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Abstract: Pyrochlore-type tungsten oxide (PTO), WO5-0.5H,0, is an emerging material with very wide potential applications. The
influences of iron valences and the additive amount of ferrous ion on tungsten crystallization ratio and the acceleration mechanism of
ferrous ion were investigated when PTO was hydrothermally prepared in aqueous ammonium tungstate solution containing
ammonium carbonate. The results show that ferrous ion can remarkably accelerate tungsten crystallization while both elemental iron
and ferric ion have little influence on the crystallization. Moreover, the tungsten crystallization ratio increases with increasing the
amount of ferrous ions added and reaches the maximum of about 60% with ferrous ion concentration of 16 g/L. FTIR analysis of the
spent solution after PTO crystallization shows that ferrous ion can accelerate the conversion of WO, tetrahedral to WOy octahedron.
Combined with XPS and XRD analyses of the hydrothermal product, the acceleration effect of ferrous ion on tungsten crystallization
could basically be attributed to the increase in the interplanar spacing of PTO lattice caused by the incorporation of ferrous ion into
PTO crystal lattice. The results presented is conducive to the efficient preparation of PTO powder and cleaner tungsten metallurgy.

Key words: pyrochlore-type tungsten oxide; ammonium tungstate solution; ferrous ion; crystallization; mechanism

1 Introduction

Pyrochlore-type tungsten oxide (PTO),
WO;-0.5H,0, is an important A-site defected layered
perovskite oxide [1] with mesh pattern structure. As an
emerging functional material with good performances,
PTO is expected to be widely used in many fields such
as photochromism, electrochromism, gasochromism,
catalysis, humidity-sensing and battery materials [2—4].
On the other hand, PTO can also be used as a potential
intermediate for preparing tungsten trioxide and tungsten
powder in the cleaner extractive metallurgy of tungsten
from scheelite and/or wolframite concentrates [5].

Considering the great potential applications of PTO,
many researchers have studied its preparation by either
soft chemical method [6] or hydrothermal method [7].
COUCOU and FIGLARZ [2] prepared PTO by
dehydration of hydrated pyrochlore-type ammonium
tungstates followed by ion exchange in acidic aqueous
solutions. SCHAAK and MALLOUK [1] and KUDO
et al [3] reported that PTO was successfully obtained by
acid leaching of Aurivillus-type Bi,W,0y at about 25 °C
for three days. However, the PTO preparation efficiency

was very low due to its long duration. As for the
hydrothermal method, REIS et al [8,9] and GUO
et al [10] prepared PTO from acidified tungstate solution
at pH less than 7.0. However, it was difficult to obtain
high tungsten crystallization ratio. Later, LI et al [11]
prepared PTO from aqueous alkaline sodium tungstate
solution at 140 °C for 24 h at pH of 7.0-8.5 by adding
organic acid and the tungsten -crystallization ratio
reached greater than 90%, indicating that PTO could also
be prepared in the aqueous alkaline solution. But a
relatively high temperature, long duration and expensive
organic acid were required to achieve the high tungsten
crystallization ratio from alkaline solution. Later, PENG
et al [12] showed that iron species may have an
acceleration effect on tungsten crystallization ratio when
PTO was prepared from aqueous alkaline sodium
tungstate solution using a steel bomb as the reactor.
However, sodium impurity in the crystallization product
was difficult to be removed. In order to avoid the
presence of sodium in PTO, LI et al [13,14] have
recently prepared PTO from aqueous ammonium
tungstate solution instead of sodium tungstate solution in
a steel bomb reactor, and detected a small quantity of
iron present in PTO as well as the acceleration effect.
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Fortunately, tungsten-based alloys including element Fe
have been drawn much attention because of their
advantages of high melting point, high density, high
elastic modulus, and resistance to neutron and gamma
radiation [15—17]. Provided that iron species incorporate
into and uniformly disperse in PTO lattice, the PTO with
impurity of iron prepared from ammonium tungstate
solution could probably be a desirable candidate for
tungsten-based alloy preparation. So, it is very
meaningful to further study the reaction behavior of iron
in the hydrothermal preparation of PTO from aqueous
alkaline ammonium tungstate solution. Under this
circumstance, the influences of iron species on tungsten
crystallization ratio and their reaction behaviors were
investigated during the hydrothermal preparation of PTO
from aqueous alkaline ammonium tungstate solution
containing ammonium carbonate.

