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retardants are discussed.

The synthesis of a-ZrP with a range of crystallinity is of high importance due to the different requirements
in various applications. Nanosized crystalline a-ZrP is typically obtained by refluxing amorphous ZrP in
concentrated H3PO4 solutions. Microcrystalline a-ZrP are obtained by direct precipitation in the presence
of either HF or oxalic acid which are used as complexing agents for zirconium. These larger crystals are
useful as ion-exchangers in column-type applications as the back pressure can be significantly reduced. A
novel minimalistic synthesis that is green, simple and fast is highlighted in this review. Both nano-sized
and micro-sized o-ZrP can be prepared via this protocol to meet many potential applications.
Applications of a-ZrP in ion-exchange, catalysis, lubricants, intercalation hosts, polymer fillers and fire
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1. Introduction

Insoluble acid salts of metals with the general formula
M(HPO,4),-H,0 where M is a tetravalent cation (e.g., Zr, Ti, Hf,
Ge, Sn, Ce) have been synthesized since 1956 due to their ion-
exchange behavior and good resistance to radiation [1-3]. These
compounds exist in both gelatinous and crystalline forms,
exhibiting different thermal stability and ion exchange properties
[4-7]. The gelatinous amorphous metal phosphates are readily
obtained via precipitation of aqueous metal salt solutions by
phosphoric acid. However, the amorphous phase is less resistant to
high temperature, oxidizing environment and radiation. It has poor
mechanical and hydrodynamic properties which prevents their
use in column. In addition, there is a strong dependency between
ion-exchange performance and moisture content, resulting in
deterioration of its performance over time as loss of water occurs
during storage. In 1964, Clearfield et al. reported the first
crystalline zirconium phosphate, a-zirconium phosphate (Zr
(HPO4)2-H,0, abbreviated as a-ZrP) [4]. This compound was
synthesized by refluxing the amorphous zirconium phosphate
with concentrated phosphoric acid [4,8]. Since then, many other
crystalline ZrP has been synthesized, e.g., p-Zr(PO4)(H,PO4) and
y-Zr(PO4)(H2P04)-2H,0 [9-12], 8-Zr(HPO4),-6H,0 [13-17], and 7-
and t'-Zr(HPO,4), with three-dimensional frameworks [18,19]. Of
the crystalline zirconium phosphates, a-ZrP has been the one most
studied. Hence, it is the focus of this short review.
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The structure of a-ZrP was obtained from single crystal X-ray
diffraction measurements [20]. a-Zirconium phosphate was found
to consist of layers where zirconium atoms are alternately above
and below the central planes (Fig. 1). Each zirconium atom is
bonded to six HPO42~ groups. Three of the oxygen atoms in the
HPO,2~ bind to three different zirconium atoms, forming a two-
dimensional structure while the fourth negatively charged oxygen
atom carries a proton. This proton which points toward the
interlayer region can be exchanged by other cations. The stacking
of layers forms zeolitic (microporous) cavities where the one
molecule of water resides. The interlayer distance is 7.56 A.

Using neutron powder diffraction, Albertsson et al. showed that
the layers are held together by van der Waals forces only [21].
There are three intralayer hydrogen bonds (Fig. 2). Each water
oxygen accepts two hydrogen bonds from nearby P—OH groups in
the same layer, O(4)—H(1)---O(W) and O(8)—H(2)- - -O(W). Of the
water hydrogens, only one is involved in the formation of hydrogen
bonding, O(W)—H(3)---0(4) [21].

2. Synthesis methods

Refluxing in concentrated H3PO, for extended periods of time
can yield crystalline zirconium phosphates. However, it was
difficult to obtain a linear correlation between reflux time and
crystal size even when the concentration of H3PO4 was as high as
12 mol/L [22]. Alberti and Torraca reported another method to
synthesize crystalline zirconium phosphate, using direct precipi-
tation [23]. In this method, hydrofluoric acid is added into an
aqueous solution of zirconium salt, followed by concentrated
phosphoric acid. As fluoride is a good complexing agent for
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Fig. 1. Structure of Zr(HPO,4),-H,0. All hydrogen atoms are omitted for clarity.

Fig. 2. Illlustration of hydrogen bonding in a-ZrP.

zirconium, the formation of fluorocomplex of zirconium (possibly
ZrFg? ") inhibits the precipitation of Zr(IV) and HPO,>~ which leads
to the amorphous compound. The removal of HF under a low flow
of nitrogen or water lowers the fluoride ion concentration resulting
in gradual dissociation of the fluorozirconium complex and a-ZrP is
slowly precipitated at room temperature. By heating to 80 °C, the
precipitation of ZrP can be accelerated [24,25]. The degree of
crystallinity depends on the removal rate of HF. a-Zirconium
phosphates obtained by this HF method have a larger size which is
suitable for column application. Besides HF, oxalic acid is another
complexing agent that is employed in the synthesis of a-ZrP. It was
first reported in 1973 by Horsley and Nowell but the yield was low,

~18% [26]. Further investigations by Capitani et al. led to a much
improved yield of 90% using molar ratios of H3PO4/Zr and H,C,04/
Zr of 6 and 10, respectively [27].

