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a b s t r a c t

Mesoporous zirconium phosphate (m-ZrP) having high specific surface area and narrow pore size
distributions is synthesized in basic medium using zirconium carbonate as source of zirconium. The
concentration of phosphate in precursor solutions, as well as the calcination temperature, is found to
influence the textural properties and acidity of synthesized m-ZrP significantly. Microscopic analysis
indicates the presence of worm like pores with spherical morphology. The porous structure has remark-
able thermal stability (up to 800 ◦C). DRIFT and NH3-TPD analysis suggest the presence of reasonable
amount of Lewis and Brönsted acid sites. High catalytic activity of synthesized m-ZrP is observed towards
olid acid catalyst
irconium phosphate
esoporous

ndustrial chemicals
enzylation reaction

Friedel–Craft (F.C.) benzylation reaction. The effect of acid strength of catalyst, reaction time, temperature
and amount of catalyst towards Friedel–Craft benzylation reaction are also studied. The m-ZrP is highly
active towards other acid catalyzed reactions in solvent-free conditions. The catalytic activity of m-ZrP
is much higher than that of conventional layered ZrP. The catalysts were separated easily from reaction
mixture, regenerated after a simple activation step and reused at least six times without significant loss

in catalytic activity.

. Introduction

In the field of catalysis, solid (heterogeneous) acid catalysts are
ncreasingly needed because they are environmentally green with
espect to corrosiveness and safe to use, generation of waste, ease
f recovery and reusability [1]. These solid acids are safe alterna-
ives to hazardous mineral acids. In the recent past, numbers of
olid acids have been developed for different applications [2–10].
owever, the reported catalysts have disadvantages like low ther-
al stability, low surface area, less water tolerance ability and small

ores for bulky reactant; their sedimentation property is low and
ome times large amounts of catalyst are required for high yields
10–13]. Therefore, a solid acid which can overcome all these draw-
acks would be of interest.

Zirconium phosphate (ZrP), a well-known layered inorganic
aterial exhibits proton conductivity and ion exchange and
dsorption properties [14–17]. ZrP is also an important solid acid
atalyst [18–20] with high thermal stability, high water tolerance
bility and easy sedimentation [11,21]. However, its use as a solid
cid catalyst is limited to dehydration, isomerization and ester
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hydrolysis [11,18–20]. Use of layered ZrP as solid acid catalyst
for the synthesis of industrially important fine chemicals involv-
ing bulky molecules is rare, due to its low surface area and small
interlayer distance (0.76 nm) [14], that often limit the reactions
of bulkier molecules only to the surface [22,23]. To increase the
surface area and interlayer distance, attempts have been made to
synthesize its “pillared” derivatives through intercalation of inor-
ganic, organic and organometallic molecules [24,25].

Mesoporous zirconium phosphate (m-ZrP) with uniform pore
diameter (>2 nm) is an alternative of layered ZrP and may improve
its surface area as well as its catalytic activity towards bulky
molecules. Different groups have synthesized surfactant-assisted
m-ZrP with surface areas in the range of 200–500 m2 g−1 [26–31]
using zirconium oxychloride and moisture-sensitive zirconium
alkoxide in acidic conditions. Beside these, syntheses of m-ZrP by
basic route [32], acid–base pair route [33] and non-template route
[34] are also available. However, catalytic use of m-ZrP is rare and
limited only to esterification, ester hydrolysis and dehydration of
alcohol [26,29,32].
Here, we report the preparation of thermally stable m-ZrP
with excellent acidic nature, high surface area (532 m2 g−1) and
narrow pore size distribution (∼2.9 nm) by employing in situ
generated zirconium carbonate complex as zirconium precursor,
and cetyltrimethylammonium bromide (CTAB) as surfactant under
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http://www.sciencedirect.com/science/journal/0926860X
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asic condition (pH 9.2). The activity of the synthesized m-ZrP as
olid acid catalyst was explored in the Friedel–Craft (F.C.) benzyla-
ion of benzene to bi-phenyl methane. Also, 7-hydroxy-4-methyl
oumarin, 3,4-dihydropyrimidine, chalcone and flavanone, ben-
oxanthene and ketal of cyclohexanone were synthesized using
he catalyst. All the synthesized compounds and their derivatives
re industrially important and have versatile applications either
irectly or as synthetic intermediates [35–37]. All these reactions
ere carried out in solvent-free conditions.

. Experimental

.1. Materials

Zirconium oxychloride octahydrate (ZrOCl2•8H2O), di-
mmonium hydrogen ortho-phosphate [(NH4)2HPO4] and
etyltrimethylammonium bromide (CTAB) were purchased from
. d. Fine chemicals, India; Ammonium carbonate was purchased
rom Rankem, India and used as such. Water with a resistivity
f 18 M� cm was used for all the reactions. All the chemicals
or organic reactions were purchased from Spectrochem and SRL
ndia.