2 Experimental

2.1 Materials

Ammonium paratungstate (NHy)10H,W1,04,°4H,0,
namely APT-4H,0) used in this work was provided by
Jiangxi Tungsten Industry Group Co., Ltd., China, and its
purity meets the Grade one of the national standard GB/T
10116—2007. The other reagents used were analytically
pure.

2.2 Preparation of aqueous ammonium tungstate

solution

50% ammonia water was diluted with deionized
water at a volume ratio of 1:3 to obtain diluted ammonia
water. 300 g/l APT-4H,O was then added into the
diluted ammonia water to hydrothermally synthesize
aqueous ammonium tungstate solution by Reaction (1) in
a sealed reactor at 120 °C for 2.5 h. The resultant was
filtrated and the filtrate was used as the alkaline
tungsten-bearing solution to prepare PTO. The WO,
concentration in the filtrate was determined using the
thiocyanate-spectrophotometric method [18].

5(NH4)20 ) 12WO3 : 5H20+ 1 4NH3 ) HQO:
12(NH,),WO,+12H,0 (1)

2.3 Preparation of PTO seed

Deionized water and (NH4);0H,W,04,-4H,0
(APT-4H,0) with a liquid to solid mass ratio (L/S) of 1:1
were put into a 150 mL stainless-steel bomb, and then
the sealed bomb was immersed in molten salts and
rotated for a certain duration. The molten salt as the
heating medium was preheated to a preset temperature
with precision of 1 °C. After hydrothermal reaction, the
bomb was taken out and cooled abruptly to room
temperature by tap water. The resultant slurry was
filtered and the cake was dried in an electro-thermostatic

blast oven at 100 °C for 8 h to obtain transformation
product used for XRD analyses.

2.4 PTO preparation

PTO seed hydrothermally transformed by
APT-4H,0 in Section 2.2, ammonium carbonate, and the
synthesized aqueous ammonium tungstate solution were
placed in a 150 mL stainless-steal autoclave which is
specifically lined with polytetrafluoroethylene to
eliminate the influence of iron probably introduced by
the steel bomb. The additive amount of PTO seed was
determined by the seed ratio of mj/m, as 3.0:1.0 [19],
where mjand m, represent the mass of PTO seed and that
of tungsten as WO;:0.5H,0O in the ammonium tungstate
solution, respectively. Additionally, two zirconium balls
with diameter of 5 mm were added to the autoclave to
intensify agitation. To clarify the influence of impurity
iron on the preparation of PTO, different iron species
with different valences and dosages were simultaneously
added into the autoclave. Subsequently, the sealed
autoclave was immersed in a glycerol cell preheated at a
preset temperature (precision of 1 °C) and rotated for a
certain reaction time. During the rotation, the main
hydrothermal reaction was shown in Eq. (2). When the
reaction was completed, the autoclave was taken out
from the cell and cooled abruptly to room temperature by
tap water. After filtration of the resultant slurry, the
obtained cake was washed several times by deionized
water and then dried for further analyses, and the filtrate
was used to determine WO; concentration in the spent
solution.

(NH4)2WO4+1 5H20:WO305H20+2(NH3H20) (2)

Tungsten crystallization ratio, # (%), during the
hydrothermal preparation of PTO from the solution was
calculated by Eq. (3).

n=(po=p.)/po*100% (3)

where pgand p, denote tungsten concentration as WOj; in
tungstate solutions before and after hydrothermal
reaction, respectively, g/L.

