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Abstract Nanocrystalline NH4ZrH(PO4)2�H2O was synthe-

sized by solid-state reaction at low heat using ZrOCl2�8H2O and

(NH4)2HPO4 as raw materials. X-ray powder diffraction anal-

ysis showed that NH4ZrH(PO4)2�H2O was a layered compound

with an interlayer distance of 1.148 nm. The thermal decom-

position of NH4ZrH(PO4)2�H2O experienced four steps, which

involves the dehydration of the crystal water molecule, deam-

ination, intramolecular dehydration of the protonated phos-

phate groups, and the formation of orthorhombic ZrP2O7. In the

DTA curve, the three endothermic peaks and an exothermic

peak, respectively, corresponding to the first three steps’ mass

losses of NH4ZrH(PO4)2�H2O and crystallization of ZrP2O7

were observed. Based on Flynn–Wall–Ozawa equation and

Kissinger equation, the average values of the activation ener-

gies associated with the NH4ZrH(PO4)2�H2O thermal decom-

position and crystallization of ZrP2O7 were determined to be

56.720 ± 13.1, 106.55 ± 6.28, 129.25 ± 4.32, and 521.90

kJ mol-1, respectively. Dehydration of the crystal water of

NH4ZrH(PO4)2�H2O could be due to multi-step reaction

mechanisms: deamination of NH4ZrH(PO4)2 and intramolec-

ular dehydration of the protonated phosphate groups from

Zr(HPO4)2 are simple reaction mechanisms.

Keywords NH4ZrH(PO4)2�H2O � Non-isothermal

kinetics � Thermal decomposition � Solid-state reaction

at low heat

Introduction

Polyvalent metal phosphates considerably possess industrial

interesting properties nowadays because of their wide

applications in highly selective ion exchangers, acid cata-

lysts, protonic conductors, and novel functionalized mate-

rials [1–4]. Zirconium phosphates are an important class of

polyvalent metal compounds that occur in two basic forms:

a- and c-zirconium phosphates (a-ZrP and c-ZrP) repre-

sented by the formulae Zr(HPO4)2�H2O and Zr(PO4)

(H2PO4)�2H2O, respectively. These compounds were first

prepared by Clearfield and Stynes [5] using reflux methods.

Later, Carrière et al. [6] obtained a-ZrP crystal using sol–gel

method. Additional methods of synthesis have been devel-

oped. Specifically, Alberti [7] obtained a-ZrP with a high

degree of crystallinity by a direct precipitation method—the

so-called fluorine complex method. Tarafdar et al. [8]

obtained spherical mesostructured zirconium phosphate by

direct precipitation method in the presence of tetradecyl

trimethylammonium bromide (TTMAB) in alkaline medium

when zirconium carbonate complex and NH4H2PO4 were

used as raw materials. Yamanaka et al. [9] obtained pure

phase MZr2(PO4)3(M = Na, K) by hydrothermal synthesis

method when fluorine ion was used as mineralized agent. Wu

et al. [10] obtained pure phase ammonium zirconium phos-

phates [NH4ZrH(PO4)2�H2O] powder via solid-state reaction

at low heat when ZrOCl2�8H2O and (NH4)2HPO4 were used

as raw materials, and studied its catalytic performance in the

synthesis of butyl acetate. The result showed that NH4ZrH

(PO4)2�H2O behaved as an excellent heterogeneous catalyst

in the synthesis of butyl acetate.

Thermal treatment of inorganic phosphate substances has

a great synthetic potential, as it may turn simple compounds

into advanced materials, such as ceramics, catalysts, and

glasses. The mechanism and kinetics studies of solid-state
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reactions are needed to take advantage of this potential

[11–13]. In this article, the mechanisms and kinetics of the

decomposition of NH4ZrH(PO4)2�H2O were studied using

TG–DTA technique. Non-isothermal kinetics of the decom-

position process of NH4ZrH(PO4)2�H2O were interpreted by

Flynm–Wall–Ozawa (FWO) method [14, 15] and Kissinger

method [16].

Experimental

Reagent and apparatus

All the chemicals were of reagent grade purity. TG/DTA

measurements were made using a Netsch 40PC thermo-

gravimetric analyzer. X-ray powder diffraction (XRD) was

performed using a Rigaku D/max 2500 V diffractometer

equipped with a graphite monochromator and a Cu target.