.2. Synthesis of m-ZrP

Syntheses of m-ZrP were performed using the optimized
mounts of water and CTAB. Only the ratio of phosphate was varied
nd the molar composition for all the syntheses was 1 Zr4+: 0.25 − 3
O4

3−: 0.25 CTAB: 1000 H2O. In this paper, the m-ZrPs synthesized
ith varying amounts of phosphate are named as m-ZrP-x, where
stands for the molar ratio of phosphate to zirconium (P/Zr) in the
recursor solution.

In a typical synthesis of the m-ZrP-2 with 1Zr4+: 2 PO4
3−:0.25

TAB: 1000 H2O molar ratio, 8.0 g zirconium oxychloride was dis-
olved in 100 ml of water. A dilute aqueous solution of ammonium
arbonate was added slowly to the zirconium oxychloride solu-
ion under continuous stirring. A white precipitate appeared. After
omplete precipitation, the precipitate was filtered off and washed
ith water to remove the chloride ions. The chloride free precipi-

ate was re-dissolved in aqueous solution of ammonium carbonate
5 g); a clear solution was obtained and the volume of the solution
as make up to 175 ml by water. A fifty ml aqueous solution of

.55 g di-ammoniumhydrogen orthophosphate was added to the
lear solution and the mixture was stirred for 20 min. This clear
olution mixture was added at a fixed flow rate (5 ml min−1) to a
re-prepared 225 ml 1% (w/v) aqueous solution of CTAB under con-
tant stirring. It resulted in a white precipitate. The whole reaction
ixture was stirred for 12 h at ambient condition, then aged at 80 ◦C

or 2 days and at 90 ◦C for 1 day in a closed glass reactor. Then, it
as aged for another one day in a teflon lined autoclave at 120 ◦C.
fter cooling, the reaction mass was filtered, washed thoroughly
ith distilled water and dried in a hot air oven at 80 ◦C. The dried

amples were calcined at 550 ◦C for 6 h to get pure mesoporous
irconium phosphate.

.3. Catalyst characterization

Powder X-ray diffraction patterns were collected in two differ-
nt 2� ranges of 1–7◦ and 20–80◦ with a Philips X’pert X-ray powder

iffractometer using Cu K� (� = 1.54178 ´̊A) radiation.
Nitrogen adsorption/desorption measurements were per-
ormed at 77 K using a ASAP 2010 Micromeritics instrument, USA,
fter degassing of samples under vacuum (10−2 Torr) at 250 ◦C for
h. The surface area was determined by the BET equation. Pore size
istributions were determined using BJH model of cylindrical pore
pproximation.
ysis A: General 385 (2010) 22–30 23

An inductively coupled plasma-optical emission spectropho-
tometer (ICP-OES, Optima 2000 DV, PerkinElmer, Eden Prarie, MN)
was used to determine the percentage of the phosphate ion incor-
porated in the calcined samples.

A scanning electron microscope (SEM) (Leo series 1430 VP)
equipped with INCA was used to determine the morphology of sam-
ples. The sample powder was supported on aluminium stubs and
then coated with gold prior to measurement.

Transmission electronic microscope (TEM) images were col-
lected using a JEOL JEM 2100 microscope. Samples were prepared
by mounting ethanol-dispersed samples on lacey carbon formvar
coated Cu grids.

31P solid-state NMR was performed using a Bruker AvanceII-500
spectrometer.

The FT-IR spectroscopic measurements and Diffuse reflectance
FT-IR (DRIFT) measurements were carried out using a PerkinElmer
GX spectrophotometer. The spectra were recorded in the range
400–4000 cm−1 using a KBr technique.

Temperature programmed desorption (TPD) measurements
were conducted on a Micromeritics Autochem-II Chemisorption
analyzer instrument, and for this 200 mg of sample were placed
in a U-shaped sample tube. Samples were pre-treated in helium
(35 cm3 min−1) at 250 ◦C for 30 min and then, 1 h at 350 ◦C and
cooled to 100 ◦C. Then ammonia (100 Torr) was adsorbed on the
samples for 1 h. The physisorbed ammonia was removed by flush-
ing the sample by helium for 1 h. TPD measurements were carried
out in the temperature range of 100–900 ◦C.

2.4. Catalytic application

All catalytic organic reactions were performed under reflux
condition using a pre-heated oil bath under ambient pressure
in solvent-free conditions with continuous stirring (500 rpm).
Catalytic activity of the synthesized m-ZrPs was studied in
Friedel–Craft benzylation reaction. The effect of phosphate loading
in m-ZrP on catalytic activity for benzylation of benzene by ben-
zylchloride was studied. The effect of reaction parameters, such as
reaction time (1–6 h), reaction temperature (70–140 ◦C), amount of
catalyst (1–5 wt%) and ratio of benzene to benzylchloride (14:1 to
1:1) on the benzylation reaction of benzene were also studied.