2.5 Analyses of hydrothermal product

Phase analysis of the hydrothermal product was
performed on a Bruker X-ray diffractometer
(D8-Advance, Germany) with Cu K, monochromatic
X-ray. The data were recorded for 26 from 5° to 75° and
0.0085° of step size was taken at a scan rate of 1 (°)/min,
and the current and voltage of the generator were
respectively set at 30 mA and 40 kV. The FTIR spectra of
tungstate solutions smeared on the surface of KBr plates
were collected on a FTIR spectrometer (Nicolet 6700,
USA) with 4 cm™' resolution. X-ray photoelectron
spectroscopy (XPS) measurements were conducted on a
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K-alpha 1063 spectrometer (Thermo Fisher Scientific,
USA) with monochromatic Al K, as the excitation
source.

3 Results and discussion

3.1 Preparation of PTO seed

Following  Reaction (4), APT-4H,0 was
hydrothermally transformed to PTO. Figure 1 shows the
XRD patterns of transformation products prepared at
different hydrothermal transformation temperatures.

(NH4)10H,W1,04,-4H,0+6H,0=
12(WO5-0.5H,0)+10(NH; - H,0) )

As shown in Fig. 1, all the detected diffraction
peaks are characteristic ones of APT-4H,0 at
temperature lower than 140 °C, and APT-4H,0 gradually
converts to PTO with increasing hydrothermal
temperature. At 160 °C, there are distinct characteristic
peaks of PTO as well as those of APT-4H,0. When
temperature is above 180 °C, there are no other
diffraction peaks detected except those of PTO, meaning
that APT-4H,0 completely converts to PTO. Hence, the
transformation products prepared at 200 °C for 6 h were
used as PTO seed in the subsequent experiments.

°—WO0,0.5H,0
A—APT-4H,0

200 °C

Ml—k A L ke 12’()I OC
0 10 20 30 40 50 60 70 80
20/(°)

Fig. 1 XRD patterns of transformation products prepared at
different hydrothermal temperatures (L/S 1:1, hydrothermal
duration 6 h)

3.2 Influence of iron species on hydrothermal
preparation of PTO in aqueous ammonium
tungstate solution

3.2.1 Influence of iron

crystallization ratio
Aiming to examine the effect of iron valence on
tungsten crystallization ratio, three iron species with
different valences, i.e., iron powder, ferrous sulphate and
ferric sulphate, were separately added into the
hydrothermal system to examine the influence of iron
valence on tungsten crystallization ratio. For convenient

valence on tungsten

comparison, different iron species added contain the
same amount of 16 g/L as element iron.

The experimental results listed in Table 2 show that
tungsten crystallization ratios are respectively 25.45%
and 26.61% with and without element iron added,
indicating that zerovalent element iron has little
influence on the tungsten crystallization ratio. However,
the tungsten crystallization ratios reach 61.34% and
28.13% with adding heptahydrate ferrous sulphate and
ferric sulphate, respectively, suggesting that trivalent iron
can slightly accelerate the crystallization of tungsten
while divalent iron has a remarkable acceleration effect
on the crystallization.

Table 2 Influences of iron valences on tungsten crystallization

ratio

Additive amount designated

fron species by element iron/(g'L™") %
Blank 0 26.61
Iron powder 16 25.45
FeSO4-7H,0 16 61.34
Fey(SOy); 16 28.13

p(W0;3)=220 g/L, seed ratio m;/m=3.0:1.0, p[(NH4),CO3]=500 g/L, 130 °C,
12h

3.2.2 Influence of additive amount of ferrous ion on
tungsten crystallization ratio

As divalent iron (FeSO4 7H,0) has a remarkably
positive effect on the crystallization of tungsten from the
ammonium tungstate solution, the influence of the
additive amount of ferrous ion on the tungsten
crystallization was further studied. The added divalent
iron increased from 0 to 20 g/L as element iron and the
corresponding results are plotted in Fig. 2.

