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Super-microporous hexagonal niobium phosphate synthe-
sized using neutral surfactant (S0I0 mechanism) and cubic
structure with cationic surfactant (S+X-I+); the hexagonal
niobium phosphate possesses an excellent anion exchange
capacity (6.3 mmol g21) and high product selectivity
towards 4-naphthaquinone (88.6%) in the oxidation of
1-naphthol in presence of aqueous H2O2.

Discovery of M41S silicates by Mobil scientists in 19921 has
stimulated considerable interests in this new class of mesopor-
ous materials. Subsequently, a variety of transition metal oxides
and a few non-lamellar transition metal (Ti, Zr, Fe and V)
phosphate2,3 mesoporous molecular sieves have been synthe-
sized, through self-assembly of inorganic precursors and
surfactants into supramolecular aggregates.2–4 Recently, syn-
thesis of mesoporous tin phosphates using a long chain
alkyltrimethylammonium bromide has been reported.5 Phos-
phate-based molecular sieves with mostly neutral frameworks
have attracted considerable attention of academia and industry.6
Commercial anion exchangers are mostly organic based, such
as anion-exchange resigns. Cation-exchange materials are very
common for inorganic materials (e.g. zeolites),7 whereas anion-
exchangeable inorganic materials are rarely reported in the
literature. Hydrotalcite,8 mesoporous titanium phosphate2a and
an aluminophosphate derived from a polyoxometalate cluster9

are the only examples of such materials.
All reported non-lamellar mesoporous transition metal phos-

phates have been synthesized through the S+I2, S2I+ or S+X2I+

mechanism (where S = surfactant, I = inorganic species and X
= counter ions).2,3 Moreover, in the synthesis of mesoporous
transition metal phosphates, equimolar amounts of the metal
source and phosphoric acid have been used, therefore the
possibility of reproduciblity of the metal to phosphorus ratio in
the product is uncertain.

Herein we describe, for the first time, (a) use of the hydrogen
bonding mechanism (S0I0) to synthesize novel super-micro-
porous transition metal (niobium) phosphate with high anion
exchange capacity using hexadecyl amine (HDA) as surfactant
and (b) formation of niobium phosphate with cubic structure
using hexadecyltrimehtylammoium bromide (CTMABr)
(S+X2I+).

In a typical synthesis, 2.73 g of NbCl5 (10 mmol) was
partially hydrolyzed with 50 g of H2O. 2.30 g of H3PO4 (20
mmol) was then added, which caused a vigorous reaction. 50 g
of H2O was then added and the reaction mixture stirred for 30
min. Aqueous ammonia was added until the pH reached 2.60.
The resulting precipitate was filtered off and washed with
distilled water several times to remove excess chloride ions. 10
g of H2O and 1.45 g of HDA (6 mmol) was added to the
precipitate in a plastic beaker and stirred for 30 min. Finally, the
required amount of H3PO4 (0.92 g, 8 mmol) was added, with the
pH maintained at 3.88 under stirring for 30 min. The gel was
heated in a Teflon lined stainless steel autoclave at 65 °C under
autogeneous pressure for 2 days. The final product was filtered
off, washed with distilled water, dried at 100 °C and calcined at
450 °C for 6 h. This sample is referred to as NbPO-1H. In
another typical procedure using CTMABr as surfactant, 34.6 g
of H3PO4 (300 mmol) was added to 2.73 g of NbCl5 (10 mmol)

in 40 g of H2O followed by the addition of 1.82 g of CTMABr
(5 mmol) under stirring for 15 min. Finally, heating in a Teflon-
lined stainless steel autoclave at 90 and 150 °C for 1 and 2 days,
respectively gave the crystalline product which was filtered off,
washed, and dried at 100 °C for 1 day. This sample is referred
as NbPO-2C.

Elemental analyses of the samples were carried out using ICP
(Shimadzu ICPV-1017). Characterization of the samples was
obtained using XRD (Cu-Ka radiation, l = 0.15406 nm), TEM
and N2 sorption at 77 K. The anion exchange capacity of the
niobium phosphate was evaluated by potentiometric titration of
the filtrates obtained on treatment of calcined NbPO-1H with
aqueous NH3. The filtrate was titrated against aqueous AgNO3
solution and a known concentration of oxalic acid in the
presence of phenolphthalein as indicator. The catalytic activity
of the niobium phosphate sample was tested in the hydroxyla-
tion of 1-naphthol, batchwise in a round bottom flask in the
presence of aqueous H2O2 (30 wt%) as oxidant. The products
were analyzed using GC (GC-17A, Shimadzu) using a capillary
column and confirmed by standard product and GC-MS.

