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anadium from leachate solutions
by reduction with hydrazine
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Vanadium is a ‘critical metal’ with wide reaching applications. Current methods to extract vanadium from

ores and slags rely on generating a solution of pentavalent vanadium ions, which are then precipitated

using ammonium salts to form a vanadium-bearing solid. However, this precipitation method generates

large volumes of unrecyclable wastewater which must be discharged. Herein, we describe a cleaner

method to precipitate vanadium from leachate solutions, by reduction with dilute aqueous solutions of

hydrazine. This approach generates a nano-colloidal suspension that can be agglomerated to give

precipitation efficiencies of up to 94%, and product purities of up to 99.5%. This is a zero-liquid-

discharge method – after reduction, hydrazine is oxidised to volatile by-products which can be removed

by simply heating. Therefore, this process outputs only solid material, whilst retaining all liquids within

a closed-loop process.
Introduction

Vanadium is a ‘critical metal’, with applications in high-
strength steel and other specialist alloys,1,2 and as a catalyst in
the production of sulfuric acid and maleic anhydride.3,4 An
emerging use of vanadium is as an electrolyte in vanadium
redox ow batteries (VRFB),5,6 a promising technology for long-
term energy storage. Demand from these applications, partic-
ularly from the VRFB industry, is continually growing.7

Vanadium is widely dispersed in nature, typically occurring
at low concentrations.8 Approximately ∼70% of the world's
vanadium is produced as a by-product of primary processes,9

notably steelmaking, where vanadium is recovered from steel
slags generated during smelting.10 A minor amount of the
world's vanadium supply is extracted directly from vanadium-
bearing titano-magnetite ores.11

Vanadium is commonly extracted from slags or ores using
hydrometallurgical processes.12,13 These processes typically
include oxidative roasting, aqueous leaching, and precipitation
steps. The conventional industrial method comprises sodium-
roasting, followed by water-leaching and ammonium-salt
precipitation (Fig. 1).14–19 This approach has signicant envi-
ronmental drawbacks. Firstly, the roasting step produces
corrosive gases such as Cl2 and SO2;20,21 secondly, the leaching
step solubilises toxic hexavalent chromium, a known
versity of Wellington, Lower Hutt, New

Engineering, University of Canterbury,
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ealand

the Royal Society of Chemistry
carcinogen;22 and, thirdly, the precipitation step leaves behind
a large amount of unrecyclable saline ammonia wastewater,
which is contaminated extensively with non-volatile salts and
must be discharged (red box Fig. 1).23,24 Increasingly strict
environmental regulations around wastewater handling and
growing public awareness surrounding industry practice is
Fig. 1 Process flow diagram of the conventional sodium-roast water-
leach ammonium-salt-precipitation route.
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encouraging a shi to greener technologies for vanadium
extraction,25–31 such as zero-liquid-discharge methods.32

Alternative roasting and leaching methods have been
proposed.25,26,33 However, most efforts to improve the precipi-
tation step involve modications or upgrades to the existing
ammonium-salt method.34–37 Ammonium-salt precipitation
leaves behind soluble by-products (e.g. salts) in solution which
are difficult to remove, inhibiting recycling of the leachate
solution and resulting in the discharge of contaminated
wastewater. While literature work has, to some extent, improved
the ammonium-salt process,37–39 the underlying problems of
excess reagent consumption and production of large volumes of
unrecyclable hazardous wastewater remain unresolved. There-
fore, there is a critical need for a new, cleaner precipitation
method.

Vanadium can exist in multiple oxidation states (V2+, V3+,
V4+, and V5+), which have varying solubility in aqueous solution.
In vanadium-bearing ores and slags, vanadium predominantly
occurs as the insoluble V3+ ion. To enable leaching, the slag is
oxidised using an oxidatively roasting step, which generates the
more soluble V5+ ion.40,41 This allows the vanadium to be
leached and affords a solution containing vanadium complexes
in which vanadium is in the V5+ oxidation state (highlighted
yellow region Fig. 2). The difference in aqueous solubility
between oxidation states of vanadium could be used in
a precipitation process, whereby V5+ ions are reduced to lower
oxidation states that are less soluble. This can be con-
ceptualised as travelling down the EH axis on the vanadium
Pourbaix diagram in water (green arrow Fig. 2), as opposed to
the conventional reactive precipitation method with ammo-
nium salts, which moves across the pH axis (red arrow Fig. 2).

