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Abstract
Vanadium is an important and strategic metal that has been widely used in many technological
fields. Its consumption has significantly increased during recent decades. Therefore, primary
resources are considered insufficient to satisfy demand and many countries are looking for
alternative resources for vanadium production. At the same time, the over-limit discharge of
vanadium into water systems has raised concerns.
This work deals with vanadium removal and recovery from liquid waste streams. In the current
study, novel sorbents were developed for vanadium removal from water and evaluated for
vanadium sorption from mining-influenced water using different iron-based products in both
batch and column mode. A pilot-scale field study was conducted at a closed mine site to remove
vanadium from mining-influenced water using ferric oxyhydroxide sorbent (CFH-12). The
possibility of recovering vanadium from used CFH-12 was investigated by a two-step process
including desorption and precipitation.
The developed novel sorbents, iron-modified peat and quaternized pine bark, effectively
removed vanadium from synthetic solutions. The maximum vanadium sorption capacity of ironmodified peat and quaternized pine bark was 16.3 mg/g and 34.3 mg/g (pH 4), respectively. The
kinetics of the sorption followed the Elovich model for both products, indicating the
chemisorption mechanism. In the case of mining-influenced water, the lab-scale results revealed
that vanadium can be efficiently removed by iron sorbents. The Elovich model provided a good
fit to the batch sorption data and the vanadium sorption process was significantly controlled by
both film and intra-particle diffusion. The Thomas and Yoon-Nelson column models were found
to fit the experimental data from the packed columns fairly well. The pilot study at the mine site
confirmed that filter systems placed in different streams were capable of capturing vanadium from
the vanadium-polluted streams. More importantly, vanadium could be successfully recovered
from the spent sorbent (CFH-12) collected from the pilot study, which provides valuable
information for vanadium production from alternative resources.

Keywords: mining-influenced water, pilot-scale study, precipitation, sorption, vanadium
recovery, vanadium removal
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Tiivistelmä
Vanadiini on tärkeä metalli, jota on käytetty laajasti monilla tekniikan aloilla. Vanadiinin kulutus on lisääntynyt merkittävästi viime vuosikymmeninä. Tästä syystä primääriraaka-aineita on
pidetty riittämättöminä vastaamaan vanadiinin kysyntää ja monet maat etsivät vaihtoehtoisia
lähteitä vanadiinin tuotantoon. Toisaalta vanadiinin joutuminen vesistöihin on herättänyt huolta.
Tämän työn tavoitteena on vanadiinin poisto ja talteenotto jätevesistä. Tässä tutkimuksessa
kehitettiin uusia sorbentteja vanadiinin poistamiseen vedestä ja arvioitiin vanadiinin sorption
tehokkuutta kaivosvedestä käyttämällä erilaisia rautapohjaisia tuotteita sekä panos- että kolonnisysteemissä. Laboratoriokokeiden jälkeen suljetulla kaivosalueella suoritettiin pilot-mittakaavan
kenttätutkimus vanadiinin poistamiseksi kaivosvedestä käyttämällä ferrioksihydroksidisorbenttia (CFH-12). Vanadiinin talteenottoa käytetystä CFH-12:sta tutkittiin kaksivaiheisella prosessilla, joka sisältää desorption ja saostuksen.
Kehitetyt uudet sorbentit, rautamodifioitu turve ja orgaanisella yhdisteellä modifioitu männyn kuori, poistivat tehokkaasti vanadiinia synteettisistä liuoksista. Rautamodifioidun turpeen ja
modifioidun männyn kuoren maksimisorptiokyvyt vanadiinille olivat 16.3 mg/g ja 34.3 mg/g
(pH 4). Sorption kinetiikka noudatti molemmilla tuotteilla Elovichin mallia, joka viittaa kemisorptiomekanismiin. Kaivosveden laboratoriomittakaavan kokeissa saatiin selville, että vanadiini
voidaan poistaa tehokkaasti rautasorbenteilla. Kolonnikokeiden data noudatti melko hyvin Thomasin ja Yoon-Nelsonin malleja. Pilot-kokeet vahvistivat, että eri virtoihin sijoitetut suodatinjärjestelmät pystyivät poistamaan vanadiinia kaivosvedestä tehokkaasti. Lisäksi pilot-tutkimuksesta kerätystä käytetystä sorbentista (CFH-12) saatiin onnistuneesti talteen vanadiini, joka tarjoaa
arvokasta tietoa vanadiinituotannon vaihtoehtoisista raaka-ainelähteistä.

Asiasanat: kaivosvesi, saostus, sorptio, vanadiinin poisto, vanadiinin talteenotto

In memory of my grandfathers Zhicheng Wang (王志成)
and Jinhua Zhang (张锦华)
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Abbreviations and symbols
Abbreviations
COD
Comm-Fe-P3
EFTEM
Fe-GWTR/GTWR
Fe-GWTR-P3/GWTR-peat
FESEM
FTIR
GPB-opt
GTMAC
ICP-MS
ICP-OES
CFH-12
MIW
MIW-CFH-12 product
MIW-treated CFH-12
PFO
PSO
SLS
SVS-CFH-12 product
SVS-treated CFH-12
XPS
XRD
XRF

Chemical oxygen demand
Commercial iron (FeCl3) modified peat under pH 3
Energy-filtered transmission electron microscopy
Ferric groundwater treatment residual
Ferric groundwater treatment residual modified
peat at pH 3
Field emission scanning electron spectroscopy
Fourier-transform infrared spectroscopy
Pine bark modified under optimal conditions
Glycidyl trimethylammonium chloride
Inductively coupled plasma mass spectrometry
Inductively coupled plasma optical emission
spectrometry
Granulated ferric oxyhydroxide
Mining-influenced water
Vanadium recovered product from MIW-treated
CFH-12
CFH-12 treated with mining-influenced water
Pseudo-first-order
Pseudo-second-order
Synthetic vanadium leaching solution
Vanadium recovered product from SVS-treated
CFH-12
CFH-12 treated with synthetic vanadium solution
X-ray photoelectron spectroscopy
X-ray diffraction
X-ray fluorescence
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Symbols
ɑRP
C
Ce
Ci
Cr
Ct
C0
E
F
g
KDR
KF
KL
KTH
KRP
KYN
kp

k1
k2
m
n
q
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Constant of the Redlich-Peterson model [L/mg]
Constant related to the thickness of boundary layer
of the intra-particle diffusion model
Equilibrium vanadium concentration [mg/L]
Initial vanadium concentration [mg/L]
Residual vanadium concentration [mg/L]
Effluent vanadium concentration at any time in
column mode[mg/L]
Initial vanadium concentration in column mode
[mg/L]
Mean adsorption energy in the DubininRadushkevich model [kJ/mol]
Ratio of vanadium sorption amount at any time
t/vanadium sorption amount at equilibrium
Exponent whose value must lie between 0 and 1
Constant corresponding to sorption energy in the
Dubinin-Radushkevich model [mol2/kJ2]
Constant of the Freundlich model [(mg/g)/(mg/L)n]
Langmuir constant related to sorption energy
[L/mg]
Rate constant of the Thomas model
[mL/(min×mg)]
Constant of the Redlich-Peterson model [L/g]
Rate constant of the Yoon and Nelson model
[1/min]
Rate constant related to the thickness of boundary
layer of the intra-particle diffusion model [mg/g ×
min½]
Rate constant of pseudo-first-order [1/min]
Rate constant of pseudo-second-order [g/mg × min]
Mass of the sorbent
Intensity parameter of the Freundlich model
[dimensionless]
Maximum vanadium sorption capacity [mg/g]

qDR
qe
qt
q0
Q
Q0max
R
t
T
V
α
β
ɛ
τ

Sorption capacity obtained from the DubininRadushkevich model [mg/g]
Vanadium sorption amount at equilibrium [mg/g]
Vanadium sorption amount at any time t [mg/g]
Maximum sorption capacity obtained
from Thomas model [mg/g]
Flow rate of the feeding solution [L/min]
Maximum sorption capacity of the sorbent obtained
from the Langmuir model [mg/g]
Gas constant in the Dubinin-Radushkevich model
Time [min]
Temperature [Kelvin]
Volume of the solution [L]
Initial rate constant related to the Elovich model
[mg/(g×min)]
Desorption constant related to the Elovich model
[g/mg]
Polanyi potential in the Dubinin-Radushkevich
model
Time at which the effluent vanadium concentration
is the half of the initial vanadium concentration
obtained from the Yoon and Nelson model [min]
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1

Introduction

Water is the most valuable resource on earth and is essential to all living organisms.
Although water resources are abundant, a very limited proportion is usable by
humans. In recent decades, large quantities of pollutants have been released into
the water bodies owing to rapid population growth and expanding anthropogenic
activities. The deterioration in water quality endangers ecological systems and
threatens human health. It is therefore important to identify different pollutants in
water and then strengthen effective management at both national and international
level. Industrial discharges are one of the main causes of water deterioration.
Various industries such as the chemical, petroleum, textile, pulp and paper, and
mining industries generate a large amount of wastewaters that contain different
contaminants including organic compounds (e.g. dyes, detergents, petroleum
hydrocarbons), nutrients (nitrogen and phosphorus) and metals (e.g. lead, cadmium,
nickel) (Barakat, 2011).
Vanadium pollution has raised increasing concern in recent decades. As an
important transition metal, vanadium has many applications, with the main one
being used as a steel additive. However, excessive discharge of vanadiumcontaining wastewater can cause serious environmental problems in soil and water
(Watt et al., 2018; Zhao et al., 2014). High concentrations of vanadium pose the
risk of potential toxicity to aquatic organisms. Therefore, development of vanadium
treatment technologies is of great importance. Many treatment methods including
membrane filtration, coagulation and flocculation, ion exchange, adsorption and
bioremediation are available for vanadium removal (Chen et al., 2020; Leiviskä,
2021; Melita & Gumrah, 2010; Shi et al., 2020; Paper IV). Among the various
methods, vanadium removal from aqueous solutions by sorption has gained
increasing interest over the decades. Many types of low-cost sorbents derived from
agricultural, forestry and industrial wastes have been developed for vanadium
removal (Bello et al., 2019; He et al., 2020; Liao et al., 2008; Paper II). The use of
these low-cost sorbents could be a cost-effective solution for the treatment of
vanadium-containing streams.
On the other hand, vanadium-containing waste streams could also be a
potential source for vanadium recovery. Many efforts have been made to recover
vanadium from leaching liquids of a variety of industrial wastes and by-products.
Commonly used recovery methods include ion exchange, chemical precipitation
and solvent extraction (Chmielewski et al., 1997; Gomes et al., 2017; Navarro et
al., 2007; Shao et al., 2009; Vitolo et al., 2000). Of the various recovery
19

technologies, chemical precipitation is an efficient and simple method for
vanadium recovery from concentrated vanadium solutions. Many studies have
investigated the recovery of vanadium from industrial by-products and wastes
using chemical leaching or bioleaching followed by precipitation, and high
recovery efficiencies have been achieved (Luo et al., 2003; Meshram et al., 2016;
Navarro et al., 2007).
This present work focuses on vanadium removal and recovery from liquid
waste streams. The study combines the process of vanadium removal from dilute
aqueous solutions by sorption and vanadium recovery from the spent sorbent. This
would result in a purified stream that can be safely discharged into the environment.
Moreover, the spent sorbent after the recovery process can be recycled in the
sorption stage. Hence, the current work provides valuable information about
management of vanadium waste streams and indicates a potential waste resource
for vanadium production.
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2

Literature review

2.1

Facts about vanadium

Vanadium is a shiny, hard transition metal and belongs to group five of the periodic
table. Vanadium has a high melting point and good corrosion resistance at low
temperature. It also presents good corrosion resistance to different kinds of acids
and alkalis. As an important alloying element, small concentrations of vanadium
can significantly improve properties such as the toughness, uniformity and fatigue
resistance of ferrous alloys (Moskalyk & Alfantazi, 2003). Around 85% of the
vanadium produced is used in the iron and steel industry for ferrovanadium
production or as an additive (Perron, 2001). Besides, vanadium oxide can also be
used as a pigment for ceramics and glass, or as a catalyst in the chemical industry
(Moskalyk & Alfantazi, 2003). Other applications are in redox flow batteries,
photography, dye, varnish, pharmaceuticals and so on (Mahandra et al., 2020).
Vanadium is one of the most abundant elements in the earth’s crust at a mean
concentration of 150 g/t and can be found in various minerals including carnotite,
roscoelite, vanadinite, mottramite and patronite (Perron, 2001). However, the pure
state of vanadium is never found. The world production of vanadium has increased
from 42700 to 71200 metric tons/year between 1998 and 2018 (U.S. Geological
Survey, 2019) (Fig. 1). The major suppliers of vanadium-bearing products are
China, South Africa and Russia, of which China is the largest vanadium supplier,
accounting for 56% of global vanadium production in 2017 (Polyak, 2020). In 2017,
the total imports of vanadium for consumption in the United States (measured in
vanadium content) increased by 19% from 2016. Vanadium pentoxide,
ferrovanadium, ash and residues were the main imported products for vanadium
consumption in the United States (Fig. 2) (Polyak, 2020). Vanadium is mostly
consumed in the form of ferrovanadium. It was reported that around 3050 tons
ferrovanadium was consumed in the U.S. in 2017, which represents around 79% of
the total vanadium consumption in the United States (Polyak, 2020). The price of
vanadium has generally risen although at the same time it has also significantly
fluctuated in the last few decades. For example, from 1990 to 2010, the annual
average vanadium pentoxide price was between $2.95 and $35.75/kg (U.S.
Geological Survey, 2013). In 2017, the average monthly price of vanadium
pentoxide in the U.S. ranged from $10.78 to $11.44/kg and the European average

21

monthly price of ferrovanadium was between $24.64/kg and $42.13/kg, which was
almost double compared to 2016 (Polyak, 2020).

Fig. 1. World vanadium production (data from U.S. Geological Survey, 2019).