Instead of reflux, hydrothermal method has been adopted to
allow for high synthesis temperatures [28,29]. Sun et al. reported
an increase in the lateral length of a-ZrP crystallites from 300 nm
to 1200 nm when the temperature was maintained at 200 °C. The
particles obtained have a narrow size distribution but its size was
in between that of the reflux method and the HF method. By
substituting aqueous solution of zirconium salts with zirconium
propoxide, nanocrystalline a-ZrP could be synthesized quickly
under mild conditions without adding complexing agents [30,31].

Recently, our group reported a new route to the synthesis of a-
ZrP with a range of crystallinity [32]. In this minimalistic route,
solid zirconium salt (ZrOCl,-8H,0) is simply mixed with a slight
excess of 85% H3PO,4 and heated in a polypropylene container for a
few hours to no more than 1 day. Depending on the length of
heating and temperature (<120 °C), a-ZrP with various crystallini-
ty could be obtained. As the only source of water comes from the
reactants, we called it a “minimal solvent” synthesis. The a-ZrP
synthesized from this minimalistic method formed hexagonal
platelets (Fig. 3a), which is similar to that obtained using
conventional reflux method (Fig. 3b). Interestingly, highly crystal-
line a-ZrP with a novel shape is obtained by adding a small amount
NH4F or NaF as mineralizer (Fig. 3c). It was found that the
crystallinity and uniformity of particles are optimum for F to Zr
molar ratio of 0.3. The use of NaF was more effective than NH4F in
accelerating the crystal growth. Such rod-shaped crystals have not
been previously reported. From selected-area electron diffraction,
it was found that the crystals grew along the a direction. The
crystals grown in this way could be as long as 10 pm. Compared to
the conventional synthesis methods, this minimalistic protocol is
green, easy and fast. It embodies the principles of green synthesis
in high atom efficiency and waste minimization.

3. Applications

The applications of a-ZrP are mainly based on two aspects of its
structural properties, namely, the acidic group (—HPO4?~) and its
layered structure. Making use of the first structural property is the
application of a-ZrP as a cation exchanger. It has been widely
studied in the treatment of wastewater contaminated by heavy
metals or radioactive isotopes [25,33-39]. Highly crystalline
zirconium phosphate is less susceptible to hydrolysis than the
amorphous gel, enabling the material to be used in strongly acidic
as well as fairly alkaline solutions. However, access of incoming
cations to the exchangeable protons is limited by its narrow
interlayer space [2,20,40]. Therefore, semi-crystalline phase was
found to be a better choice [25,33,41]. In a series of sorption
experiments conducted by Ahrland et al. [33], very nearly complete

Fig. 3. SEM image of a-ZrP prepared by (a) reflux in 6 mol/L H3PO, for 48 h, (b) minimalistic protocol using H3PO, /Zr = 3,120 °C for 24 h and (c) minimalistic protocol with

NH4F/Zr = 0.3, H3PO4/Zr = 3, 100 °C for 24 h.
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uptake of transition metals (Cu?*, Co®*, Mn?*, Ni%*, Zn?*) was easily
achieved in a media of pH > 4 by semi-crystalline ZrP prepared by
refluxing in 6 mol/L H3PO,4 for 6 h. Unlike the amorphous phase,
the semi-crystalline ZrP hardly suffered from hydrolysis if the pH
was below 10. For the crystalline a-ZrP, it is generally necessary to
increase the interlayer spacing by reaction with Brensted bases so
that the protons can be replaced by bigger cations [21,37,42,43].
However for Pb?*, even without any such modification, a high
sorption amount of about 140 mg/g was reported for polymer-
supported crystalline o-ZrP [36]. The selectivity to Pb?>* was not
significantly affected by competing cations such as Ca%*, Mg?*, and
Na®. This behavior can be attributed to the strong affinity between
PO,3" and Pb?* [44].

