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ARTICLE INFO ABSTRACT
Keywords: Molybdenum (Mo) in industrial effluents emerges both an environmental concern and a valuable recyclable
Molybdate resource. In this study, metal oxide-alginate activated carbons (M-AAC, M = Mn, Fe, Co, Ni, Cu, and Zn) were

Electro-sorption
Alginate-derived carbon
Pseudocapacitance, Co304

synthesized for Mo recovery in a membrane capacitive deionization (MCDI) system. Pyrolysis of alginate pre-
cursors significantly enhanced the effective surface area and dispersion of metal oxides within mesoporous
carbon textures. The pseudocapacitive transformation of metal oxides contributed to charge storage, which
increased the adsorption capacity for molybdate oxyanions under anodic potentials. Among the electrodes, Co-
AAC demonstrated the highest Mo adsorption capacity (72 mg-Mo g~!). Raman spectroscopy and free energy
calculations indicated that Co3O4 active sites promoted molybdate uptake via multi-dentate complexation. At
+ 1.0 V (vs. RHE) and neutral pH, the Co-AAC electrode achieved excellent cycling stability for molybdate
electro-sorption/desorption, along with strong selectivity over commons anions present in real water samples.

1. Introduction concentrations in aquatic environments can lead to toxicity, posing
adverse health effects in humans, such as loss of appetite, fatigue,

Molybdenum (Mo) is an essential trace element for both plants and diarrhea, and anemia [1]. To address these concerns, the World Health
animals, primarily serving as a micronutrient in plant nutrition due to its Organization (WHO) has set a guideline limit of 70 pg-Mo/L for drinking
relatively low natural abundance in soils. However, elevated Mo water, while the United States Environmental Protection Agency (US

* Corresponding author.
E-mail address: yjshih@mail.nsysu.edu.tw (Y.-J. Shih).

https://doi.org/10.1016/j.jhazmat.2025.140623
Received 21 September 2025; Received in revised form 2 November 2025; Accepted 24 November 2025

Available online 26 November 2025
0304-3894/© 2025 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0001-9522-3458
https://orcid.org/0000-0001-9522-3458
mailto:yjshih@mail.nsysu.edu.tw
www.sciencedirect.com/science/journal/03043894
https://www.elsevier.com/locate/jhazmat
https://doi.org/10.1016/j.jhazmat.2025.140623
https://doi.org/10.1016/j.jhazmat.2025.140623

Y.-J. Shih et al.

EPA) recommends a lifetime advisory level of 40 pg-Mo L71[2,3]. Major
sources of Mo contamination in wastewater include electroplating,
etching, catalyst production, mining, and fertilizer manufacturing.
Given its economic value, various methods have been developed for Mo
recovery from industrial effluents, including chemical precipitation,
selective extraction, and membrane-based electrodialysis and nano-
filtration [4].

As a transition element, Mo exhibits multiple oxidation states
ranging from —2 to + 6, with oxyanions being the predominant forms in
surface waters. Owing to the close proximity of its first and second acid
dissociation constants (pK,; = 3.7, pKa2 = 3.9), the deprotonated
molybdate ion (MOO%’) dominates in neutral solutions [5]. Under acidic
conditions and at elevated concentrations (> 10™* M), Mo can also exist
as complexes, such as the hepta-molybdate anion (Mo7082) [6]. There-
fore, electrostatic-based methods are considered both efficient and
economically viable, especially for treating wastewater containing low
to moderate Mo concentrations [7]. However, conventional adsorption
techniques often suffer from limitations such as poor selectivity, limited
reusability, and the production of spent adsorbent, which may hinder
their practical application. Electro-sorption — the underlying funda-
mental of capacitive deionization (CDI) - offers a promising alternative
by enabling reversible adsorption and desorption of ionic contaminants
through electrode polarity switching [8]. For an ideally polarizable
electrodes, the charged surfaces act as capacitors, where counter-ions
are electrostatically confined within the electrical double-layer (EDL)
structure [9]. CDI systems usually employ electrodes coated with acti-
vated carbon or carbon fibers due to their exceptionally high specific
surface area — ranging from several hundred to over a thousand m? g~!
[10]. However, pristine carbon surfaces typically bear negatively
charged functional groups, which asymmetrically hinder the adsorption
of anionic species [11]. To address this limitation, carbon electrodes are
often modified with metal or metal oxide nanoparticles. The redox ac-
tivity of metal oxides can introduce supplementary structural charges,
thereby enhancing CDI capacity when their lattice spacing is well-suited
for cation intercalation under cathodic polarization. Moreover, metal
oxide surfaces are generally positively charged, and their hydroxyl-rich,
redox-active nature promotes oxyanion electro-sorption through ligand
exchange and electrostatic attraction. Selective electro-sorption of
phosphate, arsenate, and chromate has been demonstrated using Fe-AC,
Mn-AC, and Al-AC electrodes [12-14]. In particular, additional charge
storage can originate from the battery-like behavior of certain transition
metal oxides, such as MnOj, Co304, and NiOOH, incorporated into
biomass-derived carbon, where desalination proceeds via ion insertion
or charge compensation [15,16].

