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Abstract

Iron{(1I1}-substituted vanadyl phosphate, [Fe(H20)]0.20VQ0.80P04-2.25H20 (FeVOP), has
been prepared and characterized by XRD and TG/DTA analyses. The new compound is iso-
morphous with layered tetragonal VOPO4-2H20 (VOP), but it possesses a lower interlayer dis-
tance. Information on the reactivity and surface acidity of both VOFP and I'e VOP has been ob-
tained by NH; TPD expenments The hydrated materials adsorb high amounts of NHz (up to
2 mmol g™). Different ammonia-containing phases are formed, characterized by lower inter-
layer distances in comparison with the NHa-free parent compounds. NH3 is intercalated be-
tween the layers without displacement of water. The materials dehydrated by heat treatment at
450°C retain the layered structure but adsorb NHz only on the external surface. A wide variety
of acid sites, from weak to strong, was observed. A mechanism is proposed for the NH3- acid
sites interaction. SEM micrographs of VOP and FcVOP arc shown.

Keywords: Fe*-vanadyl phosphate, NH,-TPD, surface acidity, TG/DTA, vanadyl phosphate,
XRD

Introduction

Vanadium-phosphorus oxides (VPO) arc employed as catalysts in several
oxidation reactions of hydrocarbons [1-7]. The preparation of such materials
generally occurs through an appropriate thermal treatment of vanadyl phosphate
phases such as VOPO,-2H,0 or VOIIPO,4.0.5H,0. AlthoughV pyrophosphate,
(VO),P,09, is considered to be the active component in the partial oxidation of
hydrocarbons such as that of n-butane to maleic anhydride, there is good evi-
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dence that the presence of other phases containing V¥, like different VOPO,
phases, is essential for the catalytic activity [2]. Under this aspect the new mate-
rials obtained by isomorphous substitution of VO groups of VOPO, 2H;0 with
trivalent metals such as Al, Ga, Fe, Cr, Mn [8, 9] that we have in part investigated
for their thermal properties and structural modifications with temperature [10]
could also have intercsting catalytic properties, since it has been reported that the
addition of different metals can improve the catalytic activity of VPO systems in
oxidation reactions [11, 12].

The catalytic activity of VPO systems is likely to be influenced by the acidic
properties due to the presence of VO groups [8, 13] acting as Lewis acid sites.
The presence of these sites becomes evident by considering the structure of
vanadyl phosphate. VOPQO; 2H,0 has a layered tetragonal structure formed by
PQ, tetrahedra linked to the VO groups [14, 15], arranged in such a fashion as to
create ‘pockets’ in the interlayer region. Each vanadium atom, being pentacoor-
dinated with oxygen atoms, is able to bind a basic molecule, so completing a (dis-
torted) octahedral coordination. In the hydrated phase the complete coordination
occurs through a V...OH, bond, while in the anhydrous phases this is obtained by
the formation of a loose V...0 bond between atoms of adjacent layers. This rea-
soning can also be made for the above mentioned M**-vanadyl phosphate com-
pounds, isomorphous with VOPO,-2H,0 and it is presumable that the metal sub-
stitutions will bring about interesting changes in the acidic properties of the dif-
ferent solids.

Works are reported in the literature dealing with intercalation of basic sub-
stances, such as amines or aleahols, into VOPO, phases [13, 16—-19], with conse-
quent increase in the interlayer distance of the host. Little research, however, has
been devoted to the interaction with the simple base NHs, although this substance
is widely employed for the characterization of the acidic properties of solids.
Ammonia intercalation can occur into anhydrous ¢;-VOPO, [20], but the nature
of this interaction has not been defined.

This paper reports on the thermal and structural characterization of the re-
cently prepared iron-vanadyl phosphate with formula [Fe(H,0)]0.20VOg 50PO4:
2.25H,0 and the results are compared with those obtained for pure vanadyl phos-
phate dihydrate [10]. The acidic properties of both VOP0O,-2H20 and the Fe’'-
substituted compound, were studied by NH; thermal programmed deserption
(TPD) technique, which is a suitable tool for the characterization of layered cata-
lysts [21-23]. The solids treated with NHi: were alse characterized by XRD
analyses and TG/DTA measurements.