Preparation of nanocrystalline NH4ZrH(PO4)2�H2O

The binary ammonium zirconium phosphates NH4ZrH

(PO4)2�H2O were prepared by the solid-state reaction at

low heat using ZrOCl2�8H2O and (NH4)2HPO4 as starting

materials [10]. In a typical procedure, ZrOCl2�8H2O

(5.0 g), (NH4)2HPO4 (5.0 g), and surfactant PEG (poly-

ethylene glycol)-400 (1.0 mL) were fully ground in a

mortar with a rubbing mallet for 40 min at first, and then

the mushy reaction mixture was sealed and heated at

353 K for 2 days after the pH value of reaction mixture

was adjusted between 1 and 2 with 50% H3PO4. The

mixture was washed with deionized water to remove

soluble inorganic salts until Cl- ion could not be visually

detected by 0.1 mol L-1 AgNO3 solution. The precipitate

was then washed with a small amount of anhydrous

ethanol and dried at 353 K for 3 h to give the pure

phase nanocrystalline NH4ZrH(PO4)2�H2O with layered

structure.

Method of determining kinetic parameters

Determination of activation energy by Flynn–Wall–

Ozawa method [14, 15]

Kinetic equation of solid-state reaction can be expressed as

Eq. 1:

da
dt
¼ Ae�Ea=RT f ðaÞ ð1Þ

When heating rate is kept fixed value, that is: b = dT/dt.

Equation 1 can be rewritten into the Eq. 2:

da
dT
¼ A

b
e�Ea=RT f ðaÞ ð2Þ

where Ea is the apparent activation energy, A is the pre-

exponential factor, R is the gas constant, and a is called the

reaction degree. The f(a) is a function of a, which reveals

the mechanism of reaction. By a series of transforms, thus

Eq. 2 can thus be rewritten as the Eq. 3:

log b ¼ log
EaA

R
� log gðaÞ � 2:315

� �
� 0:4567

Ea

RT
ð3Þ

If a is a fixed value, then log g(a) is a fixed value, too.

The dependence of log b on 1/T must give rise to a straight

line. Thus, reaction activation energy Ea can be obtained

from linear slope (k = -0.4567Ea/R).

Determination of activation energy and pre-exponential

factor by Kissinger method [16]

According to the DTA curve and the Kissinger equation

(Eq. 4), the activation energy and pre-exponential factor of

thermal decomposition reaction and ZrP2O7 crystallization

can be obtained.

ln
b

T2
max

¼ � Ea

RTmax

þ ln
AR

Ea

ð4Þ

where b is the heating rate (K min-1), Tmax is the most rapidly

decomposing temperature (that is, peak temperature on DTA

curve, K), Ea is the thermal decomposing activation energy

(kJ mol-1), R is the gas constant (8.314 J�mol-1�K-1), and

A is the pre-exponential factor. The dependence of lnðb=T2
maxÞ

on 1/Tmax must give rise to a straight line. Thus, reaction

activation energy Ea can be obtained from linear slope

(k = -Ea/R), and the pre-exponential factor A can be

obtained from linear intercept (h = ln (AR/Ea)).

Results and discussion

TG/DTA analysis of the synthetic product

Figure 1 shows the TG/DTA curves of the synthetic

product at three different heating rates from ambient tem-

perature to 1297 K, respectively.

The DTA peaks closely correspond to the weight changes

observed on the TG curves. The TG/DTA curves show that

the thermal decomposition of the synthetic product below

973 K occurs in three well-defined steps. The first step starts

at about 323 K, characterized by a broad endothermic DTA

peak at about 378 K attributed to the dehydration of

NH4ZrH(PO4)2�H2O and the formation of anhydrous

NH4ZrH(PO4)2. The product is stable up to about 498 K, and

then decomposed in the second step. This step shows an
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endothermic process with broad DTA peak at about 673 K,

which is due to the deamination of NH4ZrH(PO4)2 and the

formation of Zr(HPO4)2. The third decomposition step is also

endothermic process with DTA peak at about 800 K attrib-

uted to the intramolecular dehydration of the protonated

phosphate groups from Zr(HPO4)2, and the formation of

amorphous ZrP2O7. DTA exothermic peak at about 1273 K

is attributed to phase transition from amorphous ZrP2O7 to

orthorhombic phase ZrP2O7.

XRD analysis of the synthetic product and its calcined

samples

Figure 2 shows the XRD patterns of the synthetic product

dried at 353 K and the products resulting from calcination

at different temperatures for 3 h.