As shown in Fig. 2, the tungsten crystallization ratio
increases gradually with the added ferrous ion amount
less than 4 g/L, then grows rapidly in the range of

70

60
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30F

20r

10f

1 1 1 1

0 4 8 12 16 20 24
Additive amount of ferrous ion/(g-L™")

Fig. 2 Influence of additive amount of ferrous ion on tungsten
crystallization ratio (p(WO;)=220 g/L, seed ratio m;/m,=3.0:1.0,
p[(NH,),C0O;]=500 g/L, 130 °C, 12 h)
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4-8 g/L, and subsequently rises slowly at 8—20 g/L. The
tungsten crystallization ratio reaches about 60% with
divalent iron concentration of 20 g/L. In other words,
tungsten crystallization ratio increases with increasing
the amount of ferrous ions added, but the acceleration
effect becomes weaker with ferrous ion concentration
greater than 16 g/L. This implies that the acceleration
effect of divalent iron on the tungsten crystallization is
not caused by the formation of ferrous tungstate through
the direct reaction of ferrous iron with tungstate ions in
the solution, and there is a certain underlying mechanism
for the acceleration effect.
3.2.3 Influence of ferrous ion on morphology of
hydrothermal product

The influence of ferrous ion on the morphology of
hydrothermal product was further studied by SEM
analysis. As shown in Fig. 3(a), the original crystal size

XS, 808

[

ZekV XS, 000

of the hydrothermal product is ~1 um at divalent iron
concentration of 4 g/L. With the increase of the divalent
iron concentration, the change in original crystal size is
not distinct, whereas the agglomeration tendency among
crystals is increasingly obvious (see Figs. 3(c)—(e)).
When the ferrous ion content is at 20 g/L, the
agglomerate size reaches greater than 5 pm (Figs. 3(d),
(e)). This may be correlated to the rapid increase of the
concentration of WO, octahedron caused by the
conversion of WO, tetrahedral(see Section 3.3.1) when
the divalent iron concentration increases rapidly. That is
to say, along with the anion conversion of WO, into
WOg, the supersaturation of WOg anion in the solution
increases and thus PTO precipitates more rapidly, thus
enhancing agglomeration. As for the intrinsic
dependence of PTO crystallization on the WOy anion,
supersaturation is to be further investigated.

Z28kV XS, 806 Srm

Lan 2 e

Fig. 3 SEM images of hydrothermal product with different additive amounts of ferrous ion (p(WO3)=220 g/L, p((NH4),COs)=
500 g/L, seed ratio m;/m,=3.0:1.0, 130 °C, 12 h): (a) 4 g/L; (b) 8 g/L; (c) 12 g/L; (d) 16 g/L; () 20 g/L
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3.3  Acceleration mechanism for  tungsten
crystallization

3.3.1 FTIR analysis of spent solution after PTO
crystallization

The change of tungsten species in the spent solution
after tungsten crystallization with different amounts of
divalent iron added was explored by FTIR, and Fig. 4
shows the FTIR spectra with divalent iron concentration
varying from 0-20g/L. According to the study by
WANG et al [20], the peak centered at 833 cm'
corresponds to the absorption peak of WO, tetrahedron
which makes up the tungstate ion, and the peak at
930 cm ' is the absorption peak of WO, octahedron
which is the structural unit of PTO. As shown in Fig. 4,
the intensity of the absorption peak at 833 cm’'
decreases markedly with increasing the amount of
ferrous iron added, while that at 930 cm ™' keeps almost
stable slightly. Additionally, there is no remarkable
change in the other absorption peaks corresponding to
tungsten-bearing ions. This reveals that WO, tetrahedrals
in the tungstate solution transform into WOg octahedrons
which subsequently precipitate in the form of PTO with
the increase of ferrous ion concentration, i.e., ferrous ion
can accelerate the conversion of WO, tetrahedral to WO
octahedron, resulting in the rapid precipitation of PTO.