Experimental

Preparation of materials

VOPO,-2H,0 was prepared according to Ladwig [24], by refluxing 10 g of
V1,05 (Fluka puriss. grade) in 300 ml of a 3.3 mol dm™ H5PO, (Carlo Erba RPE,
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highest purity product) solution. The compound [Fe(H20)]o20V0050PO4s:
2.25H,0 was prepared similarly according to Melanova et al. [8], by adding to
the vanadium pentoxide-phosphoric acid mixture an amount of Fe(INO;);-9H,0
(Carlo Erba RPE) such that the V/Fe molar ratio was 10/3. After 16 h reflux time,
both suspensions were hot filtered, the yellow-green solids washed with cold dis-
tilled water and dried in air. Chemical analyses of the compounds were carried
out as described in [9].

Materials characterization

A Philips PW 1100 model was used for taking the X-ray diffractograms
(XRD} in air at room temperature (r1.). A Freiberg Prizisionsmechanik model
HZG-4 was employed for the X-ray measurements performed in the temperature
range 20-250°C. In this case, the powder samples were placed on a corundum
plate (with thermocouple) and heated to the desired temperature. For both dif-
fractometers Ni-filtered CuK, radiation was used; the 28 measurements were
accurate to 0.05° (26 angles range examined: 5-45°); silicon (a=5.43055 A) was
employed as an external standard.

Thermal analyses were performed with a Stanton Redcroft STA 801 model
simultaneous TG/DTA thermoanalyzer (ignition up to 1000°C, heating rate
10°C min ', in an air flow). The water content of the solids was determined from
the TG measurements.

BET surface areas were measured by N, adsorption at —196°C on a Quan-
tachrom CHEMBET 300 instrument.

NH; TPD measurements were carried out in a flow apparatus with a TCD de-
tector. The sample (0.05-0.5 g) was treated in He flow at r.z. (0.5 h) or at 450°C
(12 h) before the TPD tests. NH; adsorption was performed at r.z., with a 5%
NH;/He mixture. After purging in a He flow for 3 h, thermodesorption was ef-
fected by heating to 600 at 10°C min™\. A water trap, consisting of anhydrous
KOH, was connected at the outlet of the sample cell in order to avoid water intez-
ference on the TCD signal.

Scanning electron microscopy (SEM) was performed on a Philips XL.30 ap-
paratus.

Results and discussion

SEM, XRD and TG/DTA analyses of the as prepared compounds

SEM micrographs of VOPO,2H,0 (VOP) and [Fe(H20)]020VO0 2P0y
2.25H;0 (FeVOP) are depicted in Figs 1 and 2, respectively. The VOP samples
show a lamellar morphology with some crystals having an evident squared shape
(Fig. 1), as expected from structural studies {14, 25]. A similar morphology 15
shown by FeVOP, suggesting the isomorphous structure of the materials. The
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crystals of FeVOP, however, appear smaller (Fig. 2), with platelet dimensions of
about 1x1 wm vs. 25x25 pm of VOP.

Fig, 2 SEM micrograph of FeVOP

The XRD pattern of FeVOP is shown in Fig. 3, with that of VOP for compari-
son. FeVOP exhibits a lower degree of crystallinity than VOP. The interlayer dis-
tance (d;) of FeVOP obtained from the first diffraction line at 260=12.45is7.10 A,
a little smaller than that of VOP, which is 7.40 A. Similarly to VOP, two sub-
sequent (001) reflections are also evident at 26 angles 25.02 (d=3.53 A} and
37.87 (4—2.34 A), respectively.