Numerous metal oxide-supported carbon composites have been
developed for CDI applications. The tunable pore geometry of the
carbonaceous substrate, which accommodates metal active sites, is
strongly determined by the biomass precursor [17,18]. Alginate is a
natural polysaccharide that constitutes the framework of the algal cell
walls. Its functional groups, particularly carboxyl (—COOH) and hy-
droxyl (-OH), allow for coordination of various metal ions through
metal-ligand interactions [19]. When cross-linked with polyvalent cat-
ions (e.g. Ca?", Fe*"), alginate forms water-insoluble hydrogels [20].
These gels can subsequently be dried and pyrolyzed under an inert at-
mosphere to produce highly homogeneous metal-carbon composites,
which serve as excellent adsorbents for a wide range of pollutants.
Alginate-based activated carbons have been increasingly explored for
the removal of both toxic organic compounds and heavy metals [21-23].

In our previous work, we utilized ZIF-derived carbon, a subclass of
metal-organic frameworks (MOFs), for Mo adsorption [24]. The phase
transition of metal oxides embedded within the carbon matrix was found
to be critical for immobilizing molybdate anions under anodic polari-
zation. Building on the concept, this study synthesizes a series of tran-
sition metals-activated alginate carbons (M-AAC, M = Mn, Fe, Co, Ni,
Zn, and Cu) hydrothermally, using sodium alginate and metal chlorides
as the biomass precursor and activating agents, respectively. The
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novelty lies in evaluating the influence of metal oxide species on the
electrochemical interactions between M-AAC electrodes and molybdate
anions. A membrane capacitive deionization (MCDI) cell was con-
structed to investigate the electro-sorption performance of different
M-AAC electrodes. To provide mechanistic insights, the free energies of
MoO% adsorption on various metal-carbon sites was calculated via DFT
method. Furthermore, the selectivity and practical applicability of Mo
electro-sorption were assessed in the presence of competing anions and
real water matrices.

2. Methods

The preparation of sodium alginate carbons activated with transition
metals (M-AAC, M = Mn, Fe, Co, Ni, Cu, Zn) is illustrated in Fig. 1, with
detailed procedures provided in the Supporting Information. Molybdate
electro-sorption/desorption experiments using M-AAC anodes, paired
with an AAC (activated alginate carbon) cathode, are conducted in a
modified membrane capacitive deionization (MCDI) kit, as shown in
Fig. S1. In a conventional MCDI setup, cation and anion exchange
membranes (CEM and AEM) are placed on the negatively and positively
charged electrodes, respectively, allowing counter-ions to migrate from
the bulk solution toward the electrodes while blocking co-ions [25]. In
this work, a CEM was attached to the cathode to prevent the reduction of
MoO% during Mo electrosorption on the anode and potential resorption
under polarity reversal. Further, NaHCO3 was used as the anolyte to
buffer pH perturbations during Mo electrosorption, whereas the influ-
ence of NaySO4 used as the catholyte on competitive adsorption was
negligible due to the presence of the CEM.

3. Results and discussion
3.1. Characterization

The SEM image of alginate-derived activated carbon (AAC), shown
in Fig. 2a, reveals a typical porous carbon structure characterized by
uniform and smooth macro cavities. These macropores serve as open
tunnels, facilitating inter-particle transport of pollutants during
adsorption. The thermal analysis (TGA/DT) of the calcium alginate
precursor in Fig. S2 indicates a three-stage pyrolysis process. Initial
weight losses at 150 °C and 260 °C mainly correspond to water evapo-
ration and the decomposition of organic carboxyl/hydroxyl groups,
respectively. The final loss at 550 °C associated with combustion of fixed
carbon suggests complete carbonization of the precursor, with overall
loss exceeding 60 %. Therefore, alginate is further activated with
various metal chlorides at 600 °C to form M-AAC, where M = Mn, Fe,
Co, Ni, Cu, or Zn. The resulting morphologies of these M-AAC samples
are presented in Figs. 2b — 2g, respectively. In the M-AAC composites,
nanoparticles and aggregates of metal oxides are thoroughly dispersed
over the inner surfaces of the AAC open-pore structure. Notably,
elemental analysis reveals that all M-AAC exhibit metal contents ranging
from 5 to 10 % atomic percent (approximately 1.5 — 2 wt%), with the
exception of Zn-AAC. This consistent metal loading suggests a compa-
rable influence of metal content on the Mo adsorption capacity. Zn-AAC
shows a low metal ratio (< 2 at%), likely due to the volatility of Zn
species during high-temperature treatment. As ZnCl, has a low melting
point (420 °C), it is commonly used as an activating agent in carbon
synthesis. Fig. 2h presents XRD patterns of the M-AAC electrodes. For
the pristine AAC, two broad peaks at 26.5° and 43° on AAC are indexed
to the (0 0 2) and (1 0 1) planes of a graphitic structure (#75-1621),
respectively, confirming the formation of a partially graphitized carbon
framework. Upon metal activation, additional peaks corresponding to
metal oxides are clearly observed in the M-AAC. The mineral phases are
identified as Mn304 (#80-0382), FeyO3 (#86-0550), Co304
(#76-1802), NiO (#74-2075), CuO (#71-2027), and ZnO (#79-0207)
based on their characteristic diffraction planes on these patterns. The
results confirm the incorporation and crystallization of metal oxides on
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Fig. 1. Procedure of alginate-derived carbon activated with differential metal chlorides (M-AAC).