Fig. 2. Percentage of different imported products for vanadium consumption in the
United States in 2017 (data from Polyak, 2020).
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2.2

Vanadium contamination in water bodies

Vanadium has been included in the Draft Fifth Contaminate Candidate list (CCL5)
by the United States Environmental Protection Agency (USEPA, 2021). Vanadium
is released naturally to the atmosphere from marine aerosols, continental dust and
volcanic emissions (Schlesinger et al., 2017). The combustion of fossil fuels,
especially residual fuel oils, is the most important anthropogenic source for the
atmospheric release of vanadium (Hope, 2008). In water bodies, the natural release
of vanadium mostly comes from weathering of rocks and soil erosion, and the
anthropogenic sources include leachates from mining activities, municipal sewage
sludge, vanadium-enriched slag or other industrial by-products/wastes (Barceloux,
1999; Imtiaz et al., 2015).
There are some limit values for vanadium in different countries. For example,
the state of California proposed a notification level of 50 µg/L for vanadium in
drinking water (Fakhreddine et al., 2019). The Netherlands has set the maximum
permissible and ecotoxicological serious risk vanadium concentration in surface
water at 4.9 µg/L and 99 µg/L, respectively (Van Vlaardingen et al., 2005).
Germany has set a significant threshold for vanadium of 4 µg/L in groundwater
(Länderarbeitsgemeinschaft Wasser, 2004). In China, the limit of vanadium in
drinking water is 50 µg/L (Li et al., 2020). The Italian threshold for total vanadium
in drinking water was set to 140 µg/L (Arena et al., 2015).
The toxicity of vanadium has been reported to be high when it is given
parenterally, intermediate via respiratory exposure, and low in the case of oral
administration (Nielsen, 1987). The toxicity increases with an increase in vanadium
valency (Friberg et al., 1979; Venugopal & Luckey, 1978). Exposure to vanadium
has caused various systemic effects on lab animals with the most frequent findings
in the liver, kidneys, gonads, nerves, and hematological and cardiovascular systems
such as hematological and biochemical changes, abnormalities in reproduction or
hepatotoxicity, neurobehavioural injury and functional lesions in organs (Castellini
et al., 2009; Friberg et al., 1979; Ghosh et al., 2015). Although vanadium toxicity
in animals has been widely studied, little is known about its toxicity in humans. A
limited number of research studies have reported the effect of vanadium on humans,
many of which were conducted on occupational workers. Chronic inhalation of
industrial vanadium dusts has caused respiratory illnesses and lung disease (Nielsen,
1987). Li et al. (2013) have reported that occupational exposure to vanadium
affected the neurobehavioural function of exposed steel workers. Kiviluoto et al.
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(1979) have revealed that a significant increase in neutrophils was found in workers
exposed to vanadium-containing dust for several months.
In recent decades, the potential risks of vanadium contamination in water
bodies have raised concerns. Vanadium pollution in waters has been reported in
many studies. For instance, in Panzhihua (China) and northern Hebei (China),
famous for vanadium resources and smelting, the vanadium concentration in the
groundwater was detected to be 0.13 mg/L (Zhang, Wang et al., 2019) and 1–11
mg/L (Meng et al., 2018). Higher vanadium concentration (13.98 mg/L) was
detected in shallow groundwater near a slag field in the Panzhihua area (Zhong et
al., 2015). In addition, vanadium concentration of 0.44–2.33 mg/L in a natural pond
near a closed mining site in northern Finland has been reported, and up to 99.1
mg/L has been recorded in the mining ditch water. Arena et al. (2015) has reported
that the vanadium concentration in the groundwater of the Mt. Etna area (Italy) was
in the range of 15.6–182 µg/L, and the findings revealed that in this area, the
estimated daily intake of vanadium (V) of children through drinking water
exceeded Environmental Protection Agency thresholds. Hence, there is an urgent
need to develop efficient methods for vanadium removal from industrial effluents.
2.3

Vanadium removal from water

Vanadium occurs differently in water. In oxic waters, vanadate (V) is the most
common species, whereas vanadyl (IV) is the most stable form in reducing
environments. The speciation of vanadium is also highly influenced by other
factors such as the vanadium concentration, solution pH, temperature and ionic
strength (Gustafsson, 2019; Wang & Sañudo Wilhelmy, 2009). Generally, at low
pH (pH <3), vanadium occurs mainly as a cation (VO2+), whereas the anionic
species are dominant when pH >3. Figure 3 shows the distribution of vanadium
species at different pH values in mining-influenced water with a concentration of
5.4 mg/L V. Thermodynamic calculations using the MINEQL+5.0 program reveal
that vanadium exists predominately in the form of H2VO4–, H3V2O7– and HVO42–
in the observed pH range (7.02–7.83) of the mining-influenced water (Paper III).
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Fig. 3. Vanadium speciation as a function of pH in the mining-influenced water
(vanadium concentration 0.106 mM (5.4 mg/L), pH 7.02–7.83) (Reprinted under CC BY
4.0 license from Paper III © 2021 Authors).

2.3.1 Different treatment methods for vanadium removal
Different methods have been investigated for vanadium removal from aqueous
solutions. For example, membrane filtration has been used successfully for
vanadium separation from waters (Chen et al., 2020; Lazaridis et al., 2003; Melita
& Gumrah, 2010). Chen et al. (2020) have reported >99% vanadium removal
efficiency from contaminated drinking water by reverse osmosis systems. Melita
and Gumrah (2010) have observed that 70% vanadium can be removed from
synthetic wastewater using activated composite membranes.
Coagulation is another effective method for vanadium removal. Efficient
vanadium removal (>85%) from different water systems using iron-based
coagulants has been reported (Leiviskä, Matusik et al., 2017; Roccaro &
Vagliasindi, 2015; Paper IV). Roccaro and Vagliasindi (2015) have suggested that
the removal of vanadium from groundwater was due to inner-sphere bonding
between the surface of iron (hydr)oxides groups and vanadium ions. Leiviskä,
Matusik et al. (2017) and Paper IV have suggested that charge neutralization played
an important role during the coagulation process in the treatment of contaminated
natural water and mining-influenced water, both of which also contained organic
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compounds. Vanadium can be also removed by attachment to the formed iron flocs
or by complexation with organics ( Leiviskä, Matusik et al., 2017).
Bioremediation has been well developed for the reduction of vanadium (V) to
insoluble vanadium (IV). Different kinds of anaerobic bacteria have been identified
as having the ability of vanadium (V) detoxification, such as Lactococcus
raffinolactis, Geobacter and Shewanella oneidensis (Carpentier et al., 2003; Shi et
al., 2020; Zhang et al., 2021). Vanadium (V) reduction can be achieved under
autotrophic, heterotrophic or combined heterotrophic and autotrophic reduction
conditions (Wang et al., 2021). Although heterotrophic vanadium (V) reduction is
effective and commonly used, its application is limited by secondary pollution and
clogging problems induced by organic electron donors (Carpentier et al., 2003; Hao
et al., 2016). Meanwhile, the use of inorganic electron donors for vanadium (V)
reduction has attracted much interest in recent years. For example, S (0), Fe (0) and
FeS have been proved to be efficient donors to reduce vanadium (V) under
chemoautotrophic conditions (He et al., 2021; Zhang, Qiu et al., 2018).
Of all the different treatment methods, sorption is considered a simple and costeffective technology. A variety of sorbents have been developed and investigated
for vanadium removal from aqueous solutions. These sorbents mainly include
commercial materials (ion exchange resins, adsorbents) and low-cost sorbents
derived from agricultural and industrial by-products or wastes. The following
section gives a general overview of the most common sorbents studied for
vanadium removal from water systems.
2.3.2 Vanadium removal using different sorbents
The vanadium sorption mechanism can differ for different types of sorbents. Some
sorbents have naturally various active groups such as hydroxyl, carboxyl and amine
groups. These naturally occurring functional groups act as vacant binding sites,
which can directly take up vanadium ions from water. Additionally, specific
functional groups can also be introduced onto the sorbent through modification
with the purpose of improving the vanadium sorption capacity. In general, ion
exchange,
complexation,
physisorption,
electrostatic
attraction
and
microprecipitation may be involved in the vanadium sorption process.
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For porous sorbents, there are four transport steps during the sorption stage
(Tran et al., 2017):
1.
2.
3.
4.

Bulk transport (fast): adsorbate molecules are transferred into the solution
(negligible).
Film diffusion (slow): adsorbate molecules are transferred from the bulk
solution towards the external surface of the sorbent.
Intra-particle diffusion (slow): adsorbate molecules are transferred from the
external surface of the sorbent into the interior pores of the sorbent.
Adsorptive attachment (fast): sorption of the adsorbate molecules on the
interior of the sorbent.

A schematic illustration of the sorption process is shown in Fig. 4.

Fig. 4. Vanadium sorption process onto the sorbent (Modified from Tran et al., 2017).

Next, different types of sorbents (excluding commercial ion exchange resins) used
for vanadium removal from aqueous solutions are presented and their efficiencies
and proposed sorption mechanisms are discussed.
Metal (hydr)oxide
Metal oxides and metal hydroxides have been widely used for vanadium removal
from aqueous systems. Iron products including goethite (α-FeOOH) and some
commercial iron products such as CFH-12 (FeOOH), GFH/GEH 101 (Fe(OH)3 and
β-FeOOH, 52–57%), E-33 (α-FeOOH, 90%) have been able to efficiently remove
vanadium from synthetic and real vanadium-contaminated waters (Lazaridis et al.,
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2003; Leiviskä, Khalid et al., 2017; Leiviskä, Matusik et al., 2017; Leiviskä et al.,
2019; Naeem et al., 2007; Peacock & Sherman, 2004; Paper IV). These iron
materials are excellent sorbents due to their abundant functional groups and large
specific surface area. However, these iron sorbents mostly perform better in the
acidic pH range. Naeem et al. (2007) have reported that the vanadium sorption
capacity of GFH and E-33 reached maximum in the pH range of 3.0–3.5 at lower
sorbent dosage (0.35–0.50 g/L) but the capacity decreased linearly when the pH
was increased from 4.0 to 11.6. The insufficient vanadium sorption at high pH is
mainly due to the competition between anionic vanadium species and OH–.
Additionally, the electrical state of the sorbent’s surface is another important factor
affecting sorption ability. It is worth noting that with an increased sorbent dosage,
some of the products such as GFH and CFH-12 worked effectively in a higher pH
range ( Leiviskä, Khalid et al., 2017; Naeem et al., 2007). The dominant mechanism
of vanadium sorption on metal oxides/hydroxides has been suggested to be anion
exchange involving the formation of an inner-sphere complex (Naeem et al., 2007;
Peacock & Sherman, 2004). For real vanadium-contaminated waters, Leiviskä,
Matusik et al. (2017) have suggested that the humic substances from natural water
bonded to surface hydroxyls of CFH-12 and formed new complexes, onto which
vanadium was also possibly bound. In addition to iron materials, other oxide
minerals such as TiO2 and δ-Al2O3 have also been investigated for vanadium
sorption (Naeem et al., 2007; Wehrli & Stumm, 1989), and found to utilize the same
mechanisms as iron sorbents.
Activated carbon
Activated carbon is one of the most common sorbents used in water and wastewater
treatment processes due to its high surface area and well-developed porous
structure. Activated carbon is produced from carbonaceous sources (e.g. coal, wood,
coconut shell, lignite, bamboo, etc.) through physical or chemical activation.
Different types of activated carbons have been used to remove vanadium from
aqueous solutions. The main functional groups in the carbon structure, i.e. carboxyl,
carbonyl, phenols and quinones, are considered to be responsible for uptake of
contaminants. Many studies have aimed at improving the sorption ability of
activated carbon for the removal of specific pollutants by using various chemical
modification methods. For instance, the vanadium sorption capacities of ferric
oxide-hydroxide-activated carbon (119 mg/g) and iron-nanoparticle-loaded
activated carbon (417 mg/g) were much higher than those of raw commercial
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activated carbon (38 mg/g) (Sharififard et al., 2017; Sharififard & Soleimani, 2015).
Additionally, activated carbons have been prepared from inexpensive by-products
and waste. Doǧan and Aydin (2014) have prepared activated carbon via the
chemical activation (ZnCl2 and H2SO4) of organic industrial sludge for vanadium
removal, and the Langmuir sorption capacity was found to be 37 mg/g. NwosuObieogu et al. (2021) have reported that the Langmuir vanadium sorption capacity
of activated carbon derived from Luffa cylindrica was 250 mg/g.
Clay minerals
Clays act as a natural scavenger of cationic or anionic contaminants through ion
exchange or adsorption or both (Bhattacharyya & Gupta, 2008). The exchangeable
cations and anions on the clay surface normally include Ca2+, Mg2+, Na+, K+, NH4+,
H+, SO42–, PO43–, NO3– and Cl–. There are different groups of clays such as kaolinite
(kaolinite and halloysite), smectite (montmorillonite, beidellite, nontronite, etc.),
mica (mica, illite and biotite), chlorite (cookeite, clinochlore and chamosite),
vermiculite, serpentine and pylophyllite (Shichi & Takagi, 2000). Zhu et al. (2018)
have reported vanadium sorption capacity onto natural kaolinite and
montmorillonite of 0.76 mg/g and 0.81 mg/g, respectively. They suggested surface
complexation and electrostatic interaction were the vanadium sorption mechanisms.
To improve the vanadium sorption ability, modification of natural clays has been
performed in many studies. For example, Manohar et al. (2005) prepared
aluminium-pillared bentonite for vanadium removal and the subsequent Langmuir
sorption capacity was 24.16 mg/g. Intra-particle diffusion through the pores
appeared to be the main rate-limiting step during the sorption process. Calcined
Mg/Ag hydrotalcite has been synthesized and used for vanadium sorption by Wang
et al. (2012), and a very high Langmuir capacity was reported (514 mg/g). The
proposed sorption mechanisms were anion exchange and adsorption on the external
surface of the layers. In another study, Yang et al. (2020) tested colloidal kaolinite
for vanadium sorption. A higher sorption capacity (712 mg/g) was observed and
the kinetics study indicated that the sorption process was controlled by both the
diffusion step and chemisorption.
Materials from agriculture and forestry
Low-cost sorbents derived from agricultural and forestry waste and by-products
have attracted a lot of interest in water purification owing to their abundance in
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nature and affordability. These materials have great potential for use as sorbents
due to their physico-chemical characteristics. The main components of these
materials include lignin, cellulose and hemicelluloses. Their functional groups,
such as hydroxyl, carboxyl, carbonyl, phenolic, amino, amide, etc. provide active
binding sites for pollutant uptake (Fomina & Gadd, 2014; Orlando et al., 2002).
However, it should be noted that many of the raw materials possess a negative
surface charge in a wide pH range in waters and their inadequate sorption ability
for anionic pollutants has been observed in many studies (Wan Ngah & Hanafiah,
2008; Xu et al., 2016). Therefore, different modification methods have been applied
to improve the sorption ability for anionic contaminants. Table 1 shows examples
of vanadium sorption capacities for different bio-based sorbents derived from
agricultural and forestry waste and by-products. The sorption capacity varies
according to the type of raw material and modification methods. Inorganic reagents
including phosphoric acid and iron have been used in sorbent modification (He et
al., 2020; Paper I). In addition, amine compounds (triethylamine, ethylenediamine)
and quaternary ammonium salts such as cetyl trimethyl ammonium bromide
(CTAB) and glycidyl trimethylammonium chloride (GTMAC) have also been
successfully employed to functionalize the sorbents for vanadium uptake
(Anirudhan & Radhakrishnan, 2010; Gogoi et al., 2021; Leiviskä et al., 2015;
Thamilarasi et al., 2018; Paper II).
Table 1. Vanadium sorption capacity of modified low-cost materials from agriculture
and forestry.
Material

Sorption capacity

Reference

(mg/g)
Cross-linked and quaternized sawdust

103–130a

Quaternized sawdust

35a

Gogoi et al. (2021)

Quaternized pine bark

34.3a

Paper II

H3PO4-modified rice straw

24.7a

He et al. (2020)

Amine-functionalized

48.56b

Anirudhan & Radhakrishnan

poly(hydroxyethylmethacrylate)-grafted

Leiviskä et al. (2015)

(2010)

tamarind fruit shell
Cationic surfactant-modified palm fruit husk

14.03a

Thamilarasi et al. (2018)

