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Manganese oxide (MnOx) was studied for its ability to adsorb vanadium (V) ions for applications in acidic water
treatment. Three MnOx types: naturally-occurring (NatMnO), commercially-derived (ComMnO), and laboratory
synthesised (SynMnO) were examined in batch systems under varying pH, adsorbent dosage, ionic strength, and
contact time. The greatest V sorption occurred at acidic pH, following the order: NatMnO > SynMnO
> ComMnO, with maximum adsorption capacities of 54.0, 26.0, and 10.4 mg/g, respectively (at pH 3.0, mass/
volume ratio of 2 g/L, concentration of 100 mg/L, 24 hours). Adsorption equilibrium data best fit the Freundlich
isotherm, indicating multilayer adsorption, while kinetic data followed a two-constant rate model, suggesting
both physical and chemical sorption. Solution pH was found to have a significant impact, with V removal by
MnOx most effective at low pH, likely due to the negative zeta potential of the MnOx under such conditions.
MnOx reusability was investigated using repeated sorption and desorption experiments with 0.1 M HCl, 0.1 M
NaOH, and deionised water to regenerate the MnOx. The regenerated MnOx exhibited similar or enhanced ability
to sorb V ions from solution. Overall, these results confirm the unique ability of MnOx as a reusable sorbent for V
removal from acidic water, while also enhancing our mechanistic understanding of the removal process. This
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finding supports the development of sustainable solutions for acidic water treatment, contributing to efforts to
address this critical environmental challenge.

1. Introduction

Vanadium (V) is a strategic metal essential to modern industry,
including steelmaking, aerospace, automotive, bridges, and batteries
[25,79,8]. Naturally, V occurs as oxides, sulfides, and phosphates, often
associated with other metals like iron, titanium, lead, aluminium, zinc,
and uranium, with iron and titanium deposits being the most significant
[33,57,86]. Vanadium enters the environment from natural processes (e.
g., rock leaching, vanadium-enriched slag, soil erosion, and dry depo-
sition) and human activities (e.g., industrial processes, leaching of
vanadium-enriched slag, urban sewage sludge, fertilizers, and mining
operations) [67]. Exploitation of V resources has led to severe envi-
ronmental issues, positioning V as an emerging contaminant, posing a
growing risk to human and environmental health [39]. For instance, V
concentrations in mining-affected water in the Mustavaara mine in
northern Finland range between 6.5 and 99.1 mg/L [82]. Such elevated
V concentrations often pose significant risks to both human and
ecosystem health. For humans, the risks include asthma, rhinitis, general
anemia, and an increased likelihood of uremia and lung cancer [75].

High levels of V, especially vanadium pentoxide (V20s), pose sub-
stantial health risks. The International Agency for Research on Cancer
(IARC) classifies V20s as a probable human carcinogen, and concentra-
tions above 100 mg/L are neurotoxic to humans and animals [50,85].
Regulatory guidelines are also in place: the U.S. Environmental Pro-
tection Agency (EPA) has proposed a reference concentration of 21 pg/L
for V, while China has set a limit of 50 pg/L for V in drinking water [68,
73]. Given the stringently low concentration of these environmental
quality standards it is vital that new water treatment technologies are
developed to extract V from contaminated waters. An emerging issues,
however, is that V is a widely used metal and occurs in a wide range of
waste products and leachates [1,44,45,72]. For example, the production
of one tonne of V505 product requires the consumption of 300 tonnes of
water, which can become polluted with V [37]. The discharge of such
wastewater can release considerable amounts of V into the environment.
Given such activities are currently expanding worldwide, environmental
and human health risks are accelerating [54,58,9].

To date, various techniques have been employed for V removal and
separation, including solvent extraction [70], chemical precipitation
[22], membrane techniques [52], and adsorption [11,34,36,71].
Amongst these routes adsorption has received considerable interest and
numerous adsorbents, such as natural materials, clays, metal oxides or
hydroxides, chitosan, and activated carbon, have been developed [71].
However, to date there have been few instances of commercially viable
applications due to their low selectivity, low adsorption capacity,
lengthy equilibration times, and excessive costs [6]. There is a strong
consequent demand for further research into the development of new
sorbents which are effective for V removal but also low cost, environ-
mentally compatible and reusable.

In recent years manganese oxide/hydroxide minerals (MnOx) have
gained attention for a wide range of water treatment applications due to
their low cost, low toxicity, and ability to be regenerated and reused [53,
77]. They also retains a net negative zeta potential (surface charge) even
at relatively acidic pH conditions [16,81] which enables high efficacy
for the removal of cations from acidic waters (such as acid rock
drainage, or acidic processing wastes), for which other sorbents often
prove ineffective [40,51,59]. For example, MnO5 nanoflowers have been
shown to be highly efficient in the oxidative degradation of organic
dyes, with amorphous forms showing excellent rhodamine removal ef-
ficiency (99 %) within 10 minutes under acidic conditions [14]. Hy-
drated Mn oxide (HMO) synthesized by Hu et al. [24] demonstrated a
high removal efficiency of Zr (IV) ups to 99.9 % (80 ppb) under optimal

conditions. Wang et al. [69] reported that Sb (III) was rapidly and
completely removed after a 10-minute reaction at different Sb (III)/-
biogenic MnOx (BioMnO) molar ratios (97.8-100 %, under 787 ppb).