Hydrazine hydrate is a potential reductant for vanadium
precipitation. Although widely used in organic and inorganic
synthesis procedures,42–45 its application in hydrometallurgical
processes remains relatively unexplored. Its liquid state at
ambient temperature facilitates handling, storage, and
Fig. 2 FactSage calculated Pourbaix diagram of the V–O–H system at
298.15 K. Soluble V concentration set to 10 mmol L−1. Green arrow
represents the proposed hydrazine precipitation process, red arrow
represents the conventional ammonium-salt precipitation method
with ammonium chloride.

19896 | RSC Adv., 2026, 16, 19895–19902
controlled introduction into a reaction. Upon reduction,
hydrazine is oxidised to volatile by-products (eqn (1) and (2)),
which can be readily separated from reaction media via the gas-
phase by heating or reducing pressure. This clean decomposi-
tion prevents contamination of the process stream and could
enable full recycling of the leachate solution.

N2H4 + xMn+ / xM(n−4/x)+ + N2[ + 2H2[ (1)

2N2H4 + xMn+ / xM(n−2/x)+ + N2[ + 2NH3[ + H2[ (2)

An emerging improvement to the roasting and leaching
steps is the use of a non-salt air roast followed by ammonium
bicarbonate leaching. Recent studies report that a non-salt air
roast ammonium bicarbonate-leach process has high leaching
efficiency and selectivity for vanadium,25,26 whilst being cleaner
than other methods, such as the conventional sodium-roast
water-leach. Ammonium bicarbonate decomposes upon heat-
ing to volatile gaseous species, which can be removed and
recirculated into a closed-loop system. Furthermore, vanadium
species produced by blank-roasting are soluble in ammonium
bicarbonate, eliminating the need for additives in the roast—
a requirement when water is used as the lixiviant in the
conventional method—thereby reducing reagent usage and
eliminating the generation of persistent wastewater. Due to
these advantages, ammonium bicarbonate was utilised as
a clean lixiviant in our hydrazine precipitation process.

A process ow diagram of the proposed zero-liquid-
discharge route based on hydrazine precipitation is shown in
Fig. 3. The deliberately designed reagent system produces
exclusively volatile by-products, which are easily removed from
the lixiviant solution. Consequently, aer precipitation, the
Fig. 3 Proposed process flow diagram for the zero-liquid-discharge
process created from the combination of ammonium bicarbonate
leaching and hydrazine precipitation. Note that operations in the red
dotted box have not been demonstrated in this work.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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leover leachate can be recycled back to the leaching step,
eliminating wastewater discharge.

In this study, we use aqueous solutions of hydrazine hydrate
to precipitate vanadium-bearing solids from leachate solutions
produced through ammonium bicarbonate leaching of slags.
We then examine the composition and morphology of these
precipitates and show that this hydrazine precipitation is
cleaner than the dominant industrial method.
Experimental
Materials and methods

Vanadium-bearing slags (Vanadium Recovery Concentrate
(VRC) and Alkaline Converter (AC) slags) were obtained from
New Zealand Steel (Glenbrook) and used as received. Unless
specied, all other chemicals were of analytical grade and were
obtained from commercial sources. Aqueous 15% ammonium
bicarbonate lixiviant solution was made by dissolving 150 g of
ammonium bicarbonate in 1 L distilled water. X-ray diffraction
(XRD) analysis was conducted using a Bruker D8 Advance
diffractometer with Co-Ka radiation. X-ray uorescence (XRF)
measurements were conducted on a Shimadzu EDX-7200
Energy Dispersive X-ray uorescence spectrometer. Trans-
mission Electron Microscopy (TEM) imaging was conducted on
a JEOL JEM-2100F machine with an accelerating voltage of 200
kV. Samples for TEM were dispersed in either water or ethanol
and the dispersion was dropped directly onto a copper grid.
Zeta potential measurements and particle size analysis of
colloidal solutions were conducted on a Zetasizer Nano (2009
model), using distilled water that was ltered twice through
a 0.45 mm nylon membrane as the dispersant.
Slag compositions