Fig. 2. SEM images and elemental analyses for (a) AAC and M-AAC samples, M = (b) Mn, (c) Fe, (d) Co, (e) Ni, (f) Cu, and (g) Zn. (h) XRD patterns (standard JCPDS
cards: @ carbon (75-2078); € Mn3O, (80-0382); A Fe,05 (86-0550); M Co304 (76-1802); W NiO (74-2075); + Cu(OH), (71-2027);x ZnO (79-0207)), (i) N
adsorption isotherms, and (j) specific surface areas and average pore sizes for different M-AAC samples.

the carbon matrix. The N5 adsorption — desorption isotherms of the M-
AAC samples in Fig. 2i exhibit H3-type hysteresis loops (defined by the
International Union of Pure and Applied Chemistry (IUPAC)), which are
characteristic of mesoporosity structures [26]. The specific surface area
(s.s.a.) flows the order: Zn-AAC (726 m? g’l) > Co-AAC (558 m?> g’l)
> Mn-AAC (509 m? g71) > Cu-AAC (223 m? g1) > Ni-AAC (121 m?
g’l) AAC (43.4 m? g’l) > Fe-AAC (9 m? g’l), as summarized in Fig. 1j.
The high s.s.a. of Zn-AAC is attributed to the volatilization of ZnCly,
which leaves behind a highly porous carbon matrix [27]. Moreover,
mesopores dominate the pore size distribution in all M-AAC electrodes,
with average diameters of 3 — 15 nm, in contrast to the representative
value of 12.2 nm for a pristine AAC sample.

XPS analysis was employed to evaluate the chemical states of M-
AAC, with full spectra presented in Fig. S3 and binding energies of
transition metals at the corresponding 2p orbitals shown in Fig. 3a.
Deconvolution of the 2pg/» peaks reveals the ratios of various oxidation
states for Mn?" (641 eV)/Mn>" (645 eV), Fe?* (710.5 eV)/Fe®* (712.5),
Co*" (781.5eV)/Co>" (780.2 eV), Ni*" (854.7 eV)/Ni*" (856.5 eV),
and Cu™ (932.2 eV)/Cut (935 eV) as 0.44/0.56, 0.35/0.65, 0.33/0.67,
0.63/0.37, and 0.29/0.71, respectively. These ratios closely match the
stoichiometry of mineral phases identified by XRD, confirming the
predominant valences of metals in the M-AAC electrodes, while only
Zn®* state (1022.2 eV) is observed at Zn 2p, consistent with ZnO pre-
cipitation. At the C 1 s orbital (Fig. 3b), four main binding energies —

aromatic C=C (284.4 eV), hydroxyl C-OH (285.2 eV), carbonyl C=0
(286.2 eV), and carboxylic -COOH (288 eV) - together characterize the
carbon substrate [28]. Additional signal at 290.6 eV is attributed to
deposited CO; or carbonate species. The ratios of these carbon func-
tional groups in M-AAC are summarized in Fig. S4. Incorporation of
metals into M-AAC reduces the abundance of oxygenated carbon (C-OH,
C=O0, and -COOH), indicating that metal/metal oxide nanoparticles
preferentially nucleate and grow on these reactive sites. Furthermore, at
the O 1 s orbital (Fig. 3c), the peak for adsorbed O,4s (531.2 eV) in AAC
was largely diminished after coordinating transition metals in M-AAC,
accompanied by an increase in O-C bond intensity (532. 3 eV) (Fig. S4)
[29]. This trend supports a structural configuration in which metal ox-
ides are anchored to the carbon surface through C-O-M linkages.

3.2. Electrochemical properties of M-AAC

The electro-sorption capacity of porous materials relies on their
electrical capacitance, where charged species in the bulk solution are
stored to counterbalance the polarity of the electrode surface. The vol-
tammetric current density may arise from two concurrent charging/
discharging processes: electrical double-layer (EDL) formation and
electrode redox reactions. The EDL capacitance (Cq4) measures the sur-
face charge (g, coulomb) at a given potential (E, volt), leading to an EDL
current (Ig) directly proportional to the scan rate (v, V s7h:
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Fig. 3. XPS spectra at binding energies of (a) metal 2p,

Cq = %"E = % = % [30]. On the other hand, according to Nernst theory,
the Faradaic current from diffusion-controlled redox reactions (Iy) can
be evaluated as a function of v/2. Therefore, the total current density
can be expressed as [31]:

Lot = La + Laigr = kqv + kov'’? (1a)
and a linear form:
I 1/2
——=kv'?+k; (1b)

yi/2

for scan rates ranging from 10 to 100 mV s~! enables the extraction of
EDL limiting constant k; and diffusive constant ky. As demonstrated in
Fig. 4a, the AAC electride exhibits a nearly symmetric voltammetry
profile, excluding the oxygen evolution reaction (OER) beyond + 1.0 V
(vs. RHE), with 27 % of Igjs, consistent with predominantly its EDL-
driven nature. In contrast, the Co-AAC electrode in Fig. 4b displays
distinct reversible peaks corresponding to metal oxide transformation
(Om/Ry), indicative of their pseudocapactivie behavior [32]. These
Faradaic reactions, accounting for 51 % of the total current, suggest that
metal oxide loading on carbon substrate introduces additional electro-
active sites that enhance charge storage during anodic polarization.
Fig. 4c compares the voltammetry of the Co-AAC electrode in 10 mM
NaHCOs, both in the absence and presence of 30 mM MoO7. The
addition of Mo induces negligible changes in the characteristic redox
couple (O¢o/R¢o), confirming that the Co" to Co™ transition does not
mediate electron transfer involving Mo species. In other words, during
electro-sorption, molybdate oxidation or reduction insignificantly in-
fluence Mo removal.

