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Abstract As one of the critical intermediate compounds of the sodium roasting
converter slag, sodium pyrovanadate (Na4V2O7) powder was synthesized by
solid-state reaction using NaCO3 and V2O5 as raw materials in this study. The
preparation was first evaluated by thermodynamic software FactSage® with the
minimum Gibbs free energy principle. Effect of temperature (T) and partial pressure
of carbon dioxide P(CO2) was analyzed, and the results indicated that the reaction
proceeds extensively with increasing temperature and reducing P(CO2). TG-DSC
was applied to further characterize the preparation process, and it can be found that
the reaction proceeds extensively near 540 °C corresponding to carbon dioxide gas
escaping. Non-isothermal kinetics with a single scan rate was applied to the
solid-state reaction, the average apparent activation energy was obtained using
Freeman–Carroll method, equal to 102 ± 6 kJ/mol by mathematic fitting. In
addition, XRD further verified the phase composition of Na4V2O7, and a large
number of voids were detected from SEM images caused by the gas release.
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Introduction

Metal vanadium (V) is frequently used in the metallurgical and chemical industries
in the past few years due to its special physical and chemical properties. Almost
88% of the metal vanadium in the world is produced from the vanadium
titano-magnetite ore [1–3]. One of the typical processes for extracting vanadium
from vanadium slag, which is obtained by oxidizing hot metals that bear vanadium,
is sodium roasting followed by water leaching. Sodium carbonate (Na2CO3) is used
in the extraction of converter slag bearing vanadium. Vanadium slag after roasting
process with Na2CO3 is regarded as the V2O5–Na2O–CaO–MgO–Fe2O3–Al2O3–

MnO–Cr2O3–TiO2 multiple oxide system, and the V2O5–Na2O binary system is the
critical and essential sub-system [4–7]. As one of the intermediate compounds in
the V2O5–Na2O binary system, sodium metavanadate (NaVO3), its
high-temperature heat capacity and phase transition kinetics have been studied in
our previous study [8].

With regard to other intermediate compounds, attention on the property of the
sodium pyrovanadate (Na4V2O7) should be extensively received to better under-
stand the sodium roasting process. As for Na4V2O7, which was reported for the first
time by Roscoe [9] in 1870. Then, Bjoernberg et al. [10] proposed that the crystal
structure of Na4V2O7�(H2O)18 was determined from three-dimensional X-ray
diffraction. The crystals are hexagonal, with space group p63/m, a = 9.2478(5),
c = 16.591(2)Å, and the cell contains two formula units. Florenskij et al. [11]
presented the patent entitled “Sodium pyrovanadate—is used as colour indicator for
high-temperature gas redox medium”. Exploring more efficient and economic
synthesis methods of Na4V2O7 is critical for further fundamental and applied
research, only few methods can be found in literature. With regard to solid-state
reaction, the indefinite composition of the sodium vanadate products together with
the contradictory results given by some authors concerning the structure of vana-
dium compounds, are calling attention to the mechanism of the reaction between
sodium carbonate and vanadium pentoxide. Although Kolta et al. [12] successfully
prepared Na4V2O7 powder by this method, the apparent activation energy of this
solid-station reaction is not well investigated, and it should be further clarified.

Herein, the preparation for Na4V2O7 powder was firstly evaluated by thermo-
dynamic calculation. Then, the whole process was continuously recorded by
TG-DSC treatment, the frequently-used Friedman–Carroll method for solid-state
reaction was exacted in present study to calculate the apparent activation energy
based on the mass loss of the whole process. The final products were also analyzed
by XRD and SEM.
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Materials and Experimental

The powder samples of NaCO3 (purity � 99.99%) and V2O5 (purity � 99.50%)
were provided by Aladdin Co., LTD. and LiaoShuo Biological Co., LTD,
respectively. The mixtures with specific molar 2:1 for NaCO3 and V2O5 were used
as the raw materials to synthesize sodium pyrovanadate (Na4V2O7) powder
through solid-state reaction. The general three-step procedure was introduced into
the muffle, the sample was held for 10 h under Argon atmosphere with gas flow of
50 mL/min when the temperature reached at 873 K with heating rate of 10 K/min,
the as-prepared sample was then cooled with muffle. The X-ray powder diffraction
(XRD) patterns in the 2h range from 10° to 50° were obtained on a PANalytical
X’Pert Powder, Panalytical B.V. (Cu Ka radiation) to investigate the crystalline
phases of the products. A scanning electron microscope (SEM, TESCAN
VEGA 3 LMH, Czech Republic) was also employed to investigate the mor-
phologies and particle sizes of as-prepared Na4V2O7 powder.

Methods

Thermodynamic calculation was used to evaluate the solid-state reaction, which
was carried out using Factsage® software with the minimum Gibbs free energy
principle. Then, Thermal Analysis Kinetics (TAK) was conducted to further
understand the solid-state reaction [13]. The process was also characterized by a
TG-DSC (404 F3; Netzsch) at a rate of 10 K/min with protection from high-purity
argon at 50 mL/min, the changes of mass and heat flow during the preparation was
recorded with detail. The frequently-used Friedman–Carroll method for solid-state
reaction was exacted in present study to calculate the apparent activation energy
based on the mass loss during the whole process [14–16].