The compositions of the slags used in this study were analysed
via XRF and are shown below (Table 1).
Preparation of leachate solutions from vanadium-bearing
slags

AC leachate. AC slag was milled in a ring mill for 30 seconds,
and then roasted in a muffle furnace for 1 h at 1000 °C. This
roasted material was ground in a ring mill for 5 seconds. The
powder was then added to 15% ammonium bicarbonate
Table 1 Composition of slags determined via XRF. Raw slag XRF was com
in the following conditions (AC and VRC slags oxidised at 1000 °C for 1 h
(raw) sample XRF values reported on a dry basis. Oxidised sample values

Sample

Major element analysis (wt%)

Fe Mn Ti Ca S P Si

AC raw 15.7 2.1 2.2 36.4 ND 0.9 3.2
AC2 raw 18.3 3.2 1.9 33.5 ND 0.9 2.9
VRC raw 21.5 11.5 10.0 1.6 0.1 ND 8.0
AC ox 19.4 2.2 2.0 30.9 0.1 0.7 2.9
AC2 ox 21.3 3.2 1.9 31.7 ND 0.8 2.7
VRC ox 24.0 8.6 8.9 2.2 ND ND 8.8

© 2026 The Author(s). Published by the Royal Society of Chemistry
solution at an 8.33 : 1 L : S ratio and stirred at ambient
temperature for 2 h at a stirring rate of 250 rpm. The suspension
was ltered over a Buchner, aer which the leachate was boiled
for 30 minutes, then ltered over a Buchner. The ltrate was
stored to be used in subsequent reduction experiments.

Contaminant-metal doped (AC2) leachate. This AC2 slag is
AC slag contaminated with additional heavy metal ions. It was
used to test the process's tolerance to tramp metal ions. AC slag
(474.05 g) was combined with Fe2O3 (15.00 g), MnO (5.00 g),
Cr2O3 (1.00 g), NiO (1.40 g), SnO2 (0.40 g) and CuO (3.15 g) and
then milled in a ring mill for 30 seconds to homogenise. This
mixture was then roasted in a muffle furnace for 1 h at 1200 °C,
then ground in a ring mill for 5 seconds. This roasted powder
was then added to 15% ammonium bicarbonate solution at an
8.33 : 1 L : S ratio and stirred at 25 °C for 2 h at a stirring rate of
250 rpm. The suspension was ltered over a Buchner, aer
which the leachate was boiled for 30 minutes, then ltered over
a Buchner. The ltrate was stored to be used in subsequent
reduction experiments.

VRC leachate. VRC slag was milled in a ring mill for 30
seconds, and then roasted in a muffle furnace under an air
atmosphere for 1 h at 1000 °C. This roastedmaterial was ground
in a ring mill for 5 seconds. The powder was then added to 15%
ammonium bicarbonate solution at an 8.33 : 1 L : S ratio and
stirred at 50 °C for 2 h at a stirring rate of 250 rpm. The
suspension was ltered over a Buchner, aer which the leachate
was boiled for 30 minutes, then ltered over a Buchner. The
ltrate was stored to be used in subsequent reduction
experiments.
Preparation of synthetic V5+ solution

Vanadium pentoxide (3.46 g, 19.02 mmol) was added to 15%
ammonium bicarbonate solution (1 L). The solution was soni-
cated, boiled for 30 minutes, and then stored to be used in
subsequent reduction experiments.
Reductive hydrazine precipitation

A leachate solution was added to a conical ask equipped with
amagnetic stirrer bar. Hydrazine hydrate (1.5 molar equivalents
relative to V, as a 10 wt% solution in water) was added, then the
solution was stirred at 250 rpm and heated at 60 °C for 1 h, then
100 °C for 30 min. The suspension was allowed to cool to room
pleted on the untreated slag post-milling. Oxidised slags were oxidized
, AC2 slag oxidised at 1200 °C for 1 h). ND = not detected. Unroasted
reported on an ignited basis