Voltammetric measurements at various scan rates for all M-AAC
electrodes are shown in Fig. S5, with the extracted DEL and diffusive
capacitances summarized in Fig. 4d. The pristine AAC substrate presents
the highest proportion of Cg, while Cg contributes to the majority of
total capacitance in M-AAC electrodes. The largest three total capaci-
tances are observed for Mn-AAC (94 mF cm_z), Co-AAC (81 mF cm_z),
and Fe-AAC (68 mF cm’z), far exceeding that of the unmodified AAC (14
mF cm™2). Notably, this trend does not directly follow the s.s.a. order
shown in Fig. 2j. Since the N2 uptake method only measures the surface
area associated with material porosity, it may misrepresent the ion-size

534 531
B.E., eV

291 283 285 282
B.E., eV

(b) C1s, and (c) O 1 s orbitals for M-AAC samples.

effect on the number of active sites available for charge storage. More-
over, the diffusive capacitance depends on the magnitude of the Fara-
daic current, which primarily arises from the intercalated metal oxides.
This discrepancy can be partially addressed by evaluating the electro-
chemical surface area (ECSA), typically estimated from the electrical
capacitance [33]. Consequently, the specific surface area and pore size
alone cannot fully explain the chemical affinity of metal oxides toward
electrolyte ions, highlighting the importance of assessing ECSA in
conjunction with textural properties. These findings also highlight that
the pseudocapactance of M-AAC plays a dominant role in their
electro-sorption capacity, in contrast to the EDL-driven mechanism
observed in conventional CDI systems [34].

Fig. 4e displays the zeta-potential of M-AAC electrodes (10~! M KCI)
as a function of solution pH. The unmodified AAC sample exhibits the
lowest pH of zero charge (pHp,c = 2.2), which is attributed to surface
acidity from carboxylic functional groups, resulting in a negatively
charged surface at neutral pH. Upon incorporating various transition
metals onto M-AAC, the pHy,. shifts positively in the order: Co-AAC
(7.8) > Cu-AAC ~ Zn-AAC ~ Ni-AAC (6) > Fe-AAC (5.5) > Mn-AAC
(4.3). Such pH-reversible surface properties alter electrode polarity,
likely affecting asymmetric adsorption toward anions and cations [35].
In addition, the transformation of metal oxide under applied potentials
(i.e., pseudocapactance) introduces additional lattice charges [36,37].
Fig. 4f presents the charging/discharging cycles for Mo electro-sorption
(Cmo,0 = 10 mM) in the MCDI system at a constant potential (1.2 V).
Co-AAC and Mn-AAC electrodes exhibit the highest steady-state cur-
rents. In chronoamperometry, the initial increase in current densities
corresponds to electro-sorption when capacitive charging. The revers-
ibility of Co304/CoOOH and MnOOH/MnO,, well-documented in
supercapacitor applications, contributes to the sustained current
response [38]. The residual current density indicates that Mo adsorption
is accompanied by reversible Faradaic processes.

Fig. 4g compares the electro-sorption performance of M-AAC
through Ragone plots, which relate the specific adsorption capacity
(SAC) to the specific adsorption rate (SAR, mg g_l min~1) [39]. Ex-
periments were conducted at 1.0 V with an initial molybdate of 100
mg-Mo L7!. Co-AAC demonstrates the fastest deionization rate,
appearing in the uppermost right region of plot, indicative of both
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capacity, and Gibbs free energy for molybdate anions.

capacity and rapid adsorption. The SAR followed the order: Co-AAC
> Mn-AAC > Fe-AAC > Ni-AAC > Zn-AAC > Cu-AAC, with the un-
modified AAC exhibiting the slowest electro-sorption rate. This trend
aligns with the hypothesized influence of surface positivity among metal
oxides, where Co-AAC possesses the highest pHy,, thereby favoring
MoOZ adsorption. The relatively high SAR values observed for Mn-AAC
and Fe-AAC are attributed to their pseudocapacitive transformations,
which generate additional positive charges at elevated potentials,
despite their negatively charged surface functionalities at neutral pH.
Furthermore, interactions between the electronic structures of metal
oxides and molybdate may affect adsorption energy, and consequently
SAR, as further elucidated by free energy calculations. Mo adsorption
isotherms are obtained for each M-AAC to further evaluate their
adsorption behavior under a constant potential of + 1.0 V (vs. RHE)
(298 K, pH 6.5), as provided in Fig. 4h. The equilibrium capacity (Q,, mg
g 1) after 90 min of adsorption was calculated using: Q, = % x V
[40], where m is the mass (g) of the synthesized M-AAC material, C, is
the Mo concentration at 90 min, and Cy is the initial Mo concentration

(10 - 100 mg-Mo L™1). Fitting the Q, — C, relationship to the Langmuir
model [41],
KLCeQ.m