Fe-loaded peat

16.3a

Paper I

a

Experimental sorption capacity

b

Langmuir sorption capacity
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Industrial waste material
In addition to agricultural and forestry materials, various industrial wastes have
been tested for vanadium removal. Utilization of these waste materials for water
purification has received plenty of attention in recent years as it has positive effects
on both waste management and pollution minimization. Bhatnagar et al. (2008)
have used electroplating waste metal sludge for vanadium sorption, and the
capacity was found to be 24.8 mg/g. The sorption process was endothermic and
was well fitted to the Langmuir model. In another study, calcium-based semi-dry
flue gas desulphurization ash was taken from a sintering plant and used for
vanadium removal from industrial wastewater (86 mg/L V) (Fang et al., 2018). The
result showed that vanadium removal reached 99% at a dosage of 29.5 g/L.
Reduction was the main mechanism under acidic conditions, while precipitation
played an important role at increased pH. Hua et al. (2015) have tested bauxite
processing residue sand, aluminium water treatment sludge and blast furnace slag
for vanadium removal. Aluminium sludge showed a higher Langmuir sorption
capacity for vanadium (13.02 mg/g) than the other two materials (4.23–4.33 mg/g).
Ferric groundwater treatment residual collected from a groundwater treatment plant
exhibited great potential to remove vanadium from both synthetic vanadium
solution and mining ditch water (Paper III). The maximum sorption capacity was
reported to be 27 mg/g for the synthetic solution. In the mining ditch water
(vanadium concentration 4.66–6.85 mg/L), vanadium removal efficiency reached
84% with a sorbent dosage of 1 g/L. He et al. (2018) have synthesized aminomodified ceramic from municipal sludge for vanadium removal from real industrial
water (30–100 mg/L V), achieving 99.8% vanadium removal efficiency in the
column. Many studies have also reported high vanadium removal capacities for
chitosan obtained by the deacetylation of chitin, which is extracted from marine
organisms. The amine groups of chitosan were reported to have a high affinity for
metals (Guzmán et al., 2002). Different mechanisms can be involved in the sorption
process. For example, cationic ions can be adsorbed through the chelation
mechanism, while anions can be removed by ion exchange on the protonated amine
sites in acidic solutions (Domard, 1987; Guibal et al., 2000). Guzmán et al. (2002)
have found that vanadium sorption capacity can reach 400–450 mg/g with chitosan
under optimal experimental conditions. Cadaval et al. (2016) have prepared
chitosan films by the casting technique and used them for vanadium removal. The
sorption capacity obtained was 251 mg/g.
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2.4

Vanadium production and recovery

Currently, vanadium is produced in three different ways: primary production, coproduction and secondary production based on the raw material source (Polyak,
2020). Primary production is from ore mined as mineral concentrates derived from
vanadiferous titanomagnetite. Co-production occurs from vanadium slags that are
produced during steelmaking. Secondary production can be from a variety of
industrial materials such as spent catalysts, vanadium-bearing fly ash and
petroleum residues (Polyak, 2020). As a critical and strategic resource, demand for
vanadium is growing because of increasing consumption in industries,
infrastructure and new technologies (Bushveld Minerals, 2022). In 2020, around
90% of vanadium was recovered from magnetite and titano-magnetite ores, either
through primary production or co-production. Co-production from steel slags was
the largest contributor to vanadium production, accounting for approximately 75%
of global vanadium supply in 2020 (White & Levy, 2021). Primary production from
direct mine ore made the second largest contribution to vanadium production,
accounting for around 15% of the global supply (White & Levy, 2021). Secondary
production from various industrial vanadium wastes and by-products accounted for
the remaining 10% (Bushveld Minerals, 2022; White & Levy, 2021).
2.4.1 Primary production and co-production of vanadium
Primary production directly uses vanadium-bearing ores. In this case, the iron ore
is processed specifically for its vanadium content. The process in general involves
salt roasting, leaching, filtration, desilication and precipitation (Bushveld Minerals,
2018). Titaniferous magnetite is the most important source for the primary
production of vanadium and it typically contains 38–58% Fe, 1.2–2.2% V2O5 and
12–21% TiO2 (Maphutha et al., 2017). Titaniferous magnetite can be found in many
countries throughout the world including South Africa, China, Russia and Australia.
The Bushveld Complex located in South Africa boasts the world’s largest reserves
of titaniferous magnetite (Bushveld Minerals, 2022; Raja, 2007). In 2008, a large
vanadium-titanium magnetite deposit was found in Chaoyang (China). The deposit
was reported to have high grades of vanadium and titanium but a low grade of iron
(Xu et al., 2017).
In the co-production process, vanadium occurs as an impurity in iron ore (e.g.,
titanomagnetite/iron ores). Co-production involves smelting the iron
ore/concentrate, during which titanium slag is eliminated while iron and vanadium
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are extracted together at high temperature; vanadium can then be recovered in slag
form with enhanced vanadium grades. Further processing of vanadium slag is
continued to extract the vanadium as V2O5 through a salt roasting and leaching
process (Bushveld Minerals, 2018; Hukkanen & Walden, 1985). Co-production is
conducted mainly in China, Russia and South Africa (Petranikova et al., 2020). It
is worth noting that a new vanadium recovery plant is to be opened in Pori (Finland),
with the aim of turning steel slag from the Scandinavian steel company SSAB into
high-purity vanadium products. The new vanadium recovery plant is expected to
provide 5% of the global vanadium supply from 2025 and decrease European
reliance on China, Russia and South Africa for vanadium (Critical Metals, 2020).
2.4.2 Secondary production of vanadium
Secondary production refers to vanadium recovery from a variety of vanadiumbearing by-products and wastes. Vanadium recovery from these materials has
gained a lot of attention as the process has both environmental and economic
benefits. Various resources, such as fly ash from oil combustion, Bayer
liquor/sludge generated during the treatment of bauxite ore and spent catalyst
obtained during desulphurization of crude oil, have been widely studied for
vanadium recovery (Mukherjee & Gupta, 1993; Polyak, 2020). The process
normally involves leaching, precipitation/ion exchange/solvent extraction, as
presented in Fig. 5.
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Fig. 5. Conceptual flow diagram for vanadium recovery from secondary resources by
some common methods.

Vanadium recovery from oil fly ash
The fly ash generated from oil combustion is comprised of high levels of unburned
carbon and appreciable levels of vanadium (up to 13 wt.%) (Abdel-Latif, 2002).
Without the recovery process, this fly ash would normally be disposed as industrial
waste, which raises environmental concerns. Many studies have focused on
vanadium recovery from oil fly ash using different approaches, which are
summarized in Table 2. Navarro et al. (2007) has reported vanadium recovery from
oil fly ash using either precipitation or solvent extraction after a leaching procedure.
They observed that alkaline leaching with NaOH was more selective than acid
leaching (H2SO4) since it avoided the leaching of other interfering metals such as
Fe and Ni. In addition, precipitation with ammonium salt was preferred over
solvent extraction as it was more efficient for complete vanadium extraction in the
form of pure ammonium vanadate. Vitolo et al. (2001) have recovered vanadium
from pre-treated oil fly ash (burned at 850 ℃) through acid leaching (H2SO4) and
oxidative precipitation using NaClO3 and Na2CO3. A similar procedure was
successfully applied to extract vanadium from three different kinds of oil fly ash
and Orimulsion fly ash by the same authors (Vitolo et al., 2000). In another study,
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Tokuyama et al. (2003) developed a vanadium recovery method from oil fly ash,
which included two-stage leaching followed by ion exchange. The first leaching
step using water aimed to separate other metals such as Ni, Mg, Al and Zn in the
fly ash while the second leaching step with H2SO4 solution aimed to leach out V
and Fe. Thereafter, vanadium was selectively separated from the second leaching
liquor (containing V and Fe) using a chelating resin (Duolite C467). Abdel-Latif
(2002) have applied drying, de-carburizing and de-sulfurizing as a pre-treatment
step for heavy oil fly ash to minimize the carbon and sulphur content and increase
the vanadium content. In their study, vanadium was successfully recovered by a
smelting process.
Vanadium recovery from Bayer liquor/sludge
The Bayer process is the primary process for producing alumina from bauxite.
Bauxite is the most important aluminium ore, containing aluminium oxide (30–
60%) and appreciable levels of vanadium, iron oxides, silica, etc. (McLachlan et
al., 1998; Moskalyk & Alfantazi, 2003). The Bayer process produces pure Al2O3,
unreacted residue (red mud) and sometimes waste vanadium sludge. The vanadium
in the bauxite co-dissolves with aluminium through digestion with caustic solution.
The leach liquor separated from the red mud is then used for aluminium
precipitation, while the vanadium existing in the leaching liquor does not
precipitate. Vanadium gradually accumulates in the Bayer liquor due to the
successive recycling of the caustic liquor (Mukherjee & Gupta, 1993). Vanadium
recovery from Bayer liquor/sludge has been reported in previous studies (Table 2).
Zhao et al. (2012) used lime to precipitate vanadium from Bayer liquor. The result
showed that more than 80% of vanadium can be precipitated in the residue with a
V2O5 content of 0.44% at alkaline pH. During the reaction, three types of products
were obtained: calcium aluminosilicate hydrate, calcium aluminate hydrate and
calcium vanadate. However, it was reported that the V2O5 content (0.45%) in the
residue was too low due to the high concentration of Al(OH)4− and low
concentration of vanadium. Hence, Zhao et al. (2012) improved the process by
conducting a precipitation experiment at high temperature (>150 ℃), during which
the residues obtained were also recycled to precipitate vanadium. The improved
process successfully increased the vanadium content in the residue to almost 3%.
Meshram et al. (2016) obtained a high-purity V2O5 product (99%) from Bayer
sludge through leaching, adsorption, desorption, precipitation and calcination.
Different leaching reagents such as H2SO4, NaOH, Na2CO3 and acidic distilled
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water (pH <2) were used. It was observed that acidic distilled water was the most
efficient in leaching vanadium out from Bayer sludge. After that, vanadium was
separated from the leaching solution by adsorption onto activated charcoal powder.
Desorption of loaded vanadium from activated charcoal was performed using
ammonia, followed by precipitation under acidic conditions (pH <2.5, 90 ℃). The
final product was obtained by calcination at 500 ℃. Similarly, in another study
(Zhao et al., 2010), a high purity V2O5 product (>99%) was also recovered from
Bayer liquor by precipitating vanadium using lime, followed by a leaching process
with NaHCO3. The vanadium in the leaching liquid was then adsorbed on ion
exchange resin. Thereafter, vanadium was desorbed from the saturated resin using
NaOH. Reprecipitation of vanadium was conducted at 80 ℃ by adding NH4Cl to
the desorption solution, and the final product was obtained by roasting ammonium
metavanadate at 500–550 ℃. Gladyshev et al. (2015) pretreated Bayer sludge to
remove phosphate through water leaching followed by neutralization with CO2enriched air and addition of alumina solution. Next, vanadium was precipitated as
ammonium metavanadate by adding (NH4)2SO4. Metavanadate was converted into
polyvanadate by treating it with hot water and an addition of H2SO4. The final
product of V2O5 (purity 98.8%) was obtained by calcining the polyvanadate.
Vanadium recovery from spent catalyst
Vanadium catalysts are widely used in the manufacture of sulphuric acid. In
addition, the hydrodesulfurization catalyst used in petroleum refineries also
contains vanadium on an alumina carrier (Zeng & Cheng, 2009). These spent
catalysts are considered to be important resources for vanadium recovery. Over
recent decades, many research studies have been dedicated to extracting vanadium
from spent catalyst, as summarized in Table 2. Mohanty et al. (2011) have reported
a route developed to decrease the impurity of the vanadium product recovered from
spent catalyst. Water leaching was firstly carried out in the presence of Na2SO3.
Then the pH of the leaching solution was increased to 8.5 by adding NaOH to
obtain a precipitate. Next, the obtained precipitate was roasted with Na2CO3,
followed by water leaching to generate a concentrated vanadium-bearing solution.
The final product, V2O5 (purity 92.6%), was obtained by precipitation with NH4Cl
and a heating process. In another study, vanadium was leached out from a spent
vanadium catalyst in an oxalic solution (Mazurek, 2013), while other impurities
such as Fe and K were also leached out together with vanadium. An ion exchange
resin was then used to remove Fe and K from the leaching solution. The author has
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proposed different methods for vanadium recovery in the further stage such as
precipitation with ammonium salt or barium hydroxide and organic solvent
extraction (Mazurek, 2013). Khorfan et al. (2001) have reported a three-step
process for vanadium recovery from spent catalyst including acid leaching,
oxidation and precipitation. H2O2 was used to oxidize vanadium to pentavalent state,
then Na2CO3 was added to allow vanadium precipitation in the pH range of 6–7. In
addition, the oxalic acid leaching solution generated from a spent
hydrodesulfurization catalyst was also investigated for vanadium extraction by
Kim et al. (2014). Solvent extraction was firstly conducted to extract molybdenum
from the leaching solution. Then the molybdenum-free solution was used for
vanadium extraction in the second solvent extraction stage at an increased initial
pH. Next, vanadium was stripped from the organic solution using H2SO4 and further
precipitated with NH4OH. Vanadium pentoxide was finally obtained by calcination
of ammonium metavanadate.
Vanadium recovery from other industrial wastes
Apart from oil fly ash, Bayer sludge/liquor and spent catalyst, vanadium recovery
from other industrial sources has also been studied, as shown in Table 2. For
example, Barik et al. (2014) have reported vanadium extraction from a solid waste
obtained during the processing of industrial wastewater. Acid leaching using H2SO4
was performed, which resulted in the leaching of both V and Ni from the solid
waste. Vanadium was then selectively separated from the solution by solvent
extraction, followed by stripping using a solution of NH4OH. As the final step,
vanadium was crystallized from the strip liquid as ammonium metavanadate. Luo
et al. (2003) have proposed a novel process to recover vanadium from a leach
solution of tungsten alloy scrap. The recovery process involved precipitation of
vanadium and other impurities from solution using MgCl2·6H2O and ammonia
solution, selective vanadium dissolution from the precipitate using acetic acid, and
finally vanadium precipitation with NH4OH. Ammonium metavanadate was
obtained as the final product. Additionally, in this research (Paper V), vanadium
recovery from spent iron sorbent was studied. The spent commercial sorbent (CFH12) was collected from the treatment of vanadium-containing mining water.
Vanadium desorption from the spent sorbent was performed with NaOH, followed
by precipitation with CaCl2·2H2O. The recovery process was optimized using a full
factorial design by studying the effect of the CaCl2·2H2O dosage, precipitation
temperature and precipitation pH on the vanadium precipitation.
37

38
Vanadium content
1.6% (V)

3.8% (V)

0.78% (V)

2.6% (V)
3.3% (V)
1.3% (V)
11.7% (V)
1.37% (V)
0.12 g/L (V)
5.6% (V)

Source

Oil fly ash

Oil fly ash

Oil fly ash

Oil fly ash

Oil fly ash

Oil fly ash

Orimulsion fly ash

Oil fly ash

Bayer liquor

Bayer sludge

and precipitation >90%

desorption, precipitation,
calcination

96% leaching, adsorption

>80% (overall)

89% (overall)

82.4–84.2%(overall)

45.4% (overall)

57.8% (overall)

63.3% (overall)

exchange resin

recovery on ion

85% leaching + >80%

83% (overall)

precipitation

70% leaching + 98%

Recovery efficiency

Acid leaching, adsorption,

Direct precipitation

sulfurizing, smelting

Drying, de-carburizing and de-

precipitation

Acid leaching, oxidative

precipitation

Acid leaching, oxidative

precipitation

Acid leaching, oxidative

precipitation

Acid leaching, oxidative

Acid leaching, ion exchange

leaching, oxidative precipitation

Preliminary burning, acid

Alkaline leaching, precipitation

Recovery method

Table 2. Vanadium recovery from industrial by-products and wastes.

(2016)

Meshram et al.

(2012)
High purity V2O5

Zhao et al.
precipitate

(2002)

Abdel-Latif

(2000)

Vitolo et al.

(2000)

Vitolo et al.

(2000)

Vitolo et al.

(2000)

Vitolo et al.

Unpurified V2O5

slag

Vanadium-bearing

precipitate

Unpurified V2O5

precipitate

Unpurified V2O5

precipitate

Unpurified V2O5

precipitate

Unpurified V2O5

Tokuyama et al.

V loaded resin

(2003)

(2001)

Vitolo et al.

(2007)

Navarro et al.

