
Thermodynamic calculation on reduction of tungsten oxide
in H2 atmosphere

Liu Sha a,*, Zhang Jing Qiu b

a School of Materials Science and Engineering, Central South University, Changsha, Hunan 410083, PR China
b Institute of Information Science and Engineering, Central South University, Changsha, Hunan 410083, PR China

Received 17 June 2007; accepted 25 August 2007

Abstract

Thermodynamic calculation on reduction of tungsten oxide in H2 atmosphere is carried out in this paper. The general calculation
model of the standard free energy changes for reactions are established. Accurate calculation and plotting of the standard free energy
changes, equilibrium constants and gas composition for preparing tungsten by reduction of tungsten oxide in H2 atmosphere are realized
using the developed general computer program, especially for the polynomial integral and subsection integral operations.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The thermodynamic study of the phase equilibria during
chemical reactions provides a basic understanding of the
process prior to designing suitable reaction experiments,
and provides a useful guideline for the selection of process-
ing conditions. Prior to chemical reactions, it is essential to
determine the feasibility of the chemical reactions, the nat-
ure and amount of the solid and gaseous species present in
the system. These can be determined from the calculation
of the thermodynamic equilibrium (i.e. the equilibrium par-
tial pressures of the system species) at a given set of pro-
cessing conditions such as reaction temperature, pressure
and reactant concentration [1]. It is known that calculation
and plotting of standard Gibbs free energy changes for
reactions are important thermodynamics content in many
courses such as materials science, metallurgy principle,
physical chemistry and so on. It is theoretically significant
for using the value of standard free energy changes to
approximately analyze the trends of substances reactions
and phases transitions in chemical reactions, metallurgy

processes, materials synthesis and processing [2–5]. More-
over at chemical equilibrium the equilibrium constant can
be gained by linking to the value of the standard free
energy change for the reaction. However, it is not easy to
accurately calculate and plot the standard free energy
changes and equilibrium constants for reactions due to
the calculation complexity of reactions and phase transi-
tions. It is found in the literature [6] that it is not simple
and convenient for calculation of standard free energy
changes for reactions using the computer program, because
the polynomial integral operation, plotting and calculating
of the equilibrium constant are not included in the com-
puter program, which makes the calculation results impre-
cise. At present it has not been found in the literatures for
accurate calculation and plotting of the standard free
energy changes and the equilibrium constant for reactions
using the general computer program, especially for polyno-
mial integral and subsection integral operations. Tungsten
powders are mainly prepared in production by reduction of
tungsten oxide powders in H2 atmosphere. Taking the
reduction of tungsten oxide powders in H2 atmosphere as
an example, the purpose of the study is to establish the cal-
culation and plotting model of the standard Gibbs free
energy changes for chemical reactions, and to accurately
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calculate and plot the standard free energy changes, the
equilibrium constants and gas composition for most reac-
tions and phase transformations only inputting the basic
thermodynamic data tabulated in data books into the com-
puter program.

2. Calculation model of the standard free energy of reactions

Tungsten powders are mainly prepared in production by
reduction of tungsten oxide powders in H2 atmosphere.
The main chemical reactions for preparing tungsten pow-
ders by reduction of tungsten oxide powders in H2 atmo-
sphere are as following:

WO3ðsÞ + 0.1H2ðgÞ = WO2:9ðsÞ + 0.1H2OðgÞ ð1Þ

WO2:9ðsÞ + 0.18H2ðgÞ = WO2:72ðsÞ + 0.18H2OðgÞ ð2Þ

WO2:72ðsÞ + 0.72H2ðgÞ = WO2ðsÞ + 0.72H2OðgÞ ð3Þ

WO2ðsÞ + 2H2ðgÞ = WðsÞ + 2H2OðgÞ ð4Þ

Usually a multiple reaction can replace the above reactions,
and can be expressed below:

xA + yB + zC + wD = uE + vF + pG + qH ð5Þ

where A, B, C, D, E, F, G, and H denote the each sub-
stance in the reaction, respectively; x, y, z, w, u, v, p, and
q represent the each substance mole in the reaction,
respectively.

Taking Reaction (1) as an example, the each substance
and mole in the reaction are below:

x = 1, y = 0.1, z = 0, w = 0, u = 1, v = 0.1, p = 0,

q = 0, A = WO3, B = H2, C = 0, D = 0, E = WO2:9,

F = H2O, G = 0, H = 0

The standard free energy of reactions DrG
0 is described

below:

DrG
0 ¼

X
nG0

f ðproductsÞ �
X

mG0
f ðreactantsÞ ð6Þ

where n and m represent the moles of each product and
reactant given by the coefficient in the balanced chemical
equation, respectively;

P
nG0

f (products) and
P

mG0
f (reac-

tants) represent the sum of the changes in the standard free
energy of formation for each product and reactant,
respectively.