Qezi

2
1+K;C, 2

yielded the monolayer capacity (Q,) and the equilibrium constant Ky, (L
mg 1), from which the standard Gibbs free energies is calculated as A
G%, = — RTInK;. Q,, was determined from the intercept of the linear
regression of C, ! versus Q; !, as shown in Fig. S6, which provided a
better fit for Mo adsorption compared to an empirical Freundlich model.
As compared in Fig. 4i, the resulting monolayer capacity Qp, follow the
sequence: Co-AAC (72 mg-Mo g’l) > Fe-AAC (43 mg-Mo gfl) > Mn-
AAC (41 mg-Mo g~ 1) > Ni-AAC (38 mg-Mo g~ 1) > Zn-AAC (28 mg-Mo
g1 > AAC (19 mg-Mo g}) > Cu-AAC (15 mg-Mo g~1). Co-AAC ob-
tains both the highest Q,, and AG%, (-5.1 kJ mol 1), verifying its rela-
tively strong affinity for Mo, compared with unmodified AAC (AGY,; =
—2.6 kJmol ™). Properties of all M-AAC are summarized in Table S1.
Table 1 summarizes reported adsorptive treatments for molybdate
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Table 1
Summary of adsorptive recovery for molybdate.
Material Adsorbent Condition Capacity Ref.
Iron oxide aFeOOH pH4,0.1M 15.5mgg ! [42]
NaCl
Fe,03 pH5,0.01M 14.8mgg! [43]
NaNO3
SiOzFe, Oy pH8,NaNO; 10.95mgg! [44]
Fe30.4/Zeolite pH3,0.01M 17.9mgg! [45]
NaNO3
Fe-AAC pH 6.5, 43 mg g’l Present
(electrosorption, 0.01 M study
+1.0V) NaHCO3;
Manganese SMnO, pH4, 0.01 M 18.2 mg g’1 [43]
oxide NaNO;
3MnO, pH 6, 5.65mgg ! [46]
0.001 M
NaCl
Mn-AAC PH 6.5, 41 mgg? Present
(electrosorption, 0.01 M study
+1.0V) NaHCO3
Aluminum YAl O3 pH 4, 0.03 31mgg? [47]
oxide NaNO3
NiAlZr(OH), pH5 24.2mgg! [48]
Activated Coir pith carbon pH 4 189 mgg! [11
carbon
AAC pH6.5,0.01 19mgg! Present
(electrosorption, NaHCO3; study
+1.0V)
Cobalt oxide ~ CoCRD pH 6.5, 87 mgg ! [24]
(electrosorption, 0.003 M
+1.0V) NaHCO3;
Co-AAC pH 6.5, 72mg g} Present
(electrosorption, 0.01 M study
+1.0V) NaHCOs3

removal. Metal oxides are the most widely studied adsorbents and can
be grouped into three major types: (1) iron oxide, such as goethite [42],
ferrihydrite [43,44], and magnetite [45]; (2) manganese oxide,
including MnO; and birnessite [43,46]; (3) aluminum oxide, such as
yAl;O3 and gibbsite [47,48], each exhibiting various distinct surface
properties toward Mo adsorption, with capacities ranging in 10 — 40
mg-Mo g1, Biochar and activated carbon generally show lower capac-
ities (below 20 mg-Mo g~ 1) — similar to the present AAC electrode — due
to their negatively charged surfaces [1]. Although transition metal ox-
ides are widely utilized as pseudocapacitive materials in electrochemical
systems [49-51], limited attention has been given to their application in
the electro-sorption of specific ionic species. We previously demon-
strated the first Mo recovery using Co-enriched carbon polyhedrons
derived from metal-organic frameworks (MOFs) [24]. The redox tran-
sition of Co304 in the carbon framework was confirmed to enhance Mo
uptake during anodization. This study adopted a more economical and
straightforward route to integrate cobalt oxides into alginate-derived
carbon, yielding a comparable capacity for Mo at neutral pH. Further-
more, the CDI system offers fast adsorption-desorption switching
through polarity reversal, thereby increasing the capacities of Fe-AAC
and Mn-AAC electrodes beyond those of Fe and Mn oxide adsorbents
used in conventional adsorption processes.

Electro-sorption of molybdate on the AAC and Co-AAC surfaces
under elevated potentials is investigated using operando Raman spec-
troscopy, as shown in Fig. 5a and Fig. 5b. Characteristic vibrational
modes of the MoOF oxyanion at 321 and 846 cm™! emerge upon
applying working potential beyond + 0.6 V, confirming the accumula-
tion of Mo species on electrode surfaces. At higher potentials, the
intensified Raman band at 903 cm ! corresponding to hepta-molybdate
ion (Mo;0$3) indicates the condensation and complexation of adsorbed
MoO7 within the double-layer structure, even though MoO% remains
predominantly as free ions in the dilute bulk solution at neutral pH [52].
Additionally, the Raman signals of Co304 — corresponding to the Eg
(462 cm™"), Fy, (508/585cm™), and A;g (677 cm') modes -
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gradually diminished with increasing Mo loading. Meanwhile, elevated
potentials strengthen the D and G bands of the carbon substrate, asso-
ciated with structural disorder and graphitic domains in aromatic rings,
respectively. These spectral evolutions reflect the redox activity of the
pseudocapacitive material during Mo adsorption. The simulated elec-
trostatic potential (ESP) distribution of the optimized MoO3™ geometry
(Fig. 5c¢) predicts enhanced negative electron density around the four O
atoms after deprotonation. Therefore, the Mo-O bonds are expected to
orient toward the electrode surface under anodic polarization. In
contrast, the isopoly-complex ion Mo;03$,; comprise seven MoOg octa-
hedrons condensed by edge sharing, as shown in Fig. 5d, consistent with
previous reports [6,53]. This optimized structure presents negative
moieties that are doubly coordinated to active sites, as demonstrated by
its ESP. Thus, at elevated anode potentials, the strengthened electro-
static attraction between the MoO? and exposed metal sites may pro-
mote the accumulation and formation of surface complexes under
neutral pH conditions.

