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Abstract Copper hydrogenphosphate monohydrate, Cu-

HPO4�H2O, was synthesized for the first time through

simple and rapid method using the mixing of copper car-

bonate and phosphoric acid in acetone medium at ambient

temperature. The obtained CuHPO4�H2O decomposed in

three stages via dehydration and deprotonated hydrogen-

phosphate reactions, revealed by TG/DTG and DSC tech-

niques. The kinetic triplet parameters (Ea, A, and n) and

thermodynamic functions (DH*, DG*, and DS*) for the

first two decomposed steps were calculated from DSC data.

All the obtained functions indicate that the deprotonated

HPO4
2- reaction for the second step occurs at a higher

energy pathway than the dehydration reaction for the first

step. The calculated wavenumbers based on DSC peaks

were comparable with FTIR results, which support the

breaking bonds of OH (H2O) and P-OH (HPO4
2-)

according to decomposed mechanisms. All the calculated

results are consistent and in good agreement with Cu-

HPO4�H2O’s thermal transformation mechanisms.

Keywords Inorganic compounds � Chemical synthesis �
Differential scanning calorimetry (DSC) � Thermodynamic

properties

Introduction

Copper phosphate compounds have been widely used in the

area of catalysis, ion exchange, proton conductivity, food

additive, fertilizer, detergent, fuel cell, intercalation

chemistry, photochemistry, pigment, surface coating, and

chemical materials [1, 2]. For interesting compounds, such

as CuHPO4�H2O, Cu3(PO4)2�H2O, Cu2P2O7�3H2O, Cu2P2

O7, Cu2P4O12, and Cu3(PO4)2 have been widely investi-

gated due to their proper crystal structures and utilizations

[3–6]. Most of their properties are dependent on the crystal

type, crystalline, amorphous, morphology, shape, purity,

and size. Consequently, a wide variety of copper phos-

phates have been synthesized to get appropriate properties.

[5–20]. For example, CuHPO4�H2O was synthesized from

phosphoric acid and dicopper (II) dihydroxide carbonate at

333 K for 5 h [20], while Cu2P2O7 was prepared from

suitable copper salts and alkaline metal pyrophosphate salts

(A2P2O7; A = Na or K) by hydrothermal or high temper-

ature ([573 K) [9–12]. Cu3(PO4)2�H2O was prepared by a

mixture of copper carbonate (56.42 wt% Cu) and H3PO4

solution (28.2 wt%) in a Teflon at 443 K for 24 h [12].

Whereas Cu2P4O12 and Cu3(PO4)2 were synthesized by

heating the mixture systems of CuCO3 ? Cu(OH2)�H2O ?

4H3PO4 at 693 K for 1 h and 3CuCO3 ? Cu(OH2)�H2O ?

4H3PO4 at 973 K for 1 h, respectively [3, 7].
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Our interest in copper phosphate, CuHPO4�H2O, has led

us to search of new synthesis routes on organic solvent

media. Organic molecules, methanol, ethanol, or acetone

are widely used in the chemical synthesis, play an impor-

tant role in shaping inorganic microcrystals and can influ-

ence the solubility and the crystallization kinetics (crystal

nucleation and growth rate) of crystalline materials in

solutions [2, 15–17]. Additionally, this copper phosphate is

transformed to copper pyrophosphate, Cu2P2O7, by dehy-

dration and deprotonated hydrogen phosphate reactions

(condensation) at high temperature. Therefore, the thermal

stability of a chemical intermediate in connection with the

thermal processing of this compound is one of the major

fields of interest. So far, only mechanism of dehydration

and condensation of the compound has been reported by

Brandova et al. [20]. After a detailed literature survey,

kinetic and thermodynamic studies of thermal transforma-

tion of the compound have been not found anywhere. The

calculation of thermodynamic parameters from kinetic

parameters is challenging and provides interesting new

information, as exhibited in this article. These data play an

important role in theoretical study for application devel-

opment and industrial production of a compound as a basis

of theoretical analysis.

The ambition of this work was to synthesize

CuHPO4�H2O by acetone-mediated route at ambient tem-

perature, which is a simple and cost-effective route.