In a typical benzylation reaction of benzene by benzylchlo-
ride, 7.5 mmol of benzylchloride and 75 mmol of benzene with
2.5 wt% (weight percent) catalyst with respect to benzylchloride
was refluxed at 110 ◦C for 5 h under constant stirring and the final
product was analyzed by GC–MS (GC–MS QP 2010, Shimadzu). Ben-
zylations of substituted benzenes such as toluene, xylene, anisole,
phenol, chloro benzene or nitro benzene by benzylchloride were
also performed in optimized condition. At the end of the reaction,
the catalysts were separated from reaction mixtures by centrifug-
ing and regenerated by a simple regeneration step for re use. Each
used sample was re-cycled for six times. In a typical procedure
for regeneration of the catalyst, 1 g of catalyst was refluxed with
40 ml 30% (w/v) H2O2 for 3 h at 80 ◦C with continuous stirring. Then
the catalyst was filtered, washed with distilled water, and dried at
100 ◦C for 3 h.

Another five different acid catalyzed reactions were also
performed using the best m-ZrP catalyst (as identified in
benzylation reaction) to check the catalytic efficiency of the
synthesized m-ZrP, which includes synthesis of 7-hydroxy-4-
methyl coumarin by Pechmann condensation reaction using
resorcinol and ethylacetoacetate; synthesis of 14-phenyl-14H-

dibenzo[a,j]xanthene using benzaldehyde and �-naphthol; synthe-
sis of 3,4-dihydropyrimidin-2(1H)-ones by Biginelli type reaction
using ethylacetoacetate, benzaldehyde and urea; synthesis of chal-
cone and flavanone by Claisen–Schmidt condensation reaction
using 2′-hydroxyacetophenone and benzaldehyde; protection of
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ig. 1. N2 adsorption–desorption isotherm and corresponding pore size distribu-
ion curves (inset) of the synthesized mesoporous zirconium phosphate calcined at
50 ◦C for 6 h.

arbonyl group of cyclohexanone by ethylene glycol through ketal
ormation. The detailed experimental procedures of these reactions
re described in supporting information.

Separately, all the above-mentioned reactions were performed
nder identical procedure and conditions, using conventional lay-
red ZrP as catalyst. The layered ZrP was synthesized following the
ethod described by Alberti and Costantino [38].
The hydrolysis of ethyl acetate and esterification of acetic acid

ith ethanol in aqueous solution were performed, following the
rocedure described by Kamiya et al. [11] using m-ZrP-2, to evalu-
te the water tolerance capacity of the synthesized m-ZrP.

. Results and discussion

.1. Catalyst characterization

m-ZrP was synthesized hydrothermally using zirconium car-
onate complex as the source of zirconium in the presence of
i-ammonium hydrogen ortho-phosphate and CTAB, with a molar
atio of 1 Zr4+:0.25–3 PO4

3−:025 CTAB:1000 H2O. After aging and
rying, the as-synthesized samples were calcined at 550 ◦C to
emove the structure-directing reagent (CTAB).

.1.1. Textural properties
Table 1 summarizes the effects of the amount of phos-

hate in the precursor solution on textural properties like

pecific surface area (SBET, m2 g−1) and average pore size dis-
ribution (Dave, nm) on synthesized m-ZrP. Fig. 1 represents
he nitrogen adsorption–desorption isotherms and pore size dis-
ribution curve of m-ZrP-2 as typical representative. Nitrogen
dsorption–desorption isotherm patterns of all the samples are

able 1
extural, structure and composition results of m-ZrP samples calcined at 550 ◦C.

Samples Reactant ratio of Zr4+:PO4
3−:CTAB:H2O SBE

m-ZrP-0.25 1:0.25:0.25:1000 263
m-ZrP-0.5 1:0.5:0.25:1000 398
m-ZrP-1 1:1:0.25:1000 394
m-ZrP-1.5 1:1.5:0.25:1000 391
m-ZrP-2 1:2:0.25:1000 407
m-ZrP-2.5 1:2.5:0.25:1000 396
m-ZrP-3 1:3:0.25:1000 261

a BET surface area.
b Average pore width (4V/A by BET).
c Low angle peak positions.
d Determined from the elemental analysis.
Fig. 2. Relation of surface area with calcination temperature of m-ZrP-2.

almost identical and correspond to type IV indicating that the syn-
thesized m-ZrPs are mesoporous in nature, except m-ZrP-0.25.
Nitrogen adsorption–desorption isotherms patterns of m-ZrP-0.25
is correspond to type II typically pores between the particles. The
pore size distribution analysis using BJH method from desorption
part of the isotherm of m-ZrP-2 (inset Fig. 1) reveals a very narrow
pore size distribution. From the data listed in Table 1, one can con-
clude that the samples synthesized using phosphate to Zr molar
ratio in the range of 0.5–2.5 in the precursor solution do not show
any significant variation on surface area (391–407 m2 g−1) as well
as pore size (Table 1). For the samples synthesized using the molar
ratio of phosphate to zirconium beyond the range, i.e., m-ZrP-0.25
and m-ZrP-3, the surface area is low and at the same time the pore
size is low for m-ZrP-0.25 and high for m-ZrP-3 (vide supra).