Reference

precipitate

Unpurified V2O5

NH4VO3

Recovered product
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>98% leaching, >99.9%
solvent extraction and
stripping

precipitation, calcination
Acid leaching, solvent
extraction, stripping,
crystallization
Preliminary precipitation,

2.6% (V)
3.1% (V)
1.24 g/L V in
leachate
6.12% (V)

0.18 g/L (V)

0.35–4.71% (V)

Spent catalyst

Spent catalyst

Spent catalyst

during processing of

wastewater

Tungsten alloy scrap

Spent iron sorbent

Industrial solid waste

Solvent extraction, stripping,

1.4% (V)

Spent catalyst
precipitation

Desorption and precipitation

precipitation

vanadium dissolution,

precipitation

precipitation

precipitation

45% desorption + >97%

88% (overall)

and 98% precipitation

99% vanadium stripping

99% solvent extraction,

97% leaching + 73%

Acid leaching, oxidation,

loss in the solution

91% leaching, 2.3% V

heating
Acid leaching, ion exchange

99% leaching, 99.5%

Precipitation 97.7–99.3%

precipitation >95%

desorption and

Salt leaching, precipitation,

precipitation, calcination

Dephosphorization,

8.0% (V)

Bayer sludge

Calcium vanadate

NH4VO3

NH4VO3

High purity V2O5

V2O5

V-rich solution

High purity V2O5

High purity V2O5

leaching, ion

reprecipitation, roasting
exchange >94%,

Zhao et al.

precipitation, >85%

exchange, desorption,

Paper V

Luo et al. (2003)

(2014)

Barik et al.

Kim et al. (2014)

(2001)

Khorfan et al.

Mazurek (2013)

(2011)

Mohanty et al.

(2015)

Gladyshev et al.

(2010)

High purity V2O5

>85%

Precipitation, leaching, ion

0.20 g/L (V)

Bayer liquor

Reference

Recovered product

Recovery efficiency

Recovery method

Vanadium content

Source

2.5

Aims and objectives of this study

Numerous research studies have been carried out to investigate new and costefficient sorbents for vanadium removal. Some natural materials and agricultural
or forestry wastes have attracted particular interest because these materials
represent unused resources and, in some cases, are subject to disposal problems.
Utilization of these unused resources to develop low-cost and efficient sorbents for
water purification is a promising way to promote sustainable development. The
main aim of this work was to investigate vanadium removal from aqueous solutions
using different sorbents and to develop vanadium recovery technology for liquid
waste streams. The sorbents tested for vanadium removal included modified peat
and pine bark, and commercial iron products. As a novel approach, ferric
groundwater treatment residual (Fe-GWTR) was used as the iron source for the
modification of iron-loaded biomass and its efficiency was compared to that of
commercial iron (FeCl3·6H2O). Hence, this study presents an efficient and
environment-friendly approach for utilizing Fe-GWTR for peat modification.
Additionally, pine bark functionalized with quaternary ammonium groups was
proved to be effective for vanadium sorption. The quaternization of pine bark using
GTMAC involved a simple modification, which avoided the use of toxic
crosslinking reagents.
As the majority of studies have investigated vanadium sorption using synthetic
solution, it is of great importance to test the sorbents on real wastewater, since they
contain many other ions that can compete with vanadium. Therefore, the vanadium
sorption phenomenon in mining-influenced water was investigated using different
iron-based sorbents, including the iron-modified peat developed in this study. The
experiments were conducted both in the laboratory (batch and column tests) and in
the field (pilot-scale study). CFH-12 was used as the filter material in the field study
because of its good sorption performance and regeneration possibility (Leiviskä,
Khalid et al., 2017; Leiviskä et al., 2019).
The final task of this doctoral study was to explore the possibility of vanadium
recovery from the spent sorbent used for the purification of a vanadium waste
stream, which could be a crucial secondary resource for vanadium production. Two
steps were involved in the process: the desorption of vanadium from the spent
sorbent with NaOH and the precipitation of vanadium from the leachate using
calcium salt. The precipitation process was optimized in this work.
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In summary, the main objectives of this thesis can be listed as follows:
1.

Develop novel bio-based sorbents for vanadium removal
a) Iron-modified peat with ferric groundwater treatment residual for
vanadium removal (Paper I)
b) GTMAC-modified pine bark for vanadium removal (Paper II)

2.

Study vanadium removal from mining-influenced water using iron-based
sorbents
c) Vanadium removal from mining-influenced water using iron-based
sorbents: batch and column tests (Paper III)
d) Pilot-scale field study for vanadium removal from mining-influenced
waters using iron-based sorbent (Paper IV)

3.

Optimization of vanadium recovery process from spent iron sorbent using
alkaline eluent (NaOH) and calcium precipitant (CaCl2·2H2O) (Paper V).
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3

Materials and methods

The biomass used in Paper I and II included natural peat (Stora Enso Veitsiluoto
pulp mill, Kemi) and pine bark (RoihuPuu Oy, Oulu). Before use, the raw materials
were dried at 80 ℃ for 24 h. The pine bark was ground after drying, and then both
materials were sieved to obtain a fraction of 90–250 µm.
The commercial iron sorbents used in this study were CFH-12 (Kemira Oyj)
(Paper III–V) and GEH 101 (GEH Wasserchemie) (Paper III). The sorbents were
washed several times with ultrapure Milli-Q water (Merck Millipore) and then
dried at 60 ℃ for 24 h before use.
All the chemicals used were of analytical grade. The stock vanadium solution
used in this study was prepared by dissolving NaVO3 (Sigma-Aldrich) in ultrapure
Milli-Q water. Ferric groundwater treatment residual (referred to as Fe-GWTR in
Paper I and GWTR in Paper III) collected from a Finnish groundwater treatment
plant was used this study. Prior to use, the collected Fe-GWTR/GWTR was dried
at 40 ℃ for 72 h and ground. In Paper I, for iron modification, both Fe-GWTR and
commercial Fe (FeCl3·6H2O (Merck)) were used as the iron source. Iron extraction
from Fe-GWTR was performed using HCl (37%, Merck). In Paper II, glycidyl
trimethyl ammonium chloride (GTMAC, Sigma-Aldrich) was used to graft a
quaternary ammonium group onto pine bark in the presence of NaOH (SigmaAldrich). In Paper III, real mining-influenced water (vanadium concentration 4.66–
6.85 mg/L, pH 7.02–7.83, conductivity 201–235 µs/cm) sampled from the closed
Mustavaara mining site (Taivalkoski, Finland) was used to evaluate the vanadium
sorption performance of different sorbents. Commercial quartz (Sibelco Nordic Oy)
was used in the column experiment (particle size 0.5–1 mm). In Paper V,
CaCl2·2H2O (J.T. Baker) was used as precipitant for vanadium recovery. The pH
of the experiments was controlled using different concentrations of HCl (37%,
Merck) and NaOH (Sigma-Aldrich).
The MINEQL (version 5.0) program was used for chemical speciation analysis
of the mining-influenced water (Paper III and V). Carbonate concentration (in
water and from air) was not considered in the calculations. MODDE 12.1 was used
to make the experimental design and analyse the experimental data for iron
modification (Paper I) and vanadium precipitation (Paper V).
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3.1

Chemical modification of biomass

Two different modification methods were used in this study. In Paper I, iron
modification was performed on peat using different iron sources. The performance
of the iron-modified peat products for vanadium removal was then compared. In
Paper II, GTMAC-modified pine bark was prepared for vanadium removal. A
systematic optimization of the modification process was conducted.
3.1.1 Iron modification of peat
Two different iron sources (Fe-GWTR and FeCl3·6H2O) were used for the
modification of peat. The iron was extracted from Fe-GWTR using the following
extraction process: Fe-GWTR (4 g) was dissolved in 200 mL of 1 M or 2 M HCl
solution. Then the mixture was stirred at room temperature for 1 h or 6 h. After that,
the solution was first filtered using filter paper (Whatman, Grade 1) followed by
filtration with a 0.45 µm membrane (VWR, polyethersulfone membrane). The
filtered solution was sent for comprehensive elemental analysis.
The modification procedure was as follows: one gram of raw peat was mixed
with 50 mL of extracted Fe-GWTR or FeCl3·6H2O solution (initial Fe
concentration: 0.07 M). The modification pH was adjusted to the desired value (3,
5 or 7). Then the mixture was stirred by magnetic stirring at room temperature for
6 h. Upon completion, the mixture was centrifuged and washed several times with
deionized water until the supernatant was clear and the pH reached neutral. Then
the modified peat was separated from the solution and dried at 60 ℃ for 24 h.
3.1.2 Quaternary ammonium modification of pine bark
GTMAC-modified pine bark was prepared in the presence of NaOH. The effect of
NaOH concentration (0.01–2%), GTMAC dosage (0.0067–0.0805 mol/g),
modification time (1–6 h) and temperature (40–80 ℃), and modification volume
(25–100 mL) were studied.
The effect of the initial NaOH concentration was studied by mixing one gram
of pine bark with 50 mL of NaOH solution (0.01–2% w/v) and 2 mL of GTMAC
(0.0134 mol/g) in a 250 mL round-bottom glass flask. The mixture was then placed
in a water bath and stirred at 60 ℃ for 3h. After the reaction, the modified product
was washed several times with deionized water until the solution became clear and
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the pH reached neutral. The GTMAC-modified pine bark was collected from the
solution and dried at 60 ℃ for 24 h.
The effect of the GTMAC dosage was studied using a constant concentration
of NaOH solution (0.1% w/v) and adding a different amount of GTMAC (0.0067–
0.0805 mol/g). Otherwise, the procedure was the same as described in the study on
the effect of NaOH.
The effects of modification time and temperature were investigated using the
optimal initial NaOH concentration (0.1% w/v) and GTMAC dosage (0.0134
mol/g). The effect of modification time was studied at a constant temperature
(60 ℃), while the effect of the modification temperature was studied with a fixed
modification time (3 h).
The effect of modification volume was examined in two parts, using constant
parameters (optimal): GTMAC dosage (0.0134 mol/g), modification time (3 h) and
temperature (60 ℃). In the first part, the GTMAC/NaOH molar ratio was kept
constant (10.7) and different NaOH volumes (25 mL (0.2% NaOH w/v), 50 mL
(0.2% NaOH w/v) and 100 mL (0.2% NaOH w/v)) were used. In the second part,
the initial NaOH concentration (0.1% w/v) was kept constant and three different
volumes of NaOH solution were used, which resulted in different GTMAC/NaOH
molar ratios (25 mL (5.4), 50 mL (10.7) and 100 mL (21.5)).
3.2

Vanadium sorption studies

3.2.1 Batch tests
In Papers I–II, Fe-GWTR-modified peat, commercial Fe-modified peat and
GTMAC-modified pine bark under different modification conditions were tested
for vanadium removal from synthetic vanadium solutions. The procedure of the
batch test was as follows: 0.1 g of modified sorbent was weighed and mixed with
50 mL of vanadium solution in a 50 mL Falcon tube. The mixed solution was placed
in a rotary shaker (20 rpm) for a specific time period. Thereafter, the solution was
centrifuged (10 min, 2500 rpm) and the supernatant was either directly taken for
residual vanadium analysis (Paper II) or filtered by syringe filtration (0.45 µm,
VWR, polyethersulfone membrane) before analysis (Paper I). The Fe-GWTRmodified peat and GTMAC-modified pine bark under the optimal modification
conditions (referred to as Fe-GWTR-P3 (Paper I)/GWTR-Peat (Paper III)) and
GPB-opt (Paper II)) were then used in the subsequent stages to study the effect of
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pH, contact time and initial vanadium concentration. The peat modified using the
commercial iron reagent (0.07 M Fe) at pH 3 was referred to as Comm-Fe-P3.
The effect of pH was studied in the range of 2–9 (Paper I and II). An initial
vanadium concentration of 20 mg/L, a dosage of 2 g/L and a contact time of 24 h
were kept constant. All the tests were performed in duplicate and at room
temperature.
The effect of contact time (10 min–72 h) was studied using a constant initial
vanadium concentration of 20 mg/L and a constant dosage of 2 g/L (Paper I and II).
The pH of the vanadium solution was pre-adjusted to 4. All the experiments were
done in duplicate and at room temperature. In order to predict the sorption kinetics,
the experimental data was fitted with pseudo-first-order (PFO) equation of
𝑞

𝑞 1

𝑒

,

(1)

pseudo-second-order (PSO) equation of
𝑞

,

(2)

Elovich equation of
𝑞

ln 1

𝛼𝛽𝑡 ,

(3)

𝐶,

(4)

intra-particle diffusion model equation of
𝑞

𝑘 𝑡

.

and Boyd model equations of
𝐵

2𝜋

.

2𝜋 1

,

(5)

and
𝐵

0.4977

ln 1

𝐹 .

(6)

In Eqs. (1)–(6), qt (mg/g) and qe (mg/g) are the vanadium sorption amount at any
time t (min) and at equilibrium; k1 (1/min) and k2 (g/mg × min) are the rate
constants of PFO and PSO, respectively; α (mg/(g×min)) and β (g/mg) are the initial
rate constant and desorption constant related to the Elovich model; kp (mg/g × min
½) and C are the rate constant and constant related to the thickness of boundary
layer of the intra-particle diffusion model; in the Boyd model, F is the ratio of qt/qe,
where qe is the equilibrium sorption amount (mg/g). The Boyd model is obtained
by plotting Bt versus time t. The boyd model Eq. (5) is used when 0 ≤ F ≤ 0.85 and
Eq. (6) for 0.86 ≤ F ≤ 1.
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The maximum vanadium sorption capacity was calculated using equation
𝑞

,

(7)

where Ci (mg/L) and Cr (mg/L) are the initial and residual vanadium concentration,
respectively; V (L) is the volume of the solution; m (g) is the mass of the sorbent.
Synthetic vanadium solutions (10–130 mg/L in Paper I, 10–591 mg/L in Paper II)
were prepared with the pH pre-adjusted to 4. The contact time (24 h) and sorbent
dosage (2 g/L) were kept constant. The experiment was performed only at room
temperature (20 °C) in Paper I but at three different temperatures (20 °C, 15 °C and
5 °C) in Paper II. All the tests were done in triplicate.
Additionally, to evaluate the sorption behaviour, the experimental data was
fitted to the non-linear forms of Langmuir model
max

𝑞

,

(8)

Freundlich model
𝑞

𝐾 𝐶 ,

(9)

and Redlich-Peterson model
𝑞

.

(10)

In Eqs. (8)–(10), qe (mg/g) is the equilibrium sorption capacity and Ce (mg/L) is
the equilibrium vanadium concentration; Q0max (mg/g) is the maximum sorption
capacity of the sorbent obtained from the Langmuir model; KL (L/mg) is the
Langmuir constant related to sorption energy; KF ((mg/g)/(mg/L)n) and n
(dimensionless) are the constant and intensity parameter of the Freundlich model,
respectively. In the Redlich-Peterson model, KRP (L/g) and aRP (L/mg) are constant
and g is an exponent whose value must lie between 0 and 1.
In addition, the Dubinin-Radushkevich isotherm was used in Paper II with
equations
𝐸𝑞

𝜀

𝑞

𝑒

𝑅𝑇 ln 1

,

(11)

,

(12)

and
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𝐸

,

(13)

where qDR (mg/g) is the sorption capacity obtained from the model; KDR (mol2/kJ2)
is the constant corresponding to sorption energy; ɛ is the Polanyi potential; R is the
gas constant; T (Kelvin) is the temperature and E (kJ/mol) is the mean adsorption
energy.
In Paper III, different sorbents were tested for vanadium removal from a real
wastewater matrix (CFH-12, GEH 101, GWTR and GWTR-Peat). The effect of
sorbent dosage (1–6 g/L) on vanadium removal from mining-influenced water (pH
7.02, initial vanadium concentration 4.66 mg/L) was studied at room temperature.
The required amount of sorbent was mixed with 30 mL mining-influenced water in
a 50 mL Falcon tube. The mixture was then placed in a horizontal rotary for 24 h
(20 rpm). After the reaction, the supernatant was separated by centrifugation (Jouan
C4.12, 10 mins, 2500 rpm) and sent for vanadium analysis. All the tests were done
in duplicate. The effect of contact time (1–72 h) on vanadium removal was carried
out using a constant sorbent dosage (1 g/L) at room temperature. The procedure
was the same as described above. The kinetic data was then fitted with the PFO,
PSO, Elovich, intra-particle diffusion and Boyd models.
3.2.2 Column tests
CFH-12, GEH 101 and GWTR-Peat were selected for the fixed-bed column
experiments (Paper III) based on the sorption performance in the batch tests. The
column tests aimed to investigate the vanadium sorption behaviour with mininginfluenced water but some preliminary experiments were carried out on CFH-12
using synthetic vanadium solution. The experiment set-up is shown in Fig. 6. In all
of the columns, quartz (height ~10 cm) was packed into the column (inner diameter
19 mm; height 30 cm) below and above the sorbent. Then the columns were packed
with 27 g and 17 g CFH-12 at bed depths of 7 cm and 5 cm, respectively. The
feeding solution was then pumped from bottom to top at a flow rate of 2.6–2.7
mL/min using a peristaltic pump. After the preliminary experiments with synthetic
vanadium solution, CFH-12, GEH 101 and GWTR-Peat (17 g of each) were tested
in the columns with mining-influenced water (bed depths: 5 cm CFH-12, 4.5 cm
GEH 101 and 23.5 cm GWTR-Peat). Approx. 25 L of mining-influenced water was
fed into each column. Other procedures were the same as described above.
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Fig. 6. Experimental setup of the fixed-bed column (Reprinted under CC BY 4.0 license
from Paper III © 2021 Authors).