The XRD pattern of the as-synthesized NbPO-1H shows
three reflections at low angles similar to those recorded for
MCM-41 (Fig. 1(a)). These reflections can be indexed as (100),
(110) and (200), assuming hexagonal unit. All the reflections
appear below 6° as expected; however the (110) and (200) peaks
are not well resolved. This effect was observed previously in
samples of MSU-1 silica, and has been attributed to the small
particle size and/or the regions of local disorder.10 The structure
of NbPO-1H after calcination at 450 °C for 6 h retained its
structure and showed areflection at (100) (Fig. 1(b)). The XRD
pattern of NbPO-2C is cubic11 with an intense reflection at
(200) and weak reflections at (210), (211) and (321) as shown in
Fig. 1(c). TEM images of calcined NbPO-1H and as-synthe-
sized NbPO-2C are shown in Fig. 2. The TEM image of
calcined NbPO-1H confirms the presence of ac distorted

Fig. 1 XRD profiles of as-synthesized NbPO-1H (a), calcined NbPO-1H (b)
and as-synthesized NbPO-2C (c).
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hexagonal structure.10 The TEM image of NbPO-2C shows the
organized cubic strucuture.11

The BET specific surface area and pore volume of calcined
NbPO-1H are 482 m2g21 and 0.35 cm3g21, respectively. The
surface area and pore volume of mesoporous titanium phos-
phate are higher (740 m2g21 and 0.79 m2g21, respectively)2a,b

than for other metal ions.2 Mesoporous iron and tin phosphate
have lower surface area (230 to 425 m2g21) and pore volume
(0.21 cm2g21).2d,5 Fig. 3 shows the N2 sorption isotherm, pore
size distribution and UV–VIS spectrum of NbPO-1H. The
adsorption–desorption isotherms are of type I and do not show
hysteresis loops (Fig. 3A). Schüth and coworkers observed
similar isotherms with mesoporous titanium oxo phosphate and
explain this through the presence of ‘supermicropores’ within
the 1.5–2.0 nm range.12 The pore size distribution curve shows
a narrow pore size distribution with peak pore diameter at 1.66
nm (Fig. 3A, inset). In contrast, the average pore diameter
reported for other transition metal phosphates are in the range
2.3–3.0 nm.2 The UV–VIS spectra of as-synthesized and
calcined NbPO-1H show the presence of a peak at 263 nm and
absence of peak at 308 nm, whereas mesoporous niobium oxide
shows a peak at 308 nm (octahedral species). This indicates that
niobium ions in NbPO-1H are tetra- or penta-coordinated and
not hexa-coordinated.

P/Nb molar ratios in the samples NbPO-1H and NbPO-2C are
1.13 and 1.28, respectively. The double positive charge of the
framework is balanced by the presence of excess phosphorous
ions (e.g. H2PO4

2 and HPO4
22) and Cl2 ions. The anion

exchange capacity of calcined NbPO-1H is 6.3 mmol g21. The
value is higher than those of other well-known anion-
exchangers, such as ion exchange resins (1–4 mmol g21),
mesoporous aluminophosphate (1–4 mmol g21) and titanium
phosphate (5.4 mmol g21).2a,9 This suggests that anion
exchange capacity of niobium phosphate is generated in the
framework due to incorporation of Nb and P atoms.

The catalytic activity of calcined NbPO-1H in the hydroxyla-
tion of 1-naphthol is presented in Table 1. The 1-naphthol
conversion (mol% 1-naphthol consumed) and H2O2 efficiency
are 9.1 and 52.4%, respectively. H2O2 efficiency is defined as
mol% of H2O2 consumed in the formation of 1,2-naph-
thaquinone, 1,4-naphthaquinone and other products. These
include the 1,2-dihydroxynaphthalene, 1,4-dihydroxynaphtha-
lene, 1,6-dihydroxynaphthalene and 1,6-naphthaquinone. Inter-
estingly, the product distribution shows that hydroxylation of
1-naphthol take place selectively at the para position of the
aromatic ring. Product selectivity of 1,2-naphthaquinone,
1,4-naphthaquinone and others are 9.4, 82.7 and 7.9%,
respectively. At the beginning of the reaction, primary oxidation
products such as 1,2-dihydroxynaphthalene, 1,4-dihydroxyna-
phthalene and 1,6-dihydroxynaphthalene were formed, which
were further oxidized to the corresponding ketones 1,2-naph-
thaquinone, 1,4-naphthaquinone and 1,6-naphthaquinone, re-
spectively. The unusual phenomenon of high selectivity
towards 1,4-naphthaquinone (para isomer) over niobium phos-
phate is not clear. However, this clearly evidenced that niobium
ions in the framework catalyzed selective hydroxylation at the
para position of the 1-naphthol ring.
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Fig. 2 TEM images of calcined NbPO-1H (left) and as-synthesized NbPO-
2C (right).

Fig. 3 (A) N2 adsorption–desorption isotherms of calcined NbPO-1H.
(Inset: Pore size distribution curve from the adsorption branch of the
isotherm) and (B) UV–VIS spectra of as-synthesized NbPO-1H (a),
calcined NbPO-1H (b) and mesoporous niobium oxide (c).

Table 1 Catalytic activity in the oxidation of 1-naphthol

Product distribution (mol%)a

Catalyst
Conversion
(mol %)

H2O2

efficiency
(mol%) 1,2-one 1,4-one Othersb

NbPO-1H 9.1 52.4 9.4 82.7 7.9
a Conversion = mol% of 1-naphthol consumed during the reaction, H2O2

efficiency = mol% of H2O2 consumed in the formation of 1,2-one
(1,2-naphthaquinone), 1,4-one (1,4-naphthaquinone) and others. b Others
includes the formation of 1,2-dihydroxy naphthalene, 1,4-dihydroxyna-
phthalene, 1,6-dihydroxynaphthalene and 1,6-naphthaquinone.
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