The sample m-ZrP-2 was calcined at different temperature
(450–800 ◦C) for 6 h to study the effect of calcination tempera-
ture on the specific surface area of the synthesized m-ZrP. Fig. 2
represents the change of surface area with calcination temper-
ature. It shows gradual reduction in specific surface area from
532 m2 g−1 (calcined at 450 ◦C) to 223 m2 g−1 (calcined at 800 ◦C)
with increasing calcination temperature. The specific surface area
of m-ZrP-2 after calcining at 800 ◦C is much higher than that found
in the previous report (132 m2 g−1) [34], which suggests that the
as-synthesized m-ZrP in the present investigation has high thermal
stability.

3.2. Structure and composition analysis
3.2.1. XRD pattern
Wide and small angle powder XRD patterns of calcined m-ZrP

samples are shown in Fig. 3. The wide angle powder XRD pat-
terns of calcined samples exhibit two broad peak in 2� ranges of

T
a (m2 g−1) Dave

b (nm) 2�c P/Zrd

2.6 – 0.22
2.9 2.25 0.42
2.9 2.2 0.95
2.9 2.25 1.43
2.8 2.2 1.76
2.8 2.2 1.93
5 1.7 2.21
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in the solid state 31P MAS NMR of m-ZrP-2. The FT-IR spectra of
m-ZrP-2 calcined at different temperatures and m-ZrP samples syn-
ig. 3. Wide angle (a) and small angle (b) XRD patterns of synthesized m-ZrP.

0–40◦ and 40–70◦ (Fig. 3a) indicating their amorphous nature.
nly for the m-ZrP-0.25 was a distinct crystalline peak of zirco-
ia was observed, where the phosphate to zirconia ratio was very

ow (0.25). In other samples, no individual crystalline peaks of zir-
onium phosphate and zirconia were observed even after calcining
t 800 ◦C. This again confirms the high thermal stability of synthe-
ized m-ZrP. A single broad peak in small angle region was observed
t around 2� = 2.2–2.3, corresponding to a d-value of ∼4 to 3.8 nm
Fig. 3b). No significant change in the small angle peak positions was
bserved on varying phosphate loading in the precursor solution in
he range of 0.5–2.5. Lowering of the peak position was observed
n samples synthesized taking P/Zr ratio beyond the range. The
hifting of low angle XRD peak position towards low angle (i.e.,
igher d-value) was observed in the sample m-ZrP-3. This result
lso supports the increase of average pore width in BET surface
rea measurements for m-ZrP-3, whereas, in m-ZrP-0.25 no distinct
RD peak was identified in low angle region. The low angle diffrac-

ion peak also signifies the formation of a mesoporous zirconium
hosphate phase unlike normal intercalated or layered zirconium
ydrogen phosphate [39]. Presence of only one broad peak implies
he presence of pores in short range order.

From the ICP data (Table 1), it is evident that, the phosphate
ncorporation was gradually increased in m-ZrP as the amount of

hosphate was increased in the precursor solution. Initially the

ncorporation of phosphate was linear, and then it started decreas-
ng when the P/Zr molar ratio equals to 1.5.
ysis A: General 385 (2010) 22–30 25

3.2.2. Morphology
Fig. 4 represents the SEM and TEM micrographs of the synthe-

sized m-ZrP-2 calcined at 550 ◦C for 6 h, as a typical example. The
SEM micrograph (Fig. 4a) shows spherical particles in nature with
very smooth surface. The low resolution TEM micrograph (Fig. 4b)
indicates that all the spherical particles are attached together and
porous. A comparatively more magnified microgram (Fig. 4c) con-
firms the presence of worm like pore structures. The pores are
highly mono-dispersed with an average pore size of ∼3 nm, sup-
porting the average pore size data obtained from BET results. SEM
and TEM results of all the calcined (450–800 ◦C) samples show sim-
ilar uniform morphology.

3.2.3. 31P MAS NMR spectroscopy
Solid-state 31P MAS NMR spectra of the synthesized m-ZrP sam-