The effluent solutions were collected for vanadium analysis. The breakthrough
curves were then obtained, and the experimental data were fitted in non-linear form
with the Thomas model of
,

(14)

and Yoon-Nelson model of
,

(15)

where C0 (mg/L) is the initial vanadium concentration; Ct (mg/L) is the effluent
vanadium concentration at any time (t). In the Thomas model, KTH (mL/(min×mg))
is the rate constant; q0 (mg/g) is the maximum sorption capacity of the packed
sorbent; m is the mass of the sorbent packed in the column; Q (L/min) is the flow
rate of the feeding solution. In the Yoon and Nelson model, KYN (1/min) is the rate
constant and τ (min) is the time at which the effluent vanadium concentration is
half of the initial vanadium concentration.
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3.3

Pilot-scale field study for vanadium removal

The pilot studies were performed at the closed Mustavaara mining site (Taivalkoski,
Finland). Two pilot systems (pilot A and pilot B) were installed. For both pilots, 25
kg of CFH-12 was packed into a filter box. The CFH-12 was rinsed with tap water
for a few hours before use. Pilot A was installed next to a ditch discharging water
away from the mining area. Pilot B was placed next to a small natural pond into
which the water flowed from the mining area (including the ditch water from pilot
A). The operating period was from 10th June to 30th July 2019 (51 days) for pilot A
and 10th June to 14th October 2019 (127 days) for pilot B.
3.3.1 Design and operation
The experimental set-up for pilot A is shown in Fig. 7 (pilot B had the same setup), which was the same as those used in a previous study (Postila et al., 2019).
The filter system included a pump, water container (90 L) and filter box. The water
container was placed above a plastic box so that the water could flow into the filter
box via gravity. The water container was connected to the filter box through an inlet
tube (inner diameter 3mm). The filter box (55 cm × 35 cm × 30 cm) consisted of
three sections: the influent, filter and effluent sections. Each section was isolated
from the others by a perforated plastic wall. The pump (covered by a fine mesh
(diameter ~1 mm)) was placed into the water stream and connected to a timer,
which was timed to pump the water periodically from upstream of the ditch to fill
up the water container. The filter box was placed on a slight longitudinal slope to
make sure that water could flow smoothly through the filter box. The flow rate was
influenced by the water level in the container, i.e. the flow rate decreased with
decreasing water level and reached maximum when the container filled up with
water. The treated water was then discharged into the downstream through the
effluent section.
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Fig. 7. Experimental set-up of the filter system for pilot A (Reprinted under CC BY 4.0
license from Paper IV © 2021 Authors).

3.3.2 Water sampling and analysis
Water samples were taken around once per week at the beginning but once per two
weeks in the later stages of the studies. On each sampling day, the redox and
temperature of the water streams were measured. The flow rates of the influent in
the filter box were measured using a volumetric flask (average of three repeats).
The influent and effluent samples were collected from the water container and the
outlet water, respectively (samples were taken without taking residence time into
consideration). The pH, conductivity, turbidity and vanadium concentration of the
water samples were measured. A comprehensive elemental analysis of the influent
and effluent water samples was performed on the selected sampling dates (day 1
and day 33 for pilot A; day 1, day 33 and day 93 for pilot B). The chemical oxygen
demand (COD) of the first influent samples was also determined.
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3.4

Vanadium recovery

3.4.1 Optimization of vanadium precipitation process
CaCl2 was used as the precipitant. Firstly, a 33 full factorial design was conducted
to optimize the precipitation process with synthetic vanadium leaching solution
(SLS), which was prepared by dissolving NaVO3 in 1 M NaOH to reach a vanadium
concentration of 420 mg/L. Three factors with three levels were selected as shown
in Table 3. Vanadium precipitation efficiency (%) was used as the response. The
theoretical dosage was calculated based on the formula of Ca3(VO4)2, which is
presumed to form in the studied pH range (Li et al., 2014; Nikiforova et al., 2017).
In the case of 200 mL of synthetic leaching solution (420 mg/L V), 1 time TD
consumed ~0.37 g CaCl2·2H2O. The precipitation experiments were conducted as
follows: a certain amount of CaCl2 was added to 200 mL of SLS. The solution was
mixed with a magnetic stirrer at room temperature for 30 min. Then the pH was
adjusted to the target value using concentrated HCl. The mixture was heated up to
the target temperature and then agitated for five hours. Upon completion, the
solution was cooled down to room temperature. The suspension was centrifuged
(10 min, 2500 rpm) and the supernatant was sampled for residual vanadium
analysis. The precipitate (referred to as SLS product) was filtered using vacuum
filtration (qualitative filter paper, 5–13 µm, VWR) and then rinsed with ultrapure
Milli-Q water and dried in an oven at 60 ℃ for 12 h.
Table 3. Factor levels for the full factorial design (precipitation from synthetic leaching
solution (420 mg/L V)).
Factors

Factor level
-1

0

1

Precipitation temperature (X1)

40 °C

60 °C

80 °C

CaCl2 dosage (X2)

1TD*

2TD*

3TD*

Precipitation pH (X3)

12.2

12.7

13.2

*TD: theoretical dosage

3.4.2 Vanadium recovery from spent iron sorbent
Two types of spent sorbents were investigated for vanadium recovery: CFH-12
treated with either synthetic vanadium solution (SVS-treated CFH-12) or with real
mining-influenced water (MIW-treated CFH-12). SVS-treated CFH-12 was
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obtained by treating CFH-12 with synthetic vanadium solution (1000 mg/L) for 72
h and then oven-drying the sorbent at 40 ℃ for 72 h. Vanadium desorption from
SVS-treated CFH-12 was conducted using 1 M NaOH with a contact time of 30
min and a CFH-12 solid-to-liquid ratio of 0.15 kg/L (constant liquid volume of 10
mL). The concentration of the leached iron and vanadium in the leaching solution
was measured. The precipitation experiment from the leaching solution was
performed under optimal parameters according to the optimization result using the
same procedure as described above (Section 3.4.1), except that the reaction volume
was 50 mL. The recovered product from SVS-treated CFH-12 under optimal
precipitation parameters was referred to as SVS-CFH-12 product.
MIW-treated CFH-12 was collected from a pilot filter bed system, which was
operated at a closed mining site (Mustavaara mine) (Paper IV) to treat real mininginfluenced water. The observed vanadium concentration in the water was in the
range of 6.46–99.1 mg/L during the 51-day operating period (10th June to 30th July
2019) (Paper IV). MIW-treated CFH-12 was dried naturally in the laboratory and
then well mixed and oven-dried at 40 ℃ for 72 h. The vanadium desorption
experiment was conducted using the same conditions as those used for SVS-treated
CFH-12 (1 M NaOH, 30 min contact time and a 0.15 kg/L CFH-12 solid-to-liquid
ratio with a constant liquid volume 10 mL). For MIW-treated CFH-12, the effect
of the CaCl2 dosage (2–8 TD (0.18–0.73 g)) and precipitation pH (12.2 and 12.7)
on precipitation efficiency was studied first (reaction volume 50 mL). Then, the
precipitation experiment was performed in a bigger batch under selected
precipitation conditions and the leaching solution before and after precipitation was
sent for detailed water analysis. The recovered product from MIW-treated CFH-12
under the optimal precipitation parameters was referred to as MIW-CFH-12
product. All of the products recovered from different sources (SLS product, SVSCFH-12 product and MIW-CFH-12 product) were characterized using different
techniques (listed in Table 4).
3.5

Characterization and water analysis methods

Characterization of the sorbents and vanadium-recovered products was performed
using different techniques. Information on the methods is summarized in Table 4.
Elemental composition (C, H, N, O) was determined using a 2400 Series II
CHNS/O analyser (PerkinElmer). The surface area and pore size distribution were
measured by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
analyses using the nitrogen adsorption technique at –195.86 ℃ with an ASAP 2020
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surface area and porosity analyser (Micromeritics). Surface elemental composition
and chemical bonding were analysed using X-ray photoelectron spectroscopy(XPS)
(Thermo Fisher Scientific ESCALAB 250Xi). X-ray diffraction (XRD) was
performed with a Rigaku Smartlab rotating anode diffractometer using Co Kα
radiation. Fourier-transform infrared spectroscopy (FTIR) analysis was done using
a Bruker V80 vacuum FTIR spectrometer and OPUS program to display the
recorded spectra. The chemical composition was characterized with an X-ray
fluorescence (XRF) spectrometer (Bruker AXS S4 Pioneer) and PANalytical Axios
Max spectrometer. The morphology and elemental distribution were analysed using
an energy filtered transmission electron microscope (JEOL JEM-2200FS
EFTEM/STEM (scanning transmission electron microscopy)) equipped with a
JEOL Dry SD100GV energy dispersive x-ray spectroscopy (EDS) detector. A
detailed description can be found in the respective publications. The water analysis
methods used in this thesis are listed in Table 5. The detailed methodologies are
given in the original publications.
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I
I

XRD

FTIR

EFTEM

XRF

I
I

BET + BJH

PB

peat

II

II

II

Raw

Raw

XPS

(C, H, N, O)

Elemental composition

Analysis

III

III

Fe-GWTR

I

I

I

I

/GWTR-Peat

Fe-GWTR-P3

I

Comm-Fe-P3

II

II

II

GPB-opt

III

GEH 101

CFH-12 and

IV

IV

IV

IV

from pilot study

Used CFH-12

V

V

V

V

products

recovered

Vanadium-

Table 4. Characterization methods for the different materials (selected). The Roman numerals refer to the original publications.

Table 5. Water analysis methods. The Roman numerals refer to the original publications.
Parameter

Apparatus/Method

Reference

pH

Metrohm 744 pH meter

I, II and V

pHenomenal® pH 1000 L pH meter (VWR)

III and IV

Conductivity

Mettler Toledo conductivity meter

III and IV

Turbidity

Hach 2100Q turbidity meter

IV

Redox

Handheld pH/mV metre (IQ Scientific ISFET)

IV

Temperature

WIDDER thermometer

IV

Hach Lange cuvette for COD (LCK 314 15–150

IV

COD

mg/L)
Hach Lange cuvette for COD (LCK 1014 for 100– V
2000 mg/L
Vanadium

Phosphorus-tungsten-vanadium

I–V

spectrophotometry (UV-1800, Shimadzu)
Inductively coupled plasma optical emission

II, III and IV

spectrometry (ICP-OES) (SFS-EN ISO
11885:2009)
Inductively coupled plasma mass spectrometry

III, IV and V

(ICP-MS) (SFS-EN ISO 17294–2:2016)
SO42–, Cl– and F–
NH4+, NO2–, NO3– and PO43–

Ion chromatography (SFS-EN ISO 10304–1:2009) III, IV and V
Continuous flow analyser (SFS-EN ISO

III, IV and V

13395:1997, SFS-EN ISO 11732:2005, SFS-EN
ISO 15681–2:2005)
Other elements

ICP-MS (SFS-EN ISO 17294–2:2016) and ICPOES (SFS-EN ISO 11885:2009)
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I, III, IV and V

4

Results and Discussion

4.1

Preparation of novel bio-based sorbents for vanadium removal

4.1.1 Iron modification of peat
Fe-GWTR was successfully extracted and applied for peat modification. The
solution obtained with 1 M HCl (1 h) treatment of GWTR contained a high Fe
concentration (6750 mg/L) and less interfering elements, thus it was considered as
the best dissolution condition for the Fe-GWTR used in the modification.
Vanadium removal efficiency using commercial Fe-modified peat and Fe-GWTRmodified peat at different pH values is shown in Fig. 8. It was observed that the
lowest modification pH (3) resulted in the highest vanadium removal efficiency
with both sorbents. The removal efficiency decreased with increased modification
pH. This is due to the formation of insoluble iron hydroxide near the neutral pH
region, thus deteriorating the binding of the iron species onto the biomass. The
difference in vanadium removal efficiency between commercial Fe-modified peat
and Fe-GWTR-modified peat was not statistically significant at pH values of 3 and
5 (t-test, p >0.05, two-tailed), whereas the difference was significant at pH 7 (t-test,
p <0.05, two-tailed).
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Fig. 8. Effect of modification pH on vanadium sorption (sorbent dosage 2 g/L; contact
time 24 h; sorption solution pH 6; initial vanadium concentration 20 mg V/L; temperature
20 ± 3 °C error bars represent the standard deviation of four repeats: two products made
in the same conditions and two shaking tests for each product) (Reprinted, with
permission, from Paper I © 2018 Elsevier B.V.).

4.1.2 Quaternary ammonium modification of pine bark
For GTMAC-modified pine bark, optimization of the modification parameters was
performed to identify the optimal initial NaOH concentration, GTMAC dosage,
reaction time and reaction temperature in the modification process.
Effect of initial NaOH concentration and GTMAC dosage
The effect of the initial NaOH concentration and GTMAC dosage on the
performance of the modified pine bark is shown in Fig. 9. The vanadium removal
efficiency increased dramatically from 56% to 91% with the increased initial NaOH
concentration (from 0.01 to 0.1% (w/v)), after which the removal efficiency was
stable at concentrations of 0.1–0.5% (w/v). However, at a high NaOH concentration
(1–2% (w/v)), the vanadium removal efficiency of the modified pine bark
deteriorated. The presence of NaOH could make biomass soluble and hence
increase the accessibility of reaction sites (Kong et al., 2015). In previous studies,
NaOH has also been reported to be a catalyst to enhance the quaternization reaction
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by generating a nucleophilic intermediate capable of bonding the reactive epoxy
group on GTMAC through a ring-opening reaction (Ebringerová et al., 1994; Liu
et al., 2011). A lower NaOH concentration is insufficient to activate the
quaternization reaction, whereas excessive NaOH during the modification can
degrade the biomass and lead to the hydrolysis of the quaternary ammonium salt
(Ren et al., 2007). In this study, an initial NaOH concentration in the range of 0.1–
0.5% (w/v) was efficient. As the 0.1% (w/v) NaOH resulted in the highest
vanadium removal efficiency, it was selected for further experiments.
The effect of GTMAC dosage on the performance of modified pine bark is
presented in Fig. 9b. The optimal GTMAC dosage was found to be in the range of
0.0134–0.0537 mol/g. Both the lowest and highest GTMAC dosage led to a
decrease in vanadium removal efficiency. GTMAC was consumed in two reactions
during the modification process: quaternization of the biomass (favourable) and
hydrolysis of GTMAC (unfavourable) (Kong et al., 2015; Zaman et al., 2012). A
lower GTMAC dosage resulted in insufficient quaternization. However, the
hydrolysis of GTMAC would occur more easily in the presence of an excessive
GTMAC dosage. As the dosage of 0.0134 mol/g achieved the same level of
vanadium removal efficiency as higher dosages (0.0268 and 0.0537 mol/g), it was
selected for the further studies. Therefore, the optimized pine bark (GPB-opt) was
prepared using an initial NaOH concentration of 0.1% (w/v) and a dosage of 0.0134
mol/g GTMAC (GTMAC/NaOH ratio of 10.7).
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Fig. 9. Effect of (a) initial NaOH concentration and (b) GTMAC dosage on vanadium
removal efficiency. Modification: NaOH solution volume 50 mL; time 3 h; temperature
60 °C. Sorption: dosage 2 g/L; solution pH 4; contact time 24 h; initial vanadium
concentration 20 mg/L; temperature 20 °C; the NaOH molar amount in Fig. 9b varied
between 0.001000 and 0.001275 mol; error bars indicate the standard deviation of four
repeats (two repeats of the batch test for two products made under the same
modification conditions) (Reprinted under CC BY 4.0 license from Paper II © 2019
Authors).