Arising from the mobile protons in —O3POH, o-ZrP has been
studied as proton conductors in fuel cells and sensors [45-49].
Porous phosphates heterostructures were prepared by introducing
mesoporous silica into the interlayer region of ZrP [49]. The
material showed increased proton conductivity in the presence of
ammonia which was attributed to a larger number of available
Bronsted sites after expansion. This phenomenon provides the
basis for the design of ammonia sensor.

a-ZrP has been used as acid catalysts and catalyst supports
[50-60]. Syntheses of cyclic ethers from 6-methylhept-5-en-2-ol
and 1,3-diols were efficiently performed by using zirconium
phosphate as catalyst [61]. Both - and y-ZrP have been used
for the selective transformation of carbohydrates into 5-
hydroxymethyl-2-furaldehyde, an important renewable platform
chemical [62]. a-Zirconium phosphate serves as a Friedel-Crafts
catalyst for the liquid and gas-phase alkylation of anisole in both
liquid and gas phase [63]. A novel photocatalyst was synthesized
by reaction of HCl with Ag*-exchanged a-ZrP [53]. The ZrP/AgCl
composite had smaller AgCl particles, compared to pure AgCl.
The ZrP/AgCl composites exhibited better photocatalytic activity
for the degradation of Rhodamine B which was attributed to the
chemisorption of RhB on the ZrP support and the acidic
environment it provided.

A functionalized material was synthesized by intercalation of
aggregation-induced emission (AIE) luminogen, quaternary tetra-
phenylethene cation, and the anti-cancer drug, doxorubicin, into a-
ZrP. The material exhibits a strong blue emission at 476 nm with a
pH-dependent release of doxorubicin. Hence, the hybrid material
has potential as an image-guided pH-responsive delivery system
for targeted therapy [64]. Diaz et al. studied the encapsulation of
insulin into a-ZrP nanoparticles [65]. The sequestered insulin was
structurally and chemically stable for up to six months at room
temperature. The acid-resistant nature of ZrP protects the insulin
from digestive enzymes and opens up possibility for it to be
administrated orally rather than by injections. In another study,
cisplatin was intercalated into ZrP by direct ion-exchange and
tested for cytotoxicity in the human breast cancer (MCF-7) cell line
[16]. The cisPt@ZrP was found to reduce the cell viability by up to
40%. Furthermore, the pH dependence of the Pt-complex release
profile suggests that only tumour cells will be exposed to cisplatin
while healthy tissues will not.

The use of a-ZrP as a flame retardant material is drawing
increasing attention [66]. It can act as a physical barrier to prevent
the escape of decomposed gases. Studies into the composites of a-
ZrP in polyamide 6 showed that it could reduce the total heat
release as well as the heat release rate during combustion [67]. In
addition, a-ZrP reduced the flammability of polyethylene tere-
phthalate and ethylene vinyl acetate copolymer acting in
synergistic effect with phosphorous based flame retardants. The
dispersion of a-ZrP affects the flammability of the composites. Li
et al. reported that polyacrylate/a-ZrP nanocomposites with
0.5 wt% a-ZrP had better flame retardancy than polyacrylate itself
[68]. This was deduced from the lower peak heat release rate and

higher limiting oxygen index. In contrast, when o-ZrP was
increased to 3.0 wt%, the flame retardancy was reduced due to
poor dispersion.

Lamellar ZrP composing of single sheets or several sheets can be
obtained by exfoliating or delaminating «-ZrP with suitable
molecules. This is achieved through Brensted acid-base reactions
as a-ZrP is easily intercalated by organic molecules such as alkanols
[69], glycol [69] and various amines [70-73]. Alberti et al. found
that the pellicular a-ZrP exhibits higher specific conductivity than
anhydrous microcrystalline powder [74]. They have been used as
nanofillers in polymer matrices to enhance physico-chemical
properties such as decreased gas permeability, better mechanical
strength and improved thermostability [75-80]. Instead of prior
exfoliation, Mosby et al. directly incorporated a-ZrP nanoplatelets
into the polymer matrix [81]. The surface of ZrP was functionalized
with epoxides leaving the sites in the interlayer structure available
for intercalation or ion-exchange.

The application of ZrP in tribology is an emergent subject in the
lastdecade. It was reported that compared to graphite and MoS,, ZrP
and its derivatives exhibited better lubrication enhancement such as
reduced wear, scar size and friction [82-85]. Intercalation of a-ZrP
nanosheets with amines were tested as lubricant additives [84].
When added as lubricant additives, the coefficient of friction of the
mineral oil was significantly reduced. The interlayer spacing could
be adjusted by choice of the amine. a-Zirconium phosphate with the
smallest interlayer spacing gave a greater friction reduction.

4. Conclusions

a-Zirconium phosphate with varying crystallinity and particle
sizes can be synthesized by refluxing, direct precipitation, sol-gel,
and minimal-solvent method. Compared to the conventional
methods, the newly reported minimal-solvent synthesis offers a
minimalistic approach where the reactants are used with close to
stoichiometric amounts to give excellent yields of highly crystal-
line a-ZrP. Although «-ZrP is well known as an inorganic ion-
exchanger and an acidic catalyst, more recent investigations have
focused on the applications as intercalation hosts for drug delivery
systems, lubricant additives, sensors, polymer fillers and flame
retardant additives.
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