ples were performed to evaluate the co-ordination state of the
phosphorous atom. Fig. 5 represents the 31P MAS NMR spectra
of as-synthesized and calcined (550 ◦C) m-ZrP-2 as typical rep-
resentative. Peaks at −5.8 and −12.6 ppm in the as-synthesized
m-ZrP-2 can be assigned to the tetrahedral phosphates connected
with one [(OH)3P–OZr] zirconium atom and two [(OH)2P–(OZr)2]
zirconium atom, respectively. The sample calcined at 550 ◦C (Fig. 5)
showed low intense peaks at −6.1 [(OH)3P–OZr] and −16.2 ppm
[(OH)2P–(OZr)2] and a high intense peak at −21.3 ppm due to
the presence of the tetrahedral phosphates connected with three
zirconium atoms[(OH)P–(OZr)3] [40]. On further increment of cal-
cination temperature of m-ZrP-2 at 650 ◦C, a peak at −24.7 ppm
was observed indicating the presence of phosphate with 4 P–O–Zr
bonds. Spectra of the samples calcined at 750 and 800 ◦C showed
the presence of an intense peak at −24.7 ppm and a low intense
peak at −30.1 ppm, implying the presence of large amount phos-
phate with 4 P–O–Zr bonds and small amount of P–O–P bonds
respectively [40]. The changes in 31P NMR peak position are due to
changes of the environment of the phosphate group on calcination.
It may be possible that the connectivity of phosphorous atom of the
synthesized material was increased during calcination and at a very
high temperature a certain amount of phosphate was converted to
poly phosphate. The as synthesized and calcined (550 ◦C) samples
with different amount of phosphate loading showed almost iden-
tical spectra to that of m-ZrP-2, except m-ZrP-3. The spectra of the
m-ZrP-3 shows the peaks at −18.5, −24.7 and −30.1 ppm, which
can be attributed to the presence of [(OH)P–(OZr)3], [P–(OZr)4]
and polyphosphate (P–O–P) bonds. The relevant broad resonance
peak in 31PNMR may be due to amorphous nature of m-ZrP
which lacks the atomic resolution that is present in crystalline
phosphate.

3.2.4. FTIR spectroscopic analysis
FTIR spectra of as-synthesized and calcined (550 ◦C) m-ZrP-2

(Fig. 6a) show absorption bands at 1000–1100 cm−1 correspond-
ing to P–O stretching vibration and bands at 2361 cm−1 due to the
(P)–OH stretching vibration [41]. The bands at 3500 and 1650 cm−1

are attributed to the asymmetric OH stretching and bending of
water molecule, respectively. Bands at 1471 and 2800–3000 cm−1

that disappear after calcinations are assigned to the C–H stretch-
ing of the surfactant. After calcinations in the P–O stretching region
(1000–1100 cm−1), the bands shift towards higher wave numbers
by ca. 55–65 cm−1,which indicates that the P–O bonds in the tetra-
hedra become more covalent. The absence of band at ∼750 cm−1

suggests the nonexistence of P–O–P (poly phosphate) like groups
which would also explain the absence of signal at around −30 ppm
thesized with varying amount of phosphate shows almost identical
patterns to that of m-ZrP-2, except for m-ZrP-2 calcined at 800 ◦C
and m-ZrP-3. In these two samples an additional peak at 755 cm−1
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Fig. 4. SEM (a) and TEM (b

s observed, which would again support the result of 31P MAS NMR
pectra, the presence of a polyphosphate group.

.3. Determination of acidity of m-ZrP by DRIFT and TPD

For the determination of surface acidity of m-ZrP, FT-IR using
yridine as probe molecule is an important and effective method.
yridine forms pyridinium ions with protons (Brönsted acid sites)
nd is coordinated to electron-pair deficient site (Lewis acid cen-
ers) [42]. In DRIFT spectra of the pyridine absorbed m-ZrP-2

Fig. 6b), the strong bands at 1634 and 1541 cm−1 indicating typi-
al pyridinium ion confirming the presence of Brönsted acid sites.
his Brönsted acidity arises probably due to the presence of reason-
ble amount of geminal P (OH) groups [43]. The band at 1450 cm−1

ig. 5. Solid-state 31P MAS NMR spectra of the as synthesized and calcined m-ZrP-2.
) micrographs of m-ZrP-2.

is due to the pyridine attached to a Lewis acid centre. The band
at 1489 cm−1 is a combination band between two separate bands
at 1541 and 1450 cm−1, corresponding to Brönsted and Lewis acid
sites, respectively. With an increasing temperature during DRIFT
analysis, the intensity of 1450 and 1489 cm−1 bands are decreased,
however the intensity of the 1541 cm−l band remains almost the
same, indicating that the Lewis acid sites are weak compared
to the Brönsted acid sites (Fig. 6b). It is possible to measure a
semi-quantitative ratio of Brönsted and Lewis acid sites present
in the catalyst by calculating area under the peak of 1450 cm−1

(exclusively due to pyridine at Lewis acid sites) and 1541 cm−1

(exclusively due to pyridine at Brönsted acid sites) [44]. The ratios
of Brönsted and Lewis sites of all the catalyst are presented in
Fig. 7. As can be seen in Fig. 7, increase in phosphate loading in
m-ZrP samples gradually increases Brönsted acidity up to P to Zr
ratio of 2. Brönsted acidity values of m-ZrP-2 and m-ZrP-2.5 (P/Zr
ratio 2 and 2.5) are almost the same. Further increase of phosphate
content (m-ZrP-3, P/Zr ratio 3) results in a decrease in Brönsted
acidity. Moreover, a gradual increase of phosphate (confirmed by
ICP results) as well as of P–OH groups causes an increase in Brönsted
acid sites. The decrease in the Brönsted acidity in m-ZrP-3 may be
due to the formation of polyphosphate, as a single poly-phosphate
bond formation occurs by sacrificing two P–OH groups (responsible
for Brönsted acidity).