The XRD patterns of FeVOP have also been recorded over the temperature
range 20-250°C. Besides the r.z. phase, three other phases related, respectively,
to the dihydrated, monohydrated and anhydrous compound, are subsequently
formed on heating. In Fig. 4 the interlayer spacings of the four differently hy-
drated phases of FeVOP are shown as a function of the temperature. It can be
seen that around 40°C the r.t. and dihydrated phases are precent fogether. Thihy-
drated FeVOP has an interlayer spacing of 6.74 A. This value is retained up to
about 70°C. Then, the interlayer distance slowly decreases. Only in a very small
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temperature range {72-75°C) are two peaks observed at two different low 20 an-
gles in the XRD patterns indicating the presence of two phases with ¢i=6.62 and
6.41 A, respectively, the latter correspouding to the monohydrated FeVOP
phase. The interlayer distance of this phase also decreases with temperature but,
around 110°C it assumes an almost constant value (6.25 A), maintained up to its
disappearance around 150°C. From 140°C the anhydrous phase becomes evi-
dent, with an interlayer spacing of 4.21 A. For the di- and monohydrated phases,
the decrease in d; is also accompanied by a broadening of the diffraction peaks,
caused by a slightly disordered stacking of the layers [26]. A similar effect was
also observed for the other [M(H.O0)EVO,PO4+nH>0 compounds [10]. Simi-
larly to VOP [27], after heating at 250°C, anhydrous FeVOP rehydrates when left
in air, and gives a XRD pattern similar to that of the as preparcd compound. For
VOP the dehydration takes place over temperature intervals in which two phases,
the di- and monohydrated or the monohydrated and anhydrous phases, are simul-
tancously present, cach one with its own, wcll defined interlayer distance
[10, 28].

The TG/DTA curves of FeVOP are shown in Fig. 5 with those of VOP for
comparison. The hydration water is completely lost in three steps in the tempera-
ture range 25-230°C, each accompanied by a well resolved endothermic peak.
The 0.25 moles of water per mole of compound are lost between 25-40°C. The
remaining two moles of water are lost approximately one by one, in two steps in
the ranges 50—100 and 100-220°C, respectively. It has been reported [24] that in
VOP the two moles of hydration water, lost separately in two steps in the ranges
50-100°C and 100—150°C, are bound to PQ, and VO groups, respectively. Simi-
larly, it can be supposed that in FeVOP the first lost water is that hydrogen-

VOP
i)
5
il
[u]
B
©
| k
FeVOP
L]
5
2
8
g \J L—bﬁ‘L—MA——J“w

5 15 25 a5 45
Degrees 28

Fig. 3 XRD patterns of FeVOP and VOP
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Fig. 4 Interlayer spacings of differently hydrated phases of FeVOP as a function of tempera-
ture: (0) «t. phase; () dihydrated; (A) monohydrated; {9) anhydrous

bonded to the PO, groups, the second is coordinated to VO and Fe(H,0) groups.
The larger, second temperature interval of water elimination for FeVOP could be
related to the presence of iron which retains water more strongly than vanadium.
The last water coordinated to the iron ions is lost between 300-650°C and above
this temperature the material begins to decompose slowly. For anhydrous VOP
the decomposition starts later at about 750°C and is accompanied by two sharp
endothermic effects.

Ammonia adsorption and NH3-TPD measurements for the as prepared
compounds

The results of NH;-TPD measurements on VOP samples treated with NH; for
4 h (VOP-4) or 24 h (VOP-24) are given in Fig. 6 and Table 1. The spectrum of
VOP-4 shows a composite signal with a maximum at 330°C and a shoulder at
250°C. Moreover, a weak intensity signal is present at 120°C. By prolonging the
NH; adsorption up to 24 h (VOP-24) the intensity of the TPD signal increases,
mainly for the component at 250°C which appears as a well defined peak. The to-
tal amount of desorbed NH; increases with the time of adsorption from 0.74 to
1.05-107 mol g ' (Table 1). Such values cannot be explained by surface ddsorp-
tion: in fact, taking into account the surface area of the VOP sample 1m’g
they would correspond to surface site concentrations of 4—6-10"° cm™, that is be-
yond any acceptable surface s1te concentration; in fact, a surface concentratlon
of VO groups of 2.6 10" ¢cm™ can be estimated from structural information [13].
This suggests that intercalation of NH3z occurs between the layers of VOP. As a
consequence of NH; intercalation, it is expected that the rate of NH; adsorption
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can be influenced by diffusive resistances. This could explain the increase in the
amount of adsorbed NH; with the time of adsorption. Moreover, these resis-
tances could also affect the rate of desorption leading to some delay of the
desorption peaks. The shape of TPD spectra, extending over a wide temperature
range, suggests the presence of ammonia-adsorbing sites of medium to high
strength, the strongest ones prevailing. However, as the TPD signals can be af-
fected by diffusive resistances, the temperatures of the TPD peaks could be
higher than those really representing the strengths of NHs-site interactions, The
appearance of two main desorption peaks could be caused by the decrease in the
interlayer distance with temperature during the desorption of NHj, thus hinder-
ing the subsequent desorption which needs a higher temperature to occur. How-
ever, this effect could also be the consequence of the formation of two different
ammoniated phases. This point will be discussed below.