Al Mg V Cu Cr Ni Sn LOI%

0.9 2.5 2.6 ND 0.3 ND ND
0.8 2.4 2.4 0.6 0.4 0.2 0.1
0.8 0.5 8.8 ND ND ND ND
1.0 4.5 2.2 ND ND ND ND 1.689
0.7 1.9 2.4 0.6 0.3 0.2 0.1 2.057
0.9 0.7 8.2 ND ND ND ND −6.438

RSC Adv., 2026, 16, 19895–19902 | 19897
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temperature without stirring and the solids were isolated via
centrifugation or ltration. The supernatant or ltrate was
analysed via XRF spectrometry to determine the concentration
of vanadium le in solution.

The precipitation efficiency was calculated via the following
equation:

E ¼
�
1� Cf

Ci

�
� 100 (3)

where E represents the precipitation efficiency expressed as
a percentage, Cf is the concentration of vanadium in the solu-
tion aer reduction, and Ci is the concentration of vanadium in
the initial leachate solution.
Results and discussion
Proof-of-concept precipitation on a synthetic V5+ solution

Before investigating reductions on complex multi-metallic
leachate solutions, a proof-of-concept reduction was per-
formed on a synthetic mono-metallic solution of V5+ ions in
15% ammonium bicarbonate aqueous solution. Aqueous 15%
bicarbonate solution was used as the solvent to be consistent
with the leachate experiments described in following sections.
Aer heating with hydrazine at 60 °C for 1 h, the colour of the
solution had changed from an initial bright yellow to an
extremely opaque black (Fig. 4 le and middle). The extreme
opacity of this solution was suggestive of a suspension of solid
particulate. The pH of this suspension was approximately 9.
According to the vanadium Pourbaix diagram in water, lower-
valent vanadium oxide species at this pH are solids (Fig. 2),
meaning that the opaque black suspension likely is a colloid. A
sample of this black suspension was slowly acidied using
sulfuric acid (SI). The suspension remained an opaque black
until reaching a pH of approximately 3.5, when it became
a transparent dark blue/green. The colour of this solution is
indicative of V3+ and V4+ ions and the transition from opaque to
transparent is evidence of the dissolution of solid material.
These experimental observations agree with the vanadium
Pourbaix diagram in water, in which boundaries between solid
and dissolved V3+ and V4+ phases lie at a pH of approximately
3.5.
Fig. 4 Pictures of solutions and solids observed during reductive
precipitation with hydrazine. Left: Initial bright yellow synthetic V5+

solution, middle: black colloid obtained after reduction of initial
solution with hydrazine, right: black precipitate obtained after
agglomeration.

19898 | RSC Adv., 2026, 16, 19895–19902
Colloids are oen stabilised by electrostatic interactions.46–49

These stabilising interactions can be decreased by shiing the
system towards the isoelectric point. In our ammonium bicar-
bonate system, this can be achieved by the removal of dissolved
ammonium and carbonate ions, which are volatile and easily
extracted by heating. To this end, the colloidal suspension was
heated at 100 °C for 30 minutes. Successful destabilisation was
evidenced by a black precipitate, which formed upon cooling
the suspension to room temperature (Fig. 4 right). The solid
material was collected, and the leover leachate analysed using
XRF spectrometry, which indicated a vanadium precipitation
efficiency of 94%. This is comparable to efficiencies achieved in
conventional ammonium-salt precipitation.34,36,37,39

XRD analysis of the black solid obtained aer reduction and
agglomeration (Fig. 5) revealed that it was a mixed valence
oxide, consisting of oxides with vanadium in the V3+, V4+, and
V5+ states.

TEM images of the black solid aer agglomeration show
clusters of cylindrical rod structures (Fig. 6a and b), which in
high magnication display well dened lattice fringes (Fig. 6c
and d). Surrounding the crystalline material is an approximately
5 nm thick amorphous oxide shell. These structures are
uniform in size and shape, likely due to the high purity of the
precipitate.