From Fig. 2a, all the diffraction peaks from sample

obtained at 353 K can be indexed to be in agreement with

NH4ZrH(PO4)2�H2O, space group Pbca (61), from PDF card

52-0351, which shows that the synthetic product is crystal-

line NH4ZrH(PO4)2�H2O. The diffraction peak at about

7.61� for 2h is attributed to the layered structure of the syn-

thetic product NH4ZrH(PO4)2�H2O with interlayer distance

of 1.148 nm; the structure of the NH4ZrH(PO4)2�H2O is

stable up to about 498 K, which is in good agreement with

that from TG/DTA analysis. When the sample was heated at

593 K for 3 h, the characteristic diffraction peaks of mono-

clinic NH4ZrH(PO4)2 were observed, which is also a layered

compound with interlayer distance of 1.1257 nm. From

Fig. 2b, the characteristic diffraction peaks of crystal-

line compound disappeared or became very weak when

NH4ZrH(PO4)2�H2O was kept at 703 K for 3 h, suggesting

that the structure of the crystalline NH4ZrH(PO4)2 was

destroyed, and a new amorphous compound had been

formed. When the sample was heated at 1313 K for 3 h,

strong intensity and smoothed baseline, and a wide- and low-

diffraction spectrum of the thermal decomposition product

were observed. This indicates that the calcined product has a

high degree of crystallinity. All the diffraction peaks in the

figure are found to be in agreement with orthorhombic zir-

conium pyrophosphate (ZrP2O7), space group Pbca (61),
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Fig. 1 TG/DTA curves of the NH4ZrH(PO4)2�H2O at different

heating rates
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Fig. 2 XRD patterns of the samples obtained at different thermal

decomposition temperatures for 3 h
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from PDF card 73-2296. In contrast to the diffraction pattern

of NH4ZrH(PO4)2�H2O or NH4ZrH(PO4)2, no diffraction

peak at about 7.6� for 2h of calcined sample from 1313 K for

3 h appears, suggesting that the crystalline ZrP2O7 is a non-

layered structure compound.

According to the Scherrer formula: D = Kk/(bcosh),

where D is the particle diameter, K = 0.89 (Scherrer

constant), k = 0.15406 nm (wavelength of the X-ray

used), b is the width of line at the half-maximum intensity,

and h is the corresponding angle [17]. The resulting particle

sizes and lattice parameters of the products obtained at

353, 593, and 1313 K for 3 h are shown in Table 1. From

Table 1, the resulting particle sizes of calcined sample at

353 and 593 K have only a little difference. However, the

resulting particle size of calcined sample at 1313 K

increases rapidly to about 72 nm, which is due to the fact

that the former two compounds still keep their layered

structure, and that the latter crystalline particles have taken

place further growth after polymerization. The lattice

parameters of the synthetic product and its calcined sam-

ples are in good agreement with those from PDF card of the

corresponding compounds.

Activation energy of thermal decomposition

of NH4ZrH(PO4)2�H2O and ZrP2O7 crystallization

process

In accordance with TG/DTA and XRD analyses of the

synthetic product and its calcined products mentioned

above, thermal decomposition of NH4ZrH(PO4)2�H2O and

ZrP2O7 crystallization process below 1313 K consist of

four steps, which can be expressed as follows:

NH4ZrH(PO4Þ2 � H2OðcrÞ ! NH4ZrH(PO4Þ2ðcrÞ
þ H2O(g) ð5Þ

NH4ZrH(PO4Þ2ðcrÞ ! Zr(HPO4Þ2ðamÞ þ NH3ðg) ð6Þ

Zr(HPO4Þ2ðamÞ ! ZrP2O7ðam)þ H2O(g) ð7Þ

ZrP2O7ðam)! ZrP2O7ðcr) ð8Þ

According to non-isothermal method, the basic data of a
and T collected from the TG curves of the thermal

decomposition of NH4ZrH(PO4)2�H2O at various heating

rates (5, 10, and 15 K�min-1) are illustrated in Tables 2, 3,

and 4 respectively. According to Eq. 3, the plots of log b
versus 1000/T corresponding to different conversions a were

shown in Fig. 3. It was found that the dependence of log b on

1000/T gave rise to a straight line. In accordance with

Flynn–Wall–Ozawa equation, the slopes of these straight

lines can be determined, then average activation energy

for the thermal decomposition step of nanocrystal-

line NH4ZrH(PO4)2�H2O was obtained. Table 5 shows the

Table 1 Average particle sizes and lattice parameters of NH4ZrH(PO4)2�H2O and its calcined samples at 593 and 1313 K calculated from XRD

data

Compound Method a/Å b/Å c/Å b/8 Average crystallite

sizes/nm

NH4ZrH(PO4)2�H2O (353 K) PDF#52-0351 – – – –

This work – – – – 17 ± 3

DIF(this work-PDF) – – – –

NH4ZrH(PO4)2 (593 K) PDF#82-2401 5.328 6.622 11.326 96.63

This work 5.372(0) 6.616(2) 11.363(3) 97.84(2) 18 ± 3

DIF(this work-PDF) 0.044 -0.006 0.037 1.21

Zr(HPO4)2 (703 K) PDF#21-1494 Non-crystalline

This work Non-crystalline

DIF(this work-PDF) Non-crystalline

ZrP2O7 (1313 K) PDF#49-1079 8.246 8.246 8.246

This work 8.257(0) 8.257(0) 8.257(0) 72 ± 7

DIF(this work-PDF) 0.011 0.011 0.011

– Not detectable

Table 2 Correlative data used for drawing plot of log b versus 1000/

T for step 1

a log b

0.699 1.000 1.176 0.699 1.000 1.176

T/K 1000/T K-1

0.20 329.15 338.75 351.65 3.038 2.952 2.844

0.30 341.15 356.15 362.75 2.931 2.808 2.757

0.40 352.15 365.85 373.65 2.840 2.733 2.676

0.50 363.75 377.15 385.15 2.749 2.651 2.596

0.60 379.15 390.55 398.65 2.637 2.560 2.508

0.70 396.15 409.78 416.26 2.524 2.440 2.402
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activation energy and correlation coefficient (r2) for the