Effect of modification time and temperature
The effect of modification time and temperature is shown in Fig. 10. It was
observed that vanadium removal efficiency increased from 62% to 92% with an
increased reaction time (1–3 h) but then decreased with a further increase in
modification time (4–6 h). This could be attributed to the insufficient reaction with
a short modification time, whereas with a prolonged reaction time, the
decomposition of GTMAC and biomass may occur and the hydrolysis of the
cationic pine bark might be enhanced, thus decreasing the vanadium removal
efficiency. Similar observations have also been reported in previous studies (Kong
et al., 2015; Ren et al., 2007). As the modification time of 3 h achieved the best
vanadium removal performance, it was selected for the subsequent studies.
Fig. 10b shows the effect of modification temperature on the performance of
modified pine bark. Higher modification temperatures (60 ℃ and 80 ℃) resulted
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in good vanadium removal efficiency (~91%), whereas the modified pine bark
modified at 40 ℃ did not efficiently bind vanadium from the solution. The result
indicated that a higher reaction temperature was favoured during the modification
process. A desirable temperature can facilitate the nucleophilic addition reaction
between GTMAC and biomass (Ruihua et al., 2012). Ren et al. (2007) have
reported that an increased reaction temperature had a favourable effect on the
compatibility of the ingredients, mobility of the reactive molecules and diffusion
of the reagents. However, at a temperature higher than 80 ℃, the biomass is prone
to decomposition. The results were in good agreement with earlier studies (Ren et
al., 2007; Ruihua et al., 2012). Therefore, in this study, the modification
temperature of 60 ℃ was considered to be the optimum.

Fig. 10. Effect of modification time (a) and temperature (b) on vanadium removal
efficiency. Modification: NaOH solution volume 50 mL; initial NaOH concentration 0.1%
(w/v); GTMAC dosage 0.0134 mol/g; GTMAC/NaOH ratio 10.7; Sorption: dosage 2 g/L;
solution pH 4; contact time: 24 h; initial vanadium concentration 20 mg/L; temperature
20 °C; error bars indicate the standard deviation of four repeats (two repeats of the
batch test for two products made under the same modification conditions) (Reprinted
under CC BY 4.0 license from Paper II © 2019 Authors).

4.1.3 Effect of modification volume
It has been reported that the grafting process with GTMAC onto nanocrystalline
cellulose is affected by the water content in the reaction system (Zaman et al., 2012).
Hence, a comparison of the effect of modification volume on the modification
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process was studied. In the first part, a constant GTMAC/NaOH molar ratio (10.7)
was used (Fig. 11a). The three different modification volumes resulted in the
different initial NaOH concentrations: 25 mL (0.2% NaOH), 50 mL (0.1% NaOH)
and 100 mL (0.05% NaOH). Similar vanadium removal efficiency (approx. 90%)
was observed when the reaction volumes were 25 mL and 50 mL, whereas the
removal efficiency decreased significantly when the reaction volume was increased
to 100 mL, which is in good agreement with the results presented in Fig. 9a. The
result suggests that the initial NaOH concentration may play a more important role
in the modification process than the molar ratio of GTMAC/NaOH. To confirm this
assumption, the effect of reaction volume was studied in the second part with a
constant initial NaOH concentration
A constant initial NaOH concentration (0.1% w/v) was used (Fig. 11b).
Different GTMAC/NaOH molar ratios were obtained from the three different
modification volumes: 5.4 (25 mL), 10.7 (50 mL) and 21.5 (100 mL). It was
observed that vanadium removal efficiency was at the same level, even though the
GTMAC/NaOH ratio and modification volume varied. These results confirm that
the initial NaOH concentration was more crucial in influencing the modification
process than the modification volume and GTMAC/NaOH ratio.

Fig. 11. Effect of modification volume (NaOH solution) on vanadium removal efficiency.
Modification: GTMAC dosage 0.0134 mol/g; modification time 3 h; modification
temperature 60 °C. Sorption: sorbent dosage 2 g/L; solution pH 4; contact time 24 h;
initial vanadium concentration 20 mg/L; temperature: 20 °C; error bars indicate the
standard deviation of four repeats (two repeats of the batch test for two products made
under the same modification conditions) (Reprinted under CC BY 4.0 license from Paper
II © 2019 Authors).
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4.2

Characterization of modified sorbents

4.2.1 Surface area, pore size and pore volume
The surface area and pore characteristics of the raw materials and modified sorbents
are shown in Table 6. The BET surface area of Fe-GWTR-P3 increased from 22.0
m2/g to 53.4 m2/g, and the average pore diameter and pore volume both increased
after modification. The results suggest that the modification process changes the
textural properties of the raw peat. GTMAC-modified pine bark showed a slightly
higher BET surface area and pore volume than the raw pine bark. The average pore
diameter increased from 30.9 mm to 42.2 mm after modification. A similar
observation has been reported by De Lima et al. (2012) where a minor increase in
the BET surface area of quaternized coconut shell fibre was found. However,
Thamilarasi et al. (2018) have reported that the BET surface area of quaternized
palm fruit husk was slightly lower after modification. The difference between the
results might be due to the different properties of the biomass in question.
Table 6. Surface area, pore volume and pore width of raw and modified sorbents (Paper
I and Paper II).
Parameter

Materials
Raw peat

Fe-GWTR-P3

Raw pine bark

GPB-opt

BET surface area (m2/g)

22.0

53.4

0.4075

0.4340

Average pore diameter (nm)

26.0

29.4

30.9

42.2

Pore volume (cm3/g)

0.143

0.392

0.0009

0.0011

4.2.2 XPS analysis
The raw peat showed three peaks in the C 1s spectrum, corresponding to (C1) 284.8
± 0.1 eV: C–C and C–H single bonds; (C2) 286.5 ± 0.1 eV: C–O and C–N single
bonds; (C3) 288.3 ± 0.2 eV: carbon having two bonds with oxygen (O–C–O and
C=O) (Kelemen et al., 2006; Popescu et al., 2009). For Fe-GWTR-P3, the binding
energy of the C3 peak showed a slight change and the percentage increased from
11% to 16%, suggesting that some oxygen functional groups may have been
changed. The O1s spectrum of raw peat presented a single peak at 532.5 eV, while
the Fe-GWTR-P3 presented three peaks at 532.8 ± 0.1 eV (C–O bonding), 531.5 ±
0.2 eV (Fe–OH bonding and C=O bonding) and 530.2 ± 0.1 eV (Fe–O bonding)
(Ardelean et al., 2005; Cui et al., 2016). The Fe 2p3/2 and Fe 2p1/2 peaks that
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appeared at 711.0 eV and 724.7 eV after modification indicated that an iron
compound had successfully been introduced onto the raw peat (Fig. 12).

Fig. 12. Fe 2p XPS spectrum of Fe-GWTR-P3 (Reprinted, with permission, from Paper I
© 2018 Elsevier B.V.).

The C 1s spectra of the raw pine bark and GPB-opt displayed four peaks,
corresponding to (C1) 284.8 eV: C–C and C–H single bonds; (C2) 286.4 ± 0.1 eV:
C–O and C–N single bonds; (C3) 287.9 ± 0.1 eV: carbon having two bonds with
oxygen (O–C–O and C=O) and (C4) 289.1 eV: carboxylic group (O–C=O) (Kundu
et al., 2008; Popescu et al., 2009). After modification, the proportion of C2 (C–O
and C–N) increased, which was probably due to the new C–N bonds from the
grafted quaternary ammonium group. The O 1s spectrum of the raw pine bark
presented a single peak at 532.8 eV. A new peak was observed at 530.9 eV after
modification, and the binding energy was attributed to the C=O bond in quinones
(Kundu et al., 2008). Pine bark showed a single nitrogen peak at 400.1 eV in the N
1s spectrum (Fig.13), corresponding to nitrogen bound to carbon in amines or
amides originating from nitrogen compounds in the raw biomass (Cao et al., 2016;
Kistamah et al., 2009). GPB-opt displayed another new peak at 402.6 eV, which
was attributed to quaternary nitrogen and is responsible for the sorption of anions
through electrostatic attraction (Cao et al., 2016; Kistamah et al., 2009).
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Fig. 13. N 1s spectra of raw pine bark and GPB-opt (Reprinted under CC BY 4.0 license
from Paper II © 2019 Authors).

4.2.3 Elemental composition
The total nitrogen content in the pine bark increased from 0.47% to 1.16% after
modification (Table 7), which confirmed that quaternary ammonium groups had
been successfully introduced onto the pine bark. Similar or slightly higher nitrogen
contents have been reported in previous studies. Keränen et al. (2015) have
observed that the nitrogen content increased from 0.27% to the range of 1.1–2.7%
after grafting quaternary ammonium groups onto raw sawdust. Gogoi et al. (2019)
have reported that, after the GTMAC modification of peat, the nitrogen content
increased from 2.2% to 3.3%.
Table 7. Elemental composition (C, H, N) (wt.%) of raw pine bark and GPB-opt. Errors
represent the deviation of three repeats for each sample (Adapted under CC BY 4.0
license from Paper II © 2019 Authors).
Element (%)

Raw pine bark

GPB-opt

C

47.6 ± 0.1

48.0 ± 0.3

H

6.24 ± 0.2

6.74 ± 0.0

N

0.47 ± 0.1

1.16 ± 0.1
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4.2.4 XRD analysis
XRD analysis was conducted primarily to investigate the form of iron on the
sorbent. The XRD profiles of raw peat, Fe-GTWR-P3 and Comm-Fe-P3 are shown
in Fig. 14. The presence of quartz was observed in all three samples. A large quartz
content in different peat samples has also been observed by Romão et al. (2007).
The mineral characteristics of peat varies significantly in different regions (Romão
et al., 2007). The XRD results revealed that the iron in the modified peat existed
mainly in the amorphous phase. Additionally, the crystallinity of peat decreased
after modification. However, traces of an unidentified mineral were found in FeGTWR-P3 and Comm-Fe-P3 after iron impregnation.

Fig. 14. X-ray diffraction profiles of (a) raw peat, (b) Fe-GWTR-P3 and (c) Comm-Fe-P3
(Reprinted, with permission, from Paper I © 2018 Elsevier B.V.).

4.2.5 FTIR spectra
The functional groups of peat generally include alcohols, aldehydes, carboxylic
acids, ethers, ketones and phenolic hydroxides (Brown et al., 2000). No major
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differences were observed in the FTIR spectra of the raw peat and Fe-GTWR-Peat
(Fig. 15). The presence of the –OH group was confirmed by having a band in the
region of 3200–3600 cm-1. The bands at the wavenumbers of 2920 and 2850 cm-1
were ascribed to the asymmetric stretching of aliphatic C–H (Cocozza et al., 2003).
The presence of carbonyl bonds (COO–) from carboxylic acids and aromatic C=C
vibrations could be seen at wavenumber 1650 cm-1.

Fig. 15. FTIR spectra of raw peat and Fe-GWTR-P3 (Reprinted, with permission, from
Paper I © 2018 Elsevier B.V.).

4.3

Vanadium sorption in batch mode

4.3.1 Effect of pH
The effect of pH was only studied for Fe-GWTR-P3 and GPB-opt. The maximum
vanadium removal efficiency was achieved at pH 4 and pH 3 for Fe-GWTR-P3 and
GPB-opt, respectively. In strong acidic conditions, the lowest vanadium removal
efficiency was observed at pH 2 for both Fe-GWTR-P3 (Paper I) and GPB-opt
(Paper II). With an increase in pH from 5 to 9, vanadium removal efficiency
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decreased significantly. Vanadium exists as a cationic species at pH 2 (Fig. 3),
resulting in a lower vanadium sorption ability due to the repulsion between the
cationic vanadium species and positive charges on the surface of the modified
sorbents. Vanadium occurs in anionic form when the pH is above 3 and therefore
the sorption was more efficient in the range of pH 3–4, which is attributed to the
favourable reactions between the anionic vanadium species (e.g., V10O27(OH)5− and
H3V2O7−) and positively charged sorbents. Similar results have also been observed
in previous studies. namely, a higher vanadium removal efficiency can be achieved
in the pH range of 3–4 on different functionalized sorbents (Anirudhan et al., 2009;
Thamilarasi et al., 2018). Moreover, at a high pH, an increased concentration of
OH– would compete with vanadium anions for the binding sites.
4.3.2 Effect of sorbent dosage
In the case of mining-influenced water, the aim was to test different iron-based
sorbents under the prevailing pH conditions of the water. Therefore, the effect of
sorbent dosage was studied (Paper III) (Fig. 16). The results showed that all the
iron sorbents could effectively remove vanadium from the water despite some coions such as iron, chloride and sulphate. The removal efficiency increased with
increasing dosage. The vanadium removal efficiency was over 90% for all the
sorbents at a dosage of 6 g/L and a contact time of 24 h. It was observed that GWTR
performed better than the other sorbents at the lower dosage. The better
performance may be due to its fine powder form, relatively higher average pore
width and iron content (Paper III).
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Fig. 16. Effect of dosage of different iron-based sorbents on vanadium removal
efficiency (pH 7.02; contact time 24 h; initial vanadium concentration 4.66 mg/L;
temperature 21 °C; error bars represent the range of two repeats) (Reprinted under CC
BY 4.0 license from Paper III © 2021 Authors).