Despite the promising properties of MnOx and the widespread
occurrence of V-bearing waters there have been few studies focusing on
the sorption of V onto MnOx [2,3,84]. In addition, there is very little
mechanistic information available on the adsorption behaviour of V on
MnOx under acidic conditions, even though this is the most common
geochemical condition of V-bearing water worldwide. This study has
therefore been established to bridge this gap in our understanding and
further investigate the adsorption mechanisms of V onto MnOx derived
through different routes: naturally-occurring MnOx (NatMnO),
commercially-derived (ComMnO), and laboratory synthesised (hydro-
thermal method) MnOx (SynMnO). Such fundamental mechanistic
insight is an essential first step towards development of new technology
for the removal of V from the aqueous phase to both safeguard the
environment but also provide new alternative V sources to build the
circular economy.

2. Experimental design
2.1. Materials and chemicals

Potassium permanganate (KMnOy4, >99.0 %), manganese (II) chlo-
ride tetrahydrate (MnCly-4 Ho0), sodium chloride (NaCl, 99.5 %), so-
dium hydroxide (NaOH, 99.0 %), sodium metavanadate (NaVOs,
>99.9 %), sodium nitrate (NaNOs, 98 +%), nitric acid (HNOs, 70.0 %),
and hydrochloric acid (HCl, 37.0 %) were purchased from Fisher Sci-
entific UK Ltd. All reagents were of analytical grade, and solutions were
prepared with deionized water.

This study utilized naturally-occurring MnOx (NatMnO),
commercially-derived MnOx (ComMnO), and laboratory synthesised
MnOx (SynMnO). To represent naturally-occurring MnOx minerals, a
sample was obtained from the British Geological Survey collection,
taken from the summit area of Tropic Seamount in the northeast Atlantic
in 2016. ComMnO was purchased from Fisher Scientific UK Ltd (Man-
ganese(IV) oxide, 99 %, 10 mesh, CAS 1313-13-9). SynMnO was syn-
thesized using a modified hydrothermal method from Tebo et al. [65].
Briefly, filter-sterilized solutions were prepared with deionized water:
18.8 g MnCly-4 H20 in 320 mL, 10.0 g KMnO4 in 320 mL, 7.0 g NaOH in
360 mL, 1.0 M NaCl (pH 10), 0.01 M NaCl (pH 10). The KMnOy4 solution
was added to the NaOH solution over 5 minutes while stirring. The
MnCl; solution was then added to the KMnO4 solution over 35 minutes
while stirring, forming a black MnOx precipitate. The precipitate was
allowed to settle, the supernatant discarded, and the mixture centri-
fuged by centrifugation (Avanti JE Rotor JS 5.3, Beckman Coulter, USA)
at 5500 rpm for 20 minutes at room temperature. The supernatant was
discarded again, and the precipitate resuspend in 1 M NaCl and shaken
for 1 hour at 180 rpm. This step was repeated five times using 0.01 M
NacCl, leaving the suspended oxides to shake 12 hours (180 rpm). The
final product was washed with deionised water three times and dried in
an oven at 100 °C. All MnOx were ground with a Tema Mill Unit with
ring mill (tungsten carbide, diameter: 16 cm, wight: 12 kg, Siebtechnick,
Germany) and sieved under 75 pm for V adsorption experiments.

2.2. Experimental design

2.2.1. Adsorption experiments

Adsorption experiments were conducted to identify the optimum
conditions for V sorption to MnOx. Different MnOx dosage (2, 4, 8,16 g/
L) and initial pH values (2, 3, 4, 5, 6, 7, 8, and 9, generated by
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adjustment with 1 M HNO3 or 1 M NaOH as appropriate) were tested.
Various ionic strengths (0.001, 0.005, 0.01, 0.02, 0.05, and 0.1 M) of
anions (generated by addition of NaNOs) were also investigated.
Experimental solutions were prepared with the addition of V as NaVO3
(100 mg/L V). All experiments were performed in 50 mL falcon tubes
with constant shaking at 180 rpm and at room temperature (20 + 1 °C).

The adsorption efficiency of V(V) (E (%)) was determined by using
the following equation:

Co — Ce

0

E(%) = x 100% @
The equilibrium adsorption capacity was determined using the
equation:
Qezic"_c‘*xv &)
m
where Q, is the equilibrium amount of V(V) adsorbed per unit mass of
adsorbent (mg/g), m is the sorbent mass (g), V is the volume of solution
(L), C. is the equilibrium concentration (mg/L) and Cy is the initial
concentration (mg/L).

2.2.2. Kinetic adsorption experiments

Kinetic adsorption experiments were used to determine possible
adsorption mechanisms. 2 g/L of MnOx was added to 100 mg/L V so-
lution (50 mL, pH = 3.0, 0.01 M NaNOs) then measured at various times
1, 2, 5, 15, 60, 120, 240, 480, 720, 1440, 2880 min). To predict the
adsorption rates, pseudo-first order (PFO) [32], pseudo-second order
(PSO) [12], two-constant rate model [49], Elovich [41], and
intra-particle diffusion (IPD) models were used to fit the experimental
data. More details are described in the Supporting Information (SI) (Text
S1).