Thermal transformation of CuHPO4�H2O was observed by

thermogravimetric analysis (TG/DTG) and differential

scanning calorimetry (DSC), and the obtained results were

analyzed from the kinetic and thermodynamic points of

views. The relationship between kinetic parameters (Ea, n,

and A) and thermodynamic functions (DH*, DG*, and DS*)

via the Kissinger method is reported on the basis of thermal

analysis techniques. To the best of our knowledge, such a

facile and acetone-mediated synthesis route, kinetic and

thermodynamic studies as well as its physical meaning of

thermal transformation of copper phosphate have not been

reported.

Experimental

Synthesis and characterization

Copper hydrogen phosphate monohydrate, CuHPO4�H2O

compound was prepared by acetone-mediated method

using CuCO3 ([99% purity, Merck), phosphoric acid

(86.4%w/w H3PO4, Merck), and acetone (99.8%, Carlo

Erba) as starting materials. In a successful synthesis run to

yield CuHPO4�H2O, 10 ml of acetone was first placed in a

beaker containing 6.0 g of CuCO3 and the formed opaque

suspension was magnetically stirred at room temperature

for 3 min, this suspension was referred to as mixture A.

Then, 4 mL of 70% H3PO4 (81.02 mL of 86.4%w/w

H3PO4 was dissolved in 18.98 mL of DI water) was added

into the mixture A and then was vigorously stirred until the

precipitates were completely obtained (15 min). The

obtained pale blue powders were filtered by suction pump,

washed with deionized water, dried at room temperature,

and then kept in a desiccator.

Thermal analysis measurements (Thermogravimetry,

TG; derivative Thermogravimetry, DTG) were conducted

using a Perkin-Elmer, TGA Pyris 1 and Differential Scan-

ning Calorimetry, DSC using a Perkin-Elmer DSC 204 F1

Phoenix apparatus with a-Al2O3 powder as the reference

material. The structure and crystallite sizes of the prepared

sample and its decomposed product were studied by X-ray

powder diffraction using a D8 Advanced powder diffrac-

tometer (Bruker AXS, Karlsruhe, Germany) with Cu Ka

radiation (k = 0.1546 nm). The Scherrer method was used

to evaluate the crystalline size [21]. The room temperature

FTIR spectra were recorded in the range of 4,000–400 cm-1

with eight scans on a Perkin-Elmer Spectrum GX spec-

trometer with the resolution of 4 cm-1. The morphology was

examined by SEM using Hitachi S4700 after gold coating.

Kinetics and thermodynamics

Kinetic parameters of the dehydration and deprotonated

hydrogenphosphate reactions of the synthesized Cu-

HPO4�H2O; namely the activation energy (Ea/kJ mol-1)

and frequency factor (A/s-1) were calculated from differ-

ential scanning calorimetry (DSC) observed at different

heating rates (5, 10, 15, and 20 K min-1), using Kissing-

er’s equation [22–24, 35–38]:

ln
b
T2

� �
¼ � Ea

RT
þ ln

Ea

RA

� �
ð1Þ

where b is the heating rate (K min-1), T is the DSC peak

temperature, R is the gas constant (8.314 J mol-1 K-1),

A is the pre-exponential factor of Arrhenius (min-1), and

E is the activation energy (kJ mol-1). Because of its easy

use, the Kissinger method has been applied for determining

the A and E parameters, which can be estimated by the

slopes of the plots (E/R) and Y-intercepts, respectively [25].

The E and A values derived from the application of Eq. 1

imply a specific peak width and asymmetry if the reaction

is first order. Correlations involving profile width and

asymmetry relative to those of a first-order model can be

used to estimate reaction order, nucleation order, or

Gaussian distributed reactivity [26] models. These param-

eters are particularly useful to choose an appropriate model

and initial guesses for mechanism by Eq. 2.

The thermal dehydration and deprotonated hydrogen-

posphate mechanisms could be determined from the shape
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factor (n) of the endothermic DSC peak represented by the

equation [23–28].

n ¼ 2:5

DD
� T2

Ea=R
ð2Þ

where n is the Avrami constant, T is the endothermic DSC

peak temperature, and DD is the full width at half maxi-

mum of the exothermic peak at four different heating rates.

