined on the solid

The second parameter influencing nitridation is the

quantity of precursorto be heated. Table | shows the dif_surface. Therefore the oxygen for the nitrogen substi-

N . tution in the bulk is not effective at this temperature
ference in nitrogen content for two zirconophosphates : . , .
et. Only ammonia adsorption on @rsted or Lewis

nitrided in the same conditions. As it is observed, theztcid sites which are present on the surface [21] occurs,

weight of the precursor to be nitrided influences the ni- . '
i : . leading to the formation of Nfior adsorbed Nl The
tridation result: after 15 h under ammoniaflow at 780 substitution of hydroxyl groups (Zr-OH and P-OH) by

and when decreasing the loading from 3 to 0.3g, th . o) s
nitrogen weight content increases from 8 to 14%. Thi§\|H2 (amine) or NH (imine) entities could also be con-

observation is explained by limitations encountered insidered (Fig. 2). . -
It has been already established that the ammonia dis-

the gas diffusion between particles for larger precursor

bed in the reactor. In further experiments this weightSOCIatlon temperature must be reached in order to suc-

, -~ ceed in the nitridation of some oxide precursors. At
has been fixed to 300 mg and, to counteract dlffusmr;D.SOOC the ammonia is decomposed to n?trogen and hy-

effects, the nitridation is interrupted at regular intervals d )

. rogen [35, 36] and the oxygen for nitrogen exchange
and the precursor powder homogenised before resum- ol hi

ing the heat treatment. is not possible at this temperature.

Fig. 1 shows the evolution of total nitrogen content
with the nitridation temperature when the length of the
3.2.3. The nitridation temperature nitridation process and the mass of precursor are kept
The temperature at which the reaction is carried ougonstant. From this figure, two trends are observed:
is probably the main parameter affecting the compo- .
sition of the zirconophosphate oxynitrides. As for the ® Atlow temperature, in the range of 550 to 8@)
aluminophosphate oxynitrides AIPON, several temper-  the nitridation only involve a 2 nitrogen for 3 oxy-

ature ranges may be distinguished [34] (Fig. 1 and  9€n atoms substitution as described in Equation 3
Table I1). andtheinitial Zr/P atomic ratio is maintained at 0.9.

The nitrogen content increases from 3 to 17 wt %
after 15 h under ammonia flow when the tempera-
ture is raised from 550 to 85C.

e Beyond 800C, a decrease of nitrogen content
is observed. This decrease is explained by the
reduction of phosphorusVPto P" under the
ammonia atmosphere, with removal of volatile
phosphine compound. The experimental weight
loss confirms the removal of phosphorus in such
compounds represented by the general formula
Zro,gPl,a0(3,6+5(1,a),3x)/2NX. Indeed, the mea-
sured weight losses are higher than the ones calcu-
lated on the basis of the O/N substitution.

n
[=]