0.8

833
(a)
0-6\ (b)
8 930
£ 04\
02~

(7)00 800 900 1000 1100 1200 1300 1400 1500
Wavenumber/cm™

Fig. 4 FTIR spectra of spent solution of PTO crystallization

with different divalent iron concentrations (p(WO;)=220 g/L,

P((NH4)>CO3)=500 g/L, seed ratio m;/m=3.0:1.0, 130 °C, 12 h):

(a) 0 g/L; (b) 4 g/L; (c) 8 g/L; (d) 12 g/L; (e) 16 g/L; (f) 20 g/L

3.3.2 XPS measurement of hydrothermal product

In order to further explore the acceleration
mechanism for tungsten crystallization by adding ferrous
ion in the hydrothermal preparation of PTO, the
hydrothermal product prepared by adding 16 g/L ferrous
ions was employed to analyze its chemical composition,
which shows that about 23 wt.% of iron quantitatively
determined by ICP analysis enters into the hydrothermal
product. Moreover, the chemical states of the elements of
the product were examined by X-ray photoelectron

spectroscopy (XPS) measurement to determine the iron
valence and the interactions between iron and PTO. As
shown in Fig. 5, the survey spectrum (Fig. 5(a)) of the
product shows the peaks of of Fe 2p at 711.19 eV, W 4f
at 35.76 eV and O 1s at 530.89 eV, confirming the
presence of Fe, W and O elements in the surface
structure of the product. The W 4f photoelectron
spectrum (Fig. 5(c)) manifests W 4f (35.76 eV) and W 4f
(37.88 eV), which is in agreement with the binding
energy values of W®'. With respect to Fe, the core-level
Fe 2p photoelectron spectrum (Fig. 5(b)) reveals Fe 2p,;
(709.19 eV) and Fe 2p;;3 (724.63 eV). However, for
element Fe, as the binding energy values of its various
forms are very close, the valence of element Fe cannot be
determined directly from Fig. 5(b). Therefore, XPS
spectrum peaks of Fe are further split to determine the
existent form of iron in the hydrothermal product. As
depicted in Fig. 6. the peaks of 710.2, 711.3, 712.4 and
713.6 eV correspond to ferric ion, while those of 708.3,
709.3 and 7104 eV are assigned to ferrous ion.
Moreover, the area of each peak was calculated (Table 3)
to estimate the content of ferric and ferrous iron. As
shown in Table 3, the ratio of total area of ferric ion
peaks to that of ferrous iron peaks is about 42:58,
meaning that approximate 60% of iron on the surface of
the hydrothermal product still exists in the form of
ferrous ion and about 40% of ferrous ion is oxidized into
ferric ion during the hydrothermal preparation of PTO.
3.3.3 XRD analysis of hydrothermal products

On the basis of XPS analysis of the surface structure
of the hydrothermal product, XRD analyses (Fig. 7) of
the products were conducted to further find out the phase
of iron species present in the product. As shown in
Fig. 7, the main phase of the product is PTO when the
ferrous ion content added increases from 0 to 20 g/L
during the hydrothermal preparation of PTO. However,
compared with the XRD pattern of the PTO obtained
without adding ferrous iron during the hydrothermal
preparation, an accompanying peak in
direction appears closely adjacent to the characteristic
peaks at approximate 30° of PTO, and its intensity seems
to slightly increase with increasing the amount of ferrous
ion added. According to the Bragg’s law, an
accompanying peak deviates in a low-angle direction,
which is caused by the enlargement of interplanar
spacing [21]. On the other hand, the three-dimensional
channels among the layers of PTO facilitate the
exchange of cations. Combining with the aforementioned
FTIR and XPS results, we could deduce that, the added
ferrous ion during the hydrothermal reaction may
incorporate into PTO crystal lattice most probably by
lattice substitution of tungsten by iron, causing the
increase of PTO interplanar spacing. Subsequently, some

low-angle
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Fig. 5 XPS spectra of hydrothermal product obtained by adding 16 g/L ferrous iron (p(WO53)=220 g/L, p((NH4),CO;)=500 g/L, seed
ratio mj/m,=3.0:1.0, 130 °C, 12 h): (a) Survey spectrum; (b) Fe 2p scan; (¢c) W 4f scan; (d) O 1s scan
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Fig. 6 Split XPS spectra of element Fe on surface of
hydrothermal product