TG/DTA and XRD analyses of the NH3-treated compounds
TG-DTA curves of VOP-4 and VOP-24 samples are presented in Fig. 7, while

the corresponding water losses are given in Table 2. Since the sarmples release
both water and ammonia during heating, the amount of water lost by each com-
pound (moles per mole of compound} is calculated by subtracting from the total
loss determined by thermogravimetry the appropriate NH; amounts resulting
from the TPD spectra (Table 1, last column). Figure 7 shows that in the range
25-500°C, both VOP-4 and VOP-24 undergo a significant mass loss in three
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steps, each accompanied by clear endothermic effects. Since the TPD experi-
ments show that up to ca. 110°C very little ammonia is desorbed from both mate-
rials (Fig. 6), the respective first mass losses, ending around 110°C and associ-
ated with a sharp endothermic peak, are only related to the loss of water. The lost
amounts (Table 2) are very close to the mole of water lost by pure hydrated VOP

1.6
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Fig. 6 TPD spectra of VOP treated with NH, at r.r.. VOP-4 (a) and VOP-24 (b)
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Table 2 Amounts of water released by pure and NH,-treated VOP and FeVOP

Sample 32; “rﬁr)fl:rr:\(fiﬁ*,
VOP 138:;28 1:88
VOP-4 R 093
VOP 24 so 050
FeVOP 1381588 }:(2)3
FeVOP-4 2%&%88 (lJé(l)
FEVOP-24 1%8:;38 (1):28

*For NHy-treated samples the values are calculated by subtracting the amount of desorbed NH; from
the total mass losses obtained from TG analyses

in the same temperature range. The subsequent two mass losses occurring in the
range 110-500°C, arc due to losses of water and ammonia together. This is in-
ferred from the TPD curves, showing two intense NH; desorption peaks in this
second temperature range. The amounts of water released (Table 2) are very
¢closc to the second loss of pure VOP, thus suggesting that the intercalation of
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Fig. 8 XRD patterns of VOP-4 and VOP-24
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NIHj; does not cause the displacement of water. A very small mass increase, about
0.2%, can be observed in the range 500-750°C, followed by an appreciable mass
loss which is accompanied by a composite endothermic effect.

XRD analysis of VOP-4 and VOP-24 (Fig. 8) shows that the compounds re-
tain the layered structure and have a degree of crystallinity slightly lower than
that of pure VOP. The interlayer distance is 7.20 A, a little smaller than that of
VOP (7.40 A). The very weak signals to which the d values 6.56 and 6.10 A cor-
respond, could be those related the interlayer distances of two other different
NIs;-containing phases. Therefore, the appearance of two main desorption pcaks
in the TPD spectra of VOP-4 and VOP-24 could be explained by the release of

ammonia from the two NH3-VOP phases.
3.00

2.00

1.00 —

NH; desorption rate x 108 mol g-1s-1

0.00 —

T I T | T ;
200 400 600
Temperature, °G

Fig. 9 TPD spectra of FeVOP treated with NH, at r.... FeVOP-4 (a) and FeVOP-24 (b}