To further rationalize the variations in capacities across different M-
AAC electrodes, DFT simulations were performed on optimized metal
sites within carbon-metal (C-M), carbon-oxygen-metal (C-O-M), and
metal oxide (O-M) configurations, as illustrated in Figs. Se-5g. Detailed
computational procedurals based on the DMol® modules are provided in
the Supporting Information, where exposed metal oxide surfaces
(Fig. S7) are established according to the XRD results. The tetrahedral
molybdate is expected to form inner-sphere complexes [54], with one
corner oxygen perpendicularly bound to the exposed metal atom in the
carbon or oxygenated carbon framework. Fig. 5h summarizes the
calculated free energies of MoOF adsorption on varied surfaces.
Compared with the slightly positive energy (0.08 eV) on carbon (AAC),
all M-AAC surfaces exhibit negative energies, indicating favorable
adsorption. In mono-dentate configurations, the average M-O bond
length between metal and molybdate oxygen is around 1.7 A. In
particular, Co-AAC shows the strongest affinity, with energies of
—0.49 eV for C-Co and —0.82 eV for C-O-Co. Furthermore, for metal
oxides, Co304 (0 0 1) presents the most preferred facet (-2.85 eV) for
MoO‘Z{ adsorption, followed by ZnO (0 0 1) (-2.59 eV). Fig. S8 presents
the optimal geometries of MoO3 on different oxides, with average M-O
bond lengths of 1.9 A. Depending on the atom distribution on the top
layer of a slab, molybdate tends to form bidentate inner-sphere com-
plexes on Co304 (0 0 1) and ZnO (0 0 1), adopting a pyramid orientation
with a central ion bound to binuclear metal sites [55]. However, the
strong affinity of ZnO for Mo species predicted by DFT was not trans-
lated into its experimental adsorption capacity. EDS analysis revealed
that Zn-AAC contained a low metal content (<2 at%) due to Zn vola-
tilization during carbonization, resulting in a limited number of active
sites available for Mo uptake. On the other hand, under anodic polari-
zation molybdate species condense on electrode surfaces to form
hepta-molybdate, where two oxygen ligands of MoOg octahedra coor-
dinate with metal sites, as revealed in Figs. 5i — 51. The Mo;0%3 complex
shows lower adsorption energies on C-O-M sites than MoO7 ion. In
optimal hepta-molybdate orientations, the adsorption strength increases
with the number of Mo centers sharing bidentate oxygen ligands bound
to Co sites, following: Co-20-Mo (-2.28 eV) < Co-20-2Mo (-2.37 eV)
< Co0-20-3Mo (-2.56 €V) < Co-20-4Mo (-3.65 e€V). These simulation
results indicate that Co-functionalized AAC electrodes provide the most
favorable adsorption sites for both MoO3 and condensed Mo;0%4 spe-
cies. The strong inner-sphere and cooperative bidentate interactions
explain the superior molybdate uptake observed electrochemically on
Co-AAC compared to other M-AAC electrodes.

3.3. Electro-sorption of molybdate

The effect of working potential (0 to +1.6 V vs. RHE) on the electro-
sorption and desorption of 10 mg-Mo L™ molybdate anions is assessed
using the Co-AAC electrode in MCDI cell, as illustrated in Fig. 6a. Mo
removal efficiency markedly improves with potential up to + 0.8V
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Fig. 5. Operando Raman spectroscopy of (a) AAC and (b) Co-AAC electrodes in the presence of 10 mM MoO% (10 mM NaHCO3, pH 6.5). Electrostatic potential
distribution (ESP) of (¢) MoO% and (d) Mo,0%;. Optimal geometry of MoO? on surfaces of (e) carbon-metal, (f) carbon-oxygen-metal, and (g) metal oxide, with
corresponding (h) adsorption energies for different M-AAC electrodes. Surface complexation of heptamolybdate (Mo,0%2) on C-O-M active sites in different bidentate

orientations, (i) Co-20-1Mo, (j) Co-20-2Mo, (k) Co-20-3Mo, and (1) Co-20-4Mo.

(Fig. 4c), coinciding with the pseudocapacitive transformation of Co304
at the Oc¢, peak. In cobalt oxide capacitors, the surface charge arises
from the redox transition of Co species [56,57]. During anodization,
partial oxidation of Co?* in Co”Co’O4 to CoOOH generates additional
surface positive charges (5), which are compensated by the adsorption

of anions (e.g., MoO3") to maintain charge neutrality.

Co"Co}'0,@C=Co}_,Coy ;0,@C+de” (Oco/Rco) (3a)
(C0304)”* @C + MoO?>™ = (Mo0?")(C0304)’" @C(anion adsorption)
(3b)

Although the Faradaic reaction does not directly involve electron
transfer from adsorbed molybdate, MoOZ or other electrolyte anions are
trapped to balance these additional lattice charges during anodic po-
larization. As displayed in Fig. 6b, the monolayer capacity (Q,,) exceeds
70 mg-Mo g~! at potentials > +1.2 V. However, the onset of side re-
actions, notably OER, at higher potentials may reduce the charge effi-
ciency (CE, %) for Mo electro-sorption [58].