p—y
n

Total N content (wt.%)
o

18]
1

When the phosphate precursor is heated under NH
0 flow up to 1300°C the phosphorus is completely re-
i ) ) ' moved and the resulting powder shows some X-ray
400 600 800 1000 1200 1400 diffraction signals while the nitrided zirconophosphates
T o obtained previously are X-ray amorphous. Two phases,
Nitridation temperature (*C) ZrO, and ZrN4Og, were detected (Fig. 3). Crystalline
Figure 1 Evolution ofthe total nitrogen content with the nitridation tem- Zirconium nitride ZrN mixed with ZiN,O oxynitride
perature{(= 15 h, precursor loading 0.3 g, NH; flow = 30 dn? h™1). appears after prolonged nitridation, indicating that in
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TABLE 111 Influence of the nitridation time on the composition of ZrPON oxynitride powders (precursor loadir8jg, ammonia flow= 30
dm? h—1)
Temperature Test Nitridation Total N content Kjeldhal N Oxynitride
(°C) no. time (h) (wt %) content (wt %) RX analysis formulation
550 3 15 3.1 1.6 Amorphous Z§P0O37No4
9 53 3.2 15 Amorphous 86PO36Ng 45
10 65 3.0 1.5 Amorphous 865PO38No 4
11 88 2.8 14 Amorphous E6PO38Ng 35
12 184 3.1 1.4 Amorphous g6P0s37No.4
780 13 0.5 55 0.3 Amorphous &P Os33Ng.7
2 15 13.7 2.2 Amorphous g5PO1oN16
14 263 19.9 5.3 Amorphous Z§POy oN2 2
900 6 15 19.2 4.5 Amorphous &gPOy N2 2
15 64 21.8 54 Amorphous d6PQysN24
16 280 18.3 5.8 Amorphous &$P0.7005N2.0
1000 7 15 17.0 5.6 Amorphous #P0.700.7N1.8
17 64 13.7 6.2 Amorphous d6P0501.1N14
18 287 11.0 6.0 ZIN20 Zro,9P0.1500.9No.s
* Bronsted acidit » Hydroxyl substitution
Jretal—0H + NHy ——» metal—0~ NH/* ~N \\
§ \ \meta|—oH + NH; —m \metal—NHz + HO
* L ewis acidity
" T H \\ e OH \\metal
metale—
\N/ \ ~J\
+ NH3 —— \ NH + 2H,0
' s 2
! %etal-—-OH wetal
I \ \

/7004

Figure 2 Reactivity of ammonia with ZrPON surface.

Intensity {a.u.)

(26°)

Figure 3 XRD pattern of the biphasic system Zf@e) and ZrN4Og
(m) for the oxynitride powder obtained at 1300 (t = 15 h, precursor
loading= 0.3 g, NH; flow = 30 dn? h™1).

spite of this high temperature, only a part ofZis
reduced to Zt'. The absence of the ZrN phase below
1300°C indicates that no zirconium ¥rreduction oc-
curs in the samples nitrided at 700-8@)(Table II).
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3.2.4. Time of nitridation

The last parameter that can be adjusted during the ni-
trides synthesis is the time of the thermal treatment.

Various observations are made depending on the tem-
perature (Table III).

o At 550°C, for example, the total nitrogen con-
tents are systematically higher than the correspond-
ing Kjeldhal values (Table 1lI). The formation of
oxynitride phases is then really effective while the
observations made at 500 indicate only nitro-
gen adsorption at the solid surface. Furthermore,
both surface and total nitrogen contents are kept
constant even for long nitridation times. Various
oxygeneous functions may be found in the ZrPO
structure. Indeed, in addition to bridging oxygen
between the metal cations, the presence of other
species such as double bonded oxygen and hy-
droxyl groups bonded either to zirconium or phos-
phorus atoms has been proved by IR spectroscopy
[21]. It could perhaps be assumed that only one
type of these oxygens is involved in the oxygen for
nitrogen substitution at 55@. The constant value
(3 wt %) of total nitrogen content could then agree



with the concentration of these oxygens. Once the3
surface is saturated, further substitution would no£
longer be possible. :

e At 780°C, the nitrogen content increases with the
nitridation time (Table Ill). Moreover, as in AIPON
systems, the wt % nitrogen content tends towards ¢
maximum: after 11 days of heat treatment under
ammonia, the ZrPON solids of test 14 still contain
a significant proportion of oxygen atoms. It does
not seem possible to exceed the value of 20wt % N
while the hypothetical composition of ZgPN, g
in which all the oxygen are replaced corresponds tc
26 wt % N. The total substitution of oxygen for ni-
trogen atoms is frequently reported in the synthesis J\J N /
of ceramic powder_s as AIN or ZrN but these solids 10 20 30 40 50 60 70
are prepared at higher temperatures200°C). (20°)
The soft conditions of ZrPON preparation do not
supply sufficient activation energy for the overall Figure 4 XRD pattern of obtained after the calcination at 10Q0of
oxygen exchange. Moreover, the difference of co-(a) samples deficient in phosphorus leading to,ZxP(m) and ZrG (A)
ordination between bivalent oxygen and trivalentpiphasic system and_(b) zi'rconophosphate precursor leading $©ZrP
nitrogen involves some major modifications in the ® 14 22200 (¢) biphasic system.
initial phosphate organisation. The higher degree
of cross-linking would provide excessive tension
which could prevent the total oxygen exchange.