NH4HCO3 leaching and N2H4 precipitation on AC slag

Aer successfully isolating vanadium from a mono-metallic V5+

solution using a reductive hydrazine precipitation, we examined
if the same process would work on a leachate from an ammo-
nium bicarbonate leach of alkaline converter (AC) slag. This
leachate contains many other contaminant ions as well as
vanadium, so it is not nearly as pure and is much more
comparable to real industry leachate solutions.

First, the AC slag was blank-roasted to oxidise vanadium ions
in the slag to the V5+ state. The roasted slag was then leached in
15% ammonium bicarbonate solution at room temperature
(extraction efficiency = 58%). This process was selective for
vanadium and the obtained leachate composition was consis-
tent with other literature reports of ammonium bicarbonate
leaching.25,26 The leachate was then semi-puried by boiling for
30 minutes, which removed a portion of the ammonium and
carbonate ions present and resulted in the precipitation of a P–
Fig. 5 XRD pattern of mixed valence vanadium oxide solid obtained
after reduction of a synthetic V5+ solution. Labels: (a) V4O7, (b)
V3O7$H2O, (c) NH4V3O7, (d) (NH4)4H12V12O36(VO4)$(H2O)11.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02758j


Fig. 6 TEM images of nanoparticles from a synthetic V5+ solution after
reductionwith hydrazine and agglomeration by heat. (a) Agglomerated
precipitate (3k magnification), (b) stacked cylindrical rods (8k magni-
fication), (c) rod protruding from bulk of the cluster (30k magnifica-
tion), (d) the edge of a rod showing lattice fringes and an oxide shell
(500k magnification).

Fig. 7 XRD pattern of precipitate obtained after hydrazine precipita-
tion on AC leachate. Labels: (a) V4O7.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/2
3/

20
26

 1
2:

14
:2

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Ca–Fe–Ti-rich byproduct, leaving a vanadium-rich leachate
solution with minor amounts of phosphorus, silicon, and
chromium (Table 2).

The AC leachate was then subjected to the hydrazine
precipitation process. As with the mono-metallic V5+ solution,
heating with hydrazine caused the formation of an opaque
black suspension. All attempts to lter the nano-colloidal
suspension without rst evaporating off a portion of the di-
ssolved organic ions were unsuccessful. However, simply heat-
ing the nano-colloid at 100 °C for 1 h formed a black precipitate
which could be isolated. Agglomeration was also achieved using
a occulant (SI). The leover solution aer agglomeration by
heating was analysed using XRF (AC post-agglomeration, Table
2) and compared to XRF of the initial AC leachate. This gave
a precipitation efficiency of 88% (Table 2). This result is similar
to hydrazine precipitation on the mono-metallic V5+ solution,
which demonstrates that the reduction and agglomeration
processes are largely unaffected by the presence of contaminant
ions.

XRD analysis of this black precipitate showed the presence of
a lower valent vanadium oxide, V4O7 (Fig. 7). The diffraction
pattern obtained was broad and relatively undened,
Table 2 XRF analysis of solutions before and after reduction and agglo
element analysis is H2O. Before = leachate before hydrazine precipitati
Values in brackets are the percentage precipitation efficiency of each el

Sample

Major element analysis (mg L−1)

V Ca Fe

AC leachate Before 2970 50 10
Aer 370 (88%) 10 (80%) ND (>1

VRC leachate Before 4790 20 ND
Aer 280 (94%) ND (>50%) ND

AC2 leachate Before 2370 40 ND
Aer 430 (82%) 10 (>75%) ND

© 2026 The Author(s). Published by the Royal Society of Chemistry
suggesting the material is predominantly amorphous. This is in
stark contrast to the sharp, well-dened peaks observed in the
XRD pattern of the precipitate obtained from the proof-of-
concept reduction (Fig. 5), which indicates a more crystalline
phase is present in that case. The broad and diffuse peaks in the
present case imply a lack of long-range order, likely due to the
presence of impurities disrupting the lattice structure. No
phases containing any of the impurities could be detected.