_ 2xFx A[MoO; | x V

= x 100
JIdt

CE(%) C)]

Here, the time-integrated current, [Idt, was obtained from chro-
noamperometry during charge-discharge cycles at various working

potentials, as shown in Fig. S9. The term A[MoO3"] represents the
change in molar concentration of Mo during electrosorption, and F is the
Faraday constant (96485 coulomb per mol). CE sharply declines to
below 30 % at potentials > +1.2 V due to OER. Interestingly, CE values
exceeding 100 % were observed at 0 — + 0.4V, likely due to pH-
reversible functional groups on Co-AAC. The surface hydrolysis, indi-
cated by a positive zeta potential at pH below the pHyy, can promote Mo
adsorption through electrostatic attraction. This non-faradaic process
does not contribute to the charging current, leading to an overestimation
of faradaic efficiency at low potentials.

To assess the effect of pH-reversible surfaces, Mo electro-sorption is
conducted at pH ranging from 4 to 12, as shown in Fig. 6¢c. Mo removal
efficiency is strongly dependent on the controlled pH, with the Co-AAC
electrode exhibiting its maximal capacity at pH 6 — 8. The pHp, of Co-
AAC was determined to be around 8 (Fig. 4e), indicating that its sur-
face functional groups carry a positive charge at pH below this threshold
[59]. This enhanced electrostatic attraction promotes migration current
(Imig), which potentially affects mass transport mechanism. On the other
hand, molybdate speciation plays a critical role. Depending on pH and
total Mo concentration, molybdate can associate with protons to form
hepta-molybdate complexes according to [60]:
PMoO; +qH' =(Mo0,),H 9" . (5)

The formation constants f3,, are listed in Table S2. At pH below pKa;
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sorption/desorption and (f) selectivity factor and free energies of adsorption.

= 3.6, the uncharged diprotic HbMoO,4 dominates, whereas at pH < 4
and total Mo concentration > 107> M, negatively charged oxyanions
such as Hg(M00O4)¢", Hg(M004)5, Ho(M004)3, and H;2(MoO,)g" become
increasingly significant [61]. As shown in Fig. 6d, the variation of Qp
with pH closely follows the distribution of MoO3 species, increasing pH
from 4 to 8. For practical electro-sorption applications, CDI experiments
were not conducted at pH below 4, even though such conditions could
improve Mo removal through the formation of hepta-molybdate com-
plexes.” At pH > 10, a sharp decline in Q,, values can be explained by the
shift of surface function groups toward a negative charge, couple with
side reactions such as water splitting [62,63].

As shown in Fig. 6e, various sodium salts (1 mM approximately
tenfold the concentration of 10 mg-Mo L’l) were introduced to assess
the selectivity of Co-AAC for Mo electror-sorption. Under + 1.0 V (vs.
RHE) and pH 6.5, the selectivity factor, Syo/x, Was quantified according
to [64]:

S _ (CMo,O - CMO,[) x ( Cx.O )
o/ = | o0 T Mot

o/ Cx,O - Cx.t CMO.O
where Cxo and Cy, are the initial and 90 min concentrations of the
competing anion x, respectively. The resulting Sp,/x as summarized in
Fig. 6f all exceed unity, reflecting the strong affinity of the Co-AAC

electrode toward molybdate ions. Particularly, common surface-water
ions such as bicarbonate (Syo/Hco; = 17), sulfate (S, Jsor- = 8.5), and

©

chloride (Syojcr = 11.5) exhibit minimal interference. In contrast,
HPOZ, ClO; and NOj are markedly more competitive. Generally,
adsorption favors multivalent ions over smaller, highly hydrated
monovalent ions, with the strength of electrostatic interaction between
ionic species and the surface charged center depending on both ionic
valence and effective size [65]. The ratio of hydrated radius to crystal
radius follows the order: HCO3 (1.97) > Cl" (1.83) >SO%’ (1.39)
>HPO3 (1.27) >NO3 (1.26) > MoO3 (1.19) > ClO; (1.16), which