e At 900°C, the departure of the phosphorus, as de-
scribed in the previous paragraph, is observed fo1 O 200 1\®
the long nitridation time (test 16, Table I11). Know-
ing that phosphorus is not reduced when the ZrPC
precursor is nitrided at 85@ during 300 h, it can
be concluded that the temperature limit of sublima-¢
tion of this element lies between 850 and 900

e At 1000°C, a loss of phosphorus is observed for Q.
all the solids whatever the nitridation time, and the
nitrogen content decreases in the same way. Af-
ter 287 h, a crystalline phase corresponding to the
Zr,N,O compaosition appears. However the chem-
ical analysis reveals that some phosphorus still re- N content (Wt-'%)
mains in the solids.

Moreover when the samples deficient in phos-
phorus are calcined under air at 10@) the XRD
data shows the presence of 2 phases: zirconium py-
rophosphate ZrfD; and zirconia ZrQ while the P
calcination of the phosphate precursor led to th
formation of ZpP,Og and ZrR Oy (Fig. 4).

Intensity

300

area

ic surfa
(m2/9)

100 |

f

Speci

0 ] L '] A
0 5 10 15 20 25

Figure 5 Evolution of the specific surface area with the nitrogen content
in ZrPON solids.

rogressively decreases from 238 gr?! to approxi-

ately 115 m g~ in the more nitrided ZrPON. It has
een shown in the previous paragraph that the nitrogen
for oxygen substitution is ruled either by temperature
or time of nitridation. Thus, the variation of the spe-

3.3. Influence of the nitridation on the cific surface area is also dependent on these parameters
physico-chemical properties of (Fig. 6 and Table 1V): the increase of the nitridation
ZrPON solids temperature from 590 to 78C results in a decrease of

Allthe powders synthesised during this study are X-raythe surface from 210 to 150%g* (Table IV). Fig. 6
amorphous except for the solids nitrided in extremeevidences that this lowering takes place mostly at the
conditions. Indeed, four different crystalline phasesbeginning of the process. This relative sintering is due
have been identified when nitridation is carried outto the heating in presence of water. Indeed, the ZrPO
above 900C, i.e., ZrQ, ZrN, Zr;N4Og and ZpN,O

(Tables II and IlIl, Fig. 3). These phases are distin-TABLE IV Influence of the time and temperature of nitridation on
guished by the absence of phosphorus and are chagrecific surface area of ZrPON

acterised by various nitrogen weight contents rangingrest

from 0% in ZrOy to 13% in ZN. o e mparee) amerg e
Fig. 5 shows the evolution of the ZrPON specific sur-

face area with the nitrogen content: the nitrided sam-49 0.75 590 210

ples are characterised by a lower specific surface are?® 05 780 155

than that of the precursor. Indeed, during the nitrida—é1 %.\5,) ;gg ﬁg

tion, the initial specific surface area of the precursor.
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TABLE V Effect of calcination temperature on the precursor specific
surface area

nitridation induces a slight decrease of the precursor
surface area. Nevertheless ZrPON may still be pre-
sented as divided solids (110-216 gr?) which al-

Temperature Specific surface i
Sample {©) area (M g~1) lows them to be used as valuable acid-base catalysts.
Indeed, the accurate control of nitridation parameters
;fig igg igg allows the tuning of the oxygen/nitrogen atomic ratio
r . . . . .
ZIPON 280 150 WhICh is directly correlated to their acid-base proper-
ties.
aCalcination temperature.
bNitridation temperature.
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