Thermodynamic parameters, such as enthalpy change

(DH/J mol-1), heat capacity (Cp/J mol-1 K-1), and

entropy change (DS/J mol-1K-1), were calculated from

DSC experiments carried out in N2 atmosphere at the dif-

ferent heating rates. Thermodynamic functions were cal-

culated by the following equations [29–31]:

DS� ¼ 2:303Cp log
T2

T1

ð3Þ

Cp ¼
DH�
DT

ð4Þ

DH� ¼ A

b
� conts: ð5Þ

DG� ¼ DH � �TpDS� ð6Þ

when DT = T2 - T1, T1 is the temperature at which the

DSC peak begins to depart the base line, and T2 is the

temperature at which the peak lands, Tp is the average

phase transformation temperature peak in four DSC curves,

A is peak area, and b is the constant heating rate.

The specificity of the thermal decomposition was char-

acterized by identification of the bonds to be selectively

activated due to energy absorption at vibrational level [32–

34]. These breaking bonds were assigned and compared

with the observed wavenumbers in the IR spectra. The

relation between the kinetic parameter Tp and the wave-

numbers of the activated bond is given as follows:

x ¼ kb

hc
TP ¼ 0:695Tp ð7Þ

where kb and h are, respectively, the Boltzmann and Planck

constants, and c the light velocity. Since the breaking bond

has an unharmonic behavior, the specific activation is

possible also due to more than one quanta, or by a higher

harmonic: xsp ¼ qxcalc, q 2 N, where xsp is the assigned

spectroscopic number for the bond supposed to break.

Results and discussion

Characterization results

The TG/DTG curves of CuHPO4�H2O in air atmosphere are

shown in Fig. 1. The TG curve shows the mass losses in the

range of 303 and 923 K, which are related to water

molecules and changing of phase transformation. For

losing water crystallization, dehydration steps observed

in temperature areas of 373–434 K, 435–463 K, and

463–529 K correspond to mass losses of 6.03% (0.59 mol

H2O), 4.43% (0.44 mol H2O), and 4.45% (0.44 molH2O),

respectively. These three stages shown on TG curve appear

in the respective DTG and DSC as three peaks (415, 451,

and 470 K). The total mass loss is 14.91% (1.47 molH2O),

which is very close to the theoretical value (15.21%;

1.50 mol H2O). This confirms that the phosphate hydrate

formula is CuHPO4�H2O. The thermal decomposition of

the synthesized CuHPO4�H2O involves dehydration of the

coordinated water molecule (1 mol H2O) and an intramo-

lecular dehydration of the deprotonated hydrogenphosphate

groups (0.5 mol H2O), these processes formally could be

presented as:

CuHPO4�H2O! CuHPO4�0:41H2O þ � 0:59H2O ð8Þ
CuHPO4�0:41H2O ! 1=2Cu2P2O7�H2O þ � 0:41H2O

ð9Þ
1=2Cu2P2O7�H2O! 1=2Cu2P2O7 þ � 0:50H2O ð10Þ

Unstable intermediate compounds, acid hydrogen

phosphates (CuHPO4�0.5H2O and Cu2P2O7�H2O) have

been registered. To gain the complete decomposition of

synthesized CuHPO4�H2O in air atmosphere, the sample of

CuHPO4�H2O was heated in a furnace at 573 K for 2 h and

thermal transformation product was found to be Cu2P2O7.

These results confirmed by XRD and FTIR data are shown

in Figs. 2 and 3. The absorbed water, thermal stability,

mechanism, and phase transition temperature of

CuHPO4�H2O obtained by acetone-mediated synthesis in

this work are significantly different from those of

CuHPO4�H2O reported in previous work [20]. The result

clearly indicates that the thermal behaviors of materials
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Fig. 1 TG/DTG curves of CuHPO4�H2O in N2 at a rate of

10 K min-1
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could be depended on synthetic method as well as

condition reaction; reagents, media, pH, temperature and

time.

The XRD patterns of CuHPO4�H2O and its decomposi-

tion product Cu2P2O7 are shown in Fig. 2. All detectable

peaks are indexed as the CuHPO4�H2O and Cu2P2O7 with

structure comparable to the standard data as PDF no.