4.3.3 Effect of contact time and kinetics modelling
Synthetic vanadium solution
Synthetic vanadium solution was used to investigate the effect of contact time on
vanadium removal with Fe-GWTR-P3 and GPB-opt. The highest vanadium
removal efficiency was 84% by Fe-GWTR-P3 after 48 h (Paper I) and 85% by
GPB-opt after 24 h (Paper II) at a dosage of 2 g/L. The sorption kinetics were
analysed by fitting the experimental data to the PFO, PSO and Elovich models. The
parameters obtained are listed in Table 8. For both sorbents, the experimental
sorption capacity was close to the theoretical value provided by the PFO and PSO
models. However, the data was best fitted by the Elovich model, which is generally
used to describe chemisorption (Tran et al., 2017).
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Table 8. Parameters of PFO, PSO, Elovich, intra-particle diffusion and Boyd models for
Fe-GWTR-P3 and GPB-opt (dosage 2 g/L; solution pH 4; initial vanadium concentration
20 mg/L; temperature 20 °C) (Adapted, with permission, from Paper I © 2018 Elsevier
B.V. and under CC BY 4.0 license from Paper II © 2019 Authors).
Models

Parameters

Fe-GWTR-P3

Pseudo-first-order

k1 (1/min)

0.005

0.034

qe (mg/g)

7.456

8.203
0.795

Pseudo-second-order

Elovich

Intra-particle diffusion

Boyd

GPB-opt

R2

0.785

χ2

7.381

1.351

k2 (g/mg × min)

0.001

0.007

qe (mg/g)

7.799

8.456

R2

0.895

0.934

χ2

2.211

0.336

α (mg/(g × min))

0.252

10.090

β (g/mg)

0.827

1.125

R2

0.984

0.960

χ2

0.191

0.115

kp,1 (mg/g × min1/2)

0.179

0.446

C1

1.390

2.553

R12

0.982

0.999
0.634

χ2

0.024

kp,2 (mg/g × min½)

0.035

0.047

C1

5.896

6.965

R22

0.957

0.955

χ2

0.001

0.004

R2

0.996

0.934

χ2

0.032

0.120

Intra-particle diffusion was further used to interpret the sorption mechanism. If the
plot of qt versus t0.5 is a straight line and passes through the origin, it indicates that
the sorption process is totally governed by intra-particle diffusion, whereas the
sorption process is controlled by different mechanisms if multiple linear regions
are observed. For both sorbents, the plot showed two linear regions (Fig. 17a and
Fig. 18a). The first linear region corresponds to film diffusion, during which the
vanadium ions are moved from the bulk solution onto the surface of the sorbent.
The second linear region corresponds to intra-particle diffusion. The Boyd model
can be used to determine the rate-limiting step. If the plot of Bt versus time (t) is
linear and passes through the origin, it indicates that intra-particle diffusion is the
rate-limiting step. Otherwise, film diffusion can be considered to be the ratelimiting step. For both sorbents, the plots are linear and almost go through the origin
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(Fig. 17b and Fig. 18b), which suggests that intra-particle diffusion is the ratelimiting step during the sorption process.

Fig. 17. Intra-particle diffusion model (a) and Boyd model (b) for vanadium sorption onto
Fe-GWTR-P3 (sorbent dosage 2 g/L; sorption solution pH 4; initial vanadium
concentration 20 mg V/L; temperature 20 °C; error bars represent the range of duplicate
data) (Reprinted, with permission, from Paper I © 2018 Elsevier B.V.).

Fig. 18. Intra-particle diffusion model (a) and Boyd model (b) for vanadium sorption by
GPB-opt (dosage 2 g/L; solution pH 4; initial vanadium concentration 20 mg/L;
temperature 20 °C; error bars represent the range of two repeats) (Reprinted, with
permission, from Paper I © 2018 Elsevier B.V.).
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Mining-influenced water
Various iron-based sorbents (CFH-12, GEH 101, GWTR and GWTR-Peat) were
selected to study the effect of contact time on the vanadium removal efficiency
from mining-influenced water. The vanadium removal efficiency increased with
increasing contact time and exceeded 85% for all the selected iron sorbents after
72 h at a dosage of 1 g/L (Paper III). The Elovich model provided the best fit to the
experimental data (Table 9). The plot of intra-particle diffusion presented poor
linearity for GEH 101, GWTR and GWTR-Peat (R2 0.800–0.928), while better
linearity was observed for CFH-12 (R2 0.985). However, not all of the plots passed
through the origin, indicating that the vanadium sorption process from the mininginfluenced water was not totally governed by intra-particle diffusion. After the
sorption process, iron and aluminium were removed from the water to some extent
along with other elements such as barium, copper, cobalt, zinc, manganese and
chromium. All the selected sorbents were safe to use as none of them leached toxic
or hazardous elements into the treated water.
Table 9. Parameters of the PFO, PSO, Elovich and intra-particle diffusion models
(mining ditch water) (Adapted under CC BY 4.0 license from Paper III © 2021 Authors).
Models

Parameters

CFH-12

GEH 101

GWTR

GWTR-Peat

Pseudo-first-order

k1 (1/min)

0.017

0.021

0.033

0.027

qe (mg/g)

4.2

4.5

5.0

4.3

R2

0.539

0.649

0.661

0.708

Pseudo-second-order

Elovich

Intra-particle diffusion

72

χ2

0.374

0.148

0.039

0.056

k2 (g/mg × min)

0.004

0.008

0.017

0.013

qe (mg/g)

4.5

4.6

5.1

4.4

R2

0.745

0.778

0.805

0.808
0.036

χ2

0.227

0.094

0.000

α (mg/(g×min))

1.096

30.156

3.2E+6

4528

β (g/mg)

1.9

2.6

4.7

4.0

R2

0.967

0.940

0.930

0.934

χ2

0.034

0.026

0.008

0.013

kp (mg/g × min½)

0.038

0.028

0.014

0.018

C

2.5

3.2

4.4

3.5

R2

0.985

0.928

0.800

0.901

χ2

0.013

0.036

0.006

0.022

4.3.4 Vanadium sorption capacity
Synthetic vanadium solution was used to determine the maximum vanadium
sorption capacity for Fe-GWTR-P3 (Paper I) and GPB-opt (Paper II). The
maximum sorption capacity was found to be 16 mg/g for Fe-GTWR-P3 (room
temperature (20 ± 3 ℃) and in the range of 32.3–35.0 mg/g for GPB-opt at different
temperatures (20 ℃, 15 ℃ and 5 ℃). The temperature had a minor effect on the
sorption capacity of GPB-opt. The data was fitted to the non-linear Langmuir,
Freundlich, Redlich-Peterson and Dubinin-Radushkevich models (only for GPBopt). The parameters evaluated from the models are presented in Table 10 (only at
room temperature). The experimental maximum sorption capacity was close to the
calculated value provided by the Langmuir model for both products. The RedlichPeterson model provided the best fit to the experimental data of Fe-GWTR-P3, as
the highest R2 and lowest χ2 were obtained. This model has also been reported to
provide the best fit for other iron-modified biosorbents (Lodeiro et al., 2013; Zhang
et al., 2018). For GPB-opt, the Freundlich and Redlich-Peterson provided a better
fit, which indicated that the sorption occurred on a heterogeneous surface (Tran et
al., 2017). The Dubinin-Radushkevich model is normally used to estimate sorption
energy (E), which can provide useful information about the type of sorption
reaction, i.e. physical sorption (E <8 kJ/mol), ion exchange (8< E <16 kJ/mol) and
chemical sorption (E >16 kJ/mol) (Tran et al., 2016). The E values obtained in this
study were all above 16 kJ/mol, which can be considered a chemical sorption
process. However, it should be noted that the Dubinin-Radushkevich model did
not give a good fit, due to the lower R2 and higher χ2. The proposed vanadium
sorption mechanisms for Fe-GWTR-P3 and GPB-opt can be attributed to the
positively charged iron or ammonium groups that were introduced, which are
responsible for the uptake of anionic vanadium species from the water. Regarding
the iron sorbent, the interaction between surface hydroxyl groups and vanadium
ions is an important mechanism. In addition, pore diffusion also played an
important role in the vanadium sorption process for all the studied materials with
the exception of GWTR.
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Table 10. Parameters of sorption isotherms for Fe-GWTR-P3 and GPB-opt (sorbent
dosage 2 g/L; contact time 24h; sorption solution pH 4; temperature 20˚C) (Adapted,
with permission, from Paper I © 2018 Elsevier B.V. and under CC BY 4.0 license from
Paper II © 2019 Authors).
Models

Parameters

Fe-GWTR-P3

GPB-opt

Langmuir

Qmax (mg/g)

15.622

34.639

KL(L/mg)

0.232

0.040

R2

0.881

0.935

χ2

3.816

9.299

KF (mg/g)/(mg/L)n

6.968

6.709

n

5.292

0.283

R2

0.967

0.944

χ2

0.742

4.430

KRP (L/g)

66.050

3.692

ɑRP (L/mg)

8.153

0.304

g

0.846

0.819

R2

0.972

0.969

χ2

0.429

2.449

qDR (mg/g)

-

28.460

KDR (mol2/kJ2)

-

2.28E-5

Freundlich

Redlich-Peterson

Dubinin-Radushkevich

4.4

0

E (kJ/mol)

-

148.072

R2

-

0.712

χ2

-

4.07E+6

Vanadium sorption in column mode

CFH-12, GEH 101 and GWTR-Peat were tested for vanadium removal in column
mode (Paper III). GWTR was not selected because of its fine powder form, which
would have needed to be further processed before it could be used in the column.
Preliminary tests using synthetic vanadium solution were first carried out to
evaluate the performance of CFH-12 at different bed depths. It was observed that
the breakthrough time (Ct/C0=0.1) increased from ~5900 min to ~20000 min when
the packed CFH-12 was increased from 17 g to 27g (Fig. 19a).
With mining-influenced water, an early breakthrough was observed in all
columns (Fig. 19b). For CFH-12, the breakthrough time was ~100 min, which was
much earlier compared to the column fed with synthetic vanadium solution (~5900
min) (Fig. 19c). This may be due to the complex composition of the mininginfluenced water, where various contaminants may have competed with vanadium
for the available binding sites. Another possible reason was the higher pH (pH
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7.02–7.83) of the mining-influenced water compared to synthetic vanadium
solution (pH 6), which affected the vanadium speciation and sorption, as lower pH
values are favoured in the vanadium sorption process. GEH 101 performed better,
as the 50% breakthrough (Ct/C0=0.5) was not reached (>9959 min) with the amount
of mining-ditch water fed, whereas the 50% breakthrough was around 8475 min
and 7338 min for CFH-12 and GWTR-Peat, respectively. In general, these results
indicate that good sorption performance can be achieved by the selected sorbents
in column mode. The breakthrough time can be further increased by increasing the
bed depth or flow rate.
The Thomas and Yoon-Nelson models were used to analyse the column data
(Table 11). The theoretical sorption capacities provided by the Thomas model were
19.7 mg/g for 27 g of CFH-12 and 16.3 mg/g for 17 g of CFH-12 (synthetic
vanadium solution), which was lower than those obtained in batch mode with 72 h
contact time (34 mg/g) (Leiviskä et al., 2019). The time τ, at which the Ct/C0=0.5
provided by the Yoon-Nelson model was 38642 min for 27 g of CFH-12 and 15610
min for 17 g of CFH-12, was similar to the experimental values. For the column
tested with mining-influenced water, the column models suggested a greater
vanadium sorption capacity and higher 50% breakthrough time for GEH 101. The
time τ was close to the experimental data in the case of CFH-12 and GWTR-Peat.
The theoretical values obtained from the Thomas and Yoon-Nelson models were
reasonable and do not differ significantly from the experimental values for all the
columns (t-test, p >0.05, two-tailed) at a confidence level of 95%.
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Fig. 19. Fixed-bed column experiments (flow rate 2.6–2.7 mL/min) for vanadium removal:
(a) CFH-12 with synthetic solution (initial vanadium concentration C0 5.18–6.75 mg/L;
pH 6.0); (b) CFH-12, GEH-101 and GWTR-Peat with mining ditch water (C0 6.85 mg/L; pH
7.02–7.83); and (c) a comparison of CFH-12 with synthetic solution (C0 6.75 mg/L; pH
6.0) and mining ditch water (C0 6.85 mg/L; pH 7.02–7.83) (Reprinted under CC BY 4.0
license from Paper III © 2021 Authors).
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Table 11. Parameters of the Thomas and Yoon-Nelson models for CFH-12, GEH 101 and
GWTR-Peat (Adapted under CC BY 4.0 license from Paper III © 2021 Authors).
Feeding solution
Model parameters

Synthetic solution

Mining ditch water solution

Sorbent
CFH-12

a

Sorbent

CFH-12

b

CFH-12

b

GEH 101b

GWTR-Peatb
0.037

Thomas
KTH (mL/min)

0.022

0.027

0.023

0.012

q0 (mg/g)

19.7

16.3

8.5

21.6

7.2

R2 (1/min)

0.963

0.955

0.804

0.682

0.832

χ2 (1/min)

0.601

1.008

0.294

0.137

0.783
2.6E-4

Yoon-Nelson
KYN (1/min)

1.1E-4

1.8E-4

1.6E-4

8.3E-5

τ (1/min)

38642

15610

8119

20652

6836

R2 (1/min)

0.963

0.955

0.804

0.682

0.832

χ2 (1/min)

0.601

1.008

0.294

0.137

0.783

a

Sorbent mass = 27 g, bSorbent mass = 17 g.

4.5

Pilot-scale field study for vanadium removal

4.5.1 Vanadium removal
In the pilot studies, the influent vanadium concentration in pilot A fluctuated in the
range of 6.46 to 99.1 mg/L during the operating period (Fig. 20a). This was
probably due to the variation in rainfall precipitation, which may have affected the
vanadium concentration in the ditch water. In addition, the ditch was closely
connected to the mining area, in which a higher concentration of vanadium and
other contaminants was detected. The vanadium concentration in pilot B was more
stable and lower compared to pilot A (0.443–2.33 mg/L) (Fig. 20b), because this
natural pond (pilot B) received many streams from the mining area and thus showed
a diluted concentration of vanadium and other elements.
The operation time of pilot A was 51 days. The effluent vanadium
concentration in pilot A was between 0.62 to 1.83 mg/L from day 1 until day 19. A
higher vanadium concentration was observed in the effluent on day 26 and day 33,
which was probably due to the high vanadium concentration in the influent and
therefore impaired the sorption ability of the filter bed. The vanadium concentration
in the effluent remained at a lower level at the end of the operating period. Pilot A
was stopped on day 51 because the pumping no longer worked reliably. This was
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due to the partial clogging of the pump resulting from an increased solids
concentration in the ditch water. In pilot B, the pump worked smoothly throughout
the operating period even though the operation time was longer (127 days). The
vanadium concentration of the effluent was below 0.5 mg/L in most cases. A higher
vanadium concentration was observed on day 59 (1.04 mg/L) and also at the end
of the operating period.
The variation in effluent vanadium concentrations in both pilots might have
resulted from the fluctuating influent vanadium concentration and flow rate. For
example, when the water container was full just after pumping, the flow rate
reached maximum and the shortest contact time in the filter bed was observed. A
shorter contact time resulted in lower vanadium removal efficiency. Nevertheless,
these results showed that vanadium could be removed efficiently by both pilot filter
systems, and the pilots mimicked a real application where rainfall precipitation
might cause a variation in the water flow rate.
It has been reported in a previous study that vanadium sorption onto CFH-12
from synthetic vanadium solution was fast in the early stage, during which the
reaction between vanadate ions and surface hydroxyl groups was the main
mechanism. After that, the sorption process was slow and governed by pore
diffusion (Leiviskä et al., 2019). It was also revealed in the article that the sorption
kinetics of vanadium onto CFH-12 were best fitted by the Elovich model, which is
widely used to describe chemisorption (Tran et al., 2017).
4.5.2 pH, conductivity and turbidity
The influent pH remained more stable in pilot A (7.3–7.7) but varied slightly in
pilot B (6.4–7.8) (Fig. 20c and Fig. 20d). In both pilots, the effluent pH was at a
lower level in the early stage of the operating period, then gradually increased to
the same level as the influent pH. A drop in pH was also observed in another study,
where CFH-12 was used for vanadium removal in both batch and pilot experiments
(Leiviskä, Khalid, et al., 2017). The possible reason for the decrease in pH was
attributed to the leaching of impurities from CFH-12, which is discussed below.
The influent in pilot A had a higher conductivity (379–1086 µS/cm) than in
pilot B (41.1–79.7 µS/cm) (Fig. 20e and Fig. 20f). The effluent conductivity
increased in both pilots, with the highest values detected on the first day of
operation. The effluent conductivity decreased immediately in pilot B after the first
sampling day, whereas the value in pilot A remained at a higher level and fluctuated
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in the range of 690–1181 µS/cm. The increased conductivity was probably due to
the leaching of impurities.