Table 3 Each peak area of XPS spectra of element Fe in

product
Binding energy/eV Peak area
710.2 1134.5
711.3 2177.8
712.4 1185.3
713.6 551.6
708.3 1235.7
709.3 2492.5
710.4 3215.9

physicochemical properties of the crystallization product
change to some extent and ultimately accelerate the
crystallization of tungsten in the solution. To verify this
deduction, the lattice parameters (Table 4) of each
hydrothermal product in Fig. 7 were determined. From
Table 4, we can see that the lattice parameter of the
product obtained without adding ferrous ion is
1.02693 nm which is very close to that of 1.0270 nm of
the standard cubic PTO. With the increment of added
ferrous ion, the lattice parameter gradually increases
from 1.02723 to 1.02813 nm. Therefore, the acceleration
of PTO crystallization by introducing ferrous ion
during its hydrothermal preparation could be basically
attributed to the incorporation of ferrous ion into the
PTO Iattice.

In addition, when the additive amount of ferrous ion
reaches 20 g/L, the characteristic peaks of ferriferrous
oxide can be detected distinctly. Therefore, a conclusion
may be drawn that the ferric ion in the hydrothermal
products exists in the form of ferriferrous oxide.
Theoretically, the mass ratio of ferric ion to ferrous ion in
a pure ferriferrous oxide should be about 67:33. However,
the mass ratio for the product obtained by adding 16 g/L
ferrous iron is about 42:58 by the XPS analysis, which
further proves that partial ferrous ions incorporate into
PTO lattice during the hydrothermal preparation.
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°o—WO0;-0.5H,0 *—Fe;0,
II 0g/L
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Fig. 7 XRD patterns of hydrothermal products obtained by
adding different amounts of Fe*" (o(WO5)=220 g/L, seed ratio
m;/m=3.0:1.0, p((NH4),CO;)=500 g/L, 130 °C, 12 h)

Table 4 Lattice parameters of hydrothermal products at
different additive amounts of ferrous ion

Ferrous ion amount/(g-L™") Lattice parameter/nm

0 1.02693
4 1.02723
8 1.02748
12 1.02774
16 1.02792
20 1.02813

P(W05)=220 g/L, p((NH,),CO3)=500 g/L, seed ratio m/m=3.0:1.0, 130 °C,
12h

4 Conclusions

(1) Ferrous ion can markedly accelerate tungsten
crystallization ratio in the hydrothermal preparation of
PTO from aqueous ammonium  tungstate/carbonate
solution, while both element iron and ferric ion have
little influence on the tungsten crystallization.

(2) The tungsten crystallization ratio increases with
increasing ferrous ion concentration and reaches 61.34%
at ferrous ion concentration of 16 g/L, afterwards, the
acceleration effect becomes weak.

(3) The acceleration effect of ferrous ion on
tungsten crystallization during the hydrothermal
preparation of PTO could basically be attributed to the
increase in the PTO interplanar spacing caused by the
incorporation of partial ferrous ion into PTO crystal
through lattice substitution. Additionally, partial ferrous
ion is oxidized and exists in ferriferous oxide in the
hydrothermal product.
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B OB S RMESR R RIR AR T MR B R B VA K AR R A Y
AL TP R A A SR B AN IR A 45 AR SR, B AT T B TR A e R L. S5 IR
WY, LK BT AE R R A I 45 et B, IO SR BAR AT = Ak B RSN LGl A R AR S A R 4
MTFE, MR TR 16 g/L I, 5455 R IE BN R EH~60%. 458 BHRFKIZLAM 6 (FTIR) TR B, WEKES
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