83-1857 (CuHPO4�H2O) and PDF no.21-0880 (Cu2P2O7),

respectively. The result indicated that both crystal struc-

tures are in monoclinic systems with space group P21/a for

CuHPO4�H2O and C2/c for Cu2P2O7. The average crys-

tallite sizes and lattice parameters of CuHPO4�H2O and

Cu2P2O7 were calculated from X-ray spectra broadening of

the reflections using Scherrer equation (i.e. D = 0.89k/

bcosh), where k is the wavelength of X-ray radiation, h is

the diffraction angle, and b is the full width at half maxi-

mum (FWHM) [21] and tabulated in Table 1. The lattice

parameters of CuHPO4�H2O and Cu2P2O7 are comparable

to those reported in the standard data.

The FT-IR spectra of CuHPO4�H2O and its decomposed

product Cu2P2O7 are shown in Fig. 3. The spectrum of

CuHPO4�H2O illustrates the same characteristics as that of

the fundamental vibrating units, HPO4
2- and H2O. The

free H2O molecule possesses C2v symmetry. There are

three normal modes of vibration: the symmetric m1 (A1), the

bending m2 (A1), and the asymmetric m3 (B2) vibrations.

The symmetric m1 (A1) and asymmetric m3 (B2) of HOH in

title compound was observed at 3,320 and 3,100 cm-1,

respectively. The bending vibration of water molecules

appears at 1,635 cm-1 and a weak band at approximately

630 cm-1 is assigned to water libration (rocking mode).

Vibrational bands of HPO4
2- ion are observed in the

regions of 300–3,000 cm-1. Typical vibrations of title

compound is the appearance of the characteristic ABC

structure of the m (OH) vibration bands [3, 5, 7, 10, 11]

because of the existence of a variety of strongly hydrogen-

bonded solid. The problem of the origin of the ABC trio is

discussed in many studies on acidic salts, but an explana-

tion of this behavior of strongly hydrogen-bonded systems

is still to be found [3, 5]. One of the most popular inter-

pretations of the ABC trio suggests a strong Fermi reso-

nance between the m(OH) stretching fundamentals and the

overtones [2d(OH) and 2c(OH)] or combinations involving

the d(OH) and c(OH) vibrations. Usually, the ABC bands
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Fig. 2 XRD patterns of CuHPO4�H2O and its decomposition product
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Fig. 3 FTIR spectra of CuHPO4�H2O and its decomposition product

Cu2P2O7

Table 1 Average crystallite sizes and lattice parameters of CuHPO4�H2O and Cu2P2O7 calculated from XRD data

Compounds Systems a/nm b/nm c/nm b/o Average crystallite size/nm

CuHPO4�H2O PDF no. 83-1857 0.8606 0.6346 0.6811 94.160 –

This work 0.8625 (3) 0.6345 (2) 0.6810 (4) 94.236 (0) 93 ± 25

Dif: This work - PDF -0.0019 0.0001 0.0001 -0.0076

Cu2P2O7 PDF no.21-0880 0.6876 0.8113 0.9162 109.540 –

This work 0.6861(0) 0.8207(0) 0.9209(1) 109.79(3) 97 ± 19

DIF: This work - PDF 0.0015 -0.0094 -0.0047 -0.250
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are very broad and consist of many ill-resolved compo-

nents. Two bands centered at 2,907 and 2,450 cm-1 in the

FTIR spectrum are referred to as bands A and B, respec-

tively. The third component (band C) is observed around

1,749–1,639 cm-1. The typical intense bands at about

1,285 cm-1 is due to the in plane P–O–H bending (A2),

while the out of plane bending (A1) vibration is observed at

about 908 cm-1. Consequently, the acidity of Cu-

HPO4�H2O has the reason of high catalytic activity to

remain a point of contentions. Vibrational spectra of

present hydrate were assigned by factor group analysis and

derived from the same mode in the free HPO4
2- ion. A

strong band at about 1,072 cm-1 in FTIR spectra is

assigned to PO3 symmetric stretching (B1). The FTIR fre-

quency of the PO3 symmetric stretching (A1) shows the

strong band at about 924 cm-1. The weak and broader

band at about 576 cm-1 is corresponding to PO4 (E) and

P-OH (A1) bending modes.