The NH;-TPD spectra of hydrated FeVOP after 4 h (FeVOP-4) and 24 h
(FeVOP-24) NH; adsorption are reported in Fig. 9. The spectra show tailed
peaks with maxima at about 350°C, rclated to the prescnce of strong adsorbing
sites, with a wide distribution of acid strengths. The increase of adsorption time
from 4 to 24 h leads to an increase in peak intensity. At the same time, the tem-
peraturcs of the start of desorption and peak maxima decrcase. The first effect
suggests that the adsorption rate is limited by diffusion in the interlayer space, as
discussed for VOP. The latter effect could be explained by the presence of ad-
sorption sites with different strengths, the increase of adsorption time leading to
a progressive coverage of the weaker ones. The amounts of desorbed NH; from
FeVOP-4 and FeVOP-24 (Table 1) correspond to surface concentrations of
1.8 2.4 10'9 molecule-cm™. These values are much higher than admissible for a
surface site concentration, suggesting that NH; adsorption also occurs in the in-
terlayer space of FeVOP.
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It is worth noting that, disregarding the small peak at low temperatures, NH;
is desorbed from FeVOP samples in a single step, differently from VOP. This
could be related to the higher crystalline disorder of FeVOP in comparison with
the VOP sample. The narrowing of the interlayer distance with temperature,
probably occurs more gradually, allowing a continuous rclease of the adsorbed
aminonia.

The TG/DTA curves of FeVOP-4 and FeVOP-24 samples are shown in
Fig. 10. The mass loss occurs in two steps for both materials. Taking into account
the TPD curves (Fig. 9) and the data in Table 1, the first mass losses, ending at
about 130°C for FeVOP-4 and 230°C for FeVOP-24, must be ascribed to water
only, while the second ones, ending around 500°C, refer to the simultaneous re-
lease of water and ammonia. The amounts of released water are listed in Table 2.
The values are very close to those of NHa-free samples, thus suggesting that NH;
intercalation in hydrated FeVOP occurs without displacement of hydration
water, as also observed for hydrated VOP. The TG curves show a small (1-1.1%)
increase in weight in the temperature range S00-800°C, as observed for VOP, but
to a lower extent. This could be explained by supposing that the materials un-
dergo some reduction during NH; treatment and afterwards are reoxidized dur-
ing heating in an air flow. The very small extent of weight gain suggests that this
phenomenon only involves the surface of the solids. It is worth noting that the
weight increases for FeVOP and VOP are roughly in the same ratio as their spe-
cific surface areas.
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Fig. 10 TG (—) and DTA (-} curves of FeVOP-4 and FeVOP-24
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XRD patterns of FeVOP-4 and FeVOP-24, reported in Fig. 11, show that the
layered structure is retained. The pattern of FeVOP-4 accounts for a material
with a degree of crystallinity of the same order as that of the starting FeVOP. The
solid is a pure phase with an interlayer distance of 6.52 A, reduced with respect
to that of FeVOP. FeVOP-24, on the contrary, is a less crystalline material than
FeVOP-4 or FeVOP. Two phases are present in the solid, with interlayer spacings
of 6.86 and 6.52 A, the phase with the lower d; value being in a higher amount.
This latter should correspond to the FeVOP-4 phase. The TPD spectrum of
FeVOP-24 does not allow to distinguish between the two different ammoniated
phases, unlike VOP samples. It can be supposed that FeVOP exhibits a wider het-
erogeneity of the acid sites, leading to broader TPD peaks. This effect could pre-
vent the resolution of the signals which should come from the different ammoni-
ated phases.

The above results have shown that hydrated VOP and FeVOP adsorb signifi-
cant amounts of ammonia. The process does not destroy the layered structore and
always gives rise to materials with interlayer spacings smaller than those of the
parent compounds. Ammonia intercalation occurring in hydrated VOP and
FeVOP samples without displacement of water and with reduction of the inter-
layer spacing, suggests the presence of strong interactions between the layers
promoted by the presence of NH3. Different mechanisms of interaction between
NH; and adsorhing sites can he hypothesized. It is our opinion that NHs is pro-
tonated by H,O, whose acidic strength is enhanced by coordination to the Fe and
V=0 groups according to the following scheme (1) (L stands for Fe or V=0):

H

!