Samples of the AC precipitate before and aer agglomeration
were analysed using TEM. Images of the AC precipitate before
agglomeration showed the presence of small vanadium-bearing
nanoparticles in the range of 10–20 nm (Fig. 8a–c). In contrast,
images of the precipitate aer agglomeration showed large
globules of particles were present, ranging in size from 100–
2000 nm (Fig. 8d–f). This conrms agglomeration has occurred
aer heating. The agglomerated AC precipitate is considerably
more undened in structure than the precipitate obtained aer
reduction and agglomeration of the mono-metallic V5+ solution,
presumably due to it being less pure. This results in largely
isotropic growth with no clear ordering. These results agree
with XRD analysis, which also suggested that the AC precipitate
is more amorphous than the proof-of-concept precipitate.

A TEM/EDS map of the agglomerated AC precipitate showed
no segregation between any of the elements present (SI).
NH4HCO3 leaching and N2H4 precipitation on other slags

Hydrazine precipitation was then tested on other leachate
solutions, derived from ammonium bicarbonate leaches of VRC
and AC2 slags. The VRC and AC2 slags were subjected to the
meration, and mass of vanadium in each solution. Balance for major
on, after = leachate after hydrazine precipitation. ND = not detected.
ement

Si Cr P Cu

210 150 790 ND
0%) 180 (14%) ND (>93%) 190 (76%) ND

ND ND ND ND
ND ND ND ND
120 230 530 10
80 (33%) 20 (91%) 30 (94%) ND (>10%)

RSC Adv., 2026, 16, 19895–19902 | 19899

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02758j


Fig. 8 TEM images of nanoparticles from AC leachate after reduction
with hydrazine, before and after agglomeration by heat. (a) Individual
nanoparticle before agglomeration (300k magnification), (b) individual
nanoparticle before agglomeration (500k magnification), (c) nano-
particles before agglomeration (500k magnification), (d) globular
cluster of nanoparticles after agglomeration (6k magnification), (e)
globular cluster of nanoparticles after agglomeration (50k magnifica-
tion), (f) globular cluster of nanoparticles after agglomeration (50k
magnification).
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same leaching procedure as the AC slag, to give two vanadium-
rich leachates (Table 2). Extraction efficiencies for the ammo-
nium bicarbonate leaches of the VRC and AC2 slags were 98%
and 60%, respectively. These leachates were then run through
the hydrazine precipitation process.

Hydrazine precipitation on the VRC leachate proceeded
similarly to precipitations on the AC leachate and mono-
metallic V5+ solution. It afforded a black powder, with
a precipitation efficiency of 94% (Table 2). Hydrazine precipi-
tation on the AC2 leachate proceeded in much the same way.
The precipitation efficiency for the hydrazine process on the
AC2 leachate was 82% (Table 2).

The purity and concentration of vanadium in the initial
leachate solution affected the purity of the resulting vanadium-
bearing oxide (Table 3 and SI). The AC precipitate was
comprised of mostly vanadium oxide (>80%), with a minor
Table 3 XRF analysis of vanadium-bearing oxide products obtained
from hydrazine reductions of leachate solutions. ND = not detected

Sample

Major element analysis (wt%)

Purity (%)V P Cr Cu Si Ca Ni Zn Fe

AC 45.5 6.7 1.1 ND 0.8 ND ND ND 0.1 81.2
VRC 55.7 ND ND ND ND 0.2 ND ND 0.1 99.5
AC2 42.2 8.1 2.7 0.5 0.2 0.3 0.2 0.2 ND 75.4

19900 | RSC Adv., 2026, 16, 19895–19902
amount of phosphorus oxide. Silicon, chromium, and iron
oxides are also present in small quantities. The VRC leachate is
much purer than the AC leachate, and, as a result, the precipi-
tate obtained aer reduction is also much purer than that of the
AC version, consisting of >99.5% vanadium oxide. This level of
purity is very useful in specialist applications and is highly
valuable. Precipitate obtained aer reduction of the AC2
leachate is the least pure, consisting of approximately 75%
vanadium oxide, with phosphorus and chromium oxides
making up a large portion of the impurities. The AC and AC2
precipitates could likely be puried by a second step to remove
phosphorus.34 This was, however, deemed outside the scope of
this study.