NH3-TPD was measured to evaluate the total acidity and the
strength of acid sites of the synthesized m-ZrP. The characteris-
tic TPD curves of all the samples are very similar. NH3-TPD curve of
m-ZrP-2, calcined at 550 ◦C (Fig. 8) shows that desorption of ammo-
nia starts significantly at 205 ◦C, and does not complete even at

◦ ◦
900 C. Further, one distinct peak, centered at 433 C with a hump at
∼326 ◦C is also observed. The result indicates the presence of signif-
icant amount of strong acid sites in the calcined m-ZrP. In addition,
Fig. 7 illustrates the total concentration of acid sites of all sam-
ples and in particular, shows that the total acidity of the samples
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ig. 6. FT-IR spectra of as synthesized and calcined m-ZrP-2 (a) and DRIFT spectra
f pyridine absorbed m-ZrP-2 at various temperature 50–450 ◦C (b).
ncreases gradually with increasing phosphate loading. It reaches
maximum in m-ZrP-2, with a P/Zr value of 2 due to enhanced

–OH group concentration. Further addition of phosphate loading
ecreases the acidic properties, probably because of polyphosphate
ormation. It is interesting to note that the P–OH groups present

ig. 7. Contribution of Brönsted and Lewis acid sites in surface acidity as obtained
rom DRIFT measurements using pyridine as probe. Total acidity obtained from NH3-
PD.
Fig. 8. NH3-TPD profile of m-ZrP-2.

on the surface are responsible for the acidity that was measured
by TPD analysis. The total acidity also decreased with increasing
the calcinations temperature. Initially (450–550 ◦C) the decrease
in acidity with the increase in calcination temperature was nom-
inal, but at a higher temperature (800 ◦C) the total acid strength
decreased remarkably; this may be due to the decrease in surface
area and polyphosphate formation.

3.4. Formation mechanism

Mesoporous ZrP is synthesized hydrothermally using zirconium
carbonate complex, di-ammonium hydrogen ortho-phosphate and
CTAB as cationic pore directing agents in basic medium (pH ∼9.2).
As zirconium exhibits very pronounced polyoxo ion chemistry in
aqueous solution [45], depending on the reaction conditions, there
are various possibilities for preparing mesostructure phosphate
composite. The zirconium ions in basic aqueous solution (pH 9.2)
exist as negatively charged species (isoelectric point of hydrous
zirconium is 6–8 depending upon other ions in the solution) in
aqueous solution. In the present studies we have used cationic
surfactant CTAB as pore directing agent, analogous to MCM-41 syn-
thesis, the charge interaction between anionic inorganic species (I¯)
and cationic surfactant (S+) induces mesostrucrure formation. The
phosphate interacts with hydroxyl groups of zirconium. Phosphate
ion can form three types of bonds with zirconium (Fig. 9). During
surfactant removal through calcination, the pore structure may col-
lapse partially due to self-condensation of –OH groups in hydrated
zirconium phosphate. However, the phosphate ions attached to
zirconium ion in a cross-linked way (Fig. 9a) are expected to stabi-
lize the pore structure and prevent pore collapsing. The phosphate

ions bonded to Zirconium as in Fig. 9b may, however, be unable to
stabilize the structure effectively, as they are co-ordinated in an iso-
lated manner. Phosphate ions bonded according to Fig. 9b condense
with neighboring phosphate groups or free phosphate groups and
formed the bond as seen in Fig. 9c [45].

Fig. 9. Probable structure of phosphate with zirconia.
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selectivity were examined in the temperature range of 70 and
140 ◦C in the absence of solvent using m-ZrP-2 as catalyst (Fig. 11).
It was found that the conversion of benzylchloride increased grad-
ually with temperature (70–110 ◦C) having excellent selectivity of
cheme 1. Organic reactions performed using synthesized mesoporous ZrP as solid
cid catalyst.

When the amount of phosphate is very low (m-ZrP-0.25,
/Zr = 0.25) in comparison to the total zirconium ions, zirconium
ons are partially stabilized. On calcination, partial crystallization of
on-stabilized zirconium took place, which resulted in the forma-
ion of non-structural pores and reduction of structural pore size.
o the surface area of m-ZrP-0.25 is less and pores are random.
or the presence of random and nonstructural pores, we could not
dentify any peak in the low angle region. With an increase in the
mount of phosphate, particularly for the m-ZrP samples where the
/Zr ratio in the precursor is ≥0.5, maximum stabilization of zirco-
ium ion takes place. So the samples are amorphous in nature as
he maximum zirconium ions are stabilized by phosphate ion even
fter calcination at 800 ◦C.

.5. Catalytic performances

The catalytic performances of the synthesized m-ZrP were
creened in the liquid phase F. C. benzylation reaction of aromatic
ompounds using benzylchloride as benzylating agent in solvent-
ree condition (Scheme 1).