2.2.3. Adsorption isotherms experiment

The adsorption isotherm experiment was used to investigate the
adsorption performance of three MnOx. 2 g/L of MnOx was added to
initial V concentrations range from 10, 20, 40, 100, 200, 400, 800, and
1000 mg/L diluted from a 1000 mg/L V stock solution (50 mL, pH =
3.0, 0.01 M NaNOg3) with an equilibrium time of 24 hours. To predict the
adsorption behaviour of adsorbate on the adsorbent surface, five theo-
retical isotherm models (Langmuir, Freundlich, Temkin, Dubinin-
Radushkevich (D-R), and Redlich-Peterson (R-P)) were used to fit the
experimental data. Adsorption isotherms models’ details are described
in SI Text S2.

2.2.4. Adsorption—desorption experiments

To evaluate the stability of MnOx, adsorption—desorption experi-
ments were conducted. After V adsorption (as per the kinetics adsorp-
tion experiment above), the mixture was centrifuged (5500 g 8 min)
and washed with DIW. The supernatant was then discarded and the
MnOx was added to deionized water (DIW) for 24 hours of stirring to
desorb the V.

To evaluate the reusability of MnOx, 50 mL 0.1 M HCI, 0.1 M NaOH,
or DIW were added to the V-sorbed MnOx for 24 hours of stirring. The
mixture was centrifuged and washed with DIW again after 24 h. The
supernatant was discarded and the precipitate was dried at 30 °C for
24 hours. The process was repeated for three cycles of adsorp-
tion-desorption. Both adsorption and desorption experiments were
conducted under identical conditions (20 + 1°C, pH = 3.0, 0.01 M
NaNOs3,100 mg/L V 2 g/L MnOx,).

At the cessation of each sorption or desorption experiment the sor-
bent and supernatant were isolated by centrifugation (5500 g for 8 min,
Megafuge ST Plus Series, Thermo Fisher Scientific, Germany). The su-
pernatant was extracted using a syringe, passed through a 0.45 pm filter,
and then diluted into 2 % HNOs for V analysis using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, Agilent 5110 Series,
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USA) [38]. The sorbent was extracted, washed, and dried for further
characterization. All sorption or desorption experiments were per-
formed in triplicate, and a 100 mg/L V solution with no MnOx added
was used as a control.

pH value was measured with a Fisher brand FB68801 Semi-Micro pH
meter (UK).

2.3. Characterization of MnOx

To compare the physical properties of three MnOx, crystalline min-
eral phases were identified using a monochromatic Cu-Ka radiation (A =
0.154 nm) X-ray powder diffractometer (XRD, D8 advanced, Bruker,
German) at a scanning rate (26) of 4°/min. Images of the samples were
obtained using a scanning electron microscope (SEM, FEI Quanta FEG
650, Bruker, German) and transmission electron microscopy (TEM, JEM
1400, JEOL, Japan) with energy dispersive spectrometry (EDS) were
used to visualize surface morphology and structure of adsorbents before
and after adsorption of V. To obtain the specific surface area, pore
volume, and pore size distribution of the MnOx, the samples were
assessed using the nitrogen adsorption—-desorption isotherm method
with a Brunauer-Emmett-Teller Surface-Area Analyzer (BET, NOVA-
Touch LX2, Anton Paar, USA). Samples were degassed at 40 °C for
19 hours before analysis. Surface zeta potentials ({) of the materials
were measured at different pH using a zeta potential analyser (ZETA-
SIZER NANO Z, Malvern Panalytical, UK).

To determine surface chemistry changes on the mineral, X-ray
photoelectron spectroscopy (XPS) analysis was performed using a
Thermo NEXSA XPS (Thermo Fisher Scientific, USA) fitted with a micro-
focussed monochromated Al ka X-ray source (1486.6 eV), spherical
sector analyser, and 128 channel delay line detector. The powdered
samples were mounted and pressed in a glass support and analysis was
conducted roughly at the middle of the powder. Survey scans were
recorded at a pass energy of 200 eV, and high-resolution scans recorded
at 40 eV. Charge compensation was achieved using a dual-beam low-
energy electron/ion source (Thermo Scientific FG-03, USA), operating at
a background argon pressure below 1077 Torr. Data was using CasaXPS
v2.3.26PR1.0 [17] using Scofield sensitivity factors and an energy
dependence of the kinetic energy raised to —0.6 as recommended by the
instrument manufacturer. Where required, peak fitting was achieved
using a Voigt type function characterised in CasaXPS by LA (1.53, 243),
after removal of a Shirly background.

2.4. Statistical analysis

Data were presented as mean =+ standard deviation and plotted using
the Origin 2021 (OriginLab, USA). Statistical significance was analysed
using one-way analysis of variance by using the SPSS 26.0 (International
Business Machines Corporation, USA) with differences considered sta-
tistically significant at p < 0.05.