The FTIR spectrum of the CuHPO4�H2O calcined at

573 K (Fig. 3) has been reported that the degree multipli-

cation and fineness in the spectra of phosphates increase as

the degree of polymerization increases in the tetrahedral

[PO3]3- [3, 5, 7, 10, 11]. It is clearly noticed that the

studied compounds exhibit more splitting and sharpness,

especially in the low-frequency region, indicating poly-

merization of [PO4
3-] to [P2O7]4-. The strong vibration

bands at 1,170 and 1,073 cm-1 are attributed to the

stretching of PO3 unit. The asymmetric (masym POP) and

symmetric stretch (msym POP) bridge vibration for this

sample are observed at about 962 and 730 cm-1, while the

asymmetric (dasym PO3) and symmetric (dsym PO3) bending

vibration are observed at about 584 and 523 cm-1,

respectively. The PO3 determination, rocking mode of the

POP deformations, the torsional and external modes are

found in the 400–230 cm-1 region.

The changing morphologies of CuHPO4�H2O and its

decomposition product Cu2P2O7 are shown in Fig. 4. The

SEM micrograph of CuHPO4�H2O (Fig. 4a) illustrates

many small and some large rod-like microparticles, which

were about 0.4–2.0 lm in length and 0.1–0.5 lm in width

and about 1.5–7.0 lm in length and 0.5–1.0 lm in width,

respectively. The SEM micrograph of Cu2P2O7 (Fig. 4b)

shows retexturing and coalescence in aggregates of non-

polyhedral shaped crystals of different sizes in the range of

1.0–5.0 lm.

Kinetics and thermodynamic studies

Figure 5 shows the DSC curves of CuHPO4�H2O at four

heating rates that the data were collected to calculate the

values of kinetics and thermodynamic parameters accord-

ing to the Eqs. 1–6. A summary of the parameters obtained

in this calculation, including kinetic triplet parameters (Ea,

A, n) and thermodynamic functions (Cp, DH*, DS*, DG*)

for only the first and the second steps, is given in Table 2.

The activation energies of dehydration (step I) and

Fig. 4 SEM micrograph of CuHPO4�H2O (a) and its decomposition

product Cu2P2O7 (b)
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deprotonated hydrogenphosphate (step II) reactions were

found to be 65.60 kJ mol-1 (r2 = 0.9965) and

97.04 kJ mol-1 (r2 = 0.9983), respectively. The activation

energy value for deprotonated hydrogenphosphate reaction

is higher than that of dehydration reaction, which indicated

that the second step is harder than the first step. The similar

results of the pre-exponential factor, which is used to

measure the collision frequencies, reveal that the second

step shows much higher collision frequencies compared

with the first step. Therefore, deprotonated hydrogen-

phosphate reaction should occur at an even higher-energy

pathway. The n values of the two decomposition steps were

found to be 1.24 and 2.28, respectively. Furthermore, this

also implies that the second step should be interpreted to

occur by a more complicated mechanism than that of the

first step. Values of n & 3, 2, and 1 indicate 3D growth

(spheres or hemispheres), 2D growth (disks and cylinders),

and linear growth [23–28], respectively. Based on these

results, the observed n values in this study suggest that the

dehydration and deprotonated hydrogenphosphate reac-

tions are dominated by a surface decomposition mecha-

nism rather than by volume decomposition and that the

decomposition dimension is low [30] (1D growth and 2D

growth, respectively), which indicates that it is a nucle-

ation-controlled mechanism.

For thermodynamics functions, the formation of the acti-

vated complex of the reagent reflects in a specific way the

change of the entropy (DS*). As can be seen from Table 2,

the entropy of activation (DS*) values for the first

(DS* = 0.08 kJ mol-1) and second (DS* = 0.30 kJ mol-1)

steps are positive. A positive entropy values indicate that the

transition states are highly disordered compared with the

initial state (CuHPO4�H2O). It means that the corresponding

activated complexes have a lower degree of arrangement than

the initial state. Since the decomposition of CuHPO4�H2O

proceeds as two consecutive reactions, the formation of the

second activated complex passed in situ. In terms of the theory

of activated complexes (transition theory) [28–31, 34–38], a

positive value of DS* indicates a malleable activated complex

that leads to a large number of degrees of freedom of rotation

and vibration. The result may be interpreted as a ‘‘fast’’ stage.