In the first set of experiments, the benzylation reaction was car-

ied out using 75 mmol of benzene and 7.5 mmol of benzylchloride
t 110 ◦C using 2.25 wt% (with respect to benzylchloride) of synthe-
ized m-ZrP as solid acid catalysts. Fig. 10 represents the respective
eaction profiles. As can be seen, all the catalysts with different
hosphate loadings show a similar profile and exhibit conversion
Fig. 10. Reaction profile (conversion) obtained for the benzylation of benzene with
benzylchloride over the prepared m-ZrP catalyst.

of benzyl chloride ranging from 82 to 94% with 100% selectivity
for bi-phenyl methane in 5 h. The conversion of benzylchloride
increases gradually with increasing reaction time and becomes
steady after a certain time (Fig. 10). Since observed selectivity is
100% for all the catalysts, the conversion can be used as a good
indicator of catalytic activity, and consequently the obtained con-
versions were used to compare the catalytic performances of the
different prepared samples. As can be seen in Fig. 10, samples with
different amounts of phosphate loading has significant influence in
benzylation reaction; conversion increases gradually with increas-
ing amount of phosphate. The conversion reaches ∼94% in the
presence of m-ZrP-2 and m-ZrP-2.5 (P/Zr = 2 and 2.5 respectively).
With further increase of phosphate (m-ZrP-3) the conversion
decreases. The surface areas of all the catalysts are almost the
same except m-ZrP-3, but the acidity increased with phosphate
and decreased above P/Zr ratio of 2.5. So, increase in catalytic
activity is only due to the increase of acidic nature of the cata-
lyst. Due to its better performance, m-ZrP-2 was used for further
studies.

The effects of reaction temperature on catalytic activity and
Fig. 11. Effect of reaction temperature on the benzylation of benzene with ben-
zylchloride over the m-ZrP-2.
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Table 2
Friedel–Craft benzylation reaction of different substituted benzene by benzylchloride and m-ZrP-2 as solid acid catalyst.

Entry Substrate Conversiona (wt%) Name of product Selectivity (%)

o- m- p-

1 Toluene 94 Benzylmethyl benzene 33 0 67
2 Ethyl benzene 97 Benzylethyl benzene 47 0 53
3 o-Xylene 99 4-Benzyl-1,2-dimethyl-benzene 100
4 p-Xylene 88 2-Benzyl-1,4-dimethyl-benzene 100
5 Anisole 92 Benzylmethoxy-benzene 38 0 62

Benzyl phenol 52 0 48

R t%; temperature, 70 ◦C; time, 5 h.
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eaction conditions: substrate, 70.5 mmol; benzylchloride, 8.7 mmol; catalyst, 2.7 w
a Conversion was calculated with respect to benzylchloride.

i-phenyl methane formation (100%). Further increase in tempera-
ure increases the conversion slightly but decreases the selectivity
ignificantly. A di-benzylated product was observed at higher tem-
erature. At elevated temperature, the rate of reaction became very
igh and favored the di-benzylated product.

The effect of amount of reactants and catalyst were also stud-
ed for the FC reaction. When the benzene/benzyl chloride molar
atios were in the range of 14:1 to 6:1, conversion was ∼94% with
00% selectivity. For further decrease in the ratio, the conversion
nd selectivity decreased slightly. The conversion was 83% with 94%
electivity when the ratio was 1:1. Again, it was found that the con-
ersion gradually decreased as the amount of catalyst decreased
rom 2.5 wt%. However, the effect on conversion and selectivity
as almost negligible as the catalyst amount was increased from

.5 wt%.
Due to its better catalytic activity for the benzylation of benzene

sing benzylchloride as benzylation reagent, m-ZrP-2 was used as
cid catalyst for a series of benzylation reactions of substituted ben-
ene in optimized conditions. The results are depicted in Table 2.
he substituting groups in the benzene ring have great influence on
onversion. Substituted benzene rings attached to electron donat-
ng groups show relatively high conversion, whereas benzene rings

ith electron withdrawing groups (–Cl, –NO2 and –CHO) did not
articipate in the reaction.

Both Lewis acid- as well as Brönsted acid-catalyzed benzylation
eaction mechanisms has been reported in the literature [46,47].

e believe that both Lewis and Brönsted acid sites are responsible
n the present reaction, as m-ZrP-2 calcined at 650 ◦C and m-ZrP-
.25 calcined at 550 ◦C showed almost the same conversion and
electivity values. However, both catalysts have comparable sur-
ace area and total acidity, but they varied in ratio of Lewis and
rönsted acid sites. Detailed mechanistic studies are beyond the
cope of the present work; still a proposed mechanism is described

n the “supporting information”.

In order to check the recyclability, we reused the catalyst six
imes in the benzylation reaction of benzene after regeneration. No
ignificant change in catalytic efficiency was observed compared to
resh catalyst. The efficiency of the catalyst was not affected even

able 3
atalytic activity of m-ZrP-2 towards different organic reactions.