3. Results and discussion
3.1. Characterization of the adsorbents

3.1.1. XRD analysis

To determine the mineral phase of the MnOx used in this study,
powder X-ray diffraction (XRD) was performed in the 26 range of 10 —
80°. The XRD pattern of ComMnO (Fig. 1) showed diffraction peaks at 260
values of 28.6°, 37.3°, 40.9°, 42.8°, 46.1°, 56.7°, 59.3° and 64.9°, cor-
responding to the rutile structure of B-MnO- tetragonal phase (COD Card
96-151-4111). No peaks related to other types of MnO, or amorphous
MnO; were observed, indicating ComMnO is comprised of high purity
and crystalline p-MnO,. For NatMnO, low intensity and broad diffrac-
tion peaks at 26.7°, 37.0° and 67.5° were observed, and for SynMnO at
37.0° and 67.5°, both characteristic of hexagonal randomly stacked and
single phased birnessite-type of 8-MnO, (ICDD Card 00-042-1316),
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Fig. 1. XRD profiles of natural (NatMnO, black), commercial (ComMnO, red), and synthetic (SynMnO, blue) MnOx.

similar to the results of others [46,80]. The largely amorphous structure
of NatMnO and SynMnO also indicates that they are likely to exhibit
larger sorption capacity (per unit mass basis) than their crystalline
polymorph [28].

3.1.2. SEM and TEM images

The structure of the MnOx was visualised by SEM and TEM (Fig. 2).
NatMnO showed a layered morphology (Fig. 2a). However, the structure
was irregular and significant particle agglomeration (clusters were
200 nm in diameter on average) was observed. SynMnO exhibited
nanoscale particle clusters of average diameter 300 nm with uneven

a NatMnO

Fig. 2. SEM and TEM images of MnOx. (NatMnO (a-d), ComMnO

distribution, similar to those synthesised by others [46,74,80]. ComMnO
particles were more regularly-shaped, exhibiting a higher degree of
crystallinity but significant agglomeration (clusters were 1000 nm in
diameter on average). Using a high-resolution TEM image of NatMnO,
the intraplanar spacing was measured to be 2.8 A (Fig. 2d), corre-
sponding to the (201) planes of 8-MnOy. For ComMnO, the interplanar
fringe distance was 3.5 A (Fig. 2h), corresponding to the (110) planes of
B-MnO,. For SynMnO, the interplanar fringe distance was 5.1 A (Fig. 21),
corresponding to the (200) planes of 3-MnO,.

(e-h), SynMnO (i-1), SEM (a, b, e, f, i, j), TEM (c, d, g, h, k, 1)).
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3.1.3. BET

NatMnO had a BET specific surface area of 35 m?/g, a pore volume of
0.29 cm®/g, and a pore size of 1.06 nm. ComMnO had a BET specific
surface area of 3 m?/g, a pore volume of 0.04 cm®g, and a pore size of
1.08 nm. SynMnO had a BET specific surface area of 27 m?/g, a pore
volume of 0.25 cm®/g, and a pore size of 2.45 nm. Since ‘mesoporous
material’ refers to solids based on ordered or disordered networks with
either wide or narrow pore distributions ranging from 2 nm to 50 nm,
SynMnO can also be considered a mesoporous material [64]. The BET
surface areas of NatMnO and SynMnO were similar, and significantly
higher than that of ComMnO. Furthermore, the total pore volume of
NatMnO (0.29 cm®/g) was larger than those of SynMnO (0.25 cm®/g)
and ComMnO (0.04 cm3/g). According our XRD and SEM results,
NatMnO and SynMnO both were characteristic of hexagonal randomly
stacked and single phased birnessite-type of 8-MnO,, which results a
similar pore volume. And for ComMnO was observed corresponding to
the rutile structure of p-MnO,, tetragonal phase that has a more compact
interatomic arrangement than §-MnO,, resulting in a smaller pore vol-
ume. NatMnO has the largest specific surface area (35 m®/g) and the
largest porosity (0.29 cm®/g), providing more active sites for adsorp-
tion, and the larger pore volume allows for easier access and accom-
modation of adsorbent molecules, suggesting more favourable and
efficient adsorption properties. A detailed description of the nitrogen
isotherm adsorption/desorption for MnOx were included in SI Text S3
and Figure S1.

3.1.4. Zeta potential

The surface properties of MnOx can be expressed in terms of zeta
potential. The zeta potentials of the MnOx as a function of solution pH
are shown in Fig. 3. The point of zero charge (pHp,) of NatMnO,
ComMnO, and SynMnO were determined to be 1.8, 4.6 and 1.6,
respectively. Below the pHp,, the surface of MnOx exhibits a positive
charge, promoting the uptake of anionic V species. These values are
similar to others reported for MnOx. For example, the pHpy, of synthetic
MnOx synthesized by [81] were all below pH 3. Additionally, the pHp,
of birnessite was reported to be 2.7 [16].

NatMnO and SynMnO consist of amorphous 8-MnO, (Fig. 1) sug-
gesting that contaminants will have relatively easy access to reactive
sites within the particle structure [23]. All MnOx are nanoscale, so they
may have a high affinity for sorbing metal ions from solution [4]. Using
the TEM and the BET data, it is hypothesised that NatMnO has the
greatest potential for sorption due to the smallest particle size and the
highest surface area.