Fig. 20. Treatment of mining-influenced water treatment using CFH-12 in pilot studies
(a–b): vanadium concentration (each measurement includes ± 10% error); (c–d): pH; (e–
f): conductivity; (g–h): turbidity (Reprinted under CC BY 4.0 license from Paper IV ©
2021 Authors).
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4.5.3 Detailed water quality
The detailed water quality of the influent and effluent samples from both pilots was
characterized for the selected dates (data can be found in Paper IV). In addition to
vanadium, both samples of influent water contained a considerable amount of Al
and Fe, a small amount of Mn and Zn, and trace levels of some other elements.
Anions such as sulphate, chloride, nitrite, nitrate, fluoride and phosphate were also
detected in both influents, among which sulphate and chloride were present in a
higher concentration. The influent of pilot A had a higher COD value (71 mg/L)
than that of pilot B (33 mg/L); the value was only measured for the first influent
samples. Generally, a higher ion concentration was observed in pilot A than in pilot
B.
On the first sampling day, it was observed that Al and Fe concentrations in the
pilot A effluent were at lower levels (>90% removal efficiency). However, the
higher removal efficiency for Al and Fe was no longer observed on day 33.
Significant sulphate leaching was observed in both effluent samples. Additionally,
NO3–, Ni and B were present in higher concentrations compared to other ions.
Higher concentrations of Cl–, NH4+ and Sr in the effluent were observed on the first
sampling day but this was no longer the case on day 33.
The effluent samples in pilot B presented lower concentrations of Fe, Al and
Cu, although the influent and effluent concentrations were at the same levels in the
later stage. The effluent concentrations of sulphate and chloride clearly increased
in all of the analysed samples. Higher concentrations of NO3–, NH4+, Sr, B, Ni, Mn
and Zn were only observed on the first sampling day. Other ions either existed at
trace level or remained stable in the waters.
4.5.4 Characterization of the used CFH-12
The XRF analysis revealed that vanadium was detected in all of the sampled CFH12 taken from the top and bottom layers of the filter box in both pilots (Paper IV).
Vanadium content varied in the range of 0.220–4.713% and 0.017–0.396% in pilots
A and B, respectively. The top layer mostly contained a greater amount of vanadium
than the bottom layer, with one exception observed in pilot B. The maximum
vanadium sorption capacity of CFH-12 was reported to be 34 mg/g with synthetic
vanadium solution (Leiviskä et al., 2019), which corresponds to 3.4% vanadium
content in the saturated CFH-12 (10–300 mg/L vanadium solution, pH 6, contact
time 72 h). It was observed that three of the samples in pilot A contained a higher
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amount of vanadium (3.8–4.7% V) than the saturated CFH-12 with synthetic
vanadium solution, which can be attributed to the long operating period and
relatively higher vanadium concentration in the stream. The vanadium content
detected in other samples collected from pilot A and all the samples from pilot B
was less than 3.4%, which indicated that the filter systems were not fully saturated
with vanadium. XRD analysis confirmed that no new phases were formed during
the operating period (Fig. 21). Goethite was the only phase in the used CFH-12
from both pilots and the crystallinity in goethite had slightly increased. Gypsum
leaching was confirmed from the XRD result. XPS confirmed that vanadium
existed as oxidised form (5+) in the used CFH-12 and that the carbon content
increased in the used materials because of the adsorbed organic compounds from
the mining streams. The BET surface area, pore volume and diameter of the used
CFH-12 were enlarged, which may have resulted from the leaching of the
impurities from the sorbent during the operating period.

Fig. 21. XRD patterns of fresh and used CFH-12 samples from pilot studies (Reprinted
under CC BY 4.0 license from Paper IV © 2021 Authors).
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4.6

Vanadium recovery

4.6.1 Optimization of vanadium precipitation process
The vanadium precipitation process was optimized by studying the effect of the
CaCl2 dosage, pH and temperature on vanadium precipitation efficiency. Over 94%
of vanadium was precipitated with a high CaCl2 dosage (≥2TD). It was observed
that the precipitation process was more stable at higher temperatures (60 ℃ and
80 ℃) and performed better at lower pH (12.2 and 12.7) in the studied range. The
experimental data obtained from the full factorial design was analysed using
MODDE 12.1. The results revealed that the CaCl2 dosage and precipitation pH
were significant factors (p-value <0.05) during the precipitation process, whereas
the reaction temperature in the studied range was not significant (p-value >0.05).
Additionally, the interactions between different factors were insignificant (pvalue >0.05). The results also revealed that the CaCl2 dosage had a positive effect
on the precipitation process, while the reaction pH had a negative effect. This
indicated that the precipitation efficiency would increase with an increased CaCl2
dosage and a decreased reaction pH within the studied range.
Chemical speciation calculations using MINEQL revealed that vanadium can
be precipitated by calcium salt and forms different stable solid Ca-V compounds
(Fig. 22). At lower pH, a soluble vanadium species is the dominant form. Then
vanadium starts to precipitate with increased pH (> 4.6). In the pH range of 10.85–
13.65, Ca3(VO4)2 is the dominant species. However, soluble vanadium species are
observed at even higher pH and portlandite (Ca(OH)2) becomes the principal
precipitate. This result is consistent with a previous experimental study (Li et al.,
2014). As the reaction using pH 12.2 and 12.7 resulted in almost the same
precipitation efficiency, the higher pH (12.7) could be used to reduce acid
consumption for pH adjustment when a strong alkaline leaching solution is
obtained. Moreover, as the percentage of impurities (e.g. Ca(OH)2) increased at the
higher CaCl2 dosage (3TD) (Paper V), this suggested using 2TD CaCl2.
Additionally, it was observed that the precipitation process was more efficient and
stable at a higher temperature, and similar precipitation efficiency was obtained at
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60 ℃ and 80 ℃. Therefore, the reaction temperature of 60 ℃ was used in the
following experiments.

Fig. 22. Distribution diagram of (a) vanadium and (b) calcium species as a function of
pH at 60 °C (solution: synthetic leaching solution; vanadium concentration: 8.23 mM
(420 mg/L); calcium concentration: 0.025 M (1 g/L) (2TD)) (Reprinted, with permission,
from Paper V © 2022 Elsevier B.V.).

4.6.2 Vanadium recovery from spent iron sorbent
The leaching solution obtained from SVS-treated CFH-12 contained 1275 mg/L
vanadium and also a high amount of sulphate (6250 mg/L), which originated from
a gypsum impurity (Leiviskä et al., 2019). The precipitation experiment was
conducted under optimal conditions based on the results of Section 4.6.1 (2TD
CaCl2; precipitation temperature 60 ℃; precipitation pH 12.7). The vanadium
precipitation efficiency reached 99.9% and vanadium species were precipitated as
Ca3(VO4)2 according to the speciation calculations. Additionally, sulphate existed
in soluble form at the higher pH (>11.9), indicating that the leached sulphate from
the sorbent may not have affected the vanadium precipitation process.
The leaching solution obtained from MIW-treated CFH-12 contained 370 mg/L
vanadium and 1700 mg/L sulphate. The detailed composition of the leaching
solution can be found in Paper V. Vanadium precipitation was performed with
different CaCl2 dosages (2TD–8TD) and reaction pH values (12.2 and 12.7) at a
constant temperature of 60 ℃. It was observed that a reaction pH of 12.2 and 12.7
resulted in a similar vanadium precipitation efficiency. Therefore, pH 12.7 was
considered as the optimal pH as less acid would need to be consumed for pH
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adjustment. The CaCl2 dosages had a significant effect on the precipitation
efficiency. The efficiency increased from 33% to 99% when the CaCl2 dosage was
increased from 2TD to 8TD. It should be mentioned that to achieve over 90%
precipitation efficiency, a higher CaCl2 dosage would be required for the leaching
solution of MIW-treated CFH-12 than in the case of SVS-treated CFH-12. This is
probably due to the complex composition of the leaching solution from MIWtreated CFH-12, as some other compounds from the mining-influenced water were
also absorbed onto the sorbent and then some were leached out during the
desorption stage. As the dosage of 6TD CaCl2 resulted in good vanadium
precipitation efficiency (97%), it was therefore selected as the optimal precipitant
dosage. The detailed water quality of the leaching solution after precipitation (6TD
CaCl2; precipitation temperature 60 ℃; precipitation pH 12.7) was also analysed.
Vanadium concentration decreased from 370 mg/L to 23 mg/L, while the sulphate
concentration was at almost the same level, which supported the assumption that
that sulphate did not affect the vanadium precipitation process in the studied pH
range. However, it was observed that chloride concentration significantly increased
after the precipitation due to the addition of HCl for pH adjustment and CaCl2. It is
also worthy of mention that the leaching solution from the MIW-treated CFH-12
was brown in colour and resulted in a light brown precipitate, which might have
originated from the organic compounds adsorbed from the mining water. A flow
diagram of the recovery process is shown in Fig. 23. The recovered product can be
further purified with a subsequent step, e.g. calcination, after converting it to
ammonium metavanadate.

Fig. 23. Flow diagram of vanadium recovery from MIW-treated CFH-12 (Adapted under
CC BY 4.0 license from Paper IV © 2021 Authors).
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4.6.3 Characterization of the recovered products
The recovered products (SLS product, SVS-CFH-12 product and MIW-CFH-12
product) were characterized by different techniques including XRF, XRD, TEM
and XPS. Calcium and vanadium were the main components in all three products.
The vanadium content was higher in the SLS product (11.2 wt.%) and the SVSCFH-12 product (11.3 wt.%) than in the MIW-CFH-12 product (7.1 wt.%) due to
the higher CaCl2 dosage used in the case of MIW-CFH-12. A small amount of
sulphur was found in the SVS-CFH-12 and MIW-CFH-12 products, indicating that
not all of the sulphur had remained in the leaching solution after precipitation.
Other elements such as aluminum, silicon, chlorine, etc. were also observed in
minor amounts in the recovered products.
The XRD results revealed that CaCO3 and Ca(OH)2 existed in the SLS product.
Accurate identification of the Ca-V compound by XRD could not be achieved for
this product. Different forms, for example, calcium vanadium oxide and calcium
vanadium oxide hydrate, are possible. In the SVS-CFH-12 product, calcium
vanadium hydroxide (Ca5(VO4)3OH) was the major component, and a small
amount of CaCO3 was also observed. These results differed from the speciation
calculation, which assumed that the precipitate would contain Ca3(VO4)2 and
Ca(OH)2. However, it should be noted that carbonate was not considered in the
speciation calculation and the data for Ca5(VO4)3OH is not available in the database.
The MIW-CFH-12 product contained an amorphous vanadium phase, and Ca(OH)2
was the major crystalline phase. This was probably due to the higher CaCl2 dosage
used to obtain the MIW-CFH-12 product. The XRD results indicated that a higher
purity product could be obtained when the composition of the leaching solution is
simpler and a reasonable precipitant dosage is used. The XRD profiles can be found
in Paper V.
In the TEM results, three different phases were observed in the image of the
SLS product: agglomerated round-shaped particles (Ca-V compound), coarse rodshaped crystals (CaCO3) and a few particles with a rod shape and smooth surface
(Ca(OH)2). The image of the SVS-CFH-12 product showed agglomerated roundshaped calcium vanadate hydroxide particles, with CaCO3 particles to a lesser
extent compared to the SLS product. For the MIW-CFH-12 product, Ca-V particles
were aggregated in amorphous form and Ca(OH)2 was observed in crystalline form.
The TEM images can be found in Paper V.
The XPS results showed that the weight percentage of vanadium on the
surfaces of the SLS product, SVS-CFH-12 product and MIW-CFH-12 products
85

were 13.3%, 8.8% and 4.0%, respectively. The highest C 1s proportion was
observed in the MIW-CFH-12 product (17.2 wt.%), probably due to the organic
compounds adsorbed onto the sorbent. All three products showed two main peaks
in the C 1s spectra at 285.6 ± 0.3 eV and 290.0 ± 0.1 eV. The peak at 285.6 ± 0.3
eV was related to C–C/C–H or C–O/C–N from adventitious carbon and/or adsorbed
organic compounds, and the peak at 290.0 ± 0.1 eV corresponded to inorganic
carbonate/bicarbonate (290.0 ± 0.1 eV) (Heuer & Stubbins, 1999; Sun et al., 2006).
The inorganic carbonate/bicarbonate in the SLS and SVS-CFH-12 products was
derived from CaCO3, which was also identified by XRD. For the MIW-CFH-12
product, CaCO3 was not identified by XRD, but the C 1s peak at higher binding
energy confirmed the presence of inorganic carbonate, which indicated that CaCO3
existed in amorphous form. The peak at lower binding energy mainly refers to the
adsorbed organic compounds from the mining effluent. The V 2p spectra of all the
products displayed V 2p3/2 at 517.4 ± 0.1 eV and V 2p1/2 at 524.8 ± 0.1 eV, indicating
that vanadium existed as V5+ in calcium and vanadium compounds (Silversmit et
al., 2004).
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5

Conclusions

This work demonstrated successful vanadium removal from aqueous solution using
bio-based sorbents prepared from biomass. It was proved that iron modification
(with FeCl3·6H2O and Fe-GWTR) and quaternization (with GTMAC and NaOH)
can enhance the vanadium sorption ability of the biomaterials used in this study.
The study also confirmed that waste material, i.e. ferric groundwater treatment
residuals (Fe-GWTR), can be safely used to replace commercial iron (FeCl3·6H2O)
as an iron source in iron modification. For the quaternization process, it was
revealed that, when the GTMAC dosage was kept constant, the initial NaOH
concentration had a more crucial influence on the modification process compared
to the modification volume and GTMAC/NaOH ratio. For both modified products,
the removal of vanadium was promoted by a lower pH (3–4), and equilibrium was
reached after 24 h. The sorption kinetics were well described by the Elovich
equation and the data suggested that the sorption process was controlled by film
and intra-particle diffusion, with intra-particle diffusion considered the ratelimiting step.
In terms of vanadium removal from real wastewater, this study showed that
vanadium can be effectively and safely removed from mining-influenced water
using different iron-based sorbents (CFH-12, GEH 101, GWTR and GWTR-Peat)
in batch and column mode (without Fe-GWTR). Vanadium removal efficiency in
batch mode was significantly improved with increasing sorbent dosage and contact
time. Both film and intra-particle diffusion were considered the rate-limiting steps.
The pilot-scale field study conducted in this study showed that vanadium could be
efficiently removed from mining-influenced water taken from a closed mine site
and the result demonstrated the potential of an easily operable filter system (CFH12) for the treatment of a real vanadium-containing stream. This study also
confirmed that vanadium could be recovered from spent CFH-12 sorbent using a
two-step process: vanadium desorption (with NaOH) and vanadium precipitation
(with CaCl2). The vanadium precipitation rate reached 97% and the resulting
product was mainly an amorphous vanadium compound. Hence, this work also
provides an economical and environment-friendly way to recover vanadium from
waste streams, which is important for waste management and vanadium production
using alternative resources.
Based on the results of the current research work, future research could focus
on evaluating the economic feasibility of the whole proposed recovery concept.
Specifically, further studies could compare different sorbents in real vanadium87

containing waters and optimize the desorption process for best-performing sorbents
to obtain a concentrated vanadium solution for the subsequent recovery process.
The possibility of reusing the desorption solution after vanadium recovery should
also be investigated. Furthermore, sorbents should be tested in multiple sorptiondesorption cycles to confirm their successful regeneration and reuse.
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