On the other hand, a negative value of DS* indicates a highly

ordered activated complex, and the degrees of freedom of

rotation as well as of vibration are less than they are in the non-

activated complex. This result may indicate a ‘‘slow’’ stage

[28–31, 34–38]. Therefore, the dehydration (1st) and depro-

tonated hydrogenphosphate reactions (2nd) of the thermal

decomposition of CuHPO4�H2O may be interpreted as ‘‘fast’’

stages. For the enthalpy DH*, positive values are in good

agreement with two endothermic effects in the DSC data. The

relationship of activation energy, Ea, and change of enthalpy,

DH*, of the two decomposition steps show that the DH* value

of the second deprotonated hydrogenphosphate stepT
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(DH* = 59.37 kJ mol-1) is higher than that of the first

dehydration step (DH* = 6.97 kJ mol-1), which also results

in the same effect in the DH* value and indicated that the

second step needs a higher-energy pathway than the first step.

The negative and positive values of DG* for the dehydration

(DG* = -1.92 kJ mol-1) and second deprotonated hydro-

genphosphate (DG* = 5.31 kJ mol-1) stages indicate spon-

taneous and non-spontaneous processes, respectively.

The DG* values indicate that the second step needs a

higher-energy pathway than the first step. On the basis of

thermodynamic results, we can conclude that the second

decomposition step is harder reaction, more difficulty and

lower rate than the first decomposition step. The result is

consistent with the deprotonated hydrogenphosphate reaction

occurring at the breaking of the strong hydrogen-bonded

P-OH group in this structure, which confirms that decompo-

sition product as copper pyrophosphate (Cu2P2O7).

To corroborate the calculated wavenumbers according

Eq. 7 with the spectroscopic ones, we drew up the FTIR

spectra of the studied compound (Fig. 3). Table 2 shows

the comparison of the xcalc values with the xsp values

determined from two steps of this compound, together with

the assignments of the vibrational modes related in the

literature [32]. The results indicate that the breaking bonds

of O–H for H2O molecules occur in the first step, which is

referred to the dehydration reactions. Whereas the breaking

bonds of the true P-OH for the H2PO4
2- units occur in the

second step, which is referred to a continuous intermo-

lecular polycondensation and then eliminated water mole-

cules. The calculated wavenumbers from average Tp (DSC)

are consistent with the observed wavenumbers from FTIR

spectra, which suggest broken bond for the thermal trans-

formation in each step. The calculated results are in good

agreements with thermal mechanism, kinetic, and ther-

modynamic data.

Conclusions

Copper hydrogen phosphate monohydrate, CuHPO4�H2O was

obtained by a rapid and simple acetone-mediated synthesis

using phosphoric acid and copper carbonate at ambient tem-

perature with short time consuming (15 min). Thermal

transformation of CuHPO4�H2O occurs through the dehy-

dration and deprotonated hydrogenphosphate reactions and its

final product, copper pyrophosphate (Cu2P2O7) was obtained

at 573 K. The prepared CuHPO4�H2O and Cu2P2O7 products

were confirmed by XRD, FTIR, and SEM techniques, which

are important for their further treatments. The kinetics and

thermodynamics of the thermal decomposition of Cu-

HPO4�H2O were studied using non-isothermal DSC applying

model-fitting method, which have attracted the interest of

kinetics and thermodynamic scientists. Results exhibit that

kinetic triplet parameters (Ea, A, n) and thermodynamic

functions (Cp, DH*, DS*, DG*) indicate the loss of water of

crystallization for the first step and elimination of water of

constituent in hydrogenphosphate anion for the second step.

This obtained research displays that the simple, rapid, and

cost-effective method is necessary for elaboration of tech-

nology and academic scientist to produce the copper phos-

phates, which plays a large role in industrial applications.
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