40
® I ~ ComMnO
20
E\ LN
= ] N
g \ N\ pH
= 0 T I— T T
g 0 2m 4 e 6 8 10
= * \\\.,,,,, AN
3 \ R S
© \ -
& —20 \ NatMnO ]
] .
N \\‘
- °
—40 A— A . & A
SynMnO %
-60

Fig. 3. Zeta potential of MnOx as a function of pH.
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3.2. Optimal conditions for V sorption

3.2.1. Effect of pH on V adsorption

The effectiveness of V adsorption onto MnOx was generally highest
at pH 2 (Qe NatMnO=17.1 mg/g, SynMnO=13.6 mg/g, ComM-
n0=2.37 mg/g). This effectiveness declined as the solution pH
increased to 5, then increased between pH 5 and 7, and then slightly
decreased from pH 7-9 (Fig. 4a).

Variations in pH impact the degree of ionization of the functional
groups, the charge of adsorbent surface, and the prevailing species of
metal ions, consequently affecting metal ion removal [71]. Vanadium
exists as cationic VO3, VO(OH)3 and V,Os in strongly acidic environ-
ments, and to various mono- or polynuclear anionic species (VO2(OH)3,
VO3(OH)?, HyV207 ", HV207 ", VOi ™, HyV1003s, HaV1003s, HV1003,
V10035, V206(OH), V,04~, V503~, V4072) which occur in slightly
acidic, neutral, or alkaline solutions [31]. The diagram of these oxida-
tion states and major species of V with pH and redox potential is shown
in Figure S2 [26].

In our study of V adsorption, NatMnO and SynMnO exhibited better
adsorption performance because that their surfaces carried negative
charge due to their lower pHy,., favouring the uptake of cationic VO3
species at pH 2. As pH increased (2—5), the fraction of VO3 decreased
whereas the fraction of anionic species increased. In contrast, at pH 24,
ComMnO was positively charged, leading to electrostatic repulsion with
cationic VO3, resulting in significantly lower adsorption efficiency
compared to NatMnO and SynMnO. When pH was higher than 5, the
surface of all three MnOx became negatively charged. Simultaneously,
vanadium in solution primarily existed as anionic H3V,07, HaVOy,
HVO%’ species, creating electrostatic repulsion with MnOx [48]. In the
pH range of 7-10, the decline in V adsorption capacity was associated
with competition between OH™ ions and the high-valence V oxyanions
[48,61]. The uptake of vanadate on MnOx can potentially occur via an
anion exchange mechanism, which involves the formation of a
binuclear-bridged complex [47]. Considering that the actual wastewater
pH concentration ranges from 2 to 3, further experiments were carried
out at pH= 3 to investigate other factors.

3.2.2. Effect of ionic strength

To investigate the influence of ionic strength on V adsorption onto
MnOx, a supporting electrolyte (NaNO3, 0.001-0.1 M) was added to the
V-bearing solutions (Fig. 4b). The adsorption of V on all MnOx exhibited
a positive relationship with increasing ionic strength from 0.001 to
0.01 M, but then had a negative relationship from 0.01 to 0.1 M.

When electrostatic attraction plays an important role in metal cation
removal, adsorption becomes sensitive to changes in ionic strength [43].
The lower concentrations of NaNOs (0.001-0.01 M) enhanced electro-
static attraction, promoting better electrostatic adsorption of V on
MnOx. On the contrary, the highest concentration of NaNO3 (0.1 M)
likely reduced electrostatic adsorption, due to competition of excess Na™
ions with V ions for adsorption sites on MnOx, thus affecting the physical
adsorption capacity for V. Similar observations have previously been
reported for V adsorption onto kaolinite [83] and red mud modified saw
dust biochar [19], suggesting that Na* ions act as bridges, facilitating V
adsorption. According to the surface chemistry theory proposed by Gouy
Chapmann [21,43], when a solid adsorbent encounters sorbate species
in the solution, it becomes enveloped by an electrical double layer,
whose thickness notably expands in the presence of an electrolyte. This
expansion hinders the proximity of adsorbent particles and metal spe-
cies, resulting in a reduced uptake of V due to the decreased electrostatic
attraction. The inhibiting effect of ionic strength may also be interpreted
by (i) high concentration electrolyte ion (Na') competing with posi-
tively charged heavy metal ions for the same binding sites [18,42]; and
(ii) ionic strength influencing the interfacial potential of metals, which
in turn limits their transfer to the adsorbent surface [27].

Therefore, 0.01 M NaNO3 was used in the solution to achieve optimal
adsorption in subsequent experiments.
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Fig. 4. Effects of pH (a), ionic strength (b), and dosages (c) on V removal by MnOx.

3.2.3. Effects of adsorbent dosage

For each MnOx, the removal efficiency (E (%)) increased and the
adsorption capacity (Q.) decreased with an increased dosage of MnOx
(Fig. 4c). This effect may be due to the adsorption sites remaining un-
saturated during the adsorption reaction as the adsorbent dosage in-
creases, resulting in a decrease in adsorption capacity.

With the increase in the adsorbent dosage, the number of active
adsorption sites in the unit volume of V solution increased, which leads
to an increase in the adsorption efficiency. The largest amount of V
adsorption was obtained by NatMnO with a dosage of 2 g/L (11.2 mg/g)
and may be due to the largest surface area and pore volume.