Results and Discussion

Thermodynamic Calculation

The chemical reaction equation for the Na4V2O7 formation through solid-state
reaction when heating NaCO3–V2O5 mixtures in the present study can be described
as follows:

2Na2CO3 þV2O5 ¼ Na4V2O7 þ 2CO2 ð1Þ
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The Gibbs free energy of this reaction with various carbon dioxide pressure
(PCO2) was calculated by the Reaction model of Factsage® software as shown in
Fig. 1. It can be found that the Gibbs free energy P(CO2) is below 0 when carbon
dioxide pressure equals 1 Pa, which indicates the reaction can be proceeded when
the temperature is beyond 273 K. This solid-state reaction can be speeded byde-
creasing the pressure of carbon dioxide.

Non-isothermal Kinetics Analysis

The non-isothermal kinetics analysis was extensively used in the solid-state reac-
tion, and the conversion degree (a) can be defined as follows [17–19]:

at ¼ Dmt

Dm0
ð2Þ

where Dmt is the weight loss at specific time t and Dmo is the theoretical maxium
weight loss, according to the solid-state reaction (1), the theoretical maxium weight
loss equals 77%.

Figure 2 (left side) shows the changes in the mass and heat flow during the
whole process. An obvious endothermic peak accompanied with mass loss of
around 6% can be detected when the temperature reacts at near 100 °C, which may
be caused by dehydration process of the NaCO3 powder. We carefully operated the

Fig. 1 Gibbs free energy of preparing Na4V2O7 powder by solid-state reaction under different
P(CO2)
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experiment, and the addition of water inevitably introduced the mixtures when the
raw materials were mixed thoroughly in an agate mortar, and the mass loss of the
additional water should be deducted in the subsequent calculation. The mass loss of
the mixture gradually increases with increasing the temperature, a large mass loss
can be found near 540 °C, indicating that the solid-state reaction proceeds exten-
sively in current stage corresponding to carbon dioxide gas escaping. Afterwards,
the mass loss change tends to slow, and the final mass loss approximately equals
21%, which is in great agreement with the calculated value based on chemical
reaction equation.

The weight loss and conversion degree are also presented as shown in Fig. 3.
The conversion degree increases with the increase in the temperature, the rate of
conversion degree reached at the maximum value near 540 °C.

According to the Avrami–Erofeev model [20], the differential equation can be
described as follows:

da
dt

¼ k Tð Þf að Þ ð3Þ

where da/dt is the reaction rate (min−1), k(T) is the reaction rate constant (min−1),
and f(a) is the model function:

K Tð Þ ¼ Aexp
�E
RT

� �
ð4Þ

where A denotes the pre-exponential factor, E is the apparent activation energy, and
R is the gas constant (8.314 J�mol−1�K−1). Put expression (4) into (3), the equation
can be obtained as follows:

da
dt

¼ Aexp
�E
RT

� �
f að Þ ð5Þ

Fig. 2 TG-DSC analysis of preparing Na4V2O7 powder by solid-state reaction
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The apparent activation energy was calculated by Freeman–Carroll method
[14–16] in this study and the express also presented as follows:

Dln da
dt

� �
Dln 1� að Þ ¼

� E=R

� �
D 1

T

Dln 1� að Þ þ n ð6Þ

The apparent activation energy can be calculated by plotting the Dln(1-a) against
D1/T, the average activation energy equals 102 ± 6 kJ/mol.

Characterization

XRD measurement is the basic analysis method and frequently applied to verify the
phase composition evolution during the process of materials preparation and syn-
thesis. The XRD patterns of the final products described and compared with the
standard PDF Na4V2O7 (NO: 76-1462) are shown in Fig. 4a. By comparing the
location and intensity of the diffraction peaks with the standard PDF card, the main
phase composition of the presented sample can be checked and verified. The final
phase composition was well fitted with the standard PDF cards of Na4V2O7. No
additional reflection of other phases, e.g., initial reactant, was detected at the final
sample. Narrow and strong reflection clearly confirmed good crystallinity of the
as-prepared sample.

Surface morphology and microstructure of the as-prepared Na4V2O7 powder can
be further analyzed by SEM, characteristic micrographs were obtained with four
different magnifications and they are given in Fig. 4b. These micrographs reveal the
agglomerates of nanoparticles shaped in small chunks of several microns in size.
Form the results, we can find that the inner of the prepared sample have few hole
which may be caused by the carbon dioxide released during the whole process.

Fig. 3 Weight loss and
conservation degree of
preparing Na4V2O7 powder
by solid-state reaction
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A large amount of this hole can extensively accelerate the solid-state reaction by
improving the dynamic conditions.

Conclusions

The Na4V2O7 powder was prepared by the solid-state reaction. Thermodynamic
calculation and non-isothermal kinetics with single heating rate were carried out.
The following conclusions were obtained:

1. Thermodynamic calculation indicated that the solid-state reaction of preparing
Na4V2O7 powder using Na2CO3 and V2O5 as raw materials, proceed intensively
with increasing temperature and reducing partial pressure of carbon dioxide.

2. The solid-state reaction proceeds intensively at 540 °C corresponding to weight
loss and endothermic peak, and the final mass loss is in good agreement with the
theoretical values based on the chemical reaction equation. The activation
energy was obtained by Freeman–Carroll method, the calculated average acti-
vation energy equals102 ± 6 kJ/mol.

3. The XRD further verified the phase composition of preparing Na4V2O7 powder,
and a large number of voids were detected from SEM images, which probably
were caused by the gas release.
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Fig. 4 XRD patterns and SEM images of Na4V2O7 powder
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