thermal decomposition steps of nanocrystalline NH4ZrH

(PO4)2�H2O.

Figure 4 shows the Kissinger plots of the synthe-

sized NH4ZrH(PO4)2�H2O sample. From the slopes of the

straight lines, the activation energy values of the prepared

NH4ZrH(PO4)2�H2O sample in four steps were determined to

be 56.81, 102.93, 126.95, and 521.90 kJ mol-1, respectively

(Table 6). These activation energies are consistent with the

former hypothesis that the intermediate nucleate and crys-

tallize as metastable phase with adequate growth kinetics

before the stable phase orthorhombic ZrP2O7. The final step

exhibits particularly high activation energy value in com-

parison with the other three steps, which suggests that

crystallization of amorphous ZrP2O7 has a slower conversion

rate.

From Tables 5 and 6, the activation energies calculated

by the FWO and the Kissinger methods are close to each

other, so that the results are credible. It was considered that

the Ea values are independent of a if the relative error of

the slope of the FWO equation straight line is lower than

10%. If Ea values are independent of a, then the decom-

position may be a simple reaction, while the dependence of

Ea on a should be interpreted in terms of multi-step reac-

tion mechanisms [18–22]. From Table 5, the activation

energies change of the step 1 with a is higher than 10%,

and that of the step 2 and the step 3 with a are lower than

10%, so that we draw a conclusion that the dehydration

of the crystal water of NH4ZrH(PO4)2�H2O could be multi-

step reaction mechanisms, and deamination of NH4

ZrH(PO4)2 and intramolecular dehydration of the proton-

ated phosphate groups from Zr(HPO4)2 are simple reaction

mechanisms.

Table 3 Correlative data used for drawing plot of log b versus 1000/

T for step 2

a log b

0.699 1.000 1.176 0.699 1.000 1.176

T/K 1000/T K-1

0.2 599.85 617.25 633.76 1.667 1.620 1.578

0.3 618.65 635.25 651.36 1.616 1.574 1.535

0.4 631.65 648.15 665.76 1.583 1.543 1.502

0.5 643.15 659.25 678.00 1.555 1.517 1.475

0.6 652.75 669.85 688.10 1.532 1.493 1.453

0.7 660.30 680.78 697.26 1.514 1.469 1.434

Table 4 Correlative data used for drawing plot of log b versus 1000/

T for step 3

a log b

0.699 1.000 1.176 0.699 1.000 1.176

T/K 1000/T K-1

0.2 743.65 764.80 784.00 1.345 1.308 1.276

0.3 755.55 779.05 797.15 1.324 1.284 1.254

0.4 767.25 792.85 810.00 1.303 1.261 1.235

0.5 779.35 806.75 821.76 1.283 1.240 1.217

0.6 793.15 823.25 834.46 1.261 1.215 1.198

0.7 805.30 838.28 848.26 1.242 1.193 1.179
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Fig. 3 FWO analysis for the

thermal decomposition of

NH4ZrH(PO4)2�H2O
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Conclusions

When ZrOCl2�8H2O and (NH4)2HPO4 were used as raw

materials, pure phase nanocrystalline NH4ZrH(PO4)2�H2O

with layered structure was obtained via solid-state reaction at

low heat, in which particle size and interlayer distance were

17 ± 3 nm and 1.148 nm, respectively. The thermal decom-

position of NH4ZrH(PO4)2�H2O in the range of 299–1313 K is

a complex process, which involves the dehydration of the

crystal water molecule, deamination, intramolecular dehy-

dration of the protonated phosphate groups, and formation of

orthorhombic ZrP2O7. The average values of the activation

energies associated with the three steps of NH4ZrH(PO4)2�
H2O thermal decomposition and crystallization of ZrP2O7

were 56.720 ± 13.1, 106.55 ± 6.28, 129.25 ± 4.32, and

521.90 kJ mol-1, respectively. Dehydration of the crystal

water of NH4ZrH(PO4)2�H2O could be multi-step reaction

mechanisms, and deamination of NH4ZrH(PO4)2 and intra-

molecular dehydration of the protonated phosphate groups

from Zr(HPO4)2 are simple reaction mechanisms.
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