Considering that the most favourable adsorption capacities towards
V were at a dosage of 2 g/L, further experiments aimed at the deter-
mination of the kinetics and mechanism of adsorption were conducted at
this concentration.

To investigate the relationship among pH, adsorbent dosages, ionic
strength, and the removal of V, the Pearson’s correlation test was used to
analyse the correlations between these factors and adsorption capacity
[60]. The results are shown in Table S4. There was a significant positive
correlation (p < 0.05) between adsorbent dosage and V removal, and

between reaction time and removal (p < 0.01) for all three types of Mn
oxides. A significant negative correlation (p < 0.05) between pH and V
removal was observed for NatMnO.

Overall, the maximum adsorption capacity of V occurred at 2 g/L
MnOx dosing, with an optimal pH of 2 and an ionic strength of 0.01 M
NaNOs.

3.3. Adsorption kinetics, isotherms and modelling

3.3.1. Adsorption kinetics

The rate of V adsorption onto MnOx was high within the first
15 minutes, and then decreased slowly (60-720 min), approaching
equilibrium over the next 24 hours and then no major further change
was recorded after 48 hours (Fig. 5). Such rapid and efficient V sorption
onto MnOx within 15 minutes highlights its significant potential as an
advanced water treatment technology for V removal. The rapid initial
adsorption can be attributed to the abundant availability of active
sorption sites, extensive surface area, and mesoporous structure of
MnOx [5]. However, as the sorption sites gradually became occupied,
the sorption efficiency increased at a slower rate until equilibrium was
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Fig. 5. V adsorption kinetics on MnOx.

reached, leaving residual V in solution. This likely occurred because the
adsorption sites reached saturation, and repulsive forces from the
adsorbed V prevented further V ion removal [18].

The experimental equilibrium adsorption capacities (Q.) were 12.4

+0.38 mg/g (NatMnO), 4.09 + 0.16 mg/g (ComMnO), and 7.65

+ 0.27 mg/g (SynMnO). The results of model fitting (Fig. 6) to predict
the adsorption rates calculated Q, values from the pseudo-first order
(PFO) and pseudo-second order (PSO) model were 6.01 and 9.04 mg/g
(NatMnO), 2.74 and 3.10 mg/g (ComMnO), and 4.81 and 6.08 mg/g
(SynMnO), respectively. Analysis of R? for the fit of models showed that
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the adsorption of V by all three MnOx is good described by PSO
(R%>>0.98, Fig. 6b, SI Table S1), as opposed to the weaker fit of the PFO
model (R%><0.87, Fi g. 6a, SI Table S1). The Q. values calculated from the
PSO model were closer to the experimental equilibrium adsorption
amounts. This demonstrates that the adsorption of V by MnOx followed
PSO kinetics. The PFO equation only applied to the initial stage of the
process; it showed a poor fit with the entire range of phase contact times
[63]. The better fit of PSO model suggests the existence of more than one
rate-controlling step [10]. This implies that the adsorption of V on MnOx
may be influenced by chemisorption and valence forces, potentially
occurring through the sharing or exchange of electrons [83].

The adsorption data of NatMnO and SynMnO also fit well with two-
constant rate model (R2>0.94), with a reasonable fit for ComMnO
(R?=0.87), suggesting that the adsorption process may involve chemical
adsorption and complexation with active functional groups (e.g. C=0
and -OH) or exchangeable H ions (-C=0, and exchangeable Na®) in
the sorption process [42,76].

The fits of the Elovich model for all three MnOx were acceptable (R2
> 0.89), suggesting that the adsorption process of V by these materials
might be not a simple physical or chemical adsorption process, but
rather a complex one controlled by diffusion (or mass transfer) processes
and physisorption [35,62].

Q; can be plotted against t0'5, and if the result is a straight line
through the origin it indicates that the adsorption process is completely
controlled by intra-particle diffusion (IPD) [56]. By contrast,
multi-linearity plots indicate that two or more steps influence the
sorption process. The multi-linearity plots (Fig. 6e) suggest that V
sorption onto MnOx was controlled by three reactions, consistent with
the findings of others [15,29,55]. First, the fitted line deviated from the
origin, indicating the involvement of both intraparticle and film diffu-
sion in the rate-determining step [7]. According to value of the rate
constant K; (SI Table S1), the first stage (1-15 min) is the instantaneous
sorption, occurring as rapid reactions attributed to film diffusion or
macropore diffusion on the external sorption surfaces. NatMnO exhibi-
ted the fastest adsorption rate (K;_1, SI Table S1). The abundance of
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Fig. 6. V adsorption kinetics models on MnOx (a. pseudo-first order (PFO), b. pseudo-second order (PSO), c. two-constant, d. Elovich, e. intra-particle diffu-

sion (IPD)).
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sorption sites on the external surface of the MnOx and their strong
interaction with V contributed to the rapid sorption rate observed during
this stage. The second sorption stage (60-720 min) occurred on the
interior surfaces, where particles likely diffused slowly into the micro-
and mesopores of the adsorbent. During this stage, the adsorption
amount of V on NatMnO and SynMnO were much higher than on
ComMnO, which could be attributed to surface charge differences.
During the third and final equilibrium stage (1440-2880 min), there
was a gradual diffusion of V into micropores, leading to a reduced
sorption rate due to the extremely low VO3 concentration remaining in
solution [15]. The intercept 'C’ shows the boundary layer effect or
surface adsorption of V, a higher C value implies a more significant
contribution of surface adsorption in determining the rate (The order
followed by NatMnO > SynMnO > ComMnO, SI Table S1) [78].