L1---0—H +NH; —» L-—-0—H + NH; (1)

This mechanism could explain the decrease in interlayer distance as a conse-
quence of strong ionic interactions between negatively charged layers and NH;
ions. A conn action of interlayer spacing was reported for intercalation of cations
such as Co™, Ni**, Fe* [29], alkali and alkaline earth metals [30, 31], or benzi-
dine [19] mto VOP and it was found that the hydration water was more tightly re-
tained in the intercalation compounds than in purc VOI. Morcover, in some
cases, the process of intercalation gave rise to the formation of different phases
due to alternate filling of interlayer spaces [30]. It can be supposed that a similar
process also occurs in the presence of ammeonivum ions. This would agree with
XRD data (Fig. 6), which give indication of the presence of different ammoni-
ated phases.

NH3 adsorption and NH3-TPD measurements for the anhydrous
materials

Different TPD spectra are obtained when NH; adsorption is performed on
VOP and FeVOP treated at 450°C (Fig. 12). Broad and tailed signals are ob-
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served, with maxima at about 180 and 150°C for VOP and FeVOP, respectively.
These can be related to the presence of acid sites with a wide range of acid
strengths, the weaker ones prevailing. In comparison with the hydrated materi-
als, the amounts of desorbed NHj; are two orders of magnitude smaller, suggest-
ing that adsorption occurs only on the external surface of crystallites. Surface
concentrations of adsorbing sites can be evaluated by taking into account the
crystalline structure, As shown by SEM micrographs (Figs 1 and 2), the materi-
als consist of platelet shaped crystals that preferentially expose faces corre-
sponding to planes of the layered structure. The density of VO groups on such
planes, calculated from structural data [13], is 2.6:-10"" cm™ in VOP, while in
FeVOP 20% of the VO groups, that is 0.5-10"* cm™, are replaced by Fe atoms.
Half of the VO groups (because V=0 bonds point alternately inside and outside
the crystal) and all Fe atoms have a free coodination site. Thus the theoretical
surface concentration of coordination sites is of 1.3-10"* cm™ for VOP and
1.5.10" ¢cm™ for FeVOP. Since these values are of the same order of magnitude
as the concentration of the NH; molecules (Table 1), it can be supposed that NHa
adsorption only occurs on the external surface of the heat-treated materials. This
is confirmed by the observation that the materials treated at 450°C are saturated
with NH; within a few minutes (less than 30 min), suggesting that diffusive ef-
fects are negligible, as expected for a surface adsorption. Of course, diffusive
limitations should be absent also during desorption, so the temperatures of TPD
signals could really be representative of the strength of interaction of NH; and
acid sites. This could explain why the temperatures of the desorption peaks are
lower than those observed for hydrated materials. The wide distribution of acid
strength suggests the presence of a great surface heterogeneity.
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Fig. 11 XRD patterns of FeVOP-4 and FevVOP-24
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The above results show that the intercalation of NH; between the layers oc-
curs with hydrated VOP and FeVOP, but not with anhydrous materials. A similar
behaviour was observed for layered phosphates of zirconium and other tetrava-
lent metals [21, 22], where the heat treatment led to elimination of water and for-
mation of chemical bonds between layers, which hindered the intercalation of
ammonia, However, it seems unlikely that the formation of chemical bonds be-
tween layers can occur in vanadyl phosphate, given the absence of condensing
groups. It can be supposed that the decrease in interlaver distance as a conse-
quence of dehydration, strongly hinders the NH; access in the interlayer region.
However, it cannot be excluded that the presence of water is need to promote the
intercalation of NH;. This effect could be explained hy the hypothesis of proto-
nation of ammonia by hydration water, as discussed above.

Conclusions

A new material, with a good degree of crystallinity isomorphous with pure
VOPO,-2H;0O has been prepared by partial substitution for VO groups by Fe at-
oms. Heat treatment at terperatures up to 650°C does not destroy the layered
structure. In the hydrated materials NIIs is intercalated with strong interactions
and without water displacement. On the other hand, with heat-treated materials
the adsorption of NH; only occurs on the external surface of the crystallites and
allows to characterize surface acidity. A wide distribution of acid strengths is ob-
served. The Fe'“—comaining material possesses a higher surface concentration of
acid sites in comparison with pure vanadyl phosphate but exhibits a similar acid
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strength distribution. The nature of interaction of NH; with acid sites deserves
further investigation.
¥ % %
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