Regardless of which leachate is used in the reductive
precipitation process, a large proportion of contaminant metal
ions are also dropped out of solution aer reduction and
agglomeration. This leaves just a dilute aqueous solution of
vanadium with trace amounts of other metal ions, which can be
fully recycled to the start of the process with no detrimental
effects. Signicantly, chromium content in the leachate
decreases dramatically aer hydrazine reduction. Chromium is
a common contaminant in vanadium extraction processes and
is toxic and carcinogenic when in solution as the Cr6+ ion. Aer
reductive precipitation with hydrazine, it is not only no longer
in solution, but it is also present as a lower oxidation state
which is less hazardous.
Process sustainability

Hydrazine is a strong reductant capable of reducing high-valent
vanadium species to lower oxidation states at mild conditions
and at ambient pressure. This reduces reagent consumption
relative to conventional ammonium salt precipitation, which
requires a large excess of precipitant. Importantly, hydrazine
decomposes exclusively into volatile species, preventing the
introduction of non-volatile contaminants into solution.

The use of ammonium bicarbonate as the lixiviant further
contributes to the cleanliness of the process by eliminating the
need for roasting additives, which introduce non-volatile ions
into the leachate stream. As a result, the leachate is not irre-
versibly contaminated during the reduction and precipitation
stages.

By leveraging this strategically designed reagent system, the
process can operate without producing any wastewater. The
leachate solution can be progressively puried via heating as it
moves through the reduction and agglomeration processes,
which results in the removal of gaseous ammonia, carbon
dioxide, hydrogen, and nitrogen from the leachate, leaving just
water which can be recycled to the leaching step. This repre-
sents a signicant advance over traditional methods, which
discharge large volumes of saline, ammoniated wastewater,
thereby contributing to acid rain, smog, and eutrophication.50,51
Conclusions

The conventional industrial method for precipitation of vana-
dium from leachate solutions is detrimental to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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environment. This is primarily due to contamination of the
leachate with non-volatile by-products, which necessitates the
discharge of a large amount of hazardous wastewater.

We have shown that a reductive precipitation using hydra-
zine can generate a vanadium-bearing solid from a leachate
solution, producing only clean water as a by-product. This
process equals the performance of conventional methods, with
precipitation efficiencies up to 94% and product purities up to
99.5% achieved. The approach works on synthetic mono-
metallic V5+ solutions, as well as leachate solutions similar to
those found in industry that contain contaminant metal ions.

Importantly, hydrazine doesn't leave any contaminants in
solution. The oxidation of hydrazine generates only volatile by-
products that can be easily separated from the leachate and
captured. Combining this with ammonium bicarbonate as
a lixiviant, which is also volatile, enables the leachate to be
puried by simply heating. Consequently, aer the process is
complete, the remaining leachate solution can be recycled to
the leaching step. Therefore, this is a fully zero-liquid-discharge
process, outputting only solid material, whilst retaining all
liquids.

The process works by utilising the difference in aqueous
solubility between V5+ and lower valent vanadium oxides at
certain pH values. Reducing in these pH windows generates
solid vanadium-oxides. When hydrazine is used as the reduc-
tant, a nano-colloidal suspension of lower-valent vanadium
oxides is formed, which can be agglomerated using heat to
generate solid vanadium-bearing material. This concept is very
versatile—it could feasibly be extended to other metal ions that
have oxidation states that differ in aqueous solubility (e.g. Se,52

Cu,53 and Ru52), and it could potentially be ‘bolted’ onto the tail-
end of any process that generates a vanadium-containing
leachate solution.

This process signicantly upgrades the vanadium content of
a feed material. In cases where a leachate is contaminated with
other metal ions, a solid oxide comprised mostly of vanadium is
generated. This could be used in a second leach process to form
pure vanadium oxides, or directly as an additive in the steel-
making process.
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