3.3.2. Adsorption isotherms

Adsorption isotherms provide qualitative information on the nature
of the solute-surface interaction and describe the specific relationship
between the concentration of adsorbate and its degree of accumulation
onto adsorbent surface at constant temperature [30].

Considering the practical applications of the V(V) sorption process
on MnOx, it was essential to determine the impact of the initial metal ion
concentration on adsorption efficiency. Over 80 % V ions were removed
from solutions containing 10 mg/L V by NatMnO and SynMnO (Fig. 7b).
The increase in adsorption capacity at higher V concentrations is likely
due to the stronger driving force between the adsorbent and sorbate at
higher V ion concentrations [20].

Five theoretical isotherm models were used to fit the experimental
data to predict the adsorption behaviour of adsorbate on the adsorbent
surface (Fig. 8). For NatMnO, the Freundlich model exhibited the
highest R? value (0.99, Fig. 8b, SI Table S2), indicating excellent
compatibility with the experimental data. The Langmuir (Fig. 8a),
Temkin (Fig. 8c), and Redlich-Peterson (Fig. 8e) models all had good
linear fits (R? > 0.96, Table S2), suggesting a complex nature of the
adsorption processes. The Langmuir model showed a good fit (R? = 0.97)
with an Ry, value of 0.63, indicating favourable adsorption of V on
NatMnO, with sorption capacity of 54 mg V/g (Table S2). For ComMnO,
experiment data were best fitted by Temkin model, followed by the
Freundlich and Redlich-Peterson models, with poorer fits for the D-R
and Langmuir models. This suggests that V adsorption on ComMnO was
a multilayer process occurring on a non-uniform surface [13]. For

SynMnO, the Redlich-Peterson isotherm exhibited the highest
50 4 a
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coefficient of determinations, like the Freundlich isotherm, indicating a
better fit compared to those of the Langmuir and Temkin isotherms. The
values of g (0.6002, SI Table S2) were not close to 1, suggesting that the
isotherms approach the Freundlich rather than the Langmuir model.

According to the Langmuir model, the maximum V adsorption
amounts were 54.0 mg/g by NatMnO (R2=0.969, SI Table S2) and
26.0 mg/g by SynMnO (R?=0.815, SI Table 52) which were numerically
close to the experimental data (NatMnO: 46.7 mg/g, SynMnO: 29.8 mg/
g). The Langmuir model did not fit ComMnO well and therefore cannot
show a theoretical value for the maximum adsorption of ComMnO on V.
The MnOx adsorbents were compared to previously published literature
to determine their highest adsorption capacities for vanadium (SI
Table S3). Compared with other adsorbent, the NatMnO and SynMnO in
the present study showed a considerable high adsorption capacity of V
(V) at low pH.

For all MnOx, the D-R model had lower R? values (< 0.87, Fig. 8c, SI
Table S2). The poor fit of the D-R model may imply that the adsorption
mechanisms for these MnOx are more complex and cannot be solely
explained by this model. The values of the Freundlich parameter 1/n (SI
Table S2) were higher than 0 and n values (SI Table S2) were between 1
and 2 for all three MnOx, indicating favourable adsorption with mod-
erate adsorption capacity.

3.4. Mineral surface chemistry

To determine the adsorption mechanism, characterization of the
MnOx surfaces was carried out using SEM-EDS (SI Fig. S3). This analysis
confirmed that V was present in all three MnOx, confirming that sorp-
tion had occurred. The morphology of MnOx after adsorption remained
largely unchanged. The concentration of V adsorbed by MnOx (SI
Table S5), determined using SEM-EDS, followed the same trend as the
results obtained from ICP-OES: NatMnO exhibited a greater adsorption
capacity for V than SynMnO and ComMnO.

XPS was undertaken to identify changes in Mn and V oxidation state
upon the MnOx surface (Fig. 9). Carbon and oxygen spectra are provided
in the Supplementary Information (SI Fig. S4). These data show that at
the start of the experiment Mn was present as Mn(IV) in all three MnOx
samples, and that no significant chemical change was recorded within
residues following the use of MnOx for V adsorption. The Mn 2p spectra
suggested the presence of mixed manganese oxidation states (Mn(II) and
Mn(IV)), which remained consistent before and after exposure of the
MnOx to the V-bearing solutions. The presence of V was confirmed by a
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Fig. 7. Effects of initial V concentration on V removal by MnOx. (a. adsorption capacity, b. adsorption efficiency).
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minor peak at approximately 517 eV, corresponding to V(V) oxide
without oxidation states changes.