Reaction Product Reaction conditi

Pechmann a 160 ◦C, 4 h
Biginelli b 130 ◦C, 1 h
Claisen–Schmidt c,d 150 ◦C, 5 h
Protection e 50 ◦C, 5 h
Benzoxanthene f 140 ◦C, 3 h

a 7-Hydroxy-4-methylcoumarin.
b 5-Ethoxycarbonyl-6-methyl-4-phenyl-3,4-dihydropyrimidin-2(1H)-one.
c Flavanone.
d 2ı̌-Hydroxychalcone.
e 1,4-Dioxaspiro-[4,5]-decane.
f 14-Phenyl-14H-dibenzo[a,j] xanthene.
Fig. 12. Re-use of catalyst m-ZrP-2 for F. C. benzylation of benzene with benzylchlo-
ride.

after six cycles (Fig. 12). After the sixth cycle, 85 wt% conversion
of benzylchloride was observed with 97% selectivity. The catalyst
regenerated after each reaction was characterized for its chemical
composition by elemental analysis, FT-IR and 31P NMR. No signifi-
cant changes in composition or in environment of phosphate group
in zirconium phosphate were observed after regeneration.

The water tolerance ability of the synthesized m-ZrP catalyst
was verified by hydrolysis of ethyl acetate and esterification of
acetic acid with ethanol, following the procedure described by
Kamiya et al. [11]. Very high catalytic activity for both hydrolysis
(22%) and esterification (41%) was observed, which are much better
than the results reported by Kamiya et al. (8 and 20%, respectively).

The difference in activity is most probably due to the differences in
surface area as well as in acidity. Here it should be mentioned that
the crystalline layered ZrP does not have any catalytic activity for
the above mentioned hydrolysis and esterification [48].

ons Conversion (wt%) Selectivity (%)

94 100
90 99
80 59c and 41 d

97 99
94 100
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Table 4
Comparative chart of catalytic activity of m-ZrP-2 and layered ZrP.

Catalyst F.C. benzylation Peachmann condentation Claisen-Schmidt condensation Biginelli

m-ZrP-2 96a, 100b 94c 80a, 41/59b 90a, 99b

ZrP* 73a, 87b 69c 57a, 46/56b 93a, 51b

ZrP 61c [22]
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rP*, layered zirconium phosphate was synthesized following previous report.
a Convertion.
b Selectivity.
c Yield.

As m-ZrP-2 was found to be highly effective for F.C. benzyla-
ion reaction, it was further employed in various acid catalyzed
eactions such as synthesis of 7-hydroxy-4-methylcoumarin by
echmann reaction between resorcinol and ethylacetoacetate, syn-
hesis of bezoxanthene (14-phenyl-14H-dibenzo[a,j]xanthenes)
sing a mixture of benzaldehyde and �-naphthol, Claisen–Schmidt
ondensation reaction using benzaldehyde and acetophenone, and
rotection reaction of cyclohexanone through ketal formation
sing ethylene glycol (Scheme 1). To make all the procedures more
cceptable and more environmentally friendly, the reactions were
erformed in solvent-free condition. The conversion-selectivity for
esired compounds of the above mentioned reactions are summa-
ized in Table 3. The catalytic activity of the synthesized m-ZrP-2 is
uite remarkable towards these organic transformations. All reac-
ions were also repeated using layered ZrP as solid acid catalyst for
omparison. Table 4 represents the comparison of catalytic activity
f synthesized m-ZrP-2 and of layered ZrP. In Table 4, it is evident
hat the catalytic activity with respect to the conversion and selec-
ivity for desired product using synthesized m-ZrP as solid acid
atalyst is much superior to that of layered ZrP.

. Conclusions

m-ZrP, with high surface area and narrow pore size distribu-
ion was prepared through a simple, versatile, and economical
ynthetic procedure. The synthesized m-ZrP exhibits ultra high
hermal stability, which is far better than that of ZrP synthesized
y previously reported methods. The synthesized m-ZrP shows
ery strong acidic properties with appreciable amounts of Brön-
ted acid sites, tunable with phosphate loading. The synthesized
-ZrP is water tolerant. The m-ZrP shows excellent catalytic activ-

ty towards benzylation reaction of benzene as well as substituted
enzene with benzylchloride. The catalyst results one as high as 94%
onversion of benzylchloride with 100% selectivity for di-phenyl
ethane in benzylation of benzene. The conversion and selectiv-

ty are highly dependent on reaction time, temperature, amount of
atalyst and ratio of substrate. The catalyst is also highly effective
s a solid acid catalyst for a large variety of acid catalyzed reac-
ions involving small as well as bulky molecules in solvent-free
onditions. The catalytic activity of the synthesized m-ZrP is much
igher than that of layered ZrP. The m-ZrP can be recycled at least
ix times without significant loss of its catalytic activity.
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