inversely predicts the observed Mo selectivity. Additionally, DFT cal-
culations revealed distinct adsorption energies of oxyanions on C-O-Co
interfacial sites, as shown in Fig. S10. The optimized geometries indicate
that phosphate (-2.36 eV) and sulfate (-1.53 eV) adsorb strongly in
bidentate configurations, whereas nitrate (-0.65eV) and carbonate
(-0.08 eV) adopt weaker monodentate adsorption. Perchlorate
(-0.19 eV) and chloride (-0.42 eV) tends to form weak outer-sphere
complexes with oxide surfaces owing to its diffuse hydration shell.
This adsorption energy sequence rationalizes the preferential uptake of
molybdate (-1.36 eV) over coexisting oxyanions on Co-~AAC. However,
the relatively low selectivity of molybdate against perchlorate and ni-
trate can be attributed to their higher diffusivity within the carbon pores
[65], a factor not fully captured by electronic structure simulations.
To validate the CDI application for Mo recovery, electro-sorption
experiments were conducted using various real-water samples,
including groundwater (GW), wastewater treatment plant effluent
(WWT), and two river waters. The compositions of these waters are
summarized in Table S3. As illustrated in Fig. 7a, Mo removal in GW and
WWT shows negligible deviation from that in the blank electrolyte (i.e.,
10 mM NaHCO3), indicating minimal matrix interference. In contrast,
both two river samples significantly reduce the Mo adsorption capacity
to 30 % that in the blank, which can be attributed to their extremely
high salinity. The corresponding ionic strengths were determined as
0.026, 0.018, 0.77, and 0.66 eq L~! for GW, WWT, and two river waters,
respectively. The river water can be categorized as brackish, where the
elevated chloride concentrations strongly compete with Mo species for
the active sites on the Co-AAC electrode. It is noted that Mo was not
completely released during the desorption stage, likely due to compet-
itive adsorption among coexisting complex ions. Additionally, the for-
mation of insoluble metal molybdates may contribute to Mo removal;
however, this effect is considered negligible given the low initial Mo
concentration of 10 mg L™1. The cycling performance of the Co-AAC
electrode is assessed in Fig. 7b. Each cycle of the repeated electro-
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sorption and desorption consisted of a 90-min phase at + 1.0 V, fol-
lowed by 20-min phase at 0 V in a 10 mg-Mo L ™! solution. The electrode
achieves a Mo removal efficiency of over 60 % during the first cycle, and
maintains at least 50 % over the subsequent five cycles. Although
desorption was incomplete (~90 %) in each cycle, this limitation did not
significantly affect electrode stability, demonstrating effective Mo
recyclability through simple potential switching. A low activation en-
ergy (1.38 kJ mol 1), derived from the rate constants of Mo removal at
different electrolytic temperatures (Fig. S11), confirms the physical
adsorption nature of Mo on Co-AAC. The reduction in the energy barrier
may also be rationalized by the enhanced surface wettability resulting
from Co incorporation into the Co-AAC electrode, as evidenced by the
decreased contact angles shown in Fig. S12 (66.4°, compared to 97.7°
for AAC). On the other hand, the electrical energy per order (EE/O),
specifically required to reduce the Mo concentration by one order of
magnitude, was calculated using the following equation:

_ExIxty 2.302ExI
a m T m X Kops

)

EE/O(Whg’l)

where E and I are the applied potential and current, tgg is the time to
achieve 90 % removal, which can be expressed as 2.302/kyps based on
the observed rate constant (kops, h ™), and m is the mass of Mo removed.
During electro-sorption cycles, the average EE/O are 9.1 Wh g(Mo) 2,
comparable to that of conventional CDI for desalination (3 - 6 Wh g
(NaCl)’l, depending on salinity) [66].

The electrode durability is further examined by extending cyclic
voltammetry in Mo solution, as displayed in Fig. 7c. The Co redox peaks
remain stable during the first 100 scans but gradually decrease between
100 - 3000 scans, indicating partial surface passivation or restructuring
of Co sites. Nevertheless, the persistence of O¢, peak current throughout
these scans confirms the long-term stability via the electrode’s pseudo-
capacitive mechanism. Figs. 7d and 7e present the chemical state evo-
lution of Co 2p and Mo 3d in the used CoAAC electrode after cycling Mo
electro-sorption experiments. Compared to the fresh electrode (Fig. 3a),
the Co®" fraction at 780.7 eV (2p3/2 orbital) increases from 66 % to

74 %, suggesting partial passivation during operation. Since the Mo
electro-sorption involves repeated charge/discharge phases, the
reversible shift in Co oxidation state confirms the participation of the
Co304 to CoOOH redox reactions. Concurrently, the appearance of Mo
(VI) 3ds,2 and 3ds,, peaks at 232.5 and 236 eV, respectively, evidences
Mo residues, primarily as molybdate (VI) species [67]. Complementary
SEM image and elemental mappings (Figs. 7f and 7g) reveal that Mo
accounts for around 4 % after electro-sorption/desorption cycles. The
simultaneous enrichment of O and Mo signals indicates surface recon-
struction during Co®*/Co>* transition, which promotes stable binding
and release of Mo species.

4. Conclusions

Molybdate pollutants in industrial effluents pose ecological and
human health risks but also represent a valuable resource. To enhance
Mo recovery from water, a MCDI method with rapid adsorption/
desorption via potential reversal was employed. Metal oxide-carbon
composites, M-AAC, were synthesized from alginate and transition
metal precursors for Mo electro-sorption. The mesoporous carbon
framework endowed the metal oxides with pseudocapacitive charge
storage under anodic polarization, while alginate-activated carbon
promoted uniform metal dispersion, thereby improving electrode’s
adsorption capacity. Among electrodes, Co-AAC demonstrated the
highest adsorption capacity for Mo. DFT simulations suggested prefer-
ential binding of Mo - in forms of MoO7 or Mo;0%4 — on Co active sites,
including C-Co, C-O-Co, and Co304. Although characterization revealed
an increased oxidation state of Co oxide resulting from moderate
passivation during repeated charge-discharge cycles, its capacity for Mo
electro-sorption showed negligible decay. Moreover, the MCDI system
maintained stable performance in the presence of various competing
anions and in complex water matrices, including municipal wastewater,
groundwater, and river water. This study highlights alginate-based CDI
electrodes as a promising platform for Mo recovery.
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Environmental implication

Molybdenum-containing waste is primarily generated from indus-
trial processes. Elevated Mo concentrations in environments can exert
harmful effects on human health. Electro-sorption has emerged as an
economical method for recovering the valuable Mo resource, simply via
polarity reversal. An alginate-derived carbon confined with transition
metals were synthesized to enhance the adsorption capacity, where in-
teractions between molybdate and metal oxides were hypothetically
assessed. To optimize electrode performance, electrosorption-
desorption experiments were validated in various water matrices.
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