3.5. Stability and reusability

An effective adsorbent should not only exhibit excellent performance
but also demonstrate good reusability. Regenerating an adsorbent with
exhausted adsorption sites enables these sites to be reused, reducing the
overall cost of adsorption technology as a water purification method.
The results of the desorption experiments by washing using DIW
(Fig. 10) indicated that the desorption of V by MnOx was significantly
lower than its adsorption. This suggests that MnOx exhibited a strong
adsorption capacity for V, and that it is difficult to desorb V using
deionised water. It also corroborates the sorption isotherm data which
indicate that the adsorption mechanism of V by MnOx was both physical
and chemical adsorption. This is also advantageous from both envi-
ronmental and process engineering perspectives, as MnOx exhibits
strong binding of sorbed vanadium, minimising the risk of its release
into the environment.

Fig. 11 shows the changes in V adsorption capacity of the regener-
ated MnOx adsorbents. The retained adsorption capacity refers to the
ratio of the adsorption capacity of MnOx adsorbent after adsorption-
desorption cycles to that of original MnOx adsorbents. During the
initial adsorption, the adsorption capacities of MnOx were NatMnO
8.87 mg/g, SynMnO 5.50 mg/g, and ComMnO 2.58 mg/g. Following
three cycles of adsorption-desorption, the maximum V adsorption ca-
pacity of MnOx reached up to 19.3 mg/g for SynMnO, 18.4 mg/g for
NatMnO, and 16.7 mg/g for ComMnO. All adsorbents were reused for at
least three cycles of adsorption and desorption while the adsorption
capacity remained stable or increased. The increase in adsorption ca-
pacity may be due to the reaction of MnOx with the acidic V solution or
agitation during the sorption experiments that resulted in a change in
the physical properties of the surface [66]. Given that similar increases
in adsorption capacity were observed when the MnOx were regenerated
with acidic, basic and neutral solutions, it is unlikely that chemical re-
actions induced by the regeneration solutions contributed to the
increased adsorption capacity.

Overall, the adsorption capacity of MnOx remained stable or
improved after the adsorption-desorption cycle, confirming its effective
regeneration and reusability for V removal. This highlights MnOx as a

Fig. 10. V amount adsorbed and desorbed by MnOx (desorption by DIW, ad:
adsorption, de: desorption).
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promising and sustainable water treatment technology for vanadium-
containing waters. Manganese concentrations in the post-adsorption
solution were below ICP-OES detection limit, suggesting that MnOx
underwent minimal dissolution during the V adsorption and desorption
process, which is consistent with its chemical insolubility in water,
suggesting that its application would not result in secondary Mn
contamination of wastewaters.

3.6. Mechanism of V sorption onto MnOx

The adsorption mechanism of V sorption onto MnOx under acidic
conditions, as evidenced using sorption isotherm data, and analytical
characterisation of residues using SEM-EDS and XPS, suggest that it was
a combination of physical and electrostatic adsorption. Zeta potential
measurements at pH 3 suggest that MnOx species carried a negative
charge (NatMnO and SynMnO), whilst V species were likely to be
positively charged during such conditions.

Vanadium adsorption was determined to be highly dependent on the
surface properties of MnOx and the concentration of V ions. The
different V adsorption capacities exhibited by the three MnOx was likely
due to a combination of their different MnOs structure, specific surface
areas, pore sizes, pore volumes, and pHy,.. Vanadium sorption was best
fit using a pseudo-second-order model, suggesting that both chemi-
sorption and physical sorption, potentially involving electron sharing or
exchange, contributed to the adsorption mechanism. Alignment of data
with Freundlich and Redlich-Peterson models indicate that V adsorption
onto MnOx was not as a monolayer adsorption, but instead, likely to
have involved a combination of chemical reaction-based adsorption
(chemisorption) and multilayer adsorption mechanisms. This further
validates the hypothesis that V sorption via a mixed chemical and
physical process.

4. Conclusion

Optimum conditions for V adsorption on MnOx were identified to be
pH 2, 0.01 M NaNOs and 2 g/L sorbent concentration. Adsorption of V
by MnOx proceeded by a dual physical and chemical surface complex-
ation which resulted in multilayer adsorption. Kinetic models and
adsorption isotherms highlighted the heterogeneous nature of the MnOx
surfaces, and the complex mechanisms involved in the V adsorption
processes. Sorption capacity was high (54.0 mg/g exhibited by NatMnO)
and the sorbents were also determined to be reusable. Crucially, this
strong performance and reusability at acidic pH suggests that MnOx is
highly effective and sustainable for the removal of V from a wide range
of commonly occurring industrial and mining acidic waste waters.
Further research could focus on optimizing regeneration techniques,
upscaling the experimental design, including test sorbent efficacy in
flow-through systems.

Environmental implication

Manganese oxide minerals (MnOx) can be used to remove toxic and
potentially carcinogenic vanadium (V) from acidic water contaminated
by mining and industrial activities. The effective adsorption of V by
MnOx serves to mitigate environmental and health risks. Our results
demonstrate that the MnOx can be reused multiple times, which reduces
waste and lowers costs, thereby enhancing the sustainability of this
water treatment processes. In conclusion, manganese oxide adsorbents
represent an efficient method for the mitigation of vanadium pollution
in water systems.
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