That is [7,8]

DrG
0 ¼ DfH 0

298 þ
Z T

298

DCp dT � TDrS
0
298 � T

Z T

298

DCp

T
dT

ð7Þ

where Df H 0
298 and DrS

0
298 denote the changes for the stan-

dard enthalpy of formation and the standard entropy of
reaction for each product or reactant at 298 K in the reac-
tion, respectively; T is the temperature in Kelvin; DCp is the
changes of the (molar) heat capacity at constant pressure
for each product or reactant; Cp is the (molar) heat capac-

ity at constant pressure, it is possible to express the heat
capacity as [7,8]:

CP ¼ aþ bT þ cT�2 þ dT 3 þ eT 2 ð8Þ

where a, b, c, d and e are the heat capacity coefficients often
tabulated in data books.

According to Reaction (5) and Eq. (6), the calculation
model is constructed as following:

DfH 0
298 ¼ uDf H 0

298ðEÞ þ vDfH 0
298ðFÞ þ pDf H 0

298ðGÞ
þ qDfH 0

298ðHÞ � xDfH 0
298ðAÞ � yDf H 0

298ðBÞ
� zDfH 0

298ðCÞ � wDfH 0
298ðDÞ ð9Þ

DrS
0
298 ¼ uS0

298ðEÞ þ vS0
298ðFÞ þ pS0

298ðGÞ þ qS0
298ðHÞ

� xS0
298ðAÞ � yS0

298ðBÞ � zS0
298ðCÞ � wS0

298ðDÞ
ð10Þ

where DfH 0
298 ðEÞ, DfH 0

298 ðFÞ, Df H 0
298 ðGÞ, DfH 0

298 ðHÞ,
DfH 0

298 ðAÞ, DfH 0
298 ðBÞ, Df H 0

298 ðCÞ, DfH 0
298 ðDÞ, S0

298 ðEÞ,
S0

298 ðFÞ, S0
298 ðGÞ, S0

298 ðHÞ, S0
298 ðAÞ, S0

298 ðBÞ, S0
298 ðCÞ

and S0
298 ðDÞ represent the enthalpy of formation and stan-

dard entropy for each product and reactant at 298 K in the
reaction, respectively.

DCp ¼ uCpðEÞ þ vCpðFÞ þ pCpðGÞ þ qCpðHÞ
� xCpðAÞ � yCpðBÞ � zCpðCÞ � wCpðDÞ

¼ uðaðEÞ þ bðEÞT þ cðEÞT�2 þ dðEÞT 3

þ eðEÞT 2Þ þ vðaðFÞ þ bðFÞT þ cðFÞT�2

þ dðFÞT 3 þ eðFÞT 2Þ þ pðaðGÞ þ bðGÞT
þ cðGÞT�2 þ dðGÞT 3 þ eðGÞT 2Þ þ qðaðHÞ
þ bðHÞT þ cðHÞT�2 þ dðHÞT 3 þ eðHÞT 2Þ
� xðaðAÞ þ bðAÞT þ cðAÞT�2 þ dðAÞT 3

þ eðAÞT 2Þ � yðaðBÞ þ bðBÞT þ cðBÞT�2

þ dðBÞT 3 þ eðBÞT 2Þ � zðaðCÞ þ bðCÞT
þ cðCÞT�2 þ dðCÞT 3 þ eðCÞT 2Þ � wðaðDÞ
þ bðDÞT þ cðDÞT�2 þ dðDÞT 3 þ eðDÞT 2Þ ð11Þ

where each letter and sign are corresponding with the sub-
stances or coefficients in the above reactions and equations,
respectively.

According to the Gibbs equation as following:

DrG ¼ DrG
0 þ RT ln K0 ð12Þ

At equilibrium there is no net driving force for the reaction,
the reaction will not proceed spontaneously either forward
or backward, so DrG is zero. That is

DrG
0 ¼ �RT ln K0 or

DrG
0 ¼ �2:303RT lg K0

ð13Þ

where R is the ideal gas law constant, 8.314 (J/mol K); K0 is
the equilibrium constant for the chemical equilibrium tak-
ing place; ln and lg represent the logarithm to the base e
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